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a b s t r a c t

The aim of this paper is to assess the reliability and accuracy of the PSI standard method, used in many
previous works, for the quantification of ND uncertainties in the SPERT-III RIA transient, by quantifying
the discrepancy between the actual inserted reactivity and the original static reactivity worth and their
associated uncertainties. The assessment has shown that the inherent S3K neutron source renormali-
zation scheme, introduced before starting the transient, alters the original static reactivity worth of the
transient CR and reduces the associated uncertainty due to the ND perturbation. In order to overcome
these limitations, two additional methods have been developed based on CR adjustment. The compar-
ative study performed between the three methods has showed clearly the high sensitivity of the ob-
tained results to the selected approach and pointed out the importance of using the right procedure in
order to simulate correctly the effect of ND uncertainties on the overall parameters in a RIA transient.
This study has proven that the approach that allows matching the original static reactivity worth and
starting the transient from criticality is the most reliable method since it conservatively preserves the
effect of the ND uncertainties on the inserted reactivity during a RIA transient.
© 2021 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

With the goal to carry out experiments to study the reactor ki-
netics under conditions similar to those of light water reactors
(LWRs), the Special Power Exclusion Reactor (SPERT-III), being a
pressurized-water nuclear facility, was constructed and various
tests on rod ejection accident have been performed [1]. These tests
represented a broad range of initial and transient conditions,
comprising full power, hot standby, hot start-up and cold start-up.
These type of tests represented a unique opportunity to validate
simulation codes. In this context, CASMO-5 and SIMULATE-3K
(S3K) models for SPERT-III core were developed by Studsvik and
then validated against the whole series of experimental tests ( [2],
[3]).

After that, a collaboration has been established between PSI and
Studsvik in order to complement the previous validation study
with nuclear data (ND) uncertainty quantification (UQ) using the
PSI methodology, called SAHRK-X ([4,5]), for the propagation of ND
uncertainties in CASMO-5 lattice calculations down to the core
okhane).

by Elsevier Korea LLC. This is an
transient simulations [6]. In that study, the SPERT-III Test No. 43,
being a super-prompt critical test conducted at cold start-up con-
ditions, has been analysed where the sampling was performed by
simultaneously perturbing randomly the nuclear data using
covariance matrices (CM) of ENDF.B-VII.1 44-group library. Esti-
mation of the ND uncertainties were demonstrated for both steady-
state and transient. Results showed a good agreement between
simulated and measured time-dependent total power and reac-
tivity, with special shape, double-hump, for the time evolution of
the standard deviation of the total power with a relatively high
maximum value, about 16%. In addition, the uncertainty in the
important safety parameter, maximum nodal fuel enthalpy, due to
the ND uncertainties was found to reach a maximum value about
10% [6].

Following the constant developments and improvements of
SHARK-X, follow up studies and analyses have been performed
recently [7]. The analyses conducted concerned: 1) the uncertainty
breakdown with the main goal to identify and quantify the main
nuclear data contributing to the overall uncertainties in the SPERT-
III RIA transient; 2) the assessment of the implicit effect, by
considering the effect of U-238 (n,g) cross section perturbation on
the self-shielding calculation, on the uncertainties of different
steady-state and transient parameters of the SPERT-III RIA
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Fig. 1. Layout of the SPERT-III core [2].
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experiments; and finally, 3) the assessment of the impact of the
kinetic parameter uncertainties on the overall uncertainties of
SPERT-III RIA transient. Results of the first study have shown the
dominance of U-235 nubar and U-238 and U-235 capture cross
sections on the overall uncertainties of steady-state parameters, k-
eff and static reactivity worth. While transient, the U-238 inelastic
scattering cross section was found to be the most dominant
parameter to the overall uncertainties of the time-dependent po-
wer, reactivity, maximum nodal fuel temperature and enthalpy, at
all transient stages. The second study, i.e. effect of implicit effect,
has shown that, the effect of considering the U238 capture cross
section perturbation in the self-shielding calculation has a sys-
tematic decrease of the uncertainty of all steady-state and transient
parameters. Finally, results of the third study showed that the ki-
netic parameters uncertainties have systematically larger un-
certainties in both steady-state and transient parameters of interest
compared to those due to nuclear data [7].
Fig. 2. Overview of SPERT-III RIA tr

