The Pennsylvania State University
The Graduate School
Department of Energy and Mineral Engineering

DEVELOPMENT OF A THREE-DIMENSIONAL, THREE-PHASE COUPLED MODEL
FOR SIMULATING HYDRAULIC FRACTURE PROPAGATION AND LONG-TERM
RECOVERY IN TIGHT GAS RESERVOIRS

A Dissertation in
Energy and Mineral Engineering
by
Mohamad Zeini Jahromi

©2013 Mohamad Zeini Jahromi

Submitted in Partial Fulfillment
of the Requirements
for the Degree of
Doctor of Philosophy

December 2013

The dissertation of Mohamad Zeini Jahromi was reviewed and approved* by the following:

John Y. Wang
Assistant Professor of Petroleum and Natural Gas Engineering
Dissertation Co-Advisor
Co-Chair of Committee

Turgay Ertekin
Professor of Petroleum and Natural Gas Engineering
Head of the Department of Energy and Mineral Engineering
George E. Trimble Chair in Earth & Mineral Sciences
Dissertation Co-Advisor
Co-Chair of Committee

Russell T. Johns
Beghini Professor of Petroleum and Natural Gas Engineering

Terry Engelder
Professor of Geosciences

*Signatures are on file in the Graduate School

ii

Abstract
In the past decades, development of tight gas reservoirs has become more important. These low
permeability reservoirs need to be stimulated effectively with hydraulic fracturing to produce
economically. Stimulation design has improved with better understanding these unconventional
reservoirs, advances in modeling and study of flow mechanisms.
Conventional fracture propagation models predict fracture geometry based on fracture fluid
mechanics, rock mechanics, petrophysics and empirical/analytical leak-off models. Reservoir
flow simulators are then used to evaluate post-fracture well performances. These approaches are
called de-coupled modeling. It is a challenge to couple these two processes, particularly when
dealing with large amounts of input data. Furthermore decoupled modeling is a time-intensive
job that requires a coordinated effort from stimulation and reservoir engineers. This approach
may not work in low-permeability reservoirs because the hydraulic fracture propagation is
complex, fracture fluid leak-off is pressure/reservoir/fracture dependent and there are changes in
in-situ stress and permeability during and after a fracture treatment. It has been recognized that
fluid loss can be computed directly by solving the multiphase flow equations in porous media.
Such an approach is more general and does not have many of the assumptions in decoupled
models. Models based on this approach are called coupled models. Hydraulic fracturing is an
integrated process of injection of fracture fluid, fracture propagation, proppant transport, cleanup and multi-phase flow through the reservoir. Available coupled models are not fully integrated
as they were developed to simulate just one or two of these steps.
The main objective of this research is to develop an integrated coupled model which is capable
of fully simulating reservoir flow, fracture propagation, proppant distribution, flowback, long
term gas recovery and resulted stress change through a stationary reservoir/stress grid system.
The model uses a three-dimensional, three-phase finite difference reservoir flow simulator
coupled with a finite difference geomechanics model where both are applied on the same grid
system. The model has been validated with published data in the literature.
Using the developed model, parametric studies have been carried out to quantify important
factors affecting fracture and recovery processes such as injection rate, treatment volume,
proppant type, flowback rate and flowing bottom hole pressure (FBHP). The model enables us to
simulate and compare different scenarios and suggest the optimized hydraulic fracturing design.
The new findings lead to better understandings of hydraulic fracturing and well performances in
tight gas reservoirs.
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Chapter

1

1. Literature Review
1.1. Tight Gas Reservoirs Characteristics
Matrix permeability of tight gas reservoirs is low (less than 0.1 milli-Darcy). As a result these
reservoirs need to be stimulated effectively if they are to be developed economically. Using
hydraulic fracturing, we can reduce the pressure throughout the fracture network effectively to
initiate gas production. In many cases, economic production is only possible if a highly
conductive fracture can be created so that it effectively connects a large reservoir surface area to
the wellbore. Fig. 1.1 shows major tight gas reservoir/basins in United States.

Fig. 1.1- Locations of tight gas reservoirs in the United States. Energy Information Administration based on data from
HPDI, IN Geological Survey, USGS.
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1.2. Hydraulic Fracture Propagation Modeling
Hydraulic fracturing starts with the injection of the fracturing fluid (pad) into the formation
followed by the injection of the proppant mixture (slurry). Simply, the fracture takes the path of
least resistance and therefore opens up against the smallest stress (minimum in-situ stress)
(Fig. 1.2). At the end of injection, the flowback process starts and the created fracture starts to
close on suspended proppants (closure time). The final fracture conductivity depends on amount
of proppants remained between the fracture walls. Finally the gas production data can be used to
assess the post fracture well performances and estimated the ultimate recovery.
hf

Fig. 1.2- Schematic view of injection path, propagating direction (perpendicular to minimum stress direction) and injection
fluid leak off path (against walls of fracture).

Improvements in understanding unconventional gas reservoirs, advancement in reservoir
modeling approaches and study of production mechanisms has improved stimulation designs.
This has maximized the gas recovery and economic return as a result.
Modeling of hydraulic fracture propagation requires the knowledge of fracturing fluid properties
and injection conditions as well as an understanding of rock mechanics and fracture geometry as
a function of pressure. Mechanical rock properties usually of concern for treatment design and
analysis are: elastic properties (such as Young's and shear modulus and Poisson's ratio), strength
properties (such as fracture toughness and tensile and compressive strength), ductility, friction
and poroelastic parameters. Existing models assume the most important factor for overall
fracture design is the in-situ stress field (Hubbert et al. 1957). The in-situ stress, as it affects
hydraulic fracturing, is the local stress state in a given rock mass at depth. The three principal
stress components of the local stress state (typically compressive, anisotropic, and
nonhomogeneous) are influenced strongly by the weight of the overburden, pore pressure,
temperature, rock properties, diagenesis, tectonics, and viscoelastic relaxation. Other rock
2

properties, such as strength, ductility, and friction, generally have only second-order effects on
the hydraulic fracturing design. Different models for hydraulic fracture propagation have been
proposed and usually fall into one of the decoupled or coupled model categories.

1.3. Decoupled Modeling
Decoupled models compromise two parts: fracture propagation prediction part and reservoir flow
simulation part. The fracture propagation prediction (fracture geometry) is based on mass
balance of injected fluid and leak-off, rock mechanics, fluid flow inside the fracture and proppant
transport. The leak-off into the formation is simplified to a 1-D (one-dimensional) analytical
model. For the second part, a reservoir simulator is used for later production simulation and
evaluation of post-fracture well performance.
Generally, considering the first part (i.e. determining fracture geometry), hydraulic fracturing
models involve three processes:




Mechanical deformation of the formation caused by the pressure inside the fracture
Fluid flow within the fracture networks
Fracture propagation

In other words, to be able to model the hydraulic fracture propagation, the following equations
are needed:




Elasticity equations that relate the pressure on the crack faces to the crack opening.
Fluid-flow equations that relate the flow of the fluid in the fracture to the pressure gradients
in the fluid.
A fracture criterion that relates the intensity of the stress state ahead of the crack front to the
critical intensity necessary for tensile fracture of the rock (Perkins and Kern 1961, Nordgren
1972).

Since many parameters (mainly rock and fluid properties) affect the hydraulic fracture
propagation, calculating the hydraulic fracture geometry and propagation become complex.
Many authors suggested various models based on different assumptions and simplifications.
Howard and Fast (1970) express the rate of filtration perpendicular to a fracture wall as a simple
function of leak-off coefficients. This is the same as the leak-off model used in the PKN (Perkins
and Kern 1961, Nordgren 1972) and GdK decoupled models (Geertsma and de Klerk 1969).
PKN and GdK models are decoupled, 2D (two-dimensional) fracture propagation models based
on assumptions that the fracture has a fixed height independent of fracture length. The fracture
width theories are based on the assumption that the fracture surface deforms in a linear elastic
manner in each strain plain.
Furthermore, in the PKN model it is assumed that reservoir rock stiffness and its resistance to
deformation under the action of pressure prevails in the vertical plane. In other words, each
vertical cross section deforms individually and is not hindered by its neighbors. Contrary to the
3

PKN model, the original GdK model is assumed that rock stiffness is taken into account in the
horizontal plane only (see Fig. 1.3). Note that in both PKN and GdK models, the simple 1-D
piston-like leak off model is used. The PNK model development will be discussed in chapter 3.

Fig. 1.3- Plane-strain deformation in either a horizontal plane (GdK model) or in a vertical plane (PKN model).

In 3D (three-dimensional) decoupled models fracture height is allowed to vary with fluid
injection and the vertical components of fluid flow are included. For both the fully 3D models
and the pseudo-3D models, the overall approach is to subdivide the fracture into discrete
elements and to solve the governing equations for these elements numerically.
In short, these decoupled fracture propagation models relate injection rate qi , time of treatment t,
and fluid leakoff ql , with fracture dimensions, i.e., width, wf , and length, Lf. Simply, the fracture
prefers to take the path of least resistance and therefore opens up against the smallest stress
(minimum in-situ stress).
The advantage of the decoupled approach, besides its simplicity, is that it can be directly (if not
always correctly) related to experimental data on fluid filtration obtained in a laboratory. On the
other hand, some major limitations of these decoupled models are;



The assumption of piston-like displacement in the invaded zone which replaces the more
realistic model of two-phase Darcy flow with capillary and relative permeability description.
Other limitations result from the assumption of 1-D flow and infinite extent of the reservoir
in the direction perpendicular to the fracture face. These limitations will be especially
important for very high leakoff situations (waterflood fracturing).

Note that proposed decoupled models, contrary to the coupled models, only represent fracture
geometry model and it is necessary to use flow simulation techniques to complete the hydraulic
fracturing model.
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1.3.1. General Leak off Model
Other suggested general decoupled models have some improvements over the classical approach.
A generalization of the classical approach that includes the effect of several parameters that are
variable in the field has been presented (Ji et al. 1985 and Settari et al. 1988). The model is then
formulated numerically, which allows us to introduce the effects of variable pressure, fluid
viscosity, and different fluids contacting the wall in the filtration process, in accordance with real
conditions during the treatment. Basically, these formulations allow the time variation of
pressure, fluid viscosity and filtration characteristics during the process.

1.4. Coupled Modeling
With the recent development of a simulation approach to fracturing design, it has been
recognized that fluid loss can be computed directly by solving the basic multiphase flow
equations in porous media. Models based on this approach are called coupled models.
Coupled models generally require fully coupled simulation of reservoir flow, fracture
propagation and resultant stress change through a stationary reservoir/stress grid system. These
methods take into consideration the mutual influence between dynamic fracture propagation and
reservoir flow, treat the fracture as a highly permeable part of the reservoir, and use one
(common) grid system to model both dynamic fracture propagation and reservoir flow in a fully
coupled manner. The individual methods differ by the algorithms by which the dynamic
modification of the transmissibility for fractured grids is derived and range from an empirical
approach to the use of analytical fracture models (Ji et al. 2006). The definition of the
transmissibility is critical for the propagation behavior. Different models based on the physical
and mathematical aspects of the fracture-tip grids have been suggested (Yamamoto et al. 2000,
Bachman et al. 2003, Settari et al. 2005, Ji et al. 2007, Rahman et al. 2009).
The overall effectiveness of stimulation treatments is related to the location of proppants and the
distribution of conductivity within the fracture network. It is an essential requirement for
modeling well performance in unconventional gas reservoirs to characterize the flow capacity or
conductivity of the fracture network and primary hydraulic fracture (if present). It is important
to understand where the proppants are located within the fracture network, the conductivity of
the propped fracture network and also the conductivity of the un-propped fracture network.
A few suggested coupled models include the proppant distribution model as a part of main model
(i.e. it’s integrated with the main model) and in other models it is generally developed as a
separate part. Different approaches have been suggested to determine proppant bed height,
suspended proppant location and proppant concentration (Biot et al. 1985, Poulsen 1988,
Soliman et al 1986).
Finally, coupled models can be used to estimate the long term recovery in unconventional gas
reservoirs. In these reservoirs because of low permeability, the transient flow periods are
relatively long. Therefore the uncertainty in reserves estimation is high and usually reserves are
5

overestimated with the use of conventional rate-time relations. Different rate-time decline
models (e.g. hyperbolic, exponential and the power law loss ratio rate decline models) have been
proposed in this area (Arps 1945, Fetkovich et al. 1990, Ilk et al. 2008, Blasingame et al. 2005).
Typically using these models for the case of unconventional gas reservoirs result in higher or
lower reserve estimates during the transient and boundary dominant flow periods. The numerical
reservoir simulations as a part of coupled models can be used to identify expected production
signatures, stimulation effectiveness and long-term recovery prediction in unconventional gas
reservoirs.
Chapter 1 provides an overview of unconventional gas reservoirs characteristics, hydraulic
fracturing procedures and available hydraulic fracturing models (decoupled and coupled models)
and their limitations. The objectives of this project are presented in chapter 2. In chapter 3, the
decoupled PKN model is demonstrated and relative assumptions, equations and development are
presented and validation results are shown in the following.
Different steps for developing a fully integrated coupled two-dimensional, single-phase model
are presented in the chapter 4. In this chapter, methods, equations and procedures that used in
each step are discussed. Then the hydraulic fracturing, proppant distribution, clean-up and long
term recovery results are validated with the reference data. Chapter 5 is about the application of
developed 2D model and the parametrical study of fracturing design for a specific case study.
Chapter 6 discusses the development and validation of fully integrated coupled threedimensional, three-phase model. Relevant methods, equations and procedures that used in each
step are explained in the following. Again the parametrical studies and the application of coupled
3D model are presented in chapter 7.
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Chapter

2

2. Project Objectives
Hydraulic fracturing starts with formation breakdown and is followed with slurry injection,
fracture propagation, proppant transport, clean-up and gas production. Available proposed
coupled models are not fully integrated meaning they developed to simulate just one or two of
these steps.
By integrating all of these steps into a model, it is possible to analyze and compare different
simulation scenarios in each step and suggest the optimum hydraulic fracturing design for a
specific case that leads to the maximum gas recovery.
The objective of this study is the development of a three-dimensional, three-phase fully coupled
model which is capable of simulating fracture propagation, proppant distribution, fluid flowback
and long-term recovery in tight gas reservoirs.

2.1. Research Methodology
Step 1: Conduct a relevant literature review on available models;
Step 2: Develop the PKN model (a 2D decoupled model);
Step 3: Develop a two-dimensional, single-phase model for simulation of reservoir fluid flow;
Step 4: Develop a geomechanical model to predict the fracture propagation behavior; This
model will be coupled with reservoir fluid flow model.
Step 5: Develop proppant transport model; The change in proppant concentration is calculated
based on simulated fluid flow in the fracture area.
Step 6: Model the flowback process using the same reservoir flow simulator; Again, the
proppant movement and change in proppant concentration are calculated based on simulated
flowback in the fracture area.
7

Step 7: Model the long term gas production; To model the gas flow through the matrix and high
conductive fracture areas, the similar method for gas flow simulation will be used.
Step 8: Validated the model with published data.
Step 9: Step 3 through 8 will be implemented for development of a three-dimensional, three
phase fully coupled model.
Step 10: Conduct parametric studies using the developed models to quantify important factors
affecting fracture and recovery processes; We will study the effects of one parameter and
combination of parameters on the created fracture geometry and ultimate recovery. Factors such
as injection rate, treatment volume, proppant type, flowback rate, FBHP, type of fluid and
treatment schedule.
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3

3. Development and Validation of PKN Model
In this chapter, development and validation of a decoupled model (2D PKN model) are
presented. The PKN model will be compared with the coupled models developed in the
upcoming chapters.
The fracture propagation prediction (fracture geometry) is based on mass balance of injected
fluid and leak off, rock mechanics, fluid flow inside the fracture and proppant transport. The
leak-off into the formation is simplified to a 1-D analytical model.
Generally, hydraulic fracturing models involve three processes:




Mechanical deformation of the formation caused by the pressure inside the fracture
Fluid flow within the fracture networks
Fracture propagation

In other words, to model the hydraulic fracture propagation, the following equations are needed:




Elasticity equations that relate the pressure on the crack faces to the crack opening.
Fluid-flow equations that relate the flow of the fluid in the fracture to the pressure gradients
in the fluid.
A fracture criterion that relates the intensity of the stress state ahead of the crack front to the
critical intensity necessary for tensile fracture of the rock (Perkins and Kern 1961, Nordgren
1972).
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3.1.

PKN Model

PKN and GdK models are 2D fracture propagation models based on assumptions for vertical
linear fracture propagation as follows;




The fracture has a fixed height hf , independent of fracture length
The fracturing fluid pressure, pf , is constant in vertical cross sections perpendicular to the
direction of propagation.
Fracture-width theories are based on the assumption that the fracture surface deforms in a
linear elastic manner in each strain plain.

Furthermore, in PKN model we assume that reservoir rock stiffness, its resistance to deformation
under the action of p, prevails in the vertical plane. In other words, each vertical cross section
deforms individually and is not hindered by its neighbors (Fig. 3.1).

Fig. 3.1- Left figure: 2D plane-strain deformation in either a horizontal plane or in a vertical plane. Right figure: schematic
representation of linearly propagating fracture with laminar fluid flow according to Perkins and Kern (1961).

