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ABSTRACT: The micromechanism of waxy crude oil gelling is the interaction between wax crystals to form a certain intensity
flocculation structure, which significantly increases the cost of production and transmission. In this paper, rheo-optic in situ
measurement technology is applied to the rheological study of waxy crude oil for the first time and also to the rheological response of
typical waxy crude oil to thermal history, the micromechanism of shear-thinning, and the dynamic behavior of wax crystal. Through
the new experimental technique and analysis method, it is found that two types of wax crystals can be formed under certain thermal
historical conditions, which have opposite performances in microscopic morphology, mechanic properties, and flocculation
tendency, and the change of its proportion in crude oil is the root cause of the initial cooling temperature affecting the fluency of
waxed crude oil. It was found that the microscopic behavior of waxy crude oil with the increase of shear rate went through the
following whole process: the waxy crude oil system changes from static to dynamic, the wax crystal flocculation network undergoes
deformation, cracks, and ruptures, and wax crystal aggregates break, small aggregates orient along the flow field, and small aggregates
continues to deform and break. When the shear rate is below 5 s−1, the crack of the flocculation structure plays a leading role. It is
only after the shear rate exceeds 5 s−1 that the deformation of the wax crystal and its flocs begins to function. Furthermore, according
to the microscopic images of the wax crystals motion sequence, the micromorphology of different types of flocs and the dynamic
behaviors under shearing are systematically analyzed by dynamic micro-object capture technology.

1. INTRODUCTION

The rheological properties of crude oil refer to relationships
between flow and deformation under forces, which can change
considerably under different temperature and pressure
conditions.1 Research on crude oil rheological properties is
important for the determination of safety parameters and
operational adjustments during storage and transportation.2−4

In general, properties of crude oil, such as high wax appearance
temperature (WAT), high pour point, and high wax content,
can contribute to accidents that reduce oil transportation
efficiency and block pipelines. Therefore, heat treatment or the
addition of pour point depressants (PPDs) is generally used to
improve the rheological properties of crude oil, but high
production costs are a disadvantage.5−7 Consequently, the
study of waxy crude oil is very important to ensure the stable
and efficient supply of petroleum.8,9

Many studies show that the root causes of the deterioration
of the low-temperature rheological properties of waxy crude oil
are the crystallization and precipitation of wax and the gradual
formation of a three-dimensional network structure, which
result in the transition from a sol to a structural gel.10−12 Much
research has been conducted on waxy crude oil rheological
properties,13−17 wax crystal morphology,18,19 and mechanical
analysis20,21,27 and imaging experiments22−26 to study micro-
scopic and macroscopic aspects of the complex rheological
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properties of waxy crude oil and the mechanism of wax
crystallization.27−30 At present, useful results have been
achieved, but several key issues need to be addressed. (a)
Many scholars have published microimages of wax crystal
morphology. However, especially under specific conditions or
the action of PPDs, the development of wax crystal
morphology is complex, and its contribution to changes in
system fluidity is not completely clear.31−35 (b) An increasing
number of scholars have observed that, in addition to the
influence of wax crystal morphology, the interaction between
wax crystals is critical in determining macroscopic rheological
properties of oil.36−39 However, current research methods
cannot effectively explore these properties and mechanics
performance. (c) Scholars pay much attention to the
simultaneous measurement of waxy crude oil rheology and
microstructure. However, current research still uses two types
of instruments, rheometers and polarizing microscopes. The
differences between the two measurement environments and
experimental processes present a challenge to obtaining macro-

and microscale results. Simultaneous measurements of
rheological properties and in situ microscopic observations
can effectively overcome this problem. (d) At present, there is
no approach to investigate the mechanical properties and
transmission behavior of network structures formed by wax
crystals.
The dynamic response of network structures under external

forces directly determines the macromechanical behavior of
waxy crude oil. In particular, beyond the initial yield event,
waxy crude oil exhibits rheomalaxis behavior, in which
differential imposed deformation causes irreversible changes
in the structural state.40−42 However, the current macro-
imaging methods cannot strongly support this research. If it is
possible to explore the correlation between wax crystal
particles and network structures, then the results may further
explain the mechanism of the macromechanical properties of
waxy crude oil in terms of the complex dynamic response of
the network structure. Then, we can surpass the limitations of
conventional macro-image research and make discoveries by

Table 1. Basic Properties of the Crude Oil Sample

properties value experimental method equipment

density at 20 °C (kg/m3) 832.6 U-tube oscillation densimeter (4500M, Anton Paar)
pour point (°C) 21 ASTM D5853-11 crude oil freezing point and pour point tester (DSY-006B)
WAT (°C) 48 PLM polarized light microscopy (PLM) imaging system (Nikon LV100NPOL)
wax melting point (°C) 60.3 PLM polarized light microscopy imaging system (Nikon LV100NPOL)
wax content (wt %) 16.34 DSC DSC (differential scanning calorimetry) (TA-Q2000)
saturated hydrocarbon content (wt %) 65.8 SY/T 5119-2016 column separation
aromatic hydrocarbons content (wt %) 18.0
resins (wt %) 11.8
asphaltene content (wt %) 4.4
viscosity at 50 °C (mPa·s) 12.342 SY/T 0520-2008 MCR 702 (Anton Paar)

