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1. INTRODUCTION

The formation of dloys of inorganic compounds has been known for centuries, yet it
is not only on metalurgy and ceramics that metals and inorganic sdts in generd form mixed
cysas. Reports on the formation of dloys or solid solutions, of organic compounds,
dthough dill rare, have been appearing regulaly in the last few years for aomatic
compounds, such as subgtituted benzenes and naphtalenes [1-3], pyrene and anthracene [4-6],
for carbohydrates [7], terpenes [8], neopentane derivatives [9-10] and fulerenes, besides solid
solutions of Cgo With Cy7o [11-12] solid solutions of Cgp in sulphur have been reported [13].
Neverthdess it is among the molecules with long nakyl chans such as n-dcohols [14], fats
[15], soaps [16] and akanes [17-20] that solid solutions appear more frequently. Although
mogt of these dloys are Hill just interesting academic curiogities, these new materids seem
quite promisng and interesting gpplications for some of them have been identified. N-akane
blends have been patented for energy storage and preservation of food, medicine and cell
tissues [21]; solutions of aromatics based on pyrene have interesting optica properties [4-6].
Surfactants of controlled properties [16] and the manipulation of the behaviour of fats to
confer them new organoleptic characteristics [15] have been surfacing showing the exciting
possibilities of these new materids.

Although the materids based on n-dkane dloys have been used for long as candles,
waterproof coatings, pharmaceuticd and cosmetics, and in spite of paraffin waxes being a
valuable by-product of petroleum refining, the research on n-akane solid solutions has been
mainly prompted by its dark sde The damages and losses caused by wax precipitation from
petroeum fluids Every year wax depodtion cods hillions of dollas in  preventive
maintenance, remediation of pipeline blockages and losses of production [22,23]. Better
computer modes can help anticipate the problems dlowing for preventive actions,
optimization of actions and avoid lasses by shutting down of production or by accident.

The presentation of this chapter will focus on the prediction of the wax precipitation
from petroleum fluids both a& high pressures, in reservoir conditions, or at low pressures, as
gock tank oil or fuds In the find section the application of the modd proposed to other
systems of organic solid solutions will be discussed.

2. STATE OF ART

The moddling of wax formation in petroleum fluids is based on the thermodynamic
decription of the equilibrium between the solid wax and the hydrocarbon liquid phases. The
generd Solid-Liquid Equilibrium equetion reates, for each compound, the fugacities of both
phases in the standard state, f°, with the pure component thermophysical properties [24]:
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All the Solid Liquid Equilibrium modds avalable, independent of the nature of the solid
phase, ae based on this equation. Ther differences derive from the agpproach to the
description of the solid and liquid phases fugacities, f, the definition of the solid phase nature
and composition, and consequently on the values adopted for the thermophysica properties.

2.1 Non-ideality of the liquid phase

For the description of the liquid phase two approaches have been adopted. For low
pressures the liquid phase is either taken as ided [25-27] or a free energy modd is used [28-
32]. At high pressures the fluid phase is described by an Equation of State [33-39].

2.2 Non-ideality of the solid phase

Two opposite approaches have been adopted for the solid phase. The authors ether
assume that the solid phase is formed by severa independent pure (pseudo) components [34-
36] or that it is a solid solution, stable or not, of dl te maerid that crysdlises. Among the
authors that consder the formation of a solid solution some take it as ided [25,26,33] but
most of them adopt some form of free energy modd to describe the non-idedity of the solid
phase [27-32].