Simply, the fracture prefers to take the path of least resistance and therefore opens up against the
smallest stress. Perkins and Kern and Harrison et al. show that the in-situ stress difference is the
most important factor controlling fracture height;
√ (

)
√

(

)

( )

(

)

( )

(

)

3.1

where KIC is the intensity factor (toughness) of top and bottom layers, a is fracture half height
and b is distance between center of fracture and boundary layers asit’sshowninFig. 3.2.
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Fig. 3.2- Figure 4. Fracture in a layered-stress medium (Gidley et al., 1989).

Fracture-width theories based on the assumption that the fracture surface deforms in a linear
elastic manner and the fracture cross sections obtain an elliptic shape with maximum width in the
center as follows;
(

)

(

) (

(

)

(

))

√

3.2

where w(x) is the fracture width, x is the propagation direction, Lf is the fracture half-length and
hf is the fracture height. The fluid pressure gradient in the propagating or x-direction is
determined by the flow resistance in a narrow, elliptical flow channel. For Newtonian flow
behavior between a channel walls;
(

)

3.3
where q is the flow rate and μ is the viscosity. For one-dimensional transient fluid flow in a
fracture, the continuity equation is;
3.4
where q(x,t) is the flow rate (volume per unit time) through a cross section, ql is the
volume rate of fluid loss to the formation per unit length of fracture, and A(x,t) is the crosssectional area of the fracture. In the absence of fluid losses we have dq/dx = 0 and Nordgren
corrected the growth-rate effect and rewrote the continuity equation in the form of;
3.5
As it’s discussed before, the fracture-dimension information needed for a specific treatment are
fracture height, propped fracture length and average propped width or propped-width
distribution. Substituting and solving above nonlinear partial-differential equations using
boundary and initial conditions results the following;
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Perkins and Kern did not consider fluid losses into the formation, a shortcoming remedied by
Nordgren. The local-continuity equation, considering leak off, now becomes;
3.9
where the local ql in this context is specified as the loss per unit fracture length as:
3.10

( )

√

Considering the same fracture geometry equation and fluid rheology equation as before,
substituting and solving above nonlinear partial-differential equations using boundary and initial
conditions provides;
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3.2. Model Flowchart
Fig. 3.3 includes a flowchart showing the uncoupled PKN model procedure. The procedure starts
with calculating the fracture length and width at initial timestep using PKN model Eq. 3.11,
Eq. 3.12 and Eq. 3.13. Then these data will be used as an input for the reservoir simulator. The
matrix and fracture grid system are defined and their transmissibilities will be calculated
considering fracture properties. The change in pressure and saturation through the reservoir will
be simulated for this timestep. These new conditions will be used as an initial data for using in
PKN model for the next timestep. This procedure will be repeated until end of injection time.

PKN Model

Initial parameter for PKN model
qi, t, G, ν, σ, …

Calculating Lf and wf

Defining grid system based on
Lf and wf

Calculate matrix/fracture
transmissibilities

Calculating p

n+1

Check the convergence criteria | p

n+1

Reservoir Simulator

Initial parameter for reservoir simulation
n
p , Kx, Ky, Φ, Bw, Cw, … …

n

-p |<ε

t = t+dt
Fig. 3.3- PKN decoupled model flowchart. Two separate parts of PKN model are the fracture geometry prediction model
and reservoir simulator.
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3.3. Validation of Decoupled PKN Model
In the following, the PKN model is validated with the published data from Gidley et al., 1989,
“Recent advances in hydraulic fracturing, chapter 4, page 91”. The reservoir rock and fluid
properties of the reference case are included in
Table 3.1.
Table 3.1- Reservoir rock and fluid properties as an input for PKN model.

Ky = permeability in y direction (flow direction)
Kx = permeability in x direction
Φ=porosity
pi = Initial reservoir pressure
σh1 = minimum in-situ stress
σh2 = abounding in-situ normal rock stress
G = shear modulus of rock formation
ν=Poisson'sratioofrockformation
Stress-intensity-factor, KIC,
hn or hR = net reservoir interval height
hg or hf = gross fracture height
µ= fracturing fluid viscosity
Bw = Formation volume factor of water
ρw = Density of water
Cw = Water compressibility

0.001 md
0.0004 md
0.10
2,950 psia
3,150 psia
3,150 psia
1.45 x 106 psi
0.15
450 psi .in0.5
100 ft
128 ft
1 cp
1.0
63.4
lbm/ft3
3x10-6 psi-1

3.3.1. Model Discretization
In this section a quarter of reservoir model (2750 x 3250 ft) is presented which discretized into
16x41 grid blocks. The injection well located at the corner gridblock (see Fig. 3.4 ). Since the
minimum in-situ stress is in the x-direction, the propagation path will be in the y-direction
(perpendicular to the minimum in-situ stress field). The local grid refinement is used around
fracture propagation path (in y-direction) and as a result divided the first blocks row into 20
smaller grids and results a 36x41 grid system (see Fig. 3.5). The grid size distributions are given
in Table 3.2.
2D PKN model for Newtonian fluids (water) has been used to predict the length and width of
fracture where it consequently determines which gridblocks assigned as a fracture gridblock in
each timestep. Then using the reservoir flow simulator, the pressure distribution through the grid
system is determined for that specific timestep. Note that the pressure at the reservoir boundary
kept constant (the south and east of reservoir quarter).

14

hf

Fig. 3.4- 3D view of grids system and injection well location.

Fig. 3.5- Top view of grids system and the local grid refinement (LGR) around the fracture propagation path (in y direction)
Table 3.2- Number of grids and grids size

Nx = Number of grids in x-direction
Ny = Number of grids in y-direction
dx = grids length in x-direction ft
dxf = grids length in x-direction around the fracture ft
dy = grids length in y-direction ft
dyf = grids length in y-direction around the fracture ft

31
13
250
0.003
250
250

Fig. 3.6 shows the input menu interface of developed uncoupled PKN model. The first column
contains reservoir rock and fluid properties and the second column contains grid system
discretization and injection conditions.
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dx and dy sizes in
the fracture area
Leak off coefficient

Fig. 3.6 -PKN model, input menu interface including reservoir rock and fluid properties, discretization and injection
conditions.

Note that, if the Leak-off coefficient is set equal to zero, the model will use the equations of PKN
model case without leak off (Eqs. 3.6, 3.7 and 3.8). If a non-zero value is assigned to the Leak
off coefficient, then the model will use the set of equations related to the PKN model with leakoff case (Eqs. 3.11, 3.7 and 3.8).
3.3.2. Results
Fig. 3.7 shows the length and width of fracture versus time and Fig. 3.8 includes the injection
bottom hole pressure and injection flow rate versus time. Note that the oscillation behavior in the
pressure graph is related to the grids size effect on the numerical simulation results. Using the
smaller grid size results the smoother graph. Since the length and width of fracture are calculated
based on PKN analytical equations, the grid size has no effect and the graphs are smooth (see the
coupled model results in chapter 4 for more details). These results are exactly match with the
reference data.
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Fig. 3.7- First part: PKN model fracture Length and width (ft) versus time (min)

Fig. 3.8- Second part: The reservoir simulator results. FBHP (psia) and flow rate (bbl/min) of injection well versus time
(min).
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Fig. 3.9 shows the pressure distribution along the fracture length and Fig. 3.10 shows the top
view (x-y plane) of pressure distribution within the grid system. The predicted fracture length
and width by PKN model are shown with white line.

Fig. 3.9- Pressure distribution (psia) along the fracture length(ft).
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Lf
Fracture extension

wf

X direction (ft)

P (psia)

Y direction (ft)

Fig. 3.10- The top view (x-y plane) of pressure distribution (psia) and PKN model fracture propagation. Note that the X-axis
in middle and bottom figures are stretched for a closer view of fracture area.
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Chapter

4. Development and Validation of Coupled Two-Dimensional, Single-phase
Model
Different steps need to be taken to develop the fully integrated coupled model. The first step will
be the development of a model for simulation of reservoir fluid flow coupled with fracture
propagation model. The fracture is treated as a highly permeable part of the reservoir and one
(common) grid system is used to model both dynamic fracture propagation and reservoir flow in
a coupled manner. At the same time, the proppant transport and change in proppant
concentration are calculated based on simulated fluid flow in the fracture area.
In the second step, the clean-up process is modeled which starts at the end of injection (shut-in
time) until the closure time. Here, the same reservoir flow simulation is used to model the
flowback process. Again, the proppant movement and change in proppant concentration are
calculated based on simulated flowback in the fracture area.
The third step will be the modeling of long term gas production which starts after the closure
time. To model the gas flow through the matrix and high conductive fracture areas, the similar
method for gas flow simulation is used. The model will be validated with available data. In the
following, procedures, relevant assumptions, equations and methods used in each step are
discussed.
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4.1. First Step: Hydraulic Fracturing Modeling
As stated earlier, the first step includes modeling of reservoir fluid flow, fracture propagation and
proppant transport. Here, a two-dimensional, single-phase finite difference reservoir flow
simulator is required and it will be coupled with a finite difference geomechanical model
(fracture propagation model) where both are applied on the same reservoir/stress grid system.
Numerical approaches are used to solve both governing equations. Using iterative procedures,
changes of pressure, in-situ stress and fracture propagation boundaries (fracture length, width
and height) are calculated at each time step during and after fracture treatment.

4.1.1. Fluid Flow Modeling
To express the flow of fluids through porous media mathematically, it is necessary to use three
fundamental laws or rules which are conservation of mass, equation of state and constitutive
equations. The principle of conservation of mass states that the total mass of fluid entering a
volume element in the reservoir must equal the net increase in the mass of the fluid in the
element plus the total mass of fluid leaving the element. An equation of state (EOS) describes the
density of a fluid as a function of temperature and pressure. The constitutive equation describes
the rate of fluid movement into or out of the representative elementary volume (Ertekin et al.
2001).
The general form of mass-conservation equation for the oil/water/gas component for rectangular,
three-dimensional flow is as follows;
( ̇

)

( ̇

( ̇

)

)

(

4.1

)

where ̇ is the mass flux of the component c, mvc is mass per unit volume of porous medium and
qmc is rate of mass depletion through wells. In this model the fracture height is assumed constant
where it constrains between two impermeable layers above and below of net pay zone. As a
result the flow in z-direction is ignored. Water is selected as the injection phase and the
saturation of gas inside the fracture area is neglected.
For slightly compressible liquid flow, assume that fluid compressibility is small and remains
constant within the pressure range of interest. Therefore, EOS can be expressed through the fluid
formation volume factor (FVF). The FVF can be approximated as,
[

(

4.2

)]

where c is fluid compressibility. Darcy's law for fluid flow may be substituted into the massconservation equations to obtain the fluid-flow equations. Following is the flow equation of a
single-phase, slightly compressible liquid in a heterogeneous and anisotropic formation in x-y
directions:
[

(

)]

[

(

)]

(

)

4.3
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Eq. 4.3 is the general form of equation. The equation can be simplified, depending on the
prevailing reservoir conditions, to reduce the complexity of the equation set. Appendix A
includes the derivation of flow equation and more details.
The finite-difference approach is used to obtain the numerical solution. In this approach, the flow
equations are discretized by the use of algebraic approximations of the second-order derivatives
with respect to space and the first-order derivatives with respect to time. Depending on the
approximation of the derivatives with respect to time, one may obtain explicit or implicit finitedifference equations. For example to write the finite-difference approximation for the water flow
equation of general above equation in two dimensions (2D) we will have;
(

)

(
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)

(

)

(

)]

(
(

(

) (

)
)

(
(

)

)
)

4.4

where phase transmissibilities between grid block (i,j) and its neighboring grid block (i+1,j) in
the x directions are defined as the following;
(

4.5

)

Fig. 4.1- Irregular grid-size distribution (Ertekin, 2001).

The similar equation for the grid system in x and y directions are defined. For the slightlycompressible-flow problem, the pressure-dependent fluid properties, µl and Bl represent weak
nonlinearities and can be evaluated at the old time level n. These need to be averaged between
adjacent gridblocks and arithmetic averaging can be used. The remaining grid property terms,
(Axkx)/Δx, are harmonically averaged. Peaceman’s model has been used to represent the
wellblock (Eq. 4.6).
(
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(

)
)

]

4.6
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where
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4.7

and
(

)

4.8

Finally the SIP Iterative procedure is used to solve the finite-difference equations for the flow
systems. For more details of flow equation derivation refer to Appendix A.

4.1.2. Geomechanical Modeling
Fracture propagates normal to the least principal horizontal compressive stress. Following
represents a fracture criterion that relates the intensity of the stress state ahead of the crack front
to the critical intensity necessary for tensile fracture of the rock (Ji et al. 2004). Fracture initiates
as soon as the grid pressure of the well block reaches the fracture initiation pressure Pfi as
follows;
√

4.9

where σhi is the initial minimum in-situ stress ahead of the fracture tip, Lfi is the initial fracture
half-length that should be at least twice the wellbore radius and KIC is the rock toughness. During
the fracture propagation, the pressure at the tip of fracture is assumed equal to the fracture
propagation pressure Pfp (Ji et al. 2004) defined as;
√

4.10

In the above equation, σh is variable; it depends on the initial stress field and the reservoir
pressure. The change in σh is generally complex and varies along the fracture. However, in first
approximation it can be assumed to depend on the change of average reservoir pressure Δp
according to;
4.11
Fracture length can be determined by interpolating grid pressures. In Fig. 4.2, pi and pi+1, the
pressures of grids i and i+1 are greater than and less than fracture propagation pressure pf
respectively. The fracture half-length Lf is then expressed as
4.12
where Lp can be calculated by linear interpolation of grid pressures , pi and pi+1.
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4.13
The fracture width calculation is similar to the fracture length calculations. If the other horizontal
in-situ stress component perpendicular to the fracture width direction is not available (σH in ydirection), the maximum fracture width at the wellbore and the fracture width at any distance
from the wellbore are calculated as follows. (Gidley et al. 1989)
(

)

(

) ( (

)

(

)

√

4.14

Fig. 4.2- The pressures of grids i and i+1 are greater than and less than the fracture propagation pressure (Pf) respectively.
(SPE 90874, Ji et al. 2004)

Note that, in this study, the least principal compressive stress is assumed to be perpendicular to
the y-axis and therefore the fracture propagates from the injector along the y-axis.

4.1.3. Coupling Strategy
The coupled simulation of reservoir fluid flow and fracture propagation treats the fracture as a
highly permeable part of reservoir matrix, so only one common grid system is used to model
both the reservoir flow and propagating fracture. The coupling treatment is implemented by
dynamically modifying the transmissibility for fracture and matrix grid blocks. The definition of
the transmissibility is critical for the propagation behavior. Different models based on the
physical and mathematical aspects of the fracture-tip grids have been suggested (Yamamoto et
al. 2000, Bachman et al. 2003, Settari et al. 2005, Ji et al. 2007, Rahman et al. 2009).
The major limitation of current coupled models is that during the hydraulic fracture propagation,
no specific gridblocks are assigned as the fracture grids, i.e. it is assumed that matrix gridblocks
contain the fracture and the transmissibilities of these matrix gridblocks are just modified based
on the fracture properties. The fracture boundaries (length and width) are usually calculated
using different correlations.
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ForexampleinSettari’smodel, the mathematical average (mean value) of transmissibilities of
fracture and matrix grid blocks is used. The total transmissibility between grids i and i+1 is given
by;
4.15
where TXF is transmissibility for fracture grid blocks and TXM is transmissibility for matrix grid
blocks and we have;
(

)

(

)

4.16
4.17

where wfi is the calculated width of fracture.
In this study the local grid refinement (LGR) is used around fracture area in order to capture the
changes in fracture boundaries (the fracture length propagation along y-direction and the fracture
width changes along x-direction). In this way, the fracture can represent by these fine grid
system and each grid block either belong to the fracture area or matrix area. Harmonic average is
used for calculating the transmissibility terms between fracture and matrix grid blocks as
follows.
(
(

)

(

)
)

4.18

Fig. 4.3 shows the flowchart of the coupled model. Having the initial parameters and initial
pressure, stress and saturation distribution, the procedure begins. The main loop (blue loop)
represents the time step loop. In each time step, the transmissibility, pressure and in-situ stress of
all grid blocks are calculated. As mentioned before, the SIP iterative method is applied to solve
the finite-difference equations for the flow systems (Eq. 4.4). The pressure loop (red loop) shows
the iterative procedure for calculating the reservoir grids pressure. Subsequently the minimum
in-situ stresses of the grid system are updated (see Eq. 4.11). Using Eqs. 4.9 and 4.10, the criteria
for fracture initiation and fracture propagation are checked for all grid blocks. On this basis,
some of the matrix grid blocks may be assigned as the fracture grid blocks and their
characteristics (permeability and porosity) will change. The transmissibilities of the grid system
are updated and the fracture loop (green loop) is repeated to update the grid blocks pressure
again. The iteration in green loop continues until the length and width of fracture (number of
fracture grid blocks) in that specific time step converge to certain values. The procedure
continues with entering to the next time step and it ends when it reaches the injection time.
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Initial Parameters : K, φ, …
Initial pi and σi
t = t+dt
Calculate Transmissibility
Calculating P

n+1

Check the Convergence : | p
Updating σ

n+1

n

-p |<ε

n+1

Check the Criteria of
Fracture Initiation or Propagation
Update Lf and wf

Check the Convergence :
n
n+1
n
- Lf | < ε and | wf - wf | < ε

n+1

| Lf

Check if : t = t end
Fig. 4.3- Flowchart showing different steps of the iterative procedure of coupled hydraulic fracture propagation model.

