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Hydrocarbons and natural gas, like other fluids exhibit anomalous behavior in the vicinity of their critical points
(P, T.), where flow oscillations, thermal instabilities, and decreased heat transfer can occur. This work, based on
Peng-Robinson equations of state, demonstrates that in the case of mixtures, the cricondenbar, cricondentherm,
and a part of the dense phase belong to this anomalous region. Consequently, the most desirable conditions for
the transport of supercritical natural gas (SNG) are: above the critical pressure and critical temperature, above
the cricondenbar and cricondentherm, and beyond the anomalous state. For methane, such conditions exist at
pressure, P > 5 MPa and temperature, T > - 30 °C whereas for average composition of natural gases from US/
Canada, West Asia, and North Sea, P > 6 MPa and T > —30 °C may be appropriate/safe for SNG transport.
Corresponding gray zones which will require special design considerations are also identified. Reduced pressure,
(P/P.) of 1.15 and reduced temperature, (T/T) of 1.25 and 1.4 may be appropriate to delimit the Unsafe Zone/
Gray Zone and Gray Zone/Safe zone. In addition, the specific volume and kinematic viscosity show asymptotic
behavior at high SC pressures that can have important implications in the transport of hydrocarbons and natural
gas. Moreover, the critical temperature, cricondentherm, and anomalous region of natural gas can be moved to
lower temperatures by adding one or more modifier gases with low T, e.g., methane, nitrogen, and argon; or,
higher using gases with high T, such as ethane, propane, and carbon dioxide. The pipelines carrying SNG, with
T-modifications if needed, can therefore pass through polar, tropical, arid, and desert-like conditions.

1. Introduction

were generally focused on the concept of transport of natural gas at very
high pressures together with the design considerations for those pipe-

Efforts are being made to develop pipelines to transport natural gas
at very high pressures, in the dense phase, i.e., above cricondenbar (P).
Katz and King described the dense phase, in 1973, as a state where (a)
fluid is in a single phase with properties somewhere between those of a
gas and a liquid, (b) is relatively incompressible, and (c) can expand or
contract with the change in temperature. Later, King (1991, 1992)
proposed the possibility of pipelines operating at near-ground temper-
atures and ultra-high pressures above 15 MPa. He followed his early
works with the study on operating characteristics of buried natural gas
pipelines in the permafrost regions. Pressures up to 42 MPa were
considered with the goal to develop arctic pipelines (King et al., 2002).
Another initial work on the dense phase pipelines of large diameter was
reported by Mazurek and Anderson (1994). These pioneering studies
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lines. However, these authors did not analyze the details of unique fluid
behavior at pressures that fall into the dense phase.

Botros (2002), possibly for the first time, discussed the five states of
fluid in the operation of a pipeline: (i) liquid (T < T, P < P,), (ii) chilled
liquid (T < T, P > P,), (iii) two-phase liquid-vapor, (iv) gas (T > T, P <
P.), and (v) dense phase (T > T, P > P.;), where T, is the criconden-
therm. Campbell (2012), on his blog PetroSkills, has been discussing, for
several years, the features of low-pressure versus high-pressure and
dense phase natural gas transport. Through this blog, Moshfeghian
(2009) first reported the dense phase properties of methane —120 °C <
T < —60 °C, P < 6 MPa. Later, he considered the natural gas of a select
composition for —100 °C < T < 125 °C, P < 17 MPa (Moshfeghian,
2010). Indeed, these pressures and temperatures ranged from liquid to
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dense phase conditions. Moshfeghian’s data could be useful when the
state of the gas in a pipeline varied from liquid to liquid-vapor, and then
to dense phase. Again, no attention was given to the anomalous behavior
of the gas that was bound to occur in the critical region, from subcritical
liquid to supercritical fluid.

Interestingly, in spite of the research on dense phase natural gas
pipelines being initiated in 1970s, its implementation has taken a long
time and is still in very early stages. Following are some of the projects
where dense phase is either being used or has been proposed. World-
wide, Asgard field, located in the central area of the Norwegian Sea, is
considered the first to have used dense phase transport of natural gas via
a submarine pipeline. The pipeline has a length of about 440 miles with
a diameter of 1 m. The Offshore Associated Gas project (OAG Project) in
the United Arab Emirates also makes use of the dense phase. In this case,
the gas is compressed, dehydrated, and transported through a 30”
diameter pipe from production facilities in Das Island to the processing
facilities in Habshan.

Nord Stream 1 (NS1), the longest subsea pipeline in the world, brings
natural gas from Russia to Germany, 1167 km (Nord Stream, 2023). The
inlet pressure in NS1 is reported to be close to 22 MPa (Beaubouef,
2011). However, to the authors’ knowledge no scientific and engineer-
ing details of NS1 have been reported in the literature. An analysis by
Moshfeghian et al. (2022) shows that this pipeline might be transporting
natural gas in the dense phase at a mass flow rate of 647.7 kg/s. With the
success of NS1, Nord Stream 2, a 1200 km-long offshore pipeline, is
being constructed to connect Europe to the world’s largest reserves in
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Northern Russia. However, NS2 has been put on hold because of the
Russia-Ukraine war.

The use of high-pressure pipelines has also been proposed as a so-
lution to the transport and production in hostile territories and low
temperatures of the Arctic region. The main pilot project is All Alaska
LNG, which will transfer enriched natural gas through a high-pressure,
small-diameter pipeline from Prudhoe Bay to Cook Inlet (Baker,
2005). In addition, a proposal for Colombian Caribbean Sea, and the
Tumaco and Chocé Offshore basins in the waters of the Colombian Pa-
cific Ocean is in the works (Vargas-Vera et al., 2020).

Recently, Zivdar and Abofarakh (2021) have reported a simulation of
both normal and dense phase transmission of natural gas via Iran’s
fourth national pipeline, without furnishing any evidence/data on
whether this pipeline uses the dense phase or not. Also, the scope of
simulation is very limited and does not provide much information on the
property variations and flow behavior even though the pressure and
temperature range considered by these authors fall right into the
anomalous state.

Indeed, the previous authors by thinking of high pressures, P > 5
MPa, were contemplating the supercritical (SC) conditions without
addressing the complexities of the SC fluids, particularly in the critical
region. Note that, to avoid dew formation (phase change to liquid), the
temperature of the natural gas under dense phase must be above T,
which is generally greater than T, in the case of natural gas, see Fig. 1 in
Botros (2002) and Fig. 7 here. It is evident that there is a need to fully
understand the dense phase of natural gas.
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Fig. 1. Thermophysical Properties of methane (C1) at and above critical condition (P, = 4.60 MPa, T, = —82.59 °C): (al) density, (a2) specific volume, (b1) isobaric
specific heat, (b2) isobaric specific heat at high temperatures, (c1) dynamic viscosity, (c2) kinematic viscosity and (d) thermal conductivity, k. Light red and gray
areas represent the zones of (i) undesirable dense phase conditions and (ii) special design considerations needed, respectively. Right to the Gray Zone is the Safe Zone

for methane transport.
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Fig. 1. (continued).

When the fluid approaches its critical point a major difficulty/chal-
lenge arises because of the existence of anomalous state in the vicinity of
the critical point, on both subcritical and supercritical sides (Prasad
et al., 2022a). Indeed, the initial belief that beyond the critical point the
liquid and vapor are indistinguishable, has already been belied. It is now
well established that the supercritical state consists of two parts: SC
“liquid-like” (SCLL) and SC “gas-like” (SCGL). SCLL and SCGL belong to
the anomalous state which is characterized by large scale variations in
thermophysical properties, including inversions, flow and thermal
instabilities/oscillations, and deteriorated heat transfer; see Pioro
(2014), Imre et al. (2015, 2019), Han (2011), and Prasad et al. (2022a)
for reviews on this topic.

