THE UNIVERSITY OF MICHIGAN

INDUSTRY PROGRAM OF THE COLLEGE OF ENGINEERING

COMPREHENSIVE CAVITATION DAMAGE DATA FOR WATER AND
VARIOUS LIQUID METALS INCLUDING CORREIATIONS
WITH MATERIAL AND FLUID PROPERTIES

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy in the
University of Michigan
Department of Nuclear Engineering

1966

September, 1966

IP-745



&(W
UM K

NEG



COMPREHENSIVE CAVITATION DAMAGE DATA FOR WATER AND
VARIOUS LIQUID METALS INCLUDING CORRELATIONS

WITH MATERIAL AND FLUID PROPERTIES

by
Ramon Garcia

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy in the
University of Michigan -

1966

Doctoral Committee:

Professor Frederick G, Hammitt, Chairman
Professor Richard K. Brown

Associate Professor Julian R, Frederick"
Professor William Kerx

- Associate Professor Edward A, Martin
Professor Clarence A. Siebert



Doctoral Committee:

Professor Frederick G. Hammitt, Chairman
Professor Richard K. Brown

Associate Professor Julian R. Frederick
Professor William Kerr

Associate Professor Edward A. Martin
Professor Clarence A. Siebert



ACKNOWLEDGMENTS

The author would like to acknowledge the finamcial support of
the National Science Foundation under Grant G-22529 which provided the
bulk of the support for this work. Mechanical properties data supplied
by Pratt & Whitney Aircraft (CANEL) and The University of Michigan
Department of Chemical & Metallurgical Engineering is also gratefully
appreciated.

The guidance and assistance of Professor F. G. Hammitt during
the term of this investigation is gratefully appreciated.

Special thanks are also due Mr. Fazil A. Aydinmakine, now of the
Turkish Navy, for the design of the experimental cavitation vessel and
supporting calculations; Mr. Henry Leeper, Project Metallurgist, Pratt &
Whitney Aircraft (CANEL), and Mr. Glenn Wood, Project Engineer, Pratt &
Whitney Aircraft (CANEL), for their unusual cooperation, continuing
interest, and many helpful suggestions to the project; Dr. Clarence A,
Siebert, Professor of Chemical & Metallurgical Engineering, for many
helpful suggestions and for supplying several items of experimental
apparatus to the project; Dr. M. John Robinson, Lecturer in Nuclear
Engineering, for many helpful suggestions and continuing interest in
this project; Mr. Richard L. Crandall, Research Assistant, Computing
Center, for much assistance in the proper use of the Least Mean Squares

Regression Program used for data correlation and the proper

ii



interpretation of results; Mr. Edward Rupke, Instrument Shop Supervisor,
Mr. William Rekewitz, Instrument Shop Foreman, and Mr. John Love,
Instrument Maker, for many helpful suggestions and prompt service in
fabricating all of the test specimens and special hardware required; and
Mr. Allen R, Schaedel, Research Assistant in the Department of Nuclear
Engineering, for many helpful suggestions, stimulating conversation, and

continuing interest in this project.

iii



TABLE QF CONIENTS

Page
CACKNOWLEDGMENTS . & & o « o o o ¢ o o & © 5 6 8 s-56 o s s 2 s » & ii
LIST OF TABLES » o + + v o v o o o v v o e o e o to o ee e e e ix

LIST OF FIGURES . ¢ v v s v o o v o v o a o o v o o 'w oo oo oo xiil

" Chapter
I. INTRODUCTION AND LITERATURE SURVEY P A 1
A, Introductlon C ke e e e s e e e e e s 1
. B, Historical Background T 4

C. Problem Statement . . . ¢ & o o s 5 « + s « & o o 10
11. EXPERIMENTAL EQUIPMENT . . . ¢ ¢ o ¢ &« s s o o s o s o s 14

A, Facility Selection . . . « v ¢ o & o v o & & o & &« 14
1. Introduction '

2. Piezoelectric Effect
3. Electrostrictive Effect
4. Magnetostrictive Effect
5. Choice of Accelerated Cavitation Device
B. Description of Overall System . . . . . . + « « + & 21
C. Ultrasonic Transducer Assembly . . . . . . . + o« . 23
D. Test Specimens . . o ¢ « « s o o o s+ s s o =+ « + 30

1. Effect of Density on Specimen Size
2. Standard Cavitation Test Specimen
3. Special Cavitation Test Specimens

E. High-Temperature Cavitation Vessel . . , . . « . 38
1, Design Philosophy and Criteria
2. Method of Fastening Transducer to Vessel

F. Furnace Requirements . . . . e e e e e s s 48
G. Temperature Controller Requlrements v s s e s w e 52
H. Accelerometer Assembly . . « o « « o « « ¢ « s & & 54

1. Introduction

2. Accelerometer Description
3. Accelerometer Calibration
4, Summary and Conclusions

iv



Chapter Page
J. Special Hardware . o o « o o o o o s o s s o o o o 67
III. EXPERIMENTAL INVESTIGATIONS . o « o o o o o o o o o o o o 17

4. Objectives of Experimental Program . . . . « « + » 77
B, Experimental Test Conditions . . + + « ¢ + « « « 79
C. Cavitation Studies in Lead-Bismuth Alloy ‘
~at 500°F and 1500°F ., . & & ¢ o 4 4 ¢ e s a4 e v 83
1. Experimental Procedure
2. Experimental Results at 500°F
3. Experimental Results at 1500°F
4., Discussion and Comparison of Results

D. Cavitation Studies in Mercury at 70°F and 500°F . . 103
1. Experimental Procedure
2. Experimental Results at 70°F
3. Experimental Results at 500°F
4, Discussion and Comparison of Results
5. Comparison with Venturi Facility .
Metrcury Results .

E, Cavitation Studies in Water at 70°F . . . . . . ., . 127
l. Experimental Procedure
2. Experimental Results--Subsets One and Two
3. Experimental Results--Subset Three
4, Comparison with Venturi Facility
Water Results

F. Cavitation Studies in Lithium at 500°F
and 1500°F . . . % ¢ o 4 o o s o o s o s e & s s s 151
1. Experimental Procedure
2. Experimental Results at 500°F
3. Experimental Results at 1500°F
4. Discussion and Comparison of Results
5. Temperature Dependence of Cavitation
Damage in Lithium '
6. Oxygen Analyses

G. Comparison of Mercury and Water Results at 70°F . . 179
H. Comparison of Lead-Bismuth, Meércury, and
Lithium Results at 500°F . . . . « s « « + + + . » 184
J. Comparison of Lead-Bismuth and Lithium '
Results at 1500°F . . & v 4 o o o o o o o o » o « o 186
K. Cavitation Studies of Bearing Materials . . , . . . 188
1. Introduction . .
2. Cavitation Studies in Mercury at 500°F
"~ a. Experimental Procedure
b. Experimental Results
3. Cavitation Studies in Mercury at 70°F
(Graphitar) _
a. Experimental Procedure .
b. Experimental Results



Chapter

6ﬂ

IV. MECHANICAL PROPERTIES DATA FOR THE TEST MATERIALS

A, TIntroduction . . . . . e s e e s s e e e oae e e
B. Mechanical Properties Selection . . . . . . « . .
1. Tensile Strength (TS)
2, . Yield Strength (¥S)
3. Engineering Strain Energy (ESE)
-4, True Strain Energy Based on Elongation (TSEE)
5. True Strain Energy Based on Reduction in
Area (TSER)
6. Hardness (H)
7. Elongation (ELON)
8. Reduction in Area (RA)
9., Elastic Modulus (E)
10. Hobbs' Approach

Cavitation Studies in Water at 70°F
(Single~Crystal Tungsten)

a. Experimental Procedure

b. Experimental Results
Effect of Teflon Coating on Cavitation-
Erxosion Characteristics

a. Experimental Procedure

b. Experimental Results
Comparison of Cavitation Results in
Bearing Program

C. Tables of Properties at 70°F, 500°F, _
and 1500 OF L) L] L] - ) L] * [ ] » ? 2 L] ® 9 L] L] L

V. FLUID PROPERTIES DATA FOR THE TEST FLUIDS . . . . .

A, Introduction . . . . . e e s s e s ves v
B. Fluid Properties Selectlon o . v e

1. Acoustic Impedance Ratio (AI)

2. Density (P )

3. Surface Tension (0™)

4. Net Positive Suction Head (NPSH)

5. Bulk Modulus (B)

6. Kinematic Viscosity ( )))

C. Tables of Fluid Properties at 70°F, 500°F,
and 1500 OF o L] L L L ] L] L Ll L] - L L] L] L3 L] - -

VI. CORREIATIONS OF CAVITATION DAMAGE DATA WITH

MECHANICAL AND FLUID PROPERTIES . . . &« & o & o o o &

A, Introduction . .'. e o o 4 s s ; e e 5 e s e a

vi

Page

223
243

243
244

251

254



Chapter Page

B. Preliminary Correlations . . . . o o« o +« = & & « &« 255
1. Lead-Bismuth Data
2. Bearing Program Data

C. Lead-Bismuth Correlations . . . « o « « « « & o « » 261
1. General
2. Single Property Correlations
3. Multiple Property Correlations

D. Mercury Correlations . . . . + & o o« o o o & « « o 268
1. General
2., S8ingle Property Correlations
3. Multiple Property Correlations

E. Water Correlations~-Subset Ome . . . o « o & « o 273
1. General
2. Single Property Correlations
3. Multiple Property Correlations

F. Water Correlations--Subsets Two and Three . . . . . 276
1. Single Property Correlations
2, Multiple Property Correlations

G. Water Correlations--All Water Data . . . . . . . . 280
1. Single Property Correlations
2, Multiple Property Correlations
3. Summary

H. Lithium Correlations at 500°F . . o « « ¢ & « s o« » 287
1. Single Property Correlations
2. Multiple Property Correlations

. Lithium Correlations at 1500°F . . . . . ... . . . 291
Correlations of all Lithium Data . . . « . « « . » 292
Summary of Single Fluid Correlations . . . . . . . 292
Comprehensive Correlations of Lead-Bismuth,
Mercury, Water, and Lithium Data . . . . . . . . . 294

1. General

2. Single Fluid Property Studies

3. Multiple Fluid Property Studies

4. Second-Order Interaction Correlation

5. Hobbs' Energy Concepts

=R G

N, Comparison with Venturi Facility Correlations . . . 309
P, Graphical Single Property Correlations . . . . . . 311

VII. THERMODYMAMIC EFFECTS . . « ¢ « 4« ¢ o o « s s s s 2 o o o 313
A, Introduction . . . o o o o o o s + « & o s + « » » 313
B. Calculgtion of Thermodynamic Parameters . . . . . . 315

C. Final Predicting Equation . . . . « o « « « « « - o 329

VIII. SUMMARY AND CONCLUSIONS . . . ¢ « « o o ¢ o « o o o « » & 337

vii



Page
. APPENDICES .! '. L] L L . L - * ' L] ”l -. L] » L] » L] » - L) o L] - l L L] - 346
A, Heat Transfer Calculations . . . . . « ¢« v « « « . 346
B. Computer Regression Andlysis of Cavitation Data . . 333
C. Plots of Normalized Inverse Cavitation Damage
Versus Single Mechanical Properties . . . . . . . . 358

REFERENCES . LA AR ) « & ¢ @& 8 ¥ & 5 & & & & & & > + = 2 .- L I 389

SEI‘ECTED BIBLIOGRAPHY - - » L - L] L] L] L] . L] Ll . L] L] - - L] L] L] - [ ] 39 8

viii



LIST OF TABLES

Table Page

1. Amplitude Measurement Data . . . & ¢ ¢« o v ¢ = o o o o o« o 162

2. Specimen Material-Fluid-Temperature Combinations

Investigated . . . . ¢« & & ¢ & ¢ ¢ ¢ 6 o & & s s s s o 4 78
3. Materials Tested in Bearing Program . . . « ¢ o « o o o o o 80
4. Specimen Dimensions . . « &+ + + & 4 4 o s 4 s s .0 s e s e 84

5. Relation Between Weight Loss and MDP . . . . . .+ . &+ &+ + & 91
6. Summary of Cavitation Results in Lead-Bismuth at 500°F . . 95
7. Summary of Cavitation Results in Lead-Bismuth at 1500°F . . 102

8. Comparison of Cavitation Results in Lead-Bismuth at
500 OF and 1500 DF - - L] » [ ] - L ] L] [ ] L L) » ° L) L] L] » L] L] L] 104

9. Summary of Cavitation Results in Mercury at 70°F . . . . . 109
10. Summary of Cavitation Results in Mercury at 500°F , , . ., . 115

11. Comparison of Cavitation Results in Mercury at
70°F and 500°F . . . . . . . .. . 14

12, Comparison of Cavitation Erosion Data in Mercury at 70°F -
Venturi and Ultrasonic Facilities . . . . « « ¢« & « +» « o 125

13. Summary of Cavitation Results in Water at 70°F -
Subsets One and ITwo . . . « . + +v &« & v & & + » & o & .« o 130

14. Summary of Cavitation Results in Water at 70°F -
Subset Three . . . . v o o v + s o o o s o s = s = = « - 140

15. Comparison of Cavitation Erosion Data in Water at 70°F -
Venturi and Ultrasonic Facilities

(Subsets One and TWO) . ¢ v o o + o o s o o o o o o o o o 148

16. Comparison of Cavitation Erosion Data in Water at 70°F -
Venturi and Ultrasonic Facilities (Subset Three) . . . . 149

ix



. Table
170
18,

190

20,

21,

22,

23ﬂ

24,

25,

26,

27.

28.

29. .

30.

31.

32,

33.

345

3>,

Summary of Cavitation Results in Lithium at 500°F . . .
Summary of Cavitation Results in Lithium at 1500°F . .

Comparison of Cavitation Results in Lithium at
500 oF and 1500°F . L] - L] L] L ] - . L] - [ ] [ ] L 3 - L] L] - L]

Effect of Temperature on Cavitation Damage -
304 Stainless Steel + + & v v v ¢ 0 0w e 0w e e

.Effect of Temperature on Cavitation Damage -

T 111 and Cb ].Zr(A) L] [ ] ° L] . [ ] ] L] L) L] - L] L] - L] - -
Summary of Oxygen Determinations . . . . . . . C e

Comparison of Cavitation Results in Mercury and
Water at 70°F [ ] L] » ° LA L] - ’ - L] L] . L] » [ ] * » L] L] . .

Summary of Cavitation Results in Lead Bismuth, Mercury,
o and Lithium at 500°F . . { ¢ v ¢ v o o o 6 o s v s s

Summary of Cavitation Results in- ‘Lead-Bismuth and

Luhwmat1m0T C e ee e e e e e e e e e e

Heat Treatment for BG-42 Cavitation Erosion Specimens ...

Heat Treatment for Blue Chip Tool Steel . . « « « . . .

Summary of Cavitation Results in Mercury at 500°F

(Bearing Program) . e e e e e e s e s e e e

Summary of Cavitation Results at 70°F (Béaring Program) .

Comparison of Cavitation Results Obtained: in
Bearlng Program . . « o o o o o & s o o 8 5 8 a0 4

Mechanical Properties Data at 70°F from Pratt & Whitney
Aircraft (CANEL) L L] L] - e L] L] L] L] - - Ll L] L] L] L] ' -

Mechanical Properties Data at 500°F from Pratt & Whitney
Adrcraft (CANEL) . . & & % 5 o o s s o o v o 6 o« »

Mechanical Properties Data at 1500°F from Pratt & Whitney
Afrcraft (CANEL) .+ . o ¢ c o s o s o « o o s s o o s »

Mechanical Properties Data at 70°F from Unrver31ty of

Michigan Laboratories . . + « . o ¢ & & o & v 0 o v o

Mechanical Properties Data for Bearing Materials . . .

Page
154

161
166
172

175

180
182
185

187
190

191

193

201
213
226
207
228
240

241



Table
36.

37.

38.

39.

40,

41,

42.

43,

hti,

45,

46,

47.

48.

49.

50,

51.

32,

Fluid Properties Data at Various Temperatures . . .

Preliminary Correlation of Lead-Bismuth Data with

Mechanical Properties Data at 500°F ., . . .

Preliminary Correlation of Lead-Bismuth Data with

Mechanical Properties Data at 1500°F . . .

Preliminary Correlation of Bearing Program Data with

Hardness . « « ¢ & «

°

Summary of Single Property Correlations -

Lead-Bismuth Alloy . .

Summary of Best Correlations with Ten Properties

°

Considered - Lead-Bismuth Alloy .

&

@ ®

Summary of Single Property Correlations - Mercury .

Summary of Best Correlations with Ten Properties

Considered - Mercury .

¢ & & & & @ & @ s @

L] a

Summary of Single Property Correlations - Water -

Subset One . . .. . &

Summary of Best Correlations with Ten Properties

Considered - Water - Subset One .

e @ ¢ © o

a @

Summary of Single Property Correlations - Water -
Subsets Two and Three . . o + o .

Summary of Best Correlations with Ten Properties

@ o o e @ o a

Considered - Water - Subsets Two and Three

Summary of Single Property Correlations - All Water

Summary of Best Correlations with Tem Properties

Considered - All Water Data .

°

o & & @ 8 & @& 0

Sunmary of Single Property Correlations -

Lithium at 500°F ., . .

Summary of Best Correlations with Ten Properties

5 4 & °p @

Considered - Lithium at 500°F , . o « « o «

Summary of Statistics for Comprehensive Correlations

(8ingle Fluid Property)

%1

@ e

L]

& @ & o ®

o

e+

¢

@

a & o © ® @ o

%

® o

¢ & o

Page

252

257

259

. 260

263

265

269

271

275

277

279

281

284

285

288

290

302



Table , Page

53. Values of Thermodynamic Parameters for Various Fluid-
Temperature Combinations . .+ o v o « ¢ v ¢« ¢ o ¢ o o« o+ 318

54, Experimental Cavitation Data - Type 304 Stainlesé
Steel L] L] . L ® L] .. - . L] - L L] . L] L] . * - - - . L] L L] » . 323

xii



Figure

10.

11.

12.

13.
14.
15.
16.

17.

LIST OF FIGURES

Block Diagram of the High-Temperature Ultrasonic
Vibratory Facility . . ¢ ¢ ¢ « s o o o o o « o o &« o o+ &

Photograph of the High-Temperature Cavitation Facility . .
Exponential Horn and Ultrasonic Tramsducer Assembly . . .

Typical Waveform Showing Position of Nodes and Anti-
nodes on Transducer Assembly . . . . « . « = ¢« « o &

Effect of Density on Cavitation Test Specimen Size . . .
Standard Cavitation Test Specimen . . « . « ¢ & & o o

Special Plexiglas Cavitation Test Specimen and Mounting
Stud . ¢ . . . e e e s e s e e s e s e e s s s e s

Special Cavitation Test Specimen for Cu, Cu-Zn, Cu-Ni,
and Ni . . & v 4 o « ¢ ¢ o o o ¢ o s a o 5 a o s 8 @

Special Single-Crystal Tungsten Cavitation Test
Specimen . .+ « « & & v 4 v s @ 0 5 s 8 b a

High-Temperature Cavitation Vessel and Ultrasonic
Transducer . . . « v o s o o o o o s ;

High-Temperature Cavitation Vessel and Ultrasonic
Transducer Assembly Mounted in Furnace .

Schematiec of Variac, Furnace, and Temperature
Controller . + ¢ ¢ + « ¢ o v &« o o a o o o a o o s a =

Calibration Curve for Accelerometer . . . & ¢ & o + & &
Modified Ultrasonic Horm . . . ¢ ¢ o « a o o o = = « s o =
Adaptor Stud . . & . & = ¢ s a2 2 s s 6 @ s o s 0o oo s e
Ultrasonic Horn Adaptor . . ¢« « & « »

Stud for Modified Cavitation Specimen . . + o « & o « o

xiii

Page

22
24

26

29
31

33

35

37

39

44

49

53
65
69
70
71

73



Figure Page
18. Modified Cavitation Specimen . . . . + & v v v v + v & 74

19. Assembly Drawing of Modified Ultrasonic Horn, Adaptor
Stud, Ultrasonic Horn Adaptor, Specimen Stud, and
Modified Cavitation Specimen . . « « ¢« o ¢ « « v « « o & 76

20.  Photomicrograph of Type 316 Stainless Steel Specimen
Tested in Lead-Bismuth Alloy at 1500°F (Interior of
Specimﬂn, Magnification ]-OOOX) s s 4 e o 4 & 4 % 8w+ @ 86

21, Photomicrograph of Type 316 Stainless Steel Specimen
Tested in Lead-Bismuth Alloy at 1500°F (Specimen .
Surface, Magnification 500X) P 87

22, Photomicrograph of Type 316 Stainless Steel Specimen _
Tested in Lead-Bismuth Alloy at 1500°F (Specimen
Surface, Magnification 500X) . v 4 v v v o 4 0 4 4 b e s 88

23. Effect of Cavitation Test Duration on Weight Loss at -
500°F in Lead-Bismuth Alloy . . . o & « v ¢ ¢ o+ o+ 93

24. Effect of Cavitation Test Duration on MDP at 500°F in
Lead-BiSmuthAlloy --n-..---.oo-oon_o-a 94

25. Specimens Subjected to-Cavitation Damage in Lead-Bismuth
Alloy at 500°F and 1500°F . . . . ¢ « ¢ ¢ & o o 0 o o s 97

26. Effect of Cavitation Test Duratlon on Welght Loss at
1500°F in Lead-Bismuth Alloy . v v « o & o o o « « « « » 100

27. Effect of Cavitation Test Duration on MDP at 1500°F in
Le&d-Bismuth Alloy LI Y .' « s 8 s s 4 e e s » a8 v e 101

28. Effect of Temperature on Cavitatlon Re51stance in
Lead-Bismuth Alloy . . ¢ . v & o v o o = o oo s o o « o 106

29. Effect of Cavitation Test Duration on Weight Loss at
70°F in Mercury . v v o v o ¢ o ¢ & o s0 v s s o s o . - 110

30. Effect of Cavitation Test Durat1on on MDP at 70°F in
MEICUTY '+ & v v 4 o s o s 2 s a s o o n o o s a-ev o« 111

31. Photographs of Specimens Subjected to Cavitation Damage
in Mercury at 70°F . . . . 4 0 v b e 0 v e e h e e s oa. 113

32, Effect of Cavitation Test Duration on Weight Loss at _
500°F in MErCULY 4 « « o « o o « « o s o o s o o v « o « 1186

33. Effect of Cavitat®n'Test Duration on MDP at S00°F in
METCUTY o 4 4 s v o o o o o 4 e o 0 s o s s e e e s o 117

xiv



Figure Page

34, Photographs of Specimens Subjected to Cav1tation Damage .

in Mercury at 500°F & v v o v e e e e e e 119
35. Effect of Temperature on CaVLtatlon Resistance .in

METCUEY & o v o o 4 s @ 4 e e e s e e e e e 123
36. Effect of Cavitation Test Duration on Weight Loss at

70°F in Water - Subset One . . . + o &+ « . 131
37. Effect of Cavitation Test Duration on MDP at 70°F in

Water - Subset One . . . . « ¢« « o o o 132
38, Effect of Cavitation Test Duration on Weight Loss at

70°F in Water - Subset Two . . « « « « v o v ¢« o « & 133
39. Effect of Cavitation Test Duration on MDP at 70°F in

Water - Subset TWO . + « o s s o o s o o5 s s + s 5 o 4 134

40, Photographs of Specimens Subjected to Cavitation Damage
in Water at 70°F - Subset One . . . o « = + « o & & + o 137

41. Photographs of Specimens Subjected to Cavitation Damage _
in Water at 70°F - Subset Two . . . . . T K i

42, Effect of Cavitation Test Duration om Weight Loss at
70°F in Water - Cu and Ni (Subset Three) . . . . « . . . 14l

43, Effect of Cavitation Test Duration on MDP at 70°F in
Water - Cu and Ni (Subset Three) . . . « «.0 o« o » « + o 142

4t4, Effect of Cavitation Test Duration on Weight Loss at
' 70°F in Water - Cu-Ni and Cu-Zn (Subset Three) . . . . . 143

45. Effect of Cavitation Test Duration on MDP at 70°F in _
- Water - Cu-Ni and Cu-Zn (Subset Three) . .+ . « ¢ « « « & 144

46.  Photographs of Selected Specimens Subjected to Cavitation
: Damage in Water at 70°F - Subset Three . . . . . « . . « 146

47. Effect of Cavitation Test Duration on Weight Loss at A
500°F in Lithium . . . « v o« o o o o & o« o o « o » » « 135

48, Effect of Cavitation Test Duratlon on MDP at 500°F
fnLithium . & . & v v o v v Ve v e e e e e e e e s 157

. 49. Photographs of Specimens.Subjected to Cavitation Damage
in Lithium at 500°F . . . « & ¢« ¢ o o o ¢ o & + » « » « 139

50. = Effect of Cavitagion Test Duration on Weight Loss at _
1500°F in Lithium™ . o « + + o o o v 0 o v v oo v v oo 162

Xv



Figure Page

51. Effect of Cavitation Test Duration on MDP at 1500°F
in Lithium . . ¢« o v ¢ o ¢ ¢ o & &+ & o 6 s 2 4 s+ s & 4 a 163

52. Photographs of Specimens Subjected to Cavitation Damage.
in Lithium at 1500°F . . . « ¢ = ¢ ¢ o o o + o« + + v & 165

53, Effect of Temperature on Cavitation Damage in Water -
Type 304 Stainless Steel Specimen . . . . . . . . . . . 169

54, Effect of Temperature on Average Weight Loss Rate for
304 Stainless Steel . . . ¢ v 4 o« o o o s 0 o o s o s o 173

55, Effect of Temperature on Average MDP Rate for 304
Stainless Steel . . .« . o 4 s 0 e s s e 0. .. 174

56, Effect of Temperature on Average Weight Loss Rate for
T"l].]. and Cb-er(A) = & & © %« © © O 4« & @2 ® @& 0 % & = = 176

57, Effect of Temperature on Average MDP Rate for T~111
and Cb-lZl‘(A) 4 @ % @ & © & 3 @4 H ® ¥ s © o ® W ¥ & w @ 178

58. Effect of Cavitation Test Duration on Weight Loss at
500°F 40 MEXCULY o o « « = o s & s s « « o o o o+ o« » - 194

59, Effect of Cavitation Test Duration on MDP at 500°F in
METCULY . v & o ¢ « o o o s s o o s o 5 & o B

60. Specimens Subjected to Cavitation Damage in Mercury
at 500 DF o [-] L) o L] o L] * L] . * Ll o L] L] L] L] » L] * ° Ll - L] 197

6l. Effect of Cavitation Test Duration on Weight Loss of
Graphitar at 70°F in Mercury . . « & « « « v « + « o o o 202

62. [Effect of Cavitation Test Duration on MDP of Graphitar
at 70°F in Mercury . o « + « o ¢ o s w0 s o s o o oo« 203

63. Graphitar and Single-Crystal Tungsten Specimens Subjected
to Cavitation Damage at 70°F . + &« o + o o « o + o » « o 203

64, Effect of Cavitation Test Duration on Weight Loss of
Single-Crystal Tungsten at 70°F in Water . . . . . . . . 208

65, Effect of Cavitation Test Duration on MDP of Single-
Crystal Tungsten at 70°F inWater . . . . . o« » « . » . 209

66. True Stress=Strain Curve Showing Hobbs' Piroof Resili-
énce CONCePE o v o « o o o o s o s 8 o o 5 s s v oo 0 e« 222

67. True Stress-Strain Curve Showing Hobbs' Ultimate Resili-
ence CONCePL « + « « + o + & o o+ 8 8 s 8 s s 5 s o« s 224

Xvi



Figure ~ Page

68. Effect of Temperature on Mechanical Properties of Type _
304 Stainless Steel . . v 4 4 4w ¢ 4 e s e s o000 .. 230

69. Effect of Temperature on Mechanical Properties of Type
316 St&inles& Steel . e 2w i LI R L T L B L B L 231

70,  Effect of Temperature on Mechanical Properties of
TQlll « & 8 o & + & & & ¢ 0 8 © » ¥ & B 0O .5 B I ¢ » 232

71. Effect of Temperature on Mechanical Properties of
T'222(A) s & 0 ; s 4 % & 8 & ® 8 B ©® &8 €& 4 ® s 8 o+ & o @ 233

72.  Effect of Temperature'on Mechanical Properties of
MD“l/ZTi s 5 e s s s s s & b s o8 s s 8 e s oo s e & s ‘234

. 73. Effect of Temperature on Mechanical Properties of
Cb“lzr L o L] L ® -9 L] - "D . - € ° [ L] -+ @ ° L] L] L o o e L 235

. 74.  Effect of Temperature on Mechanical Properties of
-Cb-lzr(A) ® & & o % s o 4 © 8 ® 8 o & & & O 8 & ® o . # ‘236

75, Effect of Temperature on Engineering Strain Energy of
Stainless Steels and Refractory Alloys . . . . . . . . . 238

76. Comparison of Predicted MDP Rate aﬁd.Experiﬁental HDP.
Rate - Lead-Bismuth Al loy L] L) L] a L] L] L] o - L] . L) L4 - L 267

77. - Comparison of Predicted'MDP Rate and Experimental MDP . _
Rate -Mercury s & s % & ®=.8 % & & @ @ o‘e. s s © 8 ¢ o @ 272

78. Comparison of Predicted MDP Raté-and Exﬁerimental MDP
Rate - Watel‘ - SuhS&t One .‘ 9 & o @ o o @ ® ¥ & & & = 8 278

79. Compariéon of Predicted MDP Rate and Experimental MDP
Rate - Water - Subsets Two and Three . . . « . . o « . o 282

80. Comparison of Predicted MDP Rate and Experimental MDP
Rate = All Water Data s s 9 & B & & 5.8 8 8 @ 6 ® 8 » @ 286

81, Comparison of Predicted MDP Rate and Experimeantal MDP
Rate - All Lead-Bismuth, Mercury, Water, and Lithium
- Data (Acoustic Impedance Ratio is the Fluid Coupling
CParameter) . . . 4 . 4 4 s e s s s 6 b s s a8 s s e s o s 304

82. Effect of Thermodynamic Parameter on Cavitation Damage -
LiQUidMetals s & © a 4 & ® 8 @ o e & H & » © & @ & ¢ © 325

83. Effect of Thermoﬂynﬁgic Parameter on Cavitation Damage =
Water © = 8 O ;yo e ° & 8 @ o » * & & & & & s 0 & o 0 . 327

L

xvii



Figure Page

84, Effect of Temperature on the Thermodynamic Parameter =
Liquid Metals and Water . . . . « & o + = o o o o« + « o 328

85, Effect of Mean Depth of Penetration on Mean Depth of

Penetration Rate - Type 304 Stainless Steel in Lead-

Bismuth Alloy at 1500°F . . . ¢ « ¢ o v « o » o o o « o 342
86 a Flange Cone ] L) L] L] o L] L] - L] L] o L] & « o o @ - . ] ® L] - 348
87. Schematic of Heat Transfer by Horn . . « &« « « o ¢ « » » . 351

88, DNormalized Inverse Cavitation Damage Versus Tensile
Strength - Lead-Bismuth Alloy . . o« ¢ « o« « o o = o« « « 339

89. Normalized Inverse Cavitation Damage Versus Yield
Strength - Lead-Bismuth Alloy . . o o « ¢ o o o o o » » 360

90, Normalized Inverse Cavitation Damage Versus Engineering
Strain Energy - Lead-Bismuth Alloy . . . . . . . . . . . . 361

91. Normalized Inverse Cavitation Damage Versus True Strain
Energy - Lead-Bismuth Alloy . . o « &« o + ¢« o o o o o 362

92, Normalized Inverse Cavitation Damage Versus Hardness
Lead-BiSmuth Alloy e & & a « o % 9 4 ®& e & & & = 8 " & © . 363

93, Normalized Inverse Cavitation Damage Versus Ultimate
ReSilience - Lead"BiSmuth A].].Oy 4 9§ © 8 8 @ & ¢ & B s © 364

94, Normalized Inverse Cavitation Damage Versus Tensile
Strength - Mercury . . . o « o o « o » s o s o« « « o o o 36

95, Normalized Inverse Cavitation Damage Versus Yield
Strength - Mercury o © e ©o e ©o & ©6 % © 3 8 @ © °© a . e @ 366

96. Normalized Inverse Cavitation Damage Versus Engineering
Strain Energy - Mercury . . « o o« « « + o o « « = o o « 367

97. Normalized Inverse Cavitation Damage Versus True Strain
Energy » MEXCUYY . o ¢ o o« o ¢ « o « o » o o o » o« s « « 368

98, Normalized Inverse Cavitation Damage Versus Hardness -
Mel:‘cur’y o o a o L] 3 @ L] - [N ) L] L] L] L] » L] ] o L] ® L] L] L] 369

99, Normalized Inverse Cavitation Damage Versus Ultimate
Resilience - MEXCUry . . + « o « o s o s o o:0 s o« = o o 370

100. Normalized Inverse Cavitation Damage Versus Tensile
Strength - Water ¢ ® 9 & % ® ® 8 © © 8 & © & © & & 9 & @ 371

xviii



Figure

101.
102,
103.
104,
105,
106,
107.
108.
109.
110.
111.
112,
113.
114.
115.
116.

117,

Normalized Inverse Cavitation Damage
Strength 'Wﬂter *» & & ¢ o e ¥ o e

Normalized Inverse Cavitation Damage
Strain Energy - Water . . . . . .
Normalized Inverse Cavitation Damage
Enexrgy - Water . . .

e &4 4 @ & o &

Normalized Inverse Cavitation Damage
: Water «ca # & @ 9 ® B ® 3 © 8 & ® ®
Normalized Inverse Cavitation Damage
Resilience = Water . . . + « o o -
Normalized Inverse Cavitation Damage
Strength - Lithium at 500°F ., , .

Normalized Inverse Cavitation Damage
Strength - Lithium at 500°F . . .

Normalized Inverse Cavitation Damage
Strain Energy - Lithium at 500°F .

Normalized Inverse Cavitation Damage
Energy - Lithium at 500°F ., . . .

Normalized ILnverse Cavitation Damage
Lithium at 500°F . . . . . & « + &
Normalized Inverse Cavitation Damage
Resilience ~ Lithium at 500°F . .

Normalized Inverse Cavitation Damage
Strength - Lithium at 1500°F ., . .

Normalized Inverse Cavitation Damage
Strength - Lithium at 1500°F . . .,

Normalized Inverse Cavitation Damage
Strain Emergy - Lithium at 1500°F

Normalized Inverse Cavitation Damage
Energy - Lithium at 1500°F , . . .

Normalized Inverse Cavitation Damage
Lithium at 1500°F ., ., .

Normalized Inverse Cavitation Damage
Resilience - Lithium at 1500°F . .

xix

Versus Yield

Versus True Strain

« o & ®© 3 ¢ = & 8w &

Versus Hardness

2 & 8w @ & e @& = & © ©

Versus Ultimate

« & & & & & » 8 3 °

Versus Tensile

a 8 % o e 8 & & € @

Versus Yield

e & « 0 8 ¢ & & & o

Versus Engineering

® e e @& o e o « & @

Versus True Strain

a 5 o e 2 a 8 8 & &

Versus Hardness

a & a ® @ [ o =@ ¢ o

Versus Ultimate

« & @& o © o ©o o & @

Versus Tensile

o o © & & @ ©°© & &

Versus Yield

e @ ® ¢ @& o a a e o

Versus Engineering

4 © ©v & o o ® @ & @

Versus True Strain

e o & @ ® e = 9 0o @

Versus Hardness -

* e & & b 2 e o e @

Versus Ultimate

« © ® = 0 e ® & o @

Page

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388



CHAPTER I

INTRODUCTION AND LITERATURE SURVEY

A, Introduction

Cavitation can be described as a hydrodynamic phenomenon which
relates to the formation and collapse of vapor bubbles in a liquid. In
general terms, these bubbles form in regions where the local pressure is
reduced below the vapor pressure at that temperature.and start to col-
lapse as soon as the local pressure exceeds the vapor pressure. While
this definition implies a distinction between phase transitions associ-
ated with reduction of pressure at constant ambient temperature, on the
one Hand, and addition of heat at constant pressure (i.e., boiling), on
the . other, heat transfer effects may play an important role im many
cases of cavitating liquids. Such effects are especially important in
liquids near their boiling points in the undisturbed condition. From a
purely physical-chemical point of view, of course, no distinction need
be made between boiling and cavitation, at least insofar as the question
of inception is concerned, and many of the basic physical ideas regard-
ing inception, vapor mass transfer, and condensation apply equally in
either case,

The bubble collépse associated with cavitation can be considered

as giving rise either to a shock wave which is propagated through the

el
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fluid, or to a small high-velocity liquid jet, in either case terminat-
ing at the wall of the fluid container. The effects produced as a con-
sequence of cavitation are twofold. First, for flow processes, it
generally decreaées_the transferable energy and causes a loss in effi-
ciency. Secondly, destruction (damage) of the material may take place
when the shock wave or liquid jet terminates on structural material sur-
faces, Thus, it becomes necessary to investigate carefully those condi-
tions resulting in cavitation and the damage suffered by various
materials, |

Since the cavitation damage process is apparently very closely
related to damage from droplet or particle impingement o¥ conventional
erosion,* the damage data so obtained for various structural ﬁaterials
is also to some extent applicable to the resistance of these matérials
to these other forms of attack, so that the fields of droplet erosion in
wet vapor streams {as in tﬁrbines or other two-phase flow passages),
rain erosion of high-speed aircraft, micrometeorite bombardment of space
vehicles, ete., are involved.

For the past tﬁo hundred years the phenomenon of cavitation.has
been known, and the accompanying losses of component performance and
material damage have been of considerable concern to the designers of
fluid machinery since the turn of the century. In the earliest con-

siderations of the cavitation phenomenon the primary £luid of importance

*Reference 1 includes many papers on the relations between these
various forms of attack. Also ASTM Committee G-2 has recently been
formed to attempt to relaté these various phenomena and form applicable
test standards.
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was water, as this was the.basic fluid.used_in fluid machinery until
recent times. At the present, however, liquid metals, cryogenics,
organics; and .other fluids have come into prime consideration as heat
transfer agenﬁs and as working fluids in thermodynamic cycles,

The successful pumping and handling of high-temperature liquid
ﬁetals, wherein éavitatiqn itself is_a problem, is of considerable
importance in the‘present.and futurglspace program, particularly from
the viewpoint of power generation using nuclear heat sources and liquid
metal Rankine cycle power conversion equipment. As has been recently
demonstrated, damaging cavitation attack can occur in bearings,2 close-
clearance passages,3 etc., as well as pumps;4’5 Recent theoretical
studies6 emphasize, in addition, a form of microcavitation that may also
occur in many high-performance bearing appliéations and even in compo-
nents such as gear teeth, so that the pitting which is often found in
such units may well be a result of a form of cavitation. The same prob-
lems aré, of course, also important in the cbnventional nuclear power'
plant program,3 which includes several existing and projected reactor
systems ﬁsing liquid metals as thé coolént. .Hence, the prediction of
cavitation performance and damage in a variety of flqid-material
environments at various temperatures becomes of great importance. The
high developmental costs for the component machinery and the difficul;
handling problems encountered with liquid metals make the full scale

component testing and the materials-screening programs, which have been

necessary in many cases, highly undesirable and very costly.
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In the SNAP¥ application the minimization of size and wéight and
the maximization of temperature are of over-riding importance, 8o that
the fluid-handling equipment, which must utilize high velocity flow
rates and minimum suppression heads, must be designed to operate under
conditions approaching cavitation or actually in a cavitating regime.

In addition, long unattended life is desired for many such units,.
Hence, it becomes necessary to know realistically under what conditions
cavitationcan be anticipated, and the quantity and quality of damage to
be expected for a given degree of cavitation, since it may not be pos-
sible or desirable to avoid the cavitating regime entirely by over-
conservative design, as has been the practice for conventional
applications.

The objectives of the present study include the determination of
the cavitation resistance of potentially useful alloys in water at room
temperature and in liquid metals at elevated temperatures, and the
determination of material-fluid parameters to correlate damage and allow

its a priori prediction.

B, Historical Background

The possibility of the occurrence of cavitation due to pressure
7
changes in a flowing liquid was recognized by Euler as early as 1754
8
in his treatise on hydraulic turbines. Reynolds, in the last decade of

the nineteenth century, produced and observed cavitation in a glass

*Acronym for System for Nuclear Auxiliary Power.
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venturi tube at room temperature, These dates indicate the early spo-
radic interest in the problem. However, the major early analyses of
importance were those by Besant9 in 1859 and Rayleighlo in 1917. The
accompanying loss of component performance and the destructive action of
cavitation were first noted in connection with a British destroyer's
propellers in 1895.11 Other early users of fluid handling machinery who
investigated cavitation were Barnaby,12 Parsons and Cook,13 Sir Charles
Parsons,14 Wagenbach,15 and Fottinger,16 Following the work of these
early picneers, numeroué investigators have devoted major efforts to
studying the details of this phenomenon over the past fifty years.

In the 1930's the laboratory testing of various materials in
order to determine their resistance to cavitation damage came into wide-
spread use, and several different methods of testing were developed.
These experimental facilities may be grouped into two categories: those
that depend on inducing low pressures as a result of high velocities in
flowing liquids or motion through a stationary liquid; and those that
produce cavitation by means of local, periodic, acceleratioms in an
otherwise stationary liquid. The first group includes devices such as
venturi tubes, objects immersed in constant area sections of cavitation
tunnels, and disks rotating in otherwise stationary liquid with through-
holes to generate cavitation upon test specimens inserted in the disk,
while the second depends on alternating pressure fields such as are pro-
duced by acoustic or other acceleration-~producing devices. In addition
to such equipment, other types of "impact" producing devices, such as

liquid jets impinging on specimens, have also been used, since the



s

damage from such tests appears to be very similar t0'c$vitatiOn:damage.
‘Venturi sections, which.are.simply Ebnvergent-divergent nozzles,
or modifications_thereof, were among the first flowldevicés used in the
study of cavitation damage under laborétdry cohditions. Fottiﬁger16 in
1926 and'Schroter17 in 1932 ﬁtilized such a device to produce cavita-
tion, the extent and intensity of which ¢0u1& be controlled, and made to
occur in a region wﬁere a test spéqimgn could be inserted. Mousson
(1937)18 and Lichtman et al (1958519 also performed studies in such

20,21
*7" and

nozzles. Most recently is the very extensive work of Hammitt
Robinson,22 who conductéd studies both in water and mercury in a cavi-.
tating venturi. Since many machines operate under conditions of high
velocity flow similar to that achieved in the venturi test sections, the
venturi test is considered to be quite representative of fileld
conditions.

Cavitation damage tests have also been performed in large cavi-
tation tunnels which operate on principles gimilar to a wind tunnel.
The cavitation is generally produced on a body of revolution or a hydro-
foil placed in the fluid streaﬁ. Such devices have been described by
Roberts;oﬁ23 and Wright,24 while Knapp (1955)25 carried out cavitatibn
damage experiments in such a tunnel, These tunnels are seldom used for
damage tests because of the expense of opefafion, the relatively compli-
cated procedures required in installing exﬁeriménts, and the length of

. time they must operate to obtain measurable weight loss.

A device that has been used in recent years for studies of cavi-

~tation damage is a rotating disk on which cavitation is induced in a
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separated flow region. Basically, such devices consist of a-disk with
holes near the periphery-with a#is parallel to the disk axis, rotated at
high spéeds in a chamber filled with the'tést fluid in which the ambient
pressure can be cdnﬁrolled( Several épecimens can be mounted on the
disk and subjected to tﬁe-cavitation cloud which is pfoduced downstream
of the holes.. Such devices have been used and described by Rasmussen2
and by Lichtman et‘al.].'9 Very_re;eqtly, a rotating disk assembly was
utilized by Wood et 3127 to obtain cavitation dgmage'data'in water and
by Kelly, Wood, et _a128 to bbtain data in liquid metals.

' Many investigators have used a variety of acoustic devices which
produce cavitation by ﬁeans of local, périddic, accelerations. The most
‘common device of this type is the magnetostriction oscillator. The mag-
netostrictive effect is exhibitéd by the ferromagnetic materials, which, 
under the influence of an alternating magnetic field, show a periodic
'.change in length. The first magnetostriction oscillator used for cavi~
tation tests was developed by Gaine329 in 1932.. Kerr30 and Schumb et :!
al31 in 1937 published extensive results obtained with such a device. 
Nowotny,32 Leith and Thompson,33 Rheingans,34 Plesset,35 and
Thiruvengadam et al36 also contributed valuable data and information
accumulated over the years with this laboratory test device. Very
recently, the vibratory -apparatus has been used to test mate;ials in

' 3,37,38
high-temperature liquid metals as sodium, ’ 7538,39 and as part of this

- 39,42
thesis investigation in lead-bismuthua110y,40*41 mercury, = a

nd
lithium.
- Acoustic field igngngtors comprise another type of laboratory

device used to study effects of cavitation damage on materials. In this
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case cavitation is produced by imposing a focused acoustic field in a
liquid. The cavitation occurs in regions of maximum pressure amplitude.
A very economical cavitation generator using barium titanate transducers
to produce an acoustic field in a resonant container has been developed
by Ellis.44 The operating frequencigs used with this device are 18 Ke./
sec. and 24 Kc./sec. Another type of acoustic field generator, operat-
ing at frequencies from 400 to 1000 Ke./sec. has been used in experi-
ments by Lichtman et al.19

One other type of apparatus, namely impact testing devices,
should also be mentioned along with the venturi test section, cavitation
tunnel, rotating disk, magnetostriction oscillator, and acoustic field
generator used in laboratory cavitation tests. Although the impact of
water drops is not per se a cavitation process, the use of such impact
tests was important in early examinations of the mechanisﬁ of cavitation
damage since it was assumed that the processes were analogous.* In
order to examine the question of whether the mechanism of cavitation
damage was associated with mechanical erosion, de Haller_(1933)45 ran
experiments in which small rods fastened to the periphery of a wheel
rotating at a high rate of speed, were passed through a high speed water
jet. More recently, Hobb346 used a similar device in which a high
veloeity liquid jet impinged on multiple test specimens mounted on a

rotating disk. A similar device is now in use also at the Chatou labo-

ratory of Electricité de France.

