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ABSTRACT

With ever-advancing computer technology, the Monte Carlo (MC) neutron transport calculation is
expanding its application area to nuclear reactor transient analysis. Dynamic MC (DMC) neutron tracking
for transient analysis requires efficient algorithms for delayed neutron generation, neutron population
control, and initial condition modeling. In this paper, a new MC steady-state simulation method based on
time-dependent MC neutron tracking is proposed for steady-state initial condition modeling; during this
process, prompt neutron sources and delayed neutron precursors for the DMC transient simulation can
easily be sampled. The DMC method, including the proposed time-dependent DMC steady-state simu-
lation method, has been implemented in McCARD and applied for two-dimensional core kinetics
problems in the time-dependent neutron transport benchmark C5G7-TD. The McCARD DMC calculation
results show good agreement with results of a deterministic transport analysis code, nTRACER.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The transient analysis of a nuclear reactor is one of the ultimate
goals of Monte Carlo (MC) neutron transport calculations. Recently,
MC transient analyses have been conducted using two kinds of
approaches: the dynamic MC (DMC) method with the simulation of
delayed neutron precursors [1,2] and the quasi-static method [3] in
which MC neutron transport calculations are used to estimate the
angular neutron flux at fixed time. The quasistatic method is used
to efficiently solve a transient problem, but it may suffer from time-
discretization approximation. The time-dependent MC (TDMC)
methods, including the DMC method, can handle the time variable
of the neutron density or flux in its continuous domain by updating
event times during MC neutron tracking.

Since Kaplan [4] proposed an efficient matrix method utilizing
TDMC neutron tracking to estimate the time constant or a-eigen-
value of a nuclear system in 1958, reactor analysis applications of
TDMC methods have been limited to MC simulations of research
reactors, including critical assemblies, to obtain kinetic physics pa-
rameters such as the a-eigenvalue, kinetics parameters, noise data,
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etc. KENO-NR, a variant of KENO-V.a [5], and MCNP [6] were used
[7—9] to generate time-dependent detector responses in numerical
simulations of noise experiments and pulsed neutron source ex-
periments. The TART code [10] is equipped with a TDMC algorithm in
which the time domain is split into time bins and the neutron
population in each time bin is controlled using the combing tech-
nique [11,12]. Cullen et al. [12] compared the a-eigenvalues esti-
mated by TART's TDMC calculations with those obtained using the a-
static algorithm [13] for Godiva-like problems. For experimental
benchmarks on a thorium-loaded accelerator-driven system [14],
Shaukat and Shim [15] compared the a-eigenvalues calculated by
the TDMC method and the a-iteration algorithm [16] using McCARD
[17] with the experimental results. The Godiva super-prompt-
critical burst experiment was simulated using the Serpent-
OpenFoam coupled system considering thermal feedback [18].

As noted by Sjenitzer and Hoogenboom [ 1], the challenges of MC
reactor transient analysis include effective generation of delayed
neutrons, neutron population control, modeling of initial conditions,
etc. As delayed neutrons play an important role in the transient
behavior of reactor core characteristics, in spite of their small gen-
eration fraction from a fission reaction, a special treatment of their
time-dependent generation is required to reduce the statistical
uncertainty, which is expected to be high in direct sampling of their
delayed-generation time at each fission site. In order to overcome
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this problem, Sjenitzer and Hoogenboom [1] developed a clever
algorithm of MC tracking and forced decay of delayed neutron pre-
cursors. The second issue of neutron population control has been
approached in two ways in terms of simulations of the branching
processes such as the fission reaction: an analog MC simulation in
which extra neutrons from fission are sampled and tracked,
accompanied by a time bin-wise population control technique such
as the combing algorithm and the branchless method [1] in which
the neutron weight is increased in accordance with the expected
number of fission neutrons at each collision site. In this study, we
apply Sjenitzer and Hoogenboom's delayed neutron handling algo-
rithm and the analog MC branching process simulation method with
the combing technique [12] for the DMC transient analysis.

For the modeling of the initial condition of a transient scenario,
which is generally the steady-state condition, one may use the MC
power iteration method [19] to obtain the fundamental-mode dis-
tribution of initial source neutrons and the fundamental-mode
eigenvalue, k, as Sjenitzer and Hoogenboom [1] suggested. In this
paper, as an alternative to the MC eigenvalue calculation, we propose
a TDMC steady-state simulation method that is consistent with the
DMC transient simulation method for the steady-state initial con-
dition modeling. The DMC algorithms, including the proposed
steady-state simulation method, have been implemented in
MCcCARD [17] and applied for a time-dependent neutron transport
benchmark based on the well-known steady-state C5G7 benchmark
problems, in short the C5G7-TD benchmark [20]. The McCARD DMC
results for the C5G7-TD benchmark are compared with those ob-
tained using a deterministic transport analysis code, nTRACER [21].

