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Fracture Stimulation Process for Carbonate Reservoirs

BACKGROUND OF THE INVENTION

FIELD OF THE INVENTION

[0001] This invention relates to a new process of fracturing a caibonate reservoir in a
subterranean formation to stimulate the production of hydrocarbon fluids from the
formation. During the process, the composition and reactivity of the fracture stimulation
fluid that is injected into the formation surrounding a wellbore is varied from a lower
reactivity fluid to a higher reactivity fluid. The new process is designed to effectively
stimulate the fracture starting from the tip of the fracture and progressing back to the

wellbore.

Fracture stimulation, commonly referred to as fracture acidizing, or acid fracturing,
when acid 1s the stimulation fluid, 1s a stimulation technique commonly used to increase
the productivity of hydrocarbon fluids from subterranean formations. Fracture acidizing
is used in carbonate reservoirs. The technique typically involves the injection of acid,
usually aqueous hydrochloric acid (HCI), through a wellbore and into the formation at
pressures sufficient to fracture the formation or open existing fractures. The acid etches
the fracture faces, resulting in the formation of conductive flow paths. Frequently, the
treatments are not effective. The depth of stimulation i1s typically limited by rapid
consumption of acid near the wellbore and loss of acid through the fracture faces
(commonly referred to as fluid leakotf or fluid loss). Fluid leakotf 1s a dynamic process
that i1s ifluenced significantly by the formation of wormholes that form in the porous
walls of the fracture. Wormholes are highly conductive flow channels that form
approximately normal to the fracture. These wormholes divert fluid from the fracture,
consume large amounts of reactant from the fracture stimulation fluid, and provide no
benefit to the conductivity of the fracture. By “conductivity of the fracture” i1s meant the
capability of formation fluids to migrate or flow through the conductive etched flow
channels that are formed by the reaction of the fluid with components of the formation

along the faces of the fracture. The formation fluids, of course, migrate or flow through
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such conductive etched flow channels to the wellbore where they are produced to the
surface and recovered. The creation of such conductive etched flow channels in the
formation is easily evidenced byb enhanced production of formation fluids from the well,

and such channels can also be visually observed in the laboratory using conventional acid

conductivity tests on core samples.

[0002] Fracture stimulation fluid systems, such as emulsified HCI, have been devised
which tend to provide deeper penetration of live acid. The effectiveness, defined based
on the depth of live acid penetration, of such systems in fracture acidizing treatments is
enhanced because the rate of dissolution and rate of wormhole propagation are decreased
relative to straight HCl. However, near wellbore conductivity is typically low due to
insufficient dissolution or etching of the fracture faces that, in turn, 1s caused by an initial
cool-down effect and fracture geometry in the near wellbore vicinity. Thus, a method of
increasiﬂg both the length and conductivityq of the conductive etched flow channels is

required to improve the effectiveness of fracture stimulation treatments.

SUMMARY OF THE INVENTION

[0003] A novel process of fracture stimulation has now been discovered to stimulate the
production of hydrocarbon fluids from carbonate reservoirs in subterranean formations
penetrated by a wellbore. The new process comprises injecting a fracture stimulation
fluid into and through a wellbore and into the carbonate reservoir under pumping
conditions that are selected and controlled to maintain an optimum fracture stimulation
- efficiency number, Ff, of about 0.1 to about 0.3 during the fracturing process. The
fracture stimulation efficiency number in the present invention is selected and controlled
such that the fracture is effectively stimulated starting from the tip of the fracture and
progressing back along the fracture to the wellbore. The fracture stimulation fluid
compositions and treatment conditions used to maintain the optimum fracture efficiency
number can be conveniently regulated by varying the reactivity of the fracture stimulation

fluid from a composition of low reactivity to one of higher reactivity during the process.
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The ﬂow rate and/or viscosity of the fracture fluid can also be varied to control the rate of
mass transfer of the reactants and products in accordance with an optimum fracture
stimulation efficiency number, based on formation and fluid parameters. The new
fracturing process can provide deep penetration of live reactant along the fracture, reduce

the rate of wormhole formation to control fluid loss, and efficiently create highly

conductive etch patterns on the fracture faces.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Figure 1 illustrates the typical etching patterns obtained in targeted stimulation
regions as the stimulation region changes from the near-tip of the fracture to the wellbore

in a three-stage treatment.

