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Abstract: One of the methods of influence on rheological properties of heavy high-viscosity crude
oils is ultrasonic treatment. Ultrasonic treatment allows reducing the viscosity of crude oil and,
therefore, reducing the costs of its production and transportation. In this paper, the influence
of ultrasonic treatment on the rheological characteristics of crude oil (sample No. 1 API = 29.1,
sample No. 2 API = 15.9) was investigated. An experimental method was developed. Experimental
studies were carried out using the Physica MCR 102 rheometer. The influence of the intensity
and duration of ultrasonic treatment on the viscosity of the initial crude oils was studied for 24 h.
In addition, the rheological characteristics of the treated oil were investigated after its natural cooling
to 293 K. The results are compared with similar results for thermal heating.
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1. Introduction

In countries with cold climate conditions, extraction and following transportation of oil and
oil products is a complicated and complex task. As oil extraction, volume of its transportation,
and processing increase, the share of high-viscosity oil is steadily increasing in the total volume. In this
regard, there are difficulties in the extraction and transportation of oil with such high viscosity, which
are caused by their abnormal rheological behavior (Bingham fluids). The peculiarity of rheological
properties of such oils appears in the variability of their viscosity, namely, in the nonlinear character
the of the shear stress dependence on the shear rate. When transporting high wax crude oil, intensive
waxing of pipelines occurs, which leads to large energy overspending for pumping, complicates the
technology in general and increases the cost of oil [1]. High wax content crude oil at low temperatures
exhibits pronounced non-Newtonian (viscoplastic, viscoelastic, thixotropic) properties; without taking
them into account it is impossible to organize the rational operation of wells, gathering, preparation,
and transportation of oil [2].

Reduction of viscosity and friction are two primary problems for scientists. The solution to these
problems will allow reducing the cost of transportation of high-viscosity oil [3]. The methods of friction
reduction include the flow of oil limited by a thin layer of water in the boundary area [4,5] and the
use of various additives [6–9]. Methods of viscosity reduction include heating [10–12], ultrasonic
treatment [13–17], emulsification of oil in water [18–22], and dilution (mixing with a thinning liquid
with lower viscosity, for example, condensate from natural gas extraction, naphtha, kerosene, lighter
crude oil, etc.) [23–25].

Heating of crude oil can significantly reduce the viscosity of the pumped oil during transportation
since the viscosity of the oil depends on the temperature [26]. One of the advantages of this method
is to reduce the number of additives and the formation intensity of the gas-hydrate plugs inside the
pipeline. It is obvious that the transportation of heated oil is accompanied by the processes of heat
exchange with the environment: for pipes with thermal insulation the heat exchange intensity is
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minimal, but it cannot be neglected in long sections of the pipeline. The heating points of the pumped
oil are installed along the pipeline route to maintain oil temperature [27]. The disadvantage of the
classical method of oil heating is its high cost [6].

Ultrasonic treatment is the most effective method to regulate of rheological properties of heavy
high-viscosity crude oils both from technological and from ecological and economic points of view [28].
For enhanced oil recovery, ultrasonic technologies attract considerable attention due to their simplicity,
lower costs, ease of use, and the absence of reservoir contamination. The technology showed
improvement of oil production characteristics at the facilities operated in Russia and China [16].
For example, experiments using samples of heavy crude oil from the Shengli oil field (China) show
that ultrasonic treatment can reduce the viscosity up to 85%, which contributes to an increase
in oil production [28].

The influence of ultrasonic and heat treatment on viscosity, pour point, density, acidity, interfacial
tension at the water-oil interface and chemical composition of Ust-Tegusskoe field (Russia) was studied
in [29]. It was found that the viscosity of the ultrasound treated oil decreased by 1.7 times, and the
pour point became lower by 32 ◦C compared to similar results for the original oil.

The paper [30] shows the possibility of ultrasonic treatment of heavy oil from Yaregskoe field
(Russia) to improve its rheological properties and reduce the viscosity to the values required for the
Russian pipeline transport system.

In paper [31], the influence of intensive ultrasonic treatment on the rheological properties of oil
and its products is investigated. Rheological properties were monitored for 10 days after ultrasonic
treatment. It is established that ultrasonic treatment is able to reduce the viscosity of oil and heavy oil
products effectively for a period of time sufficient for their production as well as for transportation
over long distances.

