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ZPPR STUDIES OF CONTROL ROD INTERACTIONS IN HETEROGENEOUS CORES 

Peter J .  Collins and Harold F. McFarlane 

Introduction 

Control rod in te rac t ions  i n  several heterogeneous configurations have been 

measured and compared w i t h  calculat ions  i n  recent ZPPR programs. In some cases 

these in te rac t ions  are  fac tors  of 2-3 higher than comparable rod in te rac t ions  

i n  equivalent homogeneous cores. Variations i n  rod in te rac t ions  have been 

observed i n  heterogeneous cores with d i f f e r en t  degrees of coupling between 

the core rings. 

a The significance of rod in te rac t ions  t o  designers i s  primarily in  estab- 

l i sh ing  rod bank worths and in possible l icensing implications. In the heter- 

ogeneous cores studied a t  ZPPR,  the  worth of the bank of outer ring control 

rods i s  considerably enhanced by a strong posi t ive  interact ion among the rods. 

The l icensing question has t o  do w i t h  removing a rod from t h a t  bank, as  i n  

the case of a rod run-out, stuck rod, o r  loading error .  Removal of a s ingle  

rod from a group of six rods r e su l t s  in  a very la rge  apparent worth for  the  

s ing le  rod removed. 

Configurations 

The configurations (designated ZPPR-7B, 7C, 76, and 8F) i n  which the rod 

in te rac t ions  were measured, as  well as others i n  the ZPPR-7 & 8 se r i e s ,  were 

1 b u i l t  i n  support of the heterogeneous core design for  the CRBR p ro jec t  . Sec- 

t ional views of the configurations are  shown i n  Figs. 1-3. ZPPR-70 & 7C were 

ear ly  designs which differed because plutonium buil d-up was simulated i n  the 

internal blankets of 7C. The 7G configuration had s ix  additional rod posi- 

t ions  i n  the outer r ing and three fewer i n  the inner r ing,  a s  well a s . a  s l i gh t ly  



modified internal  blanket ring. In ZPPR-8F the  l a s t  in ternal  blanket r ing was 

subs tan t ia l ly  modifiea t o  enhance the  worth of the rods on the  f l a t s  of the  

hexagon. 

A consis tent  rod numbering scneme.has been used t o  describe the  experiments, 

although the number and d i s t r ibu t ion  of rods dif fered among the four configura- 

t ions .  This numbering scheme i s  based on t h a t  f o r  the 19 rods in the homogeneous 

CRBR design. Among the  several CRBR designs, allowable rod posit ions (CRPs) 

remained inviola te ,  although the number of rods varied from 12-19. The s i x  

inner ring posit ions (2,3,.  ..7) a re  referred t o  a s  the row-4 (R4) rods, while 

the  12 outer  ring posi t ions  (8 ,9 ,  ... 19) a r e  the row-7 (R7) rods. Rods on the  

f l a t s  of the hexagon a re  designated by an F ,  while those on the corners a r e  

designated by C. Hence, the  s i x  outer r ing corner rods (8,10,12,14,16,18) a r e  

known a s  6R7C. 

Experimental Technique 

The modified source mu1 t ip1 ica t ion  technique, cal i brated by inverse 

k ine t ics  analysis  of a rod drop, was used f o r  a l l  measurements. The basic 

2 method was described i n  de ta i l  by Carpenter in  a paper a t  the  NEACRP 

s p e c i a l i s t s  meeting i n  1976. Improvements in  precision since t h a t  time have 

allowed rod interact ions  t o  be measured with confidence. 

Uncertainties in rod worth measurements fo r  t h i s  s e r i e s  a re  i n  the  range 

of 0.5 - 2.0% f o r  s t a t i s t i c s .  For symmetric pat terns ,  uncer ta int ies  i n  the 

source correction add another 0.1 - 0.3%. For very asymmetric configurations 

t h a t  a re  f a r  subc r i t i c a l ,  the  l a t t e r  uncertainty can be as much a s  2 - 3%. 

