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Gauss-Lobatto Method for Nuclear Reactivity Calculation

Abstract

In this paper, we introduce a novel approach to numerical solving for nuclear reactivity using the inverse
equation of point kinetics as a model. Our method leverages the Gauss-Lobatto quadrature, incorporating
multiple time steps and nodes derived from Legendre polynomials of varying orders. To enhance the
accuracy of the differential component of the inverse equation, we employed a differential scheme based
on the Gauss-Lobatto quadrature nodes. To address fluctuations in neutron population density, we
implemented a second-order low-pass Butterworth filter with a minimal window length of M = 3 samples.
Through extensive numerical simulations, we assessed the precision of our proposed method and
filtering process by varying time steps and standard deviations associated with noise or uncertainty.
Additionally, we benchmarked our results against the Savitzky-Golay filter, which uses a significantly
larger sampling window of M = 225. Our findings reveal that the integration of the Gauss-Lobatto
quadrature method with the Butterworth filter not only significantly reduces fluctuations but also
demonstrates potential for effective implementation in digital reactivity meters.

Keywords
nverse point kinetic equations; Gauss-Lobatto quadrature; nuclear reactivity; Butterworth filter; Numerical
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Abstract

In this paper, we introduce a novel approach to numerical solving for nuclear reactivity using the inverse equation of
point kinetics as a model. Our method leverages the Gauss-Lobatto quadrature, incorporating multiple time steps and
nodes derived from Legendre polynomials of varying orders. To enhance the accuracy of the differential component of
the inverse equation, we employed a differential scheme based on the Gauss-Lobatto quadrature nodes. To address
fluctuations in neutron population density, we implemented a second-order low-pass Butterworth filter with a minimal
window length of M = 3 samples. Through extensive numerical simulations, we assessed the precision of our proposed
method and filtering process by varying time steps and standard deviations associated with noise or uncertainty.
Additionally, we benchmarked our results against the Savitzky—Golay filter, which uses a significantly larger sampling
window of M = 225. Our findings reveal that the integration of the Gauss-Lobatto quadrature method with the But-
terworth filter not only significantly reduces fluctuations but also demonstrates potential for effective implementation in
digital reactivity meters.

Keywords: Inverse point kinetic equations, Gauss-Lobatto quadrature, Nuclear reactivity, Butterworth filter, Numerical
simulation

1. Introduction of nuclear reactions within the reactor core, the data
obtained from measurements have fluctuations that
make the numerical calculation of nuclear reactivity
complex [3].

There are different tasks in nuclear power plants,
the most important of which is the safe control of
the reactor through reactivity [4]. A reactivity-initi-
ated accident is a typical nuclear reactor accident
during which the core fission rate and power in-
crease unexpectedly [5]. Research has been carried

he energy in a nuclear reactor comes from a

large chain of reactions involving the fission of
heavy atoms such as U-235 within the reactor core.
The programmed motion of the control rods can
stabilize chain reactions. Moving the control rods
generates variations in the density of the neutron
population, which in turn causes changes in nuclear
reactivity [1]. One technique used to program the -
motion of the control rod banks is calculating nuclear ~ ©ut in @ BAEC TRIGA Mark-II research reactor to
reactivity through the inverse point kinetic equation study the effects of reactivity insertion and in a
(IPKE). This method is often the primary tool for ~ Prototype fast breeder reactor [6]. Some authors
developing nuclear reactivity meters in power re-  estimate reactivity on an experimental basis [7].
actors [2]. To solve the IPKE, the density of the Typlcally, the mode} takes t}}e neutron density as an
neutron population inside the reactor core must be 1nput funFtlon and 1nf0'rm§1t10.n that can be obtained
known. In practice, this can be determined with ~ With devices such as ionization chambers [8]. An
measuring devices, but due to the stochastic nature ~ accurate reactivity value can predict changes in the
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neutron population density and neutron detector
location [9]. A work helps to improve safety features
in a nuclear reactor through reactivity [10]. In
another method, the reactivity is obtained by the
first-order perturbation calculations [11].

