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CENDL-3.2 and ENDF/B-VIII.0 referring to the latest version of CENDL and ENDF/B,
respectively, evaluated nuclear data library. To examine the applicability the libraries to
high-temperature reactors (HTRs), the HTR-10 benchmark calculations are conducted by
adopting CENDL-3.2, ENDF/B-VIII.0, and ENDF/B-VII.1 library. The calculated results are
compared with the experimental results. As indicated from the comparison, the results of
ENDF/B-VIII.0 show the optimal consistency with the experimental results, and CENDL-
3.2 outperforms ENDF/B-VII.1. A semi-quantitative analysis method, on the basis of the
sensitivity result, is employed to assess the effect of the cross-section change to keff. As
revealed from the further calculations and analyses, the difference between cross-sections
of C-12 (n, γ) channel primarily causes the inconsistent performance of CENDL-3.2 and
ENDF/B-VIII.0 on the benchmark.
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INTRODUCTION

On the basis of the existing experiments and evaluations, the evaluated nuclear data libraries provide
necessary data for nuclear science research and engineering design. Several libraries—CENDL (Ge
et al., 2020), ENDF/B (Brown et al., 2018), JEFF (Plompen et al., 2020), JENDL (SHIBATA et al.,
2011), and TENDL (Koning et al., 2019)—have been developed. After being processed by nuclear
data processing codes, e.g., NJOY (MacFarlane and Kahler, 2010) and RXSP (Li et al., 2012), data of
the mentioned libraries can be employed for simulations.

CENDL-3.2, the latest version of CENDL, was released by China Nuclear Data Center
(CNDC) in 2020. The number of nuclides in CENDL has increased to 272, in which 137 nuclides
are inherited from CENDL-3.1, 77 nuclides are partially updated, and 58 nuclides are newly
evaluated. The performance of CENDL-3.2 on benchmarks has been evaluated in the report,
which is significantly improved, compared with CENDL-3.1 (Ge et al., 2020). As the latest
version of ENDF/B, ENDF/B-VIII.0 library was released in 2018. ENDF/B-VIII.0 has major
changes for neutron reactions of the vital nuclides for nuclear criticality calculation. In addition,
the numbers of nuclide in several sublibraries (e.g., neutron and thermal n-scattering) increase
(Brown et al., 2018).

The verification of nuclear libraries by using developed benchmarks is important to their
applications and improvement. The performances of CENDL-3.2 were reported to be acceptable
by verifications on reactor designs and shielding benchmarks (Shu et al., 2021; Hu et al., 2021; (Zu
et al., 2021). More verifications on ENDF/B-VIII.0 were performed, which consisted of critical and
shielding benchmark tests (Park et al., 2019; Zhang et al., 2021), as well as sensitivity and uncertainty
(S/U) analyses (Hartanto and Liem, 2021).
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However, such verification has been rare for high-temperature
reactors (HTRs), i.e., one of the generation IV nuclear systems.
Graphite serves as moderator, structure material, material of fuel
elements, and TRISO particles in HTR (IAEA, 2003). As reported
from the research on Very High Temperature Critical Assembly
(VHTRC), neutron capture cross-section of carbon strongly
impacts the results of criticality calculations (Bostelmann and
Strydom, 2017). Therefore, the verification of newly released
libraries on benchmarks of HTR is important to the selection
of data library for HTR analysis, as well as to the optimization of
nuclear data libraries.

In this study, neutron data from CENDL-3.2, ENDF/B-VIII.0,
and ENDF/B-VII.1 are processed by NJOY (MacFarlane and
Kahler, 2010) and employed for simulating the HTR-10
benchmark. The calculations are conducted by the RMC code
(Wang et al., 2015). Two benchmark problems, initial criticality
and control rod worth, are calculated, and the results are
compared with the experimental results. The comparison finds
that the ENDF/B-VIII.0 library show the optimal consistency
with the experimental results, and the performance of CENDL-
3.2 is better than that of ENDF/B-VII.1. To determine the major
difference between CENDL-3.2 and ENDF/B-VIII.0, further
calculations and a semi-quantitative analysis method are
performed. On the basis of the result of sensitivity analysis,

the method can assess the effect of the cross-section change of
reaction channels to keff .

