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THE OAK RIDGE RESEARCH REACTOR - SAFETY ANALYSIS 

F. T .  Binford 

‘A. INTRODUCTION ” 

I n  o r d e r  t o  provide adequate bases  f o r  t e c h n i c a l  s p e c i f i c a t i o n s  i t  has 

been found d e s i r a b l e  t o  expand t h e  h e a t  t r a n s f e r  a n a l y s i s  o r i g i n a l l y  presented  

i n  t h e  ORR Safe ty  Analysis (ORNL 4169, Vol. 11). Moreover, t h e  t rea tment  i n  

t h a t  document t a c i t l y  assumed t h a t  t h e  r e a c t o r  f u e l  used i n  t h e  ORR would be  

of t h e  well-known U-A1 a l l o y  p la te - type .  A l a r g e  amount of exper ience  wi th  

t h i s  f u e l  i n  condi t ions  similar t o  and more r igorous  than  those  encountered 

i n  t h e  ORR was a v a i l a b l e ,  and so t h e r e  was no reason  t o  inc lude  an ex tens ive  

a n a l y s i s  of i t s  l i m i t a t i o n s  i n  ORNL 4169. 
ORR f u e l  using t h e  U308-Al d i s p e r s i o n  technique which has  been s u c c e s s f u l l y  

used i n  the  H F I R  s i n c e  1965.1,2 
conclus ive ly  t h a t  t h e  U308-Al elements are s u p e r i o r  to t h e  U-Al  f u e l  elements 

i n  v i r t u a l l y  every r e spec t .  However, s i n c e  i t  i s  a l s o  proposed t o  i n c r e a s e  

t h e  235U content  above 265 grams p e r  element,  which i s  t h e  m a x i m u m  weight 

prev ious ly  used i n  ORR, i t  appears prudent t o  examine the impl i ca t ions  ,of 

t he  change t o  oxide f u e l .  

It is  now proposed t o  f a b r i c a t e  

The experience w i t h  H F I R  has demonstrated 

t 
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B. THE ESTABLISHMENT OF 
ASSOCIATED WITH 

OPERATING PARAMETERS 
HEAT TRANSFER 

P a r t  I - Development of t h e  Method 

1 INTRODUCTION 

The ope ra t ion  of t h e  ORR i s  conducted wi th  r e s t r i c t i o n s  imposed on 

c e r t a i n  of t h e  ope ra t ing  parameters.  These r e s t r i c t i o n s  are more than  

adequate t o  prevent overhea t ing  of the r e a c t o r  f u e l ,  and t h e r e f o r e  serve t o  

guarantee t h e  i n t e g r i t y  of t h e  f u e l  c ladding .  

va lues  of t hese  parameters is based upon a number of  c a l c u l a t i o n s , 1 , 2 j 3  

t h e  r e s u l t s  of which have been supported by tests and measurements i n  t h e  

r e a c t o r .  4 9 5, 6 5 7 

The s e l e c t i o n  of  l i m i t i n g  

The r e l evan t  parameters are hea t  f l u x ,  coolan t  v e l o c i t y ,  and subcooling. 

None of t h e s e  q u a n t i t i e s  can be  d i r e c t l y  measured; however, they may be  

i n f e r r e d  from a knowledge of t h e  measurable parameters: r e a c t o r  power, 

primary coolan t  flow , coolant  temperatures , and p res su re .  

ment of a f u n c t i o n a l  r e l a t i o n s h i p  among t h e s e  q u a n t i t i e s  r e q u i r e s  an under- 

s t and ing  of  t h e  hydrau l i c  condi t ions  which ex is t  i n  t h e  core  conf igu ra t ion  

under cons ide ra t ion ,  t oge the r  w i th ' a  knowledge of t h e  s p a t i a l  d i s t r i b u t i o n  

The e s t a b l i s h -  

of t h e  h e a t  f l ux .  

The problem was i n v e s t i g a t e d  by Websterl and o t h e r s ,  and i t  i s  t h e  

purpose of t h i s  s tudy ,  which is  l a r g e l y  an ex tens ion  of Webster's work, t o  

summarize t h e  methods t o  be  followed i n  e s t a b l i s h i n g  appropr i a t e  ranges of 

va lues  f o r  t h e  s i g n i f i c a n t  ope ra t ing  parameters.  

2. ESTIMATION OF THE CRITICAL HEAT FLLX 

The c r i t i c a l  o r  "burnout" h e a t  f l u x  may be  roughly def ined  as t h a t  

va lue  of t h e  hea t  flux a t  which, under the cond i t ions  cons idered ,  t h e  t e m -  
p e r a t u r e  of a hea ted  s u r f a c e  begins t o  i n c r e a s e  a t  a r a p i d  and uncont ro l led  

rate.  

There have been a number of empi r i ca l  c o r r e l a t i o n s  developed t o  desc r ibe  

the r e l a t i o n  between cr i t ical  h e a t  f l u x ,  coolan t  v e l o c i t y ,  and degree of  
subcooling. Webster, i n  h i s  work, determined t h a t  t h e  c o r r e l a t i o n  most 

s u i t a b l e  f o r  t h e  condi t ions  which p r e v a i l  i n  t h e  ORR i s  t h a t  of Labuntsov.lY8 
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The d a t a  upon which this c o r r e l a t i o n  i s  based f a l l  w i th in  t h e  range of  
p re s su re ,  hea t  f l u x ,  and subcooling c h a r a c t e r i s t i c  of OFS opera t ion .  

1 / 4  15C A t s u b  
1 0. 232v2 

N P )  + $1 1 /2  = 4.61 x 1 0 5 0 ( ~ ) 1 1  + 9, 

where 

= c r i t i c a l  hea t  flux (B tu / f t2h r )  C = s p e c i f i c  h e a t  of coolan t  
(Btu/lb°F) . 

0, 

p = pres su re  (arm. abs ; )  h = hea t  of vapor i za t ion  (Btu/ lb)  

v = coolant  v e l o c i t y  ( f t / s e c )  = c r i t i c a l  p re s su re  of  
coolan t  ( a t m .  abs  .) 

= s a t u r a t i o n  temperature  (OF) 

P C  

O(p) = p'/3(1-p/pc)4/3 tsat 
ti - i n l e t  temp (OF) A t  = coolant  temperature  ( O F )  

P 

Atsub 'sat - t i , -  A t  = subcool ing (OF) 

The p res su re  p and t h e  corresponding S a t u r a t i o n  temperature  and h e a t  of  

vapor i za t ion  w i l l ,  of course,  depend upon t h e  p re s su re  drop through t h e  

r e a c t o r ,  and t h i s  i n  t u r n  depends upon t h e  coolan t  v e l o c i t y .  Although t h e  

p re s su re  may be as high as 40 p s i a  a t  t h e  s i t e  o f  maximum h e a t  f l u x ,  t h e  

pressure  has ,  both f o r  s i m p l i c i t y  and conservat ism,  been chosen t o  be 

1.633 a t m .  (24 p s i a  - t h e  core  ex i t  pressure)  f o r  a l l  t h e  cases considered.  

Moreover, t h e  l o c a t i o n  of m a x i m u m  h e a t  f l u x  (which a c t u a l l y  occurs  about 

9 i n .  above t h e  core  e x i t )  w i l l  be assumed t o  occur  a t  t h e  c o r e  exit .  These 

assumptions w i l l  r e s u l t  i n  an underest imate  of t h e  c r i t i c a l  heat flux 

because they imply t h e  minimum p o s s i b l e  subcool ing.  

t i o n s ,  p = 1.633 a t m .  abs . ,  O(p) z l . 1 6 6 ,  tsat = 238"F, X = 953 B t u / l b ,  

Cp = 1 Btu/ lb°F,  pc = 218 a t m .  abs .  

Based on t h e s e  assump- 

Thus, Eq. (1) becomes 

+ C  = 5.38 x 105(1 + 0 . 1 9 9 ~ ~ ) ~ / ~ ( 1  + 1.232 x 10-'Atsub) (2) 

I n  o rde r  t o  o b t a i n  a r e l a t i o n s h i p  between 6 and v i t  is necessary t o  
C 

ti' 
spec i fy  A t s u b  as a func t ion  of  V. 

is about 120'F. 
Hence 2 3 q -  dzs-ht 

Normally t h e  core  i n l e t  temperature ,  

A conserva t ive  va lue  of  125OF w i l l ,  however, b e  used. 

3 113 - A t  . "sub 



The mass flow rate through an ORR f u e l  element i s  nominally 

W 9.24 x 103v l b / h ~ - . ~  

average, hea t  f l u x  i n  t h e  a x i a l  d i r e c t i o n  is 1.44.  The h e a t  t r a n s f e r  

area of an OR3 f u e l  element i s  14.96 f t 2 ,  so  i f  $max is t h e  maximum h e a t  

f l u x  i n  t h e  r e a c t o r ,  t he  hea t  input  t o  t h e  h o t t e s t  element becomes 

It has  been found1s9 t h a t  t h e  r a t i o  of  maximum t o  

14.964 /1.44 10.384max Btu/hr.  Thus, f o r  t h e  h o t t e s t  channel 
a A  max 

A t  = 1.123 x / v  (OF) “cp max 
The width of an ind iv idua l  f u e l  channel may be only 90% of t h e  nominal 

width,  hence t h e  temperature rise is increased  by t h e  corresponding amount 

and 

A t  = 1.248 x /v  (OF) max 
Thus 

= 113 - 1.248 x /v Atsub m a x  
S e t t i n g  4 = $c and p u t t i n g  t h i s  r e s u l t  i n t o  Eq. (2) w e  ob ta in  max 

= 5.38 x 105(1  + 0 . 1 9 9 ~ ~ ) ’ / ~ ( 2 . 3 9 2  - 1.538 x 10’5$c/v) 
@ C  q)-= 2lf  ; f+ / .SCd 

which may be  solved f o r  I$ t o  y i e l d  
C 

1 / 4  

1 1 4  (Btu/ f t 2hr)  (5) 
0 1.287 x 1 0 6 v ( l  + 0 . 1 9 9 ~ ~ ) .  

v + 8.279(1 + 0.199~‘)  @e 

This r e l a t i o n ,  which g ives  t h e  c r i t i c a l  h e a t  f l u x  i n  an ORR core  as 

a func t ion  of coolant  v e l o c i t y ,  holds  f o r  h e a t  f l uxes  between 4 x lo5 and 

1 .5  x l o 7  B tu / f t2h r  f o r  pressures  above one atmosphere, and f o r  values  o f  

g r e a t e r  than zero.  It conta ins  t h e  fol lowing e x p l i c i t  conserva t ive  Atsub 
assumptions : 

(i) The m a x i m u m  h e a t  f l u x  occurs  a t  t h e  po in t  of lowest  p re s su re  

and h ighes t  coolant  temperature.  

