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Abstract Because inorganic scales reduce permeability
near wellbores, they cause an additional pressure drop in
this region (skin damage) and reduce production. NaCl
precipitation, particularly in gas-producing wells, is one of
the formation damage problems which impair the perme-
ability. The use of backwashing water not only requires a
large quantity of water, but is also inefficient. This study
examined the effect of the ultrasonic waves in NaCl scale
removal. Twenty core samples with different permeabili-
ties were saturated with NaCl. After precipitation of NaCl
within the cores, the samples were first subjected to water
injection and then to water injection with ultrasonic wave
radiation. At each stage, the permeability of cores was
measured and recorded. Experimental results reveal that
applying ultrasonic waves restores the permeability of
cores more than water injection alone. In samples with
permeability lower than 20, 30-100, 100-700 md and
cores with permeabilities higher than 1000 md, ultrasonic
waves recover permeability to 80, 42, 87 and 81%,
respectively. In contrast, water injection alone improves
permeability to 29, 18.5, 62 and 77%, respectively. The
effect of these waves is much more obvious than water
injection alone in low-permeability cores. SEM images
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from cores show that ultrasonic waves destroy the structure
of deposits of sodium chloride. This phenomenon is due to
propagation of these waves and the resulting temperature
increase in the surroundings, which leads to the increased
solubility of these scales. After exposure to ultrasonic
waves, sodium chloride deposits inside the induced frac-
tures of cores could be removed from the fracture, whereas
water injection alone could not wash and remove the
deposits from the fracture. According to the results of this
paper, ultrasonic waves can be used as a novel and efficient
technology in gas wells to remove inorganic scales in the
near-wellbore region.

Keywords Inorganic scales - Ultrasonic - NaCl - Core -
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Introduction

Inorganic salts deposited in the porous media of oil and gas
reservoirs, or scale, have been recognized to be an
important problem in production treatment. Scale deposits
as formation damage, or “skin,” around the wellbore
contribute to a reduction in the permeability to any fluids
and plug the pore throat, resulting in decreased potential
for fluid flow (Moghadasi et al. 2003).

Many oil and gas wells are affected by scale deposition
within their porous media during primary, secondary and
tertiary recovery (Ismail 2009). Damaged formation by
scales has high costs, including:

e Drastic declines in production rate.

e Permeability reduction in the reservoir.

e The need for re-perforation treatment of the pay-zone
intervals.
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e Stimulation of the formation damaged.

e The need for remedial workovers.

e The need for re-drilling or directional drilling of the
plugged wells.

e Dehydration of connate water and increased salt
concentration in gas wells.

e Reactions occurring during acid treatment.

Inorganic scale formation is not due to the incompati-
bility of various fluids that naturally occur in the reservoir
(Abbasi and Farahani 2010; Bayona 1993). Mineral solutes
and halides existing in the water of crude oil are usually
supersaturated and in thermodynamic equilibrium with
reservoir conditions. This equilibrium is disturbed by drops
in pressure and water temperature during extraction, at
which point minerals precipitate and deposit in the for-
mation pores. In reservoir conditions, the water is super-
saturated with NaCl due to various factors such as
temperature, pressure, pH, mixing of incompatible waters
(water injection to improve oil recovery), turbulence,
evaporation and condensation (Civan 2000; Collins et al.
2004). In the production process, where decreases in
pressure and temperature mostly take place in the near-
wellbore region, NaCl in porous media and perforations
largely precipitates and causes skin in the reservoir (Klei-
nitz et al. 2001; Paulo et al. 2001). To induce crystalliza-
tion in the reservoir, various factors such as
supersaturation, nucleation and precipitation are required
(Crabtree et al. 1999; Mackay 2003). The induced skin
greatly reduces permeability, causing a slope rise in the
inflow performance relationships used for evaluating
reservoir deliverability (Economides et al. 2012). Produc-
tivity and injectivity of oil and gas wells decrease with
formation damage in the near-wellbore region; in some
cases, the well becomes completely plugged (Ghalambor
and Economides 2000). In the presence of organic deposits
such as wax and asphaltene, wettability alteration, rock
polarity and plugged-in pore throats are a matter of great
importance. Therefore, evaluation of the tenacity and
adherence of the bonds between deposit and rock are
important to select proper chemical solvents to remove
them (Amin et al. 2010; Subramanian et al. 2017). On the
other hand, in inorganic scales such as halides the only
parameter to be considered is permeability reduction due to
their precipitation in porous media, which is a function of
their amount and size. Unlike organic scales, inorganic
scales’ absolute and effective permeability, not relative
permeability, determines the intensity of formation damage
(Civan 2000; Boyun et al. 2007). NaCl precipitation in gas
and gas-condensate reservoirs and reservoirs with high
pressure and temperature can be significant (Moghadasi
et al. 2003). Precipitation of NaCl in the near-wellbore
zone can plug the matrix of formation if saline groundwater

