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ABSTRACT To address the issue of measurement errors in ultrasonic water meters caused by various
interfering factors during the flow calibration process, this study proposes a highly automated and intelligent
ultrasonic water meter flow calibration system design. Firstly, by analyzing and studying the working
principle of the water flow calibration device, and considering the actual flow calibration range, the
calibration method that combines the master meter method and the dynamic weighing method is determined.
To enhance the automation level of the flow calibration system, the flow calibration control algorithm is
thoroughly analyzed and designed. Finally, a flow correction algorithm based on linear interpolation was
designed and utilized for water meter flow calibration. Test data show that after the flow correction, the
value error of the ultrasonic water meter in the “high area’ is not more than 2%, in the “low area’ it is
not more than 3%, and the repeatability is less than 0.05%. Compared with manual calibration, the flow
calibration system designed in this paper enables high-precision automated flow calibration of ultrasonic

water meters, significantly enhancing detection efficiency and accuracy.

INDEX TERMS Automatic control, dynamic weighing method, flow calibration, master meter method.

I. INTRODUCTION

Compared to traditional mechanical water meters and
mechanical water meters with electronic devices [1], the
emerging intelligent ultrasonic water meters are characterized
by the absence of mechanical moving parts. The aforemen-
tioned devices exhibit exceptional metering performance,
remarkable expandability, minimal pressure loss, a broad
range of flow measurement capabilities, and a long service
life. The gradual replacement of traditional mechanical water
meters with intelligent ultrasonic water meters has been
observed [2]. The implementation of the intelligent ultrasonic
water meter will have a significant impact on the precise
management of water supply, identification of leaks, and
localization of pipeline networks. The development of intel-
ligent water meters also encounters a significant challenge.
In order to ensure the accuracy of water meter measurements,
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a rigorous flow calibration process must be conducted on
the water meter prior to its distribution for sale and use.
Prolonged exposure to water, especially hard water, can lead
to fouling near the water meter sensor. Furthermore, chemical
elements and various ions in the water can cause corrosion
to the sensors in the water meter, resulting in a decrease
in the accuracy of the water meter, which may exceed the
specified range. Therefore, it is essential to conduct regular
checks and recalibrations [3]. The water meter is a device
used to quantify the volumetric flow rate of liquid passing
through a pipe by applying a specific pressure over a defined
cross-sectional area within a given time period. Therefore,
it is necessary to develop a test device that can simulate the
flow of liquid in a dynamic state indirectly. The flow calibra-
tion facility(FCF) is a real flow simulation facility designed
to assess the measurement accuracy of the meter being tested.
Its primary objective is to ensure that the meter accurately
reproduces and transmits flow values within its specified flow
range. Calibration methods are categorized into three primary
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types [4]: the volumetric method [5], the dynamic weighing
method [6], and the master meter method [7]. The application
of the volumetric method of FCF has a more stable flow rate
and higher reliability. But the detection cycle is long and
energy consumption is notably high. Especially, these draw-
backs become more apparent when utilized for testing water
meters with larger diameters. The dynamic weighing method
has gained widespread usage in flow calibration studies due
to its high reliability when the density of liquids changes
with ambient temperature. The master meter method is a
method to assess the precision of water meter by using tur-
bine flowmeter [8], electromagnetic flowmeter [9], ultrasonic
flowmeter [10] and other flowmeters as a standard measur-
ing instrument and the inspected water meter in the same
time interval in a continuous comparison, which can greatly
improve the calibration efficiency. The volumetric method
was frequently utilized by early metrology organizations for
the purpose of flow calibration. In current flow calibration
research, the dynamic weighing method has become widely
utilized due to its enhanced reliability. With the advance-
ment of measurement technology and industrial automation,
the utilization of flowmeters in flow calibration devices has
become increasingly prevalent. This is primarily due to their
compact size, enhanced accuracy, and improved operational
efficiency.

In recent decades, a lot of works have been done to
certify water meter flow. Reference [11] measures cold drink-
ing water with good repeatability through a combination
of instruments. The test equipment at the RISE National
Volumetric Laboratory in Sweden [12], [13] is one of the
best in the world for hot and cold water, and it meets the
requirements for dynamic testing of domestic water meter
flows. The Germany PTB Laboratory Institute of Physics and
Technology [14], [15], [16] has designed a water flow facility
with a flow range of 0.1-2100 m3/h. The calibration caliber
ranges from DN80 to DN400, and the extended uncertainty of
measurement is better than 0.02%. Most of factors that affect
the uncertainty of the facility, such as the commutator and the
impact of water flow in the weighing vessel and temperature,
have been addressed with corresponding measures. However,
the system complexity of the facility remains high and expen-
sive. The NMIJ Institute in Japan has constructed a high
Reynolds number water flow meter calibration facility [17],
[18]. This facility has a maximum flow rate of 1200 m3/h
and utilizes the weighing method with high reliability and an
extended uncertainty of 0.077%. Reference [7] calibrated a
water flow meter using the master meter method, achieving a
measurement uncertainty of as low as 0.20%. Reference [19]
performed field test of a thermal energy meter using an ultra-
sonic clamp-on flow meter. The results showed significant
uncertainties in the measurement of flow, with values ranging
from 1.3% to 1.9% at flow velocities of 1.0 m/s and 0.3 m/s,
respectively. Reference [20] reduced the absolute error of
flow measurement to less than 2.5% by employing a combi-
nation of a Koch flowmeter and an online flow conditioner
for gas-liquid two-phase flow metering. Additionally, they
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utilized a neural network algorithm to further enhance the
accuracy of the measurements.

