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Effect of pore-throat microstructures on formation damage
during miscible CO: flooding of tight sandstone reservoirs
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2 School of Earth and Environment, University of Leeds, Leeds, LS2 9JT, UK
*Correspondence: yshenglai820@163.com

Abstract: Pore and throat blockage as well as wettability alteration caused by asphaltene deposition are
serious problems during injection of CO» into subsurface reservoirs for Enhanced Oil Recovery (EOR).
During miscible CO; flooding, the efficacy and distribution of fluid flow in sandstone reservoirs is
controlled by the pore-throat microstructure of the rock. Furthermore, CO; injection promotes
asphaltene precipitation on pore surfaces and in the pore-throats, decreasing the permeability and
altering reservoir wettability. In this work, miscible CO, flooding experiments under reservoir
conditions (up to 70+0.1°C, 18 MPa) have been carried out on four samples with very similar
permeabilities but significantly different pore size distributions and pore-throat structures in order to
study the effects of pore-throat microstructure on formation damage. The features of pore-throat
structure were evaluated by fractal theory, based on constant-rate mercury intrusion (CRMI) tests.
Reservoir rocks with smaller pore-throat sizes and more heterogeneous and poorer pore-throat
microstructures were found to be more sensitive to asphaltene precipitation, with corresponding 14-22%
lower oil recovery factors (RFs) and 4-7% greater decreases in permeability compared to more
homogeneous rocks and rocks with larger pore-throats. However, the water-wettability index of cores
with larger and more connected pore-throat microstructures was found to drop by an extra 15-25%
compared to the water wettability decrease found for heterogeneous cores. We attribute these
observations to an increase in asphaltene precipitation caused by the larger sweep volume of injected
CO; which occurs in rocks with larger and more homogeneous pore-throats. In addition, we observed
that rocks with more homogeneous pore-throat microstructures also exhibit homogeneity in the

consequent distribution of formation damage.

Keywords: CO; flooding, pore-throat microstructure, asphaltene precipitation, permeability decline,

and wettability alteration, Changqing oilfield
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Introduction

The development of unconventional reservoirs has contributed significantly to the growth of global oil
production. Tight sandstone reservoirs have played an important role in unconventional oil production.
Such reservoirs are typically characterised by poor reservoir quality and well-developed spatial
heterogeneity, often in multiple directions. The consequent variable and relatively high water

saturations make them difficult to develop -2,

Flooding with CO, is a reliable and common EOR strategy which has been used widely in a significant
number of tight sandstone reservoirs 3!, The major CO,-EOR mechanisms include (i) miscible and
immiscible displacement, (ii) interfacial tension (IFT) reduction, (iii) oil viscosity reduction, (iv) the
so-called oil-swelling effect, and (v) light-hydrocarbons extraction by supercritical CO, 1%, Compared
with the high efficiency of miscible CO; flooding, immiscible CO; flooding in reservoirs can easily
cause an early CO; breakthrough (BT) and a low oil RF. The most important factor that affects
CO; displacement efficiency is the minimum miscibility pressure (MMP) of the crude 0il-CO, system

at actual reservoir conditions 131,

However, when CO; is injected in reservoirs and is in contact with crude oil, variations in composition
of the crude oil due to the dissolved CO; can cause asphaltenes to deposit from crude oil and flocculate
into asphaltene precipitation particles 4'®!. The asphaltene solid particles are captured at pore-throats
and adsorbed on the pore surfaces, resulting in blocked pores and pore-throats, and consequent
wettability alteration !'7-!8!. The blockages of the pore-throats damage the reservoir by reducing its
permeability, which makes CO injection more difficult. Adsorption of asphaltene to pore surfaces also
changes the wettability of the rock, making the rock less water-wet and more oil-wet. The transition of
reservoir wettability to oil-wet makes it more difficult for crude oil in the pores to be displaced, resulting

in high residual oil, and immediate reductions in productivity and increases in water cut %2,

Fractal theory is an effective method for investigating physical properties of rocks ?!. This approach
builds a bridge between micro-morphology (pore size and shape, pore size distribution, pore
connectivity) and parameters which control macroscopic performance (porosity, permeability), while
allowing the characterisation of the complexity and irregularity of pore-throat structures ?*!. Fractal
geometry has been successfully used to characterize the spatial heterogeneities of different patterns over

a wide range of pore spaces in sedimentary rocks 2>,

The processes of fluid transport through underground reservoirs and the resulting instantaneous and
final distributions of fluid in the pores and throats of the rocks during the CO; flooding process are
controlled strongly by the pore microstructure, and particularly by the distribution of pore-throat sizes.
Consequently, the pore microstructure and pore-throat size distributions are important factors affecting

crude oil recovery 1?7, There are a number of different ways that varying pore-throat structures may

2
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lead to different oil recovery factors and residual oil distributions. First, rocks with a more
heterogeneous pore-throat microstructure are more sensitive to fingering, which leads to inefficient CO»
flooding and larger residual oil saturations 22?1, Second, pore-throat distributions control fluid flow
and hence the migration, deposition and adsorption of asphaltene particles. Consequently, asphaltene
deposition is controlled by pore-throat size distribution and heterogeneity, but also affects the pore-
throat size distribution and heterogeneity by the asphaltene particles themselves blocking pore-throats
1301 Third, heterogeneity in fluid flow caused by heterogeneity in the pore-throat size distribution causes
heterogeneity in asphaltene adsorption to pore surfaces, resulting in heterogeneity in the wettability of
the rock. Consequently, different pore microstructures will have different sensitivities to damage caused
by asphaltene precipitation B!, Therefore, effects of pore-throat structure on reservoir blockage and

wettability alteration during CO, injection are complex, interrelated and worthy of further study.

