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ABSTRACT

Propped fractures in formations from which fluids are produced are described that
have wormholes extending out into the formations from the faces of the fractures at
locations distant from boreholes. Methods are given for creating such propped fractures
having wormholes in which either a closed propped fracture is formed and then the
wormholes are formed, or the entire fracture and channel system is formed before the
closure occurs.
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PROPPED FRACTURE WITH HIGH EFFECTIVE SURFACE AREA

This 1s a divisional of Applhication Serial No. 2,514,208 filed January 27, 2004.

Technical Field of the Invention

(001 This invention relates to improving the production of fluids from wells penetrating
subterranean formations. More specifically 1t relates to a method for increasing the ability of
fractures to drain formations. In particular it relates to propped fractures, that have

wormholes extending from the faces of the fractures into the formation, and methods of

creating such fractures.

Background of the Invention

[002] The flow of fluids through porous media, for example the prodnction of fluids from

wells, is governed by three principle factors: the size of the flow path, the permeability of the

[low path, aud the drving force.

[003] It is often necessary to stimulate the production of fluids from subterranean
formations when wells are not producing satisfactorily. The failure to produce is typically
due to an inadequate, or a damaged, path for fluids to flow from the formation to the
wellbore. This may be because the formation inherently has insufficient porosity and/or
perméability, or because the porosity and/or permeability have been decreased (damaged)
near the wellbore during drilling and/or completion and/or production. There are two main
stimulation techmques: matrix stimulation and fracturing.  Matrix stimulation is
accomplished by injecting a fluid (e.g., acid or solvent) to dissolve and/or disperse materials
that impair well production in sandstones or to create new, unimpaired flow channels
between the wellbore and a carbonate formation. In matrx stimulation, fluids are injected
below the fracturing pressure of the formation. Matrix stimulation, typically called matrix
acidizing when the stimulation filuid is an acid, genﬁrally 15 used to treat only the near-
wellbore region. In a matrix acidizing treatment, the acid used (typically hydrochloric acid
for carbonates) 1s injected at a pressure low enough to prevent formation fracturing. It is
desirable to take 1nto account well and formation factors (such as temperature and formation
composition) and adjust treatment parameters (such as acid strength and injection rate) so

that dominant “wormholes” are formed which penetrate through the near wellbore area.
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[004] When acid is pumped into a formation, such as a carbonate (limestone or dolomite)
formation, at pressures below the ftracture pressure, the acid flows preferentially into the
highest solubility or the highest permeability regions (that is, largest pores, vugs or natural
fractures). Acid reaction in the high-solubility or high-permeability region ideally causes the
formation of large, highly conductive flow" channels called wormholes that form
approximately normal to the fracture. The creation of wormholes 1s related to the rate of
chemical reaction of the acid with the rock. High reaction rates, as observed between typical
concentrations of unaltered mineral acids, such as HCI, and carbonates, tend to favor
wormhole formation. Acids normally used 1n field treatments are highly reactive at reservoir
conditions and tend to form a limited number of wormholes. A low reaction rate favors the
formation of several small-diameter wormholes. However, unless the treatment is designed
properly, wormholes are not formed. Instead, for example if the acid flux is too low, the acid
reacts evenly with the formation, which 1s commonly called compact dissolution, dissolving
all the rock near the wellbore and not penetrating deep into the formation and creating flow

paths there. Wormholing is desirable in matrix acidizing.

[005] In fracturing, on the other hand, a fluid 1s forced into the formation at a pressure
above that at which the formation rock will part. This creates a greatly enlarged flow path.
However, when the pressure 1s released, the fracture typically closes and the new flow path

i1s not maintained unless the operator provides some mechanism by which the fracture could

“be held open. There are two common ways of doing this. In conventional propped hydraulic

fracturing, the fluid that is used to generate or propagate the fracture is viscous and carries a
solid proppant that is trapped in the fracture when the pressure is released, preventing the
fracture from closing. In acid fracturing, also known as'fracturé acidizing, the fracture is
generated or subsequently treated with an acid. In this case, however, the treatment
parameters have in the past been adjusted so that wormholing did not occur. Ihstead, the
object previously has been to etch the faces of the fracture differentially. Then, when the
pressure 1S released, the fracture does not close completel-y because the diffcrential etching
has created an asperity between the faces so that they no longer match up and there are gaps
where material has been removed. Ideally the differential etching forms flow channels,
usually generally running along the faces of the fracture from the wellbore to the tip, that

enhance production. In acid fracturing, wormholing was undesirable because in methods

used previously it does not occur at many points along the fracture but rather primarily
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occurs only where the acid most easily or first contacts the formation. This is most typically
near the wellbore, although if there are natural high-conductivity streaks, fissures, vugs, etc.,

there could be other locations with a high intensity of wormholes. This increases the amount

of acid required (wastes acid that would otherwise be used to etch the conductive channels)
and increases the pump rates required to propagate the fracture and keep the fracture open.
Thus when there are wormholes near the wellbore in acid fracturing, large amounts of acid
and high pump rates are required so that the fluid that reaches far out into the fracture, if a
fracture can be formed at all, 1s still sufficiently acidic to react with the fracture faces. This
situation is exacerbated by the fact that, even though the pump rate as seen at the wellhead
can be high, the flmid velocity out 1 the fracture (affecting the rate at which fresh acid
reaches that point) can be very low because the surface area of the fracture faces increases

greatly as the fracture 1s propagating.

