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1. Introduction

Abstract. In this study, application of ultrasound wave for permeability enhancement
of reservoir rocks was experimentally examined. In this regard, a specific core holder
apparatus was designed with the ability of in-situ exposure of ultrasound to the plug in
a high-pressure condition, which is a better representative of ultrasound application in
real wellbores. The effect of ultrasound power and exposure time as well as probe-plug
distance on permeability stimulation was evaluated. The results showed that ultrasound
could stimulate the permeability of asphaltene-damaged rocks, in which its efficiency was
significant in sandstone rock. Analysis of asphaltene content in the output fluid showed
that, as a result of ultrasound exposure, 84% of deposited asphaltenes in the sandstone
plug were removed, corresponding to 67% of permeability recovery. It was also found that
the stimulated permeability increased with increasing exposure time and power, while it
decreased with increasing probe-plug distance. However, an optimum value for exposure
time and power, after which the permeability recovery was not significantly enhanced, was
observed. Analysis of experiments also showed that probe-plug distance had the most
prominent effect on recovery of damaged permeability in comparison to ultrasound time
and power.

(© 2018 Sharif University of Technology. All rights reserved.

treatment [2]. Moreover, some new technologies, such
as laser, bacteria, and production techniques, are

Until now, many different methods have been devel-
oped and applied for asphaltene deposition removal.
These methods generally include mechanical treat-
ment that uses different kinds of scrappers and pig-
ging flow lines [1], thermal methods using hot oiling
and steam treatment and chemical methods including
mainly solvent, dispersant application and surfactant
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also developed for asphaltene damage treatment [1,3].
Although the above-described methods are proved
efficient in some cases, there are many disadvantages to
them. For example, mechanical treatments are expen-
sive and increase the risk of tool fishing and plugging
of the perforation [4]. There are many environmental
safety hazards concerning chemical methods [5], and
formation could be damaged as a result of high tem-
perature in thermal treatment [6]. Therefore, finding
new technologies has always been a concern for dealing
with asphaltene damage in petroleum industry. One
of the methods, which has been of interest in the past
decades, is the application of ultrasound wave.

Being a sound wave, ultrasound is transmitted
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through any substance, solid, liquid or gas, possessing
elastic properties. The movement of the vibrating
body (i.e., sound source) is transferred to the molecules
of the medium, each of which transmits the motion
to the adjoining molecules before returning to their
original positions. For liquids and gasses, particle
oscillation takes place in direction of the wave and
causes longitudinal waves (compression and rarefaction
cycles). During the compression cycle, the average
distance between the molecules decreases, whilst this
distance increases during rarefaction. If a sufficiently
large negative pressure is applied to the liquid (during
rarefaction period) such that the average distance
between the molecules exceeds some critical distance,
the liquid will break down and millions of micro-
scopic bubbles (cavities) will be created [7]. These
cavities expand under negative pressure and implode
by positive pressure. Implosion of these cavities in
liquid results in the great concentration of energy in
the medium [8], which produces a powerful shearing
action at the horn tip and causes the molecules to
become intensely agitated [9]. The energy released by
imploding cavities can be used for cleaning surfaces and
separating foreign matters [10].

Many researchers have investigated the appli-
cation of ultrasound wave technology in petroleum
industry.  These investigations include the use of
ultrasound for improving the properties of oil, drilling
fluid, etc., and some researchers have studied the use
of ultrasound for enhanced oil recovery and fluid flow
enhancement [11-17]. Duhon and Campbell [18] were
the first group to investigate the effects of ultrasonic
waves on fluid flow through porous media. They
conducted a series of flood tests at the core-plug scale
to characterize the behavior of the oil displacement by
water with and without addition of sonic energy. The
results of their work showed that the addition of sonic
energy increased displacement efficiency. Cherskiy et
al. [19] described a sharp increase in permeability of
core samples saturated with fresh water in the presence
of acoustic field. Beresnev and Johnson [20] provided
a comprehensive review of methods using elastic wave
stimulation of oil production, and mentioned that the
application of elastic waves improved fluid percola-
tion in porous media. Hamida and Babadagli [21]
observed that ultrasound wave could enhance capil-
lary imbibition oil recovery depending on the fluid,
sound intensity, sound frequency, and the nature of
matrix. In addition, Naderi and Babadagli [22,23]
revealed the positive effect of ultrasonic energy on
heavy-oil recovery for rocks with different wettability
conditions. In a field study, Abramov et al. [24]
studied the use of ultrasound technology to enhance
the recovery of oil from failing oil wells, and found
that ultrasonic treatment could increase oil production
by 50% for wells with permeability above 20 md and

