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Summary

Tight oil production is emerging as an important new source of
energy supply and has reversed a decline in US crude-oil produc-
tion and western Canadian light-oil production. At present, the
combination of the multistage hydraulic fracturing and horizontal
wells has become a widely used technology in stimulating tight
oil reservoirs. However, the ideal planar fractures used in the res-
ervoir simulation are simplified excessively. Effects of some key
fracture properties (e.g., fracture-geometry distributions and the
permeability variations) are not usually taken into consideration
during the simulation. Oversimplified fractures in the reservoir
model may fail to represent the complex fractures in reality, lead-
ing to significant errors in forecasting the reservoir performance.
In this paper, we examined the different fracture-geometry distri-
butions and discussed the effects of geometry distribution on well
production further. All fracture-geometry scenarios were confined
by microseismic-mapping data. To make the result more reliable
and relevant, a geomodel was first constructed for a tight oil block
in Willesden Green oil field in Alberta, Canada. The simulation
model was then generated on the basis of the geomodel and his-
tory matched to the production history of vertical production
wells. A horizontal well was drilled in the simulation model, and
different fracture-geometry scenarios were analyzed. Results indi-
cated that the simulation results of simple planar fractures overes-
timated the oil rate and led to higher oil recoveries. In addition, if
the secondary fracture can achieve the same permeability as the
main fracture, a hydraulic fracture with branches can increase the
well production (e.g., Scenario 2 under the conductivity ratio of
1:2) because of a larger effective contact area between matrix and
fracture. Secondary fractures with low permeability can decrease
the well productivity compared with wells with biwing planar
fractures. Furthermore, the effect of hydraulic-fracture geometries
on the cumulative production of the wells with higher main-frac-
ture conductivity was more significant compared with those with
lower main-fracture conductivity.

Introduction

Tight oil plays in the western Canadian sedimentary basin have
recently experienced a significant increase in activity through
advances in horizontal drilling and fracturing technology (Kabir
et al. 2011; Legrand et al. 2011; Priyantoro et al. 2012). The Car-
dium formation in the Pembina field of Alberta is an example of a
reservoir where 454 multistage fracture-stimulated horizontal
wells were rig released in 2011; use of horizontal wells with mul-
tistage hydraulic-fracturing technology has breathed new life into
sustainable development of these plays, where hydraulic fractures
provide high-permeablity conduits, improve reservoir percolation
ability, and increase the drainage area and the oil recovery.

Much research has been conducted on flow regimes (Siavoshi
and Bahrami 2013), primary recovery and enhanced oil recovery
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(Ghaderi et al. 2011; Iwere et al. 2012), reservoir modelling
(Wang et al. 2013), and stimulation optimization (Woo et al.
2011) in hydraulic-fractured tight oil reservoirs using reservoir-
simulation methods. However, in these works, different hydrau-
lic-fracture geometries are not taken into consideration. Hydraulic
fractures are represented by parallel planes that are vertical to the
horizontal well. In reality, the geometry of hydraulic fractures can
be complex. For example, a hydraulic fracture diverted into the
natural fracture can advance either by continued growth in the
natural fracture or by kicking out of the natural fracture into
the formation rock (Dahi Taleghani and Olson 2014). In layered
sedimentary rocks, opening-mode fractures have been observed to
abut against bedding contacts, causing fractures to terminate
(abutment) at contacts or step over at bedding contacts (Cooke
and Underwood 2001). Microseismic-monitoring technology has
been used to study the fracture geometry (Quirk et al. 2012; Liu et
al 2006; Fischer et al. 2008). But these studies do not integrate the
fracture-geometry distribution into the reservoir-simulation pro-
cess. Stalgorova and Mattar (2012, 2013) proposed analytical
models for horizontal wells with multiple fractures. However,
numerous assumptions have to be made in order to apply the ana-
Iytical models in practice. In this study, we first used Petrel to
construct a geological model for an actual block in the Cardium
formation of Willesden Green oil field in Alberta, Canada. CMG
IMEX (CMG 2013) was then employed to construct a dynamic
simulation model based on the geological model before history
matching was conducted. Local grid refinement were generated
near the hydraulic fractures. Microseismic data was used to con-
fine and describe the characteristics of hydraulic fractures in tight
oil reservoirs. Finally, horizontal wells with different fracture geo-
metries and conductivities were simulated and compared.

