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Power distribution in MOX fuel rods 

Calculation of absolute values of linear power in MOX fuel rods irradiated in CALLISTO loop 
IPSl in cycle 05/98a are presented in this report. The MCNP model of the high flux materials 
testing reactor BR2 was used for a simulation of the irradiation of MOX fliel rods. Calculations 
of the effective heating energy per fission in the irradiated MOX fuel rods were performed in 
order to détermine the absolute values of the thermal power in MOX rods. The gamma-
spectrometric measurements as well as the results fi"om the thermal balance method are 
compared with the theoretical calculations. The calculated linear power distribution in MOX 
rods difFers fi^om the measured distribution on average not more than 5%. 
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1. Introduction 

The expérimental program in the high flux materials testing reactor BR2 includes the irradiation 
of various material samples as well as new types of fuel clements (rods, plates). An important 
characteristic for irradiation conditions of fuel clements is the power distribution. In the 
experiment involving the irradiation of 9 MOX füel rods in the CALLISTO loop several 
methods were used to defme the heating energy: thermal balance method, gross y-spectrometry 
of measuring the distribution of fission products along the length of fuel rods, etc. 

The thermal balance method [7] permits measurement on-line of the total heating energy in the 
CALLISTO loop. But the detailed distribution of heating energy in irradiated fiiel rods is 
determined by using preliminary calculated power peaking factors. Various neutron transport 
codes may be applied for calculation of the radial and axial power peaking factors. 
The y-spectrometric measurement [1] of activity of fission products over the length of fliel rods 
provides information about the axial peaking power and the fission rate. The fission rate 
distribution in fuel rods can be measured with a high accuracy. 

To compare the y-spectrometric measurements and the thermal balance method of defïning the 
heating energy in MOX rods, we have to know the effective heating energy per fission event 
peculiar to the irradiated MOX rods. 

Calculations of the mean and the peak linear power distributions in MOX rods placed into the 
CALLISTO loop were performed using a very detailed MCNP model of BR2. The model 
includes a description of the real orientation of all inclined channels. The CALLISTO loop is 
located near the periphery of the BR2 core and contains thick stainless steel tubes, borate cooling 
water and a shroud tube of MOX füel rods. 

water 

oxfuelrods 

Fig. 1 CALLISTO loop containing MOX fliel rods inside a thick stainless steel tubes. 
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2. Technical spécification of fresh MOX fuel rods 

The starting nuclide composition of fresh fiiel rods before the irradiation is shown in Tables 1,2. 
Nuclide composition is given in weight %. The cladding material in fliel rods is Zircaloy 4. 

Table 1. Spécification of MOX fuel in irradiated rods. Nuclide composition is given in weight %. 

Rod 
name 

F6547 F6548 F6549 F6673 F6674 F6677 F6678 F6679 F6680 

Pellet lot 132/1 132/1 132/1 134/1 134/1 134/1 134/1 134/1 134/1 
Rod 
position 

A B C G I F E H D 

Pellet 
diameter, 
cm 

0.823 0.823 0.823 0.823 0.823 0.823 0.823 0.823 0.823 

Length 
(U,PU)02, 
cm 

100.2 100.2 100.2 100.08 99.78 99.75 100.41 100.42 ioo;66 

Density 
g/cc 

10.132 10.132 10.132 10.113 10.113 10.113 10.113 10.113 10.113 

Pu/MOX 8.538 8.538 8.538 12.616 12.616 12.616 12.616 12.616 12.616 
U/MOX 79.587 79.587 79.587 75.492 75.492 75.492 75.492 75.492 75.492 
(Pu+U)/ 
MOX 

88.125 88.125 88.125 88.108 88.108 88.108 88.108 88.108 88.108 

Table 2. Spécification of (U,PU)02 fuel in the fresh rods. Concentrations of U and Pu nuclides are 
given in weight % relative to U and to Pu, respectively. 

Rod 
name 

F6547 F6548 F6549 F6673 F6674 ¥6677 F6678 F6679 F6680 

position A B C G I F E H D 
0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 
0.307 0.307 0.307 0.404 0.404 0.404 0.404 0.404 0.404 
0.007 0.007 0.007 0.010 0.010 0.010 0.010 0.010 0.010 
99.683 99.68 

3 
99.683 99.583 99.583 99.583 99.583 99.583 99.583 

..«Pu 1.339 1.339 1.339 1.266 1.266 1.266 1.266 1.266 1.266 
^̂ *̂Pu 61.061 61.06 

1 
61.061 61.878 61.878 61.878 61.878 61.878 61.878 

^ ^ u 24.110 24.11 
0 

24.110 23.495 23.495 23.495 23.495 23.495 23.495 

^ '̂Pu 8.667 8.667 8.667 8.952 8.952 8.952 8.952 8.952 8.952 
^̂ P̂u 4.763 4.763 4.763 4.409 4.409 4.409 4.409 4.409 4.409 
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3. Irradiation history 

MOX rods were initially irradiated in the BR3 reactor for 4000 hours and then in the BR2 
reactor for 8 cycles. The irradiation history of MOX fuel rods is presented in Table 3. During the 
whole irradiation history in the BR2 reactor, the MOX rods resided in channel K49 of the 
CALLISTO loop. 
In the present report we consider the irradiation of MOX fiiel rods in the BR2 reactor operating 
cycle 05/98a. The nominal power of this cycle was PBR2= 60.7 MW. 

Table 3 Irradiation history of MOX fuel rods in the BR3 and BR2 reactors. 

Reactor Cycle Reactor 
power, 
MW 

Fuel rod name (position) Reactor Cycle Reactor 
power, 
MW 

F6547 (A) F6548 (B) F6549(C) 
Reactor Cycle Reactor 

power, 
MW Mean linear power in fiiel rod, W/cm 

BR3 4d2 40.9 337 352 351 
BR2 01/1997a 48.0 211 169 200 
BR2 02/1997ab 59.1 188 179 164 
BR2 03/1997a 56.2 210 178 214 
BR2 01/1998a 50.8 201 176 205 
BR2 02/1998a 56.2 210 187 212 
BR2 03/1998a 56.7 191 172 196 
BR2 04/1998a 58.3 181 162 185 
BR2 05/1998a 60.8 191 170 193 

Reactor Cycle Reactor 
power, 

MW 

Fuel rod name (position) Reactor Cycle Reactor 
power, 

MW 
F6673 (G) F6674 (I) F6677 (F) 

Reactor Cycle Reactor 
power, 

MW Mean linear power in fiiel rod, W/cm 
BR3 4d2 40.9 225 225 256 
BR2 01/1997a 48.0 182 167 173 

-
BR2 03/1997a 56.2 185 186 189 
BR2 01/1998a 50.8 176 175 183 
BR2 02/1998a 56.2 191 189 197 
BR2 03/1998a 56.7 169 171 180 
BR2 04/1998a 58.3 166 166 173 
BR2 05/1998a 60.8 176 174 180 

Reactor Cycle Reactor 
power, 
MW 

Fuel rod name (position) Reactor Cycle Reactor 
power, 
MW 

F6678 (E) F6679 (H) F6680 (D) 
Reactor Cycle Reactor 

power, 
MW Mean linear power in fiiel rod, W/cm 

BR3 4d2 40.9 228 228 259 
BR2 01/1997a 48.0 132 136 187 

-
BR2 03/1997a 56.2 140 145 186 
BR2 01/1998a 50.8 142 141 182 
BR2 02/1998a 56.2 156 154 198 
BR2 03/1998a 56.7 142 138 177 
BR2 04/1998a 58.3 136 134 171 
BR2 05/1998a 60.8 143 142 181 
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4. Fuel composition of MOX rods in BOC 05/98A 

The variation of nuclide composition in MOX fuel rods during the irradiation history was 
calculated by Ch. De Raedt and used in previous calculations of power distribution in MOX rods 
[2,3]. The foUowing nuclide compositions in MOX fuel rods were used for calculating the 
power distribution at the begiiming of fuel cycle 05/98a. Table 4 contains the atomic 
concentrations for each MOX fuel rod with an indication of the rod position in the CALLISTO 
loop. 

The uniform axial distribution of Pu nuclides over the length of MOX fiiel element was used in 
the computational model. 

Table 4 Fuel composition for MOX rods in the BOC 05/98a. Atomic concentrations are given 
in units cm"̂ bam"'. 

