
3 4456 0284372 4 

ORNL/TR-88/20 

Verification of the OREST (HMER-ORIGEN) Depletion Program System 

Using Post-Irradiation Analyses of Fuel Assemblies 
168, 170, 171 and 176 from the Obrigheim Reactor 

U. Hesse 

Gesellschaft fir Reaktorsicherheit (GRS) mbH, Garching 

Trans1 ated from the German." Report by Gesell- 
schaft fiir Reaktorsicherheit (GRS) 

Prepared for the 
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge, Tennessee 37831 
ope rated by 

MARTIN MARIETTA ENERGY SYSTES,  I N C .  
for the 

U.S. DEPARTMENT OF ENERGY 
under Contract No. bE-AC05-84OR21400 

...................... 
LANGUAGE SERVICES, Kn 

.------------ 
Ten ness ee 



 

 

 

 

 

 

 

 

 

NOTICE: 
 

The ORNL Technical Information Office has determined this report is publicly releasable based 
on having received the proper permissions from the originating organization. 

 

 

 

 

 

 

 

 

   

 

08/2008 



ORNL/TR-88/20 

Th is  repo r t  has been prepared by t h e  GRS under con t rac t  t o  t h e  Bundes- 

m i n i s t e r  des Innern [Federal M i n i s t e r  o f  t h e  I n t e r i o r ]  i n  conjunct ion 

w i t h  Contract  SR 316. The owner r e t a i n s  a l l  r i g h t s .  I n  p a r t i c u l a r ,  

t h i s  r e p o r t  may n o t  be c i t ed ,  reproduced i n  e n t i r e t y  or i n  par t ,  or made 

a v a i l a b l e  t o  t h i r d  p a r t i e s  w i thout  t h e  approval of t h e  o f f i c e  c m i s -  

s ion ing  t h e  research. 

The repo r t  g ives t h e  views and opin ions o f  t h e  research con t rac to r  and 

does n o t  necessary agree w i t h  t h e  opin ion o f  t h e  Bundesminister des 

Innern, who has commissioned t h e  research. 

Gese l lschaf t  fiir Reaktors icherhei t  (GRS) mbH 

Forschungsgeltinde 

8046 Garching 

Tel. (089) 32004(0) 

Telex 5215110 g rs  md 

3 4456 0 2 8 4 3 7 2  4 



c 

. 
ORNL/TR-88/20 

Page 

1. 

1.1 
1.2 
1.3 

2. 

2.1 

2.2 
2.3 

ABSTRACT 

OREST Deplet ion Ca lcu la t ions  

I n p u t  Data 
Computation Sequence 

Computation Resul ts  

I C E  P o s t - I r r a d i a t i o n  Examination Analyses 

Burnup Determination 

Measurement Resul ts  

Comparison between Ca lcu la t ion  and Measurement 

REFERENCES 

APPEND I X 

2 

4 

4 

10 

10 

13 

13 

14 

16 

24 

1 



h ORNL/TR-88/ 20 

Recyl ing c a l c u l a t i o n s  f o r  U02 and mixed ox ide (MOX) f u e l  a re  being car- 

r i e d  ou t  i n  con junc t ion  w i t h  P r o j e c t  SR 316 e n t i t l e d  "Safety Analys is  

for  Thermal Recycl ing i n  t h e  Federal Republic o f  Germany." On t h e  bas is  

o f  t h e  ca l cu la ted  nuc l i de  inventor ies  i n  spent f u e l  assemblies it i s  

then poss ib le  t o  t r e a t  sa fe ty  issues r e l a t e d  t o  thermal recyc l ing.  The 

r e l i a b l e  determinat ion o f  f i s s i o n  ma te r ia l  q u a n t i t i e s  and t h e i r  composi- 

t i o n  i s  t he re fo re  o f  p a r t i c u l a r  importance. 

The OREST program system C11 i s  used t o  c a l c u l a t e  t h e  nuc l i de  invento- 

r i e s  i n  spent U02 and MOX f u e l  assemblies. 

Th is  new program system represents a cons is ten t  combination o f  t h e  we l l -  

known programs HAMMER C21 (neutron spectrum) and ORIGEN C31 (dep le t i on  

ca l cu la t i on ) ,  w i t h  which a l a r g e  number o f  boundary cond i t ions  such as 

reac tor  and f u e l  assembly type, burnup and f u e l  composition can be con- 

sidered. 
i n  conjunct ion w i t h  P r o j e c t  SR 316 i n  a p h y s i c a l l y  s a t i s f a c t o r y  way. 

