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Abstract: The formation and the blockage of plant equipment such as heat exchangers by heavy
hydrocarbon (HHC) solids is an inherent risk in cryogenic natural gas processing. The accuracy of the
gas mixture’s compositional characterization significantly impacts the reliability of solid formaiton
temperature predictions. Recently, we showed that complete characterization of the mixture is
necessary to obtain accurate predictions of the melting temperature, as current methods based
on pseudocomponent characterizations of HHCs are inadequate. Here, we present an improved
method of characterizing HHCs that represents each pseudocomponent up to Cy4, by a paraffinic,
isoparaffinic, naphthenic and aromatic (PINA) composition and allocates an associated defined
component to represent these sub-fractions. This new, extended PINA-based characterization of
HHC pseudocomponents is derived from 46 different pipeline natural gas samples, and the method
is validated against three representative gas samples that were fully characterized. The melting
temperatures of the three gas samples based on their full characterizations are 263.2 K (14.1 °F),
260.1 K (8.5 °F) and 248.3 K (—12.8 °F), respectively. Predictions made with the new method match
these within (1 to 2) K, while previous correlation methods under-predict them by (10 to 20) K. The
improved performance arises from (1) the selection of suitable discrete components to represent
each PINA fraction within a pseudocomponent, (2) the more representative distribution of PINA
fractions as a function of carbon number, and (3) the use of discrete components to represent the
pseudocomponent’s thermodynamic properties in both the fluid and solid phases. These results show
how the new characterization method can reliably predict HHC freeze-out conditions, particularly
when a full compositional analysis is unavailable. Future research should aim to test the new method
on natural gas samples from regions other than the US Gulf Coast.

Keywords: LNG—freeze-out—heavy hydrocarbons; pseudocomponent—compositional characterization;
cryogenic

1. Introduction

Conditioning and processing of natural gas in cryogenic gas processing plants usually
require cooling of the feed gas in refrigeration systems to separate the heavy hydrocarbons
(HHC). This is required to meet the delivery hydrocarbon dew-point pipeline specifications
of the sales gas and/or to separate the natural gas liquids (NGL), Cy., for further fraction-
ation to make NGL products. Production of Liquefied Natural Gas (LNG) requires deep
cooling of the gas to condense it to a liquid state.

The feed to gas processing and liquefaction plants may contain trace amounts of heavy
hydrocarbons such as BTEX compounds (benzene, toluene, ethylbenzene, and xylenes) and
heavier hydrocarbon components, which have high melting points [1]. These components
may freeze out during the cooling process of the gas and precipitate in the small flow
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channels of the heat exchangers, control valves, and process strainers. The precipitation of
these solids may cause partial blockage of the process equipment leading to unplanned
shutdowns, production loss and costly downtime required to defrost the clogged process
systems [2]. To reduce the level of contaminants, such as acid gases, moisture, and heavy
hydrocarbons to acceptable levels before liquefaction, feed natural gas is subjected to a
variety of treatment operations, as shown in Figure 1.
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Figure 1. Block Diagram of a Typical LNG Plant.

BTEX and HHC compounds can precipitate at the very low temperatures in the cold
section of the LNG production process when excessive concentrations of these undesired
heavy components slip into the liquefaction exchangers during process upsets. Table 1
shows the relatively high triple point temperatures of BTEX and HHC. These components
are typically removed in the Heavies Removal Unit, which consists mainly of a refluxed
cryogenic distillation column (called Scrub Column or NGL Absorber) where BTEX and
HHC are removed to acceptable and safe limits along with the NGL.

Table 1. Molecular weights and melting points of BTEX and heavy hydrocarbon compounds [3].

Component Molecular Weight Melting Point (°F) Melting Point (°C)
(g/mol)
Benzene 78.1 +42 +5.6

Toluene 92.1 —138.9 —94.9
Ethylbenzene 106.2 —138.9 —94.9
o-Xylene 108.2 +55.9 +13.3
m-Xylene 106.2 —54.1 —47.8
n-Hexane 86.2 —139.6 —95.3
n-Heptane 100.2 —131 —90.6
n-Octane 114.2 —56.8 —49.3
n-Nonane 128.3 —53.5 —47.5

n-Decane 142.3 —29.7 —34.3
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The gas analysis for designing new gas processing and liquefaction plants is usually
detailed for the light hydrocarbons from methane to pentanes and also typically shows
the BTEX composition. However, the heavier hydrocarbons, including those with high
melting points, are typically lumped in pseudo components (usually C¢,) according to
their normal boiling points (NBP). For the operating gas processing and LNG plants, the
routine gas analysis used to monitor the process usually has a similar limited resolution.
This resolution needs to provide the required information about the compositions and the
molecular type; paraffinic, iso-paraffinic, naphthenic, and aromatic (PINA) distribution of
the heavy hydrocarbons lumped in the pseudo components. This information is required
to provide a robust process design for the new gas processing and LNG plants. It is
also required to effectively troubleshoot the freeze-out problems that may occur in the
operating plants.