Currently, the majority of papers are calibrated using the
same method, and after comparison, it has been observed
that the calibration system with high accuracy is both com-
plex and expensive, whereas the simpler equipment tends to
have higher errors and uncertainties. The calibration facility
described in this paper is designed to measure a wide flow
range of 0.2-630 m>/h. Due to the large flow range, it is
challenging to achieve rapid and stable calibration using a
single method. Therefore, this paper proposes a comprehen-
sive design of a flow calibration facility that combines the
standard meter method and the dynamic weighing method.
The combination of these two methods allows the facility to
achieve optimal performance. A flow correction algorithm,
utilizing linear interpolation [21], was developed and imple-
mented to calibrate the error of the water meter subsequent
to the flow test. Finally, through the analysis of the calibra-
tion data and uncertainty [22], it is demonstrated that the
flow calibration system(FCS) designed in this article exhibits
excellent stability and accuracy. Moreover, this analysis also
serves to validate the rationality of the calibration algorithm
designed in this study. This feature enables the facility to
achieve a high level of accuracy while maintaining a lower
level of complexity.

The subsequent sections of this article are presented in
an organized manner below. Section II describes the work
associated with the design of the FCF. Section III provides
an analysis of the functions and algorithms employed by
automated control systems. The test will be elucidated in
Section IV. Finally, Section V provides a comprehensive
summary of the paper and presents potential directions for
future research.

Il. FLOW CALIBRATION FACILITY AND AUTOMATION
DESIGN

A. FLOW CALIBRATION FACILITY DESIGN IDEAS

The objective of the flow detection facility designed in this
study is to detect ultrasonic water meters with sizes rang-
ing from DN 100 to 300, corresponding to a typical flow
rate of 100-1000 m>/h. DN is an abbreviation for Nominal
Diameter, and its unit is in millimeters (mm). Each meter
caliber comprises six range ratios(dimensionless). They are
100, 160, 250, 400, 500 and 800. Taking the range ratio of
500 as an illustrative example, the test flow points are shown
in TABLE 1.

The maximum flow rate of this facility is limited to
630 m3/h, therefore, the flow test of 1000 m3/h only
assesses the flow point of 630 m3/h. In summary, this article
designs the calibration facility to measure the flow range of
0.2-630 m3/h. Due to the large range of flow, a single flow
calibration facility is insufficient to achieve optimal perfor-
mance. It is necessary to design a distinct flow calibration
facility for the large and small caliber water meters.
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TABLE 1. Test flow rate with range ratio of 500.

Typical transition minimum
DN(mm) flow(m>/h) flow(m’/h) flow(m>/h)
100 100 0.32 0.2
125 160 0.5 0.31
150 250 0.8 0.5
200 400 1.26 0.78
250 630 2 1.25
300 1000 3.2 1.87
On-off Valve Control Valve
Ultrasonic Water Meter o =
“.II;:EP g::sksuxe Stabilizing S S“::ﬂghmg Vessel

[}? Water Drain Valve

FIGURE 1. Structure of flow calibration facility based on dynamic
weighing method.

Pool

According to the principle of transitivity, the master meter
method has high calibration efficiency, simple structure,
small volume and wide flow range of the detection test
facility. It has positive significance for the calibration of
large-caliber water meters. The weighing method has high
accuracy and good repeatability. At the same time, the weigh-
ing method can also be used to calibrate the flow rate of the
standard meter used in the facility. In this way, the accuracy
of the facility can be guaranteed. Therefore, this paper com-
bines the two methods to design the FCF to achieve the best
performance.

B. STRUCTURAL DESIGN OF FCF

The dynamic weighing method relies on measuring the mass
of water that enters a standardized weighing vessel within
a specified time period. The volume of water flow is then
determined through temperature compensation calculations.
Subsequently, under conditions of equal time, the measure-
ment error of the inspected meter is determined by comparing
it with the cumulative flow rate of the meter being inspected.
The primary instruments used in the dynamic weighing
method include a water pump, pressure stabilizing tank, on-
off valve, ultrasonic water meter, control valve, weighing
vessel, electronic scale, and pool. The schematic representa-
tion of the flow calibration facility, which utilizes the dynamic
mass method, is depicted in Fig. 1.

When using the standard meter method for water meter
calibration, the pivotal component of the calibration facility
is the standard flow meter, and its selection holds utmost sig-
nificance. The precision of the standard flow meter is linked
to the precision of the meter being evaluated. Therefore, it is
crucial to select a standard flow meter that exhibits superior
performance. The cost of electromagnetic flow meters may be
higher. however, their exceptional accuracy, reliable repeata-
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FIGURE 2. Structure of flow calibration facility based on master meter
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FIGURE 3. Structure diagram of flow verification facility.

bility, absence of moving components, negligible pressure
loss, wide range ratio, and extended lifespan make them
the preferred choice as standard meters. The electromagnetic
flow meters chosen for this study have a caliber of DN80 and
DN200, and they are capable of measuring a flow range of
4-630 m*/h.

The FCF based on the standard meter method incorporates
the principle of flow continuity [23], with the standard flow
meter as the main standard. Firstly, the standard flow meter
and the tested meter are concurrently connected in series
within the flow calibration facility. Then proceed with the
direct comparison of the value [24], which will get the mea-
surement error of the meter under inspection. The primary
instruments used in the dynamic weighing method include a
water pump, pressure stabilizing tank, standard flow meter,
on-off valve, ultrasonic water meter, control valve, and pool.
The schematic representation of the flow calibration facility
based on the master meter method is shown in Fig. 2.

Therefore, this article presents a novel approach that com-
bines the dynamic mass method with the standard meter
method and incorporates remodeling of the original facility,
after the modification of the structure of the standard calibra-
tion facility structure shown in Fig. 3.

