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Abstract

Surfactant flooding could be used to improve water flooding in fractured reservoirs due to the main mechanisms of wettabil-
ity alteration and interfacial tension reduction. However, the surfactant flooding in fractured reservoir is not well studied.
And there still exist some disputes like surfactant injection rate, surfactant application timing and surfactant injection size.
The objective of this work is to study the effects of those parameters on surfactant oil recovery. A spontaneous imbibition
model is established based on spontaneous imbibition experiments to verify the properties of rock, brine, oil and surfactant
that would be used in the study of surfactant flooding. The spontaneous imbibition model is cut into two parts to create a
vertical fracture in the middle. Then the fractured matrix is used as the model in the study of surfactant flooding. The simu-
lation results show that considering the time cost and surfactant consumption, the surfactant injection rate of 0.027 cm®h
(i.e., 0.001 PV/h) is a proper injection rate for the base case, since the oil recovery rate is the same for the injection rate that
is higher than 0.027 cm?/h, and the oil recovery is up to 90% ultimate oil recovery after injecting 2 PV surfactant solution.
The analysis of surfactant diffusion and fracture porosity effects on surfactant oil recovery indicates that the surfactant dif-
fusion is a key parameter to facilitate the movement of surfactant into the matrix. The injection rate has larger effect in the
system with smaller fracture porosity. When the injection rate is higher than 0.53 cm?/h, the ultimate oil recovery is larger
in the system with fracture porosity of 0.1% than the system with fracture porosity of 0.5%. In general, the earlier injection
of surfactant results in a better result. For the base case, the surfactant flooding time and the required surfactant volume are
smaller for the earlier application of surfactant. If the surfactant diffusion is negligible, the early injection of surfactant could
increase the ultimate oil recovery. The maximum oil recovery is obtained after injecting 1.3 PV surfactant solution with the
concentration of 0.01 g/cm3. But for the lower surfactant concentration, it needs more surfactant solution. Furthermore, the
surfactant efficiency is reduced because less surfactant is imbibed into the matrix. So under the condition of injection safety,
higher surfactant concentration should be applied. This work not only studied the injection rate effect on oil recovery, it
also analysed the effect of surfactant diffusion and fracture properties on the choice of injection rate. In addition, this work
explained why the surfactant should be applied before water flooding and whether surfactant application is feasible after
completed water flooding. At the end, the surfactant slug size effect on oil recovery and how it is affected by the surfactant
concentration are discussed.

Keywords Surfactant flooding - Fractured reservoirs - Surfactant injection rate - Surfactant injection timing - Surfactant
slug size
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Introduction

Water flooding in fractured reservoirs with unfavourable
properties, for example low permeability and mixed-wet or
oil-wet wettability, usually has poor performance because
of unsatisfactory water imbibition into the matrix. Sur-
factant is studied for improving water flooding in fractured
reservoirs since it could change matrix wettability and/
or reduce water/oil interfacial tension (IFT) to enhance
capillary imbibition and/or reduce residual oil saturation.
The wettability alteration and IFT reduction are two main
mechanisms of surfactant enhanced oil recovery (EOR)
which depends on the oil/brine/rock system, the surfactant
type and concentration, divalent ions, salinity, tempera-
ture and others (Standnes and Austad 2000; Standnes et al.
2002; Babadagli 2002, 2003; Seethepalli et al. 2004; Xu
et al. 2005; Alvarez and Schechter 2016; Golabi et al.
2012; Alvarez et al. 2014; Gao and Sharma 2013; Kar-
nanda et al. 2013).

The spontaneous imbibition of surfactant solution on
oil-wet and water-wet chalk cores (Austad et al. 1998)
showed that surfactants could recover some oil from
oil-wet and mixed-wet cores under tertiary spontaneous
imbibition conditions, but there was no extra oil recovered
from water-wet cores under tertiary spontaneous imbibi-
tion conditions. It is believed that the extra oil obtained
from oil-wet and mixed-wet cores results from the wet-
tability alteration of the cores to more water-wet during
the imbibition process. When the surfactant is used at
the secondary spontaneous imbibition, the displacement
processes gradually changes from the countercurrent
flow governed by capillary forces to the cocurrent flow
governed by gravity forces. Babadagli et al. (2005) con-
ducted surfactant flooding and capillary imbibition experi-
ments. They got the conclusion that if surfactant solution
was used for the secondary recovery, surfactant flood-
ing did not recovery more oil than water flooding for the
untouched un-fractured portions of the reservoir. For the
untouched fractured zones of the chalk reservoir, starting
the project with surfactant injection is more effective than
waterflooding. Sweep efficiency was more important than
IFT reduction. As the tertiary recovery method, different
recovery trends were observed. Earlier water breakthrough
was observed in some cases. Some other cases exhibited
high waterflooding recovery, whereas some cases exhib-
ited low waterflooding but high surfactant recovery. The

