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SPECIFICATIONS AND RESULTS OF A 
DESIGN-BASIS-ACCIDENT CALCULATION FOR ZPPR 

Addendum to ANL-7471, 
Final Safety Analysis Report on the 

Zero Pow^er Plutonium Reactor 
(ZPPR) Faci l i ty 

by 

A. L. Hess and F. W. Thalgott 

ABSTRACT 

The Zero Power Plutonium Reactor (ZPPR) is a c r i t i ca l 
facility operated by Argonne National Labora tory in support 
of the AEC's Liquid Metal F a s t Breeder Reactor Development 
P r o g r a m . The Final Safety Analysis Report (FSAR) for ZPPR 
(ANL-7471) repor ted the resu l t s of excurs ion calculations for 
hypothetical accidents in simulated metal l ic-fueled, 1000- and 
6000-l i ter , one-zone cores . Such analyses demonst ra ted the 
design capability of the ZPPR containment s t ruc tu re and were 
designated the Design Basis Accident (DBA). This repor t docu­
ments an analysis c a r r i e d out for an excurs ion of more ser ious 
consequences for a 6000-l i ter , two-zone co re , simulating an 
LMFBR fueled with a UO2-PUO2 mixture and using a more toxic 
plutonium isotopic mixture . Postulat ions and p rocedures used 
in the analys is w^ere the same as p r e sc r ibed for the DBA in the 
FSAR. Although the new off-site dose calculated is higher by a 
factor of seven than the dose in the FSAR DBA, it is st i l l a f r ac ­
tion of the AEC-permi t t ed occupational burden. F u r t h e r m o r e , 
the analysis confirms the capability of the containment s t r u c ­
ture for a more energet ic excurs ion than in the FSAR DBA, and 
shows again that operat ion of the ZPPR poses no unacceptable 
r isk . 

INTRODUCTION 

This r epor t p r e sen t s the r e su l t s of a des ign-bas i s -acc iden t (DBA) 
analysis c a r r i e d out for the Zero Power Plutonium Reactor for a core more 
typical of cu r ren t power r eac to r designs than that considered in the Final 
Safety Analysis Report (FSAR) for ZPPR (ANL-7471).^ F r o m that r epor t 
(page 17): 
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"To further i l lus t ra te the capability of the containment s t ruc tu re , 
the consequence of a hypothetical s tar tup accident has been calculated. 
This accident i s t e r m e d the design bas i s accident (DBA). It i s in no 
w ây deemed credible ." 

In the FSAR, hypothetical s tar tup accidents were considered for four 
different co re s : 

1. A 1000-l i ter , uniformly loaded, metal-fueled core with sodium 
loaded adjacent to the fuel. 

2. A 1000-li ter , uniformly loaded, metal-fueled core with void r e ­
placing sodium adjacent to the fuel. 

3. A 6000-l i ter , uniformly loaded, metal-fueled core with sodium 
loaded adjacent to the fuel. 

4. A 6000-l i ter , uniformly loaded, metal-fueled core with void r e ­
placing sodium adjacent to the fuel. 

Of these accident analyses , the fourth was shown to have the mos t 
ser ious consequences, although the consequences were well within acceptable 
l imi ts and well within the l imits defined in the FSAR. 

Cur ren t designs for power r e a c t o r s postulate two zones of enr ichment 
of approximately equal volume in the cores with fuel of higher ^^°Pu and '̂*^Pu 
content than the bas ic fuel for ZPPR. 

A teletype from Shaw to Dunbar, March 7, 1969, made the following 
s tatement: 

"Should the use of fuel of more toxic isotopic content be planned 
for the facility, or the planned a r rangement of fuel be changed so as 
to inc rease the potential DBA consequences, a recalculat ion of min i ­
mum acceptable attenuation factor for the ZPPR fil tration sys tem will 
be necessa ry . ANL has the responsibi l i ty for advising AEC of p r o ­
posed significant changes in the type or use of fuel in the ZPPR." 

Although the study of such ZPPR assembl ie s with fuels of different 
forms and different enr ichments and isotopic content in zones was included 
in ANL-7471, a DBA-type analysis has been made for such a more typical 
design. The purpose of this repor t is to document compliance with the r e ­
quest of the March 7, 1969. teletype. 

This addendum shows that the consequences of this hypothetical s ta r tup 
accident, although more severe than those calculated in the SAR, a re st i l l 
within any l imi ts d iscussed in the SAR. 



In pa r t i cu la r , as requi red by the FSAR (see page 18, ANL-7471), this 
calculation es tab l i shes that: 

1. The calculated prompt power coefficient is negative. 

2. The calculated maximum cell p r e s s u r e is not in excess of 12.5psig. 

3. The inhalation dose at the NRTS site boundary does not exceed the 
nonoccupational maximum permiss ib le body burden, or, stated in other words , 
the minimum acceptable attenuation factor for this analysis is l e ss than that 
demonst ra ted for the ZPPR containment filter. 

The c r i t i ca l assembly postulated for study is a 6000-l i ter core of a 
composition simulating a PuOj-UOz-fueled power r eac to r with an o u t e r - c o r e 
zone of higher enr ichment than the cen t r a l - co re zone. The following a s s u m p ­
tions were adopted: 

1. The core is ent i rely fueled with a "dir ty" plutonium (higher ^ Pu 
and ^^^Pu than most of the ZPPR fuel). 

2. The ent i re core is voided of i ts no rmal sodium content at the t ime 
of the accident. 

3. Because of empty cans (replacing sodium) next to the fuel, molten 
fuel does not flow^ out of the r eac to r , and the shutdow^n occurs through fuel 
vaporizat ion. 

4. The vaporized fuel that eventually escapes the backup containment 
sys tem is assumed to be the "di r t ies t" type available for exper iments in ZPPR: 
the composition used is that for the plutonium per turbat ion sample No. 48. 

F a c t o r s 1 and 2 above also contribute to the sever i ty of the accident 
by giving a pes s imis t i c negative Doppler feedback react ivi ty. 

