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ABSTRACT

The acid fracturing process is a thermal, hydraulic, mechanical, and geochemical
(THMG)-coupled phenomena in which the behavior of these variables are interrelated.
To model the flow behavior of an acid into a fracture, mass and momentum balance
equations are used to draw 3D velocity and pressure profiles. Part of the fluid diffuses or
leaks off into the fracture walls and dissolves part of the fracture face according to the
chemical reaction below.

2H"(aq) + CO5~ - H,C03(aq) - C0,(g) + H,0 (1)

An acid balance equation is used to draw the concentration profile of the acid and
to account for the quantity of rock dissolved. An algorithm is developed for this process
to generate the final conductivity distribution after fracture closure. The objective of
modeling acid fracturing is to determine the optimum condition that results in a
petroleum production rate increase.

The conductivity value and acid penetration distance both affect the final
production rate from a fracture. Treatment parameters are simulated to draw a
conclusion about the effect of each on the conductivity and acid penetration distance.
The conductivity distribution file from an acid fracturing simulator is imported into the
ECLIPSE reservoir simulator to estimate the production rate. Reservoir permeability is
the determining factor when choosing between a high- conductivity value and a long

penetration distance.
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For the model to be more accurate, it needs to be coupled with heat transfer and
geomechanical models. Many simulation cases cannot be completed because of
numerical errors resulting from the hydraulic model (Navier-Stokes equations). The
greatest challenge for the simulator before coupling it with any other phenomena is

building a more stable hydraulic solution.
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NOMENCLATURE

Fracture face area

Average acid concentration

Constants in equation 1.1

Acid concentration

Reservoir fluid viscosity / compressibility coefficient
Equilibrium concentration

Dimensionless fracture conductivity

Hydrochloric acid concentration

Overall leakoff coefficient

Total compressibility

Effluent viscosity and relative permeability coefficient
C, + C,

Effluent viscosity coefficient with wormhole

Wall building coefficient

Acid diffusion coefficient

Dissolved rock equivalent conductivity, md-ft
Young Modulus

Reaction rate constant

Reaction rate constant at reference temperature

Vi



f Fraction of acid leakoff to react with fracture surface

feaicite Percentage of calcite in the formation

F., Ratio of filter cake to filtrate volume

H Fracture height

Ji Productivity index

];‘ Acid diffusion flux in width direction

K Consistency index

k Reservoir permeability

k; Relative permeability of formation to effluent fluid
k., Formation permeability relative to mobile reservoir fluid
L Acid penetration distance

MW Molecular weight

n Power law index

Npe Peclet number

P Pressure inside fracture

P, Fracture inlet pressure

Py Fracture outlet pressure

Qipt Number of pore volume injected at wormhole breakthrough time
q,qin l Injection rate

R Universal gas constant

RES Rock embedment strength

s Closure stress

vil



T Reservoir temperature

t Time

Uy Average x-direction velocity inside the fracture
Uy Average leakoff velocity

v Stoichiometric coefficient

v, Uy Leakoff velocity

Uy x-direction velocity component

vy y-direction velocity component

v, z-direction velocity component

w Average fracture width

w; Ideal fracture width

wkg Fracture conductivity, md-ft

(Wkg)o Fracture conductivity at zero closure stress
X Direction parallel to fracture length

Xf Fracture half length

y Direction parallel to fracture width

Vi, V2 Position on fracture face

VA Direction parallel to fracture height

a Order of reaction

B Gravimetric dissolving power

AE Activation energy
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Dimensionless width number
Normalized correlation length
Eigenvalues

Normalized standard deviation
Formation porosity

Density

Fluid viscosity

Viscosity of effluent fluid

Viscosity of mobile formation fluid
Apparent viscosity for power law fluid

Dissolving power
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CHAPTER I

INTRODUCTION

1.1 Introduction

Acid fracturing is a well stimulation method used in carbonate formations to
enhance the oil production rate. Acid fracturing consists primarily of three stages:
preflush, pad-acid injection, and overflush. In the preflush stage, viscous slick water is
used to initiate the fracture and to reduce the temperature of the fracture walls. The pad
and acid are injected in stages to propagate the fracture and to etch the fracture walls.
Overflush is used to move the acid deeper into the fracture to improve the acid
penetration distance. Because of formation stresses, the fracture closes and the job
success depends on the amount of conductivity created after closure and the length of the
etched fracture.

Acid tends to etch the fracture wall in a nonuniform pattern because of the rock
heterogeneity. This phenomenon prevents complete fracture closure because of the wall
roughness and the asperities hold the fracture open. It is difficult to predict accurately the
fracture conductivity value because fracture heterogeneity cannot be captured from field
data. Laboratory experiments are conducted to measure the fracture conductivity in
small core samples; however, this fracture conductivity scarcely represents the entrance
of a fracture. Conductivity correlations developed from either laboratory data or

theoretical studies usually show large errors when compared with field results or other



experimental data. In such stochastic processes, it is not unusual to find discrepancies in
terms of stimulation ratio between field results and acid design calculations.

The design of an acid fracturing treatment is accomplished by estimating the
optimum conductivity and acid penetration distance that results in maximum benefit of
the treatment. Design parameters include selecting the fluid types, number of stages,
pumping rate, and injection time. Changing these parameters results in different fracture
geometry, etching patterns, and acid-penetration distance. A complete study of formation
fluid properties, mineralogy and permeability distributions, and formation temperature
should be conducted prior to the stimulation operation. Simulators are usually used to

estimate how these design parameters affect the stimulation job.

1.2 Literature Review

Using acid to stimulate a carbonate formation is not a recent practice. In 1895,
Standard Oil Company used concentrated hydrochloric acid as a stimulation fluid to
enhance oil production from the Lima formation in Ohio. The first observation of the
effects of acid fracturing occurred in 1935. At that time, Schlumberger stimulated a
reservoir by acid injection where the formation was determined to be fractured when the
pressure reached “lifting pressure”. Acid fracturing became an accepted stimulation
method for carbonate reservoirs to improve production not achievable by matrix
treatment alone (Kalfayan, 2007).

Propped fracturing is another stimulation method used in carbonate formations.

In many cases, propped fracturing is preferred over acid fracturing because conductivity
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is preserved longer. Designing propped fracturing is more convenient and predictable
than acid fracturing because reactive fluids are not used in the process, which makes it
easy to predict the formation conductivity. Many researchers have provided an
application window for each technique but there are no strict guidelines. Acid fracturing
is usually preferred when the formation is shallow and very heterogeneous to maintain
conductivity after fracture closure. One advantage of acid fracturing is the low
probability of job failure because early screenout is not possible in this case.

One of the first acid-fracturing conductivity calculations was performed by
Nierode and Kruk (1973). They stated that conductivity is difficult to predict because of
rock heterogeneity due to the fact that laboratory experiments represent only the
entrance of the fracture. In correlating the calculations and laboratory experimental
results, Nierode and Kruk concluded that conductivity is function of the amount of
dissolved rock (DREC), rock embedment strength (RES), and formation closure stress
(s). The correlation was based on 25 laboratory experiments with small cores that were
cut under tension to produce rough surfaces. The Nierode and Kruk conductivity

correlation is shown in Egs. 1.1-1.3:

WHEe = C1 €XP(—C35) couniiiiiiii (1.1)
€y = 0.265 (DREC) 822 .. oo (1.2)
C. 103 = { 19.9 — 1.3In(RES) 0 < RES < 20,000psi } (13

2 ~ (3.8 —0.281n(RES) 20000 < RES < 500,000 psi) =~~~ 3)

This correlation represents the lower bound of conductivity when compared with

field values as suggested by Nierode and Kruk. Numerous commercial software



programs use this correlation where parameters can be easily obtained from field data or
core analysis. Since 1973, several correlations were developed based on theoretical or
empirical background (Gangi, 1978; Walsh, 1981; Gong et al., 1999; Pounik, 2008).
Even though the Nierode and Kruk work is the standard in the oil industry, it fails to
capture the significant impact of formation heterogeneity on fracture conductivity. Deng
et al. (2012) attempted to include the effect of formation heterogeneity in their
theoretical correlation. They stated that permeability and mineralogy distribution are the
reasons for differential etching in carbonate rocks. Three parameters are used to
characterize permeability distribution: the correlation lengths in horizontal (Ap.x) and
vertical (Ap,;) directions and the normalized standard deviation of permeability (op). The
correlation length in the x direction has higher value because of the natural bedding in
that direction. The higher the Ap,x , the higher the conductivity because of the fracture
channels that are difficult to close. A high Ap,, results in low conductivity because
fracture-isolated openings contribute less to the flow in the fracture. A high op means
better width distribution, resulting in harder to close channels, which means better
fracture conductivity. Mineralogy distribution depends on the percentage of calcite and
dolomite in the rock. The higher the percentages of calcite, the more opening are the
channels when the fracture closes, which means higher conductivity. The optimum
percentage for calcite is 50%; however, conductivity decreases for higher calcite
percentages. Rock mechanical properties have an impact on conductivity, especially
Young’s modulus, where higher values result in higher conductivity. Variation in
Poisson’s ratio does not have a significant impact on conductivity; therefore, a typical
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value of 0.3 is used. The correlations developed are divided into three cases:
permeability distribution, mineralogy distribution, and a competing case between the
two.

To estimate the well productivity improvement, two parameters should be
provided: 1) the ratio of fracture length to drainage radius; and 2) the ratio of fracture
conductivity to the formation permeability (McGuir and Sikora, 1960). Acid penetration
distance in reactive formations ranges from a maximum penetration distance case where
the pad fluid is assumed to control the leakoff rate (reaction rate limit) and a minimum
penetration distance where acid viscosity is assumed to control acid leakoff (fluid loss
limit). Because the reaction rate between hydrochloric acid (HCI) and a carbonate
formation occurs so quickly, the process of rock etching is controlled by the acid mass
transfer to the fracture wall, which is the slower step. Fluid loss additives and acid
retarders are usually added to an acid system to enhance etching performance and acid
penetration distance.