It makes it poss ib le  t o  ca r ry  ou t  t h e  recyc l i ng  ca l cu la t i ons  

The boundary cond i t ions  def ined i n  SR 316 range from h igh  burnups o f  as 

much as 55 GWd/tU t o  MOX charges w i t h  3.4 w t X  f i s s i o n a b l e  plutonium t o  

t h e  recyc l i ng  of reprocessed uranium i n  U02 and MOX f u e l  assemblies, and 

the re fo re  exceed t h e  scope o f  a p p l i c a t i o n  o f  t h e  data bases o f  t h e  com- 

mon dep le t ion  codes ORIGEN, ORIGEN-2 and KORIGEN. Espec ia l l y  proble- 

mat ic  i n  t h i s  case would be MOX dep le t ion  c a l c u l a t i o n s  f o r  up t o  40 

GWd/tHM, s ince  t h e  on ly  l i b r a r y  a v a i l a b l e  f o r  mixed ox ide (ORIGEN-2) i s  

es tab l i shed only  f o r  2.9 w t %  Pu- f i ss  and 33 GWd/tHM f o r  a Westinghouse 
reactor. Furthermore, no data base e x i s t s  t h a t  could adequately 

descr ibe t h e  h igh  burnups o f  over 50 GWd/tU o r  t h e  reprocessed uranium 

inventory  i n  U02 and MOX. 

The above problems are avoided if, as i n  OREST, t h e  dep le t ion  code i s  

accompanied by a spec t ra l  code, which determines t h e  neutron spectrum i n  

t h e  ac tua l  f u e l  m ix tu re  a t  t h e  beginning o f  and dur ing  burnup and car- 

r i e s  ou t  resonance t reatment  f o r  t h e  most important uranium and t rans-  

uranium isotopes. 
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I n  t h i s  r e p o r t  t h e  r e l i a b i l i t y  o f  t h e  OREST system f o r  U02 burnup i n  
pressur ized water reac tors  i s  f i r s t  demonstrated. P o s t - i r r a d i a t i o n  

analyses o f  f i v e  U02 f u e l  assemblies from t h e  Obrigheim Pressurized 

Water Reactor (KWO) w i t h  an i n i t i a l  enrichment o f  3.13 w t %  U-235 and a 

mean burnup r a t e  o f  28.4 GWd/tU are  used as a yards t ick .  

These f u e l  assemblies were reprocessed i n  1977-78 i n  t h e  Kar lsruhe 

Reprocessing P l a n t  ( W A K ) , *  whereby h a l f  a KWO** f u e l  assembly was measured 

separately i n  each WAK campaign. 

number o f  f i s s i l e  ma te r ia l  and f i s s i o n  product isotopes were c a r r i e d  o u t  

by f o u r  independent i n s t i t u t e s  w i t h i n  t h e  framework o f  t h e  " Iso top ic  

Cor re la t i on  Experiment1' ( I C E )  C41. Th is  makes 40 measurement p o i n t s  

a v a i l a b l e  per isotope. These I C E  measured d a t a  are compared w i t h  t h e  

OREST c a l c u l a t i o n  resu l t s .  The repo r t  a l so  l i s t s  t h e  r e s u l t s  obtained 
a t  Kernforschungszentrum Kar lsruhe w i t h  t h e  K f K  dep le t ion  code system 

The p o s t - i r r a d i a t i o n  analyses f o r  a 

"HAMMER-KORIGEN. " 

The good agreement between experiment and ca l cu la t i on ,  a l so  w i t h  respect 
t o  t h e  K f K  resu l ts ,  proves t h e  r e l i a b i l i t y  o f  OREST f o r  U02 f u e l  i n  

pressur ized water reactors .  Add i t iona l  c a l c u l a t i o n s  f o r  o ther  reac to r  

types and other  f u e l s  (MOX) i n  progress. 

--------------- 
* WAK = Wiederaufarbeitungsanlage Karlsruhe. 

** KWO = Kernkraftwerk Obrigheim [Obrigheim Nuclear Power Plant ] .  
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1. 

The OREST program system i s  made up o f  t h e  dep le t ion  code ORIGEN C31 and 
t h e  c e l l  code HAMMER [2l ,  which are  coupled by means o f  several i n t e r -  

face modules f o r  t h e  purpose o f  continuous c a l c u l a t i o n  o f  f u e l  tempera- 

tures, spec t ra l  indices, uranium and transuranium cross sections, 

recoverable energy per  f i ss ion ,  and above a l l  f o r  t h e  purpose o f  data 

t rans fe r .  

With t h e  HAMMER c e l l  code C2l it i s  poss ib le  i n  t h e  OREST system t o  
consider  t h e  reac to r  data and f u e l  assembly geometries t h a t  apply t o  t h e  

Obrigheim PWR. 

Thus t h e  dep le t ion  o f  t h e  measured KWO f u e l  assemblies 168, 170, 171, 

172 and 176 can l a r g e l y  be simulated mathematically. 

