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ABSTRACT 

Th is  s tudy  addresses the s u r v i v a l  o f  p e r i p h e r a l  p i n s  w i t h i n  an 

LMFBR subassembly du r ing  an unp ro tec ted  - Trans ien t  - Overpower (TOP) 

Hypo the t i ca l  Core D i s r u p t i v e  Acc ident  (HCDA) by c o n s i d e r a t i o n  o f  - - - - 
intrasubassembly incoherencies.  A cont inuous ana lys i s  was made vs. 

t ime  from the  i n i t i a t i o n  o f  the  acc ident  up t o  the  p o i n t  where t h e  

power decreases t o  a  quasi -s teady s t a t e  f o r  - a  - Beginning-of-Cycle-4 - - 
(BOC-4) core o f  Fas t  Test Reactor (FTR), 0.5$/sec ramp case. Block-  

age was assumed t o  be formed a f t e r  f u e l  p i n ' s  f a i l u r e  and e f f e c t s  

due t o  blockages were examined. The s tudy  concludes t h a t  most 

p e r i p h e r a l  p i n s  w i t h i n  an LMFBR subassembly indeed w i  11 su rv i ve .  

INTRODUCTION F 

There are two dominant in t rasubassembly incoherenc ies  i n  t h e  c u r r e n t  

designed L i q u i d  Metal  Fas t  Breeder Reactors, namely: 1) h y d r a u l i c  ef fect ,  



i .e. t h e  v a r i a t i o n  i n  pin-power t o  e f f e c t i v e - c o o l  an t - f l ow  r a t i o  between p i n s  

i n  t h e  i n n e r  reg ion  and those i n  t h e  o u t e r  reg ion  o f  t h e  subassembly; and 

2) t h e  power skew, i .e .  t h e  v a r i a t i o n  i n  p inw ise  power d e n s i t y  f o r  p i n s  

throughout  t h e  subassembly. Both e f f e c t s  have been s tud ied  [1,2] f o r  an 

unpro tec ted  Trans i  - en t  - Overpower (TOP) - Hypo the t i ca l  - Core - D i s r u p t i v e  - Acc ident  

(HCDA). It was concluded f rom these analyses t h a t :  

. . 
- 

a) The one-pin p resen ta t i on  as used i n  SAS3A [3] and MELT-IIIA. [4], i n t e -  
. . 

g r a t e d  mul t i -channe l  LMFBR s a f e t y  ana lys i s  codes, represents  n e i t h e r  t h e  

f u e l  p i n  f a l l u r e  c h a r a c t e r i s t i c  i n  the  c e n t r a l  nor  i n  the  p e r i p h e r a l  

region, b u t  o n l y  t h e  f a i l u r e  c h a r a c t e r i s t i c  o f  some "average" p i n .  A  

. subgrouping w i t h  the  use o f  more than one r e p r e s e n t a t i v e  p i n  i s  needed 

f o r  codes l i k e  MELT t o  s imu la te  t h e  p i n s  i n  d i f f e r e n t  reg ions  w i t h i n  a  

subassembly. 
9 

b) Fuel  p i n s  d i d  no t  f a i l  s imu l taneous ly  i n  a l l  t r a n s i e n t  s tud ies .  When 

power skew was considered, t h e  t imes o f  f a i , l u r e  among f a i l e d  p i n s  were 

s c a t t e r e d  even wider, which a l l e v i a t e s  - Molten - Fuel /Coolant  - - I n t e r a c t i o n  

(MFCI) by no t  s q u i r t i n g  mol ten  f u e l  i n t o  a l l  coo lan t  subchannels s imul-  

taneously.  