Chen and Ott [4] reported that lean feed gases are becoming increasingly common
as more LNG is based on unconventional gas resources, such as shale gas, tight sands
gas, coal-bed methane, and domestic pipelines. Both also reported that the feed gas to
some plants operating LNG plants had been gradually replaced by newer sources, such as
gas produced from wells in deep water. These new feed gas sources often contain more
methane and considerably fewer natural gas liquid (NGL) components than conventional
feed gas sources while also having heavy paraffinic and aromatic hydrocarbon content
comparable to conventional feed gas sources. This trend has brought a new challenge to the
design and operation of these liquefaction units. Additionally, Chen and Ott [4] reported
that many lean feed gas sources contain disproportionately large amounts of HHCs. These
heavy components can exceed the maximum amount allowed to avoid freezing in the
liquefaction process. Another characteristic of some unconventional gas sources is the
significant variation in feed composition over a relatively short period, which can occur
when the feed gas is supplied from multiple sources.

The presence of the long-chain HHC in the feed gas to LNG plants, even in trace
amounts, increases the risk of freeze-out of these complex components at the Precooling
Section of the LNG plant shown in Figure 2, which has a typical lower-limit temperature of
238.7 K (—30 °F) [1,5]. The higher risk is caused by their higher melting points, as shown in
Tables 2 and 3. These tables show that the characterization of HHC should not be assumed
to be 100% n-paraffins due to the increased risk of heavy aromatic isomers freeze-out in the
Precooling Section. Rather an accurate estimate of the molecule class (PINA distribution) of
these HHC components is crucial for the robust design of new LNG plants and the effective
troubleshooting of HHC freeze-out in actively operating LNG plants.

Table 2. Molecular weights and melting points of heavy hydrocarbons n-Cy; through n-Cy4 [3].

Component Molecular Weight Melting Point (°F) Melting Point (°C)
(g/mol)
n-Undecane (n-C11) 156.3 —14.0 —25.6
n-Dodecane (n-C12) 170.3 +14.8 —-9.6
n-Tridecane (n-C13) 184.4 +22.3 —-54
n-Tetradecane (n-C14) 198.4 +42.5 +5.9

Table 3. Molecular weights and melting points of heavy aromatic hydrocarbons [3].

Component Molecular Weight Melting Point Melting Point

(g/mol) (8 D) O
1-Ethyl-2-propylbenzene (A11) 148.25 —5.8 —-21.0
Cyclohexylbenzene (A12) 160.259 452 74
Heptylbenzene (A13) 176.302 —54.4 —48.0

Octylbenzene (A14) 190.32 —32.8 —36.0
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Figure 2. Potential locations of HHC freeze-out in an LNG plant.

Miethe et al. [6] reported that the light hydrocarbons up to n-pentane are generally
detailed in the design basis of LNG, NGL or ethane separation plants. However, the HHCs
that might foul the pipes at lower temperatures are often lumped into pseudocomponents
according to their boiling point. They also proposed a new method developed to improve
the calculation of solids precipitation in natural gases using correlations endorsed by the
American Petroleum Institute (API), as described in Riazi and Daubert [7]. Their method
consists of two steps:

1. Splitting the pseudo-components into four sub-fractions each: n-paraffin (P), branched
paraffins (I), naphthenes (N), and aromatics (A).

2. Representing the fusion properties of each sub-fraction with a discrete component,
where no additional physical properties need to be generated for the pseudo compo-
nent (PC).

To validate their approach, henceforth referred to as PINA opj, they compare the melt-
ing points and precipitation curves of a fully characterized mixture up to Cyg,, where
the fusion properties are estimated with multiple approaches, as described in Table 4.
These approaches are accompanied by a characterization of the gas mixture into a Lump
component list containing discrete single carbon number (SCN) groups of HHCs heav-
ier than isopentane up to Cjp;. In their comparison of the Full methods with various
Lump + Freeze-out approaches, they showcased that the Lump + PINA 5p; predicted the
melting point of the mixture within 1 °C of the Full method with a very similar precipitation
curve when aromatics were considered explicitly. However, there has been no application
of the Lump + PINA py approach to defined mixtures that are known to have heavy HHCs
up to Cy4.. Additionally, Miethe et al. [6] make an unvalidated assumption that the ratio of
paraffinic (x,) to isoparaffinic (x;) content is x, = 0.9x;. Therefore, it is unlikely that the
estimated PINA splits will reflect the actual PINA split of HHCs of LNG feed gas sources
with high methane content and fewer NGL components.

