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Abstract:
The oil production rate decreases rapidly after a short period of high yield from acidizing
or fracturing in low-permeability reservoirs. In this paper, nanospheres are applied before
the fracturing step, which possess the ability to absorb water and expand in the water layer,
reducing the flow capacity of bottom water and finally enhancing the oil recovery. The
plugging performance is investigated by nanosphere displacement experiments in cores
and sand-packs, which explores the plugging effect in the oil layer, the oil-water transition
zones, the water layer and the fracturing zones. In addition, a nuclear magnetic resonance
experiment is conducted to study the flow mechanism of nanospheres and determine the
plugging rates, which can characterize the plugging performance of nanospheres in porous
media. The results show that the plugging rate is 85.84% and 78.65% on the water layer and
oil-water transition zone, respectively, and 94.36% in the fracturing zone. Meanwhile, the
nanospheres cannot plug the oil layer. The formation pressure has a less considerable effect
on the plugging performance of nanospheres. The nanospheres have good injectivity, and
the intensity variations in small, medium and large pores account for 34.46%, 13.22% and
52.32%, respectively. Overall, this paper explores the feasibility of applying nanospheres
for water plugging and enhanced oil recovery.

1. Introduction
Oil and gas remain important energy sources around the

world, with the demand increasing year by year (Zhang et
al., 2019; Wang et al., 2020; Ajoma et al., 2021; Hosseini
et al., 2021). With the depletion of conventional oil and
gas resources, the effective development of unconventional
reservoirs, such as tight oil and tight gas, is becoming a
global propensity (Clark et al., 2018; Wachtmeister and Höök,
2020; Ahmed et al.. 2021; Yasin et al., 2021). During the
development of unconventional reservoirs in the Ordos Basin,
Central China, petroleum engineers have often used fracturing
techniques to stimulate the formation (Wang et al., 2019; Li et
al., 2021). After the fracturing process, the fracture conduc-
tivity of formation is increased, which makes the fluid flow
more easily (Ranjbar and Hassanzadeh, 2011; Di et al., 2021;

Memon et al., 2022). However, during fracturing in some tight
reservoir with bottom water, the fractures may connect with
the bottom water, which results in early water breakthrough
or serious water flooding (Alblooshi and Wojtanowicz, 2018;
Moghadasi et al., 2019; Akbarifard et al., 2020).

Nanospheres have been employed in profile control and
water shutoff in heterogeneous reservoirs for a long time
with great results; they could achieve deep profile control by
“transporting-plugging-elastic deformation-transporting again-
plugging again” (EI-Kaesani et al., 2013; Temizel et al.,
2017). The plugging mechanism of nanospheres is mainly
divided into physical plugging and elastic plugging. Physical
plugging refers to the expansion of nanospheres through water
absorption, which could directly plug pores smaller than the
diameter of nanoparticle, while elastic plugging refers to the
deformation of nanoparticles under pressure, which will be
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transported to subsequent pores to continue to play the role of
plugging (Eltoum et al., 2021).

Many researchers have conducted laboratory experiments
on nanospheres from different aspects. Moghadasi et al.
(2019), Eltoum et al. (2021) and Hanafy et al. (2021) tested the
effects of injection rate, injection volume and concentration
on the plugging performance of nanospheres through core
displacement experiments in low permeability reservoirs. Ro-
gachev and Kondrashev (2015), Lenchenkov et al. (2019) and
Chen et al. (2020) explored the matching relationship between
the pore size and nanosphere size, and studied the influencing
factors of plugging through core displacement experiments
and microfluidic experiments, in order to reveal the migration
and plugging mechanism of nanospheres from the scale of
core and pore, respectively. Liang et al. (2019) evaluated the
effect of combining nanospheres with other profiling systems
through sand-pack displacement experiments. Their results
showed that the increase in recovery through the combined
technology was greater than that by separate system. Sugar
et al. (2021) designed a sophisticated microfluidic chip for
profiling experiments to better simulate the real formations,
and to assess the nanospheres’ plugging effect.