Rod position 
nuclide A B C D E 

4.766x10-' 4.825x10-' 4.766x10-' 6.760x10'' 6.883x10"' 
3.464x10-̂  3.368x10-̂  3.449x10-* 2.885x10-* 2.755x10"* 
2.010x10-̂  2.010x10-^ 2.010x10-^ 1.988x10-̂  1.989x10"̂  
8.213xl0-^ 8.428x10-̂  8.214x10"* 1.557x10-̂  1.639x10"̂  
5.538x10-̂  5.512x10-̂  5.546x10"* 7.826x10"* 7.779x10"* 

'''Pu 1.466x10"* 1.469x10-̂  1.455x10"* 1.954x10"* 1.911x10"* 
1.187x10-̂  1.174x10-̂  1.188x10"* 1.483x10"* 1.447x10"* 
l.OOSxlO"̂  1.021x10-̂  1.010x10"* 1.447x10"* 1.432x10"* 
3.376X10-* 3.255x10-̂  3.227x10-* 2.808x10-* 2.564x10"* 

2^Cm 1.359x10-̂  1.215x10-' 1.258x10-' 7.214x10"* 5.733x10"* 
1.120x10-' 1.070x10-' 1.120x10-' 1.220x10-' 8.660x10"* 

nuclide Rod position 
F G H I 
6.763x10-' 6.817x10"' 6.881x10' 6.825x10-' 
2.868x10-^ 2.842x10-* 2.732x10-* 2.820x10"* 
1.988x10-̂  1.988x10-̂  1.989x10-̂  1.989x10"̂  

'''Vu 1.557x10-̂  1.604x10-̂  1.635x10-̂  1.606x10"̂  
2 ^ 7.832x10"* 7.845x10-̂  7.800x10"* 7.845x10"* 
'''Vu 1.947x10-̂  1.903x10"̂  1.898x10"* 1.897x10"* 
'''Vu 1.483x10-̂  1.464x10-̂  1.451x10"* 1.464x10"* 
"'Am 1.448x10"* 1.421x10-̂  1.434x10"* 1.423x10"* 
"'Am 2.703x10"^ 2.504x10-* 2.324x10-* 2.387x10"* 
'"Cm 6.708x10-* 5.867x10-* 4.830x10-* 5.373x10-* 

1.210x10-' 1.170x10-' 1.020x10-' 1.156x10"' 
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5. Calculation of the thermal power in MOX fuel rods 

The MCNP code [5] is used for calculating the distribution of the neutron flux density in MOX 
fuel rods. The length Z- (and the volume VB) for various füel rods differ slightly from each other. 
The number of fission reactions in the füel rod, nf [fissions per fission neutron in BR2], is 
defined as 

(1) 

where 77, [1/cm^] is the atomic concentration of nucUde / in the MOX füel, c^(E) [cm^] is the 
microscopie cross-section for the fission reaction of the nuclide / , <^(r,E) [cm"^eV~'] is the 
neutron flux density calculated by MCNP and normalised per one fission neutron in BR2. The 
value of nf is normalised per one fission neutron released in BR2. We need to have the number 
of fission reactions in the füel rod during the whole cycle (normalised per produced energy in 
BR2) and also the effective duration of the cycle. 
To define the normalization factor Nn let us consider the balance équation for energy EBJU 

produced in BR2 

N . (2) 

where Q^^ [eV/fission] (1 eV=l.602x10'^' Joules), is the effective energy released per fission 
réaction in BR2. The value in brackets in Eq.(2) is the total number of fission reactions in the 
BR2 per one fissioii neutron. From Eq.(2) we obtain the normalization factor Nn 

N . = 
,BR2 
EFF 

(3) 
^ \ \n,a*^{^Emr,E)dEdr 

Van 'effective' duration of cycle, T, is equal to the total energy produced in BR2 [MWdays] 
divided by the nominal power '9BR2 [MW] of BR2 

"•BRI 

Let üs rewrite the équation (3) 

N„ =• 
BRI 

(4) 

The total number of fission neutrons in the critical state of BR2 is equal to 

' ^ « = - ^ ^ S j (5) 

where v, is the number of neutrons released in the fission of nuclide /, and keff is the effective 
multipUcation factor calculated by the code MCNP (for coniputer model of BR2). 
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Substitiiting the value of normalization factor Nn into Eq.(5) we have the équation for the total 
number of fission neutrons in BR2 

Z j \y.n,a'fiEy^{r,E)dEdr 

here \^R2 is the mean number of neutrons released in BR2 per fission reaction (for BR2 
\^R2=2A3 n/fiss). 
The intensity of fission neutrons [neutrons/sec] in BR2 is equal to 

where Q^^=196 MeV =196x 1.602x 10"'̂  J (for details of calculations see below). 
Finally, the power in the fiiel rod normalized per nominal BR2 power is obtained by using 
Eq.(l) for the number of fission reactions and the intensity, / f ^, of fission neutrons in BR2 

(8) 

where is the effective heating energy per fission event in the fiiel rods. 
The linear power in the fiiel rods [W/cm] is calculated as the ratio of the power P5 to the length 
L of the fuel rods. 
To obtain the thermal power in fiiel rods we have additionally to know the effective heating 
energy, , for irradiated MOX fiiel rods and value for the BR2 reactor. Below detailed 
calculations of the effective heating energy in irradiated MOX rods are presented. 
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6. Total effective energy released in fission 

A detailed discussion of the effective energy Qeff released in the fission reaction for fissionable 
nuclides of U, Pu was considered in the paper of M.James[4]. The recommended values of the 
usefiil energy released in fissionable materials include the kinetic energy of fission fragments, 
Ek, and total kinetic énergies of ail emitted neutrons, E„; photons (prompt-£'/^ and delayed- ) 
and beta particles, E^. In Table 5 the corresponding components of the effective fission energy 
for ^^^U and ^̂ P̂u are presented. The total effective energy is 

=E, +Ep +Ef +E; +E„-AE,^-E^, (9) 

where AEp^ is the energy released afler the mean life of the fiiel and Ey is the energy of the 
antineutrino. For the life of fuel ffl"eater than 3 years, AEsy is about 0.17 MeV/fiss for ^'^U [4]. 
The effective fission energy for ^ ^ u is higher than for ^̂ OJ by 3%. 

Table 5. Contributors tö the effective energy öeö"(MeV/fission) released in fission of ^^^U and 
239t Pu by thermal neutrons and in ^^^U by fission spectrum neutrons [4]. 

Contribution 
(thermal 
neutrons) 

(fission 
neutrons) 

(thermal 
neutrons) 

Kinetic energy of fission fragments, Ek 166.2 ±1.3 166.9± 1.3 172.8 ± 1.9 
Energy of prompt photons emitted afler fission, 8.0 ±0.8 7.5 ±1.3 7.7 ± 1.4 
Energy of delayed photons emitted with P-particles, 7.2 ± 1.1 8.4 ±1.6 6.1 ± 1.3 

Kinetic energy of |3-particles, Ep 7.0 ± 0.3 8.9 ±0.6 6.1 ±0.6 
Kinetic energy of fission neutrons, E„ 4.8 ±0.1 5.5 ±0.1 5.9 ±0.1 
Effective energy for fission reaction, Q e f f , Eq. (9) 192.9 ± 0.5 193.9 ±0.8 198.5 ±0.8 

The emitted fission neutrons can undergo a capture reaction during their slowing down in the 
fiiel or in various structural materials. In addition to fission energy usefiil for heating, the energy 
of photons produced in the neutron capture reaction should be taken into account. In Table 6 the 
average energy released with photons in the case of neutron capture are presented for various 
materials. The energy released afler the neutron capture reaction dépends on the probability of 
the capture reaction, Pc=cyc/(^{cfc and cyare neutron capture and fission cross-sections). This 
energy is equal to pjÔ' aî d is dissipated in the surrounding materials (the values of for fiiel 
are presented in Table 6). 

Table 6. Effective Q"-values for neutron capture for various materials. 

1 Material Effective -value Material Effective -value 
(MeV/capture) (MeV/capture) 

6.54 H 2.22 
23«U 5.69 0 3.38 
^̂ P̂u 6.53 Al 10.74 

5.24 Fe 7.8 
^ '̂Pu 6.31 Steel 8.37 
^̂ P̂u 5.24 Zr 8.07 
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The effective energy for fission reaction includes the kinetic énergies of ail emitted particles that 
are dissipated in the fuel or in surrounding structural materials. The problem is to détermine the 
effective heating energy normalised per fission in a single fiiel rod irradiated in the Callisto 
loop in the BR2 reactor. 

The Callisto loop is located near the periphery of the BR2 reactor core and contains two thick 
stainless steel tubes, inside the inner tube are placed nine MOX fuel rods (see Fig.1). The value 
of the effective heating energy per fission event in MOX fiiel rods differs from the total fission 
energy released in fuel clements in the BR2 reactor core. The first reason for this is that the 
MOX fuel contains Pu nuclides, while the fiiel clements in the core of BR2 contain highly 
enriched U. The probabilities of neutron capture and photon génération in MOX fiiel rods and in 
the BR2 core are different. The second reason is that MOX fiiel rods have a small diameter and 
photons produced escape partly from fuel rods. Due to the leakage of photons fi-om the fiiel rods 
only a fraction of the total energy of photons produced in fission and capture reactions is 
absorbed in the MOX fiiel rods. The remaining part of their energy is mainly absorbed in the 
thick pressure tubes (the wall thickness of the stainless steel tubes is equal to 1.0 cm). It should 
be noted that the effective mean value published in the literature for fission of nuclides of U 
and Pu includes the whole energy of all secondary particles. 