The reactor, f u e l  assembly and operat ing data given i n  Table 1 are  used 
as t h e  i npu t  data. 

assembly data f o r  a 14 x 14 rod l a t t i c e  w i t h  16 c o n t r o l  rod guide tubes 

C81 

They are  based on t h e  KWO design data and t h e  f u e l  

The moderation e f f e c t  o f  t h e  16 w a t e r - f i l l e d  c o n t r o l  rod guide tubes i s  

described by an e f f e c t i v e  p i t ch ,  which was ca l cu la ted  using t h e  Monte 
Car lo  code KENO-IV C71. As expected, t h i s  e f f e c t i v e  p i tch ,  a t  1.475 cm, 

was somewhat above t h e  geometric p i t c h  o f  1.43 cm. The 'co ld '  rod and 

p e l l e t  geometries change somewhat dur ing  burnup due t o  p e l l e t  swe l l i ng  

and downward creep o f  t h e  f u e l  cladding. The conclus ion i s  reached i n  
[ S I  t h a t  t h e r e  i s  mechanical con tac t  between c ladd ing  and f u e l  dur ing  

t h e  power period. 

reduct ion o f  t h e  r a d i a l  gap t o  one t h i r d .  A t  t h e  same time, s l i g h t l y  

reduced c ladding diameters were found. 

Measurements a f t e r  burnup showed f i n a l l y  a d e f i n i t e  

4 



ORNL/TR-88/20 

Table 1 t h e r e f o r e  compares t h e  "coldrr geometric data w i t h  t h e  "hot" 

geometric data used i n  t h i s  research, t a k i n g  i n t o  account gap reduct ionr  

c ladd ing  shrinkage and c o n t r o l  rod guide tubes. 

The coo lan t  dens i ty  i s  ca l cu la ted  a n a l y t i c a l l y  i n  OREST from t h e  coo lan t  

pressure and temperature based on C111. I n  a l l  computer runs it y i e l d s  

t h e  va lue o f  0.7283 g/cm3 and i s  a dec i s i ve  i n p u t  q u a n t i t y  f o r  t h e  burn- 

up r e s u l t  along w i t h  t h e  e f f e c t i v e  p i t ch .  The h igh  va lue o f  0.789 g/cm3 

given i n  t h e  analogous K f K  c a l c u l a t i o n s  C121 could n o t  be reproduced; it 
would correspond t o  an operat ing pressure o f  about 500 bar. 

geneous boron poisoning i n  t h e  reac to r  coo lan t  was assumed t o  be 450 ppm 

i n  analogy w i t h  t h e  K f K  ca l cu la t i ons .  

The homo- 

The KWO f u e l  assemblies 168, 170, 171, 172 and 176 were used i n  Cycles 3 
and 4, were unloaded i n  t h e  5 t h  c y c l e  and f i n a l l y  i r r a d i a t e d  again i n  

t h e  6 t h  cyc le .  

simulated i n  t h e  c a l c u l a t i o n s r  i s  taken from Ref. C61 and was evaluated 

g raph ica l l y  i n  f u l l - l o a d  and zero-load days. The r e s u l t i n g  power h i s -  
t o r y  i s  shown i n  Table 2. 

The corresponding reac tor  diagram i n  F igure  1, which was 

The burnups a t ta ined  per  f u e l  assembly and c y c l e  were obtained from t h e  

operator  C51. The mean s p e c i f i c  powers (MW/THM) per  c y c l e  and f u e l  

assembly t h a t  were ca l cu la ted  from t h e  f u l l - l o a d  days o f  Table 2 and 

from these d a t a  are entered i n  Table 3. 

Whereas i n  Cycle 6 p r a c t i c a l l y  a l l  f u e l  assemblies exh ib i t ed  t h e  same 
powersr t h e  values i n  Cycle 3 vary from 22 t o  35 MW/THM and i n  Cycle 4 

from 25 t o  40 MW/lHM. 

I n  t h e  d i s s o l u t i o n  process i n  w A K 8  h a l f  o f  a f u e l  assembly was processed 
and analyzed i n  each case. 

t h e  f u e l  assemblies i s  shown i n  Table 4. Column 2 i n  t h i s  t a b l e  corre-  

sponds t o  t h e  burnup measurements per  batch; Column 3 gives t h e  burnup 

measurement/operator data f a c t o r s  w i t h  which t h e  batch burnups were 
a t ta ined  i n  t h e  OREST c a l c u l a t i o n s  w i t h  a given power h i s to ry .  

The c o r r e l a t i o n  between these batches and 

5 
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Fig. 1. Reactor operation diagram for  Obrigheim, Cycles 3 ,  4, 6 
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Pel 1 e t  diameter c o l  d : 

Cladding, i n s i d e  co ld:  

Cladding, ou ts ide  co ld:  

L a t t i c e  p i t c h  

0.913 cm hot: 0.925 cm 
0.930 cm hot: 0.930 cm 

1.074 cm hot: 1.071 cm 
1.430 cm e f f e c t i v e :  1.475 cm 

Coolant pressure: 151 bar  

Coolant temperature: 299 'C 

Void content: 0 %  

Resul t ing coo lan t  densi ty :  0.7283 g/cm 

Boron : 450 ppm 

Fuel temp e r a t  u r e  : depending on power drawn 
Cladding temperature: 11 11 n I t  

