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ABSTRACT
Polyacrylamides hydrated in hydrochloricacid and crosslinked with iron-based ions have been utilized for a number of
years as in-situ divertors in the stimulation of extended-lengthcarbonate zones.

A significant improvementto this process has been developed, field-tested,and placed into general use. Crosslinking the
polyacrylamide with a zirconium-based metallic ion has proven to be an alternative with a number of advantages over
existing systems. Dependency of the system on iron derivatives for crosslinking is eliminated, the precipitation of ferric
or ferrous compoundsthat can cause sludging or stabilize oil/water emulsionsis minimized, and viscosity degradation of
the in-situ crosslinkedacid is not completely dependent upon the rising pH of the acid as it spends. An external breaker
is added to the system as an aid in apparent viscosity reduction.

Case histories are briefly reviewed. Treatment design data, including fluid friction pressure curvesand rheologiesare
presented for use by the practicing engineer. Input parameters suitable for the most common 3-dimensional fracturing and
matrix stimulationmodeling simulatorsare included.

INTRODUCTION

Acid-fracturing systemsthat crosslink upon spending in carbonate lithologies have been available in the industry since
the early 1990°s'. Early theoretical claims that in-situ crosslinked systems can be effective in providing some degree of
diversion in both matrix and hydraulic fracturing treatments seem to have been substantiated by a number of operators
over the years. Historically, these systems have included 3% to 28% hydrochloricacid gelled with a polyacrylamide, with
crosslinking initiated as the acid spendsto a pH off two. If the development of the crosslink occurs in a low shear rate
environment (such as a worm-hole or fracturetip), then it is possible that the resulting apparent viscosity may be high
enough that significant shear stress could be required to continue the propagation of the fluid at that particular location.
If additional reservoir rock with 500 psi (or less) in-situ stress differential [from one portion of the reservoir to another]
were exposed to the fluid, continued pumping of non-crosslinked fluid would then be diverted to a new portion of the
fracture, or new fracture volume could be created. Even if the high apparent viscosity ofthe fluid is not high enough to
force a new fracture in a new part ofthe zone, certainly there is enough apparent viscosity to preventthe severe leak-off
and worm-holingthat might otherwise occur if this fluid were not present. Observationsfrom numerous treatments both
during this study, and prior to it, reveal log-log [Nolte] slopestemporarily approaching 1.0, indicating restricted fracture
extension at the fracture extremity®. Nierode and Kruck® and others’ have shown that effectivefluid loss control is
paramount to fracture extension in carbonates.

An advantage of this process has been that the incremental friction pressure due to high apparent viscosity originates
outsidetubulars, and adjacentto the reactive formation. The friction pressure inside tubulars, therefore, remains nearly
constant, resulting in a number of unique and advantageoussituations:

a) Thebottom hole fracturing pressures calculated from the surface treating pressure measurements are more
accurate than when a fluid exhibits significant real-time rheological changes during pipe transit (P ).

b) A common horizontalwellbore configuration involves placing a pre-perforated non-cemented liner inside
an open hole (see Figure 1). The pre-drilled perforation size and spacing is planned such that an even
distribution of treatment fluid is promoted. Under these circumstances, a predictable tubular friction of
the in-situ system is a basic requirement.

c) Since crosslinking occurs outside the tubulars, the tubular friction pressure gradient is substantially
independent of fluid transit time, allowing significant latitude in designingvarious wellbore configurations
and treatment pump rates.
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INDUSTRY CONCERNS

Initially, these systems crosslinked a polyacrylamide with iron-based derivatives. Asthe pH ofthe spending acid rose

above two, crosslinking was initiated and then accelerated. Asthe pH continuedto rise above four, the crosslink would

break, and the system rheology would return to approximatelythe pre-crosslinked state. External breakerswere added to
the systems in low-temperatureand low reactivity situations where the rise to a pH above four was expected to be
excessively slow. Occasionally, in moderate to high-temperature applications, bufferswere added in an attempt to slow
spending in the pH of interest. Research was undertaken to specificallyaddress the industry’sconcerns with existing in-
situ crosslinkedacid systemsthat includes:

1) Theuse of ferriciron derivativesas crosslinkers and the possibility that harmful and insolubleprecipitates or sludges
could be formed during or after crosslinking.

2) The inability to utilize even minor concentrations of iron control additives (chelators or reducers) to prevent iron
dissolved from the tubulars, tanks, and surfaceequipment from precipitating upon spending.

3) The low pH range (twoto four) of the crosslink. It was theorized that a higher pH range could extend the life of the
crosslinkto a matter of hours (rather than seconds or minutes), and thereby enhance the effectiveness ofthe diversion
and leak-off control that the crosslink enabled.

