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Understanding and manipulating geological pore structures is of paramount importance for geo-energy pro-
ductions and underground energy storages in porous media. Nevertheless, research emphases for long time have
been focused on understanding the pore configurations, while few work conducted to modify and restructure the
porous media. This study deploys ultrasonic treatments on typical geological in-situ core samples, with follow-up
processes of high-pressure mercury injections and nitrogen adsorptions and interpretations from nuclear mag-
netic resonance and x-ray diffraction. The core permeability and porosity are found to increase by 8.3 mD, from
4.1 to 12.4 mD, and by 0.95%, from 14.03% to 14.98%, respectively. Meanwhile, the number and size of the
micro- and mesopore are increased with progressing of ultrasonic treatment, while those of the macropore
decrease, which finally increase the permeability and porosity. The increase of micro- and mesopore number,
from x-ray diffraction results, is attributed to the migration and precipitation of clay minerals caused through
ultrasonic wave. The relocation of clay minerals also helps to improve the pore-throat connectivity and modify
the micro-scale heterogeneity. Basically, this study reveals the characterizations of geological pore reconfigu-
rations post-ultrasonic treatments and interprets the associated mechanisms, which provides guidance to

manipulate the geological pores and be of benefit for further porous media use in science and engineering.

1. Introduction

Geological porous media, particularly those with complex structures
and low-permeability, attract increasing attentions due to the geo-
energy productions and geological site usages for energy storages
[1-3]. It is the key to the development of low permeability reservoirs
that how to established an effective displacement pressure system be-
tween injection and production wells [4-6]. Unfortunately, the rapid
pressure drop caused by the increase of seepage resistance near vertical
wellbore is disadvantage to the establishment of effective inter-well
displacement pressure system [7,8]. Robert et al. used the universal
material balance method to describe changes in reservoir pressure
during horizontal well production and got similar conclusions [9]. High-
speed non-Dacry flow near well region aggravates the pressure drop
[10]. Additionally, permeability decline due to reservoir blockage
around wellbore during drilling and production, which in turn leads to a
rapid decrease in near-wellbore pressure [11-13]. In order to solve this
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problem, ultrasonic technology is used to treatment formation trying to
remove blockage near wellbore. It is found that the reservoir blockage is
relieved and the permeability is increased after treatment, which
effectively delays the pressure drop in the near-well zone [14-16].
Therefore, it is of a practical and fundamental importance to study the
change of pore structure of reservoir treated by ultrasonic for the anal-
ysis of near-wellbore pressure drop.

Compared with the traditional reservoir fracturing technology based
on chemical or physical methods, the characteristics of good economy,
friendly environment and long effective time promotes acoustic wide
application in reservoir development [17-21]. From 1950 s till present,
researchers have perceived that ultrasound can reduce crude oil vis-
cosity, reduce oil-water interfacial tension, enhance capillary imbibi-
tion, and increase reservoir permeability after a large number of studies
on the mechanism of ultrasonic enhanced oil recovery, they also believe
that the power, frequency and handing time of ultrasound will affect the
efficiency of ultrasound in enhancing oil recovery [22-28]. Ultrasonic
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oil recovery technology is widely used to be treated the blocking near
well oil layers caused by deposition of particles in porous media, the
purpose of increasing the crude oil production, water injection rate and
oil recovery is achieved [29,30]. Daily production from wells in western
Siberia increased by an average of 5.2 tons per day after ultrasonic
stimulation of the near wellbore region [31]. The reason is that the high
frequency vibration of ultrasonic wave drives the pore walls to vibrate
and the fluid is forced through pores [32]. Simultaneously, the porosity
and permeability of near well region are increased due to asphaltene and
paraffin deposits were cleaned from pores, and well production
increased [33].

