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The Volumetric Homogenization Method (VHM) is one of the most commonly
used methods for neutronics calculation in reactors or components. However,
the use of VHM for the Double-Heterogeneous (DH) System may lead to a large
deviation in reactivity calculation. The deviation of DH System using the VHM can
be expressed by the theoretically modified optical length. When the theoretically
modified optical length is less than 107%, the deviation caused by the VHM will be
less than 100 pcm. This paper points out that the existing theoretically modified
optical length for some cases of DH systems is not accurate, and this method is
only for pin cell. In this paper, by calculating a series of DH models and their
corresponding VHM models, it is found that the water-uranium ratio and the
shape of fuel region seriously affects the reactivity calculation deviation of
particle-dispersed fuel, the original modified optical length does not take this
into account, resulting in unacceptable errors. On this basis, the application of
optical length to physical boundaries for DH system is further discussed and the
shape correction factor is taken into consideration. Therefore, an improved
optical length is proposed, which greatly expands the range of application of
the physical boundary judgment methods for the double heterogeneity of
dispersed particle fuel. The numerical results show that the accuracy of the
improved optical length in defining the physical boundary of double
heterogeneous system is higher than the theoretically modified optical length.

KEYWORDS

double-heterogeneity, fuel plate, reactivity calculation deviation, optical length,
judgment methods of physical boundary, volumetric homogenization

1 Introduction

Dispersed fuel particles have the characteristics of containing fission products at high
temperature and deep depletion, and blocking the release of fission gas and fission debris
out of the fuel pellets. So they are widely used in high temperature gas reactors (HTR) (Zhai
etal,, 2004) and Fully Ceramic Micro-encapsulated fuel (FCM) design in light-water reactor
(LWR) (Powers et al., 2013; Terrani et al., 2012).

DH system mainly includes particle-dispersed burnable poison and particle-dispersed
fuel, which has a complex geometric structure due to the random distribution of its
dispersed particle (Weng et al., 2021). The double heterogeneity leads to high computational
costs for fine calculations, and DH system cannot be described by traditional neutronic
calculation programs (Sanchez and Pomraning, 1991; Hébert, 1993; Kim et al., 2005). To
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solve the problem, many equivalent solutions of neutronics
calculation are proposed, such as Reactivity-equivalent Physical
Transformation (RPT)method (Lei et al., 2020; Li et al., 2018),
the equivalent homogenization method (She et al, 2017)
implemented in VSOP (Teuchert et al., 1994) and PANGU (She
etal, 2018; She et al., 2021), the volumetric homogenization method
(VHM), subgroup method for the resonance treatment, the
Sanchez-Pomraning method (Sanchez and Pomraning, 1991;
Hébert, 1993) implemented in Dragon and Apollo. These
methods often require fine calculations to generate the initial
solution, and the fine computational processing is more complex
and time-consuming (Wu et al., 2021). Among these methods, the
VHM is simpler and faster than others.

In the VHM method, the original DH System is transformed
into a conventional single-heterogeneous one, which is directly
processed by deterministic programs. It is one of the most
commonly used methods to deal with DH System.

The VHM process of the DH System is shown in Figure 1, where
the dispersed particle material is mixed with the matrix material
according to a volume fraction and then filled into the fuel zone.
Then, a transition from a DH System to a conventional single-
heterogeneous system has done.

