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, I. INTRODUCT~ON AND SUMMARY , ' 

The purpose of th i s  evaluation i s  to  estimate the magnitude and 
effects  of irradiation and creep induced fuel bundle deformations in the 

developmental plant. This report does not dwell on the exact resul ts ,  b u t  

will focus on the trends of the resul ts  and the ab i l i t y  of present models 

to  evaluate the assembly temperatures in the presence of bundle deformation. 
Although th i s  analysis focuses on the developmental plant, the conclusions 

are applicable to  LMFBR fuel assemblies in general i f  they have wire spacers. 

The resul ts  of evaluation of fuel assembly bundle duct interference 

(BDI) for  the developmental plant, which uses D9 cladding and duct materials, 

show: 

8 For a 2-year fuel residence time, the maximum BDI will 

probably be <.060" and will most 1 i kely be z.030". 

O For a 3-year fuel residence time, the maximum BDI will 
probably be <0.150" and will most l ikely be z.120". This 
amount of BDI may preclude a 3-year residence time. An 

advanced bundle spacer design (e.  g . , advanced wire wrap 
designs or grids) may be needed. 

8 Sludy oP the ~naximum "looseness" assembly porosity during 

l i f e  shows the porosity a t  the core midplane and below may 
range from ~5 up t o  9 mils per ring, depending on material 

properties o f  D9 material, and to  some extent on the 

operating conditions. Based on present experience, a 

porosity z6 mi 1 s per ring i s  excessive, and wear may be 

expected. 



Approximate analyses of the . e f fec t s  of BDI on fuel assembly temperatures 
' i n  the  developmental plant  show tha t :  

8 The feedback mechanism i s  small between the BDI-produced 
assembly temperature/prkssure drop/flow ef fec t s  on the  

BDI analysis i t s e l f .  Also, BDI i s  maximized i f  analyzed 

using uniform geometry T-H conditions. ,,?.his' r e s u l t  was 
derived from one. case using a D9 duct and 20% CW 31 6 

cladding.- i t  i s  not 'yet.establis.hed as  a general con- 
clusion. 

0 The assembly flow reduction from re la t ive ly  large  amounts 
of BDI i s  not large ( ~ 3 % ) .  The peak clad temperature 
increase i n  the center of the assembly i s  ins ignif icant ;  
however, edge p i n  hot spots could occur as  a r e su l t  of 
duct-edge p i n  contact due t o  edge p i n  bowing. There i s  
some margin (50 - 70 '~)  fo r  edge pin hot spots before the  
edge pins would become more l i fe t ime l imiting than the hot ter  
central pins. However, t h i s  conclusion cannot y e t  be made 
without more detai led study w i t h  rigorous thermal hydraulic 

and pin heat t rans fe r  codes such as COBRA, THT and/or 
FATHOM. 

Regarding the a b i l i t y  of present methods to  evaluate thermal-hydraulic1 
mechanical interaction e f fec t s  1 ikely t o  occur in LMFBR fuel assembl i es :  

. . . . . - . . . . , - . . . . .  . 

0 The a b i l i t y  t o  predict  the magnitude of BDI appears adequate, 
assuming the material creep-swell ing propert ies and uncer- 
t a i n t i e s  are  known. An important, but not exact input t o  

. t h i s  analysis  i s  the duct temperature profi.le, which must 

.'come from a mu1 ti-assembly analysis. 



Methods are  needed to evaluate the detailed assembly thermal 
hydraulic effects  of bundle deformations. Presently, the 

deformed geometry thermal hydraulic t e s t  data base i s  
inadequate to  verify the models. COBRA-WC or  i t s  equivalent 

represents a minimum level of T-H code rigor needed to  
analyze bundle deformations. 

8 Perhaps the toughest analysis problem to  solve i s  the 

thermal hydraul i c  and 'mechanical feedback problem of edge 
pin bowing. Bounding thermal-hydraulic analyses might 
provide a near- term method of circumventing th i s  problem 

by simply assuming edge-pin duct contact i f  the resulting 
hot spots are acceptable and are not assembly l ifetime 
limiting. 



The f i r s t  step. i n  eva lua t ing  the  e f f ec t s .  o f  bundle deformations on 

assembly temperatures. i s  t o  e s t a b l i s h  t h e  base case temperatures f o r  t he  

assembly of most i n t e r e s t .  Key assembly geometric parameters o f  t h e  

developmental p l a n t  f u e l  assemblies used . f o r  t h i s  eva lua t i on  are  shown 

i n  ~ a b l ' e  1 and F igure  1'. The main d i f f e rences  between t h i s  design and the  ..- . 
FFTF d r i v e r  . f ue l  design i s  t h e  D9 (vs. 20% CW 316 SS) c ladding,  w i r e  and 

duc t  ma te r i a l ,  l a r g e r  p i n  diameter (0.275" vs. 0. 230M), t i g h t e r  P/D r a t i o  

(1.18 vs. 1.24) and number o f  f u e l  p ins  per  f u e l  assembly (271 vs. 217). 

The f u e l  p i n  spacers a re  both s t r a i g h t - s t a r t  w i r e  wrap w i t h  a 12" w i r e  wrap 

h e l i c a l  p i t c h .  There i s  some d i s s i m i l a r i t y  i n  H/D (12/.275 = 44 vs. 

12/.230 = 52 f o r  FTR). 

The CDS Phase I1 core-wide thermal hyd rau l i c  ana l ys i s  i d e n t i f i e d  

the  h ighes t  power and temperature f u e l  assembly. This  ana l ys i s  was done 

w i t h  the  CORTEM core  thermal hyd rau l i c  code, which i s  p a r t  o f  t he  CORTAC-3D 

code ( I ) .  The h igh  power assembly i s  surrounded by f i v e  f u e l  assemblies and 

the  h ighes t  powered i n t e r n a l  b lanket  assembly. The 1 ocal power d i s t r i  bu- 

t i o n  i s  v i r t u a l l y  f l a t .  Study o f  the  CORTEM-calculated duc t  temperatures 

shows t h i s  h igh  power assembly i s  l o s i n g  a small amount o f  heat f o r  batch- 

average BOEC* condi t ions,  and i s  ga in ing  on l y  a small amount o f  heat a t  

EOEC*. Therefore, s i n g l e  assembly (ad iaba t i c  duc t  w a l l  s)  ana l ys i s  w i l l  be 

conservat ive fo r  BOEC cond i t ions  and s l  i y  h t l y  ( b u t  i n s i g n i f i c a n t l y )  non- 

conservat ive a t  EOEC. 

