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High-accuracy density measurement data are necessary to develop and validate equations of state (EoS) for
use in custody transfer of natural gas through pipelines. The development of AGA8-DC92, which is the
current industry standard EoS, used a databank of natural gas mixtures with compositions containing up to
0.2 mole fraction of the heavier C6+ fraction and should predict densities of natural gas mixtures containing
higher mole fractions of the C6+ fraction with the same accuracy. With advances in exploration, drilling,
and production, natural gas streams containing higher percentages of the C6+ fraction have become available
from the deep-water and ultradeep-water Gulf of Mexico in recent years. High-accuracy density data for
such natural gas mixtures are necessary to check if AGA8-DC92 covers the entire range of pressure,
temperature, and composition encountered in custody transfer. An isochoric apparatus allows the performance
of precise and fast measurements through a fully automated procedure over wide pressure and temperature
ranges especially around the cricondentherm (CT) and the cricondenbar (CB) of the sample of interest. A
systematic study in the vicinity of CT and CB for deep-water natural gas samples is extremely important.
Accurate CT and CB measurements help the gas industry avoid retrograde condensation in natural gas
pipelines. This work examines a synthetic natural gas sample containing 0.78 mole fraction of methane. A
state-of-the-art, high-pressure, high-temperature, compact single-sinker magnetic suspension densimeter
provides density measurements. A compact isochoric apparatus provides phase envelope measurements.

Introduction

Natural gas is the most environmentally friendly fossil fuel.
Its proven reserves have increased yearly, and the development
of new technologies allows exploration and recovery of non-
conventional reservoirs whose compositions and characteristics
differ from conventional ones.1,2 Deep-water oil and gas reserves
play a major role in North America’s oil and gas supply
containing 90 hydrocarbon production projects on line3 in 2004.
Improved technology has made ultradeep-water production a
reality in North America. The largest capacity deep-water
pipeline system ever built can transport more than 42 million
cubic meters of gas when completed.4 Deep-water gas can meet
the rising demand for natural gas whose consumption may
double worldwide by 2030.5

AGA8-DC92 is the current U.S. industry standard equation
of state (EoS) for natural gas custody transfer. However, the
compositions of natural gas mixtures from deep-water and
ultradeep-water production are different from those used to
develop the EoS having more C6+ components than gases from
other reservoirs. It is prudent either to refine AGA8-DC92 to
accommodate these compositions or to develop a new EoS
capable of addressing wider ranges of conditions.6

Hydrocarbon dew points for natural gas mixtures are impor-
tant in contractual specifications throughout the supply chain.7

Avoiding the formation of liquid in natural gas is critically
important. To avoid two-phase flow, it is essential to have

reliable data or predictions of the cricondenbar (CB).8 Phase
boundaries of natural gas mixtures are sensitive to small
fractions of heavier components, and prediction of the dew point
curve with the current EoS appears unreliable.9

Custody transfer of natural gas requires an accurate EoS.10

Simple EoS such as the Soave-Redlich-Kwong (SRK),
Peng-Robinson (PR), Patel-Teja (PT), and Benedict-Webb-
Rubin (BWR) cannot predict phase boundaries adequately.11,12

A modified version of the RK,13,14 Hall-Yarborough,15 Dran-
chuk,16 and Dranchuk et al.17 are other EoS, but these too lack
the ability to predict phase boundaries.

This paper presents data for natural gas-like mixtures that include
heavy components. Accurate pressure-density-temperature (PFT),
data are necessary to perform custody transfer of natural gas and
to develop a new EoS for industrial and scientific uses. It is also
possible to calculate thermal properties from experimental PFT
data.18 Knowledge of temperature, pressure, and composition
enables determination of the density from an EoS. The American
Gas Association developed AGA8-DC9219 using an extensive and
reliable experimental PFT database. However the equation is valid
only for lean natural gas mixtures over wide ranges of conditions.
The equation is only valid for gas phase calculations. This work
presents data for a 0.78 mole fraction of a methane mixture that
contains heavy components such as might exist in deep water
reservoirs.

