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Highlights (for review)

e A CWI coreflood experiment performed in a mixed-wet core is studied
mathematically.

e Compared to CWI in a water-wet core, a different simulation procedure is
suggested.

e The contribution of both wettability alteration and oil swilling mechanisms is
discussed.
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Abstract

In this paper, our previously developed model (simulator) has been used to simulate and
study a different CWI coreflood experiment from the literature performed in a mixed-wet
sandstone core. The developed model which was based on mass transfer kinetics had been
used before to simulate a coreflood experiment performed in a water-wet sandstone rock. In
this paper, a different procedure has been applied for the simulation of CWI in the mixed-wet
core. That is, in contrast to the water-wet coreflood test where only mass transfer parameter
was tuned, here, both mass transfer parameter and relative permeability curves have been
obtained through a history matching experiment applying our genetic algorithm (GA) based
optimization program. Furthermore, using the simulation results, it has been observed that in
addition to oil swelling and contrary to the water-wet core, wettability alteration is also an
important recovery mechanism for the mixed-wet core. The potential of CO, storage during
the mixed-wet CWI coreflood experiment has also been investigated. The results obtained in
this paper can help to crosscheck and verify the performance of the developed simulator and
also to explore its generic capability. Moreover, the results of this paper gives an insight into

different recovery mechanisms contributing during CWI coreflood experiments.
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1. Introduction

Carbonated water (CW) injection is a CO,-EOR method where CO; is used efficiently. In
carbonated water injection (CWI) technique and compared to conventional water injection
(W1), water will be saturated with CO, before injecting into oil reservoirs. Upon contact of
CW with oil in the reservoir, CO, starts migrating to the oil phase due to its higher solubility
in hydrocarbons compared to water, which results in a higher oil recovery factor. During
CWI, CO, stays dissolved in oil and water phases and not as a free phase, therefore it gives a
better sweep efficiency compared to the pure CO; injection strategy. Moreover, contrary to
the pure CO; injection strategy, CWI needs less amount of CO, making it an attractive CO,-
EOR strategy for offshore fields, where the supply of CO, is limited. Furthermore, through
CWI and at the end of the injection period, some amount of of CO; (as a greenhouse gas) is
stored in the reservoir securely as is dissolved in remaining oil and water [1-4]. CWI has been
investigated experimentally and mathematically in the literature. Experimental study of CWI
has mainly been focused on flooding tests including cores [4-9]and sand packed set-ups[10,
11]. Direct visualization of flow during CWI using high-pressure transparent micro-model
set-up (high pressure Hele-Shaw) has also been considered in the literature [4, 12, 13]. All the
reported experiments show an increased recovery factor obtained by CW over conventional
WI with some CO, stored in the system at end of the experiments. The experiments could
help to understand the mechanisms involved during CWI. When CO, migrates to the oil
phase during CWI, it increases the oil volume (oil swelling) and decrease its viscosity, and
reduces IFT of water-oil system all resulting in a better recovery factor [4, 5, 12-14].
However the wettability of rock also affect the efficiency of CWI process. Sohrabi et al. [5]

preformed a series of CWI coreflood experiments in a water-wet and a mixed-wet aged core.
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They observed that under the same conditions, the recovery obtained for the aged core was
higher. The change of wettability of the rock in the presence of CO, and specifically by
carbonated water is reported in the literature. Yang et al.[15] experimentally measured the
contact angle of a crude oil-carbonate rock —carbonated brine system at high pressure and
temperatures. A change in contact angle (around 20°) from oil-wet towards intermediate-wet
(neutral-wet) due to the presence of CO; in the system was observed quickly (in less than 10
minutes). Seyyedi et al.[16]performed a series of contact angle measurements to determine the
wettability of three different minerals (substrates) of quartz (the main mineral of sandstone
rocks), mica, and calcite (the main mineral of carbonate rocks) in the presence of a crude oil and
carbonated brine at reservoir conditions. In addition to clean substrates, the substrates were also
aged in the same crude oil to measure the contact angle of aged minerals as well. The aged quartz
showed a contact angle change from 76° to 61° (natural-wet towards water-wet) and for the aged
calcite a contact angle change from 144° to 97° was observed (oil-wet towards neutral-wet) due to
COz dissolution in brine. For the unaged minerals, a small change in contact angle was observed
(around 5° or less). To provide more support to the idea of wettability change during CWI,
Seyyedi and Sohrabi [17] performed a series of spontaneous imbibition tests at reservoir
conditions using aged and unaged sandstone and carbonate rock samples. No spontaneous
imbibition was observed for aged sandstone and carbonate samples when brine was used whereas
carbonated water could imbibe into the rock sample. Al-Mutairi et al.[18] measured the
wettability of an aged carbonate rock sample under 500 psi pressure and 70 °C. They
observed that the contact angle was changed quickly (in less than one hour) from 101° to 83°
when it was contacted by carbonated water. Wettability alteration by carbonated water has also
been observed in micro-model set-up. Based on some observation in a micro-model set-up,
Sohrabi et al.[5] realized that the shape of oil ganglia trapped were more rounded after CWI
compared to those after WI. They expressed that this difference in shape of oil blobs indicates

