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Abstract

The investigation on thermodynamic properties (density p, viscosity v) of heavy oil has been car-
ried out in the temperature range 298 - 363 K at pressure 0.098 MPa, and thermal expansion coef-
ficient a)p at pressures up to 49 MPa. The results of specific heat measurements of oil and oil prod-
ucts are presented at pressures up to 29 MPa and temperatures up to 613 K for heavy oil and
temperature range of 323 - 473 K at atmospheric pressure for oil products. Thermal effects occur-
ring during the processing of crude oil have been investigated. According to the obtained values of
thermal expansion coefficients, density of the oil has been calculated for pressures up to 49 MPa.
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1. Introduction

The current trend in the refining industry is the use of heavy crude oils. Because of the higher content of hete-
roatoms, metals and asphaltenes, as well as due to greater amount of non-separable hydrocarbons, it is more dif-
ficult to process this oil [1]-[3].

Against this background, the problems of rational use and processing of hard recoverable reserves, such as
highly-viscous oils and natural bitumen, become more urgent. These problems cannot be solved without the im-
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plementation of modern production technologies, such as steam-thermal (Cyclic Steam Stimulation—CSS [1],
Steam-Assisted Gravity Drainage—SAGD [4]), cold production (Cold Heavy-Qil Production with Sand—
CHOPS [5]), technologies based on the use of solvents and catalysts [6]-[8], as well as the implementation of
hydrocarbon refining technologies [9]-[27]. Nowadays one of the promising, environmentally friendly methods
for production and refining of highly-viscous oils and natural bitumen is the use of supercritical fluid (SCF)
technologies [28]-[30].

The problems of rational use and refining of scavenger heavy oil and natural bitumen cannot be solved with-
out the implementation of a wide range of modern extraction and processing technologies [4]-[30].

Highly viscous oil is a dispersed medium in which asphaltenes are dispersed into hydrocarbons with a lower
molecular weight. This entire medium is stabilized by poly-nuclear aromatic compounds and resins constituting
the solvate shell [31]. The dispersed medium is unstable. Under the influence of various factors (temperature,
pressure), the medium is a subject to various phase transformations including precipitation and dissolution [31]-
[33].

Phase behavior of heavy oils and bitumen is the necessary initial data for the development and design of
technological processes and activities associated with their production, transportation and processing of oil.
These materials, as well as many other fluids industry is interested in, are opaque to visible light and their phase
behavior cannot be studied using optical cells, and even X-ray Tomography [33]. Only the use of different me-
thods of analysis will allow identifying the characteristics of their phase behavior. Differential Scanning Calo-
rimetry (DSC) is a sensitive method for the detection and evaluation of phase transitions [34]-[39].

Thus, designing and optimization of oil refining technological processes require data on phase behavior and
thermal properties (density, viscosity and composition) of both oils/oil fractions and their mixtures with solvents.
There are many researches in this area, including investigations on phase equilibrium [37]-[42], compositions
and properties [42]-[52].

This investigation is a part of the big research [53], where heavy oil from Ashalchinskoye accumulation (Re-
public of Tatarstan, Russian Federation) has been selected as the object of the study, for which there are availa-
ble data on component and hydrocarbon compositions, and structural characteristics [43]-[48]. The aim of this
study is to obtain new data on composition and properties of the described heavy oil and its derivatives neces-
sary to analyze the influence of thermodynamic parameters on their phase state.

2. Experimental Part
2.1. Materials, Apparatus and Investigation Methods

The objects of the investigation are: highly viscous oil from Ashalchinskoye accumulation (Republic of Tatars-
tan, Russian Federation) and products of its refining: deasphaltizate, bitumen; asphalt. The deasphaltizate has
been gained from the heavy oil residue relating to refining process of highly viscous oil with the use of ther-
mal-steam method [23] and propane/butane deasphaltizing [24].

X-ray fluorescence analysis has been applied to determine the elemental composition. The measurements
have been carried out using energy-dispersive X-ray fluorescence spectrometer EDX-800HS2 produced by
“Shimadzu” (Japan) with the implementation of semi-quantitative method. Measurement conditions: Rh-anode
tube (50 watts); voltage: 50 kV, 15 kV; current: auto; medium-Helium; diameter measured: 10 mm; measuring
time: 100 seconds. Measurements of the samples have been carried out in the range of Ti-U (0.00 - 40.00 keV),
Na-Sc (0.00 - 4.40 keV).

