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Abstract: Condensate oil is increasingly valued as the high-quality conventional hydrocarbon re-
sources generally decline. The efficient development of condensate oil, however, has always been a
world problem; massive condensate oil will be retained in reservoirs in case of improper exploitation
process, resulting in a significant resource waste and economic loss. One of the problems closely
related to enhancing condensate oil recovery is wax precipitation and deposition in wellbore. There-
fore, it is vital to investigate the characterization methods for the wax precipitation and deposition
behavior in wellbores. The current status of research on modelling characterization methods, experi-
mental characterization methods and molecular dynamics representation of wax precipitation and
deposition behavior is reviewed in this paper; the applicability and limitation of modeling and exper-
iment studies for characterizing wax precipitation and deposition of condensate oil in the wellbore
are critically summarized and discussed. Moreover, the molecular dynamics simulation technique
characterizes wax precipitation and deposition behavior from the micro scale, which makes up for
the deficiencies of macroscopic experiment, enriches the investigation of wax precipitation and depo-
sition, and provides important guidance and reference value for the development of unconventional
hydrocarbon exploitation processes.

Keywords: condensate oil; wellbore blockage; multiphase flow; wax precipitation and deposition;
characterization method; molecular dynamics simulation

1. Introduction

With the further deepening of global hydrocarbon exploration, high-quality shallow
hydrocarbon resources are increasingly becoming scarce, and the unconventional and
deep hydrocarbon resources are gradually becoming vital in the energy structure [1,2].
While continuing to strengthen the exploration and development of conventional crude oil,
emphasis should also be placed on accelerating the development of superior resources such
as light oil and condensate oil [3,4]. Condensate oil is a colorless and transparent liquid
phase component condensed from natural gas in condensate fields or associated gas in oil
fields. The main composition is a mixture of C5~C8 hydrocarbons and contains modicum
hydrocarbons larger than C8 as well as impurities such as sulfur dioxide, thiophenes, mer-
captans, sulfur ethers, and polysulfides, and its heavy hydrocarbon and non-hydrocarbon
fractions are lower than that of conventional crude oil [5–7]. Large condensate fields have
been discovered in over 60 countries and regions worldwide, mainly in the United States,
Russia, and the Middle East. Condensate resources are also quite abundant in China, and
the existence of condensate reservoirs has been successively proven in major oil fields [8,9].
However, different from conventional reservoirs, the condensate reservoirs are deeply
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buried and hydrocarbon accumulation is subjected to harsh temperature and pressure
environments, resulting in great difficulty in exploitation.

Waxes are present in condensate oil developed in most countries around the world
and exist in various phase states (gas, liquid and solid) depending on temperature and
pressure [9–12]. Macrocrystalline and microcrystalline waxes, which are key components
of waxy condensate oil, have very different functional properties, including viscosity
and melting point [13,14]. Oliveira et al. [15] found through their investigations that
although the structure of microcrystalline wax is smaller and thinner than macrocrystalline
wax, it was much more difficult to remove from the pipe wall or wellbore wall than
macrocrystalline wax. The waxes dissolved in the condensate oil in molecular form undergo
a series of processes such as diffusion, aggregation, and phase transition due to changes in
the external environment [16]. The properties of the wax crystals are very complex, and the
precipitated wax crystals are gradually deposited on the wellbore wall, which reduces the
effective flow area of the wellbore [17,18]. At the same time, it will also cause deterioration
of the rheological properties of condensate oil, even lead to wellbore blockage, and finally
engender serious production and economic losses [19,20]. The schematic diagram of wax
precipitation and deposition in the wellbore is shown in Figure 1. Several observations
from the industrial field have shown that the formation frequency of wax has been high
in condensate oil over the past few decades. The condensate oil production of Miller
oilfield in the North Sea dropped sharply from 30,000 barrels per day to zero within
24 h; this could be attributed to the fact that the serious wax blockage occurred in the
wellbore during the condensate oil development [21]. Due to the high wax content in the
South Pars condensate field in Iran, the wax precipitation and deposition in the process
of condensate recovery led to a narrower wellbore diameter, a high flow resistance and a
sharp drop in production. In the gathering and transportation process of produced mixed
multiphase liquid, the precipitation of a large number of wax crystals was attributed to
the low environment temperature, which gelled with each other to form a mesh structure
and had an obstructive effect on the transport of the oil and gas multiphase mixtures. As
the transportation distance and environment varied, the network structure increasingly
expanded, and the wax molecules formed a dense wax layer inside the pipe wall due to
their own gravity, which led to the obstruction of condensate hydrocarbons transportation
and sale channels [22]. In the production process of condensate oil wells in the Boz block of
Tarim Oilfield in China, only ten days after well opening, the wells were shut down due to
wax blockage, which seriously caused the normal production of hydrocarbon wells [12].
Arguably the most serious incident of wax deposition causing wellbore blockage might
have occurred at the Staffa Field, Block 3/8b, UK North Sea. After several failed attempts to
deal with the wax deposit problem in this field, the field and its platform were eventually
abandoned and the loss was estimated to be as high as $1 billion [23]. Therefore, the
wax precipitation and deposition of condensate oil in the wellbore has become a relevant
issue that needs to be urgently addressed. Multi-level revealing and characterizing the
wax precipitation and deposition behavior is the key to ensuring the safe and efficient
operation of surface systems, developing enhanced condensate oil recovery technology,
and designing wax prevention and removal technology development [24].

This paper reviews the current status of modeling and experiment research to char-
acterize the wax precipitation and deposition behavior of condensate oil in the wellbore.
The applicability of molecular dynamics (MD) simulation to microstructural characteri-
zation makes such simulations well suited for revealing phase transition and solid phase
deposition. The research progress of MD in characterizing wax precipitation and deposi-
tion behavior is discussed to deepen our microscopic-scale understanding of phenomena
determining the wax molecule phase transition, wax precipitation, and wax deposition
process. Future applications and development directions of MD simulation methods in
characterizing wax precipitation and deposition behavior of condensate oil in the wellbore
are put forward to provide a reference for enriching the theoretical understanding of the
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wax formation process and promoting the development of unconventional hydrocarbon
production and transportation technologies.

Figure 1. The schematic diagram of wellbore wax precipitation and deposition [25].

2. Modeling Characterization of Wax Precipitation and Deposition Behavior

It is necessary to develop models to analyze and characterize wax precipitation and
deposition behavior and to calculate relevant parameters such as wax precipitation tem-
perature and amount, wax deposition thickness and rate, which is of great significance
for mastering the wax deposition law and formulating a reasonable plugging removal
scheme [26,27].