4.1.4. Proppant Distribution
Proppant deposition inside hydraulic fractures can be classified into four broad categories
depending on whether proppant forms into a bed (high settling velocity) or stays mostly in
suspension (low settling velocity);
-

-

Region 1 is a stationary bed of proppant that has settled to the fracture bottom. This bed is
loosely packed and has a proppant volumetric concentration of 0.5 to 0.6.
Region 2 is a fluidized bed (Babcock et al. call it a saltation layer) where proppant particles
roll over the existing bed before settling on it.
Region 3 consists of proppant particles that settle because of gravitational forces and are
resisted by fluid viscosity. The average proppant concentration in this region is
approximately the same as that of the injected slurry.
Region 4 does not contain any proppant.

Proppant transport computations in hydraulic fractures usually ignore Region 2 and 4 during
early computations. Region 2 is usually very narrow (a few inches), and fluid turbulence created
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by perforations (Region 2) dies very rapidly in the fracture. As a result, these computations
consider only the suspended and the deposited proppant.
During the fracturing process, the movement of proppants and change in the grid blocks
proppant concentration with time are calculated. Basically the movement of proppants inside the
fracture depends on the horizontal and vertical components of forces exerting on proppant
particles. In this study, the proppant movement is calculated in two separate stages; in the
horizontal x-y plane and in the vertical z-direction. Fig. 4.4 is a schematic top view (x-y) of a
fracture (gray color grids) where injector is located in grid-1 and grid-4 is the tip of fracture. In
each time step, the amounts of proppant entering and exiting each grid block are calculated
proportional to fluid flow values entering and exiting that grid block. For example, the amount of
proppant entering grid-1 (dCpw-1) is equal to the volume of injected slurry times the proppant
concentration as follows:
(

)

4.19

where Cpi is the slurry proppant concentration, q is the flow rate and dt is the time step
size. The amount of proppant moving from grid-1 to grid-2 and grid-5 (dCp1-2 and dCp1-5) are
calculated as follows:
4.20
where Q1-2 is the fluid flow rate from grid-1 to grid-2 and Q is the total flow rate entering grid-1
in a that time step. k value determines if the proppants are moving at the same speed as the fluid
or at the lower speeds. In this study it is assumed that proppants are moving with the same speed
as fluid (k=1). Then for this time step, the amount of proppants of grid-1 (Cp1) will be updated
as follows:
4.21
The same calculations are repeated between each two grid blocks progressively and the
proppant distribution in x-y plane is determined at each time step. Note that proppants cannot
move out of grids-4, 7 and 9 and they are accumulated in these grid blocks. Moreover, grid
blocks close to the fracture tip which have smaller width can accept less amounts of proppant.
This limitation is defined based on the proppant pack concentration which is known for different
types of proppants under different pressure conditions.
Lf
wf

Fig. 4.4- Schematic fracture/matrix grid system and proppant transport directions. In each time step, the procedure starts
with calculating amount of proppant entering and leaving grid-1. Grid-9 calculations are the last part.
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In the second stage, the proppant movement in vertical direction is calculated. Movement of
proppant in the z direction (proppant settling) calculated using the terminal velocity which
depends on fluid and proppant densities (ρp and ρf). Eq. 4.22 shows the Stock’s law terminal
velocity for NRe <2(Stock’slawregion);
(

)

4.22

In this way proppants can form into a bed (high settling velocity) or stays mostly in suspension
(low settling velocity). The proppant bed height along the fracture length (y-direction) is directly
calculated based on amount of proppants reaching the bottom of fracture and the volume of
fracture they are occupying. Eq. 4.23 calculates the height of the suspended proppant at a given x
point in the fracture. (Soliman et al 1986)
( )

4.23

∫
( )

If the settling velocity is assumed to be constant this simplifies to;
( )

(

( ))

4.24

where t - t (x) is the time the injected fluid at position x has been traveled in the fracture. In each
time step, grid blocks proppant content will be updated considering the amount of proppant
settled.

Fig. 4.5 shows the flowchart of the whole procedure of proppant distribution in x,y and z
directions. In each time step, as it’s mentioned, first the proppant distribution in x-y plane is
calculated for the grid system (Eq. 4.20) and after that the proppant movement in the z-direction
(proppant height) for each grid block is calculated. This procedure will repeated in each time step
till the end of treatment.
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t = t0
proppant injection starts

Stage-1

`Calculating total proppants injected into grid-1 and
leaving it to the neighboring grid blocks

Calculating total proppants entering grid-2 and
leaving it to the neighboring grid blocks

Stage-2

Calculating total proppants entering grid-9

Calculating proppant height for all fracture grid blocks

t = t+dt
Fig. 4.5- Flowchart showing whole procedure of proppant distribution through the grid system.

4.2. Second Step: Flowback Modeling
The clean-up process starts at the end of injection (shut-in time) and continues until the closure
time. Here the well is set on the production instead of injection. Consequently the flow direction
is from the matrix grids to the fracture grids and to the wellbore grid block. During the clean-up,
portion of the leaked off fluid is produced and in a similar way, the suspended proppants are
moving back toward the wellbore grid block. Here the same reservoir flow simulation as the first
step is used to model the flowback process (two-dimensional, single-phase, slightly compressible
fluid flow simulator). The conditions at the end of hydraulic fracturing are used as an initial
condition (input) for the clean-up step. During the production, pressure drops through the
fracture and neighboring matrix grid blocks. Using Eq. 4.14, the decrease in fracture width along
the fracture length can be calculated. Similar to the fracturing step, proppant movement and
change in proppant concentration are calculated based on fluid flow in horizontal and vertical
planes and settling velocity within the fracture area.
During the clean-up process, some grid blocks along the fracture length become propped, i.e. the
fracture walls are closed on the proppants and make them immobile. Also some other grid blocks
become empty of proppants before the fracture closes (usually happens at the fracture tip). These
calculations are based on proppant pack volume which is known for different types of proppants
29

under different pressure conditions and also change in fracture width with time. More details are
discussed in the following result sections.

4.3. Third Step: Long term Recovery Simulation
Third step is modeling of the long term gas production which starts after the closure time. During
the gas production the fracture width, length and conductivity (proppant concentration) are
assumed to remain constant. To model the gas flow through the matrix and high conductive
fracture areas, the flow equation presented in first and second steps is replaced with the twodimensional, single-phase compressible fluid flow equation as follows.
[

(

)]

[

(

)]
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( )

where formation volume factor, Bg is defined as;
4.26
The finite-difference approximation of the spatial derivatives and time derivative gives
(

)

(
[

)

(
(

)
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(

)

(
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)
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(
(
)

)
)
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where phase transmissibilities between grid block (i,j) and its neighboring grid blocks in the x
and y directions are defined in a similar way as the following;
(

)

4.28

The same as previous steps, the SIP iterative method is applied to solve the finite-difference
equations for the flow systems (Eq. 4.28). Appendix A includes the derivation of flow equation
and more details. Using the results from this step, one can identify expected production
signatures, stimulation effectiveness and long-term recovery prediction specifically in
unconventional gas reservoirs.
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4.4. Validation of Two-Dimensional, Single-phase Coupled Model
The developed fully coupled two-dimensional, single-phase model has been validated with
different published data. Following are two different data sets that were used for validation
purposes:
Case 1: using a field case data, Gidley et al., 1989, “Recent advances in hydraulic fracturing,
chapter 4, page 91”.
Case 2: based on simulated results, Ji et al., 2004,“SPE90874paper”.
Table 4.1 shows the reservoir rock and fluid properties used as an input for each case. Table 4.2
shows fracture treatment data of mentioned reference cases along with the simulated results from
the developed fully coupled model. The PKN and GdK results are also included from chapter 2
for comparison.

4.4.1. Model Discretization
The model represents a quarter of reservoir with an area of about 150 acres (2500 ft x 3000 ft)
and the formation thickness of 100 ft. The model is discretized into 11x13 gridblocks in x-y
plane. Local grid refinement (LGR) is around fracture area (along the width of fracture in xdirection). These grid blocks were divided into 20 smaller grids and they ended up with 31x13
grid system. Table 4.3 shows the grid block size distribution. Fig. 4.6 shows the threedimensional (3D) view of the grid system. The injection well is located at the corner of model.
Since the minimum in-situ stress is in the x-direction, the propagation path will be in the ydirection (perpendicular to the minimum in-situ stress field). A close view of local grid
refinement in x-direction is shown in Fig. 4.7. During the injection, pressure inside the fracture
increases and the fracture width opens up against the fracture walls. The small grids in this area
can capture the changes in fracture width as small as 0.003 ft increments. The net pay zone is 100
ft and fracture height assumed to be constant (no griding in z-direction). As the pressure
increases the fracture can opens up against the fracture walls (change in the fracture width in the
x-direction) or propagates in the y-direction (change in the fracture length) at the same time.

31

Table 4.1- Reservoir rock and fluid properties

Rock and fluid data:
Ky = permeability in y direction (flow direction)
Kx = permeability in x direction
Φ=porosity
pi = Initial reservoir pressure
σh1 = minimum in-situ stress
σh2 = abounding in-situ normal rock stress
G = shear modulus of rock formation
ν=Poisson'sratioofrockformation
KIC = stress-intensity-factor
hn or hR= net reservoir interval height
hg or hf= gross fracture height
µ= fracturing fluid viscosity
Bw = water formation volume factor
ρ=water density
Cw = Water compressibility

Case 1

Case 2

10 md
4 md
0.15
2,750 psia
2,750 psia
3,045 psia
1.45 x 106 psi
0.20
455 psi .in0.5
100 ft
128 ft
1 cp
1.0
63.4
lbm/ft3
5x10-7 psi-1

50 md
50 md
0.2
2,000 psia
2,950 psia
2,950 psia
2.17 x 106 psi
0.15
100 psi .in0.5
100 ft
128 ft
1 cp
1.0
63.4
lbm/ft3
4.93 x10-6 psi-1

Table 4.2- Reference cases results v.s. coupled model simulated results

Reference cases fracture treatment data
qi = injection flow rate
t = injection time
Fracture Length PKN model
Fracture Length GdK model
Fracture Length simulation

Case 1

Case 2

10 bbl /min
400 minutes
853 ft
636 ft

13.1 bbl /min (18870 bbl /day)
14400 minutes (10 days)

1000 ft

Simulated fracture length and width using the coupled model:
Case 1
Case 2
Fracture Length
Fracture Width

800 ft
0.04 ft

900 ft
0.036 ft

Table 4.3- Number of grids and grid sizes
Nx = Number of rows of grids
Ny = Number of columns of grids
Nz = Number of columns of grids
dx = grids length in x direction
dxf = grids length in x direction around the fracture
dy = grids length in y direction
dyf = grids length in y direction around the fracture
dz = grids length in z direction around the fracture

31
13
1
250 ft
0.003 ft
250 ft
250 ft
100 ft
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hf

Fig. 4.6- 3D view of grid system. The injection well (red line) is located at the corner grid (1,1). The Propagation direction is
in y-direction which is perpendicular to minimum in-situ stress direction. The width of fracture opens up in x-direction and
the fracture height remains constant (z-direction).

Fig. 4.7- Expanded view of the grid blocks (LGR with dx = 0.003 ft) along the width of fracture (x-direction).

4.4.2. Effect of Grid Block Size
Using grid blocks with smaller sizes in model simulations will result the smoother and more
accurate plots. However, this will increase the simulation time significantly. Fig. 4.8 shows the
effect of grid block size on the simulated bottomhole treating pressure (BHTP), fracture length
and width results during the fracturing simulation. The smaller grid used, the smoother plot
resulted. The same initial rock and fluid data and the same fracturing treatment were used here.
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Fig. 4.8- Effect of grid block size on simulated BHTP, fracture length and width results. From left to right grid sizes used
are 250, 125 and 50 ft. Using smaller grid block sizes results smoother and more accurate plots.

4.4.3. Hydraulic Fracturing and Proppant Distribution Results
Table 4.2 shows the fracture length and width (maximum fracture width at the wellbore) of two
reference cases and the coupled model simulation results. Also Fig. 4.9 shows the reference
case-1 results versus simulated results from the coupled model. The simulated results show a
very close match with the corresponding references data. The step-wise behaviors of simulated
graphs are because of the grid size effects. Using smaller grid block sizes results smoother and
more accurate plots. However, in this case the simulation time will be longer. Fig. 4.10 includes
the injection well bottom hole pressure (FBHP) and flow rate versus time. Here the injection
condition is set to the constant flow rate of 10 bbl/min. Again the oscillation in pressure graph is
related to the grid block size effect. During the fracture propagation, the matrix grid blocks are
changed into the fracture grid blocks and fluid fills up these high permeable grid blocks quickly.
If the size of grid blocks be relatively large, it causes a quick pressure drop and oscillation
behavior. Fig. 4.11 shows the pressure profile along the fracture length. The pressure decrease
gradually between the wellbore and tip of fracture and it drops suddenly to the initial reservoir
pressure at the tip location. This is an evidence for large difference between the matrix and
fracture permeabilities. Using this graph, one can easily find the relevant net pressure. Fig. 4.12
shows pressure distribution within grid system at the end of hydraulic fracturing (at shut-in
time). Note that in this figure, the x-axis is stretched to have a closer view of the width of
fracture. The lower figure x-axis is stretched even more. The y-axis is untouched.
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Fig. 4.9- From top to bottom; Fracture length vs. time and maximum fracture width (at the wellbore) vs. time during the
fracture propagation. The red and blue curves are the simulated and reference case-1 results respectively.

Fig. 4.10- Injection well bottom hole pressure (psia) and flow rate (bbl/min) vs. time (min) during the fracture propagation.
The injection rate is constant (10 bbl/day) during the fracturing. Simulated results are based on reference case-1 data.
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Fig. 4.11- Fracture pressure (psia) along fracture length (ft) at shut-in time. Simulated results are based on reference case1 data.

hf

Fig. 4.12- Top figure shows pressure (psia) distribution through the grid system at shut-in time. Note that the x-axis is
stretched to have a closer view of the width of fracture. In bottom figure the x-axis is stretched even more.

Table 4.4 includes the proppant injection schedule from the reference case-3 (Gidley et al. 1989,
“Recent advancesin hydraulicfracturing,chapter10,page 216). Fig. 4.13 shows the proppant
concentration results along the fracture length at the shut-in time. The red and blue curves belong
to the simulated and reference case-3 results respectively. The different lines in the lower figure
belong to the different time steps before the shut-in time. Here in Fig. 4.13, in the upper graph,
the term "proppant concentration" refers to the amount of proppant per unit area of fracture wall
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(measured on one side only). In customary units, it is expressed in pounds of proppant per square
foot of one wall of the fracture (lb/ft2). The lower graph shows the proppant concentration in
fractured area (lb/gal). The area near wellbore has higher concentration of proppant since this
location has been under slurry flow for a longer period of time and more proppant settled in this
location. Comparing the graphs shows a close match between the coupled model simulation
results and the reference case results. Fig. 4.14 shows the proppant height (suspended proppants)
along the fracture length at the shut-in time. The red curve represents the reference case-3 results
and other curves show the simulated results. Here different colors represent different results
using different correlations for settling velocity. A close match between the coupled model
simulation results and the reference case results is demonstrated.

Prop. Con.
lb/gal
0
2
4
6
8
10
12
Sum

Table 4.4- Proppant injection schedule of reference case 3
Clean Fluid Prop.
Prop. Vol.
Total Vol.
Slurry Con.
gal
lb
gal
gal
lb/gal
5000
0
0
5000
0
5000
10000
460.8295
5460.829
1.831224
8000
32000
1474.654
9474.654
3.377432
8000
48000
2211.982
10211.98
4.700361
10000
80000
3686.636
13686.64
5.845118
15000
150000
6912.442
21912.44
6.845426
30000
360000
16589.86
46589.86
7.727003
81000
680000
31336.41
112336.4

Inj. Tme
min
5.952381
6.500987
11.27935
12.15712
16.29361
26.08624
55.46412
133.7338

Fig. 4.13- Proppant concentration distribution as shown in lb/ft2 (top figure) and in lb/gal (bottom figure) along fracture
length (ft) at the shut-in time. The red and blue curves are the simulated and reference case-3 results respectively.
Different lines in bottom figure belong to different time steps results before shut-in time.
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Fig. 4.14- Proppant height (ft) along fracture length (ft) at the shut-in time. The red curve represents the reference case-3
results and other curves show the simulated results. Simulated calculations are based on three different settling velocity
correlations.

Fig. 4.15 shows the developed model input menu interface in which first two columns contain
the reservoir rock and fluid properties, fracturing fluid properties, grid system discretization and
the well location. . The next column contains proppant properties and injection schedule. The
right side column includes injection conditions (hydraulic fracturing).