[006] In production from a fracture-stimulated well, the extent of the available flowpath is

" a function of the size and shape of the fracture, and in particular of the effective surface area

of the faces of the fracture. The permeability of the flowpath is the effective permeability of
the fracture after closuré, that 1s, the effective permeability of the proppant pack or of the
etched channels. The driving force is the pressure differential between the fluid in the
formation and the fluid in the wellbore. .This driving force varies along the length of the
fracture. The optimal fracture would be one with a large effective surface area and a high
effective permeability. As it relates to mz;ximizing production, this would be the equivalent
of having a larger effective wellbore radius. It would therefore require only a small pressure

drop to provide a high fluid flow rate out of the formation and into the wellbore.

[007] In the past, the only way to generate a fracture with a high effective surface area for
flow of fluids from the formation into the fracture was to generate a fracture that was either
high (assuming a vertical fracture) or long (extending far from the borehole) or both, and the
best way to generate a fracture having a high e}fective- permeability was with proppant.
Propped fractures having wormbholes extending fron; their faces out into the formation, and

methods of forming such fractures, would be high_ly desirable because they would have high

~effective surface areas and the wells would have high effective wellbore radii.

[008] U.S. Pat. No. 3,768,564 discloses a process wherein unpropped fractures are allowed

to close prior to prolonged contact with acid. Flow channels are etched while the fracture is
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held open, then expanded only after the fracture is allowed to close. U.S. Pat.

No. 3,842,911 describes the use of propping agents in this process. It describes the
formation of a fracture and the introduction of propping agent into the fracture,
followed by the compiete closure of the fracture on the propping agent and then
Injection of acid under conditions at which the fracture remains closed, allowing
creation of flow channels a relatively long distance from the wellbore. U.S. Pat.

No. 4,245,702 describes a process of fracturing and acidizing a well with the use of
propping agents that is particularly applicable to relatively hard formations. U.S. Pat.
No. 3,642,068 describes the creation of a fracture by means of a viscous medium
followed by the passage of propping agents into the fracture. The agent is shifted to
a remote location in the fracture by means of an acid that etches those parts of the

fracture walls that are close to the borehole. Subsequently the fracture is closed.

Formation of wormholes is not proposed in any of these fracturing methods.
Summary of the Invention

According to one aspect of the present invention, there is provided in a
subterranean formation penetrated by a wellbore, a flowpath comprising one or more
propped fractures having a plurality of primary wormholes extending from said

fracture or fractures into said formation.
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[009] One ernbodirnent of thepresent invention is a flowpath, in a subterranean formation
_penetrated by a wellhore that has one or more propped fractures having One Or more primary
channels (wormholes) ektendlng from the fracture or fractures into the formation. In another
‘embodiment, these prunary channels have secondary channels (wormholes) extending from

~ them. In either of these embodiments, the fracture has an increased effective surface area for

the inflow of fluids into the fr-ac_ture from the formation.

[0010] Another '.ernbodiment '.is'a Inethod of forming such .ﬂonaths by carrying out-the
sequentral steps of lnjectmg a v1scous camer ﬂurd containing prOppant at a rate and pressure
o sufﬁment to fracture the formatron and allowrng the fracture to close and then 1njectmg a
j'formatron—drssolvmg ﬂurd at a rate and pressure 1nsufﬁc1ent to fracture the forrnatron
' ..'.Especrally 1n carbonates the formatron—dlssolvmg fluid is preferably a self-dlvertmg acrd an -

l'j-ammopolycarboxyhc acld such 'as hydroxye'thylethylened1anune trracetrc acrd, an

aminopolycarboxylic acid salt such as trisodium hydroxyethylethylenediamine triacetate, 1n
some embodiments, adjusted to a pH of about 4 with hydrochloric acid, or a mixture of an
aminopolycarboxylic acid and an aminopolycarboxylic acid salt. In some embodiments, in

sandstones, the formation-dissolving fluid contains hydrofluoric acid or a hydroﬂuoric acid

-'.precursor and optronally contalns a phosphonate In the step of lnjecnng the vrscous carner

'ﬂmd contaxnmg pr0ppant a t1p screenout may optlonally be 1nduced and a breaker may
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optionally be included in the fluid. In another embodiment,

the step of injecting a formation-dissolving fluid at a rate

—
—

and pressure insufficient to fracture the formation is

performed remedially, that 1s, 1t 1s applied to a previously

5 created fracture, from which production of fluids may have

been attempted or achieved.

[0011] Yet another embodiment is a method of creating such

flowpaths having an increased effective surface area or flow

P
p—

of fluids from the formation i1nto a fracture due to the

10 presence of wormholes distant from a wellbore in which a

polymeric viscous carrier fluild containing proppant is

injected at a rate and pressure sufficient to fracture the

formation, then a formation-dissolving viscous carrier fluid

containing proppant 1s 1njected at a rate and pressure

15 sufficient to hold the fracture open (and optionally to

propagate the fracture), and then the fracture is allowed to

close. A tip screenout may optionally be induced in the

first proppant-carrying step, and either carrier fluid may

Sy

optionally contain a breaker. In some embodiments, in

20 carbonates, the formation-dissovling viscous carrier fluid

is a surfactant-based viscoelastic fluid, and, in some

—

embodiments, a self-diverting acid. In some embodiments, in

sandstones, the formation-dissolving viscous carrier fluid

contains hydrofluoric acid or a hydrofluoric acid precursor,

25 and optionally contains a phosphonate.

