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ABSTRACT 

Dynamic experiments were performed on an electrically heated mockup 

of a Liquid Metal Fast Breeder Reactor (LMFBR) fuel assembly (the Fuel 

Failure Mockup at Oak Ridge National Laboratory) to determine the 

temperature-to-power frequency response. The experimental frequency 

response results were analyzed and interpreted to give information on 

flow and heat transfer patterns in tile fuel assembly. 

The experimental frequency response was obtained by perturbing the 

power supplied to a single heated rod in the 19 rod assembly with a 

pseudorandom binary sequence signal and then analyzing simultaneously 

the input signal and the resultant output temperature signals measured 

at several points in the assembly. 

Simplified theoretical models were used t o  aid in interpreting the 

results. 

the other on slug flow. 

One model was based on an assumption of well mixed flow and 

A method was developed to provide information on energy flow 

patterns. 

of edge swirl effects and the dependency of edge swirl on the smoothness 

o f  the can that contained the test section. 

Preliminary use of this method clearly showed the presence 

Additional analysis showed that slug flow could be distinguished 

from well mixed flow and that slug flow was predominant at the beginning 

of the heated section and well mixed flow was predominant at the exit 

of the heated section. 
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This s tudy g ives  t h e  f i r s t  experience with a new experimental  

technique t h a t  appears t o  have t h e  c a p a b i l i t y  o f  providing use fu l  

information on energy flow p a t t e r n s  and flow mechanisms i n  a mockup of 

LMFBR f u e l  assemblies .  



v i i  

TABLE OF CONTENTS 

CHAPTER PAGE 

I .  INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . .  1 

Statement of t h e  Problem . . . . . . . . . . . . . . . .  1 

1 Importance of  t h e  Problem . . . . . . . . . . . . . . . .  
Rat iona le  f o r  t h e  Use of  Dynamic Tes t ing  i n  

Heat Transfer  S tudies  . . . . . . . . . . . . . . . . .  2 

11. FFM SYSTEM DESCRIPTION . . . . . . . . . . . . . . . . . .  3 

111. EXPERIMENTAL PROCEDURE . . . . . . . . . . . . . . . . . .  1 0  

T e s t s i g n a l . .  . . . . . . . . . . . . . . . . . . . . .  11 

Choice of  PRBS Sequence . . . . . . . . . . . . . . . . .  1 3  

Signal  Input . . . . . . . . . . . . . . . . . . . . . .  16 

Signal  Output . . . . . . . . . . . . . . . . . . . . . .  16 

Data Analysis . . . . . . . . . . . . . . . . . . . . . .  18 

I V .  THEORETICAL RESULTS . . . . . . . . . . . . . . . . . . . .  21 

Well Mixed Model . . . . . . . . . . . . . . . . . . . .  2 1  

Slug Flow Model . . . . . . . . . . . . . . . . . . . . .  33 

V.  EXPERIMENTAL RESULTS a . e a . . . . 46 

Vector Diagrams . . . . . . . . . . . . . . . . . . . . .  46 

Gain Rat ios  . . . . . . . . . . . . . . . . . . . . . . .  55 

V I .  INTERPRETATION OF EXPERIMENTAL RESULTS . . . . . . . . . .  76 

Vector Diagrams . . . . . . . . . . . . . . . . . . . . .  76 

Gain Rat ios  . . . . . . . . . . . . . . . . . . . . . . .  77 



v i i i  

CHAPTER PAGE 

VII. CONCLUSIONS AND RECOMMENDATIOIJS . . . . . . . . . . . . . . .  86 

LIST OF REFERENCES . . . . . . . . . . . . . . . . . . . . . . . .  89 

APPENDICES 

A. EXPERIMENTAL DATA IN THE FORM O F  VECTOR DIAGRAMS . . . . . .  91 

B. EXPERIMENTAL DATA IN THE FORM O F  GAIN RATIOS . . . . . . . .  129 



ix 

LIST OF F IGURES 

FIGURE 

11.1 . 
11.2 . 
11.3 . 
11.4 . 
11.5 . 

111.1 . 
111.2 . 
111.3 . 

111.4 . 
111.5 . 

IV.1 . 
IV.2 . 

IV.3 . 

IV-4 a 

Iv.5 . 

LMFBR-FFM Bundle Number 2 . . . . . . . . . . . . . . . .  
FFMBundleZA . . . . . . . . . . . . . . . . . . . . . .  
FFMBundle2B . . . . . . . . . . . . . . . . . . . . . .  
FFMBundlelB . . . . . . . . . . . . . . . . . . . . . .  
Proto typic  Category-I1 Heater t o  Simulate LMFBR 

Fuel Pins  . . . . . . . . . . . . . . . . . . . . . . .  
Flow Diagram f o r  t h e  Input Signal  . . . . . . . . . . . .  
Flow Diagram f o r  t h e  Output Signal . . . . . . . . . . .  
Heater-Power and Sodium-Tempzrature Response 

i n  FFM Frequency-Response Test  . . . . . . . . . . . .  
. . Flow Diagram f o r  Data Analysis f o r  Bundles 2A and 2 B  

Flow Diagram f o r  Data Analys.is f o r  Bundle 1 B  . . . . . .  
Well Mixed Model Schematic . . . . . . . . . . . . . .  
Frequency Response Gain Compiited by t h e  Well Mixed 

Model f o r  601/6P a t  54 GPM 

Model f o r  6e1/6P a t  54 GPM 

. . . . . . . . . . . . . .  
Frequency Response Phase Computed by t h e  Well Mixed 

. . . . . . . . . . . . . .  
Gain Rat ios .  (Gain a t  e2) / (Gain a t  e , ) ,  Computed 

by t h e  Well Mixed Model a t  54 GPM . . . . . . . . . . .  
Phase Differences.  (Phase a t  e2)-(Phase a t  €Il). 

Computed by t h e  Well Mixed Model a t  54 GPM . . . . . .  

PAGE 

4 

5 

6 

7 

9 

1 7  

17 

19  

20 

20 

2 3  

27 

28 

29 

30 

. 



FIGURE PAGE 

IV-6. Gain Rat ios ,  (Gain a t  54 GPM)/(Gain a t  10 GPM), 

Computed by t h e  Well Mixed Model a t  . . . . . . . .  31 

IV-7. Phase Differences,  (Phase ai: 54 GPM)-(Phase a t  10 GPM), 

Computed by t h e  Well Mixed Model a t  . . . . . . . .  32 

IV-8. Frequency Response Gains Cotiputed by t h e  Slug Flow 

Model a t  t h e  9 Inch and 21 Inch Level a t  54 GPM . . . 36 

IV-9. Frequency Response Phases Computed by t h e  Slug Flow 

Model a t  t h e  9 Inch and 21 Inch Level a t  54 GPM . . . .  37 

IV-10. Frequency Response Gains Computed by t h e  Slug Flow 

Model a t  t h e  9 Inch Level a t  10 GPM and 54 GPM . . . 38 

I V - 1 1 .  Frequency Response Phases Ccmputed by t h e  Slug Flow 

Model a t  t h e  9 Inch Level a t  10 GPM and 54 GPM . . . .  39 

IV-12. Gain Rat ios ,  (Gain a t  t h e  21 Inch Level)/(Gain a t  

t h e  9 Inch Level),  Computed by t h e  Slug Flow 

M o d e l a t 5 4 G P M . -  . . . . . . . . . . . . . . . . . .  41 

IV-13. Phase Differences,  (Phase a t  t h e  2 1  Inch Level)- 

(Phase a t  t h e  9 Inch Level),  Computed by t h e  

Slug Flow Model a t  54 GPM . . . . . . . . . . . . . . .  42 

IV-14. Gain Rat ios ,  (Gain a t  54 GPM)/(Gain a t  10 GPM), 

Computed by t h e  Slug Flow Model a t  t h e  9 Inch Level . . 43 

IV-15. Phase Differences,  (Phase a t  54 GPM)-(Phase a t  

10 GPM), Computed by t h e  SLug Flow Model a t  

t h e 9  InchLeve l  . . . . . . . . . . . . . . . . . . .  44 



x 1  

FIGURE 

v-1. 

v-2. 

v-3. 

v-4. 

v-5. 

V-6. 

v-7. 

V-8 a 

v-9. 

v-10. 

v-11. 

v-12. 

PAGE 

Bundle l B ,  Gain f o r  Thermocouple 0118 with Rod 1 

H e a t e d a t l O G P M  . . . . . . . . . . . . . . . . . . .  47 

Bundle l B ,  Phase f o r  Thermocouple 0118 with Rod 1 

H e a t e d a t l O G P M  . . . . . . . . . . . . . . . . . . .  48 

Bundle 2A, Vector Diagram a t  10 GPM a t  t h e  2 1  Inch 

Level . . . . . . . . . . . . . . . . . . . . . . . . .  51 

Bundle 2A, Vector Diagram a t  10 GPM a t  t h e  9 Inch 

L e v e l . . . . . . . . . . . . . . . . . . . . . . . . .  52 

Bundle 2 B ,  Vector Diagram at 10 GPM a t  t h e  1 2  Inch 

L e v e l . O . . . . . D . . . . . . . . . . . . . . . . .  53 

Bundle 2 B ,  Vector Diagram at 54 GPM a t  t h e  1 2  Inch 

L e v e l . . . . . . . . . . . . . . . . . . . . . . . . .  54 

Bundle l B ,  Vector Diagram a t  10 GPM a t  t h e  14 Inch 

L e v e l . . o .  . . . . . . . . . . . . . . . . . . . . .  56 

Bundle l B ,  Vector Diagram a t  10 GPM a t  t h e  10 Inch 

L e v e l . . . . . . . . . . . . . . . . . . . . . . . . .  57 

Bundle 2A, Gain Rat ios  wi th  Rod 5 Heated a t  54 GPM 

and35GPM . . . . . . . . . . . . . . . . . . . . . .  58 

Bundle 2A, Phase Differences with Rod 5 Heated a t  

54GPMandlOGPM . . . . . . . . . . . . . . . . . . .  59 

Bundle 2A, Gain Rat ios  for Thermocouple 0509 with 

R o d 5 H e a t e d  . . . . . . . . . . . . . . . . . . . . .  61 

Bundle 2A, Gain Rat ios  f o r  Thermocouple 0521 wi th '  

Rod 5 Heated . . a . . . . . . . . . . . . . . . .  62 



x i i  

PAGE FIGURE 

V-13. 

V-14. 

v-15. 

V-16. 

V-17. 

v-18. 

v-19. 

v-20. 

v-21. 

v - 2 2 ,  

V-23. 

V-24. 

