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Density, Speed of Sound and Derived Thermodynamic Properties 

of A Synthetic Natural Gas 

Pezhman Ahmadia, Antonin Chapoya,b, ∗, Bahman Tohidia 

a Hydrates, Flow Assurance & Phase Equilibria Research Group, Institute of Petroleum 

Engineering, Heriot-Watt University, Edinburgh EH14 4AS, Scotland, UK 

b Mines Paristech, CTP – Centre Thermodynamique des procédés, 35 rue St Honoré 77305 

Fontainebleau, France 

Abstract 

Densities (ρ) and speed of sound (SOS) of a synthetic natural gas (∼88 mol% methane) were 

determined simultaneously at temperatures between 323 to 415 K and pressure up to 58 MPa. 

Densities and speed of sound were measured using a high pressure and high temperature 

Vibrating Tube densitometer (VTD) and an in-house acoustic cell, respectively. Moreover, to 

extend the PρT measurements to a wider range of temperature, isochoric measurements were 

conducted in a temperature range of 210 to 270 K.  

The AGA8-DC92, GERG-2008, SBWR and PR-78 equations of state (EoS) were used to 

evaluate the experimental data. Finally, the SBWR EoS was tuned on the experimentally 

measured density to determine other thermodynamic properties such as  isobaric heat 

capacity (Cp), isochoric heat capacity (Cv) and Joule-Thomson coefficients (µJT). 

Keywords: Natural gas; Speed of sound; Density; Joule-Thomson coefficients;  

  

                                                           
∗ Corresponding author: E-mail: a.chapoy@hw.ac.uk   

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

2 
 

1. Introduction 

Natural gas is steadily growing in global importance both as a primary energy source for 

industrial and residential applications and as a feedstock for downstream industry. Natural 

gas is widely seen as more favourable than other fossil fuels from safety, efficiency and 

environmental protection points of view. Therefore, accurate knowledge of thermophysical 

properties of natural gas is essential for precise design and optimisation of production, 

processing, storage and transportation of the gas.  

The AGA8-DC921, GERG-20082 and Peng-Robinson (PR-78)3 equations of state are 

commonly employed to predict thermophysical properties of natural gases. The accuracy of 

the experimental data used to establish an equation of state can affect the accuracy of the 

developed model significantly. Therefore, to develop or verify equations of state, it is 

essential to conduct experimental measurements (i.e., density, speed of sound, etc.) with high 

accuracy.  

For natural gas and natural gas like mixtures, experimental PρT data are available for 

temperatures ranging from (135 to 500) K and pressures up to 345 MPa. The available 

volumetric data for these systems from the open literature are listed in Table 1. 

In comparison with the PρT data, experimental data for other properties, in particular caloric 

and thermal properties, are lacking to validate models predictions. To the best of our 

knowledge, isobaric heat capacity and Joule-Thomson coefficients of natural gas systems 

were measured by Trappehl4 and Ernst et al5. Moreover, as a caloric property, the velocity of 

sound in fluids can reveal information about the structure, state and properties of the fluid and 

can be measured with high accuracy in laboratory6, 7. Furthermore, it can be used in 

combination with thermodynamic equations to calculate other thermodynamic properties of 

the fluid7-11. A brief review of the available speed of sound measurements in natural gas 

systems are listed in Table 1. 

Table 1. Measured PρTand speed of sound (SOS) for natural gas-like mixtures 

Authors Data types 
Number of 

mixtures 

Temperature range 

(K) 

Pressure range 

(MPa) 

Hwang et al.12 PρT 5 225-350 Up to 11  

Magee et al.13 PρT 5 250-350 Up to 35  

Tibaduiza et al.14 PρT 1 223.15-303.15 Up to 20  

Zhou et al.15, 16 PρT 4 100-500 Up to 35  

Tibaduiza et al.17 PρT 1 135-500 Up to 200  
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Cristancho et al.18 PρT 1 300-450 Up to 180  

McLinden 19 PρT 4 250-450 Up to 37  

Atilhan 20 PρT 4 250-450 10-165 

Patil et al.21 PρT 1 270-340 3.447-344.74 

Jaeschke et al.22, 23 PρT 194 219-350 0.1-60.0 

Assael et al.24 PρT 1 241-455 0.2-14.0 

Capla et al.25 PρT 3 263-323 1.0-15.0 

Duschek et al.26 PρT 1 273-323 0.1-8.0 

Robinson & Jacoby27 PρT 15 311-366 1.1-11.7 

Guo et al.28-30 PρT 13 273-300 0.1-12.0 

Kleinrahm et al.31 PρT 2 273-293 0.6-8.6 

Jaeschke & Schley32 PρT 7 280-350 0.2-30.0 

Watson & Millington 33 PρT 8 313-353 7.8-18.0 

Gomes et al.34 SOS 2 250-350 Up to 20  

Trusler 35 SOS 1 200-375 Up to 1.4  

Trusler et al.8 SOS 1 275-375 Up to 10  

Labes et al.36, 37 SOS 2 262.4-413.6 12-70 

Younglove et al.38, 39 SOS 17 250-350 Up to 11  

Blanke & Weiß40 SOS 10 273-303 0.001-6.0 

Ewing & Goodwing41 SOS 1 255 0.06-6.1 

Fawcett42 SOS 1 293-303 0.4-10.1 

Ingrain et al.43 SOS 2 213-346 0.2-17.1 

Labes et al.36 SOS 2 262-414 12-70 

Le Noë & Desentfant44 SOS 6 225-350 2.5-20 

 

In this paper, density and speed of sounds (SOS) of a synthetic natural gas were measured 

simultaneously at five isotherms (323.3, 346.5, 369.4, 392.3 and 415.4 K) and at pressures up 

to 58 MPa. To extend the temperature range for density measurement, three isochoric 

measurements were carried out in temperature range between 218.15 to 273.15 K.  

Finally,the Benedict–Webb–Rubin (BWR) EoS modified by Soave, SBWR45, was tuned on 

the experimentally measured density to determine derived thermodynamic properties such as 

speed of sound, isobaric heat capacity (Cp), isochoric heat capacity (Cv) and Joule-Thomson 

coefficients (µJT). The method was validated by comparing the derived speed of sound  with 

the experimentally measured values.  

The measured and calculated properties were compared against the result predicted using the 

PR-78, the multiparameter AGA8-DC92, the GERG-2008 and SBWR equations of state. 

 

2. Experimental Section 

2.1 Apparatus 
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2.1.1  Density and speed of sound 

In order to have consistent data for density and speed of sound, both setups were connected in 

parallel inside a high temperature oven as depicted in Figure 1. Details of each setup are 

explained in the following sections. 

 

 

Figure 1. Schematical diagram of the system used to measure the speed of sound and density 
simultaneously  

 

Densitometer 

A HTHP U-shape vibrating-tube densitometer (Anton Paar, model DMA HPM) with a built-

in temperature sensor was used for density measurement. This densitometer can measure 

density at temperatures between 263.15 K to 473.15 K and at pressures up to 140 MPa. The 

measurement principle of this setup is similar to the mass-spring model. Fluid is injected into 

an oscillating U-shaped tube driven by an electrical oscillator. The sample density is related 

to the oscillation period shown in the evaluation unit (Anton Paar, model mPDS 5). Sample 

temperature and pressure are set using an oven (Stuart Scientific, maximum working 

temperature: 523.15 K) and a hand pump (SITEC, maximum working pressure: 200 MPa), 

respectively. The densitometer built-in temperature sensor and a calibrated precise pressure 

transducer (ESI, GS4200-USB) are used to measure temperature and pressure, respectively.  
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Speed of sound  

A cylindrical inconel acoustic cell was used to measure the sound speed in the fluid using 

through-transmission method of ultrasonic testing (Figure 2). In this method, an ultrasoinc 

transducer is located on one side of the acoustic cell and a detector is placed on the opposite 

side of the acoustic cell. During the measurements, the ultrasonic transducer pulses sending 

sound waves toward the detector. This cell can work under high pressure and high 

temperature (HPHT) condition up to 523.15 K and 100 MPa. This setup was connected in 

parallel to the densitometer. Therefore, sample pressure and temperature were measured in 

the same way as explained before for density measurements. Two high temperature ultrasonic 

transducers (X2002- delay line transducer, Frequency: 2-2.25 MHz) in both sides of the cell 

are used to convert electrical signal into ultrasound waves and vice versa. A pulsar-receiver 

(Panametrics, square wave-5077PR) was used in this setup to send and receive electrical 

signals to and from transducers. Finally, received signals were shown in the form of waves 

using an oscilloscope (Link Instruments, MSO 9201).  

 

Figure 2. Schematic diagram of acoustic cell 

 

2.1.2 Isochoric measurement 

A stainless steel HPHT cell (approximately 14 ml volume) was used to measure isochoric 

pressure and temperature. To control the temperature during the measurements, the isochoric 
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cell was immersed in an ethanol bath (LAUDA, PL1). This bath is equipped with a digital 

controller to set ethanol temperature at the required value. The temperature of the sample 

inside the cell was measured using a platinum resistance thermometer located inside the 

equilibrium cell. The accuracy of the measured temperature was ±0.05 K. The temperature 

probe was calibrated against a Prema 3040 precision thermometer. The sample pressure was 

measured by a pressure transducer (Quartzdyne QS10K-B, pressure range 0-207 MPa). This 

transducer is accurate to ±6 Pa and was calibrated regularly using a Budenberg deadweight 

tester. The schematic diagram of the isochoric setup is shown in Figure 3.  