Mot% d e t a i l e d  s i n g l e  assembly ana l ys i s  was then performed w i t h  t h e  

fas t - runn ing  MONGOOSE coded The basic  . .  . s t ruc tu re  o f  t h e  code i s  from t h e  

* .NOTE: BOEC = Beginning o f  Equ i l i b r i um Cycle 

EOEC = End o f  Equ i l i b r i um Cycle 



\ 

PACT2 probabi 1 isti,c -.T-H analysis code . . (3)  with -input/output.chariges for  
. . 

convenience and with three basic model ing updates ; 

a)  The mixing coefficient due to  turbulence and wire wrap sweeping 
(5): i s  from the C h i u  (MIT) model , 

b) The flow spl i t  between the assembly edge and inter ior  subchannels 

i s  determined from the Chiu . . model (6). 

c )  The coolant-cladding (film) heat transfer coefficient i s  con- 

s i s ten t  with the recommendations of Kazimi (7) for  CRBRP. 

The code has convenient options for  modifying these and the other i n p u t s  

to  make sensi t ivi ty  or probabilistic analyses. MONGOOSE has the same 

noding and numerical analysis structure as CORTEM, i  .e . ,  an across-flats 
"s t r ip  model" of the assembly cross-section shown in Figure 2.  This noding 

structure can work very well in the absence of a large power skew, in which 

case a "peripheral swirl flow" model i s  needed. Such model ing i s  included 
in more detai 1 ed thermal hydraul i c  codes (e. g .  , PNL developed codes CORTRAN , 
COBRA-WC), which will be used in l a t e r  design analyses; however, these 
codes are expensive to run and do not significan.tly improve upon the tempera- 
ture resul t  for  uniform geometry without large power skews. In sp i te  of the 

l a c k  of an inter-asse111b1y heat transfer model, thc single assembly codes 

such as MONGOOSE are generally conservative for  fuel (or blanket) rod 
temperature analysis because the h i g h  temperature assemblies are of most 

in te res t  and they are losing heat to  adjoining assemblies. Therefore, the 

single assembly analysis which does not allow the heat loss will give a 
\ 

s l ight ly  high, conservative fuel clad temperature resul t .  

The i n i t i a l  thermal hydraulic analysis was made assuming uniform 
geometry. This procedure has been generally considered to yield conserva- 

t ive  .temperatures for the central  rods in an assembly, (4 )  (9) 

for  uniform geometry are  the  high temperature rods used i n  fuel melting 



. . 

potential .or 1ifetime.analyses. However, there i s  concern tha t  hot spots 
can develop i n  the edge .row p i n s  due t o  thermal-hydraul i c  mechanical inter-  
action effects,, which occur due -to irradiation induced' creep-swelling effects.  
These hot spots could occur by rods contacting the..duct due to  rods bowing,. 
as shown by the Reference 10 analysis which shows'this occurring i n  the 
region above the fuel col.umn i n  FTR driver fuel.  Also, i f  the bundle-duct 

interference is,excessive,  the bund.le will helically deform such that  edge 
rods contact the duct in the fueled region. This si tuation will be investi- 
gated 1.ater . i n  t h i s  'report. 

Fuel Assembly Temperature Uncertainty Analysis 

The purpose of th i s  section i s  to  discuss the basis fo r  the clad 
temperature uncertainty ana lys is .  There are two basic areas of concern when 
making any uncertainty analysis: 

a )  What are the uncertainties, and how are they related? 

b)  How should the uncertainties be combined? 

Concerning the values of uncertainties used: the "CDS Groundrul el' 
values were reviewed and determined to generally apply to  the develop- 
mental plant, i n  the iibser~ce o sig1.1i Ficant thermal -hydraul i c  mechanical 
interaction effects that  could cause local hot spots i n  the edge row pins. 

There are two favored methods to  be used i n  combining LMFBR thermal- 
hydraulic uncertainties: 

.\ 

(1 ) The horizontal , semi-statistical hot channel factor (HCF) 
approach 

(2.) Monte Carlo method. 



The horizontal, semi-statistical HCF approach was used in the 

Reference 4 (CRBRP) analysis. This method is commonly accepted, convenient, 

and when used properly is appropriately accurate. This method gives accurate 
results for this application because the important statistical inputs are 

reasonably close to a normal distribution, and the process being analyzed is 

basically linear in the range of interest.* This method is similar to the 

"moments method" approach. The Monte Carlo uncertainty analysis method is 

a more fundamental method that is advantageous for special analyses when 

the input distributions are significantly different from normal distri bu- 
tions or the process being analyzed is significantly non-linear. 

The method used for this analysis is the horizontal, semi-statistical HCF 

method. The first step in this method is to calculate the nominal clad 

temperature. Next, the "direct uncirtainties" that are conservatively 

assumed to always occur are multiplied times each other, resulting in 
"t-direct" or "tea;" These direct factors include clad hot-spots due to 

wire wrap or pel1 et-clad eccentricity, calculational uncertainties and in- 

plant measurement uncertainties (e. g. , core power measurement). The remaining 

uncertainties are then combined statistically, assuming they are normally 

distributed, and a normal distribution is derived with too (tdirect ) as the 

expected value (mean). This process is illustrated graphically in Figure 3. 

Note that 'ITZa'' is really with respect to the probability distribution about 
" ", not a true 2a temperature about the nominal temperature. Basically, 
T*u 
this method follows the philosophy of not taking a "risk" on the uncertainty 
or hot spot factors making up "Toou. This is really a design decision - 
it has nothing to do with what statistical analysis technique is used. 

* NOTE: See Reference 4 and Reference 8, pages 5.2 = 5..4 and 6.3 for 

justification. 



Results. 

The preliminary cladding midwall temperature resul ts  for  the high 

power fuel assembly in the .developmental plant are shown i n  Table 2 .  

These temperatures are presently being used for  fuel lifetime predfctions. 



111. BUNDLE DUCT INTERACTION ANALYSIS 

Once the fuel assembly cladding and duct temperatures are established 
for  uniform geometry, the next step in the assembly analysis process I s  

. . 

to  calculate the bundle duct interaction that  i s  expected to occur d u r i n g  

the assembly l i f e .  The highest power assembly i s  also 'the assembly that 
will have . the most bundle duct interaction because i t s  f a s t  neutron f l  uence 
is a1 so dl ose to  .a maximum. In general, the higher the temperature and 

f l  uence, the more the. bundle will "grow" due to  swell ing and creep (from 
fission gas pressure). 

. . 

The duct will swell and creep a t  a different rate  because of different  
operating temperature, pressure loading and perhaps even s l ight ly  different  
fluence. For some assemblies, the bundle may tighten during l i f e ,  being 
constricted by a slower "growing" duct; for other assemblies, the opposite 
case may occur and the bundle will loosen. 

The analysis model i s  a version of RODLOAD (described in Reference 11 ) 

updated to  handle assemb.1~ operating condition variation during l i f e  and the 
properties of D9 material as we1 1 as 20% CW 316 5s. Primary inputs to 
RODLOAD are i n i t i a l  geometry and material properties, along w i t h  beginning 

and end of l i f e  fission gas press.ure, assembly pressure-drop, f a s t  neutron 
flux and average temperature for  the duct, cladding and wire wrap. The 
operating conditions are i n p u t  as functions of elevation and time. RODLOAD 
calculates bundle and duct growth due to  thermal expansion, swelling and 
creep along with bundle. and duct. s t ress .  In the case of bundle-duct inter-  
ference, RODLOAD calculates the average P/D and clearance between the edge 
rods and the duct using correlations derived from ex-pi 1 e bundle compression 

(12) tes t s .  