10012] Yet another embodiment is a method of creating such

flowpaths i1n which a formation-dissolving viscous fluid 1is

first injected at a rate and pressure sufficient to fracture

the formation, then a wviscous carrier fluid containing

30 proppant 1s 1njected at a rate and pressure sufficient to

hold the fracture open, and then the fracture is allowed to

close. In some embodiments, 1n carbonates, the formation-

dissolving viscous fluid contains a self-diverting acid, an
S
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aminopolycarboxylic acid such as hydroxyethylethylenediamine
triacetic acid, an aminopolycarboxylic acid salt such as

trisodium hydroxyethylethylenediamine triacetate, 1n some

about 4 with hydrochloric

T

embodiments, adjusted to a pH o:

acid, or a mixture of an aminopolycarboxylic acid and an

—_

aminopolycarboxylic acid salt. In some embodiments, in

sandstones, the formation-dissolving viscous fluid contains

hydrofluoric acid or a hydrofluoric acid precursor, and

optionally contains a phosphonate. Either the formation-

dissolving viscous fluid, the viscous carrier fluid, or both

may optiocnally contain a breaker.

[0013] Yet another embodiment i1s a method of creating such

flowpaths in which a viscous carrier fluid containing

proppant 1s first injected at a rate and pressure sufficient

to fracture the formation, then a formation-dissolving fluid

is injected at a rate and pressure sufficient to hold the

fracture open, and then the fracture is allowed to close.

In some embodiments, in carbonates, the formation-dissolving

Wi

fluid is a self-diverting acid, an aminopolycarboxylic acid

such as hydroxyethylethylenediamline triacetic acid, an
aminopolycarboxylic acid salt such as trisodium

hydroxyethylethylenediamine triacetate, in some embodiments,

adjusted to a pH of about 4 with hydrochloric acid, or a

mixture of an aminopolycarboxvylic acid and an

aminopolycarboxylic acid salt. In some embodiments, in

sandstones, the formation-dissolving fluid contains

hydrofluoric acid or a hydrofluoric acid precursor, and
optionally contains a phosphonate. A tip screenout may

optionally be induced in the proppant-carrying step, and a

in the viscous carrier

breaker may optionally be included
fluid. Optionally, a step of injecting a viscous carrier

fluid (optionally containing a breaker) containing proppant,

at a rate and pressure sufficient to hold the fracture open,

6a
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may be included after the step of injecting the formation-

disscolving fluid and prior to allowing the fracture to

close.

—

[0014] Yet another embodiment 1s a method of creating such

flowpaths in which a formation-dissolving viscous carrier

fluid containing proppant 1s 1njected at a rate and pressure

sufficient to fracture the formation, and the fracture 1is

allowed to close. A tip screenout may optionally be induced

and the formation-dissolving viscous carrier fluid may

optionally contain a breaker. In some embodiments, in

carbonates, the formation-dissolving viscous carrier fluid

is a surfactant-based viscoelastic fluid, and, in some

embodiments, a self-diverting acid. In some embodiments, in

sandstones, the formation-dissolving viscous carrier fluid

contains hydrofluoric acid or a hydrofluoric acid precursor,

and optionally contains a phosphonate.

[0015] Yet another embodiment is a method of increasing the

effective surface area for the inflow of fluids from an
existing natural fissure that 1s already in communication

with a wellbore or a fracture, i1n which a formation-

dissolving fluid 1s 1njected at a rate and pressure

Ty

insufficient to fracture the formation. In some

embodiments, 1n carbonates, the formation-dissolving fluid

1s a surfactant-based viscoelastic fluilid, and, in some

embodiments, a self-diverting acid. In some embodiments, in

sandstones, the formation-dissolving fluid contains

hydrofluoric acid or a hydrofluoric acid precursor, and

optionally contains a phosphonate. The formation-dissolving

fluid may optionally contain a viscosifying agent, in which

case it may further optionally contain a proppant and/or a

breaker.

Brief Description of the Drawings

[0016] Fi1g. 1 shows a schematic of a conventional fracture.

6
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[0017] Fig. 2 shows a schematic of a fracture having primary and secondary wormbholes.

Detailed Description of Embodiments

[0018] The principles and the methods described below apply to any mineral type, although
they will be discussed in terms of carbonates and sandstones. Formations that are considered
to be carbonates may contain some sandstone and vice versa. Also, when we are describing
situations in which the acid reacts with the first matenial with which 1t comes into contact, we
will describe the location of that reaction as “near the wellbore” although, of course, there
can be situations in which the location where themaj onty of the acid first comes into contact
with the formation is farther away, for example when there are natural very high-
conductivity streaks, or fractures or vugs. In this situation, “near the wellbore” should be

interpreted as meaning primarily in the localized area most readily accessible to the acid.

' “[0019] Numerous studies of the wOrthIing process in matrix stimulation (for example

carbonate acidizing) have shown that the dissolution pattern created by the ﬂowing acid
occurs by Qne of three mechanisms (a) 'c:Ompact dissolutien, in which most of the acid is
spent near the wellbore rock face; (b) wormholing,.in which the dissolution advances mere
rapidly at the tips of a small number of highly conductive micro-channels, 1.e. wormbholes,
than at the wellbore walls; and (c) uniform dissolution, in which many pores are enlarged, as
typlcally occurs 1n sandstone acrdlzmg Compact dlSSOIUtIOII occurs when acid spends on.
the face of the formatlon In thlS case, the live acid penetratlon 1s commonly Iumted to
W1th1n a few centimeters of the wellbore. Uniform dissolution occurs when the ac:1d reacts

under the laws of ﬂurd flow through porous medla In this case, the live aerd penetratlon will

' be, at most, equal to the volumetnc penetratron of the m]ected acid. (Umform dissolution is

also the preferred pnmary mechamsm of conductive channel etchmg of the fracture faces i m
acid fracturmg, as will be discussed further below ) The objectives of the amdrzmg process
are met most efficiently when near wellbore permeability is enhanced to the greatest depth
with the smallest volume.(')f acid. This occurs in regirde (b) above, when a wormholing

pattern develops.