This work proposes using a recently published
second-order low-pass Butterworth filter [12] in
conjunction with the numerical calculation of nu-
clear reactivity using Gauss-Lobatto quadrature to
minimize fluctuations. One of the main character-
istics of this filter is its feedback term, which ne-
cessitates fewer coefficients for filtering operations,
resulting in improved computational efficiency with
a smaller sampling window.

2. Theoretical considerations

In the study of a nuclear reactor's dynamic
behavior, a set of m + 1 strongly coupled differential
equations arises, associated with m groups of de-
layed neutron precursors. These equations describe
the temporal behavior of the density of the neutron
population and the concentration of delayed neutron
precursors inside the core of a nuclear reactor.

The formalism for the point kinetics equations is
obtained after making several physical assumptions
from a more general equation associated with a
neutron diffusion equation that describes the
spatiotemporal evolution of neutron density.

The mathematical form of the point kinetic
equations for six groups of delayed neutron pre-
cursors (m = 6) can be expressed as [13],

= o+ 2 onew )
dcC;(t) B
O i =L @

where N(#) represents the neutron density (propor-
tional to the nuclear power), Ci(f) is the concentration
of the i-th group of delayed neutron precursors, p(t)
the reactivity, A; is the decay constant of the i-th
group of delayed neutron precursors, §; the effective
fraction of the i-th group of delayed neutrons, g is the
total effective fraction of delayed neutrons, and A is
the neutron generation time. Equations (1) and (2)
with the initial conditions N(t = 0) = Ny and C;(t = 0)
= B;No/(AA) allow us to find the population density
and the neutron concentration at each time step.
This work will consider its inverse process when
calculating nuclear reactivity. One can invert equa-
tions (1) and (2) to derive an expression for nuclear
reactivity, assuming the neutron density is known.
This results in an integral-differential equation [14],

B A dN(t)  (Np) & it
PO=B+ S _N(t);ﬁ"e

o ! (3)
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where (Np) is the average initial value of all fluctu-
ating measurements before time #, = 0.

Equation (3) is known as the inverse equation of
point kinetics, and it is a model that allows the
development of digital meters of nuclear reactivity
[2]. The differential part of this equation is associ-
ated with the reactor's period, and the integral part
is related to the reactor's power history.

Due to the integral-differential nature of this
expression, a method must be capable of solving the
integral and differential parts jointly and accurately.
For this reason, the construction of a numerical
scheme that uses the Gauss-Lobatto quadrature is
proposed.

3. Proposed method

In this section, the Gauss-Lobatto numerical
integration method is presented. This method is
based on interpolating polynomials with pre-
assigned abscissas at the ends and internal points of
the integration interval. It can be expressed as
shown in equation (4) [15]:

2

[ stat= 2 e ] + S ) +£0)
-1 j=2

(4)

where 1 is the number of points that the quadrature
takes to approximate the polynomial of degree n —
1, x; the internal evaluation points or quadrature
nodes; w; are the weight coefficients, and E(f) is the
term associated with the error.

The nodes x; are given by the zeros of the poly-
nomial resulting from the derivative of the inter-
polating Legendre polynomial P, (x):

2 puat) =0 6)

Once the nodes x; are known, the weight co-
efficients w; can be found as:

2
w;= X+ +1 (6)

Y

where the error is expressed as [16].
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Since equation (4) is defined at an interval be-
tween [—1, 1], a change of variable can be used to
apply the quadrature to a general interval between
[a, b]. When considering the change of variable t =
(a +b)dt/2+ (b — a)x/2, with dt = (a — b)dx/ 2. In
this way, the quadrature scheme becomes [17]:

a

| f(t)dt:n(”n‘_“l) (@)~ (b)]

a"lw]f< —ax,+u+b> (8)

j=2

~.