The width of t h e  h o t t e s t  channel i s  90% of  t h e  nominal width,  

thus  reducing the  mass flow ra te  thereby 10%. 

The i n l e t  temperature i s  125OF. 

( i i )  

(iii) 

3 .  THE ONSET OF NUCLEATE B O I L I N G  

The power l e v e l  a t  which the  onse t  of b o i l i n g  is  observed% d e t e r -  71 
mined as a func t ion  of primary coolant  flow i n  a series of experiments 
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performed i n  t h e  

1500 gpm) it  w a s  found t h a t  

For flows i n  t h e  t u r b u l e n t  reg ion  (above about 

= 0.0244 FTo:8 Qb 

where Q i s  the  power level (MW) a t  which b o i l i n g  begins  when t h e  t o t a l  

core  flow is  FT (gpm). 

26 f u e l  elements and 4 shim-safety rods.  The coolant  i n l e t  temperature  

was 120'F. 

b 
These tests were performed us ing  a c o r e  conta in ing  

4.  ESTIMATION OF THE "EURNOUT" POWER LEVEL 

I n  o rde r  t o  express  Eq. (5) i n  terms of d i r e c t l y  observable  q u a n t i t i e s ,  

it is necessary t o  e s t a b l i s h  a r e l a t i o n s h i p  between t h e  maximum heat f l u x  $m 

and power l e v e l  Q and between t o t a l  primary coolan t  f low FT and t h e  coolan t  

v e l o c i t y  v. Both of t hese  depend upon t h e  co re  conf igura t ion .  

For a given conf igu ra t ion  t h e  average v e l o c i t y  through a f u e l  channel i s  

propor t iona l  t o  t h e  flow through t h e  r e a c t o r  core .  It may be  deduced from 

da ta  obta ined  dur ing  a series of hydrau l i c  tests5 t h a t  t h e  average v e l o c i t y  

through a f u e l  element may be r e l a t e d  t o  t h e  p re s su re  drop through t h e  core  

by the equat ion 

v = ~ . O A P O . ~ ~  

Because t h e  v e l o c i t y  i n  an o u t e r  f u e l  channel may be  only 85% of t h e  

a ~ e r a g e , ~  t h e  r e l a t i o n s h i p  t o  be used is 

v = 4.25  Ap0*5s (7 )  
During a recent  series of experimentslO i t  was found t h a t  t h e  flow 

through t h e  r e a c t o r  core  Fc may be expressed as a func t ion  of t h e  p re s su re  

drop by t h e  r e l a t i o n  

Fc = 9 4 . 1  n ApoeS6 

where n is t h e  number of core  elements and Fc is t h e  primary coolan t  flow 

through t h e  core  expressed i n  ga l lons  p e r  minute.  Thus 

v = 4.52 x lO-a% n 

The h e a t  t r a n s f e r  area of a f u e l  element i s  14.96 f t 2  and t h a t  of a 

shim-safety rod is 10.80 f t 2 ,  

s o  t h e  t o t a l  h e a t  t r a n s f e r  area becomes 14.96n + 5.4n where n is t h e  

number of f u e l  elements and ns the number of shim-safety rods.  

The shim rods are assumed halfway withdrawn 

f .  S' f 
The average 5 
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h e a t  f l u x  t h e r e f o r e  becomes 

- 
$I = 3.413 x 106Q/(14.96nf + 5.4ns) (Btu/ f t 2 h r )  (10) 

where Q is t h e  r e a c t o r  thermal power i n  MW. 

Let K be t h e  r a t i o  of m a x i m u m  t o  average h e a t  f l u x ,  Then t h e  peak hea t  

equal  t o  t h e  f l u x  is  KT. 

c r i t i c a l  hea t  f l u x  i n  Eq. (5) and upon using Eq. (9)  and (10) w e  o b t a i n  

Upon s e t t i n g  KT = 3.413 x 106KQ/(14.96nf + 5.411,) 

(11) KQC 

2.77n + ne f 

= 1.112 x 10’2B(1 + 4..059 x 10-‘+82)1/4 

5.46 x 10h3B + (1 + 4.059 x 10-4B2)1/4 

where h e r e  f o r  convenience we have set  

B : Fc/n, (12) 
t h e  nominal average flow through an ORR core  element,  and Qc i s  t h e  power 

l e v e l  which w i l l  produce 4, somewhere i n  t h e  core .  

The geometr ical  and v e l o c i t y  u n c e r t a i n t i e s  have a l r eady  been accounted 

f o r  i n  t h i s  formulat ion.  An a d d i t i o n a l  h o t  channel f a c t o r  of  1.1 is  included 

t o  t ake  care of o t h e r  cont ingencies .  

es t imated by the  r e l a t i o n  

Hence, t h e  minimum burnout power i s  

Gbp-c: 
= W(B)  (13) KQb o - - 1.01 x 1 0 - ~ 8 ( 1  + 4.059 x 10-482)1’4 

2.77nf + ns 5.46 x 10b3B +(1 + 4.059 x 10-4B2)1’4 

It should be noted t h a t  two more conserva t ive  assumptions have been 

incorporated:  

( i v )  The maximum hea t  f l u x  occurs  i n  an  o u t s i d e  channel where t h e  

v e l o c i t y  i s  only 85% of t h e  average,  

The burnout power has been a r b i t r a r i l y  reduced by a f a c t o r  of 

0.91 t o  cover o t h e r  cont ingencies .  
(v) 

Another element of conservatism which ex i s t s ,  bu t  which is no t  spec i -  

f i c a l l y  included,  i s  t h e  fact  t h a t  during ope ra t ion  a t  h igh  power some of  

t h e  hea t  ( 1  o r  2%) i s  l o s t  t o  t he  r e a c t o r  pool water and does no t  c o n t r i b u t e  

t o  the  primary coolan t  temperature rise. For t h i s  reason ,  t h e  A t  values  

ca l cu la t ed  i n  t h i s  r e p o r t  are s l i g h t l y  h ighe r  than  those a c t u a l l y  observed. 

Values of  $ ( B )  have been tabula ted  as a func t ion  of B and are  given 

i n  Table 1. 
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Table  1. Values of $ ( B )  

10 
20 
30 
4 0 
50 
60 

80 
90 
100 
110 
120 
130 
1 4 0 
150 
150 
l? 0 
130 
19 0 
200 
210 
220 
2 30 
24 0 
.?SO 
250 

23 0 
29 0 
300 
310 
320 
330 
34 0 
350 
36 0 
37 0 
33 0 
39 0 
400 
4 1 0 
4 2 0. 
430 
4 4 0 
450 
46  0 
47 0 

49 0 
500 

70 

27  0 

4 3  0 

9.55200E-2 
0. 132778 
0 263 123 
0 3337 23 
0 04 10356 
0 48 0 363 
0.547775 
0.613445 
0.67?609 
0 7 4 0 4 39 
0.802067 
O.Sh2595 
00922103 
0.980676 
1.03336 
1.03521 
1.15125 
1 2066 
1.26122 
1.31517 
1 36847 
1.421 l ?  
1 47 327 
1.5245 1 
1 5758 1 
1.52629 
1.67626 
1.72576 
1.77479. 
1.32336 
1 .8715  
1-91921 
1.96652 
2.01343 
2.05995 
2.1051 
2. 15159 
2 .  19?32 
2 2424 
2.237 15 
.2 ? 3 1 53 
2.37559 
2.4 19/45 
2.46237 
2.50617 
2.54908 
2.59 17 
2-63405 
2 5 7 5  1 3 
2.7 1795 ____- . - .- -__ 

510 
520 
530 
540 
550 
568 
57 0 
53 0 
59 0 
600 
510 
620 
6 30 
64 0. 
650 
5 6 0  
57 0 
63 0 
69 0 
700 
7 1 0  
720 . 

7 30 
740 
7 50 
7 5 0  
77 0 
780 
79 0 
a 0 0  
810 
320 
530 
540 
850 
860 
87 0 
58 0 

900 
.9 10 
920 
9 30 
,9 4 0 
3 5 0  
960 
970 
9 3 0  
990 
1000 

? 3 9 0 , ,  

2.7535 
2.50081 
2.54156 
2-38253 
P.92325 
2.36359 
3.0037 1 
3.0fm 
3.033F7 
3.12272 
3. 16196 
3.20099 
3.23932 
3.27345 
3.31638 
3.25511 
3.393hG 
3 4 3 1 0 2 
3.46359 
3-50613 
3 54 349 
3.58C53 
3.61753 
3 .h 5 4 33 
3.69’1 0 1 
3.7 2?47 
3.76376 
3.7999 
3.33598 
3-57 17 
3.90?37 
3.9 4238 
3.97325 
4.0 1347 
4. 0 4 3 5 5  
4.03348 
4.11827 

4; 15743 
4.15292 

4.22131 
4.2 55 0 5 
4.29016 
4.324 14 
4.35739 
4.33 172 
4.42531 
4.45879 
4 49 2 1 4 
4. 52537 
4.55847 
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Some of t h e  t o t a l  primary coolant  f low, FT, is  d ive r t ed  t o  demineral- 

izers ,  t o  cool  experimental  f a c i l i t i e s ,  and f o r  o t h e r  purposes.  This bypass 

flow, FB, has been foundlo t o  follow t h e  r e l a t i o n  

FB = 293 + 5.65 Apoeg8  ( 1 4 )  
Since FT = F + FB, t h e  r e l a t i o n s h i p  between t h e  t o t a l  (measured) C 

primary flow and t h e  flow through t h e  core ,  nB = FC, can be found by com- 

b in ing  Eq. 7 ,  8, 9 ,  and 1 4 ,  s o  t h a t  

FT = 293 + 8 (n + 1.987 x 10-380*75) (15) 
Values of  8 versus FT f o r  several values  of n are given i n  Table 2*. 

