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Abstract

The correlation method for measuring of the coolant flow rate is used in the operation of nuclear power
plants and is widespread in research practice including study of turbulent flows hydrodynamics. However
the question of its applicability and possibilities in studies using the matrix conductometry method remains
open. Earlier the algorithm for determining of the correlation flow rate using a conductometric measuring
system was highlighted and the error of the results obtained was estimated and the dependence of the influ-
ence of noise and the time of data collection on the reliability of results was investigated. These works were
carried out using two independent mesh sensors and the issue of the resolution of local velocity compo-
nents was not covered. The purpose of this work was to test the correlation method for measuring velocity
with temporal and spatial sampling using two-layer mesh conductometric sensors.

As the result velocity cartograms were obtained over the cross-section of the experimental model with
quasi-stationary mixing and the value of the average flow rate is in good agreement with the values obtained
from the standard flow meters of the stand. Also measurements were carried out at a non-stationary setting
of the experiment and realizations of the flow rate and velocity components of the flow at the measuring
points were obtained.

Analysis of the obtained values allows to conclude about the optimal data collection time for correlation
measurements, as well as the reliability of results.

Keywords: correlation flow meter, spatial and temporal discretization, spatial conductometry, emergency
processes in a nuclear power plant.
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IIpuMeHeHne KOPPEJIILMOHHOI0 METO1Aa U3MEPEHUH
JJISE BOCCTAHOBJICHUS PO UJIA CKOPOCTH

C IPOCTPAHCTBEHHOM U BPEMEHHOU TUCKpeTH3anmen
[PU UCCJICAOBAHUAX TUAPOAUHAMUKH TYPOYJICHTHBIX
MOTOKOB Ha 0a3e MeT0/1a MATPUYHOM KOHAYKTOMETPUH
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KoppensimoHHbI# METOJT N3MEPEHHsI PacXo/ia TETUIOHOCUTENS IPUMEHSIETCS TTPH IKCIUTyaTalluu saep-
HBIX PHEPTeTUYECKUX YCTAHOBOK M IMIMPOKO PACIPOCTPAHEH B MICCIIENOBATENHCKOM PAKTHKE, B TOM YHCIIE,
JUTSE I3y4eHUs THAPOAMHAMUKA TYpOYJIEHTHBIX MOTOKOB. OHAKO BOMPOC O €r0 MPUMEHUMOCTH U BO3MOXK-
HOCTSX TIPH UCCIIEOBAHUAX C UCTIONH30BAHUEM METOa MaTPUIHONW KOHAYKTOMETPHH OCTA€TCS OTKPBITHIM.
B panee npoBeneHHBIX paboTax OBUT OCBEIIEH ANTOPUTM OIPENEIeHUs KOPPEISIIMOHHOTO pacxo/ia ¢ Mc-
MOJIb30BaHUEM KOHAYKTOMETPHUIECKOH N3MEPUTEILHON CHCTEMBI U OIleHeHa TIOTPEITHOCTH ITOJTy9eHHBIX pe-
3yJbTATOB, a TAKXKe OblIIa MCCIIe0BaHa 3aBICHUMOCTh BIMSIHHA IIIyMa W BpeMeHH cOOpa JTaHHBIX Ha JIOCTO-
BEPHOCTH IMOJyYEeHHBIX pe3ynbTaToB. OMHAKO, TaHHBIE paOOTHI OBUIH MPOBENEHBI C MCTIOIB30BAaHUEM JIBYX
HE3aBHCHUMBIX CETYaTBIX JIATINKOB W BOMPOC O Pa3pPEIICHNH JOKaJbHBIX CKOPOCTHBIX KOMIIOHEHT HE OBLT
OcBeII€H. B cBs3uM ¢ 3TUM 11eTbI0 JaHHOI paOOTHI SBISIIOCH MPOBEIEHUE alTPOOAITHH KOPPEISIIIMOHHOTO Me-
TOJ/Ia U3MEPEHHUSI CKOPOCTH C BPEMEHHOU M MPOCTPAHCTBEHHOW AMCKPETH3AINeH C MCIIONb30BaHUEM JIBYX-
CIIOWHBIX CETYATHIX KOHIYKTOMETPHUYECKUX JATUUKOB.

