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PWR Neutron Noise Patterns

Marco Viebach, Carsten Lange and Antonio Hurtado

Introduction Investigation of the unexplained changes of neutron flux fluctuation magnitudes
observed in KWU-built PWRs (cf. [1,2]) has drawn attention to long known (cf. [3]) but still
incompletely understood spatial correlation patterns of the neutron flux fluctuations in the
frequency range 0-2 Hz (cf. [4]). These patterns, namely an out-of-phase behavior of signals from

oppositely located core quadrants and an in-phase behavior of signals from axially aligned locations,
are the dominant fluctuation phenomena because the range 0-2 Hz carries more than 95 % of the power of the signal
fluctuations and the coherence functions of respective signal pairings have values between 0.5 and 1.0 in this frequency
range (cf. [4]). Therefore, finding the mechanism effecting the measured fluctuation patterns is believed to be key to
explain the changes of the fluctuation amplitudes.

Recent attempts try to understand the
patterns as being triggered from a
long-range perturbation. Synchro-
nized lateral fuel-assembly vibrations
are suggested to provide such kind of
perturbation (cf. [4]). A synchronous
vibration of the entire core (as also
proposed in Ref. [3]), leading to a
perturbation possibly called “reflector
effect”, results in signal correlations
similar to those of the measurements.
But the corresponding magnitudes
are found roughly one order of magni-
tude lower than observed in the
measurements (cf. [5]).

As a new attempt, synchronized
lateral vibrations that do not involve
the entire reactor core are suggested
as an approach to overcome the short-
coming of alow fluctuation magnitude
in the model (cf. [5]). Such vibration
mode corresponds to a perturbation
that is located in regions more central

257

(a)

Spatial setup. Radial-azimuthal.

| Fig.1.

than for the “reflector effect”. Simula-
tions of corresponding scenarios
give magnitudes of the neutron flux
fluctuations that are within the range
of the measured values (i. e. percents)
and correlation patterns that quali-
tatively agree with the measured ones
(cf. [6,7]).

The work at hand investigates a spe-
cial case of synchronous lateral fuel-
assembly vibration that involves all
fuel-assembly rows, though with
unequal amplitudes. It is assumed that
large-scale coolant flow fluctuations
drive the fuel-assembly vibration such
that the central fuel assembly has the
largest amplitude, both in x- and
y-direction. The vibration amplitudes
of the surrounding fuel assemblies are
lower with the lowest amplitude for
the outermost ones. As an extreme
case, this assumption is represented
by a synchronous fluctuation of all

"

.0

16
z )
AQ}/ 0
x 2 ~
(b) ()
Spatial setup. Axial. Bow shape.

Spatial (nodal) setup (a, b) used for the simulation and illustration of the fuel-assembly bow (c). The reflector regions are filled gray
(side with dark and corner with light shading). Channels with detector signals referenced in the results section are shaded red. Numbers
ney=1,2,...,257 denote channel indices (a) and n,= 1,2, ..., 34 axial levels (b), resp. The leading, central fuel assembly is
represented hatched. Considering a given instant, expansion arrows <> label fuel-assembly gaps that are expanded, and contraction
arrows »— label those that are contracted (a). The bow shape is illustrated by a dashed line against the straight, nominal shape (c).
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fuel-assembly gaps. This scenario is
simulated for a KWU Vor-Konvoi PWR
by the neutron-noise tool CORE SIM
[8] in the frequency domain. The mo-
del is based on a corresponding input
(cf. [9]) of the reactor dynamics code
DYN3D [10]. A simulation of similar
type for the above-mentioned “reflec-
tor effect” is presented in Ref. [11].

The simulation shown here aims at
studying the neutron flux fluctuation
patterns that are introduced by the
described scenario. Furthermore, it
investigates whether this scenario
may adequately approximate the
actual picture in KWU-built PWRs.
Therefore, the work at hand tries to
broaden the set of potentially relevant
perturbation sources that can lead to
the observed phenomena. Note that it
is not primarily intended to provide
quantitative results.

The article is structured as follows.
After the introduction, the model is
described in detail before outlining
the concept of CORE SIM and the
preparation of its input. Then, the
simulation results are shown by means
of spatial distributions of absolute
values (amplitudes) and phases of the
neutron flux fluctuations. After a
discussion, the article is closed by
drawing conclusions.