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

surfactant concentration and type and thus IFT are impor-
tant factors. Oil recovery from a fractured formation is a
function of both capillary imbibition rate and injection
rate. The surfactant flooding experiments performed by
Bennetzen et al. (2014) showed that the oil could be mobi-
lized and recovered by tertiary injection of low interfa-
cial tension surfactants. The oil recovery was high, but
it occurred at a very low rate. Yousef et al. (2010) stated
that as the flow rate increased, the contact time between
matrix and fluid in the fracture decreased, which reduced
the effect of capillary pressure, chemical transport, diffu-
sion, etc. In the ideally water-wet case, the capillary dif-
fusion coefficient is on the order of about 10~ m?%/s. In
the intermediate-wet case, as established after ageing with
initial water, the coefficient is on the order of about 107!
m?/s. Chabert et al. (2010) also believed that Dynamic
phenomena between the fracture and the matrix played
a key role in the efficiency of surfactant EOR. Kamath
et al. (2001) conducted water flooding in four carbonate
cores. And the results suggested to increase the pressure
gradients through infill drilling or decrease the interfacial
tension through low tension flooding to increase oil recov-
ery in those carbonate reservoirs. Lu (2012) compared the
results of static imbibition and surfactant flooding experi-
ments and claimed that the transverse pressure between the
fracture and the matrix was important to induce surfactant
transport into the matrix.

The experimental results are varying and some conclu-
sions are incompatible. But no study explained the reasons
that lead to the inconsonant and conflicting results. There-
fore, further studies are needed to explore the mechanisms
of surfactant flooding in fractured reservoirs. This paper
explained some of the discrepant experimental results. The
authors studied and analysed the surfactant injection rate
effect on oil recovery at different conditions (different sur-
factant diffusion efficiency and fracture properties). The sur-
factant application time and the surfactant diffusion effect on
the choice were discussed. At the end, the authors discussed
the relationship between oil recovery and surfactant slug
size, and the surfactant concentration effect on the choice.

Experimental data

The experimental data of Test 31 from Standnes and Aus-
tad (2000) are used to establish the model. The core was
an outcrop rock from the Stevns Klint near Copenhagen,
Denmark. The oil was an acidic crude oil from the North
Sea diluted with n-heptane by 40 vol. %. Cationic surfactant
n-C12-N(CH3)3Br (C12TAB) was used to do the sponta-
neous imbibition. Assume that the surfactant has no effect
on brine density, i.e., the density of surfactant solution is
1.031 g/cm?. The imbibition experiment was conducted at
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Table 1 Properties of core [Test 31 (Standnes and Austad 2000)]

Core Core Porosity, Absolute Initial Density"
diameter  height ¢ (%) perme- water (g/cm®)
(cm) (cm) ability, K satura-
(mD) tion, S,;
(%)
3.83 4.61 443 2-7 27.7 2.7

*Density, the value refers to the paper of Hjuler and Fabricius (2009)

70° in an Amott cell filled with 350 cm?® surfactant solution
with concentration of 1 wt%. The core and fluid properties
are listed in Tables 1, 2, 3 and 4.

Model establishment

The experimental setup (Fig. 1a) is simplified to a homo-
geneous Cartesian model (Fig. 1b). Water/oil relative per-
meability can be calculated with Eq. 1 (Corey 1977), and
shown in Fig. 2. The key parameters are listed in Table 5.
The capillary pressure curves for the original wettability
(i.e. oil-wet) and the water-wet wettability after wettability
alteration by surfactant are shown in Fig. 3. The surfactant

