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Abstract 
The major goal for the spent fuel storage follows to ensure the appropriate time range for deactivation 

and reduction of the spent nuclear fuel radioactivity. In these terms, a basic demand consists in maintaining the 
fuel bundles sheath integrity in order to eliminate the uncontrolled escape of fission products in the environment 

In order to perform a safety analysis criticality calculations are needed, that means determination of the 
neutron multi plicat ion factor for the system. 

In the paper. for criticality calculations the KENO VI Monte Carlo code, integrated in SCALE 
programs package, was used. The neutron effective multiplication factor was calculated both in normal 
conditions and accidental scenarios for intermediate storage of the CANDU spent fuel bundles. 
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Abstract 
The malor goal for the spent fuel storage follows to ensure the appropriate time range for deactivation 

and reduction of the spent nuclear fuel radioactivity. In these terms, a basic demand consists in maintaining the 
fuel bundles sheath integrity in order to eliminate the uncontrolled escape of fission products in the environment 

I n order to pertorm a safety analysis criticality calculations are needed, that means determination of the 
neutron multiplication factor for the system . 

In the paper, tor criticality calculations the KENO VI Monte Carlo code, integrated in SCALE 
programs package, was used. The neutron effective multiplication factor was calculated both in normal 
conditions and accidental scenarios for intermediate storage of the CANDU spent fuel bundles 

1. In troduction 
In order to know the excess reactivity in the reactor core fuel bundles criticality 

calculations are needed. The spent fuel contains plutonium, who can fission, so the reactivity 
problem we must looking for, related to the personnel protection during the spent fuel 
manipulation and storage. 

The CANDU - 600MWd reactor is aPHWR type reactor, cooled with pressurized 
heavy water, moderated with heavy water, and witch use natural Uranium as a fuel 

The heavy water moderator is contained in a horizontal stainless steel cylindrical shell 
(the calandria) crossed by 380 pressure tubes. Pressurized heavy water coolant is pumped 
through the pressure tubes, cooling fuel and conveying heat from the fuel to the steam 
generators. Each pressure tube is isolated and insulated from the heavy water moderator by a 
concentric calandria tube. The annular space between the pressure and calandria tubes (gap) is 
filled with pressurized gas that acts like a thennal insulator. The pressure tube together with 
the calandria tube composes a technological channel The 380 technological channels form 
the reactor core, / li. 

Inside the pressure tubes are placed the 4560 ( .-~ 380 x 11) fuel elements assemblies 
(fuel bundles) CANDU fuel bundle used for the Cemavoda nuclear reactor is composed by 
37 zircalloy rods filled With natural U02 pellets, II /. The geometncal arrangement consists in 
3 concentrical rings (6, ) 2 and 18 rods, respectively) and I rod In the middle (FIgure I) 

J zircalloy bearing pads 

2 zircalloy sheath 

3 zircalloy end plate 

4 U0 2 pellcts 

5 zircalloy spacers 

6 zircalloy end cap 
 " 
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Figure 1 CANDU fuel bundle with 37 rods 

One of the basic steps in the spent fuel management is the spent fuel intermediate 
storage, that follows to impose technical operations of fuel bundles download from the 
reactor, and also the decision for spent fuel final storage or fuel reprocessing. 

Irradiated fuel bundles transport rise up many manipulation, biological protection and 
cooling problems. Therefore, the spent fuel bundles must be kept in the nuclear power plant 
storage pools, at least 6 month s, before been send to final storage or reprocessing. The major 
task for th is storage period is to ensure the appropriate time range for deact ivation and 
reduction of the spent nuclear fuel radioact iv ity. In these terms, the basic demand consists in 
maintaining the fuel bundles sheath integrity in order to eliminate the uncontro lled escape of 
fiss ion products into the environment. 

2. Spent fu el intermediate storage facilities 
The concrete cask storage concept represents a passive cooling storage system, with 

no needs for equipment under normal conditions of operation. Starting from this Canadian 
concept for storage, for Cemavoda nuclear reactor spent fuel intennediate storage consists in 
concrete monolith modules, one of each with 17,400 fuel bundles storage capabili ty. 

