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Abstract: To improve the accuracy of in situ measurement of the standard volumes of pipe provers
and to shorten the traceability chain, a new method of in situ pipe prover volume measurement
was developed alongside a supporting measurement device. This method is based on the geometric
dimension approach, which measures the inner diameter and length of a pipe prover to calculate
its volume. For inner diameter measurement, a three-probe inner-diameter algorithm model was
established. This model was calibrated using a standard ring gauge of 313 mm, with the parameters
calculated through fitting. Another standard ring gauge of 320 mm was used to verify the inner
diameters determined by the algorithmic model. A laser interferometer was employed for the
segmented measurement of the pipe prover length. The comprehensive measurement system was
then used for in situ measurement of the standard pipe prover. The newly developed system achieved
an expanded uncertainty of 0.012% (k = 2) in volume measurement, with the deviation between the
measured and nominal pipe prover volumes being merely 0.007%. These results demonstrate that
the proposed in situ measurement method offers ultra-high-precision measurement capabilities.

Keywords: dimensional method; geometry measurement; volume of pipe prover; measurement
uncertainty

1. Introduction

As essential trade-measuring instruments [1], standard pipe provers are widely used
in the oil and gas industry for trade transactions. Volume deviations in pipe provers can
lead to unfair trade practices and significant economic losses. Moreover, pipe provers serve
as industrial calibration devices [2], crucial for the production, transportation, and storage
of oil and gas. Any deviation in their volume calibration can hinder the detection of issues
during these processes, such as oil leakage and seepage, potentially causing serious safety
accidents and endangering lives and property. Therefore, ensuring the accurate calibration
of pipe provers is of great significance.

Pipe prover measurement methods primarily include the volumetric method, gravi-
metric method, and master meter proving solution. The volumetric method uses a certified
volumetric tank prover [3] as a standard measuring tool and calculates the volume of the
pipe prover based on the measured liquid level, density, and temperature of the volumetric
tank [4]. This method necessitates tracing the volumetric tank as an intermediate trans-
fer standard, accomplished through the dimensional method [5]. In addition, the shape
and appearance of the volumetric tank can affect the measurement [6], which imposes
significant limitations on the volumetric method.

The gravimetric method involves filling the pipe prover with an intermediate medium,
discharging the medium into a gravimetric tank, and then weighing the medium. This
method uses the weight of the medium to convert the volume of the pipe prover, utilising
standard scales and weights as standard measuring tools.

In 2016, Doihara used a gravimetric tank and piston to measure the volume of a pipe
prover, achieving an expanded uncertainty of 0.066% (k = 2) [7]. However, this method
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imposes strict requirements on the calibration process. During measurement, pressure and
temperature can vary rapidly and unevenly, while the viscosity and density of the medium
significantly affect measurement accuracy [8]. Consequently, correcting the measurement
results is crucial [9]. The master meter proving solution employs a standard flow meter
as the transfer standard between the pipe prover and the measuring instrument, using
flow parameters to indirectly measure the pipe prover volume. In 2015, Shimada verified
the volume of a pipe over 15 m long with an inner diameter of 150 mm using the master
meter method. The expanded uncertainty of the volume flow rate reached 0.03%, and the
uncertainty of the mass flow rate reached 0.02% (k = 2) [10]. In the same year, the National
Metrology Institute of the Netherlands used a standard flow meter to calibrate a 500 L
volume tank, achieving an expanded volume measurement uncertainty of less than 0.04%
(k = 2). However, verifying the stability and continuity of a standard flow meter through
actual measurements is challenging, making cumulative errors difficult to avoid [11].

After analysing the uncertainty of the volume tube used in the volumetric method,
Lim [12] and Oracheski [13] believed that the standard volume tank itself played a dom-
inant role. This greatly limits the further improvement of the volumetric measurement
accuracy. When the mass method measures small volumes, it is limited by the principle of
mass measurement, and the measurement accuracy is difficult to improve further. When
Toshihiro Morioka and others used the standard flow meter method for measurement, the
relative measurement uncertainty of the standard flow meter itself reached 0.09%, and in
the case of large fluctuations [14], the relative measurement uncertainty reached 0.44%. In
addition, the standard flow meter can usually obtain good measurement accuracy in the
low flow area, but it is difficult to obtain high accuracy in the high flow area [15]. These
methods indirectly measure the pipe prover volume through intermediate media, which in-
evitably extends the traceability chain to the SI unit [16]. The length of the traceability chain
directly impacts measurement accuracy, significantly limiting the efficacy of these methods.
Therefore, reducing the traceability chain length in pipe prover volume measurement is
crucial for improving accuracy.

