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The physicochemical properties of heavy oils of Yaregskoe and Usinskoe deposits and the residues of at-
mospheric distillation of petroleum (fuel oil) recovered from them are presented. The group composition of oil and
the residues of its atmospheric distillation (fuel oil) is determined. When using X-ray fluorescence energy disper-
sive spectrometer, the content of metals in the products is determined. A conclusion is drawn about the distribu-
tion of metals in the initial oil and fuel oil. On the basis of rheological characteristics, the type of liquids is deter-
mined in accordance with Newton's law, as well as the presence of an anomaly in the viscosity of the studied me-
dia at different temperatures. The energy values of the thixotropy of heavy oils of Usinskoe and Yaregskoe
deposits, as well as the activation energy of the viscous flow of all media studied, are obtained. The phase transi-
tion of atmospheric residues at 60 °C is discovered. Dependences of the enthalpy and entropy of the viscous flow
of the studied hydrocarbon media are obtained with an increase in temperature from 10 to 140 °C. The depend-
ences of the oil molecules and atmospheric residues jumping frequency on viscosity are obtained for the first time.
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Introduction. A serious problem of the modern oil industry is the increase in the production of
heavy oil, which contains a significant amount of impurities (asphaltenes, sulfur, metals), as well as
the depth of its processing, since direct distillation of oil produces a heavier residue than light distil-
lates, which reduces the value of such hydrocarbon feed [2, 4].

The main problems in application of heavy oil arise due to its low mobility both in formation
conditions and on the surface. Its extraction and transportation to oil refineries are associated with
great technological difficulties and material costs.

For the correct selection of technological regimes of oil production, transportation and process-
ing, it is necessary to know not only the physicochemical properties of the liquid being studied, but
also its rheological properties. In connection with this, the necessary stage in the implementation of
a particular technological process is the carrying out of special rheological tests of these liquids,
which will allow to predict their rheological properties, and also to choose effective methods for
regulating these properties [6, 9].

Methodology and research methods. In order to compare the structural and mechanical proper-
ties of heavy oils, as well as identification of phase changes in oil and fuel oil residue, the object of
the study was the heavy oils of the Timano-Pechorskaya province (Usinsk and Yaregsky deposits), as
well as atmospheric residues obtained by direct distillation of these oils (Table 1).

The concentration of metals contained in the test samples was determined using an X-ray fluo-
rescence energy dispersive spectrometer Elipson 3 (Table 1). It has been found out that the metals
contained in the oil from Usinsk deposit almost completely turn into fuel oil residue, while for the
oil from Yaregskoe deposit only vanadium, iron and nickel are concentrated in the atmospheric
residue, and the aluminum and silicon content remains the same as in the original oil. On the basis
of this, it can be assumed, that the distribution of the latter to the light fractions of oil during its at-
mospheric separation. The rather high content of the abovementioned metals in heavy oils allows us
to consider these systems as an additional hydrocarbon source of raw materials for the recovery of
valuable metals.
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Table 1
Physical-chemical properties of heavy oils from Yaregskoe and Usinskoe deposits and their atmospheric residues (fuel oils)
Indicator Yaregskaya oil Ag?gi?:;ﬁ;?ﬁ?e Usinskaya oil Atgﬁs&zzz;zigue

Density at 20 °C, kg/m’ 939.8 964.0 900.0 954.0
°API 19 15 26 17
Kinematic viscosity, mm?/s:

40 °C 562.18 - 48.65 -

80 °C - 150.53 - 548.94
Pour point, °C -18 -10 28 14
Sulfur content, % by weight 1.232 1.251 0.971 1.490
Aluminum content, % by weight 0.0070 0.0070 0.0056 0.0075
Silicon content, % by weight 0.0070 0.0070 0.0063 0.0071
Vanadium content, % by weight 0.0160 0.0210 0.0092 0.0175
Iron content, % by weight 0.0047 0.0060 - 0.0024
Nickel content, % by weight 0.0047 0.0063 0.0046 0.0085
Diesel fraction content 220-330 °C, % 29 - 21 -
by weight
High boiling fraction (fuel oil) content, 71 - 70 -
boiling away at temperature above
330 °C, % by weight
Saturated hydrocarbons content, % by 16 15 22 20
weight
Linear paraffins content, % by weight 3.78 - 3.14 -
Aromatic hydrocarbons content, % by 40 38 21 24
weight
Tar content, % by weight 27 27 39 30
Asphaltenes content, % by weight 17 20 18 26

To study the influence of fractional and hydrocarbon composition of heavy oil before and after
rectification under atmospheric pressure on rheological properties, we have conducted the group
analysis of test samples using the following procedure (Table 1). A sample of oil (fuel oil) was
dissolved by a 40-fold volume of hexane, after that it was set aside to stand for 16 hours in a dark place
in order to precipitate the asphaltenes. After filtration, the obtained deasphalted product was separated
into saturated compounds, aromatic compounds and tarss using hexane, benzene and ethyl alcohol. It
has been discovered that for Yaregskaya oil the tar and asphaltene content in fuel oil increases as a result
of the separation of light fractions, while the content of saturated and aromatic compounds in it
decreases, whereas in the fuel oil of Usinsk deposit the content of aromatic hydrocarbons and
asphaltenes increases as a result of toppping of the light fractions.