Bundle 2A, Gain Rat ios  f o r  Thermocouple 1421 with 

R o d 5 H e a t e d  . . . . . . . . . . . . . . . . .  
Bundle 2 B ,  Gain Rat ios  f o r  Thermocouple 0412 with 

Rod 4 Heated . . . . . . . . . . . . . . . . .  
Bundle 2 B ,  Gain Rat ios  f o r  'fiermocouple 0512 with 

R o d 1 5 H e a t e d .  . . . . . . . . . . . . . . . .  
Bundle 2 B ,  Gain Rat ios  f o r  'fiermocouple 1212 with 

Rod 4 Heated . . . . . . . . . . . . . . . . .  
Bundle l B ,  Gain Rat ios  f o r  I'hermocouple 0106 with 

R o d 1  Heated . . . . . . . . . . . . . . . . .  
Bundle l B ,  Gain Rat ios  f o r  lhermocouple 0410 with 

Rod 4 Heated . . . . . . . . . . . . . . . . .  
Bundle l B ,  Gain Rat ios  f o r  Thermocouple 0514 with 

Rod 5 Heated . . . . . . . . . . . . . . . . .  
Bundle l B ,  Gain Rat ios  f o r  Thermocouple 0118 with 

R o d l H e a t e d  . . . . . . . . . . . . . . . . .  
Bundle l B ,  Gain Rat ios  f o r  Thermocouple 0514 with 

Rod 1 Heated . . . . . . . . . . . . . . . . .  
Bundle l B ,  Gain Rat ios  for  Thermocouple 1514 with 

Rod 5 Heated . . . . . . . . . . . . . . . . .  
Bundle l B ,  Gain Rat ios  f o r  Thermocouple 0410 with 

Rod 1 Heated . . . . . . . . . . . . . . . . .  
Bundle l B ,  Gain Rat ios  f o r  Thermocouple 0410 with 

R o d 5 H e a t e d  . . . . . . . . . . . . . . . . .  

. . . .  63 

. . . .  64 

. . . .  65 

. . . .  66 

. . . .  67 

. . . .  68 

. . . .  69 

. . . .  72 

. . . .  75 



x i i  i 

PAGE FIGURE 

V I - 1 .  

VI-2. 

VI-3 a 

VI-4. 

A - 1  a 

A-2.  

A-3 a 

A-4. 

A-5. 

A-6. 

A-7. 

A-8. 

A Comparison of  t h e  Gain Rat ios ,  G(54 GPM)/G(10 GPM), 

from Thermocouples 0318 and 1918 . . . . . . . . . . .  81 

A Comparison of  t h e  Gain Rat ios ,  G(54 GPM)/G(10 GPM), 

from Thermocouples 1210 and 1110 . . . . . . . . . . .  82 

A Comparison o f  t h e  Gain Rat ios ,  G(54 GPM)/G(10 GPM), 

from Thermocouples 0514 and 1414 . . . . . . . . . . .  83 

Bundle l B ,  Gain Rat ios ,  G(54 GPM)/G(10 GPM), f o r  

Thermocouple 0118 85 . . . . . . . . . . . . . . . . . . .  
Vector Diagram for Bundle 2A a t  t h e  9 Inch Level 

a t Z O G P M . . . . . . . .  . . . . . . . . . . . . . . .  92 

Vector Diagram f o r  Bundle 2A a t  t h e  9 Inch Level 

a t 5 4 G P M . .  . . . . . . . . . . . . . . . . . . . . .  93 

Vector Diagram f o r  Bundle 2 A  a t  t h e  2 1  Inch Level 

a t 3 5 G P M . . . . . . . .  . . . . . . . . . . . . . . .  94 

Vector Diagram f o r  Bundle 2A a t  t h e  2 1  Inch Level 

a t 5 4 G P M . *  . . . . . . . . . . . . . . . . . . . . .  95 

Vector Diagram f o r  Bundle 2 B  a t  t h e  1 2  Inch Level 

a t 3 5 G P M . . . . . . . . . . . . . . .  . . . . . . . .  96 

Vector Diagram f o r  Bundle 1 B  a t  t h e  22 Inch Level 

a t 5 4 G P M . . .  97 . . . . . . . . . . . . . . . . . . . .  
Vector Diagram f o r  Bundle 1 B  a t  t h e  20 Inch Level 

a t l O G P M . . .  . . . . . . . . . . . . . . . . . . . .  98 

Vector Diagram f o r  Bundle 1 B  a t  t h e  20 Inch Level 

a t 3 5 G P M . . . . . . . . . . . . . . . . , , ~ . . . .  99 



x1v 

PAGE FIGURE 

A-9. 

A-10. 

A - 1 1  

A - 1 2 .  

A - 1 3 .  

A - 1 4 .  

A-15. 

A-16. 

A-17. 

A-18. 

A-19. 

A-20. 

Vector Diagram f o r  Bundle 1 B  a t  t h e  20 Inch Level 

a t 5 4 G P M . .  . . . . . . . . . . . . . . . . .  
Vector Diagram f o r  Bundle 1 B  a t  t h e  18 Inch Level 

a t 1 0 G P M . .  . . . . . . . . . . . . . . . . .  
Vector Diagram f o r  Bundle l i 3  a t  t h e  26 Inch Level 

a t 1 0 G P M . .  a e . ' *  n .  * .  . 
Vector Diagram f o r  Bundle 11) a t  t h e  14 Inch Level 

a t 5 4 G P M . .  . . . . . . . . . . . . . . . . .  
Vector Diagram f o r  Bundle 1 H  a t  t h e  14  Inch Level 

a t 3 5 G P M .  . . . . . . . . . . . . . . . . . .  
Vector Diagram f o r  Bundle l b  a t  t h e  26 Inch Level 

a t 3 5 G P M .  . . . . . . . . . . . . . . . . . .  
Vector Diagram f o r  Bundle l b  a t  t h e  26 Inch Level 

a t 5 4 G P M . .  . . . . . . . . . . . . . . . . .  
Vector Diagram f o r  Bundle 1 B  a t  t h e  2 2  Inch Level 

a t 3 5 G P M .  . . . . . . . . . . . . . . . . . .  
Vector Diagram f o r  Bundle 1 B  a t  t h e  2 2  Inch Level 

a t 1 0 G P M .  . . . . . . . . . . . . . . . . . .  
Vector Diagram f o r  Bundle 1 B  a t  t h e  18 Inch Level 

a t 3 5 G P M .  . . . . . . . . . . . . . . . . . .  
Vector Diagram f o r  Bundle 1 B  a t  t h e  6 Inch Level 

a t  10 GPM . . . . . . . . . . . . . . . . . . .  
Vector Diagram f o r  Bundle 1 B  a t  t h e  8 Inch Level 

a t 1 0 G P M .  . . . . . . . . . . . . . . . . . .  

. . . .  100 

. , . . 101 

. . . .  102 

. . . .  103 

. . . .  104 

. . . . .  105 

. . . .  106 

. . . .  107 

. . . .  108 

. 0 . . 109 

, , . . 110 

. . . .  111 



X’J 

PAGE FIGURE 

A - 2 1 .  Vector Diagram for Bundle 113 a t  t h e  8 Inch Level 

a t  35 GPM . . . . . . . . . . e . . a . 112  

A-22. Vector Diagram f o r  Bundle 1 B  a t  t h e  8 Inch Level 

a t  54 GPM . . a . . . . . . . . . . . . 113 

A-23. Vector Diagram f o r  Bundle 1 B  a t  t h e  18 Inch Level 

a t 5 4 G P M .  * .  a D .  D . .  a @ .  . * .  . 114 

A-24. Vector Diagram for Bundle 111 a t  t h e  6 Inch Level 

a t 3 5 G P M .  e - .  * .  . . . . 115 

A-25. Vector Diagram for Bundle 11; a t  t h e  6 Inch Level 

a t 5 4 G P M . .  D . .  o . .  o .  * . .  . * .  . . 116 

A-26. Vector Diagram for Bundle l h  a t  t h e  4 Inch Level 

a t 1 0 G P M .  e e * . .  . * . .  . e .  e .  117 

A-27. Vector Diagram for Bundle l B  a t  t h e  4 Inch Level 

a t 3 5 G P M .  * . .  * .  . * . .  * . .  . 118 

A-28. Vector Diagram f o r  Bundle 1 B  a t  t h e  4 Inch Level 

a t 5 4 G P M . .  D e  D .  * . .  a * .  119 

A-29. Vector Diagram for Bundle 1 B  a t  t h e  14 Inch Level 

a t 1 0 G P M . .  a a - .  . e - .  . . . . 120 

A-30. Vector Diagram for Bundle 1 B  a t  t h e  14 Inch Level 

a t 3 5 G P M .  e e e 1 2 1  

A-31. Vector Diagram for Bundle 1 B  a t  t h e  14 Inch Level 

a t 5 4 G P M . .  . D . .  e e o  e e . .  . . . . 1 2 2  

A-32. Vector Diagram for Bundle 1 B  a t  t h e  18 Inch Level 

a t 1 0 G P M .  * .  . * . .  * .  . . . . 1 2 3  



xv i 

PAGE FIGURE 

A-33. 

A-34. 

A-35. 

A-36 

A-37. 

B-1 .  

B-2 .  

B-3. 

B-4 

B-5. 

B-6. 

B-7.  

Vector Diagram f o r  Bundle 113 a t  t h e  18 Inch Level 

a t  35 GPM e . . . . e . . . . . . . . . 
Vector Diagram f o r  Bundle 18 a t  t h e  18 Inch Level 

a t 5 4 G P M .  D o .  * .  . , o .  * .  . . . . . . 
Vector Diagram f o r  Bundle 1 1 3  a t  t h e  6 Inch Level 

a t 1 0 G P M .  * .  . o . .  * .  * .  . 
Vector Diagram f o r  Bundle 1 B  a t  t h e  6 Inch Level 

a t 3 5 G P M .  * .  e . .  - . .  a - .  . . . . 
Vector Diagram f o r  Bundle l n  a t  t h e  6 Inch Level 

a t 5 4 G P M . .  e o .  * .  e * .  . 
Bundle 2 B ,  Gain Rat ios  f o r  I'kermocouple 1 2 1 2  

with Rod 13 Heated . . a , a e . . . . . 
Bundle 2 B ,  Gain Rat ios  f o r  Thermocouple 0412 

with Rod 13  Heated a . . . . a e . . . . . . . 
Bundle l B ,  Gain Rat ios  f o r  Thermocouple 0118 

with Rod 5 Heated . e . e a a . . . . . 
Bundle l B ,  Gain Rat ios  f o r  Thermocouple 1314 

with Rod 13 Heated e . a . * . . . . . . . . 
Bundle l B ,  Gain Rat ios  f o r  Thermocouple 1326 

with Rod 13  Heated . . e a a . . . . 
Bundle l B ,  Gain Rat ios  for  Thermocouple 0410 

with Rod 13 Heated e e , . . . . . . . 
Bundle l B ,  Gain Rat ios  f o r  Thermocouple 1714 

with Rod 18 Heated e e . . e . . . . . . . . 

. . . . 124 

. . . . 125 

. a . . 126 

. . . . 127 

. . . . 128 

. . . . 130 

. . . . 131 

. . . . 132 

. , . . 133 

. . . 134 

. . . . 135 

. . . . 136 



xvii 

PAGE FIGURE 

B-8. 

B-9 a 

\ 

B-10, 

B - 1 1  

B-12. 

B-13. 