Fuel dens i ty :  

Enrichment : 

10.2 g/ccm c o l d  w i thout  d ish ing  
10.05 g/cm w i t h  d ish ing  vo l .  1.5% 

9.742 g/cm e f f e c t i v e  h o t  
3.13 w t  % U-235 
0.03 nt  % U-234 

7 
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Power history o f  fuel assemblies 168, 170, 171, 172, 176, in accordance 
with a graphic interpretation o f  the diagram i n  Fig. 1 

----------------__-________________I___----- 

4.9 F L ~  124.2 FL 127.8 FL 
2.4 ZL2 8.5 ZL 2.4 ZL 
79.1 FL 90.1 FL 54.8 FL 
3.7 ZL 2.4 ZL 1.2 ZL 

18.3 FL 9.7 FL 65.7 FL 
1.2 ZL 1.2 ZL 
12.2 FL 13.4 FL 
37.7 ZL 4.9 ZL 

136.5 FL 1.2 FL 
6.8 ZL 2.4 ZL 
37 .O FL 70.6 FL 
29.2 ZL 

8 
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Q B E S I J R O U f L P i l i i l  
Spec. power and f i n a l  burnups according t o  operator data f o r  fuel  
assemblies 168, 170, 171, 172 and 176 

Cycle 3 Cycle 4 Cycle 5 Cycle 6 Final Burnup 
MW/fHM M G l / t H M  M W / t H M  MW/tHM GWd/ t H M  

BE-168 29.95 40.17 0 36.20 30.018 

BE-170 22.41 40.12 0 35.94 27.764 

BE-171 30.14 40.31 0 35.96 30.052 

BE-172 35.41 25.45 0 35.96 26.979 

BE-176 32.26 36.96 0 36.03 29.647 

The specif ic  powers were calculated from the fu l l - load days and the 
operator's burnup data 

Batch No. Burnup  Mea s u reme n t / Fuel Assembly 
Measurement [lo] Operator Data Matching as per [12] 
GlJd/THM 

:i6. 86 28.40 0.9461 NO. 168 
87 30.30 1.0094 168 

88 28.27 0.9407 
89 29.04 0.9663 

90 
91 

29.52 
27.99 

0.9957 
0.9441 

92 26.54 0.9837 

93 29.24 1.0838 

94 25.93 0.9339 

95 28.09 1.0114 

171 
171 

176 
176 

172 
172 

170 

170 

9 
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OREST c a l c u l a t i o n s  were c a r r i e d  ou t  f o r  each o f  t h e  10 batches w i t h  t h e  

power h i s t o r i e s  as shown i n  Table 2. 

The U02 f u e l  temperature important f o r  t h e  Doppler broadening o f  neutron 

capture resonances (U-238, Pu-240) i s  n o t  r i g i d l y  s p e c i f i e d  i n  OREST, i n  

c o n t r a s t  t o  [lo], b u t  i s  cont inuously  re-determined from rod geometry, 

heavy metal densi ty  and power drawn dur ing  burnup us ing a rod  tempera- 

t u r e  program and mate r ia l  data as g iven i n  C131. 
re la t fonsh ip  between rod  power and mean f u e l  temperature as ca l cu la ted  

by OREST on t h e  bas is  o f  t h e  KWO inpu t  data. 

spectra and a c t i n i d e  cross sect ions were t racked about 6-7 t imes per  

batch. 

F igure  2 shows t h e  

Fuel temperatures, neutron 

A se lec t i on  o f  t h e  ca l cu la ted  nuc l i de  concentrat ions o f  t h e  most impor- 

t a n t  heavy metal isotopes Ss shown i n  Table 5. 

The values are given i n  grams per  t o n  o f  charged uranium. 

spond t o  t h e  t ime  o f  f u e l  unloading a f t e r  KWO Cycle 6 ,  s ince  t h e  exper i -  

menta l ly  determined n u c l i d e  concentrat ions are a l so  r e l a t e d  t o  t h i s  

p o i n t  i n  time. 

They corre-  

10 
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F ig .  2. Fuel temperature and rod power for KWO 

UO2 TEMPERATURE 

ROD POWER W / C M  

I I I I i 

0 50 100 150 200 250 
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T a b l e  5 
Ca lcu la ted  n u c l i d e  concentrat ions of Batch 86-95 i n  gram/ton uranium 

Batch No. 
Element/Isotope 86 87 88 89 90 91 92 93 94 95 

Uranium 235 
236 

Neptunium 237 
Plutonium 238 

239 
240 
241 

242 

Americium 241 
243 

Curium 242 
244 

9.66( 3)* 

3.58(3) 
3.68( 2) 
l.Ol(2) 
5.07( 3) 
2.18(3) 
1.13(3) 

4.24( 2) 

3.86(1) 
6.16(1) 
1.79(1) 
1.56(1) 

