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Summary

The objective of this study is to develop physical models to quantitatively simulate the pressure response of well
interference through fracture hits with complex geometries. Our study offers a model for an improved understanding
of the influence of key reservoir and fracture properties on intensity of well interference, which may help field
operators to further optimize the spacing of wells in a multi-well pad. We combine numerical, semi-analytical, and
analytical model tools to identify, analyze, and visualize the inter-well interference process. Our analysis can
account for complex non-planar fracture geometries using a semi-analytical model. The stimulated rock volume is
visualized by an analytical streamline model. Three scenarios for well interference are investigated including
interference through a single slanted fracture hit, multiple slanted fracture hits, and multiple complex fracture hits.
For the first scenario, we examine the effects of connecting fracture conductivity, primary fracture conductivity, and
matrix permeability on the pressure response of a shut-in well. For the second scenario, we vary the number of
connecting fractures to investigate the impact on the pressure response of a shut-in well. For the last scenario, we
use a complex fracture propagation model to generate non-planar fracture geometries with and without natural
fractures. The semi-analytical model is used to evaluate the effect of both hydraulic and natural fractures on the
pressure response of a shut-in well. The simulation results show that the pressure drop of the shut-in well increases
with the increasing conductivity of connecting fractures and primary fractures and number of connecting fractures,
while decreases with the increasing of matrix permeability. Furthermore, the pressure drop of the shut-in well
through complex fracture hits without natural fractures is larger than that with natural fractures.

Introduction

Determination of the optimum well spacing is a key factor to improve the economic performance of unconventional
oil and gas resources developed with multi-well pads. Tighter well spacing often results in well interference through
complex connecting fractures, also known as fracture hits (Lawal et al. 2013; King and Valencia 2016). It is
common to drill infill wells in a multi-well pad to effectively increase the stimulated area and maximize recovery
(Safari et al. 2015). However, infill well drilling increases the risk of well interference. Ideally, the infill wells
should have the minimum well interference with the existing wells (Ajani and Kelkar 2012). When the well spacing
is much closer, the well interference is more frequent (Ajani and Kelkar 2012; Malpani et al. 2015; Kurtoglu and
Salman 2015). The fracture hits can negatively affect well performance when damaging a well (Yaich et al. 2014;
Malpani et al. 2015). Hence, a better understanding of well interference is fundamentally important for further well
spacing optimization.

Well interference is a common phenomenon for both conventional and unconventional resource developments (King
and Valencia 2016). It is expected to occur in any shale formation with the presence of the pre-existing natural
fractures (Rimedio et al. 2015). The degree of well interference can be observed and quantified through the change
of parent wells’ performance when drilling offset wells (Ajani and Kelkar 2012; Yaich et al. 2014). The wells might
show an increase in water production and an increase or decrease in oil or gas production (Lawal et al. 2013;
Kurtoglu and Salman 2015). In addition, pressure testing on pad wells is often utilized to identify the well
interference (Portis et al. 2013; Sardinha et al. 2014; Sani et al. 2015; Scott et al. 2015). Also, microseismic
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monitoring can be combined with the pressure test to improve understanding the well interference (Grossi et al.
2015; Lehmann et al. 2016). During the pressure test, all wells are first shut in to build up pressure. After a certain
period, some wells are brought back on production in sequence while bottomhole pressure (BHP) or wellhead
pressure of the shut-in well is measured (Lindner and Bello 2015). If the well interference occurs through high-
conductive connecting fractures, the shut-in well(s) will experience an instantaneous pressure drop. The time might
be a few minutes (Awada et al. 2016). Figure 1 presents an example of interference test for measuring BHP of shut-
in Well 5 when opening Wells 1-4 sequentially in Wolfcamp shale, revealing the existence of inter-well connectivity
(Scott et al. 2015).
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Figure 1. An example of interference test by measuring the bottomhole pressure response of shut-in wells in the
Wolfcamp shale. Vertical scale shows BHP in Well 5, which already drops when adjacent wells 1-4 are opened,
indicating well interference occurs for all wells (modified from Scott et al. 2015).

Actually, there are many mechanisms to induce well interference, which is a very complex process (King and
Valencia 2016). Figure 2 only presents three possible causes of well interference in a single reservoir layer: (a)
interference through matrix permeability; (b) interference through connecting hydraulic fractures; and (c)
interference through natural fractures, or a combination of mechanisms (a)-(c). In addition, well interference can
occur across different reservoir layers (Lindner and Bello 2015). Any well interference through the matrix in shale
formations with ultralow permeability is more limited than that occurring through connecting fractures (Awada et al.
2016). Although numerous pressure tests in the field have proven the existence of well interference (Portis et al.
2013; Sardinha et al. 2014; Sani et al. 2015; Scott et al. 2015), relatively few physical models exist to quantitatively
simulate and explain the pressure response of shut-in wells. Marongiu-Porcu et al. (2016) presented a state-of-the-art
workflow by combining a complex fracture model, reservoir simulation, and geomechanics model to simulate
complex fracture geometry, well performance, and stress properties to minimize undesired fracture hits.
Nevertheless, the pressure response of shut-in well(s) was not included in their study.