*According to present theory, this assumption appears justified.
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- Each of the above-mentioned laboratory test devices has been
used by many other investigators in the determination of the cavitation
resistance of various materials_as‘part of materials-screening programs
currently being undertaken throughout the'ﬁorld. Of these devices the
venturi test seétions and cavitation tunnels are considered to be quite
representative of field conditions encountered in rotating machinery,
Hoﬁever, damage appears only after.very.lengthy'operation, and the
resulting costs are sometimes prohibitive, The rotating disk device
and magnetostriction oscillator produce considerable damage in compara-
tively short periods of tiﬁe and, hence, 1end'themse1ves nicely to
materials-screening programs involving:a. variety of materials and sev-
eral fluid conditions. Such apparatus is sometimes reéferred to as an
"accelerated" cavitation test device due to the intense degree of cavi-
tation produced and resulting éxtensive'damage to test specimens.

Corrosion is often present when cavitation occurs, and many
investigators have studied the combined interaction of these two damag-
ing meﬁhanisms,47’48’49 Plesset48 proposed a pulsing technique usiﬁg a
magnetostriction oscillator, whereby a short period of cavitation is
followed by a longer non-cavitating interval, and concluded that such a
test produces more meaningful resulté in cases where corrosion is impor-
tant. The éccumulated'non-cévitating time allows a more realistic
opportunity for any corrosion mechanism to manifest itself on the test
specimen. In a purely cavitating experiment of the accelerated type,
the test time involved might be so short that the corrosion contribution

.to the total damage mechan&gp would be negligible as compared to field
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conditions, and, hence, the results misleading. Such pulsing apparatus
can be used for both steady and pulsed cavitation studies. Hence, the-

effect of corrosion damage can be quantitatively determined.

C. Problem Statement

In a prototype system, the damage due to cavitation appears usu~
ally only after fairly lengthy operation under design conditions.. O
Hence, it is clear that if a systematic study is to be made? involving a
variety of materials and numerous plant conditions, it will be necessary.
to expend large amounts of time and money. An alternate approach, sac-
rificing direct applicability to some extent in the_interests of
economy, is to accelerate the cavitation losses by.employing any one of -
the several laboratory techniques, previously discussed, which have been
developed for thié purpose. The most commonly-used method which.is also
employed in our own laboratory is a flowing tummel system utilizing a
ventur]. test section and a centrifugal pump to circulate the test fluid
around a closed loop. This system has been described elsewhefe.SO As
mentioned previously, the venturi is reasonably similar to actﬁal flow
systems, but at the same time damage occurs only rather slowly. As an
alternative to a flowing system, an acoustic vibratory.device was chosen
for this investigation. This accelerated acoustic system makes use of a
plezoelectric transducer51 and will be described in detail later. Dam~
age is accumulated at a very rapid rate compared to the venturi system,
and, hence, large numbers of potentially useful materials can be tested

in a variety of fluid-temperature environments at an economical cost.
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In addition, this device makes it possible to conduct tests at elevated
temperatures in liquid metals with relatively little trouble, Compar-
able tests conducted in a flowing venturi system would involve a myriad
of additional problems and prohibitive cost.

In the past, the utility of accelerated acoustic cavitation dam-
age resﬁlts has been limited because no direct correlation with cavita-
tion in a flowing system has been available. However, if such a corre-
lation could be formulated, it might be possible to substitute
relatively economical acoustic testing for tests in a tunnel facility.
OQur own laboratory has conducted cavitation tests in both water and mer-

. , v . 20,21,22
cury in venturi facilities

for the past several years and has
accumulated much useful data over this period of time. It is expected
that the accelerated cavitation data obtained with the vibratory facil-
ity in this investigation can be compared with the tunnel results, so
that a correlation can be obtained, allowing a more direct application
of the accelerated test results,

In addition to the cavitation testing program, it is essential
to determine the applicable mechanical properties of the materials
tested at the test temperatures so that a correlation between resistance
to this form of two-phase attack and some combination of the mechanical
properties can be obtained. Applicable mechanical properties certainly
might include the ultimate tensile strength, yield strength, hardness,
strain energy to failure, elongation, reduction in area, elastic modu-

lus, etc. Since many fluid-temperature combinations are involved in

this investigation, it is expected that any correlation of cavitation
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data certainly will have to account for-changes in fluid properties,

Applicable fluid properties for such a camprehensive correlation might

include

density, surface tension, net positive suction head,* bulk mod-

ulus, kinematic viscosity, specific heat, thermal conductivity, heat of

vaporization, thermal diffusivity, Prandtl Number, and vapor pressure.

Thus, one would expect a complete correlation of cavitation damage data

to involve both mechanical properties of the test materials and fluid

properties at the applicable temperatures.

follows:

1)

2)

Hence, the objectives of the present investigation are as

Develop‘a;practical laboratory device for obtaining cavitation
damage data in a wide variety of fluids (including liquid
metals) at temperatures as high as 1500°F under conditions of

controlled purity utilizing an inert cover gas.

Utilizing the accelerated vibratory device'developed for this

program, determine the cavitation resistance of a wide variety

-of useful materials‘(iﬁvolving'a considerable range of mechani-

3)

cal propértiés) including stainless steels, carbon steel;-tool
steels, refractory alloys, aluminum, copper,'nickél, brass,
plastics, etc., in water at 70°F, in mercury at 70°F and 500°F,
and in lead-bismuth alloy and lithium atl500°F and 1500°F.
Obtain a comprehensive correlation of the.cévitation damage

data with applicable material and fluid properties utilizing a

“and 'f)

- : ———
Fluid "head" above vapor, i.e., NPSH = E PV | yhere p, Pys
#°

are the local pggbsure, vapor pressure, and fluid density,

respectively.
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suitable computer program, so that one might be able to predict
3 priori the behavior of a new material under a given set of

fluid-temperature conditions.

Develop a relationship or correlation between the damage
incurred in the'flowing venturi device operated by this labora-
tory and the damage obtained in the accelerated vibratory facil-

ity studies.



CHAPTER 11
| EXPERIMENTAL EQUIPMENT

A. Facility Selection

1. Introduction
As discussed previously; there are many types of accelerated
cavitation research facilities available. Ihesé include the tunnel
facility and its variations, the rotating disk device, and the several .3
acoustic facilities. Early in the inVestigation by this labbratory, it
was decided to develop an acoustic éavitation unit since the.tunnel
facility was already availabie and it was felt that the rotating disk
device would involve excessive costs. It was further felt that it would
be mucl mére feasible to obtain data in liquid metals at elevated'tem-
peratures with an acoustic faciiify, as opposed to any aiterﬁative éys-
tems. Hence, an investigation of the various types of acoustic
approaches was made.,
The types of transducers that would lend themselves nicely to

N s 52,53
acoustic cavitation facilities are: _

a) Crystal oscillators - These utilize the piezoelectric effect,
which is reversible. The range of frequencies used is very

wide, the upper limit being about 10,000 Mc./sec.

-14-
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.b) Magnetostrictive osecillators - These devices make use of the
.. phenomenon of magnetostriction, which is also reversible. The

upper frequency limit is of the order of 100 Kc./sec,

It should be noted that there are several other types of transducers
available, such as electromagnetic transducers, electrostatic trans-
ducers, etc., but it was felt that only the two apﬁroaches méntiongd
above were suitable, considéring thé experimental program which was

- proposed.

2. Piegoelectric EffectA

Crystal oscillatprs make use of one af two types of crystal
for generating pltrasonic waves. One_type of crystal displays the
piezoelecfriq effect and\thg other the electrostrictive efféct. The
piegoelectric effect? which was first discovered by the Curie brothers
in 1886,:occurs in crystals hgviqg axes of non-symuetry. Suppose a slab
or disk,of such a crystal is put'ﬁith its_pérallel surfaces lyipg normal -
to an axis of non-symmetry . Oprsubjecting this slab to a mechanical
stress, équal and obposite electric charges éppearrpn the parailel sur-
faces. Provided that the crystal is not strained beyond the elastic
limit, the magnitude of the charge density"(or‘dielectric polarization)
is diréctly'proportidnal to the appliéd stfess,“ The converse effect was
predicted by Lippman in 1831, and diééﬁvered'experimentally by the Curie
brothers in the same year. When an electfic field is applied in the
direction of an axis of non-symmetry, the slab is mechanically strained,

the amount of strain being propdrtional to the ihtensity of the applied

Iy
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field. From a consideration of’thefprinciple of conservation oi.energy,
the‘direct and converse piezoelectric effects may be shown to-be equal
and opposite; i.e., the effect is reversible. It is the converse piezo-
electric effect that is used in dgsigning an ﬁltrasonic transducer of
this type for cavitation investigatioﬁs. An alternating electric field
is applied to the parallel surfaces of a piezoelectric crystal, and the
resulting rapid variation of lenggh of the crystal is transmitted along
an exponential or stepped horn which is fitted with a.suitable test
specimen. The specimen then oscillates with a frequency equal to thaﬁ
of the applied electric field, and with an amplitude proportional to the
magnitude of the applied field. These horns will be described later.
Crystals exhibiting the piézoeiéctrié.effeét’include quartz, Rnchelie
salt, tourmaline, and 1ithiﬁm sulphéte;‘ Each'érystal has a natural fre-
quency of vibration dependent on'thé.dimenéidn of the éfystai. If the
natural frequency corresponds to the applied f¥equency of the.eléétfic
field, the amplitudé of vibration of the cfystal is-a'maximum. Unfdr-'.
tunatelj,-many'piézoelectric;materials~are dgliqﬁeséént-énducan only be

used in controlled surroundings.

3. Electrostrictive Effect

| The electrostrictive effect occuré in all dielectrics and is
a phenomenon analogous te magne;oétric#ipn,.which will be described |
léter. For most ma;eriais, the eleptrost:ictive“effect is negligible,
but in certain dielectrics,_called ferroelectrics, the effect is  '

strongly pronounced. The application of an electric field in a given
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direction produces a mechanical strain, the magnitude of which is pro-
portional to the square of the app;ied field strength (as opposed to-the
piezoelectric effect where.the.strain-is proporfibnal to the applieﬁ
field), and is.thus independent of the sense of the field. Consequently
a positive strain may occur for both positive and negative values of the
exciting field._ Electrostrictive materialé can be made to exhibit the
piezoelectric effect if they are prgperly polarized. This can be done
permanently bj‘heating the méteriéls to a temperature above the Curie
point (i.e., the temperature at which electrostriction disappears) and
then allowing them to cool slowly in a strong electric field oriented in
the direction in which one intends to apply the exciting field.  Pro-
vided that the exciting field is small compared with the initial polar- H
izing field, the strain will vary sinusoidally at the frequency of the
sinusoidally varying exciting field. A polarized ferroelectric trans-
ducer appears té.display the same effect as a piezoelectric transducer,
and for this reason it is commonly referred to as being piezoelectric.
At present, barium titanate and lead zirconate are the substances most
widely used for electrostrictive applications. For the construction of
this type of transducer, many small crystallites of ferroelectric mater-
ial, together with suitable additives, are bonded together ﬁo form a
ceramic of the reQuired shape. Bedauée these materials are polycrystal-
line, they have the advantage over naturally occurring piezoelectric
crystals in that they are isotropic and do not have to be cut along
specified axes. Such electrostrictive materials lend themselves nicely

. to-the type of acoustic cavjtation facility envisioned for this study.
: AT
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4. Magnetostrictive Effect

Magnetostriction occurs with ferromagnetic materials and

- certain non-metals called ferrites.' The magnetostrictive effect was -
discovered by Joule in 1847, and the converse-effecf by Villari in 1868.
When a rod or bar of ferromagneﬁic or ferrimagnetic material is sub- -
jected to a magnetic field, it experiénces a change in length, Con«
versely, a mechanical stress applied to a rod or bar causes a change in
lntensity of magnetization. The magnetostr1ct1ve effect, which is anal-
ogous to the electrostrictive effect described above, is prominent for
materials such as nickel, iron, and cobalt; Whether there is an
increase or decrease in length dépends entirely on the nature of the
material and on the sfréngth of the applied magnetic field, and this is
independent of the direction of the field. For,purposgs of cavitation

_ investigation, an alternating magnetic field might bé épplied to a
ferromagnetic material, the resulting rapid variation in length of the
material constituting a standing wave generator., The ferromagnetic
matefiél may be coupled to an exponential or stepped horn which in turn
would accommodate the test specimen. The standing wave would exist
througﬁout the assembly. If the assembly is of a suitable length, e.g.,
equal to the wavelength of the sound wave propagated within it, then the
amplitude of vibration at the tip of the assembly would be a maximum and
give rise to é rapid variation of local pressure at the tip of the
assembly, which, for purposgs of cavitation investigations, is immersed
in a liquid. If the‘pressure-variation is such that the local pressure

-is reduced below the vagor;pgessurefof the liquid at the existing
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temperature, then the phenomenon of cavitation occurs. The details of
the design of such a transducer assembly will be discussed later. How-
ever, at this point, a decision must still be made as to which of the

approaches described above is to be pursued.

5. Choice of Accelerated Cavitation Device

The choice is one between the piezoelectric, electrostric-
tive, or magnetostrictive devices described above. Much work has been
reported utilizing the magnetostrictive transducers, and hence it might
be reasonable to adopt such a device on this basis. However, the power
requirements and cooling problems can be somewhat severe, and perhaps
the cost higher than the alternatives. Further, since a local vendor
was available to help in the design of either the piezoelectric or
electrostrictive-type transducers, it was felt that this approach should
be adopted. The amplitude obtained with such generators is of the same
order as that obtained with the magnetostrictive devices, and it is
believed that the efficiency of energy conversién with the piezoelectric
devices is greater than that obtained with the magnetostrictive-gener—
ators. In summary, it was felt that a piezoelectric cavitation gener-
ator would be entirely suitable for the studies envisioned in that
flexibility in the design permitted many changes, heat losses were kept
at a minimum, crystal temperature did not exceed the Curie point with a
feasible cooling arrangement, amplitude of vibration was sufficient, and
cost was nominal. Pure lead zirconate (PbZr03) is a non-ferroelectric,
but if mixed with more than 10 mole 7% lead titanate (PBPTi04), it

acquires ferroelectric properties. Hence, in view of the previous
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discussion, a-polarized lead zirconate-titanate ceramic, which exhibits

the piezoelectric effect, was chosen as the crystal for the transducer

assembly., This crystal has the following desirable properties:

a)
b)
d)
o
f)

g)

h)

Satisfactory piezoelectric characteristics for therrequired
modes of vibration,

Homogeneous throughout.

Capable of being worked to the desired shape and size.
Variations of its propertles with temperature are minimal.
Internal friction is low.

Chemically and.physically stable.

Retains its piezoelectric properties over the complete range of

~temperatures f@: which it is to be used.

Results in satisfactory matching with both the electrical cir-
cuit and the medium of propagation for efficient energy

transfer.

The ultrasonic transducer utilizing the piezoelectric crystal

selected must satisfy the following general requirements:

a)

b)

c)

4

It must be operable (i.e., able to produce appreciable cavita-
tion activity) in fluids ranging in density from 1-15 grams/cc.
It must be capable of operatiné in fluids whose temperatures
range from 70°F to 1500°F.

It must be so constructed that the amplitude of wvibration can be
accurately and convenientlj measured’

The stepped and/or exponential horns employed are to be remov-

able and interd®angeable (i.e., easily replaced).
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e) The exponential horn will be designed so as to accommodate the
test specimens,

f) Provision is to be made for fastening the transducer to the
fluid container without appreciably reducing the amplitude of

vibration at the horn tip.

B. Description of Overall System

A general description and discussion of the major features of
the University of Michigan high-temperature ultrasonic cavitation vibra~-
tory facility will be given here. Succeeding sections will describe the
various components in detail. Figure 1 is a schematic block diagram of
the high-temperature ultrasonic vibratory facility showing the audio
oscillator, power amplifier, transducer-horn assembly, test specimen,
oscilloscope, frequency counter, high-temperature furnace and cavitation
vessel, and accelerometer. The signal supplied by the variable fre-
cJency audio oscillator is amplified and.applied to the piezoelectric
crystals. The resultant periodic motion of the crystals effectively
constitutes a standing wave generator with the amplitude of the standing
wave being increased as it traverses the exponential horn assembly. The
use of exponential horns as velocity transformers in this fashion was
first suggested by Mason..s4 The movement of the horn tip, to which a
test specimen has been attached, results in a rapid variation in local
pressuye, causing the periodic formation and collapse of an intense
cavitation cloud. The final result is an accelerated erosion of the
testlspecimens subjected to the collapsing bubble cloud. The materials

of interest can be tested in a variety of fluids over a wide temperature



=22

OSCILLOSCOPE

AUDIO
OSCILLATOR
—ry ACCELEROMETER
COUNTER O
Y ? 9 o TRANSDUCER
ASSEMBLY
ISPOOVV:é\;T . PIEZOELECTRIC
CRYSTALS
AMPLIFIER > v
VESSEL TOP
] é PLATE
—]
— ——]
A © 1O EXPONENTIAL
© 0 HORN
O 0
TEST
© _|[° sPecimen
FURNACE “‘2 ?TEST FLUID
POWER /
SUPPLY HIGH~ TEMPERATURE

CAVITATION VESSEL L0

Fig. 1.--Block diagram of the high-temperature ultrasonic
vibratory facility.
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range., For studies at elevated temperatures ﬁhe transducer-horq
assembly is attached to the special cavitation vessel which is filled
with the appropriate fluid. Figure 2 is a photograph of the facility
showing the audio oscillator, power amplifier, voltmeter, oscilloscope,
timer, temperature controller, furnace, and the transducer-horn assembly
installed in the high-temperature cavitation vessel, Thevvessel is
insertéd in thé_furnace. The line ;gnning to the vessel supplies argon
as a cover gaé'for the fluid.

Thé'cavitation facili;y,has been Cdmpletelj calibrated and oper-
ated at fluid temﬁéfgtures‘in ex@ess'of 1500°F at a frequency of approx-
imately 20 Kc./sec. aﬁd double ampiitﬁde of V2 miis{ It is capabie of

operation with a vaﬁiety of fluids. -

C. Ultrasonic Transdﬁbef Assembly

As“ﬁentiénedzpreﬁiously, the qit;asonic qavitétion facility con-
sists of a 'va‘ﬁablé tfreﬁue’ncy audio oscillator and poﬁer amplifier which
supply a voltage of suitable magnitude and frequency directly to elec-
trodes attached to the piezoelectric crystal (in this case lead
zirconate-titanate) . The applied voltage causes the crystal to alter-
nately expand and contract its length by ~V/ 0.1-to 0.2 mils. In order
to produce cavitation in various liquids, it is desirable to amplify
this minute moveﬁent of the lead zirconate-titaﬁate crystal, This can
be done by attaching either a stepped or exponential horn assembly to
the crystal transducer sectioﬁ, The horn acts as a velocity trans-

former, increasing the velocity of the standing waves propagated by the
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Fig. 2.--Photograph of the high-temperature cavitation facility.
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crystal. As a result, the maximum amplitude of the horn tip may be as
great as 2 to 3 mils, The amplification obtained with a stepped horn is
a function of the ratio of the end diameters while the amplification
obtained with an exponential horn is a function of the vatio of the end
53
areas. An exponential horn was chosen to minimize the stress problems
within the horn assembly. With the stepped horn, stresses at the inter-
face can cause the horn to fracture at this point. The general features
of the ultrasonic transducer assembly are indicated in Figure 3.

There are two lead zirconate~titanate crystal wafers in the
driver so that both ends of the transducer can be grounded, If only one
crystal had been used, one end of the transducer would have been at a
voltage above ground., This represents an undesirable situation. The
aluminum disk shown between the two crystal wafers is suitably bonded to
each of the crystals and cepresents one of the electrodes (high volt- . -
age). An internal bolt, suitably insulated, contacts the steel counter-
welght, passes through both crystals and the separating aluminum disk,
and terminates in the lower aluminum section, As a result, the steel
counterweight, the upper surface of the top crystal wafer, snd the lower
surface of the lower crystal wafer are electricglly the same point
(ground) . Hence, the second electrode is attached to the upper steel
counterweight. The aluminum sleeve serves the purpose of making a firm
attachment to the lower crystal. It is then possible to easily and
quickly attach various exponential and stepped horns to this upper
assembly without having to bond the crystal to a new horn surface each
time. The horn made for the transducer was exponential in form, as

noted, and fabricated of type 303 stainless steel.
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The standing waves generated by the continual vibration of the
crystal wafers are propagated throughout the length of the transducer
assembly. It 1s necessary to achieve a proper acoustic match between
the various materials making up the assembly if efficient transfer of
energy is to be realized. 1f one considers the reflection and trans-
mission of plane waves at the interface of two materials, it can be
shown that the reflection coefficient approaches zero and the trans-
mission coefficient approaches unity as the acoustic impedances of the
two media approach one another. The acoustic impedance is given by the
product of the density of the medium and the velocity of sound propa-
gated within it. In the case of aluminum and stainless steel, the
velocity of sound in each is approximately the same, namely, /V 16,000
feet/second. However, the densities of the materials differ by about a
factor of three. Thus, the acoustic impedance of the aluminum is 1.7 x
107kgu/muzseco, while that of the stainless steel is 4.7 Xa].O7 kgolmoz
sec. Hence, at the interface of these two materials one would expect a
transmission coefficient of approximately 0.75, or 75%, which indicates
that the media are quite well matched and efficient transfer of energy
is taking place across the interface. This is a very important con-
éideration in the design of such a transducer in that poor selection of
materials can result in large degree of reflection at the interface, and
hence a very inefficient transducer,

A final important consideration in the design of such a trans-
ducer is concerned with the dimensions of the upper driver section and

the exponential horn assembly. Typically, the length of the upper
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driver section and the expoﬁentialrhorn would each be equal to half the
wavelength of the acoustic oscillation propagated in it. Figure 4 1s a
schematic of a typical waveform showing the_poéitibn of the nodes and
anti-nodes along the length of the trénsduder'assembly° It is clear
that maximum amplitude is necessary at the tip of the horn assembly to
which the test specimen is attached, Hence, the horn tip must corres-

- pond to an anti-nodal point of the standing wave pfopagated throughout
the assembly. Further, it is clear also that if an attachment of the
horn assembly is to be made to a stationary container of some type, this
point of attachment must correspond as closely as possible to a nodal
point of the standing wave, i.e., a point of zero amplitude. Due to
symmetry, it 13 clear that the aluminum spacer electrode located between
the two crystal wafers must be a point of zero amplitude, a nodal point.
Many variations are possible here, but it is seen from Figure 4 that an
antl-node will exist at the tip of the horn and a fode.will éxist at @ #"
the mid-point of the horn assembly if both the horn assembly and the
upper driver section are made equal to oneéhalf wavelength of the stand-
ing wave propagated within the assembly. As mentioned previously, the
velocity of sound in both aluminum and stainless steel is approximately
equal, namely, /V 16,000 feet/second. Hence,'it is possible to compute
either the length of the tranéducers given the applied frequency, or to
compute the frequency, given the length. Of course, a convenient

“length, neither very small nor large, is desired. If a total length of
10 inches is chosen for the assembly, the fequifed'applied freqﬁency is

-easily determined from qhefﬁgmiliar relation:
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where:
¢ = velocity of sound-
f = applied frequency

_ A = wavelength of sound

For the case above, the frequency determined in this fashion is found to
be »vV 20 Ke./sec. Such a frequency .can be easily supplie@ by a standard
variable-frequency audio oscillator. The stainless égeel horn is
approximately 5 inches in léngth, while the upper driver assembly is
about the same length. Heﬁce, the transducer is referred to as a full
Waveléngth transducer and the horn as a half w&valength horn.

1. Figure 4 also show; schematically the‘velocity transformerl
- action of the exponential Horn, as the amplitude of the standing wave
propagated within the assemblﬁ is increased due to the.exponential,vafi-

ation in cross-sectional area.

D. Test Specimens

1. Effect of Density on Specimen Size

_Since this study.includes the testing of many different
. specimen materiais, varying widely in densi;y,_and since it is neteséary
to ﬁaintain uniform weight of the specimens to obtain an approximately
equal resonant frequency for all cases, the length of the various speci-
mens will vary with the density of the material. Figure 5 is a curve of
specimen length, A, versus density of}specimenrﬁaterial. The required

specimen weight is 9.4 + 0}; g. The volume of the mounting hardware for
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each specimen is constant, and this was determined by a weight measure-
ment of the COmpléte SPecimenQ Hence, the required weight must be
realized by suitable adjustment of the specimen face thickness, A, which

can be easily computed.

2. Standard Cavitation Test Specimen

Figure 3 clearly indicates the point of attachment of the
test specimen at the tip of the ultrasonic transducer assembly. The
details of the standard cavitation test specimen are shown in Figure 6.

These specimens are screwed -into the end of the horn and tightened with
- a special wrench which.does not in any way damage the specimen or remove
material from it, as shown by repeated'tests. The required dimensions

A" and "B" vary with the density of the material, The dimension "A"
may be determined from Figure 5, while the length of the threaded hard-

ware section (B - A) is generally held constant at 3/8 in.

3., Special Cavitation Test Specimens

" A number of the materials tested in this program could not
be machined in the form of the standard cavitation test specimen shown
in Figure 6 due to very low density, brittle nature of some of the
materials, unavailability of bar stock of the required material, an&
difficulty in machining and providing the matérial with a thfeaded
length. In eachrcase a special specimen was designed to overcome the
problems encountered so as to achieve satiéfactory operation.

Plexiglas was one such méterial that required a special design

- for  the test specimen. Dug.to the low demsity-of the Plexiglas



-3

Jd _28-
2 8 - UNF

f—————— B+ .005 —— =

UNDERCUT
S SHARP
3 CORNERS
<L
¥
— 547,00 ————»]
NOTE :
DIMENSIONS "A" & "B" 1455

VARY WITH SPECIMEN MATERIAL

Fig. 6.--Standard cavitation test specimen.



-3~

(compared to the other materials tested) and its brittle nature, it was
completely impractical to fabricate standard cavitation test specimens
as shown in Figure 6. The low density would result in an unusually
large "A" dimension (and hence appreciably change the resonant frequency
of operation), while the brittle nature of the material made it impos-
sible to firmly affix a specimen to the ultrasonic horn without damage
to the threaded portion. It is necessary that the specimen be firmly
and tightly attached to the horn tip so that the ultrasonic energy is
properly transmitted across the interface for efficient operation.

Hence the design shown in Figure 7 consisting of a Plexiglas test speci-
men with internal thread and a separate stainless steel mounting stud
was adopted and proved to be satisfactory. The mounting stud results in
a firm attachment of the Plexiglas cylinder to the horn tip without dam~
age to the Plexiglas internal threads since this connection need only be
made once. The high density of the steel also allows the required
specimen weight to be obtained without an unduly long specimen. Thus,
this design overcomes all of the problems encountered with the standard
cavitation test specimen.

Another material tested that posed similar problems to the
Plexiglas was the material, graphitar. Graphitar is formed from carbon
and graphite powders which are compacted under high unit pressures and
then furnaced at temperatures up to 4500°F, and is of wide technological
importance in connection with seals and bearings. It has a relatively
low density and is brittle and porous. For these reasons the identical

test specimen design adopted for the Plexiglas was also used for the
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graphitar material and found to be completely satisfactory (Figure 7).

It was desired to test in the vibratory facility the identical
heat-treats of Cu, Cu-Zn, Cu-Ni and Ni that had been previously tested
in the venturi loop facility. Since these materials were available only
in sheet stock 1/16 in. thick, it was necessary to design a special
specimen consisting of an adaptor of a suitable material and a disk of
the desired test material. Means of attaching the disk to the adaptor
had to be provided so that a firm bond would result. This is necessary
so that the ultrasonic energy is efficiently transferred across the
interface. Hence the design shown in Figure 8, consisting of a brass
adaptor and a disk of the desired material, was adopted and proved to be
satisfactory. The disk is fastened to the adaptor with soft solder.
Various epoxies and cements were attempted as a bonding material initi-
ally, but the bond was immediately destroyed upon initiation of the
test, The acoustic impedance of the soft solder is on the order of that
of both the brass adaptor and disk materials, while the epoxies and
cements possessed a very low acoustic impedance due to negligible elas-
tic properties. The arrangement shown in Figure 8 results in a standard
specimen weight of 9.4 + 0.1 g., as desired.

Finally, it was not convenient to fabricate a standard cavita-
tion test specimen from single-crystal tungsten, which was also included
in the cavitation testing program. Single-crystal tungsten is very dif-
ficult to machine using standard techniques, and due to the lack of a
suitable grinder for forming the threaded portion of the specimen,

alternate designs were considered. It was found feasible to produce a
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simple disk of single-crystal tungsten byﬁgrinding, but it was still :
necessary to affix the disk firmly to the ultrasonic horn. Initially,
an attempt was made to use epoxy resin to attach the tungsten disk to a
stainless steel adaptor. 'However,.aé.méﬁtidned previously, little suc-
cess was achieved with various epoxies and céments which were tried for
this purpose due to negligibie elastic. properties énd very low impact
strength., As a result the epoiﬁ‘bqnﬂ immedigtely fractured at the starﬁ
of the test;* Finﬁlly; the‘&esign.sﬁoﬁn in Figure 9 was found to be
satisfactory. Here, a simple disk‘of single-crystal tﬁngsten has been
attached to a stainless steel adaptor with silver solder. The silver
solder was found to form a very suitable bond between the tungsten and
staiﬁless steel, and resulted in satisfactory transmission of the
.acoustic energy across the interface. The diameter of the tungsten disk
(1/2 in.) was slightly smaller than the diameter of the stainless steel
adaptor (.547 in.) due to unavailability of single-crystal tungsten in a
larger size at the time of the tests. | o

Thus,_ali materiais tested in this'program weré fabricated as
per Figure 6, with the exception of the special circumstances and diffi-

culties encountered with a few materials, as discussed above.

E. High-Temperature Cavitation Vessel |

1. Design Philosophy and Criteria

Since one of the major objectives of the presént experimen-

tal cavitation program is to obtain damage data at elevated temperatures

*At a later dat® 3" suitable epoxy (Loctite Bonding Kit #2508 -
Loctite Corp.) for attaching specimen disks to adaptors was found and
used for certain plastic materials where other methods of attachment
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in liquid metals, it was necessary to give consideration to the design
of a suitable high-temperature facility.. Basically, such a facility
would include a suitable closed vessel for containment of the test
fluid, and for support of the transducer gssembly, means for introduc-
tion and removal of the test fluid into and out of the cavitation ves-
sel, means for controlling the oxide concentration in the test fluid
where applicable, the necessary furnace for cobtaining the desired tem-

- perature in the test vessel, and a suitable controller for maintaining
the fluid teméerature at the desired level within satisfactory limits.
Clearly, various other auxiliary items such as "O" fings, snap rings,
thermocouples, cover gas supply, valves, etc., would be necessary to
complete the system., Detailed consideration will now be given to the
design of the cavitation vessel, a furnace for obtaining the desired
temperature level, and a suitable temperature controller for maintaining
the test temperature at the desired level,

The design of the high-temperature cavitation vessel Willlbe
considered first. The range of temperatures considered is from approx-
imately room temperature to 1500°F. The room temperature tests are nec-
essary for comparison with similar cavitation tests conducted in the
venturi facilities opefated by this laboratory. The 1500°F temperature
level corresponds closely to typical operating temperatures encountered
in SNAP reactor power plants utilizing Rankine cycles. The range of

pressures considered in this design will extend from normal atmospheric

~wefe not feasible. Forghigh-temperature applications the "Chemgrip-HT"
(Chemplast, Inc.) is recommended.
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pressure to a maximum pressure of 50 psig. The high-pressure operation
would be necessary in tests with fluids such as sodium at 1500°F due to
the excessively large vapor pressure at this temperature. Thus the 50
psig maximum pressure figure was selected as certainly sufficient for
such tests and also practical. Argon was chosen as a suitable inert
cover gas. Operation with lithium, which is a very reactive liquid
metal, will be assumed as a reference for the discussion that follows.
Investigations with sodium or potassium could be conducted with almost
no modifications to the procedure utilized for lithium. In tests with
lead-bismuth, mercury, and water a much simpler procedure was used since
maintenance of fluid purity is not nearly as difficult as with the : =
alkali liquid metals.

The problem of maintaining £luid purity for repetitive runs
where numerous intermediate inspections and weighings are required is a
difficult problem when the test fluid is an alkali liquid metal. The
usual solutions that have been applied to this problem in the past
include the utilization of a large dry-box which encloses the complete
experimental apparatus, or an elaborate plumbing system which allows the
liquid metal to be tramsferred to and from the experimental vessel by
pressurization. The dry-box approach is very expensive and is compli-
cated by the fact that a range of dry=-box pressures would be required
for suitable operation. The plumbing system would involve a need for
several valves, system pressurization for fluid transferral, trace
heaters for lines, hot traps, cold traps, etc., for purification. Both

of these approaches were unsuitable for the present investigation
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because of these many problems and the fact that the financial resources
were limited to a modest sum. Hence, we adopted the following procedure
for the tests conducted in lithium.

In order to minimize the formation of oxides when very reactive
liquid metals are being used as the test fluid, the liquid metal was
charged into the cavitation vessel in the form of a solid ¢ylindrical
ingot, properly sized to fit into the vessel and fill it, upon melting,
to the desired level. The solid ingot, supplied by the manufacturer in
an individual hermetically sealed container, was first placed in a clean
stainless steel beaker which fit snugly into the cavitation vessel and
provided for easy removal and disposal at the conclusion of a test. The
loading operation was carried out at room temperature (where oxidation
would be at a minimum rate)} in a glove box under an argon atmosphere.
The sealed vessel was then removed from the glove box and placed in the
furnace where the liquid metal was brought to the required test tempera-
ture. Each test was conducted with a new, fresh lithium ingot. This
procedure eliminated the need for transferring the molten liquid metal
to and from the experimental vessel while the test fluid was in the
liquid state and eliminated the need for trace heaters, line heaters,
hot traps, cold traps, valves, etc., from the system design. The need
for an expensive pressurized dry-box arrangement was also eliminated.
Such a procedure resulted in a very economical design and kept oxide
contamination relatively uniform and at a minimum, since a fresh ingot
was used for cach test. Various procedures were developed to remove the

ultrasonic transducer and specimen from the cavitation vessel at the
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conclusion of the test in a very safe manner. These will be discussed
later.

Figure 10 is a schematic representation of the test vessel,
showing the ultrasonic transducerrassembly eupported by the vessel top
plate The two "0" ring seals required, the position of the thermo-
couple, the argon gas inlet, and the coollng coil are also noted,

The level of the liquid metal or other test fluid in the vessel
can be measured with a suitable fast response thermocouple. The thermo-
couple Wiillbe attached to the top plate'ﬁith an adjuetable immersion
. packing gland. The adjuetatle packing gland makes it possible to meas-
ure the liquld metal level at any requlred submergence of the test
specimen. For this design, a test specimen face submergence of one inch
was chosen so that small dlffetences in submergence between runs will
not have a large effect.  ﬁheﬁ the liquid level reachee the thermocouple
tip, there will be a step increase in the thermncouple teading because
of the large difference betweeﬁ the f11m coefficient.for the argon-
thermocouple sheath interface and the liquid metal-thermocouple sheath
interface. The film coefficient of heat transfer between the argon gas
and the metal sheath of the thermocouple is much less than that between
- the liquid metal and the metal sheath of the thermocouple. Heat is
always being conducted up the metal sheath of the thermocouple to the
stainless steel top plate, and this heat must be sepplied from the
medium surrounding the thermocouple (argon gas or liquid metal). When
the surrounding medium is argon gas, the'temperatﬁre difference between

the ‘argon gas and the metal, sheath of the thermocouple is greater than
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Fig. 10,--High-temperature cavitation vessel and ultrasonic
transducer,
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the temperature difference between the liquid metal and the metal sheath
of the thermocouple when the surrounding medium is liquid metal. This
is due to the lower film coefficient at the argon-thermocouple sheath
interface. This thermocouple is also used for measurement of the tem-
perature of the test fluid in the vicinity of the test specimen.

Once the liquid metal has been introduced into the vessel and
liquefied, the pressure and temperature can be adjusted to the desired
operational conditions. Argon is supplied to the system from the side
of the bottom flange (Figure 10).

As indicated in Figure 10, the liquid metal is to be maintained
at a maximum temperature of 1500°F only a few inches from the flange-
plate assembly, and about 8 inches from the crystals, which must be
maintained at a temperature not to exceed about 150-200°F, Thus, spe-
cial heat transfer, thermal stress, and sealing considerations arise.
In general, the vessel wall and cone supporting the flange-plate
assembly is made to minimum wall thickness, consistent with stress
requirements, toc minimize heat conduction to the flange-plate assembly.
Heat is also unavoidably transferred to the flange-plate assembly by
conduction through the horn and by convection and radiation in the argon
cover gas. The heat is removed from the flange-plate assembly by a
cooling coil, and the flange-plate assembly cross-section is thick
enough so that temperature gradients in it are small. Hence, its tem-
perature must be close to that of the cooling medium. This allows the
use of conventional organic sealing materials such as rubber "O" rings,

‘and assures that the allowable crystal temperature will not be exceeded.
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The details of the construction are discussed more fully below.

The cylindrical section of the vessel is made from type 316
stainless steel pipe. The top plate is fabricated of type 304 stainless
steel, 3/4 in. thick. Since it will not come into direct contact with
any of the test fluids and will not operate at excessively high tempera-
ture, this material is adequate. The substantial thickness was chosen
to facllitate heat conduction to the cooling medium. The top plate is
provided with an access hole for the thermocouple and a centrally-
located opening to accommodate the transducer horn. Figure 10 indicates
the details of the top plate design.

The section connecting the lower flange and the cylindrical
vessel has been designed in the shape of a cone to minimize thermal

stresses due to the large temperature gradients in this region.

2. Method of Fastening Transducer to Vessel
The problem of attaching the horn at or near a nodal point
to the top plate is quite unique in that a good seal is required between
the plate and the horn, but at the same time the horn cannot be grasped
in such a manner that the amplitude of vibration is reduced. To estab-
lish the seal, a rubber or teflon "0" ring with dimensions 1 1/4 in. x
{l 1/2 in, x 1/8 in. is provided to slip around the transducer horn and ,
to seat in the groove provided in the top plate. The horn is held in a
proper axial position by fastening a snap ring around the horn directly

below the top plate. This arrangement provides the required squeeze on

the "O" ring. It has been shown experimentally that this arrangement
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‘does provide a positive seal and does not result in a decreése.in horn
aﬁplitude because.the "O" ring is softfenough not to restrain-the low
amplitude, high frequency vibration at this point. A patent application
has been filed for this arrangement under the title, "Seal Holder Device
for Ultrasonic Vibratory Unit." Alternative approachés.haﬁe inﬁolved a
steel bellows attachment ﬁhich'is subjeét'to fhtigﬁe féilure; and the
complete enclosing of Ehe en#ire uni; in.a'dry_box (Which'soiufion wés
beyoﬁd our financial cabability). The snap ring employed is of fype 304
stainless stéel. The arrangement has functioned over a totai of;1000
hours and nﬁmerous assembliés and disaséemblies.without difficulty,

The seai betwéen ﬁhe top platé and thé upper‘flange section of.
the cavitation vessel is maintained by means of a rubber or teflon "O"
ring of dimensions 7 1/2 in. x 7 3/4 in; which seats in a groove prbw
vi&ed in the upper flaﬁge sectioﬁu The éooling arrangeﬁent previdusly
described'alloﬁs the use of a soft seai at this point, thus obtaining
more positive sealing than experiencé indicates might be obtained from
gaskets suited fo high-teﬁperatufe setvice,

A 1/2 iﬁ. 0¢D. Schedule 20-copper tubing cooling system is pfo~
vided to remove the heat conducted to the top plate by means.of the
transducer horn assembly.and thé vessel proper. - The copper-tubing'is
seated in a groo#e provided in.the top of the top plate and brazed into
position to providé good thermal contact. .Fleﬁible tygon tubing from
the inlet and outlet provide éooling.water‘fo and from the copper tub-
ing. Calculationis55 have shown fhat ﬁhe available tap water flow is

sufficient to remove the hea;.transférred to the top plate.
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The top plate is firmly attached to the cavitation vessel by
means of six cap screws which are inserted into the top plate and termi-

nate in the upper flange of the vessel proper.

F. Furnace Requirements

The furnace which was chosen for providing the heat to attain
the test temperatures desired is fitted with an opening of suitable
dimensions so that the vessel is easily accommodated. Since the heating
chamber is of a length somewhat greater than the length of the vessel,
it was decided to attach to the bottom of the cavitation vessel a heat
conducting extension, to provide more area to receive radiant heat from
the furnace windings and also more cooling area on shut-down., This con-
ductive skirt, 7" long with 3 1/8" I.D. and 4" 0.D., was made of alumi-
num~bronze material, chosen because of its high thermal conductivity and
excellent high-temperature properties and ability to withstand corro-
sion. Without such a skirt, an appreciable portion of the heaters mak-
ing up the furnace would have been radiating heat across the vessel at
each other. Such operation could cause burnout of the heaters. More
important, though, in order to achieve reasonable heat-up times for the
tests envisioned, it was necessary to provide as much thermal power as
possible in the furnace., Hence, the conductive aluminum-bronze skirt
was designed. It is shown in Figure 11, attached to the high-tempera-
ture cavitation vessel by means of set screws.

Due to the operating temperatures of the system, the stress

limitations of the materials used at these temperatures must be
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Fig. 1l.--High-temperature cavitation vessel and ultrasonic

transducer assembly mounted in furnace.
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considered. The short-term tensile strength'of type 316 stainless steel
drops from approxiﬁately 90,000 psi to approximately 20,000 psi when
heated from 70°F to 1500°F, and becomes almost negligible at approxi-
mately 2000°F; Sinte tﬁeh%orging poiﬁt of:stginlessisteél is 2100~
2300°F, the system coqld,conceivably_operate ﬁp_to approximately 2000°F
for short periods of time at low pressures. Howevet, for operation
above about 1500°F, it might be wisg to use more exotic mattrials;'e.g.,
various refractory alloys, which have iﬁptoved high-temperéture R
properties. o

The discontinuity;stress values, i.e., stress at sharp corners,
ete., should also be investigated, and are presented in reference 35,
along with the stress calculations, assuﬁptions, gimplifications, and
any necessary-clarifying figuréé; -Appendix A summérizes the major
assumptions and results of the necessary heat tranmsfer calculations.

VCalculationsss'indic&ted-that the heating losses due to conduc-
tion in the cavitation vessél wduld be approximately 2800 Btu/hour, or
about 800 watts. Iﬁ order to athieVe.é heat~up time of one hour, which
was deemed reasonable for a test at 1500°F; it wastthen necessary to
have at least a power input of iOOO ﬁatts. Many inquiries were made of
commercial vendors és to the_feasibilitﬁ of tupplying'a furnace of such
a power rating which could also accommodate the cavitatioh'vessel. In.
the meanwhile, it was-found thatfé'suitable-furnaté (Figure 11) existed
in the Department of Chemical and ﬁetallurgical Eﬁginéering at this
University, and this was made availablé.by Professor C. A, Siebert of

that department for the experiments of this laboratory. The furnace was
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in the shape of a cube, 16" on an edge. The outer covering consisted of
1/16 in. sheet metalf The bulk of.the sheet metal box Was_filled with
suitable insplation, bpthcgntrally 1qcated in'the-enclosure was an alun-
dum crécible about which were wound the hedter coils. Alundum cement
was then used to covér the coils. The dimensions of the furnace chamber
formed by the crucible were 6 in. diameter x 12 in. length. The cru-
cible was open at both ends. Howeve;?_it rested in an upright position
on a layer of firebr;ck positioned at the bottom of the sheet_metal
frame. A similar-layer of firebrick was positioned at the top of the
furnace and provided_with‘an access hole 4 in. in diamgter} The thick-
ness of the top layef of firebrick was 1 1/4 in, This layer of fire-
brick was covered by a steel end plate 1/8 in. thick and fitted with a
centrally-located access hole 5 1/2 in. in diameter. The 4 in. access
hole in the firebrick closgly approximates the diameter of the cavita-
tion vessel. It was felt that heat losses would be greater if the 6 in.
hole available in the crucible were not decreased in this manner. This
end p1ate provides a suitable surface to support the cavitation vessel,
i.e., the lower surface of the upper flange of the cavitation vessel is
in direct contact with the carbon steel end plate and rests on it. The
power rating of the furmace is 3000 watts_;t 220. volts, and hence is
ample for the purposes ofrfhis investigation,

| Figure 11 shows the high-temperature cavitation véssel and

ultrascnic transducer assembly mounted in the furnace. The furnace is

supported in a simple Unistrut frame structure.
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G. Temperature Controller Requirements

A Foxboro automatic temperature controller was also provided by
Professor Siebert from the Department of Chemical and Metallurgical '
Engineering for control 6f the furnace tempefature. A thermocouple was
embedded in the alundum cement surrounding the heating element, and is
thus in close proximity to the heating element. This should reduce any
cycling problems. The controller has an upper temperature limit of
2500°F, which is considerably above the maximum temperature planned for
the experiments. It is an ON-OFF type controller equipped with a stand-
ard mercury switch, When the process temperature is below the set
- point, the full 220 v&lts is applied to the windings of the furnace.
When the process temperature exceeds the set point, the mercury switch
opens, reducing the voltage to zero. Once the desired temperatﬁre is
reached, it is possible to achieve somewhat finer control by reducing
the voltage applied to the windings by means of a variac. Thus, perhaps
only 100 volts is necessary to compensate for the heat losses once
equilibrium has been reached. Figure 12 is a schematic indicating the
relationship and connections necessary to achieve this fine control.

