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Abstract To benefit from recent advances in modeling and

computational algorithms, as well as the availability of new

covariance data, sensitivity and uncertainty analyses are

needed to quantify the impact of uncertain sources on the

design parameters of small prismatic high-temperature gas-

cooled reactors (HTGRs). In particular, the contribution of

nuclear data to the keff uncertainty is an important part of

the uncertainty analysis of small-sized HTGR physical

calculations. In this study, a small-sized HTGR designed

by China Nuclear Power Engineering Co., Ltd. was

selected for keff uncertainty analysis during full lifetime

burnup calculations. Models of the cold zero power (CZP)

condition and full lifetime burnup process were constructed

using the Reactor Monte Carlo Code RMC for neutron

transport calculation, depletion calculation, and sensitivity

and uncertainty analysis. For the sensitivity analysis, the

Contribution-Linked eigenvalue sensitivity/Uncertainty

estimation via Track length importance Characterization

(CLUTCH) method was applied to obtain sensitive infor-

mation, and the ‘‘sandwich’’ method was used to quantify

the keff uncertainty. We also compared the keff uncertainties

to other typical reactors. Our results show that 235U is the

largest contributor to keff uncertainty for both the CZP and

depletion conditions, while the contribution of 239Pu is not

very significant because of the design of low discharge

burnup. It is worth noting that the radioactive capture

reaction of 28Si significantly contributes to the keff uncer-

tainty owing to its specific fuel design. However, the keff
uncertainty during the full lifetime depletion process was

relatively stable, only increasing by 1.12% owing to the

low discharge burnup design of small-sized HTGRs. These

numerical results are beneficial for neutronics design and

core parameters optimization in further uncertainty prop-

agation and quantification study for small-sized HTGR.

Keywords Small-sized HTGR � SU analysis � Nuclear
data � Burnup

1 Introduction

Owing to their significant inherent safety and applica-

bility characteristics, high-temperature gas-cooled reactors

(HTGRs) have gradually played indispensable roles in

nuclear reactor development [1–3]. HTGRs can be split

into two types based on their core design: pebble-bed

HTGRs, such as the high-temperature reactor pebble-bed

module (HTR-PM) developed in China [4], and prismatic

HTGRs, such as the modular high-temperature gas-cooled

reactor (MHTGR-350), developed in the US [5]. Simulta-

neously, small reactors have become a hotspot in interna-

tional nuclear energy research. HTGR technology is

developing rapidly in China, and a new small-sized pris-

matic HTGR is under development by the China Nuclear

Power Engineering Co., Ltd. The continued development
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of HTGRs requires verification of their designs with reli-

able high-fidelity physics models and efficient accurate

codes. The predictive capability of codes for HTGR

designs can be assessed using sensitivity and uncertainty

(SU) analysis methods. Through advancements in com-

puter modeling and computational algorithms, as well as

the accessibility of new covariance data, SU analysis can

quantify the impact of uncertainties on the design param-

eters of small prismatic HTGRs. In particular, the effective

multiplication factor (keff) is the most important parameter

in reactor physical analysis, its uncertainty propagated by

nuclear data is usually indicated as an interval of keff value.

Because the uncertainty of nuclear data exists naturally, the

contributions of nuclear data on the keff uncertainty are

essential for the designer to optimize core lifetime and

neutronics design.

For SU analysis of HTGRs, a representative interna-

tional project is the Coordinated Research Project (CRP)

on the HTGR Uncertainty Analysis in Modeling (UAM),

supported by the International Atomic Energy Agency

(IAEA), which considers the peculiarities of HTGR

designs and simulation requirements [6, 7]. In the CRP, the

coupled HTGR system calculations are divided into several

steps, each of which can contribute to the total uncertainty.

Simultaneously, the input, output, and assumptions for

each step need to be identified. The resulting uncertainty in

each step is calculated by considering all sources of

uncertainties, including related uncertainties from previous

steps [8]. Some in-depth studies have quantified the con-

tribution of cross-section uncertainties to the eigenvalue

uncertainty for some representative but simplified models

for both the pebble-bed and prismatic HTGRs [6–10]. For

SU analysis of the prismatic HTRG, local and global cal-

culations have been performed, including steady-state and

depletion calculations for the cell and core models. The keff
uncertainties due to the nuclear data for the fresh block

core and mixed core of the MHTGR-350 have been

quantified [11]. Although both the small-sized HTGR

selected in this study and MHTGR-350 belong to prismatic

HTGRs, there are some significant differences. Unlike the

mixed core arrangement in MHTGR-350, the small-sized

prismatic HTGR only has fresh fuel with burnable poison

(BP) in the core at the beginning of life (BOL). At the same

time, this study can enrich the content of the IAEA CRP in

HTGRs.

