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SUMMARY
The heat of combustion and sound speed of natural gas
were studied as a function of random fluctuation of the gas
fractions. A method of sound speed determination was
developed and used for over 50,000 possible variants of
component concentrations in four- and five- component
mixtures. A test on binary (methane-ethane) and
multicomponent (Gulf Coast) gas mixtures under standard
pressure and moderate temperatures shows satisfactory
predictability of sound speed on the basis of the binary
virial coefficients, sound speeds and heat capacities of the
pure components. Uncertainty in the obtained values does
not exceed that of the pure component data. The results of
comparison between two natural gas mixtures - with and
without nonflammable components - are reported.

INTRODUCTION
In view of the infinite diversity of gas mixtures, various
attempts are made to predict their thermal and caloric
properties on the basis of pure component data. Equations
of state are widely used for this purpose - E. A. Mason[l] ,
J. Hirshfelder et al. [2]. In the region of moderate
pressures and temperatures the virial equation is adopted :

(1)
n=2

where p, p and T are gas pressure, density and
temperature respectively, R is the universal gas constant,
B - the virial coefficient and n its number so that 2B - is
the second virial, 3B - third virial and so on; in the case of
a gas mixture

(2)
i=l j=l 1=1

where x - component concentration; i, j and 1 the
component numbers.
Using eq. (1), the differential equations of
thermodynamics and ideal gas functions, the density p,
enthalpy I, heat capacities Cp and Cy, and entropy s of gas
mixtures are calculated. The same approach may be used
for determining the thermodynamic sound speed

w2 = k (dp/dp)T ' (3)

where k is the ratio of the heat capacities cp and c,.

Under the ideal gas approach (d p/d p)T = \x R T , where fi
is the molar weight; thus w2 = |i k R T. Thus it is possible
to use the sound speed measurements/calculations for
determining the molar weight of pure gases and their
mixtures - L. C. Lynaworth [3]. In this case it must be
borne in mind that a gas mixture may have the same
molar weight but different sound speeds owing to different
gas component concentrations and conversely the same
sound speed may occur at different molar weights for the
same reason. The molar concentration of natural gas
secondary fractions may change by a whole order of
magnitude at constant molar weight or at constant sound
speed. Uncertainties in JJ. or w for such cases remain
unevaluated to date.
It was established that the heating value H of natural gases
for light hydrocarbons is an almost linear function of the
molar weight, though this fact is of no practical use, as the
presence of nonflammable components in the gas mixture
reduces the real heating value and exaggerates the
measured/calculated value at the same time.

MULTICOMPONENT GAS MIXTURE MODEL IN
APPROACH TO SOUND SPEED.

Here we use the classical approach, in which the
thermodynamic properties of a real mixture are
constituted from those of the pure components with
corrections for the ideal gas mixture approach. Such a
concept was used by L. M. Burshtein [4] for the equation
of state of a gas mixture, and can be extended to the sound
speed in it.
For m-component mixtures of constant composition, the
derivative in (3) can be determined from the equation of
state (1) and the virial coefficient equation (2). Using
differential thermodynamic relations for heat capacities
and the equation for the molar concentration sum we can
finally obtain the heat capacity ratio and sound speed in
an m- component mixture:
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here Ac= c - c°, cc is the ideal gas value.

96



So far these equations were constructed on the basis of
the virial equations of state without any simplifications, as
they are rigorous throughout the range of applicability of
the virial equation. For natural gases under normal
conditions we can obtain

(6)

j

signCBO,/

Bi

Bi

"-sign(Bj)J

+ sign(Bj)J \D i

where B must have the same sign for different fractions;
in the case of negative B we can use its absolute value
with a negative sign of the square root.
Applicability of the model was checked on the B. A.
Younglove et al. [5] sound speed data for binary
methane-ethane gas mixtures and multicomponent Gulf
Coast gas, which consists of flammable and nonflammable
components. We use the data for 0.1013MPa in the
temperature range 250-400 K. The model gives more
accurate values of sound speed throughout the data range;
the one-sided uncertainty in w is not worse than ±1.4
percent, which falls within the inaccuracy limits of pure
gas speed (5w up to 2%) , and heat capacities (§Cp above
3%) data. For a multicomponent gas the inaccuracies are
significantly smaller than in the case of a binary mixture.

