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Abstract

A flow calibration facility based on the gravimetric method using a double-wing diverter for hydrocarbon flows from 0.1 to 15 m3/h was constructed as a national measurement standard at the National Metrology Institute of Japan (NMIJ). The original working liquids were kerosene and light oil. The calibration facility was modified to calibrate flowmeters with two additional working liquids, industrial gasoline (flash point > 40 C) and spindle oil, to achieve calibration over a wide viscosity range. The kinematic viscosity range of industrial gasoline, kerosene, light oil, and spindle oil is 1.2–24 mm2/s. The contributions to the measurement uncertainty for the four types of working liquids were analysed experimentally in this study. The uncertainty due to droplets from the diverter wings was reduced by a modified diverter operation. The diverter timing errors for all types of working liquids were estimated based on the method described in ISO4185. The error due to the droplets from the drain nozzle of the weighing tank was reduced by using a chemical coating. The expanded uncertainties for the calibration facility were estimated to be 0.020 % for mass flow and 0.030 % for volumetric flow for all considered types of liquids. 
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1. Introduction

Hydrocarbon flow measurements play an important role in many industrial fields. Highly accurate measurements are required, especially in taxation and trade. Many types of facilities have been developed to calibrate flowmeters for such measurements. To achieve higher accuracy, the National Metrology Institute of Japan (NMIJ) has constructed hydrocarbon flow facilities that use a gravimetric method with a diverter. After initiating calibration services at a large hydrocarbon calibration facility with a flow rate range of 3 to 300 m3/h [1], NMIJ formed a plan to extend the calibration range to lower flow rates by providing a medium facility as the primary standard. A double-wing diverter [2],[3] was developed for the large facility, and the double-wing diverter used at the medium hydrocarbon flow facility was improved such that it can perform rotary motions [4]. Then, a medium hydrocarbon flow calibration facility with a flow rate range of 0.1 to 15 m3/h was constructed using a weighing tank system with the improved diverter [5]. The original working liquids were kerosene and light oil.

The medium hydrocarbon flow facility was modified to calibrate flowmeters with the additional working liquids of industrial gasoline (flash point > 40 C) and spindle oil in order to achieve calibration over a wide viscosity range (1.2–24 mm2/s). Differences in liquid properties could affect the performance of the diverter and the weighing tank system. When the diverter wing cuts the liquid jet, the working liquid adheres to the wing surface. Additionally, after the working liquid is drained from the weighing tank, some liquid remains on the inside surface of the drain nozzle and continues to drip down for a long time. Therefore, the calibration results depend on the measurement timing of the weighting scale because the amount of adhering liquid changes. The influence of evaporation may also be different depending on the type of working liquid. Furthermore, the diverter timing errors for all types of working liquids should be confirmed because the timing error could be affected by the adhering liquid, the evaporation and the velocity profile in the liquid which depends on the viscosity.

In this study, the effects of difference in the liquid properties of the working liquid on the double wing diverter and the weighing tank system were investigated experimentally. An uncertainty was evaluated over a wide viscosity range.  
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Figure 1:  Overview of calibration facility for medium hydrocarbon flow.

2. Specifications of calibration facility

2.1 Calibration facility
An overview and a schematic diagram of the medium hydrocarbon flow calibration facility are shown in Figure 1 and 2 [5]. The specifications of the facility are given in Table 1. The calibration principle is the static weighing method with flying start and finish. The weighing tank system, the diverter, and the flow nozzles for the diverter were designed based on technique described in the previous paper [4].
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Figure 2:  Schematic of the calibration facility.

Table 1: Specifications of the medium hydrocarbon flow facility.
	Item
	Specification

	Calibration method
	Static weighing method with flying start and finish

	Diverter 
	Rotary-type double-wing diverter

	Flow rate at test section
	0.1–15 m3/h (0.02–3.2 kg/s)

	Flow control lines 
	Line A
	Flow range of 2–15 m3/h

	
	Line B
	Flow range of 0.18–2 m3/h

	
	Line C
	Flow range of 0.1–0.18 m3/h

	Weighing scale
	0–60 kg with 0.05 g resolution

	Weighing tank
	32 kg weighing capacity with lift-up seal system

	Dead weights
	316 stainless steel: 10 kg × 6 weights

	Temperature range
	15–35 C (spindle oil, light oil, and kerosene)
15–20 C (industrial gasoline)

