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Abstract

The invasion of hydraulic fracturing fluids into the matrix through a relative-
ly conductive fracture network causes capillary entrapment of the fluids that
lead to the reduction of relative permeability of oil during production. Such a
formation damage could be alleviated by the use of surfactants, however, their
use does not always guarantee an efficient oil recovery. Through a microflui-
dic-chip based experimental study, the present work highlights the factors
that control the later oil productivity and flowback especially through an
oil-wetting matrix. The results from this study indicate that for an oil-wet
formation, at shallow invasions, a water-based fracture fluid gives higher later
oil production rates than a moderate IFT-reducing surfactant, and at deep
invasions, the latter fluid gives better later oil production rates than the for-
mer. These results are very useful to the oil industry in making well informed
decisions for selecting appropriate fracture fluids to stimulate oil-wet forma-
tions.
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1. Introduction

Hydraulic fracturing technique is used in horizontal wells to improve the drai-
nage area of the oil production by creating high conductive passage way for oil
to flow from far-off regions into the wellbore. Almost 51% of the US daily pro-
duction is accounted to hydraulic fractured wells [1], and these production

trends, in general, are predominantly dominated by fracture flow but the
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late-time production is supported by the matrix surrounding the fractures [2].
During the hydraulic fracturing process, the fluids are injected at a high pressure
into the subsurface owing to which they get invaded into the matrix through the
fractures. In some cases, soaking operation is even performed to allow for the
imbibition of fracture fluid into the matrix from the fractures. Primarily, these
processes lead to formation damage, in terms of reduction in the relative per-
meability of oil, if the flowback of the invaded fluid accompanying the produc-
tion of oil is inefficient.

The amount of flowback of the invaded fluid is influenced by the capillary en-
trapment of the fracture fluids within the matrix. In water-wet rocks, it is ob-
served that the water block formed by the invaded fracture fluid predominantly
exists at the matrix-fracture interface due to the capillary discontinuity between
the high-permeable fracture and low-permeable matrix space surrounding it [3]
[4]. In a recent experimental study done by Liang et al (2015) [5] over a wa-
ter-wet limestone outcrop, for a very low rate of production, it was observed that
a shut-in operation following the invasion of the fracture fluid redistributes the
water block formed at the matrix-fracture interface into the interior of the for-
mation due to spontaneous capillary imbibition. Even without any preceding
shut-in operation, an instantaneous and prolonged production phase following
the invasion of fracture fluid resulted in the removal of water-block away from
the fracture face and into the formation [6]. Similar explanation for the case of
an unconventional fractional wetting rock was given by Bertoncello et a/ (2014)
[7] where they showed that the excess water saturation accumulated in the
oil-wet pores near the fracture face was reduced after a shut-in operation when
the water was imbibed into the water-wet pores in the interior of the formation.
Sometimes repeated shut-in operations need to be performed to remove the ac-
cumulated water saturation as they attain levels higher than the immovable wa-
ter saturations [5]. The effect of capillary redistribution of the water block, either
in the presence of an external viscous force or in the absence of such forces, has
been mostly reported for the water-wet tight formations where the capillary
forces of imbibition are very high. On the contrary, the capillary imbibition of
water saturation deeper into the formation could cause additional formation
damage due to the extended interaction time of the invaded fluid with the for-
mation, especially when clayey formations are involved [8]. In oil-wet rocks, the
water block is observed to be caused by the capillary trapping of invaded fracture
fluid in the interior of the porous space, rather than at the matrix-fracture inter-
face [9]. In such a case, shut-in procedures during the production phase are not
expected to show any improvement in the oil relative permeability, compared to
the case of water wetting formation, due to the lack of capillary imbibition phe-
nomenon.

