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The formation of paraffin deposits is a common problem faced by oil production companies,
as it complicates the production and transportation of hydrocarbons. Paraffins are a mixture of
saturated hydrocarbons (alkanes) contained in oil in a dissolved or, depending on temperature,
crystalline state. Paraffins in the form of crystals can be released from oil if its temperature drops
below a certain value - the temperature at which paraffins begin to crystallize. The crystallization
temperature of paraffins depends on the chemical composition of the oil and the molecular weight
of the paraffins dissolved in it.

Thermodynamic modeling plays an important role in preventing wax formation.

The article analyzes modifications of temperature correlations (melting point and pour
point) included in the calculations of fusion properties. Temperature correlation data is used in
thermodynamic prediction models of wax precipitation. Two correlations were taken for the study:
Won's (1986) correlation and Nichita's (2001) correlation, and by modifying them, new correlations
were obtained that give more accurate results with the experimental data. For the experiment, 3
samples with calculated molecular weights were taken from field X.

As a result, the modified correlation for determining the melting point gives an accuracy of
calculation results compared to the correlation of Won (1986) by 5%. The modified correlation
for determining the solid-state transition temperature gives an accuracy of the calculation results
compared to the Nichita (2001) correlation by 17.5% for the X field.

These results provide valuable information for the practical application of modified theoretical
temperature correlations, which will make it possible to more accurately characterize the behavior
of the oil mixture, increase the accuracy of calculations, and improve the predictive model of wax
deposition for various oils.

KEYWORDS: paraffin, phase behavior, melting point, pour point, molecular weight.
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lMapachuH KeH opbIHOapbIHbIH atida 6orybi MyHal eHOipywi KacinopbiHOapda ke3decemiH opmak
macerne, elimkeHi 6y kemipcymekmepOdi eHOipy MeH macbimMandaydb! KubiHO0amadsl. [NapaghuHdep —
MyHaliObIH KypaMbiHOa epiceH Hemece memrnepamypara batiniaHbicmbl Kpucmaroblk Kyltideai KaHbIKKaH
KkemipcymexkmepOiH (arikaHOapObiH) Kocrackl. Kpucmarnn mypiHdeai napagpuHdep myHalidaH beriHyi
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MYMKIH, e2ep OHbIH memMrepamypacsi beseini 6ip MoHHeH — napaguHAepdiH KpucmandaHa bacmalmbsiH
mewmrepamypacbiHaH memeH mycce. NapaguHOepdiH kpucmandaHy memnepamypach! MyHaliobiH
XUMUSITIBIK KypaMbiHa XeHe oHOa epieeH napaghuHdepdiH MoneKynarbik MaccacbiHa b6aliaHbICmebl.

lMapacbuHHiH natida 6oybiHbIH andbiH anyda mepmMoOuHaMmuKarbik Modernsoey MaHbi30bl
pen amkapadsl.

Makanada banky kacuemmepiHiH ecenmeynepiHe eHeizineeH memnepamyparbiK KOppess-
yusnapobiH (banky memnepamypacbl MEH Kamato memrepamypachl) MoOuguKayusapbl mari-
OaHaldbi. Temnepamyparibik Koppensayus depekmepi napaguH weaiHoinepiHiH mepmoouHaMuKa-
nbiKk 6ormkay yneainepiHde KondaHblnadel. KondaHbicmarbl meopusisibiK memriepamyparbiK Kop-
pensayusinapbl e3zepmy MyHal KOcracblHbIH curiamelH 0ariipeK cunammayra, memrnepamypara
meayendinikmepdi ecenmeydiH 0andieiH apmmbipyFra XoHe apmypni MyHatnap ywiH napaguHoi
myHObIpyObiH 60mkamObl MOOesiH XaKcapmyra MyMKiHOIK 6epedi.