 

Figure 3. Schematic diagram of isochoric measurement setup 

 

 

2.2 Materials and methods 

2.2.1 Materials 

Methane (99.99 mole % ), carbon dioxide (99.99 mole % ) and nitrogen (99.99 mole % ) 

were used in this work for calibration purposes. The natural gas used in this work was 

purchased from BOC and its certified composition is given in Table 2.  

Table 2. synthetic natural gas composition 

component mole fraction(%) 

Methane 87.9427 
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Ethane 6.0000 ±0.3000 

Propane 2.0430 ±0.1000 

n-butane 0.2998 ±0.0150 

i-butane 0.1995 ±0.0100 

Carbon dioxide 2.0130 ±0.1000 

Nitrogen 1.5020 ±0.0750 

 

2.2.2 Methods 

2.2.2.1 Setup calibration for density and speed of sound  

Density: In the vibrating tube densitometers, density of the fluid is related to the oscillation 

periods of the vibrating tube according to: 

ρ = C� × τ� + C�   eq. (1) 

In this equation, C1 and C2 are temperature and pressure dependent parameters of the 

oscillator and τ is the measured oscillation period of the fluid. Therefore, to calibrate this type 

of densitometer the oscillator parameters should be found for each (P,T) of interest by 

conducting measurements for two reference substances. Based on the composition of the 

natural gas, in this work pure methane and nitrogen were used to calibrate the densitometer. 

By application of eq (1) for reference substances, C1 and C2 can be found, and the density of 

the unknown sample can be expressed as: 

ρ	 = (τ	� − τ�� ) × ������������ ��� � + ρ�   eq. (2) 

In this equation subscript “s” represents sample properties and the reference equations of 

states for the thermodynamic properties of methane46 and nitrogen47 were used to calculate 

the densities of methane and nitrogen for each (P,T) of interest. 

For the calibration, the oven temperature was set to the first desired isotherm. Because the 

densitometer was connected in parallel with the speed of sound setup, the system was left at 

this temperature for 24 hours to allow the system to reach thermal equilibrium. Then, 

nitrogen was injected into the densitometer and pressurised up to about 58 MPa. A few 

minutes later oscillation periods were recorded from the evaluation unit. Similarily, further 

measurements were conducted at lower pressures by gradually releasing the gas and 

recording the corresponding pressures and oscillation periods. The measurements were 

continued for pressures down to 2 MPa. Then the gas was vented, and vacuum was applied to 

the densitometer, and pure methane was injected into the densitometer, and the same 
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procedures were used to measure the oscillation period of methane at constant temperature at 

the same pressure points.  

Speed of sound: The internal length of the acoustic cell will be affected with changes in 

pressure and temperature of the fluid within the acoustic cell. Furthermore, because of the 

layer of metal between the ultrasonic transducers and the fluid inside the acoustic cell, a lag-

time in the measurements was observed. Therefore, calibration tests were performed with 

pure nitrogen in each isotherm. To start the calibration, the acoustic cell was flushed with 

nitrogen and then vacuumed to ensure contaminants removal. Then the oven temperature was 

set to the desired temperature of the first isotherm for 24 hours. In the next step, the acoustic 

cell was filled with pure nitrogen to 58 MPa and the system was left for two hours to reach 

equilibrium. Finally, measurements were conducted to obtain the reflection time from 

visualised sound waves. The internal length of the acoustic cell for each (P,T) of interest was 

calculated employing the calculated reflection time and the reference sound velocity of 

nitrogen (calculated from Span et al.47). Next measurements were conducted by reducing the 

gas pressure gradually. This procedure was repeated for all isotherms to measure the actual 

internal length of the acoustic cell in the required range of pressure and for all isotherms. 

To verify the calibration procedure, the speed of sound of carbon dioxide was measured and 

compared against the predictions of Spand  and Wagner48 equation of state. The percent 

average absolute deviation (%AAD) for measurement of sound speed for 50 points of interest 

in the required range of temperature and for pressure range of (20-58) MPa was found to be 

0.19%. 

2.2.2.2 Experimental measurements 

For simultaneous measurement of density and sound speed, the system was flushed with 

nitrogen and vacuumed for 30 minutes. Then system was set at the required temperature for 

24 hours to reach the stable temperature. In the next step, the system was pressurised with 

natural gas to the pressure of about 58 MPa. A few minutes after stabilisation of temperature 

and oscillation period, the measurements of density and speed of sound were conducted using 

the method previously explained. Further measurements at other pressures at the same 

temperature were carried out in the same way by reducing the system pressure gradually. 

2.2.2.3 Isochoric measurements 

To conduct the isochoric measurements, firstly, the internal volume of the isochoric cell, 

connected lines and pressure transducer were measured using distilled water at room 
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temperature. For volume measurement, the isochoric cell and transducer were vacuumed and 

then flooded with water. The volume of each part was calculated using the difference 

between the mass before and after flooding. In order to remove the water after volume 

measurements, the cell was put in the oven (at T=390 K), flushed with nitrogen and  

thenvacuummed for three hours. Then the sample was injected into the isochoric cell, and the 

density of the sample was measured using the method previously described for density 

measurements. The measured fluid properties were recorded as reference properties 

(T���, P���, ρ���) to be used for further calculations. The reference pressure and temperature for 

density measurement were selected in such a way to avoid multi-phase fluid in the isochoric 

cell, when the temperature was reduced to 220 K.  

Then isochoric cell was immersed in the ethanol bath to initiate the measurement. The 

ethanol bath was programmed to follow a multi-step temperature profile. Each step was 

started with a 4 hours constant temperature period followed by a 2 hours temperature 

reduction with a cooling rate of 0.083 K.min-1. The 4 hours time for each temperature-step 

was long enough to ensure thermodynamic equilibrium inside the cell. During the test, the 

temperature and pressure of the gas inside the cell were recorded in 120 seconds intervals. 

As it is depicted in Figure 3, the pressure transducer is placed out of the ethanol bath, and 

consequently, the temperature of the sample within the transducer is always at room 

temperature. Moreover, the internal volume of the isochoric cell is affected by changes in 

pressure and temperature of the sample within the cell. These changes were calculated 

according to: 

�� !(", #) = �("$, #$) × %&'((�())*+(,�,))-  eq. (3) 

Where Vcor is corrected volume at any (P, T) of interest and T$ and P$ are initial pressure and 

temperature of the system when initial volume is V. Moreover, α and β represent the thermal 

expansion coefficients and isothermal compressibility coefficients of the acoustic cell, 

respectively. The corrected values of α and β were calculated employing the procedure 

explained by Tibaduiza49.  

Due to the change in the internal volume of the cell, the mass balance equation was used to 

calculate the corrected density of the fluid within the isochoric cell: 

0( 123 = 0� +01 eq. (4) 

with 
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0( 123 = 4�("!56 , #!56). ��("!56 , #!56) + 41("!56 , #!56). �1("!56 , #!56)  eq. (5) 

0� = 4�(", #). ��(", #)       eq. (6) 

01 = 41("!  8 , #). �1("!  8 , #)      eq. (7) 

 

The subscripts c, t, and ref denote cell, transducer and reference point properties, 

respectively.  

Therefore, fluid density within the cell in each step is calculated by: 

4�(", #) = 01 123 −01�� = 4�("!56 , #!56) ��("!56 , #!56)��(", #) + 41("!56 , #!56) �1("!56 , #!56)��(", #)  

 

−	41("!  8 , #) :;((<==>,,):?((,,)   eq. (8) 

Additionally, because the density of the gas within the transducer and the main cell were 

similar at reference point, 4@("A%B, #A%B) = 4C("A%B, #A%B) = 4A%B, this formula is simplified to: 

4D(", #) = 4!56 �@("A%B,#A%B)+�C("A%B,#A%B)
�@(",#) −	4C("AEEF, #) �C("AEEF,#)�@(",#)    eq. (9) 

In order to check the validity of the procedure and calculations, an isochoric measurement 

was carried out for nitrogen. Reference temperature and pressure for this measurement were 

298.25 K and 47.418 MPa (4!56 = 14331	FEJ.F�K), respectively. Result for this 

measurement and the deviations from Span et al.47 reference equation of state are reported in 

Table 3. 

Table 3. Result of isochoric measurement for nitrogen (LMNO = PQRRP	STU.S�R) 

steps 
Temperature 

(K) 

Pressure 

(MPa) 

Calculated density 

(mol/m3) 

Deviation* 

(%) 

Uncertainty 

U(L,k=2)  

# 1 272.99 42.034 14530 0.06 ±70.73 

# 2 263.25 39.890 14614 0.10 ±69.94 

# 3 253.21 37.712 14705 0.03 ±69.11 

# 4 243.39 35.555 14798 -0.08 ±68.27 

# 5 233.71 33.292 14900 -0.01 ±67.36 

# 6 224.36 31.077 15006 0.03 ±66.45 

# 7 219.77 30.055 15057 -0.12 ±66.02 
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steps 
Temperature 

(K) 

Pressure 

(MPa) 

Calculated density 

(mol/m3) 

Deviation* 

(%) 

Uncertainty 

U(L,k=2)  

# 8 219.74 30.032 15058 -0.09 ±66.01 

     * Deviation from GERG-2008  

Three isochoric measurements were conducted for the synthetic natural gas using the same 

procedure employed for pure nitrogen.  

