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ABSTRACT 

Between June and December 1971, small (nominally ?0.5% amplitude), 
iAtermittent power variations of unknown origin were witnes,sed at the 
Engineering Test Reactor. This report is the result of the investigative 
program carried out by Aerojet Nuclear Company to determine the cause 
of the variations. Included in the report are diagnostics, inspections, 
and analyses. 



Abst rac t  . . . . . . . . . . . . . . . . . . . . . . . . .  ii 
. . . . . . . . . . . . . . .  1 . In t roduc t ion  and Summary 1 

. . . . . . . . . . . . .  2 . His tory  and C h a r a c t e r i s t i c s  4 
. . . . . . . . . . . . . . . . . .  3 . Diagnost ic  Program 1 4  

. . . . . . . . . . . . . . . . .  3 . 1  E l e c t r i c a l  Noise 1 4  
. . . . . . . . . . .  3.2 Power Di s t r i -bu t ion  E f f e c t s  18 

3.3 Mechanical Movement . . . . . . . . . . . . . . . .  25 

. . . . . . . . . . . . . . . .  3.4 Gas Induced Voids 29 

. . . . . . . . . . . . . . . . . . . . . .  3 .5  Loops 30 

. . . . . . . . . . .  3.6 Boi l ing  and Thermal E f f e c t s  32 

. . . . . . . . . . . . . .  4 . core. component ~ n s p e c t i o n  36 

. . . . . .  4 . 1  . ~ e r ~ l l i i  and Lower Grid Inspec t ion  36 

. . . . . . . . . . . . . . . . . . .  4.2  Control  ~ o d s  39 

4.3 4~ F i l l e r  P iece  Components and ACRH 
. . . . . . . . . . . . . . . . . .  In spec t ions  40 

. . . . . . . . . . . . .  4 .4  Other Core Inspec t ions  42 

. . . . . . . . .  4.5 Mechanism of Plugging i n  ETR 1 . 43 

. . . . . . . . . . . . . . . . . . . .  5 . Cause Analysis  44 

5 . 1  4~ P ieces  wi th  Aluminum o r  S t a i n l e s s  S t e e l  . . . . . . . . . . . . . . . . . . . .  F i l l e r s  44 

. . . . . . . . . .  5.2 ACRH Lower Slug Cause Analysis  45 

. . . . . . . . . .  5.3 O R N L - ~ ~ - ~ O O  and 401 Capsules 46 

. . . . . . .  6 . RodDrop Experiment and S t a b i l i t y  Analysis  '49 

. . . . . . . . . . . . . . . . . . . .  6 .1  summary 49 

. . . . . . . . . . .  6.2 Analysis  of Rod Drop Data '50 

6.3 Discussion arid Resu l t s  of S t a b i l i t y  Analysis  . . 54 

6.4 Discussion of Rela ted  Sub jec t s  . . . . . . . . .  '56 

References . . . . . . . . . . . . . . . . . . . . . . . .  57 

iii 



F I G U R E S  

2-1 Samples of ETR power l e v e l  recordings f o r  t h e  period of 
August 1965 through January 1965. . . . . . . . . . . . . . . 6 

2-2 Samples of ETR power l e v e l  recordings f o r  t h e  period of 
June 1966 through December 1968 . . . . . . . . . . . . . . . 7 

2-3 Samples of ETR power l e v e l  recordings f o r  t h e  period of 
A p r i l 1 9 6 9 t h r o u g h A p r i l 1 9 7 1 .  . . . . . . . . , . . . . . . 8' 

2-4 Daily range of t h e  period and amplitude of ETR power 
v a r i a t i o n s  during t h e  period of June t o  December 1971 . . . . 9 

2-$ Samples of ETR power l e v e l  recordings f o r  t h e  period of 
June 1971through J u l y  1971 . . . . . . . . . . . . . . . . . 10 

2-6 Samples of ETR power l e v e l  recordings f o r  t h e  period of 
August 1971through November 12,  1971 . . . . . . . . . . . . 11 

2-7 Samples of ETR power l e v e l  recordiags f o r  t h e  period of 
November 13 ,  1971, through January 10, 1972 . . . . . . . . . 12 

2-8 Samples of &TI3 power l e v e l  recordings f o r  t h e  period of 
J a n u a r y 1 9 7 2 t h r o u g h J u l y  1972. . . . . . . . . . . . . . . . 1 3  

3.1-1 Instrumentat ion used i n  t e s t i n g  f o r  e l e c t r i c a l  noise.  , . . . 17 

3 . 2 - 1 E T R c o n t r o l r o d a s s e m b l y .  . . . . . . . . . . . . . . . . . . 22 
\ 

3.2-2 Ef fec t s  of norms1 rod movement, on t h e  ETR power v a r i a t i o n  . . 23 

3.2-3 Results  of rod e f f e c t s  t e s t s  on KTK power v a r i a t i o n  . . . . . 24 

3.3-1 Maximum r e a c t i v i t y  change ( 4 )  observed when t h e  indica ted  
rod o r  experiment was moved l a t e r a l l y  and/or r o t a t e d .  . . . . 28 

3.6-1 ETR power v a r i a t i o n  average amplitude vs  r eac to r  power. . . . 34 

3.6-2 ETR power v a r i a t i o n  average period v s  reactor .power . . . . . 35 

4.1-1 ETR g r i d  p l a t e  a r e a  inspected during t h e  112F shutdown, 
7-31-71. . . . . . . . . . . . . . . . . . . . . . . . . . . 37 

4.1-2 Damaged a reas  and d iscrepancies  observed dulling t h e  g r i d  
g l a t e  inspect ion .  Shutdgwn 112F, 7-31-71 . . . . . . . . . . 38 

d r 2 4  Super pos i t ion  of experigentaJ. gnd simulated (nomjDal c a s e )  
power reductions " t a i l "  region; . . . . . . . . . . . . . . . 52 

6.2-2 Effec t  of no delayed feedback on " t a i l "  region of power 
r e d u c t i o n c u r v e  . . . . . . . . . . . . . . . . . . . . . . . 53 



. . . . . . . . . . . . . . . . . . . .  3.1.1 Recording Conditions 16  

3 .2 .1  Summary of Power Var i a t ion  C h a r a c t e r i s t i c s  f o r  t h e  Movement 
of a S ing le  Rod Compensated by t h e  Cont ro l l ing  Rod Bank . . .  20 

3.5.1 Loop Core-Inlet and Ou t l e t  Temperature Var i a t ions  Required 
t t o  Cause Corresponding Power Var i a t ion  . . . . . . . . . . .  30 

. . . . . . .  4.3.1 S t a t u s  of C ~ X  Sampling and 1 n ~ ' ~ e c t i o n  Program 41 

. . . . . . . . .  6.3.1 Re la t ive  Values of Feedback Model Parameters 55 



1. INTRODUCTION AND SUMMARY 
r 

During t h e  Engineering Tes t  Reactor (ETR) Cycle 112B s t a r t u p  on 
June 8, 1971, it w a s  observed t h a t  t h e  d i f f e r e n t i a l  power l e v e l  record- 
i ng  on a l l  neutron f l u x  .monitors i nd ica t ed  a small  but  d e f i n i t e  power 
v a r i a t i o n  ( P V )  . The ampli tude,  nominally one percent  peak-to-peak 
of t o t a l  power; was no l a r g e r  than  t h a t .  experienced on s e v e r a l  o the r  occa- 
s ions .  However, t h e  v a r i a t i o n  on t h i s  occasion had .a more d e f i n i t e  
frequency than  had been experienced be fo re ,  The per iod  of t h e  v a r i a t i o n  
was nominally t h r e e  seconds. 

An a n a l y s i s  of t h e  record ings  ind ica t ed  t h a t  t h e  r e a c t i v i t y  d r iv ing  
f o r c e  was nominally one cent  and t h a t  t h e  amplitude and frequency 
were independent of t h e  power l e v e l .  Moreover, a review of in-core 
neutron f l u x  and temperature t ransducers  i n d i c a t e d ' n o  anomalous power 
d i s t r i b u t i o n .  Also, a failure-mode and consequence a n a l y s i s  showed 
t h a t  t h e  power v a r i a t i o n s  were not  an  i n d i c a t i o n  of r i s k s  not  a l r eady  
considered.  Therefore,  ope ra t ion  cont inued under c l o s e  s u r v e i l l a n c e  
while  an i n v e s t i g a t i v e  program was planned and conducted. 

This  r e p o r t  i s  a summary of t h e  i n v e s t i g a t i v e  program and i t s  
f ind ings .  The i n v e s t i g a t i v e  program cons i s t ed  of ( a )  a d i agnos t i c  
program (descr ibed  i n  Sec t ion  3. and occurr ing  during t h e  per iod  of 
June t o  December 1971) c o n s i s t i n g  of varying system parameters which 
could conceivably have an e f f e c t  on power v a r i a t i o n ,  ( b )  core  component 
i f ispect ions ( s e c t i o n  4.  ) during shutdown f o r  evidence of  movin 
components, r e s t r i c t e d  coolant  passages,  and gas l e a k s ,  and (c? ana lyses  
of abnormal condi t ions  and unusual experiment designs ( s e c t i o n  5 )  t o  
determine i f . t h e y  were a p o s s i b l e  source of t h e  PV. 

Many measurkments were made and many parameters v a r i e d  i n  an 
e f f o r t  t o  i d e n t i f y  t h e  source of t h e  power v a r i a t i o n .  Measurements 
were made t o  confirm t h a t  t h e  apparent  PV w a s  r e a l  and not  a f a l s e  
i n d i c a t i o n  r e s u l t i n g  from e l e c t r i c a l  no ise .  Flow was v a r i e d  i n  t h e  
primary, secondary, and loop coolant  systems t o  t e s t  f o r  flow-induced 
mechanical movement and thermally-induced &f f e c t  s . Primary and 
loop  system p res su res  and temperatures  were v a r i e d  and r e a c t o r  i n t e g r a l  
power was changed t o  t e s t  f o r  thermally-induced e f f e c t s .  Pressures  
were v a r i e d  on experiments conta in ing  in- tank gas volumes t o  t e s t  
f o r  p o s s i b l e  gas l e a k s  i n t o  t h e  core.  F i n a l l y ,  t h e  power d i s t r i b u t i o n  
was per turbed  i n t o  many d i f f e r e n t  shapes i n  an at tempt  t o  i d e n t i f y  
t h e  l o c a t i o n  of t h e  d r i v i n g  f o r c e .  This  was accomplished by changing 
t h e  control-rod p o s i t i o n  conf igu ra t ion .  

The above mentioned Bes ts  and ana lyses  i nd ica t ed  t h e  PV d r i v i n g  
f o r c e  was not  flow-induced mechanical movement, open channel  b o i l i n g ,  
o r  gas  l e a k s .  However, changes i n  r e a c t o r  i n t e g r a l  p'ower and power 
d i s t r i b u t i o n s  d i d  i n d i c a t e  t h e  p o s s i b i l i t y  of a thermally-driven source.  
Moreover, t h e  power d i s t r i b u t i o n  changes ind ica t ed  t h e  PV source t o  be 



i n  t h e  v i c i n i t y  of Rod 1 4 .  These r e s u l t s .  l e d  t o  t h e  in spec t ion  f o r  
flow r e s t r i c t i o n s  i n  co re  components near  Rod 1 4 [ a I ,  and t h e  removal of 
experiments i n  co re  p o s i t i o n s  58 and 510. 

Following t h e  c leaning  of a l l  removable 4 X  p i eces  and t h e  removal 
of t h e  two experiments,  t h e  r e a c t o r  r e tu rned  t o  power on December 8 ,  1971, 
w i t h  no power v a r i a t i o n .  The c h a r a c t e r i s t i c s  of t h e  power l e v e l ' t r a c e  
have v a r i e d  l i t t l e  s i n c e  t h a t  s t a r t u p .  

Because t h e  power v a r i a t i o n s  stopped a f t e r  c l ean ing  t h e  core  and 
t h e  removal of t h e  two experiments (ACRH i n  J l O  and ORNL i n  58),  it i s  
concluded t h a t  some cond i t i on  a s s o c i a t e d  wi th  t h e s e  two experiments 
and1o.r experimental  p o s i t i o n  coolant  channel flow blockage was t h e  
cause of t h e  PV. "Cause Analysis" ( ~ e c t i o h  5 )  f a i l e d  t o  p o s i t i v e l y  
i d e n t i f y  t h e  exac t  cond i t i on  t h a t  caused t h e  PV. A s  s m a r i z e d  below, 
t h e  ana lyses  d i d  show t h a t  a  s p e c i a l  s e t  of condi t ions  was necessary 
t o  produce t h e  v a r i a t i o n s .  

The low-heat-output (<2.5 W/g gamma h e a t )  aluminum f i l l e r  p i eces  
cannot cause void ing  because t h e  hea t  can be removed through a 
s tagnant  water a n n u l i  without  b o i l i n g .  Aluminum f i l l e r s  wi th  
g r e a t e r  than  2.5 W/g could b o i l ,  but  a t  a frequency of about 4 Hz. 
An even higher-heat-output s t a i n l e s s  s t e e l  f i l l e r  would cause 
b o i l i n g  i n  s tagnant  water ,  bu t  a t  a  frequency of about 30 Hz. 
Because t h e  observed f requencies  a r e  g r e a t e r  t han  0.3 Hz, some 
s p e c i a l  flow blockage cond i t i on  would be r equ i r ed  t o  produce t h e  
r i g h t  f requency.  Such a. r?ondition carinot be r u l e d  ou t .  

( 2  ) One of t h e  experiments removed, ACRH ( J ~ O  )oshowed apparent  "temper 
co lo r s "  i n d i c a t i n g  temperatures  i n  t h e  600 F  range had been 
experienced on s t a i n l e s s  s o l i d  spacers  i n  t h e  capsule  t r a i n .  This  
proved t h a t  vo id ing  had occurred f o r  a t  l e a s t  a s h o r t  per iod  of 
t ime.  However, met ' a l lu rg ica l  examinations of t h e  s t a i n l e s s  s t e e l  
spacers  d i d  not  confirm t h a t  such temperatures  had e x i s t e d  f o r  
t h e  l eng th  of t ime o s c i l l a t i o n s  were observed. Nevertheless,  b o i l i n g  
i a  ACRH capsules  cannot be completely r u l e d  ou t .  Again, unique 
condi t ions  would be r equ i r ed  t o  produce b o i l i n g .  The capsule  
t ~ s i n  i n  i t s  "designed" o rg@ina l  condi t ion  was r e i n s e r t e d  without  
@ k e s u l t a n t  power v a r i a t i o n ,  

( 3 )  The ORNL (58) capsules  were shown by a n a l y s i s  t o  have a  thermally-  
induced mechanism whereby power v a r i a t i o n s  of t h e  proper  per iod  
could be produced. Re inse r t i on  of t h e  ORNL experiment d i d  not  
cause a reoccurrence of t h e  o s c i l l a t i o n s .  Poss ib l e  d i f f e r e n c e s  
i n  gamma hea t  g r a d i e n t s  and holder  (X  b a s k e t )  dimensions between 
t h e  o r i g i n a l  and r e i n s e r t e d  cond i t i ons  l eave  t h e  p o s s i b i l i t y  

' t h a t  t h e  ORNL experiments could have caused t h e  PV. 

[ a l ~ e c a u s e  some 4X p i ece  f low r e s t r i c t i o n  was found near Rod 1 4 ,  a l l  
removable 4 X  p iecgs  w i t h i n  t h e  co re  were inspec ted .  Flow r e s t r i c t i o n  
w a s  a l s o  found i n  o t h e r  ar,eas of t h e  co re .  



Throughout t h e  course of t h e  PV s tudy ,  e f f o r t s  were made t o  
show t h a t  t h e  power v a r i a t i o n  was not  an ind ica t ior i  of an i n c i p i e n t  
i n s t a b i l i t y .  These e f f o r t s  included a  rod-drop experiment and s t a b i l i t y  
a n a l y s i s .  Resu l t s  of t h i s  program[ll  i n d i c a t e  a  s t a b l e  system with . 
a ga in  margin much g r e a t e r  than 10 .  



2. HISTORY AND CHARACTERISTICS 

Since t h e  i n i t i a l  s t a r t u p ,  d i f f e r e n t i a l  power l e v e l  recordings have 
been taken a t  var ious  power l e v e l s  during each s t a r t u p  t o  monitor f o r  
condi t ions  which cause power v a r i a t i o n s .  These recordings, were made with 
Brush recorders  which have t h e  c a p a b i l i t y  of  bucking out  t h e  dc component 
and amplifying t h e  ac component of t h e  s igna l .  - 

A review of ava i l ab le  recordings (not sent  Lo s to rage)  ind ica tcs  
t h a t  on severa l  occasions s ince  1963 and before June 1971, t h e  ETR 
experienced small power v a r i a t i o n s [ a ] .  These v a r i a t i o n s  were l e s s  than 
1 . 4 %  i n  amplitude, were aper iodic  except i n  one case,  and ex i s t ed  f o r  
only one o r  two consecuLive s t a r t u p s .  This i s  i l l u s t r a t e d  i n  Figures ?-I-, 
2-2, and 2-3 where se lec ted  recordings f o r  t h e  period of 1963 through 1971 
show t h e  appearance and disappearance of power v a r i a t i o n s .  A s  shown, 
t h e  amplitudes range from near zero t o  1 . 4 % .  The period of v a r i a t i o n  
i s  d i s c r e t e  only f o r  t h e  4/9/69, 120 MW recording.  It w i l l  be n o t e d ,  
t h a t  t h i s  d i s c r e t e  period disappeared when f u l l  power was reached. In 
another  example (12114168) it w i l l  be noted an apparent power v a r i a t i o n  
a t  120 MW changed s i g n i f i c a n t l y  and was almost nonexistent a t  175 MW. 
The causes of t h e  power v a r i a t i o n s  p r i o r  t o  June 1971 were never 
i d e n t i f i e d  nor were any de le te r ious  e f f e c t s  de tec ted .  