Figure 1. Schematic diagram of the in situ synchronous rheo-optic measurement system. Photograph courtesy Anton Paar. Copyright 2021.
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studying waxy crude oil rheological properties from a
microscopic point of view. This approach is commonly used
in particle matter mechanics to explore macromechanical
properties and micromechanisms of particle systems.43,44 To
solve the above problems, new experimental methods are
needed. Simultaneous in situ rheo-optic measurement
technology has been widely used in studies of suspensions
and blood to achieve important results. Therefore, by
obtaining micrometric performance parameters, microstruc-
tures, and dynamic behavior of complex systems, in situ rheo-
optic observation systems provide a new means for solving the
above problems. Therefore, for the first time, this paper
introduces simultaneous in situ rheo-optic measurement
technology for the rheological study of waxy crude oil. With
an improved light source, more comprehensive and accurate
observations of the morphology of wax crystals can be made in
situ and associated with macroscopic rheological properties.
In addition, simultaneous microscopic observations can

investigate changes in the microstructure and appearance of
wax crystals in crude oil under the action of shear and other
external forces and obtain the mechanical structural properties
of wax particles. The dynamic response of the wax crystal
network to external force can include deformation, crushing,
and recombination, and this dynamic response can be
associated with mechanical parameters obtained simultane-
ously. In this study, an MCR 702 modular rheometer (Anton
Parr) was used to measure macro- and microscale performance
of waxy crude oil, including the effect of initial cooling
temperature on viscoelasticity, the microscale mechanism of
shear thinning, the dynamic response of the structure of wax
crystal networks, and the dynamic behavior of wax particles.

2. EXPERIMENTAL SECTION

2.1. Experimental Materials. The experimental oil
sample was taken from the Hulunbuir Oilfield in China, a
typical waxy crude oil. Before the experiment, the oil sample is
divided into sealed reagent bottles and pretreated to eliminate
the influence of thermal history and shear history on the
physical properties of the oil sample, thereby improving the

repeatability and accuracy of subsequent experimental results.
Prior to experimental tests, the samples were placed in water
bath to be heated at 80 °C for 2 h. Then the samples were
naturally cooled to the room temperature and kept for at least
48 h. For the oil sample after pretreatment, its fundamental
physical and chemical properties were tested first, and the
results are shown in Table 1.

2.2. Experimental Instrument. The instrument used in
the experiment is an MCR 702 modular dual-drive rheometer
from Anton Paar Company. It is equipped with a polarized
light microscopy imaging system, which can simultaneously
observe the evolution of wax crystal morphology and dynamic
behavior in situ while applying shear to waxy crude oil for
rheological measurements. Figure 1 is a schematic diagram of
the partial structure of this measurement system.
The rheology measurement used a 43 mm diameter parallel

plate measurement system made of transparent quartz glass. A
motorhead drives the measuring rotor on the rheometer. A
microscope, light source, and regulator are integrated with the
lower part of the stage. When the rotor drives the oil sample to
flow, the light source illuminates the sample vertically from
below. At the same time, images or videos of the microscopic
morphology and dynamic behavior of the wax crystals in the oil
sample are collected by the microscope in real-time, and a
charged-coupled device (CCD) camera (Lumenera) performs
video and image collection. The microscope uses a 20×
magnification objective lens with a focal length of 30.9 mm and
a lens depth of 1.6 μm with optical compensation; it can
achieve a resolution of 0.7 μm. The field of view is 440 μm ×
330 μm. The microscope is equipped with a 150 W LED light
source that provides high-intensity light from one side. The
temperature control unit of the experimental system consists of
two parts, both of which use the Peltier temperature control
principle. The temperature can be changed according to an
established procedure. The temperature control range is −20
to +200 °C. In this paper, this experimental system is used to
simultaneously make in situ rheological measurements and
microscopic observations to study the microstructure evolution
and dynamic behavior of wax crystals in waxy crude oil.

Figure 2. Comparison of images obtained with the original light source (a, d), images obtained with the improved light source (b, e), and processed
images (c, f) (scale 50 μm).
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Although this experimental system has been used to achieve
good results for colloidal suspensions and emulsions,45,46 no
scholars have applied it to the study of waxy crude oil. This is
mainly due to the poor light transmission of waxy crude oil, the
insufficient reflection of light by wax crystals, and the limited
ability to observe wax crystals. Now, the light source of the
instrument is improved. In addition to using the light source
that comes with the instrument to irradiate the sample
vertically from below, a fixed LED light source is applied to the
upper part of the sample. By optimizing the adjustment of the
fixed LED, the two light sources are superimposed to obtain a
microscopic image of the wax crystals in different liquid layers
in the sample as well as the locations of wax crystals in a liquid
layer. This improves the accuracy of the morphological
observations of wax crystals and provides more information
about their morphological structure. In addition, to improve
the quality of the microimages, the auto level method is used
to remove haze,47 the linear processing of pixels improves
brightness and contrast, and the median filtering method
removes noise.48 Figure 2 shows two examples of images of
wax crystals taken before and after improving the light source
as well as the results of image processing.
The light source and image processing can improve the

veracity of the microimages and provide more accurate
information about wax crystal morphology. In particular,
under certain conditions, wax crystals formed in crude oil do
not strongly reflect light (Figure 2d), or some wax crystals in
the field of view reflect a very small amount of light (Figure
2a). With only the original light source, only a few wax crystals
with good reflective properties or only part of the structural
image with a strong wax crystal luminescence effect can be
observed. Improving the light source reveals more wax crystals
(Figure 2b), the actual number of wax crystals and a complete
picture of their characteristics (Figure 2b). Further optimiza-
tion of the image processing technology can improve the
recognition accuracy of the edge and structure of wax crystals
(Figure 2, parts c and f), which inevitably improves the
quantitative accuracy of the microscale features and parameters
of wax crystals.
2.3. Verification of Experimental Results. 2.3.1. Micro-