Experimental Section

This work uses a magnetic suspension densimeter (MSD) for
accurate density measurements and an isochoric apparatus for* Corresponding author. E-mail: mert.atilhan@qu.edu.qa.
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phase envelope measurements. The sample mixture has 0.78
mole fraction of methane with numerous other components.

Material. Accurate Gas Products prepared the synthetic
mixture used in this work with the composition as presented in
Table 1. The gas mixture was prepared gravimetrically with
traceability to the National Institute of Standards and Technology
(NIST). The estimated uncertainty of the gas mixture is 0.12
%, assuming that the uncertainty comes from the measuring
balance and the impurities of the pure gases used in the
preparation of the sample.

Isochoric Apparatus for Phase EnWelope Measurements.
Parts a and b of Figure 1 are schematic diagrams of the isochoric
apparatus whose details appear in a previous work.20 The
isochoric apparatus operates between (100 and 500) K with
pressures up to 35 MPa. The technique for determining phase
loops utilizes the change of the slope of an isochore as it crosses
the phase boundary. More details about the isochoric technique
can be found in Acosta-Pereza et al.21 The change of slope does
not occur at the cricondentherm (CT), which has a collinear
isochore.22,23 Because the apparatus cell volume changes slightly
with pressure and temperature, experimental data require an
application of the cell distortion equation to correct the results
to isochores. The properties of stainless steel provide a correction
for volume distortions with changing temperature and pressure:

in which γ ) 2.53 ·10-5 MPa-1 and � ) 4.86 ·10-5 K-1.
The system uses isolating vacuum and radiation shields

surrounding the cell to reduce energy transmission, to ensure
maximum stability and uniformity of temperature within the
cell, ( 4 mK, and to minimize the gradients, ( 2 mK.
Circulating baths and surrounding heaters enable temperature
control. A platinum resistance thermometer with calibration
traceable to NIST measures temperature.

A quartz pressure transducer from Paroscientific Inc. measures
the pressure, and the manufacturer specifies the uncertainty for
the transducer as ( 0.01 % of full scale. The transducer
temperature is constant at 343.15 K during measurements, well

above the mixture CT. The apparatus uses a fully automated
program that allows rapid collection of data. The measurements
have evenly spaced isochores, but they emphasize the CT and
CB regions. Regularly spaced experimental points on each
isochore allow accurate determination of the change in the slope
of the isochoric run. The pressure-temperature data along
isochores also provides information on mixture density. Know-
ing the sample mass or at least one density from an external
densimeter permits the determination of density along the full
isochore. Zhou et al.20 performed measurements on pure carbon
dioxide and propane to verify the capabilities of the isochoric
apparatus. Eight vapor pressures of carbon dioxide measured
between (230 and 290) K had a maximum relative deviation of
( 0.055 % compared to Span and Wagner24 and ( 0.04 %
when compared to the RefProp 8 as implemented by Lemmon
et al.25 Seven vapor pressures of propane measured between
(270 and 340) K had a maximum relative deviation of ( 0.07
% when compared to the same correlation. The estimated
uncertainty for the temperature and pressure phase envelope data
are 4.5 mK and 0.04 %, respectively.21

Single-Sinker Magnetic Suspension Densimeter.
Archimedes’ principle states “when a solid body is immersed
in a fluid, it displaces a volume of fluid the weight of which is
equal to the buoyancy force exerted by the fluid on the sinker”.
This relates the buoyancy force on the submerged object to fluid
density. In classical hydrostatic buoyancy densimeters, an object
(sinker), usually a sphere or cylinder, hangs from a commercial
digital balance by a thin wire. The pressure and temperature of
the fluid remains constant in the pressure cell using a temper-
ature control mechanism. The sinker is submerged in the fluid,
and the weight of the sinker is measured. According to
Archimedes’ principle, the density of the fluid is:

In eq 2, mv is the “true” mass of the sinker in vacuum, ma is the
“apparent” mass of the sinker in the fluid, and Vs is the calibrated
volume of the sinker, which is a function of temperature and
pressure. To overcome limitations in achievable accuracy, the
need for frequent calibration of the apparatus with reference
fluids, complexity of operation, and restrictions on temperature
and pressure, Kleinrahm and Wagner26 introduced a magnetic
suspension device. The novelty of the magnetic suspension
coupling was that it used nonphysical-contact force transmission
between the sinker in the pressurized cell and the weighing
balance at atmospheric pressure, thus allowing a cell design that
covered wide temperature and pressure ranges.27

Rubotherm Präzisionsmesstechnik manufactured the single-
sinker densimeter (Figure 2) used in this work. The Ti sinker
used in this work has a volume of 6.74083 ( 0.0034 cm3 with
a 1σ uncertainty of ( 0.05 % and a mass of 30.39157 g, both
measured at 293.15 K and 1 bar by the manufacturer. Patil7

describes operation and details of the instrument. Wagner and
Kleinrahm18 and Kuramoto et al.28 also provide discussions
concerning the operation of these instruments. A Polyscience
Inc. model 9512 circulating a heating-cooling bath provides
primary temperature control unit. This bath fluid has a temper-
ature operating range of (243 to 393) K. The MSD uses a
proportional integral and derivative temperature control imple-
mented by LabVIEW 8.0 as a secondary temperature control
unit. Measurements of the high purity pure fluids methane,29

ethane,30 and carbon dioxide31 reveal an uncertainty of less than

Table 1. M78C1 Mixture Mole Fractions

component molar mass g ·mol-1 mole fraction

nitrogen 28.01 0.00670
carbon dioxide 44.01 0.00400
methane 16.04 0.77751
ethane 30.07 0.10507
propane 44.10 0.05969
2-methylpropane 58.12 0.01793
butane 58.12 0.00992
2-methylbutane 72.15 0.00495
pentane 72.15 0.00495
hexanes: 86.18 0.00534

n-hexane 0.00218
3-methylpentane 0.00140
2-methylpentane 0.00139

benzene 78.11 0.00030
methylcyclopentane 84.16 0.00007
heptanes: 100.20 0.00284

n-heptane 0.00129
2-methylhexane 0.00050
3-methylhexane 0.00050

toluene 92.14 0.00035
methylcyclohexane 98.19 0.00020
octanes: 114.23 0.0008

n-octane 0.00050
2,2,4-trimethylpentane 0.00030

n-nonane 128.26 0.00030
sum 1.000

V(T, P)
V(T0, P0)

) 1 + γ(P - P0) + �(T - T0) (1)

F )
mv - ma

Vs(T, P)
(2)
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0.05 % over the pressure range up to 200 MPa for density
measurements in this apparatus. The force transmission error
for the MSD is also studied, and details can be obtained in
literature.32

Results and Analysis

Isochoric Apparatus Results. This paper contains measure-
ments for 10 isochores over a pressure range of (0 to 35) MPa
and a temperature range of (220 to 300) K. The isochoric data
for M78C1 are given in Table 2. Table 3 presents the phase
boundary data determined for the measured mixture. Figure 3
shows the isochoric apparatus data, experimental phase enve-
lope, and determined values from PR EoS and SRK EoS.

Densimeter Results. Experimental density results and their
deviations from AGA8-DC92 and GERG-2004 EoS are in given
Table 4. GERG-2004 densities are calculated via REFPROP
8.0 (NIST Reference Fluid Thermodynamic and Transport
Properties Database) software available through NIST Ther-
mophysical Properties Division. Density experiments are along
four different isotherms at (270, 290, 305, and 340) K. The
temperature stability attained across the cell was ( 8 mK at

270 K, ( 10 mK at 290 K, and ( 7 mK at 305 K and at 340
K. The experimental points on each isotherm range up to 34
MPa. The measurements total 27 experimental PFT points with
the M78C1 with an uncertainty in pressure of 0.01 %. These
density measurements are corrected for the force transmission
error caused by the magnetic suspension coupling as described
by Cristancho et al.32 Density deviations compared to predictions
from AGA8-DC92 appear in Figure 4. The AGA8-DC92
uncertainty ranges are in Table 5. At low temperature and at
low pressure the deviations from AGA8-DC92 are more than
expected in the original AGA report. It is clear from these results
that AGA8-DC92 has problems predicting density at low
pressures for the (270, 305, and 340) K isotherms. A closer
inspection of data used for AGA8-DC92 development shows

Figure 1. (a) Schematic of isochoric apparatus. (b) Schematic of isochoric cell.