At different scales of geometries (i.e., fuel pin, fuel block, full
core) which based on the Modular High-Temperature Gas-cooled
Reactor, the impact of VHM on the reactor physics parameters
was evaluated by Golesorkhi et al. (Golesorkhi et al., 2023), It is
found that the calculation time is greatly reduced by using VHM
for the calculation object, but it also brings errors. This is because
of the spatial self-shielding effect under the special spatial
structure of the DH system. When a neutron enters a fuel
particle, the neutron is first absorbed by the outer layer. This
means that the elements on the outside of the particle can
preferentially absorb more neutrons than the inside, and fewer
neutrons can enter the inside of the fuel particle, which means
that the inside is shielded by the outside, resulting in the neutron
collision probability error. Accurate modeling and analysis are
essential for this kind of DH system. When the VHM is not
applicable, the program with double heterogeneity processing
ability must be used for analysis and calculation (Alrwashdeh
et al., 2020).
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To solve this problem, many treatment methods have been
proposed and applied to reactor core physical analysis. For example,
Alameri et al. analyzed the effect of integral fuel burnable absorber
(IFBA) coated the tri-structural isotropic (TRISO) on prismatic-core
advanced high temperature reactor by collision of probability
calculation method (Alameri and Alrwashdeh, 2021; Alrwashdeh
et al., 2020). In addition, the RPT method is also an extension of the
VHM and it has been proved to be effective in burnup calculation for
DH system (Alrwashdeh et al, 2019). However, these methods
require program with double heterogeneity processing capabilities
for calculation. Compared with these methods, the volume
homogenization method is undoubtedly the most simple
and effective.

The DH System is complex and diverse, and the deviation
caused by the VHM is also different. Therefore, a determination
method is needed to quantify the error caused by the VHM, which
can determine whether the DH System can be directly treated
by the VHM.

The Nuclear Power Institute of China comprehensively
considers the cross-section of dispersed particles and materials,
particle size, and the mutual shielding effect between particles,
and proposes the theoretically modified optical length (Lei et al,
2022) to define the DH physical boundary of the dispersed
particle system.

The theoretically modified optical length is pointed out when the
VHM can be used directly and when the DH of the system must be
considered. The model shows that for the vast majority of particle-
dispersed burnable poison, the double heterogeneity of system must
be considered. However, for the dispersed particle fuel, the
theoretically modified optical length has two shortcomings.
Firstly, when the volumetric fraction is less than 10%, the
existing theory model is invalid. Second, the theoretically
modified optical length cannot explain that, the homogenization
method will produce positive deviation in some cases, while it will
produce negative deviation in other cases. Therefore, the model
needs to be further improved. In this paper, it is found that the
water-uranium ratio and the shape of the fuel region will affect the
double heterogeneity of the dispersed particle fuel, which is one of
the key factors affecting the volumetric homogenization method
deviation of dispersed particle-type fuel.
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TABLE 1 Main parameters of fuel pin.

10.3389/fenrg.2024.1321444

TABLE 3 Parameters of dispersion particle model.

Pitch, cm 1.0-1.6 (interval 0.1) Material of matrix Zr

Radius of fuel region, cm 0.4096 Density of matrix, g/cm® 6.5

Thickness of air gas, cm 0.0084 Material of particles Uo,

Material of clad Zr Size of particles, micro-m 100-500 (interval 100)
Thickness of zirconium clad, cm 0.057 Enrichment of fuel, % 20

Density of zirconium clad, g/cm’ 6.5 Volumetric fraction of fuel particles, % 5,10,20,30

Density of moderate H,O, g/cm® 1.0 Density of fuel particles, g/cm’ 10.41

Temperature,K 300

TABLE 2 Main parameters of fuel plate.

Length of fuel plate, cm 22
Width of fuel plate, cm 0.4
Length of fuel region, cm 2.1
Width of fuel region, cm 0.3

Thickness of water, cm

Material of clad Zr
Thickness of zirconium clad, cm 0.05
Density of zirconium clad, g/cm’ 6.5
Density of moderate H,O, g/cm’ 1.0

In this paper, the OpenMC is used to model the dispersed
particle-type fuel with an explicit method (Romano and Forget,
2012), and the double heterogeneity of the dispersed particle
system is further discussed. In this study, the particle model was
used as the benchmark solution. In order to eliminate the
calculation differences between different programs, the model
after volumetric homogenization method was also calculated by
OpenMC as a comparison. Aiming at the characteristic that the
water-uranium ratio and the shape of fuel region will
significantly affect the double heterogeneity of the dispersed
particle system, the deviation effect caused by the volumetric
homogenization method under the three variables: volumetric
fraction, water-uranium ratio and particle size is explored.
At the same time, the discussion scope is extended to the
dispersion fuel plate, and the shape correction factor
is proposed.