The ca l ib ra t ion  e r ro r  i s  about 0.8% and the change in B e f f  i s  l e s s  than 

0.7% fo r  a l l  configurations. Overall uncer ta int ies  fo r  rod in te rac t ions  a r e  

typical ly  2 - 4%. 
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Calcu l  a t i o n a l  Method 

Ca lcu la t i ons  were made by a  method commonly used f o r  c o n t r o l  r o d  a n a l y s i s  

3 2 a t  ZPPR and elsewhere . A f t e r  processing t h e  ENDFIB-IV data w i t h  t h e  MC -11 

and SDX codes t o  t r e a t  ZPPR c e l l  'heterogeneity,  a  28-group 1  i b r a r y  was obta ined 

c o n t a i n i n g  c ross  sec t i ons  app rop r ia te  t o  each r e a c t o r  region.  The f o l l o w i n g  

method was then used f o r  t h e  " reference" c a l c u l a t i o n s :  

. xy d i f f u s i o n  theory  

. 9 energy groups 

. 4 mesh p o i n t s  per  ZPPR m a t r i x  p o s i t i o n ,  e q u i v a l e n t  t o  16 mesh p o i n t s  

p e r  CRP ( o r  subassembly-sized reg ion )  

. zone and group-dependent pseudo-absorption c ross  sec t i ons  de r i ved  t o  

match t h e  a x i a l  leakage a t  t h e  c o r e l a x i a l  b l a n k e t  i n t e r f a c e  

. r o d  wor th  de f i ned  as - ~ k / ( k ~ k ~ B ) .  

Cont ro l  Rod I n t e r a c t i o n s  i n  ZPPR-70 and 7C 

The ZPPR-7B and 7C c o n f i g u r a t i o n s ,  conta ined s i x  row-4 and s i x  row-7 

c o n t r o l  r o d  pos i t i ons .  The r o d  measurements and c a l c u l a t i o n s  are  descr ibed i n  

d e t a i l  i n  Ref. 1  and on l y  a  s e l e c t i o n  o f  t h e  r e s u l t s  a re  i nc luded  here. 

Assembly 7C was i d e n t i c a l  t o  76 i n  t h e  zone l a y o u t  b u t  a  p a r t  o f  t h e  f u e l  was 

moved from f u e l  reg ions  i n t o  t h e  i n t e r n a l  b lanke ts  t o  s imu la te  c o n d i t i o n s  

l a t e r  i n  t h e  burnup cyc le.  The re fe rence  c o n f i g u r a t i o n s  f o r  bo th  assemblies 

conta ined on l y  CRPs. For  simp1 i c i t y  i n  t h e  subsequent ana lys is ,  t h e r e  was no 

s i m u l a t i o n  o f  p a r t l y  i n s e r t e d  c o n t r o l  rods. The change from 78 t o  7C produced 

very l a r g e  d i f fe rences i n  power d i s t r i b u t i o n s ,  c o n t r o l  r o d  worths and o the r  

physics parameters. 

Cont ro l  r o d  i n t e r a c t i o n s  i n  78 and 7C a r e  shown i n  Table I. ( I n t e r a c t i o n s  

a r e  de f ined as t h e  percentage d i f f e r e n c e  between the  wor th  o f  a  group o f  rods 

and the  sum o f  the  i n d i v i d u a l  worths.) The l a r g e s t  i n t e r a c t i o n  i s  55% f o r  t h e  
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6R7C rods which i s  reduced t o  30% i n  7C and may be compared w i t h  a  value o f  

about 20% f o r  a  s i m i l a r  r o d  group i n  a  homogeneous core. Table I a l s o  shows the  

d i f f e r e n c e s  i n  r o d  worths between 78 and 7C. The row-4 r o d  worths are  40 t o  60% 

h ighe r  i n  7C w h i l e  t h e  row-7 r o d  worths a r e  20% lower  i n  some cases. These 

changes were we1 1  p r e d i c t e d  by c a l c u l a t i o n .  

Cont ro l  Rod I n t e r a c t i o n s  i n  ZPPR-7G 

The ZPPR-7G l o a d i n g  w i t h  f i f t e e n  c o n t r o l  r o d  p o s i t i o n s  i s  shown i n  F ig .  2. 

