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ERRATA 

Figure 12 - Page 26 

Circles denoting calculational points should be on the curve a t  20°c 

and 195 '~  instead of a t  40°c and 235O~. 



I. INTRODUCTION 

A plutonium experiment is to be performed in the Experimental Boiling 

Water Reactor (EBWR) at Argonne National Laboratory and is a joint program 

between Pacific Northwest Laboratory and Argonne National Laboratory, 

This program which is to demonstrate the utilization of plutonium in a 
(192) 

light-water moderated power reactor is entering Phase 2, the Startup 

Ecperiments. In this phase of the program, the central portion of the 

core will be loaded with plutonium fuel such that the core reactivity 

variation with bwnup will be caused mainly by burnup of the plutonium 

zone. Surrounding the plutonium zone are uranium fie1 elements which will 

be used as driver elements. Several rods will be included in the plutonium 

zone to obtain burnup information from special fuel compositions. 

A series of tests will be conducted during the initial loading of 

the EBWR in order to measure the reactivity worth of fuel rods, safety 

rods, voids, and boric acid in the moderatoro 

At various stages of burnup, the series of tests performed at 'the 

time of the startup experiments will be repeated, Also, at these stages 

a series of rods from the plutonium zone will be removed and returned to 

Battelle Northwest for reactivity measurements in the Plut~nium Recycle 

Critical Facility (PRCF) and subsequently analyzed for plutonium 

concentration, isotopic composition and to obtain other data which will 

describe the burnup characteristics. The results of calculations of the 

reactivity changes expected at startup and throughout the burnup of the 

core are presented in this report. Information obtained during the 



s ta r tup  experiments w i l l  be used t o  assess the accuracy of the  calculat ional  

methods and ident i fy  areas of uncertainty i n  the computations. 

mmy 

The maximum exposure a t  which the plutonium zone can be made c r i t i c a l  

a t  low power i s  expected t o  be about 5000 ~ d / t  with the moderator hot and 

6000 MWd/t with it cold. However, the plutonium zone i s  subc r i t i ca l  before 

reaching 5000 MWd/t a t  f u l l  power because of large negative reac t iv i ty  

e f fec t s  due t o  void and xenon concentrations. 

A r e su l t  from t h i s  study i s  t ha t  the plutonium f u e l  exhibi ts  l a rger  

variations of negative r eac t iv i ty  with increased moderator temperature and 

moderator void changes than does the uranium f u e l  which surrounds it. 

Another r e su l t  is tha t  the moderator temperature coeff ic ient  of 

reac t iv i ty  f o r  the plutonium zone alone becomes l e s s  negative with f u e l  

exposure, and f i n a l l y  goes posit ive near 5000 MWd/t. A t  an i r rad ia t ion  

which i s  greater  than 7000 w d / t  f o r  t h i s  fuel ,  the reac t iv i ty  change 

due t o  moderator and f u e l  heating i s  posi t ive .  However, the reac t iv i ty  

change due t o  moderator void i s  calculated t o  be negative throughout burnup 

with a magnitude large enough t o  compensate f o r  the posit ive temperature 

e f fec t .  Thus, the reac t iv i ty  e f fec t s  a t  f u l l  power operation a re  expected 

t o  be negative up t o  very high exposures (w 15,000 MWd/t). For a pressur- 

ized water reactor loaded l i k e  the EBWR the negative r eac t iv i ty  e f fec t s  

of a large void f rac t ion  present i n  the EBWW. would be lo s t ,  and a t  

exposures greater  than 7000 MWd/t the reac t iv i ty  response t o  temperature 

increases would be posit ive f o r  the pressurized system. 



113:. CORE CONFIGUnATlON AND PROGRAM OUTLINE 

!The EBWR core i s  divided e s s e n t i a l l y  i n t o  t h r e e  zones. The c e n t r a l  

por t ion  of the  core is  the plutonium zone containing 1296 rods (36 

elements of 36 rods each), surrounded by zones of enriched and na tu ra l  

UO elements, 5% core loading and the p a t t e r n  of s p e c i a l  rods within 
2 

the  p l u t o n i m  zone a r e  shobm i n  Figure 1. There a r e  two f u e l  elements 

shown containing s p e c i a l  plutonium rods. However, the  corresponding 

elements i n  t h e  r i g h t  hand quadrants of the c e n t r a l  four  quadrants 

sho~m containing Pu02-U02 probably w i l l  contain s p e c i a l  plutonium rods 

a l so .  m e  general  ou t l ine  of the  experimental program(3) is shown i n  

Figure 2. 

A s e r i e s  of s t a r t u p  experiments w i l l  be conducted during the  i n i t i a l  

loading, both a t  low power and f u l l  power operat ion.  These t e s t s  w i l l  

5.nclude determining the  c r i t i c a l  masses of the  uni r radia ted  plutonium 

fuel ,  the  measurement of boron and con t ro l  rod vorths,  k i n e t i c  s tud ies  

and f o i l  i r r a d i a t i o n s .  

A t  t he  completion of the  s t a r t u p  t e s t s  the  f u e l  w i l l  be i r r a d i a t e d  

t o  an appr2ximate 2000 t o  3000 I I W ~ / %  exposure. A t  t h i s  s tage  of burnup, 

the ~ e r i e s  of c r i t i c a l  t e s t s  performed a t  s t a r t u p  w i l l  be repeated. 

