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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
IPS1 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 fuel rods. Calculations
of the effective heating energy per fission in the irradiated MOX fuel rods were performed in
order to determine the absolute values of the thermal power in MOX rods. The gamma-
spectrometric measurements as well as the results from the thermal balance method are
compared with the theoretical calculations. The calculated linear power distribution in MOX
rods differs from the measured distribution on average not more than 5%.
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2. Technical specification of fresh MOX fuel rods

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

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

Rod F6547 | F6548 | F6549 | F6673 | F6674 | F6677 | F6678 |F6679 | F6680
name

Pellet lot | 132/1 [132/1 | 132/1 |134/1 |[134/1 [134/1 134/1 | 134/1 | 134/1
Rod A B C G | F E H D
position

Pellet 0.823 |[0.823 | 0.823 0.823 0.823 0.823 0.823 0.823 0.823
diameter,

cm '

Length 1002 | 100.2 | 100.2 | 100.08 | 99.78 99.75 |100.41 | 100.42 | 100.66
(U,PU)O,, '

cm ]

Density |10.132 | 10.132 | 10.132 | 10.113 | 10.113 | 10.113 | 10.113 | 10.113 | 10.113
g/cc

Pu/MOX | 8.538 | 8.538 | 8.538 12616 | 12616 | 12.616 | 12.616 | 12.616 | 12.616
UMOX | 79.587 | 79.587 | 79.587 | 75.492 | 75492 | 75492 |75492 | 75.492 | 75.492
(Pu+U)/ | 88.125 | 88.125 | 88.125 | 88.108 | 88.108 | 88.108 | 88.108 | 88.108 | 88.108
MOX

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

Rod F6547 [ F6548 | F6549 |F6673 | F6674 | F6677 | F6678 | F6679 | F6680
name ) . .

position | A B C G I F E H D
] 0.003 [0.003 |0.003 }0003 |0.003 |0.003 |[0.003 |[0.003 [0.003
Sy 0.307 |0.307 |0.307 [0.404 |0.404 |[0404 |0.404 |0.404 [0.404
oy 0.007 |[0.007 |0.007 [0010 [0.010 |0.010 [0010 [0.010 |0.010

1=*u 99.683 {99.68 [99.683 [99.583[99.583 [ 99.583 [ 99.583 | 99.583 | 99.583

B¥py 1.339 1339 [1339 [1266 [1.266 [1266 |[1266 |1.266 |1.266
py [61.061 [61.06 | 61.061 |61.878 | 61.878 [ 61.878 | 61.878 | 61.878 | 61.878

TPy 24.110 |24.11 | 24.110 (23.495 | 23.495 | 23.495 | 23.495 | 23.495 |23.495

Hpy 8667 [8667 |8667 |8952 |8952 [8952 [8952 [8952 [8952

“py (4763 14763 [4.763 [4.409 | 4409 [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 fuel rods in the BR2 reactor operating
cycle 05/98a. The nominal power of this cycle was Pggo= 60.7 MW.

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

Reactor Cycle Reactor Fuel rod name (position)
power, F6547 (A) | F6548 (B) | F6549 (C)
MW Mean linear power in fuel 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 - Fuel rod name (position)
‘ power, F6673(G) | F6674() | F6677 (F)
MW Mean linear power in fuel 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 583 166 166 : 173
BR2 05/1998a 60.8. . 176 174 180
Reactor Cycle Reactor _Fuel rod name (position)
power, F6678 (E) | F6679 (H) | F6680 (D)
MW Mean linear power in fuel 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 following nuclide compositions in MOX fuel rods were used for calculating the
power distribution at the beginning 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 fuel 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™barn™.

Rod position

nuclide | A B c D E
U 4.766x10° | 4.825x10° | 4.766x10” | 6.760x10” | 6.883x107
2y 3.464x10° | 3.368x10° |3.449x10° | 2.885x10% [ 2.755x10®
2y 2.010x102 |2.010x10% |2.010x1072 | 1.988x107 | 1.989x10
““pu 8.213x10™* | 8.428x10* | 8.214x10* | 1.557x107 | 1.639x103
“TPu 5.538x10™* | 5.512x10* | 5.546x10™* | 7.826x10* | 7.779x10™
“IPu 1.466x10% | 1.469x10* | 1.455x10™* | 1.954x10* | 1.911x10™
2Py [ 1.187x107 [ 1.174x10* | 1.188x10™* | 1.483x10™ | 1.447x10™*
TAm | 1.008x10* | 1.021x10* | 1.010x10* | 1.447x10™ | 1.432x10™
Am | 3.376x10° |3.255x10° |3.227x10° | 2.808x10° | 2.564x10°
Cm [ 1.359x107 | 1.215x107 | 1.258x107 | 7.214x10® | 5.733x10?
B 1.120x10° | 1.070x10° | 1.120x107 | 1.220x107 | 8.660x10°
nuclide Rod position

F G H |1
U 6.763x10” | 6.817x10° | 6.881x10” | 6.825x107
“~u 2.868x10° |[2.842x10° |2.732x10° | 2.820x10°
2y 1.988x102 | 1.988x10% | 1.989x1072 | 1.989x1072
““Pu 1.557x10° | 1.604x10° | 1.635x10° | 1.606x107
TPy 7.832x10™* | 7.845x10* | 7.800x10* | 7.845x10™
2lpy 1.947x10* | 1.903x10™* |1.898x10™* | 1.897x10™
““Pu 1.483x10 | 1.464x10™* | 1.451x107 | 1.464x10*
TAm | 1.448x10* | 1.421x10* | 1.434x10* | 1.423x10™
TAm [ 2.703x10° |2.504x10° |2.324x10° | 2.387x10°
Cm | 6.708x10° {5.867x10° |4.830x10° | 5.373x10°
B 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 L (and the volume V3) for varlous fuel rods differ slightly from each other
The number of fission reactions in the fuel rod, nf [fissions per fission neutron in BR2],

defined as

n’ _ijn O'f(E)CD(r E)dEdr, )

i EVy

where »; [1/cm’] is the atomic concentration of nuclide i in the MOX fuel, q(E) [cm ] is the
microscopic cross-section for the fission reaction of the nuclide'i , ®(r,E) [em™ V'] is the
neutron ﬂux density calculated by MCNP and normalised per one ﬁssron 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 fuel rod during the whole cycle (normalised per produced energy in
BR2) and also the effective duration of the cycle.