The appendixes to this r epor t give the specifications and re su l t s of all 
the computer calculat ions c a r r i e d out in this analysis . 

DBA ASSEMBLY CONFIGURATION 

To give an L / D ra t io of about 0.5, the height of the 6000-l i ter DBA 
core was set at 48 in. Outer radi i of 34.84 and 49.28 in., respect ive ly , gave 
equal volumes to the inner - and ou t e r - co re zones. In both the inner - and 
ou t e r - co re zones, the composit ions r ep resen ted a power reac to r core of 
35 vol % PUO2-UO2, 40 vol % sodium, and 16 vol % steel , with the 9 vol % r e ­
maining allotted to the inherent void in ZPPR. The fuel enr ichment in the 
outer core w^as set at 1.5 t imes the fuel enr ichment in the inner core , both 
enr ichments being de termined for cr i t ica l i ty by diffusion-theory sea rch 
calculat ions. 



A composit ion of 3 5 vol % UO2, 40 vol % sodium, 16 vol % steel , and 
9 vol % void was used in the l6- in . - long axial b lankets , and these zones were 
backed up Avith axial re f lec tors of 51 vol % steel , 40 vol % sodium, and 
9 vol % void. A 16-in. thickness of a 50 vol % UO2, 25 vol % sodium, 
16 vol % steel composition blanketed the core radial ly. 

More details on the model geometry and the atomic densi t ies used for 
the var ious regions in the r eac to r calculat ions a re given in Appendix A. 

PROCEDURES OF ANALYSIS 

F igure 1 outlines the p r o c e s s e s involved in this DBA analys is . The 
27-group c ro s s - s ec t i on set generated from E N D F / B (Version l) for the analysis 

ZPPR-2 27-GP CROSS SECTIONS: ARC FORMAT 

1-D DIFFUSION: 
(ARC PATH 1) 
ENRICHMENT 
SEARCHES 

FUEL RELEASE FROM 
BACKUP CONTAINMENT 

Fig. 1. Calculational Scheme for Analysis of Design Basis Accident: 6000-liter, Voided, 
Two-zone Core, Fueled with Plutonium of 27'7o 240pu_ ^NL Neg. No. 103-B11507. 



of ZPPR Assembly 2 was used for these 6000-l i ter DBA studies, since the 
composit ions of the two reac to r sys t ems a re s imi la r . 

In the RZ diffusion calculat ions, the inner core was segmented into 
six zones ( three radia l x two axial) eind the outer core into four zones (tw^o 
radia l x two axial). The average spect ra obtained for these 10 core zones , 
and also the var ious blanket zones, w^ere then input to a collapsing code to 
generate regional macroscop ic one-group c r o s s sections for use in RZ t r a n s ­
port calculat ions of the react iv i ty ve r sus separa t ion of the assembly halves. 

Delayed-neutron p a r a m e t e r s for the sys tem were der ived from 
per tu rba t ion- theory calculations using the r ea l and adjoint fluxes output from 
the RZ diffusion calculat ions. The m a t e r i a l w^orths and power dis tr ibut ions 
for the 10 core zones and var ious blanket regions w^ere also derived using the 
fluxes from the RZ diffusion case for the r eac to r halves together ; m a t e r i a l 
wor ths for nonzero gap configurations were not considered sufficiently different 
to w^arrant the expense of specific calculations. 

Axial power dis tr ibut ions were used for weighting the axial worth d i s ­
tr ibutions to account for the higher heating r a t e s in the axial posit ions of 
higher m a t e r i a l worths . The weighted average worths of Pu-U-Mo (fuel-plate 
composition) in each of the 10 core zones, subtract ing the worth at the far 
axial end of the zone, provided the fuel-expansion worth fac tors , Ak/k per 
hLJK>, according to the zone. 

Doppler coefficients were es tabl ished using calculated weighted zonal 
worths for ^^^Pu and ^̂ ^U in the DBA case and the measu red ra t ios of Doppler 
react iv i ty effect to total sample w^orths for these isotopes determined in the 
Doppler exper iments at the center of the voided zone of ZPPR-2 .^ 

The accident code used for this axialysis is the combination point-
k ine t i c s /hea t - t r ans fe r code wri t ten by Palmer^ and used in previous DBA 
studies^'^ on ZPR sys tems . In this p rog ra m, a r amp react ivi ty inser t ion is 
input to r ep re sen t c losure of the ZPR halves. Feedback reac t iv i t ies a re ca l ­
culated from heated plate regions in a ZPR-type cell for each of severa l core 
zones (up to 10). Heat t r ans fe r between pla tes can be accomplished, as well 
as m a t e r i a l mel t ing and boiling. 

The cell model used for th is analysis contained four regions : a plate 
of Pu-U-Mo, two plates of U3O3, and a broad region represen t ing the s t ruc tu re 
and the voided sodium cans. The combined width of the two U3O8 plates r e p ­
resented the U3O8 content per Pu-U-Mo plate in the six i nne r - co re zones. In 
the four ou t e r - co re zones , the U3O8 content per Pu-U-Mo plate was r ep resen ted 
using only one of the U3O8 pla tes (zero feedbacks from the other plate). The 
re la t ive power densi t ies ass igned to the 10 core zones, and within the cel l to 
the four different regions , were adjusted to provide the proper re la t ive hea t ­
ing of the Pu-U-Mo plates in all zones. Fo r s implici ty, the average ^^^u/"' 'Pu 
fission ra t io in the outer core was assumed the same as in the inner core . 
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To achieve the w o r s t - c a s e calculation in which sodium had been r e ­
placed by void adjacent to the fuel p la tes , an adiabatic excursion was achieved 
by specifying essent ia l ly zero (10 °̂) he at-conductance coefficients for the 
boundaries between the regions of the cell . As previously stated, molten fuel 
i s not allowed to flow from the core (to give a negative feedback), but is a s ­
sumed to occupy the adjacent empty-can space. Thus, the excurs ion shutdown 
must r e su l t from fuel vaporizat ion, and the calculated Pu-U-Mo worths in the 
zones provided the react ivi ty loss per k i logram evaporated. 