that the surface of micro-model has become more water-wet after CWI. All these studies show
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that the carbonated water can change the wettability of rock surfaces specifically the oil-wet
surfaces to neutral-wet surfaces or neutral-wet surfaces to more water-wet surfaces, but it has a
minimal effect on water-wet or strong water-wet surfaces. As compared to experimental study,
mathematical modeling and simulation of CWI process has not been studied much in the
literature. De Nevers[19] presented an analytical model based on the Buckley—Leveret
theory to predict the CWI performance. Ramesh and Dixon [20] presented a numerical black-
oil based model to predict the performance of Carbone Dioxide (CO;) flooding and CWI into
heterogeneous oil reservoirs. Chang et al.[21] developed a three-dimensional, three-phase
compositional simulator to include the impact of CO, solubility in water during CO,
injection. In the compositional model mentioned above, the assumption of instantaneous
equilibrium was applied. This assumption implies that in a simulation grid block, distribution
of CO, between water and oil happens instantly to reach an immediate equilibrium state.
Kechut et al.[6] used ECLIPSE300 (E300) commercial software to simulate some available
CWI coreflood experiments. They argued that E300 can not properly simulate this process
due to intrinsic assumption of instantaneous equilibrium made by E300 which is not valid for
CWI coreflood experiments. As mentioned in the literature[22], this assumption can lead to
large errors where for example there are short contact times for mass transfer process
(laboratory displacement in cores) or large diffusion patterns are available for components to
diffuse through them (field scale) and moreover, if there is slow diffusion velocities due to
large viscosity of resident fluids. Accordingly, we previously developed a new compositional
simulator (model) for simulating CWI process based on mass transfer kinetics where the
assumption of instantaneous equilibrium was relaxed[1]. We used the developed model for
simulation of a CWI coreflood experiment carried on in an unaged water-wet core. In this
article we will use the developed model for simulation of a different CWI coreflood

experiment from the literature carried on in an aged mixed-wet core. The simulation results
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are interpreted to discover different recovery mechanisms of CWI in water-wet and mixed-
wet cores. That is, the main goal here is to explore the role of rock wettability and wettability
alteration in the performance of CWI process by considering the experimental data of two
cores with different wettabilities. The structure of this paper is: first, a summary of the
developed model is presented, next, the results of coreflood experiments are presented and
discussed, later the details of simulations and the interpretations of the results are expressed
in detail.

2. Mathematical model

A summary of model developed in our previous paper[1] is presented here. The model is
one-dimensional, two-phase (oil and water) developed for a system having three components
(oil, water and CO,). The oil phase is a mixture of oil and CO, components and the water
phase is a mixture of water and CO, components. It should be mentioned that during CWI,
there is no free CO; in the system as all the present CO, are dissolved in oil and water phases.
The assumptions of no chemical reaction, no gravity effect and having dead oil without any
liberated gas in the system are applied. The dead oil is considered as a single pseudo
component. The PDE governing equations are continuity equations of each component in the

system as given below:

(pa(p astw )_ 9 ;Xw ) (12)
(pw - _ a(p‘;—x‘*’coz) U (1b)
(pa(pw;vwv“v’) _ _O(pw;;vwm (2a)
0 a(pwsaviné’ﬂ _ _a(pwlg)v(wsé’z U (2b)

Eqg. (1a) is the continuity equation of the oil component in the oil phase, Eq. (1b) is the

continuity equation of the CO, component in the oil phase, Eq. (2a) is the continuity equation
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of the water component in the water phase and Eq. (2b) is the continuity equation of CO,
component in the water phase. In the above equations, w and w“°? are the mass fraction of
oil and CO, components in the oil phase, respectively. % and wy, 2 are the mass fraction of
water and CO, components in the water phase respectively. s and s,, are the saturation of
the oil and water phases, respectively. The summation of the mass fraction of components in
each phase and the summation of saturations of oil and water phases are equal to one as a

constraint to the above equations. p, and p,, are the density (g/cm®) of the oil and water

kKrq dpo kKry, 0pw

and u,, = -~ are the Darcy velocity of the

phases, respectively. u = o

Ho 0%
oil and water phases, respectively. p and p,, are the oil and ware phase pressures which are
related through the capillary pressure function (p.), i.e.,pc =p — pw. Kr and Kr,, are the
relative permeability of oil and water phases, respectively. The Corey correlations shown

below are used to define the relative permeability curves [1, 23]:

KryKumae ™ Kty (155", s'=g2sd 3)

The parameters of Ky max, Nw, K max » No» Sor aNd Sue Will be obtained through a history
matching experiment. The <U’ (g/ cm®/ sec) added on the right hand side of Egs. (1b) and
(2b), expresses the value of the CO, mass being transferred from the water into the oil phase
as defined below:

U=KX(py X 05 XKeq —p X 00°°%) =K X (keqCy? — C™) 4)

where, K= (kmxa) with ‘ky,’ is the overall mass transfer coefficient (cm/sec) and ‘a’ is the
specific interfacial area (1/cm), which is the oil-water interfacial area per unit volume [24]. K

(1/sec) which is a pseudo mass transfer coefficient referred as to MTC parameter here. CS?

and CS°2are the CO, concentration (g/cm®) in oil and water phases. Keq is the partition

.. . . . CCOZ* * * )
coefficient which is defined as ko =%+ where C®?" and C,? are the CO, concentration

w

(g/cm®) in oil and water phases at the equilibrium state. Eq. 4 shows that the rate of CO,

6
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being transferred is reflected in the MTC parameter and it continues until the CO,

coy*

concentration in the water and oil phases reach equilibrium, i.e. become equal to C and

Cﬁ\f’z*. The fully implicit finite difference numerical method is used to solve the above PDE
equations. The details of the solution technique are given in our previous paper[1].

3. Coreflood Experiments

In our previous paper, a set of WI and CWI coreflood experiment performed in a water-
wet (WW) sandstone core was selected from the literature. In this article, a similar set of WI
and CWI coreflood experiment but performed in an aged mixed-wet(MW)sandstone core was
selected from the same literature[5] to be investigated. The experimental conditions of the
both experiments i.e., water-wet and mixed-wet, were the same (2000 psi and 38 °C). The
basic core properties used during the experiments are given in Table 1a. Both of the cores had
been fully saturated by n-decane (n-CioH,) at 2000 psi and 38 °C. However, in the case of
the mixed-wet core, the same naturally water-wet sandstone core had been aged using a crude
oil sample. The fluid properties are given in Table 1b.

Table la: Basic properties of the water-wet and mixed-wet cores used during the
experimnts[5].

Core Length Diameter Porosity Pore Permeability
(cm) (cm) (fraction) Volume(cm®) (mD)
Sandstone - WW 33.2 4.986 0.19 123.16 1300
Sandstone - MW 61.3 4.86 0.16 182 850
Table 1b: Fluid properties [1].
Viscosity(cP) Density (g/cm°) Density (g/cm°)
Fluid (Test conditions) (Test conditions) | Standard conditions
(136.1 atm, 38 °C) | (136.1 atm, 38 °C) (1 atm, 20 °C)
Decane 0.83 0.730 0.727
Water 0.66 0.995 0.995
CO2 0.067 0.775 0.00184
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It was mentioned that [5] the initial water saturation (sw;) had not been established to
eliminate any influence it may have on the process. However, we think that the initial water
saturation has minimal effect on the CWI performance. This is because the connate water and
injected CW would make a single aqueous phase and therefore its presence would have a
minimal effect on the mass transfer and CO, distribution between phases. However, if pure
CO;, was injected, the initial water saturation could make a resistant layer for the transfer of
CO; between gas and oil phases. The operational conditions of both experiments are the same
given in Table 1c. During the both WI and CWI tests, water or carbonated water (CW) was
injected into the core at a constant rate and water and/or decane were collected at a constant
pressure at the core outlet. The measured CO; content of carbonated water at experimental
conditions was 5% (weight percent). Recovery factor (RF) or total oil production (TOP) and
differential pressure (DP) across the core versus the injected pore volume (PV) had been
recorded during each experiment.

Table 1c: The operational conditions of the coreflood experiments[1].

