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Abstract. The thermodynamic description of wax deposition is a relatively new approach to solving
the problem of wax precipitation, which the oil and gas industry has been struggling with for a
long time. Many models exist in the literature to predict the thermodynamic conditions under which
the first paraffin crystal is formed. The first task in all models is to determine the stability of the
hydrocarbon mixture in order to define the possibility of wax precipitation. The stability of a mixture
is determined by the thermodynamic behavior of the phases of a multicomponent mixture, namely,
the presence of all existing phases in equilibrium. To this end, a new stability algorithm with Gibbs
energy minimization to determine the wax precipitation in hydrocarbon mixtures has been developed.
The algorithm is based on multi-solid thermodynamic model with EOS concepts. The main criterion
for stability is the existing of the mixture at its global minimum. Proposed stability analysis predicts
whether a given mixture will be split into multiple phases or will exist as the single phase at a given
temperature and pressure conditions. The model was proven with 6 samples from fields X and Y
showing the instability of original petroleum mixtures that agree with the real behavior of the oil in
in-situ conditions. The results of the new stability algorithm are comparable with the results of the
models presented previously. The main advantage of the method is its simplicity and reliability.

Keywords: Stability analysis, Gibbs energy, global minimum, fugacity, heptane plus characterization,
wax deposition, chemical potential, splitting, phase equilibrium, multi-solid model.
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Anoamna. [lapaghun we2yiniy mepmoOUHAMUKANBIK CUNAMMAMACHL MYHAL-2A3 6HepKaciOl 6ipas
yagbimman 6epi Kypecin Keie Jdcamkan napauHn we2yiHiy mMacenecin ueulyoiy caiblCmblpManbl
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mypoe dcaya macini 6oavin madwvliadvl. Qoeduemme OIpiHwi napagurn Kpucmaivl my3iiemin
MepMOOUHAMUKANBIK HCA20AUNapObl 001dcayea apHaiean KenmezeH mooenvoep 6ap. bapnuvik
Mooenvoepoeli Oipinwi MiHOem napagun myHyowbly MYMKIHOICIH meKcepy YWiH KOMIpCymeKmi
KOCHAHbIY —~ MYPAKMbLIbLIZBIH — AHbIKmMay — 0onvin  mabdwviiadvl. Kocnawwly — mypakmuolibiebl
KONKOMNOHEHMMI KOCHAHbIY (ha3anapbiiblly MepMOOUHAMUKANLIK KYUIMeH, aman aumkauod,
bapnvlk ¢hazanapoviy mene-menoikme 0onayvimen awvikmanaovl. Ocvl makcamma KOMIpCymex
KOCnAanapviHoagsl NapaQuHHuly we2yin aumvlkmay yuin [ubdc 3Hepeuscvln MUHUMUZAYUSILAY
APKBLIbL HCAHA MYPAKMBLILIK ANCOPUMMI d3IipieHOi. Aneopumm Kyi meHnoeynepi KOHYenyusiapvl
oap multi-solid mepmoounamuranvix mooenvee Heeizoencen. TypakmviiblKmoly He2i3el Kpumepuiii
KOCNAHbBIH OHbIH HCANAHObIK MUHUMYMBIHOA O0TYbl. ¥CIHbLIRAH MYPAKMBLIbIK Al20pummi bepineen
KOCNanvly Oenciii memnepamypa MeH KblCblM Jica0atibinoa OipHeutle gazaza 6enineminin Hemece
0ip ¢paza peminoe 6oramvinbin 60axcaudbl. Modenv X dcone Y ken opviHOApulHaH aAnlbiHeAH 6
yaeioen colHai0bl, OY1 KeHoepoe2i MYHAUObIH HAKMbl dJPEKemine CatKec Kelemin 6acmanibl MyHatl
KOCHALApbIHblY MYPAKCul30bleblH Kopcemmi. JKaya mypaxmolivlk ancopumminiy Hamudiceiepi
OYpbIH YCLIHLLIRAH Y2inepMeH canbiCmulpyea 0601adel. O0icmiy b6acmvl apmulKULbLIbIZbL OHbIH
KapanausiMOblLiblebl MeH CeHIMOLiel O0nbln madwvliadbi.

