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crude oils. This work targets two deep artesian wells (N5000m) that are producing heavy crude oil. The impacts
of well conditions including temperature, pressure and shear rate, on the crude oil rheology were comprehen-
sively investigated and correlated using several empirical rheological models. The experimental data indicate
that this heavy oil is very sensitive to temperature as result of microstructure change caused by hydrogen bond-
ing. The rheological behavior of the heavy oil is also significantly impacted by the imposed pressure, i.e., the vis-
cosity flow activation energy (Eμ) gently increaseswith the increasing pressure. The viscosity–shear rate data are
well fitted to the power law model at low temperature. However, due to the transition of fluid feature at high
temperature (Newtonian fluid), the measured viscosity was found to slightly deviate from the fitting data. Com-
bining the evaluated correlations, the viscosity profile of the heavy crude oil in these two deep artesian wells as a
function of well depth was predicted using the oilfield producing data.
© 2016 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction

With the ever-increasing demand for energy and depletion of easy-
to-produced light oil, heavy oil resources contribute to the crude oil sup-
plement in the current energy market [1]. Heavy oils are characterized
by high content of heavy compounds, boiling point, and molecular
weight in comparisonwith conventional light oils. Heavy oils are gener-
ally composed of four fractions including saturate, aromatic, resin, and
alphaltene [2,3]. As a result of high aromatic fraction as well as hetero-
atoms (nitrogen, sulfur, oxygen) and tracemetals, heavy oils are usually
very viscous ranging from 100 to 10000 mPa·s as defined by the world
Petroleum Congress [4–6]. In terms of production, heavy oil can be
effectively recovered by thermal, chemical and miscible methods with
exception of some unsuccessful waterflooding as reported [7]. Under
reservoir conditions, heavy oils are normally flowable in the formations.
However, their flowability will be dramatically changed as temperature
and pressure drop during lifting in the production wells. Unfortunately,
this uncertain issue renders the heavy oils problematic on the transport-
ability and even makes production wells blocked. Therefore, prior to
proposing effective solutions, the accurate prediction of the heavy oil
rheology during lifting impacted by temperature and pressure is very
desirable.
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In the last several decades, numerous empirical models have been
established to describe the rheological behavior of crude oils [8–13]. For
example, Barus realized that the viscosity of bitumen samples increased
exponentially with pressure and thus presented the Barus equation [14].
Martin et al. used free volume theory to correlate temperature, pressure,
and viscosity for heavy petroleum fractions [15,16]. They observed that
under 40 MPa, bitumen still showed noticeable temperature-dependent
behavior and the viscosity reduction rate reached up to 95% from 50 °C
to 165 °C. Hasan et al. studied several factors as shear rate, temperature
and light oil concentration on the viscous behavior of heavy oil during
transportation. It was found that the heavy oil yielded at the shear stress
of 0.7 Pa, light oil blending appeared to be the most appropriate way to
improve the mobility of heavy oils [17]. Mehrotra and Svrcek reported
the viscosity data of Athabasca bitumen at the temperature ranging
from 43 to 120 °C and pressure up to 10 MPa. They found that the com-
pression of bitumen resulted in a considerable increase in the viscosity
but only a slight change in density [18]. Puttagunta et al. proposed a
three parameter empirical model to study the relationship among pres-
sure, temperature and viscosity of a Canadian bitumen and heavy oil.
Thismodel offered great accuracywith an absolute deviation of 4.79% [19].

The rheology of crude oils presents various characteristics during
lifting in productionwells due to thewell condition variation. As temper-
ature and pressure drop in the lifting process, the flow ability of the crude
oils would be significantly influenced and thus leads to reduction in the
oil flow rate particularly for heavy crude oils. What is worse, the low
shear rate generated by the slowed flowing makes the oil more viscous
due to the non-Newtonian property of heavy oils. Therefore, considering
ustry Press. All rights reserved.
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the combining effect of temperature, pressure and shear rate results in the
difficulty in characterizing the rheological properties of heavy crude oils.
The primary objective of this paper was to predict the viscosity profile
of a heavy crude oil during lifting in two deep artesian wells. To accom-
plish the research objective, the rheological properties of the heavy
crude oil were comprehensively investigated. Subsequently, the experi-
mental data were theoretically analyzed using several empirical correla-
tions to study the effect of well conditions such as temperature,
pressure and shear rate on the rheology of this heavy oil [20]. At the
end of this paper, the viscosity of the heavy crude oil as a function of
well depth was estimated using the oilfield producing data.