DETAILED DESCRIPTION OF THE INVENTION

[0005] As used herein, a “fracture stimulation fluid” is a fluid containing one or more
components that chemically react to dissolve or otherwise solubilize the carbonate
component of the rock in the subtérranean formation. The chemically reactive
components of the fracture stimulation fluid are referred to below as “reactants” and the
dissolved or solubilized materials generated by contact of the fracture stimulation fluid
with the carbonate-containing rock are referred to below as “products.” An example of a
fracture stimulation fluid useful in the present invention is one whose composition 1is
changed during the fracture acidizing process from a sodium acetate/acetic acid mixture
initially, to acetic acid, to a blend of acetic acid and hydrochloric acid, and then to
hydrochloric acid; this. change could be done incrementally in three stages or by
continuously injecting a blend of the acids. In this example, the acids (acetic acid and
hydrochloric acid) are “reactants” and the “products” obtained by contacting the fluid
with a carbonate-containing rock formation would be carbon dioxide, water, and
inorganic salts. The reactivity of the fracture stimulation fluid is increased during the
treatment process to maintain a fracture stirnulation efficiency number sufficient to

optimize the creation of conductive etched flow channels in the formation. An optimum
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fracture ‘stimulation efficiency number, Fs, is used (generally integrated into a fracture
simulator computer program) to regulate the fluid composition by reactivity and flow
rate, based on formation and fluid parameters. “Conductive etched flow channels” are
channels that are formed by the flow and reaction of a fracture stimulation fluid along the
faces of a fracture through which hydrocarbon fluids and other formation fluids can then

flow from various points along the fracture to the wellbore.

[0006] The novel process typically, and preferably, starts with a conventional pad
fracturing stage to generate the fracture or open an existing fracture or fractures in the
carbonate-containing ‘sﬁbterranean rock fbrmatibn. Once generated, a low reactivity
fracture fluid is injected to stimulate the near-tip region of the fracture. The reactivity of
the stimulation- fluid 1s then subsequently increased (incrementally or continuously) to
stimulate the targeted stimulation region, which changes from the near-tip region of the
fracture to the wellbore as the stimulation treatment progresses. With this approach,
excessive wormhole formation and reactant consumption are minimized between the
wellbore and the targeted stimulation region. The reactivity of the fluid is selected such
that fhe rate of dissolution of the carbonate in the subterranean rock formation is
sufficiently influenced by the rate of mass transfer to result in the formation of.

conductive etched flow channels in the targeted stimulation region of the fractured

formation.

[0007] The flow rate in the targeted stimulation region increases as the treatment
progresses (because it i1s moved closer to the wellbore) and the reactivity of the fluid is
increased to maintain a fracture stimulation efficiency number sufficient to optimize the
creation of conductive etched channels in the face of the formation. The reactivity of the
stimulation fluid can be controlled by varying the rate of reaction, the rate of mass
transfer, or both. For example, the rate of reaction can be decreased by changing the type
of fracture stimulation fluid, by changiﬁg the form of the fluid from a solution to an
emulsion, by adding appropriate salts (which change the equilibrium constant for the
surface reaction), or by increasing the pH of the fracture stimulation fluid. The rate of
reaction can also be decreased by changing the physical processing conditions (e.g., by

reducing the pump flow rate and/or pumping pressure, or by cooling the fracture

4
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stimulation fluid using external cooling means or internal cooling means (e.g., pumping a

large pad stage, by adding nitrogen or other gas that is inert in the process).

[0008] Another example of the present fracture stimulation treatment involves injecting a
continuously changing blend of acetic a_cid (HAc) and hydfochloric acid (HCI) through a
wellbore and into a carbonate reservoir in a subterranean formation. In this example, the
two acids are simultaneously injected into the formation with the flow rates gradually
changing from the total pump rate (Q) to zero and from zero to Q for HAc and HCI,
respectively (that 1s, from straight HAc to blends of HAc/HCI to straight HCI). Examples

ot other suitable fracture fluid systems are listed in Table 1.

