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Hydraulic fracturing Method

Technical Field of the Invention

[0001] This invention relates generally to the art of hydraulic fracturing in subterranean
formations and more particularly to a method and means for optimizing fracture

‘conductivity, particularly in high permeability formations.

Background of the Invention

[0002] Hydrocarbons (oil, natural gas, etc.) are obtained from a subterranean geologic
formation (i.e., a “resefvoir”) by drilling a well that penetrates the hydrocarbon-bearing
formation. This provides a partial flowpath for thé hydrocarbon to reach the surface. In
order for the hydrocarbon to be ‘:ip‘roduced,"’ that is travel from the formation to the
wellbore (and ultimately to the surface), there must be a sufﬁciéntly unimpeded flowpath

from the formation to the wellbore.

[0003] Hydrauhc fracturmg 1S a primary tool for 1 1mprovmg well productivity by placmg Or
extending channels from the wellbore to the reservoir. This operation is essentially
performed by hydraulically injecting a fracturing fluid into a wellbore penetrating a
subterranean formation and forcing the fracturing fluid against the formation strata by
pressure. The formation strata or rock is forced to crack or fracture. Proppant is placed in
the fracture to prevent the fracture from closing and thus, provide improved flow of the

recoverable fluid, 1.e., oil, gas or water.

[0004] In conventional hydraulic fracturing, performed in low-permeability reservoir, the
main objective 18 to generate lengthy and narrow fractures. On the other hand, in high-
permeability reservoirs the treatment typically aims at generating a wide, short fracture

packed with proppant to prevent the migration of fines often associated with poérly :
consolidated formations. This can be effectively achieved by promoting a tip-screenout (or
TSO) event, 1.e. by deliberately causing proppant to pack at a specific location thereby

stopping fracture propagation.

-1-
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[0005] A drawback of the fracturing jobs in high permeability formations is that they often
result in high skins. The skin is the area of thé formation that is damaged by the invasion of
foreign substances, principally drilling fluids, during drilling and completion, including a
- fracturing treatment. With a guar-base fluid, the “foreign substances” are essentially the
polymers or the residues left by the gel breakers, additives ‘developed for reducing the
viscosity of the gel at the end of the fracturing treatment by cleaving the polymer into small
molecules fragments. These subst:inces create a thin barrier, called a skin, between the well
and the reservoir. This barrier causes a pressure drop around the wellbore that is quantified
by the skin factor. Skin factor is expressed in dimensioniess units: a positive value denotes
forrhation damage; a negative value indicates improvement. Obviously, the higher the
concentration of gelling agent, the greater the risk of damages and skins. In high
permeability formation, this risk is a fortiori increased by the damage to the high proppant
‘concentrations that are often used to obtain wider propped fractures. High skins can also

result due to lack of not achieving a TSO.

[0006] In the case of low permeability formation, after the fracture initiation procéss', the
shear rate becomes stable with a slightly decreasing trend. In contrast, in high permeability
formation, the shear rate decreases drastically. The decrease in shear rate favors the use of
lower guar concentrations; mainly because the viscosity of non-Newtonian crosslinked

fluids increases with decrease in shear rate.

[0007] The differences in reservoir cooldown, and fluid shear rate lead to the need to
provide improved methods of fracturing and propping a fracture especially in high

permeability formations leading to lower skins and better control of the fracture geometry.

Summary of the Invention

[0008] According to a first aspect of the present invention, it is provided a method of
designing a hydraulic fracturing treatment in a subterranean reservoir comprising the steps
of a) quantifying reservoir paraméters including the expected dynamic bottomhole

temperature, b) assessing the shear-rate at which the treatment fluid will be subject to and
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c¢) designing a treatment fluid and pumping schedule optimized for said shear-rate and

temperature.

[0009] In most cases, the process will be an iterative process since the temperature

variation depends for instance on the injection rate and total pumped volume.

[0010] -Bearing in mind that subterranean temperatures are usually significantly higher than
surface temperature, the treatment mainly re§u1ts In a temporary cooling of the formation
due to the injecﬁon of colder fluids such as clean up, calibration, and frac-and-pack fluids.
This is even truer in high permeability formations where the high leak-off helps to
condition the formation in temperature. Because the fluid viscosity increases with decrease
in temperature, the reservoir cooldown favors the use of fluids with lower gel loading than
the typical 40 ppt (pounds of gelling agent per thousand gallons of base fluid) or higher
used mostly based on experiences carried over from conventional treatment of low

permeability formations.

~[0011] In addition to lowering the formation and proppant pack damage, the use of
crosslinked fluids with low guar concentrations, in high permeability formations, can
control height growth by the excessive fluid loss that takes place above and below the
perforated interval. This property is advantageous in reservoirs bounded by water or gas

cap.

[0012] Aﬁ important aspect of the present invention is to consider the reservoir temperature
not as a static value but more truthfully a dynamic value. The dynamic temperatures near
the wellbore and within the fracture are to be assessed with a temperature simulator, for
instance such as the one described by G. R. Wooley in the SPE paper 8441, “Computing
Downhole Temperature in Petroleum and Geothermal Wells”. The temperature inside the
fracture is to be estimated by the method given in Society of Petroleum Engineers paper
3011. Typically, the chemical reactions that are susceptible to occur during the treatment
are aligned with the temperature at a specific time of the treatment. For instance, where the
initial bottomhole temperature is of 200 °F, and due to some fluid injection the temperature
decreases to 150 °F a fluid that degrades at 150 °F might be a good solution if during the

treatment, that fluid is not actually subject to a temperature higher than 150 °F for most of
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its exposure time. This approach is less expensive (fluids designed for higher temperature

are usually costly) and safer (the fluid will definitely break once the well temperature

returns to normal).

