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Abstract

The method of correlation measurement of the coolant flow rate, widely used for operational diagnostics

of nuclear power plants, can be extensively used in research practice. The aim of this work was to apply
a correlation method based on the conductometric measurement system with wire-mesh sensors for measuring
a coolant flow rate.

Insignificant concentration of a salt solution (NaCl or Na,SO,) creates a gradient of the conductivity
in the flow, which is used as a passive scalar measured by the system. Authors used turbulent pulsations
at the interface of two concurrent flows with identical velocities in a square channel as a signal source
for the correlation method. The paper presents the methodology of the tests, test facility description, signal-
to-noise ratio estimation, the results of digital signal processing and comparison of the measured velocities
in the model with the flowrate—averaged velocity determined by the use of flowmeters. The measured velocity
values give acceptable agreement for the turbulent flow modes. It was shown that the measurement accuracy

drops sharply for low-Reynolds flows.

The obtained results were used for flowrate measurements in core-imitator channels of the nuclear reactor

test model.

The presented paper is an approbation of this approach for its application as part of an test model
of a nuclear reactor in order to determine the each duct flow rates in the channels of the core simulator using

wire mesh sensors.

Keywords: measuring system, correlation flowmeter, spatial conductometry, modeling of processes in the

elements of nuclear power units.
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YK 621.039

IIpuMeHeHHe KOPPEISIIMOHHOTO METO/1a ONpeie/IeHUs
CKOPOCTH MOTOKA TENJIOHOCUTEJISI IPU MCCIAETOBAHUAX
THAPOAMHAMMKN TYPOYJE€HTHBIX MOTOKOB B 3JIEMEHTAX
SIICPHBIX PEAKTOPOB

H.A. Konosauos, A.E. Xpo6octoB, M.A. Jleruanos, /I.H. Connuesn, A.A. bapunos,
A.B. PsizanoB, A.A. UecnokoB, M.A. MakapoB

Huoicecopodckuii cocyoapemeennviii mexnuueckuti ynusepcumem umenu P.E. Anekceesa,
vi. Mununa, 24, 2. Huscnuii Hogeopoo 603950, Poccus

IHocmynuna 29.06.2020
Ipunama k neuamu 28.08.2020

KoppensimoHHsIit MeToa u3MepeHus pacxoia TEeIUIOHOCUTEINS, IMPOKO MPUMEHSEMBIH IS dKCILTya-
TAIMOHHOW JWArHOCTHKH SIACPHBIX YHEPreTUYECKUX YCTAHOBOK, MOXKET HAXOJUTh HMIMPOKOE MPUMEHEHHE
B TOM YHCJIE€ U B HCCIIEI0BATEIHCKON NpakThKe. Llenpio qannoi paboThl ABsIach 0TpaboTKa KOPPEISIHOH-
HOT'O METO/]Ia I3MEPEHUS pacXoa TeIUIOHOCUTEIIS C TPUMEHEHHEM KOHTyKTOMETPHYECKUX CUCTEM.

B paGorte npencraBieH BapuaHT IPUMEHEHHUS KOPPEIAIUOHHOTO METOIA JIJIsl UCCIIE0BAHUS TypOYJIeHT-
HBIX TIOTOKOB HA OCHOBE KOHYKTOMETPUIECKON H3MEPUTENBHON CHCTEMBI — POCTPAHCTBEHHBIX KOHAYKTO-
METpPOB CETYATON KOHCTPYKIMH. B KauecTBe MacCHBHOI MPHUMECH HCIOIb3yeTCs He3HAUNTENbHAs KOHICH-
Tpauus pacteopa coiu (NaCl uimu Na,SO,), coznaromeil rpaiueHT IPOBOAUMOCTH CPEAbl, PEIUCTPUPYEMBIi
KOHIYKTOMETPUYIECKON CHUCTEeMOW. B KadecTBe MEepPeHOCHMBIX BO3MYIIEHUN B pabOTE HCIIONB3YIOTCS Typ-
OyJIeHTHBIC MyJbCAlMU HAa TPaHUIlE pa3jeia JABYX CIIYyTHBIX CTPYH C OJMHAKOBBIMH CKOPOCTSIMH B KaHa-
Jie KBagpaTHoro cedenus. [IpencraBiena MeTonKa MpOBeIEHUS NCCIIEIOBAaHUN HA JIAOOPATOPHOM CTEH]IE,
pe3ynbTaThl OLEHKH OTHOIIEHHS CHTHAJI-IIYM M3MEPHUTEIBHON CHCTEMBI, MPOBeeHa 00paboTKa CUTHAIOB
MPOCTPAHCTBEHHBIX JATYNKOB U CPAaBHEHNE U3MEPEHHON CKOPOCTH B MOJEIH CO CPEeTHEPACXOAHOMN CKOpO-
CTBIO, OTIPEIEIIEMOI C TOMOIIIBIO TOKA3aHNH PAcX0AOMEPOB CTEH/IA.