Geological Model. The Cardium formation consists of inter-
bedded sandstone, shale, and some local conglomerate, which
spreads over much of western Alberta (Krause et al. 1994). Oil
production in Cardium started more than 50 years ago, and activ-
ities in the tight formations in Cardium began in 2005. The Wil-
lesden Green oil field is located in south-central Alberta, and
covers an area of 50,827 ha (Varga et al. 2007). In Willesden
Green field (Fig. 1), the average vertical depth of the formation is
1900 to 2300 m and the formation has a significant amount of so-
lution gas. The net pay thickness is 5 to 18 m, resulting in large
original oil in place (Mageau et. al. 2012).

To build the geological model, a block with two vertical pro-
duction wells, one horizontal production well, and one observa-
tion well was selected. Structural surfaces are built on the basis of
well tops where three horizons (the CARD, CARDSD, and
BLACKSTN) are generated. These three horizons include the
interval of CARD and CARDSD formation. The horizontal well
is at the top of CARDSD formation, which can be observed in
Fig. 2. Vertical wells produce from the CARDSD zone, and the
stimulated horizontal well produces from both the CARD and the
CARDSD zone. Because the reservoir is not supported by aquifer
or gas cap, solution-gas drive is the main driving force. The length
of the model is 1770 m and the width is 810 m. The model con-
sists of 143,370 grids. The properties (e.g., matrix permeability
and porosity) are derived from sequential Gaussian simulation
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Fig. 1—Location of Willesden Green oil field (Source: National
Energy Board).

using the core data, as shown in Fig. 3. Specifically, the matrix
horizontal permeability ranges from 0.06 to 0.94 md, with an av-
erage value of 0.2 md. Matrix vertical permeability is 1/10 of the
horizontal value, and the porosity range in the model is between
7.8 and 15%.

Numerical-Simulation Model. Reservoir and Fluid Properties.
The numerical-simulation model is constructed on the basis of the
geological model. Unlike in simulation of shale-gas reservoirs,
adsorption effect is not considered in this model because such an
effect is not significant in tight oil reservoirs equally. The effect of
non-Darcy fluid flow is examined. Because liquid-flow rate is rela-
tively lower compared with gas-flow rate in hydraulic fractures in
shale-gas formations, the non-Darcy effect on oil cumulative pro-
duction rate is insignificant. Details are presented in the Results
and Discussion section. The geological model constructed by Pe-
trel is exported directly into CMG IMEX (CMG 2013). There are
177 grids in the i-direction, 81 grids in the j-direction, and 10 grids
in the k-direction. In the k-direction, there are 10 layers where the
CARD formation consists of five layers (Layers 1 through 5). The
CARDSD formation includes the Layers 6 through 10. The grid
size of i- and j-directions is 10 m. The grid top ranges from 1945 to
1988 m. Properties of the tight oil formation and reservoir oil prop-
erties are all obtained from field data, as shown in Table 1.
Relative Permeability Curves and Initial Condition. The ini-
tial pressure of each gridblock is determined by a reference pres-
sure and a reference depth, as shown in Table 1. The water/oil
and gas/oil contacts have been set outside the boundary of the
reservoir model because there are no signs of a bottomwater
zone and the reservoir initial pressure is higher than the bubble-
point pressure (i.e., no gas cap). The initial phase saturations are
imposed as the endpoint saturations in the relative permeability
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Fig. 2—Three horizons and well locations.

curves. Relative permeability curves are obtained from two ref-
erence papers (Ghaderi et al. 2011; Ghaderi et al. 2012) on the
Cardium tight formation and tuned further to match the produc-
tion history of the two vertical wells, as depicted in Fig. 4. Oil-
wet, mixed-wet, and water-wet rock wettability have all been
found in the Cardium formation. In our simulation model, based
on the history-matching results, the reservoir rock is likely to be
water-wet, which is in accordance with the reference papers. In
this situation, no transition zone is assumed to exist in the reser-
voir. A test run is performed for 5 years without source/sink
terms (i.e., injectors/producers), and no pressure and saturation
changes are observed, which implied that the model reached the
equilibrium state.