In paper [13], it was found that ultrasonic treatment can increase oil extraction by 50% or even
more in some cases in wells with a permeability of more than 20 mD and a porosity of more than 15%.
The positive effect was observed for 3 to 12 months after treatment. For wells with other permeability
and porosity parameters, ultrasonic treatment alone is less successful. Despite the simplicity and
environmental safety, according to the authors [13], it is effective in practice only for 85% of cases.

In paper [15], it is noted that the study results of the effect of ultrasonic treatment on the rheological
characteristics of oil are numerous and often contradictory.

Viscosity reduction mechanisms of oil treated by ultrasonic mainly include cavitation effect,
mechanical vibration, and thermal effect [32]. It is necessary to investigate the oil heating to the same
temperature as it was after the ultrasonic treatment to better understand the mechanism of the effect of
ultrasonic treatment of oil. Such a study was conducted in [32]. However, residual oil was used in the
experiment. In addition, in this work, the necessity to study viscosity over a long period of time is
noted. In this work, the rheological behavior of the samples was studied after 48 h. However, sample
storage was at 50 ◦C.

It should be noted that in the paper [33] oil samples were investigated 4 h after ultrasonic treatment.
The authors of the paper [33] found that, regardless of the acoustic effect power, a long-term viscosity
reduction can be achieved only with the use of sonochemical treatment (about 70%). Ultrasonic
treatment in the well leads to a decrease of oil viscosity and at the same time to an increase in oil
extraction. Both effects were demonstrated during field experiments in the Republic of Tatarstan:
viscosity reduction by 16% 4 h after treatment was observed simultaneously with an increase in oil
extraction by 26.5%. Hence, the oil that was supplied into the pipeline near the well was hotter, and the
cumulative change in viscosity was based on two factors: the change in the rheological properties of
the oil due to ultrasonic treatment and the temperature factor. Also, flow and viscosity curves were
built 24.5 h after ultrasonic treatment at a temperature of 293 K.

Mixing of extra heavy oil with light oil as well as ultrasonic treatment (processing time: 5, 10, 15
and 20 min) to reduce viscosity were investigated in the paper [34].
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According to [35], during ultrasonic treatment, two mechanisms operate simultaneously:
the disintegration of asphaltenes and the combination of free radicals with the formation of new
asphaltenes. The optimal duration of ultrasonic treatment is the time at which the formation rate is
equal to the decay rate, which is determined for each oil individually.

There are works where ultrasonic treatment of oil and oil products is described at low power
values: 20 W [15], 40 W [36], 10–60 W [31], 75 W [35], 100 W [37], and 150 W [38].

For example, in work [36], all samples of light crude oil (20 mL) were exposed to ultrasonic
treatment with the power of 40 W and duration up to 10 min. Optimum values of time and radiation
power were 2.5 min and 40 W, respectively.

The literature survey has shown that the structural and rheological properties of crude oils of
similar component composition change ambiguously after ultrasonic treatment. In addition, there are
very few studies that compare ultrasound and heat treatment.

The purpose of this work was to study the rheological properties of oil samples from the
Novosheshminskoye field (the Republic of Tatarstan, Russia) after ultrasonic and heat treatment. Heat
treatment was carried out to analyze the influence of the temperature factor arising from the ultrasonic
treatment. In addition, a change in the viscosity of the samples in 24 h after ultrasound and heat
treatment was studied.

2. Materials and Methods

2.1. Materials

Two crude oil samples with the following characteristics were used (Table 1).

Table 1. Component content of oil samples.

Sample API
Content, %

Water, %
Light Fractions Saturated + Aromatic Non-Polar Resin Polar Resin Asphaltene

Crude oil
No. 1 29.1 15.7 60.8 15.1 5.5 2.9 -

Crude oil
No. 2 15.9 8.9 55.5 17.3 6.2 12.1 2.0

The water content in the samples was determined by Dean–Stark method. The content of components
in oil samples is determined according to standard methods. Light fractions were separated from the oils by
atmospheric distillation up to 200 ◦C. Asphalt-free oil was divided into oils and resins by liquid-adsorption
column chromatography on silica gel of ASK material grade with sequential elution with a mixture
of solvents: n-hexane + carbon tetrachloride (3:1) (eluate is saturated + aromatic); benzene (eluate is
non-polar resin) and isopropyl alcohol + benzene (1:1) (eluate—polar resin).