TYUIH CO3EP: napachuH, chasansik spekem, 6anKy memmepamypacsl, Kyio memnepamy-
pachbi, MosneKynasnbiK canmask.
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ObpasosaHue napaghuHO8bIX OMIIOXKEHUU 518/19€mcs pacrnpocmpaHeHHoU npobremod, ¢ Ko-
mopol cmarnkugaromcsi Heghmedobbigaroujue KOMNaHuU, mak Kak 3mo rnpueooum K OC/I0XXHEHUH
006b14U U mpaHcrnopmuposKu yarneeodopodos. NapaghuHbl — 3mo cmeck rpedesnbHbIX yarneeo0do-
podos (ankaHos), codepxawuxcs 8 Heghmu 8 pacmeopPeHHOM UJU, 8 3a8UCUMOCMU Om memrnepa-
mypbl, Kpucmanauyeckom cocmosiHuu. lNapaghuHbl 8 8ude Kpucmarnioe Mo2ym 8bi0esiimbCcs U3
Heghmu, ecnu ee memrepamypa orfyckaemcsi Huxe ornpedenieHHO20 3Ha4eHus — memiepamypbl
Havyarna Kpucmasnnusayuu napaguHos. Temnepamypa Kpucmasiudayuu rnapaghuHos sagucum
0m XUMUYEeCKO20 cocmasa Heghmu U MOJEKyrsipHOU MacChl pacmeopeHHbIX 8 Hell mapaghuHos.

TepmoOuHamuyeckoe ModenuposaHue uspaem 8axHyH porib 8 npedomepawjeHuu obpa3so-
8aHus napaghuHa.

B cmambe npoussodumcs aHanu3 Mooughukayuli Koppenayuti memnepamyp (memnepamy-
Pbl n1asneHus U memmnepamypbl 3aCMbi8aHUs), 3ar0XeHHbIX 8 pacyems! c80UCME M1asieHUsl.
[aHHble Koppenayuu memnepamyp Ucronb3ymcss 8 mepMoOUHaMU4eCcKUX MPO2HO3HbIX Mode-
115X napaghuHO8bIX OMIOKEHUU.

Ansa uccnedosaHus 6biru 835imbi d8e Koppenayuu: koppernsayus Bona (1986) u koppenayus
Huyvuma (2001), u nymem ux modugbukayuu bbinu rony4yeHbl Ho8ble KOpPEnsyuu, Komopble 0aom
boriee moyHble pe3ynbmamai ¢ IKcriepuMeHmarnbHbiMu 0aHHbIMU. [ns akcriepumeHma bpanu o
3 npobbi ¢ paccyumaHHbIMU MOMEKYISAPHbIMU Maccamu ¢ MecmopoxoeHus X.
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B pesynbmame, moduguyuposaHHasi Koppensayusi 0nsi onpedeneHus memrepamypabl nnas-
nleHuss daem MOYHOCMb Pe3yIbmamoes pacyemos o cpasHeHUro ¢ Koppensayueli BoHa (1986)
Ha 5 %. ModughuyuposaHHas koppensayus 0ns onpedeneHuss memnepamypb meepdomeribHO20
rnepexoda daem MOYHOCMb Pe3ysIbMamos Pacyemos o cpasHeHUro ¢ Koppensyuel Hukumsi
(2001) Ha 17,5 % 0nsi mecmopoxdeHus X.

BOmu pe3ynsmamabi 0atom yeHHy UHghopmayuto 0718 Npakmu4yecKo20 npUMeHeHuUs: Moou-
uUUUpPOBaHHbIX MeopPemMuUYECKUX Koppensayuti memnepamyp, 4mo no3sonum 6ornee mo4yHo oxa-
pakmepusogams nosedeHue He(hmsiHOU CMeCU, M08bICUMb MOYHOCMb pacyemos U yry4uume
PO2HO3HY0 MOOerTb OMIIOXeHUs napaguHa 0ns pa3nuyHbix Hegpmed.