2 Simulation of neutron
flux fluctuations

2.1 Models and methods

2.1.1 Modelling of coherent
fuel-assembly gap
fluctuation

The simulation considers a 4-loop

KWU Vor-Konvoi reactor at nominal

power at end of cycle. Figures 1a and

1b illustrate the spatial (nodal) setup

for the neutron-kinetics part and

the thermal-hydraulics part of the

simulation. The steady-state system is
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perturbed by the vibration of the fuel
assemblies. The perturbation enters
the calculation via time-dependent
variations of the group constants of
the neutron-kinetics part (cf. Sec.
2.1.3). For simplicity, the vibration
w,(z, t) of the n' fuel assembly (n = 1,
2, ..., 193) is considered only in
x-direction. It is approximated by
a sinusoidal axial shape function
f(z) = sin(nz/L) (cf. 1c), with L
representing the axial fuel-assembly
length, and a time-dependent elonga-
tion A,(t), 1. e. wy(z, t) = f(2)AL(1).
The scenario studied here assumes
that all fuel assemblies vibrate
synchronously, but their elongations
A,(t) have unequal magnitude with
the central one having the largest. The
scenario is motivated by the idea
that in the central core region, the
fluctuations of the coolant flows of
each of the four loops act on the
fuel assemblies there, leading to
correspondingly large vibration mag-
nitudes. The outer fuel assemblies are
less affected, responding with smaller
magnitudes. For simplicity, it is
assumed that the magnitude linearly
decreases with increasing distance
from the core center. At the outer fuel-
assembly row, the magnitude is zero.
This assumption leads to uniform
fluctuations of all fuel-assembly gaps.
The situation is illustrated in Figure
1c. For each fuel assembly n, the vari-
ations of the center-to-center distanc-
es d;, to its four adjacent fuel assem-
blies j,, € {north, south, east, west}
are averaged forming an effective fu-
el-assembly pitch variation

pn(z,t) =

>

jn€{north,south,east,west}

g, (2,1)

(€3]

2.1.2 Calculation of neutron

flux fluctuations

with CORE SIM
The code CORE SIM solves the neutron
transport equation using diffusion
theory, two energy groups, and one
group of delayed neutrons [8],

i%(bl (T7 t)

input

output

CORE SIM
(X0 (r),¢1,0 (r), P20

Y (r,w) ———>

<r>>]_' 061 (x,w), 861 (r,0)

| Fig.2.

Illustration of CORE SIM, calculating the neutron flux fluctuations triggered
by perturbations of the macroscopic cross-sections.

with all symbols carrying their usual
meaning, in the frequency domain.
For this purpose, all variables are
expanded about their steady-state
values, X (, t) = Xy () + 60X (1; v).
Products of the (time-dependent)
deviations 60X (1, t) are neglected in
order to linearize the equations.
Fourier transformation of the devia-
tions 6X (1, t) = X (7, w) finally leads
to the frequency-domain equations.
The employed numerical techniques
to solve them are given in Ref. [8].
Practically, CORE SIM calculates
the variations d¢; (1, w) and 3¢, (1, @)
of the neutron flux (output) based
on a given distribution 8 (1, w) of per-
turbations (input) of the macroscopic
cross-sections. The procedure is illus-
trated in Figure 2. The calculation is
based on externally provided distribu-
tions of the cross-sections X, (1) and
on the steady-state distribution (¢
(1), ¢20 () of the neutron flux. The
latter is calculated by CORE SIM in a
steady-state calculation prior to the
calculation of the fluctuations d¢;
(, w) and 6¢ (1, w). CORE SIM sets
criticality by renormalizing the fission
cross-sections with the multiplication
factor k.

2.1.3 Preparation of the
CORE SIM simulation

Both the cross-sections X, (r) and
their perturbations 0% (r, w) are
provided via a DYN3D calculation that
precedes the CORE SIM run. Using this
strategy, the complex configuration of
the reactor’s material data is covered
in the simulation. Furthermore, the
specific impact of the fuel-assembly
gap variations on the cross-sections,
which depends on various parameters
(Tfue, Tmod’ Pmod> Cbor burnup, fuel-
assembly type), gets incorporated.