Designing an acid-fracturing job nowadays is performed by using simulators.
Before simulators, analytical solutions of velocity and concentration profiles in 1D or 2D
were used and a simple procedure was implemented. Nierode and Williams (1972)
suggested a design procedure to predict stimulation ratio. The procedure began by
calculating acid penetration distance from a chart (Fig.1.1) using Peclet number and a
specific acid concentration value to read the dimensionless acid penetration number. The

Peclet number, Np,, is given in the equation below:



Npo = e (1.4)

where iy is the average leakoff velocity, W is the fracture average width, and D, is the
effective mixing acid diffusion coefficient. The effective mixing diffusion coefficient
(larger than the ion diffusion coefficient) is calculated using a correlation that is a
function of the Reynold’s number and fracture width. An example is presented in the
Nierode and Williams (1972) paper to show how the calculation predicts a production
improvement. Average values for velocity and concentration are used in these
calculations, and the charts presented are limited to few cases that only imitate the
laboratory condition. This method is based on up-scaling laboratory results from small

sized cores to represent hundreds of feet of fracture.
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Figure 1.1: Acid penetration distance as function of Peclet number and acid concentration

(Williams and Nierode, 1972).

Schechter provided a theoretical approach to design an acid-fracturing job
(Schechter, 1992). The Berman solution was used by Schechter for the velocity profiles
in the x, y directions satisfied both the continuity and the Navier-Stokes equations. These
2D analytical solutions are presented in Egs. 1.5-1.7:

U(X,Y) = [Ud =< Uy > X (F) oo (1.5)

V(X Y) = UN > () e (1.6)
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W

ug =
where u, v are velocities in the X, y directions, u is the average velocity inside the
fracture, i is the acid injection rate, H is the fracture height, and fj is a dimensionless
number for acid position in a fracture width direction. The acid mass balance equation is
used to calculate concentration as function of the x- direction where the y-direction
concentration values are averaged. The acid mass balance equation and the analytical

solutions are shown in Eqs.1.7-1.8:

F) a a2
u(x,y)£+ v(x,y)é = DA (1.8)

== T Ga(1 = DPRANPE (1.9)

where A,, and G,, are eigenvalues, C is the acid concentration, C is the average acid
concentration, C; is the initial acid concentration, and L is the acid penetration distance.
From the solution presented in Figure 1.2 for a Peclet number greater than one, the case
is the fluid loss limit where the fluid completely leaks off before the acid is exhausted.
When the Peclet number is less than one, it is reaction-limit controlled and the acid is
consumed before the fluid leaks off. This analytical solution has a limitation in terms of
Peclet values and Reynolds numbers. In general, the solution assumptions are: laminar
flow and infinite reaction rate while wall roughness and secondary flow effects are
neglected. The length (L) in this case may not be the actual fracture half-length but is the
acid-penetration length that will satisty the volume balance equation (injection rate =

fluid loss rate). The ideal fracture width is calculated as a function of fracture length (x)



where the Terrill (1964) acid solution is used for width calculations. It is found that the
higher the Peclet number, the more distributed is the etching along the fracture. Width

distribution as a function of distance is shown in Eq. 1.10:

_ __BitaG; d . x T
Wi = s L = D E (1.10)

where w; is the ideal fracture width, py is the fluid density, ¢ is the formation porosity,
t, is the total time of acid injection, and f3 is the gravimetric dissolving power. An
equation for an optimum penetration distance is suggested assuming the fracture is
equally etched along its length. The equation used is an analogue to that of the prop
fracture case. Selecting acid viscosity can determine the acid leakoff coefficient; hence,
the acid injection rate and the penetration distance. An issue with acid fracturing design
is the Peclet number that gives optimum penetration distance may not give optimum

uniform etching.
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Figure 1.2: Acid penetration distance as function of concentration and Peclet number

(Schecter, 1992).

Modeling acid fracturing is a necessity to provide more accurate results of acid
convection, diffusion, and reaction with the fracture walls. Determining fracture
geometry is a first step where many different models can be used in this aspect. Dean
and Lo (1989) calculated the fracture length by assuming Perkins-Kern-Nordgren (PKN)
fracture shape. An acid transport model is introduced by Dean and Lo (1989) where the
2D continuity equation and acid mass balance equation are implemented and reaction
rate is assumed to be infinite. Settari (1993) developed a more comprehensive model that

accounted for different fluids with different rheologies, mass transfer and rate of reaction
limited cases, wormholing effect in leakoff calculations, heat of reaction, and coupling
of fracture geometry. Gdanski and Lee (1989) provided a model that took care of the

gross assumptions in fracture acidizing, such as infinite reaction rate, no heat of
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reaction, constant average fracture temperature, no convection effect, and single stage
geometry.

The number of pore volumes (PV) to breakthrough is very important in
determining the effect of wormholing. Normally, carbonate formations have small PVs
while dolomite has higher PVs to breakthrough; hence, the effect of wormholing is
significant in carbonate reservoirs, especially in gas fields. Leakoff parameters are
important in the solution of acid penetration distance and acid fracturing conductivity. A
volumetric method introduced by Economides et al. (1994) is used where flow is linear
and wormholes are short. For short wormholes, the wormhole growth is almost linear
with fluid flux. Parameters are varied in experimental work to account for wormholing,
including acid concentration, injection rates, and temperature. Pressure drop is
measured against PV and found to be almost linear, which means that wormhole growth
is almost linear in the case of carbonates. In dolomite, the growth is not linear and the
PV value can be as high as 50. Experiments showed that there is an optimum value for
injection rate where PV is at minimum. It is safe to increase the injection rate because
the increase in PV is gradual and small. Assuming a constant injection rate and constant
growth velocity of wormholes, the length of the wormhole is correlated with the
injection rate. Formation zones are divided into filter cake, Cw, wormhole and invaded
zone, Cv, and compressed reservoir zone, Cc, as shown in Figure 1.3. Wormholes will
affect only the fluid loss in the invaded zones and pressure drop is assumed to be
negligible in wormholes when compared with the matrix. For those reasons, the only

change that accounts for including wormholing is in the viscous fluid loss coefficient
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Cv. When the number of pore volumes injected is equal to 1, the fluid front in the
invaded zone is equal to the length of the wormholes. Then, a method was introduced to
calculate the effect of wormholing in the overall fluid loss coefficient (Zhu and Hill,

1995)

filter cake,
Region 1 jere
o Pr Pr
wormhole+invaded compressed reservoir,
zone, Region 2 Region 3

Figure 1.3: Fluid leakoff zones in a fracture face (Hill and Zhu, 1995).
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1.3 Research Objectives

An acid fracturing simulator that uses a 3D solution of velocity, pressure, and
concentration profiles has already been developed. The approach and algorithm of this
simulator is illustrated by Mou (2010) and an analytical validation and some
development of the model has been presented by Oeth (2013). The correlation used to
evaluate acid fracture conductivity was theoretically developed by Deng et al. (2012).
The main objectives of my research are as follows:

1- Provide a detailed study of the algorithm and equations used in the simulator to
make it convenient for other researchers to further develop the simulator.

2- Use the simulator to perform parametric studies to evaluate the effect of fluids
and formation properties on fracture conductivity and acid penetration distance.
The simulator output is imported to the ECLIPSE ™ reservoir simulator to
evaluate production enhancement for different cases and to be able to draw a
solid conclusion about fracture treatment performance.

3- Provide a summary of simulator limitations and identify other hydraulic,
mechanical, thermal, and geochemical phenomena that should be included to
improve the model’s accuracy. Some input data cause the simulator to
prematurely terminate without completing the run. This issue is further

investigated in this research.
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CHAPTER 1I

MODEL THEORETICAL APPROACH

2.1 Model Algorithm

The goal of this simulator is to provide conductivity distribution of a fracture
after treatment with an acid system. The simulator goes through various steps before
providing fracture conductivity distribution. Some steps are performed only once during
simulation and others are repeated at each time step. Figure 2.1 shows the simulator’s

first steps that will not be revisited again during the simulation procedure.

Read Input File (fluid &
formation properties and
treatment parameters)

Read Geometry File Fracture L, H, w and
area are computed
. - Ef, i, 2. Qibt. are
Read Mineralogy File computed for each grid
block + Femne

!

Fracture Minimum w and
Area are Recomputed

Gridding in Mg, ., Mg, are Calculated
width direction

Analytical Solution for P, u Acid B.C and Non-Reactive

Read Permeability File {used as first guess) +B.C Grids Concentration are Set

Main Treatment Loop

Figure 2.1: Simulator step one algorithm that is performed only one time.
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The user has to provide input data that includes fluid and formation properties in
addition to treatment parameters. The simulator then reads the fracture width distribution
(geometry), which has to be provided by other hydraulic propagation models. The
number of grids in the fracture height and fracture length depends on the precision of
width distribution provided by the gridding system of the fracture propagation model.
Fracture height and length are considered to be constant while fracture width will change
during the acid injection. Formations can consist of calcite, dolomite, and nonreactive
minerals. The simulator reads mineralogy distribution and computes the reaction rate
constant, order of reaction, volume dissolving power, and the pore volume to
breakthrough value for each grid cell. The percentage of calcite in a fracture is evaluated
and used in the Mou-Deng (2012) conductivity correlation. Fracture average width and
area are calculated again where nonreactive grids are excluded this time. Gridding in the
width direction is performed by calculating the Peclet number (N,.) and based on that
value, the number of grids are determined. The simulator imposes the restriction that the
concentration at the fracture inlet and at the nonreactive grid cells is equal to the initial
concentration and will not change during treatment. Before moving to the Navier-Stokes
and continuity equations, an analytical solution for velocity in the length direction (uy)
and pressure is provided as a first-guess solution. Before moving to main treatment loop,
the simulator reads permeability distribution, which affects the fracture leakoff
properties.

The main treatment loop is performed at each time step until reaching the end of

treatment time (Fig. 2.2). The leakoff coefficient for each gird cell at the fracture face is
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calculated by using the two models. As long as the acid front is beyond the grid blocks
in the fracture face, the leakoff coefficient without the wormhole effect is considered;
otherwise, the wormhole effect should be included. Leakoff velocity through the fracture
walls can be estimated and penetration distance afterward can be easily determined. The
leakoff velocity is considered as a velocity boundary condition in the width direction (vy)
and can change at each time step. Subsequently, the simulator moves to the continuity
and momentum balance equations (Navier-Stokes) to solve for velocity and pressure in
3D. The following steps are performed when the simulator reaches this point (Oeth,
2013):

1) Begin with a guessed velocity profile.

2) Calculate the pressure coefficient matrix based on continuity and the momentum
balance equations, and solve for pressure by inverting this matrix.

3) Use the three momentum equations to calculate the velocity profile using
pressure values in Step 2.

4) Compare the calculated velocity with the guessed velocity, and if the velocity
converges, then terminate the solution; otherwise, restart the algorithm with the
new velocity profile.