Although t h e  v a r i a t i o n  detec ted  on June 8, 1971, (cycle 1 1 2 ~ )  had 
a r e l a t i v e l y  cons is tent  amplitude of 1 - 1.6% and a period of 3 - 5 
seconds f o r  t h r e e  days, it evolved i n t o  a v a r i a t i o n  with widely varying 
c h a r a c t e r i s t i c s .  I t s  charac ter  changed without any c o r r e l a t i v e  change 
i n  any r e a c t o r  parameter. Var ia t ions  i n  amplitude and period a r e  shown 
i n  Figure 2-4, and s i g n a l  shapes a r e  shown i n  Figures 2-5, 2-6, and 2-7. 
A s  shown, amplitude var ied  from near zero t o  2.6%, and t h e  per iod  va r i ed  
from 1 t o  44 seconds. Var ia t ions  with periods g r e a t e r  than 20 seconds 
were proven t o  be  caused by temperature v a r i a t i o n s  i n  t h e  M7 loop,  
caused by a minor problem i n  t h e  c o n t r o l l e r .  There was one b r i e f  period 
of time a t  a power below 100 MW t h a t  t h e  period was a s  shor t  a s  
0 .3  seconds. Examples of changes i n  c h a r a c t e r i s t i c s  a r e  a s  fol lows:  
( a )  v a r i a t i o n s  would cease f o r  periods of time varying from 1 0  sec  t o  
113 hrs, ( b )  t h e r e  were v a r i a t i o n s  during some s t a r t u p s  t h a t  would 
cease o r  diminish i n  amplitude s h o r t l y  a f t e r  reaching f u l l  power, while 
during o ther  s t a r t u p s  t h e r e  would be no v a r i a t i o n s  i n i t i a l l y ,  but  
l a t e r  a v a r i a t i o n  would develop, ( c )  t h e  r a t e  of change va r i ed  f r m  
q u i t e  r ap id  t o  gradual ,  and ( d )  on one occasion (11123171) a l a rge r -  
amplitude and shorter-period v a r i a t i o n  r e s u l t e d  following a power 
reduct ion  t o  140 MW. P r i o r  t o  t h e  reduct ion  t h e  r eac to r  had operated 
f o r  33 hours with a v a r i a t i o n  of 0.5 t o  0.7% amplitude, with a three-  
second period.  When t h e  power was decreased t o  140 MW t h e  amplitude 
increased t o  1.3% with a period of 1.1 sec .  After  re turning t o  f u l l  
power t h e  v a r i a t i o n  gradual ly  changed t o  one with a 2 . 1 t o  2.6% 
amplitude and a period of 3 t o  4 seconds. Three sample recordings 
a r e  shown i n  Figure 2-7. 

[ a l ~ h e r e  have been t h r e e  ETR eventsL2] which produced power v a r i a t i o n s  
f o r  which t h e r e  a r e  no d i f f e r e n t i a l  power l e v e l  recordings ava i l ab le :  
( a )  s ight -g lass  .blockage of seve ra l  f u e l  elements[31, ( b )  adhesive 
t a p e  blockage of one f u e l  e f%yent [4,53,  and ( c )  v i b r a t i o n  of t h e  flow 
tube  wi th in  an in -p i l e  loop . . 

4 



The change in conditions discussed under (a) above led to a shut- 
down on November 23, followed by an intensive diagnostic program 
discussed in the next sections. Following this program and a shutdown 
during which the flow passages of several experiment holder (4~) pieces 
were cleared and two suspicious experiments were removed, the reactor 
returned to power on December 8, 1971, with no power variation, as 
shown in Figure 2-7. 

Recordings taken between December 1971 and July 1972 show that 
most of the power signal recordings have very low noise components 
(ck0.1 percent) as represented by recordings for 1/27, 3/13, 4/26, 6/21, 
and 7/15/72, (~igure 2-8). This condition also applies to those 
recordings (3113 and 7/15) taken following the reinsertion of the two 
suspicious experiments (see Sections 5.2 and 5.3 ) Two conditions 
were found to produce noisier-than-usual recordings. On one occasion 
temperature variations in the M7 loop were observed to be coincident 
with the noisy (+ 0.1% amp. and % 0.7 sec period) power recording 
of 6/21 (~i~e5ure 2-8). Fine tuning the loop controls caused the 
temperature and power variations to stop, as indicated in the other 
6/21 recording. The other condition which caused the power signal noise 
component to increase was associated with control rod positions. 
During both cycles in which rod bank 6-2-16 was withdrawn the power 
signals became noisier. As shown in the representative paired 
recordings of 1127-2/13 and 4126-518 the noise increased from <f 0.1 percent 
up to 20.4 percent, but with no unique period of vetriation. No 
similar correlation could be found with the data which preceded 
January 1972. Evidence of a correlation since that date probably 
results from the combination of the existence of less noisy signals and 
having more data. If the correlation is real it is probably caused 
by the combined effect of more withdrawn rods in the core and reactivity 
statistical weight distribution changes. Because these increases in 
noise levels are small and have no unique frequency no diagnostic effort 
is planned. 



Figure 2-1. Samples of ETR power level recordings for the period of August 1.963 through January 1965.  
were made at or within 5% of full power (175 MW) . 
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Figure 2-2. Samples of EI'R power le~el recordings for the period of June 1966 through December 1968. Except as 
noted all recordings were made at or within 5% of Pull power (175 MW) . 
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Figure 2-6. SmpLes of ETR power l eve l  recordings fo r  the  period of August 1971 through November 12, 1971. All 
recordings were made a t  or  within 5% of full power (175 MW). 



Figure 2-7. Samples of EZR pwer level recordings for the perio4 of November 13, 19P, t&ou$h December 8, 1971. 
All recordings were made at or within 5% of full power (175 w).  



1/27/72 2/13/72 31131~2 4/26/72 5/8/72 6/21/72 6/21/72 7/15/72 
Rods Rods ORNL Rods Rods M7 : M7 : No ACRH 

7-9-14 6-12-16 Exp. Be- 7-9-14 6-12-16 Temp. Temp w/solid 
8 14" 8 17" 8 23" 8 29" V a r  . Var . Reinserted 

Figure 2-8. Samples of ETR power level  recordings fo r  the  period of January 1972 thraugh July 1972. All 
recordings were made at or within 5% of f u l l  power (175 MW) . 



3. DIAGNOSTIC PROGRAM 

3.1 Electr ical  Noise 

Early i n  the  diagnostic program recordings were made t o  eliminate 
e l ec t r i ca l  noise as the  sonrce of the  apparent variation. Recordings 
taken under several different  conditions showed tha t  the  ETR power 
variations were r e a l  and not the  result of the  117 Vac power system or  
re la ted  ground l o ~ p s .  These were seaeral recordings of a constant 

I current source, several reactor f lux  signals, and a battery-powered 
reac t iv i ty  meterr7,81. The reactor f lux  signals were obtained from 
various instrument-conditioned signals using three ion chambers and 
two f i ss ioa  chambers as detectors of the pawer variation, These chambers 
a re  located permanently i n  Che reactor instrument thimbles. 

The intent  of these recordings was t o  define the  character is t ics  
sad I$o pinpoint Pry elimination the  sarrrce of the apparent, reactor power 
v%riCrtions. The approach follorwed was first t o  establ ish good baseline 
recordings. This baseline was  used for description of the  indicated 
power variation and f o r  capar ison  t o  other recordings. Second, record- 
ings were made using different  measuring instruments on different 117 Vac 
pmer  systems with different  or f loat ing grounds. Third, recordings were 
made using a different  type of radiation detector as  the  signal source 
i n  several applications. Finally, recordings were made wtth a bat tery 
powered system. In  addition, i n  each instntment conf i~ura t ion  a record- 
ing was made using a current source i n  place of the  chamber signal. The 
devices involved were standard ion and f i ss ion  chambers, m i c r o ~ & e r s ,  
reactor instruments, a current source, a reac t iv i ty  meter, a two-channel 
Z&ueh stri-p-chart recorder, a magnetic tape recorder, and a 117 Vac power 
s t ab i l i ze r  used under the  various conditions shown i n  Table 3 .l-I and 
Figure 3.1-1. A summary of the  test resul t s  follows. 

Recordings No. 1, 2, 3, and 4, Table 3.1-1, are  the baseline record- 
ings from permanently ins ta l led  plant instruments. Th,ese recordings es- 
tablished tha t  the  signal variations existed on each level  channel of the  
Plant Protection System i n  i t s  normal configuration (shown i n  Recordings 
No. 1 and 2,  Figure 3.1-1). The signal from these % b e e  ion chambers 
showed tha t  the  power variation could be observed i n  the  north, south- 
eas t ,  and southwest regions of the reactor. Also, a recording made when 
a current source was used in  glace of the  ion chambers established tha t  
the  indicated power variation was  not generated in  the  instrument channels. 

&feardings No. 5 and No. 6faI  r$tablished tha t  th& power variation 
e6Ud observed on a different type of measuring instmment (rnicroa;nrrne- 
t e r  ) and tha t  the  l eve l  preamplifier could not be the  source of the 
variwt;ion . lds. . 

Recordings No. 7 and No. 8[aI established t h a t  the power variation 
w a s  independent not only-of the  level  preamplifier but also of 
the  117 Vac instrument power system. 

Recordings No. 9 and No. established tha t  the  power variation 
present when monitored on the leve l  preamplifier remained independent of 
the  117 Vac instrument power system. 

- [ a ] ~  current source was  used i n  place of the chamber signal fo r  these 
measurements i n  order t o  separate the  ion chambers and the measuring 
devices as the  source of the  apparent power varidtion. 



From Recordings No. 11 and 12 power s p e c t r a l  dens i ty  ana lys i s  
determined t h e  frequency~characteristics of t h e  v a r i a t i o n s  and es tab l i shed  
t h a t  t h e  pcwer v a r i a t i o n  could be vbserved on f i s s i o n  cham'bers a s  wel l  
a s  ion  chambers. 

Recording No. 1 3  es t ab l i shed  a  measured r e a c t i v i t y  magnitude f o r  
t h e  v a r i a t i o n  and u t i l i z e d  another type measuring device.  

Recording No. 1 4  es tabl i shed t h a t  t h e  power v a r i a t i o n  could be 
observed on an e l e c t r i c a l l y  i s o l a t e d  system. 

Recordings No. 7 ,  8 ,  9 ,  and 10 a l s o  indica ted  t h a t  p lan t  grounds 
were not t h e  source of t h e  r eac to r  power v a r i a t i o n s .  However, 
Recording No. 1 4  was made s p e c i f i c a l l y  t o  r u l e  out p lan t  grounding. 
Moreover, Recordings No. 11, 12 ,  and 13 indica ted  grounding problems 
were unl ike ly  s ince  those  recordings were made of t h e  output of a  
s i n g l e  ampl i f i e r ,  c a r e f u l l y  grounded, which used a  s i n g l e  point  ground 
and a  very s h o r t ,  controlled-ground loop. 

Noise pickup ( a s  i n  an antenna) i n  t h e  chamber output cable was 
ru led  out  because t h e  v a r i a t i o n  cons i s t en t ly  appeared i n  a l l  s igna l s  
regardless  of loca t ion ,  type of chamber, o r  cable i n s t a l l a t i o n .  The 
r e s u l t s  of seve ra l  independent recordings were t h e  same--the output 
s igna l s  of t h e  ion  and f i s s i o n  chambers indica ted  r e a l  r e a c t o r  power 
v a r i a t i o n s ,  and a l l  o ther  sources associa ted  with t h e  instruments d id  
not cont r ibute .  



TABLE 3.1-1 

RECORDING CONDITIONS 

Record- S igna l  Measuring 
i~ Signa l  Instrument and Exte rna l  Recording 

Number Source Mullitoring Poin t  Connections Device -- AC Power 

1 C I C  and 
Level Nos. Input of Sigma Instrument Bus 
1, 2, & 3 Amplifier Normal Brush MG-3 
h e a m p .  .- 

2 Current 
Source a t  
Level No. 2 Input of  Sigma Instrument Wis 
Preamp. Amplifier Normal Brush MG-3 
Input  

3 C I C  Output of Level Output .Lu 
Level No. 2 No. 2 Preamp. Sigma Amp. Brush Instrument Bus 

4 Current Output of Level Output t o  
Source No. 2 Preamp. Sigma Amp. Brush Instrument Bus 

Disconne'cted MG-3 

5 No. 2 Level 
C I C  Ba t te ry  Output of Kei thley Instrument Bus 
powered Model 410 Brush MG-3 

6 Current Output of Kei thley Instrument Bus 
Source Model 410 Brush MB-3 

i' No. 2 Level h t p u t  of ac 
C I C  Bat tery Output of Kei thley Brush S t a b i l i z e r  on 
Powered Model 410 Corn. Power 

8 Current 
Source 

Output of Kei thley 
Model 410 

Output of ac 
Brush S t a b i l i z e r  on 

Corn. Power 

9 No. 2 Level Output t o  Output of  ac 
C I C  Ba t te ry  Output of Level Sigma Amp. Brush S t a b i l i z e r  on 
Powered Pretuup. D i s ~ o n n e c t ~ e d  Corn. Power 

1 0  Current Output of Level Output t o  Output of ac 
Source No. 2 Preamp. Sigma Amp. Brush S t a b i l i z e r  on 

Disconnected Corn. Power 

11 F i s s i o n  
Chamber Current S e n s i t i v e  Mag. Tape Corn. Power 
i n  B-1 Amplifier 

1 2  ' F i s s i o n  
Chamber Current S e n s i t i v e  Mag. Tape Corn. Power 
i n  B-5 Amplifier 

13 F i s s i o n  
Chamber Output of R e a c t i v i t y  
i n  B-5 Meter Brush Corn. Power 

F i s s i o n  
Chamber Output of R e a c t i v i t y  
i n  B-5 Meter 

Brush 
dc Power 
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Figure '3.1-1. Instrumentation used in testing for electrical noise. 
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Power Dis t r ibu t ion  Ef fec t s  

The amplitude of a  power v a r i a t i o n  caused by loca l i zed  mechanical 
movement, bo i l ing ,  o r  gas-induced voids wi th in  t h e  core i s  dependent 
upon t h e  core power d i s t r i b u t i o n ,  whether o r  not t h e  dr iv ing fo rce  i s  
within or  outs ide  t h e  experiment loops. The amplitude i s  a f fec ted  be- 
cause t h e  r e a c t i v i t y  s t a t i s t i c a l  weight i s  near ly  propor t ional  t o  t h e  
square of t h e  l o c a l  neutron f l u x .  The f l u  d i s t r i b u t i o n  can a l s o  - 
a f f e c t  a  bo i l ing  dr iv ing f o r c e  because t h e  l o c a l  power dens i ty  has a  
d i r e c t  e f f e c t  on t h e  steam void p roducLiv~~  r a t e .  Considering t h e  
foregoing, it i s  obvious t h a t  changes i n  t h e  power d i s t r i b u t i o n  could 
be used as  a  d iagnost ic  t o o l  f o r  iden t i fy ing  t h e  general  loca t ion  of 
t h e  dr iv ing force .  I n  order  t o  take  advantage of t h i s  phenomenon, 
t h e  ef'f'ect of d i f f e r e n t  con t ro l  rod pos i t ion  config1.1-ra.ti.ons on t h e  
power v a r i a t i o n  was studied.  

ETR con t ro l  rods a r e  composed of poison p ieces  and fueled  fol lowers 
( s e e  ~ i g u r e  3 .  -1) , arranged wi th in  t h e  core a s  shown i n  Figure 3.2-3. To 
a t t a i n  c r i t i c a l i t y ,  t o  compensate f o r  f i s s i o n  product poisoning, and 
t o  compensate f o r  f u e l  burnup, t h e  con t ro l  rods a r e  withdrawn i n  t h e  
following sequence: 

( a )  1, 2, 3, 4 individual ly  

( b )  8, 10 ,  1 3  individual ly '  

cc)  5,  11, 15 banked wi th in  one inch 

( d )  7 ,  9 ,  1 4  banked wi th in  one inch 

( e )  6 ,  12,  16 banked wi th in  one inch 

Throughout t h e  period of these  power v a r i a t i o n s  i n i t i a l  c r i t i c a l i t y  
was a t t a i n e d  high on t h e  5-11-15 bank, f o r  normal operat ion.  F i s s ion  

-product  poisoning caused t h e  rods t o  move on t o  t h e  7-9-14 bank usua l ly  
before f u l l  power was reached. The 6-12-16 bank i s  withdrawn only t o  
overr ide  xenon following scrams and t o  compensate f o r  burnup a f t e r  $5000 
MWd. 