To define the normalization factor N, let us consider the balance equation for energy FEgr:
produced in BR2

(Z [ [no; (E)cb(r E)dEdr} @)

where Q [eV/ﬁssron] (1ev=lL 602x10"" Joules) is the effective energy released per fission |

reaction in BR2. The value in brackets in Eq (2) is the total number of fission reactions in the
BR2 per one fission neutron. From Eq.(2) we obtain the normalization factor N,

EBRZ

_ 3
BRZ(Z j j o (E)O(, E)dEdr]

4 EVsz

The eifectlve duration of cycle, T, is equal to the total energy produced in BR2 [MWdays]
divided by the nominal power Pgr; [MW] of BR2

1= Epy
PBRZ
* Let us rewrite the equation (3)
N, = Baes @
Q2 (Z [ ]~ O'f(E)<I>(r E)dEer |
: \ ' EVpr s

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

,'a;(E)cD(r;E) dEd‘rN-,,,. , )

ﬁ i E sz
where v; is the number of neutrons released in the fission of nuclide i, and ko is the effective
multiplication factor calculated by the code MCNP (for computer model of BR2).
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Substituting the value of normalization factor N, into Eq.(5) we have the equation for the total
number of fission neutrons in BR2

_ Vara P T
n BR2 °
k Q.

ZI Ivn ' (E)o(r, E)dEdr

where Vory = i , ©)
T3 [ o) (E)olr, EYiEGr
! EVar:
here vsge is the mean number of neutrons released in BR2 per fission reaction (for BR2
Verr—=2.43 n/ﬁss) '
The intensity of fission neutrons [neutrons/sec] in BR2 is equal to

S, =

R2 = Sy _ Ve Pery | 7
T eﬁ‘QBRz |
where QBRZ"196 MeV =196x1.602x10™? J (for details of calculations see below).

Finally, the power in the fuel rod normalized per nominal BR2 power is obtained by using
Eq.(1) for the number of fission reactions and the intensity, / BR2  of fission neutrons in BR2

P, = QZnfI™ =QF VorrPors (Z [ [no;@yelr, E)dEdr} (8)

eﬁ' BR2
keﬁQ i EVg

where QF is the effective heating energy per fission event in the fuel rods.

The linear power in the fuel rods [W/cm] is calculated as the ratio of the power Pp to the length
- L of the fuel rods.
To obtain the thermal power in fuel rods we have addltlonally to know the effective heating

energy, Qy , for irradiated MOX fuel rods and QBR2 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 Q.g 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
useful energy released in fissionable materials include the kinetic energy of fission fragments,
E;; and total kinetic energies of all emitted neutrons, E,; photons (prompt-E;, and delayed- ES)
and beta particles, Eg. In Table 5 the corresponding components of the effective fission energy
for 2°U and >*°Pu are presented. The total effective energy is
Q4 =E,+E,+E] +E] +E,-AE, -E,, ©)

where AEg, is the energy released after the mean life of the fuel and £, is the energy of the
antineutrino. For the life of fuel greater than 3 years, 4Eg, is about 0.17 MeV/fiss for 25U 14].
The effective fission energy for 2%I‘P'u is higher than for 2°U by 3%.

Table 5. Contributors to the effective energy Qo (MeV/fission) released in fission of 2*U and
2%pu by thermal neutrons and in 2**U by fission spectrum neutrons [4].

Contribution U 1#°U “py
’ (thermal (fission (thermal
neutrons) neutrons) neutrons)
Kinetic energy of fission fragments, F; 1662+13 [1669+13 |1728+19

Energy of prompt photons emitted after fission, E{ | 8.0+ 0.8 75+1.3 7.7+14

Energy of delayed photons emitted with B-particles, | 7.2 + 1.1 84+1.6 6.1+13

ES
Kinetic energy of B-particles, £z 7.0+0.3 89+06 6.1+0.6
Kinetic energy of fission neutrons, £, 48+0.1 55+0.1 59+0.1

Effective energy for fission reaction, O, Eq. (9) 1929405 |193.9+0.8 |198.5+0.8

The emitted fission neutrons can undergo a capture reaction during their slowing down in the
fuel or in various structural materials. In addition to fission energy useful 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 after the neutron capture reaction depends on the probability of
the capture reaction, p.=o0,/0r (0 and oF are neutron capture and fission cross-sections). This
energy is equal to p.Q° and is dissipated in the surrounding materials (the values of O° for fuel
are presented in Table 6).

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

Material | Effective Q° -value | Material | Effective O° -value |
(MeV/capture) (MeV/capture)

“oU 6.54 H 222
3y 569 0 3.38

- py 6.53 Al 10.74

" Fpy 5.24 Fe 7.8
““Ipy 6.31 Steel 8.37
““Pu 5.24 Zr 8.07
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The effective energy for fission reaction includes the kinetic energies of all emitted particles that
are dissipated in the fuel or in surrounding structural materials. The problem is to determine the

effective heating energy Qe; normalised per fission in a single fuel 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 fuel rods differs from the total fission
energy released in fuel elements in the BR2 reactor core. The first reason for this is that the
MOX fuel contains Pu nuclides, while the fuel elements in the core of BR2 contain highly
enriched U. The probabilities of neutron capture and photon generation in MOX fuel rods and in
the BR2 core are different. The second reason is that MOX fuel rods have a small diameter and
photons produced escape partly from fuel rods. Due to the leakage of photons from the fuel rods
only a fraction of the total energy of photons produced in fission and capture reactions is
absorbed in the MOX fuel 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 Q.g~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 deposition in
various zones containing fissionable materials. The effective fission heating Qr -values used in
MCNP code for different fissionable materials are presented in Table 7. As can be seen, OF -
value contains the energy of charged fission fragments £, the energy of B-particles, Eg, and the
energy of delayed photons produced in B-decay reactions of fission fragments E,d. To check this
we will consider separate components of the O -value using the results in paper [4].

The kinetic energy of fission fragments and of B-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 fuel. 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 Or —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 Or -values used in the MCNP code.