Recently, Attalla et al. [8] demonstrated that the approach developed by Miethe et al. [6]
was inadequate for multiple reasons. First, their Lump characterization does not extend to
Cy4 compounds and second, the methods for estimating the PINA splits were developed
for petroleum fractions and are not necessarily applicable to high-methane content gas
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condensates. Attalla et al. [8] demonstrated that for natural gas mixtures known to freeze
out in LNG production, Lump + Freeze-out methods underpredict melting temperatures by
more than 85 K relative to the melting temperatures determined from a full compositional
characterization of the gas mixture. Their work demonstrated the necessity for either a
complete characterization of natural gas mixtures up to Ci4. compounds to accurately
predict freeze-out conditions in LNG plants and/or the development of an improved
approach to predicting freeze-out when only limited compositional information is available.

Table 4. Summary and comparison of the available methods of pseudocomponent melting point

calculations in natural gas systems [6]. Here, Tyis the melting point temperature while Hyis the

enthalpy of fusion.
Method Description Pros Cons
Ty and Hy are est?mated for Accurate estimation of the Expensive
Full each component in the gas . crp .
analysis. melting temperature Difficult to obtain
Calculated T is too conservative.
T¢ and Hy of the respective ) ) Calculated Ty is based on solubility date of
Alkanes n-paraffin are used for the Rough estlmafte of the Ty is binary systems and/or thermodynamic
entire PC. obtained. prediction models that are not totally
validated against experimental or data.
PINA fractions are not distinguished.
Tt and Hy of the PC are used . T
Won based on the average MW of Calcula.tfe.d prope}l;tles are Optimistic calculated Ty
the PC. specific to each PC. PINA fractions are not distinguished.
PCs are split into PINA 1.Fast Ty calculation. C'alculated Ty is based on solubility da'te of
PINA fractions equally and 2.Improved in precision binary systems and/or thermodynamic
Equal represented by individual compared to previous pre.chchon mpdels tha.t are not totally
components. methods. validated using experiments or data.
Actual PINA fractions are not estimated.
The used API correlations are based on and
PCs are split into PINA Increased precision regarding developed for petrolel}m fracFlons.
fractions according to API solids precipitation behavior The used API correlations estimate the
PINAApp 8 precip PNA split not PINA. The PINA split is

correlations and represented
by individual components.

(with exception of full
method)

obtained for the unvalidated assumption
that P =90% L
Not examined for PC higher than C9.

This work builds upon the approach of Miethe et al. [6] by incorporating more robust
methods suited for estimating the PINA splits for natural gas mixtures based on experimen-
tal measurements of natural gas samples. This work also extends the use of representative
compounds in the Lump + PINA pp; method to consider up to C14, compounds. Represen-
tative compounds are enhanced to include properties relevant to both the fluid and solid
phases in contrast to previous Lump approaches where only properties relevant to solid
formation by the representative compounds were used. The efficacy of this new approach,
labelled PINA pa11a, is evaluated using predictions of the melting temperature against
the PINA pp; method from Miethe et al. [6], and the full characterization of three different

gas samples.

2. Heavy Hydrocarbon Characterization for Freeze-Out Predictions

The available published methods for predicting heavy hydrocarbon characterization
are summarized in Table 4. Attalla et al. [8] present a detailed description of each method
and its implementation within the software package ThermoFAST [9].
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2.1. Full Method: Detailed Characterizations of Three Samples

The full method refers to the representation of the fluid by all the compounds resolved
in a compositional characterization. This section briefly describes the compositional charac-
terizations up to Cy4 for three different samples of natural gas that were used with the full
method to provide robust calculations of each sample’s HHC melting temperature. The
three natural gas feed gas mixtures constitute Sample 1, which corresponds to a lean Gas
case; Sample 2, which corresponds to a rich gas case; and Sample 3, which corresponds to
an average gas case. The complete compositions for each these samples are shown below
in Tables 5-7, respectively. The Cy4, heavy fraction in each table was by represented with
tetradecane but includes C;5 and iso-Cy4 compounds in reality.

Table 5. Fully characterized composition of Sample 1 (Lean Gas).

Component x; mol % Component x; mol %
Carbon Dioxide 0.0030 n-Nonane 0.0001
Nitrogen 0.6454 m-Xylene 0.0001
Methane 97.0391 p-Xylene 0.0001
Ethane 2.0520 sec-Butylbenzene 0.0002
Propane 0.1049 n-Decane 0.0001
n-Butane 0.1220 1-Ethyl-2-propylbenzene 0.0001
isoButane 0.0151 Undecane 0.0001
n-Pentane 0.0020 Dodecane 0.0002
isoPentane 0.0040 Pentamethylbenzene 0.0001
n-Hexane 0.0016 Tridecane 0.0005
Benzene 0.0008 2,3-Dimethyldodecane 0.0005
Cyclohexane 0.0005 1-Ethylnapthalene 0.0001
n-Heptane 0.0004 2-Ethylnapthalene 0.0001
Toluene 0.0004 Cigs 0.0064

n-Octane 0.0001
Total 100.0000

Table 6. Fully characterized composition of Sample 2 (Rich Gas).