Table 2 Properties of oil A (Standnes and Austad 2000)

adsorption is happening after the surfactant concentration
is higher than 0.001 g/cm3 in the solution. When the sur-
factant concentration in the solution is higher than 0.005 g/
cm’, the surfactant adsorption is plateau, and the value is
0.2 mg/g (Fig. 4). Surfactant diffusion is 5x 10™* cm?h
which is about 1.4 x 10™"" m%/s. The water/oil IFT is
decreasing with surfactant concentration, but after criti-
cal micellar concentration (CMC), the water/oil IFT keeps
constant which is 0.8 mN/m (Fig. 5). The water/oil IFT at
CMC is expressed with IFT ¢y or ocye. With the decrease
in IFT, the capillary number is increasing and the residual
oil saturation is decreasing. When the capillary number is
1078, the residual oil saturation starts to decrease. When
the capillary number is larger than 1073, the residual oil
saturation is decreased to minimum which is zero in this
case. If the water/oil IFT is reduced to ultralow which
results that the capillary number is larger than 1072, the
water phase and oil phase are miscible, and the relative
permeability curves are like X shape (Fig. 6). The model
is verified by the history matching of simulation results
and experimental results (Fig. 7). The matrix is cut into
two parts in the middle to create a fracture in the matrix
and used as the model in the simulation study of surfactant
flooding (Fig. 8). The capillary pressure of the fracture is

Oil  Density (20 °C, g/cm3) Viscosity (cP) AN (mg KOH/g oil)

BN (mg KOH/g 0il) Wax formation temp. (°C)  Asphaltenes (wt%)

A 0816 1.446 1.73

Trace 25-30 0.23

Table 3 Properties of the brine 1 (Standnes and Austad 2000)

Brine pH (21 °C) Density (21 °C, g/cm3) Viscosity (Reichenbach-Klinke et al. 2011) (cP) Brine/oil IFT (mN/m) Compositions

1 8 1.031 0.8

15.4 Na*t 12.14
K* 0.25
Ca* 3.43
Mg>* 0.93
cr- 26.54
soﬁ- 1.56
HCO,_ 0.09
Total 44.49

Table 4 Properties of the cationic surfactant C12TAB (Standnes and Austad 2000)

Surfactant CMC (25 °C, wt%; g/cmk‘) Experimental conc. (Wt%; g/cm3a) Conc. (Wt%; g/cm3"‘) IFT (mN/m) Contact angle (+3°)
CI2TAB 0.43; 0.004 1;0.01 0;0 15.4 70

0.1; 0.001 - 28

1;0.01 0.81 12

5;0.048 0.76 -

ag/cm?, calculated with the assumption that surfactant solution has the same density as brine, 1.031 g/em?
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Fig. 1 a Experimental setup of
spontaneous imbibition and b
simulation model for history
matching
Produced oil
L
. S~ Amott cell
L]
L] L)
* e Amott cell
Core
—Core sample
(@) (b)

Table 5 Key parameters for water and oil relative permeability

Case Irreducible water Residual oil satu-  Water relative permeability Oil relative permeability
saturation, S, ration, S, 3 -
Endpoint, k¢, Exponent,n,, Endpoint, k°, Exponent, 1,
Original 0.277 0.15 2.5 0.7 4
Strongly water-wet 0.277 0.15 4 1 2
(N,) max 0 0 1 1

¥ 08 -
,é‘ ——Krw (oil wet)
% 0.6 - Kro (oil wet)
g = = -Krw (water wet)
g 04 - = -Kro (water wet)
2
® 02
©
4

0 T ~r i ' .

0 0.2 0.4 0.6 0.8 1

Water saturation, S,

Fig.2 Water and oil relative permeability curves in matrix at oil-wet
condition and water-wet condition

zero. Brine/surfactant solution is injected from the hori-
zontal injector at the bottom of the fracture, and fluids are
produced from the horizontal producer at the top of the
fracture. The original pressure is 270 atm which is about
the same as the Ekofisk reservoir. The surfactant concen-
tration is 0.01 g/cm3, which is the same as the concentra-
tion in the spontaneous imbibition. The main properties
of the matrix and fracture in the model of fractured matrix
are listed in Table 6.

The simulator ECLIPSE 2014.1 is used to do the simula-
tion study of the effects of injection rate, injection timing
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Fig.3 Capillary pressure of matrix at oil-wet condition and water-wet
condition

and surfactant slug size on surfactant flooding in a fractured
matrix. Both matrix and fracture are simulated explicitly and
distinguished by the input properties. The simulation meth-
ods of wettability alteration and IFT reduction in ECLIPSE
is introduced in previous paper (Cheng et al. 2018).
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0.25

0.2 mg/
0.2 - 99

0.15 -

0.1 -

Surfactant adsorption
concentration (mg/g)

0.05 -

0 0.002 0.004 0.006 0.008 0.01

Surfactant concentration (g/cm?)