The numerical results show that the improved optical length
solves the problem that the original modified optical length is
not suitable for the determination of the double heterogeneity of
the dispersion fuel plate, and improves the prediction accuracy
of the modified length for the
homogenization calculation deviation of the

optical volumetric
reactivity
dispersion fuel with different volumetric fraction and

different fuel region shapes.

Frontiers in Energy Research

2 Calculation object

In this paper, the fuel cell with total reflection boundary
condition is studied. The main parameters of fuel pin are shown
in Table 1, the parameters of fuel plate are shown in Table 2, and the
parameters of random dispersion particle are shown in Table 3. The
model diagram is shown in Figure 2. The calculation examples cover
the types of fuel pin and fuel plate with particle sizes of 100-500 pm
under different water-uranium ratios and volumetric fraction of
dispersed particles. DH systems with different particle sizes but the
same UQO, ratio correspond to the same VHM model. For a given
DH system with a specified UO, ratio, we calculated only one VHM
model as the benchmark and compared it with DH models with
different particle sizes. Since the hydrogen nucleus in the moderator
water plays a major role in the neutron slowing-down process, the
ratio of the number of hydrogen nuclei per unit volume to the
number of heavy metal nuclei (H/HM) is used as the water-uranium
ratio. In this paper, it is recorded as R, and the specific calculation
method is Eq. |

2 (szo ) %;) Vi
R= (1)

(pUzo : %‘:O) Ve Vp

In this formula, V); and V are the volume of moderator and
fuel zone respectively. Vp is dispersed particle volumetric fraction,
P00 Pu,o are the density of water and fuel, Mp,0, Mu,o is atom of
water and fuel, N4 represents the Avogadro constant, all units are
international.

3 Volumetric homogenization method
deviation analysis of dispersed fuel

The Monte Carlo program OpenMC developed by MIT
(Romano and Forget, 2012) 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 2.

To analyze the calculation deviation caused by the volumetric
homogenization method of the DH System, the volumetric
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FIGURE 2

Schematic diagram of random distribution of dispersed particles. (A) Top View of Fuel Pin. (B) Top View of Fuel Plate.

UO, Volumetric fraction 5%

500 -
0
g
Y -5001
=
S
S —1000 A
o
3
< 1500 -
> :
£~ -@- 1.0cm > .
> ] Ng <.,
B 20007 % 11cm N, A
e <A+ 1.2cm g
o -2500- -M- 1.3cm o o
—4- l.4cm .\‘\
-4+ 1.5cm e
—30001 . 1.6cm S
100 150 200 250 300 350 400 450 500
radium/um
UO> Volumetric fraction 20%
4004 -@- 1.0cm -9
3004 ™
£
Q
Q 2001 .4
C
S
S 100 A
o
>
3 of
>
£
> 100+
=
1o}
3 —2001
4
-300 4
s
100 150 200 250 300 350 400 450 500
Radium/um
FIGURE 3

UO, Volumetric fraction 10%

500 4
—~ 2501
IS
a
= 0
=
s}
2
O -2501
S
[}
©
> =500+
£
2 b < ~
B _y50] F Llem ™
© k- 1.2cm S =
g ~Mm- 1.3cm Mb“n\ g
—-10001 —4- l.4cm S
4+ 1.5cm TN
~p- 1.6cm T~
-1250 4
100 150 200 250 300 350 400 450 500
radium/pm
UO> Volumetric fraction 30%
300 4
£
S 2004
=
C
o
& 1004
>
[}
©
Z
>
2
|9}
@ -1001
[~4
-200 TSy

100 150 200 250 300 350 400 450 500
Radium/um

Reactivity calculation deviation curve with particle sizes under different UO, volumetric fraction and pitch of cell

fraction in this paper is selected from 5%-30% volumetric
fraction, the pitch length is selected from 1.0 to 1.6 c¢cm, and
the particle radius is from 100 to 500 pum. The numerical
simulation calculation and analysis of the particle model are
as follows.

