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To study the packing effects of the truncated coated fuel particle (CFP) on the criticality for the High
Temperature engineering Test Reactor (HTTR), four alternative models including the truncated uniform
model, the non-truncated uniform model, the truncated random model and the non-truncated random
model for the arrangement of CFP in fuel compact were used, and the neutronic and criticality calculation
were performed by using Monte Carlo MCNP6 code with ENDF/B-VII.1 cross section library. The results
showed that the infinite multiplication factors (kiy) in the truncated models were lower than those of the
non-truncated models regardless of the uniform or random arrangement, and the four factors in the four-
factor-formula showed that the difference of k;,s was mainly attributed to the resonance escape probability.
The difference in resonance escape probability is caused by the increase of capture reactions in the
resonance region as the influence of spatial-self-shielding-effect. It is because the equivalent kernel
diameter of the CFP for the truncated model is smaller than that of the non-truncated model.
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1. Introduction

High-Temperature engineering Test Reactor (HTTR)" is the first Japanese High-Temperature Gas-cooled
Reactor (HTGR) established in the Oarai Research and Development Center of Japan Atomic Energy Agency
(JAEA). HTTR is a 30-MWy, prismatic type reactor, helium gas cooled and graphite moderated with the outlet
temperature up to 950°C. Coated Fuel Particles (CFPs) play an important role in the inherent safety feature of
the HTTR design. However, the random distribution of the CFPs in the fuel compact makes the simulation of

the HTTR become more complicated.

Nowadays, even though the supercomputers are powerful to enable the Monte-Carlo simulation of
complex nuclear systems, there is a difficulty to simulate exactly the stochastic arrangement of CFPs in the
HTGR in general as well as the HTTR in particular. In order to deal with the stochastic media, the Statistical
Geometry model (STG) was developed and embedded into MVP code? by JAEA. The STG model had been
validated with a good agreement between the calculation results by MVP code and the experiment results from

the first criticality of the HTTR?.

Currently, the numerical code MCNP™ with the latest MCNP6 version” is one of the most well-known
and popular Monte-Carlo codes for validation of nuclear systems. However, there is a remarkable challenge for
evaluating the HTTR by using MCNP code due to the fact that it does not provide an appropriate function for
modeling stochastic media of the fuel compact. For simplification, the uniform placement of the CFPs in
lattice geometry was often used. For example, the CFPs are located in the infinite or finite cubical lattice”. The
difference between the infinite and finite lattices is that in the case of the infinite model the CFPs can be
truncated at the surface of the fuel, whereas in the case of the finite model there are no truncated CFPs at the
surface of the fuel. Due to the simplification, the uniform model was widely applied in the calculations for the

HTTR, such as benchmark evaluation of HTTR® using MCNP code.

The previous approaches for packing CFPs in the HTGR can be divided into two categories; one has
truncated CFPs and the other has no truncated CFPs. The critical results showed that the truncation models
make the multiplication factor differ significantly in comparison with the non-truncation models. For example,
the previous study”’ showed the numerical results of MCNPS5 calculation for the NGNP prismatic core design”,
in which the truncation model gave lower kg of about 260 pcm than the non-truncation model. The evaluation
by MCNPX for GT-MHR? also showed about 550 pem different in the ke, with the truncation model giving
the lower value than that of non-truncation model. Another studylo) performed the burnup calculation for HTR

11),

prismatic fuel block using MCBS5 code ’; at the beginning-of-cycle (BOC) the truncation model presented

lower kg value than that of non-truncation model, about 200 pcm for low packing fraction and 500 pcm for
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high packing fraction. Unfortunately, the explanation for the difference between the truncation and non-
truncation models was often omitted in the previous studies. Therefore the physical effect of the truncated

CFPs to the criticality of the systems could not be understood clearly.