igllase clloll dvao .
KACST 3.0:50lq rog sl @ Springer

is present during natural gas storage treatment (Wylde and
Slayer 2013; Hebert et al. 2016). The most common driv-
ing force for NaCl oversaturation is evaporation of the
produced water into the gas phase, typically caused by
pressure drops near the wellbore (Frigo et al. 2000; Yeager
et al. 1997; Sorbie and Collins 2010). Other mechanisms
include cooling the brine; introduction of less-polar sol-
vents (e.g., methanol) (Djamali et al. 2012; Goodwin et al.
2016), used as a thermodynamic hydrate inhibitor, or
ethanol (Zhu et al. 1994); or, rarely, mixing incompatible
brines, all of which result in a lower solubility for sodium
chloride (Sorbie and Collins 2010). In investigating the
effect of NaCl in gas wells in North Sea, Maxwell and
Young 2014 found that the most common mechanism by
which scale was formed in the southern North Sea was the
dehydration of formation water by the expansion of gas as
it entered the wellbore (Maxwell and Young 2014). In
cases with NaCl scale problems, the typical procedure has
been reactive, with the NaCl being allowed to build up in
the well before being removed by freshwater treatment.
However, this approach has a number of disadvantages,
particularly the loss of production due to poor performance
and shut-in time during washing and the production of
other scales. In addition, the washing process rarely com-
pletely removes the deposits and may cause progressive
formation damage (Maxwell and Young 2014).

Ultrasonic wave technology is used for cleaning filters
(Nguyen et al. 2016), size distribution (Kudo et al. 2017),
extraction (Zhu et al. 1994), separation (Bounos et al. 2017) and
other applications. Some studies have been performed in the
field of enhanced oil recovery using ultrasonic waves (Wang
and Xu 2015; Wang and Zhou 2004). Experimental models for
ultrasonic-based enhanced oil recovery have been presented
and indicated that ultrasonic waves can greatly increase pro-
duction (Mohsin and Meribout 2015; Wegener et al. 2001;
Amro et al. 2007). Changes in crude oil characteristics due to
ultrasonic wave irradiation are also evaluated (Shi et al. 2017).
Research has also been conducted into the impact of ultrasonic
waves on oil-water emulsions (Ding et al. 2016) and their
separation (Antes et al. 2017). The effects of ultrasonic waves
on organic and polymeric deposits are compared in this study;
the findings are that ultrasonic waves remove organic deposits
much more effectively than they do polymeric deposits
(Venkitaraman et al. 1995; Roberts et al. 2000). Tutuncu et al.
investigated the effect of ultrasonic waves on the removal of
asphaltene deposits in the near-wellbore area and mentioned
that the energy of ultrasonic waves can have a great impact on
permeability, restoring between 50 and 75% (Tutuncu and Joha
2008). Furthermore, some studies have been carried out on the
effect of ultrasonic waves on fine foreign particles (suspended
particles in drilling fluid). Experimental results show that waves
with a very short pulse are more effective than long, continuous
waves (on the condition that the total amount of acoustic energy
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is constant) (Poesio and Ooms 2009). Few studies have been
carried out on the effect of ultrasonic waves in removing
inorganic deposits. Using ultrasonic waves has many advan-
tages over other borehole-cleaning methods, such as lower cost
and environmental impact (Hartwig and Wélfel 2014). Ultra-
sonic waves can reduce deposits due to drilling and paraffinic
fluids as well as plugging deposits (Wang et al. 2017). Pecnik
et al. evaluated impact of ultrasonic waves on the structure of
calcium carbonate scale on steel and enameled surfaces of
different roughness. They believed that removing these
deposits depends on scale surface hardness and microstructure.
In another study, ultrasonic-assisted acid was shown to remove
inorganic scales better than most solvents currently in use
(Wang et al. 2016). Experiments conducted to remove fine
foreign particles (which plug reservoir rock pores) using
ultrasonic waves have shown that this technology is highly
efficient in removing and cleaning these particles (Poesio and
Ooms 2004).