Well 1 Well 1 Well 1

AL/

Well 2 Well 2 Well 2
(@) (b) (©)

Figure 2. Three possible mechanisms for inducing well interference (plan view):
(a) through matrix permeability, (b) through connecting hydraulic fractures, (c) through natural fractures.
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Recently, Awada et al. (2016) built a simple analytical model to simulate the pressure response of a shut-in well
connected to an adjacent vertical well through a single straight fracture hit with uniform fracture conductivity.
Constant flow rate of the producer was used as a simulation constraint. The authors examined the effect of hydraulic
fracture conductivity on the timing and magnitude of pressure drop of the shut-in well. They found that the fracture
conductivity significantly affects the timing and magnitude of well interference. The higher fracture conductivity,
the larger the pressure drop of the shut-in well. However, the analytical model is limited for simulating pressure
response of multiple horizontal wells, where well-to-well interference occurs through multiple connecting complex
fractures. In reality, a complex fracture geometry is often created during the hydraulic fracturing process (Warpinski
et al. 2005; Cipolla and Wallace 2014; Sun and Schechter 2015). Also, most fracture propagation models predict the
initiation of complex non-planar fracture geometries, especially in the presence of natural fractures (Wu et al. 2012;
Xu and Wong 2013; Wu and Olson 2013, 2015). Furthermore, the impact of spatial changes in fracture conductivity,
number of connecting fractures, and complex fracture geometry on the pressure response of well interference have
not been systematically modeled in prior studies. Although significant efforts have been made to develop semi-
analytical models to simulate well performance with complex fracture geometry (Cohen et al. 2012; Zhou et al.
2015; Yu 2015; Yu et al. 2016a), most studies consider only single well and production model of well interference
in multiple wells is lacking. Hence, a more-rigorous integrated physical model to simulate the pressure response of
well-to-well connectivity with complex fracture geometry is needed.

The purpose of this study is to develop a semi-analytical model to simulate and analyze the pressure change of shut-
in well(s) for complex well interference systems. We verify the model against a numerical reservoir simulator for
simulation of well performance and pressure change in a two-well system with and without connecting fracture(s).
After verification, we examine the effects of connecting fracture conductivity, hydraulic fracture conductivity, and
matrix permeability on pressure response in two fractured vertical wells. In addition, we investigate the effect of
number of connecting fractures on well interference in two fractured horizontal wells. Furthermore, we apply a
complex fracture propagation model to investigate the influence of complex connecting fractures on well
interference with and without the presence of natural fractures. We also apply an analytical streamline model
developed to visualize the stimulated rock volume. Our study provides an improved fundamental understanding of
the influence of key reservoir and fracture properties on well interference.

Semi-Analytical Model Development

In order to simulate well performance of multiple wells with complex non-planar fracture geometry, the semi-
analytical model will discretize the complex fractures into a number of small fracture segments with the associated
nodes. Figure 3 presents an example of discretized fractures in two horizontal wells with eight non-planar hydraulic
fractures and four fracture hits. The ideal number of discretized segments is mainly dependent on the complexity of
the fracture geometry. In the example of Figure 3, the total number of fracture segments is determined as 51
(numbering in red color sequentially) and the corresponding number of nodes is 55 (numbering in black color
sequentially). Each fracture segment has specific properties such as fracture length, fracture orientation, and fracture
aperture. The model thus approximately represents non-planar fractures with non-uniform spatial distribution of
fracture conductivity. Production of unconventional oil and gas from shale formation mainly consists of two parts:
fluid flow from shale matrix into fracture and fluid flow from fracture to wellbore. In the following sections, we will
introduce the corresponding fundamental flow equations.
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Figure 3. Plan view of a reservoir slab with two horizontal wells in a fracture section of eight
non-planar fractures interconnected across the two wells. Fractures are discretized into segments
in order to capture the complex non-planar fracture geometry.

Fluid flow from shale matrix into fracture. In this study, we focus on the simulation of oil production from tight
formations. Hence, we make several key assumptions for the semi-analytical model:

The reservoir is bounded by an upper and a lower impermeable layer;

The reservoir is isotropic and homogeneous;

The reservoir is an infinite slab with constant reservoir thickness;

Fluid has constant density, viscosity, and compressibility;

Fractures fully penetrate reservoir thickness;

Initial reservoir pressure is uniform;

There is no pressure loss along wellbores;

There is no gravity effect.

