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INTRODUCTION

The Fuel Cycle Program is an integrated program of investigation in the Vallecitos Boiling Water 
Reactor (VBWR) and other facilities to improve the technological limits of boiling water reactors 
in the following areas:

Task A
1. Extend fuel life information on oxide fuel at high specific power operation and raise the per

formance limits of oxide fuels.

2. Study power stability and performance characteristics of an oxide-fueled core under natural 
and forced circulation to improve design limits. (Terminated, see this report and GEAP-3971.)

Task B
Conduct out-of-pile experiments in heat transfer and fluid dynamics in the areas of burnout heat 
transfer, steam void observational studies, and two-phase pressure drop to support in-core work. 
(Terminated, see GEAP-4301 and 4383.)

Task C
Study long-term reactivity and isotopic composition changes for fuels having lattice character- 
istics of large power reactors. (Terminated, see GEAP-4107 and 4301.)

This report is written in partial fulfillment of contract AT(04-3)-189, Project Agreement No. 11, 
Fuel Cycle Program, between the United States Atomic Energy Commission and the General 
Electric Company. Prior reports to the Commission under this contract have included the 
following:
1. GEAP-3516, First Summary Progress Report, March 1959 - July 1960.
2. GEAP-3558, First Quarterly Progress Report, August - September 1960.
3. GEAP-3627, Second Quarterly Progress Report. October - December 1960.
4. GEAP-3628, Prediction of Two-Phase Flow From Mixing Length Theory, S. Levy,

December 27, 1960. Revision I, May 31, 1961.
5. GEAP-3709, Third Quarterly Progress Report. January - March 1961.
6. GEAP-3655, Pressure Drop Along a Fuel Cycle Fuel Assembly, Various Orifice 

Configurations, E. Janssen and J. A. Kervinen, May 22, 1961.
7. GEAP-3781, Fourth Quarterly Progress Report. April - June 1961.
8. GEAP-3794, Plan for VBWR Stability Experiment. W. H. Cook, et al. , August 30, 1961.
9. GEAP-3835, Fifth Quarterly Progress Report, July - September 1961.

10. GEAP-3898, Sixth Quarterly Progress Report, October - December 1961.
11. GEAP-3953, Seventh Quarterly Progress Report. January - March 1962.
12. GEAP-3766, Critical Heat Flux and Flow Pattern Characteristics of High Pressure Boiling 

Water in Forced Convection, F. E. Tippets. April 1962.
vi
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13. GEAP-3961, Prediction of the Critical Heat Flux in Forced Convection Flow. S. Levy.
June 20, 1962.

14. GEAP-4048, Eighth Quarterly Progi ess Report, April - June 1962.

15. GEAP-4061, Water Surface Waves in Boiling Water Reactors. C. L. Howard and 
R. G. Hamilton, August 31, 1962.

16. GEAP-4094, Ninth Quarterly Progress Report. July - September 1962.

17. GEAP-4098, Evaluation of Zirconium 1.5 W Q Niobium Cladding for Use in Boiling Water 
Environments, C. J. Baroch and W. C. Rous. October 1962.

18. GEAP-4107, Heavy Element Isotopic Analysis of UOg Fuel Irradiated in the VBWR, Report 
No. 1, M. R. Hackney and C. P. Ruiz, December 1962.

19. GEAP-4159, Tenth Quarterly Progres s Report, October - December 1962.

20. GEAP-3899, Burnout Conditions for Single Rod in Annular Geometry, Water at 600 to 1400 
psia, E. Janssen and J. A. Kervinen, February 1963.

21. GEAP-4203, Methods for Improving the C ritical Heat Flux of BWR's, C. L. Howard,
March 1963.

22. GEAP-3653, AEC Fuel Cycle Program, Design and Fabrication of the Basic Fuel A ssem blies, 
C. J. Baroch, J. P. Hoffmann and W. C. Rous, March 1963.

23. GEAP-4206, Evaluation of the Failed BMI Hot Gas Isostatic P ressed Fuel Rods, C. J. Baroch, 
C. B. Boyer and S. W. Porembka, March 1963.

24. GEAP-4215, Eleventh Quarterly Progress Report, January - March. 1963.

25. GEAP-4257, Design and Fabrication of Fuel Rods Containing Low Temperature Sintered 
P elle ts, C. J. Baroch, May 15, 1963.

26. GEAP-4282, Design and Fabrication of Coextruded Stainless Steel Clad - UO2 Fuel Rods.
C. J. Baroch, June, 1963.

27. GEAP-3755, Burnout Conditions for Nonuniformly Heated Rod in Annular Geometry, Water 
at 1000 psia, E. Janssen and J. A. Kervinen, June, 1963.

28. GEAP-4301, Twelfth Quarterly Progress Report. July - September, 1963.

29. GEAP-4312, Design and Fabrication of Special Assembly 12-L, Two Designs for Utilizing 
Boron as Burnable P oison , S. Y. Ogawa and H. E. Williamson, July 15, 1963.

30. GEAP-4394, Design and Fabrication of Special Assembly 10L, Compacted Powder Fuel Rods 
Clad with 0.127 mm Wall Stainless Steel, S. Y. Ogawa and H. E. Williamson, September, 1963.

31. GEAP-4358, Critical Heat Flux for Multirod Geometry, J. E. Hench, September, 1963.

32. GEAP-4383, Thirteenth Quarterly Progress Report, July - September, 1963

33. GEAP-4408, A Uranium Dioxide Fuel Rod Center Melting Test in the Vallecitos Boiling Water 
Reactor, H. E. W illiamson and J. P. Hoffmann, November, 1963

34. GEAP-3971, VBWR Stability Test Report, by members of Engineering Development, June 1963, 
(Released January 1964).
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SUM M A RY

1. Operation of the VBWR was terminated Decem ber 9, 1963, and a ll the fuel has been unloaded.

2. Fuel irradiations in the VBWR have resulted in exposjre increases of 1100 to 1200 MWD T  
(average) for the lead assemblies of each type. The term inal exposure status is as follows:

Number of 
Assem blies  

Under Test

Burnup, MWD T

Fuel Designation and Clad
Average of 

Group
Average for 

Lead Assembly

H - Annealed stainless  
steel (Control rod
follower) 10 7400 8599

1 - Cold worked stainless 16 6780 9193

J - Zircaloy 24 6250 9643

L - Special 11 - - 7327

Examination of the basic fuel has revealed the following failures:

Exposure,
Fuel MW D/ T Sipping Signal Visual

Annealed stainless steel
9H 8599 yes Circum ferential cracks; 

Figure 3.

8H 7770 yes Circum ferential cracks - 
piece of rod missing: 
Figure 2.

4H (2 rods) 8485 yes Circum ferential cracks; 
Figure 1.

Cold-worked stainless steel
91 8252 yes Long Longitudinal crack; 

Figure 4.
11 7044 yes Small crack
81 9193 yes Not inspected

161 8042 yes Not inspected

Zircaloy
Z r-2  14J 8358 yes Wear through clad at 

spacer.
Z r-4  25J 5774 yes Conical hole; F igure 5.

-1  -
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m
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F ig u r e  1. Fa i led  Fool Rods in Assembly 4H

- 2 -



Figure  2. F a i l e d  Fue l Rod in A s s e m b ly  8H

GEAP-4481

Figure  3. F a i led  F'uel Rod in A ssem bly  9H

- 3 -
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Figure 4. Failed Fuel Rod in Assembly 91

- 4 -
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Figure 5. Failure in Assembly 25.1

- 5 -
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4. • F re ttin g  wear observations for Zircaloy clad with different spacer designs include:

A ssem bly Spacer R esu lts

14.1 S ing le-layer wire W orn through clad, apparently  prior to in
s ta llin g  spring clips in the  fall of 1962.

Slight wear.

No w ear - absence of c ru d  at contact points.

12.1. 13.1 D ouble-layer wire

11J. 25J Constant p ressu re  
springs

5. A plot of percent of fuel rods failed versus average burnup for the group (F igure  6) shows that 
the annealed stain less steel c lad  H assem blies and cold-worked sta in less s te e l I assem blies 
both have the same failure expectancy as the cold-w orked E and F a ssem b lies  of the High 
Power Density (HPD) p rogram .

6. P re lim in ary  examination re s u lts  for special fuel a re  as follows:

a. A Z r-4  clad corner rod in assem bly 6L has a c ircum feren tia l crack  in the weld zone at 
the lower end plug (F igure  7).

b. All five 8L pellet fuel ro d s  clad with 0. 005-inch annealed stainless s te e l have wrinkles 
which run the entire length of the rod (Figure 8).

c. The 10L compacted power fuel clad with 0. 005-inch sta in less steel has been pinched and 
w rinkled  in the area  just below the plenum support tube (Figure 9), presum ably  the resu lt 
of UO2 densification.

7. Detailed planning and scheduling for term inal RML exam inations of each fuel type are  in p ro g resa

8. A topical rep o rt, "A uranium  Dioxide Fuel Rod C en ter Melting Test in the V allecitos Boiling 
Water R eactor,* ' GEAP-4408, has been issued.

9. A te rm ina l topical report on the stability  task has been completed: "VBWR Stability Test 
Report, ” GEAP-3971. The s tab ility  work has been sum m arized  as a conclusion to the task.

- 6 -
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•  H ASSEMBLIES. 160 RODS

•  I ASSEMBLIES. 240 RODS
CURVE ESTABLISHED 
BY HRD TYPE 
E l  F FUEL RODS 
CLAD WITH COLD 
WORKED 304 S.S.

LOCATION OF DATA POINT 
IF SI & 161 EACH CONTAIN j 
ONE FAILED FUEL ROD J

MWD/T 5000 7000 9(

1.44xlO20 FISSIONS cc 

AVERAGE FUEL BURNUP OF GROUP

Figure 6 . Percent Failure Versus Fuel Burnup lor Failed Stainless Steel Clad Fuel Rods

- 7 -
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F igure 7. Crack at Bottom End Plug Weld of Corner Rod C-4 of Assembly 6L

■

I

- 8 -
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F i g u r e  8. Wrinkled F u e l  Rods in Assembly  8L

- 9 -
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\
TASK A • ADVANCED FUEL PO W ER -L IM IT  TESTS

A. I r r a d i a tion  in the VBWR

T h i s  ta sk  prov ides  t o r  i r r a d i a t i o n  of the b a s ic  and  specia l  fuel a s s e m b l i e s .  I r rad ia t ion  
of t h e s e  a s s e m b l ie s  in the  VBWR was t e rm in a t e d  on D ecem ber  9. 19^3, a s  r e a c t o r  opera t ion  
w as  d iscon t inued  by mutua l a g r e e m e n t  between th e  AEC and APED. F a i l e d  and se lec ted  non- 
f a i l e d  fuel  rods  from both the  bas ic  and spec ia l  fuel  a s s e m b l i e s  wil. oe e x am in ed  in detail.

B. B a s ic F u e l  P r o g ra m

T h e  basic  fuel p r o g r a m  inc ludes  the i r r a d i a t i o n  and examinat ion of a l a r g e  number of 
s t a i n l e s s  s tee l  and Z i rca lov  c l a d  fuel a s s e m b l i e s  o p e r a t e d  at high sp ec i f ic  power  in a boiling 
w a t e r  r e a c t o r .  The des ign  an d  fabr ica t ion  c h a r a c t e r i s t i c s  of the bas ic  fuel  a r e  p re sen ted  in 
T a b le  I. Operational  data  to the  t im e  of the VBWR shutdown a re  p r e s e n t e d  in Table  II and 
s u m m a r i z e d  below.

B u r n u p , ^  F i s s i o n s  cc  (MWD T)

A verage  of Lead
Designat ion and C lad  

A n n ea led  s ta in le s s  s t e e l

Number A ve rage  of Group Assembly

on
( con t ro l  rod  follower) 10 2. 13 > 10^u (7400) 2. 48 x  10zu (8599)

C o ld -w o rk e d  s t a in le s s  s t e e l 16 1. 92 v 1020 (6780) 2. 65 • 1020 (9193)

Z i r c a lo y 24 1. 80 • 1020 (6250) 2. 78 - 1020 (9643)

^ B u r n u p  as of VBWR Run 166 which was c o m p le ted  on D ecember  9. 1963.
(2)' P e a k  ex p o su re  is about 1 . 6 5  t im e s  this value.

1. Fuel  Sipping and P oo l  Inspect ion

During the o u ta g e  following Run 163 (O c tobe r  6), sipping t e s t s  w e r e  pe r fo rm ed  
to  locate  defect ive fuel  e lem en ts .  The s ip p in g  te s t s  indicated that  A ssem bly  91 c o n 
ta ined a failed fuel rod .  Visual exam ina t ion  in the VBWR pool r e v e a l e d  that the 
Assem bly  conta ined  a  fa i led  c o rn e r  rod.

Sipping te s t s  conduc ted  af te r  Run 164 (October  21) indica ted  that  A ssem bl ie s  II.
8H, 9H, and 14.T c o n ta in ed  defective fuel r o d s .  Visual ex am ina t ion  of th e se  a s s e m b l i e s  
in the VBWR pool c o n f i r m e d  that a s s e m b l i e s  II.  8H. and 9H c o n ta in ed  failed fuel rods .  
Detailed  visual ex am in a t io n  of Assembly  14.1 in the VBWR pool f a i l e d  to reveal any 
defect  In -co re  s a m p l in g  of the coolant f r o m  assem bly  14.1 has  in d ic a ted  slight a c 
t iv ity  r e l e a s e  s in ce  May, 1962.