[0020] The dissolution pattern that is created depends on the acid flux. Acid flux is the
volume of acid that flows through a glven area in a given amount of time. Compaet,
dlssolutron occurs at relatively low acid ﬂux wormholes are created at intermediate acid

flux, and uniform dissolution occurs at high acid flux. There is not an abrupt transition from
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one regime to another. As the acid flux is increased, the compact pattern will change to one
in which large diameter wormholes are created. Further increases in flux yield narrower
wormbholes, which propagate farther for a given volume of acid injection. Finally, as acid
flux continues to be increased, more and more branched wormholes appear, leading to a
fluid-loss limiting mode and less efficient use of the acid. This phenomenon has a
detrimental effect on matrix stimulation efficiency, especially at the rate where branches
develop secondary branches; there are many wormholes, but they do not achieve much
depth'. Ultimately, then, a virtually uniform pattern is observed. The most efficient process,
1n matrix acidizihg, 1s thus one that will create wormholes with a minimum of branching and
1s characterized by the use of the smallest volume of acid to propagate wormholes a given

distance.

[0021] Wormholing 1s the preferred dissolution process for matrix acidizing, for example of
carbonate formations, because it forms highly conductive channels efficiently. Hence,
optimization of the formation of wormholes 1s the key to success of such treatments.
Injecting acid close to or above the optimal flux is very crucial v assure a successful
carbonate acid treatment because of the risk of compact dissolution that may result from a
slower acid 1njection. In other words, injecting acid at a high rate will generally promote
success 1 matrix acid treatment, and injecting acid at the optimal flux rate will ensure the
most efficient matrix acid treatment. However, the optimum is a complex function of the
formation properties, acid properties, and acidizing conditions, such as temperature, so that
there can be no simple rules as to what rates are best. The complexity stems directly from
the range of dissolution patterns created by acid reaction with carbonates. When the acid
flux 1s low, wormhole propagation 1s hindered due to slow acid convection, and the
wormbhole propagation rate 1s governed by balancing the convection and molecular diffusion.
When the acid flux is high enough, the wormhole propagation is limited mainly by the

reaction rate and the wormhole growth 1s governed by balancing the surface reaction and

molecular diffusion.

[0022] In acid fracturing, on the other hand, in many cases the depth of stimulation (fracture
length) 1s typically limited by rapid consumption (compact dissolution) of acid near the
wellbore and by loss of acid through the fracture faces (commonly referred to as fluid leakoff
or fluid loss). Fluid leakoff is a dynamic process that is influenced significantly by the

formation of wormholes that form in the porous walls of the fracture. In acid fracturing,
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these wormholes have always been considered to be detrimental because they form close to
the borehole and divert fluid from the fracture, consume large amounts of acid, and provide

no benefit to the conductivity of the fracture.

[0023] We have found that it 1s advantageous to create propped fractures that have
wormnholes in the fracture faces far from the wellbore. This 1s done during a stimulation
treatment, either during or after the propping step, with proper control of and balance
' between the reaction rate, the diffusion rate, and the pump rate (that controls the convection
rate) for a given injected reactive formation-dissolving fluid, and a given formation
temperature, pressure and composition. Through the control of the pump rate and of the
- flmid reactivity, reactive formation-dissolving fluid efficiency in creating desirably located
N worruholes is achieved and the stimulation is optimized. People skilled in the arts of matrix
acidizing and/or acid fracturing have developed data, correlations and models of the
reactions of reactive fluids with formation rninerals. These data, correlations and models
havc been 'uaed in the past to avoid Wonuholing in acid fracturing and to maximize
wormbholing in matrix acidizing. Examples are found in U. S. Patent No. 7,119,050, which
has a common assignee as the present application, and U. S. Patent No.
6,196, 318. These data, correlations and models can be used instead to select 1luids and

_ prepare stunulatlon _]Ob desrgns to promote wormhohng in prOpped fractures

[0024]- In generating wormholes 1n the faCes‘ Of pr0pped fractures “some of the same
- problerns would be encountered as 1n etc:hm0 fracture faces dunng fracture acrdlzmo That
18, care rnust be taken to ensure that all or most the acrd reaction does not occur too close to
the wellbore. It is known in the art that to achreve maxrmum effectweness of the fracture
acndleng process ‘it is often desuable to maximize the time the fracture is exposed to the
acrd whlle lmutmg ‘the amount of acid used to an economlcally reasonable amount
However in fracture acidizing procedures used heretofore less than desrred results have
| 'often been achreved when the acid exposure tJrne 1s maxnruzed For example where the
fracture amdrzmg treatment of a well formation has been carried out by first creating a
fracture in the formatron and then contmumg to 1nject acid mto the fracture at a high rate and
pressure, in one or several stages, the fracture faces adjacent to the well are exposed to the
etching of a lot of acid for a relatively long period of time, and yet the fracture faces furthest

from the well may have received insutficient acid contact, even after a large _quantity of acid

has been injected. In some formations, the longer the acid is allowed to etch the rock faces
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adjacent to the well, the more likely that those rock faces will become softened or over-
etched, so that upon closing, the faces will crush agamnst each other, effectively destroying or
restricting the flow channels created adjacent to the well. In other formations, which react
more slowly, the acid contact time and effective acid penetration into the fracture may be

insufficient to provide additional flow channels at a distance not adjacent to the well.