scopic Observations. Since this is the first time that this
measurement system is applied to the study of waxy crude oil,
it is necessary to evaluate the accuracy of the experimental
results. First, the morphology of wax crystals formed by cooling
the same oil sample is observed with a conventional polarizing
microscope (Nikon ECLIPSE LV100NPOL), and the image is
quantitatively analyzed. The observations with the conven-
tional microscope and rheo-optic instrument are compared in
Figure 3. The particle size distributions of the wax crystals were
quantitatively obtained with the two observation methods as
shown in Figure 3.
As seen from Figure 3, due to the different limitations of the

structure, light source, and observation field of view of the two
microscopes, there appear to be some differences in the wax
crystal morphologies observed with the two instruments. The
contrast between wax crystals and crude oil is more important
in conventional observation methods, and the contrast is
evident in the images. The difference between wax crystals and
crude oil is more obvious in the conventional observation
method. The contrast in the image is noticeable, the boundary
profile of the wax crystal observed by the rheo-optic
instrument is clearer, and the identification of the wax crystal
morphology is more accurate than in the images obtained with

the conventional microscope. However, the size distributions
obtained by the two instruments are the same, and the peak in
each particle size distribution is at approximately 3 μm. The
rheo-optic instrument identifies more small wax crystals and
fewer large wax crystals than does the conventional micro-
scope. This is related to the ability of the rheo-optic instrument
to recognize boundary contours of wax crystals with greater
accuracy that the conventional microscope. With the rheo-
optic instrument, it is less likely that two adjacent wax crystals
are recognized as a large wax crystal, and the apparent
proportion of tiny wax crystals is higher than that obtained
with the conventional microscope.

2.3.2. Rheological Results. Next, the viscosity of a standard
oil at constant 20 s−1 shear rate was measured using the rheo-
optic instrument, and the results were compared with the
standard value, as shown in Figure 4a. The rheological data are
stable and accurate, with a 13.1% relative deviation from the
standard value. However, unlike a standard oil, waxy crude oil
below the WAT temperature is a multiphase system with
nonlinear and random microstructure that makes it more
challenging to accurately measure its rheological properties.
The small amplitude oscillatory shear (SAOS) test was
conducted using the waxy crude oil in the plate−plate test
module and the rheo-optic module of the MCR 702 rheometer
under the same constant temperature conditions. The
relationship between the measured balance storage module
and the initial cooling temperature is shown in Figure 4b.
Although the relative deviation of the two measurements
increases from 13.9 to 19.52%, considering the complexity of
the structure of waxy crude oil and the same trend in both
measurement results, the rheo-optic results show the effect of
different experimental conditions on waxy crude oil rheological
properties. In addition, considering the advantages of
simultaneous in situ measurements, the above error does not
affect the effectiveness of the rheo-optic instrument for
studying the rheological properties and microscale mechanism
of waxy crude oil. Furthermore, so as to ensure the validity of
experimental results, the experiments under each condition
were repeated at least twice with the relative deviation falling in
15%. And then the average experimental results were used for
analysis and discussion.

Figure 3. Quantitative wax particle size distributions from different
observation methods
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3. RESULTS AND DISCUSSION

3.1. Effect of Initial Cooling Temperature on the

Viscoelastic Behavior and Gelation of Waxy Crude Oil.

Prior studies have reported on the effect of initial cooling
temperature on the rheological properties of waxy crude oil.
The effect is attributed to differences in the presence and
activity of asphalt at various heating temperatures, which

Figure 4. Verification of rheological measurements: (a) waxy oil and standard oil; (b) rheo-optic and plate−plate.

Figure 5. Microscopic and wax particle distributions results: (a) microscopic results of different methods; (b, c) wax particle distributions under
different initial cooling temperatures.
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influence the cooling and growth of wax crystals and changes
the appearance of wax crystals. Therefore, the mechanism of
the effect of initial cooling temperature can be understood in
terms of the microstructure and morphology of wax crystals
and, thus, the rheological properties of waxy crude oil.
However, there is no systematic understanding of the influence
of the initial cooling temperature on the details of changes in
morphology and the underlying mechanism of the effects on
rheological properties. Applying in situ rheo-optic measure-
ment technology, we can observe the changes in the
microstructure of wax crystals while obtaining viscoelastic
data for waxy crude oil. This makes it possible to obtain more
comprehensive and accurate microscopic information about
wax crystals and reveal the microscale mechanism and
fundamental mechanical properties of wax crystals that affect
the viscoelasticity of waxy crude oil at the initial cooling
temperature.
In this experiment, Hulunbel crude oil was used as an

experimental oil sample, and it was cooled from an initial
temperature of 70, 60, 50, or 40 °C to 20 °C, respectively. The
40 min SAOS test was then performed at constant temper-
ature. The obtained equilibrium storage modulus and
corresponding microimages are shown in the figure below.
Large amplitude oscillatory shear (LAOS) measurements were
used to obtain the yield stress, also shown in the figure. At the
same time, the polarizing microscope was used to observe the
microscopic morphology of wax crystals that formed after
cooling from different initial cooling temperatures; the results
are shown in Figure 5.
As seen from the microscopic images in Figure 5, there are