PesynbpTaThl m3MepeHuii 1al0T IpUEeMIIEMOE COTJIacHe C IMTOKA3aHUSIMH IITATHBIX PACXOJI0MEPOB /IS Xa-
PaKTEpHBIX TypOYJEHTHBIX PEKUMOB TeUEHHUS (IOTPEITHOCTh U3MEPEHHs CKOPOCTH MOTOKA MPH TTOMOIIH
KOHIYKTOMETPOB COCTaBIIsIeT MeHee 5 %). [lokazaHo, 4TO TOUHOCTH U3MEPEHNUH PE3KO MaIAeT ISl TIOTOKOB
C HU3KUM 4HcioM PeiiHomnbca.

[IpencraBnennas padota ABIseTCS anpodanuell JAHHOTO MOAX0/1a IS €T0 IPUMEHEHHS B COCTAaBE IKC-
MEPUMEHTAIBHON MOJENN SAEPHOTO peakTopa C IeNbI0 ONpPEeeNIeHUsT TOKaHATBHBIX PacXoJ0B B KaHalaX
MMHUTATOpa aKTUBHOM 30HBI TIPH MTOMOIIX CETYATHIX KOHAYKTOMETPUIECKHUX JTaTIYHKOB.

KuaroueBbie cjioBa: u3MepuTEnbHas CHCTEMA, KOPPEISLMOHHBIM pacxomoMep, MPOCTPaHCTBEHHAs
KOHAYKTOMETPHSI, MOAETUPOBaHKE MTPOLIECCOB B AlleMeHTax S0V
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Introduction

In the modern designs of nuclear power plants
a special attention is paid to improve the reliability,
safety and economy of the operation. These
requirements dictate the need for experimental
studies on large-scale models of elements of nuclear
power plants [1], which in turn raises the question
of the development of new control systems for the
most important parameters of the reactor plant (RP)
which include the flow rate of the coolant in various
elements of nuclear power plants.

Currently known is the correlation method for
measuring the flow rate of the coolant, the main
requirement of which is the presence of some passive
scalar flow function, convectively transferred along
with the current mass. It allows one to implement
correlation measurements using various methods
for measuring flow properties: temperature, content
of radioactive isotopes, optically distinguishable
impurities, etc. [2].

In nuclear power, the correlation method is
used to determine the flow rates in the loops of
a reactor plant. It is based on the analysis of the
readings of detectors of gamma radiation caused by
the activation of the O'® isotope in the neutron field

ofthe core [3]. In the Russian nuclear power industry,
this method was first applied to measure the flow
rate of the primary circuit of a channel reactor [4].
Later in the prototype of the system for correlation
control of the coolant flow rate of the pressure vessel
reactor installed reactor at the Kalinin nuclear power
plant [5], [6].

However, this method cannot be applied for
laboratory studies of the reactor thermohydraulics,
since there are no necessary radionuclides in the
simulated flow. This problem can be solved by a measu-
ring system based on the conductometric sensors wi-
dely used in research practice with a hydrodynami-
cally passive admixture protruding as a tracer.

The purpose of this work was to develop a
correlation method for measuring the flow rate of a
heating agent using conductometric systems.