Another solution, which is proposed to reduce the water blocks and to remove
their induced formation damage, is the application of surfactant-based fracture
fluids. In water-wet rocks, it is shown that a Winsor type-I surfactant solution

has reduced the water block and improved the oil relative permeability higher
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than the other Winsor-type surfactants [6]. Kim et al (2016) [10] have demon-
strated through experiments that for reservoir conditions exhibiting low
pore-throat to pore-diameter ratio or having cases with constraints on produc-
tion flow rates, a significant reduction in IFT (around one order of magnitude
from 27 mN/m) by the treatment with a surfactant would mitigate the formation
of water blocks either entirely or moderately. Hence, the use of a surfactant is a
possible alternative to improve oil productivity in oil-wet formations, by in-
creasing the capillary number and thus reducing the capillary force of entrap-
ment of the invaded fracture fluids.

In conventional water flooding cases, the capillary numbers range from 107 to
107, which indicates the high impact of capillary pressure over the fluid flow
dynamics at pore-scale [11]. Apart from that, the macro scale flow dynamics are
also influenced by the capillary gradients across the fluids distributed within the
formation. Longoria et al (2015) [12] have observed that in a water-wet low
permeability formation, as the difference in the average water saturation is high
between the fracture fluid invaded region and the initial water saturation in the
interior of the formation, the late-time oil productivity is also high. This phe-
nomenon arises due to the high degree of capillary gradient observed across the
invaded and the uninvaded region which aids in the removal of water block ob-
served at the matrix-fracture interface in such water-wet formations. In an
oil-wet formation, the macro-scale effect of capillary pressure gradients is not yet
explored, and hence in this present experimental study, the amount of the inva-
sion of fracture fluid into the matrix is taken as a variable parameter which is
observed to influence the capillary gradient across the chosen oil-wet porous
medium and the fracture space. The effect of the surfactant is also considered as
another parameter in the current study which influences the aforementioned ca-
pillary pressure gradient. The impact of these parameters on the flowback and
later oil productivity is the primary concern of this study’s experimental investi-
gation. Such a measurement of final oil rate qualitatively represents the reduc-
tion of invasion-created formation damage within the matrix space adjacent to
the fracture formed during the hydraulic fracturing operation.

For the sake of the ease of experimental investigation and having the flexibility
of visualizing both pore scale and macro scale phenomena occurring inside the
porous media, microfluidics-based tools are applied in this study. In this field of
application, a state-of-the-art microchip model is fabricated with a custom de-
signed porous network etched on its surface that is used to inject the desired so-
lutions at certain operating conditions like invasion amounts, flowback rates and
injection pressures. The application of such a tool is also referred to as a Reser-
voir-on-a-Chip based approach in the petroleum industry, whose utilization has
broadened the scope of understanding the oil recovery mechanisms through
pore scale fluid flow behavior and interactions of typical water-based fracture
fluids [13]-[18] and surfactant, polymer-based fracture fluids in the reservoir
[11] [19]-[27].

Currently, significant research is not available in the application of microflui-
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dics studying the invasion of fracturing fluid and its flowback characteristics. In
addition to water, the application of a moderate IFT-reducing surfactant as a
fracturing fluid is studied through microfluidics. The effect of invasion volume
on the amount of flowback and the extent of formation damage occurring dur-
ing the process is analyzed for both fracturing fluids. Two commercially availa-
ble surfactants of non-ionic and anionic nature are utilized in the experimenta-
tion as invading fracture fluids, so as to categorically represent the moderate
IFT-reducing group of surfactants. The experiments are conducted in an
oil-wetting microfluidic glass chip, where the non-wetting fracture fluids are in-
jected from the inlet side of the chip to represent the invasion phase and subse-
quently, the oil is injected from the exit side of the chip to represent the flowback
of the invaded fluids. The fluid saturations inside the chip, at different stages, are
observed under a microscope, following which the images of the whole chip are
acquired and processed to compute the saturations of the two phases inside the
chip. It is observed that as the invasion efficiency increases, the flowback effi-
ciency decreases more for the water-based fracture fluid as compared to that for
a moderate IFT-reducing surfactant based fracture fluid. Moreover, the later oil
production rates also indicate that for deep invasions, the surfactant as invaded
fluid shows higher oil productivity than water-based fluid. But at shallow inva-
sions, it is observed that a water-based fracture fluid gives a higher oil produc-

tivity at later times than a surfactant-based fracture fluid.