The Monte Carlo code MCNP gives the possibility to calculate the fission energy déposition in 
various zones containing fissionable materials. The effective fission heating QF -values used in 
MCNP code for different fissionable materials are presented in Table 7. As can be seen, QF -
value contains the energy of charged fission fragments Ek, the energy of P-particles, Ep, and the 
energy of delayed photons produced in P-decay reactions of fission fragments E^ . To check this 
we will consider separate components of the QF - value using the results in paper [4]. 

The kinetic energy of fission fragments and of P-particles produced in the secondary decay 
reactions is deposited locally. It is assumed also that the whole energy of delayed photons from 
the decay of fission fragments is absorbed locally in the fiiel. The recommended values for each 
of these components were taken from [4] and are compared in Table 7 with the values used in 
the MCNP code [5]. Energy of prompt photons produced in fission and capture reactions is not 
included into QF -value. The heating energy from prompt photons is simulated in the MCNP 
code independently in the coupled neutron-photons transport calculation. 

Table 7. Fission heating QF -values used in the MCNP code. 

M.James [4] MCNP [5] 
Fission Fragments 

Nuclide Ek, 
Mev/fiss MeV/fiss 

E'^ 
MeV/fiss 

QF = Ek+Ep^E/, 
MeV/fiss 

QF, 
MeV/fiss 

2^'U 166.2+1.3 7.0+0.3 7.2+1.1 180.4 180.88 
166.9+1.3 8.9±0.6 8.4+1.6 184.2 181.31 

" '̂Pu 172.8+1.9 6.1+0.6 6.1+1.3 185.0 189.44 
^ '̂Pu 172.2±2.2 7.4+0.6 7.4±1.5 187.0 188.99 

As can be seen from Table 7, QF -values for ̂ ^'U used in MCNP and in [4] are close to each 
other. The différence in the fission heating ö^^values for plutonium and uranium in the MCNP 
code is about 4.7 %, while according to [4] this différence is equal to 2.5%. 
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The heating energy, QF , includes the total energy of delayed photons. But in small fiiel rods 
only a fraction of their energy is deposited inside the rod. The remaining fraction of the photon's 
energy is dissipated outside the fiiel rod. 

In order to détermine the mean effective heating energy in MOX rods per fission in MOX we 
will consider the various components of the heating energy in the MOX fliel rods and in various 
structural éléments. 
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7. Calculation of the effective fission energy for MOX rods 

The following contributors to the heating energy are considered for determining the effective 
heating energy, , for MOX fiiel rods: 
- The kinetic energy of fission fragments, Ek. The track length of fission fragments is small 

and all energy of fission fragments is deposited locally (absorbed) in fiiel rods; 
- The loss of the kinetic energy of fission neutrons, Q„, in elastic and inelastic collisions in 

fiiel rods during their slowing down. 
- The energy of P-particles, E^, produced in decay reactions of fission fragments (we assume 

that all their energy is deposited locally) 
- The heating energy of prompt gammas, , produced in fission and capture reactions 
- The heating energy of delayed gammas coming from fission products in BR2 fiiel clements, 

Qr.BR2> and generated in MOX rods, Q^ B-

Charged fission fragments and beta-particles deposit their energy locally, while the prompt and 
delayed photons may escape from the fiiel rod and interact with structural clements surrounding 
the fiiel rod. To estimate the effect of the photon leakage from the MOX fuel rods, calculations 
of their heating energy were performed using the MCNP and the SCALE codes. 

7. / Heating energy of photons 

The y-heating energy in MOX fiiel rods is determined as 

E^^l\<p'{r,E)H^{É)dEd'r, (lO) 

where çf(r,E) is the gamma flux density and Hj(E) is a heat response. VB is the volume of the 
MOX rod. Gamma flux density is determined using a Monte Carlo method of solving the 
intégral équation for density coUision fiinction \j/(r,E)=i:^tot(r,E) çf(r,E) 

r{r,E,n)=ql{r,E,a)+\\\ ,E',Q%(r',E-,Ù r,E,Q)dVdEdCÏ, (ll) 

where E^, is the total macroscopic cross-section; the density of first collisions, q/, can be 
written separately for the prompt and delayed photons 

q({r,E,n)=jq^{r,E,aX{r' -^r,E,n)dV =qr{r,E,Q)+q^''(r,E,n\ (u) 

where K/r ,£ ,/2 ->• r^,Q) and T/r -> r;E,Q) are the transport kemels describing the photon 
interactions and transport in the medium. The forms of these kemels are not discussed here. 
The gamma source qy (r^,Q) in Eq.(12) can be represented as a sum of separate components for 
prompt and delayed gammas 

q^ir,E,n) = q^(r,E,Q)+q'^{r,E,Q) (l3) 
The prompt y is produced in the fission and capture reactions 

q^(r,E,Q) = q^-^(r,E,Q)+q^%E,a) (l4) 
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In more details the sources for prompt y have the form 

q^-'{r,E,a) = xr{Epf{r,E)^„{r,E)dE (l5a) 
E 

q^-(r,E,n)=zr{Epc{r,E)^„{r,E)dE, {l5b) 
E 

where the intégral represents the fission density and the fünctions X/''and zt'^are the spectra 
of prompt photons in fission and capture reactions, On(/*,£) is the neutron flux density. 
The source of delayed photons can be defined separately in the BR2 füel clements and in MOX 
rods because there is no spatial migration of fission products in the core 

q'^,{r,E,n) = xriEpA''E>n{r,E)dE, r e V, (l6) 

q'^,,,(r,E,Q)=x'/{EpAr,E)^„{r,E)dE, r^V^, (l7) 

The density of first collisions for prompt photons contains the components of y-source produced 
in fission and neutron capture reactions 

qr{r,E,Q)=lq^-'(r,E,aXi^' -^r,E,n}iV + | ^ ; ' ' ( r , £ ,n )7 ; ( r ' -^r,E,Q}l'r- (is) 
V V 

The density of first collisions for delayed photons has the form 
q'/{r,E,Çï)=\q'''{r,E,a)TXr -^r,E,d)ih (l9) 

Afler considering separately the fission product in MOX and in BR2 füel clements we can 
rewrite the density qi^'^ {V^VBR^VB , where VBR2 is the région of BR2 füel éléments, VB is the 
région of MOX rods) 

qf-'{r,E,Q)= | < ^ ^ , M , n ) r ^ ( r ' - ^ r ; £ , a > / V ' + J<3( / - ,£ ,Q)7; ( r '^ r ;£ ,n>/V' (20) 

We can represent the collision density as a sum of components for prompt and delayed y 
r{r,E,n) = Y'-'(r,E,a)+Yié^{r,E,0) + Y'/{r,E,d) (2l) 

Substituting this représentation of collision density into Eq.(l 1) we have 

xff^-'(r,E,Çi)+w'^,(r,E,a) + ii/i-'(r,E,Çï)=q,^^^ 

ƒƒƒ [Y^''{r,E,Çi)^w"^Xr\E\ÇïyYi-'[r\E -^r,E,Çî}iVdE'cKÏ, (22) 

The solution of the Eq.(22) can be obtained fi-om the separate équations for each constituent 
components of y/ : for collision densities of prompt photons in the whole région and for the 
delayed photons produced in BR2 fiiel clements and in MOX füel rods. Then for each 
component we have to solve separate équations 

W''''{r,E,n) = qr(r,E,Q)+jjj w''[r',E',ÇÏ)KX^\E\ÇÏ r,E,Cï)dVdEdO:, (23) 

i^'^',{r,E,Çî) = q,%,(r,E,Q)+j\j tó(r,£',n>^(/-',£',Q' ->r,E,n)dVdEdÙ, (24) 
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i^',''ir,E,Q)=qli(r,E,Q)+jjj i^'/(r',E',Q )KXr ,E ,Q' -^r,E,n)dVdEdQ\ (25) 
The source of the prompt y is distributed over all of the BR2 core, while the sources of delayed y 
are located in BR2 fuel éléments or in MOX rods. After substituting expression (21) for into 
Eq.(lO), the y-heating energy can be determined as a sum 

=\\ç'''{r,E)H^(E)dEd'r + l\ç>ii,(r,E)H^{^^ (26)w 
EVB EVi EVi 

here qf'''' are the y flux density determined using the Monte Carlo code MCNP from 
équations (23-25). Finally, the total y-heating energy can be determined as a sum of contributors 
of heating energy from the prompt and delayed photons. The details of such calculations are 
given below. 