 

3. Thermodynamic modelling 

In this work, the AGA8-DC92, GERG-2008, PR-78 and SBWR equations of state were 

employed to predict the densities of mixtures and were implemented into our thermodynamic 

package HWPVT50-53.  

 

• The AGA8-DC92 equation of state is an EoS specifically developed for natural gas 

mixtures, which relates the compressibility factor, temperature and indirectly the 

density of the mixrtures1. 

• The GERG-2008 EoS is a multi-parameter equation of state developed for natural 

gases and other similar mixtures of gases2. It is expressed in terms of the Helmholtz 

free energy, as the sum of an ideal gas contribution and a residual part. 

• The PR54 EoS was used in combination with the group contribution method developed 

by Jaubert and co-worker55, 56 to calculate binary interaction parameters between 

components. 

• The SBWR-EoS45 is a modification and simplification of the original BWR EoS57. A 

list of the necessary equations and derivation equations used in this work are listed in 

section 6. In this work the kij parameters of the mixing rules and the universal constant 

(µ), were set equal to zero and 1.2 (as suggested in the original publication to have kij  

close to zero), respectively. 

 

The SBWR-EOS was also used to calculated thermophysical properties (Cp, Cv, JT, Speed of 

sound) of the natural gas from the measured density. The acentric factor of the mixture was 

first adjusted to match the density at each pressure and temperature. Using the new 
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parameter, the equation was used to calculate the required properties. To validate the method, 

the measured speed of sound was compared to the speed of sound derived from the SBWR-

EOS adjusted to the experimental densities. The average absolute deviation between the 

derived and measured speed is sound is 0.30%, validating the method used in this work. 

 

 

 

 

4. Results and discussion 

4.1 Density and speed of sound 

4.1.1 Coupled density and speed of sound 

As stated before density and the speed of sound were measured simultaneously at several 

isotherms. Measurements were performed for five isotherms between 323.31 K to 415.45 K 

and in pressure range up to 58 MPa. Results, the uncertainty and the deviation of the result 

from GERG-2008 EoS are shown in Table 4 to Table 8. Although the deviations from 

GERG-2008 for most of the measured points are very low, higher deviations were obtained 

for low-pressure samples. Moreover, because of the weakness of sound wave in lower 

pressures the reflection time and velocity of sound were not measurable. However, for most 

of the samples, the deviation of measured sound velocity from GERG-2008 was less than 

0.5%. Measured density, speed of sound and compressibility factor for all the isotherms as a 

function of pressure are reported in Figure 4 to Figure 6, respectively. As depicted in Figure 7 

and Figure 8, no large deviation was observed between the values measured experimentaly in 

this work and with those predicted from the GERG-20082 EoS. The average absolute 

deviation for the measured density and speed of sound were found to be 0.14% and 0.11%, 

respectively.  
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Table 4. Density, compressibility factor and speed of sound at T=323.31 K 

Pressure (MPa) 

Density (mol/m3) Compressibility factor Speed of Sound (m/s) 

Experimental 

result 

Uncertainty 

(k=2) 

Deviation* 

(%) 

Experimental 

result 

Uncertainty 

(k=2) 

Deviation* 

(%) 

Experimental 

result 

Uncertainty 

(k=2)  

Deviation*  

(%)  

4.864 1968 ±23 0.64 0.919 ±0.013 -0.63 420.48 ±0.89 0.05 

8.410 3565 ±16 0.17 0.878 ±0.008 -0.17 421.32 ±0.89 0.17 

11.696 5134 ±26 0.09 0.847 ±0.006 -0.09 431.70 ±0.91 0.45 

15.162 6785 ±33 0.01 0.831 ±0.005 -0.01 451.84 ±0.96 0.43 

17.257 7736 ±34 -0.03 0.830 ±0.004 0.03 468.78 ±0.99 0.39 

19.758 8797 ±33 -0.06 0.836 ±0.004 0.06 492.70 ±1.04 0.32 

22.219 9745 ±32 -0.08 0.848 ±0.004 0.08 519.33 ±1.10 0.30 

24.336 10489 ±31 -0.04 0.863 ±0.004 0.04 543.45 ±1.16 0.24 

26.775 11258 ±30 -0.05 0.885 ±0.003 0.05 571.88 ±1.22 0.16 

29.577 12051 ±28 0.02 0.913 ±0.003 -0.02 605.08 ±1.30 0.12 

31.872 12632 ±27 0.05 0.938 ±0.003 -0.05 631.53 ±1.37 0.01 

34.905 13319 ±26 0.06 0.975 ±0.003 -0.05 666.63 ±1.45 -0.01 

37.644 13866 ±25 0.02 1.010 ±0.003 -0.02 697.34 ±1.53 -0.04 

40.532 14390 ±24 0.00 1.048 ±0.003 0.01 728.08 ±1.61 -0.15 

43.044 14799 ±23 -0.07 1.082 ±0.003 0.07 754.73 ±1.68 -0.14 

45.941 15239 ±22 -0.09 1.122 ±0.003 0.09 783.89 ±1.75 -0.19 

48.577 15603 ±22 -0.14 1.158 ±0.003 0.15 812.16 ±1.82 0.09 

51.351 15964 ±21 -0.14 1.197 ±0.003 0.14 838.50 ±1.90 0.08 

53.422 16215 ±20 -0.16 1.226 ±0.003 0.16 857.28 ±1.95 0.03 

55.011 16401 ±20 -0.17 1.248 ±0.003 0.17 871.14 ±1.99 -0.03 

55.865 16497 ±20 -0.18 1.260 ±0.003 0.18 879.14 ±2.01 0.01 

56.693 16592 ±19 -0.16 1.271 ±0.003 0.16 885.86 ±2.03 -0.06 

* Deviation from GERG-2008 
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Table 5. Density, compressibility factor and speed of sound at T=346.48 K 

Pressure  

(MPa) 

Density (mol/m3) Compressibility factor  Speed of Sound (m/s) 

Experimental 

result 

Uncertainty 

(k=2) 

Deviation* 

(%) 

Experimental 

result 

Uncertainty 

(k=2) 

Deviation* 

(%) 

Experimental 

result 

Uncertainty 

(k=2) 

Deviation* 

(%) 

1.365 475 ±27 -1.50 0.999 ±0.050 1.55 - - - 

3.344 1216 ±27 0.61 0.955 ±0.020 -0.62 - - - 

5.112 1892 ±28 0.40 0.938 ±0.013 -0.39 437.32 ±0.93 -0.02 

7.156 2701 ±29 0.24 0.920 ±0.009 -0.24 437.47 ±0.93 0.02 

10.699 4149 ±29 0.03 0.895 ±0.006 -0.03 444.22 ±0.94 0.07 

13.412 5278 ±29 0.06 0.882 ±0.005 -0.06 454.47 ±0.96 0.09 

16.420 6505 ±28 0.11 0.876 ±0.004 -0.11 471.21 ±1.00 -0.19 

19.614 7731 ±27 0.06 0.881 ±0.004 -0.06 494.44 ±1.05 -0.15 

22.653 8804 ±26 0.01 0.893 ±0.004 -0.01 521.51 ±1.11 -0.06 

25.309 9656 ±24 -0.04 0.910 ±0.004 0.04 547.18 ±1.17 -0.08 

27.572 10322 ±23 -0.07 0.927 ±0.003 0.07 570.00 ±1.22 -0.04 

29.800 10928 ±22 -0.08 0.947 ±0.003 0.08 592.59 ±1.27 -0.01 

31.858 11444 ±21 -0.10 0.966 ±0.003 0.10 613.57 ±1.32 0.04 

34.400 12035 ±20 -0.09 0.992 ±0.003 0.09 639.72 ±1.39 0.05 

36.690 12524 ±19 -0.08 1.017 ±0.003 0.08 662.85 ±1.44 0.09 

39.662 13109 ±18 -0.05 1.050 ±0.003 0.06 692.59 ±1.52 0.12 

41.502 13447 ±18 -0.02 1.071 ±0.003 0.02 710.53 ±1.56 0.09 

43.612 13809 ±17 0.00 1.096 ±0.003 0.00 731.24 ±1.62 0.03 

46.129 14214 ±17 0.03 1.126 ±0.003 -0.04 754.53 ±1.68 -0.10 

48.852 14620 ±16 0.05 1.160 ±0.003 -0.04 779.52 ±1.74 -0.06 

50.925 14910 ±16 0.06 1.185 ±0.003 -0.05 800.57 ±1.79 -0.03 

53.199 15211 ±15 0.06 1.214 ±0.003 -0.06 820.67 ±1.85 -0.02 

55.513 15501 ±15 0.08 1.243 ±0.003 -0.07 840.32 ±1.90 -0.09 

56.973 15680 ±15 0.10 1.261 ±0.003 -0.10 852.49 ±0.93 -0.02 

     * Deviation from GERG-2008 
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Table 6. Density, compressibility factor and speed of sound at T=369.41K 

Pressure  

(MPa) 

Density (mol/m3) Compressibility factor  Speed of Sound (m/s) 

Experimental 

result 

Uncertainty 

(k=2) 

Deviation* 

(%) 

