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LKF5Rs with in ternal  blankets, often called "heterogeneous" or "parfait" 

reactors received substantial  at tention during the  l a s t  two years. 
. .. : . . . 

The general conclusion w 2 s  that  heterogeneous reactor configurations w i l l  

not only incre&e the  breeding r a t i o  but a lso  iower the doubling t h e  and .. . .  .: 
. . . . . . . . 

improve the  safe ty  characterist ics of the reactor. A more detailed in- 

vest igation of heterogeneous cores shows. that  there is  n& jus t  a hetero- ' 

geneoils reactor concept but t ha t  there  is a great variety of heterogeaebus 
. . 

cores dependiq on the  2rrangemenrof the in ternal  blankets i n  the core 

region. The blanket region usually separates the  core regions fron each 
. . 

other, A bas i c  character is t ic  of heterbgen&us &r& is  then the  degree. . 

. . . . 

.. . . . of neutronic c o u p l i ~ g  between d i S e r e n t  core zones. Sone of the heterogeneous:,.. 
. . . . . , . . . . . . . . .  ~ 

.~ . . . . . . . . .  ., . . . . .  . . . ~. 
. . 

c o r e  ~onf i~ura t ions '~ '~ '3 )  esfd biailket -assemblies a s  fixed shfm asset& es ,- ~ 

. . . . 

0 t o  shape the  power. I n  t h i s  case, the  couplin:: between different  core regions 
. . .  . . .  . .  .. - .  

is  very t ight .  The breeding performance, fo r  exanple, of such a systen is  . 1 
. . . . . . . . 

equivalent t o  t h a t  of a honogeneous system which has the same honogezized 

v o l d e  fractions(3)., Irnproveneits often seen i n  thebreedingperformance . . of . . 

(1-2'3) can be attributed t ' ~  the  in- " LMFBRs by inzroducing internal  blankets 
. . 

. . 
crease i n  homogenized . fue l  . voi&ae  fraction^'^) which 'cones closk t o  an ' . . 

. . 

o p t b  fue l  volume As more heavy =eta1 is packed in to  t h e .  ' . 

- c o r e  i n  the fcm of internal  blanket assemblies, the  breeding r a t i o  w i l l  

: . 

. . 

. . 
- ,  . , 

. . 8705buu ,, 



steadily increase a s  the hcro,oenized fuel  volume fraction increases. For 

as long as  the increase i n  breeding gain i s  greater than the increase i n  

f i s s i l e  inventory the doub1-ir.g t i n e  w i l l  be decreasing. However, t h i s  

reduction i n  doubling t ine  can a lso  be achieved by using larger pin 

diameters i n  the homogenecius desig-r. Introducing internal  blankets in to  

(3)  such an optinized regular core w i l l  lead t o  an increase in doubling time . 
The t ransi t ion from 2 t igh t ly  coupled t o  a very loosely eoupleci core 

comes when the thickness cf the in te rna l  blankets increases which separate 

the core regions. While one row of blanket assemblies w i l l  itill pen& ' 
- 

- 

t i g h t  coupling, the addition of a second row of in ternal  blankets w i l l  

(5) lead t o  a system of nearly uncoupled sna l l  reactors . The increase in 

the leakage component 2nd the reduction i n  t he  spectral  component lead t o  an 

overall  reduction of the sodium void reactivity. It is  t h i s  feature which 

nakes heterogeneous reactors part icularly a t t rac t ive  from the  safety point 

of view (G-~). I n  an unirotected loss-of-flow transient i n  a large GPBR the  
. . 

voiding of the coolant may r e su l t  i n  very large  react ivi ty  ramprates  : . ' 

leading t o  energy release r a t e s  which could exceed the design l i d t s  of 

the  containment(6), The incentive f o r  the design i s  then t o  develop core 
. . 

- 

configurations which have very low sodium void react ivi t ies .  The following . : 

discussion w i l l  be limited t o  a perfomance evaluation of low sodium void 
. . 

. . 
cores vs. honogeneous cores. 

It was found tha t  a low sodiurjvoid core consisting of fue l  assemblies 

w i t h  a flat-to-flat distance between 6-7 inches can be constructed i n  the 

following way(5); a center core configuration has a &-row inner core, 

followed by 2 rows of in ternal  blanket assemblies which a re  follosred by 



3 rows  of f u e l ,  2 rows of blanket ,  e t c .  A center  blanker core  l a y o u t  can 

bs designed i n  t h e  following way: a 3-row center  blanket is surrounded by 

3 rows of f u e l  assemblies, 2 rows of blanket  asseabl ies ,  3 rows of 

f u e l  asseri;blies. e tc .  The c h a r a c t e r i s t i c  of a honogeneous 1200 IFde oxide  

L&, LMFBR was compared v i t h  t h a t  of low sod-ium void ' m g e n e o u s  co re s  of t h e  sane  
.. .. 

