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Abstract Measurements of the speed of sound in 42 different compositions of lean,
medium, and rich natural-gas mixtures using a specialized high-pressure rupture
tube have been conducted. The rupture tube is made of stainless steel (internal
diameter = 38.1 mm and length = 42 m), and is instrumented with 13 high-
frequency-response dynamic pressure transducers (Endevco) mounted very close
to the rupture end and along the length of the tube to capture the pressure-time
traces of the decompression wave. Tests were conducted for initial pressures rang-
ing from 10 MPa to 37 MPa and a temperature range from −25 ◦C to + 68 ◦C.
Gas mixture compositions were controlled by mixing conventional natural-gas mix-
tures from an adjacent gas pipeline with richer components of alkanes. Temper-
ature control is achieved by a heat tracer along the tube with a set point at the
desired gas temperature of the particular test. Uncertainty analysis indicated that
the uncertainty in the experimentally determined speed of sound in the undis-
turbed gas mixture at the initial pressure and temperature is on the order of
0.306 %. The measured speeds of sound were compared to predictions by five
equations of state, namely; the Benedict–Webb–Rubin–Starling (BWRS), AGA-8,
Peng–Robinson (PR), Redlich–Kwong–Soave (RK–Soave), and Groupe Européen de
Recherches Gaziéres (GERG-2004) equations.
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List of Symbols
C Speed of sound
D Pipe internal diameter
L Pipe length
#n Location number
P Gas pressure
Pi Initial gas pressure prior to rupture
s Entropy
t Time
T Temperature
Ti Initial gas temperature prior to rupture
X Axial distance
ρ Gas density

1 Introduction

Measurement of speed of sound can be carried out with relatively high accuracy, and it
is therefore a useful parameter to check the reliability and performance of an equation
of state. Analysis of the experimental and predicted data of speeds of sound in pure
methane indicates that the uncertainty of the predicted speed of sound is higher at low
temperatures and/or high pressures [1]. Unfortunately, high accuracy experimental
data for natural gas mixtures are rather scarce. The most accurate and reliable data are
those reported in [2–5]. In fact, AGA Report No. 10 [6] mentions only 17 natural gas
mixtures for which measured speed-of-sound data were available. There is a need to
extend the pool of experimental data on the speed of sound to allow further evaluation
of the performance and predictability of the various equations of state.

One of the important parameters in pipeline fracture control is the decompression
wave speed. Predictions of this parameter by gas decompression models, such as GAS-
DECOM [7], are based on fundamental one-dimensional thermodynamic expansion
behavior of the gas at the rupture point, independent of the pipe diameter [8,9]. The
decompression wave speed can also be determined experimentally, either from a full
scale rupture of a section of a pipeline, e.g., [10], or a simulated rupture using a small
diameter rupture tube, e.g., [11–13]. In both methods, the decompression wave speed
can be determined from pressure–time traces measured by high-frequency response
transducers mounted at different locations along the pipe section. For any pressure
level below the initial pressure, the time of arrival of the decompression wave at each
successive pressure transducer can be determined, and the corresponding propagation
speed can be calculated using a linear fit of distance from initiation against arrival time.
Such calculations are repeated for progressively lower pressures. This is the format
required for the application of the Battelle two-curve method for the determination of
fracture arrest toughness [8,14,15]. In these decompression wave tests, a by-product
of the experimental data is the speed of sound in the undisturbed gas mixtures in the
tube, i.e., at the initial gas pressure and temperature. This can be determined by fitting
the time of arrival of the frontal wave to each transducer location along the tube.
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The present paper reports experimentally determined speed-of-sound values from
a campaign of a total of 42 rupture tube tests on different mixtures of lean and rich
natural gas at different pressures and temperatures. This rupture tube (42 m long,
I.D. = 38.1 mm) is constructed at the TCPL Gas Dynamics Test Facility in Didsbury,
Alberta, Canada. Results of the decompression wave speeds measured by this tube
are reported in [11–13]. The experimentally determined speeds of sound for these
42 tests are reported here and are compared to five equations of state, namely, the
Benedict–Webb–Rubin–Starling (BWRS) [16], AGA-8 [17], Peng–Robinson (PR)
[18], Redlich–Kwong–Soave (RK–Soave) [19], and Groupe Européen de Recherches
Gaziéres (GERG-2004) [20] equations.

