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REACTOR SCRAM OR AN ELECTRICAL POWER OUTAGE 

ABSTRACT 

Thermal s t r e s s e s  i n  t h e  HFIR beryllium r e f l e c t o r  were computed 
f o r  t h e  unl ikely  case where t h e  reac to r  i s  scrammed with a similltaneous 
l o s s  of coolant flow and f o r  t h e  case following an e l e c t r i c a l  power 
outage where t h e  reac to r  power l e v e l  and t h e  coolant flow r a t e  a r e  re- 
duced simultaneously. For t h e  case where t h e  reac to r  i s  scrammed with 
a sudden l o s s  of t h e  coolant flow, t h e  r e s u l t i n g  maximum t e n s i l e  thermal 
s t r e s s  following t h e  scram i s  22,500 p s i .  I n  case of an e l e c t r i c a l  power 
outage, t h e  maximum t e n s i l e  thermal s t r e s s  fol lowing a reduction of t h e  
f i s s i o n  power l e v e l  from 100 Mw t o  10 Mw with t h e  lowering of t h e  coolant 
flow r a t e  t o  1% of t h e  normal value i s  12,800 p s i .  

NOTICE 

Th is  document contains informotion of a preliminary nature and was prepared 
pr imari ly for internal  use at  the Oak Ridge Nat ional  I-aboratory. It i s  subiect  
t o  rev is ion  or correctiori and therefore does not  represent a f ina l  report. The 
informat ion i s  not t o  be abstracted, reprinted or otherwise g iven ~ b i b l i c  d is -  
semination wi thout the approval o f  the ORNL patent branch, Lega l  and Infor- 
mation Control Department. 



C9OLING OF THE HFIR BERYLLI'JM FEFLE2"10R FOLLOWING A 

RFACTOR SrJRAM OR AN ELECTRICAL POWER OUTAGE 

Int roduct ion  

Frevious ca lcu la t ions  which ignored t h e  heat  capaci ty  of t h e  beryl l ium 

ind ica ted  t h a t  t h e  HFIR r e f l e c t o r  poss ib ly  may be damaged fol lowing a r e a c t o r  
i 

scram o r  an e l e c t r i c a l  power outag? . Further  calculat i .ons which consider  

t h e  r e l a t i v e l y  l a r g e  volume t o  sur face  r a t i o  of t h e  beryl l ium, t h e r e f o r e ,  a r e  

requi red  f o r  t h e  cooling of t .he r e f l e c t o r  dur ing  t h e s e  periods of t ime .  

The geometry of t h i s  r e f l e c t o r  has been described previously by Hi lve ty .  
2 

The inner  region of t h e  beryl l ium,ca l led  t h e  removable r e f l e c t o r ,  has t h e  
2 , 3  fol lowing dimensions. 

Cylinder No. Materi a 1  Ins ide  Radius, i n .  Thickness, i n ,  

1 ~1 9 .374 o .0625 

Semi -permanent Be 11 -942 1.183 

The semi-permanent r e f l e c t o r  has an outs id?  radius  of 13 1/8 i f i .  and i s  i n  

contact  with t h e  ou te r  region of t h e  b e r y l l f a n .  Tnis ou te r  r.;.gion, ca l l ed  

t h e  permanent r ~ f l e c t . o r ,  has an i n s i d e  diameter of 26 1/4 i n .  and. an ou t s ide  
2 

diameter of 43 i n .  For t3ermal s t r e s s  conziderat ions,  Hilvety ass-mcd t h a t  

t h e  permanent r e f l e c t o r  c o n s i s t s  of t h e  fol lowing c y l i n d r i c a l  elements: 3 

Cy l indr i ca l  
Element No. 