observable differences in the wax crystal structure formed by
the cooling process from different initial cooling temperatures.
With increasing initial cooling temperature, there is a trend in
the change of the wax crystal structure. When the initial
cooling temperature is 60 °C, many small wax crystals form,
and they do not strongly reflect light. These wax crystals are
closely arranged in crude oil and cover almost the entire field
of view. Compared with the observations in polarizing
microscopy, the results in rheo-optic measurement are more
conducive to identifying the small but dense wax particles
because of the enhanced light source. There is a larger number
of wax crystals distributed within a larger field of view.
According to the literature, the interaction forces between wax
crystals are mainly van der Waals. When wax crystals are closer
together, have larger surfaces areas, or have stronger attractive
interactions, it is easier to form a large-scale flocculated
structure. For this kind of wax crystal structure formed gelation
has the most viscoelastic property and highest yield value. In
contrast, the wax crystals formed by cooling from an initial
cooling temperature of 70 °C are larger with smaller surface
areas, and they reflect light more strongly. The wax crystals are
widely spaced and have weak attractions; as a result, the
gelation state waxy crude oil formed under 70 °C has the least
viscoelastic property and lowest yield value. The distribution of
wax grain size in Figure 5a also prove this point, as shown in
Figure 5, parts b and c. At the initial cooling temperature of 60
°C, the number and proportion of small wax crystals with a
particle size of less than 4 μm are much higher than those at 70
°C. The opposite trends are observed for larger particle sizes,
i.e., when the wax particle size exceeds 4 μm. Consequently,
the wax crystal structure differs fundamentally when it forms at
different initial cooling temperatures, which leads to a large
disparity in the viscoelasticity of the crude oil system. Wax

crystals formed at the initial temperature of 70 °C are referred
to as Type I, and the other wax crystals are referred to as Type
II. The viscosities of the gels formed by cooling from
temperatures of 40 and 50 °C are between those of the
above two cases. The lower the temperature is, the smaller the
modulus of the system. Although the yield value at initial
temperature of 40 °C is very close to that at 70 °C, it is the
lowest and has a deviation from the viscoelastic results. This
may caused by randomness and complexity of wax crystal
structure under SAOS test. In addition, Figure 5a shows that
the wax crystals formed at the initial cooling temperatures of
50 and 40 °C contain both Type I and Type II wax crystals.
With the initial cooling temperature is lower, the proportion of
Type I wax crystals is higher, and the proportion of Type II
wax crystals is lower, and the structure consists mainly of Type
II wax crystals with embedded Type I wax crystals. The wax
particle size distributions in Figure 5c also show that the
number and proportion of small wax crystals (especially those
with a diameter less than 2 μm) are fewer at 40 °C than in the
wax crystals generated by an initial cooling temperature of 50
°C, which is the opposite of the large wax crystals. In contrast,
the two microscale observation methods are similar in accuracy
and ability to recognize Type I wax crystals. However, for Type
II wax crystals, due to their specific structural and
morphological characteristics, their reflectivity is not as good
as that of Type I wax crystals. The new in situ rheo-optic
measurement method can better identify Type II wax crystals,
obtain more comprehensive information about wax crystals in
crude oil, and improve the accuracy of the description of the
wax crystal morphological structure in comparison to the
conventional microscopy method. In addition, Figure 5 further
illustrates that with the change in wax crystal structure, the
interactions between wax crystals and the flocculation
tendency also change. As a result, the viscoelasticity parameters
gradually decreases when the initial cooling temperature
decreases from 60 to 40 °C.
Thus, Type I wax crystals help to reduce the stickiness and

elasticity of the system, while Type II wax crystals increase the
system’s viscoelasticity. These two factors jointly determine the
system’s viscoelasticity performance. It is thought that this is
related to the role of asphalt in crude oil because of the
essential difference in the wax crystal structure formed at
different initial cooling temperatures. When the initial cooling
temperature is greater than 70 °C, not only do wax crystals
fully dissolve, but asphalt can fully disperse. Then, asphalt
interacts with wax crystals during the subsequent cooling
process, plays the role of a natural PPD and improves the wax
crystal structure, which promotes the formation of Type I wax
crystals in the system. However, although the wax crystals can
fully dissolve when the initial cooling temperature is 60 °C,
asphalt does not fully disperse and activate. Therefore, it
cannot improve wax crystal structure during the cooling
process, which results in the formation of Type II wax crystals.
Because all oil samples underwent a heat treatment process at
80 °C before the experimental procedure, the wax crystal
structure improved, and Type I wax crystals formed after
cooling. Under this premise, when the heating temperature is
lower, more Type I wax crystals remain in the system, and the
system is more fluid. This results in a larger proportion of Type
I than Type II wax crystals at an initial cooling temperature of
40 °C. Because the wax melting point of the experimental oil
sample is 60.3 °C, fewer Type I was crystals remain after
heating at temperatures closer to the wax melting point.
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However, the melting point is not high enough to fully activate
the asphalt, so Type II wax crystals form after cooling from the
initial temperature of 60 °C, i.e., in the vicinity of the melting
wax point.
3.2. In Situ Synchronized Rheo-optic Observations of