Frontiers in Energy Research

3.1 Effect of particle size
The main calculation results are shown in Figure 3, in which

1.0-1.6 indicates that the pitch of cell is 1.0-1.6 cm. Each figure
shows the reactivity calculation deviation curve with particle size
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Reactivity calculation deviation curve with water-uranium ratio under different UO, volumetric fraction and particle sizes.

between the VHM and particle model of the Monte Carlo program
under different fuel volumetric fractions and different pitch of cell.

It can be inferred from Figure 3 that the larger the particle
radius, the larger the deviation will be. This is due to the spatial self-
screening effect, the larger the particle radius is, the more intense the
self-screening effect is, so the deviation of the VHM model is larger.
Moreover, there must be a certain pitch for the fuel pin. Under the
water-uranium ratio corresponding to the pitch, no matter how the
particle size changes, the reactivity calculation deviation of the VHM
will always be close to 0, and the water-uranium ratio corresponding
to the pitch is called the minimum deviation point. We adopt the
linear interpolation method to determine the minimum deviation
point. The steps are as follows. Taking Figure 4 as an example, we
first use the linear interpolation method to obtain the intersection
point of each specific particle size curve and the x-axis, and then
calculate the average value of these intersection points x coordinates.
The minimum deviation point is obtained. When the water-
uranium ratio is at the minimum deviation point, the particle
size has little effect on the reactivity calculation deviation of
VHM for the dispersed fuel particles. When the water-uranium
ratio obviously deviates from the minimum deviation point, the
absolute value of the calculation deviation will increase with particle
size. When the water-uranium ratio is close to the minimum
deviation point, the calculation deviation of reactivity caused by

Frontiers in Energy Research

the volumetric homogenization method is still less than 100pcm
even if the particle radius increases to 500 pum.

3.2 Effect of water-uranium ratio

To investigate the inconsistency of positive and negative values
of reactivity calculation deviation caused by volumetric
homogenization method at different volumetric fraction of
dispersed particles, the volumetric fraction is kept constant and
the ratio of water to uranium is changed. The numerical results show
that the volumetric fraction change will lead to the deviation caused
by the VHM from positive to negative, which is mainly caused by the
water-uranium ratio rather than the volumetric fraction. Compared
to the VHM model, the DH model will have a less overall neutron
absorption due to the spatial self-screening effect. That mean the
lower the probability of neutron collision with the fuel in the DH
model. In fuel particles, the shielding effect of thermal neutrons is
higher than that of resonance neutrons. Therefore, with the increase
of the water-uranium ratio, the thermal neutrons start to become
more numerous, and the self-screening effect is further aggravated,
which leads to the decrease of the ki,r of the DH model, so the
calculation deviation will gradually decrease. It can be seen from

Figure 4 that when the water-uranium ratio is less than the
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TABLE 4 Relationship between optimal water - uranium ratio and minimal deviation point for fuel pin with different volumetric fraction.

Volumetric fraction of fuel particles (%)

The optimum water-uranium ratio

Minimum deviation point

5 21.83 23.90
10 15.09 18.25
20 11.03 10.82
30 9.96 8.52

minimum deviation point, the volume homogenization will cause a
positive deviation. When it is greater than the minimum deviation
point, volume homogenization will cause a negative deviation. And
the farther the water-uranium ratio deviates from the minimum
deviation point, the larger the homogenization deviation is. For fuel
pin, the deviation between the minimum deviation point and the
optimum water-uranium ratio is within 10%. Therefore, the effect of
water-uranium ratio must be considered when quantifying the
deviation caused by the volumetric homogenization method of
the double heterogeneous system.

The minimum deviation point calculation method is
calculated by linear interpolation. Firstly, the particle size and
volumetric fraction are determined, and the intersection point
with the x-axis is obtained by linear interpolation, which is the
minimum deviation point under the particle size, recorded as R;.
Then the average value R is the minimum deviation point value
under the volumetric fraction. Table 4 lists the relationship
between the optimal water-uranium ratio and the minimum
deviation point under each volumetric fraction. In this paper,
the optimal water-uranium ratio is determined by the uniform
sample point method. The sampling points are shown in the Kj,¢
curve in Figure 4, and the maximum value is taken as the optimal
water-uranium ratio.