1 
2 
3 
4 
5 
6 

Distance of Element 
From Reactor C e d e r l i n e  

Radius of . the 
Element 

0.58 i n .  
o .66 
0 -75 
0 .86 
0 099 
1 . l 4  



It i s  assumed t h a t  a l l  of t h e  heat generated i n  these  elements i s  removed 

through 1/8- in .  -diameter holes located along t h e  cen te r l ine  of t h e  cyl in-  

d r i c a l  elements. The length  of t h e  be ry l l iun  r e f l e c t o r  i s  2 ft, . 
For c ~ m p u t a ~ i o n  purposes, t h e  fo:llowi.ng physica l  p roper t i e s  were assumed 

2 f o r  beryllium: 

Density 1.84 grn/cc 

Thermal conductivi ty 5.83 Btu/hr i n  .OF 

Spec i f i c  heat 0 .50 ~ t u / l b " ~  

Coefficient  of thermal 
-6 9 x  10 i n . / i n e O ~  

expansion 

Modulus of e l a s t i c i t y  
6 40 x 10 p s i  

Poisson's  r a t i o  0 -024 

Cooling of t h e  Ref lec tor  Following a Reactor Scram 

Postulated Model and Analysis 

For t h i s  s i t u a t i o n ,  it i s  assumed t h a t  t h e  reac to r  i s  suddenly scrammed 

and t h a t  t h e  coolant flow i s  suddenly stopped a t  t h e  same t ime.  It i s  assumed 

f u r t h e r  t h a t  t h e  heat generated i n  t h e  r e f l e c t o r  during t h e  time following 

t h e  scram i s  removed by n a t u r a l  convection heat t r a n s f e r .  For ca lcu la t ion  

purposes, i t  i s  assumed t h a t  t h e  heat generation r a t e  Q, t h e  metal t e m p e r a t u r ~  

t ,  t h e  coolant temperature T, and t h e  heat  t r a n s f e r  coef f i c ien t  h, a r e  uniform 

a t  any given i n s t a n t  of t ime.  A simple heat balance f o r  a cyl inder  with an 

ins ide  diameter of Dl, an outside diameter of D2, and a length L ~ ~ ' n e r e  the heat 

i s  removed only from t h e  inner surface s t a t e s  t h a t  

where p = densi ty  of t h e  met.al 

c = s p e c i f i c  heat of t h e  metal  

8 = t ime 



I f  it i s  assumed t h a t  t h e  coolant temperature T, and t h e  heat t r a n s f e r  

coef f i c ien t  h remain constant with respect  t o  time, t h e  above r e l a t i o n  can be 

modified t o  

- dt '  + A t '  = & 
d8 

P C  

where 2.' = t -T 

Q = a funct ion of 8 

Solving t h i s  equation with t h e  boundary condit ion t h a t  t ' = t ' a t  8 = 0, 
0 

Heat Generat ion Rates 

The a f t e r  shutdown heat ing r a t e s  i n  t h e  beryll ium r e f l e c t o r  a t  t h e  

reac to r  midplane have been ca lcula ted  previously,' and they a r e  shown i n  

Figure 1 f o r  t h r e e  pos i t ions  i n  t h e  permanent r e f l e c t o r .  

Heat Transfer Coefficient  

To ca lcu la te  t h e  n a t u r a l  convection heat t r a n s f e r  coef f i c ien t  h i n  t h e  

above r e l a t i o n s ,  t h e  flow r a t e  which i s  a function of t h e  coolant temperature 

r i s e  i n  t h e  channel must f i r s t  be  determined. Assuming steady s t a t e  n a t u r a l  

convection with a constant i n l e t  temperature, t h e  coolant ve loc i ty  V through 

a D diameter c y l i n d r i c a l  channel of t h e  length L can be found by t h e  r e l a t i o n  

f - -  L v2 = ( ' i m p a v e ) ~  
D 2gc 'ave 





where f  = Moody f r i c t i o n  f a c t o r  

P i  
= dens i ty  of t h e  i n l e t  water  

Pave 
= average dens i ty  of t h e  coolant  i n  t h e  channel.  

For laminar flow 

where p = coolant  v i s c o s i t y .  