1 This is a PSI nomenclature based on the approach used in all previous PSI
works.

1805
It should be noted that all previous PSI studies, i.e. [6,7], were
based on the so-called standard1 approach in which the RIA tran-
sient initiation for the perturbed cases starts from the same CR
configuration of the reference (unperturbed) case, without any
adjustment, and therefore the initial steady state eigenvalue, keff, of
each perturbed case could be different from unity (non-critical).
However, before starting the transient, the S3K internal method-
ology, as most transient codes, is based on a renormalization
scheme in which the fission term, in the neutron balance equation,
is divided by the steady state eigenvalue, keff, in order to start from
a critical state. As a result, the final reactivity insertion, when the CR
is withdrawn, will be different from the original static reactivity
worth due to the renormalization scheme in S3K. Therefore, the
goal of the current research is twofold. First, to assess the reliability
of the standardmethod by quantifying the discrepancy between the
inserted reactivity and the original static reactivity worth and their
associated uncertainties. Second, to present two new approaches to
overcome the limitations found in the standard approach. The new
approaches are based on the CR adjustment in such a way that the
transient calculations of all perturbed cases start from “exactly”
critical conditions. However, the two approaches differ in the value
of the inserted reactivity. While one approach matches the inserted
reactivity to the reported (experimental) initial reactivity insertion,
the second approach fits the inserted reactivity to the original static
reactivity worth. In addition, the results obtained using the three
different approaches will be compared and discussed.
2. Description of SPERT-III core

The core of SPERT-III, except for its small size, has the charac-
teristics of a PWR, with no fission product inventory. The rated
power and flow are 20 MW and 1.26 m3/s, respectively, while the
design temperature and pressure are 616 K and 17.33 MPa,
ansient initiation Approaches.



Table 1
UQ in terms of keff, and static reactivity.

Test 43-ENDF7.1 Method Ref. Mean SE_Mean Bias Std Std (%) SE_Std

Keff Standard 0.99996 0.99988 32 pcm 8 pcm 722 pcm 0.722 23 pcm
CR_Adjust_RIRI 0.99996 1.00000 0.2 pcm 3 pcm 3 pcm 0.003 0.1 pcm
CR_Adjust_OSRW 0.99996 0.99999 0.1 pcm 3 pcm 3 pcm 0.003 0.1 pcm

Reactivity Worth ($) Standard 1.2163 1.2161 3.7E-04 �0.0002 0.0083 0.681 2.6E-04
CR_Adjust_RIRI 1.2163 1.2102 2.2E-04 �0.0061 0.0048 0.399 1.5E-04
CR_Adjust_OSRW 1.2163 1.2167 4.3E-04 0.0005 0.0096 0.793 3.1E-04
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respectively. The core consists of 60 fuel assemblies and the UO2
fuel rods, being placed in stainless steel fuel assembly cans, have
4.8% enrichment [1]. The majority of the fuel assemblies, 48, have a
5 � 5 design containing 25 fuel rods, while the 12 remaining
Fig. 3. Spread of Reactivity before and after S3K renormalization scheme: Standard
Method (Top); CR_Adjust_RIRI Method (Middle); CR_Adjust_OSRW Method (Middle).
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assemblies are of a 4 � 4 design containing 16 fuel rods, with the
same pitch as the 5 � 5 assemblies. Four of the 4 � 4 assemblies
surround the transient control rod (CR), located in the core center,
and the remaining 8 form the so-called fuel followers of the eight
control rods (see Fig. 1). For more details, see Ref. [1].