2.1. Modeling Characterization of Wax Precipitation Behavior

The modeling of wax precipitation is based on thermodynamic and kinetic equilibrium
to describe the liquid-solid phase transition process of wax molecules [28–30]. Different
from conventional crude oil, the condensate oil system has the highest wax precipitation
temperature near the dew point pressure, this can be attributed to the fact that there are
only heavy hydrocarbon components at the dew point, which decreases the wax solubility.
When the pressure is higher than the dew point pressure, the content of heavy hydrocarbon
components is low. With the increase in pressure, the wax components may dissolve in
the gas phase, which decreases the wax precipitation temperature. When the pressure is
lower than the dew point pressure, liquid hydrocarbon will appear. As the wax component
condenses in the liquid phase, its solubility increases, and the wax precipitation temperature
decreases [11,12,31,32]. The phase envelope of the typical condensate oil system is shown
in Figure 2.

Figure 2. Phase envelope of a typical condensate oil system [21].
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Generally, the theoretical basis for modeling is a solid solution and multiple solid the-
ories [33–35]. Several representative models have been proposed to describe this behavior.
Won et al. [36] first developed a model for condensate oil wax precipitation based on solid
solution theory in 1986. The SRK equation and the modified regular solution theory were
used to describe the non-ideality of the liquid phase, respectively. However, this lack of
consistency in thermodynamics limits the prediction ability of this model. Subsequently,
Thomas et al. [37] introduced the Poynting factor based on the Won model and considered
the effect of pressure on the liquid-solid phase equilibrium. The wax precipitation model
established by Lira-Galeana et al. [38] assumed that waxes contained multiple phases, each
phase was described by pure component. Additionally, the amount of wax crystals precipi-
tated from a condensate consisting of a mixture of six alkanes with a molar fraction of 400
was measured experimentally as a function of temperature. It was found that the predicted
trend of solid content with temperature was in good agreement with the experimental
results. However, Pedersen et al. later demonstrated that the model applicable conditions
were limited. When the physical parameters of oil samples changed, the calculation results
of the model fluctuated greatly. Therefore, Pedersen et al. [39] established a gas-liquid-solid
three-phase wax precipitation model with thermodynamic consistency by modifying Won
and Lira-Galeana models. The model assumed that wax was an ideal mixture, and only
part of the pseudo-components can be regarded as wax. Precipitable and non-precipitable
parts of pseudo-components above C7 can be derived from the following equation. zS

i = ztot
i

[
1 −

(
0.8824 + 5.353 × 10−4Mi

)( ρi−ρ
p
i

ρ
p
i

)0.1144
]

ρ
p
i = 0.3915 + 0.0675 ln Mi

(1)

where ztot
i is the total mole fraction of pseudo-component i; zS

i is the mole fraction of the
potentially wax forming part of pseudo-component i; ρi is the density at standard condition
of total pseudo-component i, g/cm3; ρ

p
i is the density at standard conditions of a normal

wax with the same molecular weight as pseudo-component i, g/cm3; Mi is the molecular
weight of pseudo-component i, g/mol. It was shown that the Pedersen model overcame
the problem that the Won model severely overestimated the wax precipitation temperature
and amount, and its prediction accuracy was higher.

Pan et al. [40] established a wax precipitation model of condensate oil system based on
multiple solid theory and used PR state equation to describe the non-ideality of the liquid
phase. Since the Lira-Galeana and Pedersen model is not applicable to calculate the wax
precipitation characteristics directly through the average physical properties of pseudo-
components. For this reason, the pseudo-components were reclassified and a set of physical
property calculation formulas for alkanes, cycloalkanes, and aromatic hydrocarbons were
given, respectively. In addition, the Pedersen and Pan models have some limitations in
considering the effects of solid-phase composition and pressure on solid-phase non-ideality.
Although the Won and Thomas models used the regular solution theory to calculate the
solid activity coefficient, they ignored the contribution of excess entropy to excess Gibbs
free energy.

Furthermore, Nichita [41,42], Daridon [43], Sansot [44], Coutinho [45], and Zuo et al. [46]
have successively developed the wax precipitation model of condensate oil system with
perfect theory and strong predictability. The effect of pressure on wax precipitation in
condensate oil was considered in the Nichita model. The high-temperature and high-
pressure environment was considered in modeling by Daridon et al., and the excess Gibbs
free energy was calculated. The assumption that the precipitated solid phase consisted of
only n-alkanes was considered in the Sansot model. In addition, the effect of pressure on
solid-phase fugacity was reflected by the Poynting factor. The local component prediction
model developed by Coutinho et al. could well predict the wax precipitation behavior of
various oils. In two variant forms of the model, the wax phase was regarded as a single
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solid solution of n-alkanes and multiple coexisting solid solutions. The effect of solid-phase
composition on solid-phase fugacity was described separately in the model by Zuo et al.

2.2. Modeling Characterization of Wax Deposition Behavior

Wax deposition in the wellbore is a very complex process, which refers to the formation
and eventual growth of a solid layer attached to the wellbore surface. It can be seen from
Figure 2 that the condensate oil system has complex phase evolution characteristics in the
wellbore, and wax deposition may occur in each phase. So far, scholars have conducted
many studies on wax deposition in single-phase flow. Based on the support of laboratory
test data, a series of typical models to characterize wax deposition behavior were proposed
by Burger [47], Hamouda [48], Hsu [49], Ramírez-Jaramillo [50], and Singh et al. [51–53].
The summary of the wax deposition models is shown in Table 1.

Table 1. Summary of single-phase wax deposition models.

Researcher Mechanism Mathematical Model Establishment and Characteristics of the Model

Burger [47] MD, BD, SD Wt = ρr ADm
dC
dT

dT
dy + k∗C∗

wγA

A predictive model considering molecular diffusion, shear
dispersion, and Brownian diffusion was developed to

determine the wax deposition behavior in wellbores. It was
demonstrated that at high temperature, molecular

diffusion was dominant, while at low temperature, shear
dispersion was dominant and the contribution of Brownian

diffusion was smaller.

Hamouda [48] MD, SD, ID dmw
dt = − MWw

NA
ADm

dC
dT

(
dT
dr

)
r=rd

The wax deposition model considering molecular diffusion
and shear stripping was established, and the wax

deposition tendency coefficient was also introduced, which
proved that the deposition rate was the largest in the stable

range of wax precipitation temperature and
ambient temperature.

Hsu [49] MD, SD Ω =
(

km
µ + fs

)(
ρ0Cp
4k0

)(
dC
dT

)
A semi-empirical model considering molecular diffusion

and shear effects was proposed to predict the wax
deposition process and distribution. It is proved that the

turbulence effect had a significant impact on wax
deposition. The concept of critical wax strength was

proposed and it was suggested that it can be used as a
reasonable scalar.

Ramirez-Jaramillo
[50] MD, SD, ID

M(t, z) =
n
∑

i=1
Mi(t, L) =

n
∑

i=1
2π

t∫
0

z∫
0

Rw Jri

∣∣∣∣∣
r=Rw

dzdt

Based on the Svendsen model, the author believed that
molecular diffusion, shear dispersion, and aging would
affect the wax deposition process, but he noted that the

effect of shear dispersion was small and could be ignored
in the modeling process. The prediction results show that
there were a lot of heavy components in the sedimentary

layer, which was related to the prediction time and
inlet distance.