Research results and their interpretation. As it is known [10], the formation of su-
pramolecular structures in oil dispersed systems with a significant content of resinous-
asphaltene substances (RAS) occurs on the basis of an asphaltene core, which is a layered pack-
like associates of polyaromatic structures and a solvate shell consisting of molecules of resin-
ous-oil components. With a gradual increase in the concentration of RAS in highly viscous oils,
sharp changes in their rheological properties can be observed, which corresponds to the critical
state of the system when the critical concentration is reached. In practical terms, oil in this state
loses fluidity, as a result of which the transportation processes of such hydrocarbons become
more complicated.

Creation of effective methods for regulating the rheological properties of heavy highly viscous
oils is impossible without studying the structural transformations and quantitative evaluation of in-
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When studying the dependence of the viscosity of heavy oils and atmospheric residues from the
temperature (Fig.1), a sharp decrease in viscosity was observed in a narrow temperature range (from 10
to 50 °C). It should be noted that there is a clear difference in the viscosity of the Yaregskoe and Usin-
skoe oil deposits at low temperatures, while the viscosity of fuel oil is similar in its indicators at tempera-
tures above 30 °C, which is a consequence of the concentration of RAS in atmospheric residues of the
Uinskaya and Yaregskaya oils, having a coagulation structure, resulting from direct distillation of oil un-
der atmospheric pressure and separation of its light fractions.

When studying the rheological characteristics of a liquid, an important property is thixotropy, i.e. the
ability of dispersed systems to reversibly liquefy under sufficiently intense mechanical action and solidify
when staying at rest. Thixotropic media are the media whose structure deforms at a constant shear rate,
which gradually leads to a decrease in the effective viscosity. Thixotropy is a reversible process, and after
the removal of the loads, the structure of the liquid is gradually restored [3, 8]. The thixotropy energy is
characterized by a hysteresis loop formed when the line of forward and return move does not coincide on
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the graph of the dependence of the shear rate on the shear stress. The area of the hysteresis loop, enclosed
within a single measurement cycle, characterizes the amount of mechanical energy necessary to destroy
thixotropic bonds per oil volume unit, so the larger the area of the «hysteresis loop», the more inclined
the oil is to formation of structures under given temperature conditions.

As a result of laboratory studies, characteristic hysteresis loops for the Yaregskoe and Usinskoye
oil deposits were obtained (Fig.2). The fact that the forward move does not repeat the line of the re-
turn move, indicates a thixotropic structure of the studied samples. In spite of the fact that both oils
have a coagulation structure, 245 times more energy is needed to destroy the thixotropic ties of
Yaregskaya oil than for Usinskaya one.

Thixotropic energy of heavy oils from Timano-Pechorkaya province:

Indicator Yaregskaya oil Usinskaya oil
The hysteresis loop area, Pa/s 320859.4 1307.76
Thixotropy energy, J/m’ 711.01-10* 2.91-10*

According to studies made by G.I.Fuks the decrease of viscosity with increase of shear rate
gradient contradicts the Newton’s law and is called viscosity anomality [3, 12].
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the potential energy, which is de-
termined by the interaction of a
given molecule with neighboring
ones. This interaction leads to
the establishment of short-range
ordering, and long-range order-
ing almost does not exist [12].
According to H.Eyring theory
the flow of liquids is accom-
plished by individual molecules
jumping to a neighboring place,
if it is free. These jumps always
occur in a liquid and in the ab-
sence of flow only under the ac-
tion of fluctuations in thermal
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stress in the liquid during its
flow makes it more likely that
the molecules jump in the direc-
tion of the acting voltage. The
probability of jumps is the
higher, the greater is the thermal
energy reserve in the system,
1.e. higher temperature, and the
weaker intermolecular interac-
tions [11].