2 Rupture Tube Setup

The rupture tube consists of four spool pieces of NPS 2 stainless-steel pipe making
up a total length of 42 m, as shown in Fig. 1. They are made of NPS 2 × 11.1 mm
WT, SCH XX, ASTM A312, 316 SS seamless tube (I.D. = 38.1 mm). All individual
spools were designed for 41.370 MPa pressure, design factor = 0.8 and location fac-
tor = 0.625 (according to the latest edition of the CSA Standard Z662). ANSI 2500
RTJ flanges (PN 420 Standards) ASTM A182-316 SS were used. All spools were shop-
tested to a minimum hydrostatic pressure of 62.055 MPa, and a maximum hydrostatic
pressure of 62.755 MPa for a period of 1 h. Spool #4 is equipped with an automated
blowdown and a pressure relief valve.

All spool pieces were internally honed to a roughness RZ less than 25 microin-
ches (0.635 µm). This surface roughness was achieved by a combination of grades
and grit sizes of abrasive stones and use of a double spindle hone, and simultaneous
rotation and reciprocation of the hone within the bore of the tube. Kerosene is used as
a coolant and lubricant, and the final finish is achieved by a polishing/buffing head.
Roughness measurements according to DIN 4768/1 were conducted using a Hommel
Profile Stylus Model T500 at various locations inside the tube from both ends up to
the maximum distance permitted by the Stylus reach.

Rupture Disk and 
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3/8" 

S3

S2

S1

S4 S6S7S5

1/4" 

TI

Front of Shock Tube Back of Shock Tube

S8
1 inch = 25.4 mm

Fig. 1 Schematic of the rupture tube setup
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Table 1 Location of the 13
Endevco pressure transducers
mounted on spool #1 and
temperature probes on spools
#1, #2, and #3

Location Distance (X ) from Normalized
choked location ( mm) distance (X/D)

1st Spool

(Flange RF) 0 0.00

PT1 29.5 0.77

PT1A 92.4 2.43

PT1B 102.8 2.70

PT2 200 5.25

PT3 350 9.19

PT4 500 13.12

PT5 700 18.37

PT6 900 23.62

PT7 1 100 28.87

PT8 3 100 81.36

PT9 5 100 133.86

PT10 7 100 186.35

PT11 9 100 238.85

Temp (1) 4 000 104.99

2nd Spool

Temp (2) 18 000 472.44

3rd Spool

Temp (3) 23 000 603.67

A total of 16 Endevco dynamic pressure transducers are mounted along the length
of the rupture tube, 13 of which are mounted on the front spool where the rupture disc
is located. These transducers are mounted flush to the internal surface of the rupture
tube to a tolerance of 0.0 mm to −0.2 mm using a specially designed fitting. Table 1
shows the locations of these pressure transducers measured from the raised face of the
front flange, which is the location where the flow will choke following disc rupture.
The exact locations of the pressure transducers on the front spool of the rupture tube
were used in the determination of the speed of sound. There is also a static pressure
transducer (by Yokogawa) mounted on spool #1. Two fast response temperature trans-
ducers (by Watlow) are located at indicated locations of spools #1 and #2, and a static
temperature probe by Yokogawa on spool #3 (see locations in Table 1).