Injection rate (cm°/hr) 20
CO, mass fraction in injected CW | 5%
Salinity of injected CW (ppm) 10000

Outlet pressure (atm) 136.1
Initial pressure (atm) 136.1
Initial water saturation 0
Temperature (°C) 38
It is worth mentioning that capillary number (N.= udfT”df) for the experiment was calculated

to be around 9.8 E-8, which is in the range of typical values of capillary number seen in the

real oil reservoirs.
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Figs. 1a and 1b show RF data of the W1 and CWI experiments in the WW and MW cores,
respectively plotted versus injected pore volume (PV). Comparing Figs. 1a and 1b, it can be
observed that during CWI, oil recovery has improved in both the WW and MW cores. In the
WW core, WI and CWI have the same breakthrough point with 64% RF and the final RF of
the CWI after 4.1 PV injected is 73% (equivalent to 90 cm® oil production) whereas it is 69%
(equivalent to 85 cm® oil production) for the WI (i.e., 4% additional oil recovery by CWI).
That is, 9% additional RF after breakthrough has been obtained by CWI. In the MW core,
however, Fig. 1b shows that CWI and WI have different breakthrough points. The final RF
of the CWI after 3.3 PV injected is 68% (equivalent to 123.4 cm?® oil production) while it is
59% (equivalent to 107.7 cm® oil production) for the WI (i.e. 9% additional oil recovery by
CWI). Moreover, in the MW core, CWI has resulted in 4% additional RF after breakthrough
point. It can be concluded that CWI has better performance in the aged MW core. Figs. 2a
and 2b compare DP data of the WI and CWI experiments in the WW and MW cores,
respectively. Fig. 2a shows that in the WW core, DP data are the same for both the CWI and
WI experiments. However, in the MW core, CWI has lower DP in comparison with WI

showing an injectivity improvement during CWI (Fig. 2b).

80
]
b= —h
= & = Exp-WI
—f— Exp-CWI
0 T T T T T T T T
0 0.5 1 1.5 2 2.5 3 35 4 4.5
Injected PV

Fig. 1a: Comparison of RF of the WI and CWI experiments, WW core [5].
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209 Fig. 2b: Comparison of DP data of the WI and CWI experiments, MW core [5].
210
211 4. Results and Discussions
212 In our previous paper, for the WW core, the WI experiment was simulated first using our

213  developed simulator. The water-oil relative permeability (Kr) and capillary pressure (Pc)

214  based on Corey correlations was obtained through history matching of the WI core
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production data applying our GA-based optimization program. Next the CWI experiment was
simulated using Kr and Pc from the W1 experiment (WI-Kr and WI-Pc). The unknown MTC
parameter was obtained by history matching of the CWI production data. The optimal value
obtained for MTC was 5E-7 (1/sec). It was discussed and shown that oil swelling was the
main mechanism leading to additional oil recovery of CWI over WI in that experiment. An
oil swelling factor of 15% was estimated. A similar procedure was followed here to simulate
MW coreflood experiments. Initially the WI experiment was history matched using GA
program to obtain Corey-based Kr and Pc curves through a history matching experiment.
Here, the devolved simulator in its black-oil mode (zero mass transfer and CO,
concentration) was linked to the GA program. The Corey parameters of Kr curves are Kymax,
Nw, Komax» No, Sorand Swe- T he coreflood experiment had been carried out with zero initial water
saturation, therefore in the GA program, S, was set to zero and Komax Was set to one
accordingly. sor was calculated from material balance and core production data to be 0.41.

The kwmax Was calculated based on the Darcy equation (shown below) to be 0.074.

iy
@ A )X Uwater XL (1)

k =
wmax
kXDPendpoint

where qj,; is the injection rate, A is the cross section area of the core, p,, is the water
viscosity, L is the core length, k is the absolute permeability and DPepqgp inc IS the endpoint
value on the DP curve. Therefore, the only unknown parameters were n,, and n, to be
optimized. The Pc curve was defined based on the Brooks-Corey correlation[25]. However,
for a mixed-wet system, the capillary pressure curve can also be negative [26-28] which
cannot be captured by Brooks-Corey correlation. This is because in a mixed-wet rock, some
pores are water-wet and some pores are oil-wet and if we define Pc=Pw-Po for all the pores,
capillary pressure can also have a negative part. Therefore, Brooks-Corey correlation was

modified to predict both positive and negative capillary pressures as follows:

11
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Pe=p_, (M) -Pcmax/ ©)

1-Swe-Sor

1=

where p.. is the entry capillary pressure (atm), A is the pore-size distribution index. Pcmax
is the maximum Pc (i.e. Pc at connate water saturation) and  is an unknown parameter. In
the above equation, the positive term of Pcmax/p shows a fraction of maximum Pc subtracted
from the main Brooks-Corey correlation to also have a negative Pc. Similar modification has
been suggested in the literature[28]. p.. , A and B parameters together with n,, and n, were
determined by the GA program. Table 2 shows the initial uncertainty range of each parameter
used by the GA during the optimization experiment. These data were selected to be consistent

with typical Corey and Brooks-Corey parameters obtained for real oil reservoirs [23].