Concrete monolith modu le is a rei nforced concrete prismatic constructi on, empty 
inside , that contains 29 storage enclosures arranged on 3 levels (Fi gure 2) The concrete 
monolith module includes 

• re inforced concrete structure 
• storage enclosure 
• admission and air evacuation exits 
• spent fuel shi ppi ng and storage casks. 
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r'igure 1 Upside view of concrete monolith mod ule 

The storage enclosure has cyli ndrical shape and is made from galvanized stcel clad . [n 
this storage faci lity can be stored on long term 10 sh ipping and storage casks each containing 
60 spent lucl bundles. At the enclosure bottom there are anti -earthshake su pports. To the top 
the storage enclosure are closed wit h protection reinforced concrete stee l pl ugs that can be 
removed in order to allow the inserti on of new spent fuel shipping and storage casks. 

Spent fue l shipping and storage casks are the active elements of concrete monolith 
module. In a shipping and storage cask there are 60 CANDU spent fue l bundles, vertically 
positioned, on 4 concen trically ci rcles (6, 12, 18 and 24 fuel bundles), as it can be seen in 
fi gure 3. Inside these shipping and storage casks residua l heat of spent nuclear fue l is 
generated, together with physical phenomena looking for gamma radiation emission. 
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Figure 3 	 Upside view of the arrangement of the spent fuel bundles in 
the shipping and storage cask 

3. General description of the criticality code 
Starting from 1976, as an answer to the NRC (Nuclear Regulatory Comm ission) 

demand, a modular package of pro!:,'Tams was developed to ORNL (Oak Ridge NatIonal 
Laboratory). 

SCALE (Standardized Computer Analyses fo r Licensing Evaluation) system is an 
easy to use system for criticality, shieldi ng and thermal analysis of nuclear faci lity and 
package designs. 

The SCALE system is composed by a number of functional modules for data 
processing and analyses effectuation in standard sequences: 

• KENO 	 a 3-D Monte Carlo program optimized for calculati ng the ne utron 
multiplication factor "k-effective" of a fission system 

• MORSE 	 3-D Monte Carlo program des igned for tracki ng part icles from a 
radioactive source to a detector 

• XSORN 	 l-D discrete ordinates radiation transport code 

• ORIGEN-S 	point depletion and decay anal yses to obtain ISOtOPIC concentrations , 
decay heat sources and radiation source spectra 

• HEATING 	 3-D fin ite volume code fo r so lving steady state and/or trans ient hea t 
conduction problem. 

Standard sequences for criticality calculation used in safety analyses, CSAS 
(Critical ity Safety Anal ysis Sequences), allow automated processi ng of cross sections speci fie 
to each problem. fo llowed by the system neutronic multiplication facto r calculat ions 

Sequence CSAS6 is adapted to criticality calculations using KENO VI code, an 
extension of KENO Monte Carlo criticality program, developed for use in the SCA Ll.:: 
system. CSAS6 has 2 control modules, CSAS26 and CSAS26X, respectively (Figures 4, 5) 
Both use BONAMI /2/ and NITAWL-ll /3/ functi onal modules for cross sections processing 
and KENO VI code for cri ticality calculat ion. CSAS26X contains one more funct ional 
modu le, XS DRN PM, whose task is to calcu late cell averaged cross sectio ns. 

I 


Figure 4 CSAS26 criticality analysis standard sequence structure 

Figure 5 	 CSAS26X criticality analysis standard sequence structure 

KENO VI program /41 is used in CSAS6 sequences for Monte Carlo mUltigroup 
cflt icali ly calculations (effective neulronic multipl ication factor) of a 3-Dimensional system . 
In order to obtain the equation that give us the solutions, we start from the Boltzmann neutron 
transport equation, wh ich may be written as: 

I O¢ (X, [ ,n , t) + n , V<{)(X, E,n , t) + L[ (X, E,n , t), <()(X , E,n , t) = S(X,E,n , t ) + 
v (Jt 

+ f fLs ( X , E '~ E, Q'~ n, t )· <l)(X, E', Q', t ) dQ' dE' 	 (1) 
['n ' 

where $( X, E, n, t) 	 .= neutron nux (neutrons/em" /sec ) per uni t energy at energy E, per 

steradian about direction Q , at position X and time t, moving with 
speed v corresponding to E 

LI( X, E,Q, t) 	~ macroscopic total cross section ortne media (em- I) at position X, 

energy E, about directIOn Q and at time t 
~ s ( X, E' ~ E, Q' ~ .0, t) = macroscopic differential cross seclion of the media (cm- I