The rma l -p rope r ty specifications a r e requi red in the DBA code for each 
m a t e r i a l involved for up to 10 different t empera tu re ranges . Fo r Pu-U-Mo, 
the values used were taken from Tables III and VII of Ref. 1. Fo r U3O8, the 
p a r a m e t e r s were adopted from Table 5.2-1 of the FSAR for the VTRZ.'* 

The coefficients of expansion for Pu-U-Mo in five t empera tu re ranges 
up to the melt ing point ( 1 2 3 0 ° K ) , multiplied by the zone expansion-worth factors 
(Ak/k per A-t/'t), provided the fuel-expansion react ivi ty-feedback coefficients for 
the code. The t empera tu re changes and worths of the U3O8 plates in all the 
zones were assigned no feedback coefficient for expansion. Doppler feedback 
coefficients were specified for the Pu -U-Moand both the U3O8 regions in the inner 
core zones, and for the Pu-U-Mo and one U3O8 region in the ou t e r - co re zones. 

The basic postulation in these DBA excurs ions is an overloading of the 
reac tor sufficient to achieve prompt cr i t ica l i ty during c losure of the halves. 
Two-dimensional t r anspor t - theo ry calculations of keff for the sys tem at v a r i ­
ous stages of halves separat ion provided the react ivi ty inser t ion ra te due to 
table motion. F igure 2 shows the relat ive react iv i ty as a function of gap width. 
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The m a x i m u m s lope of the c u r v e , 1.045 %k/ in . , o c c u r s at about 6 in. in the 
i n t e r m e d i a t e - s p e e d r a n g e . H o w e v e r , for a suff ic ient o v e r l o a d i n g (giving at 
l e a s t 15% Ak/k e x c e s s ) , the c l o s u r e r a t e on the h igh s p e e d would p r o d u c e a 
g r e a t e r r a m p . F o r t h e DBA a n a l y s i s , wh ich i nvo lves fuel boi l ing for 20 s e c , 
the a v e r a g e r a m p in the l a s t 6 in. on the h igh s p e e d w a s adop ted . F r o m 18 to 
24 in . , t he m e a n s lope i s 0.355 %k/ in . , giving a 0. 1 1 % k / s e c r a m p , or 
31.8 c e n t s / s e c , for a b e t a - e f f e c t i v e of 0 .00346. 

Append ix A i n c l u d e s the s p e c i f i c a t i o n s and r e s u l t s of the diffusion and 
t r a n s p o r t c a l c u l a t i o n s c i t ed above and a l s o l i s t s t he r e g i o n a l w o r t h s of fuel , 
^^^Pu, and "^U ob ta ined f r o m the p e r t u r b a t i o n c a l c u l a t i o n s . Add i t iona l t r a n s ­
p o r t c a l c u l a t i o n s and m a t e r i a l - w o r t h c a l c u l a t i o n s r e p o r t e d in Appendix A 
i n d i c a t e t h a t to ob t a in c r i t i c a l i t y beyond 18 in. of gap r e q u i r e s loading the 
e n t i r e i n n e r c o r e wi th o u t e r - c o r e c o m p o s i t i o n . 

Append ix B c o n t a i n s a d i s c u s s i o n of the d e r i v a t i o n of Dopp le r r e a c t i v i t y 
f e e d b a c k s a s u s e d in t h i s DBA a n a l y s i s . 

R E S U L T S O F EXCURSION AND VENTING CALCULATIONS 

F i g u r e 3 shows the v a r i a t i o n w^ith t i m e of the r e a c t o r p o w e r and i n t e ­
g r a t e d p o w e r a s c a l c u l a t e d by the DBA k i n e t i c s code for the 6 0 0 0 - l i t e r , t w o -
zone c o r e . The p e a k pow^er a t t a i n e d , j u s t be fo re fuel bo i l i ng , i s p r e c e d e d by 
r a p i d g r o w t h d u r i n g the p e r i o d of fuel m e l t i n g (-when e x p a n s i o n f e e d b a c k s a r e 
cu t off, and Dopp le r f e e d b a c k s a r e t e m p o r a r i l y z e r o , for v a r i o u s z o n e s in 
s u c c e s s i o n ) . F i g u r e 4 c o n t a i n s a p lo t of the t o t a l fuel v a p o r i z e d a s a funct ion 
of t i m e a f t e r t h e s t a r t of bo i l ing , i n d i c a t i n g an i n i t i a l v a p o r i z a t i o n r a t e of 
about 80 k g / s e c . Af te r 20 s e c of bo i l i ng , at wh ich t i m e the e x c u r s i o n i s c o n ­
s i d e r e d t e r m i n a t e d , a t o t a l of 305.9 kg h a s b e e n v a p o r i z e d . 

The output f r o m the k i n e t i c s c o d e , which g ives the f u e l - v a p o r i z a t i o n 
c h r o n o l o g y , s e r v e s a s the input for the f inal c o m p u t a t i o n of the DBA a n a l y s i s , 
wh ich i s t he c e l l - p r e s s u r e and c o n t a i n m e n t - v e n t i n g c a l c u l a t i o n ; t h i s c o m p u ­
t a t i o n u s e s a c o m p u t e r p r o g r a m , w r i t t e n by C. Beck , and i s a c o m b i n a t i o n of 
the c e l l - p r e s s u r i z a t i o n code d e s c r i b e d in Append ix A of Ref. 1 and the ven t ing 
r o u t i n e in Append ix B of tha t r e p o r t . The ce l l o v e r p r e s s u r e v e r s u s t i m e , a s 
d e t e r m i n e d by the c a l c u l a t i o n , i s shown in F ig . 4 : the p e a k p r e s s u r e , 12.08 p s i g 
o c c u r s 1.3 s e c a f t e r t he s t a r t of bo i l ing . The r e s i d u a l o v e r p r e s s u r e of 1.2 p s i g 
a t the end of boi l ing w^ould d r o p to z e r o in a few^ s e c o n d s m o r e . 