3.3 Effect of volumetric fraction

Figure 4 shows the relationship between the deviation and each
factor for 5, 10, 20, and 30 volumetric fraction in turn. From the four
subplots, it can be seen that the curves for the different radii have an
intersection point, which corresponds to a calculated deviation of
exactly 0. Volumetric fraction affects the calculation deviation by
influencing the Water-Uranium Ratio. It can be seen from Figure 4
that as the volumetric fraction increases, the pitch corresponding to
the optimal water-uranium ratio also changes, and the deviation
caused by volumetric homogenization method is also decreasing.
For a specific size of the fuel pin, as the volumetric fraction increases,
the optimal water-uranium ratio corresponding to the cell pitch
also changes. The cell transits from undermoderation to
overmoderation, and the deviation will also change from negative
to positive.

3.4 Effect of fuel region shape

The change in water-uranium ratio will cause a change in
energy and the previous
discussion shows that the distribution of the neutron energy

neutron spectrum  distribution,
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spectrum will affect the reactivity calculation deviation of VHM
for the dispersed fuel particles model. The double heterogeneity
caused by dispersed fuel particles under different reactor structures
is not consistent, so another fuel region shape in PWR--fuel plate
is discussed.

To explore whether the fuel plate has the same characteristics of
double heterogeneity as the fuel pin, the plate dispersion fuel model
with different pitch, different volumetric fraction and different
particle sizes is explored. The specific description of the example
is shown in Table 2.

It can be seen from Figure 5 and Figure 6 that the variation trend
of the calculation deviation of the homogenization for the dispersion
fuel plate with the water-uranium ratio, particle size, volumetric
fraction, and other factors is almost the same as that of the fuel pin.
The reactivity calculation deviation of VHM for dispersion fuel plate
will increase with the increase of particles, and the water-uranium
ratio will also significantly affect the trend of reactivity calculation
deviation of VHM. Similar fuel pin, the reactivity calculation
deviation of VHM for dispersion fuel plate also has a minimum
deviation point at a specific water-uranium ratio, but the difference
is that the minimum deviation point is not exactly equal to the
optimal water-uranium ratio point. According to numerical
experience, the minimum deviation point is about 1.25 times the
optimal water-uranium ratio for dispersion fuel plate The
relationship between the minimum deviation point and the
optimal water uranium ratio under the volumetric fraction of the
fuel plate and the fuel pin is shown in Table 4 and Table 5.

From Table 4, it can be seen that the optimal water-uranium
ratio is closest to the minimum deviation point when the UO, ratio
is 20%. To ensure the safety of PWR, the current reactor water-
uranium ratio is usually lower than the optimal water-uranium ratio,
which means that the ki,s of GM model is larger than the VHM
model., a negative deviation is introduced by using the VHM
method. As the water-uranium ratio in the reactor increases with
depletion, the deviation caused by the VHM method decreases. In
addition, during the depletion, due to the spatial self-shielding effect,
the fuel element consumption in the outer layer of the particle is
higher than that in the inner layer, which leads to the decrease of the
particle radius, and the error induced by the VHM method will
also decrease.

4 Judgment formula for physical
boundary of dispersion fuel system

Since the theoretically modified optical length does not take into
account the reactivity calculation deviation of VHM under different
water-uranium ratios, the determination effect of dispersed particle
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FIGURE 5

Reactivity calculation deviation curve for fuel plate with particle sizes under different UO, volumetric fraction and pitch of cell.

fuel with different volumetric fraction of dispersed particles under
fixed pitch is not satisfactory, especially in the case of low volumetric
fraction, and the influence of different reactor structures is not
considered. Therefore, it is necessary to propose a new correction
method for the double heterogeneity boundary judgment formula of
dispersed particle fuel systems.

