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a b s t r a c t

The CREOLE experiment performed In the EOLE critical facility located In the Nuclear Center of
CADARACHE - CEA have allowed us to get interesting and complete experimental information on the
temperature effects in the light water reactor lattices.

To analyze these experiments with accuracy an elaborate calculation scheme using the Monte Carlo
method implemented in the MCNP6.1 code and the ENDF/B-VII.1 cross section library has been devel-
oped. We have used the ENDF/B-VII.1 data provided with the MCNP6.1.1 version in ACE format and the
Makxsf utility to handle the data in the specific temperatures not available in the MCNP6.1.1 original
library. The main purpose of this analysis is the qualification of the ENDF/B-VII.1 nuclear data for the
prediction of the Reactivity Temperature Coefficient while ensuring the ability of the MCNP6.1 system to
model such a complex experiment as CREOLE.

We have analyzed the case of UO2 lattice with 1166 ppm of boron in ordinary water moderator in
specified temperatures. A detailed comparison of the calculated effective multiplication factors with the
reference ones [1] in room temperature presented in this work shows a good agreement demonstrating
the validation of our 3D calculation model. The discrepancies between calculations and the differential
measurements of the Reactivity Temperature Coefficient for the analyzed configuration are relatively
small: the maximum discrepancy doesn't exceed 1,1 pcm/�C.

In addition to the analysis of direct differential measurements of the reactivity temperature coefficient
performed in the poisoned UO2 lattice configuration, we have also analyzed integral measurements in
UO2 clean lattice configuration using equivalency of the integral temperature reactivity worth with the
driver core fuel reactivity worth and soluble boron reactivity worth. In this case both of the ENDF/B-VII.1
and JENDL.4 libraries were used in our analysis and the obtained results are very similar.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The reactivity Temperature Coefficient (RTC) is an important
parameter in design, control and safety of Light Water Reactors. For
safety considerations, the RTC is desired to be negative throughout
the core life. The calculation of the RTC is rather a complicated
hdani).

by Elsevier Korea LLC. This is an
problem because it results from the combination of several nega-
tive and positive contributions from different physical phenomena
related to the temperature change. That is why it is important to
validate any reactor calculation tool and any nuclear data library for
an accurate prediction of this parameter. The target accuracy for the
RTC should not exceed 1pcm/�C for a UO2 water moderated lattice.

Among the few experiments available on the Reactivity Tem-
perature Coefficient (RTC) for Light Water Reactor lattices, CREOLE
performed in the EOLE facility at CEA-Cadarache during the two last
years of the seventies is the only experiment to be representative of
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the operating conditions of a large PWR power reactor. The
experimental facility consists of a pressurized central test loop in
which it is possible to achieve operating conditions of a large PWR
power reactor in terms of pressure and moderator temperature, a
large vacuum gap separation zone and a peripheral driver core of
variable sizes surrounded by a water reflector.

Both clean and Boron poisoned water moderated UO2 lattices
were investigated for the temperature range starting from room
temperature up to PWR power plant operating conditions (300 �C).

This experiment has already been analyzed by the French
deterministic transport code APOLLO and by the Monte Carlo code
TRIPPOLI using the European nuclear data file JEFF3.1.1 [1]. The
main objective of the present work is to perform the analysis of the
differential measurements of the RTC in one of the most precise
configuration of the CREOLE experiment (UO2 lattice with
1166 ppm of soluble Boron in themoderator) using theMonte Carlo
code MCNP6.1 and its associated ENDF/B-VII.1 cross section library
and the Japanese one JENDL-4.0, in order to check the accuracy of
new cross section libraries for the RTC calculations. We have also
analyzed the integral measurements of the RTC by equivalency
with soluble Boron reactivity effect and with the reactivity worth of
the driver core peripheral fuel rods.

2. The CREOLE experiment

The EOLE reactor is a zero-power reactor located in the CEA/
cadarache center.

(France). This facility was built in 1965 in order to study LWR
core designs in support to the French large-scale program of
building PWR power plants, which was launched during themiddle
of the seventies. The EOLE reactor consists of a tank in which is
placed a central loop surrounded by the driver core.

The experimental facility consists of:

✓ A pressurized central test loop in which it is possible to achieve
operating conditions of a large PWR power reactor in terms of
pressure and moderator temperature.
� A central tube made of Zircaloy (9.8 mm i.d.; 1 mm thickness),
intended for axial distribution of fission rates measurements
by fission chambers.