the porosity greater than 15%; however, for wells with
lower permeability and porosity, ultrasound treatment
is less successful. Many other works have also been
published in this area including the impact of ultra-
sound on recovery of gravity drainage process [25],
application of elastic waves for fluid flow enhancement
through porous media [26], ultrasound assisted COq
flooding [27], and some other works on ultrasound
application for enhanced oil recovery purposes [28-32].
The cleaning act of ultrasound wave has also been
under consideration by many researchers. Venkitara-
man et al. [33] conducted a series of laboratory experi-
ments to investigate the feasibility of using ultrasound
energy to reduce formation damage caused by fines
and mud solids. In their work, cores were damaged
with drilling mud in a dynamic filtration cell; then,
the damaged cores were treated with ultrasonic energy
at various frequencies and intensities. The results of
their work showed that permeability increased by a
factor of three to seven after ultrasound treatment
for cores that were damaged by mud solids and fines
migration. Roberts et al. [34] investigated the role of
ultrasound energy in reducing near-wellbore formation
damage caused by organic deposits and polymers.
They showed that mechanical agitation provided by
acoustic waves re-suspended the paraffin and restored
the effective permeability of the core to its undamaged
condition. Wong et al. [35] examined the acous-
tic power needed to remove near-wellbore formation
damage caused by fines and particles plugging pores
as well as drilling-induced damage. The results of
their work led to the design and construction of a
slim, high-power, and high-frequency (above 10 kHz)
downhole acoustic tool for field deployment. Xu
et al. [36] examined ultrasound to remove oil from
oil field sand samples, and showed that ultrasound
assisted mechanical washing was an effective way to
extract the oil from sands. A review of the cleaning
applications of ultrasonic wave is available, done by
Mason [37]. In this area, Shedid [6,38] was the first
researcher to investigate the role of ultrasound wave
in asphaltene damage removal in core plugs. In his
work, the plug was damaged in the core holder by
gradual injection of 60 pore volumes of asphaltenic
oil; then, it was taken out of core holder and was
exposed to ultrasound in a beaker in an ambient
condition. He also took SEM images of the plug at
different ultrasound exposure times, and observed that
the application of the ultrasound irradiation not only
removed the deposited asphaltene from the surface,
but also created small micro-cavities at the plug. In
addition, Shedid [6,38] found that the increase of
ultrasonic time interval and/or frequency drastically
improved damaged oil permeability. However, the
condition of in-situ exposure was not provided in his
work.
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Figure 1. (a) Schematic of designed in-situ ultrasound exposure core flooding apparatus. (b) Section of the core holder.

This work may be introduced as an extension to
the work reported by Shedid [6,38]. However, here,
a specific core holder apparatus was designed with
the ability of in-situ exposure of ultrasound directly
to the plug in a high-pressure condition, which is a
much better representative of ultrasonic application in
real wellbores. The asphaltene deposition was induced
in the core plug by flooding many pore volumes of
asphaltenic oil, i.e., the same procedure as reported
by Shedid [6,38]. The role of ultrasound exposure
time, ultrasound power as well as ultrasound probe-
plug distance in stimulation efficiency was investigated.
In addition, the efficiency of ultrasound on sandstone
and carbonate rock types was compared. Moreover,
the amounts of asphaltene deposited in the plug and
asphaltene removed from the plug by ultrasound were
evaluated by sampling output fluid from system and
performing IP-143 tests.