4.1 Relationship between self-shielding
effect and theoretically modified
optical length

The
homogenization method is related to many factors. For the

reactivity deviation calculation of the volumetric

dispersed particle fuel, whether the system needs to consider
double heterogeneity can be judged by theoretically modified

optical length (Lei et al., 2022), as shown in Eq (2).

VA%
S, — Zpldp Lt > & )
10

In the formula, %, is the macroscopic section of the matrix
material, and the unitis cm™" ;X p is the macroscopic cross section of

granular material, the unit is cm™ ; d,, is the particle radius, and the
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unit is cm™1. Vp is the volumetric fraction of the dispersed particles,
ranging from 0 to 1.0, and € is the modified optical length limit.

The physical meaning of the judgment equation is that the macro
cross-section difference between the particle material and the matrix
material will cause the neutron flux difference between the materials,
and the particle size will also cause the spatial self-shielding effect and
affect the flux gradient inside the particles. At the same time, the
volumetric fraction of dispersed particles will also cause the mutual
shielding effect between the particles. When the flux difference between
the matrix and the interior of the particles reaches a certain degree, at
which the theoretically modified optical length reaches 107, the
reactivity calculation deviation of VHM for the dispersed fuel
particles will exceed 100pcm.

4.2 Relationship between self-shielding
effect and the improved optical length

The above theoretically modified optical length considers not only the
effect between the matrix and a single particle but also the mutual
shielding effect between particles. However, the formula is not ideal for
the fitting of dispersed fuel particles with different volumetric fraction of
dispersed particles The reason is that the change of water-uranium
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Reactivity calculation deviation curve for fuel plate with water-uranium ratio under different UO, volumetric fraction and particle sizes.

TABLE 5 Relationship between optimal water - uranium ratio and minimal deviation point for fuel plate with different volumetric fraction.

Volumetric fraction of fuel particles, %

The optimum water-uranium ratio

Minimum deviation point

5 23.08 29.75
10 15.56 ‘ 21.17
20 11.43 ‘ 12.94
30 10.5 ‘ 11.42

ratio caused by the change of volumetric fraction is ignored, and
the shape of the fuel cell will also affect the double heterogeneity of
the system. The original theoretically modified optical length
separately discusses the influence of volumetric fraction on the
calculation deviation, so sqrt (Vp) is used as the correction term. It
can be seen from Figure 7 that the fitting effect is not ideal. It can be
seen from the discussion in Section 3 that the volumetric fraction is
not the fundamental factor affecting the calculation deviation. The
reason why the volumetric fraction affects the calculation
deviation is that the change of the volumetric fraction leads to
the change of the water-uranium ratio and the minimum deviation
point, and the calculation deviation is related to the degree of the
current water-uranium ratio deviating from the minimum
deviation point. The improved optical length introduces R/Rpest

Frontiers in Energy Research 08

to quantify the degree of deviation. When discussing the fuel plate,
it is found that the optimal water-uranium ratio does not coincide
with the minimum deviation point, so the shape coefficient k is
introduced to correct it. Finally, it can be seen from Figure 4 and
Figure 6 that the effect of water-uranium ratio on the calculation
deviation is non-linear. The smaller the water-uranium ratio, the
greater the effect of the water-uranium ratio on the calculations
deviation, the results of this data are consistent with the
characteristics of a logarithmic function, so the logarithmic
function is introduced as a correction. In addition, in order to
be the same as the theoretically modified optical length limit used
to determine the dispersed particle poison, the constant term is
adjusted. Thus, Eq. 3 can be derived. Combined with the above
research, Eq. 2 can be modified to Eq. 3.
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volumetric fraction.

R ev ~
[, — 2|, 2"0 > (3)
R
o= o5 W

In this formula, k is the shape coefficient which defined as the
ratio of the minimum deviation point to the optimal water-uranium
ratio for the fuel cell and Ry, is the deviation of water-uranium
ratio; R is the water-uranium ratio of the current cell; Ry is the best
water-uranium ratio corresponding to the current fuel cell.