. . 

power output.  Heterogeneous cores  have sone f ea tu re s  xhich d i s t i n & s h  

them from homogeneous cores. . . 

(a) Lower sodim.void  r e a c t i v i t y  ($2 vs. $7) . . . . . . 
. . 

(b) Bigher breedin:: r a t i o  (1.35 - 1.40 coolpared to less than 1.30) 1 

(c )  ~ i & r  doubling times (18 years  vs. 14 years)  

(d) Higher f i s s i l e  inventor ies  (30% higher  and more) . . 

(e) - L a r g e r  core  s i z e s  (nore t han  100 z d d i t i o n a l  assenbl ies)  : 

'.(f) Lower Doppler c o ~ f f i c i e n t s  ( f o r  wample, -0.005 vs. -0.009) 

-(g) Higher enrichrrents 
. 

Ih) Lower damage fLuxes (nore t han  20% reduction) - - 
- ~ 

. . ~. . .  . 
(i)  educed control-  rod worth 

(3) For t h e  same number of o r i f i  
. -  . . . 

. .  .- temperatures (20•‹F 2ad more) ( 1 1 )  - - . . . .  . . . ~ .  . 

. ~. 

. . .  . . 

(k) Higher  f u e l  conpaction r e a c t i v i t y  . . ( for  example 0-0058 Ak/k ~ . 

. . . . .  . ~ . . . . 

' vs. 0.0042 A'&) . ~. 
. . .  

, .  . . 

(1) Localized r e a c r i v i t y  additioi-i g ives  r i s e  t o  l oca l i zed  power 
. . . . . . 

peaks . . 

. . . . 



(m) Less sensi t iv i ty  of doublibp t ines  and sodium void reactivity 

t o  chaxges i n  fuel  pin diameters (12) 

(n) Greater sensi t iv i ty  of power peaking and sadiunvoid r e a c t i - ~ i t y  

t o  small changes i n  enrichnent s p l i t  (10) 

(0) Lower t o t a l  inelas t ic  s t r a i n  i n  cladding (2% vs. 3%) 

The analysis of heterogeneous cores is  more d i f f i c u l t  than the analysis of 

homogeneous cores because of 
- 

(a) Neutronic decoupling of core zones 
- 

(b) Need f o r  transport calculations instead of diffcsion calculat ions 

t o  o b t a h  accurate f lux  and power distr ibutions 

(c) .Significance of y heating in in te rna l  blankets 
. . .  . . 

For the analysis  and design of heterageneous cores ve nesd modified design 

approaches, and analysis tools. Eowever, no problems could be ident i f ied 

so f a r  which would a f fec t  the feas-ibility of heterogeneous cores. 
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APPENDIX A 

The accompanying a r t i c l e  was prepared f o r  presentation a t  the June 1977 

meeting of the American Nuclear Society. Because of word l imi ta t ions  most of 

the  technical  data upon which the conclusions i n  the a r t i c l e  a r e  based were 

not included. Some of t h i s  supporting information has been assembled from a 

number of d i f f e r e n t  ANL i n t e rna l  reports  and is presented i n  t h i s  Appendix, 

Most of the information i n  the following tables  and figures is based on 

calculat ions  of 1200 W e  oxide LMFBR designs. The designs are  defined i n  

Tables I, I1 and 111. The important cha rac t e r i s t i c s  of these heterogeneous 

cores were summarized i n  the a r t i c l e .  I n  the sect ion below several  of the 

cha rac t e r i s t i c s  l i s t e d  i n  the a r t i c l e  have been repeated. These a r e  then 

followed by a l i s t i n g  of the tables  which contain information which tend to  

support the  pa r t i cu l a r  conclusion. 

a. Lower Sodium Void React ivi ty  ($2 vs $7). See Tables IV, V, VI and 

c. High Doubling Times (18 years  vs 14 years). See Tables V I I I  and IX. 

d. High F i s s i l e  Inventories (30% higher and more). See Table V I I I .  

f. Lower Doppler Coefficient (For Example, -0.005 vs -0.009). See 

Table X. 

i. Reduced Control Rod Worth. See Table X I .  