Component x; mol % Component x; mol %
Carbon Dioxide 0.00301 n-Nonane 0.0026
Nitrogen 0.87838 Ethylbenzene 0.0021
Methane 96.24016 m-Xylene 0.0000
Ethane 2.21501 p-Xylene 0.0001
Propane 0.08523 o-Xylene 0.00112
n-Butane 0.21057 1,2 4-Trimethylbenzene 0.00112
isoButane 0.01103 n-Decane 0.00034
n-Pentane 0.00201 Undecane 0.00018
isoPentane 0.00301 p-Diisopropylbenzene 0.00001
n-Hexane 0.00166 Dodecane 0.01982
Benzene 0.00021 2-Methyldodecane 0.0002
Cyclohexane 0.00020 Tridecane 0.1675
n-Heptane 0.00099 2,3-Dimethyldodecane 0.01623
Toluene 0.00015 Cyclohexylbenzene 0.0014
cis-1,3-
dimethyleyclohexane 0.00024 1-Ethylnapthalene 0.0024
n-Octane 0.00133 2-Ethylnapthalene 0.0051
Cigs 0.1266

Total 100.0000
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Table 7. Fully characterized composition of Sample 3 (Average Gas).

Component x; mol % Component x; mol %
Carbon Dioxide 0.00300 n-Octane 0.00010
Nitrogen 1.63088 n-Nonane 0.05397
Methane 94.17644 Ethylbenzene 0.00083
Ethane 3.94729 m-Xylene 0.00074
Propane 0.09593 p-Xylene 0.00074
n-Butane 0.00600 o-Xylene 0.00092
isoButane 0.00200 1,2,4-Trimethylbenzene 0.00036
n-Pentane 0.00000 n-Decane 0.00125
isoPentane 0.00000 Undecane 0.00056
n-Hexane 0.00054 Dodecane 0.00637
Benzene 0.00004 2-Methyldodecane 0.00011
Pentamethylbenzene 0.00001

Cyclohexane 0.00012 Tridecane 0.03504
n-Heptane 0.00020 2,3-Dimethyldodecane 0.00835
Toluene 0.00004 Cyclohexylbenzene 0.00142

cis-1,3-

dimethyleyclohexane 0 1-Ethylnapthalene 0.00168
2-Ethylnapthalene 0.00305

Ciat 0.02202

Total 100.0000

2.2. The PINA tta11. Method

This work introduces a new method of modelling the PINA distribution of HHCs for
pseudocomponents with (pseudo-) carbon numbers between 6 and 14. The correlations
used in the PINA p a1, method were developed from compositional analyses of 46 different
natural gas samples collected from the US Gulf Coast of Mexico. Each of these samples
was classified according to the molecular weight (MW) of their Cg, fractions (determined
by GPA Method 2286 [10] and GPA Method 2186 [11]) to define the three categories of gas
as shown in Table 8. The fully characterized gas sample compositions in Tables 5-7 reflect
exemplar samples from each of these categories. Within a given type of gas mixture the
HHC:s are classified into single carbon number (SCN) pseudocomponents based on the
normal boiling point (NBP) ranges shown below in Table 9.

Table 8. Classification of the 46 gas samples evaluated by this work to develop the PINA p o114
method in accordance with their Cg, MW.

Gas Type Cs+ MW (g/mol)

Lean Gas 87-92
Average Gas 92-100

Rich Gas 100-117

Table 9. Normal boiling point ranges used to classify single carbon number (SCN) pseudocomponents,
as obtained from gas chromatography elution.

SCN NBP Range (K) NBP Range (°F)
Cq 322.04-347.04 120-165
Cy 349.82-377.59 170-220
Cs 380.37-408.15 225-275
Co 410.93-433.15 280-320
Cio 435.93-447.04 325-345
Cnp 449.82-477.59 350-400
Ci2 480.37-505.37 405450
Ci3 508.15-519.26 455-475

Clas 522.04-538.71 480-510
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A central feature of PINA methods is estimating the ratio of paraffinic, isoparaffinic,
naphthenic and aromatic compounds within a given pseudocomponent. The PINAgq,a1
method assumes an equal distribution of compounds across the four classes, while the
PINA ppr methods uses API correlations to calculate the ratios of the combined paraffin
+ isoparaffin class to the naphthenic and aromatic classes. Additionally, for the PINA sp;
method, Miethe et al. [6] assumed that the fraction of paraffins, x,, was related to the
fraction of isoparaffins, x; via x, = 0.9 x;. However, as shown Figure 3, across the 46 samples
analyzed the average ratio of paraffin to isoparaffin content in each SCN pseudocomponent
and gas mixture type varied significantly, and was generally quite different from 0.9.