The investigation on thermodynamic properties (density p, viscosity v) of the heavy oil has been held in the
temperature range of 298 - 363 K at pressure 0.098 MPa, whereas thermal expansion coefficient a; at pressures
up to 49 MPa. For the measurement of thermal expansion coefficient o, the experimental apparatus has been
used that implements the method of heat-conducting calorimeter [54]. Calculation formulas of the method and
the measurement procedure are described in details in [55]-[57]. Reliability of the experimental data on aj, is
confirmed by control (reference) measurements of chemically-pure substances such as hexane (n3’ = 1.3749;
P2 =659.1 kg'm ) [54], and butyl alcohol (nZ =1.3995; p? =809.5 kg-m™) [57] [58]. For the measure-
ment of isobaric heat capacity at pressures up to 50 MPa in the temperature range of 273 - 673 K the upgraded
scanning calorimeter ITS-400 has been used.

Density p at atmospheric pressure has been measured by glass pycnometer with the volume of 10 ml in ac-
cordance with GOST 7465-67 [59] [60], whereas at high-pressures the metal pycnometer has been used with the
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volume of 2.2 ml [57]. For the viscosity measurement there have been used capillary viscometers VPG-1 [61].
The refractive index n2’ has been determined by IRF-22 refractometer [62] [63]. Temperature control of pyk-
nometers and viscometers has been carried out by ultra-thermostat U-10 and electronic thermostat by Huber
with an accuracy of better than +0.02 K. Weighting was performed by scales brand VLA-200 and VLTE-150
with an accuracy of £0.0001 g and +0.001 g, respectively.

3. Results and Discussion

3.1. Elemental Composition of Oil-Products

On the basis of structural analysis (Table 1) and the measurements of density, refractive index and kinemat-
ic viscosity of the oil (Figure 1, Table 2), such molecular characteristics as molecular weight and similarity
criterion o have been calculated (Table 3).

The calculation of the molecular weight has been carried out using approximation equations [64]:

MW = 250-,/(Igv,, +0.8) (1)
lg (MW —60) = 0.39 + 2.52-( p2) @)
where v,, and p2°—values of kinematic viscosity and density at temperature t = 20°C. According to the

Table 1. The results of elemental analysis of the oil-product samples.

No. Sample name C, % H, % N, % Sand O, %
1 0il (sample No.1) 82.78 12.56 0.47 419
2 Deasphaltizate 83.87 12.78 0.42 2.93
3 Asphalt 83.53 9.75 0.91 5.81
4 Bitumen 83.72 12.06 0.61 3.61
Table 2. Smoothed-up data on density and viscosity of the oil samples.
Sample name sample No. Temp(igiture t, Dli;?:l)fap, Kinemzit’i((:: ;/tiscosity Avera\g,:e:;\ﬁ:ecular
1 20 953.1 417
Qoil 2 20 955.6 3102.5 467
3 20 963 2268 457
1 20 898 204.3
Synthetic crude oil 2 20 892 16.4 2331
(SCO) 3 20 935 39.9 324.4
4 20 919 131 268.5
20 955.6 3102.5
40 943.6 587.3
Qoil 2 60 931.6 168.8
80 919.6 65.3
90 913.6 44.2
Table 3. Molecular characteristics of the investigated oil-products.
Parameter Oil Deasphaltizate Asphalt Bitumen
Similarity criterion by Shaw [38] [65]-[67] &, mol-g* 0.1956 0.1706 0.1920
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characteristics, the oil samples correspond to a fraction of bituminous oil with average molecular weight of 465
g-mol . Viscosity index VI = 150 [68]. During the calculation of the similarity criterion the following formula
has been applied [65]-[67]:

o= 3)

where M; and wi—molecular weight (g-mol ) and weight percentage of a chemical element in the compound:;
n—number of elements in the compound.

The obtained data on molecular and structural characteristics have been implemented for the analysis of expe-
rimental data on heat capacity.