This study focuses on keff uncertainty analysis due to the

nuclear data during full lifetime burnup calculations of the

small-sized prismatic HTGR. We will quantify the differ-

ent cross-sectional contributions on the keff uncertainty at

the CZP condition and the full lifetime burnup process and

analyze the mechanism in-depth. The following section

describes the model details of the small-sized prismatic

HTGR and SU analysis methods. Based on the first-order

perturbation theory [12], we selected the contribution-

linked eigenvalue sensitivity/uncertainty estimation via

track length importance characterization (CLUTCH)

method [13] to perform the sensitivity analysis, and the

‘‘sandwich’’ rule [14] to quantify the keff uncertainty by

using the ENDF/B-VII.1 based covariance data [23].

The rest of this paper is structured as follows. In Sect. 2,

we introduce the model and method applied in this study,

especially the full core burnup model of the small-sized

HTGR for neutron transport and depletion calculations. In

Sect. 3, we present the SU analysis of keff due to nuclear

data in the full lifetime depletion calculation. In Sect. 4, we

present the in-depth mechanism analysis of nuclear data

contributions on keff during the full lifetime burnup pro-

cess. Finally, we present the numerical results and con-

clusions drawn from SU in Sect. 5.

2 Models and methodologies

2.1 Small-sized HTGR model

The small-sized HTGR, which is under development by

the China Nuclear Power Engineering Co., Ltd., was

selected as the research target in this study. This small-

sized HTGR is a helium-cooled, graphite-moderated pris-

matic reactor and has some unique characteristics, such as

fuel blocks and a burnable poison rod arrangement [15]. A

representation of the core layout is shown in Fig. 1; 30

hexagonal prism fuel blocks and 13 control rod blocks are

closely arranged in the core. The seven control rod blocks

are surrounded by fuel assemblies, including one center

startup control block and six shutdown control blocks. The

other six control blocks are on the six corners of the core

beside the fuel blocks, and each fuel block contains 24 fuel

rods and seven coolant channels within the graphite matrix.

Each fuel rod or coolant channel has a hexagonal graphite

Fig. 1 (Color online) Small-sized prismatic HTGR cross-sectional

layout
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cladding in the fuel blocks. The radial reflector around the

core is also made of graphite, but the density is much lower

than the hexagonal graphite cladding. The coolant gas and

reflector material specifications are the same as those of the

pebble bed reactor, which uses helium as the coolant and

graphite as the moderator and reflector. In particular, sev-

eral cylinder fuel pellets are added to the upper and bottom

reflective layers to constitute a fuel rod and TRISO parti-

cles [16] are dispersed in the SiC matrix to form a fuel

pellet. This is different from the pebble-bed HTGR, in

which TRISO particles are dispersed in the graphite matrix.

During the burnup calculation, every fuel kernel in the

TRISO particles is a basic burnup unit. At the same time, as

the depletion proceeds, fission nuclides are consumed and

new fission products, such as Ce, Pr, Pu, and Np, are

generated. Some of these will cause fission events again

and introduce new uncertainties to the core. Moreover,

owing to the arrangement of the reflective layers, fuel

blocks, and control rod blocks presented in Fig. 1, the

discrepancy in the burnup degree in different burnup areas

will be gradually evident during the depletion process.

Thus, a 24 burnup zone model (four zones in the radial

direction and six zones in the axial direction) was estab-

lished for the depletion calculation, as shown in Fig. 2.

In this study, the reactor Monte Carlo code (RMC),

developed by Tsinghua University, was used for calculat-

ing the neutron transport and depletion for the high-fidelity

model of the small-sized prismatic HTGR [17]. The ENDF/

B-VII.1 cross-section library [23] was chosen for the cal-

culation. The setting parameters for the MC critical and

burnup calculations are illustrated in Table 1. Based on

these parameters, each MC critical calculation for this

model can converge and fulfill the accuracy requirements

of the calculated results. For the full core depletion cal-

culation, the statistical error-based MC method was lower

than 25 pcm in each burnup step. At the same time, fission

poisons, such as 135Xe and 149Sm, can have a huge impact

on reactivity at the BOL. Therefore, to study these nuclide

reaction contributions to keff uncertainty and its sensitivity

variation during the burnup calculation, the time of the

burnup steps must be set small at the BOL, as illustrated in

Table 1. During the depletion calculation, the RMC pro-

duces a large amount of complicated nuclide information,

including the nuclide densities for each burnup region in

each burnup step. In addition, the predictor correction

method was used for the RMC burnup calculation [18]. For

the MC depletion calculation, the nuclide densities used for

this burnup step were derived from the results of the pre-

vious burnup step. Therefore, the densities of the nuclides

as the input parameters for the uncertainty calculation

should be the average value of the predicted and corrected

densities [19].