The improved optical length takes into account the influence of
the water-uranium ratio of the cell, and the influence of the
volumetric fraction is re-corrected. The shape correction factor k
is also given for different fuel region shapes. The numerical analysis
shows that for the dispersed fuel particles, the larger the volumetric
fraction of dispersed particles, the smaller the absolute value of the
deviation of VHM when the pitch and particle size remain
unchanged. The change in fuel region shape will lead to the
deviation of minimum deviation point. Therefore, the shape
coefficient k is used to correct the water-uranium ratio deviation
coefficient.

Frontiers in Energy Research

4.3 Numerical results

For the dispersion fuel particle system described in this paper,
the relationship between the reactivity calculation deviation of the
volumetric homogenization method and the theoretically modified
optical length and the improved optical length under different
volumetric fractions after fixing the pitch is shown in Figure 7.
Then Figure 8 shows the relationship between the reactivity
calculation deviation of the volumetric homogenization method
and the modified optical length and the improved optical length
under different pitch after the volumetric fraction of dispersed
particles is fixed. Finally, Figure 9 shows the relationship between
the reactivity calculation deviation of VHM for the fuel plate and the
theoretically modified optical length and the improved optical
length by fixing the volume of dispersed particles and changing
the plate spacing.

It can be seen from Figure 7 that when the pitch is fixed, the
volumetric fraction of the dispersed particle fuel is changed, and the
size of the dispersed particles is changed. The improved optical
length is almost linearly related to the reactivity calculation
deviation of VHM. The larger the improved optical length, the
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larger the deviation of the volumetric homogenization method. The
improved optical length fits better with the reactivity calculation
deviation of the homogenization for the dispersed particle fuel under
low volumetric fraction, and can correctly reflect the positive and
negative values of the deviation. The improved optical length can
better reflect the law under different volumetric fraction of dispersed
particles than the original.

It can be seen from Figure 8 that when the volumetric fraction
of dispersed particles remains constant, the pitch of the dispersed
particle fuel is changed, and the size of the dispersed particles is
changed at the same time. The improved optical length is almost
linear with the deviation of the homogenization reactivity
calculation. Compared with the original theoretically modified
optical length, the improved optical length expands the
application range of the judgment method for the double
heterogeneity. The improved optical length can better reflect
the reactivity calculation deviation law of the homogenization for
the dispersed fuel particle system under different water-
uranium ratios.

The noteworthy phenomenon in Figure 8 is the behaviour of
the improved optical length for the 1.3 cm case. They are stuck at 0
(in the x-axis). There are two reasons for this phenomenon. First,
the error caused by the limitation of the number of sampling

Frontiers in Energy Research

10

points. In this paper, the sampling method is used to find the
optimal water-uranium ratio. There is an error in this method. For
the case where the volumetric fraction is 20% and the pitch is 1.3 in
Figure 8, the water-uranium ratio reaches the optimal when the
pitch 1.3cm. Therefore, the improved optical length
corresponding to all cases under this pitch is 0, but the actual
optimal water-uranium ratio is slightly deviated, which results in

is

this phenomenon. Second, the statistical error of Monte Carlo
method. It can be seen from the original data that in the case that
pitch is 1.3cm, the deviation values corresponding to different
particle sizes are —4.4pcm, 15.0pcm, 0.2pcm, —18.2pcm, —22.2pcm.
The fluctuation is within £20pcm. This phenomenon is within the
statistical fluctuation of Monte Carlo calculation. Therefore, if it is
necessary to improve the accuracy of determination, it is necessary
to accurately find the best water-uranium ratio and improve the
accuracy of Monte Carlo calculation.