2. Experimental

2.1. Materials

The heavy crude oil was kindly provided by Sinopec Northwest Co.,
China. According to ASTM D3279, the SARA (Saturate, Aromatic, Resin
and Alphaltene) composition of this heavy oil was listed in Table 1. Be-
fore subjected to analysis, the heavy crude oil was degassed, and the
sample was vigorously shaken to ensure homogeneity. The homoge-
nous sample was then loaded to a funnel for gravity settling for at
least one day, later water and sediment were removed.
Table 1
The SARA fractions of the heavy oil

Sample Saturate/wt% Aromatic/wt% Resin/wt% Asphaltene/wt%

Heavy oil 40.11 21.94 22.5 15.45

Temperature /°C

Fig. 2. Viscosity of the heavy oil at atmosphere pressure versus temperature.
2.2. Rheological measurements

The rheological measurementswere carried out using anAnton Paar
MCR 302 Rheometer stress-controlled rheometer shown as Fig. 1.
A high-pressure cell was equipped with the rheometer. The type of
the pressure cell was CC26/PR1000. The material was titanium and
measuring system was concentric cylinder. The maximum pressure
was 100 MPa. This system was heated by electrical heating system
and the temperature range was from room temperature to 300 °C.
A manual pump was used to pump the oil sample into the pressure
cell. Shear test was conducted in a stress-control mode, the tangential
stress was imposed and the shear rate was measured to calculate the
viscosity. The experimental conditions are as follows, temperature:
30–100 °C; pressure: 0–50 MPa; shear rate: 1–1000 s−1. All experi-
ments were performed three times to demonstrate the reproducibility.
Fig. 1. The pressure cell rheometer system.
3. Results and Discussion

3.1. Temperature effect

In this section, the effect of temperature on the rheology of the heavy
crude oilwas studied. Fig. 2 plots the shear viscosity of this heavy oil as a
function of temperature at atmosphere pressure. Fig. 3 plots the shear
viscosity of the pressurized heavy oil as a function of temperature.
Fig. 3. Viscosity of the pressurized heavy oil versus temperature.
As shown in Fig. 2, this heavy oil exhibits a linear dependence on
temperature, i.e., as the temperature increases, the viscosity significant-
ly decreases. Compared to 1710mPa·s at 35 °C, the oil viscosity dropped
to 62 mPa·s at 100 °C. A similar temperature-dependent behavior was
also observed after the heavy oil was pressurized as depicted in Fig. 2.
In recent years, the free volume theory has achieved highly attention.
For macromolecule material, there were two compositions of volume:
the volume of molecule and the volume of space. The volume of space
was the free volume. The free volume theory was able to describe the
viscosity of oil product and thus in this paper, this theory was used to
explain the relationship of viscosity and pressure of heavy oil. As can
be seen, the rheological properties of the heavy oil were considerably
influenced by the imposed pressure, which probably resulted from the
free volume compressing among oil molecules. Furthermore, after the
system temperature was elevated up to 100 °C, the viscosities of the
pressurized heavy oil almost decreased into same range as indicated
in Fig. 3. That result can be interpreted as the oil molecules would



Table 2
Viscosity flow activation energy of the heavy oil

Pressure/MPa Temperature/°C Viscosity flow activation energy/kJ·mol−1

10 35–100 44.8
20 35–100 46.9
30 35–100 48.1
40 35–100 50.4
50 35–100 50.9
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becomemore andmore active due to the BrownianMotion as a result of
the increasing temperature, therefore, the external forces such as shear
stress and/or pressure were offset by the internal forces, which subse-
quently resulted in a similar viscosity range at high temperature.

The oil viscosity change as a function of temperature can be simply
described by the Arrhenius law as given in Eqs. (1) or (2):

μ ¼ Ae
Eμ =RT ð1Þ

ln μð Þ ¼ lnAþ Eμ=RT ð2Þ

where μ is the viscosity, A is the Arrhenius constant, Eμ is the viscosity
flow activation energy, R is the gas constant and T is the thermodynamic
temperature.