8.84(3) 
3.68(3) 
3.99( 2) 
1.17(2) 
5.15(3) 
2.32(3) 
1.19(3) 

4.93( 2) 
3.98( 1 ) 

7.52( 1 ) 
2.03( 1 ) 
2.09( 1 ) 

9.71 (3) 
3.57(3) 
3.66( 2) 
l.OO(2) 
5.07(3) 

2,17(3) 
1.12(3) 

4.19(2) 
3.88(1) 
6.07( 1 ) 
1.78(1) 
1.53(1) 

9.37(3) 
3.61 (3) 

3.79( 2) 
1.07(2) 
5.10( 3) 
2.23(3) 
1.15(3) 
4.47(2) 
3.94(1) 
6.63( 1) 
1.87(1) 
1.73(1) 

9.17(3) 
3.64(3) 
3.86(2) 
1.11(2) 
5.10(3) 
2.26(3) 
1.17(3) 

4.65(2) 
3.93( 1 ) 
7.01 (1) 
1.96(1) 
1.87(1) 

* 9.66(3)  corresponds t o  9.66*103 gram/ton uranium 

9.84(3) 

3.55(3) 
3.60(2) 
9.84(1) 
5.05(3) 

2.15(3) 
1.11(3) 

4.09( 2) 
3.83( 1 ) 

5.87( 1 ) 
1.76(1) 
1.46(1) 

1.05(4) 

3.46(3) 
3.34(2) 
8.71(1) 
4.99(3) 
2.05( 3) 
1.04( 3) 

3.60( 2) 

3.470 ) 
4.90( 1 ) 

1.65(1) 
1.14(1) 

9.28(3) 
3.63(3) 
3.81(2) 
1.09(2) 
5.11(3) 
2.25(3) 
1.15(3) 

4.55(2) 
3.65(1) 
6.74( 1) 
2.01 (1 
1.79(1) 

1.08(4) 
3.42(3) 
3.26(2) 
8.13(1) 
4.99(3) 
2.01(3) 
l.Ol(3) 

3.42(2) 
3.36(1) 
4.54(1) 
1.45(1) 
1.03(1) 

9.79(3) 
3.56(3) 
3.63(2) 
9.79(1) 
5.09(3) 
2.16(3) 
1.12(3) 
4.14(2) 

3.54(1) 
5.95(1) 
1.72(1) 
1.49(1) 
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2. I C E  POST-IRRADIATION ANALYSES, COMPARISON BETWEEN CALCULATION AND 
MEASUREMENT 

I n  conjunct ion w i t h  t h e  I s o t o p i c  Cor re la t i on  Experiment ( ICE) ,  t h e  

nuc l i de  composit ion o f  t h e  KWO f u e l  assemblies 168, 170, 171, 172 and 

176, which i n  t h e  3rd, 4 th  and 6 t h  KWO cyc les  reached burnups ranging 

between 26 and 30 GWd/THM, was analyzed by t h e  f o l l o w i n g  f o u r  laborato-  

r i e s  independently from one another i n  1977-78: Europ8isches I n s t i t u t  

f’ir Transurane (TU11 [European I n s t i t u t e  o f  Transuranium Elementsl, 

I n s t i t u t  fiir Radiochemie (IRCH) [ I n s t i t u t e  o f  Radiochemistryl, Wieder- 

aufarbeitungsanlage Kar lsruhe (WAK) [Karlsruhe Reprocessing Plant],  and 
t h e  I n t e r n a t i o n a l  Atomic Energy Agency ( I A E A ) .  

I n  reprocessing a t  WAK it was poss ib le  i n  each case f o r  h a l f  a f u e l  

assembly t o  be processed as a batch, so t h a t  because o f  t h e  4 laborato-  

r i e s  the re  were a maximum o f  40 measuring p o i n t s  f o r  nuc l i de  concentra- 

t ions .  

The comparisons r e f e r  t o  t h e  measured data publ ished i n  t h e  K f K  repo r t s  

ClOI and C121. 

The present radiochemical methods (Nd-148, Cs-137) f o r  burnup determina- 
t i o n  i nvo l ve  inaccuracies o f  about +/- 4%, according t o  C121, s ince  
along w i t h  measurement unce r ta in t i es  t h e  i npu t  already invo lved assump- 
t i o n s  about t h e  f i n a l  burnup, i n  order  t o  be ab le  t o  reca lcu la te  t h e  

des i red burnup va lue v i a  an e f fec t i ve  f i s s i o n  y i e l d  per  f i s s i o n  and an 

e f f e c t i v e  energy per  f i s s i o n .  

According t o  [ l o 1  t h e  burnup determinat ion f o r  a l l  W A K  batches was per- 

formed by only  one labo ra to ry  using t h e  Nd-148 method. 

determined agree w i t h  t h e  operator  data t o  w i t h i n  3 t o  4%. A more pre- 

c i s e  burnup determinat ion would c e r t a i n l y  be desirable, i n  order t o  

f a c i l i t a t e  a more prec ise  comparison o f  ca l cu la ted  and measured n u c l i d e  

inventor ies .  