(@]

PINAAp assumed ratio = 0.9

Ny
®

(

(

f

«

(«

AL

7

S

J\J\(@m

@
(-
s

~
(o]
©
-
o

11
Pseudo Carbon Number

-
N
-
w
-
S

NLean Gas =Average Gas #Rich Gas

Figure 3. Average ratios of paraffin to isoparaffin mole fraction in each single carbon number
pseudocomponent for each gas mixture type across the 46 gas samples analyzed in this work. The
dotted line represents the fixed ratio assumed in the PINA ppy approach detailed by Miethe et al. [6].

To improve the accuracy of freeze-out predictions new average PINA distributions
were calculated from the 46 samples for each SCN pseudocomponent and each type of
gas mixture. These average PINA distributions are shown for the lean gas, average gas,
and rich gas types, as shown in Tables 10-12, respectively. Common to all gas mixture
types is the absence of naphthenes and aromatics in either the C¢ pseudocomponent or
the C;3 pseudocomponent. The former absence simply reflects the fact that the normal
boiling points of cyclohexane and benzene lie within the range of the C; pseudocomponent,
while the latter appears to be a characteristic of the 46 natural gas samples from the US
Gulf Coast.

To accompany the improved description of PINA distributions up to Cy4 for natural
gases, the PINA 11, method also extends the discrete compounds used to represent
pseudocomponents up to Ci4, from the Cy limit considered by the PINA pp; method [6].
The criteria used to select the representative discrete compounds were:

1. Either the representative compound has a carbon number equal to the SCN;

2. The representative compound has an NBP that falls within range covered by the SCN
pseudocomponent;

3. The representative compound has the highest melting point among the other compo-
nents within the NBP range of the SCN pseudocomponent.
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Table 10. Average PINA distribution for each pseudocomponent in the Lean gas type. The mole frac-
tions of paraffins, isoparaffins, naphthenics and aromatics are denoted x;, , x;, X, and x,, respectively.

Pseudocomponent Xp X Xn Xq
Ce 0.379 0.621 0 0

Cy 0.128 0.233 0.186 0.453

Cg 0.0936 0.364 0.188 0.354

Co 0.198 0.205 0.252 0.346

C1o 0.147 0.312 0.132 0.409

Ci1 0.142 0.562 0.0729 0.223

Cp 0.394 0.185 0.00419 0.418
Ci3 0.633 0.367 0 0

Cigs 0.674 0.176 0.00176 0.148

Table 11. Average PINA distribution for each pseudocomponent for the average gas type. The
mole fractions of paraffins, isoparaffins, naphthenics and aromatics are denoted xj, , x;, x;, and x,,

respectively.

Pseudocomponent Xy X; Xn Xa
Cq 0.374 0.626 0 0

Cy 0.126 0.261 0.178 0.435

Cs 0.109 0.372 0.178 0.341

(@ 0.221 0.216 0.233 0.330

Cio 0.149 0.299 0.122 0.430

Cyq 0.146 0.527 0.0680 0.259

Cip 0.402 0.185 0.00383 0.409
Ci3 0.639 0.361 0 0

Cias 0.598 0.258 0.00155 0.142

Table 12. Average PINA distribution for each SCN for the rich gas type. The mole fractions of
paraffins, isoparaffins, naphthenics and aromatics are denoted x, , x;, x,, and x,, respectively.

Pseudocomponent Xp X; Xn Xg
Cq 0.339 0.661 0 0

Cy 0.118 0.448 0.144 0.290

Cg 0.186 0.493 0.0939 0.227

Cy 0.281 0.357 0.108 0.253

Cio 0.160 0.199 0.0511 0.590

Ci1 0.170 0.268 0.0353 0.526

Cqp 0.443 0.205 0.00215 0.350
Ci3 0.688 0.312 0 0

Cias 0.689 0.217 0 0.0939

Table 13 presents the discrete compounds used in the PINA p 11, method to represent
each PINA sub-fractions of the SCN pseudocomponents to C14. The implementation of the
PINA A ta11a method into the ThermoFAST software package [9] involved ensuring each of
the discrete compounds used to represent pseudocomponent PINA fractions were defined
together with all necessary thermodynamic parameters, as detailed by Attalla et al. [8].
Specifically, two additional discrete compounds were added for this work, as shown
Table A1 in the Appendix A. When implementing the PINA .11, method to a natural gas
sample, the mole fraction of each representative compound is determined by multiplying
the mole fraction of the corresponding pseudocomponent by the mole fraction of the PINA
class (xp, xj, xn, Or Xa) listed in either Tables 10-12, depending on the type of gas mixture
the sample falls into according to Table 8.
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Table 13. Discrete compounds used by the PINA 4,11, method to represent the paraffin, isoparafin,
naphthenic aromatic (PINA) classes of single carbon number (SCN) pseudocomponents to Cy4,
together with their normal boiling point (NBP), molecular weight (MW) and melting temperature T.