Extensive core-flooding experiments have been conducted in order to investigate permeability decline
and wettability alteration caused by asphaltene precipitation during CO, flooding processes 13234,
including the effects of permeability, displacement pressure, displacement methods, crude oil properties
and other factors on asphaltene precipitation and reservoir damage °-), In addition, the distributions
of blockage by asphaltene precipitation in the pores and throats of sandstone have been evaluated
quantitatively using nuclear magnetic resonance (NMR) measurements !'* 4", Nevertheless, the effects
of the rock pore-throat structure on the damage to pore-throat structure itself during asphaltene
precipitation have been rarely studied directly 1> *!. In previous work, it has been recognised that core
permeability has an influence on displacement pressure and fluid seepage during the displacement
process. Consequently, similar initial call permeabilities and the accurate evaluation of pore-throat
structure are both important prerequisites for experimental research, if other influences are to be studied
effectively. Unfortunately, these prerequisites have not been satisfied in most core-flooding

experiments 3% 42,

In addition, while the distributions of pore-throat blockage have been studied
qualitatively through the distributions of oil and water re-saturation after flooding in previous studies,

the influences of wettability alteration have been ignored !4 4%,

In this work, the influences of pore-throat structure on the variations in petrophysical properties of cores
have been studied, and the distribution of these changes are analysed quantitatively. Four core plugs
with comparable permeability but significantly different pore size distributions were selected and
measured using Constant-Rate Mercury Intrusion (CRMI) tests. The pore-throat structure of each of the
four cores was evaluated by fractal theory from the Mercury Injection Capillary Pressure (MICP)
curves 2141 A set of miscible CO, core-flooding experiments was carried out on the cores at the
reservoir temperature (70+7°C) and reservoir pressure (18+1.5 MPa, >MMP). The post-flood oil
recovery factor (RF), component variation and residual oil distribution were all measured. The
permeability decline, wettability variation and distribution of variations in petrophysical properties were

compared by monitoring variations in gas permeability, Amott-Harvey indexes, and Nuclear Magnetic

3
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Resonance (NMR) transverse relaxation time (T») spectra, before, during and after core-flooding. These
results can be used to evaluate the extent of changes in the reservoir pore-throat microstructure as a
result of CO; flooding. Consequently, measures to minimize the impact of reservoir damage caused by

asphaltene precipitation on crude oil recovery have been considered, discussed and recommended.

Methodology

Materials

The experimental core flooding reported in this work used fluids which were based upon those from
the Changqing oilfield, in the Ordos Basin of western China. The reservoir is predominantly sandstone
and lies at a depth of 2100-2400 m. The core flooding used synthetic live oil (Table 1), which was
prepared in the laboratory to match the field sample. In order to do this, the composition of the live oil
was measured by gas chromatography (Table 2). The content of the asphaltene component (n-C5
insoluble) of the crude oil was measured to be 1.32 wt% using the standard ASTM D2007-03 method.
Asphaltenes begin to precipitate in crude oil at 9.6 MPa at these reservoir conditions, as noted in our
previous experiments (Wang et al., 2020 in press). The relationship between CO; concentration in crude
oil and asphaltene precipitation (Figure 1) can be predicted based on the Flory-Huggins model 4. The
purity of CO;used in this study was 99.99%. Two types of formation water were used in the
experiments. One was an ordinary brine which was prepared according to the composition given in
Table 3, the other was made in the same way but Mn** was added. The brine containing Mn** was used

to screen the water signal during NMR tests in order to obtain only the oil distribution in the core !4,

Table 1. Basic physical properties of live oil.

Items Live oil

Density (g/cm®) 0.725+0.002 (70°C)
Viscosity (cP) 3.88+0.05 (70°C)
Solution gas-oil ratio (m*/m?) 314

Bubble point pressure (MPa) 7.52

Table 2. Compositional analysis result of the live oil (n-C5
insoluble asphaltene content =1.32 wt%).

Gt e S e S

CcO2 0.08 C9 6.46 C21 1.80

N2 0.31 C10 5.70 C22 1.92

C1 1.50 Cl1 4.86 C23 1.67

C2 0.60 C12 4.21 C24 1.74
4
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C3 0.49 C13 4.28 C25 1.59
iC4 0.25 Cl14 4.45 C26 1.56
nC4 0.47 C15 3.88 C27 1.58

oNOYTULT D WN =

ics 1.18 Cl16 3.38 C28 1.48
10 nCs 0.22 c17 3.08 €29 1.40
N C6 4.86 C18 2.93 C30+ 15.78
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cs 6.10 C20 2.28
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39 Figure 1. Effect of CO; on the amount of asphaltene deposition (wt%) at P=18 MPa and 7=70 °C.
Uncertainties in the x and y directions are smaller than the symbol size in all cases""’

40
41
42 Table 3. Physicochemical properties of the
43 reservoir brine.
44 Item Value
22 Density (g/cm?) 1.01
Viscosity at 25°C (cP) 1.03
47
48 pH 7.04
49 K* (mg/L) 296
50 Na* (mg/L) 3494
51 Ca®* (mg/L) 7134
52 Mg (mg/L) 48.2
53 CI' (mg/L) 18433
54 SO4> (mg/L) 114
55 TDS (mg/L) 29520
56
57
gg A group of 19 cores with similar permeability values were selected from 237 core samples, which were
60 obtained from the Changqing reservoir. The selected cores were saturated with brine under vacuum for

5
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24 hours and were measured by NMR apparatus to obtain a T distribution for each core. The shape
of the T, distribution of 19 samples exhibits 4 of the 5 typical T distributions that are observed in
Changging reservoir rocks . A subset of 4 cores were selected from the 19 cores to represent the 4

typical T distributions; numbered H1, H2, H3 and H4 (Figure 2, Table 4).

Porosity and permeability measurements were made on the four cores. The calculated uncertainties in
porosity measurements are <3%, while uncertainties in the permeability measurements are about 4%.
After the cores were cleaned and dried, the cores were cut to a length of 5 cm, and the offcuts were
analysed by X-ray diffraction (XRD, Model: D8 Focus, Bruker, MA, USA) to obtain the mineral content
of each core (Table 5).

6
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36 Figure 2. NMR and CRMI results before experiments. The upper left panel shows the T, spectrum of four cores in fully saturated brine before experiments
37 obtained by NMR tests, reflecting the pore size distribution of the four cores. The other three graphs are the distributions of throat radius, pore radius and the
pore-throat ratio before experiments according to the results of CRMI tests.
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Table 4. Basic parameters of the core samples, and CRMI-derived fractal

dimensions.
Core Length Diameter Permeability Porosity Fractal
number (cm) (cm) (mD) (%) dimension
H1 5.11 2.54 0.713 14.62 2.706
H2 5.07 2.54 0.742 14.14 2.622
H3 5.09 2.53 0.769 13.62 2.596
H4 5.02 2.54 0.734 11.85 2.748

Table 5. Types and contents of mineral in the cores.