Under these assumptions, the following two-dimensional (2D) unsteady-state diffusivity equation can be utilized to
model oil flow from the matrix into a fracture system (Thambynayagam 2011):

O’p 0p op

77)( + 77 - > (1)
ot Moy o
where p is pressure, 77, (j = X, ) is the hydraulic diffusivity coefficient and defined as:
i @
n = ’
" pen

where k ; is permeability along the j-th coordinate, ¢ is porosity, ¢, is total compressibility, and £ is oil

t

viscosity.

The Green’s functions and source solutions are often used to solve this unsteady-state diffusivity equation
(Gringarten et al. 1972; Gringarten and Rameny 1973). In this study, each fracture segment can be treated as a plane

sink. Figure 4 shows the j-th segment with an inclination angle of 6, (0° < 0, < 180°) and two nodes j and
j+1. In addition, each fracture segment is assumed to have uniform flux distribution. A 2D analytical solution

below can be utilized to calculate pressure p(x,y, 4 ) at any location with respect time when simulating oil flow

from matrix into single fracture segment (Gringarten and Rameny 1973; Guppy et al. 1982):
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where p, is initial reservoir pressure, U (l‘ - to) = { is the Heaviside’s unit step function, g ; is the flux

L, t>¢,
of the j-th fracture segment, / - is fracture height, o is oil density, 77 is the hydraulic diffusivity coefficient (

n=n.=1, ), dlj is the length of the j-th fracture segment. Considering interference between multiple wells and

multiple fracture segments, the superposition principle can be used to calculate the pressure by adding the
contributions from all fracture segments:
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where NV is number of well, N i is number of fracture segment in the i-th well.
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Figure 4. One fracture segment with an inclination angle of 9]. that links the node j and the node j+1.

Fluid flow from fracture to wellbore. Zhou et al. (2013) provided an expression for describing fluid flow along
each fracture segment by considering the non-Darcy effect. As shown in Figure 4, assuming the pressure ( p ) at the

node j is larger than the pressure ( p 1 ) at the node j +1, the equation for modeling fluid flow in the fracture is
J+

given by
Y+ 2
p,=p, =] "Dy, (y)+NDq; ()" dv. ©
where g, (y) =q,+q, (y -Y; )/Sin (9]. » ¢ 1s fluid flow rate at the node J of the j-th fracture segment, the

coefficient of Darcy flow is D, = ,u/ ph; (k W )j , kf is fracture permeability, w, is fracture width, the
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coefficient of non-Darcy flow is ND = pf / PW, f) [ is the non-Darcy Forchheimer coefficient. In this

study, we assume the oil flow in the fracture obeys Darcy’s law.
Model Unknowns, Governing Equations, and Model Solution

A constant BHP is used as a simulation constraint of the semi-analytical model. For the multiple-well system each
well can be given a different BHP value. It should be noted that the model can be easily extended to handle the

. . . . S '
simulation with constant flow rate constraint. By considering the total number of fracture segments ( N ) and the

associated total number of nodes ( NV, v’ ), the unknowns that need to be solved for the multiple well model are:

!

. Nf’ oil flux at the fracture segments of all wells, g ;, j = 1, ..., Nf )

’

e N, oil flow rates at the nodes of all wells, q;» J=1, .. N, .

’

. NV' pressure at the nodes of all wells, p;, j=1, ..., N, .
Hence, the total number of unknowns is N f, +2N V,. In order to solve the unknowns we need to apply a

corresponding number of independent, governing equations as follows:

e« N /,’ pressure equations for the fracture segments of all wells using Eq. (6); in addition, there are /N V' -N /,'
known BHP from multiple wellbores, where each well can have different values.

. ! ressure continuity equations for each fracture segment by equating Eq. (4) to Eq. (6). The fracture center
N, p Y eq g y equating Eq q

at each segment is selected in this study and the expression is given below by considering Darcy flow:
(x'cosé’j )2+(x'sin6’/ )2

ZJ" ty J'dl 12 qjy YAV 4n(t—ty—7) dx'dt
472h cp¢77 a2t —t, —T . J=L LN, (7

= pk,- _L:" (/J/phfkfwf )j |:qj +4q (y—yj)/sin 9/] dy

where y e is the y coordinate of center point of the j-th fracture segment.

i

e N V' mass balance equations at the nodes of all wells:

Ny
g,=> (q +q,dl,). j=1, .. N,. ®)

k=1
where N, is the number of connecting nodes with the j-th node. Note that for the end notes, we assume that there

is no fluid entering.