Experimental 

result 

Uncertainty 

(k=2) 

Deviation* 

(%) 

Experimental 

result 

Uncertainty 

(k=2) 

Deviation* 

(%) 

2.531 838 ±24 -0.58 0.983 ±0.027 0.57 - - - 

4.794 1626 ±26 -0.13 0.960 ±0.014 0.13 450.56 ±0.96 -0.57 

6.488 2231 ±26 -0.01 0.947 ±0.010 0.01 454.00 ±0.96 0.04 

8.163 2833 ±27 -0.18 0.938 ±0.008 0.18 455.85 ±0.97 0.03 

10.512 3697 ±27 -0.07 0.926 ±0.006 0.08 461.04 ±0.98 0.11 

13.040 4626 ±26 -0.10 0.918 ±0.005 0.11 469.06 ±1.00 0.07 

15.661 5578 ±26 -0.08 0.914 ±0.005 0.08 480.68 ±1.02 0.04 

17.769 6320 ±25 -0.11 0.915 ±0.004 0.11 492.12 ±1.05 -0.02 

19.378 6869 ±25 -0.14 0.919 ±0.004 0.14 502.19 ±1.07 -0.04 

21.932 7707 ±24 -0.12 0.927 ±0.004 0.12 521.61 ±1.11 0.23 

23.174 8099 ±24 -0.08 0.932 ±0.004 0.08 531.12 ±1.13 0.22 

25.456 8781 ±23 -0.09 0.944 ±0.004 0.09 549.56 ±1.17 0.21 

27.898 9466 ±22 -0.06 0.960 ±0.003 0.06 570.00 ±1.22 0.14 

30.605 10167 ±21 -0.06 0.980 ±0.003 0.05 593.58 ±1.28 0.07 

32.473 10618 ±20 -0.06 0.996 ±0.003 0.06 610.19 ±1.32 0.02 

35.350 11263 ±19 -0.06 1.022 ±0.003 0.06 638.21 ±1.38 0.29 

37.781 11770 ±19 -0.04 1.045 ±0.003 0.04 660.22 ±1.43 0.25 

40.316 12262 ±18 0.00 1.070 ±0.003 0.01 683.20 ±1.49 0.22 

43.098 12758 ±17 -0.01 1.100 ±0.003 0.01 705.51 ±1.55 -0.18 

45.499 13161 ±17 0.01 1.126 ±0.003 -0.02 728.71 ±1.60 0.08 

48.261 13589 ±16 0.01 1.156 ±0.003 -0.01 752.63 ±1.67 0.05 

51.047 13994 ±16 0.00 1.188 ±0.003 -0.01 776.13 ±1.73 0.00 

53.357 14307 ±15 -0.01 1.214 ±0.003 0.00 795.15 ±1.78 -0.05 

55.103 14534 ±15 -0.01 1.234 ±0.003 0.01 809.44 ±1.82 -0.06 

56.902 14760 ±15 -0.01 1.255 ±0.003 0.01 823.89 ±1.86 -0.09 

    * Deviation from GERG-2008 
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Table 7. Density, compressibility factor and speed of sound at T=392.34K 

Pressure  

(MPa) 

Density (mol/m3) Compressibility factor  Speed of Sound (m/s) 

Experimental 

result 

Uncertainty 

(k=2) 

Deviation* 

(%) 

Experimental 

result 

Uncertainty 

(k=2) 

Deviation* 

(%) 

Experimental 

result 

Uncertainty 

(k=2) 

Deviation* 

(%) 

1.301 411 ±26 2.18 0.969 ±0.051 -2.17 - - - 

3.450 1086 ±25 0.31 0.974 ±0.019 -0.32 - - - 

6.120 1945 ±25 -0.15 0.964 ±0.011 0.15 468.27 ±0.99 -0.12 

8.416 2698 ±25 -0.33 0.956 ±0.008 0.33 470.93 ±1.00 -0.08 

11.732 3799 ±25 -0.29 0.947 ±0.006 0.29 478.89 ±1.02 -0.05 

16.073 5229 ±24 -0.13 0.942 ±0.005 0.13 494.97 ±1.05 -0.02 

19.592 6345 ±23 0.01 0.947 ±0.004 -0.01 514.91 ±1.09 0.07 

22.532 7222 ±23 -0.01 0.956 ±0.004 0.01 532.82 ±1.13 0.06 

26.511 8327 ±21 -0.01 0.976 ±0.004 0.01 560.38 ±1.20 0.11 

29.914 9189 ±20 -0.05 0.998 ±0.003 0.05 585.96 ±1.26 0.15 

33.242 9962 ±19 -0.07 1.023 ±0.003 0.07 612.40 ±1.32 -0.16 

36.179 10590 ±19 -0.10 1.047 ±0.003 0.10 635.88 ±1.38 -0.08 

38.943 11141 ±18 -0.08 1.072 ±0.003 0.09 660.66 ±1.43 -0.07 

41.708 11653 ±17 -0.08 1.097 ±0.003 0.08 683.20 ±1.49 -0.01 

44.717 12173 ±17 -0.07 1.126 ±0.003 0.07 707.58 ±1.55 0.05 

47.269 12593 ±16 0.01 1.151 ±0.003 -0.01 728.46 ±1.60 0.10 

50.231 13037 ±16 -0.01 1.181 ±0.003 0.01 751.65 ±1.66 -0.21 

52.555 13369 ±15 0.01 1.205 ±0.003 0.00 769.80 ±1.71 -0.11 

55.312 13736 ±15 -0.02 1.234 ±0.003 0.02 791.13 ±1.77 -0.13 

56.860 13930 ±15 -0.05 1.251 ±0.003 0.05 802.74 ±1.80 -0.05 

     * Deviation from GERG-2008 
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Table 8. Density, compressibility factor and speed of sound  at T=415.45K 

Pressure  

(MPa) 

Density (mol/m3) Compressibility factor  Speed of Sound (m/s) 

Experimental 

result 

Uncertainty 

(k=2) 

Deviation* 

(%) 

Experimental 

result 

Uncertainty 

(k=2) 

Deviation* 

(%) 

Experimental 

result 

Uncertainty 

(k=2) 

Deviation* 

(%) 

1.612 474 ±25 0.78 0.984 ±0.042 -0.76 - - - 

3.821 1131 ±24 0.42 0.978 ±0.018 -0.42 - - - 

6.895 2061 ±24 0.31 0.968 ±0.010 -0.31 484.83 ±1.03 0.26 

10.525 3168 ±23 0.18 0.962 ±0.007 -0.18 489.83 ±1.04 -0.17 

13.299 4006 ±23 0.04 0.961 ±0.005 -0.04 497.92 ±1.06 -0.18 

16.918 5084 ±22 0.08 0.963 ±0.005 -0.08 511.80 ±1.09 -0.22 

20.143 6008 ±22 0.07 0.971 ±0.004 -0.06 528.87 ±1.13 0.06 

23.572 6941 ±21 0.04 0.983 ±0.004 -0.04 547.80 ±1.17 -0.02 

26.606 7719 ±20 0.03 0.998 ±0.004 -0.02 566.86 ±1.21 -0.01 

30.057 8548 ±20 0.03 1.018 ±0.003 -0.04 589.84 ±1.27 -0.07 

32.403 9074 ±19 0.00 1.034 ±0.003 0.01 606.36 ±1.31 -0.08 

35.709 9768 ±18 -0.03 1.058 ±0.003 0.03 630.22 ±1.36 -0.11 

38.581 10332 ±18 -0.04 1.081 ±0.003 0.04 651.21 ±1.41 -0.17 

41.930 10941 ±17 -0.06 1.109 ±0.003 0.06 676.04 ±1.48 -0.22 

45.143 11487 ±16 -0.05 1.138 ±0.003 0.06 702.04 ±1.54 0.04 

47.963 11932 ±16 -0.07 1.164 ±0.003 0.07 722.47 ±1.59 -0.06 

51.309 12428 ±15 -0.06 1.195 ±0.003 0.06 747.46 ±1.65 -0.05 

54.076 12811 ±15 -0.08 1.222 ±0.003 0.08 767.41 ±1.70 -0.11 

55.373 12981 ±15 -0.11 1.235 ±0.003 0.10 776.76 ±1.73 -0.12 

58.374 13363 ±15 -0.12 1.265 ±0.003 0.12 798.16 ±1.79 -0.16 

     * Deviation from GERG-2008 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

18 
 

 

 

Figure 4. Measured density,ρρρρ for natural gas 

T=323.31 K(○),T=346.48 K(◊),369.41K(∆), 392.34 K(▲),415.45 K(●), GERG-2008 (—), AGA8/10 (----)  
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Figure 5. Measured speed of sound, SOS in natural gas  at T=323.31 K(○),  T=346.48 K(◊),369.41K(∆), 392.34 

K(▲),415.45 K(●),Derived SOS(×), GERG-2008 (—), AGA8/10 (----) 
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Figure 6. Measured compressibility factor for natural gas   

T=323.31 K(○), T=346.48 K(◊), 369.41K(∆), 392.34 K(▲), 415.45 K(●), GERG-2008 (—), AGA8/10 (----) 
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Figure 7. Relative deviation between the measured density of the synthetic natural gas in this work and 
the values predicted by GERG-2008 EoS. 
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Figure 8. Relative deviation between the measured speed of sound in the synthetic natural gas obtained in 
this work and the values predicted by GERG-2008 EoS. 