C)  The azimuthal  f a i l u r e  d i r e c t i o n  o f  a l l  f u e l  p i n s  i s  p r e f e r e n t i a l l y  

toward the  h o t t e s t  subchannel sur round ing  the  f u e l  p i n  which i s  u s u a l l y  

f ac ing  the  i nne r  reg ion  o f  t he  subassembly. 

d) The l o c a t i o n  o f  p i n s '  f a i l u r e s  may e x i s t  a t  d i f f e r e n t  a x i a l  l e v e l s  

w i t h i n  a  subassembly. 

e) The p i n s  i n '  t he  outermost r i n g  do no t  f a i l  up. t o  t he  peak of power t r a n -  

s i  en t  f o r  t h e  f 1 a t  power case where t h e  i ntrasubassembly incoherency i s  

due t o  h y d r a u l i c  e f f e c t  alone. For  t he  power skew case t h e r e  are:even 

more i n i t i a l l y  s u r v i v i n g  p i n s  than i n  t h e  f l a t  power.case. 



Thusy if the fo rma t ion  o f  b lockage occurs a f t e r  p i n ' s  f a i l u r e ,  i t  w i l l  

be i n  t h e  i n n e r  region,  c e n t r a l l y  o r  e c c e n t r i c a l l y  l oca ted  dependent on t h e  

i n t e n s i t y  o f  power skew, and the  coo lan t  f l o w  may s t i l l  occur through t h e  

p e r i p h e r a l  reg ion  and remove t h e  heat be ing  generated. I f  t h e  p e r i p h e r a l  

f ue l  p i n s  can con t i nue  t o  s u r v i v e  i n t a c t  d u r i n g  t h e  TOP acc iden t  a f t e r  a  

f u e l  blockage i s  formed, t h e  p r o b a b i l i t y  o f  long- term c o o l a b i l i t y  of an 

/ 
! LMFBR subassembly becomes q u i t e  h igh.  T h i s  r e p o r t  addresses the  long- term 

j s u r v i v a b i l i t y  o f  t h e  p e r i p h e r a l  p i n s  by c o n s i d e r a t i o n  o f  in t rasubassembly 
I 

incoherencies.  
(r 

. . 

COMPUTATIONAL TOOL 

I n  order  t o  make t h e  present  ana lys i s  c o n s i s t e n t  w i t h  t h e  prev ious  anal-  

y s i s  [1,2], t he  COBRA/MELT code [53 was upgraded t o  analyze the  su rv i va -  

b i l i t y  of t h e  p e r i p h e r a l  f u e l  p i n s  w i t h i n  an FTR &bassembly. A semi- 

empir ic .a l  model f o r  simul a t i n g  the  fo rma t ion  f u e l  b lockage and concur ren t  

coo lan t  f l o w  r e d u c t i o n  hzs been implemented i n t o  t h i s  code. The r a t i o n a l e  

of adapt ing the  semi-empir ica l  approach i s  t h a t :  

a) Once t h e  o r i g i n a l  p i n  geometry i s  l o s t ,  t h e  comp lex i t y  o f  t h e  i n t e r a c t i n g  

phenomena i n  a  p i n  bundle w i t h  coo lan t  subchannels i n t e r r e l a t e d  i n  mass, 

momentum and energy exchznges even i f  no t  impossib le,  i s  p robab ly  beyond 

present  computat ional  c a p a b i l i t i e s .  

b) Most mechanisms invo l ved  i n  the  p o s t - f a i l u r e  phenomena are no t  y e t  f u l l y  

understood. The j u s t  if i c a t i o n  o f  t h e  common p o s t - f a i l u r e  mechsni s t i c  

model i s  u s u a l l y  based on the  g loba l  c a l c u l a t i o n  r e s u l t s  i ns tead  of any 

phenomenological ly  exper imenta l  evidences. 

Y 

For t h e s e ~ e a s o n s ,  a t  the  present s tage ' a  semi-ernp.i r i c a l  model would 

b e t t e r  serve the  purpose than t h e  mechan is t i c  model. 



In the model, the user of the code.provides the following empirical or 

semi-empirical correl  ations as input: 

. a correlation on the flow reduction vs. blockage area 

. blockage s ize ,  shape, location and physical properties vs. molten 
fuel inventory  and other-.factors;  and 

. time span fo r  the.  blockage formation. 
Y 

. ' 
The calculation r e s u l t  cer ta in ly  r e l i e s  heavily on the s k i l l f u l  select ion of 
the correlat ions and numbers which are i n p u t  to the program. 