Obviously, the pore structure near the well zone has changed after
ultrasonic treatment. Ali investigated the pore structure change of
sandstone after ultrasonic wave treatment through scanning electron
microscope images and petrography, the permeability of sandstone was
increased due to exfoliation of rock particles and formation of micro-
fractures after treatment, but not absolutely, as exfoliated particles
may also block the pore throat and cause permeability reduction [34]. Li
analyzed the EOR mechanism of ultrasonic waves in the low-
permeability reservoir by scanning electron microscopy and fourier
transform infrared spectroscopy and concluded that ultrasonic wave can
alter the micromorphology of low-permeability cores and improve the
pore connectivity [35]. Li analyzed the results of nitrogen adsorption
experiment and found that ultrasonic waves not only accelerated the gas
desorption rate, but also increased the pore size and specific surface area
of shale [36]. Due to the lack of systematic research on the effect of
ultrasonic wave on sandstone pore structure, the relevant research
methods and theories of ultrasonic treatment of coal seam can provide
some inspiration for our research. The change of pore number and size
and the development of coal fractures with ultrasonic excitation were
determined by using nuclear magnetic resonance, thermal imaging and
P-wave measurement system by Tang (2016) [37]. Shi investigation the
change of pore type and diameter was analysed by using Ny gas
adsorption and summarized that the pore type of coal was not changed
after ultrasonic treatment but porosity was increased [38]. Liu and Sun
found by scanning electron microscopy that ultrasound could further
expand existing pores and cracks in coal and remove organic matter and
minerals on its surface [39,40]. Li coupled the temperature, pressure,
and seepage parameters of the coalbed methane reservoir and built a
seepage model under the action of ultrasonic waves for verifies that uses
ultrasonic waves to improve the seepage characteristics of coalbed
methane reservoir [41]. In addition, ultrasound is also used to increase
the specific surface area and porosity of activated carbon and sludge
[42,43]. So far, no attempts have been made to quantify the effect of
ultrasonic on pore and throat structure changes in sandstone by
combining nuclear magnetic resonance (NMR), high pressure mercury
injection (HPMI), low-temperature nitrogen adsorption (LTNA) and X-
ray diffraction (XRD).

In this paper, the changes of pore and throat structure after ultra-
sonic waves treatment for different time were comprehensively char-
acterized by combined with HPMI, NMR, LTNA and XRD. Specifically,
including changes in the number of micro to nanoscale pores, throat
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size, pore-throat connectivity and the variation of microscopic hetero-
geneity. In addition, the core permeability and porosity changes with the
ultrasonic treatment time are also monitored. The rule of the pore
structure change in the near well area was discovered by this study
would provide reference and support for the optimization of production
pressure difference and injection-production parameters of ultrasonic
oil recovery, which is conducive to promoting application of ultrasonic
oil recovery technology and improving recovery efficiency of low
permeability reservoirs.

2. Experimental
2.1. Materials

A core sample with length of 11.6 cm and width of 2.5 cm is collected
from the Upper Triassic Yanchang formation of the Chang 6 sandstone
reservoir in the Ordos Basin, China. The long core is divided into five
sections from left to right, they will be used for HPMI, NMR, LTNA and
XRD test, the size of the cores is shown in Fig. 1. Because the residual oil
in pores of samples will be affected the accuracy of the experiment, the
organic in samples must be eluted by a mixture of dichloromethane and
methanol with a volume ratio of 9 to 1. The synthetic brine was prepared
by using distilled water with the salinity of 22070 mg/L (i.e., 7990 mg/L
KCl, 1090 mg/L CaCly, 2410 mg/L MgCl,, 8620 mg/L NaCl, and 1960
mg/L NaHCO3). Such prepared synthetic brine was used as reservoir
brine to eliminate the influence of the water sensitivity according to the
formation water salinity and ion types of Chang 6 reservoir.

2.2. Setup

Fig. 2 shows the structure of Soxhlet extractor (SGLT-6, Shanghai
Luwin Scientific Instrument Co., LTD, China), which is mainly composed
of round bottom flask, absorbent cotton, extraction tank and condensor.
The round bottom flask can hold up to 1.5L of the extraction solvent,
from which it is vaporized into the extraction tank. Running water in the
condenser cools the vaporized extraction solvent into a liquid and drops
it onto the core in the extraction tank.

The ultrasonic cleaning can provide ultrasonic waves with fixed
frequency (28 kHz) and power (120 W) for the experiment. In order to
avoid the experimental error caused by water sensitivity effect, the
machine conducts ultrasonic waves to the rock with brine as the me-
dium, and the temperature adjustment range is from surrounding tem-
perature to 373.2 K. The running time of the machine can be set at most
3 h at a time, but it can be set continuously, so the time is free.

