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Currently, the oil and gas segment of Kazakhstan is facing such a problem as paraffin deposits.
The problem associated with the deposition and crystallization of paraffin causes large-scale
difficulties, and models for predicting wax precipitation are limited to specific types of oil, and
therefore there is a need to improve them.

The authors of this article analyzed and developed a predictive model of paraffin deposition
from crude oil for Kazakhstani fields.

The work is based on the study of Lira-Galeana et al., which considers the multicomponent
deposition of immiscible solids from an oil mixture - a multi-solid model. During the study, it was
found out that the Lira-Galeana model uses the equation of state, the volatility properties of the
components and the activity coefficient. The Poynting effect was considered at high pressures
in the system.

For experimental studies, oil samples were taken from two fields. The component composition
of the oil, the pour point and loss of fluidity of the oil, as well as the melting point temperatures
were determined in laboratory conditions. The amount of paraffin sludge from the oil was estimated
experimentally. The results obtained are fully consistent with the analytical solution. During
laboratory tests, it was found that the oil from the second field was heavier, and the degree of
crystallization of paraffin was more significant than that of oil from the first field under the same
conditions.

Using this predictive model, the authors were able to predict the amount of solid precipitation
from crude oil during the year, depending on changes in ambient temperature.

KEY WORDS: crude oil, wax precipitation, paraffin deposits, crystallized paraffin, fugacity,
predictive model
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Kasipei yakbimma KasakcmaHHbIH MyHali-ea3 ceameHmi napaguHOi weziHoinep cusikmeal
npobnemara man 6osbin omsip. [NapaghuHHIH MyHObIPbITYbI MEeH KpucmarndaHybiHa 6alinaHbiCmbl
npobriema ayKbiMObl KUbIHObIKMap myfbi3adbl, an napaguHHIH myHObIpbIybIH 6ormkay Modernboepi
myHatidbiH beneini 6ip mypnepimeH wexkmenedi, COHObIKmMaH onapobl xemindipy Kaxem.

Ocbl MaKanaHbIH asmopapbl KadakcmaHOblK MyHal ywiH napagbuHHiH mycyiH 6omkay Mo-
OerniH mandan 0ambimmebl.

XKymbic Jlupa-FaneaHa xsHe m.6. 3epmmeyee Heziz0ernzeH, o5 MyHal KocrnacbiHaH apanacnad-
MmbIH Kammbl 3ammapObiH Ker KOMMIOHeHmMMmi myHObIpybIH Kapacmbipadbl — ‘multi-solid” moders.
3epmmey b6apeicbiHOa Jlupa-lanearHa modeni Kyl meHOeyiH, KoMrIoHeHmMmepOiH KyOblMarnbibIK
KacuemmepiH xaHe 6erceHOinik KoaghhuyueHmiH KorndaHamelHbl aHbikmanosbl. [TolHmMuHe acepi
XKyltiede xorapbl KbICbiMOa Kapacmbipbirobl.

OkcrnepumeHmmik 3epmmeyrnep yWwiH €Ki KeH OpHbIHaH MyHal cbiHamMasnapbl anbiHObI.
3epmxaHanbik xardatida MyHaliObiH Kypamoac 6eniei, Kamato memrnepamypachl XoHe MyHal
cyUbIKmbIfbIHbIH XOfalybl, COHOal-aK banky memnepamypackl aHbiIkmandbl. MyHalidaH arnbiHFaH
napaguH weeziHoinepiHiH menwepi akcnepumeHmandsl mypde baranaHObl. AfbIHFaH HOMUXe-
niep aHanumukarnsiK wewimee mosbiFbiMeH calikec Kenedi. 3epmxaHarbiK CbIHaKmap eKiHwi
KeH OpHbIHaH arnbiHFaH MyHalOblH ayblp €KeHIH XoHe napagUuHHIH KpucmarsndaHy 0spexeci
GipiHWIi KeH opHbIHaH afbiHFaH MyHaliFra kaparaHOa 0aJ1 ocbiHOal xardalida MaHbI30blpakK
eKeHIH aHblKmaosbl.