Mineral types and content (wt%)

Core
number  Quartz K- Plagioclase Calcite Dolomite C lay Others
feldspar minerals
Hl 45.7 9.5 37.1 1.3 0.9 4.4 1.1
H2 42.6 12.9 339 4.1 1.1 2.9 2.5
H3 48.9 8.6 29.9 52 1.8 3.7 1.9
H4 39.7 16.1 32.1 2.8 2.3 43 2.7

NMR Measurements

The Nuclear Magnetic Resonance (NMR) apparatus (Mini-MR, Niumag, Suzhou, China) used in this
study detects the transverse relaxation motion of hydrogen nuclei of fluids in the pores to obtain the T
spectrum, which represent the distribution of fluids in pores [“°!. The frequency range, magnetic intensity
and magnetic intensity gradient of the NMR apparatus are 1-30 MHz, 0.5 T, and 0.025 T/m,
respectively, the precision in the frequency control is 0.01 MHz. For each core NMR scanning is
repeated three times to confirm the repeatability of the measurement. In our work, the range 0.1-10 ms
of T» was considered to represent small pores, while relaxation times in the range 10-1000 ms were

considered to represent large pores.

Mercury Injection Capillary Pressure

A set of CRMI measurements were conducted using an APSE-730 mercury porosimeter (American
Coretest Systems, Inc.) to obtain the MICP characteristics of the samples. The CRMI measurements
were executed at a quasi-static constant speed of 50 nL/min. Pore body and pore-throat size distributions
were obtained from fluctuations in the capillary pressure “°! (Figure 2). The total MICP curve could be
partitioned into two curves, representing the pore body capillary pressure curve and the pore-throat
capillary pressure curve. Four small samples obtained by dividing the four cores were measured, and
the radius of pores and pore-throats, as well as the pore to pore-throat ratio were obtained. The
maximum injection pressure of the CRMI is 6.2 MPa to keep the intrusion rate quasi-static, the

corresponding pore radius is approximately 0.12 pum.

Fractal features
The pore-throat structure of reservoir rocks with fractal features can be characterized quantitatively by

defining a fractal dimension **!, The capillary pressure is usually given as

8
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Fe : ey

where, P. is the capillary pressure (MPa), o is the interfacial tension (N/m), @ is the contact angle, and r

is the pore radius (um).
The relationship between capillary force and wetting saturation can be written as??!,
logS = (D —3)logP. + (3 — D)logPpin. 2)

where, S (fractional) is the saturation of the wetting phase corresponding to the capillary pressure, P.
(MPa), D is the fractal dimension (unitless), and P, is the capillary pressure corresponding to the

largest pore-throat (MPa).

A linear relationship exists between the logarithm of the capillary pressure and the corresponding
logarithm of the saturation of the wetting phase (mercury is the non-wetting phase). Consequently, the
CRMI test results can be subjected to linear regression analysis in order to obtain the pore fractal
dimension D for drainage. This value can be used to characterize the pore-throat structure. According
to the fractal theory, the fractal dimension in the three-dimensional Euclidean space is between 2 and
3. The upper value 3 corresponds to a totally irregular or rough surface, whereas the lowest value 2
corresponds to a perfectly smooth pore surface and regular pore shape 226, The value of fractal
dimension is a representation of rock heterogeneity, it increases continuously as the complexity of pore
network increases. In other words, the greater the fractal dimension, the greater heterogeneity of pore-
throat structure. Consequently, fractal dimension can be used to describe quantitatively the homogeneity
of pore-throat structure, as we have done in this paper. The values derived from the fractal analysis for

each of the cores used in this paper are given in Table 4.

Wettability Measurements

In this study, the Amott-Harvey wettability index is used to assess the overall average wettability of the
cores. The Amott-Harvey wettability index is a measure of the macroscopic mean wettability of a rock
to a given fluid. It involves the measurement of the amount of fluids spontaneously and forcibly imbibed
by rock sample. It has no validity as an absolute measurement, and does not indicate how wettability
might vary at a microscopic scale, but it is industry standard for comparing the wettability of various
core plugs 7). Since the Amott-Harvey index is a macroscopic measurements of wettability, it cannot

distinguish between an intermediate wettability system and a mixed wettability system.

It is worth noting that before each wettability test, the cores should be aged in brine for 24 hours to
eliminate the influence of the wettability differences between cores on the experimental results, while

eliminating the impact of process of oil saturation and CO, flooding on the wettability, and only keeping

9
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the impact of asphaltene precipitation adsorbed on the pore surface on the wettability of rocks. The dry
cores were evacuated and then saturated with oil. The cores were then immersed in brine in a standard
imbibition cell for at least 48 h, during which the volume of oil displaced by spontaneous imbibition of
brine was recorded. Subsequently, the core was centrifuged under brine with capillary pressure of -25
psi (-0.172 MPa). The volume of oil displaced by forced imbibition of brine was recorded. The Amott
water index was calculated as follows,

V .
5 - SL
W (VaVr)

3

where, Vi is the oil volume displaced by spontaneous imbibition of brine (ml), and Vi is the oil volume

displaced by forced imbibition of brine (ml).

The Amott oil index is similarly measured,
v
5 — sd 4
(0] (Vsd_Vfd) b ( )
where, Vi is this the water volume by spontaneous drainage of oil (ml), and Vi is the water volume

(ml) by forced drainage of oil by centrifuging with a capillary pressure of +100 psi (+0.689 MPa).
The Amott-Harvey index is then calculated as follows,

8an = 6w — bo. )]
The value of d,# measured by this method is between -1 and 1. The closer the index is to 1, the stronger

the average water wetness of the rock. The closer the index is to -1, the stronger the average oil

wettability.

The MMP Test

The slim-tube apparatus (CFS-100, Core Lab, Tulsa, OK, USA) shown in Figure 3 was used to measure
the MMP of the crude 0il-CO; system. The apparatus consisted of a stainless steel slim tube packed
with silica sand (Shengfa Mining Industry Co. Ltd., China), a dual displacement pump (260D, ISCO,
Lincoln, NE, USA), a back-pressure regulator (Huada, China) and two pressure transducers to monitor
injection pressure and back pressure constantly. A gas flow meter was used to measure the volume of

the produced gas, a burette was used to collect and measure the produced oil.

