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Whenever the MSRE is  shut down, the f u e l  salt  i s  drained 
from the core. Then, during a normal startup, the graphite 
and the f u e l  are preheated and the control  rods are positioned 
so t h a t  the reactor  remains subc r i t i ca l  while it is  being f i l l e d .  
Certain abnormal circumstances could r e s u l t  i n  c r i t i c a l i t y  and 
a power excursion i n  the p a r t i a l l y  f i l l ed  core. 
postulated incidents were surveyed and the worst case was ana- 
lyzed i n  detai l .  This case involved se lec t ive  freezing i n  the 
drain tanks t o  concentrate the uranium i n  the molten salt 
f ract ion.  
act ions of control  rods and gas control  valves l imited the 
calculated power and temperature excursions so tha t  any damage 
t o  the reactor  would be prevented. 

Various 

Physical r e s t r i c t ions  on the f i l l  rate and safety 

NOTICE This document contains informotion of a preliminary nature 
and was prepared primarily for internal use a t  the Oak Ridge National 
Laboratory. I t  is subject to revision or correction and therefore does 
not represent a final report. 
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PREFACE 

The ana lys i s  described here was done i n  1963 and the r epor t  was 

wr i t ten  e a r l y  i n  1964. 
publishing, the repor t  i s  being issued as wr i t t en  because a s ign i f i can t  

p a r t  of the MSRE sa fe ty  c i r c u i t r y  was based 02 the  r e s u l t s  of t h i s  

ana lys i s .  

a b l e  t o  assess the  c r e d i b i l i t y  of some of the assumptions involved. We 

plan t o  do t h i s  as p a r t  of a c r i t i c a l  review of the sa fe ty  system. 

Although there  has been an inordinate  delay i n  

Well over two years have now passed, and now we a r e  b e t t e r  





. 
5 

COrnNTS 

Page 

1 . Introduct ion . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

2 . Mechanics of F i l l i n g  . . . . . . . . . . . . . . . . . . . . . .  2 

2.2 Systemvolumes . . . . . . . . . . . . . . . . . . . . . .  4 
2.1 General Description . . . . . . . . . . . . . . . . . . . .  2 

2.3 Drain Tank Pressure During a F i l l  . . . . . . . . . . . . .  4 
2.4 Amount of Gas i n  Tank During a F i l l  . . . . . . . . . . . .  4 
2.5 Gas Supply . . . . . . . . . . . . . . . . . . . . . . . . .  9 
2.6 Course of a Normal F i l l  . . . . . . . . . . . . . . . . .  9 
2.7 Coast-Up of Fuel Level . . . . . . . . . . . . . . . . . .  11 

3 . Nuclear Considerations . . . . . . . . . . . . . . . . . . . .  11 

3.1 Effec t  of Fuel Level on React ivi ty  . . . . . . . . . . . .  13 
3.2 ControlRods . . . . . . . . . . . . . . . . . . . . . . .  13 
3.3 Temperature Coeff ic ients  of React ivi ty  . . . . . . . . . .  16 

4 . Survey of Possible F i l l i n g  Accidents . . . . . . . . . . . . .  18 
4.1 F i l l i n g  with Control Rods Withdrawn . . . . . . . . . . .  18 
4.2 F i l l i n g  with Fuel a t  Low Temperature . . . . . . . . . . .  19 
4.3 F i l l i n g  with Concentrated Fuel . . . . . . . . . . . . . .  20 

5 . Analysis of Maximum F i l l i n g  Accident . . . . . . . . . . . . .  22 

5.1 Spec i f ica t ion  of Accident . . . . . . . . . . . . . . . . .  22 

5.2 Preliminary Dig i t a l  Calculations . . . . . . . . . . . . .  23 
5.3 Detai led Analog Simulation . . . . . . . . . . . . . . . .  23 
5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . .  3k 

6 . Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . .  32 





7 

LIST OF' FIGURES 

Fig.  No. T i t l e  Page 

1 System Used i n  F i l l i n g  Fuel Loop . . . . . . . . . . 3 
2 Calculated Volume Cal ibrat ion of Fuel Loop . . . . . . e . 5 
3 Calculated Volume Cal ibrat ion of Fuel Drain Tank . . . . . 6 
4 Drain Tank Pressure vs Liquid Level i n  Fuel Loop 

a t  Various S a l t  F i l l  Rates . , . . . . . . . . . . . . . '7 
5 

i n  Loop a t  Several  F i l l  Rates . . . . . . . . . . . . . . 8 
6 S a l t  Level i n  Fuel Loop During Normal F i l l .  . . . . . . . .10 
7 

a t  Several  I n i t i a l  Fuel Levels . . . . e . . . . . . . . 12 

a Effec t  of Fuel Level on React ivi ty  . . . . . . . . . . 14 
9 Control Rod Worth vs Posi t ion . . . . . . . . . . . . . . 15 

of Fuel S a l t  "A" i n  Drain Tank e . . . . . . . . . e . . 21 

Accident Simulation . . . . . . . . . . . . . . . . . 25 
12 

Adjacent Fuel S t r ingers .  . . . . . . . .. . . . . . . 26 
13 Net React ivi ty  Inser ted  During Maximum F i l l i n g  Accident. . 29 
14 Power and Temperature During Maximum F i l l i n g  Accident. . . 30 

Amount of G a s  Required i n  Drain Tank vs S a l t  Level 

Coast-Up After  Gas Addition i s  Stopped vs F i l l  Rate 

10 

11 

Liquid Composition Resulting from Selec t ive  Freezing 

Block Diagram of Mathematical Model f o r  F i l l  

Cross Sect ion of Typical Graphite S t r inge r  with 





9 

ANALYSIS OF FILLING ACCIDENTS I N  MSFB 

J .  R .  Engel, P. N. Haubenreich, and S .  J .  Ball 

1. IfJTROIxTC T I O N  

One of the  f ea tu res  of the MSFG3 (and f l u i d - f u e l  r eac to r s  i n  general)  

i s  t h a t  it can be pos i t i ve ly  shut down by draining the  f u e l  out  of the  

core.  The cont ro l  rods provide a small shutdown margin t o  take the  re- 

a c t o r  s u b c r i t i c a l  whenever desired, 5ut for any shutdown i n  which the 

reac tor  i s  t o  be cooled down, the  f u e l  must be drained. Draining and re -  

f i l l i n g  the  core i s  therefore  an operat ioc which w i l l  probably be done 

many times. 

The normal procedure f o r  a s t a r t u p  requi res  t h a t  the  reac tor  and 

the f u e l  be heated by e l e c t r i c  hea te rs  t o  near operat ing temperature 

before the  f u e l  i s  t ransfer red  from the  drain tank t o  the core .  The 

rods normally a r e  p a r t i a l l y  in se r t ed  so  t h a t  the r eac to r  i s  j u s t  sub- 

c r i t i c a l  a t  the f i l l  temperature when the f u e l  f i l l s  the core.  C r i t i -  

c a l i t y  i s  a t t a i n e d  by withdrawing the  rods a f t e r  the f u e l  and coolant 

loops are f i l l e d  and c i r cu la t ion  has been s t a r t e d .  

