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Abstract

Hydraulic fracturing creates a complex fracturergetsy in heterogeneous formations which
are frequently simulated using Finite Element baadture propagation modelling tools.

Representing this geometry in Finite Differencedoasnultiphase flow simulators poses
some challenges. In this study, a Fracture Upsgaliathod (FUM) is developed to represent
complex fracture systems generated by the fingeneht method. It is demonstrated that this
method can capture complex fracture geometries evbken using coarse grids. This

upscaling method can be used as a coupling toaldaet the output of any discrete fracture
model and any finite difference-based reservoirusator. FUM is tested against a field case
and simulation results show a reasonable match &2 days of production data. This

method is then used to investigate the impactrbairal fractures have on production from
shale gas wells. The results show that the effeotientation, spacing and length of natural
fractures, on propagating hydraulic fractures caduce the recovery factor by 30%.

Furthermore, the ability of FUM to combine highlgngplex fracture networks with realistic

multiple layer models with complex distributionsrekervoir properties is demonstrated.

Keywords. Hydraulic fracturing, Fracture patterns, UpscaliRgnite difference simulations,

Discrete fracture models

1. Introduction
The development of horizontal drilling and hydrautiacturing process have unlocked large

volumes of previously inaccessible hydrocarbonsgs Hlas had the largest impact in the US
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which produces 11 million barrels of oil per daywafich over 7 million barrels are from
shale (EIA, 2019). Similarly, shale gas product®now 50 billion cubic feet per day in the
US, which is over 50% of its total gas producti@&hy, 2018). Shale gas also represents 62%
of total proven gas reserves in the US (U.S. Depamt of Energy, 2018), and it has the
potential to reduce global G@missions to half by replacing coal electricityhgetion with

gas (Liang et al., 2012, Burnham et al., 2012).

Recovery from tight reservoirs is still very lowttvioil recovery typically being 5-10% of
original oil in place (OOIP) and gas recovery ipitglly up to 35%, although this decreases
with geological complexity (Godec et al., 2013, Bgh, Mohanty & Balhoff, 2017). Coupled
with the high cost of fracturing process, thereaisweed to increase the recovery from
hydraulically fractured formations. The successsbinulation relies on connecting large
volumes of the reservoir with the well. Througheiter understanding and ability to model
the process, it is hoped that well placement arsigdecan be optimised so that this recovery

IS maximised.

Shale permeability is in the range of 70 to 500aad@ncies (Fisher et al, 2004). Through the
injection of a mixture of water and proppants aghhpressures, hydraulic fractures are
created to connect the formation to the well. Gtadgock/fracture mechanics suggests that
hydraulic fractures will open in the least energynfiguration, i.e., fractures propagate
perpendicular to the least in-situ principal strédlls are therefore drilled parallel to the
least principal stress so that fractures propaged into the target formation away from the
well and ensure maximum productivity. Microseisnaigents suggest that more complex
fracture networks are produced which are not conédnie with classical mechanics (Daniels
et al., 2007). The complexity has been explainetilmymain mechanisms; heterogeneity of
the formation (e.g., existence of different facasd natural fractures) and stress shadow

effects (Kresse et al., 2012, Kresse et al., 20H3)draulic fractures exploit planes of
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weakness, such as natural fractures, resultingomptex fracture networks with lots of

branches. Previous studies on the effect of regepvoperties on fracture propagation have
shown that high differential stresses decreasauiradength and increase the complexity of
fracture geometry (Wu & Olson, 2015, Liu et al. 18D In addition to this a phenomenon
referred to as the stress shadow has been showe table to rotate the direction of
propagation of fractures up to 90° so that they mmégrsect other fractures from previous

stages (Roussel & Sharma, 2011).

Finite Element Modelling captures the propagatibfractures by representing the fractures
using discrete elements (Kresse et al., 2012, Kressl., 2013). This is the most successful
approach to analyse the complex interactions betwwepagating hydraulic fractures in
heterogeneous formations. These simulations asn afynamic; allowing for the effect of

fluid leak off and proppant transport to be incogied.

Once the hydraulic fracture patterns are createdidering geomechanics of the subsurface
environment, then modelling oil and gas producfimm hydraulically fractured reservoirs
can be conducted using several different methadsidst of the multiphase flow calculations
(e.g., reservoir simulators), the hydraulic fraeturare often represented as simple
discontinuities, and hence in these calculatiomspiex fracture geometries are not captured.
Therefore, in conventional simulators the fractisreften treated as a linear set of cells with
high permeability (Moreno et al., 2014). An excessimplification of fracture geometry can
seriously impact the accuracy of these models. Gaxmipydraulic fracture networks can be
modelled using the Stimulated Reservoir Volume (PR\ethod (Ren et al., 2018). The
mechanically failed region is described as a zohenhanced permeability instead of a
discrete object, taking into account complex intgoas such as shear fracturing (Nassir et
al., 2010, Nassir et al., 2014). The SRV methodezsily model fluid production as each cell

already has an altered permeability but has theesasue that fails to capture the complex
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geometry of fractures. Semi-implicit models havesoalbeen developed to calculate
production from complex fracture networks by represg the network as combination of
fracture units (Luo et al., 2019). This can captilve complexity of fracture networks but
assumes petrophysical properties such as resepeomeability are constant across the

reservoir.

Embedded discrete fracture models (EDFM) also d@allscrete fracture models (DFM) use a
multiple porosity approach to include cells conitagnconductive planes (Moinfar et al.,
2014). In this type of modelling, cells are dividetb multiple regions allowing for complex
transfer between matrix, organic material and s to occur. Discrete fracture modelling
has also been used to determine hydrological bebawif fractured rocks on a smaller scale
(Lei et al., 2017). This method has also been @xliplith other techniques such as moving
tip clustering and linear regression clusteringcépture even more complex branches of
microcracks (Wan et al., 2020). Therefore, DFMs taap the complexity of fracture
networks but are computationally expensive andireqihe development of unique stand-

alone software.

Furthermore, accurate representation of fracturevar& and its upscaling model are
necessary to predict the performance of enhanced agaoil recovery processes in
hydraulically fractured reservoir. In previous saglit was shown that the size and shape of
the matrix and fracture are important to desigropiimised recovery process from fractured
rocks, therefore simplifying the hydraulic fractsireith a simple set of high permeability
cells in reservoir simulations may cause inaccesagi the production (Sharifi Haddad et al.
2012, Sharifi Haddad et al. 2013, Sharifi HaddadleR017, Sherratt et al. 2018). EXxisting
software can capture many of these complex phenarnenare unable to incorporate DFMs

as they use finite-difference methods.
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To summarise, Finite Element Methods excel at cagjuracture propagation but utilising
this complex fracture geometry in flow simulatossai challenge. In the past, this has either
been approached by reducing the complexity or Wighdevelopment of specialist software,

but is there a simpler approach?