� A PWR type assembly of 200 UO2 fuel pins with Zircaloy
cladding. The fuel rods were arranged in a 1.26 cm square
lattice pitch.

� A Zirconium alloy filler to prevent water gaps next to the
peripheral cells of the studied lattices in the central loop.

� An annular tube made of Zirconium alloy, designed in such a
way that it can withstand the pressure conditions in the
experimental zone (up to 120 bar).

� A thin vacuum gap between the Zirconium alloy filler and the
annular tube.

✓ The driver core, it was loaded with UO2 (3.5% enrichment) fuel
pins with aluminum cladding arranged in a 1.43 cm square
lattice pitch [2].

✓ The driver core was surrounded by a radial reflector made of
water

The driver core sizes were adjustable according to the investi-
gated lattice type and the operating conditions in the central loop.

In the CREOLE experimental program, a large number of mea-
surements were carried out for various configurations of the central
test loop and at different temperatures. In this study, we have only
considered the calculation of the reactivity temperature coefficient
for clean and Boron poisoned water moderated UO2 lattices for the
temperature range starting from room temperature up 300 �C.

The two experimental configurations of the central test loop
were made critical at room temperature by adjustment of the
driver-core size.

3. Measurements performed and experimental techniques

3.1. Differential measurements of the reactivity temperature
coefficient

For the configuration UO2 with 1166 ppm of soluble boron in the
moderator which is considered in this work, the reactivity loss due
to the temperature change from 20 �C to 300 �C was less than the
core reactivity excess. This allowed performing the entire set of
measurements with the same driver-core loading. Measurements
of the residual reactivity were carried out by doubling time tech-
nique, in steps of DT ¼ 5 �C (see Fig. 1).

Fig. 3 below represents the 2D geometry for the UO2 configu-
rationwith 1166 ppm of soluble boron at all temperatures, showing
the driver-core loading layout with 1772 fuel rods (see Fig. 2).

3.2. Integral measurements of the reactivity temperature coefficient

Integral measurements using soluble boron in the central zone
were carried out. The reactivity worth of the soluble boron was
measured and equivalency was established between the global
temperature effect (20 �Ce~280 �C) and the soluble-boron effect.
The results obtained by this equivalency have the advantage of
being independent from the kinetics parameters of the CREOLE
core. It was also possible to establish equivalency between the
reactivity temperature effect and the reactivity worth of the driver-
core peripheral fuel rods. These measurements of the integral RTC
has been performed for the global temperature range from 20 �C to
~300 �C.

4. Basic theoretical considerations on RTC

Prompt and inherent reactivity feedbacks are considered
important factors for reactor safety. The major mechanisms that
affect reactivity are the fuel and moderator expansion, void pro-
duction among others. The reactivity feedback due to a tempera-
ture change is expressed by the core reactivity temperature
coefficient aT that is the deviations of the spatially averaged reac-
tivity of the core from the criticality when the equilibrium tem-
perature changes.

The core temperature coefficient of reactivity aT takes into ac-
count the Doppler coefficient and the moderator temperature co-
efficient based on changes in moderator density and the moderator
temperature. It is given by the addition of the moderator and fuel
temperature coefficients (of reactivity) [7,9]:

aT ¼aF þ aM (1)

The reactivity temperature coefficient aT which is defined as the
change in reactivity with respect to temperature is expressed by
one of the following expressions [7]:

aT ¼
dr
dT

¼ d
dT

 
keff � 1
keff

!
¼ 1

k2eff

dkeff
dT

z
1
keff

dkeff
dT

(2)

where, reactivity r is defined as the fractional departure from
criticality, and keff is the effective multiplication factor. In our
analysis of RTC we have used the approximate definition given by
equation (2), which has the advantage of being more convenient to
differentiate. We should mention that both of these definitions, the
exact and the approximated one, give similar results when the
situation to analyze is not far from criticality.



Fig. 1. : Axial cross section of CREOLE reactor.
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In a given temperature range [T1, T2], the integral calculated
reactivity temperature coefficient may be obtained from the
calculated keff(T1) and keff(T2) values by the following formula [1,4]:

a¼ 1
keff ðT1Þ:keff ðT2Þ

keff ðT2Þ � keff ðT1Þ
T2 � T1

(3)
5. Calculation tools and methods

5.1. MCNP6.1 code

MCNP is a general-purpose Monte Carlo N-Particle transport
code. It can be used for neutron, photon, electron, or coupled
neutron/photon/electron transport, including the capability to
calculate eigenvalues for critical systems. The code treats an arbi-
trary three-dimensional configuration of materials in geometric
cells bounded by surfaces.