The va lue  of K, t h e  peak t o  average heat f l u x  r a t i o ,  remains t o  be 

determined. I n  gene ra l ,  t h i s  r a t i o  w i l l  depend upon t h e  core  conf igu ra t ion  

and must be  determined f o r  each loading ,  

To a f i r s t  approximation K w i l l  be  equal  t o  K', t h e  r a t i o  of peak t o  

average f i s s i o n i n g  dens i ty .  Actua l ly ,  t h e  va lue  should be somewhat less 

than  t h i s  because not  a l l  of t h e  energy is  deposi ted a t  the  f i s s i o n  s i t e  

and some of t h e  h e a t  is conducted i n  d i r e c t i o n s  normal t o  t h e  fuel-coolant  

i n t e r f a c e .  (The t o t a l  area a v a i l a b l e  f o r  heat t r a n s f e r  i n  a s tandard  ORR 

f u e l  element i s  18.77 f t 2  of which 14.96 f t '  o r  80% d i r e c t l y  covers  f u e l , )  

Examination of a number of core  loadings' '  produces t h e  fol lowing va lues  of 

K' f o r  cores  conta in ing  more than 24 core  elements:  

K' = 4.47 - 0.2n + 0.0046n2 

as a func t ion  of  n, t h e  number of core  elements.  Est imates  of t h e  a c t u a l  

peak t o  average hea t  flux which occurred during the b o i l i n g  experiments6 

using a method developed by Bergles and Rohsenow12 l e a d  t o  va lues  about 

two-thirds of t h i s .  Hence K w i l l  be  taken t o  be  80% of K', t h a t  is 

K = 3 . 5 8  - 0.16n + 0.0037n2 (17) 
It must be  emphasized t h a t  t h i s  holds  only f o r  "normal" co re  con- 

f i g u r a t i o n s ,  and t h a t  core  loadings which con ta in  experimental  conf igura t ions  

which may s i g n i f i c a n t l y  skew the  h e a t  f l u x  must be i n v e s t i g a t e d  on a case  

by case b a s i s .  

*A use fu l  approximation i n  t h e  range of i n t e r e s t  is B Q 0.948FTn-Q'99-8, - - 
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Table 2. Values of F, (gprn) as A Function of 6 and n 

n 
25 27 29 3 1  33  35 B 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 

120 
130 
140 
150 
160 
17 0 

19 0 
200 
210 
220 
2 30 
240 
250 
260 
27 0 
28 0 
29 0 
300 
310 
320 
330 
34 0 
350 
36 0 
37 0 
38 0 
39 0 
400 
410 
420 
430 
440 
450 
460 
47 0 
48 0 
49 0 
500 

110, 

iao 

29 3 
5430 112 
7930376 
1043.76 
1294026 
1544087 
1795.57 
2046.37 
2297.25 
2548 23 
2799 28 
3050042 
3301.65 
3552094 

4055.77 
4307 3 
4558 09 
48 10 58 
5062032 
5314013 
5566.02 

6069.99 
6322008 
6574.23' 

7078.73 
7331.08 
7583.49 

3804.32 

5817.97 

6826.45 

7835.97 
8088051 
8341.11 
8593077 

9 099 28 
9352012 
9605002 
9857.99 
10111. 
10364.1 
10617.2 
10870.4 
1 1  123.7 
11377. 
11630.4 

1213703 
1 2 39 0 6 
1264404 
12898 

8846.49 

i 1883.8 

29 3 
5630112 
8330376 
1103.76 
1374.26 
1644.57 
1915.57 
2146037 
2457025 
27 28 23 
2999 28 
3270.42 
3541.65 

4084032 
4355.77 
4627.3 
4898 09 
5170.58 
5442. 32 
5714.13 
5986.02 
6257.97 
6529099 
6802.08 
7074L23 
7.346045 
7618.73 
789 1 08 
8 1 63. 49 
0435.97 
8708051 
8981.11 
9253077 
9526049 
9799.28 
10072.1 
10345. 
10618. 

1116401 
11437.2 
11710.4 
1198307 
12257. 
1253004 

1307703 
13350 08  
13624 04 
13890 

38 12.94 

10891. 

128 o 3.8 

29 3 

873.376 
1163076 
1454.26 
1744.87 
2035.57 
2326.37 
2617.25 
29 08 023 
3199.28 
3490 042 

583. I 12 

378 1 . 65 
407 2 094 
4364 32 
4655077 
4947.3 

5530 058 

6114.13 
6406.02 
6697.97 
6989 099 

5238 .9 

5822.32 

7282.08 

7866.45 

a451 .08  
8743.49 

9328.51 

7574.23 

8158073 

9035.97 

962 1 1 1 
99 13.77 
10206.5 
10499.3 
1079201 
110850 
113780 
116710 
11964.1 
1225702 
12550.4 

13137. 
13430 0 4  
13723 08  
1401703 
1431 0 0 8  
14604.4 
14898. 

12843.7 

29 3 
603.1 12 
9130376 
1223.76 
1534 26 

2155.57 
2466.37 
2777025 
3088.23 
3399 28 
3710.42 
4021065 
4332094 
4644032 
4955.77 
5267.3 

1 8 4 4 . ~  

5578.9 
589 o . sa 
6202.32 
6514013 
6826.02 
7137097 
7449 099 
7762008 
8 074 23 
8306.45 
8698.73 
9011.08 
9 323 49 
9635.97 

10261.1 
10573.8 

1 1199 03 
1151201 
11825. 
121380 
12451. 
1276401 
13077.2 
1 339 0 4 
13703.7 
140170 
14330.4 
1464308 
1495703 
15270 08 
1558404 
15898 

9948.51 

10886.5 

993.376 
1343.76 
1694.26 
2044087 
2395.57 
2746037 
3097.25 
3448 23 
3799 . 20 
4150.42 
450 1 64 

5204032 
5555.77 
5907.3 

6610.58 
6962032 
7314.13 
7666.02 
8017097 

4852.94 

6258.9 

8369.99 
8722.08 
9074.23 
9426.45 
9778.73 
10131.1 
10483.5 
10836. 
1 i 188.5 
31541.1 
11893.8 
1224605 
12599 3 
12952. 1 
13305. 
13658 
14011. 
1436401 
1471702 
15070.4 
15423.7 
15777 
16130.4 

1 68 37 3 
17190.8 
1754404 
17898 

16483.8 

953.376 
1283.76 
1614.26 
1944087 
2275.57 
2606.37 
29 37 25 
3268 23 
3599 28 
3930042 
4261065 
4592094 
4924.32 
5255.77 
5587.3 
5918.9 
6250.58 
6582032 
69 14.13 
7246.02 
7577.97 
79 09 099 
8242.00 
8574.23 
8906045 
9238073 
9571.08 
9903.49 
10236. 
10568.5 
1090101 
11233.8 
11566.5 

1223201 
12565. 
12898 
13231 
13564.1 
1389702 
1423004 
14563.7 
148970 
15230.4 
1556308 
15897 3 
16230.8 
16564.4 
16898. ' 

i 1899.3 

29 3 29 3 
623.112 I 643.112 
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Table 2 - continued 

n 
25 27 29 31 33 35 B 

510 
520 
5 3 0  
540 
5 50 
560 
57 0 
58 0 
59 0 
60 0 
610 
620 
6.3 0 
640 
650 
660 
67 0 
68 0 
69 0 
700 
710 
720 
7 3 0  
740 
71 5 0  
760 
770 
780 
79 0 
8 0 0  
8 1 0  
820  
8 3 0  
840 
8 5 0  
860 
87  0 
880 
89 0 
9 0 0  
910 
920 
930 
940 
950 
960 
970 
980 
99 0 

13151.8 
13405.5 
13659 3 
13913.2 
14167. 1 
14421.1 
14675. 1 
14929.2 
15183.3 
15437.5 
15691.8 
15946. 1 
16200.4 
16454.8 
167 09 3 
16963.8 
17218.3 
17472.9 
17727.6 
17982.3 
18237. 
1849 1.9 
18746.7 
19001.6 
19256.6 
19511.6 
19766.6 
20021.8 
20276.9 
20532. 1 
20787.4 
21042.7 

14171.8 
14445.5 
14719.3 
14993.2 
15267.1 
15541 1 
15815.1 
16089 2 
16363.3 
16637.5 
16911.8 
17186. 1 
J7460.4 
17734.8 
18009.3 
18283.8 
18558 0 3  
18832.9 
19 107 6 
19382.3 
19657. 
19931.9 
20206.7 
2048 1.6 
20756.6 
21031.6 
21306.6 
21581 ~ 8 '  
21856.9 
22132.1 
2240704 
22682.7 

21298. 
21553.4 
21808.9 
.22O64.4 
22319.9 
22575.5 
22831.2 
23086.8 
23342.6 
23598.4 
238 54 2 
24110.1 
24366. 
24622. 
24878 
25134.1 
25390.2 

2 29 58 0' 

23233.4 
23508.9 
23784.4 
24059 09  

. 24335.5 
2461 1.2 
24886.8 
251 62 0 6  
25430.4 
2571402 
25990.1 
26266. 
26542 
268 18 
27094.1 
27370 0 2  