 

4.1.2 Isochoric measurement 
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Table 9. properties of the reference points for each isochore 

Isochore 
Reference points properties 

Pressure (MPa) Temperature (K) Density (mol/m3) 

Isochore 1 55.332 347.44 15426 

Isochore 2 42.508 346.33 13570 
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Table 10. Calculated density in isochoric measurements 

 steps 
Temperature 

(K) 

Pressure 

(MPa) 

Calculated density 

(mol/m3) 

Deviation* 

(%) 

Uncertainty 

(k=2) 

Is
oc

ho
re

 #
1 

# 1 272.95 31.446 15703 -0.20 ±76 

# 2 263.25 28.533 15836 -0.14 ±75 

# 3 253.23 25.593 15992 -0.24 ±73 

# 4 243.40 22.667 16175 -0.30 ±72 

# 5 233.69 19.762 16391 -0.40 ±70 

# 6 224.73 16.942 16640 -0.23 ±68 

# 7 215.46 14.011 16940 -0.12 ±66 

# 8 210.31 12.004 17162 0.81 ±64 

# 9 209.35 11.714 17195 0.76 ±64 

Is
oc

ho
re

 #
2 

# 1 273.02 24.021 13866 -0.34 ±66 

# 2 263.30 21.764 14018 -0.31 ±65 

# 3 253.35 19.493 14194 -0.51 ±63 

# 4 243.57 17.179 14399 -0.61 ±61 

# 5 234.18 14.834 14634 -0.48 ±59 

# 6 225.25 12.482 14891 -0.14 ±58 

# 7 215.93 9.949 15177 0.12 ±56 

# 8 211.77 8.310 15355 2.88 ±55 

# 9 210.05 7.942 15395 2.25 ±55 

Is
oc

ho
re

 #
3 

# 1 272.95 20.130 12512 -0.26 ±59 

# 2 263.25 18.247 12671 -0.15 ±58 

# 3 253.26 16.330 12851 -0.35 ±56 

# 4 243.46 14.374 13054 -0.53 ±54 

# 5 233.75 12.357 13277 -0.74 ±53 

# 6 225.11 10.339 13504 0.03 ±51 

# 7 215.60 8.088 13752 0.70 ±50 

# 8 211.48 6.706 13895 6.54 ±49 

# 9 209.94 6.428 13923 5.56 ±49 

                * Deviation from GERG-2008 

 

In order to show isochoric measured data on the P-T diagram, the measured pressure for each 

point should be justified to be consistent with the corrected density. The justified pressure 

was given by: 

W� ! = W + [\]\^_( × (4!56 − 4)   eq. (10) 
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Values of [\]\^_(for each point was calculated from GERG-2008 EoS. The P-T phase diagram 

of the gas including mesured isochoric points is depicted in Figure 9. 

Comparison of the experimental data with the values of density determined by GERG-2008 

EoS shows a significant deviation in the last two steps of each isochore. Refer to the phase 

diagram of the gas (Figure 9), it can be understood that the deficiency of the EoS in 

prediction of the fluid properties near critical point is the main source of error for these 

points. 

The average absolute percentage deviation (%AAD) for the first, second and third isochoric 

measurements were 0.23%, 0.36% and 0.39%, respectively.  

 

Figure 9. Isochoric measured data in P-T diagram 

Bubble points(▬) and dew points( ̶   ̶   ̶ ) calculated from GERG-20082 EoS and the experimental results 
of isochoric measurements for the synthetic natural gas; isochore1(x), isochore2(○) and isochore3(∆). 
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experimental result according to the tabulated equations provided in the Table S1 of 

supporting information. The calculated compressibility factors, deviation from GERG-2008 

EoS and the uncertainty of measurements are tabulated in Table 4 to Table 8. As it was 

0

10

20

30

40

50

60

100 150 200 250 300 350 400

P
/ 

M
P

a

T / K



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

25 
 

expected, similar to the density result, deviation for low pressure condition are higher than 

high pressure condition. The percentage average absolute deviation (%AAD) for these results 

was 0.14%. 

In addition, second and third virial coefficients were obtained from the intercept and slope of 

the linear regression of (
`��^ ) versus (4), respectively. The obtained results for the second and 

third virial coefficients are reported in Table 11. 

Table 11. Calculated Virial coefficients for Natural Gas  

Temperature 

(K) 

B2(K)  

(m3/mol) 

B3(K) 

(m3/mol)2 

323.31 -5.458887E-05 4.121277E-09 

346.48 -4.136597E-05  3.516740E-09 

369.41 -3.255212E-05 3.184517E-09 

392.34 -2.647573E-05 3.037396E-09 

415.45 -2.288595E-05 3.064203E-09 

 

As detailed in the model description, the SBWR EoS was tuned to the experimental density 

data. The tuned model was used to calculate the speed of sound, isobaric heat capacity (Cp), 

isochoric heat capacity (Cv) and Joule-Thomson coefficient for the natural gas. Results of 

these calculations and deviation from the GERG-2008 EoS for these measurements are 

shown in Table 13 to Table17. Moreover, derived values and the predictions of GERG-2008 

and AGA8-DC92 for Cp, Cv and Joule-Thomson coefficient are compared in Figure 10, 

Figure 11 and Figure 12. The maximum and average deviation of the speed of sound and 

density in comparison to PR, AGA8-DC92 and GERG-2008 are summarized in Table 12. 

Table 12. maximum and average deviation in the predicted density and speed of sound for different 
equations of state 

average deviations (%) 

 PR-78 AGA8-DC92 GERG-2008 

density 1.4 0.1 0.1 

Speed of sound 1.6 0.1 0.1 

maximum deviations (%) 

 PR-78 AGA8-DC92 GERG-2008 

density 2.8 0.6 0.7 

Speed of sound 3.8 0.5 0.6 
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 Table 13. Calculated density and derived properties for the first isotherm (323.31 K) 

T 

(K) 

P 

(MPa) 

Density 

(mol/m3) 

Deviation* 

(%) 

Cp 

(J.mol-1.K -1) 

Deviation* 

(%) 

Cv 

( J.mol-1.K -1) 

Deviation* 

(%) 

SOS 

(m/s) 

Deviation** 

(%) 

JT 

(K/MPa) 

Deviation* 

(%) 

323.33 4.86 1968 0.62 44.315 -0.24 31.594 -0.37 416.71 0.90 3.94328 -2.10 

323.31 8.41 3565 0.19 49.485 -1.17 32.357 -0.95 419.71 0.38 3.49508 -1.62 

323.31 11.7 5134 0.10 54.136 -1.55 32.868 -1.14 430.50 0.28 2.95973 -0.89 

323.30 15.16 6785 0.03 57.762 -1.25 33.179 -1.04 452.14 -0.07 2.34259 0.46 

323.29 17.26 7736 -0.02 59.107 -0.92 33.28 -0.91 469.88 -0.23 1.99196 1.19 

323.28 19.76 8797 -0.04 59.952 -0.52 33.319 -0.65 493.89 -0.24 1.62701 1.41 

323.30 22.22 9745 -0.05 60.227 -0.32 33.322 -0.38 519.70 -0.07 1.32703 0.91 

323.31 24.34 10489 -0.02 60.164 -0.24 33.308 -0.16 542.99 0.08 1.11004 0.10 

323.31 26.77 11258 -0.03 59.896 -0.25 33.301 0.05 570.47 0.25 0.90054 -1.25 

323.35 29.58 12051 0.03 59.388 -0.25 33.296 0.26 602.74 0.39 0.69942 -2.68 

323.36 31.87 12632 0.06 58.884 -0.20 33.295 0.42 629.19 0.37 0.56136 -3.83 

323.34 34.91 13319 0.07 58.207 -0.15 33.322 0.53 664.20 0.36 0.40759 -5.15 

323.34 37.64 13866 0.03 57.615 -0.11 33.367 0.59 695.22 0.30 0.29284 -6.54 

323.33 40.53 14390 0.01 57.004 -0.02 33.416 0.64 727.46 0.09 0.19024 -7.99 

323.30 43.04 14799 -0.06 56.555 -0.03 33.485 0.60 754.82 -0.01 0.11506 -10.99 

323.29 45.94 15239 -0.09 56.019 0.07 33.539 0.65 785.70 -0.23 0.03968 -22.20 

323.28 48.58 15603 -0.14 55.603 0.10 33.603 0.64 813.01 -0.10 -0.01870 18.62 

323.31 51.35 15964 -0.14 55.141 0.24 33.639 0.73 840.95 -0.29 -0.07280 0.86 

323.31 53.42 16215 -0.17 54.841 0.31 33.673 0.78 861.32 -0.47 -0.10827 -1.39 

323.31 55.01 16401 -0.17 54.614 0.37 33.694 0.83 876.71 -0.64 -0.13335 -2.42 

323.30 55.87 16497 -0.19 54.513 0.38 33.713 0.83 884.91 -0.66 -0.14587 -2.66 

323.31 56.69 16592 -0.17 54.366 0.48 33.704 0.92 892.76 -0.78 -0.15823 -3.32 

    * Deviation from GERG-2008; ** Deviation from experimental results 
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Table 14. Calculated density and derived properties for the second isotherm (346.48 K) 

T 

(K) 

P 

(MPa) 

Density 

(mol/m3) 