The dependence of viscosity on temperature at the elevating
pressure is show in Fig. 4 in terms of ln(μ) as a function of inverse
temperature. Data present a linear trend and can be fitted with the
Arrhenius law at low temperature. Nevertheless, at high temperature,
small deviationswere indeed observed on the fitting curves particularly
at high pressures. Based on the Arrhenius law, the viscosity flow activa-
tion energy (Eμ) of the heavy oil as a function of pressure was calculated
and tabulated in Table 2 [21]. Within the evaluated temperature range,
the flow activation energy of the crude oil increased with the pressure.
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The compression of the free volume induced by the pressure causes
stronger intermolecular forces, which is synonymous with higher
viscosity. In this case,more energy is required to overcome the frictional
force between the oil molecules. Moreover, as the pressure increases,
resin and asphaltene aggregation would take place, which also caused
the increasing of the viscosity flow activation energy.

3.2. Pressure effect

As mentioned above, the free volume of oil molecules would be
compressed under the increasing pressure, which would lead oil vis-
cosity to rise. In this part, the oil viscosity versus pressure curves were
plotted and theoretically investigated by Barus model as given in
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Eqs. (3) and (4), which is a typical empirical correlation to quantitative-
ly analyze the pressure-dependent behavior of non-Newtonian fluids:

μ ¼ μo e
aP ð3Þ

or

ln μð Þ ¼ ln μoð Þ þ aP ð4Þ
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Fig. 5. ln(μ) of the heavy oil at differe
where μ is the viscosity at specific pressure, μo is the viscosity at atmo-
sphere pressure, a is the pressure–viscosity coefficient and P is the
pressure.

Fig. 5 illustrates the performance of oil viscosity as a function of pres-
sure at the temperature ranging from 40 to 100 °C. As shown in Figs. 2
and 3, the samples presented were non-Newtonian characteristic. It
was observed that the logarithmic values of the heavy oil viscosity
increased almost linearly with pressure as discussed before, and the
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Table 3
Comparison of measured and fitted viscosity using Barus model

Temperature/°C Fitting 10 MPa 20 MPa 30 MPa 40 MPa 50 MPa

40 Measured 1370.25 1870.65 2410.12 2870.68 3570.17
Fitted 1494.85 1859.73 2315.23 2882.82 3558.91
Relative
error/%

−8.662 0.541 3.999 −0.443 −0.529

50 Measured 761.12 1105.78 1335.92 1561.37 2020.45
Fitted 825.78 1033.29 1292.76 1617.50 2023.81
Relative
error/%

−8.153 6.725 3.228 −3.538 −0.166

60 Measured 420.76 649.71 698.41 946.98 1148.41
Fitted 492.18 605.62 745.20 916.95 1128.29
Relative
error/%

−15.858 −15.858 −15.858 −15.858 −15.858

70 Measured 308.73 382.24 423.19 479.82 746.32
Fitted 327.21 386.53 456.60 539.37 637.15
Relative
error/%

−6.056 −1.188 −7.657 −11.888 15.791

80 Measured 122.63 239.17 279.47 327.79 422.61
Fitted 145.87 193.46 256.56 340.24 451.23
Relative
error/%

−17.879 21.132 8.374 −3.985 −6.713

90 Measured 102.53 138.74 208.82 227.29 256.35
Fitted 110.05 139.22 176.12 222.80 281.85
Relative
error/%

−7.601 −0.881 16.64 1.874 −9.611

100 Measured 62.11 105.58 171.39 290.21 347.53
Fitted 77.96 114.69 168.72 248.21 365.11
Relative
error/%

−22.919 −8.84 1.327 15.546 −5.113

Fig. 6. Viscosity of the heav
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viscous data were fitted to the Barus model quite well. The summary of
the data is listed in Table 3. Due to the accurate fitting, Barus model was
used to predict the rheological properties of the heavy oil under high
pressure condition.