The change from 7B t o  76 a l s o  i nvo l ved  the  a d d i t i o n  o f  b l a n k e t  subassemblies 

i n  row 6. The re ference 7G core  was made c r i t i c a l  by t h e  a d d i t i o n  o f  f u e l  

drawers a t  t h e  ou te r  edge r a t h e r  than by a  change i n  f u e l  enrichment. This,  

p l u s  t h e  a d d i t i o n  o f  b l a n k e t  assemblies, r e s u l t s  i n  r o d  worths and i n t e r a c -  

t i o n s  be ing  s i g n i f i c a n t l y  d i f f e r e n t  from those i n  78, b u t  t h e  abso lu te  changes 

were regarded as l e s s  impor tan t  than t h e  a b i l i t y  t o  check t h e  C/E b iases w i t h  a  

un i fo rm f u e l  drawer loading.  

The i n t e r a c t i o n  e f f e c t s  f o r  rods i n  the  ou te r  r i n g  and f o r  rods i n  t h e  

i n n e r  r i n g  a r e  g iven i n  Tables I 1  and 111. For  t h e  ou te r  r i n g ,  t h e  i n t e r a c -  

t i o n s  range from -20%. for  two ad jacent  rods t o  +65% f o r  t h e  bank o f  s i x  corner  

rods. Th is  l a t t e r  i n t e r a c t i o n  i s  h ighe r  than f o r  t h e  same case i n  ZPPR-7B, 

(+55%), because o f  the  changes i n  core  con f i gu ra t i on .  For  t h e  i n n e r  r i n g  

rods, t h e  i n t e r a c t i o n s  are  on ly  a  few percent.  A l l  these i n t e r a c t i o n  e f f e c t s  

a r e  we1 1  p r e d i c t e d  by c a l c u l a t i o n ,  r e f l e c t i n g  t h e  consis tency between C/Es f o r  

t h e  bas i c  measurements. 

An a l t e r n a t i v e  way o f  t r e a t i n g  i n t e r a c t i o n  e f f e c t s  i s  t o  d e r i v e  t h e  appar- 

e n t  worth o f  i n s e r t i n g  a  r o d  ( o r  r o d  group) when o the r  rods are  a l ready  i n s e r t e d  

i n  t h e  core. This  i s  necessary when cons ide r ing  rod  run-out  o r  s tuck-rod reac- 

t i v i t y  e f f e c t s .  Table I V  shows t h e  v a r i a t i o n  i n  the  apparent wor th  o f  i n s e r t -  

i n g  one row-7 corner  r o d  i n  several d i f f e r e n t  cases. The case o f  most i n t e r e s t  
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i s  t h a t  w i t h  5R7C rods inserted.  This case shows t h a t  a rod "run-out" from 

the bank of six primary rods, i n  the fu l l y  inser ted condit ion,  r e s u l t s  in  a 

r eac t i v i t y  increase of 7.48. T h i s  compares w i t h  the  s ing le  rod worth of 2.1$ 

o r  the  mean worth of 2.8$ f o r  each rod i n  the  bank. The calculat ions  s l i gh t ly  

overpredict  these in te rac t ions  i n  each case. 

Interact ions  between the  row-4 and row-7 rods a re  shown in Table V .  The 

worths of the  inner r ing rods, both singly and in groups, a r e  compared w i t h  no 

outer  r ing rods, with 6R7C rods, and w i t h  5R7C rods. W i t h  the s ix  outer  r ing 

rods inser ted,  the  inner ring worths a r e  increased by between 9 and 18%. With a 
one m i  ssing rod i n  the  outer r ing ,  the inner r ing rod worths a r e  strongly per- 

turbed: Rod 6,  neares t  the missing row-7 rod posit ion,  i s  increased in  worth 

by loo%, while rod 4, the  most separated from the missing posi t ion,  i s  decreased 

i n  worth by almost 50%. Ho\vever, the  t o t a l  worth of the  bank of 3 inner r ing 

rods i s  not s ign i f ican t ly  changed. 