2.3 Solid phase and thermophysical properties

The migy region in mogt models is the definition of what is the solid phase forming.
Ealy authors assume tha dl compounds present in the fluid eventudly crysdlise [28-30].
This concept can ill be found in recent authors [33-36] in spite of the growing evidence that
only compounds with long n-akyl chains crysdlise to form the wax. Today even the authors
that condgder the presence of other molecules in the solid phase agree that the main part of the
wax fraction is formed by n-akanes. These molecules have multiple solid habits (rotator,
triclinic, monodlinic, orthorhombic...) depending on the temperature and paity of the dkyl
chan [40]. The thermophysical properties associated to these trandgtions are srongly
dependent on the solid phase adopted in the modelling. Most authors, behind a generic labd
of ‘solid’, fal to clearly date the solid phase they are working with. The evidence today is
that the akyl chains in the wax adopt an orthorhombic dructure [41-45] even if some
isodkanes or akyl aromatic compounds are present as inclusons [46]. The correlaions for
thermophysical properties used are strongly associated to the solid phase adopted. When the
solid phase is poorly defined the thermophysica properties used by the mode are fitted to a
st of wax formation data and the vaues adopted, typicaly farly different from the pure
compounds data, actually compensate for weaknesses in the nonidedity description. These
correlations are of limited applicability for sysems other than those used in the development
of the corrdation [26, 30, 35-37]. Only few authors clearly state the solid phase adopted, the
compounds present in the solid phase and use, in accordance, thermophysicad properties for
the pure compounds [27, 31-33, 38,39].

Based on these condderations the thermodynamic wax formation models proposed in
the literature can be divided into five categoriess Won's, Erickson's, Ungerer’s, Calange's and



Predictive free energy models. These modds, ther differences and similarities are described
below.

2.4 Won’s model class

Won's models such as Won [28, 47], Hansen et d. [29] and Pedersen et d. [30] are
characterized by adopting the Regular Solution Theory for the description of the solid phase
non-idedity and assuming that adl compounds are crysdlissble. The solubility parameters are
usudly correlated to sets of data on wax formation [29, 30] and the correations for the
thermophysica properties adopted, common to other modes that often use the Won's
corrdaions for the thermophysicd properties [28] do not distinguish between the different
hydrocarbon families. They are dso characterised by the importance attributed to the heat
capacity term on Eq. (1) being the corrdation for heat capacities proposed by Pedersen et a.
[30] till used by models of Ungerer’ stype.

2.5 Erickson’s model class

Erickson’s models assume an ided solid phase. On this mode class can be considered
the models of Erickson et d. [25, 48], Pedersen [26] and Renningsen et a. [37]. The
predictive verson of Cdanges modd assuming ided solid phase [33] can adso be
characterized as beonging to this class. They assume the presence of non nrdkanes in the
s0lid phase, sometimes even of very light compounds like in the Cdange's modd [49], and
the thermophysica propeties corrdations used ae, dthough with modifications, those
proposed by Won [28].

2.6 Ungerer’smodel class

The models of this class are based on a semind idea proposed by Levobic to use Eq.
(1) for the estimation of the solid phase fugacity [34]. This dlows the description of the liquid
phase by an Equation of State providing an agpproach that extends the description of wax
formation to high pressures. This idea has made its way into dl the other modd classes being
today generdly adopted for high pressure VLSE description. What individualizes this kind of
models is a 0lid phase as being formed by multiple pure solid phases. Ungerer et d. [34]
proposed this approach for synthetic mixtures of non co-crystalissble compounds but its
extenson to crudes, first a low pressures by LiraGdeana et d. [35] and then by Pan et 4.
[36] for high pressures continues using the assumption that al pseudocomponents used in the
flud chaacteristion cryddlise as pure independent compounds. Nonpaeffins ae
conddered to be aso present in the solid phase but the thermophysical properties correlation
proposed by Won [28] is used only for the nalkanes. New correlations are proposed for the
other hydrocarbon families. Like the modds of Won's type these models continue to use the
heat capacity term of Eq. (1) shown by some authors to be negligible [33, 50] and abandoned
in most of the other model classes. As expected for these models the pseudocomponent
definition and characterization plays a dramdic role in the moddling with the ail
characterization acting as atuning parameter [51].

2.7 Calange' s modd class

These modds ae characterised by using the solid phase nonridedity as a fitting
parameter. Typically a cubic EOS describes the fluid phases and the activity coefficient of the
solid phase is treated as a tuning parameter [33, 49,52]. Other parameters can be used to fit
the experimenta data such as binary interaction parameters, thermophysica properties [52,
53], and the ail characterization. Although successful in corrdaing experimentd data given



ther flexibility these models have no predictive character and its use holds some danger
because they reproduce the experimentd data available whether it is accurate or wrong.