The dimensional method is an in situ approach that calculates the pipe prover volume
by measuring the length and inner diameter of a standard pipe prover segment. This
method can be directly traced to the length benchmark, significantly improving mea-
surement accuracy. In 2003, Toébben developed an axial and radial incremental length
measurement device and used it to measure the geometric quantity of a pipe prover with a
nominal volume of 250 L. The measured volume was compared with that obtained using
the gravimetric method, with a difference of only 0.008% [17]. Tobben was the first to
use the dimensional method to measure a pipe prover, demonstrating the potential of
this method for a more accurate characterisation of pipe prover volumes. Compared with
traditional measurement methods, this method is less susceptible to external factors and
has looser environmental requirements. With the continuous improvement of geometric
measurement accuracy, the dimensional method has more advantages in measuring the
volume of a pipe prover.

The feasibility of using the dimensional method to measure pipe provers has been
verified in previous studies. However, when using dual probes to measure the inner
diameter, possible installation deviations of the sensor, such as the installation angle and
eccentric distance, have been ignored. The influence of factors such as the eccentric distance
and the lack of measurement uncertainty analysis in this method make verifying the
reliability of this measurement method challenging. Therefore, this paper proposes a new
method for pipe prover volume detection. In this approach, three probes are used to
measure the inner diameter. An inner diameter algorithm model is utilised that includes
installation angle, eccentric distance, and measured arm length parameters. The length is
measured using a laser interferometer. A supporting measurement device is employed to
complete the in situ measurement and uncertainty analysis of the pipe prover volume.
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2. Measurement Method

A pipe prover is a hollow cylinder measuring instrument with a segmented design. In
this study, the pipe prover was divided into multiple standard segments using a detection
switch. Consequently, the pipe prover volume measurement is based on the addition of the
volumes of multiple segments, as shown in Equation (1):

2
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where, DP;, LP;, and V; represent the inner diameter, length, and volume of each standard
segment of the pipe prover, respectively, and V is the total volume of the standard segments
of the pipe prover. The calculation principle for the pipe prover volume is illustrated in
Figure 1. The inner diameter and length of the pipe prover must be measured separately.
High-precision measurements of the inner diameter of a pipeline are typically performed
by measuring the relative displacement of the sensor [18]. This method cannot directly
obtain the inner diameter of the measured object; therefore, an inner diameter algorithm
model must be established, followed by using the relative measurement value of the sensor
to calculate the inner diameter of the pipe. Segmented length measurements were required
in this study because the pipe prover had a segmented design.
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Figure 1. Pipe prover volume calculation method.

2.1. Inner Diameter Measurement Method

The inner diameter measurement method was based on the three-point circle princi-
ple [19], as shown in Figure 2. Under ideal conditions, three coplanar laser displacement
sensors installed at angles of 120° with respect to one another are used to measure the
distance from the wall of the pipe prover. The distances between the measurement points
of sensors form a triangle, and the radius of its circumscribed circle is determined.

Figure 2. Principle of three-point circle determination.
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However, in an actual measurement environment, deviations in the installation angles
of the three laser displacement sensors will exist, meaning the angles between the sensors
are not precisely 120°. Considering that the actual rotation centre of the three sensors will
differ from that of the measured pipe prover, the centres of the circles do not coincide,
causing a deviation between the axis of each sensor and the centre of the circle. The
three-probe inner-diameter algorithm model based on this scenario is shown in Figure 3.

Rotate

Figure 3. Principle of three-probe inner diameter algorithm model.

In Figure 3, A’ and B’ are the measurement starting points of the laser displacement
sensors, S is the centre of the circle of the measured pipe prover, O is the actual rota-
tion centre of the inner diameter measurement module, O, is the intersection point of
measurement beams AA” and BB/, and 6, is the angle between the measurement beams.
During rotation measurement, taking measurement beams AA’ and BB’ as examples, each
beam rotates around point O, forming two concentric tangent circles of the beam. OQ
and OP are the radii of the tangent circles, denoted as r; and r,, respectively. A’P and B'Q
are the distances from the measurement starting point to the installation starting point,
denoted as [; and I, respectively. « and B are the angles for auxiliary calculation, expressed
as « = ZOQP and = ZOPQ), respectively.