In this study we propose a fracture upscaling netinat uses the output of geomechanics
simulators (based on Finite Element Methods) tatereomplex fracture networks to be used
in connection with finite difference numerical silators. This approach is referred to as the
fracture upscaling model (FUM). By utilising FUMyrough a fracture upscaling method,
production from complex hydraulic fracture netwoden be computed using a conventional
reservoir simulator. A simplified approach for mthie fractures in computational grids has
been used to represent non-planar fractures, wherdracture properties such as aperture
and height were assumed to be constant alongdbtufe (Sakhaee-Pour & Wheeler, 2016).
We introduce an extended method for the upscalifigaotures by incorporating the complex
output of fracture propagation models. Furthermooebe able to apply the model to real
scenarios we considered variation of fracture pogee in our model, hence, in FUM a

distribution of fracture properties can be incogied.

Past studies have investigated the impact of resepvoperties and stimulation parameters
on the propagation of fractures into the formatisimg FEM approaches (Kresse et al., 2012,
Kresse et al., 2013). In this study, by using FUM, determine how production from such

hydraulically fractured reservoirs is impacted Imede properties considering the resulted
hydraulic fractures propagation. This should helplentify scenarios that are favourable and

those which can be easily excluded.

FUM still results in some simplification of fraceigeometry in comparison with DFM. But it

can simplify the problem by not requiring a spdgialesigned reservoir simulator. By
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coupling DFMs with commonly used Finite-Differenicased reservoir simulators FUM also
provides an opportunity to conduct complex multgihddlow simulations for enhanced
recovery processes in hydraulically fractured tigttmations. However, fine grids are
required to ensure the simplification is limitedialh can increase computational time and

expense.

2. Methodology

This study presents a method of upscaling disdrat#ure networks to a finite difference-
based computational grid so that multiphase flowydraulically fractured reservoirs can be
modelled using a conventional reservoir simulatar.the developed FUM algorithm, a
geological model is the first input that is used &ydiscrete fracture network (DFN)
simulation software. The same geological modells$® aised to create a finite-difference
based computational grid. Depending on the comiylesdi the geological structure of the
formation, highly complex 3D grids may be creatddwever, in this study, for simplicity of
the demonstration of FUM, we combine complex 3[Cctiree propagation results with a
simple single layer thick reservoir grid. FUM isvééped in C++ to combine and upscale
the discrete fracture network with a dual-permeégbiinite difference-based reservoir grid.

The general algorithm developed in this study mnghin Figure 1.
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Figure 1 — Flow diagram of the upscaling methodeadeped in this study

Before production is modelled, the hydraulic fraetnetwork is generated by a commercially
available unconventional fracture modelling softevauhich is able to capture the complexity
of interactions with natural fractures and strelsadew effects (Kresse et al., 2013). The
fracture propagation is modelled using a volumetaigproach to determine pressure
distribution within the fracture network and fakucriteria are evaluated to determine if and
how the fracture propagates. Many parameters céectathe propagation of fractures
including the principal stresses, Young's modulusl antrinsic matrix permeability. The
resulting fracture networks have both complex gdomend complex distribution of
properties such as aperture which must be consideheen calculating the ability of the
fracture network to conduct flow at each pointhe network. The developed fractures need
to be coupled with multiphase flow solvers. FUMlaveloped as a framework which can be
applied to any discrete fracture network to be afgegt and used to simulate production in

any finite-difference based multiphase flow simaiat

DFNs describe the fracture network as thousandsudices which are also referred to as
patches. Patches are usually triangular as alicesrof a triangle always lie on a common

plane. The fracture properties such as aperturgeopant concentration are also defined at
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each vertex on each surface. The common planaliitatee corner points lie on, specify the
orientation of the fracture, and the edges of tirtase define the boundaries of the fracture.
A conventional reservoir simulator represents #ervoir as a set of individual cells and
each cell is assigned the average properties ofdheme it represents. In this study FUM is
only applied to simple cuboidal cells but could édganded to incorporate more complex

grid geometries.

To determine the effect that the hydraulic fractbes on a cell, the intersection of each
fracture with that cell must be found as shown iguFe 2 (a). This shows eight individual
patches that all correspond to a single fracturéase and are all contained within a single
cell. This is a computationally expensive procesgach triangular patch must be compared
with each computational cell to determine if theseany intersection. If there is an
intersection i.e. the patch is only partially conéa within the cell, then that part of the
triangular element contained within the cell mustfbund. A cell may also contain many
patches, or parts of patches, that all corresponthé same fracture plane. With highly
complex fracture systems a single cell may alsaanrfracture patches corresponding to

multiple fracture planes as shown in Figure 2 (b).

a) b) c)

Figure 2 — An example of a) how triangular fractyr&ches defining a single fracture plane
are contained within a single cell, b) a singlel @eintaining multiple fracture patches
corresponding to two different fractures and c) thsulting contained fractures within a cell

To determine the combined effect that the patclaa® lon the ability of a cell containing

them to conduct flow, the individual patches must herged together to represent an
8
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integrated network of flow passages as shown inrgi@ (c). This is achieved by analysing
the fractures and splitting the branched netwotk joined sections as a pre-processor step.
Only patches that belong to the same joined seatierfitted together into larger surfaces. In
the example shown in Figure 2 (c), there are twotére surfaces, each defined by a set of
points that lie on the faces of the cell. The agernproperties of each surface, which represent
a portion of the fracture, can be derived from thangular patches they are constructed
from. The average property of each triangle isrpakated from the values at the vertices.
When calculating the average of the merged surtheeproperties can be averaged using the
area of each patch as the weighting. The direalitgnof each merged surface can also be

calculated using the average normal of the trisangotches which is also averaged by area.

The cells that contain fracture surfaces are cemstlto be part of the pseudo-fracture
system (fracture cells) as shown in Figure 2 repres] in red, and the properties of these
cells need to be modified to account for the presesf the fractures they contain. There are
three types of flow that this model must capturatrim-to-matrix (MM), matrix-to-fracture
(MF) and fracture-to-fracture (FF). FUM must remmisthe fracture-to-fracture and matrix-

to-fracture flow by changing the properties of gseudo-fracture system cells.