After completing these steps, a 3D pressure and velocity profile inside of the fracture
are obtained. The velocity profile at the entrance is used to calculate the inlet injection
rate and if it is within 10% of the user-specified injection rate, then the simulator moves
to the acid concentration profile; otherwise, inlet pressure values will be adjusted and the

continuity and momentum balance equations will be evaluated again to obtain a velocity
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profile that satisfies the inlet injection rate. The velocity profile is used for 3D
calculations of the concentration profile inside of the fracture. The concentration profile
is used to calculate the amount of acid that diffuses through the fracture wall and the
concentration of leaked off fluid. An etching profile for each grid cell at the fracture
faces is calculated where diffusion and leakoff are considered to be the only methods to
reach the fracture wall. These etching profile and fracture statistical parameters are
imported into the Mou-Deng correlation file to evaluate the conductivity distribution.
The water flushing effect after acid injection is also included in the simulator where the
acid concentration in the flushed zone is assumed to be zero. The results are printed in
one minute intervals to show how the solutions change with time. The Tecplot Focus ™
program is used to view the results in 2D and 3D. Figure 2.2 shows the flow chart of the

approach.
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Figure 2.2: The second portion of the simulator algorithm (main loop).
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2.2 Model Equations

Some of the equations used in this model are fundamental and based on physics
laws such as conservation of mass and momentum. These equations are differential
equations and can be solved numerically or analytically. Most of analytical solutions are
based on many assumptions and simplifications, which limit the model and cause it to be
less representative of the real world. In this model, a numerical solution using SIMPLE
(Semi-Implicit Method for Pressure Linked Equations) is implemented where averaging
in 1D is no longer needed. This section introduces most of the equations used in the
model. For model validation and comparison with analytical solutions, the reader may

refer to the Oeth (2013) dissertation.

2.2.1 Reaction Equations
The reaction between an acid and a fracture is heterogeneous where acid has to
diffuse to the rock surface to react with the minerals. The diffusion flux ([;‘) depends on

the acid concentration gradient (aai;’) and the diffusion coefficient (D) as expressed by

Fick’s law (Eq.2.1).

If diffusion is slow when compared with the reaction rate, it becomes the rate
determining step and the reaction is called diffusion limited. If the diffusion is faster than
the reaction rate, then reaction becomes the rate determining step and the reaction is

called reaction limited. Because HCI reactions are so fast, once the molecules collide
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with each other, a product will form; hence, an acid reaction, which in this case is
diffusion limited.

The reaction rate (Eq. 2.2) depends on the reactant’s concentration (Cy¢;),
reaction rate constant (Ef) , and the reaction order (a). Because minerals are solid, their
concentration will not change and this is not shown in the equation. The reaction rate
constant (Eq.2.3) is a function of temperature (T) and the activation energy (AE). Lund
et al. (1975) studied the reaction between HCI and dolomite and HCI and calcite

minerals and summarized the reaction kinetic constants as shown in Table 2.1.

Table 2.1: Reaction kinetics constants for the reaction between HCI-Calcite and HCI-

Dolomite.
kg moles HCl
0
Mineral a Erl 5 I ] HCl a] ﬁ (K)
m —s—(g—moesW) R
Calcite 0.63 7.55%10° 7.314*%107
-4
Dolomite 6.32+107°T 7.9%10° 4.48%10°
1—-192%1073T
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A less complicated way to calculate the amount of etching is by calculating the
dissolving power (X) introduced by Williams, Gidley, and Schechter (1979). This
calculation is based on the assumption that the reaction between an acid and a mineral is
complete. Gravimetric dissolving power (f) should be calculated first (Eq. 2.4), which
depends on the stoichiometric coefficient (v) and molecular weight (MW) of the
reactants. The stoichiometric coefficients in this case can be computed by balancing the
reaction between the HCI and the minerals (Eq. 2.6-2.7). When the acid concentration is
less than 100%, then this concentration should be multiplied by f. By calculating the
dissolving power, computing the volume of acid needed to dissolve a certain amount or
volume of minerals becomes easy. Weak acids are treated differently because they do

not react completely; hence, knowledge of equilibrium composition is inevitable.

Vmi MW i
g = tmineratMVminerat 2.4)
Vacid MW acid

MW qcid

X = ﬂ(p—) .................................................................................. (25)
mineral

2HCL+ CaCO3 = CaCly + COp 4 HpO oo (2.6)

4HCL + CaMg(C03), = CaCly, + MgCl, +2C0, + 2H,0. ..o, (2.7)

2.2.2 Analytical Solutions for Pressure and Velocity inside the Fracture

Before numerically solving for velocity and pressure in 3D, a first- supposition
analytical solution is used. This solution (Eq.2.8) is obtained by simplifying momentum
and continuity equations into a 1D solution for velocity. This solution is applied for both

Newtonian fluids and non-Newtonian fluids that follow the power low model (Eq.2.11),
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where K is the consistency index and n is power low index. When the power low index
is one, the fluid is considered Newtonian, which has constant viscosity. The velocity
profile in this case is simplified into Equation 2.9. To obtain the velocity profile (Eq.2.8-
2.9), the following assumptions are made:

1) The flow is at a steady-state condition.

2) There are no velocity components in the fracture width (vy = 0) and height

(v, = 0) directions.
3) There is no velocity gradient in the height direction % = 0.

4) The gravity acts only in the height direction.

5) The velocity (vy) is zero at the fracture walls and maximum at the center.

v.(y) = 1,(0) [1 - (%)%l ................................................................... (2.8)
v.(¥) = 1,(0) [1 - (g)z] ..................................................................... 2.9)
v,(0) = i (222 ] (2.10)
tapp = K (Z—;)n_l ............................................................................. Q.11

The velocity profiles in this case will be constant in the length direction and will
vary only in the width direction with the maximum value at the center and the zero
values at the wall surfaces. This profile cannot represent the actual acid fracturing

conditions where velocity (vy) is function of length and height directions. Because the
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fracture walls are porous, the velocity component in the width direction (vy) cannot be
ignored; however, this solution can be useful as first deduction and input into the Navier-
Stokes equations.

A first conjecture as a solution for pressure is provided by assuming that the
pressure gradient is constant along the length direction and there is no pressure gradient
in other directions (Eq.2.12). The pressure value at the fracture entrance Py, is calculated
by using Equation 2.13. This calculated value is then populated to all direction as a first

deduction and input into the Navier-Stokes equations.

—Z = () > P=Pu—APxE (2.12)

ax  \L

2.2.3 Leakoff Coefficient

The leakoff coefficient calculation is very important in designing hydraulic and
acid fracturing processes (Ben-Naceur et al., 1989). The shape of the fracture and the
penetration distance are both affected by this value. Also, this value can determine the
efficiency of a fracturing job, which is the ratio of the pumped fluids volume to the
fracture volume. A high-leakoff coefficient can cause premature job failure because the
pressure cannot build up to the fracture pressure. The leakoff coefficient consists of three
parameters as shown in Figure 2.3. Effluent viscosity (Cv) represents the first layer of

the fracture wall that is formed due to the fluid filtrate that penetrates into the wall’s
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pores. The second layer exists because of the wall building (Cw) due to the accumulation
of fluid filtrate during injection. The third layer represents the reservoir fluid viscosity
and compressibility (Cc). The effluent and reservoir fluid coefficients can be calculated
from the reservoir and fluid properties (Eq. 2.14-2.15) while the wall buildup coefficient
can be determined experimentally (Eq. 2.16). There are several methods available to
combine the three coefficients into one leakoff coefficient. One method combines Cv
and Cc as shown in Equation 2.17 and compares the value with Cw and the lesser
coefficient is used as total coefficient. Another method combines the total pressure drop
contribution of each coefficient that leads to Equation 2.18. (Recent Advances in

Hydraulic Fracturing, 1989)

1

— kidPg))2
€ =00469 (5E0) e (2.14)
1
_ krCrp))2
C. = 0.0374 AP < Hf ) .................................................................. (2.15)
_ kaAP
G = 006 (2.16)
2C,C,
Cyc = T L (2.17)
Cy+(CE+4C2)?
2C,CcCyw
Ce = T s (2.18)

CyCw+[CECE+4C2(CE+C3)]
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Figure 2.3: Leakoff parameters as it appears in a fracture wall.

Acid injection creates wormholes in fracture walls that affect the leakoff
coefficient. The severity of this effect, which depends on the type of formation, is more
noticeable in calcite when compared with dolomite formations. This effect can be
quantified by measuring the number of pore volumes of acid needed for the wormhole to
breakthrough. In this simulator, the value of pore volume to breakthrough (Qibt) for
calcite is 1.5 and 20 for dolomite. Then, the Cv value is corrected for the wormhole
effect as shown in Equation 2.19. Under the assumption that Cw is large when compared
with Cv or Cc, the total leakoff coefficient, including wormhole effect, is shown in

Equation 2.20 (Hill and Zhu, 1995).

— [ _Qibt
Cown = / Qb O oo (2.19)
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Cc |cz Clzz,wh
Ce = T e, (2.20)
2*<C127 wh)

The leakoff velocity at the fracture wall is calculated (Eq.2.21) and used as a
boundary condition later in Navier-Stokes equations. By volume balance (volume
injected = leakoff volume), the penetration distance can be determined using Equation
2.22. After this distance, there is no acid convection or diffusion, which means this part,

will have zero conductivity after fracture closure.

VL S 2.21)
_q
T (2.22)

2.2.4 Navier Stokes Equations
To solve for three velocity components (vy, vy, V) and pressure (P) inside the
fracture, four equations are need. These equations are three momentum balances in each
coordinate (Egs. 2.24-2.26) and one continuity equation (Eq.2.23). These equations are
further simplified by making the following assumptions:
1) A steady-state condition exists, which means no property change will occur with

d(pvxvyvs) 0

time
at

2) Newtonian fluids are assumed for these equations, but the model can handle non-
Newtonian fluids as well (Oeth, 2013).

3) Gravity effect is neglected (pg = 0).
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4) Density is constant (incompressible fluid).

P 4 Ao a(g’;y) + 2% 2 0 (2.23)

(B2, 2 gy, P gy, ) = Ty (T a;y”; +25) 4 g . (224)
p(3+ v 4w, 224y, 2Y) = —Z—z+u(‘$’3 + 6;;’3#’;”3) gy . (2.25)
p (% + U % t vy % tv, %) = —Z—Z +u (21"2 + Zz; + f;) + PGy oo (2.26)

Boundary conditions are needed to solve the differential equations, and these
boundary conditions are as follows:
1) At the inlet, the injection rate must be equal to the summation of volumetric flux

across the fracture inlet area.