3 : Table 1
l_— Fluid 1 Fluid 2
(relatively low reactivity) (relatively high reactivity)
 Acetic Acid | Hydrochloric Acid
Acetic Acid: with Sodiﬁm Acetafe Acetic Acid

 Acetic Acid with Sodium Acetate Acetic Acid with Sodium Acetate
(high sodium acetate concentration) | (low sodium acetate concentration)

EDTA, pH 12 | EDTA, pH 4
HEDTA, pH 12 HEDTA, pH 4
Emulsified HCI (high surfactant Emulsified HCI (low surfactant
concentration) concentration)

Emulsified HCI (strong surfactant) Emulsified HCI (weak surfactant)

| ——

Emulsitied HCI (high oil content)

Emulsitied HC] (Jow o1l content)

[0010] As the information 1n Table 1 illustrates, the fluid of lower reactivity can be and
preferably is 1n most situations an aqueous acid (such as formic acid, acetic acid, and the
like), emulsified acid, or a chelating agent (e.g., an aminopolycarboxylic acid, such as N-
hydroxyethyl- N, N°, N’-ethylenediaminetriacetic acid (“HEDTA”) or a sodium (Na),
potassium (K) or ammonium (NH4") salt thereof at a basié pH) while the fluid of higher

reactivity can be and usually is an aqueous acid (such as acetic acid, hydrochloric acid),

S
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an aqueous chelating agent (e.g., HEDTA at an acidic pH), or the like: The chelating
agents useful herein are a known class of materials having many members. The class of
chelating agents 1ncludes, for example, aminopolycarboxylic acids and phosphonic acids
and sodium, potassium and ammonium salts thereof. @ HEDTA and HEIDA
| (hydréxyethylimiriodiacetic acid) are useful in the presenf process; the free acids and
their Na, K, NH," salts (and Ca salts) are soluble in strong acid as well as at high pH, so
they may be more readily used at any pH and in combination with any other reactive
fluids (e.g., HCI). Other aminopolycarboxylic acid members, including EDTA, NTA
(nitrilotriacetic acid), DTPA (diethylenetriaminepentaacetic acid), and CDTA
(cyclohexylenediaminetetraacetic acid) are also suitable. At low pH these latter acids and

their salts may be less soluble. Examples of suitable phosphonic acids and their salts,
| include ATMP: aminotri(methylenephosphonic acid); HEDP: 1-hydroxyethylidene-1,1-
phosphonic acid; HDTMPA: hexamethylenediaminetetra(methylenephosphonic acid);
DTPMPA: diethylenedianﬁnepentamethylenephosphonic acid; and 2-phosphonobutane-
1,2,4~tricarboxylic acid. All these phosphonic acids are available from Solutia, Inc., St.
Louis, MO, USA, as DEQUEST (Registered Trademark of Solutia) phosphonates.
Such materials are known :in the oilfield. Prior art treatﬁents did not, however, inject
such fluids into the formation in such a manner as to maintain an optimum fracture
stimulation efficiency number and they were not as effective as the methods of the

subject invention in creating conductive etched flow channels in the formation.

[0011] The creation of conductive etched flow channels in the formation is optimized by
controlling the mass transfer variables (generally, the diffusivity, viscosity and flow rate)
and surface reaction variables (generally, the surface reaction rate and equilibrium
constant for the surface reaction) of the stimulation fluid so as to maintain an optimum
fracture stimulation efficiency number (i.e., from about 0.1 to about 0.3) during the
fracturip g process. That number is determined by the mathematical relationship set forth

in the optimum stimulation efficiency number, Fr, set forth in equation (1) below.

[0012] The formation of conductive etched flow channels along the face of a fracture
occurs when the rate of dissolution is influenced by the rate of mass transfer and there

exist local variations in the flow rate. Variations in the flow rate may be caused by local
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variations in the fracture width (because of variations in mechanicél properties of the
rock and/or stresses in the formation) and the presence of surface asperities that form
tortuous and confining tlow paths. The result is local variations in the rate of dissolution,
which cause differential etching and eventually the formation of conductive etched flow
“channels. Variations in mineralogy, which may also lead to local variations in the rate of
dissolution, have historically been the primary, 1f not the only, reported means of
obtaining sufficient differential etching during fracture acidizing. These variations
contribute to differential etching if local dissolution is sufficiently influenced by the

kinetics of the surface reaction for at least one of the mineral types 'present along the

fracture faces.