The f l e x i b i l i t y  of the present model i s  i l l u s t r a t e d  in Figure 1, where 

~t designates the time interval a f t e r  a p i n t s  f a i lu re .  The flow area change 

as a function of time can be specified a t  will by the user. The blockage 
may form abruptly immediately a f t e r  the p in ' s  f a i l u r e  or slowly p i l e  up as 

specified. Also, the blockage may s t a r t  to  form below, a t  the s'me loca- 
t ion ,  or above the rupture s i t e ,  and may occupy one or more axial nodes. 

BACKGROUND AND ASSUMPTIONS 

Briefs on the reasons of choosing the case for  the study, uncertain- 

t i e s  of the fuel pin f a i l u r e  c r i t e r ion  ,and other assumptions will be given 

here in order to provide a background of analysis and in terpre ta t ing  the 

computational resu l t s .  

The objective of t h i s  study i s  to examine the intrasubassembly incoher- 

ency ef fec t  on peripheral fuel pinst  long-term surv ivabi l i ty  within an FTR 
E 

subassembly. Furthermore, since t h i s  i s  a part  of the subsequent e f f o r t s  t o  
answer the long-term coolabi l i ty  question fo r  the TOP accident, the case 

chosen for  present study and a l l  re lated conditions have borne the cont inui ty 

and consistency i n  inind with regard to previous studies [1,2]. 



AT = 1\ MSEC AT = (A + B) MSEC A T = ( A + B + C )  MSEC . 

F IGURE 1. The a v a i l a b l e  s p e c i f i c a t i o n s  o f  blockage a f t e r  p i n ' s  f a i l u r e  both  i n  t i m e  and space. 
I11.1)l. 7!lU7.15G.4 



The BOC-4 FTR core, was se lec ted  f o r  t h i s  study. Not o n l y  was BOC-4  t h e  

case f o r  p rev ious  i n v e s t i g a t i o n s ,  b u t  t h e  Cycle-4 c l o s e l y  approximates c o r e  

c o n f i g u r a t i o n s  expected d u r i n g  a  major p o r t i o n  o f  t he  FTR l i f e t i m e .  Pre- 

sen t l y ,  a  p a r t i c u l a r  7-Channel g roup ing  i s  used as t h e  benchmark case i n  FTR 

TOP s tud iesr61.  A  subassembly be long ing  t o  Channel 2 o f  7-Channel g roup ing  

[6] as descr ibed i n  d e t a i l  i n  Reference 2  was used i n  p resent  ana lys is .  The 

reasons and c o n s t r a i n t s  o f  s e l e c t i n g t h i s  ;ubassembly were a l s o  prov ided i n  

t h i s  reference.  

0 

COBRA/MELT i s  a  thermohydraul i c  code o n l y  and does no t  have t h e  capa- 

b i l i t y  t o  generate t h e  acc ident  power h i s t o r y  i t s e l f .  The power h i s t o r y  

needed f o r  COBRA/MELT present  c a l c u l a t i o n  as an i n p u t  a re  p rov ided  b y  MELT 

c a l c u l a t i o n s  f o r  7-Channel grouping[6]. The i n t e r t i e  between TOP t r a n -  

s i e n t  power and the  f u e l  mot ion w i t h i n  the  p i n  as w e l l  as s q u i r t e d  o u t  of 

t h e  p i n  a f t e r  p i n s '  f a i l u r e  and t h e  obse rva t i on  121 o f  wide spread f a i l u r e  

t imes w i t h i n  a  subassembly (an order  o f  hundred msecs), suggest t h a t  a  sub- 

grouping approach may a1 t e r  t h e  TOP'S c a l c u l a t e d  t r a n s i e n t  power p r o f i l e  

cons iderab ly .  A t e n t a t i v e  subgrouping s tudy  [7) by use o f  two representa-  

t i v e  p i n s  t o  s imu la te  t h e  p i n s  i n  t h e  i nne r  and o u t e r  reg ions  o f  t h e  sub- 

assembly conf irmed t h i s  a n t i c i p a t i o n .  T h i s  power t r a n s i e n t  h i s t o r y  by sub- 

grouping f o r  MELT 7-Channel ana lys i s  was p l o t t e d  i n  F i g u r e  2. The h i s t o r y  

i s  be l i eved  t o  be b e t t e r  r e p r e s e n t a t i v e  than t h a t  w i t h o u t  subgrouping and i s  

used f o r  p resent  ana lys is .  