Historically, as far back as in Benedict et al. (1940) had presented an
empirical equation for isothermal variation of density with pressure, for
hydrocarbons and their mixtures in the gaseous and liquid states. They
considered pressures up to 30 MPa and temperatures up to 100 °C. Their
modifications to the Beattie-Bridgeman equation provided more accu-
racy in the prediction of properties at high densities. Viscosity pre-
dictions of pure light hydrocarbons were later made by Eakin et al.
(1947) using the Sutherland equation. The predictions agreed well with
the observed data, within 4.4% except for the densities that were within
10% of the critical density. As we know now, the SC region immediately
after the critical point is the anomalous region where the density vari-
ation could be quite large.

Younglove and Ely (1987) followed the Benedict’s work and pre-
sented mathematical relations from which thermophysical and transport
properties could be obtained for methane, ethane, propane, isobutene,
and n-butane. Later, Friend et al. (1989) examined the quality of these

correlations for methane in different regions of the phase diagram,
against the experimental data from liquid to supercritical state, 92K < T
< 623 K and 0.1 MPa < P < 1000 MPa. Their goal was to improve ac-
curacy, particularly in the extended critical region. They also reported
divergence near the critical point for ethane, propane, butane, and
carbon dioxide.

Setzmann and Wagner (1991) developed a new equation of state
(EOS) for Helmholtz energy of methane and established correlations to
represent better thermodynamic properties from melting temperature to
625 K and pressures up to 1000 MPa. The behavior of methane under SC
conditions from 10 to 17 MPa was also investigated by Ricci et al.
(2016), both experimentally and numerically using a 3D model. They
provided the plots for density, specific heat, viscosity, and thermal
conductivity up to 500 K which showed that the fluid around the critical
point experienced significant variations in their properties.

A reference EOS with tabulated data for ethane, for pressures up to
900 MP, was presented by Biicker and Wagner (1991). Similarly, Friend
et al. (1991) presented correlations for thermal conductivity (90 < T <
600 K, P < 70 MPa), and viscosity (90 < T < 500 K, P < 60 MPa) of
ethane. On the other hand, Marsh et al. (2002) reported the experi-
mental data on thermal conductivity of propane in a similar range of P
and T. Conducting an experimental investigation of transcritical
methane, Votta et al. (2016) found that when the pressure was close to
the critical value, the flow behavior and heat transfer were significantly
affected. Some other notable works on hydrocarbons in the critical and
supercritical regions are by Etter and Kay (1961), Hough and Stegemeier
(1961), Moosavi and Abareshi (2012), and Grieves and Thodos (1962).
The pseudo-critical region, also referred to as the Widom region, for
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methane where the peaks of its various properties, e.g., ¢, §, and k, lie on
a P-T diagram, was presented by Imre et al., in 2019.

The supercritical properties of hydrocarbon fluids (n-C19Hp2 and n-
C7H16) using a cubic EOS was evaluated by Li et al. (2017). They also
provided the plots for density, heat capacity, viscosity and thermal
conductivity as well as the NIST data for n-C;oHgy and n-C;Hig, for
300-800 K. A crossover description of transport properties, such as
thermal conductivity and diffusivity for hydrocarbons near and around
the critical point, was presented by Kaghazchi and Behnejad (2022).
Wide-ranging correlations for thermodynamic properties of
methane-ethane systems in the general region of critical point using
analytic Schmidt-Wagner EOS were presented by Friend and Ely (1992).
Cota and Thodos (1962), on the other hand, experimentally investigated
the critical temperatures and pressures of hydrocarbon mixtures.

Excellent reviews of the progress made over the years to estimate or
predict the thermophysical properties of fluids have been presented by
Ahmed (2007), Mokhatab et al. (2019), and Elliott et al., (2023). Ac-
curate values of thermophysical properties of hydrocarbons, mixture of
hydrocarbons, and natural gas of various compositions can now be ob-
tained from NIST models, REFPROP (Elliott et al., 2023).

Although the above works demonstrate excellent efforts to investi-
gate and predict the properties of supercritical hydrocarbons and their
mixtures, they do not analyze systematically the conditions under which
the anomalous behavior (a) may exist, (b) the supercritical pressures and
temperatures at which anomalies may disappear, and (c) the conditions
beyond which the SC hydrocarbons and natural gas would show
monotonic/gradual changes in its properties. Such states need to be
identified since (c) is the region of invaluable significance to long dis-
tance, high mass flow rate transport of natural gases via pipelines
passing through varying thermal conditions. This is one of the major
objectives of the present research.

We then reveal that the dense phase as measured by its pressure
above cricondenbar cannot guarantee that a mixture of gases, e.g.,
natural gas with various hydrocarbons and non-hydrocarbons as its
constituents, will be devoid of thermophysical property-related com-
plexities. This is because the cricondenbar and cricondentherm, both lie
within the anomalous region. We show that the pipeline pressure being
above cricondenbar from inlet to exit may be a necessary condition but
not the sufficient condition for gas to be in a single phase. Therefore, it is
critical that the SC thermophysical properties as well as the anomalous
behavior are well characterized and the dense phase vis-a-vis anomalous
state in the SC region are well understood. Then only we can prescribe
the best pressure and temperature conditions for SC pipeline transport,
including the dense phase conditions.

Our goal is then to use this information to delimit (a) the supercrit-
ical region, which is safe for the pipeline transport and (b) the region
which should be avoided. The gases considered are: hydrocarbons
(methane, ethane, and propane), mixtures of hydrocarbons and non-
hydrocarbons, and natural gases. In addition, we demonstrate that it is
possible to move the anomalous region as well as the Safe Zone to lower
or higher temperatures by adding one or more modifier gases. A com-
panion paper (Prasad et al., 2023) and a patent application (Prasad
et al., 2022c) then present the distances (thousands of kilometers) to
which supercritical natural gas (SNG) can be transported without
recompression, as long as the “Safe Zone” (as determined here) is
maintained from the inlet to exit, as well as how this distance varies with
major flow parameters.

2. Behavior of supercritical hydrocarbons

As we know, all fluids exhibit large-scale variations in thermophys-
ical properties near their critical points (CP) and this behavior continues
far beyond the CP, in the supercritical region. However, the sharpness in
changes as well as the peak values decrease as the SC pressure and/or
temperature increase. Ultimately, the properties exhibit monotonic
behavior at high SC pressures and temperatures. This anomalous
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behavior in the supercritical region close to CP, also referred to as the
pseudo-critical region, is highly complex (Pioro, 2014; Imre et al., 2019;
Prasad et al., 2022a). Note that the anomalous state extends well into the
subcritical liquid (below the critical pressure and temperature) and
therefore a gas moving from the state of liquid to dense phase/super-
critical state during the transit, via a pipeline, would experience a large
region of P < P,and T < T, to P > P. and T > T, as the anomalous state
(Prasad et al., 2022a).

For the present study, it is important to consider first the behavior of
hydrocarbons as a single fluid. Obviously, methane (C1) is the best
choice for this purpose since it constitutes the dominant part (70-95%)
of the natural gas; ethane (C2) and propane (C3) are considered next. To
demonstrate the effect of adding a gas with much higher critical tem-
perature to that of methane, the mixture of methane and ethane is
considered as the Gas Mixture #1 (0.85 C1 + 0.15 C2). Gas Mixture #2
(0.8128 C1 + 0.0482 C2 + 0.004 C3 + 0.135 N5) then shows the effect of
adding nitrogen, a gas with much lower critical temperature. Finally, we
examine the mixtures of various hydrocarbons, nitrogen, and carbon
dioxide as Natural Gas A, B, and C, which represent the average/
approximate compositions of gases from the US/Canada, West Asia, and
North Sea, respectively (Table 1).

