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Abstract

In order to meet the traceability requirements of city gas flow meters, the city gas flow standard facility was
built based on master meter method. As the non-fixed usage of master meters and the low temperature of
natural gas, the uncertainty evaluation and control of the standard facility were investigated. The results
showed that the standard facility used four turbine flowmeters as master meters and has mobility, while the
achievable flowrate range is within (60~8600) m%h and the pressure range of (2~4) MPa. The uncertainty of
the non-point usage of the master meters was controlled based on the curve fitting method, while the
uncertainty of the city gas flow standard facility was 0.26% (k=2). Compared with NIM-2014, NIM-2015 was
more suitable for master meters with scattered error curves. On this basis, the heat transfer model of the
cryogenic natural gas flow in pipeline was established. It was found that the dynamic temperature balance of
the facility can be achieved through a longer pre-flow time, which can improve the measurement repeatability.
The uncertainty of the calibrated flowmeter is 0.32% (k=2). In addition, the comparison experiment with NIM

verified the above results.

1. Introduction

The coal is the main primary energy source in
China, which takes about 56% among all the
primary energy consumption in 2021. Due to the
implementation of the carbon peak and neutrality
targets and the heavy air pollution resulted from
the combustion of coal, the natural gas was more
and more widely utilized in China. The total
consumption was 320 billion m? in 2020, of which
city gas accounted for 35.6%. City gas has
become one of the main areas of natural gas
consumption in China [1].

With the fast development of natural gas, the
requirement on the calibration for the natural gas
flowmeter was increased for the fair of the trade,
especially for the city gas field. It needs the support
of accurate measurement of flowmeter, and the
accurate measurement of flowmeter depends on
the natural gas flow standard facility. According to
the verification scheme of measuring instruments
for gas flow in China, the natural gas flow standard
facility can generally be divided into three
categories: primary standard, secondary standard
and working standard [2]. The primary standard
facility is the source of natural gas flow value
traceability. China has built primary standard
facilities in Chengdu, Nanjing and Wuhan, and
several sets of secondary standard facilities and
working standard facilities in Guangzhou, Beijing,
Shenyang, Guiyang, Urumgi and other places,
which together constitute the magnitude transfer
system of gas flow in China [3].
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The city gas pressure is generally lower than 4
MPa in China, and the actual working pressure of
existing natural gas standard facilities are generally
higher than 4 MPa, which cannot effectively meet
the high accurate calibration for the city gas
flowmeters until now. As the largest single city gas
supplier in China, there were only atmospheric
pressure air facility before 2019 in Beijing Gas
Group Company Limited. In order to improve the
calibration ability of domestic city gas flowmeter,
the National City Gas Flowrate Metering Station
(NCGM) in China was approved to be established
and the designing of city gas flow standard facility
in NCGM was started in 2019, which was based on
Beijing Gas. With consideration of the actual
conditions of the gas source, the upper and lower
limits of the pressure of the standard were 4 MPa
and 2MPa respectively.

In this paper, the detailed information the city gas
flow standard will be presented, including the
structure of the facility, the uncertainty evaluation
and the comparison between the standard facility
and the high pressure gas flow standard facility in
the national institute of metrology of China (NIM) to
verify the uncertainty.

2. The city gas flow standard facility

To meet the requirement of the city gas flowmeter
in application, the standard facility was built as the
working standard. It used 4 sets of turbine
flowmeters with different diameters as the master
meter. The achievable flowrate range is within
(60~8600) m3/h and the pressure range of (2~4)
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standard facility was mainly composed of gas
capabilities 0.32% (k=2). As shown in Figure 1, the source, standard part and working part.
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Figure 1: The systematic diagram of the city gas flow standard facility.

» The facility was an open circuit system, and
the key to its stable and efficient operation
was the gas source. Relying on the city gas
pipe network, the standard facility was
equipped with two gas sources (as shown in
Figure 1). The stability of the gas source was
achieved through the stable city gas pipe
network. The pressure of the standard facility
was continuously adjustable within the range
of (2~4) MPa.

» The facility used the multi-stage coupling
flowrate control strategy including separating
flow, regulating flow and stabilizing flow to the
expected flowrate required for the experiment.
The flowrate was continuously adjustable
within the range of (60~8600) m/h.

» In order to meet the needs of on-site
calibration of city gas flowmeters, the standard
part was skid mounted on the mobile vehicle.
It was connected with other parts by flanges,
and can complete the calibration on the site
with gas source and connection conditions.