As mentioned before, NaCl precipitates near wellbores
cause skin due to decreasing permeability. Water back-
washing cannot remove these scales; removal requires the
injection of large amounts of water. However, water
injection in large volumes can itself cause another damage
to the formation. In this study, using ultrasonic waves in
the removal of NaCl scales is addressed at the laboratory
scale. Experimental results show that this method effec-
tively removes these scales and can be considered as a
novel technology in oil and gas wells.

Table 1 Selected core samples characteristics

Experimental setup and procedures

Twenty core samples from reservoirs in Iran’s southwest
with a different range of permeabilities were used for
carrying out the experiments (Table 1). The experiments
were conducted according to the following steps:

e Cores were completely saturated with brine
(NaCl + deionized water) with a concentration of
220,000 ppm within a cell under 4000 psi pressure
for 4 days.

e Saturated samples were placed into a humidity oven for
a week at 60 °C, during which time the water in the
sample evaporated and NaCl was deposited in the cores
(Fig. 1).

e After the saturated samples were dried, their porosity
and permeability were measured and recorded with
helium porosity and air permeability, respectively.

e The cores were subjected to simultaneous water
injection and ultrasonic waves in a developed flooding
apparatus.

e Finally, the samples were again placed in a humidity
oven, and after drying, their porosity and permeability
were measured.

Figure 2 gives a schematic of the flooding apparatus
equipped with the ultrasonic wave generator. The samples
were saturated and then flooded under water injection. In
this process, the overburden pressure and injection rate

Sample ID  Weight (gr) Length (cm)  Diameter (cm)  Grain density (gr/cc)  Pore volume (cc)  Porosity (%) Permeability (md)
N21 168.1575 7.164 3.747 2.658 15.74 19.924 690.51
N22 116.6914 4912 3.759 2.667 10.758 19.736 144.46
N23 114.2958 4.783 3.753 2.656 9.879 18.828 129.81
N24 126.887 5.187 3.767 2.651 9.957 17.224 99.385
N27 167.069 7.284 3.869 2.706 23.906 27916 64.188
N30 167.2783 7.273 3.826 2.677 21.132 25.273 675.44
N31 204.799 7.288 3.88 2.653 19.985 10.426 18.565
192 185.1345 7.308 3.824 2.695 15.239 18.156 99.666
219 199.7766 7.27 3.831 2.734 10.75 12.829 11.932
222 196.0049 7.382 3.825 2.7 12.247 14.438 19.934
N26 145.0651 5.086 3.839 2.834 7.697 11.075 6.005
193 H 135.092 5.109 3.834 2.745 9.77 16.654 15.203
194 H 129.1185 5.072 3.831 2.825 12.762 21.83 55.984
201 H 120.1092 5.063 3.831 2.828 15.76 26.968 251.85
202 H 124.0587 5.102 3.831 2.833 15.029 25.556 220.96
222 H 132.9217 5.108 3.833 2.705 9.817 16.656 30.322
1 140.5852 5.114 3.834 2.829 9.347 15.831 19.295
193 189.3149 7.359 3.834 2.685 14.461 17.022 76.938
207 167.6001 7.381 3.812 2.664 21.331 25.323 1235.8
209 164.7038 7.21 3.837 2.666 21.461 25.809 2004.7
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Fig. 1 Deposition and crystals
of NaCl inside the sodium
chloride saturated cores after
being dried

Fig. 2 Schematic of flooding
apparatus equipped with
ultrasonic wave. I computer, I/
controller, /II injection pump,
1V overburden pressure,

V ultrasonic radiation generator,
VI water holder, VII core holder

I. Computer II Controller IIL Injection Pump IV. Overburden Pressure

V. Ultrasonic radiation generator ~ VI. Water Holder VII. Core Holder

were 1000 Psi and 8.2 cc/min, respectively. The amount of
injection for each core was two pore volumes. After the
samples were dried, porosity and permeability were mea-
sured. The samples were then washed thoroughly in
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soxhlets with methanol and ethanol until all NaCl deposits
were removed from the sample. The samples were again
saturated and water-injected while exposed to ultrasonic
radiation at a frequency of 22 kHz and a power of 1000 W.