2.8 Predictive free energy model class

On these models a predictive free energy model describes the non-idedity of the
orthorhombic solid solution of akyl chains. This type of models can be traced back to Won
[28] and his approach to the estimation of the solid phase solubility parameter based on the
heets of sublimation of pure compounds. This suggestion can be found in the Predictive Locd
Composition concept proposed by Coutinho and Stenby [31] where the interaction energies
ae edimated from the heats of sublimation of pure compounds. This approach was firs
applied to the Wilson Modd [31, 54] and then extended to NRTL and UNIQUAC [55].
Predictive UNIQUAC [27, 32] proved to be very successful in the description of wax
formation for a broad range of fluids [56,57] consdering that the wax phase was formed by
only n-akane molecules and adopting correlations for the thermophysica properties based on
the orthorhombic solid phase of the pure n-alkanes.

2.9 Modélling high pressure wax formation

Although the initid models proposed for each of these gpproaches focused in the low
pressure fluids [26-33, 35, 47] the need for a moded that could describe the wax formation in
live ol a reservoir conditions promoted the development of the modds for high pressures
[34, 36-39, 48-49, 53]. The approached followed in al cases is based on the suggestion by
Leivobici [34] for the edimation of the solid fugacities, with the Poyinting correction to teke
into account the pressure dependence, and to use a cubic Equation of State for the description
of the fluid phases. The dependence of the solid phase non idedity with pressure was taken
into account, ddiberatedly or not, by underestimaing the volume decrease in the phase
trangition as demondtrated by Pauly et d. [38].

A sygematic effort of comparison of these modds performance for crudes has not
been reported yet. Unfortunately the authors usualy do not perform comparisons between the
models proposed and other modes available in the literature. The limitations of the Won's
type models are evident from the results reported by Pedersen [26] and Cadange [33].
Erickson’s type modd if not carefully used can lead to the problems reported for Cadange's
model [49] where due to the idedl nature of the solid phase even methane can be found on it.
Ungerers's type models in their gpproach to the description of the solid phase lack a sound
thermodynamica bass as discussed by Pedersen and Michdsen [51] and physics as the solid
phase used does not agree with the redity. Fitting models, if carefully tuned, can describe
about any st of experimenta data These modes are of limited utility as, lacking predictive
capacities, experimental data must be available and they reproduce the experimental data even
if this is of poor qudity. The soundest thermodynamical gpproach and that has been most
widely gpplied in the open literature to quite a number of different sysems from complex
gynthetic mixtures to fuds and crudes are the Predictive free volume modds. This approach
was aso found to be the best in a comparison with other wax formation models on a complex
gynthetic mixture [54] reported by Pauly and Daridon. The multicomponent SLE data for
hydrocarbon systems produced at University of Pau became a reference in the fied and today
al the new models reported are being tested against them.



3. WAX FORMATION MODEL

As discussed above and according to the experimenta evidence [41-45] the model
hereefter presented considers the wax formed by ndkanes ayddlisng from a fluid as
orthorhombic solid solutions [31-32]. The condition of equilibrium between the Liquid, Solid
and Vapour phasss is given by the equality of the fugacities in dl phases for each individud
component, i:

f(T.P.x) = £'(T,P,x}) = £*(T,P,x’ e

Taking the liquid phase as the reference phase, the equilibrium ratios, K and K7, are
defined as.
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wheref ;, are the fugacity coefficients and the x; the moal fractions for the different phases .

3.1Low pressure
At low pressure the vapour phase is neglected and the solid phase equilibrium
constants are obtained directly from Eq. (1) as
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The heat capacities term of this equation was found negligible [33, 50] and is not used. The
corrdations used for the thermophyscad propetties ae presented on the Huid
Characterization section below.

3.1.1 Theliquid phase activity coefficient

Since the solubility of nrakanes is amilar in different non-polar solvents as shown by
Coutinho and Darridon [27] the liquid phase may be assumed ided and the activity coefficient
teken as unit. This gpproach smplifies consderably the caculation and the Huid
Characterization.