Figure 2. Schematic of the high-pressure magnetic suspension densimeter.

Table 2. M78C1 Isochoric Experimental Pressure and Temperature
Data for Isotherms

T/K P/MPa T/K P/MPa T/K P/MPa T/K P/MPa

Isochore 1 Isochore 2 Isochore 3 Isochore 4
310.15 19.225 330.15 19.347 345.15 18.157 345.15 14.446
305.15 18.327 310.15 16.447 340.15 17.582 340.15 14.033
290.15 15.644 305.15 15.722 330.15 16.430 330.15 13.203
280.15 13.877 290.15 13.548 310.15 14.123 320.15 12.369
275.15 13.002 285.15 12.832 305.15 13.545 310.15 11.531
270.15 12.142 280.15 12.122 300.15 12.968 305.15 11.113
265.15 11.300 275.15 11.420 295.15 12.387 300.15 10.709
262.15 10.810 270.15 10.813 290.15 11.813 296.15 10.408
259.15 10.352 268.15 10.590 285.15 11.259 293.15 10.192
257.15 10.120 265.15 10.282 280.15 10.781 290.15 9.978

275.15 10.330

Isochore 5 Isochore 6 Isochore 7 Isochore 8
345.15 11.116 345.15 8.044 345.15 5.482 345.15 3.843
340.15 10.833 340.15 7.867 340.15 5.377 340.15 3.775
330.15 10.270 335.15 7.690 335.15 5.271 335.15 3.707
320.15 9.701 330.15 7.513 330.15 5.165 330.15 3.639
315.15 9.419 325.15 7.335 325.15 5.059 325.15 3.571
313.15 9.308 320.15 7.159 321.15 4.973 321.15 3.515
310.15 9.150 317.15 7.055 318.15 4.909 318.15 3.474
305.15 8.887 315.15 6.985 315.15 4.844 315.15 3.432

312.15 3.389

Table 3. Experimental Phase Envelope Points for M78C1

T/K P/MPa

325.1 3.570
322.5 7.242
313.9 9.348
302.1 10.856
286.5 11.425
275.5 11.449
264.5 11.166
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that, except for one mixture, the mole fraction of C6+ compo-
nents does not exceed 0.12 %,33 whereas in this work the total
C6+ mole fraction is 0.004. Gas mixtures consisting of mostly
binary or ternary combinations of methane, ethane, propane,
butane, nitrogen, and carbon dioxide are used during the
development and validation of AGA8-DC92. Thus, for any
natural gas samples or mixtures with C6+ higher than the normal
or expanded range, the application of AGA8-DC92 is an
extrapolation, and the accuracy compared to the normal range
mentioned in the original AGA report19 is questionable.

The total error in density measurements is a combination of
random errors and systematic errors. The uncertainty in pressure
and temperature measurement, molar compositional analysis,
and measurement of the sinker mass under vacuum and at
pressure contribute to random error. Systematic error results
from uncertainty in sinker volume. This includes uncertainty
in sinker volume determination at a reference temperature and
pressure, as well as uncertainty in the functional dependence
of sinker volume on temperature and pressure. The force

transmission error also contributes to systematic error. The error
in density caused by pressure, temperature, and composition
is:

The uncertainty caused by the single-sinker densimeter
assembly such as sinker volume, balance weightings, and force
transmission error are included in the total uncertainty calcula-
tions. The total estimated uncertainty of the density measure-
ments is 0.13 %.