2. TDMC steady-state simulation

As we apply existing methods for the delayed neutron genera-
tion [1] and neutron population control [12] in this DMC transient
analysis, a new MC steady-state calculation method based on TDMC
tracking is focused on in this section.

The main difference between the TDMC simulation and MC
eigenvalue calculation [19] is that the former applies the exact
collision kernel, C, at each collision site, while the latter applies the
scattering collision kernel, Cs; these values are defined as follows:

CwEQ—EQ) =Y nr.B)ZTE) f o F Q)
IR} ) e r ) Et(l'/,E/) r ) )
(1)
= (', E) ,
Cs(r;E',Q —E Q) = v ENZD L f (B, Q —E,Q
s ( ,Q) r;ﬁg_ r( )Et(r,vE,) fr (E', )
(2)

v, is the average number of neutrons produced from a reaction of
type r, and f;(E', Q' —E, Q)dEdQ is the probability that a collision of
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Fig. 1. Example of an MC history simulation at time step i. MC, Monte Carlo.

type r by a neutron of direction ' and energy E’ will produce a
neutron in direction interval dQ about  with energy in dE about E.
Other notations follow standard. By comparing Eqgs. (1) and (2), one
can see that the only difference is whether the fission reaction is
sampled or not. The fission reaction can be sampled in the reaction-
type sampling process of the TDMC method, as is the case in the MC
fixed-source-mode calculations, while the fission reaction is dis-
carded in the MC power iteration method. Then, the ignored fission
reaction in the reaction-type sampling process is considered by
sampling fission source neutrons for the next iteration (or cycle)

MC simulations with probability of w- (Lkgv . (%) where w

Start TDMC for time step i

|
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initial history data
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Determine collision time:
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SNB; by the combing technique

v

Start TDMC for time step i+1

Fig. 2. Flow chart of the TDMC steady-state calculation at time step i. SNB;, surviving
neutron bank stored at the end of time step i; TDMC, time-dependent Monte Carlo.
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and vy are the neutron weight and the average number of total
fission neutrons per fission reaction at the collision site, respec-
tively. In this MC power iteration algorithm, the division by k in the
fission neutron production probability plays the role of source
normalization iteration by iteration (or cycle by cycle). As is well
known [22,23], this replacement of vy by a fictitious value, g,
defined by vy /k, is the only alteration of the eigenvalue equation for
the steady-state analysis from the physical system.

By making the best of this concept of vsc, steady-state distri-
butions of fission sources and delayed neutron precursors, as well
as k, can be obtained via TDMC simulations with slight modifica-
tion. We suppose that the total number of time steps, the time step
interval, the number of neutron histories, and an initial k value are
provided in a user input for the TDMC steady-state calculations. In
TDMC simulations with the combing technique [12], each neutron
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is simulated time step by time step with updating of its time var-
iable whenever its track is sampled by the following equation:
S i.j

ij _ 4ij D
g =4 +———

,/ZE;}"/mn’

where tli,J,'(p’ =porp-—1), ILJ. and ELJ are, respectively, the time
after the p'™ flight, the length, and the neutron energy of the p™
track, of history j at time step i; m, is the neutron mass. If the
sampled time is greater than the upper time bound of the i time

(3)

step, i.e., tli,J >T;i,1, then the track length of, and time after the last

flight P, of history j, denoted by I}! and t;;j , respectively, become the
following:
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Fig. 3. 2D core configuration for the C5G7-TD benchmark. BC, boundary condition; MOX, mixed oxide; UO,, uranium dioxide; 2D, two dimensional.
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i — <T,-+1 - t},{l) . /ZEjj/mn, (4)

t =T, (5)

where E” indicates the neutron energy of the last flight of history j
at time step i. After the i™ time step TDMC simulations for all his-
tories, the number of neutrons for the next time step simulations
are controlled to be the user-provided number of histories obtained
by the Russian roulette or splitting method depending on the
number of surviving neutrons at T;. 1. Fig. 1 shows an example of a
simulated neutron history at time step i.

