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Abstract

:

Analysis of flow-induced pipe vibrations has been applied in a variety of applications, such as flowrate inference and leak detection. These applications are based on a functional relationship between the vibration features estimated in the pipe walls and the dynamics related to the flow of the substance. The dataset described in this document is comprised of signals acquired using an accelerometer attached to a pipe conveying cold water at specific flowrate values. Tests were carried out under numerals of the ISO 4064-1/2: 2016 standard and were performed in two measurement benches designed for flowmeter calibration, and a total of 80 flowrate values, from 25 L/h to 20,000 L/h, were considered. For each flowrate value, 3 to 6 samples were taken, so that the resulting dataset has a total of 382 signals that contain acceleration values in three axes and a timestamp in microseconds.
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1. Summary


The vibrations produced in the walls of a pipe when a fluid circulates through it have been studied with a variety of aims, from the general analysis of systems dynamics [1] to more specific applications such as leak detection [2]. One of the specific applications of pipe vibration analysis that has shown potential for future developments is the design of non-intrusive flowrate soft sensors, capable of inferring the value of the flowrate using vibrational signals [3], and it has been addressed using either accelerometers [4,5,6], Laser Doppler Vibrometers (LDV) [7] or acoustic sensors [8,9].



The dataset described in this paper is comprised of signals measured using a triaxial accelerometer attached to a pipe through which cold water circulates at fixed flowrates, with the aim of analyzing pipe vibrations. Signals were acquired in a total of 80 flowrate values from 6.25 L/h to 20,000 L/h, with 3 to 6 repetitions for each flowrate, obtaining a total of 382 signals. Each signal is labeled with the corresponding flowrate value and contains a timestamp in microseconds and the linear acceleration in each one of the three axes, which were measured using a triaxial accelerometer with a sample rate of 100 Hz.



The experiment was carried out in the facilities of ACUATUBOS S.A.S., a company in Envigado, Antioquia-Colombia, that has a flowmeter calibration laboratory accredited by the National Accreditation Organism of Colombia (ONAC), using two different measurement benches: the micro measurement bench that can be used to measure flowrates from 5 L/h to 16,000 L/h; and the macro-measurement bench, which allows measurement of flowrates between 90 L/h and 25,000 L/h.



The dataset was collected as part of a research project on the potential of vibration analysis for the development of non-intrusive flowrate measurement.




2. Data Description


The dataset is made up of 382 files (.txt format). Each file corresponds to a particular flowrate value and contains the information of the accelerometer readings in three axes and a time column. The structure of each file is the following:




	
The first row specifies the flowrate value at which the signal was recorded.



	
The subsequent rows have four columns of information in the following order:




	o

	
Timestamp in microseconds.




	o

	
Linear acceleration in the x-axis in m/s2.




	o

	
Linear acceleration in the y-axis in m/s2.




	o

	
Linear acceleration in the z-axis in m/s2.














Figure 1 shows the directions of the accelerometer axis in relation to the pipe, where the x-axis (red) is longitudinal to the pipe and corresponds to the direction of the water flow, the y-axis (green) is transverse to the pipe and the z-axis (blue) is the vertical axis.



The signals were acquired in two different test benches: the micro measurement bench, which can be used to measure flowrates from 5 L/h to 16,000 L/h; and the macro measurement bench, which allows measurement of flowrates between 90 L/h and 25,000 L/h. The flowrate values recorded in the micro measurement bench are reported in Table 1 and the flowrate values recorded in the macro measurement bench are reported in Table 2. Each table specifies the flowrate value, the number of repetitions, the duration of each repetition in seconds and the names of the files that contain the signals.




3. Methods


The data were obtained in the facilities of ACUATUBOS S.A.S. in Envigado, Antioquia-Colombia, a company that has a flowmeter calibration laboratory accredited by the National Accreditation Organism of Colombia (ONAC). Two different measurement benches were used, the micro measurement bench and the macro measurement bench, which are both designed to calibrate flowmeters and share a common pump system. The following subsections describe the pump system and the features of each bench.



3.1. Pump System


Both measurement benches share a common pump system, illustrated in Figure 2.



The pump system secures a constant pressure and comprises a storage tank, three 10HP centrifugal pumps connected in parallel and controlled with a speed drive, and an accumulator tank that maintains the water pressure at 90 psi. This tank has three outlets: one 6′′ pipe used to transport water to the macro measurement bench and two pipes for the micro measurement bench; one 1.25′′ pipe used to supply water in tests performed up to 700 L/h and one 3′′ pipe used in tests performed at higher flowrates. All the pipes of the pumping system are made of PVC. Figure 3 shows a diagram of the pumping system.