Table 2: Initial uncertainty range of parameters used in GA.
Kr and Pc parameters N No p..(atm) A B

initial uncertainty range 1-5 1-5 0-15 0.2-10 1-25

The misfit (objective function) to be minimised was defined based on summation of

absolute relative errors of TOP and DP data (‘n’ data points) as follows:

TOl:)real —TO l:’predicted
TO Preal

n
+ |
i i=1

(3)
DPreal

i

n
DP — DP ;
MiSfit:z | real predicted
i=1

A minimum misfit of 0.78 has been obtained at the end of the optimisation. The optimal

values of the Kr and Pc parameters obtained are summarized in Table 3.

Table 3: The optimal values of the Kr and Pc parameters, WI experiment.

Parameters Ny n S Pee(@ 1 B
0 we | tm) A
. 2 0 17
Optimal values 2.5 95 Q 0.02 99

12
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Figs. 3 and 4 shows Kr and Pc curves respectively based on the data mentioned above. It is
worth mentioning that based on the obtained capillary pressure curve which is positive,
perhaps the contribution of water-wet pores has been more dominant. However, another
possibility is that after the aging process, the core has changed to be intermediate-wet rather
than the mixed-wet and therefore the intermediate wettability might be a more correct term
for this core. It can be noted that the capillary pressure is small as the core is homogeneous,
with high permeability. Figs. 5a and 5b show the history matched experimental TOP and DP

data, respectively.
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Fig. 4: Optimized Pc curve, WI test.
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Fig. 5b: History matched DP-WI data by the developed simulator (model).

It is worth mentioning that it was assumed the flow is stable. That is, it was assumed that
there is no instability in flow and the discrepancy in flow behavior of water-wet and mixed-
wet cores reflected in production curves specifically at breakthrough point is not due to
instability in flow i.e. is not due to for example viscous fingering. This is because, the
viscosity of water and decane fluids used during test are small and very similar and the core
was homogenous. It should be noted that the number of gridblocks in our simulations was
optimized to be 200 when further refining of grids did not change the results predicted by the
simulator. Moreover, each simulation run took around two minutes to be completed.

Next the simulation of CWI was carried out using the developed simulator in its
compositional mode. Initially the MTC and relative permeability curves were unknown.

Similar to that for water-wet core, here, first the WI-Kr was used and it was tried to only tune

14
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the MTC value and match the core production data. Figs. 6a and 6b demonstrate the effect of
MTC value on TOP and DP data respectively, predicted by the developed simulator (model).
Figs. 6a and 6b show that increasing MTC values leads to an increase in the TOP data with
minimal effect on DP data while, compared to the W1 process, the DP values of the CWI
have reduced during the test. Additionally, Fig. 6a shows that the MTC only affects the oil
production after breakthrough point and hence the TOP cannot be fully matched if MTC is

used as the only unknown parameter of the history matching process to be tuned.

140
120 - R ittt ket T — LT
~100 -
E 80 -
2}
5 60 - === CWIExp
= 40 | ——— CWI-Model(WI-Kr, MTC=1E-7)
— CWI-Model(WI-Kr, MTC=5E-7)
20 - == == CWI-Model(WI-Kr, MTC=10E-7)
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0 0.5 1 1.5 2 2.5 3 35
Injected PV
Fig. 6a: Effect of MTC on TOP-CWI data predicted by the model using WI-KTr.
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Fig. 6b: Effect of MTC on DP-CWI data predicted by the model using WI-Kr.

Therefore, it was concluded that when using the water-oil relative permeability from the
WI experiment, it is not possible to match the CWI experimental data by only tuning the
MTC. In other words, both the MTC and relative permeability are needed to be tuned so that

the model can predict the experimental data of CWI appropriately. That is, the role and
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contribution of the mass transfer term in the equations is such that it cannot capture the all
mechanisms happing during the CWI process. The mass transfer term contributes mainly
towards the oil swelling as it adds some mass to the oil phase, which, in turn, increases the oil
volume, resulting in the swelling of the oil. It should be noted that, the viscosity of normal
decane is very small (around 0.8cp) and therefore, as discussed in our previous paper, it is not
expected that the viscosity reduction to be an important mechanism (viscosity of decane can
reduce to around 0.3cp, if it is fully saturated with CO,). Moreover, as discussed in our
previous paper, the level of IFT change between carbonated water and decane fluids is not
high making the IFT reduction a negligible recovery mechanism here. To find about the
additional mechanisms contributing during CWI, it is worth comparing the TOP and DP data
of CWI and W1 tests (Figs. 1b and 2b). It can be noted that, the breakthrough point is shifted
to the right showing a delayed breakthrough time during CWI and also the DP values have
reduced. This may be due to invasion of the carbonated water into the oil-wet pores which are
occupied by the oil. The surfaces of these pores are wetted by the oil components and a layer
of oil film has adhered to the wall. Carbonated water could probably extract and wash away
some part of this oil, i.e. the oil layer which is adhered to the surface of the pores and thus has
led to a reduction of residual oil. This has resulted in more oil recovery with a delayed
breakthrough time, and also a reduction in the DP values. If this possible process happens, the
DP values decreases as there is a larger area available for the water to pass through the pores
(i.e. water mobility improvement). This mechanism, which is not seen in the water-wet core,
can be related to the wettability modification (or alteration) of the rock surface, which allows
the oil layer to be separated from the surface of the pores and be produced during the CWI
process. Wettability alteration by CWI has been reported in the literature as mentioned