7.2 Delayed photons from fission products in MOX rods 

Equation (25) describes the transport of delayed y from fission products in MOX rods. For the 
calculation of the energy déposition to the MOX rods from the delayed photons produced in P-
decay reactions of fission fragments in MOX the foUowing codes were used: 

- MCNP for calculations of the fission, nf, and the capture, w/, reaction rates and the power 
in MOX rods 

- SAS2H module of the SCALE-4.4a code for calculations of the source of delayed photons 
emitted by fission products, (r,£) in Eq. (16). 

- MCNP for calculation of energy déposition from this source of delayed photons, produced 
by fission products in the MOX rods. 

The number of fission events in MOX rods, nf [fiss/n], calculated using the MCNP code is 
normalised per one neutron emitted in fission reaction in the BR2 core. The total power in MOX 
rods, PB, can be calculated using the number of fission reactions, nf, 

where Öj-and Q^^ is the effective heating -values for the MOX rods, and for the BR2 
core respectively; VBR2 is the mean number of fission neutrons produced per fission reaction in 
the BR2 fiiel éléments; PBR2 is the nominal power of BR2. We may expect that the ratio of 
to for the effective heating énergies is close to 1.00 within the error margin of 4-5%. As a 
conséquence of such uncertainty at the present step of calculations, the power in MOX fiiel rods 
is determined with a similar error of 4-5%. The total intensity of delayed photons,/̂ ^ [y/sec], 
emitted by fission products in MOX rods at the power PBR2 was calculated using the SCALE-
4.4a code with the error mentioned above. We can obtain the total intensity of fissions in MOX 
rods,//s, 

^ / . B = « / ^ ^ ' ifissls^c] (28) 

The number of delayed photons per fission reaction, N^^ , in MOX rods can be defined using 

the calculated intensity, ƒƒ g, of delayed photons 
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"f-'BR2'^BR2 

For calculation of the energy déposition, s^g [MeV/y] in MOX, from the delayed photons 
emitted by fission products in MOX fiiel rods, the MCNP code was used to simulate the 
transport of photons from the extemal source of delayed photons in MOX rods. The spectrum of 
delayed photons was normalised per total power in MOX rods. Finally, we have the formula for 
calculating the contribution to the effective heating <2e#-value normalized per fission reaction in 
MOX rods 

Q;.B = <BI'.B , t - \MeVlfiss\ (30) 

Substituting parameters calculated using the MCNP and the SAS2H module of the SCALE 
codes f̂ %=0.156 [MeV/y], / /^ =3.0x10̂ ^ [y/s], ö / ^ = 1 9 6 [MeV/fiss], «/=0.00106 [fiss/n] 
and the nominal power Pgit2=60.7 [MW], VBR2=2.43 [n/fiss] we obtain the contribution from the 
delayed photons Ô/B=0.94 [MeV/fiss]. The energy of delayed photons calculated using the 
SAS2H module and normalized per fission reaction is two times lower than the total energy 
released with delayed photons in fission of ^̂ P̂u (6.1 MeV/fiss). To obtain the true value of the 
energy released from delayed photons, we can correct the calculated intensity ^ by two times, 
which gives us the corrected value of ö^^"^=1.88 MeV/fiss. As can be seen, the contribution to 
the effective heating value from the delayed photons emitted by fission products in the MOX 
füel rods is considerably less than the energy Ey =7.2 MeV/fiss released with delayed y in ^ '̂U 
(see Table 7). 

7.3 Delayed photons emitted by fission products in BR2 fiiel éléments 

Equation (24) is used to calculate the transport of delayed photons from fission products in BR2 
fuel clements and their contribution to the heating energy in MOX rods normalised per fission 
event in MOX fuel. 
The total intensity of delayed photons emitted by BR2 fuel clements, I^^BRI > was calculated 
using the SAS2H module in the SCALE-4.4a code and re-normalised per nominal BR2 power 

rr.BR2=^C' [^/sec] (31) 

where /*, and /^^ are the thermal power and the intensity of delayed photons generated in the 
BR2 fiiel element. The mean heating energy, S^^BRZ [MeV/y], in the MOX fiiel rods caused by 
delayed photons emitted from the BR2 fiiel clements was calculated using the MCNP code for 
the extemal y-source distributed in BR2 fuel clements. Using the expression for the total number 
of fission neutrons / / ^ generated in the BR2 core 

/ r = ^ ^ ^ , [«/sec] (32) 

we obtain the number of delayed photons per fission neutron, nf^, 

= - : ^ = — , VYlm (33) TBR2 
^s^BR2 
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To re-normalise the heating energy €^BR2 P r̂ fission in MOX rod, the number of fission 
reactions w/ in MOX rods per fission neutron in BR2 was calculated using the MCNP code. 
Finally, we have the foUowing expression for the heating energy in MOX rods 

nl 
[MeVI fiss] (34) 

In the considered problem the foUowing parameters were calculated: f̂ *s;j2=2-39xl0-̂  MeV/y; 
=4.75x10''' y/sec, Ps=2.0 MW; w/=l.06x10"^ fiss/n; VBRf=2A3 n/fiss. Substituting the 

corresponding values to the expression for Ö / . B R 2 ' we obtain a contribution of delayed photons 
emitted by BR2 fiiel clements equal to ôy.BR2=0-69 MeV/fiss, normalised per fission event in the 
MOX fuel rods. As was noted early the energy released with delayed photons which was 
calculated using the SAS2H module of the SC ALE code is less than the total energy of delayed 
photons. We can correct this by increasing the intensity of delayed photons. For the model of the 
BR2 fijel element this correction factor is equal to 2.2. After applying this correction, the 
contribution of delayed photons will be equal to ô̂ 'aRT ̂ 1-52 MeV/fiss. 

7.4 Average energy offission fragments and betas in MOX rods 

MOX fiiel contains mixture of U and Pu nuclides. To calculate the mean kinetic energy of 
fission fi-agments and P-particles in MOX the foUowing method was used. Using the fission 
rates, nj-, for constituent nuclides / and total énergies Ek, Epfor U and Pu nucUdes (fi-om Table 7) 
we détermine the average energy of fission fi-agments and P-particles, Qkp, for the MOX fiiél 
rods. The relative fi-actions of fission reactions for different fiiel rods were calculated using the 
MCNP code and are presented in Table 8. 

Table 8. Relative fi-actions of fission reactions for each nuclide in MOX fliel rods and the 
average energy Qkp ior fission fi-agments and P-particles. 

^̂ '̂'Pu 
MeV/fiss 

Ek+0, MeV/fiss 173.2 175.8 178.9 179.6 
Fraction of fission reactions on nuclide 

Rod A 0.023 0.026 0.774 0.167 177.0 
RodB 0.023 0.030 0.773 0.167 177.5 
RodC 0.023 0.026 0.775 0.170 177.7 
RodD 0.020 0.025 0.815 0.132 177.4 
RodE 0.020 0.031 0.811 0.127 176.8 
Rod F 0.020 0.026 0.813 0.133 177.4 
Rod G 0.020 0.023 0.822 0.128 177.6 
Rod H 0.020 0.028 0.818 0.125 177.2 
RodI 0.020 0.023 0.823 0.127 177.6 
Average for all rods 177.3 



20/37 

7.5 Heating energy of prompt photons 

Equation (23) describes the transport of prompt photons from the source qf (14). The source of 
prompt photons is calculated in the MCNP automatically for fission and neutron capture 
reactions. The contribution of prompt photons to the effective heating energy per fission is 
considered below separately for the BR2 core and for MOX rods. 

7.5.1 Heating energy of prompt y in BR 2 core. 

The heating energy for prompt photons in all of the BR2 core was calculated using the MCNP 
code. The calculated energy includes the contribution from prompt photons emitted in fission 
and capture reactions in the BR2 core and is equal to 4.74 Me V/neutron. The corresponding total 
number of fission events in the reactor core for the BR2 model is equal to 0.423 fissions/neutron. 
Using these data we can evaluate the heating energy for prompt y, Qf^=ll.2 Me V/fission 
(=4.74/0.423). 
Effective fission heating energy, , normalised per fission event in the BR2 core can be 
calculated easily taking into account that the ftiel is mainly ̂ '̂U and all kinetic energy of fission 
fragments, the energy of P-particles and the energy of delayed photons are deposited in the core. 
The corresponding heating values are presented in Table 7. Using Table 7 and qf^ , we can 
obtain the total value of Q^^ =QF+Qf^+E„=l96.4 MeV/fiss (for "^U 0^=180.4 MeV/fiss [4], 
£„=4.8 MeV/fiss). 