Singh [51–53] MD, SS W = dφ
dt = Dm

(1−C)ζ
dC
dT

Nu
R (Th − Tw)

A model applicable to predict the rate and amount of wax
deposition under laminar flow conditions was developed
based on the law of mass conservation. The results show

that the driving force required for wax deposition was the
main factor contributing to the temperature difference

between deposited layers, which led to aging.

Legend: MD—Molecular Diffusion, BD—Brownian Diffusion, SD—Shear Dispersion, SR—Shear Removal, SS—
Shear Stripping, ID—Internal Diffusion (Aging).

In the Burger model, Wt is the rate of wax deposition, kg/(m2·s); ρr is the wax density,
kg/m3; Dm is the diffusion coefficient, m2/s; C is the volume fraction concentration of
wax in solution; A is the surface available for deposition, m2; r is the pipe radius, m; k∗ is
the wax deposition rate constant; C∗

w is the volume fraction concentration of wax out of
solution at the wall, and γ is the shear rate, m/s.

In the Hamouda model, mw is the amount of wax deposition, kg; t is the time, h; T is
the temperature, ◦C; A is the wax deposition area, m2; MWw is the molecular weight of
wax crystals; NA is the Avogadro constant.
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In the Hsu model, Ω is the wax deposition tendency; fs is friction to depict the shear
effect; k0 is the oil thermal conductivity; km is the constants; µ is the oil velocity, m/s; ρ0 is
the wax density, kg/m3.

In the Ramírez-Jaramillo model, M(t, z) is the total amount of deposited mass at time
t and distance from inlet z, kg; Rw is the pipe radius minus the width of the deposited wax
layer, m; Jri the radial mass flux of each component in the mixture.

In the Singh model, φ is the mass fraction of sediment in the oil sample; ζ is the
thickness of the turbidite layer, m; Nu is Nusselt number; R is the circulating flow radius,
m; Th is the oil temperature at the center of the pipeline, ◦C. Huang [54], Eskin [55] and
Quan et al. [56] also provided their new insights into the single-phase flow wax deposition
model. However, it must be noted that available models tend to consider only some of the
mechanisms affecting the wax deposition process, and the accuracy of model calculations
cannot be guaranteed. Moreover, most models are established based on empirical and
semi-empirical methods, and the actual application of the model prediction results is still a
problem that needs to be addressed by the petroleum industry.

In the process of hydrocarbon exploitation, it is not only confined to single-phase flow,
but often there are oil-gas, oil-water, and oil-gas-water coexistence conditions [57–59]. Since
the applicable conditions and assumptions of the wax deposition model are various, it is
necessary to establish different types of models to characterize wax deposition behavior
in the wellbore. Compared with single-phase flow, the research on wax deposition in
multi-phase flow is carried out later and is still in the initial stage [60]. At present, the study
on wax deposition law of multi-phase system mainly focuses on oil-gas and oil-water two-
phase flows. The effect of different flow patterns on wax deposition is mainly considered
in oil-gas two-phase flow. The single-phase flow wax deposition mechanism was utilized
for analyzing and modeling in oil-gas two-phase flow. The wax deposition models in the
oil-gas two-phase flow were proposed by Elphingstone [61], Apte [62], Gong [63], and
Duan [64], and Duan et al. [65], and the model is summarized in Table 2.

In the Elphingstone model, y is the thickness of solid wax deposited; t is time, s; ρ
is the total fluid density, kg/m3; ĉp is average bulk fluid specific heat; Dwo is diffusion
coefficient of wax in hydrocarbon; ρs is solid wax density, kg/m3; k is average bulk fluid
thermal conductivity; T is time-averaged bulk temperature.

Table 2. Summary of oil-gas two-phase wax deposition models.

Researcher Mechanism Mathematical Model Establishment and Characteristics of the Model

Elphingstone [61] MD, SD
∂y
∂t

2vz,avgrδ
∂T
∂z

=
ρ2 ĉp Dwo

4ρsk
∂v(w)

∂T

Based on single-phase flow wax deposition, a model
for predicting gas-liquid two-phase flow wax

deposition was developed by considering the effects of
diffusion and shear, which may be conservative in

predicting wax deposition amount, although field data
were not sufficient to draw reliable conclusions.

Apte [62] SS dδ
dt = − Π1

1+Π2
Dw

dCw
dT

dT
dr

The effects of wax deposition layer condensate content,
shear stripping, and flow pattern on the wax

deposition rate were considered, and a two-phase flow
wax deposition model was established. The

applicability and accuracy of the model for the high
wax content system need further validation.

Gong [63] MD dδ
dt = kRea

fpΠb 1
µo

dC
dT

dT
dr

Based on Fick’s law, the wax deposition model of
gas-liquid two-phase flow was proposed considering
the superficial velocity of gas and liquid phases, flow

pattern, and Reynolds number. The experimental
verification was carried out with high waxy crude oil

and air as the medium, and the conclusion that the
thickness of wax deposition layer under stratified flow

and intermittent flow varied with the change of
velocity of gas and liquid phases was obtained.
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Table 2. Cont.

Researcher Mechanism Mathematical Model Establishment and Characteristics of the Model

Duan [64] MD, SD
dδi
dt = 1

ρdep Fw(t)

(
− Dwo

1
lξ

dC
dξ

∣∣∣
from oil to interface

+ Deff
1

lξ
dC
dξ

∣∣∣
from interface into deposit

)

A mathematical model has been developed to predict
the deposit thickness and the wax fraction of deposit in
oil/gas stratified pipe flow using a unidirectional flow

analysis of non-isothermal hydrodynamics and
heat/mass transfer. Based on diffusivity and the

solubility gradient at the oil–deposit interface at a
different time, the reason that the deposit forming a

crescent shape at the cross-section of pipe observed in
different experiments was revealed.

Duan [65] MD, SD, IG dM
dt = 2πri∆Lqm,in = 2πri∆L

(
− Dwo

∂C
∂r

∣∣∣
ri

)
A wax deposition model of oil-gas two-phase stratified
pipe flow based on molecular diffusion mechanism is
developed. In the model, unidirectional flow analyses
of momentum, heat, and mass transfer are presented.

The cause of forming a crescent shape at the
cross-section of the pipe was given, which was

observed in different experiments.

Legend: MD—Molecular Diffusion, SD—Shear Dispersion, SS—Shear Stripping, ID—Internal Diffusion (Aging).

In the Apte model, Dw is the molecular diffusion coefficient, m2/s; δ is the wax
thickness, m; Cw is the wax concentration, wt%; t is the time, s; r is the radial distance, m;
Π1 is the wax deposition coefficient of the wall, which reflects the wax deposition caused
by the oil content in the wax deposition layer and molecule diffusion such as turbulent
mass transfer, and Π2 is the wall dewaxing coefficient, which reflects the wall dewaxing
caused by shear dispersion. In the Gong model, δ is the wax thickness, m; k, a, b is the
constant; Π is the characteristic parameter of flow pattern; Refp is the Reynolds number of
the flow pattern; t is the time, s; T is the temperature, ◦C.