The values 

13 
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The measurement r e s u l t s  were taken from t h e  K f K  references [ l o ]  and 

C121, s ince  t h e  o r i g i n a l  measurements were n o t  ava i lab le .  Th is  means 

t h a t  many data are determined g raph ica l l y  from t h e  f i g u r e s  publ ished i n  

these repor ts .  

The analyses, which were c a r r i e d  ou t  t h r e e  years a f t e r  t h e  f u e l  unloadi- 

ng date, were ca l cu la ted  back t o  t h e  unloading date by t h e  i n s t i t u t e s .  

According t o  C121, these co r rec t i ons  can b r i n g  about uncer ta in t ies ,  

espec ia l l y  w i t h  Pu-238 and t h e  americium and curium isotopes. Some o f  
t h e  measurements a re  g iven i n  I M A  ( i n i t i a l  metal atom) C101. The f a c t o r  

f o r  conversion t o  ORIGEN moles t h a t  we determined i s  4.203 x lo3. 

Table 6 g ives t h e  measured nuc l i de  concentrat ions per  t o n  uranium used 

i n  t h e  reac tor  f o r  impor tant  isotopes from uranium t o  curium. 
values f o r  uranium and plutonium, converted from C l O I  i n t o  grams, corre-  

spond t o  mean values f o r  f o u r  measuring p o i n t s  each (see f i g u r e s  i n  

appendix). 

f i g u r e s  i n  C12I. 

batch and isotope. 

The 

Americium and curium values are der ived g raph ica l l y  from t h e  

I n  t h i s  case t h e r e  was on ly  one measuring p o i n t  per  

Figures A 1  t o  A6 i n  t h e  appendix based on C123 g i v e  t h e  measured n u c l i d e  

concentrat ions as a func t i on  o f  burnup. 

s p e c i f i c  measuring unce r ta in t i es  become c lear .  

A t  t h e  same time, isotope- 

14 
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Table 7 g ives t h e  d i f f e rences  between t h e  measured r e s u l t s  and t h e  ca l -  
cu la ted  values. The l a s t  column conta ins t h e  mean va lue o f  t h e  respec- 

t i v e  OREST deviat ions.  Negative values mean t h a t  t h e  ca l cu la ted  values 

are  below t h e  measured resu l t s .  

The OREST c a l c u l a t i o n  r e s u l t s  are p l o t t e d  i n  Figures A 1  t o  A6 i n  t h e  

appendix as a func t i on  o f  burnup f o r  nuc l ides  U-235, U-236? Pu-238, Pu- 

239, Pu-240, Pu-241, Pu-242? Am-241, Am-243, Cm-242 and 011-244. 

Very good agreement i s  achieved i n  t h e  case o f  uanium 221 w i t h  a devia- 
t i o n  o f  on ly  1%. Calcu lated and measured values co inc ide  f o r  a l l  prac- 

t i c a l  purposes? as shown by F ig.  1 i n  t h e  appendix. 

The underestimation o f  !J=236 by 4% i s  s l i g h t ;  however? compared w i t h  a 

measurement uncer ta in ty  C121 o f  l X r  product ion ra tes  are  apparent t h a t  

are somewhat t o o  low. 

g raph ica l l y  against  t h e  measured r e s u l t s  i n  Fig. A 1. 
The ca l cu la ted  values f o r  U-236 are p l o t t e d  

For euZ228 an average o f  about 14% lower concentrat ions are ca lcu lated.  

As shown by Fig. A 2? t h e  measurement uncer ta in ty  i s  o f  about t h e  same 

order  o f  magnitude. 

were a l so  found i n  K f K  v e r i f i c a t i o n  ca l cu la t i ons r  a re  due t o  t h e  mea- 

surement techniques (see C121) cannot be evaluated here. 

The ex ten t  t o  which these Pu-238 d i f fe rences? which 

The concentrat ion o f  bred e ~ a 2  as determined by OREST i s  s t i l l  more o r  

l e s s  w i t h i n  t h e  range o f  measurement accuracy o f  3% (according t o  [ 1 2 l ) ?  

although w i t h  a s l i g h t  excess (+3.4%). 

shows t h a t  t h e r e  i s  a d e f i n i t e  overest imat ion? which because o f  subse- 

quent a c t i v a t i o n  processes has an e f f e c t  on t h e  h igher  plutonium +so- 

topes (+12%? Fig. A 3 I r  &241 (+5X9 Fig. A 4) and &242 (+9%? 
Fig. A 4). I n  cont ras t ,  t h e  KfK v e r i f i c a t i o n  c a l c u l a t i o n s  showed lower 

concentrat ions? as a l s o  shown by F igures A 3 and A 4, so t h a t  t h e  mea- 

sured values l i e  between t h e  two burnup ca l cu la t i ons .  