	Pressure range at test section
	0.3–0.7 MPa 



In the facility, the working liquids are kept in four separate tanks (1.8 m3). Normally, spindle oil, light oil, kerosene, and industrial gasoline can be selected as the working liquid. The abbreviations and liquid properties for the hydrocarbons are summarized in Table 2. The selected working liquid is transferred to a storage tank in the calibration facility. The inside of the storage tank is divided into two rooms by a wall. The working liquid is delivered from a base room to a buffer room by a pump through a cyclone and heat exchangers to remove bubbles and control the liquid temperature. The main part of the inflow to the buffer room is delivered to a header by another pump (main pump). The remainder of the working liquid overflows into the base room. The liquid level and the suction side pressure of the main pump can be kept during liquid collection and sent to a weighing tank by this overflow system inside the storage tank. The working liquid is distributed to one of the test sections from the header at the selected flow rate. The remainder of flow at the header is returned to the base room through a bypass line. The flowmeter as the device under test (DUT) was set into one of the test sections. There are two test sections: a main test section and a small test section. The downstream pipe of the main test section is branched into three flow control lines (Lines A, B, and C). The specifications of the flow control lines are listed in Table 1. The smallest flow control line (Line C) is also connected downstream from the small test section. Each flow control line has two reference flowmeters, output signal of one of which is connected to a control valve to maintain the flow rate. One of the flow control lines is selected depending on the flow rate. Lines A and B branch into two nozzle lines of different sizes. The working liquid passing through the DUT flowmeter is collected in a weighing tank through the flow control line and a diverter.

Table 2: Properties of working liquids.
	Working liquid
(Abbreviation)
	Temperature
(C)
	Kinematic viscosity
(×10–6 m2/s)
	Density
(kg/m3)

	Spindle oil 
(SP)
	15
	24
	849

	
	20
	20
	846

	
	35
	11
	836

	Light oil 
(LO)
	15
	7.8
	839

	
	20
	6.6
	836

	
	35
	4.4
	825

	Kerosene 
(KE)
	15
	2.3
	800

	
	20
	2.1
	796

	
	35
	1.6
	786

	Industrial gasoline (GA)
	15
	1.3
	766

	
	20
	1.2
	763



2.2 Rotary-type double-wing diverter 
The diverter of the calibration facility was designed using the double wing method [2]-[4]. A schematic of the diverter is shown in Figure 3. The diverter wings are set as partitions along the diameter of a half-cylinder tube. The axis of rotation is at the centre of the cylinder and runs parallel to the liquid jets, which flow vertically downward. One side (bypass side) of the diverter has a stainless steel mesh on a low-profile partition wall and a closed bottom. The mesh and low-profile partition wall are installed to reduce splashing. When this side comes under the nozzle, the liquid flow is led into a bypass line. This bypass position is defined as the 0° or 360° position. The other side (collection side) has an open bottom so that the liquid jet can drop directly into the weighing tank when the collection side comes under the nozzles. This collection position is identified as the 180° position. 

At the start and end of a measurement, the diverter is rotated in one direction using a servo motor. In accordance with the theory of the double wing method, the two diversion wings are moved across the jets in the same direction at a constant speed. Two photosensors and a disk with a slit are used as a trigger signal generator to start and stop a timer for the collection time. Photosensor 1 in Figure 3 detects the slit near the 90° position. Photosensor 2 detects the slit near the 270° position. The sensors are fixed on a precision traverse stage so that the sensor position can be adjusted based on the estimated diverter timing error. Because the diverter timing error in the double wing method is independent from not only the flow profiles but also the nozzle positions, the flow nozzles can be inserted separately into the diverter. Five nozzle pipes (inner diameters: 41, 21, 13, 7, and 4 mm) are inserted into the diverter box at different positions. The multi-nozzle system is capable of maintaining a high flow velocity at the nozzles by selecting nozzle lines according to flow rates. The diverter wings cut one or two liquid jets depending on the flow rate. 
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Figure 3:  Schematic of rotary double wing diverter.

2.3 Weighing tank system with inlet seal system 
The weighing tank has drain valves and drain nozzles. The length and inner diameter of the drain nozzle are approximately 150 and 20 mm, respectively. To determine if there is a leak in the drain valve, sight glasses are installed at drain lines to the storage tank. 

The weighing tank is placed on a lift platform, which is elevated by air actuators. The weighing tank is a cylindrical bucket with a large inlet of the same diameter as the bottom. Except during weight measurement periods, the weighing tank is raised above the scale and pushed tightly against the bottom of the diverter box to protect the scale against sudden impact by the jets and prevent the escape of vapor. When the lift platform moves down, the weighing tank is placed on the scale in a free state during the weight measurement because no signal wires or air tubes are connected to the weighing tank. To avoid a mechanical connection to the tank, the liquid level is detected by magnetic sensors and a float. The lift system also automatically connects an air tube to actuators of the drain valves. 

The weighing scale is calibrated using six dead weights of 10 kg each. The weights loaded onto another air actuator can be automatically hung on the weighing scale, and the number of weights can be selected. Normally, five weights are used. 