In the Duan model, δ is deposit thickness, m; ξ is coordinate in a bipolar system, rad;
ρdep is the density of deposited wax, kg/m3; Fw is average wax fraction in the deposit,
wt%; t is time, s; Dwo is diffusivity wax in crude oil, m2/s; lξ is scale factors of the
bipolar coordinate system; C is the cross-sectional area inside the pipe, m2; Deff is effective
diffusivity in the deposit, m2/s.

In the Duan model, M is mass flux; ri is the radial distance from the center to the oil-
deposit interface; t is time, s; ∆L is the pipe length of wax deposit buildup, m; Dwo is the wax
diffusivity in oil, m2/s; C is the wax concentration of crude oil, kg/m3; r is the inner radius
of the pipe, m. For the research of the oil-water two-phase flow, Couto et al. [66] proposed
a wax deposition kinetic model in oil-water two-phase flow based on the single-phase
model they developed. The essence of this model was to replace the physical properties
of crude oil with those of oil-water mixture and substituted them into the existing single-
phase wax deposition model, but the model did not consider the reverse-phase case. After
investigating the Couto model, Bruno et al. [67] found that the accuracy of the Brinkman
correlation equation used in the viscosity calculation was highest only when the emulsion
water content was below 50%. Thus, Bruno et al. improved the model by calculating the
emulsion viscosity using the Richardson correlation equation, and an empirical equation
for sediment water content calculation was fitted based on the experimental results.

fw, sed = 0.0283e2.4184 fw, bulk (2)

Here, fw,sed is the water content of sediment, %; fw,bulk is water content of oil-water
mixture, %. The Singh model and Hernandez model in single-phase flow were modified
by Wang et al. [68]. The idea that the two-phase diffusion coefficient is a strong function
of water content was proposed by considering molecular diffusion and shear dispersion,
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and the oil-water two-phase wax deposition behavior under different flow conditions
was predicted.

dh
dt

=
−Dow

∣∣∣dCd
dT

∣∣∣
L
×
∣∣∣ dT

drd

∣∣∣
L
× [1 − φ(Mwow)]− Jsowρ−1

d

Mwow
(3)

where dh
dt is gelling deposition thickness change rate in two-phase oil−water flow, m/s; Dow

is diffusion coefficient of wax in the oil, m2/s;
∣∣∣dCd

dT

∣∣∣
L

is waxy crystals solubility coefficient

in two-phase flow with a certain position, ◦C1−;
∣∣∣ dT

drd

∣∣∣
L

is a radial temperature gradient
in two-phase flow with a certain position, ◦C/m; Mwow is wax fraction in the gelling
deposition of two-phase oil−water flow, %; Jsow is convective mass flux from bulk to
interface in two-phase flow, kg/(m2·s); ρd is the density of gelling deposition in two-phase
flow, kg/m3. The flow loop experiment was used to verify the simulation results of the
proposed model. It was found that the error between the quantitative prediction results
of the average wax deposition thickness rate and the experimental measurement results
was less than 10%, which showed that the model can well adapt to the prediction of the
actual wax deposition environment. Then, based on the mechanism of shear dispersion
and shear stripping, Wang et al. [69] established an oil-water two-phase wax deposition
model incorporating the variation of flow parameters from an energy perspective, and a
quantitative method to distinguish between shear dispersion and shear stripping has been
proposed at the same time.

∂
∂t M(t, L) = 2π

∫ L
0 −Dwρwax ·

∣∣∣dCw
dT

∣∣∣
L
·
∣∣∣ dT

drw

∣∣∣
L
· rw · 1

Fwax
dx

−2π
∫ L

0
−Dwρwax

1+ α2F2
wax

1−Fwax

·
∣∣∣dCw

dT

∣∣∣
L
·
∣∣∣ dT

drw

∣∣∣
L
· rw · 1

Fwax
dx

+2π
∫ L

0 k · α · Sw ·
∣∣∣dEs

dL

∣∣∣
rw

· ρwax

rw·µ· µ
wax

2.3 · rw · 1
Fwax

dx

(4)

Here, t is formation time of deposits, h; L is pipeline length, m; Dw is diffusion coeffi-
cient of wax in the oil, m2/s; ρwax is the density of wax, kg/m3; Cw is wax concentration,
%; T is temperature, K; rw is the distance from the pipe center to the surface of deposits, m;
Fwax is wax content of/in wax deposits, %; α is the aspect ratio of wax crystals; k is shearing
coefficient; Sw is volume concentration of wax crystals on the deposits surface, equivalent
to Fwax, %; Es is shearing energy, J; µ is the viscosity of waxy crude oil, Pa·s. Currently,
wax deposition in multiphase systems is modeled by introducing some parameters into
the single-phase flow model to characterize the flow and deposition distribution prop-
erties at different flow patterns [70,71]. However, the research of wax deposition model
in oil-gas-water three-phase flow is still in the exploration stage. Based on the analysis
of experimental results, Quan et al. [72] concluded that the deposition volume caused
by gelation was positive correlation with the precipitated wax crystal concentration and
gelation temperature, and negative correlation with the shear force. Therefore, the growth
rate calculation model of the sediment layer thickness under the oil-gas-water three-phase
system was established as follows:

dδ

dt
= k · τm · 1

µ

dC
dT

dTn+1

dr
+ kg · τp · (C − Cint) exp

(
TPP

Tint

)
(5)

where dδ
dt is the wax deposit thickness, m; τ is the shear stress at the pipe wall, Pa; C and

Cint are the wax molecular concentrations corresponding to temperature conditions at the
oil flow center and the oil-sediment interface, respectively; Tpp is the gelation temperature
of the oil, ◦C; Tint is the temperature at the oil-sediment interface, ◦C; µ is the viscosity at the
oil flow temperature, Pa·s; k, m, n, kg, p are constant, of which kg is the gelation coefficient,
which is related to the oil properties and temperature conditions.
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3. Experiment Characterization of Wax Precipitation and Deposition Behavior

The modeling characterization has been continuously improved and advanced, but it is
still difficult to intuitively describe wax precipitation and deposition behavior. Experimental
techniques have been developed along with the improvement of prediction models, and
there are dozens of varied methods to characterize the precipitation and deposition behavior
in hydrocarbon systems. The common experimental methods are shown in Table 3.

Table 3. Experimental methods of characterization wax precipitation and deposition.

Characterization
Category Name Working Principle Advantages Disadvantages

Wax precipitation
behavior

Microscopic
observation

method

Different media have
different degrees of light
absorption.

(i) Visual observation of
wax precipitation
temperature.

(ii) Less sample
consumption.

The effect of stress is not
considered.

Viscometry
method

When the wax is
precipitated, the viscosity
of the oil sample will
suddenly change.

(i) Low cost;
(ii) Convenient operation.

Wax precipitation temperature can
only be measured under
normal pressure.

