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Pin Cell Simulation of the Change in Doppler Broadening and Self-Shielding with the
Change in Nuclear Fuel Temperature and Fuel Type by Using OpenMC
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Abstract. The main purpose of this study is to determine the uncertainties in modelling due to use of isothermal temperature
assumption in the radial direction. For this purpose, unit cells specified in the OECD/NEA Light Water Reactor (LWR) Uncer-
tainty Analysis in Modeling (UAM) benchmark, BWR Peach Bottom-2, the PWR unit cell of Three-Mile Island-1 and the VVER
Kozloduy-6, are used. Fuel region of each unit cell is divided into a number of sub-regions, represented as multi-region. Fuel
temperature distribution in radial direction is calculated by using the heat equation. Fuel temperature distribution is used
in generating the neutron cross-sections for each region. For the simulations, OpenMC code (Monte Carlo particle transport
code) coupled with NJOY and ENDF/B-VII.1 neutron cross-section libraries are used. Change of multiplication factor with
number of sub-regions and use of temperature gradient in radial direction is investigated.
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1 Introduction

In nuclear fuels, number of neutrons absorbed in the res-
onance region tend to increase with increasing tempera-
ture due to Doppler broadening. This situation leads to
decrease the average travel distance of neutrons between
the collisions. Some of the neutrons entering into the fuel
region from the moderator region are absorbed in the re-
gion close to outer surface of the fuel pellet. Therefore,
the inner region of the fuel pellet is exposed to a lower
neutron flux than the outer region. In other words, the
outer region of the fuel pellet shields the inner regions.
This phenomenon is known as self-shielding. However, it
should be noted that self-shielding depends on the tem-
perature distribution of the fuel due to Doppler broaden-
ing. Related with this issue, in the stage of modelling of
current reactors, the temperature distribution of the fuel
pellet is assumed to be isothermal. In fact, fuel region has
a temperature distribution in radial direction. It is clear
that use of isothermal temperature assumption would af-
fect the neutronic calculations. Even though uncertain-
ties in modelling due to nuclear data libraries have been
studied in OECD/NEA LWR Uncertainty Analysis in Mod-
elling (UAM) benchmark [1], the uncertainties due to effect
of temperature distribution on the nuclear cross-sections
(e.g., self-shielding, fission) needs to be investigated.

The purpose of this study is to determine the uncertain-
ties in modelling due to use of isothermal temperature as-
sumption in the radial direction. In this manner, multi-
region method where the fuel region is represented as vol-
umetrically equal sub-regions in radial direction is utilized
in analyses. Change of multiplication factor with the num-
ber of sub-regions is investigated.
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2 Method

This study is performed for three different types of fuel
elements reported in the Uncertainty Analysis in Mod-
elling (UAM) benchmark, the square unit cell of Three Mile
Island-1PWR, square unit cell of Peach Bottom-2 BWR and
hexagonal unit cell of Kozloduy-6 VVER-1000. Design pa-
rameters of the considered reactors are given in Table 1
and unit cell representations are also showed in Figure 1.
Geometry, material properties and operating conditions
are assumed the same as stated in Exercise I-1 of the UAM
benchmark case. Fuel region of each unit cell is divided
into a number of sub-regions, up to 16 sub-regions. Fuel
temperature distribution in radial direction (without axial
distribution) is calculated by using the heat equation (from
the conductivity integral).
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Figure 1. (a) TMI-1 PWR Pin Cell, (b) PB-2 BWR Pin Cell, (c)
Kozloduy-6 VVER Pin Cell (in scale).