Ocbi Modernb0i KordaHa ombIpbir, agmopiiap KopwaraH opma memrepamypachiHbiH 632epyiHe
6atinaHbicmel Xbli 60lbiHa WUKi MyHaltdaH Kammbl XaybiH-WawbIHHbIH MenwepiH 6omxal andsi.

TYWIH CO3[EP: wuki myHali, napaghundi myHObIpY, napaghuHHiH mysinyi, kpucmandaHraH
napaghuH, KybblnmarnbsinbiK KoaghguyueHmi, 6ormkay mooderti
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B Hacmosiwee spemsi, Hegbmeeaa308bili ceameHm KasaxcmaHa cmarkueaemcs ¢ makol rpo-
briemoll, kak napaghuHosbie omoxeHusi. [lpobnema, cesizaHHasi C OMIOKEHUEM U Kpucmarniu3sa-
yuel napagpuHa ebi3bieaem macuimabHbie mpyOHocmu, a MoOesiu MPO2HO3UPOBaHUST OCaXXOeHUs
napachuHa oepaHU4YeHbl KOHKPemMHbIMU munamu Hegbmu, 8 C8s13U C YeM cywiecmayem rnompeb-
HOCMb 8 UX yco8epUIeHCMB808aHuU.
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HESTEXMNA

Aemopamu daHHOU cmambu bbinna npoaHanusuposaHa u paspabomaHa Moderib npoeHO3U-
posaHusi 8binadeHusi napaguHa dnsi KazaxcmaHckol Heghmu.

Paboma ocHosaHa Ha uccriedosaHuu Jlupa-laneaHa u Op., 8 KoOmopol paccmampusaemcs
MHO20KOMIMOHEHMHOe ocax0eHue meepObix HECMELWUBAKULUXCS 8ewecms u3 HegpmsiHol cmecu
- Mmynbmumeepdasi Modesib. B xod0e uccnedosaHusi 6bir1o 8bissiCHEHO, Ymo moderns flupa-lanea-
Ha ucronb3yem ypasHeHUe COCMOsIHUS, ceolicmea fiemy4ecmu KOMIOHEHMOo8 U KoaghhuyueHm
akmueHocmu. 3ghgpekm [NoliHmuHaa paccmampuearics rMpu 8bICOKUX OaseHuUsix 8 cucmeme.

[ns akcnepumeHmarnbHbIx uccriedogaHull bbinu 83s9mbl pobbl Heghmu ¢ 08yx Mecmopoxoe-
Huli. B nabopamopHbix ycrogusix bbin ornpedeneH KOMIOHeHMHbIU cocmas Heghmu, memrepa-
mypa 3acmbi8aHus U Momepsi mekKy4yecmu Heghmu, a makxxe memrepamypbl MOYKU M1aeneHus.
Konuyecmeo napaghuHogoeo ocadka u3 Hegpmu bb1r10 OUEHEHO 3KcriepuMeHmarsbHo. [onyyeHHble
pesynbmamal MO/THOCMbIO COOMBEMCMaYm aHanumu4YecKkoMy peweHur. B xo0e nabopamop-
HbIX ucrbimaruli 6b1/10 06HapyXeHo, Ymo Heghmb CO 8MOpPO20 MecmopoxOeHusi bbinia msxernee,
a cmereHb Kpucmannu3dayuu napaguHa bbinna bonee 3HayumernbHoOU, YeM y Heghmu ¢ nepeozo
MecmopOoXOeHUsI MpU MEX Xe yCri08UsIX.

C ucnonb3o08aHuem amoul Modesiu a8mopbl CMO2/1U CIPO2HO3UPO8amb KOIUYecmeo meep-
Obix 0cadKos u3 cbipol Heghmu 8 meyeHue 200a 8 3agUCUMOCMU OM U3MEHEHUS memnepamypbl
OKpy>xaroweli cpedsbl.

KITIOYEBBIE CJTIOBA: cbipasi Heghmb, ocax0eHue napaguHa, obpazosaHue napaguHa,
Kpucmarsnu3oeaHHbIU napaguH, KoaghguuyueHm nemydecmu, Moderib Npo2HO3UPOBaHUS.

light fraction of these fluids contains associated gasses and low molecular weight

hydrocarbons (e.g., CO,, H,S,N,, C, C,, C,, n-C,, i-C,), while the rest of the oil
contains a large number of paraffinic hydrocarbons, naphthenic and aromatic compounds
whose molecular weights range from about 100 to 2000. When the temperature is lowered,
the heavy hydrocarbon components in this range can crystallize and precipitate as a solid
mass known as paraffin, which is deposited on the walls of a pipe or process unit. This pre-
cipitation has operational and economic implications that are important to the oil industry.

