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Abstract: A set of techniques for well treatment aimed to enhance oil recovery are considered in the present study. These are based on the application of elastic waves of various types (dilation-wave, vibro-wave, or other acoustically induced effects). In such a context, a new technique is proposed to predict the effectiveness of the elastic-wave well treatment using the rank distribution according to Zipf’s law. It is revealed that, when the results of elastic wave well treatments are analyzed, groups of wells exploiting various geological deposits can differ in terms of their slope coefficients and free members. As the slope coefficient increases, the average increase in the well oil production rate (after the well treatment) becomes larger. An equation is obtained accordingly for estimating the slope coefficient in the Zipf’s equation from the frequency of the elastic wave. The obtained results demonstrate the applicability of the Zipf’s law in the analysis of the technological efficiency of elastic-wave well treatment methods.
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Nomenclature



	ω
	number of occurrences of the considered characteristics



	R
	rank of the considered characteristics



	
γ

	constant parameter



	QDWA i
	increase in the oil flow rate of the ith well under dilation-wave action



	QDWA av.
	average increase in the oil flow rate of all wells under dilation-wave action



	QAI i
	increase in the oil flow rate of the ith well under acoustic impact



	QAI av.
	average increase in the oil flow rate of all wells under acoustic impact



	QVWA i
	increase in the oil flow rate of the ith well under vibration wave action



	QVWA av.
	average increase in the oil production rate of all wells under vibration wave action



	DWA
	dilation-wave action



	VWA
	vibration wave action



	AI
	acoustic impact



	DWAcarb
	dilation-wave action in carbonate reservoirs



	DWAclast
	dilation-wave action in sandstone reservoirs



	DWAcarb.1
	dilation-wave action in the carbonates of tectonic structure 1



	DWAclast.1
	dilation-wave action in the sandstones of tectonic structure 1



	AIBb
	acoustic impact in sandstones



	AIMl.1
	acoustic impact in the sandstone reservoirs in field 1



	AIT1.2
	acoustic impact in the sandstone reservoirs in field 2



	AIMl.3
	acoustic impact in the sandstone reservoirs in field 3



	VWABsh.1
	vibration wave action in field 1



	VWABsh.2
	vibration wave action in field 2



	VWABsh.3
	vibration wave action in field 3





1  Introduction

The proportion of oil extracted from oil fields during flooding remains at around 35%–40%, while the rest remains in the rocks. To enhance oil recovery, various techniques have been developed and used, including injection of heat or polymers, acid treatments and hydraulic fracturing, and elastic wave treatments. However, there is no universal method of enhanced oil recovery that can be implemented in any reservoir. One of the common methods used to enhance oil recovery is the application of elastic wave action in reservoirs to increase permeability, reduce the interfacial tension between the oil and water, and reduce the capillary pressure in the pores. For example, natural seismic activity was found to significantly increase production in a field [1]. Therefore, studying the influence of elastic waves on the multiphase movement of fluid in a porous saturated material is an important topic in the field of oil production. Beresnev et al. [2] noted that well productivity increases after the application of elastic wave action. In addition, the increase in production under the action of vibration can reach 65% [3]. It has been reported that the penetration depth of some waves can reach a depth of 200 km in an oil reservoir [4]. The increase in oil production is because the vibrations increase the permeability of the rocks to formation fluids. In addition, the elastic waves intensify the movement of the fluid itself under a given permeability [5]. Beresnev et al. [6] and Beresnev et al. [7] have created models to simulate a porous medium and have found that vibrations have a positive effect on the fluid flow process when overcoming constrictions, and a lower vibration frequency is more effective than a high frequency. The experiments on elastic wave action performed by Ariadji [8] on sandstone revealed that the porosity increased by 53.9% and the permeability increased by 54.1% compared to the initial values. This technique has been reported to be less efficient in carbonate rocks than in sandstone. An optimal frequency of 10 Hz has been proposed to increase the permeability. Louhenapessy et al. [9] reported that compared to longitudinal waves, circular waves increase the oil recovery by 3% more and reduce the residual oil saturation of oil rocks. The optimal frequency for circular waves is 20 Hz, and that for longitudinal waves is 35 Hz. The influence of the elastic wave improves the porosity and permeability by up to 34%. For rock samples from the Perm region, researchers [10] have determined that the dynamic elasticity modulus of carbonate reservoir rocks subjected to wave action increased logarithmically as the frequency of the dynamic load increased from 0 to 10 Hz; while for an increase in frequency from 10 to 60 Hz, the increase in the elasticity modulus followed a power law for each load amplitude. An important conclusion was drawn: at high strain rates, the rock becomes more rigid compared to when the rock is subjected to dynamic loading at a lower strain rate. Several studies have shown that high-frequency ultrasonic treatment is also quite effective. While modeling the effects of elastic waves with a frequency of 40 kHz on cylindrical samples of oil-saturated sandstone, an increase in oil recovery was observed [11]. Hamidi et al. [12] reported that under ultrasonic action, the oil viscosity decreased. Alhomadhi et al. [13] reported the results of a wave with a frequency of 50 kHz and noted that the application of wave action to a high-permeability core resulted in a higher oil recovery than application to a low-permeability core. However, there was a general increase in the oil recovery from both cores, and as the treatment time increased, the effect increased. Recently, Agi et al. [14] applied a combination of ultrasonic treatment with a frequency of 40 kHz and the injection of surfactants, which increased the oil recovery by 12%. Some technologies can increase the flow rate of oil wells by 91% and reduce the water cut by 20% [15]. It should be noted that the major portion of such research was conducted using small-scale models of oil reservoirs. It is well known that elastic wave treatments are followed by wave attenuation. Ma et al. [16] found that for siltstones, the attenuation intensity increases as the permeability and clay content increase; while for dolomites, the attenuation increases as the permeability, porosity, and water saturation increase. Wave attenuation is the strongest in sandstone at high water saturation.