[0013] The structure of the etched pattern that forms along a fracture is dependent on the
rates of mass transfer and surface reaction. Hence, the structure varies with flow rate and
type of fracture stimulation fluid used and the mineral system in the targeted stimulation
region of the formation. At low flow rates (and/or rapid reaction rates), rapid reactant
consumption results in near-wellbore dissolution. This etched pattern provides limited
penetration and closes under closure stress due to low surface strength. At intermediate
injection and/or reaction rates, conductive etched flow channels are formed. These
channels penetrate deep along the fracture (far away from the well-bore) and result in
large areas of undissolved rock that effectively support closure stresses and maintain the
channels open when the fracture closes. At high flow rates (and/or low reaction rates),
uniform dissolution occurs as the reactant penetrates deep along the fracture. A uniform
dissolution pattern does not provide sufficient dissolution or differential etching to
maintain conductivity after fracture closure. However, by varying the flow rate and/or
reactivity of the fracture stimulation fluid in accordance with the present invention,
conductive etched flow channels are formed along the face of the fracture and the
formation of such channels is optimized by maintaining an optimum fraéture stimulation

efficiency number during the fracturing process. This is illustrated in Figure 1.

[0014] The effectiveness of a stimulation fluid for providing the optimum dissolution

| etch pattern 1s given by a fracture stimulation efficiency number, Fr, which as used in the

present fracture stimulation process is defined as:

7
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F;=Da, +¢, (1)

[0015] where Day is the Damkohler number in the fracture and & is a dimensionless

fracture tluid loss term. The fracture Damkéhler number, Day, is defined as:

2
Daf = hé s .. | |
| | (2)

[0016] where Q is the local flow rate in the fracture, 4 and L are the height and length of

the fracture, respectively, and K 18 the overall dissolution rate constant. The overall

dissolution rate constant depends on the sum of mass transfer and reaction resistances in

series, which for a first-order surface reaction is given by the equation:

1
VK.,
1 1 1.

K, vk, VK_K,

1+

K =

€q

3)

[0017] where K and K3 are the mass-transfer coefficients for the reactants and products,
respectively, &, is the surface reaction rate constant, K., is the effective equilibrium
constant of the reaction, and v is the stoichipmetric ratio of reactants consumed to
products produced. The values of k, and K., depend on the specific fluid-mineral system
and are typically a strong function of temperature. For non-first-order reactions, a
pseudo-first-order surface reaction rate expression can be used as described, for example,
| in the Appendix to Chapter 16 entitled “Advances in Understanding and “ Predicting
Wormhole Formation,” by Christopher N. Fredd, (e.g., at page A16-4), and Chapter 17
entitled “Carbonate Acidizing Desi gn,”'authored by J. A. Robert and C. W. Crowe, of the
text “Reservoir Stimulation,” Third Edition, Edited by Michael J. Economides and
Kenneth G. Nolte, John Wiley & Sons (2000). The mass transfer coefficients (K7 and K3)
can be determined from published correlations. An example of a mass transfer

correlation for flow between parallel plates is given by:
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W ; | (4)

[0018] where D, is the effective diffusivity of the reactants (for K1) or products (for K3),
w 1S the fractgre width, and S% is the Sherwood number for slot flow, which can be

expressed as:

Sh = 0.33 Re’>5c%333 Re < 1800 (5a)
Sh=0.0011 Rel155c0333 1800 < Re < 7000 | (5b)
Sh = 0.026 Re™35c%3% Re>7000 (5¢)

[0019] where Re = Q p/h/u is the Reynolds number and Sc¢ = HplD, is the Schmidt

- number, where u is the fluid viscosity and p is the fluid density. See, for example,
Cussler, E. L., “Diffusion: Mass Transfer in Fluid Systems,” Cambridge University Pres‘s,
New York (1984); and Navarrete et al., “Emulsified Acid Enhances Well Production in
High-Temperature Carbonate Fonhations,” SPE 50612, 'presented at the 1998 SPE
European Petroleum Conference, The Hague, The Netherlands, October 20-22,1998. The
correlations in equations (5a), (5b) and (5¢) are valid for laminar; transitional, and
turbulent flow, respectively. These expressions do not account for convection normal to

the fracture face (i.e., fluid leakoff). The mass transfer coefficients can be adjusted to

include fluid leakoff using an equation such as:

K = : (6)

e("z/Km:) _1

[0020] where v, is the fluid loss or leakoff velocity. By calculating & based on mass

t;'ansfer coefficients corrected using equation (6), the effects of fluid leakoff are included

in the optimum fracture stimulation efficiency number, F.