Fig.4 Surfactant adsorption on the rock versus surfactant concentra-
tion in the solution
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Fig. 5 Effect of surfactant concentration in solution on water/oil IFT
1 -
< 0.8
E
Z
S 06 -
E
2 04 | ——Krw (miscible)
S ——Kro (miscible)
< 02
4
0 ; ; ; ; y
0 0.2 0.4 0.6 0.8 1

Water saturation, S,,

Fig.6 The water and oil miscible relative permeability curves when
the capillary number is larger than 10~

where k,,, and k,, are water and oil relative permeability; k?w
and k?o are the endpoints of water and oil relative perme-
ability; S, is water saturation; S, is the irreducible water
saturation; S, is the residual oil saturation; n,, and n, are
exponents of the water and oil relative permeability.
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Fig. 7 Oil recovery history matching of test 31

Fig.8 The model of surfactant flooding in a fractured matrix. The
blue part is matrix and the red part is the fracture. There is a horizon-
tal injector at the bottom of the fracture and a horizontal producer at
the top of the fracture

Results and analysis
Injection rate

Surfactant solution with concentration of 0.01 g/cm? is
injected into the fracture, and oil and surfactant solu-
tion are produced at the same rate as injection rate from
the top of the fracture. The injection rates are listed in
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Table 6 Simulation data of the matrix and fracture in the model of
fractured matrix

Proper-  Length Height Porosity, Absolute Initial
ties (cm) (cm) ¢ (frac-  perme- water
tion) ability, K  saturation,
(mD) S,i (frac-
tion)
Matrix 34 4.6 0.443 3 0.277
Size
Fracture  0.017 4.6 0.005 24x10° 0
Table 7 Injecti(.)n rate of Injection rate, ¢ Pressure
surfactant solution and the —————————  drop (atm)
steady pressure drop between PV/h cm’/h
injector and producer
0.0001 0.0027  0.0048
0.0002  0.0053  0.005
0.001 0.027  0.008
0.002 0.053  0.012
0.01 0.27 0.041
0.02 0.53 0.076
0.1 2.67 0.366
0.2 5.34 0.727

4=0.0027 cm?h
% 0.8 - «=—q=0.0053 cm¥h
e ——q=0.027 cm?h
~— 06 -
CE’- e =0.053 cm/h
>

——q=0.27 cm*h

g 04 - q cm
] e =0.53 cm?h
S 024 q=2.67 cm%h

0 ——q=5.34 cm?h

E Sy
0001 001 04 1 10 100 1000

Time (days)

Fig.9 Oil recovery versus time of surfactant flooding in a fractured
matrix

Table 7. The pressure drop between the injector and pro-
ducer is increasing with the increase in injection rate. But
because the matrix size is small, the pressure drop is only
0.727 atm even when the injection rate is 5.34 cm*/h.
Figure 9 shows all the injection rates leads to the same
ultimate oil recovery which is around 80% and that the
oil recovery is increasing with the increase in injection
rate when the injection rate is smaller than 0.027 cm>/h
(i.e., 0.001 PV/h). When the injection rate is higher than
0.027 cm?/h, the oil recovery is almost the same. After
80 days of surfactant injection, the oil recovery is about 70%.
And the oil recovery rate is slower afterwards. The oil recov-
ery reaches the plateau after 500 days of surfactant flood-
ing. Figure 10 shows that the higher injection rate results
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4=0.0027 cm¥h
g 038 ———q=0.0053 cm*h
Q —q=0.027 cm?h
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2 ===q=0.053 cm*h
[
2 04 - w——q=0.27 cm?h
g o
4 e 0=0.53 cmM3h
3 02 q=2.67 cmh
e—(=5.34 cm?/h
0 ‘ ' ‘ ; i
0.02 02 2 20 200 2000

Injection volume of surfactant solution (PV)

Fig. 10 The relationship between oil recovery and injection volume
of surfactant solution

08 4

06 4

04 - Ryt = 0.14q0.46

R2=0.9972

02 4

Ultimate oil recovery, R, (1/00IP)

0.001 0.01 0.1 1 10
Injection rate, q (cm?h)

Fig. 11 Ultimate oil recovery after injecting 2 PV surfactant solution
with different injection rate

in a lower oil recovery after injecting a certain amount of
surfactant solution. Because of the small size of the matrix,
most the injected fluid could be produced directly without
any contribution to oil recovery when the injection rate is
large. When the injection volume is 2 PV, the surfactant
flooding time is about 83 days and the oil recovery is about
70% for the injection rate of 0.027 cm>/h. Figure 11 shows
that the ultimate oil recovery increases slower when the
injection rate is lower than 0.027 cm?/h, and the ultimate oil
recovery has a power function relation with injection rate
when the injection rate is higher than 0.027 cm*/h. Consider-
ing the surfactant flooding time, the injection volume, and
the oil recovery, the proper injection rate for the model is
0.027 cm*/h.