It i s  conceivable t h a t  c r i t i c a l i t y  could be a t t a i n e d  during a f i l l  

before the core i s  completely full. This could r e s u l t  from one or more 

of the following abnormal condi t ions:  1) the cont ro l  rods are withdrawn 

too  far, 2)  the temperature of the  f u e l  and/or the  core graphi te  i s  too  

l o w ,  and 3) t h e  uranium concentration of the fue l  was increased (or the  

poison concentration w a s  decreased) while the  f u e l  s a l t  w a s  i n  the  &rain 

tank. 

If c r i t i c a l i t y  i s  reached prematurely, t he  nuclear  power w i l l  rise, 

poss ib ly  causing damaging temperatures i n  the p a r t i a l l y  f i l l e d  core.  A s  

soon as the  onset  of such an umlesirable s i t u a t i o n  i s  detected, the  rcds 

a r e  inser ted,  the  f i l l  i s  stopped and the  f u e l  re turned t o  the  dra in  tank. 

Supplementing the  effects of these ac t ions  w i l l  be the r e a c t i v i t y  feed- 

back from any changes i n  the f u e l  and graphi te  temperatures. 

I n  order  t o  evaluate  the  seve r i ty  and consequences of various pcstu- 

l a t e d  f i l l i n g  accider.ts it i s  necessary t o  have c e r t a i n  quan t i t a t ive  b f o r  

mation. This includes:  1) the f i l l i n g  rate (fuel l e v e l  vs time), 



2) the r e l a t ion  of &ff t o  f u e l  l e v e l  for  the p a r t i c u l a r  abnormal s i t u a t i o n  - 
being considered, 3) rod worth au?d the  speed with which they can a c t  i n  

the p a r t i a l l y  f i l l e d  core, 4) how rap id ly  the f i l l  can be stopped ( l eve l  

vs time a f t e r  ac t ion  i s  taken t o  s top  the fill), and 5) temperature coef- 

f i c i e n t s  of r e a c t i v i t y  approprizte  f o r  t h i s  abnormal s i t ua t ion .  

information has been developed f o r  a va r i e ty  of cases and i s  presented 

i n  Sections 2 and 3. 

This 

The r e l a t i v e  seve r i ty  of a number of postulated accidents  is  sur- 

veyed i n  Sectiozl 4. 
accidents  i s  analyzed i n  considerable d e t a i l .  

i n  Section 6. 

I n  Section 5, the most severe of the  postulated 

Conclusions a r e  summarized 

2. MECHANICS OF FILLING 

2.1 General Description 

Figure 1 is  a s implif ied flowsheet of the r eac to r  fill, drain,  and 

vent systems showing only those fea tures  which a r e  e s s e n t i a l  t o  a de- 

s c r ip t ion  of the normal fill and dra in  procedures. 

i n  the normal pos i t ions  f o r  f i l l i n g  the r eac to r  from f u e l  d ra in  tank 

All valves a r e  shown 

NO. 1 (FD-1) . 
The reac tor  i s  f i l l e d  by admitt ing heliu?;, from a supply a t  40 psig,  

t o  the dra in  tanks t o  force the f u e l  sa l t  up through the  r eac to r  drain 

l i n e  i n t o  the primary loop. The fill r a t e  i s  l imi t ed  by a r e s t r i c t i o n  

i n  the gas supply l i n e  and the maximum l e v e l  i n  the loop i s  s e t  by l i m i t -  

ing the pressure with PIC-517. 

incoming f u e l  i s  vented from the pump bowl, a t  the high po ic t  i n  the  loop, 

through the aux i l i a ry  charcoal bed t o  the s tack.  

passes the main charcoal beds t o  avoid the  e lu t ion  and re lease  of xenon 

and krypton which may be i n  those beds.) 

Helium displaced from the loop by the 

(This vent route  by- 

When the fill is  complete, sa l t  i s  frozen i n  the dra in  l i n e  a t  

FV-103. 

a f t e r  the drain-tank pressure has been vented throzlgh the  a x c i l i a r y  char- 

coa l  bed, the pump-bowl and drain-tank gas spaces a r e  connected through 

HCV-544. The system i s  now i n  readiness f o r  operation, with the ocly 

ac t ion  required t o  drain being t o  thaw FV-103. 

The pump-bowl vent i s  switched t o  the main charcoal beds and, 
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2.2 System Volumes 

The r e l a t i o n  between the volume of sa l t  t ransfer red  from the  dra in  

tank and the l i q u i d  l e v e l  i n  the Fdel loop i s  shown i n  Fig.  2. The 

datum l e v e l  i s  the bottom of the reac tor  ves se l  (elevation 826.92 f t ) .  

The midplane of the 65-in.-high graphi te  matrix i n  the core i s  a t  3.75 f t  

and the operating l e v e l  i n  the pump bowl i s  a t  13.4 ft .  

of sa l t  t ransfer red  from the drain tank i s  required t o  f i l l  the dra in  l i n e .  

The f i r s t  1 . 5  f t 3  

The l i q u i d  volume-level r e l a t i o n  i n  a f u e l  dra in  tank i s  shown i3 

Fig. 3. The volume of the tank above the sa l t  l e v e l  i s  the  difference 

between 80.5 ft3 (the t o t a l  vo lme  of the tank) and the l i q u i d  volume. 

The datum plane f o r  Fig. 3 i s  12 .1  f t  below t h a t  f o r  Fig. 2 (814.82 P t ) .  

2.3 Drain Tank Pressure During a F i l l  

The pressure difference between the dra in  tank and the  p m p  bowl i s  

determined pr imari ly  by the f u e l - s a l t  dens i ty  and the difference ic the 

l e v e l s  i n  the  loop and i n  the tank. Pressure drop i n  the f i l l  l i n e  adds 

t o  t h i s  pressure difference when f u e l  i s  flowing. The pressure i n  the  

pump bowl i s  normally above atmospheric pressure because of pressure drop 
i n  the gas vent from the pump bowl t o  the s tack.  (The pressure approaches 

1 ps ig  a t  zero flow because of a check valve i n  the  vent l i n e . )  

shows the  r e l a t i o n  between the  a c t u a l  pressure i n  the  dra in  tank and the 

l e v e l  i n  the f u e l  loop during a f i l l .  This f igu re  i s  based on a t o t a l  

sa l t  inventory of 73.2 f t "  and a s a l t  densi ty  of 130 lb / f t3 .  

pressures  a t  sa l t  f i l l  r a t e s  of 1 and 2 ft3/min r e f i e c t  the pressure drcjp 

i n  the f i l l  and vent l i n e s .  

Figure 4 

The increased 

2.4 Amount of Gas i n  %mk Luring a F i l l  

The amount of gas i n  the dra in  tank i s  a funct ion of the tempera-hre, 

the  pressure and the volume i n  the tank above the l i q u i d .  Figure 5 shcms 

the amount of gas i n  the tank (voluqe of gas a t  3;ioF, 14.7 p s i a )  as a 

function of loop l i q u i d  l e v e l  f o r  varicus sal t  f i l l  r a t e s .  

tank was assumed t o  be a t  1200°F. 

were obtained from the information already discussed.)  