), 

per unit energy at enerb'Y E', per steradian about direction Q ', at 
posi tion X and lime t, for scattering at energy E and about 
direction Q 

S( X. E, .0, t) 	 = neulron source (neutrons/cm1/sec born at position X and time t, per 

energy unit at energy E, per steradian about direction Q 

(excludes scatteri ng source) 

Defini ng q( X, F,Q, t) as total source of neutrons (sum above all the external sources, 
scat len ng, fission and other contributio ns ). assuming that the media is isotropic and ignoring 
the ti me dependence of the cross sections, we can rewrite the equation in lllu itigroup form 

I O$g 
---- (X,Q, t ) + Q. V<:t> g(X,Q, t)+ Llg( X ) ' <:t> g(X,Q, t) = qg( X,n, t ) (2) 
vg at 

where 	 g = energy group of interest 
"", == average speed of the neut rons In energy group g 
$ g(X, Q. t) = angular flux of the neulTOns having their energies in group g, at 

posit ion X and lime t 



Ltg(X) = macroscopic total cross section of the media at posi tion X for brrouP g 

corresponding to: 

fL t (X, E)· ct>( X , E,Q, t) dE 

6 E~ fi
L lg (X) = - f 'where ~Eg de Ines energy b'TOUP g

¢(X,E, n , t) dE 
tlE~ 

qg(X ,O,t) -= total source of neutrons contributing to energy group g at the posit ion 

X and time t, in direction 0 

Defining the multiplication fact or k as the ratio between the number of neutrons in 
(n + I )th generation and thc number of neutrons in nih generation, the transport equation can be 
written as follows: 

Vg( X).Lrg(X),. _ Vg(Xl-Lrg( X) - T(Rl.
--"-- --"'--- .... tg( X) CPg n(X,Q) - Ltg(X) dR e 

Ltg (X) - Ltg (X) 

CJ:

f0 

I fVg,(X-RO).Lrg,(X-RD). ,-{k' L ) ,(X--RD) X ( X - Rn,g'~gl·2:tg,(X - RO ) -¢ g'n_I(X - RD,Dl· 
g' .0' -Ig 

. dO'+"fLs(X -RD,g'~g,o'~Q)L ,(X-RQ).cp , (X-ROD'ldo,l (3) 
L.. " (X Rrl) tg g . n . , f47l: g' .0' L..\g' -:!.l 

where: v g (X ), vg,(X) = number of neutrons resulting from a fission in energy group g and g' 

respectively, at position X 
X(X,g'~ g) ~ fraction of neutrons born in energy group g from fission in energy 

group g' in the media at position X 
Llg'(X) = macroscopic fission cross section of the material at positIOn X for a 

neutron from enerb'Y group g'. 
The above equation is solved in KENO VI by ustng an iterative procedure. 

A collision occurs m a geometrical region when a history exhausts its mean free path 
length within the boundaries of the region For each collision, the absorbed weight and the 
fission weight are tabulated, then the weight is modified by the non-absorption probability 
This new weight is checked for splitting and Russian roulette: if it survi ves, the history is 
scattered. A new energy group IS selected from the cumulative transfer probability 
distribution. This group-to-group transfer determines an angular scattering di stributio n, 
usually expressed as a Legendre expansion of the cross section transfer array. A set or discrete 
angles and probabilities are generated by a generali zed Gaussian quadrature procedure , 
preserving the moments of the 3 Legendre expansion of the angular scattering distribution 

In order to minimize the statistical deviation of k per unit computer time, KENO VI 
utilizes weighted kl'il tracking rather than analog tracki ng. Weighted tracking accounts fo r 
absorption by reducing the neutron weight, rather than allowing the neutron hi story to be 
terminated by absorption . 