Fig. 4.15- Two-dimensional, single-phase model input menu interface including reservoir rock and fluid properties, grid
system discretization, proppant schedule and injection conditions.
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4.4.4. Clean-up Results
As mentioned before, during the flowback procedure, the pressure drops through the fracture and
neighboring matrix grid blocks. This causes the fracture width to decrease. Simultaneously the
proppant concentration within grid blocks decrease as well. The proppant production and
proppant settlement are two main reasons for that. Fig. 4.16 shows the changes in the fracture
width (curved lines) and the changes in the proppant concentration (straight lines) during the
clean-up process. Each line belongs to one of the seven grid blocks along the fracture length. The
first grid located at wellbore and the seventh one located at the fracture tip. Only grid-7 (tip of
fracture) becomes empty of proppant before the closure time. In this way, having the proppant
pack concentration (100 lb/gal in this case), it is possible to determine which grid blocks along
the fracture length become propped, i.e. the fracture walls close on proppants and make them
immobile and also which grid blocks become empty of proppants before fracture walls close
(usually happens at the fracture tip).
Fig. 4.17 shows the fracture length and width changes during the clean-up. At the closure time,
fracture length is reduced to 750 ft. Fig. 4.18 shows bottom hole pressure (FBHP) and clean-up
flow rate (flowback rate). The pressure profile along the fracture length at the closure time is
presented in Fig. 4.19. The proppant concentration along the fracture length is shown in
Fig. 4.20. Here different lines in bottom figure belong to different time steps before the closure
time. Resulted fracture height and fracture conductivity (kf . wf ) are presented in Fig. 4.21 and
Fig. 4.22. Different colors in Fig. 4.21 represent the simulation calculations based on three
different settling velocity correlations.

Fig. 4.16- Change in fracture width (curved lines) and change in proppant concentration (straight lines) vs. time during the
clean-up process. These lines belong to the seven grid blocks along the fracture length. The first grid located at wellbore
and the seventh one located at the tip. Only grid-7 (tip of fracture) became empty of proppants before the closure time.
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Fig. 4.17- Length and width of fracture (ft) vs. time (min) during the clean-up. At the closure time, the fracture length is
reduced to 750 ft. Simulated results are based on the reference case-3 data.

Fig. 4.18- FBHP (psia) and flowback rate (bbl/min) vs. time (min) during the clean-up. Simulated results are based on the
reference case-3 data.
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Fig. 4.19- Pressure distribution (psia) along fracture length (ft) at the closure time. Simulated results are based on the
reference case-3 data.

Fig. 4.20- Proppant concentration distribution as shown in lb/ft2 (top figure) and in lb/gal (bottom figure) along fracture
length (ft) at the closure time. Different lines in the bottom figure belong to different time steps before the closure time.
Simulated results are based on the reference case-3 data.

Fig. 4.21- Proppant height (ft) along fracture length (ft) at the closure time. Different colors represent the simulated
calculations based on three different settling velocity correlations. Simulated results are based on the reference case-3
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data.

Fig. 4.22- Fracture conductivity along fracture length (ft) at the closure time. Simulated results are based on the reference
case-3 data.

4.4.5. Long term Recovery Results
In this step, it is assumed that the fracture width, length and conductivity remain constant during
the gas production. As it’s mentioned, in this step the two-dimensional, single-phase
compressible fluid flow simulator replaces the slightly compressible one used in the first two
steps. Using the simulated long term recovery results, one can identify expected production
signatures, stimulation effectiveness and long-term recovery prediction specifically in
unconventional gas reservoirs. The final conditions resulted from previous clean-up simulation
are used as an initial condition for this step. These initial data include the final fracture
geometries and conductivity and the final pressure and in-situ stress distributions. The simulated
production results of the reference case-3 during 10 years are presented in Fig. 4.23 and
Fig. 4.24. Here different colors represent different simulated results based on the different well
specified bottom hole pressures (FBHP). In this specific case, considering the cumulative
production curves, FBHP of 1000 psia is the optimum bottom hole pressure for production since
beyond that point, the observed changes in ultimate recovery are negligible. Fig. 4.25 shows the
top view (x-y plane) of pressure distribution through grid system within five years of production
where the FBHP is set on of 600 psia.
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Fig. 4.23- Gas flow rate vs. time during 10 years. Different colors represent different simulated results based on different
well specified bottom hole pressures (FBHP).

Fig. 4.24- Cumulative gas production vs. time during 10 years. Different colors represent different simulated results based
on different well specified bottom hole pressures (FBHP).
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Fig. 4.25- Top view (x-y plane) of pressure distribution through the grid system within 5 years of production where the
FBHP is set on of 600 psia.
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5

Chapter

5. Parametric Studies with Two-Dimensional, Single-phase Model
In the previous chapter, a two-dimensional, single-phase fully integrated coupled model has been
developed. This coupled numerical model takes into consideration the mutual influence between
dynamic fracture propagation and reservoir flow. The model uses a multi-dimensional finite
difference reservoir flow simulator coupled with finite difference geomechanics model where
both are applied on the same grid system. The model is capable of simulating fracture
propagation, proppant distribution, fluid clean-up and long-term recovery in tight gas reservoirs.
During the hydraulic fracturing and clean-up process different parameters are affecting the
geometry and conductivity of created fracture. Hydraulic fracturing process starts with the
injection of slurry and is followed by fracture propagation and proppant distribution, clean-up
and formation gas production. Different parameters are affecting the geometry and conductivity
of created fracture during these steps. Parametric studies helps to evaluate these parameters and
design an optimized hydraulic fracturing job for a specific reservoir. This yields to higher
ultimate gas recovery.
In this chapter, a tight gas reservoir case is presented. By studying different simulation scenarios,
an optimum fracturing design is suggested. Selecting the optimum injection rate, treatment
volume and proppant type during the fracturing process are considered the most important steps
in the parametric study. In addition, selecting the optimum flowback rate during the clean-up
process and setting the optimum well FBHP during the long term recovery are other important
factors. For the purpose of this study, a tight gas reservoir case is presented (see Table 5.1 for
reservoir characteristics).
Basically one can simulate different fracturing designs for a specific reservoir and study the
effects of change in one parameter or combination of parameters on the ultimate recovery and
eventually comes up with an optimum solution for the fracturing design. To avoid simulating
many different possible scenarios, the parametric studies can be done step by step. In this
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approach, the first two steps will be finding the optimum injection rate and treatment volume that
yields to a fracture with the largest contact area (maximum fracture length). The next step will be
choosing the optimum proppant type that yields to a uniform proppant distribution by the shut-in
time. Selecting a flowback rate that results the optimum propped fracture length and conductivity
at the closure time will be the next step. Finding the optimum FBHP which yields to a higher
ultimate recovery will be the last step. More details regarding these steps are discussed in the
following.

5.1. Reservoir Properties and Model Initiation
Table 5.1 shows the rock and fluid properties of the tight gas reservoir under study. Water is
used as an injection fluid. The model represents a quarter of reservoir with an area of about 150
acres (2500 ft x 3000 ft) and the formation thickness of 100 ft. The model has been discretized
into 11x13 gridblocks in x and y-directions. Local grid refinement (LGR) has been used around
fracture area (along the width of fracture in x-direction). These gridblocks were divided into 20
smaller grids and ended up with 31x13 grid system. Table 5.2 shows the gridblock size
distribution. Fig. 5.1 shows the 3D view of grid system. The injection well is located at the
corner of model. Since the minimum in-situ stress is in x-direction, the propagation path will be
in y-direction (perpendicular to the minimum in-situ stress field). A close view of local grid
refinement in the x-direction is shown in Fig. 5.2.
During the injection, the pressure inside the fracture increases and the fracture width opens up
against the fracture walls. The small grids in this area can capture the changes in the fracture
width as small as 0.003 ft increments. The net pay zone is 100 ft and the fracture height assumed
to be constant (no griding in z-direction). During the fracturing, based on the pressure increase,
the fracture can opens up against the fracture walls (fracture width in the x-direction) or
propagates in the y-direction (fracture length) at the same time.
Table 5.1- Reservoir rock and fluid properties

Reservoir rock and fluid properties:
Ky = permeability in y direction (flow direction)
Kx = permeability in x direction
Φ=porosity
Pi = Initial reservoir pressure
Tr = reservoir temperature
MWg = gas molecular weight
Pc = gas critical pressure
Tc = gas critical temperature
hn or hR= net reservoir interval height
hg or hf= gross fracture height
Z = top layer depth
σh1 = minimum in-situ stress
σh2 = abounding in-situ normal rock stress
G = shear modulus of rock formation
ν=Poisson'sratioofrockformation
KIC = stress-intensity-factor
µw = fracturing fluid viscosity
Bw = water formation volume factor
ρw = water density
Cw = water compressibility

0.1 md
0.04 md
0.15
5,750 psia
610 F
19
700 psia
390 F
100 ft
128 ft
9000 ft
5,750 psia
6,045 psia
1.45 x 106 psi
0.20
455 psi .in0.5
1 cp
1.0
63.4
lbm/ft3
5x10-7 psi-1
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Table 5.2- Number of grids and grid sizes
Nx = Number of rows of grids
Ny = Number of columns of grids
Nz = Number of columns of grids
dx = grids length in x direction
dxf = grids length in x direction around the fracture
dy = grids length in y direction
dyf = grids length in y direction around the fracture
dz = grids length in z direction around the fracture

31
13
1
250 ft
0.003 ft
250 ft
250 ft
100 ft

hf

Fig. 5.1- 3-D view of griding system. The injection well (red line) is perforated at the corner grid. The Propagation direction
is in y-direction which is perpendicular to minimum in-situ stress plane. The width of fracture (ft) opens up in x-direction
and the fracture height (ft) is assumed constant in z-direction.

Fig. 5.2- Expanded view of the grid blocks (dx = 0.003 ft) along the width of fracture (x-direction).

5.2. Effect of Injection Rate
During the hydraulic fracturing process, rock mechanical properties, stress field, fracturing fluid
injection rate and leak-off rate control the geometric shape of created fracture. Generally, higher
injection rates and lower leak-off rates promote longer and wider fractures. In this study, a
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constant volume of slurry (about 120,000 gal with the average proppant concentration of 5
lbs/gal) has been injected in different scenarios with different rates. Obviously for a constant
volume of slurry, using higher injection rates require shorter fracturing times. Fig. 5.3 shows a
significant increase in the fracture length when the injection rate increases from 5 to 10 and 20
bbl/min but this change is not much significant when it increases from 20 to 40 bbl/min.
Another observation from Fig. 5.3 is that at the higher injection rates, the fracture propagation
criteria always will be satisfied but on the other hand, the higher injection rates cause the higher
leak-off volumes and consequently this results the decrease in fracture propagation speed.
Considering cases with 5, 10 and 20 bbl/min injection rates, the fracture propagation criteria
controls the fracture extension. Comparing cases with 20 and 40 bbl/min injection rates, in both
cases the high net pressure satisfies the propagation criteria but the higher leak-off volume in
case of 40 bbl/min leads to the fracture size smaller than expected.
In the following, all the cases are run under the same clean-up simulation scenario with flowback
rate of 2 bbl/min. Fig. 5.4 shows the fracture conductivity at the closure time. Note that the
fracture length and width are reducing gradually during the clean-up. Finally using the same
production scenario for all the cases (constant FBHP of 600 psia), the cumulative gas production
results are plotted in Fig. 5.5. Since beyond the case of 20 bbl/min, the gas recovery has a small
growth and also considering the cost of injection at higher rates, the case of 20 bbl/min is the
optimum injection rate for this specific tight gas reservoir.

Fig. 5.3- Effect of injection rate on length and width of fracture at the shut-in time. A constant volume of slurry, 120,000 gal
with average proppant concentration of 5 lbs/gal is injected with different rates. This results in different shut-in times.
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Fig. 5.4- Effect of injection rate on fracture conductivity at the closure time. All the cases in Fig. 4 are run under the same
clean-up simulation scenario with flowback rate of 2 bbl/min. Note that fracture length and width reduced gradually during
the clean-up.

Fig. 5.5- Effect of injection rate on cumulative gas production. All the cases in Fig. 5 are run under the same production
scenario (constant FBHP of 600 psia) for 10 years.

5.3. Effect of Treatment Volume
In this section, the effect of treatment volume of on the fracture conductivity and ultimate gas
recovery is studied. Using the optimized injection rate from the previous section (20 bbl/min)
and fixed amount of proppants (680,000 lbs), different volumes of slurry are injected in different
scenarios. Larger volumes of slurry have less proppant concentrations and take more times to be
injected but create longer and wider fractures. Depending on the reservoir characteristics and the
injection condition, after a certain period of time, the leack-off rate will increase and as a result
the fracture growth rate will decrease. Fig. 5.6 shows the fracture length and width at the shut-in
time.
Next, all the cases are run under the same clean-up simulation scenario (flowback rate of 2
bbl/min) and the same production scenario (constant FBHP of 600 psia). Fig. 5.7 and Fig. 5.8
show the proppant concentration in the fracture area at the shut-in and closure times respectively.
Although larger volume of injection creates longer fracture at the shut-in time but since it
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contains low proppant concentration, it will end up with the unpropped fracture or propped
fracture with the smaller width at the closure time. What we are looking for is to find the
optimum injection volume which has enough proppant concentration at the shut-in time that will
remain suspended through the clean-up process. Fig. 5.9 shows the fracture conductivity at the
closure time. Note that in Fig. 5.8 and Fig. 5.9 the fracture length and width slightly reduced
during the clean-up. By the closure time, part of proppants are produced or settled down and
leave some fracture grids unpropped or propped with the low conductivity.
The long term production simulation results are shown in Fig. 5.10. Here the case with the
highest volume of injection (399 min of injection) has the largest ultimate gas recovery.
Considering the cases with 133, 266 and 399 min of injection which have almost the same
recovery results and also the cost of injection period, one can say the case with 133 min of
injection is the optimum injection time (120,000 gal of slurry).

Fig. 5.6- Effect of treatment volume on fracture length and width at the shut-in time. Using the same optimized injection
rate from the previous section (20 bbl/min) and a fixed amount of proppants (680,000 lbs), different volumes of slurry are
injected.

Fig. 5.7- Effect of treatment volume on suspended proppant concentration at the shut-in time. Using optimized injection
rate from the previous section (20 bbl/min) and a fixed amount of proppants (680,000 lbs), different volumes of slurry are
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injected.

Fig. 5.8- Effect of treatment volume on suspended proppant concentration at the closure time. All the cases in Fig. 8 are
run under the same clean-up simulation scenario with flowback rate of 2 bbl/min.

Fig. 5.9- Effect of treatment volume on fracture conductivity at the closure time. All the cases in Fig. 8 are run under the
same clean-up simulation scenario with flowback rate of 2 bbl/min.

Fig. 5.10- Effect of treatment volume on cumulative gas production. All the cases in Fig. 8 run under the same production
scenario (constant FBHP of 600 psia) for 10 years.
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5.4. Effect of Proppant Size
The proppant size and proppant pack permeability are related to each other. Using larger size
proppants make higher permeability propped area but at the same time larger size proppants are
more likely to build the bridge and screen out which results in the shorter fracture length.
According to the previous sections, here the same optimized injection rate of 20 bbl/min and the
optimized volume of slurry (about 120,000 gal with average proppant concentration of 5 lbs/gal)
are used. Then models are run under three different simulation scenarios using three different
proppant sizes. Fig. 5.11 and Fig. 5.12 show the proppant concentrations at the shut-in and
closure times respectively for different case studies with different proppant sizes.
This is followed by the same clean-up simulation scenario (flowback rate of 2 bbl/min) and the
same production scenario (constant FBHP of 600 psia). As one expects, the fracture conductivity
increases as the proppants get larger as shown in Fig. 5.13. However Fig. 5.14 clearly
demonstrates that the case of smaller proppant 20/40 has the highest ultimate gas recovery. The
case with proppant 20/40 has the longest propped fracture area which shows, in this case study,
the length of fracture has more effect on ultimate recovery than the conductivity of fracture. As a
result, the proppant 20/40 is the optimum size for this specific injection scenario.

Fig. 5.11- Effect of proppant size on suspended proppant concentration at the shut-in time. Using previous sections
results, all the cases are run under the optimized injection rate of 20 bbl/min and the optimized volume of slurry (about
120,000 gal with average proppant concentration of 5 lbs/gal) but with different proppant sizes.

Fig. 5.12- Effect of proppant size on suspended proppant concentration at the closure time. All the cases in Fig. 12 are run
under the same clean-up simulation scenario with flowback rate of 2 bbl/min.
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Fig. 5.13- Effect of proppant size on fracture conductivity at the closure time. All the cases in Fig. 12 are run under the
same clean-up simulation scenario with flowback rate of 2 bbl/min.

Fig. 5.14- Effect of proppant size on cumulative gas production. All the cases in Fig. 14 are run under the same production
scenario (constant FBHP of 600 psia) for 10 years.

5.5. Effect of Flowback Rate
After the shut-in time, most of the proppants are suspended in the fracture area and some of them
have already settled down as a proppant bed. In the clean-up process, the flowback rate plays an
essential rule in a sense that very high flowback rates will close the fracture walls on the
suspended proppants before they settle down but at the same time, a considerable portion of
proppants will flowback to the wellbore and surface facility. On the other hand, lower flowback
rates will produce less proppants but since it takes longer time before the fracture closure, part of
proppants will settle down and even leaves the fracture unpropped. So there should be an
optimum flowback rate for each specific fracturing design which ends up with relatively high
conductivity propped fracture area and high gas recovery consequently.
In this study, using the results of previous sections, the optimized injection rate of 20 bbl/min and
the optimized volume of slurry (about 120,000 gal slurry with the average proppant
concentration of 5 lbs/gal and size of 20/40) are used. Then the model is run under different
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clean-up simulation scenarios using different flowback rates. Each case leads to the fracture with
different length, width, proppant distribution and conductivity at the closure time. In the
following each case is going under the same production simulation (constant FBHP of 600 psia)
for 10 years.
Both flowback rate and settling velocity control the change in the proppant distribution and
proppant concentration with time. In this study, the optimum flowback rate is 2 bbl/min where
the combination of flowback rate and settling velocity creates the highest fracture conductivity
and maximum ultimate recovery as a result. The cases with 1 and 4 bbl/min flowback rates lead
to the shorter or lower conductivity fractures.
Fig. 5.15 and Fig. 5.16 show the suspended proppant concentration and fracture conductivity
(kf.wf) at the closure time for different cases respectively. The cumulative production graphs are
presented in Fig. 5.17. Note that the brown curve represents the production simulation
considering no hydraulic fracture in the formation.