In HTR-10 Benchmark, the HTR-10 benchmark and details of
modeling is presented. In Method of Semi-quantitative Analysis,
the semi-quantitative analysis method is introduced. In Results
and Comparison of Benchmark Problems, the calculation results
of libraries are compared with the experimental results. In Further
Analyses of Differences, the differences between CENDL-3.2 and
ENDF/B-VIII.0 are analyzed.

HTR-10 BENCHMARK

As a test reactor with 10-MW thermal power, HTR-10 was overall
designed and built by Institute of Nuclear Energy Technology,
Tsinghua University (Wu et al., 2002). The plant was completed
in 2000, and the initial criticality was achieved in the same year. In
2003, the official benchmark document of HTR-10 was released
by IAEA (IAEA, 2003).

The simplified vertical and horizontal cross-sections of the
core are presented in Figures 1, 2, respectively. The pebble-bed
core has a diameter of 1.8 m and a mean height of 1.97 m, which
comprises 27,000 spherical fuel elements. A conus region
connects the bottom of the core and the discharge tube, whose
diameter is 0.5 m. Graphite serves as the major structural material
of the core to constitute the top, bottom, and side reflectors,
respectively. The side reflector has a thickness of 100 cm, and the
channels for control rods, small absorber balls, irradiation, and
helium flow are within the reflector (IAEA, 2003).

According to Figure 3, the diameter of spherical fuel elements
is 6 cm, and the inner fuel part contains numerous TRISO
particles (IAEA, 2003). TRISO particle (Petti et al., 2003)
consists of a UO2 kernel and several outer layers, thereby
limiting the potential release of radioactive materials. In the
benchmark, the discharge tube and the bottom conus region
of the reactor core are filled with dummy balls, which are graphite
balls with the identical diameter to that of fuel elements. Then,
mixed balls, comprising fuel elements and dummy balls at the
mix ratio of 57:43, are loaded in the core.

Two levels of random distribution are covered in the core of
pebble-bed HTR. The first refers to the distribution of TRISO
particles in fuel elements, which has been reported to slightly
impact macroscopic results of the reactor (Hosseini and Athari
Allaf, 2014). Moreover, the second is the distribution of fuel
elements, whose effect was also found to be relatively low with the
statistical sampling method (Chen et al., 2015). Therefore, this
study does not consider the uncertainty of random distribution.

Four benchmark problems are proposed by the benchmark
document (IAEA, 2003). However, experimental results are
available for two of the benchmark problems, which are initial
criticality and control rod worth for the initial core. In this study,
the benchmark problems with the experimental results are
selected to verify data libraries.

The first selected benchmark problem is initial criticality
problem. The indicator of the initial criticality problem is the
loading height, or the number of mixed balls, when the criticality
is initially achieved. All control rods are withdrawn from the core

FIGURE 1 | HTR-10 reactor vertical cross-section (IAEA, 2003).
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in such a problem, and the core temperature is 20°C. Because the
loading height will be slightly inconsistent under different models
of spheres distribution applied, the number of mixed balls is
selected as the indicator. Experimental result of this problem was
16,890 balls, indicating that 9,627 fuel balls and 7,263 dummy
balls are loaded to achieve criticality.

The other benchmark problem refers to the control rod worth
problem. The control rod worth problem evaluates the reactivity
worth of one fully inserted control rod. The control rods of HTR-10
use Boron carbide (B4C) as neutron absorber. The whole control
comprises five segments connected with stainless steel joints. In the
respective segment, annular B4C is clamped by two layers of stainless
steel sleeves. According to this benchmark problem, the core is
loaded with 17,000 mixed balls at the mix ratio of 57:43. Only one
control rod, in S3 of Figure 2, is inserted to the core for the
evaluation of control rod value. The top of the core is defined as
z = 0mm, and the upper boundary of conus region is set to z =
3,518 mm. Moreover, during the experiment, the lower end of the
control rod is moved from z = 1,712mm to z = 3,942 mm. The
experimental result of the control rod value of rod S3 is 1.4693%.

It should be noticed that deviations exist between the
benchmark definition and the experiment. The density of

dummy balls is 1.84 g/cm3 other than 1.73 g/cm3, and the
Boron equivalent of impurities in dummy balls reaches
0.125 ppm. In the experiment, the atmosphere of the core is
air, not helium.