3.3. Shear rate effect

The shear-thinning behavior, which is a typical character of non-
Newtonian fluids, refers to the fluid viscosity reduction with the shear
rate increasing [22,23]. When heavy oils are transported in production
wells, this unique property may lead frequent viscosity variation result
from the instable flow rate. Therefore, it is extremely important to study
the shear rate-dependent behavior of the oil viscosity under the effect of
temperature and pressure. In this section, the oil viscosity was deter-
mined at the shear rate ranging from 1 to 1000 s−1 with the tempera-
ture varying from 35 to 80 °C and pressure from 10 to 50 MPa. The
results are shown in Fig. 6.

As depicted in Fig. 6, the shear-thinning behavior of the heavy oil
was very pronouncing at 35 °C. As the shear rate increased to 200 s−1,
the shear viscosity of the heavy oil was reduced up to 79%, 72% and
62% at 10 MPa, 30 MPa and 50 MPa, respectively. Nevertheless, it
appears that this behavior is prone to be less significant with tempera-
ture increasing evidenced by two indexes, shear-thinning range and vis-
cosity reduction rate. For instance, at 50 °C, the shear-thinning behavior
was only observed below the shear rate of 80 s−1, and accordingly the
oil viscosity was reduced 59%, 57% and 56% at 10 MPa, 30 MPa and
50 MPa. With the temperature further increasing up to 65 and 80 °C,
y oil versus shear rate.



Table 5
The fitting parameters at different pressures and temperatures

Pressure/MPa Temperature/°C Fitted equation Viscosity
coefficient

Rheological
behavior
index

10 35 μ = 4803.2γ−0.3205 4803.24 0.6795
50 μ = 2301.47γ−0.23147 2301.37 0.7685
65 μ = 695.604γ−0.0932 695.60 0.9068
80 μ = 622.722γ−0.5213 622.72 0.4787

30 35 μ = 8545.414γ−0.3547 8545.41 0.6453
50 μ = 2690.55γ−0.2316 2690.55 0.7684
65 μ = 727.868γ−0.0906 727.86 0.9094
80 μ = 1177.732γ−0.6832 1177.73 0.3168

50 35 μ = 10,271.003γ−0.32112 10,271.00 0.6788
50 μ = 3985.87γ−0.28475 3985.87 0.7152
65 μ = 1781.89γ−0.2004 1781.89 0.7996
80 μ = 882.413γ−0.56035 882.413 0.4396
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the shear-thinning behavior of the heavy oil only noticed with in quite
narrow shear rate range, suggesting the insensitivity of oil viscosity to
shear.

The power law model was the most extensively used correlation
applied to describe the shear-thinning behavior for non-Newtonian
fluids from intermediate to high shear rate [24]. The expression is
shown as follows:

μ ¼ kγn−1 ð5Þ

where μ is the viscosity, k is the viscosity coefficient, γ is the shear rate
and n is the rheological behavior index. Tables 4 and 5 were presented
to list the fitting parameters using power law model. The data prove
that the rheology of the heavy oil was remarked impacted by tempera-
ture. As listed in Table 4, the relative error of the fitted and measured
value of the oil viscosity was quite small at 35 °C and 50 °C, revealing
the non-Newtonian characteristics of the heavy oil at low temperature.
On the contrary, as the temperature rising up, the resin and precipitated
asphaltene are prone to disperse forming a kind of dispersed colloidal
system, which corresponds to the Newtonian behavior.

3.4. Viscosity prediction in the production wells

Based on the above investigations, the viscosity of the heavy oil in
the artesian wells as a function of well depth was tentatively estimated
using oilfield producing data. Two representative production wells, Q5
and Q3-1 in the oilfield, were selected for the estimation under the
real well conditions. Since the insufficient data in production history,
the shear rate variation with well depth is not able to be determined
so far. Therefore, the variables of pressure and temperature were only
considered in the current estimation. The viscosity profile of the heavy
Table 4
Comparison of measured and fitted viscosity at different shear rates