The dimensionless fracture fluid loss term (&) is given by:

2hLv
S = I (I”JLJ
0 K,

(7)
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[0021] The fracture fluid loss term indicates the amount of fracture stimulation fluid lost
from the fracture because of leakoff, but it does not provide an indication of how
effectively reactants are consumed within the fracture. The fracture Damkdhler number

indicates the amount of reactants consumed on the walls of the fracture as opposed to

being transported along the fracture.

[0022] The preferred fracture stimulation treatment according to- the present invention
begins with a conventional pad stage to generate the fracture. The pad fluid can be, and
usually 1s, a gelled aqueous fluid, such as water or brine thickened with a viscoelastic
surfactant or a water soluble or dispersible polymer such as guar, hydroxypropylguar or
the like. The pad fluid can contain various additives, such as fluid loss additives,
crosslinking agents, and the like. Thereafter, a fracture stimulation fluid varying in
reactivity from low reactivity to high reactivity is injected through the wellbore and into
the formation at a rate and pressure at least sufficient to fracture the subterranean
formation or extend the fracture further into the formation. The fracture stimulation fluid
can be a chelating agent such as an alkylenepolyaminepolycarboxylic acid (e.g.,
N,N,N’,N’-ethylenediaminetetaacetic acid (“EDTA”) or N-hydroxethyl-N,N’,N’-
‘ethylenediaminetriacetic acid (“HEDTA?”), or a suitable salt thereof (e. g., an ammonium
salt)) or a single acid or a mixture of acids or an acid with an a}ppropriaté salt, as
illustrated 1n Table 1. The reactivity of the fracture stimulation fluid can be varied by
adjusting the concentration of acid and/or salt (e.g., acid salts) or changing the pH. The
acid salts influence the effective equilibrium constant for the surface reaction and an
increased amount of the appropriate salt will lower the reactivity of the fluid. Similarly
the " lower pH fluids are more acidic and more reactive than the fluids with a higher pH.
To illustrate, by the addition of acid salts (e.g., sodium acetate) to the corresponding acid
(e.8» acetic acid), the user can usually lower the reactivity of the acid component of a
fracture stimulation fluid. The composition of the acid fracture stimulation fluid can be
varied continuously or incrementally during the fracturing treatment, at the conveniénce
of the user. The fracture stimulation ﬂuid may contain various additives (such as, for

example, corrosion inhibitors, iron control agents, surfactants, and the like).
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[0023] A spacer fluid can (optionally) be injected periodically throughout the treatment
to create differential etching due to viscous fingering of the suBsequently mjected fluid
through the spacer fluid, to provide cool down, or to reduce fluid leakoff. Viscous
fingering can provide a secondary differéntial etching rﬁechanism in addition to the
thhing pattern caused by conducting the fracturing process at the optimum fracture
stimulation efficiency number, in accordance with the present process. For example, a
fracture acidizing treatment according to the present invention can utilize the sequential
injection of: a gelled aqueous pad of guar thickened water, acetic acid (e.g., 10%), a
spacer fluid (e.g., guar thickened water), a mixture of hydrochloric acid and acetic acid, a
spacer tluid (e.g., guar thickened water), and aqueous hydrochloric acid (e.g., 28%). The
spacer fluid can contain various additives, such as divertihg agents, buffering agents, and

the like; such additives are well known in the art.

[0024] Similarly, the procedural techniques for pumping fracture stimulation fluids down
a wellbore to fracture a subterranean formation are well known. The person that designs
such fracturing treatments is the person of ordinary skill to whom this disclosure is
directed. That person has available many useful tools to help design and implement the
fracturing treatments, one of which is a computer program commonly referred to as a
fracture simulation model (a.k.a., fracture models, fracture simulators, fracture placement
models). Most if not all commercial service companies that provide fracturing services to
the oilfield have one or more fracture simulation models that their treatment designers
use. One commercial fracture simulation model that 1s widely used by several service
companies is known as FracCADE™, This commercial computer program is a fracture
design, prediction, and treatment-monitoring program that was designed by
Schlumberger, Ltd. All of the various fracture simulation models use information
available to the tr'e.atment designer concerning the formation to be treated and the various
treatment ﬂuids (and additives) in the calculations, and the program output is a pumping -
schedule that is used to pump the fracture stimulation fluids into the wellbore. The text
“Reservoir Stimulation,” Third Edition, Edited by Michael J. Economides and Kenneth
G. Nolte, Published by John Wiley & Sons, (2000), is an excellent reference book for

fracturing and other well treatments; it discusses fracture simulation models in Chapter 5
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‘(page’5-25) and the Appendix for Chapter 5 (page A-15)).