Tyitinoi cozoep: mypaxmuolnvlk ananusi, [ uboc snepeuscol, Hahanovik MUHUMYM, YIUNA, 2eNMaH-
NIOC  PPAKYUACHIHBIY CURAMMAMACHL, NAPAPUH  HCUHATLYLL, XUMUSLILIK NOMeHyuan, 00.iHy,
Gaszanvix mene-menoixk, multi-solid mooerni.

HNPUMEHEHUE AHAJIN3A CTABUWJIBHOCTHU CMECH YIJIEBOAOPO/10B
MECTOPOXIEHUA X U Y JJIA ITIPOI'HO3UPOBAHUSA BBIITAAEHUSA ITAPAOUHA
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Annomauusn. Tepmoounamuueckoe onucaunue 0cCa3cOeHusi napapurHa — OMHOCUMETbHO HOBbII
no0X00 8 peuieHuu NpooieMbl 8bINAOEeHUs napaguua, ¢ KOMopou Hedme2az08as UHOYCHMPUs
bopemcsi 0080bHO NPOJOANCUMENbHOE 8peMs. B iumepamype cywecmeyem mHodxicecmeo mooenetl
C Yenvblo NPOCHO3UPOBAHUSL MEPMOOUHAMUYECKUX VCI08Ull, NPU KOMOPBIX 00paszyemcs nepevlil
kpucmann napaguna. Ilepsou 3adaueti 80 6cex MoOensx A8NAeMCs onpeoeieHue cmabduibHOCmu
cmecu y2neso0opo0o8 0/ Mmo2o, 4mobObl Onpedelumv NepcneKmugy 6vlnadenus napaguua.
CmabunbHocms cmecu onpeoensemcs mepmoOUHAMULecKuM nogedeHuem paz MHO20KOMNOHEHMHOLL
cMecu, a UMEHHO HaxodcoeHuem 6cex cywecmeyowux ¢asz 6 pasnosecuu. C omou yenvio
Ppa3paboman Ho8blil aneopumm CmabuIbHOCmMu ¢ MuHumMusayuet snepeuu I uboca 015 onpeoenenus
ocascoeHuss napagpuHa 6 yeneeo00poOHbIX cMmecsax. Aneopumm OCHOB8AH HA MePMOOUHAMUYLECKOU
mooenu multi-solid ¢ konyenyuamu YC. [1agnviti kpumepuii yCmoudu8oCmu — HaxodcoeHue cmecu
6 ee enobanvnom muHumyme. llpeonazaemviii ananusz cmaburbHocmu npeockaszvigaem, Oyoem
JIU OAHHASL CMeCb Pa30elleHa HA HeCKONbKO ¢haz uau Oyoem cyuecmeosams Kak 0OHA (aza npu
3a0aHHbIX YCN08UAX memnepamypul u oasienus. Moodenv Oviia npoeepena na 6 obpasyax u3z
mecmopoxcoenuti X u Y, nokazwlearowux HecmaOUuibHOCMb UCXOOHbIX HepMAHLIX cmecell, 4mo
co2nacyemcsi ¢ peaibHblM NOGeOeHUeM Hemu 8 YCLo8UsIX MeCmopodcoenus. Pezyiomamol H06020
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aneopumma yCmoudugsoCmu COnOCmMasumsvl ¢ pe3yibmamamu mooenel, npedcmasienHvlx paHee.
Ihasnoe 0ocmouHcmeo memooa — npocmoma U HAdedCHOCMb.