Axial and r a d i a l  power d i s t r i b u t i o n  changes r e s u l t  from t h e  normal 
rod  hbvements described above'. Normal rod movement occurs slowly and 
hds small e f f e c t s  on hor izon ta l  power d i s t r i b u t i o n  because t h e  t h r e e  
rods tend t o  counteract  one another .  The normal power d i s t r i b u t i o n  can 
be s i g n i f i c a n t l y  skewed by moving rods out  of t h e  normal rod program. 
I n  an attempt t o  i d e n t i f y  t h e  loca t ion  of t h e  dr iv ing f o r c e  as  c lose ly  
as poss ib le ,  many d i f f e r e n t  rod pos i t ion  conf igura t ions  were poauced ,  

he rea f t e r  r e f e r r e d  t o  a s  rod e f f e c t s  t e s t s  (RET). These conf igura t ions  
were produced by moving (withdrawing and i n s e r t i n g )  rods out  of t h e i r  nor- 
mal conf igura t ion  i n  t h e  following genera l  ways : ( a )  a  s i n g l e  rod compen- 
sa ted  by t h e  con t ro l l ing  rod bank, and ( b )  a  s i n g l e  rod compensated by 
another s i n g l e ,  nearby rod (pai red  r o d s ) .  ( ~ h e s e  rods had t o  be se lec ted  

i n ' p a i r s  of one wi thdram arid one i n s e r t e d  r o d ) .  Method ( a )  caused gross  

f l u x  s h i f t s  across  t h e  core ,  the re fo re  could be expected t o  give only a  
gross  ind ica t ion  of t h e  loca t ion .  Method ( b )  caused more l o c a l i z e d  f l u x  
pe r tu rba t ions ;  the re fo re  was expected t o  g ive  a  more p rec i se  ind ica t ion  of 
t h e  loca t ion .  Because these  rod manipulations do cause s i g n i f i c a n t  power, 



and thus  heat  f l u x  d i s t r i b u t i o n  changes, t h e  RET could not be performed 
above 80 MW. This produced complications. When t h e  r e a c t o r  power was 
above 80 MW a  programmed power reduction had t o  be used t o  avoid los ing  
t h e  reac to r  t o  xenon. Also, Fecause o f .  tlie c a p r l ' c ~ i u s  nature of t h e  
power v a r i a t i o n ,  it was not always present  when 80 MW was. reached, e i t h e r  
during s t a r t u p  or a f t e r  power reductions.  These t e s t s  were, the re fo re ,  
not ;onducted a t  w i l l .  RETs were performed or  attempted on s i x  
d i f f e r e n t  occasions: ( a )  June 19-20 (cycle 1 1 2 ~ ) ~  ( b )  June 22 
(cycle  1 1 2 ~ ) ~  ( c )  Ju ly  7  (cycle  112C), (d l  July 11 (Cycle 1 1 2 ~ 1 ,  
( e )  Oct 10 (cycle  1 1 3 ~ ) ~  and ( f )  Nov. 26 and Dec 2  (cycle 1 1 4 ~ ) .  
These t e s t s  were in terspersed with o ther  diagnostic  t e s t s  described 
i n  o ther  p a r t s  of t h i ~  repor t .  

Moving rods during these  RETs a l s o  allowed a  d i r e c t . t e s t  f o r  t h e  
e f f e c t  of mechanical movement i n  t h e  con t ro l  rods.  The rod bearings 
a r e  located  i n  t h e  poison piece (Figure 3.2-1) and i n  t h e  shock section 
below t h e  f u e l  sec t ion.  Moving t h e  rod changes t h e  pos i t ions  of 
t h e  rod components r e l a t i v e  t o  t h e  core.  I f  a  f a u l t y  bearing,  f u e l  
p l a t e ,  e t c . ,  were allowing l a t e r a l  movement of a  rod,  changing i t s  
pos i t ion  would change t h e  rod displacement amplitude within t h e  core 
and thus change t h e  r e s u l t i n g  r e a c t i v i t y  amplitude. 

Power v a r i a t i o n  dependency on normal rod movements was s tudied 
throughout t h e  period of June through November. A t  no time could a  
c o r r e l a t i o n  be found which'gave a  strong '2ndicatPon of t h e  locatl.on 
of t h e  dr iv ing f o r c e ,  A c'omposite summary of a l l  t h e  data  co l l ec ted  
i s  shown i n  Figure 3.2-2. A s  shown, cor re la t ions  a r e  weak compared . to 
t h e  s i z e  of t h e  e r r o r  bars .  These cor re la t ions  a r e  judged espec ia l ly  
weak i n  view of t h e  f a c t  t h e  power v a r i a t i o n s  stopped f o r  varying 
periods of time when the re  was no known change i n  reac to r  condit ions.  

The RET performed during t h e  period of June through October (along 
with t h e  mechanical inspection of a l l  rods )  served t o  ab,solve t h e  
rod components of l a t e r a l  motion and gave indicat ions  t h a t  t h e  dr iv ing 
fo rce  was i n  t h e  northeast  region of t h e  core. A summary of t h e  power 
v a r i a t i o n  c h a r a c t e r i s t i c s  with d i f f e r e n t  rod configurat ions i s  presented 
i n  Table 3.2-1. 

A s  shown t h e  only movements t h a t  caused a  s i g n i f i c a n t  e f f e c t  on t h e  
amplitude and period were i n s e r t i n g  Rod 2  and withdrawing Rods 1 2  and 16. 
These t h r e e  rod movements have t h e  c m o n  e f f e c t  of causing t h e  neutron 
f l u x  t o  decrease i n  t h e  northeast  region of t h e  core .  No s igni f icance  
could be at tached t o  t h e  changes i n  period associated with Rods 4 ,  6 ,  
and 1 4 .  'It was these  da ta  p lus  t h e  f a c t  t h e  M7 t e s t  ( loca ted  i n  t h e  
NE region)  was t h e  on1 loop t e s t  not changed out s ince  June 71, which 
l e d  t o  removing t h e  ~ 7 f a 1  t e s t  during t h e  Cycle 1 1 4 ~  shutdown. 

The RETs performed during t h e  period of November 26 - December 2  
gave strong indicat ions  t h e  driving fo rce  was located i n  t h e  v i c i n i t y  
of Rod 1 4 .  The r e s u l t s  of two d i f f e r e n t  s e r i e s  of measurements a r e  
shown i n  Figure 3.,2-3. The f i r s t  s e r i e s  consisted of s ing le  rod movements 

[ a ]  The L12 t e s t  was removed a t  t h e  same time because t h e  two loops use 
common out-of-pile equipment which requires  t h a t  both loops be e i t h e r  
loaded o r  unloaded. 
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TABLE 3.2-1 

SUMMARY OF POWER VARIATION CHARACTERISTICS FOR THE MOVEMENT OF A SINGLE 
ROD COMPENSATED BY THE CONTROLLING ROD BANK 

Power Var ia t ion  ' 

Rod Rod Average Average 
No. - Movement Amplitude ( % )  Period ( s e c )  

UL t o  LL 

. UL t o  LL 

UL t o  LL 

UL to .  LL 

UL t o  LL 

UL t o  LL 

16" t o  LL 

compensated by a t h r e e  rod bank. The second s e r i e s ,  performed t o  
supplement and confirm t h e  f i r s t  s e r i e s ,  cons is ted  of s i n g l e  rod move- 
ments compensated by a two rod s e t .  Two rods r a t h e r  than t h r e e  were 
used because a t  t h e  time t h i s  s e r i e s  was performed, t h e r e  was no power 
v a r i a t r o n  un less  Rod 1 4  was withdrawn. A s  shown i n  Figure 3.2-3, rod 
movements which caused f l u x  depressions i n  t h e  v i c i n i t y  of Rod 1 4  , 

caused t h e  power v a r i a t i o n  t o  s top.  Moreover, dur ing-per iods  of no 
power v a r i a t i o n ,  rod movements which caused t h e  f l u x  t o  increase  i n  
t h e  SW quadrant ( thus ,  around Rod 1 4 )  caused t h e  power v a r i a t i o n  t o  
s t a r t .  It was these  d a t a  which l e d  t o  t h e  inspect ion  of t h e  removable 
core components i n  t h e  v i c i n i t y  of Rod 1 4  and t h e  removal ot' t h e  ACKH 
experiment i n  p o s i t i o n  ~ 1 0 1 ~ 1 .  

[a]Even $bough t h e  da ta  did not  i n d i c a t e  58 was a l i k e l y  loca t ion  of t h e  
dr iv ing f o r c e ,  t h e  ORNL capsules i n  pos i t ion  58 S W  and SE were a l s o  
removed because of t h e i r  unusual design and t h e i r  nearness t o  t h e  SW 
quadrant.  



The paired rod test 's  mentioned ea r l i e r  did not help identify the 
specific location of the  driving force. They did, however, support the 
indications of the  single rod t e s t s  i n  tha t  increases i n  f lux  around 
Rod 14 caused the power variation amplitude t o  increase and f lux de- 
pression around Rod 14 caused the amplitude t o  decrease. 
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Fuel  Element  a (position) 
Control Rod  

Expor imen+  

Figure 3.2-3. Resu l t s  of rod e f f e c t s  t e s t s  on ETR power v a r i a t i o n .  Data i n  t o p  
h a l f  .of each rod square a r e  r e s u l t s  of rod movement when rod bank 7-9-14 was 
balanced and used t o  compensate f o r  rod mqvement. Data i n  t h e  bottom h a l f  are 

. 
resu l t ' s  obtained when Rod 14 was held a t  UL and Rods. 7 and 9 were balanced and 
used t o  compensate. Exceptions t o  t h e  foregoing occurred when 7 ,  9,  o r  1 4  were 
being moved f o r  t h e  t e s t .  The legend i s  a s  fol lows:  

W - Rod withdrawn f o r  t e s t  a - Not Teste,d 
I - Rod i n s e r t e d  f o r  t e s t  b - Test  r e s u l t s '  anomalous 

S t  - Rod movement caused power v a r i a t i o n  t o  s ta r t  C - PV Stopped when rod reached 21" 
Sp - Rod movement ~ a u s e d ~ p o w e r  y a r i a t i o n  t o  s t o p  d .- PY stopped when rod reached 32" 
PI - Negligible  e f f e c t  c o m p ~ e d  t o  ran$omn,iss df e - PY stdpped when rdd reached 24'! 

d m , .  



3.3 Mechanical Movement 

3.3.1 Flow-Induced Movement. Flow induced movement of core  and 
experiment components t h a t  can in f luence  r e a c t o r  neut ronics  a r e  analyzed - - 
i n  t h e  fo l lowing  s e c t i o n s .  These components may be forced  t o  v i b r a t e  
by t h e  primary coolant  flow. It i s  f i r s t  necessary t o  examine t h e  
means of flow e x c i t a t i o n .  

I n v e s t i g a t i o n s  of t h e  r e a c t o r  AP and v e s s e l  movement wi th  primary 
coolant  flow i n d i c a t e  no predominant o s c i l l a t i o n  i n ' t h e  g ros s  flow a t  
t h e  f requencies  of t h e  observed r e a c t i v i t y  o s c i l l a t i o n .  Local f low 
o s c i l l a t i o n s  from phenomena such a s  vo r t ex  shedding r e q u i r e  a  vo r t ex  
shedder on t h e  o rde r  of s e v e r a l  f e e t  i n  diameter t o  o b t a i n  per iods  
c h a r a c t e r i s t i c  of t h e  observed PV. Since t h e r e  a r e  no such components 
i n  t h e  v e s s e l ,  t h i s  source i s  not poss ib l e .  Local flow o s c i l l a t i o n s  
from t h e  flow p a t t e r n  en t e r ing  t h e  r e a c t o r  a r e  p o s s i b l e .  Enter ing  flow 
i s  d i r e c t e d  upward i n  t h e  v e s s e l  from t h e  flow d i s t r i b u t o r ,  t u r n s ,  and 
t r a v e l s  downward i n t o  t h e  core .  Such an arrangement i s  l i k e l y  t o  
produce l a r g e  eddies  i n  t h e  shear  l a y e r  between t h e  upward flow and 
downward flow. Before reaching t h e  co re ,  however, t h e  flow passes  
through a  611 c o n t r a c t i o n  a r e a  which w i l l  e l imina te  a l l  l a r g e  eddies .  
It i s  t h e r e f o r e  u n l i k e l y  t h a t  g ros s  flow v a r i a t i o n s  a r e  s u f f i c i e n t  t o  
cause t h e  r e a c t i v i t y  o s c i l l a t i o n .  

Most core  components which a r e  exposed t o  primary flow a r e  f i x e d  
a t  t h e i r  downstream end and f r e e  at t h e i r  upstream end. With l i m i t e d  
movement and n a t u r a l  v a r i a t i o n s  i n  p re s su re  d i s t r i b u t i o n ,  such an 
arrangement i s  uns t ab le  and can o s c i l l a t e  over a wide range of 
f r equenc ie s .  A high degree of l i n e a r i t y  i n  t h e  "spr ing  cons tan t"  of 
t h e  support  i s  r equ i r ed  t o  cause t h e  type  of c o n s i s t e n t  waveform 
o f t e n  seen i n  t h e  r e a c t i v i t y  o s c i l l a t i o n .  This  tends  t o  make capsule  
and l e a d  experiments (which a r e  o f t e n  f r e e  s t and ing )  more l i k e l y  sources 
t han  f u e l  elements o r  o the r  core  components. 

To t e s t  t h e  hypothesis  t h a t  l o c a l  v i b r a t i o n  exc i t ed  by turbulence  
might be a cause of t h e  o s c i l l a t i o n  a  t e s t  was performed i n  which flow 
was reduced whi le  t h e  per iod  and amplitude of t h e  v a r i a t i o n s  were 
monitored. 

Tes t  cond i t i ons  were: Reactor Power, 70 MW; Reactor I n l e t  Temperature 
106 '~ .  

Time Flow ( %  of Var i a t ion  Amplitude Var i a t ion  
(  our s ) Normal ) (peak t o  peak) Per iod  ( s e e .  ) 

1800 l o o  1 7 3 - 5  

2320 100 1 .8  3  

2349 70 1 . 7  2 .5  - 3.5 



These da ta  show t h e  var iab i l i ty ' charac te r i s t ic  of t h e  power v a r i a t i o n  
and no flow dependence down t o  40% of f u l l  flow (15% of f u l l  pressure  
drop) .  This suggests s t rongly  t h a t  l o c a l  se l f -exci ted  o s c i l l a t i o n  of 
a mechanical p a r t  i s  not t h e  source of t h e  v a r i a t i o n .  There e x i s t s  
t h e  p o s s i b i l i t y  t h a t  a turbulence-excited mechanical o s c i l l a t o r  could 

, have a threshold below 40% of f u l l  flow. The v a r i a t i o n  i n  frequency 
exhibi ted  by t h e  o s c i l l a t i o n  would requ i re  a va r i ab ly  damped o s c i l l a t o r  
o r  a nonlinear  o s c i l l a t o r .  A nonlinear  o s c i l l a t o r  should show 
amplitude dependence and frequency dependence on t h e  energy of t h e  
e x c i t a t i o n  f o r c e ,  t h e  flow. The % 711 change i n  t h i s  fo rce  over t h e  
t e s t  range appears conclusively t o  r u l e  out t h i s  p o s s i b i l i t y .  The, 
only flow induced o s c i l l a t o r  which remains a s  a p o s s i b i l i t y  i s  one 
.with a n a t u r a l  frequency dependent upon a va r i ab le  damping whi ch , 
never theless ,  maintains i t s  dampea n a t u r a l  frequency from f u l l  flow t o  
.a flow below 40% of normal. 

3.3.2 Fuel Element Movement. To allow f u e l  element i n s e r t i o n  
and removal t h e  FTR core was designed with a nomi.na.1 0.006 .inch space 
between adjacent  f u e l  assemblies and f i l l e r  p ieces .  The assembly i s  
loca ted  a t  t h e  -bottom by a tapered  sec t ion  on t h e  lower end box 
which f i t s  i n t o  a tapered hole i n  t h e  g r i d  p l a t e  top .  Tolerances 
between the  g r i d  p l a t e  and t h e  lower end of t h e  lower end box permit 
0.01 inch.movement. This allows 0.040 inch movement a t  t h e  t o p  
of t h e  f u e l  when t h e  f u e l  assembly i s  not r e s t r a i n e d  by o ther  core 
.c-omponent s . 

About t e n  years  ago g r e a t  d i f f i c u l t y  was experienced i n  assembly 
.and disassembly of cores,  because of t igh tness  of f u e l  elements. This 
apparently was due t o  mislocat ion of in -p i l e  tubes ,  Thus, t h e  nominal 
dimensions of in -p i l e  tube f i l l e r s  were reduced by 0.034 i n .  t o  
permit e a s i e r  core assembly and disassembly. This provided about 
0.023 i n .  nominal space between in -p i l e  tubes and adjacent  f u e l .  The 
a c t u a l  space i s  a l s o  a f f e c t e d  by t h e  loca t ion  of t h e  in-pi le  tube 
on i n s t a l l a t i o n ,  so  t h a t  a r e l a t i v e l y  l a r g e  hor izonta l  movement may be 
permit ted near in -p i l e  tubes.  

During t h e  inves t iga t ion  of t h e  power v a r i a t i o n  an attempt was 
.maae t o  r e s t r i c t  core movement by f i t t i n g  oversize core f i l l e r  p ieces  
in ' r to~six core pos i t ions .  This t e s t  d id  not produce a,change i n  
r e a c t i v i t y  v a r i a t i o n  which was % a t t r i b u t a b l e  t o  t h e  core t igh ten ing .  
This t e s t  does n o t ,  however, r u l e  out  f u e l  element movement a s  t h e  
source of t h e  r e a c t i v i t y  v a r i a t i o n .  The l a r g e s t  gap f i l l e d  by an 
oversized f i l l e r  p iece  was i n  pos i t ion  L8 (0.100 i n .  oversize i n  t h e  
north-south d i r e c t i o n ) .  This f i l l e r  piece inse r t ed  f r e e l y ,  ind ica t ing  
a loose  f i t .  The rod manipulation t e s t s  i n d i c a t e  t h i s  a r e a  i s  t h e  
l i k e l y  r e a c t i v i t y  source loca t ion .  Therefore, f u e l  element movement 
t h e r e  i s  a poss ib le  source. 