4)  The development of consistent, measurable, and high apparent viscosity. Previous systems were difficult to quantify
with respect to crosslink viscosity.

5) Dependence on pH as the sole breaking mechanism. A more positive breaking mechanism that would enhance the
breaking effect of pH and was applicable over a wide range of temperatureswas preferred.

VELOPMENT OF A NEW IN-SITU CROSSLINKED ACID DIVERTER SYSTEM
The unique ability of a specific zirconium derivativeto crosslink in low pH fluid environments and its ability to crosslink
polyacrylamide polymers led to the developmentof the improved in-situ crosslinked acid system. A specificpolyacryla-
mide polymer is dispersed and allowed to hydrate in a hydrochloricacid of concentrations of from 3%to 28%. The
zirconium crosslinker is then dispersed in the acid/polymer solution as it is pumped downhole. As the unspent hydro-
chloric acid (pH zero) reacts with the solublecarbonate reservoir, the pH rises correspondingly. Crosslinking is initiated
asthe fluid reachesa pH of 3.75, reaches a peak crosslink viscosity at a pH of 4.3, and maintains significant crosslink
viscosity through a pH of approximately5.75. Further increasesin pH break the crosslink, with or without the aid of an
external breaking mechanism, although the external breaker enhancesthe degradation process (see Figure 2).

SPECIFIC IMPROVEMENTS

The new In-Situ Crosslink Acid Diverter was improved as follows:

1) The complete elimination of iron derivativesas crosslinkers.

2) Moderate iron control (5,000 ppm 3:1 ferrous:ferric) is possible with the new system. Shaughnessyand Kunze® and
others® have documented the impact of allowing ferric and ferrous iron held in solution to precipitate as acid spends.
Although it is probable that the precipitation of Fe(IT) carbonate (siderite, FeCO ) may not pose a significant hazard to
production because of itstendency to form a crystalline scale that adheresto porkwalls at high (< 7.5) pH, it is possible
that Fe(III) in solution could precipitate as iron hydroxide [Fe(OH) 3 an insoluble, gel-like material that can
mobilize toward pore throatsand inhibit production. Smith, Crowe, add Nolan® reported that iron hydroxide precipitation
is initiated at a pH of 2.2, and is quantifiable at a pH of 3.2. The new systems allows the reduction of reasonable
quantities of iron (111) that might be found in surface frac tanks and in tubulars to iron (I1), thereby loweringthe risk of
iron hydroxide precipitation in the formation. Ifthe reservoir fluid in place is primarily oil, then these same iron control
additivesmay be employed in conjunction with appropriate surface-active agentsto effectivelyreducethe risk of sludging.

3) Thecrosslink pH range extendsfrom 3.75t05.75. Acid spending rate isa logarithmicfunction dependent primarilyon
the reactivity of the rock, the temperature, and the hydrogen ion concentration at any given point in time. The improved
system crosslinksat a higher pH range, thereby extendingthe life ofthe crosslink and ensuring that the treatment may
be completed prior to crosslink break. (Note: A pH of 4 is 10times more basic than a pH of 3; a pH of 5 is 100 times
more basic; and a pH of 6 is 1000times more basic).

4) Apparent viscosities of the crosslinked system are higher than conventional systems utilizing iron derivatives for
crosslinking (see Figure 3).

5) Aspecial synergywith CO wasobserved. CO in solution tended to stabilizethe crosslink slightly longer than systems
without CO . When an extérnal breaker was et ployed, rheological degradation was enhanced (see Figures4 and 5), but
such degradation eventuallytook place with or without the external breaker. It was hypothesized that when CO was
present, the overall breaking mechanism was a function ofa) thermal degradation, b) thermal thinning, ¢) production or
reaction of the carbonicacid [and subsequentrise in pH], and, d) the action of the external breaker.
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FLUIDAND ROCK INTERACTION PROPERTIES

An initial attemptwas made to mathematically characterizethe reaction rate parameters associated with the new fluid and
a reactiverock with known properties. The parameters Reaction Rate Coefficient (K), Reaction Order (n), Flux (u),
Activation Energy (E,), Diffusivity (D), and Activation Energy as it relates to Diffusion (E,) may be measured or calcu-
lated for a reactive fluid and rock combination'*'¢(see Figure 6). It is highly questionable,however, whether such
observationsand calculations have any tangible meaning, for the following reasons:

1) The differential equations that describe heat transfer and acid reaction in porous flow channels have been solved and
described by Terrill' and Nierode and Williams™. Unfortunately, they assumethat the acid reaction rate at the surface
is large compared with the flux of acid to the surface, and they assumethat fluid loss is constant along the first 70 to 80
percent of fracture length, which could be realistic for a system that does not become highly non-Newtonian upon
spending. These assumptions may not be valid for a fluid that may be crosslinked at the fracture face, or one that
exhibitsa highly variable [concentration-dependent] fluid lossrate.