The experimental device for gas permeability measurement is self-
assembled, which is mainly composed of nitrogen cylinder with pres-
sure regulator, core holder, hand pump and gas metering device. The
nitrogen cylinder provides displacement pressures of 0.01 MPa-10 MPa
for permeability tests, and the gas metering device attached to the outlet
side measures the volume of gas flowing per unit time when the high-
pressure gas passes through the core holder. Of course, the hand pump
provides the core gripper with a constant confining pressure of 2 MPa
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Fig. 1. The cutting position of a core sample.
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Fig. 2. Structure and composition of Soxhlet extractor.

above the inlet pressure to prevent gas from passing through the gap
between the core and the gripper in this process.

The instrument model used in this HPMI experiment is Autopore IV
9520 automatic mercury porosimeter manufactured by American In-
struments. The minimum pore size detected was 0.003 pm when the
mercury injection pressure reaches the maximum allowable pressure of
413 MPa, and the measurement accuracy is 0.001 MPa. The mercury
injection process used a staged pressure boost, and the cumulative
mercury injection saturation under a certain pressure was recorded after
the pressure reached stability. The pore-throat radii under different
pressures can be obtained according to the Washburn equation.

NMR pulsar (come from Oxford instruments, UK) is used to detect the
transverse relaxation time (T) spectrum, including a magnet, a RF
emitter and a data acquisition unit. The radio frequency is distributed in
a range of 1-30 MHz with a control precision of 0.1 MHz. Besides, the
echo time is set to be 0.12 ms, waiting time is 1.125 s for measurement,
and the scanning number is 64.

The experimental equipment for LTNA is QUADRASORB SI specific
surface analyzer produced by Anton Paar Company in the United States,
which can be used to measurement any specific surface (0.0005 m?/g)
and pore size (0.35 nm-500 nm) at the same time by an independent
analysis station.

The polycrystalline diffractometer (Empyrean, Malvern Panaco,
Netherlands) used for XRD diffraction testing has a minimum step angle
of 0.0001° and repeatability of 0.0001, the angle deviation of less than
+ 0.01°. The core needs to be ground into a 200 mesh powder in a dry
environment.

2.3. Procedure

In this section, a detailed description of experiment procedure will be
provided as follows:

Step 1: In this paper, the organic content in the core was cleaned by
Soxhlet apparatus. The core was placed in the extraction tank of the
Soxhlet instrument, and fill the flask with 1 L of a mixture of
dichloromethane and methanol with a volume ratio of 9 to 1. Vaseline
was applied to each port to seal, and tap water was supplied to the
condensate tube to cool and turn on the heating unit. The extraction
solvent in the flask is vaporized as solvent vapor with heat, and then
drops into the extraction tank through the condensing tube to extract
the organic matter in the rock. With the accumulation of solvent in the
extraction tank, the solvent flows into the flask through the siphon

when the liquid level reaches a certain height. This process is repeated
until extraction is stopped after 20 days. The cores are removed and
dried in constant temperature chamber for 10 h at 373.2 K.

Step 2: The core was cut into cylinders of the size required for the
experimental in the sequence shown in Fig. 1 using a 6 Lapidary
trimming saw (Kingsley North Inc., Norway, MI) with use of cooling
water.

Step 3: The cut cores were dried in a constant temperature chamber
at 370.2 K for 10 h, then weighed and cooled at room temperature for
10 h. Core diameter and length should be measured before gas
permeability test. In order to avoid swelling of clay minerals in cores
caused by water sensitivity, the cores were saturated with brine by
vacuuming and pressurization. Specifically, the core is first placed in
an intermediate container with a piston, and the vacuum pump is
worked for 10 h to completely drain the air from the pistons. Then,
the vacuum pump shut down and draws formation water into the
piston under atmospheric pressure. When the container is filled with
water, close the valve and push the piston to increase the pressure
inside the piston to 19 MPa. 10 h later, the core was taken out and
weighed to calculate porosity.

Step 4: The two samples with length of 1.5 cm on the left are used for
HPMI experiment. One of the cores without ultrasonic treatment was
first dried at 373.2 K in a constant temperature chamber for 10 h and
cooled at room temperature for 10 h. The core was placed in a closed
high-pressure chamber for vacuum test, and the injection pressure
was stages increased, record the cumulative volume of mercury
when the pressure reached stability. The mercury injection pressure
can be converted to the pore-throat radius according to the Wash-
burn equation. The other core needs to be treated continuously for 6
h in an ultrasonic cleaner filled with salt water before the HPMI
experiment is carried out according to the above procedure.