[0025] Although we have used and will continue to use the terms acidizing and acid
fracturing because they are so ingrained in the industry, instead of the term “acid” we will
often use the term “formation-dissolving fluid” because acids are not the only reactive fluids
that will dissolve formation minerals. In some Optirrlized methods of generating propped
fractures having wormholes extending out from the fracture faces far from the wellbore,
acids are not the optimal reactive fluids. Associated with the theoretical understanding of
wormholing are recent advances in formation-dissolving fluid formulation. We will
elaborate further below, but 1 addition to known gelled acids, emulsified acids, retarded
acids which use either morganic or organic acids, or mixtares df these conventional acids,
now new unconventional reactive fluids which use mainly chelant Systems, have also been
developed and have been shown to generate wormholes in carbonate reservoir formations
when the overall process of stimulation 1s optimized. Examples of unconventional
formation-dissolving fluids mclude aminopolycarboxylic acids and their salts, which are
sometimes called “non-acid reactive solutions” or NARS when they are basic. In addition,
hovel self-diverting wormholing acid systems, that are viscoelastic surfactant systems that
change viscosity dramatically as a function of pH, are also available for this application that

could enhance more generation of wormholes from the fracture surface.

[0026] The reactivity of the formation-dissolving fluid may be selected (for example with
the use of fracture and/or acidizing simulator computer programs) on the basis of the flow
rate and formation and fluid parameters. The react}vity of the formation-dissolving fluid can
be controlied by varying the rate of reaction, the rate .(')f mass- transter, or both. For example,
the rate of reaction can be decreased by changing the type of formation-dissolving fluid, by
changing 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 formation-dissolving flmad. 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 formation-dissolving fluid using external cooling means or

10
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internal cooling means (e.g., pumping a large pad stage, or by adding nitrogen or other gas

that is inert in the process).

[0027] In general, in creating propped fractures having wormholes in the fracture faces far
from the wellbore, simple mineral acids such as HCl, HF, or mixtures of HCI and HF, would
be too reactive, and would spend too close to the wellbore. It would normally be necessary
to use a less reactive formation-dissolving fluid. Non-limiting examples would be organic
acids (such as acetic or formic acids, whose reactivities could be further adjusted by
including varying amounts of sodium acetate or sodium formate respectively), chelating
agents such as aminopolycarboxylic acids (such as ethylenediaminetetraacetic acid or
hydroxyethylethylenediaminetriacetic acid (HEDTA), whose reactivities could be further
adjusted by converting them partially or completély into sodium, potassium or ammonium
salts or by adjusting the pH with, for example HCI), or retarded mineral acids (such as gelled
or emulsified HCI, whose reactivity couild be further adjusted by manipulation of the choice

of and concentration of surfactant and of the oil/water ratio).

[0028] The chelating agents useful herein are a known class of materials having many
members. The class of chelating agents includes, for example, aminopolycarboxylic acids
and phosphonic acids and sodium, potassium and ammonium salts thereof. HEDTA and
HEIDA (hydroxyethyliminodiacetic acid) are useful in the present 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.,
HCl). 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: l-hydroxyethylidene-l,1-'
phosphonic acid; HDTMPA: hexamethylene(iiaminetetra(methylenephosphonic acid);
DTPMPA: diethylenediaminepentamethylenephospﬁonic 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 Tradernark of Solutia) phosphonate's. Such
materials are known 1n the oilfield. Prior art treatments did not, however, inject such fluids
into the formation in such a manner as to maintain an optimum wormbhole-forming efficiency

and they were not as effective as the methods of the subject invention in creating wormholes
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in the formation extending out from the fracture faces. Particularly preferred chelant-based
dissolvers are those contaiming hydroxyethylaminocarboxylic acids such as
hydroxyethylethylenediaminetriacetic acild (HEDTA), hydroxyethyliminodiacetic acid
(HEIDA), or a mixture thereof, as described in U. S. Patent No. 6,436,880, which has a

comumon assignee as the present application.

~ Fluids containing such chelants may be viscosified.

[0029] Particularly preferred self-diverting wormholing acid systems are those made from

solutions of certain surfactants, in particular certain betaines, optionally in conjunction with
co-surfactants or lower alcohols. Examples are described in U. S. Patent No. 0,399,540,

U. S. Patent No. 6,667,280, and U. S. Patent No. 7,119,050, all of which have a

common assignee as the present application. A highly-preferred self-diverting acid
1s made from erucic ‘
armdoprOpyl drmethyl betaine. Thesc sclf-dwerttng wormholma acid systems have the
B '1mportant pr0perty that they have water—lrke v1scosrt1cs as formulated (when they are

- strongly acidic) but their viscosities 1ncrease dramatically as the pH is increased above a

* value of about 2 to 2.5 as they react.

[0030] Conventlonal pr0pped hydraulrc fracturrng methods, with apprOprrate adjustrnents it

B necessary, as wrll be apparent o those sktlled in the art, are used in the methods of the
mventron One preferred fracture stunulatron treatment accordrng to the present 1nventron ‘.
| typlcally begtns wrth a corwentronal pad stage to generate the fracture followed by a
* sequence of stages 1n Wthh a viscous camer fluid tran5ports pr0ppant mto the fracture as the
fracture 1S pr0pagated Typlcally, In thls sequence of stages the amount of prOpprng agent 1S
o .mcreased normally stepwrse The pad and carrier fluid can be, and usually are, a gelled
- aqueous fluid, such as wateror -brme thickened with a viscoelastic surfactant or with a water
- ‘soluble or dispersible polymer such as guar, hydroxypropylguar or the like. The pad and |
. carﬁer ﬂuidsrnay COntain v-arious additives Non- limiting' examples are tluid loss additives
crosslmkmg agents clay control agents and mobility control agents such as ﬁbers breakers
‘and the like, prowded that the addrtlves do not affect the stabrhty or action of the formatron-

d1ssolv1ng ﬂurd

[0031] The procedural techmques tor pumpmg fracture strmulatlon ﬂurds down a wellbore