)

With equation (8), a compound quadrature rule
can be constructed by dividing the integration in-
terval [a, b] into a number z of small subintervals of
size At where the integral will be evaluated in each
subinterval to ultimately add all the evaluations and
thus obtain the value of the integral over the entire
interval as shown in equation (9)

20t

J:f(t)dtz J:tf(t)dt+ L e+ .

(k+1)At 2=1 p(k+1)At 9)
+ J f(t)ydt = ZJ f()dt
k=0

kAt kAt

The integration interval [t,, td is discretized such
that o = 0 and #; = zAt, then we apply the variable
transformation shown in equation (8) to each term
in equation (9) within the limits a = kAt and b =
(k+1)At where 0 < k<z. Consequently, the com-
pound quadrature rule is formulated as shown in
equation (10),

o3
%Zl (At x]+2k+1)) (10)

_ n(n— 1) 221 (n — 2)!]4 (2n-2)
(2n—1)[2n—2)!)° f (g)]

(f (kAt) +f ((k+1)At))

where the error term also moves in the interval
kAt <& < (k +1)At. The notation of equation (10) can
be simplified by considering that the sum of nodes
and weights takes the values w; = w, =2/n(n—1)
x1 = — 1,x, = 1. In this way, once these conditions
are established and neglecting the error term, the

quadrature scheme of equation (10) can be applied
to an integral part of equation (3), resulting in:

t 1
J e_)‘i(t_t l l E -
0 2 k=0

(11)

The expression obtained in equation (11) is
replaced in equation (3). Then, the corresponding
discretization is carried out in the temporal variable.
This changes a continuous scheme to a discrete one
where only the values of the neutron density at
points given by the nodes of the Gauss-Lobatto
quadrature are needed.

N A dN(t) (No) N, . A
P =0t R N 25 N
m z=1 n ),(tz (x]+2k+l)
X Z Z Ail;
i=1 k=0 j=1
xN(%(x,—&-Zk—&-l))

(12)

The triple summation of equation (12) can be
simplified if a new temporal vector is constructed,
given by the evaluation of the nodes of the quad-
rature t, yj = (x; + 2k + 1) At/2, where t, = t,,
with this, a vector that contains the information
related to the six groups of precursors can be con-
structed, as shown in equation (13):

nk+] ZA 61 f kﬂ (13)

Once equation (13) is constructed, it is necessary
to incorporate the weights w; given by the
quadrature,

H(tn k+j) En k+] =w; Z Ai i8 67A & kﬂ (14)

In this way, a substitution is made such that s =
nk+ j, in which s is defined between 1 <s < nz.
Thus, substituting equation (14) into equation (12)
and considering that t, = t,,z, it is possible to obtain
the expression shown in (15),
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_ A dN(tnz) <N0> S —Aitnz
p(tnz) -~ 6+N(tnz) dt _N(tnz) iz:l:ﬁie A (15)
At nz
N ;H(tn —t)N(t;)

The triple sum shown in equation (12) is a
convolution product but is different due to the
weights w; given by the quadrature. The convolu-
tion term of equation (15) can be interpreted as the
product between the impulse response H(t) and the
neutron population density N(#).

3.1. Differential scheme

A differential scheme is proposed to take advan-
tage of the nodes given by the Gauss-Lobatto
quadrature. Different applications have been solved
using fractional derivatives [18]. However, in this
paper, we do not consider such development. The
neutron population density is approximated with a
Lagrange interpolating polynomial passing through
the nodes, as shown in equation (16),

m n t_t
N(t)=> [ ;= Nt (16)
i=1 j=1 1 ]
j#Ei

Once the interpolating polynomial has been con-
structed for the neutron population density, it is
possible to derive equation (16), thus obtaining:

& d et —
EN(tz):ZN(ti)a II— - (17)

i=1 j=1 ti - t]

j#i t=t,

When evaluating equation (17), considering that
tj = ty.; = zAt+ (x; + 1)At/2, a scheme for the
numerical derivative that uses the nodes given by
the quadrature can be obtained, as shown in equa-
tion (18),

d 1 &
EN(tz) :E ]Z:;ujN (tn z+j)a (18)

In which u; are the weight coefficients that result
from implementing the differential scheme pro-
posed in equation (17).