2.1. Supercritical methane (C1)

Thermophysical properties of methane — density, p, specific heat, c),
dynamic viscosity, u, and thermal conductivity, k, obtained using NIST
REFPROP V.10.0 (Lemmon et al., 2018), are presented in Fig. 1 (a)-(d)
for pressure, P = 4.6 (P,), 5, 7, 10, 20, 30, and 50 MPa and —100°C < T
< 50°C (T, = —82.586 °C, 190.564 K). Also, presented are the derived
properties, heat capacity, C, (= p -cp), isobaric coefficient of volumetric
expansion, S, and isothermal compressibility, «, in Fig. 2(a), (b), and (c),
respectively. The range of pressure and temperature considered in the
case of methane as well as all other gases in Table 1 are shown in Table 2.

In Fig. 1(al), (c1), and (d), p, u, and k, show substantial drops in their
values near the critical point. On the other hand, ¢, in Fig. 1(b1) and C,
B, and « in Fig. 2(a)-(c), first increase with temperature, achieve peak
values, and then decrease to much lower values, the peaks being highest
at CP. Indeed, the peaks of cp, C,, §, and k go to extremely high values.
However, as the pressure increases beyond the critical point, P, the
behavior of sharp variations is weakened, and at high SC pressures, they
vanish, leading to almost monotonic trends. For example, isobaric lines
for cp, for pressures of 20 MPa and higher, show very smooth trends
(Fig. 1b1 and 1b2), without any large variations and inversions, beyond
—20 °C. So do the lines for 4.6 and 5 MPa.

Fig. 1(b1) and 1(b2) show another anomaly in specific heat, i.e., ¢, at
higher pressures is lower than that at lower pressures, e.g., ¢, at 20 MPa
> ¢p at 30 MPa > ¢, at 50 MPa for T < 40 °C. This can have important
implications on heat transfer. It is therefore important that we consider
the combined effect of p and c, via C, (Fig. 2(a)) since the density and
specific heat have very different behaviors in the SC region. Fig. 2(a)
shows that C, decreases monotonically with P at T > —30 °C although
the rate of change is smaller at higher pressures than at lower pressures.
In addition, there is no inversion in its values with increasing pressure, i.
e., G, continuously increases with pressure when T > —30 °C. The bot-
tom line is that in the case of SC transport where pressure and temper-
ature both may change, it is important that the thermal effects are
carefully analyzed in designing the SNG pipelines.

The effect of P and T on volumetric expansion, f3, is shown in Fig. 2
(b), which is very similar to that shown by c,. While the monotonic
behavior at high pressure and high temperature is again true, the value
of # may change in a complex manner in this region; see T > —30 °C.
Another parameter important to SC gas transport is isothermal
compressibility, x (Fig. 2(c)), which decreases with increasing pressure
and decreasing temperature, at P > 15 MPa. However, near the critical
point, the change in « is again complex. Indeed, Fig. 2(c) undoubtedly
exhibits that the fluid is not incompressible in the SC regime (or the
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Table 1
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Critical points of hydrocarbons and non-hydrocarbons considered here; compositions of gas mixtures and properties together with parameter for Egs. (2) and (3), ®

(Lemmon et al., 2018).

Components Mol. Wt, M g/mol P, MPa T, T., ® Gas Mix. # 1 Gas Mix. #2 Nat. Gas A Nat. Gas B Nat. Gas C
°C K
N (Nitrogen) 28 3.39 —146.96 126.1 0.040 13.50 0.50 1.62 0.700
CO;, (Carbon Dioxide) 44.01 7.38 30.98 304.2 0.228 0.30 0.70 2.222
C1 (CH4, Methane) 16.043 4.60 —82.59 190.564 0.011 85 81.28 94.73 94.90 89.160
C2 (CyHg, Ethane) 30.1 4.88 32.18 305.33 0.099 15 4.82 4.20 2.50 7.350
C3 (C3Hg, Propane) 44.1 4.25 92.68 365.86 0.152 0.40 0.20 0.20 0.510
i-C4 (C4H, 0, i-Butane) 58.124 3.65 134.66 407.81 0.177 0.02 0.03 0.030
n-C4 (C4H;0, n-Butane 58.124 3.80 151.98 423.13 0.199 0.02 0.03 0.024
i-C5 (CsHy2, i-Pentane) 72.2 3.38 187.25 460.4 0.227 0.015 0.01 0.001
n-C5 (CsHj2, n-Pentane) 72.2 3.37 196.60 469.5 0.249 0.015 0.01 0.003
Total 100 100 100 100 100
Critical Temperature —54.9, —76.75, —73.25, -77.15, —66.85,
T. (°C, K) 218.25 196.4 199.9 196.0 206.3
Cricondentherm —49.35, -70, —66.90, —70.92, —58.15,
T (°C, K) 223.8 203.15 206.25 202.23 215.0
Critical Pressure 6.181 5.921 5.23 5.04 5.612
P. (MPa)
Cricondenbar P, (MPa) 6.245 5.985 5.35 5.189 5.908

Average representative compositions: A — US/Canada, B — West Asia, C — North Sea.

dense phase) at least up to 30 MPa. However, the slope of the curve does
decrease as the pressure increases. In addition, the effect of temperature
on « is not straightforward; it may even diminish at high temperatures.
In spite of the above complex behavior, the SC fluids do exhibit mono-
tonic property variation at high pressures and/or high temperatures.
This is clearly displayed in Fig. 1(b2) and in the plots for p, u, k, Cp, j,
and «, for T > —30 °C in Fig. 1(a) and (c), (d), and 2 (a-c).!

2.1.1. Significant change in behavior at high pressures

To further examine the effects of pressure, we have presented the
specific volume, v, and kinematic viscosity, vk, with pressure in Fig. 1
(a2) and 1(c2), respectively. Evidently, the specific volume shows an
asymptotic behavior with pressure, its slope decreases substantially and
becomes quite small. That means at high pressures, P > 30 MPa, the
specific volume, density, and isothermal compressibility will change
very little with the pressure. Also, the lower the temperature, the earlier
would be the asymptotic trend. That means the observation by Katz and
King (1973) and Vargas-Vera et al. (2020) that a fluid in dense phase is
relatively incompressible is only true at very high pressures, P > 25 MPa;
this pressure has not been achieved in the dense phase pipelines thus far.
Consequently, the higher the pressure, the smaller will be the change in
volume, flow velocity, and Reynolds number for the given mass flow
rate, m, and diameter of the pipe, D.

On the other hand, Fig. 1(c2) for kinematic viscosity, vk, does not
show a clear asymptotic trend, but does exhibit significant reduction in
its value with an increase in pressure up to 15 MPa, beyond which the
effect of pressure becomes weak and that of temperature becomes
somewhat complex. Between 20 MPa and 50 MPa, the kinematic vis-
cosity changes by ~33% at —30 °C and almost negligible at 30 °C. As a
result, for fixed m and D, the Reynolds number (Re « v/v)) and friction
factor, f, will change very little at high pressures, P > 20 MPa, which has
important implications in the pipeline transport.

2.2. Desirable conditions (safe zone) for pipeline transport of methane

We believe that the best conditions for pipeline transport of SC
methane is, therefore, when the behavior is monotonic and the rate of
change of properties with pressure and temperature is not large. This
assures that the fluid is outside the anomalous region and no flow os-
cillations and thermal instabilities would occur. Indeed, it is reasonable

1 Since the specific heat generally exhibits the full extent of anomalous re-
gion, only c, plots are presented for other gases and their mixtures.

to assume that in the case of methane, T > —30 °C may be a safe zone for
pressure from 5 to 50 MPa, or higher (see Figs. 1 and 2, particularly 1a2,
1b2, and 1c2). This is fortuitous since in most cases of gas transport,
temperature below —30 °C may not be encountered, the exceptions
being the very cold regions and arctics.