Yi i r teen rods, f i.ve of t~h ich  a r e  s p e c i a l  rods, (see Figure 1 )  w i l l  be 

removed from one of the  plwtonl~m-zone quadrants f o r  pos t  i r r a d i a t i o n  

analys is .  Using the  r e s u l t s  of a l l  the  experiments, a b e t t e r  est imate 

of the  r e a c t i v i t y  l i f e t i m e  of the  plutonium zone can be derived. With 

t h i s  new est imate of r eac , t iv i ty  l i f e t i m e  f o r  the  plutonium zone, the  

frequency a t  ~ ~ h i c h  the c r i t i c a l  experiments v i l l  be repeated can b e t t e r  

be determined. 
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React iv i ty  

The methods u t i l i z e d  i n  the  ca lcu la t ion  of e f f e c t i v e  mul t ip l ica t ions ,  

k e f f ~  a r e  the  same a s  t h a t  employed i n  the  ana lys i s  of the  approach-to- 

c r i t i c a l  experiments (4'5) which were conducted using the EBWR f u e l .  The 

f a c t  t h a t  the  ca lcula t ions  and the  experiments agree t o  wi th in  0.5% i n  k 
e f f  

lends confidence i n  applying these  ca lcu la t iona l  methods t o  the EBWR 

experiment. These methods cons i s t  of using the  codes HRG,(6) THERMOS, ( 7 )  

and TIDTPEST(~) t o  obta in  homogenized cross sec t ions  f o r  use by 8 one- 

dimensional d i f fus ion theory code, HFN!9) A l l  ca lcula t ions  which were 

made f o r  the EBWJR core assume a f o u r  region c y l i n d r i c a l  model, a s  described 

i n  Table I. As seen i n  Figure 1, the  E!WR i s  loaded i n  square geometry; 

however, the ca lcula t ions  were made using c y l i n d r i c a l  geometry. No 

quan t i t a t ive  assessment of the  e f f e c t s  on r e a c t i v i t y  of t h i s  square 

versus c y l i n d r i c a l  arrangement has been made; however, the  values of 

keff a r e  expected t o  be cons i s t en t ly  higher f o r  the  c y l i n d r i c a l  geometry 

case. I n  ca lcula t ing the  r e a c t i v i t y  va r ia t ions  a s  a function of 

temperature and voids a few values of the  independent var iable  were 

chosen. The moderator temperatures se lec ted  a r e  room temperature (20°c), 

and expected i n l e t  (195'~) and o u t l e t  temperatures (255'~). The f u e l  

temperatures invest igated were room temperature and t h a t  expected a t  

f u l l  power operation (472'~). Idoderator void concentrations of no 

voids ( p  H20 = 0.791 gms/cc), 15% and 30% voids were considered i n  an  

e f f o r t  t o  bracket  the  expected range of moderator void content.  



REOIONAZ, TQTmIAL AND GEO?IIETRICAL DESCRIPTIONS 

Region 
Equivalent 

Outer Radius (cm) 

I-) PuO -U02 Zone 1 . 5  w/o PuO i n  U02 - Uranium 
2 

36 5425 
containing 6.22% U-235 
36 Elements (1296 rods)  

2) h r i c h e d  U02 6.0 v/o u~~~ i n  UO with 0.158 w/o 
Zone Eu 0 and 0.0288 w7o Sm 0 

2 3 2 3 

3 )  Natural UO:, 0.7% 3'' i n  uo2 
Zone 

4) H20 Ref lec tor  H20 

The r e a c t i v i t y  var ia  Lions with burnup were ca lcula ted  u t i l i z i n g  

concentmti.ons of I'uel. and psucdo f ' iss ion products obtained from the  

burnu13 calcula t ionc .  The e f f e c t s  of xenon and samaritan on r e a c t i v i t y  

Irere omitted i n  the ca lcula t ions  because of' t h e i r  s trong dependence on the  

a c t u a l  r eac to r  operation. C e l l  averaged cross sec t ions  were ca lcula ted  

using programs HRC, THERMOS, and' TEMPEST f o r  the  materials  with concen- 

t r a t i o n s  corresponding t o  average exposures o f ,  3030, 5970 and 3840 MWd/P 

f o r  t h e  temperature and void conditions a l ready described. These c e l l  

averaged constants  vere then used i n  one-dimensional ca lcula t ions  

~s i - th  d i f fus ion  theoy/ a ss~mpt ions  using program HPN t o  determine these 

r e a c t i v i t y  va r ia t ions .  The conditions assumed f o r  the ca lcula t ions  

a r e  summarized i n  Table 11. 

* All  exposures quoted a re  based on a ton (t) equal t o  2000 l b s .  



GALCULATI 0Ni4Z TEbPEB4T-BE" VG ID AND EXPOSUBE POIIWS 

Effec t  

P~Ioderator Heat ing 

Points  -- 
20°, 1 9 5 O ,  and 255' C 

Fuel Beating 20' and 472 '~  

Moderator Voiding 0, 15, and 30% 

Surnup 

P l u t o r ~ i m  Zone Only 3030, 5970, and 8840 blWd/t. 

Changes i n  f u e l  concentrat ions v l t h  i r r a d i a t i o n  were obtained 

from ca lcu la t ions  serformed ~ ~ l t h  a one-dimensional model i n  c y l i n d r i c a l  

geometxy using the  program WLLJIHAEA, 
(10 1 

The r e a c t o r  i s  divided i n t o  

21ve regions comprising a c e n t r a l  c e l l  cons i s t ing  of f u e l ,  c ladding and 

moderator of radius 0,8150 cm surrounded by the  f0u.r regions ! i s t e d  i n  

Tabl-e 1. For the  calculat,:ions anly the  c e n t r a l  c e l l  and the  PuO -UO 
2 2 

Tone :rere considered a s  being bv,mabLe, The burnup behavior f o r  al-l 

spec: ; a1  rods vas de-~,,enr~:.ned bv conotdering each rod a s  being i n  t,he 

c z ~ t r a l  c e l l ,  A cansrant po;:er of 40 rnega-tratts i s  asstuned f o r  r eac to r  

aperat-ion and r.ili;sLor, p r o d ~ ~ c t s  exclufling xenon and samarium a r e  

a c c o u ~ t e d  f o r  by three  psuedo groups of f i s s i o n  products.  The values 

f;r tile thermal cross sec t ions  a£ ~u~~~ and suggested by Leonard 
(I]-) 

\sere u t i l i z e d .  This choice seems reasonable s ince  data  obtained from 

other  experiments 3'rL llhich plutonium 'i:as i r r a d i a t e d  have been compared 
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t o  ca lcula t ions  
(12,13,14) 

and the  r e su l t s  agree favorably when the 

Fu239 cross sections suggested by Leonard (""*) a r e  u t i l i z e d  i n  

ca lcula t ions  with the Althaea Model. The thermal f l u x  depression 

fac to rs  and e f fec t ive  resonance in tegra l s  used i n  the burnup calcula  

t ions  (ALTKAEA) were obtained from c e l l  ca lcula t ions  u t i l i z i n g  

t ranspor t  theory (program ZIHERMOS) and sloving down theory (program 

HRG) respectively.  