Deviation*  

(%) 

Cp 

(J.mol-1.K -1) 

Deviation*  

(%) 

Cv 

(J.mol-1.K -1) 

Deviation*  

(%) 

SOS 

(m/s) 

Deviation**  

(%) 

JT 

(K/MPa) 

Deviation*  

(%) 

346.42 5.11 1892 0.37 44.802 -0.39 32.766 -0.56 435.13 0.50 3.29719 -1.11 

346.43 7.16 2701 0.24 46.974 -0.74 33.114 -0.82 436.27 0.27 3.11199 -1.20 

346.43 10.70 4149 0.03 50.784 -1.26 33.632 -1.15 444.13 0.02 2.71740 -1.04 

346.43 13.41 5278 0.07 53.379 -1.40 33.913 -1.21 455.14 -0.15 2.37479 -0.70 

346.44 16.42 6505 0.12 55.61 -1.30 34.119 -1.14 472.99 -0.38 1.98276 0.11 

346.45 19.61 7731 0.08 57.149 -1.03 34.247 -0.97 497.38 -0.59 1.59747 0.82 

346.45 22.65 8804 0.03 57.94 -0.81 34.299 -0.73 523.88 -0.45 1.28500 0.76 

346.46 25.31 9656 -0.02 58.264 -0.73 34.325 -0.52 548.71 -0.28 1.05646 0.03 

346.47 27.57 10322 -0.05 58.344 -0.73 34.337 -0.35 570.59 -0.10 0.89025 -1.03 

346.47 29.80 10928 -0.06 58.292 -0.75 34.347 -0.20 592.55 0.01 0.74799 -2.34 

346.48 31.86 11444 -0.08 58.172 -0.80 34.364 -0.09 613.08 0.08 0.63260 -3.76 

346.48 34.40 12035 -0.08 57.926 -0.80 34.379 0.06 638.58 0.18 0.50736 -5.64 

346.49 36.69 12524 -0.07 57.655 -0.79 34.399 0.16 661.60 0.19 0.40865 -7.50 

346.49 39.66 13109 -0.04 57.237 -0.70 34.419 0.31 691.40 0.17 0.29684 -10.21 

346.50 41.50 13447 0.00 56.948 -0.59 34.425 0.43 709.75 0.11 0.23543 -12.15 

346.51 43.61 13809 0.01 56.631 -0.49 34.444 0.52 730.64 0.08 0.17194 -15.37 

346.51 46.13 14214 0.04 56.24 -0.33 34.461 0.64 755.32 -0.10 0.10414 -22.39 

346.52 48.85 14620 0.05 55.831 -0.15 34.483 0.76 781.63 -0.27 0.03953 -58.75 

346.53 50.92 14910 0.06 55.527 -0.01 34.498 0.86 801.37 -0.10 -0.00442 71.70 

346.54 53.20 15211 0.07 55.21 0.14 34.517 0.96 822.71 -0.25 -0.04799 13.65 

346.55 55.51 15501 0.08 54.894 0.31 34.531 1.08 844.10 -0.45 -0.08810 4.29 

346.55 56.97 15680 0.10 54.675 0.46 34.526 1.19 857.47 -0.58 -0.11187 1.14 

   * Deviation from GERG-2008; ** Deviation from experimental results 
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Table 15. Calculated density and derived properties for the third isotherm (369.41 K) 

T 

(K) 

P 

(MPa) 

Density 

(mol/m3) 

Deviation*  

(%) 

Cp 

(J.mol-1.K -1) 

Deviation*  

(%) 

Cv 

(J.mol-1.K -1) 

Deviation*  

(%) 

SOS 

(m/s) 

Deviation**  

(%) 

JT 

(K/MPa) 

Deviation*  

(%) 

369.40 4.79 1626 -0.11 45.120 -0.43 33.967 -0.62 453.04 -0.55 2.77970 1.13 

369.40 6.49 2231 0.00 46.482 -0.57 34.190 -0.76 453.15 0.19 2.68390 0.19 

369.40 8.16 2833 -0.17 47.893 -0.80 34.422 -0.95 455.78 0.01 2.54999 0.19 

369.40 10.51 3697 -0.07 49.815 -1.02 34.685 -1.09 460.45 0.13 2.35990 -0.45 

369.40 13.04 4626 -0.08 51.763 -1.22 34.931 -1.21 469.21 -0.03 2.12276 -0.47 

369.40 15.66 5578 -0.06 53.504 -1.31 35.126 -1.24 481.66 -0.20 1.86512 -0.22 

369.40 17.77 6320 -0.09 54.653 -1.31 35.248 -1.22 494.16 -0.41 1.65890 0.15 

369.40 19.38 6869 -0.12 55.369 -1.27 35.319 -1.18 504.85 -0.53 1.50831 0.39 

369.40 21.93 7707 -0.10 56.226 -1.17 35.391 -1.04 523.37 -0.34 1.28723 0.51 

369.40 23.17 8099 -0.06 56.530 -1.11 35.408 -0.94 532.90 -0.33 1.18859 0.42 

369.40 25.46 8781 -0.07 56.956 -1.04 35.438 -0.78 551.34 -0.32 1.02278 0.00 

369.41 27.90 9466 -0.04 57.229 -1.00 35.450 -0.58 571.80 -0.32 0.86662 -0.88 

369.41 30.60 10167 -0.04 57.381 -0.99 35.463 -0.38 595.17 -0.27 0.71634 -2.36 

369.41 32.47 10618 -0.04 57.409 -1.00 35.471 -0.25 611.56 -0.23 0.62463 -3.66 

369.42 35.35 11263 -0.04 57.366 -1.03 35.488 -0.08 637.09 0.18 0.49956 -6.09 

369.42 37.78 11770 -0.02 57.242 -1.01 35.495 0.08 658.78 0.22 0.40652 -8.54 

369.42 40.32 12262 0.01 57.063 -0.97 35.506 0.22 681.48 0.25 0.32009 -11.64 

369.43 43.10 12758 0.01 56.844 -0.93 35.533 0.34 706.40 -0.13 0.23621 -16.38 

369.43 45.50 13161 0.03 56.609 -0.83 35.547 0.46 727.83 0.12 0.17127 -22.57 

369.43 48.26 13589 0.01 56.347 -0.74 35.579 0.56 752.35 0.04 0.10475 -38.20 

369.43 51.05 13994 0.02 56.059 -0.61 35.605 0.67 776.87 -0.10 0.04481 -130.97 

369.44 53.36 14307 0.00 55.832 -0.52 35.634 0.74 796.98 -0.23 0.00029 101.32 

369.44 55.10 14534 0.00 55.653 -0.42 35.651 0.80 812.06 -0.32 -0.03081 39.23 

369.44 56.90 14760 0.00 55.467 -0.32 35.667 0.87 827.47 -0.43 -0.06073 22.10 

  * Deviation from GERG-2008; ** Deviation from experimental results 
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Table 16. Calculated density and derived properties for the fourth isotherm (392.34 K) 

T 

(K) 

P 

(MPa) 

Density 

(mol/m3) 

Deviation*  

(%) 

Cp 

(J.mol-1.K -1) 

Deviation*  

(%) 

Cv 

(J.mol-1.K -1) 

Deviation*  

(%) 

SOS 

(m/s) 

Deviation**  

(%) 

JT 

(K/MPa) 

Deviation*  

(%) 

392.32 6.12 1945 -0.17 46.81 -0.44 35.42 -0.67 468.59 -0.07 2.29631 1.77 

392.32 8.42 2698 -0.32 48.35 -0.66 35.69 -0.89 472.23 -0.27 2.15517 1.43 

392.33 11.73 3799 -0.29 50.50 -0.93 36.00 -1.08 480.19 -0.27 1.93690 0.52 

392.33 16.07 5229 -0.11 52.95 -1.14 36.30 -1.16 497.13 -0.44 1.61705 0.02 

392.33 19.59 6345 0.03 54.47 -1.16 36.46 -1.09 516.18 -0.25 1.35388 0.12 

392.33 22.53 7222 0.01 55.42 -1.14 36.55 -0.99 535.25 -0.46 1.14790 0.24 

392.34 26.51 8327 0.01 56.28 -1.08 36.62 -0.77 563.69 -0.59 0.90473 -0.29 

392.34 29.91 9189 -0.03 56.73 -1.09 36.66 -0.57 589.61 -0.62 0.72975 -1.62 

392.34 33.24 9962 -0.05 56.98 -1.13 36.68 -0.36 615.72 -0.54 0.58448 -3.79 

392.34 36.18 10590 -0.07 57.08 -1.17 36.70 -0.19 639.14 -0.51 0.47385 -6.49 

392.34 38.94 11141 -0.06 57.09 -1.19 36.71 -0.03 661.36 -0.10 0.38205 -9.82 

392.34 41.71 11653 -0.07 57.04 -1.20 36.73 0.11 683.70 -0.07 0.30033 -14.28 

392.34 44.72 12173 -0.05 56.93 -1.18 36.75 0.26 708.06 -0.07 0.22100 -21.43 

392.35 47.27 12593 0.02 56.76 -1.07 36.75 0.43 728.70 -0.03 0.16010 -31.45 

392.35 50.23 13037 0.00 56.60 -1.02 36.78 0.53 752.66 -0.14 0.09699 -61.32 

392.35 52.55 13369 0.02 56.43 -0.92 36.79 0.64 771.38 -0.21 0.05180 -203.19 

392.35 55.31 13736 -0.01 56.25 -0.84 36.83 0.71 793.47 -0.30 0.00322 111.22 

392.35 56.86 13930 -0.04 56.16 -0.81 36.85 0.74 805.79 -0.38 -0.02184 58.13 

  * Deviation from GERG-2008; ** Deviation from experimental results 
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Table 17. Calculated density and derived properties for the fifth isotherm (415.44 K) 