The modified calibration facility mainly includes: pools,
pumps, pressure stabilizing tanks, flow control valves,
solenoid valves, pneumatic ball valves, electronic scales,
standard flow meters, the water meters to be tested, clamp-
ing cylinders, temperature sensors, pressure transmitters and
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other related parts. They are controlled entirely through an
automated flow detection operating system.

From Fig. 3, it is evident that the FCF designed in this study
is primarily comprised of several components, including the
main water flow pipeline, water adding pipeline, pressure
relief drainage pipe, gas exhaust pipeline, test meter pipeline,
and test flow rate pipeline. The primary water flow pipeline
is connected to the surge tank, which in turn connects to two
pumps. The activation of specific pumps is determined by the
magnitude of the detected flow rate, ensuring an appropriate
power supply. The pipeline of the inspected meter aligns with
the main water pipeline in a sequential manner. The meter
being inspected utilizes a pipeline configuration consisting
of two horizontally parallel rows, allowing for compatibility
with inspection meters of various calibers. The upper pipeline
is a fixed DN200 pipeline that has the potential to be replaced
with a DN250 or DN300 water meter. The lower pipeline is a
fixed DN150 pipeline that has the potential to be substituted
with a DN100 or DN125 water meter. Then, the parallel
master meter group is used to converge the parallel inspection
water meter group. It can reduce the floor space requirements
and usage costs, while simultaneously enhancing the flow
stability within the facility. Finally, the flow rate point is
regulated to the desired level by manipulating the solenoid
valve and regulating valve in the flow point pipelines. This
allows for the recycling of water back into either the pool or
electronic scale.

The pipelines of the flow rate point are interconnected in
a parallel configuration to facilitate the detection of various
flow points. When the flow range is 4-630 m3/h, it is detected
through the utilization of the standard meter method. If the
flow rate falls within the range of 100.1 m3/h to 630 m3/h,
a DN200 caliber standard flow meter is utilized. If the flow
rate falls within the range of 4-100 m3/h, a DN8O caliber
standard flow meter is utilized. The flow meter with a caliber
of DN200 corresponds to flow point pipe 1, while the flow
meter with a caliber of DN80 corresponds to flow point pipe
2. When the measured flow range falls within the range of
0.2-3.99 m>/h, it is detected using the dynamic mass method.
This corresponds to the flow point pipeline 3-4 and the right
flow point pipeline 5-7, which are specifically designed for
testing small flow ranges.

After completing the flow calibration procedure, the water
within the pipeline is discharged via the pressure relief
drainage pipeline. The traditional facility discharges the
tested liquid by installing a drain valve at the end of the
pipeline and relying on the internal pressure. In this study,
the drainage efficiency is improved by increasing the exhaust
pipe and the pressure relief drainage pipeline. These modi-
fications result in a reduction of both exhaust and drainage
time, and greatly increasing the flow verification efficiency.

C. AUTOMATIC CONTROL SCHEME

The FCS is mainly composed of PLC, a flow detection bench,
and control system. The flow calibration automatic control
scheme is depicted in Fig. 4.
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FIGURE 4. Automated control diagram.

As the host, the control system establishes communication
with a diverse range of devices, including ultrasonic water
meters, standard flow meters, electronic scales, temperature
sensors, pressure transmitters, and other devices. The com-
munication process can be outlined as follows:

(1) The ultrasonic water meter uses a magnetic infrared
reading head to convert the infrared signal into an RS485
signal, enabling the regular retrieval of parameter information
from the ultrasonic water meter and its subsequent transmis-
sion to the control system. After the packet is parsed on the
server side, the data is subsequently processed within the
control system.

(2) In the process of flow calibration, the control system
collects the real-time pulse signal from the standard flow
meter via the RS485 serial port. And calculates the standard
flow rate according to the collected pulse, test time and
standard flow meter error.

(3) The temperature sensor has a measurement range of
0-100 °C and outputs a current signal of 4 to 20 mA.
The pressure transmitter has a measurement range spanning
from 0 MPa to 4 MPa, while concurrently generating a current
signal ranging from 4 mA to 20 mA. Hence, the utilization
of the Modbus protocol enables the temperature sensor and
pressure sensor to transmit the recorded temperature and
pressure values to the control system via the RS485 serial
port.

(4) During the testing process of the dynamic weighing
method, the electronic scale continuously outputs real-time
serial port data through RS485 in the form of a 4-20 mA
analog current signal. This allows the control system to
automatically acquire the start and end data, convert them,
and record the weighing value. Simultaneously, real-time
detection of the ambient temperature is conducted, the liquid
density is calculated, and the weighing value of the electronic
scale is corrected to obtain precise measurements of the liquid
quality in the weighing container.
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(5) The control system establishes communication with the
PLC via the RS485 serial port. Through this connection, the
control system is able to issue commands to control vari-
ous actuators, including clamping cylinders, valves, pumps,
pressure stabilizer tanks and other equipment. The calibration
facility utilizes an on/off valve comprising a pneumatic ball
valve and a solenoid valve. The solenoid valve is operated by
a 24 V voltage signal and provides feedback through a 0 or
24 V voltage signal to indicate its operational status.

1Il. DESIGN OF FCS AND ALGORITHM

A. OVERALL SYSTEM ARCHITECTURE ANALYSIS AND
DESIGN

This article divides the FCS into two modules based on
its main functions: web management and flow calibration
control. It combines these two modules for design and devel-
opment. The overall framework is shown in Fig. 5.