Hydraulic Fracture—Local Grid Refinement. In any reser-
voir simulator, it is a challenging task to simulate the actual width
and permeability of a hydraulic fracture because of the high com-
putational cost and the convergence issue. Alternatively, grids
with an equivalent permeability and width are used to represent
the fracture in the simulator. It is assumed that conductivity of an
actual hydraulic fracture is equal to that of the pseudoized fracture
block in the model (Rubin 2010).

kf X wr = ke X Wplock -

For example, if the fracture width is 10mm and the actual
fracture permeability is 15 darcies; fracture conductivity, which is
the product of the fracture permeability and width, is 150 dar-
cy-mm. If the grid width representing the hydraulic fracture in the
model is 60 cm, then the effective permeability in the gridblock
representing the hydraulic fracture can be calculated as

_Koxwy  15,000md x 0.0Im _ 00 0o

ke 2
0.6m (2)
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A magnified plot of the local grid refinement of a hydraulic
fracture is shown in Fig. 5. Gridblocks in the middle represent
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Fig. 3—Properties of geological model. (a) Matrix permeability of geological model. (b) Matrix porosity of geological model.
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Reservoir temperature (°C) 65

Bubblepoint pressure (MPa) 22.8
Oil density at stock-tank condition (°API) 30

Gas density at stock-tank condition (air=1) 0.776
Formation compressibility (kPa™") 6.41x107"
Total compressibility (kPa'1) 2.28x107°
Reference pressure (kPa™) 26 880.7
Reference depth (m) 2010
Water/oil contact (m) 2040

Solution-gas/oil ratio at 23 MPa (std m¥/std m%) 185
Average production gas/oil ratio (std m*std m®) 1470

Table 1—Properties of formation and reservoir fluid.

the hydraulic fracture. The width of the pseudoized fracture grid
is 2 ft.

History Matching. Three producers (one horizontal well and
two vertical wells) are simulated in the numerical model. Wells 1
and 2 are two vertical producers, which have been producing
since February 1968 and September 1976, respectively. The his-
tory-matching process was performed such that the oil rates were
applied as constraints and gas rates of the two vertical wells were
matched. A pressure-buildup test of Well 1 was conducted on 15
July 2009, and the average reservoir pressure was measured to be
22.8 MPa. This pressure-buildup test was performed in order to
obtain the formation pressure before drilling the horizontal well.
Unfortunately, the well flowing bottomhole pressure (BHP) was
not reported and water production was negligible because of the
primary production and unconnected aquifers. The oil rates of the
two vertical wells are used as inputs (shown in Fig. 6) and the
simulated average pressure is 21.6 MPa. The simulated gas rates
of the two vertical wells are shown in Fig. 7. In addition, our
model can be regarded as a “conceptual” model with realistic data
collected from the field. Well 3 is a newly drilled horizontal well
with multistage hydraulic fractures. Confined by the microseis-
mic-mapping data, different fracture-geometry scenarios are
simulated along the horizontal well. The effect of the hydraulic-
fracture geometries on the cumulative oil production is analyzed,
and sensitivity analysis of fracture conductivity is performed for
various fracturing scenarios. Minimum BHP of the horizontal
well is kept at 7 MPa.