[Torydensr KapTOrpaMMbI CKOPOCTH 110 CEUEHHUIO IKCTIEPUMEHTAIFHOW MOJIENH TIPH KBa3uCTAaIMOHAp-
HOM CMEIIIEHUH, a 3HAUEHUE CPEeIHEPACXOTHONH CKOPOCTH XOPOIIO COTJIACYETCS CO 3HAYCHUSMU, MOTydeH-
HBIMH CO IITaTHBIX PACcXOJOMEPOB cTeHa. [IpoBeneHsr m3MepeHus pHU HeCTAIlOHAPHON TTOCTaHOBKE JKC-
MepUMEHTA U TIOJYUYEeHBI peaTN3allii PacXxoAa U CKOPOCTHBIX KOMITOHEHT IMTOTOKA B U3MEPHUTEIHHBIX TOUKAX.

AHanu3 MoTy9eHHBIX 3HAYEHHUH MO3BOJISET CJENaTh BHIBOJI 00 ONTHMAbHOM BPEMEHHU cOopa JTaHHBIX
NP KOPPEISIIIHOHHBIX U3MEPEHHSX, a TAKXKE O JIOCTOBEPHOCTH IMOTyYEHHBIX PE3yIIbTATOB.

KuroueBsble ciioBa: KOppeIsSLUOHHBIA PacXoJ0Mep, MPOCTPAHCTBEHHAS ¥ BpEMEHHAsI TUCKPETU3ALNs, TIPO-
CTPaHCTBEHHAsI KOHAYKTOMETPHS, aBapHUiHbIe Mpolecchl B DY
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Introduction

In the course of developing new designs
of reactor plants work is underway to solve the
problems of increasing the reliability, safety and
efficiency of operation of power units which re-
quires computational and experimental studies.
One of the problem of substantiating the safety
of a power unit is the computational modeling
of thermohydraulic processes under emergency
operating conditions which are distinguished by the
unsteady of the ongoing processes [1-2]. Justifica-
tion of the applicability of the computational mo-
dels used requires validation experiments which,
in turn, raises the question of developing new sys-
tems for monitoring and recording local flow cha-
racteristics with spatial and temporal sampling.
One of these characteristics is the value of the
coolant flow rate.

At the moment the correlation method for
measuring of the coolant flow rate is widely known
the main requirement of which is the presence in
the flow of some passive scalar function (tracer),
convectively transferred together with the
medium. It allows one to implement correlation
measurements using various methods for
measuring of flow properties: temperature, content
of radioactive isotopes, optically distinguishable
impurities, etc. [3—4]. This approach assumes
determination of the transit time of the disturbance
of the measured quantity (the so-called turbulence
transport time) between the sensitive elements
of the system which are located at some distance
from each other.

The algorithm for the correlation determination
of the flow wvelocity using a conductometric
measuring system, considered and tested in [5]
based on calculating the position of the maximum
of the cross-correlation function (CCF) cor-
responding to the time of turbulence transport
between the sensors showed a small relative error
which allows to speak about the applicability
of this method in experimental studies using a
conductometric measuring system. In previous
studies it was concluded that the contribution of
noise to the error in determining the maximum
CCF which was calculated in accordance with the
method proposed in [6] was concluded. In addi-
tion, a study of dependence of the variance of
readings on the time of data collection showed
that a good accuracy in determining the maximum

CCF is maintained when the data collection time is
reduced down to 1 second.

The purpose of this work was to test the
correlation measurement method for reconstructing
the flow velocity field with spatial and temporal
sampling based on the matrix conductometry method
using a two-layer mesh sensor design.

Test facility

The general scheme of the test facility (Figure 1)
assumes the organization of an experimental mode
with isothermal mixing in an open circulation loop
(for studies using flows with different concentra-
tions of impurities) and non-isothermal mixing when
using flows with different temperatures.

The equipment of the test facility makes it pos-
sible to create laminar, transient and turbulent flows
(at Reynolds numbers Re up to 20-10°) at different
temperatures, flow rates and impurity concentrations
in mixing coolant flows. The main parameters of the
test facility are presented in Table 1.