before. To incorporate this into the simulation, the Kr curve from the WI experiment should
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be modified to capture the effect of wettability alteration during CWI experiment. That is, for
the MW, the Kr curve for the CWI test is not the same as that for the W1 experiment.

It is important to exclude the oil swelling in the Kr curve in the model as it is going to be
reflected in the mass transfer term (MTC parameter). Therefore, the main concern and aim at
this stage is to quantify and differentiate the role of the oil swelling mechanism and
wettability alteration in the CWI performance. It should be noted that, it is difficult to
estimate the oil swelling in this MW coreflood experiment explicitly, as wettability is also
changed in this system. Therefore, to quantify the oil swelling here, the WW core data were
used here.

It was first assumed that the same oil swelling and accordingly the same MTC value as
that estimated for the WW core is also valid for the MW coreflood test (i.e. 15% swelling and
MTC=5E-7 1/sec). However, Figs. 6a and 6b presented above, shows that only the endpoint
of the TOP data is matched using this MTC. It had been shown before that for the WW
core[1], the oil swelling mainly contributes to additional oil recovery after the breakthrough
point and is inherently captured through MTC parameter in the model. In the MW coreflood
experiment, as shown in Fig. 1a and discussed above, 9% additional oil recovery was
obtained by CWI at end of the experiment after the breakthrough point. However, in the MW
core, the additional oil recovery was 4% (Fig. 1b). Therefore, it seems that the importance of
the oil swelling and the magnitude of the MTC in the MW core is not exactly the same as that
in the WW core. The MTC value for the MW coreflood experiment can be estimated to be

2.2E-7 1/sec, using 9% and 4% additional oil recovery obtained over the breakthrough point
during the WW and MW coreflood experiments respectively ( SXSE-7=2.2E-7). Moreover, it

should be considered that in the WW coreflood experiment, total pore volume of injected
carbonated water was 4.1 while in the MW coreflood experiment it was 3.3. Therefore, the

amount of mass transferred and resultant oil swelling in the MW coreflood experiment should
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be lower than that in the WW coreflood experiment (i.e. lower than 15%). The oil swelling

here can be estimated to be 12%, using 4.1 and 3.3 total injected PV during WW and MW
coreflood experiments respectively (§x15%=12%). It should be noted that the suggested

procedure for the estimation of MTC and swelling in this MW core, based on the data of the
WW core and using the linear relations, is an estimation and it could be verified if more
experimental data were available. Nevertheless, to support this procedure more, a similar
MTC has been obtained from a different method as discussed later on.

To match the TOP and DP data, first the residual oil saturation is adjusted to capture the
swelling mechanism. Using the experimental data and based on the material balance, the
calculated residual oil saturation (Sor) for WI and CWI tests are 0.41 and 0.32, respectively.
The 0.32 value is for dead oil saturation, with no CO, content and hence, the actual so; should
be higher because of its CO, content. The estimated oil swelling in this test is 12%.
Therefore, the swollen residual oil saturation is estimated to be 36% (32%%x1.12=36%). As
for the WW core, swollen sq and not dead s, needs to be used in the Kr curve and the
difference should be captured by the MTC parameter. Figs. 7a and 7b show, respectively, the

TOP and DP data when the so in WI-Kr is reduced from 41% to 36% and the MTC is set to

2.2E-7 1/sec.
120 - oo om e om m e = o = R T ST i ———
100 -
E 80 -
=
2)
& 60 -
@)
= 40 -
20 - = = = CWI-EXp
— CWI-Model(WI-Kr, MTC=2.2E-7)
0 T T T T T T
0 0.5 1 1.5 2 2.5 3 35
Injected PV

Fig. 7a: TOP-CW!I data from the experiment and from the model when WI-Kr with sor=0.36 was
used.
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Fig. 7b: DP-CW!I data from the experiment and from the model when WI-Kr with s,,=0.36 was used.