10
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Figure 3. Schematic diagram of the slim-tube apparatus.

Seven slim-tube tests with different pressures, but all at a temperature of 70+0.1°C, were carried out.
The displacement system was cleaned using petroleum ether and dried by nitrogen, after which the
apparatus was fully saturated with crude oil while the back pressure was maintained at the desired
production pressure in order to prevent the crude oil from degassing. The CO, was injected into the slim
tube to displace the crude oil with a constant flow rate of 0.1 cm*/min at the set injection pressure. The
injection and production pressure was continuously monitored and recorded during the entire
experiments. The volume of the produced oil and gas was measured at every 0.1 pore volume (PV) of

injected CO; until 1.2 PV of CO» had been injected.

Core-flooding tests

A schematic diagram of high-pressure core flooding apparatus used for CO; flooding experiments is
shown in Figure 4. Brine, live oil, brine with MnCl, (Mn**, 15000 mg/dm?), and CO, were contained
separately in four high pressure cylinders (Hongda, China; P=80 MPa; 7=130°C). A dual ISCO syringe
pump was used to inject the crude oil, formation water or CO, from the high pressure cylinders to the
core holder (Hongda, China; P=80 MPa; T=130°C), which is a special core holder, compatible with the

NMR spectrometer. A pump was used to maintain confining pressure, and another pump and a back

11
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pressure valve were used together to regulate and maintain the back pressure. The cylinders and core
holder were placed in the constant temperature oven (Hongda, China; 7=150.0°C) with the temperature
being regulated within +0.1°C by the temperature controller. The produced brine, oil and gas were
collected and quantified by a gas-liquid cyclone separator and a mass flow meter. Flow data and pressure

were logged automatically by computer during the experiments.

s T 3
on | A
| [0 Confining |
I Pressure Pump |
Y ~ | I
| £ O EAl sae
| | pressure
I | e | valve
| | J= " ' =l
|
| Back-pressure
| Pump
I \/ Gas-liquid
| < cyclone
g i separator
L @ Constant Tempet B
e T — ;
A jmemmmmnne
' Mass Flow
; : Meter
ISCO Pumps Data Logger|----- !

Computer

Figure 4. Schematic diagram of the miscible CO,-WAG core-flood apparatus.

The core-flooding procedure are described as follows.

(1) The constant temperature oven was raised to 70+0.1°C and held at that temperature for 24
hours. The core was inserted into the core holder after being cleaned and dried, followed by
being evacuated and saturated with ordinary brine. The NMR apparatus was then used to
measure T spectrum of the brine in core sample at initial water-saturated conditions. The core
was displaced with the MnCl, enriched brine for 5 PV. The saturated core was then rescanned

by the NMR apparatus to make sure the signal of the brine had been eliminated.

(2) The crude oil was injected into the core, the oil injection was stopped after 30 hydrocarbon pore

volumes (HCPV) in order to achieve an initial oil saturation (S,i) and connate water saturation

12
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1

2

2 (Swe). The core holder was left undisturbed for at least 24 hours to attain an equilibrium
5 condition at 70+0.1°C and 18 MPa. The T spectrum of oil in the core was then measured again.
6

7 (3) In each test, CO, was injected with a constant flow rate of 0.02 cm*/min into the core-holder
g to displace the crude oil. The pressure at the outlet of the core holder was maintained at 18
10 MPa. Each core-flood was stopped when no more oil evolved from the core and each core
1

12 was injected with the same volume of CO,. The volumes of injected and produced fluid, the
12 injection and production pressures were recorded continuously throughout the entire flooding
15 experiment. The core in the core holder was then re-tested by NMR to obtain the distribution
1? of the residual oil in the core. The produced oil was collected during each core-flood test, and
18 the asphaltene content in the produced oil were analyzed.

19

20

21 .

22 Post-flooding tests

;i Asphaltene is soluble in aromatics but not in alkanes. Consequently, all organic components of oil
25 except asphaltene could be cleaned from the core by extraction with n-heptane ! using a Soxhlet
2 - .. .

2? extractor (SXT-02, Shanghai Pingxuan Scientific Instrument CO., Ltd., China). Subsequently, the
28 cores were dried and their porosity and gas permeability were measured. Since the extraction process
29

30 left asphaltene precipitation in place, these measured porosities and gas permeabilities are those which
g; are affected by asphaltene precipitation. In order to reduce experimental errors, three measurements
33 of porosity and gas permeability were always measured, with the reported value being the arithmetic
34 mean of all three.

35

36 o . _ .

37 In order to study the distribution of core petrophysical property variations with the effect of asphaltene
;g precipitation, the cores were immersed in brine for 24 hours for aging to eliminate the impact of
40 saturated oil on wettability variations. The cores were then subjected to the same treatments as
2; described from Step 1 to Step 2, above, in order to obtain the distribution of re-saturated brine and oil
43 in cores. Subsequently, the cores were cleaned and aged by brine again to remove the effects of
44 . . . o TP

45 saturated oil, then were tested to elicit how wettability had been affected by asphaltene precipitation.
46

47 Samples were taken from the cores for CRMI tests to obtain the MICP of cores containing asphaltene
jg precipitation. The cores were measured for gas permeability and porosity once again after removing
50 asphaltene precipitation by washing with toluene and methanol. Finally, the wettability was measured
51 . .

5o again after re-aging.