Some other rod in te rac t ion  results a r e  given i n  Table VII. The f i r s t  case,  

showing the  change i n  worth of rods 16 and 17 -- two adjacent outer  r ing rods 

-- i s  important f o r  defining control requirements. This case simulates a 

"stuck" secondary rod adjacent t o  a primary rod which has "run-out". The 

apparent worth of the  pal r qf rods i s  increased from 2.8s fo r  the  pa i r  alone 

t o  12.68 i n  the  group. 

Worths of Control Rods and Simulated Loading Errors i n  ZPPR-BF 

In ZPPR-8F the  e f f e c t  of rearrangement of the  Row-8 internal  blanket region 

of the  CRBR heterogeneous design was studied. A primary motivation fo r  t h i s  

reshuff l ing of core and blanket assemblies was t o  increase the worths of the  

control rods in the  row-7 f l a t s .  A second s e r i e s  of measurements studied the 

mitigating e f f ec t s  of dummy assemblies on postulated reloading errors .  Because 

of strong f lux perturbations,  the  worth of removing a s ingle  rod from a row-7 



corner  p o s i t i o n  i s  very l a r g e  f o r  t h e  heterogeneous CRBR designs. I n  t h e  post-  

u l a t e d  re load ing  e r r o r ,  a  row-7 corner  rod  i s  rep laced w i t h  a f u e l  assembly, 

r e s u l t i n g  i n  t h e  maximum p o s i t i v e  wor th  f o r  a s i n g l e  r e l o a d i n g  step. By 

r e p l a c i n g  t h e  f u e l  assemblies a d j a c e n t  t o  the  c o n t r o l  rods w i t h  dummy assem- 

b l i e s ,  t h e  wor th  o f  t h e  f u e l / c o n t r o l  in terchange i s  reduced. 

To measure t h e  e f f e c t  o f  dummy assemblies on t h e  wor th  o f  the  pos tu la ted  

l o a d i n g  e r ro rs ,  one, three,  o r  a l l  s i x  o f  t h e  dummy assemblies shown i n  F ig .  3 

rep laced f u e l  assemblies ( s imu la ted  by f o u r  ZPPR f u e l  drawers p e r  h a l f ) .  I n  

t h i s  case, t h e  dummy assemblies had e x a c t l y  t h e  same composi t ion as t h e  CRPs. 

The r e s u l t s  o f  t h e  measurements are  g iven i n  Table V I I .  

The e f f e c t  o f  t h e  dummy assemblies on the  worth o f  a s imu la ted  l o a d i n g  

e r r o r  i s  shown i n  Table V I I I .  The impact  o f  t h e  dummy assemblies i s  subs tan t i a l ,  

w i t h  a reduc t i on  o f  almost 48 i n  exchange worth f o r  one dummy assembly immedi- 

a t e l y  ad jacent  t o  the  l o a d i n g  e r r o r  ( p o s i t i o n  16) .  On t h e  o the r  hand, t h e  

wor th  o f  a r e l o a d i n g  e r r o r  on t h e  oppos i te  s ide  o f  t h e  co re  ( p o s i t i o n  10)  i s  

increased by about 0.58 w i t h  t h e  dummy assembly ad jacent  t o  p o s i t i o n  16. Wi th 

s i x  dummy assemblies present  t h e  exchange wor th  i s  reduced by on l y  1.28 and 

w i t h  t h e  th ree  dummy assemblies the  exchange worth i n  p o s i t i o n  10 i s  increased 

by a l i t t l e  over 18. These e f f e c t s  can be q u a l i t a t i v e l y  exp la ined by t h e  l a r g e  

f l u x  r e d i s t r i b u t i o n s  i n  the  'heterogeneous core, as shown by t h e  c o n t r o l  r o d  

experiments i n  ZPPR-7G. 

