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Abstract

This work deals with measurement of natural gas flowrate and volume by means of pressure differential devices.
The existing methods for calculation of Joule-Thomson coefficient to be applied in pressure differential flowmeters
are analyzed in the paper. A new method which uses a simplified set of parameters of gas composition, namely the
density at standard conditions, the molar content of nitrogen and carbon dioxide, is developed by the authors. This
method provides the possibility to calculate the Joule-Thomson coefficient within the pressure range from 0.1 MPa to
15.0 MPa and the temperature range from 250 K to 350 K. It was defined that for natural gas with density at standard
conditions up to 0.75 kg/m® and contents of nitrogen and carbon dioxide up to 5 % of each component, the relative
error of the values derived according to the new developed method do not exceed 3.0 % in the specified ranges of
temperature and pressure. The application of this method in calculators of flowrate and volume of natural gas will
help to reduce the systematic error of flowrate and volume measurement caused by the distinction of gas temperature
in the place of measurement downstream of primary device from gas temperature upstream of primary device.

Keywords: Joule-Thomson coefficient; natural gas; methods for calculation; pressure differential flowmeters;
systematic error.

1. Introduction

The pressure differential flowmeters are used for the measurement of natural gas flowrate and volume in large-
diameter pipelines. The application of this method is regulated by national standards based on ISO 5167:2003 [1].
According to ISO 5167:2003 [1], it is possible to take into account the systematic error of gas flowrate measurement
caused by distinction of gas temperature in the place of measurement downstream of primary device (PD) from gas
temperature upstream of PD. Gas temperature measured downstream of PD has to be corrected if “... high accuracy of
flowrate measurement is required and there are considerable pressure losses at the primary device” [1].

The main problem at application of such a correction has been absence of a simple method for the determination
of gas temperature by calculating Joule-Thomson coefficient. A simplified equation for calculating this coefficient is
proposed in the standard ISO/TR 9464 [2] but its accuracy is not high. Deviations of values calculated by the equation
[2] from the values obtained using [3] are up to 10 % for natural gas with typical composition. The main reason for
this is that the equation [2] does not take into account changes of the gas composition. Therefore, development of
method for calculation of Joule-Thomson coefficient using a simplified set of parameters for natural gas is a very
important problem.

2. Analysis of the existing methods

As is well known, the flow of gas through the PD is accompanied by variation of the state parameters of the gas
(pressure, temperature and density) along the measuring part of the pipeline. Variation of gas temperature in vena
contracta and downstream of PD leads to the fact that the gas flow temperature in the place of PD is different from the
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gas flow temperature in the place of temperature transmitter installed at a distance of 5... 15 pipe internal diameters
downstream of PD [1]. It is impossible to measure the gas temperature immediately upstream of PD, as it is required
by the theory of the pressure differential method, without distortion of the kinematic structure of the flow. Hence,
according to [1] the gas temperature difference intermediately upstream of PD and in the place of the thermometer is
calculated as

AT =y, - Ao, (1)

where 7 is Joule-Thomson coefficient; A is pressure loss across primary device.

In order to use the equation (1), it is necessary to know Joule-Thomson coefficient which depends on pressure,
temperature and composition of natural gas.

The Joule-Thomson coefficient can be determined by using one of the equations where this coefficient depends
on the parameters of the gas state. The form of this equation depends on the type of equation of state being applied.

The existing standards [4—6] provide the equation of state of natural gas as a function of the compressibility
factor Z, of the density p and temperature 7 in order to describe the condition of natural gas. In this case the equation
for calculating 7 coefficient can be written as follows [7]

o) AL oA-A5))

where T is gas temperature; Z is gas compressibility factor; p is gas density at operating conditions; c, is gas isobaric
heat capacity at operating conditions.