A rupture disc is placed at the front end of the tube, which, upon rupturing, causes
a decompression wave to propagate up the 42 m pressurized rupture tube. The rupture
discs used are commercial Fike SCRD BT FSR type, along with Fike’s SRX rupture
disc-holder. The discs are x-scored, which provides non-fragmenting rupture. The disc
holder is made out of stainless steel and is designed to achieve a tight metal-to-metal
seal, while maintaining tight rupture tolerances. Once the disc is ruptured, choked flow
conditions will be established at the front surface of the front flange on the rupture
tube. The open membrane area matches the I.D. of the disc holder which is 63.5 mm
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in diameter, while the tube I.D. is 38.1 mm. This means that choking is guaranteed at
the face of the aforementioned tube flange and not at the rupture disc. Additionally,
the triangular pieces of the opened ruptured disc adhere to the rupture disc holder
(I.D. = 63.5 mm).

Impulse and recoil motion of the rupture tube resulting from rupture of the disc
could be both costly and dangerous if left unopposed. Therefore, tube motion is pre-
vented by a concrete block backstop which weighs 16 tons, placed behind the far
(flanged) end of the rupture tube. A rupture absorber consisting of alternate layers of
steel/rubber plates is placed between the pipe and the backstop. Pipe recoil motion is
prevented by four tensional chains fastened to the concrete backstop, and by additional
straps at tube supports located every 1.5 m.

In order to control the temperature of the gas mixture in the rupture tube and to
achieve a desired temperature before rupture, the rupture tube is heat traced and insu-
lated with 50 mm thick insulation (thermal conductivity = 0.036 W · m−1 · K−1). The
heat tracer is rated for 300 W · m−2, which translates to 56.8 W · m−1 length of the
rupture tube based on one run along the length of the tube.

The rupture tube is connected to an auxiliary system inside a heated building close
to the tube. The auxiliary system includes a vacuum pump, a charge compressor which
transfers base gas from the main facility high-pressure (5.5 MPa) gas loop into the
rupture tube rig, as well as additional supplementary C2+ gas cylinders to make up
the desired rich gas mixtures to be tested. The piping and instrumentation diagram
for this auxiliary system is shown in Fig. 2. The design conforms to the requirements
of the latest edition of CSA Standard Z662 for 41 MPa design pressure, 0.8 design
factor, and 0.625 location factor. The vacuum pump is an Edwards Model # E2M30,
which consists of a direct drive, rotary vane, double-stage vacuum pump, with a dis-
placement of 22.3 cfm (631 L · min−1), pumping speed 19.5 cfm (552 L · min−1), and
ultimate vacuum total pressure of 7.5 × 10−4 torr (without gas ballast). The charge
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Fig. 2 Schematic of the rupture tube auxiliary system

123



Int J Thermophys (2010) 31:2086–2102 2091

compressor is a Haskel Gas booster model AGT-30/75 which consists of a large area
reciprocating air driven piston directly coupled by a connecting rod to a small area gas
piston. The compressor is capable of a discharge pressure up to 110 MPa (pressure
ratio of 60:1).

A desired enriched gas mixture in the test section is attained by mixing gas from
the adjacent pipeline loop (base gas) with a supplementary enriched gas from a pre-
prepared mixture in a pressure cylinder. A simple mass balance calculation is per-
formed to determine the amount and composition of the supplementary gas required,
based on the main loop gas composition, the desired final composition, the volume
of the test section together with the connecting system, and the final pressure. This
calculation is also confirmed by actual measurement of the final gas composition by
the on-line GC of a gas sample taken after recirculation.

3 Instrumentation and Test Procedure

The fast response pressure transducers are Endevco Model 8511A-5K piezoresistive
pressure transducers, which are rated for safe operation up to 138 MPa, and for tem-
peratures down to −73 ◦C. They are supplied with certificates of traceable calibration
curves with an overall uncertainty of 40 kPa and a frequency response up to 20 kHz.
They feature an active four-arm strain gage bridge diffused into a sculptured sili-
con diaphragm for maximum sensitivity and wideband frequency response. Endevco
transducers also feature excellent linearity and high rupture resistance (138 MPa).
Calibrations of these transducers are performed before and after rupture of each test
using a Yokogawa pressure transmitter (Model EJA530A/HAC).