3. Methodology

3.1. CASMO-5/SIMULATE-3K models

The two-group homogenized nuclear data are prepared, using
CASMO-5 2-D assembly calculation, for four C5 assembly models,
i.e. 5 � 5 FA design; 4 � 4 FA design, surrounding the transient CR;
the lower section (fuel) and the upper section (poison) of the fuel
followers of the CRs (see Fig. 2). It should be noted that, the 3-D core
model of SIMULATE-3K explicitly represents each of the 60 Fuel
assemblies, with three different fuel types: the 5 � 5 FA, the 4 � 4
FA close to the transient rod, and the CR fuel assembly with fol-
lower. Further modeling details can be found in Ref. [2].

3.2. Nuclear data uncertainty propagation methodology

The SHARK-X platform, consisting of a series of modules, was
developed with the devoted task to propagate the nuclear data
uncertainties, provided in the form of covariance matrices (CM) in
the CASMO-5 lattice calculations [4]. In this context, two comple-
mentary uncertainty quantification approaches have been imple-
mented, both based on direct perturbation of the nuclear data used
by CASMO: the stochastic sampling, and the deterministic
approach based on the first order sensitivity coefficients. In the
current work, the stochastic sampling is performed with default
SHARK-X options: by simultaneously perturbing randomly five
nuclear reactions (fission, capture, elastic and inelastic scattering,
and nubar) for a total of 160 isotopes, using covariance matrices
(CM) of ENDF.B-VII.1 44-group library. It is to note that, in the
current SHARK-X version used in this work, the kinetic parameter
data are not perturbed.

The flow of calculations is as follows: for each sample of the
perturbed nuclear data set, a corresponding CASMO-5 calculation is
performed then followed by a downstream S3K simulation. Once all
the samples and the associated calculations are completed, a sta-
tistical analysis is carried out to evaluate the mean and standard
deviation (or variance) of the output distributions and their asso-
ciated standard errors, where the standard error of the standard
deviation is based on the chi-squared approximation
(1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2$ðn� 1Þp

, n is samples number). It is worth noting that, the
SHARK-X version used in this study is linked to slightly older code/
library versions, i.e. C5 version V1.07.01 and ENDF-B/VII.0 (E7.0)
586-group library.

3.3. SPERT-III transient initiation approaches

The SPERT-III test transients were initiated by a rapid reactivity
insertion via withdrawal of the transient control rod (CR) located in



Table 2
Illustration of the relationship between r0 nS3K renorm (Rho_Renorm) and rnstatic (Rho_Static) for standard method.
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the central position. However, the available SPERT-III documenta-
tion does not specify the initial axial positions of the CRs but only
the reactor state along with initial reactivity insertion are provided.
Therefore, for the reference case, the first step of the S3K meth-
odology is to position the eight FA with CR followers and keep the
transient CR fully withdrawn (corresponding eigenvalue is referred
to as kneff out) in such a way to achieve a static reactivity worth

matching the reported initial reactivity insertion and the second
step is to find the position of the transient CR thatmakes the system
critical (corresponding eigenvalue is referred to as kneff in). The po-

wer excursion is thereafter initiated by ejecting the transient CR,
starting from a critical state (Fig. 2, left scheme).

Note that for the perturbed cases, three approaches have been
developed and will be presented in the following three sub-
sections. It should be underlined that, the S3K solution scheme
for the transient simulations starts first by solving the steady state
neutron balance equation in order to compute, among others, the
eigenvalue, k0eff , then the time-dependent transient is launched by

renormalizing the fission term by the initial eigenvalue (k0eff ).
3.3.1. Standard approach
It is noteworthy that, the PSI methodology for ND uncertainty

quantification for the SPERT RIA transient and the related studies
([3,6,7]) were based on this method since it is the most simple and
direct method and no need to introduce any modification in the
initial conditions once the reference case is set-up. In this approach,
the CR configuration, obtained from the reference case, is applied
for all perturbed cases, without any adjustment. This means that
the same length of the transient CR is withdrawn for all samples. In
this case, the resulting static reactivity worth (called also Original
Static reactivity Worth (OSRW)) due to the ND perturbation for
sample n is:
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rnstatic½$� ¼
�
kneff out � kneff in