Combining t h e  l a s t  two r e l a t i o n s  and rear ranging  

Assuming an i n l e t  temperature of 120°F, t h e  v e l o c i t i e s  through t h e  

permanent r e f l e c t o r ' s  cool ing  channels were ca l cu la t ed  a s  a  func t ion  of t h e  

o u t l e t  temperatures .  The r e s u l t s  a r e  shown i n  Figure 2 .  

The hea t  t r a n s f e r  coe f f i c i en t  h  t h e n  may b e  ca l cu la t ed  by t h e  r e l a t i o n  

where k  = thermal  conduct iv i ty  of t h e  coolant  

c  = s p e c i f i c  heat  of t h e  coolant  

w = mass f low r a t e  of  t h e  coo lan t .  

This i s  t h e  r e l a t i o n  f o r  p r e d i c t i n g  t h e  heat  t r a n s f e r  c o e f f i c i e n t  f o r  a  f l u i d  

flowing i n  a v e r t i c a l  t u b e  wi th  s t reaml ine  flow and having an o u t l e t  tempera-, 
4 

t u r e  equal  t o  t h a t  of t h e  tube  su r face .  For t h e  low Graetz numbers w c / k ~  

found here ,  t h e  c o e f f i c i e n t s  p red ic t ed  by t h i s  r e l a t i o n  should be somewhat 

conserva t ive .  The c o e f f i c i e n t s  computed f o r  t h i s  s p e c i f i c  case a r e  shown i n  

Figure 2 .  

I n  c a l c u l a t i n g  t h e  permanent bery l l ium r e f l e c t o r  temperatures ,  it was 

assumed t h a t  t h e  hea t  t r a n s f e r  coe f f i c i en t  i s  cons tant  a t  50 Btu/hr f t ' " ~ .  

A c o e f f i c i e n t  of 100 Btu/hr f t ' " ~  was assumed f o r  one p o s i t i o n  i n  t h e  perma- 

nent r e f l e c t o r  f o r  comparison purposes.  



Outlct Water Temperature, OF 

Fig .  2 .  Velocity and Heat Transfer  Coefficient  f o r  
Water Flowing Through Permanent Reflector  
Cooling Channels a s  a Function of t h e  

Outlet  Temperature 
(1n le t  Water Temperature = 1 2 0 " ~ )  



The correct  method of computing t he  heat t r ans fe r  coeff ic ient  i s  t o  

calculate  t he  flow r a t e  a t  each ins tant  of time from t h e  f l u i d  flow equation 

and heat balances. As shown by Gambill and BundyJ5 t h i s  requires a t r i a l  and 

e r ror  solut ion technique, which f o r  t rans ien t  cases probably would require a 

large number of i t e r a t i ons .  This could be accomplished by making use of t h e  

computing machines, but such amount of e f fo r t  does not appear t o  be warranted 

here.  

Temperatures i n  t he  Permanent Reflector 

Figure 3 shows the  temperatures a t  th ree  posit ions i n  the  HFIR permanent 

beryllium ref  l e c to r  assuming t h a t  the  i n i t i a l  beryllium temperature i s  35 "F 

above the  average coolant temperature. The l a t t e r  assumption i s  somewhat 

a rb i t ra ry ,  being about one-half of t he  temperature difference between the  

beryllium and t h e  water under normal operating conditions. 3 

Inspection of Figure 3 shows tha t  f o r  a constant heat t r ans fe r  coeff ic ient  

of 50 ~ t u / h r  ft2"F, t he  maximum temperature difference ex i s t s  a t  1075 sec a f t e r  

shutdown. A t  t h i s  time, the  ins ide surface i s  2 8 4 " ~  above the  water tempera- 

t u r e ,  the  outside surface i s  88°F above the  water temperature, and by 

graphical in tegrat ion,  t he  average temperature i s  1 4 9 " ~  above the  water tempera- 

t u r e .  