According to Fig. 5, the FCS is specifically described as
follows:

(1) The web management system is based on the B/S
structure and is primarily responsible for the unified manage-
ment of flow calibration facility, pipelines, equipment, testing
flow points, standard meter errors, and other information.
Administrators can operate by logging into the web page.

(2) The control system is primarily responsible for achiev-
ing flow calibration in real flow simulation work. It commu-
nicates with detection devices, standard flow meters, pumps,
electronic scales, control valves, pressure transmitters, tem-
perature sensors, and other equipment to complete the flow
calibration process. This ensures that the error in the water
meter display value meets the requirements of national cali-
bration regulations.

The control system is connected to the web management
system through the application programming interface (API)
provided by the server side. Based on the caliber, common
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FIGURE 7. Flow calibration control system block diagram.

flow rate, and range ratio of the current ultrasonic water meter
and the existing testing platform, the management system
automatically connects the information of the testing bench
pipeline, equipment, flow points, and other details to the
control system through an API. This eliminates the need
for operators to configure numerous testing tables, pipelines,
and flow point information, simplifying the flow detection
operation steps and enhancing flow detection efficiency.

1) ANALYSIS OF MANAGEMENT SYSTEM FUNCTIONAL
MODULES

The flow calibration management system is a platform for
managing information related to users, detection stations,
facilities, flow points, pipelines, and standard meter errors in
FCF. The use case diagram is shown in Fig. 6.

The flow calibration management menu includes sub-
menus such as detection station management, facility man-
agement, flow point management, and standard meter man-
agement. The detection platform consists of electromagnetic
flow meters, water pumps, electronic scales, temperature
sensors, pressure transmitters, and other equipment and
pipelines. According to the design of the FCS structure in
Fig 3, the pipelines in the detection platform are divided into
the tested meter pipeline, flow point pipeline, and common
equipment pipeline. This division facilitates the control and
data processing of the automation control system. And bind
some of the flow points in the submenu to the detection plat-
form, simplifying the process of configuring the range and
specific information of flow points for a particular detection
platform.

2) ANALYSIS OF CONTROL SYSTEM FUNCTIONAL MODULES
The flow calibration control system is primarily a fully
automated system controlled by the computer during FCF
operation. The block diagram of the system is shown in Fig. 7.

As the central component of automatic flow calibra-
tion, the system seamlessly integrates data acquisition, data
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processing and analysis, and data management modules to
enable intelligent equipment management, automatic con-
trol of the calibration process, and data science statistics.
This integration eliminates the need for extensive manual
involvement and mitigates the risk of low efficiency and low
reliability in the calibration process. It mainly includes the
following modules:

(1) User management: The system includes a permission
management module that assigns different levels of per-
missions to different user roles. Only administrators and
personnel with flow calibration permissions are allowed to
log in to the flow calibration control system.

(2) Parameter settings: When the flow calibration main
interface is first loaded, it will automatically select and initial-
ize the current detection platform, electronic scale, standard
flow meter, and other parameters. Automatically retrieve the
calibration flow point parameters from the server, based on
the caliber and commonly used flow rate of the currently
tested ultrasonic water meter. The parameters of the ultra-
sonic water meter can also be set through the optical port.
This includes settings such as baud rate, stop bit, check bit,
water meter protocol, acquisition frequency, unit, whether
there is a pressure module, display of empty tube alarm,
allowance of pulse output, pulse equivalent, pulse time, and
other parameters.

(3) Facility communication: data communication between
the facility and the control system is established through the
serial port. Therefore, it is essential to initialize the serial
port configuration in the flow verification control system.
This involves setting the serial port parameters, such as baud
rate, check digit, data bit, stop bit, etc., in order to facilitate
communication with ultrasonic water meters, standard flow
meters, electronic scales, pumps, valves and other facilities.

(4) Data acquisition: The control system automatically
collects data from ultrasonic water meters, temperature sen-
sors, pressure sensors, scales, standard flow meters and other
devices using different communication protocols. After the
flow calibration process begins, the control system continu-
ously collects real-time data from the equipment mentioned
above through the data communication serial port. This data
includes the current liquid temperature, pipeline pressure,
instantaneous flow rate, cumulative volume flow rate, elec-
tronic scale reading and other relevant information. The FCS
interface displays the standard flow parameters and standard
weight parameters of the standard measuring facility. It can
also achieve automatic control of the inverter, pump, valve
and other equipment based on the operator’s commands. This
allows for flow switching and flow regulation during the flow
calibration process.

(5) Data processing: The automatic processing of data
acquisition is adopted. After the program completes the data
acquisition process, the system calculates and outputs the
measurement error of the inspected meter. This calculation
is based on the current ambient temperature, density, as well
as the data from the standard measuring facility and the
inspected meter. The collected flow data, flow quality and
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calibration time data are processed and analyzed to calculate
the standard value, error value, and other relevant data.

(6) Flow correction: After calibrating all test flow points,
the flow correction process can be initiated. The new flow
coefficient can then be calculated based on the magnitude
of the error and stored in the memory chip of the water
meter being tested. After completing the flow correction, the
process of verifying the test flow point can be restarted to
collect and process the errors of the meter under test. This
allows for the calculation and evaluation of the error in its
indication value.

(7) Data management: Record all data for each calibration
of the tested ultrasonic water meters, including real-time
data for each facility in the flow verification process, cur-
rent environmental parameters, information about the current
standard used by the system and the results of each flow
calibration. This will ensure data preservation and enable data
management and other related functions.