The primary voltage supply, variac, furnace, thermocouple, and control-
ler are shown. The thermocouple used for temperature control in this
application is of chromel-alumel. The automatic temperature controller

is driven by a small motor requiring a 220 volt supply.
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Fig. 12,--8chematic of variac, furnace, and temperature
controller.
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Accelerometer Assemblz57

I

1. _Igtroduction

Tt has been shown by several investigatoré36’4$’56

that the
amount of damage sustained by the test specimen is heavily dependent on
the amplitude of the horn tip to which the specimen is attached, and
this is, of course, also to be expected on theoretical grounds. In
fact, there exists a minimum threshold amplitude for a given facility48
below which no damage is suffered by the test specimen, either due to
the complete lack of cavitatibn for this amplitude or thé insufficient
shock.pressufés generated by buﬁﬁlé collépse; Hence, it is clear that
it will be necessary to determiﬁe the ampiitude of the specimen with
reasbnable'accuracy, and to maintain this amplitude within acceptable

. limits for the duration of a fést. In additiom, it is important that
ﬂny.giveﬂ amplitude be reproducible for future investigations so that
comparisons may be drawn between various specimen material-fluid-tem-
perature combinations. The problem éf.amplitude measurement is made
difficult since the amplitudes characteristic of the magnetostrictive
and piezoelectric devices used for ultrasonic cavitatioﬁ studies are in
the range of 1 to 5 mils, while the:frequency of operation is generally

6,48 . . .
*™" have utilized a '"voice coil"

15 to 20 Ke./sec. Other investigator53
arrangement, which surrounded the exponential section of the hbrn, to
deﬁermine the amplitude of the devicé. Duriné operétion, a voltage is
induced in the voice coil which, hopefully, is proportidnal to the

amplitude at the horn tip by the eyelic change in inductance due to the

* yariable area portion @f the horn which is enclosed by the coil. One
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difficulty which has been experienced with this and similar arrangements
is that it is also sensitive to the electromagnetic radiation from the
driving amplifier, etc., which then gives a very misleading output. The
output from the voice coil may be displayed on an oscilloscope or fed to
a vacuum tube voltmeter and/or frequency counter for analysis. This
arrangement, as well as all others which seem feasible, requires that an
absolute determination of the amplitqde of the horn tip be made by
direct observation in air (or conceivably in a transparent liquid)
utilizing a suitable high-power microscope.- Such arcalibration would
result in a plot of absoluté amplitude-of the horn tip versus the volt-
age output from the voice coil, and would eﬁable one to determine the
amplitude easily in any fluid as long as the characterisfics of the
exponential horn-voice coil system were not changed by the conditions of
the surrounding environment, which includes the horn and fluid tempera-
ture, fluid density, viscosity, etc. This calibration is particularly
necessary since it would be difficult to directly observe the motion of
the horn tip during a test in water, and impossible during an investiga-
tion in an opaque fluid, e.g., liquid metals at elevated temperatures,
where the vessel would also be opaque. Hence, it is necessary to be
. able to easily measure some'seéohdéry quantity that is di;ectiy related
to the absolute amplitﬁde in a reproducible and reliable manner.

_ In the case of our experiménts,'some of which have been con-
ducted in liquid metals at temperaﬁures up to L500°F, it is not possible
to utilize a voice coil arrangement, as described previously, because of

the severe environment sq;rqggding the exponential portion of the horn.
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Thus, it was necessary to determine the amplitude.in our investigations
by some other method.

Since the horn tip approximately describes simple harmonic
motion, the vertical displacement measured from some suitable datum

plane taken as the origin is given by:

y = Asin Wt (D)
where:

= - displacement at time, t

4
A maximum amplitude - |
: (A) =l-277- X frequency'of'vibraﬁidn
t = time
Hence, the acceleration, a, can be determined_by differentiating expres-

sion (1) twice:
a =-Aw2_. siﬁ L{)t:r-'-yl,dz (2)

When y = y ... = A, a= apax. = -al? | - (3)

Tﬁus,.it is seen that the acceleration at the horn tip is proportionall
to the amplitude at the hbrn tip.* This.suggests the use of a suitable
commercially availgblg éccelerométer ﬁhose voltggé output ﬁould be pro-
portional to @easured_acceleratioh and, hénce; amplitude, at a-given

frequencyf Such an accelerometer Qoﬁld be mounted at some point along

the transducer horn assembly where the temperature variation is very

* ' - |
_ The acceleration, being directly related to the acoustic pres-
“sure induced in the flugd,.is seen to be a quantity more closely related
to the cavitation phenomenon than the amplitude itself.
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slight during the investigations. Hence, its operation would be unaf-
fected by the severe environment existing at the horn tip. Neverthe-
less, for a fixed accelerometer position, it would be possible to
determine a suitable calibration of absolute amplitude (as determined by
direct visual microscopic observation in air) versus voltage output from
the accelerometer. Such a calibration would be valid for operation of
the transducer-horn assembly at elevated temperatures since the acceler-
ometer responds to changes in acceleration only, assuming that the ratio
between acceleration at the specimen face and at the accelerometer posi-
tion remains constant even when the transducer is exposed to a severe
temperature gradient. The approximate validity of this assumption seems

intuitively reascnable,

2. Accelerometer Description

The requirements of a suitable accelerometer for this appli-
cation include an ability to operate at a frequency of 20 Kc,/sec.,
which is the normal frequency of operation of our ultrasonic cavitation
facility. 1In addition, the sensitivity of the accelerometer must be
sufficiently large so that the output can be easily measured with an
oscilloscope and/or vacuum fube voltmeter. The weight of the acceler-
ometer should be a minimum so as to only slightly disturb the ultrasonic
unit, The accelerometer chosen for this application was the Glennite
accelerometer Model #CA260502, supplied by Gulton Industries, Inc., of
Metuchen, New Jersey. This accelerometer has a sensitivity of 1.32 mv.

/g* over a wide frequency'fange, a resonant frequency of 138 Kc./sec., a

*g = acceleration due to gravity, taken as 980 cmolsec.2 at sea
level.
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nominal frequency range extending from 3 cps to 20 Ke./sec., a nominal
acceleration range from 0 to 2000 g,* a transverse response of only
1.7%, and a weight of 1.3 grams. It is easily mounted to the trans-
ducer-horn assembly at a suitable location by means of a threaded stud.
A consideration of equation (3) above shows that for a frequendy of 20
Ke./sec., and an amplitude of only 0.1 mils, the maximum acceleration
would be approximately 2000 g,* Hence, the output from the accelerom-
eter would be approximately 2.5 volts, which is easily measured. It
should be noted that an acceleration of approximately 2000 g* constix
tutes the upper limit of applicability of any accelerometer, due to
mechanical limitations of the design.

It was decided to mount the accelerometer at the top of the
transducer assembly, as shown in Figure 1. Such a location resulted in
easy access to the unit with respect to cable attachment, and the tem-
perature at this location was shown to be less than L00°F, even when the
test fluid was at 1500°F. Although the acceleration at this location is
considerably less than at the horn tip, it was felt that the senéitivity
of the accelerometer was large enough to provide a suitable output volt-
age for measurement. In fact, the acceleration at the horn tip is so
large (approximately 50,000 g*) that an accelerometer mounted in this
vicinity would be immediately destroyed upon operationm of the unit, even
if operated in air rather than a high-temperature fluid. Since the

transducer assembly had been fitted with a tapped hole (5/8-20) at its

*Ibid., p. 57.
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fabricated which attached terfhe top of the transducer assembly. The
accelerometer was then firmly screwed into the alumiﬁum adaptor with a
torque wrench. Because of the high frequency of operation and the
resultant low impedance of the accelérometer (approximately 20,000 ohms
at 20 Ke./sec.), it is possible to feed the signal from the accelerom-
eter directly to an oscilloscope or vacuum tube voltmeter, each of which
has an input impedance of several megohms. As a result, in this appli-
cation, a cathode follower or other similar impedance matching‘device is

not necessary.

3. Accelerometer Calibration

~ As previouély noted, it is neceésary to calibfate the accel~
" erometer once it is mounted in a fixed position, i.e.,rdefermine the
rélatiénship between the voltage output from the accelerometer and the
amplitude at the horn tip. The ﬁecessaiy calibration-ﬁas performed in
air at 70°F with the transducer-horﬁ assembly mounted in the top plate.
The doﬁplete assembly was supported so that the axis of the transducer
wés‘§ertica1, corresponding to normal operation of the unit., A Unitron
Metéllurgical Microsdope'fitted'with an eyepiece which cbntained a uni-
formly graduated scale was employed for the absolute amplitude measure-
ments. Previously, the graduated scale had beenﬁcalibrated by dbsérving
. a specimen of known dimensions at a magnification of.400; It was found
that 8 &ivisions on the eyepiece scale correspondéd to a length of 1
mil; the complete scale having a length of 100 divisions. Since

_ . 51
earlier visual amplitude measurements had established that the

-
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amplitude of vibration of the horn tip was in the range of 1 to 3 mils,.
it was felt that the sensitivity obtained at a magnification of 400 -
would be sufficient for the measurements. The test specimen- at the end
of the horn was backlighted with a General Radio Company Type 1531-A
Strobotac which was adjusted to a suitable frequency so that it was pos-
" sible to observe the motion of the horn tip as it vibrated between the
extrémitieé of travel. For a givenﬂtest.specimen, the voltage applied
to the piezoelectric crystals was varied over a wide range (at a fixed
frequency of ZOIKc./sec., which corfesponds to the resonant frequency of
the ﬁransducer—horn assembiy), and the peak-to-peak amplitude of vibra-
.tion of the horn tip was observediundér the microscope at.a magnifica-
tion of 400. By means of the'calibrated eyeplece and stroboscope, it
was possible to noté easily the number of divisions corresponding to the
specimen motion, and hence determiﬁe the absolute amplitude, knowing the
calibration of the graduated scale, Forweach valﬁe of ébsolute ampli-
tﬁde dbservedarthe output from the'accelerometer was fed to a Ballaatine
Laboratories, Inc., Model 300-G Vaquum Tube.Voltmeter with a scale range
from 1 mv, to 1000 volts RMS.# Thus, it was possible to determine cor-
responding values of the absolute amplitude and voitage output from the
accelerometer. Ihé procedure was‘repeated for three Eest‘specimens, one
each of stainless steel, aluminum, and a tantalum-base alloy; covering a
density.range from 2.77 g./cc. to 17.6 g./cc. All specimens weighed

9.4 % 0.1 grams. After many measurements were made, it was felt that

*Root-mean-squage yoltage.
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the reproducibility of data was within a tolerance of 1 scale division
on the calibrated eyepiece, or approximately 0.1 mils. Also, the visual
measurement accuracy was estimated to be within a tolerance of 1 scale
division, or approximately 0.l mils.

For various horn tip amplitudes the output from the accelerom-
eter was also fed directly to a Tektronix, Inc., Type 502A.Dua1-Beam
Oscilloscope for visual display and analysis. Hence, it was also pos~-
sible to determine the frequency of vibration of the transducer-horn
assembly by determining the frequency of the acﬁelerometer voltage wave-
form.

The results obtained in this investigation are presented in
Table 1, which lists corresponding values of variac voltage (propor=’
tional to crystal voltage), accelerometer voltage output (RMS) as meas-
ured by the vacuum tube voltmeter, accelerometer voltage output (peak-
to-peak) as measured by the oscilloscope, and absolute amplitude
(peak~-to-peak) of the horn tip. It was found that the results were
identical for each of the three specimens employed within the margin of
experimental error. Note that the maximum amplitude measured was 3 mils
(peak~to-peak) , which correspondé to an acceleration of approximately
100,000 g (peak-to-peak) at the horn tip. Equation (3) was used for
this computation. At this amplitude the peask-to-peak accelerometer out-
put voltage was 16 voltés which corresponds to an acceleration of
approximately 12,000 g (peak-to-peak) at the opposite end of the trans-
ducer-horn assembly where the accelerometer is mounted. This value of

acceleration was computed assuming an accelerometer sensitivity of
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TABIE 1

AMPLITUDE MEASUREMENT DATA

Experimental Conditions:

1) Transducer-horn assembly mounted in vessel top plate and
held in- a vertical position by usual mounting device

2) Surrounding medium is air at 70°F

3) Microscope magnification = 400X

4) Eyepiece calibration: 8 divisions = .001" = 1 mil
5) Stroboscope frequency = 3300 flashes/minute

6) Frequency of vibration of transducer-horn assembly =
20.3 Ke./sec.

7) Test specimens were 304 stainless steel, 2024-T351 aluminum,
‘ and T-111 (Ta-base alloy); data applies to all materials.

8) Accelerometer mounted at top of transducer-horn assembly

Accelerometer Voltage Output

Variac Voltage VTVM(RMS) * __CRO(P-P)™ Amplitude (P-P)
60 V ov 0V 0 mils
70 0.9 | 3.0 0.5
80 1.8 6.0 1.0
90 2.9 8.0 1.5

100 4.1 10.0 2.0

110 5.2 13.0 2.5

120 6.0 16.0 3.0

*,
Voltage measured by vacuum tube voltmeter, root-mean-square.

**Voltage measured by cathode-ray oscilloscope, peak-to-peak.
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1.32 mv./g, which represents a careful calibration supplied by the manu-
facturer. This calibration is stated to be valid even at the.very high
- values of acceleration invelved in this investigation as long as the
'accelerometer'is not damaged, and the frequency of operation (20 Kec./
sec,) is a factor of 3 or 4 below the resonant frequency of the accel-
erometer (138 Kc./sec.) so as to avoid accelerometer resonance effects.
It is interesting to note that the acceleration (and hence amplitude) is
approximately 8 times greater at the horn tio where the soecimen is
located than at the opp031te end of the horn Where the accelerometer is
located. This is very reasonable since in an exaonentlal assembly of
thls-tfpe, the amplltude-of vibration varles.lnversely as the cross=
sectional areas of the ends of the exponent1al assembly 23,34 In our
case,.the cross-sectional area at the top of the transducer-horn
assembly is aoproximately 9 times greater than the tip cross-sectional
area, Both ends of the horn assembly correspond to antinodal points of
the_etanding waves propagated Wlthin the transtCer.Sl
| In Table 1, values of accelerometer voltage measured by the

oscillosceope (peak-to-peak voltage) should be about 2.8 times as great
as the values of accelerometer voltage measured by the vacuum tube volt-
. meter . (RMS voltage), if the horn tip describes simple harmonic motion.
The‘ratio of the corresponding voltage values varies from 2.5 to 3.3,
which is reasonahle, since the meaeurement errot in reading the oscil-
loscope Waveforaa is at least 10%; and thelmotion of the horn tip is not
exactly eimole harmonic in'nature.

A tlot of ahsolute agylitude of vibration of the horn tip in

mils (peak-to-peak) versus accelerometer voltage output (as measured by
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an RMS vacuum tube voltmeter) is presented in Figure 13. Note that the
relationship is nearly linear, which corresponds to equation (3). This
calibration makes it possible to determine the amplitude of the horn tip
during an investigation in any fluid environment by monitoring the out-
put from the accelerometer mounted at the opposite end of the trans-

ducer-horn assembly.

4., Summary and Conclusions

An asecurate method for measuring the amplitude of vibration
at the tip of an ultrasonic transducer assembly has been developed. The
method consists of monitoring the voltage output from a Glennite accel-
erometer, Model #CA260502, mounted at the top of the transducer assembly
where it is readily accessible. The absolute amplitude of vibration at
the opposite end of the horn assembly to which test specimens are
attached is desired. A calibration of absolute amplitude at the horn
tip versus the voltage output from the acceleromefer makes it possible
to determine the desired amplitude during any investigation, The major

features of this system are as follows:

a) The accelerometer is able to operate at frequencies in the
vicinity of 20 Kc./sec.

b) The accelerometer has a sensitivity of 1.32 mv./g, which makes
it ideal for amplitude measurements in the range 1-3 mils.

c) The accelerometer is mounted at the top of the transducer-horn
assembly where it is easily accessible and at a point where the

temperature never exceeds 100°F, even when the test specimen is
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1796

| 2 3 4 5 6

ACCELEROMETER VOLTAGE - VOLTS (RMS)

Fig. 13.--Calibration curve for accelerometer.



d),

-66-

immersed in a fluid at 1500°F, Hence, the accelerometer is
never exposed to a severe environment, thus insuring relatively
trouble~free operatien.

The voltage output from the accelerometer is proportional to the

acceleration to which it is subjected, and hence the amplitude

follows:

a)

b)

d)

£)

at the point of mounting. Thus, the output is also proportional
to the amplitude at the tip of the transducer, since the system

is acoustically coupled,

The major observations made during the investigation are as

The maximum-amplitudé‘measured at the horn tip was 3 mils (peak-
to-peak), which corresﬁonded to an a;celerometer voltage.of 6
volts RMS, |
The relationship-befween absolute amplitude and accelerometer
voltage is mearly linear (Figure 13). |

The ratioc of peak-to-peak éccelerométer voltage to BRMS aéceler-
ometer voltage varies from 2.5 to 3.3.f6r this investiggtion.
The calibration obtained is independent of.test specimeﬁ
density, over the complete range tested (/2.7 to 17.7 g/ce.).
The oscilloscope waveforﬁs of voltage output from the accelerom-
eter confirm the frequency of vibration of the transducer-horn
agsembly, na@ely 20 Ke.fsecs - |
The‘acceleration at the horn tip is approximateiy.lO0,000 g
(peak-to-peak), i.e., ¥ 50,000 g, whereas it is only about

12,000 g (pgpk-to-peak) at the point where the accelerometer is
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mounted, as expected, due to the difference in cross-sectional
area at the two locations.
g) The absolute amplitude of vibration can be determined visually

within a tolerance of T 0.1 mils.

J. Special'Hardware

It was noted prgviously that the.ultrasonic horn utilized in
this investigatién was of type 303 stainless steel. When tests are con-
dﬁcted at elevated temperature with cﬁvitation Specimens whose coeffi-
cient of thermal expansion is considerably less than that of type 303
stainless steel, improper operation may result if necessary precautions
are not taken. The combination of the type 303 stainless steel ultra-
sonic horn and_a stainless steel or carbon steel éavitation specimen
does not.result in any problem since the coefficients of thermal expan-
sion are nearly identical. However, with the high coefficient of
thermal expansién ultrasbnic horn (tyﬁe 303 stainless steel) and various
low coefficient of thermal expansion cavitation specimens (T-111, T-222,
Mo-1/2Ti, and Ch-1Zr) an axial gap may develop at the interface between
the cavitation specimen and the ultrasonic horn at high temperature,
particularly at 1500°F. Hence, for this type of test, special hardware
is necessary to eliminate this effect as the gap would result in
improper transmission of the acoustic energy across the interface and a
reduced amplitude at tﬁe fest specimen face. The cavitation results
would be greatly in error.

For the tests at.1500°F in.lead-bismuth alloy and lithium spe-

cial hardware was designéd and fabricated. The design consists of five
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separate items of hardware. Item (1) -is a modified ultrasonic horn
fabricated of type 303 stainless steel. It is Shown in Figure 14. Its
design is similar to the standard ultrasonic horn shown in Figure. 3,
except that it is about 1 1/4 inches shorter than the standard horn.
Item (2) shown in Figure 15 is an adaptor stud made of the refraﬁtory
alloy T-222(4) . Anyfoi the refractory materials used:in this ihvéatiga-
tion, sucﬁ‘as T-222, Mo-l/ZTi,:or Cb-lZf,‘wouid have been Suitéble for
this sfud as longfés the coefficient of thérmal éxpansion matched ;hat'

- of Item (3), shown in Figure 16. item (3) consists of an ultrasonic
horn adaﬁtor, also fabricated of thé refractpry alloy T-ZZZ(A). This
ultrasonic hern adaptor must Ee fabricaéed of material having a coeffi-
clent of thermal expansidh neariy equal to that of thé refractory maﬁer—
fals to be tested. Fortuﬁately; the.i-111, T-222, Mo-1/2Ti, and Cb-1Zr
have nearly identical coeffiCiéntérof thermal expansion. The stud in
Figure 15 (Item 25.13 used to éftach the ultréﬁdnic horn édapéor shown
iﬁ Figure 16 (Item 3) to the modified ultrasonic horn shown in Fiéure

14 (Item i). The refractory cavitatioﬁ test.specimens are then attached
to the tip of the assembly reéulting ffom Items (1),:(2), and (3). Sﬁch
-an arréngement eliminates any problems concerned with differential
expansion; gnd-resulté in intimate coﬁtacf being maintained aﬁ the
interface of tﬁe uitrasonic hérn a&éptor and the ref;actory caﬁitétion-
specimen. Intimate contact'is.élso.achieved at the interf;cé.of the
modified ultraéonic horn and the uitrésoﬁic horn adaptor,'siﬁéé the con-
necting adaptor stud has a coefficient of thermal.expansion equal to

that of the ultrasonic horn adaptor and less than that of the modified
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ITEM |I: MODIFIED ULTRASONIC HORN
MATERIAL: TYPE 303 STAINLESS STEEL

3/8-24
2 HOLES

.750

044+~

l3°f'.' '

.0625 x 500D —~_
COUNTERBORE Yy

TOLERANCES
DECIMAL : £.00I
BFRACTIONAL: £1/32 1979

Fig., l4.--Modified ultrasonic horn.
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ITEM 2! ADAPTOR STUD
MATERIAL: T-222 (A)

3/8-24 -

1980

Fig. 15.--Adaptor stud.
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ITEM 3: ULTRASONIC HORN ADAPTOR

MATERIAL: T-222 (A)

3/8-24 TAP 1/74-28 TAP

0625 x.500D
PILOT

2030'+- =

1 3/8

TOLERANCES
OECIMAL: £.001" |
FRACTIONAL: £ 1732 198!

Fig., 16.--Ultrasonic horn adaptor.
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horn. Thus, any differential expansion in this region would result in a
tighter bond at this interface. The temperature existing at this inter-
face during operation of the assembly is much lower than that existing
at the interface of the cavitation test specimen and the ultrasonic horn
adaptor. Hence, less expansion would be expected.

The arrangement described above was used successfully to test
the refractory specimens at 1500°F. At 500°F it was found that the dif-
ferential expansion was so slight as to not affect the operation of the
standard ultrasonic horn (Figure 3) with the refractory specimens
attached directly to it.

When testing types 304 and 316 stainless steel at 1500°F, the
standard ultrasonic horn (Figure 3) was used, since the coefficients of
thermal expansion of both the horn and the specimens were nearly identi-
cal. Since the special adaptor hardware described previously was used
when testing the refractory 3peciméns at 1500°F, it was felt that it
would be instructive to experimentally compare the operation of the two
systems. To do this, it was necessary to fabricate a modified cavita-
tion specimen of type 304 stainless steel to be used in conjunction with
the ultrasonic horn adaptor (Figure 16). The modified cavitation speci-
men is shown in Figure 18 as Item (5). It is attached to the ultrasonic
horn adaptor by means of the modified cavitation specimen stud shown in
Figure 17 as Item (4). This stud is made of Cb-1Zr(4), but any of the
other refractory materials previously mentioned would have been suitable
for this item of hardware., With this arrangement at high temperature,

the high thermal expansion coefficient cavitation specimen would expand
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iTEM 4: STUD FOR MODIFIED CAVITATION SPECIMEN
MATERIAL: Cb-I2Zr (A)

1/4-28

Fig. 17.--Stud for modified cavitation specimen. 1982



ITEM 5: MODIFIED CAVITATION SPECIMEN
MATERIAL: TYPE 304 STAINLESS STEEL

17428

i !

s bt o
125 £.008 @ SaoEoie I
T— w——=Erai 250 £.005
j——547 £.001 —™

Fig. 18.--Modified cavitation specimen, 1983
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more than the low coefficient stud o;che low coefficient adaptor.
Hence, an axial gap would net‘develoﬁjaﬁ the interface between the high
coefficient cavitétibn specimens and the low coefficient adaptor. Of
course, this arrangement is ndt necessary when testing the type 304 and
type 316 stainless steel cavitétion.spécimeﬁé as.the standard ultrasonic
horn (made of tyﬁe 303.stain1e§s steel) can then be utilized, However,
both arrangements were employed to test stainless steel in lead-bismuth
at 15605F in order to compare tﬁe s&stems. ‘The test results differed by
3%, thus verifying the proper operation of both systems.

Items (1) through (5) are shown in an assembly drawing (Figure
19) which clearly indicates the orderﬁof.assembly'of the hardware. A
patent -application has been madeAto_cover the special hardware

assemblies described in this sectien.



I —+—— MODIFIED ULTRASONIC
HORN (ITEM [}

ADAPTOR STUD
(ITEM 2)

ARBRIITY

INBGHRIRRL A

A

ULTRASONIC HORN
ADAPTOR (ITEM 3)

SPECIMEN STUD
(ITEM 4)

MODIFIED CAVITATION
SPECIMEN (ITEM 5)

1984

Fig. 19.--Assembly drawing of modified ultrasonic horm, adaptor
stud, ultrasonic horn adaptor, specimen stud, and modified cavitation

specimen.



" CHAPTER III

EXPERTMENTAL INVESTIGATIONS

A, Objectives of Experimental Program

Utilizing the high-temperéfﬁfé vibratory device developed_for
this program, it was desired to determine the cavitation.resistaﬁce of a
wide variety of potentially useful materials (invelving a éonéiderable_
range of_mechanical properties) in a wide variety of ‘fluids over é full
temperature range in_an attempt to learn more about the cavitation dam-
age process as it is affected by fluid and material properties. MaterF
-ials included are stainless stéels, carbon steel, refractory alloeys,
aluminum, copper, nickel, brass, plastics,.etc., and the fluids to be
used are wéter at 70°F, mercury at 70°F and 500°F, and lead-bismuth
alloy and lithium at 500°F and 1500°F, Table 2 summarizes the specimen
materiaI-fiuid-temperature combinations which were studied in this
investigation. The compositién of the varioﬁs‘refractory alloys is
given along with the annealing temperatures andrduratiﬁn of anneal for
the various Cu, Cu-Zn, Cu-Ni, and Ni materials.tested.

In adﬂitioﬁ, several potential bearing materials were tested to
further wideﬁ the materiél.pfoperty range. These were the tool steel

alloy BG-42 (a modified 440-C stainless s;eel), Blue Chip Tool Steel

i 7=



TABLE 2

SPECIMEN MATERIAL-FLUID-TEMPERATURE
COMBINATIONS INVESTIGATED

nm———

Pb-Bi
- & Li

_ Water  Mercury Mercury 500°F &
Material _ . 70°F _J0°F 500°F _1500°F
.1100-0 A1 (U-M) |
2024-T351 Al (U-M)
6061-T651 Al (U-M)
304 Stainless Steel (U=M)
-'316 Stainless Steel (U-M)
Hot-Rolled Carbon Steel (U-M)
T-111 (Ta-8W-2Hf) (P & W)
T-222 (Ta~9.5W-2,5Hf~.05C) (P & W)
T-222(A) (P & W)
Mo-1/2T1i (P & W)
Cb-12Zr (P & W)
Chb-1Zr(A) (P & W)
Plexiglas (U-M)
Cu(60% cold-worked) (U-M)
Cu(900°F anneal, 1 hour) (U-M)
Cu(1500°F anneal, 1 hour) (U-M)
Cu-Zn(60% cold~worked) (U-M)
Cu-Zn(850°F anneal, 1 hour) (U-M)
Cu~Zn(1400°F anneal, 1 hour) (U-M)
Cu=N1i(60% cold-worked) (U-M)
Cu~-Ni(1300°F anneal, 1 hour) (U-M)
Cu=Ni(1800°F anneal, .1 hour) (U=M)
Ni(75% cold-worked) (U-M)
Ni(1100°F anneal, 1 hour) (U-M)
N1(1600°F anneal, 1 hour) (U-M)

L

LI ] L LR

LI aea . * e

T I TR
PO Ba bd B . Bd BE Bd b Ba 4
b b4 D4 Bd o

T R R EE R E R

Notes: '

1) "X" indicates test conducted for this specimen material fluid-
temperature combination.

2) The notations (U-M) and (P & W) following the specimen materials
indicate the source of the material, namely, The University of
Michigan and®rétt & Whitney Aircraft (CANEL), respectively;
whereas the notation (A) denotes an annealed condition of the
material.
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(18-4-1* tool steel), Mo-1/2Ti, Cb-1Zr(4), two grades of graphitar,
single-crystal tungsten; aﬁd_teflon-coated typé 304 stainless steel.
.These were tested in mercury at various temperafures, and in water at
70°F. The various materials tested in this program along with the

fluid-temperature combinations involved are summarized in Table 3.

B. Experimental Test Conditibns

. Initially, each of tﬁe,speéiﬁ;ns was Weighed_on.a precisioﬁ bal-
ance to an accuracy3of 0.01 mg., and then attached to the tip of the
sfainless sﬁeel exponential horn, whereupon the eﬁtire unit was
assémbled.=

The tests in lead-bismuth alloy and lithium at 500°F and 1500°F
and the tests in mefcury at 70°F and 500°F were conducted in the.316
staiﬁless sﬁeel éavitation vessel previbusly déscribed; The investiga-
tiené.in Watgr‘at 70°F were conducted in a Plexiglas cavitation vessel
whose inside'dimeﬁsions were identical to those of the 316'Stain1e$s
steel container. The Plexiglas vessel permits visual observation of
the bubble cloud and continuous monitering of the condition of the-
specimen surface during a test.

At elevated températureg the test fluid was maintained at the
required temperature by the temperature controller, which allowed tem-
perature variations of less than 5°F.

The speciméns were oscillated at approximately 20 Kc./sec. with

the exception of the 1500°F tests where the resonant frequency

g .
*The 18-4-1 desfﬂhéﬁ}on denotes a tool steel containing 18%
_ tungsten, 4% chromium, and 1% vanadium. :
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TABLE 3
MATERIALS TESTED IN BEARING PROGRAM
70°F Mercury 350°F Mercury 500°F Mercury

Graphitar-Grade 50(U-M) Teflon-Coated 304 SS(U-M) BG-42 (R, = 47) (TRW)
Graphitar-Grade 80(U-M) BG-42 (R.c = 53) (TEW)
BG-42 (R, = 64) (IRW)
Blue Chip Tool Steel
(TRW)
70°F Water
Mo-1/2Ti (P & W)
Single-Crystal Tungsten(U-M) Cb-1Zr(A) (P & W)

NOTE: :
The notations (TRW), (P & W), and (U-M) following the specimen
materigls indicate the source of the material, namely, Thompson~Ramo-
Wooldridge, Pratt & Whitney Aircraft (CANEL), and The University of
Michigan, respectively; whereas the notation (A) denotes an annealed
condition of the material. The grades of graphitar are designations of
the United States Graphite Company.
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was reduced to +V 18 Ke./sec. by the reduction in sonic velocity in the
high-temperature portion of the horn. The frequency, however, can be
measured with an accuracy of £ 0.002 Ke./sec., The submergence of the
horn tip was held constant at 1 1/2 X 1/8 inches in all fluids, while
the double amplitude at the specimen was maintained at 2 £ 0.1 mils for
all the tests, as determined by the precision accelerometer previously
described,57

The argon cover gas was maintained over the test fluids at a
pressure that was a function of the fluid-temperature combination being
investigated. The value of argon cover gas pressure is chosen for a
given fluid-temperature combination such that the suppression pressure,
i.e., the difference between local pressure at the specimen face and
vapor pressure of the fluid, is approximately constant for all investi-
gations involving a variety of fluid-temperature combinations. The
lead-bismuth tests at 500°F and 1500°F and the mercury tests at 70°F
were conducted at a slight overpressure (0.5 psig) to prevent inward
leakage of oxygen, and the corresponding suppression pressure was used
for the remainder of the tests. The mercury tests at 500°F then
required an argon pressure of 2.4 psig, the lithium tests at 500°F
required 1.1 psig, the lithium tests at 1500°F required 1.2 psig, and
the water tests at 70°F an argon pressure of 1.5 psig. The variation is
due to the different densities and vapor pressures of these fluids at
the various test temperatures. While a constant suppression head (pres-
sure/aensity) rather than pressure may have been desirable for consider-

ations of fluid-dynamic modeling, the pressure capabilities of the
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equipment were not adequate to allow this course to be pursued.

Total test duration varied for the different materials and was
always sufficient to obtain a good determination of damage rate, which,
neglecting the very early portion of the test, was found to be essen-
tially constant for most of the tests within the total accumulated dam-
age obtained. Test duration was thus a function of the fluid and fluid
temperature, and differed widely for the various materials. The appro-
priate test duration for each material-fluid-temperature combination
will be discussed in more detail later. The tests were terminated when
the complete face of the specimen was damaged, and an approximately uni-
form rate of damage established. Frequent inspections and weighings
were made during the tests to monitor the condition of the specimen sur-
face and establish the rate of weight loss.

Heating time from 500°F to 1500°F for the lead-bismuth and lith-
ium tests proved to be approximately 1 1/2 hours. GCooling time from
1500°F to 500°F is approximately five hours.

Since the piezoelectric crystals must be maintained at a temper~
ature below 150°F, the top plate of the cavitation vessel is cooled by
circulating water as previously described. In addition, a fan in close
proximity to the crystals provides additional cooling.

The tests in each fluid generally required special handling pro-
cedures that were a function of the fluid-temperature combination.

These will be described in the appropriate sections.
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€. Cavitation Studies in Lead-Bismuth
Alloy at 500°F and 1500°F

1. Experimental Procedure

The seven materials tested in lead=bismuth alloy (70% lead~
30% bismuth) at 500°F and 1500°F were 304 stainless steel (U-M), 316
stainless steel (U-M), T-111 (P & W), T-222(A) (P & W), Mo-1/2Ti
(P & W), Cb-1Zr (P & W), and Cb-1Zr(A) (P & W). Standard cavitation
test specimens, as shown in Figure 6, were machined from available bar
stock., The required dimensions "A" and "B" for the seven_materials
tested are listed in Table 4. These dimensions provide a standard
specimen weight of 9.4 f0.1g.

The vapor pressure of lead-bismuth at both 500°F and 1500°F is
approximately zero. The argon cover gas pressure was maintained over
the molten lead-bismuth throughout the tests at both 500°F and 1500°F at
a slight overpressure of 0.5 psig to prevent in-leakage of oxygen. The
corresponding suppression pressure, 15.3 psig, was then maintained con-
stant for all the tests in all fluids.”

At 500°F the specimens were subjected to the cavitation environ-
ment for a total test period of 12 hours with the exception of the
Cb-1Zr (&) which showed gross erosion after 8 hours of testing. Prelimi-
nary tests had indicated that when this gross erosion was achieved, the
damage rate starts to vary substantially from the relatively constant

value obtained once damage had become fairly uniform. Hence, it is not

*Changes in atmospheric pressure from day to day have been
assumed negligible,



TABLE 4

. SPECIMEN DIMENSIONS

Material - o —— | "A"' = ) "
304 Stainless Steel S S .250 .625"
316 Stainless Steel .250" - .625"
Hot-Rolled Carbon Steel 250" 625"
T-111 .085" 460"
T-222 .085 460"
T-222(4) .085" 460"
Mo-1/2Ti - a7t | .550"
Cb-1Zr .220" 595"
Cb-1Zx (&) 220" 595"
1100-0 Aluminum | .820" 119"
2024-T351 Aluminum .820" 1.195"
6061-T651 Aluminum 820" 1.195"
BG-42 (all heat-treats) .250" - .625"

Blue Chip Tool Steel 220" 595"
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desired to carry the tests to very heavy damage conditions. At 2 hour
intervals the specimens were visually examined, photographed, an&lcaréi
fully weighed. Then the test was resumed. At each examination excess
lead~bismuth adhering te the tht specimen was removed by quickiy heat-
ing the specimen with.a propane torch to a tem@erature-just above the
melting point of the lead-bismuth (approximately 350°f). The excess
fluid was then'separatéd from the test specimén Ey é'quick-blastlof com=
pressed air. The process ﬁas.rapid_enaugh so that eﬁly.neglfgible-oxie
datien eccurred.,

| For the tests at 1500°F ail tranéfers of thé specimeris to and
from the high-temperatﬁre cavitation vessel were made at a teﬁpérature
of 500°F. Since the lead-bismuth is not grossly and"rapidly'affected'by
exposﬁre to atmosphere, no special pfovisions as the use of pre-cast
sealed iﬁgots previeusly described‘for the lithium were neééssary. The
fact that there was no'éubstantial_intergfanular corrosion during the
test is shown by the photomicrograph of'?igure'ZOQ Thé type 316 stain-
less steel specimen shown here was ﬁested in lead-bismuth_alloy_at
1500°F for 6 hours. The magnification is 1000%. In _Figures_él and 22
photomicrographé of the surface of the same type 316 stainless steel
. specimen are shown at 2 magnification of 500X. There is ne evidence of
corrosion at the surface but this may be due to surface cleaning by the
cavitafion process. The fact that'the.non-cavitated parts of the. speci-
men were not corroded shows that corrosien in the absence of cavitation
was negligible. The effects of corrosion in the vibratery type test

48
have been previously examined by Plesset. After securing the



Fig. 20.--Photomicrograph of type 316 stainless steel specimen

tested in lead-bismuth alloy at 1500°F (interior of spec

cation 1000X) .,
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imen, magni
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ultrasonic transducer assembly to the top plate.ofethg cayitation vessel
and bolting the top plate in place, the temperaturé.of'fhe lead-biémufh
alloy was;increaséd‘to,i500°F by means of the autematic temperature con-
troller, At therconclﬁsion of the tést the temperature was reduged;to .
5009F again so that the specimencou1d safe1y be removed fgom the end of
the_expoﬁential hérn~aﬁdfvisﬁé11y:éiéﬁined}aﬁdiQeighed”  Also, itlwas ,
- desired not'ﬁé‘expose thé test,mgteriais to:the atmosphere at 1500°F -
whgre reaction.rates.wquld no doubt becénsiégrably_greafer'than'at
500°F.. |
'V,The-seven*specimenS“tgsted for cavitatiep resistance at 1500°F
were;subjected;to the cavitation_éﬁvironment_for #arfing-lengfhs of
time, the stainless steei-béing éxpeSed-fbf\?-é hoﬁ;s én&,the refractory
.alloys for a total of 10 hours. At appropriate iﬁtéfvals.the'speciméns
were visually examined;:photégxaphed?:aﬁd carefully weighed. Then the
test resumed. Excess 1ead-bismu£h,alioy'waé removed from the specimens
using the-procedure'eutlined-earliér,' It was not possible to exgmine
the ;efractory matéfiais as frequently as the stainless steels because
of numerous mechanical problems that were encoﬁntered with these mater-
ials. On several océasiens the refractory specimens fractured during
. disassembly at the point where the threaded length joins-the cylindrical
button portion of the sﬁecimen, thus voiding the test. ﬁence, extreme
care had to be exercised during aséembly énd disassembly, so that it was
not desired to repeat this operation any more often than necessary.  As
a result, the refractory specimens were examined, photographed, gndrr
- weighed after 4 hours of testing, and .again after,a‘totﬁl‘of 10 hours in

the cavitation environment.
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2. Experimental Results at 500°F

The cavitation results obtained at 500°F in lead-bismuth
alloy will be displayed as accumulative weight loss versus test dura-
tion, and also as accumulative mean depth of penetration (MDP) versus
test duration. The mean depth of penetration, computed assuming that
the weight loss is smeared uniformly over the cavifated specimen sur-
face, is felt to be more physically meaningful than weight loss, since
it is generally the total penetration of a particular component by cavi-
tation erosion that would render it unfit for service. Of course,
neither weight loss nor MDP is sensitive to damage distribution and
form, i.e., damage may vary from isolated deep pits to relatively uni-
form wear, depending on material-fluid combination. Obviously, a
"figure of merit" such as MDP takes into account the large variation in
density that may occur within a set of test materials.

The appropriate expression for computing the MDP of a given
material is of the form:

MDP (mils) = C'W
where W is the weight loss expressed in mg. and C is a constant for the
given material. Values of the constant, C, for computing the MDP of all
the materials tested, along with their densities, are presented in
Table 3.

Figure 23 is a plot of accumulative weight loss versus test dur-
ation for the seven materials tested, while Figure 24 is the correspond- .
ing plot of accumulative MDP versus test duration. The results

presented in Table 6 are the slopes of these curves.



TABLE 5

RELATION BETWEEN WELGHT LOSS AND MDP
(MDP = C+W)

Material . 3 _ Demsity - G
1100-0 Aluminum 2.77 g./cc; .0935
2024-T1351 Aluminum , | 2.77 L0935
6061-T651 Aluminum : 2.77l .0935
304 Stainless Steel 7.85 .033
316 Stainless Steel 7.85 .033
Hot=-Rolled Carbon Steel 7.85 .033
T-111 | 17.66 : L0147
T-222 17.66 0147
T-222(A) 17.66 0147
Mo=1/2T1 - 10.22 .0253
Cb-1Zr 8.72 .0296
Cb-1Zr(A) 8.72 . ..0296
Plexiglas | 1.23 ' 210
 Cu (60% cold-worked) . 8.97 | .0288
Cu (900°F anneal, 1 hour) | 9.04 .0287
Cu (1500°F anneal, 1 hour) 9.06 - .0286
Cu-Zn (60% cold-worked) 8.61 .0300
Cu-Zn (850°F anneal, 1 hour) 8.62 .0300

Cu-Zn (1400°F anneal, 1 hour) 8.62 -, .0300
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TABLE 5--Continued

Constant
Material ' Density .- _¢c*
Cu-Ni (60% cold-worked) o s.0sgdec. .0287
-Cﬁ;ﬁi-(1300°3_anneél,-1 hour) 9.05 ..0286
Cu-Ni (1800°F anneal, 1 hour) 9,02 .0287
Ni (75% cold-worked) 8.97 .0288
Ni (1100°F anneal, 1 hour) 1 9.00 .0288
Ni (1600°F anneal, 1 hou;) 9.00 .0288
BG-42 (all heat-treats) 7.85 .033
Blue Chip Tool Steel : 8.70 | .0296
G:aphitar-Grade-SO 1.70 152
GrééhitariGrade 80 1.80 144
Siﬁgle—Crystal Tungsten ' ©19.30 0161

*Valid when MDP is expressed'in mils and W is expressed in mg.
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Fig. 23.--Effect of cavitation test duration on weight loss at
in lead-bismuth alloy. ' -
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- Fig. 24,--Effect of cavitation test duration on MDP at 500°F in
lead-bismuth alloy,
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TABIE 6

. .SUMMARY OF CAVITATION: RESULTS IN.LEAD-BISMUTH AT 500 °F

_ - Avg. Wt. - Average
Material — ~ . Loss Rate . . MDP Rate
T-111 (R & W)~ 49.1 mg./hr. .72 mils/hr.
T-222(8) @ & W) 516 I T
Mo=-1/2Ti (P & W) 30.7 - 78
316 SS (U-M) 26.6 - ..8'8 :
304 85 (U-M) 28.2 93
Cb-1Zr (P & W) : 55,1 1.63

Cb-1Zr(A) (P & W) 119.5 © 3.54
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On the basis of MDP it is clear that the alloy T-111 has exhib-
ited the greatest resistance to cavitation damage in this experiment,
although T-222(A), Mo-1/2Ti, 304 stainless steel, and 316 stainless
steel are also qﬁite cavitation resistant relative to the Cb-1Zr and the
Cb-1Zr(A). The Cb-1Zr(A) suffered gross damage after 8 hours of test-
ing. The other materials were tested for a total of 12 hours. It is
ciear'from Figﬁres 23 and 24 that thé rate of erosion for each individ-
val material was approximatély constant throughout the test, except for
the very initial part. It is also significant that at 300°F the stain-
less steels tested fared almost as well as the refractory.alloys T-111,
T-222(A), and Mo-1/2T1L.

Photographs of the test specimens before exposure and at the
conclusion of the cavitation experiment are presenfed in Figure 25. The
effect of the cavitation erosion action of the collapsing bubble figld
is quite apparent. Note the generally uniform dispersion of pitting
over the entire surface except for a relatively undamaged thin rim
around the outside. This eventually leads to a cupped specimen surface

which affects the bubble cloud and damage rate.

3. Experimental Results at 1500°F

The cavitation results obtained at 1500°F in lead-bismuth
alloy are also presented as accumulative weight loss versus test dura-
tion and also as accumulative mean depth of penetration (MDP) versus
test duration. The expressions given previously for MDP as a function

of weight loss (Table 5) are, of course, applicable at 1500°F* also.

*The damage measurements are, of course, made at room
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BEFORE EXPOSURE 500°F, 1500°F.

304 Stainless Steel 304 Stainless Steel 304 Stainless Steel
(U-M) 12 Hour Exposure 5 Hour Exposure

316 Stainless Steel 316 Stainless Steel 315 Stainless Steel
(U-M) 12 Hour Exposure & Hour Exposure

Mo-%Ti (P & W) Mo-5Ti (F & W) Mo-%Ti (P & W)
12 Hour Exposure 10 Hour Exposure

T-111 (P & W) T-111 (¥ & W) T-111 (¥ & W)
(Ta-8W-2Hf) 12 Hour Exposure 10 Hour Exposure
Fig. 25.--Specimens subjected to cavitation damage in lead- 1607

bismuth allov at 500°F and 1500°F.
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BEFORE EXPOSURE 500°F,

T-222(A) (F & W) T-222(A) (P & W)
Ta-9,5W-~2,5Hf~.05C) 12 Hour Exposure

Cb-1Zr (P & W) Cb-1Zr (P & W)

12 Hour Exposure

ey

Cb-1Zr(A) (P & W) Cb-1Zr(A) (P & W)

8 Hour Exposure

Fig. 25.--Specimens subjected to cavitation damage

bismuth alloy at 500°F and 1500°F.

T-222(A) (F & W)
10 Hour Exposure

ﬂaaimmw%%

Cb;er (F & W)

10 Hour Exposure

Cb-1Zr(A) (f & W)

10 Hour Exposure

in lead- 1688
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Figure 26 is a plot of accumulative weight loss versus test dur-
atiﬁn for the seven materialsﬁtesféé,.ﬁhile Figure 2TJi§ the éoffespond-
ing plot of accumulative MDP vgrsus'test dﬁ:atioﬁ;‘ The“;esﬁlts pre-
sented in Table 7 are the sloées df these curves.

On the basis of MDP the ;efracto;y alloy T-111 exhibited the
greatest resistance to cavitation.damagé iqlfhig exﬁeriment}‘ This was
also true at 500°F. The T-222(A) and the Mo-1/2Ti ﬁere'alsé quite'cévi-
tation-resistant relative télthe‘other materials tested. The Cb-1Zr gnd
the 316 stainiess steel ra;ed behind the tantalum and molybdenum alloys,
while both the Cb-1Zr(A) and the 304 stainless steel exhibited little
resistance té.cavitétion erosion at this température, Both were grosslﬁ

| damagéd; eééeciaily thé1394 stainless steel-after only 5 hours of test-
ing.' It is élear from Figures Zérénd 27 ;hat the rate of erdsioh’féf
each iﬁdividual méterial was épprokiﬁaﬁely constant for all the matefi-
als tested except perhapé near tﬁe start of the test., This beﬁavior was
also noted at 5®0°E.

Ihére is;no question tﬁat the refractory alloys T-111, T-222(AJ;
Mo-1/2Ti, and.Cb-lZf are_far‘sgﬁerior fo the stainless steels_wi;h |
respect to ;ésistance totcavitation‘erqsion at.1500°F.' Such ﬁaﬁeri&ls
are likely #héices for componeﬁ£s thét:ére'subject to cavitétion damage
in vérious'types of turbomachinery, magﬁéédﬁjdfodynamic devices, etc.,
which are expected to operate at very high'temperatures.