I n  addit ion to the above tables  several  f igures  presenting r e s u l t s  from 

the heterogeneous core analysis a r e  a l so  included. They are: 

Fig. 1. Sodium Void Reactivity a s  a Function of In te rna l  Blanket Thiclc- 

ness (Equal Power Peaks f o r  Inner and Outer Core Zones) 

Geometry 1 C .  



Fig. 2. Power Distribution for  Geoemtry 1B. 

Fig. 3. Sodium Void Reactivity as  a Function of Blanket Position. 

Fig. 4. Dis t r ibut ion of Sodium Void f o r  Reference Geometry. 

Fig. 5. Dis t r ibut ion of Sodium Void f o r  Geometry 1 B .  

Fig. 6. Dis t r ibut ion of Sodium Void f o r  Geometry 2 (lho In te rna l  

Blanket Rings). 

Fig. 7. Core Layout for  1200 MWe Oxide LKFBR. 

I n  Fig. 1. the decrease i n  sodium void reac t iv i ty  with increasing blanket 

thickness is shown. A s  the blanket thickness is increased the negative leakage 

component of the sodium void becomes r e l a t i ve ly  more important. The power 

d i s t r i bu t ion  i n  one of the cores with a s ingle  thick in te rna l  blanket r ing,  

case l B ,  is shown i n  Fig. 2. I n  Fig. 3 it is shown tha t  the sodium-void reac- 

t i v i t y  decreases somewhat as the radius of the in te rna l  blanket r ing is increased. 

Figs. 4, 5 and 6 show the r ad i a l  d i s t r i bu t ion  of sodium reac t iv i ty  i n  the 

reference core, i n  a heterogeneous core with one in te rna l  blanket r ing  (Case lB), 

and i n  a heterogeneous core with two in t e rna l  blanket r ings (Geometry 2).  The 

- 

reduction i n  sodium void i n  the heterogeneous designs i s  indicated by comparison of 
- 

these figures.  Fig. 7 gives the cross sect ion layout for  the reference 1200 MWe 

oxide design. 



TABLE I. 1200 W e  Oxide UIFBR Design C h a r a c t e r i s t i c s  
0.30 i n .  Fuel  P i n  Diameter 

Core Parameters  

Power, MGIT 3019. 
Maximum Sodium v e l o c i t y ,  f t / s e c  28.0 . . 

Temperature r i s e  a c r o s s  c o r e ,  deg. F 280.0 
Sodium'Out le t  temperature,  deg. F  1000.0 
Ac t ive  c o r e  h e i g h t ,  i n .  40.0 
'Sodium gap between assembl ies ,  i n .  0.310 . . 
P r e s s u r e  drop  a c r o s s  assembly, p s i  67. 

( f u e l  bundle  on ly )  
Assembly p i t c h ,  i n .  6.548 
Number of f u e l  assembl ies  402 . ~ 

h'umber of c o n t r o l  rod p o s i t i o n s  19 
Number of rows i n  c o r e  12 
D r i v e r l b l a n k e t  r e s i d e n c e  t ime,  c y c l e s  21'5 
Cycle l e n g t h ,  fpd 300 

Subassembly Design - 
Drive r  Blanket  

Ac t ive  h e i g h t ,  i n .  40.0 70.0 
A x i a l  b l a n k e t  t h i ckness ,  i n .  15.0 - 
Axia l  r e f l e c t o r  t h i ckness ,  i n .  3.0 3 .O 

40.0 Plenum l e n g t h ,  i n .  40.0 
S t r u c t u r a l  m a t e r i a l  CW316SS CN316SS 

b13s2mum l i n e a r  h e a t  r a t i n g ,  kN/f t 
Fuel p i n  d iameter ,  i n .  
F u e l  c l add ing  th i ckness ,  i n .  
Fue l  p i n  p i t ch /d iame te r ,  i n .  
Spacer  w i r e  th i ckness ,  i n .  
Number of  Fuel  P ins  per Assembly 
Duct Thickness,  In.  
Fuel  Smeak Densi ty,  7T.D. 