It should be mentioned that the previous benchmarks for the whole core of HTTR overestimated the ke by
about 1.0 %Ak/k corresponding up to approximately 10 cm difference of the control rod position (ACR)
between the calculation and measurement. It means that the change of only 0.1 %Ak/k (or 100 pcm) in keg
makes the control rod position need to be changed by about 1 cm. The standard deviations of 0.1 %Ak/k (or
100 pcm) and ACR of 1 cm for the kes and the control rod position, respectively, are also required for the
benchmark of HTTR not only in the calculation but also in the experiment. On the other hand, it is necessary to
keep the control rod of metallic component in a high position of reactor core during operation. The highly
accurate prediction technology of control rod position has been pursued. This technology is expected useful to
reduce the design margin for core design to improve the economy of commercial HTGR. Therefore, even if the
uncertainty caused by the effect of truncated CFP is small, it is necessary to be estimated for the actual

evaluation of the HTTR.

The purpose of this study is to show the effect of truncated CFPs to the criticality of the specified HTTR
fuel not only in the uniform arrangement but also in the random arrangement of CFP. Hence, 4 different
models were used including the truncated uniform arrangement, the non-truncated uniform arrangement, the
truncated random arrangement and the non-truncated random arrangement. The impact of the truncated CFP
on the criticality of the systems was investigated in detail to understand the physical phenomenon obviously.
The criticality and neutronic calculations were carried out by using the latest version MCNP6 and the

ENDF/B-VII.1 cross-section library.

2. Design of HTTR

A schematic view of the HTTR is shown in Fig. 2.1. The 2.3-m-diameter, 2.9-m-high prismatic core
consists of 30 fuel columns with 5 stacking fuel blocks per each column. The fuel block is a graphite
hexagonal block, with 36 cm in width across flat and 58 cm in height as presented in Fig. 2.2. There are 31 or
33 fuel rods in each fuel block. Each fuel rod consists of 14 fuel compacts, in which about 13000 CFPs are
stochastically embedded in an annular graphite matrix. The uranium enrichments in the HTTR core vary from

3 to 10 wt%, in which the fuel blocks containing high enrichment are located at the top and outer region of the
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core to reduce the maximum power density during high-power operation. Detail specifications of the HTTR

fuel design are shown in Table 2.1.

3. Models of HTTR fuel compact

To investigate the effect of the truncation of CFPs on the criticality of HTTR reactor, four models of CFPs
arrangement are shown in this section as shown in Fig. 3.1. In the first two models (a) and (b), the effect of
truncated CFPs is investigated in the cases of uniform arrangement. After that, the last two models (c¢) and (d)

are used to show the truncation effect for the random arrangement.

3.1 Uniform with truncation

First, a CFP was placed in the center of a cubical cell. The length of the cubic was calculated to keep the
volume packing fraction of 30%. Next, the cubical cell including the CFP in the center was expanded with
repeated geometry feature. After that, the infinite universe containing single cubical lattice was filled in the
annular fuel compact. This is the simplest method to model the distribution of the CFPs; however, the CFPs are

truncated at the inner and outer surface of the fuel compact as can be observed from Fig. 3.1(a).

3.2 Uniform with non-truncation

This method is the same as the method mentioned above except the truncated CFPs at the boundary of fuel
compact were visually eliminated. Then, the number of CFPs in each fuel compact was adjusted so as to

remain the volume packing fraction of 30%. The simulated fuel compact of this model is shown in Fig. 3.1(b).

3.3 Random with truncation

In order to model the random arrangement of the CFPs, a computer program has been developed to
generate a number of random points in a box'?. Each random point was used as the center of a corresponding

CFP. The fuel compact was then filled by the box lattice containing a number of random CFPs inside. The
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cross-section of this model is shown in the Fig. 3.1(c). It can be seen that the random distribution of CFPs was

presented explicitly; however, the CFPs were still truncated at the inner and outer surface of fuel compact.

3.4 Random with non-truncation

The simulation result of this model is shown in Fig. 3.1(d). In this model, a computer program was also
developed to generate a number of random points, however, in an annular geometry. The inner and outer
diameters of the annular geometry were the same as those of the fuel compact. Therefore, when the annular
lattice was filled in the fuel compact, there were no truncated CFPs at the surface of the fuel. As a result, this
model could not only model exactly the random arrangement of the CFPs but also remain their spherical

geometry.