3.2. Heat Capacity

Control measurements of the apparatus have been carried out on two samples: stearic acid (chemically pure
grade) at atmospheric pressure and butyl alcohol at pressures up to 30 MPa [69] [70]. Deviations from [58] [71]
[72] for these substances do not exceed 2% - 3%. Confidence limits of the total measurement error of C, at P =
0.95 are less than 2%. Heat capacity behavior C, = f (P,T) of the oil-products are presented in Figures 1-6.
For the oil-product samples (Figure 1, Figure 4 and Figure 5) some common patterns can be noted, typical
for phase transitions. These changes relate primarily to the composition of oil-products [43]-[47]. Thus, accord-
ing to [45]-[48] data on hydrocarbon, structural-group and component analysis for a fraction of 350°C - 450°C,
which corresponds to the characteristics of the oil investigated, paraffin-naphthene compounds are represented
mainly by solid alkanes and naphthenic hydrocarbons with various numbers of rings, while the aromatic hydro-
carbons consist primarily of polycyclic naphthene-aromatic structures with short side chains. This is also con-
firmed by chromatograms from the results of [45]. Thus 350°C - 450°C oil fraction contains some n-alkanes
C26-C31, also a large number of high-molecular pentacyclic structures-hopanes C27-C35 is noted, where
adianthan C29 and hopane C30 have the highest concentrations. Thus, the presence of solid phase in the compo-
sition of the oil and its refinery-products causes a particular behavior of the heat capacity (Figure 1, Figure 4
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Figure 1. Comparison of the experimental and calculated heat capacity val-
ues of the oil (Sample No.1): 1—experiment; 2—calculation according to
[73]; 3—calculation according to [65]-[67]; 4—calculation according to [52].
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Figure 2. Heat capacity of the oil (sample No.2): 1—experi-
ment; 2—calculation according to [65]-[67].
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Figure 3. Heat capacity of deasphaltizate: 1—experiment;
2—calculation according to [65]-[67].
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Figure 4. Heat capacity of asphalt: 1—experiment; 2—cal-
culation according to [65]-[67].
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Figure 5. Heat capacity of bitumen: 1—experiment; 2—
calculation according to [65]-[67].
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Figure 6. Heat capacity of the oil (sample No.2) at various
pressures: 1—P = 0.098 MPa; 2—P = 9.8 MPa; 3—P = 19.6
MPa; 4—P = 29.4 MPa; 5-calculation according to [65]-[67].

and Figure 5). The temperature dependences include phase transition regions. For example there are two such
regions in Figure 1: the first (more evident) in the range of 350 - 420 K, the second (narrower) in the range of
~430 - 460 K. As for the asphalt (Figure 4) and bitumen (Figure 5) there are more than two such regions. Simi-
lar patterns have been observed previously for the samples of crude oil and bitumen [37]-[42]. Such behavior
according to [39] is explained by the presence of two phases of asphaltenes, one of which melts or vitrifies (en-
dothermic effect), and the other one dissolves in the first phase (exothermic effect). For example, in [39] the
discovery of 4 phases is noted.

Different methods of oil-products’ heat capacity calculation have been analyzed: group component method,
thermodynamic similarity method and empirical equations. All these methods have a common feature-they all
require data on composition, structure and properties to calculate the heat capacity. In many cases, especially for
multi-component compounds, such information is not available. According to the obtained data on elemental
and structural composition of oil-products the computational methods have been analyzed, which require a
minimum of information on the example of oil sample No.1. The results of calculations according to [52]
[65]-[67] [73] and their comparison are presented in Figure 1. This figure shows that the smallest deviations of
specific heat are calculated by methods of Shaw [65]-[67] and Filippov [73]. For the calculations by the method
of Shaw [65]-[67] the elemental composition data (Table 1) have been used, while for the calculations by the
method of Filippov [73]—the data on the content of saturated and aromatic hydrocarbons [43] [44] and molecu-
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lar weight (Table 2). The calculation method [52] gives much lower results (Figure 1), since it is not intended
for heavy oils and bitumen. Thus, the method of calculation in [65]-[67] allows estimating the heat capacity
values with the smallest error on the basis of minimal information. To analyze the phase behavior of oil there
has been used an approach based on the calculation of excess heat capacity, which represents the difference be-
tween the measured heat capacity and heat capacity of the solid phase [38] [65]-[67]. Elemental composition
data is used for the calculations. Based on the elemental analysis (Table 1), thermal capacities of solid phases
and the excess heat capacities have been calculated for the oil-products (Figure 7). This figure shows both en-
dothermic and exothermic effects. Similar dependences have been built for the oil (sample No.2), measured un-
der pressure (Figure 2 and Figure 8). As can be seen from these figures the pressure has no significant effect on
phase behavior.

