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Abstract

With the continuous development of the economy and the increasing demand for energy,
heavy oil with large remaining reserves has a broad development prospect. Due to the complex
composition and high viscosity of heavy oil, there are certain difficulties in its extraction and
transport, which is an urgent problem for the oil industry to solve. At present, the viscosity
reduction methods of heavy oil include physical viscosity reduction method and chemical
viscosity reduction method. Oil-soluble viscosity reducer is one of the chemical viscosity
reduction methods, which has attracted wide attention due to its features of easy operation, no
post-treatment and low cost. However, oil-soluble viscosity reducers are still in the
development stage, and people have not formed a systematic understanding of their viscosity
reduction mechanism at the molecular level. Facing the problem of high viscosity in heavy oil,
revealing the mechanism of oil-soluble viscosity reducers is of great significance to the design
and application of viscosity reducers.

In recent years, the molecular simulation method has been developed as an effective means
to study complex systems from the microscopic level, and the combination of molecular
dynamics and quantum mechanics simulation is expected to further reveal the viscosity-
reducing mechanism of oil-soluble viscosity-reducing agents. In this thesis, the viscosity-
reducing mechanism of oil-soluble viscosity-reducing agents is studied in depth by using
molecular dynamics simulation. Asphaltene is the component with the largest molecular weight
and polarity in heavy oil, which has an important influence on the viscosity of heavy oil. The
first chapter of the thesis firstly investigated the bonding state of different asphaltenes in heavy
oil and the contribution of asphaltene to the viscosity. Then, on this basis, the influence of
different asphaltene types in heavy oil on the viscosity reduction effect of oil-soluble viscosity
reducer was studied, and the structural and energetic changes of heavy oil containing different
asphaltene were investigated after viscosity reducer was added to the heavy oil, which revealed
the viscosity reduction mechanism of oil-soluble viscosity reducer on heavy oil with different
asphaltene. Finally, the influence of different functional monomers of oil-soluble viscosity

reducers on viscosity reduction of heavy oil was investigated in this thesis, and the influence of



different polar groups and carbon chain group lengths on viscosity reduction of heavy oil was
discussed and studied.

(1) Firstly, we simulated to study the state of asphaltene incorporation in heavy oil and the
degree of contribution of asphaltene presence to viscosity reduction of heavy oil. The results
show that the asphaltenes with larger aromatic cores are more tightly bound to each other and
form larger-sized nano-aggregates through more surface-to-surface stacking. Asphaltenes with
smaller aromatic cores have less surface-to-surface stacking and are more loosely packed, and
asphaltenes with more heteroatoms are also hydrogen bonded to form spatial networks.
Compared with the system without asphaltene, the viscosity of the system with asphaltene has
a significant increase, which indicates that the presence of asphaltene is one of the main reasons
for the high viscosity of heavy oil.

(2) Since asphaltene is an important component of the viscosity of heavy oil, we added the
oil-soluble viscosity reducer into heavy oil with different asphaltene to investigate the effect of
asphaltene type on the viscosity reduction effect of the oil-soluble viscosity reducer and the
viscosity reduction mechanism. In the system A-VRI1, where the asphaltenes are more highly
bonded and large-sized nano-aggregates are formed between the asphaltenes, the viscosity
reducer adsorbed on the asphaltene nano-aggregates and formed a shielding effect on them in
the heavy oil system, so as to achieve the effect of lowering the viscosity and increasing the
fluidity of the system, which is called the "encapsulation viscosity reduction". In the system B-
VRI1, which has a low degree of asphaltene bonding and a spatial network structure formed by
hydrogen bonding between asphaltenes, the viscosity reducer is uniformly adsorbed in the
spatial network structure of asphaltenes, which reduces the degree of asphaltene B bonding and
destroys the original network structure of asphaltenes. At the same time, the tail chain of the
viscosity reducer is embedded in colloid, aromatic hydrocarbon and saturated hydrocarbon,
which reduces the interaction between these components, thus achieving the purpose of
reducing viscosity and improving the fluidity of the system, which is called "dispersive
viscosity reduction".

(3) The effects of different polar groups and carbon chain group lengths of oil-soluble



viscosity reducers on viscosity reduction in heavy oil were further discussed. It is found that
the polarity group determines the components of the viscosity reducer interacting with heavy
oil, and the viscosity reducers with different polarity groups have different degrees of
adsorption and encapsulation on asphaltene, and have different main components and viscosity
reduction effects. The longer the carbon tail chain of the viscosity reducer, the greater the degree
of asphaltene A coating, the better the viscosity reduction effect.