3.2. Micro Measurement Bench


The micro measurement bench is designed to calibrate flowmeters and has the capacity for measuring flowrates from 5 L/h to 16,000 L/h. In the measurement bench, water is propelled by means of the pump system to circulate through a set of three pipe segments (measurement lines) where the flowmeters that need to be calibrated may be installed. Figure 4 shows a diagram of the micro measurement bench.



The pipes in this bench are made of SAE 304 stainless steel, and between the pump system and the bench, there is a filter that prevents particles or sediment from entering the measurement lines. Each measurement line has 14 places where flowmeters can be installed for calibration. In Figure 4, valves FV 2D to FV 2K allow the configuration of the bench so that each measurement line can be used independently, or all the lines can be connected in a series to be used at the same time for a test.



Each measurement line has a pressure indicator that allows the verification of the pressure in the line during the test. In Figure 4, after the measurement lines, valve FV 2L is used to start the water flow from the control panel; likewise, valves FV 2M to FV 2P allow the user to determine the measurement instruments to be used in the test and are manually operated to determine the flowrate at which the test is going to be performed. Figure 4 shows the instruments available in the bench and Table 3 establishes their characteristics. This table also specifies the range of flowrates at which each specific instrument was used as a reference instrument to obtain the values described in Table 1.



Figure 5a shows the measurement lines with flowmeters installed, and all the lines operating in series, as it is arranged in a typical calibration test. The places that are not used for flowmeters in a test are filled with union tubes that are manufactured in brass, a copper and zinc alloy, which is resistant to cavitation. Figure 5b shows the measurement lines with the configuration used to obtain the database described in this paper, using only one measurement line, where the flowmeters were replaced with union tubes and the accelerometer was installed in one of them.



As shown in Figure 4, after the measurement lines, the water goes to the prover tanks. Valves FV 2Q to FV 2X are used to configure which prover tank is used in a specific test. From the prover tanks, the water goes to a recirculation tank from which the water can go back to the initial storage tank in the pump system, driven by an immersion pump.



The pipes in the measurement lines are 280 cm long and were calculated and designed to efficiently allow the passage of water, prevent cavitation, reverse flow and generation of water hammer. Also, the measurement lines are free of flow disturbances caused by elbows, T-branches, valves, pump vibrations or any factor that can generate incorrect measurements. The union tubes are calculated to have at least five diameters of distance between the gauges, thus preventing any distortion in the speed profile and the generation of swirls.




3.3. Macro Measurement Bench


The macro measurement bench is designed to calibrate flowmeters and has the capacity to measure flowrates from 90 L/h to 25,000 L/h. In the macro measurement bench, water is propelled by a pump system that circulates water through one pipe segment (measurement line) that is 185 cm long and has two places where the flowmeters that need to be calibrated may be installed. Figure 6 shows a diagram of the micro measurement bench. The pipes in the measurement line are made of SAE 304 stainless steel and were designed to efficiently allow the passage of water, prevent cavitation, reverse flow and generation of water hammer. Also, the measurement line is free of flow disturbances caused by elbows, T-branches, valves or any factor that can generate incorrect measurements. The union tubes are made of carbon steel and are calculated to have at least five diameters of distance between the gauges, thus preventing any distortion in the velocity profile and generation of swirls.



The measurement line has a pressure indicator that allows the verification of this variable during the test. In Figure 6, valve FV 3A is used to start the water flow from the control panel, and valves FV 3B to FV 3D allow the user to determine the measurement instrument to be used in the test and are manually operated to determine the flowrate at which the test is going to be performed. The instruments available in the bench are shown in Figure 6 and their characteristics are detailed in Table 4. This table also specifies the flowrate range at which each specific instrument was used as a reference instrument to obtain the values described in Table 2.



As shown in Figure 6, after the measurement line the water gets to the prover tanks, from which it may be directed to the recirculation tank depicted in Figure 3. Figure 7 shows the macro measurement bench.




3.4. Acceleration Measurement


The vibrational information was recorded using an Inertial Measurement Unit (IMU) reference BNO055, attached to the measurement line in accelerometer mode. This IMU includes a 32-bit cortex M0 + microcontroller running Bosch Sensortec sensor fusion software, which allows data to be configured and pre-processed internally. The IMU was configured to use an available fusion mode that separates two acceleration sources: the gravity force and the acceleration applied to the sensor due to movement (linear acceleration). The fusion algorithm provides two separate outputs for the gravity vector and the linear acceleration, and in this work, only linear acceleration was recorded. The measurements were acquired in the lower range of the accelerometer, that is, ±2g, the sensitivity tolerance typical is ±1% for this scale. Table 5 shows the characteristics of the linear acceleration data.