B Matrix Cell
B Pscudo-Fracture System

Contained Fracture Segment

Figure 2 — A 2D schematic of fracture-grid intenact and the resulting pseudo-fracture
system shown in red.

Figure 3 (a) shows a simple fracture surface, neddeangular patches, located within the

framework of a simple finite difference grid. Celidhich contain part of the fracture are

9
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considered part of the pseudo-fracture system alhthavaltered to reflect the presence of the
fracture. This is represented by the solid cell§igure 3 (b). The pseudo-fracture cells are
shown as a wireframe in Figure 3 (c) with the coad fracture surface shown to be

contained within these cells.

100 0 100 0

X(m) 60" 20
8070

Figure 3 — Examples of the FUM process: a) showdtaicture plane located inside the grid
shown as a wireframe, b) shows the pseudo-fragystem as cells contained within the grid
shown as a wireframe & ¢) Shows the fracture s@faihin the pseudo-fracture system

shown as a wireframe

The ability of each contained surface within eveeyl to conduct flow can be determined
from the properties of the fracture. In this studg assumed the fracture consists of two
semi-infinite parallel plates and the flow is lamirwith no complexity of dispersion (Sharifi
Haddad et al., 2015) as shown in Figure 4. The cimensional (e.g., x-direction) single

phase volumetric flow rate in the fractuge, is given by:

-w?  ap
— I
qr = 12u x (1)

10
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wherews is the fracture aperturg,is the phase viscosity,is the fracture height ana(!J T/ ax

is the pressure gradient applied to the fluid enflacture.

........

Wf:/ h uj»)

....... )
------

___________________ flow between fracture plates

L

Figure 4 — Schematic of the parallel plate assuopfor flow within a fracture with flow
velocity, u, varying across the cross section efftacture.

Considering a fractured porous medium using a @eamneability approach the volumetric

flow rate is the sum of the matrix and fracturenflo
q=4qm+qs (2)

The 1-D volumetric flow rate in the fracture potgsi, through a cell is given by,

= Tk 4 %r
a=—A5; 3)

Wherek, is the cell fracture permeability and A is thess@ectional area of the cell being
considered. FUM represents the effect of the fractwy calculating the appropriate cell
fracture permeability,k, so that the fracture-fracture transfer is repregae of the

contained discrete fractures.

Considering a cell containing a single fractureapar to the direction of flow being

considered the following expression can be madedoyting Equations (1) and (3):

3
kg Py _ W}, 0ps

=Y 4)

u dx 12u dx

This can be rearranged to give the cell fracturenpability as:

11
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kp=-L2 (5)

This assumes that the fracture behaves as a chaheetas factors such as the presence of
proppants, which partially occupy the volume of treeture, and fracture surface roughness
have a significant impact on flow inside hydradhactures. A modified cubic flow equation
has been developed to account for fracture roughif@stherspoon et al., 1980). This
approach has been used to calculate fracture pbiiitean previous fracture propagation
studies (Nassir et al., 2014, Zhou et al., 2019)this study a coefficient af = 2 x 107>

will be used to account for the permeability reduttdue to proppant as this has a larger

effect (Yu et al., 2017). As a result, the permktgiis given by:
kf = q—— (6)

where the cross-sectional fracture adga= wyh refers to the cross section of the fracture on

the cell faces in the direction being considered.

To expand this concept to a 3D system, a permeabéinsor can be constructed using the

average plane normal vecta;, and the unit vectors in Cartesian coordinalge,, e, as:

A
5 ﬁfx(exxﬁfﬂ%;\‘

f A
12 |ﬁfx(ey><ﬁf)|ALyy

(7)

A
[y (esxip)| L2

Where the area of the intersection between thduira@and the plane of the cell faces are
given byAs,, Ay, andAg,. When a fracture passes through two neighbouithes of a cell

then the permeability needs to be enhanced inaat o directions. If this occurs and the
fracture is nearly perpendicular to one of the goes, the result would be a permeability

tensor with one component very close to zero whicluld result in the pseudo-fracture

12
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system being poorly connected. To resolve this,nathe fracture crosses two neighbouring
cell faces the apparent permeability is assumdzetthe same in all directions normal to the
cell faces that the fracture crosses. The magnitfidiee apparent permeability is considered
to be the largest of the components. This is oppliad when a fracture passes through two

neighbouring cell faces.

Equation (7) gives the apparent permeability oékh @ontaining a single fracture. However,
one cell may contain several fractures. Similaptevious studies, the effects of multiple
fractures contained by a cell can be summed (Nasst., 2014, Sakhaee-Pour & Wheeler,

2016):

kf = ?=1 kfl (8)

The matrix-to-fracture mass transfer for phasg,js, is calculated using the equation:
krjp;

tims = OV =L (B — Pyp) (9)

Where V is the grid block volume;, is the shape factok,; is the relative permeability of
phase j, p; is the phase density, is the phase viscosity;,, is the phase pressure in the
matrix andP;s is the phase pressure in the fracture. Dual-pédrititgasimulators consider the

cell to contain sets of fractures that are paratiethe grid axes to calculate matrix-fracture

mass transfer. The shape factor is calculated ueanGilman-Kazemi formula:

O-:(@_}_kﬂ_}_@) (10)

12 £ 12

Wherek,,, kmy, ki, are the matrix permeabilities ahgl,,l, are the fracture spacings, in
the x-, y- and z-direction. Therefore, to calcultte matrix-to-fracture mass transfer the
fracture spacing is also required. At this poihg tomplex fractures have been upscaled and
are represented by permeability enhancements ix-thg and z-direction that capture the

13
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conductivity of the complex fracture network contd within each cell as calculated by
Equation (8). FUM also evaluates the fracturesaoetl by each cell to determine if this is
most similar to a single fracture plane with a nakrm just one direction such as the x-
direction as shown in Figure 6 (a) whége= Ax, if the fracture is normal to the y- or z-
direction thenl,, = Ay and [, = Az, respectively. If the cell contains fractures thatve
significantly different normal vectors and oriemdas then FUM determines if this is best
represented by two orthogonal fracture planes, reigu(b) or by three orthogonal fracture
planes, Figure 6 (c). In this study only verticedctures are considered. From the discrete
fracture input data, FUM also calculates how maagttires cross the cell in each direction,

e.g. normal fractures to the x-directidif,, and when there are multiple planes in the same

direction the spacing is divided by this numbettst [, = Ax/Nf .
X

a) b) c)

,  L=Ax l,=Ax 1, =Ax

E S
X AVA

z

Figure 5 — Fracture spacing assumption in FUM fafaulating shape factor for matrix-
fracture transfer with fracture(s) normal to theyajlirection, b) x- and y-direction, or c) x-,
y- and z- direction

3. Results and Discussion

The method developed in this study (FUM), represeam opportunity to model production
from complex hydraulic fracture networks in finitifference-based multiphase flow
simulators. Firstly, the upscaling process candraahstrated using simple fracture segments
and simple sensitivity tests to show the behavadithe system with different grid sizes and

fracture properties. In the next part of this studg tested the performance of FUM against

14
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field data, and the details are presented. Thectetie natural fractures and the resulting
complex fracture networks are also studied. Finallyest case is presented to demonstrate

the full complexity that FUM can incorporate andltight the novelty of this method.