Differential
scanning

calorimetry
method

The precipitation of wax
crystals is determined by
the change in heat flow
rate of the oil sample and
the reference material.

(i) Convenient operation.
(ii) Less time consumption.
(iii) Quick response.

(i) The effect of pressure is
not considered.

(ii) Test result is small.

Laser Scattering
method

The laser will show
different energy
attenuation after passing
through different media.

(i) High accuracy.
(ii) Considering pressure.

(i) Light transmission of oil
samples is required

(ii) There are limitations for oil
samples with high density
and viscosity.

Ultrasonic
method

Ultrasonic waves
propagate at different
speeds in different media.

(i) High accuracy.
(ii) Not limited by the color

of the oil.

(i) Complex operation.
(ii) Expensive cost.
(iii) Poor stability.

Wax deposition
behavior

Cold plate
method

Using temperature
difference of oil-plate.

(i) Convenient operation.
(ii) Low cost and energy

consumption.

(i) Poor stability.
(ii) Does not reflect actual flow.

Cold finger
method

Using temperature
difference of oil-wall.

(i) Convenient operation.
(ii) Low cost and energy

consumption.

(i) Poor stability.
(ii) Does not reflect actual flow.

Rotating disk
method

Using temperature
difference of oil-plate.

The shear rate was used as a
sensitive factor. Does not reflect actual flow.

Flow Loop
method

Controlling the oil-wall
temperature difference by
using the cooling medium
in the air of the loop

(i) Realistic restoration of
the shear flow field.

(ii) Considering high
pressure.

(i) Expensive cost.
(ii) Difficult to clean the pipes

after the experiment

3.1. Experiment Characterization of Wax Precipitation Behavior

As the temperature decreases during the hydrocarbon lifting, the wax dissolved in
the hydrocarbon in molecular form gradually precipitates as small grains [73–75]. The
wax precipitation temperature and amount are important parameters to determine the
occurrence of wax precipitation behavior.

3.1.1. Microscopic Observation Method

In contrast to oil, wax crystals have a birefringence, and the image of wax crystals
can be observed through the microscope after the orthogonally polarized light generated
by the light source passes through the oil sample. Its principle is shown in Figure 3.
The oil sample is cooled down, and the temperature corresponding to the appearance
of wax crystals in the polarized light microscope is recognized as the wax precipitation
temperature of the oil sample [76]. However, Shi and Li et al. [77,78] believed that this
method mainly relied on visual observation of wax crystal precipitation and judgment
of wax precipitation temperature, which was interfered with by man-made subjective
factors. Additionally, the existence of impurities and defects in the glass slide would lead
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to a little error in the observation results. With the development of microscopic image
acquisition and processing technology, the results of the microscopic observation method
are more accurate and reliable, and the analysis of wax crystal microscopic images focuses
on quantitative characterization studies [79,80]. Japper-Jaafar and Bai et al. [81,82] used
orthogonally polarized light microscopy to observe the first step point temperature of grain
number growth in the images to determine the wax precipitation temperature.

Figure 3. Schematic diagram of microscopic observation method principle. (a) homogeneous liquid
and (b) crystalline material [83].

3.1.2. Viscometry Method

When measuring wax precipitation temperature by microscopic observation method, it is
often affected by the transparency of the hydrocarbon system. Inspired by Escobedo et al. [84]
using the viscometry method to measure asphaltene deposition temperature, the viscometry
method was gradually used to determine wax precipitation temperature. The temperature
corresponding to the sudden change in viscosity during the cooling process is considered as
the wax precipitation temperature of the oil sample. In the study of Li, the wax precipitation
temperature of five crude oils was measured by this method [78]. The wax content of the
five crude oils ranged from 9.02% to 21.51%, and the rate of temperature drop during the
experiment was 0.4 ◦C/min. The results showed that for crude oil with a slow initial wax
precipitation rate and a low wax content, the variation of shear stress was slow under the
effect of wax precipitation, so it was difficult to accurately determine the wax precipitation
temperature of oil samples.

3.1.3. Differential Scanning Calorimetry Method

Differential scanning calorimetry (DSC) is the best thermal analysis technology with
repeatability and quantification as it is based on the change in heat flow of the oil and the
reference substance to determine whether wax crystals are precipitated. When no wax
crystal appears in the oil sample to be measured, the heat flow curve varies slowly and
gently [83]. When the wax crystals are precipitated, the latent heat of wax is released and the
heat flow curve will suddenly increase to the maximum, at which time the corresponding
temperature is the wax precipitation temperature [85]. The wax precipitation amount
can also be measured by this method. Claudy et al. [86] employed the DCS method to
measure the wax precipitation temperature of crude oil as early as 1988. Subsequently, a
differential scanner was used to characterize the wax precipitation behavior of crude oil and
surface condensate oil. The wax precipitation temperature was obtained, and it was also
found that the wax precipitation amount increased with the decrease in temperature [87,88].
Additionally, the onset of wax crystallization and the rate of wax precipitation in waxy
crude oils were also measured by the DSC technique in the study of Wang et al. [68],
and also obtained the amount of wax precipitation at that temperature by plotting and
analyzing DSC curves. However, Ronningsen et al. [89] argued that the differential scanner
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could detect the variation of differential heat flow only when there was wax precipitation
in the oil sample, so the measurement results are on the small side.

3.1.4. Laser Scattering Method

When the hydrocarbon system is a single liquid phase, the transmittance is stable,
when the system however converts from a single-liquid phase to a liquid-solid two-phase,
that is, wax crystals begin to precipitate, the liquid phase system will not change the trans-
mittance, but the precipitated wax crystals will scatter the light beam. The appearance and
increase in wax crystals would lead to a dramatic decrease in the light beam transmittance.
The measurement accuracy of this method is high, but the transparency of the oil sample
will affect the performance of the measured results, so it is very suitable for the determi-
nation of wax precipitation temperature of condensate oil with high transparency [90].
The wax precipitation behavior in high-temperature and high-pressure condensate gas
wells was characterized by using a solid-phase deposition tester with laser scanning in the
research of Zhong et al. [91]. The results showed that when the system pressure was higher
than dew point pressure, the pressure had little effect on wax precipitation temperature.
When the pressure was close to dew point pressure, the wax precipitation temperature
increased obviously with the decrease in pressure. When the system pressure was lower
than the dew point pressure, the wax precipitation temperature decreased with the decrease
in pressure, and it was also found that the dew point pressure of the system increased with
the decrease in temperature.

3.1.5. Ultrasonic Method

The variation of ultrasonic propagation medium density will determine its propagation
speed and energy variation, which is manifested in the variations of the ultrasonic time
difference, amplitude ratio, first wave frequency, and ultrasonic attenuation coefficient.
When the wax crystals are precipitated from the oil sample, the single-phase system is
transformed into a two-phase system, the scattering attenuation of the ultrasonic waves
is enhanced, and the temperature when the first wave frequency suddenly increases
is recognized as the wax precipitation temperature [78,92]. The ultrasonic method can
determine the wax precipitation temperature under high pressure, and it is not affected
by the color of the oil sample compared with the laser scattering method. However, the
equipment of this method is expensive, and the operation is relatively complex.