KITOYEBBIE CJIOBA: napachuH, chazosoe rnosedeHue, memriepamypa niasneHusi, mem-
rnepamypa 3acmbi8aHUsi, MOMIeKy IsipHasi Macca.

assurance problem. Wax deposition is the big issue for production where significant

drops in temperature are expected.The high intensity of formation of paraffin
deposits in fields with complex geological and physical development conditions leads to
a significant decrease in operating efficiency.

During production and transportation, changes in thermobaric conditions occur,
which leads to the formation of deposits of heavy oil components at any point in the field
development.

Modifications to existing correlations that describe calculations of fusion properties in
thermodynamic models will allow an accurate description of fluid properties and improve
the accuracy of the predictive wax deposition model.

Materials and methods. Paraffin crystallization and paraffin deposition are a common
type of complications that arise during oil production and transportation. This problem is
especially relevant when developing fields with highly paraffinic oils.

Oil is considered as a multicomponent mixture of hydrocarbons [1].

The condition for phase equilibrium in a multicomponent system, as is known, is the
equality of the partial thermodynamic Gibbs potentials ¢ of each component in all phases.
However, due to the presence of arbitrary constants in the expressions for internal energy
and entropy, for solving practical problems it is often more convenient to use another
thermodynamic function instead of ¢, called fugacity f [2].

Paraffins are a mixture of saturated hydrocarbons (alkanes) contained in oil in a
dissolved or, depending on temperature, crystalline state. The composition of petroleum
paraffins includes normal alkanes C,,-Cy4, (known as paraffins), iso-paraffin hydrocarbons
and naphthenic hydrocarbons C;,-Cy,. Paraffins in the form of crystals can be released
from oil if its temperature drops below a certain threshold - the temperature of the onset
of crystallization of paraffins [3]. Paraffin crystallization temperature depends on the
chemical composition of the oil and the molecular weight of the paraffins dissolved in it.
Waxes can be deposited anywhere in oilfield systems. Deposition of paraffins in pipelines
leads to a decrease in their throughput and an increase in pressure drop [4].

The two main forms of wax-liquid equilibrium calculations are the solid solution
(Won, 1986) or the multisolid assumption, where pure solids are immiscible (Lira-Galeana,
Firoozabadi, &Prausnitz, 1996) [5].

Using the thermodynamic phase equilibrium method is one way, and another is using
the ideal solution theory for a binary mixture (solid and liquid).

ntroduction. Paraffins are the one primary type of solids which present flow
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The crystallization temperature prediction steps in many studies are based on
thermodynamic phase equilibrium relationships. The main parameters in these methods
are fugacity and fugacity coefficient [6]. These indicators must be adjusted to predict the
crystallization point.

When analyzing the deposition process, the main variables are the solution temperature
and the melting point of the wax.

The studied modification of the thermodynamic paraffin forecasting model and the
planned implementation of the correlation are the main analytical solution for predicting
the crystallization temperature of paraffin for various oils.

When implementing this correlation, parameters such as mass fractions, molecular
weights, and melting temperatures of the solution components are analyzed.

The initial data for developing the topic include the following factors. Lira-Galeana et
al. (1996) [5-6] were the first research group to propose a multisolid model to predict wax
deposition in a hydrocarbon mixture. The proposed method is based on the assumption
that pure solid components don’t mix after wax precipitation and takes into account
the role of phase stability analysis, which identifies pseudo or pure components that
precipitate as pure solids. To calculate the fugacity of components in liquid phases,
the Peng-Robinson equation of state was used. The authors modified the melting point
proposed by Won (1986) [7]. The enthalpy of fusion of paraffinic hydrocarbons proposed
by Won (1986) was modified due to an overestimation of the amount of wax below the
cloud point. Experiments and analytical calculations were carried out on both binary
and multicomponent mixtures. The binary mixture results showed an improvement in
analytical results after including a term for the heat capacity of fusion.