In this TDMC simulation with population control, the only
modification necessary to obtain the fundamental-mode distribu-
tions of fission sources and delayed neutron precursors is to
generate as many fission neutrons as I/}n /ki_1, where V}" and k;j_q are
the average number of total fission neutrons per fission of isotope m
and the eigenvalue estimated at the time step (i — 1), when a fission
reaction of isotope m is selected during the MC simulations. From
each time step TDMC simulation, k can be estimated by calculating
the ratio between the amounts of fission neutron production and
net losses of neutrons.

Then, after the modified TDMC simulations for the user-
provided number of time steps, which is supposed to be suffi-
cient to converge the fission source distribution, initial fission
sources for the DMC transient simulation are determined as sur-
viving neutrons at the end of these TDMC steady-state calculations.
Initial sites of the delayed neutron precursors are selected with the

probability of wevg(r',E'). (;Q: E;) where vg is the number of

delayed neutrons per fission reaction at every collision site during
the last time step TDMC simulations while applying the population
control technique of the delayed neutron precursors [1].

Fig. 2 shows an algorithm of the TDMC steady-state calculations
at the it time step. In the figure, SNB; (i’ =iori— 1)indicates a data
structure for storing surviving neutrons at time T; ;.

3. C5G7-TD application results

For the verification of transient analysis codes, the C5G7-TD
benchmark [20] specifies a series of space—time neutron kinetics
problems without consideration of any feedback effects. The C5G7-
TD benchmark problems are based on the well-studied steady-state
C5G7 specification [24] and additionally define physical constants
related to delayed neutron characteristics. The benchmark's two-
dimensional (2D) core configuration is the same as that of the
C5G7 core, consisting of 16 fuel assemblies (FAs)—eight UO, FAs
and eight mixed oxide FAs, as shown in Fig. 3. Each 17 x 17 FA has
264 fuel pins, 24 guide tubes (GTs) for control rods (CRs), and one
instrument tube (IT) for the fission chamber (FC) in the center grid
cell. Every pin cell with pitch of 1.26 cm is modeled by two
regions—a cylinder with radius 0.54 cm for a mixture region of
fuel-clad, moderator-filled GT, CR-GT, or FC-IT, and a surrounding
moderator region. There are four CR banks, each of which governs
CRs in FAs at the same position in the quarter symmetry. Bank
numbers of 1, 2, 3, and 4 are assigned to the north-west, north-east,
south-west, and south-east FAs, respectively, as shown in Fig. 3.

The C5G7-TD benchmark provides four exercise sets from 0 to 3
in the 2D configuration, and two exercise sets of 4 and 5 in 3D
geometry. Transient events in the 2D problem sets can be modeled
by time-dependent changes of the seven-group macroscopic cross
sections in the CR-GT mixture regions. In this paper, McCARD DMC
calculation results for the four 2D problem sets are presented and
verified via comparisons with those calculated by the deterministic

1409 —— Step interval = 0.0001 ms

— Step interval = 0.001 ms
1.35 4 —— Step interval = 0.01 ms
—— Step interval = 0.05 ms
—— Step interval = 0.1 ms

Step interval = 1.0 ms
—— Step interval = 2.5 ms
—— MC eigenvalue cal.

I

1.30 4

1.25 4

120 \HHJJLL g,m M.,!l‘ ln\l
e

ketr

l .._ll‘ h’ ‘u“h H‘ Il

u,‘”",n) ']'l" i !,‘ﬁj

1.15 4

1.10 4

T T T
0 50 100 150 200
Time step

Fig. 4. The kesr convergence plots of the TDMC steady-state calculations for 2D C5G7-
TD, varying the time step interval from 0.0001 milliseconds to 10 milliseconds.
cal. = calculations; TDMC, time-dependent Monte Carlo; 2D, two dimensional.

code nTRACER [21]. The McCARD DMC calculations for the 2D
benchmark problems are performed from O s to 3 s with time in-
tervals of 0.05 milliseconds using 100,000 neutron histories.