1 1 -
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TABLE I

DESIGN AND FABRICATION CHARACTERISTICS OF BASIC FUEL

Element
Designation

Number
of

Rods Clad Material

Room Temperature 
Yield Strength
(x 1 0 '3 kg'em 2)

Wall
Thickness

(cm)

Tube
OD
(cm)

u o 2
Density 

Percent T. D.

u o 2
Enrichment

Percent
Fabrication

Process

1H 16 Type 304 sta in less steel 2. 81 0. 051 1. 07 94-96 2. 76 SftGP ^
2H
3H
4H
5H
6H
7H
8H
9H

10H

II
21
31
41
51
01
71
81
91

101
111
121
131
141
151
161

1J
21
3.1
4.1 
5J
6.1
7.1
8.1
9J

10J
11.1
121

16
\
15
16

16
16

14
16

Typo 304 sta in less steel 

Type 304 sta in less steel

Type 304 sta in less steel 

Z r-2

2. 81 

5. 27

5. 27 

3. 16

0. 051 

0. 038

0. 038 

0. 056

1. 07 

1. 04

1.04 

1. 08

94-96

94-96

94-96

94-96

Z r-2 3. 16 0. 056

2. 76

3. 22

3. 22 

2. 76

1. 08 94-96

3. 20 
3. 20
2. 98
3. 49 
3. 49

S&GP 

S t  GP

S&GP

S&-GP

UOz to
Cold Clad 

Diametral Gap 
____ ( c m ) _

0. 008-0. 020

0. 008-0. 020 

0. 002-0. 022 

0. 008^-0. 020

0. 008-0. 020

0. 008-0. 020

S*GP 0. 008-0. 020

f

- 12 -
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TABLE I (Continued)

Number
Element of

Designation

Room Temperature 
Yield Strength

Clad Material (x 10"3 kg/cm

13.1 
14J 
15.J

. 16J
17J 
18J
19.1 
20.J 
21J 
22.) 
23J
25.1

16

14
14
16
16

Zr-2 3.16

Zr-2 Zr-4
Zr-2 Zr-4 3.16

( 1 )

Wall
Thickness

(cm)
0. 056

0. 056

Sintered and ground pellets

GEAP-4481

Tube U°2
OD Density

(cm) Percent T. D.

uo2

Enrichment Fabrication 
Percent Process

U02to
Cold Clad 

Diametral Gap
(cm)

1 .0 8  94-96

1 .08  94-96

3. 49

2. 98/3. 49 
2. 76

I
2.76 2.98 

2. 98
2. 98
3. 49 
2. 76 
2. 76

S&GP

SfrGP

0. 008-0. 020

0. 008-0. 020

- 13 -
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TABLE II

OPERATIONAL DATA OF BASIC FUEL

Peak

Element
Designation

Peak  Surface Heat Flux 

W c m 2 Btu hr ft2 * 1 0 ' 3

Fuel Center 
Temperature 

C

Burnup

F i s s i o n s / c c x l O '20 MWD/T

Hours at 
Tempera ture  

( 5 MW)

Power Cycles 
C to 20 MW 
Back to 0

Therm al  Cycles 
0 to 75 MW 

Back to 0 Comments

1H 101 322 1,343 1. 78 6, J97 10,225 200 387
2H 93 295 1,316 1. 74 6,043 10,225 200 387
3H 88 278 1,288 1. 96 6, 790 9,946 197 384
4H 121 385 1,649 2. 44 8, 485 9,946 197 384 Fai led  Fuel rods
5H 109 347 1,427 2. 24 7,761 10.225 200 387 (two)

6H 105 334 1,371 2. 07 7. 177 10.225 200 387
7H 105 334 1,371 2. 20 7,638 10,225 200 387
8H 118 374 1,593 2. 24 7, 770 9, 544 196 383 Fai led  Fuel rod
9H 127 402 1,815 2. 48 8. 599 9, 544 196 383 Fai led  Fuel rod

10H 109 347 1,427 2. 14 7,414 10.225 200 387

11 128 407 1,855 2. 03 7. 044 7,839 152 332 Fai led  Fuel rod
21 111 352 1,427 1.93 6.698 8,737 161 290
31 114 362 1.538 1. 98 6, 863 10,225 200 387
41 125 398 1,815 2. 13 7, 386 10,225 200 387
51 113 358 1,482 1.67 5. 788 10. 225 200 387
61 113 360 1,510 1.63 5.652 8. 496 185 367
71 126 400 1,815 1. 75 6. 074 9, 176 167 303
81 133 422 1,927 2.65 9. 183 10,225 200 387 Weak sipping signal
91 132 419 1,900 2. 38 8. 252 9,390 195 382 Failed  Fuel rod

101 98 309 1,343 1. 87 6. 488 10, 225 200 387
111 122 386 1,649 1. 57 5. 435 7,524 173 355
121 123 390 1,733 1. 88 6. 524 10. 225 200 387
131 127 402 1,815 2. 00 6. 958 9.022 166 302
141 129 411 1,870 1. 92 6,667 10.225 200 387
151 78 247 1,093 1.03 3, 573 6, 428 115 156
161 127 403 1,815 2. 32 8. 042 10.071 199 386 Weak sipping signal

- 14-
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TABLE II (Continued)

Peak

Element
Designation

Peak Surface Heat Flux Fuel Cent?r 
Temperature 

C

Burnup

W cm2 Btu hr ft2 * 10"3 -20Fissions cc x 10 MWD T

IJ 92 291 1,316 1.62 5,613
2J 79 252 1,204 1. 35 4,672
3.1 75 239 1,149 1. 35 4,672
4J 95 300 1,371 1. 66 5,765
5J 99 315 1,399 1. 88 6, 541
6J 133 423 1,983 2. 29 7. 953
7J 95 300 1,371 1. 68 5,827
8J 105 334 1,482 i. 58 5,485
9J 109 345 1.538 2. 10 7. 284

ia j 157 499 2, 370 1. 58 5, 495
11J 145 460 2, 177 2. 78 9,643
12J 151 479 2, 343 2. 71 9.418
13J 139 442 2. 065 2. 68 9,304
14J 130 412 1.870 2. 41 8. 358
15J 107 340 1. 510 1.64 5,677
16.J 127 386 1,792 1. 96 6, 801
17,1 110 350 1.538 1. 58 5. 483
18J 122 388 1, 792 1.62 5,626
19J 156 494 2. 370 1. 49 5. 169
2ai 160 509 2. 400 1. 42 4,949
21J 155 491 2, 370 1. 39 4. 813
221 148 470 2. 205 1 53 5,304
23.1 90 286 1,316 1.28 4,449
25.1 155 492 2. 370 1.66 5. 774

GEAP-4481

Hours at 
Temperature 

(' 5 MW)

Power Cycles  
0 to 20 MW 
Back to 0

Thermal Cycles  
0 to 5 MW
Back to 0 Comments

8,346 179 300
8,346 179 300
8,346 179 300
8,346 179 300
8.346 179 .300
8.346 179 300
8,346 179 300
7,618 164 280
8,346 179 300
8. 040 157 250
8,828 170 273
8, 828 170 273
8, 828 170 273
8,828 170 273 Slight leake
8. 040 157 250
8. 040 157 250
7. 169 137 192
6,751 127 178
7,608 143 205
8,042 157 250
6,425 115 156
6, 762 122 167
6,555 118 153
6,358 94 177 Failed Fuel

- 15 -
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Sipping t e s t s  conducted a f t e r  Run 165 (N ovem ber  16) indicated A sse m b ly  4H contained 
de fec t ive  fuel rods .  Visual e x am in a t io n  in the VB'VR pool revea led  two c r a c k e d  fuel rods. 
The o t h e r  fuel follower.  A s s e m b l y  3H, on the s a m e  c o n t ro l  rod d r ive  as  A s s e m b ly  4M 
was r e p l a c e d  at the s am e  t i m e  to p rec lude  a r e p e t i t i o n  of the r e p a i r  in the  im m e d ia te  
fu tu re .

Sipping t e s t s  conducted following Run 166 ( D e c e m b e r  9) indicated that A s s e m b l ie s  81, 
161, 1 4 J ,  and 25.1 may co n ta in  fa i led  fuel rod*. E x a m in a t io n  of A ssem bly  25.1 in the VBWR 
pool in d ic a te d  that at leas t  o n e  fuel rod contained a defect .  Visual e x am in a t io n s  of 
A s s e m b l i e s  bi, lbl .  and 14.1 a r e  scheduled.

In addit ion to the s ipping t e a t s  and exam ina t ions  of the a s s e m b l i e s  to  lo ca te  failed 
fuel r o d s ,  the  following i n s p e c t i o n s  were  p e r f o r m e d  in the  VBWR pool:

a. Two rt>ds rem o v ed  f r o m  Assembly  11.) and  two rods  rem oved  f r o m  Assembly  12.1 
w e re  visually e x a m i n e d  in the VBWR pool. Both of these  a s s e m b l i e s  contain 
double layer  w i r e  s p a c e r s .  No ab n o rm a l  condi t ions  were  o b s e r v e d  on any of the 
rods .  In tensive  v i s u a l  examinat ion of th e  fuel  rods  at the s p a c e r  contac t  points 
did not reveal a p p r e c i a b l e  wear ,  but c l a d  poli sh ing  was a p p a r e n t  at the  contact  
points.

b. Severa l  Zirca loy c l a d  fuel a s s e m b l ie s  w e r e  examined to d e t e r m i n e  whether 
sp r ing  c lips  i n s t a l l e d  to t ighten the fuel r o d s  in the top tie p la te  had  a r r e s t e d  the 
f re t t ing  wear  p r e v io u s ly  observed.  No new o r  propagating w e a r  m a r k s  were 
located,  thus ind ica t ing  that the sp r in g  c l i p s  had cons iderably  r e d u c e d  the wear.

c.  The 12 outs ide  r o d s  of both A ssem b l ie s  81 and 161 were  u l t r a s o n ic a l ly  inspected 
at the VBWR pool following VBWR Run 165 to d e te rm ine  w h e th e r  any incipient 
fa i lu re s  w ere  p r e s e n t  in the fuel rods .  T h e  HI assembly  has  the  highest  Ixirnup 
of any of the a s s e m b l i e s  c lad with c o l d - w o r k e d  s ta in le s s  s tee l .  The u lt rasonic  
inspect ion r e v e a l e d  tha t  the re  w ere  s e v e r a l  locat ions  where  d e f e c t s  of about 20 
p e rcen t  of the c l a d  th ick n ess  were  p r e s e n t .  In an at tempt to d e t e r m i n e  the r a t e  
of propagation of t h e s e  c r a ck s ,  the a s s e m b l i e s  were  r e tu rn e d  to  the VBWR for 
continued i r r a d i a t i o n .

2. D e t a i l s  of Fuel Rod F a i l u r e s  

T ype  H Cladding

The  f a i lu r e s  in the  T y p e  H fuel rods  (clad with  0-. 051 cm of a n n ea le d  s t a i n l e s s  s teel)  
w e r e  predomina te ly  c i r c u m f e r e n t i a l  c r a c k s  o c c u r r i n g  near  the middle  w i r e  sp ac e r .  All 
of th e  f a i lu re s  which have  been  o bse rved  w e re  p r e s e n t  in the e x t e r io r  r o d s .  These  rods  
h a v e  a burnup equal to o r  g r e a t e r  than the bundle  av e rag e .  The H a s s e m b l i e s  (control rod
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follow ers) have variable axial positions in the core during reactor operation hut at normal 
operating power .ire usually positioned such that the middle of the assem bly coincides 
approximately with the peak flux. Consequently, it is probable that the failures in the 
Type H fuel rods occurred at the peak heat flux location.

Photographs of the failures observed in A ssem blies 4H. 8H. and 9H are shown in 
Figures 1, 2. and 3. These failures ajre sim ilar in appearance to those observed in die
fuel rods clad with annealed stainless steel which failed from intergranular attack tn the

( 2 )HPD Program. The design characteristics and operational data of the tailed H assem 
b lies have been extracted from Tables I and II and are summarized in Table III.

Ty pe I Cladding

Two fuel rods from Type I assem blies, clad with cold-worked sta in less steel, have 
been visually confirmed as being failed, and sipping results indicate that Assemblies 81 
and 161 may contain failed fuel rods. Visual inspections of Assem blies 81 and 161 have 
not been scheduled.

A photograph of the 91 failure is shown in F igure 4. This failure consists of one major 
crack extending about 9 cm on each side of the peak heat flux location and several smaller 
cracks, which are a fraction of a cm to 6 or 7 cm long. A photograph o* the 11 failed fuel 
rod was not obtained. Visual observations during the VBWR pool inspection indicated that 
the rod contained one sm all crack ( 3 cm long! at the peak heat flux location.

Both the failures in the Type I clad have occurred in the corner rods which have a
t

burnup about 10 percent higher than the assembly average. The failures of the Type I
fuel rods are similar in appearance to those of the HPD Program that resulted from

(2 )intergranular attack. '

The design characteristics and operational data of the II and 91 A ssem blies are sum
m arized in Table IV. Detailed examination of the failed fuel rod from the 91 Assembly is 
in progress. The extent of any additional examination of the failed sta in less steel clad 
fuel rods is contingent on the results of the examination of the 91 failure. If Ihe 91 failure 
is sim ilar to those observed in the HPD Program, no addi'ional work is  considered 
necessary.

Type J Cladding

One Zr-4 clad fuel rod from Assembly 25J has been visually identified as a failure.