Moreover, because all fresh fuels are input into the core

simultaneously, there is a large amount of excess reactivity

at the BOL. BP isotopes, such as 157Gd, 10B, or 167Er, have

large neutron absorption cross-section of themselves and

little absorption cross-section of their products, which

usually be chosen to balance the excessive reactivity at

BOL to reduce the number of control rods as well as

deepen the burnup and flatten the distribution of neutron

fluence rate. For this burnup model, there are six center fuel

blocks around the center control rod block, each containing

three Gd2O3 burnable poison rods, each of which is a

unique burnup unit during the MC depletion calculation.

2.2 SU analysis method

In this paper, the CLUTCH method [13] based on first-

order perturbation theory was used for keff sensitivity

analysis during the Monte Carlo calculations. This method

calculates the importance of events during a particle’s

lifetime by examining the number of fission neutrons cre-

ated by that particle after those events occur. The aim is to

produce an accurate and efficient method for calculating

keff sensitivity coefficients for nuclear cross-sections with a

relatively small computational memory.

The CLUTCH method only calculates the sensitivity

information during the forward calculations. Therefore, a

fine important weight function F*(r) mesh number should

be set to ensure accurate sensitivity. An interval of 1–2 cm

mesh is typical for obtaining accurate F*(r) estimates [13].

The F*(r) mesh only needs to cover the fissionable regions

in the core; therefore, in this study, the mesh only needed to
Fig. 2 (Color online) Schematic depletion areas of the small-sized

HTGR
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cover the fuel block regions. The F*(r) meshes are also

calculated in the inactive generations, so at least 50 to 100

inactive histories should be simulated per mesh interval for

sufficient F*(r) convergence. In this paper, 1.8 cm length

meshes in radial, 1.86 cm length meshes in axial, and 750

total histories and 600 inactive histories were set for the

CLUTCH method calculations. After the sensitivity coef-

ficients were measured by the CLUTCH method, the keff
uncertainty can be quantified using the ‘‘sandwich’’ rule

[14] and the ENDF/B-VII.1 based covariance matrix [23].

3 SU analysis of keff during the full lifetime
depletion calculation

3.1 SU analysis of keff at CZP condition

Based on the RMC depletion calculation, several burnup

step results were chosen to investigate the uncertainty of

keff due to nuclear data. At the BOL, there is only fresh fuel

in the core and no fission products, which is known as the

cold zero power (CZP) condition. To observe the sensi-

tivity and uncertainty contribution of key nuclide cross

sections in the depletion process, SU analysis at the CZP

condition should be considered. Through uncertainty

quantification, the relative standard deviation of keff due to

nuclear data at the CZP condition was 0.6586%. The top 10

most crucial nuclide reaction covariance contributors to the

keff uncertainty for small-sized HTGRs under the CZP

condition are presented in Table 2, where the numerical

results were obtained by RMC.

The average number of neutrons emitted per fission

event of 235U is the main contributor to the keff uncertainty

and accounts for nearly 17.40% of the total uncertainty of

keff-based nuclear data. This phenomenon is similar to the

results of a previously reported uncertainty analysis of

HTR-10 [10, 22]. However, the main keff uncertainty

contributors from the results of uncertainty analyses of

typically pressurized water reactors (PWRs) and boiling

water reactors (BWRs) [20, 21] are different, which has

detailed description in Sect. 3.2.2. Moreover, the radioac-

tive capture reaction cross-section of 28Si should be con-

sidered as a significant factor because it is the second

contributor to keff uncertainty. This reaction cross-section

has an 11.98% contribution to the total uncertainty of keff.

This value is much higher in small-sized HTGRs than in

other typical reactors [10, 20]. In addition, the elastic

scattering of C-graphite is the third contributor, and the

fission spectrum of 235U is the fourth contributor.

It should be noted that the fuel pellet matrix materials

are different between the pebble-bed and small-sized

HTGRs: C-graphite is used for pebble-bed HTGRs and SiC

for small-sized HTGRs. Furthermore, the volume ratio of

Si in the small-sized HTGR fuel pellet was 55.87%, which

was significantly higher than that in the pebble-bed reactor.

For a more in-depth study on the effect of nuclear data in

keff uncertainty under the CZP condition, some necessary

nuclide reaction energy sensitivity coefficient curves are

presented in Fig. 3.