The three-dimensional model for the Monte Carlo codes of
HTR-10 core is built by complying with the benchmark
document released by IAEA. The deviations are considered to
satisfy the experimental conditions. Furthermore, a random
distribution of fuel elements, developed by Discrete Element
Method (Li et al., 2009), is employed. The location of all fuel
elements remains unchanged in different cases, and only balls in
the specified loading heights participate in the calculation. To
eliminate the effect exerted by the random distribution on
comparisons, the distributions of fuel elements and dummy
balls are identical for different libraries at the same loading
height. For all cases, the mix ratio of mixed balls is controlled
at 57:43.

METHOD OF SEMI-QUANTITATIVE
ANALYSIS

The benchmark problems can be calculated by complying with
the data of different libraries for verification. However, significant
difference may be identified between the results (e.g., keff ) of
different libraries. The assessment of the effect by the cross-
section change via different reaction channels is conducive to
identifying the major difference of libraries for the benchmark.
Park et al. quantitatively analyzed the reactivity difference of
absorption and fission cross-sections (Park et al., 2019). However,
the method in the study is unavailable for light nuclides because
the fission cross-section acts as the denominator.

In the present study, the semi-quantitative analysis is
conducted to assess the contribution of different reaction
channels to the difference of keff results. The results of
sensitivity analyses and point-wise cross-section data are
employed in the method, as expressed below.

S/U analysis of cross-sections is developed for the evaluation
of uncertainties propagated from nuclear data to key neutronic

FIGURE 2 | HTR-10 reactor horizontal cross-section (IAEA, 2003).

FIGURE 3 | HTR-10 spherical fuel element (IAEA, 2003).
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parameters (Saltelli et al., 2008). The sensitivity of keff is defined
as the ratio of relative changes of keff and the cross-section.

Sσi �
zkeff/keff
zσ i/σ i

, (1)

where Sσ i denotes the keff sensitivity of σ i, i.e., the cross-section of
a reaction channel of a nuclide.

Eq. 1 indicates that the effect of nuclear data on keff can be
assessed based on sensitivity result:

Δkeff � keffSσi
Δσ i

σ i
, (2)

where Δσ i denotes a slight change assumed for σ i, and Δkeff
represents the corresponding change of keff .

By the iterated fission probability method (Qiu et al., 2015),
the group-dependent sensitivity can be calculated. The point-wise
cross-section data should be generated to multi-group cross-
sections for further analysis. It is assumed that the difference
of neutron flux per lethargy in an energy group can be ignored;
then, the multi-group cross-sections can be calculated as follows:

σ i �
∫lnEi,max

lnEi,min
σ(E)d(lnE)

ln(Ei,max) − ln(Ei,min), (3)

where σ i denotes the assessed multi-group cross-section, and
σ(E) is from point-wise cross-section data. Ei,min and Ei,max

represent the lower bound and the upper bound of the energy
group i, respectively. By using Eq. 3, group-dependent cross-
section can be assessed without calculation of the Monte Carlo
code. Error of this assumption decreases with the increase of the
number of energy groups, which can be assessed by comparing
results of different energy groups’ numbers. It should be noticed
that this assumption is not hold for heavy nuclides with strong
resonance self-shielding effect. Thus, the evaluation of multi-
group cross-sections for heavy nuclides may be still needed.

The sensitivity is further assumed to be constant in the change
of the cross-sections. Subsequently, the difference of keff caused
by a cross-section in an energy group can be approximately
calculated by Eq. 4.

Δkeff ,i � keffSσ i ∫σi,2

σi,1

dσi
σ i

� keffSσi ln
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣∫lnEi,max

lnEi,min
σ2(E)d(lnE)∫lnEi,max

lnEi,min
σ1(E)d(lnE)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (4)

where σ1 and σ2 denote the identical cross-section from two
different libraries. The keff and the sensitivity are calculated in
the same case, in which cross-section σ1 is applied. However,
the keff and the sensitivity can change with cross-sections if the
difference between two libraries is relatively large. Thus, error
can be introduced by this assumption. This error can be
assessed by changing the keff and the sensitivity of Eq. 4 to
the calculation results for cross-section σ2 and then comparing
the two results.

