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ABSTRACT 

An in-depth-analysis including probabilistic 
considerations has been performed for a poten- 
tial criticality excursion in two large ves- 
sels in a planned reprocessing plant. Criti- 
cality safety of these components is based on 
limitation of uranium and plutonium concen- 
tration. The main intention of this study was 
to investigate the potential and probable 
magnitude of a criticality in greater detail 
and to detect possible weaknesses of critica- 
lity safety provisions. The results of the 
analysis show, that the calculated probability 
of less than 5:10-*/aa for a criticality ex- 
cursion in the most relevant rework tank may 
be further reduced. The peak power rework tank 
may be further reduced by design modifica- 
tions. The peak power and total fissions of the 
critical excursion as assessed in a preceding 
analysis for licensing are conservative by 
factors of 10 and 4, respectively. 

1. INTRODUCTION 

In the Federal Republic of Germany an acci- 
dental nuclear criticality represents a design 
basis accident in the licensing procedure for 
fuel cycle facilities. Due to the requirements 
of the Radiation Protection Ordinance it has 
to be demonstrated, that the potential radio- 
logical consequences of a design basis acci- 
dent shall not exceed certain dose limits. The 
most relevant dose limits in case of a cri- 
ticality accident are a maximum permissible 
whole body dose of 50 mSv and a limiting thy- 
roid dose of 150 mSv at the most exposed point 
outside the fuel cycle facility. These dose 
limits are valid for the summation of dose 
contributions from all relevant pathways in- 
cluding ingestion of contaminated food and 
water. 

For the evaluation of a credible accident 
scenario and the calculation of potential 
radiological consequences of a criticality 
there are no specific regulations or standards 
in Germany. To establish assumptions for the 
accident scenario and to determine possible 

a per annum. 

consequences of the accident USNRC-Regulatory 
Guides 3.33 - 3.35 give some support /1/. A 
plant-specific accident analysis is, however, 
necessary to determine the most important 
parameters for the accident analysis. 

In case of the licensing procedure for the 
Wackersdorf reprocessing plant a plant-speci- 
fic accident analysis has been performed on 
the premise, that this analysis should rely 
on conservative assumptions to ensure results 
to be on the safe side. In this analysis a 
deterministic approach has been used to eva- 
luate upper bounds for peak power and total 
number of fissions in the nuclear excursion 
and to calculate the radiological consequences. 
To get more insight into the complex phenomena 
during a criticality accident and to determine 
the degree of conservatism of the determi- 
nistic accident analysis in the licensing pro- 
cedure an additional in-depth analysis has 
been performed taking also into consideration 
probabilistic elements. 

2. DETERMINISTIC CRITICALITY ACCIDENT ANALYSIS 

The analysis of a criticality accident in the 
Wackersdorf reprocessing plant, which includes 
also a fabrication of mixed oxide LWR fuel 
elements, has been performed in two steps. 
Step 1 consisted of a systematic analysis of 
the equipment and the provisional operation of 
the plant to find out possible points and 
situations for a criticality accident. An 
important result of this analysis was, that 
possibilities for a criticality seem only 
conceivable for a chain of independent events 
exceeding the generally applied double con- 
tingency principle. Undetected accumulation of 
plutonium and incorrect transfer or spill of 
concentrated fissile solution have been found 
to be the most important initiating events. In 
a second step the most relevant accident sce- 
narios probably causing the most severe con- 
sequences have been derived from accidental 
possibilities identified in step 1. Main cri- 
teria for this deviation have been the type 
and concentration of the fissile material 
present in the component, the shape and volume 
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of the component, connections to other equip- 
ment, provisional transfer volumes and rates, 
possible release paths to the environment and 
the planned retention systems in the off-gas 
sys,tems. As the most relevant locations for a 
criticality excursion the feed storage tank 
with 16.8 m3 volume and a large rework tank 
with 12.5 m3 volume have been identified. Both 
vessels are designed for limiting concentra- 
tion of fissile material. Existing experience 
from criticality accidents and excursion ex- 
periments has been evaluated to generate the 
parameters for a conservative assessment of a 
criticality excursion representative for acci- 
dental conditions in the plant under worst 
conditions. In addition calculations with a 

.foreseeable computer program have been per- 
formed to model the t ime-dependent behaviour 
of a criticality excursion /2/. The most im- 
portant results of these evaluations are 
presented in Table 1. 