Figure 5 presents the flowchart for the semi-analytical model to simulate well performance and pressure of multiple
wells. The semi-analytical model was solved using a computer program. It is important to point out that the semi-
analytical model can use varying time steps, which can significantly improve the computational efficiency. In
general, a small time step is considered for the early time simulations, while a large time step is recommend for the
late time simulations.
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Figure 5. Flowchart for the semi-analytical model to simulate well performance and pressure of multiple wells.
Analytical Model for Streamline Visualization

In addition to the numerical and semi-analytical modelling tools, an analytical method was used for the visualization
of streamlines, progressive drainage and quantification of the time-of-flight. The model takes inputs from the semi-
analytical models to correctly scale the flux strength from the matrix into each fracture segment as it drains the
reservoir. A reservoir simulator (numerical and semi-analytical) can attribute the overall pressure declines and flux
rate contributions to individual fracture segments using either real or synthetic reservoir data. The flux rates
generated by the reservoir simulator capture all the relevant reservoir physics and can be fed into the parallel
analytical streamline simulator (PASS; Weijermars et al. 2016). PASS allows flow modelling near any fracture
network and uses line-source/sink elements strung together to represent the fracture network.

Our method for visualizing the progressive drainage of the SRV (stimulated reservoir volume) near the fracture
stages is based on complex analysis. The analytical particle path solutions have been benchmarked and validated
using independent ECLIPSE-based streamline solutions (Weijermars et al. 2016). In complex analysis, the velocity

field V' (z) for a general interval-source located on the interval [z,,z,] between z (=a+i-c) and

z,(=b+i-d) is:

V(z) :M[log(z—za)—log(z—zb)]. 9)

Z,—Z

a
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By Eq. (9), we can obtain the velocity distribution over all the reservoir and calculate the streamline trajectories and
time of fight contour. More details about the analytical method application in our study are given in Appendix Al.

In Figure 6, the flowchart for the analytical method is illustrated. The semi-analytical fracture flux model provides
inputs for the analytical drainage simulator typically in dimensional units whereas the analytical simulator typically
uses non-dimensional units. Dimensional analysis can be applied to relate the dimensional quantities of the
prototype reservoir to the non-dimensional quantities of the analytical drainage visualization model (Weijermars and
Schmeling 1986; Weijermars et al. 2016). Alternatively, dimensional units are used directly in the analytical model

which was preferred in our present study. The dimensional Q(¢) is the flux rate in bbl/day provided by the
reservoir simulator relates to the dimensional line source strength m(¢) as follows:
5.61450(¢
ity = S814500)
27gh

where ¢ is reservoir porosity and / is the reservoir thickness. Derivation details and additional examples of scaling

; (10)

are given in Appendix A2.
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Figure 6. Flowchart for the analytical streamline model to visualize the drainage area and well interference.
Model Verification

We verified the semi-analytical model against a numerical reservoir simulator (CMG-IMEX 2012) for two
horizontal wells with and without considering well interference through fracture hits, as shown in Figure 7. The
distance of two wells is 660 ft. Each well has four simple planar hydraulic fractures with equally fracture spacing.
The local grid refinement (LGR) approach is used to explicitly model hydraulic fractures for the numerical model
(Yu et al. 2016b). The basic reservoir and fracture properties used for simulations are summarized in Table 1. The
BHP is held at 3,000 psi for each well. Fracture conductivity of all hydraulic and connecting fractures is assumed to
be 100 md-ft. The simulation time is 1,000 days.
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Figure 7. Verification of semi-analytical model against numerical model for two horizontal wells with and without
considering well interference through fracture hits. (a) No fracture hits (b) Two fracture hits (in red color).

Table 1: Basic reservoir and fracture properties used for verification

Parameter Value Unit
Initial reservoir pressure 8,000 psi
Reservoir temperature 240 °F
Reservoir thickness 50 ft
Reservoir permeability 0.01 mD
Reservoir porosity 7% -
Oil viscosity 0.6 cp
Formation volume factor 1.273 bbl/STB
Fracture spacing 80 ft
Total compressibility 1x10° psi”!
Fracture half-length 210 ft
Fracture conductivity 100 md-ft
Fracture height 50 ft
Fracture width 0.01 ft

Figure 8 shows the comparison of oil flow rate obtained from the semi-analytical model and the numerical model. It
can be seen that a good match is obtained for each scenario. Accordingly, the semi-analytical model can accurately
simulate tight oil production from multiple horizontal wells with and without considering the well interference
through connecting fractures. Additionally, the pressure distribution for each scenario after 30 days of production is
visualized in Figure 9. The solid lines in the figure represent the fracture geometry. The pressure distribution around
the fractures is different for the two cases compared in Figures 9(a) and 9(b).

1000 1000
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A =2 i
> & 100 &
N’ e
2 2
5 51
24 &~
E E
= =4 = SOS =
S S

400 600 800 1000 400 600 800 1000
Time (days) Time (days)
(a) (b)
Figure 8. Comparison of oil flow rate from the semi-analytical model and the numerical model.
(a) No well interference through fracture hits (b) Well interference through fracture hits
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Figure 9. Comparisons of pressure distribution after 30 days of production for two scenarios.
(a) No well interference through fracture hits (b) Well interference through fracture hits

Furthermore, we verified the semi-analytical model against the numerical model for two vertical fractured wells, as
shown in Figure 10. There is a single straight fracture hit between two wells. Well 1 is shut in and Well 2 is
producing under the constraint of BHP of 3,000 psi. The other reservoir and fracture properties remain the same as
Table 1. The comparison of BHP of shut-in Well 1 between the semi-analytical model and the numerical model is
displayed in Figure 11, illustrating that a good match between them is obtained. Hence, the semi-analytical model
has the capability of accurately simulating the pressure response of the shut-in well when the occurrence of well
interference due to the fracture hit.
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Figure 10. Plan view of two vertical wells each
with a bi-wing fracture with interference
through a single straight fracture hit.