Fue l  p i n ' s  f a i l u r e  c r i t e r i o n  used i n  p resent  s tudy  i s  t h e  F a i l u r e  Poten- 

t i a l  (FP) model, a  HEDL's e m p i r i c a l  c o r r e l a t i o n  o f  f u e l  p i n  TOP F a i l u r e  

th resho lds  [8]. Th i s  c r i t e r i o n  had been used i n  p rev ious  studies[ l ,2] .  I n  

t h i s  long- term s u r v i v a b i l i  t i e s  study, however, a  pro longed computat ion f o r  

f u e l  p i n ' s  FP va lue  up t o  the quas i -s teady-s ta te  o f  t he  acc iden t  t r a n s i e n t  

i s  needed. The v a l i d i t y  o f  FP c a l c u l a t i o n  i s  u n c e r t a i n  i n  t h i s  domain. I t  
. -. 
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was suggested [8] t h a t  t he  c a l c u l a t i o n  should s top  when t h e  thermal  damage 

term i n  t h e  FP fo rmu la  reaches i t s  peak value f o r  i n i t i a l l y  s u r v i v e d  p ins .  

I n  t h i s  study, t h i s  suggested g u i d e l i n e  was adopted. However, a  cont inuous 

c a l c u l a t i o n  o f  FP, u n t i l  t h e  FP va lue  b e g i n . t o  decrease,. a l so  ob ta ined  t o  

examine the  most conserva t ive  assessment on the  s u r v i v a l  o f  p e r i p h e r a l  p ins .  

I n  t h i s  f i r s t  a t tempt t o  access t h e  s u r v i v a l  o f  p e r i p h e r a l  p ins ,  no MFCI 

a f t e r  f ue l  p i n ' s  f a i l u r e  i s  assumed due t o  t h e  r e s t r i c t i o n s  o f  t he  computa- 

t i o n a l  t o o l  t h a t  i s  used here. However, f r om bo th  i n - r e a c t o r  and out -o f -  

, reac tor  exper imenta l  evidences [9,10], i t  i s  b e l i e v e d  t h a t  t he  no MFCI 

assumption w i l l  n o t  a l t e r  any b a s i c  scenar io  and conc lus ions  of t h e  s u r v i v a l  

on p e r i p h e r a l  p i n s  study f rom the  one where MFCI i s  considered. The 

f l o w r z t e - r e d u c t i o n - c u r v e  vs blockage s i zes  i s  taken f rom PSAR o f  CRBR [ll]. 

To be conserva t ive ,  a  s a f e t y  f a c t o r  i s  used t o  f o r c e  a  l a r g e  f l o w r a t e  reduc- 

t i o n  t o  area b locked than t h e  data prov ided.  The o r i g i n a l  curve and t h e  

curve used here which i s  w i t h  a  s a f e t y  f a c t o r  are p l o t t e d  i n  F i g u r e  3. 

RESULTS AND DISCUSSIONS 

The r e s u l t s  of f u e l  p i n ' s  f a i l u r e  p a t t e r n s  w i t h  the c o n s i d e r a t i o n  o f  

f u e l  blockage w i t h i n  an FTR subassembly are i l l u s t r a t e d  i n  F i g u r e  4. The 

blockage i s  assumed t o  be formed immediate ly  a f t e r  p i n ' s  f a i l u r e  i ns tead  of 

g r a d u a l l y  p i l i n g  ou t  by t h e  mol ten  f u e l .  Th is  assumption i s  conse rva t i ve  

because t h a t  t he  hlockage formed a b r u p t l y  causes most severe f l o w  d i s t u r -  

bance than any o ther  assumptions. I n  F i g u r e  4, p i n s  w i t h  dots rep resen t  t h e  

f a i l u r e  events according t o  FP c a l c u l a t i o n  g u i d e l i n e  [a] whereas the  p i n s  

w i t h  c r o s s l i n e  represent  t h e  f a i l u r e  events where FP c a l c u l a t i o n  i s  beyond 

i t s  c r e d i b l e  domain. 