In this study, it is assumed that natural fractuaes planes of weakness that are cemented.
They only affect the geomechanical properties ef slgstem and do not contribute to the

hydrodynamic properties of the formation unlesgtigated by the hydraulic fractures.

The relative permeabilities of the fracture andriagrix are shown in Figure 6 (Daigle et al,
2015). Water saturation in the matrix cells containthe fracture network are increased to
represent the water leak-off volume during the hytic fracturing resulting in a reduced gas
relative permeability around the fractures. Thdiahiwater saturation of the fracture is

assumed to be 1.

4 Matrix 4 Fracture
—K., N - -kw 4
0.8 0.8 \
— K - =K 7
rg \ rg
7/
0.6 0.6 Ny
T " )
0.4 0.4 A
. K /7 N
4 N
0.2 0.2 / N
4 N
0 0
0 0.5 1 0 0.5 1
Sw Sw

Figure 6 — Relative permeability curves for the nxaand fracture (Daigle et al., 2015)

There are other phenomena that must be considened wodelling gas production from
shale reservoir. The matrix and fracture permeéadsliare pressure dependant and calculated

using the equations below,
k,, = ke YmPmi=Pm) (11)
ky = kﬁe‘yf(Pfi_Pf) (12)
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Wherek,,,; andkg; are the initial matrix and fracture permeabilitiefore production begins,
P, andPy; are the initial matrix and fracture pressures teeforoduction beging,, andyy

are the matrix and fracture permeability modulespectively. The values used in this study

for these parameters are provided in Table 1 (Zl&aRghami Meybodi, 2020).

An extended Langmuir adsorption isotherm is usethke into consideration the desorption
of hydrocarbons from the organic material of thalskArri et al., 1992, Hall et al., 1994).

The number of moles of component i adsorbed peafkgck is calculated as,

WimaxBiP
1+B;P

wi = (13)

Wherew; 4, is the maximum number of adsorbed moles of commioinger kg of rock B;

is the Langmuir isotherm parameter. This is fitiagafield data from Yu et al. 2017 using
the values ofv; ,,,, andB; in Table 1. Although it has been shown that BESthierms can
capture this process more accurately, this wasawailable in the reservoir simulator used
here. A Klinknberg correction?,,. is made for slip flow at low pressures and dethile
Table 1 (Letham & Bustin, 2015) For flow in thedtares the non-Darcy effect is considered
using the Forchheimer correction to Darcy’s lawr@meimer, 1901). The beta correction is

calculated as below,

ﬁ — g (14)

T (kkpg)N1P

The parametera, andN1, are detailed in Table 1 arig, is the gas relative permeability

(Evans & Civan, 1994).
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Table 1 — Production simulation reservoir paranseter

Property Value
Ym (kPa™1) 435 x 107°
¥yr (kPa™t) 435x%x 1075
WcH4,max (mOl/kg) 0.23
Beys (kPa™b) 29 %1074
Py, (kPa) 500
ag (m™h) 4.76 x 10°
N1, () 1.021
Initial water saturation of fracture (-) 1.0
Shale densityKg. m~3) 1992
Fracture porosity (-) 0.001

3.1 Simple Fracture Segments

Simple test cases can be constructed with a gepmetr00x100x25 m and shown in Figure
7. The well is considered to be located horizoptalong x-direction (at y = 0) and the
hydraulic fracture originates from the points x & ®, y = 0 m. The hydraulic fracture is
vertical and fully intersects the grid in the veali direction, i.e. the fracture has the same
height as the cell thickness. For these simplescasengle layer thick reservoir is considered

(i.e., 2D systems). The fractures have a consfaartare of 1 mm.

Figure 7 shows the resulting cell permeabilitieghia x- and y-direction of the simple test
fracture segments with a 4x4x25 m cell size. Thangl fracture in test case 1 has the
simplest geometry in which the fracture cells otdyitain an altered permeability component
in the y-direction. Test case 2 contains fract@wgnsents in different directions but these are
still perpendicular to the grid axes. Whereas ftheture segments of test cases 3 and 4 result

in some cells having a component in the x- andrgediion.
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356 The FUM process can generate different pseudotiraaietworks if the spatial location of
357 the grid changes with respect to the fracturess Thn also result in symmetrical fractures

358 being upscaled to unsymmetrical pseudo-fractures.
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360  Figure 7 — Application of FUM in several simpledtare segments (Tests 1-4): column a is

361 an output fracture pattern from FEM simulators witbnstant aperture of 1mm (input to
362 FUM), columns b and c are representing permeabgiin x- and y-direction for the fractures
363 in finite difference-based simulators (output of N
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Figure 8 — Pressure distribution in matrix blockisest 10 months of production for two
different test cases: column a is fracture pattentput from FEM simulators with constant
aperture of Imm, and columns b and c are pressistaltlitions in models with different

grid sizes

The upscaled finite-difference grids produced byM-were exported to CMG-GEM to
model gas production using a matrix permeabilitY @01 mD, a porosity of 0.12 and other
simulation parameters as Table 1. A bottom holsquee (BHP) schedule decreasing from
29,150 kPa to 3,447 kPa is used. The pressurdgwafi test cases 1 and 4 after 10 months of
production is shown in Figure 8 for two cell siz€kis shows the ability of FUM to represent
the fractures with some complexity even with coaysds. Figure 9 also shows cumulative
production obtained using different grids. In thess cases, the effect of coarsening the grid
has limited impact on cumulative production. Whearencomplex fracture networks and
multiple fractures are considered, the coarsergesgpected to present more challenges due

to the oversimplification of fracture geometry.
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Figure 9 — Cumulative production from simple fraettest cases with different cell sizes

The effect of fracture aperture on cumulative puaiitun is also shown in Figure 10. In this

case same properties as the previous case (exeepiré aperture) were used in a model
with 1x1x25 m cells. Fracture aperture controlsahidity of the fracture to conduct flow and

therefore a larger fracture aperture results irhdrigecovery. The pressure distribution in
matrix blocks during production with different ftace apertures is shown in Figure 11. This
shows that when the fracture aperture is largetassure difference along the matrix parallel
to the length of the fracture is nearly zero. Ae fracture aperture becomes smaller the
pressure difference gets larger until there is nessure change along the length of the

fracture as it has no effect on the ability to srait flow.
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Figure 11 — Pressure distribution in matrix bloafser 300 days with different fracture
apertures. Cell size 1x1x25m.