53

54 Results and Discussion

55

56 Minimum Miscibility Pressure

57

58 The results of slim-tube tests for the MMP of the system of CO»-crude oil sample at temperature of
Zg 7040.1°C are shown in Figure 5. The measured oil recovery factors (RFs) versus pore volume (PV) of
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injected CO, demonstrate that the ultimate oil RFs increased as the operating pressure increased (Figure

5a). This was mainly due to reductions in the interfacial tension and the viscosity of crude oil, attributed

to CO; dissolution. The ultimate oil RF of each slim-tube test was plotted as a function of injection

pressure to determine the MMP, as shown in Figure 5b. The intersection point of the two fitting curves

is regarded as the MMP of the CO»-crude oil system measured by slim-tube test, which is 16.3£0.815

MPa for this crude oil. The conservative error of this conventional experiment is considered less than

5% to measure MMP 81,

100
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Figure 5. (a) Measured oil RFs as a function of volume of injected CO; (in PV) by using the
slim-tube apparatus at the operating pressure from 8 MPa to 27 MPa and temperature of 70+0.1°C. (b)
Variation of the cumulative oil recovery factor determined at 1.20 pore volumes of CO; injected at
different operating pressures.
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Core pore-throat structure

Five different characteristic patterns of T> distribution have been identified in the tight sandstone rocks
from the Changqing reservoir *. These are (i) a bimodal distribution with a higher left peak and a
lower right peak, (ii) a bimodal distribution with a lower left peak but a higher right peak, (iii) a bimodal
distribution with similar amplitudes of the two peaks, (iv) a unimodal distribution, and (v) a tri-modal
distribution. As for the bimodal distribution, the different or similar amplitudes of the left and right
peaks illustrate that the core samples can have rather different or similar fractions of small and large
pore-throats. For example, a higher left peak and a lower higher right peak indicates a fraction of greater
pore-throats and smaller fraction of larger pore-throats, respectively. Tri-modal distributions imply
there may be microcracks present in the core sample (Figure 2). A unimodal distribution indicates that
the core sample has a weak heterogeneity with respect to pore-throat sizes. The bimodal distribution
was the predominant type of T distribution measured in the 19 cores selected for this study. The limited

number of samples used resulted in there being no example of a unimodal distribution available.

The results of CRMI show (Figure 2) that there is no significant difference in the pore distribution of
the four cores, but this does not imply that the four cores have the same pore volume. The pore-throats
play a dominant role in affecting the permeability of cores, while the pores are the places where the
reservoir fluids are stored [*°!. The pore-throat distributions of H2 and H3 each have a well-defined peak
with a modal value greater than 1 um. By comparison, H1 and H4 also exhibit a single, but much wider,
peak with a modal value less than 1 pm. This implies that H1 and H4 have a higher proportion of large
pore-throats, which, if well-connected would provide a high permeability. Since all four core types have
been chosen to have practically the same permeability, it is possible to infer that the pores of H1 and
H4 are less well-connected for fluid flow even though their individual pore-throats are large. Conversely
H2 and H3 have small pore-throats in general and almost none over 2 mm. Since their permeability is
the same as that of H1 and H4, it may be inferred that, though connected by small pore-throats the
overall connectivity of the pore microstructure is good and pervasive. In addition, the distributions of
pore-throat ratio also imply that H1 and H4 have strong heterogeneity in pore-throat microstructure,

and H3 has the best pore-throat microstructure.

In CRM]I, the intrusion curves for total intrusion, pore body and pore-throat intrusion were recorded
simultaneously (Figure 6). According to the distinct mercury intrusion features, the 4 samples can be
classified into two types. For samples H1 and H4, the total intrusion is consistent with pore-throat
intrusion controlling the increase of pressure. Furthermore, with the increase of pressure, the throat
intrusion increases continuously, while the incremental pore body intrusion only occurs over a narrow

pressure range, indicating that pore bodies are mainly connected by a small number of relatively large
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throats. The very narrow pressure range over which intrusion takes place in H4 is an indicator that this
sample may contain microcracks. Samples H2 and H3 belong to the other type, where the total intrusion
is controlled by intrusion of the pores, and where the saturation of mercury in both pores and pore-
throats increases relatively steadily with increases in pressure. This observation is also an indicator that

the pore-throat structure of H2 and H3 is more homogeneous.

The relationship between the logarithm of the capillary pressure and the logarithm of the saturation of
the wetting phase is shown in Figure 7. All samples exhibit good linear fits (coefficient of determination,
R? > 0.9). Since the linear fit is carried out in log-log space, the overall relationship between capillary
pressure and the saturation of the wetting phase is a power law, which is one of the indicators of fractal
behaviour. Consequently, these sandstone samples are generally fractal and can be characterized by
using the theories of fractal geometry . The curves of log (Sw) versus log (P.) breaks into two
segments, small pores or throats (corresponding to high capillary pressure) tend to have slopes ranging
from -0.25 to -0.41, while large pores were more likely to have slopes close to 0. The fractal dimensions
were calculated using the slope of straight part of each curve. The fractal dimensions of small pores or
throats can be ranked in increasing order: H3 (2.596) <H2 (2.622) <H1 (2.706) <H4 (2.748), and these
values are also given in Table 4. However, the fractal dimensions of large pores are less than 3 but very
close to 3, this may mean that large pores cannot be effectively evaluated by this fractal analysis method,
while fractal dimension is mainly associated with small pores or throats Y. In addition, according to
Figure 2, the difference in the distribution of the large pores of the four cores is not obvious. The pore-
throat structures of samples are evaluated through fractal dimension of small pores or throats, and the
results indicate that the pore-throat structures of H2 and H3 are less heterogeneous than those of H1

and H4.
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Figure 6. MICP results before core-flooding experiments, showing intrusion into pores, pore-throats
and in total.
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Figure 7. The relationship between capillary pressure and wetting phase saturation of four core
samples.

Oil RFs and Residual Oil Distribution
The T, spectra given in Figure 8 show the distribution of initial oil before flooding and the residual oil

after flooding for each core type. The oil saturation in different sizes of pores increases with radius
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when the cores are saturated with oil and are allowed to stand to reach equilibrium. The oil RFs in
different sizes of pores also increase with radius after flooding. However, for the cores with different
pore size distributions and pore-throat structures, the difference in oil saturation between different sizes
of pores is not significant before flooding, but there is a large difference in oil RFs in different sizes of
pores after flooding. The heterogeneous pore-throats structures of HI and H4 lead to much lower oil
RFs in the pore sizes related to the 0.1-10 ms T range than that of H2 and H3. In addition, the larger
pores of all four cores exhibit only a little difference in oil RFs despite these cores having very different
pore-throat structures. In the large pores of H1 and H4, the oil RFs are still high, because these large
pores are controlled by a few large throats, and the oil is easier to drive out, which indicates that the oil