7.5.2 Test problem for an infinité mixture of ^^Pu and ""U 

To verify the accuracy of the MCNP calculation of absorbed energy from prompt photons, let us 
consider a very large medium of mixture of ^̂ P̂u and̂ ^̂ U (with enrichment of 9.09%). In this 
problem the kinetic energy of all prompt photons is deposited in the mixture. For comparison 
with the direct MCNP calculation, the total heating energy generated by prompt photons was 
calculated using the fission, «/, and capture, nj, reaction rates for nuclides (/•=U, Pu) and the 
total energy of prompt photons. Table 9 contains the results of MCNP calculations for reaction 
rates and the energy, , deposited by prompt photons in the test problem. 

Table 9. Reaction rates and the absorbed energy of prompt photons per fission event calculated 
using the MCNP code for the test problem. 

2 3 8 / 

NucHde Fission rate, w/, 
fiss/n 

Capture rate, nj, 
cap/n 

Gamma heating, 

MeV/n 
0.11333 0.37967 

'''^ 0.39145 0.04457 
Mixture 0.50478 0.42424 6.9 

This alternative method of the calculating the heating energy is based on an assumption that all 
energy of prompt photons is dissipated in the medium. To perform the calculation we have to 
know the number of fission and capture reactions and the energy of emitted photons. We will 
use the effective energy released in fission and capture reactions published in the work of 
M.F.James [4]: Ef^^=1.5 MeV/fission, E^p^g=l.l MeV/fission; E'^y^=5.69 MeV/capture, 

£'̂ pj,9=6.53 MeV/capture. The total heating energy is calculated using the formula 
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where , E^^^ are the énergies of prompt photons emitted in fission and capture reactions, 
«ƒ and «*are the number of fission and capture reactions per fission neutron for each nuclide 
i=238u,239p̂  From the équation (35) we obtain £'/°'=6.3 MeV/neutron, while in the MCNP 
calculation we have J?/°-6.9 MeV/neutron. This comparison may be accepted as satisfactory, 
taking into account that different methods and different data were used in the calculations. 

7.5.3 /Average heating energy of prompt photons in MOX fuel rods 

Equation (23) also is used to calculate the heating energy of prompt photons, , in the meat of 
MOX fiiel rods. This is done directly using the MCNP code with initial normalisation per one 
fission neutron fi-om the BR2 core (the diameter of the fuel meat is equal to 0.824 cm). The 
heating energy can be re-normalized per fission event in the MOX fiiel, , using the calculated 
number of fission reactions in MOX rods per fission neutron, nf [fiss/n]. In Table 10 the heating 
energy of prompt photons, , for each of the MOX rods was calculated as a ratio of to nf. 

Table 10. Heating energy of prompt photons and the number of fission reactions in MOX rods, 
, is normalised per fission in MOX. 

Fuel rod gr̂ , Me V/neutron Hf, fission/neutron ,MeV/fission 

A 1.591x10-̂ (0.45%) (1.312+0.01)xl0-̂  12.12±0.11 
B 1.562x10-̂ (0.46%) (i.i59±o:oi)xio-^ 13.48±0.12 
C 1.548x10-̂ (0.47%) (1.325iO.01)xl0-^ 11.68+0.11 
D 1.368x10-̂ (0.50%) (1.282+0.01)xl0-^ 10.67±0.10 
E 1.276x10-̂ (0.50%) (0.980±0.01)xl0-^ 13.03+0.12 
F 1.308x10-̂ (0.50%) (1.202±0.01)xl0-^ 10.88+0.10 
G 1.198x10-̂ (0.50%) (1.238+0.01)xl0-̂  9.68+0.10 
H 1.099x10-̂ (0.60%) (0.964±0.01)xl0-* 11.40±0.10 
I 1.081x10-̂ (0.60%) (1.144+0.01)xl0-̂  9.45±0.10 

TOTAL 1.203x10"̂  1.0606x10-̂  
Avarage for aU rods. 1.337x10"̂  1.178x10"* 11.3 

The average heating energy in the MOX fuel rods includes the contribution from prompt 

photons emitted in fission and neutron capture reactions, =11.3 MeV/fiss and normalised per 

fission in MOX rods. 
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7.6 Total effective heating energy in MOX fuel rods 

The total effective heating energy in MOX fuel rods normalised per fission in MOX is defined 
as the sum of the foUowing components: the average energy of fission fragments and the energy 
of beta-particles, Qkp ; the heating energy from prompt photons, ; the heating energy of 

delayed photons emitted by BR2, Qy_BR2, and by MOX ftiel éléments, Q^B- The loss of the 
kinetic energy of fission neutrons in the rods is very small and we neglect its contribution. The 
effective heating energy for MOX rods was thus calculated using the formula 

Q^=Q,,+Q'r.B+Qr.BR2+Qf- (36) 
Each component in this expression was calculated in the previous sections and was coUected in 
Table 11. 

Table 11 Contribution of various energy components to the total effective heating energy 
for MOX fixel rods normalized per fission in MOX rods. 

Component MeV/fiss 
Average energy of fission fragments and betas, Qk0 177.3 
Average heating energy of delayed photons emitted by fission products 
in MOX rods, 

0.94 

Average heating energy of delayed photons emitted by fission products 
in BR2 fixel éléments, Q^BRI 

0.69 

Average heating energy of prompt photons, 11.3 

Effective heating energy for MOX rods, 190.2 

As can be seen, the contribution from the delayed photons produced in the BR2 fuel éléments to 
the heating in the Callisto loop is relatively small, because of the large distance between the BR2 
fuel éléments and MOX rods. Moreover, the delayed photons produced in MOX rods escape 
from the rods and lose their energy outside the MOX rods. Nevertheless, in other more central 
channels surrounded by BR2 fiiel éléments the contribution from the delayed photons can be 
stronger. The influence of prompt photons to the heating in MOX rods is stronger than from 
delayed photons because they have a larger energy due to being produced directly in the Callisto 
loop in the massive stainless steel pressure tubes and in borated coling water. 

The calculated effective heating energy for MOX fiiel rods is equal to 190.2 MeV/fiss. The 
average heating energy, ö/,s=0-94 MeV/fiss, induced by delayed photons generated in MOX 
rods, was calculated with the systematic error of about 5%, which is less than 0.05 MeV/fiss. 
The influence of this systematic error on the value of the effective heating energy is very 
small. The second systematic error is associated with the calculation of the energy of delayed 
photons. Using corrected values for the contribution from delayed photons emitted by fission 
products in BR2 fuel éléments and in MOX rods (Ô/.ST=l-52 MeV/fiss, Ôn^"'=l-88 MeV/fiss) 

we will have Q^"^=\9l.S MeV/fiss. The différence between uncorrected and corrected 
effective heating energy is small and equal to 0.8%. For this reason in all of the calculations 
below we will use the uncorrected effective heating energy =190.2 MeV/fiss. 
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8. Fission and breeding reactions in MOX fuel rods 

The profile of the fiiel bum-up over the length of the fiiel rod is influenced by the axial 
distribution of the thermal neutron flux. The axial power peaking factor can reach the value of 
1.6. The loss of Pu in fission reactions is partially compensated by the foUowing breeding 
reactions of Pu nuclides in U&Pu fiiel: ̂ ^^U(n,y)-̂  ̂ '̂Pu, "''Pu(n,y)^ ̂ >u(n,y)^ ̂ ^Pu. Table 2 
contains the fission and breeding rates in each MOX fiiel rods per fission neutron produced in 
BR2. The mean breeding ratio for all fiiel rods is equal to 0.58 (produced ^̂ P̂u+̂ '̂̂ Pu / bumed 
Pu). In the computational model the uniform distribution of the fliel concentration over the 
length of the MOX rod was used. We suppose that the fiiel bum-up in MOX rods is partially 
compensated by the breeding reactions. 

Table 12 Reaction rates in MOX fuel rods per fission neutron. 

Rod name (place) Total fissions, 
fissions/neutron 

Breeding of̂ '̂ Pu+̂ 'Pu, 
nucl/neutron 

Ratio, 
Breeding / fission 

F6547 (A) 1.312x10-̂ (0.75%) 8.27x10-̂  (1.5%) 0.63 
F6548 (B) 1.159x10"* (0.81%) 7.37x10-̂ (1.7%) 0.64 
F6549 (C) 1.325x10"* (0.86%) 8.06x10-' (1.5%) 0.61 
F6680 (D) 9.800x10-̂  (0.98%) 6.84x10-' (1.7%) 0.70 
F6678 (E) 1.202x10-̂ (0.90%) 5.81x10-' (2.0%) 0.48 
F6677 (F) 1.238x10-̂ 0̂.90%) 6.48x10-' (1.8%) 0.52 
F6673 (G) 9.641x10-̂ (1.00%) 6.52x10-' (1.7%) 0.68 
F6679 (H) 1.312x10-̂ (0.75%) 5.48x10-' (1.7%) 0.42 
F6674 (I) 1.312x10-̂ (0.75%) 6.16x10-' (1.7%) 0.47 
Sum 1.0606x10-' 6.100x10"* 0.58 
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9. Validation oftheBRl model 

9.1 Heating energy in CALLISTO loop 

The results of measuring the gamma heating in the CALLISTO loop were published in [8]. The 
measurement was performed for the stainless steel rods equivalent to the MOX rods in the cycle 
02/97B. The thermal balance method was used to détermine the gamma heating inside the 
CALLISTO loop. Comparison of the measured and calculated heating energy is shown in Table 
13. The power determined by the thermal balance method is equal to 27.8 kW.. The calculated 
power, Pf =26.5 kW, includes the heating by prompt photons generated by all structural 
éléments in the reactor and the contribution of the delayed photons from fission products in BR2 
fiiel éléments. 