F i g u r e 4 a l s o shows the fuel ven t ing v e r s u s t i m e f r o m the backup 
c o n t a i n m e n t s t r u c t u r e ( a s s u m i n g no f i l t r a t ion ) d u r i n g the 20 s e c of boi l ing . 
At the end of the p e r i o d , t he t o t a l fuel ven t ed i s 18.92 kg of P u - U - M o . A s ­
s u m i n g an a t t e n u a t i o n of 5 x 10 for the g r a v e l - s a n d f i l t e r and topha t f i l t e r s 
c o m b i n e d , the r e l e a s e to the a t m o s p h e r e b e c o m e s 0.3784 g of P u - U - M o . 
With the m i x t u r e con ten t of 34.14 wt % p l u t o n i u m , the p l u t o n i u m r e l e a s e i s 
t h e n 129.2 m g . 
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Appendix C contains l is t ings of all the input p a r a m e t e r s for the 
DBA kinetics code and the c e l l - p r e s s u r e code and other detai ls of these 
calculat ions. 
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a DBA for a 6000-liter, Two-zone ZPPR Core. ANL Neg. No. 103-B11512. 

E N V I R O N M E N T A L CONSEQUENCES 

To p r o v i d e an e x t r e m e c a s e , wh ich would p r e s e n t the m o s t p e s s i m i s t i c 
cond i t i ons d u r i n g an a c c i d e n t in Z P P R , the c o m p o s i t i o n of the fuel r e l e a s e d 
f r o m the b a c k u p c o n t a i n m e n t w a s a s s u m e d to be t h a t of the " d i r t i e s t " p l u t o ­
n i u m on hand at the f ac i l i t y for i n - c o r e e x p e r i m e n t s . The m i x t u r e u s e d w a s 
40 .5% " ^ P u , 46 .4% ^*°Pu, and 13 .1% ^*^Pu, and t h e s e v a l u e s w e r e d e r i v e d f r o m 
the c o m p o s i t i o n of a p l u t o n i u m p e r t u r b a t i o n s a m p l e (No. 48) a f t e r combin ing 
the " ^ P u and ^^lAm wi th ^^ipu, and the ^^^Pu wi th ^^^Pu. T h u s , the r e l e a s e f r o m 
the topha t b e c o m e s 52.3 m g " ^ P u , 59-9 m g ^^°Pu, and 16.9 m g ^^^Pu. 

The dow^nw^ind p l u t o n i u m c o n c e n t r a t i o n s f r o m t h i s DBA r e l e a s e w e r e 
e v a l u a t e d a s p r e s c r i b e d for the o r i g i n a l DBA in the FSAR, a s s u m i n g a s t r o n g 
i n v e r s i o n and u s i n g a w^ind v e l o c i t y of 1 m / s e c . U s i n g the s a m e b r e a t h i n g 
r a t e and r e t e n t i o n f a c t o r s a s b e f o r e , the p l u t o n i u m d o s e s l i s t e d in T a b l e I 
w^ere ob ta ined . 



TABLE I. Plutonium-isotope Intialation Doses from a DBA tor a 6000-liter, Two-zone ZPPR Core; Strong-inversion and 
Weal(-mixing Meteorological Conditions^ (breathing rate = 3.47 x W l m /̂sec; retention factor • 0.2) 

Total Plutonium ^Pu ^^'Pu 241pu 

Location (ig \iC\ \ig MCI \iq \iC\ \ig (jCi 

ZPPR Support Wing," 55 m 3.4 x 10"^ 5.0 x 10"' 1.4 x 10"^ 8.5 x lO"" 1.6 x 10"^ 3.5 x 10'^ 4.5 x 10"^ 5.1 x 10"' 
Laboratory and Service 

Building.b 150 m 3.2 x 10"^ 4.8 x 10"' 1.3 X 10"^ 8.0 x 10'" 1.5 x lO'^ 3.3 x 10"^ 4.2 x 10"^ 4.8 x 10"' 
EBR-ll Reactor,'' 300 m 2.8 x 10'^ 4.2 x 10"' 1.1 x 10"^ 7.0 x 10'" 1.3 x 10'^ 2.8 x 10"^ 3.7 x 10'^ 4.2 x 10"' 
Nearest Site Boundary,'' 

4700 m 1.9 x lO"^ 2.7 x 10"^ 7.5 x 10"" 4.6 x 1 0 ' ' 8.5 x 10"" 1.9 x 10"" 2.4 x 10"" 2.7 x 10"^ 
Maximum Permissible Total 
Body Burdens, Occupational 
(bone as critical organ) 5.10 x 10"^ 7.6 x 10"' 6.5 x 10"' 4.0 x 10'^ 1.8 x lO"' 4.0 x 10"^ 8.0 x lO'^ 9.0 x lO"! 

Emergency Maximum Per­
missible Body Burden (bone 
as critical organ) 5.10 x 10'^ 7.6 x 10"^ 6.5 x 10"^ 4.0 x 10'^ 1.8 x 10"^ 4.0 x 10"^ 8.0 x 10"" 9.0 x 10"^ 

3Wind velocity = 1 m/sec. 
IJUsing a containment attenuation of 5 x lO" by gravel-sand roof and the backup containment structure. 

After 20 sec of fuel boiling in the excurs ion, the integrated power was 
6890 MW-sec, represent ing 2.07 x 10^° f iss ions, and 24.8% of the init ial a i r 
remained in the cell (compared with 1.18 x 10^ fissions and 28.8% of the air 
remaining in the FSAR DBA). Compared with 11.5% of the cel l a i r in the 
FSAR DBA venting from the backup containment, 8916 ft̂  or 15.4% of the cel l 
a i r vents to the a tmosphere in the p resen t analysis . 

Assuming all the gaseous fission products a re mixed into the cell a i r 
before p ressur iza t ion , the fission products vented in the revised DBA are a 
factor of 2.07/1.18 x 15.4/11.5 = 2.35 t imes the quantity vented in the DBA of 
the FSAR. The revised iodine-inhalation doses would also be 2.35 t imes the 
values in Table XVIII of the FSAR.^ 

SUMMARY 

1. The analysis for a DBA for ZPPR was ca r r i ed out using a 
6000-l i ter , two-zone-core design of a composition simulating 35 vol % PUO2-
UO2,40 vol % sodium, 16 vol % steel , and 9 vol % void. 