A photograph of the visually observed failure is  shown in Figure 5 and the design 
characteristics and operational data of Assembly 25J are presented in Table IV. This 
failure occurred in one of the three Zr-4 clad fuel rods which were irradiated in the 25J

- 17-



TABLE III

DF SI ON CHAR A CTERISTICS AND OPERATIONAL DATA 
OF FAILED FUEL FOLLOWER ASSEMBLIES

Assembly 4H Assembly 8H Assembly 9H
Fabrication

Rod d iam ete r, cm 1.07 1. 07 1. 07
Clad m a te ria l -Type 304 S tainless Steel —  -----------------— ♦
Clad th ickness, cm 0. 051 0. 051 0. 051
Yield s tren g th  of clad, kg cm^ 2800 2800 2800
Type of fuel Sintered and ground UC>2 pellets —
P e lle t-to -c la d  gap, cm --------- 0. 0075 to 0. 020 —

Irradiation
O n

Average assem bly burnup (fissions cc ) * 10 2. 44 2. 11 2. 33
Peak Assem bly Heat Flux, v* cm ^ 121 118 127
Hours at power of 5 MW 9946 9544 9544
Number of power cycles. 0 to 20 MW back to 0 197 196 196
Number of therm al cycles, 0 to  5 MW and back to 0 384 383 383

Failed Rod
Rod location -O utside, next to c o rn e r  ro d * '1— -•>
Failure location ----- Near middle w ire  sp a ce r----------
Type of fa ilu re C ircum ferential C ircum ferential C ircum ferential

cracks over half cracks with an crack over half
of circum ference 11-cm piece of circum ference

missing

(1*A co rner rod  in 4H was also failed.

G
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TABLE IV

DESIGN CHARACTERISTICS AND OPERATIONAL DATA 
TAILED TYPE I AND J BASIC ASSEMBLIES

Assembly 11 Ass* ribly 91 Assembly 2.’>.l
Fabrication

Rod d iam e te r , cm 1. 04 1.04 i. 08
Clad m aterial 304 s tainless steel 304 stand* ss steel Zr -4
Clad thickness, cm 0. 03-H 0. 038 0. 056

O
Yield strength of clad, kg cm*" 6200 (’200 180
Type of fuel Sintered and 

ground pellets
Sintered and 

ground pellets
Sint* red and 

groui d pellets
P e lle t-c l  »d gap. cm 0. 003-0. 025 0. 008-0 020 0. 000-0. 020

Irradiation
_ y()

Average assembly burnup, (fissions cc) • lu 1 92 2. 38 1. 66
2Peak assembly heat flux, w atts  cm 128 132 1 f>5

Hours at power 5 MW 7839 9390 6358
Number of power cycles, 0 to 20 MW a id back to 0 152 ’ 91
Number of thermal cycles. 0 to 5 MV/ and back to 0 332 382 177

Failed Rod
Rod location Corner rod Corner rod Rod adincent to 

corner lod
F a ilu re  location Peak fh.x Peak flux 53 cm aliovc end 

plug.
Type of failure Longitudinal c ra ck  

about 1.9  cm long
Longitudinal c ra c k  
about 17 cm long

Coni* al noi< about 
0. 30 cm at outside
0. 10 cm on inside.

I

i
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a s s e m b l y .  The (a l lu re  i s  a c o n ica l ly - shaped  ho le  about 0 .3  cm in d i a m e t e r  ui the oute r 
c l a d  s u r f a c e  and about 0. 1 c m  in d i a m e te r  at the  inner  clad su r face .  T h e  c lad  appea rs  
to  b e  bright and shiny and  t h e r e  is no evidence  of e i th e r  a black or w hi te  oxide film on 
the  new surface .  D e ta i led  meta l lography  of the  f a i l u r e  is  scheduled.

A ssem bly  14.1 g a t e  a pos i t ive  sipping s ig n a l ,  but de ta i led  visual exam ina t ion  has not 
yet  been  per fo rm ed .

3. F u e l  P e r f o rm a n c e  E v a lu a t io n

The p e r fo rm an c e  of the  Type 304 s t a i n l e s s  s t e e l  clad  basic  Fuel C y c l e  a s s e m b l ie s  
i s  c o m p a r a b le  to the p e r f o r m a n c e  of the  HPD a s s e m b l i e s  of s im i l a r  d e s ig n .  *** ^
The  HPD Type A. B, E. and  F fuel rods ,  though not identical ,  a re  s i m i l a r  to the H and 
1 F u e l  Cycle fuel rods  a s  shown below.

HPD Rods Fue l  C yc le  Rods

C la d  M ate r ia l
A and B 

304
s t a i n l e s s  s teel

E and F 
304

s t a i n l e s s  s tee l

H
304

s ta in le s s  s t e e l

I
304

s ta in le s s  s tee l

Y ie ld  s t r en g th  of 
c l a d ,  k g /c m * 2800 3200 and 

6000
2900 5200

OD of clad ,  cm 1.078 0. 915 1. 078 1. 041

ID of c lad ,  cm 0. 980 0. 845 0. 980 0. 980

C la d  th ickness ,  cm 0. 051 0. 0355 0. 051 0. 038

P e l l e t  d ia m e te r ,  cm 0. 953 0. 838 0. 953 0. 953

N o m in a l  d iam e t ra l  
gap,  cm 0. 013 0. 013 0. 013 0. 013

A plot of pe rcen t  of f a i l u r e s  as  a function of fue l  burnup for the H P D  Type E and F 
c o ld - w o r k e d  s t a in le s s  s t e e l  c ladding is shown in F ig u r e  6. Because  of the  l imi ted  number  
of f a i l e d  HPD fuel rods  c l a d  with annealed s t a i n l e s s  s tee l ,  a s im i l a r  c u r v e  is  not available.  
H o w ev e r ,  the l imi ted  da ta  which  a r e  available  in d ic a te  that the curve  fo r  the  annealed clad 
is  about  the s a m e  as  for t h e  co ld -w orked  clad ot s i m i l a r  fuel rod  d e s ig n s .

T h e  percen t  of f a i l u r e s  a s  a function of bu rn u p  for  the pos it ive ly  iden t i f ied  Fuel Cycle 
f a i l u r e s ,  4H, 8H, 9H, II ,  and  91 c o r r e sp o n d s  v e r y  c lose ly  to that p r e d i c t e d  by HPD 
f a i l u r e s  as  shown in F i g u r e  6. (This f igure  has  b e e n  plotted based  on a v e r a g e  exposure  of 
e ac h  g roup ,  H o r  I. A l t e r n a t e l y ,  it may be i n t e r p r e t e d  in t e r m s  of p e r c e n t a g e  fa i lu re  in 
a g iv e n  fuel bundle, p ro v id e d  only that the m a x im u m  av erage  ex p o su re  i s  c o m p a r a b l e . ) 
A s s u m in g  that 81 and 161 e a c h  contain a failed fuel  ro d  is consis ten t  with the  corre la t ion .  
The F u e l  Cycle data ind ica te  that  the re  is  l i t t le  d i f f e r e n c e  in the t im e  to fa i lu re  for the 
H and  I Type fuel rods .
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Because  the HPD d a ta  c o r r e l a t e s  so well with the Fuel Cycle d a ta ,  the  curve  sr.ovvn
i r  F ig u r e  6 can be u sed  to r e p r e s e n t  the  p e r f o r m a n c e  of the H and I T y p e  fuel rods.
T h i s  cu rve  indica tes  that  essen t ia l ly  all of the  fuel rods  would have f a i l e d  by the t im e  the

20a v e r a g e  exposure  of all  of the rods  reached  3. 17 • 10 f i s s ions  cc  (11 ,000  MUD T).

C. Spe c i a l F u e l  P r o g r a m

The Spec ia l  Fuel P r o g r a m  inc ludes  the i r r a d i a t i o n  and  examination of 12 fuel a s s e m b l ie s  
b ased  on fuel  concepts  which show potential  for im p r o v e d  fuel cycle  economy th rough  in c re a se d  
p e r f o r m a n c e  o r  lower fa b r i c a t in g  cos ts .  These  a s s e m b l i e s  will be o p e ra ted  at  high specif ic  
power to  long  life to d e te r m in e  p e r f o r m a n c e  c ap a b i l i t i e s  in re la t ion  to the b a s i c  fuel a s s e m b l i e s  
which r e p r e s e n t  c u r re n t  fuel d e s i g n  and fabr ica tion  p r o c e s s e s .

The d e s ig n  and fabr ica t ion  c h a r a c t e r i s t i c s  of the 12 Special  A ss e m b l ie s  a r e  l i s ted  in Table  V

The i r r a d i a t i o n  of one sp e c ia l  a ssem bly  h.»s been t e r m i n a t e d  prev ious ly ;  the  c u r r e n t  s ta tus  
of the r e m a i n i n g  11 is s u m m a r i z e d  in Table VI.

The Spec ia l  Fuel A s s e m b l i e s  a r e  divided into the following four groups;

1. H ig h e r  T he rm a l  P e r f o r m ance

Operat ion  of fuel at h igher  the rm a l  p e r f o r m a n c e  im p ro v es  the e c o n o m i c s  <>f the fuel 
c y c l e ,  provided that a r e a so n a b le  fuel l i f e t im e  i s  achieved. A ss e m b ly  I I  is a te s t  of 
UOg fuel at higher t e m p e r a t u r e s  while A s s e m b ly  9L p rov ides  an e v a lu a t io n  of th e rm a l  
conduct iv ity  im p r o v e r s .

2. A l t e r nate Clad M a t e r i a l s

Zirconium alloys  p ro v id e  a low neutron c a p t u r e  c r o s s  sec t ion  fuel  c lad  m a te r i a l  which 
h a s  good c o r ro s io n  r e s i s t a n c e  to water  at t e m p e r a t u r e s  normal ly  e n c o u n te re d  in w a te r -  
c o o le d  r e a c to r s .  T h e s e  a lloys  a r e  s u sc e p t ib le  to  hydride e m b r i t t l e m e n t  as a re su l t  »f 
c o r r o s i o n .  ^

The austenit ic  s t a i n l e s s  s tee l s  have good c o r r o s io n  r e s i s t a n c e  even  on the ins ide  
s u r f a c e  of defect ive  fuel  rods .  However,  the  c r o s s  section of the a u s te n i t i c  s ta in less -  
s t e e l s  is  about 30 t i m e s  that of Zr-2 .  F u r t h e r m o r e ,  the High Pow er  Density P r o g r a m  

< and ,  m ore  lecen t ly ,  the  Fuel Cycle P r o g r a m  have indicated that the  s t a i n l e s s  stee l  t lad 
fue l  rods  a re  s u sc e p t ib le  to i n t e rg ra n u la r  a t t a ck .

To d e te rm in e  w h e th e r  the p e r fo rm an c e  and  o r  fuel cycle c o s t s  u s in g  s ta in le s s  s tee l  o r  
Z i r ca lo y  c lads  can be im p ro v ed ,  the tes t ing  of fuel rods  of the following concepts  i* in 

♦  p r o g r e s s :
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TABLE V

DESIGN AND FABRICATION CHARACTERISTICS OF SPECIAL F ’JEL

Element
Designation Concept

Number
of

Rods

Room Temperature
Yield Wall

Strength Thickness
Clad Material kg cm^ (cm)

Tube
OD

(cm)

u o 2
Density 

Percent T. D.

u o 2
Enrichment

Percent
F abrication 

P ro c e s s

U0 2 to
Cold Clad 

Diametral Gap 
(cm)

1L Centermelt 8 Type 304 stain less steel 4360 0. 051 1.31 94-96 3. 9 and 4. 3 S&GP 0. 010-0. 015
2L Incolov 8 Incoloy 2810 0. 051 1.07 94-96 5. 46 S&GP 0. 010-0. 015

8 Incoloy 6330 0. 051 1. 07 94-96 5. 46 S&GP 0. 010-0. 015
3L Incoloy 8 Incoloy 3090 0. 025 1. 08 94-96 5. 46 SOP 0. 00

8 Incoloy 6330 0. 025 1.08 94-96 5. 46 SOP 0. 00
4L BMI Isostatic p re s se d 3 Type 304 stainless steel Ann. 0. 043 1.02 96 5. 58 IS 0
4L UNC Low tem pera tu re

sintered pe lle ts 3 Type 304 stainless steel 5690 0. 038 1. 02 95-96 5. 0 LTSP 0. 008-0. 020
4L Centermelt

calibration 1 Type 304 stainless steel 2810 0.165 3.49 94-97 3. 9 S&GP 0. 025
5L Coextruded UO2 and

stainless s tee l clad 1 2 Type 304 stainless steel Ann. 0. 038 1. 02 97-99 5. 5 Fx F&C 0
6 L Zi -4 16 Zr-4 4430 0. 069 1. 44 94-97 3. 9 S&GP 0. 015
7L Stainless steel ■

lined Zr-2 12 S ta in le ss  steel lined Z r-2 4220 0. 058 1.07 94-97 4. 58 S&GP 0. 010- 0. 015
8 L 0. 013 cm s ta in less 8 Tvpe 304 stainless steel 6120 0 . 013 0. 965 94-97 4. 58 SOP 0

steel clad pe lle ts 4 Type 304 stainless steel 2950 0 . 013 0. 965 94-97 5. 0
9L Thermal conduc- 8 Tvpe 304 stainless steel 6190 0. 051 1. 31 89-95 5. 46. 6 . 5 and S&GP 0. 005-0. 010

tivitv im prover 8. 0
10L 0. 013 cm s ta in le s s 8 Tvpe 304 stain less steel 2950 0. 013 0. 965 83-85 6 . 0 VCP 0

steel clad powder 8 Type 304 stainless steel 6330 0 . 013 0. 965 83-85 6 . 0 VCP 0
11 L Extruded UC>2 16 Type 304 stainless steel 5830 0. 055 1.37 97-99 5. 5 U 0 2 Exn 0 . 010- 0. 020
12L Burnable poison 16 Tvpe 304 stainless steel 2810 0 . 028 1. 23 85 and 5. 5 and 6 . 6 S&GP 0 and