Resulting Thermal Stresses i n  the  Permanent Ref l ec to r  

Using the  standard r e l a t i on  f o r  t he  thermal s t r e s s  i n  a thick-walled, 

hollow, i n f i n i t e  cylinder, 

where a = thermal s t r e s s  

E = modulus of e l a s t i c i t y  

a: = coeff ic ient  of thermal expansion 

Y = Poisson's  r a t i o  

t h e  t e n s i l e  thermal s t r e s s  a t  t h e  outside surface of t h e  permanent beryllium 

re f l ec to r  i s  found t o  be 22,500 p s i .  This i s  below the  minimum value of 

28,200 p s i  measured f o r  f a i l u r e  of hot pressed beryllium. 6 
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Discussion of Reflector Cooling Following a Reactor Scram 

The thermal s t r e s s  calculated here f o r  t h e  permanent r e f l e c t o r  i s  f o r  

an ideal ized s i t ua t i on  i n  which many assumptions were made. It has been 

assumed t h a t  t h e  reac to r  has been suddenly scrammed, t h a t  flow reversa l  has 

taken place, and t h a t  t h e  cooling i s  by na tu ra l  convection heat t r a n s f e r  

with t h e  cooler f l u i d  flowing down through a downcomer such a s  t h e  i s l and  

region. A constant heat t r a n s f e r  coeff ic ient  has been assumed. 

Normally, a t  l e a s t  1q0 flow i s  assured a t  a l l  t imes by means of ba t t e ry  

powered pony motors at tached t o  t he  main coolant c i r cu l a t i ng  pumps. The 

b a t t e r i e s  have su f f i c i en t  capacity t o  permit t h e  operation of t h e  pumps a t  

lqo of t h e  normal flow r a t e  f o r  about an hour t o  prevent a poss ible  meltdown 

of t he  f u e l  element within t h e  reac to r .  7 

I f  t h e  e l e c t r i c a l  power t o  t he  pumps i s  cut off  a l together  a t  t h e  time 

t he  reactor  i s  scrammed, time s t i l l  would be required f o r  t he  coolant t o  

coastdown and t o  reverse during which heat would be removed from t h e  beryllium 

r e f l e c t o r .  This would tend t o  lower t h e  temperature d i f ference between t h e  

ins ide  and outside surfaces of t h e  beryllium r e f l e c t o r  which w i l l  lower t h e  

thermal s t r e s s .  

The temperature h i s to ry  a t  t h e  ins ide  edge of t h e  permanent r e f l e c t o r  

was calculated using heat t r an s f e r  coef f i c ien t s  of 50 Btu/hr f t 2 0 ~  and 100 Btu/ 

h r  f t 2 0 ~ .  The l a rge r  coeff ic ient  of course r e s u l t s  i n  a lower peaking of t h e  

temperature i n  t h e  beryllium r e f l e c t o r .  A s  t h e  temperature of t h e  beryllium 

increases,  t h e  heat t r an s f e r  coeff ic ient  increases .  Thus t h e  temperature 

d i f ferences  a r e  incl ined t o  be lower than indicated i n  Figure 3 which would 

again r e s u l t  i n  lower thermal s t r e s s e s .  

Although t h e  model assumed f o r  these  calcula t ions  i s  very ideal ized,  it 

appears t h a t  thermal s t r e s s  cracking of t h e  beryllium w i l l  not be a problem 

following a reactor  scram. A more accurate analys is  of t h i s  problem would 

require  an extensive amount of ca lcula t ions  which does not appear t o  be  warran- 

t e d  here.  

Cooling of t h e  Reflector Following an E l ec t r i c a l  Power Outage 

Postulated Model and Analysis 

For t h i s  s i t ua t i on ,  it i s  assumed t ha t  t h e  reactor  f i s s i o n  power l e v e l  

suddenly i s  reduced from 100 Mw t o  10 Mw and t h a t  t h e  flow r a t e  i s  reduced t o  



1 q o  of i t s  normal value .  The assumption t h a t  t h e  f i s s i o n  power l e v e l  i s  

reduced t o  10 Mw i s  conservative s ince  t h e  t o t a l  r eac to r  power would be 
8 

lowered t o  10 M w .  This implies t h a t  t h e  f i s s i o n  power l e v e l  of t h e  reac to r  

would be between 3 and 7 112 Mw during an e l e c t r i c a l  power outage. 