Using the formula (2) and the VNIC SMV equation of state [4] (equation developed by Russian Research Center
for Standardization of Materials and Substances), we obtained the following equation

Kor = 10° (Az -4 )/(cpp(l +4, )) 3)

The values of dimensionless coefficients A1, A2 are calculated in accordance with [4]

The equation (3) can be used for calculating the Joule-Thomson coefficient in the scope of VNIC SMV equation
(gas pressure is less than 12 MPa, gas temperature is from 250 to 340 K) when the complete gas composition is
known.

The fundamental equation which relates the Helmholtz free energy to the reduced density, temperature and
composition of the gas is presented in the international standard [3]. The equations for determination of
thermodynamic properties including Joule-Thomson coefficient are presented in [3] and are obtained on the basis of
the equations of partial derivatives of the Helmholtz free energy. The method proposed in [3] is used for the
calculation of properties of gas mixtures and has a wide application area (p <30 MPa, 250 < T'< 350 K).

The methods based on the equations of state using the data on gas composition (VNIC SMV [4] method in
particular) and the method proposed in [3] have some shortcomings in terms of application in flowmeters. All of them
are based on the equations with interrelated parameters (Z, p) and (p, p). These parameters can be calculated only by
iteration which increases the loading of the processors in the calculators of gas flowrate. The methods require the data
about the complete composition of the gas which causes the need for the correction of software of existing calculators
most of which use simplified data about the gas composition.

The curves of Joule-Thomson coefficient versus gas pressure at fixed temperatures are shown on Figure 1. They
are calculated by the equations from [3] for natural gas with a molar content of nitrogen of 0.997 % and of carbon
dioxide of 0.612 % and with the density at standard conditions of 0.701 kg/m’ within the pressure range from 0.1 to
15 MPa and temperature range from 250 to 350 K. These ranges of pressure and temperature meet the needs of
natural gas metering during its extraction, transmission and distribution.
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Fig. 1. Joule-Thomson coefficient versus gas pressure for various temperatures

The figure shows that the coefficient p 7 has the maximum value at low pressure and temperature. Sensitivity of
the coefficient 7 to temperature variations increases with decreasing pressure. Contrariwise the Joule-Thomson
coefficient and its sensitivity to temperature variations significantly decrease at high pressure (p > 10 MPa). The
Joule-Thomson coefficient 7 is close to the maximum at gas pressure below 5 MPa which covers the area where
most of pressure differential flowmeters operate. Therefore, it is very important to consider the throttling processes in
this range of pressure.

3. New method for calculation of the Joule-Thomson coefficient

A new method for calculating the Joule-Thomson coefficient within the pressure range from 0.1 to 15 MPa and
temperature range from 250 to 350 K was developed by us. This method uses a simplified set of parameters of gas
composition namely the density at standard conditions, the molar content of nitrogen and carbon dioxide.

The method is developed using the principle of corresponding states. Its basic equation describes the
dependence of the Joule-Thomson coefficient on the reduced temperature and density. The coefficients of the
basic equation are obtained by processing the values p;r calculated using [3] within the pressure range from
0.1 to 15 MPa and the temperature range from 250 to 350 K. According to the method the Joule-Thomson
coefficient is calculated as follows

6 s
W = zz a[jrs'j o . “4)

The values of coefficients g;; are given in the Table 1.

The reduced temperature T and density o are calculated as
T= T/ T, , 5)

®=p/p,. - (6)
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Table 1. Coefficients a; in equation (4)

The density of gas at operating conditions can be calculated as follows
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p = stcpsc/(pscTK) °

()

; J
1 2 3 4 5

1 -67.802 446.76 -1102.4 1209.1 -498.87
2 143.8 -965.14 2433.4 -2736.8 1162.1
3 -113.04 775.41 -2001.9 2307.9 -1003.15
4 22.27 -158.22 420 -490.79 209.56
5 14.178 -95.204 241.87 -276.03 118.25
6 2.7783 -20.996 62.704 -90.622 56.442

The compressibility factor K for the simplified data about gas composition and pressure below 12 MPa can be
calculated according to methods NX19 mod., GERG91 mod. [4] and SD 7-2005 [8], and at pressure above 12 MPa
only methods in [8] can be used.