In this thesis, we firstly verified that asphaltene is an important component of viscosity
reduction in heavy oil, and then we carried out a simulation study of oil-soluble viscosity
reducers added to different asphaltene heavy oils, and put forward two viscosity reduction
mechanisms, namely, "encapsulated viscosity reduction" and "dispersed viscosity reduction".
The effects of different functional monomers of the oil-soluble viscosity reducers on the
viscosity reduction effect and viscosity reduction mechanism were further discussed. This work
helps to further clarify the viscosity reduction mechanism of oil-soluble viscosity reducers and
provides theoretical support for their application and development.

Key words: Oil-soluble viscosity reducer; heavy oil; Simulated annealing; Molecular

dynamics simulation
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Table 1-3 Application of pour point and viscosity depressants at home and abroad
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JUER Sy, HArrgik 08 2-5.

-

U(r)=U,, 4 +U (2-5)

nonbonded

:/H\:E':‘r Ubonded %ﬁﬁﬁ%*ﬁﬁf’ﬁﬁﬁ%ﬁ‘é, Unonbonded %%E'E%*HE{/E)EH%%\%’ ﬁ%%ﬁ%
A A — R IR

U bonded U bonds + U + U dthedrals + U + U

improper
dthedrals

angles Urey—Bradley

= > Kyb-b)+ D K, (6-67)+ > Ky (S—S,)’

bonds angles Urey—Bradley (
2-6
+ Y K (@—9,)°+ > K, (1+cos(ng—5)) )
improper dthedrals

dthedrals

Hrr, X 2-6 B ARG EER S, BIREERS, AEMS, —mmiEH
e, R4k T MAIEH#, Urey-Bradley /& CHARMM HI74 A MERER, Ry =&
JRF 22 T8] B A 3R 5

qiq- min ij ii
U nonbonded u el +U vdw — Z — + Z gij [(r-J_)l2 - Z(rj_)s]

el 47[gogl’ij vdw j ij (2_7)
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HREL M 5B IER 2 EREES 3. Mikami 55 APERA T 70 73) 2007k,
T W SRR S S 3 S22 AT e . ABATT R BT 73 5 RE RS A8 T K 5 i S AR
HH IR, AT S 2 PRI 7K B T 5K 7, X A e ) 2L P A 2 P 2 7 A S i
Javanbakht 55 NP7 738 J3 584005395, WHIT 1 I 20 5SS A BRI Rl g b
RIS, €' TIE S SRR REBSME G REENU ST, Nl 4
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Figure 2-1 Temperature versus time curve during simulated annealing process
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WZESEBT Y S E R, R % 2 Pt A 54 0 A A Al . DR, 3 3ok P 1 T
e, THEEEREE, WX ©2-9)7k

o)

X, VR AARSLRB R, p AR REE, LANET 2 TAKE,

g |

¥ Y O & c /
P Iy A
S v
Sl o | BN ~
HE s ¢ s fhna. | B3
: SARBEY
7
Ay
% 5 <
2 o &

B BFED s aa ””i

== 2nz
ay(z) = Acos(l—-)
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Figure 2-2 Schematic diagram of shear force application

5

PR A B R B8 L, Rl GROMACS W E T gmx energy, A EL#EiT5H
B O R B RERL () BRI RO ASAL M 22, BRI EIE () ARG o mes ke
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MR ARG BT D) 9 169 BA mPa s SR 6 1 (.«

450

Viscosity at each shear acceleration amplitude
Linear fitting curve of viscosity
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Figure 2-3 Variation of viscosity with amplitude of shear acceleration
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Figure 3-1 Four-component molecular model of heavy oil
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Figure 3-2 (a) x-direction length of system A box during MD simulation (b) total energy of the four
systems during MD simulation (c) density of the four systems during MD simulation
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respectively, modelled by MD
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Figure 3-4 (a) (b) (¢) Radial distribution functions of asphaltene (aspA, aspB, aspC) and colloid (res)

in system A, system B and system C, respectively
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Figure 3-5 (a) Shear viscosity of the four systems (b) Average number of clusters of asphaltenes from

five simulations (c) Average solvent accessible area of asphaltenes from five simulations
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Figure 4-1 (a) heavy oil model and four-component molecular structure (b) Molecular structure of
oil-soluble viscosity reducer (c) Structural formula of oil-soluble viscosity reducer, with polar groups

in red and carbon chain groups in blue.
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Figure 4-4 (a) Equilibrium conformation of asphaltene A and viscosity reducer VR1 in system A after
MD simulation (b) Equilibrium conformation of asphaltene B and viscosity reducer VR1 in system B

after MD simulation
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Figure 4-8 (a) Changes in interaction energy of system A, system A-VR1 after the addition of oil-
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