6330 0 . 028 93-95 and VCP 0 . 008-0. 010
/ i \

'S&GP Sintered and ground pellets
SOP Swaged >ver pellets
IS H ot gas isostatic p re s se d  fuel and d a d
LTSP - Low tem perature s in te red  pellets 

Ex F&C - Extruded fuel and clad
VCP = Vibratory compacted powder 

UO2 Exn UO9 extrusions
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TABLE VI

SUMMARY OF OPERATIONAL DATA OF SPECIAL FUEL ASSEMBLIES

Element
Designation

%

Peak Surface Heat Flux 

W atts/cm 2 B tu /h r ft^ x 10’^

Peak
Fuel C enter 

T em pera tu re  
°C

Burnup
-20Fissions cc x 10 MWD/ T

Hours at 
>5 MW

Power C ycles 
0 to 20 MW 

Bac t to  0

Therm al C ycles 
0 to 5 MW 
Back to 0

2 >

Comments

1L 151 480 2650 1. 87 6487 6867 123 211

2L 105 335 0. 24 833 835 5 5

3L 135 430 1760 0 39 1353 2027 21 27

4L BMI 118 375 1649 0. 09 316 439 11 18 Failed

4L UNC 105 334 - - 0. 80 2847 3151 36 42 *

4L CC 168 533 2760 0. 04 147 439 11 18 Work com pleted

5L 140 446 1782 2. 11 7327 8044 157 250 Weak sipping signal

6L 128 407 2538 0. 89 3091 4805 84 94 Cracked end plug 
wel-i

7L 147 467 2343 1.94 6751 6834 117 171

8L 154 488 2093 1.38 4795 6076 98 158 F ailu res at 0. 76 
and 1.38 ■ 10 -20 
fissions cc

9L 125 396 Unknown 0. 93 3216 3170 61 62 Weak sipping signal

10L 110 350 1482 1.03 3591 3933 60 64 Collapsed at plenum : 
weak sipping signal

11L 125 398 2150 0. 70 2428 3151 36 42

12L 132 418 1870 0. 86 2972 3933 61 62

>
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a. Provide protection to the inside surface of Zr-2 tubing - Assembly 7L.

b. Improve the hydride resistance of zirconium alloys - Assembly 6L.

c. Reduce the thickness of the stain less steel clad to a thin shell - Assemblies 8L 
and 10L.

d. Improve the resistance of the sta in less steels to intergranular attack - Assem blies 
2L and 3L.

3. Reduced Fabrication Cost Concepts

Irradiation of assem blies containing fuel rods made by new fabrication processes, 
which offer potential increases in UOg density or cost reductions in the manufacture of 
UO2  fuel elements, will provide engineering proof tests of the feasibility of these new 
methods. The testing of fuel rods fabricated by the following methods is ir progress:

a. Low temperature sintered pellets - Assembly 5L.

b Co-extruded UOg and stainless steel clad - Assembly 5L.

c. UOg extrusions - Assembly 11L.

4. Extended Life Concepts

The loss of reactivity as the result of fuel burnup may limit the life of the fuel.
Initial reactivity for burnup is limited by the capacity of the control system to make the 
cold, clean core subcritical. The reactivity change associated with the fuel burnup can 
be reduced by burnable poisons. Assembly 12L is designed to evaluate boron as a burn
able poison by: 1.) alloying boron with the sta in less steel cladding, and 2. ) mixing a boron 
compound with the UC>2 .

The irradiation of the se lf supporting Incoloy clad Assembly, 2L. began with VBWR Run 164, 
and it continues to operate satisfactorily.

The in-core sampler during VBWR Run 165 and sipping following Run 165 indicated that A ssem 
blies 6L and 8L may contain defective fuel rods. All other special assem blies continued to operate 
satisfactorily.

Visual examination of the Zr-4 clad Assembly 6L. in the VBWR pool revealed that corner 
Rod C-4 contained a circum ferential crack in the weld at the bottom end plug. A photograph of this 
crack is  shown in Figure 7. and the design characteristics and operational data of the assembly 
are presented in Table VII. The white corrosion product on the fuel rod as shown in Figure 7 is 
believed to be hydrated alumina adhering to the surface rather than zirconium oxide. The 
hydrated alumina is a corrosion product from the VBWR pool hardware.
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TABLE VH

DESIGN CHARACTERISTICS AND OPERATIONAL DATA OF FAILED FU EL 
RODS FROM THE SPECIAL ASSEMBLIES

F ab rica tion
Rod diam eter, cm 
Clad m aterial 
C lad thickness, cm 
Type of fuel^ *
P e lle t to clad gap, cm

Irrad ia tion
20A verage assembly burnup (fissions cc) ><10

2P eak  assem bly heat flux, watts, cm 
H ours at power of v 5 MW
Num ber of therm al cycles , 0 to 5 MW and back to 0 
Num ber of power c jc le s , 0 to 20 MW and back to 0

Failed  rod
Rod location 
F a ilu re  location 
Type of failure

Assembly 8L
Assembly 6L Cold-Worked Annealed

1.44 0 965 0. 965
Z r-4 304 sta in less s te e l 304 sta in less
0. 069 0. 013 0. 013
S&GP SOP SOP

0. 0075 to 0. 020 0. 000 0. 000

0 89 1. 38 0.64
128 154 108

4805 6076 2574
94 158 30
84 98 25

Corner Unknown Unknown
End Plug Weld Unknown Unknown

Circum ferential Unknown Unknown
crack extending about 
1/3 of c ircum ference

'* ’s&GP = Sintered and ground Dellets
SOP - Swaged over s in te red  and ground pellets

to
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Some d i f f icu l t i e s  w ere  e n c o u n te r e d  in the welding of the  lower  end plugs d u r in g  the 
fab r ica t ion  of th e  fuel rods .  D e ta i l ed  m e ta l log raph ic  e x a m in a t io n  of the welds f r o m  a 
re jec ted  fuel r o d  did not rev ea l  any d e fec t  which might c a u s e  the type of c rack ing  o b s e r v e d  
in Rod C-4.  A few voids in the we ld  zone  w e re  o b se rv ed ,  hut these  voids w ere  v e r y  smal l  
and none of t h e m  pen e t ra ted  the c o m p l e t e  weld zone. Addit ional informat ion which mav 
rev ea l  the c a u s e  of c rack ing  will be ob ta ined  by de ta i led  d e s t r u c t i v e  examinat ion  of the  
failed fuel ro d  a t  RML.

E xam ina t ion  of the 0. 013-cm  wal l  s t a i n l e s s  s tee l  c lad  sw a g e d  over  pellet  a s s e m b l y  
(Assembly 8L) in  the  VBWR pool r e v e a l e d  that the l ive fuel r o d s  c lad  with annea led  
s t a in le s s  s t e e l  had  wrinkled as shown in F igure  8. The w r i n k l e s  were  not l im i t ed  to  the 
peak heat f lux r e g io n ,  but g enera l ly  r a n  the en t i re  length of t h e  fuel rods .  It was  i m p o s 
s ib le  to loca te  any  holes or  c r a c k s  in the  clad  during the pool examinat ions .  D e ta i l ed  
visual and meta l lographic .  ex am ina t ion  which is  scheduled  f o r  ear ly  1964 should d e t e r m i n e  
whether  t h e r e  a r e  any c r a c k s  in the w r in k le s .  The design  c h a r a c t e r i s t i c s  and o p e ra t io n a l  
data  of the 8L A s s e m b ly  and th e se  fuel  r o d s  a r e  p re s e n te d  in Table  VII. The five fuel  
rods  clad  with fu l ly  annealed s t a i n l e s s  s t e e l  rep laced  the fuel  rods  clad with c o ld -w o rk e d  
s t a in le s s  s t e e l  which  w ere  r e m o v e d  in  August .  1962.

The 0. 0 1 3 - c m  wall s t a in le s s  s t e e l  c lad  powder fuel a s s e m b l y  (Assembly 10 . w as
20visual ly e x a m i n e d  at  an exposu re  of abou t  0. 7 x 10 f i s s io n s  cc.  The exam in a t io n  r e 

vealed the following:

t .  The c l a d  has  been pinched and  w r ink led  by the e x t e r n a l  opera t ing  p r e s s u r e  in
the a r e a  ju s t  below the p len u m  suppor t  tube. A ty p ic a l  example  of th is  w r in k l in g  
and p inch ing  is  shown in F i g u r e  9. The wrinkling w a s  o b se rv ed  in va ry in g  d e 

g r e e s  on  eight of the  16 fuel  r o d s .  The cau se  of the  c lad  deformation  is  s u s p e c t e d  
to be a  reduc t ion  in powder d e n s i ty  in this reg ion  and  consequently loss  of adequate  
c lad  s u p p o r t .

2. One c o r n e r  rod  had a s e r i e s  of s c r a t c h e s  near  the  p e ak  heat flux zone which  a p 
p e a r e d  to  be between 0. 002 and  0. 005 cm deep.

Because  t h e r e  were  no ind ica t ions  of fa i lu re ,  e i th e r  by v i su a l  examinat ion o r  by s i p 
ping techn iques ,  the  assem bly  was r e t u r n e d  to the VBWR fo r  Run 166.

Following th e  final  VBWR run (Run 166.', weak act iv ity  r e l e a s e  s ignals  w e re  ob ta ined  
f rom  sipping t e s t s  on A ssem b l ie s  5L, 9L ,  and 10L.

During th is  q u a r t e r ,  G E A P - 4 4 0 8 , ' "A Uranium Dioxide F u e l  Rod Center  Melting
i

T e s t  in the  V a l l e c i to s  Boiling Water  R e a c t o r ,  "by H. E. W i l l i a m s o n  and J .  P. Hoffmann,  
November ,  1963, w as  issued .  The s u m m a r y  of the r e p o r t  is  a s  follows:
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As p a r t  of the AEC Fuel Cycle  P r o g r a m ,  t e s t s  a r e  b e in g  conducted to e v a lu a t e  the 
s ign if icance  of c u r r e n t  fuel design  l im i t a t i o n s  that do not p e r m i t  the m ax im um  fuel t e m 
p e r a tu re  to e x c e e d  the melt ing point of UC9. The r e l i a b i l i t y  of p red ic t ion  of the  fuel  rod 
opera t ing  cond i t ions  that will c a u s e  m e l t ing  of the l TC>2 w a s  evalua ted  by m eans  of  a c a l i 
bra t ion  te s t  conducted  in the VBWR.

The c a l i b r a t i o n  test  rod c h a r a c t e r i s t i c s  a r e  s u m m a r i z e d  below.
1

CALIBRATION ROD DESIGN

UO^ Pelle t  D iam eter
P e l l e t - t o - C l a d  D ia m e t r a l  Gap
C la d  M ate r ia l
C la d  Outside D iam ete r
C la d  Thickness
A c t iv e  Fuel Length
F u e l  Enr ichm ent
P e l l e t  Density

3. 145 tO. 008 cm
0. 0! - 0. 025 cm
304 s t a i n l e s s  s tee l ,  1 4 h a rd
3. 5 cm
0. 165 c m
89 cm
3. 9 p e r c e n t  U-235
96-98 p e r c e n t  ot th eo re t ica l

I r r a d i a t i o n  of the ca l ib ra t ion  r o d  was begun on D e c e m b e r  21. 1961, in a c o r e  posit ion
2

which r e s u l t e d  in a peak s u r f a c e  heat  flux of 73. 5 watts,  c m  . [ T h e  VBWR-AEC o p e ra t ing
2l icense  r e q u i r e s  that  new fuel a s s e m b l i e s  be ope ra ted  be low 79 wat ts  cm (250. 000 

Btu h r - f t A) a n d  inspec ted  p r io r  to o p e ra t io n  at design pow-er.]

The c a l i b r a t i o n  rod  was then m o v e d  to a co re  pos it ion  w here  a heat flux up to  the
2 2burnout s a f e ty  m a rg in  l imit ,  173 w a t t s  cm (548. 000 Btu h r - f t  ), could be ach ieved .

Im m edia te ly  a f t e r  r e a c t o r  s t a r tu p ,  th. ca l ibra t ion  rod w as  taken to a heat flux of 143 
2

watts,  cm ; t h i s  heat  flux was m a in ta in ed  for 6 days.  D ur ing  this run.  the r e a c t o r  power  
was i n c r e a s e d  10 to 20 p e rcen t  fo r  t h r e e  s e p a r a t e  s u b r u n s ,  to atta in the d e s i r e d  c e n te r  - 
melting; the  s u b r u n s  a r e  s u m m a r i z e d  in the following t a b l e .  The r e a c t o r  was  shu t  down 
im m edia te ly  following the last  s u b ru n .  (A h i s tog ram  of t h e  test  fuel rod o p e ra t io n  is 
shown in F i g u r e  1 of GEAP-4408. )

CALIBRATION ROD OPERATION 

k RUN 138

T im e  Rod Peak Heat Flux
Run Date (Hours) (watts cm2)

A 1 7 62 2 - 155
B 1 10 62 4. 28 155 .5

1 11 62 0. 87 155. 5
0. 5 161
2. 1 169

C 1 12 62 2 155
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Following this i r r a d i a t i o n ,  the fuel rod  w as  t r a n s f e r r e d  to the  R M L for detai led ex am in a t io n  
w hich  consis ted  of the  following:

1. G a m m a - s c a n n in g  the rod.

2. Checking the  c ladd ing  OD d im en s io n s .
»

3. Measur ing  the  c laddih£ th ickness .

4. Sectioning the- rod .

5. P e r f o rm in g  v i s u a l  examinat ion of the  cut sec t ions  to d e t e r m i n e  the extent of g r a i n  grow'th 
and void f o r m a t io n .

