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ABSTRACT: For low-permeability sandstone reservoirs, CO, huff and puff is an effective
method for increasing oil recovery. Commonly, sandstone formations with low permeability have
diverse pore and throat sizes and a complex pore-throat structure, which essentially affects the
flow characteristics of CO, and oil in the formation and further the CO, huff and puff
performance. It is necessary to understand the recovery degree of various microscale pore sizes
under different operational parameters during CO, huff and puff in tight sandstones. In this work,
several experiments of cyclic CO, injection are conducted with sandstone core samples with low 1w -
permeability. Before and after the injection, the T, spectra of the sandstone cores are compared
using the NMR technique. We then discuss the micro residual oil distribution and recovery
degree in different pores, such as micropores (<1 ms), small pores (1—10 ms), medium pores
(10—100 ms), and macropores (>100 ms). It is found that the recovery degree in the different .
pores increases as the pore size increases. Oil can be recovered more easily from macropores and g Sl Nt Mamposs | The
medium pores during the cyclic CO, injection. The oil contained in micropores is relatively e

difficult to extract considering a high capillary force under immiscible conditions. It is found that the total recovery degree increases
with the increase in soaking time. However, such a recovery degree increment in small pores is not as large as that achieved in
medium and large pores. With the CO, injection volume increase, the total recovery degree increases. When the CO, injection
volume is less than 1.5 PV, it is challenging to extract the oil from micropores and small pores. As the cycle number increases, the
cyclic oil recovery decreases, and most of the oil is produced in the first cycle. This suggests that under the experimental conditions
of this study, the cycle number of CO, huff and puft shall not be more than 3. This work is important to further understand the CO,
huff and puff process for improving oil recovery in sandstone reservoirs with low permeability.
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1. INTRODUCTION Numerous works have been done to study the injection

To decrease the CO, emissions and greenhouse effect, parameters that affect the performance of cyclic CO,

numerous efforts have been made on carbon capture, injection,"*™"* including soaking time, injection volume,
utilization, and storage (CCUS).'™* On the other hand, to injection mode, injection pressure, etc. Kong et al. probed
replenish formation energy, low-permeability reservoirs are and analyzed the performance of water flooding and CO, huff
usually developed by water injection or gas injection,5’6 CO, and puff in a tight oil reservoir. The results showed that the
injection can increase oil production by oil expansion, reducing length of the gas injection stage and production stage can
oil—water interfacial tension and oil viscosity, and light impose a greater influence on the cyclic CO, injection
hydrocarbon extraction from oil.”® Therefore, for low- performance compared with the soaking time in each cycle.lé
permeability reservoirs, CO, injection has been recognized as Firouz and Torabi experimentally investigated the influence of
an effective method for enhancing oil recovery.”'" The the shut-in time on the effect of the CO, huff and puff. A long
methods of CO, injection for enhancing oil recovery include soaking time can effectively increase the recovery degree of the
CO, flooding, CO, huff and puff, and CO,—water alternate first cycle; however, it cannot noticeably increase the ultimate

injection.” As for a single well, CO, huff and puff is more
workable and practical taking into account the low cost with a
high return feature.”'" Pore and throat sizes of tight sandstone
formations are typically on the micro- and nanoscale combined
with complex pore-throat structure, which significantly impacts
the production degree in different pores and throats during
CO, huff and puff. Hence, the study of the remaining oil
distribution in different pores is helpful to understand the
mechanisms of CO, huff and puff in sandstone reservoirs with
low permeability.

oil recovery.'” Wang et al. optimized the injection parameters
and found that the optimum injection time and soaking time
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Table 1. Cores and Operational Parameters of CO, Huff and Puff

core length radius permeability porosity injection pressure injection volume soaking time number of
no. (cm) (cm) (1073 pm?) (%) (MPa) (PV) (h cycles