'RODLOAD analyses were performed fo r  both two and three-year fuel 
residence time, using.D9 ducts and D9 cladding, which i s  the reference 
Devel opmental Pl ant design, and a1 ternately D9 ducts and 31 6 cladding. 



J he l a t t e r .  combination , i s  being used t o  p rov ide  an approximate bound t o  

the  maximum .BDI. A t  t he  Developmental P lan t  design cond i t ions ,  RODLOAD 

analyses demonstrated t h a t  . f o r  t he  two-year, residence, considerabl e 1 ooseness 

between the  bundle and the duct could develop a s  a r e s u l t  o f  the r e l a t i v e l y  

l a r g e  duct  creep-induced d i l a t i o n  and the  r e l a t i v e l y  small amount o f  bundle 

swel l ing.  .The swel l ing  was not '  s i g n i f i c a n t  because the two-year residence 

E.O.L. f a s t  f luence does n o t  s i g n i f i c a n t l y  exceed the  h igh  swe l l i ng  incuba- 

t i o n  fl uence o f  ~ 9 .  ' However, f o r  a three-year . . residence, t he  f luence i s  

h igh  and considerable bundle ' t igh tness  occurs. Reviewing the performance 

o f  several o ther  assemblies, a t  the  v i c i n i t y  o f  t he  peak ,power f u e l  assembly 

i t  was observed t h a t  the  maximum bundle looseness occurred elsewhere than 
d 

a t  the  peak power assembly, because o f  a lower- bundle temperature coupled 

w i t h  a duct  temperature comparable t o  t h a t ' o f  t he  peak power assembly. 

F igure 4 summarizes the  r e s u l t s  and provides a comparison of t he  B D I  

performance among assemblies as we1 1' as w i t h i n  the  i n d i v i d u a l  f u e l  assembly. 

BDI h i s t o r i e s  are shown a t  var jous  a x i a l  l oca t i ons  fo r  two assemblies, the  

dashed l i n e s  being f o r  the  peak power f u e l  assembly, and the  s o l i d  l i n e s  

being f o r  a neighbor assembly which has a lower bundle temperature and on l y  

a s l i g h t l y  lower duct  temperature. The peak power assembly produces the  

greates t  bundle-to-duct t igh tness  and i , t s  neighbor produces the  g rea tes t  

bundle-to-duct 1 ooseness. 

Considering f i r s t  t he  " loose bundle," the looseness h i  s t o r y  i .s  shown . 

i n  t h e  v i c i n i t y  o f  the  mid-core reg ion  (20." i s  midcore).. A1 though even 

greater looseness occurs below mid-core, as a genera l i za t ion ,  i t  may n o t  be 

as problemat ic  because o f  the  lower temperatures. It can be seen t h a t  .a 

maximum value o f  approximately 5 m i l s  per  r i n g  looseness develops a t  the  

mid-core reg ion  and t h a t  the bundle looseness i s  o f  a very  long durat ion.  



Considering the " t ight  bundle," or peak power assembly, i t  i s  f . i r s t  
noted tha t  considerable. looseness also occurs a t  the mid-core region. The 

looseness i s  s l ight ly.  less  in magnitude and duration. I t  i s  further seen 

that  the looseness occurs over the fu l l  lifetime.' A t  the upper region of 
the 40-inch core, the bundle i s  i n i t i a l l y  loose, itevelops very s l igh t  

tightness a t  the end. of two years, and significant tightness a t  the end of 
three' years. Of significance i s  that maximum tightness and maximum 1 oose- 
ness occur a t  different  axial locations, precluding a worst si tuation condition 

of maximum 1 ooseness fol.l.owed by maximum tightness a t  the same 1 ocation. 

All the analyses performed used nominal material. properties and reactor 
operating conditions. The following paragraphs investigate the.bund1e duct 

interaction sens i t iv i ty  to  material properties and operating conditions. 

Maximum Tightness Bundle BDI Sensitivity Analyses 

The Figure 4 resul ts  indicate that  significant bundle growth does not 
s t a r t  until the "incubation f a s t  fluence" i s  reached. For the maximum 
tightness bundle (which i s  also the high power bundle), significant 
growth does not s t a r t  until ~ 1 . 2  years, which corresponds to  the f a s t  
fluence incubation fluence (%9 x 1 0 ~ ~  n/cm2 for D9). If  the incubation 

fluence actually turns out to  be less  as more t e s t  data becomes available, 
the BDI will be significantly affected. L i k w i s e ,  i f  the swelling ra te  
(once the incubation fluence i s  reached) i s  significantly different ,  the 

BDI will be affected. A sens i t iv i ty  study was made of effects  of changes 
i n  these factors,  as well as a change i n  the creep rate .  Figure 4A roughly 
i l l u s t r a t e s  the swelling a t  a given temperature and shows the ranges of 
incubation period and swelling ra te  changes that were studied. The ranges 

of parameters chosen will probably bound the range of material properties 

that  D-9 will exhibit. The resul ts  are shown in Table 3 for the maximum 

tightness assembly a t  the two elevations of maximum bundle duct interference. 



. . 
The following conclusions canbe  reach.ed from the Tab1.e 3 . r e su l t s  for  the 

maximum tightness D9 'material assembly: 

- For a 2-year residence time, the maximum BDI will probably 

be e.060" and will most 1 i kely be 2.030". 

- For a 3-year residence .time, the maximum BDI wi 11 probably be 

. . 

- The creep and swell.ing changes in BDI. from the reference 

are roughly additive for  a given residence time and eleva- 
tion. 

2 If the incubation tlme, T, i s  5 7 x n/cm and the creep and swelling 

rates are greater than nominal, BDI will probably preclude a 3-year fuel 
residence time unless an advanced bundle spacer design- (e.g. , advanced 
wire wrap designs or grids) i s  used. 

Another parameter.of interest  i s  the fuel rod plenum pressure, which 

provides the driving force for creep of the fuel rod. In the preceding 

analyses a rather high plenum pressure (-1440 psig) was used for end of 
l i f e  based on preliminary, bounding estimates for  a 3-year l i f e .  Since 

then, more accurate plenum.pressure resul ts  from recent LIFE4 analyses are 
available. Therefore, some sens i t iv i ty  cases were made to  investigate t h e .  
plenum pressureef fec t ,  the resul ts  of which are shown i n  Table 4. * The 

conclusion i s  that  plenum pressure. does not have a marked. effect .  ' 'This i s  

* NOTE: The Table 4 resul ts  are on a l i t t l e  different  basis than those of 
Table 3 since updated values of duct pressure loading and tempera- 
tures (a l i t t l e  lower) were used. The data was generated a t  
different  elevations for  convenience i n  matching the thermal 
hydraulic inputs. 



consistent w i t h  the. Table.3 resul ts  which show creep (driven. by the 
plenum pressure.) not to be nearly .as important as the effects  of swelling. 