The ratio of the gamma heating energy to the total heating energy in the MOX fiael is equal to 
5.9%. Taking into account the heating in the rod cladding, in water and in the spacer, this ratio 
becomes equal to 9.8%. The corresponding ratio in the BR2 core is equal to 5.8%. This 
différence may be explained by the présence of a larger amount of stainless steel 316 and boron 
in cooling water in the channel than in the core where the main structural materials are Al, water 
and Be. 

Table 13 Heating energy of prompt gamma's in structural clements of the CALLISTO loop 
normaUsed per fission neutron and per fission event in MOX fiiel. 

MCNP calculation Thermal 
balance 
method 

[81 
Structural element Heating 

energy from 
prompt y 

per fission 
event. 

MeV/fission 

Heating 
energy from 

delayed y 
per fission 

event. 
MeV/fission 

Power: 
prompt+ 
delayed y 

kW 

Power, 
kW 

Fuel 11.3 0.9 9.7+0.2 
Fuel rods+spacer 14.8 1.06 12.6±0.2 

All device (+water) 17.7 1.10 15.0iO.2 
All device + internai 

pressure tube 
30.8 2.3 26.5+0.5 27.8 

9.2 Comparison of the thermal balance method and MCNP calculation 

The power in all MOX fiiel rods is determined by measuring the température at the inlet and 
outlet of the cooling water and using a thermal hydraulic analysis [6]. 
It should be noted that in the thermal balance method the mean linear power and the peak linear 
power in each fiiel rod are determined using a preliminary calculated distribution of power 
between the various fiiel rods. The radial and the axial peaking factors for fiiel rods are 
calculated ördinary by using approximate 2-D neutron diffusion and transport computer models. 
For this reason the power distribution in fiael rods obtained in the thermal balance method is not 
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measured directly in the experiment. But the total thermal power for all fiiel rods is determined 
directly from the experiment. 

The linear power in the MOX rods is calculated using the expression (8) 
icaic ^ PB_^ [W/cm] 

L 
(37) 

J U 

where L is the length of the fiiel rod. The comparison of the calculated linear power in MOX 
rods, f"^, and the measured one obtained from the thermal balance method, f^, [6] are presented 
in Table 14. The mean ratio of the calculated results to the measured is equal to 0.98. This ratio 
indicates to the systematic error of 2% for the total power in the MOX rods calculated using the 
MCNP model of BR2. The relative distribution of power in various rods obtained by the thermal 
balance method and calculated by the MCNP model of BR2 is also in very good agreement. 

Table 14 Mean linear power in MOX fiiel rods measured by the thermal balance method, 
and calculated, f^, using the MCNP model. (The values in the brackets are the estimated 
relative standard déviation at the l a level) 

MCNP calculation Thermal 
balance 

method [6] 

Ratio 
ƒ calc 

fiss/n 
jcalc 

W/cm 
r , 

W/cm 

Ratio 
ƒ calc 

F6547 (A) 1.312x10-̂ (0.75%) 187.4 190.6 0.98 
F6548 (B) 1.159x10-̂ (0.81%) 165.5 169.9 0.97 
F6549 (C) 1.325x10-̂ (0.86%) 189.3 192.8 0.98 
F6680 (D) 9.800x10-' (0.98%) 183.1 181.2 1.01 
F6678 (E) 1.202x10-̂ (0.90%) 140.0 142.6 0.98 
F6677 (F) 1.238x10-̂ (0.90%) 171.7 180.4 0.95 
F6673 (G) 9.641x10''(1.00%) 176.8 176.2 1.00 
F6679 (H) 1.312x10-̂ (0.75%) 137.7 141.6 0.97 
F6674 (I) 1.312x10"* (0.75%) 163.4 173.8 0.94 

Mean value for 
all rods 

168.3 172.1 0.98 

The comparison of tiie peak linear power in fiiel rods is presented in Table 15. The mean ratio of 
the calculated peak linear power, nf"'', and obtained from tiie thermal balance method, m , is 
equal to 1.04. This means that the power peaking factors used in the thermal balance method are 
close to the factors calculated using the MCNP model of BR2. 
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Table 15 Comparison of the calculated, nf°^, peak linear power in MOX fiiel rods and obtained 
in the thermal balance method, m'^. 

MCNP calculation Thermal balance Ratio 
method [6] 

Name of rod 
W/cm W/cm 

F6547 (A) 312+12 295 1.06+0.04 
F6548 (B) 274+11 263 1.04+0.04 
F6549 (C) 326+11 297 1.10+0.04 
F6680 (D) 304±11 293 1.04+0.04 
F6678 (E) 244+11 232 1.05+0.04 
F6677 (F) 286+13 291 0.98+0.04 
F6673 (G) 294+13 286 1.03+0.04 
F6679 (H) 245+12 230 1.07+0.04 
F6674 (I) 282+13 282 1.00+0.04 

Mean 1.04 

9.3 Comparison of the gamma-spectrometric measurements and calculated 
distribution of fission rate in MOX rods 

9.3.1 Total fission rate 

The total fission rate in MOX rods was measured after the irradiation cycle 05/98a using the y-
spectrometer and published in the SCK-CEN report [1]. The total fission rates, in MOX 
rods were calculated using the MCNP model 

^Ts^^f^f^' nf=Zjh^fiEME)dEdr, (38) 

here w/ is the fission rate in the rods per fission neutron. 
Comparison of the total fission rates measured by the y-spectrometric method and calculated 
using the MCNP model of BR2 is" shown in Table 16. The calculated fission rate is normalised 
per nominal power ofBR2 in cycle 05/98a. 

The mean ratio of the calculated fission rate to the measured value obtained by the y-
spectrometric method is equal to 0.94. The systematic déviation of 6% is comparable with the 
expérimental error that is equal to 4.4% [1]. 
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Tablel6 Comparison of the total fission rate in MOX fiiel rods measured by the 
y-spectrometric method, , and calculated by using the MCNP code, F/^. The mean fission 

rate ÏJ%is equal to the mean value of the high and the low measured values of the fission rate 

B 
rif (MCNP), 

(error) 

Tcalc rexp 
^f.B 

High, 
Low, 
(error) 

TCXp 
^f.B 

Tcalc 1 rexp 
^f,B'^f,B 

Name of 
rod fiss/n fiss/sec Fiss/sec Fiss/sec Ratio*̂  

F6547 
(A) 

1.312x10"* 
(0.75%) 

6.15x10̂ ^ 7.14x10̂ ^ 
6.54x10̂ ^ 

(4.3%) 

6.84x10'"* 0.90 ± 0.05 

F6548 
(B) 

1.159x10"* 
(0.81%) 

5.45x10*̂  6.07x10̂ ^ 
5.56x10̂ ^ 

(4.4%) 

5.81x10'"* 0.94 ± 0.05 

F6549 
(C) 

1.325x10"* 
(0.86%) 

6.21 xlO '̂* 6.87x10̂ "* 
6.31x10̂ ^ 

(4.3%) 

6.59x10'"* 0.94 ± 0.05 

F6680 
(D) 

9.800x10"̂  
(0.98%) 

6.01x10̂ "* 6.63x10̂ ^ 
6.08x10̂ '* 

(4.4%) 

6.36x10'"* 0.94 ± 0.05 

F6678 
(E) 

1.202x10"* 
(0.90%) 

4.59x10̂ *̂ 4.96x10̂ "* 
4.54x10̂ ^ 

(4.4%) 

4.75x10'"* 0.97 ± 0.05 

F6677 
(F) 

1.238x10"* 
(0.90%) 

5.64x10*̂  6.42x1 Ô '* 
5.89x10'"* 

(4.3%) 

6.16x10'"* 0.92 + 0.05 

F6673 
(G) 

9.641x10"̂  
(1.00%) 

5.80x10̂ "* 6.45x10'"* 
5.91x10'"* 

(4.3%) 

6.18x10'"* 0.94 ± 0.05 

F6679 
(H) 

1.312x10"* 
(0.75%) 

4.52x10̂ ^ 4.95x10'"* 
4.53x10'"* 

(4.4%) 

4.74x10'"* 0.95 ± 0.05 

F6674 
(I) 

1.312x10"* 
(0.75%) 

5.36x10̂ ^ 6.09x10'"* 
5.58x10'"* 

(4.3%) 

5.83x10'"* 0.92 ± 0.05 

Mean 0.94 ± 0.05 

SA. (SB 
— = — + — , where ôA/A is the relative error of value A. 
r A B 
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9.3.2 Peak fission rate 
rexp The measured peak fission rate, is obtained using the measured total fission rate, ^j- g, 

and the shape factors, , determined in y-spectrometric measurements [1] 
fiss 

A . stemm 
(39) 

The shape factors for the fission rate distribution are presented in Table 17. In Table 18 we 
compare the expérimental and the theoretical (based on the MCNP model) peak fission rates, y-
Spectra were measured each millimètre over the whole length of the fiiel rods. The low, high and 
the mean peak values of the fission rate in the maximum région are included in Table 18. The 
axial distribution of fissions in fiiel rods were calculated using the MCNP code for axial mesh 
containing geometrical segments of 2 cm length. The ratio of the calculated to the measured 
peak fission rate for various MOX rods changes from 0.93 to 1.05. The mean value for the ratio 
of the theoretical and the expérimental peak rates is equal to 0.99. 