T 

(K) 

P 

(MPa) 

Density 

(mol/m3) 

Deviation*  

(%) 

Cp 

(J.mol-1.K -1) 

Deviation*  

(%) 

Cv 

(J.mol-1.K -1) 

Deviation*  

(%) 

SOS 

(m/s) 

Deviation**  

(%) 

JT 

(K/MPa) 

Deviation*  

(%) 

415.45 10.52 3168 0.18 50.032 -0.56 37.148 -0.79 489.26 0.12 1.76333 0.16 

415.45 13.30 4006 0.05 51.460 -0.76 37.364 -0.93 498.39 -0.09 1.59383 0.20 

415.45 16.92 5084 0.09 53.090 -0.93 37.576 -1.00 513.32 -0.30 1.37306 0.03 

415.44 20.14 6008 0.08 54.278 -1.00 37.716 -0.98 530.04 -0.22 1.17797 0.16 

415.44 23.57 6941 0.06 55.256 -1.03 37.82 -0.90 550.53 -0.50 0.98488 0.17 

415.44 26.61 7719 0.05 55.900 -1.04 37.879 -0.77 570.29 -0.61 0.83176 -0.23 

415.44 30.06 8548 0.05 56.423 -1.05 37.919 -0.58 594.00 -0.70 0.67918 -1.38 

415.44 32.40 9074 0.03 56.684 -1.08 37.939 -0.45 610.67 -0.71 0.58774 -2.68 

415.44 35.71 9768 -0.01 56.945 -1.14 37.965 -0.27 634.59 -0.69 0.47385 -5.37 

415.44 38.58 10332 -0.01 57.078 -1.18 37.978 -0.11 655.57 -0.67 0.38698 -8.72 

415.44 41.93 10941 -0.04 57.161 -1.24 37.999 0.06 680.25 -0.62 0.29747 -14.34 

415.44 45.14 11487 -0.03 57.161 -1.25 38.015 0.22 704.00 -0.28 0.22139 -22.82 

415.44 47.96 11932 -0.05 57.127 -1.26 38.037 0.33 724.92 -0.34 0.16141 -36.17 

415.45 51.31 12428 -0.05 57.035 -1.22 38.06 0.47 749.72 -0.30 0.09716 -79.59 

415.45 54.08 12811 -0.06 56.940 -1.19 38.087 0.56 770.21 -0.37 0.04916 -594.74 

415.45 55.37 12981 -0.09 56.896 -1.18 38.104 0.59 779.81 -0.39 0.02817 312.79 

415.45 58.37 13363 -0.10 56.760 -1.10 38.133 0.69 801.92 -0.47 -0.01744 69.12 

   * Deviation from GERG-2008; ** Deviation from experimental results 
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Figure 10. Derived isobaric heat capacity of  natural gas for different isotherms 

 T=323.31 K(○) , T=346.48 K(◊),369.41K(∆), 392.34 K(▲),415.45 K(●), GERG-2008 (—), AGA8/10 (----) 
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Figure 11. Drived isochoric heat capacity of  natural gas for different isotherms 

T=323.31 K(○) , T=346.48 K(◊),369.41K(∆), 392.34 K(▲),415.45 K(●), GERG-2008 (—), AGA8/10 (----) 
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Figure 12. Derived Joule-Thomson coefficient of  natural gas for different isotherms 

T=323.31 K(○) , T=346.48 K(◊),369.41K(∆), 392.34 K(▲),415.45 K(●), GERG-2008 (—), AGA8/10 (----) 

 

 

5. Conclusions 

In this work density and speed of sound were measured simultaneously using a densitometer 
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range of pressure up to 56 MPa. The results of these measurements were in good agreement 

with the predictions of the GERG-2008 EoS. The average absolute percentage deviation for 

density and speed of sound for all the measurements were 0.14% and 0.11%, respectively. 
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of temperature. The average absolute percentage deviation from the GERG-2008 EoS for 

these measurements was 0.33%. 

In addition to the experimental measurements, derived properties of the gas were obtained by 
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measurements was 0.18%.  Also , the experimental result of density and speed of sound were 

compared against the PR-78, GERG-2008 and AGA8-DC92 equations of state. The average 

deviation of the density and speed of sound compare to the PR-78 predictions was 1.4% and 

1.6%, respectively. However, deviation with other equations of states were less than 0.3%. 

Furthermore, the average deviations of the obtained derived properties compare with 

predictions from the GERG-2008 EoS were 0.30%, 0.80%, 0.65% and 23.48% for speed of 

sound, isobaric heat capacity, isochoric heat capacity and Joule-Thomson coefficient, 

respectively. Although higher average deviations are observed for the Joule-Thomson 

coefficients, overall the predicted values are accurate. The main reason for the higher 

deviation between the two models in the Joule-Thomson coefficient is due to values that are 

close to zero or because of the inversion in the sign of the Joule-Thomson coefficient (the  

absoltue deviation between the derived Joule-Thomson inversion pressure and predicted 

using the GERG-2008 EoS is 1.5 MPa with Joule Thomson inversion pressure values 

between 45 – 60 MPa for the temperature considered in this work).  The average deviation is 

4.79% if excluding the Joule-Thomson coefficients close to zero (i.e., -0.1 < Joule-Thomson 

coefficient (K/MPa) < 0.1). 

In this work a quick and reliable method was developed to determine the calorific properties 

of a natural gas from volumetric properties. The validity of this method was confirmed by 

comparing the measured speed of sound against the values predicted from the tuned SBWR 

EoS, hence this method can be an alternative to classical methods of calorimetric 

measurements. 
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6. Appendix 

6.1 Derived properties equations 

The thermodynamic equations used in this work to calculate derived thermodynamic 

properties are summarised in Table S1 in the supporting information. 

 

6.2  SBWR Derivatives 

As discussed before, the SBWR45 equation of state was used to calculate derived 

thermodynamic properties. This equation is defined as: 

a = ,^b( = 1 + c4 + d4e + Y4�(1 + f4�) %VW(−f4�) 	    eq. (11) 

All the required information about this equation of state can be found in the original work 

performed by Soave45. Moreover, first and second derivatives of the compressibility factor 

with respect to density and temperature were obtained according to: 

[g`g^_( = c + 4d4K + %VW(−f4�)h2Y4 + 2Yf4K − 2Yf�4jk    eq. (12) 

[g`g^_( = 12d4� + %VW(−f4�)h2Yf4� − 142Yf�4e + 4YfK4l + 2Yk  eq. (13) 

[g`g(_^ = c14 + d14e + %VW(−f4�)hY14�(1 + f4�)k     eq. (14) 

[g`g(_^ = c114 + d114e + %VW(−f4�)hY114�(1 + f4�)k	    eq. (15) 

In these equations, B, D, E and F are SBWR coefficient. Except F, other coefficients are 

temperature dependent. Also, Bt, Dt, Et and Btt, Dtt, Ett are first and second derivatives of the 

SBWR coefficients, respectively. The derivatives are listed in Table S2 and Table S3 in the 

supporting information. 

6.3 Specific heat capacity for ideal gas 

Specific heat capacity for ideal gas, m]$, was used to calculate isobaric heat capacity of the 

gas. This parameter can be calculated simply using following mixing rule: 

m]$8no = ∑ qn 	m]$nr�        eq. (16) 
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In this equation m]$n can be calculated for each component using folowing equation 

suggested by Aly and Lee58: 

m]$ = c + m s t/(
vwxy	(z{)|

� + Y s }/(
D~vy	(�{)|

� + X s �/(
vwxy	(�{)|

� + � s �/(
D~vy	(�{)|

�
 eq. (17) 

 

Corresponding coefficients for the mixture in this work are tabulated in Table S4 in the 

supporting information . 

6.4 Uncertainties calculations 

The combined uncertainties of the measurements were obtained via the following equation: 

�� = �����158� + ��23n�!21n �� + �!5]5212�n3n1��    eq. (18)

    

Details of the calculations for each test is explained in the following section. 

6.4.1  Density measured simultaneously with the speed of sound 

a.Temperature uncertainty:  In this setup uncertainty of temperature measurement was 

calculated according to: 

��(") = ��1�5!8 8515!� + ��23n�!21n �� + �!5]5212�n3n1��   eq. (19) 

The system and repeatability uncertainties were found to be 0.01 K. Moreover, the calibration 

function used to convert the actual measured temperature to the calibrated value was: 

"�23n�!215g(") = 0.00000081TK − 	0.0008875T� + 1.31559927T − 309.544  eq. (20) 

Therefore, ��23n�!21n �was obtained according to: 

��23n�!21n � = ��"m�J��A�C%��" � . ∆"    eq. (21) 

In this equation ∆" is equal to 0.01 K and derivative of the calibration function can be 

expressed as: 

g(�����<�;��g( = 3 × 0.00000081T� − 	2 × 0.0008875T + 1.31559927   eq. (22) 

As a result �(") was found to be 0.1 K for all points. 

b.Pressure uncertainty: similar to the temperature uncertainty, the uncertainty of pressure 

measurements was calculated according to the following equations: 
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��(#) = �����158� + ��23n�!21n �� + �!5]5212�n3n1�� eq. (23) 

����158(#) = 0.034	0#� 

�!5]5212�n3n1�(#) = 0.002	0#� 

Moreover, a linear function was used to convert actual measured pressures to the calibrated 

pressures as: 

#�23n�!215g(#) = 	1.000115P − 0.183062    eq. (24) 

Therefore, 

 ��23n�!21n � = 0.034	0#� 

As a result ��(#) was found to be 0.048 MPa for all measured pressures. 