The a n a l y t i c a l  model, assumptions, and equations used f o r  ca lcu la t ing  

t h e  temperatures i n  t h e  beryllium following a reac to r  scram a r e  assumed t o  

be v a l i d  he re .  

Heat Generation Rates 

After shutdown heating r a t e s  f o r  t h e  beryllium r e f l e c t o r  have been calcu- 
1 

l a t e d  previously and a r e  reported i n  CF 60-12-118. These ca lcula t ions  as -  

sumed t h a t  t h e  reac to r  had operated a t  100 Mw f o r  15 days and t h a t  t h e  

beryllium heating r e s u l t s  from t h e  f i s s i o n  product and ~1~~ gammas present  

i n  t h e  f u e l  element. Heating r a t e s  i n  t h e  beryllium during t h e  normal oper- 

a t ion  of t h e  reac to r  have been ca lcula ted  by vondy, and they include t h e  

contributions from t h e  prompt and capture gammas and t h e  f a s t  neutron slowing 

down i n  addi t ion  t o  t h e  contributions from t h e  delayed gammas. 

To ca lcu la te  t h e  heat ing r a t e s  i n  t h e  r e f l e c t o r  a t  10 Mw f i s s i o n  power 

l e v e l ,  t h e  sum of heat contr ibutions from t h e  fol lowing sources a r e  used: 

a .  90% of t h e  decay heat values reported i n  CF 60-12-118. 

b .  1q0 of t h e  decay heat values reported i n  CF 60-12-118 f o r  1 . 0  sec 

shutdown time which a r e  assumed t o  be constant f o r  a l l  t imes follow- 

i n g  an e l e c t r i c a l  power outage. 

c .  1q0 of t h e  prompt and capture gamma values reported by Vondy. 

d .  10% of t h e  f a s t  neutron slowing down values reported by Vondy. 

A summary of these  r e s u l t s  i s  shown i n  Table 1 and Figure 4 f o r  s i x  d i f f e r e n t  

times following an e l e c t r i c a l  power outage. A cross  p l o t  of these  r e s u l t s  

shown i n  Figure 5 gives t h e  heat generation r a t e s  a t  t h e  various loca t ions  

of i n t e r e s t  i n  t h e  beryllium r e f l e c t o r  a s  a function of t h e  time a f t e r  an 

e l e c t r i c a l  power outage. 

Heat Transfer  Coefficient  

2 
For t h e  normal operat ion of t h e  reac to r ,  Hilvety assumed t h a t  t h e  heat 

t r a n s f e r  coef f i c ien t  i n  t h e  permanent r e f l e c t o r  i s  5000 ~ t u / h r  f t 2 " ~ .  Using 



Table 1 

Heat Generat ion  Rates i n  t h e  Beryllium Ref l e c t o r  
Following an E l e c t r i c a l  Power Outage 

Time After  
Power Outage 

sec 4 1 .O 10 lo2 103 lo4 lo5 

Source and Heating Rate, wat ts Ig  Be 

Decay Heat 

Fiss ion Product 
and ~1'~ Gammas 

Prompt and 
Capture Gammas 

Fast Neutron 
Slowing Down 

Tot a1 







t h e  Dit tus-Boelter  r e l a t i o n  and assuming 118 i n .  diameter cooling channels, 

t h i s  i s  equivalent t o  a Reynold's nwnber of 2.814 x l o4 .  A t  1q0 flow 

(assuming constant physica l  p roper t i e s  of t h e  water ), t h e  Reynold ' s nwnber 

i s  2.814 x lo3 which ind ica tes  t h a t  t h e  coolant flow i s  i n  t h e  t r a n s i t i o n  

region.  

For heat  t r a n s f e r  i n  t h e  t r a n s i t i o n  range f o r  small  diameter tubes 
4 

with small f i l m  temperature drops, McAdams recommends t h e  r e l a t i o n  

The buoyant fo rces  which a r e  small and d i f f i c u l t  t o  est imate a r e  neglected 

i n  t h i s  case.  This r e l a t i o n  p red ic t s  t h a t  t h e  heat  t r a n s f e r  coef f i c ien t  i n  

t h e  permanent r e f l e c t o r  f o r  1q0 flow i s  250 Btu/hr f t 2 0 ~ .  