Non-Newtonain Fluid Behavior of Waxy Crude Oil.Waxy
crude oil is a non-Newtonain fluid below WAT, it has been
studied, analyzed, and attributed to the rupture of the network
structure of wax crystal flocculation and the arrangement of
wax crystals under shearing and the orientation of the flow
field. However, no direct observations have been made of
changes in the microstructure during the structure breakage of
waxy crude oil. The in situ rheo-optic measurement technology
used in this paper provides a new means for the study of this
problem and can identify the instantaneous dynamic response
of wax crystals and their network structures to applied shear
loads. The experimental procedures were as follows: a

pretreated sample of M1 crude oil was heating from room
temperature to different initial cooling temperatures (70 and
60 °C) and then cooled at a rate of 0.5 °C/min below the
temperature of the onset of non-Newtonian viscosity (30 °C).
After the sample was maintained at a constant temperature for
10 min, the thermostatic conditions were maintained while the
sample was tested at shear rates of 0.01, 0.5, 2, 5, 10, 20, 50,
and 100 s−1 in steps. Measurements lasted for 30 min at 0.01
and 0.5 s−1 each and 20 min at each of the other shear rates.
Accordingly, the deformation at different shear rates are 3.4 ×
103, 9.5 × 104, 3.4 × 105, 9.4 × 105, 2.1 × 106, 4.5 × 106, 1.1 ×
107 and 2.3 × 107%. Measurements lasted for 30 min at 0.01
and 0.5 s−1 each and 20 min at each of the other shear rates.
While obtaining the apparent viscosity and stress data of oil
samples, the microstructure changes in wax crystals were
observed in situ; the experimental results are as follows:

Figure 6. Simultaneous measurements of apparent viscosity, stress, and microstructure: (a) cooling from 70 and (b) 60 °C.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01251
ACS Omega 2022, 7, 17948−17962

17954

https://pubs.acs.org/doi/10.1021/acsomega.2c01251?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01251?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01251?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01251?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 6 shows that after the oil sample has undergone
shearing, its apparent viscosity, stress, and deformation and the
microstructure of the wax crystals have changed substantially.
From a macroscopic perspective, the apparent viscosity of
crude oil decreases greatly as the shear rate increases. From the
microscopic point of view, the wax crystal aggregation
structure changes with increasing shear rate, and its arrange-
ment transitions from disordered to ordered and is increasingly
aligned with the direction of the flow field. In terms of wax
crystal morphology, the aspect ratio increases to a certain
extent as the shear rate increases. Changes in the micro-
structure and morphology of wax crystals have effectively
reduced the resistance of their convective field and the
viscosity of the crude oil system. A closer comparison of the
results in parts a and b of Figure 6 shows that the viscosity
(186960 mPa·s) at the initial cooling temperature of 60 °C is
appreciably greater than that at the initial cooling temperature
of 70 °C (27184 mPa·s). With the increase in shear rate, the
apparent viscosity decline is more apparent. Combined with
the conclusions discussed in Section 3.1, these results show
that different types of wax crystals can form inside crude oil
with different initial cooling temperatures. These types of wax
crystals have various forms, structures, interactions, and
flocculation tendencies, which results in different adverse
effects on macroscopic flow. To quantitatively analyze the
relationship between the rheological of waxy crude oil and its
microstructure, threshold segmentation and quantitative
identification of wax crystals are carried out on the microscopic
image in Figure 6. Four parameters (the average angle between
the long axis direction of the wax crystal and the direction of
the shear flow δ, the average aspect ratio of wax crystals Ar, the
average roundness of wax crystals I, and the average particle
size of the wax crystal DP) are selected as quantitative
parameters of the microstructure and morphology character-
istics of the wax crystals. The parameters and the deformation
γ of the crude oil are presented in the same graph as a function
of shear rate. The results are shown in Figure 7.
The trends in the quantitative data in Figure 7 are basically

consistent with the conclusions of the above analysis. When
the shear rate increased from 0.01 to 100 s−1, the value of wax
crystal δ changed notably from 41.07° to 4.05° (initial cooling
temperature 70 °C) and from 40.52° to 2.9° (initial cooling
temperature 60 °C), indicating that the orientation of the wax
crystal flow field was greatly enhanced. The wax crystal DP

value increased from 3.3 to 13.2 μm (70 °C) and from 1.71 to
14.45 μm (60 °C); these changes were related to the full
extension of the wax crystal monomer structure under the
action of the flow field and the shearing and destruction of the
structure of the wax crystal aggregates or network. With
increasing DP, the value of wax crystal Ar increased with the
shear rate, from 2.05 to 8.76 (70 °C) and from 1.98 to 11.38
(60 °C). Correspondingly, the wax crystal I value gradually
decreased. Changes in the micromorphic forms of the wax
crystals reduced their cross-sectional area in the direction of
the flow field and the resistance of their convective field.
Although the microscale parameters of wax crystals changed
with increasing shear rate and contributed to the increasing in
crude oil deformation, the correlations between various
parameters and crude oil deformation differed. Using least-
squares fitting, the microscale parameters δ, Ar, and DP of wax
crystals were used to establish a quantitative model with the γ
and μ of crude oil. The results are shown in Table 2, and the
relative deviation of the fitted results from the actual results is
shown in Figure 8.