The Nuclear Magnetic Resonance (NMR) technique, which
only collects fluid signals (H-signal) and distinguishes dif-
ferent fluids by suppressing the relaxation time, is widely
used to analyze rock pore volume, throat size and fluid
distribution in oilfield development (David and Douglas, 1988;
Saidian and Prasad, 2015; Ghomeshi et al., 2018). Karimi et
al. (2018) combined NMR experiments with centrifugation,
mercury-pressure capillary pressure, and nitrogen adsorption
experiments to investigate the flow and transport mechanisms
in shale reservoirs, and clarified the mechanisms contributing
to enhanced oil recovery.

This paper presents a method to prevent bottom water
intrusion during the development of low-permeability reser-
voirs with bottom water by injecting nanospheres into the
reservoir prior to formation fracturing, in order to create a
plug at the bottom water location. The physical properties
of nanospheres are firstly investigated by Laser Particle Size
Analyzer, and the plugging effect of nanospheres in the matrix
and fracturing zone is subsequently evaluated by core and
sand-pack displacement experiments. Finally, the injection
performance of nanospheres in the matrix is tested by NMR
experiments. The above experiments are used to verify the

feasibility of this method.

2. Materials and methods

2.1 Materials
Nanospheres. The nanospheres used in this study were

supplied by PetroChina Changqing Oilfield Company and
preserved in kerosene. This material can swell in water but not
in oil. The median radius of the mother liquid was measured
by Nano-Laser Particle Size Analyzer at 124.3 nm, as shown
in Fig. 1.

Cores and sand-packs. The cores were taken from the
Jurassic Yan 9 and Yan 10 formations in the Ordos Basin, and
used for the matrix plugging experiments. Quartz sands with
70/140 mesh were supplied by Jiangsu Tuochuang Scientific
Research Instruments Co., Ltd. for the fracture plugging ex-
periments. The parameters of cores and sand-packs are shown
in Table 1.

Oil. Crude oil was taken from Jurassic formations in the
Ordos Basin, with its composition presented in Fig. 2. It was
used for matrix plugging experiments with Core 3. Kerosene
(2.310 mPa·s at 25 °C) was adopted for matrix plugging
experiments with Core 1. Fluorine oil produced by Minnesota
Mining and Manufacturing Company was used in the NMR
injectivity experiments.
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Fig. 1. Particle size distribution of nanospheres in mother
solution.

Table 1. Parameters of cores and sand-packs in the corresponding experiments.

Samples Diameter (cm) Length (cm) Porosity Kg (×10−3 µm2) Experiments

Core 1 2.508 5.085 0.1659 78.68

Nanospheres matrix pluggingCore 2 2.510 5.085 0.1381 50.952

Core 3 2.512 5.083 0.1439 27.39

Core 4 2.468 5.015 0.1587 30.285 NMR injectivity

Sand-pack 1 2.590 51.480 \ 13103.73
Nanospheres plugging performance

Sand-pack 2 2.590 51.480 \ 12754.08
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Fig. 2. Composition of the crude oil.
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Fig. 3. Schematic diagram of experiments to evaluate nanospheres’ matrix plugging performance.

2.2 Experimental methods
Nanospheres particle size distribution test. A Laser

Particle Size Analyzer (LSPA) is used in this experiment to
determine the particle size distribution of 0.5 wt.% nanosphere
solutions in simulated formation water at three different salin-
ities of 0, 20,000 and 80,000 mg/L, with swelling measured
at 0, 1, 3, 6 and 8 d to evaluate the swelling effect of the
nanospheres, and also to clarify the swelling time of the
nanosphere material in subsequent plugging experiments.

Matrix plugging performance experiments. This type of
experiments is employed to investigate the plugging perfor-
mance of nanospheres in matrix by comparing the variation
of permeability in cores before and after the injection of
nanospheres. Core 1 is saturated with kerosene, Core 2 is
saturated with formation water (i.e., 20,000 mg/L KCl so-
lution), and irreducible water state is established in Core 3.
The schematic diagram of this experiment is shown in Fig.
3. The experimental equipment includes displacement system
(ISCO pump, displacement media, core holder and confining
pressure pump) and the measurement system (measuring tubes
and pressure transducers). The displacement media contains

formation water, oil and nanosphere solution. The displace-
ment system is used to perform core displacement, and the
measurement system is employed to record the experimental
data. The prepared cores are subjected to experiments accord-
ing to the following steps:

Step 1: Kerosene is applied in Core 1, and simulated
formation water is used in Core 2 and Core 3 to measure
their permeabilities.