However, two f a c t s  conclusiv.ely r u l e  out  f u e l  element v i b r a t i o n  a s  .a 
source: ( a )  t h e  flow t e s t  described i n  Section 3.3.1 and t h e  reasoning 
therefrom leave  only one poss ib i l i ty- -an  o s c i l l a t o r  with a d i s t i n c t  
n a t u r a l  frequency which may be va r i ed  by changes i n  damping. Fuel 



elements have mass bu t  no sp r ing ,  and cannot have a d i s t i n c t  frequency 
c h a r a c t e r i s t i c  of a damped spring-mass system, and ( b )  a s  a very  non- 
l i n e a r  system f u e l  elements should e x h i b i t  flow dependence which w a s  
absent  i n  t h e  flow t e s t .  

3.3.3 Capsule and Lead Experiment Movement, Typical  ETR capsules  
a r e  i n s e r t e d  i n  X baske ts  i n  core  f i l l e r  p ieces .  The nominal c learances  
a r e  0.024 i n .  d i ame t ra l  between capsules  and X baske t s  and 0.022 i n .  
d i ame t ra l  between X baske t s  and core  f i l l e r  p i eces .  The X basket  
i s  f i t t e d  i n t o  t h e  f i l l e r  p i ece  such t h a t  i t s  movement i s  e s s e n t i a l l y  
prevented a t  t h e  bottom end. The p o s s i b l e  movement of a capsule  t r a i n  i s , ,  
t h e r e f o r e ,  a . b m ~ t  0.046 i.n. a t  t h e  t o p  p lus  f i l l e r  p i ece  movement and 
0.024 i n .  a t  t h e  bottom. The amount of f i l l e r  p i ece  movement i s  t h e  
same as f o r  f u e l  elements (d iscussed  i n  Sec t ion  3.3.2).  Since t h e  
movement of t h e  f i l l e r  p i ece  v a r i e s  wi th  p o s i t i o n  t h e  t o t a l  p o t e n t i a l  
movement of a capsule  t r a i n  i s  approximately 0.058 i n .  t o  approximately 
0.150 i n .  i n  l oose r  p o r t i o n s  of t h e  core.  These t o l e r a n c e s  a r e  
t y p i c a l  of l e a d  experiment and capsule  movement throughout t h e  core .  

Yert icalmovement  of l e a d  experiments i s  p o s s i b l e  i f  t h e  l e a d  
tube  prevents  t h e  experiment from s e a t i n g  f u l l y  i n  i t s  p o s i t i o n .  No 
evidence of poor s e a t i n g  was found from l e a d  experiment measurements i n  
t h e  course of core  i nven to r i e s .  

F igure  3.3-1 shows r e a c t i v i t y  changes obta ined  i n  ETRC from - 
experiment movement. These va lues  i n d i c a t e  t h a t  a l though experiment 
movement may c o n t r i b u t e  t o  t h e  observed r e a c t i v i t y  v a r i a t i o n ,  t h e  
movement of a t y p i c a l  capsule  o r  l e a d  experiment i s  u n l i k e l y  t o  be  t h e  
s o l e  source o f  . the  observed v a r i a t i o n .  

Af t e r  i n spec t ions  during t h e  Cycle 1 1 4  shutdown two experiments 
were removed, a long wi th  core  c leaning .  The o s c i l l a t i o n  was not  p re sen t  
dur ing  t h e  next  s t a r t u p .  One of t h e s e  experiments., ACRH, cons i s t ed  of a 
s h o r t  s t a i n l e s s  s t e e l  s l u g  a t  t h e  bottom of an X baske t ,  t h e  capsule ,  and 
two s t a i n l e s s  s t e e l  s l u g s  above t h e  capsule .  The second p a i r  of 
experiments,  ORNL 43-400 and 401, cons i s t ed  of two 36-in.-long p i eces  
supported only a t  t o p  and bottom by spacer  pads which maintained 
each end near  t h e  c e n t e r  of t h e  X baske t .  The c e s s a t i o n  of o s c i l l a t i o n  
sugges ts  t h a t  one of t h e s e  two capsules  might be t h e  source of t h e  
o s c i l l a t i o n ,  w i th  t h e  a t y p i c a l  ORNL being t h e  more l i k e l y  because of i t s  
mass and long ,  unsupported l e n g t h .  The n a t u r a l  frequency f o r  mechanical 
o s c i l l a t i o n  of t h e  ORNL capsule  i s  i n  t h e  > 1 Hz range and dependent 
upon t h e  medium i n  which it i s  immersed. As a r e p r e s e n t a t i v e  of t h e  
lowest  frequency type  of capsule  i n  t h e , r e a c t o r ,  t h i s  high n a t u r a l  
f requency,  r e l a t i v e  t o  t h e  observed PV pe r iod ,  r u l e s  out  t h i s  capsule  
o r  any s i m i l a r  capsule  as t h e  o s c i l l a t o r ,  based on flow-induced move- 
ment. Fu r the r  examination of o t h e r  o s c i l l a t i o n  mechanisms f o r  t h i s  
capsule  i s  included i n  t h e  cause a n a l y s i s  s e c t i o n .  



Figure 3.3-1. Maximum r eac t iv i ty  change (g?) observed when the indicated rod o r  experiment 
was moved l a t e r a l l y  and/or ro ta ted .  



3.4 Gas Induced Voids 

Because voids i n  t h e  water within t h e  core region can cause 
r e a c t i v i t y  e f f e c t s ,  voids a r e  a poss ib le  source of power v a r i a t i o n s .  
Poss ib le  sources of voids besides bo i l ing  ( see  Sect .  3.6)  a r e  experiments 
containing pressurized gas. Three types of experiments i n  t h e  ECR a t  
t h e  time of t h e  power v a r i a t i o n s  could cause varying r e a c t i v i t y  e f f e c t s :  
( a )  gas f i l l e d  l ead  experiments, ( b )  gas f i l l e d  loop insu la t ing  annul i ,  
and ( c )  gas f i l l e d  leads  with insu la t ing  annul i .  Types ( a )  and ( b )  a r e  
'pressurized t o  nominally 220 p s i  (PCS pressure i s  200 p s i )  t o  preclude 
t h e  admission of water should a l eak  develop. Types, ( a )  and ( b )  contain 

. helium. Type ( c )  normally contains a con t ro l l ab le  mixture of helium 
and argon f o r  t h e  purpose of providing temperature con t ro l  within t h e  
l ead  specimen. One of t h e  loops was known t o  have a gas l e a k ,  e i t h e r  
within or  below t h e  core region.  This l eak  developed i n  t h e  f a l l  of 
1970, severa l  months before these  power va r ia t ions  began. Evaluation 
of t h e  gas makeup r a t e  confirmed t h a t  t h e  l eak  r a t e  had not changed 
s ince  t h e  l eak  developed. 

Several t e s t s  were conducted t o  determine i f  leaks  from these  
experiments were causing t h e  power va r ia t ions .  These t e s t s  were 
performed two and th ree  times. They were performed twice t o  assure  
t h a t  t h e  t e s t  was v a l i d  i f  t h e  f i r s t  t e s t  produced no e f f e c t .  They 
were performed t h r e e  times. i f  t h e r e  was an apparent e f f e c t  from t h e  
f i r s t  t e s t .  Completion of t h e  composite t e s t  program confirmed t h a t  
a gas l eak  was not t h e  cause of t h e  power va r ia t ion .  

The t e s t  program consis ted  of gas ana lys i s  of t h e  primary system 
coolant ,  increasing t h e  gas pressure ,  purging t h e  system, and changing 
t o  a heavier gas i n  t h e  M7 loop annuli .  A gas analys is  of the  primary 
system coolant showed t h e  gases t o  be within normal ' l imi ts .  The gas 
pressure  i n  t h e  loop annuli was ~ a r i e d  between 205 and 230 s i .  I n  E order t o  confirm t h a t  a leak'was not admitting water i n t o  t e loop 
annul i ,  these  systems were a l s o  purged. The absence of water was 
confirmed by t h e  absence of water i n  t h e  discharge. A l l  l ead  
pressures were increased from 220..to 250 p s i ,  e i t h e r  with t h e  common 
Experiment Lead Pressurizing System o r  t h e  binary gas system. I n  
order t o  more pos i t ive ly  assure  t h a t  t h e  M7 annuli  l eak  was not 
causing t h e  power v a r i a t i o n ,  heliwn was replaced with ni trogen.  
Nitrogen having a molecular~weight  seven tlmes a s  heavy a s  helium 
should have reduced t h e  .leak r a t e  t o  40% of t h e  helium r a t e ,  



3.5 Loops 

It was pos tu la ted  e a r l y  i n  t h e  d iagnost ic  program t h a t  occurrences 
i n  t h e  in-core sec t ions  of loops wi th in  t h e  beryl l ium r e f l e c t o r  were a  
poss ib le  source of t h e  power v a r i a t i o n .  The r e a c t i v i t y  coupling between 
loops outs ide  t h e  r e f l e c t o r  and t h e  core i s  t o o  small  f o r  those loops 
t o  be t h e  cause of t h e  power v a r i a t i o n .  Mechanisms f o r  causing 
power v a r i a t i o n s  a r e  a s  fol lows:  ( a )  out-of-pile temperature v a r i a t i o n s ,  
( b )  out-of-pile induced flow v a r i a t i o n s ,  and ( c )  movement of loop 
in-core components through a  f l u x  gradient .  Items ( a )  and (b)  can 
cause power v a r i a t i o n s  by coupling through t h e  in-core temperature 
coe f f i c i en t  of r e a c t i v i t y .  Out-of-pile temperature v a r i a t i o n  could 
r e s u l t  from heater  and temperature con t ro l  subsystem malfunctions. 
Flow v a r i a t i o n s  could be caused by malfunctioning valves o r  i n t e r -  
m i t t e n t  and p a r t i a l  flow blockage anywhere i n  t h e  loop.  Flow v a r i a t i o n s  
would cause v a r i a t i o n s  i n  t e s t  cooling r a t e s ,  r e s u l t i n g  i n  in-core and 
o u t l e t  temperature v a r i a t i o n s .  Flow v a r i a t i o n s  a l s o  could conceivably 
cause in-core component movement which would cause o u t l e t  temperature 
v a r i a t i o n s  i f  t h e  movement a f fec ted  t e s t  cooling.  Loop core i n l e t  
and o u t l e t  temperatures were simultaneously recorded with power l e v e l  
(neut ron)  s igna l s .  Where poss ib le  these  s i g n a l s  were conditioned 
and recorded with s p e c i a l  instrumentat ion t h a t  allowed any des i red  
ampl i f ica t ion .  Using experimental d a t a ,  an ana lys i s  was then made t o  
determine t h e  magnitude of t h e  parameter v a r i a t i o n s  t h a t  would be 
requi red  t o  cause t h e  observed power v a r i a t i o n .  The r e s u l t s  of t h i s  
ana lys i s  a r e  shown i n  Table 3.5-1. Temperature and flow da ta  a r e  l i s t e d  
i n  u n i t s  of percent because absolute  values a r e  c l a s s i f i e d .  As shown 
i n  t h e  Table, t h e  observed (measured) temperature v a r i a t i o n s  a r e  a t  
l e a s t  a  f a c t o r  of t e n  t o o  small t o  be t h e  cause of t h e  power v a r i a t i o n s .  

TABLE 3.5-1 

LOOP CORE-INLET AND OUTLET TEMPERATURE VARIATIONS RE UIRED TO CAUSE 
CORRESPONDING POWER VARIATION L a  ? 

( ~ l l  values a r e  i n  u n i t s  of pe rcen t )  

I n l e t  Temperature Var ia t ions  Out le t  Temperature Var ia t ions  
Loop Measured Required Rat io  Measured Required Ratio 

[ a l ~ o w e r  v a r i a t i o n s  a t  t h e  time of these  measurements ranged between 
0.5 and 1.1%. 

[b]spec ia l  instrumentat ion not used - values a r e  es t imates  obtained 
from standard loop instrumentat ion.  
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I n  order  t o  g ive  a s  much assurance a s  t h a t  t h e  loops were 
not t h e  source of t h e  power v a r i a t i o n  severa l  other  evaluat ions and t e s t s  
were made. Examination of power l e v e l  recordings shows changes i n  power 
which a r e  considered t o  be too  f a s t  t o  be caused by loop out-of-pile 
equipment (eg ,  recordings f o r  11/23/71, Fig. 2 ~ 7  The h i s t o r y  of t e s t  
specimen changes and loop modificat ions was reviewed. With one 
exception a l l  t e s t  specimens i n s t a l l e d  o r  dlready i n  a t  t h e  time of 
t h e  power v a r i a t i o n  appearance ( ~ u n e  1, 1971) were subsequently ex- 
changed with o ther  specimens through a normal course of events .  None 
of these  had a c o r r e l a t a b l e  e f f e c t  on t h e  power va r i a t ion .  The one 
exception was M-7'. The M-7 t e s t  was i n s t a l l e d  during t h e  112A shut- 
down, May 1971, and had remained i n  p lace  through cycle 1 1 4 ~ ~  Nov. 23, 
1971. To assure  t h e  t e s t  was not experiencing movement o r  causing 
voiding it was removed during t h e  1 1 4 ~  shutdown, Power v a r i a t i o n s  s t i l l  
ex i s t ed  during 1 1 4 ~ .  

The s p e c i a l  t e s t s  and measurements performed a r e  a s  fol lows.  Each 
loop temperature con t ro l  subsystem was placed i n  manual operat ion with 
no c o r r e l a t i v e  e f f e c t  on power v a r i a t i o n s  with periods l e s s  than 1 5  
seconds. As mentioned before ,  on a few occasions temperature con t ro l  
problems caused small  power v a r i a t i o n s  with periods g r e a t e r  than 1 5  s e c ,  
Test specimen thermocouples and power monitors (thermocouples embedded 
i n  2 3 5 ~ )  along with r eac to r  neutron s igna l s  were 'monitored f o r  ind ica t ions  
of bo i l ing  and specimen movement (movement could cause v a r i a t i o n s  i n  
cooling c a p a b i l i t i e s ) .  Cross c o r r e l a t i o n  ana lys i s  and magnitude 
evaluat ion of t h e s e  s igna l s  indica ted  t h e  observed v a r i a t i o n s  were 
driven by t h e  r e a c t o r .  One s i g n i f i c a n t  aspect  was t h a t  t h e  specimen 
s i g n a l s  lagged t h e  neutron s i g n a l  by g rea te r  than one second, Although 
p a r t  of t h i s  l a g  i s ,  no doubt, due t o  thermocouple response, it i s  
g r e a t  enough t o  i n d i c a t e  t h e  t e s t  was not dr iv ing t h e  r e a c t o r .  The 
only remaining loop-associated e f f e c t  which i s  a poss ib le  source of 
a power v a r i a t i o n  i s  movement of t h e  loop in-core sec t ion  of t h e  
pressure  tube.  It i s  bel ieved t h a t  i f  t h e  pressure  tube were moving 
it would be a f fec ted  by t h e  primary system coolant flow, but changes 
i n  flow d id  not a f f e c t  t h e  power v a r i a t i o n ,  see  Section 3.3.  



3.6 Boi l ing  and Thermal E f f e c t s  

Power v a r i a t i o n  (PV) d a t a  from Cycles 112 through 1 1 4 ~  and d a t a  
from t h e  b o i l i n g  source t e s t s ,  f low reduc t ion  t e s t ,  and t h e  secondary 
coolant  system upse t  were analyzed t o  determine t h e  p r o b a b i l i t y  of 
and t h e  c h a r a c t e r  of a thermal-induced source of t h e  PV i n  t h e  ETR. 

The d a t a  were analyzed t o  f i n d  any d i s t i n g u i s h a b l e  dependence 
of t h e  cha rac t e r  of t h e  power v a r i a t i o n s  on r e a c t o r  power l e v e l .  Any 
dependence on r e a c t o r  power l e v e l  was examined f o r  i n d i c a t i o n s  of 
b o i l i n g  a s  a p o s s i b l e  source.  The d a t a  a r e  shown i n  F igures  3.6-1 and 
3.6-2. 

Some v a r i a t i o n  wi th  power could be  seen i n  t h e  amplitude and pe r iod ,  
b u t  t h e  observed Variakions d i f f e r e d  cons iderably  a t  d i f f e r e n t  t imes .  
The power dependence d a t a  had a l a r g e  s c a t t e r ,  which increased  wi th  t h e  
number of p o i n t s  ob ta ined  a t , o n e  power l e v e l .  Therefore ,  no c o n s i s t e n t  
dependence on r e a c t o r  power l e v e l  appeared t o  e x i s t .  However, t h e  
PV d a t a  d i d  appear t o  i n c r e a s e  between 0 and 80 MW and remain r e l a t i v e l y  
cons t an t  above 80 MW, which i s  apparent  from t h e  d a t a  f o r  t h e  per iods  
of t h e  PV ( ~ i ~ u r e  3.6-2). I n  gene ra l  t h e  per iods  were smal le r  below 
80 MW than  above 80 MW. 

A change i n  amplitude w a s  d e t e c t e d  toward t h e  end of Cycle 113B 
when t h e  average amplitude inc reased  s i g n i f i c a n t l y  from a 0 .5  t o  0.75% 
range t o  a 0.75 t o  1 .0% range.  This  end-of-cycle change and t h e  
observed s i g n i f i c a n t  d i f f e r e n c e s  between cyc le s  and between p a r t s  of 

, cyc le s  i n d i c a t e  a rod  p o s i t i o n  o r  l o c a l  power e f f e c t ,  which sugges ts  
a p o s s i b l e  thermally-induced power v a r i a t i o n .  