2. Methodology
2.1. Experimental Materials

A 45 mm x 15 mm borosilicate glass chip that is etched by the process of Chem-
ical vapor deposition forming a uniform channel porous media network (20 mm x
10 mm footprint) is used for studying the flow of fluids. The chip is manufac-
tured by Micronit Microtechnologies B.V., Netherlands. The channel width and
height dimensions are 50 pm and 20 um respectively. The porosity of the porous
network is 0.6 with single inlet and outlet nodes. A fluorinated type coating over
the channels is rendered during the fabrication process of the chip to make the
channels hydrophobic (oil-wet). At the entry to the uniform pore network, a
single wide pore channel distributes the injected fluids evenly across the whole
cross sectional area of the pore network. This portion of the chip represents the
fracture region where the fluid is collected first before entering into the matrix

region represented by the porous media channels (Figure 1).

Figure 1. Oil wet EOR microchip with uniform porous network.
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The chip is housed in a Fluidic connect PRO chip Holder purchased from
Micronit, which is fixed over the mechanical stage of a fluorescence-imaging in-
verted microscope (Olympus CKX-53). The fluids are pumped using an air
compressor whose pressure is controlled by a pressure based flow controller,
MFCS-EZ, purchased from Fluigent Inc. The flow rates in the flow lines are
measured using the Flow Rate Platform (FRP) also acquired from Fluigent Inc.,
having a measurable range of 0 - 7 Wl/min (1 pl = 10~ m’). Before allowing the
fluids to pass through the chip, they are filtered using a 2 um in-line PEEK filters
provided by IDEX corporation.

The oil used in the experiments is soltrol-130 supplied by Chevron Phillips
Chemical Company having a dynamic viscosity of 2.37 cp and a specific gravity
of 0.74. Deionized water (DI water) is used for conducting immiscible displace-
ments of oil, where the IFT between soltrol oil and DI water, measured using a
Du-Nuoy Ring tensiometer is 32.92 + 0.27 mN/m. A non-ionic surfactant
chemical, supplied by ChemEOR Inc., is diluted to 0.05 wt% using DI water and
is used to displace soltrol oil in the chip, giving an IFT with oil of 1.64 + 0.15
mN/m as measured from the M6500 Spinning drop tensiometer purchased from
Grace Instrument Company. Another moderate IFT-reducing chemical, an
anionic surfactant supplied by Stepan Company, diluted to 0.2 wt% so as to give
an IFT with soltrol oil of 1.94 £ 0.07 mN/m, is also used to corroborate the re-
sults obtained with the non-ionic surfactant. Fluorescein dye, purchased from
Sigma-Aldrich, which is soluble only in the aqueous phase, is used to distinguish

the multiple fluids, when their saturations are viewed under the microscope.

2.2. Experimental Setup & Procedure

The schematic of the microfluidic experimental set-up is represented in Figure
2.

The invasion and flowback processes are conducted at a constant injection
pressure condition of 80 mbar. Such an operating condition of constant injection
pressure rather than constant rate represents the analogous field case scenario
having a constant average reservoir pressure during the initial stages of produc-
tion. The fluorescein-dyed aqueous solution injection process into the soltrol oil