Maximum. Looseness . B u n d l e ' ~ ~ ~ . ' ~ e r i s i  t i v i t y  .Analyses 

Just  a s ' t he re  i s  concern that  too much bundle tightness will li.mit 

bundle l i f e  (because of hot spots) ,  there i s  concern that  too loose a bundle 
may allow excessive cladding wear due to  flow induced vibration. Figure 4 
showed that  for  the maximum looseness bundle, using nominal D9 properties, 

the porosity can reach 50 - 60 mils a t  the core midplane or below d u r i n g  the 
second year of irradiation, continuing through the third year. Since 50 
mils porosity translates to 5 mils per ring and since significant wear has 
been observed i n  EBR-I1 fuel bundle t e s t s  w i th  t h i s  porosity or greater,  
there i s  cause for  concern. 

To check the sens i t iv i ty  of the maximum looseness assembly BDI to 
the D9 material properties, the cases shown i n  Table 5 were made for  the 
20" (core midplane) and 24" locations above the bottom of the active fuel. 
The worst case combination of maximized creep and minimized swelling show 
%20% increase i n  looseness over the Figure 4 resul ts .  As was also the 
case for  the maximum tightness bundle sens i t iv i ty  cases, the fission gas - 
pressure i n  these cases for  the maximum looseness bundle a t  EOL was s e t  h i g h  

based on preliminary analyses. If an updated, lower end of l i f e  plenum 
pressure was used for the maximum looseness assembly, the looseness would 
increase by k10 mils. 

As a resu l t  of study of the maximum looseness assembly porosity during 
l i f e ,  i t  i s  concluded that the porosity a t  the midplane and below will range 
from i5 up to 9 mils per ring, depending on material properties of D9 
material and t o  some extent on the operating conditions. Based on present 
experience, t h i s  porosity i s  excessive and wear problems may be expected. 



Cl adding Wear 

As was described in the previous section, the "maximum looseness" fuel 
bundle i n  the developmental plant may have a porosity d u r i n g  the l a t t e r  
part of l i f e  that  ranges from ~5 up to 9 mils per ring a t  the fuel midplane 
and below. The amount of porosity will depend to a large extent on the D9 
material properties, and to  some extent on the operating conditions. Since 
fuel p i n  cladding wear has been observed i n  EBR-I1 bundle t e s t s  w i t h  1 5  mils 
per r i n g  parosity, there i s  cause for concern. This concern i s  heightened by: 

(1) recent JOY0 fuel wear experience and ( 2 )  the fac t  that  the U.S. in-pile 
fuel wear experience has been w i t h  the relatively short  fuel pins i n  EBR-11, 

whereas longer pins would show more vibration. A compensating factor ,  
however, i s  that  the .275" diameter developmental plant pins will be s t i f f e r  
than most pins tested to  date, which should reduce the vibration and wear. 
If  the lower regiowof the fuel i s  al1owed.to vibrate due to excessive 
porosity, i t  is. possible that the en t i re  p i n  would vibrate and that wear 
could .be' highest i n  the upper regions of the fuel p i n  where the contact 
loads are  greater due to  less  porosity and the wear resistance i s  lower due 
to higher temperature. Present. models ( I4 )  and t e s t s  do not appear to 
allow for axial. variations of bundle porosity nor i s  there t e s t  experience 
w i t h  porosities much la rger  than 7 mils her ring. Based on present experlence, 
a porosity .26 is  excessive, and wear problems would be expected wi th  some of 
the devel opmental plant fuel assembl ies.  

Assembly Local ,Temperature Effects 

I f  the bundle porosity becomes too large there i s  the possibi l i ty  that  
the asse'mbly local temperature dis t r ibut ion could be affected. There are  
three basic bundle geometric configurations. that  could be possible fo r  a 
1 oose bundl e : 



(1) The pins could be evenly distributed such that  the gaps 
be.tween wires and pins or  ducts are uniform throughout the 
bundle; 

(2). The pins. xoul d be. cl ose-parked toward. the bundle center, 
leaving excess flow area . i n  the perip.heral .region of the 
assembly; 

(3) The bundle could be cldse-packed b u t  shoved to one side of 
- the duct, leaving a large space on one.side of the bundle 

periphery. 

Of course, these cases are  .fdeal ized; an- actual case could be .any com- 
bination.of.. the above. A t  s t a r t  of l i f e ,  the f i r s t  case i s  clearly. the 
mdst probably due to  t h e  fac t .  that  each fuel p i n  is not perfectly s t raight  
and each p i n  has some random bow, which causes a uniform distribution of 
pins within the duct due to  the springy nature of the long rods. (1 5) 

However, during.operation, fuel p i n  or duct bowing due to  thermal and 
irradiation swelling gradients could conceivably cause the second geometry 
case, or a combination of the. l a s t  two. This combination case migh t  see the. 
bundle pushed against one side .of the dlict where the wire separates the 
pins and the duct a t  one elevation, w i t h  the bundle helically corkscrewing 
a s ' t h e  wire wrap rotates up the bundle. The t h i r d  case could conceivably 
ex is t  i n  a si tuation of significant duct bowing, leaving a gap along one 
side of the duct fo r  a significant axial length; This l a s t  case could cause 
significant temperature skew. In p i le  instrumented assembly t e s t s  have 
shown similar bundle geometric skewing 6, and temperature skewing (1 7) 

of Rapsodie assembl ies. Temperature skewing of the EBR-I1 XX08 instrumented 
assembly (I8) i s  pulsr~t ial ly  attributed t o  geometric non-uniformity. 
(However, the temperature skewi.ng in the XX08 assembly appears more l ikely 
due to in l e t  flow maldistribution.) 



. . MONGOOSE thermal hydraulic studies of the f f r s t  case show that  the 
assembly temperature dis t r ibut ion i s  not affected by uniform distribution 
of the assembly tolerances - t h i s  is because' the bundle ;is s t i l l ,  uniform . ' 

and the subchannel. flow sp l i t s '  and coolant mixing are not real ly  changed. 
The second case:where the bundle is '  assumed to. be cq'osely packed together 
a t  the middle wi 11 yie ld .  higher central p i n  temperatures because more coolant 
flow- will go . t o  the already overcooled edge subchannels. .This i s  not a very 
r ea l i s t i c  case, b u t  i t  provides a potential bounding case to study i n  the 
absence of understanding of how the bundle will deform. Code models may 
not handle th is  case well ,. however, because no t e s t  data exis ts  to validate. 
the models fo r  cases i n  whi-ch pin-to-pin or  pin-to-duct gaps are. s ignif i -  
cantly larger than the wire wrap diameter. Likewise, no t e s t  data exis ts  
for  the third case mentioned where the bundle is postulated to be pushed 
to the same side of the duct a t . a l l  elevations. This l a s t  case would ' 

resul t  i n  the highest fuel p i n  temperatures of the three cases. 