If the differential quadrature obtained in equation
(18) is substituted into the equation of interest given
in equation (15), a numerical expression is finally
obtained to calculate nuclear reactivity.

No) & y
ZujN(tk+j) IiT::) ; Bie

(19)

where k = nz (z =1, 2, 3, ...) The nuclear reactivity
equation, shown in equation (19), can be solved by
knowing the density of the neutron population
within the reactor core.

This information can be obtained using mea-
surement sensors such as ionization chambers or
fission chambers. The data obtained by these in-
struments may exhibit fluctuations caused by oscil-
lations within the reactor, such as displacement of
core components and changes in temperature or
density. Additionally, detection noise generated by
the measurement equipment [3] may also contribute
to these fluctuations.

For this work, it is assumed that these fluctuations
can be represented by a multiplicative Gaussian
white noise around a mean value, as shown in
equation (20).

NP (t)=N(t)+oN (t)E(t), (20)

where NP(¢) is the density of the perturbed neutron
population, N(#) is the average population density,
& (t) is white noise and o refers to the magnitude of
the deviations introduced.

The fluctuations in NP(t) can be reduced by means
of a low-pass filter to reduce their impact on the
calculation of nuclear reactivity. As consequence of
such filtering, NP(t) is expected to be approximately

equal to N(#).
3.2. Butterworth filter design

The Butterworth filter is a type IIR (infinite im-
pulse response) filter with a flat maximum fre-
quency response throughout the passband. The
transfer function of a second-order low-pass But-
terworth filter can be written as in equation (21) [19],

1

His)=—
(s) $2+2s5+1

(21)
where s represents the complex plane where the
transfer functions of the analog filter are defined. In

order to take equation (21) to a digital format, we
apply the bilinear transform,

11—z

el @)
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where the Z-transform gives a complex number, c is
a positive constant that can be set to map from an
analog frequency to a digital frequency.

In the case of a low-pass filter, c is typically used to
adjust the cut-off frequency to be identical in analog
and digital cases.

The nonlinear relationship between the analog
angular cut-off frequency and the digital angular
cut-off frequency produced by the bilinear trans-
formation can be determined by evaluating in
equation (22), thus obtaining an expression as
shown in equation (23) [20].

1 w.T
wu—ztan< > ), (23)

where T = 1/f; is the sampling period, f; refers to the
sampling frequency (Hz), w. = 2« f, with f, being the
cut-off frequency (Hz).

Furthermore, to find an appropriate value of c, a
normalization condition is established when w, =1,
and by solving for c¢ in equation (23), we obtain
equation (24),

c—tan(;:c) (24)

Now, if equation (22) is substituted back into
equation (21), it results:

H(z) = ! , (25)

(122 +va(3zt) 0

By developing the expressions in equation (25), we
can write:

<m> (1 + 22_1 +Z_2)

2c2-2 1 2=V2c+1
1+ el + 24v/2c+1

H(z)=

; (26)

If equation (26) is compared with a transfer func-
tion of a second-order digital filter, the following
coefficients can be obtained [21],

2

C
bo=by=——— b =2b
i 2 c2+\/§c+1 1 0 (27)
22 -2 A—V2c+1
ap=1,a1 =

7” - b
2+v2c+1 2 24++2c+1

The parameters b; and a; are the coefficients that
control the characteristics of the digital filter.

Once the coefficients in equation (27) have been
determined, a second-order difference equation is

constructed to carry out the filtering process as
follows:

ylk| =box[k] + bix[k — 1] + byx[k — 2] — ayy[k — 1]
(28)
- aZy[k - 2}3
here y [k] is the filtered output signal that is ob-
tained as a linear combination of present x [k] and
past inputs (signal with fluctuations) minus a linear
combination of past outputs (feedback term).
If a signal with fluctuations is considered, as in
equation (20), equation (28) can be written as:

Nf[k]=boNP[k] + b:NP[k —1] + boNP[k — 2] 29
— aNf[k—1] — aoNf [k —2] (29)
where Nf [k] is the filtered signal at the instant k and
NP [k] is the density of the perturbed neutron
population given by equation (20).