Step 2: Nanosphere mother liquid is injected to Core 1,
while nanosphere solution (i.e., 0.5 wt.% nanosphere solution
in the 20,000 mg/L KCL) is injected to Core 2 and Core 3.
Three cores are injected at 3 PV, respectively. The cores are
then left to stand for a period of time to allow the nanospheres
to reach the expansion limit. The time is determined by the
nanosphere particle size distribution test.

Step 3: Step 1 is repeated to obtain the permeability Ko2,
Kw2 and Kw2’ of Core 1, Core 2 and Core 3, respectively, after
nanosphere injection.

Step 4: During the experiment, the confining pressure is
always 3 MPa higher than the inlet pressure.

Step 5: The plugging rate of the cores in different states is
calculated by Eq. (1).
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Fig. 4. Schematic diagram of experiments to evaluate nanospheres’ fracture plugging performance.

η =
K1−K2

K1
×100% (1)

where η represents the plugging rate, %; K1 represents the
permeability obtained at the first time point, ×10−3 µm2; K2
is the permeability obtained at the second time point, ×10−3

µm2.
Fracture plugging performance experiments. This type

of experiments uses sand-packs to simulate the reservoir
after fracturing, and the process of bottom water intrusion
is simulated by formation water displacement. The fracture
plugging performance is investigated by comparing the varia-
tion of permeability before and after nanosphere injection. The
experimental schematic diagram is shown in Fig. 4. Compared
with Fig. 3, the sand-pack replaces the core holder, and a back
pressure valve has been added behind it, which regulates the
pressure in the sand-pack by a hand pump. The specific steps
are performed as follows:

Step 1: Sand-pack 1 and Sand-pack 2 are saturated with
formation water (i.e., 20,000 mg/L KCl solution).

Step 2: No back pressure is applied in Sand-pack 1, and
10 MPa back pressure is set in Sand-pack 2.

Step 3: The permeabilities of Sand-pack 1 and Sand-pack
2 are measured by using stimulated formation water.

Step 4: Sand-packs are injected with nanosphere solution
(i.e., 0.5 wt.% nanospheres in 20,000 mg/L KCl solution) until
the solution flows out of the outlet, and they are left to stand
for a period of time to allow the nanospheres to reach their
expansion limit.

Step 5: Step 3 is repeated and the permeability of Sand-
pack 1 and 2 is measured.

Step 6: The plugging rate of Sand-pack 1 and Sand-pack
2 is calculated by Eq. (1).

Step 7: The pressure at the inlet of sand-packs is increased
step-by-step with a step length of 0.2 MPa. Each pressure
is applied for a sufficient period of constant pressure. The
corresponding pressure is the breakthrough pressure of the
water control material, i.e., when there is a uniform and
continuous output of water control material at the outlet.
Accordingly, the breakthrough pressure gradient is calculated.

Nanosphere NMR injectivity experiments. The labora-
tory core analysis experiment involving low field nuclear mag-

netic resonance spectroscopy can obtain more accurate and
diverse rock information, and provide an effective auxiliary
method to study the flow mechanism and EOR performance.
The NMR device is used to investigate the distribution of
hydrogen signals in cores through establishing the relationship
between transverse relaxation time (T2) and porosity, signal
intensity and fluid flow (Pu et al., 2018). Eq. (2) is often used
to connect the pore radius and transverse relaxation time:

r =
0.735T2

C
(2)

where r represents pore radius, µm; T2 represents NMR trans-
verse relaxation time, ms; and C is the conversion factor. The
pore radius distribution curve of the T2 spectrum conversion
fits well with the conventional mercury injection capillary
pressure curves when its value is 1.71 ms/µm.

This experiment first divides the pore size of the Jurassic
formation by comparing the T2 spectrum of Core 4 in the
saturated simulated formation water, irreducible water and
residual oil states. Then, the nanosphere solution is injected
at a constant flow rate to investigate the injectivity of the
nanospheres into the matrix. Since fluorine oil does not contain
the hydrogen element, it does not show up in the T2 spectrum.
In the nanosphere solution, water occupies the majority, and
there is only a small percentage of nanospheres, hence the
nanosphere solution is close to the intensity of water under the
NMR scan. The diagram of the experimental setup is shown
in Fig. 5, where an NMR device can be seen around the core
holder as opposed to Figs. 3 and 4. This is used for core scan
and data analysis. The NMR experimental steps are presented
as follows:

Step 1: Core 4 is saturated by simulating formation water
after vacuuming, and the core is scanned by NMR equipment
to obtain T2 spectrum under the 100% water saturation.