The temperature probes are Watlow fast response monolithic thermocouples
together with Analog Devices AD594/AD595 amplifiers with cold junction com-
pensation. The tip of the probe has been specially tapered from 1.65 mm down to
0.51 mm. The pressure isolation is provided by a standard 1/8 NPT (3.18 mm) “Swa-
gelok” plug that has been drilled through, and the 1.65 mm probe has been welded
into it. The response time is around 20 ms, and the uncertainty is 1 ◦C from −40 ◦C
to +100 ◦C. They are calibrated against a static Yokogawa temperature transmitter
(Model YTA110).

The data acquisition system is a HP E1431A and E1432A High Speed DAS, capa-
ble of ±0.7 % of reading in accuracy at 1 kHz, and the cross channel phase matching
is ±0.125 deg. Data are collected in a block of 16 384 data points; hence, for a window
of 320 ms, the data resolution is exactly 19.53 µs. The gas mixture composition is
determined by an on-line Daniel 2350 gas chromatograph.

The test procedure involves eight main steps starting from evacuating the main
decompression tube, associated header and tubing, up to the final step of rupturing
the disc to atmosphere. These are: (1) purging with pipeline gas, (2) evacuation, (3)
rich gas charge, (4) free flow to line pressure, (5) charge with the charge compressor
up to 90 % of the burst pressure, (6) recycling the loop to ensure good mixing, (7)
continuous gas sampling, and (8) disc rupture by means of increasing pressure in the
tube. Temperature control is achieved by the heat tracer with a set point at the desired
gas temperature of the particular test.

123



2092 Int J Thermophys (2010) 31:2086–2102

4 Scope of the Test Program

The test program consisted of a total of 42 tests conducted with various gas compo-
sitions representative of conventional natural gas mixture and other medium and rich
mixtures, as shown in Table 2, along with the corresponding initial pressure and tem-
peratures. Figure 3 shows phase envelopes for three selected gas mixtures representing
the leanest, medium rich, and the richest gas mixtures among the 42 tested mixture
compositions. These phase envelopes were calculated using the Peng–Robinson (PR)
equation of state (EOS) as implemented in Aspen Plus V7.1 [21] The initial conditions
(Pi and Ti) of the 42 gas mixtures are also shown in Fig. 3 to indicate the range of
pressures and temperature of the test program.

5 Determination of the Speed of Sound

Figure 4 shows an example of the pressure–time traces as measured by the 13 pressure
transducers along the first spool of the rupture tube. The experimentally determined
speed of sound in the undisturbed mixture is obtained from the slope of the distance–
time linear fit of the time of arrival of the decompression frontal wave at all locations
of the pressure transducers identified inside the marked dotted bubble at the top of
Fig. 4. Table 3 gives the exact time of arrival of the frontal wave at each transducer
location, while Fig. 5 shows the resulting distance–time plot of these data. The slope of
the linear fit to these data represents the speed of sound in the undisturbed gas mixture
in the tube, which in this example of Test #16 was determined to be 629.117 m · s−1.

As a matter of interest, but not essential for the present investigation, are the appar-
ent kinks in the pressure–time profiles around 8 MPa in Fig. 4. This is a manifestation
of the decompression wave isentrope crossing the phase envelope into the two-phase
region. It is known that at a phase crossing, a sharp drop in the speed of sound occurs
due to the dramatic drop in the thermodynamic derivative (∂ P/∂ρ)s .

6 Uncertainty Analysis

The uncertainty in the determination of the speed of sound from present measurements
is introduced by the following four uncertainties:

(1) the uncertainty in the measurements of distances and time according to the fol-
lowing definition:

C = Lo

to
(1)

Hence,

δC

C
=

√ (
δL

Lo

)2

+
(

δt1
to

)2

+
(

δt2
to

)2

(2)
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Fig. 3 Ranges of pressure and temperature of the test program and phase envelopes of selected lean,
medium and rich gas mixtures based on PR E.O.S

where Lo is the distance used in the determination of the speed of sound and
to is the time between signals from the transducers a distance (Lo) apart.
The uncertainty δt has two components, namely,

δt1 is the uncertainty due to resolution of the data acquisition system, and
hence, the uncertainty in the determination of the time of arrival of the frontal
wave and
δt2 is the uncertainty due to filtering/smoothing of the pressure–time profile.