Figure 11. Comparison of the BHP of Well 1 according to
the semi-analytical model and the numerical model.

Simulation Studies

After model verification, we performed a series of case studies to investigate the pressure response of the shut-in
well when well interference occurs due to the fracture hits. The slanted and complex geometries of connecting
fracture(s) are also taken into account. We evaluated three scenarios of fracture hits for two wells: a single slanted
fracture hit, multiple slanted fracture hits, and multiple complex fracture hits.

For the last scenario, a complex hydraulic fracture propagation model, developed by Wu and Olson (2015a, 2016)
was applied to generate the non-planar fracture geometry around the two wells with and without considering the
natural fractures. The fracture propagation model couples rock deformation and fluid flow in the fractures and
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horizontal wellbore. Fracture opening and shearing are determined using a simplified three-dimensional
displacement discontinuity as proposed by Wu and Olson (2015b). Fluid flow in the fracture and the associated
pressure drop are based on lubrication theory, assuming the fracture is analogous to a slot between parallel plates
and the fluid is non-Newtonian with a power-law behavior. The total fluid injected into the horizontal wellbore is
assumed to be constant. Partitioning of flow rate into each fracture is dynamically calculated in such way that the
wellbore pressure is constrained to gradually decrease along the lateral due to wellbore friction. The interaction of
hydraulic and natural fractures is described through analyzing induced stresses at the fracture tips. A stochastic
realization method are used to generate natural fracture patterns. Additionally, it is assumed that length of natural
fractures follows a power-law distribution. In this study, we assumed that all natural fractures were sealed. Without
interacting with hydraulic fractures, natural fractures did not contribute to production. Physical mechanisms of
complex fracture geometry are handled by the numerical model through incorporating the stress shadow effects,
flow rate distribution among multiple fractures, and interaction of hydraulic and natural fractures. The model has
been validated against known analytical solutions for single hydraulic fracture growth (Olson and Wu 2012). To
demonstrate the validity of capturing the physical process of fracture interaction, the model has also been compared
to a numerical model (Wu et al. 2012) in case of multiple fracture propagation.

Single slanted fracture hit. Figure 12 is the configuration of two vertical fractured wells, where two hydraulic
fractures are placed in a staggered manner. The horizontal distance between the two fractures is 40 ft. There is a
single slanted fracture hit to connect two hydraulic fractures. Note that it is difficult to simulate this situation using a
traditional numerical reservoir simulator with structured grids. The distance of two wells is 660 ft. The other
reservoir and fracture properties remain the same as Table 1. We first examined the role of connecting fracture
conductivity in pressure response of shut-in Well 1, as shown in Figure 13. The connecting fracture conductivity
ranges from 0.1 to 100 md-ft. Two hydraulic fracture conductivities are held constant at 100 md-ft. Our experiments
show that an increase in connecting fracture conductivity leads to a decrease of BHP in Well 1 at corresponding
times [Figure 13(b)]. For the value of connecting fracture conductivity of 100 md-ft, the BHP of Well 1 decreases
much faster than the other values at a short-term period of production. As shown in Figure 13(b), the well
interference happens immediately after Well 2 begins producing for the conductivities of 10 and 100 md-ft. It can be
suggested that fluid pressure transfer from shut-in Well 1 to producing Well 2 is easier when the connecting fracture
conductivity is larger. The pressure decline for conductivities of 0.1, 1, 10, and 100 md-ft after 30 years is not
converging [Figure 13(a)]. In general, the period of practical well-interference test is short. Hence, most of our
pressure response simulation studies are limited to 100 days.
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Figure 12. Well interference for two vertical fractured wells through single slanted fracture hit.
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Figure 13. Effect of the connecting fracture conductivity on BHP of Well 1.
(a) For a long-term period of 30 years (b) For a short-term period of 100 days