Microseismic Data. Microseismic imaging is a monitoring tech-
nique that is used in the oil and gas industry to monitor and map
fracture geometries created by hydraulic-fracturing stimulations. A
microseismic event occurs when the rock beneath the ground sur-
face fails (Mohammad and Miskimins 2012). Data collected dur-
ing well stimulations in tight shale reveal generally a wide spread
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of microseismic events, as shown in Fig. 8. In this figure, there are
microseismic events from eight stages. The fracture half-lengths
and heights are not constant values, and half-lengths on both sides
of every stage are not symmetrical. On the basis of the map, it can
be observed that the event cloud shows a clear orientation, yet still
covers a significantly wider area than the hydraulic-fracture geom-
etry. In many reservoirs, propagation of the hydraulic fractures
may be complex because of interaction with pre-existing natural
fractures, fissures, and other geologic heterogeneities (Cipolla
et al. 2008; Mayerhofer et al. 2008; Potluri et al. 2005). In addi-
tion, complex fracture geometries may be created when there is no
significant difference between the minimum and maximum princi-
pal stresses in the reservoir (Fan et al. 2010). Fig. 9 depicts a
microseismic map from one stage of the horizontal well. When a
complex fracture network is expected in the formation, it is still
not mpossible to predict an exact fracture-network geometry in the
area of the event cloud. In this study, multiple different cases of
geometry of hydraulic fractures, ranging from simple planar frac-
tures to complex fractures, are studied in reservoir simulation,
which is demonstrated in Fig. 9. These geometries represent Sce-
nario 1 (planar fracture), Scenario 2 (branched fracture), and Sce-
nario 3 (complex fracture). In our model, four fracture half-lengths
ranging from 100 to 250 m are simulated, and fracture height is the
same as the height of the oil zone.

Hydraulic-Fracture-Geometry Scenarios. Local refinement
grids are used to represent hydraulic fractures in the simulation
model. The horizontal length of Well 3 is 1000 m. The 1000-m
lateral, which is in Layer 6, is completed with five stages, and
fracture spacing is 200 m. The fracture height is equal to vertical
height of the simulation model. It is assumed that the horizontal
well is drilled along the direction of minimum horizontal stress.

As already mentioned, propagation of a hydraulic fracture
may be complex because of the interaction with pre-existing nat-
ural fractures, fissures, cleavage, and rock-mechanical heteroge-
neities. Three different hydraulic fractures are modelled. In the
first scenario, the hydraulic fractures are ideal parallel planar
fractures. In the second scenario, branches are added to the planar
fractures. In the third scenario, complex hydraulic fractures are
modelled according to the characteristics of the microseismic-
events cloud. Sensitivity of fracture half-length, fracture conduc-
tivity, and fracture-geometry distribution is analyzed. For all
three scenarios, a no-flow boundary is assumed and BHP of the
horizontal well is set to 7 MPa. The average reservoir pressure
has dropped to below the bubblepoint pressure when the horizon-
tal well is put into production.

Scenario 1. In Scenario 1, we assume the transverse hydraulic
fractures propagate symmetrically in a plane perpendicular along
the minimum principal stress. Ideal planar fractures are modelled,
and the 1000-m lateral is completed with five parallel identical
fractures (Fig. 10). The grid-top value is calculated by the well’s
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Fig. 4—Relative permeability curves. (a) Oil and water relative permeability curve and (b) liquid and gas relative permeability

curve.
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Fig. 5—Magnified picture on local refined grids at and near the
hydraulic fracture.

true vertical depth subsea. According to Bazan et al. (2013), a
fracture with dimensionless conductivity higher than 10 should be
targeted while designing a stimulation job and such a fracture is
close to infinite conductivity. However, it should be noted that the
effective fracture conductivity in the reservoir can be as signifi-
cant as 90% lower than their laboratory-measured values because
of the effects of multiphase flow, proppant embedment, and
uneven proppant concentration (Palisch et al. 2007). In our model,
four fracture conductivities of 100, 150, 200, and 500 darcy-mm
are examined. The fracture width is assumed to be 10 mm, and
thus the values of fracture permeability are between 10 and 50
darcies, respectively. Four fracture half-lengths of 100, 150, 200,
and 250 m, are also studied.

Scenario 2. In this scenario, branches are added to the planar
hydraulic fractures, which are shown in Fig. 11. For Scenarios 1
and 2, the total fracture volume (summation of all fractures) is
kept the same, which can be estimated by the usage (and flow-
back) data of the fracturing fluid and proppant. Secondary frac-
tures are created typically by activating the pre-existing natural
fractures, and thus they are likely to be narrower than the main
hydraulic fractures. In this study, the width of a secondary frac-
ture is assumed to be half that of the main fracture width. Further,
the width of a tertiary fracture (located at the tip of each branch)
will be half of the width of a secondary fracture, which makes it a
quarter of that of the main fracture. It should be noted that, as the
total fracture volume is the same for Scenarios 1 and 2, adding
secondary and tertiary fractures in Scenario 2 implies the length
for main fracture is decreased accordingly.