SCN PINA Component Name Formula MW NBP (°F) NBP (K) Tr °F) Ty (K)
Cé6 C6-P n-hexane CgHyy 86.18 155.7 341.87 —139.6 177.82
Co6-1 2-methylpentane CeHyy 86.18 140.5 333.43 —2449 119.32
C6-N Cyclopentane CsHjyg 70.14 120.6 322.37 —136.9 179.32
Cc7 C7-pP n-heptane C;Hyy 100.2 209.2 371.59 —131 182.59
C7-1 2-methylhexane C;Hyy 100.2 194.1 363.21 —180.9 154.87
C7-N Cyclohexane CgHip 84.16 177.3 353.87 43.8 279.71
C7-A Benzene C¢Hg 78.11 176.2 353.26 42 278.71
C8 C8-P n-octane CgHig 114.2 258.2 398.82 —70.2 216.37
C8-1 2-methylheptane CgHig 114.2 243.8 390.82 —164.2 164.15
C8-N cis-1,3-dimethylcyclohexane CgHig 112.2 248.2 393.26 —104 197.59
C8-A Toluene C,Hg 90.14 231.2 383.82 —138.9 178.21
C9 C9-P n-nonane CoHyg 128.3 303.5 423.98 —64.3 219.65
C9-1 3-methyloctane CoHyg 128.3 291.6 417.37 —161.7 165.54
C9-N 1,1,2-trimethylcyclohexane CoHyg 126.2 293.4 418.37 —20.2 24415
C9-A p-Xylene CgHjyp 106.2 281 41148 55.9 286.43
C10 C10-P n-decane Ci1oH2 142.3 3455 447.32 —21.4 243.48
C10-1 2,3-dimethyloctane CioHpo 142.3 327.8 437.48 —65.2 219.15
C10-N isobutylcyclohexane CyoHpo 140.27 340.34 44445 —102.5 198.43
C10-A 1,2,3,5-tetramethylbenzene Ci0Hi4 134.2 388.4 471.15 —10.6 249.48
C11 C11-P Undecane Cy11Hyy 156.3 384.6 469.04 —14 247.59
C111 3-ethylnonane Cy11Hyy 156.3 351.48 450.64 —102.9 198.21
C11-N Pentylcyclohexane C11Hx 154.3 398.7 476.87 —-715 215.65
C11-A 1-ethyl-2-propylbenzene C11Hyg 148.25 393.71 4741 —-58 252.15
C12 C12-P Dodecane CioHog 170.3 4214 489.48 14.8 263.59
Cl12-1 2,2,3,3-tetramethyloctane C12Hyg 170.3 381.83 467.5 —46.9 229.32
C12-N Heptylcyclopentane C1oHyy 168.3 435.5 497.32 —63.7 219.98
Cl12-A Cyclohexylbenzene C1oHig 160.26 464.22 513.27 452 280.48
C13 C13-P Tridecane Ci3Hog 184.4 455 508.15 22.3 267.76
C13-1 2-methyldodecane Ci3Hog 184.36 433.85 496.4 —14.8 247.15
C13-N Heptylcyclohexane Ci3Hye 182.35 459.05 5104 —-229 242.65
C13-A Heptylbenzene Ci3Hyo 176.3 474.98 519.25 —54.4 225.15
Cl4 C14-P Tetradecane C14H3zg 1984 488.3 526.65 425 278.98
C14-1 2,3-dimethyldodecane Cy14H3zp 198.4 47424 518.84 —69 217.04
C14-N Octylcyclohexane C14Hog 196.4 490.73 528 -34 253.48
Cl4-A Octylbenzene C14Hpo 190.32 508.73 538 —32.8 237.15