Equation (29) generates a delay of two samples,
which implies that to filter the first sample in N f [#],
it is necessary to know the filtering of the two pre-
vious samples.

These samples can be determined by setting the first
and second filtered samples equal to the initial con-
dition of the neutron population density N f [t.4] = N f
[fo] = No.

4. Results

This section shows results from different numer-
ical experiments using the Gauss-Lobatto quadra-
ture and the Butterworth filter in the presence of
noise given by equation (20) with a seed generating
random numbers of 2*'—1 and standard deviations
(o) between [0.01, 0.1].

The numerical simulations are carried out
considering a quadrature of three (Glo-3) and four
(Glo-4) points, which result when implementing
n = 3 and n = 4, correspondingly, in equation (4).

The physical parameters of a thermal reactor that
uses Uranium-235 as fuel are considered [22]. The
physical values for these parameters are
6; = {0.000266, 0.001491, 0.001316, 0.002849, 0.000896,
0.000182}, 3 = >_6; = 0.007, A; = {0.0127, 0.0317, 0.115,
0.311, 1.4, 3.87})s and 4 =2 x 10 ° s

The passage of time in the calculation of reactivity
varies between AT = 0.1 s and AT = 0.01 s where the
total simulation time of each numerical experiment
is T=1000s, T =800s, T=500s T = 600 s,
T =150 s T = 60 s for o = 0.00243 s,
w = 0.006881 s ', = 0.01046 s ', w = 0.02817 s,
w=100847 s, = 11.6442 s ', and T = 300 s for
w > 0.12353 s}, with w being the roots of the inhour
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equation, it is for the exponential density of the
neutron population [22].

The Butterworth filter is taken as second order in
the filtering process with a sampling window M = 3.
The exact solution of equation (3) is used as a
reference to validate the efficiency of the proposed
method with the Butterworth filter, where the den-
sity of the neutron population N(¢) is assumed to be
known and without fluctuations. Another way to
validate the efficiency of the Butterworth filter pro-
cess is to use common quadratures. For this reason,
a Savitzky—Golay (SGF) filter that uses a Gram
polynomial of order d = 2 with a sampling window
of M = 225 was implemented [23]. In addition, the
need to carry out a filtering process on the neutron
population density to calculate nuclear reactivity is
also shown when comparing the results of the pro-
posed method when no filtering process is carried
out.

Since the Butterworth and the Savitzky—Golay
(SGF) filters need several M samples to start the
filtering process, in all numerical experiments, M
samples are discarded at the beginning and end of
each simulation to compare them. This is because in
the SGF filter, the delay time introduced is M AT.

For all numerical experiments presented in this
work, a neutron population density of the form
N(t) = exp(wt) was considered for different values of
w. Results shown are in pcm (parts per hundred
thousand) to maximize the differences in reactivity,
MDR, and absolute mean errors.

Tables 1 and 2 show results for mean absolute
errors with AT = 0.1 s and ¢ = 0.1 and ¢ = 0.01, in
the given order. Six columns of results are shown;
the first two correspond to the calculation of reac-
tivity with a three-point quadrature, Glo-3, and a

Table 1. Mean absolute error for AT = 0.1 s and ¢ = 0.1.