In addition, if the secondary fractures are propped well, perme-
ability of the secondary fracture may be close to that of the main
fracture. Otherwise, if secondary fractures are not well-propped
because of the narrow width and/or severe proppant crush/embed-
ment, permeability of such a fracture can be less than that of the
main fracture. In this study, two secondary fracture permeabilities
are analyzed—its value to be equal and one-quarter of the main
fracture permeability, making the secondary-/main-fracture con-
ductivity ratio 1:2 and 1:8. At the same time, four cases with
main-fracture conductivity values of 100, 150, 200, and 500 dar-
cy-mm are simulated, respectively. If the secondary-fracture per-
meability is the same as that of the main fracture, corresponding
conductivities of the secondary fractures are 50, 75, 100, and 250
darcy-mm. If the secondary-fracture permeability is one-quarter
of the main-fracture permeability, conductivity of secondary frac-
tures are 12.5, 18.75, 25, and 62.5 darcy-mm.
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Fig. 7—History-matched gas production rates of two vertical wells. (a) Simulated gas rate of Well 1. (b) Simulated gas rate of Well 2.
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Fig. 8—Different stages of the microseismic-event view of a
horizontal well.

Scenario 3. In Scenario 3, geometry of the hydraulic frac-
tures is more complex to account for the interaction with fissures
and natural fractures, as shown in Fig. 12. There are three differ-
ent directions a hydraulic fracture could propagate when encoun-
tering a closed and cemented natural fracture. (1) The natural
fracture may have no influence, and the hydraulic fracture propa-
gates in the plane without interruption. The fracture crossover
may be because of the high-strength cement (comparable to ma-
trix) or fracturing pressure being lower than the normal stress
perpendicular to natural fracture. (2) The hydraulic fracture is
deflected, and the fluid is diverted completely into a natural-frac-
ture system. (3) The natural fracture stops or at least slows down
hydraulic-fracture growth in the presence of high stress anisot-
ropy and enhanced leakoff (Dahi Taleghani and Olson 2014). In
addition, hydraulic fractures with complexity also tend to be cre-
ated when there is no significant difference between the maxi-
mum and minimum principal horizontal stress. Total fracture
volume of Scenario 3 is again kept the same as the volume in
Scenarios 1 and 2. More secondary and tertiary fractures are
added in Scenario 3 to represent a complex fracture network.

Thus, length of the main fracture in Scenario 3 is the shortest
among all three scenarios. Similar to Scenario 2, two secondary-/
main-fracture permeability ratios of 1:1 and 1:4 (i.e., secondary-/
main-fracture conductivity ratios of 1:2 and 1:8) are simulated.
Different main-fracture-conductivity values of 100, 150, 200,
and 500 darcy-mm are simulated for Scenario 3, respectively.

Results and Discussion

The Effect of Non-Darcy Flow in Hydraulic Fractures. Non-
Darcy-flow effects were simulated in the high-conductivity hy-
draulic fractures and results are shown in Fig. 13. It can be
observed that there was no noticeable difference between the oil
rates with and without non-Darcy-flow effects (Fig. 13a), while
slight differences were found in the corresponding gas-production
rates, as shown in Fig. 13b. In addition, the Reynolds number was
examined to confirm that non-Darcy flow did not exist in the lig-
uid flow in the hydraulic fractures. The Reynolds numbers of all
the scenarios were calculated, and results showed that for the
highest Reynolds number, oil flow was 1.02 and that for gas was
18.30. Different critical Reynolds numbers for non-Darcy flow
have been reported in the literature (Bear 1972; Hassanizadeh and
Gray 1987; Blick and Civan 1988), ranging from 3 to 100. Thus,
non-Darcy flow was not expected for oil flow but may appear in
gas flow, which was in accordance with simulation results.