M.James [4] MCNP [5]
Fission Fragments
Nuclide E, Ep E/S, Or = Ex+ Eg+ E/, Or,
Mev/fiss MeV/iss MeV/fiss MeV/fiss MeV/fiss

>y 166.2+1.3 7.040.3 7.241.1 180.4 180.88
“*y 166.9+1.3 8.9+0.6 8.411.6 1842 181.31
py 172.841.9 6.140.6 - 6.1+1.3 185.0 189.44
! 172.242.2 7.4+0.6 7.4+1.5 187.0 188.99

As can be seen from Table 7, Or -values for 2°U used in MCNP and in [4] are close to éach
other. The difference in the fission heating Or-values for plutonium and uranium in the MCNP
code is about 4.7 %, while according to [4] this difference is equal to 2.5%.
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The heating energy, Or , includes the total energy of delayed photons. But in small fuel rods
only a fraction of their energy is deposited inside the rod. The remaining fraction of the photon’s

energy is dissipated outside the fuel rod.

In order to determine 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 fuel rods and in various

structural elements.
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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, Q7. , for MOX fuel rods:

- The kinetic energy of fission fragments, E;. The track length of fission fragments is small
and all energy of fission fragments is deposited locally (absorbed) in fuel rods;

- The loss of the kinetic energy of fission neutrons, Q,, in elastic and inelastic collisions in
fuel rods during their slowing down.

- The energy of B-particles, Eg, produced in decay reactions of fission fragments (we assume
that all their energy is deposited locally) -

- The heating energy of prompt gammas, Qf , produced in fission and capture reactions
- The hLieating energy of delayed gammas coming from fission products in BR2 fuel elements,
O 5z,» and generated in MOX rods, O ;.

Charged fission fragments and beta-particles deposit their energy locally, while the prompt and
delayed photons may escape from the fuel rod and interact with structural elements surrounding
the fuel 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.

7.1 Heating energy of photons .

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

E =[0G E)H, @'y, (0)

EV,
where ¢@'(r,E) is the gamma flux density and H,E) is a heat response, Vp is the volume of the
MOX rod. Gamma flux density is determined using a Monte Carlo method of solving the
integral equation for density collision function y(r,E)=271. (r,E) ¢/(r,E)

v’ (r,E,Q)= ql(rEQ)+HI r JE Q)K(r E Q—)rEQ)drdEdQ (11)

where X7 is the total macroscoplc cross-section; the density of first colhs1ons, q/, 7 can be
written separately for the prompt and delayed photons ' '
¢ (r,E,Q)= Iqr(r EQJT, (r —rE, Q)d r =g (r,E Q)+q,’”(r E,Q), (12)

where K(r E ,.(2 —> r,E ) and T, ,(r — r;E, ) are the transport kerels describing the photon
interactions and transport in the medium. The forms of these kernels are not discussed here.

The gamma source g, (7,E,£2) in Eq.(12) can be represented as a sum of separate components for
prompt and delayed gammas

q,(r EQ) q (rE Q)+q,,(r EQ) (13) :
The prompt y is produced in the fission and capture reactions

9’ (r,E,Q)=q?' (r,.E,Q)+q7*(r,E,Q) (14)
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In more details the sources for prompt y have the form

g’ (. EQ)= 22" (E)2, (. E)O, (r, E)E (i5a)
g7 (. E,Q)= 227 (E) 2,0, E)®, (1, E)E, (158)

where the integral represents the fission density and the functions y7”and 7. are the spectra

of prompt photons in fission and capture reactions, @x(7,E) is the neutron flux density.
The source of delayed photons can be defined separately in the BR2 fuel elements and in MOX
rods because there is no spatial migration of fission products in the core

4750 E.Q)= 17" (E)| 2, (. E), (r, E)E, rev, (16)

q:,BRZ(r’E’ Q): l}” (E)j.zf(r,E)q)n(r, E)dE, r €V, _ (17)
E

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

g7 (r,E,Q)= J.qr’"f (r,E,Q)T,(r' —rE, Q)d3r' +Iq;”“(r,E,Q)T, (r' - r;E,Q)d’r' (18)
| ) | ) v

The density of first collisions for delayed photons has the form
dy — b a%7 ' . 3
q% (r,E, Q)= Iq (r.E, Q)Tr (r —>r;E, Q)a' r (19)
_ v '
After considering separately the fission product in MOX and in BR2 fuel elements we can

rewrite the density q,*” (V=Var2 Vs, where Vgg; is the region of BR2 fuel elements, Vj is the
region of MOX rods) '

ql” (r,E, Q)= qu'BRZ(r,‘E,Q)T, (r' —->r;E,Q)d3r' + qu’g(r,E,Q)Tr(r' ——>r;E,Q}z’3r' (20)

VBRZ VB
We can represent the collision density ¥ as a sum of components for prompt and delayed y
v’ (r,E,Q) =y (r,E,Q+vil,(r, E.Q)+vy; (. E,Q) (21)

Substituting this representation of collision density iﬁto Eq.(11) we have

w? (r,E,Q)+ v (r,E,Q) +y i (r,E,Q) = g7 (r.E,Q)+ql5,(r, E,Q)+ 47 (. E, Q)+

Il &7 C.E.Q)vinl E.Q) vl E.0)k, (F.E.Q —>r,EQQrdEd, (22)
The solution of the Eq.(22) can be obtained from the separate equations for each constituent
components of ¥ : for collision densities of prompt photons in the whole region and for the

delayed photons produced in BR2 fuel elements and in MOX fuel rods. Then for each
component we have to solve separate equations

w? (r,E,Q)= a7’ (r,E,Q)+m w7 (r',E',Q')K,(r',E',Q' NEN r,E,Q)zFr’dE’dQ, (23)
l//;,’{z(r,E,Q)=q{fg@z(r,E,Q)+Hj t//g;{z(r',E',Q')K,(r',E',Q' ——)r;E,Q)zz'3r'cE'dQ', (24)
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v, E,Q)= a4 ¢ EQ)+ ([ vi'b E QK E.Q >r,EQErdEdQ, (25

The source of the prompt v is d1str1buted over all of the BR2 core, while the sources of delayed y

are located in BR2 fuel elements or in MOX rods. After substituting expression (21) for y/ into