The burnup calcula t ions  i n  t h i s  repor t  were performed t o  a id  

i n  scoping the experiment. Detailed calcula t ions  of the  burnup 

behavior f o r  the  ac tua l  core a r e  underway t o  a i d  i n  defining the 

experiment . 
PLUTONIUM ZONE REACTIVITY 

Cold Moderator and Fuel 

m e  i n i t i a l  experiment wi.11 be the  determination of the c r i t i c a l  

loading f o r  the room temperature, unir radia ted zone of F u O  -go2. 
2 

The nwiiber of rods required f o r  the cen t r a l  loading is  calculat,ed 

t o  be - 15.08 elements of 543 rods. Values of the  calculated 

mul t ip l ica t ion as  a function of the number of elements loaded i n  

the core a r e  shown i n  Figure 3,  Following t h i s  i n i t i a l  experiment, 

a l l  subsequent experiments f o r  t h i s  zone  rill be made with a 36 

element loading. 





The k e x c e ~ ~  f o r  36 elements i s  calculated t o  be 115 mk. Boron mixed i n  

the moderator w i l l  be u t i l i zed  i n  controll ing t h i s  excess react ivi ty .  The 

calculated change i n  multiplication as  a function of boron concentration 

i n  the moderator i s  shown i n  Figure 4. The amount of boron required t o  

maintain a jus t  c r i t i c a l  36 element configuration (k = 1.0) i s  
e f f  * 

calculated t o  be 418 ppm. The curve i s  approximately l i n e a r  and the 

Ak reac t iv i ty  coeff ic ient  f o r  boron changes i s  - 2.5 x lom4 ( .i; / ppm 

boron)at keff = 1.0. 

Moderator and Fuel Heating 

The e f fec t s  of changes i n  moderator temperature on the r eac t iv i ty  of 

the plutonium zone are  shown i n  Figure 5. The temperature Of the 

f u e l  was assumed t o  be const&~t a-t 2 0 ' ~  fox these 

calculations.  The moderator temperature reac t iv i ty  coefficients are  

l i s t e d  i n  Figure 5 and swmnarized i n  Table 111. The coefficients a t  

20°c, 195 '~ ( i n l e t  temperature) and 255'~ (ou t le t  temperature ) are  values 

of the slopes of the curve a t  these temperatures. The value f o r  the 

average coeff ic ient  i s  the slope of a s t r a igh t  l i n e  connecting the end 

points of 26'~ and 255'~. 

The ef fec t s  of f u e l  heating on r eac t iv i ty  a re  a l so  shown i n  Figure 5 

and summarized i n  Table I11 f o r  a constant moderator temperature of 255'~. 

The reac t iv i ty  var ia t ion is  assumed t o  be l i n e a r  with fue l  temperature 

and the value of the Doppler coeff ic ient  f o r  a f u e l  temperature change 

-5 Ak 
from 2 0 ' ~  t o  472'~ i s  -2.6 x 10 i; / OC. The Doppler broadening of the  

plutonium 240 resonances contributes approximately 27$ t o  t h i s  Doppler 

coeff ic ient .  

-% Defhned here as atoms of natural  boron/million molecules of H 0. 
2 





Modera to r  

- 

- 

T e m p e r a t u r e  Coeff icients  - 
T e m p e r a t u r e  ( O C )  

2 o -1.4 x 10-5 

- 195 -1.2 x l o - 4  

255 -4.1 x 10'4 

Ave rage  (20-255) - 9.9 l o - s  

- 
Doppler  Coeff icient  = -2.6 x 10'5/OC 

- 

Ak due to 
Doppler  Broadening  

- 20 OC t o  472 OC 

I I , 
Modera to r  T e m p e r a t u r e  (OC) 

FIGURE 5 

Reactivity Variation with Moderator Temperature for  the 36 Element 
Pu Zone 



Moderator Voids 

The r eac t iv i ty  changes because of void production i n  the coolant o r  

moderator (the coolant a l so  serves as moderator) of the EBWR have been 

calculated. Two assumptions used i n  the calculations a re  t h a t  the voids 

a re  represented by a density change i n  H20 and t h a t  the  void concentration 

i s  spa t i a l l y  independent. The reac t iv i ty  changes a re  shown i n  Figure 6 

and represent the e f f ec t  of an average.void since the ac tua l  d i s t r ibu t ion  

of voids varies both rad ia l ly  and axial ly .  The void coefficients of 

r eac t iv i ty  l i s t e d  i n  Figure 6 and summarized i n  Table I11 are  slopes of the 

curve a t  the void f ract ions  quoted and the average value i s  the slope of 

the l i n e  drawn between the end points of 0 and 30% void, 

Boron Requirements 

Values of the multiplication of the 36 element plutonium zone with 

various amounts of boronham been calculated f o r  the moderator heated t o  

255'~ (no voids) and compared t o  the values calculated f o r  the case when 

the moderator i s  2 0 ' ~  i n  Figure 7. The amount of boron required t o  control  

a kexcess of 115 mk i s  calculated t o  be 410 ppm with cold moderator (2o0c). 

With the moderator heated t o  255Oc, the amount of boron required t o  control  

80 mk excess reac t iv i ty  i s  450 ppm. The concentration of 410 ppm boron 

i n  H20 a t  a temperature of 2 0 ' ~  i s  l a rge r  than the concentration of 450 ppm 

0 i n  H20 a t  a temperature of 255 C because of the s ign i f ican t  change i n  

0 
water density between 2 0 ' ~  and 255 C. The boron concentration i n  grams 

of boric acid (H BO ) per gallon of water is  independent of water density 3 3 
andthese units can be used t o  compare the re la t ive  concentrations of boron 

tha t  are  required, The cold k eacess of 115 mk requires -- 12 @/gal 

whereas the hot kexceSS of 80 mk requires - l b .  4 @/gal. Therefore the 

calculated reac t iv i ty  coeff ic ients  af boron a re  9.6 mk/gm/gal a t  2 0 ' ~  



Tmod = 255 OC 

Tfuel = 472 "C 

- 

- 

- 

Void Coefficients 

- Void Fraction AklPercent Void 

0.0 -2.18 x l o e 3  

0.15 -2.35 x 10-3 

- 
0.30 -3.77 1 0 ' ~  

Average (0-30%) -2.92 x 1 0 ' ~  

- 

- 

1 

Void Fraction 
FIGURE 6 

Reactivity Variation with Coolant Void for  the 36 Element Pu Zone 
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and 7.7 r~&/gm/~al a t  255'~. The difference i n  these coeff ic ients  r e f l ec t s  

the "spectral  hardening" which occurs i n  going from cold t o  hot moderator. 