An examination of t h e  v a r i a t i o n s  and r e a c t o r  p l a n t  d a t a  f o r  t h e  
secondary system upse t  on J u l y  27, 1971, determined t h a t  t h e  secondary 
flow v a r i a t i o n s  of about 6.4% caused a v a r i a t i o n  i n  r e a c t o r  i n l e t  

0 
temperature of 0.5 F, wi th  a pe r iod  of 1 . 3  minutes.  Between t h e  t ime 
of 1036 and 1046 hours ,  t h e  i n l e t  temperature v a r i a t i o n  caused a 
v a r i a t i o n  i n  r e a c t o r  d i f f e r e n t i a l  temperature and r e a c t o r  power wi th  
t h e  fo l lowing  c h a r a c t e r i s t i c s :  

Reactor Power 
Reactor AT from PV Trace 

Average amplitude 0 . 6 ' ~  o r  3.3% 3.27% 

. Averagepe r iod  1.1 Minute 1 Minute 

The normally observed PV .with a11 mpl i tuc ie  crf 1-2% and a per iod  
of 3-5 seconds a l s o  e x i s t e d  dur ing  t h e  secondary system upse t .  This  
PV was not in f luenced  o r  changed s i g n i f i c a n t l y  during t h e  secondary 
system upse t .  Therefore ,  it i s  concluded t h a t  secondary system f low 
o r  temperature v a r i a t i o n s  o r  primary coolant  system (PCS) temperature 
v a r i a t i o n s  a r e  not  a source of t h e  observed power v a r i a t i o n s .  



Because t h e  PV c h a r a c t e r i s t i c  i nd ica t ed  a p o s s i b l e  thermal  mechanism, 
a s e r i e s  of b o i l i n g  source t e s t s  and a flow reduc t ion  t e s t  were performed. 
During t h e  b o i l i n g  source t e s t s  r e a c t o r  i n l e t  p re s su re  was r a i s e d  from 
200 t o  225 p s i g ,  and r e a c t o r  i n l e t  coolan t  temperature was lowered 
from 110 t o  85 a t  80 MW r e a c t o r  power. These p re s su re  and temperature 
changes had no d i sce rnab le  e f f e c t  on t h e  PV: Another t e s t  was run  on 
a pe r iod  of 30-40 seconds. The PV amplitude d isp layed  no s i g n i f i c a n t  
change during s i x  cyc l e s  run  wi th  balanced r o d s ,  bu t  t h e  PV per iod  
w a s  an average of 35% g r e a t e r  a t  220 p s i g  than  t h e  pe r iod  a t  195 ps ig .  
The ex i s t ence  of a longer  per iod  a t  higher  p re s su re  sugges ts  a 
mechanism of void bui ldup ,  i n  a confined space,  wi th  t h e  void  swept 
out  when t h e  void reaches  some maximum volume. Increas ing  t h e  
p re s su re  would inc rease  t h e  t ime f o r  formation of t h e  maximum vo id  
volume and, t h e r e f o r e ,  i nc rease  t h e  PV period.  

A power dependence p o r t i o n  of t h e  b o i l i n g  source t e s t s  and t h e  
rod  e f f e c t s  t e s t  dur ing  Cycle 1 1 4 ~  c l e a r l y  demonstrated t h e  ex i s t ence  
of l o c a l  power th re sho lds  f o r  t h e  PV. The th re sho ld  was found t o  
have a h y s t e r e s i s  cha rac t e r i zed  by an  i n i t i a t i n g  power which was 
h igher  t han  t h e  quenching power. The PV would quench at 58 MW and 
r e t u r n  a t  68 MW, t hus  demonstrating a t h re sho ld  between 60 and 70 MW. 
This  h y s t e r e s i s  behavior  i s  a c h a r a c t e r i s t i c  of b o i l i n g  and b the r  thermal  
e f f e c t s .  

The thermal  e f f e c t s  t e s t s ,  t h e r e f o r e ,  demonstrated t h e  fol lowing 
f a c t s :  

(1) Open channel b o i l i n g  i s  not  a p o t e n t i a l  PV source because of t h e  
r e l a t i v e  i n s e n s i t i v i t y  of t h e  PV t o  power l e v e l ,  f low,  p re s su re ,  
and temperature.  . 

( 2 )  The d a t a  suggest t h a t  b o i l i n g  wi th in  a confined space,  o r  some 
equiva len t  thermal  mechanism which i s  r e l a t i v e l y  i n s e n s i t i v e  t o  
t h e  PCS environment, may be t h e  source of t h e  power v a r i a t i o n .  
This  p o s s i b i l i t y  i s  d i scussed  i n  t h e  Cause Analysis  Sec t ion  ( 5 . 0 )  
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4.  CORE COMPONENT INSPECTION 

4 . 1  Beryllium and Lower Grid Inspec t ion  

An extens ive  v i s u a l  i n spec t ion  of t h e  ETR g r i d  p l a t e  and bery l l ium 
r e f l e c t o r  wa l l s  was conducted dur ing  t h e  112F shutdown t o  determine i f  
any f a i l u r e s  o r  anomalies i n  t h e s e  s t r u c t u r e s  might be c o n t r i b u t i n g  t o  
t h e  PV. 

Areas on t h e  g r i d  p l a t e  inspec ted  wi th  b inocu la r s  a r e  shown i n  
F igure  4.1-1. A l l  marks viewed on t h e  g r i d  p l a t e  a r e  sketched on a 
co re  arrangement drawing shown i n  ~ i g u r e  4.1-2. Anomalies viewed 
were a  gouge and s c r a t c h  on the  upper su r f ace  of t h e  web between 
p o s i t i o n s  1-5 and 1-6, and a  n ick  on t h e  south  s i d e  of t h e  1-6 ho le  
upper su r f ace .  A deep gouge was noted on t h e  upper su r f ace  of t h e  
web between t h e  M - 1 1  and N - 1 1  p o s i t i o n s ,  and a shallow gouge on t h e  web 
between M - 1 3  and N-13 p o s i t i o n s .  Cross l i g h t i n g  t h i s  a r e a  by d i f f e r e n t  
lamp p o s i t i o n s  i n d i c a t e d  no web crack  could be  viewed b y  v i s u a l  
observa t ion  from t h e  r e a c t o r  t op .  A l l  marks viewed appeared t o  be 
s u p e r f i c i a l  and were considered inconsequent ia l .  

The bery l l ium r e f l e c t o r  was a l s o  v i s u a l l y  inspec ted  by u t i l i z i n g  
a  mi r ro r  t o o l  and b inocu la r s .  The bery l l ium core  f a c e s  appeared t o  
be  i n  v i r t u a l l y  new cond i t i on ,  very  s t r a i g h t ,  and uniform a t  t h e  
s l a b  i n t e r f a c e s .  One small  s p a l l  a r e a  was noted a t  t h e  E-5 l o c a t i o n ,  
on t h e  f i f t h  s l a b  where it i n t e r f a c e s  w i th  t h e  f o u r t h  s la-b (count ing  
down from t h e  t o p ) .  The s p a l l  a r e a  was judged t o  be approximately 0.75 
t o  1 i n .  iong ,  perhaps 1.25 i n .  h igh ,  and shallow i n  depth--a very  
minor su r f ace  cond i t i on  t h a t  may have occurred dur ing  i n s t a l l a t i o n  of 
t h e  new bery l l ium i n  1970. 

Removal of t h e  p r o t e c t i v e  cover p l a t e s  on t h e  bery l l ium r e f l e c t o r  
r evea l ed  p a r t i c u l a t e  ma t t e r  covering and probably blocking approximately 
84% of t h e  bery l l ium coolant  ho les .  This  p a r t i c u l a t e  ma t t e r  was vacuumed 
from t h e  be ry l l i um and t h e  0.150 i n .  i n  diameter o r i f i c e  ho le s  rodded 
t o  v e r i f y  a l l  coolant  channels were open. 

A second v i s u a l  i n spec t ion  of t h e  ETR bery l l ium r e f l e c t o r  coolan t  
ho le s  was' conducted dur ing  Cycle 114  shutdown. The i n i t i a l  cursory  
v i s u a l  examination wi th  b inocu la r s  p r i o r  t o  removal of t h e  p r o t e c t i v e  

I 

cover p l a t e s  i n d i c a t e d  t h a t  p a r t i c u l a t e  mat te r  was covering approximately 
25% of t h e  v i s i b l e  coolan t  h o l e s ,  causing p o s s i b l e  blockage of coolan t  
f low through t h e  o r i f i c e s .  Rcmoval of a l l  cover p l a t e s  i nd ica t ed  
approximately 35% of t h e  coolant  ho le s  had p a r t i c u l a t e  ma t t e r  covering 
t h e  coolant  ho le  i n l e t  a r e a .  Af te r  photographs of t h e  r e f l e c t o r  t o p  
were taken  t h e  bery l l ium was vacuumed and then  a l l  coolan t  o r i f i c e s  were 
rodded wi th  a 0.125 i n .  rod .  

A s  a g e n e r a l  observa t ion  t h e  p a r t i c u l a t e  ma t t e r  was considerably l e s s  
voluminous than  seen p rev ious ly  i n  Cycle 112. I n  a d d i t i o n  t h e  f a l l o u t  
p a t t e r n  on t h e  bery l l ium occurred i n  t h r e e  l o c a l i z e d  a r e a s :  ( a )  t h e  
no r theas t  co rne r ,  ( b )  c e n t r a l  r eg ion  of t h e  west w a l l ,  and ( c )  e a s t  
c e n t r a l  r eg ion  of ' t he  south  w a l l .  
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Figure 4.1~1, E*IIR grid plate area inspectea during the 112F shutaown, 7-31-71. 
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LI-12 ,I-13, J-12 AND J-13 GRID PLATE 
ADAPTER ROTATED 90° 

Figure 4 .I-2, Damaged areas and discrepancies observed during the grid 
plate inspection. Shutdown 112F, 7-31-71. 



4.2 Control  Rods 

Subsequent, t o  t h e  comprehensive core  i r lspect ion during t h e  
Cycle 112D shutdown ( J u l y  7 ,  1971) t h e  c o n t r o l  rod  components were 
ex t ens ive ly  inspec ted  on t h r e e  occasions:  ( a )  Cycle 112F shutdown 
( J u l y  27, 1971) ,  ( b )  Cycle 1 1 3 A  shutdown ( ~ u ~ u s t  31, 1971) ,  and 
( c )  Cycle 1 1 4 ~  shutdown ( ~ c t o b e r  29, 1971).  General c l e a n l i n e s s  of t h e  
rods  appeared good al though d i s c o l o r a t i o n ,  rub  marks, and minor 
s c ra t ches  were observed on some of t h e  nonfuel  components. During 
t h e  i n i t i a l  i n spec t ions  some recessed  o r  missing r o l l e r s  on t h e  poison 
and shock s e c t i o n s  were found which generated a  s epa ra t e  c o n t r o l  rod 
a n a l y s i s  program. During t h e  above in spec t ions  discoil .orations,  
minimal s c ra t ches  and den t s ,  and a  few small  p i eces  of d e b r i s  were 
a l s o  found on t h e  c o n t r o l  rod  f u e l  s ec t ions .  Marginal components 
and those  wi th  recessed  and missing r o l l e r s  were rep laced  dur ing  t h e  
in spec t ion  per iod:  These r e p a i r s  produced no apparent  e f f e c t  on t h e  
power v a r i a t i o n s  dur ing  subsequent r e a c t o r  ope ra t ion .  

A nominal 0.57 i n .  gap between t h e  poison s e c t i o n  and guide tube  
i s  o r d i n a r i l y  maintained by t h e  sp r ing  proper ty  of t h e  r o l l e r s .  
Clearances between t h e  c o n t r o l  rod  and guide tube  a l low f o r  a  maximum 
t r a n s v e r s e  movement of 0.149 i n . ,  wi th  minimum t r a n s v e r s e  movement of 
0 .101 i n .  This  assumes t h e  r o l l e r  sp r ings  a r e  i n e f f e c t i v e  and t h e  rod 
moves r e l a t i v e  t o  t h e  guide tube  without  t i l t i n g .  I f  t h e  rod moves along 
t h e  d iagonal  from corner  t o  oppos i te  corner  r a t h e r  t han  s i d e  t o  s i d e ,  t h e  
maximum movement permi t ted  by t o l e r a n c e s  i_s 0.211 i n .  and t h e  minimum 
i s  0.151 i n .  

. S p e c i a l r e a c t i v i t y t e s t s  i n v o l v i n g c o n t r o l r o d m a n i p u l a t i o n s p r i o r  
t o  t h e  Cycle 1 1 4 ~  shutdown (~ecember  2 ,  1971) d i sc losed  t h a t  c e r t a i n  rod  
p o s i t i o n s  of Rods No. 2,  4 ,  13 ,  1 4 ,  and 16  d e f i n i t e l y  a f f e c t e d  t h e  
power v a r i a t i o n s ;  During t h e  1 1 4 ~  shutdown t h e  above f i v e  rods  were 
aga in  disassembled and inspec ted .  The cor rec t ior i  of t h e  abnormal i t ies  
d i d  not  c o r r e c t  t h e  PV and t h e r e f o r e  c o n t r o l  rod anomalies d i d  not  
cause t h e  v a r i a t i o n .  



4.3 4~ F i l l e r  P iece  Components and ACRH Inspec t ions  

Discovery of d e b r i s  i n  t h e  channels of t h e  C ~ X  p i eces  inspec ted  
dur ing  t h e  e a r l y  ETR Cycle 1 1 4 ~  shutdown prompted a d d i t i o n a l  i n spec t ion ,  
d e b r i s  sampling of removable p i e c e s ,  and a n a l y s i s  of nonremovable core  
p i e c e s .  The o b j e c t i v e s  of t h e  f u r t h e r  i n v e s t i g a t i o n s  were a s  fo l lows:  

( 1 )  Determination of p o ~ s i b l e  power v a r i a t i o n s  from b o i l i n g  source t e s t s  
and es t imat ion  of PV pe r iods  from sample ope ra t ing  temperatures  
determined by r e fe rence  t o  t h e  type  and na tu re  of t h e  m a t e r i a l  o r  
from temperatures  which had become evident  i n  t h e  v i c i n i t y  of t h e  
p i ece .  

( 2 )  Determination of: t h e  o r i g i n  of t h e  d e b r i s  ( l eng th  of t ime i n  .the 
system and means of e n t r y  i n t o  t h e  system).  

Evaluat ions cons i s t ed  of ana.l.ysis of samples of' t h e  observed 
loose  m a t e r i a l  f o r  composition and s t r u c t u r e  a s  w e l l  a s  a n a l y s i s  of a  
sample of t h e  lower s l u g  i n  t h e  ACKH experimenl; f o r  meta l lographic  
c h a r a c t e r i s t i c s ,  composition, and s t r u c t u r e .  

The samples of l oose  m a t e r i a l  were obta ined  from t h e  su r f ace  of 
s e l e c t e d  core  and r e f l e c t o r  p i eces  by scrap ing  t h e  su r f ace  and 
c o l l e c t i n g  t h e  water and p a r t i c u l a t e  ma t t e r  w i th  a  s p e c i a l  t o o l .  Core 
samples were obta ined  dur ing  and fol lowing t h e  Cycle 1 1 4 D  shutdown 
and r e f l e c t o r  samples were obta ined  dur ing  t h e  Cycle 1 1 4 ~  shutdown. A 
summary of a l l  t h e  samples (wi th  t h e  except ion of r o u t i n e  f u e l  element 
samples)  c o l l e c t e d  from t h e  core  and r e f l e c t o r  during Cycles 1 1 4 ~  and 
1 1 4 ~  i s  shown i n  Table 4.3-1. 

In spec t ion  of t h e  c.omponent su r f aces  dur ing  t h e  sampling process  
r e s u l t e d  i n  t h e s e  observa t ions :  

(1) With t h e  except ion of t h e  10  i n .  s l u g  below t h e  ACRH experiment,  
t h e  su r f ace  f i l m  was gene ra l ly  l oose  and powdery and w a s  e a s i l y  
removed. The r e d  and b lack  co lored  f i l m s  appeared t h e  l e a s t  
adherent  . t o  t h e  su r f ace .  

( 2 )  The r e d  and b lack  f i l m s  were common t o  many of t h e  s t a i n l e s s  
s lugs  and a l s o  appeared on some s o l i d  flow r e s t r i c t o r s .  Following 
ope ra t ion  t h e  r e d  c o l o r  on X basket  components i s  not  uncommon.. It 
r e s u l t s  from high i r o n  oxide i n  t h e  aluminum oxide f i l m ,  a s  borne 
out  by t h e  r e s u l t s  i n  Table 4.3-1. 

(3) The deep b lue  co lo r  on t h e  s l u g  below t h e  ACRH experiment appeared 
t o  be permanent and only a  small  amount was r e t r i e v a b l e  from t h e  
sample f o r  a n a l y s i s .  It i s  be l ieved  t h a t  t h e  analyzed sample may 
not  have a c c u r a t e l y  represented  t h e  m a t e r i a l  e x h i b i t i n g  t h e  co lo r .  

The spectrochemical  a n a l y s i s  revea led  t r a c e  amounts of meta ls  o the r  , 

t h a n  aluminum, p a r t i c u l a r l y  i r o n ,  i n  t h e  samples. 



TABLE 4.3-1 

STATUS OF C4X SAMPLING AND INSPECTION PROGRAM ' 

Pos i t ion  Piece -- History - Hole . Contents Sampling Results  

~8 C4X-14 100-107 ( i d  K6) NE SS-264 . 1 Sample - Film on slug Bayerite and aluminum 
l l l A  ( i n  J 8 )  

NE SS-266 2 Samples - Film on two Bayerite and possible, 
loca t ions  on s lug  - Red g ibbs i te  i n  r e d  sample.. 
and black color  films'' Black sample un ident i f ied .  