Lastly, the contribution of keff difference by the cross-section
difference of a reaction channel of a nuclide between two libraries
can be assessed by the following:

Δkeff � ∑
i

Δkeff ,i � keff ∑
i

Sσiln
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣∫lnEi,max

lnEi,min
σ2(E)d(lnE)∫lnEi,max

lnEi,min
σ1(E)d(lnE)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (5)

Assumptions are introduced in this procedure, so the error of
the result may be relatively high. Thus, the analysis method is
suggested as a semi-quantitative method, in which the result can
only be exploited to assess the relative magnitude of effects of
different reaction channels. However, the difference between
contributions of different reaction channels can be of several
orders of magnitude. For this reason, by comparing the assessed
results of this semi-quantitative analysis, the major difference of
libraries for benchmarks can be identified.

RESULTS AND COMPARISON OF
BENCHMARK PROBLEMS

The calculations of benchmark problems are conducted by the
RMC code (Wang et al., 2015). With continuous energy point-
wise cross-section data, RMC can achieve a precise result for
reactor analysis problems with complex geometry. The
approach of random geometry (Liu et al., 2015) is capable
of accurately modeling fuel elements and dummy balls in
HTR-10.

Neutron data from the three libraries (i.e., ENDF/B-VII.1,
ENDF/B-VIII.0, and CENDL-3.2) are processed under the NJOY
code (MacFarlane and Kahler, 2010) and subsequently used in the
calculation, respectively. The results of benchmark problems and
the experimental results are compared. It should be noticed that
the thermal n-scattering of graphite is not provided by CENDL-
3.2 library, so CENDL-3.2 cases exploit the identical thermal
n-scattering data as ENDF/B-VIII.0 cases. The standard
deviations of results are analyzed to determine the uncertainty
of results.

Initial Criticality and Control Rod Worth present the results of
the initial criticality problem and control rod worth problem,
respectively.

Initial Criticality
The HTR-10 core with different loading heights (90–180 cm)
is calculated, and the results of the three libraries are plotted
in Figure 4. The parameters of the calculation are listed in
Table 1. The results of the three libraries display the
consistent trends, whereas significant keff differences are
identified. At the respective loading height, the keff of
ENDF/B-VII.1 is the largest and that of ENDF/B-VIII.0 is
the smallest. The result of CENDL-3.2 is between other two
libraries. The statistical errors of the calculation results are
significantly smaller than the differences between the
libraries.

The numbers of mixed balls at initial criticality are determined
by liner interpolation, which is written as Eq. 6.

N � N1 + (N2 −N1) 1 − k1
k2 − k1

, (6)
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where N denotes the number of calculated loaded balls at initial
criticality. k1 and k2 represent two keff closest to 1, whereas N1

and N2 are the corresponding loaded balls numbers.
To assess the standard deviation of N, three intermediate

values are defined as follows:

A � 1 − k1
k2 − k1

, (7)

B � k2 − k1
1 − k1

, (8)

C � k2 − 1
1 − k1

, (9)

Next, it yields the following:

N � N1 + (N2 −N1)A, (10)
A � 1

B
, (11)

B � C + 1, (12)
In accordance with the rules of the random error propagation,

the standard deviations of the mentioned values can be calculated
by the following:

σ(N) � (N2 −N1)σ(A), (13)

σ(A) � A2σ(B), (14)
σ(B) � σ(C). (15)

Moreover, the standard deviation of C is expressed as
follows:

σ(C)
C

�

�������������������(σ(k2)
k2 − 1

)2

+ (σ(k1)
1 − k1

)2

√√
. (16)

The numbers of loaded balls at initial criticality and their
standard deviations are determined by Eq. 6 and Eqs 13–16,
respectively. The results are listed in Table 2. The calculated
number of mixed balls of ENDF/B-VIII.0 library is optimally
consistent with the experimental result, whereas that of
ENDF/B-VII.1 shows the most significant deviation. The
performance of CENDL-3.2 is better than ENDF/B-VII.1.
As revealed from the deviations, the three libraries may also
provide different results in the calculations of other HTRs. In
Further Analyses of Differences, the further determination of
differences between CENDL-3.2 and ENDF/B-VIII.0 will be
presented.