(The gas i;; the 

The pressure and the  a c t u a l  voPume - 
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Salt 
Fig .  4. Drain Tank Pressure vs Liquid Level i n  Fuel Loop a t  Various 
F i l l  Rates. 
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Fig .  5 .  Amount of Gas Required i n  Drain Tank vs S a l t  Level in Loop 
a t  Several F i l l  Rates. 
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2.5 Gas Supply 

The gas a d d i t i o s  r a t e ,  and therefore  the sa l t  fill ra t e ,  i s  Limited 

by the gas addi t ion  system. 

f i l l i n g  the f u e l  loop and t o  l i m i t  the  seve r i ty  of possible  f i l l i n g  acci-  

dents, the  l a t t e r  by r e s t r i c t i n g  the fill rate. 

was achieved by l imit ing,  with PIC-517, the  pressure which ca3 be put on 

the  dra in  tank t o  a value j u s t  sufficilent t o  a t t a i n  the  desired l e v e l  i n  

the pump bowl a t  the  end of the  fill. 

a t t a ined  by i n s t a l l i n g  a cap i l l a ry  r e s t r i c t o r  i n  the supply l i n e  and 

l imi t ing  the primary gas supply pressure.  

are described la ter  i n  t h i s  repor t . )  

This system was designed t o  avoid over- 

The f i r s t  object ive 

The f i l l - r a t e  l imi t a t ion  T ~ S  

(Details of t h i s  l imi t a t ion  

During a normal fill, the con t ro l l e r  PIC-517 w f l l  be s e t  t o  give 3 

drain-tank pressure no g rea t e r  than t h a t  required t o  j u s t  br ing the sa l t  

t o  the desired l e v e l  i n  the p u p  bowl. 

operation, FCV-517 i s  wide open, because the tank pressure i s  wel l  below 

the se tpoin t  pressure,  and the cont ro l l ing  res i s tance  i s  the cap i i l a ry .  

Only when the drain-tank pressure approaches the se tpoin t  does PCU-517 
funct ion t o  s top  the  gas flow. 

Throughcjut most of the f i l l i r g  

2.6 Course of a Noma1 F i l l  

The fill ra t e ,  or l e v e l  vs time, i s  determined 5y the combilati,on of 

the r e l a t ions  among leve l ,  fill rate, and amomt of gas i n  the drain tar.k 
and the  cha rac t e r i s t i c s  of the  gas supply system (gas a d d i t l  7on r a t e  vs 

dra in  tank pressure) .  

Figure 6 shows the  predicted l e v e l  i n  the f u e l  loop as a funct ion 

of t i m e  during a normal f i l l .  

an analog computer, the gas supply was assumed t o  be a t  40 p i g .  

c a p i l l a r y  r e s t r i c t o r  was s ized  t o  give a sa l t  fill r a t e  of 0.5 ft3/min 

when the l e v e l  i s  a t  the core midplane with a gas Suppiy pressure of 

50 psig.  
(The small delay a t  the Seginning i s  the t i m e  required t o  fill the  drafi? 

l i c e .  

For t h i s  predict ion,  done with the  a i d  cf 

The 

The time required t o  complete tne e n t i r e  fill was 3-3/4 hrs. 
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2.7 Coast-Up of Fuel Level 

A f i l l i n g  operation can be in te r rupted  a t  any time by any one of 

venting the dra in  tank through the a u x i l i a r y  charcoal th ree  ac t ions :  

bed, equal iz ing drain-tank and loop pressures through l i n e  521., and 

shut t ing  off the gas addi t ion  t o  the  drain tanks.  

th ree  of these would be done or attempted simultaneously. 

f i rs t  two ac t ions  would not  only s top  the f i l l  bu t  would al low the  sal t  

i n  the loop t o  dra in  back t o  the tank. 

addi t ion,  would be used i f  it were desired t o  hold up the f i l l  a t  axy 

poin t  

I n  an emergency a i l  

Ei ther  of the 

The t h i r d  act ion,  stopping gas 

Simply stopping gas addi t ion  does not  immediately s top  the sa l t  flow 

i n t o  the loop. This has important implications,  f o r  i f  the gas addi t ion  

i s  stopped while the l e v e l  i s  r i s i n g  through the ac t ive  part of the core, 

the l e v e l  and the r e a c t i v i t y  w i l l  continue t o  increase f o r  some time 

a f t e r  the gas i s  shut  of f .  

A s  can be seen from Fig. 5, the  amount of gas i n  the  tank a t  a 

given loop l e v e l  and an appreciable flow r a t e  i s  capable of supporting 

the  sa l t  a t  a considerably higher l e v e l  when the f i l l  r a t e  has gone t o  

zero. The amount of l e v e l  increase i n  the loop a f t e r  gas addi t ion  i s  

stopped (coast-up) i s  a funct ion of the i n i t i a l  l e v e l  and flow r a t e .  

Figure 7 shows t h i s  re la t ionship  for severa l  i n i t i a l  sa l t  l e v e l s  i n  the  

core. Analog ca lcu la t ions  of the coast-up t r a n s i e n t  indicated t h a t  the 

level approaches the final value with a time constant of about 1.4 =in. 

3. NUCLEAR CONSIDERATIONS 

The occurrence of a f i l l  accident  presupposes the exis tence of an 

abnormal condition which causes the reac tor  t o  be c r i t i c a l  before the 

core i s  completely f i l l e d  w i t h  f u e l  salt .  The bas ic  nuclear character-  

i s t i c s  which must be considered are q u a l i t a t i v e l y  similar for all of 

the accidents  examined. 
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3.1 Effec t  of Fuel Level on React ivi ty  

I n  a l l  of the  f i l l i n g  accidents,  the system mul t ip l ica t ion  constant 

i s  increased above un i ty  by the continued flow of f u e l  i n t o  the c r i t i c a l  

core.  

along w i t h  the  r a t e  of f u e l  addition, determines the r a t e  of r e a c t i v i t y  

increase.  

The shape of the  r e a c t i v i t y  curve as a funct ion of f u e l  leve l ,  

The e f f ec t  of fuel l e v e l  on mul t ip l ica t ion  was calculated f o r  a 

s implif ied model of the  reac tor  which considered only the uniform- 

channelled port ion of the graphite-moderated region. 

the e f fec t ive  mul t ip l ica t ion  constant as a function of the f r a c t i o n  (H/L) 
of t h i s  region f i l l e d  with fue l .  