To sum up, many comparative studies have been conducted on the common meth-
ods to characterize the wax precipitation temperature and amount. Hansen [85], Ron-
ningsen [89], Pedersen [93], and Cazaux et al. [94] believed that the results measured by
microscopic observation method were more accurate than those measured by viscometry
method and DSC method when considering the characteristics of the glass slide and cool-
ing rate, and the results of the research showed that the microscopic observation method
yielded the highest wax precipitation temperature, DSC method was the middle, and vis-
cometry method was the lowest. The microscopic observation method and the viscometry
method have clear requirements on the wax content, which are not considered suitable
for oil samples with slow initial wax precipitation rate and low wax content. For the wax
precipitation temperature characterization of the pressurized hydrocarbon system, the
DSC method, ultrasonic method, and laser scattering method are usually applied. The
DSC method and laser scattering method are often selected to characterize wax precipita-
tion behavior of condensate oil system, however, the laser scattering method has certain
shortcomings when the ability to control the low temperature environment is required.

3.2. Experiment Characterization of Wax Deposition Behavior

The modeling is to predict the possibility and severity of wax deposition in the
oilfield and thus establish effective deblocking strategy. However, many assumptions are
made in establishing wax deposition models, which limits the application of the model.
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Experimental methods not only can visually characterize wax deposition behavior but also
can provide essential data for the development of wax deposition theory.

3.2.1. Cold Plate Method

The cold plate is an early experimental apparatus to study wax deposition, which con-
sisted of a cold plate, a water bath, and a stirring device. Cole et al. [95] carried out experi-
ments through a cold plate apparatus as early as 1960 to investigate wax deposition behavior
in oil-water two-phase flow and demonstrated that the wax deposition amount was corre-
lated with the cold plate surface characteristics. Subsequently, Hunt et al. [96] simulated
wax deposition behavior in wellbores using a cold plate apparatus and found that sediment
formation amount was correlated with surface roughness. Besides, Leontaritis et al. [97]
investigated the wax deposition behavior under molecular diffusion and shear mechanisms
by means of an invented dynamic cold plate, and the effect of shear rate on wax deposition
rate was empirically correlated with shear stress. The structure of the cold plate is simple
and the temperature difference of the oil and plate is relatively easy to control, but the stabil-
ity of the equipment has been the main problem that hinders its wide application. Recently,
Tinsley et al. [98] made up for the shortcomings of the traditional cold plate apparatus
by setting the distance between the two cold plates to provide the required pressure and
shear stress conditions, the schematic diagram of the device structure is shown in Figure 4.
However, there are significant deficiencies in characterizing wax deposition behavior in the
condensate hydrocarbon system due to the finite pressure provided by this apparatus.

Figure 4. Schematic diagram of dynamic cold plate structure. (a) assembled deposition cell with
direction of flow indicated by arrows, and (b) the upper plate, spacer and the lower plate that form
the deposition channel [98].

3.2.2. Cold Finger Method

The cold finger is divided into two categories: static apparatus and dynamic apparatus.
In the study of Bern and Weispfening et al. [99,100], the wax deposition in the hydrocarbon
system was characterized using a static cold finger apparatus, which is shown in Figure 5a.
Hamouda et al. [101] probed wax deposition in North Sea condensate oil by using a
static cold finger apparatus and demonstrated that molecular diffusion was the major
mechanism. It was concluded that as the system pressure increased, the lowest carbon
value in the sediment decreased, while the lowest carbon number in the oil increased. The
wax deposition behavior was also investigated utilizing static cold finger by Zhang [102],
Kasumu [103], and Mahir et al. [104] However, the apparatus can only examine wax
deposition when the hydrocarbon system was standing, which poorly reflects the real
flow field. For this reason, Wang et al. [68] investigated the effect of water content on
the carbon number distribution of sediment using a dynamic cold finger apparatus and
found that the proportion of C17-C35 in the sediment decreased with increasing water
content when the water content was greater than 30%. Subsequently, Wang et al. [69]
determined the wax deposition rate under zero-shear and equivalent stirring conditions by
a dynamic cold finger apparatus (Figure 5b). The oil-wall temperature difference was also
controlled to ensure the molecular diffusion of the wax crystals, while the shear dispersion
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coefficient was determined. Moreover, Zougari et al. [105] also improved the dynamic cold
finger apparatus to perform single-phase, oil-gas, and oil-water two-phase wax deposition
experiments under high-pressure and shear conditions (Figure 5c). It was found that the
wax deposition rate of degassed crude oil is greater than that of gas-bearing crude oil. The
improved dynamic cold finger apparatus also makes it a future addition to characterize the
wax deposition behavior of waxy condensate oil in the wellbore.

3.2.3. Rotating Disk Method

The principle of the rotating disk method is similar to that of the cold plate method.
The wax deposition behavior is characterized by measuring the amount of wax deposited
on the metal disk within a specified time. The schematic diagram of apparatus is shown
in Figure 6. Matlach et al. [106] employed the rotating disk method in measuring the
wax deposition amount. The method allows control of oil temperature, rotating disk
temperature, and rotation speed. This method is relatively easy to measure and control, but
it is so inconsistent with the real shear flow field that it has rarely been used to characterize
wax deposition behavior.

Chiller 

W/0 emulsion Wax deposition 

a b 

Multipoint 

thermocouples 

Shear cell 

Variable speed 

DC motor 

mounting 

stand 

c

 

Figure 5. The schematic diagram cold finger apparatus. (a) static cold finger apparatus; (b) dynamic
cold finger apparatus and (c) optimized dynamic cold finger apparatus [69,99,100,105].
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Figure 6. The schematic diagram of the stirred cell to measure wax deposition [107].

3.2.4. Flow Loop Method

Although flow loop experiment is the most expensive equipment to characterize wax
deposition behavior, its characterization effect is the best. The flow field condition in
the flow loop is similar to the actual hydrocarbon production and transportation process.
Therefore, the study of wax deposition in the flow loop apparatus is more reliable than
other deposition apparatuses. Its main components include: regulation system, pumping
system, test section and deposit characterization devices [82]. The schematic of the flow
loop apparatus is shown in Figure 7. Hsu et al. [49] established a high-pressure flow
loop experimental apparatus to calculate the wax deposition by measuring the pressure
difference between the test section and the reference section. Professor Bruno [67] of the
University of Tulsa conducted a small-scale flow loop experiment of South Pelto crude oil
and Garden Banks condensate oil, and concluded that the deposition thickness of both oil
samples decreased with the increase in water content. Compared with the test results of
South Pelto crude oil, the Garden Banks condensate oil with 85% water cut produced a
very thin and hard sedimentary layer, which indicated that the sedimentary mechanism
was different from the traditional diffusion theory. Hoffmann et al. [108] investigated wax
deposition in single-phase flow at different temperatures and flow conditions with the
condensate oil. The finding was that molecular diffusion was indeed the main mechanism
controlling wax deposition, but an accurate quantitative description needs to take into
account the effects of the deposited wax composition and shear stress. In addition, Rit-
tirong et al. [109] performed wax deposition experiments on condensate oil under segment
plug flow conditions using a pressurized flow loop apparatus and showed that the wax
deposited thickness and quality were influenced by the variation of surface flow rate or
phase flow rate.