2. Experimental

2.1. Experimental set up

In this work, a specific core holder apparatus was
designed and utilized for the experiments. Specialty
of this design is that ultrasound transducer is mounted
on top of the core holder, and ultrasound probe with
diameter of 3 ¢cm and length of 25 c¢cm is embedded in
the core holder. This allows us to apply ultrasound
wave directly to the plug within the holder in a high-
pressure condition. There is also an option to move the
probe back and forth through the core holder to change
the probe-plug distance. This distance could change

from 0.6 ¢cm to 4 cm. The ultrasound exposure was
applied using an ultrasound wave generator with the
power up to 1000 watts and the frequency of 20 kHz.
Figure 1(a) shows the experimental setup, while Fig-
ure 1(b) depicts the core holder and ultrasound probe.
Two high-pressure transfer vessels were used for oil
and brine, and two pairs of positive displacement
pumps (one pair for oil injection and one for brine
injection) were utilized to perform the injection jobs.
The overburden pressure around the rubber sleeve was
supported using a hand pump operating with water.
Both injection and overburden pumps were connected
to the water supply. The output fluid at the producing
end of the core holder was collected using a graduated
cylinder, and the producing pressure was controlled
using a backpressure system supported by a nitrogen
cylinder.

The experiments were performed on two different
core plugs: one sandstone with absolute permeability of
115 md and porosity of 15.6% and a carbonate sample
with permeability of 140 md and 11.1% porosity. High
permeability samples were selected to eliminate the
permeability reduction due to pore plugging, causing
severe damage to plug. Crude oil sample with API
gravity of 21 and 8.91% asphaltene contents was used
in the experiments.

2.2. Experimental procedure

2.2.1. Flooding experiments

After plug washing and desiccating, the core plug
was placed in the core holder and the setup was
assembled. Then, overburden pressure was provided
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using the hand pump. The core holder was connected
to vacuum pump and was vacuumed for 6 hours. When
the desired evacuation was achieved, the system was
fully saturated with brine. Afterwards, brine injection
began at a rate of 1 cc/min and continued for at least
three pore volumes until a steady-state condition was
well established, and complete water saturation in the
plug was ensured.

In the next step, oil injection was initiated at a
rate of 0.5 cc/min to push the water out of the plug
and continued until the irreducible water saturation
was reached. The original permeability of the plug
to oil was recorded at this point, and oil injection
continued with the same rate in order to create the
damage. During the oil injection, asphaltene was de-
posited gradually and the permeability of the plug was
reduced. In each experiment, oil injection continued
to 40-45 pore volumes of the plug, and the damaged
permeability was recorded versus pore volumes of oil
injected. After 40-45 pore volumes of oil injection,
when no more permeability reduction was observed,
oil injection stopped and ultrasound irradiation was
performed to treat the damage. Then, the system was
cooled for 20 minutes, and the oil injection was re-
initiated. Since physical properties of the sonicated
oil existing in the core holder may have changed under
ultrasound exposure, the injection continued until the
sonicated oils in the medium would leave the plug,

original oil entered the system, and then the stimulated
permeability was measured. The experiment was
repeated at three ultrasound exposure times (10, 20,
and 30 minutes), three ultrasound powers (100, 200,
and 300 watts), and three different distances between
ultrasound probe and plug (0.6, 1.6, and 3.6 cm)
on the sandstone plug. Some experiments were also
performed on a carbonate plug to evaluate the influence
of ultrasound wave for asphaltene damage removal in
a different rock type. It should be mentioned that the
errors resulting from calculation of the permeabilities
are +2 md.

3. Results and discussion

3.1. Effects of ultrasound power and exposure
time
Table 1 presents the details of experiments. The power
rates of ultrasound tool for Experiments 1-3, 4-6, and
7-9, performed on sandstone plug, were 100, 200, and
300 watts, respectively while the distance between horn
and plug was 0.6 cm. The value of sandstone plug
original permeability was calculated as 115 md. As
stated previously, high permeability core plugs were
used in this study to minimize the impact of pore plug-
ging. Two mechanisms of pore plugging and surface
deposition are responsible for permeability reduction
in the asphaltene deposition process. Pore plugging

Table 1. Details of experiments.