Point wise cross section data are handled. For neutrons, all re-
actions given in a particular cross-section evaluation (such as
ENDF/B-VII), are taken into account. The recent version MCNP6.1 is
provided with a visual Editor which permits to handle input file
creation, particles track visualization, geometry and tally plots [3].

5.2. Makxsf Utility [5].

The Makxsf code is a utility program for manipulating cross-
section library files for the MCNP6 Monte Carlo code. Makxsf has
been used to convert ACE data files between ASCII and binary for-
mats and to make customized libraries containing selected data
sets. Makxsf capabilities were extended to allow the creation of
temperature-dependent libraries. Routines from the NJOY and
DOPPLER codes were incorporated into Makxsf to provide for
Doppler broadening of resolved data to any higher temperature,
and for interpolating S(a,b) thermal scattering kernels and proba-
bility tables for unresolved resonance data between two bracketing
temperatures.

5.3. The NJOY99 code [6].

The NJOY nuclear data processing system is a modular computer
code, developed in the Los Alamos National laboratory of the U.S.
since 1974. It is used for converting evaluated nuclear data in ENDF
format into libraries useful for application in both deterministic and
Monte Carlo computational codes.



Fig. 2. : Radial cross section of the central loop.

Fig. 3. Driver-core loading layout for the UO2 configuration with 1166 ppm of. Soluble
boron (at all temperatures) e 1772 driver fuel rods.

Fig. 4. Radial cross section of the CREOLE using MCNP code.
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5.4. Core modeling

In this workwe have analyzed the CREOLE experiment using the
reference model A [1]. The model has no homogenization in the
fuel region. This model is based on the exact geometry. Fig. 4 shows
a detail of the central loop, the driver core and reflector model for
the UO2 borated lattice using MCNP code. The dimensions used in
the benchmark models for all temperatures of the CREOLE exper-
iment, and the materials are given in Ref. [1]. Concerning the
Reactivity Temperature Coefficient, the available computer capa-
bility is not sufficient to take into account the whole body of
experimental information. Only the average values of the RTC in the
4 investigated temperature ranges can be calculated accurately.
6. Assessment of the reactivity temperature coefficient

6.1. Experimental validation of the calculations model

The MCNP6.1 code with the ENDF/B-VII.1 continuous cross
section library has been used in our analysis. The following pa-
rameters were used: 3.000 cycle in each 100.000 neutron histories
with 150 rejected cycles. Using these parameters, the statistical
standard deviation for the calculated keff is 4 pcm. (see Tables 1e3).

The calculated keff in room temperature is within the experi-
mental uncertainties. This constitutes a validation of our 3D
modeling method for the reactivity calculation.

Fig. 5 below presents the reactivity variation with the temper-
ature for the UO2 configuration with 1166 ppm of soluble boron.
The Analytical form of the measured core reactivity rmeasured (in
pcm) for 20 �C � T � 300 �C [1] is given in Ref. [1]:



Table 1
Fuel rod compositions for the central loop and the driver core at room temperature.

Param�etres Central loop Driver core

Fuel material UO2 UO2

Fuel density (g/cm3) 10.28 ± 0.02 10.25
234U (wt.%) 0.0304 3.04633E-02
238U (wt.%) 96.8696 85.0305
235U (wt.%) 3.10 ± 0.01 3,5
Fuel pellet radius (cm) 0.4098 0.3524
Pitch (cm) 1.260 ± 0.003 1.430 ± 0.005
Fuel column height (cm) 70.0 80.0
Clad material Zircolloy-2 AG3 or stainless steel (304 L)
Clad tickness (cm) 0,06 0,074
Cladding outer radius (cm) 0.478 0,535

S. El Ouahdani et al. / Nuclear Engineering and Technology 52 (2020) 1120e11301124
rmeasured ¼ � 1:3517 10�08T4 þ 3:460810�06T3

� 9:4502 10�04 T20:1173 T þ 295:93

From this figure it can be seen that, the experimental and the
calculated reactivities have the same behavior that decreases in hot
temperatures. The maximum discrepancy between the MCNP6.1
calculation and the experimental results reaches 168 pcm at
269.3 �C which is less than the experimental uncertainty. In order
to condense the calculation results in a practical form and enhance
their accuracy, a polynomial fitting to the calculated values was
applied. To take into account precisely the observed variation of the
Table 2
Critical sizes at room temperature.