In the three-probe inner diameter algorithm model, the unique triangle ABC formed
by the measurement points can be obtained. The side length AB in the triangle can be
calculated using the cosine theorem:

AB = \/Oqu + Olsz -2 Ole : OuB - COs 912. (2)

012A and O3B can be expressed as

OpA =101+ AAI— 0P
{ , (©)

O12B =1, + BB/ 4+ 012Q

where AA’ and BB’ are the measured values of the sensor and I; and [, are the lengths of
the measuring arms. Therefore, AB can be calculated by determining O1,P and O1,0Q.
In triangle OPQ, it can be known from the sine formula:

sinag  sinf  sinfq @)
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« and B in Equation (4) can be obtained as
B =sin"! (rl %)
a =sin~! (rz%) . ®
In the quadrilateral OQO1, P, PQ is also obtained from the cosine formula:
PQ=/r2+12—2-11 13- cosy, (6)
and in triangle O, PQ, it can be found by using the sine formula:
sin(5 — ) _ sin(3 — ) _ sin(7r — 912). 7)
On2P 012Q PQ
O12P and O1;Q in Equation (7) can be obtained by applying
01Q =PI, o
0P = PQIMEL).

By substituting Equations (5) and (6) into Equation (7), O1,P and O1,Q can be calcu-
lated. Side length AB can be calculated using Equations (2) and (3), and similarly for side
lengths BC and CA.

R can be obtained from the formula for the radius of the circumscribed circle of a
triangle as follows:

_ AB+BC+CA
P= 2

AB = \/Olez + Olsz —2-012A - 0O13B - cos B3
BC = \/023B2 + 093C2 —2-093B - 03C - cos 03

CA= \/O31C2+O31A2 —2'O31C'O31A 'C05931 (9)
R = AB-BC-CA
4/P(P—AB)(P—BC)(P—CA)

D =2R

AB, BC, and CA are calculated by AA’, BB/, CC’, 612, 023, 031, 11, Io, I3, 11, 12, and r3. The
inner diameter D of the smallest circumscribed circle of triangle ABC can be expressed as

D= f(llr 12/ l3/ r1,¥2,73, 912/ 923/ 931/ AA// BB,/ CC/) (10)

The measured pipe volume was divided into four segments in this study. When
measuring the first segment, the inner diameter calculated using the three-probe inner
diameter algorithm model represented the inner diameter of a single sampling point in
a single section. To accurately reflect the inner diameter of a single section # sampling
measurements were conducted to obtain Dyy; (j = 1, 2, 3, ..., n). However, the inner
diameter of a single section cannot accurately represent the inner diameter of a pipe
segment. Therefore, m cross-sectional measurements were performed on this pipe segment,
resulting in Dy (i=1223,..,mj=1,2,3,...,n). The average of these sampled
measurements, D1, was used as the inner diameter of the first segment of the pipe prover:

mn 1 ) )
Dl = ”21 n % le,i,j(Z = 1/2/3/' o Im/] = 112/3/' : 'n) (11)
ij=

The inner diameters Dy, D3, and Dy of the remaining three pipe segments were
calculated using the same method.
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2.2. Length Measurement Method

The length of the pipe prover was measured using a laser interferometer. Detection
switches were present at both ends of each segment of the pipe prover. A trigger was
installed on the measurement device to activate the detection switch. When the first
segment was measured, detection was triggered, and the reading of the laser interferometer
was recorded. The difference in the readings of the laser interferometer at both ends of the
segment, activated by the detection switch, was taken as the length L; of the first segment
of the pipe prover:

Ly = |L11 — Lya|. (12)

Ly, L3, and Ly of the remaining three pipe segments of the volume pipe were calculated
using the same method.

3. Experimental Setup

The experimental device, shown in Figure 4 consists of an inner diameter measurement
module (Figure 5), a length measurement module (Figure 6), and a motion control module
(Figure 7).

Pipe Prover
P AT
* J- Measuring
Device
.

Laser
Displacement
Sensor

-

Rotary Table

Figure 5. Diameter measurement module.
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Figure 6. Length measurement module.

Figure 7. Motion and posture adjustment module.

3.1. Inner Diameter Measurement Module

The inner diameter measurement module, developed based on the three-point circle
principle, is shown in Figure 5. This module mainly comprises a rotating stage and three
laser displacement sensors. The three laser displacement sensors are installed at angles
of 120° relative to one another. Each sensor is positioned equidistantly from the centre
of rotation and fixed on the mounting base, which rotates with the rotary table. The
entire inner diameter measurement module moves within the pipe prover along with the
measurement device, enabling the measurement of different sections of the pipe prover.

The laser displacement sensor used to measure the inner diameter is a KEYENCE
sensor, with a measurement accuracy of 2 pym and a measurement range of £10 mm,
which meets the requirements for inner diameter measurement accuracy and range. To
improve the accuracy of the inner diameter measurement, an electric rotary table from IKO
is utilised, with both axial and radial runout less than 5 um.