6. P e r f o rm in g  a  b u rn u p  analys is .

7. P e r f o rm in g  m e ta l lo g ra p h ic  ex am in a t io n  of the fuel and clad .

8. P e r f o rm in g  au to rad io g rap h y  on the m e ta l lo g ra p h ic  s p e c im e n s .

(The appea rance  of th e  ca l ibra t ion  rod  s e c t i o n s  is  shown in F i g u r e s  1 and 15 of G E A P -4 4 0 8 .  ) 
O b se rv a t io n s  indicate  tha t  c en te rm e l t ing  of the  UC^ has o ccu r red .  At the  highest  neutron fl 
loca t ion ,  which is 25 to  30  cm from the bo t tom ,  the  uranium dioxide i s  so lid  except for c r a c k s  and 
a s m a l l  void probably f o r m e d  by con trac t ion  f r o m  freezing.  The c e n t r a l  void i n c r e a s e s  in d i a m e t e r  
abou t  46 cm from the b o t to m  of the fuel, and e x ten d s  for app rox im a te ly  34 cm to within about 8 cm 
f r o m  the top of the fuel  co lumn.  The m a x im u m  d ia m e te r  of the void i s  approx imate ly  1. 5 cm  
T h e  u ran ium  dioxide m u s t  have melted and flowed from  the upper  p a r t  of the rod to the lo w e r  
p a r t .

The gam m a scan  u s u a l ly  provides  a map of ope ra t in g  power d i s t r ib u t io n ,  but in this t e s t  the  
g a m m a  activity d i s t r ib u t io n  was apparen tly  a f f e c t ed  by the r e d i s t r i b u t io n  of the uranium d ioxide .  
C onsequen t ly ,  the pow er  d is t r ib u t io n  along the length  of the rod was  e s t i m a t e d  from power d i s t r i -  
nu t ions  obtained from p r e v i o u s  expe r im en t s  in th e  VBWR.

C ons ide rab le  p la s t i c  de fo rm a t ion  of the  c ladd ing  tube, as a r e s u l t  of opera tion,  was e v id en c e d
by a  reduc t ion  of a p p ro x im a te ly  0. 75 mm in the  ou ts ide  d ia m e te r  of the  tube.  High re s id u a l  s t r e s s e s
in th e  c lad  were  ind ica ted  by expansion (’'be l l ing ' ' )  of the tube as the  s e c t i o n s  were  cut. L o c a l i z e d
th in n in g  of the clad in the  o r d e r  of 0. 25 to 0, 38 m m  was noted f rom  d e t a i l e d  examinat ion of t h r e e
s e c t i o n s .  P r e c i s e  p o s t - i r r a d i a t i o n  m e a s u r e m e n t s  of rod length w e r e  not obtained, but length
c h a n g e s  consis tent with th e  above cladding c h a n g e s  w ere  not apparen t .  At the peak power loc a tion
the  t h e r m a l  expansion of the  pe l le ts  c rea ted  a c a lc u la t e d  clad d i a m e t r a l  s t r a i n  of 2.6 p e rc e n t .  This

3 2s t r a i n  co r re sp o n d s  to a s t r e s s  level of approximately 1. 97 v 10 kg c m  (28,000 psi).
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Conclusions

1. The c e n t r a l  po r t ion  of the 3. 1 5 -c m - d i a m e t e r  u ran iu m  d iox ide  fu* 1 column m e l t e d .  1» 
a p p ea rs  tha t  the UO« was mol ten  out t ) a rad ius  of 1 22 c m  in the peak power  reg ion .  I'!;* 
m axim um  ex ten t  of melting p robab ly  o c c u r r e d  during the  p e ak  power run when the

f lvI kdT m th i s  reg ion  ot the ro d  r e a c h e d  1 <1 watts cm .
JT

o
The e s t i m a t e d  rad iu s  of melting f r o m  m eta l lograph ic  ex am in a t io n  indica tes  the  

/ • T m
I kdT fo r  s i n t e r e d  U 0 2 is b9 w a t t s  cm. This s u p p o r t s  a ca lcu la ted  e s t i m a t e  l o r

0  ( ]  ( j
s in te r e d  U 0 2 th e rm a l  conductivity publ ished  by D. R. d e H a la s  and G. R. Horn .  The 
r e su l t s  of the  p rev ious  c a l ib ra t io n  r u n * ^ 1 and subsequen t  exp e r im en ta l  data  by L y o n s ^ ^  
a r e  a lso  c o n s i s t e n t  with this va lue.  Th is  conclusion is  contingent on the i n t e r p r e t a t i o n  of 
the p o s t - i r r a d i a t i o n  c rys ta l  s t r u c t u r e  ol the U 0 2. Insuff ic ien t  data a r e  a v a i l ab le  on the 
m e c h a n i s m s  by which various  l :0 2 c r y s t a l  s t r u c t u r e s  a r e  fo r m e d  to pe rm i t  a p o s i t iv e  
iden t i f ica t ion  of the extent of m e l t in g  and co r re la t io n  with t i m e  of opera tion.  No co n c lu 
sion can be d raw n  as  to whether the  th e r m a l  conductivity of the  U 0 2 changed wi th opera tion.

2. Although e x t e n s iv e  UC>2 melting o c c u r r e d ,  th e i e  was no indica tion of fuel rod  c l a d  fa ilure .

3. Axial heat  t r a n s f e r  by convection in the  molten U 0 2 urns signif icant.

D. S tab i lity

This task  p r o v i d e s  fo r  the development of a m athem at ica l  s t a b i l i ty  model to p r e d ic t  t h e  
dynamic  p e r f o r m a n c e  of boiling w ater  r e a c t o r s ,  and for s tab i l i ty  t e s t s  in the VBWR and e x p e r i 
m en ts  in a s tabi l i ty  loop to provide an e x p e r im e n t a l  bas is  for the  model .  The work or t h i s  t a sk  
w as  te rm ina ted  in M ay ,  1963. except for com ple t ion  of t e rm in a l  r e p o r t s .

The major  r e p o r t  on the stabil i ty w ork  h a s  been comple ted,  th u s  concluding ;his ta sk :

GEAP-3971, "VBWR Stability Test R e p o r t , "  by M e m b e r s  of Engineering 
Development,  . June .1963, ( r e l e a se d  J a n u a r y  1964).

GEAP-3971 is a s u m m a r y  of p r e l i m i n a r y  work  on an e x ten s iv e  s e r i e s  of power s t a b i l i ty  t e s t s  
which were  conducted  in the  VBWR during N o v e m b e r  and D e ce m b e r ,  1961. Tes ts  w ere  conduc ted  
with both natu ra l  and  f o r c e d  c i rcu la t ion  coo lan t  flow over  a w'ide r a n g e  of flows and p o w e r s .  The 
t e s t 4’ were  planned a s  a  r e su l t  of the need f o r  e s tab l ish ing  a b a s i s  fo r  predic t ing  the t r a n s i e n t  
r e s p o n s e s  and s t ab i l i ty  of power producing B W R ’s. Such a study f o r  these  r e a c to r s  r e q u i r e s  
th eo re t ic a l  and e x p e r im e n t a l  ident ification of the  events  leading to  ins tab il i ty  and to d e t e r m i n e  
m ethods  of obtaining non-no isy  s t e a d y - s t a t e  o p e ra t io n  of BWR’s.
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The e c o n o m i c  incentive fo r  s u c h  an invest igat ion h a s  been a s trong one s i n c e  improved 
econom ics  i s  indicated to com e  f r o m  in c re a se d  power ou tpu t ,  s h o r t e r  piping loops ,  and lower 
flow r a t e s .  The genera l  effect  of t h e s e  design changes  i s  to  d e c r e a s e  the m a r g i n s  of safety 
for s tab i l i ty .  The definition of s u c h  m a rg in s  is very  p o o r ly  known s ince  def ined  l im i t s  for 
safe  o p e r a t io n  a r e  not a c c u r a t e ly  known.

The s t a b i l i ty  ta sk  of the Fue l  C y c le  Stability P r o g r a m  has  a d d re s sed  i t s e l f  to init ial  work 
in th is  t a sk .  A theore t ica l  s tudy to  d e s c r ib e  the s t ab i l i ty  r e s p o n s e s  of the VBWR was c a r r i e d  
out fo r  t h e s e  t e s t s  and the e x p e r i m e n t a l  r e s u l t s  c o m p a r e d  with  this theory.  The ex p e r im en t s  
were o b ta in e d  in a w e l l - i n s t r u m e n te d  r e a c t o r  facil ity an d  p rov ide  a bas is  for a m o r e  general ly  
useful and im p r o v e d  analyt ical  m ode l .

The VBWR r e a c to r  was i n s t r u m e n t e d ,  in addition to  r e g u l a r  p rocess  i n s t r u m e n t s ,  to in
clude five* a s s e m b l i e s  with the p r o v i s i o n  for m e asu r in g  inle t  flow ra te ,  n e u t ro n  flux at th ree  
axial c o r e  loca t ions ,  p r e s s u r e  d r o p ,  and t e m p e ra tu re .  T es t  da ta  was r e c o r d e d  on osc il lograph 
r e c o r d e r s  anc*. magnet ic  tape.

The VBWR was designed s p e c i f i c a l l y  lo r  this type of ex p e r im en t .  A wide r a n g e  of o p e r a t 
ing condi t ions  is  pe rm i t ted  with t h e  s a m e  core .  T e s t s  w e r e  conducted as follows:

F o r c e d  C i rcu la t ion

P o w e r MWt 1. 15. 20. 26
Flow gpm 2600 to 20. 000
P u m p  Head ft 0 to 290
C o r e  Bypass  Leakage

of C o r e  Flow 0 to 400

Natu ra l  C i rcu la t ion

P o w e r MWt 9 to 20

T h e o r e t i c a l  ana ly ses  of the d y n a m ic  r e sp o n ses  w e re  u s e d  to  guide the e x p e r i m e n t a l  
p a r a m e t r i c  study'. Analysis was  conduc ted  by av erage  p a r a m e t e r  control  s y s t e m  a n a ly s i s  
techniques ,  and  solu tions  w ere  o b ta in e d  on an analog c o m p u t e r .  The s y s te m  re p re se n t . i t  ion 
includes r e a c t o r  k ine t ics ,  fuel t h e r m a l  r e s p o n se s ,  t h e r m a l - h y d r a u l i c  r e s p o n s e s ,  and void 
react iv i ty  r e s p o n s e .  T h e r m a l - h y d r a u l i c  re sp o n se  a n a l y s i s ,  which is unique to  t h i s  inves t iga 
tion, c o n s i s t s  of so lutions  of the e q u a t io n  of motion,  continuity . « nergv, and fluid t r a n s p o r t  
t ime.  T h e s e  equa t ions  a re  ev a lu a te d  r e p re sen t in g  the r e a c t o r  a s  a single (point > node.

V

•Two belonged to the C o n su m ers  High Power  Density R e s e a r c h  and Development P r o g r a m .
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ANALYTICAL MODEL OF VBWR RESPONSES

The logic block diagram for system  analysis of VBWR responses is shown below. The 
analytical model is described in detail in references (13). (14). (15). and (16).

\K
CONTROL ROD

U* VOIDSVOID
R E A C T IV IT Y

R E A C T O R
K IN E T IC S

FU E L  TH E R M A L  
MODEL

HYDRODYNAMICS
MODEL

LOOP OR P A R A L L E L

The averaged  param eter solutions for neutron k inetics a re  obtained from a nonlinear rep resen ta 
tion of the conventional six delay group thermal fission model. The equation represen ting  this 
simulation is:

N*

where

AK

i = l

N* is the nomalized flux response
AK is  the reactivity
s is the complex frequency

To - the quantity 1* , < *

1 - neutron lifetime - sec

^  - delayed neutron group fraction

Ti - decay constant

The fuel therm al model sim ulation was a linear transform ation  of the therm al diffusion equa
tion which re la ted  heat imported to the fluid at the surface  of the fuel element Q* (in normalized 
values) to neutron density (N*). This relationship is based upon a transient analysis  of the tem 
perature and heat transfer c h a rac te r is t ic s  of a cylindrical rod with internal heat generation 
[re fe rence  (17)]. The form of th is  transient expression is  a four-node s e r ie s  approximation of 
varying heat flux path length to clad  surface.
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Q* 0.826 0.104 0.038 ( 0 Q32
N* 1 ♦ 6 . 38<s) 1 ♦ 1.16(s) 1 ♦ 0. 296<si

The hydrodynamics model is derived from the solution of the equation of motion, energy, 
continuity, and a boundary condition upon two-phase flow. The force balance for the water 
p re s s u re  gradient is:

(1 -  u) * P ♦ '  (1 -  u) o  W2 4 f '  , 1  -  u )  o  w 4 r  -  r  4 (1 -  U)  p  g  0
ft x ft x At * * * s u

For the steam force balance:

“ -p * —  up s 2 ♦ -  -  * r-  4 r 4 up « 0ftx 6x h fit S s s w s  s

For conservation of mass:

—  (1 - u) /» W 4 1  (1 - u) p ♦ J '  u p S 4 J  up 0 
fix w 6t ftx 8 fit s

The conservation of energy is  expressed as

~  (1 - u ) p w Whw ♦ -A (1 - u ) p ^ h w 4  A  ups hs 4  A  ups  hs g(x.t )

These equations are applied assuming:

1. Steam and water a re  in saturated equilibrium.

2. Flow process is adiabatic.

3. T ransverse  gradient is  negligible with re sp ec t  to axial p re s su re  gradient.

4. Shear s tre ss  between phases and between each phase and the wall a re  analytic functions 
of the phase velocities , the phase volume fractions, and flow ra te  ratios.