1 4.15 2.50 0.47 9.36 7.2 0.15 N 1

2 391 2.50 0.52 9.89 74 0.15 10 1

3 3.94 2.50 0.67 10.03 7.3 0.15 15 1

4 4.39 2.50 5.85 10.24 6.2 0.1 10 1

N 4.32 2.50 5.70 12.05 7.5 0.15 10 1

6 4.02 2.50 5.93 10.89 8.8 0.2 10 1

7 3.52 2.50 3.0 9.53 9.0 0.2 15 3

* 2 % Pressure : NMR | i Pl :

Brine Crude CO,

Oil

=

P %

Figure 1. Flow chart of the cyclic CO, injection experiment.
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are 1 year and 30 days, respectively.'® Zhang et al. found that
the main factors affecting the CO, huff and puff effect include
CO, injection volume, permeability, and stress sensitivity.'’
Song and Yang evaluated field-scale CO, huff and puff
performance in the Bakken reservoir. This study suggested
that a high injection pressure or a low production pressure
usually results in better recovery performance, while the
maximum recovery degree can be achieved under the
condition of soaking time of 15 days.”

Nuclear magnetic resonance (NMR) technology is usually
utilized to test the distribution of fluid containing hydrogen in
a porous medium. When the fluid containing hydrogen is
placed in a porous medium, the hydrogen nucleus in the fluid
makes a movement of transverse relaxation.”””” The larger the
pore size, the longer the corresponding transverse relaxation
time (T,).””** Therefore, the T, spectrum distribution also
indicates the pore size distribution, and the NMR technique
can be used to determine the pore size distribution.”>™>’
Several researchers have conducted analyses to better under-
stand the performance of CO, huff and puff on the microscale
through NMR techniques.”* ™" Wei et al. discussed the oil
distribution in the matrix and fractures of cores with a low-field
NMR measurement. The results demonstrated that the
produced oil was initially from large pores with a T, value
from 3.0 to 100 ms.”® Ma and Bai applied the NMR technique
to analyze the residual oil distribution in different pores. It was
found that the produced oil is mainly from large and medium
pores for the first cycle. In the succeeding cycles, the remaining
oil is generally produced from the smaller pores and
micropores.””™** For CO, huff and puff in low-permeability
sandstone reservoirs, although previous studies have inves-
tigated the oil recovery degree from different pore sizes, the
change of the pore size range where the oil is produced at
different operation parameters such as injection pressure,
injection volume, and soaking time is not yet systematically
investigated, which, nevertheless, is crucial to understand the
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process of cyclic CO, injection for increasing oil recovery in
sandstone formations with low permeability.

In this study, the NMR technique is employed to investigate
the CO, huff and puff effect at different operation parameters
such as soaking time, injection volume, and cycle numbers.
According to comparison of the T, spectrum before and after
CO, huff and puff, the residual oil saturation and recovery
factor in different pores are discussed. This paper aims to
investigate the process of CO, huff and puff as an eflicient
method to improve oil recovery in tight formations.

2. EXPERIMENT AND METHODS

2.1. Materials. The seven sandstone cores used for the
study are from the Chang 8 reservoir of the Heshui oilfield in
China. Table 1 gives the core sizes, rock properties, and
experimental parameters. The experimental oil is made up of
degassed crude oil and kerosene in a volume ratio of 1:3. The
viscosity and density of the oil are 2.16 mPa-s and 0.8 g/cm? at
323.15 K, respectively. The water used to saturate the cores has
MnCl, with a mass concentration of 25000 mg/L; the
hydrogen content is eliminated in the liquid. The purity of the
CO, used in the experiment is 99.99 mol %, and the minimum
miscibility pressure (MMP) at 323.15 K is measured to be 17.5
MPa.

2.2. Experimental Setup. Figure 1 presents the flow chart
of the CO, huff and puff experiment. NMR equipment (Geo
spec2/53, Oxford, England) is applied to measure the T,
spectrum of the sandstone cores. An ISCO pump (A100DX,
Teledyne ISCO) is used to inject fluid into the cores with an
accuracy of 0.5% of the set flow rate. A manual pump (Hongbo
Co. Ltd., China) is used to maintain the confinement pressure
of the cores. The measured data of flow rate and pressure are
recorded by a data collection system.

