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ABSTRACT

Difficulties of the determination of the coolant velocity in the reactor core are investigated. Global neu-
tron fluctuation and distortion of the detector’s transfer function due to its finite size are examined. Cross
spectra of the propagating perturbation free from background noise are produced. It is shown that above
1.5 Hz the local component is only visible within 1 to 2 fuel assemblies away from the perturbation and
the reactivity term of the fluctuation induced by the perturbation in the detector signal can be neglected.
It is also shown that the similarity of the spectra of the background noise and the propagating perturba-
tion results in a sharper peak in the impulse response function. An easy-to-use method is introduced in
order to eliminate the effect of the background noise in the determination of the transit time.
Additionally, the effect of the axial distribution of the static neutron flux is investigated on the determi-
nation of the transit time.

© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
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creativecommons.org/licenses/by/4.0/).

1. Introduction

Reactor diagnostics measurements at the Paks VVER-440 reac-
tors have been performed since their start-up. A necessity to
directly monitor the coolant velocity distribution by using the neu-
tron detectors of the standard in-core instrumentation was real-
ized during a crud deposition event at Unit 2 in 1997 (Adorjan,
Czibok, Kiss, Krinizs, & Végh, 2000). Standard in-core instrumenta-
tion of pressurized water reactors (PWRs) does not contain detec-
tors for measuring coolant velocity distribution, usually the
average core coolant velocity value is determined from the core
mass flow rate. In-core thermocouples and neutron detectors allow
the velocity to be measured with correlation method (Sweeney,
Upadhyaya, & Shieh, 1985). Application of two thermocouples is
also known in a research reactor environment (Por, Berta, &
Csuvar, 2003). Other applications and a historical overview can
be found in (Pazsit & Demaziére, 2010), although most of the appli-
cations are in boiling water reactors (BWRs), since the perturba-
tions are much larger in a two-phase flow.

The in-core thermocouples of VVER-440 reactors are too slow
(their response time is more than 2.5 s) and they are only placed
at the outlet of those fuel assemblies that do not have neutron
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detector installed. Therefore, the only option to measure the
coolant velocity locally in this reactor type is using the installed
self-powered neutron detectors (SPNDs) whose signals contain
the global background noise in addition to the local effect of the
perturbations travelling with the coolant flow. These detectors
are Rhodium (Rh) SPNDs having several disadvantages in terms
of neutron noise measurement: slowness, low sensitivity above
0.1 Hz, large delayed signal content in addition to the prompt
one, distorting effect of the cable current. At the same time the
cable current of some detectors with longer cables might compen-
sate the global background noise, helping the velocity estimation
(Kiss, Lipcsei, & Hazi, 2003).

Neutron fluctuation induced by a perturbation travelling with
the coolant through the reactor core can be handled as a global
and local component, and the latter allows the coolant velocity
to be estimated. These two components were described and their
ratio was determined and analysed theoretically in (Kosaly,
1975) and (Behringer, Kosaly, & Kosti¢, 1977). The phenomenon
was further investigated by using measurements performed in a
BWR (Behringer, Kosaly, & Pazsit, 1979) and (Kosaly, 1980). Nei-
ther of the two components supresses the other in BWRs, while
the local component may significantly exceed the global one in
PWRs (Pazsit & Dykin, 2010).

In normal conditions, transients in the detector signal induced
by inhomogeneities travelling with the coolant are so small that
the transit time cannot be measured directly. It is due to the global
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background noise that appears at each point of the reactor core
nearly in-phase and practically obscures the local neutron fluctua-
tion induced by the perturbations passing by the detectors. Single
perturbations passing through only some fuel assemblies of the
core generate such reactivity changes which induce only a small,
inseparable but negligible part (attributable to the above men-
tioned global component) of the (global) background noise.

The present paper analyses the method that has been proven so
far for coolant velocity estimation in PWRs (Adorjan, Czibok, Kiss,
Krinizs, & Végh, 2000) and provides new results regarding the
method and the effect of the finite size of the detectors. It is shown
that the frequency dependence of the background noise is similar
to that of the propagating perturbation component that results in
a sharp peak in the impulse response function even in the presence
of the background noise. Additionally, an enhancement of the
method is introduced that simplifies the identification of the tran-
sit time peaks. The results are demonstrated with measurements
carried out in a VVER-440 reactor unit.

Our investigation of the model of the coolant velocity estima-
tion mainly focuses on how the properties of the temperature per-
turbations (JT) travelling with the coolant show in the detector
signals (see the scheme of the coolant flow in a VVER-440 reactor
vessel in Fig. 1, left). For simplicity, external mechanical and elec-
tronic influences (like in-core mechanical vibrations, pressure
waves, mains frequency, electronic influence of mechanical equip-
ment, etc.) appearing in the detector signals are not investigated.

The core of a VVER-440 reactor consists of 349 shrouded, hexag-
onal fuel assemblies; 36 assemblies contain detector chains placed
in their central instrumentation tube. The radial arrangement of
the detector in the active core is shown in the central part of
Fig. 1. This figure also shows the locations of the detector chains
selected for the measurements that will be discussed later in Sec-
tion 3. Each detector chain consists of 7 uncompensated Rh SPNDs
and a so called compensation cable which can be used as back-
ground detector (see Fig. 1, right).

The coolant velocity measurement is facilitated by the presence
of the fuel assembly shrouds as they prevent cross assembly cool-
ant flow, thus a perturbation entering in a fuel assembly goes
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through it and its effect is sensed by the detectors of the chain
associated with the assembly.

The VVER-440 reactor has six primary circulating loops with
approximately 50% coolant mixing (Elter, 2005). The fluctuation
of the primary coolant is significantly dampened in the steam gen-
erators, fluctuations of the hot leg are practically suppressed above
1.5 Hz (Kiss & Lipcsei, 2014), (Kiss & Lipcsei, 2015). Consequently,
coolant perturbations entering the fuel assemblies are small and
nearly independent above 1.5 Hz and the contribution of these per-
turbations to the whole background noise can be neglected.

The paper contains several spectra of SPND signals measured in
Unit 2 of Paks plant. These measurements were performed by
means of the PAZAR noise data acquisition system (Lipcsei, Kiss,
& Czibdk, 2004) with 100 Hz sampling rate. The spectral functions
were estimated by using 1024-point Fast Fourier Transforms of 1 h
long measurements, resulting in more than 700 sweeps with 50%
overlap. Hanning windows were applied for data smoothing.