Table 17. Shape factors k'^ for fliel rods measured in y-spectrometry method [1]. 

rod Rod k^ 
F6547 (A) 1.60 F6677 (F) 1.61 
F6548 (B) 1.60 F6673 (G) 1.61 
F6549 (C) 1.57 F6679 (H) 1.61 
F6680 (D) 1.61 F6674 (I) 1.61 
F6678 (E) 1.62 

Table 18 Comparison of the peak fission rate, , measured by gamma-spectrometric method 
and calculated using the MCNP model of BR2 . The low, high and mean values of measured 
peak fission rate, , in the maximum of fission rate distribution are included in the table. 
MJ^ is the peak fission rate calculated using the MCNP model (relative statistical errors are 
shown in brackets). 

Ganmia-spectrometry, MCNP Ratio 

Rod Peak low, 
Fiss/sec/mm 

Peak high, 
fiss/sec/mm 

Peak mean, 
fiss/sec/mm 

Peak, Mf^; 
fiss/sec/mm ^TB 

F6547 (A) 10.49x10̂ ^ 11.46x10" ll.OxlO" 10.24x10" (4.4%) 0.93 
F6548 (B) 8.91x10" 9.73x10" 9.32x10" 9.00x10" (4.9%) 0.97 
F6549 (C) 9.95x10" 10.8x10" 10.4x10" 10.7x10" (4.4%) 1.03 
F6680 (D) 9.80x10" 10.69x10" 10.2x10" 9.97x10" (4.9%) 0.97 
F6678 (E) 7.36x10" 8.04x10" 7.70x10" 8.00x10" (5.6%) 1.04 
F6677 (F) 9.49x10" 10.34x10" 9.92x10" 9.39x10" (5.0%) 0.95 
F6673 (G) 9.57x10" 10.44x10"- lO.OxlO" 9.65x10" (5.0%) 0.97 
F6679 (H) 7.30x10" 7.98x10" 7.64x10" 8.04x10" (6.0%) 1.05 
F6674 (I) 9.05x10" 9.87x10" 9.46x10" 9.25x10" (5.2%) 0.98 

Mean 0.99 
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9.4 Comparison of the y-spectrometric and the thermal balance methods 

The mean linear power, f , in the fiiel rod was determined using the measured fission rates, 
IJ^B. in the y-spectrometric method and the effective heating energy gj.=190.2 [MeV/fiss] for 
MOX fiiel rods 

[W/cm] (40) 

here L is the length of fiiel in the rod. Comparison with the thermal balance method is presented 
in Table 19. The différence in the linear power obtained by two methods belongs to the spread 
range 1.01 - 1.09. The mean déviation of the y-spectrometry resuhs from the thermal balance 
method (TBM) is equal to 1.047. 

Table 19. Comparison of the mean linear poWer measured by the y-spectrometric and the 
thermal balance methods. The mean Unear power Vis equal to (fhigh +/''iow)/2. 

Gamma-spectrometry Thermal 
balance 

method (TBM) 

Ratio 

Rod Fission rate 
high, low [1] 

Linear power 
high, low 

Mean linear 
power 

Mean linear 
power 

[6] 

Spectrometry/ 
TBM 

rexp 

(high) 
(low) 

Y r 

Fiss/sec W/cm W/cm W/cm Ratio 
F6547 (A) 7.14x10*̂ * 

6.54x10̂ *̂ 
217.6 
199.3 

208.4 190.6 1.093 

F6548 (B) 6.07x10̂ *̂ 
5.56x10'"* 

185.0 
169.4 

177.2 169.9 1.043 

F6549 (C) 6.87x10*̂  
6.31x10̂ ^ 

209.3 
192.3 

200.8 192.8 1.041 

F6680 (D) 6.63x10'̂  
6.08x10̂ '* 

202.0 
185.3 

193.6 181.2 1.068 

F6678 (E) 4.96x10̂ "* 
4.54x10*̂  

151.1 
138.3 

144.7 142.6 1.015 

F6677 (F) 6.42x10*"* 
5.89x10'"* 

195.6 
179.5 

187.5 180.4 1.039 

F6673 (G) 6.45x10'"* 
5.91x10'"* 

196.5 
180.0 

188 3 176.2 1.069 

F6679 (H) 4.95xl0'V 
4.53x10'"* 

150.8 
138.0 

144.4 141.6 1.020 

F6674 (I) 6.09x10"* 
5.58x10"* 

185.6 
170.0 

177.8 173.8 1.023 

Mean 180.3 172.1 1.047 
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The peak linear power, rrt 
peak fission rate, A / ^ 

in fiiel rods in the y-spectrometry method was determined using the 
, and the effective heating value, Qfff=190.2 MeV/fiss, calculated for the 

MOX fiiel rods 
m"'=M^,Q'^, [W/cm] (41) 

The comparison of the peak linear power obtained by both methods is presented in Table 20. 
The ratio of the peak linear power in fiiel rods obtained by the y-spectrometry method to the 
values in the thermal balance method is denoted by /m"" . This ratio for various rods varies 
fi-om 0.97 to 1.13. The mean ratio for all rods is equal to 1.05. 

As was indicated earlier, the mean ratio defines the différence in the total power in aU fiiel rods. 
The systematic déviation of 5% observed in the present calculations between the gamma-
spectrometry and the thermal balance methods is comparable with the expérimental error in the 
y-spectrometric method. The error of determining the linear power in the thermal balance 
method is about 7-8%. 

Table 20. Comparison of the peak linear power measured by the gamma-spectrometry and the 
thermal balance methods. 

Gamma-spectrometry Thermal balance 
method (TBM) 

Ratio 

Rod peak fission 
rate 

high-low [1] 

peak Unear 
power 

high-low [1] 

Peak linear 
power, 
mean 

Peak Unear 
power [6] 

Spectrometry 
/ 

TBM 
MZ (high) 

(low) 

—r m 

Fiss/sec/mm W/cm W/cm W/cm Ratio 
F6547 (A) 11.40x10" 

10.49x10" 
347.4 
319.6 

333.5 295 1.13 

F6548 (B) 9.73x10" 
8.92x10" 

296.5 
271.8 

284.2 263 1.08 

F6549 (C) 10.80x10" 
9.95x10" 

329.0 
303.2 

316.1 297 1.06 

F6680 (D) 10.68x10" 
9.80x10" 

325.4 
298.6 

312.0 293 1.06 

F6678 (E) 7.98x10" 
7.30x10" 

243.2 
222.4 

232.8 232 1.00 

F6677 (F) 10.33x10" 
9.48x10" 

314.8 
288.9 

301.9 291 1.04 

F6673 (G) 10.44x10" 
9.57x10" 

318.1 
291.6 

304.9 286 1.07 

F6679 (H) 7.98x10" 
7.30x10" 

243.2 
222.4 

232.8 230 1.01 

F6674 (I) 9.82x10" 
8.24x10" 

299.2 
251.7 

275.5 282 0.97 

Mean 1.05 
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10. Conclusion 

Benchmark calculations of the fission rate distribution in the MOX fuel rods irradiated in cycle 
05/98a were performed using the realistic model of BR2 by using the MCNP code. The effective 
heating energy for MOX fuel rods was calculated using the MCNP and SCALE codes, taking 
into account the contributions from the prompt and delayed photons. The linear power in the 
MOX fiiel rods is determined by using the fission rate distribution and the effective heating 
energy in MOX fiiel rods. 