The temperature range of —50 °C < T < —30 °C is a region where the
rate of change of properties is somewhat larger at lower pressures (see
the lines for 10, 7, 5, and 4.6 MPa in Fig. 1b2), and therefore will require
careful design of the pipelines. Evidently, a pipeline system with gas
pressure of 10 MPa or lower at any location during the transit should not
be designed for temperatures below —50 °C, since there would be
property inversions. It is to be noted that the change in heat capacity, G,
which accounts for the simultaneous changes in both density and spe-
cific heat (Fig. 2(a)), can affect the local temperature severely and create
serious instabilities in the pipeline. The regions for undesirable condi-
tions and where special design considerations would be needed for SC
methane transport are shown with light red and gray colors in Fig. 1(al,
bl, c1, and d) and 2 (a, b). These zones are somewhat extended beyond
the uppermost isobaric lines to account for uncertainties in the equa-
tions of state and model predictions.

Interestingly, as the temperature increases the behavior of methane
even at lower pressures becomes smooth and normal. This provides
another major advantage in the case of SC transport, i.e., if the gas exits
in a region of T > —30 °C, irrespective of the inlet temperature
(Fig. 1b2), there would be no cause for worries. We therefore believe
that P > 5 MPa and T > —30 °C is the “Safe Zone” (SZ) for pipeline
transport of supercritical methane whereas 5 = P < 10 MPa and —50 °C
< T < —30°Cis the “Gray Area” that may require special considerations
(see also Section 4.4). Note that even though the “Safe Zone” and “Gray
Area” are shown on property plots, the conclusions are drawn for state
conditions in terms of the pressure and temperature (P, T). No flow and
thermal instabilities would be expected in the Safe Zone.

2.3. Supercritical ethane (C2) and propane (C3)

As shown in Table 1, both the molecular weight, M, and critical
temperature, T, of ethane (C2) are higher than that of methane (C1).
Similarly, M and T, of propane (C3) are larger than that of both ethane
and methane. One can therefore conclude that the critical temperature,
T, increases as the C-content of the hydrocarbon increases. However, the
critical pressures of methane, ethane, and propane (4.60, 4.88, and 4.25
MPa) do not change much. Evidently, the trend of P, is not consistent
with the C-content of hydrocarbons.

Graphically the density and specific heat of ethane and propane in
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Fig. 3(a-b) and 4(a-b) exhibit very similar behavior as shown by
methane in Fig. 1(al, bl) though they do differ in values and slopes of
the isobaric lines. However, because of the critical temperature (see
Table 1) being very different, the anomalous regions move far away
from each other in terms of temperature. Clearly, this has important
implications in terms of the supercritical transport of these gases.
Indeed, the safe zone for methane, P > 5 MPa and T > —30 °C changes to
P>5MPaand T > 75 °C for ethane, and to P > 5 MPa and T > 150 °C for
propane. That means the flexibility of supercritical methane being
transported at sub-zero or near-ambient temperature is not available
with ethane and propane. Both of these gases will require to be heated at
much above ambient temperature and maintained at higher tempera-
tures if they are to be transported under SC conditions.

3. Methodology for calculations of mixture properties

There are several different equations of state available in the litera-
ture, including SRK, Peng-Robinson (PR), BWRS, AGA-8, GERG-88,
GERG-2004; GERG-2008 to evaluate the thermodynamic properties of
natural gas as a mixture (Ahmed, 2007; Helgaker, 2013; Mokhatab et al.,
2019). Chaczykowski (2009) investigated the sensitivity of the gas
pipeline flow model to the selection of EOS for SRK, BWRS, AGA-8 and
GERG 88, for on-shore distribution network. The inlet pressure consid-
ered was only up to 7.4 MPa. The transient model by Chaczykowski
(2009) was used by Helgaker (2013) to simulate the dynamics of
offshore natural gas pipelines with the inlet pressure up to 18-20 MPa.
Helgaker (2013) has also investigated the influence of the thermody-
namic EOSs, including PR and GERG-2004 EOSs, on flow predictions.
Noticeable divergence among various models were only observed at
high pressures, P > 10 MPa. Even for P > 10 MPa, PR and GERG04
predictions are in the middle of the other model predictions.

The PR EOS also allows accurate predictions of the phase-behavior of
mixtures of nonpolar systems encountered in the gas industry (Ahmed,
2007; Mokhatab et al., 2019). It has been incorporated into the
two-phase model for Eulerian large-eddy simulations (LES) of liquid-fuel
injection and mixing at high pressures (Matheis and Hickel, 2018).
These authors have stated that the incorporation of the PR EOS model
can represent the coexistence of supercritical states and
multi-component sub-critical two-phase states via a homogeneous
mixture approach. This is a desirable characteristic for modeling in the
vicinity of the critical point. Given that, the liquid-like and gas-like
molecules can coexist in the Widom delta/region, which is part of the
anomalous phase (Ha et al., 2018), it is prudent to use the PR EOS for
present modeling. This is justified by many other factors, such as the
simplicity and flexibility of use and widespread industrial applications.
In addition, the delimitation of the Safe Zone and Gray Area for methane
(Section 2.2), has already indicated that the pressure for these zones in
the case of natural gas will be below 10 MPa.

The Peng-Robinson cubic equation of state for a pure component is
given as (Peng and Robinson, 1976):

RT a;a;

P= - 1
v—>b; V:+2by—1b? )

where R is the universal gas constant, subscript i represents the ith pure
element in the mixture, and q; and b; are the corresponding constants
related to its critical pressure (P ;) and critical temperature (T ),

RT?,

RTci .
= by = Q——  with Q, = 0.45724 Q, = 0.07780

i = Qa
=P, Pe

(2)

The temperature-dependent function that is related to the acentric
factor, w;, of the ith pure substance, is given by,

2
a;= |1+ (037464 + 1.542260; — 0.269920)7) (1 - ,/T/Tf,i)} .

The equation of state for a pure compound is extended to the natural

3
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Table 2
Range of pressure and temperature for the data presented here..

Gas Science and Engineering 117 (2023) 205072

Gas Methane C1 Ethane C2 Propane, C3 Mixture Gas #1 Mixture Gas #2 Natural Gas A Natural Gas B Natural Gas C
P, MPa 4.6, 50° 4.88, 50 4.25, 50 6.18, 50 5.92, 50 5.23, 50 5.04, 50 5.61, 50
T, °C —-100, 50" 0, 100 50, 200 100, 100 —100, 100 —100, 50 —100, 100 —100, 100

@ The first number in each cell represents the lowest values of P or T and the second numbers the highest, for the data presented here. Thermophysical properties of all
pure hydrocarbons and non-hydrocarbons are obtained using REFPROP (Lemmon et al., 2018) while that of the mixtures and natural gas are predicted using the PR

EOS model.

gas mixture by the concept of a one-fluid mixture (Poling et al., 2000). It
is assumed that for a fixed composition, the mixture properties and their
variations with temperature and pressure can be described like a pure
compound with adjusted parameters, (aa), and b, based on the
composition of the mixture (Peng and Robinson, 1976),

RT (aa),,
v—>b, Vv+2b,v—b

P= 4
The following classical mixing rules have been adopted in the present
model (Soave, 1972):

WMWZE:E:k@vwW%%(I—@ﬂ ®

bm = Z(Zibi) (6)

i

where z; is the mole fraction of ith pure element in the natural gas
mixture. The parameter k;; in Eq. (5) is an empirically determined
correction factor (called the binary interaction coefficient) designed to
characterize any binary system formed by components i and j in the
hydrocarbon mixture. These binary interaction coefficients are used to
model the intermolecular interaction through empirical adjustment of
the (aa)n term as represented mathematically by Eq. (5). They are
dependent on the difference in molecular size of the components in a
binary system and are characterized by the following properties (1)
hydrocarbon components with the same molecular weight have a binary
interaction coefficient of zero; and (2) the binary interaction coefficient
matrix is symmetric: kij = kj;. Studies (Privat and Jaubert, 2011;
Ahmed, 2007) have shown that k;; may also depend on the temperature
and models were proposed to estimate them at different temperatures.
To simplify the calculations, all k;; are treated as constants and are listed
in Table 3 (Ahmed, 2007).