Photographs of the teét S§ecimens before ekﬁoéufe and at the

conclusion of the'cavitation experiments at both 500°F and at 1500°F are

-

temperature and expressions-for MDP presumed applicable at this tempera-
ture also. - :
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Fig. 26.~-Effect of cavitation test duration on weight loss at
1500°F in lead-bismuth alloy. ' .
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80 I I i 1 1 I LI I I i | I 1

L O 304 SS(Uor M) -
O 316 SS{UoFM)

- A CB-1ZR (P&W)
© Mo-1/72T, (PBW)
- @ T-11l (P&W)

| W CB-1ZR(A)(P8W)
A T-222(A)PBW)

304 SS

CB-1ZR{A) R

CB-1ZR

ACCUMULATIVE MDP, MILS

T-222(A)

TIME , HOURS -

Fig. 27.--Effect of cavitation test duration on MDP at 1500°F
in lead-bismuth allov.
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TABLE 7

SUMMARY OF CAVITATION RESULTS ) LEAD-BISMUTH AT 1500°F

- Avg., Wt.

' Average
Material Loss Rate MDP Rate
T-111 (P & W) .84 mils/hr,

T-222(4) (P & W)

Mo=1/2T1i (P & W)

Cb-1Zr (P & W) -

316 s (U-M)

Cb-1Zr(4) (P & W)

. 304 8§ (U-M)

57.1 mg./hr,
59,9 |
42.6

70.0

83.3

128.4

342.0

.88
1.08
2.07
2.80 _
3.80

. 11.30
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presented in Figure 25 (previously cited) for comparisonm.

Detailed examinétion-of the 303 stainléss steel exponential
horn, the 316 stainless steel container vessel, and the sides of the
various test specimens, all of which are not subject to cavitatien, but
are submerged in the test fluid, indicates that corrosion effects in the
absenee of cévitation in these inves;igations at both 500°F and 1500°F
were negligible.l Also, therphotqmiqrographs'presented in Figures 20,
21, and 22 (previously discussed) do ﬁof show any evidence of intergran-
ula¥ corrosion or corrosion at the surface of the specimen. Figure 20
does show sliﬁ lines in the grainé near the §urféée, indicating the
mechanical nature of the attack. Hence, ome might conclude that the -
damage suffered by the test specimens in these tests was due almost com-
életely to the mechanical cavitation-erosion process, and not to chemi-

cal corrosion.

4, Discussion and Comparisen of Results

Table 8 summarizes the cavitation data obtained at 500°F aﬁd
at 1500°F. The seven materials tested have been rated on the bésig of
cavitétion resisténce as determinéd by MDP, with a rating of "1" indi-
cating the most cavitation resistant material, while a rating of "7"
would denote that material mest susceptible to cévitation damage.

The tantalum alloys, T-111 and.T—222(A), ére the most resistant
to cavitation at both 500°F and at 1500°F. The Mo-1/2Ti ranks third at
both temperatures. It is significant to note the poor performance of
the stainless steels at 1500°F afFer being.only 25% less resistant to

cavitation at S00°F than®thé T-111 and the T-222(A). In fact, at 1500°F
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TABLE 8§

COMPARISON OF CAVITATION RESULTS IN LEAD-BISMUTH
AT 500°F AND 1500°F -

e L . — LS

500°F 1500 °F
Material (Avg, MDP Rate) Rating (Avg, MDP Rate) Rating
T-111 .72 mils/hr. 1 .84 mils/hr. 1
T-222(4) .76 2 .88 2
Mo-1/2T1 .78 3 1.08 3
316 S5 .88 4 2.80 5
304 88 .93 5 11.30 7
Cb-1Zr 1.63 6 2.07 4

Cb-1Zx (A) 3,54 7 3.80 6
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the 304 stainless steel was damaged grossly after being subjected to the
cagvitation environment for only 5 hours. A similar comment - applies to
the Cb-1Zr(A) at:500°F and 1500°F, figure 25 displays photographs of
the specimens.before exposure to cavitation and at the conclusion of the
tests at 500°F and 1500°F. The differences in the amount of erosion
attack on the various sPecimeﬁs and the effect of temperature are
readily apparent.

It is important to note that for each material tested the amount
of damage sustained By the specimen at 1500°F was greater than tﬁaf suse
tained at 500°F for constaﬁt testing timé.

The effect of temperature on the cavitation results in lgad-
bismuth alloy is further dispiayed=in Figure 28, which is a ploﬁ of
average MDP rate versus temperature for the seven materials tested. The
effect of temperature on the T-111, T-222(A), and Mo-1/2Ti is almost
negiigible, while the effect on the stainless steels is quite dramatic,
as eévidenced by the slopes of thg‘app;epriate curves. Later it is noted
that this is due primarily to the fact that the mecﬁanical properties of
the stainless steels over the range tested are sttong functions of tem-
perature, whereas those of the refractories afe only slightly affécted
by it. At the'same time the pertiment fluid properties for lead-bismuth

alley at 500°F and 1500°F are nearly identical.

D. Cavitation Studies in Mefeury at 70°F and 500°F -

1. Experimental Procedure

The eight materials tested in mercury at 500°F were 304

stainless steel (U-M), 316 staiﬁiess steel (U-M), hot-rolled carbon
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Fig. 28.--Effect of temperature on cavitation resistance in
lead-bismuth alloy. ' S
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steel (U-M), T-111 (P & W), T-222(4) (P & W), Mo-1/2Ti (P & W), .Cb-1Zr
(P & W), and Cb-1Zr(4) IP & W) .. Standard cavitation test specimens, as
shown in Figure 6}‘were machined from available bar stock. The required
dimensions "A" and "B" for the eight materials tested are listed in
- Table 4. These diménsioﬁs provide a standard specimen weight of 9.4 T
0.1 g. |

The materials tested in megqupy,at“70°F were identical to those
tested at 500°F, ana listed previously in Table 2, with the exception of
T-222 which was substituted for T-222(A) due to a shortage of the
annealed bar stock. In addition,<P1exig1as was also tested at 70°F
because of availébility of cavitation data for this material from the
~ venturi 1:ests.20’2']"'22 Standard cavitation test specimens of T-222 have
- the same dimensions as given previously for :the aﬁnealed stock

(Table 4).

Due to the low density of the Plexiglas (compared to the other
materials teéted) and its Erittle natﬁre, as previously explained, it
was completely impractical to fabricate standard cavitation test speci-
mens as shown in Figure 6. Hénce, the design previously discussed and
shown in Figure_?,_consisting of a Pléiiglas teétiépécimen with intermal
thread and a separate stainless éteel mounting stud was adopted and
p;oved to be satisfactory.

The vaper pfessure of mercury at 70°F is‘comple;ely negligible
in its effect on suppression pressure, while ét SOGéfrit is 1.9 psia.
Thus, the argon cover gas pressure was maintained at a slight overpreé-

sure of 0.5 psig throughout the tests at 70°F, and:at a pressure of
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2.4 psig for the tests at 500°F. This resulted in a suppression pres-
sure of aboﬁt'15.3 psia at both temperatures, as desired.

At 70°F total test duration varied for the different materials,
ranging from 8 to 12 hours, with the exception of the Plexiglas which
was tested for only one hour due to mechanical problems. Very fine
cracks began to develop within the Plexiglas cylinder after a test dura-
tion of approximately one hour which resulted in poor transmission of
~ acoustic energy to the tiﬁ of the exponential horn. For all materials
frequent inspections and weighings monitored the specimen surface.

Prior to eaéh welghing any excess mercury adhering to the specimen sur~ -
face was :eﬁoved by heating in a vaﬁuum furnace (except for the Plexi-
glas) so as to eliminéte oxidation of the specimen.

At 500°F the total] test duration also varied for the differeﬁt
materials, ranging from 8 to 12 hours, with frequent inspections and
weighings monitoring the specimen surface. Prior to each weighing any
excess mercury adhering to the specimen surface was removed using the

same procedure employed for the 70°F tests.

2. Experimental Results at 70°F

The cavitation results obtained at 70°F in mercury are dis-
' .played as accumulative weight loss and also accﬁmulative mean depth of
penetration (MDP) versus test duraﬁion, as for the lead-bismuth,

Table 9 summarizes.the cavitation results obtained in mercury at
70°F. TFigure 29 is a plot of accumulative weight loss versus tesf dura-
tion, while Figure 30 is the corresponding plot of accumulative MDP ver-

‘sus test duration for tﬁkfniae materials tested.
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TABLE 9
'SUMMARY OF CAVITATION RESULTS IN MERCURY AT 70°F

_ : Avg, Wt, o Average
Material : : __Loss Rate : MDP Rate
304 85 (U-M) e mg./hr. .32 mils/hr.,
316 85 (UM) 9.88 | .33

CTUL@&EW) 2371 .35
T-222 (P & W) _ 28,92 ' .43
Mo-1/2T1i (P & W) - 22.58 .57
Cb-1Zr (P & W) 3104 .92
Carbon Steel (U-M) 3117 1.03
Cb-1Zr(a) (P & W) sz Ll

Plexiglas (U-M) . 19.00 3.99
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O- 304 $S (U-M)

0O-316 8S (U-M)
A-Cp- IZR(P&W)

O~ Mo-1/72T,(PBW)
@-T-l(PaW)
B-Ca-1ZR (A) (P& W)
A-T-222(PBW)

| @ - CARBON STEEL (U- M)

TIME, HOURS

O - PLEXIGLAS (U-M )
) S CARBON
Cg~I1ZR(A) STEEL
PLEXIGLAS
— 1772
| L~ L | T e | |
o I 2 3 4 5 6 T 8 9 10 W 12 13

Fig. 29.--Effect of cavitation test duration on weight loss at
70°F in mercury. :
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© —304 SS(U-M)

[ ~-316 SS{U-M)
A-CB—IZ_R(P&V” '
O-Mo—1/2Ti(PBW)
@-T-I{PAW)

B -Cg-IZpl{A)PEW)
A -T-222(PBW) |
@ - CARBON STEEL (U~M)
O —PLEXIGLAS{U-M)

5

o

PLEXIGLAS

-5 6 7 8 9 10 I 12 13
TIME , HOURS |

Fig. 30,--Effect of cavitation test duration on MDP at 70°F
in mercury.

4
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The 304 stainless steel and 316 stainless steel, differing by
only 3%, were the most resistant to cavitation at 70°F based eithér ﬁn
average weight loss rate or average MDP rate. Thesefmhteriéis exhibited
averagé MDP rates of 0.32 mils/hour and 0.33 mils/hour, respéctively.
The alloys T-111 and T-222 were 6% and 30% less resistant than the
stainless steels, respectively, while the Mo-1/2Ti was 80% less .resist-
ﬁnt. The Cb-12r, hot-rolled carbqp steel, and Cb-12r(A) all suffered
heavy damage in fhe cavitation.enﬁironment at 70°F. The MDP rates for
these materials were approximateiy 3.times to 5 times greater than for
the stainless steels and the T-111. The Plexiglas suffered the most
severe démage in terms of averége MDP rate with a value of 3.99 mils/
hour. It is elear from Figures 29 and 30 that the rate of erosion for
each individual material is approximately constant for.all the materials
tested for the duration of the ﬁest.- |

Photographs of the test specimens at the conclusion of the cavi-
tatibn ¢xperiment are presented in Figure 31;. The materials are
arranged in order of decreésing rgsistance_to cavitation damage . Noté
the se§ere pitting of the Cb-er; hot-rolled parbon.steel,;Cb-IZr(A),
and Plexiglas. In all cases the damage noted is relatively uniform over
the-sPeciﬁeﬁ face as opposed té individﬁal;isolated, deep pitting which,
as wiil be discussed later, waé encountered with the low density fluids,
- tested., This wés'also noted in the lead-bismuth tests at 500°F and
1500°F. It is felt that fhe épproiiﬁately cdnstantrrate of erosion
noted for all the materials tested_inrboth-ﬁé;éury and 1éad-bismqth is

due to this uniform dagggeﬂpattern, and the fact that the area and



=113~

(1) 304 SS(U-M) {2) 316 SS{U-M) (3) T-111(P & W)
12 Hour Exposure 12 Hour Exposure 12 Hour Exposure

(4) T-222(P & W) (5) Mo-1/2Ti(P & W) - (6) Cb-12r{(P & W)
12 Hour Exposure 8 Hour Exposure 8 Hour Exposure

N
§%¢
-

(7) Carbon Steel(U-M) (8) Cb-1Zr(A) (P & W) (9) Plexiglas(U-M)
12 Hour Exposure 8 Hour Exposure 1 Hour Exposure

304 SS{uU-M)

Before Exposure

Fig. 31.~-Photographs of specimens subjected to cavitation 1774
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configuration (i.e., specimens remain approximately flat throughout the
test duration) presented to the.collapsing bubble cleoud is approximately
,coﬁstant'for the duration of theite5£;,A photograph of a 304'sfainless
.steel sfgciﬁen before exposuﬁe‘is included in Figure 31, andrservés £§
_iﬁdiéate‘a representative initial suffacé condition for all ﬁhe:speci-
mens tested.

Detailed examinatidn"of the 303 stainless steel exponential .
horn, the 316 stainless steel éoﬁféiner veséel, and the'sideé of the
va;ious test specimens, all of which are not subject to‘cavitaﬁion, but
are submerged in the test fluid, indicétes that corrosion"effeéts in'the
absence:of cavitation in.these.invéstigationé were negligibie;.as.pre,'

viously discussed for lead?bismuth.'

3. Experimental Results at 500°F

The cavitation results obtained at 500°F in mercury afe dis~-
pléyed as accumulative weight loss versus test durationm, and also as
'acgumplative mean depth_of penetratioﬁ.GﬁDP) versus test dutation,i
'h_.Tableflo summarizes the cévitétiﬁﬁ réSuitS'obﬁained in mercuty.aﬁ5560°F.
?iguré'32.is a plot of accumulative weight loss versus test:dﬁratidn,
while Figure 33 is the corresponding plpt of accumulative MDP versus '
test duration for the eight materials tested.

On the basis of either average weight loss rate'or average MDP
rate it is clear that the T-111 ié,the most cavitation resistant of.the
materials tested, while thg.I-ZZZ(A) i#-about 7% less resistant. These
materials exhibited averagé MDP.rates qf.0.43 mils/hour and 0.461mils/

* hour, respectively. The hot-rolled carbon steel, 316 stainless steel,
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TABLE 10

- Avg. Wt.

: - Average
Material . Loss Rate . MDE Rate
T-111 (P & W) 29.48 mg./hr. .43 mils/hr.

T-222(A) (P & W)
Carboﬁ Sfeei (UJM)‘
316 83 (U-M)

304 SS (U-M)
Mo-ilzti.(f&-W)
Cb-1Zr (P &.W)

.Cb-1Zr(A) (P & W)

31,52
18.60
- 19.01
20.83
43.16
'781.85

125,78

46

56].

.69
1.09
2.43

3.73
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Fig. 32.--Effect of cavitation test duration on weight loss at
500°F in mercury.



=117~

5 0w |
- 318 SS{U-M) '
A-Cg —~IZR(PawW)

O-Mo-1/2Ti({PBW)
@- T-1{Paw)
|l-Cg-1Zg{AXPaW).
A- T-222(a)(PEW)
@-CARBON '
STEEL (U-M) Cs—12g
151
23 Mo-1/2T
=
a 10
)
=
i CARBON STEEL
2 0)
5 31655 -
_| .
= _
2 “”b
S
O
O
<
5_
4_ .
T
3 —
T-222(A)
2 b
= {) 1769
ob—1 | | N N NN N N I
0 | 2 3 4 6 7 8 9 10 2 13 14

TIME , HOURS

Fig, 33.--Effect of cavitation test duration on MDP at 500°F

in mercury.
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and 304 stainless steel rank third, fourth, and fifth, respectively,
with average MDP rates of Osﬁllmils/hour, 0.63 mils/hour, and;0;69.mils/
hour, respectively. Three refractory materials: MOfi/2T1;2¢E—12r, and
Cb-1Zr(A) were the least resistént to cavitation damage, with the
Cb~1Zr(A) suffering gross damage and ranking last among the_matérials
tested. These three materials suffered damgge ranging froml3,ti;es to
8 times greater than that'sufferedssy the tantaluﬁ-basé allbys, T-111
and T-222(A). It is clear ffom-Figurés 32 and 33 that the rate of ero-
sion for each individual material is approximaéely constant for all the
materials tested for the duration of Ehg'test.
Photographs of the test specimens at the conclusion of the cavi-

. tation experiment are presentgd in'Figure 34;. The materials are’
arranged in order of decreasing resistance to cavitation_damage.i-the
the‘sevére pitting of tﬁe Mo-1/2T1, Cb-1Zr, and Cb-1Zr(A) surfaces. ‘In
ali'céses_tﬁe damgge ié again relatively uniform over the specimén faée,
as was tﬁe;casé‘for the f0°F'testsﬂ |

,Detaiiéd-examinatioh of the éxpongntial horn, container veséél,
and the sides of the'vérioﬁs test specimens indicates again that cortro-
sion effecté in the absence of‘cavitation.in tﬁése invéstigations‘were

negligible.

4, Discussion and Comparison of‘Resﬁlts.'
Table 11 summarizés the cavitatiqnldata obtained in'ﬁErcury
at 70°F and 500°F. The eight materials tested at both temperatﬁfes have
been rated on the basis of cavitation resistance as determinéd'By MDP,

with a rating of "1" ibdi%&ting the most cavitation resistant material,
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(1} T-111(P & W) (2) T-222(A)(P & W) (3) Carbon Steel (U-M)
12 Hour Exposure 12 Hour Exposure 12 Hour Exposure

o
{4) 316 SS({U-M) {5) 304 SS(U-M) {(6) Mo-1/2Ti(P & W)
12 Hour Exposure 12 Hour Exposure 12 Hour Exposure

(7} Cbhb-1%r(P & W) {8) Cb-1Zr(A)(P & W) 304 8s(U-M)
8 Hour Exposure . 8 Hour Exposure Before Exposure
Fig. 34.--Photographs of specimens subjected to cavitation 1770

damage in mercury at 500°F,
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TABLE 11

COMPARISON OF CAVITATION RESULTS IN MERCURY
AT 70°F AND 500°F

. 70°F 500°F
Material Avg. MDP Rate Rating Avg. MDP Rate Rating
304 S8 .32 mils/hr, 1 .69 mils/hr, 5
316 88 .33 o2 .63 &
T-111 .35 3 W43 1
T-222% 43 4 .46% 2
Mo-1/2Ti .57 5 1.09 6
Cb-1lir .92 6 2.43 7
Carbon Steel 1.03 7 .61 3
Cb=1Zr(A) 1.61 8 3.73 8
Plexiglas 3.99 9 -- -

*1.229(A) was tested at 500°F.
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while a rating of "8" would denote that material most susceptible to
cavitation damage.

| The most cavitation-resistant materials at 70°F were the stain-
less steels witﬁ the tantalum-base alloys ranking third and fourth. At
500°F. the superior mecharnical properties of the tantalum-base alloys at
even a ﬁery.moderate elevated temperature are already evident as the |
T-111 and T-222(A) rank first and sggqnd,-reépéctively. The hot-rolled
carbon steel, 316 stainless.steel;.aﬁd 304 stainless steel rank third,
fourth, and f£ifth, respeetively, at 500°F. The Mo-1/2Ti, Cb-1Zr, and
Cb-1Zr(A) all maintained fhe éame relative position at both test-témper-
atures. The hot-rolled carbon steel which had fared well at 500°F with.
a rating of "3" was damaged almost 70% more at 70°F. This apparentlf
anomalous. behavior is easily explained by the fact that the mechanical -
properties of the hét-rolled carbon steel such as tensile strength and
yleld strength are greater at 500°F than at 70°F, which is -attributed to
"strain aging." As temperature is increased from room temperature, the
strength properties pass through a maximum and then decrease. Very few
materials possess this rather unique propertyl 'Thé engineeriﬁg'strain
energy at 500°F is about 5% greater than at 70°F; However, the true
strain energy at 500°F is about 35% less fhan at 70°F.

Tt is further noted that with the exception of the hot-rolled
carbon steel, all of the materials tested sustained greater damage at
500°F than at 70°F. The stainless steels were damaged about 100% more

~and the T-111 about 23% more, while the damage rates for the Mo-1/2Ti,

.Cb-1Zr, and Cb-1Zr(A) were 2 times to 3 times greater at 500°F than at
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70°F. No.direct comparison is possible in the case of the T-222 and.
T-222(A), tested at 70°F and 500°F, respectively, as the mechanical - -
properties of these materiéls differ.

The effect of temperature on the cavitation results in mercury
is further displayed in Figure 35, which is a plot of éverage=MDP rate -
versus temperature for the eight materials tested. The effect of tem-
peraﬁure on the T-111 and T-222 is almost negligible-(at-SOO“F the
T-222(A) data point is plotted), while the effect on all of the other .
materials is quite dramatic,'as evidenced by the slopes of the appropri-
ate curves, The behavior of the hot-rolled carbon steel 1s once again
noted, ' Later discussion shows that the ugmperature-dependent behavior
of the cavitatlon resistance of these materials can be explained on the
basis of the variation of mechanical properties with temperature. It is
further shown that the mechanical propeﬁties of the tantalum~base alloys
are weak functions of temperature, whereas those of the other materials

vary considerably, even over the range from 70°F to 500°F.

5, Comparison with Venturi Faciiitx

Mercury Results:

It was noted-earlief that the utility of acoustic cavitation
| damage results has been limited because no direct correlation with cavi-
tation in a flowing system was available, ,H0wever,.if such a correla-
tion could be formulated, it might be possible to substitute relatively
economical acoustic testing for tests in a tunnel facility. This labo-
ratory has conducted venturi cavitation tests in both water and mercury

20,21,22,58

for the past several years, and has accumulated much useful
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O -304 SS(U-M)
[1-316 $S{U~M)
A-Cg-1ZR{PBW)

O - Mo-1/2Ti(PBW)
@ - T-1l (PEW)

W -ce-IZR(A)(PEAW)

A-T-222 OR T-222 (A){PEW)
~_’—CARBC}N STEEL {U-m)

CB- IZR(A)

Mo- 1/2T,
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==

/r_- 222 OR T-222(A)
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Fig. 35.--Effect of temperature on cavitation resistance in

mercury.
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data over this period of time., Now that data in mercury at 70°F has
been obtained with the ulfrasonic (acﬁustic) facility;'it iélpossiﬁlé to
qualitatively compare the data from both facilities for similar
materials,

| Table 12 is a tabulation of the available data in mercury at
70°F for the two facilities. The wear in the venturi loop is givén in
terms of MDP after 50 hours of testing, whereas in the case of the
acoustic facility, the average MDP rate is listed. The stainless steels
tested in the venturi are similar to tﬁe 304 stalnless steel and 316
stainless steel tested in the uitrasonic facility, but not identical.
The composition of the T-111 is Ta-SW-ZHf, éo that the cOrreéponding
specimens in.both facilities afe of the'same composition. The composi-
tion of the T-222 is Tg-9,5W-2, 5HE-,05C and differs siightly from the
Ta—lbW tested in the ventufi; The carbon steels tested are not identi-
cal but have similer carbon content and hardness values. The remainder
of the materials investigated in both facilities are nearly identical in
composition.

In both facilities the materials have been listed in ordér of
decreasing cavitation resistance, or increaéing éuséeptibility to
cavitation-erosion attack. The firéf five materials have identical
rankings in each.faeility:With thé stainless steels being the most
cesistant to cavitation-erosion attack. The Gb-1Z¢, carbon steel, and
Cb-1Zr(A) occupy the next three'placeé in this qualitative ranking.for
both facilities, but'their'rénkings do not égree in detail. In the case

= of the venturi tests tgs Gb-1Zr ranks eighth, while it ranks sixth in
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TABLE 12

COMPARISON OF CAVITATION EROSION DATA IN MERCURY AT 70°F -
- VENTURI AND ULTRASONIC FACILITIES - ‘

Venturi Data

Ultrasonic Data

Material MDP at 50 Hbu;s Material _ Avg., MDP Rate

Stainless Steel .28x1072 mils 304 SS .32 mils/hr.
316 SS .33

Ta-8W-2HE .85x1072 T-111 .35

Ta-10W 1.71x1072 T-222 43

Mo-1/2T4 2.10x1072 Mo-1/2Ti - .57

Carbon Steel 2.94x10" Cb-1Zr .92

Cb-1Zr(A) 5.87x10"2 Carbon Steel 1.03

Cb-1Zr 29,0 %1072 Cb-1Zr (A) ‘1.61

Plexiglas 225  x107%* . Plexiglas 3.99

*MDP at 25 hours.
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the ultrasonic facility. fhe order of ranking of the carbon steel and
Cb-er(A) is preserved in both facilities. It was noted in the venturi
investigations that the damage sustained by the Cb-1Zr apparently indi-
cated a thin multi-layer-like (laminated) structure. This could easily
lead to greater damage and weight losses since large sections of the
Cb-1Zr outer layer-were removed in some caees'by the'cavitation action
as opposed to the normal minute pitting mechanism that would be
expected The unusual structure of the Cb-1Zr tested in the venturl,
-apparently the result of improper heat treat, probably accounts for the
poor showing of this mater1al in that facility N6 such observation was
made in the case of the acoustic facility. The Plexiglas was the least
resistant te_cavitation damage by far in both facilities and attained,
‘ninth ranking.

It is clear that with the exception of the Cb-1Zr the qualita-
tive rankingsiof the materials tested in the eenturi and ultrasonic
facilities agree very well. This agreement offers hopelthatha quantita-
tive correlation could be developed that would couple: the resﬁlts of the
two facilities. Such a correlation must await the generation of more
complete data in both facilities for a variety of test fluids and
temperatures.

It is interesting to note from Table 12 that the intensity of
damage in the acoustic facility ie approximately 1000 times greater than
_that in the venturi loop, and also that the ratios of damage between
various materials in the venturi facility is much greater, even though

.the rankings are almost idegticalp This latter phenomenon may involve
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the fact that corirosion is probably more important in the venturi tests
since the exposure time is longer and the intensity of mechanical attack
much less. However, the venturi test probably represents typical field

conditions much more closely than the vibratory-type test.

E. Cavitation Studies in Water at 70°F

1. Experimental Procedure

The 24 materials tested in water at 70°F are listed in

- Table 2 (previously cited).. The three grades of aluminum and the vari-
ous heat-freats of Cu, Cu-Zn, Cu-Ni, and Ni were included in the vibra-
tory cavitation program in water because extemsive results from the
venturl program are available for these materials in water. Standard
cavitation test specimens, as .shown in Figure 6, were machined from
available bar stock of the three grades of aluminum, carbon steel,
stainless steels, and refractory alloys. The appropriate "A" and "B"
dimensions are given in Table 4.

',It was desired to test in the vibratory facility the identical
heat-treats of Cu, Cu-Zn, Cu-Ni, and Ni that had been previously tested
in the venturi loop facility. Since these materials were available only
in sheet stock 1/16 in, thick, it was necessary to design a,speciai
specimen consisting of an adaptor of a suitable material and a disk of
the desired material. Means of attaching the disk to the adaptor had to
be provided so that a firm bond would result. This is necessary so that
the uvltrasonic energy is efficiently transferred across the interface.

Hence, the design previogslx%discussed and shown in Figure 8, consisting
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of a brass adaptor and a disk of the desired material, was adopted and
proved to be satisfactory. The disk is fastened to the adaptor with
soft solder. It was not desired to use a strgnger-higher temperature
solder with these materials since their mechanical properties;migh; bg
significantly altered by exposure to the higher temperatures required
. to make the joint. Various epoxieé aﬁd céments were atteﬁpted as a
. bonding materiai, but the bond was immediately destroyed upon initia-
tion of the test., The acoustic Ilmpedance of the soft soldgr is on the
order of that of both the brass adaptor and disk materials, while the
epoxies-and cements possessed a very low acousfie impedance due to neg-
. ligible elastic properties. The arrangement shan-in Figure 8 results
in a standard specimen weight of 9.4.i 0.1 g.

The Plexiglas specimens tested in watér were fabricated as per
Figure 7 (pfeviously cited).

The water tests were corducted in a Plexiglas cavitation vessel
whose dimensions are identical to those of the 316 stainless steel con-
tainer previously employed for the lead-bismuth and mercury tests. The -
Plexiglas vessel permits visual observation of the bubble cloud and con-
tinuous monitoring of the condition of the specimen surface during a
test, All other equipment is identical to that previously used in the
lead-bismuth and.mercury investigations. |

The vapor pressure of water.at 70°F‘is approximately 0.4 psia.
Thus, the argon cover gas pressure was maintained at 1.5 psig through-
out the tests to provi&e the required suppression pressure of 15.3 psia.

Total test durg;iopavaried for the different materials, ranging

from 1 hour for the very soft 1100-0 aluminum to 36 hours for the
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stainless steels and the refractory materials. The Cu, Cu-Zn, Cu-Ni,
and Ni specimens were tested for & hours. Frequent inspections and

weighings monitored the specimen surface,

2, Experimental Results--Subsets One and Two

The cavitation results obtaimed in water at 70°F are dis-
played as for the other fluids, and the appropriate expressions for
computing the MDP of the aluminum, Cu, Cu~Zn, Cu-Ni, and Ni alloys are
presented in Table 5.

The 24 materials tested in water at 70°F have been divided into
three subsets for data display purposes. One subset consists of those
materials that were also tested in mercury, lead-bismuth, and lithium;
namely: 304 stainless steel, 316 stainless steel, T-111, T-222,
Mc-1/2Ti, hot-rolled carbon steel, Cb-1Zr, and Cb-1Zr(4). The second
subset consists of the three aluminum alleys and Plexiglas, while the
third subset iacludes the 12 glloys of Cu, Cu-Zn, Cu-Ni, and Ni. The
second and third subsets contain materials that have been tested only in
water (with the exception of the Plexiglas that was tested in mercury at
70°F) .

Table 13 summarizes the cavitation results obtained in water at
70°F for the materials in the first two subsets. Figure 36 is a plot of
accumulative weight loss versus test duration, while Figure 37 is the
corresponding plot of accumulative MDP versus test duration for the
eight materials contained in subset one. Figures 38 and 39 are the cor-
responding plots for subset two, which consists of the aluminum alloys

and the Plexiglas.
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TABLE 13

“Avg. Wt. Average
Material Loss Rate MDP_Rate
T-222 (P & W) 1.05 mg./hr, .02 mils/hr.
T-111 (P & W) 4.33 .06
Mo-1/2TL (P & W). 3.49 . .09
316 SS (U-M) 2.81 .09
304 88 (U-M) 3.04 10
Cb-1Zr (P & W) 3.10 .15
Cb-1Zr(a) (B & W) 6.10 .18
Carbon: Steel (U-M) 7.08 .23
2024-T351 Al (U-M) . 6.13 .57
6061-T651 Al (U-M) 7.73 72
Plexiglas (U-M) 6.60 1.39
1100-0 Al (U-M) 28,90 2,70
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Fig. 36.--Effect of cavitation test duration on weight loss at
70°F in water - subset one.



0]

-132~
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Fig. 37.--Effect of cavitation test duration on MDP at 70°F in

water - subset one.
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Fig. 38.--Effect of cavitation test duration on weight loss at

"70°F in water ~ subset two.
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Fig. 37.--Effect of cavitation test duration on MDP at 70°F in
water - subset two



=135~

On the basis of either average weight loss rate or average MDP
rate it is clear that the T-222 is the most cavitation resistant of the
materials contained in subsets one and two. The T-111 which ranked
second suffered about 3 times more damage than the T-222, while the
Mo-1/2Ti and 316 stainless steel were equally damaged and ranked third
and fourth. The 304 stainiess steel in fifth place sustained 5 times
more damage than the T-222, The Cb-base alloys, Cb-1Zr and Cb-1Zx(4),
and the hot-rolled carbon steel ranked sixth through eighth, respec-
tively, and suffered damage 7 to 12 times more severe than the T-222,
based on average MDP rate, The aluminum alloys and the Plexiglas were
the least resistant to cavitation-erosion attack among the materials_in
subsets one and two. Considering only the three.aluminum alloys,'fhe-
2024-T351 alloy was the most resistant while the'very soft 1100-0 alloy
sustained the greatest damage.

An examination of Figures 36 and 37 indicates that the rate of
erosion for the T-222, T-111, Mo-1/2Ti, 316 stainless steel, and 304
stainless steel is approximately constant for the duration of the test,
while the rate of erosion for the Cb-1Zr, Cb-1Zr(A), and the hot-rolled
carbon steel is approximately constant during the early stages of the
" test and then begins to decrease as the accumulative weight loss and the
accumulative MDP increase to larger values. Examination of the speci-
mens generally indicated that these materials showing a linear response
rate exhibit a fairly uniform surface daﬁage péttern,*wheréas those
showing a non-linear response are characterized by surface damage con-

disting primarily of heayy, »450lated, deep pitting, This latter pattern
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would result in a reduced surface area being presented to the collapsing
bubble cloud since the area surrounding the very deep isolated pits has |
been shown to produce relatively few cavitation bubbles._59 Hence, one
‘would expect the erosion rate to decrease as the total weight loss or
MDP increased, as clearly pointed out in a recent,pafer.by Plesset and
Devine.59 |

Photographs of the test specimens in subset one at the conclu-
sion of the cavitation experiment are presented in Figure 40, The
materialé are arranged in o;der,of decreasing resistance to cavitation
damage. Note the severe pitting of the Cb-1Zr, Cb-1Zr(A), and hot-
rolled carbon steel surfaces.

It is clear from Figures 38 and 39 that the rate of erosion for
the three aluminum alloys is approximately constant for the duration of
the test in spite of the deep, isolated pitting of the type which in the
previous materiale cor:espondéd to a non-linear damage rate, at least
when MDP exceeds the order of 4 to 5 mils, i.e., the influence of the
non-uniform wear may not become signmficant until the volume loss
roughly cor:esponding to this‘range of MDP has been reachgd. As pre-
viously indicated, the specimens tested in high density fluids main~-
tained a constant MDP rate out to the order of 50-60 mils. However,
their damage was extremely uniform. Thus, it may be that the rate
‘remains esséntially constant as long as a uniform damage pattern is
 maintained, and that the MDP for which uniform damage can be meintained
igs a function of the material-fluid,qombination. The possible reasons

< for fluid density effects oo damage characteristicsZareidiscuSeédﬁiater.
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(1) T-222(P & W) (2) T-111(P & W) {3) Mo-1/2Ti(P & W)
36 Hour Exposure 30 Hour Exposure 36 Hour Exposure

(4} 316 SS(U-M) (5) 304 SS(U-M) (6) Cb-1Zr(P & W)

36 Hour Exposure 30 Hour Exposure 32 Hour Exposure

(7) Cb-1Zr(A) (P & W) (8) Carbon Steel(U-M) 304 SS(U~-M)
30 Hour Exposure 21 Hour Exposure Before Exposure
Fig. 40,--Photographs of specimens subjected to cavitation 1781

damage in water at 70°F - subset one:
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Photographs of the test specimens in subset two at the conclu-
sion of the cavitation experiment are presented in Figure 41, A photo-
~graph of a 2024-T351 aluminum-sPécimen before exposure is included for

comparison.

‘3. Experimental Results--Subset Three

Table 14 summarizes the cavitation resulfs obtéined.in water
at 70°F for the materials in subsét three, namely the 12 Cu, Cu-Zn,
Cu~Ni, and Ni alloys. The various heat-treats of a given mate:ial are
grouped together for purpoées of comparison. Figure 42 is a plot of |
accumulative weight loss versus test duration, while Figure 43 is the_
corresponding plot of accumulative MDP versus test duration‘for the 6
Cu and Ni alloys in subset thréé; Figures 44 and 45 are the correspend-
ing plots for the 6 Cu-ZnIAnd Cu-Ni alloys in subset thtee.

dn the basis of either average weight loss rate or aVe:age MDP
rate the Cu-Zn (60% cold-worked) was the most cavitation resisfénﬁ among
the 12 materials contained in subset three with an average MDP rate of
0.38 mils/hour. The Ni (75% cold-worked) ranked second ﬁith an average
MDP rate of 0.44 mils/hour, while the Cu-~Ni (1800°F anneal, 1 hour) and
Ni (1600°F anneal, 1 hoﬁr) were third and fourth with erosion rates of
0.47 mils/hour and 0.48 mils/hour, respectivelf. The three copper heat-
treats were the least resistant to cévitation damage in subset three
with the Cu (900°F anrneal, 1 hour) ranking last with an erosion rate of
1.02 mils/hour. This specimen sﬁffered approximately 3 times és.much
damage as the most resistant material,.Cu-Zn (60% cold-worked);

Considering onTy the three copper specimens tested, the cold-

worked material was the most cavitation resistant while the high-
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(1) 2024-T351 Al({U-M) (2) 6061-T651 AL(U-M) (3) 1100-0 Al(U-M)

6 Hour Exposure 8 Hour Exposure . 45 Minute Exposure

Plexiglas (U~M) 2024-T351 Al{U-M)
30 Minute Exposure Before Exposure
Fig. 4l.--Photographs of specimens subjected to cavitation 1782

damage in water at 70°F - subset two.
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TABLE 14

. SUMMARY OF CAVITATION RESULTS IN WATER AT 70°F -
‘ : SUBSET THREE

.-Avéf“wtf1 T . Average

Material _Loss Rate _ . MDP Rate
Cu, cold-worked 32,83 ﬁg;/hr. .95 mils/hr.
Cu, 900°F anneal 55.37 | - 1.02
Cu, 1500°F anneal 33.32 .95
Cu-Ni, cold-worked 2%.18 .70
Cu-Ni, 1300°F-annea1 21.97 ..63
Cu-Ni, 1800°F anneal 16.25 47
Cu-Zn, cold-worked . . 12.74 .38
Cu-Zn, 850°F anneal ; 23.88 .72
Cu-Zn, 1400°F.aﬁﬁeai‘ 122.78 .68
Ni, cold-worked 15.27 L4k
Ni, 1100°F anﬁea1 | 20.25 .58

Ni, 1600°F anneal 16.69 48
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temperature heat-treat ranked second and the low~temperature heat-treat
was last. Identical rankings apply to the three Cu-Zn specimens and the
three Ni specimens} For Cu-Ni the high-temperature‘heat—tréated specl-
men was the most cavitation resistant followed by.'t'he_- low-temperature
heat-treated material and the cold-worked specimen in thét ofder.

CAn examinétiqﬁ.of-Figures 42, 43, 44, and 45 indicétes that the
rate of érosion for the materials contained in sﬁbset three is generally
not constant beyond about 2 mils MDP, This is presumed due to the pat-
tern of the surface damage whigh is again characterized by heavy, iso-
lated, deep pitting, even very early in the test. This preferential
damage of the surface may be caused by non-uniformity of applicable
mechanical propertigs. However, it is curicus that.for materials as
stainless steel,‘thé character of the damage in lead-bismuth pr mercury
is a uniform distribﬁtion, while in water it is c0mposed‘of the.previ-
ously discussed &eep; isolated pitting. This lack of similarity in dam-
age pattern may be due to the fact that the NPSH has not been modeled
between tests, agd similarity of "flow regime" would then not occur.

One manifestation of the difference in flow regimes encountered is the
occurrence of a star pattern of bubble cloud as opposed to the uniferm
" bubble cloud observed on other occasions;60 ‘No theoretical explamation

for predicting these observed flow patterns yet exists.

Typical photographs of the test specimens in subset three at the

conclusion of the cavitation experiment are presented in Figure 46.
Note the heavy, isolated deep pitting that has developed.
In all of the te§55¢@bnducted'in water, only the hot-rolled

carbon steel specimen showed definite visual indications of having
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Cu(60% cold-worked) (U-M) Ni(75% cold-worked) (U-M)

6 Hour Exposure 6 Hour Exposure

Cu-Ni(1300°F anneal) (U-M) Cu-Zn(1400°F anneal) (U-M)
6 Hour Exposure 6 Hour Exposure
Fig. 46.--Photographs of selected specimens subjected to cavi- 1787

tation damage in water at 70°F - subset three,
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suffered corrosion damage. Hence, the results quoted for this material
reflect damage caused both by the corrosion and erosion components. All
other results can be attributed solely to the cavitation-erosion

mechanism,

4, Comparison with Venturi Facility
Water Results

Cavitation data from the venturi facility operated by this
laboratory was previously obtained for all of the materials that were
tested in the ultrasonic facility in water, Hencé, as was the case in
mercury at 70°F, it is now possible to qualitatively compare the data
from both facilities and hopefully be able to eventually arrive at a
quantitative relationship coupling the results. Table 15 is a tabula-
tion of the data available in water for the two facilities for the
materials contained in subsets onme and two. Table 16 is a similar tabu-
lation for the materials contained in subset three, namely the Cu,
Cu-Ni, Cu-Zn, and Ni alloys. The wear in the venturi loop is given in
terms of MDP after 50 hours of testing, whereas in the case of the
acoustic facility, the average MDP rate is listed. The stainless steels
tested in the two facilities are comparable as are the T-111 and the

Ta~-8W~-2Hf. The T-222 and the Ta~10W are similar as are the carbon
steels. The remainder of the materials investigated in both facilities
are nearly identical in composition.

In Table 15, the materials have been listed in order of decreas-
ing cavitation resistance, or increasing susceptibility to cavitation

erosion attack for both facilities. A certain amount of agreement is
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TABLE 15

COMPARISON OF CAVITATION EROSION DATA IN WATER AT 70°F -

VENTURL AND ULTRASONIC FACILITIES

(SUBSETS ONE AND TWO)

Venturi Data

Ultrasonic Data

Material MDP at 50 Hours Material Avg, MDP Rate

Cb-1Zr 3.50x10"3 mils  T-222 .02 mils/hr.

Stainless Steel 5.27x10"3 T-111 .06
Mo-1/2T1, .09

Ta-8W-2HE 7.62x1073 316 S8 .09

Ta-10W 11.11x1073 304 S5 .10

Cb-1Zr(A) 20.29x1073 Cb-12r 15

Plexiglas 67.25x107>" Cb-1Zr(4) .18

Mo-1/2Ti 99.72x10"3 Carbon Steel .23

Carbon Steel 769.2 x1073 2024 Al .57

2024 Al 1618 x1073 6061 Al 72

6061 Al 1976 107 Plexiglas 1.39

1100-0 Al 2451 1073 1100-0 Al 2.70

*MDP at 4 hours.
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TABLE 16
COMPARISON OF CAVITATION EROSION DATA IN WATER AT 70°F -

VENTURI AND ULTRASONIC FACILITIES
(SUBSET THREE)

W

Material Venturi MDP at 50 Hours ﬂ_ltr-gsonic MDP_Rate
Cu-Zn 39.77x10"° mils ,(12)-' .38 mils/hr. (D
Ni 14.85x1073 (5) n @
Cu-Ni-1800°F snneal  8.58x1073 (2) 47 3)
Ni-1600°F anneal 4.04x1073 (0 48 (4)
Ni-1100°F anneal 14.63x10"3 (4) .58 (5)
Cu-Ni-1300°F snneal - 13,29x107° (3 .63 (6)
Cu-Zn-1400°F anneal  25.09x1073 9) .68 7
Cu-Ni  19.23x1073 6 .70 (8)
Cu-Zn-850°F anneal 25.72x1073 (10) .72 (9)
Cu 24.29x10"3 (8) .95 (10)
Cu-1500°F anneal 27.62x1073 (1) =~ .95 (11)

Cu-900°F anneal 23.75x107° 7 1.0 (12)
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noted in Table 15. In both fagilities the stainless steels, the tanta-
lum-base alloys, and the Cb-1Zr are among the most cavitation resistant
materials. But the rankings do not agree in detail. Among the least
resistant materials, the carbon steel and the three aluminum alloys have
1dentical rankings in both facilitie_g., In ﬁas_ ‘noted in the venturi
investigations that the damage sustaiﬁed by the Cb-erfapﬁafently indi-
cated a thin laminated structure which could lead to erronecus results
in thia case.' qué'aiso the aﬁomaloué positioﬁ of Plexiglas which'is
relatively much more resistant in the ventﬁfi'than in the ultrasonic
facility. Also note that the damaée ra;e is about 100 times as great in
ghe ultrasonic facility (water tests) as compared to a factor of about
1000 in the mercury tests, but that the range.of difference encountered
in the venturi is about 10 times that im the ultrasonic facility.(water
tests) as compared to a factor of about 100 in the mercury tests. The
reasons given in the discussion of the mercury tests are probably also
applicable here,

The results presented in Table 16 for the Cu, Cu-Ni, Cu-Zn, and
Ni alloys agree only in a few respects., The rather general disagreement
noted fér this data subset cannot be fully ekplained at this time. How-
ever, it is noted that the damage rates for these’materials differ by a
much smaller factor than for those previously discussed (only about é
factor of 3 for the ultrasonic tests and a factor of 10 for the ven-
turi), so that an upsetting of the ranking order would involve much
smaller erfors in damage rates. For these materials it would be

expected that corrosiogiwguld'play little part in either facility so
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that this may have prevented .the range between materials from differing

as widely as in the other cases.

F. Cavitation Studies in Lithium at
500°F -and 1500°F :

1. Experimental Procedure

‘The seven materials tested in lithium at 500°F and 1500°F
were 304 stainless steel (U-M), 316.stain1e35.stee1 (U-M), T-111
(P & W), T-222(4) (P & W), Mo-17/2Ti (P & W), Cb-1Zr (P & W), and
Cb-1Zr(A) (P & W), Standard cavitation test specimens; as shown in
Figure 6, were machined from available bar stock. The required dimen-
sions "A" and "B" for the seven materials are listed in Table 4. These
dimensions provide a standard specimen weight of 9.4 £ 0.1 g.

The vapor pressure of lithium at 500°F is approximately zero,
while at 1500°F it is néarly 0.1 psia.  As 3 result, the argon cover gas
was maintained over the molten lithiuﬁ throughout the tests at an over-
pressure of 1.1 psig for the 500°F tests and at 1.2 psig for the 1500°F
tests. This resulted in the required suppression pressure of 15.3 psia.

At 500°F, the test duration for each material was 10 hours with
the exception of the Cb-1Zr(A) which showed gross erosion after 6 hours
‘of testing. At frequent intervals the specimens were visually examined,
photographed, and carefully weighed. At 1500°F, total test duration was
10 hours in all cases with the exception of the T-1I1 which was exposéd
for 30 hours. Once again, frequent inspections and weighings were made.

The lithium used in these investigations was obtained from the

Lithiﬁm-Corporation of Amgried, Inc. (Bessemer City, North Carolina) in
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the form of individual /V 1/2 pound cylindrical ingots sized to fit into
the cavitation vessel and fill it, upon melting, to the desired level.
The ingots were packaged and hérmetically sealed in individual tin cans,
which were easily opened for charging the lithium into the expérimantal
vessel. The solid ingot was first placed in a clean stainless steel
beaker which fit snugly into the cavitation vessel and provided for easy
removal and disposal at the conclusion of a test. The loading operation
was carried out at room temperature (Where.oxidation would be at a mini-
mum rate) in a glove box under an argon atmosphere. The sealed vessel
was then removed from the glove box and placed in the furnace where the
lithium was brought to the required test temperature of 500°F or 1500°F.
Each test was conducted with a new, fresh lithium ingot in a new, unused
stainless steel begker, This procedure eliminated the need for trans-
ferring the molten lithium to and from the experimental vessel and elim-
inated trace heaters, line heaters, hot traps, cold traps, valves, etc.,
from the system design. This procedure resulted in a very economical
design and kept oxide contamination relatively uniform and at a minimum,
since a fresh ingot was used for each test.