Step 5: After step 3, the samples with a length of 4 cm were firstly
tested by NMR, and then placed it in an ultrasonic cleaning machine
filled with salt water for continuous stimulated for 2 h. According to
the experimental steps described above, the core was dried,
measured gas permeability, saturated water and NMR tested in
sequence. The core was treated by ultrasonic for 2 h again, and this
process was repeated until the core was treated for 6 h in total.
Finally, the T, spectrum and permeability of the core without ul-
trasonic and treated for 2, 4 and 6 h by ultrasonic were obtained.
Step 6: After step 2, cores for LTNA experiments are dried and made
into particles of 2 mm in diameter. Firstly, 2 g of particles was put
into a closed glass tube for LTNA experiment without ultrasonic
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effect. Then, the particles were treated in an ultrasonic cleaner for 2
h, and dried again for LTNA. Repeat this step until the cumulative
ultrasonic treatment time reached 6 h. The specific surface area and
number of nanopore of the core without ultrasonic and treated for
2,4 and 6 h by ultrasonic were obtained.

Step 7: Like the LTNA experiment, the core used for XRD test also
needs to be dried and made into particles with a diameter of 2 mm.
These particles are averaged to four parts, one of them directly
ground to 200 mesh powder but other three parts should be treated
by ultrasonic for 2, 4, and 6 h, drying and grinding to 200 mesh
powder and tested for XRD. The mineral content of the core without
ultrasonic and treated for 2,4 and 6 h by ultrasonic were obtained.

3. Result and discussion
3.1. Porosity and permeability

The relaxation signals when the pores of the core are fully saturated
with single-phase water are all derived from the hydrogen atoms in the
water molecules, consequently the core porosity can be obtained from
the cumulative distribution curve of the Ty spectrum. Fig. 3 is the
porosity change of the sample after ultrasonic treatment by NMR
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monitoring. It shows that the initial porosity of the sample was 14.0%
and which increased to 14.5% after 2 h of ultrasonic treatment, the
porosity of ultrasonic treatment for 4 h and 6 h increased to 14.6% and
14.9%, respectively. Overall, porosity increases with the increase of
ultrasonic treatment time, the increase in porosity varies in different
stages of ultrasonic treatment due to the influence of core pore structure,
cementation degree, mineral composition and other physical properties.

The change of permeability after ultrasonic treatment is shown in
Fig. 4. Similar to the variation trend of porosity, permeability also in-
creases with the increase of ultrasonic treatment time. The initial
permeability of the sample was 4.6 mD, which increased to 10.4 mD
after 2 h of ultrasonic radiation, the permeability increased to 11.9 mD
and 12.4 mD after 4 h and 6 h of ultrasonic stimulate, respectively.
Unfortunately, the increase amplitude of permeability decreases with
the extend of processing time.

Obviously, the increase of porosity and permeability means that the
seepage of fluid in the porous media will be easier. Especially, the in-
crease of permeability significantly reduces the pressure loss in the near
wellbore area of low permeability reservoirs and is of great significance
to improve the production of oil wells. In this work, we will analyze and
try to explain the reason of ultrasonic treatment increases core porosity
and permeability in the following sections.

_
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3.2. Pore-throat size

Fig. 5 shows the Low-temperature nitrogen adsorption and desorp-
tion curves of cores treated with ultrasonic for different time. It can be
seen from the figure that the early adsorption volume increased slowly
until the adsorption amount increased rapidly after the relative pressure
(P/P0) reached 0.85. The adsorption capacity increases rapidly and
capillary condensation occurs as the relative pressure approximate to 1
indicates that the presence of large pore sizes in the core. The Ny
isotherm of adsorption and desorption are separated to form a hysteresis
loop near the medium relative pressure (P/Py = 0.45). They all belong to
the H3 type according to the International Union of Pure and Applied
Chemistry (IUPAC) and the shape characteristics of the narrow lag ring,
indicating the existence of a parallel plate-shaped slit nanopore in the
rock [44]. Obviously, the shape of Ny isotherm of adsorption and
desorption did not change after ultrasonic treatment, indicating that
ultrasonic radiation did not change pore type but pore size.