While the molecular and thermodynamic behavior of the light fraction of these flu-
ids is relatively well known, the situation is quite different for the heavier hydrocarbon
fractions, whose complexity and crude oil-dependent properties mean that the general
behavior still needs to be better understood and difficult to predict.

The huge amount of crude oil in Kazakhstan contains heavy hydrocarbons that pre-
cipitate as a solid paraffin phase at low temperatures. Paraffin is a heavy component of
crude oil released as a solid phase below the solidification point.

The accumulation of deposited paraffin on the pipe walls is one of the complex flow
assurance problems that lead to a reduction and complete blockage of the oil flow rate
due to a decrease in the flow cross-sectional area in the pipelines [1]. In addition, ground
structures require higher energy consumption, and paraffin plugs cause equipment failure.
Wax precipitation also increases the viscosity of the oil mixture, leading to an increase in
the energy required to transport crude oil. Paraffin deposition can occur anywhere from
reservoirs to ground structures and pipelines.

This work aims to develop a theoretical model for reliable prediction of paraffin depo-
sition for Kazakhstani crude oil based on the chemical composition of hydrocarbons and
thermobaric conditions. A modified thermodynamic model is developed to predict wax
deposition based on a mathematical approach and an experimental procedure.

ntroduction. Petroleum reservoir fluids are complex mixtures of hydrocarbons. The
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The new model is based on calculations for specific Kazakhstani oil, which will in-
crease the prediction efficiency by developing it from experimental data.

Materials and methods. The correct approach for predicting wax deposition is jus-
tified by robust models that are valuable in the design and operation of production lines.
To predict the precipitation of paraffin, two types of models are available that are applica-
ble for calculations: solid and multisolid (¥ig. 7). The first model is based on the fact that
the fallen wax phase is a solid solution (Won 1986, 1989; Hansen et al. 1988; Pedersen
et al. 1991; Zuo et al. 2001; Ji et al. 2004). The second model, in turn, assumes that the
wax that is deposited consists of several solid phases (Lira-Galeana et al. 1996; Pan and
Firoozabadi 1997; Nichita et al. 2001; Escobar-Remolina 2006).

Vapor Vapor

Liquid Liquid

| Solid1 | Solid2

Solid Solution

Solid3 | Solid4

Figure 1— The forecasting models: solid solution and multisolid

The WAT at which the paraffin begins to transition to a solid-state from the first minutes
of cooling, is usually measured in laboratories. But the peculiarity of these thermodynamic
models is the possibility of predicting the precipitation of paraffin using a modified model
approach that uses various correlations to calculate a model for forecasting paraffinization.

Experimental studies. Field data were collected and analyzed from Kazakhstan's
X and Y fields to conduct the experiments. Three crude oil samples were collected from
each field to do precise laboratory experiments. The crude oil from two fields represented
as a Black oil having different compositions. According to the obtained six samples of
two different oils from the X and Y fields, laboratory experiments were carried out to de-
termine the component composition of the oil necessary to carry out the following work
tasks. In addition, the physicochemical properties of the oil sample on the surface were
determined, which are necessary for calculating the multi-solid solution model.

The group composition of the oil was investigated by the SARA (saturated, aromatics, res-
ins, asphaltene) analysis method. This method allows crude oil to be fractionated according to
four main solubility classes, which are generally called SARA: saturated hydrocarbons, aromatic
hydrocarbons, resins, asphaltene (Fig.2). The method is based on the separation of a mixture of
certain components by thin-layer chromatography (TLC) on quartz rods with silicagel applied.
The fractionation of crude oil is based on the solubility of hydrocarbon components in various
solvents. In this experimental study were used to separate groups of compounds solvents of
heptane, a mixture of toluene:heptane (80:20), a mixture of dichloromethane:methanol (95:5).
The results of the group composition of SARA oil are presented in Table 1.