3.2 FUM Comparison with the Field Data

The FUM is tested against field data to compareait®iracy of the model prediction. The

field description, fracture stimulation and prodoctparameters from a single shale gas well
have been detailed in a previous study (Yu et28l1,7). An unconventional fracture model

(Petrel Kinetix, Schlumberger 2019) is used to gateea discrete fracture network using the
parameters as detailed in Table 2. The outputeilticonventional fracture model (FEM) is

used in our model (FUM) to generate an upscaldatefttifference based computational grid

which is exported to the reservoir simulator, instistudy CMG-GEM, to model gas
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production. The grid could be exported to any come@al multiphase flow reservoir
simulator, and this approach could be used with dgput of any discrete fracture

propagation model.

The horizontal well is approximately 850 m in ledmgind completed with 11 fracturing
stages. Each stage is spaced 47 m apart and cedhpiéth 4 perforation clusters, of 16
perforations each, spaced 16 m apart. The totahvelof injected slickwater is 14,308 it

a rate of 9.5 rfimin, along with 2.18 million kg of sand proppant.

Table 1 — Reservoir properties

Property Value

Permeability tnD) 0.0008
Porosity (-) 0.12

Maximum Horizontal StresPa) 51,200

Minimum Horizontal StresskPa) 48,263

Initial Reservoir Pressur&Pa) 31,026
Initial Water Saturation (-) 0.10
Poisson Ratio (-) 0.23

Young’s Modulus kPa) 2.06 x 107

Reservoir TemperaturéQ) 55
Shale Gas Composition CH4

There is some information required for the uncomesal fracture model that was not

available for this field case, therefore typicatldi values for them are assumed. The
production tubing is assumed to have an inside efiermof 146 mm. It is assumed that the
formation is normally pressurized, therefore, tlegtth can be interpreted from the reservoir
pressure as 3,160 m. Assuming an overburden desfsity700 kg/m, the overburden stress

is approximately 67,000 kPa. The unconventionattéine model requires a detailed pump
schedule including the slickwater properties, peogpsize and proppant concentration.

Typically, proppants are initially injected at las@ncentrations and ramped up, and a range
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of different proppant sizes are also usually ugedthis data has not been supplied a generic
pump schedule is used with a constant injectios fallowing a pad stage with no proppant,
80/100 mesh sand is injected ramping up from 380@ kg/nt, and then 40/70 mesh sand
ramped up from 60 to 350 kglmThe total volumes of sand and slickwater mataseh

reported from the case study.

The previous study used the thickness of the regeasg a fitting parameter and reported this
to be 85 feet (25 m). Therefore, in this study, fleeture maximum height and reservoir
thickness are assumed to be 25 m. An intrinsic-tdhlcoefficient is used to match the

fracture geometry with the previous study as flagkvolumes are also not reported. A good
match is found with a value of 6, but this is natiqgue and requires calculating before

executing any project.

The gas production rate is shown in Figure 12, twisicows a reasonable match with field
data from the first 120 days of production. A modéh 1,150x600x1 active grid cells each
with a dimension of 1x1x25 m. The production ratedicted by the model shows a peak for
the first 10-15 days. However, the reasonable matigr 20 days should give confidence in
the model and the overestimation over the first éawys will have little effect over years of

production modelling. This overestimation (earlyake might be due to a more complex
water distribution in the matrix blocks around frectures following stimulation. This results

in a reduction of relative permeability around tharaulic fractures reducing the ability of

gas to flow into the fractures and causing the lopreduction rate observed in comparison
to the simulation. Other physical effects suchak rand fluid compressibility, and changes
in fracture aperture during early production magoatontribute towards the difference
between the field data and predicted by FUM. Todedé these results, further field data or

microseismic data is required.
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Figure 12 — A comparison of simulated productiotesawith the field data
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Figure 13 — Pressure profiles of the reservoir (mablocks) after a) 300 days and b) 2,000
days. Cell size 1x1x25m.

The pressure profile in the formation during reegvis shown in Figure 13. Although the
fracture geometry is simple, it is more complexnththe previous study which only
considered the stress shadow effect in each stadeigmored the interaction between
different stages. The hydraulic fracture geometrgimmarised and compared with Yu et al.,
2017 in Figure 14. This shows the fracture lengttes similar, but there are differences. In
addition to this, all subsequent stages are heamflyacted by the stress shadow of the

previous stage. As a result, in all subsequenttdracstages the fracture closest to the
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previous stage is prevented from propagating vempty into the reservoir and fractures
further away tend to propagate more deeply. Orother hand, Yu et al. only calculated the
fracture geometry for the first stage and then aggmk this for all subsequent fracture stages.
Therefore, the input fracture models in all of simulations are produced by Kinetix. In this
work, we do not study the propagation of the fremduas the main focus here is the
incorporation of fracture networks in finite difearce simulators to determine the impact on

gas recovery.