Summary 

Contro l  r o d  i n t e r a c t i o n  e f f e c t s  were s tud ied  i n  several phases o f  t h e  ZPPR 

heterogeneous core  programs. Very s t rong  i n t e r a c t i o n s  were found f o r  the  

o u t e r  r i n g  rod  bank i n  t h e  most decoupled system.The r o d  worth i n t e r a c t i o n s  

decreased w i t h  d e p l e t i q n  of f u e l  i n  t h e  core zones and p lu ton ium bu i ld -up  i n  

the  b lankets  (7B+ 7C). Because o f  t h e  s t rong  i n t e r a c t i o n s ,  t h e  hypo the t i ca l  



rod run-out and stuck-rod s i t ua t ions  impose s t r ingent  requirements on the 

safety  shutdown system. These reac t iv i ty  changes were studied i n  assembly 76. 

Postulated reloading e r ro r s ,  i n  the  worst case of replacing one row-7 corner 

rod by a fuel subassembly, were studied i n  ZPPR-8F and data were obtained on 

the m i  t i  gat i  ng e f f e c t  of dummy assemblies during re1 oadi ng. 

The routine diffusion calculat ions  gave good predictions of a l l  the rod 

, in te rac t ions  giving v i ta l  confirmation of the design-1 eve1 methods f o r  opera- 

t ional  and safety  analysis  of the power reactor. 
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TABLE I. Control Rod Interactions in ZPPR-7B 
and 7C 

(1) Inner Ring (R4) 

Measured singly: 2 x CR-3 5.14 7.10 
4 x CR-5 9.24 13.64 
Sum 14.38 20.74 

Measured as a group: 6R4 14.01 22.12 

Interaction - 2.6 % + 6.2 % 
Calculated interaction ,- 2.8 % + 4.4 % 

(2) Outer Ring (R7C) 

Measured singly: 2 x CR-10 4.90 4.08 
4 x CR-14 6.66 6.88 
Sum 11.56 10.96 

Measured as a group: 6R7C 17.86 14.35 

Interaction +54.5 % +30.9 % 
Calculated interaction +58.3 % +30.4 % 



TABLE 11. ZPPR-7G Control  Rod I n t e r a c t i o n s  i n  t h e  Outer Ring (Row 7) 

Sum of s i n g l e  Worth of rods 
. rod  worths, $ measured toge ther ,  $ 

3.558 2 .858 

Measured 
I n t e r a c t i o n  

Z 
-19.7 

Calculated 
I n t e r a c t i o n ,  X 

-21.7 

Rod Croup 

2 acijnccnt rods 
Cl: ( I 5 , I i l )  

- 2  ndjnccnt cnrwr rods 
GR (3, lO) 

. 2 opposi te  corner  rods 
CR (10.16) 

5.392 

4.708 

7.261 

6.927 

io .  436 

3 adjacent  corner  rods . 
CR (8 ,10 ,12)  

3 corner rods 
CR (10.12.16) 

4 adjacent  corner  rods 
CR (8 ,10 ,12 ,14) .  

5 corner  rods 

6 corner rods 10.383 
CR ( e .10 ,  12;ih,16,18) 
(6R7C) 

6 rods on f l : ~ t s  8.812 
clt (9 , !1 ,13 .15,17,19)  
(6R7F) 

10 rods: two 16.040 
adjacent  CR (16,17) 

missing from rot? 7 

10 rods: two 15.644 
opposi tc  CR (9,161 

mlssiny, from row 7 

12 row 7 rods 19.195 



T O L E  111. Control Rod Interactions in the Inner Ring of ZPPR-7G 

Sum of sinilc Worth of rods Measured Calculated 
1 Rod Group rod worths, $ measured together, $, Interaction, % Interaction, % 

CR (4.6) 3.192 3.262 +2.2 +1.8 

cn (4,~) 3.637 3.645 w.2 +0.6 
with 6R7C 

cn (2,4,6) 5.305 5.422 +2.2 +2.3 
wltlr 6117C 

CR (4,G) 4.143 4.234 f2.2 
with 5R7C 

CR (2,4,6) 4.940 5.047 
with 5R7C 



TABLE I Y .  Variatioil  I n  Worth of C 3  16 With Di f fe ren t  
I n s e r t i o n  Pa t t e rns  i n  ZPPR-7G 