In this experiment, the triaxial accelerometer integrated into the IMU was used, which allows the evaluation of movement, discriminating between swing and transversal movement. The vibration can be evaluated with the vector sum or individually to know the direction relative to the installation. Accelerometers are susceptible to different types of error due to their MEMS (Micro Electro Mechanicals Systems) construction, however, many of these have been reduced with improvements in the manufacturing method and with internal sensory fusion algorithms. The BNO055 includes an internal temperature sensor, that has an operating range of −40 °C to 85 °C and a Temperature Coefficient of Sensitivity (TCS) of ±0.03%/K. Also, the accelerometer has a software-configurable low-pass filter to avoid higher frequencies that are not considered within the proposed experiment. Regarding noise, the noise density for the accelerometer as a function of the frequency for the ±2 g scale and at temperature ambient (25 °C) is typically 150 µg/Hz. Finally, the calibration procedure described by the manufacturer was carried out, which basically allows for adjusting the offset and verifying the alignment between the axes.



The IMU was attached to one of the test segments of the bench, as shown in Figure 1, and its correct position according to the axis was verified with an inclinometer, as shown in Figure 8, however, taking into account that gravity was isolated, the measure can always be observed as a relative measure independent of its location.



The acceleration readings from the IMU were acquired using an Arduino Leonardo at a sample rate of 100 Hz and were sent to a computer using serial communication to be recorded on .txt files.




3.5. Acquisition Protocol


The tests were carried out under the applicable numerals of the ISO 4064-1/2: 2016 standard. The flowmeters used to secure the flowrate value for each test and to label the dataset are described in Table 3 andTable 4. The flowrate values analyzed in each bench were selected according to the standard, considering minimum (Q1), transition (Q2) and nominal (Q3) flowrates. In order to carry out measurements in the entire measurement range, Q1, Q2 and Q3 were not selected using the same ratio but rather trying to fully take advantage of the measurement range available in the bench. Table 6 shows the possible values of Q1, Q2 and Q3 for the micro measurement bench according to the mentioned standard, highlighting the chosen values, while Table 7 shows the possible values of Q1, Q2 and Q3 for the macro measurement bench.



Each signal was recorded using the following procedure:



	
The inclination of the accelerometer was revised.



	
The bench was configured to the desired flowrate.



	
Constant flowrate was verified before recording the signal.



	
Water temperature was registered. Table 1 shows the water temperature registered in the tests corresponding to each flowrate value for the micro measurement bench and Table 2 shows the same information for the macro measurement bench.



	
The acceleration signal acquisition was manually started and stopped. Table 1 shows the exact duration of each signal in seconds for the micro measurement bench and Table 2 shows the same information for the macro measurement bench.



	
The acceleration signal was labeled and recorded on a .txt file, Table 1 shows the name of the text for each signal for the micro measurement bench and Table 2 shows the same information for the macro measurement bench.



	
For each flowrate value, several repetitions of the test were recorded, with the same conditions of water temperature. Table 1 shows the number of repetitions for each flowrate value for the micro measurement bench and Table 2 shows the same information for the macro measurement bench.








4. User Notes


The approach used to measure the data in this work seeks to deliver a database that can be used in the development of low-cost flowrate soft sensors, allowing the users to develop their own computational routines. The approach has some inherent strengths and weaknesses, that should be considered by the users of the data, and are summarized in Table 8.
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Figure 1. Accelerometer axis: red indicates x-axis, green indicates y-axis and blue indicates z-axis. 
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Figure 2. Pump system: (a) Centrifugal pumps and accumulator tank; (b) Control panel. 
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Figure 3. Pump system diagram. 
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Figure 4. Instrumentation diagram of the micro measurement bench. 
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Figure 5. Micro measurement bench: (a) Measurement lines with flowmeters as configured in a calibration test; (b) Measurement lines as configured in the test performed for this dataset. 
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Figure 6. Instrumentation diagram of the macro measurement bench. 
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Figure 7. Macro measurement bench: (a) measurement line; (b) flowmeters. 
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Figure 8. Verification of the IMU positioning. 
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Table 1. Flowrate values recorded at the micro measurement bench.
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	Flowrate Value
	Water Temperature
	Repetitions
	Duration
	Files