to fracture a subterranean forrnatlon are well known ‘The person that desrgns such fracturrng
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treatments is the person of ordinary skill to whom this disclosure 1s directed. That person
has-available many useful tools to help design and implement the fracturing treatrnents, one
of which 1s a computer program commonly referred to as a fracture simulation model (also
known as fracture models,'. fracture simulators, and fracture placement models). Most if not
all commmercial 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 is widely used by several service companies is known as
FracCADE™. This commercial cornputer program is a _fracture design, predicti‘on, and
treatrnent-monitoring program that was designed by Schlumberger, Ltd. All of the .various
fracture simulation models use information available to the treatment designer concerning
the formation to be treated and the various treatment fluids (and additives) -in the
calculations, and the program output IS 2 purnprn0 schedule that is used to pump the fracture
- stunulatron fluids into the wellbore. The text “Reservoir Snmulatron Thrrd Edrtton Edlted,
by Mlchael J. bconormdes and Kenneth G. Nolte Pubhshed by John erey & Sons (2UUU)
is an excellent reference boolc for fracturrn0 and other well treatments it drscusses fracture

srmulatron models 1n Chapter S (page 5- 28) and the Appendrx for Chapter 5 (paoe A 15) ._

-[0032] In certatn preferred ernbodlments because the fracture area avatlable for rnflow of :
: | ﬂurds 1nto the wellbore 1S 1ncrcased by the creatlon of wormholes it 1s not necessary to‘
- generate a long fracture m the forrnatron In that case to save ﬂurds hydraulrc horsepower
trme and money, a tip. screenout may be desrrable In a trp screenout the sohds.
'_ concentratron at the tip of the fracture becornes so hro'h due to flurd leak—off 1nto ‘the '
'. forrnatron that the slurry 1s no longer mobrle The concentrated prOppant slurry plugs the'
.i ‘ fracture preventrng addrtronal growth of the fracture lenoth Addltronal pumprng of the_ ' ‘
| " prOppant/ﬂmd slurry Into the forrnatron after thc screenout occurs causes the fracture to
balloon The fracture grows In wrdth rather than length and larve coucentratrons of
' " proppant per surface area are placed 1n the fracture Jobs rnay be delrberately desrgned to '
' increase the probabrllty of trp screenouts and addrtlonal steps may be taken to mduce tip
“screenouts, for example by the methods described in

U. S. Patent Nos. 6,837,309 and 6,938,693 both of which have

a common assignee as the present application,
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[0033) Many of the formation-dissolving fluids of the invention, such as acids, would have
an added advantage of being breakers for polymers, or for some of the surfactants and/or the
micelles in VES’s. Another advantage to the method is that it would allow the operator to
push live formation-dissolving fluid out further and more quickly because some of the
volume of the fracture would already be taken up by proppant. Another advantage is that the
operator would be able to pump into a propped fracture at much lower pressures, which
would be an economic advantage. This would also allow the formation-dissolution step to
be done at the optimal flow rate for wormholing in the right location rather than at a flow

rate dictated by the need to keep the fracture open.

[0034] Figure 1 (not to scale) schematically shows a top view (assuming an approximately
vertical fracture) of one half of a fracture [1] _extending from a wellbore {2] into a formation.
Not shown is the other half of the fractur’e extending in approximately the opposite direction
from the wellbore. Ii the 'fracture 1s propped, the fracture would be filled throughout most of
its volume with proppant (not shown). If the fracture was made by acid fracturing, the faces ‘
[3] of the fracture would be etched with channels (not shown). Figure 2 shows a fracture
having wormholes (primary channels) [4] extending from the faces of the fracture out into
the formation and additional wormholes [S] (secondary channels) extending from the

primary channels.

[0035] In conventional fractures such as the one shown in Figure 1, the pathway available
for fluids in the formation, at any appreciable distance from the fracture, to flow into the
fracture is limited by the surface area of the faces of the fractures. The fluids must flow
through the formation until they reach the fracture, and the perme'ability of the formation i1s
much lower than that of the fracture. Local surface area increases right at the faces of the
fracture due to differential etching, compact dissolution, or uniform dissolution do not
decrease the length of the pathway that fluids must follow through the formation until they
reach a high-permeability flow path; that 1s, they‘do‘ not increase the effective surface area.
However, wormholes, which are high fluid penm;ability channels that extend into the
formation, do aid in the flow of fluids from the formation into the fracture, because they
afford fluids opportunities to enter high permeability channels when they are still far from

the fracture. When there are some secondary channels (secondary wormholes) branching off

the main channels (primary wormholes) the opportunities may be even greater. The propped

fractures having wormholes may be created in all types of formations, for example deep, hot
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carbonate formations and shallow, high permeability sandstone formations. When sandstone
formations are treated, the formation-dissolving fluid preferably contains hydrofiuoric acid,
and may contain a phosphonate, such as by non-limiting example a phosphonate-containing

polymer or diethylene triamine penta-(methylene phosphonic acid).

[0036] Specific methods of forming wormholes extending from the faces of propped
fractures into a formation fall into two categories: a) a method in which a closed propped
fracture is formed and then the wormholes are formed, and b) a method in which the fracture
and channel system is formed before the closure occurs. The later steps of an approach in
which a closed propped fracture is formed and then the wormholes are formed can also be
used remedially, that is to improve the performance of a previously formed propped fracture.
Any of the methods can also be used where there are already naturally occurring fractures or
vugs (either or both of which we will call “fissures”) in the formation that are in contact with
the wellbore, either directly or as a consequence of the creation of a hydraulic fracture. It
should be understood that the wormhole-creating formation-dissolution fluids and methods
of the Invention are effective at rates and pressures above or below the fracture rates and
pressures for any formation. It should also be understood that when a formation-dissolving
fluid is being injected under optimized wormhole-creating conditions, then in general the
longer the pumping is continued, the deeper' the wormbholes will penetrate into the formation
and the better the results will be. Finally it should be understood that.mechanic.,al or

chemical diverters may be used to ensure that the fluids used enter the formations of interest.