Eq (10), the y-heating energy can be determined as a sum

E, = (¢ (. E), (E)YEd’r + [ [oit, . E), (E)AEG’r + [ [os7 . E)H, (E)AEA®r (26)w
EVy EV, EVy

here ¢, d" are the y flux density determined using the Monte Carlo code MCNP from

equations (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) descnbes the transport of delayed y from fission products in MOX rods. For the
calculation of the energy deposition to the MOX rods from the delayed photons produced in B-
decay reactions of fission fragments in MOX the following codes were used:

- -MCNP for calculations of the fission, nf , and the capture nc , 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 g, (r, E) in Eq. (16) »

- MCNP for calculation of energy deposition 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 usmg the MCNP code is
normalised per one neutron emitted in fission reaction in the BR2 core. The total power in MOX
rods, Pg, can be calculated using the number of fission reactions, 77,

P_v
Py =m0 ;“Q:f:;, @7)

where Q2 and Q5 is the effective heating Q. -values for the MOX rods, and for the BR2
core respectively; vsr2 is the mean number of fission neutrons produced per fission reaction in
the BR2 fuel elements; Pgg; is the nominal power of BR2. We may expect that the ratio of Qeﬁ
to Q5 for the effective heating energies is close to 1.00 within the error margin of 4-5%. As a

consequence of such uncertainty at the present step of calculations, the power in MOX fuel rods
is determined with a similar error of 4-5%. The total intensity of delayed photons, / : 5 [Y/sec],
emitted by fission products in MOX rods at the power Pzr; was calculated using the SCALE-
4.4a code with the error mentioned above. We can obtain the total intensity of fissions in MOX
rods, Itz , '

I, 5=n] L [ fiss/sec] (28)

f R2 °
ke!f eff

The number of delayed photons per fission reaction, N ;’ 5 >IN MOX rods can be defined using
the calculated intensity, I¢ , 5> of delayed photons '
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Oaks ) fiss 29)

B 3
17 PoraVera
For calculation of the energy deposition, &, [MeV/y] in MOX, from the delayed photons

emitted by fission products in MOX fuel rods, the MCNP code was used to simulate the
transport of photons from the external 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 Q. -value normalized per fission reaction in
MOX rods

d _ 7d _7d
Nr.B —Ir,B/If.B "Ir,B

d B 1d ngzkeﬁ
Q,,B = 8),’317,3 —_— [MeV | fiss] 30)
N LppaVere

~ Substituting parameters calculated using the MCNP and the SAS2H module of the SCALE
codes £7,=0.156 [MeVi], I —3.0x10' [y/s], 0F7?=196 [MeV/fiss], n/=0.00106 [fiss/n]
and the nominal power Pgr2=60.7 [MW], vgra=2.43 [n/fiss] we obtain the contribution from the
delayed photons Q;{ »=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 2py (6.1 MeV/fiss). To obtain the true value of the
energy released from delayed photons, we can correct the calculated intensity / Z s by two times,

which gives us the corrected value of Q72°"=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

fuel rods is considerably less than the energy ES =7.2 MeV/fiss released with delayed y in 2°U
(see Table 7).

7.3 . Delayed photons emitted by fission products in BR2 fuel elements

Equation (24) is used to calculate the transport of delayed photons from fission products in BR2
fuel elements and their contribution to the heating energy in MOX rods normalised per fission
event in MOX fuel.

d

The total intensity of delayed photons emitted by BR2 fuel elements, I} gz, , Was calculated

using the SAS2H module in the SCALE-4.4a code and re-normalised per nominal BR2 power

P A . |
Lo =220, [r/sed] 61

5

where P; and [ : , are the thermal power and the intensity of delayed photons generated in the

BR2 fuel element. The mean heating energy, er'i s [MeV/y], in the MOX fuel rods caused by

delayed photons emitted from the BR2 fuel elements was calculated using the MCNP code for
the external y-source distributed in BR2 fuel elements. Using the expression for the total number
of fission neutrons I,”~ generated in the BR2 core

[n/sec] (32)

JERZ _ PraVars
"o,
we obtain the number of delayed photons per fission neutron, n,BRz,
Id Id QBRZk
BR2 __ “7.BR2 _ “y.s¥eff Teff , [}’/n] (33)

= >~ =
7 I fR PV,
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To re-normalise the heating energy ef, sz per fission in MOX rod, the number of fission

reactions 7 in MOX rods per fission neutron in BR2 was calculated using the MCNP code.
Finally, we have the following expression for the heating energy in MOX rods

B BR2 B 7d \BR2
i _ Symralty & BR217 sQ k
Qy BR2 = =

In the cons1dered problem the following parameters were calculated &) sr2=2- 39x10* MeV/y,
If,s =4.75x10"7 y/sec, P=2.0 MW; ny =1.06x10 fiss/n; vgr=2.43 n/fiss. Substituting the

[MeV | fiss] (34)

n; Prives,

corresponding values to the expression for O .z,, we obtain a contribution of delayed photons

emitted by BR2 fuel elements equal to 'Q: sr2 =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 SCALE 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 fuel element this correction factor is equal to 2.2. After applying this correction, the
contribution of delayed photons will be equal to 0,57, =1.52 MeV/fiss.

7.4 Average energy of fission fragments and betas in MOX rods

MOX fuel contains mixture of U and Pu nuclides. To calculate the mean kinetic energy of
fission fragments and B-particles in MOX the following method was used.- Using the fission
rates, ny, for constituent nuclides 7 and total energies E;, Egfor U and Pu nuclides (from Table 7)
we determine the average energy of fission fragments and B-particles, Qs for the MOX fuel
rods. The relative fractions of fission reactions for different fuel rods were calculated using the
MCNP code and are presented in Table 8. E

Table 8. Relative fractions of fission feactions for each nuclide in MOX fuel rods and the
average energy Qg for fission fragments and B-particles.