J Petrol Explor Prod Technol (2018) 8:553-564

The pressure and injection rate were similar in both
conditions.

Results and discussion

Figure 3 shows the changes in the permeability of
samples after each step: saturation of the cores with
NaCl, water injection and water injection with ultrasonic
wave radiation. As shown in Fig. 3, water in core sam-
ples with low permeability (less than 20 md) cannot
remove sodium chloride deposits. In core samples with
lower permeability, water cannot fully penetrate the pore
throats and remove the formed deposits. However, in
core samples with greater permeability, water more
effectively washes and removes the NaCl deposits and
restores more permeability. Combining water injection
with ultrasonic wave radiation restores permeability to a
greater extent than water alone in all cores, but partic-
ularly in samples with low permeability levels. There-
fore, ultrasonic waves in these cores reduce the deposits
and restore permeability more effectively.

Ultrasonic radiation creates a mechanical turbulence in
the medium irradiated. When waves cross within the
matter, its particles vibrate so that the emitted energy
travels through the matter parallel to the particle vibra-
tion. The matter’s inner particles are limited to moving
back and forth following the wave energy. These particles
find free movement within the matter. The wave energy
causing particle movement disrupts the balance in the
substance as it passes through. The particle of matter due
to exerted force leaves its equilibrium state and displaces.
This displacement is in direct proportion to the force
applied to the particle and takes the form of simple har-
monic motion (Fakhru’l-Razi et al. 2009). This action
distorts the crystals of sodium chloride adhering to the
rock and crushes the bonding energy that allows them to
stick to the matrix surface. As a result, injected water can
readily evacuate separated salts from the core. Another
mechanical effect of ultrasonic waves is the creation of
distortion in the boundaries, which raises the temperature,
increasing the instability between the sodium chloride
crystals and rock. Absorbed sound waves are a determi-
nant factor for converting energy into heat in the medium.
Furthermore, the friction and abrasion in the boundaries
also produce heat, and cavitation is a major factor in
releasing excessive heat. All these factors contribute to
the heating effect of ultrasonic waves, which is a factor in
breaking the crystals of deposited material and increasing
its solubility in water. When ultrasonic waves pass
through the core sample, they accelerate solubility (Xu
et al. 2009). Finally, these waves increase the solubility of
sodium chloride with raising temperature, destroying

557
20 . —e—n31
18 kY --%--N26
: - a- 219
16 22
14 —o—193H
— 12
3
£
= 10
5
8
6
4
2
0
Original NaCl saturation Water Ultrasonic
100 ——nN24
90 --%--N27
- A= 192
80 194 H
70 —o—222H
e 193
— 60
=l
£
= 50
5
40
30
20
10
0
Original NaCl saturation Water Ultrasonic
700 —e—n21
--%--N22
600
—A- N23
N30
500
—@—201H
5 400 e 202 H
£
* 300
200
100
0
Original NaCl saturation Water Ultrasonic
—o—207

2000
--8--209

1500

K, (md)

1000

500

Ultrasonic

NacCl saturation Water

Original

Fig. 3 Sample permeabilities in each stage of experiment

bonding energy and breaking crystal of deposit. In sam-
ples with permeability lower than 20 md, ultrasonic
waves recover permeability to 80%. In contrast, water
injection alone improves permeability to 29%. In the core
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samples with 30-100 md of permeability, ultrasonic
waves restored permeability to near 42%, compared to
water injection alone, which restored it to around 18.5%.
In the core samples with a permeability range of 100-700
md, injection with ultrasonic waves restored permeability
to around 87% and water injection alone to 62%. In cores
with permeabilities higher than 1000 md, the ultrasonic
wave could restore permeability to around 81% while the
water injection alone could restore permeability to near
77%.