Table 1
The main parameters of the experimental stand

Parameter Value
The total power of the heaters, kW 12
Flow through test model, m*/hr Upto2.1
Temperature of the mixing flows, °C 10-60

Measurement system

In experimental studies, a measuring system,
consisting of an electrical impedance measuring
system LAD-36 and a two-layer wire mesh sensor
(WMS) [7-10] was used. The general view of the
system is shown in Figure 2.

A distinctive feature of a two-layer WMS in
comparison with a single-layer WMS is the use of
two layers of receivers located symmetrically rela-
tive to the layer of generators (Figure 3).

This feature makes it possible to implement two
measuring planes in one WMS housing and to mini-
mize the distance between the measuring sections.
The measuring planes are formed by a set of mea-
suring cells formed by the imaginary intersection of
the electrodes of the receiver layer and the generator
layer.
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supply pump
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Figure 1 — Hydraulic diagram of the test facility: 1 —hot line circulation pump; 2 — make-up for us hotline; 3 — cold
line circulation pump; 4 — make-up pump of the cold line; T1 — cold feed tank; T2 — hot feed tank; DT — drainage tank;

TM — test model

Figure 2 — General view of a two-layer conductometric
sensor

T TSR receiver

generator

receiver

\

=

Figure 3 — Scheme of the mutual arrangement of the elec-
trodes of a two-layer sensor

Experimental setup

The measurements were carried out in an ex-
perimental model with a square cross section of
50x50 mm , the general view of which is shown in
Figure 4. The WMS was installed in the zone of in-
tensive mixing at 650 mm from the edge of the divi-
ding wall.

The matrix of experimental regimes included
developed turbulent flows with flow rates rang-
ing from 1.0m’/h (Re=10-10%) to 2.1 m*/h
(Re = 19-10%) in a steady and unsteady setting (with
a change in flow rate during the experiment). The
actual flow rate was recorded using high-precision
flow meters for each of which an individual calibra-
tion was carried out.

The study of the influence of the time discretiza-
tion of the measuring signal on the obtained readings
was carried out by dividing the initial signal into a
given number of time intervals, for each of which the
position of the maximum of the correlation function
of specific electrical conductivity X(¢) and Y(¢) deter-
mined in the measuring cells of a two-layer mesh sen-
sor. In accordance with the methodology described
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in [4], the discrete CCF of time sequences X(#) and
Y(¢) was calculated according to (1), and the average
flow rate was determined using a weight factor that
takes into account the position of the measuring cell
and the correlation coefficient of the conductivity:

R (X.,Y)=

1 LNZ_jx -y (1)
JR.(O)R, (0) NiZ " 7"

Wire mesh sensor 2

is CCF normalization pa-

1
M TR (0)R, ()

rameter; x, is conductivity received from the first
layer of WMS; y, is conductivity received from the
second layer of WMS; N is the number of time sam-
ples in the realization.

Wire mesh sensor 1

100 100 _100_ 100 100
X
° e
Flow 1 : e W oo (W worase P
Flow 2 e —— s
,,,,,, ] P
NS ) ) o
wy
20 590 ]
1875

Figure 4 — Test model

As a result of the analysis of the experimental
data, the realizations of the values of the velocity
components of the flow at the measuring points were
obtained formed by a pair of measuring cells of the
first and second layers of the WMS which are loca-
ted in accordance with the accepted numbering of the
cells shown in Figure 5.

D(©)17IEIAEIE)
(2)10/18)20(39@(0 68
OIDDIYEDICRICNED
(41220033044 (52(60
OBIIIDIEYICEIEDIE)
OUDIPITIETICTIENE)
(D1HCIGIEIEDEIE
(8)1629(2(40(49 (5664

Figure 5 — Measuring cells of the wire mesh sensor

Measurement results

As a result of the measurements, the instanta-
neous values of the conductivity were obtained in
the measuring cells of the sensor from which the
CCF was calculated. Figure 6 shows an example of

realizations of the conductivity of the first and
second measuring cross sections and their CCF for a
stationary flow regime with Re = 18-10°.

The conductivity implementations practically
coincide in their appearance with a relatively small-
time shift, which indicates the predominant preserva-
tion of the flow structure along the path between the
measuring sections and is confirmed by a high level
of correlation of readings.