The frequency of molecular
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lation
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n=nee™"", 4)

where 1 — dynamic viscosity; 1o — pre-exponent of dynamic viscosity.
Taking logarithm of formula (2), we have

E 1
Inn=Inn, +—=2—. 5
n Mo RT ®)

As the temperature is raised, the value of E, decreases, which leads to a gradual breakdown of
supramolecular structures. Thus, the determination of the activation energy as a function of tempera-
ture gives an idea of the structural changes that are taking place in the substance.

It is known that the activation energy is equal to the work that must be spent to move the parti-
cles of the liquid, and is related to the energy of intermolecular interaction [8]. We have made the
assumption that the free activation energy consists of two components:

AG = AG, +AG, , (6)

where AGy — free energy associated with the process of momentum transfer in a gas; AG, — the en-
ergy of hole formation in a liquid as a result of the displacement of structural elements.
According to the Frenkel-Eyring expression the change in viscosity is determined by the free
energy for activation of viscous flow AG, (5):
AG/RT _ ,AGy/RT ,AG,/RT _ . ,AG,/RT

n=e = =0 , (7)

AGy/RT

where 0, =€ — viscosity of a substance in a state of gas, Pa-s; according to Frost’s formula

o, =T(6,6—2251gM)-10°°, (8)

M — the average molecular mass of the substance at temperature 7.
The free activation energy of the viscous flow is determined by the Gibbs equation:

AG, = E, ~TAS, 9)

where AS — activation entropy of viscos flow, J/(mol-K).
From relations (5) and (7) it follows:

AS =(Inc, —Inn,)R. (10)
The enthalpy of activation of the viscous flow is determined from the relation (9):
AH =E,. (11)
The enthalpy and entropy energy
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components. Let us consider these av- | —— Yagerskaya oil B
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. : . a
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determined by low content of solid par- viscosity logarithm from reciprocal temperature
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affins in studied hydrocarbons, and values obtained for atmospheric residues of these oils are well ap-
proximated by two straight lines with an intersection point corresponding to 60 °C. On the basis
of the obtained results, it is possible to assume a change in the structure of the atmospheric resi-
dues at a given temperature, as well as the precipitation of solid paraffins, i.e. at 60 °C, a phase
transition of the media is observed. Thus, subsequent calculations for fuel oil should be carried
out for two sections separately — before and after the temperature of the phase transition. As a
result of the calculations, the activation energies of the viscous flow for oils and their fuel oils
were obtained (Table 2).

Table 2
The activation energy of viscous flow
Yaregskoe deposit Usinskoe deposit
Indicator
Oil Fuel 0il (20-60 °C) | Fuel oil (60-140 °C) Oil Fuel 0il (20-60 °C) | Fuel oil (60-140 °C)
Activation energy, 57.92 77.31 47.95 37.84 70.41 44.74
kJ/mol

It should be noted that the temperature of 60 °C corresponds to the melting point of n-alkane
Cy7Hse. It can be assumed that solid paraffins are concentrated in the high-boiling fraction of oil (fuel
oil) and when this temperature is reached, they plate out, forming a phase transition of the system.

The concept of «activation energy» was first introduced by Arrhenius, who tried to explain the
temperature dependence of the rate of chemical reactions. He put forward the idea of the existence
of active molecules that are in equilibrium with the original (inactive) molecules. The physical
meaning of the activation energy of a viscous flow corresponds to the energy of the transition of
liquid atoms from the initial (equilibrium) to the intermediate (activated) state, from which they
then transfer to a new equilibrium position [11].

To estimate structural transformations and intermolecular interaction in disperse systems, free
energy, enthalpy and entropy of viscous flow activation are more often used. The applied shear
stress T can cause the destruction of these structures and the reorientation of macromolecules, which
1s accompanied by a change in their conformations. These processes must have different effects on
the enthalpy and entropy of viscous flow activation, while the enthalpy of activation should reflect
the strength of the structure, and the activation entropy — the degree of its ordering.

The activation energy of the viscous flow of Yaregskaya oil is 1.5 times higher than the acti-
vation energy of Usinskaya oil (57.92 and 37.84, respectively) (Table 2), which suggests stronger
links of the structure in the Yaregskaya oil, when for atmospheric residues, this indicator is prac-
tically the same. Table 2 shows a sharp decrease in the activation energy of the viscous flow of
atmospheric residues after a phase transition (almost 1.5 times), which is a consequence of the
destruction of the oil structure and the decrease in the strength of the bonds as a result of heating.
The energy of activation of the viscous oil flow is much higher than the oil enthalpy, on the basis
of which it can be concluded that the bonds in the fuel oil harden to the phase transition tempera-
ture in comparison with the strength of the bonds in the original oils, which indicates the forma-
tion of a stronger structure in fuel oil as a result of atmospheric distillation and topping of its light
diesel fractions.