At the conclusion of each 500°F investigation, the vessel was
removed from the furnace and quickly air-cooled to a temperature of
about 375°F, which is slightly above the melting point of 362°F, and
below the ignition temperature of 392°F. With the lithium at 375°F,
the vessel top plate was unbolted, and the ultrascnic transducer and
specimen were quickly removed from the molten lithium while maintaining

- the argon cover gas over the test fluid. The vessel was then covered
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and the lithium allowed to solidify in the stainless steel beaker. The
beaker and used ingot were then easily removed from the vessel and dis-
carded, The next run made use of a new clean stainless steel beaker and
a fresh lithium ingot.
- After solidification, any excess lithium adhering to the test

specimen and the exponential horn was easily removed by dipping the end
4offtﬁe'transducer into a large container of'éold water placed outdsofs,
‘The reaction of lithium ﬁith wafer under these conditions was noﬁ'very
vigorous and resulted in complete removal of the excess 1ithium_meté1 in
a few minutes. The test specimen was.then removed from the tip of the
transducer and weighed, |

At the conclusion of a 1500°F test the cavitation vessel
remained in_£he furnace until it had cooled to 500°F. Then it was
removed and_air-cooled until the lithium temperature reached the
required 375°F at which point the specimen was removed.

This complete procedufe.of.ingot loading, uﬁloading, énd sﬁeci-
men retrieval was found to be completely safe and was carried out more
than 50 times without incident. Persommel wore suitable protective

clothing during the unloading and specimen retrieval operations.

2. Experimental Results at 500°F

The cavitation results obtained at 500°F in lithium will be
displayed as accumulative weight loss versus test duratiom, and also as
accumulative mean depth of penetration (MDP) versus test duration.

‘Table 17 summarizes the cavitation results abtained in lithium

at 500°F, Figure 47 is—a plot of accumulative weight loss versus test
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TABLE 17

SUMMARY OF CAVITATION RESULTS IN LITHIUM AT 500°F |

_ ‘ Avg . WE, Average
Material - Loss Rate : o MDP Réte
T-11 @ & W | 1.70 mg. /hr. 0.03 mils/hr.
T-222(A) (P & W) 2.48 0.04.
Mo-1/2Ti (B & W) 4.61 0,12
Cb-1Zr (P & W) 5.02 0.15
304 SS (U-M) 10.42 0.34
316 SS (U-M) 10.91 0.36

Ch-1Zr(A) (P & W) 133,70 1.00
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Fig. 47 .--Effect of cavitation test duration on weight loss at

500°F in lithium,
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duration, while Figure 48 is the correéponding plot of accumulative MDP
versus test duration for the seven materials tested,

riOn the bésis of eifher.average‘ﬁeight-loss rate or average MDP
rate it is clear that the T-1ll is the most cavitation resistant of the
matérials tested, while the T-222(4) is about 30% less resistant,; These
materials exhibited average MD? rates of 0,03 mils/hour and 0.04.ﬁils/
hour, respectively. The refractory materials, Mo-1/2Ti and Cb-1Zr, rank
third and fourth, respectively, with average MPP rates of 0.12 mils/hour
and 0.15 mils/hour, respectively. The 304 stainless steel and 316
stainless steel were about equally resistant but suffered 11 times to
12 times the damage incurred by the T-111. The Cb-1Zr(A) was the leastl
resistant to cavitation damage of the materials tested with an average
MDP rate of 1.00 mils/hour, approximately 33 times greater thap the rate
of damage exhibiﬁe& by the T-111, It is clear from Figures 47 and 48
that the rate of erosion for each individual material is approximately
constant for most of the teéé. In some cases, the rate of damage is not
constant in the early part of the test dﬁe to lack of temperature equi-
librium of the ultrasonic transducer and the.smooth surface of the
specimen face which appears to prevent maintenance of a stable bubble
cloud. 1In some céses the rate of damage decreases with increasing test
duration. This is probably due to a decrease in the number of bubbles
generated by some types of roughened_surfacés,-?9 as has been discuséed
in relation to the other fluids. Except for Cb-1Zr and Mo-1/2Ti, the
rates are fairly constant from about 1 to 4 mils MDP, which is reaéon-

ably consistent with the other low density fluid tested, i.e., water.
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Fig. 48,--Effect of cavitation test duration on MDP at 500°F
in lithium.
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The high~-density fluids showed constant rates over a much greater MDP
range, as was previously mentioned.

Photographs of the test specimens at the conclusion bf the cav-
itation experiment are presented im Figure 49, The materials are .
arranged in order of decreasing resistance to cavitation damage. Note
the very heavy pitting suffered by the Cb-1Zr(4), 304 stainless steel,
and 316 stainless steel.

As opposed to the other fluids, the damage is substantially con-
centrated at the central portion of the specimen with a large outer rim
nearly undamaged (& small undamaged outer rim has been noted for all
fluids) . It is thought that the lack of damage in the outer ammular
ring is due to "end effects" which create vortex action61’62 near the
edge of the vibrating horn. This results in higher pressures adjacent
to the horn in this region and, hence, fewer bubbles. That these con-
ditions are apparently much more promounced with the lowest demsity
fluid (lithium) is believed due to the large suppression head (NPSH)
values used for this fluid. The damage suffered by the other specimens
is somewhat more uniform with the exception of the T-111. However, the
undamaged outer rim is present in all cases.

It has been poted in the cavitation tests with different fluids,
all conducted at a constant suppression pressure (lead-bismuth, mercury,
water, and lithium), that the heavier fluids give quite a uniform damage
pattern. The water patterns'aré intermediate between the heavy liquid
metals and the lithium here observed in that for the lighter fluids the

damage tends to become concentrated toward the center and less
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W)y

(1) T-111(P & W) (2) T-222(A) (P & W) (3) Mo-1/2Ti(P &
10 Hour Exposure 190 Hour Exposure 10 Hour Exposure
(4) Cb-1Zr(P & W) (5) 304 SS(U-M)
10 Hour Exposure 10 Hour Exposure
(6} 316 SS5(U-M) (7) Cb-1Zr(A) (P & W)
10 Hour Exposure 6 Hour Exposure
Fig. 49 .--Photographs of specimens subjected to cavitation 1906

damage in lithium at 500°F.
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pronounced on the outer edge. As mentioned above, this may be dué to
the fact that NPSH is much greater_for‘the‘lighter fluids than for the
heavier, -since suppression:greéspréfﬁas constant, i.e., the "fiéwé" éfe
not properly modeled (due, as él:eédy mentioned, to insufficient prés-
. sqfe capability of the high-temperature cavitation vessel desiénj.
Detailed examination of the'303 stainless steel exponential
horn, the 316 stainless steel begkgr, and the sides of the various test
specimens, all of which‘are ggg subject to cavitation, But g;g'submerged
in the test fluid, indicates that corrosion effects in thé aBsence of |
cavitation in these investigations were negligible, as with all the
other fluids tested, as would be expected for the short durations

involved.,63

3. Experimental Results at 1500°F

The data obtained in lithium at 1500°f-wiil be displayed as
accumulativé weight loss versus test duration and also as accumulative
mean depth of penetration (MDP) versus test duration.

Table 18 summarizes the cavitation results obtained in lithium
at 1500°F. Only the 304 stainless steel, 316 stainless steel, T-111,
land Cb-1Zr(A) were tested at this temperature, Figure 50 is a plot of
accumulative weight loss versus test duration for the four materials
tested, while Figure :51 is the corresponding plot of accumulative MDP
versus test duration,

On the basis of either weight lbss or MDP the refractory alloy
T~111 exhibited the greatest resistance to cavitation damage at 1500°F,

This was alse true at ¥90°F, The refractory alloy Cb-1Z2r(A) which
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TABLE 18

SUMMARY OF CAVITATION RESULTS IN LITHIUM AT 1500°F

. .

Avg. Wt, " Average
Material " -. . Loss Rate _ MDP 'Rgte
T-111 (P & W) 0.26 mg./hr. 0.004 mils/hr.
Cb-1Zr(A) (P & W) 0.58 0.017
316 SS (U-M) 0.81 0.027

304 SS (U-M) ‘ 1.04 0.034
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Fig. 50.--Effect of cavitation test duration on weight loss at
1500°F in lithium.
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suffered gross damage at 500°F and ranked last had an average MDP rate
of only 0,017 mils/hour at 1500°F and ranked second. The two stalnless
steels were the_least registant of the four materiaié‘;gsted at 1§00°F,
as expected from mechanical properties considerations, The 316 stain-
less steel sustained 7 times the damage rate of the T-1l1l (versus a fac-
tor of about A-in the 1500°F lead-bismuth test), whereas the 304 stain-
less steel exhibited 9 times the damage rate (versus about a factor of
14 in the 1500°F lead-bismuth test). It is clear from Figures 50 and 51
that the rate of erosion for each individual material was approximately
constant for all the materials tested during most of the test,

Photographs of the test specimens at the conclusion of the cavi-
tation experiment are.p:esented in Figure 52, The materials are
arranged in order of decreasing.fesistance to cavitation damage. Very
little damaege is apparent on any of the specimens.’

Corrosion effects on the non-cavitated surfaces in the tests at

1500°F were negligible, as was also the case for the 500°F tests,

4, Discussion and Comparison of Results

Table 19 summarizes the cavitation.data obtained in lichium
at 500°F and 1500°F. The seven materials testéd at SOO°F and four
tested at 1500°F have been rated on the b&sis 6f cavifation resistance
as determined by MDP, with a rating of "1" indicating the most cavita-
tion resistant material, while a rating of "7" at 500°F and'"ﬁ" at
1500°F would denote that material most susceptible to cavitatibn damage

at each temperature.
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(1) T-111(P & W) (2) Cb-1Zr(A) (P & W)

10 Hour Exposure 10 Hour Exposure

(3) 316 SS(U~-M) (4) 304 SS(U-M)
10 Hour Exposure 10 Hour Exposure
Fig. 52.--Photographs of specimens subjected to cavitation 1209

damage in lithium at 1500°F.



-166-

TABLE 19

COMPARISON OF CAVITATION RESULTS IN LITHIUM

" AT 500°F AND 1500°F

_500°F __ 1500°F

Material (Avg. MDP Rate) Rating (Avg. MDP Rate) Rating
T-111 0.03 mils/hr. 1 "0.0’0‘4 mils/hr. 1
T-222(A) 0.04 2
Mo-1/2Ti 0.12 3
Cb-1Zr 0.15 4

304 S8 0.34 5 0.034 4
316 SS - 0.36 6 0.027 3
Cb-1Zr(A) 1.00 7 0.017 - 2
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The tantalum alloys, T-111 .and T-222(4), aré the.most resistant
to cavitation damage -at 500°F, while the T-111 is the most resistant.at
_15009F;-T-222(AJ not having been tested at this temperature. The
Cb-1Zr(A) which had a rating of "7" at_500°F_ranked-second among the
four materials tested at 1500°F. The 304 and 316 stainless steel were
among the least resistant materials at 500°F (although superiox. to .
Cb-1Zr(A)), but ranked last at 1500°F. Thus, the expected superior per-
formance of the refractories at thérhigher temperature, due to their
less temperature-dependent mechanical properties, was verified. At both
temperatures, the T-111 was approximately 10 times more resistant than
the stainless steels. .

- It is important to note that for each of the four materials
tested at both temperatures the amount of damage sustained by the speci-
men at 1500°F was much less than-thét-Sustained at 500°F for constant
testing time, The exact opposite behavior was noted in the cavitation
tests conducted earlier in lead-bismuth alloy64 and mercury42 (and
reportedpéarlier_in this document) where the damage'éustained by a given
material at the higher temperature was greater than that measured at the
lower temperature.. One might expect this latter behavior due to the
reduced strength of the materials at the elevated temperature. However,
the variation of the fluid properties with temperature is also important
and must be considered. .A recent paper by Leith65 presents predictions
of cavitation damage in a vibratory facility exposed to. atmospheric
pressure for liquid metals-as a function of temperature for a material

possessing constant mechanical properties, i.e., not a function of
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temperature. leith's interpretation of the previousiy'available data is
that the specific gravity, vapor pressure, viscosity, and surface ten-
sion are important fluid properties.which affect the amount of damage
sustained as a function of temperature., In the case of NaK, potassium,
lithium, rubidium, cesium, and'SOdium, Leith concludes that cavitation
damage as a function of temperature reaches a maximum at a temperature.

- 15% to 20% up the melting-Boiling range, falling off below and abave -
this maximum damage temperature.;“In the case of water, several investi-
gators32’33’66’67’68 have reported that cavitation damage as-a function.
of temperature reaches a maximum at a temperature 50% up the melting-
boiling range (50°C or 122°F), falling off below and above this makimuﬁ
damage temperaturel Our own laboratory has investigated this effect in
water, and the plot- of cavitation damage versué temperature is pfesented
in Figure 53, The maximum occurs at approximately 50°C, or 122°F. The
discrepancy in the position of the maximum cavitation damage may be due
to the foilowing‘mechanism.ﬁﬁ' In the case of the water, the dissolved :
air is an importaﬁt factor, whereas in the liquid metals, the solubility
of most common gases is nearly zero at all temperatures. At the low
temperatures the dissolved air cushions the bubble collapse and, hence,
the cavitation damage is reduced. As the temperature is.increased, the
dissolved air is driven off and this factor becbﬁes unimportant. Then |
the effect of vapor pressure becomes predominant. The damage peaks and
then begins to decrease due to the cuShioning effect of the vapor Whiqh
does not have:Sufficient-time to condense in the vibratory test. : We

feel that the cushioning effect of the dissolved air in the water test
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results in the maximum damage occurring at a temperature further up the
melting-boiling range, as opposed to the liquid metal tests where this
mechanism is negligible.

The mechanical properties of several refractory alloys, such as
T-111, T-222(A), Mo-1/2Ti, and Cb-1Zr, tested in our investigations are
very weak functions 6f-temperature, and Leith's analysis would apply
more closely to these than to the stainless steelé.

.. It is our present feeling.fhat the trend in the lithium results
can be explained primarily on the basis of cavitation "thermodynamic
effects," as follows. At 1500°F the vapor pressure of lithium is many
times greater than at 500°F, When the cavitation bubbles collapse at
the higher temperature, the heat of condensation from the condensing
vapor trapped within the bubble musﬁ be conducted into the surrounﬂing_
fluid. If this does not occur rapidly enough, then the uncondensed
vapor sefves.to cushion the bubble collapse with a resultant decrease in
collapse pressures and reduced damage to the test specimens. This
effect was not operative in the lead-bismuth tests since the vapor pres-~

sure was essentially nil even at 1500°F.

5. Temperature Dependehce of Cavitation
Damgge in Lithium

As previbusly mentioned, the damage suffered by all materi-
als tested at 1500°F in lithium was less than the corresponding damage
measured at 500°F. To obfain further information on this somewhat sur-
prising result, the temperature dependence of cavitation damage in our

vibratory rig in lithium for a few selected materials over the range
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from 500°F to 1500°F was investigated. The 304 stainless steel, T-1l11,
and Cb-1Zr(A) were chosen for this purpose. The mechanical properties
of thé 304 stainless steel vary greatly over this temperature range, and
the predictions of Leith6_5 would not be expected to apply without infro-
ducing Eorrections for this effect. The mechanical properties of the
refractory materials, T-111 and Cb-1Zr(A), are weak functions of temper-
ature, So that their behavior éhbuld more clearly illustrate the effects
‘of fluid property changes over thiérgemperatureyrange.

” _.Cavitatioﬁ damage data fbr 304 stainless steel'was'obtained'aﬁ
400°f,.506;F; 700°F, 900°F, 1100‘?, 1300°F, and 1500°F using the expéri-
mental prgﬁedure previously discussed. Totél test duration at each tem-
perature was 10 hours. Table 20 summarizes fhe data obtained. Figure
54 is a ﬁlot‘df average weight loss rate versus test temperature, while
Figure 55.is.the corresponding plot of aﬁerage MDP rate versus test tem-
perature;' The damage rate reaches a maximum at approximately 500°F and
decreases thereafter, presumably due to thé thermodynamic effects men-
éiénedlﬁrevioﬁély. The shape of tﬁe.éurve is similar to Leith's plot65
of cavitation damage versus percent of the melt-beil range of lithium.
Leith's prediction for lithium.is shown in Figure 55 as a dashed curve.
The difference between Leith's curve and the experimental data between
500°F and 1500°F is in the wrong direction to be explained by his assump-
tion of constant mechénical properties for the test materials,

Similar experimental data was obtained for T-111 and Cb-er(go
at 500°F, 1000°F, and 1500°F., Total test duration at each temperature

was 10 hours. Table 21 summarizes the data obtained, while Figures 56
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TABLE 20

EFFECT OF TEMPERATURE ON CAVITATION DAMACE -
304 STAINLESS STEEL

Temperature. . Avg. W, Loss Rate - Ang MDP Rate
400°F - 7.23 mg./r. 0.24 mils/hr.
500 | 10.42 - 0.3
700 | 5.39 -.o.ia
900 | 288 0.10 |

1100 1.50 - d;os

1300 1.21 0.04

1500 1.04 | 0,03
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TABLE 21

EFFECT OF TEMPERATURE ON CAVITATION DAMAGE -
T-111 AND Cb-1Zr(A) :

_ . _

Material Temperature Avg. Wt. Loss Rate Avg. MDP Rate

T-111 500°F 1.70 mg./hr. 0.025 mils/hr.
1000 0.61 0.009
1500 0.26 | 0.004

Cb-1Zr (A) ‘ 500°F 33.70 mg./hr, 1.00 mils/hr.
1000 8.10 0.24 |

1500 - 0.58 0.02
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and 57 are plots of average weight loss rate versus temperature and
average MDP rate versus temperature, respectively, for the T-111 and
Cb-1Zr(A) . Leith's prediction for lithium ié also shown in Figure 57
aé a dashed curve. The T-lii damage rate decreases by a factof of 7
from 500°F to 1500°F, while the Cb-1Zr(A) damage rate decreases by a
factor of approximately 60 over the same temﬁerature range. A very.
large decrease in damage in sodium tests in a similar facility over the

]

: . E e 3 A
same temperature range is reported by Hydronautics, although in
their tests stainless steel appeared very much superior to the refrac-
tories at 1500°F, This is, of course, inconsistent with the mechanical

properties of these materials (seeKChapter V).

6. Oxvygen Analvses

Five lithium ingots were sent to the General Atomic Division
of General Dynamics Corp. in San Diego, Caiifornia, for an analysis of
Lis0 in lithium. Each sample was irradiated, along with an oxygen
standard, for 10 seconds in a 14 Mev neutron flux of approximately 108
neutrons/cm.z-second,'and counted for nitrogen-16 induced activity on a
single~channel pulse-height analyzer, using a pair of 3" x 3" NaIl(Tl)
scintillation crystals. The oxygen concentration was determined by com-
paring the intensity of the 6.13 Mev gamma-ray photopeak of N16 from the
sample with that from the oxygen standard. Oxygen forms N16 by interac-
tion with 14 Mev neutrons via the Olﬁ(n, p)N16 reaction.

Four of the ingots sent for analysis had been used in cavitation
tests at various temperatures, while ;he fifth was an unopened can of

lithium (hermetically sealed) as received from the Lithium Corporation
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of America., A sample core was removed by General Atomic from each ingot
supplied (cut from the bottom of the ingot) and analyzed. The results
of the ﬁctivation analysis are summarized in Table 2Z, The plus-or-
minus values represent one sﬁandard.deviation determined‘from-counting
statistics only.

The very high oxygen concentration reported for the unopened
.¥ithium ingot is quite surprising. Conceivably, it may be due to poor
packagiﬁg fechniques prior to the'éﬁélysié, rather than a high oxygen
content in the lithium as supplied, The oxygen content reported for the
ingots.Which had been used in cavitation tests was greater than the
saturatioﬁ.éoncentration of Lizo-iﬁ lifhium at the highest temperature
experiehce& by the ingot. This might suggest that excess Li,0 was
forﬁed.and.became entrained in the lithium} Hence, the analysis would
detect both oxygen dissolved in the lithium as Liy0 and also the oxygen
present in the entrained Li,y0. Alternatively, the high oxygen concen-
tration in the used samples may result from absorption of oxygen by‘fhe
solid lithium before shipping to General Dynamics, since:the solid
~ lithium ingots were exposed to the atmosphere during this period.

Since corrosion effects in the lithium cavitation tests forlthe
short durations involved are apparently negligible,63 it is felt that
the damage rate is only slightly affected by the oxide level. Hence,
no further efforts have been made to resolve the above anomalies.

G. Comparison of Mercury_and.Water
Results at 70°F

It is interesting to compare the results obtained in mercury and

water at the same test temperature of 70°F in an effort to determine
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TABLE 22

SUMMARY OF OXYGEN DETERMINATIONS

Samf)_le R Deécription ‘ : Oxygen Content _
#1 | 'Blank--unopened can as rec;eived from '
Lithium Corporation of America 1000 + 58 PPM
#2 ~ Ingot used in test at 560°F 3850 % 186 PPM
#3 _ ‘Ingot used in test af 1000°F _ | 3000 + 110 PPM
4 Ingot used in Test at 1500°F | .805 + 110 PEM

#5 Ingot used in test at 500°F 2840 + 100 PPM
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fluid effects on cavitation damage. Table 23 summarizes the cavitation
data obtained in mercury and water at 70°F. The nine materials tested
in bbth fluids have been rated on the basis of cavitation resistance as
determined by thg gverage MDP rate, with a rating of "1" indicating the
‘most cavitation resistant material, while'a:réting of "9" would denote

that material most susceptible to cavitation damage.
The following comments apply to the comparison:

1) There are several differences in the comparative ratings of the
-materials in the two fluids. In mercury thg stainless steels and the
tantalum-base alloys were the most resistant to cavitation damage at

this temperature and only differed in this respect by about 25%. In the
case of the water the tantalum-base alleys were the mest resistant among
- the materials tested, while the stainless steels suffered damage 2 times
to 5 times greatér than the T-111 and T-222. The Mo-1/2Ti ranked third
in water and fifth in mercury. However, the first fivé.rankings weré
occupied by the same materials in both fluids. The Cb-1Zr, carbon
steel, ﬁb-er(A), and Plexiglas suffered the most damage aﬁd had nearly

identical rankings in both fluids.

2) For any given material the damage suffered in mercury was 3
times to 20 times more severe than in water. Note that the comparison
is on the basis of eqﬁal static suppression pressures rather than head.
The stainless.steels, in particular, suffered about 3 times as much dam-

age in mercury as in water.

3) The stainless steels were the most cavitation resistant materi-

als in mercury, while #Re tantalum-base alloys, T-111 and T-222, were



' COMPARISON OF CAVITATION RESULTS IN MERCURY AND WATER AT 70°F

=182~

TABLE 23

5.
A

2

‘ _Mercury _ _ Water
Material Avg, MDP Rate _Rating Avg. MDP Rate _Rating
304 S8 .32 milg/hr., 1 .10 mils/br. |
316 58 .33 2 .09 |
T-111 .35 3 .06
T-222 43 b .02
Mo-1/2T1i .37 5 .09
Cb=1Zr .92 6 .15
Carbon Steel 1.03 7 023
Cb-1Zr (&) 1.61 8 .18
Plexiglas 3.99 9 1.39
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far superior in water. Tﬁe Plexiglas was the least resistant in both
 fluids, as opposed to the venturi tests where it was quite.fesistant in
water but poor in mercufy. This may indicate that materials which rely
to some extent on a superior yield_deflection range for their protection
(as rubberized coatings and also Plexiglas in the present tests) are
suitable in relatively low intensity cavitation fields but fail under
mére intense attack. This'observatiqn is.consistent with much field

experience,

It is felt that the primary cause of the greater damage suffered
by all the méterials in mercury as opposed to water is its much greater
deﬁéit&. The pressuré generate& by bubble collapse would be proportion-
‘al to the fluid density if the suppression heads seen by the bubbles
Were-the same, sinée then collapse velocities would be the same. This
may bé apﬁroximately true in the present case since the major contribu-
tion to the suppression head at the start of collapse is the dynamic
head caused by‘the hbfn motion. This portion would be the same for all
tests; assuming horanotiﬁn to be unaffected by the test fluid, although
the static heads differ'by the density ratio since constant static sup-
préésion pressure was maintained. A more definite conclusion in this
:égard wili have to await the accumulation of more complete cavitation
erosion data in a variefj of fluids. |

In the wventuri results:previously presented, it is noted that
the stainless steels were the most resistant in mercury at 70°F, as is
the case in the ultrasonic facility. In water the venturi results show

“ the Cb-1Zr to be the mogt wésistant, followed by the stainless steels.
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H. Comparison of Lead-Bismuth, Mercury,
and Lithium Results at 500°F '

It is interesting to compare the results obtained in lead-

64 42 .43 | ' '
bismuth, mercury, and lithium at the same test temperature of
500°F in a further effort to determime fluid effects on cavitation
damage .

Table 24 summarizes the cavitation results obtained at 500°F for
the various materials tested in the three fluids in terms of average MDP

rate. The following comments apply to the comparison:

1) The tantalum-bése alloys, T-111 and T-222(A), are the most
resistant in all the fluids, while the Cb-er(Aj is the leasf resistant.
In fact, the order of ranking of the various materials based on ability
to resist cavitation damagé‘is quite similér for all three fluids; with
only ﬁinor deviations beiﬁg noted. Particﬁléfly, the stainless steels
rank quite iow in lithium after being only‘ZO% to 45% less fesiétant

then the best refractories tested in lead-bismuth and mercury.

2) The damage suffered by.a given material in lead-bismuth and pef-
cury was of the same order of magnitgde for all materials. This is not
surprising comsidering the similarity of the fluid properties. However,
the amount of damage sustained in lithium was less than that measured in
mercury or lead-bismuth by a factor ranging frﬁm 2 to 30. The density

of lead-bismuth and mercury is about 25 times that of lithium.

In order to fully determime the effect of wvarious fluid proper-
ties on cavitatioﬁ damage, it will be necessary to comduct computer cor-
relations involving bgthvfiechanical properties of the test materials and

fluid properties of the test liquid.
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TABLE 24

SUMMARY OF CAVITATION RESULTS IN LEAD-BISMUTH, =
MERCURY, AND LITHIUM AT 500°F

Average MDP Rate '

Material Lithivm Mercury __ Lead-Bismurh _ Water - JO°F
T-111 © 0.03 mils/hr. 0.43 mils/hr. 0.72 mils/hr. 0.06 mils/hr.
T-222(A) 0.04 0.46 0.76 0.02*

Mo-1/2T1 0.12 1.09 0.78 0.09

Cb-12r 0.15 2.43 1.63  0.15

304 88 0.34 0.69 0.93 010

316 $5 0.36 0.63 0.8 0.09

Cb-1ZT(4) 1.00 3.73 | 3.54 - 0.18

Carbon Steel .. _ 0.61 e 0.23

-*T-222 was tested in water at 70°F.
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Table 24 also inciudes the cavitation data obtained in water at
70°F. Water at 70°F and lithium at 500°F have the same order of magni-
tude values of density and vapor pressure. Hence, comparison of the
cavitation damage data obtained in the_ﬁwo_caseslmay prove. to be
instructive. Gemerally, the damage obtained im lithium at 500°F is
somewhat greater thén that obtained in water at 70°F (T-111 is the
exception), even though fhe'densitf Qf Iithiumlis'leés by a factor of
two. Of course, the effect of temperature on material properties must
also be éomsideredu This would be negligible for the refractory mater-
ials, but ﬁould be important for the st#inless steels. The data indi-
cates that this is, indeéd, the case, as the damage values in the two
fluids for the stainless steels are most divergent.

J. Comparison of Legd-Bismuth'and
Lithium Results at 1500°F

The cavitation results obtained'in lead-bismuth alloy and
lithium at the same test temperature of 1500°F are summarized in Table
25 for purposes of comparison. Only four materials were tested in

lithium at 1500°F. The following comments apply to the comparison:

1) The tantalum-base alloys, T-111 and T-222(A), are the most
resistant in lead-bismuth alloy, while the T-111 is the most resistant
in lithium (T-222(A) was not tested in lithium at~1500°F), The 304

stalnless steel was the least resistant in both fluids.

2) The damage suffered by a given material in lead-bismuth élloy
was 100 to 400 times more severe than the damage sustained in lithium.

This is undoubtedly dﬂ&‘déﬁ only to the much greater density of the
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TABLE 25

SUMMARY OF CAVITATION RESULTS IN LEAD-BISMUTH
- AND LITHIUM AT 1500°F -

-~ Average MDP Rate

Material - | Lithium Lead-Bismuth
T-111 - 0.604 mils/hr. _ 0.84 mils/hr.
T-222(A) - | 0.88
Mo-1/2Ti - . 1.08
Cb-12r - 2.07
304 S8 0.034 - 11.30
316 88 - 0.027 2.80

Cb-1Zr(A) 0.017 - 3.80
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lead-bismuth test fluid but also to thermodynamic effects which are very
important im lithium at 1500°F, but negligible in lead-bismuth at this-

temperature.

Again, further analysis is necessary to fully determine the

effect of various fluid properties on cavitation damage.

K. Cavitation Studies of Bearing Materials

1. Iﬁtroduction
As mentioned previously, it has been shown both experimen-

t-ally2 and theoretically that damaging cavitation may well oceur in
many high—perform;nce bearing applications. This problem is.at present
of considerable impeortance to the designers of the mércury space power-
plant components.,2 The objective of this portion of the present study
is the determination of the cavitation-erosion characteristics'of.sever—
al selected bearing materials in mercury at 506°F5 since this informa-
tion is of conmsiderable present technological value as well as increasé
ing the scope of the general information gathered in this laberatery
relating cavitation damage resistanﬁe to material and fluid properties.
It was neééssary to conduct seme of the investigations at reduced tem-
perature, and in ome case to utilize‘water as the test fluid, dué to
various mechanical and compatibility considerations which are discussed
fully later. The materials examined include thrée heat-treated speci-
mens of the tool steel alloy BG-42 (a modified 44050 stainless steei),
Biue Chip Tool Steel (18-4-1 tool steel), Mo—l}ZTi,.Cb-er(A),.two

grades of graphitar, single-crystal tungsten, and teflon-coated type 304
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stainless steel, Table 3 (previously cited) summarizes the material-

fluid-temperature combinations ﬁhich were stqdied.

2. Cavitation Studies in Mercury at 500°F

a, EXperimental Procedure
' The six materials tested in mercury at 500°F were BG-42

(TRW) in three heat-treated condltions Blue Chip Tool Steel (TRW),
Mo- 1/2T1 (P & W), and Cb~ IZr(A) (P & W . The BG-42 in the “as;received"
condition was subjected to the heat-treat schedule specified in Table
26 so as to obtain specimens of three distinct hardness ranges, as
noted. In Table 27 the heat-treat schedule for the "as-received" Blue
Chip TooI‘Steel is specified. This results in specimens with a hardness
of apprbximately 64 R, (Rockwell "C"). Prior to any heat treating,
standard cavitation test specimens, as shownfin Figure 6, were machined
from available bar stock. The required dimensions "A" and "B" for the
six materials are listed in Table 4. These dimensioens provide e stand-
ard specimen weight of 9.4 to.1¢.

.“The‘argon cover gas over the mercury was maintained at 2.4 peig
throughout the 500°F investigations, resulting in the required suppres-
sion pressure of 15.3 psia. Total test duration varied for the differ-
ent materials, ranging from 8 to 12 hours, with frequent inspections
and weighings monitoring the Spec1men surface. Some specimens were not
inspected and weighed as frequently as others due to their brittle
nature and the possibility of damaging or breaking the test button dur-

ing assembly and disassembly. Prior to each weighing any excess mercury
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TABLE 26

HEAT TREATMENT FOR BG-42 CAVITATION EROSION SPECIMENS

The following process shall be performed:

1. In a salt bath preheat the part thoroughly at 1400°F to 1450°F,

2. Transfer the part to a salt bath at 2075 to 2100°F.  Soak at
-temperature for 1/2 hour per inch of thickness (20 minutes
minimum) .

- 3. 0il quench to room temperature.

4, Temper at 300 to 400°F for one hour.

5. Refrigerate at minus 100°F + 10°F for 1/2 hour.

6. After allowing the specimen to warm to room temperature, double
temper in a neutral salt bath (preferably chloride) for 2 + 2

hours at one of the following temperatures:

Desired Final Hardness, Re Temper Temperature, °F

44-46 ‘ 1150-1180
53-55 , : 1060-1090
62-64 975-1000

7. Air cool to room temperature in still air after each temper.
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TABLE 27

 HEAT TREATMENT FOR BLUE CHIP TOOL STEEL
(AMS 5626, T-1, 18-4-1)

For a hardness level of Rockwell Cl61—64:

1. In a protective compound, salt, or atmosphere, preheat the
~ specimen slowly over a two hour period to 1500°F - 1600°F.

2. Soak at 1500°F - 1600°F for one hour and then transfer the part
to a controlled atmosphere furnace or salt bath at 2325°F -
2350°F. ' ‘ :

3. Soak at 2325°F - 2350°F for 2 - 5 minutes, the exact time being
dependent on the size of the part. This soaking time should
never be overdone. -

4. Remove and cool in still air to room temperature.

5. Draw at 1025°F - 1050°F for 2 1/2 hours, then allow to cool
slowly te room temperature. '

6. Re-draw at 700°F -~ 750°F for two hours, then allow to cool
slowly to room temperature.
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adhering to the specimen surface was removed by heating in a vacuum fur-

nace so as to eliminate oxidation of the specimen.

b. Experimental Results
The cavitation results obtaiﬁed at 500°F in mercury will be
displayed as accumulative weight loss versus test duration, and also as
accumulative mean depth of pénefrétioﬁ (MﬁP) versus test duration. The
appropriate éxpfesSionS'for'coﬁputing the MDP of all the materials
tested are presented in Table 5,

Table 28 summarizes the cavitatiOn ;esults'obtained in mercury
at 500°F. Figure 58 is alplot of accumulative weighg loss versus test
duration, ﬁhile'Figure 59 is the corresponding plot of accumulative MDP
versus test duration for the six materials tested.

' On the Basis of either avéragé weight loss rate or average MDP
rate it is clear that the three BG-42 materials and the Blue Chip Tool
Steel are far superior tq_the Mo-1/2T1 and‘the Cb-1Zx(A) . The BG-42
with a hardness of 64 R, is the most resistant to cavitation based on
average Weight-loss rate while the Blue Chip Tool Steel with”identical
hardness is about 157 less resistant. Based on average MDP rate these
materials exhibit identical resistance to cavitation damage. These two
materials are about 10 times more resistant than the tantalum-base
alloy, T-111, which was found to be the most resistant in mercury at
500°F among the materials preﬁiously tested. Thé BG-42 specimens with
hardnesses of 53 R, and 47 R, ranked third and fourth, respectively,
among the six materials tested. The Mo-1/2Ti and Cb-1Zr(A) specimens

were both much more severpely damaged, and exhibited average weight loss
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TABLE 28

- SUMMARY OF CAVITATION RESULTS IN MERCURY AT 500°F
(BEARING PROGRAM)

Material ____Avg. Wt. Loss Rate Avg. MDP Rate
BG-42 (Rc- = 64) (TRW) | 1.20 mg./hr. . 04 mi‘lslhr.
Blue Chip Tool Steel (TRW) 1.43 04
BG-42 (R, = 53) (TRW) | 3.08 .10
BG-42 (Ry = 47) (TRW) 5.88 SN T
Mo-1/2Ti (P & W) 43.16 1.09

Cb-1Zx(A) (P & W) . 125.78 3.73
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Fig. 58.--Effect of cavitation test duration on weight loss at
500°F in mercury.
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Fig. 59.--Effect of cavitation test duration on MDP at 500°F in
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rates of 43.16 mg./hour and 125,78 mg./hour, respectively. It is inter-
esting to note that the hardest of the BG-42 specimens exhibited the
greatest resistance to cavitation damage, while the softest showed least
resistance. It is élear from Figures 58 and 59 that the rate of erosiom
for each individual material is approximately comstant for all the
materials tested for the duration of the test.

Photographs of the test specimens at the conclﬁsioﬁ of the cavi-
tation experiment are presented in”figure 60. Note the severe pitting
of the Mo-1/2T1i and the Cb-er(A) surfaces. However, as was previously
. mentioned for the heavy liquid metal tests, thé damage is spread uni-
formly over the surface. We feel that this results in.the uniform dam-
age rates up to the ordef of 10-15 mils MDP.

Very little damage is noted in the case of the_BG-42 (R, = 64)
and the Blue Chip Tool Steel. A photograph of the Cb-1Zr(4) specimen
before exposure indicates a representative surface condition for all the
specimens tested.

Detailed examination of the stainless steel egpogentiallhorn,
container vessel, and the sides of the various test specimens, all of
which are not subject to cavitation, but are spbmerged in the test
fluid, indicates that corrosion effects in the'absénce of cavitation in
these.investigations were negligible. Hence, it seems probable that the
damage suffered by the test specimens was due almost completely to the
cavitation erosion process and not to chemical corrosion by the mercury

test fluid.
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(1) BG-42(R_ = 64) {2) Blue Chip Tool (3) BG-42(RC = 53)
¢ Steel (R_ = 64)
12 Hour Exposure 12 Hour ExSosure 12 Hour Exposure

(4) BG—42(Rc = 47) (5) Mo-1/2Ti (6) Cb-1Zr(A)

12 Hour Exposure 12 Hour Exposure 8 Hour Exposure

Cb-1Zr (R)

Prior to Exposure

Fig. 60.--Specimens subjected to cavitation damage in mercury 1756
at 500°F.
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3. Cavitation Studies ip Mercury at

70°F (Graphitar)

a. Experimental Procedure

The initial intention was po‘conducf all of the cavitation-
erosion tests bf these bearing-type materials at 500°F in mercury, but a
variety of mechanical and compatibility problems made this impossible in
the case of the graphitar and the single-crystal tungsten. The graphis:
tar materials comceivably could have been tested at 500°F, but it was
judged that the changes in mechanical properties from 70°F to 500°F were
negligible for this mate;ial° Further, testing at 70°F would enable a
direct comparison (from a temperature standpoint) with the single-
crystal tungsten which had to be tested in water at 70°F, as will be
discussed later,

Graphitar is formed from carbon and graphite powders which are
compacted under high unit pressures and then furnaced at temperatures up
to 4500°F. A variety of grades are available from The United States
Graphite Company and other vendors, and differ in hardness, density,
compressive strength, and other mechanical properties. The two grades
. investigated here are denoted as grades 50 and 80, and were chosen to
provide a substantial variation in mechanical properties within the use-
ful range for this material. Applicable mechanical properties are pre-
sented in Chapter IV,

Due to the low demsity of the graphitar (compared to the other
materials tested) and its brittle, porous nature, it was completely
impractical to fabricate standard cavitation test specimens as shown in

Figure 6. The low density would result in an unusually large A"
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dimension (thus giving the assembly an improper length for resonance) to
obtain the required weight, while the brittle, porous nature of the
material made it impossible to firmly affix a specimen to the ultrasenic
horn without damage to the threaded portion. It is necessary that the
specimen be firmly'énd tightly aptached to the horn tip.so that the
ultrasonic energy is properly transmitted across the interface for effi-
cient operation., Hence the desig#‘shbwn'in'Figure 7 (aléo used for
Plexiglas), coﬁsisting of a graphitar'test.specimen with internal thread
and a separate stainless steel mounting stud was adopted.and proved to
be satisfactory. The moﬁﬁting stud results in a firm attachment of the
graphitar cylinder to the horn tip without damage to the graphitar
intefnal threads. This design'overcbmés all of the problems encountered
with the standard cavitation test specimen,

The experimental procedure employed for the festing of the
graphitar specimens iﬁ mercury at 70°F closely parallels that used for
the 500°F tests discussed previously. Howevef, for the f0°Fite$ts the
argon covér gas pressure was maintained at 0.5 psig throughout the
investigations to again provide the same pressure above vapor pressure
at the spec:i.men‘surface° Total test duration for both grades of graphi-
tar was 10 hours, with two specimens of each being run. Frequent
inspections and weighings were conducted to monitor the specimeﬁ sur-
face.. Since the graphitar is very porous and absorbs mercury during the
cavitation test, it was necessary to drive off the absorbed mercury by
heating in a vacuum furnace before wéighiné, The vacuum is necessary to

‘eliminate oxidation of the specimen material.

2ay,
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b. Experimental Results
The cavitation results ob;ained‘at‘70°F for graphitar will
be,displayed.as accumulative weight loss versus test duration, and also
as accumulative mean depth of penetration (MDP) versus test duration,

Table 29 summarizes the cavita;ion results obtained in mercury
at 70°F. Figure 61 is a plot of accumulative weight loss versus test.
duration, while Figure 62 is ﬁhercorresponding plot of accumulative MDP:
versus test duration for the twdlérades of grapﬁitar tested. The
response of the graphitar to cavitation-erosion damage was non-linear.
for the initial part of the test out to about 50 mils MDP, as Qpposed to
all the other materials,‘but a constant rate portion of the curve does
exist from approximately 50 mils MDP out to abouf 100 mils total MDP.

However, due to the rapid rate of damage obtained, no data points were
obtained below about 25 mils MDP. Hence, the:e may well have been a
constant rate portion of the curve in the 1-3 mil MDP range used to rate
many other materials which exhibited non-linear tendencies for higher
values of MDF,

On the basis of either average weight loss rate or average MDP
rate the grade 80 variety of graphitar appears to be superior to the
grade 50, However, both grades suffered a total MDP which was on the
order of 100 times as great as that of the Blue Chip Tool Steel and
BG-42 specimens tested at 500°F. In fact, thé maximum penetration, as
opposed to mean penetration, of both grades of graphitar was approxi-
mately 1/4 in. (250 mils).

Since the graphitar does nét melt at any temperature and begins

to sublime at approximately 6000°F, it is felt that the mechanical
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TABLE 29

SUMMARY OF CAVITATION RESULTS AT 70°F
(BEARING PROGRAM)

_— e ——— —  —————————————————_———

Material AﬁgL Wt. Loss Rate Avg. MDP Rate
*Graphitar-Grade 50 (U-M) 71.60 mg./hr. 10.90 mils/hr.
*Graphitar-Grade 80 (U-M) 55.30 7.95

**$ingle-Crystal Tungsten (U-M) 1.55 025

*
Tested in Mercury.

**Tested in Water.
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Fig. 61l.--Effect of cavitation test duration on weight loss of
graphitar at 70°F in mercury.
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Fig. 62.~-Effect of cavitation test duration on MDP of graphitar
at 70°F in mercury. '



« 204~

properties of the two grades tested here would not be significantiy
affected had.the tests been conducted at 500°F. Hence, it is assumed
that the data presented in Table 29 for graphitar is approximately
applicable at 500°F also. |
Photographs of the test specimens at the conclusion of the cavi-
tation experiment (10 hours dﬁrétion) are presented in Figure 63, A
photograph of a typical graphitar cylinder before exposure is included
for comparison. Note the very seﬁere damage suffered by both grades of

graphitar,

4, Cavitation Studies in Water at 70°F
(Single-Crystal Tungsten)

a. Experimental Procedure

It was intended to test the single-crystal tungsten in mer-
cury at 500°F. However, because of ﬁhe very great difficulty encoun-
tered in machiﬁing a standard caVitétion test specimen from this materi-
al, and due to the lack of a suitﬁble grinder for forming the threaded
portion of the specimen, alternéte designs were considered. It was
found feasible to produce a simple disk of single-crystal tungsten by
grinding,.but it was still necessary to affix the disk firmly to the
ultrasonic horn. Initially, an attempt was made to use epoxy resin te
attach the tungsten disk to a stainless steel adaptor. However, the
epoxy had little elgsticity and very low strength in shock so that it
was immediateiy fractured at the start of the test. Various other
cements provided similar results., Finally, the design shown in Figure 9

was found to be satisfactory. Here a simple disk of single-crystal
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Graphitar Graphitar Graphitar
Grade 80 Grade 50
Before Exposure 10 Hour Exposure 10 Hour Exposure

Single Crystal Tungsten

50 Hour Exposure

Fig. 63,-~Graphitar and single-crystal tungsten specimens sub- 1760
jected to cavitation damage at 70°F.
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tungsten has been attached to a stainless steel-adaptor with silvér
solder. The use of a high-temperature solder of this type was con-
sidered feasible with tungsten with its very low temperature-
sensit;vtty. The silver solder was found to form a very suitable bond
between'the tungsten and stainless-oteol and résulted in satisfactory
transm1SS1on of the ultrasonlc energy ‘across the interface. Tﬁé:diam; '
eter of the tungsten disk (1/2 in. ) was sllghtly smaller than the dlam-
eter of the stainless steel adaptor (054? in.) due to unavallability.of
tungsten in a larger size at thelﬁime of'the tests. However, it was
felt that errors from this slight dimensiooal change would oot be sig-
nificant within the overall experimental errors.

Tho silver oolder proved to be satisfactory in all respects with
the exception of its compatibility with mercory;. Even during a rela-.
tively short tesf in mercury'and in'soite of the small surface of solder
exposed (merely the edge of the bond), the oond'was destroyed. Honce,
dt was nocessafy to test the tﬁhgston,in water. Due to pressure limita-
tions of the equipment, a test io water_dt 500°F was not possiblé°
Since the properties of tungsten are not significantly temperature
dependent in this range, it was decided that a test in water at 70°F
would suffice to at least ebtain someorealistio'idea of the.cavitation
resistance of the material. The single-crystal tungsten used in these
investigations was obtained from Cleveland Tungsten, Inc.