HV  |mode|mag B WD
20.00kV| SE | 200x |11.0mm

Fig. 4 SEM image of saturated surface with NaCl (indicated areas
are sodium chloride deposition)

“[mode|mag B| WD | ~—————50pm

20.00kV| SE |1500x[9.6 mm School of Metallurgy, University of Tehran

Fig. 5 EDS taken of saturated rock surface with NaCl
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To process the results of water injection with and
without ultrasonic radiation in the saturated core samples, a
thin layer of saturated core sample under both ultrasonic
radiation and water injection was selected and analyzed
with scanning electron microscopy (SEM). Figure 4 shows
one of the images of a saturated core sample with sodium
chloride. Highlighted sections are related to sodium chlo-
ride deposits. To analyze more precisely, EDS was
obtained from the surface of the rock (Fig. 5). The green
and red sections of the figure indicate sodium chloride
deposition, with green indicating a higher ratio of CI to Na.
To confirm this phenomenon, samples were mapped
(Fig. 6), and areas in which CI was found also contained
Na. In other sectors, calcium was plentiful, which is
characteristic of carbonate rock.

Figure 7 shows SEM images of a thin layer of core
sample exposed solely to water injection. The water
injection has altered the sodium chloride crystal’s struc-
ture; however, changes in the crystal of sodium chloride
are more evident. In fact, the cluster structure is almost
unchanged; the small changes observed in the NaCl parti-
cles. Ultrasonic waves, due to their mechanical effects,
severely alter these scales. As shown in Fig. 8, the crystal
structure of sodium chloride has been thoroughly
destroyed, thus raising its solubility in water and detaching
it from the rock matrix. This ultimately improves perme-
ability. Figure 8 shows that NaCl particles subject to
ultrasonic waves exhibit significant structural changes
including microcracks and cracks. Another change
observed in NaCl particles was edge cracking. SEM images
related to the core sample 193 treated after ultrasonic (from
the near to the distant of ultrasonic transducer) are shown
in Fig. 9. In Sects. 1 and 2, almost no NaCl particle is
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Fig. 6 Mapping of saturated
rock surface with NaCl

observed in the core. In Sect. 3, there are very few NaCl
deposits which is shown in the figure. NaCl clusters find a
lath-like structure which is due to mechanical effect of
ultrasonic wave. In Sects. 4 and 5, scattered NaCl

w- X

C-K|

Map data 898

SE MAG: 1180x HV: 20.0kV_WD: 9.6mm

structures are observed as a result of ultrasonic waves.
NaCl particle size in Sect. 4 is larger than Sect. 5. Getting
away from the radiation of ultrasonic waves in the core, the
amount and size of NaCl deposits increase. Fragmentation
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HV mode|mag @| WD | — 10 pm ———
School of Metallurgy, University of Tehran

20.00kV| SE |6000x /9.6 mm]|

20.00kV| SE |4000x [11.0 mm School of Metallurgy,University of Tehran

Fig. 8 Crystals of NaCl due to ultrasonic wave radiation

and disintegration of NaCl particles and clusters increase
the core permeability. The majority of NaCl cluster parti-
cles have been destroyed using ultrasonic wave irradiation
and appear as fine powders on the rock surface. This
increases the solubility of NaCl in injected water, which
means more NaCl will be removed and permeability will
be more fully restored. Results of core analysis and salt
particles show that the NaCl particles can show dramatic
changes in particle shape due to exposure to ultrasonic
wave radiation during the flooding experiment.
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Ultrasonic waves are high-frequency wave that are
converted to compression and expansion waves. They
constitute a novel technique to remove inorganic salt and
increase core permeability during core flooding. Ultra-
sonic waves have two forms of energy: the energy that
was initially radiated to the matter, and secondary
energy, which is related to cavitation. Energy induction
is associated with temperature changes. When a core is
subjected to a coreflooding experiment, the amount of
dissolved salt and salt particles in the outlet water are
different when ultrasonic waves are applied. NaCl par-
ticles precipitate on the core and aggregate on each
other, becoming compacted. The force of injected water
exerted on the pore surface causes these surfaces to
erode, promoting the adsorption of salt. Several factors
affect the solubility of NaCl salt in water, including
temperature, pressure and salt particle distribution in the
aqueous phase. When ions are in balance, the salt ceases
to dissolve and the solution will be saturated. In the
waterflooding process when a core’s pore space is cov-
ered with precipitated salt, the salt particles dissolve in
the water. Therefore, whatever perturbation in the floo-
ded water regime increases the amount of distribution
and transmission of salt particles from the common level
between the water and the pore space increases the salt
coverage. Thus, the aqueous solution approaches ionic
balance relatively late. At the irradiation stage of ultra-
sonic waves, the waves exert stress on the salt particle.
As shear stress increases on the particle, it breaks down
and forms a more active surface.