3.1. Other properties
For any given pressure, P and temperature, T, the density of fluid

mixture p can be found by solving the cubic equation of state, Eq. (4).
The thermal expansion coefficient, 8, of the mixture can be calculated by

-(3) -
and the isothermal compressibility, k, of the mixture is
= =3 6r), =~ saran, ®
where,

(@) _ ((LP) __ R (aw),

or), \oT), v—bn v +2b,v—1b

9
2(aa),, (v + by) ©

(&)=
W) (v=ba) (P t2b—B)

m

The specific heat at constant volume, c,, of the mixture can also be
calculated from the equation of state,

(aa),, T n|v-&- (1-+v2)b,
v+ (1+v2)b,

10

where CS(T) is the specific heat at constant pressure of ideal gas mixture
at the given temperature T, and can be obtained by weighted average of
specific heat, cg‘i, of the individual ideal gas pure element i,

)= [, ()] an

The ideal gas specific heat (cg_i) of relevant pure element i is esti-

mated from the following polynomial equation (Passut and Danner,
1972; Mangold et al., 2019),

.
21 =dy; +do, T + d3;T* + dy;, T* + ds,; T* 12)

with dj; (j = 1, 2, ...5) as the fitting constants of experimental data.
The specific heat at constant pressure, cp, of the mixture is then
calculated by the following equation,
2
cp—cCy= 7TM 13)
(9p/0v)r

For any given composition of the mixture, z;, the vapor-liquid equi-
librium (VLE) can be determined to provide a phase envelope for the
mixture, following the method discussed by Ahmed (2007). The phase
envelope is made of the dew-point pressure (Pg) at which an infinites-
imal amount of liquid first appears from a saturated vapor for a given
temperature, and the bubble-point pressure (Pp) at which the first bub-
ble of gas is formed from the saturated liquid mixture at a given tem-
perature. The dew-point pressure curve meets the bubble-point pressure
curve at the critical point (P, T.) of the mixture. From these two curves,
we can also identify the cricondenbar, P, (the highest pressure on the
phase envelope), and the cricondentherm, T, (the highest temperature
on the dew-point pressure curve).

Predictions using the above equations have been made for the range
of pressure and temperature as noted in Table 2. Since we are focused on
stable, monotonic behavior of the gas mixtures (away from the critical
point), the selection of highest pressure to 50 MPa is based on the hy-
drocarbons and their mixtures exhibiting nice, smooth trends all the way
from the subcritical to supercritical states (Figs. 1-4 and 8-10). This
implies that the trend will not change at P > 50 MPa. The selection of
lowest and highest temperatures in these figures are driven by our
motivation to demonstrate the range of anomalous states and the stable
SC regime with the rate of change in properties as a function of P and/or
T being small. A flow chart for present calculations and data analysis is
shown in Fig. 5.

3.2. Error, sensitivity, and validation of PR model

The original and later modified PR EOS models have been employed
throughout the petroleum industry and have produced acceptable data
for many practical applications (Ahmed, 2007; Lopez-Echeverry et al.,
2017; Mokhatab et al., 2019). Significant deviations of the predictions
from the real situation have been observed, particularly in the region
near the critical point (Lopez-Echeverry et al., 2017). For example,
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Fig. 3. Thermophysical properties of ethane at and above critical condition (P, = 4.88 MPa, T, = 32.18 °C): (a) density and (b) isobaric specific heat.

Faradonbeh et al. (2013) conducted a comparative study of eight cubic
EOSs (including SRK and PR, YL, VPT, etc.) for the predictions of ther-
modynamic properties of alkanes and found that the all EOSs (i) were
able to show the heat capacity maxima with varying degrees of accuracy
at temperatures, T > T, (ii) all EOSs performed closely with the
exception of the VPT EOS which highly underestimated the results, and

(iii) in the SC region, the best results were obtained by YL and PR EOSs
for compounds up to C5 with an error of 3% that is relevant to the
present study.

Similarly, through a comparative study of eleven EOSs in predicting
the thermodynamic properties of hydrogen, Nasrifar (2010), found that
all EOSs in all families were accurate in predicting the constant pressure
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Fig. 4. Thermophysical Properties of Propane at and above critical condition (P, = 4.25 MPa, T, = 92.68 °C): (a) density and (b) isobaric specific heat.

heat capacities of hydrogen. However, the most accurate EOSs were the
PT, RKS and PR EOSs. Recently, Perez et al. (2017) conducted a
comparative study of the vapor-liquid equilibrium (more relevant the
present gases in the Widom region), and density modeling of mixtures
related to carbon capture and storage with the SRK, PR, PC-SAFT and

SAFT-VR Mie EOSs for industrial uses. They found that despite the dif-
ferences among these EOSs, they are accurate enough for (P, v, T)
modeling of fluids related to carbon capture. In general, the SAFT-VR
Mie EOS better predicts the VLE with an average deviation of 13.3%
compared to the experimental data for equilibrium pressure, followed



L.M. Almara et al.

Gas Science and Engineering 117 (2023) 205072

Table 3
Binary interaction coefficient, k;;, used with the Peng-Robinson EOS (adapted from Ahmed, 2007).
CO, Ny C Cy Cs i-Cy4 n-Cy i-Cs n-Cs
CO, 0 0 0.105 0.130 0.125 0.120 0.115 0.115 0.115
N 0 0.025 0.010 0.090 0.095 0.095 0.100 0.100
C; 0 0.005 0.010 0.035 0.025 0.050 0.030
Cy 0 0.005 0.005 0.010 0.020 0.020
Cs 0 0.000 0.000 0.015 0.015
i-Cy 0 0.005 0.005 0.005
n-Cy 0 0.005 0.005
i-Cs 0 0.000
n-Cs 0
Note that k; = k;;.
Table 4
| Gas | Temperature at which the Gray and Safe Zones start.
| l Gas T. K Tgray Tsafe
Mixture, Single Methane 190.56 -50°C -30°C
Natural Gas Component 223 K 243 K
| 1.171% 1.276
Ethane 305.33 75 °C 105 °C
Composition, 348 K 378K
fractions 1.140 1.238
Propane 365.83 150 °C 180 °C
| 423 K 453 K
. - 1.157 1.239
Find Properties of each Component from Mixture Gas #1 218.25 0°C 30 °C
REFPROP 273K 303K
l 1.252 1.389
Mixture Gas #2 196.40 -30°C -10°C
Coefficients for 243 K 263 K
EOS, Eq. (1) 1.238 1.340
| Natural Gas A 199.90 —-50°C -30°C
223 K 243 K
| Valuesof P, T, P, T,y 1.116 1.216
Natural Gas B 196.00 —-35°C —-10°C
I 238K 263 K
> " 1.215 1.343
MASIURS PrOperties: g, ¥, Cp Natural Gas C 206.30 -15°C 5°C
v kB K 258 K 278 K
1.251 1.348

Plot properties, isobaric curves and in
some cases isothermal curves

| |

Analysis of trends in property values
and their slopes (P, T)

I I

Delimitation of Unsafe, Gray, and Safe
Zones

Fig. 5. Flow Chart for calculation of the properties of gas and gas mixtures.

by the CEOS, with 13.7% for the SRK and 14.2% for the PR EOSs.

In addition, Kunz and Wagner (2012) have compared the predicted
phase envelopes of several natural gas mixtures by the PR EOS model
with that by a more accurate GERG2008 model. Though the correct
shape of the phase enveloped are predicted by both models, the pre-
dicted cricondenbars and cricondentherm by the PR EOS model deviated
from the experimental data more than that by GERG 2008. Similar
trends have also been observed recently by Zhang et al. (2020) who have
experimentally studied more than two dozens of natural gas mixtures.