We also performed sensitivity studies for the impacts of matrix permeability and primary hydraulic fracture

conductivity on pressure response of shut-in Well 1. Figure 14 uses matrix permeability ranging from 0.001 to 0.1

md, the connecting fracture conductivity is 10 md-ft and hydraulic fracture conductivities are 100 md-ft. The other
properties remain the same as in Table 1. As shown in Figure 14(a), the higher the permeability is, the smaller the
drop in BHP will be. This means that the well interference phenomenon will become more severe for tighter
reservoirs with ultralow matrix permeability. For the effect of primary hydraulic fracture conductivity, range of 1-
100 md-ft is considered, the connecting fracture conductivity is held at 1 md-ft and matrix permeability is 0.01 md.
As shown in Figure 14(b), with increasing hydraulic fracture conductivity, the pressure drop of Well 1 increases,
indicating that the well interference is more severe. Figure 15 presents the pressure distribution after 30 days for the
situation of connecting fracture conductivity of 10 md-ft, hydraulic fracture conductivity of 100 md-ft, and matrix
permeability of 0.01 md. As shown, the shut-in Well 1 is drained with Well 2 depletion due to the well interference
through single slanted fracture hit. Figure 16 visualizes the progressive advancement of reservoir drainage area and
well interference around the two interconnected fractures across each well. Streamlines are highlighted blue and the
red lines are time of flight contours spaced for 30 days. Total drainage area shown is for 300 days of production with
a single slanted fracture hit. Two additional case studies with extreme lower and upper bounds for fracture
conductivity and matrix permeability were investigated and are presented in Appendix B.
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Figure 14. Effects of matrix permeability and hydraulic fracture conductivity on BHP of Well 1.
(a) Effect of matrix permeability (b) Effect of hydraulic fracture conductivity
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Figure 15. Pressure distribution after 30 days of Figure 16. Streamlines trajectories in blue and time of
production for single slanted fracture hit. flight contours in red for the geometry in Figure 15.

Multiple slanted fracture hits. Figure 17 presents the configuration of two horizontal wells with two slanted
fracture hits for inducing well interference. It should be noted that four wellbore nodes of shut-in Well 1 are
connected through a highly conductive fracture with large conductivity of 10,000 md-ft in this study, while there is
no adjacent matrix flux. This approach can approximately and effectively maintain a smooth pressure response in an
actual wellbore and avoid a severe pressure fluctuation along the wellbore. The connecting slanted fracture
conductivity is 10 md-ft, hydraulic fracture conductivities are 100 md-ft, and matrix permeability is 0.01 md. The
other properties remain the same as Table 1. The BHP of Well 1 for four wellbore nodes is shown in Figure 18,
which indicates that the pressure profile along the wellbore is smooth and equal at all times while the reservoir
progressively depletes.

Connecting
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g

5
_
!
_—
_—

Figure 17. Well interference for two horizontal wells through two slanted fracture hits.
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Figure 18. Comparison of pressure response of four wellbore nodes in Well 1.

In addition to the two fracture hits, we examined various numbers of slanted fracture hits: 1, 3, and 4, as shown in
Figure 19. Figure 20 presents the impact of the number of fracture hits on the BHP of Well 1. As shown, the
pressure decline of Well 1 is faster when the number of fracture hits increases. This means that all other properties
being equal, the well interference will adversely affect production of Well 1 when the number of fracture hits
increases. Hence, it is very important to better characterize the number of connecting fractures in conjunction with
the real interference test data. Figure 21 visualizes the comparison of pressure distribution after 30 days between 2
fracture hits and 4 fracture hits, clearly indicating that the pressure drop of Well 1 with 4 fracture hits is larger than
that with 2 fracture hits.
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Figure 19. Schematic of different number of fracture hits on well interference for two horizontal wells.
(a) Single slanted fracture hit (b) Three slanted fracture hits (c) Four slanted fracture hits
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Multiple complex fracture hits. Figure 22 presents the configuration of fracture width distribution in two
horizontal wells with multiple complex fracture hits with and without natural fractures, which were generated based
on the complex fracture propagation model. As shown, the fracture geometry is more complex at the presence of the
natural fractures. The injection rate is 60 bpm for each well. Poisson ratio is 0.2. Young’s modulus is 4x10° psi. The
maximum horizontal stress is 4,550 psi and the minimum horizontal stress is 4,450 psi. The leak-off coefficient is
5x10™ ft/min®. Two sets of natural fractures have orientation of 45° and 135° from x-axis, respectively. The other
reservoir properties remain the same as in Table 1. Figure 23 compares the BHP of Well 1 for two cases, indicating
that the pressure drop without natural fractures is larger than that with natural fractures. Fracture width gradually
decreases from wellbore to fracture tips without perturbation of natural fractures. However, when a hydraulic
fracture encounters a natural fracture and propagates along it, the fracture width on the natural fracture segment will
be restricted. As shown in Figure 22(b), the colors indicated fracture width distribution from wellbore to tips do not
gradually change from red to blue. This width restriction acts as a choke to alleviate well interference (Figure 23).
Hence, the complex non-planar fractures in Figure 22(a) make fluid transport from Well 1 to Well 2 much easier
than that in Figure 22(b). Figure 24 demonstrates the comparison of pressure distribution after 30 days of
production, clearly indicating that the difference of intensity of well interference between two cases.
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Conclusions

We proposed a semi-analytical model to simulate well performance and pressure response of well interference
through fracture hits. We verified the model against a numerical model. Three scenarios of well interference were
examined: (1) a single slanted fracture hit, (2) multiple slanted fracture hits, and (3) multiple complex fracture hits.
For all cases we investigated the impacts of fracture conductivity, matrix permeability, number of connecting
fracture, and natural fractures on the pressure response. The following conclusions can be drawn from this study:

(1) A good match of well performance in the semi-analytical model and numerical reservoir simulator is obtained
for two horizontal wells with and without fracture hits.