5. The flow system p re s s u re  drop is small enough compared to the absolute p ressure  that 
saturation enthalpies and densities are  constant.

6. Fluid mechanical energy is small com pared to the thermal energy.

T hese equations are  in tegrated  along the length of the channel, and with the addition of two 
equations which define boundary conditions the equations, without second o rd e r  effects, become:

Momentum steam and water:

v2)
] •

H )  d W  4 (1 -  R )  g  4

dt 2
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Momentum Steam: —

l

External Loop: —- 1 4  g .  K » *  .  L P  „ o
' L 2 L dt

Energy and Continuity: 11 - u (o, t)̂  W(o, t) ♦ u(o .t)  S(o, t) - (d-1) * v(l ♦ o
(Volume) "

Energy and Continuity. (\ - u (o, til W(o.t) - V(1 4 o) -  ,
(water flow boundary condition) '  /

R = —  f Lu dx '-1 -  f u W d t
• L J "  L  , - L

w

The above equations a re  normalized, linearized , frequency transfo rm ed , and solved. Hydro
dynam ics equations were solved by use of a digital code and expressed a s  analog inputs to a sy s tem  
analog representation as in Figure 10.

The void reactivity model used was a linear relationship which d e sc r ib e s  the excess reactiv ity  
due to  steam  volume changes within the core < void) that are  caused by reacto r  heat. This is 
a tran sp o rt  relation which averages the core steam  volume in time and ass igns  a void worth of 
reactiv ity  to that average. The void reactivity gains were determined from  reactivity calculations 
of the core  employed for the tes ts .

void Void Worth

i .  >_<•> 4 ^ . > 2
2 12

Here the numerical value of rc must be determined for each operating condition of the reactor 
because it. like the hydrodynamic model, is a l inear  approximation of a nonlinear relationship.

RESULTS

The extensive testing perform ed in the VBWR has only been examined in detail for five runs 
which represen t the best p a ram etr ic  comparison of theory and experiment that could be obtained 
from the data. The data ha«* been analyzed with bandpass filter equipment which represented the 
best analysis  method available at the beginning of the program. Subsequent investigations have 
shown that the quality of re su l ts  produced could be improved by more sophisticated methods: for 
example, digital codes and F ou rie r  spectral analyzers.
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P r i o r  to the  t e s t ing ,  an ex tens ive  p r e - t e s t  analys is  of the  r e a c t o r  re sp o n se s  w a s  conducted. 
These  p r e - t e s t  a n a l y s e s  w ere  used  to  gu ide  in es tabli shing the  te s t  conditions and h a v e  s e rv ed  as 
a ba s i s  for c o m p a r i s o n  of the test  da ta .  Improved methods ,  both of data ana lys is  and  sy s te m  
analys is ,  a r e  r e c o m m e n d e d  to obtain m a x im u m  b nefit f ro m  tin- t e s t s .

1, Rofi O s c i l l a t o r  Tes ts

Rod o s c i l l a t o r  te s t s  w e r e  concluded to be the w e l l - founded  sou rce  of quan t i t a t iv e  
in fo r m a t io n  from the VBWR t e s t s .  The p r e - t e s t  a n a l y s i s  was conducted for  two modes 
of t h e r m a l  hydraulic  o sc i l la t ion :  the  osci l lat ion of the  e n t i r e  loop, which will  lie d e s ig 
nated a s  loop analys is ;  and the  o sc i l la t ion  of t h e r m a l - h y d r a u l i c a l l y  uncoupled  p a ra l le l  
channe ls ,  o r  pa ra l le l  channel a n a ly s i s .  Provis ion  w a s  made in the h y d rodynam ic  re sponse  
code to acc o m p l i sh  these  two so lu t ions .

The s h a p e s  of the power t r a n s f e r  functions a s  m e a s u r e d  by the i n - c o r e  ion c h am b e r s
9

and the v e s s e l  ex ternal m i c r o m i c r o a m m e t e r  tlux m o n i to r  a r e  essen t ia l ly  id en t ica l  for a 
given t e s t  condition.  The m i c r o m i c r o a m m e t e r s  w e r e  em ployed  for the p o w er  r e sp o n se  
r e s u l t s  d i s c u s s e d  below u n le s s  o th e r w i s e  designated.

a. P o w e r  Responses  with W el l -D am ped  Loop H ydrodynam ics

Two reac to r  c o n d i t io n s  were  examined with w e l l -dam ped  f o r c e d  c i rc u la t io n
h y d ra u l i c s , as  shown beiow:

P o w e r Run No. Flow Comment

15 MWt 15-1 20. 000 gpm M axim um  Forced  C i r c u la t io n
15 MWt 15-9 4, OOO gpm High Head, Valve C o n t ro l l e d  Flow
15 MWt 15-19 4. 000 gpm Low Head, Speed C o n t ro l l e d  Flow

The two 4000 gpm r u n s  produced a lm os t  iden t ica l  t r a n s fe r  func t ions .  This 
i n d i c a t e s  that the s y s t e m  is  wel l -damped even in the  most f r i c t i o n le s s  condit ions  
that  can be opera t ional ly  p roduced  with the f o r c e d  c i rcu la t ion  loop.

The exper imenta l  p o w e r  t r a n s f e r  functions  fo r  the 4000 gpm c a s e  w e r e  c o m 
p a r e d  with loop a n a ly s i s  r e s u l t s .  Analysis and  te s t  r e s u l t s  show c o m p a r a b l e  
t r a n s f e r  function c u r v e s  at th is  flow, and in d ic a te  that  the sys tem  r e s p o n s e s  a r e  
loop hydrodynamic  r e s p o n s e s  for the low flow, d o s e d  c i rcu i t ,  f o r ced  c i r c u l a 
t ion mode of opera tion.  In c re a s in g  the flow r a t e  f r o m  400u gpm to 20. 000 gpm. 
it w as  observed  that the  r e s o n a n t  frequency of the  power t r a n s f e r  func t ion  in c re a se s  
with in c reas in g  flow. The  flow dependence is .  how ever ,  shown not to be  la rge .
The  flow dependence p r e d i c t e d  by p r e - t e s t  a n a l y s i s  showed much l a r g e r  changes  
in f requency ,  A much r e f i n e d  evaluation of the  d i f f e r e n c e s  between th e o ry  and 
e x p e r i m e n t  must lie o b ta in ed  to evaluat* the r e a l  d e s c r e p a n c ie s  of theo ry  and
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experiment.  These differences a re  felt to be real and are  thought to be 
accounted for by definite aspec ts  of the theory.

The evaluation of the average  channel responses,  improvement of the void 
coefficient of reactivity determination,  and the inclusion of a multi-node therm al-  
hydraulics representation in the analysis model a re  the primary factors which 
a re  believed to be an influence in aligning theory and experiment. The theory 
employed in the pre-test  analysis  does not provide a satisfying representat ion 
of the average channel, or average  parameter to be employed in the analysis.
An uncertainty remains as to the weighting of the different channels, and channel 
locations, upon the measured power responses.

When power transfer functions for low flow ra te ,  closed circuit, forced 
c ircula tion runs, and the corresponding high flow runs  a re  compared (Figures  
10, 11. and 12), it is found that the low flow runs show resonance peaks which 
have la rge  amplitudes compared to the high flow runs. This difference has been

void levels  resulting. The void coefficient of reactivity ,  it is concluded, is a 
major contribution to the stability and transient response  characteristics .

forced circulation rod oscilla tor  tests  when employing the bandpass filter ne t 
work. Subsequent analysis not reported in GEAP-3971 shows some effect of 
hydraulic resonance. The method of analysis in this second data analysis is the 
BoonshaTi-Fuchs Fourier Spectrum Analyzer. Tht fluid dynamics for this mode 
of operat ion was concluded to be stable and damped for all cases investigated.

The amplitude of recorded flow noise, compared to the amplitude of o s c i l l a 
tion of flux during the rod osc i l la tor  runs, was always small. The ratio of the 
variations of flow to the variation of flux varied from 10 percent of flux noise 
during the low flow runs to 25 percent at the 20.000 gpm test point. This points 
up the lack of response of the flow' to rod oscillation.

The stability gain margin, the constant by which the experimental gain at 
180 phase lag must be multiplied to equal one (condition for instability), is shown 
to d e c rea se  with increasing co re  voids. Therefore, the stability of the VBWR 
system is seen to decrease with increasing voids. This  is in accordance with 
the trend of the pre-test analysis.

The total power reactivity feedback gain and the void coefficient of reactivity  
both inc rease  with increasing co re  voids. This is a lso  in accordance with the 
trend of the theory.

a t  ' ibuted to the difference in the void coefficient ARg\— s) at the 
Rg7

two s team

No resonant hydraulics were  observed in any of the closed flow circuit ,

- 3 7 -
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b. P o w e r  and Flow R e s p o n s e s  with U nder -D am ped  H y d rau l ic s  Natural  C i r c u l a t i o n  
and  F o r c e d  C ircu la t ion  B y p a s s  Flow

Two r e a c to r  cond i t ions  w e re  examined  u n d e r  th e se  conditions*

(1; Natural  c i r c u l a t i o n  within the r e a c t o r  v e s s e l  at 15 MWt (Run 15-18) 
(F igure  13).

(2) F o rce d  c i r c u l a t i o n  at 4 ,000  gpm and 15 MWt with the baffle d o o r s  
open (Run 15-17) (F igu re  14).

The natura l  c i r c u l a t i o n  te s t  (15-18) and the fo r c e d  c i rcu la t ion  with baff le  
d o o r s  open tes t  (15-16) h a v e  power  t r a n s f e r  func t ions  of s im i la r  shape .  It is  
r e a s o n e d  that the baffle d o o r  passage  is l a rge  enough that bypass  flows ,  e i th e r  
p o s i t i v e  o r  negat ive,  do not apprec iab ly  a l t e r  th e  effect ive  s in g le - p h a s e  g rav i ty  
d r iv in g  head which e x i s t s  a c r o s s  the co re  in n a t u r a l  c irculat ion.

Resonant hyd rau l ic s  a t  0. 4 - 0. 5 cps w e re  exh ib i ted  within the r e a c t o r  co re  
f o r  both the natura l  c i r c u l a t i o n  te s t  and the f o r c e d  c i rcu la t ion  te s t  with baff les  
open .  The flow r e s o n a n c e  w as  d em ons t ra t ed  in two ways.  F i r s t ,  by o b s e r v a 
tion of the  unor if iced  i n s t r u m e n t e d  a s s e m b l i e s '  t u r b i n e  f lowmeter:  and second ,  
by th e  ex is tence  of a c h a r a c t e r i s t i c  dip in the  p o w e r  t r a n s f e r  function.  Th is  dip 
is  not s een  in the c lo sed  loop, fo rced  c i rcu la t io n  t e s t s  when analyzed  by the 
b a n d p a s s  f i l te r  o r  by the  p r e - t e s t  analys is  for th e  loop- type mode of o sc i l la t ion .
It i s  shown, however ,  by the  p a ra l le l  channel a n a l y s i s  of the c o re  c h an n e l s .  It 
is  conc luded  that th e se  tw o  t e s t s  a r e  exam ples  of a r e a c to r  co re  with uncoupled 
p a r a l l e l  flow channels  and  s t ro n g  nuc lear  coupling.

The effect  of inlet  o r i f i c i n g  on fuel e l e m e n t s  is  to damp flow o s c i l l a t i o n s  or 
r e s p o n s e .  This  was o b s e r v e d  from a c o m p a r i s o n  of the flow r e s p o n se  of the  un
o r i f i c e d  and or if iced  a s s e m b l i e s  during the n a tu ra l  c i rcu la t ion  rod o s c i l l a t o r  
t e s t .

2. T r a n s i e nt T e s t s

Although the t r ans ien t  test  t e ch n iq u e s ,  in theory ,  s h o u ld  provide  the s a m e  i n f o r m a 
tion that the  r o d  osc i l la t ion  t e s t s  p ro v id e ,  in the p r a c t i c a l  c a s e  th is  is not t rue .  T ran s ie n t  
t e s t s  of the  VBWR a re  c o n s id e red  to  p rov ide  no e s s e n t i a l  in format ion  which is  of value 
in q u an t i ta t ive  de te rm ina t ion  of the  power  s tabi l i ty  and t r a n s i e n t  re sp o n se s  of th e  VBWR. 
There  a r e  s e v e r a l  r e a so n s  fo r  th is .  The most basic  one i s  due to the fact that  o n e  c a n 
not p r a c t i c a l l y  r e t r i e v e  much in f o r m a t io n  from the r e s p o n s e  of a few seconds  d u r a t io n  
without in t r o d u c in g  e r r o r s  in da ta  a n a l y s i s  and the m a th e m a t i c a l  descr ip t ion  of ev en ts .  
More  p r a c t i c a l l y ,  two impor tan t  l im i t a t i o n s  appea red  f r o m  the fact that tes t  co n d i t io n s
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that demonstrated sa tis fac to ry  stability and trans ien t response c h a rac te r is t ic s  emphatically 
could not t>e obtained, and that noise components served  to obscure the resu lts .

