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Zhang Hongbo, Li Sinan, Tang Xiao and Zhou Nan

Science and Technology on Reactor System Design Technology Laboratory, Nuclear Power Institute of China, Chengdu, China

Because of the double-heterogeneity (DH), dispersed particle-type systems cannot be
described by traditional neutronic programs, and the volumetric homogenization method
(VHM) will bring reactivity calculation deviation because of ignoring the spatial self-shielding
effect of the particles. In this article, the relationship between the reactivity calculation
deviation and the optical length of dispersed particle-type fuel and different types of
burnable poisons is analyzed. Also then, it was proposed that the influencing factors of
reactivity calculation deviation can be integrated to a physical quantity named theoretically
modified optical length containing the influencing factors mentioned earlier. In addition, the
DH physical boundary has forward that, when the theoretically modified optical length is
larger than 10, reactivity calculation deviation of volumetric homogenization method wil
be larger than 100 pcm, and the DH of the dispersed particle-type systems should be
considered.

Keywords: dispersed particle-type systems, double-heterogeneity, physical boundary, volumetric homogenization
method, reactivity calculation deviation, optical length, corrected optical length

INTRODUCTION

Particle-dispersed fuel can contain fission products under high temperature and deep burnup
conditions and block the release of fission gas and fission fragments out of the fuel pellets. Because of
its accident resistance and inherent safety, it has been widely used in fully ceramic microencapsulated
(FCM) fuel (Cole and Maldonado, 2013; Xiang et al., 2014) of pressurized water reactors and the
tristructural isotropic (TRISO) particle fuel of high-temperature gas-cooled reactors (Zhai et al.,
2004; Zhang et al., 2021).

Particle-dispersed burnable poisons can increase the surface compatibility between the
dispersed particles and the matrix by adding a coating layer on the surface of the particles and
can improve the flexibility of the use of burnable poison. At the same time, because of the space
self-shielding effect of the burnable poison particles, its burn speed is relatively slower than when a
burnable poison is uniformed dispersed. So, the appropriate particle-dispersed burnable poison
can be selected by selecting the type and particle size of the burnable poison to improve the
flexibility of reactivity control (van Dam, 2000a; van Dam, 2000b; Kloosterman, 2003; Talamo,
2006).

Particle-dispersed fuels and burnable poisons have gradually attracted attention and
applications due to the excellent characteristics mentioned earlier, but they have double-
heterogeneity (DH), which cannot be described by traditional neutronic calculation
programs (Sanchez and Pomraning, 1991; Hébert, 1993; Kim et al., 2005; Zhang et al,
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(1) Side View

FIGURE 1 | Schematic diagram of random distribution of dispersed particles.

(2) Top View

TABLE 1 | Main parameters of fuel cell.

Parameters Values
Pitch, cm 1.26
Radius of fuel region, cm 0.4096
Thickness of air gas, cm 0.0084
Thickness of zirconium clad, cm 0.057
Density of zirconium clad, g/cm3 6.5
Density of moderate H,0, g/cm® 1.0

2017a; Zhang et al., 2017b). The so-called DH refers to the
heterogeneity of the core, cladding, and moderator on the
macroscopic level and the heterogeneity of the dispersed
particles and the matrix on the microscopic level. The
traditional neutronic calculation program can only describe
the macroscopic heterogeneity, and the simplest processing
method for the DH is the Volumetric Homogenization Method
(VHM), that is, the dispersed particles and the matrix are
homogenized according to the volume weight, and then, the
traditional neutronic calculation program can be used to
model and calculate. In the world, a variety of types of DH
processing methods have been proposed, e.g, the
Sanchez-Pomraning method (Hébert, 1993; Sanchez and
Pomraning, 1991) implemented in Dragon and Apollo, the
reactivity equivalent-physical transformation method (Lei and
Dong, 2020; Li et al., 2018) for treating the FCM (Kurt, 2012)
fuel in advanced pressurized water reactor, and the equivalent
homogenization method (She et al., 2017) implemented in
VSOP (Teuchert et al., 1994) and PANGU (She et al., 2018; She
et al., 2021) for treating the TRISO type fuel in high-
temperature gas-cooled reactors.

Because the dispersed particles have a spatial self-shielding
effect, the materials inside the particles cannot reflect the
neutron absorption effect, and the direct use of the
VHM will bring a certain degree of reactivity calculation
deviation. It is necessary to study the size and influencing
factors of the reactivity calculation deviation of the VHM
and finally give the DH physical boundary of the dispersed
particle system and point out when the VHM can be used for
directly processing and when the DH of the system must be
considered.