Table 1 Monte Carlo neutron

transform and depletion

calculation setting parameters in

RMC

Number of total generations 150

Inactive generations 50

Number of neutrons per generation 100,000

Burnup steps 15

Burnup sub-steps 10

Burnup step time (day) 0.5, 1.0, 3.5, 15, 30, 50 9 7, 100 9 2

Table 2 Top 10 nuclide

reaction covariance contributors

to keff uncertainty at CZP

condition

Rank Nuclide reaction Nuclide reaction Contributions to uncertainty in keff (% Dk/k)

1 235U t 235U t 3.74 9 10–1 ± 2.90 9 10–5

2 28Si n, c 28Si n, c 2.58 9 10–1 ± 3.59 9 10–6

3 C-graphite elastic C-graphite elastic 2.50 9 10–1 ± 4.64 9 10–4

4 235U v 235U v 1.80 9 10–1 ± 2.61 9 10–4

5 235U n, c 235U n, c 1.68 9 10–1 ± 2.22 9 10–6

6 238U n, c 238U n, c 1.47 9 10–1 ± 4.89 9 10–6

7 235U n, f 235U n, c 1.32 9 10–1 ± 5.23 9 10–6

8 235U n, f 235U n, f 1.28 9 10–1 ± 9.49 9 10–6

9 C-graphite n, c C-graphite n, c 9.14 9 10–2 ± 5.01 9 10–7

10 157Gd n, c 157Gd n, c 6.49 9 10–2 ± 5.23 9 10–6
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As the first contributor to keff uncertainty under CZP

conditions for small-sized HTGRs, the average number of

neutrons emitted per fission event of 235U has a large

sensitivity coefficient in the thermal neutron energy range

(energy less than 1 eV). Based on the ‘‘sandwich’’ rule, the

large uncertainty contribution of the average number of

neutrons emitted per fission event of 235U can be attributed

to its large sensitivity coefficient. The large keff uncertainty

contribution of the radioactive capture reaction of 28Si can

be explained by the same reason. Additionally, C-graphite

and 238U as the resonance nuclides are mainly reflected in

the resonance energy range (energy less than 0.1 MeV and

more than 1 eV). Nevertheless, SU analysis in the CZP

condition is just one stage of the depletion calculation.

Next, the study focuses on the variation of the important

nuclide reaction sensitivity coefficients and cross-section

contributions on keff uncertainty during the full lifetime

depletion calculation.

3.2 SU analysis of keff in the depletion calculation

3.2.1 keff sensitivity analysis

Generally, the keff sensitivity to important nuclide

reactions can be used to measure the degree of influence of

these reactions on keff. Here, we used RMC to evaluate the

variations in the keff value and calculated the keff sensitivity

to some important nuclide reactions during the full lifetime

depletion process. The specific fuel burnup step times were

set as 0, 0.5, 1.5, 5, 20, 50, 100, 150, 200, 250, 300, 350,

400, 500, and 600 days. The keff results for these burnup

steps are illustrated in Fig. 4. For the keff uncertainty

quantification, in a condition of keep keff change trend

during the full lifetime, select as few burnup step results as

possible to reduce sensitivity coefficients calculation time.

The 0, 5, 50, 150, 250, 400, and 600 days burnup step

results were chosen for analysis.

During the depletion process in the RMC, the nuclide

density required by the transport calculation was obtained

from the solution of the depletion equation. In this way, the

nuclide density is updated in each burnup step. Therefore,

the nuclide density variation of certain important nuclides

and their effect on keff uncertainty needs to be investigated.

In general, some fission elements, fission products, and

fission poison nuclides are considered, such as 235U, 238U,
239Pu, 135I, 135Xe, 149Sm, and 155Gd. In the RMC Monte

Carlo depletion calculation, nuclide density data are

obtained from the results of the previous burnup step.

Because the poison elements 135Xe and 149Sm are pro-

duced, as shown in Fig. 5, the large neutron absorption

cross-section of these elements makes the keff decline

steeply from the BOL to 5 days. Owing to the space self-

shielding effect of the burnable poison Gd, keff exhibits an

upward trend between 5 and 150 days. During the deple-

tion, the burnable poison nuclide 155Gd was consumed

rapidly, and after nearly 250 days the amount in the reactor

was very low, as illustrated in Fig. 5a. Therefore, without

Fig. 3 (Color online) Important

nuclide reaction energy

sensitivity coefficients
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the effect of the burnable poison Gd, the keff value

decreases with fuel depletion until the end of life.

According to the sensitivity analysis results, the keff
sensitivity coefficients for some vital nuclide reactions

were considerable during the depletion calculation. Table 3

lists the 14 main nuclide reactions with average integrated

sensitivity coefficients during the small-sized HTGR

depletion calculation. It should be noted that the average

integrated sensitivity coefficients are calculated by inte-

grating all energy groups for all regions and the sensitivity

of the mixture materials through seven burnup steps. Two

illustrative line charts of the integrated sensitivity coeffi-

cients of these important nuclides and their reaction cross

sections are presented in Fig. 6. In addition, Fig. 7 shows

the difference in integrated sensitivity coefficients from the

BOL to the end-of-life (EOL). According to Table 3 and

Fig. 6, the integrated sensitivity coefficients of the average

number of neutrons emitted per fission event of 235U,

elastic scattering of C-graphite, radioactive capture reac-

tion of 239Pu, and fission reaction of 239Pu have more

considerable variations than other nuclide reactions.