. Ultrasound Damaged Stimulated
Exp. Distance Power . . .
Rock type exposure time permeability permeability

no. (cm) (watts) K

(min) (md) (md)
1 Sandstone 0.6 100 10 79.0 92.6
2 Sandstone 0.6 100 20 73.5 102.6
3 Sandstone 0.6 100 30 67.4 102.6
4 Sandstone 0.6 200 10 774 99.4
5 Sandstone 0.6 200 20 73.5 109.2
6 Sandstone 0.6 200 30 70.5 111.1
7 Sandstone 0.6 300 10 73.8 98.9
8 Sandstone 0.6 300 20 69.4 110.4
9 Sandstone 0.6 300 30 66.7 111.1
10 Sandstone 1.6 300 10 57.8 78.4
11 Sandstone 1.6 300 20 52.9 83.2
12 Sandstone 1.6 300 30 50.1 84.3
13 Sandstone 3.6 300 10 54.0 73.8
14 Sandstone 3.6 300 20 45.3 75.2
15 Sandstone 3.6 300 30 39.8 74.6
16 Carbonate 0.6 200 10 94.0 101.5
17 Carbonate 0.6 200 20 93.6 104.9
18 Carbonate 0.6 200 30 92.6 105.5
19 Sandstone 0.6 300 10 70.3 100.3
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Figure 2. Process of permeability reduction due to
asphaltene deposition during oil injection as well as
permeability stimulation by ultrasonic exposure in
sandstone rock according to Experiment 7 in Table 1.

happens when asphaltene particles/aggregates block
some pore throats, which happens for small pores in
low-permeability samples; however, surface deposition
is a result of depositing asphaltene on the surface of
pore throats and of diminishing the available flowing
area. Pore plugging causes a severe permeability
reduction due to little asphaltene deposition, while
the extent of permeability reduction due to surface
deposition is low [39]. Figure 2 shows a sample of
oil injection process and the permeability reduction
followed by the ultrasound exposure. As shown in
Figure 2, permeability decreases during oil flooding
because of asphaltene deposition until 40-45 pore vol-
umes of oil injection finally reach a constant value.
This constant permeability value can be justified as
a result of establishing an equilibrium between surface
deposition and entrainment, as reported by Wang and
Civan [39]. Afterwards, oil injection stopped and the
damaged plug was subjected to ultrasound exposure.
The permeability increment due to sonication is ob-
served as a dashed line.

The results of 19 performed experiments are
presented in Table 1. According to the results, most of
the damaged permeability has been recovered for most
of the cases; at best, plug permeability has returned to
97% of the original permeability.

The extent of permeability stimulation in different
cases is estimated by the parameter of permeability
recovery, which is defined below:

(Stimulated Permeability-Damaged Permeability)

*100.
(Absolute Permeability-Damaged Permeability) (1)

PR=
To evaluate the influence of ultrasound exposure
time and ultrasound power, values of permeability
recovery are plotted against ultrasound exposure time
for different values of power in Figure 3. As is shown

10 15 20 25 30
Ultrasound exposure time (min)

Figure 3. Permeability recovery versus ultrasound
exposure time at different power levels.