1000 25646.3 27646.3 

i s i 9 1 . 8  
1548 5 5 
15779.3 
16073.2 
16367.1 
16661.1 
16955.1 
17249 0 2  
17543.3 
17837.5 
18131.8 
18426. 1 
18720 04 
19'0 14 08 
19309.3 
19603.8 
19898 3 
20192.9 
20487.6 
20782.3 
210770 
21371 0 9  
21666.7 
21961.6 
22256.6 
22551 0 6  
22846. 6 
23141 0 8  
23436.9 
23732.1 
24027.4 
24322.7 
24618. 
2491304 
25208 09 
25504.4 
25799 0 9  
26095.5 
26391.2 
2668 6 * 8  
26982*6 
27278 0 4  
27 574 2 
27670.1 
28166. 
28462. 
287 58 
29054.1 
29350.2 
29646 3 

1621 1.8 
16525.5 
16839 3 
17153.2 
17467. 1 
1778 1 1 
18095. 1 
18409 0 2  
18723.3 
19 0 37 5 
19351.8 

-19666. 1 
-1998 0 4 
2029 4 0 8  
20609 3 
20923.8 
21238.3 
2 1552 09  
2 1867 6 
22182.3 
2249 7 
228 1 1.9 
23126.7 
23441.6 
23756.6 
24071.6 
24386.6 
2470 1.8 
250 16.9 
25332.1 
25647 4 
25062.7 
26278 
26593.4 
269 0 8  09  
27224.4 
27539 0 9  
27055.5 
28171.2 
28486.8 
28802.6 
29118.4 
29434.2 
29750.1 
30066. 
30302. 
30698. 
31014.1 
31330.2 
31646.3 

17231 0 8  
17565.5 
17899.3 
18233.2 
18567.1 
18901.1 
19235.1 
19569 0 2  
19903.3 
20237.5 
20571.6 
20906. 1 
'2 1 24 0 4 
21574.8 
2 19 09 3 
22243.8 
22578 3 

' 22912.9 
23247.6 
23582.3 
23917. 
24251.9 
24586.7 
24921.6 
25256.6 
2559 1 6 
259 26. 6 
26261.5 
26596.9 
26932.1 
27267.4 
2760207 
279 38 
28273.4 
28608.9 
28944.4 
29273.9 
29615.5 
29951.2 
30286.8 
30622.6 
30958.4 
31294.2 
31630.1 
31966. 
32302. 
32638 
32974. 1 
33310.2 
33646.3 

18251.8 
18605.5 
18959.3 
19313.2 
19667. 1 
20021.1 
20375.1 
20729.2 
21083.3 
21437.5 
2179 1.8 

* 22146.1 
*22500.4 
228 54 0 8  
23209 3 
23563.5 
239 18 3 
24272.9 
24627 6 
24902.3 
25337 
2569 1.9 
26096.7 
2640 1 6 
267 56 6 
27111.6 
27465.6 
2782 1.8 
28176.9 
28532. 1 
28887 04 
29242.7 
29 593 
29953.4 
30308.9 
30664.4 
31019.9 
31 375.5 
31731 0 2  
32086.8 
32442 6 
32798 04 
33154.2 
33510.1 
33866. 
34222 
34578 
349 34 1 
35290.2 
35646.3 



1 2  

As an example of t h e  use of t hese  methods, cons ider  a 30-element core  

which conta ins  26 f u e l  elements and 4 shim-safety rods and f o r  which t h e  

t o t a l  coolant  flow i s  17,300 gpm. From Table 2,  B = 563.2 gpm. 

76.02 and K - 2.11. 

which is  somewhat lower than Webster 's  o r i g i n a l  estimate of  138 MW, 

d i f f e r e n c e  may be a t t r i b u t e d  t o  the  conservatism-added by assuming t h a t  t h e  

peak h e a t  f l u x  occurs  a t  t h e  core  exit.  

2.77nf + ns = 

From Table 1, J, (563.2) = 2.9764, hence Qbo = 107 MW 

The 

It should be noted t h a t  i n  the  range under cons ide ra t ion  t h e  burnout 

power decreases  as t h e  number of co re  elements is i nc reased ,  e . g . ,  f o r  

17,300 gpm and a 35-element core  Qbo = 91 MW. 

na t ion  of i nc rease  i n  peaking f a c t o r  and decrease  i n  v e l o c i t y  has a g r e a t e r  

e f f e c t  than t h e  decrease i n  average heat f l u x .  

This  is because t h e  combi- 

5. THE POWER LEVEL AT THE ONSET OF NUCLEATE BOILING 

Equation (6)  can be modified i n  a manner similar t o  t h a t  s e t  f o r t h  above 

i n  o rde r  t o  accommodate cores  o t h e r  than  t h e  30-element core  t o  which t h e  

o r i g i n a l  da t a  app l i ed .  Since t h e  d a t a  are experimental ,  t h e  appropr i a t e  

peaking f a c t o r  i s  a l r eady  present  i n  t h e  30-EN case. '&us 

KQnb = 1.029 x 10-2go*e 
2.77nf + n 

S 

A word of cau t ion  is i n  order here: because Eq. ( 6 )  is based on d i r e c t  

measurements of  flow and power a t  t h e  observed onse t  of  b o i l i n g ,  t h e  h e a t  

f l u x  peaking f a c t o r  K ,  whatever i t s  va lue ,  is  a l ready  p r e s e n t .  C lea r ly  t h e  

use of  a va lue  of K higher  than t h a t  which, i n  f a c t ,  e x i s t e d  i n  o r d e r  t o  

estimate t h e  h e a t  f l u x  a t  the  onse t  of  b o i l i n g  would p r e d i c t  a h ighe r  va lue  

than is a c t u a l l y  requi red  t o  cause b o i l i n g .  Thus, Eq. (18) should no t  be 

used t o  estimate t h e  b o i l i n g  h e a t  f l u x  unless  t h e  peaking f a c t o r  i s  w e l l  

known. Equation (18) r e t a i n s  t h e  v a r i a t i o n  i n  K with  t h e  number of  f u e l  

elements,  bu t  i ts  abso lu te  va lue  i s  based upon t h e  observed behavior  of  a 

30-element core ,  
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PART I1 - APPLICATION 

1. INTRODUCTION 

The ORR is normally operated a t  a power level  of 30 MW wi th  a t o t a l  

primary coolant  flow of about 18,000 gpm and an i n l e t  temperature  of 120°F. 

Although t h e  number of core  elements may vary depending upon t h e  experiment 

requirements,  t h e  r e a c t o r  usua l ly  conta ins  6 shim-safety rods and about 2 5  

f u e l  elements. Under these  condi t ions ,  t h e  temperature rise through t h e  

core* is 11.8'F, and t h e  average hea t  f l u x  is 2.52 x lo5 Btu / f t2h r .  The 

temperature r ise through t h e  h o t t e s t  channel i s  21.4'F and t h e  peak h e a t  

f l u x  is about 5.5 x l o 5  B tu / f t2h r .  

Using t h e  conserva t ive  methods ou t l ined  above, the c r i t i c a l  keat f l u x  

for t h i s  flow and conf igu ra t ion  is  about 2.39 x los Btu/ f t2hr  and corresponds 

t o  a burnout power of about 104 MW. 

expected t o  occur  a t  about 59 MW. 

The onse t  of nuc lea t e  b o i l i n g  would be 

Because t h e  ORR is a research  t o o l ,  i t  is necessary to r e t a i n  as much 

f l e x i b i l i t y  as poss ib l e  i n  the  opera t ion .  Thus a t  t imes i t  is  d e s i r a b l e  t o  

ope ra t e  the r e a c t o r  at  power levels o t h e r  than  30 MW and a t  flows o the r  than  

18,000 gpm. Moreover, t he  number of f u e l  elements may be va r i ed .  A l i s t i n g  

ca l cu la t ed  by t h e  methods of P a r t  I of t h e  va lues  of  t h e  parameters of impor- 

tance t o  s a f e t y  f o r  t h r e e  "normal" conf igu ra t ions  and f o r  var ious  primary 

system flows i s  presented i n  Table 3 .  It should be noted t h a t  i n  some cases  

of low flow, t h e  results of Eq.  (13) imply a nega t ive  subcool ing i n  t h e  h o t  

channel,  a condi t ion  f o r  which t h e  Labuntsov equat ion  (Eq.  1) is i n v a l i d .  

In  these  cases ,  t h e  c r i t i c a l  hea t  f l u x  and corresponding burnout power level 
has  been es t imated  f o r  t h e  v e l o c i t i e s  under cons ide ra t ion  by us ing  Eq. (1) 

and r equ i r ing  a non-negative subcool ing a t  t h e  channel e x i t .  

2.  REACTOR PROTECTION 

The r e a c t o r  i s  equipped with a number of devices  which can be p r e s e t  t o  

i n i t i a t e  p r o t e c t i v e  a c t i o n  when they d e t e c t  t h a t  one of t h e  parameters which 

they are designed t o  measure has exceeded t h e  predetermined l i m i t s  e s tab-  

l i s h e d  for t h i s  parameter.  '$e parameters which are u t i l i z e d  t o  c o n t r o l  t h e  

*Neglects h e a t  l o s s  t o  reaceor  pool ,  
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. 
r e a c t o r  are coolan t  flow, i n l e t  temperature ,  ex i t  temperature ,  coolan t  t e m -  

pe ra tu re  rise (At) ,  i n l e t  p re s su re ,  e x i t  p re s su re ,  core  p re s su re  drop (Ap), 

and, i n d i r e c t l y ,  r e a c t o r  power. The r e a c t o r  power is determined c a l o r i -  

m e t r i c a l l y  by comparing the  coolant  flow and t h e  temperature  r ise ac ross  t h e  

core .  This value i s  used to  c a l i b r a t e  a r a d i a t i o n  d e t e c t i o n  instrument which 

i n  t u r n  provides a d i r e c t  i n d i c a t i o n  of power level.  

response,  t h e  r a d i a t i o n  d e t e c t i o n  instrument i s  used t o  d i r e c t l y  i n i t i a t e  

p r o t e c t i v e  ac t ion  when i t  d e t e c t s  an abnormal power inc rease .  

Because of i t s  r a p i d  

In add i t ion ,  p r o t e c t i v e  a c t i o n  is  au tomat ica l ly  i n i t i a t e d  by t h e  i n s t r u -  

ments which measure coolant  flow, t h e  core  exi t  temperature ,  co re  AT and 

core  AP. 

de t ec t ion  instruments  which measure t h e  rate of power inc rease .  