Knruegwie cnosa: ananuz cmadbunvbnocmu, snepaus 1ubbca, enobanbHvlil MUHUMYM, J1emy4ecms,
onucanue GpaKyuu 2enman-naioc, OMiodceHue napagduua, XumMuiecKuti NOMeHyual, pacujenierue,

¢azosoe pasnosecue, mooenv multi-solid.

Introduction

Crude oil is a complex mixture of hydro-
carbons, consisting of alkanes, naphthenics, as-
phaltenes, resins and aromatics. Paraffins (nor-
mal alkanes) are the first precipitating compo-
nents and their amount in wax are greater than
other components. Hence, wax deposition 1is
often associated with paraffin deposition. Wax
precipitation substantially affects oil production
and transportation. Wax deposition increases
pressure drop and therefore power requirements,
and decreases effective flow area of the pipe-
line reducing oil production. To prevent these
problems, it is required to predict the thermo-
dynamic conditions under which the waxes will
precipitate in functions of pressure, temperature
and composition. The thermodynamic- predic-
tive models are useful to complete this task.

Thermodynamic behavior of petroleum
mixtures can lead to a number of multiphase
equilibrium states, including vapor-liquid,
liquid—multi-solid (wax) and vapor-liquid—
multi-solid  (wax) equilibria. Multiphase
equilibrium calculations are solved by two
widely used stability analysis algorithms. The
first is the solution of a system of equations
that describe the phase equilibrium [1], [2] and
the second approach is consist of Gibbs free
energy minimization. [3], [4]. Stability analysis
predicts whether a given mixture will be split
into multiple phases, the number of phases at
equilibrium and the distribution of components
within these phases [5]. Both approaches are
based on multi-solid thermodynamic model.
Multi-solid model assumes that precipitated wax
predominantly consists of mutually immiscible
pure hydrocarbon components. The number
of precipitating species can be determined at
fixed temperature and pressure using a stability
analysis.

[2] showed that at constant temperature, T,

and pressure, P, a component i may precipitate
as a pure solid if it fulfills this expression:

fL(P, T, Z;) — (P,T) >0

fi,Spure

where f;(P,T,Z;) is the fugacity of
component i in an original petroleum mixture
with composition Z and f3,,.(P,T) is the
fugacity of component i as a pure solid. This
equation is easily derived from Eq. (5) of [4].
The vapor—liquid phase behavior is described
using Peng—Robinson EOS [6]. The criterion
for thermodynamic equilibrium is that the
fugacities of every component in each phase
must be equal implying zero net mass transfer
between the phases.

The second assumption is numerical and
geometrical methods of stability analysis
based on Gibbs’ tangent plane and global
minimum criterions. The tangent plane
criterion theory suggests that if the tangent
hyperplane to the Molar Gibbs energy surface
at original composition z to the energy surface
at composition y, F(y) is the at no point lies
above the energy surface, the system is stable.
If any of the parallel tangent planes lie below
the energy surface the mixture is unstable and
will split into at least two phases. Numerically,
the necessary and sufficient condition for global
stability is: [3]

N
FO) = 900~ L3 2) = ) yi(u) = i) 2 0

At this work based on the multi-solid
phase model for petroleum mixtures, a new and
effective stability analysis using Gibbs energy
minimization is proposed.

Main part

This section considers the fundamental
theoretical concepts regulating the stability of
hydrocarbon mixture that are the foundation
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of this paper. In addition, the heptane plus
characterization methodology is presented, and
equations for calculating the critical properties
of alkanes heavier than C._, and their chemical
potentials are developed. These values are
required to obtain the final inequality equation.

Problem statement

The Gibbs energy of an M-component
mixture with mole fractions (z,, z,, ...., z,,) at
given temperature and pressure (T, P ) is

G, = Z{VI nl-,u?

where pf is the chemical potential of
1-component of the mixture.