The calculations of the t ime-dependent beha- 
viour of the criticality excursion in a large 
volume of concentrated fissile solution 
showed, that 10lg total fissions are likely to 
be reached until the solution starts boiling. 
When boiling is reached, the power level drops 
drastically. Subsequently the further increase 
of the total fissions is not remarkable beyond 
that number of fissions reached at the begin- 
ning of boiling. An example of this behaviour 
is demonstrated in Fig. 1. 

I I I I I 50 
200 400 t,s 600 

t ime 

Figure 1: Total fissions and temperature for 
a criticality excursion in a solu- 
tion 

An important result of these calculations was, 
that even for high transfer rates of solution 
and high plutonium concentrations the assessed 
pressure for peak power was relatively low. 
Mechanical damage to the components therefore 
is unlikely. Calculations of a possible pres- 
sure propagation into the off-gas-system 
showed that at least two end stages of BEPA- 
filters will remain undamaged, because the 
ductwork and large components in the off-gas- 
system including large wash columns provide an 
effective suppression. 

The calculations also demonstrated that a high 
number of total fissions should only be 
possible if the critical state remains stable 

Table 1: Important parameters of the deterministic criticality 
accident analysis for the Wackersdorf reprocessing plant 

Reprocessing Main Building MOX Fuel Fabrication 

Location of accident Feed storage vessel or 
rework tank 

Wet Pu-conversion 

Initiating event 

Volume of vessel 

Fissile material 

Transfer to unsafe geometry, Inproper batching or 
TOO high concentration, transfer to unsafe 
Accumulation of Pu geometry 

16.8 m3, 12.5 cm3 

Pu-nitrate-solution. Pu-nitrate-solution. 

Peakpower fissi 

Total fission 

Duration of 
criticality 

ens/s 

1000 1 with 50 g Pujl 50 1 with 200 Pull g 
or moderation of 
100 kg PuOs-powder 

1.4 * 1019 1010 

10x0 5 - 101s 

30 - 90 min 1 min; 30 min 
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for a longer period of time. In this case 
precautions have to taken to prevent a wetting 
of the off-gas filters by steam or condensa- 
tion of water. The calculated radiation doses 
caused by fission products released to the 
environment via the stack remain lower than 
the limits set by the Radiation Protection 
Ordinance for all kinds of exposed organs. 

Neutron and gamma direct radiation will be 
effectively shielded by the thick concrete 
walls of the process cell. 

3. IN-DEPTH ANALYSIS 

An in-depth-analysis has been performed inde- 
pendently from the accident analysis carried 
out in the framework of the licensing proce- 
dure to investigate and quantify the possi- 
bilities of a critical excursion in the feed 
storage vessel and the rework tank. Fig. 2 
shows the principal arrangement of these two 
components. 

Rework Tank 

Feed 

II 
Balance tank Feed storage HA  extractor 

Figure 2: Principal arrangement of feed 
storage and rework tank 

The large cylindrical feed storage tank has 
the task to store the balanced feed solution 
before transfer to the first extractor (RA- 
column). The feed solution resulting from the 
headend process is balanced and controlled for 
fissile material concentrations in a preceding 
balance tank designed as an.annular slab. The 
maximum permissible concentrations are 360 g 
heavy metal (U+Pu)/l, 5 g Pu/l, the residual 
enrichment of uranium is max. 1.8 %  U-235. The 
12.5 m3 volume rework tank is an annular tank 
of the same shape and volume as the balance 

tank. The plutonium concentration in the re- 
work tank is restricted to maximum 5 g Pufl. 
The rework tank exhibits a lot of incoming 
connections to other systems and two exits to 
the balance tank or directly to the RA-ex- 
tractor. From a criticality safety standpoint 
the most important connections are from the 
2 Pu-extraction cycle, the U-Pu-recycle and 
from the uranium product storage. 

Actually some specific details of plant ope- 
ration and of the design of components and 
safety devices are not yet stated. In addition 
reliability data for many relevant safety 
systems or operational procedures are scarce 
or lacking. Limited reliability data are 
available from operation of the Karlsruhe re- 
processing pilot plant and from similar chemi- 
cal plants. Therefore for the failure tree 
analysis the applied probabilities for ini- 
tiating events and system or human failure can 
only be estimated as preliminary data. Since 
the intention of the in-depth-analysis was 
primarily to compare various sequences of 
events and to detect possible weak points, not 
to get exact probabilistic numbers, this limi- 
ted data base should be sufficient for this 
purpose. Tables 2 and 3 present important 
assessed probabilities for initiating events 
and relevant failures. 