Alternativdly a more rigorous gpproach may be used with liquid phase non-idedity
described by a modified UNIFAC modd!:

|n gi - |n gres + |n gcomb— fv (6)



The resdud term, In g, describing the energetic interactions between unlike molecules,
such as aromatics and diphatics, is given by the modified UNIFAC [59-61], while the size
difference effects and free volume contributions, In o™V, are described by the Flory-free
volume equetion [27]:
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where Vj is the mola volume obtained from the literature or estimated by Elbro group
contribution method [62]. The Vyyj is the van der Wads volume of component i estimated
using the Bondi method [63] or dternatively using the UNIFAC volume parametersr [59-61]

Vui= 1517 1, (8)

3.1.2 The Solid Phase activity coefficient - Predictive UNIQUAC
For the solid phase nor+idedity the Predictive UNIQUAC modd is used [32, 55]
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using a new definition for the Structural parameters r and g [32]. The correations for the r and
g vaues with the n-adkane chain length are;

r,=0.1Cp,j+0.0672 (13)

gn=0.1C,+0.1141 (14)



The predictive locd compostion concept [31] dlows for the edimation of the
interaction energies. The interaction energies, | jj, ae edtimaed from the heat of sublimation
of apure orthorhombic crystd,

-2 i
| = Z(D H, - RT) (15)
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with Z being the coordination number. It has a vadue of 6 for orthorhombic crydds.
Corrdations for the heat of sublimation are provided at the end of the Chapter. The interaction
energy between two non-identical moleculesis gven by

l.o=1.=1I_ (16)

where | isthe n-dkane with the shorter chain of the pair ij.
This modd is purdy predictive, requiring for the caculation of the phase behaviour nothing
but the pure component thermophysical properties.

3.2 High pressure

At high pressure a gamma-phi gpproach will be used to describe the VLSE. The
fugacity coefficients for the equilibrium ratio of the fluid phases, Eqg. (3), will be estimated by
a cubic eguation of sate while the fugecity of the solid phase required for the equilibrium
ratio of the solid phase, Eq. (4), will be obtained from Eq. (1) corrected for the pressure by the
Poynting correction.

3.2.1 Huid phase fugacities
The evduation of liquid and vapour fugacity coefficients is performed with the Soave-
Redlich-Kwong Equation of State [64]:
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For mixtures, the linear mixing rule is kept for the parameter b
b= é x b, (18)
whereas for the a parameter the LCVM mixing ruleis used:

=a§a(?=eeI +1-IC:')§€GEC:')+1-I A x 6&394_0 a.
A=EbRT SA T A, sRTH A, &N INgpEtaxa 19

Here Am, Ay and | are constant. The excess Gibbs free energy G of the liquid mixture is
cdculated usng the modified UNIFAC group contribution method [61] with interaction
parameters on the following form:
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The parameters were estimated by Boukouvaas et al. [65, 66].
The critica properties for light gases are widdy avalable in the literature (eg. Poling e 4.
[67]). For the heavy components the Twu correlaions [68], described in the next section, are
used.

Alterndtively to the LCVM mixing rule the quadratic mixing rule for the a parameter
can also be applied

a=é ° XX a, (21)
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however due to a mismetch of the fugadties of the fluid and solid phases in the gamma-phi
gpproach the predictive character of the modd is lost. With the quadratic mixing rule the
interaction energy mismatch for the solid phase, x, mugt be fitted to the WAT of the fluid as
described below [69]. Thelossin predictive character is compensated by again in flexibility.

3.2.2 Solid phase fugacity
As discussed above the fugecity of the solid phase is estimated from Eqg. (1). The
equilibrium congtant for the solid phase is given by [38]
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where b=0.9 is the ratio between the solid and liquid molar volumes of rralkanes [38], and the
Pendoux volume corrections, C;, ae introduced to improve the description of the liquid
dengties [38]. The fugacities of the liquid phase are obtained by the SRK-EOS. P, is the
reference pressure taken as atmospheric pressure.