Gin = S Vrrm0@A oo, (2.27)
2) At the outlet, the pressure at the end of fracture is equal to outlet pressure.

DIxmL = DOUL ++vvvvvvrenenes e et e (2.28)
3) On the fracture surfaces, the velocity component in the fracture length and height

directions are zero but the velocity in the width direction is equal to leakoff

velocity.

Vk|yeyiyz = 0 e (2.29)
Vzly=yiy2 = 0 e (2.30)
Y lymylyz DL foe et s (2.31)
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4) At the top and bottom of the fracture, all velocity components are equal to zero.

Vs Vyy Uz peo = 0 e (2.32)
z
N
‘ N N\
Acid — Acid
Inlet = Leakoff H
_ -
~%
| AN |
wo " L N\ |
y2

Figure 2.4: Fracture physical domain.

During acid injection, the physical domain (Fig. 2.4) of the fracture changes
continuously because the rock is dissolving. This phenomenon causes difficulty in
imposing boundary conditions when solving the equations numerically. A front fixing
method (Crank 1984) is used to handle this problem where a fixed computational
domain is used. For additional information about this topic, the reader may refer to Mou

(2010).
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2.2.5 Acid Balance Equation and Etched Width Calculation

Solving the mass balance equation (Eq. 2.33) for acid will provide the
concentration profile in 3D when convection in all directions is assumed. The velocity
profile from the Navier-Stokes equations is used as input into the acid balance equation.
Diffusion is assumed to be only in the width direction where diffusion in other directions

is neglected. In this case, the acid concentration is a function of time and space.

a{%+vx%+vy%+vz% :aa_y( ef f aa%)
The following boundary conditions are implemented to solve for acid mass
balance numerically:
1) Initial condition, at t = 0, there is no acid inside the fracture.
Ca(x,7,2,0) = 0 oo (2.34)
2) At the inlet, the acid is live and no reaction has begun.

Ca(0,Y,Z,8) = Ci evveeeeeee e (2.35)

3) At the top and bottom, no acid concentration gradient is assumed.

4) At the fracture surfaces, the rate of acid diffusion is equal to the rate of the

acid reaction.

ac n
Deffa_; = Ef(CA - Ceqm) (1 — (p)|y1,y2 ................................... (237)

Solving the concentration profile will provide the acid concentration that will

react with fracture minerals. There are two methods for transporting the acid to the
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fracture walls: 1) Acid leakoff to the fracture (v, Cy); 2) Acid diffusing flux into the

fracture walls because of the acid gradient (D s aa%). By the end of this step, the amount

of acid that will react with minerals at each part of fracture walls will be known and its
concentration at each time step is obtained. The next step is to evaluate the amount of
rock dissolved and update the fracture width at each grid block. A volumetric dissolving

power concept is used to evaluate the volume of rock etched as given in Equation (2.38).

0y (x,z,t)
at

In this equation, the rate of width change is represented by this term ( ), while

the fraction of acid that will react after leakoft is represented by (f). Evaluating this

fraction can be accomplished by laboratory measurements of the acid concentration of

the leaked off acid.
0y(x,z,t) _ BMW qcia _ 6&
S8 = Bredt (Fv.Ca = Degy ay) ..................................................... (2.38)

2.2.6 Conductivity Calculation (Mou-Deng Correlation)

Mou and Deng (2012) used an exponential function (Eq. 2.39) to correlate
fracture conductivity (wky) with closure stress (o;). This is the same model used by
Nierode-Kruck (1973) but the constants (a, ) are determined using a large number of

numerical experiments. To determine these constants, three cases are discussed:

1) Dominant permeability distribution
In this case, the mineralogy distribution is assumed to be moderately

homogenous but the leakoff coefficient is assumed to be greater than 0.004 ft/(min)” or
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approximately 0.001 ft/(min)~. Because the leakoff is high and the minerals are either
100% calcite or 100% dolomite, the permeability effect will prevail. In their correlations,
they used the average fracture width W (Eq.2.40-2.41) instead of the ideal width w; (rock
dissolved volume over fracture area).

W = 0.65 erf(0.80,) w;®®  C, > 0.004 ft/(min)Y/2 ...l (2.40)
W = 0.2 erf(0.780,) wi¥*  C, =~ 0.001 ft/(min)Y/2 ... (2.41)
To begin with, the conductivity at zero closure stress (Wky), should be evaluated (Eq.
2.42). This value is incorporated into a with other statistical parameters for the
permeability distribution ( Ap 4, Apz, 0p ), while Young’s modulus (E) is incorporated

into § (Eqgs. 2.43-2.44).

(Wks)o = 4.48  10°W° [1 + (a1 erf (az (Apx — a3)) —a, erf(a5(/10,z —

o) 7=1)

a; = 1.82, ay = 3.25, a3 = 0.12, a, = 1.31, ag = 6.71, @g = 0.03 ..vvrveveo... (2.42)
0.4 .52

a= (wkp) [o.zz(AD,an)z'S +0.01((1 - 2p,,)0p) ] ......................... (2.43)

B =1[149—-3.78In(op) — 6.8In(E) * 10™* ... (2.44)

2) Dominant mineralogy distribution
In this case, the leakoff coefficient is assumed to be less than 0.004 ft/(min)~ and
both the dolomite and calcite minerals exist in the formation. The percentage of calcite is
needed in the correlation while the permeability distribution statistical parameters are no

longer used in the correlations (Eqs. 2.45-2.47).
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(Wkg)o = 4.48 * 10°[1 + 2.97(1 — fcalcite)z-”][0.13fc‘3j§te]3wl:2-52 e (2.45)
a = (Wkf)o(0.811 — 0.853f gicite) wvvovvrrrmmrmmmmnimiaiiiiieiiiieie e (2.46)
B = [1.2e%952 fcatcite + 10.5E71823] %« 107 ... ... (2.47)
3) Competing between mineralogy and permeability distributions
In this case, the leakoff coefficient is medium; approximately 0.001 ft/(min)”,
and both minerals exist in the formation. The conductivity correlations for this case are

shown in Equations 2.48-2.50:
(Wks)o = 4.48 % 10° [1 +a; + (az erf (a3 (Apx — a4)) — as erf (a6(/1D,Z -

a7)))\/e"D - 1] lasfieire + aloaD]Bwia“

alcite

a; =0.2,a4 =1.0, a3 =5.0,a, =0.12,a5 = 0.6,a4 = 3.5,a;, = 0.03,a3 = 0.1, ag =
043, a19 = 0.14, a11 = 2.52 (2.48)
a = (Wkp)[0.212%5° + 0.0461In(0p) + 0.15255M 7] «oooiiiiiiiiiiiiiiiiiiii (2.49)

Z

f =[53.8—4.58In(E) + 18.9In(op)] * 1074
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CHAPTER III

PARAMETRIC STUDY

The acid fracturing model is constructed to be able to predict the actual behavior
of reactive fluids inside of a fracture. Conductivity and penetration distance for various
treatment conditions can be obtained from the simulator. The conductivity and
penetration distance have a large impact on the production improvement of a fractured
well. In this section, different parameters will be tested to detect the effect of each
parameter on conductivity and penetration distance. To run the simulator, a fracture
domain should be created. In this case, a PKN geometry model is generated and will be
used for the majority of the cases. This geometry has an elliptical shape at the wellbore
entrance with maximum width at the centerline and zero width at the top and bottom

(Fig. 3.1)

Figure 3.1: A PKN geometry domain.
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3.1 Acid Type

Different types of acid systems will behave differently inside of the fracture and

will provide different results. Straight acid is the simplest type of acid system where no

viscosifers or gelling agents are added. Usually, more complex acid systems are used for

acid fracturing to improve leakoff efficiency and to make the acid more retarded. In this

section, three different types of acid systems are studied: straight, emulsified, and gelled

acid. The properties of these fluids are shown in Table 3.1 (De Rozieres et al., 1994).

Table 3.1: Acid system properties used in the simulator.

Acid Type K (Pa.s"n) n Degr (cm”2/s) Ua (cp) T (F)
Straight 0.00109 1.0 0.0000213 1 84
Gelled 0.05 0.65 0.000008 15 84

Emulsified 0.315 0.675 2.64E-08 30 83

The input treatment parameters are shown in Table 3.2 where the mineralogy is

assumed to be 100% calcite. Usually, acid fracturing consists of numerous stages of acid

and pad fluids injection but for simplification purposes, only one pad stage is assumed to

create the fracture and one acid stage to etch the walls of the fracture. The simulator can

show the velocity, pressure, concentration, and viscosity profiles in 3D, and it shows

acid-etched width and conductivity profiles in 2D.
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Table 3.2: Input treatment parameters for the acid fracturing simulator.

Parameters Value Unit
Total Compressibility (ct) .000015 1/psi
Fluid Density (ps) 1070 Kg/m~3
Formation Porosity (¢) .15
Temperature (T) 84 F
Limestone Fc(J;:;:;\tion Density 2710 Kg/mA3
Fraction of Acid Reaction (f) 3
Injection Rate (qi,) 20 bbl/min
Injection Time 20 min
Wormhole Breakthrough Pore 15
Volume for Limestone (Qibt)
Formation Closure Stress (o.) 2000 psi
Acid Initial concentration (C;) 15 wt %
Flush volume 0 bbl
Correlation length (Ap ) 1.0
Correlation length (Ap ;) 0.05
Standard deviation 0.4
Young modulus 4.5 MMpsi

A former version of the simulator could not capture different penetration
distances for different fluid systems. For a fracture with a 320-ft half-length, it is
unrealistic to expect the straight acid to reach the tip of the fracture as shown in Figure
3.2. A high-leakoff coefficient will not allow the acid to penetrate deep into the fracture.

Even if straight acid has a low-leakoff coefficient, it will be mostly consumed at the
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fracture entrance because of the high-diffusion coefficient. This error can show that
straight acid will result in the best treatment in terms of production enhancement, which
contradicts field case results.