In this paper we perform our investigation in terms of measure-
ment. The various phenomena (propagating perturbation and
induced noise, global background noise) are all grouped in terms
of measurement and described by separate transfer function. In
Section 2 we investigate how a propagating perturbation travelling
along a finite length detector can be measured in the presence of
in-phase background noise. In the longest Section 3 we introduce
a third detector to the model in order to separate the perturbation
and background noise in the measured signals, and then the spec-
tra of the separated components are investigated. In Section 4 we
show the usual way of determining the transit time based on
cross-correlation, and additionally we introduce a novel method
that results in a more easily identifiable peak in the cross correla-
tion functions. In order to specify the transfer function of the
detector for propagating perturbation, an already known simple
neutron physics model is used in Section 5. In Section 6 we show
how this transfer function is influenced by the different size of
the cable and the detector, and the transfer function of an uncom-
pensated detector is derived, as well. In Section 7 we investigate
the effect of the axially non-constant neutron flux on the transfer
function of the neutron detector for propagating perturbation,
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Fig. 1. Scheme of the coolant flow in the reactor (left) and radial and axial arrangement of the neutron detectors in the core (centre and right, respectively).
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while Section 8 illustrates how the same condition influences the
measurement of transit time.

2. Transfer function of the measurement of a propagating
perturbation

The velocity of the coolant is estimated by measuring the transit
time of the perturbations travelling with the coolant between two
detectors placed in the flow (note that the distance between the
detectors is known). The measured signals have to be corrected
for the transfer properties of the measurement system, i.e. for
the distortions caused by the detector and the measuring instru-
mentation. The simplest model of the measurement is shown in
Fig. 2, where the instrumentations are assumed to be identical (it
is true for the presented measurements due to the characteristics
of the instrumentation used, but it has to be considered when they
are not identical).

A 6¢,(w) perturbation at position z; appears at position z, with
712 time delay, which is described by the transfer function Hy;(w):

3¢, () = Hiz ()3, (w) = e 260, () (M
The signals measured in the detectors are:

ol (w) = Hi(w)Hqa (@), (w)

dly(w) = Hy(w)Hq (@)@, () (2)

The transfer function of the propagation of the perturbation can
be expressed using (1) as:

0@, (@) _ Hi(w)dh(w)
0@ (@) Ha(w)dli(w)
The transfer function between the measured signals can be esti-

mated by using the auto and cross power spectral density func-
tions (APSD and CPSD, respectively):

H]z((})) =

TRy () = 75";55%12((3)) (3)
where.

CPSD1 () = (ol (@), 612(w)>, (4)

APSD; () = <511 (), ((u)> (5)

and overbar denotes complex conjugate. After substitutions
(note that the transfer functions of the identical measurement
equipment are eliminated).

TR]Z (CU) = —

x
£

H,(®)

Fig. 2. Measurement of a perturbation passing by two detectors.

Alw) =
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from which the measurement estimation of the H,(w) transfer
function can be expressed:

Hi () CPSD15 ()
Hix(w) = H; ) APSD]Z(w) ©)

Since the neutron detectors of the reactor core also detect an in-
phase background noise, the model of the measurement is
extended accordingly (see Fig. 3).

The transfer function Hgc(w) of a Rhodium SPND regarding the
background noise is nearly constant at > 0.01 Hz (Kiss & Lipcsei,
2017). Signals measured by the detectors based on the model of
Fig. 3 are:

ol (w) = Hi (w)

Ha(@)6¢;(w) + Hec(w)Ha(®)5¢pps ()

0l (@) = Ha(@)Ha ()6, () + Hec (0)Ha(0)5¢p ()

After substituting them in (3) the transfer function between the
measured signals can be written as:

Hi(@)H (@) {00, (@ >5<pz<w>> [Hac(e2) "APSDyg (00)
TR]Q(CU = 2
i (@) (59 () ) PAPSDg ()

+ |Hpc(w
(7)

where it was used that d¢, and é¢p, were independent from d¢p.
When detectors of the same type and size are placed in a neutron
flux which is constant along the detectors, then:

Hi(w)
H,(w) o

Substituting this and (1) into (7):
|Hi (@)APSD, (c0)
|Hi () [?APSD,, () + |Hgg () |>APSDgg ()
|Hgc (0)|>APSDgc ()
|H1 () [?APSD,,(®) + |Hpc () |?APSDgc ()

where APSD,(w) = <5(p](a)),5(p1(a))> = <6(p2(co),6(p2(a))> based
on (1). The transfer function (8) can be written in the form of:
TRi2(®) = Hiz(w)A(w) + B(w), C))

where A(w) and B(w) are determined by the propagating perturba-
tion and the background noise, respectively:

|Hi ()[?APSD,y ()
|Hgc (@) |?APSDgg ()

TR]Q((,U) = H]z((,{))

8)

*APSD,, () +

[H1(w)

Fig. 3. Measurement of a perturbation passing by two detectors with common
background noise.
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_ |Hgc () |*APSDgg ()
|H1()|>APSD () + |Hgc ()|?APSDyc ()

B(w) (10)

The form of (8) shows that the transfer function Hj;(w) can
easily be expressed from the measured transfer function only
when the background noise is negligible, i.e. when B(w) = 0, and
consequently A(w) = 1. Therefore, in the following chapter the
ratio of the background noise and the propagating perturbation
is examined.

3. The ratio of the propagating perturbation and the
background noise

In order to estimate the ratio of the APSD,,(w) perturbation and
the APSDgc (@) background noise by separating the signal contents,
the signal of an appropriate third detector is used. In the signal of
this third detector the effect of the perturbation passing by the
investigated detectors must be negligible, therefore the detectors
belonging to a chain which is located in a radial distance of 3-5
fuel assemblies from the investigated chain will suffice for this
purpose.

For these investigations the signals of the bottom (N1) and top
(N7) detectors are selected because the signal of detector N1 can be
compensated by subtracting the signal of the background detector
(the compensated signal will be denoted as N1c), In addition, N7
has the shortest cable thus it is subjected to the smallest disturbing
effect of the cable. This cable passes through only the topmost part
of the core and the upper reflector, its length is only 10-15% of the
longest cable belonging to N1. However, its effect cannot be fully
eliminated.