2) Laboratory-generatedvalues for the area of a core sampleare generally very subjective,and depend upon visual inspections
of roughness and relief (the difference in height between high and low points ofthe surface before and after etching)'?
Not only are these subjectivemeasurements dependent upon the individual observer, but they can vary widely according
to particle size, the presence/absence of vugs, and the presence or absence of multiple minerals [of variable reactivity]
other than the dominant mineral. The value for the area ofthe core face is used to calculatethe flux (u), which is then
used with other parametersto calculatethe Surface Acid Concentration (C ), which is subsequentlyused to calculatethe
Reaction Order (n) and the Reaction Rate Coefficient (K).

3) Actual pumping of various in-situ crosslinked fluids above 150 degrees Fahrenheit through the years has consistently
revealed surface pressure increasesthat occur almost instantaneouslyas the system arrives on the reactive zone. If we
assume that this pressure increase is due to crosslinking of the system and subsequent diversion or fluid loss control,
then we must also assume that several more variables (and/or processes) must be taken into account in deriving the
equationsthat describeacid reaction in flowthrough a porous channel. Tothe author's knowledge, this special case of
the derivation has not yet been seriously attempted by anyone in the industry.

There are anumber of software packages availablethat attempt to utilize the above-mentioned characterization parameters
for various combinationsof acid systems, concentrations, and lithology/mineral types. Table 1 presents parameters
associated with a conventional gelled acid/hard-limestone combination, and is reflective of the approach that was used
when it was necessary to simulate the acid reaction responsewith existing models. It was felt that this process would
result in the modeling ofa conservativegeometryand reaction profile, and would provide some degree of consistency
when comparing multiple options with each other.

CASE HISTORIES. PRESSURE PLOTS,AND APPLICATIONS

The basis for this paper was a specific series of 24 treatments performed in the Permian Basin of West Texas and South-
eastern New Mexico. Theseare summarized in Table 2. The majority of these treatments were associated with horizontal
Devonian completions, but treatments were also performed in Montoya, Wolfcamp, and Abo reservoirs. When production
data is not shown, it is because information had not yet been provided to the appropriate state agency at the time of
publication.

Figures 8 and 9 are typical pressure/rate plots from these treatments. The crosslinker rates and stage volumes have also
been plotted so that the point the in-situ crosslinking becomes active can easily be determined, and can be compared with
the point at which the in-situ crosslinkedacid arrives on zone. In nearly every case, short-term pressure increases of 100
- 500 psi were noted at orjust slightly after the system arrived on zone, indicating that reaction is very rapid, and imply-
ing that diversion, if it is taking place, isalso initiating rapidly, During the pilot program, as incremental operational and
system improvementswere made, the overall net pressure increases from the beginning ofthe treatments to the end
increased. There did not appear to be a relationship between production and overall net pressure increase for a given
treatment. Because previous authors have indicated that there might exist an optimum ratio between the volume of in-situ
crosslinked acid and the slick acid that follows each stage'?, it was decided to limit extreme volumetric variation from
these proven practices.

CONCLUSIONS

Significantimprovementsto conventional in-situ crosslinked acid diverting systemshave been implemented and widely
accepted. Dependency of the system on iron derivativesfor crosslinking has been eliminated, the precipitation of ferric or
ferrous compoundsthat can cause sludging or stabilize oil/water emulsions is minimized, and fluid apparent viscosity
development has been improved. Additionally, crosslinking at ahigher pH than earlier systemsallows higher viscosities
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toremain in place longer. A special synergy with CO, has been documented that can help stabilize the crosslink for up to
severalhours.

ACKNOWLEDGEMENTS

The authorswould like to thank BJ Services for their support and encouragement in the preparation of this material.
Special thanks are also due to Mr. Dean Olson and Mr. Mark Malone for their diligent efforts in attempting to quantify
just exactly how this system functioned.

REFERENCES

'Ginest, N.H., Phillips, J.E., Al-Gamber, AW.A,, Wright, DW.. “Field Evaluation of Acid Stimulation Diverter Materials
and Placement Methods in Arab-D Injection Wellswith Openhole Completions,” paper SPE 25412 presented at the 1993
SPE Middle East Technical Conference and Exhibition, Manama, Bahrain, April 3-6.