To prevent expending excess ive computer time tracki ng low-weIght neutrons, Russ ian 
roulette is played when the weight of the neutron drops below a preset weight, WTLOW. 
Neutrons tha t survi ve Russi an roulette are assigned a weight, WT AVG. The value of 
WTLOW and WT AVG can be assigned as a functio n of position and energy 

4. Geomet rical models used for criticajity calculations 
The spent fuel shipping and storage cask has a cyl indrical shape and contains 

60 CANDU spent fue l bundles, vertically positioned, on 4 concentrical rings (6,12,1 8 and 24 
fuel bundles), as in Figure3 

A fuel bundle enters in the calandria tube filled with 0 20 coolant, concentrically 
positioned in the press ure tube. Between the calandria tube and the pressure tube there is a 
gap filled with air that acts like a thennal insulator. 4 cyl inders concentrically di sposed 
compose this assembly: 3 for pressure tube, air gap and calandria lube, and I for fuel bundle 
homogenized composition 

The storage enclosure is a steel cy linder that contains maximum 10 spent fuel sh ipping 
and storage casks, placed one over the other. Each fuel sh ipping and storage cask was 
cons idered as a cylinder, and all the 10 cylinders were considered inside 2 steel cyli nders (the 
inner and outer wall of the storage enclosure) concentrica lly di sposed 

The storage module is a concrete pri smatic box that contains 29 storage enclosures 
disposed on 3 rows. For geometrical model of the concrete storage module we consider a 
rectangular parallelepipedic box with 29 cylinders disposed as Figure 2 shows 

5, Results 
The paper goal consists in criticality calculations for intennediate storage of CAN DU 

spent fuel bundles both for normal conditions and accidental scenarios 
To execute criticality calculations we used the standard sequence CSAS26 contained 

by the SCALE svstem 

The isotopIc concentration evolution with bumup degree of the most mteresting 
nuclides III criticali ty calculation for a C ANDU fuel bundle /5/ IS given in Figure 6. We used 
the normali zat ion to U-2J8 values In order to obtain a more evident evo lution. 
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Figure 6 Nucl ides isotopic concentrations fo r an irradiated CAN DU fuel bundle 

As a preliminary but ,_covering" analysis for nuclear safety poi nt of view, a cri ticality 
calcu lation fo r a single fuel bundle burn up to 6400 MWdJtU , discharged from the reactor and 
placed in air was made. We obtain a neutronic multiplication fac tor k-x ~ 0.343 . 

In Tabel I the isotopic concentrations (in atom-graml kg U) of the most interest ing 
actI ni des contained in the spent fue l (7500MWO/tU bumup degree ), for different cool ing 
times in the reactor pool /6/, are given 
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Table 1 Isotopic concentrations for the most interesting actinides (atom·g!kgU) 

Isotop 
Cooling time (~ears) 

1 2 3 4 5 6 7 

lJ-233 I 2.28- 09 2.34-09 2.40-09 2.46-09 2.52- 09 2.58-09 2.64-09 

lJ-234 
ll-235 

1. 94- 04 
1.1 7-02 

1.95-04 
1.\ 7-02 

1.95-04 
\.17-02 

1.95-04 
1.17-02 

1.95-04 
1. 17-02 

1.95-04 
1.17- 02 

1.96-04 
\.1 7- 02 

l l-236 
l J-238 

Np-23 7 

3.20- 03 
4.14+00 
1.64-04 

3.2 1- 03 
4.14+00 
1.64-04 

3.21 - 03 
4.14+00 
1.64-04 

3. 21-03 
4.14+00 
1.64-04 

3.21-03 
4.14+00 
1.64-04 

3.21-03 
4. 14+00 
1.64-04 

3.2 1- 03 
4 .1 44- 00 
1. 64-04 

NIl-239 1.51- 11 1.5 1- 11 1.5 1- 11 1.51-11 1. 51-1 1 1.51 - 11 1.5 1- 11 
Pu-236 5.25- 11 4 11- 1 I 3.22- 11 2. 53- 11 1. 98- 1 J 1.55 11 122 I I 
Pu-238 2.49- 05 2.5 1-05 2.5 0-05 2.49-05 2.47-05 2.45--05 2.43- 05 
Pu-239 1.03- 02 1. 03- 02 1.03-02 1.03-02 1.03-02 1.0}-02 1.03-02 
P u-240 4.87- 03 487- 03 4.87- 03 4.87-03 4.87-03 4.87- 03 4.87- 03 
Pu-241 9.43-04 900-04 8.58-04 8.1 8- 04 7.80-04 7.44-04 7.09 ·04 
Pu-242 2.62- 04 2.62- 04 2.62-04 2.62- 04 2.62- 04 2. 62 04 2.62- 04 
Am-241 5.55-05 9.91 - 05 1.41-04 1. 80- 04 2.18-04 2. 54- 04 2. 88-04 