This hardening r e su l t s  i n  about a 2 ~ $  change i n  Tf 
thermal* 

'VT FULL COm REACTIVITY 

Cold Moderator and Fuel 

Jk 
The effect ive multiplication, f o r  the core f u l l y  loaded with the 

PuO -UO zone, the enriched UO zone, the natural  UO zone and the H,O 
2 2 2 2 

re f lec tor  i s  calculated t o  be 1.159. Comparing t h i s  value t o  the  multipli-  

cation of 1.115 f o r  the plutonium zone alone shows a 4$ increase i n  

reac t iv i ty  due t o  the r e s t  of the reactor.  

Hot l~loderator and Fuel 

The e f fec t s  of moderator heating on the r eac t iv i ty  of the core has 

been calculated and a re  compared t o  those of the plutonium zone i n  Figure 8. 

The moderator coefficients of r eac t iv i ty  a r e  s l i g h t l y  smaller f o r  the core 

-5 0 than f o r  the plutonium zone (e . g . , 9.6 x 10 / C average f o r  the core 

compared t o  9.9 x ~ o - ~ / o c  f o r  the plutonium zone). The calculated change 

i n  reac t iv i ty  upon f u e l  heating alone, a t  a constant moderator temperature 

0 of 255 C, i s  the same f o r  the core and the plutonium zone. Hence, the 

ident ical  Doppler coefficients of r eac t iv i ty  are  s h m  i n  Figure' 8 f o r  

the two curves. 

Mode r a t  or  Voids 

The change i n  reac t iv i ty  upon moderator voiding of the core has been 

calculated and i s  compared i n  Figure 9. For a void change of 0 t o  30% voids 

the core has an average void coeff ic ient  of -2.58 x lom3/$ void compared 

t o  -2,92 x 10-3/$ void f o r  the plutonium zone. 

Wxereafter denoted as core. 



L, 
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C 

Moderator - Temperature Coefficients 
for Core - 

Temperature (OC) - 
2 0 - 1 . 4  x 

- 
255 - 3 .1  x lo'* 

- A k Doppler 
Avg (20-255 OC) - 9 . 6  x 1 0 ' ~  

- 
Doppler Coeff= - 2 . 6  x l o - 5  /OC Core and Pu Zone 1 

- 
w -  

V 

- 
- 
- 
- 
- 

A k Doppler - 
I I I I 1 I 1 I 1 I 1 I 

Moderator Temperature (OC) 

FIGURE 8 

Reactivity Variation with Moderator  Tempera ture  



1.14 I 

- 

Core Void Coefficients 
- 

Void Fraction AklPercent Void 

1.10 - o -1.63 x lo-3 

- 3 0 -3.30 x 10'~ 

Avg. (0-3070) -2.58 x 10'~ 

1.06 - 

- 

1.04 
- 

- 

1.02 - 
- 

Tmod = 255 OC 

1-00 - 
Tfuel = 472 OC 

- 

I I 
0.98 

I I 1 I I I I I I I I I I I I I I I I 

0 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36 0.40 

Void Fraction 
FIGURE 9 

Reactivity Variation with Coolant Void 



Boron Requirements 

The amount of boron required t o  control  the  core excess r eac t i v i t y  of 

159 mk is  calculated t o  be 615 ppm f o r  cold moderator and 760 ppm f o r  hot 

moderator. The var ia t ion of r eac t i v i t y  with boron content i s  compared 

i n  Figure 10 f o r  the  core and plutonium zone. The r eac t i v i t y  coeff ic ients  

of boron concentrations a t  keff =1.0 f o r  each case i s  a l s o  l i s t e d  i n  

Figure 13. For a constant moderator temperature the  boron has a l a rge r  

e f f ec t  i n  the  plutonium zone than i n  the  core. 

General Trends 

The various coeff ic ients  of r eac t i v i t y  a r e  swmnarized i n  Table 111 

f o r  the plutoni~un zone and the core. I n  a l l  cases the  r eac t i v i t y  

coeff ic ients  f o r  the  plutonium zone a r e  equal t o  o r  l a r g e r  than those f o r  

the  core. Hence it i s  expected t h a t  t he  uranium zones w i l l  have coef- 

f i c i e n t s  of r eac t i v i t y  which a r e  l e s s  negative than t h a t  of the plutonium 

zone. Thus, i f  the core consisted of only uranium fue l ,  the  temperature 

and void coeff ic ients  of r e a c t i v i t y  would be smaller than i f  the  core 

contained only mixed oxide fue l .  
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Temperature 

TABLE I11 

C A L C W E D  REACTIVITY COETFICIENTS 

Moderator Reactivity Coefficient - ~k~~~ /'C 

255OC 
Avg. (20'~ - 255'~) 

Plutonium Zone 

0 C Doppler Reactivity Coefficient - nkeff/- 
Temperature Plutonium Zone 

Avg . (20'~ - 472'~) -2.6 lo-5 

Void Reactivity Coefficient - Ilkeff/$ Void 

'$ Void Plut onium Zone 

Core - 
-1.4 16-5 
-3.1 x 10-4 
-9.6 x 10-5 

Core - 
-2,6 x 10-5 

Core - 

Boric Acid Worth at Critical - ~k,~~/grn/gal 

Plutonium Zone 
Core 

Core (20'~ Mod & Fuel) ~ot(255~~ Mod, 472'~ Fuel, 
No void) 
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VII. REACTIVITY BEEAVIOR WITH IRRADIATION 