Figure 7. Schematic diagram of the flow loop apparatus [69].
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From the above research, it is clear that the traditional cold plate and rotating disk
methods are rarely used to characterize the wax deposition behavior due to certain defects.
Currently, the cold finger method and flow loop method are still the most widely used
characterization methods, which allow wax deposition experiments in pressurized systems.
However, there are also some deficiencies in characterizing wax deposition behavior of
condensate oil in the wellbore.

4. Molecular Dynamics Characterization of Wax Precipitation and
Deposition Behavior

In the hydrocarbon industry, Molecular dynamics (MD) simulation can provide signifi-
cant contributions on upstream and downstream sectors. In terms of upstream hydrocarbon
exploitation, computer-based studies are critical for the characterization of oil displace-
ment processes, oil migration within the pore-throat, and oil droplet stripping mechanisms
(Figure 8a–d). Fang et al. [110] theoretically discussed the molecular mechanism of vis-
coelastic polymer to enhance oil recovery. MD simulation was used to study the dynamic
process of trapped oil droplet displacement from dead Angle in the nanopore. Zhang and
his team [111–113] explained the mechanism and experimental phenomena of chemical oil
flooding and supercritical CO2 oil flooding at the molecular level, including the stripping
mechanism of oil droplets, the effect of oil components, rock surface, and nanoparticles
on the stripping of oil droplets, and the migration mechanism of oil in the pore-throat
during CO2 flooding and so on. These research topics contribute to the understand-
ing of the underlying molecular processes, which are critical to improving hydrocarbon
recovery mechanisms.

Figure 8. Schematic representation summarizing some upstream hydrocarbon industry systems
investigated within the molecular modeling framework. (a) principle of carbon dioxide oil displace-
ment; (b) initial model of the quartz nano-pore throat system and schematic diagram of the steered
molecular dynamics simulation; (c) typical snapshots of process of with 200 CO2 molecules at 5 ns;
and (d) snapshots of the meniscus curvature at the same injection volume of CO2 but different
injection rates of 4, 6, 8 and 10 m/s [110–113].

In terms of downstream hydrocarbon gathering and treatment, MD simulation mainly
focuses on emulsification and demulsification of produced liquid [114], film formation be-
havior at the oil-water interface [115], and hydrate treatment in low-temperature transporta-
tion. Gamba et al. [116] performed a pioneering investigation and proposed a “sandwich”
structure to characterize the crude oil emulsion model, which was a lattice arrangement
of a given oil and water molecule with a water layer in the middle and an oil layer on
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both sides for a W/O emulsion, the reverse placement is assigned as the O/W emulsion.
The role of sodium dodecylbenzene sulfonate (SDBS) in the separation of the oil-water
interface was investigated by Li et al. by MD simulations [117], and it was found that
SDBS molecules had an obvious inhibitory effect on the migration of water molecules near
the interface, while water molecules far from the interface had a strong migration and
diffusion ability. Li et al. [118] analyzed the effects of temperature, pressure, and initial
concentration of methane in the liquid phase on the decomposition of methane hydrate
in an aqueous environment by MD simulation method to further understand the hydrate
dissociation mechanism at the microscopic level. At present, the relevant MD simulation
researches mainly focus on the development and mechanism of action of wax inhibitors,
while research on wax formation in the hydrocarbon system is still in its infancy. MD
simulation as an emerging method for characterizing the wax precipitation and deposition
behavior is gaining a lot of attention from petroleum workers.

4.1. MD Simulation of Wax Precipitation Behavior

MD simulation techniques can effectively bridge the experimental gap and describe
the microscopic behavior of wax phase transition and precipitation in terms of molecular
motion, structure, and geometric changes at the nanoscale. MD simulation was applied to
characterize the wax precipitation behavior in the study by Gan et al., Dodecane was used
as the oil molecular model, and the mixture of C28 and C36 molecules was used as the wax
molecular model; A force field model describing the molecular dynamics process of wax
molecule and hydrocarbon mixture has also been established [119]. As shown in Figure 9,
the microscopic process of wax molecules transforming from the irregularly dispersed
state to larger gelled clusters in the oil system composed of a single hydrocarbon was
demonstrated. While the number of wax crystals formed at different operating parameters
was also analyzed by the density distribution in each direction. It was proved that the
increase in temperature delayed the wax precipitation, and the increase in pressure and
water content enhanced the solubility of wax molecules. Meanwhile, the formed emulsified
water surface provided more bonding points for wax crystals, which strengthened the
agglomeration and precipitation of wax crystals.

Subsequently, Chen et al. [120] characterized the wax precipitation behavior by com-
paring the self-diffusion coefficients and wax configurations between the two force fields,
and also proved that the existence of wax molecules was one of the reasons for oil to
inhibit molecular diffusion, where the wax molecular model consisted of a mixture of C26
and C38. Wax molecules in the OPLS-AA force field crystallized when the temperature
decreased, and some wax molecules aggregated when the temperature decreased to 313 K.
The aggregated wax molecules tended to crystallize. However, no signs of crystallization
were shown at any temperature in the APPLE&P force field and the wax molecules were
uniformly distributed in the waxy hydrocarbon system. Simultaneously, the self-diffusion
coefficient also validated this conclusion (Figure 10).

In Cao et al.’s latest research [121], the precipitation behavior of wax (C18, C18+C28,
C18+C36) components in a single dodecane oil component model was characterized by MD
simulation, and the wax precipitation temperature of the system was analyzed using radial
distribution functions and self-diffusion coefficients based on the COMPASS force field. It
was found that the wax molecules in the system gradually transformed from the dispersed
state to the aggregated state as the temperature decreased, and the lower the temperature
was, the easier the wax aggregated, and when the temperature was less than 313.15 K, the
system underwent the phase transition process from liquid to solid (Figure 11). The results
of the radial distribution functions and the self-diffusion coefficients also proved that the
wax molecules underwent a phase transition at 313.15 K, i.e., the wax precipitation process.
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Figure 9. Schematic diagram of the final configuration of wax precipitation and density distribution
of wax molecules in all directions. (a) final simulated configuration and (b) wax molecular density in
X, Y and Z directions under different conditions [119].
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Figure 10. Configurations and self-diffusion coefficients of wax molecules from simulations with
the OPLS-AA and APPLE&P force field. (a) simulation configuration of wax molecules at different
temperatures based on OPLS-AA force field, (b) simulation configuration of wax molecules at
different temperatures based on APPLE&P force field and (c) temperature dependence of diffusion
coefficients of representative small molecules [120].