Volume . F r a c t i o n s  

Fue l  
T o t a l  Coolant 
S t r u c t u r e  



TABLE 11. 1200 MVe Gxide LPFBR Design Character is t ics  
0.33 in .  Fuel PinDiameter 

Core Parameters 

Power, NWT 
Maximum sodium veloci ty ,  f t f s e c  
Temperature r i s e  across core, deg. F 
Sodium o u t l e t  temperature, deg. F 
Active core height, in.  
Sodium gap between assemblies, i n .  
Pressure drop across assenbly, p s i  

( fue l  bundle only) 
Assembly pitch,  in .  
Number of f u e l  assemblies 
Number of cont ro l  rod posi t ions  
Number of rows i n  core 
Driverfblanket residence time, cycles 
Cycle length,  fpd 

Subassembly Design 

Driver 

Active height ,  in .  40.0 
Axial blanket thickness, in .  15.0 
Axial r e f l e c t o r  thickness, in .  3.0 
Plenum length,  in .  40.0 
S t ruc tura l  mater ia l  0.316SS 

Elaximum l i n e a r  heat ra t ing ,  k\$/ft 
Fuel pin  diameter, in .  
Fuel cladding thickness, in .  
Fuel pin  pitchldiameter,  in .  
Spacer wi re  thickness, in .  
Number of f u e l  pins per assembly 
Duct thickness,  in. 
Fuel smear density,  %T.D. 

Voluma Fract ions  
Fuel: 
Total  coolant 
S t ruc ture  

Blanket 



Table 111. Descripiior. of the  One-Dimensional. Configuration 
of the  1200 MWe UGDR 

Location of 
Nunber of Rings of In t e rna l  Blankets, 

Configuration In t e rna l  Blankets Rows 



 TAB!.^ I V .  I :nr ic lments ,  Radia l  Power Peaking F a c t o r s ,  R e n c t i v 1 . t ~  Changes Due t o  
Void-in):  t h c  Core of  I cn l l c i g l ~ t  a t  tlic f.l.idplnne 

Rad ia l  Power 
Case E l  E2 /EI  E~~~ Peaking F a c t o r  ~ k x 1 0 - ~  Ak/Akref 

Refe rence  Core 

One B l a n k e t  Zone 

Blanke t  i n  
Rows 4&5 

Blanke t  i n  
Rows 6&7 

Blanke t  i n  
Rows 8&9 

Blanke t  i n  
Rows 10&11 

B l a n k e t  i n  
Rows 11&12 



TABLE V .  Components of  Sodium Void R e a c t i v i t y  

Sodlum Void R e a c t i v i t y  
(Aklkfkg x l o 6  a t  Midplane 

I n n e r  Core Outer Core 

Case  Leakage S p e c t r a l  T o t a l  Leakage S p e c t r a l  T o t a l  

Refe rence  -0.0003 16.94 16.94 -9 - 0 1  13 .48  4.47 



TAELE V I .  Enrichments,  Rad ia l  Power Peaking F a c t o r s ,  R e a c t i v i t y  Changes Due t o  
Voiding t h e  C o r e  of 1 cni Height  a t  t h e  Hldplane 

Case 
R a d i a l  Power 

E2/E1 E~~~ Peaking Fac to r  ~ k x 1 . 0 - ~  Ak/Akref 
- 

Two B l a n k e t  Zones 

2 B l a n k e t  i n  
Rows 1-3,  758 17.758 0.980 17 .5  1.197 190.64 0.51 

3  B l a n k e t  i n  
R o w s  1-3, 8&9 16.517 1.150 1 8 . 1  

4 Blanke t  i n  
Rows 556. l 0 5 l l  17.564 1.150, 19.8  



TABLE VII. Enrichments, Radial Power Peaking Factors ,  React iv i ty  Changes Due to  
VoLding t h e  Core of 1 cm Meight a t  the Midplane 

I n t e r n a l  
Blanket Power Sodium 
Location, - Peaking Void 

Configurat ion rows €1 € 2 1 ~ 1  E Factor  React ivi ty 

Reference - 13.0 1.300 14.6 1.203 1 - 0 0  



0.30"  ?!n 0.30 ' '  P:n 0.3:" Pin 0.10" 7%" 0 .35 "  ?1n 
. . Reference B ~ : C ~ ~ . ~ C : , C D Y I )  Centrd: 3?anLct E r r c r o ~ c x s u r  C e n t r a l  Core R ~ t ~ r o % e : e e i $  C t c i : ~ :  C , i n  5 :a?.* Cire-z:;lr;:,at :a 

S??it :.:56/i.:62 <-.!!: :,?L/l.:? ' L : I I O ? C $ Z C I I  C$T1TJ! C2.e 

SOEC EOEC EOEC-BOEC POEC W E C  EOEC-SOEC . BOEC EOEC EOEC-?OX 5CEC ECEC EZEC-ECE: 5~:: ECEC ECEC-?, 

C o r e  
219pu 3595.4 156L .1  -31.3 i 2 i h . 2  L093.5 -192.7 L603 .L  L j S 0 . L  -253 .0  4633.7 L 3 S i . 8  -2L8.9 &E iS .S  i 5 5 7 . 2  -278.1 
2''iU Cb6.8 353.; -93.L 607 .2  509.6 -53 .0  6 5 9 . 2  558.0 -101.2 661.5 559.9 - 1 0 3 . 6  6 9 6 . 6  556.7 -121.5 