	6.25 L/h
	21.8 °C
	3
	252.548 s/248.226 s/258.984 s
	6-25a.txt/6-25b.txt/6-25c.txt



	8.25 L/h
	20.5 °C
	3
	264.387 s/248.817 s/257.168 s
	8-25a.txt/8-25b.txt/8-25c.txt



	10.25 L/h
	20.5 °C
	3
	254.130 s/256.451 s/256.686 s
	10-25a.txt/10-25b.txt/10-25c.txt



	12.25 L/h
	23.1 °C
	3
	307.251 s/278.451 s/249.996 s
	12-25a.txt/12-25b.txt/12-25c.txt



	4.25 L/h
	21.9 °C
	3
	273.277 s/254.468 s/255.322 s
	14-25a.txt/14-25b.txt/14-25c.txt



	16.25 L/h
	20.6 °C
	3
	253.083 s/259.354 s/254.736 s
	16-25a.txt/16-25b.txt/16-25c.txt



	18.25 L/h
	22.8 °C
	3
	249.774 s/257.299 s/261.610 s
	18-25a.txt/18-25b.txt/18-25c.txt



	20.25 L/h
	22.8 °C
	3
	248.842 s/248.233 s/253.241 s
	20-25a.txt/20-25b.txt/20-25c.txt



	22.25 L/h
	21.6 °C
	3
	250.688 s/262.982 s/251.870 s
	22-25a.txt/22-25b.txt/22-25c.txt



	24.25 L/h
	21.5 °C
	3
	253.972 s/257.609 s/255.289 s
	24-25a.txt/24-25b.txt/24-25c.txt



	25 L/h
	24.0 °C
	3
	252.262 s/251.633 s/251.881 s
	25a.txt/25b.txt/25c.txt



	75 L/h
	20.8 °C
	3
	249.909 s/252.480 s/249.395 s
	75a.txt/75b.txt/75c.txt



	125 L/h
	22.6 °C
	3
	251.280 s/256.129 s/257.818 s
	125a.txt/125b.txt/125c.txt



	175 L/h
	22.7 °C
	3
	249.616 s/251.076 s/250.589 s
	175a.txt/16-25b.txt/16-25c.txt



	225 L/h
	23.6 °C
	3
	250.736 s/256.039 s/256.118 s
	225a.txt/225b.txt/225c.txt



	275 L/h
	20.8 °C
	3
	250.409 s/254.911 s/348.369 s
	275a.txt/275b.txt/275c.txt



	325 L/h
	21.8 °C
	3
	250.100 s/303.930 s/256.519 s
	325a.txt/325b.txt/325c.txt



	375 L/h
	20.4 °C
	3
	251.581 s/257.601 s/250.839 s
	375a.txt/375b.txt/375c.txt



	425 L/h
	20.5 °C
	3
	251.277 s/250.205 s/253.251 s
	425a.txt/425b.txt/425c.txt



	475 L/h
	22.7 °C
	3
	345.421 s/254.231 s/250.790 s
	475a.txt/475b.txt/475c.txt



	525 L/h
	21.4 °C
	3
	250.159 s/265.472 s/252.759 s
	525a.txt/525b.txt/525c.txt



	575 L/h
	22.3 °C
	3
	256.328 s/251.371 s/255.100 s
	575a.txt/575b.txt/575c.txt



	625 L/h
	22.8 °C
	3
	251.059 s/252.812 s/248.689 s
	625a.txt/625b.txt/625c.txt



	675 L/h
	23.9 °C
	3
	250.104 s/249.319 s/249.647 s
	675a.txt/675b.txt/675c.txt



	725 L/h
	21.6 °C
	3
	248.670 s/254.032 s/250.322 s
	725a.txt/725b.txt/725c.txt



	775 L/h
	22.6 °C
	3
	279.844 s/250.667 s/249.462 s
	775a.txt/775b.txt/775c.txt



	825 L/h
	21.5 °C
	3
	252.473 s/248.989 s/250.449 s
	825a.txt/825b.txt/825c.txt



	875 L/h
	22.2 °C
	3
	250.383 s/253.160 s/249.650 s
	875a.txt/875b.txt/875c.txt



	925 L/h
	20.5 °C
	3
	250.729 s/250.927 s/249.858 s
	925a.txt/925b.txt/925c.txt



	975 L/h
	21.5 °C
	3
	251.131 s/248.683 s/248.615 s
	975a.txt/975b.txt/975c.txt



	1025 L/h
	21.8 °C
	3
	249.018 s/249.056 s/251.132 s
	1025a.txt/1025b.txt/1025c.txt



	1075 L/h
	20.5 °C
	3
	249.463 s/254.286 s/251.880 s
	1075a.txt/1075b.txt/1075c.txt