SW ACRH & 3 slugs 2 samples from lower .&yerite and aluminum i n  
slug.  Deep blue and red  both samples. 
color  which appeared t o  
be s lug  mater ia l .  Sam- 
p l e s  were minute. 

1 sample from X basket .  Bayerite with t r a c e  of 
Brown i n  co lor .  i ron .  

1 sample from s lug .  Bayerite and aluminum 
Red and yellow. possible.  boehmite. 

1 sample. S l igh t  Insuf f ic ien t  aplount ' to  
reddish-brown i n  co lor .  process. 

J12 C~X-107 9lA-109 ( i n  16) SW 
. Canal i n  1.3.0 

l l l A  ( i n  512) 

514 C4X-8 91 ( i n  ~ 1 4 )  NE 1 sample. White residue Bayerite and t r a c e  of 
with brown t i n g e .  i ron .  

1 sample. Red (no b lue)  Bayerite and aluminum. 

N12 C4X-3 105 ( i n  ~ 7 )  NE 
1 1 4 A  ( i n  N12) SE 

NW 
sw 

SFR 
SFR 
SFR 
SFR 

1 sample from a hole of Bayerite and possible 
' t h e  C4X piece.  The ma- g ibbs i te .  

t e r i a l  was t h e  white 
residue seen during 
inspection.  

1 sample from t h e  sur- , Bayerite and possible 
face of .an SFR assembly. g ibbs i te .  

Canal Core ~ e a c t o r  l i f e  ' 
f i l l e r  (used t o  occu- 
piece py core loca- 

t i o n s  during 
shutdown ) 

Sample from surface.  Bayerite and poss ib le  
g i b b s i t e .  Signif icant  
i ron .  

REFLECTOR PIECE INSPECTION 

Piece 

A Piece 

Contents 

Liner and SFR 

Results  Pos i t ion  

R10 A Piece - 1 sample 
Liner - 1 sample 
SF? - 1 sample 

A l l  samples - gibbs i te  appears t o  
be major cons t i tuen t ,  possible 
bayer i te  and pseudo boehmite. 

Liner and SF%' 

- 
A Piece A Piece - 1 sample 

Liner - 1 sample 
SFR - 1 sample 

Gibbsi te  appears a s  major con- 
s t i t u e n t  with bayer i te ,  pseudo 
boehmite, and A 1  metal a s  minor. 

Liner and SFR 

Liner and SFR 

Liner and SFR 

Liner - 1 sample Gibbsi te  i s  major. S ign i f ican t  i ron .  A Piece 

A Piece 

A Piece 

Liner - 1 sample Gibbsi te  i s  major. S ign i f ican t  i ron .  

Gibbsi te  is major. Trace of i ron 
and pseudo boehmite. 

A Piece - 1 sample 
Liner - 1 sample 
SFR - 1 sample 

(a)White a rea ,  (b )  Yellow area .  
A l l  samples t e s t e d  g i b b s i t e .  The 
white a rea  showed some A 1  metal. 
Pseudo boehmite was present .  

Liner and SFR A Piece - 2 samples 
Liner - 1 sample 
SFR - 1 sample 

A Piece 



The predominant c o n s t i t u e n t  analyzed from d e b r i s  i n  t h e  core  was 
b a y e r i t e  (B ~ 1 2 0 ~ - 3 ~ 2 0 )  which would i n d i c a t e  t h e  f i l m  w a s  formed a t  low 
temperature.  From t h e  l i t e r a t u r e  and from r e a c t o r  experience it i s  
known,that  boehmite forms at temperatures  cons iderably  h igher  than  
b a y e r i t e ,  c h a r a c t e r i s t i c  of t h e  h o t t e s t  f u e l  p l a t e s  i n  t h e  r e a c t o r .  
 he hot  element i n  Cycle 1 1 4 ~  exh ib i t ed  boehmite on a f u e l  p l a t e  
s u r f a c e . )  'Boehmite w a s  not  discovered t o  any ex ten t  i n  t h e  samples 
c o l l e c t e d  from t h e  con ten t s  of t h e  4~ p i eces .  

I n  t h e  r e f l e c t o r  a r e a  and on some core  p i eces  t h e  primary 
c o n s t i t u e n t  appeared t o  be g i b b s i t e ,  which i s  another  form of t h e  
alumina t r i - h y d r a t e .  Baye r i t e  conver t s  t o  g i b b s i t e  a f t e r  long per iods  
of t ime (>  500 hr ) under app ropr i a t e  condi t ions[  91 . 

s u r f a c e  b o i l i n g  i n  t h e  r e a c t o r  would r e q u i r e  temperatures  above 
t h e  minimum boehmite formation temperature.  It i s  concluded from t h i s  
information t h a t  d i scovery  of b a y e r i t e  would prec lude  bo i l i ng  temper- 
a t u r e s  i n  t h o s e  l o c a t i o n s  un le s s  t h e  f i l m  were depos i ted  during a 
low-temperature pe r iod .  Appearance of g i b b s i t e  on p i eces  i n  t h e  
r e f  l e c t o r  and core  a r e a  would i n d i c a t e  t hose  components have experienced 
longer  per iods  of opera t  ion  (without handl ing ) t han  components wi th  
t h e  l e s s  s t a b l e  b a y e r i t e  f i lm .  The f i l m  formation h i s t o r y  of t h e  
s l u g  below t h e  ACRH capsule  i s  l e s s  ev ident .  This  capsule  is d iscussed  
a t  l e n g t h  i n  Sec t ion  5.2.  

4 .4 Other Core Inspec t  i ons  

A comprehensive core  i n spec t ion  dur ing  t h e  Cycle 112D shutdown 
(lJuly 7 ,  1971) was i n i t i a t e d  as p a r t  of t h e  ETR power v a r i a t i o n  
i n v e s t i g a t i o n .  I n  a d d i t i o n  t o  t h e  bery l l ium and lower g r i d  i n spec t ions  
t h e  9 x 9 g r i d  adapter  a r e a  was inspec ted ;  l e a d  experiments were checked 
f o r  clamping looseness ,  and s e a t i n g ;  beryl l ium t i e  ba r s  and cover  
p l a t e s  were checked f o r  s e a t i n g  and looseness ;  f u e l  elements were 
checked f o r  sh iny  o r  worn s p o t s  and -core t i g h t n e s s ;  and t h e  hold-down 
frames were checked f o r  excess ive  p l ay .  Addi t iona l ly  t h e r e  were 
ex t ens ive  in-place v i s u a l  examinations of observable r e a c t o r  v e s s e l  
p a r t s  and experiment p i eces .  No abnormal i t ies  were observed which 
could account f o r  t h e  power v a r i a t i o n s .  



Plugged f i l l e r  p i ece  o u t l e t  ho le s  which~were  found i n  t h e  ETR 
were plugged by m a t e r i a l  c o n s i s t i n g  of metal  and meta l  oxide p i eces  
and f i n e  m e t a l l i c  oxide p a r t i c u l a t e .  There a r e  two b a s i c  mechanisms 
by which c,ombinations of t h e s e  m a t e r i a l s  could accumulate and plug 
t h e  o u t l e t  ho le s :  

( 1 )  Small p i eces  and f i n e  p a r t i c u l a t e  could adhere t o  t h e  s i d e s  of 
t h e  ho le ,  slowly bu i ld ing  up, and narrowing t h e  ho1.e u n t i l  it 
completely c loses .  The inc reas ing  bui ldup must\$adhere we l l  
enough t o  not  be washed o f f  by flow through t h e  %ole.  

( 2 )  A ' l a rge  ,object  o r  fragment of s u f f i c i e n t  s i z e  could j a m  /in t h e  
hole .  Then t h e  a d d i t i o n  of smal le r  p i eces  could jam i n  t h e  
remaining openings. As more p i eces  accumulate succes s ive ly  
smal le r  p i eces  a r e  r equ i r ed  t o  complete t h e  plugging. This  
process  can cont inue r e g a r d l e s s  of  t h e  amount of f low through 
t h e  ho le .  

Mechanism 1 can produce only a few m i l s '  of depos i t  i n  t h e  presence 
of high flow, a s  on THA r e a c t o r  f u e l  p l a t e s .  There,  even when t h e  coolant  
water  contained excess ive  amounts of f i n e  oxide p a r t i c u l a t e s ,  t h e  I 

depos i t i on  on f u e l  p l a t e s  dib. not exceed a few m i l s  i n  t h i ckness  without  
s l u f f i n g  o f f .  This  i s  t r u e  even though t h e  oxides eventua l ly  c r y s t a l l i z e  
i n t o  a continuous adherent  m a t e r i a l .  

I f ,  however, a "br idgeH o r  "dam" of f i n e  p a r t i c l e s  forms ac ros s  
t h e  ho le  dur ing  s tagnant  cond i t i ons ,  completely c l o s i n g  it, it can be 
maintained a g a i n s t  a l a r g e  p re s su re  w i th  a minimum of adhesion. Plugs 
found dur ing  t h e  in spec t ion  t h a t  r equ i r ed  l a r g e  rodding f o r c e s  t o  
remove cons i s t ed  only of f i n e  p a r t i c l e s  which dispersed, once 
removed, sugges t ing  t h a t  t h i s  has taken  p lace .  

Since t h e  f i n e  p a r t i c l e  plugs can only be formed i n  e s s e n t i a l l y  
s tagnant  cond i t i ons ,  e i t h e r  during r e a c t o r  shutdown o r  i n  cana l  
s to rage ,  and only plugging by mechanism 2 can occur t o  any apprec iab le  
e x t e n t  at normal r e a c t o r  f lows,  it has t h e r e f o r e  been concluded t h a t  
pe r iod ic  i n spec t ion  and d e b r i s  c o n t r o l  w i l l  c o n t r o l  plugging. 



5. CAUSE ANALYSIS 

5 . 1  4~ Pieces with Aluniin~'or'SCairiless'Stee1 F i l l e r s  . 

5.1.1 Sol id  Flow R e s t r i c t o r s .  The s o l i d  flow r e s t r i c t o r s  (SFRS) 
a r e  0.25 i n ,  i n s i d e  diameter by 1.247 i n .  outs ide  diameter aluminum 
i n s e r t s  t h a t  operate i n  t h e  4~ p ieces  without X baskets .  With l e s s  
than & W/g heat  generat ion i n  t h e  r e s t r i c t o r s ,  t h e  coolant  can 
become.stagnant and t h e  heat  can be removed by conduction across  t h e  
annulus t o  t he  4~ p ieces  without reaching t h e  sa tu ra t ion  temperature. 
With more than ~ / g  heat  generat ion s tagnat ion  w i l l  r e s u l t  i n  
voiding t h e  coolant annulus. I f  t h e  coolant  annulus remains 
voided t h e  SFR w i l l  mel t .  However, t h e  more l i k e l y  mechanism w6dd 
be complete annulus voiding, vapor expulsion, and annulus reflooding.  
This phenomenon would have a minimum frequency of approximately 4 cps. 
This frequency i n d i c a t e s  t h a t  complete flow blockage i n  a 4~ p iece  
containing an SFR i s  not a l i k e l y  source f o r  t h e  observed power 
o s c i l l a t i o n .  Longer periods a r e  poss ib le  wi th  p a r t i a l  flow blockage. 

5.1.2 S t a i n l e s s  S t e e l  Flow R e s t r i c t o r s .  S t a i n l e s s  s t e e l  flow 
r e s t r i c t o r s  (SSFRS) a r e  i n s e r t e d  i n  s tandard X baskets  f o r  use  i n  4~ 
p ieces .  Coolant flow s tagnat ion  i n  any core pos i t ion  containing an 
SSFR w i l l  r e s u l t  i n  voiding both t h e  annulus separa t ing  t h e  SSFK 
and t h e  X basket  and t h e  annulus between the  X basket and t h e  core 
p iece .  A s t a b l e  void would r e s u l t  i n  SSFR meltdown. The more 
probable voiding-reflooding phenomenon would have a frequency much 
higher than t h e  observed power o s c i l l a t i o n s .  The frequency f o r  one 
t y p i c a l  s lug  was ca lcu la ted  t o  be 31 cps. Frequency ca lcu la t ions  
ind ica ted  t h a t  flow blockage i n  a 4~ p iece  containing an X basket  
with an SSFR i s  not a l i k e l y  source f o r  t h e  observed power o s c i l l a t i o n s ,  
because of t h e  s p e c i f i c  degree of flow blockage r e q u i ~ e d .  



5.2 ACRH Lower Slug Cause Analysis 

The ACRH experiment operated i n  an X basket i n  pos i t ion  J10 during 
Cycle 1 1 4 ~ .  The X basket contained t h e  2 13/16 i n .  long ACRH experiment 
with 5 112 a n d ' l 5  i n .  s t a i n l e s s  s lugs  above t h e  experiment and a 10 i n .  
s t a i n l e s s  slug below t h e  experiment. .The ACRH heat  generat ion could , 

be conducted across t h e  water annulus without reaching t h e  bo i l ing  
temperatures, even under condit ions of complete s tagnat ion.  The 
gamma heating i n  t h e  s t a i n l e s s  s ' teel s lugs  cannot be removed under 
condit ions of s tagnation without causing boi l ing .  

Inspection of the ACRH X basket components during t h e  Cycle 1 1 4 ~  
shutdown revealed a deep blue  and red  color on t h e  1 0  i n .  s lug 
beneath t h e  ACRH capsule. It was believed the  d iscolora t ion may 
have been a r e s u l t  of high temperatures i n  t h a t  region.  Examination 
of a v e r t i c a l  heat  generat ion p r o f i l e  i n  pos i t ion  J ~ O  shows t h e  peak 
extending i n t o  t h e  region of t h e  slug.  I f  it i s  assumed t h a t  f o r  
some reason (debr is  o r  s lug displacement) obs t ruct ion of channel flow 
caused temperatures i n  t h e  v i c i n i t y  of t h e  slug t o  exceed t h e  sa tu ra t ion  
temperature, a buildup of steam could occur causing a void which would 
expand u n t i l  t h e  pressure beneath t h e  void pushed it out t h e  top  of t h e  
channel. Assuming t h i s  t o  happen when t h e  void covered t h e  complete , 

length  of t h e  annulus, t h e  voiding frequency would be about 31 cps 
under no-flow condit ions.  Longer per iods  can be postula ted  a s  a 
funct ion of flow r a t e  under condit ions of p a r t i a l l y  blocked flow. 

. / 
Metallurgical  examinations of t h e  s t a i n l e s s  s t e e l  s lugs were made t o  

confirm t h e  immediate conclusion from t h e  colora t ion,  namely t h a t  t h e '  
colors  were "temper" co lo r s ,  ' indica t ing high temperatures. Confirmation 
would have assured t h a t  voiding had taken place i n  t h e  experiment, 
s ince  t h e  range a t  which temper colors  a re  produced i s  well  above t h e  
4 0 0 ~ ~  rarige a t  which boi l ing  i n i t i a t e s  a t  ETR condit ions,  Examination 
of t h e  g ra in  s t r u c t u r e  indicated no high temperatures, but does not 
r u l e  out operat ion a t  bo i l lng  condit ions.  



5.3 O R N L - ~ ~ - ~ O O  and 401 Capsules 

5.3.1 Experiment Descript ion.  The O R N L - ~ ~ - ~ O O  and 401 experiments 
a r e  noninstrumented, fueled  capsules. These capsules a r e  1.09 i n .  i n  
diameter and 36 i n .  long.  he-exterior of each-capsule, which i s  
made from a t ~ e  304 s t a i n l e s s  s t e e l  tube 0.988 i n .  in .d iameter  with 
an 0.060 i n .  wal l ,  i s  surrounded b;y a c y l i n d r i c a l  thermal neutron 
shroud of hafnium and zirconium-hafnium a l l o y  (depending upon a x i a l  
p o s i t i o n )  which has a nominal w a l l  thickness of 0.050 i n .  

Each capsule contains two graphi te  s leeves  with an 0.500 i n .  
inner diameter, and a va r iab le  outer  diameter t o  provide a tapered 
gas gap t o  corrLro1. t h e  i r r a d i a t i o n  temperature of t h e  f i e l e d  t e s t  
beds. The f u e l  t e s t  beds contain compacted pyrocarbon coated f i s s i l e  
and f e r t i l e  p a r t i c l e s .  The f i s s i l e  mate r i a l  i s  2 3 5 ~  and t h e  f e r t i l e  
ma te r i a l  i s  thorium. Both mate r i a l s  a r e  i n  t h e  form of oxide o r  
d icarbide  ceramic microspheres forming t h e  core of t h e  pyrocarbon- 
coated p a r t i c l e s .  

The fuel. beds a r e  divided i n t o  1 3  segments by graphi te  plugs-- 
seven i n  t h e  lower s leeve  and s i x  i n  t h e  upper sleeve.  Each graphi te  
plug i s  separated from t h e  f u e l  bed by an e ighthr in .  carbon f e l t  
i n s u l a t o r .  

The maximum f i s s i l e  loading i s  5.0 g of 2 3 5 ~ ,  spread a x i a l l y  
throughout t h e  f u e l  bed length .  Ten beds a r e  approximately 2.1 i n .  
long and t h r e e  beds a r e  approximately 1 i n .  long. 

The assembled capsules have a spacer assehbly on each end t o  
p o s i t i o n  t h e  experiments i n  X baskets .  The spacer assembly has t h r e e  
pads loca ted  1200 apar t  and having an outer  diameter of 1.185 i n .  6 
normal X basked has a nominal I D  'of 1.20'9 i n .  with 4 spacer r i b s  90 
apar t  on t h e  ins ide .  These r i b 3  a r e  t o  have a nominal I D  of 1 . 1 5 4  i n .  