Table 2: Assessed probabilities for initiating 
events 

No detection of incorrect fuel 
element data card 

Failure of fuel element monitor 
before dissolution 

Dissolution of fresh fuel element 

Loss of cooling for more than 24 h, 
Feed storage tank 

Addition of wrong chemicals with 
precipitation or phase separation of 
fissile material, rework tank 

Too concentrated Pu-solution at the 
entrance of lR-Concen- 
tration (>5 g Pu/l) 

Too high Pu-concentration in lBOP- 
flow in Z.Pu-cycle (> 5 g Pu/l) 

(> 12.5 g Pu/l) 

Unexpected accumulation of Pu 
(10 kg) 

10-l/a 

10V2/a 

10-l/a 

10-i/a 

10-l/a 
10e2/a 

( 10V3/a 
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Table 3: 
Assessed probabilities for failures 

Temperature measurement 10-1 

Neutron monitor 10-i 

Evaporator control and control of 5 * 10-3 
limiting concentration 

Measurement of Pu-concentration 10-z 

Double measurement of Pu-concentration, 10m3 
formal procedure with key valve for , 
authorization of transfer 

Emptying, dilution 10-Z 

Control of fissile material by 
fissily material accountancy 
(10 kg Pu) 

' 10-a 
I 

3.1 FEED STORAGE TANK 

For the feed storage tank the following three 
relevant initiating events have been identi- 
fied to represent a potential criticality 
risk: 

- Dissolution of fresh fuel elements 
- Loss of cooling with subsequent concen- 

tration of fissile material 
- Accumulation of fissile material by physi- 

cal of chemical effects. 

To secure the dissolution only of spent fuel 
elements and to limit the concentration of 
fissile material the following series of 
checks and measurements is foreseen: 

- Check of fuel element data card 
- Measurement of the residual content of 

fissile material in the fuel element by 
neutron interrogation 

- Double measurement of fissile material 
concentration, residual U-235-enrichment 
and plutonium isotopic composition in the 
fuel solution 

- A second double measurement of fissile 
material concentration after feed clari- 
fication by a centrifuge. 

Fig. 3 shows this series of controls and the 
specifications, which have to be met for 
fissile material (Table 4). 

I Feed solution 
storage tank I 

Figure 3: Control of parameters relevant for 
criticality safety in headend and 
feed clarification 

The investigation of the failure tree reveals 
that because of those many controls the possi- 
bility of a criticality in the feed storage 
tank as a result of the dissolution of fresh 
fuel elements is very low (Fig. 4). The dissol- 
ver itself is safe by geometry and a hafnium 
dissolver basket even for fresh fuel. 
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Tab. 4: Specifications for fuel elements, fuel 
solution and feed solution 

Specification 1 UOs 
Fuel Elements 

MOX 

Initial enrich- 4 %  3.9% Pu-fiss 
ment max. U-235 ' U(nat) 

;:.4% Pu-23; 
max. 

+ Pu-241 in total 
Pu 

Residual 
enrichment 
max. 

1.8 %  
U-235 

0.5% U-235, 
2.6% Pu-fiss 
max. 77% Pu-239 
+ Pu-241 in total 
Pu 

Similar investigations have been made for loss 
of cooling and accumulation of fissile mate- 
rial. In the case of loss of cooling the possi- 
bility to reach criticality is very remote, if 
real geometry of the tank and the presence of 
fission products is taken into account. Simi- 
lar considerations are valid for undetected 
accumulation of fissile material. A criticali- 
ty risk is conceivable only for a separation, 
of uranium with low enrichment and plutonium. 
Calculated cumulative probabilities for a 
criticality in the feed storage tank are: 

- Dissolution of fresh fuel 
elements 

- Loss of cooling 
- Accumulation of plutonium 

1.2*10-'/a 

< l.l*10-5/a 
< 1.2-10+/a 

3.2 REWORK TANK 
-~ 

Specification 2 Fuel Solution 

U + Pu-concentration max. 480 3/l 
Pu-concentration max. 11.6 g/l 
U-235-enrichment max. 1.8% U-235 
Pu-isotopic compo- max. 77% Pu-239 
sition + Pu-241 