The activity coefficients can be moddled by the Predicive UNIQUAC modd
described above. Often this modd will entall the presence of multiple solid phases requiring
multiple solid equilibrium congants to be used and making the problem more complex from a
numericd point of view. The use of the Predictive Wilson for the solid phase activity
coefficients alows for a good description of the WAT's with a better numerical gability since
asingle solid phase will be involved.

3.2.3 The Solid Phase activity coefficient - Predictive Wilson
For multicomponent mixtures the activity coefficients may be dternativey evaduated
by Predictive Wilson [31]:
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The interaction energies are estimated as discussed above.

Although this solid phase mode dlows for a good description of the WAT's it
underestimates the norridedity of the solid phase [32] and consequently overestimates the
solid fraction formed below the WAT.

The use of the van de Wads one fluid mixing rule for the Equation of State instead of
LCVM is possble and smplifies the cdculations Due to the mismatch of the fugacities
between the solid and fluid phases caused by the gamma-phi approach used a correction to the
interaction energiesin the solid phase must be used

1, =1, =1 ,(1+x) (25)
the interaction energy mismatch for the solid phase x, is fitted to the WAT a amospheric
pressure or other experimenta data avalable. The mode loses some predictive character
gnce a leest one data point must be avaldble for the fitting. However this loss is
compensated by a greater flexibility of the modd and an improved description of the phase
equilibrium. Moreover some guiddines for the edimation of the interaction energy mismaich
can provide an gpproximation to the phase equilibrium even in absence of experimental data
[69].

3.3 Multiphase flash calculations

The presence of at least three phases (gas, liquid and solid) with multiple solid phases
being posshble requires the use of a multiphase flash in the cdculaion of wax formation in
hydrocarbon fluids. The dgorithm of resolution of the Rachford-Rice equations applied to
multiphese systems proposed by Leibovici and Neoschil [70] can be used in the phase
equilibrium cdculations. It is a very dable dgorithm because of its continuity across phase
boundaries leading to non-physca phase amounts for the ungtable phases. The number of
s0lid phases is a product of the multiphase flash cdculation resulting from the ingtability
caused by the nonridedity of the solid solutions. With this approach if p phases are present
and the liquid phase is used as reference phase the phase fractions, yi, are obtained from the
solution of a sysems of (p-1) equations [70, 71]. Given a fluid with a compogtion z, for a
generic phase k
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The Ki* are the equilibrium constants for compound i in phase k. Using this dgorithm it is
possible to easly estimate the phase fractions and the compositions of each phase present at
the equilibrium. Other dgorithms more or less time consuming and with various degrees of
complexity are dso possble [71, 72].

4. FLUID CHARACTERIZATION

For crude oils and other red fluids a detailed compostion is generdly not avalable
and a fluid characterisation is essentid. The characterization used with this model considers
that the fluid condgts of two types of compounds the solute, comprising the n-akanes that
ayddlise to foom a solid phass, and the solvent, formed by dl the non-cryddlissble
compounds. A different approach is used for the characterization of the two types of
compounds.

4.1 Characterization of n-alkanes

The work developed by our team indicates that an accurate description of n-akanes
Solid-Liquid Equilibrium cannot be achieved unless each n-dkane is congdered individudly
[43, 54, 56, 73]. The nadkanes characterization ams at develop a description of the nakanes
distribution as close as possble to the actud fluid. This didribution is described by two
parameters. the total n-alkane content and their decay. These can be obtained in a number of
different ways

4.1.1 Total n-adkane content

1- Chromatographic measurements. Gas Chromatography (GC) or High Temperature
Gas Chromatography (HTGC) dlows for the direct detection and quantification of
n-akanes up to very high molecular weights. It can provide both the totd nakane
content and its decay.

2- Solvent precipitation. The UOP 46-85 essay [74], or any of its variants [75-77], are
standard procedures that provide a good estimate of the totd wax content in a
crudeail.