206 HE®Tb U TA3 &5 2024 1 (139)
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dilution with n-alkane

precipitation

Asphaltenes

adsorbtion on silicagel

Aromatic
hydrocarbons

Saturated
hydrocarbons

toluene,

toluene methanol

heptane

Figure 2 — General scheme of SARA analysis

Table 1 - The results of the SARA oil group composition for oil samples from the Field X

Crude oil group composition - SARA analysis Units
Content of saturated hydrocarbons 57,56 58,11 59,10 weight %
Content of aromatic hydrocarbons 20,83 20,24 19,93 weight %
Resin content 14,75 14,91 14,87 weight %
Asphaltene content 6,86 6,74 6,10 weight %
Balance 100,00 100,00 100,00

Table 1 - The results of the SARA oil group composition for the oil sample from Field Y

Crude oil group composition - SARA analysis Units
Content of saturated hydrocarbons 61,42 60,86 62,30 weight %
Content of aromatic hydrocarbons 21,63 21,74 20,49 weight %
Resin content 12,44 12,71 12,89 weight %
Asphaltene content 4,51 4,69 4,32 weight %
Balance 100,00 100,00 100,00

The second analysis determines the loss of fluidity and the solidification temperature. The
method of operation with the “ATZ-01" device. The instrument automatically determines the
state of mobility and immobility of the product without the need to remove the tube. Also, the
following parameters were determined: the wax's melting point and the oil's molecular weight.
The results are illustrated in 7Table 3 and 4:

HE®Tb U TA3 €55 2024 1 (139)
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Table 3 — Results of solidification, melting point temperature, WAT and molecular weight
for oil samples from Field X

Parameters Results Units
Solidification and loss of fluidity temperature 19,0 20,0 20,0 °C
WAT 41,0 43,0 42,0 °C
Melting point temperature 62,0 61,0 62,0 °C
Molecular weight 273,85 270,33 | 266,75 g/mole

Table 4 — Results of solidification, melting point temperature, WAT and molecular weight
of oil sample from Field Y

Parameters Results Units
Solidification and loss of fluidity temperature 28,0 28,0 27,0 °C
WAT 40,0 38,0 39,0 °C
Melting point temperature 65,5 65,0 66,0 °C
Molecular weight 248,87 243,18 | 238,55 g/mole

Analytical part.
The stability criterion states that each component (i) can exist as a pure solid (solid
assumption) if it is complete [6]:

Figure 1 - The forecasting mp@p,lq:lgglid.sfﬁtrigril epg’p'gtd_iiqpl'(@ =1,2..,N) (1)

where f{(P, T, z) is a fugacity of the component (i) with feed composition z;.
Assuming constant temperature and constant pressure, the multi-solid model for any
component (i) should satisfy the following equation:

= fl=fiper (=12..,N) 2

Fugacity characterizes molecules' degree of escaping inclination from one state to
another. Thus, in a multi-component system, if the fugacity of a component is the same
in two different states, there is no net transition of molecules between the states, and they
are in equilibrium.

f=g,2P (3)

ft = pixtP “)

where ¢;is a coefficient of fugacity.

Equation (1) cannot indicate the number and does not designate the components that
will precipitate out. It is assumed that the process has a "continuous" character, and the
following equation is derived (Escobar 2006):

z; — x! (%) >0,(i=12..,N) (%)
Considering equation (2) and a model of the activity coefficient, the general form of

the constant of the solid-liquid phase equilibrium is defined as follows:

l
K= o= (6)
yi‘ purei X . .
where f;u,e ;and plare calculated at mixture pressure at temperature; y 1S an activity
coefficient, s; — solid fraction.
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A complete immiscibility for all species in the solid state [20] is achieved when the
pure solid (s, = 1) and ideality of solid state (y;= 1) is assumed. Considering these as-
sumptions and equation (6), they get:

l
Ksl — i = Pi P (7)
X

i

f psure i

The equation (7) is not general - it is specific, which means that the solid state consists
of several immiscible components that describe the K-factor (%)

From the thermodynamic point of view, it could be shown as [21]:

in(% = -
" (F[)pure i (8)
where 6 is calculated from following equation:
anf /rf )
=—t|1- T%— + %Acpi (1 -4+ ln?‘) + Poynting )]