As seen in Table 3, the strongest correlation is obtained
between the wax crystal δ and the crude oil μ over the entire
shear rate range (R2 = 0.9555), followed by the correlation of
Ar with μ (R2 = 0.6703) and the correlation of DP with μ (R2 =
0.8112). In addition, the fitting deviation in Figure 8 shows
that the microscopic parameters of wax crystals have different
correlations with the crude oil viscosity in various shear rate
ranges. The dominant factors affecting the reduction in crude
oil viscosity at various shear rates differ. Although the
correlation between δ and μ is strong over the range of

Figure 7. Microscopic parameters of wax crystals and the apparent viscosity vs shear rate: (a) cooling from 70 and (b) 60 °C.

Table 2. Quantitative Model of the Microscopic Parameters
of Wax Crystals and the Deformation of Crude Oil

initial cooling
temperature

(°C)

microscopic
characteristic parameters

of wax crystals quantitative model R2

70 δ γ = 2 × 107e−0.129δ 0.9817
Ar γ = 49683e0.9635Ar 0.7593
DP γ = 28968e0.5959DP 0.8799

60 δ γ = 3 × 107e−0.14δ 0.6836
Ar γ = 165496e0.5129Ar 0.675
DP γ = 101326e0.5729DP 0.8195
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shear rates, the relative deviation of the fit is greater when the
shear rate is less than 5 s−1. The contribution of δ to the

decrease in μ in this range is not the most important factor,
especially when the initial cooling temperature is 60 °C.

Figure 8. Regression analysis results for microstructure and rheological parameters at initial cooling temperatures of 70 and 60 °C: (a, b) δ; (c, d)
Ar; (e, f) DP.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01251
ACS Omega 2022, 7, 17948−17962

17956

https://pubs.acs.org/doi/10.1021/acsomega.2c01251?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01251?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01251?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01251?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


However, when the shear rate exceeds 5 s−1, this correlation
increases sharply, and the relative deviation of fitting gradually
reduces to 2.09% (10 s−1), indicating that the orientation of

the wax crystal convection field has a major influence on the
rheological behavior only when the shear strength of the flow
field exceeds a certain limit. In contrast, the correlation
between the Ar and DP of wax crystals and the μ of crude oil
was greatly enhanced only after the shear rate exceeded 20 s−1,
and the relative deviation of their fitting decreased
considerably, from more than 50% to approximately 10%.
The changes in Ar and DP with shear rate show that the
micromorphology of wax crystals changes meaningfully only
when the shear rate increases to a certain extent and has a
considerable effect on the viscosity of crude oil. Combined
with the above results, it is apparent that in different shear rate
ranges, the dominant factors that determine the change in
crude oil viscosity are indeed distinct.

Table 3. Quantitative Model of the Microscopic Parameters
of Wax Crystals and the Viscosity of Crude Oil

initial cooling
temperature

(°C)

microscopic
characteristic parameters

of wax crystals quantitative model R2

70 δ μ = 53.017e0.0736δ 0.9555
Ar μ = 1261.9e−0.523Ar 0.6703
DP μ = 1764.4e−0.331DP 0.8112

60 δ μ = 42.212e0.1169δ 0.6613
Ar μ = 10430e−0.771Ar 0.9646
DP μ = 5265.2e−0.467DP 0.7573

Figure 9. Changes in wax crystal structure and movement for different shear rates while cooling from 60 to 30 °C.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01251
ACS Omega 2022, 7, 17948−17962

17957

https://pubs.acs.org/doi/10.1021/acsomega.2c01251?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01251?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01251?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01251?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In addition, comparing the results of parts a and b of Figure
8 shows that there are statistically significant differences in the
correlation results at different initial cooling temperatures. In
Figure 8, the correlation between the wax crystal δ and the
crude oil γ at the initial cooling temperature of 60 °C is much
weaker than that at 70 °C. When the shear rate is less than 5
s−1, the wax crystal δ fluctuates with increasing shear rate
(Figure 7b), indicating that the enhancement of the
orientation of the wax crystal flow field is not important, but
the increasing in the deformation of crude oil in this range is
more obvious at the initial cooling temperature of 60 °C.
When the shear rate exceeds 10 s−1, the orientation of the wax
crystal flow field begins to increase notably at the initial
temperature of 60 °C, and the correlation between the wax
crystal δ and the crude oil γ strengthens. In addition, when the
shear rate is less than 20 s−1, the correlations between the wax
crystal Ar and DP at the initial temperature of 60 °C and the
crude oil γ are much weaker than those at 70 °C. According to
previous research, cooling from an initial temperature of 60 °C
leads to the formation of Type II wax crystals, while cooling
from 70 °C produces Type I wax crystals. The changes in the
above microscopic parameters show that the destruction,
orientation, and morphological changes in various types of wax
crystal structures are different after shearing, and the effect on
the rheological properties of the system is also different. Thus,
more work was done to further explore the details of the
changes in the microstructure of wax crystals caused by
shearing, especially the dynamic response of wax crystal
aggregates or network structures under additional shear load.
The processes for changes in the microstructure of wax crystals
at shear rates of 0.5, 2, and 5 s−1 and different initial cooling
temperatures are visualized in the form of time series of
microimages. To better reflect changes in wax crystal shape
and structure, threshold segmentation of these images is
displayed in Figure 9.
3.3. Dynamic Response of the Structure of Wax