As can be seen from Figure 9, for the dispersion fuel plate, the
new judge method makes up for the problem that the theoretically
modified optical length cannot accurately define the DH physical
boundary of the dispersion fuel plate. After using the new judgment
formula, the reactivity calculation deviation of the VHM for the
dispersion fuel plate is almost linear with the improved
optical length.
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The numerical results show that for the dispersed particle fuel,
the impact when the particles was introduced on the neutronics
calculation depends not only on the properties of the particles, but
also on the cell parameters. Through the analysis of Eq. 3, it can be
seen that the deviation caused by VHM is not constant, but is closely
related to the water-uranium ratio and size of particle. It can be seen
from Figure 4 that for fuel plate, VHM overestimates the reactivity
when the cell is on undermoderation, and the situation is opposite
when it is on overmoderation. When the water-uranium ratio is
optimal, no matter how the particle size and volumetric fraction
change, the reactivity deviation calculated by VHM does not change
much. It can be seen from Figure 5 that for fuel plate, the calculation
deviation caused by VHM has the same trend, but the minimum
deviation point is about 1.2 times of the optimal water-uranium
ratio. When the volumetric fraction of fuel and water-uranium ratio
are constant, the particle size directly affects the calculation
deviation caused by VHM. From Figure 3 and Figure 5, it can be
seen that whether it is a fuel pin or a plate, the larger the particle size,
the greater the deviation caused. The positive and negative deviation
values caused by VHM are determined by the water-uranium ratio,
and the greater the water-uranium ratio deviation from the
minimum deviation point, the greater the deviation change rate
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length or improved optical length for fuel plate.

caused by the corresponding particle size change. The particle size
and water-uranium ratio jointly affect the error caused by the VHM.

In quantifying the size of the double heterogeneity introduced by
the dispersed particles, the improved optical length is more accurate
than the theoretically modified optical length, but there are also
some limitations. The linear fitting effect of the plate cell is not as
good as that of the pin cell. In some extreme cases (such as the pitch
is small, the water-uranium ratio is low, as shown in Figure 9), the
accuracy of the improved optical length has decreased, but the
deviation trend presented by the improved optical length still does
not change. Due to the extremely low water-uranium ratio is not
common in reactor design, the improved optical length still has a
good range in neutronics analysis of DH systems.

5 Conclusion

In this paper, it is found that the water-uranium ratio and the
shape of the fuel region will seriously affect the reactivity calculation
deviation of the volumetric homogenization method for dispersion
fuel system, and the original modified optical length does not
consider this, so it causes unacceptable errors.
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The numerical results show that the volumetric fraction change
will lead to the deviation caused by the VHM from positive to
negative, The reason for this phenomenon is mainly due to the
change of water uranium ratio caused by the change of volumetric
fraction, rather than the effect of pure volumetric fraction.

The relationship between the reactivity calculation deviation of
VHM for the dispersion fuel system and various factors under
different water-uranium ratios is reanalyzed, and the influence of
some parameters is corrected. The factors such as the size of
dispersed fuel particles, the water-uranium ratio of the cell, the
volumetric fraction of the particle, and the particle size are
integrated into the improved optical length.

An improved optical length is proposed, which can better reflect
the reactivity calculation deviation of VHM for the dispersed fuel
particles under different volumetric fraction of dispersed particles.
Moreover, the new formula can also reflect the positive and negative
deviation values caused by the volumetric homogenization method.
In addition, this paper also analyzes another fuel cell type in
PWR—fuel plate, and integrates the shape coefficient into the
improved optical length. When the absolute value of the
improved optical length exceeds 107, the reactivity calculation
deviation of the VHM for the dispersed particle fuel will exceed
100pcm, which needs to be considered by the double heterogeneity
calculation program. The improved optical length not only solves
the problem that the original one cannot linearly characterize the
reactivity calculation deviation of the VHM for the dispersion fuel
system under different volumetric fractions but also makes the
judgment formula capable to predict the double heterogeneity of
the fuel plate, which improves the accuracy of the judgment formula
for the double heterogeneity of dispersion fuel and expands the
range of it. The numerical results show that the accuracy of the
improved optical length in defining the physical boundary of double
heterogeneous system is higher than the theoretically modified
optical length.

For some reactors that contain a large number of particle-
dispersed fuels, the improved optical length can help designers
quickly simplify the grating geometries in the assembly during
simulation, thereby avoiding the consumption of computing for
processing double heterogeneity, it plays an important role in
improving the efficiency of simulation for the reactors that
contain a large number of particle-dispersed fuels.

In addition, the improved optical length also represents the size
of the double heterogeneity of the particle-dispersed fuel system,
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