The dependence of enthalpy and entropy of viscous flow activation on temperature was deter-
mined from formulas (9), (10) (Fig.7). It should be noted that for oil, the obtained values have a lin-
ear form, while for fuel oils at the temperature of the phase transition significant changes occur. The
strength of the bonds of the studied systems decreases with increasing temperature, and the rate of
decrease in the strength of the Yaregskaya oil bonds is higher than that of the Usinskaya oil. For
atmospheric residues, the rate of decrease in bond strength decreases after heating above the phase
transition temperature.

The entropy, being a function of the thermodynamic probability of a system, is related to the mu-
tual arrangement of its elements, and changes in entropy reflect changes in the arrangement of these ele-
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of viscous flow activation is the difference
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ordering of the structure after the pre- Fig.7. Dependencies of free energy activation (a) and entropy activation
... . (b) of viscos flow of Yaregskaya and Usinskaya oils and atmospheric
cipitation of solid paraffins from the residues from temperature

system.

High values of the energy of activation of oil and their rapid decrease with increasing tempera-
ture [1] were explained by the fact that in order to achieve the activated state of the liquid in the vis-
cous flow, in addition to the work required for the formation of a "hole," it is necessary to expend
energy for breaking strong intermolecular bonds.

The change in the free activation energy and the entropy of the viscous flow activation with
temperature is associated with the flow mechanism itself, which is simultaneously occurring proc-
esses of destruction of the system structure and the orientation of macromolecules and elements of
the destroyed structures.

Based on the research results and formula (2), the dependence of jumping frequency on
viscosity for Yaregskoe and Usinskoye oil fields was determined:

J =15892 %% (12)

J =165392p70', (13)
and their atmospheric residues before and after the phase transition temperature, respectively:

J =4.4014+ 707" ; (14)
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J =28368pu7""; (15)
J =1680567""; (16)
J =348949 7" (17)

It is determined that the dependence has a power-law character, which is confirmed by the
correlation coefficients 0.9949; 0.9978; 0.9939 and 0.9964; 0.9901 and 0.9959, respectively.

Conclusions

1. Based on the rheological studies of the heavy oils from Yaregskoe and Usinskoye deposits
and the residues (fuel oils) recovered at atmospheric pressure, there have been determined the tem-
peratures at which the studied systems show an anomaly of viscosity and behave like non-
Newtonian fluids.

2. Based on the dependence of the shear stress rate, it has been determined that examined oils
have a thixotropy. The energy needed to destroy the thixotropic properties of Yaregskaya oil is 245
times more than the energy required to destroy the thixotropic properties of Usinskaya oil.

3. We have determined the presence of a phase transition of atmospheric residues of oils (fuel
oils) at 60 ° C, which may correspond to the precipitation of solid paraffins from the system.

4. On the basis of the obtained viscous flow activation energies of oils and their atmospheric
residues, it has been found that the activation energy of the Yaregskaya oil is 1.5 times higher than
that of the Usinskaya oil, while for the fuel oil these indicators practically coincide.

5. The linear dependence of the enthalpy and entropy of viscous flow activation on temperature
for the studied heavy oils of the Timano-Pechorskaya province has been found, while for oil resi-
dues at the phase transition temperature, the values of these parameters change drastically.

6. The strength of the bonds of the studied systems decreases with increasing temperature, and
the rate of decrease in the strength of the Yaregskaya oil bonds is higher than that of the Usinskaya
oil. For atmospheric residues, the rate of decrease in bond strength decreases after heating above the
temperature of the phase transition.

7. Based on the positive values of the entropy of studied systems, structural destruction has
been observed, which increases insignificantly with increasing temperature. The structure of the Us-
inskaya oil and resulting fuel oil is more ordered than the structure of Yaregskaya oil and its atmos-
pheric residue, respectively. The entropy of activation of viscous fuel oil flow after the phase transi-
tion temperature decreases, which is a consequence of the structure ordering after the precipitation
of solid paraffin from the system.

8. Dependences of the molecules jumping frequency on the viscosity of oils and their atmos-
pheric residues before and after the phase transition temperature, which have a power-law character,
have been determined.

9. The oils of Yaregskoe and Usinskoe deposits have different physical-chemical and struc-
tural-mechanical properties, while the atmospheric residues, which concentrate in themselves
resinous-asphaltene components, are practically similar in their properties and have similar en-
ergy values of enthalpy and entropy of viscous flow activation. Thus, it can be concluded that
the light fractions separated from the oils by direct atmospheric distillation cause them to differ
significantly due to the unequal content of solid paraffinic, aromatic hydrocarbons and resins in
them, and the high-boiling fractions of oil (fuel oil) — resins and asphaltenes.
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