For an easier comparison, such detector chains were chosen
(see Fig. 1, centre, red markers) which are placed in nearly the
same neutron flux (with deviation less than 10%). Additional
uncertainty comes from the approximately known prompt ratio
of the detectors: it is (6 + 1)% of the DC signal (Tsimbalov, 1984),
which represents a relative error of about 16.7%. In order to
achieve better statistics we investigated all possible combinations
based on the N1 and N7 detectors of the selected three chains
(marked with ‘C’, ‘D’ and ‘E’ in the centre Fig. 1). The axial distance
between N1 and N7 is 1830 mm (see Fig. 1), and the radial pitch of
the fuel assemblies is 147 mm (so the distances between the
selected radial locations are: C-D: 641 mm, D-E: 389 mm, E-C:
530 mm).

3.1. Modell for separating the signal contents

Fig. 4 shows the detectors of two arbitrary chains (the odd
indices denote the N1 bottom detectors, while the even indices

reactor core 5
5 _
'y 3
3 dy
® axial direction
2 /
c
©
®
2 . background
> Incore estimation
c detectors
5 N \
velocity d4 dz

N A
@ --m —
) Ti :(Zz_zl)/v
perturbation z ‘ zZ,

L

Fig. 4. Estimating the ratio of the background noise and the propagating
perturbation.
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denote the N7 top ones). When the transit time is calculated from
the signals of d; and d,, either ds or d4 can be used as a third detec-
tor. Additionally, the role of the chains is interchangeable.

In order to investigate the cross spectra between the detectors,
coherences and phases are shown in Fig. 5 between the diagonal
detectors (“background estimation” in Fig. 4) in all possible pairs
of the three selected detector chains.

Coherences and phases between detectors of the same fuel
assemblies are shown in Fig. 6. Behaviour of the measured neutron
noise signals is not investigated in the frequency range under
1.5 Hz, because it is determined by feedbacks and reactor control.
The phase is definitely around zero with 40% coherence above
1.5 Hz in the diagonal spectra (Fig. 5), consequently no sign of
propagating perturbation can be seen. The phase behaviour above
1.5 Hz between the detector signals of the same chain (same fuel
assembly) with high coherence having a sink structure clearly sug-
gests the presence of propagating perturbation. The sink structure
will be explained later based on (17). Such a sink structure is also
presented in Fig. 16 of (Pazsit & Demaziéere, 2010).

Flowchart of the model of Fig. 4 is presented in Fig. 7.

The following applies to the model:

a) The measurement circuits connected to the detectors are
considered ideal, their transfer function is H,(w) = 1.

b) ®; = @, = &3 = O, (this assumption is satisfied within 10%
for the selected signals), where ®; = ¢,(z),i=1,---,4, is
the value of the static neutron flux at the i-th detector
position.

c) Transfer functions of the identical detectors are equal to
each other: Hi(w) = Hz(w) = H3(w) = Ha(w).

d) Regarding the prompt signal content: Hpc(0) = H;(0) and
Hpc(w) = const.

e) Due to the symmetrical arrangement Hi(w) = Hs4(w),
H]g(CO) ~ H3] (CU) and H14(CO) = H32(CU).

f) Since there is no cross flow, the effect of the perturbation
entering the bottom of an assembly on the top detector of
any other chain is determined by the same delay:
His(w) =~ ¢ - Hi2(w), where ¢ < 1.

g) In our measurements there is no sign of propagating pertur-
bation of common source between detectors placed at a
radial distance of three fuel assemblies (see Fig. 5 and
Fig. 1), that is even the radially closest detectors do not sense
the perturbations travelling between them. It is important to
emphasize that in practice this means that the perceptibility
(or detector field of view) of the local component of the per-
turbations above 1.5 Hz is limited to 1-2 fuel assemblies.
Hence ¢, (w) and d¢(w) are independent for the selected
chains, that is (d¢,(w),dp5(w)) = 0. The power spectra of
the inlet perturbations are nearly identical for symmetry
reasons, i.e. APSD,, (w) ~ APSD,,, (®).

h) The contribution from the reactivity term to the noise
induced by the fluctuation is negligible in large systems
and/or at high frequencies for propagating perturbations
(Pazsit & Dykin, 2010), therefore |CPSD(/,BG(60)| < APSD,(w).

3.2. Separation of the spectra of the background and the perturbation
Now the 4I;(w) currents can be written based on the flowchart

of Fig. 7. First the currents of the two detectors used to measure the
propagating perturbation:

ol (@) = Hi ()¢ (®) + Hpg ()0 Pps () + H31(0)dp5(),
oL (@) = Hiz(w)H2 ()¢ (@) + Hee ()3 Pgg (@) + H31 ()5 ()

and the third detector used to determine the background:
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1.0 —C/NTC-ENT 180 —CIN1CENT
~——C/N1c-DIN7 120 ——CIN1cDIN7
0.8 —DIN1c-CIN7 —DIN1c-CIN7
—DIN1c-EN7 — —DIN1CEN7
—E/N1c-CIN7 2 60 —E/N16-CIN7
T 06 —EN1eDN7_[ S n —EN1c-DIN7
o s O S =
© 04 8
£ 60
02 -120
0.0 T T T T -180 T T T T
0.0 2.0 4.0 6.0 8.0 10.0 0.0 2.0 4.0 6.0 8.0 10.0

Frequency [Hz] Frequency [Hz]

Fig. 5. Coherences and phases between diagonal detectors (between the N1 bottom and N7 top detectors of different chains; N1c signals are compensated).

1.0 180

==D/N1c-DIN7 ==D/N1c-D/N7
08 1\ : —CIN1c-CINT 120 —CINTcCIN7 ||
==E/N1c-E/N7 = / N ==E/N1c-E/N7
05 \ g " N A
27T NN \WN O AAL AN =
o . o 0 g A’—_ g
S o4l \J N/ \ /) \N\ A . 2 (g
\ \ & -60
0.2 v v V -120
0.0 . . . . -180 T T T T
0.0 20 4.0 6.0 8.0 10.0 0.0 2.0 4.0 6.0 8.0 10.0

Frequency [Hz] Frequency [Hz]

Fig. 6. Coherences and phases between detectors of the same fuel assemblies (between the N1 bottom and N7 top detectors of the same chains, N1c signals are
compensated).

chain #2
ol ()

HC[ (a))

Hy(0),0, |Hy,(0), D,

Z3
(6056 (@)|
H (o)
op(w) ﬂ
z )
|H1(w)’(1)1 IHgG(w)’q) BG((O)’(I)ZJ Hz(a)),CDzI

detector ® @
§ amplifier W W
. |—> o, (o) o, (@)

axial direction
chain #1

Fig. 7. Connections between the detectors of two chains.