?25, grr. 1'1.81 17.L 1 7 . 4  17.L 17 .5  



TABLE I X .  B r e t d i n g  rer formance of a 1200  FffJe Oxide Regular and P a r f a i t  
Design Eased on a 0.330 i n .  o.d. Fuel P i n  

( c o n t r o l  r o d s  a r e  excluded)  

Regular  C o n f i g u r a t i o n  Heterogeneous C e n t r a l  Core 

EOEC EOEC EOEC-BOEC BOEC EOEC EOEC-BOEC 

F i s s i l e  I n v e n t o r y ,  kg 

Core 
2 3 9 ~ u  4038 - 8  4073.6 34.8 5109.2 4932.0 -177.2 

- 
h v i a l  B l a n k e t  

239Pu 118.1 348.6 230.5 69.6 206.1 136.5 
2 ' 4 1 ~ ~  - 0.1 0 . 1  - - - 

R a d i a l  B lanke t  
2 3 9 ~ u  354.6 524.0 169.4 562.6 1085.1 522.5 
2 4 1 ~ u  - 0.1 0.1 0.2 0.6 0.4 

T o t a l  5058.5 5396.1 337.6 6469.4 6846.7 377.3 

RDT, y r s .  14.98 17.15 

CSDT, y r s .  17.32 . 20.37 



TmLE X. Average Core Fissile Enrichments, Doppler 
Coefficients and Compaction Reactivities 

Heterogeneous 
Homogeneous Core Internal Blankets 

Enrichraent, % 12.7 17.2 24.3 

dk 
Doppler Coef f., T- x 

dT 97.9 56.8 

Compaction Ak 0.0042 0.0058 



TABLE XI. Central Control Rod Reactivity Worth 
for Different Internal Bla~ket Thicknesses 

Internal Blanket Thic!cness 
No. of Rows 

Control Rod Worth 
Ak 



Thickness o f  Internal Blanket, cm. 

Fig. 1. Sodiurn Void Reactivity a s  a Function of Internal  Blanket 
Thickness (Equ?' Power Peaks f o r  Inner and Outer Corm Zones) 
Geometry 1 C  i 



4;1 
a .. F i g .  2. Power Distribution for Geometry 18 
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Effect of Blanket Position on Sodium Void 

-- 
5.0 50.0 75.0 100.0 125.0 150.0 1; 

Distance o f  Blanket from Core Center, cm. 

Fig.  3. Sodium Void R e a c t i v i t y  as a Func t i on  o f  r ; l ankc t  P o s i t i o r .  



Fig.  4 .  & b u t i o n  of Sodium Void R e a c t i v i t y  & i e r e n c e  ~ e o : ~ l ~ t r y  

OXIDE CORE REFERENCE GEOMETRY SODIUM VOID AT MID-PLANE 

. n t 
TO toi ~t&tivi,t j l  Worth 

9 4Q 
Q 

30  - 

CT 
Y 

2.0- 
N 

V' 

7 
2 
-4 

-..- 
Total . - - - - - - - - - -  Leakage 

. . ..-.- Spectral 

.. . 



F i y .  5. D i s t r i b u t i o n  o f  Sodium Void R e a c t i v i t y  f o r  Gco~i!etry i 8  

OXIDE CORE SPOILED GEOMETRY iB SODIUM VOID AT MID-PLANE 

Total Reactivity Worth 

Total 
Leakage 
Spectral 

. . 
I I - I I I -7-j--- I- 

.O 250 50.0 75.0 100.0 125.0 150.0 175.0 250.0 225.0 250.0. 

Radius, crn. 



F i g .  6. Sam Void Reactivity Distribution for a e t r ! !  2 

OXIDE CORE SPOILED GEOMETRY 2 SODUM VOID 

Total Reactivity Worth 

Total 
. - - - - - - - - - - Leakage 
.-- - Spectral 

Radius, cm. 



F i g .  7. Core Layout for a 1200 tWe Oxide LWFBR 

Q - Control Pos~ t ions  

Inncr Core 

. . - 
- 

- 
. - 

Radial Blanket 

1latli;rl Ilcflcctor- 