Step 2: The irreducible water state is obtained in Core 4
by using fluorine oil to displace the 100% saturated water.
Afterwards, the NMR equipment is applied to scan this core
for the T2 spectrum.

Step 3: The irreducible water state is obtained in Core 4
by using formation water and then scanned to obtain the T2
spectrum in the residual oil state.

Step 4: Core 4 in the residual oil state is placed in the NMR
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Fig. 5. Schematic diagram of nanosphere NMR injectivity experiments.
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Fig. 6. Particle size of nanospheres tested by LPSA. (a) Particle sizes change in water with increasing salinity during swelling
time. (b) Particle size distribution of nanospheres after reaching swelling equilibrium.

experiment. A back pressure of 0.5 MPa is applied and the
nanosphere solution is injected at a flow rate of 0.05 mL/min.
The online NMR scanning is performed for every 0.25 PV
injected, with an injection volume of 3 PV.

Step 5: During the experiment, the confining pressure is
always 3 MPa higher than the inlet pressure.

3. Results and discussion

3.1 Nanospheres particle size distribution
The size of nanospheres is their median size measured

by LSPA (Fig. 6). The particle sizes of nanospheres are
121.8, 105.7 and 92.3 µm when the particles reached swelling
equilibrium in simulated formation water at 0, 20,000 and
80,000 mg/L mineralization levels, respectively (Table 2).
A Leica microscope was used to observe the nanospheres
solution under 20,000 mg/L simulated formation water (0 d).
It was shown that the diameter of the nanoparticles expands
and they agglomerate rapidly in water (Fig. 7).

The results showed that particle size increases from nano

Table 2. Particle size and swelling time when nanospheres
reach swelling equilibrium.

Salinity (mg/L) Particle sizes (µm) Swelling time (d)

0 121.8 3

20,000 105.7 3

80,000 92.3 6

-scale to microscale after absorbing water. The nanospheres
swell from 124.3 nm to 0.856, 0.932 and 2.677 µm in 0,
20,000 and 80,000 mg/L formation water, respectively. Three
days were needed to reach the swelling equilibrium under the
conditions of 0 and 20,000 mg/L formation water, while about
5-6 days were required to reach swelling equilibrium in 80,000
g/L formation water due to the salinity effect.

The findings revealed that the particle size of nanospheres
in the fresh nanosphere solution increases with the rising
salinity of the formation water, and decreases when reaching
swelling equilibrium. However, the time needed to reach the
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Table 3. Result of nanospheres matrix plugging performance experiments.

Sample K1 (×10−3 µm2) K2 (×10−3 µm2) η (%) Conditions

Core 1 42.080 42.080 0 Oil layer

Core 2 9.996 1.415 85.84 Water layer

Core 3 0.248 0.053 78.65 Oil-water transition zone

Table 4. Result of nanosphere fracture plugging performance experiments.

Sample K1 (×10−3 µm2) K2 (×10−3 µm2) η (%) Pb (MPa) Gb (MPa/m)

Sand-pack 1 13103.73 739.54 94.36 1.2-1.4 2.33-2.72

Sand-pack 2 12754.08 687.44 94.61 1.2-1.4 2.33-2.72

Fig. 7. Nanosphere patterns observed under Leica microscope.

swelling limit increases in higher salinity (80,000 mg/L) for-
mation water. Therefore, the compatibility of the nanospheres
should be considered in field application.

3.2 Nanospheres’ matrix plugging performance
Plugging rate is an important indicator to evaluate the water

control performance of nanospheres. In this experiment, the
result for Core 1 simulated the process of nanosphere mother
solution entering the oil formation. It could be used to evaluate
the plugging effect of nanospheres, and clarify the damage
of nanospheres in oil formation by calculating the plugging
rate. The experiment involving Core 2 simulated the process
of nanosphere solution entering the water formation, which
revealed the plugging effect of nanospheres in the water for-
mation by calculating the plugging rate of Core 2. The exper-
iment involving Core 3 simulated the process of nanospheres
entering the oil-water transition zone (Sw = 45.23%), which
revealed the plugging performance of nanospheres in the oil-
water transition zone by calculating the plugging rate of Core
3. The results are shown in Table 3.