B. OVERALL SYSTEM ARCHITECTURE ANALYSIS AND
DESIGN
1) AUTOMATIC CONTROL ALGORITHM DESIGN
The principle of the dynamic weighing method is as follows:
The system reads and records the initial value Vj of the
inspected meter and the initial value My of the electronic
scale. During the water meter calibration process, the cumula-
tive flow rate of the water meter is recorded in real time. When
the water volume reaches the preset value V; for current cal-
ibration, the system automatically closes the corresponding
on-off valves. At this time, the volume V; of the inspected
meter is obtained, as shown in (1):

Vi=Vi—Vy (1

In (1), Vp is the initial value of the inspected table; V; is
the preset water volume; V; represents the volume of water
measured by the water meter, they are all in units of m>.

After the water flow becomes stationary and stable, the
actual mass M of the water in the standard weighing container
is read, and the temperature of the current testing environment
is obtained using the temperature acquisition module. The
standard volume V; is obtained using the formula for density
and temperature.

The standard volume formula is:

M — My
V, = — (1+¢) ()

In (2), V; is the standard volume, the unit is m3; My is
the initial weight of the electronic scale before the start of
the calibration, the unit is kg; M is the end weight of the
electronic scale after the end of the calibration, the unit is kg;
¢ is the air buoyancy correction factor(dimensionless).

The expression for the air buoyancy correction factor ¢ is:

1 1
Y 8
Pw PP
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In (3), p4 is the air density; pw is the density of the liquid
in the weighing container; pp is the density of the weight
material. They are all in units of kg/m?.

The liquid density uses the density-temperature equation
given by International Association for the Properties of Water
and Steam [25]:

14 c1t cat? + 383
,0w=co( +city + 2n+23n) @
1 + caty + o5t

In (4), t, is the standardized water temperature, #, =
ﬁ’ where t is water temperature, the unit is °C; pw is
the the density of pure water at temperature t, the unit is
kg/m?>. The values of the constant terms in the formula are:
co = 999.84382, ¢ = 1.4639386, c; = —0.015505, c3 =
—0.0309777, c4 = 1.4572099, c5 = 0.0648931, they are all
in units of kg/m?>.

Finally, the error of the inspected meter can be calculated:

E=Yi= Vs 100% (5)
Vs

The dynamic weighing method has high verification
accuracy, excellent repeatability, and a wide range for
flow calibration. Today’s electronic scales generally offer
higher accuracy and are particularly precise when measur-
ing smaller quantities of liquid. Therefore, the dynamic
weighing method is preferred when dealing with low flow
rates.

The principle of the master meter method is as follows:
Turn on the pump and adjust the flow rate to the specified
value. After stabilizing the flow rate, count the signal pulses
from the standard meter. Measure the number of pulses from
the standard flow meter within a specific time interval to
determine the cumulative flow rate of the standard meter:

V. = Ny x K, (©6)

In (6), V. is the cumulative flow rate of the standard
meter, the unit is m3; N is the cumulative output pulse of
the standard meter in a certain time interval, It represents
the volume of water here; K is the pulse coefficient of the
standard meter(dimensionless).

In order to ensure that the standard meter is measured at
the same time interval as the inspected meter, the standard
cumulative flow rate is calculated as:

Ve
Ve = — xSj @)
Se

In (7), V; is the standard cumulative flow rate; S, is the stan-
dard meter detection time; S; is the test time of the inspected
meter, the unit is h.

The measurement error formula of the inspected meter is
the same as (5).

The principle of the standard meter method allows for
real-time comparison between the ultrasonic water meter
being inspected and the standard flow value. This method
is particularly advantageous when verifying large-diameter
water meters, as its benefits become more pronounced. In the
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FIGURE 8. Flow chart of overall control algorithm.

process of flow calibration, the standard table method is
chosen for large flow due to its simple structure, efficient
measurement, wide range ratio and compact size.

The control algorithm flow of the system is shown in Fig. 8.

The process of flow calibration point testing is comprised
of two methods: the master meter method flow point test-
ing and the dynamic weighing method flow point testing.
Due to the broad measurement range and significant flow
disparity exhibited by ultrasonic water meters of a specific
caliber, it is necessary to employ various calibration meth-
ods for different flow points. Therefore, when calibrating a
specific flow point, it is essential to replace the flow rate
point. Firstly, it is imperative to ascertain the water pump
that corresponds to the specific flow point under examination.
When the flow rate point reaches a value of 4 or higher,
it is recommended to utilize a large water pump and employ
the standard meter method for calibration. When the flow
point is below 4, it is recommended to utilize a small water
pump, deactivate any other water pumps, and proceed to open
both the front and rear valves of the meter pipeline being
tested. The dynamic weighing method should be employed
for calibration purposes. When the flow meter is used for
an extended period, the system will autonomously assess
the need for testing the flow meter. If the test results indi-
cate satisfactory performance, the flow meter can continue
to be used. However, if the test results are unsatisfac-
tory, the system will prompt the replacement of the water
meter.
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TABLE 2. Standard corrected flow point table.

caliber polint pozint po3int N p?isnt p(1)i4nt p(l)isnt

DN100 0.12 016 024 ... 35.00 60.00 100.00
DNI125 020 030 040 ... 60.00 100.00 200.00
DN150 030 040 060 ... 9500 150.00 300.00
DN200  0.50 0.70 1.00 120.00  250.00  800.00
DN250  0.80 1.10 1.60 200.00  400.00 1200.00
DN300  1.20 1.60 240 350.00  600.00 1400.00

2) FLOW CORRECTION ALGORITHM DESIGN

After the completion of the real flow simulation, the reading
displayed by the meter being inspected will exhibit a certain
degree of deviation from the true value. Given the signifi-
cance of precise water meter measurements, it is imperative
to conduct flow correction calibration. Flow correction is cat-
egorized into two types: forward flow correction and reverse
flow correction. This division ensures that the error results of
the inspected meter align with the accuracy level specified in
the metrological calibration regulations JJG162-2009 [26].