V(DI,O (’l") V(bl (’I‘, t))

+ (1= P)wEer (r,t) — a1 (v, t) — Xy (v, 1)) ¢y (7, 1)
+(1 = B)wEea (r,t) o (7,1) + AC (7,1) + Sy (7, 1),

i%@ (r,t)

%C (r,1)

V(Dayg (1) Vo (7
+3, (r,t) ¢y (7, t) —

)

1))

Ea,Z (Ta t) ¢2 (Tv t) + S? (7’, t) )
(3

Bv (Zeq (r,t) pr (v, t) + Bgo (r,8) o (7,1)) — AC (7, 1)

4

Figure 3 illustrates the procedure.
Based on a model of a PWR (with
straight fuel assemblies), DYN3D
performs a steady-state calculation,
yielding the steady-state distribution
of the cross-sections Xgpynsp (1)
with also the thermal-hydraulics
variables converged. The distribution
of effective fuel-assembly pitches
{PnGn),n=1,...,193, m=2,...,35}
(cf. Eq. (1)), representing the homo-
geneous fuel-assembly gap elongation
and the sinusoidal axial shape, is
denoted as I1. A modified version of
DYN3D with a cross-section library
covering variations of the effective
fuel-assembly pitch p,(z,) (cf. [7])
interpolates the set of cross-sections
Snpynsp (1) that corresponds to
the distribution of fuel-assembly
pitches IT on the one hand and to the
complex distribution of the para-
meters listed above on the other
hand. The actual perturbation 0%
of the cross-sections X is their devia-
tion against the steady-state 3.
The cross-section perturbations that
can be applied in CORE SIM are
calculated as follows:

‘Sza,l (nCh: n, w) =
(Za1,m,pvnzp(cn, 1) —
2,.1,0,0vn30 (epy M) + 0 (@ — @),
(5a)

02, o(ngp, Ny, @) =
(Za,2,mpvasp (e, 1) —
2,.2,0,0vn30(Mch, 1)) * 6 (@ — wp),

(5b)
62r(nch’ n w) =
(Zr,H,DYN3D(nCh; n,) —
Zr,DYN3D(nChr n,)) - 6(w — wy),

(50)
0%y (ncp, Ny, @) =
(Z¢.1,m,pvvep (gn, 1) —
2¢1,0,0vv3p(Tcn, 1)) * 0 (@ — @),

(5d)

0Z¢o(ncp, Ny, @) =
(Z¢2,m,pynsp(Men, 1) —
2¢2.0,0vn30(Mch, 1)) * 0 (@ — ),

(5e)

with the discrete spatial setup (ngp, n,)
according to Figures la and 1b.
Note that the DYN3D levels m = 4 and
m = 5 are homogenized, making
CORE SIM level ng, = 4. Similarly,
m = 31 and m = 32 make n¢, = 30.
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DYN3D fuel pitch distribution
PWR input input (II)
DYN3D (cf. Eq. (5))
cross-section interpolation perturbation calculation
perturbed cross-sections CORE SIM fluctuations
 Zm,oynap (7) | input (8% (r,wo))
| =
DYN3D ! CORE SIM CORE SIM 2
steady-state calculation ! steady-state calculation fluctuations calculation | ! %
: o
: 'S
I I O
| <
steady state | steady state fluctuations ; g
o,0vn30 (r) 1 o, ovnD (T) = 1} 0.conesm () » S0, omep (r) = 3¢ (r, wo) D
N .

The symbol §(w — w,) indicates that
the cross-section perturbation acts at
the frequency w = wj. Finally, with
the steady- state distribution Zg,pyn3p
and the perturbations 6% at hand,
CORE SIM calculates the neutron

Procedure of coupled calculations performed in order to simulate the homogeneous fuel-assembly gap variation with CORE SIM.

2.2 Results

For the simulation, the chosen
gap-fluctuation amplitude is 1.6 mm,
which is the nominal gap width [1].
The chosen oscillation frequency is
o = 271+ 1.0 Hz. Figure 4 presents the

flux fluctuations as described in simulated neutron flux fluctuations
Sec. 2.1.2. for the thermal group. The maximum
17]
16 4.0
15[
c 14] 35 c
2 13 S
@ 12 I 3.0 o §
5 11 2%
ol 255 %
g gt 20 S 2
IS 7 B %N E
> ) >
S 6 1.5 — c
(0] L [0)
g s g
S 4 1.0 <
sl
2 B 0.5
AR
1234567 891011121314151617
node number in x-direction
(@) Amplitudes radial-azimuthally at n, = 17 (mid).
8 377( Fr ¢+ ¢ ¢ ¢ 1t 1 r T T T T T '5
s TE: : E £
’a E [ 4 .
S f— E g
% —g -I _ r.10d.e n.o' .y-d.lr':.9|f R R E S
© 1234567 8 91011121314151617 2

node number in x-direction

(c) Phase radial-azimuthally at n, = 17 (mid).

| Fig.4.
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magnitude is approx. 4.5 %. It is
located in the outer regions in
x-direction (Figure 4a) at mid axial
level (Figure 4b). The lowest magni-
tude is found in the central region in
x-direction and at the bottom and the
top in axial direction. The axial shape
of the magnitudes is C-like. Figure 4c
shows that the fluctuations are out-of-
phase for comparing the left and
the right core half. Along the axial
direction (Figure 4d), the fluctua-
tions are in-phase. Comparing differ-
ent channels with one another, either
in-phase or out-of-phase behavior
is found. The behavior corresponds
to the phase relations seen in the
horizontal view (Figure 4a).