(2) the uncertainty in the pressure
(3) the uncertainty in the temperature
(4) the uncertainty in the mixture composition, which is assumed to be 2 % of the

mol% value of all components in the mixture except for C1, which has the lowest
uncertainty of 0.2 %.

Table 4 gives estimated values for the above individual uncertainties based on the
linear fit of the 13 X–t points of Fig. 5. It is shown that the uncertainty in the speed of
sound is estimated at 0.306 %, and the main contributor to it is δt1 (uncertainty due to
resolution of the data acquisition system), and the uncertainty in mixture composition.

7 Results

The speed of sound resulting from all of the 42 tests conducted on the rupture tube is
given in Table 5. Predictions of the speed of sound by different equations of state are
also reported for each test and the corresponding deviation (error) from the measured
values. Here the deviation in the EOS prediction is defined as
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Fig. 4 Example of pressure–time traces for Test #16

Table 3 Example of arrival
time of the wave front at the 13
transducer locations in Test #16

Location Time (ms) X ( mm)

PT1 2.8125 28.8

PT1A 2.929688 97.5

PT1B 2.96875 106.5

PT2 3.105469 202

PT3 3.359375 350.5

PT4 3.574219 500.4

PT5 3.886719 700.4

PT6 4.179688 899.9

PT7 4.53125 1100.3

PT8 7.695312 3100

PT9 10.859375 5100

PT10 14.082031 7100

PT11 17.246094 9100

Deviation (%) =
(

CEOS − Cm

Cm

)
× 100 (3)

where CEOS is the value of the speed of sound predicted by the EOS and Cm is the
value of the speed of sound determined from measurements by the present rupture
tube.

The first equation of state is the BWRS which is based on a virial EOS [16] that was
developed for light gases and hydrocarbons. It is an 11-parameter, non-cubic equation
of state. Mixing rules are defined in terms of a single binary interaction parameter for
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Fig. 5 Linear fit of the arrival time–axial distance for Test #16 (slope = speed of sound)

Table 4 Uncertainty analysis in determining the speed of sound from the rupture tube tests

Parameter Value Units

Pi (Test #23) 33 377 kPa

Ti (Test #23) 21.2 ◦C

to 18 ms

Lo 9 100 mm

dL 2 mm

dt1 (resolution in Data Acquisition) 39.06 µs

dt2 (due to filtering/smoothing) 9.77 µs

dL/Lo 0.0220 %

dt1/to 0.2170 %

dt2/to 0.0543 %

(1) Uncertainty in speed of sound due to geometry and time 0.225 %

(2) Uncertainty in speed of sound due to 0.1% uncertainty in pressure 0.050 %

(3) Uncertainty in speed of sound due to 0.5 ◦C uncertainty in temperature 0.085 %

(4) Uncertainty in speed of sound due to mixture composition 0.183 %

Total uncertainty (1 through 4 above) 0.306 %

each binary mixture. The pure-component parameters and binary interaction parame-
ters used in this EOS are those of Hopke and Lin [22]. The values of the speed of sound
by this EOS were obtained from the version implemented in GASDECOM [7]. The
second equation of state is AGA-8 [17] which is also based on a virial, 11-parameter,
non-cubic equation of state, with pure fluid ideal heat capacities, enthalpies and entro-
pies based on Aly and Lee equations [23]. Mixing rules are defined in terms of a single
binary interaction parameter for each binary mixture. The pure-component parameters
and binary interaction parameters used in this EOS are defined in [6,17]. The third
EOS is Peng–Robinson (PR) [18], which is a cubic equation of state, and is widely
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Table 5 Comparison between the measured speed of sound by the rupture tube and predicted values by
different equations of state