0ly(@) = H34(w)Ha()305(®) + Hpe ()3 Ppg (@) + Hia(w)o¢; (@)

_ \Hl(a))\z/‘\PSDq,1 () N |Hpc()|*APSDpg ()
Selecting dl4(w) is arbitrary, dI5(w) would be just as good. )’ )’
NAPSD, () = (61, (@), 311 (@) £ Ha () ‘””‘””Z,”ZSD”” ©)
Since d¢,(w) and d¢;(w) are independent (see item g in the 1

above list) and (d¢;(w), sy (w)) are negligible (see item h), only
three terms remain after the multiplication: NCPSD12(w) = (ol (), o> (w))

NAPSD; ()

Similarly.
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that is.
 ———|Hi(w)|?APSD,,, (®)  |Hpc()?APSDyq()
NCPSD]z((O) = H]z((,l)) (I)1 (I)z + (D1 (Dz
- H 2APSD
+ H31(w) H3z () Hr (@) 0 ()

0, D,

Phase and coherence between the signals can be formed in the
usual way:

PHy(w) = arg(NCPSD;(w)) (11)

- INCPSD12 ()] a2
/NAPSD; () - NAPSD, ()

COH]Q((U

Due to the symmetrical arrangement (item e) and since the
phase indicating propagating perturbation does not appear
between the detectors of different chains, it suggests that:

[Hi2(0)] > [Hi3(0)| = [H31 ()] = [Hia(w)] ~ [Hz2 ()]

It follows that the cross spectrum between the opposing detec-
tors contains approximately only the background spectrum, i.e.

. [Hs (@) *APSDsg ()

NCPSD14(w) ®,0, (13)
and
H;(w)|*APSD,, 2
NAPSD,(CU) ~ | l(w)| Zs (ox(w) + ‘HBG(Q))‘ ASSDBG((’O) ,i
D; D;
=1,2. (14)
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Phase behaviour of propagating perturbations in an environ-
ment nearly free from background noise produced in this way is
shown in the right side of Fig. 8.

The corrected coherence (see Fig. 8 left) between the same sig-
nals was produced similarly to the above procedure by the follow-
ing formula:

COHZ™ ()
2
NCPSD15 () — 34 NCPSD14()
(NAPSD1 (@) — %;NCPSDM(w)) (NAPSDZ(w) - %;NCPSDm(w))

The cross spectra between opposing detectors (in the denomi-
nator of the above formula) is nearly real (as Fig. 5 shows), how-
ever, in practical calculations its real part or absolute value is
worth using.

It is important to emphasize that the relative error of the back-
ground subtraction can be especially big for small perturbations
compared to the background, hence the compensation is mainly
an estimation for demonstration. Note that the factor of the back-
ground to be subtracted was optimized for the best linear phase in
Fig. 8, however, this alteration was always less than 10% and did
not change the character of the spectra, but it emphasized the
point better: recovery of the phase behaviour of the propagating
perturbation is clearly visible when comparing the graphs in
Fig. 8 to Fig. 6.

Dependence of the coherence from the ratio of the background
and the perturbation can be expressed substituting (14) and (15) in
(12):

(17)

COHy, = \H1|*APSD,,* + |Hgc|*APSD3c” + 2|H1|*|Hgc|*APSD 5, APSDj COS (0T 12)
|Hi|*APSD,y, * + |Hpc|*APSDgc” + 2|H; |*|Hpc|?APSD , APSDic

—_|Hi(w)[?APSD
NCPSDy» () ~ Hy (@) 1) APSDy, ()
D0,
. |Hpc () [?APSDpc ()
D0,
By multiplying (13) with an appropriate constant and subtract-

ing it from (14) and (15), the term containing the background can
be eliminated. E.g.:

(15)

— __H 2APSD,
NCPSD:5 () — %NCPSDM(CU) — Hrp(). ‘(w)‘(bl 5. G
10 ==BGc(D/N1c-D/N7)
0.8 - ——BGc(C/N1c-CIN7)
«==BGc(E/N1c-E/N7)

COH

0.0

0.0 2.0 4.0 6.0 8.0 10.0
Frequency [Hz]

where frequency dependence of spectra and transfer functions
was not denoted for clarity and we used that Hi,(w) = e %2,
H,(w) = Hi(w) and APSD,,, (w) = APSD,, (). The above expression
shows that coherence is equal to 1 when there is no background
noise (or a constant value less than 1 due to other independent
noises which may be present in reality), while a waving appears
in the coherence with finite background noise and it takes the low-
est values at the minimum of the cosine function, i.e. at.

2n-1rx

W= 7n:1727”'7
T12
180
—BGG(D/N1c-DIN7)

120 4 ===BG¢(C/N1c-C/N7)
_ —BGC(EN1C-ENT)
2 60
=
o 0~
»
2 60 4
g -

-120 -

-180 T T T T

0.0 2.0 4.0 6.0 8.0 10.0

Frequency [Hz]

Fig. 8. Coherences and phases modified with background subtraction between detector signals of the same fuel assembly (BGc in legend denotes that the spectrum is

background corrected).
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Table 1
Zero points of the coherence between detectors N1 and N7 in different chains.

Annals of Nuclear Energy 174 (2022) 109146

assembly label coordinate of assembly velocity [m/s]

frequencies of coherence minimums [Hz]

1 2 3 4 5
C 13-40 3.48 0.95 2.85 4.75 6.66 8.56
D 16-47 3.60 0.98 2.95 4.92 6.89 8.85
E 17-42 3.67 1.00 3.01 5.01 7.02 9.02
where. _ @4 NCPSDy4(w)
B(w) =@, NAPSD; () TR14(w) (18)
Y
Ti2 = T
NCPSD]Z (CO)(D] o,
and v denotes the coolant velocity (in m/s) in the fuel assembly Hiz(@)A(w) = 4NAPSD1 (w)CD]z = TRy2(®) — TRy4(w) (19)

and Iy;_y7 = 1.83 m stands for the distance between detectors N1
and N7 (see Fig. 1, right side).