 

c.Density uncertainties: For the density measurement the combined standard uncertainty 

was calculated from the root sum of the uncertainties according to: 

 

��(4) = �����158� + ��23n�!21n �� + �!5]5212�n3n1�� eq. (25) 

Where 

����158(4) = ¡[�¢�g(� . �(_� + [�¢�g,� . �,_� + �2]]2!21£�� eq. (26) 

As calculated before, the uncertainty of pressure(�,) and temperature (�() were 0.048 MPa 

and 0.1 K, respectively. Moreover, the density gradient due to the temperature and pressure 

were estimated employing REFPROP V.8.0 and experimantal results, respectively. The 

apparatus uncertainty was found to be 0.1( 
¤¥8¦). 

The calibration uncertainty was achieved from the equation used to calculate the sample 

density for each isotherm;   

ρv = (τv� − τ�� ) × ������������ ��� � + ρ�    eq. (27) 

The uncertainty of the calibration equation was  given by: 

U(p)�23n�!21n � = �g^g,� . ∆#      eq. (28) 

Where, 
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g^g, = gh�© ��� k
g] . (����������� ��� ) + gª«���¬«���� ¬� ®

g] . (τ�̄ − τ�� )   eq. (29) 

= −2°r �°r�W . (ρ±²� − ρ�τ±²�� − τ�� ) +
−�hτ±²�� − τ�� k�W . (ρ±²� − ρ�)(τ±²�� − τ�� )� . (τ�̄ − τ�� ) 

= −2°r �°r�W . (ρ±²� − ρ�τ±²�� − τ�� ) + (2°r ��°r�W � − 2°±²�h�°±²��W k). (ρ±²� − ρ�)(τ±²�� − τ�� )� . (τ�̄ − τ�� ) 
 

= &ρ±²� − ρ�- �−2°r . �°r�W . &τ±²�� − τ�� - + (2°r . �°r�W − 2°±²� . �°±²��W ). (τ�̄ − τ�� )�
(τ±²�� − τ�� )�  

∆# is the uncertainty in the measurement of P which was equal to 0.048 MPa. Due to the 

manufacturer inforation, the uncertainity of repeatability and the uncertainty of the system 

were found to be 0.01( 
¤¥8¦) and 0.1 ( 

¤¥8¦), respectively. 

Finally, the estimated expanded uncertainty with a confidence greater than 95% was 

calculated from following equation: 

�³o]2�g5g = 2 × ¡�!5]521� + ��23� + ��51£]�   eq. (30) 

6.4.2 Isochoric density 

As it was shown in the previous sections, the following equation was used for calculation of 

the corrected density in isochoric test: 

4�(", #) = 4�("!56 , #!56) :?((<�´,,<�´):?((,,) + 41("!56, #!56) :;((<�´,,<�´):?((,,) −	41("!  8, #) :;((<==>,,):?((,,)
        eq. (31) 

In order to simplify the calculations, aforementioned equation was considered in three parts 

as;  

m� = 4�("!56, #!56) :?((<�´,,<�´):?((,,)     eq. (32) 

m� = 41("!56, #!56) :;((<�´,,<�´):?((,,)     eq. (33) 

mK = 41("!  8, #) :;((<==>,,):?((,,)      eq. (34) 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

39 
 

The uncertainty for each part is calculated employing the following equations; 

∆m� = m�. µ¶∆^?((<�´,,<�´)^?((<�´,,<�´) ·
� + ¶∆:?((<�´,,<�´):?((<�´,,<�´) ·

� + [∆:?((,,):?((,,) _�  eq. (35) 

∆m� = m�. µ¶∆^;((<�´,,<�´)^;((<�´,,<�´) ·
� + ¶∆:;((<�´,,<�´):;((<�´,,<�´) ·

� + ¶∆:?((<�´,,<�´):?((<�´,,<�´) ·
�
  eq. (36) 

∆mK = mK. ¡[∆^;((<==>,,)^;((<==>,,) _� + [∆:;((<==>,,):;((<==>,,) _� + [∆:?((,,):?((,,) _�   eq. (37) 

Finally, �� !!5�1n � was calculated according to: 

�� !!5�1n � = ∆4� = �(∆m�)� + (∆m�)� + (∆mK)�    eq. (38) 

∆4� and ∆41 were found according to the achived uncertainty of the densitometer and GERG-

2008 EoS, respectively. Additionally,  ∆�1 and ∆�� were obtained according to the following 

equations: 

� = 8̂
      eq. (39) 

∆:: = ¡[∆88 _� + [∆^̂_�   eq. (40) 

∆� = �.¡[∆88 _� + [∆^̂_�   eq. (41) 

∆�1 = 0.02	FJ 
∆�� = 0.01	FJ 

�!5]5212�n3n1� for this experiment is based on the repeatability of  density measaurements in 

the reference point. Therefore, the same value was used in the calculations. 

(�!5]5212�n3n1� =0.01) 

Finally, The estimated expanded uncertainty with a confidence greater than 95% was 

calculated from following equation: 

�³o]2�g5g = 2 × ¡�!5]521� + ��23�  eq. (42) 
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6.4.3 Speed of sound 

Similar to the previous calculations, different uncertainties were obtained to measure the 

combined uncertainty of the speed of sound based on the following equation; 

��(¸¹¸) = �����158� + ��23n�!21n �� + �!5]5212�n3n1�� eq. (43) 

Uncertainty of system and calibration 

To calculate the uncertainty of the setup and calibration following uncertainties were 

considered: 

a.The uncertainties of temperature and pressure: The values of uncertainties for 

temperature and pressure are calculated in the same method as density uncertainty 

calculation. 

b.Uncertainty for internal length of the cell: The internal length of the cell in constant 

temperature was measured employing the reflection time measured in the experiments and 

the sound velocity of nitrogen calculated from the reference equation of state47 according to:  

º = ». "      eq. (44) 

So as to calculate the uncertainty of length measurement, following equation was used; 

∆¼¼ = ¡[∆½½ _� + [∆11 _�    eq. (45) 

Based on the available data from literature and the experimental result, values of  ∆C	and 
∆½½  

were found to be ±0.02 µs and 0.00159, respecively. 

c. Uncertainty of the reflection time: The total reflection time, "!, was found via a function 

by deploying the time of the first and last points of one reflection, "!5635�1n � = B(C). Therefore, 

the uncertainty of the measured reflection time should be calculated according to: 

∆"!5635�1n � = g6(1)g1 ∆C    eq. (46) 

Finally, the uncertainty in the measured speed of sound is calculated from following 

equations. 

» = ¼(<      eq. (47) 
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��51£]	¾x¢	�23n�!21n � = ∆» = ».¡[∆¼¼ _� + [∆(<(< _� eq. (48) 

Uncertainty of repeatability 

The uncertainty of the repeatability of the experiments was measured by conducting a set of 

measurements at an interest (P,T). The �!5]5212�n3n1�  for this set of measurements was found to 

be 0.11 m/s. 

 

Finally, the estimated expanded uncertainty with a confidence greater than 95% for 

measurements of  the speed of sound in the fluid, was obtained according to:  

�³o]2�g5g = 2 × ¡�!5]5212�n3n1�� + ��51£]/�23n��   eq. (49) 

 

 

6.4.4 Compressibility factor 

a. Uncertainty of calculations: Refer to the equation used to calculate the compressibility 

factor of the natural gas, the uncertainties of temperature, pressure and density were 

considered for uncertainty calculations. 

a = ,¿^b(        eq. (50) 

∆a = ¡Àg`g( . ∆"Á� + Àg`g, . ∆#Á� + Àg`g^ . ∆4Á�    eq. (51) 

∆a = ¡À− ,¿b(^ . ∆"Á� + À ¿b(^ . ∆#Á� + À− ,¿b^( . ∆4Á�   eq. (52) 

b. Uncertainty of repeatability: The uncertainty of repeatability was measured by repeating 

some tests for five times in a constant pressure and temperature. Then density and 

compressibility factor were found for each of the tests. Finally, the uncertainty of 

repeatability was calculated from the standard deviation of the results. For the compressibility 

factor, it was found that �!5]521	` = 0.001. 
Finally, expanded uncertainty for the compressibility factor was found employing the 

following equation; 
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�³o]2�g5g = 2 × ¡�!5]521� + ��23n��    eq. (53) 
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• New experimental setup was designed to measure speed of sound for natural gas. 

• Density and speed of sound of natural gas were measured simultaneously. 

• The SBWR EoS was tuned on the experimentally measured density. 

• Derived calorific and thermal properties were calculated using tuned SBWR EoS. 

 