There are various modified thermodynamic models created to calculate the amount
of precipitated wax in a hydrocarbon mixture and analyze the cloud point of the mixture.
These thermodynamic models were divided into two assumptions: solid solution (SS)
and multi-solid solution (MSS). The solid solution (SS) model is characterized by
the miscibility of solid components in a mixture of hydrocarbons, where most of the
components form a single amorphous solid phase (Won 1986, 1989, Hansen 1988) [8].
Another "multi-solid" (MS) model describes multiple crystalline solid phases, where each
crystalline solid phase is represented by a component of the system [9].

Won (1986) used a new modified solubility parameter in his model. Based on the iso-
fugacity relationship between different phases, the solid-liquid equilibrium coefficient, K*:

K= 3= (Z—i) ep (L (1-D)+22(1-T D) + [P ap), (1)
where, S; and X; denote the mole fractions of component i in the solid and liquid phases,
respectively, y/ are the activity coefficients, 77is the melting temperature, AH' is the heat
of fusion, AC, is the change in the heat capacity of fusion, and AV is the change of the
volume.

A modified model was used to estimate activity coefficients in both, liquid and solid
phases.

Then Won (1989) modified his earlier model by adding a combinatorial Flory-Huggins
term to calculate liquid phase activity coefficients, and introduced a new thermodynamic
correlation to predict the cloud point and composition of the precipitated wax phase over
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a wide temperature range (210 to 320 K). Despite the inaccuracies, this model gave high-
quality results depending on temperature with an accuracy of £3 K.

When setting up the model, consider a system of Ns precipitating components, and
N components. The phase equilibrium equation has the form N equation of vapor-liquid
iso-fugacity [10].

Melting point is the temperature of a crystalline solid at which it transitions to the
liquid state. At its melting point, a substance can be in either a liquid or a solid state. The
calculation was modified from Won's (1986) correlation to determine the melting point
of alkanes.

The next parameter of the fusion property is the temperature of the solid-state
transition (solidification), 7;".

Pour point 77" is the lowest temperature at which oil and petroleum products are
mobile. For oil and petroleum products, the pour point depends on the amount of paraffin.

For the analysis, a modification of the Nichita et al. (2001) correlation was made to
determine the solid-state transition (solidification) temperature of alkanes [11].

Also, the main parameters of the fusion property include the enthalpy of melting, the
enthalpy of transition to the solid state, and the heat capacity of melting.

The melting enthalpy (Ah/) is calculated from various correlations in which the
coefficient is modified. One of the more well-known correlations is calculated using the
Lira-Galeana formula (1996):

Ah/=0.05276M.T/ 2)

The constant 0.05276 represents the average slope when the entropy of fusion (Ak// TY)
is plotted as a function of the molecular weight of the paraffinic hydrocarbons [12].

Enthalpy of transition to a solid state (A4") is a thermodynamic designation for the
amount of heat released that accompanies the transition between states.

Heat capacity of fusion (AC,) is a property that describes how much thermal energy
is required to raise the temperature of a given system.

Results and discussions. Won's (1986) correlation was chosen as the generally
accepted one for determining the melting point of each individual component using the
molecular weights of the components.

T/ =374,5+0,02617 * M;- 20172/M, 3)

To carry out a modification of the correlation, it is necessary to carry out a calculation
to determine the results of the melting temperatures of each component, then to increase
the accuracy of the model calculations, the Python programming language is used by
determining the correlation coefficients.

Analyzing the calculation results, the modified correlation is represented by the

formula
20172 4)

i

Tl.f =101,82154 + 0,02617 « M; —

Based on the molecular weight of the components and the calculated melting point,
we can construct a dependence graph for the components C¢H,, — Cs..
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Figure 1 - Melting temperature (°C) versus molecular weight (g/mol)

Other known modifications of correlations for a mixture of hydrocarbons were
analyzed, where the melting temperature of the mixture was calculated. The molecular
weight of the mixture was calculated in two steps, the first for components C; - Cq, and
the second for components C7+. The molecular weights of components C; to C were
calculated using Kay's mixing rules:

My = Yoy miM; (%)

The molecular weight of components from C7+ was calculated using the rules of
exponential distribution — Lohrenz-Bray-Clark (LBC) correlation:

w  ZiMi
i=n, cn+
The calculation results for one field (X) are presented in Table 1.