Fig. 5.15- Effect of flowback rate on suspended proppant concentration at the closure time. Based on results from
previous sections, for all the cases the optimized injection rate of 20 bbl/min and the optimized injected volume of slurry
(about 120,000 gal slurry with average proppant concentration of 5 lbs/gal and size of 20/40) are used.

Fig. 5.16- Effect of flowback rate on fracture conductivity at the closure time. Based on results from previous sections, for
all the cases the optimized injection rate of 20 bbl/min and the optimized injected volume of slurry (about 120,000 gal
slurry with average proppant concentration of 5 lbs/gal and size of 20/40) are used.
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Fig. 5.17- Effect of flowback rate on cumulative gas production. All the cases in Fig. 17 are run under the same production
scenario (constant FBHP of 600 psia) for 10 years.

5.6. Effect of Flowing Bottom hole Pressure (FBHP)
Flowing bottom hole pressure (FBHP) controls the wellbore flow rate condition at each specific
time. The lower FBHP yields to the higher wellbore flow rate and larger ultimate recovery in
each period of production. Moreover, in low permeable reservoirs, it takes more time to reach to
the steady state condition.
According to the previous sections, the optimized injection rate of 20 bbl/min and the optimized
volume of slurry (about 120,000 gal slurry with average proppant concentration of 5 lbs/gal and
size of 20/40) are used during the hydraulic fracturing. During the clean-up period, the optimized
flowback rate of 2 bbl/min is used for simulation. Then the model is run under different long
term production scenarios using different FBHP’s. Fig. 4.23 and Fig. 4.24 show 10 years of
production simulation results of different cases. Considering the cumulative production curves,
FBHP of 1000 psia is the optimum bottom hole pressure for the production since beyond that
point, the observed changes in ultimate recovery are negligible.
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Fig. 5.18- Effect of flowing bottom hole pressure (FBHP) on gas flow rate. Based on results from previous sections, for all
the cases the optimized injection rate of 20 bbl/min and the optimized injected volume of slurry (about 120,000 gal slurry
with average proppant concentration of 5 lbs/gal and size of 20/40) are used during the fracturing. During the clean-up
period, the optimized flowback rate of 2 bbl/min is used for simulation. Then different production scenarios are run under
different FBHP’s.

Fig. 5.19- Effect of flowing bottom hole pressure (FBHP) on cumulative gas production.

Lower permeability formations have lower leak-off rates and using the same injection condition
will result the longer created fractures. On the other hand, the permeability of formation has a
significant effect on the ultimate gas recovery within the same period of production. Here we
changed the formation permeability of the tight gas reservoir under study from 0.1 md to of 0.01
and 0.005 md and simulate the hydraulic fracturing, flowback and recovery processes under the
same condition as before. Fig. 5.20 shows ultimate gas recoveries of these cases after 10 years.
Although these new cases have larger fractured area but the low formation permeability has
higher effect on the ultimate gas recovery than fracture size. Table 5.3 presents summary of the
simulated results.
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Fig. 5.20- Effect of formation permeability on cumulative gas production in 10 years. The formation permeability effect
dominates the large hydraulic fracture effect on ultimate gas recovery.

Table 5.3- Summary of optimized fracturing designs

Tigh gas
reservoir under
study
During the
hydraulic fracturing
During the clean-up
During the gas
production

Injection Rate
Treatment
Volume
Proppant Size
Flowback Rate

Similar case study with
formation permeability
of 0.005 md

20 bbl/min
120,000 gal (133 min)
20/40
2 bbl/min
1000 psia

FBHP
Formation
permeability
Fracture length
Cumulative
production
Within 10 years

Similar case study with
formation permeability of
0.01 md

0.1 md

0.01 md

0.005 md

1500 ft

2250 ft

3000 ft

68 BCF

26 BCF

19 BCF

5.7. Summary
Using the developed model, parametric studies have been carried out to quantify important
factors affecting fracture and recovery processes such as injection rate, treatment volume,
proppant type, flowback rate, flowing bottom hole pressure (FBHP), type of fluid and treatment
schedule. The model enables us to simulate and compare different scenarios and suggest the
optimized hydraulic fracturing design.
Studying the effect of injection rate, we found out that at the higher injection rates, the fracture
propagation would be faster but on the other hand, the higher injection rates cause the higher
leak-off volumes and consequently this results the decrease in fracture propagation speed. The
case of 20 bbl/min is the optimum injection rate for this specific tight gas reservoir.
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Considering the effect of treatment volume on the fracture conductivity and ultimate gas
recovery we observed that although larger volume of injection creates longer fracture at the shutin time but since it contains low proppant concentration, it will end up with the unpropped
fracture or propped fracture with the smaller width at the closure time. We found out that the
optimum injection volume which has enough proppant concentration at the shut-in time and will
remain suspended through the clean-up process is the case with 120,000 gal of slurry (133 min of
injection).
Regarding the effect of proppant size on the fracture conductivity and ultimate gas recovery we
can say in general, using larger size proppants make higher conductivity propped areas but at the
same time larger size proppants are settling down relatively faster which leave part of fracture
unpropped and result the shorter fracture length. In this case study we found out that the length
of fracture has more effect on ultimate recovery than the conductivity of fracture. The case with
proppant 20/40 has the longest propped fracture area.
With parametrical study on flowback rate we found out that the flowback rate of 2 bbl/min is the
optimum state where the combination of flowback rate and settling velocity creates the highest
proppant concentration and consequently highest fracture conductivity and maximum ultimate
recovery as a result. The cases with 1 and 4 bbl/min flowback rates lead to the shorter or lower
conductivity fractures.
The lower FBHP yields to the higher wellbore flow rate and increase ultimate recovery in each
period of production. Parametric study on FBHP shows that using pressures lower than 1000
psia, the observed changes in the ultimate recovery are negligible. As a result this point is the
optimized bottom hole pressure for the case under study after 10 years of production.

58

6

Chapter

6. Development and Validation of Coupled Three-Dimensional, Three-Phase
Model
In this chapter, we will discuss the development of a three-dimensional, three-phase fully
coupled model. Reservoir flow model is linked to a hydraulic fracture propagation model. The
fracture is treated as part of the reservoir and one grid system is used to model both dynamic
fracture propagation and reservoir fluid flow in a coupled manner. At the same time, proppant
transport and concentration are simulated.
The fracturing fluid and reservoir fluids (for example gas and water) are presented with three
different phases. The multiphase flow model, the capillary and relative permeability descriptions
present a more realistic model for simulation of hydraulic fracturing, clean-up and gas recovery.
In addition, the fluid flow is simulated in three dimensions meaning the change in fracture height
can be monitored for the multilayer cases.
During flowback, the model will simulate the leak-off of fracture fluid into reservoir and
proppant settlement until fracture closure. After that we assume proppant is trapped and will not
move any more. The last step will be the modeling of long term gas production which starts after
the closure time. The model will be validated with available data. In this chapter, procedures,
assumptions, equations and methods used in each step are discussed.
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6.1. Hydraulic Fracturing Modeling
As stated in chapter 4, our model integrates reservoir fluid flow, fracture propagation and
proppant transport into a three-dimensional, three-phase finite difference simulator. Using an
iterative procedure, changes of pressure, in-situ stress and fracture propagation (fracture length,
width and height) are calculated at each time step during and after the fracture treatment. In this
section, we will discuss how to develop this model in details.

6.1.1. Fluid Flow Modeling
To express the flow of fluids through porous media mathematically, it requires conservation of
mass, equation of state (EOS) and constitutive equations which here is represented by Darcy’s
equation (Ertekin et al. 2001).
Multiphase flow in petroleum reservoirs involves the simultaneous flow of multi phases (oil,
water, and gas) transporting multiple fluid components. For black-oil systems, the three fluid
components present are oil, water, and gas. If there is no mass transfer between phases, each
fluid component is contained within its own phase. In this study, the oil and water components
are assumed to be immiscible; therefore, there is no mass transfer between these phases. The gas
component is assumed to be soluble in oil but usually not in water; therefore, mass transfer of the
gas component occurs between the oil and gas phases only. The portion of the gas component
dissolved in the oil phase is known as solution gas. For the purpose of deriving a general massconservation equation, the gas component is split fictitiously into a free-gas component
(contained in the gas phase) and a solution-gas component (contained in the oil phase).
The general form of mass-conservation equation for the oil/water/gas component for rectangular,
three-dimensional flow of a multiphase black-oil system is presented in Eq. 4.3. In this model
three different phases are the fracturing fluid (usually is water or oil) and reservoir fluids (usually
are water-gas or oil-gas-water systems). The fluid flow is simulated in three dimensions meaning
the change in fracture height can be monitored and also multilayer fracturing can be simulated.
Darcy's law for fluid flow may be substituted into the mass-conservation equations to obtain the
fluid-flow equations.
The mathematical formulation for multiphase fluid flow in petroleum reservoirs consists of the
flow equations for all fluid components in the reservoir, additional relationships necessary to
complete the flow description, and the initial and boundary conditions. The additional
relationships include the phase-saturation constraint and capillary pressures as functions of phase
saturations. Initial and boundary conditions are needed to obtain a solution for the mathematical
model (Ertekin et al. 2001). Following are flow equations of three phases (oil, water and gas) in
three dimensions.
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Gas flow equation (dissolved gas and free gas);
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Above equations are the general forms of multiphase-flow equations. These equations can be
simplified to reduce the complexity of the equation set. The additional relationships include the
phase-saturation constraint and capillary pressures as functions of phase saturations.
(
( )

)

6 .4
6.5
6.6

where Pcow and Pcgo is the capillary pressures between oil/water and oil/gas phases
respectively. The finite-difference approach is used to obtain the numerical solution. In this
approach, the flow equations are discretized by the use of algebraic approximations of the
second-order derivatives with respect to space and the first-order derivatives with respect to time.
The black-oil-model formulation, in terms of Po, Sw and Sg may be obtained by eliminating So,
Pw and Pg by the aid of above Eqs. 6.4, 6.5 and 6.6. Depending on the approximation of the
derivatives with respect to time, one may obtain explicit or implicit finite-difference equations.
For example to write the finite-difference approximation for the oil-phase flow equations of
above equation in 3D, we will have:
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where phase transmissibilities between each grid block and its neighboring grid blocks in the x,
y, and z directions are defined respectively, for l = o, w, or gas. For example oil transmissibility
between grid blocks (i,j,k) and (i+1,j,k) is as follows;
(

)

(

)
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The same as before, Peaceman’s model has been used to represent the wellblock (Eq. 4.6).
Finally, Newton-Raphson’s protocol is applied to solve the finite-difference equations for the
flow systems. For more details of flow equation derivation and finite deference representations,
see Appendix B.

6.1.2. Geomechanical Modeling
The same geomechanical model and fracture propagation criteria as the 2D model are used here.
Fracture propagates normal to the least principal horizontal compressive stress (minimum in-situ
stress). Eq. 4.9 shows the fracture criterion that relates the intensity of the stress state ahead of
the crack front to the critical intensity necessary for tensile fracture of the rock (fracture initiation
pressure). The fracture propagation pressure and also change in σh with pressure are shown in
Eqs. 4.10 and 4.11. Finally Eqs. 4.13 and 4.14 show how to calculate the fracture length and
width respectively.
In the 3D model, the in-situ stress can change along the z-direction meaning different in-situ
stress distributions can be assigned to different layers of model. The fracture can propagate into
specific layer in the z-direction (fracture height growth) if the pressure in that specific layer
satisfies the propagation criteria similar to the Eq. 4.10.
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6.1.3. Coupling Strategy
Similar to the previous chapter, only one common grid system is used to model both the
reservoir flow and propagating fracture. The coupling is implemented by dynamically modifying
the transmissibility for fracture and matrix grid blocks. In order to capture the changes in fracture
boundaries (the fracture length and width), the local grid refinement (LGR) is implemented
around fracture area. Finally, harmonic average is used for calculating the transmissibility terms
between fracture and matrix grid blocks (see Eq. 4.18).
As mentioned, in the three-dimensional, three-phase coupled model by eliminating of three
unknowns, Po, Sw and Sg are assigned as the principal unknowns. The Newton-Raphson’s
protocol is applied to solve governing equations of reservoir fluid flow and fracture propagation.
The iterative algorithm used here is the same as 2D model (Fig. 4.3).
The flowchart in Fig. 6.1 has been updated for the coupled three-dimensional, three-phases
model. Having the initial parameters, initial pressure, stress and saturation distribution, the
procedure begins. The main loop (blue loop) represents the time step loop. In each time step, the
transmissibility, pressure, saturation and in-situ stress are calculated for grid system. The red
loop shows the iterative procedure for calculating the reservoir grids pressures and saturations.
Subsequently the minimum in-situ stresses of the grid system are updated (see Eq. 4.11). Using
Eqs. 4.9 and 4.10, the criteria for fracture initiation and fracture propagation are checked for all
grid blocks. On this basis, some of the matrix grid blocks may be assigned as the fracture grid
blocks and their characteristics (permeability and porosity) will change. The transmissibilities of
the grid system are updated and the fracture loop (green loop) is repeated to update the grid
blocks pressure again. The iteration in green loop continues until the length and width of fracture
(number of fracture grid blocks) in that specific time step converge to certain values. The
procedure continues by entering to the next time step and ends when it reaches the injection time.
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Fig. 6.1- The flowchart showing the different steps of iterative procedure of coupled hydraulic fracture propagation model.

6.1.4. Variable Bubble Point
As discussed earlier, in multiphase flow the oil and water components are assumed to be
immiscible; therefore, there is no mass transfer between these phases. The gas component is
assumed to be soluble in oil but usually not in water; therefore, mass transfer of the gas
component occurs between the oil and gas phases only.
The gas phase may disappear or reappear when it’s in contact with oil or condensate under
certain conditions. Here in this project, during fracture propagation, reservoir pressure increases
(significantly around the wellbore area) and the gas phase starts to disappear and dissolve in a
saturated oil or condensate phases. Likewise after the shut-in and during the clean-up or
production process, having a high pressure zone in the near-wellbore vicinity and around the
fracture area, gas may appear locally because of pressure drops below the bubblepoint pressure.
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Therefore, proper handling of gas-phase changes in a black-oil simulation is important
specifically when dealing with very high injection rates.
The variable-substitution method is used for handling gas-phase change. In the variablesubstitution method, the disappearance and reappearance of the gas phase is handled rigorously.
The main idea is to identify the prevailing conditions in a given gridblock and then determine the
appropriate unknowns and the constraint equation to be used (Ertekin et al., 2001).The variablesubstitution method uses the (Po-Sg-Sw) formulation and the (Po-Rs-Sw) formulation. Switching
to the appropriate formulation for each gridblock takes place in every Newtonian iteration. A
gridblock in a reservoir exhibits one of two cases.
Case 1: Sg > 0 or Rs = f (Po), which implies that the oil phase in the gridblock is saturated with
gas and, therefore, Rs is not an unknown. The constraint equation in this case is So = 1 - Sw - Sg,
and the unknowns are taken as Po, Sg and Sw.
Case 2: Sg = 0 or Rs < f (Po), which implies that the oil phase in the gridblock is undersaturated
with gas and, therefore, Rs is independent of oil pressure. The constraint equation in this case is
So = 1 - Sw, and the unknowns are taken as Po, Rs and Sw.

6.1.5. Relative Permeability limits
In this study, Stone's first three-phase model is used to predict three-phase relative
permeabilities. It uses two sets of two-phase relative permeability data and the knowledge of Sor
in a three-phase system to approximate relative permeability to the oil phase, Kro=f(Sw, Sg). The
implicit treatment of relative permeabilities requires estimates of their slopes. Implicit simulators
use tangent slopes where tangent slopes in relative permeability tables are piecewise constant
since linear interpolation is used. This is important particularly when one or two of the phases is
immobile, for example, during the water injection, the oil and gas phases start to disappear
around the wellbore block.
Neglecting the direction of saturation change may result in an explicit treatment of the relative
permeability of the displacing phase near the critical displacing phase saturation (Swi and Sg =
Sgc in Fig. 6.2). At the other relative permeability endpoints (Sw = 1 - Sorw and Sg = 1-Sorg in
Fig. 6.2), the slopes of kro must be set to zero to prevent overshoot (i.e. when predicted
saturations fall beyond their physical limits; Siw<Sw<1-Sorw for oil/water system and 0<Sg<1Sorg for oil/gas system in Fig. 6.2) (Ertekin et al., 2001).
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Fig. 6.2- Handling of Kr curves at endpoints for oil/water system and oil/gas system. (Ertekin et al., 2001)

6.1.6. Timestep Size during Hydraulic Fracturing
Different factors control the timestep size and the total simulation time. In this study, local grid
refinement (LGR) has been used around fracture propagation area (Δx is as small as 0.003 ft).
Having the small size gidblocks and relatively low formation permeability (0.1 md and lower)
and significantly high injection rate (20000 bbl/D and higher) force the pressure and saturation
changes to pass the maximum allowable limit. These relatively large changes in pressure and
saturations from one timestep to the next one will cause convergence and stability issues.
Therefore automatic timestep size selection has been implemented based on changes of the
principal unknowns (Po-Sw-Sg), number of iterations from previous timestep and incremental
material balance check. In each timestep, if the selected timestep size causes the convergence or
stability issues, that step will be repeated using smaller timestep size. This usually happens when
a number of matrix gridblocks join the fracture gridblocks and their grid properties get modified.
This cause the solver to takes more iteration to converge to the solution and most of the time
repeats the step using smaller timestep size.