3.1. TDMC steady-state calculation

The TDMC steady-state simulation is newly proposed to
generate initial prompt neutron sources and delayed neutron
precursors for the DMC transient simulations. In order to inves-
tigate the effect of the time step interval, TDMC steady-state
calculations during 200 time steps are performed with varying
of the interval, such as 0.0001 milliseconds, 0.001 milliseconds,
0.01 milliseconds, 0.05 milliseconds, 0.1 milliseconds, 1.0 milli-
seconds, and 2.5 milliseconds, considering that the prompt
neutron generation time is estimated by the MC adjoint-
weighted Kkinetics parameter estimation method [17] to be
about 0.014 milliseconds. Fig. 4 shows convergence plots of the
fundamental-mode eigenvalue ke by the TDMC steady-state
simulations with changing of the step interval. From the figure,
it can be seen that kef converges after 50 time steps with step
intervals larger than 0.01 milliseconds, while kefs values with

1.1875 4 —=— MC eigenvalue cal. k o= 1.18107

—— TDMC steady-state cal. kgr

1.1850

1.1825
ja
o~
g =i =
J J T =
1.1800
1.1775
T T T T T
1E-4 1E-3 0.01 0.1 1

Step interval (ms)

Fig. 5. Comparison of converged kg values calculated by the TDMC steady-state
simulations for 2D C5G7-TD according to the time step interval. cal. = calculations;
TDMC, time-dependent Monte Carlo; 2D, two dimensional.
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| Step Interval = 0.0001 ms
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Fig. 6. Comparison of flux spectra with varying the time step interval in the TDMC
steady-state simulations for the 2D C5G7-TD core. cal. = calculations; TDMC, time-
dependent Monte Carlo; 2D, two dimensional.

small step intervals of 0.0001 milliseconds and 0.001 millisec-
onds fluctuate more than those with bigger intervals. Fig. 5
shows a comparison of the converged kg values calculated by
averaging the estimated keg values from the 51t to the 200™
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Fig. 7. Comparisons of dynamic reactivities calculated by McCARD and nTRACER for
problems TDO-1 and TDO-5. (A)0s <t <3s(B)01s<t<05s.

time step with a reference from the standard MC eigenvalue
calculation method [19]. The error bars in Fig. 5 indicate the +2
standard deviation (SD) intervals of the mean values, where the
SDs are calculated by the square root of the sample variance from
the time step-wise kefr values of the TDMC steady-state calcula-
tions and the gray area from the cycle-wise keg estimates in the
MC eigenvalue calculation. From the figure, one can see that the
proposed TDMC steady-state calculation, with a sufficiently large
time step interval, can predict kegf within its confidence intervals,
which become larger as the time step interval becomes smaller.
Fig. 6 shows comparisons of the flux spectra in the TDMC steady-
state calculations with that from the MC eigenvalue calculation.
In the figure, the flux spectra coincide with each other very well.
From these results, the time step interval of the TDMC steady-
state calculations in this study is selected to be 0.05 millisec-
onds, which is about 3.5 times larger than the prompt neutron
generation time.

3.2. C5G7 Exercise 0

In problem set C5G7 Exercise 0 (TDO), a postulated instanta-
neous CR insertion and withdrawal transient of designated CR
banks is modeled by step changes of the cross sections of the GT
mixture regions, ¥¢™ during 2 s as follows:
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—— TDO0-5 nTRACER|
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Fractional core fission rate

0.08

T
0.1 0.2 0.3 0.4 0.5
Time (s)

Fig. 8. Comparisons of fractional total fission rates calculated by McCARD and
nTRACER for problems TDO-1 and TDO-5. (A)0s < t<3s(B)0.1s<t<0.5s.
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Sy t=0, t>2s

GT R GT\.
E%TM(t) ={ X5 +01 <2rg — Z‘rg>, Os<t<1s (6)
E%T+0.05<2§g—2g); 1s<t<2s

where r and g are the reaction type and energy group indices,
respectively. The superscripts GT and R represent the moderator-
filled GT and the CR-GT composition, respectively.

Among the five problems in TDO, the McCARD DMC calculations
are performed for TDO-1 and TDO-5, where the postulated CR
movements of Bank 1 and all the banks, respectively, occur. Fig. 7
shows comparisons of the core dynamic reactivities calculated by
McCARD and nTRACER for problems TDO-1 and TDO-5. From
Fig. 7A, one can observe abrupt decreases of reactivity at 0 s due to
sudden insertion of CRs, constant reactivities until 1 s, sudden in-
creases at 1 s due to moving of the CRs to the half position of
inserted length, and restorations at 2 s due to withdrawing of the
CRs to the initial positions. Fig. 7B magnifies the comparisons in a
range between 0.1 s and 0.5 s with +2 SD intervals of the mean
estimates over the tally interval of 2.5 milliseconds, where the SD is
calculated by the sample SD from the history-wise estimates during
each 2.5 milliseconds. Fig. 8 shows comparisons of the fractional
total core fission rates, defined by the fraction of the total core
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Fig. 9. Comparisons of dynamic reactivities calculated by McCARD and nTRACER for
problems TD1-1 and TD2-1. (A)0s <t <3s(B)01s<t<05s.
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Fig. 10. Comparisons of fractional total fission rates calculated by McCARD and
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Fig. 11. Core moderator density changes in TD3 problems.
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fission rate to its initial value at O s, calculated by McCARD and
nTRACER for problems TDO-1 and TDO-5. From the figures, one can
see that the McCARD DMC calculation results agree well with those
of nTRACER.