The var ia t ion of reac t iv i ty  with burnup which was calculated f o r  

the plutonium zone i s  shown i n  Figure 11. The maximum exposure a t  which 

the plutonium zone would s t i l l  be c r i t i c a l  (keff = 1.0) i s  approximately 

6000 MWd/t f o r  moderator and fue l  a t  room temperature and 5000 M"d/t 

f o r  moderator a t  225'~ (no voids) and 472'~ fue l .  There are  negative 

reac t iv i ty  e f fec t s  due t o  moderator void and xenon + samarium production 

during power operation. Thus, the plutonium zone would be subcr i t i ca l  

a t  f u l l  power with an exposure of 5000 ~ ~ d / t .  The exact exposure a t  

which the plutonium zone becomes subcr i t i ca l  during f u l l  power operation 

depends on the void content and saturat ion quant i t ies  of xenon and 

samarim. However, these resu l t s  show t h a t  the uranium f u e l  i n  the 

zones surrounding the plutonium zone must - supply reac t iv i ty  t o  carry the 

i r rad ia t ion  of the plutonium f u e l  t o  exposures up t o  and i n  excess of 

5000 MWd/t. An average reac t iv i ty  loss  of 0.01917 mk/MWd/t i s  derived 

f o r  the plutonium zone, cold. Assuming t h a t  the core w i l l  lose  reac t iv i ty  

with exposure a t  the same ra te  as the plutonium zone, an estimate of the 

core r eac t iv i ty  l i fe t ime can be made. The kexcess f o r  the core i s  159 mk 

and u t i l i z i n g  the above reac t iv i ty  loss  with exposure value, the core 

would be expected t o  be subc r i t i ca l  a t  approximately 8800 ~ ~ d / t  i n  the 

cold condition. Since the burnup character is t ics  of the core a re  

expected t o  be d i f fe ren t  than tha t  of the plutonium zone t h i s  number i s  

only an approximation. The reac t iv i ty  character is t ics  of the core as 

a function of exposure are being calculated and w i l l  be the subject  of 

another report .  





The r eac t i v i t y  difference be-been cold and hot conditions f o r  the  

plu%cnium zone decreases with exposure as  shotm i n  Figure 11. This 

difference i s  - 35 i n i t i a l l y  and decreases t o  -- 10  m k  a t  6000 ~ ~ d / t .  

Taus it appears the  moderator temperature coef f ic ien t s  become l e s s  

negative with exposure. Calcvlations were niade t o  determine the var ia t ion  

of the  tempera-ture and void coeff ic ients  of r eac t i v i t y  with exposure. 

k?gderator and h e 1  Heating 

Tie e f f ec t s  of moderator and f g e l  heating on r eac t i v i t y  a s  a function 

of exposure ere  shorn i n  Figure 12. I n i t i a l l y ,  the  moderator temperature 

coef f ic ien t  of r eac t i v i t y  ( the  slope of the  curve i n  Figure 12) is 

:legztive tl?roughout the  range of moderator temperatures. A t  3000 hTWd/t , 
0 

$lie coef f ic ien t  i s  posi t ive  rip t o  -- 1110 C where it becomes zero and then 

rLegzJ;i-ve f o r  higher temperatures. An explanation f o r  t he  posi t ive  

moderator temperature coef f ic ien t  i s  t h a t  the  EBWR l a t t i c e  becomes over- 

moderaJced vhen the  coef f ic ien t  becomes posi t ive .  This could r e s u l t  when 

sx*f!-c?-ent plutonium has been destroyed t o  make the  atorn r a t i o  of 

5~6rogen  t o  p lu ton i~m l a rge r  than optiniun f o r  a given temperature. The 

-sal.se of the  moderator ternpcrat~xre a t  ~ rh ich  the  moderator coef f ic ien t  0% 

r e a c t l ~ r i t y  changes from posi t ive  t o  negative ( i .e . ,  the slope of the  

curve of r eac t i v i t y  versus temperature i s  zero) changes from -140'~ a t  

3600 MWd/t, t o  1 7 0 ' ~  a t  6000 MWd/t, and t o  2 0 0 ~ ~  a t  9000 M..d/t. " 

;Il?ls i s  approximately a 3 0 ' ~  change per  3000 14Wd/t of exposure. Using 

t h i s  value of a 30°C Lncrease per  3000 1+1~d/t t o  extrapolate  t o  higher 

exposl=es, it appears t h a t  tlie moderator r eac t i v i t y  coeff ic ie i i t  would 

0 0 
be posl t ive  throughout the  range of moderator temperatures (20 C t o  255 C) 

a-:$ e::pos~~res of 15,000 UWd/t or  greater .  Also shown i n  Figure 12, i s  the 
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0 
reac t iv i ty  change which occurs because of f u e l  heating from 20 C t o  472'6 

a t  n constant moderator temperature of 255'~. The r eac t iv i ty  change due 

t o  f u e l  heating increases s l i gh t ly  with f u e l  burnup. The r eac t iv i ty  loss  

due t o  Doppler broadening i s  large enough t o  compensate f o r  any posit ive 

e f fec t s  due t o  moderator heating a t  exposures of 3000 and 6000 14Wd/t. 

A t  9000 MWd/t, the net  reac t iv i ty  e f f ec t  due t o  moderator and f u e l  heating 

i s  almost zero. Thus, f o r  exposures greater  than 9000 hIWd/t, a  posit ive 

reac t iv i ty  e f f ec t  upon moderator and f u e l  heating i s  expected. 

Voids - 
The e f f ec t  of voids on r eac t iv i ty  are  shown i n  Figure 13 as  a  functica? 

of void f rac t ion  and a t  various stages of burnup, A l e s s  negative trend 

i s  noted i n  the void coeff ic ient  as  the burnup proceeds. The difference 

i n  reac t iv i ty  between 0 and 30$ void i s  -- 85 mk i n i t i a l l y  and decreases 

t o  -- 70 mk a t  9OOO MWd/t. 