MODELING OF COMPONENT FLUCTUATIONS IN
NATURAL GAS

The composition of natural gases fluctuates according to
both the number of components and their concentrations.
As is well known methane, ethane and a certain amount of
nitrogen are always present in natural gases, but the
actual concentrations of these and other components vary
over a wide range, in particular for small components.
It is natural to suggest that the molar concentration is a

random value which fluctuates within certain limits. As a
result, the molar weight of a specific natural gas may be
the same while the molar concentrations of the fractions
differ. In that case the measured sound speed also differs
and we observe a number of molar weights instead of the
single true value. Obviously, a series of molar weight
values can correspond to a single value of sound speed as
a result of accidental variation of the gas component
concentrations. Sound speed calculations for the large
possible number of component concentrations have to be
carried out to estimate the inaccuracy in molar weight or
sound speed determination due to the random fluctuations
of the molar concentration.
Such a procedure was created under the following
premises:
• the gas mixture has not less than four flammable

components, with methane as basic component;
• the concentrations of m-1 components vary as a

random value normally distributed with given
dispersion a; the concentration of the last component
varies between 1 and the sum of all the others.

• zero concentrations and those less than 0.05% are
disregarded.

RESULT AND DISCUSSION
The heat capacity ratio, sound speed, molar weight, and
gas heating value were obtained by eqs.(5,6,7) using CRC
data for the virial coefficients [6] for the virial
coefficients, S. S. Chen et al. [7], J. Chao et al.[8], and R.
T Jakobson et al.[9] data for the ideal gas function and
tables of J. Chao et al. [8], B. A. Younglove et al.[9] for
methane, ethane, propane, butane, and nitrogen dioxide.
The dispersions of gas fractions were taken 0.012; 0.017,
0.004 and 0.001 for methane, ethane, propane, and butane
respectively. The results of the calculations for four- and
five-component gases are shown on Figs.l through 5.
Fig. 1 shows the dependence between the molar weight and
sound speed, which was found from 48970 random
concentrations for the four-component and 44870 random
concentrations for the five-component gas. The correlation
coefficients are 0.934 and 0.995 for the sound speed and
molar weight respectively, showing good reliability for the
weight-sound measurements.
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Figure l.Molar Weight Versus Sound Speed for Two
Natural Gas Mixtures: 1 - Methane + Ethane
+ Propane + Butanes; 2 - Methane + Ethane +

Propane + Butanes + Nitrogen Dioxide.
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Figure 2.Heating Value Versus Sound Speed for Two

Natural Gas Mixtures: 1- Methane + Ethane +
Propane + Butanes;2 - Methane + Ethane +
Propane + Butanes +• Nitrogen Dioxide

As we can see from Fig.l, the changes in the molar
weight of the gases through random fluctuation of the
fraction concentrations amounted to 20% at sound speed
fluctuation above only 3.5%. It is interesting that with the
added nonflammable nitrogen dioxide fraction
(five-component gas), the molar weight fluctuations are
half below those for the same rate of variation of the
sound speed. The accuracy of M evaluation by sound
speed measurement or calculation is more than double in
this case. The maximum inaccuracy in molar weight by
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sound speed data is above 1.3% at sound speed uncertainty
not more than 0.1%.
Figs.2,3 illustrate the dependence between heating value,
sound speed and molar weight for four- and
five-component gases. The correlation coefficient is only
0.486 for H,w-data, thus the nitrogen fraction strongly
influences the results. Even in this case, as it can be seen
we have an interval of speeds or weights where owing to
the concentration fluctuations, the inaccuracies exceed
those due to addition of the nonflammable component. We
can also see that with an added nonflammable component
the natural gas heating value is reduced up to 30%
through variation of the gas component concentrations;
the uncertainty of the gas heating value is above ± 2.5%
for gas with inflammable components only. Moreover,
there is the probability of correct determination of the
heating value from the w data, as the range of cross-data
involves almost 20% of all possible component
concentrations of the four- and five-component mixtures.
As for the H data, although the inaccuracy increases in the
presence of the nonflammable component, cross data exist
here as well, with equal heating values for both mixtures,
with and without the nonflammable component.
Figs.3 shows the histogram bar and surface distribution of
sound speed and heating value as function of the molar
weight.