Apparent Worth of Change i n  
Other I n s e r t i n g  rod 16 worth of 

Rods i n s e t t e d  Heasured C a l c d z t e d  CR 16 

None 2.025 2.130 -- 
CR 17 1.325 1.326 - 35% 

CR 10  3.396 3.639 + 68% 

CR (10,12) 4.040 4.327 +loo% 
5R7C 6.648 7.359 +2 2 8Z 

5R7C t- CR 6 5.271 5.719 +160% 

5R7C + CR 4 7.519 8.282 +271% 

5R7C + CR (4,6) 6.059 6.550 +199Z 

5R7C+CR(2,4,6)  7.043 7.763 +248% 



TOLE V. V a r i z t i o n  i n  t h e  I n n e r  Ring Rod Wort'ns i n  ZPPR-7G 

No o u t e r  r i n g  - 
I n n e r  rods  i n s e r t e d  6R7C ~ n s e r t e d  5R7C I n s e r t e d  

r i n g  r o d s  Worth, $ Worth, $ Changz, X W o r t h ,  Change, % 



TABLE V I .  Var i a t ions  i n  Rod Group Worths i n  ZPPR-7G 

Other Rods Group ' Change i n  
Rod Group I n s e r t e d  Worth, $ Worth, % 

CR (16,171 none 2.858 -- 
10 o u t e r  r i n g  12.606 +34 1 

CR (2,4,6) none 4.957 -- 
12 o u t e r  r i n g  4.250 - 14 

, none ' 11.567 -- 
6R7C 11.742 i - 2  

CR 14  none 1.588 -- 
CR (8,10,12) 2.219 + 40 

CR (8,10,12) none 4.708 -- 
CR (14) 5.339 + 13 

CR 12 none 1.593 -- 
CR (10,16) 1.869 + 17 

CR 12 none 1.593 -- 
CR (8,lO) 1.487 - 7 

12R7 none 28.826 -- 
. CR (2,4,6) 28.119 - 2 



TmLE VII. Results of Control Rod and Simulated Loading Error Measurements in ZPPR-8F 

a Configuration 

CRS -  FA^ DA~' 

8,10,12,14,18 -- -- 
8,10,12.14,16,18 -- -- 
9,11,13,17,19 -- -- 
9,11,13,15,17,19 -- -- 

Statistical 
Uncertainty ,% 

0.75 
0.82 
1.01 
0.67 

Uncertainty Due i0 Source Correction ,% 

1.2 
0.1 
0.5 
0.1 

a 
See Fig. 3 for definition of these configurations. 

b F ~ :  Fuel assembly inserted in control rod position, CRP number indicated in column. 
C 
DA: Dummy assembly inserted in place of fuel assembly adjacent to the CRP noted in the column. 

See Fig. 3 for these positions. 
d 
Uncertainty due 'to source worth correction to measurement. Assumed to be 10% of the difference 
between the source worth ratio and 1.0, but never less than 0.1%. Not included is uncertainty 
in the reference reactivity (-0.8%) and the uncertainty due to changes in 6 (<0..7% for all 
cases). eff 



TABLE V I I I .  Worth of Replacing One Control Rod 
in the Outer Ring Corners with a 
Fuel Assembly 

Fuel/Rod 
Exchangea 
Position 

16 
1 6  
10 
16 
10 
16 

~ o s i t i o n s ~  of 
Dummy 

Assemblies 

Worth b 

of . 
Exchange, $ - C/E 

11.43 + 0.35 1.105 
7.53 + 0.16 1.124 

11.95 2 0 . 3 5  1.125 
8.50 + 0.19 1.111 

12.57 + 0.39 1.118 
10.24 2 0.31 1.074 

a 
See Fig. 3 for these positions. 

buncertainties due to statistics and source 
worth correction. 
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F i g .  1: ZPPR-7B and 7C 
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Fig. 2 Conf igu ra t i on  f o r  t he  ZPPR-PC FOR CONTROL ~ O D  
Con t ro l  Kod ?leasurenents 
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F i g .  3:  ZPPR-8F 