	1125 L/h
	20.4 °C
	3
	249.438 s/250.974 s/251.016 s
	1125a.txt/1125b.txt/1125c.txt



	1175 L/h
	23.9 °C
	3
	249.143 s/262.087 s/248.540 s
	1175a.txt/1175b.txt/1175c.txt



	1225 L/h
	23.8 °C
	3
	248.066 s/249.554 s/249.082 s
	1225a.txt/1225b.txt/1225c.txt



	1275 L/h
	23.7 °C
	3
	250.019 s/249.472 s/250.831 s
	1275a.txt/1275b.txt/1275c.txt



	1325 L/h
	21.6 °C
	3
	248.733 s/249.932 s/250.342 s
	1325a.txt/1325b.txt/1325c.txt



	1375 L/h
	21.4 °C
	3
	249.899 s/248.978 s/250.643 s
	1375a.txt/1375b.txt/1375c.txt



	1425 L/h
	20.2 °C
	3
	271.839 s/257.389 s/249.687 s
	1425a.txt/1425b.txt/1425c.txt



	1475 L/h
	21.1 °C
	3
	249.258 s/248.447 s/250.690 s
	1475a.txt/1475b.txt/1475c.txt



	1525 L/h
	23.2 °C
	3
	249.580 s/250.111 s/258.769 s
	1525a.txt/1525b.txt/1525c.txt



	1575 L/h
	22.0 °C
	3
	254.460 s/250.376 s/257.015 s
	1575a.txt/1575b.txt/1575c.txt



	1625 L/h
	22.1 °C
	3
	251.303 s/252.117 s/256.860 s
	1625a.txt/1625b.txt/1625c.txt



	1675 L/h
	21.4 °C
	3
	252.448 s/252.448 s/255.443 s
	1675a.txt/1675b.txt/1675c.txt



	1725 L/h
	21.3 °C
	3
	254.608 s/250.399 s/250.048 s
	1725a.txt/1725b.txt/1725c.txt



	1775 L/h
	20.0 °C
	3
	252.604 s/252.071 s/250.254 s
	1775a.txt/1775b.txt/1775c.txt



	1825 L/h
	21.4 °C
	3
	250.979 s/250.149 s/249.713 s
	1825a.txt/1825b.txt/1825c.txt



	1875 L/h
	23.2 °C
	3
	251.122 s/252.468 s/251.910 s
	1875a.txt/1875b.txt/1875c.txt



	1925 L/h
	24.0 °C
	3
	251.881 s/250.988 s/252.001 s
	1925a.txt/1925b.txt/1925c.txt



	1975 L/h
	23.6 °C
	3
	249.658 s/250.555 s/250.555 s
	1975a.txt/1975b.txt/1975c.txt



	2025 L/h
	23.5 °C
	3
	251.819 s/250.797 s/254.656 s
	2025a.txt/2025b.txt/2025c.txt



	2075 L/h
	23.9 °C
	3
	249.195 s/254.357 s/254.357 s
	2075a.txt/16-25b.txt/2075c.txt



	2125 L/h
	23.5 °C
	3
	250.511 s/250.309 s/248.451 s
	2125a.txt/2125b.txt/2125c.txt



	2175 L/h
	21.2 °C
	3
	254.681 s/250.388 s/249.394 s
	2175a.txt/2175b.txt/2175c.txt



	2225 L/h
	21.9 °C
	3
	250.450 s/252.631 s/252.631 s
	2225a.txt/2225b.txt/2225c.txt



	2275 L/h
	23.8 °C
	3
	251.678 s/252.449 s/253.299 s
	2275a.txt/2275b.txt/2275c.txt



	2325 L/h
	23.3 °C
	3
	253.653 s/265.925 s/248.735 s
	2325a.txt/2325b.txt/2325c.txt



	2375 L/h
	22.1 °C
	3
	247.854 s/250.059 s/247.854 s
	2375a.txt/2375b.txt/2375c.txt



	2425 L/h
	20.7 °C
	3
	248.137 s/251.608 s/250.082 s
	2425a.txt/2425b.txt/2425c.txt



	2475 L/h
	22.6 °C
	3
	250.160 s/251.016 s/249.354 s
	2475a.txt/2475b.txt/2475c.txt



	2500 L/h
	23.8 °C
	3
	251.099 s/250.748 s/249.150 s
	2500a.txt/2500b.txt/2500c.txt
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Table 2. Flowrate values recorded at the macro measurement bench.






Table 2. Flowrate values recorded at the macro measurement bench.