Specification 3 Feed Solution 

U + Pu-concentration 
Pu-concentration 
U-235-enrichment 
Pu-isotopic compo- 
sition s 

max. 360 g/1 
max. 5 g/l 
max. 1.8% U-235 
max. 77% Pu-239 

+ Pu-241 

In comparison to the analysis for the feed 
storage tank the failure trees for the rework 
tank and the conditions for a criticality are 
far more complex. Whereas an accidental trans- 
fer of concentrated uranium product back to 
the rework tank represents no critical&y 
problem (U-235-enrichment s 1.8 %) solutions 
with relatively high plutonium concentrations 
may be tranferred from the 2. Pu-cycle or the 
U-Pu-concentration (1 R). If dilute rework 
solutions or solutions containing low enriched 
uranium are present in the tank, critical con- 
ditions cannot be reached even for large acci- 
dental transfers of plutonium solution into 
the rework tank. If the rework tank is com- 
pletely/or nearly empty, criticality may be 
possible. Fig. 5 shows typical results for 
transfers of plutonium solutions with 12.5 and 
50 g Pu/l. 

1. Dwble mea~.~emertt 
of concentr. erric- 
fcmlal procedve. 
key valve 

Mixing, Dilution, 
Gd-addition 

2. Double measurement 
Balance vessel 
formal procedure 
key valve 

Dilution 

71 'FeedStorage Tank 

103/a I 

lii3 

13 ) 12 

Ii2 IO2 

P2 ‘P3 P4 P5 P6 F 

Probability l/a 

Criti~aill possible 

16’ 

ye= 

lOS 

Yes 

106 

.“O 

lb 

yes 

lb 

yes 

Figure 4: Probabilities for a criticality in the feed storage tank 
as a result of dissolution of fresh fuel elements. 



16.8 

c 
. 0 IO 20 50 100 200 

minimum critical mass, Pu. kg 

Figure 5: Condition for criticality in the 
rework tank 

1. Minimum critical mass for minimum critical 
plutonium concentration (10.2 g Pu/li 
20% Pu-240) 

2. Actual critical mass including 10 kg Pu' 
from accidental transfer 

3. Actual critical mass including 20 kg Pu 
from accidental transfer 

Fault tree analysis has been performed for the 
donnections from the 2. Pu-cycle and the 
lR-concentration to the rework tank. The cumu- 
lative probabilities for a criticality in the 
rework tank have been calculated for acci- 
dental plutonium concentrations of <= 12.5 g 
Pull and I 50 g Pu/l: 

- Transfer from 2. Pu-cycle 
<= 12.5 g Pull l.1.10-4/a 
$ 50 g Pull 2.2*10e5/a 

- Transfer from lR-concentration 

5 12.5 g Pu/l 2.8*10e4/a 
s 50 g Pll/l 5.5*10m5/a 

For transfer from the 2. Pu-cycle the most 
relevant contribution to the cumulative proba- 
bility is a failure of plutonium concentration 
measurement preceding the transfer. The cumu- 
lative probability for a criticality from an 
accidental transfer of Pu-solution from the 
lR-concentration is dominated by a potential 
undetected malfunction of the lR-concentrator 
in a way that a too high concentration of Pu 
is reached. Therefore the control of this eva- 
poration is of high importance. The analysis 
revealed, that also in the vessels of the 
lR-concentration unit following the lR-eva- 
porator, which are designed only for limiting 

Pu-concentration, a criticality may be pas- 'i 
sible. Therefore it seems mandatory to improve.. ; 
the control of the lR-evaporator and possibly : 
the design of the following components.' l 

! 
Various chemicals, cleaning agents and. spili' i 
ling solutions in case of decontamination or 7 
malfunction'of the extractors might be acci-- ; 
dentally transferred to the rework tank. Since ; 
no data are available for the frequency or i 
possible nature of these liquids a reliability ' 
analysis for this possibility to get a criti- 1 
cality is very difficult. A rough estimate of, 
this possible way to reach criticality resul- 
ted in a cumulative probability less than p 
10v5/a. The total cumulative probability for a 
critical excursion in the rework tank has been 
calculated to less than 5.10e4/a. This proba- 
bility is clearly higher than for the big i 
cylindrical feed storage tank. i 

4. SENSITIVITY STUDY OF CRITICAL EXCURSIONS i 

Additional studies have been done in the ! 
field of simulation of criticality excursions ; 
using the computer program FELIX /2/. The in- 
fluence of plant characteristic effects like -. 
transfer rates and various plutonium concen- i 
trations on the resulting peak power and the 3 
number of total fissions has been investigated i 

: 
in model calculations. The intention of these : 
sensitivity studies was to establish a depen- 
dence between specific parameters for the a 
initiation of the accident and the characte- 1 
ristics of the resulting excursion. By that 
way at least a rough combination of the de- 
termined probability and the kind and magni- 
tude of a potential criticality may be asses- 
sed. 