It can be seen that, at this stage, the TOP data is much closer to the experimental values
(compared to Fig. 6a), while predicted DP data are still far away from the experimental data.
It seems that the rest of data points on TOP and DP curves need to be matched by tuning the
relative permeability curve to capture the wettability alteration effect. The Kr curve can be
tuned manually as well as automatically using the GA program. To manually tune the Kr
curve, a sensitivity analysis on the Corey type relative permeability curve was performed
first. Figs. 8a and 8b are the spider plots, which show the impact of Corey relative
permeability parameters on the predicted TOP and DP data, respectively. Fig 8a shows for
example, if sor is increased by 25% in the simulator, the predicted TOP decreases by 15%. It
can be observed that the TOP data are mainly sensitive to the s, value, whilst the DP data
are sensitive to the kwmax Value. Moreover, the n, value affects both TOP and DP data

slightly.
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Fig. 8b: Spider plot for DP.

Considering the above results, first the TOP data were matched. To do that, the rest of the
TOP data points were history matched by tuning the n, Corey component and after a few
trials, the n, Corey component from the water injection test was reduced by 25% to have
no=1.7. 1t should be noted that a lower n, value means better oil mobility. Later, the DP data
were history matched manually and, after a few trials, kwmax from the water injection test was
increased by 36% to have Kymax=0.101. It should be noted that a higher value of kymax means
higher water mobility and it only affects the DP data, as shown during the sensitivity analysis
on the Corey parameters. The misfit value of this manual systematic tuning approach was
1.42.

In the second approach, the GA program was used to estimate the optimal values of MTC,

Kwmax, No @nd sor automatically. It should be noted that in this exercise, the rest of the Corey
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405  parameters were the same as those of the WI test. The minimum misfit value obtained by GA
406  was 1.65. Table 4 compares the optimal parameters of CWI-Kr and MTC obtained by manual

407  tuning and the GA program.

408 Table 4: Optimal parameters of CWI-Kr and MTC obtained by manual tuning and GA program.
parameters Nw | No | Kwmax | Komax | Sor | Swe | MTC
GA 251200103 | 1.0 [0.37 | 0.0 | 3.0E-7
Method
Manual tuning | 2.5 | 1.7 { 0.101 | 1.0 | 0.36 0.0 2.2E-7
409
410 It can be seen that the values obtained are almost the same supporting the manual tuning

411  procedure suggested above for obtaining the Kr curve. Moreover, this can verify the
412  procedure suggested above to estimate the MTC from WW core data. Figs. 9a and 9b
413  compare respectively the TOP and DP data from the experiments and those predicted by the
414  model using the optimal values of Table 4. It can be seen clearly that the simulator has

415  predicted the TOP and DP data properly.

140
120 1 0 s es e e e e —
~ 100 -
E 80 -
2)
& 60
e
40 1 === CWIExp
20 - = CWI-Model(CWI-Kr, MTC=2 2E-7, Manual Tuning)
—— CWI-Model(CWI-Kr, MTC=3E-7, GA)
0 T T T T T T
0 0.5 1 1.5 2 2.5 3 3.5
416 Injected PV

417  Fig. 9a: TOP-CWI data from the experiment and from the model when optimal parameters by GA and
418  manual tuning (Table 4) was used.
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Fig. 9b: DP-CWI data from the experiment and from the model when optimal parameters by GA and
manual tuning (Table 4) was used.

It should be noted that during automatic history matching four parameters were optimised
simultaneously while during manual tuning, parameters were tuned separately and step by
step in a systematic way. This can explain why the misfit value by manual tuning is slightly
lower that that by the GA.

In this paper, the results of a coreflood experiment was investigated and simulated. In
terms of uncertainty and compared to the real reservoirs, the core properties such as
permeability and porosity as input data to the model are associated with less uncertainty.
Here, the reported data measured in the laboratory including core properties and the
production data have been assumed to be relatively certain. However, if the measurement
errors are large, it is expected to be difficult to obtain a close and reliable match between
experimental and predicted results. Moreover, perhaps, the main source of uncertainty in this
paper are the MTC parameter, Kr curve and Pc curve as these data were obtained through a
history matching process. That is, through an inversion process, these input parameters were
calibrated such that the simulator could predict the same production data as those from the
experiment. Considering the inherent uncertain nature of inversion problems, it is important
to carefully consider if the answer is unique and reliable. To reduce the uncertainty in this

work, we followed a systematic approach during history matching including a sensitivity
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analysis step, manual tuning and GA optimization. In addition, for each experiment, the GA
program was run two times to help with reducing the uncertainty of the inversion problem.