These studies indicate that the PR EOS model can provide acceptable
predictions of the thermophysical properties of normal gas mixtures
including the natural gases of small molecular weights, particularly, in
the pressure and temperature ranges away from the critical point, as in

10

# Numbers in bold are reduced temperatures, T, = T/T,, both temperatures in
K.

our case. Indeed, a rather higher uncertainty of the phase envelope
predicted by the PR EOS should not affect the general observations and
conclusions made in our study since our focus is on delimiting the gray
area and safe zone. As shown in Table 4 and Section 5.1, these zones
start at T, of 1.25 and 1.4 respectively, with P, being 1.15 for both of
them.

Fig. 6(a) and (b) present the specific heat, c,, and density, p, for
Natural Gas A obtained using the present PR EOS model as well as the
REFPROP (NIST), for P =10 MPa and 30 MPa and —100 °C < T < 60 °C.
As is evident, the agreement for c, is excellent at both the pressures and
T > —40 °C, and the variation at the peak for 10 MPa, T ~ —53 °C is the
largest, ~10%. The density, p, also shows a very good agreement for
both pressures at T > —30 °C; the difference at —30 °C being about 7%.
The difference then increases to ~8.5% at —50 °C. Our estimate is that in
the Safe Zone, the error in using the PR model may not exceed 5%
whereas it may increase up to 10% as the pressure moves towards the
left side of the Gray Zone, P = 6 MPa and T = —50 °C (See Section 5.2 for
the delimiting P and T for Gas A).

4. Characteristics of a gas mixture
4.1. Critical temperature and cricondentherm of gas mixtures

Fig. 7 demonstrates how the curves on phase diagram change with
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Fig. 6. (a) Specific heat and (b) density predictions using the present model
compared with data obtained from REFPROP .

the fraction of the constituents of Mixture Gas #1 and 2 and Natural Gas
A, B, and C. For example, as in Table 1 when 0.15 C2 (ethane) is added to
C2 (methane), the critical temperature of the mixture (Gas #1) goes up
since T, of ethane (C2) is much higher than that of the methane (C1).
Similar effect of high C-content hydrocarbon was shown by Abd et al.
(2021). On other hand, if 13.5% of Ny with much lower T, is added to
C1+C2+C3 (Gas #2), the T mix decreases significantly. On the other
hand, in the case of Natural Gas A, B, and C, the critical temperature is
found to increase because of the T,’s of C2, C3, C4, and C5 are all higher
than that of the methane (C1). Evidently, the critical temperature of a
mixture has a simple relationship with T, of its constituents and their
fractions (Table 1 and Fig. 7).

On the contrary, the critical pressure of a mixture has a complex
relationship with the P.’s of its constituents and their fractions. For
example, P, of the Mixture Gas #1 (C; and Cy) goes up compared to the
P, of both the constituents; Mixture Gas #2 has a similar trend. Gases A,
B, and C also show a similar behavior with respect to the hydrocarbons
but they do not cross the P, of CO, (7.38 MPa) even when its fraction is
above 2%. Furthermore, Fig. 7 and Table 1 exhibit that for the cases
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Fig. 7. Liquid-vapor line for Methane (C1); bubble point (dotted line) and dew
point (full line) curves for Gas Mixtures #1 and 2 and Natural Gas A, B, and C;
and critical points (square symbols). See Table 1 for chemical compositions of
Gas Mixtures #1 and 2 and Natural Gas A, B, and C, and numerical values of
critical pressure, P, and critical temperature, T,, of mixtures and their constit-
uents as well as the cricondenbar, P.,, and cricondentherm, T, of the mixtures.

considered here, both cricondenbar, P, and cricondentherm, T, of the
mixtures are higher than their critical pressures, P, and critical tem-
peratures, T, respectively.

4.2. Customized modifications in mixture properties

An important aspect of the results for Gas #1 and Gas #2 is that the
critical temperature and cricondentherm of a mixture increase if a gas
with higher critical temperature is added, e.g., Gas #1 -vs- Cl
(Methane), and they decrease if a gas with lower critical temperature is
added, Gas #2 -vs- C1 (Prasad et al., 2022b). This has many implications
with respect to the transport of natural gas. For example, if the SNG is
required to pass through very cold regions where the gas temperature
may go below the desired temperature - based on the condition that its
state must remain beyond the anomalous region, a higher percentage of
methane may help. Nitrogen (T, = —146.96 °C) and Argon (T, =
—122.46 °C) are the other gases that can be used for the purpose of
bringing down the critical temperature and cricondentherm. Argon, has
an additional advantage of being non-reacting and non-corroding
(Prasad et al., 2022a). Note that as T, goes down, the anomalous re-
gion also shifts to the left on the temperature line, compare Fig. 8(b)
with Fig. 2(b).

However, if the surrounding conditions demand higher critical
temperature as well as higher cricondentherm, it can be achieved by
adding any other hydrocarbons than methane or one or more non-
hydrocarbons, like CO,, with higher T. This will move the anomalous
region to higher temperatures (to the right). Addition of higher C-con-
tent hydrocarbon(s) has another advantage of enriching the gas and
increasing its calorific value. This may be beneficial when the natural
gas enriched with high carbon-content hydrocarbons such as ethane
and/or propane are to be transported within the tropical and warmer
regions.

Furthermore, Fig. 8(a) and (b) for specific heat of Mixture Gas #1
and #2 demonstrate that the general behavior with respect to pressure
and temperature beyond the critical point remain the same as seen for
C1, C2, and C3 in Figs. 1-4 except that the peaks have moved to the right
because of the higher T, of ethane in Fig. 8(a) and to the left because of
the lower T of nitrogen Fig. 8(b).



L.M. Almara et al.

Gas Science and Engineering 117 (2023) 205072

p

Specific Heat, c_ (kJ/kg-K)

Gas Mixture #1

—Pc
—Pcr
—6 MPa
7 MPa
—10 MPa
20 MPa
—30 MPa
—50 MPa

2 L T\c :Tcr | 1 | | | |
-100 -80 -60 -40 -20 0 20 40 60 80 100
Temperature, T (°C)
(@)
15 T T T T
: —Pc
: Gas Mixture #2 —Per
1 —6 MPa
10 ; 7 MPa ||
— 9 ! 10 MPa|-
X 1 -
o 8 —20 MPa| |
§, . —30 MPa||
=, —50 MPa
o 6
§ s
o
i)
Y=
£y ]
<}
o
7]
3+ —_— |
2 1 1 i
-100 -80 -60 -40 -20 0 20 40 60 80 100

Temperature, T (°C)

(b)

Fig. 8. Isobaric specific heat, c,, for (a) Gas Mixture #1 (85 C1 + 15 C2) (P, = 6.245 MPa and T, = —49.35 °C), and (b) Gas Mixture #2 (81.28 C1 + 4.82 C2 + 0.4
C3 + 13.5Ny) (P, = 5.985 MPa and T, = —70 °C), see Table 1. Light red and gray areas represent the zones of (i) undesirable dense phase conditions and (ii) special
design considerations needed, respectively. Right to Gray Zone is the Safe Zone for pipeline transport.