CALCULATION OBJECT

The Monte Carlo program RMC (Wang et al., 2013) developed by
Tsinghua University is used to model the random distribution of
dispersed particles. A schematic diagram of the random
distribution of dispersed particles in the matrix is shown in
Figure 1.

To analyze the spatial self-shielding effect of dispersed
particles, a fuel cell is structured as the calculation model, and
the main parameters of the fuel cell are shown in Table 1.

First, the fuel particles with different enrichments, volume
fractions, and particle radii are dispersed in the zirconium matrix,
and the calculation deviation of the VHM of the dispersed fuel is
analyzed. Then, the burnable poison particles of different
burnable poison types, particle sizes, and volume fractions are
dispersed in the fuel matrix with different enrichments, and the
calculation deviation of the VHM of the particle-dispersed
burnable poisons is analyzed. The detailed calculation
parameters are shown in Table 2.

It should be noted that the calculation deviation of VHM in
this paper is the reactivity calculation deviation between the grain
model and the VHM model of RMC, and the calculation
deviation caused by different programs can be ignored. The
grain model is performed by the dispersion particle calculation
function in RMC, which can simulate the random distribution of
dispersed particles. Also, the variance of the results obtained by
RMC remains within 0.0003, which is equivalent to 30 pcm, to
maintain the accuracy of the calculation results.

CALCULATION DEVIATION ANALYSIS OF
VOLUMETRIC HOMOGENIZATION
METHOD

Particle-Dispersed Fuel

To analyze the reactivity calculation deviation of VHM on
particle-dispersed fuel, in this section, the calculation cases
cover three influencing factors, which is the fuel volumetric
fraction in the range of 3-30%, the fuel enrichment in the
range of 10-90%, and the particle radius in the range of
100-400 pm. Although 3-10% of the fuel volumetric fraction
is difficult to encounter in engineering, here is a regular study for
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TABLE 2 | Parameters of particle-dispersed fuel and burnable poisons.

Parameters

Types of burnable poisons

Radius of burnable poison particle, pm

Volumetric fraction of burnable poison particles, %
Type of fuel matrix

Enrichment of fuel, %

Type of fuel particle

Radius of fuel particle, pm

Volumetric fraction of fuel particles, %

Enrichment of fuel particle core, %

Matrix of dispersed particle system

considering extreme cases. The main calculation results are
shown in Figure 2, in which E10-E90 indicates that the
enrichment degree is 10-90%. Each figure shows the reactivity
calculation deviation curve with particle size between the VHM
and particle model of the Monte Carlo program under different
fuel volumetric fractions and different fuel enrichment.

It can be seen from Figure 2 that when the fuel volumetric
fraction is 3 or 5%, if the dispersed particle radius is 100 um, the
calculation deviation of VHM will be greater than 100 pcm. Also,
when the fuel volumetric fraction is 10%, even if the dispersed
particle radius reaches 400 pum, the calculation deviation of the
VHM is still less than 100 pcm. In addition, when the fuel
volumetric fraction continues to increase to 20-30%, if the
fuel enrichment is 90% and the radius of the dispersed
particles is greater than 200 pm, the calculation deviation of
VHM will be greater than 100 pcm.

If the radius of the dispersed particles is less than 100 um and
the fuel volumetric fraction is 10-30%, the calculation deviation
of VHM will be less than 100 pcm, and there is no need to
consider the DH. Also, if the radius of the dispersed particles is
250 pm, which is the typical size of the TRISO particle core, the
fuel enrichment is higher than 20%, the calculation deviation of
VHM will be greater than 100 pcm, and DH needs to be
considered.

For dispersed UQO, particles, the calculation deviation of VHM
decreases with the increase of the volumetric fraction of the
dispersed particles, and the calculation deviation is the smallest at
approximately 10% of the volumetric fraction. Also, the
calculation deviations of VHM will increase with the increase
of the size of the dispersed particles and the fuel enrichment.

The volumetric fraction of the dispersed fuel particles affects
the probability that the neutrons flying out of the fuel particles
will encounter the fuel particles again in the matrix, which may
affect the self-shielding effect. As the calculation deviation of the
VHM does not change significantly in the range of 10-30%, the
in-depth analysis of the influencing factors of the volumetric
fraction will not be done here.