In order to optimize the calibration process, the test flow
point will be limited to a specific range rather than covering
the entire flow range. According to the varying range ratios
of the instrument, the selection of test flow points differs. For
instance, when the range ratio is below 100, there are 4 test
flow points. Similarly, when the range ratio is below 400,
there are 5 test flow points, and when the range ratio is below
800, there are 6 test flow points. Therefore, it is imperative
to perform calibration on the instrument at a specific refer-
ence point. In this study, a linear interpolation technique is
employed to calculate correction parameters by considering
the instrumentation error between two consecutive typical
flow points. If the quantity of test flow points does not adhere
to the aforementioned condition, an alert will be issued indi-
cating that the number of flow points is not in compliance,
resulting in a failure in flow correction.

The test flow points are categorized into various flow
ranges according to the instrument’s different calibers. There-
fore, it is necessary to address all the flow points that
require correction for the ultrasonic water meter of DN100-
DN300 are divided into 15 standard flow points. As shown in
TABLE 2, the units for each correction point are m>/h.

First of all, it is imperative to retrieve the measurement
points and associated errors of the water meter under exam-
ination from the database. As shown in TABLE 3, the
aforementioned data represents the discrepancy in display
values for a DN 100 ultrasonic water meter at various test flow
points.
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TABLE 3. Indication error of DN100 ultrasonic water meter under
different test flow points.

Flow rate Real flow Water meter Water meter
point(m®/h) rate(m®/h) display display value
value(m? /h) error(%)
100 100.08 99.801 -0.279
7 7.2 7.1909 -0.126
1.6 1.61 1.6056 -0.274
0.64 0.64 0.6333 -1.052
0.4 0.42 0.4197 -0.77
0.24 0.25 0.2483 -0.68
B(x,,y))
A y
A
C(x,y)
/
y Y
A(xy,¥4)
- . >

FIGURE 9. Schematic diagram of linear interpolation method.

As can be seen from TABLE 3, the flow calibration test
point reveals that the actual flow rate does not fully meet the
required measurement flow rate. Therefore, it is imperative
to calculate the display values error of the 15 standard points
based on the actual measurement points.

In order to rectify the display value error of 15 flow points
in the water meter, this study employs the linear interpolation
method to perform linear correction on the window type. The
correction parameters are obtained through the calibration of
several representative flow points. The schematic diagram
illustrating the principle of linear interpolation is depicted
in Fig. 9. The calculation of the slope involves determining
the horizontal and vertical coordinates of points A and B,
which subsequently allows for the determination of the value
of point C.

The error correction equation is shown in (8):

error; [j + 1] — errory [}]
flow; [j + 1] —flow [J]
x (flows [i] — flow [j]) + error [j1  (8)

errorg [i] =

As shown in (8), errorg represents the Standard flow rate
erTor; errory represents the flow rate error of the water meter
being tested; flow, represents the test flow rate of the water
meter being tested; flowg represents standard flow rate.

According to the aforementioned algorithm, the errors of
15 standard rates are computed, and the correction parameters
that can be detected by the water meter are determined.
Finally, the calibration process is concluded by transmitting
the correction parameters to the ultrasonic water meter via
the serial port. This allows for the simultaneous calibration
of multiple water meters.
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FIGURE 10. Testing and verifying flow error of DN100 water meter at
different flow points.

IV. TEST RESULTS AND ANALYSIS

A. ERROR ANALYSIS

In this study, a total of 20 ultrasonic water meters with a
caliber of DN125 and a flow rate ratio of 500 were chosen to
examine the discrepancy in indication error between the test
rate and the verified rate following flow correction at various
flow rates. Under the condition of a flow rate of 160 m3/h,
the error between the test rate and the verification rate of
these 20 water meters is shown in Fig. 10(a). The flow rate
condition of 0.51 m3/h is shown in Fig. 10(b). And under the
conditions of 0.32 m3/h, is shown in Fig. 10(c).

Fig. 10 clearly illustrates that the measured value without
flow correction exhibits a significant error, with the sixteenth
water meter showing an error of approximately 10%. After
undergoing the flow correction treatment, the ultrasonic water
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TABLE 4. Repeatability of master meter method flow calibration.

Times  Error (%) Times Error (%)
1 1.61 11 1.58
2 1.70 12 1.56
3 1.65 13 1.57
4 1.66 14 1.62
5 1.65 15 1.54
6 1.55 16 1.63
7 1.62 17 1.67
8 1.58 18 1.65
9 1.66 19 1.56
10 1.69 20 1.69

TABLE 5. Repeatability of dynamic weighing method flow calibration.

Times Error (%) Times Error (%)
1 1.15 11 1.19
2 1.22 12 1.20
3 1.18 13 1.14
4 1.21 14 1.22
5 1.15 15 1.17
6 1.19 16 1.20
7 1.25 17 1.12
8 1.23 18 1.14
9 1.17 19 1.16
10 1.26 20 1.18

meter undergoes a subsequent inspection to validate the accu-
racy of the flow rate. The experimental findings indicate that
the indication error of the inspected water meter at the “‘high
area” flow point falls within the acceptable range of +2%.
In the “low zone” flow point, the water meter being inspected
should have an indication error that does not exceed +3%.

B. REPEATABILITY TESTING

In the analysis of errors in water meter measurements, the
accuracy of the indication error is influenced by various fac-
tors, including fluctuations in the water level of the standard,
variations in temperature and pressure, among others. These
factors can result in deviations from the expected indication
value. The aforementioned factors contribute to the uncer-
tainty associated with the error of the water meter. Among the
various uncertainties, the most significant influencing factor
is repetition [27], [28].