Temperature/°C Pressure/MPa Fitting 10 s−1

35 10 Measured 4270
Fitted 3370
Relative error/% 10.37

30 Measured 4610
Fitted 4269
Relative error/% −7.69

50 Measured 4970
Fitted 4537
Relative error/% 2.39

50 10 Measured 1610
Fitted 1150
Relative error/% 0.64

30 Measured 1840
Fitted 1295
Relative error/% −0.42

50 Measured 2340
Fitted 1811
Relative error/% 22.59

65 10 Measured 570
Fitted 534
Relative error/% 6.40

30 Measured 588
Fitted 553
Relative error/% 6.03

50 Measured 1281
Fitted 908
Relative error/% 29.11

10 Measured 200
80 Fitted 232

Relative error/% 15.95
30 Measured 210

Fitted 200
Relative error/% 4.93

50 Measured 223
Fitted 205
Relative error/% 7.87
oil produced in Q5 well as a function of well depth was presented
in Table S1. During oil lifting in the well, the oil viscosity has consider-
able increased as a result of pressure and temperature changes. The ini-
tial viscosity of the heavy oil at the well bottom is only 100 mPa·s
although the pressure is as high as 49.59 MPa. However, as the well
depth decreases, the pressure and temperature steadily dropped
to 3.73 MPa and 29.86 °C, respectively, and correspondingly the oil vis-
cosity increased up to 2127.78 mPa·s as illustrated in Fig. 7. Table S2 is
presented to list the viscosity change in Q3-1 well. Due to the higher
bottom pressure, the initial oil viscosity at well bottom is larger than
that of Q5. Moreover, at the surface, the oil viscosity remained as high
as 5261.42 mPa·s as shown in Fig. 8 induced by the high pressure
(20.26 MPa).
100 s−1 200 s−1 500 s−1 1000 s−1

1030 900 707 574
918 627 376 256
30.30 46.83 55.45 10.37
1470 1270 992 804
1576 1177 796 592
7.30 19.83 26.37 −7.69
2270 1870 1420 1120
2209 1789 1348 1089
4.33 5.10 2.79 2.39
661 648 591 510
815 701 605 498
4.58 7.23 9.38 2.03
783 757 668 601
816 711 593 517
0.93 2.62 3.95 −1.28
975 777 707 625
947 783 607 500
2.61 −0.78 14.21 19.92
441 436 393 363
443 419 389 368
−0.59 3.92 0.94 −1.48
470 457 421 363
463 439 409 387
1.56 4.06 2.94 −6.69
579 561 551 495
624 556 479 427
−7.68 0.85 13.21 13.68
42 38 29 17
68 47 29 20
62.80 24.02 0.96 15.67
53 48 16 8.2
40 25 13 9.2
23.25 47.70 17.05 −12.0
75 53 29 15
60 41 25 17
19.99 21.56 13.31 18.12



Fig. 7. Oil viscosity of Q5 well as a function of well depth.

Fig. 8. Oil viscosity of Q3-1 well as a function of well depth.

982 Y.B. Li et al. / Chinese Journal of Chemical Engineering 25 (2017) 976–982
4. Conclusions

The rheological properties of a heavy crude oil were comprehensive-
ly studies in this paper. The measured viscosity data were theoretically
analyzed using several empirical correlations to understand the effect of
three variables on oil viscosity. The viscosity of the heavy oil was sensi-
tive to temperaturewithin the evaluated temperature range, 30–100 °C.
Pressure imposed a significant effect on the rheological behavior of the
heavy oil. As the pressure elevates, the oil viscosity also increases due to
the compression of the free volume.Moreover, the viscosityflow activa-
tion energy of the heavy oil increases with the pressure. The power law
model was suitable for describing the shear rate-dependent properties
of the heavy oil at the temperature below 65 °C, after which the whole
system was transited to Newtonian fluid. The viscosity profile of the
heavy oil in the artesian wells was predicted through combining the
above correlations. During lifting, the heavy oil viscosity was found
to dramatically change with well depth induced by temperature and
pressure changes.
Nomenclature
A Arrhenius constant
a Pressure–viscosity coefficient
Eμ Viscosity flow activation energy, kJ·mol−1

k Viscosity coefficient
P Pressure, Pa
R Gas constant (8.314 J·mol−1·K−1)
T Thermodynamic temperature, K
T Temperature, K
γ Shear rate, s−1

μ Viscosity, Pa·s
Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cjche.2016.11.014.
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