3.3. C5G7 Exercises 1 and 2

Exercises 1 and 2 (TD1 and TD2, respectively) represent core
transients due to CR insertion and extraction at a constant speed. In
both problem sets, the cross sections of the GT region are defined by
the following equation:

EEgT+a(2‘§g—2$gT)t; Os<t<1s

SO =0 ST va(R-sT)2-0; 1s<t<2s ()
E%T; t>2s

where « is the cross-section change rate, whose value is 0.01 for
TD1 and 0.1 for TD2. Figs. 9 and 10 show comparisons of dynamic
reactivities and fractional total fission rates, respectively, calculated
by McCARD and nTRACER for TD1-1 and TD2-1 while considering
the CR movements in Bank 1. From Fig. 9, one can observe that
reactivity linearly decreases from 0 s to 1 s and increases after 1 s

'
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Fig. 12. Comparisons of dynamic reactivities calculated by McCARD and nTRACER for
TD3 problems. (A)0s <t <3s(B)01s<t<05s.

until 2 s due to ramp changes of the cross sections at the GT regions,
as shown in Eq. (7). From the figures, one can see that the McCARD
DMC calculation results agree well with those of nTRACER for cases
TDO-1 and TDO-5.

3.4. C5G7 Exercise 3

Exercise 3 (TD3) is designed for the transient event of a change
in the core moderator density. Fig. 11 illustrates four scenarios of
time-dependent fraction changes of the moderator density. Ac-
cording to the density change profile, the time-dependent cross
sections of the moderator ™3 in each TD3 problem can be
expressed as follows:

Te—(1—w)zgt; 0s<t<ls
DR ={ Qu-1IZN+(1-w)Sht; 1s<t<2s (8)
T t>2s

where w is the minimum change fraction, for which the values are
0.95, 0.90, 0.85, and 0.80 for TD3-1, TD3-2, TD3-3, and TD3-4 cases,
respectively. The superscript M indicates the moderator.

Figs. 12 and 13 show comparisons of dynamic reactivities and
fractional total fission rates, respectively, calculated by McCARD

(A) |
1.0 4
094
Q 0.8 4
S 4
a 0.7
S |
E 0.6+
o 1
g 054 —— TD3-1 nTRACER]
ER —— TD3-1 McCARD
N —— TD3-2 nTRACER|
S 034 -~ TD3-2 McCARD
=] A ~— — TD3-3 nTRACER|
7 "y —— TD3-3 McCARD
0.1 —— TD3-4 nTRACER|
1 —— TD3-4 McCARD
0.0 T T T T T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time (s)
(B) .
= TD3-1 nTRACER|
0.9 —— TD3-1 McCARD

[—— TD3-2 nTRACER|
—— TD3-2 McCARD
|—— TD3-3 nTRACER|
—— TD3-3 McCARD
[—— TD3-4 nTRACER|
—— TD3-4 McCARD

Fractional core fission rate

. T .
0.1 0.2 0.3 0.4 0.5
Time (s)

Fig. 13. Comparisons of fractional total fission rates calculated by McCARD and
nTRACER for TD3 problems. (A)0s <t <3s(B)01s<t<05s.
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and nTRACER for TD3 problems with changing w. Fig. 12 illustrates
that there are linear decreases of reactivities during the first 1 s and
linear increases for the next 1 s because of linear changes of the
moderator density, as shown in Fig. 11. From the figures, it is
demonstrated that the McCARD DMC calculation results agree well
with those of nTRACER.

4. Conclusions

We developed a new MC steady-state simulation suited to
generate prompt neutron sources and delayed neutron precursors
for DMC transient simulations. The proposed TDMC steady-state
simulation method, accompanied by Sjenitzer and Hoogenboom's
delayed neutron handling algorithm and the analog MC branching
process simulation method with the combing technique, is applied
for DMC analysis of 2D C5G7-TD kinetics problems. In the numer-
ical results, it is demonstrated that the McCARD DMC results show
excellent agreement with those obtained using the deterministic
transport analysis code nTRACER.
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