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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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Корреляционный метод измерения расхода теплоносителя применяется при эксплуатации ядер-
ных энергетических установок и широко распространен в исследовательской практике, в том числе, 
для изучения гидродинамики турбулентных потоков. Однако вопрос о его применимости и возмож-
ностях при исследованиях с использованием метода матричной кондуктометрии остается открытым. 
В ранее проведенных работах был освещён алгоритм определения корреляционного расхода с ис-
пользованием кондуктометрической измерительной системы и оценена погрешность полученных ре-
зультатов, а также была исследована зависимость влияния шума и времени сбора данных на досто-
верность полученных результатов. Однако, данные работы были проведены с использованием двух 
независимых сетчатых датчиков и вопрос о разрешении локальных скоростных компонент не был 
освещён. В связи с этим целью данной работы являлось проведение апробации корреляционного ме-
тода измерения скорости с временной и пространственной дискретизацией с использованием двух-
слойных сетчатых кондуктометрических датчиков. 

Получены картограммы скорости по сечению экспериментальной модели при квазистационар-
ном смешении, а значение среднерасходной скорости хорошо согласуется со значениями, получен-
ными со штатных расходомеров стенда. Проведены измерения при нестационарной постановке экс-
перимента и получены реализации расхода и скоростных компонент потока в измерительных точках. 

Анализ полученных значений позволяет сделать вывод об оптимальном времени сбора данных 
при корреляционных измерениях, а также о достоверности полученных результатов.

Ключевые слова: корреляционный расходомер, пространственная и временная дискретизация, про-
странственная кондуктометрия, аварийные процессы в ЯЭУ.
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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 velocity 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∙103 ) 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, m3/hr Up to 2.1

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

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 
50 × 50 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 1.0 m3 / h (Re = 10∙103) to 2.1 m3 / h 
(Re = 19∙103) 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(t) and Y(t) deter-
mined in the measuring cells of a two-layer mesh sen-
sor. In accordance with the methodology described 

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
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in [4], the discrete CCF of time sequences X(t) and 
Y(t) 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:

where                                        is CCF normalization pa- 

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

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.

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∙103. 

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 a relatively 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 4 – Test model
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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.

Figure 6 – An example of realizations of conductivity and their cross-correlation function for the mode Re = 18∙103

Table 2 
Comparative analysis of values

Parameter
Re ∙103

10 15 18 19

Consumption according to readings of standard flow 
meters, l/min 17.26 25.76 32.43 32.62

Average flow rate according to readings of standard flow 
meters, m/s 0.115 0.172 0.216 0.218

Correlation flow rate, l/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
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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

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.

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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