[0025] Typical design procedures of the invention for varying the fracture

fluid reactivity (and fixed injection rate) are as follows:

[0026]

o 1. Obtain the required formation and fracture parameters, including the
surface injection flow rate required for fracturing, Qo, the fracture
geometry (w, H, and L), the reservoir temperature, and any
additional parameters that are required by a fracture simulator such
as FracCADE.

10 [0027]

2. Select the desired distance from the wellbore for fracture stimulation
(must be less than or equal to the initial fracture length). This value
will represent the location of the initial targeted stimulation region.

[0028]

15 3. Calculate the local leakoff velocity (vy), taking into account the
current depth of wormhole penetration (e.g., use the wormhole fluid-
loss coefficient introduced by Hill et al.,” The Effect of Wormholing on
the Fluid-Loss Coefficient in Acid Fracturing”, SPE Production
Engineering, pages 257-263, November 1995).

20 [0029]

4. Calculate the flow rate as a function of position along the length of

the fracture (Q) based on the surface injection rate and the leakoff

velocity.

12
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5. Back-calculate the current optimum overall dissolution rate constant (x) from the

[0031]

6.

[0032]

7.

[0033]

flow rate in the targeted stimulation region (determined in step 4), the fracture
stimulation efficiency number, Fy, defined in equation (1), the 0pti1hum fracture
stimulation efficiency number of about 0.1 to about 0.3, and generally about 0.2,
and the current fracture geometry. This represent the fluid pr0pérties required to

achieve the optimum fracture stimulation efficiency number in the targeted

stimulation region.

Select a stimulation fluid with the appropriate properties (i.e., 4, p, D., Dy, k,,
and K., ) such that the current overall dissolution rate constant calculated in step 5
can be obtained in the fracture. The appropriate fluid properties may be obtained
by combining various fluid types or by adding materials (such as chemical
retarders, emulsifying agents, salts, etc.) to the fluid system. If the overall
dissolution rate constant (%) for the selected fluid is too high, changes in reactivity
may be achieved by adding specific salts, changing the fluid pﬁ, changing the

type of stimulation fluid, or the like.

Calculate the amount of dissolution (etched width) and thé local depth of

wormhole penetration for the stimulation fluid selected in step 6.

Update the fracture geometry. Note: FracCADE and the other current
commercigl fracture simulation models will do this step 8 automatically, albeit in

a simplified manner that does not include the effects of differential etching.
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[0034]

9. Repeat steps 3 through 8 until the tip of the current targeted stimulation re gion has

the desired etched width.

[0035]

10. Move the targeted stimulation region towards the wellbore, such that all regions

beyond the targeted stimulation region have been adequately stimulated.

[0036]

11. Repeat steps 3 through 10 until the entire length of the fracture has been fracture

stimulated.

[0037) The output of this design procedure defines the optimum fluid properties for any
particular time during the fracture stimulation treatment. Analogous design ‘procedures
can be used when the injection rate is varied during the treatment to~ maintain the
optimum fractufe stimulation number, Fy , of from about 0.1 to about 0.3, and preferably
about 0.2. This process could involve fixing the fracture stimulation fluid properties and

adjusting the injection rate, Q, in steps 5 and 6. -

- [0038] Although the methods have been described here for, and are most typically used
for, hydrocarbon production, they may also be used in injection wells and for production

of other fluids, such as water or brine.