displacement effect of CO: in the largest pores is less affected by the pore structure.
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Figure 8. NMR T, spectra of initial brine oil distribution in cores before flooding, residual oil and oil re-saturated brine and oil after flooding for each sample.
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Figure 9 shows the oil RFs classified against T, ranges, which represent pore size ranges. The residual
oil in H1 and H4 is mainly distributed in the small pores (<10 ms), represented by the left side of the T»
spectrum, while a relatively small proportion of residual oil exists in the large pores (>10 ms), and the
residual oil distributions in H2 and H3 are more uniform. The overall oil RFs of H2 and H3 are also
higher than those of H1 and H4 (Table 6). Furthermore, the overall oil RFs of cores have a good
apparently linear relationship with the fractal dimension (Figure 10). Consequently, it may be said that
the cores with homogeneous pore-throat structure (H2 an H3) exhibit a more effective oil displacement

by CO; on the basis of oil recovery and residual oil distribution.
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Figure 9. (a) Oil saturation and (b) RF in pores, both as a function of T, relaxation time, indicating
pores of different sizes.

Table 6. Oil and water saturation before flooding and oil RFs and residual oil after flooding
according to NMR T, spectra.

Pore Oil residual  Asphaltene
nfn(:ll.)eer diﬂreancstiaolns volume (‘57:) (S (}; c) RF Oil in ;)roduced
(cm?®) (%) (%) oil (Wt%)
H1 2.706 4.10 51.39 48.61 43.1 56.9 0.71
H2 2.622 391 62.87 37.13 577 42.3 0.79
H3 2.596 3.78 65.48 34.52 61.9 38.1 0.85
H4 2.748 3.33 42.33 57.67 39.6 60.4 0.66

Note: S is the initial oil saturation and S.c is the connate water saturation, asphaltene in
original oil 1.32 wt%.

The asphaltene content of the initial oil was the same for all samples at 1.32wt% (Table 6). By contrast,
the asphaltene content in the produced oil varies, but is always less than that in the original oil,
indicating that asphaltenes are left in all of the cores to some extent. Asphaltene content in the produced
oil is affected by the pore size distribution and heterogeneity of the pore-throat structure. The asphaltene
content in produced oil also has a good linear relationship with the fractal dimension (Figure 10),
indicating that the pore-throat structure is more homogeneous, and there are less asphaltene precipitates

left in the pores, which is advantageous for CO,-EOR.

We noted in our experiments that the oil produced and collected at the outlet for H2 and H3 was higher
in asphaltene than for H1 and H4. Samples H1 and H4 clearly contain more preferential flow paths,
especially H4, which contains microcracks. The presence of small pores and pore-throats implies
greater displacement resistance, while preferential flow paths result in reduced sweep volumes of the
injected COs, it is difficult for injected CO to enter small pores 2!, which both lead to H1 and H4 having
lower oil RFs. Furthermore, the injected CO, repeatedly displaces the crude oil on the preferential paths
with stronger light-hydrocarbons extraction, greatly increasing the probability of asphaltene
precipitation, so the average asphaltene content in the produced oil is lower. The oil produced by the
preferential paths tends to be lighter, resulting in the residual oil being heavier than the initial oil in
place. It is worth noting that the amount of CO» injected during each flooding process is equal. For H2
and H3, more flow paths are generated during the CO; flooding, leading to the injected CO- dispersed
amongst more pores and pore-throats to displace more oil with slight light-hydrocarbons extraction on

the crude oil, and ultimately resulting in a higher asphaltene average content in the produced oil.
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Figure 10. Oil RFs and asphaltene in the produced oil as a function of the fractal dimension of core
pore-throat structure.

Porosity and permeability decline

The changes in permeability and porosity of the cores after the flooding experiments are shown in
Table 7. The permeability of all cores showed a decline in the range 7-15%, while the porosity
decreased by between 1.4% and 2.45%. Calculated uncertainties in individual porosity measurements
were less than 3%, and uncertainties in permeability measurements of about 4%, producing
uncertainties of less than 6% and about 8% in the calculated declines.

Table 7. Changes in permeability and porosity of cores before and after
flooding experiments.

Core k» ka kr 1-(kalky) & ¢ b 1-(ga/ )

number (mD) (mD) (mD) (%) (%) (%) (%) (%)
H1 0.713  0.620 0.721 13.1 1462 14.38 14.68 1.64
H2 0.742 0.671 0.734 9.6 14.14 13.84 14.25 2.12
H3 0.769 0.711 0.775 7.5 13.62 1343 13.55 1.40

H4 0.734 0.630 0.722 14.2 11.85 11.56 11.64 2.45
Notes. &y, core permeability before flooding, k. core permeability after flooding, k.
core permeability after removing asphaltene precipitation, 1-(k./ks) permeability
decline, ¢, core porosity before flooding, ¢, core porosity after flooding, ¢ core
porosity after removing asphaltene precipitation, 1-(@/¢) porosity decline.

The significant permeability declines are attributed to changes in the microstructure of pores and
throats of cores caused by asphaltene precipitation '8, The asphaltenes begin to precipitate from the
crude oil and aggregate to asphaltene particles when CO; is injected into cores and the concentration
in crude oil reaches a certain value. The migration of asphaltene particles with fluid can cause

blockages in the pores and throats of the rocks during flooding . Because permeability is highly
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sensitive to the connectedness of the pore-throat structure, blockage or partial blockage at flow
pathways can reduce permeability significantly but may have little effect on porosity ), and the

degree of blockage at pore-throats controls the extent of the permeability decrease.

It has been noted that flooding experiments using brine that have been carried out on other cores from
the same reservoir show that problems associated with the swelling of clay minerals and inorganic salt
scaling caused by high salinity brine have no significant effect on rock porosity and permeability!'¥.
Additionally, the limited contact area between CO>, brine and rock and short period of time are not
conducive to CO>-brine-rock interactions 2. Furthermore and more importantly, the last step in our
experiments was to clean the asphaltene precipitation from the cores after flooding. When this was done,
it was noted that the restored permeability values were only slightly different from the original ones (x
1.6%). Consequently, we have been able to observe the effect of asphaltene precipitation on both
permeability and porosity as a result of flooding with CO», as well as our ability to restore the original
porosity and permeability when the precipitated asphaltene has been removed. The corollary is that

damage to porosity and permeability of cores subsequent to core flooding with CO» observed in this

paper is mainly due to asphaltene precipitation.