The first five zero points of the coherences between N1 and N7
in the selected detector chains are listed in Table 1. Minimum loca-
tions of coherences in Fig. 6 are in good agreement with the values
listed in the Table.

Auto spectra of the background noise and of the perturbation
can be expressed from (13) and (16), respectively:

APSDyg() ~ D1 PNEED () qmvcz()cso?;;(w)
BG

1 5 |(D1 (I)zNCPSDu((U) — (I)] (I)4NCPSD14(CO)|

APSD,, (W) = 7\1‘11 @)

The spectra calculated (separated) in this way are presented in
Fig. 9, where |H;(w)| = |2sin| is assumed and » stands for the
velocity of the propagating perturbation and L denotes the length
of the detector. This shape of the transfer function will be derived
and explained later in Section 5, at Eq. (34).

Both power spectra are characterized by a similar decrease (a

shape of kzl(uz' where k is constant) in the range between 1.5 and

7.0 Hz. The wide peak at around 8.5 Hz in the spectrum of the
background comes from the eigenfrequency of the pressure fluctu-
ation of the primary loop.

Note that when |H;[?APSD,,, and |Hgc|>APSDg; are equal (this
condition is approximately satisfied for the detectors of chain ‘C’
(or chain 13-40 with its coordinates) between 2 and 6 Hz in
Fig. 9, green graph) then COH;, of (17) is exactly zero at the mini-
mums of cos (wty;) (see Fig. 6, left, green graph). In general, the
smaller the background to perturbation ratio (or more exactly
the background to the effect of the perturbation ratio), the clearer
the linear phase at the right graphs of Fig. 6.

3.3. Investigation of the components of the transfer function

We can now investigate the two terms of the transfer function
(8). Using (13), (14) and (15) they can be expressed with measured
functions:

1.0E-09
==Background
1 —BGc(D/N1c-DIN7)
1.0E-10 —BGc(C/N1c-CIN7)
o —BGC(E/N1c-E/NT7)
O 1.0E-11
=
g 1.0E-12 +
[
o
Q 1.0E-13 A
1.0E-14 T T T T
0.0 2.0 4.0 6.0 8.0 10.0

Frequency [Hz]

Fig. 9. Separated auto spectra of the background and the perturbation (BGc in
legend denotes that the spectrum is background corrected).

Now the terms Hi(w)A(w) and B(w) can directly be expressed
from the measurement, thus the two parts determined by the per-
turbation and the background of transfer function TRy,(w) can be
separated and investigated. Their absolute values are shown in
Fig. 10. In these graphs a slow slope, nearly linear decrease can
be observed.

It can be seen - based on the left graph of Fig. 10 - that above
1.5 Hz the contribution of the perturbation to the background
noise is negligible in our measurements. The left graph (showing
the transfer functions between the signals of opposite detectors)
contains plots that all have values under 0.5. The figure shows all
possible opposite combinations based on the selected detector
chains. Note that all these transfer functions are pure real accord-
ing to the nearly zero phase of them presented in the left side of
Fig. 5. From (18) and the second expression of (10):

2
TR14(f >15 HZ) _ - |HBG((’0)‘ APSDBG(COZ)
|H1()|°APSD, () + |Hpg ()| APSDgc ()
=05

After rearrangement.

2

APSDge() < 4 HUO 4psp (o).

1= |Hgg ()|

The first fraction is 1 (or smaller when a < 0.5), while the sec-

ond fraction is nearly 1 or smaller, thus the spectrum of the back-

ground noise is smaller than the spectrum of the perturbation
above 1.5 Hz.

The background noise consists of several components (see item

g):

N
APSDyg () = APSDjL (@) + Y APSDji () + APSDjg (),
i=2

where N> 1 is the number of independent perturbations going
through the different fuel assemblies of the reactor core,
APSD}L(w) =~ APSD4L(w) denote the spectra of the reactivity fluctu-
ations induced by the perturbations and APSDj;(®) stands for the
spectrum of the reactivity change independent from the propagat-
ing perturbations. Consequently, the contribution of a single pertur-
bation to the reactivity fluctuation is negligible compared to the
whole, and consequently it is much smaller than the spectrum of
the perturbation.

APSDJL(0) < APSD ().

|CPSD s ()| < APSDgc(w) when @ > 1.5 Hz. The global back-
ground noise is partly made up by the contributions from the var-
ious perturbations going through hundreds of fuel assemblies.
Hence the contribution from a single channel is negligible com-
pared to the total.
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Fig. 10. Absolute value of the two components of the TR;,(w) transfer function (left:

(18) and (19), respectively).

This confirms the approximation of item h for the VVER-440
reactor: the contribution from the reactivity term of the fluctua-
tion (compared to the whole) in the detector signal is negligible
above 1.5 Hz at 2.5 m reactor height. This value is slightly lower
than the value of 2.8 Hz resulting from the theoretical model by
(Pazsit & Dykin, 2010). Their Figs. 2 and 16 show that the con-
tribution can be neglected approximately from the first sink,
which occurs at 2.8 Hz for a VVER-440 reactor based on their
Eq. (33).

4. Determining the transit time of a propagating perturbation

A well identifiable peak appears in the cross correlation func-
tion CCFiz(t) and in the impulse response function IRFi,(t)
between the signals of two detectors at the transit time of the
propagating perturbations. These functions are estimated as the
inverse Fourier transforms of the measured CPSDi;(w) and
TR12(w) transfer function, respectively. This way of estimation
allows us to filter out unwanted frequency components in the fre-
quency domain.