This equation allows us to calculate, using an iterative process, the composition of
the liquid and the volatility coefficient xi and ¢il. Carrying out the material balance for
liquid-multi-solid equilibrium: By considering the equations (7) - (9) and knowing that:

fplure i = ‘p;mre iP (10)
the following relation is derived:
!
Kst=2= 2L _exp(0) (11)
Xi Ppurei

Reddy S.R. in 1986 [22] has derived the formula for determining the mole fraction
of component (7) in the liquid phase:

- (1)
By comparing the equations (4) and (11), the new relation is found [17]:
l
si =2z —x} <&)
Pi (13)
(i=12..,N)

The parameter s; determines the components that precipitate at a given pressure and
temperature. The component precipitates if the value exceeds 0; otherwise, the component
does not precipitate — the Poynting correction factor.

The fusion properties must be determined to calculate the amount of wax precipitated.
First, the fusion temperature is the temperature of a solid body at which it transitions to
a liquid state, and the substance formed can be either a solid or a liquid state. Second,
Won's correlation was chosen as a generally accepted equation for determining the melting
point of each component using the molecular weights of the components [1]. Calculation
of crystallized paraffin:

At the last stage, the paraffin crystallized is calculated using the formula suggested
by Escobar et al. [17]: —

P.c.(%) = —2L  +100%
(vaMi*Zi)T;, AP (14)
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Results and discussions. The oil samples from two Kazakhstani fields were
examined in this paper. Each test tube of crude oil was characterized based on the fraction
composition. The fusion properties were determined as input parameters for different
formulas.

In all calculations, it was assumed that the mixture had only liquid and solid phases.
Therefore, the vapor phase should have been addressed. In this context, the constant of
the solid-liquid equilibrium phases K¢ is determined for each component. The values vary
between 99 and 102, increasing with the number of carbon atoms and the increase of the
potential solid phase.

As the pressure increases, the paraffin deposition increases. The pressure of the system
was changed from 0.1 to 6 MPa. The effect of high pressure on paraffin crystallization at
a constant temperature of 298.15 K is shown in the Fig. 3 and 4:

20

—_— = =
N oo O

Paraffin crystallized, %
TN

—_
~

—
(8]

=l

\$}

4 6 8
Pressure, MPa

Figure 3 - The effect of pressure on calculated paraffin crystallized results
(weight %) of Oil 1, Field X, T=298.15 K

[9%) (9% (9% i
W 3 O —
L 1 1 )

Paraffin crystallized, %
2 3

N
O
!

N
|

0 2 4
Pressure, MPa

Figure 4 — The effect of pressure on calculated paraffin crystallized results
(weight %) of Oil 2, Field Y, T=298.15 K

N
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210 HE®Tb U TA3 &5 2024 1 (139)



HESTEXMNA

It is clear from the figures that the dependence on these parameters is direct and
linear, but we have found that this tendency persists in both fields.

The study of the Poynting correction factor could be helpful when we cannot change
the temperature range, but the pressure is under our influence. Therefore, the system
pressure should be reduced as much as possible to minimize the paraffin deposition from
crude oil at a constant temperature. The paraffin crystallized (by weight) was estimated
for both Fields X and Y. The calculated results for three crude oil samples in each field at
atmospheric pressure and temperature of 298.15 K.

Table 2 — The calculated results of paraffin crystallized for both Fields X and Y at atmospheric
pressure and temperature of 298.15 K as displayed in Table 7

Samples P.c., %
Field X

15t sample 14,594

2" sample 13,743

3 sample 14,792
FieldY

15t sample 26,271

2" sample 30,560

3" sample 24,389

In order to follow the temperature effect during the year, the amount of paraffin
crystallized (in %) was calculated, assuming that the atmospheric pressure does not change.
It was found that in cold weather, paraffin deposition increases, and vice versa. The coldest
atmospheric temperature during the year is -9 °C (Field X) and -8 °C (Field Y); the warmest
temperature is 34 °C and 35 °C, respectively. Since both fields are located in the West of
Kazakhstan, the temperature change during the year is almost the same. Thus, if the system
pressure is constant, the maximum paraffin crystallization from the crude oil is achieved in
winter and is about 23% at Field X and 41% at Field Y. The lowest wax precipitation occurs
in summer: at least 11% in Field X and 20% in Field Y as seen in table 5 and 6. Consequently,
the most favorable period for production is summer when the air temperature is high.