Three methods of defining the irradiation conditions of MOX fiiel rods are compared: 
- the thermal balance measurements; 
- gamma-spectrometric measurements; 
- theoretical calculations of the fission rate, of the effective heating energy and the linear 

power in rods. 

Results of comparison of all these methods are presented below. 

10.1 Fission rate in MOX rods 

Comparison of y-spectrometric measurements cmd MCNP calculations 

The distribution of the fission rate in MOX fliel rods was calculated using the MCNP model of 
BR2 and measured by the y-spectrometry method. The Table below contains the ratio of the 
calculated fission rates to the corresponding values measured by the y-spectrometry method. 

Compared parameter 
Ratio of MCNP calculations to y-spectrometry method 

Compared parameter Range for all rods Average for 9 rods 
Total fission rate in rods 0.90 H- 0.97 0.94 ± 0.05 
Peak fission rate in rods 0.93 ^ 1.05 0.99 ± 0.05 

The total fission rate in MOX rods calculated using the MCNP model of BR2 is systematically 
lower by 6% than the rate measured by the y-spectrometry method. The maximum of the fission 
rate in the BR2 calculation model coincides with the y-spectrometry results within the error 
margin of ± 5%. The error of the y-spectrometry results is equal to 4.4% [1]. 

10.2 Linear thermal poyver in MOX rods 

a) Comparison of the thermal balance measurements and MCNP calculations 

Compared parameter 
Ratio of MCNP calculations to thermal balance method 

Compared parameter Range for all rods Average for 9 rods 
Mean Unear thermal power 0.94^ 1.01 0.98 
Peak linear thermal power 0.98^ 1.10 1.04 

The mean linear power calculated using the MCNP model of BR2 is systematically lower by 2% 
than the power measured in the thermal balance method. 



32/37 

The peak linear power in calculations is higher than expected from the thermal balance method 
by 4%. This means that the peaking factors used in the thermal balance method are similar to the 
calculated factors using the MCNP code. 

b) Comparison of the y-spectrometry and the thermal balance methods 

Compared parameter 
Ratio of y-spectrometry to thermal balance results 

Compared parameter Range Average for 9 rods 
Mean linear thermal power 1.01 ^ 1.09 1.05 
peak linear thermal power 0.97^ 1.13 1.05 

The mean linear power determined using the fission rate measured in the y-spectrometry analysis 
and using the calculated effective heating energy for MOX rods (190.2 MeV/fiss) differs from 
the thermal balance method by 5%. 

As can be seen from the presented analysis, the y-spectrometry measurements, the thermal 
balance measurements and the theoretical model of BR2 reactor give the average déviation 
between them of about 5-6% for the fission rate distribution, for the Hnear power and for the 
peak linear power in fliel rods. 
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List of Symbols 

Ek - is the average kinetic energy of fission fi-agments [MeV/fiss]; 
- initial kinetic energy of prompt photons produced in fission reaction [MeV/fiss]; 

E^ - average kinetic energy of delayed photons produced in decay of fission products 

[MeV/fiss]; 
Efi- mean total kinetic energy of P-particles emitted by fission products [Mev/fiss]; 
E„ - average energy of fission neutrons [MeV/fiss]; 
£•ƒ, - energy of prompt photons emitted in fission of nuclide / [MeV/fiss]; 

E^j, f - energy of prompt photons emitted in reaction of neutron capture in nuclide / and 
normalized per capture reaction [MeV/capt]; 

Ey°' - total energy of prompt photons [MeV/n] in the test problem; 
Ey is the heating energy of photons [MeV]; 
EBR2 - energy produced in the BR2 [J]; 
s^s ~ is the mean heating energy in MOX fiiel rods caused by delayed photons produced 

in M O X rods [MeV/y]; normalized per delayed photon emitted by fission products in 
MOXrods; 

^rBR2 ~~ is the mean heating energy in MOX fijel rods caused by delayed photons produced by 
BR2 fiiel éléments; normalized per delayed photon emitted fi-om BR2 fiiel element 
[MeV/y]; 

H^E) is the y-heat response; 

^ - total intensity of fission neutrons generated in BR2 core [n/sec]; 

/ƒ g - total intensity of fission réactions in MOX fuel rods normalized per total power Pg in 

MOX rods [fiss/sec]; 
I^B - intensity of delayed photons emitted by fission fi-agments in MOX fuel rods; 

Normalized per total power PB in MOX rods [y/sec]; 
, - is the intensity of delayed photons emitted by single BR2 fiiel element. Normalized per 
thermal power in BR2 fuel element [ y/sec]; 

/ƒ £3,2 " is the total intensity of delayed photons emitted by BR2 fiiel éléments normalized per 
nominal power of BR2 [ y/sec]; 

, É,0 -^,E,n) is the kemel describing the interaction of y with material; 
- is the shape factor for the axial distribution of fission rate in MOX rods measured by 
the y-spectrometry method [fiss/sec]; 

f - is the mean linear power in MOX rods measured by the y-spectrometry method; 
r"^ - calculated linear power in MOX rods; 

- linear power in MOX rods measured in the thermasi balance method [W/cm]; 

F - mean linear power in MOX rods measured by y-spectrometry method [W/cm]; 
L - is the length of MOX rod; 

m"^ - the calculated peak Hnear power ih MOX rods [W/cm]; 

m'' - the peak linear power in MOX rods measured by the y-spectrometry method [W/cm]; 
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w"" - the peak linear power obtained in the thermal balance method [W/cm]; 

- the peak linear power measured by the y-spectrometry method [W/cm]; 

" fission rate calculated using the MCNP model [fiss/sec/mm]; 

- peak fission rate measured by the y-spectrometry method [fiss/sec/mm]; 

N^B - the number of delayed photons per fission reaction occurred in MOX fiiel rods 

[y/fiss]; 
rif - is the number of fission events in MOX rods per fission neutron produced in BR2 

[fiss/n] 
w / - is the number of neutron capture events in M O X rods per fission neutron produced in 

BR2 [cap/n] 
riy^ - number of delayed photons emitted by fission fi-agments in BR2 fiiel éléments per 

fission neutron [y/n]; 
«ƒ - is the number of fission reactions per neutron for nuclide /; 
nj - is the number of neutron capture réactions per neutron for nuclide /; 
PBB2 - nominal power of BR2 [MW]; 
PB - total power in MOX fuel rods normalized per nominal power of BR2 [MW]; 
Pj, 3 - power in the CALLISTO loop induced by photons; 
Ps - thermal power of typical single BR2 fiiel element [MW]; 
Pc - probability of neutron capture reaction ; 
Qeff- effective energy for fission reaction [MeV/fiss]; 
Qp = £ j t + Bfy- fission heating Q-value {MeV/fiss] used in MCNP code; 

- effective heating energy released per fission reaction in BR2 fiiel éléments 

[MeV/fiss]; 
- effective heating energy for MOX fiiel rods normalized per fission rection in MOX 

rod, [MeV/fiss]; 
Qkp- average energy of fission fragments and p-particles for the mixture of nuclides in MOX 

fijel rods. Includes the kinetic energy of fission fragments and total energy of P-particles. 
[MeV/fiss]; 

j2^^ - contribution of prompt photons to the heating energy in BR2 core [MeV/fiss]; 
- heating energy of prompt photons in MOX fiiel rods normalized per fission event in 

MOX rod [MeV/fiss MOX]; 
Qt.BR2 - contribution o f delayed photons produced in BR2 fiiel éléments to the effective 

heating energy in MOX fuel rods, normalized per fission in MOX [MeV/fiss]; 
Qt,B - contribution of delayed photons emitted from MOX fission products to the 

effective heating energy in M O X rods [MeV/fiss]; 
q^- heating energy of prompt y in M O X rods normalyzed per fission neutron in BR2 core 

[MeV/n]. 

qy is the source of y: q^'^ and q^-" for source of prompt y in fission and capture reactions, 

^r,BR2 for source of delayed y in BR2 fue l , and q^ ̂  " MOX rods. 

is the density of first collisions for y: q^'^ for source of prompt y, q^'^2 for source of delayed 

y in BR2 fiiel, and ql'^ - for MOX rods 

Xf^ - is the spectrum of prompt y in fission reaction; 
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X^'^ - is the spectrum of prompt y in neutron capture reaction; 

xj'^ - is the spectrum of delayed y in fission reaction; 

S„ - number of fission neutrons in BR2 normalysed per nominal power PBR2 [n]; 
T/r ->r\p,n) is the kemel describing the y transport; 

^ ( r , £ ) is the y-flux density: <p''^ for source of prompt y, (p^^^ for source of delayed y in BR2 

fue l , and (p^'^ - for MOX rods; 

y/(j;E) is the density collision function for y : y/''-^ for source of prompt y, YBRI source of 

delayed y in BR2 fiiel, and y/g^ - for M O X rods; 

VBR2 - mean number of fission neutrons per fission event in BR2 [n/fiss]; 