2. A high-^'*°Pu mixture of plutonium w^as assumed, and at the t ime 
of the accident, the core was totally voided of sodium. 

3. With an input react ivi ty of 31.8 c e n t s / s e c and an i so the rmal 
Doppler coefficient of -25 x 10" Ak/°C, the peak power reached was 1900 MW 
and the fuel s tar ted boiling at 80 k g / s e c . 

4. The maximum cell o v e r p r e s s u r e attained is 12.08 psig, and a 
total of 306 kg of Pu-U-Mo is vaporized in 20 sec of boiling. 

5. The re lease from the backup containment amounts to 378 mg of 
Pu-U-Mo (129 rng plutonium) and the gaseous fission products from 3.2 x 
10^'' f issions (2.07 x 10^° x 0.154). 



6. The plutonium re leased from the backup containment i s assumed 
to be the "d i r t i es t " available. 

7. A strong inversion w^ith a wind velocity of 1 m / s e c is assumed 
in determining dow^nw înd concentrat ions. 

8. The off-site (4700 m) plutonium dose attains a value of 1.9 x 10"'' |i 
or 2.7 X 10"^ \i'Ci, about 37% of the AEC's Emergency Maximum P e r m i s s i b l e 
Body Burden for the high-^^°Pu isotopic mixture . The dose for this two-zone, 
6000-l i ter DBA is thus seven t imes the dose for the DBA in the FSAR. 

9. Be t a /gamma and iodine doses in this rev ised case a r e 2.35 t imes 
the values in the FSAR. 



APPENDIX A 

Descript ion of Reactor Calculations 

The geometry and compositions used for the diffusion-theory calcu­
lations a r e presented in F ig . A.l and Table A . l . Table A.2 gives the mesh 
s t ruc tu res and other specifications for the diffusion calculat ions, along with 
the calculated k va lues . 
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Fig. A. l . Geometric Details, Quadrant View, of 6000-liter, Two-zone-core 
Assembly Used for DBA Calculations. ANL Neg. No. 103-B11508. 

TABLE A. l . Regional Compositions Used in DBA Analysis; A 6000-liter, Iwo-zone Core, 
Fueled with Pu-U-Mo, witli a 27% Content of 2 * P u in the Plutonium 

IVIaterlai 

S^P" 
2«Pu 
241pu 
238u 
235u 
0 
Na 
Fe 
Cr 
Ni 
Mn 
Mo 

inner 
Core 

0.06970 
0.02825 
0.00485 
0.70714^ 
0.00143'̂  
1.62272 

-
0.95380 
0.27060 
0.11870 
0.02480 
0.01833 

Average Region Composition 

Outer 
Core 

0.10530 
0.04268 
0.00734 
0.65471'' 
0.M133<: 
1.62272 

-
0.95380 
0.27060 
0.11870 
0.02480 
0.02769 

Radial 
Blanket 

_ 
-
_ 

1.15747 
0.00234 
2.31840 
0.56980 
0.95380 
0.27060 
0.11870 
0.02480 

-

. 10^2 atoms/cm' 

Axial 
Blanket 

. 
-
. 

0.80970 
0.00166 
1.62272 
0.91169 
0.95380 
0.27060 
0.11870 
0.02480 

-

Radial 
Reflector 

_ 
-
_ . 
-
-
-

5.22210 
1.44320 
0.65070 
0.13890 

-

Axial 
Reflector 

_ 
-
_ -
-
-

0.911W 
3,23660 
0.89450 
0.40330 
0.08610 

-
'27.10* in fuel plates, 72.90)1. in U3O8 plates. 
1)44.23% In fuel plates, 55.77% in U3O8 plates. 
CTotai content in fuel and U3O8 plates. 



TABLE A.2. Specifications and Results of Diffusion-theory Calculations 
of keff for a 6000-l i ter, Two-zone Core 

I. One-dimensional (finite-cylinder) Concentration Search 

A. Specifications 

Basic Core Composition: 3 5 vol % PuOz-UOj (Pu = 27% ^^''Pu) 40 vol % Na, 16 vol % stepl, 

9 vol % void outer / inner enrichment ratio = 1.5 

Radial Blanket Compositions: As in Table A. l . 

Axial Reflector Savings: Inner core 22.52 cm 

(based on ZPPR-2 data) Outer core and blanket 21.23 cm 

Radial Boundaries ' As i l lustrated in Fig. A . l . 

Mesh Intervals: Inner core- 36 Outer core- 24 
Radial blanket 18 Reflector 4 

Cross Sections- 27-group, ZPPR-2 homogeneous MC^. 
(based on E N D F / B , Version I) 

Search P a r a m e t e r . Relative fraction of Pu-U-Mo, keeping constant total content of 
plutonium and uranium isotopesr -a lso keeping OC/lC enrichment 
ratio of 1.5. 

B. Results 

With homogeneous c ross sections, convergence on k = unity for enrichment of 9.579% (content of 
^"Pu + ^""Pu + ^'^U, relative to total U + Pu) in inner core . 

Variation of reactivity with enrichment = 6.19% k per 1.0% enrichment of the total core. 

Correcting for heterogeneity (1.3% k, estimated on basis of ZPPR-2 calculations) and voiding 
(0.05% k) indicating a cri t ical enrichment for the 2-D calculations of 9.36% in inner core, 14.04% 
in outer core. 

II. Two-dimensional RZ Calculations for Real and Adjoint Fluxes 

A. Specifications 

Compositions. As listed in Table A. l , basic core compositions in P a r t A above, with IC 
enrichment of 9.36%, OC enrichment of 14.0 5%. 

Geonrietry: As shown in Fig. A . l . 

Mesh Intervals: (See Fig. A.l for boundaries.) 