FIGURE 4 | Curve of loading height and keff.

TABLE 1 | Calculation parameters of initial criticality.

Parameters Value

Neutrons per cycle 5,000
Inactive cycle 200
Active cycle 800

TABLE 2 | Comparison of initial criticality results.

Libraries Mixed balls number
at criticality

Standard deviations

Experimental result 16,890 —

CENDL-3.2 16,466 16
ENDF/B-VII.1 16,249 14
ENDF/B-VIII.0 16,888 14
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Control Rod Worth
As presented in Initial Criticality, the large deviations exist
between the results of different libraries in the identical
situation. To assess the reactivity worth of the control rod, for
all libraries, the reactivity of fully inserted rod is set to zero.

The standard deviation of reactivity is analyzed below. The
reactivity is defined as follows:

ρ � keff − 1
keff

� 1 − 1
keff

, (17)

where ρ represents the reactivity corresponding to keff . Next, the
statistical error of ρ can be calculated by Eq. 18:

σ(ρ) � σ( 1
keff

), (18)

where σ(ρ) and σ(1/keff ) denote the standard deviation of
reactivity and the reciprocal of keff , respectively. The latter is
expressed as Eq. 19:

σ(1/keff )
1/keff � σ(keff )

keff
. (19)

Subsequently, the standard deviation of control rod worth,
other than fully inserted case, can be calculated by Eq. 20:

σ(r, z) �
����������������
σ2(ρ, z) + σ2(ρ, FI)√

, (20)
where σ(r, z) and σ(ρ, z) are the standard deviation of
control rod worth and reactivity at insert depth z. σ(ρ, FI)
represents the standard deviation of reactivity of the fully
inserted case.

A larger neutron number per cycle is applied for the fully
withdrawn case and fully inserted case to improve the
accuracy of results. The calculation parameters are listed
in Table 3, and the results are presented in Table 4 and
Figure 5, in which the experimental results originate from
the benchmark document. No significant deviation is
observed between calculated control rod worth, using
CENDL-3.2 or ENDF/B-VIII.0, as well as the experimental
results. However, the results of the three libraries exhibit
similar differences to the experimental value during the
insertion of the control rod. The differences may be
attributed to the difference of actual situation and
information provided.

TABLE 3 | Calculation parameters of control rod worth.

Parameters Value

Neutrons per cycle (fully withdrawn and fully inserted cases) 100,000
Neutrons per cycle (other cases) 40,000
Inactive cycle 200
Active cycle 800

TABLE 4 | Comparison of control rod worth results.

Libraries Control
rod worth (%)

Standard deviations (%)

Experimental result 1.4693 —

CENDL-3.2 1.490 0.013
ENDF/B-VII.1 1.402 0.01
ENDF/B-VIII.0 1.448 0.01

FIGURE 5 | Reactivity worth of control rod S3.
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FURTHER ANALYSES OF DIFFERENCES

In Results and Comparison of Benchmark Problems, the
significant differences between the results of different
benchmarks are presented. CENDL-3.2 library and ENDF/
B-VIII.0 library outperform ENDF/B-VII.1. To identify
the nuclides and their reaction channels that
primarily cause the difference between the mentioned two
libraries, further calculations and analyses should be
conducted.

Several calculations of the initial criticality benchmark are
conducted with the data of one nuclide from CENDL-3.2 and
the data of other nuclides from ENDF/B-VIII.0. Moreover, the
calculations are conducted with the data of one nuclide
from ENDF/B-VIII.0 and data of other nuclides from
CENDL-3.2. The parameters of the mentioned calculations
are identical to those listed in Table 1. Table 5 lists the

comparison of the calculation results and the results in
Initial Criticality

In Table 5, a significant change of the benchmark result can
be observed when the cross-section data of C-12 change from
one library to the other. Moreover, relatively slight changes are
found between cases exploiting cross-section data of a nuclide,
other than C-12, from different libraries. As revealed from the
mentioned results, the difference between results of initial
criticality benchmark, by employing ENDF/B-VIII.0 and
CENDL-3.2 library, respectively, is mainly attributed to
cross-section of C-12. The result also indicates that similar
performance as the other library on pebble-bed HTR could
be achieved by the two libraries if the cross-section of C-12 is
changed.