3. Uncertainty evaluation for reference flowrate
Based on the conservation of mass, the reference

volumetric flowrate through the meter under test
(MUT) can be expressed:

N, . Py .TMUT .ZMUT ) 1)
Kl,Ct pMUT Tl Zl

Where, Quv,murt is the real volumetric flowrate of the
MUT; N is the pulse number of the MUT; Kic is
the real meter factor of the master meter; t is the
test time; p is the pressure; T is the temperature; Z
is the compressibility factor. The subscript of “ref’
referring the reference meter, while “MUT” referring
the meter under test.

So, the uncertainty of Qv,mut can be expressed as,

QV,MUT =
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The components of natural gas in the MUT and the
master meter were approximately the same, the
uncertainty introduced by the compressibility factor
can be ignored. The uncertainty introduced by the
meter factor of the master meter was the main
source [4]. This section discussed it in detail.

The 4 sets of turbine flowmeters (DN80, DN150,
DN 300-1, DN 300-2) were traceable to the high
pressure natural gas flow secondary standard
facility in Chengdu. According to the calibration
results, the standard uncertainty of master meters
was 0.095%, while it used at fixed usage with the
same calibration conditions. However, the master
meters were commonly used at non-fixed usage in
practical applications. The meter factor of master
meter with non-fixed usage was calculated by
linear interpolation or nonlinear curve fitting based
on the calibrated results. Therefore, the uncertainty
of the master meter included fixed calibration and
non-fixed usage. It has been proved that the
nonlinear curve fitting method was suitable for
turbine flowmeter with non-fixed usage, especially
for working conditions with pressure and
temperature changes [5].

The nonlinear curve fitting model NIM-2014 and
NIM-2015 were proposed by NIM, which can be
expressed as Equ. (3) and Equ. (4) respectively.
To cover the calibration flowrate range and
pressure range, the curve fitting between error,
instead of meter factor, and Reynolds number was
made for non-fixed usage of turbine flowmeter.

Kic=a+ a[In(Re) +a,[In(Re)I*

-1 -2 (3)
+a,[In(Re)]™ +a,[In(Re)]
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Kyc =3 +a[In(Re)]' + &, [I(Re)]* +a[In(Re)] *
+a,[In(Re)] %+ —5 @
v,1

Where, Re is the Reynolds number of the master
meter; ao~ ar. az. as. a4. as are constant; p is
the natural gas density of the master meter; Qv is
the volumetric flowrate of the master meter.
According to Equ. (3) and Equ. (4), the fitting
residual calculated respectively, and the model
with the minimal fitting residual was selected. Each
master meter was calibrated at 2 pressures, ie, 2
Pa and 3.7 MPa. For each pressure, it was
calibrated with 8 flowrates. The calculated fitting
residual and the fitting results were shown in Table
1 and Figure 2 respectively.

Table 1: Nonlinear fitting residuals of reference meter

Dn 80 Dn 150 Dn 300-1 Dn 300-2

NIM-2014 | 0.047% | 0.180% 0.076% 0.030%

NIM-2015 | 0.035% 0.051% 0.049% 0.028%

It was found that the maximum fitting residual of
the other three master meters based on NIM-2014
was 0.076%, and the maximum fitting residual
based on NIM-2015 was 0.051%, except for DN
150 master meter. It indicated that the fitting
residuals of the two models were similar. For the
DN 150 master meter, the maximum fitting residual
of NIM -2014 was 0.180%, which was about 0.13%
higher than NIM-2015.
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Figure 2: Calibration and fitting results of 4 master meters.

For DN 150, the pressure decreased caused the
change of Reynolds number, while the error curve
dispersed with the decrease of Reynolds number.
The dispersion of error curve was more obvious at
lower pressure or lower flowrate. For the other
master meters, the one-to-one correspondence
between the error and the Reynolds number was
clearer, which is related to the characteristics of
the turbine flowmeter and the reason for optimizing
the nonlinear fitting model [6].

Compared with NIM-2014, NIM-2015 can better
reflect the error characteristics of turbine flowmeter.
When the dispersion of error curve was not
obvious, both models can effectively control the
uncertainty introduced by the non fixed usage. In
this paper, NIM-2015 was used, and the maximum
fitting residual of the master meters based on NIM-
2015 was 0.051%. So, the uncertainty introduced
by the meter factor of the master meter was,

U (Kl,C) = \/ur(KLc,C)2 +U, (Kl,C,F)Z

=+/0.0952% + 0.051°% = 0.22%
The detailed uncertainty component of city gas
flow standard facility was shown in Table 2. The
total uncertainty of Qvmur was 0.26% (k=2).