Moreover, the radioactive capture reaction of 28Si has a

relatively high sensitivity, and its sensitivity coefficient

value essentially remains unchanged during the full life-

time, as illustrated in Fig. 6. At the same time, the inte-

grated sensitivity coefficients of some poison isotopes,

such as 135Xe, 149Sm, and 155Gd, have no obvious

Fig. 4 keff depletion results

calculated by RMC

Fig. 5 Important nuclides density variation during the depletion calculation. a 155Gd,10B and 149Sm density variation; b 135I and 135Xe density

variation
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Fig. 6 (Color online) Integrated sensitivity coefficients of important nuclides and their cross sections. (a) Important nuclides integrated

sensitivity coefficients; (b) Important nuclide cross sections integrated sensitivity coefficients

Fig. 7 (Color online) Integrated sensitivity coefficients variation (BOL-EOL) of important nuclide reactions

Table 3 14 important nuclide

reactions average integrate

sensitivity coefficients

Nuclides Nuclear reaction Sensitivity coefficients Spread (Max–Min) STDEV (%)

235U t 9.36 9 10–1 1.37 9 10–1 5.16

C-graphite elastic 4.80 9 10–1 1.32 9 10–1 5.58
235U n,f 3.63 9 10–1 3.04 9 10–2 2.08
235U n,c –1.20 9 10–1 6.87 9 10–3 0.54
238U n,c –1.20 9 10–1 3.36 9 10–3 0.11
28Si n,c –5.54 9 10–2 3.86 9 10–3 0.15
239Pu n,f 3.33 9 10–2 8.02 9 10–2 3.05
239Pu n,c –2.23 9 10–2 5.26 9 10–2 2.02
135Xe n,c –1.24 9 10–2 1.03 9 10–2 0.55
10B n,c –7.72 9 10–3 1.15 9 10–4 0.02
157Gd n,c –6.49 9 10–3 1.61 9 10–2 0.69
149Sm n,c –4.68 9 10–3 6.47 9 10–3 0.29
155Gd n,c –2.66 9 10–3 3.55 9 10–3 0.19
235U v 1.91 9 10–10 1.57 9 10–10 0.00
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variation, and these values are quite small during the full

lifetime depletion.

3.2.2 keff uncertainty analysis

According to the previous analysis of the important

nuclide reaction sensitivity coefficients, the uncertainty

contributions of the reaction cross sections to keff may have

significantly different throughout the depletion calculation,

which requires further study. The SU results calculated by

RMC show that the rank of the top eight contributors

during the full lifetime depletion calculation did not differ

substantially, however the contribution values varied.

There are 12 important nuclide reaction cross-section

average contributions to the keff uncertainty for the small-

sized HTGR depletion calculation, which are illustrated in

Table 4. These contributions to the keff uncertainty are the

average values of the results of the seven burnup steps. It is

obvious that the elastic scattering of C-graphite, radioac-

tive capture of 135Xe, radioactive capture of 157Gd,

radioactive capture and fission reaction of 239Pu, and the

average number of neutrons emitted per fission event of
235U change substantially throughout the depletion calcu-

lation through the standard deviation presented in Table 4.

In addition, combined with the results summarized in

Tables 3 and 4, the radioactive capture reactions of poison

isotopes 157Gd and 135Xe have relatively large variations in

contribution values. However, their sensitivity coefficients

were mostly stable during the lifetime depletion

calculation.

The 12 important nuclide reaction cross-sectional con-

tributions to keff uncertainty in small-sized HTGR deple-

tion calculations are shown in Fig. 8. The solid lines

represent the uncertainty contribution variations of the

nuclear reaction for each nuclide that exists at the BOL.

The figure shows that the average number of neutrons

emitted per fission event of 235U contributions decreased

with the depletion calculation, but it was still the most

significant contributor to the uncertainty of keff across the

full lifetime. Furthermore, all cross sections other than the

elastic scattering cross section of C-graphite and the

radioactive capture cross section of 28Si exhibited a

downward trend. In particular, the radioactive capture

reaction of 157Gd showed a noticeable decline from BOL to

nearly 150 days. This was mainly caused by the depletion

of 157Gd. Simultaneously, this also led to a reduction in the

average number of neutrons emitted per fission event of
235U, contributing to keff uncertainty.

The dotted lines in Fig. 8 express the fission product

reaction contribution to keff uncertainty; all reaction con-

tributions have an increasing trend with the nuclides pro-

duced during the burnup calculation. As an important

fission product, 135Xe is produced rapidly at the BOL and

reaches equilibrium at 4 to 5 days. Simultaneously, the

radioactive capture reaction of 135Xe was the main con-

tributor to fission products until nearly 450 days. After

450 days, the fission reaction and radioactive capture

cross-section of 239Pu became the main contributors.

However, the contributions of the radioactive capture

reaction of 149Sm were low and barely changed.