6.1.7. Active / Inactive Gridblocks
Assigning the active or inactive indices to the gridblocks is based on the pressure or saturation
changes in preceding timestep. If these changes in some grid blocks are not relatively significant
then they will be assigned as an inactive gridblocks. As a result the unnecessary grid calculations
are eliminated and this will help the simulation runs to be faster.
For example during simulation runs using the coupled three-dimensional, three-phase model, at
the very first time step, all the gridbloks are assigned active and the changes in their pressure and
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saturation are monitored. Starting the second time step, only those gridblocks will be kept active
that had significant pressure or saturation changes in the previous step. This procedure will
continue for the rest of simulation. Also to prevent any possible errors in this procedure, usually
one row and one column of gridblocks ahead of the active line will be assigned as an active. This
method decreases the simulation time significantly.

6.1.8. Injection Rate and FBHP limits
Starting the hydraulic fracturing, the high injection rate at wellblock will create a large change in
the pressure and saturation around the wellbore area. This may causes the convergence and
stability problems. To avoid such a situation, the injection rate at wellblock is set to increase
gradually. For example if the goal is to reach the injection rate of qi= 20000 bbl/day, the
incremental value of Δqi= 2000 bbl/day will be applied in 10 successive temsteps. This value
may change depending on the simulation case and convergence criteria.
The same procedure is implemented during the clean-up and long term recovery. The FBHP will
decrease gradually to reach the final value. For example if FBHP of 600 psia is the final goal, the
incremental values of 100 psia will be used to decrease the current wellbore pressure.

6.1.9. Convergence and Stability Problems during Propagation Steps
As mentioned, during the hydraulic fracturing process, the criteria of fracture propagation will be
checked in every timestep and based on that some of the matrix gridblocks may join the fracture
area. Most of the time, this sudden change in grid properties (i.e. permeability and porosity)
causes convergence and stability issues in Newton-Raphson iterations. This problem becomes
more serious when more gridblocks join the fracture area at once.
To overcome this convergence problem, an inner loop is designed to introduce the fracture
gridblocks into the grid system one by one. For example if in a timestep, based on propagation
criteria, 14 matrix gridblocks converted to the fracture gridblocks, the inner loop will convert
these matrix grids to the fracture grids one by one within 14 steps.

6.1.10. Proppant Distribution
As mentioned in chapter 4, proppant deposition inside the hydraulic fracture can be classified
into four broad categories depending on whether proppant forms into a bed (high settling
velocity) or stays mostly in suspension (low settling velocity). The same as before the proppants
movement is calculated in two separate stages; in the horizontal x-y plane and in the vertical zdirection (see Eqs. 4.23 and 4.24). In each time step, the amounts of proppant entering and
exiting each gridblock are calculated proportional to fluid flowrate values entering and exiting
that grid block.
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In two-dimensional, single phase coupled model, the movement of proppant in the z-direction
was calculated based on the proppant settling velocity. Here in three-dimensional, three-phase
model, the movement of proppant in the z-direction is calculated based on the fluid flowrate in
the z-direction and also the proppant settlement. These two parameters are added up to determine
the proppant movement in the z-direction. In this model, since the proppants are being carried by
the fracturing fluid, the calculations will be based on the flow of this phase.
The proppants are injected into the wellbore through the perforated layers and will travel to the
upper and lower layers along with the fracturing fluid. At the same time the proppants are
settling under the buoyancy force and drag force effects. The proppant settling is calculated
using the terminal velocity which depends on the fluid and proppant densities (ρp and ρf).
Eq. 4.22 shows the Stock’slawterminalvelocity.

6.2. Flowback Modeling
As it’s explained in chapter 4, the flowback process starts from the end of treatment and
continues until the closure time. In the three-dimensional, three-phase coupled model, the
fracturing fluid flow rate will be set as constant and two other phases (gas and oil phases for
example) flow rates are calculated based on Eq. 6.9 and Eq. 6.10.
6.9
6.10
where Ml is the phase mobility defined as follows.
6.11
The flow direction is from the matrix grids to the fracture grids and then to the wellbore
gridblock. During the flowback, portion of the leaked off fluid along with two other phases are
produced and in a similar way, the suspended proppants are moving back toward the wellbore
gridblock. The conditions at the end of hydraulic fracturing are used as initial conditions. During
production, the pressure drops through the fracture and neighboring matrix grid blocks. The
same as previous chapter, using Eq. 4.11, the decrease in fracture width along the fracture length
can be calculated. Similarly, the proppant movement and change in proppant concentration are
calculated based on the fluid flow in horizontal and vertical planes and the settling velocity
within the fracture area.
During the flowback, some grid blocks along the fracture length become propped. Also other
gridblocks have no proppants before the fracture closes (usually happens at the fracture tip).
These calculations are based on proppant pack volume which is known for different types of
proppants under different pressure conditions and also change in fracture width with time. More
details are discussed in the following result sections.
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6.3. Long term Recovery Simulation
Modeling of the long term gas production starts after the closure time. Fracture width and length
will remain constant. Here the same three-dimensional, three-phase coupled model is used to
simulate the gas flow through the matrix and high conductive fracture areas, to the wellbore (see
Eq. 6.3 and the details). Usually in this step the sandface pressure (Psf) is set as constant. The
flow rates are calculated using Eq. 6.12.
[

(

)

]

(

6.12

)

Using the results we could calculate flow rates and long-term recovery in tight gas reservoirs.

6.4. Validation of Three-Dimensional, Three-Phase Coupled Model
The three-dimensional, three-phase coupled model has been validated with different published
data. Here, three different data sets were used for validation purpose. The cases 1 and 2 are
selected similar to those in chapter 4. Table 6.1 shows the simulated fracture geometries from
the coupled model and three cases of published data. For case 1 and 3, field data from Gidley et
al. (1989) text book have been used. Case 2 is based on simulated results presented in Ji et al.
(2004). The predicted fracture length, width and height show a very close match with the
corresponding references data.
Table 6.1- Fracture treatment data of reference cases vs. simulated results
Fracture treatment data based on cases 1 and 2
Case 1
Case 2
qi = injection flow rate
10 bbl /min
13.1 bbl /min
t = injection time
400 min
14400 min (10 days)
Fracture Length PKN model
853 ft
Fracture Length GdK model
636 ft
Fracture Length simulation
1000 ft
Fracture treatment results using our coupled model:
Fracture Length simulation
750 ft
1000 ft
Fracture Width
0.041 ft
0.04 ft

Fracture treatment data based on case 3
P net = 300 psia
P net = 600 psia
Fracture height
90 ft
185 ft
Fracture treatment results using our coupled model:
Fracture height
100 ft
200 ft

P net = 800 psia
250 ft
225 ft
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Chapter

7

7. Parametric Studies with Three-Dimensional, Three-phase Model
In chapter 6, a three-dimensional, three-phase fully integrated coupled model has been
developed. As mentioned this coupled numerical model takes into consideration the mutual
influence between dynamic fracture propagation and reservoir flow. The model uses a threedimensional finite difference reservoir flow simulator coupled with finite difference
geomechanics model where both are applied on the same grid system. The model is capable of
simulating fracture propagation, proppant distribution, fluid clean-up and long-term recovery in
tight gas reservoirs. Moreover in this model, three different phases are presenting the fracturing
fluid and reservoir fluids where the descriptions of the capillary and relative permeability present
a more realistic model for simulation of hydraulic fracturing, clean-up and gas recovery. Change
in fracture height can be simulated for multilayer cases.
In this chapter, parametric studies will be conducted to investigate parameters affecting the
geometry and conductivity of created fracture by using the new model. We studied the effects of
one parameter and combination of parameters on the created fracture geometry and ultimate
recovery. We then developed guidelines for fracture designs. This helps engineers design
optimized treatment in field. Factors studied include injection rate, treatment volume, proppant
type, flowback rate, FBHP, type of fluid and treatment schedule.

70

7.1. Reservoir Properties and Model Initiation
We simulated a quarter of a reservoir with an area of about 150 acres (2500 ft × 3000 ft) and the
formation thickness of 105 ft. Table 7.1 shows the gridblock size distribution Fig. 7.1 shows the
three-dimensional (3D) view of the grid system. Well block is located at the corner and
perforated in the middle (fourth) layer. Since the minimum in-situ stress is in the x-direction, the
propagation path will be in y-direction (perpendicular to the minimum in-situ stress field). A
close view of local grid refinement (LGR) in x-direction is shown in Fig. 7.2. The initial
pressures, saturations and in-situ stresses are assigned to each layer as shown in Table 7.2 and
Fig. 7.3. PVT data, relative permeability data and capillary pressure data are shown in Table 7.3,
Table 7.4 and Table 7.5 respectively. Stone I method is used to calculate three-phase relative
permeabilities.

Table 7.1- Number of grids and grids size of the example problem model
Nx = Number of grids in x-direction
31
Ny = Number of grids in y-direction
13
Nz = Number of grids in z-direction
7
dx = grids width in x-direction
250 ft
dxf = grids width in x-direction around the fracture
0.003 ft
dy = grids length in y-direction
250 ft
dz = grids height in z-direction
15 ft
Table 7.2- Reservoir rock and fluid properties and initial conditions of the example problem
Rock and fluid data:
Initial data:
Ky = permeability in y direction (flow direction)
0.1 md
pgi = Initial reservoir gas pressure
Kx = permeability in y direction
0.08 md
Sgi = Initial reservoir gas saturation
Kz = permeability in z direction
0.008 md
Swi = Initial reservoir water saturation
Φ=porosity
0.1
σh1 = minimum in-situ stress of layer 1
hn or hR= net reservoir interval height
105 ft
σh2 = minimum in-situ stress of layer 2
Z = top layer depth
9000 ft
σh 3 = minimum in-situ stress of layer 3
G = shear modulus of rock formation
1.45 x 106 psi
σh 4 = minimum in-situ stress of layer 4
(perfpreated layer)
ν=Poisson'sratioofrockformation
0.20
KIC = stress-intensity-factor
455 psi .in0.5
σh 5 = minimum in-situ stress of layer 5
Siw = irreducible water saturation
0.18
σh 6 = minimum in-situ stress of layer 6
Sor = residual oil saturation
0.1
σh 7 = minimum in-situ stress of layer 7

5,800 psia
0.60
0.25
6,870 psia
6,660 psia
6,470 psia
5,850 psia
6,460 psia
6,670 psia
6,880 psia
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Fig. 7.1- 3D view of grid system. The injection well (red line) is perforated in the middle layer (forth layer). The Propagation
direction is in the y-direction which is perpendicular to the minimum in-situ stress direction. The width of fracture opens
up in x-direction and the fracture height extends is in the z-direction.

Fig. 7.2- Expanded view of the grid blocks (LGR with dx = 0.003 ft) along the width of fracture (x-direction).

Fig. 7.3- Initial minimum in-situ stress (psia) distribution vs. depth (ft).
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Table 7.3- Fluid PVT data as input to the simulator

oil
p

density

Bo

viscosity

Rso

density

water
Bw

1500
2000
2500
3000
3500
4000
4500
5000
5500
6000

49.0113
48.5879
48.1774
47.6939
47.1788
46.5899
45.5756
45.1925
45.4413
45.7426

1.20413
1.2321
1.26054
1.29208
1.32933
1.37193
1.42596
1.46387
1.44983
1.43831

1.7356
1.5562
1.4015
1.2516
1.1024
0.9647
0.918
0.92
0.9243
0.9372

292.75
368
443.75
522.71
619
724.92
818.6
923.12
965.28
966.32

62.228
62.4127
62.5968
62.7819
62.968
61.1531
63.3374
63.5225
63.7077
63.8928

1.02527
1.02224
1.01921
1.01621
1.01321
1.01024
1.00731
1.00506
1.0017
0.99856

viscosity

density

0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52

5.8267
8.0573
10.2279
12.2084
13.9421
15.4313
16.7051
17.7994
18.7475
19.5772

gas
Bg
0.0018
0.00133
0.00105
0.00088
0.00077
0.00069
0.00064
0.0006
0.00057
0.00055

viscosity
0.015
0.0167
0.0185
0.0204
0.0222
0.0241
0.026
0.0278
0.0296
0.0313

Table 7.4- Two phase relative permeability data

Sw

Oil/Water
Krw

Krow

Sg

Gas/Oil
Krg

Krog

0.18
0.21
0.24
0.27
0.3
0.33
0.36
0.39
0.42
0.45
0.48
0.51
0.54
0.57
0.6
0.63
0.66
0.69
0.72
0.75
0.78
0.81
0.84
0.87
0.9

0
0
2.00E-05
0.00014
0.00045
0.00111
0.00232
0.0043
0.00733
0.01175
0.01791
0.02623
0.03714
0.05116
0.06882
0.09069
0.11741
0.14963
0.18807
0.23347
0.28664
0.34842
0.41968
0.50135
0.59439

1
0.92692
0.85441
0.79288
0.71312
0.64526
0.5798
0.51709
0.45744
0.4011
0.34831
0.29924
0.25403
0.21278
0.17552
0.14228
0.11301
0.08763
0.06603
0.04803
0.03344
0.02199
0.0134
0.00733
0.0034

0
0.04
0.08
0.12
0.16
0.2
0.24
0.28
0.32
0.36
0.4
0.44
0.48
0.52
0.56
0.6
0.64
0.68
0.72

0
0.01103
0.02912
0.05138
0.07687
0.10506
0.13561
0.16827
0.20286
0.23923
0.27725
0.31683
0.35788
0.40031
0.44408
0.48911
0.53536
0.58279
0.63134

1
0.70778
0.55844
0.4454
0.35562
0.28302
0.22392
0.17574
0.13656
0.10485
0.07938
0.05912
0.04319
0.03084
0.02143
0.01442
0.00933
0.00574
0.00332

Table 7.5- Capillary pressure data

Oil/Water
Sw
Pcow
0.18
0.2
0.25
0.3
0.4
0.5
0.6
0.7
0.8
0.9

9
8
4.3
3
1.78
1.21
0.79
0.43
0.1
0

Sg

Gas/Oil
Pcgo

0
0.04
0.24
0.34
0.49
0.59
0.69
0.74
0.79

0
0.01
0.27
0.51
1.04
1.49
2.22
2.94
4.76
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7.2. Effect of Injection Rate
During the hydraulic fracturing process, rock mechanical properties, stress field, injection rate
and leak-off rate affect created fracture geometry. A constant volume of slurry (112,336 gal with
the average proppant concentration of 5 lbs/gal) has been injected with different rates. Although
field treatments would not exceed 60 min, we simulated 7- 8 hours with the rate of 40 bbl/min
for scientific purposes and examined how fracture would propagate in such scenarios. Table 7.6
includes the proppant injection schedule for each case. Obviously for a constant volume of
slurry, using higher injection rates requires shorter injection times. Fig. 7.4 shows the injection
rates and cumulative injection volumes for different scenarios in this study. Fig. 7.5 shows the
pressure distribution in the three-dimensional (3D) view when the injection rate increases from 5
to 10, 20 and 40 bbl/min. Fig. 7.6 is another representation of Fig. 7.5 in the grid-view. In this
representation all grids are shown with the same size so one can easily observe the pressure
change within the fracture area. We observed that the fracture length and height increase as the
injection rates increase but this change is not significant when it increases from 20 to 40 bbl/min.
Fracturepropagationspeedandinjectionratedoesn’thavealinear relationship because higher
injection rate cause higher leak-off rate which prevents the fracture to grow at the same speed as
before.
Comparing cases with 20 and 40 bbl/min injection rates, although the case of 40 bbl/min has
higher injection rate but at the same time, the higher leak-off volume prevents the fracture to
propagate at the same speed as before. This causes the fracture length not to grow significantly
with respect to the fracture length of case of 20 bbl/min. Fig. 7.7 shows how the fracture length
and width of different cases change during the injection. The blue line shows the fracture length
and width in the perforated layer (4th layer) and dotted lines belong to the other layers.
Also we found out that at lower injection rates, the fracture mainly propagate in y-direction
(fracture length growth) but as the injection rate increases the fracture tend to propagate in zdirection as well (fracture height growth). Before each step of propagation, the fracture pressure
increases up to the propagation criteria (Pfp) and the formation breaks down perpendicular to the
minimum in-situ stress direction (y-direction). At this point, the fracture volume increases and
the fracture pressure drops and then starts to build up gradually. In the cases with higher
injection rates, the fracture pressure builds up relatively fast. This creates higher pressure level in
each propagation step which allows fracture to propagate in the z-direction as well as y-direction.
Fig. 7.5 and Fig. 7.6 clearly show how the fracture length and height are affected by the injection
rate in different cases. Cases of 20 bbl/min and 40 bbl/min have the maximum average height.
Fig. 7.7 shows that in these cases the fracture in perforated layer and other layers propagate with
a short time difference than each other.
The change in bottom hole treating pressure (BTHP) with time and the change in fracture
pressure along the fracture length for different cases are presented in Fig. 7.8 and Fig. 7.9
respectively. The average fracture pressure in 40 bbl/min case is higher than 20 bbl/min case
where it creates the wider fracture (Fig. 7.7). Generally, using the same flowback rate, the cases
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with higher fracture pressure have longer closure times. This will leave the fracture with lower
proppant concentration and conductivity at the closure time.
The cases with 20 and 40 bbl/min injection rates have relatively larger fracture dimensions
(length and width) than other cases. Considering the lower fracture pressure level of the case of
20 bbl/min, we chose it as the optimized case. Table 7.7 presents the average length and width of
fracture for all the cases.