Changes in water temperature of core sample 193
which is under ultrasonic irradiation are given in Fig. 10.
Increasing the exposure time of ultrasonic waves also
rises the temperature of injected water. The water tem-
perature varies from 22 to 37 °C in which this temper-
ature rise increases NaCl solubility and permeability
improvement in ultrasonic wave irradiation. Disintegra-
tion of salt particles increases their solubility in the
aqueous phase. The energy and stress due to the explo-
sion of bubbles create perturbation and increase the
frequency at which salt particles collide and the extent
of the active surface, ultimately increasing solubility. In
addition, the explosion of existing bubbles in the water
phase increases the temperature of system. This tem-
perature rise further increases NaCl solubility in water
(Xu et al. 2009).

One of the most crucial issues in managing inorganic
scales is the natural fracture of the reservoir and perfo-
rations. For this purpose, a cement core with a 3.85
diameter, 30 cm length and a hole with a 1.2 cm
diameter through the entire core was obtained, and NaCl
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m
2000kv._SE |4

HV  |mode[mag 8| WD
2 v| SE 10.3 mm

Fig. 9 SEM of thin sections of core from the near to the distant of
ultrasonic transducer

was deposited within the core (Fig. 11). Then, we
injected water to this core sample once with and once
without the ultrasonic wave. As it is shown in Fig. 12, in

" HV  |mode mag @| WD | —

20.00kV| SE |4000x/13.9 mm

rﬁode'mag || WD [ —— ]m

20.00kV| SE |2500x[10.3 mm School of Metallurgy, University of Tehran

Fig. 9 continued

case of water injection a canal is formed. While in case
of water injection with ultrasonic wave, not only hole
diameter increases but also further pores are formed in
the scales due to ultrasonic wave action. This fig-
ure clearly shows that in destructing the structure of
deposited scale, ultrasonic waves could remove large
amounts of scale from the hole. Figure 12 shows that
NaCl particles subject to ultrasonic waves exhibit sig-
nificant structural changes including wormholes. Another
change observed in NaCl particles was edge cracking. In
some NaCl crystals, cracking occurs in boundary sec-
tions between the NaCl and the rock surface.
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Fig. 10 Changes in water 38 -
temperature of core sample 193 ]
under ultrasonic irradiation at
different injection time

Temperature (°C)

20 + T

30 40 50 60 70 80
Time (sec)

Fig. 11 Induced hole in cemented core with NaCl deposition

Conclusion

The results of this study can be summarized as follows:

e Ultrasonic wave with water in core samples with
different permeabilities can have efficient removal of
NaCl scales and permeability improvement compared

with water injection alone.

e Ultrasonic waves applied along with water injection to
core samples with low permeability (with NaCl

P4

y
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deposited) can restore permeability up to 51% more
than water injection alone.

Ultrasonic waves, due to their mechanical effects, cause
the destruction of NaCl crystals, reducing the binding
energy between matrix and scale and raising the
temperature, which in turn increases the solubility of
scale in water. This action leads to decreased deposition
within the core sample.
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Fig. 12 Effect of water injection and ultrasonic wave radiation on NaCl deposition within the hole

e Ultrasonic waves combined with water injection
remove NaCl deposits more efficiently than water
washing alone. These waves induce microfractures
within the scales, distorting them and facilitating their
removal from fractures and perforations.
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