N®) = exp(wt) Glo-3 Glo-4 Fsg-3 Fsg-4 Btw-3 Btw-4
w = 0.00243 61.12 67.14 3.55 3.99 2.84 3.20
w = 0.00688 5856 6472  3.27 3.71 2.71 3.06
w = 0.01046 5718 63.59 3.04 3.36 2.78 2.93
w = 0.02817 51.64 57.92 257 2.89 2.56 4.95
w = 0.12353 38.61 4620 1.82 1.76 3.81 3.40
w = 1.00847 19.07 2632 286 3350 3.53 3.80

Table 2. Mean absolute error for AT = 0.1 and ¢ = 0.01.
N@) = exp(wt) Glo-3 Glo-4 Fsg-3 Fsg-4 Btw-3 Btw-4

w = 0.00243 5.98 5.74 0.35 0.39 0.33 0.34
w = 0.00688 5.73 6.34 0.32 0.41 0.45 0.37
w = 0.01046 5.61 6.25 0.30 0.33 0.70 0.56
w = 0.02817 5.06 5.68 0.25 0.25 0.67 0.67
w = 0.12353 3.80 4.53 0.17 0.20 0.94 0.85
w = 1.00847 1.87 2.58 0.28 2.65 0.65 1.17

four-point quadrature, Glo-4, when no filtering
process is carried out on the neutron population
density. The following two columns correspond to
the validation method, which uses the SGF filter
with a window width of M = 225 samples to calcu-
late the reactivity with the Glo-3 and Glo-4 quad-
ratures. Finally, the last two columns correspond to
the results of the proposed method, which imple-
ments the three- and four-point Gauss-Lobato
quadratures and the second-order Butterworth fil-
ter, BTW, with a window width of M = 3 samples for
calculating nuclear reactivity.

The results show that the BTW filter with three
samples produces consistent results of a similar
order of magnitude to the FSG filter, which uses 225
samples. However, it does introduce a delay of
225s.

Additionally, a significant improvement in the
results is observed when a filtering process is
implemented, compared to those presented in Glo-3
and Glo-4. The cut-off frequencies for these exper-
iments were f. = 0.03 s for w < 0.01046 s},
f.=0024 s, f. = 0042 s, f. = 045 s ' for
w = 002817 s, w = 012353 s, w < 1.00847 s~
respectively.

The numerical experiments in Tables 3 and 4
show the maximum differences and mean absolute
error for AT = 0.01 s with ¢ = 0.01.

These results show that in the case of the Glo-3
and Glo-4 quadratures, when the BWT filter is used,
their results are similar. It is also evident that the
absolute mean values for o < 0.016957 s ! the
method improves the results. However, in the
maximum differences, the method presents results
like those obtained with the FSG filter. It is also

Table 3. Maximum differences for ¢ = 0.01 and AT = 0.01 s.

N®) = exp(wt) Glo-3 Glo-4 Fsg-3 Fsg-4 Btw-3 Btw-4
w = 0.00243 77.88 126.04 2.75 2.67 1.51 1.59
w = 0.00688 76.42 124.85 2.63 247 2.54 2.02
w = 0.01046 124.05 75.45 2.55 2.40 3.57 2.73
w = 0.02817 72.03 121.25 2.27 224 5.90 4.48
w = 0.016957  73.98 122.85 2.43 2.34 3.55 2.89
w = 0.12353 64.25 114.85 1.62 1.74 5.78 5.25
w = 1.00847 47.20 95.16 0.94 2.05 7.82 7.07

Table 4. Mean absolute error for ¢ = 0.01 and a AT = 0.01 s.

N@) = exp (wt) Glo-3 Glo-4 Fsg-3 Fsg-4 Btw-3 Btw-4
w = 0.00243 12.17 2053  0.50 0.52 0.33 0.34
w = 0.00688 12.00 2041 0.47 0.50 0.32 0.33
w = 0.01046 2037 11.87 0.45 0.47 0.34 0.33
w = 0.02817 1142 1998 0.40 0.43 0.39 0.38
w = 0.016957 11.67 2020 0.43 0.45 0.43 0.43
w = 0.12353 1043 19.06 0.29 0.33 0.84 0.93

w = 1.00847 8.95 17.79  0.12 1.24 0.74 1.61
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evident that for « < 0.016957 s~ ' the method im-
proves the absolute mean values. However, in the
maximum differences the method presents similar
results to those obtained with the FSG filter. For
these experiments the cut-off frequencies are
fo = 0215 s for » < 0.01046 s/, fo =035 s,
f.=04s ", f.=3s " and f. =7 s " for the other
values of w, respectively.