The Brunauer-Emmette-Teller and Barrett-Joynere-Halenda methods
were used to calculate the specific surface area and pore volume,
respectively [45,46]. The plot of dV/dlog(W) (V is pore volume, W is
pore width) versus W is used to display the pore size distribution [47].
As shown in Fig. 6, the maximum pore size of nano-pores increased from
663.2 nm to 717.9 nm after ultrasonic treatment for 6 h, and the number
of pores with the same size increased. The average radius of nanopores
increased from 56.5 nm to 58.3 nm after ultrasonic treatment for 2 h,
and increased to 75.9 nm after ultrasonic treatment for 6 h. In addition,
the specific surface area increased with ultrasonic treatment time. The
specific surface area of ultrasonic treatment for 2, 4 and 6 h were 2.34
m?/g, 2.46 m%/g and 2.55 m?%/g, respectively, which were larger than
the initial state of 1.35 m?/g.

In this paper, the size and distribution of micron pores before and
after ultrasonic treatment were characterized by HPMI and NMR. Fig. 7a
shows the changes of capillary pressure curve of the samples without
ultrasonic treatment and after ultrasonic treatment for 6 h. The mercury
injection curve pressure of the sample without ultrasonic treatment was
always higher than that of the sample treated by ultrasonic for 6 h with
the same saturation, and the median saturation pressure is reduced from

2.27 MPa to 1.54 MPa, indicating that the ultrasonic treatment
increased the pore and throat radius of the sample. Since the data
recorded by HPMI are pores connected to the throat and the total mer-
cury intake and pressure of the throat, it actually characterizes the
distribution of the throat. Fig. 7b is the throat radius distribution curve
based on capillary pressure curve shows that the number of throats in
the range of 0.1 um-1.46 um increased after 6 h of ultrasonic treatment,
especially the average increase in the number of throats within the range
of 0.61 pm-1.46 pm reached 17.9%, unfortunately, the number of
throats decreased in the range of 1.82 um to 2.2 pm. Overall, the volume
of throat increased after ultrasonic treatment, which enhanced the pore-
throat connectivity and the seepage capacity of the throat.

Many literatures reported that the T, spectrum distribution can be
transformed into pore size distribution curve by combining NMR and
high pressure mercury injection [48]. At present, the method commonly
mentioned in literature is to use the peak value of the throat distribution
curve obtained by HPMI and the T, spectrum distribution curve ob-
tained by NMR to solve the conversion coefficient, and then convert the
T, spectrum into the pore radius. However, the high pressure mercury
injection curve represents the distribution of the throat only, and the Ty
spectrum is the response of all pores and throat signals in the core.
Therefore, the size and distribution of pore and throat characterized by
HPMI and NMR have large errors. The maximum pore radius is only 5
pm — 10 pm when the NMR T3 spectrum is converted to pore size dis-
tribution according to the pore size distribution of high pressure mer-
cury, which is inconsistent with the actual situation. In this paper, a new
method was designed to convert the relaxation time into the pore radius.
The method emphasized that the left peak of T5 spectrum in NMR rep-
resents the throat and the right peak represents the pore. Conversion
coefficient between peak value of throat distribution curve obtained by
high pressure mercury injection and left peak of Ty spectrum.

The relation between relaxation time Ty and aperture r is expressed
as [49]:

=1 @
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where, p is the transverse surface relaxivity rate, pm/ms; c is the shape
factor (in general, shape factor is 2); r is pore radius, pm; and Ty is
relaxation time, ms. Fig. 8 shows the combination of throat distribution
curve without ultrasonic wave and T, spectrum of saturated water
without ultrasonic. The T, value of the left peak of NMR is 7.94 ms, and
the single peak of the throat distribution curve is 1.46 pm. According to
Eq. (1), the ransverse surface relaxivity rate can be calculated as 0.092
pm /ms.

The T, spectrum can be converted to the pore size distribution curve
according to the determined ransverse surface relaxivity rate. Fig. 9a
shows the Ty spectrum distribution of ultrasonic treatment at different
times, and the pore size distribution curve of ultrasonic treatment at
different times is obtained by converting this figure as shown in Fig. 9b.
It can be seen from the figure that the number of pores increases in the
range of 3 pm-32.7 pm after ultrasonic treatment, and the number of
pores increases with the increase of the ultrasonic treatment time,
especially after 2 h of ultrasonic treatment, nevertheless, the number of

pores with radius greater than 32.7 pm decreased slightly. After ultra-
sonic treatment for 6 h, the minimum pore radius increased from 0.058
pm to 0.073 pm and the maximum pore radius was reduced from 92.1
pm to 73.2 pm.