Other methods for predicting HHC freeze-out typically use different correlations
to describe the thermodynamic properties of the pseudocomponents in the fluid phase
from those used to describe the solid phase properties [6,8]. This is particularly pertinent
to the normal implementations of the PINAgq,a and PINAap; methods developed by
Miethe et al. [6], where discrete compounds are used to represent the solid properties
of each pseudocomponent’s PINA fractions while a single ‘lumped’ pseudocomponent
is considered when evaluating its fluid phase properties. In contrast, the PINA 110
method as implemented in ThermoFAST simply considers the representative discrete
compounds; however, they partition across all phases present at equilibrium. To ensure
that the comparisons of the different HHC freeze-out methods considered in this work
were focussed on the relative accuracy of the PINA distributions, the same approach was
applied here to the PINAgg, and PINAsp; methods. The Lump-PINAggy, and Lump-
PINA pp; methods used by Miethe et al. [6] and Attalla et al. [8] were replaced, and only
the representative compounds were used together with the PINA distributions of these
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methods were used for melting temperature calculations. The ThermoFAST software
package contains implementations of both the Lump + PINA and the PINA-only versions
of all these methods. To elucidate the novelty of the PINA p11, approach, Table 14 presents

the differences between the Lump-PINA sp; and the PINA .11, methods.

Table 14. Summary of the differences between the PINA zp; and the PINA p a1, methods.

Aspect

PINA App

I:'INAAttalla

Reference Correlations

Pseudocomponents are split into PINA
fractions according to API correlations.

Pseudocomponents are split into PINA fractions
according to new correlations developed by Attalla.
based on 46 actual gas samples.

Representative Components

The pseudocomponents are represented
by individual components those are not
necessarily have the highest freezing
point for each PINA category.

The pseudocomponents are represented by individual
components those are either identified by the detailed
gas chromatograph analysis, or conservatively
assumed based on the highest freezing point that
could be found as HHC over the NBP range defined
for each pseudocomponent.

Basis of Reference
Correlations

The used API correlations are based on
and developed for petroleum fractions.

The new correlations developed by Attalla are based
on 46 actual pipeline gas samples collected from US
Gulf Coast of Mexico.

Paraffins to Iso-paraffins

The used API correlations estimate the
PNA split not PINA. The PINA split is

The new correlations developed by Attalla estimate
the PINA split including the P to I ratio for each

Ratio ?}l:;??ef BO; ’;he unvalidated assumption pseudocomponent based on 46 actual gas samples.
i =09 xp
Range of PCs Not examined for pseudocomponents Examined up to Cy44 which includes some of i-Cy5

greater than Cy.

and i-C16.

Gas Classification

The used API correlations are the same

The new correlations developed by Attalla are
categorized based on the richness level of the gas to

Lean, Average, and Rich based on the molecular
weight of the Cg4, obtained from the GC analysis of the

gas.

regardless of the richness of the gas.

3. Results and Discussion

The melting temperatures based on the complete characterizations for Sample 1 (lean
gas), Sample 2 (rich gas), and Sample 3 (average gas) indicate that the freeze-out can occur at
temperatures around 263.2 K (14.1 °F), 260.1 K (8.5 °F), and 248.3 K (—12.8 °F), respectively.
These temperatures are well within the cooling curve of a typical LNG production plant’s
Precooling Section and are consistent with the freeze-out observed in some of operating
LNG facilities.

Figures 4-6 compare the melting temperatures predicted using the various PINA
methods with those determined from the Full method for the lean gas, average gas and rich
gas samples, respectively. Across all three samples, the new PINA 4,11, method predicts
melting temperatures within 1 K of those determined from the full compositional character-
ization. Full compositional characterizations with the resolution presented here for Samples
1-3 are uncommon and often unavailable during the design or normal operation of an LNG
plant. While actual natural gas compositions are inevitably more complex, the correlations
in the PINA A a11o method deliver a significant improvement in the ability to predict heavy
hydrocarbon freeze out in LNG production, which is currently a significant operational
problem for plants on the US Gulf Coast, from more standard, lower resolution composi-
tional analyses. This improved performance reflects the fact that representative compounds
and the PINA distributions used by the correlations are based on those measured for 46
actual pipeline gas samples collected from the US Gulf Coast.
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Figure 4. Comparison of the melting temperatures calculated using various PINA freeze-out pre-
diction methods at a pressure of 6.307 MPa (900 psig) with that based on the full compositional
characterization of the lean gas sample.
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Figure 5. Comparison of the melting temperatures calculated using various PINA freeze-out pre-
diction methods at a pressure of 6.307 MPa (900 psig) with that based on the full compositional
characterization for the rich gas sample.