Core configuration Driver-core temperature
(�C)

Central-loop temperature
(�C)

Central-lo
(bar)

UO2 reference 18.5 ± 0.2 20.27 ± 0.2 93.2 ± 0.5
UO2 1166 ppm

boron
19.6 ± 0.2 21.83 ± 0.2 66.5 ± 0.5

Table 3
keff calculation and experiment comparison at room temperature.

Experiment [1] Model-Benchmark [1,8]

keff 1.00299 ± 0.00182 1.00328 ± 0.00183

Fig. 5. Reactivity variation with temperature for the U
core reactivity a fourth-degree polynomial fit (which corresponds
to the minimum of the variance) was considered for the calculated
values to compare it to the measured ones [1]:

rMCNPðin pcmÞ¼5:2 10�08 T4 � 4:1 10�05 T3 þ 0:009 T2

� 0:63 Tþ 460

for: 20 �C � T � 300 �C.
6.2. Analysis of the differential measurements of the RTC

In the analyzed configuration, the absolute value of the
measured RTC is much lower than in the non-borated configura-
tions and all the reactivity measurements were carried out with the
same loading of the driver core However, for homogeneity and
consistency with the previous published results [1], the Calculation
- Experiment discrepancies are presented in four temperature
ranges corresponding to the four ranges associated with the
configuration UO2 clean lattice. In Table 4 below, the average values
of the core reactivity temperature coefficient inside these four
temperature ranges were obtained and compared to the experi-
mental values.

The results obtained using MCNP6.1 and the ENDF/B7.1 library
are very close to the experimental values and they are very similar
to those obtained by the Monte Carlo code TRIPOLI4 using JEFF3.1.1
library [1].
op pressure Doubling time
(s)

Residual Reactivity
(pcm)

Driver-core size (fuel
rods)

7.06 ± 0.2 312 ± 13 1620
6.86 ± 0.2 316 ± 13 1772

MCNP6.1ENDF/B7.1 TRIPOLI 4.5 JEFF3.1.1 [1]

1.00452 ± 0.00004 1.00556 ± 0.00010

O2 configuration with 1166 ppm of soluble boron.



Table 4
Main values of the measured core RTC and (C-E).

a and C-E (pcm/�C) 20 �Ce111 �C 111 �Ce186 �C 186 �Ce242 �C 242 �Ce296 �C

EXPERIENCE (a) [1] þ0.02 ± 0.04 �0.12 ± 0.04 �0.35 ± 0.05 �0.67 ± 0.06
MCNP6.1 (ENDF/B7.1) (C e E) �0.08 ± 0.04 þ0.11 ± 0.04 �0.02 ± 0.05 þ0.04 ± 0.06
TRIPOLI4 (JEFF3.1.1) (C -E) [1] �0.10 ± 0.06 (0.04)a þ0.08 ± 0.06 (0.05)a �0.01 ± 0.09 (0.07)a þ0.05 ± 0.10 (0.08)a

a Monte Carlo statistical uncertainty.

Table 5
C-E on the central loop RTC for the UO2 with the 1166 ppm of boron (integration of
the differential measurements).

C-E (pcm/�C) UO2 (1166 ppm de bore) 20 �Ce296 �C

EXPERIENCE (a) [1] �0.22 ± 0.02
MCNP6.1 (ENDF/B-VII.1) �0.008 ± 0.05
TRIPOLI4 (JEFF3.1.1) �0.004 ± 0.07
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6.3. Integration of the differential measurements

In order to make the results of the differential and integral
measurements comparable, we integrated the results of the dif-
ferential measurements over the whole explored temperature
range and the obtained results are summarized in Table 6.

The integration of differential measurements presented in
Table 5 above, lead to calculation-experiment discrepancies, given
by MCNP6.1 using ENDF/B7.1, very weak and very similar to those
obtained by the Monte Carlo code TRIPOLI4 with JEFF3.1.1. This
result means that the calculation experience deviations that change
sign from one temperature range to another compensate them-
selves leading to a very small error when integrating the results
over the entire temperature range.
6.4. Analysis of different effects leading to the RTC in the UO2 clean
lattice configuration

A simplified formalism similar to the usual “four factors for-
mula” is used to decompose the k-infinity to its physical compo-
nents [10]. We have used, instead of four, five factors in order to
account for the (n,xn) reactions [11,12].