In conclusion, the number of nanopores and mesopores in core in-
creases with ultrasonic treatment, at the same time, the size of nano-
pores and throat increase, on the contrary, the number of macropores
decreases. It is one of the reasons for the increase of core permeability
and porosity.

3.3. Connectivity

It can be seen from Fig. 7a, the mercury injection saturation
increased from 79.8% to 87.2% with the same maximum mercury inlet
pressure after ultrasonic treatment for 6 h, and the mercury removal
efficiency increases from 31.2% to 38.7%. The increase of mercury
saturation and mercury removal efficiency indicated that the pore throat
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connectivity was improved after ultrasonic treatment. One of the rea-
sons is that the increase of throat size in the core caused by the cavitation
of the ultrasonic wave promotes the connection of pores. Another reason
is that the rock is forced to vibrate under the action of high-frequency
vibration of ultrasonic wave resulting in the cements dominated by
clay minerals in the core to fall off the surface of the pores, thus changing
the pore structure in the porous medium and connecting the pores.

Table 1 shows the results of XRD test after ultrasonic treatment for
different time. It can be seen from the table that the clay minerals
content in the rock is 27.7% without ultrasonic, and decreases to 17.1%
after ultrasonic treatment for 2 h. The content of clay minerals in the
rock after ultrasonic treatment for 4 h and 6 h is 10.8% and 7.8%,
respectively. Obviously, the content of clay minerals in rock decreases
with the extension of ultrasonic treatment time, on the contrary, the
content of other minerals except clay minerals has increased. This does
not mean that the ultrasonic action transforms the clay minerals into
other minerals but the high-frequency oscillation of ultrasonic waves
peels off the clay minerals in the rock led to the content of clay minerals
decreases, and the content of other minerals without shedding increases
relatively, the result is that the content of other minerals except clay
minerals increases relatively. Fig. 10a is a microscopic view of the rock
surface without ultrasonic waves, it can be seen from the figure that the
particles on the rock surface are filled with cementing material. Fig. 10b
shows the microscopic view of the rock surface after ultrasonic treat-
ment for 6 h, affected by the ultrasonic high-frequency vibration and
cavitation, the cemented material between the particles falls off, but a
large number of rock and mineral particles remain. Inside the porous
medium, the clay minerals on the surface of mesopores and micropores
fall off and migrate to the macropore precipitation, resulting in the
decrease of macropore size, which explains why the number of meso-
pores increases and the number of macropores decreases after ultrasonic
treatment. In addition, it is also one of the reasons for the improvement
of pore connectivity of reservoirs after ultrasonic treatment.

Combined with the conclusions in Section 3.2, it is concluded that
there are two main reasons for the increase of rock permeability with the
action of ultrasonic. One reason is that the clay minerals fall off from the
rock surface and migrate into the large pores to sediment with the high-
frequency vibration of ultrasonic waves, caused the throat size to

increase, further, the originally blocked throat is dredged and the pore
throat connectivity is improved. Another reason is that the continuous
impact of high pressure released by cavitation on the surface caused
pore and throat expansion and increases permeability.

3.4. Microscopic heterogeneity

Fractal dimension is often used to quantitatively characterize the
microstructural complexity such as pore or particle size distribution,
pore surface roughness and streamline curvature. The fractal dimension
of the reservoir core is generally 2 to 3, the smaller the fractal dimension
is, the weaker the heterogeneity is. Based on the experimental results of
high pressure mercury injection, this paper analyzes the variation
characteristics of microscopic heterogeneity of core after ultrasonic ac-
tion from qualitative and quantitative perspectives. It can be seen from
Fig. 7a that the mercury injection curve after ultrasonic treatment for 6 h
is below the initial mercury inlet injection curve, the saturation with the
same mercury injection pressure range is larger means that the “plat-
form area” of the mercury injection curve is more gentle, indicating that
the microscopic heterogeneity of the pore-throat was weakened after
ultrasonic treatment.