235U 238U 239Pu 241Pu Qkﬂ,

. MeV/fiss
Eiip, MeV/fiss | 173.2 '175.8 178.9 179.6 ’

Fraction of fission reactions on nuclide _
Rod A 0.023 0.026 0774 | 0.167 177.0
Rod B 0.023 0.030 0.773 0.167 177.5
Rod C 0.023 0.026 0.775 0.170 177.7 -
Rod D 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 . 1774
Rod G 0.020 0.023 0.822 0.128 177.6
Rod H 0.020 - 0.028 0.818 0.125 177.2
Rod I 0.020 0.023 0.823 0.127 177.6
Average for all rods 177.3
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7.5 Heating energy of prompt photons

Equation (23) describes the transport of prompt photons from the source g7 (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 BR2 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 MeV/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 v, 2R2=11.2 MeV/fission
(=4.74/0.423).

Effective fission heating energy, Zu, normalised per fission event in the BR2 core can be

calculated easily taking into account that the fuel is mainly 235U and all kinetic energy of fission
fragments, the energy of B-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 g/ , we can
obtain the total value of Q2 =Qr+0; " *+E,=196.4 MeV/fiss (for *°U 0r=180.4 MeV/fiss [4],

E,=4.8 MeV/fiss).

7.5.2 Test problem for an infinite mixture of 2*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 29py and 2*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, n/, and capture, n., 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, E,” , 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. ' o -

Nuclide - - Fission rate, n/, | Capturerate, n;, | Gamma heating,

fiss/n ‘cap/n E/
_ ' ‘ MeV/n
“*U 0.11333 0.37967 o
[ Z%py 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 .
MF.James [4]: E/,,=7.5 MeV/fission, E],,=7.7 MeV/fission; E];;=5.69 MeV/capture,

E; »,,=6.53 MeV/capture. The total heating energy is calculated using the formula
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E" = Y&/, +En) (35)

i=U8,Pu9

where Eyf .» E;, are the energies of prompt photons emitted in fission and capture reactions,

nf and n'are the number of fission and capture reactions per fission neutron for each nuclide

=238y 2py. From the equation (35) we obtain E,;=6.3 MeV/neutron, while in the MCNP

calculatlon we have E,”=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, g; , in the meat of

MOX fuel rods. This is done directly using the MCNP code with initial normalisation per one
fission neutron from 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 fuel, 0, , using the calculated

number of fission reactions in MOX rods per fission neutron, nf [fiss/n]. In Table 10 the heatmg
energy of prompt photons, Q, , for each of the MOX rods was calculated as a ratio of q, to nf.

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

o,

, 1s normalised per fission in MOX..

Fuel rod g7 ,MeV/neutron - ny’, fission/neutron Q; , MeV/fission
A 1.591x107(0.45%) | (1.31210.01)x10" 12.1240.11
B 1.562x107(0.46%) | (1.15910.01)x10™ 13.48+0.12
C 1.548x102(0.47%) | (1.32540.01)x10™* 111.6840.11
D 1.368x10°(0.50%) | (1.28240.01)x10™ 10.67+0.10
E 1.276x107 (0.50%) | (0.98010.01)x10™ 13.0340.12
F 1.308x107 (0.50%) (1.202+0.01)x10™ 10.88+0.10
G 1.198x102(0.50%) | (1.23840.01)x10™ 9.68+0.10
H 1.099x10°(0.60%) | (0.964+0.01)x10™ 11.4040.10
I 1.081x10°(0.60%) |  (1.14440.01)x10™  9.4540.10

TOTAL 1.203x102 © 1.0606x10”

Avarage for all rods, 1.337x107 . 1.178x10™ 11.3

The average heating energy 5,5 in the MOX fuel rods includes the contribution from prompt

photéns emitted in fission and neutron capture reactions, Q_f =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 following components: the average energy of fission fragments and the energy

of beta-particles, Qs ; the heating energy from prompt photons, Q,B; the heating energy of
delayed photons emitted by BR2, Q;’_ sr2» and by MOX fuel elements, QZ z- The loss of the

kinetic energy of fission neutrons in the rods is very small and we neglect its contribution. The
eﬁ'ectlve heating energy for MOX rods was thus calculated using the formula

qu Qkﬂ+ yB+ 7BR2+Q (36)
Each component in this expression was calculated in the prev10us sections and was collected in
Table 11.

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

Component MeV/fiss
Average energy of fission fragments and betas, Oxg 177.3
Average heating energy of delayed photons emitted by fission products 0.94
in MOX rods, Q

Average heating energy of delayed photons emitted by fission products 0.69
in BR2 fuel elements, Q,,,

Average heating energy of prompt photons, 0° 113
Effective heating energy for MOXrods, QJ, | 190.2

As can be seen, the contribution from the delayed photons produced in the BR2 fuel elements to
the heating in the Callisto loop is relatively small, because of the large distance between the BR2
fuel elements 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 elements 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 fuel rods is equal to 190.2 MeV/fiss. The
average heating energy, Oy ;=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 Qg 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 elements and in MOX rods ( o omy =1.52 MeV/fiss, Q75" =1.88 MeV/fiss)
we will have Q5*"=191.8 MeV/fiss. The difference 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 Qe; =190.2 MeV/fiss.



23/37

8. Fission and breeding reactions in MOX fuel rods

The profile of the fuel burn-up over the length of the fuel 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 following breeding
reactions of Pu nuclides in U&Pu fuel: 238U(n,y)——) B9py, 239Pu(n,y)—) 24"Pu(n,y)—) 241py;. Table 2
contains the fission and breeding rates in each MOX fuel rods per fission neutron produced in
BR2. The mean breeding ratio for all fuel rods is equal to 0.58 (produced ***Pu+**'Pu / burned
Pu). In the computational model the uniform distribution of the fuel concentration over the
length of the MOX rod was used. We suppose that the fuel burn-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, Breeding of “"Pu+"* Pu, Ratio,
' fissions/neutron nucl/neutron Breeding / fission
F6547 (A) 1.312x10™ (0.75%) 8.27x107 (1.5%) 0.63
F6548 (B) 1.159x10™ (0.81%) 7.37x10° (1.7%) 0.64
F6549 (C) 1.325x10™ (0.86%) 8.06x107 (1.5%) 0.61
F6680 (D) 9.800x107 (0.98%) 6.84x10° (1.7%) 0.70
F6678 (E) 1.202x10™ (0.90%) 5.81x107 (2.0%) 0.48
F6677 (F) 1.238x10™ (0.90%) 6.48x107° (1.8%) 0.52
F6673 (G) 9.641x10° (1.00%) 6.52x107° (1.7%) 0.68
F6679 (H) 1.312x10™ (0.75%) 5.48x10” (1.7%) 0.42
F6674 (I) _ 1.312x10™ (0.75%) 6.16x107° (1.7%) 0.47
Sum 1.0606x107 6.100x10™ 0.58
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9. Validation of the BR2 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 determine 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, P,? =26.5 kW, includes the heating by prompt photons generated by all structural
elements in the reactor and the contribution of the delayed photons from fission products in BR2
fuel elements. '

The ratio of the gamma heating energy to the total heating energy in the MOX fuel 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
difference may be explained by the presence 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 elements of the CALLISTO loop
normalised per fission neutron and per fission event in MOX fuel.