4. Calculation model and conditions

The single fuel block model using in this study is shown in Fig. 4.1. The block geometry was surrounded
by a reflective boundary condition. The enrichment of uranium was about 6 wt%, which is the average
uranium enrichment in the HTTR. The neutronic and criticality calculations were performed by the MCNP6
code and the ENDF/B-VII.1 library. The uniform temperature of 293.6K for neutron cross-section was used. In
the calculation, the number of neutrons per cycle and the number of active cycles were 50,000 and 1000
(excluding 50 skip cycles), respectively, to achieve a standard deviation of about 0.0001 (10 pcm). The ki,s was

evaluated for the four CFP packing models as shown in Fig. 3.1.

5. Result and discussion

In the first step, the criticality calculations were performed for the fuel block using the uniform
with/without truncation models as shown in Fig. 3.1(a) and 3.1(b). As shown in Fig. 3.1(a), the number of

truncated CFPs could be visually counted, taking possession of approximately 10 percent of the total CFPs in
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the fuel compact. Therefore, it is expected that significant amount of the truncated CFPs can affect the
criticality of the system. Table 5.1 shows the difference of ki,s between the truncated and non-truncated models
for the uniform arrangement. The result showed that the difference of ks between the truncated model and

non-truncated model was about 550 pcm.

In the cases of random arrangement as presented in Fig. 3.1(c) and 3.1(d), the number of truncated CFPs
could be changed because of the arbitrary intersection between the CFPs and compact boundary. Therefore, 10
independent input files (corresponding to 10 differently random arrangements of CFPs) were prepared, 5
inputs for the truncated model and 5 inputs for the non-truncated model. The comparison of ki,r between the
truncated and non-truncated models in the cases of random arrangement is shown in Table 5.2. The truncation
models gave lower kj,r than that of the non-truncation model, from about 50 pcm to 200 pcm (120 pcm on
average). It should be mentioned that the difference was at least 5 times larger than the standard deviation of
the kiyr (0 = 10 pcm). Therefore, it is acceptable to discuss the difference between the two random models

physically.

It can be seen that the ki,s of truncated models decreased not only in the cases of uniform arrangement but
also in the cases of random arrangement. In order to explain the difference in ki, between truncated and non-
truncated models, four factors in the four-factor-formula were calculated. They were reproduction factor (#7),
thermal utilization factor (f), resonance escape probability factor (p) and fast fission factor (¢). Tables 5.3 and
5.4 showed the comparison of the four factors in the cases of uniform and random arrangement, respectively. It
can be seen that the higher ki, in the non-truncation models was mainly attributed to the resonance escape
probability (p factor), with the non-truncation models giving a higher value of about 0.1% and 0.3% for
random and uniform arrangements, respectively. It means that more neutrons were succeeded in slowing down

to the thermal energies region resulted in larger ki, in the cases of non-truncation models.

The change of resonance escape probability p can be explained from Fig. 5.1 which illustrated the
equivalent kernel diameter of a truncated CFP in the uniform model. It can be seen that the equivalent kernel
diameter of a truncated CFP is smaller than that of a normal CFP. And because of up to 10% CFPs is truncated
in the surface of the fuel, it makes the average kernel diameter in the cases of truncation model significantly
smaller than that of non-truncation model. The decrease of equivalent kernel diameter increased the capture of

the fuel in the resonance region as the influence of spatial-self-shiclding-effect'*)

. The spatial-self-shielding-
effect is independent of the random effect, where the criticality is decreased by random arrangement of CFPs.
In case of the spatial-self-shielding-effect it makes the ki,s decrease with the decrease of equivalent CFPs

diameter.

Figs. 5.2 and 5.3 present the comparison of the capture reaction rate between truncated and non-truncated
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model in the cases of uniform and random arrangement, respectively. It can be seen that due to the spatial-self-
shielding-effect the cases of truncation models (smaller equivalent kernel diameter) gave slightly higher
capture reaction rate in comparison with non-truncation models with a larger equivalent kernel diameter. The
increase of neutron capture decreased the thermal neutron flux, leading to lessen the ks in the case of
truncation model. The results can also be clearly understood from the comparison of the neutron flux in
resonance region between truncated and non-truncated models as illustrated in Figs. 5.4 and 5.5. The non-
truncation models gave higher neutron flux at resonance region due to smaller capture reaction rate in this

region.