During s t a r t u p  p r o t e c t i v e  a c t i o n  is  a l s o  i n i t i a t e d  by r a d i a t i o n  

There are several levels of  p r o t e c t i v e  a c t i o n  which may occur .  These 

are r e l a t e d  t o  t h e  magnitude of t h e  anomaly de tec t ed  and are as fol lows:  

(a} "Alarms," which a l e r t  t h e  ope ra to r  by means of an aud ib le  and 

v i s i b l e  s i g n a l  

"Set-backs," which produce an automatic  reduct ion  of power by 

means of t h e  servo-system u n t i l  e i t h e r  t h e  cond i t ion  causing 

t h e  set-back has c l ea red  o r  t h e  r e a c t o r  power has  been reduced 

t o  1% of f u l l  power. 

"Reverses," which are automatic motor-driven h s e r t i o n s  of a l l  

t h e  shim-safety rods t o  s h u t  t h e  r e a c t o r  down. 

(b) 

(c) 

(d) "Scrams," which cause the  shim-safety rods t o  b e  r e l eased  and 

t o  f a l l  i n t o  t h e  r e a c t o r  under g r a v i t y ,  thus  i n i t i a t i n g  an almost 

ins tan taneous  shutdown. 

The sequence of t hese  actions is  t h a t  given above, a l though an alarm 

always accompanies t h e  o t h e r  t h r e e  a c t i o n s .  The ins t rumenta t ion  provides  

t h e  p r o t e c t i o n  ac t ions  descr ibed above. However, alarms, set-backs,  and 

reverses  are i n i t i a t e d  by t h e  "control"  system, whereas " f a s t  scrams" 

o r i g i n a t e  i n  t h e  r e a c t o r  "safety"  system. 

with adequate redundancy t o  provide m a x i m u m  r e l i a b i l i t y  and is  completely 

independent of t h e  con t ro l  system. Its func t ion  is  t o  s e i z e  con t ro l  o f  

t h e  r e a c t o r  and immediately shut  i t  down should t h i s  become necessary.  

The l a t te r  system is designed 

Although t h e r e  have been numerous in s t ances  of automatic  c o n t r o l  

system a c t i o n ,  t h e  s a f e t y  system has never been requi red  t o  scram t h e  r e a c t o r  
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during normal power ope ra t ion  because a r e a c t o r  scram t r i p  p o i n t  was a c t u a l l y  

exceeded. * 
3. THE ESTABLiSHMENT OF OPERATING PARAMETERS 

The remainder of t h i s  p a r t  is devoted t o  developing a r a t i o n a l e  f o r  

e s t a b l i s h i n g  l i m i t a t i o n s  on t h e  ope ra t ing  parameters which guarantee s a f e  

and o rde r ly  ope ra t ion ,  bu t  which a t  t h e  same t i m e  do no t  i n h i b i t  t h e  f l e x i -  

b i l i t y  which is  requi red  of a research  r e a c t o r  such as t h e  ORR. 

The parameters of importance are coolant  v e l o c i t y ,  heat f l u x ,  and 

subcooling i n  t h e  ho t  channel. However, as was pointed ou t  prev ious ly ,  

none of these  can be  d i r e c t l y  measured. Thus, i t  becomes necessary  t o  i n f e r  

t hese  values  from t h e  measurable bulk  temperatures  , pres su res ,  f lows,  and 

t h e  der ived power level using a scheme such as t h a t  proposed i n  P a r t  I. 

The genera l  philosophy followed is t o  f i r s t  e s t a b l i s h  " sa fe ty  l i m i t s "  

f o r  t hese  parameters which d e l i n e a t e  a reg ion  wi th in  which t h e r e  is con- 

f idence  t h a t  no se r ious  consequences ( i n  t h i s  ca se  l o s s  of f u e l  c ladding  

i n t e g r i t y )  can occur .  Second " l imi t ing  s a f e t y  system s e t t i n g s "  (LSSS) are 
e s t ab l i shed .  

be c a r r i e d  on i n  an o rde r ly  f a sh ion ,  which is bounded by scram t r i p  p o i n t s ,  

and which is w i t h i n  the  s a f e t y  l i m i t  r eg ion  such t h a t  t h e  scrams w i l l  pre- 

vent any s a f e t y  l i m i t  from being exceeded. Thi rd ,  c o n t r o l  system s e t t i n g s  

(CSS) are e s t a b l i s h e d  which provide f o r  alarms , set-backs,  reverses , and 

slow scrams and which are designed to  prevent  t h e  n e c e s s i t y  f o r  s a f e t y  

system ac t ion .  These de f ine  t h e  region i n  which normal ope ra t ions  are 

c a r r i e d  on, and t h i s  region is contained w i t h i n  t h a t  def ined  by t h e  LSSS. 

These l i m i t s  d e f i n e  a r eg ion  w i t h i n  which t h e  ope ra t ion  can 

This philosophy is gene ra l ly  c o n s i s t e n t  wi th  t h e  DOE approach;13 how- 

ever ,  i n  t h a t  case  no c r e d i t  is t aken  f o r  t h e  c o n t r o l  system p r o t e c t i v e  

ac t ions .  

t e c t i v e  device t o  prevent  parameter excursions up t o  and beyond t h e  s a f e t y  

scram t r i p  p o i n t s ,  i t  w i l l  not  be considered f u r t h e r  he re .  Never the less ,  

the  p r o t e c t i v e  a c t i o n s  of the  c o n t r o l  system w i l l  be  cont inued i n  ope ra t ion  

Although t h e  con t ro l  system has  proven t o  be a formidable  pro- 

*In some cases ,  experimental  r i g s  are t i e d  i n t o  t h e  s a f e t y  system t o  scram 
t h e  r e a c t o r  i n  o rde r  t o  prevent  damage t o  the .exper iment  should i t ,  i t s e l f ,  
malfunct ion.  There have been one or two scrams f o r  t h i s  cause. 

, 
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L 

a t  t h e  present  o r  a t  a h ighe r  state of r e l i a b i l i t y .  Because of t h i s ,  i t  is 

expected t h a t  t he  s a f e t y  system t r i p  po in t s  w i l l  seldom, i f  ever, be reached. 

To accomplish t h i s ,  some "head room" i s  requi red  between t h e  LSSS and t h e  

normal ope ra t ing  l e v e l  i n  o r d e r  t o  accommodate t h e  con t ro l  system set  po in t s .  

The t h r e e  important parameters,  primary coolant  flow (F ), r e a c t o r  T 
thermal  power ( Q ) ,  and core  temperature rise (AT), are phys ica l ly  r e l a t e d  
such t h a t  

AT 2 6.92 x lo3 Q/FT (OF) (19) 

Thus, i f  a l i m i t i n g  r e l a t i o n s h i p  i s  e s t a b l i s h e d  between any two of  

t h e s e  q u a n t i t i e s  t h i s  r e l a t i o n s h i p  de f ines  t h e  va lue  of t h e  t h i r d .  I n  es tab-  

l i s h i n g  such a r e l a t i o n s h i p ,  two condi t ions  are of i n t e r e s t :  t hose  condi- 

t i o n s  which could r e s u l t  i n  burnout and those  condi t ions  which r ep resen t  

the onse t  of i n c i p i e n t  b o i l i n g .  Curves showing t h e  r e l a t i o n s h i p  between 

t o t a l  primary system flow and thermal power level  f o r  t h e s e  two condi t ions  

for t h r e e  core  conf igura t ions  are shown i n  Fig.  1. 

of AT f o r  both t h e  core  and t h e  hot  channel are given i n  Table 3 .  

The corresponding values  

The Safe ty  L i m i t  corresponding t o  t h e s e  curves should be set somewhere 

below the burnout condi t ions  s i n c e  i t  is requi red  t h a t  t h e  burnout be  pre-  

vented. Once s a f e t y  l i m i t s  on flow and power are e s t a b l i s h e d ,  t h e  cor re-  

sponding s a f e t y  l i m i t  on core  AT fol lows au tomat ica l ly  as a r e s u l t  of  t h e  

r e l a t i o n s h i p  given i n  Eq. (19) .  

With respec t  t o  t h e  flow-power s a f e t y  l i m i t s ,  i t  i s  suggested t h a t  t h e  

following c r i t e r i o n  is adequate f o r  "normal" cores  which conta in  between 25 

and 35 core elements (21-31 f u e l  elements,  4-6  shim-safety rods) .  The flow- 

power s a f e t y  l i m i t  shall  c o n s i s t  of a curve f o r  which t h e  power level i s  0.925, 
t h a t  ca l cu la t ed  f o r  t h e  burnout of a 35-element core .  Because of  t h e  conser- 

v a t i v e  assumption t h a t  t he  maximum h e a t  f l u x  occurs a t  t h e  c o r e  exi t  r a t h e r  

than  near  t h e  core c e n t e r  where t h e  s a t u r a t i o n  temperature  is h ighe r ,  t he  

a c t u a l  margin provided is  neared t o  1.3 than t h e  1.08 margin implied and is 

judged adequate.  The Safe ty  L i m i t  curve is shown as Curve A i n  Fig.  2 and 

the  d a t a ,  inc luding  t h e  AT s a f e t y  l i m i t s ,  are given i n  Table 4 .  
Based upon an i n l e t  temperature of 125'F, t h e  co re  ex i t  temperature  

s a f e t y  l i m i t s  are j u s t  125' 4- AT, and t h e s e  va lues  are a l s o  given i n  Table 4 .  
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Table 4 .  Sa fe ty  L i m i t s  and Limit ing 
Safe ty  System S e t t i n g s  on Flow Power and AT 

2,500 12.9 40.6 8 .7  27.4 7 .O 
5 , 000 27.6 40.6 18.6 2 7 . 4  15  .O 
7,500 42.2 40.6 28.5 27.4 22.8 

10,000 54.3 38.9 36.6 26.2 30.8 , 

12,500 65.0 37.0 43.9 25 .O 38.6 

15,000 75.3 35.6 50.8 24.0 46.5 

17,500 84.9 34.3 57.3 23.2 54.6 

20,000 94.1 33.2 63.5 22.4 62.3 

22 , 500 103.0 ' 32.3 69.5 21.8 70.3 

*Implied va lue  based on AT = 22OF. 