�
�
kneff out$k

n
eff in

�
$bn

(1)

The initial steady-state eigenvalue, kneff in, could be therefore

different from 1 due to the perturbed ND. However, due to the S3K
renormalization scheme, the inserted reactivity in the transient is:

r0 nS3K renorm ¼
�
k0 neff out � k0 neff in

�

k0 neff in$k
0 n
eff out$b

n ¼
�
k0 neff out � 1

�

k0 neff out$b
n ¼ rnstatic$ k

n
eff in

(2)

where

k0 neff in ¼1 ; k0 neff out ¼ kneff out

.
kneff in

(3)

As can be seen from Eq. (2), the value of kneff in determines the

deviation between the actual inserted reactivity (r0 nS3K renorm) and
the original (initial) static reactivity worth (rnstatic).
3.3.2. CR-adjustment-RIRI approach (to match the reported initial
reactivity insertion)

In this approach, similarly for the reference case, the CR
configuration is adjusted, for each perturbed (sample) case, in such
a way to achieve the two following conditions: 1) the transient
starts from a critical condition; and 2) the inserted reactivity must
be equal to the Reported Initial Reactivity Insertion (RIRI) in the
experiment, which is equal to 1.21$ for the current test (Test 43).
These two conditions are represented by Eqs. (4) and (5),
respectively:



Fig. 4. Time evolution of total power and total reactivity: Standard method (Top); CR_Adjust_RIRI method (middle); CR_Adjust_OSRW method (Bottom).
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kCR adjust RIRI
eff in z1 (4)

rnCR adjust RIRI

¼
�
kn; CR adjust RIRI
eff out � kn; CR adjust RIRI

eff in

�

kn; CR adjust RIRI
eff in $k

n; CRadjustRIRI
effout

$bn

¼
�
kn; CR adjust RIRI
eff out � 1

�

kn; CR adjust RIRI
eff out $bn

¼ 1:21$

(5)

Since the initial steady-state eigenvalue, kCR adjust RIRI
eff in , for this

approach is very close to1,2 the inserted reactivity after the S3K
renormalization scheme is introduced is almost equal to the initial
one:
r0 nCR adjust RIRI ¼
�
k0 n; CR adjust RIRI
eff out � k0 n; CR adjust RIRI

eff in

�

k0 n; CR adjust RIRI
eff in $k0 n; CR adjust RIRI

effout
$bn

¼
�
k0 n; CR adjust RIRI
eff out � 1

�

k0 n; CR adjust RIRI
eff out $bn

¼ rnCR adjust RIRI $k
CR adjust RIRI
eff in (6)
This approach is supposed tomatch, for each perturbed case, the
same fixed reactivity corresponding to the reported initial reac-
tivity insertion in the experiment and therefore does not consider
the effect of ND uncertainties on the CR worth, because the latter is
a part of the benchmark specifications, in other words the effect of
the ND uncertainties on the CR static reactivity worth is lost.
However, as will be seen later the development of this approach is
very important in order to quantify the effect of the S3K numerical
convergence uncertainty on the overall RIA transient uncertainties.