Test facility

The general circuit of the TF (Figure 1) allows
to perform experiments with isothermal mixing in
an open circulation loop (with the use of flows with
different concentrations of impurities) and non-
isothermal mixing when using flows with different
temperatures.

hot line

cold line

entry section
supply pump

drainage line

X

v

Figure 1 — Hydraulic diagram of the test facility: 1 — hot linecirculation pump; 2 — hot line supply pump; 3 — cold line
circulation pump; 4 — cold line supply pump; T1 — cold tank; T2 — hot tank; DT — drainage tank; TM — test model
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The mixed streams are supplied by the boost
pumps (2 and 4) to the constant level tank volumes,
from which they are fed to the suction side of the
circulation pumps (1 and 3). This solution provides
a constant hydrostatic pressure at the suction of the
pumps, which is one of the main criteria to maintain
the stationary mixing process. Further, the streams
are pumped along the supply lines through the test
model and enter the drainage tank. The valves of the
supply line assumes the possibility of the fluid from
each tank to enter the upper or lower branch pipes of
the model, or to direct a fluid from one of the tanks
to both branch pipes.

The equipment of the TF makes it possible to
create both laminar and turbulent flow mode (with
Re from 900 to 12-10%) at different temperatures,
flow rates and concentration of impurities in the
coolant flow. The main characteristics of the TF are
shown in Table 1.

Table 1
Main parameters of the test facility
Parameter Value
The total power of the heaters, kW 12
Flow through test model, m*/hr up to 2.9
Temperature of the mixing flows, °C 10-60

The measuring system of the TF consists of a
technological part, which is necessary to control the
mode parameters of the installation, and the research
part, which is necessary for measuring the physical
characteristics in the zone of turbulent flow mixing [7].

The measurements were carried out by method of
conductometry using two wire mesh sensors (WMS)
with location of cells 8x8 and a step between the
centers of adjacent cells of 5 mm [8].

The output current of the measuring system is
proportional to the electrical conductivity, which
depends on the salt content in the measuring cells of
the WMS. Before the measurements, the WMS cells
were calibrated to eliminate common and systematic
errors in measuring electrical conductivity.

Measuring principle

The measurements were carried out in a test
model with a square cross section of 50x50 mm,
the general view of which is shown in Figure 2. The
WMSs were installed in a zone of intensive mixing
at axial distance of 500 mm.

The mass flow rate measurements were
performed in the range from 0.173 m*/h (Re = 900)
to 2.64 m’/h (Re=12:10%). The actual flow rate
was recorded using individually calibrated flow
meters [4].

Wire mesh sensor 2

Wire mesh sensor 1

100 100 100 100

100

<
= N\ it
Flow 1 = ] [
e B
Flow 2 mm— T
L

P46

o050

Figure 2 — Test model

20 590 600 600 500 40 16
1875
The basis of the used flow measurement R (X.) 1 1 Ni_l
1 1 i ¢ ’ = Y X Vivws
method is to determine the time of transport of the k R.(OR,(0) N & 4k ()

turbulent fluctuations between two WMS. For this
purpose, an algorithm of cross-correlation (CCF)
between the electric conductivities X (¢) and
Y (¢), determined by the WMS was used. The
discrete CCF of time sequences X (¢) and Y (¢) was
calculated as follows:

1
where;: ————= — CCF normalization parameter;
JR )R, (0 P ’

x,—electrical conductivity obtained from the first
WMS;  y,,,—electrical conductivity obtained
from the second WMS (¢+k); k—shift by time
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axis; N—number of counting in implementation;
k=0,1, ..., N—1—sample numbers.

Because of the measurements were carried out
using WMS, after applying the specified algorithm,
an array of velocities in the measuring cells of the
WMS was obtained. The cell numbering is shown in
Figure 3.

DO1EIEIENEIE)
(2)10/18)29 394068
ODDIYEICEICED)
OBITIEICTICHIA
(5132)2IEIEIEIED
(6)14/2260 (3949962
(D19CIGIEIADEIE
(8)1629(32(40(49(0(64

Figure 3 — Measuring cells of WMS

The obtained velocity values depend on the
position of the measuring cells in the channel
section. This happened because the intensity of the
turbulent pulsations in the center of the channel is
greater than at the periphery, as a result of which the
cross-correlation between the readings of electrical
conductivity between the central cells of the sensors
is much stronger than between the peripheral ones.

2200

By this reason, the assessment of the integral
characteristic of the velocity over the channel section
of the test model was carried out using weight
coefficients:

i

@

w=
Zw
where: i — WMS cell number; o, — weight coefficient
of i-th cell; w; — flow rate in the i-th measuring cell.
In this case, the contribution of a particular
cell to the integral estimate of the velocity will be
proportional to the variance and the correlation
coefficient between the readings of the electrical
conductivity of the first and second WMSs in the i-th
measuring cell. Based on this, the weight coefficients
for each cell were calculated as follows:

2
w; = (Gzi) P> 3)
where: 6> — variance of readings in the i-th measuring
cell; p, =max(|R,(X, Y)|) — correlation coefficient

between the readings in the i-th measuring cell of the
first and second WMS.