3- In the absence of further andyticd information the wax content can be obtained
from a corrdation involving some known property of the oil. A corrdaion for
paraffinic waxy crudes of the tota wax content with the oil average molecular
weight, Mw, was proposed by Coutinho and Daridon [27]

Wax content (Czo4+)[Wt%]= 0.070 * Mw - 8.3 (27)

4.1.2 The n-akane decay
The exponential decay of the nakanes in ails is wdl documented in the literature [78-
79]. It is defined as the ratio between the mass fractions of two successive n-alkanes
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Its vaue can be estimated by:
1- Chromatography: Agan GC or HTGC can provide information about the paraffin
distribution with even better accuracy than for the wax content.
2- Smulated didillation: The n-akane decay can be related to the decay of True
Bailing Point or Smulated Didillation fractions [27] by
A, akanes — Rsimdist ~ 0.03 (29)
3- Aveaage vdue If no information a dl is avaladbile the average decay vdue of
a=0.88 £=0.03) can be used, with due care, to generate the nakane digtribution

[27].

All theindividud paraffins with concentrations higher than 0.05 wt% are considered.

4.2 Char acterization of Solvent

One of the mgor advantages of the model presented here is that it is independent of
the characterisation procedure used for the non-cryddlissble compounds. Any solvent
characterisation can in principle be used since, as shown by Coutinho and Daridon [27], the
solubility of the n-akanes is independent of the nature of the solvent. It is then irrdevant
which and how many pseudo-compounds are chosen to describe the solvent as long as the
total molar fractions of the nakanes and solvent are coherent with the actua oil compostion.
To fill this requirement the only condraint to the solvent characterization is that the average
molecular weight of the ail is conserved through the characterization procedure.

For a matter of amplicity it is recommended that for a fluid not contaning light gases
a sngle pseudo-compound be used while for the other fluids a least two pseudocomponents,
one for the gases and the other for the heavier compounds, be used.

4.3 Thermophysical propertiesfor the n-alkanes

Once the didribution of nakanes edtablished and the solvent pseudocomponents
defined it is necessary to estimate the thermophysica properties of the nakanes used by the
model. The correlations presented for the paraffins heet and temperature of phase transtions
are based on the data by Broadhurst [80] and derived following the Marano and Holder [81]
approach:

Trusi [K] = 421.63 - 1936412 exp( -7.8945 ( Cpi- 1) %) (30)
Tizi [K] = 420.42- 134784 exp( -4.344 ( Cy + 6.592 ) *14%7) (31)
And

DiotHi [kd/mol] = 3.7791C, - 12.654 (32)
DrusHi [kd¥/mol] = 0.00355C;° - 0.2376C, + 7.400Cy; -34.814 (33)

with



DeH = DotH - DrusH (34)
where G, is the number of carbon atoms in nakane i. These equations are vaid from pentane
to nakanes larger than n-CiooH202 for the meting temperatures, Trysj, and tota heats of
mdting, DiotH. The solid phase trangtions occur for nakanes between nCgoHzo and nCyiHsa
indusve.

The heat of sublimation,

D&JbH:D/apH+DfusH+D(2H (35)

is cdculated a the mdting temperature of the pure component, and the heat of veporisation,
DvapH, is assessed using the PERT2 correlation by Morgan and Kobayashi [82]

DyapH/RT; = DH,© + w DH,® + w?DH,® (36)
with

DH,© = 5.2804 03333 + 12,865 283 + 1.171 x?%3_13.116 x + 0.4858 x>~ 1.088X°  (37)
DH, = 0.80022 %3333 + 273.23 x>8333 + 465.08 x1%3_ 638,51 x — 145.12 X2 + 74.049x° (38)
DH, @ = 7.2543 X033 _ 346,45 x°&3% _ 610.48 x-2%% + 839.89 x + 160.05x*—50.711 x> (39)

where x=(1-T/T).
The acentric factor is a quadratic function of the carbon number, C;,

=—0.000185397 C, + 0.0448946 C,,; — 0.0520750 (40)
and the critical properties are obtained from the correlations of Twu [68]
g=In(Mw) (41)

To[K]=[exp(5.71419+2.71579q-0.28659¢- 39.8544/q-0.122488/¢)- 24.7522+
35.31550°]/1.8 (42)