0.997 f o r  the  f u l l  region; t h i s  i s  the  t a r g e t  mul t ip l ica t ion  constant i n  

the MSRE f o r  a fill under normal circumstances. The f r a c t i o n a l  leve ls ,  

0 and 1 i n  t h i s  model correspond t o  ac tua l  f u e l  l eve l s  of 1.33 and 

6.50 f t ,  respect ively,  i n  the MSRE. Since the mul t ip l i -  

ca t ion  constant i n  the MSRE rises above zero before the f u e l  l e v e l  reaches 

the  channelled region and continues t o  r i s e  u n t i l  the  e n t i r e  vesse l  i s  

f u l l ,  the curve i n  Fig. 8 ind ica tes  a grea te r  d i f f e r e n t i a l  change i n  re- 

a c t i v i t y  w i t h  l e v e l  than ac tua l ly  e x i s t s .  Thus, use of t h i s  curve shape 

i n  the accident analyses leads t o  s l i g h t  overestimates of t h e i r  s eve r i ty .  

The f l a t t e n i n g  of the  curve i n  Fig. 8 i s  due t o  the f a c t  t ha t  the  graphi te  

i n  the core i s  s ta t ionary .  A t  low f u e l  leve ls ,  the graphi te  above the  

f u e l  a c t s  as a r e f l e c t o r  which a f f ec t s  the mul t ip l ica t ion  subs t an t i a l ly ;  

t h i s  added e f f ec t  diminishes as the  core f i l l s .  

Figure 8 shows 

The curve was normalized t o  a k of 

(See Fig. 2) 

3.2 Control Rods 

The three cont ro l  rods i n  the  MSRE a r e  c lus te red  near the  axfs  of 

the  reac tor  and en te r  the core from above. Since the  core f i l l s  w i t h  

f u e l  from the  bottom, the r e a c t i v i t y  worth of a p a r t i a l l y  inser ted  rod 

depends on the f u e l  l eve l .  

worth of a rod as a function of the f r ac t ion  of t o t a l  i n se r t ion  f o r  a 

f u l l  core and f o r  a core w i t h  only 0.72 of the  channelled region f i l l e d  

w i t h  fue l .  

Figure 9 shows the ca lcu la ted  f r ac t fona l  

The t o t a l  worth of the f u l l y  inser ted  rod w a s  essentea l ly  the 
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Fig. 8. Effec t  of Fuel  Level on Reac t iv i ty .  
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same f o r  both cases ,  The rod wortks used ic  analjrzin;: the f i l l i n g  acc i -  

dents were 2.9% 6k/k f o r  a sir-gle, f u l l y  in se r t ed  rod a t  a l l  fue; l eve l s  

and 6.7% f o r  a l l  three rods. .Tke f r ac t iona l  worth of a p a r t l y  inser ted  

rod a t  a given p o s i t t o r  was ase-mcd t o  vary E r e & r l y  with %he f r ac t ion  of 

the core f i l l e d  with f u e l .  

During a r.omal fill, the three cont ro l  rod3 w i l l  be withdrawn eqaal  

* 

amounts and plssitioned s x h  t h a t  the reac tor  i s  j n s t  s u b c r i t i c a l  

(k = 0.997) wher, completely P i l i e  

t h a t  the rods be wittdrawr- a n i 3 i ~ m  d i s t axc  t o  iYisidr2 t h a t  negative re -  

a c t i v i t y  can be inser ted  i n  the evect of premature c r i t i c a l i t y . )  

rods, posit ioned i n  t h i s  way, w i l l  cont ro l  4.3% 6k/k i n  the  cleen, f u l l  

reac tor  w i t h  the  operating concentration of uranium i r ,  the  f u e l .  

w i l l ,  however, control  sx7Dstantialiy less a t  the same pos i t ion  i n  a 

p a r t l y  f i l l e d  reacfJor and cai ,  therefore,  i n s e r t  correspondingly more 

negative r e a c t i v i t y  duriag a f i l l  accident .  

(Protect ive in te r locks  w i l l  rec@ire 

The 

,They 

Each control-rod dr ive i s  equipped with a magnetic c iu tch  so t h a t  the 

rcd can be dropped i n t o  the reac tor  if necessary. 

and an acce lera t ing  force of 0.5 g were assumed f o r  the rods ir, the  

accident analyses.  

A 0.1-sec re lease  time 

3.3 Temperature Coeff ic lents  of Reac,t ivity 

The values of the f u e l  and graphi te  temperature coe f f i c i en t s  of re -  

a c t i v i t y  depend on the f u e l  compositioc. Tabie 1 l i s t s  the nominal compc- 

s i t i o n s  and the d?ns i t ies  of three fuels Seing comiderefi fcr use i n  the 

E R E .  The temperatme coe f f l c i sz t s  of r e a c t i v i t y  shown &re f o r  the  Pi l i  

core. 

Temperature coef f ic ien ts  of r e a c t i v i t y  i n  the p a r t i a l l y  f i l l e d  eG.re 

a r e  qui te  d l f f e r e i t  from the coef f lc fen ts  f o r  a f u l l  core.  ThEs i s  due 

i n  p a r t  t o  the  d i f f e r e x e  i n  e f fee t lve  size and shape of the core ,  More 

importantly, i n  the p a r t i a l l y  f i l l e d  si)r- an  f x r e a s e  i n  f u ~ l  temperature, 

* 
Recent calculat ions indicate  the worth of th ree  f u l l y  inser ted  rods 

ranges from 5.6 t o  7.676, depexding m the  f u e l  composltion. 
worth is  fron 5 - 2  t o  7.2%. 

The usable 



25. 

Table 1 

MSRE Fuel S a l t s  Considered i n  F i l l i n g  Accident Allalyses 

Fuel m e  A B c 

S a l t  Composition: LiFa 70 
(mole 8) B F 2  23-7 

ZrF4 5 
m4 1 
uF4 (approx.) 0.3 

U Composition u23 4 

(atom %) u23 5 

TT236 - 
u23 8 

1 
93 
1 
5 

Density a t  1200°F ( lb / f t3)  144.5 
Temp. Coeff. of React ivi ty  ("F-l) 

Fue 1 -3.0 x 10'~ 
Graphite -3.4 x 10-5 

66.8 
29 

4 
0 
0.2 

1 
93 
1 
5 

134.5 

-5.0 x 

-4.9 x 

65 
29.2 
5 
G 
0.8 
(3.3 

35 
0.3 
64.4 

i42.7 

-3.3 x 

-3.7 io+ 

99.9926% ~i~ 
a 

with i t s  at tendant  decrease i n  f u e l  density, r a i s e s  the f u e l  l e v e l  and 

increases  the e f fec t ive  height of the core. This i s  i n  cont rzs t  to a 

full. core i n  w h i c h  a reduction i n  density expels m e 1  withoat changing 

the  core s i ze .  

f u e l  coccentrations between the normal and abnormal s i t u a t i o r s .  

The coef f ic ien ts  a r e  a l s o  a f fec ted  by any diff;.re-nce in 

The f u e l  temperature coef f ic ien t  of r e a c t i v i t y  for tke  p a r t i a l l y  

f i l l e d  core was evaluated by comparing keff ca lcu la ted  f o r  two cases, 

each with Fuel B concentrated by se l ec t ive  freezing of 39$ of tke  sal t .  

I n  the  f i r s t  case, H/L was 0.60 and the f u e l  densi ty  was proper for 1200°F'. 