As a result, it is found that the phase behavior is greatly influenced by temperature and composition of the oil.
Pressure has no significant effect on behavior of the specific heat of the oil.

3.3. Thermal Expansion Coefficient

Experimental apparatus [54] has been applied for the measurement of a, thermal expansion coefficient of the oil
(sample No.2) at temperatures T = 298 - 363 K and pressures up to 50 MPa with an accuracy of +2%. Results of
the measurements are presented in Figure 9.
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Figure 7. Excess heat capacity of the oil and oil-products: 1—oil
(sample No.1); 2—deasphaltizate; 3—asphalt; 4—bitumen.
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Figure 8. Excess heat capacity of the oil (sample No.2) at various
pressures: 1—P = 0.098 MPa; 2—P = 9.8 MPa; 3—P = 19.6 MPa;

4—P =29.4 MPa.
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Experimental data on o, = f (p,T), obtained in a wide range of state parameters, allow estimation of the
change patterns of «, depending on temperature and pressure.

At temperatures 298 K and 303 K with the increase of pressure up to 25 MPa qj, first increases and then de-
creases. As for the other isotherms throughout the whole range of pressures a gradual decrease in thermal ex-
pansion coefficient can be observed. It should be noted that at a pressure of 25 MPa an intersection of ¢, iso-
therms occurs. Such behavior has been already noted [54] for n-hexane, where the intersecting point is near 70
MPa.

The results of the thermal expansion coefficient measurements have been applied for the calculation of densi-
ty by using the following equation:

p(P,T):p(P,TR)exp}apdt 4)

where p(P,T) and p(P,T,)—density of oil at pressure P and temperatures T and T, kg'm3; Te—reference
temperature for the experiments, equal to 323 K. Density values p(P,T) and p(P,T;) are presented in Ta-
ble 4.
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Figure 9. Pressure dependence of the thermal expansion coefficient at various
temperatures T, K (continues lines-smoothed-out data, dots-experiment): 1—T =
298 K; 2—T =303 K; 3—T =323 K; 4—T =348 K; 5—T = 363 K.

Table 4. The results of the density measurements and calculation (kg:m™3).

Temperature T, K

Pressure P, MPa

298 303 323 348 363
0.098 9534 950.9 940.4 926.0 916.8
9.8 963.9 961.3 950.7 936.9 928.4
19.6 970.7 968 957.3 944.2 936.2
29.6 975.8 973.1 962.4 949.7 942.2
39.2 981.6 978.8 968.3 955.9 948.7
49 990.1 987.5 977.3 965.1 957.8
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4. Conclusions

On the basis of structural analysis (Table 1) and measurements of density, refraction, and kinematic viscosity
(Figure 1, Table 2) such molecular characteristics as molecular weight and similarity criterion of oil and oil
products have been calculated (Table 3).

It was found that characteristics of the oil samples corresponded to fractions of bitumen oil with an average
molecular weight of 465 g-mol . These fractions are characterized by a large number of high-molecular penta-
cyclic structures of C27-C35 composition. Adianthan C29 and Hopane C30 have the highest concentrations. The
presence of solids in the composition of oil and its products is confirmed by the behavior of specific heat (melt-
ing/glass and dissolution peaks) (Figure 1 and Figures 4-6). Analysis of different methods for calculation of oil
heat capacity (the method of group components, thermodynamic similarity and empirical equations) showed that
the smallest deviations of specific heat were obtained by the methods of Shaw [65]-[67] and Filippov [73]. Cal-
culation method [52] gives much lower results (Figure 1), since it is not intended for heavy oils and bitumen.
Thus, the calculation method [65]-[67] allows us to estimate the values of heat capacity with the smallest error
on the basis of minimal information. Analysis of phase behavior of the oil products, based on calculation of
excess heat capacity representing the difference between the measured heat capacity and heat capacity of the
solid phase [38] [65]-[67] has showed (Figure 7) the presence of areas with both endothermic and exothermic
effects. As it can be seen from these figures, pressure has no significant effect on the phase behavior.
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