The weighing tank has no open section from which vapor can escape into the atmosphere except for a short time during the weight measurement. This design contributes to the prevention of evaporation error. However, in the case of a higher vapor pressure liquid, the effect of evaporation should be confirmed.

2.4 Temperature stability
Temperature stability is important in calibration facilities for hydrocarbon flow because the thermal expansion coefficients for hydrocarbons are larger than that for water. A sophisticated temperature control system was adopted in the present facility. Because the temperature of the working liquid is quickly changed by the flow rate control of the cooling water, the average liquid temperature is stable even though the room temperature changes, but the temperature at the outlet of the heat exchangers has a large cyclic fluctuation (±0.15 K) with a short period (approximately 2 min). However, sequential portions of different temperatures are mixed in the buffer room and the header. Thus, the ripple of the temperature fluctuation is suppressed before the liquid is distributed to the test sections. Because the flow rates in the circulation lines connecting the heat exchangers and the header are always maintained at almost maximum flow rates regardless of the calibration flow rate, the temperature at the header is controlled with a short delay. Almost the entire area of the pipe lines and the tanks are covered with an insulator. Thus, the temperature in the test sections and the downstream lines can be kept stable. As a result, the temperature fluctuation at the test section was confirmed to be less than ±0.05 K.

3. Considered effects of liquid properties on measurements

The viscosity range for the four working liquids is wide, and their volatilities are very different. The differences in the liquid properties can affect the measurement results. The following four factors were considered with regard to the effects of the liquid properties on the weight measurements: (1) the working liquid adhering to the diverter wing surface at the diversion, (2) mist filling the diverter box diffusing into the weighing tank during the time between weight measurements, (3) volatile liquid evaporating while the inlet of the weighing tank is open during the initial and final weight measurement steps, and (4) high-viscosity liquid can remain on the inside surface of the drain nozzle for a long time after draining. 

The velocity profile in the liquid jet depends on the viscosity. In the case of a single wing diverter, the variation in the velocity profile affects the diverter timing error. However, in the case of the double wing diverter, the timing error is theoretically not affected by the velocity profile, meaning that the diverter timing error in the present facility should not change when the four investigated liquids are used in calibrations. However, this should be confirmed experimentally. The diverter timing errors for the four working liquids were evaluated using the method described in ISO4185 [6]. 

4. Results and discussion

4.1 Investigation of influence of liquid properties
The influences of liquid properties on the calibration results were experimentally investigated. The weight of the weighing tank was measured for approximately 3600 s after the rotary motion of the diverter. The differences between the weight of the weighing tank at the first recording and that after the diversion motion are shown in Figure 4 for each of the working liquids. Each symbol represents a weight averaged over repeated measurements (three or six times). The error bars represent the standard deviations. The weight variations include some effects: the liquid adhered to the diverter, mist diffusion, and evaporation. At larger flow rates, the weight increased because of the liquid remaining adhered to the diverter immediately after the diversion. At low volatility and large flow rates (spindle oil and light oil, 15 m3/h), the weight constantly increased due to mist diffusion at later periods. When the volatility of the working liquid was higher (kerosene and industrial gasoline), the weight decreased at later periods because the effect of evaporation was stronger than that of mist diffusion.
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Figure 4: Difference between the first recorded weight and the weight after diversion.

Although details of analysis are omitted in this paper, the following results were obtained. The evaporation error was reduced by using a seal system at the weighing tank inlet, and the relative standard uncertainty due to evaporation was estimated to be less than 0.0010 %. The relative standard uncertainty due to the mist diffusion was less than 0.0010 %. By introducing an additional adhesion operation in the calibration sequence, the error due to the liquid adhered to the diverter was confirmed to be primarily eliminated. For repeated calibrations at the same flow rate, the uncertainty due to the liquid adhered to the diverter was considered to be primarily a random effect and was included when calculating the repeatability of the flowmeter calibration results. When the change in the flow rate was large, a bias error was included in the uncertainty. 

To investigate the influence of the liquid adhered to the drain nozzle surface, the weight of the weighing tank was measured after the liquid was discharged from the weighing tank. The discharging from the weighing tank was conducted 3600 s after the diversion to distinguish the effect of the liquid adhered to the diverter and the drain nozzle. To reduce the mist diffusion effect, the flow rates were kept small (0.1 m3/h). The evaporation effect is not significant when spindle oil is used as the working liquid. The differences between the corrected weights and that at an elapsed time of 3600 s after the draining are shown in Figure 5. The error bar indicates the standard deviation of repeated measurements. When the surface of the drain nozzle was raw stainless steel, the weight of the liquid adhered to the drain nozzle was larger, and the adhered liquid required a long time to drop down fully. Normally, the tare weight of the weighing tank is measured 420 s after draining in the flowmeter calibration. The maximum collection time is 1460 s at 0.1 m3/h. The time interval from the tare measurement to the final weight measurement is from 150 to 1610 s. The difference between the weight at an elapsed time of 420 s and that at 2030 s could be a source of error. For spindle oil, this difference was approximately 1 g, which corresponds to a relative error of 0.003 %. After the fluorine treatment, the liquid adhered to the drain nozzle quickly flowed down and became too small to analyse using the weight measurement. Using a video camera, it was confirmed that the liquid adhered to the drain nozzle flowed down until 400 s after draining. Therefore, the error due to the liquid adhered to the drain nozzle was negligible after fluorine treatment. 
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Figure 5: Weight variation after draining using different surface treatments.