5. Characteristics of natural gas
5.1. Thermophysical properties of natural gas

Figs. 9 and 10 present the results for Natural Gas A and Natural Gas B
and C, respectively. As is evident from the comparison among Fig. 9(a—f)

12

for p, ¢y, 4, Cp, B, and k, and Fig. 1(al), (b1), and (c1) and Fig. 2(a), (b),
and (c), the general behavior of all of the properties of Gas A is similar to
what is observed in the case of methane. Indeed, other gases, B and C
also support this observation for all properties. Note that only ¢, curves
are shown here for Gas B and C in Fig. 10(a) and (b), respectively. The
differences are only in their values. In all of these cases, there exist an
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capacity, C,, (e) isobaric coefficient of volumetric expansion, and (f) isothermal compressibility for Natural Gas A (P, = 5.35 MPa and T, = —66.90 °C). Light red and
gray areas represent the zones of (i) undesirable dense phase conditions and (ii) special design considerations needed, respectively. Right to Gray Zone is the Safe

Zone for the transport of natural Gas A Figure 9(b2).

anomalous region where properties vary sharply and inversions in ¢, C,
B, and «, occur as shown in Fig. 9(b), (d), (e), and (f), respectively.

Following observations regarding the thermophysical properties of
natural gas can therefore be made from Fig. 9(a)-(f) for Gas A:

(a) Fig.9(al) does not support a general statement that the density of
natural gas in dense phase is closer to that of the liquid (Var-
gas-Vera et al., 2020), plquida =~ 425 kg/m3 at 0.1 MPa and
—165 °C. Indeed, the density varies substantially when P > P,
and T > T, and this must be accounted for when the SNG flows
from a high SC pressure to a low SC pressure.

(b) The density, p, at P > 20 MPa is a simple function of temperature,
T all the way from subcritical liquid to supercritical fluid states
(Fig. 9al).

(c) Isobaric specific heat, c,, also has a simple relationship with
temperature, T at P > 20 MPa when T > —10 °C, but not with the
pressure, P (Fig. 9b1). However, ¢, increases monotonically with
pressure at T > 80 °C ().

(d) Interestingly, Fig. 9(d) shows that the heat capacity, C,, almost
independent of pressure and temperature, at P > 20 MPa and T <
Tcr becomes almost a linear function of temperature at P > 20
MPa and T > -25 °C. Moreover, the slope of C,-T line decreases
with increasing pressure, P, which implies that the increase in ¢,
with P gets compensated by the decrease in p at very high SC
pressures and temperatures.
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Like methane, dynamic viscosity, u, decreases as the temperature
increases, when the pressure is high but it increases with tem-
perature when the pressure is low, P < 10 MPa (Fig. 9c1). Hence,
the pressure loss will go down as SNG at high pressures moves
from a cold region to a warm region, contrary to what would
happen at low pressures.

In addition, the general statement that the viscosity of natural gas
in the dense phase is similar to that of the gas (Vargas-Vera et al.,
2020) is not true, see 0.1 MPa gas line in Fig. 9(c1). Indeed, it
varies significantly with the pressure and temperature.

Natural gas is not incompressible in the SC regime (or the dense
phase) contrary to the previous assumptions (Katz and King,
1973; Vargas-Vera et al., 2020) at P < 20 MPa (Fig. 9al and 9a2).
For example, at 25 °C, the isothermal compressibility, «, for 6
MPa is almost 10 times larger than at 30 MPa. Note that for a
given pressure of 10 MPa, it increases by an order-of-magnitude
from —100 °C (liquid) to 50 °C (SC fluid).

Like methane, Natural gas A also shows the asymptotic behavior
for specific volume with pressure, its slope decreases substan-
tially and becomes small. That means at high pressures, P > 30
MPa, the specific volume, density, and isothermal compressibility
will change very little with the pressure. In addition, the lower
the temperature, the earlier would be the asymptotic trend.
Also, like methane Natural Gas A exhibits significant reduction in
its kinematic viscosity, v, with an increase in pressure up to 15
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Fig. 9. (continued).

MPa, beyond which the effect of pressure becomes weak and that
of the temperature becomes somewhat complex (Fig. 9¢2).
Between 20 MPa and 50 MPa, the change in kinematic viscosity is
almost negligible, at 30 °C. Consequently, for fixed m and D, the
Reynolds number (Re o v/1x) and friction factor, f, for Gas A will
change very little at high pressures, P > 20 MPa. This, again, has
important implications in the pipeline transport.

Note that the above observations will also be true for Natural Gas
B and C although the pressure and temperature range as
mentioned above may change, in particular the temperature.

-

G

k

[

In addition, an important conclusion from Figs. 9 and 10 for Gas A, B,

14

and C is that the cricondentherm is always within the anomalous region
and this region extends to somewhat higher temperatures than that of
methane. For example, the lines for 6, 7, and 10 MPa, in Fig. 9(b1) for
Gas A (T, = —66.90 °C) do show inversions, and monotonic trends are
established much later in terms of the temperature, after T, and T, The
line for 20 MPa shows a weaker trend and it can be concluded that at P
> 20 MPa, the anomalous behavior of Gas A will be weaker. A similar
trend is exhibited by Gas B (Fig. 10(a)). In the case of Gas C, the pressure
required for non-anomalous behavior will be above 25 MPa (Fig. 9(b)).

It should also be noted that compared to methane (C1), the non-
anomalous region is delayed in the case of Natural Gas A, B, and C
because of the presence of high C-content hydrocarbons and CO, with
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Fig. 10. Specific heat (c,) for (a) Natural Gas B (P.- = 5.189 MPa and T, = —70.92 °C), and (b) Natural Gas C (P, = 5.908 MPa and T, = —58.15 °C). Light red and
gray areas represent the zones of (i) undesirable dense phase conditions and (ii) special design considerations needed, respectively. Right to Gray Zone is the Safe

Zone for transport.

higher T, ; this phenomenon was discussed in Section 4.2. However, the
mixture can move to non-anomalous supercritical conditions, with
property changes being gradual and smooth, at P > P, and T > —10 °C
(Fig. 9bl1, 10a, and 10 b). Temperature as low as —30 °C may be
acceptable as long as the exit temperature of the gas is higher, e.g., T >
—10 °C for P = 6 MPa. These effects are much more evident in Fig. 11(a)
where c, for methane and Gas A, B, and C are compared. However, as the

15

pressure and/or temperature increase the lines for three gases come
closer and closer (Fig. 11a-d).

Indeed, there can be much more flexibility in designing SNG pipe-
lines if the exit temperature is higher and the gas is delivered in a region
with T > 0 °C. If the delivery is being made in a cold region, e.g., T <
0 °C, the design of pipelines would be somewhat complex. Fortuitously,
the peaks of ¢, Gy, f, and « of Gas A (Fig. 9b1, d-f), as well as ¢, of Gas B
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and C all lie at T < —40 °C, that means the inversions in these properties
would occur at temperatures below —40 °C. Careful design of the
pipeline to account for large changes in properties but no inversions may
allow the exit to occur at temperatures as low as —40 °C. As noted
earlier, methane and/or nitrogen-rich gases can be delivered at much
lower temperatures than the Gas A, B, and C considered here. Alterna-
tively, it may be advantageous to add nitrogen or even argon, both of
which are easily available.

5.2. Safe and gray zones for SNG transport

From the thermophysical properties of Gas A, B, and C as presented
in Figs. 8-10 it can be concluded that P > 6 MPa and T > —30 °C is a safe
zone (in terms of the physical state) for the pipeline transport of SNG
since none of the properties will show large, unmanageable variations in
their values and, of course, no inversions will take place. P > 6 MPa and
—50 °C > T > —30 °C, on the other hand will be a gray area that will
require special considerations. The safe zone and gray area are shown
only on the plot for ¢, (Fig. 9b1) and not repeated in the other Figures, 9
(a) and 9(c)-(f).

To develop some kind of correlations for the start of Gray and Safe
zones for hydrocarbons and natural gas, the estimated temperatures
delimiting the boundaries for all eight cases are presented in Table 4.
Thermodynamically, it is more appropriate to consider the delimiting
temperatures and pressures in terms of dimensionless reduced temper-
ature, Ty, and pressure, P,. In Table 4, T; for the start of Gray Zone varies
from 1.140 to 1.252 and that for the Safe Zone from 1.216 to 1.389.
Reduced temperature, T, of 1.25 may be therefore appropriate (con-
servative) to delimit the Gray Zone from Unsafe Zone. Similarly, T, of 1.4
separates the Safe zone from Gray Zone. For gases without significant
heat transfer, reduced pressure, P, of 1.15-1.2 may be a good choice.