Bundle l B ,  Gain Rat ios  f o r  Thermocouple 1806 

with Rod 18 Heated e , , . . . a . . . a . . . . 137 

Bundle l B ,  Gain Rat ios  f o r  Thermocouple 1414 

with Rod 13  Heated a e e . . . . . . . . . . 138 

Bundle l B ,  Gain Rat ios  f o r  'rhermocouple 1210 

with Rod 13 Heated a e . . , , , . 139 

Bundle l B ,  Gain Rat ios  f o r  Thermocouple 1818 

with Rod 18 Heated . . a , . e . e , a . . . . . . . 140 

Bundle l B ,  Gain Rat ios  f o r  Thermocouple 1918 

with Rod 18 Heated e a a . e , . . . . . . . 141 

Bundle l B ,  Gain Rat ios  f o r  Thermocouple 1122 

with Rod 4 Heated a . e , . . . . . . . . . 142 

B-14 

B-15. 

B-16. 

B-17. 

B-18 a 

B-19. 

Bundle l B ,  Gain Rat ios  f o r  Ihermocouple 0318 

with Rod 4 Heated . e a , . e . . . . . . 143 

Bundle l B ,  Gain Rat ios  f o r  Thermocouple 0320 

with Rod 1 Heated a . a . a . a . . , . . . . 144 

Bundle l B ,  Gain Rat ios  f o r  Thermocouple 0106 

w i t h  Rod 4 Heated . a . . . . . . a . . . . 145 

Bundle l B ,  Gain Rat ios  f o r  Thermocouple 0118 

with Rod 4 Heated a e . . . a , . , a . . 146 

Bundle l B ,  Gain Rat ios  f o r  Tliermocouple 0408 

with Rod 4 Heated , e , , , , , , . , , . 147 

Bundle l B ,  Gain Rat ios  f o r  Thermocouple 0604 

with Rod 1 Heated . a ~ . . . , . . . . . . . 148 



x v i i i  

FIGURE 

B-20. Bundle l B ,  Gain Rat ios  f o r  Thermocouple 1 2 2 2  

PAGE 

with Rod 4 Heated . . . e . . . . . . . . . 149 

B-21. Bundle l B ,  Gain Rat ios  f o r  'fiermocouple 0514 

with Rod 4 Heated a . a , e . , a . . , . . 150 

B-22. Bundle l B ,  Gain Rat ios  for Thermocouple 1314 

with Rod 4 Heated a . . e . e . . e . . 151 

B-23. Bundle l B ,  Gain Rat ios  f o r  Thermocouple 1314 

with Rod 5 Heated e , e e . . . . . . . . 152 

B-24. Bundle l B ,  Gain Rat ios  f o r  Thermocouple 0606 

with Rod 5 Heated . , . a . . . . . , . . . 153 

B-25. Bundle l B ,  Gain Rat ios  f o r  Thermocouple 0320 

with Rod 4 Heated a . e . . , , . . . . 154 

B-26. Bundle l B ,  Gain Rat ios  f o r  Thermocouple 0408 

with Rod 5 Heated . . . . . a e . . , 155 

B-27. Bundle l B ,  Gain Rat ios  f o r  Thermocouple 0106 

with Rod 5 Heated e e . e . . a . . . . . 156 

B-28. Bundle lB, Gain Rat ios  f o r  Tnermocouple 1110 

with Rod 4 Heated . e e . . , . . . . . 157 

B-29. Bundle l B ,  Gain Rat ios  f o r  Tnermocouple 1210 

with Rod 4 Heated a e e , . . a . . . . . . 158 

B-30. Bundle l B ,  Gain Rat ios  f o r  Tliermocouple 0318 

with Rod 1 Heated . , e (I . e , , , . . . . 159 

B-31. Bundle l B ,  Gain Rat ios  f o r  Thermocouple 0208 

with Rod 1 Heated e . . e . a . . . . . 160 



xi x 

PAGE FIGURE 

B-32. Bundle l B ,  Gain Rat ios  f o r  Thermocouple 1906 

wi th  Rod 18 Heated e , . , , . , . , . , , . . 161 

B-33. Bundle l B ,  Gain Rat ios  f o r  Thermocouple 0514 

with Rod 13 Heated a . , , , . . . . . 162 

B-34. Bundle l B ,  Gain Rat ios  f o r  Thermocouple 1414 

with Rod 5 Heated ., e a a . . . . . 163 





CHAPTER I 

INTRODI JCT ION 

I. STATEMENT OF PROBLEM 

The purpose of this study was to make a preliminary assessment of 

the usefulness of dynamic experiments for providing information on flow 

and heat transfer patterns in an electrically heated mockup of a 

Liquid Metal Fast Breeder Reactor (LMFBR) fuel assembly. 

I1 IMPORTAN(:E OF PROBLEM 

The question of whether small fuel cladding failures in a fuel pin 

would cause cladding failures of adjxent fuel pins and resultant 

propagation of failures is very important to the LMFBR program. 

answer this question, Argonne National Laboratory has been assigned the 

overall responsibility for the fuel-failure propagation investigation, 

and a broad program has been outlined in which in-pile experiments 

To 

supported by out-of-pile tests play a major role. 

Out--of-pile fuel-failure-propagation experiments are performed at 

the Oak Ridge National Laboratory (ORNL) Fuel Failure Mockup (FFM) 

facility. 

LMFBR fuel assembly. This facility is used to subject simulated LMFBR 

core assemblies to thermal and hydraulic testing at typical operating 

conditior,s,, The main purpose of the FFM is to investigate the effect 

The FFM is an electrically-heated sodium-cooled mockup of an 



of various types of flow blockages on the temperature profiles in the 

core, downstream of the blockage. 

This study will be concerned only with the tests on bundles with no 

blockages which were performed to give a reference point for the tests 

on bundles with installed blockages. 

The FFM fuel assembly has 19 rods while the Fast Test Reactor 

fuel assembly will have 217 rods. 

this study may help determine the validity of using the results from 

a 19 rod bundle to predict the behavior of a 217 rod bundle. 

The use of techniques developed in 

111. RATIONALE FOR THE USE OF DYNAMIC TESTING 

IN HEAT TRANSFER STUDIES 

Dynamics tests have the potentibl for providing information about 

the system that is not available front results of steady state tests. 

For example, a temperature rise at scme point in the system that resulted 

from heat input in some other part of' the system could be measured, but 

steady state measurements could not give any detailed information on 

the mechanism for heat transfer. All that could be concluded is that 

the heat arrived at the measurement Foint. 

involve time varying heater inputs with resulting time varying tempera- 

tures. The delay and shape of the temperature response to a heat input 

perturbation could be interpreted to yield information on the influence 

of flow conditions on heat transfer. A major objective of this work is 

to bring this general observation on the potential benefits of dynamic 

testing into specific use f o r  the analysis of the FFM. 

A dynamics test would 
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CHAPTER I1 

FFM SYSTEM DESCRIPTION 

The configuration of the FFM test section is shown in Figure 11-1. 

Sodium enters at the lower "T", flow2 vertically through the test section 

and exits at the upper "Tfr, 

with seal welds and bolted flanges. Figure 11-1 shows that the bundle 

has an unheated entrance length followed by a heated section and an 

unheated exit length. 

Both ends of the test section are closed 

The 19 rod bundle was supplied with appropriate control equipment 

Thus, the electrical power to regulate power from 0 to 22 kw per pin. 

supplied to the bundle could be varied from 0 to 418 kw. 

The rods have a diameter of 0.23 inch and are separated by the 

0.056 inch diameter helical wrap as shown in Section A-A of Figure 11-1. 

The helical wrap had a right-hand-pitch in bundles 2A and 2B and a 

left-hand-pitch in bundle 1B. For meisurement purposes, thermocouples 

were embedded in the center of the helical wrap and are represented by 

the small circles adjacent to the heacer cross-section in Figures 11-2, 

11-3, and 11-4. The number in the small circle gives the distance from 

the beginning of the heated zone to the thermocouple. In this study, 

thermocouples are identified by the rod number to which they are 

attached, followed by the distance of the thermocouple above the start 

of the heated zone. 

21 inch level is designated by 0421. 

For example, the thermocouple on rod 4 at the 
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The hea t ing  element i s  loca ted  i n  t h e  c e n t e r  of  t h e  rod and has a 

0.057 inch diameter nichrome wire c o i l e d  i n t o  a 0.175 inch o u t s i d e  

diameter s p i r a l .  

boron n i t r i d e .  

inches t h i c k .  

The e lec t r ica l  i n s u l a t i o n  i n  t h e  rod i s  high p u r i t y  

The h e a t e r  sheath i s  type 304 s t a i n l e s s  s tee l  0.012 

A schematic diagram o f  a rod i s  shown i n  Figure 11-5. 
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CHAPTEk I11 

EXPERIMENTAI PROCEDURE 

A number o f  d i f f e r e n t  t e s t i n g  procedures may be used t o  o b t a i n  

experimental information on system dynamics, In t h i s  work, frequency 

response measurements were used. In p r i n c i p l e ,  frequency response tes ts  

involve measuring t h e  responses t o  s inuso ida l  i npu t s  a t  s e l e c t e d  frequen- 

c i e s .  

nonsinusoidal i npu t s  and Fourier  a n a l y s i s .  Frequency response t e s t i n g  

with pe r iod ic  inpu t s  has t h e  advantage t h a t  high accuracy can be obtained 

by r e p e t i t i o n  o f  t h e  input  through t h e  u s e  of  m u l t i p l e  per iods o f  t h e  

inpu t .  

In p r a c t i c e ,  modern techniques can give equivalent  r e s u l t s  u s ing  

FreGuency response r e s u l t s  can be obtained by p u t t i n g  an inpu t  i n t o  

Four s t e p s  a system and Fourier  analyzing t h e  input  and output  s i g n a l s .  

were followed i n  t h e  FFM frequency response tes ts :  

1. The input  s i g n a l  was chosen. 

2. 

3 .  

The system was per turbed by t h e  inpu t  s i g n a l . "  

The inpu t  s i g n a l  and t h e  r e s u l t a n t  output  s i g n a l  were 

recorded.* 

4 .  The recorded s i g n a l s  were analyzed. 

* M r .  D.  N.  Fry o f  Oak Ridge Naticjnal Laboratory performed t h e  
experiments a 
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I. TEST  SIGNAL^ 

The test  s i g n a l  used i n  t h e s e  experiments was a pseudorandom b ina ry  

sequence (PRBS) . 
a number of  harmonics have n e a r l y  t h e  same amplitude. 

s i n c e  one experiment can give t h e  frequency response over a range o f  

f requencies .  

amplitude o f  t h e  output  t o  t h e  amplitude of  t h e  input  and t h e  phase 

d i f f e r e n c e  between t h e  input  and t h e  output .  

This p e r i o d i c  s i g n a l  has t h e  important p rope r ty  t h a t  

This is  important 

The frequency response is  s p e c i f i e d  by t h e  r a t i o  o f  t h e  

The frequency response may be obtained with gene ra l ,  nonsinusoidal ,  

pe r iod ic  inpu t  s i g n a l s  by Fourier  a n a l y s i s .  

may be expressed as a Fourier  series:  

The inpu t  and output  s i g n a l s  

2 

jw t I ( t )  = Ck e k 

where 

T = period,  

k C = complex Fourier  c o e f f i c i e n t ,  and 

k G ( j w  ) = frequency response.  