Tables 5 and 6 present the maximum differences
and the mean absolute error with a ¢ = 0.1 and a
step size of AT = 0.01 s. The results show that for
o = 0.1 when no filtering is applied (Glo-3 and Glo-
4), the errors are considerably high in both
maximum differences and mean error compared to
when a filtering process is applied using the SGF
and BWF filters, where it can be noted that the er-
rors are significantly reduced.

Additionally, it can be observed that the proposed
method, when using the BWF, produces lower
maximum differences and mean errors in the reac-
tivity calculation when compared to the SGF. In
these experiments, the cut-off frequencies were
f. = 0.215 s for w < 0.01046 s, f, = 0.35 57, and
f. = 0.4 57! for the other values of ), respectively.

Fig. 1 shows the behavior of the nuclear reactivity
calculation with the three-point quadrature and the
Butterworth filter, Glo-3+BTW, compared to the
reference method. A maximum difference of 3.5556
pcem and a mean error of 0.47 pcm are achieved for a
time step size 4T = 0.01 s and ¢ = 0.01.

Fig. 2 shows the behavior of the error in the
calculation of nuclear reactivity with the same
simulation parameters as in Fig. 1. It is evident that
the maximum difference was obtained in the first
moments of the simulation, since every filter has a
characteristic stability and a memory process as
represented in equation (29), after filtering, the

Table 5. Maximum differences for AT = 0.01sy ¢ = 0.1.

N@) = exp(wt) Glo-3 Glo-4 Fsg-3 Fsg-4 Btw-3 Btw-4
w = 0.00243 1389.4 1961.0 2854 26.70 14.85 15.56
w = 0.00688 1363.2 19424 2731 25.62 1352 14.82
w = 0.01046 1345.9 1930.0 26.49 2488 13.04 13.73
w = 0.02817 1285.0 1886.5 23.59 2226 16.88 17.94
w = 0.016957 1319.8 19114 2525 23.77 19.64 20.65
Table 6. Mean absolute error for AT = 0.01 s and ¢ = 0.1.

N@#) = exp(wt) Glo-3 Glo-4 Fsg-3 Fsg-4 Btw-3 Btw-4
w = 0.00243 123.85 208.27 5.06 5.26 3.33 3.43
w = 0.00688 122.05 207.02 4.75 5.01 3.10 3.28
w = 0.01046 120.66 206.76 4.57 4.78 3.01 3.09
w = 0.02817 116.04 202.81 4.04 4.33 3.51 3.69
w = 0.016957 118.67 205.00 4.35 4.56 4.10 4.19
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Fig. 1. Numerical reactivity for v = 0.016957 s~".
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Fig. 2. Error in the nuclear reactivity calculation Numerical reactivity.

method stabilizes and the errors decrease, showing
an average error of 0.47 pcm.

5. Conclusions

A method was presented to reduce fluctuations in
the calculation of nuclear reactivity using the in-
verse equation of point kinetics. The proposed
method is based on the Gauss-Lobatto quadrature
with n = 3 and n = 4 points that uses a Legendre
polynomial of degree n — 1 to approximate the in-
tegral contained in the IKPE.

To reduce fluctuations, a second-order low-pass
Butterworth filter that uses only three samples was
used to carry out the filtering process if the density
of the neutron population within the reactor core
presents a Gaussian noise distribution around a
mean value. From the results it is possible to notice
that fluctuations in nuclear reactivity can be reduced
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with the Butterworth filter, showing that the filter
turns out to be very useful for different time step
sizes and standard deviations when compared to a
filter that uses a greater number of samples such as
the Savitzky—Golay filter with M = 225 samples that
produces a greater delay in the calculation of
reactivity.
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