6. Conclusion

The numerical investigation was carried out for various arrangements of CFP in fuel compact of the
HTTR, including the uniform arrangement with/without truncated CFP and the random arrangement
with/without truncated CFP. The criticality and neutronic calculations were performed for the HTTR prismatic

block model by using the MCNP6 code and the ENDF/B-VII.1 cross-section library.

The impact of truncated CFPs on neutronic characteristic was investigated for both the uniform and
random arrangements. The results showed that the truncated models gave lower ki, than those of non-
truncated models, regardless of the uniform or random arrangement of the CFPs. In the case of uniform
arrangement, about 10% of CFPs were truncated at the surface of the fuel compact, resulting in kj,s reduction
of about 550 pcm. The decrease of ki,s became smaller in the case of random arrangement due to the fact that

less amount of CFP was truncated in this case.

The investigation of four factors in the four-factor-formula showed that the change ki, was dominantly
attributed to the resonance escape probability (p). The difference in resonance escape probability is because the
equivalent kernel diameter of the CFP in the truncated model is smaller than that in the non-truncated model,
leading to increase the capture reactions in the resonance region as the influence of spatial-self-shielding-

effect. It makes the k;,r decrease for the truncated CFP model in comparison with non-truncated CFP model.

It was found that the truncation of CFP affected the neutronic characteristic and thereby leads to change
the multiplication factor of the HTTR fuel block model. Physically, the difference in ks between the truncated

and non-truncated CFP models can be smaller in the whole core calculations due to the fact that other core
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regions, such as a side reflector, have lower spatial importance. However, as mentioned before, the control rod

position sensitively depends on the k. of the HTTR, namely 0.1 %Ak/k (100 pcm) change in the keg causes 1

cm change in the control rod position. Therefore, further analysis for the whole core is necessary to investigate

the physical effect of the truncated CFPs on the criticality of the HTTR more clearly.
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Table 2.1 Fuel design of HTTR

Item Value
Graphite block
Material IG-110
Density (g/cm”) 1.75
Impurity (ppm) <1 (Boron equivalent)
Fuel rod
Outer diameter (cm) 34
Length (cm) 54.6
Number of fuel compact 14
Fuel compact
Outer diameter (cm) 2.6
Inner diameter (cm) 1.0
Length (cm) 3.9
Volume packing fraction of CFP 0.3
Coated fuel particle
Kernel diameter (um) 600
Fuel kernel material Uo,
Enriched uranium (wt%) 3.0-10.0
Kernel density (g/cm?) 10.61
Coating material PyC/PyC/SiC/PyC
Layer thickness (um) 60/30/25/45
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Table 5.1 Comparison of ki, between truncation and non-truncation models in case of
uniform arrangement (1o = 0.0001 or 10pcm)

Truncation Non-truncation Ak (pcm)
1.49236 1.49784 548+14

Table 5.2 Comparison of ki,r between truncation and non-truncation models in case of random
arrangement (16 = 0.0001 or 10pcm)

Case Truncation Non-truncation Ak (pcm)
#1 1.49052 1.49149
#2 1.49034 1.49177
#3 1.49041 1.49230 (50 ~ 200)x14
#4 1.49059 1.49143
#5 1.49010 1.49113

Table 5.3 Difference of the four factors between truncation and non-truncation models in case of uniform

arrangement
Factor Truncation Non-truncation Difference (%)
nr 1.90311 1.90308 0.00
f 0.98998 0.99009 0.01
p 0.73028 0.73234 0.28
€ 1.10913 1.10989 0.07

Table 5.4 Difference of the four factors between truncation and non-truncation models in case of random
arrangement arrangements (#1)

Factor Truncation Non-truncation Difference (%)
Nt 1.90308 1.90307 0.00
f 0.99001 0.99001 0.00
p 0.72869 0.72945 0.10
€ 1.10993 1.11014 0.02

,10,
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Fig. 5.2 Comparison of capture reaction rate between truncation and non-truncation models in the cases of
uniform arrangement
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Fig. 5.3 Comparison of capture reaction rate between truncation and non-truncation models in the cases of

random arrangement (#1)
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