Even though the pressure drop increases with the increase
in injection rate, the ultimate oil recovery does not change,
which implies that the pressure drop does not have signifi-
cant effect on oil recovery. When the injection rate is lower
than 0.027 cm?/h, the injection rate is smaller than the imbi-
bition rate, so the oil recovery rate is decided by the injection
rate. But when the injection rate is higher than 0.027 cm?/h,
the injection rate is larger than the imbibition rate; thus,
the oil recovery rate depends on the imbibition rate. The
surfactant imbibition into matrix could be affected by the
surfactant diffusion and the fracture properties. Therefore,
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Table 8 Summary of the surfactant flooding with different injection
rate when the surfactant diffusion is zero

Injection rate, g Pressure Ultimate oil recovery, R (1/
drop (atm) OOIP)
PV/h cm’/h Injection vol-  Injection
ume is 1 PV volume is 10
PV
0.0001 0.0027  0.0048 0.459 -
0.0002 0.0053  0.005 0.456 -
0.001 0.027 0.008 0.38 0.459
0.002 0.053 0.012 0.314 0.446
0.01 0.27 0.041 0.15 0.404
0.02 0.53 0.076 0.111 0.334
0.1 2.67 0.366 0.067 0.153
0.2 5.34 0.727 0.05 0.113
0.7 16 2.171 0.033 0.078
2 53.44 7.234 0.03 0.051
1 -
= = =0.027 cm®h
& 08 - — —q=0.53 cm%h
] q=5.34 cm?h
Z 06 4 = == =16 cmh
2
3 == == =53.4 cm®h
] 04 1 ——q=0.027 cm?h
5 02 4 == q=0.53 cm¥h
q=5.34 cm?h
0 . v " e 1=16 cm/h
0.01 1 100 10000 =53 4 cm¥h
Time(days)

Fig. 12 Comparison of oil recovery versus time curves of the base
case (with surfactant diffusion) and the contrastive case (without sur-
factant diffusion). Dashed curves are oil recovery with surfactant dif-
fusion; solid curves are oil recovery without surfactant diffusion

some contrastive simulations have been done to study these
parameters.

Effect of surfactant diffusion

In the base case, the surfactant diffusion is 5% 10™* cm%h. In
order to study the effect of surfactant diffusion on surfactant
EOR, the surfactant diffusion is set to zero in the contrastive
simulation. The summary of the simulation results are listed
in Table 8. Figure 12 shows that the injection rate has a dra-
matic effect on the oil recovery when the surfactant diffusion is
zero, especially after 100 days’ injection. When the surfactant
diffusion is ignored, surfactant is imbibed into the matrix by
capillary pressure, gravity and the pressure difference between
fracture and matrix. But the capillary force is decreased with
the increase in the water saturation in the matrix and in this
matrix the gravity force is very small (about 0.001 atm). In
addition, the surfactant concentration will be diluted by the

= == =0.027 cm?h
& 08 - = =q=0.53 cm¥h
8 4=5.34 cm/h
% 0.6 — —g=16 cm?h
(3 = = q=53.4 cm%h
g 041 ——q=0.027 cm*h
% 02 e 1=0.53 cm?/h
q=5.34 cm?h
0 t t t t | =16 cm*/h
0.01 041 1 10 100 1000 10000100000 ——q=53.4 cm¥%h

Injection volume of surfactant solution (PV)

Fig. 13 Comparison of oil recovery versus injection volume of sur-
factant solution curves of the base case (with surfactant diffusion) and
the contrastive case (without surfactant diffusion). Dashed curves are
oil recovery with surfactant diffusion; solid curves are oil recovery
without surfactant diffusion

water in matrix and the adsorption, so surfactant efficiency is
reducing with the imbibition distance into the matrix. When
the capillary force is decrease to zero, the surfactant imbibition
will depend on the pressure difference between fracture and
matrix, which is increasing with the increase in the injection
rate. Therefore, when the capillary imbibition stops (about
100 days in this case), the oil recovery is varying with injec-
tion rate. Comparing the oil recovery between the base case
and the contrastive case (Fig. 13), it is obvious that surfactant
diffusion could significantly increase the oil recovery. One
reason could be that because the matrix size is very small,
surfactant could diffuse into the whole matrix in a relatively
short time. Another reason is that the matrix is homogeneous,
so the sweep efficiency is not improved by the pressure differ-
ence, and fluid could be easily flow through the fracture sys-
tem which makes it difficult to result in a large pressure drop
between injector and producer. In reality, the reservoir is very
complicated, so the injection rate may lead to a high pressure
difference thus improve the sweep efficiency. The large size of
the matrix in reservoir could decrease the relative efficiency
of surfactant diffusion.