Riabokon [17] presented field data for wells treated using oscillators and various operating principles. Because it has been reported to have the highest intensity observed effects, acoustic well treatment in the ultrasonic range has become the most widely used. An ultrasonic downhole oscillator operating at frequencies of 20–27 kHz and the mechanism of its effect on the fluid flow in the near-wellbore zone were investigated by Mullakaev et al. [18]. To achieve the maximum effect of the vibration treatment in the near-wellbore zone, Pérez-Arancibia et al. [19] proposed a mathematical model that allows the user to select the optimal values of the oscillation of the vibration unit in a perforated well. Another mathematical model for evaluating the fluid flow in the field of elastic oscillation in a perforated well was developed by Prachkin et al. [20]. In a recent field application review, Meribout [21] suggested that since the application of elastic oscillations is one of the most promising enhanced oil recovery (EOR) methods, combining a vibration treatment with the injection of gas, liquid, and other chemicals into the near-wellbore zone should produce excellent results. According to previous studies [22,23], elastic oscillations have the following effects on rocks: capillary effects, poroelastic motion, thermal effects, increased degassing, and changes in the oil viscosity, mobility ratio, oil displacement by water, and rock permeability. According to the review conducted by Avvaru et al. [24], the effect of cavitation is one of the most important effects influencing the stimulation of the flow of oil into the well. Exposure to elastic waves leads to destruction of paraffin compounds and a decrease in the oil viscosity. Mullakaev et al. [25] designed an experimental system that simulates a borehole on the actual scale. They concluded that the increase in the oil flow rate was caused by the reduction in the effective viscosity. Regarding acoustic cleaning, Wong et al. [26] built an experimental setup containing a linear cell. They conducted tests at a frequency of 20 kHz on Berea sandstone samples (diameter of 7.5 cm and length of 20 cm) containing a mud filter cake. They regained 100% of the permeability lost due to formation damage.

The results of previous studies do not provide an unambiguous conclusion regarding the effectiveness of the exposure of reservoir rocks to high and low frequencies. Therefore, prior to application in an oil field, it is worth conducting a series of experiments on saturated rocks to select the optimal conditions for elastic wave treatments.

To assess the effectiveness of the wave action techniques, the laws of rank distribution were used. The applicability of the rank distribution method for describing and understanding processes based on a set of interconnected heterogeneous phenomena and their quantitative and qualitative characteristics has been studied [27]. The rank distributions include the rank (number) of the object R and the frequency 
ω
of occurrence of the considered characteristics of the object. The parameter 
ω
corresponds to the relative increase in the additional oil production, the relative duration of the effect of the technique, and the relative increase in the oil production rate of the wells after well treatment. The rank distribution of the elastic wave treatment was performed using Zipf’s law [28].

The application of the laws of rank distribution was applied to wells in a specific area where elastic wave stimulation techniques were actively being used to increase well flow rates. The elastic wave well treatment was carried out using various techniques and high and low frequencies. This paper presents the results of the application of these techniques and evaluates their effectiveness based on the rank distribution.