	Flowrate Value
	Water Temperature
	Repetitions
	Duration
	Files





	200 L/h
	22.4 °C
	3
	252.974 s/250.518 s/251.415 s
	M200A.txt/M200B.txt/M200C.txt



	260 L/h
	22.4 °C
	3
	251.571 s/255.335 s/252.370 s
	M260A.txt/M260B.txt/M260C.txt



	320 L/h
	22.3 °C
	3
	253.962 s/251.041 s/288.586 s
	M320A.txt/M320B.txt/M320C.txt



	380 L/h
	21.4 °C
	3
	248.701 s/251.582 s/250.819 s
	M380A.txt/M380B.txt/M380C.txt



	440 L/h
	21.6 °C
	3
	248.160 s/247.710 s/252.758 s
	M440A.txt/M440B.txt/M440C.txt



	500 L/h
	21.9 °C
	3
	246.549 s/251.210 s/251.210 s
	M500A.txt/M500B.txt/M500C.txt



	560 L/h
	20.8 °C
	3
	250.983 s/252.761 s/247.050 s
	M560A.txt/M560B.txt/M560C.txt



	620 L/h
	20.9 °C
	3
	246.576 s/246.769 s/273.690 s
	M620A.txt/M620B.txt/M620C.txt



	680 L/h
	20.9 °C
	3
	246.559 s/249.819 s/248.728 s
	M680A.txt/M680B.txt/M680C.txt



	740 L/h
	22.0 °C
	3
	247.740 s/249.739 s/247.609 s
	M740A.txt/M740B.txt/M740C.txt



	800 L/h
	22.5 °C
	3
	259.030 s/251.079 s/248.448 s
	M800A.txt/M800B.txt/M800C.txt



	1200 L/h
	22.9 °C
	3
	248.215 s/248.215 s/249.390 s
	M1200A.txt/M1200B.txt/

M1200C.txt



	1600 L/h
	22.6 °C
	3
	278.146 s/249.299 s/257.750 s
	M1600A.txt/M1600B.txt/

M1600C.txt



	2000 L/h
	22.6 °C
	3
	250.403 s/252.129 s/252.769 s
	M2000A.txt/M2000B.txt/

M2000C.txt



	2400 l/h
	21.4 °C
	3
	252.429 s/248.739 s/252.171 s
	M2400A.txt/M2400B.txt/

M2400C.txt



	2800 L/h
	23.4 °C
	3
	250.441 s/249.818 s/267.000 s
	M2800A.txt/M2800B.txt/

M2800C.txt



	3200 L/h
	23.4 °C
	3
	250.782 s/254.628 s/248.279 s
	M3200A.txt/M3200B.txt/

M3200C.txt



	3600 L/h
	23.6 °C
	3
	249.988 s/250.590 s/250.951 s
	M3600A.txt/M3600B.txt/

M3600C.txt



	4000 L/h
	23.1 °C
	3
	251.680 s/269.228 s/250.469 s
	M4000A.txt/M4000B.txt/

M4000C.txt



	4400 L/h
	23.3 °C
	3
	260.937 s/249.681 s/248.709 s
	M4400A.txt/M4400B.txt/

M4400C.txt



	4800 L/h
	23.5 °C
	3
	251.488 s/255.779 s/250.508 s
	M4800A.txt/M4800B.txt/

M4800C.txt



	5200 L/h
	23.7 °C
	3
	250.810 s/249.029 s/248.688 s
	M5200A.txt/M5200B.txt/

M5200C.txt



	5600 L/h
	23.9 °C
	3
	249.772 s/248.611 s/249.980 s
	M5600A.txt/M5600B.txt/

M5600C.txt



	6000 L/h
	24.0 °C
	3
	282.940 s/248.629 s/248.649 s
	M6000A.txt/M6000B.txt/

M6000C.txt



	6400 L/h
	24.1 °C
	3
	249.785 s/248.743 s/248.743 s
	M6400A.txt/M6400B.txt/

M6400C.txt



	6800 L/h
	24.3 °C
	3
	249.763 s/258.728 s/248.668 s
	M6800A.txt/M6800B.txt/

M6800C.txt



	7200 L/h
	22.3 °C
	3
	249.650 s/248.948 s/251.650 s
	M7200A.txt/M7200B.txt/

M7200C.txt



	7600 L/h
	23.6 °C
	3
	340.289 s/249.639 s/252.118 s
	M7600A.txt/M7600B.txt/

M7600C.txt



	8000 L/h
	21.8 °C
	3
	251.046 s/257.239 s/276.639 s
	M8000A.txt/M8000B.txt/

M8000C.txt



	8400 L/h
	24.0 °C
	3
	250.142 s/247.761 s/248.460 s
	M8400A.txt/M8400B.txt/

M8400C.txt



	8800 L/h
	24.1 °C
	3
	250.282 s/250.282 s/249.069 s
	M8800A.txt/M8800B.txt/

M8800C.txt



	9200 L/h
	24.4 °C
	3
	250.825 s/257.750 s/253.510 s
	M9200A.txt/M9200B.txt/

M9200C.txt



	9600 L/h
	21.9 °C
	3
	317.851 s/255.411 s/250.159 s
	M9600A.txt/M9600B.txt/

M9600C.txt



	10,000 L/h
	22.0 °C
	3
	251.227 s/251.594 s/252.373 s
	M10000A.txt/M1000B.txt/

M1000C.txt