Ideal Planar Fractures—Effect of Main-Fracture Length and
Conductivity. Effects of the half-length and conductivities of the
main fractures are examined first in this study. The cumulative oil
productions of Scenario 1 with four different fracture half-lengths
(i.e., 100, 150, 200, and 250 m) and four different conductivities
(100, 150, 200, and 500 darcy-mm) are plotted in Fig. 14. It can
be observed that, the larger the fracture half-length under the
same conductivity, the higher cumulative oil production. Simi-
larly, for the same fracture half-length, the higher the fracture
conductivity, the higher cumulative oil production, especially dur-
ing the first 2 years. The difference amongst different fracture
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Fig. 9—Different fracture geometries in microseismic-data map.
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Fig. 10—Scenario 1 with ideal biwing planar fractures.
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Fig. 11—Scenario 2 with two branches in planar fractures.
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Fig. 12—Scenario 3 with complex fractures.

half-lengths is smaller under low fracture conductivity. For exam-
ple, when fracture conductivity is 100 darcy.mm, cumulative oil
production at the 1,825th day (fifth year) is increased by 31.7%
(13000m>) when fracture half-length increases from 100 to
250m, and its value increased by 52.3% (23 000 m®) when frac-
ture conductivity is 500 darcy-mm. It can also be observed from
Fig. 14 that the differences amongst different conductivities
increases as production time proceeds, and reaches a peak value
in the fifth year and then differences become relatively smaller
during later production. If one wants to increase the early produc-
tion rate, hydraulic fractures with high conductivity are needed.
For example, when fracture half-length is 250 m, the first year’s
production will be increased by 73.6% if fracture conductivity is
increased from 100 to 500 darcy-mm.

Effect of Fracture Geometry. Cumulative oil production for
three scenarios with different fracture conductivities is simulated
and shown in Fig. 15. Permeability of the secondary fracture is
assumed to be a quarter of that of the main fracture for Scenarios
2 and 3. Because secondary fractures are significantly narrower
compared with the main fracture and have uneven proppant distri-
bution, crush and embedment in the secondary fractures are more
significant than in the main fractures. It can be observed that cu-
mulative-production values differ slightly among three scenarios
in the first 180 days, but the difference increases as production
proceeds and the main-fracture conductivity increases. At the end
of the 10th year, cumulative production of Scenario 3 with com-
plex fractures is 15% less than that of Scenario 1 with ideal paral-
lel planar fractures. This implies that simulations using parallel
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planar fractures overestimate the well productivity when a frac-
ture network is created in tight oil formations. Because of the
reduction of secondary-fracture conductivity, these fractures can-
not transport reservoir fluids to the main fracture and wellbore
effectively. Taking the case with conductivity of 500 darcy-mm
for example, when the main fracture is 500 darcy-mm, the dimen-
sionless fracture conductivity is 25, which can be regarded as infi-
nite conductivity (Bazan et al. 2013). However, the dimensionless
conductivity of the secondary fracture is reduced to approximately
3. Secondary fractures with low-conductivity values are noneffec-
tive to transport the fluids. In addition, because the total fracture
volumes are kept the same, the main fracture half-length of Sce-
narios 2 and 3 is shorter than that of Scenario 1, even though the
contact area between matrix and fracture is increased. Fig. 16
depicts the reservoir-pressure distribution after 10 years of pro-
duction. It can be observed that complex fracture scenarios with
finite conductivity limit the pressure conduction. Even though the
contact area of a complex fracture with matrix increases signifi-
cantly, the qualities of the subfractures become poor. In other
words, if complex fractures are targeted to be created in the for-
mation, efforts must be made to guarantee sufficient conductivity
of the secondary and tertiary fractures.