* 
** 

* 
See pp 20 - 21 for discussion of s e l ec t ive  freezing.  

** 
T h i s  choice of sa l t  type and R/L w i l l  be explnl ined l a t e r .  
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I n  the second, H/L -ms 0.61 a-cd tne f b e l  densi ty  w a s  r e d x e d  t o  keep the .,.. 
same t o t a l  mass of f u e l  ii the core. Neutron microscopic cross sect ions 

were evaulated a t  1200°F i n  Seth cases and the graphi te  densi ty  was UTI- 

changed. 

t o  1341'F i n  a time so  shor t  t h a t  the  graphfte temperature does not r i s e  

appreciably. Use of constant microscopic cross sect ions implies t ha t  the 

f u e l  temperature has no e f f e c t  on the thermal nezltron energy d i s t r ibu t ion  

when, i n  f ac t ,  it does. Results of these calculat ions gave a 6k/k of 

0.061$, equivalent t o  a f u e l  tercperature coe f f i c i en t  of -0.43 x 

These two cases simulated a r i s e  i n  f u e l  temperature from 1200°F 

4. SURVEY OF FILLIFJG ACCIDENTS 

The r e l a t i v e  seve r i ty  of f i l l i n g  accidents  can be described, quai i -  

t a t ive ly ,  i n  terms of the amount of excess r e a c t i v i t y  ava i la5 le  f o r  ad- 

d i t i on  t o  the core and the rate a t  which it can be added, p m t i c u l a r l y  ir 

the v i c i n i t y  of hff = 1. 

depends pr imari ly  on the circumstances postulated f o r  the  accident  and 

the composition of the f u e l  mixture. Three s e t s  of circumstances which 

can produce f i l l i n g  accidents have been considered; these a r e  discussed 

under separate headings below. The influence of f u e l  composition was 

examined for each type of accident.  

The amount of excess r e a c t i v i t y  ava i lab le  

The r a t e  of r e a c t i v i t y  addi t ion  involves, i n  addi t ion  t o  the f ac to r s  

mentioned above, the  r a t e  of f u e l  addi t ion.  

most severe accident t o  a to le rab le  leve l ,  it was necessary t o  l i m i t  the  

sa l t  addi t ion r a t e  under normal circumstances t o  0.4 ft3/min. 

h e l i m  supply pressure t o  the dra in  tanks i s  40 ps ig  with as? ul t imate  

l i m i t  a t  50 ps ig  imposed by a rupture disc .  

which e s t ab l i sh  the normal f i l l  r a t e  l i m i t  the  maximum rate t c  0.5 f.t3/min 

with the sal t  l e v e l  i n  the  main port ion of the core. A l l  of thz f i l l i n g  

accidents were examiried on the bas i s  of the 0.5 f t3 /min  r a t e .  

In  order t o  r e s t r i c t  the 

The normal 

The physical  r e s t r i c t i o n s  

4.1 F i l l i n g  With Control Rods Withdrawn 

The amount of excess r e a c t i v i t y  t h a t  can be added i n  the MSRE by 

f i l l i n g  the core with the cont ro l  rods withdrawn i s  l imi ted  t o  the amoilnt 

required i n  the f u e l  f o r  normal, full-power operation. Although t h i s  
- 
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requirement var ies  somewhat with the f u e l  mixture i t  is  not expected t o  

exceed 4% i n  any cage and adminis t ra t ive cont ro l  w i l l  be exercised t o  keep 

the r e a c t i v i t y  a t  or below t h i s  value. 

su f f i c i en t  uranium for 4% excess r e a c t i v i t y  and a l l  three rods were f u l l y  

withdrawn, the core would be c r i t i c a l  a t  74% of f u l l .  

the  sa l t  addi t ion  r a t e  of 0.5 ft3/min corresponds t o  a r e a c t i v i t y  ramp of 

0.01% Sk/k per sec. Dropping the cont ro l  rods a f t e r  the power reaches the 

normal scram l e v e l  (150% of f u l l  power or 15 Mw) checks the excursion pro- 

duced by such a ramp w i t h  no s ign i f i can t  r i s e  i n  f u e l  temperature. 

if only two cont ro l  rods a r e  dropped, su f f i c i en t  negative r e a c t i v i t y  i s  

in se r t ed  t o  prevent c r i t i c a l i t y  from being a t t a ined  again i f  the core i s  

completely f i l l e d .  

If the  f u e l  were loaded w i t h  

A t  t h i s  level ,  

Even 

4.2 F i l l i n g  With Fuel a t  Low Temperature 

I n  t h i s  accident i t  i s  postulated t h a t  the  graphi te  has been pre- 

heated t o  the normal s t a r tup  temperature of 1200°F and f u e l  s a l t  i s  

added a t  a s ign i f i can t ly  lower temperature. 

t i v i t y  ava i lab le  depends on the temperature coef f ic ien t  of r e a c t i v i t y  of 

the f u e l  i n  the full reac tor  (see Table 1) and the  degree of subcooling 

of the salt .  The heat  capaci ty  of the graphi te  i n  the core i s  3.53 Mw- 

sec/"F while t h a t  of the  salt  i n  the graphite-bearing regions i s  only 

1.45 Mw-sec/"F. 
t o  thermal equilibrium, the temperature r ise  of the sal t  i s  2.4 t i m e s  the 

decrease i n  graphi te  temperature. Since the r a t i o  of the graphi te  t o  the  

f u e l  temperature coef f ic ien t  i s  less than 2.4, heat  t r ans fe r  from the 

graphi te  t o  the sal t  reduces the excess r e a c t i v i t y .  

The amount of excess reac- 

Therefore, if the f u e l  and graphi te  a r e  allowed t o  come 

The l iquidus temperature of Fuel B, the  s a l t  w i t h  the  l a r g e s t  nega- 

t i v e  temperature coe f f i c i en t  of r eac t iv i ty ,  i s  about 810"~. 
t h i s  temperature were added t o  the reac tor  and hea t  t r ans fe r  from the 

graphi te  were neglected, the maximum amount of excess r e a c t i v i t y  would be 

1.9%. This i s  well below the 3.2% shutdown margin provided by the  con- 

t r o l  rods. 

If salt  a t  
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4.3 F i l l i n g  with Concentrated Fuel 

The c r y s t a l l i z a t i o n  paths of a l l  th ree  salt  mixtures being considered 

f o r  use as MSFE f u e l  are such t h a t  la rge  quan t i t i e s  of sa l t  can be 

so l id i f i ed ,  under equilibrium conditions, before any uranium (or thorium) 

appears i n  the s o l i d  phase. Se lec t ive  freezing, therefore ,  provides one 

means by which the uranium concentration i n  the l i q u i d  sa l t  can be in-  
creased s ign i f i can t ly  while the sa l t  i s  i n  the  dra in  tank. Since the re -  

a c t o r  vesse l  i s  the f i rs t  major component of the f u e l  loop t h a t  f i l l s  on 

salt  addition, approximately 40% of the sal t  mixture can be frozen i n  the 

dra in  tank before it becomes impossible t o  completely f i l l  the core.  