	10,400 L/h
	22.5 °C
	3
	251.267 s/254.203 s/459.329 s
	M10400A.txt/M10400B.txt/

M10400C.txt



	10,800 L/h
	22.8 °C
	3
	251.672 s/267.365 s/254.539 s
	M1080A.txt/M1080B.txt/

M10800C.txt



	11,200 L/h
	23.3 °C
	3
	255.592 s/291.197 s/275.340 s
	M11200A.txt/M11200B.txt/

M11200C.txt



	11,600 L/h
	23.3 °C
	3
	259.588 s/276.029 s/257.387 s
	M11600A.txt/M11600B.txt/

M11600C.txt



	12,000 L/h
	23.4 °C
	3
	257.387 s/252.585 s/254.830 s
	M12000A.txt/M12000B.txt/

M12000C.txt



	12,400 L/h
	24.3 °C
	3
	252.847 s/268.057 s/254.444 s
	M12400A.txt/M12400B.txt/

M12400C.txt



	12,800 L/h
	24.5 °C
	3
	252.488 s/253.470 s/248.656 s
	M12800A.txt/M12800B.txt/

M12800C.txt



	13,200 L/h
	24.8 °C
	3
	254.351 s/258.800 s/247.678 s
	M13200A.txt/M13200B.txt/

M13200C.txt



	13,600 L/h
	25.1 °C
	3
	226.546 s/246.121 s/252.031 s
	M13600A.txt/M13600B.txt/

M13600C.txt



	14,000 L/h
	25.4 °C
	4
	209.285 s/192.374 s/

197.405 s/263.216 s
	M14000A.txt/M14000B.txt/

M14000C.txt/M14000D.txt



	14,400 L/h
	25.8 °C
	4
	193.337 s/194.077 s/

194.377 s/193.181s
	M14400A.txt/M14400B.txt/

M14400C.txt M14400D.txt



	14,800 L/h
	24.0 °C
	4
	196.936 s/196.936 s/

196.936 s/193.113 s
	M14800A.txt/M14800B.txt/

M14800C.txt M14800D.txt



	15,200 L/h
	24.1 °C
	4
	194.367 s/202.512 s/

193.646 s/193.091 s
	M15200A.txt/M15200B.txt/

M15200C.txt/M15200D.txt



	15,600 L/h
	24.5 °C
	3
	193.091 s/275.079 s/253.465 s
	M15600A.txt/M15600B.txt/

M15600C.txt



	16,000 L/h
	24.5 °C
	3
	211.406 s/251.254 s/248.217 s
	M16000A.txt/M16000B.txt/

M16000C.txt



	16,400 L/h
	25.1 °C
	3
	248.906 s/223.084 s/240.041 s
	M16400A.txt/M16400B.txt/

M16400C.txt



	16,800 L/h
	23.2 °C
	3
	198.595 s/192.450 s/195.197 s
	M16800A.txt/M16800B.txt/

M16800C.txt



	17,200 L/h
	25.8 °C
	6
	187.338 s/134.971 s/134.363 s/

133.206 s/131.349 s/131.938 s
	M17200A.txt/M17200B.txt/

M17200C.txt/M17200D.txt/

M17200E.txt/M17200F.txt



	17,600 L/h
	23.7 °C
	6
	144.847 s/134.794 s/134.857 s/

178.816 s/131.143 s/132.731 s
	M17600A.txt/M17600B.txt/

M17600C.txt/M17600D.txt/

M17600E.txt/M17600F.txt



	18,000 L/h
	25.7 °C
	6
	133.627 s/130.446 s/136.096 s/

132.512 s/137.520 s/127.572 s
	M18000A.txt/M18000B.txt/

M18000C.txt/M18000D.txt/

M18000E.txt/M18000F.txt



	18,400 L/h
	25.8 °C
	6
	123.099 s/123.799 s/117.628 s/

115.818 s/119.037 s/120.914 s
	M18400A.txt/M18400B.txt/

M18400C.txt/M18400D.txt/

M18400E.txt/M18400F.txt



	18,800 L/h
	25.7 °C
	6
	113.335 s/131.885 s/134.968 s/

193.619 s/207.392 s/212.244 s
	M18800A.txt/M18800B.txt/

M18800C.txt/M18800D.txt/

M18800E.txt/M18800F.txt



	19,200 L/h
	25.8 °C
	4
	218.212 s/202.231 s/

202.460 s/193.288 s
	M19200A.txt/M19200B.txt/

M19200C.txt/M19200D.txt



	19,600 L/h
	25.4 °C
	4
	201.027 s/191.463 s/

193.345 s/206.026 s
	M19600A.txt/M19600B.txt/

M19600C.txt/M19600D.txt



	20,000 L/h
	25.6 °C
	4
	186.352 s/186.316 s/

205.177 s/313.697 s
	M20000A.txt/M20000B.txt/

M20000C.txt/M20000D.txt
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Table 3. Measurement instruments in the micro measurement bench.






Table 3. Measurement instruments in the micro measurement bench.