3.2. Length Measurement Module

The length measurement module is shown in Figure 6. This module primarily consists
of a laser interferometer fixed at one end of the pipe prover, while the reflector is attached
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to the measurement device. The measurement device triggers the detection switch be-
tween each pipe segment, synchronously recording data from the laser interferometer and
completing the length measurement of each pipe segment through the device’s movement.

The laser interferometer is a CHOTEST single-frequency interferometer with a length
measurement accuracy of up to 0.5 ppm, accommodating a length measurement range of
up to 40 m. To ensure stable movement of the laser interferometer mirror and maintain a
continuous and uninterrupted light path, we specially designed PTFE [20] blocks surround-
ing both sides of the measurement device. Springs are installed inside the PTFE blocks to
expand outward, achieving a fit between the measurement device and the inner wall of
the pipe. This setup ensures precise and accurate in situ measurements of both the inner
diameter and length of the pipe prover segments, significantly enhancing the reliability of
the overall volume measurement.

3.3. Motion Control Module

The motion control module, shown in Figure 7, primarily comprises a synchronous
belt, gyroscope, and guide wheel. The synchronous belts are fixed at both ends of the pipe
prover, allowing the measurement device to move along the belt.

The gyroscope is a WitMotion attitude sensor, with an inclination accuracy of 0.001°
and a measurement range of £90°, meeting the operational requirements. To avoid the ef-
fects of pitch and yaw angles on the inner diameter and length measurement results during
movement, the gyroscope continuously reads the attitude information of the measurement
device. This allows the motion control module to control the device in real time.

4. Experiments and Results
4.1. Experimental Pipe Prover
A standard pipe prover was selected as the measurement object, divided into four

standard segments: Py, Py, P3, and P4. The nominal volumes of these segments, based on
the design indicators of the pipe prover, are listed in Table 1.

Table 1. Nominal volumes of pipe prover segments.

Pipe Segments Volume (dm?)
P, 150.76
P, 150.80
D3 150.67
P, 150.55
P1-Py 602.78

The pipe prover to be measured is made of glass-fibre-reinforced epoxy resin material,
with a total length of approximately 12 m. Two buffer segments, approximately 1 m
long each, are present at both ends of the pipe prover, with a standard pipe segment
approximately 8 m long in the middle. As shown in Figure 8, detection switches A, A,,
Az, A4, and As are located at the beginning and end of pipe segments Py, Py, P3, and Py.

Figure 8. Standard pipe prover.

The experimental site has the ability to regulate temperature. During the entire experi-
ment, the temperature range of the volume tube and the measuring device is 20 + 2 °C.
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4.2. Calibration of Inner Diameter Three-Probe Algorithm Model

According to the three-probe inner diameter algorithm model described by Equation (10),
the inner diameter of the measured section was calculated using 12 parameters. However,
in the actual measurement, only three of these parameters—AA’, BB/, and CC’ of the laser
displacement sensor—are measured. These parameters can be obtained through sensor
readings and vary with the measurement position, while the remaining nine parameters
remain constant after the device is installed.

Due to the use of a non-contact measurement method involving the laser displacement
sensor, measuring the angle between the optical path of the laser displacement sensor and
the origin is challenging. Consequently, angles 601, 6,3, and 603; as well as offsets 1, 1, and
r3 can only be determined by fitting the inverse solution. The lengths of the measuring
arms along with a known minimum circumscribed circle inner diameter D of the triangle,
must also be provided for Equation (10), so that 615, 053, and 031 and ry, ¥, and r3 can be
solved through fitting.

Since the number of unknown parameters affects the accuracy of the fitted inverse
solution [21], an increase in unknown parameters reduces the degree of fitting. After
comprehensive consideration, the included angle and offset distance [22] which have
greater impacts on the measurement results, were selected as the unknown parameters.

Two standard ring gauges composed of bearing steel were machined as standard
values for the inner diameter algorithm model. The nominal sizes of these gauges were
@313 mm and ®320 mm. The $313 mm standard ring gauge is shown in Figure 9.

3

Figure 9. 313 mm standard ring gauge.

The parameters of the ®313 mm standard ring gauge were obtained after metrological
verification and are listed in Table 2.

Table 2. $313 mm ring gauge parameter.

Ring Gauge Position Inside Diameter (mm) Uncertainty k = 2 (mm)
Upper 312.9948 0.004
Middle 312.9950 0.004

Lower 312.9948 0.004
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The ring gauge with a nominal size of $320 mm is shown in Figure 10.

Figure 10. 320 mm standard ring gauge.

The parameters of the ®320 mm standard ring gauge were obtained after metrological
verification and are listed in Table 3.

Table 3. ®320 mm ring gauge parameters.