The results indicated that the plugging rate in the oil for-
mation, in the water formation, and in the oil-water transition
zone was 0, 85.84%, and 78.65%, respectively. This illustrated
that nanospheres firstly enter the oil formation, then the oil-
water transition zone, and finally the water formation during
the injection process from the wellbore to the formation. The

nanospheres would form a baffle at the location of the water
formation and the oil-water transition zone after swelling in the
formation for 3 days, which effectively prevents the intrusion
of bottom water during development. Flowable nanospheres
in the reservoir will flow out with the extracted oil, and the
trapped nanospheres will form another plug as the oil-water
transition zone level rises during development.

3.3 Nanospheres fracture plugging performance
In this experiment, the sand-packs were used to simu-

late the fractured zone, and the plugging rate, breakthrough
pressure (Pb) and breakthrough pressure gradient (Gb) were
measured to evaluate the plugging effect of nanospheres in
fractures. The plugging rates of nanospheres under different
pressures were investigated by applying different back pres-
sures on sand-packs. The results are shown in Table 4.

Sand-pack 1 and Sand-pack 2 were filled in the same
way, and they could be considered to have almost the same
initial permeability. The plugging rates for Sand-pack 1 and
Sand-pack 2 were 94.36% and 94.61%, respectively, with
the same breakthrough pressures between 1.2 and 1.4 MPa
and the same breakthrough pressure gradient of 2.33-2.72
MPa/m. The results showed that the change of formation
pressure has negligible effect on the plugging performance of
the nanospheres as the well is developed. The pressure keeps
decreasing under the condition that the formation energy is
not replenished when the nanospheres in the matrix cannot
effectively plug the intrusion of bottom water. The bottom
water intrudes into the fractured zone because the nanospheres
can absorb water. Then, it expands in the bottom water
intrusion zone to form a second baffle. In the late stage of
development, the plugging performance of the nanospheres is
not diminished when formation energy is supplied and the
formation pressure rises.

3.4 Flow mechanism of nanospheres by NMR
The pores of the Jurassic cores were classified according to

the T2 spectrum (Fig. 8) of the cores at 100% water, irreducible
water and residual oil, respectively. The results are shown in
Table 5. The cores were then injected with the nanosphere
solution, and online NMR scans were performed to obtain the
T2 spectrum (Fig. 9) during the injection process. The injection
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Table 5. The basis and results of pores division.

Parameters Small
pore

Medium
pore

Large
pore

T2 (ms) <10 10-50 >50

Pores radius (µm) <4.3 4.3-21.5 >21.5

Pores percentage (%) 34.46 13.22 52.32
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Fig. 8. T2 spectrum at the conditions of 100% water, irre-
ducible water and residual oil.
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Fig. 9. T2 spectrum during nanosphere injection.

capacity of the nanospheres was evaluated by analyzing the
intensity variations of the large, medium and small pores
during the injection process (Figs. 10 and 11). In contrast to
previous researches, this paper investigated the flow mecha-
nism of nanospheres in low-permeability cores by comparing
the intensity variation of different pores.

As Core 4 is a low-permeability core, its T2 spectrum has
an obvious double-peaked structure (Fig. 8). This study takes
the scope between the two peaks of the T2 spectrum of Core
4 (i.e., T2 of 10 ms and pore radius of 4.3 µm) to divide
small and medium pores. However, the wave crest at the right

side decreases and moves to the left during the 100% water
to residual oil state. The spectrum changes little at T2 less
than 50 ms, while the change is obvious at the opposite end,
indicating that pores greater than 21.5 µm in Core 4 are easily
used in the process of water displacing oil or oil displacing
water. Therefore, the transverse relaxation time of 50 ms,
corresponding to a pore radius of 21.5 µm, could be used
as the dividing line between the medium and large pores. The
basis of pore division is shown in Table 5. The T2 spectrum of
100% water reflects the pore structure of the core. According
to the basis, the result of pores division is that the small pores
take up 34.51%, the medium pores amount to 13.17%, and the
large pores consist 52.32% (Table 5).