Figure 3. (a) Isochoric experimental data (symbols: +, isochore 1; ], isochore 2; 0, isochore 3; O, isochore 4; 4, isochore 5; /, isochore 6; +, isochore 7; 3,
isochore 8; b, experimental). (b) Experimental phase envelope and EoS predictions for M78C1 (symbols: +, PR EoS; 4, SRK EoS; 0, experimental).

Table 4. MSD Density Data for the M78C1 Mixture

temperature pressure density relative deviation

average st. dev. average st. dev. exp. AGA8 GERG-2004 AGA8 GERG-2004

T/K T/mK P/MPa P/MPa kg ·m-3 kg ·m-3 kg ·m-3 % %

269.957 14.476 13.783 0.000394 254.227 255.37 257.44 -0.45 -1.25
269.964 6.048 17.234 0.001230 287.442 289.104 288.66 -0.578 -0.42
269.965 6.239 20.7 0.000856 309.565 311.315 309.60 -0.565 -0.01
269.993 9.484 24.132 0.001730 325.686 327.436 325.13 -0.537 0.17
270.004 4.803 27.603 0.001730 338.754 340.348 337.76 -0.471 0.29
269.969 6.921 34.467 0.002690 358.768 360.057 357.35 -0.359 0.40
289.976 13.242 13.788 0.000093 206.922 207.233 208.58 -0.15 -0.79
289.966 7.935 17.241 0.000284 247.293 247.478 248.00 -0.075 -0.29
289.975 7.591 20.69 0.000206 274.851 275.213 274.73 -0.132 0.04
289.957 9.118 24.145 0.000645 295.21 295.692 294.48 -0.163 0.25
289.981 11.462 27.594 0.000435 311.03 311.594 309.93 -0.181 0.35
290.015 8.809 34.471 0.000816 334.881 335.49 333.38 -0.182 0.45
305.045 5.943 13.79 0.000422 178.136 178.953 179.70 -0.459 -0.87
305.02 3.95 17.229 0.000568 218.876 219.486 220.17 -0.279 -0.59
304.983 6.697 20.688 0.001340 249.502 249.832 249.90 -0.132 -0.16
304.992 8.021 24.147 0.001020 272.178 272.656 272.13 -0.176 0.02
305.046 6.398 27.555 0.000763 289.897 290.291 289.32 -0.136 0.20
305.014 9.755 34.5 0.002240 316.911 317.459 315.91 -0.173 0.32
340.031 4.216 3.452 0.000109 28.727 28.783 28.76 -0.194 -0.11
339.979 8.151 6.884 0.000103 61.649 61.849 61.81 -0.325 -0.25
339.956 10.082 10.355 0.000336 98.901 99.042 99.07 -0.143 -0.17
339.988 4.59 13.795 0.000445 136.809 136.686 136.94 0.09 -0.10
339.968 7.489 17.246 0.000364 171.899 171.54 172.00 0.209 -0.06
339.975 7.488 20.69 0.000333 201.797 201.287 201.74 0.253 0.03

∆F ) {[(∂F∂P)T,x
∆P]2

+ [(∂F∂T)P,x
∆T]2

+

∑
i)1

c

[(∂F
∂xi

)
P,T,xi*j

∆xi]2}1/2

(3)
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Conclusions

New, accurate experimental data are collected for the phase
envelopes and densities of a multicomponent natural gas-like
mixture. Phase envelope measurements do not agree with most
widely used EoS predictions. Density measurements do not
appear to agree with AGA8-DC92 predictions for the industrially
important regions. More measurements on multicomponent
mixtures containing heavy components appear necessary.
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Figure 4. Experimental density deviations from AGA8-DC92 EoS and
AGA8 regions. (], 270 K; O, 290 K; 0, 305 K; 4, 340 K; from left to
right: solid line box is AGA uncertainty region 1, long dashed line is AGA
uncertainty region 2, fine dashed line is AGA uncertainty region 3).

Table 5. AGA8-DC92 EoS Prediction Ranges

data min. max. min. max.
region T/K T/K P/MPa P/MPa

1 265 335 0 12
2 211 394 12 17
3 144 477 17 35
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