(6)

MCn+ =

Table 1 — Calculation results

Samole No Field Molecular weight from|Molecular weight from|  Final molecular
P C3 to C6, g/mol C7+, g/mol weight, g/mol
1.1 47,43 341,76 388,907
1.2 X 48,525 339,901 388,426
1.3. 53,188 344,09 397,279

Using the Won correlation (1986) with the obtained molecular masses, we calculate

the melting point temperature:
T/ =102,333 + 0,02617 * M;— 20172/M,
With known values of molecular weight, melting temperature (Won correlation),
experimental melting temperature, and melting temperature calculated using formula (7)
the convergence of results can be compared using a graph of molecular weight versus
temperature.

(7
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As aresult, the correlation provides an accuracy of 5% over the Won (1986) correlation

for Field X. The calculation results for field (X) are presented in Table 2.

Table 2 — Calculation results

Ne . Final molecular Melltlng pom‘t, Meting point Melting point
Field . Won's correlation : .
Sample weight, g/mol (1986) (experimental) (correlation)
1.1 388,907 59,809 62 60,642
1.2 X 388,426 59,732 61 60,565
1.3. 397,279 61,121 62 61,954
100
| L
50
o
g 04
2
=
(5]
Q
§ .0
on B % (Tm, experimental)
E ® % (Tm, Won's correlation)
i) A % (Tm, proposed correlation)
E 2100 Fitted Y of % (Tm, proposed correlation)
Fitted Y of % (Tm, experimental)
Fitted Y of % (Tm, Won's correlation)
-150
T T 1
0 200 400 60
Molecular weight, (g/mol)

Figure 2 - Melting temperature (°C) versus molecular weight (g/mol)

Modification of Nichita's (2001) correlation to determine the solid-state transition
(solidification) temperature:

T = 366.39775 + 0.003609M; —

20879.6

i

®)

Based on the data, a calculation was made, also using Python software, and a
correlation coefficient was determined for increased accuracy of calculations with minimal
error. The correlation value is presented by a formula, as well as a graph comparing
correlation and experimental temperatures.

186

TY = 95.666 + 0.003609M; —

20879.6

i
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Figure 3 — Pour Point temperature (°C) versus molecular weight (g/mol)

Taking into account the molecular weight of the mixture, which was also calculated to
correlate the melting point, we obtain a modified solidification correlation for the mixture
using the example of a field X:

T{ = 71.3333 + 0.003609M; — == 00

i

The correlation gives an accuracy of calculation results compared to the Nichita
(2001) correlation by 17.5% for the X field. The calculation results for field (X) are
presented in 7able 3.

Table 3 — Calculation results

N . Final molecular ey p0|r.1t 2y Pour point Pour point
Sample et weight, g/mol celiekiio ) (experimental) (correlation)
P gnt g Nichita (2001) P
1.1 388,907 53,74705 19 19,22572
1.2 X 388,426 53,66321 20 19,20629
1.3. 397,279 55,18054 20 19,55657
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Figure 4 — Pour Point temperature (°C) versus molecular weight (g/mol)

Conclusion. Melting and pour points are one of the most important operational
characteristics of oils, condensates and products of their field preparation and processing,
which are taken into account when designing and operating field collection and transport
systems and installations for stabilization and primary processing of hydrocarbon raw
materials.This direction is relevant due to the laboriousness of direct experimental
determination of the indicated indicators for flows of hydrocarbon mixtures during project
development. Therefore, it is necessary to predict the melting and pour temperatures.

In the course of writing the article, a review of the scientific research literature was carried
out, the main correlations used in calculating the properties of fluids were studied, the errors
of the calculation results were analyzed, and the correlations of the melting and solidification
properties of oil were improved in order to increase the accuracy of the models. @
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