By using the five factors formula, the temperature effect on k∞
can be expressed as follows:

ak∞ ¼ 1
k∞

dk∞
dT

¼ 1
ðc,ε,p,f ,hÞ

dðc,ε,p,f ,hÞ
dT

(4)
Table 6
k∞ five factors for a pin cell simulation as a function of temperature.

Central-loop Temperature (�C) c±Std ε±Std

21.83 1.00142 ± 125 1.23305 ± 25
33.83 1.00142 ± 124 1.23374 ± 25
44.03 1.00142 ± 124 1.23446 ± 25
63.87 1.00143 ± 124 1.23622 ± 25
86.83 1.00144 ± 125 1.239 ± 25
116.61 1.00145 ± 125 1.24335 ± 25
146.37 1.00147 ± 125 1.24874 ± 25
175.60 1.00149 ± 125 1.25533 ± 25
206.73 1.00152 ± 125 1.2638 ± 25
237.46 1.00155 ± 125 1.27453 ± 25
269.30 1.00159 ± 126 1.28951 ± 26
296.68 1.00164 ± 126 1.30782 ± 26

±Std: Standard deviation in pcm.
*: five factors formula.
ak∞ ¼ 1
c

dc
dT

þ 1
ε

dε
dT

þ 1
p

dp
dT

þ 1
f

df
dT

þ 1
h

dh
dT

(5)

where:
c: The factor corresponding to the (n,xn) reaction contribution
to the neutron amplification.
ε: The fast fission factor.
p: The resonance escape probability.
f : The thermal utilization factor.
h: The neutron yield per absorption in fuel.

To quantify the contribution of each component of the k∞ to the
reactivity temperature coefficient, we have performed cell calcu-
lations in fundamental mode using MCNP6.1 code with ENDF/B-
VII.1 cross sections library for the UO2 clean lattice configuration.

The k∞ five factors were predicted separately in a set of tem-
peratures from 21.83 �C to 296.68 �C with an average step of 28 �C
(Table 6).

We have applied a fourth-degree polynomial fitting for the
calculated values in order to represent in a precise and continuous
way the variations of the different factors with the temperature.

The differentiation of this fit supplies the calculated differential
reactivity temperature coefficient obtained from each of the five
factors (equation (5)). Thereby, we could get the analytical ex-
pressions for each of the temperature coefficient effects and study
its variation in the temperature range investigated (Table 7).

The reactivity temperature effect of the c component contrib-
utes positively to the RTC, even if its contribution is small (see
Fig. 6).

The contribution of the fast fission factor to the temperature
coefficient increases with temperature increase (Fig. 7); this can be
attributed to the water density effect; since an increase in moder-
ator temperature reduces the number of neutron collisions per unit
volume and hence leads to an increase in the fast to thermal ratio
[7], and thereby making available more fast neutrons in the reactor
core.

The increase of the af (see Fig. 8) is related to the water density
effect; since an increase in moderator temperature reduces the
p ± Std f ± Std h±Std

0.68102 ± 83 0.77976 ± 97 1.83663 ± 37
0.68 ± 83 0.78046 ± 97 1.83626 ± 37
0.67898 ± 83 0.78123 ± 97 1.83592 ± 37
0.67657 ± 83 0.78306 ± 97 1.83519 ± 37
0.6731 ± 82 0.78557 ± 98 1.83426 ± 37
0.66784 ± 82 0.78948 ± 98 1.83296 ± 37
0.66162 ± 81 0.79393 ± 99 1.83159 ± 37
0.65422 ± 80 0.7991 ± 99 1.83015 ± 37
0.64513 ± 79 0.80535 ± 100 1.82859 ± 37
0.63405 ± 78 0.81252 ± 101 1.82697 ± 37
0.61938 ± 76 0.82159 ± 102 1.82523 ± 37
0.60242 ± 74 0.83145 ± 104 1.82365 ± 36



Table 7
Analytical expressions for the different reactivity feedbacks due to a temperature change in (/�C).