5.3.2 Inves t igat ions .  

Analytical  Calculat ions.  Preliminary inves t iga t ion  of t h e  
experiment configurat ion indicated  t h a t  t h e  region where t h e  two carbon 
i n s e r t s  joined near t h e  center  of t h e  experiment d i d  not have a s  l a r g e  
a gas annulus a s  o ther  pos i t ions  along t h e  experiment length .  
Communications with ORNL indicated  t h e i r  analyses had assumed each 
f u e l  bed w a s  p e r f e c t l y  insu la ted  by t h e  carbon f e l t .  ANC modeled 
t h e  experiment using t h e  s I M I R [ ~ ~ ]  code t o  determine t h e  v a l i d i t y  of . th is  
assumption o r ,  i f  i n v a l i d ,  t o  determine Beat redistr2b.uted i n  tIie 
carbon f e l t  region. 

ORNL da ta  package ca lcu la t ions  had used a low value of t h e  gamma 
heat ing r a t e s  i n  t h e  hafnium and f u e l  ma te r i a l s .  ANC r eca lcu la ted  
t h e  heat  f luxes  based on cor rec t  gamma heating values i n  order t o  
c a l c u l a t e  bulk water temperature r i s e .  



With th ree , spacer  pads on the  experiments, the  experiments a r e  
capable of r a d i a l  movement. ~ l s o ,  with a nominal X basket end t h e  
pad dimensions, it i s  poss ible  t h a t  t he  experiment could be turned 
such t h a t  it could be forced eccentr ic  a t  t h e  bottom end when t he  
pad contacted t h e  X basket r i b .  

Eccentr ic i ty  ca lcula t ions  h d i c a t e d  t h a t  t h e  capsules could move 
.off-center 0.023 i n . ,  assuming a l l  dimensions were nominal. 

Veloci t ies  i n  t h e  wide and narrow channels formed by moving t he  
experiment o f f  center  were calcula ted assuming t h a t  t he  two channels 
were between X basket r i b s .  These calcula t ions  indicated ve loc i t i e s  
of 19;2 f t / s e c  and 31.9 f t / s e c  i n  the  narrow and wide channels, 
respect ively .  

Calculat ions indicated l imi ted  a b i l i t y  t o  r ed i s t r i bu t e  t he  heat 
from the  hot s t r i p e .  The average h e a t . f l u x  over each segment was 
calcula ted from the  SIMIR output and the  bulk water temperature r i s e  
t o  t he  hot spot was calcula ted f o r  each channel. The calculatgd 
temperature d i f f e r e n t i a l s  t o  t he  hot spot were 9 .24 '~  and 23.4 F f o r  t h e  . 
narrow and wide channels, respect ively .  

These temperatures, with t he  respect ive  heat t r an s f e r  coe f f i c i en t s ,  
were then used t o  ca lcu la te  t h e  temperature d i s t r i bu t i on  f o r  t h e  
hafnium and s t a i n l e s s  s t e e l  i n  t he  region of t he  hot spot .  The 
calcula ted temperatures were used f o r  thermal bowing calcula t ions .  
These calcula t ions  indicated t h a t  t he  thermal gradient  was principa.1-ly 
dependent upon t he  bulk water temperature, so t h e  temperature gradient  
over t h e  a x i a l  length was assumed l i n e a r  from -0 a t  t he  top  t o  t he  
calcula ted value a t  t h e  hot spot ,  and it was extrapolated l i n e a r l y  ' 

t o  t h e  bottom of t h e  capsule. The temperature w a s  a l so  assumed t o  
vary l i n e a r l y  around t h e  radius from the  hot s ide  t o  t h e  cold s i de .  

Based on these  assumptions, t he  maximum unrestrained bowing w a s  
ca lcula ted t o  be 0.18 i n . ,  which i s  more than enough t o  force t he  
experiment i n t o  contact  with t he  lands on t h e  s ide  of t h e  X basket .  

Hot d e l l  Examination. Because these  experiments were suspected 
of causing t h e  ETR power o sc i l l a t i ons  and because t h e  amplitude of 
t h e  r e a c t i v i t y  e f f e c t  would be a function of t h e  dimensional to lerance 
it was deemed necessary t o  check t he  dimensior~s of t h e  experimental 
components, i e ,  t h e  experiments and t h e i r  respective X baskets.  

The r e s u l t s  of t h e  dimensional checks indicated t h a t  t h e  pad 
dimensions were within the  speci f ied  to lerances  and t he  experiments 
were 1.08 i n .  OD ins tead of 1.09 i n .  

The measurements on t h e  X baskets indicated t h a t  t h e  X basket ,  
X-314, which contained O R N L - ~ ~ - ~ O O  was within to lerances  f o r  t he  
1.209 i n .  I D  a t  the  points  measured. However, t he  dimensions across . 
the.  spacer r i b s  were l a rge  a t  t h e  center  of t h e  X basket. 

I 



The X basket ,  X 315, which.contained ORNL 43-401 was undersized 
i n  a l l  i n t e r n a l  dimensions. 

0 The average measured dimensions f o r  0 and 90' a r e  l i s t e d  below: 

Top Center Bottom 
Above Cut Below Cut 

Between Across Between Across Between Across Between Across 
Ribs Ribs Ribs Ribs 'Ribs Ribs Ribs Ribs 

Based on these  measurements it i s  corlcluded t h a t  t h e  ca lcu la t ions  
based upon nominal dimensions a r e  applicable f o r  O R N L - ~ ~ - ~ U U  i n  basket 
X-314. However, t h e  dimensions of t h e  basket ,  X-315, which contained 
ORNL 43-401, r e s t r i c t  t h e  movement off-center  t o  approximately 0.005 i n .  

\ 

5.3.3 Transient  Analysis.  A t r a n s i e n t  ana lys i s  was performed 
using t h e  temperature d i s t r i b u t i o n  model ca lcula ted  f o r  bowing, The 
t r a n s i e n t  was-run with SIMIR and was i n i t i a t e d  by switching t h e  bulk 
water temperature and heat  t r a n s f e r  coef f i c ien t s  a t  time g rea te r  than 
zero. 

The r e s u l t s  of t h i s  analys is  ind ica te  t h a t  a f t e r  one second t h e  
temperatures have equalized i n  t h e  SS can, and a f t e r  approximately 
two seconds the  temperature d i s t r i b u t i o n  i s  reversed from t h e  i n i t i a l  
steady s t a t e  values.  

These ca lcu la t ions  ind ica te  t h a t  a cycle time of 2-4 seconds 
would be expected under these  conditions. This i s  approximately t h e  
frequency of t h e  power va r ia t ions .  

5.3.4 Conclusions. Based on t h e  a n a l y t i c a l  ca lcu la t ions  and t h e  
hot  c e l l  measurements it i s  concluded t h a t  t h e r e  i s  a mechanism whereby 
a thermally-induced movement of t h e  ORNL 43-400 experiment could oc.cur. 
The dimensions of t h e  X basket which contained ORNL 43-401, a s  measured, 
ind ica te  t h a t  it i s  not r ead i ly  apparent t h a t  t h e  a b i l i t y  t o  move 
eccen t r i c  i s  s u f f i c i e n t  t o  have i n i t i a t e d  a thermally-induced movement 
i n  t h i s  experiment. 

However, these  conclusions do not consider t h e  e f f e c t  of gamma 
f l u x  gradients  and s u f f i c i e n t  gamma f l u x  gradient  may be ava i l ab le  t o  
i n i t i a t e  t h e  movement. 

Once t h e  thermal bowing i s  i n i t i a t e d  t h e  mechanism e x i s t s  f o r  
y 

generat ing a mechanical o s c i l l a t i o n .  The bowing causes improved 
I 

cooling a t  t h e  hot spot t h a t  i n  t u r n  r e s u l t s  i n  bowing i n  t h e  
opposite  d i r e c t i o n .  Based upon t h e  t r a n s i e n t  ca lcu la t ion  ( s e c t .  5.3.3)  
t h e  frequency of t h i s  o s c i l l a t i o n  i s  near t h e  frequency of t h e  observed 
power v a r i a t i o n s .  

48 



6. ROD DROP EXPETITWENT AND STABILITY ANALYSIS 

4.1 Summary 

Rod drop experiments were performed on December 8, 1971, f o r  t h e  
purpose of i n v e s t i g a t i n g  t h e  dynamic response of t h e  r e a c t o r .  The 
measured power r educ t ion  curve was compared t o  t h e  s imulated response 
of a r e a c t o r  model. The r e a c t o r  feedback model was ad jus t ed  t o  a t t a i n  
good agreement between t h e  measured and s imulated response.  The 
s t a b i l i t y  a n a l y s i s  has shown t h a t  us ing  t h e  b e s t  e s t ima te  of t h e  
feedback models t h e  r e a c t o r  has  an  .extremely high ( t h e o r e t i c a l l y  
i n f i n i t e )  margin of s t a b i l i t y .  From t h i s  a n a l y s i s ,  t h e  p o s s i b i l i t y  
Lhat t h e  pe r iod ic  power v a r i a t i o n s  oh'served i n  t h e  r e a c t o r  'at f u l l  
power could have been t h e  r e s u l t  of r e a c t o r  i n s t a b i l i t y  o r  r e a c t o r  
o s c i l l a t i o n  can be r u l e d  ou t .  

Th i s  s e c t i o n  b r i e f l y  p r e s e n t s  t h e  r e s u l t s  of t h a t  work and t h e  
r e s u l t s  of t h e  s t a b i l i t y  a n a l y s i s  based on t h e  feedback models ob ta ined  
from t h e  rod drop experiment.  A d e t a i l e d  t e c h n i c a l  r e p o r t  desc r ib ing  
t h e  feedback models and provid ing  more d e t a i l s  of t h e  s t a b i l i t y  
a.na.lysis t h a ~  a r e  given i n  t h i s  r e p o r t  has been prepared[ l ] .  

The experimental  procedure r equ i r ed  dropping Rod No. 15  from i t s  
upper l i m i t  a t  low power (N = 0.01 N F )  and aga in  a t  f u l l  power ( N  ) .  

L F  
I n  both cases  t h e  r e a c t o r  response (power r educ t ion )  w a s  recorded on 
magnetic t a p e  s imultaneously wi th  switching s i g n a l s  from t h e  c l u t c h  
r e l e a s e  and rod s e a t  c i r c u i t s .  The c l u t c h  r e l e a s e  s i g n a l  provided 
a  r e f e rence  t iming mark f o r  t h e  start of t h e  t r a n s i e n t  and i n  
combination wi th  t h e  rod s e a t  s i g n a l  a measure of t h e  t ime of f l i g h t  
of t h e  rod was obta ined .  A s i g n a l  p ropor t iona l  t o  rod p o s i t i o n  was 
not  a v a i l a b l e .  

The low-power experiments were u s e f u l  i n  confirming t h e  e f f e c t i v e  
t ime r equ i r ed  f o r  t h e  rod  r e a c t i v i t y  i n s e r t i o n  observed a t  fu l l  power. 
However, because of g ros s  d i f f e r e n c e s  i n  t h e  p o s i t i o n s  of t h e  o t h e r  
rods  t h e  low-power experiments d i d  not  provide t h e  worth of t h e  rod  
o r  i t s  c a l i b r a t i o n  curve. Both p i eces  of information would have 
been u s e f u l  i n  t h e  a n a l y s i s  of t h e  full-power experiment. ETR C r i t i c a l  
F a c i l i t y  (ETRC) experiments a l s o  f a i l e d  t o  provide t h i s  information 
because s t rong  s p a t i a l  e f f e c t s  were encountered due t o  t h e  c l o s e  
proximity of t h e  neutron d e t e c t o r  t o  t h e  EPTRC core .  



6.2 Analysis  of Rod Drop Data' 

For purposes of t h e  a n a l y s i s  t h e  full-power response was considered 
t o  be d iv ided  i n t o  two p a r t s :  ( a )  a f a s t  power r educ t ion  reg ion  of 
t ime du ra t ion  between 200 and 300 msec, corresponding t o  t h e  t ime 
dur ing  which t h e  rod was i n  motion, and ( b )  a much more slowly varying 
power reduct ion  r eg ion  s t a r t i n g  a t  about t h e  t ime .the rod was f u l l y  
i n s e r t e d  and l a s t i ng '  about 25 seconds. The f i r s t  power reg ion  w i l l  
be c a l l e d  t h e  prompt-drop r eg ion  and t h e  l a t t e r  reg ion  w i l l  be  
c a l l e d  t h e  " ta i l"  of t h e  power r educ t ion  curve.  I n  t h i s  r e p o r t  t h e  
feedback r e a c t i v i t y  e f f e c t s  a r e  c l a s s i f i e d  a s  prompt feedback i f  
t h e  response t imes  of t h e  feedback processes  a r e  f a s t  enough t o  
a f f e c t  t h e  prorup t-drop reg ion .  Feedback r e a c t i v i t y  e f f e c t s  which 
a r e  t o o  slow t o  a f f e c t  t h e  prompt-drop reg ion  a r e  c a l l e d  delayed 
feedback r c a c t i v i t y  e f f e c t s .  With these  c l a s s i f i c a t i o n s  i n  mind 
t h e  a n a l y s i s  proceeded along t h e  fo l lowing  l i n e s :  

(1) A s e t  ot' r e a c t o r  model equat ions  w a s  der ived  and programmed 
f o r  s o l u t i o n  by an analog computer. The computer s i l r~ula t ion  
i n i t i a l l y  included only  a prompt-negative feedback r e a c t i v i t y  
model, t h e  s t anda rd  s i x  delayed neutron group, zero-power po in t  
k i n e t i c s  model, a dynamic model f o r  rod motion, and a program 
f o r  s imula t ing  t h e  "s tandard  c a l i b r a t i o n  curve" f o r  an ETR 
rod .  This  init! .al  model was chosen a s  a reasonable  s t a r t i n g  
po in t  because it i s  b a s i c a l l y  t h e  model used f o r  a l l  r e a c t o r  
t r a n s i e n t  ana lyses  up t o  t h i s  t ime.  It w a s  necessary t o  
determine i f  t h i s  t y p e  of model would produce a response i n  
agreement w i th  t h e  experimental  response i n  both  reg ions  of 
t h e  power r educ t ion  curve.  The s imula t ion  quick ly  showed t h a t  
t h e  o v e r a l l  i n i t i a l  model was inadequate  i n  both power 
r educ t ion  r eg ions .  

( 2 )  Using t h e  model descr ibed  i n  item 1 above, t h e  s imula t ion  s t u d i e s  
showed t h a t  t h e  c h a r a c t e r i s t i c s  of t h e  t a i l  reg ion  were a f f e c t e d  
mostly by rod  worth and by t h e  va lues  assumed f o r  t h e  prompt- 
nega t ive  feedback c o e f f i c i e n t .  The assumed rod  motion, prompt 
feedback t ime c o n s t a n t s ,  and rod  c a l i b r a t i o n  curve shape d id  not 
a f f e c t  t h e ' t a i l  r eg ion  so  long as t h e  s imulated power l e v e l  a t  
t h e  end of t h e  prompt drop r eg ion  was matched t o  t h e  experimental  
va lue  of t h e  power. This  match was accomplished i n  t h e  s imula t ion  
by a d j u s t i n g  t h e  rod  worth and t h e  prompt-negative r e a c t i v i t y  
c o e f f i c i e n t s .  This  technique permi t ted  s tudying t h e  " t a i l "  
r eg ion  dynamics s e p a r a t e l y  from t h e  prompt r eg ion  dynamics. 
Experimentation wi th  delayed feedback r e a c t i v i t y  models i n  t h e  
s imula t ion  r e s u l t e d  i n  development of a model t h a t  produced 
good agreement w i th  experimental  d a t a  i n  t h e  " ta i l"  reg ion .  

( 3 )  Af te r  a delayed feedback r e a c t i v i t y  model w a s  i d e n t i f i e d ,  t h e  
i n i t i a l  prompt-feedback r e a c t i v i t y  model w a s  modified u n t i l  
good agreement w a s  ob ta ined  between t h e  s imulated response and. 
experimental  response i n  t h e  prompt-drop r eg ion .  