It should be mentioned that penetration distance is either fluid-loss limited or
reaction-rate limited. To be reaction-rate limited, it is assumed that the pad fluid will
control the leakoff rate and the penetration distance is maximum because of the acid
consumption. To be fluid-loss limited, the acid will create wormholes that overcome the
effect of the pad fluid and result in an excessive leakoff rate, resulting in minimum
penetration distance. This case is supported by field data (Nierode and Kruk, 1973) and

will be the assumed case in this simulator.
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3.1.1 Straight Acid

Instead of showing the 3D profile for velocity and concentration profiles, a
representative slice in the z-direction will be used. Figure 3.3 shows that the straight acid
could not penetrate beyond 120 ft. This penetration distance represents the convection in
the length direction (vy). The contours show that velocity is maximum at the center of
the fracture and is zero at the fracture walls. This solution agrees with the analytical

solution of the velocity in the x-direction.
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Figure 3.3: Velocity profile (vx) in x-direction for straight acid.
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Figure 3.4 shows the velocity profile in the fracture width direction (vy). Velocity
is zero at the center of the fracture and reaches maximum at the fracture walls because of
acid leakoff. An analytical solution of velocity in the y-direction with a leaky channel
supports this numerical solution. Because of the leakoff effect, the profile reaches up to
120 ft and there is no convection beyond that distance.

Figure 3.5 shows the concentration profile for straight acid where concentration
at the inlet and middle of fracture is almost the same as the initial concentration. Toward
the fracture walls and at the end of the profile, the concentration decreases but never
reaches zero. All of the cases run in the simulator have a Peclet number greater than
one, which means that the acid will leakoff before it is consumed completely (fluid loss

limit cases).
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Figure 3.4: Velocity profile (vy) in y-direction for straight acid.
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Figure 3.5: Straight acid concentration profile.
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Rock etching volume is expected to decrease as the acid travel further into the
fracture as presented in Figure 3.6. Straight acid has higher etching potential when
compared with other fluid systems because of the extremely high diffusion coefficient.
However, straight acid is expected to travel less distance inside of the fracture because of
the low effluent viscosity, resulting in a higher overall leakoff coefficient; and hence, a

higher leakoff rate.
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Figure 3.6: Straight acid etched width profile.
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The conductivity profile usually follows the etching profiles as the Mou-Deng
correlation suggest (Fig. 3.7), which means that the higher etched volume zones will
have higher conductivity for a given mineralogy and permeability distribution. This
condition may not be always correct because of the rock softening effect, not accounted

for in most conductivity correlations.
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Figure 3.7: Straight acid conductivity profile.
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3.1.2 Gelled Acid

Gelled acid is simulated in this case where the gelling agent is added to the HCI.
Gelled acid has been used in the industry and proved to be more effective for acid
fracturing. Crowe et al. (1981) investigated different gelling agents in terms of stability,
efficiency, and condition after spending. The study provided the concentration and
temperature at which some gelling agents will be more stable. Also, the potential of
various gelling agents was tested in their study where xanthan polymers showed the
greatest overall potential. The viscosity of gelled acid is several times greater than the
viscosity of straight acid; however, the diffusion coefficient of gelled acid is less than the
straight acid diffusion coefficient, which decreases the amount of acid flux to the
fracture walls. Laboratory experiments with a gelled acid show a lower etching potential
when compared with straight acid etching.. Simulating the gelled acid case showed that
the acid convection can reach up to 240 ft inside of the fracture (Fig. 3.8). This
penetration distance is almost double the penetration distance of a straight acid,

indicating an efficiency improvement in leakoftf behavior.
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Figure 3.8: Velocity profile (vx) in x-direction for gelled acid.

On the average, the conductivity values for gelled acid are lower than that for
straight acid as shown in Figure 3.9 but gelled acid penetrates deeper into the fracture. It
can be concluded that gelled acid can be used to etch medium depth fractures (200-300

ft).
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Figure 3.9: Conductivity profile for gelled acid.

3.1.3 Emulsified Acid

Emulsifiers are added to HCI to create emulsified acid that has higher viscosity
than that of straight acid. This makes the acid more retarded and helps control the
leakoff rate by reducing the leakoff coefficient. However, the etching potential is
reduced because of the low-diffusion coefficient and leakoff rate, which means less acid
will react with the fracture walls. Other effects may be observed in the production stage
such as an additional pressure drop because of the skin developed due to high-viscosity

filtrate. This phenomenon is known as viscous skin and it is more pronounced in a gas
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reservoir. Simulating emulsified acid shows that acid can reach up to the tip of the

fracture (320 ft) as shown in Figure 3.10.
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Figure 3.10: Velocity profile (vx) in x-direction for emulsified acid.
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Figure 3.11: Conductivity profile for gelled acid.

The conductivity profile shows an enhanced homogenous conductivity
distribution when compared with straight or gelled acids (Fig. 3.11). This effect is
evident in acids with low-diffusion coefficients. It is observed that emulsified acid can
reach lengthy distances inside of fractures, which makes it a good candidate for very
long fractures. Figure 3.12 shows conductivity along the fracture length for the three
acid systems. The straight acid has a very high conductivity at the fracture entrance, but
it drops to zero very quickly. Gelled acid has lower conductivity than straight acid but it
penetrates deeper into the fracture. Emulsified acid has the lowest conductivity but has
the greatest penetration. To measure the effect of these three treatments on the

production, files are imported into the ECLIPSE reservoir simulator.
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Figure 3.12: Conductivity versus distance for straight, emulsified and gelled acids.

3.1.4 ECLISPE Simulation

Production rate enhancement after acid fracturing is a measurement of treatment
success. Certain reservoir properties are assumed when simulating the three acid
fracturing cases as shown in Table 3.3. The vertical fracture is assumed to be in the
middle of the reservoir where perforations are considered along the fracture height (Fig.
3.13). A constant bottomhole pressure at 1,500 psi is assumed to be the pressure during
production. Dead oil properties are implemented and a water aquifer is assumed to
underlay the oil formation. The conductivity distribution for each case is imported to the

ECLISPE simulator where the production rate and cumulative oil production for 480
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days are simulated. Different values of reservoir permeability are considered to capture

the effect of each acid system in permeable and tight formations.

Table 3.3: Reservoir properties for the three acid fracturing cases.

Reservoir properties
(o) 0.15
Lx 1870 | ft
Ly 1556 | ft
H 230 | ft
H perf 140 | ft
P 2900 | psi
Depth 6505 | ft
oil p 41.9 | Ibm/ft"3
vl 0.0879 | cp
rw 0.365 | ft
skin 0

48



TTITITT y,, HH [T 18 TITTTTTEY
‘ mmlllllllllllllllllllllllllllllllllll“l\mm
T

i
iiﬂi i

Figure 3.13: Visualization of the reservoir geometry and the well and fracture locations.

From Figure 3.14, the production rate from the reservoir with a gelled-acid
fracture treatment begins with a transient period for approximately 100 days. During this
period, the production rate is reasonable starting at 1100 bbl/day but it drops rapidly to
400 bbl /day after 100 days. After that, the pressure drawdown reaches the reservoir
boundaries, and the production rate follows a pseudo steady-state condition where
production decreases steadily to approximately 240 bbl/day. The different cases show
similar behavior but with different flow rates. Cumulative oil production for the entire
period is shown in Figure 3.15. This value and the dimensionless fracture conductivity
(Eq.3.1) will be used to compare all of the simulated cases. Researchers showed that
there is an optimum value for dimensionless fracture conductivity that will optimize the

productivity index, which is on the order of 1.6 (Cinco-Ley and Samaniego, 1981). This
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result implies that for a given formation with a specific permeability, there is a fracture
half-length and conductivity that will maximize the productivity index. Dimensionless

conductivity and productivity index are as follows:
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Figure 3.14: Oil production rate from a fracture treated with gelled acid.
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Figure 3.15: Cumulative oil production from a fracture treated with gelled acid

At a relatively high permeability (0.57 md), a gelled acid treatment results in the
highest cumulative production rate and the closest to the optimum dimensionless fracture
conductivity. Emulsified acid on the other hand, results in the lowest cumulative
production rate. As the permeability is reduced to approximately 0.1 md, the emulsified
acid outperforms straight acid in terms of production but the gelled acid is still the
optimum choice. Dimensionless fracture conductivity (Crp) did not show a relation with
the cumulative production rate at lower permeability. When the reservoir permeability
reaches roughly 0.01 md, emulsified acid becomes the optimum choice while straight
acid is the least favorable one. The accumulative production is summarized in Table 3.4

and plotted in Figure 3.16.
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Table 3.4: Oil cumulative production and dimensionless fracture conductivity for the

ECLIPSE reservoir simulator cases.

permeability (md)

Avg. k=.57 md k=.1md k=.05 md k=.01 md
Acid type xf kf.w Q Q
(md.ft) | Q(STB) | Cfp (STB) Cfo | Q(STB) | Cfp (STB) Cfp
Straight | 120 | 185 | 153000 | 2.70 | 44000 | 15.42 | 27000 | 30.83 | 8600 | 154.17
Gelled 240 | 170 | 168000 | 1.24 | 58000 | 7.08 | 38000 | 14.17 | 13400 | 70.83
Emulsified | 320 37 112000 | 0.20 | 45000 | 1.16 | 33000 | 2.31 | 15400 | 11.56
Cumulative Oil Productin versus Permeability
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Figure 3.16: The cumulative oil production as function of reservoir permeability for the

three acid systems.

52



It can be concluded that at relatively high permeability formations, creating short
and highly conductive fracture is better option than creating long and low conductivity
one. Hence, gelled acid and sometimes straight acid should be the optimum choices
since they have great etching potential but can’t reach very long distances in the fracture.
As the formation becomes tighter, the fracture will mostly act like an infinite conductive
fracture, even at low-conductivity values. This conclusion is based on the dimensionless
fracture conductivity values (Crp) that are higher than 100 for the three acid systems
with roughly 0.01 md permeabilities. In this case, maximizing the acid-penetration
distance is the key factor for higher production rates that can be achieved by using an
emulsified acid or any high-viscosity fluid. In fact, increased etching volume does not
add to a production improvement in this case. This conclusion is supported by field data
from more than 70 wells in the Khuff formation within the Saudi Arabia Ghawar field.
Straight acid, emulsified acid, and in-situ gelled acid are used where emulsified acid

proved to be more suitable in low-permeability zones (Bartko et al., 2003)

3.2 Multistage Acid Injection

Acid fracturing consists of many steps where acid and pad fluids are injected in a
stage- wise procedure. The assumption of the model is that pad fluid will be injected first
and that will determine fracture height, length, and width. Then, acid is injected to etch
the wall of the fracture without changing fracture geometry. Multiple fluid systems are
used in field operations to obtain the benefit of each fluid system. Gelled acid could be

injected together with emulsified acid or crosslinked acid to achieve additional etching
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and greater penetration distances. The simulator has the option to run more than one acid
system. In this case, an emulsified acid is injected for 20 minutes to reach the tip of
fracture followed by gelled acid for roughly 10 minutes to increase the fracture
conductivity. The result of this treatment is better than treating a fracture with 30
minutes of emulsified acid alone (Fig. 3.17). Many combinations of acid systems can be

simulated to achieve an optimum fracture conductivity and penetration distance.