Reactivity coefficients Analytical expression (For 21.83 < T < 296.68)

1
c

dc
dT

�2.3 10�19 T4 þ 1.6 10�13 T3 - 6 10�11 T2 þ 1.1 10�08 T - 1.4 10�07

1
ε

dε
dT

�2.4 10�14 T4 þ 6.5 10�11 T3 - 2 10�08 T2 þ 3 10�06 T - 3.6 10�05

1
f

df
dT

�1.2 10�14 T4 þ 4 10�11 T3 - 1.4 10�08 T2 þ 2.5 10�06 T þ 1.5 10�05

1
p

dp
dT

�7 10�14 T4 - 4.5 10�11 T3 þ 2.3 10�08 T2 - 4.1 10�06 T - 7.1 10�06

1
h

dh
dT

�3.5 10�17 T4 - 1.2 10�12 T3 þ 7 10�10 T2 - 1.6 10�07 T - 1.3 10�05

Fig. 6. Temperature coefficient effect variation of c in (/�C).

S. El Ouahdani et al. / Nuclear Engineering and Technology 52 (2020) 1120e11301126
capture in the moderator [2].
With increasing temperature, the resonance absorption thereby

increasing the absorption of neutron so the resonance escape
probability decreases and the contribution ap in the k∞ coefficient
decreases negatively with the temperature increase; this is due to
Doppler broadening [13].

As we can observe the temperature coefficient of the thermal
fission factor decreases almost linearly (Fig. 10), this is due to the
thermal spectral shift (see Fig. 9 below) as the uranium thermal
cross section shape is decreasing with energy (see Fig. 11).

The figure below highlights the thermal spectral shift in the
central loop of the UO2 configurationwith the 1166 ppm of boron in
the thermal region.
7. Analysis of the integral measurements

7.1. Case of the equivalency between the temperature reactivity
worth and driver core fuel reactivity worth for the UO2 clean lattice

To obtain the average RTC over the whole temperature range of
interest [20.27 �C, 243.22 �C] using the equivalency between the
temperature effect and the reactivity worth of the driver core fuel
rods, the benchmark-model parameters for these measurements
are presented in Table 8.

For each experimental configuration, we have presented in the
table above two equivalent states (in terms of measured reactivity)
with different driver core loading and test loop temperature. In the
UO2 clean lattice configuration, the temperature reactivity worth
between State A (TA¼ 20.27 �C) and State B (TB¼ 243.22 �C) is equal
to the reactivity worth of the 60 additional fuel pins loaded from
State A (NA ¼ 1620 pins) to State B (NB¼ 1680 pins). The calculation
of these two states will allow the determination of the calculation
bias of the average RTC a in the temperature range considered,
which is DT ¼ TB-TA. If the calculated keff values are (keff)A and
(keff)B, we will have:

½acalc �ameas� ¼ 1
DT

"�
Keff

�
B
�
�
Keff

�
A�

Keff

�
A
:
�
Keff

�
B

#
(6)

TRIPOLI4 calculations with JEFF3.1.1 nuclear data library per-
formed for the equivalent states defined in Table 9 for the UO2 clean
lattice were taken from reference [1]. The obtained results using
MCNP6.1 with the library, ENDF/B-7.1, in terms of the average RTC,
are close to those of TRIPOLI4 with JEFF3.1.1. The results obtained
when using JENDL4 library are not consistent with those given by
the two other libraries.

7.2. Case of the equivalency between the temperature reactivity
worth and the boron reactivity worth

The main objective of these test-lattice boron poisoning mea-
surements is to confirm and reinforce the other types of RTC



Fig. 7. Temperature coefficient effect variation of ε in (/�C).

Fig. 8. Temperature coefficient effect variation of f in (/�C).
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measurements (differential and integral). An equivalency between
the boron reactivity worth and the integral reactivity worth due to
the temperature change from State A (TA ¼ 18.4 �C) to State B
(TB ¼ 273.51 �C) has been established. The benchmark model pa-
rameters for each boron equivalency experiment are the extreme
temperatures TA and TB corresponding to the cold and hot condi-
tions and the two corresponding boron concentrations CA and CB.
These parameters, including the driver core loading are summa-
rized in Table 10 (see Table 11).

The calculation of these two states will allow the determination
of the calculation bias of the average RTC a in the temperature
range considered, we will have:
½acalc �ameas� ¼ 1
DT

"�
Keff

�
B
�
�
Keff

�
A�

Keff

�
A
:
�
Keff

�
B

#

In this case, both of the libraries ENDF/B7.1 and JENDL-4 used
with MCNP6.1 lead to good agreement with the measured residual
reactivity. The discrepancies between MCNP6.1 and TRIPOLI4 re-
sults are within the uncertainty margins.