4.2 Estimation of diverter timing error
After the construction of the facility, the diverter timing error was measured at various flow rates to estimate the required adjustment to the photosensor position. The average timing error before adjustment was estimated to be –5.2 ms. The position of the photosensor was then adjusted. The diverter timing error after the first adjustment for kerosene is shown in Figure 6 [5], which indicates that the diverter timing error was reduced by the adjustment and was independent of the flow rate, the nozzle diameter, and the nozzle position. At low flow rates, the error times were dispersed, but the relative errors were small because the collection times increased as the flow rates decreased. 

Readjustments to the photosensor position were conducted after diverter maintenance. After the final adjustment, the diverter timing error was estimated for the four types of working liquids. The diverter timing errors between 3 and 15 m3/h are shown in Figure 7. Dependence on the liquid properties was observed in the diverter timing error. This indicates necessity to confirm the diverter timing error at the actual working liquid. Further investigation is needed to identify the detailed mechanism. However, in the case of this facility, the relative error of the diverter timing to the collection times was not significant. All relative values of the diverter timing error for the four working liquids at the flow rate range were less than ±0.009 %. The relative standard uncertainty due to the diverter timing error was estimated to be 0.0052 %. Therefore, it was confirmed that the double wing diverter of this facility can be used with all four types of working liquids within a demanded uncertainty. 
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Figure 6: Diverter timing error after adjustment of Photosensors.
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Figure 7: Relative error of diverter timing for four different working liquids after readjustment.
 
5. Uncertainty evaluation

The uncertainty components were analysed and are summarized in Table 3. The relative combined uncertainty for volumetric flow was calculated as the square root value of the sum of the squares of the uncertainty components. The uncertainty component of the density estimation was excluded from the relative combined uncertainty for mass flow because the liquid density value is not included. In this study, the combined standard uncertainties for this facility with the four working liquids for mass and volumetric flow were simplified to 0.010 % and 0.015 %, respectively. The coverage factor for the expanded uncertainty was considered to be k=2 and have a level of confidence of approximately 95 %. Thus, the expanded uncertainties of the calibration facility were estimated to be 0.020 % for mass flow and 0.030 % for volumetric flow for all types of liquids.

Table 3: Relative combined standard uncertainties of calibrated K-factors for mass and volumetric flowmeters.
	Component
	Relative standard uncertainty (%)

	
	SP
	LO
	KE
	GA

	Pulse counting
	0.0000
	0.0000
	0.0000
	0.0000

	Time measurement of pulse duration
	0.0014
	0.0014
	0.0014
	0.0014

	Collection time
	0.0054
	0.0054
	0.0054
	0.0054

	Mass measurement
	0.0073
	0.0073
	0.0073
	0.0063

	Change in mass within connection volume
	0.0006
	0.0007
	0.0007
	0.0007

	Liquid density estimation at flowmeter
	0.0100
	0.0103
	0.0116
	0.0123

	Random effect
	0.0020
	0.0020
	0.0020
	0.0020

	Relative combined standard uncertainty for mass flow
	0.0094
	0.0095
	0.0095
	0.0087

	Relative combined standard uncertainty for volumetric flow
	0.0137
	0.0139
	0.0150
	0.0150



7. Conclusion

A flow calibration facility based on the gravimetric method using a double-wing diverter for hydrocarbon flows from 0.1 to 15 m3/h was constructed as a national measurement standard at NMIJ. The four considered types of working liquids were industrial gasoline, kerosene, light oil, and spindle oil, which have kinematic viscosity range of 1.2–24 mm2/s. 

The influences of liquid properties on the calibration results were experimentally investigated. Diverter timing errors for all types of working liquids were evaluated based on the experimental method described in ISO4185. It was confirmed that the values of the diverter timing error were reduced and were independent of the flow rate, nozzle diameter, and nozzle position. The diverter of the present facility satisfied the required features for all four considered working liquids. The temperature fluctuation was reduced to less than 0.05 K using a sophisticated temperature control system. 

The expanded uncertainties (k = 2) for the calibration facility were estimated to be 0.020 % for mass flow and 0.030 % for volumetric flow for all types of liquids. 
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