()
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Table 2: The uncertarnty component of the reference flow provided by the city gas flow facility

SN Symbols Meaning ¢ (x) u (x,) U, (x)-¢(x)
Ul [%] [%]

1 Ur (Kic) The meter factor of master meter 1 0.22 0.22

2 Ur (pa) The pressure of master meter 1 0.0289 0.0289

3 Uy (Pmut) The pressure of MUT 1 0.058 0.058

4 Ur (Ty) The temperature of master meter 1 0.0098 0.0098

5 Ur (Twur) The temperature of MUT 1 0.0098 0.0098

6 Ur (Ny) The pulse number of master meter 1 0.0058 0.0058

7 ur (t) The time 1 0.0058 0.0058

Ur(Qumur)=0.13%, U/(Qymur)=0.26% (k=2)

3. Influence of heat exchange

Further considering the meter factor of MUT, the
uncertainty of the meter factor of MUT calibrated
by the facility can be expressed as,

U (Kure) =Juf(Q”'M‘”) ol

+U, (1) +Ug (Kyure)®

Where, Nwur is the pulse number of MUT. The
uncertainty of measurement repeatability ur (Kmur,c)
was easily affected by the temperature stability,
which was mainly related to the heat exchange.

In China, natural gas is mostly transported over
long distances under high pressure of more than
10 MPa, which far exceeds the maximum design
pressure of city gas pipe network. High pressure
natural gas needs to reduce pressure before
entering the pipeline network. In this process, the
expansion and depressurization of natural gas
were accompanied by significant temperature drop,
which made it actually become a cryogenic fluid.
Previous studies have shown that the natural gas
temperature could drop by about 50 ‘C when the
pressure reduces rapidly from 10 MPa to 4 MPa [7].
The gas source of the facility was close to the
upstream gate station, and the natural gas was
generally stable below 0 °C before entering the
facility which was significantly lower than the
ambient temperature. The natural gas will continue
to exchange heat with the external environment
during the experiments.
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Figure 3: Simplified heat transfer model for low temperature
natural gas flow in pipeline

The heat exchange of the facility can be abstractly

simplified into three processes, which was shown
in Figure 3.
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(1) Heat exchange between the outer wall and air.
This process included natural convection heat
transfer and radiation heat transfer. Assume that
the radiation coefficient of ash body is C, the air
temperature was Ta. when the outer wall of the
pipe temperature Tp2<<150, the natural convection
heat transfer coefficient hr and radiation heat
transfer coefficient hr can be expressed as [8],

h(T,,, T,) =9.4+0.052(T, - T,,) 7)
T
(bz) (75‘)4
100
he[C; (T, T)]1=C T sz (8)

The heat transfer rate of air to the outer wall Qa
can be calculated based on the Equ. (9).

Q, =2ndyd, (hy +he )(T, —Ty,) 9)
(2) Heat conduction of the pipe wall. Assuming that
the thermal conductivity of the pipe wall was Aw,
the heat transfer rate of the pipe wall Qw can be
expressed as Equ. (10) [9],

Tb2 Tbl
(3) Convective heat transfer between the inner wall
of the pipe and the natural gas. Assume that the
thermal conductivity of natural gas is A, dynamic
viscosity is u, constant pressure specific heat
capacity is Cp, flow velocity is v, natural gas
heating and cooling coefficient n are all determined.
When Re>10000 and 0.7<P<<120, the forced
convection heat transfer coefficient Hr [10] between
the inner wall and natural gas can be expressed as,

(4 . €, d,v) 00232 (d'zp>°8( =y (11
Where, the coefficient n is related to the inner wall
temperature Toz and the natural gas temperature Tr.
The heat transfer rate Qr from inner wall to the
natural gas can be expressed as Equ. (12).

Q =2rdh, (T, —T;)d, (12)
The change of natural gas temperature depended
on the heat transfer rate difference of adjacent
heat transfer processes, and the heat transfer rate
was related to the temperature difference. When
the heat transfer was in dynamic equilibrium, the
three heat transfer processes were in dynamic
equilibrium and each heat transfer rate was equal.
At this time, the natural gas temperature T can be
expressed as,
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From Equ. (13), the natural gas temperature during
dynamic equilibrium was mainly related to the air
temperature and the outer wall temperature under
certain working pressure and flowrate. Considering
the natural gas, pipe wall and external ambient
temperature, the heat transfer process of natural
gas passed through non-equilibrium state and
dynamic equilibrium state after flowing.