It is important to stress that integral measurements are insen-
sitive to uncertainties related to the measurements of the residual
reactivity per doubling time method (thus to uncertainties on the
parameters of the delayed neutrons: beff,i, li and[) since one com-
pares states characterized by the same reactivity. Integral



Fig. 9. Temperature coefficient effect variation of p in (/�C).

Fig. 10. Temperature coefficient effect variation of h in (/�C).
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measurements thus give more precise information on the average
temperature coefficient than differential measurements.

It is also important to note that the experimental and calculated
values and biases correspond to the CREOLE core Reactivity Tem-
perature Coefficient and in order to be comparable to other pub-
lished results for the RTC of a typical PWR lattice, they should be
multiplied approximately by a factor of 10 (this is because the
relative reactivity worth of the experimental loop is approximately
10%). The factor 10 should also be applied to the uncertainties.
8. Conclusion

In the present work, we have analyzed the CREOLE experiment
of a LWR lattice type on the reactivity temperature coefficient of
UO2 clean and boron poisoned lattices. The analysis of this exper-
iment has been carried out using the Monte Carlo code MCNP6.1
with the ENDF/B-VII.1 and JENDL-4 libraries, comparing it with the
experimental results and with the Monte Carlo TRIPOLI4 transport
calculations using JEFF3.1.1 nuclear data library.

The obtained results for the prediction of critical sizes at room



Fig. 11. Spectral shift in the central loop for the UO2 configuration with 1166 ppm of boron by varying temperature.

Table 8
Benchmark model parameters for the equivalency between temperature reactivity
worth and driver core fuel reactivity worth [1].

UO2 clean lattice

State A State B

Residual measured reactivity (pcm) 295
Driver core loading (rods) 1620 1680
Central loop temperature (�C) 20.27 243.22

Table 9
The keff for the two states and the calculation bias of the average RTC.

State A State B

keff ± Std (pcm) MCNP6.1 (ENDF/B7.1) 1.00224 ± 4 1.00221 ± 4
MCNP6.1 (JENDL-4) 1.00164 ± 4 1.00184 ± 4

½acalc � ameas�(pcm/�C) MCNP6.1 (ENDF/B7.1) �0.013 ± 0.04
MCNP6.1(JENDL- 4) þ0.089 ± 0.04
TRIPOLI4 (JEFF3.1.1) �0.02 ± 0.05

±Std: Standard deviation in pcm.

Table 10
Benchmark model parameters for the equivalency between temperature reactivity
worth and the Boron reactivity worth [1].

UO2 clean lattice

State A State B

Driver core loading (rods) 1680
Residual measured reactivity (pcm) 139
Central loop temperature (�C) 18.4 273.51
Boron content (ppm) 454 ± 2 0.

Table 11
The keff for the two states and the calculation bias of the average RTC.

State A State B

keff ± Std (pcm) MCNP6.1 (ENDF/B7.1) 1.00109 ± 4 1.00086 ± 4
MCNP6.1 (JENDL-4) 1.00063 ± 4 1.00039 ± 4

½acalc �ameas� (pcm/�C) MCNP6.1 (ENDF/B7.1) �0.09 ± 0.04
MCNP6.1 (JENDL-4) �0.09 ± 0.04
TRIPOLI4 (JEFF3.1.1) �0.15 ± 0.06
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temperature show a good agreement between the MCNP6.1 code
and the reference ones, which validates our Monte Carlo modeling
and assure us for the prediction of the Reactivity Temperature
Coefficient (RTC) with sufficient accuracy.

The discrepancies between calculations and experiment on the
RTC for clean and Boron poisoned UO2 LWR lattices is small, less
than 1 pcm/�C which corresponds to the current target accuracy in
LWR design calculations. we should particularly mention the
coherence of the results obtained by different type of measure-
ments: direct differential measurements and integral measure-
ments through equivalency.

So we have shown that the use of recent nuclear data libraries
ENDF/B-VII.1 and JENDL-4, with the Monte Carlo modeling using
MCNP6.1 code system allow a satisfactory prediction of the RTC in
LWR lattices which constitutes the most important conclusion of
this work.
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