We have an assumption that this mixture
is divided into two phases with mole numbers
N — € and €, respectively. The number of moles
€ of the second phase is infinitesimal and the
mole fractions in phase Il are (y, y,, ..., y,,)-

The change in Gibbs energy after splitting is:

AG:Gl‘l‘G”_GO
or using a Taylor series expansion of G,
discarding second order terms in €, gives

N N
AG = G(€) — 623«-#? = EZyi(ui(y) —u?
i i

Original mixture is stable when its Gibbs
energy is at the global minimum. Consequently,
a necessary criterion for stability is:

N
FO) = ) i) - ) 2 0

for all trial compositions y.

For binary mixtures stability criterion is that
the tangent hyperplane at no point lies above
the energy surface. Multiphase system is in an
equilibrium when the individual species have
identical chemical potentials in all phases and
global minimum criterion is also satisfied [4].

Materials

Three oil sample from field X and as many
from field Y were obtained to produce the
laboratorial analysis. Composition of the crudes
was investigated using gas chromatography.
Table 1 presents the composition of six oils.
Study of the group composition of oil by SARA
analysis was performed. More than half of the
mixtures consist of saturated hydrocarbons, the
portion of aromatic hydrocarbons is about one
fifth, the rest belongs to resins and asphaltenes.
The molecular weight of the mixture varies
from 270-275 g / mol.

Table 1 — Composition of six oil samples obtained from gas chromatography

Component Mole fraction

P 1 2 3 4 5 6
i-butane 0,00047 __[0,00047 0,00054 _[0,00072___[0,00065 __|0,00068
i-pentane 0,00102__[0,00105 0,00113___[0,00251 0,00239 _[0,00254
n-pentane 0,00115 10,0012 0,00128  [0,00419 _ [0,00403 __[0,00428
hexane 0,00337 __[0,00343 0,00379 _ [0,00984 _ |0,00981 __|0,01029
heptane 0,00602 ___[0,00614 0,0064 00156 0,01584 _ [0,0169
octane 00119 0,01235 001274 [0,02346 __ [0,02399 _|0,02581
nonane 0,01556 _[0,01592 001631 0,02502_ [0,02552 _ |0,02748
decane 002192 [0,02234 002226 [0,02666 __[0,02712___|0,02961
G, 0,02438  10,02473 0,0243 0,02605 0,02642 10,029
Co 002679  10,02706 002633 10,02649  [0,02679  [0,02936
Cy 0,03264 10,0329 003166 10,03072  [0,03105  |0,03395
Cu 0,03227 10,0325 0,03101  10,02914  [0,02946  [0,032
Css 0,03837  |0,03862 0,03681 0,03439 0,03476 _ [0,03731
Ci 0,03275  |0,03301 0,03121 0,02878 0,0291 0,03081
Cy 0,03238  10,03262 0,03055  10,02791 0,02825  10,02956
Cis 003302 |0,03329 0,03107  10,02833 0,02864 |0,02964
C 0,03185  |0,03198 0,02979  10,02707 0,02734 _ [0,0278
Cop. 064539  |0,63826 0,64047 0,61379 0,60087 |0,57849
i-hexane 0,00049 _[0,00051 0,00054 _[0,00137 __ ]0,00136 __|0,00144
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°
methylcyclopentane 0,00067 0,00069 0,00072 0,00211 0,0021 0,00222
benzene 0,00064 0,0008 0,00084 0,00206 0,00207 0,0022
cyclohexane 0 0 0,00003 0,00006 0,00006 0,00006
methylcyclohexane 0,0032 0,00332 0,00347 0,00632 0,0064 0,00683
Toluol 0,00012 0,00315 0,0132 0,00195 0,01043 0,00566
Ethylbenzene 0,00083 0,00086 0,00087 0,00146 0,0015 0,00162
m-xylene 0,0012 0,00123 0,00123 0,00156 0,00159 0,00178
o-xylene 0,00036 0,00037 0,00018 0,00054 0,00055 0,0006
Trimethylbenzene 0,00121 0,00123 0,00125 0,00186 0,00188 0,00204
Total 1,0 1,0 1,0 1,0 1,0 1,0