Table 7.6- Proppant injection schedule for different cases
Case 40 bbl/min
Stage
1
2
3
4
5
6
7
Sum

Clean
Fluid
(gal)
5000
5000
8000
8000
10000
15000
30000
81000

Prop.
(lb)
0
10000
32000
48000
80000
150000
360000
680000

Prop.
Vol.
(gal)
0
460.8295
1474.654
2211.982
3686.636
6912.442
16589.86
31336.41

Total
Vol.
(gal)
5000
5460.829
9474.654
10211.98
13686.64
21912.44
46589.86
112336.4

Slurry
Con.
(lb/gal)
0
3.662448
6.754864
9.400722
11.69024
13.69085
15.45401

Inj. Time
(min)
2.976191
3.250494
5.639675
6.07856
8.146805
13.04312
20.88206
60.0169

Case 20 bbl/min
Slurry
Con.
(lb/gal)
0
1.831224
3.377432
4.700361
5.845118
6.845426
7.727003

Inj. Time
(min)
5.952381
6.500987
11.27935
12.15712
16.29361
26.08624
41.76412
120.03381

Case 10 bbl/min
Slurry
Con.
(lb/gal)
0
0.915612
1.688716
2.350181
2.922559
3.422713
3.863502

Inj. Time
(min)
11.90476
13.00197
22.5587
24.31424
32.58722
52.17248
83.52824
240.0676

Case 5 bbl/min
Slurry
Con.
(lb/gal)
0
0.609798
1.124685
1.56522
1.946424
2.279527
2.573092

Inj. Time
(min)
17.85714
19.50296
33.83805
36.47136
48.88083
78.25872
125.2924
360.1014

Fig. 7.4- Injection rates (bbl/D) and cumulative injection volumes (bbl) vs. time (min) used in different cases.
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Fig. 7.5- Effect of injection rate: 3D view of pressure (psia) distribution of cases with 5, 10, 20 and 40 bbl/min injection rates
at the shut-in time. A constant volume of slurry, 120,000 gal with average proppant concentration of 5 lbs/gal is injected
with different rates.

76

hf

Fig. 7.6- Grid-view representation of Fig. 7.5. In this representation all grids are shown with the same size.
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Fig. 7.7- Effect of injection rate: Fracture length (ft) and width (ft) vs. time (min) in 7 layers.
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Fig. 7.8- Effect of injection rate: BHTP (psia) vs. time (min) of cases with 5, 10, 20 and 40 bbl/min injection rates.

Fig. 7.9- Effect of injection rate: Fracture pressure (psia) along the fracture length (ft) of cases with 5, 10, 20 and 40 bbl/min
injection rates.
Table 7.7- Summary of results

qi
(bbl/min)
5
10
20
40

Ave. L created

Ave. w created

(ft)
750
1000
1250
1250

(ft)
0.04
0.05
0.09
0.12

f

f
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7.3. Effect of Treatment Volume
In this section, the effect of treatment volume on the fracture conductivity and ultimate gas
recovery is studied. Using the optimized injection rate from the previous section (20 bbl/min)
and fixed amount of proppants (680,000 lbs), different volumes of slurry are injected in different
scenarios. Obviously larger volumes of slurry have lower proppant concentrations and take
longer times to be injected and create longer and wider fractures. Fig. 7.10 shows the pressure
distribution in the three-dimensional (3D) view when the injection time increases from 60 to 120,
240 and 360 min. Obviously the case with 360 min of injection has the maximum contact area.
Fig. 7.11 is another representation of Fig. 7.10 in the grid-view where all the grids are shown
with the same size so one can easily observe the pressure change within the fracture area.
Next, all four cases are simulated at water flowback rate of 2 bbl/min. Fig. 7.12 shows the 3D
grid-view of pressure (psia) distribution at the closure time. The change in bottom hole pressure
(BHP) with time during the injection and flowback periods are presented in Fig. 7.13. Generally
the clean-up process of cases with longer and wider fractures (e.g 360 min case) takes longer
times (212 min of flowback). Fig. 7.14 and Fig. 7.15 show the fracture pressure along the
fracture length at the shut-in and closure time respectively.
As the treatment time elongates the fracture propagates further but at the same time the average
proppant concentrations along the fracture will decrease. What we are looking for is to find the
optimum injection volume which has enough proppant concentration at the shut-in time that will
remain suspended through the clean-up process.
Fig. 7.16 and Fig. 7.17 are the 3D grid-view of the proppant distribution (lb) in the fracture area
at the shut-in and closure times respectively. We observed that larger volumes of injection create
longer fractures by the shut-in time but carrying lower average proppant concentrations. By the
closure time, part of proppants are produced or settled down and leave some fracture grids
unpropped or propped with the low conductivity. The changes in proppant concentration (lb/ft2)
along the fracture length in perforated layer (4th layer) at the shut-in and closure times are
presented in Fig. 7.18 and Fig. 7.19 respectively.
The cases with 240 and 360 min of injection have almost no suspended proppant left by the
closure time. Despite the fact that these cases have low average proppant concentration at the
shut-in time, we found out that the long period of clean-up is the main reason for leaving the
fracture unpropped.
Fig. 7.20 shows the change in fracture length and width during the injection and flowback
processes. In the case with 60 min of injection, the clean-up takes short period of 36 min and
most of proppants stay in the fracture area by the closure time and the fracture length does not
change. In the cases with 120 and 240 min of injection, the clean-up processes take 108 and 155
min respectively and although a part of fractures become unpropped but the final fracture lengths
at the closure time are longer than other cases. In the case with 360 min injection, since the
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clean-up takes long period of 212 min, most of proppants leave the fracture area by the closure
time and the fracture is left unpropped and the length reduces significantly.
We can conclude that in treatment scenarios with the same amount of proppants and injection
rates, although we can increase the fracture length using larger treatment volume but the two
factors of low average proppant concentration and long clean-up period are acting against it and
leave the fracture unpropped.
Fig. 7.21 shows the fracture conductivities of different cases at the closure time. The cases with
120 and 240 min of injection have almost the same fracture lengths and conductivities.
Considering the cost of treatment period, we chose the case with 120 min of injection as the
optimum treatment volume. Table 7.8 summarizes the average length and width of fracture at
the shut-in time and average propped length and conductivity at the closure time for all the cases.
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Fig. 7.10- Effect of treatment volume: 3D view of pressure (psia) distribution of cases with 60, 120, 240 and 360 min of
injection at the shut-in time. Using a fixed optimized injection rate from the previous section (20 bbl/min) and the same
amount of proppants (680,000 lbs), different volumes of slurry are injected.
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Fig. 7.11- Grid-view representation of Fig. 7.10. In this representation all grids are shown with the same size.
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Fig. 7.12- Effect of treatment volume: 3D grid-view of pressure (psia) distribution of cases with 60, 120, 240 and 360 min of
injection followed by 36, 108, 155 and 212 min of flowback at the closure time.
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Fig. 7.13- Effect of treatment volume: BHP (psia) vs. time (min) of cases with 60, 120, 240 and 360 min of injection followed
by 36, 108, 155 and 212 min of fowback.

Fig. 7.14- Effect of treatment volume: Fracture pressure (psia) along the fracture length (ft) of cases with 60, 120, 240 and
360 min of injection at the shut-in time.

Fig. 7.15- Effect of treatment volume: Fracture pressure (psia) along the fracture length (ft) of cases with 60, 120, 240 and
360 min of injection followed by 36, 108, 155 and 212 min of flowback at the closure time.
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Fig. 7.16- Effect of treatment volume: 3D grid-view of proppant (lb) distribution of cases with 60, 120, 240 and 360 min of
injection at the shut-in time. Using a fixed optimized injection rate from the previous section (20 bbl/min) and the same
amount of proppants (680,000 lbs), different volumes of slurry are injected.
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Fig. 7.17- Effect of treatment volume: 3D grid-view of proppant distribution (lb) of cases with 60, 120, 240 and 360 min of
injection followed by 36, 108, 155 and 212 min of clean-up at the closure time. The same flowback rate (2 bbl/min) is used.
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Fig. 7.18- Effect of treatment volume: Proppant concentration (lb/ft2) along fracture length (ft) at the shut-in time. Right
figures show the top-view of proppant distribution (lb) in the perforated layer (4th layer).
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Fig. 7.19- Effect of treatment volume: Proppant concentration (lb/ft2) along fracture length (ft) at the closure time. Right
figures show the top-view of proppant distribution (lb) in the perforated layer (4th layer).

89

Fig. 7.20 -Effect of treatment volume: Fracture length (ft) and width (ft) vs. time (min) in 7 layers. Cases with 60, 120, 240
and 360 min of injection are followed by 36, 108, 155 and 212 min of flowback.
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Fig. 7.21- Effect of treatment volume: Fracture conductivity (md.ft) along the fracture length (ft) of cases with 60, 120, 240
and 360 min of injection followed by 36, 108, 155 and 212 min of flowback at the closure time.
Table 7.8- Summary of results

Treatment volume
(min)
60
120
240
360

Ave. L created

Ave. L propped

(ft)
1000
1250
1750
2250

(ft)
1000
1000
1000
0

f

f

Ave. Cond.
(md.ft)
3000
4000
4000
0

7.4. Effect of Proppant Size
Using larger size proppants creates the higher conductivity propped area but at the same time
larger size proppants could result in faster settlement and bridgement. Using the results from
previous sections, the optimized injection rate of 20 bbl/min and the optimized treatment volume
of 120,000 gal with average proppant concentration of 5 lbs/gal are used. Then models are run
under different simulation scenarios using four different proppant sizes. Fig. 7.22 shows the 3D
grid-view of proppant distribution (lb) at the shut-in time.
Next, all four cases are simulated at water flowback rate of 2 bbl/min. Fig. 7.23 show the
proppant distribution (lb) for different case studies with different proppant sizes at the closure
time. As mentioned before, we assumed that the settling velocity increases as the proppant size
increases. Therefore the fractures in cases with larger proppants are more likely to be left
unpropped at the closure time. The changes in proppant concentration (lb/ft2) along the fracture
length in perforated layer (4th layer) at the shut-in and closure times are presented in Fig. 7.24
and Fig. 7.25 respectively.
In the cases with 12/10 and 10/8 proppant sizes, the settling velocities are relatively high and the
proppants leave part of fracture area unpropped by the closure time. On the other hand the
propped area in the cases with 20/40 and 16/30 proppants sizes remain longer by the closure
time.

91

Fig. 7.26 shows the change in fracture length and width during the injection and clean-up
processes. Although the injection and flowback periods are the same for all the cases but the
propped fracture length are different as we discussed above.
The fracture conductivities of four cases at the closure time are shown in Fig. 7.27. We observed
that in the first part of fracture (from wellbore to 500 ft along the fracture) the fracture
conductivity increases as the proppant size increases (from 20/40 to 10/8 sizes) but in the second
part of fracture (from 500 ft to 1250 ft along the fracture) the fracture conductivity decreases as
the proppant size increases. What we found out is that around the wellbore area, although cases
with larger proppant size have lower concentration but their higher proppant pack permeabilities
create higher fracture conductivity areas. On the other hand, at long distances, most of these
proppants are settled down which leave the fracture unpropped. In cases with smaller proppant
sizes, because of lower settling velocity, the proppant concentrations remain higher and create
higher conductivity area by the closure time.
Considering Fig. 7.27, cases with 20/40 and 16/30 sizes have the longest propped fracture
lengths. Although the cases with 12/10 and 10/8 sizes have higher conductivities near wellbore
but their propped fracture lengths are significantly shorter. Since the length of propped fracture
has more effect on ultimate recovery than the conductivity of fracture, the cases with 20/40 and
16/30 are more effective. We chose the 20/40 or 16/30 sizes as the optimum proppant sizes.
Table 7.9 summarizes the average length and width of fracture at the shut-in time and average
propped length and conductivity at the closure time for all the cases.
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Fig. 7.22- 3D grid-view of proppant distribution (lb) at the shut-in time. Using previous sections results, all cases are run
under fixed optimized injection rate of 20 bbl/min and optimized volume of slurry (about 120,000 gal with average proppant
concentration of 5 lbs/gal) but with different proppant sizes.
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Fig. 7.23- Effect of proppant size: 3D grid-view of proppant distribution (lb) of cases with 20/40, 16/30, 12/10 and 10/8
proppant sizes at the closure time. The same flowback rate (2 bbl/min) is used.
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Fig. 7.24- Proppant concentration (lb/ft2) of cases with different proppant sizes at the shut-in time. Right figures show the
top-view of proppant distribution (lb) in the perforated layer (4th layer).

Fig. 7.25- Effect of proppant size: Proppant concentration (lb/ft2) along fracture length (ft) at the closure time. Right figures
show the top-view of proppant distribution (lb) in the perforated layer (4th layer).
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Fig. 7.26- Effect of proppant size: Fracture length (ft) and width (ft) vs. time (min) in 7 layers. A fixed optimized injection
rate (20 bbl/min) and the same flowback rate (2 bbl/min) are used.
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Fig. 7.27- Effect of proppant size: Fracture conductivity (md.ft) along the fracture length (ft) of cases with 20/40, 16/30,
12/10 and 10/8 proppant sizes at the closure time. The same flowback rate (2 bbl/min) is used.
Table 7.9- Summary of results

Proppant size

Ave. L created

Ave. L propped

20/40
16/30
12/10
10/8

(ft)
1250
1250
1250
1250

(ft)
1000
750
750
500

f

f

Ave. Cond.
(md.ft)
3000
4000
4000
4500

7.5. Effect of Flowback Rate
After the shut-in time, most of the proppants are suspended in the fracture area and some of them
have already settled down as a proppant bed. In the clean-up process, the flowback rate plays an
essential rule in a sense that very high flowback rates will close the fracture walls on the
suspended proppants before they settle down but at the same time, a considerable portion of
proppants will flowback to the wellbore and surface facility. On the other hand, lower flowback
rates will produce less proppants but since it takes longer time before the fracture closure, part of
proppants will settle down and even leaves the fracture unpropped. So there should be an
optimum flowback rate for each specific fracturing design which ends up with relatively high
conductivity propped fracture area.
In this study, using the results of previous sections, the optimized injection rate of 20 bbl/min and
the optimized volume of slurry (120,000 gal slurry with the average proppant concentration of 5
lbs/gal and size of 20/40) are used. Fig. 7.28 show the 3D grid-view of pressure distribution
(psia) at the shut-in time. Then the model is run under different flowback rates of 0.5, 1, 2 and 4
bbl/min. Each case leads to the fracture with different proppant distribution, length, width and
conductivity at the closure time. Fig. 7.29 shows the 3D grid-view of pressure (psia) distribution
of different cases at the closure time. The change in bottom hole pressure (BHP) with time
during the injection and flowback periods are shown in Fig. 7.30. Obviously the closure time in
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case with higher flowback rate is shorter. Fig. 7.31 shows the fracture pressure along the fracture
length for different cases at the closure time.
We found out that as we increase the flowback rate, the closure period becomes shorter but since
less volume of leak off happens in this short period of time, the average fracture pressure remain
at higher level.
Both flowback rate and settling velocity control the change in the proppant distribution and
proppant concentration with time. Fig. 7.32 show the 3D grid-view of proppant distribution (lb)
at the shut-in time and Fig. 7.33 presents the proppant distribution (lb) of cases with different
flowback rates at the closure time. The changes in proppant concentration (lb/ft2) along the
fracture length in perforated layer (4th layer) at the shut-in and closure times are presented in
Fig. 7.34 and Fig. 7.35 respectively. We observed that in the cases with 0.5 and 1 bbl/min
flowback rate, the long periods of clean-up (454 and 204 min) allow the majority of proppants to
settle down and leave parts of fracture unpropped. In the case with 0.5 bbl/min flowback, the
fracture becomes totally unpropped. Cases with 2 and 4 bbl/min flowback rate and clean-up
times of 108 and 53 min have the longest propped fracture at the closure time. The same results
are presented by Fig. 7.36 which shows the change in fracture length and width during the
injection and clean-up processes.
Fig. 7.37 shows the fracture conductivities of different cases at the closure time. The case with 2
bbl/min flowback rate has a slightly higher conductivity than cases with 4 bbl/min flowback rate.
The reason is that as the flowback rate increases, more proppant will be produced and the
proppant concentration will decrease. In addition the average fracture pressure at the closure time
in case of 2 bbl/min is lower than case of 4 bbl/min (Fig. 7.31). This will help the gas production
initiates faster as a result we chose the case with 2 bbl/min as the optimum flowback rate.
Table 7.10 includes the average length of fracture at the shut-in time and average propped length
and conductivity at the closure time for all the cases.
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Fig. 7.28- 3D grid-view of pressure distribution (psia) at the shut-in time. Using previous sections results, all cases are run
under fixed optimized injection rate of 20 bbl/min and optimized volume of slurry (about 120,000 gal with average proppant
concentration of 5 lbs/gal and size of 20/40) but with different proppant sizes.
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Fig. 7.29- Effect of flowback rate: 3D grid-view of pressure (psia) distribution of cases with 0.5, 1, 2 and 4 bbl/min flowback
rates at the closure time.
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Fig. 7.30- Effect of flowback rate: BHP (psia) vs. time (min) during the injection and clean-up of cases with 0.5, 1, 2 and 4
bbl/min flowback rates.