. 

The l i m i t i n g  s a f e t y  system s e t t i n g s  on flow and power are chosen t o  pro- 

vide a margin of 1.6 below t h e  ca l cu la t ed  35-element burnout curve.  This  is 

adequate t o  prevent  any a n t i c i p a t e d  t r a n s i e n t  from exceeding t h e  s a f e t y  l i m i t s .  

The LSSS on flow and power are shown as Curve B i n  Fig.  2 and t h e  d a t a  are 

given i n  Table 4. A corresponding set of AT and core  e x i t  temperature  LSSS 
could also  be e s t a b l i s h e d ;  however, i n  t h i s  ca se  i t  i s  convenient t o  es tab-  

l i s h  a s i n g l e  value of AT f o r  a l l  flows and power levels. 

has  been s e l e c t e d .  This r e s u l t s  in a power-flow curve which is  always below 

t h a t  d i c t a t e d  by t h e  flow-power LSSS and is ,  t h e r e f o r e ,  more r e s t r i c t i v e .  

The curve implied by t h e  22°F AT is  shown as Curve C i n  F ig .  2 and t h e  d a t a  

are presented  i n  Table 4 .  The corresponding LSSS f o r  co re  ex i t  temperature  

is 147°F. 

A value  of 22°F 

Safe ty  l i m i t s  and LSSS va lues  may a l s o  be  p laced  upon core p res su re  drop. 

Since the  pressure  drop is  a s t rong  func t ion  of  t h e  number of elements i n  t h e  

core ,  t h e s e  must b e  determined experimental ly  f o r  each co re  conf igu ra t ion . l "  

Bas i ca l ly  t h e  AP measurement is a confirmation of t h e  flow measurement and 

its value l i e s  i n  i t s  a b i l i t y  t o  d e t e c t  anomalies such as bypassed flow o r  

malfunction of t h e  flow measuring device.  

Because t h e  i n l e t  temperature does n o t  g ive  a d i r e c t  measure of t h e  

condi t ions  i n  t h e  r e a c t o r ,  i t  is no t  used as a parameter t o  e f f e c t  s a f e t y  
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system ac t ion .  It is, however, an important c o n t r o l  v a r i a b l e .  It i s  impor- 

t a n t  because t h e  core  exi t  temperature is t h e  sum t Thus, a 

lowered i n l e t  temperature could r e s u l t  i n  a h ighe r  AT even though te, were 

below t h e  LSSS, I n  fac t ,  t he  foregoing c a l c u l a t i o n s  were performed using a 

value of 125'F f o r  tb whereas the  r e a c t o r  is normally operated a t  a t i n  of  

120'F. 
lower (more conservat ive)  va lue  f o r  t h e  c r i t i c a l  h e a t  f l u x .  S ince ,  as 

implied above, a value of AT exceeding t h e  LSSS must  be  accompanied by 

e i t h e r  a flow o r  power level anomaly, and s i n c e  t h e  subcooling is  c o n t r o l l e d  

by t h e  f ixed  e x i t  temperature LSSS of 147'F, t h e r e  i s  ample p r o t e c t i o n  aga ins t  

lowered i n l e t  temperature.  

= tin + AT. e x  

This was done because t h e  h igher  i n l e t  temperature  results i n  a 

I f  i t  is des i r ed  t o  c o r r e c t  f o r  an i n l e t  temperature of 120"F, i t  is 

simply necessary  t o  reduce the  core  ex i t  temperature  s a f e t y  l i m i t  and LSSS 

values  by 5'F, 'while leav ing  t h e  AT'S unchanged. 

se rva t i sm i n  the  flow-power level  curves by about 6%. 

This i nc reases  t h e  con- 

As a practical  matter t h e  safety-system t r i p  po in t s  should be  set below 

t h e  LSSS, The a c t u a l  values  of t h e  s e t t i n g s  are governed by two f a c t o r s :  

(1) t h e  s e t t i n g s  should be  determined w i t h  regard t o  the accuracy of t h e  

measuring instrument  t o  make s u r e  t h a t  t h e  parameters measured are indeed 

below t h e  LSSS; (2 )  t h e  t r i p  p o i n t s  should be  as f a r  below t h e  LSSS as i s  

p r a c t i c a l  t o  permit  o rde r ly  ope ra t ion  a t  t h e  power level  contemplated; how- 

ever ,  s u f f i c i e n t  headroom between t h e  scram t r i p  p o i n t s  and t h e  ope ra t ing  

' 

level  should be provided i n  o rde r  t o  permit t h e  use of t h e  con t ro l  system 

p r o t e c t i v e  devices .  

4 .  CONCLUSION 

The foregoing scheme f o r  e s t a b l i s h i n g  s a f e t y  l i m i t s  and l i m i t i n g  s a f e t y  

system s e t t i n g s  is be l ieved  t o  provide an  adequate and extremely conserva t ive  

procedure f o r  a l l  "normal" ORR cores .  

i n  every case where t h i s  procedure i s  appl ied  i t  must be  v e r i f i e d  t h a t  t h e  

h e a t  f l u x  peaking f a c t o r  and t h e  coolant  v e l o c i t y  indeed s a t i s f y ,  o r  are 

more favorable  than,  t h e  values ind ica t ed  by t h e  r e l a t i o n s  developed above. 

That is ,  cores  which depar t  s i g n i f i c a n t l y  i n  conf igu ra t ion  from those  used 

i n  t h e  p a s t  and which provided t h e  experimental  information used f o r  t h e  

b a s i s  of t h e  foregoing ana lys i s  must be analyzed on a case-by-case b a s i s .  

It must, however, b e  emphasized t h a t  
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Moreover, as a d d i t i o n a l  information concerning t h e  r e l a t i o n s h i p s  among 

the measurable and deduced parameters becomes a v a i l a b l e ,  an  improved and 

more r e a l i s t i c  set of values  f o r  the s a f e t y  l i m i t s  and LSSS may be  developed. 



23 

PART I11 - REFERENCES 

1. C. C. Webater i n  F. T. Binford,  The Oak RidgQ Resemch Reactor - 
Safety AnaZyeis, ORNL 4169, Vol. 11, App. B,  (1968). 

J. P, Sanders,  Heat Transfer and Pressure Loss i n  Proposed ORR FueZ 
AssembZies, O W  CF-54-3-57 (1954). 

2 .  

3. F. T. Binford,  Hydrauzic and ThermaZ Characteristics of the O R R  Core, 

ORNL CF-55-5-157 (1954). 

4 .  
5 .  F. T. Binford,  PreZiminary Report on the Results of the Oak Ridge 

Resemch Reactor HydrauZic Tes t ,  ORNL CF-58-2-11 (1958). 

6. F. T. Binford i n  J. A. Cox, ORR Operations f o r  period A p r i l  1 

E. S. Bettis,  HydrauZic Test  of ORR Dwmny Fuel EZement, ORNL CF 56-4-27. 

~ p r i z  1858, pp 72-86, 141-153, ORNL CF-59-8-39, 

7 .  F. T.  Binford i n  W. H. Tabor and S. S. Hurt ,  111, Oak Ridge Research 
Reactor QuarterZy Report, A p r i l ,  M a y ,  June'3065, ORNL TM-1290, pp 30-34, 

(1965) a 

8. D, A.  Labuntzov, "Crit ical  Thermal Loads in Forced Motion of Water 

Which is Heated t o  a Temperature Below t h e  Sa tu ra t ion  Temperature," 

Atomnaya Energiya 10 5 ,  pp 523-25, May 1961. 

9. A .  L. Coloumb , Fission Product Distribution i n  ORR Fuel EZsments , 
ORNL 2897 (1960). 

10, T. P, Hamrick, F Z m  Measurements i n  the ORR Core, ORNLICF-761361 (1976). 

11. T. P. Hamrick, Private Communication (1976).  
12. A. E. Bergles and W, M, Rohsenow, "The Determination of  Forced Convec- 

t i o n  Surface Boi l ing  Heat Transfer , "  J .  Heat Trans., Series C 86, pp 

365-72 (1969) 

13. U. S. Atomic Energy Commission, "Guide t o  Content of Technical  Speci- 

f i c a t i o n s , "  Undocumented Draf t  1968. 



24 

C. THE USE OF U3O8 CERMET FUEL 

1. INTRODUCTION 

The o r i g i n a l  ORR f u e l  elements were of t h e  a l l o y  type  and were assem- 
4 

b led  by a braz ing  technique which was a t  t h a t  t i m e  ( c i r c a  1958) t h e  only 

method a v a i l a b l e .  Later t h e  assembly procedure was improved and t h e  r o l l -  1 

swaging method c u r r e n t l y  i n  use w a s  i n i t i a t e d .  The HFIR f u e l  elements f i r s t  

produced i n  t h e  e a r l y  1960's were f a b r i c a t e d  us ing  U308 cores .  This method 

was chosen because t h e  new technique was a v a i l a b l e  and because i t  was found 

t h a t  t h i s  procedure permit ted b e t t e r  process  c o n t r o l  and produced a f u e l  

element which was supe r io r  i n  q u a l i t y  t o  t h a t  produced by t h e  a l l o y  process .  

Since August 1965 w e  have used about 80,GOO U3O8 p l a t e s  i n  t h e  HFIR 

wi th  outs tanding  success .  During t h i s  pe r iod ,  on only two occasions has  a 

f u e l  element developed a f iss ion-product  l e a k  o r  suspected l e a k ,  

case t h e  problem w a s  diagnosed as minor s u r f a c e  contamination, and t h e  

element w a s  operated t o  dep le t ion .  I n  t h e  o t h e r  case  t h e  element w a s  

removed a f t e r  1500 MWD o p e r a t i o n , l  p r imar i ly  as a concession t o  conservatism. 