Variation of Coefficients 

!!!he average coeff ic ient  of reac t iv i ty  f o r  moderator temperature changes , 
void f ract ion,  and Doppler e f fec t s  a re  compared i n  Figure 14 as a  function 

of exposure. The average moderator temperature coeff ic ient  i s  expected t o  

go posit ive a t  about 5300 b4Wd/t, The negative Doppler coeff ic ient  i s  

calculated t o  be equal t o  the posit ive moderator temperature coeff ic ient  

a t  -- 7600 MWdlt. The average void coeff ic ient  has a  s l i g h t  posit ive trend 

which when extrapolated t o  higher exposures ( - 15,000 bfWd/t) i s  expected 

t o  s tay  negative. Thus though the reac t iv i ty  could increase upon 

moderator + fue l  heating a t  high exposures the net  r eac t iv i ty  e f fec t s  f o r  

f u l l  Power operation (temperature, void, xenon and samarium) would be 

negative. Calculations of the reac t iv i ty  invested i n  saturat ion xenon 



Void Fraction 

FIGURE 13  

Reactivity Variation with Coolant Void for  the 36 Element Pu Zone 
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and samarium f i s s ion  products have not been made but i s  estimated t o  be 

about 30 mk. (2) The Pu2" Doppler coeff ic ient  is a l s o  sham i n  Figure 14. 

To i l l u s t r a t e  the contribution of ~u~~~ t o  the t o t a l  Doppler coefficient,  

the percent contribution versus exposure i s  shown i n  Figure 15 .  This 

contribution increases from -- 27% i n i t i a l l y  t o  -- 38% a t  9OOO MWd/t, and 

i s  nearly constant a t  40$ a t  an exposure of about 12,000 NMd/t. 

Conclus ions 

The r e su l t s  of calculations show t h a t  the reac t iv i ty  variations with 

temperature changes and void changes are  la rges t  f o r  i n i t i a l  conditions 

( i .  e . ,  s ta r tup)  of the Pu02-U02 loading proposed f o r  the EBWR and tend t o  

become l e s s  negative as f u e l  burnup proceeds. These trends point out 

interest ing aspects of a reactor  design. It appears t h a t  care must be 

taken i n  select ion of a moderator t o  f u e l  r a t i o  f o r  the loading. Select- 

ing a r a t i o  too near the optimum one could r e s u l t  i n  operational 

d i f f i c u l t i e s  l a t e r  because of possible posi t ive  temperature coeff ic ients  

a t  higher exposures. It seem feas ib le  t o  s e l ec t  a moderator t o  f u e l  

r a t i o  f a r  enough from the optimum one t o  ensure undermoderation up t o  

15,000 ~ ~ d / t .  This problem could be more acute i n  a pressurized water 

power reactor where no large negative void coeff ic ient  is present as  

there i s  i n  a boil ing ~ ~ a t e r  power reactor.  This problem i s  not unique 

t o  a plutonium fueled system because the resu l t s  of Section VS: show 

t h a t  the plutonium f u e l  i s  expected t o  have la rger  negative reac t iv i ty  

coeff ic ients  than the uranium fue l .  The data obtained from the s ta r tup  

t e s t s  l~hen compared t o  the resu l t s  of these calculations w i l l  be 

s ign i f ican t  f o r  ascertaining the va l id i ty  of the calculated reac t iv i ty  

trends with increased f u e l  exposure. 
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V I I I .  SPECIAL RODS 

Additional useful physics data from t h i s  EBWR experiment w i l l  be 

obtained from a se r ies  of special  rods which a re  placed i n  the core as 

shown i n  Figure 1. There a re  f i ve  d i f fe ren t  types of rods. There are 

rods made of natural  U02, 3.35 w/o FWU, of which - 8 o r  -- 26 atom percent 

of the plutonium i s  Pu240, and 1.5 w/o Pu02 i n  U02 of which - 20 o r  --. 26 

atom percent of the plutonium i s  Pu240 and - 0.22 atom percent of the 

uranium i s  $35. I n  addition, data w i l l  be available from the rods of 

the base load which a re  1.5 w/o PuO i n  U02. 
2 

UO Rods 

Four rods containing natural  uranium dioxide a r e  t o  be included i n  

the plutonium zone i n  order t o  compare uranium and plutonium burnup 

character is t ics .  A t  appropriate i r rad ia t ion  in te rva ls  (w 2006 t o  

3000 ~ ~ d / t )  one of these rods sha l l  be removed with a base load 

240 
(referr ing t o  a 1 .5  w/o P U O ~  i n  uo2 containing 8 percent PU ) 

plutonium rod. The simultaneous i r rad ia t ion  of uranium and plutonium 

fue l  i n  essen t ia l ly  the same neutron spec t ra l  environment should lead t o  

a val id  comparison of the burnup behavior of these fue ls  i n  a reactor 

moderated with l i g h t  water. Since natural  U02 rods have been i r radiated 

and Pu02-U02 rods are  being i r radiated i n  the Plutonium Recycle Test 

Reactor (PRTR) which is D20 moderated,a comparison between the burnup 

behavior of t h i s  f u e l  i n  an H 0 moderated reactor and t h a t  i n  a D20 
2 

moderated reactor can be made. 

PuAl Rods 

Eight rods made of a plutonium aluminum a l loy  a re  included i n  the  

EBWR core,to obtain physics data f o r  high plutonium burnups over 



r e l a t i ve ly  shor t  i r r ad i a t i on  periods (e .g., f o r  a 1.8 w/o PuAl rod with 

6 a/o Pu240, 100 Wd corresponds t o  an average burnup of -- 38%). (14) 

The plutonium content of the P a  rod was chosen such t h a t  the heat  

generation r a t e s  i n  the rods a re  comparable t o  the base load rods. A 

plutonium concentration of 3.35 w/o Pu r e su l t s  i n  a value f o r  the r a t i o  

Tf(vE /y ) which i s  equal t o  t h a t  f o r  the f u e l  of the  base loading, 
a thermal 

Since the  PuAl rods do not contain f e r t i l e  material,  the  heat  generation 

of the elements should become l e s s  than t h a t  of the f u e l  used f o r  the 

base loading a s  the i r r ad i a t i on  proceeds. Four PuAl rods containing -- 8 

atom percent Pu240 and four  rods containing -- 26 atom percent Pu240 w i l l  

be inser ted i n to  the plutonium zone a t  s t a r t up  and one of each type taken 

out a t  various exposure in te rva l s .  The atom r a t i o  of Pu240 i n  Pu as  a 

function of exposure i s  shown in  Figure 16 f o r  the  PuAl rods. A rod 

containing 8% Pu240 i n i t i a l l y  w i l l  contain 26 a/o Pu240 a f t e r  being 

i r rad ia ted  f o r  about 500 f u l l  power days. I f  the  atom concentration 

r a t i o  i s  defined as  a measure of burnup, a rod containing 

26 a/o Pu240 therefore has i n i t i a l l y  an "equivalent" 500 day i r rad ia t ion .  