in this figure, permeability recovery increases with
ultrasound exposure time; however, the amount of
increment between 10 and 20 minutes of sonication
is much more than that of increment between 20
and 30 minutes. In addition, permeability recovery
increment from 100 watts to 200 watts is much more
than that from 200 watts to 300 watts. Therefore,
it can be concluded that there is an optimum value
for ultrasound exposure time and power after which
no much enhancement in permeability is observed.
The working mechanism of ultrasound is to import
energy to the bulk of fluid and medium. This energy
not only scrubs away deposited asphaltenes, but also
breaks asphaltene particles/aggregates into very small
parts and dissolves them in the fluid in the highly
agitated condition present at the medium. Moreover,
temperature increases by the act of ultrasound, which
helps the process of dissolving asphaltene particles in
the bulk fluid [40]. In order to investigate the impact of
distance between wave source and the porous medium
on the efficiency of ultrasound wave for asphaltene
damage removal, Experiments 10-15 were designed
(Table 1). The distance between ultrasound probe
and plug was set to 1.6 cm for Experiments 10-12 and
3.6 cm for Experiments 13-15, while the ultrasound
power was 300 watts; the results were compared
to those of Experiments 7-9, in which the distance
was 0.6 cm. According to Biot [41], high-frequency
sounds attenuate with distance from wave source, and
the magnitude of attenuation is proportional to the
square of the frequency. According to Hamida and
Babadagli [42], when using Biot’s theory, attenuation
length of ultrasound at 20 kHz ranges from 2 to
10 centimeters. Accordingly, since the probe-plug
distance in our experiments is in the attenuation
range, we should observe the effect of wave attenuation
in our experiments. Figure 4 shows the variations
in permeability recovery versus ultrasound exposure
time for different ultrasound probe-plug distances. As
is expected, the value of the permeability recovery
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Figure 4. Permeability recovery versus ultrasound

exposure time for different ultrasound probe-plug
distances.

becomes lower for higher distances. This demonstrates
the impact of attenuation on stimulation efficiency. It
should be kept in mind that even though penetration
length of ultrasound in the porous medium is not
great, the problem of asphaltene deposition occurs
mainly at short distances, i.e., near-wellbore region.
Fluid pressure decreases in the near-wellbore region
because of fluid drawdown, which increases the risk of
asphaltene precipitation. In addition, in comparison to
further distances in reservoir, the ratio of flow/pore-
volume is much greater in the near-wellbore region.
Thus, much of the permeability reduction occurs in
small distances due to asphaltene deposition, which is
reachable by ultrasound.

3.1.1. Comparison of influencing factors
Time, power, and distance are the three ultrasound-
related parameters. The extent of influence of each

parameter in permeability recovery as well as the
interaction of these parameters needs to be studied for
further implementation. Figure 5 depicts the plot of
the main effects for each of these three parameters.
According to this figure, probe-plug distance has the
most prominent effect on the amount of permeability
recovery. Obviously, this could be due to wave at-
tenuation at greater distances. In addition, according
to Figure 6, great interaction between distance and
both time and power is observed, such that, at greater
probe-plug distances, the influence of time and power
on permeability recovery weakens. The interaction of
parameters of power and time also can be observed in
Figure 6.

3.1.2. Performance of the ultrasound exposure in
carbonate rock

A large portion of reservoirs around the world is car-
bonate, which may suffer from asphaltene deposition
damages. The application of ultrasound wave in a
carbonate sample was investigated through Experi-
ments 16-18, as given in Table 1. During oil injection
processes, considerable reductions in the permeability
of sample were observed. The values of damaged
and stimulated permeabilities are reported in Table 1.
Figure 7 also compares the results of sonication in
the carbonate plug with the sandstone with the same
experiment parameters. It appears that the application
of ultrasound wave for permeability recovery has not
been efficient in carbonate samples. The amount of
permeability recovery has been 27.3% at best, showing
lower stimulated permeability ratio in comparison to
those obtained in Experiments 1-15 for sandstone
sample. This observation may be rationalized by the
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Figure 5. Main effect plot of permeability recovery for ultrasound parameters of time, power and distance.
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Figure 7. Permeability recovery versus ultrasound
exposure time for sandstone and carbonate rock samples.

strongly oil wettability of the carbonate sample, which
tends to keep the asphaltene particles stuck to the pore
surface.