Ring Gauge Position Inside Diameter (mm) Uncertainty k = 2 (mm)
Upper 320.0002 0.004
Middle 320.0002 0.004
Lower 320.0002 0.004

The nominal value of the standard ring gauge is the standard length at a temperature of
20 °C. When using the standard ring gauge for calibration, temperature compensation must
be performed on the inner diameter length of the standard ring gauge [23]. Considering that
the material used in the standard ring gauge is bearing steel, the linear expansion coefficient
ag is 14 x 107%/°C, and the mounting base of the laser displacement sensor is made of
Invar alloy, with a linear expansion coefficient ay;p of 0.8 x 107/°C. When calibrating
using the ®313 mm standard ring gauge, the measurement device is in operation, causing
the device to heat up slowly, which affects the temperature of both the standard ring gauge
and the mounting base. During this period, the data were temperature-compensated to
obtain the measured values of the three laser displacement sensors and the nominal values
of the standard ring gauge. When the sampling angle interval between the sensors and the



Sensors 2024, 24, 4873 11 of 21

standard ring gauge was 5°, each sensor measured 72 data points after one rotation. The
obtained data are presented in Figure 11.

@313 mm Ring gauge

52.0000 313.0154

Sensor
measurement (mm)

Inner diameter
of ring gauge (mm)

48.0000 313.0142
1 6 11 16 21 26 31 36 41 46 51 56 61 66 71

Inner diameter value = ===Sensorl === Sensor2 Sensor3

Figure 11. Data used for calibration.

Using this set of data for the fitting calculation of the inner diameter algorithm model,
the values of each parameter of the inner diameter algorithm model were calculated and the
fitting values were temperature-compensated. The parameter results are listed in Table 4.

Table 4. Fitting parameters.

Parameter Value

I 106.4200 mm
153 106.8183 mm
I3 106.4932 mm
612 120.1452°
023 119.7563°
031 120.0985°
1 0.0857 mm
) 0.1152 mm
3 0.4601 mm

As the parameters of the inner diameter algorithm model are obtained through fitting
and solving, certain errors must exist in the fitting values [24]. Therefore, the fitting effect
of each parameter needs to be verified. For this purpose, a ring gauge (nominally $313 mm
under the 20 °C standard condition) was used. The inner diameter of the standard ring
gauge and that obtained from the inner diameter algorithm model were compared, as
shown in Figure 12.

The quality of the fitting effect could not be verified using a single ring gauge. Addi-
tional data were required for verification [25]. For this purpose, a ring gauge (nominally
$320 mm under the 20 °C standard condition) was used. The inner diameter of the standard
ring gauge and that obtained from the inner diameter algorithm model were compared,
as shown in Figure 13. The deviation between the average value of this data set and the
standard value of the inner diameter is 1.50 um, and the standard deviation is 1.37 um.
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®313mm Ring gauge

313.0200 0.0150

Inner diameter calculation

value (mm)
Calculate inner diameter
deviation value (mm)

a1 '” N"WTWW W” 'rw | ik

312.9600 -0.0150

1 12 23 34 45 56 67 78 8 100 111 122 133 144 155 166 177

B Calculated inner diameter e==Inner diameter standard value ——Difference value

Figure 12. $313 mm ring gauge data used for verification.

@320 mm Ring gauge

320.0200 0.0150

A M AR 'VWWHH'”

calculation value (mm)

Inner diameter

Calculate inner diameter
deviation value (mm)

319.9600 -0.0150

1 12 23 34 45 56 67 78 89 100 111 122 133 144 155 166 177

I Calculated inner diameter === ]nner diameter standard value Deviation

Figure 13. Data used for verification.

4.3. Inner Diameter Measurement Results

The pipe prover was measured in a 20 &£ 2 °C environment, as shown in Figure 14.

During the measurements, the measurement device moved to standard pipe segment
P; of the pipe prover and began measuring at the beginning of this segment. When
measuring the first section, samples were taken at 20° intervals and repeated three times
to complete the measurement of one section. The measurement device was then moved
forward by 100 mm to measure the second section of the standard pipe segment, and the
above steps were repeated until the inner diameter measurement of the standard pipe
segment was completed. During the inner diameter measurement process, stabilization
was performed for 5 s after each rotation of the sampling point to reduce the impacts of the
axial and radial runouts of the turntable on the inner diameter measurement results.