Test # Speed of sound (m · s−1) Deviation (%)

Rupture tube BWRS AGA-8 PR RK–Soave GERG

1 502.89 0.56 0.50 2.37 2.48 0.45

2 479.38 0.57 0.59 2.59 2.99 0.75

3 377.74 1.45 1.74 4.42 5.82 1.51

4 403.12 1.21 1.52 5.29 6.53 0.89

5 513.31 −0.26 0.53 0.73 1.07 1.19

6 483.92 −0.34 0.40 1.65 2.26 0.84

7 579.80 −0.57 0.69 −1.70 −2.05 1.44

8 644.80 −0.42 0.72 −4.32 −5.23 1.07

9 498.70 0.36 0.31 2.25 2.40 0.30

10 474.42 0.31 0.31 2.49 2.95 0.45

11 379.96 −0.20 0.09 2.61 4.02 −0.13

12 408.29 1.03 1.50 5.16 6.41 0.98

13 514.28 −0.21 0.57 0.74 1.07 1.13

14 513.52 −0.45 0.40 0.59 0.94 1.12

15 582.21 −0.52 0.67 −1.72 −2.11 1.46

16 629.12 0.39 1.21 −3.40 −4.14 1.73

17 716.33 0.53 1.00 −2.62 −4.13 1.34

18 717.03 0.75 1.10 −3.14 −4.34 2.17

19 699.99 0.33 1.06 −2.94 −4.30 1.22

20 727.94 1.08 1.68 −2.36 −4.10 1.91

21 755.13 0.45 0.68 −4.90 −6.19 1.37

22 661.38 −0.65 −0.84 −3.35 −3.70 0.72

23 736.54 0.69 0.51 −5.52 −6.45 0.95

24 754.57 −0.17 −0.03 −5.62 −6.82 0.48

25 488.73 0.96 0.39 2.28 2.47 0.61

26 523.87 1.04 0.70 1.21 1.20 1.37

27 470.74 1.12 0.17 2.49 2.99 0.31

28 456.88 1.35 0.54 3.20 3.77 0.59

29 371.18 1.37 1.17 4.27 5.66 0.91

30 479.83 −1.03 −1.79 0.33 0.88 −1.59

31 513.90 1.07 0.67 0.19 0.75 1.30

32 353.49 0.17 −0.25 0.36 1.26 −0.02

33 387.09 1.39 0.18 4.86 5.83 −0.52

34 449.13 1.55 1.24 4.26 4.58 1.00

35 592.19 0.27 0.91 −1.31 −2.40 1.62

36 350.17 1.67 1.04 5.82 7.35 −0.01

37 420.36 2.03 1.39 4.97 6.14 0.77
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Table 5 continued

Test # Speed of sound (m · s−1) Deviation (%)

Rupture tube BWRS AGA-8 PR RK–Soave GERG

38 582.54 0.25 0.46 −2.14 −2.62 1.14

39 348.38 2.41 1.82 8.71 11.21 −1.94

40 444.07 2.18 1.83 3.92 5.21 1.33

41 614.59 0.12 −0.34 −4.87 −5.28 −0.27

42 309.87 1.33 1.32 5.06 6.92 0.56

used because of its relatively simple mathematical structure with only two coefficients
defined in terms of the critical pressure, critical temperature, and the acentric factor
of the pure substance. Mixing rules are defined in terms of a single binary interaction
parameter for each binary mixture. The values of the speed of sound by this EOS were
obtained from the version implemented in REFPROP developed by NIST [24]. The
fourth EOS is Redlich–Kwong–Soave (RK–Soave) [19], which is also a cubic equa-
tion of state. The values of the speed of sound by this EOS were obtained from the
version implemented in Aspen Plus v7.1 [21]. The fifth EOS is Groupe Européen de
Recherches Gaziéres (GERG-2004) [20], which was developed by Ruhr-Universität
Bochum. The normal range of validity of GERG-2004 is temperatures from 90 K to
450 K and pressures up to 35 MPa, although it is further restricted for some compo-
nents. The GERG-2004 EOS is based on pure-substance equations of state for each
of the considered mixture components and correlation equations for binary mixtures
consisting of these components; both are expressed in terms of the Helmholtz free
energy as a function of temperature and density. The values of the speed of sound by
this EOS were obtained from the version implemented in REFPROP [24].