The pseudocritical temperature of gas is calculated by the formula [4]

T, =88.25-(0.9915+1.759 - p,, —1.681 Xy, — X))

®)

The pseudocritical density of gas is calculated by the simplified formula developed by the authors

P, =163.5:(p,./0.6682)"" +62.62 - xy, +163.359 X0, -

4. Verification of the developed method

©)

Verification of the developed method has been made for natural gas compositions according to the quality
certificates from laboratories of gas transmission companies in Ukraine. The reference values of p,; were calculated
using the equations [3]. The relative deviations of the results for the developed method do not exceed 1.5 % for the
typical natural gas compositions (see Table 2). The maximum deviation 8y m.x for the method proposed by the
authors and the maximum deviation 87z max for the equation from the ISO/TR 9464 [2] are calculated as

S = max(l 00- |MJT[ - MJT[31[|/“JT[3U)‘

(10)

Based on the detailed analysis, it was defined that for natural gas with density at standard conditions up to
0.75 kg/m® and contents of nitrogen and carbon dioxide up to 5 % of each component, the relative deviations of the
values derived according to the developed method from the values derived according to [3] do not exceed 3.0 % in
the specified ranges of temperature and pressure.

Table 2. Results of verification of simplified method for calculation of the Joule-Thomson coefficient

4 Gas composition psc, 301 mao S7R maxs
Methane Ethane Propane Butane Iso-butane N2 CO2 kg/m’ % %
1 98.21 0.628 0.214 0.108 0.0 0.80 0.04 0.6807 0.98 10.35
2 97.841 0914 0.248 0.042 0.065 0.850 0.04 0.6830 1.05 9.84
3 96.961 1.345 0.383 0.130 0.0 1.018 0.163 0.6898 0.99 8.78
4 96.046 1.844 0.524 0.082 0.063 0.952 0.489 0.6981 0.80 7.27
5 92.82 2.490 0.701 0.107 0.075 1.083 0.724 0.7080 0.67 5.67
6 93.635 3.075 0.881 0.141 0.170 1.181 0.917 0.7186 0.47 3.85
7 90.70 4.5 0.84 0.22 0.10 3.14 0.5 0.7320 1.3 3.45
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The example of calculation of the systematic error d,,, of natural gas flowrate measurement for the flowmeter
which operates at differential pressure of Ap = 100 kPa and various values of diameter ratio b of orifice plate is shown
in Table. 3. The parameters of flowmeter presented in the example meet the requirements of the standards [1].

As it is shown in Table 3, the systematic error of measurement of gas flowrate caused by lowering the gas
temperature during gas throttling through PD can reach 0.1 % for the flowmeters which meet the requirements at [1].
Therefore, it is very important to eliminate such a large systematic measurement error of gas flowrate.

Table 3. The example of calculation of the systematic error &

Input data

Absolute pressure of gas upstream of PD p1=0.5 MPa
Temperature of gas downstream of PD T,=273.15K
Differential pressure across PD Ap =100 kPa
Density of gas at standard conditions Psc =0.7186 kg/m®
Nitrogen content xn2 = 0.01181 (molar part)
Carbon dioxide content Xcoz = 0.00917 (molar part)

Results of calculation
Joule-Thomson coefficient r=15.59 K/MPa
Diameter ratio of orifice plate 0.2 0.4 0.6
Pressure loss across the PD Aw, kPa 95.3 82.5 62.1
Variation of gas temperature because of the throttling at the orifice plate 0.53 0.46 0.35
AT =wr- Ao, K
Temperature of gas upstream of the orifice plate 273.68 273.61 273.5
T,=T,+AT,K
Relative deviation of gas flowrate at temperature variation of A7, 0.100 0.087 0.065
é‘syst =100 (Qr — On)/On, %

5. Conclusions

The Joule-Thomson coefficient at natural gas metering (when the complete composition of gas is known) can be
calculated according to formula (2) and equations of state [4-6] or according to the equations in [3]. The simplified
method [2] and method for calculating the Joule-Thomson coefficient proposed in this paper is much more convenient
for application in the gas flow calculators. This method provides the possibility to calculate the Joule-Thomson
coefficient using the simplified data about the gas composition within the pressure range from 0.1 MPa to 15.0 MPa
and the temperature range from 250 K to 350 K.