A t  present, assembly analysis methods are  not adequate to  clearly 
establ ish what pin geometry' will exis t  i n  a given h i g h  porosity situation. 
The fuel p i n  bowing methods described b y  D. P.  Chan i n  Reference 1'9 appear 
to be a good s t a r t  i n  understanding p i n  bowing mechanical behavior; however, 
that  method does not include any thermal hydraulic'feedback effects .and i s  
probably too conservative as a result .  Thermal hydraulic methods are  
therefore needed to estimate these thermal-hydraulic-mechanical feedback 
effects. Such T-H methods must i n i t i a l l y  be on the COBRA-WC (or equivalent) 
level of modeling de ta i l ;  as experience i s  gained the T-H feedback effects 
m i g h t  be parameterized into some. sort. of more simple, less  costly T-H models. 

For small amounts of bundle porosity k . g . ,  z5 mils per r ing) ,  the 
bundle "springiness" arguments . . ( I5 )  should be suff ic ient  to  jus t i fy  the 
uniform assumption of. tolerance distribution of Case #1, i n  the absence of 



significant fuel pin bowing localized effects .  However, in the case of 

large amounts of porosity (and perhaps even for  small amounts), worst-case, 
penalizing-type calculations would probably be required for  licensing 
analyses ( i  .e. , where the burden of proof i s  on the designer) i n  the 

absence of reasonable, mechanistic analytical methods. 

The excessively loose bundle situation ( i  . e . ,  55 mils per ring) i s  a 

more,difficult  case to analyze than that  of moderate amounts of bundle-duct 
tightness. This i s  because for  the the l a t t e r  case, the bundle geometry 
(e.g. ,  wire-pin-duct contact points) can be reasonably we1 1 defined as a 
platform for  doing individual pin bowing calculations, whereas, for  the 
f i r s t  case, the overall bundle i s  not even establ ished. 



V ; .  EFFECTS OF BUNDLE TIGHTNESS 

Assembly Temperature Response 

As was shown in an ea r l i e r  section of th i s  report, .for the maximum 

bundle-duct tightness fuel assemblies i n  the developmental plant core, the 
bundle-duct interference may approach 0.150" for  a 3-year residence time. 
Even fo r  the 2-year residence time case, the interference will be ,030 - .060". 

The next question i s ,  " h a t  effect  wil.1 th is  tightness have on bundle 
temperatures?" This section addresses th is  question. 

As the bundle-duct interference increases, the. average pin P/D will. 
decrease because of the pin dispersion phenomenon measured i n  ex-pi1 e bundle 
compression tes t s .  (") A t  the duct face where the wire wrap i s  between 

the edge pins and the duct, the spacing will remain equal to  the wire 

diameter; on the duct face 180' away, the spacing between the edge p i n s  and 
duct will decrease. Figure 5 shows the bundle-duct minimum clearance versus 

across-flats duct compression i n  the Reference 12  bundle compression tes t s .  
These t e s t s  were made w i t h  various wire wrap configurations with the FTR / 

fuel bundle design. For the s t raight-s tar t  ( 0 ~ - 0 ~ - 0 ~ )  design i t  i s  expected 

that  the edge pins will not contact the duct before ~ . 1 2 0 "  bundle compression. 
For the 0 ~ - 0 ~ - 0 ~ / w i r e l e s s  design (55 p i n s  w/o wires) and staggered s t a r t  
designs, the bundle duct contact i s  not expected until well over 0.200" 
compression. 

A study of the subchannel flow area changes fo r  0.100" across-flats 

compression of the s t raight  s t a r t  FTR bundle was made, and the resul ts  are  
shown in Figure 6. The largest area changes occur in the edge subchannels, 
as'would be expected. The flow areas of the inter ior  subchannels were not 

significantly affected, except fo r  small changes near the 1 ocation where 

the wire wrap contacts the duct. Therefore, i t  would be expected that  



the thermal hydraulic code models based on uniform geometry t e s t  data 
should work ' fa i r ly  we1 1 fo r  in te r ior  subchannel s. Significant develop- 

ment work would be needed, however, t o  adequately model the exterior sub- 
channel T-H behavior i n  the presence of significant (k.050") amounts of 
bundl'e duct interference. 

As a means of estimating the potential assembly temperature effects 
of bundle duct interference, some MONGOOSE analyses were made for  the 
maximum tightness bundle i n  the developmental plant. As mentioned earl i e r ,  
the in te r ior  subchannel geometry i s  not too different from uniform geometry; 
therefore, the C h i u  mixing coefficient model ( 5 )  i n  MONGOOSE should be 
good. The main shortcoming of MONGOOSE is the axial ly  constant, .symmetrical 
edge subchannel flow area assumption. For example, i f  the edge pins are 

. . assumed to touch the duct on one side and be spaced away from the duct on 
the 180' face by one wire. diameter, MONGOOSE would assume an average spacing 
of (0.0 + wire dia. )/2 between the edge pins and the duct. This would give 
an average temperature for  the edge pins and .duct, b u t  would not indicate 
the local subchannel temperatures well nor would . i t  calculate the edge rod 
hot spot temperature a t  the point of pin-duct contact. In sp i te  of th i s  
shortcoming, the analysis should give some useful insight on the assembly 
temperature trends. 

Cases were analyzed w i t h  varying amounts of bundle-duct interference, 
u s i n g  rod, wire and duct dimensions taken from a RODLOAD run fo'r the 
developmental plant fuel. A 2 year residence time was assumed, the duct 
material was D9 and the clad and wire material was assumed to be 20% CW 

316 SS i n  order to  get a rather large amount o f  bundle duct interference 
to  magnify the temperature trends. Two different wire wrap spacer systems 
were assumed: the 0 ~ - 0 ~ - 0 ~ / w i r e l e s s  bundle was assumed for  .233" and one of 
the .145" BDI cases, because the bundle duct clearance will be >O even for  
th i s  large amount of BDI. Two other cases, .076" and .145" BDI were r u n  



for  the s t raight  s t a r t  bundle. The total  flow was kept constant for  a l l  
caies.  he results are shown i n  Table 6. As can be seen, as B D I  increased, 
the bundle maximum cool ant and cl'ad . temperature went down. This occurred 
for three reasons.: 

(1) The narrowness of the edge subchannels forces some of 
the flow from the overcooled edge subchannels to the 
central subchannel s ; 

(2) The decreased hydraulic diameter of the subchannels 
increases the clad .heat transfer coefficient*; and 

( 3 )  The larger p l n  diameter (*5%) increases the clad heat 
transfer area. 