150

100

I From Kinetix (used in FUM)
I Yu et al., 2017
50 A I r
0
1 2 3 4

Fracture

Half Length (m)

Figure 14 — Half lengths of fractures in the fissdge of this study compared with Yu et al.,
2017

Once the fracture patterns are produced by Kirfetixa hydraulic fracturing operation, and
they are inputted to the FUM, then this upscalingiusator calculates the fracture
conductivity at each spatial point along the fragtirom the aperture at that point. As a
result, the pressure depletion changes along #utuiies. In this study, fracture conductivity
in the vertical direction is averaged because thetdire planes are upscaled into a single
layer thickness grid. However, this can be incoagent in the FUM for 3D models, as this
could have a big impact because proppants setléadgravity and fracture aperture tends to
be greatest at the bottom of the fracture. Thislmamonsidered as an advantage of current

modelling procedure over existing models which Wwélexplored in the future.
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Figure 15 shows the cumulative production of tleddficase using different grid sizes. The
effect of cell size on cumulative production isywémited for cell sizes up to 8x8x25 m. The
difference in the upscaled permeabilities is alsmas in Figure 16 for grids with 4x4x25 m

cells compared to 1x1x25 m cells. Coarse griddikeéy to reduce accuracy because they
begin to oversimplify the complex fracture geomeésgpecially when this method is used for
more complex fracture networks. Therefore, largelt sizes were not tested and for the

remainder of this study a cell size of 2x2x25 raged.
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Figure 15 — Cumulative production with differentl stzes
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Figure 16 — Stage 1 of the field case a) expontactdire aperture, and upscaled fracture
permeabilities in the y-direction for b) 1x1x25 ralls &c) 4x4x25 m cells

3.3 Complex Fracture Networks

Natural fractures and other planes of weaknesshe reservoir have been shown to

significantly affect the propagation of hydraul@dtures often resulting in highly complex

fracture networks (Wu & Olson, 2015, Dahi-Talegh&Dlson, 2013, Dahi-Taleghani &

Olson, 2011). The resulting complex fracture neksomay affect the hydrocarbon

production from such reservoirs. One of the appibca of this study is to use the developed

method, FUM, to quantify the effect natural fraetmrhave on propagation of hydraulic

fractures and consequently on gas production. Thesglts can be used to estimate the

uncertainty if the existing natural fracture netksrare poorly defined before hydraulic

fracturing takes place and could also help detegrthie possible success of a project, through

optimising well placements and fracking stages.

Synthetic natural fracture networks are introdut@dhe scenario in which the FUM was

tested against field data. A single set of fractusedefined by the fracture length (L), fracture

spacing (S), and fracture angbg,(measured from the direction of maximum horizbsteess
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which is perpendicular to the well trajectory, aswn in the Figure 17. The natural fractures
are only specified with a 2D geometry and assurodtatve a height that fully penetrates the
formations being hydraulically fractured. The fraess are distributed by assigning the mean

and standard deviation of the length, spacing aigtka

Figure 17 — Schematic of a single natural fractaet distribution relative to the well
trajectory

As discussed earlier, the hydraulic fractures apén in the configuration which requires the
least amount of energy. During hydraulic fracturitlys means that fractures open

perpendicular to the least principal stress. Thetfre strength of a material is the ability of a
rock to resist failure. However, the fracture sgthnof a natural fracture is less than the
virgin formation and therefore it may require lggessure to propagate a hydraulic fracture
along a pre-existing plane of weakness, such agwaal fracture, even though a component
of the maximum horizontal stress is opposing itthiis study, the fracture strength of natural
fractures is assumed to be approximately 75% tlathe shale to represent partially

cemented fractures.

In a previous study by Yu, Hu et al. (Yu et al.1ZpPfor which the reservoir properties were
used for this study, the reported maximum and mimmmorizontal stresses are very similar.
Therefore, hydraulic fractures are likely to propteg easily along the natural fracture

networks introduced in this study. To understanel ¢fffect of natural fractures, complex
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behaviour of natural fractures and differentiaéssr needs to be combined to find the fracture
propagation mode. If there is a larger differengtaéss, it is more likely that the fracture will
propagate perpendicular to the least principalsstiand the natural fractures will have less

impact.

Synthetic fracture network realisations are notquai Therefore, multiple simulations are

run using different realisations of each fracturstribution and averaged to increase the
reliability of results. These sensitivity analysex the corresponding fracture networks are
not validated against any field data as the aito isnderstand the effect of each parameter on

production forecasts.

The reservoir properties used in simulations atailéel in Tables 1 & 2 with 172,500 cells
each with a size of 2x2x25m in x-, y- and z-directi(575%x300x1). All CMG-GEM
simulations were performed on a desktop computtr an i5 quad-core processor (3.2 GHz)
and 8 GB of RAM. Each simulation required approxiehal-4 hours to run 2000 days of
production. Highly complex fracture networks reguhliigher CPU time and smaller time
steps to reach convergence. The FUM code only@are single core and the upscaling time
depends on the polygon count of the fracture nétwehich increases with size and
complexity. In our study, the fracture upscalingswaerformed using the same machine

detailed above, in under one hour.

3.3.1 Natural Fracture Orientation

Natural fractures in the formation could have bgmed at any time during the millions of
years since the sediment was deposited. Duringgélodogical history of the formation the
tectonic stress state could have been very diffai@rihe present-day, meaning fractures
could be present in almost any orientation. Theraation of natural fractures may affect the

propagation of hydraulic fractures. A 2D areal peobf the hydraulic fracture network
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generated using synthetic natural fracture netwevkh 6 = 0° and6 = 90° is shown in
Figure 18, which clearly shows the increase in dewity by changing the orientation of
natural fractures. With a small angle between m@étiractures and maximum horizontal
stress, hydraulic fractures propagate deeper @darmation than when the natural fractures
are perpendicular to the maximum principal strés®. each case three natural fracture
realisations were generated and run through the FUM workflow, generating three
different production profiles which can be averagBoe unconventional fracture model also
captures proppant transport, and the proppanilaision is also different in these cases, but

this is not investigated further in this study.
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Figure 18 — Areal view of hydraulic fracture netwsmwhen ap=0° and b)=90° for
L=10m, S=10m and FS=800 (The well trajectory iswhas the blue dotted line)

These fracture networks are upscaled by using thd,Ro model gas production and the

effect of natural fracture orientation on cumulatproduction, as shown in Figure 19. The
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natural factures have an average length of 10 maamalverage spacing of 10 m. However, a
small deviation is applied to the distribution twiease the complexity. This clearly shows
that cumulative gas production is higher when trezttire angle is smaller. Cumulative
production is shown to have been changed by u@%% jlist because of fracture orientation.
The presence of natural fractures with a largeleamgth the maximum horizontal stress
orientation leads to hydraulic fractures that do penetrate deeply into the formation. As a
result, gas is only produced from a smaller stitealaegion around the well, and cumulative

recovery is reduced.
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Figure 19 — Cumulative production with natural ftame networks with different orientations
relative to the well trajectory with L=10m, S=10m.