3. Steady-State Tests

a. It was observed that during steady-s tate  operation, the amplitude if flux noise 
was affected rela tively  little by power level changes. but affected more by flow 
changes. Increasing ttu flow rate i<«crta&cd the amplitude ol tlow noise. This 
observation is of considerable importance in that it points out that the largest 
amplitude noise occu rs  at the point adjudged to lie most stable. Rod oscillation 
tests and theory t>oth show that at low flows the reactor is n e a re r  a point of in
stability than at the higher flow point. The amplitude of flow noise lor forced 
circulation tes ts  in the VBWR. therefo re , shows an erroneous indication of 
stability. On th is basis, the operational amplitude of oscillations is questionable 
as a source of s tability  information.

b. The peak trequencies  obtained from the output of the bandpass f i lte r  for flow and 
power do not show the same parametric change demonstrated by theory. Addi
tionally, the resp o n ses  are not well-defined functions of frequency. The frequency 
responses shown indicate that as the flow increases the peak frequency change
of test observation is substantially le ss  than expected from theory. Work sub
sequent to the Fuel Cycle Stability P ro g ram  shows considerable inaccuracy in 
the bandpass for noise analysis, particu la rly  at low frequencies.

c. Steady-state flux oscillations at frequencies of 1 cps and below were in-phase 
over the core. Oscillations at 2 cps and above did not show a relationship between 
different core locations.

d. No in terrelationships can be seen in the fluxes and flows. This observation may 
be because of the spatial averaging of fluxes, or because of a combination of 
both spatial averaging of fluxes and the random responses of channels.

e. It was previously mentioned that flow oscillations in response to control rod 
oscillation were obtained near the resonant frequency of the system  during natural 
circulation operation. At all other frequencies, the flow noise was far greater 
than the flow response  to power. The flow response to  power, even at the resonant 
frequency, was not to increase the amplitude of flow noise by adding a sympathetic 
How component to power, but, ra ther, to  cause the existing flow noise to become 
"ordered” with power variations: i. e. , the amplitude of the flow noise at this 
frequency was essentia lly  the same during the rod oscillations as  it was just 
under the influence of steady-state noise. The foregoing observation led to the 
following important conclusion:

- 43 -
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U the re la tive ly  large scale pow er disturbance induced by rod 
oscillation just barely caused a noticeable ordeitng of the flow 
noise, then the equivalent noise distrubances must be at least 
as large as , if not larger than, those power generated void 
d istu rbances whvh are caused by rod oscillation.

f. Steady-state flux noise recorded on in -co re  ion chambers v aries  in frequency 
content with position in the reactor. Ion cham bers one-fourth of the way up 
from the bottom of the core and the ex ternal ion cham bers lioth have very little 
high frequency noise (3 - 30 cpsh In the high flow center region of the core, 
ion cham bers located higher up in the co re  showed increasing high frequency 
content. In the o u te r flow orificed reg ions of the core, very little  high frequency 
flux noise was p resen t. Core voids w ere very high and velocities very low in 
this region.

g. Recirculation pump system  noise was shown not to have a defined influence upon 
core responses.

4. Conclusions

The VBWR stability experim ents have produced detailed information regarding in-core 
fluxes and flows as well as system  operational p a ram ete rs . These have been assem bled 
from  known m easurem ent techniques and analytical methods into what ap p ea rs  at this 
point to  be a com prehensible and understandable p ic tu re  of the stability , transient response, 
and operational noise c h a ra c te r  of the reactor and system . The conclusions a re  based 
upon experim ental points taken over a range which was indicated to best dem onstrate the 
re sp o n ses  of the reactor.

a. Absolute Stability

Although the p re - te s t  analysis p a ra m e tric  studies were not always done at 
conditions as close as desired to test conditions to produce refined  relationships, 
the following may be stated:

(1) The re a c to r  stability theory describ ed  in GEAP-3971 p red ic ts  the 
stability ch arac te ris tic s  of the VBWR well for natural circulation opera
tion of the  plant. Forced c ircu la tion  operation conditions a re  predicted 
equally well for system s whose flow velocities in the tw o-phase region 
are not too far removed from natu ra l circulation. It is  believed that 
this theory is adequate for any boiling water reacto r having sim ilar 
c h a ra c te ris tic s  to the VBWR.

(2) High flow ra te  (for instance above 4 - 5  fps inlet velocity) forced c ircu 
lation p lan ts will require additional work on the theory.

- 44 -
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(3) The  two most s ign i f ican t  p a r a m e t e r s  affect ing  the abso lu te  s tab i l i ty  <>i 
t h i s  r e a c to r  are :

(a) The void coe f f ic ien t  of reactiv i ty .

(b) The condition  of sy s tem  hydrau l ics .

T h e  VBWH, as  it was  o p e r a t e d  during th e se  t e s t s ,  showed a g r e a t e r  
s en s i t iv i ty  to the void coeff ic ien t of reac t iv i ty .  It is  concluded that  t h e s e  
tw o  p a r a m e t e r s  would tie the f i r s t  two which a ffect  the VBWH s tab i l i ty .  
O th e r  p a r a m e t e r s ,  su c h  a s  p r e s s u r e  aiH fuel t i m e  re sp o n se s ,  can  have  
s i z e a b le  effects  in s o m e  r e a c t o r  sy s tem s .

(4) D e te rm ina t ion  of the a v e r a g e  p a r a m e t e r  o r  a v e r a g e  channel r e s p o n s e s  
n e ed s  fu r the r  work to  e s t a b l i s h  a c lose  r e l a t i o n s h ip  between predic t* d 
an d  te s t  p e r fo rm an c e .  Spatia l  r e p r e s e n t a t i o n s  of the rm a l  hydrau l ic s  
and  void reac t iv i ty  c o e f f i c i e n t s  a re  key in v es t ig a t io n s  in th is  a* t a .

(5) Rviles of thumb for p r e d i c t i n g  absolute s tab i l i ty  a r e  of l i t t le use  in high 
flow, fo rced  c i rc u la t io n  s y s t e m s .  A sy s te m  a n a ly s i s ,  as d e s c r ib e d  in 
G EA P -3971 ,  is much m o r e  re l i a b le  than in tu i t ive  t r e a tm en t .

(6) It i s  concluded that o p e ra t io n a l  noise cannot be  u sed  as a m e a s u r e  of 
ab so lu t e  s tabil i ty .  T h i s  conclus ion  is  d i s c u s s e d  m o re  fully in the 
o p e ra t io n a l  noise conc lu s io n s .

(7) Rod oscil la t ion t e s t s  have  provided s igni ficant and  quanti ta t ive  ab so lu t e  
s tab i l i ty  data in these  t e s t s ;  s t e a d y - s t a t e  n o i s e  and  t r an s ien t  r e s p o n s e  
t e s t s  have not. Rod o s c i l l a t o r  t e s t s  should be  conducted on evei y b o i l 
ing w ater  r e a c to r  which h a s  significant des ign  d i f f e r en ces  from th o s e  
f o r  wnich th e re  is  a b so lu t e  s tab i l i ty  data.

(8) Q uan t i ta t ive  data,  d e r iv e d  f rom  hydraulic  s tab i l i ty  loop t e s t s ,  a r e  r e 
q u i r e d  for void t r a n s f e r  functions .  These  im p o r ta n t  data will p rov ide
a b a s i s  for model a n a l y s i s  improvement  in the  t h e r m a l  hydraulic  r e s p o n s e  
a r e a ,  and in the a v e r a g e  p a r a m e t e r  ana lys is  a r e a .

(9) An advanced ana lys is  p r o g r a m  is req u i red  to  o b ta in  rea lly  s igni ficant 
g a i n s  f rom  the work c o n d u c ted  thus far.  Such a p r o g r a m  is outl ined in 
G EA P-3971 .

- 4 5 -
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It Operate m a l  N o i s i  and Its Effect  o n  BWH Stub.Illy

(1) The VBWR e x p e r i m e n t s  definitely show that st fatty - s ta te  o s c i l l a t i o n s  in 
power or flow cannot be  used as an ind ica t ion  uf absolu te  BWR s tab i l i ty  
These t*s ts .  in fac t ,  sho* flux and flow p a r a m e t e r s  which ind ica te  the  
wrong d i rec t ion  in s t a b i l i ty  t rends .  A r e a c t o r  op e ra to r ,  it is conc luded ,  
would need sp t * ific knowledge of:

(a) Reac to r  s y s t e m  c h a r a c t e r i s t i c s .

lb) Sources  of r e a c t o r  exc i ta t ion ,  and

(c) f r e q u e n c y  and  magnitude d i s t r i b u t io n  of noise e x c i t a t io n s ,  

to  make s a t i s f a c to ry  conclus ions .

(21 !t is concluded that o r  if icing of flow c h a n n e l s  p roduces  a c o n s i d e r a b l e  
redu  :tion in noise  am pl i tude .

( 3 1 The /BWR test  da ta  and the accompanying  hydrau l ic  stabil i ty loop te s t  
p ro g ram  give p r o m i s e  oi significantly i m p r o v e d  unders tand ing  of n o i s e  
phenomena m boil ing w a te r  r e a c to r s .  Two a sp e c t s  a re  worthy of note:

(a) The na tu ra l  c i r c u la t io n  rod o s c i l l a t o r  t e s t s  a r e  a s o u r c e  of in- 
co re  in fo rm a t io n  on c o re  and flow r e s p o n s e s  to spec i f ic  e x c i 
ta tions .  n a m e l y ,  the rod o sc i l la t ion .

:bl A theory h a s  been advanced lo r  p ropaga t ion  of d i s t u r b a n c e s  
f rom ex c i t a t io n  fo rces .  The th e o ry  p re d i c t s  the c o r r e c t  r a n g e  
of f r e q u e n c i e s  lo r  the m e asu re d  r e s p o n s e s  of VBWR.

No definite co n c lu s io n s  will be drawn fo r  t h e s e  i t e m s  except to s a y  that 
they a r e  p lausible  c on t r ibu t ions  to explain  p o r t i o n s  of the m e a s u r e d  
phenomena and p ro v id e  a good bas is  lo r  in i t i a l  deta i led  work on no ise .

HYDRAULIC STABILITY LOOP
(18)The test  ioop which i s  d e sc r ib e d  in G E A P - 3 9 3 5 '  v.as ope ra ted  in na tu ra l  c i rcu la t ion  to e x a m i n e  

s t e a d y - s t a t e ,  power i m p u l s e ,  and power o s c i l l a t i o n  re s p o n se s  of v a r i o u s  p a r a m e t e r s ,  but p r i m a r i l y  
flow. S tead y -s ta t e  and t r a n s i e n t  r e su l t s  w ere  r e p o r t e d  ir. GEAP-4215  and GEAP-4159 ^
S o m e  s ignif icant u n d e rs tan d in g  of the analy t ica l  model was obtained f r o m  these  runs .

The steady - s ta te  r e s p o n s e s  of f ow w e re  shown to be p red ic ted  v e r v  well by the s tab i l i ty  and  

t r a n s i e n t  r e sp o n se  code.  A maximum e r r o r  of 8 p e rcen t  in flow at 3 p e r c e n t  s team  quali ty  w a s  
found.  This accu racy  of ca lcu la t ion  is very good fo r  two-phase  flow s y s t e m s .  This co n c lu s io n  
a p p l i e s  to na tura l  c i r c u l a t i o n  opera tion.  No f o r c e d  c i rcu la t ion  t e s t s  w e r e  conducted under t h e  
F u e l  Cycle P r o g ra m .
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Power  impulse  t e s t s  were  conducted to  d e m o n s t r a t e  the o s c i l l a t o r y  c h a r a c t e r i s t i c s  of two- 
ph ase flow and to m ak e  qua l i ta t ive  o b s e r v a t i o n s  alx»ut the ana ly t ica l  model.  The following i n f o r 
m a t ion  was obtained f r o m  a power im pu lse  t r a n s i e n t  test .

1. Damped o s c i l l a t i o n  frequency

2. Quadra t ic  d a m p in g  coefficient

3. T im e  lags (or  phase )  of p r e s s u r e  and  velocity to power im p u l s e .  In formation on p r e s s u r e  
propaga tion.

4. Magnitude and  c h a r a c t e r  of p r e s s u r e  and velocity changes .

The following c o n c lu s io n s  were  r e a c h e d  about tw o-phase  flow t r a n s i e n t s  in channels :

1. Undamped and (se l f -exc i ted )  o s c i l l a t o r y  re s p o n se s  a r e  e a s i l y  obtained by p a r a m e t r i c  
changes  and s m a l l  d is tu rbances .

2. The p r e s s u r e  in the hea te r  r i s e s  in r e s p o n s e  to power o s c i l l a t i o n s  without a ch an g e  in 
p r e s s u r e  d i f f e r e n c e  a c r o s s  the chan n e l .  The hea te r  f luid a c t s  as  a capac i tance  u n d e r  
these  c i r c u m s t a n c e s .  This effect  s e e m s  to be the most e n e r g e t i c  effect  which p r e s e n t s  
i tse lf .  It s e e m s  likely to p rovide  an explanation for som e  m a j o r  port ion of the d i s c r e p a n c i e s  
between VBWH te s t  and the theory .

3. In te rm ed ia te  subcool ing  opera t ion  sh o w e d  flow r e s p o n s e s  w e r e  l e s s  s tab le  than h i g h e r  o r  
lower  subcool ing  runs .