	Code
	Instrument
	Range
	Resolution
	Range of Flowrate in the Test Where the Instrument Was Used as Reference





	FI 2A
	Rotameter Solartron–Mobrey
	1.2 L/h–12 L/h
	0.2 L/h
	−



	FI 2B
	Flowmeter ABB COPA XE DE-43F
	4.8 L/h–240 L/h
	0.01 L/h
	25 L/h–225 L/h



	FI 2C
	Flowmeter ABB COPA XE DE-43F
	1200 L/h–24,000 L/h
	0.1 L/h
	−



	FI 2D
	Flowmeter ABB COPA XE DE-43F
	54 L/h–2700 L/h
	0.1 L/h
	275 L/h–2500 L/h



	TT 2A
	Pt100 Autonics
	0 °C–100 °C
	0.1 °C
	25 L/h–2500 L/h



	TT 2B
	Pt100 Autonics
	0 °C–100 °C
	0.1 °C
	−



	PI 2A
	Manometer Winters
	0 psi–600 psi
	5 psi
	25 L/h–2500 L/h



	PI 2B
	Manometer Boudon Haenni
	0 psi–300 psi
	2 psi
	-



	PI 2C
	Manometer Boudon Haenni
	0 psi–300 psi
	2 psi
	-



	PI 2D
	Manometer Boudon Haenni
	0 psi–300 psi
	2 psi
	-
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Table 4. Measurement instruments in the macro measurement bench.






Table 4. Measurement instruments in the macro measurement bench.





	Code
	Instrument
	Range
	Resolution
	Range of Flowrate in the Test Where the Instrument Was Used as Reference





	FI 3A
	Rotameter Solartron–Mobrey
	90 L/h–900 L/h
	10 L/h
	200 L/h–860 L/h



	FI 3B
	Rotameter Solartron–Mobrey
	1200 L/h–12,000 L/h
	120 L/h
	1200 L/h–12,000 L/h



	FI 3C
	Flowmeter ABB MagMaster
	400 L/h–26,000 L/h
	0.01 L/h
	12,000 L/h–20,000 L/h



	PI 3
	Manometer Winters
	0 psi–600 psi
	5 psi
	200 L/h–20,000 L/h



	TE 1
	Pt100 Autonics
	0 °C–100 °C
	0.1 °C
	200 L/h–20,000 L/h
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Table 5. Linear acceleration data characteristics.






Table 5. Linear acceleration data characteristics.





	Units
	Representation
	Data Output Rate





	m/s2
	1 m/s2 = 100 LSB *
	100 Hz







* LSB: least significant bit.
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Table 6. Q1, Q2 and Q3 values according to ISO 4064-1:2016 for the micro measurement bench.
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	Ratio
	Q3
	Q2
	Q1





	100
	2500
	40
	25



	125
	2500
	32
	20



	160
	2500 *
	25 *
	15.63



	200
	2500
	20
	12.5



	315
	2500
	12
	7.94



	400
	2500
	10
	6.25 *







* These are the selected values of Q1, Q2 and Q3 for the micro measurement bench
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Table 7. Q1, Q2 and Q3 values according to ISO 4064-1:2016 for the macro measurement bench.






Table 7. Q1, Q2 and Q3 values according to ISO 4064-1:2016 for the macro measurement bench.





	Ratio
	Q3
	Q2
	Q1





	125
	20,000 *
	800 *
	600



	800
	20,000
	540
	400



	1250
	20,000
	300
	200 *







* These are the selected values of Q1, Q2 and Q3 for the macro measurement bench 
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Table 8. Strengths and weaknesses of the measurement approach.






Table 8. Strengths and weaknesses of the measurement approach.









	Strengths
	Weaknesses/Limitations





	
	
The measurement benches were designed to calibrate flow meters and belong to an accredited laboratory. This allows a measurement that is free of some of the disturbances that could be found in other types of benches, as described in Section 3.2 and Section 3.3.



	
The flowrate values measured in the test were selected according to the applicable numerals of the ISO 4064-1/2: 2016 and covered a wide range of values.



	
The accelerometer used to capture the vibrational information is not expensive and was selected in other to allow the development of low-cost flowrate soft sensors that are portable and not intrusive.



	
The database collected with this approach allows users to implement their own routines according to their research interests and allows comparison between different computational approaches.





	
	→

	
The accelerometer used to capture the vibrational information has limited bandwidth. It was used at a sample rate of 100 Hz, which limits the range of frequencies that can be analyzed.




	→

	
Data can be disturbed by noise and/or artifacts, where the possible effects from these disturbances (e.g., electrical noise from the pumps) could be corrected using conventional filters or time-frequency representations. Users may establish their own routines.




	→

	
The activation of an air compressor near the benches, used in the pneumatic systems of different processes in the facilities of ACUATUBOS S.A.S. is a possible source of disturbances. The activation of such a compressor is not a regular event, so it is not necessarily present in the acquisition of all the signals.
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