After stopping operating for a long time, the
temperature of the pipe wall was approximately
equal to the air. When the cryogenic natural gas
flowed, the temperature difference between the
inner wall and the fluid was maximum, which
means that Qiwas maximum at this time and was
greater than Qw and Qa. With the continuous flow,
the inner wall temperature decreased faster than
the outer wall, while Qw and Qa increased with the
decrease of Qr and the facility was in a non-
equilibrium state. The inner wall temperature as
well as the outer wall approached the same with
the natural gas as the flow distance increased,
which made the heat transfer rate tend to be equal.
The facility developed from non-equilibrium state to
dynamic equilibrium state.

So, the facility can gradually achieve the dynamic
equilibrium state with the increase of flow time
controlled by the flow time. The tested results of
temperature stability were shown in Figure 4.
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Figure.4: Experimental results of temperature stability

Based on the temperature control method, a DN
100 turbine flowmeter was used as MUT to carry
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out the measurement repeatability experiment. The

calibration procedure was as follows,

» The MUT was calibrated at 6 pressures, ie, 2
MPa, 2.8 MPa, 3.2 MPa, 3.4 MPa, 3.6 MPa,
and 3.8 MPa.

» For each pressure, the meter was calibrated
with 7 flowrates, ie, 60 m%h, 70 m%h, 80 m3/h,
100 m3/h, 160 m3/h, 240 m®h, and 400 m%/h.

» For each pressure with different flowrate, the
meter was calibrated for 6~10 times as a
group, and the repeatability under the working
condition was calculated by Equ. (15).

Z (kMUT,C,i - kMUT,C,i )2
i=1

g (Kyyurc) = — x100%  (14)
MUT,C,i
1 n

kMUT,C,i =EZkMUT,C,i (15)
i=1

42 groups of experimental results were shown in
Figure 5. The results were all between 0.01% and
0.08%, while it increased significantly with the
decrease of pressure and flowrate. Among them,
35 groups were less than 0.07%, accounting for
83.3%. 7 groups were more than 0.07% and all of
them were below 2.8 MPa. According to the
experimental results, the maximum repeatability

was 0.08%, which was used as ur KMuUT,c).
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Figure 5: Experimental results of temperature stability

The detailed uncertainty component of the meter
factor of MUT calibrated by the standard facility
was shown in Table 3. The total uncertainty of
Kmut.c was 0.32% (k=2).
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Table 3: The uncertainty component of the calibrated meter factor by the city gas flow facility

SN Symbols Meaning ¢ (x) u, (x,) u (%) ¢ (x)
Ul [%] [%]

1 U(Qumut) The reference flow 1 0.13 0.13

2 Ur(Nmut) The pulse number of MUT 1 0.0058 0.0058

3 u(t) The time 1 0.002 0.002

4 Ur(Kmut.c) The measurement repeatability 1 0.08 0.08

U (Kmur,c)=0.16%, U(Kwur,c)=0.32% (k=2)

5. The verification on the evaluated uncertainty
To verify the evaluated uncertainty of the city gas
flow standard facility, one Dn 200 turbine meter
was used as the transfer meter to make the
comparison between the facility and the high
pressure gas flow standard facility in NIM. Within
the overlap region of Reynolds number, the En
value [11] was used to evaluate the result. Due to
the difference  between the comparison
experimental results, the measurement results of
the standard facility were curve fitted, and the
influence of fitting residual was considered in the
analysis.

| Etest.BJ,CF - Etest,NIM | (16)

E, =
\/ tzest,BJ +Utzest,NIM +U§F

» For city gas facility, the expanded uncertainty
of meter factor for meter under test (MUT) is
0.32% (k=2).

»  For facility in NIM, the expanded uncertainty
of meter factor for meter under test (MUT) is
0.18% (k=2).

The comparison results were shown in Figure 6
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Figure 6: Comparison of the result distribution of E, values

6. Conclusion

In 2021, the city gas flow standard facility was built

in China. Aiming at the problems of non-fixed

usage of master meter and cryogenic fluid flow, the
uncertainty evaluation and control research were
carried out. The results show that:

» The standard facility used 4 sets of turbine
flowmeters with different diameters as master
meters and has mobility, while the achievable
flowrate range was within (60~8600) m%/h and
the pressure range of (2~4) MPa.

» The uncertainty of the non-point usage of the
master meters was controlled by curve fitting,
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while the uncertainty of the city gas flow
standard facility was 0.26% (k=2). Compared
with NIM-2014, NIM-2015 was more suitable
for master meters with scattered error curves.

» The heat transfer model of the cryogenic
natural gas flow was established. It was found
that the dynamic temperature balance of the
facility can be achieved by a longer pre-flow
time, which can improved the measurement
repeatability. The uncertainty of the calibrated
flowmeter is 0.32% (k=2).
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