2  Elastic Wave Well Treatment Techniques

Three types of elastic wave techniques were carried out for well treatment in the area of interest. The dilation-wave action (DWA) technique consists of creating a zone of expansion (decompaction) in the rocks around the well within the perforated interval due to the weight of the tubing string. When the pumping pipes rest on the rocks through a special liner, low-frequency elastic vibrations are excited in the formation rocks. These vibrations are created in the liner and through it into the rocks by a column of pumped liquid during the operation of the sucker rod pump. The DWA is characterized by frequencies of 1–10 Hz. The vibration wave action (VWA) is carried out by placing a hydrodynamic transmitter (pressure wave generator) at the bottom of the well, which excites pressure fluctuations in the flow of the agent injected into the formation. The average vibration frequency is 66 Hz. The VWA + Acid consists of vibration wave exposure via oil-acid compositions. The acoustic impact (AI) is the long-term impact of the acoustic waves on the bottomhole zone of the well. The wave generating device is operated within the well. The average exposure frequency is 25 kHz. The results of the technologies applied are presented in Table 1.
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The high-frequency impact of the AI technique resulted in an additional oil production of 877 tons. The results in Table 1 show that as the average impact frequency increased, the incremental oil production decreased. This result might be because under low-frequency exposure, the amplitude was several megapascals, while it was only 0.3 MPa under high-frequency exposure.

2.1 DWA Technique

The DWA technique was applied to 13 wells. Six of the wells produced oil from carbonate reservoirs (Fig. 1a) and seven of the wells were in clastic (sandstone) reservoirs (Fig. 1b). In the wells producing oil from carbonate reservoirs, the additional oil production amounted to 5981 tons, and the duration of the additional effect was 1133 days. In the wells producing oil from clastic reservoirs, the additional oil production amounted to 2175 tons, and the duration of the additional effect was 716 days. The results of the application of the DWA technique indicate that the technique is more efficient when applied to carbonate rocks. The higher efficiency for carbonate rocks is associated with the presence of a system of pores and fractures. The fluid flow from the reservoir to the well occurs along the fractures, and the bulk of the oil is contained in the pore blocks. Under wave action, an additional pressure drop occurs between the blocks and fractures, which contributes to the flow of oil from the blocks into the fractures and then into the well.

[image: images]

Figure 1: Changes in oil rates of production wells after well treatments with DWA technology: (a) in carbonate reservoirs; (b) in clastic reservoirs

To assess the technological efficiency of the elastic wave action in the wells using the DWA and in accordance with the idea of well rank analysis, the results were arranged in ascending order of the absolute value of 
ω
, and each value of 
ω
was assigned a corresponding serial number. The rank R was calculated from the highest values of 
ω
. Using Zipf’s law, i.e.,


ln (R)+γln(ω)=const. 
(1)

We prepared the rank distribution of the elastic wave treatments and obtained the regions with different slopes (Fig. 2). The slope of the dependence of the natural logarithm of the rank on the logarithm relative to the additional oil production for the carbonate reservoirs (DWAcarb) had a larger slope. The wells exploiting clastic reservoirs were divided into two sets (DWAclast and DWAclast.1). These sets had similar slopes, but their free terms differed. The wells belonging to these two sets exploited deposits confined in different tectonic structures. Accordingly, the geological confinement is an important criterion for the effectiveness of the DWA method.
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Figure 2: Changes in the logarithm of the rank from the logarithm of the relative average oil production rate for clastic and carbonate reservoirs after DWA treatment

2.2 AI Techniques

The AI technique was applied to 25 wells in clastic reservoirs (Fig. 3). The additional oil production amounted to 740 tons, and the duration of the additional effect was 213 days. The high efficiency for the clastic rocks is associated with the presence of deposits in the pore flow channels, which under high-frequency exposure become suspended, and the flow area increases. The areas with different angular coefficients can be distinguished using Eq. (1) for the clastic reservoirs (Fig. 4). For DWA technique, the areas correspond to different geological structures (oil reservoirs).
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Figure 3: Changes in oil rates of production wells after well treatments with AI technology in clastic reservoirs
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Figure 4: Change in the logarithm of the rank from the logarithm of the relative average oil production rate for clastic reservoirs after AI treatment

2.3 VWA and VWA + Acid Techniques

The VWA and VWA + acid techniques were applied to 65 wells. Forty-six of the wells were in carbonate reservoirs (Fig. 5a), and 19 of the wells were in clastic sandstone reservoirs (Fig. 5b). The additional oil production in the wells producing oil from carbonate reservoirs amounted to 3646 tons, and the duration of the additional effect was 2097 days. The additional oil production in the wells producing oil from clastic formations amounted to 917 tons, and the duration of the additional effect was 302 days. The results of the application of VWA and VWA + acid techniques indicate that they both have a greater efficiency when applied to carbonate rocks. The values of 
ln(R)
and 
ln(ω)
are linearly dependent on the lithology of the target reservoir in the well when using VWA (Fig. 6).
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Figure 5: Changes in oil rates of production wells after well treatments with VWA and VWA+acid technology: (a) in carbonate reservoirs; (b) in clastic reservoirs
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Figure 6: Logarithm rank dependence on the relative average oil rate for carbonate reservoirs after VWA treatment