Conductivity (md-ft)
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Figure 3.17: Conductivity profile for emulsified acid in the left and conductivity profile for

gelled acid used as second stage in the right.

3.3 Diffusion Coefficient

Because the reaction rate is so fast, the diffusion step is the controlling step for
the reaction between HCI and the carbonate minerals. Modeling the acid diffusion lacks
diffusion coefficient data of acid systems as function of fracture width, roughness, fluid

loss rate, and Reynolds number. Therefore, the diffusion coefficient is assumed to be a
54



function of the fluid system and temperature only. This assumption causes diffusion
modeling to be inaccurate and an imprecise representative of fluid diffusion behavior in
field conditions. At a high-Peclet number, acid fracturing is fluid loss control, which
means acid spending through diffusion will have no impact on the penetration distance.
All of the cases run in the simulator have high-Peclet numbers (1 and above); hence, the
expectation is that when the diffusion coefficient is changed, penetration distance will
not be affected.

Straight acid is simulated in this case with different diffusion coefficients to
demonstrate that the fluid-loss limit will dominate the result of the treatment in this case.
All input parameters are held constant except for the diffusion coefficient. Figure 3.18
shows that penetration distance for straight acid is approximately 110 ft regardless of the
diffusion coefficient value. In terms of conductivity, a higher diffusion coefficient leads
to higher etching potential, which results in higher conductivity based on the Mou-Deng
correlation. When the Peclet number falls below 1.0, acid spending through diffusion
will control the penetration distance; however, the simulator fails to capture this

phenomena because the simulator terminates at very high diffusion values.
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Coductivity vs Distance for different Diffusion coefficients
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Figure 3.18: Conductivity along fracture length for different diffusion coefficient of

straight acid.

3.4 Injection Rate and Formation Type

Because the injection rate has to be equal to the leakoff rate, and because the
leakoff velocity does not change with injection rate, the leakoff distance will increase
with an increase in injection rate. The correlation between injection rate and penetration
distance is almost linear as shown in Figure 3.19. Increasing the injection rate will
increase the amount of acid reacting with the fracture walls, which results in additional
etched volume and high conductivity according to the Mou-Deng correlation. Formation
type also has an impact on the penetration distance. A dolomite formation is far less

reactive than a calcite formation; therefore, an increase in pore volume to break through
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the formation is needed for dolomite (Q;,; = 20) than for calcite (Q;p; = 1.5). This result
means that a dolomite formation will have a lower leakoff coefficient and therefore, acid
will be able to travel a longer distance in the fracture. This conclusion is also shown in
Figure 3.19 where a dolomite formation results in a higher penetration distance at any
injection rate. In terms of conductivity, the calcite fracture shows higher conductivity

when compared with a dolomite fracture according to Mou-Deng correlations (Fig.

3.20).
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Figure 3.19: Injection rate versus penetration distance for a calcite and dolomite

formations.
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Conductivity vs Distance
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Figure 3.20: Conductivity versus distance for a calcite and dolomite formations.

3.5 Fracture Width

In a reaction-rate limit case, the fracture width has an impact on the penetration
distance where a wider fracture results in a greater acid-penetration distance. However,
the fracture width has no impact on penetration distance in a fluid-loss limit case. A
simple fracture shape that has a constant width is used to simulate different values of
fracture widths. Gelled acid is the fluid system used to simulate this case. Figure 3.21
shows fracture width values ranging from 0.05 in. to 0.3 in. where fracture conductivity
reaches zero at approximately 240 ft for all cases. A low-fracture width results in higher
etching potential and higher conductivity because a lower fracture width has a higher

acid gradient, which is the driving force for acid diffusion. This effect is more noticeable
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at the fracture entrance and diminishes as the acid travels deeper into the fracture. It is
necessary to mention that the conductivity is function of the acid etched width which is

different from the width created because of the hydraulic effect.

Conductivity vs Distance for different fracture width
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Figure 3.21: Conductivity versus distance for different values of fracture width.

3.6 Formation Permeability and Porosity

Both the effluent viscosity coefficient (Cv) and the reservoir fluid viscosity
coefficient (Cc) are linearly increasing with the square root of reservoir permeability.
Therefore, highly permeable formations result in a low-penetration distance because of

the excessive leakoff rate. This relation is shown clearly in Figure 3.22 where the
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penetration distance is increasing greatly as the reservoir permeability becomes tighter.
Because the permeable formations result in a high leakoff rate, additional acid will react
with the formation walls, resulting in additional etching when compared with tight
formations. Figure 3.23 shows a comparison case between 2.0-md and 0.1-md
formations where treating the higher permeable formation results in several orders of
magnitude higher conductivity values. However, the conductivity will soon diminish to
zero because the acid could not penetrate deeper inside of the fracture. Porosity has

exactly the same effect on permeability in terms of conductivity and fracture penetration

distance.
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Figure 3.22: Penetration distance for different reservoir permeability values.
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Conductivity vs Distance for different permeability
values
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Figure 3.23: Conductivity versus distance for different reservoir permeability values.

3.7 Perforation Interval

The user has the option to select the length of the perforation interval for acid
injection. Perforation has no impact on etching or the conductivity profile shape except
at the fracture entrance as shown in Figure 3.24. Decreasing the perforation interval has
a marginal benefit in terms of the conductivity value, which results in a 10% increase in
the conductive fracture for the best cases. However, changing the perforation interval
will have no impact on the penetration distance as shown in Figure 3.25. The simulator

allows for selecting many perforation intervals along with fracture height.
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Figure3.24: Conductivity profile for emulsified acid that has 40 ft perforation interval at

the fracture entrance.
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Figure 3.25: Conductivity vs distance for different perforation intervals.
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CHAPTER 1V

MODEL LIMITATIONS

4.1 Limitations Due to Model Assumptions

To solve the governing equations in this model, many assumptions are
considered (discussed in Chapter 2). These assumptions can be a source of imprecision,
but in such a stochastic process, these errors can be negligible when compared with
errors caused by formation heterogeneity. The ability to quantify the amount of
inaccuracy due to these assumptions will enable us to validate or reject these
assumptions.

When acid reacts with the fracture wall, the heat from the reaction is released and
transferred by convection due to fluid movement and conduction through the fracture
walls. Temperature will continuously change during acid injection because this
phenomenon has an impact on the rate of acid reaction and the amount of rock dissolved.
To account for these effects, energy balance equations and the heat transfer equation
should be considered, both of which will add complexity to the model. This model does
not account for heat transfer and assumes an isothermal temperature.

Gravity has an impact on the fluid flow behavior that may add complexity to the
flow in the fracture height direction. Also, gravity will allow the fluid to concentrate
more in the bottom of the fracture. This condition will affect the acid etching profile;

hence, the conductivity profile inside of the fracture. Many fracturing models do not
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account for gravity and assume that it has negligible effect. This model excludes
gravity, assuming the effect will be insignificant.

The model can simulate multistage processes of different acid systems but does
not couple it with the mechanical behavior of the fracture. All pad fluid is assumed to be
pumped as one stage to create a fixed fracture geometry that will not change during acid
injection. Fracture geometry is imported from other commercial simulators; however,
only acid injection will be simulated in our simulator. In field cases, acid and pad fluids
are injected in a stage-wise process, which means acid injection will impact fracture
geometry. Failure to couple acid injection with the geometry model can result in
significant error and is considered the major limitation of the model. In the coupled case,
fracture length, width, and height will keep changing during most of the stages.

The reservoir is assumed to be layered, which means the simulator will allow for
entering properties of each layer instead of properties of each grid block; thus, the user
has to specify each layer permeability and mineralogy. This procedure is valid for short

fractures, but could be an invalid assumption for very long fractures.
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4.2 Limitations Due to Numerical Errors

The SIMPLE algorithm is used to solve the Navier- Stokes equations. The
consistency index (k) and the power low exponent (n) values have a large impact on the
solution stability of the simulator. Some values will result in numerical errors that cause
the simulator to terminate without completing the run. Pressure inside of the fracture
should be maintained at an almost constant value during injection time; however, an
unstable solution makes the pressure drop quickly at each time step until the pressure
reaches zero, and hence, the simulation terminates. A high-diffusion coefficient also can
cause a decrease of pressure inside of the fracture to zero, which imposes an upper limit
on the diffusion coefficient value. Changing the number of grid blocks or the size of
each grid block causes the solution to terminate if not changed proportionally. These
numerical errors place a limit on the various simulation cases that can be run in this
simulator.

For the PKN geometry model, the width of the fracture is assumed to decrease
gradually until reaching the tip of the fracture. The geometry used in most of the cases
shows a sharp decrease in fracture height at the middle of the fracture. As Figure 4.1
shows, conductivity suddenly increased at that location because the fluid has to converge

to the smaller fracture opening.
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Figure 4.1: A sudden increase in conductivity value in the middle of the fracture.

This condition is not possible because the acid concentration must be decreasing
with distance as well as the volume of acid due to leakoff into the fracture walls. One
possible explanation of this error is that the value of the volumetric dissolving power
constant was kept even though the concentration of acid reacting with fracture wall must
be decreasing. The amount of conductivity increase in this case is negligible and the
conductivity profile continues to decrease after this point.

For acid with a high-diffusion coefficient such as straight acid and gelled acid,
excessive fracture conductivity appears at the top and bottom of the fracture entrance.
This effect is not shown when acid has very low-diffusion coefficient as with emulsified
acid. One possible explanation of this behavior is that the acid gradient is higher at

smaller widths, which results in higher acid diffusion through the fracture wall; however,
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this condition will result in additional etching at the fracture edges, which is not
physical. Further investigation of this behavior showed that the acid diffusion is very
large because of the assumption that acid concentration at the fracture entrance is the
initial concentration while acid concentration at the fracture walls is almost zero. Thus,
excessive etching will occur and high-conductivity contours will be shown at the top and
bottom of the fracture entrance. Finer gridding at the fracture entrance will limit the
initial concentration range to only 1 ft or less instead of 20 ft from the fracture entrance

and may result in a more homogenous concentration profile.