Consider the  r e s u l t s  sccord ing  t o  FP c a l c u l a t i n n  g u i d e l i n e  f i r s t .  There 

are 32 more p i n s  i n  t h e  r i n g  1 through r i n g  8 permanently s u r v i v e d  b e s i i e s  

a l l  p e r i p h e r a l  p ins .  The p ins  i n  r i n g  1 t o  7 f a i l e d  a t  t he  a x i a l  l e v e l  

38.10 cm above the  midplane o f  t h e  core  and p i n s  i n  t he  r i n g  8 f a i l e d  a t  

a x i d l  l e v e l  22.06 cm sbovc the midplane, Th i s  r e s u l t  i n d i c a t e s  t h a t  
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FIGURE 4. Fuel Pins Failure Pattern with consideration of .Fuel Blockage. 



peripheral fuel p i n  indeed survive after fuel blockages formed and concurrent 
flow rate reduced. Turn to the results with continuing calculation of FP. 

Due to the very nature of the FP formulation, the calculated value of FP 

will over-estimate the severity of pin's failure in the down-fall of pro- 
longed transient. In this extremely conservative approach, a l l  pins from 
ring I to r i n g  8 f a i l  b u t  peripheral p i n s  do survive. 

1 The blockage pattern is  illustrated i n  Figure 5. The i n p u t  parameter 
for the flow area blocked per pins' failure are based on the following 

v 

assumptions: 1) if all pins of the subassembly failed a t  the same axial 
level, the entire subassembly will be blocked; and 2 )  each failed fuel p i n  

will block the same flow area. The f i r s t  assumption i s  assured that there 
will be absolutely no flow if a l l  pins failed at  the same axial level. The 
second assumption adopted here is for simpl i c i  ty i n  computation, however, i s  
somewhat over simpl i f i  ed the physical reality. 

Two half subassemblies w i t h  subchannel flow paths blocked as shown i n  

Figure 5 are the fuel blockage patterns at the indicated axial levels of the 
reactor core. Fuel blockages are assumed to be formed immediately upon 
pin's failure a t  i t s  ruptured s i te  and extended 5.08 crn (i.e., one 
computational node) upstream as well as downstream i n  the coolant flow 
paths. The axial level of the upper blockage located only 5.08 cm below the 
end of fuel zone (i.e., occupied the axial interval from 35.56-40.64 cm 
above mid-plane) and is formed by the molten fuel from pins i n  the r i n g  1 

through r i n g  7 which failed earlier. The lower blockage i s  about 15.24 cm 
relatively lower than the upper blockage and i s  formed by pins i n  the r i n g  8 

which failed later. The upper blockage i s  like a disk and the lower 
blockage is like a donut. If FP calculation stops as suggested by the 
guideline, the disk and the donut shape of blockage would be a broken one 
instead a full  and consequently allowing more coolant passing through. 

The peripheral p i n  (ring 9)  have entirely survived after the blockage 
formation up to the time when power diminished to the quasi-steady state 
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value, and even more, 32 inner pins also survived when FP calculat ion 

guideline i s  used. This i s  somewhat not as expected, because i t  i s  ant ic i-  

pated tha t  the much hotter coolant in the inner subchannels would be diverted.  

