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1. Scope

1.1 This specification covers Liquefied Natural Gas (LNG)
density calculation models for use in the calculation or
prediction of the densities of saturated LNG mixtures from
90K to 120K to within 0.1 % of true values given the pressure,
temperature, and composition of the mixture.

1.2 The values stated in SI units are to be regarded as
standard. No other units of measurement are included in this
standard.

1.3 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.4 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:*
D4150 Terminology Relating to Gaseous Fuels

3. Terminology

3.1 Definitions:

3.1.1 For definitions of general terms used in D03 Gaseous
Fuels standards, refer to Terminology D4150.
3.2 Abbreviations:

3.2.1 LNG—Liquefied Natural Gas

! This standard is under the jurisdiction of ASTM Committee D03 on Gaseous
Fuels and is the direct responsibility of Subcommittee D03.08 on Thermophysical
Properties.

Current edition approved May 1, 2023. Published June 2023. Originally
approved in 1988. Last previous edition approved in 2015 as D4784 — 93 (2015).
DOI: 10.1520/D4784-23.

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.

4. Summary of the Specification

4.1 The models in this specification can be used to calculate
the density of saturated liquid natural gas in the temperature
range 90K to 120K. The estimated uncertainty for the density
calculations is =0.1 %. The restrictions on composition of the
liquefied natural gas are:

methane 60 % or greater
nitrogen less than 4 %
n-Butane less than 4 %
i-butane less than 4 %
pentanes less than 2 %

It is assumed that hydrocarbons with carbon numbers of six
or greater are not present in the LNG solution.

5. Model Used

5.1 Extended Corresponding States—The extended corre-
sponding states method is defined by the following equations:

Zi[P’T] 7 Zo[P b ol fi o0 T/f'i,o] (1)
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= compressibility factor,

Gibbs free energy,

pressure,

temperature,

reference fluid, and

= fluid for which properties are to be obtained via the
equation of state for the reference fluid and the
transformation functions f;; , and h;; , are introduced to
allow extension of the method to mixtures.
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The two defining Eq 1 and Eq 2 are necessary since there are
two transformation functions. In this case, an equation of state
for methane was chosen for the reference fluid. During the
course of the study it was necessary to modify the equation of
state to give a realistic vapor liquid phase boundary down to a
temperature of 43K. This modification was necessary to
accommodate the very low reduced temperatures of the heavier
hydrocarbons and was accomplished without changing the
performance of the equation of state above the triple point of

methane. The f;; , and h;; , are defined as
Fio = (T9T) 0, (T, V,) 3
and
hio = (Vi V¥,) 93, (T, V) S
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The V,; and T,, are reduced temperature and volume (that is,
T,=TI/T¢ and V,,=V/V¢); each fluid requires a unique w; which
was estimated using pure fluid experimental data. A single set
of the n’s is used for all fluids. The n’s were estimated using all
of the pure fluid experimental data from the NBS Boulder
Study. The Z€_/Z“; is the ratio of the compressibility factors
(Z° = P.V/RT,) at the critical point. The parameters n’s and w;
were estimated using the experimental PVT data set from NBS
measurements and least squares estimation techniques.

The extension of the above to mixtures is now accomplished
by the application of the following combining rules:

hx;a = 2 Exixj hijﬂ (7)
J

i

fr.o hx.o = Ex E[_xixjfij,u hij.o (8)
fij,u =& (fii,afj,‘,a) 2 (9)

ho = lh”‘”r]*hm ] 10
jo = Ny 2 Mo T Mjjo (10)

The ¢; and the n;; are binary interaction parameters deter-
mined by least squares from the PVTx data for binary mixtures.
Values for the coefficients and other adjustable parameters are
given in the Research Report.?

5.2 Hard Sphere—The hard sphere model equation of state:

PV I+y+y? a

RT~ T —y)° RV (b

where:

y = b/AV and a, b, and c are adjustable parameters,
P = pressure,

V= specific volume,

T = temperature, and

R = the gas constant.

The equation is applied to mixtures by assuming the one-
fluid theory and applying the following combining rules.

a, = E Eaijxixj (12)
[

b, = E E by xx; (13)
[

Cm=2 Ecij‘xi‘xj (14)
[

The mixing rules are:

b,‘li/3+b!'/3 ) 3
.= [72 i f,i,.)} (15)
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3 Supporting data have been filed at ASTM International Headquarters and may
be obtained by requesting Research Report RR:D03-1006.
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¢ =10 (17)

The parameters j; and k;; are in this case the binary interac-
tion parameters. The excess volume is now calculated using the
equation of state and

V,=V,—Vux, (18)

where V,, and V, are calculated via Eq 11-17. The calculated
value of Vj can now be used with measured values Vx; to give
an actual volume of the mixture. Then:

V,= 2V +V, (19)

where the V is from Eq 18 and the V; is from experimental
data. Values for the coefficients and other adjustable parameters
are given in the Research Report.’

5.3 Revised Klosek and McKinley—The revised Klosek and
McKinley model equation is:

Viin = E x. V- [k1+(k2 - kl) xN2/0'0425] Xena (20)

where:

Vinix = volume of the mixture,

X,and V; = mole fraction and volume of the i component,
Xen, = mole fraction of methane, and

k, and k, = correction factors.

Tables of values for the correction factors are given in the
Research Report.?

5.4 Cell Model*—Comparisons of NBS measured data with
the cell model were made during the course of the NBS study,
but the details of the model have not been reported. Additional
information is available in NBS Monograph 172.°

6. Additional Information

6.1 This specification is a description of four mathematical
models of the equation of state for LNG-like mixtures that
were adopted in 1988. The four models include an extended
corresponding states model, a cell model, a hard sphere model,
and a revised Klosek and McKinley model. Each of the models
has been optimized to the same experimental data set which
included data for pure nitrogen, methane, ethane, propane, iso
and normal butane, iso and normal pentane, and mixtures
thereof. For LNG-like mixtures (mixtures of the orthobaric
liquid state at temperatures of 120K or less and containing at
least 60 % methane, less than 4 % nitrogen, less than 4 % each
of iso and normal butane, and less than 2 % total of iso and
normal pentane), all of the models are estimated to predict
densities to within 0.1 % of the true value. These models were
developed by the National Institute of Standards and Technol-
ogy (formerly the Bureau of Standards) upon culmination of

+The Cell Model was developed by M. A. Albright of Phillips Petroleum Co.
from a correlation published by Renon, Eckert, and Prausnitz, but a paper
documenting its formulation and performance was never published.

3 NBS Monograph 172, Liquified Natural Gas Densities: Summary of Research
Program at the National Bureau of Standards, is available from the Superintendent
of Documents, U.S. Government Printing Office, Washington, DC 20402. Also
available at: https://nvlpubs.nist.gov/nistpubs/Legacy/MONO/
nbsmonograph172.pdf
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