The pipe prover is made of glass-fibre-reinforced epoxy resin, with a radial linear
expansion coefficient app of 34.6 x 10-¢/°C. The inner diameter of the pipe prover was
temperature-compensated. The cross-sectional inner diameters obtained throughout the
measurement process are presented in Table 5.
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Inner Wall of
Volume Pipe
Figure 14. Inner wall of volume pipe.
Table 5. Pipe prover inner diameter measurements.
Pipe Segments Temp (°C) Inner Diameter of Pipe Segments (mm)
Dpry 25.38 314.3501
DP, 24.28 314.2917
DP3 2511 314.2097
DP, 24.12 314.1794

4.4. Length Measurement Results

The measurement device simultaneously measured the length of the inner diameter
and the standard segment of the pipe prover in segments, and repeated the measurement
on the detection switch of each segment 10 times. The axial linear expansion coefficient apy,
of the pipe prover is 17.3 x 107¢/°C. The pipe prover length measurement results were
temperature-compensated. The lengths of the pipe segments are listed in Table 6.

Table 6. Pipe prover length measurements.

Pipe Segments Start Position (mm) End Position (mm) Revised Length (mm)
LP, 2038.4513 3982.0110 1943.5597
LP, 3990.5124 5931.1777 1940.6653
LP3 5923.0308 7866.9834 1943.9526
LP, 11,513.6269 13,456.1795 1942.5526

4.5. Volume Calculation Results

The volume of the pipe prover was calculated using the length and inner diameter of
each segment, and the results are presented in Table 7.
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Table 7. Pipe prover volume calculations.

Pipe Segments Volume (dm?)
Py 150.84
Py 150.58
P3 150.74
Py 150.60
P1-Py 602.74

According to Table 1, the standard volume Vgrp of the pipe prover is 602.78 dm?,
whereas the volume Vypa calculated after measuring the length and inner diameter
of the pipe prover using the measurement device is 602.74 dm3. Hence, the deviation
Vggr is 0.04 dm3, the relative deviation Vrgp can be calculated to be 0.0066% by applying
Equation (13):

Vpea — V. \
Vrep = —MEA T ¥STD 1009, — ~ERR o 1009, (13)
VSTD VSTD

5. Uncertainty Analysis

The uncertainty components for volumetric tube volume measurement can be de-
scribed as follows.

(1) The uncertainty components of the inner diameter measurement include the
(a) repeatability of the inner diameter measurement results, (b) indication error of the
inner diameter measurement, (c) temperature compensation error of the standard ring
gauge, (d) standard ring gauge linear expansion coefficient error, (e) standard ring gauge
traceability, (f) inner diameter error of the measurement results caused by pipe roundness,
(g) pipe prover radial temperature compensation error, (h) pipe prover radial linear ex-
pansion coefficient error, (i) pipe prover pressure deformation error, and (j) pipe prover
hydraulic pressure deformation error.

(2) The uncertainty components of the length measurement include the (a) repeatability
of the length measurement results, (b) laser interferometer measurement error, (c) signal
delay error, (d) axial temperature change error, and (e) pipe prover axial linear expansion
coefficient error.

5.1. Uncertainty Analysis of Inner Diameter Measurement

The inner diameter measurement results of multiple measurements of a single section
of the volume tube are shown in Table 8. The standard deviation of the inner diameter
measurement results is calculated to be 4.06 pum.

Table 8. Pipe prover single section inner diameter.

Number Inner Diameter Value (mm) Number Inner Diameter Value (mm)
1 314.1697 6 314.1671
2 314.1735 7 314.1677
3 314.1616 8 314.1696
4 314.1701 9 314.1757
5 314.1731 10 314.1730

Because the inner diameter algorithm model utilises a three-point circle method,
certain errors can occur when measuring the cross-section of a non-standard circle [26].
After assessing the full roundness of the standard segment of the pipe prover, the maximum
roundness deviation was found to be 61.87 um. To analyse the impact of this roundness
deviation, a computer simulation was set up with a simulated circle having a roundness
of 61.87 um. Different measurement sampling intervals were tested, with simulations
performed in 5° steps from 1° to 120°, covering a full 360° sampling of the simulated circle.
The calculated inner diameter of each sampling point was obtained after inputting the
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values into the algorithm model [27]. The average inner diameter of the simulated circle
was then calculated, and the difference from the standard circle was noted. This process
was repeated 100 times, each time setting a new roundness for the 61.87 um simulation
circle. The inner diameter deviations with respect to the sampling angle when measuring
the simulation circle with a roundness of 61.87 um are presented in Figure 15.
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Figure 15. Influence of roundness on measurement.

The simulation results indicated that smaller sampling intervals led to a lower degree
of inner diameter deviation but increased the measurement time. To balance measurement
accuracy and efficiency, the sampling interval during the inner diameter measurement was
set to 20°. Using a 95% confidence interval for the 20° sampling data set, the maximum
deviation of this data set was 5.87 um.