The changes i n  l i q u i d  composition as se l ec t ive  f reez ing  proceeds 

depend upon the 

Figure 10 shows 

function of the 

assumption t h a t  

appears. 

The e f f e c t  

the three  salts 

i n i t i a l  cornpositron and the conditions of f reezing.  

the composition of the remaining melt  f o r  Fuel A as a 

f r ac t ion  of sa l t  frozen. The curves a r e  based on the 

only the equilibrium primary s o l i d  phase, 6 LiF*BeFz-ZrF4, 

on premature c r i t i c a l i t y  was evaluated f o r  each of 

with 3976, by weight, frozen i n  the dra in  tank as * 
6 LiF*BeF2'ZrF,..' Under these conditions the  f u l l  r eac to r  a t  1200°F 

had about 4% excess r e a c t i v i t y  f o r  Fuels A and C and 15% f o r  Fuel B. 
Fuels A and C contain s ign i f i can t  amounts of thorium and 2z,%, respec- 

t ive ly ,  which remain i n  the melt with the 235U during se l ec t ive  freezing.  

The poisoning e f f e c t  of these species  g r e a t l y  reduces the  seve r i ty  of the  

f i l l i n g  accident  when they a r e  present .  

accident  exceed the shutdown margin of the  cont ro l  rods so i t  i s  necessary 

t o  s top  the f i l l i n g  process t o  prevent a second r e a c t i v i t y  excursion a f t e r  

the rods have been dropped. The accident  involving Fuel B determines the 

speed with which the  f i l l  must be stopped because the r e a c t i v i t y  addi t ion  

r a t e  f o r  t h i s  case i s  0.025% Gk/k/sec a t  k = 1 vs O.Ol%/sec f o r  Fuels 

A and C .  

The excess r e a c t i v i t i e s  i n  t h i s  

* 
The composition of the s o l i d  phase has l i t t l e  e f f e c t  on the nuclear 

ca lcu la t ions  as long as it does not include f i s s i l e  or f e r t i l e  mater ia l .  - 
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It i s  c l e a r  from the  preceding sec t i cn  t h a t  t he  most severe of the 

f i l l i n g  accidents considered occurs when the mixtnre whicn remains a f t e r  

s e l e c t i v e  f reez ing  of 33% of F ~ f l  3 i,r, the  dra in  tank i s  forced  i g t o  the 

f u e l  loop. If it car, be show:- t h a t  t h i s  accident i s  to l e rab le ,  then a l l  

of the other acc idec ts  a r e  a l s o  to l e rab le .  

5 . 1  Spec i f ica t ion  of Aeciderit 

The accident which -xis analyzed i n  d e t a i l  included a number of ab- 

normal conditions i n  addi t ion  t o  f i l l i n g  the  r eac to r  with highly concen- 

t r a t e d  fue i .  The conditions of the  a c c i d e i t  and eqilipment performance, 

both normal and abnormal, ar? described b - l  ow. 

F i r s t ,  it was assumed t h a t  the gas addi t ion  system had failed t c  the  

ex ten t  t h a t  the  gas supply pressure t o  the  dra in  tank was 50 psig,  the  

l i m i t  imposed by t'ne rupture disc,  r a t h e r  than the  normal 40 ps ig .  

gave a sa l t  add i t iox  r a t e  of 0.5 f t 3 / m i a  a t  the  time the  r eac to r  f i r s t  

became c r i t i c a l  (at  55% f u l l )  and r e s a l t e d  i n  a r e a c t i v i t y  ramp of 

0.025% 6k/k pe r  sec.  

drop i n i t i a t e d  when the  neut-on fl-ax reached 150% of design power (15  Nw). 

A r e l ease  time of 0 .1  see was assumed and the  rods were allowed t o  f a l l  

with an acce lera t ion  of 0.5 times the  acce le ra t lon  ~f gravi ty .  Ec,vJever, 

I t  was assumed t h a t  only two of the three  rods a c t u a l i y  drcpped. Acrlc: 

t o  s top  the  f i l l  and i i l t i a t z  a dra in  was assume4 t o  occur a t  the  s2x-e 

tfme as the rod drop. This a c t i o n  invc iv td  a tom6 . t i c  openizg of the  

tqua l iz ing  valve, HCV-544, a i d  the  drai;? t a c K  vent ?Jalve, X8-573, an9 

c los ing  of the  gas add i t ioe  va17e, HCV-77%. ,t vas assomed t h a t  o i l y  one 

of these valves, HCV-572, acktialiy functioned ar_d 1 sec was a l loved  f o r  

This 

The f i rs t  co r rec t ive  ac t ion  was an automatic rod 

- 
* 

the  valve t o  c lose .  This actfCiE., coupled with 

*This time 5,s not e r i t ~ i e a i .  Calculations 
did not  produce detectably d i f f e r e n t  r e s u l t s .  

t h e  i n i t i a l  sa l t  fill r a t e ,  

u s i  xg a 5-see d o s i n g  time 
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gave a l e v e l  coast-up of 0.2 f t  which added a t o t a l  of 0.52s r e a c t i v i t y  

i n  excess of t h a t  compensated by the two inser ted  cont ro l  rods. 

e i t h e r  of the  other  two gas valves had functioned, the l e v e l  would have 

dropped and there  would have been no second excursion.) 

(If 

5.2 Preliminary Dig i t a l  Calculations 

?"ne major port ion of the t r ans i en t s  associated with t h i s  accident  

was calculated with the  a i d  of the ORPJL analog computer. However, s t a r t u p  

accidents t yy ica l ly  begin a t  very low powers and the power var ies  over 

severa l  orders of magnitude. Since the usefu l  range of the analog com- 

puter  covers only about two orders of magnitude f o r  any var iable ,  ex- 

cessive range switching would be required t o  simulate the  e n t i r e  t r a m i e y t  

on the analog f a c i l i t y .  To circumvent t h i s  problem, the i n i t i a l  p a r t  of 

the power t rans ien t ,  from source power t o  a power which began t o  a f f e c t  

the f u e l  temperature, was calculated with the a i d  of a d i g i t a l  program, 

MURGATR0YD.l 

using s i x  groups of delayed neutrons, with provisions f o r  adding reac- 

t i v i t y  i n  the form of s teps  and/or ramps. 

s t a r t e d  a t  keff = 1 and a power of 1 watt and was used t o  ca l cu la t e  the 

var ia t ion  of power with time up t o  10 kw. 

consumed 24 sec of reac tor  time and ra i sed  the f u e l  temperature 0.01"F. 

The reac tor  per iod a t  10 kw was about 0.7 sec.  The r e s u l t s  of t h i s  d ig i -  

t a l  ca lcu la t ion  were used as input t o  s ta r t  the  analog simulation. 