Radial Axial 

Boundaries, cm 

0.0 to 44.250 
44.250 to 66.375 
66.375 to 88.500 
88.500 to 106.830 

106.830 to 125.160 
125.160 to 145.480 
145.480 to 165.800 
165.800 to 176.850 

No. of 
Intervals 

4 
4 
4 
4 
4 
4 
4 
2 

No. of 
Boundaries, cm Intervals 

0.0 to 38.100 6 
38.100 to 60.960 5 
60.960 to 76.200 3 
76.200 to 101.600 3 

101.600 to 121.920 2 

Cross Sections: 27-group, generated for voided-core zones of ZPPR-2 , including resonance-
shielding and spatial effects of heterogeneity. 

B. Resul ts , keff calculated 

Real: 0.99895 ± 0.00005, adjoint: 0.99891 ± 0.00005. 



Table A.3 gives the detai ls on the DOT calculat ions (S4-transport) that 
provided the react ivi ty var ia t ion with separat ion of the r eac to r ha lves . The 
two las t calculations l isted in pa r t B, of the table were to de te rmine the ex­
cess react ivi ty that would resu l t f rom replacing the ent i re i n n e r - c o r e com­
position with o u t e r - c o r e composition, 

TABLE A 3 Specifications and Results of Transport-theory (DOT) Calculations for Gap Worth 
and Overload Reactivity for a 6000-liter Two-zone Core 

A Specifications 

Cross sections One-group sets for each region defined In Fig A 1, collapsed using region spectra from RZ 
diffusion calculations 

Geometry As defined in quadrant view in Fig A 1 except for addition of air-filied region at lower hori­
zontal boundary with height equal to half of gap width 

Mesh intervals As used In RZ diffusion calculations (Table A 21 for core and blanket regions Additional in­
tervals used for gap as specified below 

Quadrature S4 

B Results 

Problem Gap in 

Gap Mesh 
Intervals 

(from Z • 0 0 

to 1/2 X gap! 

Core-zone 

Loadings 

Calculated 

keff 
(±0 000051 

% AkA (from 
gap - 0 0 in 1 

8 
9 

00 
30 
80 

14 0 
20 0 
26 0 
340 

00 
14 0 

0 
2 
6 

11 
6 
8 

11 

0 
11 

Normal 

Normal 
Normal 
Normal 
Normal 

Normal 
Normal 

Overload^ 
Overload' 

103015 

100607 
0 95388 
0 90294 

087214 
0 85350 
083925 

1 21577 
106676 

0000 

2 338 
-7 404 

-12 349 
-15 338 

-17 148 

-18 521 

0000 
12 256 

'Outer-core composition loaded into entire inner core (one-group macroscopic cross sections for OCZl used in 
the SIX inner-core zones) Overload reactivity (for 0 0-in gapi - 1 8 02% Ak/k 

Table A.4 l i s t s the resu l t s of the per turba t ion- theory calculations 
(ARC path 7) to obtain the worths per k i logram of Pu-U-Mo, ^'"Pu in Pu -U-Mo, 

U in Pu-U-Mo, and U in U3O8 for each of the 10 core regions . These m a ­
te r ia l worths were required to der ive the t empera tu re feedback coefficients 
for the kinetics code. Additional worth calculation provided the worth of r e ­
storing sodium to the voided core , by zones, and of replacing i nne r - co re with 
ou t e r - co re composition in each of the six i nne r - co re zones. 

TABLE A 4 Results of First-order Perturbation-theory Calculations Using Fluxes from 
RZ Diffusion Calculations for 6000-liter Two-zone Sodium-voided Core 

Assembly 127% 240pu m Pu-U-Mol 

Region 

Inner Core 

ICZl 

ICZ2 
ICZ3 
ICZ4 
ICZ5 

iCZ6 

Outer Core 

OCZl 

0CZ2 
0CZ3 

0CZ4 

Radial 
Blanket 

Axial 

Blanket 

Volume 

liters 

469 
586 
820 
281 
352 
492 

857 
1018 

514 
611 

4529 

875 

Power 
Fradion 

00842 
01045 
01438 
0 0332 
0 0411 
0 0562 

0 1933 

01689 
00748 

00650 

0 0215 

0 0135 

Average Material Worths 10"' 

Fuel 

(Pu-U-Mol 

9 233 

9109 
8 717 
4 226 
4154 
3 937 

7 256 

4200 

3 220 
1839 

-

_ 

239pu 

in 
Pu-U-Mo 

39 54 

38 96 
37 08 
17 50 
17 14 

1616 

30 31 

16 77 

12 96 
7 10 

-

_ 

238u 

in 
Pu-U-Mo 

-2 216 
-2173 

-2 032 
-0 762 

-0 740 

-0 671 

-1545 
-0577 

-0478 
-0149 

-

. 

AkA per ko 

238u 

in 
U3O8 

-2 328 

-2 283 
-2137 
-0 825 

-0 802 
-0 730 

-1619 
-0 631 

-0 519 
-0175 

-0 020 

-0166 

1 

Sodium 

-1694 

-1704 
-1684 
<0 216 

+0 210 
+0 229 

-0988 
+0 702 

+0460 
+0 755 

-

_ 

Worth of Replacing 

Inner-core Composition 

with Outer-core Composition 

% AkA 

3147 

3 878 
5 170 
0829 
0102 
0134 

-
-
-

-

_ 
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APPENDIX B 

Derivat ion of Doppley Feedback Coefficients for a 
6000- l i ter . Two-zone ZPPR Core 

Tempera tu re -dependen t c ro s s sections were not available in the Z7-
group l ib ra ry for ZPPR Assembly 2. Doppler effects for the two-zone-core 
DBA calculations were therefore derived on the bas is of the Doppler exper i ­
ments ca r r i ed out in a sodium-voided cent ra l zone of the inner core of Z P P R - 2 . 
The assumption made was that in the 6000-l i ter , sodium-voided-core DBA, 
the rat io of Doppler effect to total worth of a ma te r i a l would be the same as 
the corresponding exper imenta l rat io in Z P P R - 2 , The Z P P R - 2 exper imental 
data were fitted to a l / T - l a w relat ionship (dp/dT = C / T ) as shown in Table B , l ; 
consis tent c could only be obtained for ^^^Pu by assuming a la rge coefficient 
of t he rma l expansion (40 x 10~^°C~^), Expansion effects were es t imated on the 
bas i s of calculated axial worth dis tr ibut ions for Z P P R - 2 . 