The input-output c r o s s  power spectrum, PIo,  and t h e  power spectrum of 

t h e  inpu t ,  P I I ,  are given by 

J 
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then the frequency response is 

5 0  

5 1  
G(jwk) = -- 

Thus, the power spectrum o f  the input and the input-output cross power 

spectrum will determine the frequency response. 
3 The power spectrum of  an N-bit PRBS is given by: 

for k = 0 A2 Pk = - 
N2 

where 

Pk = power in the kth harmonic, 

A = signal amplitude, and 

k = harmonic number, 

For a PRBS signal, the lowest available frequency is the fundamental 

frequency: 

1 .f = - 
9 T  
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where 

f = fundamental frequency (Hz), and 

T = period l eng th  ( sec ) .  

0 

The s p e c i f i c a t i o n  of t h e  highest  frequency a v a i l a b l e  i s  less 

d e f i n i t e .  A p r a c t i c a l  " ru l e  o f  thumb," however, i s :  t h e  harmonic 

frequency a t  which t h e  s i g n a l  power i s  down t o  one-half  o f  i t s  maximum 

power i s  t h e  h ighes t  frequency a t  which use fu l  information is  l i k e l y  

t o  be obtained. 4 The half-power frequency can be shown t o  be: 

0.44 f = -  
A t  

where 

A t  = time d u r a t i o n  o f  a b i t .  

I t  follows t h a t  t h e  use fu l  frequency range o f  a PRBS signal is: 

1 0.44 
T L f  L r  

ThiS expression shows t h a t  t h e  low frequency l i m i t  depends o n l y  on t h e  

pe r iod ,  and t h e  high frequency l i m i t  depends only on t h e  b i t  du ra t ion .  

11. CHOICE OF PRBS SEQUENCE 

Before s e l e c t i n g  . .  an input  s i g n a l ,  one has t o  determine t h e  frequency 

range o f  i n t e r e s t ,  and t h e  frequency r e s o l u t i o n  d e s i r e d  i n  o rde r  t o  con- 

c e n t r a t e  t h e  s i g n a l  energy i n  t h e  range o f  f requencies  d e s i r e d .  

experiments on t h e  FFM 

Previous 

5 showed t h a t  t h e  range of i n t e r e s t  is  about 0.1 

Hz t o  3 Hz. 
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The s i g n a l  chosen f o r  t h e  t e s t s  on bundles 2A and 2 B  was a 1 2 7  b i t  

PRBS with a b i t  du ra t ion  o f  0.1032 seconds and a per iod  of  13.12 

seconds. 

on equipment and inpu t s  t o  a n a l y s i s  przgrams as fo l lows .  

These va lues  were obtained b,y a d j u s t i n g  t h e  a v a i l a b l e  s e t t i n g s  
1 .\ 

, 
1. The d a t a  were recorded on a t a p e  recorder  a t  a ra te  o f  1.875 

inches pe r  second and played back a t  a speed of  60 inches  pe r  

second f o r  a speed up of  32.  

a t  ORNL used i n  these  tests has a d i g i t i z i n g  r a t e  of  1000 

1000 - p o i n t s  pe r  second, t h e  r e a l  time d i g i t i z i n g  r a t e  i s  - - 
31,25 samples per  second. 

The d a t a  were analyzed by t h e  computer code CROSSPOW which 

uses  a Fast Fourier  Transform technique t o  Four ie r  t ransform 

t h e  d a t a .  The Fas t  Four ie r  Transform has t o  have a d a t a  block 

s ize  o f  Zn f o r  i n t e g e r  va lues  o f  n ,  

va lue  o f  n was 11 t o  g ive  a block s i z e  o f  2048 p o i n t s .  For 

t h e  c a l c u l a t e d  Fas t  Four ie r  Transform t o  be accu ra t e ,  t h e  

Since t h e  Beckman 4040 d i g i t i z e r  

32  

6 2 .  

In t h i s  ca se ,  t h e  s e l e c t e d  

record  analyzed must c o n s i s t  o f  an i n t e g r a l  number o f  pe r iods  

of  t h e  s i g n a l  being transformed. This l e a d s  t o  t h e  fol lowing 

requirements:  

(32) (2048) 
1000 NT = 

where N i s  an i n t e g r a l  number of  per iods  i n  a d a t a  block and 

T i s  t h e  per iod  of t h e  s i g n a l .  

s 

, 
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3. I t  i s  known t h a t  

ZAtbit  = T so 

o r  

(32)  (2048) 
Atbit = (1000) (127) (N) 

The number o f  per iods (N) was a r b i t r a r i l y  s e l e c t e d  t o  be f i v e  

so Atbi t  = 0.1032 seconds and T = 13.11 seconds. 

du ra t ion  and per iod chosen gave a use fu l  frequency range o f :  

The b i t  

0.076 < f < 4.26 - -  

The t e s t  s i g n a l  f o r  u se  i n  bundle 1 B  was d i f f e r e n t  because a new, 

s p e c i a l  purpose Four i e r  analyzer  (a Hewlett-Packard 5451A Fourier  

Analyzer) was a v a i l a b l e .  

d i g i t i z i n g  ra te  r e s t r i c t i o n  i n  ear l ie r  tests which used t h e  Beckman 

4040 d i g i t i z e r .  

This e l iminated t h e  1000 samples p e r  second 

The s i g n a l  chosen f o r  t h e  tests on bundle 1 B  was a 127 b i t  PRBS 

with a b i t  du ra t ion  of  0.1575 seconds and a per iod o f  20 seconds. 

d a t a  from t h e s e  t e s t s  were handled as follows: 

The 

1. The d a t a  were recorded on a t ape  r eco rde r  a t  a r a t e  o f  1.875 

inches p e r  second and played back a t  a r a t e  o f  3.75 inches 

p e r  second f o r  a speed up of  2 .  . 
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2 .  The per iod was s e l e c t e d  t o  be 20 seconds so 

- - - =  2o 0.1575 seconds 
Atbit  127 

The b i t  du ra t ion  and per iod  g ive  a use fu l  frequency range o f :  

0 .5  - -  < f < 2.8 (Hz 1 

111. SIGNAL INPUT 

Figure 111-1 shows t h e  flow diagram f o r  t h e  input  s i g n a l .  The PRBS 

signal was generated by a Hewlett-Packard 3722A s i g n a l  gene ra to r .  From 

t h e  s i g n a l  genera tor  t h e  s i g n a l  went t o  t h e  appropr i a t e  h e a t e r  c o n t r o l  

c i r c u i t  (only a s i n g l e  hea te r  was used i n  each t e s t )  and then  t o  t h e  

S i l i c o n  Control led R e c t i f i e r  (SCR) which c o n t r o l l e d  t h e  power t o  t h e  

hea te r s .  The t imer  was used t o  s e t  t h e  per iod  o f  t h e  PRBS a c c u r a t e l y .  

A T rans i to r  S p e c i a l t i e s  INC.  Universal  Counter model 361 was used t o  

measure t h e  per iod .  

I V .  SIGNAL OUTPUT 

The flow diagram f o r  t h e  output  s i g n a l  i s  shown i n  Figure 111-2 .  

The junc t ion  box was t h e  terminal  po in t  f o r  a l l  o f  t h e  thermocouples. 

S ix  d i f f e r e n t  s i g n a l s  l e f t  t h e  junc t ion  box and went t o  s i x  Pr inceton 

Applied Research 113 p reampl i f i e r s .  

a m p l i f i e r s  and t h e  input  s i g n a l  were recorded on a Sanborn 3907A FM 

t ape  recorder .  

The output  s i g n a l s  from t h e  

An osc i l l o scope  was used dur ing  t h e  t e s t s  t o  observe 
. 
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PACKARD 3722A SIGNAL 

Figure 111-1.  Flow diagram for the input signal. 

SANBORN 3907A FM TAPE RECORDER 

Figure 111-2.  Flow diagram for the output signal. 
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the output signal from the amplifiers so that they could be adjusted if 

necessary. Typical input and output signals are shown in Figure 111-3. 

V. DATA ANALYSIS 

The flow diagram for the data analysis for bundles 2A and 2B is 

shown in Figure 111-4, The Beckman 4040 analog-to-digital converter was 

used to digitize the experimental data and write the results on a digital 

tape. 

program CROSSPOW.6 

to Fourier transform the input and output signals and thus derive the 

power spectrum of the input signal and the cross power spectrum o f  the 

input and output signals. The frequency response at each frequency of 

analysis is found by dividing the cross power spectrum by the input 

power spectrum. 

This digital record was used as the input data for the computer 

This code uses the Fast Fourier Transform technique 

The flow diagram for the data analysis for bundle 1B is shown in 

Figure 111-5. 

Fourier Transform algorithm to Fourier transform the input and output 

signals. The frequency response is again found by dividing the cross 

A Hewlett-Paekard 5451A Fourier Analyzer uses a Fast 

‘power spectrum by the input power spectrum. 
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Figure 111-4. Flow diagram f o r  d a t a  ana lys i s  fo r  bundles 2A and 2B. 

Figure 111-5. Flow diagram for d a t a  a n a l y s i s  f o r  bundle 1B. 
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CHAPTER I V  

THEORETICAL RESULTS 

. 

. 

The o b j e c t i v e  of t h e  dynamic tests on t h e  FFM was t o  provide 

information on flow and hea t  t r a n s f e r  i n  t h e  bundle. 

t h e  experimental r e s u l t s ,  s imp l i f i ed  t h e o r e t i c a l  models were developed 

f o r  well mixed flow and s l u g  flow whxh were taken as t h e  l i k e l y  extremes 

o f  flow condi t ions t h a t  a c t u a l l y  e x i s t  i n  t h e  bundle. 

models were no t  intended t o  p r e d i c t  t h e  d e t a i l e d  behavior o f  t h e  FFM so 

only t h e  t r ends  o f  t h e  t h e o r e t i c a l  r e s u l t s  were observed. 

s imulate  only a s i n g l e  p i n  and t h e  coolant  i n  an assumed channel around 

t h e  p in ,  thus omi t t i ng  t h e  important e f f e c t s  o f  t h e  wire wraps on in te r -  

channel mixing. 

r e s u l t s  t o  a p p l i c a t i o n  as an a i d  t o  understanding r a t h e r  than as a 

p r e d i c t o r  o f  d e t a i l e d ,  q u a n t i t a t i v e  behavior.  In both models t h e  c o e f f i -  

c i e n t s  which were used are  shown i n  Table I .  

i n  Table I is  no t  a major concern s i n c e  only t r ends  were o f  i n t e r e s t .  