Now these functions are investigated. Cross spectrum was
already presented as the numerator of the transfer function of (8):

CPSD12(®) = Hia()[H1 () APSDyy () + |Hgg () |*APSDig ()

Let us denote the two components of the cross spectrum simi-
larly to (10):

a(w) = |Hy (w)\ZAPSDw(a))

b(®) = |Hac ()[*APSDg (). (20)
With this notation the cross correlation can be written as:
CCF12( / CPSD]z( ) iw[d(,{)
(21)

2171 / (le( )a (w)+b(w))e"wfdw

while the impulse response function is calculated as the inverse
Fourier transform of (9):

IRF]2 / TR] ""fdw
_ it
~5z /. (Hu(w)A(w) + B(a)))e dow (22)
where based on (1):
Hpy(w) = e (23)

It can be seen after substituting (23) in (21) and (22), and
then using Euler’'s formula of complex numbers that all the
terms resulting in imaginary parts are integrates of odd func-
tions (resulting in zero integral), therefore the results consists
of purely real terms:
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B(w), right Hy,(w)A(w)) (the legend shows how these amounts are calculated based on

CCF15(t) = / a(w) cos (T13) cos (wt)dw + €1

1
27 21

X / a(w)sin(wTyz)sin(wt)dw + %t

y / b(w) cos (wt)do (24)
o
The impulse response function is formally quite similar:
IRF15(1) /A ) €os (wT13) cos (wt)dw +2L
/A sm(w‘m)sm(cot)dcu+2L
/ B(w) cos (wt)dw (25)

Some measured cross correlation and impulse response func-
tions are shown in Fig. 11 left and right side, respectively, at differ-
ent levels of background noise. In order to fulfil this condition,
three other detector chains were selected. Therefore, the legends
of these graphs show the absolute coordinates of the chains, the
first and second two digits corresponding to the y and the x-
coordinate, respectively, (for coordinate labels see Fig. 1 centre),
the coordinates are followed by the ‘N1’ or ‘N7’ detector names
separated with slash like in the previous graphs.

Generally, both functions have two local extreme values, one at
the 74, transit time of the propagating perturbation produced by
the first two terms of the cross correlation function of (24) contain-
ing component a(w), and the other at 0 s (due to the global back-
ground noise) produced by the third term of (24) containing b(w).
The same applies to the impulse response function of (25) with
A(w) and B(w).

The difference between the formally similar functions of
CCF15(t) and IRF1;(t) is caused by the division with the auto spec-
trum in the formula of the impulse response function. Fig. 11
shows how much better the two peaks are emphasized by the
impulse response function. The inverse Fourier transform of a stee-
ply decreasing spectrum results in wide and low peaks while a
weakly decreasing spectrum yields high and narrow peaks. It
becomes more understandable after substituting (23) in the inte-
grals of (21) and (22). After partial integration each terms results
in an expression of similar shape as:

»
C f) _ % /X(w)ei‘”(”ﬂdw

1
21

. o .
1 eiw(t+r) 1 l

t+71 5

(0]

X(w) —

(/)

/X (» em)[r T)
,

2nt+7T

(26)
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Fig. 11. Cross correlation (left) and impulse response functions (right) at different background noise to perturbation ratios (between the N1 and N7 detectors for three

different radial locations).

where X(w) denotes A(w) and B(w) for CCF1,(t), and a(w) and b(w)
for IRFq2(t), while 7 stands 71, with A(w) and a(w), and 7 is 0 with
B(w) and b(w). The first term of (26) always has similar form, the
essential difference is caused by the form of X'(w). While

a@® kz% and b'(w) m for the impulse response function (see
+ &

Fig. 9), the transfer function terms in the impulse response function
are nearly linear, i.e. A(w) and B'(w) are constant with a good
approximation (as it is shown in Fig. 10). And the integral of the sec-
ond term of (26) results in Dirac delta for constant X'(w).

Let us now look at the forms (24) and (25) of the Fourier trans-
forms. Note that the first and the third term comes from the real
part of the integrand, while the second term comes from its imag-
inary part. The latter does not contain global background noise,
and this feature can give the idea to set the real part of the cross
spectrum and the transfer function to zero before performing the
inverse Fourier transformation. Then only the second terms of
(24) and (25) containing no background noise will determine the
inverse Fourier transforms. Thus, getting rid of the background
noise, we obtain functions centrally symmetrical to the origin that
have better readable extreme points at the transit time of the prop-
agating perturbation (see Fig. 12). The values of the transit times
(0,0.51 s, 0.54 s and 0.52 s, in the order of the legend) are in good
agreement with the values of Fig. 11, but these peaks are more
easily recognizable if programmed methods are to be used.

5. The effect of the measurement arrangement

In this section the effect of the finite axial size of the detector on
the measurement is investigated.

10

x 10
2 T - .
151 — 1946/N1-1946/N7 |
: — 1049/N1-1049/N7
1L ——— 2148/N1-2148/N7 ]
05—
S 0
(&)
05
At
15¢
E, L 1 1 1 L
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The transfer function of a detector depends on its length and the
dependence can be formulated as:

I(w, v,L)

Haer(, 2,1) = S(z =2z, w, V)

27)
where L denotes the length of the detector having small cross sec-
tion compared with its length, » stands for the velocity of the per-
turbations travelling along the detector, while I is the current
produced in the detector by an S noise source reaching the detector.

The space-dependent behaviour of the neutron noise, induced
by perturbations generated by the fluctuations of the absorption
cross sections and propagating with the coolant of a PWR, were
investigated in (Pazsit & Dykin, 2010) in a one-dimensional one-
group approximation. They have shown that “in large systems
and/or at high frequencies, where the contribution from the reac-
tivity term is negligible, the total noise tends to follow the ampli-
tude and phase of the perturbation”. At the end of Section 3 of our
paper it was shown that for the VVER-440 reactor this neglect can
be done above 1.5 Hz. Accordingly, for the sake of simplicity we
assume that the induced noise is proportional to the noise source
in the following model calculation.

A S(z, w) noise source corresponding to the axially propagating
perturbation, at an arbitrary z point of the core in one-dimensional
case can be expressed as (Pazsit & Dykin, 2010):

Sz, o, v) = “’cb(z) 5%4(0, w)e i (28)

where @,(z) stands for the static neutron flux and 6%,(0, ) pro-
vides the change of the absorption cross section at the entry point
of the core (e.g. due to a temperature fluctuation entering the core)

0.04 —— : :
 1946/N1-1946/N7

0-03F — jo49/N1-1049/N7 1

0.02H —— 2148m1-2148m7 | | ]

IRF

-0.04 L 1 L L L

Time [s]

Fig. 12. Parts of the cross correlation (left) and impulse response functions (right) coming from imaginary parts at different levels of background noise (between the N1 and

N7 detectors for three different radial locations).
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and v is the coolant velocity. For simplicity it is assumed that the
fluctuation is not altered as going through the fuel assembly. Addi-
tionally, feedback effects are also neglected. Since the absorption
cross section is constant for white noise:

iz
—xwg.