Saxon, A,, Chariag, B., and Abdel Rahman, M.R.: “An Effective Matrix Diversion Technique for Carbonate Forma-
tions,” paper SPE 37734 presented at 1997 SPE Middle East Oil Show, Manama, Bahrain, March 17-20.

SMagee, J., Buijse, M.A. and Pongratz, R.: “Method for Effective Fluid Diversion When Performing a Matrix Acid
Stimulation in Carbonate Formation,” paper SPE 37736 presented at 1997 SPE Middle East Oil Show, Manama,
Bahrain, March 17-20.

*Yaeger, V. and Shuchart, C.: “In Situ-Gels Improve Formation Acidizing,” Oil and Gas J. (Jan. 20, 1997)70-72.

Nolte, K.G.: “Fracturing-Pressure Analysis”, Recent Advances in Hydraulic Fracturing, 0 1989, Societyof Petroleum
Engineers, Inc., p 307.

*Nierode, D.E., and Kruk, K.F.: “An Evaluation of Acid Fluid Loss Additives, Retarded Acids, and Acidized Fracture
Conductivity”, SPE Reprint Series No. 32 Acidizing (1991), 112 - 123.

’Gdanski, R.D., and Norman, L.R.: “Using the Hollow-Core Test to Determine Acid Reaction Rates”, SPEPE, (March
1986), 111-116.

!Shaughnessy, C.M., and Kunze, K.R.: “Understanding SandstoneAcidizing Leadsto Improved Field Practices”, JPT
(July 1981), 1196-1202.

*Smith, C.F., Crowe, C.W., and Nolan, TJ. III: “Secondary Deposition of Iron Compounds Following Acidizing Treat-
ments”, JPT, (Sept. 1969), 1121-1129.

0Terrill, R.M.: “Heat Transfer in Laminar Flow Between Parallel Porous Plates”, Znt. J. Heat and Mass Transfer (1965,
Vol 8), 1491-1497

"Nierode, D.E., and Williams, B.B.: “Characteristics of Acid Reaction in Limestone Formations” SPEJ (Dec 1971), 406-
418.

2Metcalf, A,F., and DeVine, C.S.: “Acid Etching and Reaction Rate Evaluation Improve Stimulation Results”, SWPSC
Proceedings (Apr 2001) 166-178.

BMohamed, S.K., et al: “Acid Stimulation of Power Water Injectors and Saltwater Disposal Wells in a Carbonate reser-
voir in Saudi Arabia: Laboratory Testing and Field Results”, paper SPE 56533 presented at 1998 Annual Technical
Conference and Exhibition, Houston, Texas, 3 — 8 October.

“Anderson, M.S., and Fredericson, S.E.: “Dynamic Etching TestsAid Fracture Design”, paper SPE 16452 presented at
the Low Permeability Reservoirs Symposium, Denver (1987).

Van Domelen, M.S., “Optimizing Fracture Acidizing Treatment Design by Integrating Core Testing, Field Testing, and
Computer Simulation”, paper SPE 22393 presented at the SPE International Meeting, China, (1992)

'*Hansford,, G.S., and Litt, M.: “Mass Transport From a Rotating Disk into Power Law Liquids”, Chem. Eng. Sci. (Mar
1968), 849-864.
326 SOUTHWESTERNPETROLEUM SHORT COURSE-2002



Typica

Typical Reaction

Parameter Name

Table 1
| 3-D Modeling Inputs

Parameters for Permian Samples
100% ILimestone 100% Dolomite

Reaction Rate Coelicient 66X T 8.0X10°
Reaction Order 0.37 0.40
Activation Energy 4.7 40
Diffusivity 2X 104 4x10%

Rheologies, 15%
Temperature

70

80

ino
120
140
160
180

HCI Base System, 15 gpt polymer

n-prime K-prime
0.7 0.00343
0.721 0.003608
0.696 0.003783
0.634 0.003363
0.670 0-003938
0.645 0.004178
0.640 0.004185
Table 2

Production Results from Each of the Treatments in the Study

COUNTY

FORMATION FIELD

TOTAL REMARKS
ACID VOL

MONTOYA |BLOCK 18

180265 {No Publiic IP 01/07/02; 180 Day Cums: Gas - 558,508
MCF; Liq - 1286 BBL; Wir - 4524 BBL
180000 |Public IP 1.432 MMSCFD, 43 BOPD; No public monthty
production 01/07/02
180000 [No Public IP 01/07/02; No public monthly production
01/07/02