Repeatability pertains to the capacity to provide an approx-
imate value for the measurement standard when measuring
the same quantity under identical measurement conditions.
Repeatability suggests that the variability of the random
effect surpasses the obtained measurement outcomes. The
repeatability should be rigorously examined in order to ensure
its reliability. The calculation of repetitiveness is determined
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by the (9):

S (g —9)?
n—1

€))

As shown in (9), n is the number of repeated observations,
q is the arithmetic mean value of n observations, gy is the kth
observation result.

1) REPEATABILITY OF MASTER METER METHOD FLOW
CALIBRATION
To evaluate the accuracy of the water flow standard facility,
this paper conducted 20 repetitive measurements on DN100
ultrasonic water meters using the master meter method, with
the results presented in TABLE 4.

In the present study, the repeatability of the weighing
method employed by the facility was determined to be S =
0.049%, which meets the requirements.

2) REPEATABILITY OF MASTER METER METHOD FLOW
CALIBRATION
Twenty repetitive measurements of a DN100 ultrasonic water
meter were taken using the weighing method to verify
the accuracy of the water flow standard facility. TABLE 5
presents the recorded measurements.

In this experiment, the repeatability of the weighing
method employed by the facility is determined to be S =
0.038%, which satisfies the specified criteria.

V. CONCLUSION

The system designed in this article solves the problem that
different calibration facilities cannot be well reused in the
same system and the calibration steps are cumbersome. This
paper presents the design of the system’s overall architecture
and proposes enhancements to the original flow calibration
device, aiming to achieve full automation of the entire sys-
tem. Finally, the experimental data presented in this paper
provides evidence that the FCF ultrasonic water meter, devel-
oped herein, exhibits a high level of measurement accuracy
following flow correction. The overall error can be main-
tained at a level of 3%, and the repeatability is less than
0.05%. These values are sufficient to fulfill the requirements
of flow meter verification and experimental research. The
computer control system possesses several notable character-
istics, including a high level of reliability, a high degree of
automation, and simple operation. These features contribute
to significantly enhancing the efficiency of flow calibration.
The calibration process is fully automated, eliminating the
need for human intervention. As a result, the calibration time
is significantly reduced. The implementation of this system
significantly decreases the duration of manual inspection
from several hours to approximately 15 minutes. The flow
correction coefficient is automatically calculated and relevant
information is also generated automatically, thereby mini-
mizing the occurrence of human errors. The system exhibits
several advantageous features, including high efficiency, low
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cost, energy conservation, safety and reliability, convenient
operation, and easy maintenance. The development of this
technology addresses the requirements of water meter man-
ufacturers who seek batch automatic calibration for their
products, thereby significantly enhancing labor productivity.

REFERENCES

[1] G. Hauber-Davidson and E. Idris, “Smart water metering,” Water, vol. 33,
no. 3, pp. 38—41, May 2006.

[2] L. Fang, X. Ma, J. Zhao, Y. Faraj, Z. Wei, and Y. Zhu, “Development
of a high-precision and wide-range ultrasonic water meter,” Flow Meas.
Instrum., vol. 84, Apr. 2022, Art. no. 102118.

[3] P. Lunde, M. Vestrheim, R. Bo, S. Smorgrav, and A. K. Abraham-
sen, “5SD-4 reciprocal operation of ultrasonic flow meters: Criteria and
applications,” in Proc. IEEE IUS, New York, NY, USA, Oct. 2007,
pp. 381-386.

[4] Q. Zhang, X. Bao, B. Wu, X. Tu, Y. Jin, Y. Luo, and N. Zhang,
“Water meter pointer reading recognition method based on target-
key point detection,” Flow Meas. Instrum., vol. 81, Oct. 2021,
Art. no. 102012.

[5] G.Mandal, A. Kumar, S. Mandal, D. C. Sharma, and M. Kumar, “Volume
measurement of large volumetric vessel using tap water,” MAPAN, vol. 34,
no. 4, pp. 487-493, Dec. 2019.

[6] J. Aguilera, R. Engel, and G. Wendt, “Dynamic-weighing liquid flow
calibration system—Realization of a model-based concept,” in Proc.
FLOMEKO, Johannesburg, ZA, USA, 2007, pp. 18-21.

[7] S. Chun, B.-R. Yoon, H.-M. Choi, and Y. B. Lee, ‘“Water flow meter
calibration with a master meter method,” Int. J. Precis. Eng. Manuf.,
vol. 18, no. 8, pp. 1075-1083, Aug. 2017.

[8] L. M. Lépez-Gonzilez, J. M. Sala, J. A. Gonzélez-Bustamante, and
J. L. Miguez, “Modelling and simulation of the dynamic performance
of a natural-gas turbine flowmeter,” Appl. Energy, vol. 83, no. 11,
pp. 1222-1234, Nov. 2006.

[91 Y. Yang, D. Wang, P. Niu, M. Liu, and S. Wang, “Gas-liquid two-
phase flow measurements by the electromagnetic flowmeter combined
with a phase-isolation method,” Flow Meas. Instrum., vol. 60, pp. 78-87,
Apr. 2018.

[10] R. Ren, H. Wang, X. Sun, and H. Quan, “Design and implementation of
an ultrasonic flowmeter based on the cross-correlation method,” Sensors,
vol. 22, no. 19, p. 7470, Oct. 2022.

[11] V. Betta, F. Cascetta, and A. Palombo, “Cold potable water measure-
ment by means of a combination meter,” Measurement, vol. 32, no. 3,
pp. 173-179, Oct. 2002.