The results of online NMR experiments of Core 4
nanosphere injection are shown in Fig. 9. The small pores’
crest moves to the left (i.e., the direction of decreasing
relaxation time), indicating that the nanospheres enter smaller
pores as the experiment progresses. The increasing intensity
in the medium and large pores indicates that the residual
oil is being displaced by the nanosphere solution, and the
nanospheres continue to enter the medium and large pores.

In the T2 spectrum, the area enclosed by the curve could
characterize the intensity of the hydrogen signal. The peak
areas of the small, medium and large pores in the online NMR
T2 spectrum were quantified. In the small pores (Fig. 10(a)),
the total intensity of the nanospheres show a decreasing trend
at 0.5 PV injection, followed by an increasing total intensity
during the injection of 0.5 to 2.5 PV, and the intensity of
the hydrogen signal gradually flattens out after 2.5 PV of
nanosphere injection. In the medium pores (Fig. 10(b)), the
trend of total intensity is basically the same as that in the small
pores, but the magnitude of intensity variation is smaller. In
the large pores (Fig. 10(c)), the overall trend in total intensity
is increasing, and the intensity of the hydrogen signal flattens
out after 2.5 PV injections. During the injection of 0.5 PV
nanospheres, the total intensity in the small and medium pores
decrease and the intensity in the large pores increase, which
indicates that some of the fluorine oil in the large pores
enter the small and medium pores at this time. After the
injection of 0.5 PV, the total intensity in the different pores
show an upward trend, which indicates that it the nanospheres
continuously enter the large, medium and small pores.

To better investigate the injectability of the nanospheres
in the matrix, the T2 spectrums of initial state (i.e., residual
oil), 0.5 PV of nanosphere injection and 3.0 PV of nanosphere
injection were analyzed for comparison (Fig. 11). It demon-
strated that the total intensity of the small and medium pores
reaches a minimum value when 0.5 PV of nanospheres are
injected, and then the total intensity increases continuously
(Figs. 10(a) and 10(b)). The increasing after 0.5 PV injection
is caused by nanosphere solution entering the pores. Therefore,
this paper used the T2 spectrum of 0.5 and 3.0 PV nanospheres
injection to analyze the flow mechanisms in small and middle
pores. The total intensity in the large pores was increasing
(Fig. 10(c)), so this paper compared the total intensity in the
initial state with the end state of the experiment (i.e., 3.0 PV
of nanospheres injection) to investigate the flow mechanisms
in large pores. The intensity variations in the small, medium
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Fig. 10. Variations of total intensity during the injection. (a) Variations in the small pores. (b) Variations in the medium pores.
(c) Variations in the large pores.
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Fig. 11. T2 spectrum at the conditions of residual oil, injection
of 0.50 PV nanospheres and injection of 3.00 PV nanospheres.

Table 6. The variations of intensity in the small, medium
and large pores.

Variations Small pore Medium pore Large pore

Intensity 0.376 0.08 0.298

Percentage (%) 49.87 10.61 39.52

and large pores were 0.376, 0.08 and 0.298, accounting for
49.87%, 10.61% and 39.52% of the total intensity variation,
respectively (Table 6).

4. Conclusions
In this paper, nanospheres were employed to plug the

bottom water and enhance oil recovery in low-permeability
reservoirs. Different experiments were conducted to investigate
the plugging mechanism. The main findings are as follows:

1) The nanospheres expand rapidly, and the clustering phe-
nomenon occurs when they combine with water. There is
a weaker effect of nanospheres on swelling at low salin-
ity; formation water salinity can inhibit the nanospheres’
swelling and clustering to a certain extent.

2) The plugging rates of nanospheres in the oil layer, water
layer and oil-water transition zones are 0, 85.84% and
78.65%, respectively. Therefore, the nanospheres do not
swell or plug when they come in contact with oil, but
they can prevent the bottom water intrusion by forming
a bulkhead in the water layer and the oil-water transition
zone.

3) The plugging performance of nanospheres in the fractured
zone is not affected by pressure changes. There is only
0.25% change in the plugging rate at 0.1 and 10 MPa
conditions. When bottom water intrudes into the fractured
zone, the nanospheres in the fractures will swell and have
a plugging effect.

4) The online NMR experimental results demonstrate that
the initial 0.5 PV of nanospheres play a profile con-
trol role. The intensity variations in small, medium and
large pores account for 34.46%, 13.22% and 52.32% of
the total intensity, respectively, which indicates that the
nanospheres have good injectivity into pores.
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