saturated chip is shown along the solid blue arrows in Figure 2. After the required
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Figure 2. Schematic of experimental set-up.
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amount of pore volume is injected, the valves at the outlet and the inlet are
closed, and the manual image acquisition of the whole chip is done. A 2x objec-
tive lens is utilized in the process to acquire the individual images of adjacent
portions of the chip, which are stitched together using the Olympus STREAM
software to get the whole image of the chip. Subsequent to the image acquisition
process for the invasion, the soltrol oil is injected from the exit end of the chip to
create flowback phenomenon, as shown by the dashed green arrows in Figure 2.
Upon the visual inspection, the change of saturations observed after approx-
imately 10 PV (pore volumes) of oil injection are negligible, at which time the
measured stabilized flow rate of oil injected is noted from the FRP which is the
same as the flow rate of oil production (Q,). This final flow rate measurement is
representative of the amount of reduction of formation damage occurred during
the invasion process. After the measurement, valves are closed once again at the
inlet and the exit end of the chips for the image acquisition process. For image
processing, the stitched image is cropped to cover only the boundary of the en-
tire porous media footprint and is converted to a binary image format from RGB
format using Image] software. The saturations of the fluids are hence computed
by analyzing the histogram of the black and white colors from the obtained bi-
nary image. The same chip is used for all the experiments and prior to each ex-
periment, a cleaning fluid sequence comprising a repeated flush of DI water and
followed by isopropanol and air drying, is applied to clear the flow passage of
any residual fluids.

The wettability of the oil wet chip is retained even upon using different fluids
for invasion process. Contact angle measurements of the residual blobs of the
invaded fluids along their interface with the soltrol oil are measured and
represented in Figure 3. They depict an angle of slightly over 120° and do not
show much variance with all three invasions fluids 7.e water, non-ionic and

anionic surfactants, indicating the retention of oil-wetting nature of the chip.

Figure 3. Contact angles showing oil wettability when measured between soltrol oil
medium (grey color) and (a) water (123.94°); (b) non-ionic surfactant (124.59°) and (c)
anionic surfactant (122.84°, 119.92°), which are represented as white shaded residual
blobs.

3. Results and Discussion

The results of the microfluidic flow experiments are summarized in Table 1 and
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Table 1. Summary of microfluidic experimental results.

Experimental data
Invasion fluid

Invasion/% Sal1 Flowback/% Q,/(ul'min™) N, (x107)
12.14 0.004 96.97 2.949 2.855
20.45 0.007 97.71 4.366 4.226
Water

39.65 0.141 64.40 1.801 1.743

45.11 0.353 21.66 0.000 0.000

11.61 0.023 80.00 2.468 48.97

Non-ionic 17.21 0.040 76.84 2.800 55.56
Surfactant 42.46 0.158 62.72 2.186 43.37
48.61 0.196 59.68 1.260 25.00

13.44 0.008 94.04 3.493 57.52

Anionic 23.20 0.016 92.97 3.702 60.96
surfcatant 31.47 0.053 83.15 3.126 51.47
48.77 0.080 83.70 2.910 47.92

the processed microchip images after both invasion and flowback profiles of wa-
ter and the two surfactants are depicted in Figures 4-6. The low injection
pressure of 80 mbar during the production phase, ensures the capillary num-
bers (N,, = 4, Q./ pAo) which are low and of the order 107°, which are typical for
the cases in conventional formations where the capillary forces are dominant
[11]. The saturation of aqueous fluid after the invasion is given by S, with its
percentage value denoted as Invasion efficiency (%) and the residual saturation
of invaded fluid during production phase is given by S,,.

Invasion Flowback
S =12.14% S.2=0.4%
S =20.45% S2=0.7%

S,;=14.1%

Figure 4. Water as invaded fluid (represented by black color), showcasing the stitched
microchip images after invasion (left column) and after flowback (right column) for
different invasion efficiencies.
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Invasion Flowback

Sur = 11.61% Su:=23%

Sa=1721%

Figure 5. Non-ionic surfactant as invaded fluid, (represented by black color), showcasing
the stitched microchip images after invasion (left column) and after flowback (right
column) for different invasion efficiencies.

Invasion Flowback
S, = 13.44% S,.=0.8%

S,:=1.6%

S,.=53%

Sw2=7.9%

MU .
RPN

Figure 6. Anionic surfactant as invaded fluid (represented by black color), showcasing
the stitched microchip images after invasion (left column) and after flowback (right
column) for different invasion efficiencies.
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The relationship between the invasion amounts of the fracture fluid with the
respective residual saturations of the invaded fracture fluid after the flowback

phase ie. the later production phase, §,,, is shown in Figure 7.