Another r e l a t i o n  f o r  p red ic t ing  t h e  heat  t r a n s f e r  coef f i c ien t  f o r  flow 
4 

i n  t h e  t r a n s i t i o n  range i s  t h e  Hausen equation which i s  

This equation p r e d i c t s  t h e  heat  t r a n s f e r  coef f i c ien t  i n  t h e  permanent r e f l e c t o r  

f o r  10% flow t o  b e  320 Btu/hr f t 2 0 ~ .  For t h e  purposes of t h e  ca lcu la t ions  

here, however, t h e  250 Btu/hr f t 2 h r  value i s  assumed. This should be  a con- 

servat ive  assumption. 

I n  t h e  case of t h e  removable beryllimn r e f l e c t o r ,  Hilvety assmned t h a t  

t h e  heat  t r a n s f e r  coef f i c ien t  i s  7500 Btu/hr f t 2 0 ~  during t h e  normal operat ion 

of t h e  r e a c t o r .  Assuming t h a t  t h e  Sieder-Tate equation 

i s  v a l i d  f o r  t h i s  region with 0.027 i n .  t h i c k  cooling channels, t h i s  coef f i c ien t  

i s  equivalent t o  a Reynold's number of 1..49 x lo4 .  A t  1q0 flow (assuming con- 

s t a n t  physica l  p roper t i e s  of t h e  water) ,  t h e  Reynold's number i s  1490 which 

ind ica tes  t h a t  t h e  coolant i s  flowing i n  t h e  laminar range. 



To compute t h e  heat  t r a n s f e r  c o e f f i c i e n t  f o r  a coolant flowing i n  t h e  
4 

laminar range i n  rec tangular  passages, McAdams recommends a g raph ica l  

c o r r e l a t i o n  of t h e  form: 

Using t h i s  co r re l a t ion ,  t h e  heat  t r a n s f e r  c o e f f i c i e n t  i n  t h e  removable 

r e f l e c t o r  f o r  1q0 flow i s  est imated t o  be 422 ~ t u / h r  f t Z Q ~ .  

Tem~era tu res  i n  t h e  Permanent Ref lec tor  

Temperatures a t  t h r e e  posi t i .ons i n  t h e  HFIR permanent beryl l ium r e f l e c t o r  

a r e  shown i n  Figure 6 .  I n  t h i s  case, it i s  assumed t h a t  t h e  i n i t i a l  beryl l ium 

temperature i s  70°F above t h e  average coolant temperature .3 For t h i s  s i t u a t i o n ,  

t h e  maximum temperature d i f f e rence  e x i s t s  350 sec  a f t e r  t h e  e l e c t r i c a l  power 

outage. A t  t h i s  t ime,  t h e  i n s i d e  su r face  i s  1 9 4 " ~  above t h e  water  temperature, 

t h e  outs ide  su r face  i s  95°F above t h e  water temperature, and by graphica l  i n t e -  

g ra t ion ,  t h e  average temperature i s  1 2 6 . 5 " ~  above t h e  water  temperature.  

To check t h e  assumption of t h e  uniform temperature d i s t r i b u t i o n  i n  t h e  

ind iv idua l  c y l i n d r i c a l  elements used f o r  computational purposes, t h e  temper- 

a t u r e  d i s t r i b u t i o n s  i n  t h e  element 20.013 i n .  from t h e  c e n t e r l i n e  were calcu-  

l a t e d  f o r  var ious  t imes  a f t e r  an e l e c t r i c a l  power outage.  These temperatures 

were computed us ing  t h e  Generalized Heat Conduction Code, 10yll and t h e  r e s u l t , ~  

of t h i s  ca l cu la t ion  a r e  shown i n  Figure 7 .  These r e s u l t s  i n d i c a t e  t h a t  t h e  

temperature d i s t r i b u t i o n  i n  t h i s  element i s  q u i t e  uniform wi th in  10 sec  a f t e r  

t h e  power outage.  