Sensitivity studies for variations of the 
transfer rates and volumes of plutonium solu- T 

tion indicate that the capacity of transfer ' 
pumps is an improtant parameter in the assess- i 
ment of the resulting peak power of the ex- i 
cursion. The influence of pump capacity to the 
total number of fissions is not so pronounced. 
Only for small volumes transferred to a near- 
critical tank the number of total fissions is 
influenced remarkably. Fig. 6 shows the re- 
sults for a variation of pump transfer capa- 
city on peak power and total number of fis- 
sions. 

Most of the flow streams relevant for an acci- 
dental transfer of plutonium solution are re- 
latively small. Therefore small pump transfer 
capacity is provided for these transfer 
routes. The corresponding peak power is likely 
to be in the order of 101' fissions and by 
that one magnitude less than anticipated in 
the conservative assessment in the licensing 
prodedure. In calculations for a criticality 
duration of 600 s the total number of fissions 
did not exceed a value of 2.5*10" fissions. 
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Figure 6: Variation of pump capacity for acci- 
dental transfer of plutonium solu- 
tion 

Responsible for this limitation is the fact 
that after reaching boil ing temperature the 
power  level drops at least for one  order of 
magnitude. The  variation of Pu-concentrat ion 
has  only a minor effect on  the number  of total 
fissions. For low transfer solution volumes 
and  low Pu-concentrat ion the critical system 
did not reach the boil ing temperature within 
the calculated time span.  In these cases, how- 
ever, a  release of fission products to the 
off-gas systems and  the environment would be  
very small. 

5. SUMMARY OF THE RESULTS 

The in-depth-analysis shows that the proba- 
bility for a  critical excursion in the feed 
storage tank as a  consequence of a  er roneous 
dissolution of fresh fuel elements is very 
low. Most important reasons for this low pro- 
bability are the series of preceding checks 
and  measurements and  the presence of low en- 
r iched uranium with only low plutonium con- 
centrations. Higher probabilit ies for a  cri- 
ticality have been  der ived for the rework 
tank. .The most relevant probabil ity contri- 
but ions result from failures in the transfer 
of fissile solutions from the 2. Pu-cycle and  
the lR-concentration. An accidental transfer 
of plutonium solution from the 2. Pu-cycle may 
involve higher transfer rates and  solution 
volumes than a  transfer from the lR-concen- 
tration. A cumulative probabil ity of less than 
5*10m4/a has  been  assessed for a  potential 
criticality in the rework tank. Sensitivity 
studies of the behaviour of critical solutions 
indicate that for the anticipated pump trans- 
fer capacit ies and  solution volumes the power  
of the first excursion spike will be  in the 
order of 101'  f issions or less. The  total num- 
ber  of fissions will not exceed 2.5.101' 
f issions in the calculated time span of 

10  minutes. For pro longed durat ion of the 
critical state only a  small increase of the 
number  of total f issions is probable after 

reaching boil ing because of power  level drop. 
The  relevant parameters for the esti- 
mation of consequences of a  criticality acci- 
dent  in the l icensing procedure include appro-  
ximately a  factor of 10  of conservatism.for 
peak  power  and  of 4  for total fissions. 

The  results of the in-depth-analysis revealed 
some weak points where the criticality safety 
provisions have to be  improved. To  remove the 
relevant possibility for a  criticality by  
transfer of plutonium solutions into the re- 
work tank the connect ion from the 2. Pu-cycle 
has  to be  changed to another rework tank which 
is geometrically safe for high plutonium con- 
centration. The  criticality safety design of 
the lR-concentrat ion has  to be  improved, es- 
pecially the control of the lR-evaporator. The  
direct exit from the rework tank to the RA- 
column has to be  skipped to prevent that un-  
ba lanced rework solution will enter directly 
the RA-column. 

General ly failure tree analysis has  been  shown 
to be  a  very useful and  systematic instrument 
also in the field of criticality safety ana-  
lysis to detect design deficiencies. 
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