(2) A good match of pressure response of shut-in well occurs in the model and numerical reservoir simulator for
two vertical wells connected through a single straight fracture hit.

(3) For well interference by a single slanted fracture hit in two vertical fractured wells, the pressure drop of the
shut-in well increases when the connecting fracture conductivity and primary fracture conductivity increases. A
decrease in pressure drop occurs when the matrix permeability increases.

(4) The drainage area was visualized and time of light was quantified using an analytical streamline model to
visualize the effects of well interference.

(5) For well interference through multiple slanted fracture hits in two horizontal fractured wells, the pressure
decline of the shut-in well increases when the number of connecting fractures increases.

(6) For well interference through multiple complex fracture hits in two horizontal fractured wells, the pressure
decline of the shut-in well is larger without the natural fracture effect than that with the natural fracture effect.
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Nomenclature

BHP = Bottomhole pressure

CMG = Computer Modeling Group
LGR = Local grid refinement

SRV = Stimulated reservoir volume

p = Pressure

m;

Hydraulic diffusivity coefficient ( j = X, )
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Permeability along the j-th coordinate

o = Porosity

c, = Total compressibility

H = Oil viscosity

0, = An inclination angle of the j-th segment (0° < @ . < 180%)

D; = Initial reservoir pressure

95 = Flux of the j-th fracture segment
hf = Fracture height

P = Oil density

dl = Length of the j-th fracture segment

= Number of well

N fi = Number of fracture segment in the i-th well

q; = Fluid flow rate at the node j of the j-th fracture segment
D . = Coefficient of Darcy flow of the j-th fracture segment
NDj = Coefficient of non-Darcy flow of the j-th fracture segment
kf = Fracture permeability

w; = Fracture width

p = Non-Darcy Forchheimer coefficient

N f' = Total number of fracture segments

NV' = Total number of nodes

Vie =y coordinate of center point of the j-th fracture segment

SI Metric Conversion Factors

ft X 3.048 e-01 = m
ft’ x 2832  e02 = m

(°F-32)/1.8 = °C
cp x 1.0 e-03 = Pas
psi x 6.895 et00 = kPa
md X 1.0 etls = m’
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Appendix A: Analytical Drainage Model and Scaling Rules

Al-Analytical drainage model

The complex potential €)(z) for an interval-source with non-dimensional strength [m* (t*) positive for a line
source; negative for a sink] along the real axis with the real interval [a,b] is (Potter 2008):

[(z—a)log(z—a)—(z—b) log(z—b)]. (A-1)
—a

The corresponding velocity potential is V' (z):

V(z)= ”; fta) [log(z —a)—log(z - b)]. (A2)
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The field V' (z) for a general interval-source located on the interval [z,,z,] between z (=a+i-c) and
z,(=b+i-d) is (Weijermars and van Harmelen 2016):
m (£

Zb _Za

V(z)= [log(z—za)—log(z—zb)]. (A-3)
Non-dimensional strengths in the 2D analytical drainage model, m" ( *) , relates to the volumetric flux, Q* (¢ *) , as
follows:

Q' (1) =m'(¢") 27h,". (A-4)

where ho* is the non-dimensional unit depth.

Eq. (A-3) can be rewritten as:

* *

V(z)= Z”—O)eiﬁ” {log [e”ﬂ” (z-z,)-a, } ~log [e”ﬂ" (z-z,)-b, }} , (A-5)

where z, is the centre of the interval-source and /3, is the angle that the interval-source makes with the x-direction
and »n is the number of fractures (Figure A-1). Eq. (A-5) can be applied to string together multiple line segments
into any arbitrary fracture network. The velocities (u, u ) of all fluid particles are found from:

V.=u,—iu,. (A-6)

Figure A-1. Fracture element at location Z_ .

Coding was completed in Matlab and results were validated against independent, ECLIPSE based streamlines
simulations (Weijermars et al. 2016).