To h e l p  understand 

The t h e o r e t i c a l  

Both models 

These s i m p l i f i c a t i o n s  res t r ic t  t h e  u s e  o f  t h e  model 

The accuracy of t h e  values  

I .  WELL MIXED MODEL 

The well mixed model assumes t h a t  f l u i d  mixes i n  t h e  d i r e c t i o n  o f  

flow. Figure I V - 1  shows a schematic r e p r e s e n t a t i o n  o f  t h e  simple simula- 

t i o n  used i n  t h i s  s tudy.  

around t h e  rod. The model has two axial s e c t i o n s  f o r  t h e  f l u i d  and two 

a x i a l  s e c t i o n s  f o r  t h e  s o l i d ,  

The model s imulates  one rod and t h e  f l u i d  

The assumptions i n  t h i s  model were: 
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TABLE I 

COEFFICIENT VALUES USED IN THE THEORETICAL MODELS 

p1 

c1 

kl 

p2 

c 2  

k2 

p3 

c3 

k3 

h f i lm  
H 

Outside Diameter of  S t a i n l e s s  S t e e l  

Ins ide  Diameter of S t a i n l e s s  S t e e l  

Density o f  Boron N i t r i d e  

Spec i f ic  Heat o f  Boron N i t r i d e  

Thermal Conductivity o f  Boron N i t r i d e  

Density o f  Heating Element 

Spec i f ic  Heat of Heating Elemsnt 

Thermal Conductivity of .Heating Element 

Density of S t a i n l e s s  S tee l  

S p e c i f i c  Heat o f  S t a i n l e s s  S t e e l  

Thermal Conductivity of S t a i n l e s s  S tee l  

F i l m  Heat Transfer  Coef f i c i en t  

E f fec t ive  Heat Transfer  Coef f i c i en t  

0.0192 

0.0165 

125.0 

0.418 

0 0025 

312 5 

0.1 

0.0025 

500.0 

0.1 

0 0034 

8.33 

0.34 

f t  

f t  

l b / f t 3  

Btu/ l b  O F  

Btu/secoI,F f t  

l b / f t 3  

Btu/ lb°F 

Btu/sec°F f t  

l b / f t 3  

Btu/ 1 b O F  

Btu/sec°F f t  
Btu/sec°F f t  2 

Btu/sec°F ft  2 

1 x -  1 
NOTE: H = 

I n  ( r2 / r1)  I n  ( r3 / r2 l  + 1 2r3 + 1 - +  
4kl 2k2 2k3 2r3hfilm 

where 

s u b s c r i p t  1 r e f e r s  t o  t h e  hea t ing  element, 

s u b s c r i p t  2 r e f e r s  t o  the  boron n i t r i d e ,  

s u b s c r i p t  3 r e f e r s  t o  the  cladding,  

H = e f f e c t i v e  heat  t r a n s f e r  c o e f f i c i e n t ,  

k = thermal conduct iv i ty ,  

r = r a d i u s ,  

C = s p e c i f i c  hea t ,  and 

h f i l m  = f i l m  heat  t r a n s f e r  c o e f f i c i e n t .  
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. 

Figure IV-1. Well mixed model schematic. 
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1, No conduction occurs i n  t h e  f l u i d .  

2 .  No a x i a l  hea t  conduction occurs i n  t h e  s o l i d  o r  f l u i d .  

3 .  

4. 

The equations t h a t  desc r ibe  t h e  model are:  

Well mixed f l u i d  e x i s t s  i n  each lump. 

Treat ing a whole s e c t i o n  as a s i n g l e  lump is  v a l i d .  

dTi = p1 - H A ( T ~  - e,) (MC)sol id  - d t  

(MC)solid dt dT2 = P 2 - H A ( T ~  - e,) 

CMC)liquid - = HA(T] - e,) - w q e ;  - ein) 
d t  

where 

W = mass flow ra te  (1 b/ sec) 

P.  = hea t  generat ion ra te  i n  s e c t i o n  i (Btu/ sec) 
1 

A = hea t  t r a n s f e r  s u r f a c e  area (ft2 1 
H = e f f e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  

2 ( includes f i l m  r e s i s t a n c e  and i n t e r n a l  
rod r e s i s t a n c e )  (Btu/sec O F  :ft ) 

C = s p e c i f i c  heat  (Btu/lb .OF) 

Ti = temperature of  s o l i d  i n  s e c t i o n  i 

8 i = temperature of  l i q u i d  i n  s e c t i o n  i 

(OF) 

(OF) 
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. 

Standard procedures (7)  were followed t o  ob ta in  t h e  fol lowing 

t r a n s f e r  func t ions  from equat ions 1 through 4 :  

2 2b 
&e,(s) c a ( s 2  + (b + c + x ) s  + T) 

2 2 2b 6e2(s )  s + (b + c + E)s + - R - 
, 6e1(s) - 2 1 b s + (b + c + F ) s  + -  R 

where 

- 1  a = -  
(MC)sol id  ’ 

(7) 

P1 = hea t  generat ion r a t e  i n  s e c t i o n  1, 

P2 = heat  genera t ion  r a t e  i n  s e c t i o n  2, and 

6 denotes dev ia t ion  from s teady  s t a t e .  

These t r a n s f e r  func t ions  were chosen s i n c e  t h e  form o f  t h e  experimental  

frequency response i s  ( f l u i d  temperature)/(power).  
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The frequency response f o r  8 was found by s u b s t i t u t i n g  j w  (w i s  
1 

t h e  angular  frequency) f o r  s i n  equation 5 and c a r r y i n g  ou t  t h e  complex 

a r i t h m e t i c .  

s u b s t i t u t i n g  j w  f o r  s i n  equation 6 ,  

obtained with t h e  well mixed model are shown i n  Figures  IV-2 and I V - 3 .  

S imi l a r ly ,  t h e  frequency response f o r  e2 was found by 

Typical frequency response r e s u l t s  

A s  w i l l  be seen i n  subsequent s e c t i o n s ,  it i s  en l igh ten ing  t o  

consider  t h e  r a t i o  o f  t h e  frequency response gains  obtained f o r  two 

d i f f e r e n t  observat ion p o i n t s  a t  a given flow o r  f o r  a given observat ion 

po in t  a t  two d i f f e r e n t  flows. This i s  because t h e s e  gain r a t i o s  empha- 

s ize  t h e  d i f f e r e n c e s  between well mixed flow and s l u g  flow. 

shows t h e  r a t i o ,  (frequency response gain f o r  e2) / ( f requency response 

gain f o r  8 ) computed by t h e  well mixed model a t  a flow r a t e  of 54 

ga l lons  p e r  minute (GPM). The phase d i f f e r e n c e  is  shown i n  Figure IV-5. 

Figure IV-6 shows t h e  r a t i o ,  (frequency response gain a t  54 GPM)/ 

(frequency response gain a t  10 GPM) computed by t h e  well mixed model a t  

Figure IV-4 

1 

e,. The phase d i f f e r e n c e  f o r  t h i s  case i s  shown i n  Figure IV-7. 

I t  may be noted t h a t  t h e  c a l c u l a t e d  r e s u l t s  show t h a t  t h e  ga in  

r a t i o s  computed by t h e  w e l l  mixed model approach u n i t y  monotonically 

as t h e  frequency inc reases .  

stood i f  one no te s  t h a t  t h e  temp.erature changes f o r  thermocouples on o r  

near  heated rods are due t o  two causes:  h e a t  swept t o  t h e  thermocouple 

from upstream mainly by convection, and h e a t  added i n  t h e  v i c i n i t y  o f  

t h e  thermocouple and c a r r i e d  t o  t h e  thermocouple mainly by conduction. 

To a f i r s t  qpproximation, both o f  t h e s e  processes  behave l i k e  f i rs t  

o r d e r  l ags .  However, f o r  t h e  FFM, t h e  break frequency for  t h e  

The physical  b a s i s  f o r  t h i s  may be under- 

. 

. 

. 
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I 

U . U I  V .  I I." I V . "  

Frequency (Hz) 

u 
10 . o  

Figure IV-2. Frequency response gain computed by the well mixed 
model for 601/6P at 54 GPM. 
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I I I I  1 I rI 1 I 1  i r r l l l  I I 1 1 1  I l l  
1.0 10.0 100.0 

. 

Frequency (Hz) 

Figure IV-3. Frequency response phase computed by the well mixed 
model for 6€I1/6P at 54 GPM. 
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0 . 5  
0 . 1  1 .o 1 10.0 0.01 

Frequency (Hi) 

Figure IV-4. Gain ratios, (gain at 8 )/(gain at e,), computed 2 by the well mixed model at 54 GPM. 
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Figure IV-5. Phase d i f f e r e n c e s ,  (phase a t  02)-(phase a t  el), 
computed by t h e  wel l  mixed model a t  54 GPM. 
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1 . 5  

1.3- 

1.1 

. 

- 

Figure IV-6. Gain r a t i o s ,  (gain a t  54 GPM)/ (gain a t  10 GPM) , 
computed by t h e  wel l  mixed model a t  el .  
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0.01 0 . 1  1 . o  10.0 
Frequency ( H z )  

Figure IV-7. Phase d i f f e r e n c e s ,  (phase a t  54 GPM)-(phase a t  

1' 10 GPM), computed by t h e  well mixed model a t  8 
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conduction process  is  higher  than t h e  break frequency f o r  t h e  convection 

process.  Thus, a t  high frequencies ,  t h e  response i s  dominated by t h e  

conduction mechanism, Since t h i s  i s  an effect  t h a t  is t h e  same f o r  any 

a x i a l  p o s i t i o n ,  t h e  gains  f o r  f l u i d  temperature approach t h e  same value 

a t  high frequencies  a t  a l l  a x i a l  p o s i t i o n s .  

11. SLUG ]:LOW MODEL 

The s l u g  flow model was used t o  so lve  f o r  t h e  frequency response 

o f  t h e  f l u i d  a t  s e l e c t e d  a x i a l  p o s i t i o n s .  The model s imulates  one rod 

and t h e  f l u i d  i n  an assumed channedaround t h e  rod. This model assumed: 

1, Coolant i s  s i n g l e  phase, s l u g  flow. 

2 .  The a x i a l  hea t  conduction i s  n e g l i g i b l e  i n  both t h e  s o l i d  

and t h e  l i q u i d .  

The physical  and hea t  transfer p r o p e r t i e s  o f  a l l  materials 3. 

are independent o f  temperature.  

4. The temperature o f  t h e  s o l i d  i s  a func t ion  o f  time and 

a x i a l  and r a d i a l  p o s i t i o n s .  

5. The temperature o f  t h e  f l u i d  i s  a func t ion  o f  time and 

a x i a l  p o s i t i o n .  

In t h i s  model, t h e  b a s i c  equations are t h e  h e a t  conduction equation 

i n  t h e  s o l i d  and t h e  hea t  convection equation f o r  t h e  f l u i d .  The 

equations are: 

2 3 Ti 
K . V  T. t Q- 
1 1  1 ( P C I i  at = (i = 1,2,3) 
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where 

i = 1 is the heating element, 

i 

i 

= 2 is the boron nitride, 

= 3 is the cladding, 
I 

Ti = temperature in heater, boron nitride, 
of cladding, 

' 8 = temperature in fluid, 

Q = heat generation rate per unit volume, 

p = density, 

K = thermal conductivity, 

U = velocity of fluid, 

c = specific heat, 

M = mass, 

= film heat transfer coefficient, hfilm 
A =' area, 

x = axial position, , 

t = time, 

T = radial position, and 

(OF) 

(OF) 

(Btu/sec ft3) 

(lb/ft3) 

(Btu/sec°F ft) 

( f t / sec ) 

(Btu/ lb OF) 

(1bl 
(Btu/sec°F ft 2 ) 

(ft2>, 

(ft 1 

(set> 

(ft) 
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The boundary condi t ions are: 

aT1 - =  0 
ar 

a T1 a T2 
K1 ar = K2 ar 

aT2 aT3 
K2 ar = Kg ar 

2 

T2 = T3 

T = T  1 

where 

a 

b 

c = r a d i u s  o f  t h e  cladding, and 

To = s u r f a c e  temperature of  t h e  cladding.  