2.3 Measured values

For convenience, Figure 5 briefly
presents measured data of a 4-loop
Vor-Konvoi reactor at nominal power
at end of cycle (details about the
data can be found in Ref. [4]). The
standard deviation takes values in the
range of percents. Along the central
lines (G, J), the magnitude is lower
than in the outer lines (=N, <C). In
the axial view, the magnitude has a
bulgy shape. The phase (determined
by the cross-spectral densities of the
considered signals with the signal of

34

30

20 f

0 1 2 3 4 5
|5¢2/¢0,2| in %

(b) Amplitudes axially.

34 g
15

I S B R
-3 0 3 ™ 37“

arg(d¢z) in rad
(c) Phase axially.

Spatial distribution of the induced neutron flux fluctuations 8¢, for the thermal energy group calculated with CORE SIM for a homogeneous fluctuation of all
fuel-assembly gaps in x-direction at wq = 2t - 1.0 Hz with a sinusoidal axial shape. The upper panel shows the relative amplitudes | 8¢,/ ¢y | of the fluctuations
and the lower panel shows the phase arg (d¢,) of the fluctuations. The phase has the input perturbation, for which arg(6=) = 0, as its reference. (In Figure 4d,
the curve of Ch144 overlaps with those of Ch140 and Ch225.)
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(b) Axial view (phase ref.: B11-6).

Measured data of neutron flux fluctuations. Standard deviation std() of detector signals normalized w. r. t. their mean values and
phase of the fluctuations w. r. t. those at detector B11-6.

location B11-6 as the reference)
demonstrates the axial in-phase and
radial out-of-phase behavior known
from this type of reactor (cf. [4]).

2.4 Discussion

The presented simulation overcomes
the defect of the small fluctuation
magnitudes that resulted for the
simulation of the “reflector effect” (cf.
[5,11]) while preserving the charac-
teristic phase relations of the fluctu-
ations (see Figures 4c, 4d, and 5b).
The distributions of magnitudes in the
axial and in the radial direction are
similar to the measured ones (see
Figures 4a, 4b, 5).” The axial shape
corresponds to the assumed axial
bow shape’ of the fluctuation magni-
tudes.

It has to be emphasized that the
scenario considered in this article
is marked by vast simplifications.
Nevertheless, it reproduces relevant
main features of the measured
neutron flux fluctuations. Therefore,
the assumed homogeneous gap
fluctuation is among those scenarios
potentially taking place in the actual
reactor. On the other hand, a proper
mechanism that drives such behavior
has not been found, yet.

Research of the near future
needs to focus on finding plausible
mechanisms that are responsible for
the fuel assembly vibration as a
consequence of coolant. Furthermore,
the trend of the magnitudes in the
horizontal view should be further
investigated. As seen in Figure 4a,
the trend seems to be only little
dependent on the kind of fuel
assemblies; the trend seems to
be a geometrical effect. With regard

to the simplicity of the simulation
shown, the use of the effective fuel-
assembly pitch variation has not been
validated, yet. This fact may be tackled
in near future as well.

3  Conclusion

Neutron flux fluctuations of KWU
PWRs show dominant patterns. Based
on the as- sumption that the gaps of
all fuel assemblies fluctuate in a syn-
chronous manner, the corresponding
neutron flux fluctuations are simu-
lated with CORE SIM in the frequency
domain. The obtained fluctuation
patterns are similar to the measured
patterns and the obtained fluctuation
magnitudes are in the range of
percents as in the measurements.
Therefore, the assumed scenario is a
potential candidate for being the main
perturbation source triggering the
observed neutron flux fluctuation
patterns. Future research needs to
address the lack of a mechanism
that explains the excitation of fuel-
assembly vibrations by coolant-flow
fluctuations.
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2)The radial-azimuthal
pictures are rotated
by 90°, which would
not be the case for
considering the fuel-
assembly bow
exclusively in
y- rather than in
x-direction. Note
that the x- and
y-direction are
equivalent in the
underlying model.
In the real reactor,
exclusive considera-
tion of only one
direction is impos-
sible. Therefore,
the lack of the
90°-rotational
symmetry in the
measured data indi-
cates an inherent
asymmetry.

3)See Ref. [11] for a
comparison of the
results for various
bow shapes.
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