F o r Pu, a slightly posit ive Doppler effect was obtained, and the nor ­
mal wor th - to -c rat io was found to be 936. F o r the DBA calculat ions, a factor 
of w / c = 1000 was adopted to reflect the probably h a r d e r spec t rum in a totally 
voided core . 

F o r ^^^U, a wor th - to -c rat io of 21 was found in Z P P R - 2 . F o r con­
se rva t i sm, the average rat io selected for the ^̂ ^U in the Pu-U-Mo and U3O8 
plates in the revised DBA was 2 5, 

The calculated worths of "^Pu and "^U listed in Table A.4 for the 10 
core subzones of the 6000-l i ter DBA model f i rs t were divided by 1000 and 25 
(for ^^^Pu and ^^^U, respect ively) to obtain the Doppler factors c (Ak/kg). Mul­
tiplying by the zone m a s s e s of these isotopes and dividing by 300°C then gave 
the Doppler feedback coefficients (Ak/°C) required by zone for the Pu-U-Mo 
and two U3O.8 plates in the kinet ics-code cell, 

TABLE B.l. Evaluation of 239pu and 238u Doppler Effects Measured 
in Voided Zone of ZPPR-2 

Measured Expansion Doppler Doppler 
Temperature Effect, Correction, Effect, Factor c,' 

Range, "K IhAg Ih/kg Ih/kg ih/kg 

A. 239pu 

445-700 
445-830 
445-920 

-0.044 
-0.075 
-0.109 

-0.0973 
-0.1469 
-0.1813 

+0.053 
+0.071 
+0.072 

0.1177 
0.1137 
0.0995 

Average c • 0.1103 Ih/kg. 
Worth 239pu in Sample - 103.2 Ih/kg. 

Worth/c = 936 (for 1/T law and an expansion coefficient of 40 x 10'*). 

B. 238u 

300-500 -0.144 +0.002 -0.146 -0.286 
300-800 -0.306 +0.004 -0.310 -0.316 
300-1100 -0.406 +0.006 -0.412 -0.317 

Average c • -0.306 IhAg. 
Worth 238u in Sample " -6.44 Ih/kg. 

Worth/c - 21.0. 

^For relationship dp/dT • c/T, or (pj-pji/c - in(T2/Tj). 



APPENDIX C 

Specifications and Resul ts of the Kine t i cs /Hea t - t r ans fe r 
Calculations for the Design Basis Accident on 

a 6000- l i ter . Two-zone ZPPR Core 

Table C.l gives the kinetics p a r a m e t e r s used in the excurs ion calcu­
lation and desc r ibes the cell model adopted. Table C,2 l i s t s the ma te r i a l prop­
e r t i e s according to t empera tu re range used for Pu-U-Mo and U3O8. Table C,3 
l i s t s the core-zone p a r a m e t e r s for the calculat ions, including the Doppler 
feedback coefficients and w^orth factors for fuel expansion, 

TABLE C.l . Input Specifications for DBA Kinet ics /Heat- t ransfer 
Calculations for 6000-liter. Two-zone Core 

A. Kinetics-code P a r a m e t e r s 

1. Ramp rate = 0.0011 Ak/k per sec. 

2. Initial conditions: Power = 2W kexcess = -0.002 

Source = 61200 P r e c u r s o r s = 0 

3. Excursion terminated after 20 sec of fuel boiling. 

4. Time step = 0.5 msec , lifetime = 4.085 x 10"' sec 

5. Delayed-neutron parameters 

Group: 

Beta-effective, 10"^ 
Lambda, sec" ' 

1 

8.27 
0.013 

2 

71.52 
0.0314 

3 

63.58 
0.136 

4 

125.97 
0.340 

5 

57.97 
1.320 

6 

19.00 
3.500 

6. Thermal pa ramete r s 

Average core heat input = 3.9815 x 10"* ca l / cm ' -W-sec . 
Temperature feedbacks initiated after integrated power of 0.1 MW-sec. 
Temperature feedbacks calculated every 2.5 MW-sec. 

B. Description of Model Cell 

Cell 
Region 

1 

2 
3 
4 

Structure 

+ 

Void 

0 

Feedback 
Region No. 

-

2 
1 
3 

Pu 
1 

U 

Mo 

U3O8 
Plate 

A 

5.311 5.870 7.315 

Thickness, No. of 
Material cm Nodes 

Structure & 5.311 3 
void 

Pu-U-Mo 0.5588 5 
UjOg 1.4451 3 
U3O8 1.2759 3 

U3O8 
Plate 

B 

8.591 

Ax per 
Node 

1.7703 

0.11176 
0.4817 
0.4253 

Power-
density 
Ratio^ 

0.0000 

13.5160 
0.3814 
0.3814 

^Ratio of average power density in plate to average power density in cell. 



TABLE C.2. Thermal Proper t i e s of Materials Used for Oxide-fuel 
Simulations in DBA Calculations 

Range 

1 

2 

3 
4 
5 

6 

7 

8 

9 
10 

1 
2 

3 

4 

5 

6 
7 

8 

9 
10 

U p p e r 
T e m p , 

°K 

500 

6 50 
8 1 8 

9 0 0 
1230 
1230 
1900 
2800 
3700 
3700 

4 0 0 

500 

7 50 
1150 
1550 
1950 
1950 
3000 
4200 
4200 

H e a t 
C a p a c i t y , 
c a l / g - ° C 

P u - U - M o F u e l 

0.030 
0 .035 
0.037 
0.039 
0.040 
1.0 X 10'° 
0 .044 
0.046 
0 .048 
1.0 X 10'° 

U3O8 

0.070 
0.077 
0.082 
0 .088 
0 .094 
0.100 
1.0 X 10'° 
0.100 
0.100 
1.0 X 10'° 

(d 

T h e r m a l 
Conduc t iv i t y 

Alloy (dens i ty = 18, 

0 .064 
0 .074 
0.082 
0.092 
O.UO 
0.130 
0.160 
0.240 
0.300 
0.300 

e n s i t y = 7.60 g / c c ) 