0.40

® water
0.35 ®

2 —
R*=0.8056 # anionic surf

0.30 -
A non-ionic surf

0.25

0.20 Ao RE=0.9962

0.15

0.10

_ =%
0.05 . R*=0.9398

Residual invaded phase saturation, S, /1

0.00
0 10 20 30 40 50 60 70 80 90 100

Invasion efficiency/%

Figure 7. Relation between invasion efficiencies and invaded phase saturation after
flowback.

For the purpose of simple qualitative comparison, linear trend lines are plot-
ted over the data points, due to the unknown nature of the degree of relationship
of the mentioned parameters beforehand. According to the figure, irrespective of
the type of fracture fluid, it can be observed that as the invasion efficiency in-
creases, the residual saturation of invaded fluid also increases. It can be attri-
buted to the increase in the amount of capillary trapping of the non-wetting flu-
id within the pores, as a larger amount of fracture fluid is invaded. Such an in-
crease in the residual saturations of the fracture fluid, results in a reduction in
the relative permeability of oil which is reflected as formation damage and hence
the later oil production rates could be severely affected. This trend is clearly de-
picted in Figure 8 for all the three types of invaded fluid, which shows a de-

creasing trend for the measured final oil rate, as the invasion efficiency is in-

creased.
~5.00
.IE ® water
? anionic surf
= 4.00
hd A non-ionic surf]
=
?; 3.00 R?=10.7093
=
St
S 200
=
5]
= R2=0.6953
:§ 1.00
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E 2 = 0.6743
£ 0.00 R
0 10 20 30 40 50 60 70 80 90 100
Invasion /%

Figure 8. Relation between invasion efficiency and production rate of oil after flowback
phase.
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The efficiency for the process of retrieval of the invaded fluid during the pro-
duction phase is to be defined with respect to the amount of invasion, and is

represented by a quantity, flowback efficiency, which is defined as follows:

Invasion efficiency (%) =S, x100%

where §,,, = Invaded fluid saturation after invasion process

- S,1—9S
Flowback efficiency (%) = %xlOO%

wl
where S,, = Residual saturation of the invaded fluid during later production
phase (ie. after 10 PV of production).
The relation between the invasion efficiency and the flowback efficiency for all

the type of fluids is shown in Figure 9.
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Invasion /%

0

Figure 9. Relation between invasion efficiency and flowback efficiency.

Based on the obtained results, it can be observed that for an oil-wet chip, the
flowback efficiency decreases as the invasion efficiency increases. Such an ob-
servation refers to the non-uniform nature of the distribution of residual satura-
tions of the invaded phase across the chip. For the sake of convenience of the
discussion, the points of the intersection of water and surfactant curves from
Figure 9 are chosen as the critical points of invasion, above which all invasion
efficiencies are considered high and that below are considered as low invasions.
The invaded fluids near the matrix-fracture interface, experience an additional
driving force during the flowback due to the existence of the capillary pressure
discontinuity between the high conductive fracture and the low conductive ma-
trix space. The saturation of the connected non-wetting phase is reduced to the
lowest in the oil-wetting matrix near the fracture face due to the capillary driving
force acting across the interface, which results in a high amount of flowback effi-
ciency at low invasions of fracture fluid. Conversely, for high invasions of the
fracture fluid, the influence of this additional driving force is decreased due to
the distance away from the matrix-fracture interface, which causes a decrease in