Next, similar to the WW core, ECLIPSE300 (E300) compositional simulator was also used
here to simulate the CWI process and compare its results with them from our model. A
similar E300 model with the same fluid properties and EOS as mentioned in our previous
paper was created here. The optimal CWI-Kr obtained above was also used in the E300.
Similar to the WW core, E300 over predicted the oil recovery factor. We artificially increased
the optimal MTC value obtained above (i.e. 2.2E-7 1/sec) in the model by a factor of 5 and
the oil RF predicted by the model increased and became the same as that predicted by E300.
It should be mentioned that, in our model, we are able to adjust the amount of CO, transfer
between the phases however in E300 the CO, transfer is imposed by equilibrium criterion.

In next stage, our simulator was used to study the CO, storage in the MW core. Fig. 10
compares the CO, storage profile (total CO, stored (TCO2S) divided by total CO, injected
(TCO2I) versus injected PV of CW) in the WW and MW cores as predicted by the simulator.
It can be seen that after 3.3 PV of CW injected, around 44% of the injected CO, has been
stored in the MW core while it is around 49% for the WW core. It should be noted that, the
CO; has stored as it is dissolved in the remaining oil and water in the cores at end of the
experiments and as CO, solubility in decane is much higher than that in water, CO; is mainly
in the oil phase inside the cores. As a result, if more oil can be produced due to wettability
alteration, more CO, will be carried out of the core. This is the reason that a sharper decline

can be seen for the MW core in Fig. 10.
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previous paper.

5. Summary and Conclusions

In this work, the previously developed simulator was used to study CWI in an aged MW
core. First, experimental data of CWI in the WW and MW cores were compered to gain a
better understanding of the the main potential mechanisms. It was noted that CWI in the MW
core had a better performance than that in the WW core. In the WW core, DP-WI and DP-
CWI data were the same while TOP-CWI data was higher than TOP-WI only after the
breakthrough point. This higher oil recovery was attributed to the oil swelling by the CO,
component. In the WW, DP-CWI data were lower than DP-WI, which was attributed to the
wettability wettability alteration. Moreover, the TOP-CWI data were higher than TOP-WI,
with a shift in breakthrough point. This shift was also attributed to the wettability alteration.
Furthermore, some oil production after the breakthrough point was observed during CWI
experiment, which was explained as the effect of oil swelling. Next, WI experiment was
simulated and history matched when a proper Kr and Pc curve was obtained. To define Pc,
Brooks-Corey correlation was modified such that a negative Pc value can also be predicted.
However finally a positive Pc was obtained. Next CWI was simulated when WI-Kr and MTC
parameter were modified manually and also using GA program to history match the core

production data. It was observed that opposed to the WW core, for the MW core studied here,
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Kr curve was not the same for both the WI and CWI processes. It was also attempted to
quantify the swelling effect and wettability alteration in the model systematically. Moreover
CO; storage was also considered and it was observed that more CO, could be stored in the
WW core compared to that in the MW core.

Nomenclatures

w = Mass fraction of the oil component in the 0il-CO, mixture

%= Mass fraction of the CO, component in the 0il-CO, mixture

wS2= Mass fraction of the CO, component in the water-CO, mixture

ww= Mass fraction of the water component in the water-CO, mixture

Cc°2= CO, concentration in the 0il-CO2 mixture (g/cm®)

CS22= CO, concentration in the water-CO2 mixture (g/cm?)
C2" = CO, concentration (g/cm®) in oil phase at the equilibrium state

Cﬁfz*: CO, concentration (g/cm?®) in water phase at the equilibrium state
keq = Distribution coefficient, here is 9.6 [1].

MTC=Pseudo mass transfer coefficient (MTC) (1/sec)

p= phase pressure (atm)

s=phase saturation

k=absolute permeability (mD)

Q= porosity

u = Viscosity of the 0il-CO, mixture at test conditions (cP)
u,, = Viscosity of the water-CO, mixture at test conditions (cP)
Wwater = Viscosity of pure water at test conditions (cP)

Pce = entry capillary pressure (atm)

A= pore-size distribution index

Pcmax = maximum Pc (i.e. Pc at connate water saturation)
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B = an unknown parameter in Pc correlation.

K= (kmxa) with ‘kp,’ is the overall mass transfer coefficient (cm/sec) and ‘a’ is the specific
interfacial area (1/cm).

N, = capillary number

uge= velocity of displacing fluid, here is carbonated water(m/sec)

ugs= Vviscosity of displacing fluid, here is carbonated water (kg/m.sec )

o= carbonated water-decane interfacial tension, here is 20E-3 (N/m) [29]
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