5.3. Applications of the present research

We believe, the natural gas pipeline industry would be the first to
benefit from (i) the thermophysical property data based on the
composition of the gas and flow conditions (P, T) presented here, (ii) the
knowledge on anomalous behavior, and (iii) the conditions for safe
transport of natural gas under supercritical conditions. Natural gas in-
dustry engaged in extraction and transportation from the distant on-
shore and offshore wells to processing facilities may benefit from the
understanding of how the gas behaves in transcritical and supercritical
states. So will be the industry engaged in transport to and from the
natural gas storage. In addition, the behavior and phenomena presented
here can provide much better understanding of high-pressure gas
transport in other fields, for example, CO, transport for carbon capture
and storage (CCS), transport of near-critical and supercritical gases in
thermal power plants, fluid flow in supercritical heat exchangers, and so
on.

5.4. Limitations and future work

The theoretical model adopted here for gas mixtures is based on the
Peng-Robinson cubic equations of state, whose accuracy is a strong
function of the applicability of the mixture theory to natural gases and
reliability of the various coefficients used in the calculations. In addi-
tion, the delimiting conditions for gray and safe zones are estimated
through visual observations and analysis of the change in values of the
major properties and their gradients with pressure and temperature.
However, this should not be a major concern in the design of natural gas
pipelines since the industry always uses constraints conservatively.

With respect to future work, now that the major phenomena and
general behavior are established and a foundation is built, an effort
could be made to develop thermodynamics-based methodology to
delimit the boundaries. It may also be possible to use molecular dy-
namics (MD) model to accomplish this task. In addition, it would be
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helpful if such methods can also delimit the boundaries where the
anomalous regions stars in the subcritical (liquid/vapor) phase, P < P,
and/or T < T, in three quadrants of the P-T phase diagram. This can then
reveal the phase complexities, the natural gas will encounter, when the
phase transition takes place from liquid to SC fluid via the anomalous
state while moving through a pipeline.

6. Concluding remarks

As demonstrated, cricondenbar, cricondentherm, and a part of the
dense phase fall within the anomalous region where any small change in
temperature and/or pressure can cause flow oscillations, thermal in-
stabilities, and decreased heat transfer. Indeed, most of the assumptions
about dense phase, such as incompressibility, density closer to that of
the liquid, and viscosity closer to that of the gas, are questionable, for
pressures at least up to 20 MPa, in the case of methane and natural gas.
Most high-pressure pipeline systems currently do not exceed this
pressure.

Like most fluids, hydrocarbons and their mixtures, including natural
gas, exhibit monotonic and gradual variations in their properties at high
SC pressures and/or temperatures, away from the anomalous states.
Therefore, the most desirable conditions for the transport of SNG and
other gas mixtures are: (a) above the critical pressure and critical tem-
perature, (b) above the cricondenbar and cricondentherm (not appli-
cable in the case of a single gas), and (c) beyond the anomalous state,
throughout the transit from inlet to exit.

For SC methane, the Safe Zone in terms of pressure and temperature
is, P>5MPaand T > —30 °C. On the other hand, P > 5 MPa and —50 °C
> T > —30 °C may be considered as gray area where the rate of change of
properties is somewhat larger, particularly at the lower SC pressures.
That means, special design considerations will be needed if there is any
possibility of the gas experiencing the Gray Zone. For ethane, the safe
and gray zones would be P > 5.5 MPa, T > 105 °C and P > 5.5 MPa and
75°C > T > 105 °C, whereas for propane, the two zones would be P > 5
MPa, T > 180 °C and P > 5 MPa and 150 °C > T > 180 °C, respectively.

Based on the average compositions of natural gas from US/Canada,
West Asia, and North Sea, P > 6 MPa and T > —30 °C may be considered
as the Safe Zone for pipeline transport of SNG whereas P > 6 MPa and
temperature, —50 °C < T < —30 °C will be the Gray Zone. A conservative
estimate of the start of Gray Zone may be P, ~ 1.15 and T, ~ 1.25 and
that for the Safe Zone as P, ~ 1.15 T, ~ 1.4. If the composition of natural
gas varies significantly from the three considered here, the methodology
described in Section 3 can be used to determine the safe zone and gray
area.

It is also discovered that the specific volume, density, and isothermal
compressibility of hydrocarbons and natural gas have an asymptotic
trend with respect to pressure and they become weak functions of
pressure at high pressures, e.g., P > 25 or 30 MPa. Also, the lower the
temperature, the earlier would be the asymptotic trend. This is the
regime where the observations by Katz and King (1973) may apply.

In the case of pipeline transport, if the natural gas passes through a
region where there is the possibility of gas temperature decreasing
below the desired temperature, one or more modifier gases (hydrocar-
bons or non-hydrocarbons) with lower critical temperatures can be
added. This would reduce the critical temperature and cricondentherm,
and move the anomalous region to lower temperatures. However, if the
anomalous region needs to be moved to higher temperatures, one or
more modifier gases with higher T, can be added. Evidently, the SNG
transport can allow the natural gas pipelines to pass through polar,
tropical, arid, and desert-like conditions as well as through the land,
underground, lakes, and ocean.

The behavior and phenomena observed here will also be true to other
fluids, such as water, carbon dioxide, argon, nitrogen, oxygen, and their
mixtures, under supercritical states.



L.M. Almara et al.

Funding

The first (LA) and third authors (VP) were partially supported by the
US National Science Foundation NSF Award No. 2231393.

Declaration of competing interest

The authors declare that they have no known competing financial

Acronyms and Notations

Symbols
ai

b;

Cl

c2

C3

Cc4

G5

Cy

Coefficients of ith element in Peng-Robinson EOS, Eq. (1)
Constants for ith element in Peng-Robinson EQS, Eq. (1)
Methane, CHy4

Ethane, CoHg

Propane, C3Hg

Butane, C4H;g

Pentane, CsHo

Specific heat at constant volume, J/kg o K
Specific heat at constant pressure, J/kg e K

Heat capacity at constant pressure (pcp), J/m3 e K
Diameter, m

Friction factor

Binary coefficient in PR equation, Table (3)
Length, m

Coefficient of ith element in Eq. (3)

Mass flow rate, kg/s

Molecular weight, g/mol

Pressure, Pa, MPa

Cricondenbar, MPa

Universal gas constant, J ¢ K~! e mol™*

Reynolds number

Temperature, °C, K

Cricondentherm, °C, K

Specific volume, m3/kg

Mole fraction of ith element

Greek Symbols

{ogb;tx‘ms

ix

> s£+H" 988

Temperature-dependent function, Eq. (3)
Isobaric coefficient of volumetric expansion, K™
Isothermal compressibility, Pa~!

Dynamic viscosity, N e se m~2

Kinematic Viscosity, m?es?

Density, kg/m ™3

Accentric factor

Correlation constants, Eq. (2)

Ambient/outside

Bubble-point

Value at critical point

Dew-point

Value at criconden condition
Constituent of mixture

Based on the composition of the mixture, Eqs. (4)-(6)
Mixture

Derivative at constant pressure
Reduced pressure, temperature
Derivative at constant temperature
Wall

Derivative at constant density
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Abbreviations

ARK Aungier-Redlich-Kwong

EOS Equation of state

GERG European Gas Research Group
LNG Liquefied natural gas

PC Perturbed chain

PR Peng-Robinson

RK Redlich-Kwong

SAFT Statistical associating fluid theory
SC Superecritical

SRK Soave-Redlich-Kwong

SNG Supercritical natural gas

VLE Vapor-liquid equilibrium

VR Variable range
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