2.3. Experimental Steps. The cyclic CO, injection
experiment in the sandstone cores is first conducted. The
recovery factors and residual oil saturations for different pore
sizes are compared by analyzing the T, spectrum before and
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after CO, huff and puff. The following experimental steps are
taken:

(1) The seven cores are completely cleaned using
benzene to remove the oil contained in the cores.

(2) The cleaned cores are dried at 363.15 K for 12 h
to remove the residual benzene and moisture.

(3) The dried cores are measured for permeability
and then saturated with MnCl, aqueous solution.

(4) The cores saturated with MnCl, solution are
saturated with oil by displacing water.

(5) NMR equipment is then applied to measure the
T, spectrum of the cores saturated with oil
Through analyzing the measured T, spectrum,
the initial oil distribution in different pore sizes
can be obtained.

(6)Then, the CO, huff and puff experiment is conducted.
First, the core holder outlet is closed, and then
the core is injected with CO, at a rate of 0.1 mL/
min until the injected volume reaches the
volume shown in Table 1. Then, the core holder
inlet is closed, and the core is aged for a soaking
time also shown in Table 1. After that, the core
holder inlet is opened, and the oil is produced.
During the cyclic CO, injection of every core,
injection pressure and cycle number are set as
given in Table 1. The experimental temperature
is kept constant at 50 °C.

(7) Once the CO, huff and puff experiment is
completed, the cores are scanned and the T,
spectrum is measured again. This can be used to
determine the remaining oil saturation in the
cores after the CO, huff and puff process. Based
on the T, spectrum before and after CO, huft
and puff, the recovery degree in different pore
sizes can be determined by the equation given
below

S,-S
So (1)

R =

where R represents the recovery factor after the
cyclic CO, injection; S, means the area covered
by the original T, spectrum and X-axis before the
CO, huft and puff; and S is the area covered by
theT, spectrum and X-axis after CO, huff and
puff.

(8) Comparing and analyzing the T, spectra before
and after the cyclic CO, injection for the oil in
the cores, the remaining oil saturation in various
pore sizes can be obtained and is discussed.

3. RESULTS AND DISCUSSION

3.1. Influence of Soaking Time on the Oil Recovery
Factor. To determine the true pore size, a core sample from
the same area is selected for the mercury injection test and
NMR test. The test results are shown in Figures 2 and 3. The
corresponding values of the peak values of the two curves are
04 um and 58.73 ms. The division of the two values
determines that the conversion coefficient of the pore radius
and T, value is 0.007.

Figures 4—6 show the T, spectrum distributions of cores #1,
#2, and #3 before and after the cyclic CO, injection with
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Figure 2. Pore radius distribution of core #0 tested by the mercury
injection experiment.
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Figure 3. T, spectrum distribution of core #0 tested by NMR.
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Figure 4. T, spectrum distribution of core #1, with a 5 h soaking time.
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Figure S. T, spectrum distribution of core #2, with a 10 h soaking
time.

soaking times of 5, 10, and 15 h, respectively. According to the
common classification method based on transverse relaxation
time, the pores of the cores are classified into four groups, i.e.,
micropores (diameter smaller than 1 ms), small pores
(diameter between 1 and 10 ms), medium pores (diameter
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Figure 6. T, spectrum distribution of core #3, with alS h soaking
time.

between 10 and 100 ms), and large pores (>100 ms). The true
pore size of micropores, small pores, medium pores, and large
pores is 0-—0.007, 0.007—0.07, 0.07—0.7, and >0.7 pm
respectively.

Table 2 gives the oil saturations before and after one CO,
huff and puft cycle with different soaking times. The recovery
factors of the pore sizes are calculated based on eq 1 and
shown in Table 3.