= r a d i u s  o f  t h e  hea t ing  element, 

= r a d i u s  o f  t h e  boron n i t r i d e ,  

a t r = O  

a t r = a  

a t r = b  

a t  s u r f a c e  

a t r = a  

a t r = b  

Transfer  funct ions may be obtained from t h e s e  equat ions and boundary 

condi t ions.  

t h i s  model were computed by t h e  computer code FOURCn8 

Flu id  temperature t o  power frequency response r e s u l t s  f o r  

Typical resu l t s  

obtained with t h e  s l u g  flow model appear i n  Figures IV-8, IV-9, IV-10, 

and I V - 1 1 .  A s i g n i f i c a n t  f e a t u r e  o f  t h e s e  r e s u l t s  i s  t h e  c ros s ing  o f  

t h e  gain curves f o r  two d i f f e r e n t  thermocouples a t  a given flow rate o r  

f o r  a s i n g l e  thermocouple a t  two d i f f e r e n t  flow rates. 

effect  does n o t  occur with t h e  well mixed model, and t h e r e f o r e  i s  a 

This c ross ing  
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Cain a t  21 i n c h  l c v c l  

0.01 0 . 1  1 .o  10.0 100.0 

Frequency (Hz) 

F igure IV-8. Frequency response ga ins  computed by t h e  s l u g  flow 
model a t  t h e  9 inch and 2 1  inch l e v e l  a t  54 GPM. 



37 

10" 

- loo 

-soo 

; -soo 

L i  
al 
al 

a 

3 -70° 

v 

al 

a 

-90° 

- l l o o  

-130" 

Phase a t  9 inch l eve l  

Phase a t  21 inch l eve l  \ 

\ 
\ . /  - 

. 

0.1 1 .0  10 .0  
Frequeiicy ( H z )  

100.0 

Figure IV-9. Frequency response phases computed by the slug flow 
model at the 9 inch and 21 inch level at 54 GPM. 

I 
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0.01 0.1 1.0 10.0 

Frequency (Hz)  
100.0 

Figure IV-10. Frequency response gains computed by the s lug  flow 
model at the 9 inch l eve l  a t  10 GPM and 54 GPM, 
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'-- 1 
Phase a t  10 GPM 

0 .1  1.0 10.0 
Frequency (Hz) 

100.0 

Fibre IV-11. Frequency response phases computed by the s lug  flow 
model a t  the 9 inch l e v e l  at 10 GPM and 54 GPM. 
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phenomenon t h a t  may be explo i ted  t o  d i s t i n g u i s h  between s l u g  flow and 

wel l  mixed flow i n  i n t e r p r e t a t i o n  of" experimental  r e s u l t s .  

This c ross ing  is  emphasized i f  t h e  r a t i o  o f  t h e  two ga in  curves is  

p l o t t e d .  

i n  t h e  i n t e r p r e t a t i o n  of t h e  experimental  r e s u l t s  i n  Chapter V. 

gain r a t i o s  which were computed by t h e  wel l  mixed model were a l s o  com- 

puted by t h e  s l u g  flow model. 

response ga in  a t  t h e  2 1  inch l eve l ) / ( f r equency  response ga in  a t  t h e  

9 inch l e v e l ) ,  computed by t h e  s l u g  flow model a t  54 GPM. 

ence r e s u l t s  a r e  shown i n  Figure IV-13, 

(frequency response gain a t  54 GPM)/(frequency response ga in  a t  10  GPM), 

computed by t h e  s l u g  flow model a t  t h e  9 inch l e v e l ,  

shows t h e  phase d i f f e r e n c e  f o r  t h i s  ca se .  

This way of  present ing  t h e  r e s u l t s  has been adopted he re  and 

The 

Figure IV-12 shows t h e  r a t i o ,  (frequency 

Phase d i f f e r -  

Figure IV-14 shows t h e  r a t i o ,  

Figure IV-15 

The o s c i l l a t i o n s  i n  t h e  gain r a r i o s  computed by t h e  s l u g  flow model 

w i l l  be c a l l e d  r ing ing .  

on t h e  flow r a t e  and t h e  p o s i t i o n  i n  t h e  bundle.  

flow r a t e  i nc reases  t h e  r i n g i n g  occurs  a t  h igher  f requencies ,  and as 

t h e  p o s i t i o n  moves down t h e  bundle t h e  r ing ing  occurs  a t  lower 

f requencies .  

The frequency a t  which r i n g i n g  occurs  depends 

For example, as t h e  

The phys ica l  reason f o r  t h e  r ing ing  i s  t h a t  as a f l u i d  volume 

element moves through t h e  bundle i t  i s  a f f e c t e d  by a modulated hea t  

input  t h a t  i s  high i n  some p a r t s  o f  t h e  bundle and low i n  o t h e r  par ts  

of  t h e  bundle. 

f o r  a volume element t o  reach t h e  observa t ion  p o i n t ,  then t h e  number o f  

h a l f  cyc le s  i n  h e a t e r  o s c i l l a t i o n  experienced i n  reaching  t h e  

If t h e  power i s  o s c i l l a t i n g  a t  f Hertz and T i s  t h e  time 
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Figure IV-12. 
the 9 inch level), computed by the slug flow model at 54 GPM. 

Gain ratios, (gain at the 21 inch level)/(gain at 



4 2  

0 

Figure IV-13. Phase d i f f e r e n c e s ,  (phase a t  t h e  2 1  inch l e v e l ) -  
(phase a t  t h e  9 inch l e v e l ) ,  computed by t h e  s l u g  flow model a t  54 GPM. 
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Figure IV-14. Gain ratios, (gain at 54 GPM)/(gain at 10 G P M ) ,  
computed by the slug flow model at the 9 inch level. 
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Figure IV-15. Phase d i f f e r e n c e s ,  (phase a t  54 GPM)-(phase a t  
10 GPM), computed by t h e . s l u g  flow model a t  t h e  9 inch l e v e l .  

. 
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observat ion po in t  i s  2fT. 

t h e  modulated hea t  input  along t h e  channel,  

The t o t a l  heat  i npu t  w i l l  be t h e  i n t e g r a l  o f  

The maximum o f  t h i s  i n t e g r a l  

occurs when 2 f T  i s  an odd number and a minimum 

even number. These maximum and minimum p o i n t s  

i n  t h e  gain r a t i o s  o f  t h e  s l u g  flow model. 
., 

A s i g n i f i c a n t  d i f f e r e n c e  between t h e  well 

occurs when 2 f T  is  an 

g ive  t h e  r ing ing  seen 

mixed model r e s u l t s  and 

t h e  s l u g  flow model r e s u l t s  i s  t h a t  t h e  gain r a t i o s  computed by t h e  well 

mixed model approach u n i t y  monotonically while t h e  gain r a t i o s  computed 

by t h e  s l u g  flow model show o s c i l l a t i o n s ,  These d i f f e r e n c e s  i n  t r e n d s  

i n d i c a t e  t h a t  it may be p o s s i b l e  t o  use ga in  r a t i o s  t o  i n t e r p r e t  experi-  

mental r e s u l t s  and d i s t i n g u i s h  between well mixed flow and s l u g  flow. 

O f  course,  t h e  a n a l y s i s  presented he re  does no t  prove conclusively 

t h a t  t h e  presence o r  absence o f  r ing ing  is  a s u r e  i n d i c a t o r  o f  t h e  flow 

c h a r a c t e r i s t i c s .  However, t h e  a n a l y s i s  coupled with t h e  physical  argu- 

ment g ive  evidence t h a t  t h i s  is  a p l a u s i b l e  explanat ion f o r  experimentally 

observed r ing ing .  

. 
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CHAPTER V 

EXPERIMENTAL RESULTS 

Experimental frequency responses were obtained us ing  t h e  methods 

descr ibed i n  Chapter 111. 

t h e s i s  involved power modulation t o  on ly .one  rod a t  a time. 

couples loca t ed  i n  wire wraps on a simulated f u e l  rod measure a tempera- 

t u r e  somewhere between t h e  rod temperature and t h e  f l u i d  temperature.  

In t h i s  work, it w i l l  be assumed t h a t  t h e  thermocouples measure f l u i d  

A l l  o f  t h e  experimental r e s u l t s  i n  t h i s  

Thermo- 

temperature,  and t h e  frequency response w i l l  be given as ( f l u i d  tempera- 

ture) / (power) .  A t yp ica l  experimental ( f l u i d  temperature)/(power) 

frequency response i s  shown i n  Figures V-1 and V - 2 .  

The experimental r e s u l t s  w i l l  be presented i n  two forms: 

1, v e c t o r  diagrams 

2 .  ga in  r a t i o s  

In both cases, on ly  s e l e c t e d  r e s u l t s  w i l l  be discussed.  Addit ional  

r e s u l t s  are i n  t h e  appendix f o r  p o s s i b l e  f u t u r e  use  by o t h e r  workers. 

I .  VECTOR DIAGRAMS 

The gain of  t h e  experimental frequency response is  t h e  r a t i o  o f  t h e  

amplitude of  t h e  f l u i d  temperature t o  t h e  amplitude o f  t h e  h e a t e r  power. 

Thus, t h e  gain i s  p ropor t iona l  t o  t h e  f l u i d  temperature change and hence 

t o  t h e  f l u i d  energy change t h a t  would accompany a h e a t e r  power change. 

I t  i s  important t o  no te  t h a t  as t h e  frequency decreases  t h e  frequency 

I 
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Figure V-1. Bundle lB, gain for thermocouple 0118 with rod 1 
heated at 10 GPM. 
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Figure V-2. Bundle lB, phase for thermocouple 0118 with rod 1 
heated at 10 GPM. 
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response amplitude goes t o  a cons tan t  va lue  t h a t  equals  t h e  va lue  a t  

zero frequency. 

change i n  response t h a t  would be reached asymptot ica l ly  fol lowing a s t e p  

input .  

t i o n ,  G(s), and a u n i t  s t e p  input  (whose Laplace t ransform i s  l / s ) .  

Laplace t ransform o f  t h e  output  is  

The ga in  a t  zero frequency i s  numerical ly  equal t o  t h e  

This can be shown by cons ider ing  a system with a t r a n s f e r  func- 

The 

~ O ( S )  = G ( s )  s 1 

The f i n a l  value theorem may be used t o  g ive  

GO(t)t=w = l i m s 6 O ( s )  = G(o)  
S-W 

Thus, t h e  asymptotic temperature response t h a t  would be obtained 

fol lowing a s t e p  change i n  power t o  an FFM rod may be obtained by observ- 

ing  t h e  va lue  o f  t h e  low frequency gain.  

a c t u a l l y  us ing  a s t e p  change because t h e  accuracy o f  t h e  low frequency 

gain may be made as g r e a t  as requi red  by us ing  more per iods  of  t h e  

pe r iod ic  input  s i g n a l  i n  t h e  t e s t .  

i s  propor t iona l  t o  t h e  f l u i d  energy change, t h e  low frequency gain may 

be i n t e r p r e t e d  as t h e  change i n  energy flowing t o  t h e  f l u i d  a t  t h e  

measurement po in t  due t o  a change i n  t h e  power suppl ied t o  a s e l e c t e d  

rod ,, 

This may be p r e f e r a b l e  t o  

Since t h e  f l u i d  termperature  change 

The s teady  s t a t e  gains  a r e  presented  i n  v e c t o r  diagrams which show 

t h e  s teady  s ta te  gains  a t  a p a r t i c u l a r  l e v e l  f o r  var ious  heater-thermo- 

couple combinations. The s teady  s t a t e  ga in  a t  a thermocouple i s  
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I represented  by a vec to r  from t h e  heated rod t o  t h e  rod on which t h e  

thermocouple i s  mounted. 

t o  t h e  energy flow from t h e  whole length  o f  t h e  heated rod t o  t h e  

measurement po in t .  

c l e a r l y  t h e  d e s t i n a t i o n  of t h e  vec to r .  

rods i s  dashed, it s i g n i f i e s  t h a t  t h e  s t eady  s ta te  gain i s  too  small t o  

The l eng th  o f  t h e  s o l i d  l i n e  i s  p ropor t iona l  

A dashed Continuat ion o f  t h e  l i n e  i s  used t o  show 

If t h e  e n t i r e  l i n e  between two 

be shown on t h e  s c a l e  used. 