The calculation of the API was produced using the HTR-220CE scale (Shinco Denshi Co. Ltd.,
Tokyo, Japan).

2.2. Methods

2.2.1. Preliminary Temperature Control of Oil Samples

Temperature is one of the main factors influencing the viscosity of crude oil. The effect of ultrasound
on the viscosity of crude oil is lower at a higher temperature and higher at lower temperature [14].
Therefore, the initial samples of crude oil each with volume of 120 mL were thermostated for 30 min
in the LOIP FT 311-25 thermostat (LOIP LTD Laboratory Equipment & Instruments, Saint-Petersburg,
Russia) at a temperature of 295 K. A similar procedure for oil pretreatment was used in the paper [39].
Then the control measurements of temperature and weight of the samples were made. The temperature
was measured using the RM-100 viscometer (LAMY RHEOLOGY, Champagne au Mont d’Or, France)
equipped with a probe for temperature measurement. The sample weight was measured with the scales
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CAS MW-1200 (CAS Corporation, Seoul, South Korea). Oil samples with a temperature deviation of
less than 0.2 K and a weight deviation of less than 0.1 g were allowed to ultrasound and heat treatment.

2.2.2. Ultrasonic Treatment

Ultrasonic treatment of crude oil samples was performed using UZTA-0,2/22-OHMS (LLC “Center
of ultrasonic technologies", Biysk, Russia) ultrasonic device. Firstly, 120 mL oil sample was taken and
placed in the beaker, the ultrasonic probe was directly inserted in the center of the beaker and about 3/4
depth of the oil sample. The power and duration of exposure were different 80 W, 100 W, and 160 W,
and 1 min and 3 min, respectively. At minimum power (80 W) the duration of exposure varied from
1 min to 3 min.

A beaker with an oil sample was placed in a thermal cell made of a heat-insulating material
to minimize heat losses during ultrasonic treatment. After completion of the treatment procedure,
the temperature was measured using a viscometer equipped with a probe for measuring the temperature.
Further, as the samples for the experiment were taken, the beaker with oil continued to be thermostated
(the cooling rate did not exceed 1 degree per min according to the recommendations [40,41]). After four
hours of thermostating, the remaining volume of oil was poured into a glass container with a sealed
lid and left for a day in a place protected from light.

2.2.3. Calorimetric Method for Measurement of Intensity of Ultrasonic Treatment

The calorimetric method [42,43] was used to calculate the intensity of ultrasonic treatment:

I = N/S

where I is the intensity of ultrasound exposure; S is the area of the radiator, cm2; N = Q/t is the power
of ultrasonic treatment, W; t is the duration of ultrasonic treatment, s; Q = cm(T1 − T0) is the energy
spent on oil heating; m is the mass of the heated oil, kg; c is the specific thermal capacity of oil-2100
j·kg−1

·K−1, T1 is the oil temperature after ultrasonic treatment, K; T0 is the oil temperature before
ultrasonic treatment, K.

The authors of similar works give data on the intensity of ultrasonic treatment of oil calculated
for water [42,43]. However, as our calculations show, this approach is approximate. The error of
this assumption depends on the rheological and physicochemical properties of crude oil. For the oil
samples No. 1 and No. 2 considered in this paper, the average deviation of the values with respect to
water was 27.0% and 37.5%, respectively (Figure 1).

Figure 1. Dependence of treatment intensity on the power of the ultrasonic device.
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2.2.4. Heat Treatment

The results of the study [44] show that the viscosity of liquids decreases under the influence
of ultrasound, and it can be explained by heating and cavitation in the liquid. In this paper,
the recommendations set out in [32] were adopted, namely, ultrasonic treatment of oil was compared
with heat treatment to the same temperatures.

The temperature of the oil after ultrasonic treatment was measured, the VT-8 thermostat (LLC
«TERMEX», Tomsk, Russia) was set at the measured temperature, 120 mL of the original oil sample
was marked in a beaker and sealed in a thermostat. The duration of the thermostating was 30 min.
The viscosity-shear rate curve was measured and compared with that of the oil treated with ultrasound;
the results of the experiments were analyzed to obtain the difference between ultrasound and
simple heating.