Another conclusion from Table 6 i s  that . the average duct temperatures inc'rease 
as BDI increases. However, the increase i n  average edge p i n  temperatures 
(which follow the average duct temperatdres) i s  not large. This allows for  
significant margin (50-70'~) for  edge p i n  hot spots ( for  potential duct- 
edge p i n  contact due to edge p i n  bowing) before the edge pins would become 
more lifetime limiting than the hotter central rods. However, the con- 
clusion cannot be made that  the edge p i n  l i f e  will not be worse without 
more detailed study w i t h  rigorous thermal hydraulic and p i n  heat transfer 
codes. Another cause fo r  optimism tha t  the edge p i n  temperatures will not 
exceed the central p i n  temperatures stems from the fac t  that  the Table 6 

. h D  
* NOTE.: , The Nussel t .Number, Nu - 

. . - doesn '.t change much,. b u t  
K 

h , = Nu increases as D decreases., 
Dhyd hy d 



values were generated assumfng the  bundle-duct in te r fe rence was a x i a l l y  

constant; i n  a c t u a l i t y ,  s i g n i f i c a n t  in ter ference i s  expected main ly  t o  occur 

i n  t he  upper p o r t i o n  o f  the bundle such t h a t  the  temperature d i s t r i b u t i o n  

a t  the  midplane o r  below should n o t  be a f fec ted .  Therefore, the  t r u e  

average edge p i n  temperature r i s e  above nominal should be about h a l f  the  

r i s e  shown i n  the Table 6 resu l t s .  



Te~nperature/Pressure Drop -Feedback'Effects. on BDI 

All of the BDI analysei and sensi t ivi ty  studies described in previous 
sections'were based .on .uniform geometry assembly temperature and pressure 

drop data. Important questions are whether the BDI changes significantly and 
in what. direction .i.t changes i f  the temperaturelpressure drop effects  of 
a given amount of B D I  are fed back to  the BDI analysis. This section provides 

an analysis  of th i s  feedback ef fec t  for  the case o f  bundle 'duct interference. 

Si.nce small amounts of BDI do not significantly a l t e r  the T-H conditions, 
a case wasse t  up that  would resul t  i n  significant BDI. .The developmental 
plant maximum tightness assembly was assumed to have a D9 duct w i t h  20% CW 

316 SS fuel cladding and wire wrap, w i t h  a 2 year residence time. * 

The f i r s t  step in th i s  analysis was to use nominal BOEC and EOEC 

assembly temperature and pressure drop predictions as input to  the R O D ~ O A D  

analysis. This analysis produced axially varying values of pin, wire and 
duct dimensions and the net BDI resul t .  

Next, the average flow area a t  each axial section was calculated, and 
the change i n  assembly pressure drop characteristic was calculated using 
resul t s  from the Reference 20 compressed bundle hydraul i c  tes t s .  These 

t e s t s  showed that  compressed bundle pressure drop i s  best correlated by a 
loss coefficient per wire wrap pitch, and that  t h i s  loss coefficlent 

(Kpi tch ) for ' re la t ive ly  large amounts of bundle compression i s  basically 

* NOTE: This case i s  a potential fallback design i f  D9 fuel cladding i s  

not acceptable for  some reason. This case also i s  similar to  an 
advanced alloy duct (AAD) t e s t  planned for  FTR which uses 20% CW 
316 cladding and D9 duct, with the O ~ - O ~ - O ~ / W  wire wrap spacer 
design t o  mitigate the effects  of BDI. 



the same as K p i t c h  for  the uniform bundle. , No matter what the bundle duct 

interference, the bundle pressure drop can be determined by: 

- 1 ' tV2ave+age 
A wire - ' (,Kpitch 2 9 

. wrap pitch ' I  

Therefore, the deformed bundle axial pressure drop can be calculated using 

the uniform geometry K p i t c h  and the deformed geometry average velocity - 
squared. A t  th i s  point, the revised assembly flow can be calculated assuming 

the total  assembly A P  i s  unchanged ( i . e . ,  the total  core AP i s  not significantly 
affected by changes in the pressure drop characteristic of only one of many 

parallel paths). For th i s  case, the flow will be 97% of the design flow 
based on uniform geometry characteristics.  

Given this  new flow and assuming an axially uniform BDI of 0.233" with 
.01OU minimum edge-pin-duct clearance (for  the 0 ~ - 0 ~ - 0 ~ / ~ i r e l e s s  bundle), the 
revised assembly temperatures were calculated a t  the end of l i f e .  These 

new temperatures are  on the .same basis as those in Table 6 for  0.233" BDIy 
.010" clearance, 'except. that  the flow i s  3% less .  The change i n  temperatures 
versus the nominal EOEC temperatures a t  the -top o f  the enriched fuel column 

are: 

Duct average temperature: + 2 2 ' ~  

C l  ad average 0. D. temperature : + 3'F 
Max. coolant temperature: + 5OF 
Max. clad O.D. temperature: + 1 ' ~  

The final step i n  th is  analysis was to feed the revised duct average 

and clad average temperatures into the RODLOAD analysis to  calculate the 
change in bundlelduct growth and BDI due to  the revised temperatures and 

pressures. The results are shown in Table 7. 



' . These results..show that  BDI i s  reduced from the previous case, meaning 

that  the BDI calculated from uniform geometry temperatures and pressure 
drop i s  s l ight ly larger than the temperature/press.ure feedback case. 'The 
reason for the reduction.in BDI i s  that  the higher temperature and pressure 

loading increased. .the duct 'growth (~ .002"  a t  the midplane) and the lower 

clad average temperatures decreased the bundle growth ( ~ . 0 0 4 "  a t  the midplane). 
This basic trend occurred for. the  ent i re  length of the assembly. Also of 

note i s  that  the BDI change was not very signiffcant even for th i s  large 

amount of BDI , which should have maximized the temperature/pressure feedback 
effects  .. These conclus.ions only s t r i c t l y  apply to  th i s  particular case, 

with 20% CW. 316 cladding and D9 duct. However, i t  i-s estimated that  the 

conclusions ma) be more general due. to  s imi lar i t ies .  between D9 and 20% CW 316 
swelling and creep. For small amounts of BDI, the T-H feedback sens i t iv i ty  

< ' will be much less  because small amounts of BD'I (e:g., oJ.0501') will not sig- 
nificantly- affect. the .T-H resul ts. One effect  that  has not been considered i s  
that  of inter-assembly heat transfer. This may tend to  moderate the BDI 

feedback effects so that  they become even less  significant.  

Another feedback effect  that should eventually be investigated i s  the 
corewide effect  of the."loosefl bundles. Because of.~looseness, the flow area 
i s  increased and AP decreased. Therefore, the lower AP "loose" bundle 
assemblies i n  the core draw flow away from the hot.bundle assemblies tha t  

tend to  be "tighteru-.  This corewide feedback effect  may be important and 
should be investigated in the core thermal hydraulic analysis for  both steady 
s t a t e  design and transient conditions. 