Effect of fracture porosity

The fracture width has effect on fracture porosity, fracture per-
meability and drop pressure between the injector and producer.
Thus, in the contrastive case, the fracture width is reduced to
0.0034 cm. The fracture porosity and absolute permeability
are calculated with Eqgs. 2 and 3 separately. The properties of
fracture are listed in Table 9.

Vi b
¢f_vt_ft ()
b2
K =C— 3
¢ B 3)
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Table 9 Fracture properties in the base case and contrastive case

Case Fracture Fracture poros- Fracture per-

width, b (cm) ity, ¢; (%) meability, K;
(mD)

Base case 0.017 0.5 2.4x%10°
Contrastive case  0.0034 0.1 1x10*
085

o

o

Q

& 083

“E == $=0.5%
g —o— $=0.1%
£ 081+

K

2

©

E

5 o079 i i : i i

0.001 0.01 0.1 1 10 100

Injection rate, g (cm?%/h)

Fig. 14 The relationship between ultimate oil recovery and injection
rate when the fracture porosity is 0.5% and 0.1%

where ¢, is fracture porosity, fraction; V; is fracture volume,
cm’; V, is total volume, cm?; b is fracture width, cm; L, is
block length, cm; K is fracture absolute permeability, mD;
C is unit convert coefficient, 10'!.

Comparing the ultimate oil recovery in two cases, Fig. 14
tells that the ultimate oil recovery is slightly smaller (about
0.3% OOIP) for the contrastive case with 0.1% fracture
porosity when the injection rate is lower than 0.53 cm?/h,
but the ultimate oil recovery is larger for the contrastive
case when the injection rate is higher than 0.53 cm?/h. When
the injection rate is 53.4cm?/h, the ultimate oil recovery
in the contrastive case is larger than the base case by 4%
OOIP. The ultimate oil recovery is about 0.796 OOIP in
the base case, but it starts to increase when the injection
rate is higher than 2.67 cm’/h in the contrastive case, which
indicates that the increase in the injection rate is more effi-
cient to increase the pressure difference between fracture
and matrix in the system with lower fracture porosity. The
pressure drop between injector and producer does not have
big difference between the two cases for all the injection
rates, but Fig. 15 shows that when the fracture porosity is
0.1%, the ultimate oil recovery has obvious increase with the
increase in the pressure drop when the pressure drop exceeds
0.4 atm, which implies that the pressure difference between
fracture and matrix cannot be obtained from the pressure
drop between injector and producer.

When the injection rate is higher than 0.027 cm?/h, the
oil recovery curves are almost the same for the base case.
However, for the contrastive case, the final oil recovery time
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Fig. 15 The relationship between ultimate oil recovery and pressure
drop between the injector and producer when the fracture porosity is
0.5% and 0.1%

& 08 4 q=53.4 cm%h
8 = q=5.34 cm?h
:é 06 e 0=0.53 cM/h
2 q=0.027 cm?h
g 04 1 q=53.4 cm?/h
2
= - = 3
5 02 q=5.34 cm?h
== == q=0.53 cm®h
0 - . § == == =0.027 cm®h
0.001 0.1 10 1000

Time (days)

Fig. 16 Comparison of oil recovery versus time curves of the base
case (¢;=0.5%) and the contrastive case (¢;=0.1%). Dashed curves
are oil recovery of the base case; solid curves are oil recovery of con-
trastive case

to obtain the ultimate oil recovery is dramatically decreas-
ing with the increase in injection rate (Fig. 16). The final oil
recovery time is about 500 days when the injection rate is
0.01 PV/h. And it is reduced to 50 and 5 days when the injec-
tion rate is increased to 5.34 and 53.4 cm>/h separately. The
results reveal that the oil recovery rate is enhanced by the
increase in pressure difference between fracture and matrix
which results from the fracture properties and injection rate.
For the base case, the required injection volume to obtain
the ultimate oil recovery is increasing with the increase in
injection rate, which will lead to a higher cost. But for the
contrastive case, the required injection volume is the same
for the injection rate of 5.34 and 53.4cm?/h (Fig. 17). Hence,
for the contrastive case, the high injection rate (53.4 cm>/h)
could be a good choice considering the oil recovery rate, the
final oil recovery time, and the injection volume.