MURGATROYD i s  a point  model, nuclear k ine t i c s  program, 

The d i g i t a l  program was 

This port ion of the  t r ans i en t  

5.3 Detailed Analog Simulation 

Description of Model 

I n  order t o  p red ic t  the  excursions of power and temperature r e su l t i ng  

from the postulated fill accident,  a mathematical model was constructed 

IC. W. Nestor, Jr., MURGATROYD- An I€M 7090 Program f o r  the 
Analysis of the Kinetics of the 1vIsRE, USAEC Report ORXL-TM-203, 
Oak Ridge National Laboratory, Apr i l  6, 1962 
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which described the heat t ransfer ,  the nuclear k ine t ics ,  and the ex terna l  - 
inputs t o  the system. 

as a bas is  f o r  the simulation. 

Figure 11 shows a block diagram of the  model used 

It may be noted t h a t  except f o r  the heat t r ans fe r  equations, a l l  of 

the compJtations a r e  r e l a t i v e l y  straightforward f o r  analog solut ion s ince 

they involve ordinary d i f f e r e n t i a l  equations. I r i  s p i t e  of the  preliminary 

d i g i t a l  calculat ions,  the power excursioi? exceeded the useful  range of the 

analog computer and provisions f o r  resca l ing  the power var iable  during 

the solut ion were required. 

A s  shown i n  Fig. 11, however, the f u e l  and graphi te  temperatures a re  

functions of both pos i t ion  and time, and thus a r e  represented by p a r t i a l  

d i f f e r e n t i a l  equations. To solve these equations on an arialog computer, 

one must use f i n i t e  difference techniques. 

solut ion turns  out  t o  be a very important p a r t  of the simulation, i t  sill 

be discussed i n  d e t a i l .  

Simulation of Local Fuel and Graphite Temperatures 

Since the accuracy of t h i s  

Since the core cons is t s  of a l a rge  number of i d e n t i c a l  f u e l  charxels 

and v e r t i c a l  graphi te  s t r ingers ,  l e t  us f i r s t  consider the temperature i n  

a t yp ica l  s t r i n g e r  cross-section, show, i n  Fig. 12 .  Due t o  the symaetry, 

we can consider a basic  heat  t r ans fe r  "element" as half  of a f u e l  ehanr?el 

cross-sect ion and one-fourth of a s t r i n g e r  as shown shaded i n  Fig. 12* 

I n i t i a l l y ,  considering the f u e l  and graphi te  as s ingle  regions having 

mean temperatures T and TG, heat  would be t r ans fe r r ed  from the f u e l  t o  

graphi te  a t  a r a t e  Q, where 

- - 

T 

4 = K ( T  F G  - T )  

where K may r ead i ly  be seen t o  be a function of the  conduct ivi t ies ,  the 

geometry, and the  conductance of a f i lm  a t  the in t e r f ace .  

t o  note however, the K a l s o  depends on the rate of change of the tempera- 

tu res .  I n  general, the higher the frequency of the perturbation, the  

grea te r  the  e r r o r  i n  the computed heat  t r ans fe r  r a t e  betveen the two 

materials,  where the approximate t r ans fe r  r a t e  i s  always lower than the 

It i s  importact 
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actual value.2 
as possible in this case, since heat transfer from the hot fuel to the 
graphite and the subsequent rise in graphite temperature is the major 
mechanism for curbing the power excursion (because of the small tempera- 
ture coefficient of the fuel in the partly f u l l  core). 

Thus it is advantageous to use as fine an approximation 

In the simulation, the temperature distribution for a basic element 
was approximated by five regions for the fuel and 15 regions for the 
graphite, and using slab geometry wlth a corrected surface-to-volume 
ratio. First-order central difference equations were used. %ne accuracy 

of this simulation (assuming a negligible error in the geometry approxi- 

mation) was found from a comparison of the frequency response character- 

istics of a distributed slab with those of a lumped-parameter approximation. 

2S. J. Bll, Approximate Models for Distributed-Parameter Heat 
Transfer Systems, Preprints of Technical Papers, Fourth Joint Automatic 
Conference, University of Minnesota, Minneapolis, Minnesota, June 19-21, 
1963, AIChE, New York, 1963. 



This comparison was made by means of a d i g i t a l  computer code which can be 

used f o r  general  slab-geometry calculat ions of t h i s  type. The ca lcu la t ion  

showed t h a t  f o r  the  approximation used, the simulated heat t r a n s f e r  r a t e  

t o  the graphi te  would be within 10% of the exact so lu t ion  values f o r  

per turbat ion frequencies of up t o  25 cycles per  second. For t he  tempera- 

t u re  changes involved i n  the incident  being considered, the approximation 

was more than adequate. 

Two other  simplifying assumptions were made: 

1) Since, during a f i l l ,  the MSRE: i s  a "s ta t ionary fue l "  reactor ,  

the only means f o r  a x i a l  heat t r ans fe r  i s  by conduction, and t h i s  was 

found t o  be negl ig ib le .  

2) Radial conduction (between basic  elements) was a l s o  assumed 

zero. 

Temperature Averaging 

The e n t i r e  reac tor  was divided i n t o  four major regions of fuel and 

graphi te .  Average nuclear importances of temperature changes ana f rac-  

t ions  of t o t a l  power generation were assigned t o  the  components of each 

region. These assignments were based on the s p a t i a l  var ia t ion  of nuclear 

importance and power densi ty  i n  the p a r t l y  full core. 

f o r  ca lcu la t ing  temperatures i n  a basic  hea t - t ransfer  element was assumed 

l inea r ,  the temperature changes i n  one region were proport ional  t o  those 

i n  any other,  and were d i r e c t l y  r e l a t e d  t o  the f r ac t ion  of the power 

generated i n  the region and inversely r e l a t ed  t o  the  volume of the region. 

Thus, f r o m  the simulation of a s ing le  basic hea t - t ransfer  elemeut, a 

d i r e c t  computation was made of the mean f u e l  and graphi te  temperatures of 

each region. The region temperatures were weighted with t h e i r  respect ive 

importances and summed t o  obtain the nuclear average f u e l  and graphi te  

temperatures f o r  the  reac tor .  These temperatures were used with t h e i r  

respect ive coef f ic ien ts  of r e a c t i v i t y  t o  compute the  i n t e r n a l  contr ibut ion 

t o  the  k ine t i c  behavior of the  reac tor .  

Other Aspects 

Since the  model 

The r e a c t i v i t y  e f f ec t s  of the  f u e l  and graphi te  temperatures were 

combined with the o ther  r e a c t i v i t y  inputs t o  ca l cu la t e  the  power t r ans i en t s .  

The other  r e a c t i v i t y  inputs  (see Fig. 11) included 1) the  i n i t i a l  ramp 

associated with the fill of the reactor ,  2) a s e r i e s  of ramps t o  simulate 
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the dropping control rods, and 3) the decaying ramp associated with an 
internal computation of the fuel-level coast-up after the gas-addition 

valve was closed. The computer was set up to automatically insert the 

appropriate reactivity term with the appropriate time delay during the 

transient. 

six groups of delayed neutrons for the actual power calculation. 
The net reactivity was fed to a set of kinetic equations using 

Provisions were included for stopping the calculation at any time to 
permit the necessary changes in the range of the power calculation. 