3.3.3. CR-adjustment-OSRW approach (to match the original static
reactivity worth)

In this approach, the CR configuration for each perturbed case is
adjusted in such a way to achieve the two following conditions: 1)
the transient starts from critical condition; and 2) the inserted
reactivity must be equal to the original static reactivity worth
(rnstatic), described in Eq. (1), which, thus, can be different from the
benchmark specifications. These two conditions are represented by
Eqs. (7) and (8), respectively:
Fig. 5. Time-dependent Uncertainty of Total Reactivity (Left) and Total

2 Actually, for S3K due to convergence criterion, the value could be different from
one with a maximum deviation of 4 pcm.
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kCR adjust OSRW
eff in z1 (7)

rnCR adjust OSRW ¼
�
kn; CR adjust OSRW
eff out � kn; CR adjust OSRW

eff in

�

kn; CR adjust OSRW
eff in $kn; CR adjust OSRW

eff out $bn

¼
�
kn; CR adjust OSRW
eff out � 1

�

kn; CR adjust OSRW
eff out $bn

¼ rnstatic

(8)

where

kn; CR adjust OSRW
eff out ¼

kneff out$k
n
eff in�

kneff out$k
n
effin

þ kneffin � kneff in

� (9)
Similar to the previous approach, since the initial steady-state

eigenvalue, kCR adjust OSRW
eff in , for this approach is very close to 1, the

inserted reactivity after the S3K renormalization scheme is applied
is almost equal to the initial one:

r0 nCRadjustOSRW
¼
�
k
0 n; CRadjustOSRW
effout

� k
0 n; CRadjustOSRW
effin

�

k
0 n; CRadjustOSRW
effin

$k
0 n; CRadjustOSRW
effout

$bn
¼
�
k
0 n; CRadjustOSRW
effout

� 1
�

k
0 n; CRadjustOSRW
effout

$bn

¼ rnCR adjust OSWR$k
CR adjust OSRW
eff in (10)

This approach is supposed to match the original initial reactivity
worth for each perturbed case and therefore the associated un-
certainty, due to the ND uncertainties, will be preserved. It is clear
from Equation (8) that, in contrast to CR_Adjust_RIRI method, in
CR_Adjust_OSRW approach the inserted reactivity (rodworth) value
is different for different samples.
Power (Right), using Standard and the two CR_Adjust approaches.
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4. Results and discussions

In this analysis, the simulation of the super-prompt critical test,
Test 43, conducted at cold startup conditions, is carried out. Test 43
has an initial reactivity insertion of 1.21$. The experimental un-
certainties in peak power and initial reactivity insertion are
±42 MW and ±0.05$, respectively [1]. The SHARK-X calculations
conducted in the current research are similar to those conducted in
Fig. 6. Time evolution of uncertainty of reactivity components: Standardmethod (left);
CR_Adjust_RIRI method (middle); CR_Adjust_OSRW method (right).
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the previous papers, i.e. [6,7], where a stochastic sampling is used
and consists in randomly perturbing all nuclear data simulta-
neously, according to their probability distribution obtained from
ENDF/B-VII.1 44-group CM library. For this purpose, 500 samples
were preformed and the results in terms of selected quantities for
both steady-state and transient are presented in the following
sections.
4.1. Steady state results

Table 1 presents the Uncertainty Quantification of the steady-
state results in terms of keff and the static reactivity worth with
respects to the three different methods. As expected, the uncer-
tainty in keff is very large when using standard method (722 pcm)
compared to those of the other approaches, because due to the ND
perturbation the keff is deviated from 1 for each sample for the
standard method, while for the other two method (CR adjustment)
the CR configuration ismodified each time for each sample until the
system reaches criticality.

Concerning static reactivity worth, the standard deviation for
the standard method is about 0.68%, which is resulted from the ND
perturbations (uncertainties), while for the two other methods, i.e.
CR_Adjust_RIRI and CR_Ajust_OSRW, it is about 0.40% and 0.79%,
respectively.

The standard errors of the mean and standard deviation of keff
and reactivity worth are also evaluated and as can be seen, the error
in the mean values are very small, while for the standard error of
the standard deviation (SE_Std) is about 3.17% for all cases. This is
due to the method used to estimate the error, i.e. chi-squared,
where the error is simply a function of the number of samples
(1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2$499

p
¼ 3.17%).