The application of this method in flow calculators of natural gas will provide higher accuracy of calculation of
the Joule-Thomson coefficient in comparison to the equation [2] and will help to reduce the systematic error of
measurement of gas flowrate caused by the distinction of gas temperature in the place of measurement downstream of
PD from gas temperature upstream of PD.
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Cupouenuii MmeToa po3paxyHky koedinmienra /:xkoyas—Tomcona
il 4ac BUMIPIOBAHHSI BUTPATH MPUPOJIHOI0 ra3y

€srex [licryn, ®exnip Mariko, Oner MacHsik

Hayionanvnuii ynieepcumem “Jlvgiecorxa nonimexuixa”, eyn. C. banoepu, 12, m. Jlveie, 79013, Vrpaina

AHoTalia

IMomaHo aHami3 ICHYIOYMX METOMIB pO3paxyHKy koedimienta [[xoymns—TomcoHa, 3a pe3yibTaTaMu SKOTO
BCTaHOBJICHO HEOOXIJTHICTh PO3POOJICHHS METOAY PO3paxyHKYy Ha OCHOBI CIPOIICHOTO HaOOpy HMapaMeTpiB CKIaay
razy. [IpencraBieHo HOBUI MeTOJ sl po3paxyHKy Koedinienra J[xoynsi—ToMcoHa y niana3oHi aOCOMOTHOTO THCKY
razy Bix 0,1 MIla no 15 MIla ta temneparypu Bix 250 K mo 350 K. OcHoBHE piBHSHHS METOIy MOOYAOBaHE Ha
OCHOBI TPHHIMITY BIANOBIHUX CTaHIiB 1 OMUCYE 3aJIeKHICTh KoedimieHta JDxoynas—TomMcoHa BiJ NpUBENEHHX
TEMIIEpaTypy Ta TYCTUHHU. J[1s1 0OUMCIIeHHs PUBEACHOI I'YCTUHH T'a3y 3alpONOHOBAHO 3aCTOCOBYBATH PO3pOOJIeHE
aBTOpaMU PIiBHSHHS IICEBJOKPUTHYHOI T'YCTHHU NPUPOAHOrO ra3dy. BUKOHAHO NeTajbHE TECTYBaHHS PO3po0JIEHOTO
METOJly Ta BCTAHOBJIGHO, IO JUIA MPUPOJHMX Ta3iB i3 IYCTHHOIO 3a CTAHAAPTHHX YMOB pc<0,75 Kr/M’ Ta BMicTOM
a30Ty 1 BYIVIEKUCIIOrO Ta3y 10 5 % KOXHOro, BiTHOCHE BiJIXWJIEHHS 3Ha4€Hb METOAY BiJ PO3PaxyHKOBUX 3HAYEHb
koedirienra Jxoyns—Tomcona, orpumanux 3a Meromom ISO 20765-1, ne mepepuirye +3,0% i1 BKa3aHUX
Jliama3oHiB TUCKY Ta TeMIlepaTypu rasy. HaBemeHO NpUKIIaand po3paxyHKY CHCTEMATHYHOI MOXHUOKM BUMIpIOBaHHS
BHUTPATH 3a JIOIIOMOT'OI0 BUTPAaTOMipa 3MIHHOTO Iepenaay TUCKY, 3yMOBJIeHOI edexkrom JIxoyns—TomcoHa.

KurouoBi cioBa: xoeoirient J[oynsi—ToMcoHa; IpUPONHUI ra3; METOJ PO3PaXyHKY; BUTPATOMIp 3MiHHOTO
nepenany TUCKY; CHCTEeMaTHYHA MOXHOKa.