However, Table 6 and F igure  A 2 

16 
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Surpr is ing  d i f f e rences  between c a l c u l a t i o n  and measurement were found 

fo r  t h e  americium isotopes h12u and &~=243~ whereby KORIGEN and OREST 
c a l c u l a t i o n s  y i e l d  r e l a t i v e l y  s i m i l a r  r e s u l t s  (F igures A 5). The var ia -  
t i o n  between measured values i s  great. Per batch t h e r e  i s  a d d i t i o n a l l y  

on ly  one p o i n t  o f  one i n s t i t u t e  ava i lab le .  

The reason f o r  t h e  excess ive ly  h igh  Am-241 measurements and t h e  exces- 

s i v e l y  low Am-243 ana lys is  values, comparativelyr i s  t o  be found i n  

measurement d i f f i c u l t i e s r  according t o  C12l. Subsequent p rec i s ion  mea- 

surements o f  p e l l e t s  from KWO-BE-210 and 124 d i d  y i e l d  values t h a t  are 
i n  agreement w i t h  K f K  dep le t ion  ca l cu la t i ons .  

17 



Table 7 
Percentage dev ia t ions  o f  OREST c a l c u l a t i o n  r e s u l t s  from t h e  measured values 

(calculation-experiment/experiment)+100 

Batch No. 
95 Mittel Element I so tope 86 87 88 89 90 91 92 93 94 

Uranium 235 -0.5 % 
236 -4.1 

Plutonium 238 -15.1 

239 -0.2 
240 7.6 
241 2.4 
242 3.7 

Americium 241* -32 
243* 200(?) 

Curium 242* -11 
244* -1.9 

-1.6 % 
-4.1 

-22.0 
4.3 
12.3 
4.2 
9.8 

-46 
141(?) 

-10 
8.9 

-1.2 % 
-4.3 

-12.3 
3.9 
12.8 
6.7 
12.0 

-64 
56 

-9 
3.4 

-1.2 % 
-3.6 

-7.0 
2.7 
11.7 
4.4 
11.2 

-63 
53 

-1 0 
1.8 

0.4 % -0.3 ?, 
-4.4 -3.9 

-10.5 -11.4 
3.4 2.6 
10.9 11.6 
4.1 4.6 
6.4 10.5 

-67 -65 
44 49 

-1 1 -5 
-3.1 2.8 

-0.9 % 
-4.5 

-25.6 
5.8 
13.3 
6.2 
9.8 

-68 
42 

-16 
-1.7 

2.4 % 
-2.9 

-9.2 
4.9 
13;7 
6.3 
9.4 

-67 
62 

-16 
6.5 

-1.3 8 
-4.7 

-13.5 
3.8 
11.8 
3.4 
10.3 

-68 
41 

-1 6 
0.0 

-1.3 % 
-4.1 

-13.4 
3.0 
10.0 
4.3 
9.2 

-71 
170(?) 

-16 
2.1 

-0.6 % 
- 4 . 1  

-1 4 
3.4 
11 - 6  
4.7 
9.2 

-61(?) 
86(?) 

-12 
2.0 

* on ly  1 measuring p o i n t  per  batch; very uncer ta in  a n a l y t i c a l  values except f o r  Cm-244 
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Wi th in  t h e  framework o f  measurement accuracy, t h e  curium isotopes 

and Qg=U4 were determined very e f f e c t i v e l y .  Although t h e  Cm-244 b u i l d -  

up depends i n  h i g h l y  non- l inear  fashion on burnup, t h e  OREST r e s u l t s  
e x h i b i t  constant  accuracy (see F igures A 6). 

The f o l l o w i n g  tab le,  Table 8, g ives  a b r i e f  overview o f  t h e  c a l c u l a t i o n  

accuracies achieved us ing t h e  dep le t ion  codes OREST and KORIGEN indepen- 

den t l y  o f  one another. 

c e r t a i n t i e s  l i s t e d  i n  C12l. 
The l a s t  column reproduces t h e  measurement un- 

The OREST-KORIGEN dev ia t ions  from t h e  experiment a re  p l o t t e d  g r a p h i c a l l y  

i n  F igure  3. 

Table 8 Comparison between experiment and c a l c u l a t i o n  as regards 

nuc l i de  concentrat ions i n  f u e l  assemblies 168 through 176 

......................................................... 
Iso tope Dev ia t ion  * I  Dev ia t ion  *)  Measurement 

OREST KORIGEN 1121 Uncer ta in ty  C121 

U- 235 
236 

PU- 238 

239 
240 
24 1 

242 

Cm- 242 
244 

-0.6 % 
-4.1 % 

-14.0 % 
3.4 2 

11.6 % 
4.7 % 
9.2 % 

-12 % 
2 %  

-1.9 2 
-1.9 s, 

-23.3 ?, 
0.4  3, 

-5.1 2 

-9.0 % 
-6.0 2 

ca -30 3, 
ca -23 % 

22 0 
+1 3, 

515 % 
23 3, 
23 3, 
24 22 
24 % 

large,  up t o  a fac tor  of 2 
220 % - 

-~ 

*I Dev ia t ion  i n  percent equ iva len t  t o  (calculation-experiment)/experiment*lOO 
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Fig .  4 Plutonium isotope d i s t r i b u t i o n  