[0037]) Methods of forming propped fractures with wormholes have been tried in the past,
but generally have been unsatisfactory, not only because the dynamics of wormhole
formation were not well understood and the computer programs available for determining
the optimal job designs were inadequate, but also because certain formation-dissol?ing fluids
were unavailable. For example, even with retarded acids, the acid would not penetrate the
length of the propped fracture. Two new types o} fluids -have recently been developed that
help make these methods possible, especially for tre;tmcnt of carbonates. (When sandstone
formations are treated, the formation-dissolving fluids preferably contain hydrofluoric acid,
and may contain a phosphonate, such as by non-limiting example a phosphonate-éontaining

polymer or diethylene triamine penta-(methylene phosphonic acid).)

15



CA 02675806 2009-08-12

WO 2004/0667911 PCT/IB2004/y00132

[0038] The two new types of fluids referred to above are suitable at different temperatures.
At lower temperatures, for example below about 300 °F, a fairly strong formation-dissolving
fluid must be used, so the key to success 1s to ensure that the wormholes are not all formed
too close to the wellbore. At higher temperatures, for example above about 300 °F, a fluid is
needed that is not too reactive at low temperatures but does react at higher temperatures. We
have found that surfactant-based fluids that have a low viscosity (approximately comparable
to that of water under comparable conditions) when they are formulated in strOng acid but
develop micellar structures that have high viscosities when the acid spends and the pH rises
to about 2 to about 2.5 are particularly suitable at the lower temperatures. These materials,
called “viscoelastic diverting acids” or VDA's, have the additional valuable property that
they lose the high viscosity when they are contacted with formation fluids, either formation
water, condensate or oil. (If the principal fluid in the formation is a hydrocarbon that would
be a gas at surface pressures, for example methane, there are breakers available that can
destroy either the micellar structure or the surfactant itself.) Examples of VDA’s were given

above.

[0039] The methods will be described without discussions of the pad, although it 1s to be
understood that pads are generally used. To use a VDA in a method in which a closed
propped fracture is formed and then the wormholes are formed, a conventional hydraulic
fracture is generated with conventional polymeric viscosi.fiers in the carrier fluid. The
carrier fluid may contain breakers, breaker aids, and clean-up additives. The fracture is
allowed to close and time is allowed for the fluid to break if necessary; the fracture may also
optionally be flowed back. At this stage, the fracture contains proppant and either broken
fracture fluid or formation fluid. The low-viscosity, high-acidity VDA is then injected at a
pressure below fracture pressure énd at a flow rate calculated to favor wormholing,
especially a network of branched wormholes, when the temperature, VDA acid concentration
and formation properties are taken into account: Not to be limited by theory, but it 1s
believed that the VDA’s works in the present process as follows. The first of the VDA fluid
injected creates a wormhole or network of wormholes at or near the wellbore. However, as
the acid spends, the viscosity of the VDA in the initially generated wormhole or network of
branched wormholes, increases and subsequently injected acid cannot flow into the
wormhole but rather flows farther into the fracture and initiates generation of another

wormbhole or network of branched wormholes. As the acid spends, the viscosity of that VDA
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also increases and the process 18 repeated progressively farther and farther away from the
borehole until wormholes have been generated at many points on the face of the original
fracture. After the wormhole-generating VDA Injection is stopped, the viscosity of the VDA
in the wormbholes is reduced, either because of the inherent instability of the micelles or the
surfactant due to time and temperature, or by breakers included in the original VDA
formulation, or by reducing the wellhead pressure and reversing the flow and allowing

formation fluids to contact the VDA.

[0040] The fluids used at higher temperatures are chelating agents as described above.
Particularly  preferred  examples are  chelant-based  dissolvers  containing
hydroxyethylaminocarboxylic acids such as hydroxyethylethylenediaminetriacetic acid
(HEDTA), hydroxyethyliminodiacetic acid (HEIDA), or a mixture thereof, as mentioned
above. These materials have low reactivity, low viscosity, but high dissolving capacity.
Previously available formation-dissolving fluids were strong acids, retarded acids, or organic
acids. The reasons why strong acids cannot be used have been made very evident. Retarded
acids cannot be used because they are either viscous or emulsions; neither form of fluid can
be injected nto a propped fracture without very deleterious results. Viscous fluids would
require high hydraulic horsepower and/or would have to be pumped at very low rates to
prevent fracture propagation and/or would displace proppant from the neaf wellbore region
of the fracture. In addition to possibly being viscous, maintaining the stability of emulsions
at high temperatures and in flow through a proppant pack would be difficult. Adding an oil-
wetting surfactant to aqueous acid to form an emulsion in an effort to create a barrier to acid
migration to the rock surface often requires continuous injection of oil during the treatment.
Moreover these systems are often ineffective at high formation temperatures and high flow
rates since absorption of the surfactant on the formation rock is diminished. Emulsified acid
systems are also limited by increased frictional resistance to flow. Organic acids are not
suitable because they are far more expensive than mineral acids, and, while they have a
lower reaction rate, they also have a much lower reabti;,fitymin fact, they do not react to
completion, but rather an equilibrium with the formation rock is established. Hence one
mole of HCl yields one mole of available acid (i’e., H™), but one mole of acetic acid yields
substantially less than one mole of available acid. However, because the described chelant-

based materials have low reactivity at high temperature, low viscosity, but high dissolving
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capacity, they can be injected into propped fractures at the rates required to generate

wormbholes without propagating fractures or displacing proppant.