Despite t h e  e x c e l l e n t  performance of U3O8 elements i n  t h e  HFIR, no 

I n  one 

change w a s  made i n  t h e  ORR elements.  

i ncen t ive  t o  do so  and because t h e  a l l o y  elements had given very s a t i s f a c t o r y  

service i n  t h e  somewhat less r igorous  ORR environment. S ince  i t s  s t a r t u p  

i n  A p r i l  1958 about 40,000 a l l o y  p l a t e s  have been used i n  t h e  Om. 
t h i s  per iod ,  t h e r e  have been f o u r  f i ss ion-product  l eaks  o r  suspec ted  l e a k s .  

A l l  of these  elements w e r e  i d e n t i f i e d  and d iscarded  p r i o r  t o  dep le t ion .  

In  only one case ,  t h e  meltdown which occurred on J u l y  1, 1963,2 were t h e r e  

This w a s  because t h e r e  w a s  no economic 

During 

any s i g n i f i c a n t  consequences. This i n c i d e n t ,  which was caused by an  almost 

t o t a l l y  blocked f u e l  element,  r e s u l t e d  i n  t h e  p a r t i a l  mel t ing  of  two of t h e  

f u e l  p l a t e s  as the  power level was being r a i s e d  from 1 2  t o  24 MW. 

A comparison of t h e  phys ica l  c h a r a c t e r i s t i c s  of t h e  two types  of p l a t e s  

r evea l s  t h a t  t h e  6061 A 1  cladding of t he  oxide  p l a t e  has  about 2 1 / 2  times 

t h e  u l t imate  s t r e n g t h  of t h e  1100 A1 c ladding  of  t h e  a l l o y  p l a t e  a t  t e m -  

pe ra tu re s  between 200 and 300°F. The oxide core  i s  no t  as s t r o n g  b u t  i s  

more malleable  than  t h e  a l l o y  core .  This i s  a d i s t i n c t  advantage i n  
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manufacture because i t  e l imina ted  t h e  "dog bone" problem* and because t h e  

r e s u l t a n t  uniform cladding th ickness  toge the r  wi th  t h e  g r e a t e r  s t r e n g t h  of 

t h e  6061 A1 cladding a c t u a l l y  produces a s t r o n g e r  element and one which is 

less l i k e l y  t o  l eak .  

2 GENERAL CONSIDERATIONS 

The U3O8 c u r r e n t l y  used t o  f a b r i c a t e  f u e l  i s  a high-f i red oxide  which 

The material is suppl ied  a t  -100 +325 mesh is ca lc ined  at 1350 t o  14OO0C. 

with 25% f i n e s  and is blended with aluminum powder t o  y i e l d  t h e  requi red  

2 3 5 U  content .  

vacuum degassed, and then  i n s e r t e d  i n t o  an aluminum p i c t u r e  frame. The 

aluminum covers are welded on and t h e  assembly is  ho t  r o l l e d  t o  produce 

the  f u e l  p l a t e ,  

The blended powder is compacted a t  approximately 22.5 T S I ,  

The dimensions and conf igura t ion  of t h e  oxide p l a t e s  can be made 

i d e n t i c a l  t o  those of f u e l  p la tes  made by t h e  a l l o y  process .  

axe no b a s i c  d i f f e rences  i n  t h e  o v e r a l l  thermal performance re la t ive t o  

hea t  removal a t  t h e  su r face .  

can be exerc ised  during the  manufacture of oxide f u e l ,  t hese  f u e l  cores  

are more homogeneous and are less l i k e l y  t o  e x h i b i t  s i g n i f i c a n t  areas of  

non-bonding a t  the fuel-cladding i n t e r f a c e  than  are a l l o y  cores .  

Hence, t h e r e  

Because of t h e  b e t t e r  process  c o n t r o l  which 

McElroy3 has measured values  of t h e  thermal conduct iv i ty  f o r  several 

U 3 O 8 - U  cores ,  and these  are presented i n  Table 1. 

of several U-A1 a l l o y s  i s  shown i n  Fig.  1. 

The thermal conduct iv i ty  

*Dog boneing" i s  t h e  th ickening  of the f u e l  co re  a t  t h e  ends during t h e  
p l a t e  r o l l i n g  opera t ion .  
p o i n t .  

This r e su l t s  i n  t h e  t h i n n h g  of t h e  c lad  at t h a t  
The problem i s  p a r t i c u l a r l y  bothersome when high U a l l o y  i s  used. 
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Table l a  Thermal C h a r a c t e r i s t i c s  of U308-Al  Fue l  Cores 
U308-Al Cermet Cores 

Volume % Weight % Cermet Densitya K a  Cb 
u3°8 u3°8 . g/cm3 cm W/cm"C Joules/g"C 

Burned Oxide 

13.45 31 9 1  3.203 0.865 1.72 0.72 

19.49 43.26 3.424 1.254 1 .45  0.60 
Hi-Fired Oxide 

12.45 30.82 3.316 0.865 1 . 7 7  0.73 

18a05 41.28 3.590 1 254 1.59 0.62 

%easured va lues .  

bCalculated based on weight f r a c t i o n s .  

0.65 g U p e r  c m 3  corresponds t o  a s t anda rd  (0.051 x 6.10 x 60 cm) 
f u e l  p l a t e  core  loaded t o  about 16  g U per  plate, and 1.254 g U per 
cm3 corresponds t o  about 23.3 g U p e r  p la te .  

(AVO, AND X DENOTE RESULTS OSTAINED ON DIFFERENT RUNS) 

Fig .  1. Thermal Conductivity of Several U-A1 a l l o y s . 4  
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As can be seen,  t he  thermal conduct iv i ty  of t h e  cermet f u e l  i s  as good 

as o r  b e t t e r  than  t h a t  of a l l o y  conta in ing  t h e  same amount of uranium. 

Through June 1 9 7 7 ,  148 r e a c t o r  cores  have been consumed i n  t h e  HFIR. 
They contained a t o t a l  of 25,308 p l a t e s  conta in ing  30.2 w t %  U308 and 

54,612 p l a t e s  conta in ing  40.1 w t %  U3O8. 

i n  a thermal and hydraul ic  environment considerably more r igorous  than  t h a t  

found i n  t h e  ORR has been highly s a t i s f a c t o r y .  

1965 only one f i s s i o n  product l e a k  has been de tec t ed .  

The performance of t hese  p l a t e s  

Since opera t ion  began i n  

3 .  SAFETY CONSIDERATIONS 

There are three areas of i n t e r e s t  r e l a t e d  t o  s a f e t y :  (a) the phys ica l  

behavior of t he  UaOe cermet under i r r a d i a t i o n  cond i t ions ;  (b) t h e  p o s s i b i l i t y  

of exothermic chemical r eac t ions ;  and (c )  t h e  p o t e n t i a l  f o r  f i s s i o n  product 

release under acc ident  condi t ions .  

(a) Physical  Behavior 

Experimental r e s u l t s  obtained by Martin et a1.5, i n d i c a t e  

t h a t  d i spe r s ions  of U3O8 perform q u i t e  w e l l  t o  burnup l e v e l s  of 

1 .5  x lo2’ t o  2.4 x 1021 f i ss ions /cm3 a t  i r r a d i a t i o n  tempera- 

t u r e s  of 60 t o  12OoC. 

w a s  q u i t e  s m a l l  and a c t u a l l y  decreased wi th  increased  U308 loading .  

P o s t - i r r a d i a t i o n  examination showed no i n d i c a t i o n  of b l i s t e r ,  core- 

c ladding sepa ra t ion ,  matrix cracking,  o r  o t h e r  types of s t r u c t u r a l  

de fec t s .  

burnup of about 5.3 x 1020 f i ss ions /cm3 with a peak of about 

1 . 9  x The temperatures involved range from 1 1 4  t o  330OC. 

Burnup i n  t h e  ORR is expected t o  vary from 1 x 1O2l t o  1 . 7  x l o 2 ]  
f iss ions / cm3.  

They found t h a t  radiat ion-induced swel l ing  

Operating condi t ions  i n  t h e  HFIR would imply an average 

3 D 

(b) Chemical Reactions 

An exothermic r e a c t i o n  involv ing  U3O8 and A1 t o  produce UC2,  

U-A1 s o l u t i o n s ,  and A1203  is thermodynamically poss ib l e .  This 

r e a c t i o n  has been s tud ied  by a number of i n v e s t i g a t o r s . 6  

found t h a t  no s i g n i f i c a n t  r e a c t i o n  occurs  a t  temperatures  below 

about 9 5 O O C .  

gram of U3O8; however, high energy releases occur  only when t h e  

U3O8 loading  is  of t he  o rde r  of 60 t o  75 w t  %. 

se l f -hea t ing  w a s  found t o  be n e g l i g i b l e .  

It was 

The energy release may be as high as 800 j o u l e s  p e r  

A t  30 w t  % t h e  



28 

I n  a la ter  series of experiments performed i n  t h e  TREAT 

f a c i l i t y 7  and which s imulated a c t u a l  acc iden t  condi t ions  i n  t h e  

HFIR, t h e  results ind ica t ed  t h a t  even wi th  4 1  w t  % HFIR f u e l  t h e  

U308-a r e a c t i o n  is no t  an important energy source .  

The h ighes t  weight f u e l  elements so f a r  used i n  t h e  ORR con- 

t a i n  265 g 235U and correspond t o  about 28.5 w t  % u308. 

350 g 235U t h e  w t  % U308 would be w e l l  below t h e  41% material 

t e s t e d  i n  TREAT ( see  Fig.  2 ) .  It may be concluded t h a t  t h e  poss i -  

b i l i t y  of t h i s  r e a c t i o n  does no t  p re sen t  a s a f e t y  problem. 

Even a t  

(c )  F i s s ion  Product Release 

There have been very few s t u d i e s  of t h e  release of f i s s i o n  

products  from oxide-aluminum f u e l s .  