200 —

—_
o
]
I
0

onductivity (md-ft)

420
400
380
360
340
320
300
280
260
240
220
200
180
160
140
120

50 -

L L L L 1 1 1 L L 1 L 1 1
o 200

0] 50 100
x (ft)

—
4]
@]

Figure 4.2: Excessive fracture conductivity at upper and lower points at the fracture

entrance
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CHAPTER V

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

Acid fracturing is a well stimulation technique used in carbonate reservoirs.
Developing a theortical model can help to optimize the treatment parameters for acid
fracturing. The model developed uses other commercial software to import the initial
fracture geometry. The Navier-Stokes (momentum balance) and continuity (mass
balance) equations are solved for pressure and velocity profiles. Once the velocity
profile is computed, the acid balance equation can be solved for the acid concentration
profile. Obtaining a concentration profile helps in calculating the amount of rock etched
through diffusion and convection (leaking through fracture walls). Conductivity
distribution is calculated using the Deng-Mou correlation where statistical parameters
are used to account for fracture heterogeneity. This conductivity distribution can be
imported to other reservoir simulators such as the ECLIPSE simulator to compute the
production rate after completing the treatment.

Two important parameters will determine a production increase from a fractured
well; these are fracture conductivity and acid penetration distance. Straight acid, gelled
acid, and emulsified acid are simulated to observe the effect of these fluids on the two
parameters. Straight acid shows strong etching potential, resulting in high conductivity
but it leaks off completely near the fracture entrance. Gelled acid has a medium etching

strength and can reach greater distances than with straight acid. Emulsified acid has the
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lowest etching potential, resulting in the lowest conductivity but it reaches greater
distances than the other acid systems. Conductivity distributions along the fracture are
imported into the ECLIPSE Simulator to simulate production rates for each case. In
high-permeability formations, gelled acid results in the highest production rate because
high conductivity is more favorable than low conductivity and a long penetration
distance. In low-permeability formations, emulsified acid yields the best results because
the acid penetration distance is more favorable in this case than creating short and high-
conductivity fractures. A combination of the different acid systems can result in the
optimum production case where the simulator allows for using more than one stage of an
acid system.

The fluid loss limit case is assumed in this simulator, which means nothing will
alter the acid penetration distance except for the parameters that affect the leakoff
coefficient. Hence, the diffusion coefficient will have no impact on the acid penetration
distance but it will affect the fracture conductivity value. A higher injection rate will
result in a greater penetration distance and increased conductivity because a higher
volume of acid is pumped. Acid tends to travel a greater distance in fractures in dolomite
than in calcite. The reason for this result is that dolomite is far more resistible to
wormholing than is calcite. Nevertheless, acid will create more etching in calcite,
resulting in better conductivity when assuming the Deng-Mou correlation. The fracture
width impacts the penetration distance in the reaction rate limit case where a wider
fracture will allow fluid to travel a greater distance in the fracture. However, in the fluid

loss limit case, the fracture width will not affect the acid penetration distance but it will
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have an impact on the conductivity value where a lower width gives better conductivity.
Formation permeability and porosity will have similar effects. A more porous and
permeable formation usually results in a lower penetration distance because of higher
leakoff rate. On the other hand, more etching will result from acid leaking through the
fracture wall. A simulator allows the user to specify the perforation interval, where a
smaller perforation range results in a marginal increase in the average conductivity
value; however, changing the length of perforation interval will not have any impact on

the penetration distance.

5.2 Recommendations

Coupling an acid fracturing model with a geomechanical model to simulate
fracture propagation as fluid is injected should be considered. This model will allow for
making more accurate fracture geometry predictions in terms of height, length, and
width. Also, including a heat transfer model makes the fracture model more powerful
because temperature has a strong impact on the reaction rate between an acid and
carbonate minerals. Including a temperature profile makes the simulator more
representatives of filed applications. However, before including heat transfer and
geomechanical models, numerical errors resulting from Navier-Stokes equations should
be solved to make the simulator more stable. Changing fracture geometry or other

treatment parameters can result in a rapid decrease in pressure inside of the fracture,
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which causes the simulator to stop early in the process. Solving this problem is the first

priority before coupling the model.
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APPENDIX A

Appendix A shows the four input files for acid fracturing simulator. These are
the only files for user to input data to run the simulator. These files are; main input file,

geometry shape file, permeability distribution file, and mineralogy distribution file.

r b |

_| input - Notepad =ERCl X
File Edit Format View Help
. Newtonian viscosity (cp) -
1.0 Filtrate viscosity (cpg
1070. rho (kg/m~3)
0.15 Phi
0.000156 ct (1/psi)
0.1 visc_r (cp)
0.0 Cw (ft/minA0.5)
15. Ci (% by wt.)

0. 00000000213 De'F'I.': (mAz2/5)
2710. Rho_Tims (kg/m~3)
2800, Rho_polo (kg/m~3)

84. Temperature (deg F)

0.3 fraction to react before leaking off

20.0 g_in Cbpm)

20.0 injection time (min)

1.5 Q_1bt_Tlime

20. Qibt_dolo

minera10?y.dat J/mineralogy distribution file
permeability. dat //permeability distribution file

geometry. dat //geometry file
. non-Newtonian module, 0 for Newtonian and 1 for power-Taw

1.0 power-law exponent, "n"

1.0 consistency index, "K" (kg/m/sA(2-n))
1.0 Tambda_px

0.05 Tambda_bz

0.4 sigma_D

4.5 Young's modulus (MMpsi)

2000. closure stress (psig

11.905 Time of pumping pad (min)

0.5 Efficiency of Ead fluid (frac)

0. Flush volume (bb1)

Figure A.1: Main input file for the acid fracturing simulator.
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F

E geametry - Notepad

E—)

File Edit

Format View Help

D.
16
7
20,000

19,876

0.066879
0.172497
0.273834
0.311798
0.302262
0.243520
0.100403

fluid efficiency

NX

NZ

DX

0z
0.062984
0.167467
0.268361
0.306373
0.297111
0.238848
0.098220

0.057666
0.160541
0.260798
0.298779
0.289896
0.232448
0.095284

0.051085
0.151922
0.251431
0.289455
0.281175
0.224887
0.091869

0.042803
0.141121
0.240120
0.278561
0.271235
0.216468
0.088119

«|

.

0.031314
0.126344
0.226366
0.266163
0.260286
0.207430
0.084159

0.012240
0.100295
0.209971
0.252614
0.248610
0.198078
0.080165

0.000000
0.079915
0.194672
0.238938
0.236553
0.188675
0.076303

Figure A.2: Geometry imported to the acid fracturing simulator.

-

ﬁ permeability - Notepad

=) 5. e |

File

Edit Format View Help

FoRroRaR
OO ORO

Figure A.3: Permeability distribution in the fracture, one value per layer.
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oA B
_|| mineralogy - Notepad EIEIQ
File Edit Format View Help
L.o .
1.0
1.0
1.0
1.0
1.0
1.0
4 P

—
Figure A.4: Mineralogy distribution in the fracture, one value per layer where 1.0 refers to

calcite, 0 refers to dolomite.
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APPENDIX B

Appendix B shows the three input files for the ECLIPSE reservoir simulator. The
main input file is to create the reservoir and fluid properties and to specify the gridding
pattern for the reservoir. The well specification file is used to specify the perforation
interval for production, well location and the production mode of the well (constant rate
or constant pressure). The permeability distribution file is used to specify the
permeability of the reservoir and the fracture after converting conductivity into

permeability assuming constant fracture width of 0.1 inch.
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RUNSPEC

DIMENS
93 21 25
/

FIELD
OIL
WATER

START
1 MAR 2012
/

WELLDIMS
112611

/

TABDIMS
1 25 12 1 12/

GRID

GRIDFILE
2

/
INIT

DXV
3*25 27%20 16%20 1%0.1 16%20 27%20 3*25

DYv
5100 1%92.5 1#90 1%*50 1*30 1*15.5 1%0.1 1¥*15.5 1%30 1%50 1%90 1¥92.5 5*100
/

BOX
19312111/
TOPS
1953%6805 /
ENDBOX

DZ

1953%5
1953%5
1953%5
1953%5
1953%5
1953%5
1953%5
1953%5
1953%5
1953%19. 876
1953%19, 87
1953%19. 876
1953%19, 876
1953%19. 876
1953%19, 876
1953%19. 876
1953%5
1953%5
1953%5
1953%5
1953%5
1953%5
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PORO
48825%0.15 /

INCLUDE
FS_PERM. DATA_GRI
COPY
PERMX PERMY /
PERMX PERMZ /
!
PROPS
PVDO
1000 1.259 1.1
1200 1. 241 1.1
3400 1.239 0.9
PVTW
4015 1.046506991 2.5118E-06
DENSITY
41.9 65.25330878 0.087917234 /
SWOF
-— ow Kirw K mw
—-—{frac pv)
0. 0000 0. 0000 1. 0000
0.0145 0.0021 0.6409
0.0293 0.0148 0.4111
0. 0504 0.0434 0. 2604
0.0829 0.09395% 0.1472
0.1223 0.1880 0.0741
0.174a 0.2923 0.0362
0.2777 0.4203 0.0150
0.3612 0.4746 0.0101
0.4400 0. 5185 0.0072
0. 5424 0.5739 0.0046
0.6083 0.6083 0.0034
0.6725 0. 6414 0.0025
0.7356 0.6758 0.0017
0.7923 0.7072 0.0012
0. 8153 0.7232 0.0010
0. 877 0.7947 0. 0004
0.9042 0. 8od4 0. 0001
0.9244 0.929a 0. 0000
0.9483 1. 0000 0. 0000
ROCK
6000 3.0E-5 /
REGIONS
SOLUTION
EQUIL

—-- DEPTH | PRESSURE | OWC | PC at OwWC

6505 2900 9000 O /
SUMMARY

RUNSUM
EXCEL

500
200
500 /

0.324362224

lsfc'
lir
lsfc'
lsfc'
lsfc'
lsfc'
lsfc'
lsfc'
lsfc'
lsfc'
lsfc'
lsfc'
lec'
lsfc'
lsfc'
lsfc'
lsfc'
lsfc'
lsfc'
lsfc'

PC
(psi)

5.38605E-05 /




RUNSUM
EXCEL
WPIL

/

WOPR
/
HOPRH
WOPT
/
WOPTH
/
WWPR
WWPRH
WWPT
/
WWPTH
WWIR
WWIRH
/
WWIT
WBHP

/
WBHPH

SCHEDULE

TUNING
-- TSINIT TSMAXZ  TEMINZ  TSMCHP
-- 1.0 365.0 0.1 0.15
1.0 1.0 1.e-10 1.0
-- TRGITE  TRGCNY  TRGMBE  TRGLCV
-- 0.1 0.001 1.0e-7 1.0c-4
0.001 0.0001 1.0e-9 0.0001
--- NEWTMX  NEWTMN  LITMAX LITMIN
-- 12 1 25 1
/ 5000 1 5000 1