According to the theory of porous media classification, the rela-
tionship between mercury volume and pore fractal characteristics is
[50]:

Pc D-3
()
PC,mm

where, Sy is the cumulative volume fraction of mercury in pores, %; P,
is capillary pressure, MPa; P iy is the minimum capillary pressure,
MPa; D is fractal dimension.

Take the logarithm of both sides of Eq. (2) to obtain:

(2)

Lg(1 = Sug) = (D—3)LgP. — (D — 3)LgPe in 3)

The fractal dimension can be obtained by linear regression of the
experimental data of HPMI using Eq. (3). The results are shown in
Fig. 11, the fitting linear correlation of fractal dimension is good. The
fractal dimensions of the original state and 6 h after ultrasonic treatment
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Table 1
Result of XRD.

Sample Quartz Potassium feldspar

Plagioclase Caly mineral Calcite Anhedritite Other
Without ultrasonic 20.3 10.2 21.5 27.7 8.6 3.8 7.9
Treatment for 2 h 21.5 13.1 26.8 17.1 9.5 4.1 7.9
Treatment for 4 h 23.7 14.3 29.1 10.8 9.1 4.2 8.8
Treatment for 6 h 23.5 14.1 32.7 7.8 8.9 4.1 8.9
were 2.55 and 2.53, respectively. By comparison, the fractal dimension D b b D
of the sample after ultrasonic treatment was slightly reduced, mean that Sp (Dss ; ) , ( 956_6 ) 4

the pore-throat heterogeneity was slightly improved.

In addition to fractal dimension, pore-throat sorting coefficient (Sp)
is also used to characterize microscopic heterogeneity in this paper.
Pore-throat sorting coefficient is a standard deviation measure of pore-
throat size in core, the larger the range of the capillary pressure curve
platform area, the better the pore throat sorting of the core and the
smaller the Sp value.

The calculation formula of Sp is:

where, Sp is pore-throat sorting coefficient; Dg4 is the throat radius when
the cumulative distribution frequency is 84%, pm; D14 the throat radius
when the cumulative distribution frequency is 16%, pm; Dgs the throat
radius when the cumulative distribution frequency is 95%, pm; D5 the
throat radius when the cumulative distribution frequency is 5%, pm. The
results show that the original pore throat sorting coefficient of the
sample without ultrasonic waves is 0.657, and the pore throat sorting
coefficient decreases to 0.614 after ultrasonic treatment for 6 h. The
qualitative analysis of high-pressure mercury injection curve and the
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quantitative analysis of fractal dimension and pore throat sorting coef-
ficient show that the microscopic heterogeneity of pore throat is
weakened after ultrasonic treatment, which is conducive to the seepage
of oil and water and thus reduces the pressure loss near the well zone.

4. Conclusion

The in-situ cores from Upper Triassic Yanchang formation of the
Chang 6 sandstone reservoir in the Ordos Basin were treated by 28 kHz
and 120 W ultrasonic waves for 0, 2, 4, and 6 h, with gas permeability of
4.6 mD, 10.4 mD, 11.9 mD and 12.4 mD, and porosity of 14.0%, 14.5%,
14.6% and 14.9%, respectively. Both permeability and porosity
increased after ultrasonic treatment, whereas the increase of perme-
ability was greater than that of porosity. According to the result of
LTNA, the number and size of micropores increased after ultrasonic
activations, and the increase was greater with the extension of treating
time, without pore type changing. Capillary pressure curve shows that
the number of throats in the range of 0.1 um-1.46 um increased after 6 h
of ultrasonic treatment, the number of throats decreased in the range of
1.82 pm to 2.2 ym. Overall, the volume of throat increased after ultra-
sonic treatment, which enhanced the pore-throat connectivity and the
fluid flow capacity in porous media. After ultrasonic treatment of 6 h,
the number of pores increases in the range of 3 pm-32.7 pm, neverthe-
less, the number of pores with radius greater than 32.7 pm decreased
slightly, the minimum pore radius increased from 58 to 73 nm and the
maximum pore radius was reduced from 92.1 pm to 73.2 pm. After the

10

same-period ultrasonic treatment, the fractal dimensions reduced to
2.53 and the pore throat sorting coefficient decreased from 0.657 to
0.614, which means the ultrasonic wave weakens the microscopic
heterogeneity.
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