Figure 9 shows the total variation of the important

nuclide reaction contributions to the keff uncertainty. The

phenomenon concluded with Tables 3 and 4 can be more

intuitively seen in Fig. 7 and Fig. 9 that the radioactive

capture of 135Xe and 157Gd has only tiny variations in

Table 4 12 important nuclide reactions average contributions to the keff uncertainty

Nuclides Covariance matrix Average contributions to uncertainty in keff (% Dk/k) Spread (Max–Min) STDEV (%)

Nuclide reaction Nuclide reaction

235U t t 3.50 9 10–1 6.98 9 10–2 2.58
28Si n,c n,c 2.59 9 10–1 1.33 9 10–2 0.52

C-graphite elastic elastic 2.57 9 10–1 6.59 9 10–2 2.90
235U v v 1.67 9 10–1 2.49 9 10–2 0.99
235U n,c n,c 1.56 9 10–1 2.10 9 10–2 1.00
238U n,c n,c 1.48 9 10–1 4.43 9 10–3 0.17
235U n,f n,c 1.21 9 10–1 1.02 9 10–2 0.78
135Xe n,c n,c 5.13 9 10–2 4.26 9 10–2 2.48
157Gd n,c n,c 2.50 9 10–2 6.45 9 10–2 2.95
239Pu n,f n,f 2.41 9 10–2 4.42 9 10–2 2.26
239Pu n,c n,c 2.28 9 10–2 4.97 9 10–2 2.12
149Sm n,c n,c 7.23 9 10–3 3.24 9 10–3 0.40
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sensitivity coefficients, but the contributions to keff uncer-

tainty differ significantly during the full lifetime.

Considering the numerical results in Sect. 3.2.1, the

fission spectrum of 235U makes a large contribution to keff
uncertainty after the radioactive capture of 135Xe and
157Gd. However, the sensitivity coefficients do not

noticeably increase during the depletion calculation.

However, the nuclide reaction cross-section has uncer-

tainty, which is presented by the covariance matrix based

on the nuclear data library [23]. Because the ‘‘sandwich’’

rule is used to quantify uncertainty, although the integrated

sensitivity of keff to the 235U fission spectrum is only

–1.91 9 10–10, the large relative covariance explains why

the 235U fission spectrum is the fourth most significant

contributor. In addition, the relative covariance of the

radioactive capture reaction of 28Si is not large in the

ENDF/B-VII.1 covariance library [23], but its contribution

to the uncertainty of keff is still significant in small-sized

HTGR depletion calculations. The density of 28Si remained

almost unchanged throughout the lifetime. Thus, it can be

concluded that the large volume ratio in the core and large

average sensitivity coefficient are the main reasons that the

radioactive capture of 28Si is the second largest contributor

to keff uncertainty.

After analyzing the contribution of some important

nuclide reactions, the total uncertainty of keff during the full

lifetime depletion calculation was quantified, as shown in

Fig. 10. According to the numerical results of the seven

burnup steps, the uncertainty of keff remained largely

constant. Moreover, owing to the fission products

Fig. 8 Important nuclide

reaction contribution variations

to uncertainty in keff

Fig. 9 (Color online) Important nuclide reaction contribution variations (BOL-EOL) to uncertainty in keff
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constantly generated during the depletion process, the

uncertainty has a slightly increasing trend.

Since 2007, there have been many developments in

reactor uncertainty analysis modeling, such as the OECD/

NEA of Light Water Reactor (LWR) UAM, OECD/NEA

of Boiling Water Reactor (BWR) UAM, and IAEA CRP

UAM on HTGR [7, 9, 20, 21]. The keff uncertainty results

of these reactor uncertainty analysis projects are presented

in Table 5. The burnup value of the small-sized HTGR was

only 10.789 GWd/tU at EOL. Nevertheless, the burnup of

PWR and HTR-10 was much deeper. At the same time, the

PWR and BWR all have an extensive increase in keff
uncertainty during the full lifetime depletion, and the

uncertainty value increased by 28.98% and 40.22%,

respectively. However, the uncertainty of keff in small-

sized HTGRs only increased by 1.12% in the full lifetime

depletion calculation owing to the low discharge burnup

design.

After analyzing the keff uncertainty due to the nuclear

data during the burnup calculations for different types of

reactors, the contributions of the top five most important

nuclide reactions to keff uncertainty in different typical

reactors under CZP conditions were determined, as illus-

trated in Table 6. BWR, pebble-bed HTR-10, and small-

sized HTGRs were included. It is clear that in BWR, the

top contributor to keff uncertainty is the radioactive capture

reaction of 238U. However, in the two HTGRs, the first

contributor to keff uncertainty was the average number of

neutrons emitted per fission event of 235U. Moreover, the

radioactive capture reaction of 28Si being the second

contributor to keff uncertainty is a novel finding in small-

sized HTGRs.