the flowback efficiency as depicted in Figure 9.
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Even though the trends observed in Figures 7-9 are the same for both the wa-
ter and the surfactant type of fracture fluids, the relative differences in their rates
of change provide an opportunity to perform a comparative analysis between
these fluids. Besides, both surfactant fluids have similar gradient in the trends. It
is observed that the surfactant fluids show a striking difference in comparison
with the water-based fluid, and thus are clubbed together for further analysis
where they are categorized as moderate-IFT reducing surfactants. At low inva-
sions, for the flowback phase, it can be observed that the residual saturation of
the invaded surfactant fluid (for both the type of surfactants experimented) is
higher than that of the invaded water-based fluid resulting in a lower final oil
rate of production for the former case than the latter. This observation could be
attributed to the property of the reduction of IFT by the surfactant, which re-
duces the average capillary pressure of the invaded region, and hence the capil-
lary pressure gradient observed across the matrix-fracture interface would be
lower than that for the case of water invasion. This effect causes a lower reduc-
tion in the residual saturation of the surfactant fluid than the water-based fluid,
and gives a lower flowback efficiency for the surfactant than the water case,
which is manifested as a lower reduction of formation damage. Conversely, at
high invasions, the residual saturation of the invaded fluid after the production
phase (S,,) is lower for the surfactant when compared to the water invasion. It
could be attributed to the better mobilization of residual saturations by capillary
de-saturation effect of the surfactant, as it increases the capillary number by ap-
proximately one order of magnitude (Table 1), and hence reduces the residual
saturation of invaded fluid trapped in the pore space. Conclusively, these ob-
tained results highlight the influence of the moderate reductions in IFT by the
surfactant, and thus reduce the capillary pressure modestly, which either assist in
the effective removal of formation damage caused by the invasion of fracture
fluid as seen in the cases of high invasions, or contrastingly, hinder the effective
removal of formation damage, as seen in the cases of low invasions.

Since all the above obtained results are applicable only to the oil-wet surface,
the future work is planned to encompass observations in a water-wet microflui-
dic chip to understand the removal of water block at the vicinity of fracture face,
thus reducing the invasion-created formation damage. Even though the capillary
numbers are low in the current work, they are not as low as found in the uncon-
ventional formations. Ultra-low capillary numbers need to be achieved in the
future to gain insights to the effect of trapping of fracture fluid in the matrix

corresponding to shale formations.

4. Conclusions

Based on the observations and the discussion over the obtained microfluidic ex-
perimental results, the following summarized points could be inferred for an
oil-wet chip, which are analogously applicable to an oil-wetting hydraulic frac-

tured formation:
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* The amount of invasion and the type of fracture fluid invaded into the matrix
channel network, affect the flowback efficiency and hence influence the
amount of reduction of formation damage incurred due to the invasion.

* The flowback efficiency and the later oil productivity are observed to de-
crease with an increase in the invasion efficiency of fracture fluid into the
matrix. The nearness to the matrix-fracture interface in an oil-wetting chip, is
a factor which is treated accountable for such an effect as the non-wetting
fluids near the matrix-fracture interface are aided by the capillary pressure
gradient acting across the interface for their removal from the matrix.

* A selection criterion for fracture fluids is attained based on the observed
comparative results over the later oil productivities and the flowback
amounts of invaded fluids between the water and moderate IFT-reducing
surfactant fluids. At low invasions of fracture fluids, the reduction of forma-
tion damage, as observed through the later oil production rate, is more for
water-based fracture fluid than a moderate IFT-reducing surfactant fluid.
And at high invasions, the reduction in formation damage is observed to be
more for moderate IFT-reducing surfactant fluid than the water-based fluid.
Capillary de-saturation of the invaded fluid by IFT reduction favors surfac-
tant as fracture fluid for high invasions and a high capillary pressure gradient
across the matrix-fracture interface favors water based-fracture fluids for low

invasions.
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Nomenclature

A Cross sectional area of the chip, m?

N, Capillary number, dimensionless

Q, Final oil production rate after 10 pore volumes of production, pl/min
S Saturation, dimensionless

wt% Weight percentage of chemical in the solution, dimensionless
U Viscosity, cp

o Interfacial tension, mN/m

¢ Porosity, dimensionless

Subscripts

w, Residual water after invasion

w, Residual water after flowback phase

0 Oil
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