The lower estimations of the PINAgg,,; and PINA zp; methods highlight the impor-
tance of accurately characterizing the PINA distribution of each SCN fraction for predicting
the melting point accurately for natural gas mixtures. In particular, as the melting point is in-
fluenced by the composition of the heaviest components considered, achieving an accurate
estimate of the PINA-split in the Cy4, pseudocomponent for the paraffin component is vital
for accurate results. Despite the poorer performance of the PINAsp; and PINAgq,a meth-
ods relative to the new PINA p .11, approach, the melting points predicted are only about 20
K below the temperature determined using the Full method. This is a significant improve-
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ment relative to the predictions made using the Lump + PINAggy, and Lump + PINAp;
methods for the lean gas and rich gas samples detailed by Attalla et al. [8], which were low
by around 100 K. By describing the properties of all phases using the representative com-
pounds from the PINA-only methods (i.e., without using any lumped pseudocomponents
to describe fluid-phase properties), the predicted melting temperature is at least above the
lowest temperature of an LNG plant’s precooling section. These comparisons underscore
the improvement brought by characterizing gas mixtures with pseudocomponents up to at
least C14, and robust PINA distributions coupled to representative discrete compounds.

Pre-cooling section
lowest temperature

2494

248.3

233.5

“PINA-API =PINA-Equal ~ PINA-Attalla = Full Analysis

Figure 6. Comparison of the melting temperature calculated using various PINA freeze-out pre-
diction methods at a pressure of 6.307 MPa (900 psig) with that based on the Full compositional
characterization for the average gas sample.

4. Conclusions

This paper showcases the new PINA p 411, method for estimating the PINA distribution
of pseudocomponents within natural gas mixtures classed according to the molecular
weight of their Cg, fractions. New correlations were established based on 46 samples of
natural gas from the US Gulf Coast, grouped into three classes of mixture: lean gas (C¢ MW
<92 g/mol), rich gas (Cg, MW > 100 g/mol) and average gas. Each class is accompanied
by a distinct characterization of PINA distributions for each pseudocomponent up to Cyy.
together with discrete compounds that should be used to represent each SCN sub fraction.
Representative samples of each gas type were fully compositionally characterized to enable
determination of the HHC melting temperatures: 263.2 K (14.1 °F), 260.1 K (8.5 °F) and
248.3 K (—12.8 °F) for the lean, rich and average gas samples, respectively. The results of
the melting point predictions made using the PINA 111, method are within 1-2 K of the
melting temperature obtained from the full method, while the PINA sp; and PINAgqual
methods lead to under estimates of 10 to 20 K. Importantly, this work also shows that PINA-
only methods provide superior HHC melting temperature predictions relative to Lump-
PINA methods where correlations are used to estimate the thermodynamic properties of
the pseudocomponent in the fluid phase.

Thus, this work demonstrates the use of the PINA p .11, method as a robust alternative
to the complete characterization of natural gas mixtures to predict freeze-out conditions
in cryogenic natural gas processing. This method can be directly applied to the design
of new cryogenic gas plants, including LNG plants. Additionally, in operating cryogenic
plants the PINA 11, method could help with the design of process system modifications
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needed to ensure the safe removal of HHCs at a point upstream of where they would
otherwise freeze-out.

The new PINA p a1, method was developed from the detailed compositional analysis
of 46 natural gas samples from the US Gulf Coast, and accordingly is likely to be most
accurate when applied to LNG plants operating in this region. Future work should explore
the efficacy of the PINA 54,11, method for natural gas feeding LNG plants in other regions,
such as Qatar or Australia, where the PINA distribution within a SCN fraction might be
different. However, other features of the PINA p 1511, method—namely using representative
discrete compounds for SCNs up to Cy4 in both the solid and fluid phases—suggest that
it is likely to still be more accurate than other correlation-based approaches derived from
basin-specific data. Exploring the viability of using representative compounds for SCN
fractions beyond Cj4, to predict freeze-out of HHCs in different hydrocarbon mixture
types, such as waxes from crude oils and petroleum fractions might also be worthy of
further investigation.
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Appendix A. Two Discrete Components Added to ThermoFAST to Facilitate the
PINAAttalla Method

Table Al. Parameters for two discrete compounds added to ThermoFAST to enable PINA a o114
method of representative compounds, in addition to the 43 discrete compounds previously added
in Attalla et al. [8]. Parameter symbols and their primary sources: AH; —enthalpy of fusion [3]; T¢
—melting point [3]; Ac, —specific heat difference between liquid and solid phase [3]; AV —volume
change between liquid and solid phase (set to zero, or from MultiFlash 7.0) [12]; critical properties T,
(critical temperature), P, (critical pressure), p. (critical density), and w (acentric factor) [13-15].

Molar

AH; Ty Acy AV P pe
Component Formula (gimol) [Kl  (/mol/K) (m3/mol) CAS T. [K] [MPa]  [mol/m?] w Mass
[g/mol]
3-methyloctane CoHyo 17.00 165.55 85.6 2.30E-5 002216-33-3  590.15 2.34 1890.36 0.412346  128.255
heptylcyclopentane CioHpg 20.77 219.98 55.1 0 5617-42-5 685.819 2.08503  1542.02 0.49388 168.32
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