Effect of Secondary-Fracture Permeability. In the preceding
subsection, secondary-fracture permeability is assumed to be one-
quarter of the main-fracture permeability. To analyze its effects
on well performance, secondary-fracture permeability is then
assigned to be the same as that of the main fracture for Scenarios
2 and 3. Under such circumstance, we assume the secondary frac-
tures are propped well without severe proppant uneven distribu-
tion, embedment, and crush. Secondary-fracture width is kept as
one-half of that of the main fracture again, which makes the con-
ductivity of secondary to main fracture 1:2. Cumulative produc-
tion over 10 years for three different fracture geometries is plotted
in Fig. 17. Unlike previous results with low secondary-fracture
permeability, Scenario 2 shows an optimal performance, while
Scenario 3 still has the lowest production. Initial production (e.g.,
at the end of 6 months) among the three scenarios is almost the
same, which could be because the reservoir fluids produced for all
the scenarios are from the reservoir matrix near the main fractures
mainly during early production time. During Years 1 and 6, cu-
mulative production of Scenario 2 is higher than that of Scenario
1, especially under high main-fracture conductivity. The ability of
secondary fractures to transmit fluid has improved significantly by
keeping the permeability of the main and the secondary fractures
the same. Compared with biwing fractures in Scenario 1, fractures
in Scenario 2 with branches have larger contact areas between
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Fig. 13—Comparison of Darcy flow and non-Darcy flow in main fractures with conductivity of 500 darcy-mm. (a) Comparison of
Darcy flow and non-Darcy flow for oil phase. (b) Comparison of Darcy flow and non-Darcy flow for gas phase.
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Fig. 14—Cumulative oil production of different fracture half-lengths and conductivities (Scenario 1). (a) Different half-lengths and
fracture conductivity at 100 darcy-mm. (b) Different half-lengths and fracture conductivity 150 at darcy-mm. (c) Different half-
lengths and fracture conductivity at 200 darcy-mm. (d) Different half-lengths and fracture conductivity at 500 darcy-mm.

matrix and fractures and can also transport all the fluids effec-
tively. In other words, if the effective conductivity of the second
fracture can be achieved, it is recommended to add some com-
plexity in fractures. For long-term production, the matrix around
the fracture has been depleted and fluids from the matrix in the
distance begin to contribute to the production. If main fractures
can connect a more-remote reservoir region away from the well-
bore—that is, having a longer fracture half-length—well-produc-
tion rate can be maintained better compared with scenarios with
shorter main-fracture half-lengths. Because there are no secondary
fractures in Scenario 1, the half-lengths of the mainfractures are
the longest. This leads to a highest overall cumulative production
rate in 10 years. However, for a more-complicated fracture geom-
etry shown in Scenario 3, cumulative production of 10 years is
lower than the other two scenarios. Because the total facture vol-
umes are the same for all three scenarios, well-developed second-
ary and tertiary fractures in Scenario 3 limit the length of the
main fractures, and thus yeild a smaller drainage area. Pressure
distributions for different scenarios are shown in Fig. 18.

Flow-Regime Analysis. It is important to understand the flow re-
gime caused by the stimulated hydraulic fractures. In this study,
the bottomhole pressure of the horizontal well is held constant
and the simulated well-production rates are regarded as the pro-
duction data. For the horizontal well with multiple transverse frac-
tures in a tight reservoir, the straight-line analysis method and a
series of diagnostic signatures can be used to analyze the flow

May 2015 Journal of Canadian Petroleum Technology

regimes (Clarkson 2013a, 2013b). Rate-normalized derivative sig-
nature analysis (Song and Ehlig-Economides 2011) is used to
identify the flow regime. Rate-normalized pressure (RNP) and its
derivative are shown in Eqs. 2 and 3. The horizontal ordinate ¢, is
material-balance time, shown in Eq. 4.

_Pi— Py (1)
RNP = ORISR RS RRRETRERES (3)
, _dRNP
RNP' = s (4)
00
te = Q) (5)

For the RNP derivative signature, a 0.5-slope trend implies a
linear-flow regime, a zero-slope trend suggests radial-flow regime,
and a unit slope indicates pseudosteady state (dominated by the
boundary). As shown in Fig 19, pseudolinear flow, early radial
flow, compound linear flow, and pseudosteady-state flow can be
identified for the fractured horizontal well. Flow regimes of Sce-
nario 1 (biwing fracture) with a half-length of 250 m are shown in
Fig 19a. Taking the main fracture conductivity of 100 darcy-mm,
pseudolinear flow, which arises at the beginning of the production,
lasts for a short time and then the early-radial flow lasts for more
than 10 days. These two flow regimes happen before fracture inter-
ference occurs. After fracture interference, compound linear flow
appears and the fluids flow into the fractures from the reservoir
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Fig. 15—Cumulative oil production with different fracture conductivity (secondary-/main-fracture permeability ratio of 1:4 and con-
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Fig. 19—Rate-normalized pressure (RNP) and its derivative sig-
nature for the horizontal well with multiple stage fractures. (a)
RNP derivative signature for biwing fracture (Scenario 1). (b)
RNP derivative signature for three scenarios (fracture conduc-
tivity of 500 darcy-mm).