Measurement results

As a result of the measurements, instantaneous
and averaged values of electrical conductivity at the
cells of the sensors were obtained. Figure 4 shows
an example of the measured conductivity in test with
Re = 12-10°.

—Cell 32

—Cell 31

2000 § 'f Cell 30

g 4 Wil—cell 29

% —Cell 28
=11
2
=
5
=
S
[=]
(=]
O

Time, s

Figure 4 — Example of the electrical conductivity data in test with Re = 12-10°

Figure 5 shows the distribution of the averaged
electrical conductivity over the measuring cells for
the data in test Re = 12-10” and Re = 900.

The presence of a sharp leap in the conductivity
for Re =900 indicates the absence of mixing of

flows in this test. Conversely, the smooth distribution
of conductivity over the cells with a simultaneous
shift of the maximum readings to the center indicates
a significant intensity of turbulent pulsations in the
test with Re = 12-10°.
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Figure 5 — Averaged electrical conductivity in measuring cells in tests with Re = 12-10° and Re = 900

The first objective was to assess the effect of
noise on the measurement results. To obtain this
estimate the electrical conductivity in a flow without a
tracer was measured. Further, based on the analysis of
the power spectral density (PSD) and the estimation
of the main vortex frequencies noise intensity and
it’s frequency band were obtained. In this case, the
assessment noise frequency band was f, ., = 61 Hz.

noise

The resulting periodograms are shown in Figure 6.

Further correlation measurements were carried
out using a digital low-pass filter with a passband
Jsop =40 Hz.

Figure 7 shows a view of the wire mesh sensor
realization after passing through a low-pass filter.
The signal shape for the central cells shows a high
level of their correlation.

10—

—Signal
—Noise
-~ Interference(61 Hz)

| L M | P |

10—]57 | |

107 107

10! 10

Frequency, Hz

Figure 6 — Periodograms of power spectrum density (PSD) during "contrast mixing" (signal) and "non-contrast"

mixing (noise)

A high level of correlation for the central
cells (p=0.63) provides good accuracy in
determining the time shift (t = 4.78 c).

Table 2 shows the data on the flow rate obtained
by the correlation method in comparison with the
readings from the flow meters of the TF.
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Conductivity in cell 36
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Cross-correlation function in cell 40
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Figure 7 — Electrical conductivities and cross-correlation functions in test with Re =6.3-10° for central and peri-

pheral cells

Comparative analysis of values

Table 2

Reynolds

Parameter

Re =900 Re = 6300 Re =12000
Flow according .to standard 288 2238 43.92
flowmeters, 1/min
Correlation flow, 1/min 110.25 23.25 447
Relative error 3719 % 4% 2%
Correlation velocity, m/s 0.735 0.155 0.298
Temperature, °C 274 274 27.4
Density, kg/m® 996.41 996.41 996.41

The readings obtained indicate the presence of
an error of less than 5 % for higher Re numbers,
while with decreasing Re, an increase of the error
is observed. This is explained by the significant (in
comparison with the size of the energy-carrying
vortices) distance between the WMS. The intensity

of turbulence in the mixing zone decreases with the
decrease of Re number, which causes the decrease
of correlation strength between the readings of
the sensors. In this case, for Re =900, there is no
correlation between the readings of the sensors due
to the homogeneity of the flow in the laminar mode.
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Conclusion

The approbation of the method of correlation
determination of the coolant flow carried out in this
work on the basis of a conductometric measuring
system for turbulent flow in a square channel made
it possible to apply this method to measure channel
flow rates in scale models of elements and equipment
of the core of a nuclear power plant.

The discharge results obtained for various
Reynolds flows indicate a strong dependence of the
flow rate measurement accuracy on the turbulence
intensity. Furthermore, measurement results for
Re =900 allow making a general conclusion about
the presence of a lower limit of the measured flow
rate which will depend on temperature, flow rate and
distance between sensors. Hence this limit will be
different for each specific event.
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