Higher oil RF results from a more efficient sweep of the core by CO: (i.e., more of the oil in the core
being in contact with CO, and being driven out during flooding). One might expect that a more
efficient sweep of the core during the flooding process would result in more severe blockage of pores
and pore-throats as asphaltene is transported through them, hence producing a larger decrease in
permeability. However, greater permeability declines are associated with lower oil RFs in these
flooding experiments. The permeability of H1 and H4 with lower oil RFs decreased more significantly
than those of H2 and H3 with higher oil RFs. As shown in the left-hand part of Figure 11, the average
permeability decline for each 1% change in oil RF of H2 and H3 is each much lower than those for
H1 and H4. This may be attributed to the combined effects of a strongly heterogeneous pore-throat
microstructure and a smaller average pore-throat size in samples H1 and H4. The permeability decline
is consistent with the trend of fractal dimension of core pore-throat structure, and there is a good linear
relationship between them, as shown in the right-hand part of Figure 11. This indicates that differences
in pore-throat structure of the four cores is the main factor influencing permeability decline, with less

permeability damage being associated with larger and more homogeneous pore-throat structures.
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Figure 11. (a) Percentage permeability decline for each 1% change in oil RF for each core
sample. (b) Percentage permeability decline as a function of the fractal dimension of the core pore-

throat structure.

Figure 12 shows the throat distribution of the four cores as measured by CRMI before and after flooding.
There are only slight changes observed in all of the cores, which may be below the experimental
uncertainty of the technique. There seems to be a small decrease at large pore-throat sizes, which may
indicate that the blockage caused by the migration of asphaltene particles mainly occur at large pore-
throats. The variations of distribution frequency of the large throats in H1 and H4 are more significant,
in such cores with heterogeneous pore-throat structures, the seepage path composed of a few large pore-
throats contributes mostly to the permeability. Consequently, if the main seepage path is preferentially
blocked during the flooding process, there is serious damage to the permeability of the reservoir rock,
and the changes in permeability of cores with average smaller throat become more sensitive to blockage
(21.531 The more homogenous pore-throat structures of H2 and H3 have an advantage not only in oil

recovery, but also in resisting the decrease in permeability caused by asphaltene precipitation migration.
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Figure 12. Pore-throats radius distributions for each of the 4, both before and after core-flooding.
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Wettability

Changes in wettability of cores are shown in Table 8. The water-wetness of the rock is weakened after
flooding, which is attributed to the adsorption of asphaltene precipitation on the pore surface of the rock.
The mechanism of wettability alteration by asphaltene deposition is illustrated in Figure 13. The cores
were initially water-wet, implying that their internal pore surfaces were covered by a film of water,
negatively charged 4% and attached by hydrogen bonding. When CO, dissolves into the crude oil, the
asphaltene molecules begin to aggregate. Due to the high polarity of asphaltene molecules, water films
start to destabilize and eventually rupture. The polar ends of the asphaltene are positively charged and
adsorbed on the pore surface, exposing the hydrocarbon end and making the surface more oil-wet 7,
In all cores CO; core flooding weakened the overall water wettability of the core rather than making
the core completely oil-wet, although for H2 the transformation towards oil wetness was considerable.
Once the asphaltene precipitation had been removed from the cores by cleaning, the Amott-Harvey
indexes returned to values very close to their initial values, showing that the water-wettability of the
cores is restored. While it is known that the presence of carbonated water can make the rock more water-
wet B8 in our flooding experiments CO»—brine-rock interaction does not dominate, and the change in

the wettability is mainly controlled by asphaltene precipitation.

Table 8. Wettability of cores before and after flooding.

Core Water Oil index Amott-Harvey
number  index (Iw) I1o) (Iw-Io)
H1 0.912 0.005 0.907
H2 0.755 0.076 0.679 Before
H3 0.817 0.013 0.804 flooding
H4 0.85 0.045 0.805
H1 0.686 0.022 0.664
H2 0.455 0.182 0.273 After
H3 0.536 0.093 0.443 flooding
H4 0.649 0.115 0.534
H1 0.899 0.012 0.887 After removing
H2 0.813 0.064 0.749 asphaltene
precipitation
H3 0.774 0.028 0.746 and aging again
H4 0.819 0.047 0.772 in brine
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Figure 13. Mechanism of wettability alteration of pore surface by asphaltene precipitation.
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Figure 14. Oil RFs and wettability changes

The wettability of H2 and H3 changes more than that of H1 and H4, which is attributed to the difference
in oil RFs caused by the difference in pore-throat structure. The magnitude of the wettability alteration
of the four cores has the same trend as oil RFs, as shown in Figure 14. As the homogeneous pore-throat
structure of H2 and H3 allows CO to enter more and smaller pores and contact more crude oil [, more
asphaltene precipitates adsorb to more pore surface, resulting in greater changes in overall wettability

of cores.

Distribution of Variations in Petrophysical Properties

The T, spectra given in Figure 8 show the distribution of initial oil and brine before flooding and re-
saturated oil and brine after flooding. The variation in oil saturation (defined as Sov, Where Sov= Sob-Soa,
and S is the initial oil saturation before flooding, solid line, and S.. is the oil re-saturation after flooding,

dotted line) represents the degree of change in the oil saturation of the cores after flooding. As well as,
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the variation in brine saturation (Swv, where Syv= Swb-Swa, and Sy is the brine saturation before flooding,
solid line, and Sy. is the brine re-saturation after flooding, dotted line) represents the degree of change

in the brine saturation of the cores after flooding.