RPTRST
RESTART=2 ALLFROPS PRES /
INCLUDE

Fs_single. DATA_SCH /

END

TSFMAX

3.0
XXXTTE
10.0
10.0
MXWSIT

1000

TSFMIN
3.0

0.3
JOOCNY
1.0e-2
1.0E-5
MXWPIT
8

100

TSFCNV
0.3
0.1
JOOMBE
1.0E-6
1.0E-9
DDPLIM
1.0E6
1000

TFDIFF
0.1
1.25
YXXLCY
1.0e-3
0.001
DDSLIM
1.0E6
1000

THRUPT
1.25
1E20
XXXWFL
1.0e-3
0.001
TRGDPR
1.0E6
1000

TMAXWC
1E20

1%/

TRGFIP
0.023
0.023

XXXDPR
1.0E6

1000

1% / - pefault

TRGSFT
1% / -- pefault
1% /

/ -- pefault
/

Figure B.1: Main input file for the ECLIPSE reservoir simulator.
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T
WELSPECS

-- wWell Name | Group | I | 3 | Ref Dep

Pl A 47 11 1* LIQ 3% 1% 3% /

/

COMPDAT

-- well Name | I-loc | J-locn | K-Loc | K-loc | OPEN/OPEN | 1* | 1* | well Diameter | kh | skin | 1% | Direction
Pl 47 11 1 1 SHUT 1¥ 1% 0.73 1* 0 1¥
Pl 7 11 2 2 SHUT 1* 1% 0.7 1* 0 1*
Pl 7 11 3 3 SHUT 1* 1% 0.7 1# 0 1*
Pl 7 11 4 4 SHUT 1* 1% 0.7 1* 0 1*
Pl 7 11 5 5 SHUT 1* 1% 0.7 1* 0 1*
Pl 7 11 6 6 SHUT 1* 1% 0.7 1* 0 1*
Pl 7 11 7 7 SHUT 1* 1% 0.7 1* 0 1*
Pl 7 11 g 1 SHUT 1* 1% 0.7 1# 0 1*
Pl 7 11 9 9 SHUT 1* 1% 0.7 1* 0 1*
Pl 7 11 10 10 OPEN 1% 1% 0.7 1# 0 1%
Pl 7 11 11 11 OPEN 1* 1% 0.7 1* 0 1*
Pl 7 11 12 12 OPEN 1* 1% 0.7 1* 0 1*
Pl 7 11 13 13 OPEN 1* 1% 0.7 1# 0 1*
Pl 7 11 14 14 QPEN 1* 1% 0.7 1* 0 1*
Pl 7 11 15 15 OPEN 1% 1% 0.7 1# 0 1%
Pl 7 11 16 16 OPEN 1* 1% 0.7 1* 0 1*
Pl 7 11 7 7 SHUT 1* 1% 0.7 1* 0 1*
Pl 7 11 18 18 SHUT 1* 1% 0.7 1# 0 1*
Pl 7 11 19 19 SHUT 1* 1% 0.7 1* 0 1*
Pl 7 11 20 20 SHUT 1% 1% 0.7 1# 0 1%
Pl 7 11 21 21 SHUT 1* 1% 0.7 1* 0 1*
Pl 7 11 22 22 SHUT 1* 1% 0.7 1* 0 1*
Pl 7 11 23 23 SHUT 1* 1% 0.7 1* 0 1*
Pl 7 11 24 24 SHUT 1* 1% 0.7 1* 0 1*
Pl 7 11 25 25 SHUT 1% 1% 0.7 1¥ 0 1%

/

WCONPROD

31 OPEN BHP 1% 1% 1% 1% 1% 1500 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% /

TSTEP
50%0.2
60%0.5
96%1
50%2
22%3
3*45 /

B e e e R R e R e o T i i

e o o o o e o P e o o o oo o e e o e o e e

Figure B.2: Well specification file for the ECLIPSE reservoir simulator.
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peRsx -=2 . 14527.683474  1%442.14532 1+468.147658  30'0.57
195340.57 93%0. 57 B s 17000000 1%452.06819 1ea61.363801  330.57
195340.57 93%0.57 1%406. 584477 1°527.683474  1*460.399317 1+454,6881 9340,57
19530, 57 93:0- 57 1'415: 612848 1*522.376395 14468.965817 1+447.680753 9340, 537
195340.57 93*0.57 1%431. 667862 17508, 345134 1%486.212085 1%433.538345 gy 57
1953%0. 57 93%0.57 1.‘39'609262 19500.027323  1%494.605977 1+427,121896 o
*0.57 . 450, *490. 1450234791 14420, 296837 gl
195340, 5 93*0.57 14490.695342  1+502. 3479 93'0.57
. . 1*450. 240985 A e 9340.5
195340, 57 93%0.57 14462, 198641 1°480.501201  1*509.253577  1+412,079428 57
198340, 57 93%0.57 14471713985 19471042647 1°515.858164 1940326558  93'0.57
R 93%0.57 14480, 984267 1°461.936063  1*521.068074 1+391.927965  93*0.57
9340.57 30%0.57 1'488' 198845 14452693206 11000000 1%377.51783 9340.57
9340. 7 1%179.514624 19495 50473 1°442.720907  1%521.068074 1+358,708718 g
el 1*180. 646273 oL 1%431.279099  1*515.858164  1#345, 8290695 "
93+0.57 1*190.777471 1%501.627851 » 77 14509. 253577 % 1953*0.57
4 . 2 1*418.207771 % 30%0. 57
9340.57 1*208.803661  1%1000000 1400.830788  1*502.34791 . 195340.57
n 1%501. 62785 93%0.57 -
9340.57 1°234. 614541 7ol ety 14378.310023  1%494.605977  93+0. 57 195340, 57
9340.57 1°263.122586  17495.59473 19364.001797  1%486.212985 93«0, 57 1953%0.57
93+0.57 1%294.045079  1%488.198845 300, 57 14478044668 9340, 57 1953*0.57
piy o nems LA gy e sy oy
“0. *339, s471. 9340.57 *460. 340.57 ‘
9340.57 1%362.455213 1*462.198641 9340, 57 14452, 068349 33.0. 37 1953.0.57
" 1%382.209767 1*450. 240985 0 17442.194532 % 1953057
3040, 57 93*0.57 9340.57
1°0.57 1:305.088674  10439.809282 934057 /430806528 9300, 57 1953°0.57
* *405. 689997 . “0, a1z, * {
1.5 e  1MITSINESD e o 1400470641 230>
0,57 1%425.066531  1%415.612848 9340, 57 1°377.877678 g3+, 57
1.0.57 1%434, 28598 1%406. 584477 9340, 57 1°363.424355 g3eq. 57
}..g' 37 1+1000000 {';gg 11312; 9340, 57 ;g'g z; 9340, 57
> 1%434.28598 *380. 68068 o *0. n
1%0.57 1+425.066531  1*362.15341 9;30. 57 934057 §§.8' 2;
1*0.57 1*414.835394 1%349.633584 9340.57 93*0.57 93-0.57
Ly o heress by any o SRy pey
. 1#395. 4 *0. 930,57 . 9340, 57
1*0.57 1+382.209767 93%0.57 9340, 57 9340.57 93+0.57
1*155. 626407 1#362.455213 93%0.57 93*0.57 93%0.57 .
9340.57
1*216.267893 1%330,093436 93%0.57 9340.57 93%0.57 300,57
1%265.795905 1%319.608839 93%0.57 93%0,57 93:0. 7 1*113. 560104
1*315.858763  1+294.045079  93%0.57 93+0.57 93%0.57 1103, 985618
14374,060332  1°263.122586  93*0.57 9340.57 -6 1*100. 030006
1*1000000 1%234.614541  93°0.57 300, 57 9340.57 14100, 288517
19374.060332  1%208.803661  93%0.57 14363.424355  93°0.57 1*106. 33594
808 LINTHUR 950,57 1377.877678 ior 1*119. 937604
*265.7 *180. == *400.4 P g 1*141. 90203
1216, 107893 LUssued 900,57 L7, 784458 ok g 14171, 978343
v *0. *0. *430. " 1+205. 880608
1o 3 M0 930,57 93+0.57 raausny 3309 14339, 667274
14057 9340, 57 93+*0.57 1452.068349 33037 1%276. 684582
1°0.57 93%0.57 93*0. 57 14460.399317 29080 1303.794306
HE B3R BT ake RS tmem
. X ® . .
0.5 93%0.57 93%0.57 1486200085 11589695 3436370154
1%0.5 93%0.57 93+0. 57 1aone0sy7  13SS-TOSHE  1a3g6. 532674
1%0.57 93%0.57 93%0. 57 1050234781 13- 008 1+1000000
1%0.57 93%0. 57 30*0. 57 1+509.253577  1AN-JREES 14386, 532674
1°0.57 930,57 1*364.001797 10515858164 | 05000 14363.791224
LY g Lataam  mmmeo SIS s
. *0. *400. . P 1#323.858723
3040.57 93*0.57 1*418.207771 14521.068074 }jg;gggfg 1+303. 794306
9340.57 9340.57 1*431.279099 10515.858164  (Lua0e 60300 1%276.684582
93*0.57 93%0.57 1°442.720907 14509.253577 14447, 680753 17239.667274
9340.57 93%0.57 1%452. 693206 1'S02.34791  fLuci'eess’  1°205.880608
93*0.57 93%0.57 1*461.936063 10494.605977  LaeJeciy  14171.978343
9340.57 93%0.57 14471, 042647 19486.212985  y..cq"1a76ss  1%141.90203
9340.57 93%0.57 1*480. 501201 10478.044668 1,450 93¢0 1%119.937604
9340.57 93*0.57 1*490.695342 1°468.965817  j.480"631473 1%106.335%4
. 7 . . - - . \J .
93405 93%0.57 1*500.027323 1°460.399317  §41000000 1*100. 288517
9340, 57 30%0. 57 1%508. 345134 14452.068349  y.4an 631473 1%100.030006
8340, §7 1%349.633584  1%515.591508 14442194532 yuu74 93625 1%103.985618
" 14362.15341 1%522.376395 1+430. 806528 1*113. 560104

Figure B.3: Permeability distribution in the reservoir, including conductivity distribution

for the fracture face.
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