I 
weight p e r  c e n t  

238 

~ 

2 40 
~ 

241 24 2 

measurement, I C E  - mean va lue  
c a l c u l a t i o n ,  OREST 0 
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The dev ia t ions  from uranium t o  curium t h a t  go beyond t h e  uncer ta in ty  

range o f  t h e  measurements a re  below 12% (Pu-2401, b u t  a re  systematic i n  

nature, as shown by Table 7. The cause may l i e  i n  t h e  fo l low ing :  

- i n  t h e  HAMMER base data. I n  OREST t h e  c e l l  code r e s u l t s  are adopted 

w i thout  ex te rna l  re -ca l cu la t i on  (as i n  C101). Here we would l i k e  a 

review based on t h e  most recent core  data: 

- i n  r e a l  dev ia t ions  from t h e  model assumptlon o f  an extended rod l a t -  

t i c e  due t o  s p e c i f i c  f u e l  assembly p o s i t i o n s  i n  t h e  core  and l o c a l  

pe r tu rba t i ons  i n  t h e  v i c i n i t y  o f  t h e  f u e l  assembly pieces and top  and 

bottom f i t t i n g s .  Such e f f e c t s  can only  be considered a t  cons iderable 

add it i onal expense. 

A summary o f  t h e  ca l cu la ted  and measured values f o r  t h e  Pu isotopes 

according t o  Tables 4 and 5 y t e l d s  t h e  Pu vec tor  t h a t  app l ies  t o  a burn- 

up o f  about 28 GWd/THM, as given i n  Table 9. 

Table 9 Plutonium vec tor  w i t h  an average burnup o f  28.3 GWd/THM, 

comparison between OREST and experiment 

Iso tope OREST EXP E R I M E N T  
~~ 

pU-238 1.14 % 
Pu-239 57.04 % 
Pu-240 24.49 % 
Pu-241 12.58 % 
Pu-242 4.75 % 

1.40 % 
58.17 % 
23.76 % 
72.68 % 
4.59 % 

To ta l  amt. 8.893 kg 8.423 kg 

The t o t a l  amount o f  Pu determined by OREST d i f f e r s  from t h e  experiment 

by 6%. F igure  4 shows a graphic  comparison o f  these plutonium vectors. 

The agreement by isotopes between t h e  ca l cu la ted  and measured d i s t r i b u -  

t i o n s  i s  apparent. 

22 
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I n  summary we can s t a t e  t h a t  t h e  p o s t - i r r a d i a t i o n  analyses o f  t h e  KWO 

f u e l  assemblies 168 t o  176 can be reproduced e f f e c t i v e l y  using t h e  OREST 

program system. 

Differences from t h e  ana lys is  values t h a t  go beyond t h e  range o f  mea- 

surement inaccurac ies remain below 12% (Pu-240). A comparison o f  t h e  

experimental and ca l cu la ted  plutonium vectors  for an average burnup of 

28.3 GWd/THM shows good agreement. 

mated by OREST by 6%. 

The e n t i r e  Pu amount i s  overes t i -  

The concentrat ions of t h e  rad ia t ion- re levant  isotopes Pu-238, On-242 and 

Cm-244 a re  accurate ly  determined i n  t h e  burnup range from 26 t o  30 
GWd/THM t h a t  was t h e  sub jec t  o f  t h e  research, even i n  comparison w i t h  

other  v e r i f i c a t i o n  ca l cu la t i ons .  
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Appendix: Comparison o f  ca l cu la ted  and experimental nuc l i de  
concentrat ions o f  uranium, plutonium, americium and curium 
isotopes 

F igure  A 1: U-235 n u c l i d e  concentrat ions (kg/tU) 

U-236 n u c l i d e  concentrat ions (kg/tU) 

F igure  A 2: Pu-238 n u c l i d e  concentrat ions (kg/tU) 

Pu-239 n u c l i d e  concentrat ions (kg/tU) 

F igure  A 3: Pu-240 n u c l i d e  concentrat ions (kg/tU) 

F igure  A 4: Pu-241 nuc l i de  concentrat ions (kg/tU) 

F igure  A 5: Pu-242 n u c l i d e  concentrat ions (kg/tU) 

Am-241 nuc l i de  concentrat ions (kg/tU) 
Am-243 nuc l i de  concentrat ions (kg/tU) 

Cm-242 n u c l i d e  concentrat ions (kg/tU) 

Crn-244 nuc l i de  concentrat ions (kg/tU) 
F igure  A 6: 

The f i g u r e s  are  taken from C121. 

The OREST c a l c u l a t i o n  r e s u l t s  from t h i s  repo r t  are a l so  

p l o t t e d  . 
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