EXAMPLES OF THE INVENTION

[0039] Example 1. A fracture acidizing treatment with variable reaction kinetics was
simulated for a limestone formation at 200°F (93°C). The simulation model assumed a
well depth of 13,000 feet (3,962 meters); a fracture length of 800 feet (244 meters); a
fracture height of 50 feet (15.24 meters); and a fracture width at the wellbore of 0.2 inch

14
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(5.08 millimeters). The stimulation fluid was 10% aqueous acetic acid (HAc) injected at
30 barrels per minute (4.77 kiloliters/minute), and the fluid reactivity was controlled by
:varying the concentration of sodium acetate (NaAc) in the fracture stimulation fluid.
Increasing the concentration of NaAc causes a decrease in the overall rate of dissolution
(C. N. Fredd and H. S. Fogler, “The Kinetics of Calcite Dissolution in Acetic Acid
Solutions,” Chem. Eng. Sci., 53 (22), pages 3863-3874 (Oct. 1998)). To maintain the
optimum fractufe stimulation efficiency number of 0.2, the required overall dissolution
rate constant, K, for a tip-to-wellbore treatment varied from an initial value of 1.E-0.3 to
6.E-03 over a seven (7) stage treatment wherein the concentration of sodium acetate
(NaAc) in 10% aqueous acetic acid (HAc) decreased (and the reactivity of the fluid
increased) as the treatment progressed from stage 1 through stage 7. The required
reactivity increases by about an order of magnitude over the 7-stage course of the
treatment. The variable kinetics treatment creates conductive etched tlow channels (at the
optimum fracture stimulation number, 0.2) that penetrate about 300 feet (91.44 meters).
In contrast, it was calculated, using similar assumed values, that a conventional treatment
with emulsified hydrochloric acid would effectively penetrate to only about half that
depth, and that a similar fracture acidizing treatment with either 15% or 28% HCI would
not create conductive etched flow channels in the formation but would tend to dissolve

the formation and penetrate only about 75 feet (22.86 meters) into the formation.
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« CLAIMS:

1. A fracturing process to stimulate the production of hydrocarbon fluids
from a carbonate reservoir in a subterranean formation which comprises a)
selecting, using a simulation model, pumping conditions for a fracture stimulation
fluid to obtain an optimum fracture efficiency number, F;, of about 0.1 to about 0.3,

b) injecting said fracture stimulation fluid into and through a wellbore into the

carbonate reservoir containing hydrocarbon fluids under said pumping conditions,

and c) controlling said pumping conditions to maintain said fracture efficiency

number during the fracturing process.

2. The fracturing process according to claim 1 further wherein the step
of injecting a fracture stimulation fluid is preceded by the step of injecting an

aqueous pad fluid.

3. The process defined by claim 1 or 2 wherein the reactivity of the
fracture stimulation fluid is increased to maintain mass transfer limitations
sufficient to optimize the creation of conductive flow channels in the carbonate-

bearing subterranean rock formation.

4. The process defined by any one of claims 1 to 3 wherein the
reactivity of the fluid is selected using a simulation model such that the rate of
dissolution of the carbonate in the subterranean rock formation is sufficiently
influenced by the rate of mass transfer to result in the formation of conductive

etched flow channels in the targeted stimulation region of the fractured formation.

d. The fracturing process defined by any one of claims 1 {0 4 wherein
the flow rate of the injected fracture stimulation fluid into the formation is

decreased as the process progresses.

6. The process defined by any one of claims 1 to 5 wherein the fracture

stimulation fluid is varied from a lower reactive fluid to a higher reactive fluid.

/. The process defined by any one of claims 1 to 6 wherein the fracture

stimulation fluid is an aqueous fluid that comprises acetic acid and/or hydrochloric

acid.
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8. » The process defined by any one of claims 1 to 6 wherein the

composition of the fracture stimulation fluid changes during the course of the
process from a sodium acetate/acetic acid mixture initially, to acetic aciq, to a

blend of acetic acid and hydrochloric acid, and then to hydrochloric acid.

9. The process defined by any one of claims 1 to 6 wherein the
composition of the fracture stimulation fluid comprises an aminopolycarboxylic
acid or phosphonic acid chelant, or a salt thereof, as at least one of the reactive

components of the fracture stimulation fluid.

10. The process defined by any one of claims 1 to 6 wherein the pH of

the fluid transitions during the course of the process from a basic pH to an acidic
pH.

11. The process defined by any one of claims 1 to 6 wherein the fracture
stimulation fluid comprises an emulsified hydrochloric acid, and wherein said
emulsified acid contains a surfactant in an amount that varies during the process

from a high surfactant concentration to a low surfactant concentration.

12. The process according to any one of claims 1 to 11, wherein F¢is
about 0.2.
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