The feedback r e a c t i v i t y  models determined from t h e s e  s t u d i e s  c o n s i s t  
uf a prompt-negative feedback model a t t r i b u t e d  t o  t h e  f a s t  thermal  
response of t h e  f u e l  p l a t e s  and t h e  water i n  t h e  coolant  channels ,  and 
a delayed-feedback model conta in ing  both p o s i t i v e  and negat ive  
components. The delayed-posi t ive feedback i s  t h e  f a s t e r  of t h e  two 
delayed-feedback models and can,  a t  l e a s t  q u a l i t a t i v e l y ,  be a t t r i b u t e d  
t o  t h e  response of water i n  t h e  experiments and t o  o the r  themal processes  
such a s  temperature changes of  t h e  beryl l ium r e f l e c t o r  and of water  
no t  flowing through t h e  r e a c t o r  core  f u e l  reg ion .  A phys i ca l  b a s i s  
f o r  t h e  delayed-negative feedback model has  not  been e s t a b l i s h e d  
bu t  t h i s  t y p e  of feedback was r e q i ~ i r e d  t o  produce agreement i n  t h c  
shape of t h e  power r educ t ion  curves (experimehtal  v s  s imula ted)  i n  
t h e  "tai l"  r eg ion  f o r  t imes  exceeding.20 seconds. It was a l s o  
necessary f o r  good agreement i n  t h e  " t a i l "  reg ion  t o  add a small  
nega t ive  r e a c t i v i t y  ramp which i s  a t t r i b u t e d  t o  t h e  bui ldup  of xenon 
poisoning fo l lowing  t h e  rod drop. F igure  6 .1  i l l u s t r a t e d  how w e l l  
t h e  "nominal" feedback models (both  prompt and de layed)  used i n  t h e  
s imula t ion  ag ree  wi th  t h e  experimental  power r educ t ion  curve i n  t h e  
" t a i l "  reg ion .  F igure  6.2 i s  presented  t o  show t h a t  delayed feedback 
e f f e c t s  do a f f e c t  t h e  shape of  t h e  " t a i l "  reg ion .  The curve l a b e l e d  
"N" i n  t h e  f i g u r e  i s  t h e  same a s  t h e  experimental  curve. The o t h e r  
curve was obta ined  us ing  only t h e  prompt-negative nominal feedback. 
This  f i g u r e  shows t h a t  i n i t i a l l y  t h e  measured power decreases  more 
r a p i d l y ,  i n d i c a t i n g  a posi t ive-delayed feedback e f f e c t .  A t  about 
25 seconds, however, t h e  curves c r o s s  and t h e  experimental  power i s  
decreas ing  more slowly than  t h e  s imulated power. This  l a t t e r  e f f e c t  
could be due t o  photoneutron sources i nc iden t  on t h e  f i s s i o r ~  chmber  
used f o r  measuring power, o r  t o  a neutron source e f f e c t  tending  t o  
l e v e l  o f f  t h e  r e a c t o r  power. The s imula t ion  s t u d i e s  showed t h a t  
b e t t e r  agreement w i th  experiment was obta ined  by inc luding  a delayed- 
nega t ive  feedback component t o  t h e  feedback model t han  by assuming a 
neutron source e f f e c t  . - 

Equally good agreement w a s  ob ta ined  i n  t h e  prompt-drop reg ion .  
The nominal prompt-feedback model included a temperature dependent 
water  temperature c o e f f i c i e n t  of r e a c t i v i t y  based on t h e  experimental  
r e s u l t s  of Reference 11 ex t rapo la t ed  t o  f u l l  power condi t ions .  The 
s imula t ion  s t u d i e s  a l s o  r equ i r ed  prompt-negative feedback r e a c t i v i t y  
due t o  f ~ e 1  p l a t e  temperature changes. The f u e l  temperature c o e f f i c i e n t  
nominal va lue  determined from t h e  s imula t ion  i s  abowt 1 /10  t h e  water  
temperature c o e f f i c i e n t  be fo re  t h e  rod  drop ( s t eady- s t a t e ,  fu l l -power-  
va lue  ) . 
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Figure 6.2-1 Super position of experinental and simulated (nominal case) power reductions "tail" regiox. 



1 1 I I I 1 1 I 1 1 I I I 

0.8 

, 0.6 
L 
z - 
- 
Q 

, -  
- 

- -  - 

- 
VI 
W 

Simulated Case With Prompt Negative Nominal Feedback Only 

0.2 - 

0 I I I 1 I I I I I I I 1 1 - 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 2 8 30 

Time (sec) ANC- 0-773 

Figure 6.2-2 Effect  of no delayed feedback on " t a i l "  region of power reduction curve. \ 



6.3 Discussion and Resu l t s  of S t a b i l i t y  Analysis  

The feedback models descr ibed  above were used f o r  eva lua t ing  t h e  
s t a b i l i t y . o f  t h e  r e a c t o r .  I n  t h i s  a n a l y s i s  t h e  zero-power r e a c t o r  
t r a n s f e r  func t ion  was combined wi th  t h e  feedback t r a n s f e r  func t ions  t o  
o b t a i n  t h e  open loop  and c losed  loop  r e a c t o r  t r a n s f e r  func t ions .  The 
s t a b i l i t y  a n a l y s i s  was performed by a p p l i c a t i o n  of Nyquistl 's  s t a b i l i t y  
c r i t e r i o n .  

For t h e  nominal feedback models ( ca se  1 of Table I )  t h e  s t a b i l i t y  
a n a l y s i s  p r e d i c t s  an  i n f i n i t e  ga in  margin and a  phase margin of 110 
degrees.  The g a i n  margin i s  def ined  a s  t h e  n e t  i nc rease  i n  system ga in  
(product  of reac tor 'power  l e v e l  and feedback g a i n )  r equ i r ed  f o r  t h e  
system t o  s u s t a i n  small  undamped o s c i l l a t i o n s  about a s teady  s t a t e  
ope ra t ing  condi t ion .  Any f u r t h e r  i nc rease  i n  system ga in  would r e s u l t  
i n  d ivergent  o s c i l l a t i o n s  and t h e  r e a c t o r  would be uns t ab le .  
The concept of an  i n f i n i t e  ga in  margin a s  obta ined  i n  t h i s  
a n a l y s i s  has  meaning only f o r  ope ra t ing  cond i t i ons  f o r  which t h e  models 
used i n  t h e  a n a l y s i s  a r e  meaningful.  For example, under s teady  power 
ope ra t ion  a t  l e s s  t han  f u l l  power wi th  f u l l  f low and p re s su re  and normal 
i n l e t  coolan t  temperature t h e  models should be v a l i d  and they  could be 
used f o r  p r e d i c t i n g  s t a b i l i t y .  Under s teady  power ope ra t ion  above f u l l  
power, f u l l  f low, e t c . ,  t h e  models would be v a l i d  f o r  s t a b i l i t y  a n a l y s i s  
up t o  t h e  po in t  where t h e  models would be expected t o  change such a s  
a t  t h e  onse t  of b o i l i n g  i n  t h e  co re  of experiments ,  f u e l  deformation, 
o r  mel t ing ,  e t c .  A t  power l e v e l s  where those  condi t ions  would occur 
t h e  p red ic t ed  i n f i n i t e  ga in  margin may not  apply and, i n  f a c t ,  no 
d e f i n i t e  s ta tement  concerning r e a c t o r  s t a b i l i t y  can be made without  
u s ing  a  new system model f o r  t hose  cond i t i ons .  Very l a r g e  o r  i n f i n i t e  
g a i n  margins a r e  b e s t  used as i n d i c a t o r s  of r e l a t i v e  s t a b i l i t y  over . 

some range of ope ra t ing  cond i t i ons  where t h e  models a r e  v a l i d .  I n  t h e  
c a s e  of t h e  ETR, t h e  s ta tement  can be made t h a t  . the r e a c t o r  i s  extremely 
s t a b l e  a t  condi t ions  of f u l l  power ( a l s o  at l e s s  t han  f u l l  power),  f u l l  
f low,  normal i n l e t  coolan t  temperature,  e t c .  The i n f i n i t e  ga in  margin 
i s  a good i n d i c a t o r  t h a t . t h e  r e a c t o r  i s  capable of s u s t a i n i n g  undamped 
o s c i l l a t i o n s  a t  f u l l  power. The s tatement  can a l s o  be made t h a t  t h e  
r e a c t o r  i s  s t a b l e  and w e l l  damped up t o  t h e  po in t  i n  ope ra t ing  condi t ions  
where t h e  models f a i l  t o  desc r ibe  t h e  ope ra t ing  cond i t i ons  a s  i n  t h e  
case  of b o i l i n g .  

The s t a b i l i t y  of t h e  r e a c t o r  was a l s o  eva lua ted  f o r  va r ious  o t h e r  
va lues  of t h e  feedback model parameters .  I n  Case 2 of Table I ,  reducing 
t h e  prompt-negative feedback ga in  (water  and f u e l  temperature c o e f f i c i e n t s  
of r e a c t i v i t y )  50% r e s u l t s  i n  A. system wi th  a ga in  margin of aboiit 8. 
Fu r the r  reducing t h i s  gain t o  zero ( case  3 of Table I )  r e s u l t s  i n  a 
g a i n  margin of about 3.2.  This  l a t t e r  r e s u l t ,  a l though not  phys i ca l ly  
meaningful,  s t i l l  i n d i c a t e s  an adequate margin of s t a b i l i t y  a t  f u l l  
power. Sus ta ined  undamped o s c i l l a t i o n s  would be p red ic t ed  at about 
t h r e e  t imes  f u l l  power i f  no b o i l i n g  occurs .  
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6.3 Discussion and Resu l t s  of S t a b i l i t y  Analysis  . 

The feedback models descr ibed  above were used f o r  eva lua t ing  t h e  
s t a b i l i t y ,  of t h e  r e a c t o r .  , I n  t h i s  a n a l y s i s . t h e  zero-2ower r e a c t o r  . . 

t r a n s f e r  func t ion  was combined wi th  t h e  feedback t r a n s f e r  func t ions  t o  ' . ,  

o b t a i n  t h e  open loop  and c losed  loop  r e a c t o r  t r a n s f e r  f u n c t i o n s .  The r 

s t a b i l i t y  a n a l y s i s  was performed by a p p l i c a t i o n  of Nyquistl 's  s t a b i l i t y  
c r i t e r i o n .  

For t h e  nominal feedback models (Case 1 of Table I )  t h e  s t a b i l i t y  
a n a l y s i s  p r e d i c t s  an i n f i n i t e  g a i n  margin and a  phase margin of 110 
degrees .  The ga in  margin i s  def ined  a s  t h e  ne t  i nc rease  i n  system ga in  
(product  of r e a c t o r  power l e v e l  and feedback g a i n )  r equ i r ed  f o r  t h e  
system t o  s u s t a i n  small  undamped o s c i l l a t i o n s  about a s teady  s t a t e  
ope ra t ing  condi t ion .  Any f u r t h e r  i nc rease  i n  system ga in  would r e s u l t  
i n  d ive rgen t  o s c i l l a t i o n s  and t h e  r e a c t o r  would be uns t ab le .  
The concept of an  i n f i n i t e  ga in  margin a s  obta ined  i n  t h i s  
a n a l y s i s  has meaning only f o r  ope ra t ing  cond i t i ons  f o r  which t h e  models 
used i n  t h e  a n a l y s i s  a r e  meaningful.  For example, under s teady  power 
ope ra t ion  a t  l e s s  than  f u l l  power wi th  f u l l  f low and p re s su re  and normal 
i n l e t  coolan t  temperature t h e  models should be v a l i d  cnd they  could be 
used f o r  p r e d i c t i n g  s t a b i l i t y .  Under s teady  power opera t ion  above f u l l  
power, f u l l  f low, e t c . ,  t h e  models would be v a l i d  f o r  s t a b i l i t y  a n a l y s i s -  
up t o  t h e  po in t  where t h e  models would be expected t o  change such a s  
a t  t h e  onse t  of b o i l i n g  i n  t h e  co re  Or experiments ,  f u e l  deformation, 
o r  mel t ing ,  e t c .  A t  power l e v e l s  where those  condi t ions  would occur  
t h e  p red ic t ed  i n f i n i t e  ga in  margin may not  apply and, i n  f a c t ,  no 
d e f i n i t e  s ta tement  concerning r e a c t o r  s t a b i l i t y  can be made without  
u s ing  a new system model f o r  t hose  cond i t i ons .  Very l a r g e  o r  i n f i n i t e  
g a i n  margins a r e  b e s t  used a s  i nd ica to r4  of r e l a t i v e  s t a b i l i t y  over 
some range of ope ra t ing  cond i t i ons  where t h e  models a r e  v a l i d .  I n  t h e  
c a s e  of t h e  ETR, t h e  s ta tement  can be made t h a t  t h e  r e a c t o r  i s  extremely 
s t a b l e  a t  condi t ions  of f u l l  power ( a l s o  at l e s s  than  f u l l  power),  f u l l  
f low,  normal i n l e t  coolan t  temperature,  e t c .  The i n f i n i t e  ga in  margin 
i s  a  good i n d i c a t o r  t h a t  t h e  r e a c t o r  is  not  capable of  s u s t a i n i n g  undamped 
o s c i l l a t i o n s  a t  f u l l  power. The s tatement  can a l s o  be made t h a t  t h e  
r e a c t o r  i s  s t a b l e  and we l l  damped up t o  t h e  po in t  i n  ope ra t ing  cond i t i ons  
where t h e  models f a i l  t o  desc r ibe  t h e  ope ra t ing  cond i t i ons  as i n  t h e  
case  of b o i l i n g .  

The s t a b i l i t y  of t h e  r e a c t o r  w a s  a l s o  eva lua ted  f o r  va r ious  o t h e r  ' 

va lues  of t h e  feedback model parameters .  In  Case 2 of Table I ,  reducing 
t h e  prompt-negative feedback ga in  (water  and f u e l  temperature c o e f f i c i e n t s  
of r e a c t i v i t y )  50% r e s u l t s  i n  a  system with a ga in  margin of about 8. 
Fur ther  reducing t h i s  ga in  t o  zero ( case  3 of Table I )  r e s u l t s  i n  a 
ga in  margin of about 3.2.  This  l a t t e r  r e s u l t ,  a l though not phys i ca l ly  
meaningful,  s t i l l  i nd i ca t e s '  an adequate margin of s t a b i l i t y  at f u l l  
power. Sus ta ined  undamped o s c i l l a t i o n s  would be p red ic t ed  at about 
t h r e e  t imes  f u l l  power i f  no b o i l i n g  occurs .  



'TABLE 6.3-1 

RELATIVE VALUES OF FEEDBACK MODEL PARAMETERS 

Case 1 Case 2 Case 3 Case 4 Case 5 

Prompt-negative feedback , % x 
gain ~ominal Nominal 0 Nominal Nominal 

Delayed-positive feedback . . 2 x 2 X 
gain Nominal ~ominal Nominal Nominal Nominal 

Delayed-negative feedback 
gain . Nominal Nominal .Nominal Nominal Nominal 

Corresponding values of 
gain margin OD 8.0 3.2 2.5 2.2 

Two other -cases of interest (cases 4 and 5 of Table 11 and. 
- perhaps more meaningrul physically were analyzed resulting in smaller 

gain margins. In Case 4, the delayed-positive feedback gain was 
doubled. The corresponding gain margin was 2.5. This case indicates 
that undamped oscillation would occur at 2.5 times full power or at 
full power with another factor of 2.5 increase in delayed-positive 
feedback gain. The predicted frequency of oscillation in either 
event would be about 0.02 Hz. The predicted five-fold gain increase 
over the nominal for the delayed positive feedback model is not 
believed to be possible because with such a I.arge gain, agreement 
between the experimental and simulated rod drop power reduction curves 
would not have been obtained. 

In Case 5 of Table I the overall delayed feedback gain (including 
both positive and negative components) was doubled resulting in a gain 
margin of 2.2. This -indicates undamped oscillations of 0.025 Hz at 
2.2 times full power or at full power with this gain increased another. 
factor of 2.2.' This. large a gain would also not have produced agreement 
with the experimental rod drop curve. 

The smallest phase margin obtained from the stability studies was 
about 85 degrees. These large phase margins support the conclusions 
drawn from the gain margin information. 



6.4 Discussion of  Related Sub jec t s  

The delayed-posi t ive and negat ive  feedback models developed i n  
t h i s  a n a l y s i s  do not  appear  t o  be  g r e a t l y  a f f e c t i n g  r e a c t o r  response 
o r  r e a c t o r  s t a b i l i t y .  The phys i ca l  processes  g iv ing  r i s e  t o  t h e s e  
feedbacks a r e  not  d e f i n i t e l y  known bu t  it i s  reasonably c e r t a i n  t h a t  
t h e  delayed-posi t ive component i s  produced, a t  l e a s t  i n  p a r t ,  by 
t h e  experiments.  I f  t h i s  component should be a s t rong  func t ion  of 
t h e  experiments and perhaps a l s o  t h e  experiment c o n t r o l  sys . l ; ems  it would 
be of i n t e r e s t  t o  confirm t h e  delayed-feedback models should f u t u r e  
a n a l y s i s  become necessary.  

It appears  f e a s i b l e ,  beca.use of t h e  low f requencies  involved,  t o  
perform " o s c i l l a t o r "  t e s t s  wi th  t h e  regi~lat, j .ng rod near  f u l l  power 
condi t ions  t h a t  would y i e l d  information t o  confirm t h e  delayed feedback 
model. I f  an experimental  and a n a l y s i s  technique i s  developed f o r  t h i s  
purpose t h a t  does not  r e q u i r e  a  l a r g e  amount of r e a c t o r  t ime o r  
g r e a t l y ' p e r t u r b  t h e  r e a c t o r ,  it could be used a s  a r o u t i n e  d i agnos t i c  
t e s t  of . r eac to r  s t a b i l i t y  as experiments a r e  added, removed, o r  
modified, 

The use  o f . n o i s e  a n a l y s i s  techniques  does not  look  a s  promising 
a s  t h e  " o s c i l l a t o r "  t e s t s  i n  t h i s  regard .  Given a neutron d e t e c t o r  
w i th  s u f f i c i e n t l y  h igh  e f f i c i e n c y  t h e  high power, power s p e c t r a l  d e n s i t y  
func t ion  of t h e  r e a c t o r  could  be measured. By i t s e l f ,  t h e  power 
s p e c t r a l  d e n s i t y  curve would be inconclus ive .  Assumptions concerning 
t h e  power s p e c t r a l  d e n s i t y  of  t h e  r e a c t o r  no i se  would have t o  be  made 
o r  p o s s i b l e  no i se  sources  i d e n t i f i e d  (such as flow-induced n o i s e )  
and t h e i r  power s p e c t r a l  d e n s i t i e s  measured along w i t h  t h a t  of t h e  
power. Pas t  experience wi th  high power no i se  a n a l y s i s  i n  t h e  t e s t  
r e a c t o r s  has  been q u i t e  l i m i t e d  and t h e  few a t tempts  made t o  d a t e  
have been unsuccessfu l  p r imar i ly  because of low neutron d e t e c t o r  
e f f i c i e n c y ,  response l i m i t a t i o n s  of  o t h e r  measuring ins t ruments  f o r  
such v a r i a b l e s  as temperature and flow, and because of  t h e  l a c k  of a 
r e a c t i v i t y  no i se  genera tor  t h a t  can be used t o  d r i v e  t h e  r e a c t o r .  
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