2.2.5. Study of Rheological Properties

Experimental studies were performed on the rheometer Physica MCR 102 («Anton Paar GmbH»,
Graz, Austria) with the help of the measuring system of coaxial cylinders (SS27) (Figure 2). Temperature
control was carried out using Peltier («Anton Paar GmbH», Graz, Austria) elements with the accuracy
of 0.01 K.

Figure 2. (a,b) Ultrasonic treatment and viscosity measurement devices.

The preliminary preparation of the measuring system of coaxial cylinders SS27 for the study
of oil samples by thermostating in a rheometer was carried out. Thermostating was carried out at
a temperature corresponding to the oil temperature after ultrasonic treatment. Distilled water was
used during thermostating. The duration of thermostating was at least 10 min.

Determination of the rheological properties of oil samples was carried out immediately after
ultrasonic treatment and after 1, 2, 3, and 24 h.

After heat treatment, the study of the rheological properties of the samples was carried out
immediately and after 24 h.

3. Results and Discussion

3.1. Rheological Characteristics of the Crude Oils

Figure 3 shows flow curves of original oil samples (No. 1 and No. 2, see Table 1) at the temperature
of 293 K. Experimental data showed that the rheological behavior of oil No. 1 is characterized by
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Newtonian behavior (τ
( .
γ) = 33.74

.
γ , R2 = 0.999), and oil No. 2 exhibits pseudoplastic properties and

it is satisfactorily described by the Power Law model (τ
( .
γ) = 3.1132

.
γ

0.97497 , R2 = 0.996).

Figure 3. Dependence of shear stress on shear rate (T = 293 K).

3.2. Analysis of Comparison Experiment

The influence of ultrasonic treatment on the viscosity of oil samples No. 1 and No. 2 was studied
for processing for 1 min. The power of ultrasonic treatment was varied: 80 W, 100 W, and 160 W.
Figures 4 and 5 show the results. Here, US0 is the dependence of viscosity on shear rate, plotted
directly after ultrasonic treatment, US1—after 1 h, US2—after 2 h, US3—after three hours, US 24h—one
day after ultrasonic treatment. The influence of heat treatment on the oil viscosity at the temperature
reached during ultrasonic treatment of samples was studied.

When treating the oil sample No. 1, the temperature reached 303.9 K, 305.9 K, and 310.3 K at the
intensity of 6.65 W/cm2, 9.75 W/cm2, and 13.76 W/cm2, respectively. Comparison of viscosity curves as
a function of shear rate after ultrasonic and heat treatment showed that a decrease in the viscosity of
the oil sample was achieved by increasing the temperature.

Heat treatment compared with ultrasonic treatment is more efficient at the impact intensity of
6.65 W/cm2, 9.75 W/cm2.

Figure 4. Dependence of viscosity on shear rate (oil sample No. 1).

At the impact intensity of 13.77 W/cm2 (power 160 W), the effect of heat and ultrasonic treatment
for oil sample No. 1 is the same.

As the experiment showed, the viscosity of the treated oil increases over time and reaches its
highest value after 24 h (for example, the increase was 14.4% relative to the initial sample viscosity
at T = 303.9 K). An increase in the ultrasonic treatment intensity leads to a decrease in the difference
between US0, US1, US2, US3.

When treating the oil sample No. 2, the temperature reached 301 K, 303.4 K, and 312 K at
an intensity of 4.6 W/cm2, 9.0 W/cm2, 13.1 W/cm2, respectively. The difference between the viscosity
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curves corresponding to ultrasonic (US0, US1, US2, US3) and heat treatment decreases (Figure 5).
After ultrasonic treatment, rheological properties remain unchanged for 3 h. However, after 24 h the oil
viscosity increases significantly, on average by 11%. The increase in viscosity is caused by irreversible
changes in the oil structure and evaporation of light fractions. Despite the fact that the volume of oil
was stored in a sealed glass container, evaporation of the light fractions from the liquid phase was
possible due to the free volume (the internal volume of the container was three times the volume of oil).

Figure 5. Dependence of viscosity on shear rate (oil sample No. 2).