To more specifically determine the reaction channel of C-12
most significantly impacting the results, the semi-quantitative
analysis method presented in Method of Semi-quantitative
Analysis is adopted. The sensitivity analyses are conducted by
the RMC code on initial criticality case with ENDF/B-VIII.0
library and CENDL-3.2 library, respectively. The mixed balls
number 16890, which is assessed experimentally, is applied for
analyses. keff sensitivities of the five reaction channels of C-12,
which covers elastic scattering, (n, γ), (n, p), (n, d), and (n, α), are
analyzed. Point-wise cross-section data from ACE format
libraries are applied for the integration of Eq. 4, where σ1
denotes cross-section from ENDF/B-VIII.0, and σ2 is from
CENDL-3.2.

TABLE 5 | Comparison to identify the nuclide causing major impact.

Library of nuclides Ball number of
initial criticalities

keff at H = 125 cm

Experimental result 16,890 -
CENDL-3.2 16,466 ± 16 1.0182 ± 0.0004
CENDL-3.2 (C-12 from ENDF/B-VIII.0) 16,999 ± 13 1.0064 ± 0.0004
CENDL-3.2 (O-16 from ENDF/B-VIII.0) 16,449 ± 15 1.0180 ± 0.0004
CENDL-3.2 (U-235 from ENDF/B-VIII.0) 16,377 ± 14 1.0213 ± 0.0004
CENDL-3.2 (U-238 from ENDF/B-VIII.0) 16,448 ± 16 1.0191 ± 0.0004
CENDL-3.2 (B-10 from ENDF/B-VIII.0) 16,475 ± 17 1.0188 ± 0.0004
CENDL-3.2 (B-11 from ENDF/B-VIII.0) 16,469 ± 16 1.0184 ± 0.0004
ENDF/B-VIII.0 16,888 ± 14 1.0086 ± 0.0004
ENDF/B-VIII.0 (C-12 from CENDL-3.2) 16,322 ± 14 1.0209 ± 0.0004
ENDF/B-VIII.0 (O-16 from CENDL-3.2) 16,863 ± 14 1.0098 ± 0.0004
ENDF/B-VIII.0 (U-235 from CENDL-3.2) 16,971 ± 14 1.0070 ± 0.0004
ENDF/B-VIII.0 (U-238 from CENDL-3.2) 16,904 ± 13 1.0088 ± 0.0004
ENDF/B-VIII.0 (B-10 from CENDL-3.2) 16,875 ± 14 1.0093 ± 0.0004
ENDF/B-VIII.0 (B-11 from CENDL-3.2) 16,838 ± 15 1.0010 ± 0.0004

TABLE 6 | Comparison of assessed results of different cases.

Reaction channels ENDF/B-VIII.0, sparse ENDF/B-VIII.0 (C-12 from
CENDL-3.2), sparse

ENDF/B-VIII.0, dense

Elastic Scattering −2.60 × 10−3 −2.60 × 10−3 −2.61 × 10−3

(n, γ) 1.27 × 10−2 1.11 × 10−2 1.27 × 10−2

(n, p) 6.02 × 10−9 1.85 × 10−8 1.19 × 10−8

(n, d) 2.27 × 10−7 2.30 × 10−7 5.32 × 10−7

(n, α) −1.14 × 10−7 −1.01 × 10−7 2.38 × 10−8

TABLE 7 | Assessed effect of C-12 channels.

Reaction channels Impact to keff

Elastic Scattering −2.6 × 10−3

(n, γ) 1.2 × 10−2

(n, p) 10−9~10−8

(n, d) 10–7

(n, α) 10−8~10−7

Frontiers in Energy Research | www.frontiersin.org January 2022 | Volume 9 | Article 8294027

Huang et al. Verification of ENDL on HTR-10

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


On the basis of Eq. 4, the effect of the five reaction channels is
determined and listed in Table 6. To assess the error introduced by
the assumptions inMethod of Semi-quantitative Analysis, extra cases
are calculated as well. ENDF/B-VIII.0 case means the sensitive, and
keff is determined by data from ENDF/B-VIII.0 library. ENDF/
B-VIII.0 (C-12 from CENDL-3.2) case reveals that all nuclides data
except for C-12 originate from ENDF/B-VIII.0 library, and C-12

data are from CENDL-3.2 library. For the elastic scattering channel
and the (n, γ) channel, the number of energy groups reaches 44 and
252, respectively, in the sparse and the dense cases. Moreover, for (n,
p), (n, d), and (n, α) channels, the reactions occur only under the
high neutron energy. Energy from 6 to 20MeV is uniformly divided
by lethargy into energy groups, and the group number of the dense
case is twice that of the sparse case.