As can be seen in Table 2, the pore sizes of the three cores
are mainly in the range of micropores and small pores, and
around 60—80% of oil is contained in micropores and small
pores. After the first cycle, the percentage of the remaining oil
distributed in the micropores and small pores further increases
to more than 90%, while the oil in the medium pores and large
pores is less than 10%. In other words, the oil in the large and
medium pores is easily extracted at the three soaking times
compared to that in the micro and small pores. As shown in
Figures 4—6, the area covered by the T, spectrum curves of the
three cores after CO, huff and puff is found to decline to
varying degrees compared with the initial T, spectrum.
However, there is a large difference of the area decreases
occurring in the pores with different sizes. It can be observed
that a large pore size and a long soaking time will lead to a
great decline of areas covered by the T, spectrum, i.e, a high
recovery degree of the oil. This indicates that both the soaking
time and pore size can affect the CO, huff and puff
performance. Table 3 further summarizes the calculated
recovery factor in the pores with different sizes. One can
find that the value of the recovery factor is strongly dependent
on the pore size and gradually increases with an increase in the
soaking time. However, compared with the soaking time, pore
size is definitely the main factor that determines the recovery
factor. It can be seen that although the soaking time of core #3
is three times as long as that of core #1, the recovery factor
(12.01%) of micropores of core #3 is still less than 1/2 of the

of the latter. That is to say, a long soaking time cannot achieve
a high increment of the recovery factor of the oil contained in
micropores. As for the macropores, the recovery factor of core
#1 is larger than those of cores #2 and #3, which is because the
pore size of macropores in core #1 is much larger than those of
cores #2 and #3.

It should be noted that with a longer soaking time, the total
recovery factor of core #3 has a noticeable improvement
compared with that of core #2. According to the original T,
spectrum distributions of the three cores (Figures 4—6), it is
found that the left peak value of the T, spectrum of core #3 is
higher and the span between two peaks is shorter compared
with those of cores #1 and #2, which usually means a relatively
homogeneous pore size and leads to a better pore-throat
connectivity in core #3. Thereby, in addition to a longer
soaking time, a better pore-throat connectivity possibly is a
reason accounting for the high recovery degree of core #3 after
CO, huft and puff.

3.2. Influence of Injection Volume on the CO, Huff
and Puff Effect. Figures 7—-9 show the T, spectrum
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Figure 7. T, spectrum distribution of core #4 with an injection
volume of 1 PV.

distribution of cores #4, #5, and #6 before and after CO,
huff and puff with CO, injection volumes of 1.0, 1.5, and 2.0
PV, respectively. With the increase in CO, injection volume,

Table 2. Oil Saturation after One Cycle with Different Soaking Times

oil saturation (%)

core no. conditions micropores (<1 ms)

1 initial oil saturation 30.99
soaking time of S h 41.77

5 initial oil saturation 23.74
soaking time of 10 h 35.58
initial oil saturation 10.28

3 . .
soaking time of 15 h 20.04

small pores (1—10 ms)

medium pores (10—100 ms) macropores (>100 ms)

49.18 16.58 3.25
51.17 7.06 0.00
57.79 14.96 3.52
59.84 433 0.25
S51.75 26.55 11.42
70.38 9.05 0.53
15604 https://doi.org/10.1021/acsomega.0c04250
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the decline in the area covered by the T, spectrum after CO,
huff and puff increases, which means that the volume of the
produced oil increases. When the injection volumes are 1.0 and
1.5 PV, the produced oil of cores #4 and #5 after CO, huff and
puff can be observed to be mainly from medium pores and
macropores. When the injection volume is increased to 2.0 PV,
a large amount of oil is produced from all pores of the core,
which includes micropores, small pores, medium pores, and
macropores in core #6. Especially, the recovery factor of
different pore sizes is in the range of 30.44—85.29% (Table 4).