When the injection rate is smaller than 0.53 cm’/h, the
pressure difference between the fracture and matrix is still
too weak to impetus the oil recovery. So the main param-
eters of surfactant oil recovery are the same for both cases,
which are capillary pressure and surfactant diffusion. On the
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Fig. 17 Comparison of oil recovery versus injection volume curves of
the base case (¢;=0.5%) and the contrastive case (¢;=0.1%). Dashed
curves are oil recovery of the base case; solid curves are oil recovery
of contrastive case
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Fig. 18 Oil recovery of surfactant flooding following a pre-water
flooding in the base case (with surfactant diffusion)

contrary, when the high injection rate is applied, the brine or
surfactant solution could be high-efficiently pushed into the
matrix by the pressure difference, so the fluids flow faster in
the matrix, which increases the capillary number. Therefore,
the ultimate oil recovery is increased. At the same time,
because of the increased influence of pressure difference,
the relative contribution of surfactant diffusion to the oil
recovery becomes smaller.

Injection timing

In this section, the injection timing of surfactant is studied to
try to find out if surfactant should be applied at the second-
ary or tertiary recovery stage and whether surfactant could
be used at the area swept by brine. Based on the previous
study, the injection rate of 0.0005 PV/h is used. There are
seven scenarios of surfactant injection following the pre-
water flooding with volume of 0.4, 0.9, 1.3, 1.8, 2, 4, and
11 PV, and the results are compared with the results of sur-
factant flooding and water flooding (Fig. 18). The ultimate
oil recovery is 80% OOIP for all the scenarios, which means
the surfactant is imbibed into the whole matrix. Since the
capillary pressure is zero after completed water flooding,

0.5 4 Water flooding

_ —Vw=11PV
§ 041 Vw=4 PV

< 03 | Vw=2 PV

; e\ w=1.8 PV
§ 02 - ——Vw=1.3 PV
e e L VW=09 PV
S 0.1 4 ——\Vw=04 PV

== Surfactant flooding
° 0 5 10 15 20

Total injection volume (PV)

Fig. 19 Oil recovery of surfactant flooding following a pre-water
flooding with in the contrastive case (without surfactant diffusion)
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Total injection volume, V; (PV)
™
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Surfactant injection volume, Vg (PV)

V;=1.03x+2.9
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4 - 28
0 . : . : T 26
0 2 4 6 8 10 12

Pre-water flooding volume, V,, (PV)

Fig.20 The total injection volume of brine and surfactant solution
and the injection volume of surfactant solution to obtain 90% of ulti-
mate oil recovery (i.e., 0.72 OOIP) in the base case for flooding sce-
narios with different pre-water flooding

and the gravity is very small in this model, the surfactant dif-
fusion is the key parameter that let the surfactant go into the
matrix and then change the matrix wettability and reduce the
IFT, thus improve the oil recovery, which is proved by the
contrastive case where the surfactant diffusion is neglected.
When the surfactant diffusion is neglected, the ultimate oil
recovery is about 0.5 OOIP for the surfactant flooding, and
it decreases with the increase in the pre-water flooding vol-
ume (Fig. 19). The surfactant enhanced oil recovery is about
1.7% OOQIP after injecting 15 PV surfactant solution for the
scenario with 11 PV pre-water injection, which illustrates
that the surfactant with poor diffusion efficiency should not
be used after water flooding.

For the base case, the oil recovery rate is becoming slower
after recovering about 90% of ultimate oil recovery, which is
about 0.72 OOIP (Fig. 18). Plot the total injection volume
of brine and surfactant solution and the injection volume of
surfactant solution when the oil recovery is 0.72 OOIP in
Fig. 20. It shows that the total volume has a linear relation
with the pre-water flooding volume. And the required sur-
factant volume also increases with the increase in pre-water
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Fig.21 The relationship between injection volume of surfactant solu-
tion and the ultimate oil recovery obtained with different injection
surfactant concentration

flooding volume. So even if the surfactant has high-efficient
diffusion, the early surfactant application could reduce the
time cost and surfactant consumption.