4 Mechanism analysis of keff uncertainty

From the above SU analysis during the small HTGR

depletion calculation, it was revealed that some cross

sections of 235U, 28Si, 157Gd, C-graphite, 239Pu, 135Xe, and
149Sm had high sensitivity coefficients or significant con-

tributions to the uncertainty of keff. The reason that the

radioactive capture reaction cross section of 28Si has such a

large contribution to the uncertainty of keff was investigated

in Sect. 3.2.2. Additionally, other changes in significant

nuclide reaction sensitivity coefficients may directly affect

the uncertainty of keff during the full lifetime depletion

process. Therefore, it is necessary to carry out further

mechanistic analyses.

Based on the results in Sect. 3, the average number of

neutrons emitted per fission event, fission spectrum,

radioactive capture reaction, and fission reaction of 235U all

have a significant contribution to keff uncertainty during the

depletion calculation. As one of the most important ele-

ments in fission reactors, the nuclear data of 235U have a

significant effect on keff uncertainty and are valuable for

further studies.

According to the uncertainty quantification method

introduced in Sect. 2, the uncertainty of keff due to nuclear

data depends on its covariance data and sensitivity coeffi-

cients. The four crucial reactions of the 235U integrated

sensitivity coefficients and their contribution to keff uncer-

tainty are presented in Fig. 11. From these two histograms, it

is noteworthy that the high sensitivity of the average number

of neutrons emitted per fission event of 235U directly leads to

a large 235U contribution to keff uncertainty. Although other

crucial reactions of 235U also significantly contribute to the

total uncertainty of keff, the keff sensitivities to these reactions

are not very significant and only slightly decrease during the

full lifetime. In addition, the sensitivity coefficients of the
235U fission spectrum are too small to be observed in this

histogram, however the contribution to keff uncertainty is still

large due to the high relative covariance data [23]. However,

the uncertainties of the average number of neutrons emitted

per fission event and fission reaction, which are based on the

Fig. 10 Total uncertainty of keff during the full lifetime depletion

calculation

Table 5 Different reactor keff
uncertainty due to the nuclear

data

Reactor EOL burnup (GWd/tU) keff uncertainty (%Dk/k)

BOL EOL

PWR TMI-1 60 0.49 0.69

BWR PB-2 45 0.55 0.92

HTR-10 52.72 0.6609 –

Small-sized HTGR 10.789 0.6359 0.6431
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covariance matrices, are much smaller [23]. Therefore, the

average number of neutrons emitted per fission event and

fission reaction of 235U has a large amount of uncertainty,

which can be attributed to their large sensitivity coefficients.

Furthermore, the elastic scattering of C-graphite, the

radioactive capture reaction, and the fission reaction of
239Pu also have considerable impact and variation during

the depletion process. The integrated sensitivity coeffi-

cients of these two important nuclides are shown in

Fig. 12. In these two histograms, the elastic scattering of

C-graphite has a large basal sensitivity during the full

lifetime and even exhibits a slight growth at EOL. This

trend also reflects the total uncertainty change in keff to

some extent. At the same time, the two important reactions

of 239Pu sensitivity coefficients have a significant growth at

EOL, but their sensitivity coefficient values are still slight

compared with those of C-graphite and 235U. Based on this

finding, the reason that the radioactive capture and fission

reactions do not contribute significantly to keff uncertainty

at EOL can be explained clearly. Moreover, this

phenomenon explains why the total keff uncertainty does

not increase significantly at EOL.

Fission poison products, such as 135Xe and 149Sm, are

generated during the full lifetime depletion process. These

nuclides dramatically affect keff due to their substantial

absorption cross sections and therefore, the impact of these

poison nuclide reaction cross-sections on keff uncertainty

should be studied. The integrated sensitivity coefficients of

the radioactive capture reaction of 135Xe, 149Sm, and 157Gd

during the depletion calculation are shown in Fig. 13.

Interestingly, based on the rapid production of 135Xe at the

BOL, the integrated sensitivity coefficients of 135Xe

increased significantly at 5 days and reached the highest

value at 150 days. The integrated sensitivity coefficients of
149Sm have slightly increased at 5 days and also get peak at

150 days, but its integrated sensitivity values are much

lower than that of 135Xe. The burnable poison material
157Gd is input at the BOL. Its sensitivity coefficients show

an obvious decrease after 150 days and nearly decrease to

zero at EOL. After 150 days, the main contributor of poi-

son elements was 135Xe in the small-sized HTGR.