Due to the pfeviously mentioned fabricatien difficulties and
lack of omple stock, only one specimen of tungsten was tested. The

tests were conducted at the same frequency, amplitude, and submergence
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used in the other tests. The argon cover gas pressure was maintained at
1.5 psig to obtain the same pressure above vapor pressure at the speci~
men surface. The total test duration was 50 hours, with inspections and

weighings being conducted at 10-hour intervals,

b. Experimental Resuylts
Table 29 summarizes the results obtained with the single-

crystal tungsten, .Figure 64 is a plot of accumulative weight 1658 ver-
sus test duration, while Figure 65 is the corresponding plot of accumu-
lative MDP versus test duration for the single-crystal tungsten tested,
The response of the singiércrystal tungsten to cavitation-erosién attack
is nearly linear for the durétion'of_the tast, at least over the range
of about 0.5 to 1.5 mils MDP. Hence, the characteristics of thé damage
rate éurve are similar te those.of other materiéls tested, |

Clearly, the tungsten tested in water was damaged only slightly
compared to the graphitar tested in mercury at the same temperature. In
~ fact, the amount of damage incurred by the tungsten is on the order of.
that suffered by the Blue Chip Tool Steel and the three BG-42 specimens
tested in mercury at 500°F. Before any true comparison can be made
between these materials, it is mecessary to correct the tungsten results
obtained in water at 70°F in an appropriate manner so as to reflect the
expected additional damage that the tungsteﬁ would have suffered in mer-
cury at 70°F and 500°F. - Cavitation-erosion data obtained for tﬁpe 304
stainless steel in water at 70°F and in mercury at 70°F and 500°F will
be used for this purpose.._ﬁencé; if one assuﬁes that the tungsten and

the stainless steel botfhy siffer the same % increase in damage when



ACCUMULATIVE WEIGHT LOSS — MG.

-208-

100 1
95 | SINGLE CRYSTAL TUNGSTEN (U-M)
90 |
+
+
+
] 1 ] J
0 10 20 30 40 50 . 60 70

TIME — HOURS

1762

Fig. 64.--Effect of cavitation test duration on weight loss of
single-crystal tungsten at 70°F in water.
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changing the test fluid from water to mercury at 70°F, and when increas-
ing the mercury temperature from 70°F to 500°F, then it is possibie to
compute projected damage rates for the single-crystal tungs;en on the
basis of the 304 stainless steel data available. Hence, one might com-
pute the expected rate of damage for single-crystal tungsten in mercury
at 70°F as follows:

304 S8

70°F H

Woron o = W ‘
70°F H 70°F 0,0 X
0 & 2 304 SS7g°F H20

W = (.025 mils/hr.) X =32 mils/br. . 4 08 nils/hr.
70°F Hg ( mils/br.) .10 mils/hr.

where W and 304 5S denote the certresponding MDP rates for tungsten and
type 304 stainless steel, respectively. In a similar manner one can
estimate the expected rate of damage for the single-crystal tungsten in

mercury at 500°F as follows:

W °

=W

500°F Hg

- ‘q .69 mils/hr. _ ,
WSOOOF Hg (,025 mllS/hr.,) X 10 milS/hro 0.173 ml].S/hra
It is felt that the estimate at 500°F is probably conservative, since
the mechanical properties of the single-crystal tungsten are only
slightly affected by the increase in temperature from 70°F to 500°F as
compared with the stainless steel. It is believed that the effects of

the change in mercury properties between 70°F and 500°F are probably
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small and are in a direction to reduce damage_("thermbdynamic‘effects"fg
if the_mecﬁaﬁical properties of the material were constant. Then

the MDB- rate of 0.08 mils/hour may Eé moré.applicable for a test of
single-crystal tungsten.in mercury at 505°F;"Present;y, mechanical
properties data for the singlefc;ystal tungstén.at tﬁe two temperatures
in question ‘are not available, and this matter will remain iﬁ somé doubt
until such data is obtained.

A photograph of'the'singlefcrystalutuﬂgsten'cavitation specimen
at the conclusion of the 50-hour test is included iﬁ'Figure 63 (prévi;
ously cited). Very little damage is appérent. The outer dark ring
noted in thé phctograph is not part of the tuﬁgsteﬁ gspecimen, but repre-
sents a space‘between_thefedgé'of the specimen and the cardboard holder
used for photography.- However, the lighter ring within this does repre-
sent the typical relatively undamaged area around the outside of the

specimen,

5. Effect of Tefldg;Coating-on”Cavitation-
Eresion Characteristics .

a. Experimental Procedure

Several type 304 stainless steel standard cavitation test
. specimens were coated with liquid teflon obtained. from DuPont, Inc., in
an attempt to determine'its=ef£ecfivéneé§ as a protéctfve_cOatiﬁg
against cavitation-erosion &ttack, since various coatings. of this type
have sometimes proven effective in water tests. The stainless steel
specimens were sand-blasted‘éb as toe roughen the surface;‘andvthengthé

liquid teflon was applied with an insecticide sprayer to a thickness of
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2.5 mils. The cavitation tests were conducted in mercury at a tempera-
ture of 350°F, which was believed to be about the upper limit of appli-
cability for teflon, at a f;equehcy of apptoximately 20 Kc./sec. and

double amplitude of approximately 2 mils.

'b. Experimental Results
Initially,'a.teflonrcoated 304 stainless steel specimen was

goaked in mercury at 350°F for 15 hours with no cavitation present to
determine whether the teflon coating would adhere to the stainless steel
surface in ﬁhis environment. Visual examination imndicated no damage or
loss of teflon, and preéision weighing confirmed this conclusion.

Several teflon-coated 304 stainless steel specimens were then
subjected to cavitation in mercury at 350°F. The rate of weight loss
was essentially the same as that obtained with uncoated.304 stginless
steel tested at 500°f in mercury (agreement within £ 27). In fact,
after only 5 minutes of testing, it was found that the geflon coating_
had been completely removed. . Since the teflon ¢oating remained intact
upon exposure to the 350°F non-cavitation eﬁ&ironment (i.e;;*did not
"soak off"), it appears that the teflon'cdating‘waS-inéffecti§e as a

protective ‘measure in the presence of cavitation in mercury at 350°F.

6. Comparison of Cavitation Results
in Bearing Program :

Although it was not possible to test all of the materials in

mercury at 500°F, it is possible to compare all of the results as cor-
rected to 500°F,mercury, as previously discussed. Table 30 summarizes

all of the cavitation data obtained in the bearing program investigation.
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TABLE 30

COMPARISON OF CAVITATION RESULTS OBRTAINED TN BEARING PROGRAM
(BASED ON 500°F MERCURY OPERATION)

Matgrial . .Avg. Wt. Loss Rafe Ayg; Mm?_Rate
BG-42 (R, = 64) (TRW) 1.20 ng. /hr. 04 mils/hr.
‘Blﬁe chip Tool Steel (TRW) .7 1.43 - | .bA
*Single-Crystél Tungsten (U-M) 4.96 ..Oé

BG-42 (R, = 53) (TRW) .08 0

BG-42 (Re = 47) (TRW) | 5.88 T
Mo-1/2T1 ( & W) | a6 1.09
Cb-1zr(a) (B &W 12578 3.73
*GraphitarfGréde 80 (U-M) 55,30 | 7.95
*Graphitar-crgde 50 (ﬁamj o 71.60 | 10.90

*These values estimated from data obtained at 70°F,
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The values given for graphitar and single-crystal tungsten are projected
values based on assumptions previoﬁsly discussed. All of the vaiues for
the other specimens were actually obtained in mercury at 500°F and pre-
viously presented in Table 28,

It is clear from Table 30 that the BG-42 (R, = 64) and the Blue
Chip Tool Steel are the most resistant to caviﬁation:in mercuryraﬁ,
500°F. The single-crystaljtﬁngsten ﬁifh the estimated MDP rate of
0.08 mils/hour ranks third and fhﬁ BG+&2-(Rt = 53) fourth. The BG-42
.(Rc = 47) ig about 907% less resistant than the BG-42 (Rc =.53). The
Moélfzfi ;nd Cb-1Zr{4) were.botﬁ much more heavily daméged-and suffered
average MDP rates of 1.09 mils/hﬁur and 3.73 milé/hour, respéctively.
The graphitars were both very grossly damaged, exhibitiﬁg by far the
least resistance to cavitation attack of the materials testéd. It is
interesting to note that the Blue Chip Tool Steel, all three specimens
of BG-42 (varying hardness),'aﬁd the single-crystal tungsten were all
more resistant to caviﬁation_afté,ck in mercury at 500°F than the r.e.frac'-
tory alloy; T-111, which was the most resistant in mercury at 500°F
among the materials previousiy tested.

Presumably, Table 30 could serve as a materials guide for the
designer of bearings, serving to indicate those msterials which exhibit
the greatest resistance to cavitation-erosion attack among those tested
in mercury at 500°F., However, it is believed that final check tests in
a flewing facility similar to the ﬁniversity of Michigan mercury tumnel
or more preferably in a close-clearance space similar to bearing geom-

etry, would be desirable.
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Although it has been indicated that considerable difficulty was
encounteved in fabricating the single-crystal ﬁungsten, it is believed
that these diffiqulties*could be ovércome with further experimentation
so that a test In mercury at SOQ°F éould be accomplished. Since the
only specimen of this material which was tested rénked among the best
materialé, such a continued effort would be desirable to obtain the
performance of other closely related materials. |

While the teflon coating wés unsuccessful, it is known that
other-coating'mAterials and ﬁerhaps more suitable bonding procedures
have provided useful materials for cavitation resistance in water in the
pasf. Presumably similar materials could be developed also for fluids,

other than water, such as mercury,



" CHAPTER IV
MECHANICAL PROPERTIES DATA FOR THE TEST MATERIALS

A, Introduction

In order to obtaln a meaningful correlatloh between the cavita-
tion resistance of the varlous materials tested their mechahtcel prop-
erties, and euiteble fluid coupling_parameters, it ie absolutely essen-
tlal that the appllcable mechan1cal properties be measured at the test
temperatures using tensile bars machined from the same bar stock as were
the cavitation specimens. Otherwise the varietions between material
lots due to differences in heat-treat, cold work, etc., are too large to
allow useful results. Accordingly, all the cavitation test specimens,
tensile bars, and special hot hardness specimens for each individual
ﬁaterial were machihed from the same piece of bar stock. In the case of
the Cu, Cu-Ni, Cu-Zn, and Ni alloys it was desired to use the precise.
materials that had been tested in the venturi,22 and these were avail-
able only in sheet stock. From this sheet stock flat tensile specimens
were fabricated and tested. It was found thatlhandbook values or those
supplied by vendors were not sufficiently accurate to be of use ie this
coetext even for relatively standard materials. It has been the experi-

ence of this laboratory that supposedly identical materials taken from

- =216-
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different heats may have variations in applicable mechanical properties
as great as 50%. Among the properties which may be important are ten-
sile strength (T8), yield strength (¥S), engineering strain energy
(ESE), true strain energy (TSE), hardness (H), elongation (ELON), reduc-
tion in area (RA), and elastic_modulus (E)°: Ea;h of these mechanical
properties will be examined with respect to motivation and experimental
evidence pointing to their selection as possible test material correlat-

ing parameters.

B. Mechanical Properties Selection

The mgchanical properties of the test maﬁerials ﬁhich weré
selected as possible correlating parameters for the experimenfally;
determined éavitation démage-data are'listed above. Qualitative motiva-
tion and experimental evidence éupporting théir selection as fossible
material correlating parameters follow;: It is, of course, desired to
find a relation between cavitation damage rate and the conventional
(meaéurable) mechanical and fluid properties so that cavitation damage

- might be predicted in advance.

1. Tensile Strength (T8)

Several investigators have attempted to correlate the cavi-
tation damage resistance of various materials with the tensile strength.
| 18 . 32 ' | 14a 70
Among these were Mousson, Nowotny,  and Plesset and Ellis, In each
case some success was achieved. 1f one were to generate the engineering

71 , o
stress-strain curve = for a material (based on the original gauge length

~.and cross-sectional areg of the tensile specimen), the maximum stress



-218-

experienced by the test'speciﬁenias determined from this curve is known
as the ultimate tensile strength. Hence, it seems intuitively reason-
able to include this quantity among the pessible-material mechanical

properties.to be used as correlating parameters, _

2,  Yield Strength(¥S)

f Moussbnl8 also attempted a correlation with the yield
strength“On a limited number of materials. In the case of the engineer-
ing stress-strain curvé71 the yield strength is approximately equal to
the stress beyond which the material passes from the elastic range to
the plastic range. If the cavitation damage-mechanish is similer to.
fatlgue fallure then the yield strength should be an 1mportant corre-
lating parameter, since the endurance limit (or fatigue strength) is
usually an approx1mate1y fixed proportlon of the yield strength rather

than ultimate tensile strehgth°

3. Engineering Strain Energy (ESE)

3,74

Beth Shalnev72 and Thiruvengedam7 have postulated the
use of strain energy concepts with respect to cavitation damage correla-
tions and have reported limited success in their use. The engineering
‘strain energy71 (strain energy to failure) is based on the "approximate"
or englneerlngrstress strain curve and is equal to the area under this
curve. This area is a measure of the work or energy per unit volume_
that must be delivered to e tensile specimenrin order to completely

fracture it. Hence, it appears that it might be a reasonable correlat-

ing parameter,
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4, True Strain Energy Based on

Elongation (TSEE)

In an attempt to take into account the elongation and reduc-

tion in croés-sectional area eﬁperienced by the tensiie Bar.duriﬁg a
test, factors which are neglected in the genefation of tﬁe apﬁro#iﬁate,
or engineering sfress-étrain curve,; two commonly—used épprokimations for
"true strain energy'" will be considered. These are baééd on approxima-
tions of the true stressQStrain cufééi7 The first value of true strain
energy takes into accoﬁnt elongation of the test specimen in computing.

the strain, but assumes that necking of the specimﬁn does not occur.

5. True Strain Energy Based on
Reduction in Area (TSER)

‘The second value of true strain energy considered takes into
account elengation of the test specimen in coﬁputing the strain and also
necking of the specimen, i.e., reduction in area after plastic deforma-
tion begins, in computing the true breaking stress. Hence, higher val-
ues for the breaking stress and strain are obtained in this manner than
was the case with the engineering strain energy, since a greater account
is taken of the ductility of the material. This may or may not more
closely represent the cavitation case which is ﬁharacferized by very
high rates of loading, leading in some cases to épparently bri;tle frac-
tures. The true strain energy values used in our cprrelations are only
approximations since it is difficult to obtain true stress-strain data
beyond the glastic range during a tensile test (except for the ﬁalués.at

rupture) .
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6. Hardness (H)

Hardness has been shown to be an important factor in cavita-
tion damage resistance correlatipﬁs'by many inﬁestigators; In general,
materials with high h;rdness values are ﬁore resisﬁant to.caviﬁétibn |
d#mage than éofter matefials, Rheingans34.showed that fherorder of
resistance generally follows.thé order of hardness in érséries.of testé'
of cast stainless steeis using a magnetostfiction oscillator. Mousson
obtaiqed a siﬁilar successful correlation ﬁith ﬁardness oﬁ materiéls
tested iﬁ a ventufi apparatus. Plesset an& Ellis70 conducted experi-
ments oﬁ a number‘of differentlmaterials and found ﬁardness to‘be
reasonably successful as a correlating paramefer: Hence, hardness has
been included:amgng_the mechanical properties_to be use& as poséible

correlating parameters in our investigations.

7. Elongation (ELON)

Since the value of elongation for a particular material is
important in determining the true strain energy, it was included in the
mechanical properties'listo

8. 'Redﬁctidn'in'Area (RA)

Since the value of reduction in area for a particular mater-

ial is important in determining the true stréiﬁ energy, it was included

in the mechanical properties list.

9, Elastic Modulus (E)
Plesset and E1lis  investigated the use of elastic modulus

as a correlating parameter for cavitation damage on a number of
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materials ranging from very soft aluminum to stellite and tungsten.
Moderate success was achieved. Early correlations in our own laboratory
with the venturi data22 showed elastic modulus to be prominent in the
correlating equations. This may not be surprising since it is closely
related to sonic velocity and acoustic impedance, both of which appear
in basic equations involving the stress from an impinging droplet or

jet.

10. Hobbs' Approach

Hobbs67 suggested the use of still other quantities to cor-
relate cavitation damage; Figure 66 is a schemaﬁic.diagram of a typical
true stress-strain curve for some materiagl. Hobbs found that the area
under the true stress-strain curve within the elastic-region (cross-
hatched in Figure 66) correlated well with s;me of his data., If one
postulates that when this amount of energy is.delivered to the test
specimen (work done on the specimen), i.e., once the yield point is
reached, the collapsing bubbles begin to rémove material from the cavi-
tation Specimen,.then such a quantity is a reasonable correlating param-
eter, This quantity, which Hobbs refers to as the 'proof resilience"

(PR), will be examined in our work also. It is seen that it is equal

to:
Hobbs' Proof Resilience (BR) = 1/2 (S,;,14°/E)
where:
Syield yield strength (¥3) of the material
E = elastic modulus of the material
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Fig. 66.--True stress-strain curve showing Hobbs' proof

resilience concept.
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Hobbs found still further that a better correlating parameter
for his data was a quantity that he calls the "ultimate resilience"
(UR). Figure 67 is another schematic diagram of a typical true stress-
strain curve. The cross-hatched area in this figure corresponds to
Hobbs' ultimate resilience. Since the process of cavitation represents
highly transient loading, Hooke's Law may be valid to fracture as no
elongation or reduction in cross-sectional area of the specimen occurs
(i.e., brittle fracture occurs). Thus, during the cavitation process,
the stress-strain relationship might well be linear up to the point of
failure, as suggested in Figure 67. This quantity will also be examined
in our work. Hobbs' ultimate resilience can be computed as:

Hobbs' Ultimate Resilience (UR) = 1/2 (SultimateZ/E)

where:
Sultimate = true ?ltlmate stress (true breaking stress) of the
material
E = elastic modulus of the material

The above mechanical properties were chosen as material corre-
lating parameters for the cavitation damage data obtained in lead-
bismuth, mercury, water, and lithium,

C. Tables of Properties at 70°F, 500°F,
and 1500°F

The mechanical properties data for the stainless steels and
refractory materials were determined at 70°F, 500°F, and 1500°F at
Pratt & Whitney Aircraft (CANEL) under the supervision of Mr. Henry P.

Leeper, Project Metallurgist. Earlier, Pratt & Whitney Aircraft (CANEL)
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Fig. 67.--True stress-strain curve showing Hobb's ultimate
resilience concept.
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had supplied generous portions of all of the refractory materials tested
in this program, whereas the stainless steels used were supplied by this
laboratory. The results of the mechanical properties determination pro-
gram were supplied to this laboratory by private communication75 and
have become an integral part of our cavitation analysis and correlation
effort.

The data supplied by Pratt & Whitney Aircraft (CANEL) at 70°F,
500°F, and 1500°F is tabulated in Tables 31, 32, and 33, respectively.
Three values for strain energy to failure are listed:71 i.e.,
"engineering strain energy" (ESE) which is based on the "approximate'' or
engineering stress-strain curve and is equal to the area under this
curve, and two values for "true strain energy" (TISE), which are based on
approximations of the true stress-strain curve. The first value of true
strain energy listed takes into account elongation of the test specimen
in computing the strain (denoted by TSEE), while the second value takes
into account necking of the specimen (i.e., reduction in area after
plastic deformation begins), and the resulting higher values for the
local true breaking stress and strain in the actual failure reglion
(denoted by TSER), as previously discussed. The large discrepancies in
some cases, as for highly ductile materials, between these differently-
defined strain emergy values indicate the difficulties and uncertainties
incurred in using this parameter. If it occurs that the engineering
strain energy (ESE) proves to be a better correlating parameter than the
true strain enmergy based on reduction in area (TSER), then this may

indicate that brittle rather than ductile failures are typical of
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cavitation damage. The remaining values listed in Tables 31, 32, and 33
are rather commonly reﬁorted metallurgical properties which have already
‘been discussed, The hardness values [isted were measured with a diamond
pyramid indenter aﬁd 1.1 Kg. load. |

:Figures 68, 69, 70, 71, 72, 73, and 74 present plots of ultimate
tensile strength, 0.2% yield strength, and hardness.of the type 304
stainless steel, type 316 stainless steel, T-111, T-222(A), Mo-1/2T1,
Cb-1Zr, and Cb-1Zr(A), respeétively, as a function of temperature. The

following observations regarding these mechanical properties are noted:

1) For 304 stainless steel the ultimate tensile strength and the
0.2% yield strength are nearly constant from room temperature to
500°F. Then they rapidly deteriorate as the temperature

.increases to 1500°F. The hardness. decreases in a relatively
uniform manner over thé femperature range investigated,

2) .For 316 stainless steel the ultimate tensile strength, 0.2%
yield strength, and the hardness all decrease in a fairly uni-
form fashion as the temperature is increased.

3) For T-111, the ultimate tensile strength and the 0.2% yield
strength decrease from room"témperature to 500°F, but are
relatively constant thereafter. The sameé comment applies to
the variation of the hardness.r_

4) For T-222(A) the variation of the mechanical properties as showﬁ
in Figure 71 is similar to that of the T-111. The changes from
500°F to 1500°F are quite small,

') For Mo-1/2Ti comgenis’ similar to (3) and (4) above apply.
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For Cb-1Zr the variation of the mechanical properties shown in.
Figure 73 is a very weak function of temperature.

For Cb=1Zr(A) there is a decrease in the ultimate tensile
strength, 0.2% yield strength, and hardness as the temperature
is increased from 70°F to 500°F. Thereafter, the properties are
a very weak function of the temperature,

At room temperature the tensile strength and yield strength of
the stainless steels are about 50% less than the corresponding
properties for,the T-111, T~222(A), and Mo-1/2Ti.

At 500°F the tensile strength.and vield strength of the stain-
less steels are roughly comparable with the corresponding prop-
erties of the T-111, T-222(A), and Mo-1/2Ti,

At 1500°F the tensile strength and yield strength of the T-111,
T-222(A), and Mo-1/2Ti are on the order of 4 times greater than

the correspoﬁding properties of the stainless steels.

The strain energy to failure (ESE) was determined by computing

the area under the engineering stress-strain curve which was supplied by

Pratt & Whitney Aircraft (CANEL). The effect of temperature on the

strain energy of the seven materials tested is shown in Figure 75.

Again, it is apparent that the strain energy of the stainless steels

decreases rapidly with increasing temperature, while the strain energy

of the T-111, T-222(A), and Mo-1/2Ti is not greatly affected by tempera-

ture. Although the strain energy of the Cb-1Zr and the Cb-1Zr(A) is

somewhat insensitive to temperature also, the absolute magnitude of the
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quantity does not compare with that of the éther refractory alloys at
any température.. h

The mechanical properties daté for the aluminum alloys, carbon
steel, Plexiglas, and the Cu, Cu-Ni, Cu-Zn, and Ni materials were deter-
mined at room temperature in the Department of Chemicai-and Metallurgi-
cal Engineering laboratories at The University of Michigan and are pre-
sented in Table 34, The mechanical properties for carbon steel” were
also determined at 500°F and so noted in Table 34.

Available mechanical properties data for the bearing materials
are presented in Table 35. The three BG;42 materials and the Blue Chip
Tool Steel were tested at 500°F (stress-strain curve generated and hard-
ness measured) in the Department of Chemical And Metallurgical Engineer-
ing laboratories. Hardness data was obtained for all of the bearing
materials inveétigated'and.is also présented in Table 35.

Exaﬁination-of the data in Tables 31 through 35 indicates that
several of the mechanical properties such as tensile strength, yield
strength, straiﬁ-energy, and hardness decrease in value for a given
material as the temperature is increased. Such trends are indicative of
the behavior of the cavitation resistance as a function oﬁ temperature
in some cases, as has beén‘previously discussed.- Undoubtedl&, it- should
be possible to correlate the cavitation resistance of the materials

tested with the applicable mechanical and fluid properties data at the

_ *The hot-rolled carbon steel used in these investigations bhad a
carbon content of 0,05%, silicon content less than 0.05%, and a hardness
of Rockwell "B" = 42. '
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test temperatures, However, the conventional mechanical properties as
here described are measured under semi-static conditions and, hence, may
not be fully applicable to the high loading rates typical of cavitation

failure. Applicable fluid properties will now be examined.



CHAPTER V

FLUID PROPERTIES DATA FOR THE TEST FLUIDS

A. Introduction

In order to obtain A meaningful correlation between the cavita-
tion resistance of the various materiéls tested, their mechanical prop-
erties, and suitable fluid coupling parameters,'it is impdrtant to
choose applicable fluid properties_for this purpose. Since the dynamics

. of bubble formation and collapse are controlled by the physical proper-
-ties of the fluid,'it is ne&essary to account for variations in fluid
properties, as the tests were conducted in four different fluids at sev-
eral test temperatures. Both Plesset76 and Hammitt and Smith7? have
conducted comprehensive reviews of the dynamics of bubble formation and
collapse, The various fluid properties that enter into the appropriateé
differential equations (and solutions for bubble collapse pressure)
describing the growth and cellapse of a bubble undef.diffefent sets of
assumptions include the fluid density, surface ténsiqg, vapor pressure,
net positivé suction héad, bulk modulus, and kinematic viscosity., In

69,76,78 become importantin de-scr_ib—

addition, if heat tranmsfer effects
ing the formation and collapse of bubbles, then various thermal proper-

ties such as the specific heat, thermal conductivity, heat of

~243-
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vaporization, thermal diffusivity, and Prandtl Number of the test fluid
must be considered.

Initially, the computer correlations of cavitation damage data
with applicable mechanical and fluid properties for this study were con-
ducted under the assumption that thermodynamic effects in the formation
and collapse of bubbles were negligible. The validity of this assump-
tion has been explored in detail by Florschuetz and Chao,79_but it is
generally true if the fluid temperatures involved are consideraﬁly below
the ordinary fluid boiling poigt, i.e., the vapor pressure of the fluid
is small. This was not exactly true in all of qur,investigations. As a
result, the thermodynamic effeéts will be examined separately in a later
section.

At this point the fluid properties that have been examined in
the computer correlations include the ratio of the acoustic impedances
of the test fluid and specimen material, fluid density, surface tensionm,
net positive suction head, compressibility or bulk modulus, and kine-
matic viscosity. Each of these fluid properties will be examined with
respect to theoretical and experimental evidence pointing to their

selection as fluid coupling parameters.

B, Fluid Properties Selection

The fluid properties which were selected as coupling parameters
for the computer correlations of the experimentally-determined cavita-
tion damage data are listed above, Again, it is emphasized that thermo-

dynamic effects have been neglected in these correlations. From a
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theoretical point of view all of these fluid properties have appeared in
differential equations describing the formation and collapse of a bubble
and the resultant pressure loading on adjacent surfaces, under different
sets of assumptions. Hence, it is reasonable to choose such properties

as fluid coupling parameters. Detailed comments regarding each of these

properties follow,

1. Acoustic Tmpedance Ratio (ATI)

The acoustic impedance ratio is defined as:52

AT = Acoustic Impedance of Test Fluid R

Acoustic Impedance of Test Specimen - R

-

2
AL = ( P C)FLUID
(P ©varrRIAL
where:
ALl = acoustic impedance ratio
E) = density
¢ = velocity of sound in medium
R1 = acoustic impedance of test fluid
R2 = acoustic impedance of test specimen

The velocity of sound, ¢, can be expressed as:

c = (B/P Y2 (for a solid)

c = (B/P )1/2 (for a liquid)
where:

E = elastic modulus (for a solid)

B = bulk modulus (for a liquid)
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Thus:

3 0) _ FLUID
E&p y 1250110

Al =

Pﬁy31cally, tee aceustic impedance ratio is related to the ratio
of reflected to transmitted energy as 11quid shock waves or jets impinge
on the solid test material. The transmission coefficient, Gﬂ £ Whlch
is defined as the fraction of acoustic energy incident upon an interface
of two materials possessing dissimilar acoustic impedances that is
transmitted across the inteffeee,-cen'be'expfeseed as:52

4 R R
K _4RR 4(R /R,)
t

RpFRYS (Ry/RY + 2(Ry/RY + 1

where in our case R; and Ry are the acoustic 1mpedances of test f1u1d
and test material, respectively. It is seen that as Rl ""‘R29 0( £ ~> 1,
and we have 100% transmission, Further, if a liquid Jet is assumed to
be the damaging mechanism in cavitation, then according to the most
o - 77 -
simplified "water-hammer" analysis, RllR2 enters into the expression
for the transient pressure generated on the surface by jet impact, i.e.,
) E)l e v

APimpact = T+ R,/R;
where:

lspimpact = pressure increase on surface due to impact .

g

¢

density of fluid

It

velqgity of sound in fluid



=247~

v = velocity of liquid jet
R1 = acoustic impedance of fluid
Ry, = acoustic impedance of test specimen

In the case of our experiment there are several reasons why one
might select the acoustic impedance ratio as a suitable coupling param-
eter for the comprehensive cavitation damage correlations. First,
acoustic energy in the form of sound waves is transmitted along the
exponential horn assembly to which the test specimen is attached. This
acoustic energy is then propagated from horn to test specimen and from
test specimen into the test fluid, but the amount of energy passing
these two interfaces and into the fluid is determined by the acoustic
impedances of the horn, test specimen, and fluid. Presumably, the form-
ation of a bubble cloud at the specimen face is strongly dependent on
the energy being transmitted into the fluid. Secondly, the bubble col-
lapse gives rigse to a shock wave or liquid jet that is propagated
through the fluid. In order for damage to occur at the specimen sur-
face, this energy in the form of the shock wave or liquid jet must be
transmitted across the liquid-solid interface. Hence, one might expect
the amount of damage to the test speeimen to be a function of the amount
of energy transmitted across this interface and actually reaching and
being absorbed in the specimen. Here againm, the ratio of acoustic
impedances or the transmission coefficient is the determining factor.
Finally, the ratio is involved in the relation for pressure-loading of
the surface in the case of jet impact, as previously stated. Because of

its possible involvement in all these ways the ratio of acoustic
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impedances between liquid and specimen was chosen as a possible fluid
coupling parameter., It is further postulated that the greater the
acoustic impedance ratio, the greater the amount of damage sustained by
thg test specimen. This is reasonable since‘as_(Rl[Rz)—a71§7( t—-e—l,
and we have complete transmission of the acoustic energy frém transducer
tip to fluid, and complgte transmission of énergy rep?esented by shock
waves or liquid jets from fluid to sfecimen surfaée;‘causing maximum
damage. In addition, the pressure generated by the impacting jet is

also maximized for a given fluid condition.

2, Density QP )

The density of the fluid may be a suitable coupling param-.
eter since one would expect the pressure exerted on the specimen surface
to be approximately proportional to the density for fixed NPSH, compres-
sibility, kinematic viscosity, etc. Hence, one would expect the damage
to increase as the density was increased. Wilson and Graham81 conducted
cavitation tests on silver in a variety of fluids and showed experimen-
tally that this was, indeed, the case, as is alse indicated in the pres-

ent study by comparison of the different fluids used.

3., Surface Tension () -

The expected effect of surface tension on cavitation damage,
based on the conclusions from dynamics of transient cavities, would be
an increase in damage as the surface tension is increased, since col-
lapse pressures would be higher with greater surface tension. This

: 32
behavior was reported experimentally by Nowotny. However, recent
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pumerical calculations show that the effect of surface tension in this

]

8
regard should be quite negligible. On the other hand, for a given
kinematic situation, high surface tension would inhibit bubble nuclea-

tion and thus tend to reduce the bubble population. This, presumably,

would result in a reduction of cavitation damage.

4, Net Positive Suction Head (NPSH)

The net positive suction head, NPSH, is defined as:

P-P
NPSH = ———2X

e

where:
p = local pressure of fluid

py = Vapor pressure of fluid

P

it is commonly used as a similarity parameter in turbomachinery design

[

density of fluid

where cavitation is a factor, i.e., to a first approximation, if geom-
etry and NPSH are maintained constant, the cavitating flow régime should
remain constant., It was shown by Nowotuy32 that damage was decreased as
the vapor pressure increased for tests where p in the above relation was
held constant, since the collapsing pressure differential was reduced
for a given fluid and, in addition, perhaps the additional vapor served
to cushion the collapsing bubbles, as is discussed later under thermo-
dynamic effects. As mentioned previously, the damage rate would be
expected to increase as the density imcreased if the NPSH were held con-
stant. In general, the damage should be inversely related to the NPSH.

In our experiments the local static pressure, p, was varied by varying
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the argon cover gas pressure so that the difference between local static

pressure and vapor pressure, p - P, Was maintained constant. Then;

NeSH o 1/l0 |

for the tests'of this study based on steady-state pressure. Howaver,
the transient head caused by the vibration of the horn would be the same
for all fluids, assuming the fluid demsity and temperature do not affect
the vibrating behavior of the horn (of course, this is not precisely
true). Since the transient contribution to the NPSH is probably pre-
dominant, these tests may well be closer to a constant NPSH condition
than a constant pressure suppression condition. If so, the collapse
velocities would be similar for all fluids, and the imposed pressures on
the surface would be proportional to the fluid density, so that damage
should increase with increased fluid density, as it did. Clearly, more
sophisticated and detailed anaiysis on this point is required to under-

stand che complex relationships involved.

5, Bulk Modulus (B)

The bulk modulus is the inverse of the compressibility. It
should be an important coupling parameter, since it strongly affects the
pressure exerted on the specimen surface, as shéwn by numerical analy-

es,82’83’84 Hence, one would expect the damage to increase as the bulk

modulus increased (compressibility decreased). This behavior was

8
reported from experiments by Wilson and Graham. 1
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6. Kinematic Viscosity (‘V )

The kinematic viscosity, }) , 1s defined as:

y = peif)

where:

]

yrs

P

8
Since bubble collapse pressures are theoretically greater

dynamic viscosity of fluid

i

density of fluid

2
™7 in fluids

of low kinematic viscosity (although the effect is quite small for
fluids in the conventional viscosity range), one would expect cavitation
damage to be inversely related to this parameter. Since kinematic vis-
cosity is directly involved rather than viscosity, it is chosen at this
point., Wilson and Graham81 reported this effect from their experiments.
It is felt that each of the six quantities discussed above
merits consideration as a fluid coupling parameter for the comprehensive
lead-bismuth, mercury, water, and lithium correlations to be discussed.

C. Tables of Fluid Properties at 70°F,
500°F, and 1500°F

Fluid properties data for water, mercury, lead-bismuth alloy,
and lithium at the appropriate test temperatures are listed in Table 36.
The data was taken from references 65, 85, and 86. The properties
include the six coupling parameters that have been discussed previously
and which will be used in the comprehensive computer correlations of
the cavitation damage data and also the thermal properties which deter-
mine the importance of heat transfer effects. These will be described

later.
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'CHAPTER VI

CORRELATIONS OF CAVITATION DAMAGE DATA WITH

MECHANICAL AND FLUID PROPERTIES

A, Introduction

In order to fully investigate the dependence of cagvitation
resistance on the mechanical properties of the test materials and on the
fluid properties, and to obtain a better understanding of the damage
mechanisms involved, it is ﬁesirable to subject the experimentally-
determined cayitation data and the appropriate mechanical and fluid
properties data to a least mean squares fit by means of a suitable digi-
tal computer program. For these studies the University of Michigan IBM
7090 digital computer facility has been utilized along with a very
sophisticated least mean squares stepwise regression program which was
first proposed by Westervelt87 and later revised by Crandall.88 This
program has been described previ.ously‘,j'rz’li?"64 However, for the sake of
completeness the detailed explanation is included in Appendix B.

Before the results of the computer correlations are described,
it is instructive to obtain a qualitative feel for those mechanical
properties that might best'give some clug as to the.cavitation resist-

ance of a particular material. The lead~-bismuth data obtained at 500°F

=254~
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and 1500°F and the data obtained in the bearing program have been exam-

ined on a preliminary basis and the results are described below,

B. Prelimipary Correlations

1. Lead-Bismuth Data

A preliminary cofrelation of'the_léad~bismuth data obtained
at 500°F and 1500°F with the ultimate tensile strength, 0.2% yield
strength, hardness, and the engineering strain energy was attempted
initially. The data at each temperature was analyzed individually. On
the basis 6f the mechanical properties values listed in Tables 32 and -
33, it is possible to arrive at several ratings of the materials tested
at each temperature, An ultimate tensile strength rating would be
obtéined by assigning that matefial with the greatest ultimate tenéile
strength a value of '"1," while "7" would denote that material with the
smallest value of this property. 1In a similar manner the materials can
be rated on the basis of the 0.2% yield strength, the hardness, and the
engineering strain energy. In each case a rating of "1" would be
assigned to that material having the greatest value of the particular
property involved, "7" denoting the materiallwith the smallest value,
It is intuitively obvious that those materials having greatest tenmsile
strength, yield strength, hardness, and engineering strain emergy prob-
ably will be the most cavitation resistant also. Based on the four
mechanical properties listed above, each material now has four ratipgs.
If one now assumes a weighting factor of unity appropriate for each of

these properties, it is possible to obtain a final rating for each of
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the materials, namely, the sum of the four ratings already determined.
Then the materials can be:rated on the basis of the sum of the four
iﬁdividuai ratings. The end résult is an arrangement of the 7 materials
tested with a rating of '"1" denoting that mate;ial-wﬁich Wili pf6b;B1y
be most cavitation resistant, predicted on the basis of the mechanical
proﬁeftiesflistéﬂ above, ’The rating of "7" denotes that material which
should bé‘mo;t susceptible tﬁsdavitatidn erosion. It is theﬁ'poshible
to coﬁpare the f{nal”fating ofithé ﬁﬁférials with the ratiﬁgfbased on
the actﬁal cavitation data obtained in the experiment.

At 500°F the individual ratings of the materials based on
mechanical pfdpéftiés, the final rating, and the rating based on the
average MDP rate exhibited by'the"gpecimans are all summarized in Table
37. It is interéstiﬁg to note that the experimental rating (based on
MDP) aéfeés almost éxéétly with the rating based on the mechanical prop-
erties daﬁéa Sd; iﬁcidentaiiy; does a raﬁking'of hardnesses (which has
often been used as a basis for rating cavitation resistance) . However,
none of the other properties takén singly are successful in this regard,
All tﬁésé results éfe'applicablé at 500°F. Although the treatment is
verynqualitéfivé énd:ma§ appear naive, it is merely an attempt to gener-
ate soﬁé“fééling for the problem at hand. It does show that, in gener-
al, a ranking By'either'strength or eﬁérgj properties alonme will not
suffice, Hardness is‘a hybrid property in this Senée,'being neither a
pure stréngth'of:énergy propetty.

A qﬁéliéative correiation was also attempfed at 1500°F in the

. same manner as was indicated at 500°F. The results are summarized in
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Table 38. The experimental rating agrees very Well,with either the
final rating based on the mechanical properties data or the hardness
rating, as before. Again, only hardness as a single_propérty igs rea-

gsonably successfui in this reghrd.

, 2. Bearing Progrgm Data

The only mechanical properties data available for all of the
materials tested in the bearing program consists of values for the hard-
ness, However, the cbmplete iist of properties used for all the materi-
.éls and derivable from the stfess-strain curve and hardness measurements
are available for .the.vario.us BG-42 materials and the Blue Chip Tool
Steel (Table 35). Oniy fragmentary data is available:fobeoth grades of
graphitar tested (Table 35).

It is useful fo attempt to_ob;ain a quglitatiﬁe-qorrelatiqn
(similar to that'presepted above for the lead-bismuth déta)'betwéen Fhe
cavitation data obtained in the bearing program.and the cérrespon&ingl
hardness data, In Table 39 the materials tested in this study afe.rated
acéording to their cavitation resistance based on average-MDP_fate, with
the BG-42 (R, = 64) and the Blue Chié Tool Steel being the most resist-
ant and each having a rating of "1." The graphitar-grade 50 was;ﬁamw-

- aged the most and has' a rating of "9." The hardness values for all the
maferials are also listed along.with a rating based on hardneséu The
material with the greatest value of hardness is given a rating of ","
while the softest is given a rating of "9,h There is quite good agree-
ment between the MDP rating and tﬁe hafdness rﬁting; JOnly in minor

instances is there disagg&emgnt, It appears that the cavitation
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- TABLE 39

PRELIMINARY CORRELATION OF BEARING PROGRAM
© DATA WITH HARDNESS

YD

* Hardness ESE

Material Rating ﬂg;dnesé Rating Rating
BE-42 (R, = 64) (TRW) 1 64 R (789%) 1 4
Blue Chip Tbol Steel;(TRW). 1 © 64 Rc(789*) 1 3
BG-42 (R, = 53) (TRW) b s R, (562%) 3 6
Single-Crystal Tungsten (U-M) 3 32 Rc(317*) | 5- -
BG-42 (Rg = 47) (TRW) 5 47 R (471%) 4 5
Mo-1/2T1i (B & W) 6 7 R, (295%) 6 1
Cb-12r(4) (P & W) 7 81 Rg( 99%) 7 2
_ Graphitar-Grade 80 (U-M) 8 54 Rh(sogé*) ' 9 -
. Graphitar-Grade 50 (U-M) 9 70 R, (100%%) 8 .

*DPH (1.1 Kg. Load).

' **Average Shore Scleroscope;Hardﬁess.
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resistance of these materials correlates quite well with hardness on a

_ qualitative basié, Of course, hardness has been selected by many'past
investigators aé the best measure of the ability of a matérial to resist
cavitation+erosi§n attack. A ranking according to engineering strain
energy is also included in Table 39. It is noted that this parameter is
low for all the bearing materials as compared to conventional materials,
although their cavitation resistancefis.very high.

The graphitar-grade 50 and g;aphitar-grade 80 have average com-
pressive strengths of 35,000 psi and 20,000 psi, respectively., However,
the grade 80 appears to be the most cavitation resistant of the two,
deSpite-h;ving the lower compressive strength, and also the lower -
hardness.

Obviously, a complete correlation of cavitation data_with.the
applicdblg mechanical properties data demands full knowledge of the
appropriate propérties-and a suitable digital cemputer program for anal-
ysis. Those materials tested in the bearing program for whiéh.complete
mechanical properties.datalis available_(alligrades of BG-4? and Blue
Chip Tool Steel) will be included in thejdémpﬁter correlations to be

described at this time.

. Lead-Bismuth Correlations

1. General
The cavitation data obtained at 500°F and 1500°F in lead-
bismuth alloy was all submitted to the least mean squares regression

program previously discussed in an attempt to obtain a first-order
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interaction correlation that would be applicable at both temperatures
and, hence, have the greatest gemerality allowed by the limited data.
Ten mechanical and fluid properties were taken to be the independent
variables with the average MDP rate being the dependent variable. The
mechanical propertiés allowed in the analysis were the tensile strength,
yield strength, engineering strain énergy;71 true strain energy (two
values were considered, as explained before, one taking into account the’
elongation of the test specimen, and the other the reduction in area),71
hardness} percentage elongation, percentage reduction in area, modulus
of elasticity, and ratio of the acoustic impedances of the test fluid
and specimen:materialu42 These properties were selected since previous
investigators had attempted correlations with them and/or because many

of the properties have been involved in hypothesized damage mechanisms,

as previously explained.

2, Single Property Correlations

Initially, an.atfcmcc was made to correlate the damage data
with each mechanical property individually in order to determine thc
relative importance of eacﬁ alone with respect to predicting the
observed cavitation damage. Table 40 summarizes the results of this
effort. The 10 properties considered, the statictically best predicting
equations generated by the program for each property, the coefficient of

* .
determination (CD)" for the analysis, and the average absolute percent

*The coefficient of determination is a statistical quantity that
can be interpreted as the proportion of the total variation in the
dependent variable that is explained by the predicting equation. Its
values range from 0 (no prediction) to 1.0 (perfect prediction).
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deviatien (AAPD)**for thg analysis are noted. The predicting equations
are arranged in otdet ofidecrétsiﬁg statistical'significancg'based on
the coefficient of determination.. It is seen that true strainienergy
based either on the reduction in area or eloﬁgatién is quite sﬁccessful
as a single correlating ﬁarameter for ali of the lead-bismuth data, The
tensile strength, hardness, and engineering strain energy, although hav-
ing much lower valueé offcoefficient of determination, are also success-
ful in this regard, taséq on the_éverage absolute percent deviation.

The other mechanical prqpetties listed do not éuitablytaccount'for the
experimental data on anltﬁdividual bésis It is further noted:that the
average MDP rate is 1nverse1y proportional to powers of true straln
energy, engineering strain energy, tensile strength and hardness in
this analysis. Hence, one_might'conclude that the cav;tation resistance
of a group of materiéls‘inwleadwbismuth‘alloy cou;d at 1east be qualita-

tively predicted on the basis of these mechanical properties,

3, Multiple Property Correlations

Further attempts at complete correlations of the experimen-
tal data were condudted in which all ten mechanital properties notgd
previously, eachlraised to any of ten integer ér reciprocai integer
" exponents, were poséible terms in the predicting equation. Hence, a
total of 100 terﬁs plus a puté constant were considergdtby the pr&gramq

Table 41 summarizes the statistically best predicting equations obtained

*The percent deviations between the experlmental and predlcted
values of MDP rate are algebraically summed. The:average algebraic per-
=cent deviation is then EQE algebra1c 'sum divided by the number of data
points. "
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TABLE 41

SUMMARY OF BEST CORRELATIONS WITH TEN PROPERTIES CONSIDERED -
LEAD-BISMUTH ALLOY

W

(1
Avg. MDP Rate = 0.713 + 3.12x10% (7SER) " - 6.55%x107%(Ts) "1
+ 2.97x10%1 (&) 73
Coefficient of Determination = 0,996
Average Absolute % Deviation = 0.4%
(2)
Avg. MDP Rate = 0.233 + 2.57x10%(TsER) "}
Coefficient of Determination = 0.986
Average Absolute % Deviation = 0.1%
(3

Avg. MDP Rate = 0.682 + 3.24x10'0(18EE) > + 1.09x10°(15) 72
Coefficient of Determination = 0.986

Average Absolute % Deviation = 0.8%
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under these conditions. The coefficlent of determination and average
absolute percent deviation are noted for each of the correlations pre-
sented. WNote that all three equations contain terms involving the true
strain energy based either on elongation or reduction in area. The
tensile strength is also prominent in two of the equations. These
mechanical properties all enter the predicting equationms in an inverse
manner, as was the case with the single property correlations. The
eqﬁation.ﬁith the highest coefficient of determination involves a combi-:
nation of true strain energy, tensile strength, gnd elastic modulus,
each entering in an inverse relationship,

In the analysis of the lead-bismuth data allowing all ten
mechanical properties, the end result is a series of 15 predicting equa-
tions or correlations, each with a different statistical accuracy.
Obviously, the equation with the greatest statistical accuracy would
result in the best fit between the predicted and experimental data.,
However, for the data submitted for analysis here, namely, the experi-
mental cavitation information obtained at 500°F and 1500°F in lead-
bismuth alloy and the corresponding mechanical properties, it was found
that the coefficient of determination for all the correlations was never
less than 0.98, indicating extremely good agreement between the predict-
iqg eguation VaLues and the experimejtal data.

Figure 76 is a plot of the predicted values of average MDP rate
based on Equation (1) in Table 41 versus the correspoﬁding experimental
points. Deviation from the 45° line noted on the plet is a measure of
-the error inherent in the correlation. The excellent agreement between

the predicted values and experimental points is noted.