[12] O. Biiker, K. Stolt, K. Lindstrém, P. Wennergren, O. Penttinen, and
K. Mattiasson, “A unique test facility for calibration of domestic flow
meters under dynamic flow conditions,” Flow Meas. Instrum., vol. 79,
Jun. 2021, Art. no. 101934.

[13] O. Biiker, K. Stolt, C. Kroner, M. Benkova, J. Pavlas, and V. Seypka,
“Investigations on the influence of total water hardness and pH value on
the measurement accuracy of domestic cold water meters,” Water, vol. 13,
no. 19, p. 2701, Sep. 2021.

[14] R. Engel, K. Beyer, and H.-J. Baade, “‘Design and realization of the high-
precision weighing systems as the gravimetric references in PTB’s national
water flow standard,” Meas. Sci. Technol., vol. 23, no. 7, Jun. 2012,
Art. no. 074020.

[15] R. Engel and H.-J. Baade, ““Water density determination in high-accuracy
flowmeter calibration—Measurement uncertainties and practical aspects,”
Flow Meas. Instrum., vol. 25, pp. 40-53, Jun. 2012.

[16] R. Engel and H.-J. Baade, “Quantifying impacts on the measurement
uncertainty in flow calibration arising from dynamic flow effects,” Flow
Meas. Instrum., vol. 44, pp. 51-60, Aug. 2015.

[17] K. Tezuka, M. Mori, T. Suzuki, and Y. Takeda, ““Calibration tests of pulse-
Doppler flow meter at national standard loops,” Flow Meas. Instrum.,
vol. 19, nos. 3—4, pp. 181-187, Jun. 2008.

[18] N. Furuichi, H. Sato, Y. Terao, and M. Takamoto, “A new calibration
facility for water flowrate at high Reynolds number,” Flow Meas. Instrum.,
vol. 20, no. 1, pp. 38—47, Mar. 2009.

[19] G. Ficco, A. Frattolillo, A. Malengo, G. Puglisi, F. Saba, and F. Zuena,
“Field verification of thermal energy meters through ultrasonic clamp-on
master meters,” Measurement, vol. 151, Feb. 2020, Art. no. 107152.

VOLUME 12, 2024



H. Zhai et al.: Design of a Flow Automatic Calibration System

IEEE Access

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

M. Meribout, F. Shehzad, N. Kharoua, and L. Khezzar, ““Gas-liquid two-
phase flow measurement by combining a coriolis flowmeter with a flow
conditioner and analytical models,” Measurement, vol. 163, Oct. 2020,
Art. no. 107826.

Y.-F. Luo and K.-Y. Lu, “An online state of health estimation technique
for lithium-ion battery using artificial neural network and linear interpola-
tion,” J. Energy Storage, vol. 52, Aug. 2022, Art. no. 105062.

R. Koech, “Water density formulations and their effect on gravimetric
water meter calibration and measurement uncertainties,” Flow Meas.
Instrum., vol. 45, pp. 188-197, Oct. 2015.

X. Hou, B. Li, and M. Yao, “Design and uncertainty analysis of field
service gas flow standard device based on standard meter method,” in Proc.
ES Web Conf., vol. 257, May 2021, p. 01060.

S. Deshpande and A. Ghadge, ““Process control and automation for flow
meter calibration rig,” in Proc. Int. Conf. Ind. 4.0 Technol. (ITech), Pune,
India, Sep. 2022, pp. 1-5.

E. Batista and R. Paton, “The selection of water property formulae for
volume and flow calibration,” Metrologia, vol. 44, no. 6, pp. 453-463,
Oct. 2007.

Verification Regulation of Cold Water Meter, China Metrology & Measure-
ment Industry, Standard JJG162, 2009.

B. Hu, F. Xin, and Z. Peng, “Design of online calibration device for master
meter method open channel flow meter,” Meas. Technol., vol. 40, no. 2,
pp. 54-58, 2020.

1. Zakharov, M. Serhiienko, and T. Chunikhina, “Measurement uncertainty
evaluation by kurtosis method at calibration of a household water meter,”
in Proc. 30th Int. Scientific Symp. Metrology Metrology Assurance (MMA),
Sozopol, Bulgaria, Sep. 2020, pp. 1-4.

HANKAI ZHAI received the B.E. degree in
biomedical engineering from Shandong First Med-
ical University, Shandong, China, in 2019. He is
currently pursuing the M.E. degree with the School
of Mechanical, Electrical and Information Engi-
neering, Shandong University, Weihai, China.

His current research interests include automatic
control, software engineering, and deep learning.

VOLUME 12, 2024

XINMING SONG received the B.E. degree
in information and computing science from
Shandong University, Shandong, China, in 2021.
He is currently pursuing the Master of Engineering
degree with the School of Mechanical, Electrical
and Information Engineering, Shandong Univer-
sity, Weihai, China.

His current research interest includes computer
software development.

XIAOLI WANG received the B.S. degree in elec-
tronic information science and technology and
the M.E. degree in circuits and systems from
Shandong University, Weihai, China, in 2002 and
2008, respectively.

He is currently a Senior Experimentalist with
the School of Mechanical, Electrical and Infor-
mation Engineering, Shandong University. His
current research interests include micro-grid and
embedded system development.

GUOGANG LIU received the B.E. degree in
mechanical manufacture technology and equip-
ment from Huazhong University of Science and
Technology, Hubei, China, in 1992.

He is currently the Deputy General Manager
of the Medical Device Branch, Beijing Aerospace
Changfeng Company Ltd. His current research
interests include design of metallic and non-
metallic structures, and application of intelligent
manufacturing technology in medical devices.

37151