Fig. 4 presents covariance 68% -, 95% - areas and 100% -
point population for H,w - pairs of variables.
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Figure 3.Bivariate Gas Heating-Molar Weight

Distributions: A) Methane-Ethane-Propane and
Butanes Mixture; B) Methane-Ethane-Propane-
Butanes and Nitrogen Dioxide Mixture
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Figure 4.Covariance Heating Value-Sound Speed Ellipses
for : Four-Component (A) and Five-Component
(B) Mixtures: 1 - All points population, 2 -2a -
error ellipse, 3 - a-error ellipse

CONCLUSION
The proposed method for obtaining the sound speed of a
gas mixture on the basis of pure component data with
correction for the interaction of heterogeneous atoms of
the gas components gives an uncertainty above ±1.4% in
the case of natural gas and permits to calculate the sound
speed of natural gas mixtures with uncertainty of the used
pure gas data.
The used statistical experiment method of random

concentration fluctuation enables one to obtain the
standard error in molar weight, sound speed and heating
values.
The accuracy in determining the molar weight and
heating value is improved on addition of a nonflammable
component, and so is the probability of correct
determination of both the molar weight and heating values
through measurement or calculation of the sound speed.

ACKNOLEGEMENTS
The authors are indebted to Measurement Technology
International Ltd. (12/55 Mora Drive, Suite 2, Santa Fe
Springs, CA 90670 - 3772) for encouraging this research.

REFERENCES
I.E. A. Mason. The Virial Equation of State. Oxford,

Pergamon Press, 1969, 297p.
2. J. Hirshfelder, C. Curtiss, R. Bird. Molecular Theory

of Gases and Liquids. University of Wisconsin. N.Y.,
L. 1954.

3.L. C. Lynaworth. Ultrasonic Gas Flowmeters.
Measurements & Control. Vol.29, No.5, Oct. 1995,
pp.92-101.

4. L. M. Burshtein. The Equation of State of a Gas
Mixture for Gas-Analysis calculations. Measurement
Techniques. Plenum Publishing Corporation, Vol.18,
No.12, Dec.1975, pp.1818-1812.

5.B. A. Younglove, N.V.Frederick. Sound Speed
Measurements on Gas Mixtures of Natural Gas
Components Using a Cylindrical Resonator. Int.
Journal of Thermophysics. Vol. 11, No 5, Dec. 1990,
pp. 897-910.

6. S. S. Chen, R. C. Wilhoit, B. I Zwolinski. Ideal Gas
Thermodynamic Properties and Isomerization of
n-Butane and Isobutane. J. Phys. Chem. Ref. Data,
Vol. 4, No 4, 1975, pp.859-867.

7.J. Chao, R. C. Wilhoit, B. J. Zwolinski. Ideal Gas
Thermodynamic Properties of Ethane and Propane. J.
Phys. Chem. Ref. Data, Vol.2, No 2,1973, pp.
427-436.

8. R. T. Jacobson, R. B. Stewart. Thermodynamic
Properties of Nitrogen from the Freezing Line to 2000
K at pressures to 1000 MPa. J. Phys. Chem. Ref. Data,
Vol.15, No 2, 1986, pp. 735-867.

9. B. A. Younglove, J. F. Ely. Thermophysical Properties
of Fluids. II. Methane, Ethane, Propane, Isobutane,
and Normal Butane. J. Phys. Chem. Ref. Data, Vol.
16, No 4, 1987, pp. 577-813.

98