-267-

20
AVG. MDP RATE = K, + xzcwszay"l + xath}“l + R4(E)'3
COEFFICIENT OF DETERMINATION = 0.996
AVERAGE ABSOLUTE % DEVIATION = 0. 4%
15
o
5
Q
I
.
W
-
Z o
E .
<
o
a
2
p
O
w
|-—
O
m
o
4
3 Yo
2..—.
| o 1788
N L1 : |
% T2z 3 & B i0 14

EXPERIMENTAL MDP RATE , MILS/HOUR

Fig. 76.--Comparison of Predicted MDP rate and experimental

MDP rate - lead-bismuth alloy.
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D, Mercury Correlations

‘1. General
The cavitation data obtained at 70°F and 500°F in mercury
was also submitted to the least mean squares regression program in an
attempt to obtain a first-order interaction correlation that would be
applicable at both temperatures. The independent variables were the

same as those discussed previously for the lead-bismuth correlations,

2. Single Property Correlations

| Initially, an attempt was made_to correlate the damage data
with each mechanical property individually. Table 42 summarizes the
results of this effort. The ten properties considered, the statisti-
cally best predicting equation generated by the program for each prop=-
erty, the coefficient of determination for the analysis, and the average
absolute percent deviation for the analyéis are noted. The predicting
equations are arranged in ordér of decreasing statistical_significémce
based on the coefficient of determination. It is seen that true strain
energy based on elongation* and hardness are quite successful as single
correlating parameters for all of the mercury data, although the best
correlations are significantly worse statistically in terms of either
coefficient of determination or percent deviation:than those obtained

with the lead-bismuth data. Tensile strength, yield strength, and

*, . i

Note that true strain energy based on reduction in area was a
more successful parameter in the lead-bismuth correlations but is quite
unsuccessful for the mercury tests. The reason for this disagreement is

= not known.
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elasﬁic modulus are somewhat less'successiul in this'regard° The other
mechenical propercies listed do not snitablyraccount for the experimenﬁ
tal data en an individuel basis. It is further noted that'tne average
MDP rate is inversely proportional to sone power of true strain emergy,
hardness, tensile strength, yield strength, end‘elastic modulus in this
analysis. Hence, one might conclude that the cavitation resietance of a
group of materials in mercury could ec-ieast be qualitetively predicted

on the basis of these mechanical properties.

3. Multiple fronertg Correlations
Complete‘cofrelations in which all ten mechanicai prooerties

were allowed to enter the oredicting equation were also condncted_nith
the mercury data. Table 43 summarizes the statistically Besc predicting
equations obtained under these conditions., The coefficient of determi-
nation and average absolute percent deviation are noted for each of the
correlations presented._ Note that all three equations contain terms
involving the true strain energy based on elongation, whereas, as:previ-
ously mentioned, the true strain energy based on reduction in area was
prominent:in ﬁhe lead-bismuth correlations. The hardness and tensile
strength are also prominent. Ali of these properties are inversely pro-
portional  to the average MDP rate and, hence, proportional to cavitation
resistance. The statlstlcally best correlation includes the true strain
energy based on elongatlon and the haFdness,

Figure’77 is a olot of the predicted values of average MDP rate
based on Equation (1) in Table 43 versus the correspondlng experlmental
data points., The excel&gnﬂ agreement of the predlcted values and exper-

imental points is noted.
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TABLE 43
'SUMMARY OF BEST CORRELATIONS WITH TEN PROPERTIES CONSIDERED -
MERCURY L
Ied -
Avg. MDP Rate = -0.577 + 1.39x10'L(rseR) =3 + 16.49(m) "1/2
Coefficient of Determination = 0.966

Average Absolute % Deviatien = 10.1%

(2)
Avg. MDP Rate = 0.338 + 4,90x107 (TSEE) "2
Coefficient of Determination = 0.965
Average Absolute % Deyiation = 8.5%
(3)

Avg. MDP Rate = 0.232 + 1.41x10+1(rsEE) ™3 + 2.89x10%(T8) "L
Coefficlent of Determination = 0.961

Average Absolute % Deviation = 13.1%
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6.0 ‘

AVG. MDP RATE = K + K2(TSEE)-3 + K3(H)_l/2

COEFFICIENT OF DETERMINATION = 0.966

AVERAGE ABSOLUTE % DEVIATION = 10.1%
45
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Fig. 77.--Comparison of predicted MDP rate and experimental

MDP rate - mercury,
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The materials tested in lead-bismuth alloy and mercury were
.ideptical with the exception of the carbon steel and Plexiglaé which
were tested in -mercury only. Single property correlations for each of
the,fluids indicéte that a different form of true strain.energy is suc-
cessful as a correlating parameter, eﬁch raised te a different exponent.
Hardness and tensile strength are‘alsﬁ relatively successful in this-
regard for both fluids., Ten property_cqrrelatiqns for each of the -
fluids show that a form of strainﬁénergy and also ﬁensiié_strength'
appear in the predicting equations’ for each fluid. In general, it is
seen for both fluids that mechanical properties that spccessfully corre-
late the experimental data individually are also prominent in tﬁe full

ten property predicting equations, as expected.

E. Water Correlationsé-Subset One

1. General

The cavitation data obtained af 70°F in water was analyzed
in a manner similar to that emﬁloyed for'the lead~bismuth and mercury
data. Since mény.moré materials were tested in water than in the liquid
metals; the materials were divided into three subsets for data analysis,
as mentioned previously. Subseﬁ one consisted of those materials which
were also-tesfed in the liquid'metalé,=whereas subsets two and three
were tested in ﬁaﬁer énly.. Seéététe correlations of the cavitation data
in subset one, subseté twe and three éombined, and the full water. data
set ﬁere carried out. Hence, the.éffecté of diffe?ent flﬁids on the

correlations can be determined by examining the individual correlations
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for the lead-bismuth data, mercury data, and gubset one of the water
data. The materigls tested in all three cases were identical. Further,
by comparing' the correlations of subset one and the full water data set
and by ‘examining.the correlation of subsets two and three combined, it
is possible to determine any significant differences that may exist in-

correlating parameters for the various subsets of water data.

2. Single Property Correlations

Subset one was first correlated in terms of single proper-
ties. Table 44 summarizes the results of this effort. The ten proper-
ties considered, the statiSfically best predictiﬁg eqﬁatioh generated by
the program for eéch property, the coefficient of.determiﬁation for the
analysis, and the average abéolﬁte percenﬁ deviation for the analysis
are noted. It is seen that tensile strength, hardness, and yield
strength are successful as single correlating parameters for subset one,
each appearing in an inverse relationship. Note the extremely low aver-
age absoluﬁe percent deviation obtained in the tensile strength correla-
tion. The acoustic impedance ratio is partially successful in this
regard. The siﬁgle propefty correlations of lead-bismuth and mercury
data also indicaged that tensile strength and hardneéé were successful
correlatiﬁg parameters. However, the prominence of some form of true
strain energy in the lead-bisﬁﬁth and mercury”cases has been reduced
, considérably in the correlations of fhe suﬁset oﬁe water data. It might
also.be noted here that.the damage obtaingd in lead-bismﬁth élloy and

mercury was very uniform, as noted previously, whereas the damage
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obtained in water on the materials in subset one was somewhat more

selective and was characterized by some individﬁal; discrete craters,

3. Multiple Propertz Correlations

Full ten ﬁropérty correlations of the subset one data are
summarized in Table 45 wﬁere only the staﬁisticaliy best predicting
equations obtained are listed. We note that each predicting equation
involves only a single mechanical pr0pert§, namely, tensile strength,
hardness, and acoustic impedénce ratio, each of which was successful in
the single property correlations. In fact, the=predicting equation
involving the tensile strength is identical te that obtainéd-in the
single property analysis,

Full ten property corfelatibns of the ieadfbismuth'and mercury
data alse showed g strong dependencg on tensile sirength and hardness,

Figure 78 is a plot bf‘the predicted values of évérage MDP rate
based on Equation (1) in Table 45 versus iheVCOrresponding experimentél

data points and serves to indicate the extent of agreement obtained.

F. Water Correlations—-Subsets Two _and Three

1, Single Property Correlations

The matefials contained in subséts two and three (Plexiglas,
aluminum, Cu, Cu-Ni, Cu-Zn, and Ni) were tested in water only. Single
property corrglationé of the two.subsefs combined are summarized in
Table 46. . Hardness, redﬁction.in area, and teﬁsiie.strength are most
suitable for correlation purpoées, whéreés the other properties listed

are ‘less successful in tgis;regard. Tensile strength and hardness were
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TABLE 45

SUMMARY OF BEST CORRELATIONS WITH TEN PROPERTIES
CONSIDERED - WATER - SUBSET ONE

mm

(D
Avg. MDP Rate = 0.006 + 8.38x107(1S) T
Coefficient of Determination = 0.953
Average Absolute % Deviation = 0.2%
@ |
Avg. MDP Rate = 1,83(1) /2
Coefficient of Determination = 0.904
Average Absolute 7% Deviation = 14.9%
(3

Avg. MDP Rate = 72.98(AL)2
Coefficient of Determination = 0.873

Average Absolute % Deviation = 28.9%
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EXPERIMENTAL MDP RATE, MILS/HOUR

.40
AVG. MDP RATE = K, + K2(TS)'1
COEFFICIENT OF DETERMINATION = 0,953
AVERAGE ABSOLUTE % DEVIATION = 0,2%
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Fig. 78.--Comparison of predicted MDP rate and experimental

MDP rate - water - subset one.
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alsc successful in the subset one single property correlations, aé well
as in the correSponding leéd-bismutﬁ and mercury analyses; a;though they
did not appear in tﬁe same functional relation for the diffefent cases,
Note that fof water subsets two and three the correlgtion-with any 6f

the forms of strain energy;is very poor,

2. Multiple Property Correlations
Full teq‘property correlationé of subsets two and three com-

bined are présentedrinfTab1§‘47.'rAllwthree éxpressions listéd haﬁe very
high coefficienfé of determinati&n and vgry 1ow average absolute percent
deviations, indicating.exceilent.agregmeﬁt between thé‘expérimental and
predicted values. ;Haréness, tensile strength, and yield strength are
prominent in theée.exéressions.flAs noted previoﬁslj,:ﬁardness anﬁ ten-
sile strength we¥e‘a1§o successful asAsinglé pp;?élatiég parameters.,
Hence, it appeafs fhaf'tenﬁile strengﬁh énd“hardness afe tﬁe‘most_suc-
cessful corrélafinglparameters both for.the Subsgt onéfwater.data and -
also the comfinéd daﬁa in subsets two aﬂd three,.

Figure 79 is a plot of predicted values of average:MDP7ra;e
based.onJEquétion‘(l) in Table 47 versus the corresponding experimental
data points and serves to indicate the e#tent of agreement obtained, In

this case the agreement is excellent.

G. Water Correlations--All Water Data “

1. Single Property berelations )

Finally, the complete set oflwater data was subjected to the

.regression énalysis. .The gipgle property cbrrelatidns?are summarized in
: L . - o
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TABLE 47

SUMMARY OF BEST CORRELATIONS WITH TEN PROPERTIES
CONSIDERED - WATER - SUBSETS TWO AND THREE

(1)

(2)

3

3.82x10’ (TSEE) =3
+ 3.61x10%(T5) "1

0.991

Avg. MDP Rate = 0.392 - 12.0(ys)" /3

Coefficient of Determination

2.7%

Average Absolute % Deviation

Avg. MDP Rate = -0.822 + 6.22x10%(xs) "M% - 114571/
Coefficient of Determination = 0.985

Average Absolute 7% Deviation = 1.1%

Avg. MDP Rate = 0.163 - 3.41x103(¥s) "1 + 3.62x10%(zs) "1

Coefficient of Determimation = 0.984

3.1%

Average Absolute % Deviation
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1/3 3

AVG. MDP RATE = K. + K2(YS)_ + KB(TSEE)"

+ x4(TS)“

1
COEFFICIENT OF DETERMINATION = 0,991

AVERAGE ARSOLUTE % DEVIATION = 2.7%

20—

PREDICTED MDP RATE , MILS/HOUR

0.6/
04

0.2

1

1791

0 | l l 1 I
c 02 04 1.0 1.5 2.0

EXPERIMENTAL MDP RATE , MILS/HOUR

28

Fig. 79.--Comparison of predicted MDP rate and experimental

MDP rate - water - subsets two and three.
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Table_48. It is seen that the hardness, tensile strength, and yield
. strength are the mpat‘éuccessful.as eérrelaéing_pafameters'ampng the ten
propérties, as-expectéd. However, only hardness is reasoﬁably success~
ful from a statistical point of view, and theﬁ only with a 5 term rela-
tion. For the other propertieé, variations between experimental and
predicted values are 40% and greater, fhis points up the general con-
clusion that precise correlations be@wgen:thg.cenventiopal mechanical
properties and large variéd sets ef cavifatibh damage data do not appar-

ently exist.

2. Multiple Property Correlations

The statistically best teﬁ property correlations of the
water data are summarized in Table 49# Only Equationﬂ(lj, invelving a
combination.ef tensile strengﬁh, hardness, and reduction in #rea, satis-
factorily predicts the experiﬁental dgta;
Figure.SO'is‘a_ﬁlot of the prédiﬁted vélues of average MDP rate
based on Equationﬂ(l).iﬁ Table 49 veisus'the cérrespoﬁding experimental

data points and indicates the extent of agreement obtained.

3, Summar
- In summary, it is seen that the mechanical pfoperties of
hardness, fensile strength; and yield strength édequately'predict the
egperimental water déta,on a single éropérty basis. This is true either
for subset oné, subsets two and three cémbined, or the fulljﬁater data
set, In addifion,.the elastic modulus is successful as a single.eorre-
lating parameterlﬁor'subset one. These same pfoperﬁies are the most

-

s B : . ;
prominent in the ten prépefty water correlations. However, for all
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TABLE 49

SUMMARY OF BEST CORRELATIONS WITH TEN PROPERTIES
CONSIDERED - ALL WATER DATA

(L
Avg. MDP Rate = -0.068 + 3.07x10%(Ts) 72 - 8.32x1077 (ra) 3
- 2.03x10%®@) ~3 + 1.49x10%(18) "1/2
Coefficient of Determination = 0.976
Average Absolute % Deviation = 0.5%
(2)
Avg. MDP Rate =-2.224 + 19.93(1) "1/3 - 2.22¢10%(v5)"1/2
Coefficient of Determination = 0.864
Average Absolute % Deviation = 28.5%
(3)

Avg. MDP Rate = -0.619 + 2.69x10%(Ts) " 1/2

i

Coefficient of Determination = 0.851

Average Absolute % Deviation = 40.77%




PREDICTED MDP RATE, MILS/HOUR

4.0
AVG. MDP RATE = K, + xz(TS)"z + K3(RA)3 + K4(H)-3 + xs(Tsy‘lfz
COEFFICIENT OF DETERMINATION = 0.976
AVERAGE ABSOLUTE % DEVIATION = 0,58

30|
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n
(o)

o

o]

3 I | | |

o 2 4 10 1.5 20 28
EXPERIMENTAL MDP RATE, MILS/HOUR '

Fig. 80.--Comparison of predicted MDP rate and experimental
MDP rate - all water data.
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cases different functional forms of the properties are required for good
correlation,

In the case of lead-bismuth, tensile strength and hardness were
also successful as single p;operty correlating parameters, but the txrue
strain energy was more successful in this respect., A similar comment
applies to the single property mercury correlations.

In general, it is concluded.that those proPeftieé most success-
ful as single correlating paiameteré:in,a given fluid ére the most prom-

inent in the ten property correlations, as one would expect.

H, ELithium Correlations at 500°F

1. Single Property Correlations

As:a first step in the anaiysis, an attempt was made to cor-
relate the damage data-obtained at 500°F with each mechanical propérty
individually to determine the relative importance of each alone with
respect to predicting the observed cavitation damage. Table 50 summar-
izes the results of this effort. The ten pr0pertiés considered, the
statistically best predicting equations generated by-tﬁe program for
each property, the coefficient of determination (€D) for the analysis,
and the avefage absolute percent deviation (AAPD) for the analysis are
noted. . The predicting equations areuarranged.in'order_of decreasing
statistical significénce based on theléoefficient of determination. It
is seen that the elongation, yield strength, true strain energy based on
reduction in.area (TSER), hardﬁess,‘and tensile strength are quite suc-

cessful as single correlating parameters. The other mechanical
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properties listed do not suitably account for the experimental data on
an individual basis. Surprisingly, the worst correlation among the ten
properties, in terms of either coefficient of determination or average
absolute percent deviafion, is attained with the engineering strain
energy. |

- It isrfUrtheé nﬁte&iéhat;tﬁe-aﬁeragé MDf féte is invérsely pré-
portional to powe?s of_yield Strength,Atrpe'strain_energy based on
reduction in area, hardnesé, and tensile strength. The dependence of
average MDP ‘rate on elongation is not as easily determined; since two
terms in the predicting equation are functions offelongation, each con-
tributing to the average MDP rate in an opposite manner. One might con-
elude that the cavitation resistance of a group of materials in lithium
at 500°F could at least be qualitatively predicted on.the-basis-of these

five mechanical properties.

2. Multiple Property Correlations

Further attempts at complete correlations of the experimen-
tal data were conducted in which all ten mechanical prdperties noted
previously, each raiséd to ten exponents, were possible terms in the
predicting equation. . Heﬁce;'a total of 100 termslplﬁs.a pure constant
were considered by the program. Table 51 summarizes the statistically
best predicting equations obtained under these conditioms. Thé coeffi~
cient of determination and average absolute percent deviation are noted
for each of the correlations presented. Note that each equatien con-
tains only one mechanical property. In faect, the equations containing

the yield strength and tfe Hardness are identical to those obtaimed in
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TABLE 51

SUMMARY OF BEST CORRELATIONS WITH TEN PROPER‘.T.‘IES CONSIDERED -
LITHIUM AT -500°F

o
Avg. MDP Rate = -0.899 + 43.40(¥s) /3
Coefficient of Détérmination = 0.959 .

Average Absolute % Deviation = 3.2%

(2)
. Avg. MDP Rate = -0.039 + 8.21x103(rszno*?-
Coefficient of Determination = 0.928
Average AbSOlUte % Deviatlon = 40, 6%
(3

Avg. MDP Rate = 0.114 + 3.17x10°(®) ™3
Coefficient of Determination = 0.924

 Average Absolute % Deviation = 37.3%




-291-

the single property correlations. The true strain energy based on
reduction in area enters to the power (-1) in the ten property correla-
tions, while it was present to the power (-1/2) in the single property
correlations. However, a comparison between Tables 50 and 51 shows that
the correlation to the (-1/2) power was slightly better. The selection
of correlating equations which are less suitable than others available
is a result of the random selection of the variables by the computer:
program and the fact that only a small number of random selections were
possible within gﬂfeasible limitation on machine time. Of course, the
mechanical properties involved in the ten property correlations are
those that were also quite successful in predicting cavitation damage

individually, as expected.

J. Lithium Correlations at 15Q00°F

Although there are only four experimental poiﬁts available in
lithium at 1500°F, both single and multiple property correlations were
carried out on this small body of data. In all of the single property
correlations and the-multiple property-correiations, the same predicting'

equation was generated by the computer program, namely:

Avg. MDP Rate = 0.0225
Coefficient of Determinmation = 0.880
Average Absolute Percent Deviation = 21.9%

Thus the predicting equation consisted of only a constant term in all
cases. This is a direct result of the lack of a suitable number of data

points for a correlation.
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K. Correlations of all Lithium Data

The combined lithium data obtained at 500°F and 1500°F was also
submitted t6 the'1east mean squares regression analysis. One would not
expeét'phrticulafly good ﬁredicting equatibﬁs'iﬁ'this case since onlﬁ'
mechanical properﬁiesxare allowed as independént variables, In fﬁct;
it is questionable if a suitable .correlation could be obtained even if =
such'fluid'proﬁéfties as the density, surface tension,lnet‘positiﬁe suc~
tion head, bulk'mbdulus,‘and kinematiC'viscoéity were introduced as
indéﬁendent variables. Thermodynamic effects are apparently quite
important in lithium at 1500°F. Hence, é suitaﬁie_corfelétionimuét-
involve fluid propértieé'ofrlithium such as specific heat, thermal con-
ductivity, heat of vaporization, thermal diffusiﬁity;-PréndtI ﬂumber,_”
and vapor pressure. The results of_such,arstﬁdy_will be ﬁresehtgd
later. Néverthelesé, single property correlations #nd full tén property
correlatioﬁs of the-éémbinea lifhiqm.data as.a funétion of'méchanicai
propértiésroﬁly were inveégigateﬁ.  it'wﬁé-fdund in both cases that ﬁo
suitaﬁie pfe&i&ting eqﬁafioﬁs existed for the combined data, as |

expected.

L. Summary of Single Fluid Correlations'

Thus far, the only property included‘in~the regression—analysis
that is a function of the fluid ﬁas been-the.ratio of acoustic imped-
ances of the test fluid and 5pecimen_materia1. This quantity did not
guccessfully correlate‘the-lead-bisﬁuth; mercﬁry, or lithium data and

did ‘not appear in the tgghpyqperty correlations, In the case of the
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water data the acoustic impedance ratio was more successful as a corre-
lating parameter. |

It is noted at this point that whereas energy properties were
quite important in the correlation of the data from the tests with high
density liquid metals (lead-bismuth alloy and mercury), they are much
less significant in the water and lithium tests. On the other hand, the
strength properties (including hardness in this category) are predomi-
nant in the water and lithium tests. The same observations apply to the
venturi tests, although the role of energy terms was not as great for
the liquid metal (mercury) venturi tests as for the vibratory liquid
metal tests.

Theoretical arguments have been advanced in the past to show
that a correlation would involve both energy and strength terms.58 This
argument is reinforced by consideration of the limiting case of a very
strong but brittle material. As a hypothetical example, suppose a cavi-
tating flow regime with such a material where the implosions were not
capable of imposing stresses on the surface in excess of the "fatigue
strength.” Then no damage would result, even though the strain energy
were very low as it often is for such materials. Data obtained with
tool steels and stellite are consistent with this viewpoint. It would
be expected that this limiting condition would apply more closely to the
water and lithium tests (relatively low density fluids) than te the
heavy liquid metal tests, since the stresses imposed are probably
roughly proportional to fluid density. Thus this argument is consistent

with the present experimental data obtained with these different fluids.
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M,  Comprehensive Correlations of Lead-Bismuth,
Mercury, Water, and Lithium Data

1. General

The major objective of the computer amnalyses described thus
far is to deduce a single_comprehensive predicting equation that would
suitably explain the lead-bismuth, mercury, water, and lithium data.
Such an equation would, of necessity, include at least one fluid coupl-
ing parameter to account for the variations in fluid properties for the
four fluids.considered and the corresponding test temperatures, since it
has already been shown that the cavitation resistance of all the materi-
als tested, and their relative rankings, depend on the fluid. The com-
bined‘lead-bismuth, mercury, water, and lithium data was submitted to
the regression program in an attempt to arrive at the required correla-
tion of all experimental data in terms of mechanical and fluid proper-
ties, The mechanical properties allowed in these correlations were thé
same as previously employed: tensile strength, yield strength, engi= ‘
neering strain energy, true strain energy (two values based on elonga-
tion and reduction in area),_hardness,(elongation, reduction in area,
and elastic modulus. 1In addition, each of the six fluid coupling param-
eters discussed previously, namely, acoustic impedance ratio, density,
surface tension, net pos;tive suction:head, bulk modulus, and kinematic
viscosity, was combined separately with the group of nine mechanical
properties. Hence, six comprehensive correlations were attempted,
allowing a total of nine mechanical and one fluid property in each. It

was hoped that such a procedure would indicate those fluid properties
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that were most successful as coupling parameters. The values of the
fluid coupling parameters used in these correlations were listed previ-
ously in Table 36.

In addition, all of the cavitation data obtained in lead-
bismuth, mercury, water, and lithium was correlated in terms of five
mechanical properties and five fluid properties. The five mechanical
properties chosen for this purpose were the tensile strength, true
strain energy based on elongation, true strain energy based on reduction
in area, elastic modulus, and hardness. The fluid properties included
were the ratio of acoustic impedances of the test fluid and specimen
material, fluid density, surface tension, bulk modulus, and kinematic
viscosity. Such a correlation indicated those fluid properties which

were most successful as coupling parameters.

2. Single Fluid Property Studies

A gummary of the results of the six comprehensive correla-
tions (lead-bismuth, mercury, water, and lithium) involving nine mechan-

ical properties and one fluid property follows.

1) Acoustic Impedance Ratio (AIj
When the acoustic impedance ratio is used as the fluid
coupling parameter and combined with the nine mechanical properties
allowed to enter the predicting equation, the statistically best corre-

lation obtained is:

Avg. MDP Rate = 8.97 - 3.10x102(TSER) "3 + 4.50x10%(TSER) "}

/3 _ 1.20x10%(TsEE) "1/2

/2

-0.159 (TSER) |

/3

+ 1,710 3 - 7.40x10%(ESE) !
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- 3.49x10° (TSER) "3 + 3.,22x10%(7s) "1/2

+ 8.88x10°(TSEE) "L/¥ 2.32x10%(msE) ~1/3

Coefficient of Determination 0.980

n

Average Absolute % Deviation 2.7%

Although the equation may appear formidable at first glance, it should
be noted that 8 of the 11 terms present involve some form of the strain
energy. If the allowable exponents were not restricted to positive and
negative integers and their reciprocals, the many strain energy terms,
of which all three types are included, could undoubtedly be combined and
reduced considerably. The appearance of the tensile strength in an
inverse relationship is not surprising since it was successfui as a
single correlating parameter in each of the four fluids. Th% acoustic
impedance ratio is also included, and it is noted that the damage rate
increases as the acoustic impedance ratio increases, as postulated in
Chapter V, section B, One might conclude that the acoustic impedance

ratio is successful as a fluid coupling parameter in these experiments.

2) Density (£ )
The density was next combined with the other nine mechanical
properties allowed to enter the predicting equation, and the statisti~

cally best correlation obtained is:

Avg. MDP Rate = 2.44 - 1,62((9 y=1/3 o 4 gox10% () -1/3
+ 2,07x103(TsEE) 1 - 1.99x1013(E) -2
+ 4.26x10™ (TSER) ! - 7.35%1072 () /2

- 5.48x107 (1SER) "2 + 2.36x108(T5) -2
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]

Coefficient of Determination = 0,969

[

Average Absolute % Deviation = 9.7%

Three of the terms present in the equation involve the true
strain energy and two terms are functions of the elastic modulus. The
tensile strength and hardness are also present, each indicating that a
decrease in damage rate would be expected with increasing tensile
strength or hardness., The density also appears as the fluid coupling
parameter; and despite the negative exponent, increasing density would
result in increased damage, since the coefficient of the term is nega-
tive. This is consistent with the observations in our own laboratory,

2
both in the venturi 1,22,58

and vibratory facilities, and has, of
éourse, been postulated by other investigators,81 as well as being
theoretically anticipated through consideration of bubble dynamics or
jet impingement equations. However, there is another density effect as
will be developed later, in its effect upon NPSH, which in turn affects
the configuration of the cavitation flow field.

The fact that density enters to the (-1/3) power is interesting,
since yield strength has also been often involved to this power (Tables
40, 46, 47, 48, 50, and 51)., According to the simplest bubble collapse
or jet impingement calculations, the stress imposed upon the surféce is
proportional to the density and, hence, it would not be surprising if
strength and density entered all relations for volume loss in the saﬁe
way. Assﬁming this proportionality between density and stress, it then

would follow that volume removed is, very roughly of course, inversely

related to the cube root of imposed stress.
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. 3) Surface Tension (o)
'In a similar manner the surface tension was investigated as
a possible fluid coupling parameter, and the statistically best predict-

ing equation is:

Avg. MDP Rate = 0.982 - 6.38(R&) M3 + 2.50x10"%(0m)

- 1.28@wom Y2 4 2.36x10" zsER)

+ 4.53x10% esE) "L + 14.87 (rsER) /3

- 1.28x10 ‘(E)-
Goefficient of Determination = 0.923
. Average Absolute % Deviation = 2.4%

Again, three of the terms involve various forms of the strain
energy. The surface temsion enters with an exponent of 2, ﬁhereas in
the previoue relations the acoustic impedance ratio and density were
esch raised to the 1/3 power. The correlation indicates that increasing
surface tension reSults in increased damage. This was reported by
Nowotny32 as a result of his experiments, although his relation between
MDP rate and surface tension is nearly linear, rather than squared.
However, no variation of MDP rate with surface tension is predicted by

2,8

numericsl analyses of bubble collapse. However, the simplified

models used may in some way neglect the mechanism here involved.

4y Net P031tive Suctlon Head (NPSH)
Slnce the local pressure was varied in our experlments S0 as
_to malntain the dlfference between local pressure and vapor pressure

.constant, the static net p031t1ve suction head is 1nversely proportlonal
&« A0 .
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to the density, but the dynamic NPSH applied bylthe-horn is more closely

constant, as already discuéééd; The correlation was carried out using

the static NPSH values, and the statistically best predicting equation

obtained is:

2 + 5.60x1073@® Y% + 1.01x107 (rsEE) "2
/2

‘Avg. MDP Rate = -1.17x10

3, 6.3x1'02 (RA) -3 +1 .88::103. (TSER) L
/3

+2.76x10% (18) !
/2.

+ 5.81x10% @) "

5 .48x10" 2(NPSH) - 45.21(TSEE) ™ *

- 5.12x10% (sER) M3 - s.rmi0iEyTHE
Coefficient of Determination = 0.962
Average Absolute % Deviation = 5.0%

Two.ferms ére fﬁﬁétiﬁns 6f eaéh of the foﬁms of true strain
energy used, while three additional terms involve the elastic modulus.
The tensile strength appears in an inverse relationship, as expected,
 and the net positive suction head is present ‘in a linear mammer, but
_with negative coefficient. Hence, increasing net positive suctiom head
results in a decrease in cavitation damage. However, this prqbably is
merely the same effect as that previously discussed in- relation te den-

sity, since these tests were conducted so that NPSH is always 0{ 1/{7

5) Bulk Modulus (B)
The statisticaily best predicting equation obtained when
bulk modulus is introduced as the fluid coupling parameter is:

2

Avg. MDP Rate = 0.665 - 1.66x10%(1s) /% - 2.50x10%% () "3

+ 5.37x100(TsEE) "2 + 1.13x10° () "2
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+ 3.49%107 (TSER) "2 - 4.53%10°(0) >
+ 1.99x10"3 ()72 + 9.02x10°®) 7!
Coefficient of-Determination.=_O;925

Average Absolute % Deviation = 5.1%

The true strain energy, hardness, and.tensile,strength are each
entered in the'equaaidn-twice,;while the bulk modulus is present with
both a negative exponent and negative coefficient. Hence, as the bulk
modulus is increased (compressibility decreased), the damage would
increase, as expected,theoz_:étically,s'z’83 énd as often observed in field
practice where daméging cavitation with petroleum pumps is virtually.
unknown as compared to water pumps. This trend has also been reported

in a previous'laboratory investigation using a vibratory facility.

6) Kinematic Viscosity () )
The. final fluid coupling parameter investigated was the
kinematic viscosity, ))_. The.statistically best predicting equation

obtained in this case was:

Avg. MDP Rate = - 0.294 + 6.91x10%®) "L/3 - 1.30x10% (zsER) /3

+ 3.13x-1o‘.*(u)'3 + ZS;aO(TSEE)-U’s

+ 3.76x14(TSER)-1 - 5;95:'c10'3(RA) 1/2

6.30x102( Y )2 + 0.243(E10M />

2.5ux1083 @ 2 + 2.06x1077(Y) L

Coefficient of Determination = 0,963

Average Absolute. % Deviation = 2.2%

The true strainﬁfngsgy is involved in three terms while the

elastic modulus appears in two. The hardness 1s also prominent in a
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strong inverse relationship. The kinematic viscosity, )) , appears in
_ two terms, such that increasing kinematic piscosity results in a
decrease in cavitation damage, as postulated.

| A summary of the statistics applicable to the six comprehensive
damage correlations discussed above are presented in Table 52, The
f£luid coupling parameters‘couéideredeafe‘listed in an order determined
by the coeff1c1ent of determination of the correSpondlng predicting
equatlen, It is seen that thedacoustlc 1mpedance ratlo results in the
predicting equatlon with highest coefficient of determination. However,
all fluid properties censidered as coupling parameters were quite suc-
cesgful in this regard. Lt should be emphasized that the‘acoustie‘
impedance ratio involves both the deesity and bulk modulus of the fluid,
and, hence, to some extent may also cover effeets normally_ase#ibed to
mechanisms associated with these properties. All predicting equations
had a value of c0effic1ent of determlnatlon greater than. 0,960, except
when the surface tension was employed as the coupllng paraﬁeter. Iﬁd
addition, the average absolute'pereent deviation was 1essi;han 10% in
all cases. As a result, it is difficult to make any recommendations as
to an optimum fluid coupling parameter. All £fluid pfoperties congidered
' in this study seem to be successful, and this is not surprising when it
is considered that for a liquid'fhe fluid properties can all be
expressed as smooth functions of temperature alone and, hence, are
smooth functions of each other. The resulting predicting equations show
a strong dependence on strain energy, hardness, tensile strength, and

“elastic modulus. In fa%$,ﬁvhe six predicting equations described above
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TABLE 52

SUMMARY. OF STATISTICS FOR COMPREHENSIVE DAMAGE CORRELATIONS
(SINGLE FLUID PROPERTY)

E_;uid Coﬁplirﬁ Péfggeter cp* _AAPD**
1. Acoustic Impedance Ratio (AT) 0.980 2.7
2. Bulk Modulus (B) 0.975 5.1
3. Density ) 0.969 9.7
4." Kinematic ‘Viscosity '())) 0.963 - 2.2
5. Net Positive Suction Head (NPSH) 0.962 5.0
6. Surface Tension (0°) 0.923 2.4

*Coefficient of Determination.

 *%pverage Absolute % Deviation.
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contained terms involving some form of strain energy 23 times (ISER-~12,
TSEE-8, and ESE-3), elastic modulus 9 times, tensile strength 5 times,
hardness 4 times, reduction in area 3 times, and elongation 2 times. Of
course, a coupling parameter was present in each equation, although it
was by no means forced into the equation, since the program uses a
repeated choice and then testing for suitability of the selected terms.
It will be recalled that strain energy, tensile strength, and hardness
were the most successful properties im the single property correlations
of lead-bismuth, mercury, water, and lithium separately (elongation and
yield strength were also successful in the lithium correlations). These
mechanical properties along with the elastic modulus are also the most
prominent in the comprehensive lead-bismuth, mercury, water, and lithium
correlations.

The fact that all the forms of strain energy are sometimes
involved and that their relative involvement depends on fluid, tempera-
ture, material, etc., may indicate that different modes of material
failure are involved, depending upon the various test parameters, since
it would be expected that TSER would most closely represent resistance
to ductile failure, while TSEE or ESE would be most closely involved
with brittle failure.

Figure 8l is a plot of the predicted values of average MDP rate,
computed using the comprehensive predicting equatior with acoustic
impedance ratio as the coupling parameter, versus the corresponding
experimental data points, and indicates the extent of agreement afforded

by this analysis.
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20 _
AVG. MDP RATE = Ki + KZ(TSER)'1/3 +'x3(TSER)'1 + K4(TSER)1/3 N
RS(TSEE)'le + “5‘51’1/3 + K7(ESE)-1/2 4
-3 -1/2 R
Kg(TSER) ™ + Ko (1) /2 4 k) 7SER) T 4
-1/3
Ky, (ESE)
COEFFICIENT OF DETERMINATION = 0.980
AVERAGE ABSOLUTE % DEVIATION = 2.7%
15— ' '

PREDICTED MDP RATE , MILS/HOUR

| | | | | I
c | 2 3 4 5 | 0 4
EXPERIMENTAL MDP RATE, MILS/HOUR

Fig. 81.--Coﬁpa§ison of predicted MDP rate and experimental
MDP rate - all lead-bismuth, mercury, water, and lithium data (acoustic
impedance ratio is the fluid coupling parameter).
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3. Multiple Fluid Property Studies

| The'previous'coﬁpfehensive computer correlations have shown
that éll éf the fiuid properties considered as coupling paraméters were
quite successful when considered individually. In order to better
determine the most significant fluid coupling parameters for our corre-
1ations, five such proPerties‘Weré included in a comprehensive correla-
tion of all the cavitation data. The fluid properties considered were
the ratio of acoustic iﬁpédanées of the test fluid and specimen materi-
al, fluid density, sufface tension, bulk modulus, and kinematic viscos-
ity. The humber of mechanical properties was reduced to five for this
study ahd'ineluded thé tensile strength, true strain energy based on
elongation, frue strain energy based on reduction in area, elastic modu-
lus, and hardness. Under thése;conditions the statistically best corre-

. lation obtained is:

Avg. MDP Rate =-2.32 - 1=74(f3')'1 - 4 .86x10° (TSER) "%
+ 40.60(7SEE) "L/ + 5.42x10%(18) "1/2

+ 4.25x107aD) "%

[k

Coefficient of Determination = 0.711

- 49.5%

Average Absolute % Deviation.

It is seen that Both_the deﬁsity and the ratio of acoustic
impedances appear in. the predicting equation. .Thé degree of statisti;
cal fit -afforded by this equation is not nearly as good as that obtained
in the previous comprehensive correlations‘.

In the 15 correlations obtained when one allows five.mechénical

-

and five fluid propert13% ta enter the;predicting equation, it was found
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that the fluid density aﬁd bulk modulus appegred in these equations
seven times each, while the ratio of acoustic impé&ance; aﬁd the kine-
matic viscosity‘eachrappqared_two times. The surface tension did not
appear in any of the correlatiops,rand.this is consigtent With theoreti~
cal expectations, as previously‘discpssed.“'

.- If this analysis is :carried out after omitting the 4 data points
obtained in iithium_at 150G°F (thgsg_Points are bbviously influenced by
thermodynamic effects), then under these conditions the statistically

best correlation obtained is:

Avg. MDP Rate = 10.45 - 2.82x102(TSER)"1/3 - 0.11(1sER)1/3
+ 5.13x10% (1sER) "L+ 2.908(amy) M3 4 54.68(H) "
- 3.95%10% (TSER) ™3 - 3.38x10”2(TsER) 13
- 3231074 V2

0.965

Coefficient of Determination

Average Absolute % Deviation = 1.1%

It is seen that the bulk modulus enters the predicting equation
as the fluid coupling parameter. This equation is far superior statis-
tically to that obtained above when the lithium data at 1500°F was

retained in the full data set.

4, Second-Order Interaction Correlation

As previously mentioned, the least mean squares regression
computer program used for these studies includes the option of a second-
order interaction correlation, i.e., cross-products of the independent
variables are allowed to appear in the predicting equation.. This, of

coursé, increases greatly-the number of possible terms that may appear
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in the predicting equation as compared to a first-order interaction cor-
relation involving the same-mechahical‘and fluid properties. In this
preliminary study the five mechanical and five fluidlprqperties preyi-
ously employed in the multiple fluid property correlations Were'retained
. for the second-order interaction study. JC1early, large amounts of com-
puter time w111 be necessary 1f one is to complete a detalled ana1y51s
of the cav1tat10n data under these condltlons The prelimlnary correla-
tions, consumlng conSLderable competer time, did not 1ndicate any partl-
cular eomblnatlons or products‘of 1ndependent varlables appearing con-

SLStently in the many predlctlng equatlons generated in this study.

5. Hebbe' Energy Concepts

| Hobbs' proof resilience-end ultimate resilience concepts
were previously diseyseed. .In:otder to determine if either would be
prominent in explaininglour oW1l cevitation date}a comprehensive correla-
tion was carried out in.which ail the mechanical properties previously
mentioned.were.alloﬁe&-to appear in tﬁe predictiﬁg equation with tﬁe
exception of the engineering strain eﬁergyL(ESE) which was replaced
first by Hobbs' proof resilience (PR) and then by Hobbs' ultimate resil-
ience‘(URJ, In both cases the fluid density was also included as the
fluid coupling parameter as this fluid property had been very prominent
in the multiple fluid property correlations.

Under these conditions it was found that Hobbs' proof resilience

did not appear in any of the correlations generated in the study. How-
ever, Hobbs' ultimate resilience was.very successful as a correlating

parameter as it appeared®in*every equation generated. The
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statistically best cortelation obtained in this case was:
Avg. MDP' Rate ='0.510 + 6. 045(uR) "2 - 0.471¢ P)

0.658

Coefficient of Determination

54.5%

Average Absolute % Deviation
Although it is not statlstlcally meressive, the eduation is vety com-
pact and involves only one mechanlcal property and one fluid property.
Further, lt is seen that damage decreases with increasing ultlmate
energy, and 1ncreases w1th 1ncrea31ng density, as expected

When the data obtalned at 1500°F in lithium is removed from the
total data set because of the thermodynamlc effects prev1ous1y men-
tioned, Hobbs' ptoof resilience still did not aspear'inhany-of the pre-
diCtiﬁg'equations geneteted'hy the program, However, in the.analysis
involving‘Hobbs‘ ultimate‘resilience withoutlthe 1500°F lithium data,

the statistically best correlation obtained in this case was:

Avg. MDP Rate = 0.193 + 8.243(UR) V2 - 0.536({))'1

Coefficient of Determination 0.762

26.7%

Average‘Absolute.% Deviation

It is seen that the dependence on density has been reduced from an expo-
nent of (~2) to (-1). The coefficient of deterﬁination has been -
increased considerably and the average absolute percent deviation has
been significantly reduced. The equation is of a very simple form in
that enly two properties arerinvolved; one material and one fluid prop-
erty.. The dependence on ultimate resilience is the same regardless of

the inclusion or exclusﬁbnfgf the 1500°F lithium data. Note also that
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the coefficients of the terms involvimg the ultimate resilience and the
density are not much different in the two cases. Such a simple equation
as this, suitably accounting for the complete body of cavitation data
(with the exception of the 1500°F lithium data), would be of value to
the designer of components susceptible to cavitation damage.

N. Comparison with Venturi Facility
Correlations

Previously,22 computer correlations of cavitation damage data
generaﬁed.in this laboratory's mercury and water venturi facilities were
carried out and reported. It was found that no good correlation existed
between any single méchanical propecrty and the cavitation damage in the
mercury tests. However, true breaking stress exhibits the best fit.

The ten property correlation of the mercury data showed that a combina-
tion of true breaking stress and tenmsile strength was significant. In
the case of the corresponding ultrasonic investigations described above,
true strain eﬁergy (based on elongation), hardness, and tensile

strength were successful in the single property correlations. These
same properties dominated the ten property correlations.

In the single property correlations of the full set of water
.data obtained in the venturi facility, it was fouﬁd that the acoustic
impedance ratio and the elastic modulus resulted in the best fit statis-
tical expressions. The corresponding ultrasonic studies showed the
hardness and tensile sfrength to be the most suitable.

Single property correlations of the subset of Water.data involv-

ing materials also tested in mercury was also carried out for the
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venturi facility. These materials correspond to subset one of the
acoustic results. It was found that elastic modulus and reduction in
area result in good fits individually. Subset one of the water data in
the ultrasonic facility was correlated well in terms of tensile
strength, hardness, yield strength, or elastic modulus. Here, there is
some agreement among the two facilities.

The analysis of the remainder of the venturi dafa (i.e., those
materials tested in water only) on a single property basis shows that
the correlation with elastic modulus and acoustic impedance ratio again
is very good. This was also true with the full set of water data.
These materials correspond to subsets two and three of the acoustic
water data where hérdness, tensile strength, and re&uction in area were
successful as single correlating parameters.

The multiple property correlation of the full set of venturi
water data and the two subsets individually resulted in predicting equa-
tions where the acoustic impedance ratio, elastic modulus, tensile
strength, and true breaking stress were the most prominent properties.
The corresponding ultrasonic studies showed the tensile strength, hard-
ness, and yield strength to be the predominant terms.

Correlations of the combined water and mercury venturi damage
results are not yef available for comparison with the corresponding
ultrasonic amalysis.

In general, it is seen that the venturi results are best corre-
lated in terms of tensile strength, elastic modulus, true breaking

stress, and acoustic impedance ratio. The ultrasonic results correlate
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best in terms of ténsile strength, elastic modulus, hardness, and strain
energy. waevéf, the’fuﬁétional.relatioﬁs“involving.gny of the terms -
are'genefally not the same between the two faéilities’or for subsets
within the same facility. There is no explanation at this time as to
the differences ;hat exist. Undoubtedly, they are due to differences in

the damaging mechanism itself in the two facilities.

P. Graphical Single Property Correlations

For the sake of completeness it was decided to graphically
investigate the ability of the tensile strength, yield strength, engi-
neering strain energy, true strain energy (based on reduction in area),
hardness, and ultimate resilience to correlate cavitation damage indi-
vidually in each of the fluids tested. These mechanical properties were
chosen since they had been the most successful in earlier computer cor-
relations. The lithium data obtained at 500°F and 1500°F was treated
separately due to the thermodynamic effects that are important in lith-
ium at 1500°F,

Thus, for lead-bismuth, mercury, water, lithium at 500°F, and
lithium at 1500°F? the experimentally-determined cavitation data was
normalized to the data obtained for type 304 stainless steel. In lead-
bismuth the data was normalizéd to the type 304 stainless steel data
obtained at 500°F, while in mercury the data was normalized to the type
304 stainless steel data point obtained at_70'°F° Plots of normalized
inverse cavitation damage versus each of the six mechanical properties

= listed above were made. The best straight line was drawn through the
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data‘p;ints._ The:specimen materials have been_catggorized aergfractory
alloysy ferrous metals, Plexiglas, and a group including aluminum,
copper, nickel, Cu-Ni, and Cu-Zn. Thus; it is possible to distinguiéh
from the plots the types. of materials whose cavitation resisténce_(pro-
portional to normalized inverée cavitation damage) may be adequatgly
correlated in terms of a single mechanical property.

The 30 plots prepared for this study are included in Appendix C

as Figures 88 through 117.