Tem~era tu res  i n  t h e  Removable Ref lec tor  

The temperatures i n  t h e  inne r  r i n g  of t h e  removable beryl l ium r e f l e c t o r  

during t h e  f i rst  few seconds fol lowing an e l e c t r i c a l  power outage were ca lcu-  

l c a t e d  us ing  t h e  Generalized Heat Conduction Code. A s  mentioned above, t h i s  

beryl l ium piece  has an i n s i d e  radius  of 9.4365 i n .  and an outs ide  r ad ius  of 

9.813 i n .  Using t h e  hea t  generat ion r a t e s  9.625 i n .  from t h e  r e a c t o r  cen te r -  

l i n e  shown i n  Figure 5, t h e  temperature d i s t r i b u t i o n s  shown i n  Figure 8 were 

comput ed . 
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Following an E l e c t r i c a l  PoT<er 

Time A f t e r  Power Outage, Seconds 



Element Radius, inches 

Fig .  7. Temperatures Above Water Temperatures i n  t h e  Cyl.indrica.1 
Element 20.013 inches from t h e  Reactor Centerl ine 

Following an E l ec t r i c a l  Power Outage 

Normal Power Level: 100 Mw 
Fiss ion Power Level Following Power Outage: 10 Mw 



Element Thickness, inches 

Figure 8. Temperatures Above Water Temperatures i n  t h e  Inner 
Removable Reflector  Following an E l e c t r i c a l  

Power Outage 

Normal Power Level: 100 Mw 
F i s s ion  Power Level 
Following Power Outage: 1 0  Mw 



These r e s u l t s  show t h a t  t h e  temperature d i s t r i b u t i o n s  i n  t h e  inner removable 

r e f l e c t o r  i s  f a i r l y  uniform even f o r  times a s  low a s  1 .0  sec a f t e r  an e l e c t r i -  

c a l  power outage . 
Result ing Thermal S t resses  i n  t h e  Beryllium Ref lec tor  

A s  f o r  t h e  case following a reactor  scram, t h e  thermal s t r e s s  i n  t h e  

permanent beryllium r e f l e c t o r  may be ca lcula ted  using t h e  r e l a t i o n ,  

~ a ( t  - t. 
ave surface 

0 = 
) 

1 - 2  

The t e n s i l e  thermal s t r e s s  a t  t h e  outside surface  of t h e  permanent beryllium 

r e f l e c t o r  i s  11,600 p s i ,  which i s  below t h e  12,000 p s i  value used by Hilvety 
2 

i n  t h e  design of t h e  beryllium r e f l e c t o r .  The compressive thermal s t r e s s  a t  

t h e  ins ide  surface  of t h e  permanent r e f l e c t o r  i s  24,900 p s i ,  which i s  wel l  

below t h e  70,000 p s i  l i m i t i n g  value reported by Savage. 
6 

The addi t ion  of any thermal s t r e s s e s  due t o  t h e  uniform temperature 

d i s t r i b u t i o n  assumption i n  each of t h e  c y l i n d r i c a l  elements used f o r  computing 

t h e  t r a n s i e n t  temperature d i s t r i b u t i o n  over t h e  e n t i r e  beryllium ref  l e c t o r  i s  

smal l .  A t  88.1 sec ,  t h e  maximum temperature d i f ference  f o r  t h e  element a t  

t h e  outer  edge of t h e  beryllium r e f l e c t o r  i s  3.3"F, which i s  equivalent t o  

a thermal s t r e s s  of 1220 p s i .  

In  t h e  case of t h e  removable r e f l e c t o r ,  t h e  temperature p r o f i l e s  appear 

t o  be qu i t e  uniform f o r  t h e  time following an e l e c t r i c a l  power outage. For 

instance,  t h e  d i f ference  between t h e  average and t h e  outs ide  surface temper- 

a t u r e  7.6 sec  a f t e r  a power outage i s  about 4°F) which i s  equivalent t o  a 

t e n s i l e  thermal s t r e s s  of 1480 p s i .  