[0041] For the same reasons, these two types of fluids are preferred (although others can be
used) in the second category of methods of forming propped fractures having wormholes
extending from their faces into the formation: those in which the entire fracture and channel

system is formed before the closure occurs. There are four variations on this approach:

[0042] First, the carmier fluid in the early proppant-transporting stages is a conventional
polymer-viscosified aqueous fluid and the carrier fluid in the later proppant-transporting
stages 1s a viscous formation-dissolving fluid. Each is injected at pressures and rates
sufficient to generate and propagate fractures. By non-limiting example, the carrier fluid in
the early stages is viscosified with guar or a substituted guar containing a breaker such as an
oxidizing agent and/or enzyme. A fluid that does not dissolve the formation is used in these
stages so that a fracture of the desired size and shape is generated without the problems that
would be encountered if the carrier fluid were to react with the formation near the wellbore.
Since the effective surface area of the' fracture 1s going to be increased next by the generation
of a wormhole system away from the wellbore, the fracture need not necessarily be long and
5o optionally the job is designed so that a tip screenout occurs. The viscosified formation-
dissolving carrier fluid in the remaining stages 1s by non-limiting example a viscoelastic
surfactant-based micellar system' containing an acid or a chelating agent or both. The
viscosity of such a system depends upon such factors as the surfactant concentration, the
environment (such as the pH and the nature and concentration of salts), the time, the
temperature, and the presence of other components such as alcohols, co-surfactants and

breakers. The reactivity of such 4 system depends upon some of the same factors as well as
on the nature and concentration of the formation~diSSOIving component. The nature of these
dependencies are known, and thus the relative rates at which this carrier fluid loses viscosity
-and reacts with the formation are adjusted, and taking into account the flow rate necessary to
maintain the needed pressure and to transport proppant, the system 1s designed so that this
viscosified formation-dissolving carrier fluid transports proppant into the fracture and then
reacts with the formation to create wormholes, simultaneously or subsequently losing its
viscosity. In a particularly preferred embodiment, the viscosified formation-dissolving
carrier fluid 1s a VDA. - As is almost always -the case, laboratory experiments and/or

‘computer modeling are used to optimize this and the other job designs.
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10043] Second, the fracture is created with a VDA, optionally containing a chelant, which
has sufficient viscosity and leak-off control to create a fracture of the desired dimensions.
As was explained above in the description of the approach in which a closed propped
fracture is formed and then the wormholes are formed, the conditions are adjusted so that the
VDA forms a successive sequence of wormholes farther and farther from the borehole. This
may occur during fracture growth or after the final fracture length has been achieved, that is,
the pumping rate may be reduced at some point so that the loss of fluid due to wormhole
formation is balanced by pumping to keep the fracture open. Then, proppant-laden stages,
viscosified with polymeric or VES viscosifiers, are injected to fill the fracture with proppant.
This is done at a pressure and flow rate at least sufficient to hold the fracture open.
Optionally, the job is designed so that a tip screenout occurs as soon as, or shortly after, the
start of proppant stages so that the fracture tends to widen rather than lengthen. Fracture
propagation and/or wormhole formation may 0ptionally occur during the proppant-placing

stage as well. This embodiment has the advantage that the wormholes may be filled with

proppant,

[0044] Third, a propped fracture is created with a conventional polymeric or VES-based
viscosified carrier fluid and then, while the fracture is held open, a formation-dissolving
ﬂuid, such as a VDA,. is injected. The carrier fluid may contain a breaker, or a breaker may
be injected with the formation-dissolving fluid. The VES, if used, is a system that would be
a VDA if it were strongly acidic. In this sequence, the VDA breaks the polymer or the VES
(either of which 1s chosen such that it can be broken by strong acids), 50 that the VDA can
reach deep into the propped fracture and form wormbholes as has been described above. If
the carrier fluid is not fully broken by the formation-dissolving fluid front, some additional
fracture propagation may occur (which could be beneficial) and some proppant may be
moved away from the wellbore. Mobility-reducing agents such as fibers, or the use of resin-
coated proppants can help prevent proppant movement further into the fracture, if desired.
Alternatively, a final proppant-carrying viscosified- stage Oor étages are used to replace
proppant in the near-wellbore region of the fracture. In a preferred embodiment, the carrier
fluid 1s a VES and the formation-dissolving fluid is a VDA. In a 'most-preferred
embodiment, the pad, the carnier fluid, and the formation-dissolving fluid all contain erucic

amidopropyl dimethyl betaine.
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[0045] Finally, a propped fracture 1s created with a viscous, formation-dissolving carrier

fluid that has sufficient viscosity and leak-off control to create a propped fracture of the
desired dimensions. The conditions can be adjusted so that leak off of some of the viscous,
formation-dissolving carrier flmd will form wormholes along the fracture during fracture
erowth, and optionally so that the wormholes are extended during and after fracture closure.

Optionally, the job is designed so that a tip screenout occurs. This embodiment also has the

advantage that the wormholes may be filled with proppant.

[0046] All of the fluids injected in the methods of the invention, such as the pad, the viscous
proppant-carrying fluid and the formation-dissolving fluid, may contain various additives
well known in stimulation treatments (such as, for example, corrosion inhibitors, iron contro]

agents, surfactants, clay control additives, buffers, scale inhibitors and the like) provided that

the additives do not interfere with the desired action or stability of the fluid. It would be

expected, and within the scope of the ivention, to conduct laboratory tests or run computer

simmulations to ensure that such additives were suitable.

[0047] 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.
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CLAIMS:

1. In a subterranean formation penetrated by a wellbore, a flowpath
comprising one or more propped fractures having a plurality of primary wormholes
extending from said fracture or fractures into said formation.

2. The flowpath of claim 1 further having a plurality of secondary
wormholes extending from said primary wormholes.
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