MCNP calculation Thermal
' balance
method
- , : [8]
Structural element Heating Heating Power: | Power,
energy from | energy from | prompt+ | = kW
prompt Y delayed y | delayed y
per fission | per fission kW
event. event.
MeV/fission | MeV/fission :
. Fuel [ 113 | 09 | 97402
| Fuel rods+spacer | = 148 1.06 12.610.2
All device (+water) 17.7 1.10 15.0402 |
All device + internal 308 | 23 26.510.5 27.8
pressure tube ' ‘ ’

9.2 Comparison of the thermal vbalanée method and MCNP calculation

The power in all MOX fuel rods is determined by measuring the temperature 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 fuel rod are determined using a preliminary calculated distribution of power
. between the various fuel rods. The radial and the axial peaking factors for fuel rods are
calculated ordinary by using approximate 2-D neutron diffusion and transport computer models.
For this reason the power distribution in fuel 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 fuel rods is determined
directly from the experiment.

The linear power in the MOX rods is calculated using the expression (8)

—%, [W/cm] (37
where L is the length of the fuel rod. The comparison of the calculated linear power in MOX
rods, F°“, and the measured one obtained from the thermal balance method , I”, [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.

lcalc —

Table 14 Mean linear power in MOX fuel rods measured by the thermal balance methiod, /*,
_and calculated, P using the MCNP. model. (The values in the brackets are the estimated

relative standard deviation at the 1o level)

MCNP calculation Thermal - Ratio
balance ] cale

method [6] NEE

nfB’. lcalc,.‘_ fh, .

_ fiss/n W/cm W/cm
"F6547 (A) 1312x10%(0.75%) | 1874 190.6 0.98
F6548 (B) 1.159x107 (0.81%) 165.5 169.9 0.97

F6549 (C) 1.325x10™ (0.86%) |. 189.3 192.8 098
F6680 (D) , 9.800x10” (0198%) 183.1 181.2 1.01
F6678 (E) 1.202x10™ (0.90%) 1400 1426 0.98
F6677 (F) 1.238x10% (0.90%) | 1717 '180.4 0.95
F6673 (G)- 9.641x10°(1.00%) | = 17638 176.2 1.00
F6679 (H) 1.312x10 (0.75%) 1377 | 1416 0.97
F6674 (I) 1.312x10™ (0.75%) 163.4 173.8 0.94
~ Mean value for 168.3 172.1 0.98
all rods B 5 o

The comparison of the peak linear power in fuel rods is presented in Table 15. The mean ratio of
the calculated peak linear power, m°® and obtained from the 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 m™®, peak linear power in MOX fuel rods and obtained
in the thermal balance method, m"

MCNP calculation | Thermal balance Ratio
method [6]
Name of rod me, m®, m*™/m™
W/cm W/cm

"F6547 (A) 312412 295 1.0610.04
F6548 (B) 274+11 263 1.0440.04
F6549 (C) 326111 297 1.10+0.04
F66380 (D) 304211 293 1.04+0.04
F6678 (E) 244+11 232 1.05+0.04
F6677 (F) 286113 291 0.9840.04
F6673 (G) 294+13 286 1.0310.04
" F6679 (H) 245412 230 1.07+0.04
F6674 (1) 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, I}‘f’;, in MOX

rods were calculated using the MCNP model

P_v i

I35 = ?———QBS;Z 2, np =3[ [no)(EYo(E)Er, : (38)
i BV, .

here n/ is the fission rate in the rods per fission neutron.

Comparlson 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 ﬁss1on rate is normalised

per nominal power of BR2 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 deviation of 6% is comparable with the
experimental error that is equal to 4.4% [1].
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Table16 Comparison of the total fission rate in MOX fuel rods measured by the

y-spectrometric method, /7%, and calculated by using the MCNP code, I}‘f’; . The mean fission

rate 7% is equal to the mean value of the high and the low measured values of the fission rate

(the numbers in the brackets are the relative errors.)

N7 (MCNP), I]i‘f’; I I P I;‘f}’,f 117%
(error) High
Low,
(error)
Name of :
rod fiss/n fiss/sec Fiss/sec Fiss/sec Ratio”
F6547 | 1.312x10* | 6.15x10™ 7.14x10" 6.84x10™ 0.90 + 0.05
(A) (0.75%) 6.54x10™
' ' (4.3%)
F6548 | 1.159x10* | 5.45x10™ | 6.07x10™ 5.81x10™ 0.94 +0.05
B) (0.81%) 5.56x10™
(4.4%)
F6549 | 1.325x10* | 6.21x10™ 6.87x10" 6.59x10" 0.94 + 0.05
© (0.86%) 6.31x10" '
(4.3%)
F6680 | 9.800x10° | 6.01x10™ 6.63x10™ 6.36x10™ 0.94 + 0.05
(D) (0.98%) 6.08x10™
(4.4%) .
F6678 | 1.202x10* | 4.59x10™ 4.96x10™ 4.75x10™ 0.97 + 0.05
(E) (0.90%) » 4.54x10" |
(4.4%) :
F6677 | 1.238x10* | 5.64x10™ 6.42x10" 6.16x10™ 0.92 +0.05
(F) (0.90%) .5.89x10"
(4.3%)
F6673 | 9.641x10° | 5.80x10™ 6.45x10" 6.18x10™ 0.94 +0.05
G (1.00%) 5.91x10™
* (4.3%)
- F6679 | 1312x10™* | 4.52x10™ | 4.95x10™ | 4.74x10™ - 0.95 +0.05
(H) (0.75%) | 4.53x10" |
- (4.4%)
F6674 | 1312x10* | 5.36x10" 6.09x10" 5.83x10™ 0.92 +0.05
@ - (0.75%) 5.58x10™
(4.3%)
Mean 0.94 £ 0.05