Discussion of Ref lec tor  Cooling Following an E l e c t r i c a l  Power Outage 

As f o r  t h e  previous s i t u a t i o n ,  t h e  thermal s t r e s s e s  ca lcula ted  here a r e  

f o r  somewhat an idea l i zed  case.  It had been assumed t h a t  t h e  reactor  suddenly 

i s  reduced from 100 Mw f i s s i o n  power l e v e l  t o  10 Mw f i s s i o n  power l e v e l  and 

t h a t  t h e  flow suddenly i s  reduced t o  1 W o  of i t s  normal value.  Both of t h e s e  

assumptions a r e  conservative s ince  t h e  reac to r  f i s s i o n  power l e v e l  w i l l  be 

reduced t o  a value l e s s  than 10 Mw and a f i n i t e  length  of i s  required 

t o  reduce t h e  flow t o  1Vo of i t s  normal value.  



The assumption of an uniform temperature d i s t r i b u t i o n  i n  t h e  c y l i n d r i c a l  

elements used f o r  computing t h e  temperature d i s t r i b u t i o n  i n  t h e  permanent 

r e f l e c t o r  appears t o  be v a l i d .  Superimposing t h e  t e n s i l e  thermal s t r e s s  a t  

t h e  cooling surface  of t h e  outer  element on t h a t  a t  t h e  outer  surface  of t h e  

permanent r e f l e c t o r ,  a value of 12,800 p s i  i s  obtained. This i s  not regarded 

as  a problem s ince  it i s  only s l i g h t l y  over t h e  conservative 12,000 p s i  de- 

s ign value, and wel l  below t h e  28,200 p s i  experimental required f o r  thermal 

s t r e s s  cracking. 

Thermal s t r e s s e s  i n  t h e  removable beryll ium r e f l e c t o r  appear t o  be q u i t e  

low and do not present  a problem. Although t h e  thermal s t r e s s  was ca lcula ted  

f o r  only t h e  inner  beryll ium piece  of t h e  removable r e f l e c t o r ,  those  i n  t h e  

o ther  pieces should be of t h e  same order of magnitude s ince  t h e  heat gener- 

a t i o n  r a t e s  a r e  t h e  g rea tes t  f o r  t h e  inner p iece .  

Conclusions 

By allowing t h e  temperature of t h e  beryllium metal i n  t h e  HFIR. r e f l e c t o r  

t o  r i s e ,  it appears t h a t  t h e  reac to r  may be  scrammed or  operated a t  reduced 

powers with reduced flow r a t e s  without damage t o  t h i s  component. The thermal 

s t r e s s e s  ca lcula ted  f o r  t h e  case following a reac to r  scram a r e  f o r  a very 

conservative s i t u a t i o n  s ince  forced c i r c u l a t i o n  of t h e  coolant must be main- 

t a ined  f o r  about one hour a f t e r  t h e  scram t o  prevent damage t o  t h e  f u e l  element 

Those ca lcula ted  f o r  t h e  operat ion of t h e  reac to r  following an e l e c t r i c a l  power 

outage a r e  c lose  t o  o r  below t h e  12,000 p s i  design value and should not present 

a problem. 



Table of Nomenclature 

c = s p e c i f i c  heat 

D = diameter 

De = 
equivalent diameter 

ins ide  diameter of cylinder 

outs ide  diameter of cylinder 

modulus of e l a s t i c i t y  

Moody f r i c t i o n  f a c t o r  

heat t r a n s f e r  coef f i c ien t  

thermal conductivity 

length 

heat  generat ion  r a t e  

coolant temperature 

metal temperature 

t -T 

ve loc i ty  

mass flow r a t e  

coef f i c ien t  of thermal expansion 

time 

v i scos i ty  

Poisson 's  r a t i o  

densi ty  

densi ty  of i n l e t  water 

kverage densi ty  of water 

cr = thermal s t r e s s  

f n  = funct ion 
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