Thus an attempt t o  i n f e r  what i s  the behavior of a highly burned plutonium 

rod w i l l  be made by combining the data obtained from the rods containing 

8% and 26 a/o Pu240 i n i t i a l l y .  However, the  contents of a rod containing 

8s Pu240 having been i r rad ia ted  u n t i l  there i s  26% Pu240 a re  somewhat 
240 

d i f f e r en t  from those of an unirradiated rod containing 26% Pu . There- 

fore  corrections w i l l  have t o  be made t o  combine these data.  PuAl rods 

have been i r rad ia ted  i n  the PRTR, (12y13'14) so  a comparison of the 

burnup behavior of t h i s  type of f u e l  i n  reactors  moderated by l i g h t  or 

heavy water can a l s o  be made. 





Pu02-U02 Rods 

Eight special  rods containing the mixed oxides of plutonium and 

uranium w i l l  be inserted i n t o  the plutonium zone a t  s tar tup.  These rods 

are  included f o r  a comparison of the behavior of t h i s  type of f u e l  with 

t ha t  of the PuPl rods which contain varying concentrations of Pu240. A 

mixed oxide rod does not bum out as  f a s t  as  a Pu-A1 rod since Pu is  

being produced from merefore,  t o  ensure col lect ing data over a 

wide range of exposure, four addit ional mixed oxide rods each containing 

240 
-- 20$ Pu w i l l  a l so  be i r radiated.  Using the Pu240 t o  Pu atom r a t i o  

defined previously as a measure of inferr ing burnup, the burnup charac- 

t e r i s t i c s  of a base load rod (8% ~ u ~ ~ ~ )  up t o  about 15,000 MWd/t can be 

inferred by an actual  i r rad ia t ion  of about only 6000 MWd/t on a special  

rod containing 26$ Pu240 i n i t i a l l y ,  This is  shown i n  Figure 17 where 

a mixed oxide rod with an i n i t i a l  26% Pu*~' content undergoing an 

i r rad ia t ion  of 6000 MWd/t has the  same atom r a t i o  of I?LI*~O t o  t o t a l  Pu 
240 

as a mixed oxide rode containing i n i t i a l l y  8% Pu and i r rad ia ted  t o  

15,000 MWd/t. A f i n a l  check on t h i s  method of inferr ing the charac te r i s t ics  

of fue l  with high burnups w i l l  be made by analysis of a rod from the base 

loading a f t e r  the end of the i r rad ia t ion  and comparing with the resu l t s  

obtained from a special  rod of equivalent exposure. 

A typ ica l  l i fe t ime f o r  fue l  i n  a l i g h t  water moderated parer reactor 

would be of the  order of 15,000 MWd/t. To accumulate t h i s  exposure on 

the mixed-oxide f u e l  of the  base loading i n  the  EBWR would require an 

* 
absolute minimum of 1350 days a t  full power operation and 1005 efficiency. 

*Based upon a 40 MW power f o r  the  core with 365 of the  power coming from 

the Pu zone, and assuming the power generation independent of exposure. 





Since a reasonable estimate of the plant operating efficiency is around 

75410, the time involved would be approximately 5 years. For purposes of 

a demonstration experiment, such a time interval  is  prohibitive. Thus, 

i f  successful, the "inferred burnup" scheme may prove t o  be very useful 

i n  predicting the burnup behavior of Fu02-UO cores. Also, information 
2 

about the merits of mixed oxide power reactor fuels  containing varying 

amounts of Pu240 can be extracted from the resu l t s  of these special  rod 

i r radiat ions (eeg., what amount of i n i t i a l  Pu240 leads t o  the most 

constant reac t iv i ty  variation with exposure). Mixed oxide rods have been 

i r radiated i n  the PRTR and the comparison of burnup i n  reactors moderated 

by l i g h t  o r  heavy water wi l l  be made just as f o r  UO and PuAl rods.' 
2 

The calculated variation of atom concentrations with exposure (from 

which the data plotted i n  Figures 16 and 17 were obtained) are 

included i n  Appendix A f o r  a l l  special  rods. 
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JVPENDIX '1 

'-, 7 PlV [ P-77 4 ~ - 4 d . ~ i b L  LSmOPIC COBCDRTT.J..~TSO?T VAl?IATIONS FOR RODS TO BE IFEL4DIflf:.jD II i  

TI'E ZPJkJF, 

The i n i t i a l  i s o t o p i c  compositions of the  s p e c i a l  rods and of t h e  base 

load rod of PuO -UO used i n  t he  c a l c u l a t i o n s  a r e  presented  i n  Table Al. The 
2 2 

compositions of t he  rods actua1l.y used i n  the  experiment w i l l  probably d i f f e r  

s l i g h t l y .  The i s o t o p i c  compositions of t he  rods a s  a . f u n c t i o n  of burnup of 

t he  Pu02-U02 zone a r e  presented g raph ica l ly  i n  Figures  Al through A7. The 

curves i n  Figures  16 and 17 were obtained by t ak ing  r a t i o s  of t hese  i s o t o p i c  

concent ra t ions .  