Methods

Phase behavior calculations using cubic
equation of state to predict the reservoir fluid
properties require components characteristics
such as critical pressure and temperature, acen-
tric factor and binary interaction parameters
(BIP). Separation techniques including gas
chromatography and distillation are not able to
identify all components in mixture, particularly,
heavier than C,. These components are grouped
in heptane-plus fraction and next calculations are
performed to simulate C., characterization. [10]

Molecular weight and density of C...
Density is calculated at standard conditions (P
=101325 Pa, T =293 K)

Mole frasltion of heptane-plus:

Ze7y+ = § Zj

i=7
Molecular weight of C_, fraction:
=72 * M;
Myc74 = ———
) Zc7+
Density:
MWC7+

Pc7+ =

Vers

Total volume calculation: since the pressure
is low, the mixture might be considered as ideal
solution and the total volume can be calculated
summarizing component’s partial volume.

Sum of partial volumes based on the known
densities at s%andard conditions.

Vers = Zzi * Vi

i=7
Specific gravity:
SG = pcr+/pw

Split the C_, fraction:
Universal Oil Products (UOP) characteri-
zation factor [7]:

Kycr+ = 4.5579M°'12173y—0.84573

Molar weight [8]:
M; =14n -4
1
KWC7+

—-0.84573
Vi (4.5579M{’-15178>

Mole fraction [8]:
Zqm = 1.38205z.,, exp(—0.25903n)

Boiling point in R:

Tyi = (Kwcr+vi)®

Knowing boiling temperature and specific
gravity of all components, other characteristics

can be calculated using Lee-Kesler correlation.
Lee-Kesler correlations, T in °R, Pc in psi

[7]:
Critical temperature:
T.; = 341.1 4+ 811y, + (0.4244 + 0.1174y,)

Tyi + (0.4669 * —0.2623y,) * 10751

Critical pressure:

0.0566 2.2898
InP,; = 8.3634 — —[{ 0.24244 + +
Yi Yi
0.11857
+ 2 > * 10_3] Tbi +
Vi
3.648 0.47227
+ [( 1.4685 + + 7 *
Yi Yi

1.6977
* 10—7] TE — [<0.42019 +— ) * 10—10] T3,

i

Acentric factor:

P _
_ —1In (ﬁ) + Ay + ATy + AslnTyy + AgTyy

: As + AgTy s + A7 InTy + AgTE

bri

where Al= —5.92714; A2=6.09648;
A3=1.28862; A4=-0.169347; A5=15.2518;
A6=-15.6875; A7=—13.4721; A8=0.43577
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Binary interaction parameters:

2 /ey /e
KEOS =1 — |
RN

i j

Gibbs energy minimization
Global minimum:

F(y) = Z Zen () — 1) 2 0
l
Chemical potential of pure component:
Go

Ho = n,

Gibbs energy of pure component G is
obtained from [9].

Chemical potential of component i in the
mixture:

Results and discussions

Heptane-plus fraction is characterized in
Table 2. The portion of intermediate and heavy

hydrocarbons is extremely high, because the

petroleum mixtures produced from X and Y
fields are characterized by a great amount of
paraffins and resins present. The pour point
temperature is also relatively high.

Table 2 — Properties of heptane-plus fraction

Sam- |zC_, MwC._, |VC,,m3/ |pC_ ,g/m3 SG

ple g/mol  |mol

1 0,98524(341,47610,000429004 | 795974,038 | 0,75597404
2 0,98172(339,901|0,000427143 | 795755,809 |0,7957558
3 0,97091 (344,09 |0,000432035 |796440,235 |0,79644024
4 0,96341|336,747|0,000423413 |795316,126 {0,795316
5 0,95515(333,92410,000420134 | 794802,822 |0,7948028
6 0,95772|327,3140,000412325|793826,0290,793826

In Fig. 1 splitted molar composition of
the first sample from field X is presented.
Hydrocarbons with carbon number higher than
20 are grouped and their 4% of heptane-plus
fraction. A great part of the fraction consists
from liquid hydrocarbons and the portion of
heavy paraffins are significant.