As the measurement device puts pressure on the tube wall when it is inside the pipe
prover, the deformation of the tube wall under pressure must be considered. The simulation
model was established and static analysis was performed based on the actual state of the
measuring device when measuring the pipe prover. During the analysis, the parameters
of the volume tube and blocks were set according to the mechanical properties of glass-
fibre-reinforced epoxy resin material and PTFE, and the pressure was set according to the
weight of the measuring device. The deformation of the pipe prover at the measurement
section was evaluated, as shown in Figure 16. The error of the inner diameter measurement
module caused by compression deformation was found to be 0.8 um.

5 % 10(um)
]

125x10° 375x10° ST — 15x10°

Figure 16. Cross-section deformation simulation.
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A:Static Structural

Hydrostatic pressure

Time:1. S

Unit:Mpa

2024/03/11  15:01
0.0030645 max
0.002724
0.0023835
0.002043
0.0017025
0.001362
0.0010215
0.00068101
0.00034051
0 min

Variable load: hydro~N
ure

Furthermore, during measurement, the pipe prover is empty, but in actual use, it is
filled with liquid, creating a different measurement environment. Set the internal pressure
of the volume tube according to the density of the medium when the pipe prover is actually
used. The full-load hydraulic deformation of the pipe prover was simulated as shown in
Figure 17, revealing a hydraulic deformation error of 0.2 pm.

A:Static Structural
total deformation
Type: total deformation
Unit;ym

Time:1 p——

2024/03/11  15:01

0.15419 max

0.13752

0.12085

0.10418

0.087515

0.070848

0.05418 \
0.037513

0.020845 \/

0.0041777 min

Figure 17. Cross-section hydraulic deformation simulation.

Throughout the measurement process, the environmental temperature fluctuated
within a range of 2 °C. The sensor used for temperature compensation had an accuracy of
£0.1 °C. Considering that the wall thickness of the pipe prover was 40 mm, the thickness
of the standard ring gauge was 137 mm, the linear expansion coefficient of the material
had an uncertainty of 20%, and the errors were uniformly distributed, the uncertainty in

the inner diameter measurement can be calculated, as listed in Table 9.

Table 9. Uncertainty in inner diameter measurement.

Source Error (um) Coverage Factor Uncertainty (um) Proportion
Repeatability of the inner diameter 405 V10 128 8.71%
measurement results up;
Indication error of the inner diameter 1.85 NG 1.07 6.08%
measurement upy
Temperature comPensatlon error of the 0.19 V3 011 0.06%
standard ring gauge up3
Standard ring gauge linear expansion 076 V3 0.44 1.03%
coefficient error upy
Standard ring gauge traceability ups 4.00 2 2.00 21.26%
Inner diameter error 'of the measurement 5.87 3 3.39 61.08%
results caused by pipe roundness tpg
Pipe prover radial temperature compensation 0.14 V3 0.08 0.03%
erTor Upy7
Pipe prover radial linear expansion coefficient 0.55 V3 032 0.54%
error Upg
Pipe prover pressure deformation error tpg 0.80 V3 0.46 1.12%
Pipe prover hydraulic pressure deformation 021 V3 012 0.08%

error Upio

All of the uncertainty sources in Table 9 are considered to be independent of each
other; therefore, the synthetic uncertainty up of the inner diameter measurement can be

calculated as

Up =

10
Y upi? =425 um.

i=1

(14)
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5.2. Uncertainty Analysis of Length Measurement

The length measurement of the pipe prover was determined by the detection switch
positions along the axial direction, as shown in Figure 8. Therefore, the measured length of
each pipe prover segment was the difference between the positions of the two detection
switches, which can also be obtained using Equation (12). The repeatability of the pipe
prover length is characterized by the repeatability of the two detection switches. The
measured positions of the detection switches for each segment of the pipe prover are shown
in Figure 18.
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Figure 18. Position of pipe segment switches.

From this information, the repeatability of the detection switch of each pipe segment,
repeatability of the volume pipe length measurement, and repeatability of the length
measurement of each pipe segment can be obtained, as listed in Table 10.

Table 10. Length of pipe segment measurement uncertainty.

Pipe Segment Switch Uncertainty (um) Length Uncertainty (um)

11.94

Py 12.54 17.32
11.96

P2 11.14 16.34
12.08

P3 14.04 18.52
11.74

Py 10.34 15.65

The laser interferometer had an error indication. The expression of the indication error
obtained after metrological verification is (0.03 + 107 L) um, where L is the measurement
length in meters. The indication error is related to the measurement range L, so the
indication error of each pipe segment is different.