Am-242M 
Am-242 

1.93-07 
2.32 12 

\ 92-07 
2.3 1- 12 

1.91 -07 
2.30-12 

1.90-07 
2.28- 12 

1.89- 07 
2. 27- 12 

1. 89- 07 
2. 26- 12 

1.88 07 
2.25- 12 

Am-243 1.80-05 1.80- 05 1. 80-05 1.80- 05 1.80- 05 1 80- 05 1.80- 05 
C m-242 5. 06-07 1.07-07 2.30- 08 5. 22- 09 1.46-09 6.67- 10 4.97- 10 
C m-243 
Cm-244 

1.62-08 
1. 55- 06 

1. 59- 08 
1.49- 06 

1.55-08 
1.43-06 

1.52-08 
1. 38- 06 

1.49-08 
1.3 3- 06 

1. 45- 08 
1 . 28-~ 

IA2- 08 
1. 23- 06 

2. 0 1 09 

r-uO.08 

-

C m-245 
Cm-246 

2.70-08 
2.02- 09 

2.70-08 
2.02- 09 

2.70-08 
2.02- 09 

2.70-08 
2.01 - 09 

2.70-08 
2 0 1 -09 

2.70- 08 
2.0 1-09 -- 

After 7 years in the reactor pool, actinide concentrations are drastica lly reduced with 
one notable exception, the Pu-239 isotop. T he crit icali ty calc ul ation for a fuel bundle bu med 
up to 7500 MWO/tU and cooled 7 years in the reactor pool , gi ve k-.c = 0349. 

The results obtained for the spent fuel intermed iate storage (in shipping and sto rage 
cask, storage enclosure and concrete storage module) under nornlal conditions are presented 
in Table 2. 

Table 2 k-effective values for the spent fuel intermediate storage 

shipping and storage concrete I 
stora!e cask enclosure stora!e module 

I k-eff 0.3423 0.342 1 0.3420 I 
I ReI. dif. W o) 

.
r 0087 _=:J0.058 

The relative difference values show clearl y the subcriticality preservation. 

The second task for th is paper was to calculate k-effectlve for 2 accidental scenarios 
during the intermediate storage of the spent nuclear fuel. 

o scellario flO. I 
• The spent fuel bundles burned up to 7500 MWdltU and coo led in the reactor pool for 

7 years are stored in the shi pping and storage casks. 

• After colling air admision exits blocking, the fuel heating determines a temperature 
rising up to 300 DC ( 1600 in normal conditions for spent fuel storage). 

After running CSAS26 for criticality calculations we obtain kcr = 0.339. When 
temperature drastically rise up inside the shipping and storage cask fo ll owing an accidental 
condition (cooling air admission exists are blocked) occurs a resonance .,broadening", so the 
absorptions weight in neutronic balance increases and the assembly, subcrit ical in normal 
condi tions (kcr = 0.3423), remains faraway from the critical state. 

o scenario 110. 2 
• A shipping and storage cask that contains 60 spent fuel bundles suspended in the 

crane hook fa ll s down freely (from aprox . 9m) in the storage enclosure. 
• Fol lowing the im pact, the shipping and storage cask brake up and the fue l bundles 

scatter inside the storage enclosure. 

The tests done at ICN Pitesti, to I 1 scale, show that the cask integrity is preserved 
even if the cask falls down from a height o f 10 m. Although these results, we consider the 
scenarios as real and we calculate the crit icality tor the worst case, namely when the fuel 
bundles fa lls one ncar the other After CSI\S26 execution an average value of kd · = 0.3642 is 
obta ined, so the assembly subcriticality is preserved. 

6. Conclusions 

No decis ions re lated on the spent nuclear fuel storage mode, place and storage period 
were taken in count ries with nuclear energetic development, until the spent nuclear fuel 
s\oragl! became a li mit ing fac tor for the next fuel cycle phase. Conseq uently, is obvious the 
prim ary goa l of an appropriate spent fue l storage: to avoid and reduce the biologic ri sks for 
personnel and environmental 

I\ s it can be seen from the crit ical ity calculation results for CAND U spent fuel 
intermediate storage under norma l and 2 accidental conditions, the assembly subcritica hty is 
preserved. 
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