The average slopes in Eq. (1) for the DWA treatment are the largest compared to the AI and VVA techniques. The amplitudes and frequencies of the pressure changes of the techniques differ. The change in the average slope in Eq. (1) for the average frequency of the elastic wave action was studied. For the considered frequency interval, an equation for the preliminary slope after wave action was developed:


γ=1.61ln(ω)−0.418.
(2)

The changes in the duration of the effect of the technique and the relative increase in the well production rate have similar characteristics. As the logarithm of the impact frequency increases, the duration of the effect of the technique decreases, and the relative increase in the well production also decreases. Based on the constant parameter 
γ
, it is possible to perform a preliminary analysis of the effectiveness of the wave action techniques for an oil well and to choose the best technique.

The results obtained from the analysis of the field data are comparable to the results of laboratory studies [9]. That is, a 60.54% increase in oil production was obtained when using intermittent longitudinal waves, an increase of 63.53% was obtained when using constant longitudinal waves, and an increase of 64.76% was obtained when using circular waves.

When studying the plane-parallel liquid flow through a porous medium under conditions of wave processing, Marfin et al. [29] demonstrated that in the fields of the elastic waves, the ratio of the permeability of a porous medium to the viscosity of a liquid increases by 300% or more. Since well productivity is directly proportional to the increase in the well flow rate, the average change in the flow rate will also be 300%.

Tests of the impact of high-frequency acoustic waves in field applications have been reported to have an efficiency of approximately 179% in terms of the well productivity [30], which is consistent with the results of this study.

The effect of elastic wave action decreases with increasing distance from the emitter. Therefore, the effect of the application of an elastic wave treatment to a saturated porous medium near the well using an emitter located inside the well will be more effective at a high frequency. When moving deeper into the oil reservoir, the efficiency of the elastic wave treatment will decrease with increasing frequency. According to Hamida et al. [31], the penetration depth of an elastic wave with a frequency of 20 kHz does not exceed 10 cm.

These conclusions are consistent with the analysis of field data after elastic wave treatment. Wave stimulation using the DWA technique was performed on well 433, with a frequency of up to 5 Hz and an amplitude of approximately 3 MPa (Fig. 7). The average distance between wells in this area was 500 m, and the permeability of the plate was 494 mD. During the observation period, the flow rate of well 433 increased by 133%, and it did not tend to decrease. In the first 2 months after the start of the elastic wave treatment in wells 431, 107, and 100, an increase in the fluid flow rate of up to 130% was observed. The change in the fluid flow rates of the wells at a distance of 500 m indicates deep penetration of the low-frequency waves into the reservoir.
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Figure 7: Location of wells in an oil field

When analyzing the results of the impact of high-frequency acoustic waves, no changes in the production rates of the surrounding wells were observed.

3  Conclusions

Studying the mechanism of elastic wave well treatments and its influence on oil production is of great practical importance in the oil industry. In this study, the results of elastic wave well treatments in a specific area were analyzed. The DWA, AI, and VWA techniques were applied, and the results were assessed. The DWA technique is more efficient in carbonate formations. In addition, during the application of the DWA technique, a pressure amplitude of several megapascals occurs, which allows the wave to penetrate deep into the reservoir and to affect the surrounding wells. The AI technique is most effective in clastic rocks (sandstones). The penetration depth of the wave under high-frequency treatment is small, and the properties only change near the wellbore. The VWA and VWA + acid techniques are most efficient in carbonate rocks. The change in the relative average oil production according to Zipf’s law was studied. The wells were clustered according to the oil reservoirs they encountered. The well groups were characterized by a linear change in the logarithms of R and 
ω
. It was found that it is possible to extrapolate and predict the effectiveness of the elastic wave well treatment based on the value of the slope coefficient of the equation for the analyzed oil reservoirs. Thus, the interpretation of the results of such work is significantly simplified. The influence of geological parameters on the angular coefficients was determined. It was also concluded that Zipf’s law can be used to analyze and predict oil production under the application of wave action techniques.
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Table 1: Results of application of elastic wave treatment technologies

Treatment Working time with Average increase Additional oil Average vibration

technology the effect, days in o1l production production per frequency (f), Hz
rate, t/day operation, t

DWA 1880 4.0 8115 5

Al 235 2.3 877 25000

VWA 1094 2.8 3759 66

VWA+Acid 1015 2.2 3331 66
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