matrix beyond the fracture tip. Finally, pseudosteady-state-flow
dominates the fluid flow in the middle and late period. As fracture
conductivity increases, time for flow regime to change becomes
relatively earlier. The pseudosteady-state flow regime resulting
from fracture interference (observed as a nearly unit slope) and
late pseudoradial flow (observed as a zero slope) do not appear in
the horizontal well. It may be caused by a large fracture spacing
and short distance from fracture tip to the reservoir boundary.

Fig. 19b depicts flow regimes of different fracture geometries,
and similar flow regimes are shown in terms of RNP derivative
signatures. Similarly, early linear flow and early radial flow
appear before fracture interference occurs and compound linear
flow (late linear flow) arises after fractures start to interfere with
each other. At last, the boundary-dominated flow (pseudosteady-
state flow) happens in the middle and late production period.
Except for the early linear flow, other flow regimes are similar in
all three fracture-geometry scenarios. In this study, the flow
regimes for complex fractures include compound linear flow,
early radial flow, and pseudosteady-state flow (dominated by a
closed reservoir boundary), whereas for the biwing fractures, the
flow regimes consist of pseudolinear flow, early radial flow, com-
pound linear flow, and pseudosteady-state flow (dominated by a
closed boundary). In summary, their dominant flow regimes are
linear flow and radial flow in the early period and pseudosteady-
state flow in the middle and late production period.

Conclusions

1. Three fracture geometries—simple planar fractures, branching
fractures, and a fracture network—are simulated in this study.
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All three scenarios have the same fracture volume and are all
confined by the same microseismic-mapping data, and it is
found that commonly used simple planar fractures overestimate
the well productivity if a complex fracture network is created in
the reservoir. The differences increase as the fracture conduc-
tivity increases. On the other hand, as geometry of fractures
becomes more complex, the computational time increases.

2. For the ideal biwing fractures, main-fracture conductivity plays

an essential role in the early period, while fracture half-length
can significantly affect the long-term production. For different
fracture geometries, the early production is similar (e.g., cumu-
lative production of the first 6 months) and the differences arise
around the end of the first year. The differences of complex
fracture and ideal biwing fracture become large as the fracture
conductivity increases.

3. Conductivity of the secondary fracture plays an important role
on the post-stimulation well productivity. Secondary fractures
with low conductivity can decrease the well productivity com-
pared with wells with biwing planar fractures.

4. If a fracture network is intended to be created in the reservoir,

especially at the presence of natural fractures, efforts must be
made to achieve high conductivity of the secondary fractures.
Under such circumstances, adding some complexity to the frac-
ture geometry can increase well production (e.g., Scenario 2
under the conductivity ratio of 1:2), which is caused by a larger
contact area between matrix and fracture. However, even with
high secondary-fracture conductivity, a complicated fracture
geometry (Scenario 3) still leads to a low long-term production.
This is because of the shortened length of the main fracture.

5. Linear flow and radial flow (or elliptical flow) are dominant
flow regimes in the early period, and pseudosteady-state flow is
the most important regime in the middle and late periods. The
flow regimes are similar between ideal biwing fractures and
fractures with complexity, except the difference in early linear
flow (i.e., compound linear flow arising in complex fractures
and pseudolinear flow appearing in ideal biwing fractures).

Nomenclature
k. = permeability of pseudoized fracture block in simulation
model, darcies
K; = permeability of hydraulic fracture, darcies
q(t) = oil-production rate, STB/D
Q(t) = cumulative oil production, STB
RNP = rate-normalized pressure, psi-D/STB
t, = material-balance time, days
Whioek = width of pseudoized fracture block in simulation model,
m
W; = width of hydraulic fracture, m
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