Crystal Networks under Shearing. In Figure 9, when the

oil sample is cooled from 60 to 30 °C, it contains Type II wax
crystals. Because wax crystals easily flocculate, a complete
network structure forms. When the shear rate increases to 0.5
s−1, the wax crystals in the field of view are still in the overall
network flocculation state, and the wax crystals arrange along
the flow field with the network structure. The large number of
wax crystals in the flocculation network, which are closely
spaced and undergo mutual interactions, shield the internal
wax crystals of the network from the external flow field, hinder
the orientation of the wax crystals along the flow field, increase
the flow resistance of liquid hydrocarbons, and elevate the
viscosity of the crude oil system. The corresponding sequence
of motion images shows that although the shear at 0.5 s−1 does
not destroy the wax crystal network structure, it causes some
deformation of the network structure, which is indicated by the
change in the shape of the blank area (without wax crystals) in
the figure. The overall deformation of the wax crystal
flocculation network structure changes the distances between
the wax crystals and alters the overall shape of the network to
reduce the resistance of the flow field, thus contributing to the
reduction in the viscosity of the system. However, because the
wax crystals are still bound in the flocculation network, the
flexibility of individual motion is lost, and as a result, the angles
between the long axes of the wax crystals and flow field are not
greatly reduced (Figure 7b), and the wax crystals are not
strongly oriented to the flow field.
As the shear rate increased from 0.5 to 2.0 s−1, although the

sequence of images shows that the flocculation network
remained unbroken under the enhanced shear force, the overall
deformation of the flocculation network was more significant,
resulting in a notable increase in the blank area in the field of
view. Because the deformation of the network structure
increases, the interaction between the wax crystals changes,
and the original stable connection weakens. The overall
structural strength of the wax crystal flocculation network is
reduced, and its overall shape changes by adapting to the flow

Figure 10. Sequences of images of wax crystal motion at different shear rates while cooling from 60 to 30 °C: internal 4 s under 0.5 s−1, internal 2 s
under 2.0 s−1, and internal 0.66 s under 5.0 s−1.
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field and reducing the flow resistance, thus reducing the
viscosity of the system.
When the shear rate is further increased to 5.0 s−1, the

structure of the wax crystal flocculation network breaks, the
large floc is gradually fractured into smaller flocs, and
monomer wax crystals are released from the flocculation
network. The released wax flocs and monomer particles begin
to flow in the flow field under the shearing action, their
separation increases, and their influence weakens, which greatly
reduces the flow resistance of wax crystals in the system and
further reduces the viscosity of the crude oil system. At the
same time, the wax crystals are less restricted and move more
freely, and they can better adapt to the flow field. It is also
possible that when this shear rate is reached, the angle between
the long axis and the flow field of the wax crystal in the field of
view begins to decrease notably (Figure 7b), and the
adaptability of the wax crystal motion convection field begins
to increase.
When the tendency of flocculation between wax crystals is

great and a strong flocculation network forms, the structural
response of the network to external forces is directly related to
the viscosity and other rheological parameters. A wax crystal
network structure is observed, and the dynamic behavior under
external force is observed by an in situ rheo-optic instrument,
which helps to reveal the microscale mechanism of waxy crude
oil rheological properties.
When the oil sample is reduced from the initial cooling

temperature of 70 to 30 °C, the system contains mainly Type I
wax crystals. The flocculation tendency of this kind of wax
crystal is minor, and stable network structure does not form.
Therefore, in this case, wax crystal do not respond to external
forces as a whole network structure, but as monomer particles,
and directly determines the macroscopic rheology of the
system. Therefore, the microstructure changes of the wax
crystals under shear rates of 0.5, 2, and 5 s−1 is visualized in the
form of a time series of microimages, as shown in Figure 10, for
cooling from 70 °C (Figure 6a).
3.4. Dynamic Behavior of Wax Particles under Shear.

As shown in Figure 10, when the oil sample is reduced from an
initial cooling temperature of 70 to 30 °C, the wax crystals in
the field of view do not form a flocculation network structure,
and there are only a certain number of aggregates. In general,
under these conditions, the wax crystal spacing is large, the
interactions are weak, the clusters are small, and the structure
is not strong. Because there is no wax flocculation network in
the system, there is no deformation and destruction of network
structure, resulting in a lower viscosity of crude oil than that at
the initial cooling temperature of 60 °C, and at higher shear
rates, the reduction in viscosity is smaller. To better illustrate
the dynamic behavior of wax crystal particles and analyze their
changes with shear rate, the next step was to select some

representative wax crystal particles and aggregates (identified
by the white border) in Figure 10, extract their microscale
morphology and positions at different moments, and show
them in Figure 11.
Figure 10 and 11 show that because there is no flocculation