0 .0014 
0.0012 
0.0010 
0.0012 
0 .0014 
0 0016 
0.0020 
0.0020 
0.0020 
0.0020 

L a t e n t 
H e a t , 
c a l / g 

.4 g / c c ) 

_ 
-
-
-
-
20 

-
-
-

4 5 0 

-
-
-
-
-
6 7 

_ 
-

1000 

Coeff ic ient 
of E x p a n s i o n , 

10"'' d e g " ' 

15.4 
28 .5 
28.6 
52.0 
24 7 

_ 
_ 
-
-
-

TABLE C.3. Cell-descript ion P a r a m e t e r s Input to DBA 
Kinetics/Heating Code for 6000-liter, Two-zone Core 

C o r e 
S u b z o n e ^ 

I C Z l 
[CZ2 
[CZ3 
I C Z 4 
I C Z 5 
JCZ6 
O C Z l 
OCZ2 
O C Z 3 
O C Z 4 

" C e l l " P o w e r 
D e n s i t y b 

C o r e - a v e r a g e 
P o w e r D e n s i t y 

1.07802 
1.07557 
1.05201 
0.70879 
0 .70176 
0 .68465 
0 .94387 
0 .69451 
0 .60878 
0 .77547 

F u e l M a s s , 

k g P u - U - M o 

561.0 
701.3 
981.8 
336.8 
420.8 
589.1 

1549.8 
1840.7 

929.9 
1104.4 

T o t a l 
M a s s 
U3O8, 

k g 

1128.3d 
1410.3d 
1974.4d 

676.9d 
846.2d 

1184.7d 
1461.4 
1735.6 

876.8 
1041.5 

D o p p l e r F e e d b a c 
Coef f i c i en t s a t 30C 

10"*' Ak/k-°C 

P u - U - M o 

- 0 . 8 7 8 
- 1 . 0 7 5 
-1 .403 
-0 .171 
-0 .207 
-0 .260 
- 1 . 6 5 8 
-0 .659 
-0 .283 
- 0 . 0 7 8 

U3O8 
P l a t e A 

-1 .656 
-1 930 
-2 .529 
- 0 . 3 3 5 
- 0 . 4 0 7 
-0 .519 

-
-
-
-

:k 
|°K, 

U3O8 
P l a t e B 

-1 .390 
- 1 . 7 0 4 
-2 .233 
-0 .296 
-0 .359 
-0 .458 
-2 .670 
-1 .237 
-0 .513 
-0 .206 

P u - U - M o 
E x p a n s i o n 
F e e d b a c k 
Factor,*^ 

(Ak/k)/(A-t /^) 

-0 .04012 
- 0 . 0 4 9 1 5 
-0 .06426 
-0 .00740 
-0 .00887 
-0 .01072 
-0 .08859 
-0 .06290 
-0 .01502 
-0 .01128 

^As shown in Fig. A . l . 
I'For region accompanying a fuel column: Accounts for higher density and power fraction for 

Pu-U-Mo in outer core . 
^Multiplied by expansion coefficients in Table C.2 gives expansion feedbacks (Ak/k-°C) 

according to temperature range, 
dpor two plates per cell (split 53.11 and 46.89% into plates A and B, respectively) in inner 
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Table C.4 p re sen t s the h is tory of the fuel evaporat ion given by the 
kinetics code and the corresponding his tory of cell ove rp res su r i za t ion given 
by the p re s su re /ven t ing code, A graph of the fuel vaporized v e r s u s t ime is 
shown in Fig . C , l , along with a plot of the excess react ivi ty in the r e a c t o r f r o m 
the s ta r t of the kinetics calculation until 20 sec after fuel boiling s t a r t s . 
F igure C,2 shows the h i s to r i e s of the Pu-U-Mo and U3O8 t e m p e r a t u r e s in 
the cen t r a l - co re zone. 

TABLE C.4. Calculated Cell Overpressures Caused byHeat Released from Oxidation of Vaporized 
Fuel during a DBA for a 6000-liter, Two-zone Core, Totally Voided of Sodium (32-cent/sec 

reactivity insertion rate) 

Time after 
Vaporization, 

sec 

0 
0.2 
0.4 
0.6 
0.8 
1.0 
1.3 
1.6 
2.0 
2.5 
3 
4 
5 

T 3tal Fuel 
Vaporized, 

kg Pu-U-Mo 

0.0 
26.8 
44.9 
58.0 
68.5 
77.4 
88.5 
97.8 

108.5 
126.0 
140.2 
162.8 
180.4 

Cell 
Overpressure, 

psig 

0.00 
5.37 
8.50 

10.30 
11.34 
11.87 
12.08 
11.85 
11.21 
11.19 
10.48 
8.50 
6.68 

Time after 
Vaporization, 

sec 

6 
7 
8 
9 

10 
11 
12 
13 
14 
16 
18 
20 

T otal Fuel 
Vaporized, 

kg Pu-U-Mo 

194.7 
206.8 
217.3 
226.6 
235.1 
243.0 
250.4 
257.4 
264.3 
277.7 
291.4 
305.9 

Cell 
Overpressure, 

psig 

5.26 
4.20 
3.42 
2.85 
2.42 
2.10 
1.86 
1.68 
1.55 
1.37 
1.28 
1.23 

Note: After 20 sec of fuel vaporization, 24.8% of initial cell air remains in cell. 
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Fig. C.l. Histories of Reactivity and Fuel Vaporization in a DBA for 
a 6000-liter, Two-zone Core. ANL Neg. No. 103-B11513. 
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Fig. c.2. Histories of Fuel and U3O8 Temperatures at Core Center in a DBA on 
a 6000-liter, Two-zone ZPPR Core. ANL Neg, No. 103-B11511. 
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