U02-A1 i n  a i r  and obtained an average release of  5.6% of t h e  rare 

gases  and 0.003% of t h e  iod ine .  Experiments r epor t ed  by Parker  

and Barton8 f o r  U-A1 a l l o y  samples he ld  above t h e  mel t ing  t e m -  

pe ra tu re  f o r  10-17 minutes i n  steam-air mixtures  i n d i c a t e  a 

release of  v i r t u a l l y  a l l  of t h e  rare gases  and from 27 t o  97% 

of t he  iod ines  depending upon t h e  m a x i m u m  temperature  achieved. 

Creek8 melted t r a c e - i r r a d i a t e d  

Because t h e s e  two i n v e s t i g a t i o n s  were conducted under q u i t e  

d i f f e r e n t  cond i t ions ,  i t  is no t  p o s s i b l e  t o  d e f i n i t e l y  conclude 

t h a t  t h e  f i s s i o n  product  release from oxide  cores  w i l l  be  less 

than t h a t  from U-A1 a l l o y  under acc iden t  cond i t ions .  However, 

t h e  a l l o y  m e l t s  a t  about 85OoC, whereas t h e  U308 mel t ing  p o i n t  

is 125OOC. 

650 O C .  

I n  e i t h e r  case, t h e  aluminum c ladding  melts a t  about 

Although, except i n  cases of complete flow blockage a t  high 

power o r  v i o l e n t  t r a n s i e n t s ,  none of t h e s e  temperatures  are  

expected t o  be approached, i t  is t h e  d i s r u p t i o n  of t h e  c ladding  

which could r e s u l t  i n  t h e  d i s p e r s a l  of f i s s i o n  products  i n t o  t h e  

cool ing system. This w i l l  t ake  p l a c e  only when t h e  c ladding  

f a i l s ,  which occurs a t  about t h e  same temperature  i n  e i t h e r  case .  

Moreover, t h e  type  of events  which could produce such e l eva ted  

temperatures are cha rac t e r i zed  by e s s e n t i a l l y  complete in su la -  

t i o n  of t h e  f u e l  by f i l m  b lanket ing .  

t u r e  rise is of t he  o rde r  of several hundred degrees  p e r  second, 

Hence, t h e  rate of tempera- 
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and mel t ing  i n  t h e  case  of a l l o y  core  would occur  only  a few m i l l i -  

seconds l a t e r  than  t h a t  of t h e  aluminum por t ion  of t h e  oxide-type 

core. d 

The design-basis  acc ident  f o r  t h e  ORR which was s p e c i f i e d  by 
' t h e  ACRS' is a 100% core  meltdown accompanied by a 100% release 

of noble gas and a 50% release of i od ine  inven to r i e s  from t h e  core .  

In t h e  o r i g i n a l  a n a l y s i s  only minimal c r e d i t  (a f a c t o r  of t h ree )  

was taken for t he  r e t e n t i o n  of i od ine  i n  t h e  primary water. It 

i s  now known t h a t  t h i s  f a c t o r  should be much h ighe r  (of t h e  o r d e r  

of 100) .  
s i t u a t i o n  t h e  f i ss ion-product  release would be s i g n i f i c a n t l y  

d i f f e r e n t  i n  t h e  case of oxide from t h a t  i n  t h e  case  of  a l l o y ,  

t h e  consequences of the  design-basis  acc ident  would c e r t a i n l y  

not  exceed those a l r eady  analyzed. 

Hence, although we do not  b e l i e v e  t h a t  f o r  any given 

The ope ra t ing  condi t ions  of t h e  HFIR are considerably more 

r igorous  than  those of t h e  ORR, as is  i l l u s t r a t e d  i n  Table 2 .  I 

This t a b l e  a l s o  g ives  information on t h e  NASA-converted 265-g 

elements which have a l r eady  been used i n  t h e  ORR as w e l l  as t h e  

est imated condi t ions  f o r  a 300-g element. It fol lows t h a t  t h e  

f a i l u r e  of an  oxide element i n  t h e  ORR i s  less  l i k e l y  than  is  

t h e  case i n  t h e  HFIR. 

I 
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Table 2. Characteristics of Various Fuel Elements 

ORR 240 g ORR 265 g ORR 300 g HFIR HFIR 
(Standard) (NASA Conv.) (Proposed) Inner Outer 

Number of plates 

23% per plate (g) 
Inner plate thickness 

Outer plate thickness 
Meat thickness (mils) 
Meat length (in.) 
Meat width (in.) 
Channel width (mils) 

(mils) 

(mils) 

Meat volume/plate (cm3) 
Loading (g/cm3) 
Avg heat flux (Btu/ft2hr) 
Max heat flux (Btu/ft2hr) 

Max plate temperature (OF) 

Avg fission density (f /cm3) 

Peak fission density (f /cm3) 

19 
12.63 
50 

65 
20 
23 518 
2.40 

116 
18.666 
0.6766 
1.65 x 105 

7.2 x 105' 

210 
6.9 x 

1.2 x 1021e 

18 
14.72 
60 
66 
20 

23 5/8 
2.40 

113 
18.666 
0.7889 
1.65 x 105 

<7 x 105 

NA 
8.9 x 

1.5 x 

19 
15.79 
60 
65 
20 
23 5/8 
2.40 

116 
18.666 
0.8459 
1.65 x 105 

<7 x 105 

NA 
1.04 x 

1.7 x 

171 369 
15.20 18.34 
50 ' 50 
- - 
%20 avg %18 avg 

20 20 
3.10 2.80 

50 50 
w 20.995 17.206 P 

0.7240 1.0711 
7.7 x 105 

2.5 x lo6 

300 
5.64 x 1020 6.08 x 

1.9 x 1021d 

a 

b55. 5% burnup. 

dBased on 2300 MWD core life; total burnup 30.6% (65.6% outer, 34.4% inner). 
e 

Assumes 50% burnup. 

C Assumes 60% burnup. 

Calculated using ORR fuel code. 
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4 ,  INCREASES I N  FUEL WEIGHT 

Several years  ago t h e  ORR f u e l  weight w a s  increased  from 200 t o  240 g. 

This change r e s u l t e d  i n  a reduct ion  of annual usage from about  150 elements 

t o  100 elements.  Recent experience using 265-g elements l e a d s  us t o  b e l i e v e  

t h a t  an a d d i t i o n a l  i nc rease  i n  weight could r e s u l t  i n  f u r t h e r  f u e l  sav ings .  

Our estimates are shown i n  Table 3 .  
4 

Table 3. Estimated Fuel  Savings 

Annual Fuel Usage 
(E 1 emen t s ) I n i t i a l  Fuel Weight 

240 g 

260 g 

280 g 

300 g 

100 

89 
80 

74 

Before implementing an inc rease  i n  f u e l  weight'beyond t h a t  which has  

a l ready  been used, i t  is intended t o  mount a development programlo t o  de t e r -  

mine t h e  f e a s i b i l i t y  of reducing the f u e l  element usage by such a weight 

i nc rease .  

t i o n .  

There are two aspec t s  of t h i s  problem which r e q u i r e  inves t iga -  

The f i r s t  is purely ope ra t iona l  and i s  simply t h a t  of determining . 
what beginning f u e l  weight w i l l  r e s u l t  i n  t h e  most economical ope ra t ion  

and a t  t h e  same t i m e  w i l l  provide a s u i t a b l e  r e a c t o r  environment i n  terms 

of neutron f l u x  d i s t r i b u t i o n  and f u e l  cyc le  t o  s a t i s f y  t h e  needs of t h e  

experimenters.  The second i s  t o  ensure  t h a t  t h e  r e s t r i c t i o n s  on power 

dens i ty  i m p l i e d  i n  P a r t  B above can b e  s a t i s f i e d .  

Increases  i n  f u e l  content  up t o  t h e  40 w t  % U3O8 (410 g 235U p e r  ORR 

element) a l ready  i n  use i n  t h e  HFIR have been eva lua ted  i n  connect ion with 

t h a t  r e a c t o r  as noted above. Th i s ,  t oge the r  wi th  t h e  h igh ly  s a t i s f a c t o r y  

performance of t h e  HFIR f u e l ,  l eads  t o  t h e  conclusion t h a t  t h e r e  are no 

previously unreviewed s a f e t y  ques t ions  a s soc ia t ed  wi th  an i n c r e a s e  i n  f u e l  

content  up t o  t h e  HFIR value.  

It is un l ike ly  t h a t  f u e l  loadings  as h igh  as 410 g w i l l  be  r equ i r ed ,  

and a value of  350 g 235U (35.6 w t  % U308) has  been s e l e c t e d  as a conser- 

v a t i v e  upper l i m i t .  I n  t h i s  connect ion,  i t  is worth no t ing  t h a t  t h e  

Brookhaven High Flux B e a m  Reactor (HFBR) is c u r r e n t l y  us ing  351-g elements 

. 
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(36.4 w t  X U308) f a b r i c a t e d  i n  a manner q u i t e  similar t o  t h a t  proposed f o r  

t h e  O M .  

Nevertheless ,  t h e  r e s u l t s  of t h e  development program w i l l  be  evaluated 

and reviewed by t h e  appropr i a t e  agencies  p r i o r  t o  ope ra t ion  of t h e  ORR a t  

power wi th  f u e l  conta in ing  g r e a t e r  amounts of 235U than t h a t  prev ious ly  

used. 

5 .  CONCLUSIONS 
It may be concluded t h a t  t h e r e  I s  no s i g n i f i c a n t  i nc rease  i n  t h e  con- 

sequences of  t h e  acc idents  he re to fo re  considered. 

t h a t  t h e  proposed change can create an acc ident  o r  malfunct ion of  a d i f f e r e n t  

type than those prev ious ly  eva lua ted .  

f a i l u r e  i s ,  i f  anything,  reduced because of t h e  g r e a t e r  s t r e n g t h  and uni- 

formity of t h e  oxide element.  

no t  present  us with a previously unreviewed s a f e t y  ques t ion .  

We f i n d  no p o s s i b i l i t y  

Moreover, t h e  p r o b a b i l i t y  of a f u e l  

Consequently, t h e  change t o  oxide f u e l  does 
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