into the. outer subchannels a f te r  fuel blockage is formed. The hot ter  cool- 

ant i s  thought to weaken the p in ' s  cladding which would lead to  the peri-  

pheral pins '  f a i lu re .  A scrut iny of flow diversion from the inner region to  
outer,  the flow ra t e  reduction and axial location of the blockage convinces 

one tha t  the r e su l t s  are jus t i f ied .  Most crucial  character of protecting 

the outer pins '  survival i s  t ha t  the central  blockage formed a t  the top of 

the active core zone, so that  when the hottcr coolant reaches the outer 

subchannel i t  i s  e i ther  a t  the end of the fuel zone or i s  beyond the fuel 
zone. T h i s  s i tuat ion l imits  the damage potential  carr ied by the hot ter  
coolant. The nominal pressure drop in an FTR subassembly i n l e t  to ou t l e t  i s  

more than 100 psi. Under th i s  condition, the flow r a t e  is not subs tant ia l ly  
reduced by the presence of blockage as experimental indicated [11,121. A 

moderate flow reduction accompanied with t ransient  power decreasing simul- 
taneous,ly, makes a favorable condition fo r  the peripheral pins '  survival.  

When fuel blockage i s  considered, the fuel blockage build up as pins 

f a i l ed  subsequently and the cool ant flow ra t e  decreases, accordingly. Hence 

the temperatures of the coolant and fuel/cladding of early-survival-pins 

increase more with blockage than tha t  without blockage which force more 
ea r ly  survival pins to f a i l  and to f a i l  sooner. A comparison of the pins 

f a i l u r e  pattern within a subassembly with and without blockage by the F? 

calculation guideline reveals tha t :  fo r  no fuel blockage there are 36 

survival pins instead of 32 with blockage and time span i s  132 msec fo r  
f a i l u r e  event instead of 106 msec as w i t h  blockage. 

To i l l u s t r a t e  the pins f a i l u r e  events c lear ly ,  the f a i l u r e  sequenti a1 

data were plotted in time coordinate vs. r ing numbers in Figure 6. The 

small solid c i r c l e s  in both f igures  represent the p in ' s  f a i l u r e  time whgre 

FP calculat ion stops according to the guide1 ine. While the empty c i r c l e s  

represents the p in ' s  f a i l u r e  time by continuing calculation FP values beyond 
t h c i r  credible domain. The dotted l ines  i s  the Channel 2 ' s '  f a i l u r e  time 
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from MELT'S calculations.  The accident power his tory i s  also plotted in the 

Figure. The curve i s  plotted in terms of the r a t i o  of the t ransient  power 

level to steady-state power. Only two pins f a i l ed  s l i g h t l y  before the 

MELT'S Channel f a i l u r e  time a t  3.104 sec and 3.107 sec into the t rans ien t .  

The majority of pins fa i led  within one hundred msec a f t e r  3.104 sec. For 

most pins tha t  have not yet  f a i l ed ,  t h e i r  temperatures of fuel and cladding 

begin to decrease uniformly somewhere a f t e r  3.220 sec. The frequency of 

pin 's  f a i l i n g  event decreases subs tant ia l ly  a f t e r  3.240 second of the 
t ransient .  I t  i s  believed that  the p o s s i b i l i t y  of these f a i l i n g  events 

which can not be ruled out completely may decrease subs tant ia l ly  as tran- 

s ien t  progresses into l a t e r  time since a f t e r  3.240 sec the t rans ien t  power 
is f a r  below the steady-state power level.  The calculation of present study 

had been actual ly  carried on up to  s ix  seconds when a l l  the FP values of 

non-failed pins had been decreased and yet no s ingle  pin in ring 9 f a i l ed .  

CONCLUSION 

I t  is concluded tha t ,  based on present analysis w i t h  the consideration 

of blockage formed af te r  pins f a i l u r e ,  the peripheral pins within an FTR 
, . 

subassembly indeed survive permanently fo r  a .5$/sec ramp. A limited damage 

t o  the outer pins, especial ly  the peripheral pins, due to  the presence of 
fuel  blockage has been observed in t h i s  study. This i s  because the e a r l i e r  

blockage i s  formed a t  a favorable axial location (near the end of fuel zone) 
and a t  a down-fa'll of the power level simultaneously. There are several 

road-blocks remained, such as MFCI model added a f t e r  fuel p i n ' s  f a i l u r e ,  

etc.  t ha t  should be ove rche  before a confident prediction on the long-term 
coolabi l i ty  can be stated for  a TOP accident. However, i t  i s  believed that  
the conclusion drawn here will  be held without basic changes. 
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