A2-Scaling rules

The reservoir simulator used to provide inputs for the analytical drainage simulator typically uses dimensional units
whereas the analytical simulator typically uses non-dimensional units. Dimensional analysis can be applied to relate
the dimensional quantities of the prototype reservoir to the non-dimensional quantities of the analytical drainage
visualization model (Weijermars and Schmeling 1986; Weijermars et al. 2016). The drainage model must retain
geometric and kinematic similarity with the prototype reservoir. These conditions will be fulfilled if the ratio of any

model-prototype pairs of lengths and velocities remain identical. The fracture network lengths, L in the

XY
dimensional prototype can be normalized into a non-dimensional length units, L x.y » using the dimensional unit
length, L, of the prototype as follows:

Lyy=Lyy /L, (A-6)

Unlike length [L] and time [7], which are fundamental physical quantities, velocity is a derived physical quantity
with dimension [LT'] (Weijermars 1998, Chapter 2), which therefore needs not be scaled independently for
kinematic similarity. Time for flow in a fluid continuum (non-porous media) can be commonly scaled as:
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t=tlt,. (A-7)
However, the flux from the matrix into each fracture segment in the prototype reservoir is a porous medium where
fluid is drained from a specific volume, V_, as a fraction of the bulk unit rock volume, ¥V, given by the effective

porosity, @ :
o=V 1V,. (A-8)
Because the analytical model has effective porosity ¢ =1, time of flight in the analytical model will be

proportionally longer than in the prototype reservoir when the latter has ¢ <1 (and velocity of fluid particle will be

correspondingly slower in model as compared to prototype), which can be simply adjusted by scaling time as
follows:

X

©=t/(t,). (A-9)
The fluxes specified for the prototype reservoir model account for all reservoir parameters, such as fracture
geometries, fracture conductivities, matrix permeability and well spacing.

In order to avoid overly complex re-adjustments between non-dimensional and dimensional time scales of
respectively model and reservoir prototype, it is important to scale the analytical model directly with the appropriate
fluxes, while ensuring correct geometric scaling.

We used a simple case with single planar fracture to demonstrate the combination of semi-analytical model and
analytical streamline model to visualize the drainage area. The fracture and reservoir properties are the same as in
Table 1. The single fracture was equally divided into 6 segments. The BHP is held at 3,000 psi for the simulation. In
the analytical model, we scaled the reservoir model with geometric similarity to the semi-analytical prototype with
length ratios 1:1. In this case, the strength (ft*/day) of each line source will be given by:

5.61450(1)
2rgh
where Q(t) is the dimensional flux (bbl/day), ¢ is the matrix porosity, / is the respective depth of each fracture

m(t) = : (A-10)

(ft), and 5.6145 is the flux conversion factor from bbl/day to scf/day. In the semi-analytical model the flux output is
for unit height, so the respective depth /=1 ft. Applying the above scaling formula, we can get Table A-1 for the
flux strength scaling. We can see that Q(f) =1 bbl/day corresponds to m =12.77 ft*/day. Under this scaling

principle, the dimensional time # is equal to the dimensionless time # *.

Table A-1: Flux strength scaling

Properties Value Unit
Dimensional flux (Q) 1 bbl/day
Porosity (@) 7% -
Dimensional depth (/) 1 ft
Dimensional strength (1 ) 12.77 ft*/day

Figure A-2 first compares the gas flow rate between the semi-analytical model and numerical model, illustrating
that a good match was obtained. The oil flux for 3 segments of one fracture wing from the fracture tip to the
wellbore is presented in Figure A-3. The others remain the same as these three segments due to the symmetric
fracture geometry.
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Figure A-2. Comparison of oil flow rate between the Figure A-3. Oil flux for 3 segments of one fracture wing
semi-analytical model and numerical model. from the fracture tip to the wellbore.

The pressure distribution after 30 days is shown in Figure A-4. After that, we used the oil flow flux from each
fracture segment in the analytical streamline model. Figure A-5 visualizes the corresponding advance of the
drainage area, where the blue lines are the streamlines trajectories and the red lines are time of flight contours
spaced for 30 days. Total drainage area shown is for 300 days of production.
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Figure A-4. Pressure distribution after 30 days of Figure A-5. Streamlines trajectories in blue and time of
production for single planar fracture. flight contours in red for the geometry in Figure A-4.

Appendix B: Two Extreme Case Studies

For the scenario of well interference through single slanted fracture hit, we performed two additional extreme case
studies. Case 1 is with the highest conductivity of 100 md-ft for both connecting fracture and primary fracture and
the lowest matrix permeability of 0.001 md. Case 2 is with the lowest conductivity of 0.1 md-ft for both connecting
fracture and primary fracture and the highest matrix permeability of 0.1 md. The other fracture and reservoir
properties remain the same as Table 1. Figure B-1 compares the BHP of Well 1 for both cases. As shown, there is
almost no detectable pressure response of shut-in well for Case 2 while there is a big pressure drop for Case 1. It
confirms that larger fracture conductivity and smaller matrix permeability, more severe well interference through
fracture hit.
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Figure B-1. Comparison of pressure response between two extreme cases for the scenario
of well interference through single slanted fracture hit.