As conductivity integral, the temperature-dependent
thermal conductivity derived from the Lyons’ integral of
kdT [2] (used by Combustion Engineering) as seen below
is used;

38.24

= 16.1256 x 1071373 1
) =To9577 " x 1

In this equation, 7" is in unit of Kelvin and k in terms of
Wem 'K,
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Table 1. The parameters of unit cells at HFP (UAM)

Parameters TMI-1 PB-2 Kozloduy-6
PWR BWR VVER-1000
Unit cell pitch, [mm] 14.427 18.75 12.75
Fuel pellet diameter, [mm] 9.391 12.1158 7.56
Fuel pellet material U0 UO9 UO5
Fuel density, [g/cm?] 10.283 10.42 10.4
Fuel enrichment, [w/o0] 4.85 2.93 3.3
Central void diameter, [mm] — — 1.4
Central void material — — dry air
Cladding outside diameter, [mm] 10.928 14.3002 9.1
Cladding thickness, [mm] 0.673 0.9398 0.69
Cladding material Zircaloy-4 Zircaloy-2 Zr + 1% Nb
Cladding density, [g/cm®] 6.55 6.55 6.55
Gap material He He He
Moderator material H->0 H20 H>0
Fuel temperature, [K] 900 900 900
Cladding temperature, [K] 600 600 600
Moderator (coolant) temperature, [K] 562 557 560
Moderator (coolant) density, [kg/mg] 784.4 460.72 752.5

Radial temperature profile of a solid fuel element is di-
rectly related with coolant and cladding condition as much
as heat generation rate and material properties. Heat gen-
eration depends on neutron reaction rate, especially the
fission source. Radial conduction equation is given below
in Eq. (2)

%% <k(F, T)ragffj) +7(r) = 0. @)
In Eq. (2), r, T, k and-7y represent radius, temperature,
thermal conductivity and volumetric heat generation rate,
respectively. The thermal conductivity depends on mate-
rial composition and local temperature of the fuel. Assum-
ing the volumetric heat generation rate is constant, small
fuel shells with inner radius of R; and outer radius of Ry
are integrated twice over the radius. Thus, Eq. (3) is ob-

tained
T;

/ k(T)dT = q(R; — R})/4, (3)
To
where T; and T} are inner and outer temperatures of fuel

respectively. g is the average heat generation rate over the
region bounded by R; and Ry.

For the fuel element which is divided into volumetrically
equal n-regions, total heat conductivity integral,
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By using Eq. (4), volume-averaged temperature of the fuel
is calculated for each individual region. It is important to
note that in any case of this study, the volume-averaged
temperature over the fuel region is kept constant at 900 K.
Furthermore, fuel surface temperature is assumed to be
600 K. In this work, as a first step, no iteration scheme is
considered for the convergence of volumetric heat gener-
ation. Neutron reaction rates, especially fission rates di-
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rectly affect the heat generation so, volumetric heat gen-
eration assumed the same in all sub-regions without the
iteration. Change of multiplication factor due to effect of
multi-region and radial temperature distribution is com-
pared to use of isothermal temperature distribution in one
region.

The considered unit cells are modelled with the aid of
OpenMC [3], a Monte Carlo based code. Surface bound-
ary conditions are defined as reflective. As an illustration,
multi-region representation (1, 2, 4, 8 and 16 regions, re-
spectively) of TMI-1 PWR unit cell is shown in Figure 2.

OO0 OO0

Figure 2. TMI-1 PWR unit cell divided into a number of sub-
regions.

OpenMC is a Monte Carlo particle transport simulation
code which uses ACE formatted cross-sections. Simula-
tions are performed by using the neutron cross-section li-
braries generated for the calculated temperature of each
sub-region by NJOY99 [4]. The code produces outputs such
as multiplication factor and neutron flux. In this study,
OpenMC simulations for 2250 batches where the first 250
cycles are inactive, and all simulations are performed for
100000 source particles.

Fuel temperature distribution is used in generating the
neutron cross-sections for each region and then neutron
crosssection libraries for each region are generated by us-
ing the NJOY code. NJOY99 is a nuclear data processing
system which is a system of processing modules intended
to convert raw nuclear data in the ENDF format into the
forms useful for practical applications.