0,22

MOLE FRACTION
0 T ()

© —— () |3
—— () 10
e (03
— () (6

n
S
o

13

10 11 12

MOLAR COMPOSITION

CARBON NUMBER

g‘ 8 o~ 8
= =N I~ 2| = ©
= .
I N
14 15 16 17 18 19 20+

Figure 1- Molar composition of the oil sample #1 from field X after splitting

Heptane-plus characterization results with critical properties are tabulated in the Table 3.
Table 3 — Properties of heptane-plus fraction components from field X, sample #1

Carbon number | Mole fraction MW, g/mol Pc, MPa Te, K Acentric factor
7 0,222125641 94 2,660247011 642,1377145 -0,388615554
8 0,17143654 108 2,395102473 663,0170572 -0,388615554
9 0,132314699 122 2,174872927 682,429072 -0,388615554
10 0,102120468 136 1,988558059 700,6390911 -0,388615554
11 0,078816563 150 1,828582633 717,8421369 -0,388615554
12 0,060830613 164 1,689535127 734,1863416 -0,388615554
13 0,046949059 178 1,567432645 749,7872435 -0,388615554
14 0,036235278 192 1,459270229 764,7369485 -0,388615554
15 0,027966383 206 1,362732803 779,1102394 -0,388615554
16 0,02158445 220 1,276004529 792,9687869 -0,388615554
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@
17 0,016658876 234 1,197638844 806,3641357 |-0,388615554
18 0,012857318 248 1,126467572 819,3398726  |-0,388615554
19 0,009923277 262 1,061535934 831,9332351 -0,388615554
20+ 0,033561697
This work is based on multi-solid thermodynamic models based on solid-solution

thermodynamic model and performing splitting,
we assume that our mixture is divided into pure
hydrocarbon components. After splitting we

and multi-solid theories to predict the wax
appearance at certain pressure temperature
conditions. The main part of these models

0
0,00
-100

0,05

-200

-300

GIBBS ENERGY, J

-400

-500

—&— mixture —E—pure

0,10

MOLE FRACTION

0,15 0,20 0,25

Figure 2 — Gibbs energy as a function of molar composition

know the exact number of components present in
heptane-plus fraction. In our samples the highest

carbon number is 149.
Infig 2 the Gibbs energy of pure hydrocarbon

components and their Gibbs energy as the part
of the mixture are compared. Pure components
have Gibbs energy less than when they are in the
mixture. Consequently, their chemical potential
as in the negligible pure phase are smaller than
in the original petroleum mixture. In the global
minimum criterion, our potential differences
are negative and the instability of the mixture
is proved.

Conclusion

Problems related to the wax precipitation
during production and transportation of crude
oil cause major difficulties in these processes.
To prevent the wax segregation from the
original mixture it is recommended to predict
the thermodynamic conditions at which the
components are not at equilibrium. There are

is stability analysis, which predicts whether
a given mixture at equilibrium or not. At this
work a new stability algorithm based on Gibbs
tangent criterion is proposed.

The stability of the mixture requires that
its Gibbs energy be at a global minimum. If the
mixture of hydrocarbons is stable under certain
thermodynamic conditions of the formation it
will exists as a single phase, but if the stability
criterion is not satisfied, the mixture will split
into two or more different phases. In our case
the petroleum mixtures are not at their global
minimum. It means that the mixtures are
unstable and segregated into at least liquid and
solid phases. The solid phase is our wax that
consists of pure hydrocarbons, since our work is
based on the multi-solid model. A new algorithm
1s simple and does not require a lot input data.
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