Table 2 shows the values of the flow rate and
velocity in the experimental model obtained by the
correlation method in comparison with the values of
standard flow meters.

The obtained relative error decreases with an
increase in the Reynolds number, and its small value
allows us to speak about the possibility of using the
correlation method for measuring the velocity when
using a two-layer WMS with arelatively small distance
between the measuring sections, to restore the velocity
field in the cross section of the experimental model.

The resulting velocity cartograms in the cross-sec-
tion of the experimental model are shown in Figure 7.

The presented figures indicate that the spatial
values of the velocities obtained in this way reflect the
presence of an irregularity of the profile in the cross
section of the model, and the nature of the irregularity
is consistent with the shape of the velocity profile at a
steady turbulent flow regime with a formed flow core.
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Figure 6 — An example of realizations of conductivity and their cross-correlation function for the mode Re = 18-10°

Table 2
Comparative analysis of values
Re -10°

Parameter

10 15 18 19
Consumpt19n according to readings of standard flow 1726 25.76 143 1.6
meters, 1/min
Average flow rate according to readings of standard flow 0.115 0.172 0216 0218
meters, m/s
Correlation flow rate, I/min 18.60 25.90 33.00 33.6
Correlation average flow rate, m/s 0.124 0.185 0.227 0.224
Relative speed error, % 7.8 7.5 5.1 2.7

When setting an unsteady mixing mode, the flow
rate through the experimental model was changed by
adjusting the shut-off valves installed at the outlet of
the experimental model. The realizations of the flow
rates of the mixing flows and the average flow rate in
the model according to the readings of standard flow
meters are shown in Figure 8.

As a result of the oversampling of the original
implementation and further calculation of the CCF by
the windows, realizations of the velocity components
of the flow were obtained, which were used to deter-
mine the correlation flow rate through the experimental

model. The correlation flow rate depending on the sam-
pling period in comparison with the total flow rate ob-
tained from standard flow meters is shown in Figure 9.

As can be seen from the presented dependences,
with an increase in the sampling frequency (a decrease
in the data collection time), errors arise in determi-
ning the flow rate by the correlation method, and with
a decrease, the implementation is smoothed, which
leads to the exclusion of high-frequency ripples from
the implementation. Based on the foregoing, the op-
timal polling period for correlation measurements on
this WMS design is 2 seconds.
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Figure 7 — Cartograms of velocity depending on the flow regime
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Figure 8 — Realization of flow rates and average flow ac-
cording to the readings of standard flow meters
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Figure 9 — Comparative chart of expenses

Realizations of the correlation velocity at mea-
suring points 33, 36 and 40, which are located at the
periphery and in the centre of the model section, with a
sampling period of two seconds are shown in Figure 10.

— Measurement cell 33

— Measurement cell 36
Measurement cell 40

\\ /

N S5

Velocity, m/s
<
&

0 5 10 15 20 23 30
Time, s
Figure 10 — Realization of velocity at the peripheral and
central measuring point of the model section

It can be seen from these realizations that the
correlation values of the velocity correctly describe
the shape of the velocity profile and its change, with

the exception of periodic deviations caused by errors
in determining the maximum CCF.

Conclusion

The correlation measurements of velocity car-
ried out in this work using the method of matrix con-
ductometry demonstrated a small relative error when
using a two-layer wiremesh sensor which allows to
speak of the reliability of the results obtained and the
shape of the velocity profiles in the cross section of
the model.

Measurements carried out using oversampling
of the original implementation made it possible to
obtain high-speed realizations and realizations of
the flow rate depending on the time of data collec-
tion. These implementations in comparison with
the implementation of the flow rate from stan-
dard flow meters allow to speak about the possibi-
lity of using this measurement method when stu-
dying the pulsation components of the flow. Howe-
ver, there are limitations in the sampling period
which are associated with the impossibility of calcu-
lating the cross-correlation function with a short data
acquisition time (with this sensor design, the mini-
mum sampling period is two seconds).

Also, this measurement method can be used in
the study of non-stationary processes in models of
nuclear power plants which is necessary to substan-
tiate safety in emergency modes of operation.
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