When the device performs a length measurement, it must move to the detection switch
position to trigger the switch and record the position at that moment. The measurement
process is shown in Figure 19. However, due to a time delay (t = 1 ms) caused by the
transmission of the trigger signal from the detection switch on the pipe prover to the
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measurement device [28], and the measurement device moving at a speed v, an error
occurs. When approaching the detection switch, the speed was set to v = 1 mm/s. This
setting caused the laser interferometer to read the distance of the reflector located on
the measurement device when the device was no longer at the triggering position of the
detection switch. The error due to the time delay is equal to the product of this position
difference and the speed.

Actual location signal I

Ideal location signal 7]

/- N

Actual measurement position

Measuring device speed v

Ideal measurement position

Y ET: G

Figure 19. Principle of signal delay.

Throughout the measurement process, the ambient temperature fluctuated within
2 °C, and the sensor accuracy for temperature compensation was £0.1 °C. Considering
that the length of each segment of the pipe prover is as shown in Table 6 and the axial linear
expansion coefficient of the pipe prover material is considered to have a 20% uncertainty,
the uncertainty of the length measurement can be calculated as shown in Table 11.

Table 11. Uncertainty component in length measurement.

Py (um) P; (um) P3 (um) Py (um)
Source
Error  Uncertainty Error Uncertainty Error Uncertainty Error Uncertainty
Repeatability uy 17.32 17.32 16.34 16.34 18.52 18.52 15.64 15.64
Measurement error u » 2.59 1.50 3.59 2.07 4.70 2.71 5.81 3.36
Signal delay up3 1 0.58 1 0.58 1 0.58 1 0.58
Temp variation uy 4 3.36 1.94 3.36 1.94 3.36 1.94 3.36 1.94
Linear expansion coefficient uy 5 13.44 7.76 13.43 7.75 13.45 7.77 13.44 7.76

The length uncertainty of each pipe segment can be calculated separately by applying
Equation (15):

5
urp (j=1,2,3,4) = Y upi 2. (15)
i=1

The length uncertainties for each pipe segment, 1y py, U po, Uy p3, and uy p4, are listed in
Table 12.

Table 12. Length measurement uncertainty.

Pipe Segment Length Uncertainty (um)
Py 19.15
Py 18.32
P3 20.37

P, 17.89
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5.3. Pipe Prover Volume Uncertainty

From Equation (1) we can obtain the calculation formula for the pipe prover volume
and then calculate the sensitivity coefficient formulas for the inner diameter and length, as
shown in Equation (16):

cLp, = o1 = 5 X DPi(i =1,2,3,4)

oV

- . (16)
CDPi = aDP, =7 X Dpl X Lpi(l = 1,2,3,4)

According to Tables 5 and 6, the sensitivity coefficients of each pipe segment can be
calculated and are listed in Table 13.

Table 13. Sensitivity coefficient.

Pipe Segment cr (mm?) cp (mm?)
Py 77,609.8934 959,690.8745
P; 77,581.0594 958,083.6517
P3 77,540.5822 959,456.1617
Py 77,525.6281 958,672.7224

Then, combining Equation (1) with Table 1, the relative uncertainty of volume expan-
sion (k = 2) can be found to be 0.012%.

6. Conclusions

In this study, we measured the volume of a pipe prover in situ using a dimensional
method, which required determining the length and inner diameter of the pipe prover.
We developed an algorithm model for the inner diameter measurement that was suitable
for scenarios involving three measuring probes. This algorithm model was calibrated and
verified using two standard ring gauges with different inner diameters, demonstrating
its suitability for non-contact measurements. While parameters such as the angle, offset
distance, and arm length of the inner diameter measurement module were challenging
to measure directly, the experiment validated the accuracy of the method. The length
measurements were completed using a laser interferometer, which enabled segmented
measurements. The developed measurement device is compact and capable of comprehen-
sive geometric measurements of the pipe prover. The difference between the measured
and nominal pipe prover volumes was only 0.0066%. In future work, measuring the linear
expansion coefficient of the volume tube could yield more accurate temperature compen-
sation results. Additionally, we evaluated the measurement uncertainty of the device,
finding that the relative expanded uncertainty of the volume measurement was only 0.012%
(k = 2). Previously, the China National Institute of Metrology used the volumetric method
to measure the pipe prover, and the measurement uncertainty reached 0.033%. Compared
with this result, the measurement accuracy of the pipe prover measured by the dimensional
method has been significantly improved. Thus, the proposed in situ measurement method
effectively shortens the traceability chain and achieves a high level of accuracy in practical
applications. An uncertainty analysis of the volumetric tube volume measured by the
dimensional method was also performed, further affirming the method'’s reliability.
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