FIGURE 6 | Sensitivity and multi-group cross-sections of C-12 (n, γ) channel.

FIGURE 7 | Impact to by C-12 (n, γ) channel.
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As revealed from the results in Table 6, the errors introduced
by multi-group cross-section assessment are relatively low for
elastic scattering and (n, γ) channels. However, the sensitivity and
keff change cause greater errors for the mentioned two channels.
The low cross-sections of the (n, p), (n, d), and (n, α) channels
cause noticeable statistical error in the Monte Carlo calculation of
sensitivity. Hence, the significant differences identified between
results of (n, p), (n, d), and (n, α) channels are expected.

Given the results and analysis, the assessment of the effect of the
reaction channels is listed in Table 7. Only orders of magnitude of
(n, p), (n, d), and (n, α) results are credible as impacted by their large
statistical errors. The effect of (n, γ) channel is an order ofmagnitude
larger than the elastic scattering channel, and several orders of
magnitude larger than other channels having been analyzed. The
negative result of the elastic scattering channel indicates that the
difference of cross-section of this channel offsets parts of the effect to
keff via (n, γ) channel.

The analysis details of C-12 (n, γ) channel of sparse case using
ENDF/B-VIII.0 are illustrated. The sensitivity analysis result and
the assessed multi-group cross-sections are plotted in Figure 6,
and the effect of the respective group is presented in Figure 7. The
multi-group cross-section, which is (n, γ) channel cross-section
of C-12 at 20°C, of CENDL-3.2 library is lower than that of
ENDF/B-VIII.0 library. The maximal negative sensitivity is
identified to range from 10−8 to 10−7 MeV. Although the
largest deviation of cross-section ranges from 10−2 to 1 MeV,
the range of 10−8 to 10−7 MeV mostly contributes to keff .

CONCLUSION AND DISCUSSION

In this study, CENDL-3.2 library and ENDF/B-VIII.0 library are
verified and compared on the basis of the HTR-10 benchmark.
Two benchmark problems with the experimental results are
selected for the verification, and the calculation is conducted
under RMC code. In the initial criticality benchmark problem, the
significant differences between CENDL-3.2, ENDF/B-VIII.0, and
ENDF/B-VII.1 are identified. The loading number of mix balls
calculated by ENDF/B-VIII.0 library is the closest to the
experimental value, whereas that of CENDL-3.2 is the second
closest. The ENDF/B-VII.1 shows the worst consistency with the
experimental result in the initial criticality benchmark problem.
In the control rod worth problem, the performance of ENDF/
B-VIII.0 and CENDL-3.2 is similar, whereas ENDF/B-VII.1
library shows a larger difference to the experimental result. In
summary, the results of ENDF/B-VIII.0 library are well consistent
with the experimental values, whereas the results of CENDL-3.2
are better than those of ENDF/B-VII.1.

Furthermore, the difference between CENDL-3.2 library and
ENDF/B-VIII.0 library is determined. As revealed from the
calculation results, the difference of C-12 data from the two
libraries causes most of the difference of keff results. A semi-
quantitative method, on the basis of the result of sensitivity
analysis, is employed to assess the contribution to that
difference via different reaction channels of C-12. The
difference of cross-section of (n, γ) channel is reported to
mainly cause the different performance of the initial criticality
benchmark problem.

Significant difference between keff results shows the
importance of selecting the appropriate data library on HTR
analysis. Further verifications should be conducted to determine
the applicability exhibited by the nuclear data libraries on
other HTRs.

To avoid overestimation or underestimation of reactivity
of HTRs, the optimization of carbon cross-section data is
suggested. By complying with the future verification and
analysis results, the nuclear data libraries can be
optimized for the application on HTRs. The proposed
semi-quantitative analysis method may help to assess the
influence on keff via different reaction channels of nuclides in
the future studies.
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