The pressure profile in the formation after 300desyshown in Figure 20 where the natural
fractures are at an angle of 0° or 90° with theation of maximum horizontal stress. This
clearly demonstrates that the simple and deep-faimgf fractures are able to recover gas
from larger stimulated volume in the formation,uléisag in higher recovery. There are some

fractures that are well-connected to the well, itesyiin the bigger pressure drops as shown
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by the dark blue regions. However, some parts efsiystem are less well-connected due to
the small fracture aperture. As a result, the pmesss still reduced but not as much as in

other regions, shown by the green regions.
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Figure 20 — Pressure profiles of the reservoir (mablocks) after 300 days of production
when a)§=0° and b)#=90° and S=10m, L=10m. Cell size 2x2x25m.

The cumulative production can also be expressea jsrcentage reduction from the case
with no natural fractures, as shown in Figure 2&clE curve represents the average
production from multiple realisations at a differeirme. Cumulative gas production is
minimum with an orientation of 80°, and it is redddoy almost 17% compared to base case
with no natural fractures, while cumulative gasduaction is maximum for the case with
natural fractures at 0°-10°, which shows a 2% iaseein recovery compared to the base case
after 2,000 days. At angles between 50° and 90° pilmeluction reduces by 12-17%.
Cumulative production is not the lowest at 90° whaan be explained by the fact that the
hydraulic fractures are more likely to cross thtural fractures rather than propagating along
them, resulting in simpler fracture geometries tipanetrate slightly deeper into the

formation.

Based on these results, it is suggested that amapgas production is achieved when the

angle between natural fractures and the maximunzdmal stress is smaller, whilst large
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angles result in a poorer recovery. The greateshgd in gas production occurs at natural
fracture angles between 20° and 60°, and it is estgd that if the natural fractures occur
within this range the natural fracture distribusoshould be set up more carefully to

minimise the uncertainty.
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Figure 21- Percentage change in cumulative productwhen S=10m and L=10m in
comparison with the case without natural fractures

It should be noted that in these test cases thenmuax and minimum horizontal stresses are
very similar. When there is a larger differentiabss the impact of the orientation of natural

fractures will most likely be different.

3.3.2 Natural Fracture Length

Complexity of the fracture network increases whiea hydraulic fracture meets a natural
fracture and propagates along it. A longer natfreadture results in a larger deviation from
the path the hydraulic fracture would have takdrer&fore, shorter fractures result in simpler

geometry. Cumulative gas production with differesatture lengths is shown in Figure 22.
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617 This shows that a shorter fracture length results slightly increased recovery but once the
618 length is greater than 10 m there seems to be litdeyimpact on recovery, and therefore

619 fracture length is unlikely to cause much uncettain predicting production.
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621 Figure 22 — Cumulative production with varying naufracture length whe#=45°, S=10m
622

623 3.3.3 Natural Fracture Spacing

624 Natural fracture spacing affects the density oftinees and if there is high density of natural
625 fractures, there will be a higher chance of intkoac between them and propagating
626 hydraulic fractures, which leads to even more cexpgiydraulic fracture networks. The
627 effect of natural fracture spacing on gas productrom the hydraulically fractured well is
628 shown in Figure 23. This clearly shows a trend exfrdasing cumulative gas production with
629 decreasing fracture spacing. As seen previouslyjnbgeasing the interaction of natural
630 fractures and hydraulic fractures, the hydraulectures penetrate less into the formation,
631 which can explain the reduction in gas productiboven in Figure 23. This is supported by

632 the pressure profiles in Figure 24 which compahesregions that have been accessed by
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hydraulic fractures when S=5m (high natural fraetaulensity) and S=20m (low natural

fracture density).

T
x10
- -
w = =
16 )
& =
14 /”
E s
. 1 T
E T e
5 T
-g N A
e 7 A
o | , .
A
i
S 64 j
£
3
O 4
........ S=5m
2 —S=10m
= = S=20m
0 | | ‘ I
0 500 1000 1500 2000

Time (days)

Figure 23 — Cumulative production with varying frae spacing whefi=45°, L=10m,
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Figure 24 - Pressure profiles of the reservoir (mablocks) after 300 days of production
when a) S=5m and b) S=20m afd45° and L=10m. Cell size 2x2x25m.

The cumulative gas production is also expresseal parcentage reduction compared to the
case with no natural fracture in Figure 25. Thioveh that when S=20m there is

approximately a 5% reduction after 500 days, bweral,000 days there is almost no
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645 reduction. For S=10 m and S=5m, respectively 10% 2% reductions are observed. This
646 suggests that correctly defining the fracture spads critical to accurately model gas

647 production from hydraulically fractured reservoirs.

% Change Cumulative Production

s £ —— t=500 days
4 --=-1=1000 days
b - - t=2000 days
-30 T
5 10 15 20
648 Spacing (m)
649 Figure 25- Percentage change in cumulative produrctiompared to the case with no
650 natural fracture present

651 3.3.41In-Situ Stresses

652 When horizontal in-situ stresses are relativelytregmc, natural fractures and pre-existing
653 planes of weakness have high potential to initiatel propagate hydraulic fractures.
654 However, when the differential stress is high thast energy configuration may still be
655 orientated along the maximum principal stress adtef along pre-existing planes of
656 weakness. Therefore, the propagation of hydratdict@ires will be heavily influenced by in-
657 situ stresses. The FUM can be applied to shalevase with any range of differential
658 stresses. Hence, to investigate the effect of ldifferential stresses on the gas production
659 from hydraulically fractured reservoirs (in the peace of natural fractures), we increased the
660 maximum stress while keeping the minimum strest8:263 kPa. In these cases, a synthetic

661 natural fracture distribution is applied with argnof 45°, S=10m and L=10m.
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The effect of increasing the maximum horizontaks$r on cumulative gas production is
shown in Figure 26. Hydraulic fractures propagataigng a natural fracture experience a
component of the maximum horizontal stress, andefbee a larger maximum horizontal

stress increases the force opposing the openirfgactures. This increased opposition to
hydraulic fracture propagation results in fractoetworks that penetrate less deeply into the

formation and lead to a reduced gas recovery.
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Figure 26 — Cumulative production with differentximaum horizontal stresses with a
minimum horizontal stress of 48,263 kPa