It should be emphasized here that, in order that a methodology
for RIA transient preserves correctly the effect of the ND un-
certainties, the actual reactivity inserted during the transient
should correspond to the original static reactivity calculated in the
standard method.

The spread in reactivity before (Rho_static, Rho_CR_Adjus-
t_OSRW, Rho_CR_Adjust_RIRI) and after (Rho_Renorm) the applica-
tion of the S3K renormalization scheme is presented for the three
approaches in Fig. 3. As can be observed, for the standard approach,
the introduction of the S3K renormalization scheme modifies the
original static reactivity and reduces the associated spread from
0.68% to 0.35% (Fig. 3 (Top)).This means that, the standard method
does not preserve the original static reactivity worth (resulted from
the ND perturbation) and also underestimates the associated un-
certainties, which clearly will have an impact on the final transient
behavior, as illustrated in Section 4.2. It should be emphasized that,
if each sample is considered separately, the effect of the renorm-
alization scheme could be either a decrease (e.g. samples 20, 60 and
309) or an increase (e.g. samples 25 and 295) of the original static
reactivity, as illustrated in Table 2. However, the overall associated
spread (uncertainty) due to the 500 samples is a net decrease. This
can be understood, again, from Table 2, as follows. When Rho_Static
is much larger/smaller than the value of the reference (unper-
turbed) case (~1.216$), the associated keff_in is much lower/larger
than 1, then the effect of renormalization scheme is large and the
resulting Rho_Renorm will be more closer to 1.216$. However, for
samples with Rho_Static values already close to the reference value,
the effect of the renormalization scheme will be smaller and the
resulting Rho_Renorm will be close to the original static reactivity
(e.g. see samples 1e10). Hence, the effect of the renormalization
scheme on all samples is a concentration of the Rho_Renorm values
around the reference value and therefore a lower spread
(uncertainty).
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Similarly, applying the second approach, i.e. CR_Adjust_RIRI, the
original static reactivity worth for each sample is not preserved and
the associated spread is reduced from 0.68% to 0.40%, as illustrated
in Fig. 3 (Middle). It should be noted that, if this approach is used,
the resulted spread in the static reactivity worth is mainly due to
the numerical convergence of the methodology using S3K (CR
adjustment) to match criticality and the right reactivity worth
(1.21$ for Test 43) and it is not related to the ND uncertainties.
Clearly, the effect of ND uncertainties is lost when using this
method. It should be noted also that, when this CR adjustment
method is adopted, applying the S3K renormalization scheme af-
terwards has negligible effect since the initial steady state eigen-
value of every sample is very close to 1 (Eq. (6)). Therefore, the
actual reactivity inserted in the transient calculation will be almost
the same as the static reactivity, calculated by this method, and
therefore the resulting spread in reactivity is exactly the same as
the one before applying the renormalization, as illustrated by the
coinciding blue triangles and red circles in Fig. 3 (middle).

As far as the third developed approach (CR_Adjust_OSRW) is
concerned, the original static reactivity worth is preserved, to a large
extent, with the associated spread with a slight overestimation
(0.79% against the original one of 0.68%, see Fig. 3(Bottom)).

Note that, the discrepancy is due to the additional uncertainty
produced by the CR adjustment numerical convergence, similar to
that found when applying CR_Adjust_RIRI approach. Clearly, the
spread in reactivity due to CR_Adjust_OSRW is related to the original
static reactivity and the reactivity resulted from the CR_Adjust_RIRI
approach by the following relation:

stdðRho CR Adjust OSRWÞ

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
stdðRho staticÞ2 þ stdðRho CR Adjust RIRIÞ2

q (11)

0:79¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:682 þ 0:402

p
(12)

In addition, as expected and similarly as for the second
approach, the effect of the S3K renormalization scheme is negli-
gible and, as can be seen in Fig. 3(Bottom), i.e. the resulting spread
in reactivity after renormalization is exactly the same as the one
before the renormalization (blue triangles vs. red circles).