4. The f requency dependent theory is not,  at p re sen t ,  in a f o r m  w e l l - su i ted  to p r e d i c t i o n  
of t r a n s ie n t s .

Power osc i l la t ion  t e s t s  with na tura l  c i r c u l a t i o n  w ere  conducted d u r in g  May and June  1963, but 
not  analyzed under  F u e l  Cycle  funding. The d a t a  ana lys is  and c o m p a r i s o n  of exper im en t  and  theory  
a r e  p re sen te d  h e re  to p ro v id e  a quanti ta t ive ly  com p le te  r e p r e s e n t a t i o n  of the stabi l i ty and t r a n s i e n t  
r e s p o n s e  theory .  The p a r a m e t r i c  va r ia t ion  of four  runs  studied in d e ta i l  a r e  shown in the  following 
tabula t ion .

NATURAL CIRCULATION

SATR Run No. 5-31-01-002  
V 4. 35 fps
H 42. 9s

Loop Run No. 5-31-01 
4. 25 fps  

42. 7
11.9  p e r c e n t

(F lo w m e t e r  of unusually high flow 
r e s i s t a n c e )

X 10. 4 percent
R e s i s t a n c e  Type - Minimum

- 4 7 -
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N ATT HA l CIRCULATION (Continued)

SA I R Run No. 5-24 <U 001
V 4 33 lps
H 14.9s
X 7. U peri  cut
R e s i s t a n c e  Type - Minimum

1 i» ip Run No. 5 24 - 01 - c 
4. 24 I ps 

14 7
7. 1 pe rcen t
(F low m ete r  of unusually  high 
How r e s i s t a n c e )

SA I’R Run No. 5-28-01 -002
V 4. 2 lps
H 32. Hs
X 14.9  percent
R e s i s t a n c e  - Minimum

Loop Run No. 5 28-01 
4 13 lps 

32. 8
1 4. 9 pe rcen t

(Flowmett  r  of unusually high 
llow r e s i s t a n c e )

SATR Run No. 5 27-01-001
V 3. 49 lps
H 16.8s
X 20. 8 percent
R e s i s t a n c e  - Minimum

Loop Run No. 5 -27-01  
3.61 lps 

16.8
21.5  pe rcen t

(F low m eter  of unusual ly  high 
flow r e s i s t a n c e )

The four t e s t s  p r e s e n t  a p re l im in a ry  ind ica t ion  of the s tab i l i ty  and  t r ans ien t  r e s p o n s e  code 
r e s p o n s e s  to power o s c i l l a t i o n  com pared  to  t e s t  data. In o r d e r  to  d e m o n s t r a t e  the e x p ec te d  
va r ia t ion  of velocity r e s p o n s e s  to subcooling changes .  Run 5-28-01  is  r e ca lcu la ted  for 40 p e rcen t  
change in subcooling.  This  gives  an eva lua t ion  of the magnitude of veloci ty  r e sp o n se .  F i g u r e  15 
show s  th is  s iz e a b le  c h a n g e  in velocity r e s p o n s e .

F ig u r e s  16 th ro u g h  22 show magnitude and  phase  plots of the fo u r  tabula ted runs .  P o w e r  os-
' 21 )d i l a t i o n  runs  were  d i s c u s s e d  in GFAP-4301 .  The following o b s e r v a t io n s  should be m a d e  of 

th e se  figures .

V*
1. Magnitude c u r v e s  of , the ve loc i ty  re sp o n se  to a p ow er  osc i l la t ion ,  follow the  a m p l i 

tude of the h a r m o n i c s  of the flow d i s tu r b a n c e  su rp r i s in g ly  wel l ,  indicating the c h a r a c t e r  
of the  t h e o r e t i c a l  re sp o n se  to be c o r r e c t .

2. Most p h a s e - l a g  c u rv e s  d e m o n s t r a t e  a dri f t  of high f r e q u e n c i e s  to a g r e a t e r  p h ase  lag  than 
predic ted  by th e o ry .

3. The h igh -qua l i ty  (20 percent) ,  i n t e r m e d i a t e  subcooling (16. 8 Btu) run 5-27 shows th e  best  

c o r r e s p o n d e n c e  with theory  of the  fou r  cases .

4. F r eq u e n c ie s  of the  fundamental  a p p e a r  quite accu ra te ly  d e t e r m i n e d  in all c a s e s .
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Figure 21. 
Velocity Response, Run 5-24-01
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5. Lower qua l i ty  runs  appea r  to p r o d u c e  lower m agni tude  osc i l la t ions  and l a r g e r  phase  lags 
than the  theo ry  p red ic ts .

6. E x p e r im e n ta l l y ,  it was d e t e r m i n e d  that the re  was a g r e a t e r  s ing le -phase  l o s s  than was 
used in th e  theore t ica l  c a lc u la t io n s .  This was due t o  g r e a t e r  lo ss  in the t u r b i n e  flow
m e te r  th a n  was expected.

NOISE

GEAP-3971 e x p r e s s e s  a number  of conc lus ions  reg a rd in g  flux noise  in the VBWR. They have 
been outl ined in th e  above d iscuss ion  of th a t  repor t .  The m o s t  fo rcefu l  conclusion r e a c h e d  is that 
s te a d y - s t a t e  n o i s e  obse rv a t io n  does  not g ive  an indication of s tab i l i ty  of a BWR.

121)G E A P -4 3 0 1 1 p rov ides  an a c c u r a t e l y  de te rm ined  VBWR n o i s e  spec t rum  d e r iv e d  us ing  the 
DART code. F i g u r e  23 shows th is  s p e c t r u m .  The s ign if ican t  r e s u l t  is  that noise com ponen t s  
above 1 cps  a r e  of ins ignif icant influence  in VBWR fluxes.  The p roposed  c o n t r ib u to r s  to  noise 
have been:

1. O p e ra t io n a l  t r a n s ien t s

2. Sur face  d i s t r u b n n c e s  (GEAP-4061
(2313. P r o p a g a t io n  of d i s tu rb a n ce s  in t im e  and space  (GEAP-4094)  '

4. T w o - p h a s e  bubble dynamics  (GEAP-3971)

Since q u a n t i t a t iv e  f requenc ies  have been  obtained in i t e m s  (2) and (3). th e o re t ic a l ly  t h e se  may 
be co m p ared  to VBWR noise .  I tem (3). d i s tu r b a n c e  p ropaga t ion ,  p red ic ted  a range  of f r eq u en c ie s  
f rom  0. 7 to 10 c p s  o r ig ina t ing  in the r e g io n  of the core .  I tem (2), the  su r face  d i s t r u b a n c e ,  c a lc u 
la tes  f r equenc ie s  of 0 .6  to 3 cps. T h e s e  a r c  d is tu rbance  f r e q u e n c i e s  propagated to the  co re .
Examining F ig u r e  23. most of these  f r e q u e n c i e s  do not appea r  of suffic ient  magni tude to be s igm -

( 21 )ficant in the VBWR. GEAP-4301 c o n s i d e r e d  a lso the d r iv ing  function spec t rum  f o r  no ise ,  and 
showed it to be v e ry  non-white  and c o m p o s e d  p r im ar i ly  of low f r e q u e n c ie s .  This t en d s  to  support  
opera t ional  t r a n s i e n t s  as  the cause .

An im proved  u n d e rs tan d in g  of f a c t o r s  e n te r in g  into noise  h a s  been obtained f ro m  th e  following:

1. A c a lc u la t io n  of the min imum e n e r g y  needed to exci te  the  in-channel flows.

2. An a i r  wat* i exper iment  to o b s e r v e  tin* propagation ol p r e s s u r e  d i s tu rb a n ce s  in tw o-phase  
media.

Examination of flow t r a c e s  of c h an n e ls  fo r  rod osc il la t ion  t e s t s  with the VBWR o p e r a t in g  in 
n a tu ra l  c i rcu la t ion  shows  that the flow is  o r d e r e d ,  but that i t s  a m p l i tu d e  has not been changed .
Th is  energy input w as  shown to produce  at  l e a s t  12 t im e s  the r e s p o n s e  that the m a x im u m  su r fa ce  
d i s tu rbance  could p ro d u c e  if it were  all t r a n s m i t t e d  to the c o re  in le t .  GEAP-3971 p r o v i d e s  deta i ls  
of this.
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F i g u r e  24 shows a i r - w a t e r  te s t  m e a s u r e m e n t s  w hich  w ere  made below th e  su r face  of the l iquid  
in the  v e s s e l ,  and in the t w o - p h a s e  flow region of a m ockup  natu ra l  c i r c u l a t i o n  sys tem  which had 
been s c a l e d  to VBWR d im e n s io n s .  The te s t s  w ere  d e s c r i b e d  in GEAP-4159. P r e s s u r e  peaks  
r e s u l t i n g  f rom  resonan t  d i s t u r b a n c e s  a r e  shown in both  c ase s .

II t h e  re sonan t  peak he igh ts  a r e  cons ide red  in the  r a n g e  of in te re s t  ( 0 - 2  cps),  the m axim um  
t r a n s m i s s i o n  of a p r e s s u r e  p e a k  to the bottom of the tw o -p h a s e  zone (3 feet  d is tan t)  is 5 to 6 p e r 
cent  when the background n o i s e  i s  removed.

T h i s  m ean s  that a s m a l l e r  quanti ty  would be t r a n s m i t t e d  in g r e a t e r  d i s t a n c e .  T r a n s m is s io n  
p r o p e r t i e s  of a tm ospher ic  and 1000 ps ia  a r e  ind ica ted  by Karplus  ( r e f e r e n c e  24) to be about the 
sam e .

T h i s  m eans  that d i s t u r b a n c e s  which show up as  n o i s e  in a r e a c to r  m us t  be  genera ted  in a 
vicinity of the m e asu re m e n t ;  o r  m us t  be the working in unison of a group of loca l  d is tu rbances ;  
o r ,  l a s t l y ,  must be s y s t e m a t i c a l l y  derived, that is .  a r e s u l t  of sy s tem  p a r a m e t e r  changes.

T h u s ,  if the s ta t ic  p r e s s u r e  w e re  ra i s ed ,  i ts  e f fe c t  would be felt by the  c o r e ,  but if a p r e s s u r e  
wave w e r e  t rave l ing  through the  m edium without a ne t  change of p r e s s u r e ,  i t s  effect would be 
g rea t ly  d im in ished .

T h u s  f a r ,  co re  l o t a l  d i s t u r b a n c e s  have been a s s o c i a t e d  p r im a r i ly  with high f requencies .  
S y s te m a t i c  d i s tu rb an ces  a r e  c h a r a c t e r i s t i c a l l y  lower  f r eq u en c ie s .

DATA ANALYSIS

R eso lu t ion  of a m a th e m a t i c a l ly  acc u ra te  data a n a l y s i s  method is a m a j o r  s tep  in unders tand ing  
s tab i l i ty  and  t r an s ien t  r e s p o n s e  of a r e a c to r  sy s te m .  The initial tools a v a i l a b le  at the t ime the 
Fuel C y c l e  Development P r o g r a m  was init iated w e re  v e r y  l imited,  and s u s p e c t e d  of s izeab le  e r r o r s .  
The a n a ly t i c a l  equipment which w as  used to analyze  the  VB'.VR stabil i ty t e s t  r e s u l t s ,  for example ,  
was  a b a n d p a s s  f i l te r  c i rcu i t  d e s c r i b e d  in GEAP-3971.  This  equipment was expec ted  to produce  
good r e s u l t s  for rod o sc i l la t ion  t e s t s  having la rge  p e r i o d i c  s ignals ,  but poo r  r e s u l t s  for s teady-  
s ta te  n o i s e  analysis .

A t t e m p t s  were  made to o b ta in  a digital auto c o r r e l a t i o n  code (AUTO) a s  d e s c r ib e d  in GFAP-3971  
(23)and G F A P -4 0 9 4 .  Th is  code w a s  found to give phys ica l ly  unrea l i s t ic  r e s u l t s .  A subsequent  code.

(211DART, w a s  developed by A P E D  and desc r ibed  in G EA P -4301 .  This deve lopm ent  has produced 
the th e o re t i c a l l y  and phys ica l ly  expec ted  re su l t s .  Such a code is  very  a c c u r a t e  but also  expens ive  
and dif f icul t  to use.
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Analysis of the mathematics of spectrum analysis indicated that an analog F o u rie r spectrum  
analyzer could be built to perform the same operations as the D A R T code. A com m ercially  
available analyzer bu ilt by the Boonshaft-Fuchs Company was obtained and its accuracy checked 
against the DART code. The Fourier spectrum  analyzer produces comparable results to those of 
the DART code. Significant improvements have been seen in the spectra obtained for rod osc il
lation tests of the VBWR.

NOMENCLATURE

N * N orm alized neutron flux
h Enthalpy
AK ^R eactiv ity  - dollars
P P ressure  - psi
X V ertica l height in channel
R Local voids at (x)
u Core voids (average), U* norm alized core voids
s fleam  velocity
W Two-phase water velocity
V . Inlet w ater velocity
L Boiling length

Gw W a te r-w a ll shear term

Gws Steam -w ater shear term

g Acceleration of gravity
t Time

q (x ,t) Local heat input

Q * N orm alized heat input

Tc Transit tim e for the void sweep
Densit> of water

^s Density of steam

y 0  An (h - L ) Power param eter
/> p Density parameterw s

<v hw ■ hsc—  Subcooling param eter
h - h s w

rw Shear stress  - water and wall

V s Shear stress - Steam and water
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