(29)

The current produced in an infinitesimal small range of a z point
of an ideal detector is:

S(z,w, v) = soy(2)e

Al(z,w,v) = S(z,w, v)pAz = So(po(z)eL?ZpAz, (30)

where S, contains s, and the proportionality factor between the
noise source and the induced noise, while p stands for the specific
sensitivity of the detector. The v coolant velocity increases with
increasing temperature in the core, but here it is approximated by
the mean value. Hence, the whole current produced between the
starting z, and the ending z; points of the detector is:

I((D, v, L) . Sop/ ' (po(z)efiw%dz

0

After partial integration:

a d (iv e
llw,v,1) :SOP/ @0(@&( 6‘"0’7> dz

0 e
I(w, v,L) = So
il/ iwi _i0 a / —iwz
< | oatee ™ = puere - [ gyareide]

(31)
Finally, in order to express the transfer function of the detector,
the current (31) and the white noise source (29) at the entry point
of the detector (z = zp) were substituted in (27).
Soi2p|@glz)e % — y(z0)e % — [2 gy(2)e- i)
So %(O)e_im’_g

Hdet(w7 v, L) =

(32)

,izj_p Po(21) —iwk _ _/.Z1 (pé)(Z) —i’
Haa(®, v, 1) = ! Lpo S LR i €S

In an environment with constant neutron flux, i.e. where
Po(2) = ® and @),(z) = 0:

iv ‘ol ‘ol ‘ol
Hget(w, v,L) = —wp (e*% - e'%) e i
sin&
Heetl, v,L) = pL=—22¢'%; (34)

WL
2v

In the above form of the transfer function of the detector for
propagating perturbation, the last (exponential) factor stands for
frequency dependence of the phase, while the fraction of sil* js
responsible for the frequency dependence of the magnitude. This
magnitude has zeros depending on the ratio of the detector size
and the velocity of the perturbation, where the detector is not sen-
sitive to the perturbation.

In the following section we will show how this transfer function
determines the frequency response of an uncompensated neutron
detector.

6. Signal components of uncompensated neutron detectors

In this section we will investigate how the two components
of the uncompensated Rh SPND signals - the signals produced
in the detector and in the cable - relate to each other. We use

10
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data of a typical detector chain (06-41) from the end of a fuel
cycle. For simplicity, the neutron flux is assumed to be constant
(@) along the detector chain. The current produced in the detec-
tors is converted to voltage signal with a conversion factor f [V/
A]. Thus - in the frequency domain - the voltage generated by
the detector is:

Uget(0) = @ f Hyer (),
After substituting (34).

00 SINGS ot
Udet () = @ fHaer() = Ugey L €% (35)
2v
where Ufjlztc) = @ fpL denotes the non-fluctuating part of the detec-
tor signal.

Signals generated in the detector cable (i.e. in the background
detector) can be written in a similar way. Since the cable produces
only prompt signal, only the prompt component of the detector
signal is considered in the comparison.

Based on (35) the frequency response of a (pure) SPND detec-
tor and a background detector is shown in Fig. 13 with the sensi-
tivities of the detectors taken into account. The sensitivities vary
from detector to detector as it was investigated in (Kiss, Lipcsei, &
Hazi, Effect of uncompensated SPN detector cables on neutron
noise signals measured in VVER-440 reactors, 2003), the figure
shows a typical example. The third frequency response (corre-
sponding to the uncompensated SPND) is obtained as the signed
sum of the signals of the cable and the detector. Note that the
cable current and the detector current have opposite signs. It
can be seen in Fig. 13 that above 1 Hz the signal resulting from
the passing by perturbation in the detector cable of 2 m length
is less than 20% of the signal generated in the detector itself.
The transfer function of the detectors is 0 at the values of
9l—nn,n=1,2,..., ie at integer multiples of 1.75 Hz for the
cable, and of 17.5 Hz for the detectors.

Fig. 13 shows that the effect of the cable current can only be
neglected above 1.0-1.5 Hz in the measurement of propagating
perturbations (the exact threshold depends on the ratio of the sen-
sitivities of the detector and the cable). However, the global neu-
tron flux fluctuation (background noise) is proportional to the
neutron flux at any point of the cable and the detector, therefore
the effect of the cable current cannot be neglected in the detector
signal considering the global noise. In the vicinity of singular points
(i.e. the zero points of (35)) the fluctuating signal part is sup-
pressed by the noise of the measuring equipment and the back-
ground noise, therefore the effect of the propagating perturbation
is not measurable here, as the useful signal disappears in the back-
ground noise.

7. Effect of the neutron flux distribution on the transfer
function of the finite long detector

The shape of the axial neutron flux in the reactor core signifi-
cantly changes with burnup: the axial flux distribution being
nearly cosine at the reactor start-up becomes more and more flat
as fuel burnup progresses. Fig. 14 shows characteristic axial neu-
tron flux distributions at the beginning, the middle and the end
of a fuel cycle:

Since the detector signal generated by propagating perturba-
tions travelling along the detector depends on the neutron flux,
therefore we investigated the effect of the neutron flux shape on
the transfer function of the detector with finite length. Since the
20 cm length of the SPNDs is short enough compared to the
242 cm height of the reactor core, the shape of the flux is approx-
imately linear along the detector.
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Fig. 13. Frequency response of a 202 cm long background detector (cable), a 20 cm long SPND and an uncompensated SPND for perturbations passing along the detectors.
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Fig. 14. Axial distribution of the neutron flux during the fuel cycle (legend: effective
full power days).

Let ¢(z) = m and @,(z) > 0, then starting with (33), after sub-
stitution, taking the integral, rearranging the equation and using
that m = 2l %) e get:

Haee(, v,L) = 2P {L‘)(zl ) givh _

iV (@y(21)
o \9o(20) 1w&

) ()

(36)

Alternatively, with the separation of real and imaginary parts
using Euler’s formula of complex numbers, it can be written as:

_Up [@(z1) WL 20 (Qy(z1) RO AN
Hdet(w,v,L)fw{%(zo) sin TRTTACNEN) 1| sin 2 +1i
@{%(zl)cosw—L—l—l<%(zl)—l>sinw—L}
@ | Py(20) v WL\ @y(20) v

The magnitude and phase of the transfer function is shown in
Fig. 15 as the neutron flux changes axially, i.e. for different values
of the ratio ¢,(z1)/®,(20). The magnitude changes according to the

— IHdet(®1/$0=1.2)|
— IHdet(®1/d0=1.1)|
— IHdet(®1/$0=1.0)|
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Fig. 15. Absolute value (top) and phase (bottom) of the transfer function of the detector at different values of the ratio ¢,(z1)/¢,(z0) (denoted as ®1/®0 in the legend).
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average neutron flux along the detector, the zero points of the
functions are still at integer multiples of 17.5 Hz not depending
on the shape of the flux.