Oil and brine re-saturation after flooding is affected by two factors; (i) blockage of the pore-throats, and
(ii) changes to the wettability of cores ['* 1], When the throats connecting pores are blocked due to the
migration of asphaltene precipitation particles with fluid in the rocks, some pores in the rock are not re-
saturated with oil or brine completely. Consequently, the signal amplitude of oil and brine in these pores
on the T> spectrum shows significant decline after re-saturation. Sy and S, represent the comprehensive
changes in rock physical properties after flooding affected by these two factors. The asphaltene
precipitate adsorbs to the surface of the pores, making the asphaltene precipitated rocks more oil-wet.
This process of progressive oil-wettening aids oil re-saturation. Therefore, Sov is the result of two
opposite effects, reflecting the combined results of throat blockage and wettability changes. Generally,
the value of S, is greater than zero, which indicates that the effect of blockage at the throats is greater
than that of the change in wettability during oil re-saturation. Unlike S,., because the oil wettability of
the pore walls is enhanced due to the asphaltene precipitation, both of these factors play a role in
resisting water re-saturation to increase the value of S.,v. Due to the blockage at throats and changes in
wettability, the size of the water droplets in the pores of the rock after re-saturated water is reduced,
especially in the large pores and associated pore-throats as the main place of CO, flooding, consequently
the signal amplitude of large pores measured in the T spectrum is reduced, and the signal amplitude of
the small pores on the left side of the T, spectrum is slightly larger than that before flooding. However,

the volume of the re-saturated water in cores in the T spectrum is generally reduced.

The Sov is caused by the crude oil in the pores being displaced by CO», high oil RF is likely to result in
more blockage of asphaltene particles at throats and large wettability variation under the same
displacement pattern. However, Figure 15a shows the opposite result, the oil RFs of H2 and H3 are
higher than those of H1 and H4, but H2 and H3 have smaller S, values. Figure 15b indicates that the
result may be attributed to the difference in pore-throat structure between H2, H3 and H1, H4. On the
one hand, although more oil production means more asphaltene precipitation in H2 and H3 during the
flooding process, these asphaltene precipitates did not form severe blockage as in H1 and H4, causing
serious damage to the pore-throats structure of rocks, which implies that the type of pore-throat
microstructure of H2 and H3, especially H3, is more resistant to damage to rock properties by the
migration of asphaltene precipitation. Moreover, more asphaltene precipitation also implies that H2 and
H3 undergo large changes in wettability, which aids oil re-saturation. Consequently, S,y decreases with

increasing oil RF and increases with increasing fractal dimension.

Figure 15 indicates that Soy and Sy of the four cores show opposite trends, H1 and H4 have large Sov

values, but the values of Sy are smaller than those of H2 and H3. The pore space occupied and throats
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blocked by asphaltene deposition are constant during brine and oil re-saturation after flooding, so that
the Sov and Sy of four cores should share similar trends in the case of eliminating the factor of
wettability changes, theoretically ¥l This is attributed to the fact that changes in wettability increase
Swv but decrease Sov. Since both Soy and Sy contain a factor that causes blockage at pores and throats
in rocks, the value of S.,-Sov partially eliminates this factor, representing the trend of changes in
wettability, just like the calculation and expression of the Amott-Harvey index. As expected, the
changes in wettability of the four cores obtained by So.-Swv is consistent with the results of the measured

Amott-Harvey index (Figure 16).
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Figure 15. S, and S., as function of (a) oil recovery factor, and (b) fractal dimension.
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Figure 16. S.-Sovand percentage decline the Amott-Harvey wettability index for each of the four
cores studied in this work.
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Figure 17 shows the oil RF and S,y as a function of the T value from NMR, representing differences
in pore size. The values of S,y of pores with different sizes in HI and H4 increase with the oil RFs. The
smaller S,y in the small pores of H1 and H4 is caused by little oil production. Small pores and associated
pore-throats are difficult to sweep of oil during flooding, resulting in less asphaltene precipitation and
small S,y values. The large RF in the large pores indicates that these large pores are the main producers
of oil, and by implication they are also the main pathways of fluid flow. Such pathways are also the
main locations where asphaltene precipitation, migration and adsorption occur. The structure of these
pores and associated pore-throats is more likely to be modified by asphaltene precipitation, resulting in
large Sov values. However, the values of S,y do not increase strictly with the increase of oil RFs in H2
and H3, especially in H3. Although the pore-throats are partially blocked and the permeability is
reduced, it seems that the oil re-saturation of the larger pores is not greatly affected, and the difference
in S,y in pores of different sizes is relatively small. Blockage at pore-throats and wettability changes
evenly across pores of all sizes, indicating that a homogeneous pore-throat structure is advantageous
for the large pores and associated pore-throats to resist the changes in the pore-throat structure caused

by asphaltene precipitation and migration.
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Conclusions

In this paper, four core samples with very similar permeabilities but different pore size distributions
and pore-throat structures were flooded by CO; under miscible conditions at reservoir temperature
and pressure. The oil production and residual oil distribution of each core were evaluated, and the
blockage of pore-throats, permeability decline and wettability variation were compared. Based on the

experimental results, the following conclusions can be drawn.

The total oil recovery factors of cores with heterogeneous pore-throats structures are 14-23% lower
than those of homogeneous cores with a larger pore-throats.The produced oil from the cores with
smaller and more heterogeneous pore-throat structures are slightly lower in asphaltene content,

indicating that more asphaltene remains in the cores.

The permeability of the two heterogeneous core decreased by 13.1% and 14.2% after CO, flooding,
which we attribute to the blockage of pores and pore-throats caused by the migration of asphaltene
particles. By contrast, while the permeability decline of the two cores with larger and more

homogeneous pore-throat microstructures was 7.5% and 9.6%, i.e., about 4-7% smaller.

The Amott-Harvey indexes of cores decrease by 25-60%, with the cores with larger and more
homogeneous pore-throat microstructure becoming less water-wet due to greater degrees of
asphaltene precipitation adsorbed onto a greater pore surface area within the rock. We hypothesize
that this effect is ultimately caused by the larger sweep volume of injected CO, for the cores with the

more homogeneous pore-throat size distributions.

The values of S,y and S, represent the degree of comprehensive changes in petrophysical properties
of cores after flooding. Cores with larger and more homogeneous pore-throat microstructures have a
more homogeneous distribution of petrophysical properties, while heterogeneous cores exhibit a much

wider distribution of petrophysical properties.

Overall, it is possible to say that cores with larger pores and pore-throats, and which exhibit more
homogeneous pore-throat size distributions are more resistant to damage to permeability caused by
asphaltene precipitation while generating high oil RFs, but are susceptible to becoming more weakly
water-wet. Consequently, rocks with large pores and pore-throats and with homogeneous pore-throat
distributions will undergo less asphaltene precipitation and are therefore more favorable for miscible

CO; flooding as an EOR intervention.
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