Figure 11. Schematic diagram of molecular dynamics characterization of precipitation behavior of
wax molecules [121].
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4.2. MD Simulation of Wax Deposition Behavior

In order to characterize the microscopic deposition behavior of wax crystals, MD simu-
lation techniques were incorporated. The processes related to the adsorption and deposition
of wax molecules on the hematite surface were studied earlier by San-Miguel et al. [122]. It
was found that the (0 0 1) surface of hematite was the surface that allowed the wax crystals
to grow in the most favorable direction when wax molecules were randomly distributed on
the hematite surface. The tendency for wax molecules to aggregate during the temperature
drop was also observed. With the increase in the number of added wax molecules, different
deposition layers were generated in the system, and the wax molecules had a clear trend of
forming crystals. Gan et al. [123] established an oil-wall model to reveal the deposition and
wall-sticking behavior of wax clusters in an oil system composed of a single C12 alkane
based on the COMPASS force field, and found that the nucleation clusters first adhered to
the wall to form a solidified oil layer. Then, wax molecules diffused to the deposition layer,
and oil molecules in the solidified oil layer diffused backward toward the oil flow. With
the increase in the adhesion and diffusion degree of clusters on the wall, the deposition
layer gradually aged and formed a gel deposition layer with high density and hardness. At
the same time, it is also found that the higher the surface free energy was, the better the
hydrophilicity of the wall was, and the higher the adhesion degree of nucleation clusters on
the wall was. In addition, the microscopic mechanism of the selective deposition process
was also revealed by analyzing the microscopic information such as deposition location,
binding conformation, and binding energy (Figure 12).

Figure 12. Schematic diagram of molecular dynamics characterization of wax molecules sticking on
wall process [123].

In recent studies, Li et al. [124] took the pipe wall composed of copper molecules
as the research object, and the waxy crude oil composed of oil molecules (dodecane),
wax molecules (octadecane) and water molecules was modelled by OPSL-AA force field
to simulate its deposition process on the pipe wall. It was found that at copper wall
temperatures of 283 K, 293 K, and 303 K, the wax crystals formed a mesh structure on
the copper wall, resulting in the gelation of waxy crude oil. The wax crystals tended
to be horizontally aligned near the wall and vertically aligned away from the wall. The
self-diffusion coefficient of wax molecules was smaller than the self-diffusion coefficient of
oil molecules, which weakened the diffusion ability of oil molecules when wax molecules
were present in the hydrocarbon system. The wax crystal formed a three-dimensional mesh
structure in two regions, which wrapped the oil molecules and hindered the movement of
oil molecules, thereby reducing the mobility of oil molecules and leading to the solidification
of the hydrocarbon system (Figure 13).
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Figure 13. Schematic diagram of molecular dynamics characterization of wax deposition behav-
ior [124].

5. Challenges and Prospects

It has been a common practice for a long time to reveal and characterize the wax
precipitation and deposition behavior mainly by modeling and experiment means, the
introduction of MD methods to deepen the description of phase transition and solid depo-
sition has become a novel tendency, and the general idea of investigating wax precipitation
and deposition behavior based on MD simulation has also been formed, the advantages and
disadvantages of wax precipitation and deposition behavior characterization methods are
shown in Figure 14. Nevertheless, in view of the characterization of wax precipitation and
deposition behavior of condensate oil system in the wellbore, the following issues still need
to be further addressed and investigated in terms of the improvement of predictive models,
validation of macroscopic experiments, and expansion of MD simulation applications.

(i) The above models can characterize the wax precipitation behavior of the condensate
oil system with better accuracy. However, the models to predict the wax precipitation
temperature and amount of the condensate oil may not give ideal results under
certain extreme temperature and pressure conditions, such as deep reservoir forming
environment at high temperature and high pressure.

(ii) There are few experimental studies on the multi-phase flow wax deposition, and
the experimental data obtained under different conditions are also scarce. It is also
difficult to obtain the relevant data of wax deposition in the wellbore during the
condensate oil production, which makes it difficult to provide sufficient data support
for modeling and verification of wax deposition in condensate oil.

(iii) Currently, the common experimental methods for characterizing wax deposition are
still the cold finger method and the flow loop method. Although these characterization
methods can be performed under the system with pressure, however, the maximum
temperature and pressure values of the experimental apparatus are limited, and
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the shear flow field cannot also be truly reflected. Hence, the experimental method
for characterizing the wax deposition behavior of condensate in the wellbore has
certain drawbacks.

(iv) At present, most of the proven condensate oil is buried in deep and ultra-deep forma-
tions, and it is difficult to directly understand the wax precipitation and deposition
behavior in the wellbore during development. Considering the safety and economy of
working under high temperature and high pressure, it is also difficult to conduct large-
scale experimental research in the laboratory. MD simulation technology is expected
to become a new means to characterize the wax precipitation and deposition behavior
of condensate oil in the wellbore, which can supplement and guide the predictive
models and experimental studies, help to analyze the microscopic properties, and
explain the macroscopic phenomena.

(v) Considering the parallel calculation and calculation speed, it is inevitable to make
appropriate simplifications to build the model, but the actual oil phase components
are diverse, and the models containing a single hydrocarbon component are not
conducive to the characterization of MD method to the microscopic behavior of wax
precipitation and deposition of condensate oil in wellbore.

(vi) During the condensate oil development, massive wax crystals are often precipitated
and adhere to the wellbore wall due to variations in oil phase composition and external
environment. Along with the existence of sand and scale, and the possibility of hydrate
formation, the wellbore blockage is increasingly becoming serious. Therefore, how to
effectively construct a method to characterize the coupled deposition behavior of wax
and asphaltene, sand, scale, and hydrate at the microscale is the direction for further
investigation and application of MD simulation in the future.

Figure 14. Analysis of wax precipitation and deposition behavior characterization means.

6. Conclusions

In the petroleum industry, wax precipitation and deposition are key challenges leading
to flow limitation, productivity decline, and pipe plugging. This paper reviews characteri-
zation methods of wax precipitation and deposition behavior, analyses the applicability
and limitations of wax precipitation prediction models, and argues that these models fall
short in describing the wax precipitation behavior of condensate under specific extreme
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external conditions. The research on wax deposition models of single-phase, two-phase and
multi-phase flow has been progressively progressed, whereas the complex phase transition
process of condensate oil in the wellbore makes the wax deposition behavior modeling
characterization difficult to be accurately applied. The advantages, disadvantages and
operational points of experimental characterization methods for wax precipitation and
deposition behavior are summarized, and it is concluded that DSC and laser scattering
methods are often used to characterize the wax precipitation behavior of condensate oil,
and cold finger and flow loop methods are often used to characterize the wax deposition
behavior. Furthermore, MD simulation is applied as an emerging method to characterize
wax precipitation and deposition trouble. The application of this technology bridges the
gap between modeling, experiment, and simulation, enriches the characterization methods
of wax precipitation and deposition, and promote the development of unconventional
hydrocarbon production and transportation technologies.
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