The viscosity of the oil sample No. 1 decreases on average by 20% with the twofold increase in the
intensity of ultrasonic treatment. When the intensity of ultrasound exposure increases by 2.8 times,
the viscosity of the oil sample No. 2 decreases on average by 2.3 times. Since the effect of heat and
ultrasonic treatment for oil samples was almost the same, a study on the increase of the duration of
ultrasonic treatment was carried out.

3.3. The Influence of Duration of Ultrasonic Treatment

Duration of ultrasonic treatment was increased to 3 min. Treatment power was 80 W to avoid
excessive evaporation of light fractions. The temperature of the oil sample No. 1 after treatment was
315.4 K and for the oil sample No. 2 it was 309.2 K. Figure 6 shows the obtained dependences of
viscosities on the shear rate.

Figure 6. Dependence of viscosity on shear rate at ∆t = 3 min, N = 80 W.

The intensity of ultrasonic treatment for oil sample No. 1 was 6.6 W/cm2 and for oil sample No.
2, 4.6 W/cm2. The curves of oil viscosity after thermal and ultrasonic treatment are similar for both
samples. The expected effect of increasing the duration of ultrasonic treatment was not obtained.



Energies 2019, 12, 3084 8 of 11

Previously (Figure 4, Figure 5, Figure 6), it was found that the viscosity of the oil treated by
ultrasound increases after 24 h. For oil sample No. 2 (Figure 7), the viscosity curves obtained 24 h after
thermal and ultrasonic treatment were compared (4.6 W/cm2, ∆t = 3 min).

Figure 7. Dependence of viscosity on shear rate (Oil sample No. 2, ultrasonic parameters: I = 4.6 W/cm2,
∆t= 3 min).

Thus, the obtained results indicate that the viscosity reduction mechanism of the oil treated by
ultrasound is only due to the thermal effect.

3.4. Rheological Properties of Oil after Treatment at 24 Hours

Oil transportation is a non-isothermal process accompanied by a change in oil temperature along
the pipeline length. Therefore, it is of interest to study the rheological characteristics of the pretreated
oil after its natural cooling, for example, up to 293 K. Figure 8 illustrates the effect of ultrasonic power on
the viscosity of the studied oil samples after natural cooling. Here the curves W40t1, W50t1, and W80t1
are drawn after 24 h. Abbreviation W40t1 means that ultrasonic treatment is performed at the device
power of in 40% (0.4 × 200 W) and duration of t = 1 min. All curves are drawn at a temperature of
293 K.

Figure 8. Dependence of viscosity on shear rate after 24 h (T = 293 K).

As can be seen from Figure 8, ultrasonic treatment after natural cooling within 24 h leads to
deterioration of the oil rheological properties. For sample No. 1, the following data were obtained:
an increase in oil viscosity by 15% at the power of 80 W, by 18%—at the power of 100 W, by 20%—
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at the power of 160 W relative to the initial viscosity curve at 293 K. The viscosity of the oil sample No.
2 after ultrasonic treatment increased by 17–19%.

4. Conclusions

In the course of experimental research on the ultrasonic and heat treatment influence on the
rheological properties of two oil samples from the Novosheshminskoye field (Russia) with API 15.9
and 29.1, the following results were obtained:

1. The intensity of ultrasonic treatment depends on the initial rheological properties of crude oil.
The increase in the viscosity of the initial oil complicates the convective mixing of the layers
because of cavitation, while the liquid heating is localized near the surface of the ultrasound
source. All of this leads to a decrease in the intensity of ultrasonic treatment.

2. The viscosity of oil sample No. 1 is reduced by 20% when the intensity of ultrasonic treatment is
13.76 W/cm2. Heat treatment is more effective than ultrasonic treatment at impact intensity up to
13.76 W/cm2. When the intensity of the ultrasonic treatment increases, the viscosity reduction
mechanism of the oil treated by ultrasound is only due to the thermal effect.

3. When the intensity of ultrasonic exposure is 13.1 W/cm2, the viscosity of the oil sample No. 2
decreases on average by 2.3 times. In all of the experiments carried out with this oil sample,
the effect of heat and ultrasonic treatment is the same.

4. The viscosity of oil samples increases in all considered cases at 24 h after ultrasonic and
heat treatment.
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