Figure 6 shows the deviations in the predictions of the speed of sound by the above
five EOS for all of the 42 rupture tube test conditions and mixture compositions. It
is shown that the deviations in predictions of the speed of sound by BWRS, AGA-8,
and GERG-2004 EOS are within ±2 %. The mean deviation for these three EOS lies
between 0.6 % and 0.77 %, and the standard deviation between 0.71 % and 0.83 % are
shown in Table 6. However, the mean of the absolute deviation of these three EOS is
between 0.83 % and 0.99 %, with the standard deviation between 0.52 % and 0.59 %.

This performance is not matched by the PR or RK–Soave cubical EOS. For these
two EOS, it is shown that the deviations in predictions of the speed of sound can exceed
5 % to 6 %. Although the mean deviation for these two EOS is between 0.78 % and
0.98 %, the standard deviation is quite high (between 3.6 % and 4.6 %) as shown in
Table 6. Likewise, the mean of the absolute deviation of these two EOS is also high,
between 3.1 % and 4.0 %, with the standard deviation between 1.8 % and 2.3 %.

It should be pointed out that Tests #17 through #24 involve much higher pressures
(33 377 kPa to 36 333 kPa) than the rest of the tests. The deviations in the speed of
sound for these tests by both PR and RK–Soave EOS are consistent and are in the
range of −4 % to −7 %, while the other three EOS are within the deviation limits of
±2 %.
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Fig. 6 Deviations in speed-of-sound predictions by different equations of state (reference is measurements
by the rupture tube)

Table 6 Deviations of the various equations of state in predicting the speed of sound based on the 42
rupture test conditions

Deviation (%) Absolute deviation (%)

Mean St. Dev. Mean St. Dev.

BWRS 0.600 0.825 0.828 0.589

AGA-8 0.676 0.713 0.830 0.520

PR 0.784 3.616 3.160 1.863

RK–Soave 0.983 4.550 4.024 2.260

GERG 0.774 0.821 0.988 0.537

Finally, Test #32 is a reference test conducted on pure nitrogen. The deviations in
the speed of sound as predicted by four out of the five EOS, namely BWRS (0.173 %),
AGA-8 (−0.245 %), PR (0.359 %), and GERG-2004 (−0.017 %) are quite low and are
within the uncertainty in the measurements. However, the prediction by the RK–Soave
EOS still shows a relatively high deviation (1.255 %).

8 Concluding Remarks

The following conclusions can be drawn from the present measurements and predic-
tion results:

1. Measurements of the speed of sound in natural gas mixtures can be achieved with
a rupture tube test to an uncertainty within 0.306 %.

2. Predictions of the speed of sound by BWRS, AGA-8, and GERG equations are
consistent and within ±2 % of those measured by the present rupture tube. The
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deviations in predictions of the speed of sound by these three EOS are between
0.6 % and 0.77 %, and the standard deviation between 0.71 % and 0.83 %.

3. The performance of the other two cubical EOS (PR and RK–Soave) is relatively
rather poor and show deviations in predictions of the speed of sound exceeding
5 % to 6 %. Although the mean deviation for these two EOS is between 0.78 %
and 0.98 %, the standard deviation is quite high (between 3.6 % and 4.6 %).

4. The above findings have significant implications when these EOS are used in
the prediction of the decompression wave speed required for fracture control and
design of natural-gas pipelines. They also reflect on the performance and reli-
ability of these EOS in so far as derived intrinsic thermodynamic properties of
natural gas mixtures.
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