Burnup of t he  s p e c i a l  rods vas ca l cu la t ed  wi th  program ALTHAEA ( 1-0 > ?.rh i c h 

1s a two group, one dimension (using c y l i n d r i c a l  geometry), time dependent- 

d l f f l ~ s i o n  theory  code. The c ros s  s e c t i o n s  a r e  based on th. Westco'L.i; 

fc.rmalism, (16) , Q = C T  r g ( ~ )  + ~ s ( T )  j, us ing  the  114 non Mamiellian i.1-v;: 
2200 - 

shape, I n  the  c a l c u l a t i o n s ,  t h e  Wescott formalism i s  modified by 

b~nero F j s  t he  thermal disadvan1,age f a c t o r  and i s  approximated by: 

-FMP -E Ca 
F = FCONST * % + e 

and i s  t he  macroscopic fue l  absorp t ion  c ros s  s e c t i o n  l o r  t h e  Maxwell i a n  
a 

group of neutrons.  Values of FCONST and FEXP a r e  l i s t e d  i n  Table A2 f o r  t he  

ylari ous types of rods.  Ano, h e r  modif iclai  ion  i s  



b has the value 1.~762 ( ~ 4  non-!hxwellian f l ~ x  shape) 

i 

Oo 
i s  the e f fec t ive  resonance peak cross sec t ion  of the ith isotope 

corrected f o r  the  e f f e c t  017 Doppler broadening, 

Ci a re  in ter ference  coef f i c ien t s  be-kreen isotopes,  

X i s  the  p o t e n t i a l  s c a t t e r i n g  i n  the f u e l  region, 
P 

1 i s  the  surface t o  vol-me term, ~ / 4  V, of the  f u e l  region modified 

by the Be1.l correct ion,  

1yi i s  the  isotope densi ty,  

with 

SCA = X ;: l/r. 
P 

Tne neutron temperclture is  

where : 

i s  the  moderator absolute temperature and FX is  the  slowing down s 
1 

power. The s p e c t r a l  index, r, i s  determined by 

- - 
\&ere: Au i s  16.18 le thargy un i t s .  Values f o r  Gal , 4Cs , and RAYKl a r e  

1 
1 

a l s o  included i n  Table/:2. 



The epithe-l resonance in tegra l  f o r  Pu240 is  given by: 

where : 

Values f o r  the parameters which are  l i s t e d  i n  Table A2 were obtained 

(7) from c e l l  computations using the thermalization codes THERMOS and 

SPECTRUM 
(17) and the slowing d m  code HRG. (6) 



-11.3 .: 

TABLE Al 

FUEL ISOTOPIC COMPOSITIONS ASSUMED I N  BURNUP ANALYSIS 

Rod - 
1) Mixed Oxides 

Composition 

1 .5  w/o Pu02 i n  U02, 0.22 a/o $35 i n  U. 

a )  Base Load 88 Pu240 92 a/o Pu239 and 8% Pu240 i n  Pu. 

b )  Special 26% Pu2'0 69.14 a/o Fu239? 25 -96 a/o FV240? 

4.09 a/o and 0.804 a/o l 3 . 1 ~ ~ ~ .  

L) special  202 ~u~~~ 76.42 a/o d3'? 20.16 a/o d 4 0 ,  

3.08 a/o and 0.328 a/o Pu242. 

2) hxAZ. Special 

P m - ~ l  = 2.7 gm/cc 

a )  8$ fi2'0 

3) U02 Special 

92 a/o ~u~~~ and 8 a/o Pu240 

69.14 a/a  Fu239, 25.96 a/o ~ u ~ ~ ~ ,  

4.09 a/o Pu241, and 0.804 a/o FV 242 

Natural, 0.7115 a/o i n  U. 



TABLE A2 

PARAMETERS FOR AL'lXAEA TO CALCULATE BURNUP OF THE 
SPEIAL RODS AND TRE BASE LOAD Pu02 ROD 

- 
Fc ons t T x p  ra 5% R AYK~ - 1 - 1 

7 - 
Mixed Oxides 1.4606 0.81079 0,0623 0.22395 1.1423 

u02 1.4606 0.81079 0.0383 0,24945 1.9901 

m 0.96793 0.35510 0.0266 0.25869 I.. 8820 
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Irradiation Time (Days) at Ful l  P o w e r  (-40 MW) 

FIGURE A3 

Plutonium Atom Concentrations v e r s u s  Exposure  f o r  a 3 . 3 5  w / o  PuAl Rod with 8% ~u~~~ 



Irradiation Time (Days) at Full Power 
FIGURE A4 

Plutonium Atom Concentrations ve r sus  Exposure  fo r  a 3 . 3 5  w / o  PuAl Rod with 2670 Pu 240 









INTERNAL DISTRIBUTION 

Copy Nurnbe r 

C. L ,  Benlett 
R.  A. Bennet* 
G. J, Busselman 
.I. L. Carter 
D. E. Ckzistensen 
E' Do Cla)ton 
F. "f B ~ r s o n  
B. H. Than? 
Po R ,  Qari 
E. A. Esclnbach 
R .  A. Harris  
E. Par ty  
C. N. Heeb 
R .  E. Heineman 
H. L. Eenry 
P. L .  Hofinarn 
U. P. Jenql~in  
2. H, Lauby 
B. R .  Lwnard 
R. C, Liiknla 
C .  W. Lir~dcnneier  
8, P. Metsen 
D* bT3I-r 
L. 4" P a p  
F. S. P6:li 
R .  E. P e t e r ~ o n  
W. A. Reardon 
.T, ,i. Beglmbal 
C .  R. R i c a ~ y  
L+ 1, Schmid 
K O  ?, S5evar-t 
W. Po Sr:.ruan 
D. H, n30'.ac-~-,  

2 , ;I?, 31-1 L~?J.TTJ 

'7- 9* -.-3t?-r-e~ 
R .  W~rder* 

I-I. 3, ZwiYeL 
?3C Fill- 
Extra 
3OC Area Tech Pubs. 
706 b e a  Zech Pubs, 



EXTERNAL DISTRIBUTION 

Number of Copies 

Atomic Energy Commission, Washington 
Attn: R. Grube (2) 

I. F. Zartman 

Argonne National Laboratory 
Attn: B. J. Toppell 

General ELectric Company, Richland, Washington 
Attn: G. C.  Fullmer 

W. S. Nechodom 
R. Nilson 
G. F. Owsley 

General Electr ic  Company, Vallecitos 
Attn: J. G. Carver 

Richland Ope r a t  ions O f f  ice  
Attn: R. K. Sharp 

West inghous e 
Attn: F. L. Langford 