3.1.8. Evaluation of the asphaltene deposition and
asphaltene damage removal

According to the previous sections, the permeability
decreases during oil injection because of asphaltene
deposition. Afterwards, by ultrasound exposure, de-
posited asphaltenes are removed from the plug, hence
the permeability enhances. To support this argument,
the asphaltene deposition during gradual oil injection
as well as asphaltene removal from plug by sonication
was calculated during one of the experiments. For
this purpose, Experiment 19 was conducted. In this
experiment, 30 pore volumes of oil sample were injected
gradually into the sandstone plug, and 6 samples of
the exiting oil were assumed during oil injection for
IP-143 tests. After 30 pore volumes of oil injection,

Stimulated permeability
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Figure 8. (a) Process of permeability reduction due to
asphaltene deposition during oil injection as well as
permeability stimulation by ultrasonic exposure. (b)
Asphaltene content of output oil of plug before and after
ultrasound exposure.

sonication was carried out for 10 minutes with the
power of 300 watts, while the probe of ultrasound was
at a distance of 0.6 cm from plug. Three other samples
of the exiting oil were also taken after sonication
for IP-143 tests to evaluate efficiency of asphaltene
removal. Figure 8(a) shows the variations in the plug
permeability versus pore volume of oil injection, while
Figure 8(b) shows the variations of asphaltene content
of exiting oil from plug. The gradual permeability
reduction shown in Figure 8(a) is in agreement with
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the increment in the asphaltene deposition shown in
Figure 8(b) until reaching 30 pore volumes of oil
injection. An enhancement in the permeability after
ultrasound exposure is observed in Figure 8(a), which
could be explained with respect to asphaltene removal
act of ultrasound wave, as shown in Figure 8(b), by
an increment in the asphaltene content of the output
oil.

The straight line in Figure 8(b) shows the as-
phaltene content of original oil, which is equal to
8.91%. The difference between asphaltene content of
original oil and asphaltene content at each point gives
percentage of asphaltene deposition or the asphaltene
removal. Therefore, the area below the line of original
asphaltene content (A1) gives deposited asphaltene
value in the medium, and the area above the line
(A2) gives removed asphaltene from plug by sonication.
Considering the mass of the 30 pore volumes of injected
oil and area A1, the value of the deposited asphaltene is
0.88 gr. Moreover, considering seven pore volumes of
the oil existing in the core holder during ultrasound
application, which dissolves/carries and removes the
asphaltene from the plug as calculated by area A2, the
value of asphaltene removed from plug is 0.71 gr. This
states that 84% of the deposited asphaltenes has been
removed from the medium by ultrasound. Besides,
according to Figure 8(a), the stimulated permeability,
which has returned to 100.3 md and is equivalent
to 67% of permeability recovery, corresponds to 84%
asphaltene removal from the plug.

4. Conclusions

In this work, a specific core holder apparatus was
successfully designed and utilized for investigating the
impact of in-situ exposure of ultrasound for stimulating
asphaltene damaged reservoir rocks. The experi-
ments were performed under different conditions of
ultrasound power and exposure time as well as the
ultrasound probe-plug distances. Two rock samples of
sandstone and carbonate were used in the experiments.
The major conclusions drawn from results of this work
can be summarized as follows:

e Ultrasound could stimulate the damaged permeabil-
ity induced by asphaltene deposition. However, its
efficiency in sandstone rocks is much greater than
that in carbonate rocks;

e The amount of permeability recovery increased with
increasing ultrasound exposure time and power and
decreased with increasing the ultrasound probe-plug
distance; however, an optimum value for ultrasound
exposure time and ultrasound power was observed
after which the value of stimulated permeability was
not improved significantly;

e Analysis of asphaltene content in the output fluid

showed that, as a result of ultrasound exposure,
84% of deposited asphaltenes in the sandstone plug
was removed, corresponding to 67% permeability
Tecovery;

e Analysis of experiments showed that probe-plug
distance had the most prominent effect on recovery
of damaged permeability in comparison to time and
power of ultrasound;

o The results obtained in this work facilitate a better
understanding of the role of ultrasound in stimula-
tion of asphaltene-induced formation damage;

e The designed setup may be applicable to the analy-
sis of ultrasound stimulation of damaged induced by
drilling fluids, inorganic scales and wax deposition
in the wellbors.
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