( f l u i d  temperature)/(power) gain a t  thermocouple 0421 with rod 5 heated 

i s  2 . 5  x 10 

For example, i n  Figure V-3 t h e  s t eady  s ta te  

5 and i s  represented  by a vec to r  5 u n i t s  long from rod 5 t o  

rod 4 .  (The u n i t s  a r e  (output v o l t s j / ( i n p u t  v o l t s ) .  No at tempt  was 

made t o  change t h e  u n i t s  t o  (deg rees ) / (wa t t s ) ,  bu t  a l l  cases  a r e  cons is -  

t e n t . )  Note t h a t  t h e  ga in  a t  thermocouple 0421 is  due t o  t h e  energy 

input  along t h e  length  of  rod 5. 

i s  t o  show t h e  energy flow from t h e  t o t a l  l eng th  of a heated rod t o  a 

The purpose o f  t h e  vec to r  diagrams 

se l ec t ed  thermocouple. 

Typical vec to r  diagrams f o r  bundle 2A a r e  shown i n  Figures  V-3 and 

V-4 .  No general  t r ends  a r e  seen i n  t h e s e  f i g u r e s  because measurements 

were made f o r  too  few heater-thermocouple p a i r s .  

Typical vec to r  diagrams f o r  bundle 2B a r e  shown i n  Figures  V-5 and 

V - 6 ,  Figure V-5 shows t h a t  t h e  v e c t o r  from rod 15 t o  rod 4 i s  l a r g e r  

than t h e  vec to r  from rod 4 t o  rod 5 even though t h e  d i s t a n c e  between t h e  

thermocouple and t h e  heated rod i s  l a r g e r  i n  t h e  first case. Figure V-6 

shows t h a t  t h e  s teady  s t a t e  gain a t  thermocouple 0412 with rod 1 1 , h e a t e d  

i s  very small compared t o  t h e  s t eady  s ta te  ga in  a t  thermocouple 0412 

with rod 5 heated.  These examples show t h a t  t h e  s t eady  s t a t e  ga in  i s  
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much l a r g e r  i f  t h e  thermocouple i s  t o  t h e  r i g h t  of  t h e  heated rod.  

i s  thought t h a t  t h i s  i s  due t o  an edge swirl i n  t h e  counterclockwise 

I t  

d i r e c t i o n  which would c a r r y  t h e  f l u i d  from l e f t  t o  r i g h t  f o r  p o s i t i o n s  

i n  t h e  lower p a r t  o f  t h e  bundle (as  drawn i n  t h e  bundle schematics shown 

i n  t h i s  t h e s i s ) .  

Figures  V-7  and V-8 show vec to r  diagrams f o r  bundle 1 B .  No general  

t rend  i s  observed i n  t h e s e  f i g u r e s .  I t  i s  thought t h a t  no t r ends  were 

seen because t h e  dummy rods around t h e  per iphery  o f  t h e  bundle ( see  

Figure 11-4, page 7) decreased t h e  edge swirl seen i n  t h e  i n t e r i o r  of  

t h e  bundle. 

In summary, t h e  v e c t o r  diagrams show t h a t  an edge swirl i s  present  

i n  bundles with smooth edges and no edge swirl i s  p resen t  i n  bundles 

without smooth edges. 

A-37 i n  Appendix A. 

Addi t ional  diagrams a r e  shown i n  Figures  A - 1  t o  

The vec to r  diagram concept should be very  use fu l  f o r  s tudying 

bundle flow p a t t e r n s  i n  cases  where enough thermocouples are a v a i l a b l e  

t o  provide d e t a i l e d  energy flow maps. 

11. GAIN RATIOS 

The experimental  r e s u l t s  may a l s o  be presented i n  t h e  form of  ga in  

Previously it has been shown t h a t  it may be p o s s i b l e  t o  use  r a t i o s .  

gain r a t i o s  t o  d i s t i n g u i s h  between wel l  mixed flow and s l u g  flow. 

gain r a t i o s ,  (gain a t  thermocouple 0521)/(gain a t  thermocouple 0509), 

The 

a r e  shown i n  Figure V-9. 

thermocouples 0521 and 0509. 

Figure V-10 shows t h e  phase d i f f e r e n c e s  between 

A po in t  t o  no te  i s  t h a t  t h e  experimental  
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Figure V-9. Bundle 2A, gain r a t i o s  with rod 5 heated a t  54 GPM 
and 35 GPM. 



59 

30° 

20° 

loo 

oo 

-loo 

- 2 O O  

-30' 

-40°  

- 
(Phase of thermocouple 0521 at 54 GPM) - 
(Phase of thermocouple 0509 at 54 GI'M) 

- (Phase of thermocouple 0521 at 10 Gl'bl) - 
(Phase of thermocouple 0509 at 10 GPM) 

0 
- 

0 

Q 

0 - 
.,.I 

, s . 1  6 ' ' ' '. '..**' 

0 - (9 

0 0  

- 

- 

- C - I U h l U  1.0 10 
0.01 0.1 

Figure V-10. Bundle ZA, phase d i f f e r e n c e s  with rod 5 heated a t  
54 GPM and 10 GPM. 
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results show a p o s i t i v e  phase s h i f t  a t  h igher  f requencies .  

reason f o r  t h i s  e f f e c t  i s  t h a t  thermocouple 0509 has  a lower break 

frequency than thermocouple 0521. 

thermocouple response i s  not  a v a i l a b l e  so t h e  gain r a t i o s  t h a t  involve 

two d i f f e r e n t  thermocouples with s l i g h t ,  bu t  unknown d i f f e r e n c e s  i n  

response cannot be i n t e r p r e t e d ,  

A p o s s i b l e  

A t  t h i s  t ime experimental  d a t a  on 

The thermocouple response problem can be e l imina ted  i f  one cons ide r s  

t h e  ga in  of a s i n g l e  thermocouple a t  two d i f f e r e n t  flow r a t e s .  

reason t h e  ga in  r a t i o s ,  ' ( ga in  a t  a s e l e c t e d  flow r a t e ) / ( g a i n  a t  flow 

For t h i s  

ra te  10 GPM), w i l l  be used t o  present  t h e  da t a .  

The gain r a t i o s  f o r  bundle 2 A  a r e  shown i n  Figures  V - 1 1  through 

V-13. 

heated.  

t h e  s l u g  flow model, 

0521 and rod 5 heated.  This case has no r ing ing .  The ga in  r a t i o s  f o r  

thermocouple 1421 and rod 5 heated a r e  shown i n  Figure V - 1 3 .  The ga in  

Figure V - 1 1  shows t h e  gain r a t i o s  f o r  thermocouple 0509 and rod 5 

This f i g u r e  has r ing ing  similar t o  t h a t  seen i n  t h e  r e s u l t s  o f  

Figure V-12 shows t h e  ga in  r a t i o s  f o r  thermocouple 

r a t i o s  show r i n g i n g  similar t o  t h e  r i n g i n g  i n  Figure V - 1 1 .  

The gain r a t i o s  f o r  bundle 2 B  are shown i n  Figures  V-14 through 

V-16. Figure V-14  shows t h e  ga in  r a t i o s  f o r  thermocouple 0412 and rod 4 

heated.  No r ing ing  i s  seen i n  t h i s  f i g u r e .  The gain r a t i o s  f o r  thermo- 

couple 0512 with rod 15 heated a r e  shown i n  Figure V-15. 

seen i n  t h i s  f i g u r e .  

Ringing i s  

No r ing ing  is  seen i n  Figure V-16 which shows t h e  

gain r a t i o s  f o r  thermocouple 1212 and rod 4 heated.  

Figures  V-17 through V-20 show t h e  ga in  r a t i o s  o f  t h e  thermocouples 

on t h e  heated rod i n  bundle 1 B .  These f i g u r e s  show t h a t  a t  t h e  beginning 
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. 

Figure V-11. Bundle 2A, gain ratios for thermocouple 0509 with 
rod 5 heated. 
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rod 5 heated. 
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rod 4 heated. 
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Figure V-15. Bundle 2B, gain ratios for thermocouple 0512 with 
rod 15 heated. 
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Figure V-16. Bundle 2B, gain ratios for thermocouple 1212 with 
rod 4 heated. 
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Figure V-20. Bundle lB, gain ratios for thermocouple 0118 with 
rod 1 heated. 



7 1  

of t h e  heated s e c t i o n  t h e  ga in  r a t i o s  have r ing ing  and as t h e  p o s i t i o n  

o f  t h e  thermocouple moves down t h e  bundle t h e  r i n g i n g  decreases .  For 

example, Figure V-17 shows t h e  ga in  r a t i o s  f o r  thermocouple 0106 with 

rod 1 heated,  and Figure V-20 shows t h e  gain r a t i o s  f o r  thermocouple 

0118 with rod 1 heated.  

while  t h e  gain r a t i o s  a t  t h e  18 inch l e v e l  show no r ing ing .  

gain r a t i o s  from thermocouples not  on t h e  heated rod a r e  shown i n  

Figures  V - 2 1  through V-24. 

show r i n g i n g  while  t h e  ga in  r a t i o s  i n  Figures  V - 2 3  and V-24 show no 

r ing ing  

The gain r a t i o s  a t  t h e  6 inch level show r i n g i n g  

Some t y p i c a l  

The ga in  r a t i o s  i n  Figures  V - 2 1  and V-22 

In summary, t h e  ga in  r a t i o s  from thermocouples on t h e  heated rod 

have r ing ing  if t h e  thermocouple i s  c l o s e  t o  t h e  beginning of t h e  heated 

s e c t i o n  and t h e  r i n g i n g  decreases  as t h e  thermocouple p o s i t i o n  approaches 

t h e  end of  t h e  heated sec t ion .  

on t h e  heated rod do no t  show t h i s  t rend .  

shown i n  Figures  B-1 through B-34 i n  Appendix B. 

The ga in  r a t i o s  from thermocouples no t  

Addit ional  gain r a t i o s  a r e  
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CHAPTER V I  

INTERPRETATION OF EXPERIMENTAL RESULTS 

I. VECTOR DIAGRAMS 

No general  t r ends  were seen i n  t h e  vec to r  diagrams f o r  bundle 2A 

s ince  measurements were made f o r  too few heater-thermocouple p a i r s .  