The error of a quotient =A/B was calculated using

o oA

r A

+ % , where 8A/A is the relative error of value A.
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9.3.2 Peak fission rate
The measured peak fission rate, M ;3 , is obtained using the measured total fission rate, 77,

, determined in y-spectrometric measurements [1]

3=k I /L, { Jiss ]

and the shape factors, £

(39)

sec.mm

The shape factors for the fission rate distribution are presented in Table 17. In Table 18 we
compare the experimental and the theoretical (based on the MCNP model) peak fission rates. y-
Spectra were measured each millimetre over the whole length of the fuel rods. The low, high and
the mean peak values of the fission rate in the maximum region are included in Table 18. The
axial distribution of fissions in fuel 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 experimental peak rates is equal to 0.99.

Table 17. Shape factors ;' for fuel rods measﬁred in y-spectrometry method [1].

rod ke 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, M ;% , measured by gamma-spectrometric method

and calculated using the MCNP model of BR2 . The low, high and mean values of measured
-peak fission rate, M}"‘;, in the maximum of fission rate distribution are included in the table.

M;"j; is the peak fission rate calculated using the MCNP model (relative statistical errors are
shown in brackets). |

Gamma-spectrometry, M 7% MCNP Ratio

Rod Peak low, Peak high, Peak mean, | Peak, M;ﬂj; Mca'c

Fiss/sec/mm | fiss/sec/mm | fiss/sec/mm | fiss/sec/ ' e

) ) 18s/sec/mm f.B
F6547 (A) | 10.49x10" | 11.46x10" 11.0x10"" | 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" - [ 10.0x10" | 9.65x10" (5.0%) | 0.97
F6679 (H) | 7.30x10" 7.98x10" 7.64x10" | 8.04x10"(6.0%) | 1.05
F6674 () | 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, 7 , in the fuel rod was determined using the measured fission rates,
I7% , in the y-spectrometric method and the effective heating energy 0.7=190.2 [MeV/fiss] for

MOX fuel rods

r=I% ;}/L,

[W 1 cm)

(40)

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

Table 19. »Compari'son of the mean linear power measured by the y-spectrometric and the

thermal balance methods. The mean linear power 1 is equal to (Mhigh HMow)/2.

Gamma-spectrometry Thermal Ratio
balance i
method (TBM) i
Rod Fission rate | Linear power | Mean linear | Mean linear Spectrometry/
high, low [1] high,low power power TBM
' [6]
I;f',‘)’; lyhigh Z"‘ r
(hlgh) : Al']ow .
(low) : .
, Fiss/sec W/cm W/cm W/cm. Ratio
F6547 (A) 7.14x10™ 2176 208.4 '190.6 1.093
: 6.54x10™ 199.3
F6548 (B) 6.07x10" 185.0 1772 169.9 1.043
: 5.56x10" 169.4 '
F6549 (C) 6.87x10™ 209.3 200.8 192.8 1.041
6.31x10" 1923 .
F6680 (D) 6.63x10™ 202.0 - 193.6 181.2 1.068
| | 6.08x10" 185.3
F6678 (E) 4.96x10™ 151.1 144.7 142.6 1.015
4.54x10™ 138.3 ;
F6677 (F) 6.42x10" 195.6 187.5 180.4 - 1.039
| 5.89x10™ 179.5 ‘
F6673 (G) 6.45x10™ 196.5 188.3 176.2 1.069
5.91x10™ 180.0
F6679 (H) 4.95x10™* 150.8 144 .4 141.6 1.020
4.53x10" 138.0
F6674 (I) 6.09x10™ 185.6 177.8 173.8 1.023
: 5.58x10" 170.0 , ,
180.3 172.1 1.047

Mean
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The peak linear power, m” | in fuel rods in the y-spectrometry method was determined using the
peak fission rate, M %, and the effective heating value, Qe";,=190.2 MeV/fiss, calculated for the

MOX fuel rods
=M320, [w 1 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 fuel rods obtained by the y-spectrometry method to the

values in the thermal balance method is denoted by m” / m™ . This ratio for. various rods varies
from 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 difference in the total power in all fuel rods.
The systematic deviation of 5% observed in the present calculations between the gamma-
spectrometry and the thermal balance methods is comparable with the experimental error in the
y-spectrometric method. The error of determining the linear power in the thermal balance
method is about 7-‘8%.

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

Gamma-spectrometry Thermal balance Ratio
method (TBM)
Rod peak fission . peak 11near Peak linear Peak linear Spectrometry
rate power power, power [6] /
high-low [1] | high-low [1] mean , TBM
M (high) | ml, ~ m" z7
(IOW) ' ) mzm v | mth
Fiss/sec/mm W/cm W/em | W/em Ratio
F6547 (A) | 11.40x10" 3474 333.5 295 '1.13
10.49x10"! 319.6
F6548 (B) | 9.73x10" 296.5 2842 263 | 1.08
8.92x10" 271.8 ‘
F6549 (C) | 10.80x10" 329.0 316.1 297 1.06
| 9.95x10" 303.2
F6680 (D) | 10.68x10" | 3254 | 3120 293 - 1.06
9.80x10" 298.6 ‘ S B
F6678 (E) | 7.98x10" 2432 232.8 232 1.00
' 7.30x10" 222.4 |
F6677 (F) | 10.33x10" 314.8 301.9 291 1.04
' 9.48x10" 288.9 .
F6673 (G) | 10.44x10" 318.1 3049 286 1.07
| 9.57x10' 291.6 . | ‘
F6679 (H) | 7.98x10" 243.2 232.8 230 1.01
7.30x10"! 222.4
F6674 () | 9.82x10" 299.2 275.5 282 0.97
' 8.24x10"! 251.7
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 fuel rods is determined by using the fission rate distribution and the effective heating
energy in MOX fuel rods.