The results of evaluation of fuel assembly bundle duct interference 
(BDI) for  the developmental plant, which uses D9 cladding and duct 

materials, are shown in Pi.gure 4. These and sensi t ivi ty  sGdy resu l t s  of 

uncertainties in D9 material creep-swel 1 ing properties and operating 
conditions show: 

@ ' For a 2-year fuel residence time, the maximum BDI will 
probably b e  <.060" and will most 1 i kely be 2.030". 

8 For a 3-yea.r fuel residence time, the maximum BDI will 
probably be ~0.150" and will most l i k e l y  be :. 120". This 
amount' of BDI may preclude a 3-year residence time. An 

advanced- bundl e -  spacer design (e.  g . , advanced wi re wrap 

designs or gri'ds) may be needed.,,.. 

8 Study of the maximum "looseness" assembly,porosity during 
l i f e  shows the porosity a t  the core midplane and below may 

range from i 5 .  up to 9 mils per ring, depending on material 
properties of 09 material, and to  some ex.tent on the 
operating conditions. . Based on present experience, a 
porosity >6:mils p e r  ring i s  excessive, and wear problems 

would be expected. 

Approximate analyses of the effects  of BDI on fuel assembly temperatures f n 
the developmental plant show that:  

O The feedback mechanism i s  small between the BDI-produced 
assembly temperature/pressure drop/flow effects  on the BDI 

analysis i t s e l f .  Also, BDI i s  maximized i f  analyzed using 



uniform geometry T-H conditions. T h i s  r e su l t  was derived 

from one case using a D9 duct and 20% CW 316 cladding - 
i t  is .  not ye t  establ  ished. as  a general. conclusion. 

9. The assembly flow reduction from re la t ive ly  large  amounts 
of BDI i s  not large  (%3%). The assembly peak clad tempera- 
tu re  increase i s  ins ignif icant  in the  absence of edge pin 
hot spots that  could occur as a r e su l t  of duct-edge pin 
contact due t o  edge. p i n  bowing. Even then there appears 
t o  be some margin (50 - 70 '~)  fo r  edge p i n  hot spots 
before the  edge pins would become more 1 ifetime 1 imiting. .  
than the  hot ter  central  pins. However, t h i s  conclusion cannot 
ye t  be made without more detai led study w i t h  rigorous thermal 
hydraulic and p i n  heat t r ans fe r  codes, such as  COBRA,  THT, 

andlor FATHOM. 

Regarding the abi 1 i ty  of present methods to  eval uate thermal - hydraul i c/ 
mechanical.interaction e f fec t s  l ike ly  to  occur i n  the developmental o r  
s imilar  LMFBR plants: 

0 The a b i l i t y  to  predict  the  magnitude of BDI appears t o  be 
adequate, assuming the material creep-swelling propert ies 
a re  well established,  An important, b u t  not exact i n p u t  

. t o  t h i s  analysis  are  duct temperatures, which should come 
from a whole core analysis .  This analysis  must properly 
model the  inter-assembly heat t rans fe r  w h i  1 e accounting fo r  
core assembly power mismatch e f fec t s  due t o  fuel/blanket 
loading history,  as  well as BDI e f f ec t s  on duct temperature 
and flow redis t r ibut ion.  



9' Methods .are  .needed t o  evaluate assembly deta i led thermal 

hydraul i c  . e f f ec t s  of bundle deformations. Presently, 

the deformed geometry thermal hydraulic t e s t  data base i s  

inadequate t o  develop o r ' qua l i fy  the models. COBRA-WC 

o r  i t s  equivalent represents a minimum level of T-H code 

r igor  needed t o  analyze bundl e deformations. 

@ Perhaps the toughest analysis  problem to  solve i s  the thermal 

hydraulic and mechanical feedback problem of edge pin bowing. 

Bounding thermal-hydraulic analyses might provide a near-term 

method of circumventing t h i s  problem by simply assuming 

edge-pin duct contact if the resul t ing hot spots are  

acceptable and a r e  not assembly l i fe t ime l imiting.  
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TABLE 1.- 

. DEVELOPMENTAL PLANT ASSEMBLY 

DESIGN DATA. FOR 

THERMAL HYDRAULIC EVALUATIONS 
. . 

CORE. FUEL ASSEMBLY DATA 

Pins per Assembly 

Fuel P i n  P i  tch-to-Diameter Ratio 

Fuel P i n  Spacing Mechanisms 

Fuel Assemblv Duct Material . . 

Duct Wall Thickness ( i n )  

Duct Outside Fl at- to-Flat  Dimension ( i n )  

Assembly Bundle Design Porosity ( i n )  
2 Assembly Bundle Flow Area ( i n  ) 

CORE FUEL PIN DATA 

Type Fuel 

P i n  0. D. ( i n )  

Cladding Thickness ( i n )  

P i n  Overall .Length ( i n )  
Cl adding ~ a t e r i  a1 

Wire Wrap Pitch ( i n )  

Wi.re Diameter ( i n )  

Fission Gas .Plenum Locatlon 

Fission Gas Plenum Length ( i n )  

Bond 

. '271 

1.18 

S t ra igh t  S t a r t  , 

Wire Wrap 



TABLE 2. 

PEAK UNIFORM GEOMETRY FUEL ASSEMBLY'TEMPERATURES 

IN DEVELOPMENT PLANT (PRELIMINARY) 

** Typ ica l  t o p  a x i a l  mid node l o c a t i o n  used f o r  LIFE f u e l  p i n  code ana lys is .  

* The batch adjustment f a c t o r s  a l l o w  f o r  maximum p o t e n t i a l  power mismatch 

due t o  f u e l  load ing  i n  a 2-batch core. I f  an assembly has h igher  power a t  

BOL, i t  w i l l  have a lower power a t  i t s  end o f  l i f e .  Batch average values 

Condi t i  on 

BOL, batch adjusted * 
EOL, batch ad jus ted  * 

_ -  

BOEC, batch average * 

EOEC, batch average * 

do .no t  a,ccount f o r  t h i s  power mismatch. 

1 

Cladding Midwal l  Temperatures, OF 

Core Midpl ane 
X/L = 0.9**, 16" 

Above Midpl  ane 

T2a 

1012 

942 

- . - - . - , - - - - - - - - - -  

994 

954 

Tnomina~ 

930 

886 

91 7 

895 

T20 

1195 

1100 
P 

11 68 

1118 

Tnominal 

1089 

101 8 

1067 

1033 

T oa 

987 

924 

970 

935 

T oa 

1159 

1070 

1133 

1087 



TABLE 3. 

BUNDLE DUCT INTERACTION SENSITIVITIES TO 
09 MATERIAL PROPERTIES FOR MAX ; TIGHTNESS BUNDLE 

* 20" = Core Midplane Elevation 
** Negative is Looseness 

r 

., Case 

0 
:(Ref) 
1 

2 

3 

4 

5 

: ' 6  

. 7 

: 8 

i g 

.I0 

: :11 

. . 