CHAPTER VII
THERMODYNAMIC EFFECTS

A, Introduction

. .The cavitation results obtained in lithium (Chapter III)_indi- :
cated that the amount of dgﬁagg sustained by;a.given material‘at 1500°F
was considerably less than that sgstained at 500°F for constant testing
time. The exact opposite behavior was noted in the cavitation tests
conducted in lead-bismuth alléy and mercury as part of this overall
investigation. In these two fluids the damage sustained by a given
material at the higher temperaturé‘was\g;eatgr ;hgn tha; measured at the
lower temperature. OneAmigh;_expect:;his latter behavior due to the
reduced strength of the materials at the glevatgd temperature. However,
the variation of the fluid,propérties with temperature is also important
-and must be considered. A recent paper by Leith6,5 prgsents.predictions
of cévitation démage in a vibratory facility exposed to atmospheric
. pressure for liquid metals as a function of temperature for a material
possessing_constant mechanicalfproperties, i.é.; not a'fqnction pf tem-
perature, _Leith's interpretation of the previously availabie dafa indi-
cates that the specific gravity,'vapor_pressure, viscosity, apd surface

tension are important fluid properties which affect the amount of damage
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sustained as a function of temperature.. In the case of Nak, potassium,
lithium, rubidium, cesium, and sodium, Leith ;oncludes that cavitafion
damage as a function of temperature feéﬁhes a maximum at a temperature
15% to 20% up thé melting-boiling range, falling off below and above
this maximum damage temperatdre. . R
It is our présent feeling'that the trend in the lithium results

can be explained primarily on thé basis of cavitation "thermodynamic
effects," as follows. At 1500°F the vapor pressure of lithium is many.
timés‘greater'than at 500°F. When the cavitation bﬁbblés'colzapse at
the higher temperature, the:heaf of condensation from the condensing
vapor trapped'withiﬁ the bubble must be conducted into the surrounding
fluid, éiﬁce the“Vapor pressure is much higher at the highet tempera-
ture, theré is more vapor presént within a giﬁen bubble and, hence, more
heat must be conducted into the surrounding fluid, If this does'not
occur rapidly enough (during the vibratory half-dyclé corresponding to
horn insertion), theh‘the'temberature apd'pressﬁfe of the uncondénsed -
vapor are raiséd, thus arresting the bubble collapse. This uncondensed
vapor serves to cushion the bubble collapse with a resultant decrease in
collapse pressﬁres and reduced damage to the test specimens.

" Such thermodynamic effects have been studied in great detail by

65,69,76,77,78,79,82,83,84,89 through 96. , - o

many inﬁestigators.
ies generally have resulted in the derivation of some "thermodynamic
pafaméter" which could be used to characterize cavitation bubble col-

1ap§e in a’givén quid-temperaturé:environmént as being controlled

either by liquid inertia effects or the heat transfer effects discussed
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above;':Of-courSe,~in'some'easessbotn effects would influence bubble
collapse. A simple model for bubble formation and callapse will now be

examined,

B. Calculation of Thermodynamic Parameters

| Very qualitatively,'if'the local nressure isnreduced below the
vapor pressure in a fluid the phenomenon of cavitatlon occurs, The
vapor bubbles that are formed when the local pressure is reduced below
the vapor pressure depend upon.the surrounding liquid for thejrequired
heat of vanorization. The heat of vaporization is drawn from a thin
liquid film adjacent to the cavity. 16,78,79,84, 9} through 95 The basic
heat balance between the heat requ1red for vaporlzation that occurs dur-

ing cavitation and the heat drawn from a thip liquid film adjacent to

the cavity is simply stated as:
s pLVLCL (A

where: |
FJvé uapnr densit&, lﬁm./fti.‘3
V. = vapor volume in bubble, ft.3
L = latent neat ef napuriZation, Btu[ibm.
(D L = liquid density, 1bm, /ft.

v = liquid volume of film surrounding bubble from which heat
can be drawn withio the allowed time, ft. '

C; = specific heat of the liquid, Btu/lbm.°F

temperature drop in liquid film due to vaporization, °F

>
-
B
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The ratio of :vapor volume formed to liquid volume supplying the necess

sary heatiof: vaporization is:

v, PL'CL A

v, - F, L = Ja

where Ja = Jakob Number. -

Generally, for a sphericel'bubble;'ﬁhe_liquid vbluﬁe,-VL; is eﬁPrESsed

as;
VL = A-h
where: |
| A = liquid film area (vapor~1ieuid interface)
h < average thickness of cooled liquid f£ilm

The ratio‘of ﬁapor volume to liquid volume has been called the thermody-
namic parameter, B, by several 1nvestlgators.69 78,79, 9 It seems more
physically meaningful to speak in terms_of the ratiq‘of the vapor volume
formed to the liquid volume supplying the necessary heat of vaporization
per decrease in net positive suction head zﬁ H. Thus, Hammitt78
defined the thermodynamic parameter, B, as follows, although various

other related definitions are to be found in the 11terature.69 ,79,91,92

Oue 4T 3,
f’ 1 A AH

where:

A H = decrease in net positive suction head corresponding to a
decrease’ AT in liquid temperature . . '
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This is the form of the thermodynamic parameter that will be initially

considered in this analysis. -

Since:
Ax A
| IVPLf.
we have:

= pLZICL"T'
by A

B

97,98

From the Clausius-Clapeyron equation, ~we can express A p/ 'A'T

as:

Hence, B can be'computed fof a_giVen‘quidefemperéture combinatien,
knowing the liquid deﬁsity, Vapbr density, heat of vﬁporization,'and
specific heat of the liquid. The thermodynamic parameter, B, above has
been evaluateti forrwa_ter at 5_5°.'F,""95°F, 120°F,-:150°F; an& 180°F, for
mercury at 70°F and 500°F, lithium at 500°F and 1500°F,.1ead-bismuth at
500°F and 1500?]?-,- and 'rlsodium at"\ 50°F and 1500°F. Values of P L’
G)v’ and B}are‘tabpléted infTaste‘53for thesefvarious_fluid-teﬁpera-.,

ture combinatiens. . :F)v is_cOmpuEed from the ideal gas law.
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. The formulation of the tﬁermodynamic‘parameter, B, above neg- .
lected the rate .of bubble formation.and bubble collapse. - Hence, the
. very effect we are most interested in investigating, i.e., the rate of
heatAtranSEer, has not been taken into account. Florschuetz and Chao,79
in a very comprehensive paper dealing with the mechanics of vapor bubble
growth and collapse, show thaf the effectiﬁe thermodynamic paraﬁeter,

Beff', which does take into account heat transfer effects, can be

expressed as:

B = . EE__, = M _EL,_ PL
eff. 701/2 | ‘ PV N R() . W .

Whéré:
J = Jakob Number (dimensionless)
C = C-number (dimensionless)

thermal diffusivity of the liquid, f£t.’/hr., =k / PL c,

=
]

"kL = thermal conductivity of the liquid, Btu/hr.ft;°F
RO .

The JakoB.Number, :a’ can be expressed as:

i

"~ equilibrium bubble radius, ft.

J_ =B ' NPSH
a.
where B is the thermodynamic parameter introduced previously which does

not take account of the heat transfer effects. As a result, B .. can

be expressed in terms of B, as;

K .
2 3/2
Begg, = B ﬂ- (NPSH)



-320-

Florschuetz and Chao79 show that for low Begg, bubble growth and c&l-
lapse 1is heat'tranéfer controlled, whereas for high Béff.,:it isiliquid
inertia controlled.

The.Jakob'Number,.Ja, has been computed for the various fluid-
temperature combinations listed in Table 53 for a constant NPSH of 1
foot,. The valﬁes are tabulated in Table 53. Thé value of 1 foot was
selected arbitrarily, but it ié‘reasonable to conclude‘that theyeffecf
tive NPSH controlling bubble formation and collapse in our experiments
was constant, since it is the dynamic NPSH caused by the rapid insertion
and withdrawal of the ultrasoﬁic hﬁrn‘that is applicable. This.is
approximately constant for all the'fluid-températuré combinations inves-
tigated. The C-number was also computed, assuming an equilibrium bubble
radius of I cm. . This.value was also arbitrarily chosen, but it is rea-
sonable to assume that the bubble radius was constant for all the cases
considered since the dynamic NPSH ﬁas constant in all cases, Values of
C and Beff. computed under these assumptions are tabulated .in Table 53,
Since, as they are used herein, only ratios of these-quantitiés are
required, the use of arbitrary constants fo; R0 and NPSH is permissible.
The values of C and Beff. for other'vélues of Ry and NPSH can be
thained easily from Table 53 by suitable ratios, if so desired,

In the‘casé of the liﬁuid metais it is séen that B ge is a
minimum for sédiuﬁ at 1500°F. Tﬁe value for 1ithiﬁm at 1500°F is also
quite small. As the value of B ;e iS'decreaéed, thiélwould indiéate a -
‘greatef ratio of vapor volume formed to liquid volume supplying the

nécessary heat for a géyeRWdrop in NPSH, Low values of thermal
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diffusivity, in&icating thatithé fluid is a poor ﬁhermal cenductot,ﬂ
would further reduce Ehe-valué.of*Béff_;l_Henceg it is.dlearly'Seen-that
as Bogg. 18 reducéd; the heat tradsfér-éffects becomé important, i.e.,
more vapor is.available.for conﬁensafionﬁaﬁd/orithe'heat of ‘condensation
cannot be conducted into the-sufroundiﬁg flui&.sﬁfficiently rapidly in
 the hbrn_héif-cycle availéble for bubble collapse because of poor ther-
mal.cdnductivity;‘ Thus,'in‘tﬁis case;, the uncondensed vapor se;ves to
cushion the bubble COllapSe“aslits temperature and pressure are raised
by the heat'noﬁ’conductéd'tq the sur?oﬁnding fluid, In the case of mer-
cﬁry.atf70°F,1iithium at 500°F, and lead=-bismuth at 500°F and 15@0°F,.'
the vaiuestbf Béff‘ are very large. In these cases bubble collapse was
not heat transfer controlled, as demonstrated by the cavitation damage-
results. Rather, it is controlled by liquid inértié“effects. Bubble
collapse in metrcury at 500°F appears to be influenced by both factors,
as will be seen later. The values of’Beff: for water are all quite low.
chéver,'e&en at 55°F the vapor density of water is appreciable. It

. appears that heat transfer effécts may be impertant in bubble collapse
in water af.éli the temperatures considered, especially at the highest
temperature of 180°F, which is véry near the boiling point. Sodium at

' 1500°F is also near the boiling point, and the value of B . is very
-small, as expected. In the comptehénsive analysis of Florschuetz and
ChadTg-in water, it is concluded that for values of B ¢¢ less than
0.05, heat transfer éffectg'contrbl:bubble collapse, whereas for B ¢ -
greater than 10, the liquid inertia is éontrolling;_ For intermediate

values of B,gg. Doth effgﬁts@ére:important1"Applying these criteria to
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our water data, it is seen from Table 53 that the bubble collapse at
55°F and 95°F appears to be controlled by the liquid inertia, while at
150°F and 180°F the heat transfer effects are.controlling. At 120°F
both effects are apparently important.

It would be instructive to determine in a more quantitative
mannetr those fluid-temperature combinations considered in this investi-
gation that are influenced by heat transfer effects in bubble collapse.
In Table 54 is listed the experimental data obtained for type 304 stain-
less steel in the various fluids at several temperatures in terms of MDP
rate. Data for type 316 stainless steel tested in sodium was taken from
references 37 and 38. The data obtained in each individual fluid was
normalized to a given data point in that fluid. Hence, the water data
was normalized to the data point obtained at 120°F, the mercury data to
70°F, the lithium data to 500°F, the lead-bismuth data to 500°F, and the
sodium data to 500°F. The resulting normalized MDP rates are also
included in Table 54. This data was next corrected for differences in
temperature which would change the mechanical properties of the test
material and, hence, influence cavitation damage. The correction

_1/2, where UR denotes Hobbs' ultimate

applied was proportional to (UR)
resilience, which was previously discussed. The form of the correction
was taken from a predicting equation discussed in Chapter VI, which
sultably accounted for the complete body of cavitation data. The tem-
perature corrections are noted in Table 54, and also the corrected nor-

malized MDP rates, which are computed by simply multiplying the normal-

ized MDP rate by the temperature correction factor. It is noted that in
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the case of.mercury and lead-bismuth the correctgd normalized MDP rate
is grgater_@t 1500°F than'at 500°F. This could be due to the decreased
fluid viscoéity_at the higher Eemperature. If all‘effects were pre-
cisely accouﬁte& fora-tHe corrected_ﬁOrﬁalized MDP.fates would be iden-
tical at both temperatures,. In the case of the lithium and fhe sodium
the corrected nofmalized MDP‘raté is’ﬁﬁch smaller at 1500°F than at
500°FF This is unquestionably due.tO'the heat transfé¥'effects previ-
ously digcussed“that are in a direction to reduce cavitation damage at
the highér temperature.

in Figure 82 the ng Corrected Normalized MDP Rate is plotted
versus Log Bogg, for the liquid metals. The water data is not included
on this‘plot due to the additional compiicating factor of dissolvéd gas
which affects cavitation damage in water, but is a negiigible effect in
liquid metals, as previously discﬁssed} since their solubility for‘any
of the common éases is negiigible., Any valué of corrected normalized
MDP rat;,géeater than 1.0 in Table 54 was plotted as a value of 1.0 in
Figure 82. This is due to the fact that there is nb known physical
mechanism that could account for values.greater thﬁn 1.0 other than data
scatter and the minor effect 6f'fluidrvis§osity or surface tension men-
tionmed previously. Numerical calculation382’83-show that ;hese effects
are apparently quite negligible. Of course, the mechanical property

/2

temperature correction applied to the data, (UR)fl , 18 oniy approxi-
mate, and this could result in the discrepancy. The data in Table 54
indicates that bubble collapse only in lithium and sodium at 1500°F, of

.the several cases considered, is subject to heat tfansfer effects. The
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situation with respect to mercufy at 500°F is not nearly as clear,
_élthough the corrected normalizéd éaﬁiﬁation data for mercury at 70°E
and 500°F would seem to indicate that hegt‘transfer effects are negli-
gible at 500°F, In the case of the other fluid-temperature combina-
tions, bubble‘céliapsé is contfdlled by liquid inertia only. In Figure
‘82 a daéhed vertical line has beén arbitrarily.placed on the cufve,
~ passing through a value.of Beff;'= 1Q00. ~It is in this range of B.¢¢
that heat transfer effects apparently become impoftant in bubble col-
lapse in liquid metals.

In Figure 83 the c@frected normalized MDP rate is plotted versus
Log B.gs. for the water data. The reduced values of corrected normal-
| ized MDP rate noted at 55°F and 95°F are most probably due to effects of
dissolved gas,66 increasing at IOW'temperaturg due to increased solubil-
ity, which serve to cushion the bubble collapse. The dissolved gas is
reduced substantially as the temperature is increased. Its proportion-
ate effect is also reduced as the vapor pressure increases with tempera-
ture. The reduced damage rafe noted ‘at 150°F and 180°F in water is
presumably due to the heat transfer effects previously discussed. The
dashed curve in Figure 83 serves to indicate the probable behavior of
the damage rate as a fuaction of’Beff_'if the effect of dissolved gas
were negligible.

In Figure 84 Log B ¢¢ is plotted versus the fluid temperature
for each of the 5 fluids considered. Again, an arbitrary dashed hori-
zontal line is drawn corresponding to a value of B, g¢. =‘1000.‘_Gener-

ally, values of B, rc greater than 1000 would denote fluid-temperature
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combinations where bubble collapse is liquid inertia controlled. Values
of Bogg, below 1000 would denote fluid-temperature combinations where
bubble collapse is heat transfer controlled, Of course, there is an
intermediate range of values of B,gg, where both effects are operative.
Figures 82, 83, and 84 could be used by the designers of equip-
ment which is susceptible to cavitation damage in order to approximate
the change in damage corresponding to a change in operating conditions
from one temperature to_another in a given fluid if NPSH and degree of

cavitation were maintained constant.

C. TFinal Predicting Equation

Comprehensive computer correlations of experimentally-determined
cavitation damage data with applicable mechagical and fluid properties
were discussed in Chapter VI. The cavitation damage data used in these
correlations was raw experimental data. There are at least two correc-
tions that should be applied to certain sections of the complete data
set involving four different fluids and a variety of test materials.

The "thermodynamic effects" were discussed in detail, and it was seen
that for certain fluid-temperature combinations this mechanism results
in a reduction in cavitation damage. Clearly, the damage data obtained
in lithium at 1500°F was significantly reduced because of these "thermo-
dynamic effects.,"” The same comment applies to the water data obtained
at 70°F,-a1though in this case the effect is believed primarily due to
dissolved gas effects. These thermodynamic effects were not operable in

the other fluid-temperature combinatioms considered in this study. The
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correction for "thermodynamic effects' that should be applied to the.
lithium data at 1500°F is mereiy the ratio of the corrected normalized
MDP rates for lithium at 500°F and 1500°F listed in Table 54. This.
ratio is 1/0.0129 =.77.5. 1In the case of the water data at 70°F the
appropriate correction factor is not so easily obtained because of the
complicating factor of dissolved gasg"previbusly-discussed. However,
part of the error can be accounted for by correcting the data to the
maximum point observed in Figure 83 (/Y 120°F). This ratio is 14/11 =
1.27. Hence, the lithium data at 1500°F and the water data at 70°F
should be increased by the appropriate factors to take account of the
reduced damage due to "thermodynamic effects." |

The second correction that should be applied to the cavitation
damage data is concerned with the large variation in static net pdsitive
suction head (NPSH) between the various fluids. The éuppression pres-
sure was ﬁaintained constant at 15.3 psia throughout all the tests in
all the fluids at all temperatures, It was not possible ﬁo maintain
constant NPSH in these tests'due'to the pressure limitations of the
experimental equipment. Hence, static NPSH varied by about a factor of
30 between mércury and lithiﬁm. As previously discussed, the dynamic
portion of the NPSH due to the vibrating horn is approximately constant
for all the fluid-temperéture combinations. Since this quantity is
large compared to the static portiom, it controls bubble COllapée and no
correction is‘required.oh this account. However, the static NPSH con-
trols the bubble regime (size of buﬁblé cloud and bubble population)

- and, hence, it also influences the amount of damage. Variations in
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static NPSH obviously lead, then, to improper modeling between fluids,
It was noted that the surfaces of the specimens tested in mercury and
lead-bismuth (minimum NPSH) were almost completely and uniformly covered
with damage, while the specimens tested in water and lithium {maximum
NPSH) were only selectively damaged. Particularly,.in the case of the
lithium the damage was concentrated in a small region near the center

of the specimen, It is believed that the difference in these damage
patterns is due to improper flow modeling and the fact that a bubble
cloud does not cover the entire face of the specimen in the case of the
water and lithium tests. From experimental observations it is estimated
that on the average the damaged area noted for a specimen tested in
water was approximately 1/2 the damaged area noted for the same material
tested in mercury. This variation is attributed to the variation in
static NPSH, Thence, an appropriate correction factor is deduced from
this data for all of thé fluids. Adopting the mercury test fluid as the
staﬁdard (correcﬁion faétor.= 1.0), one may compute the correction fac-
tor for water in the following manner:

n
(NPSH) )0

—_— = 2 = Ratio of damaged areas
(NPSH)Hg 8

i.e., it is postulated that the NPSH ratio between the two fluids,
raised to an appropriate power, is inversely proportional to the corres-
ponding ratio of damaged areas noted in the two fluids, and to the ratio

of bubble populations. Then, we have:

n
[335.3)/(2.60£] = 2
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Solving for n, we find that n'=.0.266. We further postulate that this
constant is épproximately applicable for all of the fluids tested.

Thus, the correction factor for lithium is easily computed as:

0.266
e,

FNPSH)Hg B

L]
o

- 0.266 - - |
lj(70.6)/(2.60-):{ = X = 2.4

The correction factor for leadfbismuth is:

) = X= 1,075

Thus, the cavitation damage dat# obtained in Water,_lithium; and lead-
bismgth should bg.iﬁcreased'bj the appropri#te_factors to take account
of the variation in bubble.population due.to the variation in statié
NPSH. | | |

Both the correction for "thermodynamic effects" and the correc-
tion for variation in static NPSH were applied to the complefe body of
cavitation.data. This corrected data Was.then:submitfed to a final com-
puter correlation where only Hobbs' ultimate resiiience and the fluid
density were allowed aé material and fluid-corrélating-parametérs;
respectively. The ultimate resilience and density were chosen since a
combination.of‘these two properties had freviously correlated the uncor-

rected data very satisFictorily, whereas simple combinations of other
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mechanical and fluid'properties;were-non;existent-in this ﬁespect. In
the present correlation the allowable exponents were +1, +2,°+1/2, +3,
and +1/3, as was the case with all of the previous correlations. Hence,
a total of 10 exponents per independent variable were allowed aﬁd only 2
independent variables. Thus, a total of 20 possible terms could enter
the predicting equaﬁion under these cifeumstances. The statistically~

best predicting equation generated in this case was as follows:

Avg. MDP Rate = 0.142 + 8.918(UR) "1/2
Coefficient of Determination = 0,780

Average Absolute % Deviation = 51.3%

Note that this equation is a fﬁnttion‘of the ultimate resilience only,
while the fluid density does not appear. This is undoubtedly due to the
fact that the correction for var-iafion' in static NPSH that was app__lied
to the full data set is a function of the fluid density only, since the
suppression pressure was held cogstant in all cases, Hencé, the indiﬁ
vidual effects of density and NPSH cannot be separated in these experi-
ﬁents. Additional tests under different conditions, e;g., variable
suppression pressure and.constant density, or constanﬁ NPSH and variable
density, would.be reﬁuired.in érder to asséss the separate contribution
of each of these effects to the damage mechanisﬁ. However, this present
correction for NPSH"wduid indicate a depéndénce on the demsity only to

the extent of (f’)-o"266

, whereas previously the density had entered as
(P )_2 (all data and no corrections of any kind applied) and as ( P )'1
(lithium data at 1500°F excluded from the full data set and no correc-

tions of any kind applig%).q
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Whenﬂonly the correction for "thermodynamic effects" is applied
to the fuilcdata set, the-statisticallj—best pfedicting equation gener-

ated in chis cese:was es follows: -

Avg. MDP Rate = 0.284 + 7. 2saur) M2 - g, 331({7 ) -2

Coeffic1ent of Determinatlon = 0,744

Average Abeolutef% Deviation"=“-49,5%_
Here both che:uicimace rgeiiience and‘the.density enter into the pre-
~dicting equation. In all cases stﬁdiedvtheculﬁimate resilience enters
to the power (-1/2), whereas the dependence'on density varies;

When neither the correction for "thermodynamic effects” nor the

correction for variation in static‘NPSH‘is applied to the full data set,

the statistically~best predicting equation obtained was as follows:

Avg. MDP Rate'= 0.510 + 6.045(0R)"1/2 = 0.471( P y-2

Coefficient of Determination = 0.658

 54.5%

' Average Absolute % Deviation

This wae precisely the nredlctlng eduatlon obtained in Chapter VLI nhen a -
multlple mechanlcal and fluld pr0perties correlat1on was carried out on
the full body of cavitatlon data, and serves as a check on the overall
pfocedufe; .

The various correlatlons are somewhat conSLstent in that the
dependence on the ultlmate resiIience is 1dentica1 and the dependence
on den31ty is elther to the power ( 1) or (- 2) in all cases considered

In summary, 1f the de31gner of equlpment susceptible to cevita-

- tion damage were to make use. cf these results in choosing appropriate
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cavitation-resistant materials for use in a given fluid-temperature
environment, the recommended equation for computing the relative
expected damage rate is as follows:

2

1) Avg. MDP Rate = Gy-C,[0.142 + 8.918(UR) /2]

where:

C; = correction for "thermodynamic effects” (0_<_Cl£ 1)

€,

it

correction for variation in NPSH (0£C,%<1)

C; is precisely the corrected normalized MDP rate, previously discussed,
and plotted in Figures 82 and 83 as a function of the thermodynamic
parameter, Beff.' Figure 82 is valid for tests in liquid metals and
Figure 83 for tests in water. Hence, one must first compute the value
of Beff. for the fluid-temperature combination of interest and then
determine the corresponding value of C1 {corrected normalized MDP rate)
from Figure 82 or 83. Figure 84 could be used for determining Beff. if
the fluid-temperature combination of interest to the designer is dis-
played. Hence, Cl’ is easily determined. Note that Figures 82 and 83
are plots of Log Corrected Normalized MDP Rate versus Log B.cg and that
the correction for "thermodynamic effects,"lcl, is equal to ;he cor-
rected normalized MDP rate, not log corrected normalized MDP rate.

C, can be easily expressed as:

¢, = 1.29(Nps) "0 2006

where NPSH corresponds to the net positive suction head {expressed in
feet) for the fluid-temperature combination of interest. Thus, both G,
and C2 result in a reduction of the relative expected damage rate,
except when C1 =C, = 1.
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If the tests are to be conducted at constant NPSH, then the rec-
ommended equation for computing the relative expected damage rate is as

follows:

/2

2) Avg. MDP Rate = C;[0.284 + 7.254(0R) /% - 0.331( £)7%)

where C1 is determined from Figures 82 or 83, as before. In all cases

the ultimate resilience (UR) is expressed in units of in.lbf./in.B, or

psi, while the density is expressed in units of g./cc.



CHAPTER VIIL
SUMMARY AND CONCLUSIONS

Ultrasonic-induced cavitation studies have been conducted in
lead-bismuth alloy at 500°F and 1500°F, in mercury at 705F and 500°F, in
water at 70°F, and in lithium at 500°F and 1500°F for a wide variety of
materials including refractory alloys, stéels, aluminum, brassés,
copper, nickel, tool steels, plastics, etc. The detailed results for
the various f1uid-material-tem@erature combinations are listed in the
appropriate sections of the repoft. Various salient features include

the following:

1) The ultrasonic cavitation facility which was developed as part
of this_dissertation is capable of operation at temperatures up
to 1500°F ia fluids including reactive liqpid metals, and pro-
vides a sealed, inert atmosphere for these tests at pressures up
to about 50 psig.

2) The tantalum-base alloys, T-111 and T-222(A), were the most
cavitation resistant of the materials tested in lead-bismuth
alloy at 500°F and 1500°F, in mercury at 500°F, in water at
70°F, and in lithium at 500°F and 1500°F. Thus, the superlority

of these refractory alloys at elevated temperature has been
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demonstrated. The stainless steels were the most resistent in
mercury at 70°F, In the bearing program the tool steel alloys
BG-'-,42»(Rc = 64) and Blue Chip Tool Steel were the most resist-
ant. The cavitation resistance of these alloys correlated well

with hardness. These tool steels were.approximately ten times

more resistant than'the T-Ill and T—222 in mercury at 500°F

The refractory alloy, Ch- IZr(AJ, was the least resistant of the

materials tested in 1ead-bismuth alloy, mercury, and 11th1um at
500°F. ‘Type 304 stainless steel was the least resrstant in
lead-bismuth al:]foy.atr_d Iithium at 1500°F, while Plexiglas
(tested onlﬁ at room temperature) was least resistant in mer-
cury at 70°F,.andltypelliOOQO.eluminuﬁlleaet.resistant in water
at 70°F. In the beering pregraﬁ tﬁe'two‘grades-et graphiter |
tested were found to be the least resistant of the materials
used,

As would be expected, all-materials tested in lead-bismuth sus-

‘qteiﬁed greater damage at 1500°F than at 500°F. All aterials
" tested in mercury’sustained_gréater damage at 500°F than at 70°F

- with the exception of the hot-rolled carbon steel. This can be

explaine& by the superiof mechanical properties of this miterial

| attthe higher temperature.' In lithium the daﬁage suffered by
all materials tested at 1500°F was much less than that at 500°F.
. This is believed due-to-thermbéynamic effects which are very

important in 1ithium at 1500°F. This effect was not operative

in the 1ead-bi§mugh,tests since the vapor pressure was nearly

zero even at 1500°F.
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For the tests at 500°F, wherein the applied static pressure
above vapor pressure was held constant for the different tests,
the amount of damage sustained by a given material in.lithium
was less than that measured in mercury or lead-bismuth by a fac-
tor ranging from 2 to 30. The large variation in this ratio
indicates that coupling parameters between fluid and materials
are necessary to obtain a comprehensive correlation. The amount
of damage sustained in lithium at 500°F and in water at 70°F was
of the same order of magnitude. Damage rates with mercury were
3 to 20 times greater than for water at the same temperature
(70°F) . No corresponding direct comparison was possible in the
venturi tests,22 although generally damage with mercury was
greater. The damage noted in lead-bismuth and mercury at 500°F
was about the same,

Plexiglas was relatively less cavitation resistant in mercury
than in water, and in fact there are numerous substantial dif-
ferences in rankings between materials in different fluids at
the same temperature. Thus, clearly, any equation to predict
cavitation damage must consider fluid as well as material prop-
erties in such a way as to achieve a coupling between the two.
The acoustic impedance ratio between fluid and test specimen
could serve in this capacity. These observations are consistent
with previous venturi test results from this laboratory.
Detailed examination of the wetted but non-cavitated parts of

the equipment and test specimens indicates that corrosion
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effects in the .absence of cavitation were insignificant in these .

investigations. Photomicrographs have not indicated intergranu-

- lar corroSion'in any of the tests.

In general, the damage rate was approximately constant through-
out the tests for the -liquid metal tests and for most of the
water tests. However, in some of the water tests, the damage

rate decreased markedly during the test. aIt.is.felt_that this

-is a result -of the very deep, isolated pitting encountered in

‘these,fests; ‘Generally, ﬁater“and'lithium'tests:differed from
the heavy liquid‘ﬁetal tests in that quite uniform and rela-
tively fine damage was encountered in the heavy liquid metal
tests as;opﬁosed_to the WAter'and lithium tests on the same
materials, This:diffefénce may be a result of the improper mod-
eling of the fluid_flbﬁ regime between the two fiuid§, as ipdi-
cated by the 1arge_&ifference'in static NPSH_betwéen_fests; It

is indicated that the volume loss rate remains approximately

- constant as long as the ‘damage covers the.surfade uniformly.

This condition persists to different accumulated MDP. for dif-

ferent material-fluid combinations. It persisted to the order

of at least 50-100 mils aécumulatedeDP-fof the heavy ‘liquid

metal tests (lead-bismuth and mercury), but in some cases only

.Eo /\}'3 mils MDP for theﬁwa;er and lithium tests. In these

téststa.useful-cantant rate persisted between about 1 and 3

“mils accumulated MDP, and this rate could be used to rank the

‘materials. Since.the initial rate is less: than 'the constant
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rate achieved, this constant rate is a maximum "plateau" rate.
After the plateau portion of the rate curve, there is usually a
continuous decrease of damége rate, In this respect, the water
tests and:the data recently reported by Hobbs§7 and Plesset and
Devine,5_9 using.a similar faéility, are in close agreement. As
was observed in oné of the present lead-bismuth tests carried to
very high total MDP, the volume loss rate increased again from a
minimum which followed a first maximum. The test was concluded
before it was possible to determine whether or not a second max-
imum would occur, This.plot of MDP rate versus MDP for two type
304 stainless steel specimens tested in lead-bismuth alléy at

1500°F is shown in Figure 85. This type of rate curve has also

' . . 99 .
- been noted in the venturi tests, and a recent theoretical

study100 based on the statistics of the fatigue process shows
that all of the experimentally observed damage rate curves can
be justified assuming a fatigue mechanism. They can also be
justified on the basis of the feedback between flow regime and
accumulated dﬁmage.lOI The difference in extent of the
"plateau"” rate between heavy liquid metals on the one hand and
water and lithium on the other is thought to be due to the lack
of proper flow modeling due to a large variation in NPSH. |
Direct comparison of venturi and vibratory results from this
laboratory shows that the rankings of materials for cavitation
damage are quite similar, and particularly so for the mercury

tests, but that the relative ratios between different materials
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are much greater in the venturi facility. The damage rates in
the vibratory tests are of the order of 103 times those in the
venturi, so that corrosive effects are much less important in
the vibratory tests. This factor may be responsible for the
much larger range between materials in the venturi test as well
as some of the discrepancies in ranking of some materials from
these two facilities. To investigate the possible influence of
corrosion in the liquid metal tests, a further step would be the

48
use of the pulsing technique pioneered by Plesset.

Computer correlations of the cavitation damage data with appli-

cable mechanical and fluid properties indicate the following important

conclusions:

L

2)

3)

There is no single material mechanical property which can be
used to correlate the damage with good precision, even if
coupling parameters to account for fluid property changes are
included in the correlation. However, the "ultimate resilience"
suggested by Hobbs67 seems best in this respect, as discussed
below.

In general, the best correlations include one or more energy-
type mechanical properties, one or more strength-type proper-
ties, and one or more fluid coupling parameters if the fluid
properties are varied in the data set.

The energy-type properties are more predominant in the tests

with the high-density liquid metals, while the strength-type
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‘properties predominate for the water and lithium tests... This .is
'consistent'with‘theoretical"expectations..

In the-oomprehensive?correlations involving data obtained in all

four fluids at‘various-temperatures,;the-fluid'density_andibulk

modulus were the most significantcfluid coupling parameters.

It was found that a predicting equation involving only Hobbs'

-ultimate resilience'parameter and the fluid density partially

accounted for all the cavitation damage data obtained in the
four:fluids at the various temperatures. This suggests that
Hobbs' parameter may be quite significant in predicting cavita-
tion damage. |

Thermodynamic effects are uery important in lithium at 1500°F,
reducing the damage by an order of magnitude for the v1bratory-

type test conducted This reéquires that fluid thermal proper-

ties such as the sPecific heat heat of vaporizatlon, thermal

conduct1v1ty, and thermal diffus1vity, be 1ntroduced into the
comprehensive computer correlations.
No relatively simple single comprehensive correlating equation

applies well-to all the'data.'.If sufficient terms are allowed,

of course, any degree of fit can be obtained This lack of a

31ngle srmple correlating equation may 1ndicate that a1l impor-

tant mechanisms in cavitation damage may not have been con-
sidered. For example, 1t may not be p0351b1e to explain cav1ta-

tion damage 1n terms of properties which are determined under

semi-static conditions, as are the conventional mechanical and
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fluid.prOPerties. Also, the contribution of corrosion in the
presence of cavitation may be important-in gome cases, even
though it is negligible in the absence of cavitation.

For the designer of equipment susceptible to cavitation damage,
the recommended equation for computing the relative expected
damage rate of potentially useful cavitation-resistant materials

for use in a given fluid-temperature environment is as follows:

Avg. MDP Rate = Cl'Q2[0;142 + 8-918(UR)-1(2]

where G and Cy are corrections for "thermodynamlc effects" and
for variation in NPSH, re5pect1ve1y (Cy and C2 are both = 1),
and are easily determined. If the designer is dealing with a
constant NPSH condition; the recommended equation for computing

the relative expected damage rate is as follows:

Avg. MDP Rate = C, [0.284 + 7.254(111{)'1/2 - 0.331((9)'2]



APPENDIX A

HEAT TRANSFER CALCULATIONS®®

© It is essential that: the crystal temperature be kepﬁ_below the
critical value known as the Curie point. ¥For the lead zirconate-
titanate crystals used, this is about 150°F, . Heat could be transferred
to the crystals from the test fluid-Sy two dis;inct'ponductive paths.
These are:. | |
.l) Frﬁm.éhejtéét.fluid to the.cyiindrical ﬁeései walls,.theﬁcé to
| theﬁflénge cone, flaﬁge, top plate, tfaﬁéduéef hofn;.aﬁd.
‘érystéls: o | |
2) ”Ffom tﬁe.tést_fluid éo ﬁhe‘traﬁsdﬁcér hofn tié; tﬁéﬂceﬁto the
remainder'Bf the trénéducér.horn and theiérjétals.

.In érder to maintéin.the cryétal temperatﬁfe.ﬁélow.the Curie
point, it is necessary to provide some means of cooling the top plate.
Calculations have been made to indicate the extent of cooeling which is
réquired. As discussed in the report;'llz in. copper tubing is seated
in a groove provided in the top of the top plate and brazed into posi-
tion. Tap water can be continuously circulated through this tubing.
The problem is now one of computing the heat flux reaching the top plate
by means of the two paths noted above to see if such cooling is ade-

quate. We consider the two paths for heat flow separately.

-346~
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A. Heat Transferred From the Test Fluid

to the Top Plate Via the Cylindrical

Vessel Walls, Flange Cone, and Flange

It is first necessary to determine the temperature distribution

.within the flange cone section before the heat flux comnducted to the top

‘plate can be computed. Refer to Figures 10 and 86, which clearly indi-

cate the sections of the cavitation vessel involved and the necessary

dimensions. The flange cone sectionfis in the shape of an annular disk,

and therdifferential equation relating the temperature as a function of

position is Bessel's equation. For the required boundary conditions the

worst conditions (i.e., those which will give maximum heat transfer from

- the cylindrical vessel to the top plate) will be assumed. Major assump-

tions and simplifications are listed. below:

1)
2)

3)

&)

5)

6)

A steady-state condition prevails.

Thermaterial of which the disk is composed is homogeneous and
isotropic.

There are no heat sources within the disk itself.

The natural convective heat transfer from the exposed surface at
any point is proportional to the difference in temperature

between the disk and its surroundings. This is a conservative

.assumption compared to the usual relation that natural convec-

tion heat flux is proportional to (A T) 4/3.
The thermal conductivity, k, and heat transfer coefficient, h,
are not functions of temperature.

The temperature of the surrounding medium is uniform.
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7) There prevails a condition of symmetry of heat flow abbut the
center. | R |

8) . The temperature at the base of the cone is assumed to be 2000°F
(actual maximum fluid temperature to be used is only 1500°F, so

~ this too is highly conservativg).

9) The temperature at the top of the come is assumed to be 200°F,

10). No heat loss from the inner surface of the cone was assumed,
thus introducing an additional safety fa#tor.

11) Since the wall thickness is relatively small compared to the

other dimensions, we can consider the system two-dimensional.

The details of the heat transfer calculation can be found in
reference 55. However, the major results and procedures will be summar-
ized here. The appropriate heat balance for the flange cone section
results in a differential equation (Bessel's equation) relating the tem-
perature of the flange cone as a function of position. The solution is
thus well known. After applying the appropriate boundary conditions,
the arbitrary constants are evaluated. Hence, the solution for flange.
cone temperature as a function of position is determined. It is then
possible to compute the heat flux into the flange cone from the cylin-
drical vessel walls by conduction. It is found that heat is being
transferred to the flange cone from the vessel walls by conduction at a
réte of 2860 Btu/héur. 0f this amount, 60 Btu/hour are lost to the
atmosphere by the flange cone due to comvection and'radiation. Hence,

2800 Btu/hour are transferred from the flangé cone to the top plate.
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B. Heat Transferred from the Test Fluid
to the Top Plate Via the Transducer
Horn

It is first necessary to determine the temperature distribution
within the transducer horm before the heat flux conducted to the top
plate via this path can be computed. Refer.to Figure 87, which schemat-
ically indicates the transducer horn. After determining the temperature
distribution in the transducer horn, it will be possible to compute the
heat flux transferred from the tip of the horn to the base of the horn.
As a conservative measure, it will be assumed that this heat flux
reaches the top plate. Again, the appropriate heat balance for the sys-
tem yields the required differential equation, giving the temperature of
the horn as a function of position. The general solution is determined,
the proper boundary conditions are applied, and the temperature distri-
bution is computed. Then, it is possible to determine the heat trans-
ferred from the tip of the horn to the base section, which is found to
be 109 Btu/hour. This is only a fraction of the heat flux conducted to
the top plate via the cylindrical vessel walls, flange cone, and flange

(2800 Btu/hour) .

C. Total Heat to be Dissipated from Vessel

The heat reaching the top plate, i.e., the conductive heat flux
from the vessel walls and from the trans&ucer horn, is to be remove&”by
means of a copper cooling coil through which cold water will be.circu-
lated. In the steady-state, the heat removed by the cold water will

equal the heat reaching the top plate. Thus, the total amount of heat
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to be removed by the cooling water is 2800 Btu/hour + 109 Btu/hour =
2909 Btu/hour = 48,5 Btu/min. (A/850 watts).* The copper tubing pro-
vided to remove this heat is 1/2 in., 0.D. x .430 in., I.D. #20 (.035 in.
wall) tubing. Considering the normallpressure supplied in the city
water mains, a flow rate of approximately 1 gpm would be achieved in
this tubing. This would result in a steady-state water outlet tempera-
ture of 6°F above the inlet temperature. Such a facility should be able
to easily remove the heat conducted to the top plate.

All the stress calculations pertinent to the design of the high-

temperature cavitation vessel are contained in reference 55.

*The electrical input to the crystals is about 200 watts, and,
hence, not of great importance compared to the heat flow from the high-
temperature fluid.



APPENDIX B
COMPUTER REGRESSION ANALYSIS OF
CAVITATTON DATA®7,88
A least mean squares stepwise regression computef program was
used to correlate the cavitation damage data with mechanical propertiés.
Using the first-order interaction form of the program, the problem at
hand can be simply stated as follows: it is required to determine the

appropriate coefficients and exponents in a predicting equation of the

form:
YoaC, + KR+ G2+ CaKaC + %, 0 4 +cx 9
0 171 272 '3%3 GG T ettt nn
where Gy, G, Gy, Cgs Gy vevvnonns «+ey G are constant coefficients;
a, by, ¢, d, veoieeonen , q are constant exponents; the X's are the inde-

pendent variables, in this case the mechanical properties of the materi-
als and the fluid properties; and Y is the dependent variable, tﬁe
average MDP rate. The.independent variables are allowed to appear in
the predicting equation any number of times, each time raised to a dif-
ferent ﬁalue of exponent and multiplied by an apéropriate coefficient.
The program allows great latitude on the possiblé exponents for the
independent ﬁariables. The form of the program used in this investiga-
tion allows any or all of the independent variables to be réised totthe

following exporments: + 1, + 2, + 1/2, + 3, + 1/3.
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A predicting equation of the type noted above would be obtained
by allowing only a "first-order interaction” of the possible terms,
i.e., terms involving products of the iﬁdependent variables would not be
allowed. The program, however, does allow the option‘of a "second-order
interaction," i.e., allows terms involving products of different inde-
pendent variables. The choice must be made bj the individual
programmer.,

In the present analysis (permitting only first-order interac-
tibn) the allowable mechanical properties (independent variables) were
taken to be the tensile strength, yield.strength, engiﬁeering strain
energy,71 true strain ers.erg_r,,‘y,-jl hardness, percentage elongation, per-
centage reduction in area, and modulus of elasticity. In addition the
ratio of acoustic im.pedances42 of test fluid and specimen material was
also included.among the independenf variables for all the correlaﬁions
inﬁdlving only a single fluid; In the domprehensive correlations
iﬁvolving all four fluids one fluid property was included among the
independent variaﬁles for all the correlations as a fluid coupling
parametef to explain differences in cavitation resistance of a given
material in different fluids. The fluid coupling parameters that were
investigated.included the ratio of acoustic impedancés of test fluid and
specimen material, density of fluid, surface tension, net positive suc-
tion head (NPSH), buik modulus, and kinematic viscosity. Additional
comprehensive correlations iﬁvoivad a combination of five mechanical
properties and five fluid properties. Hence, in a given correlation

there were 10 independent variables and 10 possible exponents for each
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independent variable. As a result a total of 100 terms are possible
candidates for inclusion in the predicting equation plus a pure con-
stant. .From a physical point of view, it is hoped that a good statisti-
cal correlation will be possible with a minimum number of terms so that
the predicting equation may hopefully be justified on physical grounds.
This possibility would be unlikely if more than 5 or 6 terms were needed
for the correlation,

A brief outline will be given here of.the mechanics of the pro-
gram. The interested reader is referred to the literature previously
cited for the details. The major features of the program areras

follows:

1) Of the 100 possible terms that are candidates for inclusion in
'the'predicting equation, the program randomly selects a subset
of 40 terms to be analyzed.

2) A correlation coefficient is computed for each of the 40 terms.
The correlation coefficient is a measure of the ability of each
term to individually explain the experimental data, i.e., pre-
dict the average MDP rate.

3) The term with the greatest correlation coefficient is then
included in the predicting equation, which at this point is of
the form:

Y = Cg + Cp%°
where CO and C1 are constants to be determined.
4) The constants Cy and C; are computed using the least mean

squares criterion.



5)

6) -

7)

8)

9

10)

1)
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The initial 40 terms are then-sorted‘into.i subgets, ﬁhoséethat,

are included in the predicting equation at this point, and those

- that are not.
An importance factor iS'computed'for‘each‘term‘now in the equa-
~ tion, ,The'importaﬁceUfacfbr is a measure of the total contribu-

tion made by each term in-explaining. the experimental data,

The importance factors of the terms in the equation are compared

‘to a minimum level of importance set by-the user, A typical

- range of values is 1% to 5%.

Terms having an importance factor less than the minimum level
are deleted from the eqﬁation.

A potential importance factor is computed for each term not in

‘the equation. The potential importance factor is a measure of

the ability of each term not in the gQuation to explain the
presently existing variance between,the experimental data and
the prediéted data.

Ihe.poteqtia;_importance factqrs of the terms'not in_the equa-
tion are compared to a-minimum:leyel.of importance set by the
user. A typical range pffvalges is 1% to 5%. |
Terms not in theqequatiog havigg a poten;ial importance factor

greater than the minimum level are entered into the equation.

This procedure is used to examine the subset of 40 terms chosen

randomly and is termimated either when all qualified terms have been

entered into the equation or when certain statistical criteria (such as

* the coefficient of detq;mﬁﬁﬁtioﬁ and standard error in the dependent
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variable)} set by the user have been satisfied. Whenever a new terﬁ is
entered into the equation, the Least mean squares criterion is used to
compute a new set of coefficients. For.a given problem it is possible
to analyze several subseﬁs.of 40 termg; gach chosen randomly from the
set of 100 possible terms available. Such a procedﬁre is advisable in
that it increéses the probability that the most significant terms con-
tained in the initial set of 100 terms will enter the pfediéting
eguation.

The output from the program includes the terms in the predicting
equation along with the appropriate exponents and coefficients, pre-
diéted MDP rates based on the correlation, experimental MDP rates, per-
cent deviations, standard error in the dependent variable, coefficient
of determination for the analysis, average absolute percent deviation
for the analysis, etc. As a result, it is possible to show graphically
the statistical accuracy of the predicting equation by plotting the pre-
dicted MDP values versus the experimental points and noting the devia-

tion from a 45° line which would signify a perfect fit.



APPENDIX C
PLOTS OF NORMALIZED INVERSE CAVITATION DAMAGE VERSUS
~SINGLE MECHANICAL PROPERTIES--LEAD-BISMUTH ALIOY, |

MERCURY, WATER, LITHIUM AT 500°F, AND
| LITHIUM AT 1500°F |

Lead-Bismuth Alloy: Figures 88'throughr93-_
Mercury: Figures 94 through 99  J‘ |
Water:  Figures 100 threugh 105
Lithium at 500°F; ,Figureé.196 through-1l1 .

Lithium at 1500°F: Figures 112 through 117
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