Particle-Dispersed Burnable Poison

To comprehensively analyze the size of the DH of the cells
containing  different particle-dispersed burnable poison
materials, in this section, the calculation deviations of different
types of burnable poison particle systems will be compared, and

Theoretically Modified Optical Length

Values

Ag/IN/Cd/Hf/B4C/Dyo0s/EroOs/Eus05/Gdo03
10-250
1-10
Uo,
10-90
uo,
100-400
3-30
10-90
Zr

the factors of different matrix fuel enrichment and poison particle
volumetric fraction will be considered. Also, then, the calculation
deviation of VHM with the particle radius will be analyzed. The
main results are shown in Figure 3, in which “E90%V1%”
indicates that the matrix fuel enrichment is 90%, and the
volumetric fraction of burnable poison is 1%.

From the calculation results in Figure 3, it can be seen that the
self-shielding effect of the dispersed particles of different burnable
poison materials is different due to the different absorption cross-
sections. The horizontally comparing results of different burnable
poison materials show that when the fuel enrichment is 90% and
the dispersed burnable poison volumetric fraction is as small as
1%, the DH of the system is the smallest. To ensure that the
calculation deviation of the VHM is still less than 100 pcm, the
radius of the dispersed B,C, Er,05, Dy,03, and Ag particles needs
to be less than 20 pm. Therefore, in most cases of burnable poison
particles, the calculation deviation of the VHM is relatively large,
and its DH should be considered.

For different burnable poison materials, under the same
particle size, particle volumetric fraction, and matrix fuel
enrichment, the reactivity calculation deviation of the VHM is
directly related to the absorption cross-section of the burnable
poison. The larger the absorption cross-section, the stronger the
self-shielding effect of the particles and the DH of the system, and
the larger the deviation of the reactivity calculation of the VHM.

RELATION BETWEEN VOLUMETRIC
HOMOGENIZATION METHOD DEVIATION
AND OPTICAL LENGTH

Relation Between Self-Shielding of Single

Particle and Optical Length

From the analysis of the self-shielding effect of the particle-
dispersed fuel and burnable poisons, it can be seen that the
calculation deviation of the reactivity of VHM is related to many
factors. To obtain the judgment condition of whether the DH
system can be processed by VHM, the material cross-section and
particle size of the dispersed particles should be considered
comprehensively to the optical length to judge whether the
system needs to consider DH (Pogosbekyan and Han, 2007):

|Zmatrix - Zparticlel : dparticle > & (1)
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The formula X,,.ix represents the macroscopic cross-section
of the matrix material, and the unit is cn~!. The formula Zparticle
represents the macroscopic cross-section of the particle material,
and the unit is cm™!. The formula dparticle Tepresents the particle
diameter, and the unit is cm. The formula ¢ represents the optical
length limit, and it has no unit.

The physical meaning of Eq. 1 is that when the material
cross-section of the particle and the matrix differs to a certain
degree, it will cause the flux difference between the materials.
Also, when the particle size increases to a certain degree, the
internal flux gradient inside the particle will also be caused by
the space self-shielding effect. In addition, when the flux

difference is greater than a certain level (10% is generally
considered), the calculation deviation of VHM will not be
negligible, and so, the general optical length limit of Eq. 1 is
0.1. When the inequality relationship in Eq. 1 holds, the DH
effects of the system need to be considered.

Relation Between Self-Shielding of System
and Optical Length

The calculation formula discussed earlier of the optical length
only considers the effect between the matrix and a single
particle and does not consider the influence of the mutual
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shielding effect between the particles on the cross-section,
especially the resonance interference effect between the
particles. After analysis, Eq. 1 can be revised as Eq. 2:

\Y Vparticle
10

|Zmatrix - Zparticlel'dpanicle . >, UOZ fuel Partide;

\Y% Vparticle

Ennauix

\Y Vparticle

Ematrix

[Zmatrix

= Zparticle |- dparticte * > €, resonance particle such as Gd, O3,

> &, no resonance particle such as B,C.

(2)

|Zmalrix - 2panide|'dparliclc :

The formula X ,¢rixEmaix Tepresents the enrichment of the
matrix fuel, without units and ranging from 0 to 1.0. The formula
Vparticle Tepresents the volumetric fraction of dispersed particles,
without units and ranging from 0 to 1.0. The formula € is the
modified optical length limit, without units. Here, € and ¢ have
similar physical significance, which are used to characterize the
size of DH of the system, and some other items are added in the
calculation formula &, so the value of € should be determined by
the new numerical calculation results. Also, based on numerical
analysis, the result & should be 107,

The theoretically modified optical length takes into account
the volumetric fraction of dispersed particles and the
enrichment of matrix fuel. For a specific cell, the larger the
volumetric fraction of dispersed particles, the stronger the
mutual shielding effect between particles, and so, the larger the
theoretically modified optical length. For resonant nuclides,
when the volumetric fraction of dispersed particles is large, the
resonance interference effect between particles needs to be
considered. Numerical fitting results show that the
theoretically modified optical length is proportional to the
square root of the volumetric fraction of dispersed particles for
particles containing resonant nuclides, and the theoretically
modified optical length is proportional to the volumetric
fraction of dispersed particles for particles without resonant
nuclides. Also, the theoretically modified optical length has an
inverse relationship with the fuel enrichment of the matrix.