This analysis clearly shows that the third method is the most
reliable approach since it preserves, conservatively, the original
static reactivity worth and the associated uncertainty. However, the
standard method does not preserve neither the original static
reactivity worth nor the associated uncertainty with a tendency to
underestimate it. However, for the second method, CR-Adjust-RIRI,
although the original static reactivity is not preserved and most
importantly the effect of the ND uncertainties is lost, the uncer-
tainty due to the code numerical convergence (search for the spe-
cific reactivity, i.e. 1.21$ for Test 43) could be quantified.
4.2. Transient results

The transient calculation lasts for 0.5 s and the time step, in the
time interval where the power excursion is occurred ([0.16 s,
stdðPower ND Net EffectÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
stdðPower CR Adjut OSRWÞ2 � stdðRe

q

stdðReact ND Net EffectÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
stdðReact CR Adjut OSRWÞ2 � stdðReac

q
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0.24 s]), is 0.3 ms, which ensures the temporal convergence for all
samples. It should be noted that, the transient control rod starts to
be withdrawn, with an ascending velocity, from zero second to
0.06 s, at which the total reactivity is completely introduced.

The results of the transient calculations for the complete set of
samples (500), using the three aforementioned approaches are
presented in Figs. 4e6.

The time evolution of the calculated and measured total power
and total reactivity are presented in Fig. 4. In addition, the reactivity
components, i.e. fuel temperature (Doppler); flux redistribution;
control rods; and moderator density, are also depicted in order to
visualize the contribution of each component to the total reactivity
during the whole transient. The red area in the figures represent the
spread in results due to the 500 samples, while the two dashed red
curves correspond to the extreme cases with maximum and mini-
mum values. As can be observed, the shape of the power excursion
using the three approaches is similar. However, while in the initial
excursion phase, the measured power is well within the uncertainty
area of the calculated power for all three approaches, in the power
reversal phase themeasuredpower is slightlyoutside theuncertainty
area of the calculated power. However, considering the experimental
uncertainty (1 s), the calculated power can be considered in good
agreement with the measurement It should be noted that, the goal
here is not to discuss the behavior of the time evolution of the reac-
tivity and power, which has been explained in Ref. [6], but rather to
perform a comparative study between the results of the three
approaches.

As can be seen from Fig. 4, similarly to the steady-state results,
the spread in reactivity and power is maximum for the CR-Adjust-
OSRW, i.e. method with CR adjustment to match the original static
reactivity worth, while the minimum spread is obtained when the
standard approach is used.

This is clearly because the actual inserted reactivity, when using
CR-Adjust-OSRW method, preserves the original static reactivity
worth and the associated uncertainty (with a slight over-
estimation), while both the standard and CR-Adjust-RIRI methods
underestimate the OSRW and its corresponding spread because of
the S3K renormalization scheme and the CR adjustment to match a
constant value of the reactivity, respectively.

The quantification of the resulting uncertainties is presented in
Fig. 5, where the time-dependent uncertainties of total reactivity and
total power are depicted. As can be observed, the maximum power
uncertainty could reach about 39%, 25% and 15% for CR-Adjust-OSRW,
CR-Adjust-RIRI and standard method, respectively. For the reactivity,
the maximum uncertainty reaches about 4.2%, 2.8% and 2% for CR-
Adjust-OSRW, CR-Adjust-RIRI and standardmethod, respectively.