180000 |Pubtic IP .227 MMSCFD, 22 BOPD: 150 Day Cums: Gas -
18,389 MCF; Liq - 1,750 BBL; Wir - 0 BBL

78800 [No Public IP 01/07/02; 90 Day Cumns: Gas - 129,331 MCF;
Liq - 0 BBL; War - 258 BBL

165000 [Public IP 0.885 MMSCFD, 20.3 BOPD; No public monthly
production 01/07/02

Public P .020 MMSCFD, 31 BOPD; 90 Day Cums: Gas -
4200 MCF; Liq - 388 BBL; Wtr - 1163 BBL

WOLFCAMP | JOHNSON
RANCH

210000 [No Public IP 0107/02; 90 Day Cums: Gas - 586,838 MCF;
Uq -0 BBL Wir-0BBL

MIDLAND

DEVONIAN |WAR - SAN

LEA

UPTON

WOLFCAMP [EIDSON RANCH

DEVONIAN |BLOXOM

Cuml Gae - 343412MCF Liq - 17DDQBBLW|! 7311
BBL

TERREU

UPTON

1
[TERRELL

DEVONIAN  SE SHEFFIELD

1
DEVONIAN SHEFFIELD

180000  Public JP 8.239 MMSCFD, 45 BOPD; NO public monthly
production 010702

1 A
141000  Public IP 1.791 MMSCFD. 8.35 BOPD; NO public monthly
production 01/07/02

130495 |Public 1st prod test 2.1 MMSCFD, don't know if pre or post-
; No pubiic monthly production 01/07/02

188500 |[No IP or public production avaitable 01/07/02

e —
REEVES

IMIDLAND |
[MIDLAND |

131000 {No IP or public production available 0107702

52184 [No IP or public production available 01/07/02

111846 [No IP or public production available 0107/02

UPTON

108251 {No IP or public production available 01/07/02

[COCHRAN

LEA

133000 |[No IP or pubtic production available 017/02

60000 IPubﬁc 1P 2.52 MMSCFD, 420 BOPD; No public production
01/07/02

UPTON
ELL

78372 [Verbal report from Sperator 3.1 MMSCFD 01/09/02

138386 [Verbal report from operator on 01/09/02: 7.1 MMCFPD; No
public production 81/07/02
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Figure 1-Typical "Sprinkler System"Wellbore Geometry
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Figure 2 - Impact of Time on System Break
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improved in-situ Crosslinked Acid -
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Figure 3- Crosslinking Range of the New Improved System
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Figure 4 - Synergy with CO,. With this particular system, two to four hours of acceptable crosslink is
possible.
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Improved In-situ Crosslinked Acid System — C02
Saturated with and without moderate
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Figure5 - Impact of a Moderate Quantity of External Breaker on a CO,-Saturated System
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Figure6 - Friction PressuresAssociated with the System (no CO,)
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P ioss = 20y As+ 2Vyp (1-2)2 p + P sormhotes + 2V A - 2V r A where

2vy A = leakoff in the carbonate

2V yp (1 - A1) Ag = leakoff in the non-carbonate

V' = leakoff

2V A;= change in volume due to diffusion

2V = change in volume due to the reaction products

V=K(Cy)" where

¥ = flux or reaction rate (gmole/cm’sec)

K =reaction rate (units depend on n)

C, = acid concentration at the fracture surface
n =reaction order (dimensionless)

K7 =Krexp [%‘( %,,Tl )] where

K:T = adjusted reaction rate coefficient

K7, =reaction rate at reference temperature 7,

E, = activation energy for reaction rate, cal/gm - mole
R = gas law constant, 1.987 cal/gm - mole

Nep = KW where
D

K, = mass transfer coefficient
W = fracture width
N = Sherwood number

D = diffusivity

and Dr =Dr,exp| Ep(1_1 , Where
r=Drexp] Bo(L -] )

Dr=diffusivity at temperature T

Dr, = Diffusivity at reference temperature 7,

Ep = activation energy for diffusion, cal/gm - mole
R = gas law constant, 1.987 cal/gm - mole

Figure 7- Simplified Equations Governing Reaction Rate with Various Rock/Acid Combinations
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Figure 8 - Example Pressure-RateChart. The “XLA-2" ratio indicateswhen crosslinker was pumped at
the surface. Pressurerisesjust as it arrives on the formation. This well produced significant quantities of oil

after the treatment.
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Figure 9 - Another Example Pressure-Rate Chart. Although net pressures decreased during portions of
this treatment, the well produced significant quantities'of gas and condensate.
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Figure 10- Improved In-Situ Divertor at a pH of about 4.3
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