The general  t r end  observed i n  t h e  vec to r  diagrams f o r  bundle 2 B  was 

t h a t  t h e  vec tor  length  was larger i f  t h e  vec to r  d i r e c t i o n  was counter-  

clockwise. 

counterclockwise d i r e c t i o n .  

and hinder  clockwise eneigy flow. 

l a r g e r  i n  t h e  d i r e c t i o n  of  t h e  edge swirl. 

I t  i s  thought t h a t  t h i s  t rend  i s  due t o  an edge swirl i n  t h e  

This would a i d  counterclockwise energy flow 

Therefore ,  vec tor  lengths  would be 

The edge swirl i s  produced by t h e  wire wraps on t h e  ou t s ide  rods 

s ince  each wire wrap sweeps t h e  f l u i d  i n  t h e  counterclockwise d i r e c t i o n .  

Since t h e  edge of  t h e  can i s  smooth, a swirl is e s t ab l i shed .  The edge 

s w i r l  has a l so  been seen i n  o t h e r  experiments on t h e  FFM. 9 

No general  energy flow t r end  was observed i n  t h e  vec to r  diagrams 

of  bundle 1 B .  

dummy rods around t h e  per iphery o f  t h e  bundle whose purpose was t o  simu- 

l a t e  an i n f i n i t e  bundle. 

be small or  nonexis tent  i n  t h e  i n t e r i o r  o f  t h e  bundle, and energy flow 

would not  be aided by t h e  edge swirl. 

I t  i s  thought t h a t  no t r ends  were seen because o f  t h e  

Therefore ,  t h e  effect o f  t h e  edge swirl would 

, 
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11. G A I N  RATIOS 

asoning i n  Sect ion I1 o f  Ch p t e r  I V  i n d i  

a p l a u s i b l e  explanat ion o f  t h e  r ing ing  o f  t h e  gain r a t i o s  is 

tes  t h a t  

s l u g  flow 

effects,  and t h a t  well mixed flow causes t h e  gain r a t i o s  t o  approach 

u n i t y  monotonically as t h e  frequency inc reases .  This implies  t h a t  a 

p l a u s i b l e  argument i s  t h a t  i f  t h e  experimental gain r a t i o s  have r ing ing ,  

i t  i s  an i n d i c a t i o n  o f  predominant s l u g  flow, and i f  t h e  experimental 

gain r a t i o s  monotonically approach one as t h e  frequency inc reases ,  it i s  

an i n d i c a t i o n  o f  predominant well mixed flow, 

To i n t e r p r e t  t h e  experimental gain r a t i o s ,  t h e  gain r a t i o s  w i l l  be 

divided i n t o  two groups, 

heated rod w i l l  be presented,  and then gain r a t i o s  from thermocouples 

no t  on t h e  heated rod w i l l  be presented,  Table I1 shows t h a t  t h e  gain 

r a t i o s  from thermocouples on t h e  heated rod had a general  p a t t e r n  (see 

Figures  V - 1 7  through V-20, pages 67 through 70) .  If t h e  thermocouple 

was c l o s e  t o  t h e  beginning o f  t h e  heated s e c t i o n ,  t h e  gain r a t i o s  had 

r i n g i n g  similar t o  t h e  s l u g  flow model. 

couple moved down t h e  bundle, t h e  gain r a t i o s  had less r i n g i n g  and 

became more l i k e  t h e  gain r a t i o s  o f  t h e  well mixed model. 

t a t i o n  o f  t h i s  t r end  i s  t h a t  a t  t h e  entrance o f  t h e  bundle t h e r e  was 

predominant s l u g  flow, and as t h e  coolant  moved through t h e  bundle, 

mixing increased u n t i l  t h e r e  was predominant mixed flow, 

F i r s t ,  gain r a t i o s  from thermocouples on t h e  

As t h e  p o s i t i o n  o f  t h e  thermo- 

The i n t e r p r e -  

The gain r a t i o s  from thermocouples no t  on t h e  heated rod do no t  

show t h e  same t r end .  Table I11 shows t h a t  gain r a t i o s  similar t o  
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. 

TABLE I1 

G A I N  RATIOS FROM THERMOCOUPLES ON THE HEATED ROD 

~~ ~ ~ 

Heated Rod Figure Descr ipt ion o f  Gain 
Number Thermocouple Number Rat ios  

1 

4 

5 

1 

01 06 V - 1 7  Gain r a t i o s  show r i n g i n g  

041 0 v-123 Gain r a t i o s  show less r i n g i n g  

0514 v-13 Gain r a t i o s  exceed u n i t y  

0118 v-20 Gain r a t i o s  approach u n i t y  

similar t o  s l u g  flow model 

than Figure V-17 

s l i g h t l y ,  no r i n g i n g  

similar t o  well mixed model 
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TABLE I11 

GAIN RATIOS FROM THERMOCOUPLES NOT ON THE HEATED ROD 

Heated Rod Figure Descr ipt ion o f  Gain 
Number Thermocouple Number Rat ios  

1 

1 

0514 v-2 1 Gain r a t i o s  show r ing ing  

041 0 v- 23 Gain r a t i o s  approaches u n i t y  

similar t o  s l u g  flow model 

similar t o  well mixed model 
5 1514 v-22 Gain r a t i o s  show r ing ing  

5 0410 V- 24 Gain r a t i o s  do not  reach 

similar t o  s l u g  flow model 

u n i t y  
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both t h e o r e t i c a l  models are  seen throughout t h e  bundle. 

Figures  V - 2 1  and V-22, pages 72 and 73, show t h a t  gain r a t i o s  from 

thermocouples 0514 and 1514 are similar t o  t h e  gain r a t i o s  o f  t h e  s l u g  

flow model while Figures V-23 and V-24, pages 74 and 75, show t h a t  gain 

For example, 

r a t i o s  from thermocouple 0410 are similar t o  t h e  gain r a t i o s  o f  t h e  well 

mix-.d model. A p o s s i b l e  explanat ion f o r  t h i s  i s  t h a t  t h e  wire wrap on 

t h e  heated rod affects t h e  gain r a t i o s  seen a t  an adjacent  rod.  

If t h e  wire wrap on t h e  heated rod i s  r e spons ib l e  f o r  t h e  type  

o f  gain r a t i o s  seen a t  an ad jacen t  rod,  it i s  reasonable  t o  expect t h a t  

i d e n t i c a l  heated rod t o  thermocouple geometries would have similar gain 

r a t i o s .  For example, t h e  combination o f  thermocouple 0318 with rod 1 

heated has t h e  same geometry as thermocouple 1918 with rod 18 heated. 

Figures V I - 1  and VI -2  compare t h e  gain r a t i o s  o f  i d e n t i c a l  thermocouple 

t o  heated rod geometries.  

similar.  This agreement i s  not  seen i n  a l l  cases. For example, t h e  

As t h e  f i g u r e s  show, t h e  gain r a t i o s  are ve ry  

gain r a t i o s  i n  Figure V I - 3  show no agreement even though t h e  geometries 

are i d e n t i c a l .  The only explanat ion a t  this t i m e  for Figure VI-3 i s  

t h a t  t h e  r e s u l t s  from thermocouple 1414 may be  a f f e c t e d  by edge effects 

which change t h e  ga in  r a t i o s .  

Further  support  o f  t h e  pos tu l a t ed  explanat ion o f  t h e  effect  o f  t h e  

wire wraps on t h e  ga in  r a t i o s  can be obtained from t h e  r e s u l t s  o f  thermo- 

couples which are symmetric with r e s p e c t  t o  two heated rods.  

wire wrdp on t h e  heated rod does influence t h e  results, t h e  ga in  r a t i o s  

If t h e  
0 

from a thermocouple and a heated rod would be expected t o  d i f f e r  with 

t h e  ga in  r a t i o s  from t h e  same thermocouple and a d i f f e r e n t  heated rod 
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s i n c e  t h e  o r i e n t a t i o n  between t h e  wire wraps and t h e  thermocouple i s  

d i f f e r e n t .  As an example, thermocouple 0118 i s  symmetric with respect 

t o  rods 4 and 5. Figure VI-4 shows t h a t  r i ng ing  i s  seen when rod  5 i s  

heated,  and no r i n g i n g  is  seen when rod 4 i s  heated.  Since t h e  r e s u l t s  

a r e  d i f f e r e n t ,  they  support  t h e  theory  t h a t  t h e  wire  wrap on t h e  heated 

rod affects t h e  r e s u l t s  from a thermocouple on an ad jacent  rod.  
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CHAPTER V I 1  

CONCLUSIONS AND RECOMMENDATIONS 

This s tudy p resen t s  t h e  experimental d a t a  from dynamic tes t s  on t h e  

FFM and a prel iminary i n t e r p r e t a t i o n  o f  t h e  experimental d a t a .  

t h e  information from t h e  dynamic tes ts  i s  n o t  y e t  f u l l y  i n t e r p r e t e d  and 

more work i s  needed t o  f u l l y  understand t h e  experimental d a t a .  

A l l  o f  

This work has furnished a new experimental technique and 

i n t e r p r e t a t i o n  procedure based on v e c t o r  diagrams t h a t  appears t o  have 

t h e  c a p a b i l i t y  o f  providing use fu l  information on energy flow p a t t e r n s  

i n  LMFBR f u e l  bundles. Ful l  r e a l i z a t i o n  o f  t h i s  technique w i l l  r e q u i r e  

f u r t h e r  t e s t i n g  with l a r g e r  numbers o f  thermocouples and development of 

more r igo rous  t h e o r e t i c a l  models t h a t  would allow more d e t a i l e d  compari- 

sons between theory and experiment. 

The o b j e c t i v e  o f  t h e  dynamic tests was t o  provide information on 

flow and hea t  t r a n s f e r  i n  t h e  FFM bundles,  

experimental r e s u l t s ,  two s i m p l i f i e d  t h e o r e t i c a l  models were developed. 

As a r e s u l t  a method was developed €or d i s t i n g u i s h i n g  between s l u g  flow 

and well mixed flow. 

p r e t i n g  f u t u r e  experimental r e s u l t s .  

To h e l p  understand t h e  

This c a p a b i l i t y  can be f u r t h e r  evaluated i n  i n t e r -  

Future FFM bundles would give a more complete p i c t u r e  o f  f l u i d  and 

hea t  flow i f  t h e  bundle contained more thermocouples. 

couples were on t h e  heated rod, t h e  type o f  flow through t h e  bundle 

would be shown b e t t e r .  

If more thermo- 



87 

The following a d d i t i o n a l  work i s  recommended: 

1. 

2 .  

3 .  

4. 

5, 

I n t e r p r e t  t h e  phase d i f f e r e n c e s  as well as t h e  gain r a t i o s .  

Apply t h e  techniques developed i n  t h i s  s tudy t o  blocked 

bundles 

Obtain t h e  frequency response o f  t h e  thermocouples so t h a t  

t h e  gain r a t i o  (Gain o f  themocouple  l ) / (Ga in  o f  thermocouple 

can be i n t e r p r e t e d .  

Develop more r igo rous  t h e o r e t i c a l  models t h a t  include i n t e r -  

channel mixing. 

Evaluate t h e  p o s s i b l e  advantages o f  tests i n  which more than 

one heated rod i s  used, 
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