As described earlier, the uncertainty in the inserted reactivity of
CR-Adjust-OSRW method was found to be the combination of the
uncertainty of the OSRWand that obtained from the CR-Adjust-RIRI
method, following Eq. (11). If the same law is assumed to rule the
resulting uncertainties of the transient reactivity and power (see
Eqs. (13) and (14)) then an estimation could be obtained for the net
effect of ND uncertainties on these two quantities as depicted in
Fig. 5, where a maximum value of about 30% and 3.4% are obtained
for uncertainty in power and reactivity, respectively.
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
act CR Adjust RIRIÞ2 (13)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t CR Adjust RIRIÞ2 (14)



A. Dokhane, A. Vasiliev, M. Hursin et al. Nuclear Engineering and Technology 54 (2022) 1804e1812
The decomposition of the time-dependent reactivity uncer-
tainty, in Fig. 6, shows a clear distinction, which is mainly due to the
contribution of the CR reactivity, between the behavior when using
the standard method from one hand and those when using the
approaches based on CR adjustment. More specifically, the CR
reactivity uncertainty for standard method shows a slight linear
increase during the CR withdrawal time (0e0.06 s) then keeps
constant for the rest of the transient at a very low level. However,
for the approaches based on the CR adjustment, i.e. CR-Adjust-RIRI
and CR-Adjust-OSRW, the CR reactivity uncertainty shows a rapid
increase then a decrease during the CR withdrawal time then sta-
bilizing at slightly higher level, with a highest value for CR-Adjust-
OSRW. This is quite expected because for the standard method, all
the samples have the same CR configuration, while for the other
two approaches, the CR configuration for each sample is modified
in order to reach the targeted reactivity worth and therefore a
higher spread in the associated CR reactivity is expected.

5. Summary and conclusions

In this research, three different approaches to simulate the ND
uncertainty quantification for SPERT RIA transient are proposed
and assessed. In addition, a comparative study is carried in order to
figure out the best method that can reliably preserve the effect of
ND uncertainties on the inserted reactivity worth and therefore on
the overall RIA transient parameters, e.g. total power, peak power.

The standard method, developed previously and used in previ-
ous works, is the simpler and more direct approach inwhich, for all
perturbed cases, no control rod configuration modification is
introduced compared to the reference case and therefore the initial
core state can be clearly different from the critical state. As stated
above, due to non-critical state, the S3K renormalization scheme
could affect significantly the final inserted reactivity and the asso-
ciated uncertainty, which is found to be lower than the uncertainty
of the original static reactivity. This means that, although this
method embeds the effect of the ND uncertainties, it un-
derestimates the corresponding uncertainty in the inserted reac-
tivity and therefore it underestimates also the associated
uncertainties in RIA transients, e.g. total reactivity, total power,
enthalpy, fuel temperature, etc.

The first developed approach, CR-Adjust-RIRI, is the one inwhich
the transient initiation procedure for the perturbed cases is similar
to that of the reference case. In other words, for each perturbed
case, the CR configuration is adjusted in order to start the transient
from a critical state and to match the inserted reactivity to the re-
ported initial reactivity insertion (the same value for all perturbed
cases). The analysis of this method showed that it is not suitable to
represent the propagation of the effect of ND uncertainties to the
RIA transient since this information is destroyed during the search
to match the reported reactivity worth. However, it was found that
this approach is very important to be developed in order to quantify
the uncertainty due to the numerical convergence of the used code
1812
and/or to complywith the given benchmark specificationswhen CR
reactivity worth is fixed.

Finally, the second presented approach, CR-Adjust-OSRW, is
based on the adjustment of the CR configuration, for each per-
turbed case, in order to start the transient from criticality and to
match the original static reactivity worth, embedding the effect of
ND perturbation. Results have showed that this method is the most
appropriate way for practical/realistic transient simulations that
conservatively preserves the effect of the ND uncertainties on the
inserted reactivity during the RIA transient.

In conclusion, the comparative study performed in this research
has showed clearly the high sensitivity of the obtained results to
the selected approach and pointed out the importance of using the
right procedure in order to simulate correctly the effect of ND un-
certainties on the overall parameters in a RIA transient. This study
has showed also that the approach that allows starting the tran-
sient from criticality and matching the original static reactivity
worth is the most reliable and therefore is highly recommended to
be used for ND uncertainty quantification for any RIA transient.
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