Fig. 15 shows that ¢,(z1)/¢,(z0) does not influence the sink of
the magnitude, however the magnitude is zero at the sink only
for constant flux (where ¢y(z1)/®y(z0) =1), and similarly the
phase function has discontinuity only for constant flux.

8. The effect of the neutron flux distribution on the
measurement of the transit time

In this section we examine the effect of the non-constant axial
neutron flux distribution on the correlation function-based deter-
mination of the transit time.

We start from (36) and rearrange it:

Hdet(w7 T/,L)
iwp (@oz1) i o 1V (<Po(zl) ) gl el } —igl
=0 e —ew — — —1)(e'2v —e'2v) Se 2w
» {%(Zo) WL \@y(20) ( )

In the following treatment the two detectors are denoted by
indices 1 and 2, so for example z,, denotes the front of detector
2 in the direction of flow, while z,; stands for its end position.
Using the following notation:

Po(Z11)

_ Polz21)
©o(210) and Q; =

G = ©o(220)

The transfer functions of the two detectors can be written as:

H, = wp {Q] e _ et e*%) }e*ii'—’,f

iv il
-— -1 (e*H -
1) o@D

il iv il il il
e 2 +— -1 <e+ﬁ — e—ﬁ) etz
Lo Q2-1)

7 ii/p ol
H, = ——L et —
2 ) QZ

and the cross spectrum between the detectors is:

-,

NCPSD1; (w)e 2 g

Let’s use the following notations:

. sinx - if x40
sincx = .
1, ifx=0
and.
C0os X—sincx lf X#O
COSSCX = x0T
0, ifx=0

After substitutions:

11 W\ 2
_W‘T{(Q] -1(Q; - 1)<cosscﬂ>

2
+(Qy+1)(Q, + 1)<sinc%>

NCPSD; ()

. oL . L) ..
—i2(Qq — Qz)cosscﬁsmcﬂ}e 12

This form can be used to express the cross correlation function:
)

NCCFiy(t) = lim % / NCPSD e doo

W—00
-

The real part of the argument of the limit of the above expres-
sion is:
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)
1 N(DCD__ piot
Re E/NCPSDne dw

-

2
- 8]771 / Qi -1)(Q,— 1)<cossc%> cos w(t — Tiz)

-0

2
+(Q;+1)(Q+1) (sinc%) cos w(t — Tp3)

ol . oL .
-2(Q — QZ)COSSCZ_USIHCZ_U sinw(t — T12)dw

Graphs of Fig. 16 were obtained by numerical integration of
the above expression (f:%: 101Hz; the double of the 50 Hz
frequency range of the measurements was applied, in order to
have smoother curves, plus 1 Hz was added to avoid possible
numerical instabilities). It can be seen that the peaks become
asymmetric when the slope of the neutron flux increases. In addi-
tion, the position of the slope slightly shifts from the nominal
value, but this shift is less than the resolution of the regularly
used sampling time (At) of our measurements (0.01 s). However,
reading the maximum of an asymmetric peak (see e.g. the last
graph of Fig. 16) may cause a much bigger systematic error in a
noisy environment due to the disturbing signal components mak-
ing the evaluation more difficult. This error can reach one At in
our case, which yields a relative error of approximately 2%. The
distance between the base points (marked with red ‘+’ signs in
Fig. 16) is always 2L/v.

Peak positions are shown in Fig. 17 for the symmetrical case
(Q; = 1/Qy), i.e. when the slopes of the axial neutron flux are the
same but in opposite direction (three of these peaks are shown
in the diagonal from the top left corner to the bottom right corner
of Fig. 16). Green markers show the values which can be read at
time resolution of 0.001 s.

Fig. 17 shows that the higher the ratio of the neutron flux at the
detector ends, the higher the transit time, and although the effect
is small, it can influence the measured value due to the resolution
of the spectra.

9. Conclusions

This paper investigates analytically the method that has been
proven so far for coolant velocity estimation in PWRs and demon-
strates its various features through measurements performed at a
VVER-440 unit. Presence of the background noise makes the eval-
uation of the measurements quite difficult, but the disturbing
effects can be eliminated.

A model was set up in order to help separating the fractions of
the measured signals coming from the propagating perturbation
and the background noise, and the spectra of these signal fractions
were produced. Then the cross spectrum of the propagating pertur-
bation freed from background noise was reconstructed and the
components of the transfer function between the detectors were
produced. It was proven that the similarity of the spectra of the
background noise and the propagating perturbation makes a shar-
per peak in the impulse response function than in the cross corre-
lation function.

The transit time is usually read from the cross correlation and
impulse response functions estimated as the inverse Fourier
transform of the cross spectrum and the transfer function,
respectively. We found that resetting the real part (which also
contains the background) before performing the inverse Fourier
transform produces functions from which the transit time can
be read more easily (this helps automation of measurement
evaluation).
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Fig. 16. Calculated shape of the cross correlation function as measurable with detectors in neutron flux with different axial slopes (flux shapes at the detectors are marked

with grey icons at the top

corners of each graph).
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Fig. 17. Time shift of the transit time peaks from the nominal value in the cross
correlation function as a function of symmetrical slopes of the neutron flux
distribution (green markers: values readable at time resolution of 0.001 s).
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It was also investigated how the size of the detector with finite
length influences the transfer of the propagating perturbation by
the detector. The effect of the non-constant neutron flux distribu-
tion along the measurement chain was also investigated and
analysed.

Finally, the peaks appearing in the correlation functions at the
transit time were investigated and it was found that the slope of
axial distribution of the neutron flux makes them asymmetrical
and shifts the maximum of the peak slightly.

Neglecting the contribution from the reactivity term in our
model applied to describe the effect of the measurement arrange-
ment provides a good approximation above 1.5 Hz. In a future
investigation the validity of the detector’s transfer function due
to its finite size could be extended below 1.5 Hz by using the
Green’s function of the reactor. A further research may focus on
how the shape of the peaks appearing in the impulse response
functions depends on the background noise.
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