In contrast, the effect of decreasing the minimwrizontal stress is shown in Figure 27 in
which a constant maximum stress of 51,200 kPaesl.u& decreased minimum horizontal
stress makes it easier for fractures to propagetethe formation resulting in fractures that
reach a larger volume of the formation. As the nedgsroppant used is unchanged, proppant
concentration remains very low in parts of thiseexted fracture network. The fractures

extend considerably beyond the region of pressepéetion in Figure 28 (a) but the aperture
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is so small that they do not contribute towardsnenease in permeability. Figure 27 shows

that gas production changed slightly by the minimhornizontal stress.
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Figure 27 — Cumulative production with differeniimium horizontal stresses with a
maximum horizontal stress of 57,711 kPa

The pressure profiles are shown in Figure 28, destnate that when the differential stress is

higher, less branching is seen in the fracture ogtvand a smaller area of the reservoir is

accessed.
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Figure 28 — Pressure profiles of the reservoir (mablocks) after 300 days of production
following stimulation of naturally fractured formah with different horizontal stress
regimes. a) minimum stress = 28,958 kPa, b) minirstress = 48,263 kPa both with a
maximum stress = 51,711 kPa. ¢) maximum stress 7131kPa and d) maximum stress =

72,395 kPa both with minimum stress = 48,263 kRal €ize 2x2x25m

Therefore, large differential stresses can eithereiase or decrease the complexity of fracture
networks. In this study, increased maximum stresseahsed complexity but also limited the
ability of hydraulic fractures to propagate intcetfiormation, leading to a reduced gas

recovery. Whereas decreased minimum stress hagdinmpact.

There are other factors that have not been in\astigin this study and may be investigated
in the future. If the fracture toughness is verw,lonvhich is a characteristic of poorly

cemented or open natural fractures, then propapatraulic fractures find it very easy to
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propagate along these natural fractures. This mématgegardless of the orientation of the
natural fractures the hydraulic fractures are Yikel propagate along them. Also, natural
fractures may contribute to the total flow from theservoir which can affect the ultimate
recovery factor. Therefore, to predict the produrttusing hydraulic fractures in a naturally
fractured shale/tight reservoir, properties of ratdractures and reservoir geomechanics

should be coupled.

3.4 3D Complex Mode

This study has demonstrated the ability of FUM dpresent simple fracture segments, real
field cases and complex fracture networks formedthsy interaction between hydraulic

fractures and natural fractures in a finite diffese grid. However, this has only been

demonstrated using single layer grids. Although fteeture is considered using a 3D

geometry, some aspects of this complexity aredasihg the upscaling process, and the full
complexity FUM can handle is not demonstrated. Ftidv also be used with more complex
multi-layered 3D grids which allow the upscaleddgto capture more of the complex

geometry. A complex, multi-layered fracture distibn is shown in Figure 29 and the

complex single fracture stage is shown in FigureT30s shows the ability to incorporate a

more complex distribution of in-situ reservoir peopes, such as permeability, which is more
typical of a real formation and can be easily lahddo the FUM from an exported static

model. Using a multi-layer model, the dip of fraets can also be captured by the FUM.

However, in this study only vertical fractures wegsted.
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Figure 29 — a) Unstimulated reservoir permeabititgtribution to test a highly complex,
heterogeneous reservoir with FUM. b) Well trajegtaa shown as the blue line, and grey
spheres represent perforation clusters

A well is located parallel to the x-direction aty0 m and z = -2,725 m of the model. There
are 4 perforation clusters along the well, highiéghin Figure 29 (b), resulting in four
fractures branching out from the well into compfexcture segments. Figure 30 (a) shows
the fracture surfaces of the reservoir which aredpced by an unconventional fracture
modelling software (FEM) above the finite differengrid, clipped to -2,725 m and below to
expose the top half of the pseudo-fracture sysidns complex geometry is captured by the
pseudo-fracture network (cells which contain trectiure network) shown in Figure 30 (b).
Because a multi layered grid is used, this imagevshthe 3D ability of the pseudo-fracture
system to represent the DFN which was not demdssitrareviously. Finally, the pseudo-
fracture system with upscaled permeability is shawRigure 31. This presents the ability of

FUM to capture complexities observed in real fieldsich cannot be captured by other
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simulators. Complex variations of reservoir pro@srsuch as Young’s Modulus may have a
major impact on fracture propagation and by usibdyIRhe effect on production can also be

gquantified.
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Figure 30 - a) Fracture surfaces exported from D§ihulation b) Pseudo-fracture network
showing the contained fracture permeability creatgd-UM. Displayed above the finite-
difference grid clipped to z=-2725m and below.
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747
748 Figure 31 — Pseudo-fracture network created by FldM cut-out section of the finite
749 difference simulation grid. The properties of tlsepdo-fracture network are not shown.

750 4. Conclusions

751 A fracture upscaling method (FUM) for representiogmplex fracture networks in a
752 conventional discrete computational grid is preséntThe complex hydraulic fracture
753 networks produced by a finite element approach ramresented in multiphase flow
754  simulators by using pseudo-fractures. The outpudetsofrom the FUM are used to estimate
755 production estimations from hydraulically fractunegervoirs using conventional simulators.

756 The key outcomes of the FUM and its applicatiorddferent cases are as follows:

757 * Using simple fracture segments, FUM can most caphydraulic fractures with a
758 range of grid cell sizes.

759 * The upscaling method is used to investigate thectffthat natural fractures can have
760 on gas production, in particular the effect of mafufracture angle, length and
761 spacing.
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The angle between natural fractures and maximusitinstress strongly controls the
fracture propagation and subsequently there iscxppately a 20% difference in
cumulative production with all configurations. Reeoy is poorest when the angle is
80°.

Small fracture spacing leads to more complex frachetworks that do not deeply
penetrate the formations resulting in poor recovery

Fracture length has a relatively limited effectgas recovery, but small lengths lead
to simpler fracture networks that penetrate deggsrlting in a higher recovery.

When there is a large difference between the hotéagorincipal stresses there is
higher resistance on fractures propagating alongralafractures. As a result, fracture
networks are less complex, and the impact on ptextucs reduced.

FUM is demonstrated to capture more realistic #hgtrons of reservoir properties in
addition to complex 3D fracture geometry.

To fully understand the impact of natural fractuoesgas production in hydraulically
fractured reservoirs, their properties and resergeomechanics need to be coupled,

to investigate whether they may have positive gratige effect on production.
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Highlights:

* A Fracture Upscaling Model (FUM) presented to model complex fracture geometries
* FUM trandates the output of any DFM for using by any FD-based reservoir simulator
» Natura fractures introduce complex fracking patterns that can be captured by FUM

*  FUM istested against gas production datafrom a hydraulically fractured well
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