Surfactant slug size

The surfactant assumption is an important influence factor of
the economy. The goal is to achieve the largest oil recovery in
a reasonable cost of surfactant. In this section, the surfactant
is injected before water flooding. And the surfactant injection
volume is varying from 0.2 to 4 PV. The surfactant concen-
tration in the base case is 0.01 g/cm®. Another injection con-
centration of 0.005 g/cm? is used as the contrastive case. The
relationship between injection volume of surfactant solution
and the ultimate oil recovery is plotted in Fig. 21. After inject-
ing 1.3 PV surfactant solution with concentration of 0.01 g/
cm’, the ultimate oil recovery (about 0.8 OOIP) is obtained.
But the ultimate oil recovery is about 0.5 OOIP for the con-
trastive case with surfactant concentration of 0.005 g/cm®.
Besides, it requires much more surfactant solution to obtain
the maximum oil recovery. The critical micelle concentration
of the surfactant (C12TAB) is about 0.004 g/cm? and required
concentration to change the wettability to strongly water wet is
no less than 0.005 g/cm’. When the surfactant is moving into
the matrix, the concentration is diluted and becomes smaller
and smaller with the distance into the matrix. For the small
concentration, the dilution has a large negative effect on the
surfactant efficiency. Therefore, the lower concentration results
in a smaller oil recovery with the same surfactant slug size.
The relationship between the injection mass of surfactant and
the ultimate oil recovery (Fig. 22) shows that even injecting the
same amount of surfactant, the ultimate oil recovery is smaller
in the case with a lower surfactant concentration, which
implies that the surfactant efficiency is decreasing with the
decrease in surfactant concentration. The relationship between
surfactant mass in matrix and the ultimate oil recovery are
similar for both cases, and the ultimate oil recovery has a
strong positive linear function relation with the surfactant mass
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Fig.22 The relationship between injection mass of surfactant and the
ultimate oil recovery obtained with different injection surfactant con-
centration
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Fig.23 The relationship between surfactant mass in matrix and the
ultimate oil recovery obtained with different injection surfactant con-
centration. Am* equals to the difference between injected mass of
surfactant and the produced mass of surfactant

in matrix (Fig. 23), which means the ultimate oil recovery
depends on how much the surfactant goes into the matrix. This
also implies that less surfactant can be imbibed into the matrix
for the lower surfactant concentration; hence, the surfactant
efficiency is reduced. Based on the previous analysis, it can be
concluded that it needs less surfactant to obtain the maximum
oil recovery with the application of higher surfactant concen-
tration, so under the condition of injection safety, the relatively
higher surfactant concentration is a better choice.

Summary and conclusions

A model is established by history matching with the exper-
imental results given by Standnes and Austad (2000), so
that the properties of matrix, brine, oil and surfactant are
verified. Then the model is cut into two parts from the
middle to create a vertical fracture. The fractured model is
used to do the simulation study in this paper. The injection
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rate, injection timing and injection surfactant size are stud-
ied. The following are the main conclusions.

1. In the base case, the oil recovery rate is increasing with
the increase in injection rate until the injection rate is
0.027 cm’/h (i.e., 0.001 PV/h). After injection of 1 PV
surfactant solution, the oil recovery is 70% OOIP which
is about 90% of ultimate oil recovery when the injection
rate is 0.027 cm®/h. Considering the time and surfactant
consumption, the injection rate of 0.027 cm*/h is the
proper injection rate.

2. Comparing with the base case where the surfactant dif-
fusion is 5x 10~ cm?h, the oil recovery is dramatically
decreased in the contrastive case where the surfactant
diffusion is set to zero. In addition, the injection rate has
a larger effect on the oil recovery when the surfactant
diffusion is very slow.

3. The increase in the injection rate is more efficient to
the system with smaller fracture porosity (0.1%) since
the injection rate could increase the pressure difference
between fracture and matrix, which results in an increase
in oil recovery rate thus increase in the capillary number.
So the ultimate oil recovery is improved when the injec-
tion rate is higher than 0.53 cm*/h.

4. For the system with fracture porosity of 0.1%, when
the injection rate is higher than 0.53 cm®/h, the required
injection volume to obtain the ultimate oil recovery does
not increase; at the same time, the final oil recovery time
decreases. Therefore, the high injection rate (53.4 cm?/h)
is a good choice.

5. Surfactant should be used before water flooding because
the required injection volume of surfactant to obtain the
ultimate oil recovery is increasing with the increase in
pre-water flooding volume. The surfactant-enhanced oil
recovery is only 1.7% OOIP when the surfactant without
diffusion function is applied after the completed water
flooding.

6. The maximum oil recovery is obtained after injecting
1.3 PV surfactant solution with the concentration of
0.01 g/cm?>. But for the solution with a concentration
of 0.005 g/cm?, the oil recovery rate is much less and it
required much more surfactant solution to achieve the
maximum oil recovery. The results also indicate that sur-
factant solution with lower concentration has a lower
efficiency because less surfactant could be imbibed into
the matrix.
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