3 Results

The results are obtained for 1, 2, 4, 8 and 16 sub-regions.
Fuel temperature distribution inside TMI-1 PWR unit cell
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Figure 3. TMI-1 PWR temperature distribution for 16-region case.

for 16 sub-regions is shown in Figure 3. Despite that no it-
eration on the temperature calculations is carried out, pro-
file of the TMI-1 PWR temperature distribution is in agree-
ment with a different study [5]. As expected, the temper-
ature decreases gradually from fuel centreline to fuel sur-
face. When surface temperature is fixed to 600 K, the maxi-
mum temperature was calculated to be about 1240 K at the
innermost sub-region. Noting that the volume-averaged
fuel temperature is 900 K.

Calculated multiplication factors and standard deviation
for various sub-regions are given in Table 2. Results show
that the multi-region demonstration of the fuel instead
of one-region model affects the multiplication factors be-
cause of modelling the temperature gradient. This differ-
ence is due to the generation of new nuclear data libraries
according to the calculated temperatures. Although the
temperature averaged over the fuel region is fixed to 900 K,
it is calculated that Doppler calculation for multi-region is
different from the one-region approximation.

In order to observe the effect of the use of multi-region ap-
proximation and temperature gradient, kg values for each
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reactor type, which are given in Table 2, are subtracted
from the one-region multiplication factor value of that re-
actor (0k = k; — k1, where i represents the region num-
ber). The results are given in Figure 4. According to Fig-
ure 4, use of multi-region method and temperature gradi-
ent leads to 60-80 pcm difference for the VVER, and 80-
100 pcm difference for the PWR and BWR from one-region
and isothermal temperature distribution approximation.

Table 2. Calculated multiplication factors for various sub-regions
for the interested unit cells

1 Region 2 Regions 4 Regions 8 Regions 16 Regions

TMI-1

PWR 1.41603 1.41645 1.41693 1.41692 1.41695
PB-2 1.23582 1.23648 1.23677 1.23667  1.23679
BWR . . . . .
Kozloduy-6

VVER 1.33425 1.33470 1.33496 1.33503  1.33484

*Standard deviations
+0.00006.
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Figure 4. Change of the uncertainty (pcm) of the ke due to usage of temperature gradient with the number of regions.
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4 Conclusion

It is demonstrated in this study that multi-region method
allows modelling the temperature distribution effects on
the reactor parameters consistently. By increasing the
number of sub-regions, the neutronic parameters can be
obtained more accurately. Further investigation on how
many number of sub-regions is required is needed.

Thermal conductivity is a function of temperature in ra-
dial direction and which depends on power generation (fis-
sion rate) in the fuel. In this manner, in the future work,
a converged volumetric heat generation profile (as fission
source distribution from the Monte Carlo calculations) in-
stead of constant volumetric heat generation will be used.
In order to perform this modelling, fission rates for each
region should be noted and inserted into the model for cal-
culation of the radial fuel temperature distribution again.

Acknowledgements

This study is supported by The Scientific and Techno-
logical Research Council of Turkey (Project Code: 1001-
114F375).

28

References

[1] Ivanov, K., Avramova, M., Kodeli, I., Sartori E.: Bench-
mark for Uncertainty Analysis in Modeling (UAM) for
Design, Operation and Safety Analysis of LWRs, Vol-
ume I: Specification and Support Data for the Neutron-
ics Cases (Phase I), NEA/OECD Nuclear Energy Agency,
NEA/NSC/DOC(2007)23, 2007.

Todreas, N.E., Kazimi, M.S.: Nuclear Systems I: Thermal
Hydraulic Fundamentals, 2nd Ed., Taylor and Francis, USA,
1993.

Romano P.K., The OpenMC Monte Carlo Code — OpenMC
Documentation URL: http://mit-crpg-github.io/openmc,
2013.

MacFarlane R.E., Muir D.W., The NJOY Nuclear Data Pro-
cessing System, Version 91, Los Alamos National Labora-
tory report, LA-12740M, 1994.

Tirkmen M., Celikten O.§., Sokmen C.N., Uncertainty in
modeling due to use of isothermal temperature inside the
fuel, Nuclear Engineering and Technology, Submitted Arti-
cle, 2015.

[2

13

[4

5