For a fuel cell, when the volumetric fraction of particles and
the fuel enrichment of the matrix are determined, a very small
particle size, such as the radius of 10 um, can be used to
calculate the material cross-section of the dispersed particles
without self-shielding. Also, the cross-section of the matrix is
less affected by the size of the dispersed particles and can be
taken directly from the cross-section of the matrix when the
particle size is 10 um. At this time, the value on the left side of
the Eq. 2 is related to the size of the dispersed particles. When
the size of the dispersed particles is greater than a certain value,
the theoretically modified optical length calculated according
to the Eq. 2 is greater than the limit 107*, the calculation
deviation of VHM will be greater than 100 pcm, and the DH of
the system needs to be considered.

Numerical Results

For the DH system of dispersed particles and burnable poisons
described in this article, the relationship between the reactivity
calculation deviation of VHM and the optical length or the

Theoretically Modified Optical Length

theoretically modified optical length at different fuel
enrichment and the fixed volumetric fraction of dispersed
particles is shown in Figure 4, Also, then, the relationship
between the reactivity calculation deviation of VHM and the
optical length or the theoretically modified optical length under a
different volumetric fraction of dispersed particles and the fixed
matrix fuel enrichment is shown in Figure 5. Finally, the
relationship between the calculation deviation of VHM and
the theoretically modified optical length changes with the
matrix fuel enrichment and the volumetric fraction of the
dispersed particle is shown in Figure 6.

It can be seen from Figure 4 that after fixing the volumetric
fraction of the dispersed particles, while changing the size of the
dispersed particles, the reactivity calculation deviation of VHM
and the theoretically modified optical length are almost linear at
different enrichment of UO, fuel particles or fuel matrix. The
larger the theoretically modified optical length, the larger the
calculation deviation of VHM. The use of theoretically modified
optical length can reflect the law of different matrix enrichment
better than optical length.

It can be seen from Figure 5 that after fixing the fuel
enrichment, while changing the volumetric fraction of the
dispersed fuel particles or burnable poisons, and changing the
dispersed particle size at the same time, the reactivity calculation
deviation of VHM and the theoretically modified optical length is
also almost linear, except for the case where the fuel phase volume
is less than 10%. The larger the theoretically modified optical
length, the greater the reactivity calculation deviation of VHM.
Because the fuel volumetric fraction of less than 10% rarely
occurs, we will not analyze it in detail here. The use of
theoretically modified optical length can reflect the law of
different volumetric fractions of particles better than optical
length.

It can be seen from Figure 6 that the relationship between the
reactivity calculation deviation of VHM and the theoretically
modified optical length are almost linear when the influence
factors of fuel enrichment, particle phase volume, and particle size
change. The greater the theoretically modified optical length, the
larger the calculation deviation of VHM. When the theoretically
modified optical length is 107 the cell reactivity calculation
deviation of VHM is about 100 pcm.

CONCLUSION

In this paper, by analyzing the reactivity calculation deviation of
VHM on particle-dispersed fuel and burnable poisons and its
influencing factors, the type of dispersed particles, the type of
matrix, the particle size, and other factors are integrated into the
optical length, and further research is carried out to integrate the
enrichment of fuel matrix and particles, the volumetric fraction of
the dispersed particles, and the size of dispersed particles are into
the physical quantity of the theoretically modified optical length,
and the judgment methods of the particle-dispersed fuel and
burnable poisons are integrated into a calculation formula, and
the intuitive physical boundary of whether the DH system needs
to be considered is given. For particle-dispersed fuel and burnable
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FIGURE 5 | Relationship between reactivity deviation and optical length or theoretically modified optical length under different volumetric fraction of particles.
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FIGURE 6 | Relationship between reactivity deviation and optical length or theoretically modified optical length.

poison systems in FCM fuel loaded in pressurized water reactor,if ~ 100 pcm, and a DH calculation program needs to be used to
the theoretically modified optical length is greater than 107, the  consider the DH of the dispersed particles and the matrix in the
reactivity calculation deviation of VHM will be greater than  system.
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