Three methods of defining the irradiation conditions of MOX fuel 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 and MCNP calculations
The distribution of the fission rate in MOX fuel 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.

‘ : 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 = 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 power in MOX rods

a) Comparison of the thermal balance measurements and MCNP calculations

Ratio of MCNP calculations to thermal balance method
Compared parameter Range for all rods Average for 9 rods
Mean linear thermal power 0.94 + 1.01 0.98
Peak linear thermal power 098 +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.
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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

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 deviation
between them of about 5-6% for the fission rate distribution, for the linear power and for the
peak linear power in fuel rods.
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List of Symbols

E, - is the average kinetic energy of fission fragments [MeV/fiss];
E] / _ 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];
Eg- mean total kinetic energy of B-particles emitted by fission products [Mev/fiss];
E, — average energy of fission neutrons [MeV/fiss];
E,f ; —energy of prompt photons emitted in fission of nuclide i [MeV/fiss];
E;, — energy of prompt photons emitted in reaction of neutron capture in nuclide 7 and

normalized per capture reaction [MeV/capt];
E;*" —total energy of prompt photons [MeV/n] in the test problem;
E, is the heating energy of photons [MeV]; -
EBRZ - energy produced in the BR2 [J]; |
— is the mean heating energy in MOX fuel rods caused by delayed photons produced

in MOX rods [MeV/y]; normalized per delayed photon emitted by fission products in
MOX rods; '
er Br2 — 1S the mean heating energy in MOX fuel rods caused by delayed photons produced by

BR2 fuel elements; normalized per delayed photon emitted from BR2 fuel element

[MeV/y];
H(E) is the y-heat response;

I _total intensity of fission neutrons generated in BR2 core [n/sec];
1 5 = total intensity of fission reactrons in MOX fuel rods normalized per total power Pj in

MOX rods [fiss/sec];
I ;’ » — intensity of delayed photons emrtted by fission fragments in MOX fuel rods;

Normalized per total power Pg in MOX rods [y/sec]; :
I, 4 _isthe intensity of delayed photons emitted by single BR2 fuel element. Normalized per

: thermal power Psin BR2 fuel element [ y/sec]; :
I f sr2 - i the total 1ntens1ty of delayed photons emitted by BR2 fuel elements normahzed per

nomrnal power of BR2. [ y/sec);
KAr, E 2 —rE, ) is the kernel describing the interaction of y with material;

k, - is the shape factor for the ax1a1 dlstrlbutlon of fission rate in MOX rods measured by

the y-spectrometry method [fiss/sec];
P’ -is the mean linear power in MOX rods measured by the y-spectrometry method,;
- calculated linear power in MOX rods; -

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

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

me - the calculated peak linear power in MOX rods [W/cm];
m” - the peak linear power in MOX rods measured by the y-spectrometry method [W/cm];
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m™ - the peak linear power obtained in the thermal balance method [W/cml];
m” - the peak linear power measured by the y-spectrometry method [W/cm];
M ;"f; - peak fission rate calculated using the MCNP model [fiss/sec/mm];
M, - peak fission rate measured by the y-spectrometry method [fiss/sec/mm];

NZ » — the number of delayed photons per fission reaction occurred in MOX  fuel rods

[y/fiss]; ‘
nf — is the number of fission events in MOX rods per fission neutron produced in BR2
_ [fiss/n]
nZ — is the number of neutron capture events in MOX rods per fission neutron produced in
BR2 [cap/n]

n,% — number of delayed photons emitted by fission fragments in BR2 fuel elements per

- fission neutron [y/n];
ny - is the number of fission reactions per neutron for nuclide 7;
n; -is the number of neutron capture reactions per neutron for nuclide 7;
Pgr> ~ nominal power of BR2 [MW];
Pg —total power in MOX fuel rods normalized per nominal power of BR2 [MW];
P, ; - power in the CALLISTO loop induced by photons;
Ps — thermal power of typical single BR2 fuel element [MW];
P. — probability of neutron capture reaction ;
Q. — effective energy for fission reaction [MeV/fiss];
O = Ex+ Egt E°, - fission heating Q-value {MeV/fiss] used in MCNP code; ,
OFR? _ effective heating energy released per fission reaction in BR2 fuel elements

of
[MeV/fiss];
Qe’} — effective heating energy for MOX fuel rods normalized per fission rection in MOX
rod, [MeV/fiss]; o

Qip— average energy of fission fragments and B-particles for the mixture of nuclides in MOX
fuel rods. Includes the kinetic energy of fission fragments and total energy of B-particles.
[MeV/fiss]; _

Qfm. — contribution of prompt photons to the heating energy in BR2 core [MeV/fiss];

Q7 - heating energy of prompt photons in MOX fuel rods normalized per fission event in

MOX rod [MeV/fiss MOX];
Oz, — contribution of delayed photons produced in BR2 fuel elements to the effective
heating energy in MOX fuel rods, normalized per fission in MOX [MeV/fiss];
QZ » — contribution of delayed photons emitted from MOX fission products to the
effective heating energy in MOX rods [MeV/fiss]; '
qf - heating energy of prompt y in MOX rods normalyzed per fission neutron in BR2 core
[MeV/n].

q,' is the source of y: ¢q; / and q;° for source of prompt y in fission and capture reactions,

g, 5r, for source of delayed y in BR2 fuel , and ¢ ;- for MOX rods.
g7 is the density of first collisions for y: ¢ for source of prompt Y, g/, for source of delayed
yin BR2 fuel , and g/ - for MOX rods

X77 -is the spectrum of prompt v in fission reaction;
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277 -is the spectrum of prompt vy in neutron capture reaction,;

Z;” - is the spectrum of delayed y in fission reaction;

S» — number of fission neutrons in BR2 normalysed per nominal power Pgr: [n];
T(r —r;E,£2) is the kernel describing the y transport;
@'(r,E) is the y-flux density: @?” for source of prompt y, @57, for source of delayed y in BR2

fuel , and @27 - for MOX rods;
¥(r,E) is the density collision function for y : y 7 for source of prompt y, w37, for source of

delayed y in BR2 fuel, and y 37 - for MOX rods;

Ver2 — mean number of fission neutrons per fission event in BR2 [n/fiss];