Facilities were also available for recording any of the computed parameters. 
Results of Simulation 

The results of the fill-accident simulation are shown graphically in 
Figs. 13 and 14. 
transient exclusive of temperature compensation effects. 

features are the initial, almost-linear rise which produced the first 
power excursion as fuel flowed into the core, the sharp decrease as the 

rods were dropped, and the final slow rise as the fuel coasted up to its 
equilibrium level. 
temperatures. 

quantities which ultimately compensated for the excess reactivity intro- 
duced by the fuel coast-up. 

temperature at the center of the hottest portion of the hottest fuel 
channel. 

by the dropping control rods which were tripped at 15 Mw. 
is not particularly important since it did not result in much of a elel 

temperature rise. After the initial excursion, the power dropped to about 
10 kw and some of the heat that had been produced in the fuel was trans- 

ferred to the graphite. The resultant increase in the graphite nuclear 
average temperature helped to limit the severity of the second power ex- 

cursion. 

rising graphite temperature was able to limit the second power excursfon 

to only 2.5 Mw. The maximum temperature attained, 135k°F, is well within 
the range that can be tolerated. 

Figure 13 shows the externally imposed reactivity 
The essential 

Figure 14 shows the power transient and some pertinent 
The fuel and graphite auclear average temperatures are the 

The maximum fuel temperature refers to the 

The initial power excursion reached 24 Mw before being checked 
This excursion 

Reactivity was added slowly enough by the fuel coast-up that the 
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5.4 Discussion 

c 

The above ana lys i s  ind ica tes  t ha t  the  reac tor  system i s  not l i k e l y  

t o  be damaged by any of the f i l l i n g  accidents considered. The accident 

t h a t  was studied i n  d e t a i l  would probably be l e s s  severe than the  calcu- 

l a t i o n s  ind ica te  because of the conservatism i n  estimating the  e f f e c t  of 

f u e l  l e v e l  on r eac t iv i ty .  The degree of fuel concentration by se l ec t ive  

freezing used i n  t h i s  study was chosen a r b i t r a r i l y  as t h a t  amount which 

l e f t  j u s t  enough sa l t  i n  l i q u i d  form t o  completely f i l l  the  reac tor .  

i s  physical ly  possible,  under i d e a l  conditions, t o  achieve grea te r  concen- 

t r a t i o n s  of uranium than tha t  assumed. There i s  no va l id  bas i s  f o r  as- 

sessing the amount of s e l ec t ive  freezing t h a t  could occur i n  the drain 

tank without being detected.  There i s  a l s o  no assurance t h a t  f reez ing  

i n  the drain tank would, i n  f ac t ,  leave a l l  of the  uranium i n  the remaining 

melt. 

It 

In  assessing the  c r e d i b i l i t y  of t h i s  accident,  it should 5e recog- 

nized tha t  severa l  eqilipment f a i l u r e s  were postulated which compounded 

the e f f e c t s  of f i l l i n g  the  core w i t h  excessively concentrated f u e l .  These 

a r e  1) the f a i l u r e  i n  the  gas-addition system which allowed f u e l  t o  flow 

i n t o  the r eac to r  a t  an excessively high ra te ,  2) f a i l u r e  of one of the 

three  cont ro l  rods t o  drop, and 3) f a i l u r e  of a p a r t i c u l a r  two of three 

valves t o  funct ion t o  s top the f i l l .  Elimination of any one of these 

postulated f a i l u r e s  would prevent tlne second r e a c t i v i t y  excursion and re -  

duce the e f f e c t s  of the accident t o  t r i v i a l  proportions.  

It has been pointed out t h a t  the  seve r i ty  of the f i l l i n g  accident  

could be fu r the r  compounded by pos tu la t ing  tha t  the  fuel  loop vent valve, 

HCV-533, i s  closed a t  the  s tar t  of the  f i l l  and is  manually opened j u s t  as 

the i n i t i a l  c r i t i c a l i t y  i s  achieved. F i l l i n g  with HCV-533 closed would 

allow the pressure i n  the  primary loop t o  r ise t o  about 5 psig, the normal 

se tpoin t  of the  loop pressure cont ro l le r ,  PCV-522. Analog ca lcu la t ions  

of the  f u e l  l i q u i d  l e v e l  showed tha t ,  if HCV-533 were opened a t  tlnis pres- 

sure  and a l l  of the previously postulated f a i l u r e s  occurred, the  l e v e l  i n  

the core would r i s e  1.5 f t ,  producing an excursion w i t h  temperatures t h a t  

would damage the  reac tor  vessel .  However, i f  e i t h e r  HCV-544 o r  HCV-573 
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opens on demand, the gas flow from the dra in  tank i n t o  the primary loop 

or out  through the vent l i n e  l i m i t s  the  pressure decrease i n  the  loop and 

keeps the accident within to le rab le  l i m i t s .  

t o  add two more improbable events, f a i l u r e  t o  have HCV-533 open a t  the 

s tar t  and then opening the valve a t  the c ruc ia l  moment, t o  the l i s t  of 

conditions already postulated.  

probably reasonable t o  pos tu la te  t h a t  only one valve ( r a the r  than two) 

fa i l s  t o  function on demand. This accident can be fu r the r  mit igated by 

reducing the se tpoin t  of PCV-522 during the  f i l l i n g  operation. 

of 1 .5  t o  2 ps ig  would assure t h a t  the  displaced gas from the f u e l  loop 

goes t o  the  aux i l i a ry  charcoal bed during a normal fill bu t  would l i m i t  

the  pressure i n  the f i e 1  loop during a f i l l  w i t h  HCV-533 closed. 

ac t ion  might increase the p o s s i b i l i t y  of an a c t i v i t y  re lease  from the  

normal charcoal beds but  the  consequences of t h i s  are minor, p a r t i c u l a r l y  

in view of the low probability of occurrence. 

It does not seem reasonable 

If these two events a r e  postulated,  i t  i s  

A s e t t i n g  

Such 

6. CONCIXJSIONS 

None of the  f i l l i n g  accidents  t h a t  were s tudied i n  d e t a i l  poses any 

On the  other  hand, it i s  possible  t o  con- t h r e a t  t o  the  reac tor  system. 

ceive of a s e t  of circumstances, however unlikely,  t h a t  could produce 

temperatures high enough t o  breach the primary containment. 

would probably occur as a melting of the cont ro l  rod thimbles. 

the a c t i v i t y  and/or sa l t  re lease  would be confined within the secondary 

containment and the re lease  would not approach the  maximum credib le  acc i -  

dent f o r  which the secondary containment i s  designed. Therefore, even the 

worst conceivable f i l l i n g  accident does not  represent  a hazard t o  the  

operating personnel or the  environment. 

Such a breach * 
Even ther,, 

* 
Since the reac tor  loop i s  l e s s  than h a l f - f u l l  of salt  during a 

f i l l i n g  accident,  it i s  not possible  for a nuclear incident  t o  generate 
pressures of the  magnitude required for  a catastrophic  rupture  of the  
reac tor  vessel .  
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