Te[K]=Tr(0.533272+0.343831" 10°°T+2.52617" 10" 'T;>-1.65848" 107°T°
+4.60774° 10°4/T,%)* @)

P[atm]=(1.0+0.312(1- T/ Te)Y2+9.1(1- Ty/ T) +9.4417(1- Tp/ To)>+27.1793(1- Ty To)®)? (44)
5.RESULTS

A comparison of the performance of the mode described above with predictions by
models of the Won, Erickson and Ungerer classes is presented in Figure 1 for a mixture of n

adkanes in the C20-C30 range in decane [54, 83]. The superiority of the Predictive UNIQUAC
modd is clear. The corrdations for the thermophysical properties used are those of Egs. (30-



34) without which the results would be much word. It is interesting to notice that dthough the
modds generdly overpredict the solid fraction but are quditatively correct the multiple solids
mode (Ungerer) shows an odd behaviour.

To illudrate the performance of the model a low pressures results for a crude oil and
diesd are presented. Figure 2 shows the fraction of wax formed in crude 16 [76] below the
WAT [83] and Figure 3 the change in liquid phase compogtion with the crystalisation of A
dkanes for a diesdl below the cloud point [56, 83]. In both cases the solvent has been
described by a single pseudo-component chosen to maich the average molecular weight of the
flud. The n-adkanes for the diesd were obtained from a GC andysis and for the crude the
wax content was measured by ketone precipitation [74, 76] and the distribution obtained from
the smulated ditillation data usng Eq. (29).

The description of the phase envelope of a North Sea gas condensate obtained using
the LCVM mixing rule is reported in Figure 4 [39, 83]. For the characterization of the fluid no
lumping was attempted for the C7- fraction. For the C7+ the nalkanes were obtained by a GC
andyss and a sngle pseudo-component for the noncryddlisable was used. The criticd
properties for this pseudo-component were fitted to one data point on the VLE boundary line.

A comparison between the peformance of the high pressure moddling usng the
LCVM and the quadratic mixing rules is reported on Figure 5 for a diesd [69]. The
characterization was done as previoudy [56]. The interaction energy mismatch, x, was fitted
to the atmospheric cloud point. It can be seen that the use of the quadratic mixing rule not
only damplifies the caculation procedure dlowing for the use of a wdl established mixing
rule but aso provides a better description of the wax formation below the cloud point. The
vaues for the parameter x corrdate wdl with the number of nakanes present in the
digribution as shown in Figure 6. For digributions with a number of akanes above 15 the
value of the interaction energy mismaich becomes gpproximately congtant with x=0.06. This
is a consequence of the maximum number of n-alkanes that can be present in a single solid
phase.

6. OTHER SYSTEMS

The applicability of the modd described above is not limited to petroleum fluids. The
thermodynamic gpproach used is very general and can be applied to any organic dloy as long
as the edimation of interaction energies described by Eqg. (16) is relaxed. This relationship
was derived for nrakanes and it is not gpplicable to other compounds. For solutions of rrakyl
chans the Eg. (25) can 4ill be used dnce the interaction energy mismaich will take into
account the deviations to the n-akane behaviour presented by other systems. This gpproach,
while never attempted before, should work for iso-alkanes, n-dcohols, fats, a-olefins and
other sort of waxes. Of particular interest would be the description of the behaviour of
Fischer-Tropsch waxes, that involve severd of these compounds with long rakyl chains, and
the dewaxing of base-oils by solvent. For a generic sysem the interactions between two
unlike molecules cannot be associated to the interactions between identicd molecules, as
suggested by Egs. (16) and (26). For these systems the interaction energies, | i, have to be
fitted to experimentd data

Approaches to the description of solid solutions using other excess Gibbs energy
models are dso possble. Oonk and co-workers have studied multiple solid solutions [2-3, &
9, 14] successfully usng Redlich-Kister polynomids to correlate the excess properties of the



solid phases. For waxes in the high temperature rotator phase Coutinho et a. [83] proposed
CDLP, a modd based on a Margules equation for the description of the excess properties of
the solid phase.
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