Table 4. Recovery Factor for Different Pore Sizes with
Different Injected Volumes in One Cycle

recovery factor (%)

injection
core volume small medium
no. (h) micropores  pores pores  macropores  total
4 S 21.10 28.13 28.33 48.43 39.25
S 10 6.64 36.19 50.76 47.69
15 30.44 45.88 60.88 85.29 62.63

This is likely attributed to the fact that with the increase of the
CO, injection volume, more CO, can intrude into the
micropores and small pores, which is conducive to mass
transfer between CO, and oil and further extract more
produced oil from the micropores and small pores due mainly
to a lowered interfacial tension and viscosity. In addition, the
pressure in the core will increase with the increase in CO,
injection volume and then cause an increase in the solubility of
CO, in the crude oil similarly, which will be beneficial to
improve the total recovery factor after CO, huff and puff.
According to the results of the three cores, it is difficult to

3.3. Influence of Cycle Numbers on the CO, Huff and
Puff Effect. Figure 10 shows the T, spectrum distribution of
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Figure 10. T, spectrum distribution of core #7 with different cycle
numbers.

core #7 before and after CO, huff and puff with different cycle
numbers. The microscale recovery factors of different pore
sizes after every CO, huff and puff cycle are calculated and
shown in Figure 11. As can be seen in Figure 10, the T,
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Figure 11. Recovery factor of core #7 in various pore sizes with
different cycle numbers.

spectrum after CO, huff and puff declines to a certain extent
after each CO, huft and puft cycle. However, the decline
becomes gradually smaller. In other words, with the progress of
CO, huff and puff, oil is continuously produced in the core,
and the oil produced by a subsequent cycle of CO, huft and
puff under the same operating conditions decreases. As shown
in Figure 9, for the first cycle, the larger the pore diameter, the
more the oil produced, and the corresponding cyclic oil
recovery is from 21.8% of micropores to 89.22% of
macropores. After the second cycle of CO, huff and puff, all
of the remaining oil in the macropores has been extracted, and
the oil recovery factors of the micropores, small pores, and
medium pores gradually increase and reach 16.63, 19.55, and
22.62%, respectively. However, in the third cycle, the cyclic oil
recovery in all grades of pores, i.e., micropores, small pores,
and medium pores, decreased sharply to less than 10%. It can
be inferred that if there are more than three cycles of CO, huff
and puff, the corresponding cyclic oil recovery rate will be
lower. Thereby, under the experimental conditions of this
study (see Table 1), the cycle number of CO, huff and puff is
recommended to be less than 3.
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4. CONCLUSIONS
The performance of CO, huff and puft with different soaking

times, injection volumes, and cycle numbers is experimentally
investigated using the NMR technique in low-permeability
sandstone cores. According to the measured T, spectrum
before and after cyclic CO, injection, the microscale recovery
factors for micropores, small pores, medium pores, and
macropores are compared. The conclusions drawn are as
follows.

e The recovery factor in different pore sizes of the cyclic
CO, injection is positively correlated with the pore size.
Oil in the micropores (<1 ms) is relatively difficult to
produce compared with that in macropores and medium
pores under immiscible conditions.

o After one CO, huff and puff cycle, with the increase in
soaking time, the total recovery factor increases to 29.23,
38.30, and 54.84%. The produced oil is observed to be
mainly from macropores and medium pores; the
increased recovery in micropores is limited depending
only on increasing the soaking time.

e With the increase in CO, injection volume, the pressure
in the core increases, which can be beneficial to improve
the total recovery degree after CO, huff and puff. Based
on the experiments of this work, it is difficult to produce
oil from micropores and small pores when the CO,
injection volume is less than 1.5 PV.

e Comparing the T, spectrum distribution before and after
a three-cycle CO, huff and puff, most of the oil is
produced in the first cycle. As for the third cycle of CO,
huff and puff, the cyclic oil recovery degree in all pores is
less than 10%. This suggests that the cycle number of
CO, huff and puft shall not be more than 3 under the
experimental conditions of this work.
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