Fig. 11 (Color online) 235U important reactions integrated sensitivity coefficients and contribution to keff uncertainty. (a) 235U important

reactions integrated sensitivity coefficients; (b) 235U important reaction’s contribution to keff uncertainty

Table 6 Different reactor top 5 important reaction contributions to keff uncertainty at CZP condition

Rank BWR %Dk/k HTR-10 %Dk/k Small-sized HTGR %Dk/k

Nuclide reaction Nuclide reaction Nuclide reaction

1 238U (n, c) 238U (n, c) 0.30 235U t 235U t 0.38 235U t 235U t 0.37

2 235U t 235U t 0.28 C-gra elastic C-gra elastic 0.31 28Si (n, c) 28Si (n, c) 0.26

3 235U (n, c) 235U (n, c) 0.14 235U v 235U v 0.25 C-gra elastic C-gra elastic 0.25

4 235U (n, f) 235U (n, f) 0.14 C-gra (n, c) C-gra (n, c) 0.19 235U v 235U v 0.18

5 235U (n, f) 235U (n, c) 0.12 235U (n, c) 235U (n, c) 0.18 235U (n, c) 235U (n, c) 0.17
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However, the integrated sensitivity coefficients of these

poison elements are still much smaller than those of

C-graphite or 235U. Therefore, based on the analysis results

and the ‘‘sandwich’’ rule, the contributions to keff uncer-

tainty of these main poison nuclide reactions in small-sized

HTGRs arise from their relative covariances.

5 Conclusion

In this study, the keff uncertainties due to the nuclear

data in the CZP condition and full lifetime depletion cal-

culation were quantified for a small-sized HTGR. RMC

was used to generate the small-sized HTGR high-fidelity

model and carry out critical calculations and for depletion

and uncertainty calculations. In the depletion calculation,

the predictor correction method was applied. In addition,

the CLUTCH method was used for sensitivity analysis, and

the ‘‘sandwich ’’ method was utilized to quantify the keff

Fig. 12 (Color online) Integrated sensitivity coefficients of C-graphite and 239Pu. (a) C-graphite elastic scattering integrated sensitivity

coefficients; (b) 239Pu radioactive capture reaction and fission reaction integrated sensitivity coefficients

Fig. 13 (Color online)

Sensitivity coefficients of the

poison elements
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uncertainty through the ENDF/B-VII.1 covariance data.

Our main findings are as follows:

First, the uncertainty of keff due to nuclear data at the

CZP condition was considered. According to SU results in

the CZP condition, the average number of neutrons emitted

per fission event of 235U is the most important contributor

to the uncertainty of keff. The radioactive capture reaction

of 28Si is the second largest contributor to the uncertainty

in keff because of its heavy volume ratio in the fuel pellet.

This finding differs from the results of our study of the

pebble-bed HTGR [10]. The total uncertainty of keff due to

the nuclear data at the CZP condition was approximately

636 pcm.

Second, the 24 fuel zone model was used for the full

lifetime depletion calculation. According to the results

illustrated in Tables 2 and 4, the top eight most important

nuclide reaction contributors themselves to keff uncertainty

did not change across the full lifetime. However, the keff
uncertainty from the radioactive capture and fission reac-

tions of 239Pu increased significantly at EOL. Simultane-

ously, other types of reactors, such as PWR, BWR, and

pebble bed HTGR, were compared with the small-sized

HTGR in the full lifetime depletion keff uncertainty quan-

tification. The results showed that the small-sized HTGR

had a lower burnup value at EOL, and its keff uncertainty

only changed slightly during the full lifetime depletion

calculation. In the small-sized HTGR, the uncertainty of

keff during the full lifetime increased by 1.1196%, com-

pared to 28.9855% for PWR and 40.2174% for BWR.

Finally, the variation in keff uncertainty due to nuclear

data during the full lifetime depletion was analyzed. The

average number of neutrons emitted per fission event of
235U and elastic scattering of C-graphite significantly

contribute to the uncertainty of keff owing to their large

sensitivity coefficients. However, this conclusion is con-

trary to the fission spectrum of 235U, in which the signifi-

cant contribution to the keff uncertainty is due to the large

covariance data of itself. Moreover, 239Pu is one of the

main fission products, and its important reaction cross-

sectional contributions to keff uncertainty increased at EOL,

but did not surpass the contributions of 235U or C-graphite

owing to its small sensitivity coefficient. This is the key

reason that the total uncertainty of keff grew little at the

EOL. In addition, the poison elements, 135Xe, 149Sm, and
157Gd, were investigated in the depletion calculation. The

keff sensitivity coefficients for the poison element cross

sections varied significantly during the full lifetime, as

illustrated in Fig. 13. These changes have an obvious

influence on the keff value but did not significantly affect

the keff uncertainty.

In general, the keff uncertainty due to nuclear data was

quantified, and some important nuclides and reactions were

determined to contribute significantly to the keff

uncertainty. These findings are valuable for the design and

optimization of new small-sized prismatic HTGRs. How-

ever, the nuclear data introduces non-negligible uncer-

tainties to the nuclide density, which further contributes to

the uncertainty of keff during the depletion process. This

work is now in progress, and the uncertainty results will be

reported in the following papers.
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