Fig. 7.31- Effect of flowback rate: Fracture pressure (psia) along the fracture length (ft) of cases with 0.5, 1, 2 and 4 bbl/min
flowback rates at the closure time.
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Fig. 7.32- 3D grid-view of proppant distribution (lb) at the shut-in time. Using previous sections results, all cases are run
under fixed optimized injection rate of 20 bbl/min and optimized volume of slurry (about 120,000 gal with average proppant
concentration of 5 lbs/gal and size of 20/40) but with different proppant sizes.
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Fig. 7.33- Effect of flowback rate: 3D grid-view of proppant distribution (lb) of cases with 0.5, 1, 2 and 4 bbl/min flowback
rates at the closure time.

100

Fig. 7.34- Proppant concentration (lb/ft2) at the shut-in time. Right figures show the top-view of proppant distribution (lb) in
the perforated layer (4th layer).

Fig. 7.35- Effect of flowback rate: Proppant concentration (lb/ft2) along fracture length (ft) at the closure time. Right figures
show the top-view of proppant distribution (lb) in the perforated layer (4th layer).
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Fig. 7.36- Effect of flowback rate: Fracture length (ft) and width (ft) vs. time (min) in 7 layers.
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Fig. 7.37- Effect of flowback rate: Fracture conductivity (md.ft) along the fracture length (ft) of cases with 0.5, 1, 2 and 4
bbl/min flowback rates at the closure time.
Table 7.10- Summary of results

Flowback rate
(bbl/min)
0.5
1
2
4

Ave. L created

Ave. L propped

(ft)
750
1000
1250
1250

(ft)
0
500
1000
1000

f

f

Ave. Cond.
(md.ft)
0
200
9000
10000

7.6. Effect of Flowing Bottom hole Pressure (FBHP)
In this section, using the results of previous sections, the optimized injection rate of 20 bbl/min
and the optimized volume of slurry (120,000 gal slurry with the average proppant concentration
of 5 lbs/gal and size of 20/40) are used during the fracturing. Fig. 7.38 shows the pressure
distribution in 3D view at the shut-in time and Fig. 7.39 is the grid-view representation of
Fig. 7.38 where all grids are shown with the same size.
Next, the optimized flowback rate of 2 bbl/min is used for simulation during the clean-up. Then
the model is run under long term production scenarios using different FBHP of 200, 500, 1000
and 2000 psia. Fig. 7.40 shows the pressure distributions in the 3D view after 10 years of
production simulation for different cases. Fig. 7.41 is a more clear representation of Fig. 7.40
using a smaller reference pressure (4200 psia rather than 13800 psia). The 3D grid-view of
Fig. 7.40 and Fig. 7.41 are presented in Fig. 7.42 and Fig. 7.43 respectively.
The change in flowing bottom hole pressure (FBHP) with time during the injection, clean-up and
long term recovery is shown in Fig. 7.44. Note that the log-scale is used for the time-axis so it
can show the relatively short injection and clean-up periods. Fig. 7.45 shows the fracture
pressure along the fracture length for different cases at the end of 10 years of production.
Finally the flow rates and cumulative productions of three phases are presented in Fig. 7.46.
Considering the cumulative production curves, FBHP of 1000 psia is the optimum FBHP since
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beyond that point the observed changes in ultimate gas recovery are negligible. The average gas
flow rate and cumulative productions of all the cases are summarized in Table 7.11.
hf

Fig. 7.38- 3D grid-view of pressure distribution (psia) at the shut-in time. Using previous sections results, all cases are run
under fixed optimized injection rate of 20 bbl/min and optimized volume of slurry (about 120,000 gal with average proppant
concentration of 5 lbs/gal and size of 20/40) but with different proppant sizes.
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Fig. 7.39- Grid-view representation of Fig. 7.38. In this representation all grids are shown with the same size.
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Fig. 7.40- Effect of FBHP: 3D view of pressure distribution (psia) of cases with FBHP of 2000, 1000, 500 and 200 psia after
10 years of production.
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Fig. 7.41- A more clear representation of Fig. 7.40 using a smaller reference pressure (4200 psia other than 13800 psia)
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Fig. 7.42- Grid-view representation of Fig. 7.40. In this representation all grids are shown with the same size.
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Fig. 7.43- A more clear representation of Fig. 7.42 using a smaller reference pressure (4200 psia other than 13800 psia)
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Fig. 7.44- FBHP (psia) vs. time (min) during the injection, clean-up and long term recovery of different cases after 10 years
of production. Note that the time-axis is in log-scale so it can show the relatively short injection and clean-up periods.

Fig. 7.45- Effect of FBHP: Fracture pressure (psia) along the fracture length (ft) of cases with FBHP of 2000, 1000, 500 and
200 psia after 10 years of production.
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Fig. 7.46- Effect of FBHP: Flow rates (bbl/D and SCF/D) and cumulative productions (bbl and SCF) vs. time (Day) of three
phases for different cases with FBHP of 2000, 1000, 500 and 200 psia after 10 years of production.
Table 7.11- Summary of results

FBHP
(psia)
200
500
1000
2000

Ave. gas flow rate
(MMSCF/D)
1
0.9
0.8
0.6

Cum. gas production
(BCF)
5.5
5.2
4.9
4.1
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Chapter

8

8. Summary and Recommendations
8.1. Summary
Coupled models generally require fully integrated simulation of reservoir flow, fracture
propagation and resultant stress change through a stationary reservoir/stress grid system. These
methods take into consideration the mutual influence between dynamic fracture propagation and
reservoir flow, and use one (common) grid system to model both of them.
The key goals of this research were to:





Demonstrate how to develop a three-dimensional, three-phase fully integrated coupled model
which is capable of simulating fracture propagation, proppant distribution, flowback and
long-term gas recovery.
Address some of major limitations of current models.
Conduct parametric studies in order to develop guidelines for the hydraulic fracturing
designs.

The PKN model, a two-dimensional, single-phase coupled model and a three-dimensional, threephase coupled model were developed. Our model is based on a three-dimensional, three-phase
reservoir fluid flow model which is coupled with a geomechanical model. In the multiphase flow
system, the variable-substitution method was used for handling gas-phase changes. Only one
common grid system was used to model both the reservoir flow and propagating fracture and in
order to capture the changes in fracture boundaries, the local grid refinement (LGR) was
implemented around fracture area.
The transmissibility between fracture and matrix grid blocks has been modified using an
effective procedure. The significant differences between matrix/fracture grids properties may
causes convergence and stability issues during the fracturing process. To overcome these
convergence problems, inner loops were designed in order to introduce the fracture gridblocks
into the grid system gradually. Different methodologies were used to improve the overall
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simulation speed and effectiveness such as; automatic timestep size selection, active/inactive
gridblock assignment and variable injection rate.
The changes in proppant concentration is based on simulated injection and flowback processes.
In addition, proppant settlements were calculated at the same time and incorporated in the
proppant transport model.
In the next step, our models were validated with published data in the literature. The results show
that the models predict fracture parameters accurately. Using the developed models, parametric
studies were conducted to quantify important factors affecting fracturing and recovery processes.
We studied the effects of one parameter and combination of parameters on the created fracture
geometry and ultimate gas recovery. Factors studied include treatment rate, fluid volume,
proppant type, flowback rate and FBHP. Following are some of the observations associated with
these case studies.


At lower injection rates (e.g. case study with 5 bbl/min), the fracture mainly propagate in ydirection (fracture length growth perpendicular to the minimum in-situ stress) but as the
injection rate increases the fracture tend to propagate in z-direction as well (fracture height
growth). In cases with higher injection rates (e.g. case study with 40 bbl/min), the fracture
pressure builds up relatively fast. This creates a higher pressure level in each propagation
step which allows fracture to propagate in the z-direction as well as y-direction.



Using the same amount of proppants with larger fluid volumes (e.g. case study with 360 min
of injection) create longer fractures by the shut-in time but carry lower average proppant
concentrations. By the closure time, some fracture grids will be left unpropped or propped
with the low conductivity. One reason might be that part of proppants are produced or settled
down during the flowback process. Besides this, we found out that the long period of flow
back is the main reason causes the fracture left unpropped.



We found out that around the wellbore area, cases with larger proppant sizes (e.g. case with
12/10 proppants) have higher proppant pack permeabilities which create higher fracture
conductivities but at long distances, most of these proppants are settled down which leave the
fracture unpropped or with low conductivity. On the other hand, in cases with smaller
proppant sizes (e.g. case with 20/40 proppants), because of the lower settling velocity, the
proppant concentrations remain higher and create higher conductivity areas by the closure
time.



High flowback rates (e.g. case study with 4 bbl/min) will close the fracture walls on the
suspended proppants before they settle down but at the same time, a considerable portion of
proppants will flowback to the wellbore and surface facility. On the other hand, lower
flowback rates (e.g. case study with 0.5 bbl/min) will produce less proppants but since it
takes longer time before the fracture closure, part of proppants will settle down and even
leaves the fracture unpropped. In this study the optimized flowback rate was found to be 2
bbl/min.
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The FBHP of 1000 psia was found to be the optimum pressure for our case study since
beyond that point the observed changes in ultimate gas recovery are not significant.

8.2. Future work and recommendations
There are several possible future works that can be done to extend this research:


Multi-stage/multi-cluster hydraulic fracturing in horizontal wellbores is a key technology
driving the development of unconventional resources in North America. Our developed
model has the capability to simulate the horizontal wells and also the multi-stage fracturing.
The procedures used in this research could be modified in order to conduct such studies.


In naturally fractured unconventional reservoirs, geomechanical conditions may allow the
creation of discrete fracture networks (DFN) that can be initiated and propagated in
multiple planes as seen in microsesimic mapping. It is well documented that there is a
relationship between bed thickness and natural fracture spacing (Dahi et al. 2009, Olson
et al. 2009). A discrete fracture network model can be implemented into our developed
model in order to study the interaction between a propagating hydraulic fracture and preexisting natural fractures which result in fracture complexity.



Realistic fracture designs require the consideration of multiple fluids, the transport of
proppants, the variation in temperature throughout the fracture, and the effects of temperature
variations on the viscosity of the fluid. Our model can be extended to include heat transfer
equations solved simultaneously with flow equations in a fully implicit manner which can be
considered as a fully coupled thermo-hydro-mechanical fracture model.



The developed model could be a base for future studies on fracture propagation, proppant
transport, effective fracture conductivity and long term recovery. Our model has been
developed and coded in the most general format and equations, approached and assumptions
can be modified or replaced with a more realistic ones. Different fracture propagation theory
and propagation criteria can be implemented. Fracture permeability calculations can be set to
change with time and in-situ conditions.



Our developed code has been optimized and designed to prevent repeated steps calculations.
Moreover, in numerical modeling, solving the system of equations is the most time
consuming part of the simulation process. Implementing a faster and more effective matrix
solver (computational algorithm for solving the system of equations) could be considered as
an extension for this study.
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Appendix A
To express the flow of fluids through porous media mathematically, it is necessary to use three
fundamental laws or rules which are conservation of mass, equation of state and constitutive
equations. The general form of mass-conservation equation for the oil/water/gas component for
rectangular, three-dimensional flow is as follows;
( ̇

)

( ̇

( ̇

)

)

(

)

A.1

where ̇ is the mass flux of the component c, mvc is mass per unit volume of porous medium and
qmc is rate of mass depletion through wells defined as follows.
A.2
̇

A.3
A.4

where ρ is density and ux volumetric velocity. The similar equation in y and z-direction is
defined. Eq. A.3 and A.2 can be substituted into Eq. A.1 to give
(

)

(

(

)

)

(

)

A.5

EOS can be expressed through the fluid formation volume factor (FVF) as follows,
A.6
The velocity terms can be expressed with Darcy's law, which relates the velocity of the fluid to
the potential gradient at the inflow and outflow faces of the control volume.
A.7
The similar equation in y and z-direction is defined. Now substituting Eq. A.7 and A.4 into Eq.
A.5 to obtain
[

(

)]

[

(

)]

[

(

)]

( )

A.8
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The general flow equation Eq. A.8 can be simplified to describe the flow of a slightly
compressible fluid in a heterogeneous and anisotropic formation. This is accomplished by
observing that the fluid density and formation volume factor (FVF) can be described by
[

(

A.9

)]

Rewriting the left hand side of Eq. A.8 using Eq. A.9
A.10

( )

A.11
Substituting Eq. A.10 and A.11 into Eq. A.8 gives
[

(

)]

[

(

)]

[

(

)]

A.12
Ignoring the flow in z direction and using water as the injection phase (2-dimensional, singlephase slightly compressible model) and using the finite-difference approximation of the spatial
derivatives and time derivative gives
(

)

(

[

)

(

(

)

(

)]

(
(

) (

)
)

(
(

)

)
)

A.13

where phase transmissibilities between Grid block (i,j) and its neighboring grid blocks in the x
and y directions are defined as the following;
(

)

A.14

For the slightly-compressible-flow problem, the pressure-dependent fluid properties, µl and Bl
represent weak nonlinearities and can be evaluated at the old time level n. These need to be
averaged between adjacent gridblocks and arithmetic averaging can be used. The remaining grid
property terms, (Axkx)/Δx, are harmonically averaged.
(
(

)

(

)
)

A.15

To model the gas flow through the matrix and high conductive fracture areas, the gas FVF can be
estimated with
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A.16

Substituting Eq. A.16 into Eq. A.8 gives
[

(

)]

[

(

)]

( )

A.17

The finite-difference approximation of the spatial derivatives and time derivative gives
(

)

(
[

)

(
)]

(

)
(

)

)

(
(

)
)

(
(

)
)

(

A.18

where phase transmissibilities between Grid block (i,j) and its neighboring grid blocks in the x
and y directions are defined as the following;
(

)

A.19
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Appendix B
Using Eq. A.1 through A.7 the three equations for three different phases in three dimensions can
be written as;
Oil flow equation;
[

(

)]
[

[

(

(

)]

)]

(

)

B. 1

Water flow equation;
[

(

)]
[

[
(

(
)]

)]
(

)

B. 2

Gas flow equation (dissolved gas and free gas);
[

(

)

(

[

(

)

[

(

)

(

)]
(
(

)]
)]

)

B. 3

Above equations are the general forms of multiphase-flow equations. These equations can be
simplified, depending on the prevailing reservoir conditions, to reduce the complexity of the
equation set. The additional relationships include the phase-saturation constraint and capillary
pressures as functions of phase saturations.
B. 4
(

)

( )

B. 5
B. 6

where Pcow and Pcgo is the capillary pressures between oil/water and oil/gas phases
respectively.
The black-oil-model formulation, in terms of Po, Sw and Sg may be obtained by eliminating So,
Pw and Pg by the aid of above Eqs. B. 4, B. 5 and B. 66.6.
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Oil flow equation;
[

(

)]
[

[

(

(

)]

)]

(

(

)

B. 7

)

Water flow equation;
[

(

)]
[

[

(

(

)]

)]

(

)

B. 8

Gas flow equation (dissolved gas and free gas);
[

(

)

(

[

(

)

[

(

)
(

(

)]
(

)]

(

)]

)
)

B. 9

The finite-difference approach is used to obtain the numerical solution. In this approach, the flow
equations are discretized by the use of algebraic approximations of the second-order derivatives
with respect to space and the first-order derivatives with respect to time. Depending on the
approximation of the derivatives with respect to time, one may obtain explicit or implicit finitedifference equations. The finite-difference approximations for the oil, water and gas flow
equations of general above equations are as follows;
Oil flow equation;
(

)

(

)

(
[

)
(
)

(

)]
(

)
)

)

(
)

(

[(

(
)
(

(

)

)

(

(

(

)

)

)

(

]

)

B. 10

120

Water flow equation;
(

)

(

)

(

)

(

)

(

)

(
[

)
(

)

(

(

)

(

(

)]

[(

)
)
)

(

(

)

)

]

B. 11

Gas flow equation (dissolved gas and free gas);
(

)

(

)

(

)

(

)

(

)

(
[

)
(

)

(

)

(

)]

{

)

(

)]
(

)

(

)

)

(

)

(

)
(

)

)

)

(
)

(

(

(

)
(
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)

)

(

)

(

(

[

(

)

(

(

(

)

)

)

]}

B. 12
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where phase transmissibilities between grid block (i,j,k) and its neighboring grid blocks in the x,
y, and z directions are defined, respectively, for l = o, w, or gas. For example oil transmissibility
between grid blocks (i,j,k) and (i+1,j,k) is as follows;
(

)

(

)

B. 13

Finally, Newton-Raphson’s protocol is applied to solve the finite-difference equations for the
flow systems.
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