network structure, wax crystals have more freedom; mainly
individual particles or clusters of wax crystals move in the flow
field. When a wax crystal moves along the flow field, it also
rotates within the microscale observation surface and spirals in
three-dimensional space. This motion is related to the irregular
shape of the wax crystals and their aggregates and it is caused
by the imbalance of flow field torque on different parts of a
crystal or an aggregate. Under shear at 0.5 s−1, the wax crystals
rotate and roll in the flow field, which increases the disturbance
and resistance of the wax crystal convection field. Under these
conditions, there is large-scale aggregate structure where the
wax crystals are more closely associated and their interactions
are strong, which resists shear without rupturing. As the shear
rate increases to 2 s−1, the number and size of wax crystal
aggregates decrease. This indicates that shearing gradually
destroys the wax crystal aggregate structure, which dissociates
into smaller aggregates or individual wax crystals. The
movement and orientation of these smaller aggregates and
individual particles are enhanced in the direction of the flow
field (Figure 7a), they undergo less rolling and rotating
motion, wax crystal convection field disturbance and resistance
are reduced, and the viscosity of the system decreases. When
the shear rate was 5 s−1, the number of wax crystal aggregates
was much smaller, there were individual wax crystals
throughout the oil, and wax particle orientation in the field
was further enhanced (Figure 7a). Because of the simple
structure of the individual wax crystals, the torque effect of the
flow field balances, and there is much less rolling and rotating
motion of the particles. In addition, the cross-sectional area of
wax crystals perpendicular to the flow field is much smaller, the
resistance of the convective field is smaller, and the viscosity of
the crude oil lower. At the same time, the wax crystal
morphology begins to be affected by the flow field and tends to
stretch under the force of the flow field, which increases the
aspect ratio (Figure 7a), thereby further reducing the
resistance of the flow field. In summary, when a flocculation
network structure does not form between wax crystals or after
network structure is destroyed, there are changes in the
structure, shape, aggregation and motion of wax crystals under
the shearing action of the flow field. The dynamic behavior of
wax crystal particles directly affects the flow of crude oil
systems and determines the macroscopic rheological perform-
ance of the system; rheo-optic measurement technology
provides a means of studying these physical phenomena.
The analysis of waxy crude oil microscale mechanism is of

great importance for further exploration of the gel structure

Figure 11. Images showing wax crystal motion at different shear rates: (a) 0.5 s−1, (b) 2.0 s−1, and (c) 5.0 s−1.
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and viscoelasticity of waxy crude oil. Combining the
experimental results for different initial cooling temperatures
and shear rates reported above, the dynamic behavior
evolution of waxy crude oil can be divided into stages, and
the dominant mechanism is unique in each stage. Because a
wax crystal flocculation network structure formed at the initial
temperature of 60 °C, the evolution process is more
representative and more complete. Therefore, taking the initial
temperature of 60 °C as an example, the wax crystals
microstructure and dynamic behavior evolution under shearing
is summarized in Table 4.
In general, the rheological properties of waxy crude oil is

closely related to the dynamic response of the wax network
flocculation structure, wax crystal aggregates and individual
wax crystal particles under the effect of flow field shear. As the
shear rate and deformation increasing, the viscosity of crude oil
decreases, and the wax crystals microstructure changes
continuously. Specifically, shearing first drives the waxy crude
oil system from a static to a dynamic state to overcome its
inertia, which reduces the system viscosity to the maximum
extent (see Figure 10 (0.5 s−1) and Figure 11a). Subsequently,
the flocculation network structure formed by wax crystals
gradually stretches and deforms under shear until cracks appear
and expand through the structure (see Figure 10 (2.0 s−1) and
Figure 11b). Furthermore, the broken wax crystal aggregates
and discrete monomer wax crystals orient along the flow field
and undergo a transition from a disorderly arrangement to an
orderly arrangement, and the aggregates may continue to break
apart, which reduces the viscosity of the system (see Figure 10
(5.0 s−1) and Figure 11c). Finally, discrete monomer wax
crystals or dense small aggregates undergo small deformations
under the action of the flow field, and changes in their
morphology reduce the resistance of the flow field. This is the
reason the system viscosity can decrease slightly when the
shear rate increases to an extent.

4. CONCLUSIONS

Two types of wax crystals (Type I and Type II) with different
mechanical properties were identified by in situ rheo-optic
measurement technology. Rheological properties of waxy crude
oil worsen with increasing proportion of Type II wax crystals.
With the enhancement of shearing, wax crystal flocculation
networks underwent deformation, then cracking and rupture,
and then finally broke into wax crystal aggregates and
individual wax crystals. During this process, the viscosity of
the system was greatly reduced and the deformation was
greatly. Waxy crude oil becomes a wax-gel and has a
rheomalaxis behavior. Individual wax crystal particles migrated
under shear, separated, and flowed along the field orientation.
Their arrangement changed from disordered to ordered, and
slight changes in morphology occurred under shear. The
direction and order of wax crystal motion are characterized by

the average angle between the long axes of the wax crystals and
the direction of shear flow, δ. The microscale morphology of
wax crystals is characterized by the wax crystal average aspect
ratio, Ar, the average roundness of the wax crystal, I, and the
average particle size of the wax crystal, DP. Data for these
characteristic parameters changed with shear rate. A model of
the in situ rheological data was established. The mechanism of
the macro-scale rheological properties of the system was
further analyzed with correlation coefficients over a range of
shear rates, and the microscale mechanism of waxy crude oil
rheology was summarized.
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Table 4. Wax Crystals Microstructure and Dynamic Behavior Evolution under Shearing

stage
shear rate
range microstructure and dynamic behavior evolution

I 0.01−0.5 s−1 waxy crude oil system changes from static to dynamic, overcoming inertial effects.
II 0.5−5 s−1 wax crystal flocculation network undergoes deformation, cracks, ruptures, breaks into wax crystal aggregates and individual wax crystals, and

wax crystal aggregates break.
III 5−20 s−1 wax crystal aggregation structure continues to break, the discrete monomer wax crystals or small aggregates orient along the flow field, and

the wax crystal arrangement changes from disordered to ordered.
IV 20−100 s−1 orientation of wax crystal movement along the flow field continues to increase, and the wax crystal morphology changes to be more suitable

for the flow field.
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