By constructing the predictive model, we could always assume the expected amount
of wax precipitation from crude oil during the year. Therefore, additional work could be
done to prevent incidents.

In Field X, the composition of the oil samples and their physical properties
are identical. Therefore, in the last phase, the number of paraffin depositions from
three oil tubes is almost the same. On the other hand, in Field Y, the second sample
showed a gradient in the amount of precipitated wax compared to the other two
tubes. This fact can be attributed to the different compositions and temperatures
of the turbidity and solidification points.

The above discussion suggests that the oil from Field X has similar charac-
teristics from well to well, but this is different for the second field.

Comparison was made according to wax appearing temperatures experimen-
tal and calculated, where the calculated was equal to 317.5 K with 315.15 K ex-
perimental.
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Table 5 — The amount of paraffin crystallized at the Field X across the year,
P=0.1 MPa (calculated results)

T.oC TK P.c., % P.c., % P.c., %
! ! (15t sample) (2" sample) (3" sample)
-9 264,15 22,407 21,128 22,581
-6 267,15 21,875 20,625 22,052
=3 270,15 21,313 20,094 21,492

0 273,15 20,721 19,535 20,902
3 276,15 20,099 18,946 20,282
6 279,15 19,446 18,329 19,631
9 282,15 18,763 17,683 18,95
12 285,15 18,049 17,009 18,239
15 288,15 17,304 16,305 17,496
18 291,15 16,528 15,571 16,722
21 294,15 15,721 14,808 15,916
24 297,15 14,881 14,015 15,078
27 300,15 14,009 13,19 14,208
30 303,15 13,103 12,335 13,304
33 306,15 12,164 11,447 12,367
34 307,15 11,844 11,145 12,047

Table 6 — The amount of paraffin crystallized at the Field Y across the year,
P=0.1 MPa (calculated results)

P.c., % P.c., % P.c., %

T.°C TK (1*t sample) (2" sample) (3 sample)
-8 265,15 39,674 46,275 36,995
-5 268,15 38,725 45,162 36,102
-2 271,15 37,723 43,986 35,159
0 273,15 37,026 43,168 34,502

3 276,15 35,935 41,889 33,476
6 279,15 34,79 40,547 32,399
9 282,15 33,592 39,141 31,272
12 285,15 32,339 37,673 30,093
15 288,15 31,032 36,14 28,864
18 291,15 29,669 34,543 27,583
21 294,15 28,251 32,88 26,249
24 297,15 26,776 31,151 24,862
27 300,15 25,243 29,355 23,422
30 303,15 23,652 27,49 21,927
33 306,15 22,002 25,557 20,376
36 309,15 20,291 23,552 18,769
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Figure 5 — The effect of temperature on calculated paraffin crystallized results
(weight %) of Oil 1, Field X. Pressure=0.1 MPa
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Figure 6 — The effect of temperature on calculated paraffin crystallized results
(weight %) of Oil 1, Field Y. Pressure=0.1 MPa

Conclusion. In conclusion, it is worth noting that the problem of the formation of
paraffin deposits is gaining serious proportions. This is justified by the fact that many
deposits are in the late stage of development. When eliminating this problem, it is necessary
to be guided primarily by the causes of this problem. After that, it is worth conducting an
analysis that will be directly aimed at predicting wax deposits.

Based on the analysis results, the correlation of melting and solidification temperatures
for Kazakhstani oil was changed. It is based on the intensive properties of solution
components, such as their molecular weights and melting points, and external properties,
such as mass fractions. In other words, the independent variables are solute weight
fraction, solute molecular weight, melting point temperature, and the molecular weight
of the solution. The obtained results show that correctly applied paraffin accumulation
preventive methods are profitable, and the help of a multi-solid predictive model for
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paraffin deposition from crude oil is undoubtedly valuable. By analyzing the existing
literature and available results of laboratory studies, the multi-solid model for Kazakhstani
oil was be modified.

By creating the predictive model, we can always assume the expected amount of wax
precipitation from crude oil during the year. @
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