.BDI**, 3-Yr Residence, 
Inches 

28" from 
Core 

Bottom * 

BDI**, 2-Yr Residence, 
Inches 

32" from 
Core 

Bottom * 
28" from 
Core 

Bottom * 

Uncertainties 

.080 .095 

.I12 .I21 

.078 .I03 

.I10 .I29 

.049 .069 

.083 .087 

.051 .061 

101 -119 

.I39 .I52 

.099 :I27 

.I36 .I60 

.I21 .I42 

32" from 
Core 

Bottom * 

Swell i ng 
Factor 

.007 .010 
. . 

.020 .019 

.002 .011 

.013 .017 

- .006 0 

.013 : .012 

- .001 .002 

.029 .032 
. '  

.048 .046 

.023 ,032 . 

.042 .046 

' .050 .055 

1. 1. 9. 

1.3 1. 

' 1. 1.3 

1.3 1.3 ' 

.7 .1 

1. .7 

L' 7 .7 v 
1. 1. 7. 

. 1 1.3. 1. 

1. 1.3 

1.3 1.3 

1. 1. 5 .. 

Creep 
.Factor 

T 

x 1 0-22 
n/cm2 . 



TABLE 4, 

BUNDLE DUCT. INTERACTION SENSITrVITIES TO 

FUEL ROD PLENUM PRESSURE FOR 

MAX. TIGHTNESS. BUNDLE (NOMINAL PROPERTIES) 

** Negat ive i s  looseness 
* 20" = Core Midplane Ele.vat ion 

,- 

CASE 

2 0 

21 

2 2 

EOL (3-Year) 
Plenum 

Pressure, 
p s i  d 

1440 
bounding 

case 

1311 

1260 
LIFE4 output ,  

20 burnup 

BDI** A f t e r  
2 years, inches 

BDI** A f t e r  
3 years, inches 

30" from 
Core 

Bottom * 

.009 

.005 

.004 

30" from 
Core 

Bottom * 

.083 

.076 

.073 

33.3" from 
Core 

Bottom * 

.008 

.004 

.002 

33.3" from 
Core 

Bottom * 

.087 

.078 

.075 



. . TABLE 5? 

BUNDLE DUCT INTERACTION SENSITIVITIES TO 
:D9 MATERIAL PROPERTIES FOR 

. . , MAX. LOOSENESS BUNDLE 
\ 

Negative is looseness. 
20" = Core Midplane 

CASE 

0 
(Ref 1 

1 

2 

3 

4 

5 

6 

7 

8 

. 

BDI**, 2-Yr Residence 

20" from 
Core 
Bottom * 

Uncertainties 

24" from 
Core 
Bottom * 

S~:rell i ng 
Factor 

- .054 - .044 

- ,051 - .043 

- .067 - .053 

- .064 -. 051 

- .057 - .046 

- ,042 - .036 

- ,044 -. 037 

- ,049 - ,039 

Creep 
Factor x 

n/cm2 

1. 1. 9. 

1.3 1. 

1. 1.3 

1.3 1.3 

.7 . 1. 

1. ,7 

.7 . 7  
\' 

1. 1. 7. 

1. 1. 

* 



TABLE 6. 

DUCT AND CLADDING AVERAGE TEMPERATURES WITH BUNDLE DUCT 1NTERF.ERENCE 
. . 



TABLE 7. 

BUNDLE DUCT INTERFERENCE FOR .NOMINAL T-H CONDI.TIONS 

VERSUS THAT FOR 'THE. T-M FEEDBACK CASE 

(?-Year Restdence, D-9 Duct, 20% CW 316 Cladding and Wire, 

' MaxSmum r igh tness  ~ u n d l e )  

* 20" = Core.Midplane; 40" = Top of  Enriched Fuel 
** Negative BDI ind ica t e s  1 ooseness 

- 

-. 

Axial Elevation 
Above Bottom 

o f .  Enriched . 
Fuel 

( tnches)  

-15. 

3.3 

13 .3 .  

20. ' *  

26.7 

30. 

33.3 . . 
. . 

. . 

36. 

40. * 

54. 

87. 

Bundle Duct 

~orninal  T-H 
.. Conditions 

. . . . . . . . . . . . . .  . . 

- .022 

- .043 

.029 
. . 

. I45  
. . 

. . .268 

. . 

. . . . .265 

. . . . .233 . , 

. . 

. . 

. . . . .I64 

. . 

. . 

. . 
.076 

. . 

. . 
-.010 

- .024 

In ter ference  .** ( inches)  

T-H Feedback 
Case 

. . 

- .022 

- .'044 

.024 

,139' 

.262 

-261 

.230 

. . 
,163 

.074 

-.011 

- ;024 





c~ - SUBCHAFJNEL COOLAfdT flODE 

6 - MID-WALL DUCT NODE 

3 -  G.4P NODE 

FIGURE 2. NODALIZATION FOR TYPICAL 21 7-PIN FUEL ASSEMBLY CCORTEM 





NOTE: MIDCORE - 20" 

. -  . .  - . . .  .. . . . . - . , . . . - . . . . . ,* . . . . . . . . . 

F I G U R E  4. PROTOTYPE P L A N T  BUNDLE-DUCT 1,NTERACTION (D9. DUCT AND R9 CLADDING)  



STRESS-FREE SWELLING ' 

A T  FIXED TEMPERATURE 
f 

+ 30% - 
Swell ing 
Rate 

SWELLING 

Incubation 
Range Studied 

FLUENCE 

FIGURE 4A. RANGE OF D9 MATERIAL PROPERTIES 
USED IN BDI SENSITIVITY STUDIES 



ACROSS-FLATS COMPRESSION DISPLACEMENT (mm)  

ACROSS.FLATS COMPRESSION DISPLACEMENT ( m . l  4 

2 .o 3 .o 4 .o 5 .o 
0 1 .o 

FIGURE 5. BUNDLE-DUCT OBSERVED MINIMUM CLEARANCE VERSUS 
ACROSS-FLATS COMPRESSION DISPLACEMENT 

I I I I I 

A S T R A I G H T  S T A R T  

0 LOCKED WRAP 

0 WIRELESS 
0.060 - - 

0 0 4 5 . 9 0  
1.5 

V 0-3040 

- 1 .o - - - .  

1 

WIRELESS 
- 0.5 

0.020 - 

\ I D E A L  ( N O  DISPERSION) 

S T R A I G H T  START 

0 0.040 0.080 



Note: Average Area ,++3g 
Reduction = 4M!% SUBCHANNEL 

:2: AREA REDUCTION , , , - ,,, 
LEGEND : 

FIGURE 6. 

SUBCHANNEL AREA REDUCTION OF FTR FUEL BUNDLE 
WITH 0.1 00" ACROSS FLATS UNIFORM COMPRESSION 