[0013]1 In a further or alternative aspect of the present invention, the invention includes the .
step of assessing the shear rate promoted by the tip-screenout, which, as mentioned above,
stops or restrains fracture propagation and thereby, decreases the shear rate. The shear rate
- change is preferably estimated with the fracturing simulator FracCADE or alternatively by
 the fracturing simulator described by R. Hugo Morales in SPE paper 15305,

“Microcomputer Analysis of Hydraulic F racture Behavior with a P3D Simulator”

[0014] According to one aspect of the invention, the pumping schedule is derived from
fluid efficiehcy. The fluid efficiency is defined as the ratio of the volume of the created
fracture to the volume of injected fracturing fluids. In other words, with a fluid efficiency

of 30%, 70% of the injected fracturing fluid actually leaks off into the formation.

[0015] Furthermore, the fluid efficiency is directly related to-the fracture closure time, i.e.,
after propagating a fracture by pumping fluid, the fracture closes as the fluid leaks off. The

longer time for the fracture to close the higher the fluid efficiency.

[0016] An inflection point 1n the pressure vs. time decline plot denotes the closure time and

closure pressure.

[0017] Very often it is difficult to select the closure time and closure pressure because there
often are other signatures (i.e., flow regime change or gas kick off) that fake the correct
inflection point. Therefore one other aspect of this invention is to determine the closure
time and closure pressure using the modified equilibrium test, which is derived from the

equilibrium test described later on.

[0018] The modified equilibrium method comprises of injecting a fluid at increasing steps,
ql, g2, q3,..,qn. Thereafter decreasing the rate to the propagation rate and continuing
pumping until the pressure becomes stable. When the pumps are shut down the first event

depicted in the pressure decline is the closure pressure, which is better depicted in square
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root of time plot. One advantage of the modified equilibrium method 1s that the

propagation rate is estimated on the fly by slope change in the q vs. pressure plot.

[0019] The equilibrium test is described in U.S. Patent Application No.10/178,492, filed on
June 24™ 2002 and assigned to Schlumberger and whose content is hereby included by
reference and also in the paper of the Society of Petroleum Engineering SPE 78173,
entitled Equilibrium Test — A Method for Closure Pressure Determination, prepared for
presentation in Irving, Texas on 20-23 October 2002. The equilibrium test comprises
injecting a fluid into the formation at a first generally constant rate Q to create a fracture
having a volume, and dropping the pumping rate to significantly smaller feed rate q so that
the volume of the fracture becomes constant, in other words, the injection and leak-off
reach equilibrium. As the fré,cture volume becomes constant at equilibrium, the well is
shut-in. The wellbore pressure is monitored and the closure pressure 1s determined from the

analysis of the wellbore pressure using a time-function of the dimensionless ‘“‘shut-in”

time At , preferably based on the square-root of the “shut-in” time At,. While carrying out

the equilibrium test, the small rate q should be less than the fluid leak-off rate in the
fracture at the time of rate drop. The initial constant rate Q 18 preferably the expected

fracturing rate of the full-scale treatment. The rate ratio g/Q 1s preferably less than 0.2.

[0020] As a resuit of the injection rate decrease, the wellbore pressure initially declines as
more fluid is leaked off into the formation than 1s injected in. The fluid leak-off decreases
with time, and when the fracture approaches closure, the injection and leak-off reach
equilibrium. As the fracture volume becomes constant at the equilibrium, the pressure
levels off, which can be easily identified. From the measured pressure at the initial rate
drop and at the equilibrium, the closure pressure can be estimated. The pressure drop at
shut-in reflects the tortuosity and friction etfects corresponding to the small injection rate.
The estimated closure pressure can thus be corrected to account for tortuosity and friction.

The method 1s operationally easy to implement 1n the field.

[0021] Though the invention is particularly advantageous for designing and carrying out
fracturing of high permeability formations, with eventually simultaneous placement of a

gravel pack, it 1s far from being limited to that aspect. In particular, the invention enables a
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better control of the geometry of a fracture — hence making it possible to ensure that it is
located in a narrow pay zone and does not extend to adjacent areas by controlling the tip-
screenout event and the fracture height. In its most general aspect, the invention consists in

including the fluid and treatment as variables used for the design of the fluid and treatment.

Brief description of the drawings

[0022] The above and further obj ects features and advantages of the present invention will

be better understood by reference to the appended detailed description, and to the drawings

wherein:

[0023] Figure 1 shows a typical fracture, in side (figﬁre 1-A) and section (figure 1-B)
views: | |
[0024] Figure 2 shows variation in’viscosity as a function of temperature and polymer

loading;

[0025] Figure 3 shows the bottomhole temperature profile versus time dunng the

calibration the fracture trea,tment

[0026] Figure 4 shows the changes of the normalized temperature along the fracture length

as function of fluid efficiency;

(0027] Figure 5 shows the distribution of the residence time of a fluid for the different

stages of a fracture treatment;

- [0028] Figure 6 shows the fracture shear rate (right axis) and fluid viscosity (left axis),
versus pumping time for low (figure 6-A) and high permeability fracture (ﬁgﬁre 6-B);

[0029] Figure 7 shows the principle of an evaluation of the closure pressure using the

Modified Equilibrium method

[0030] Figure 8 shows the proppant concentration achieved using the process of the

invention for fracturing a high permeability formation;

[0031] Figure 9 shows the skins versus the permeability of the formatbion, as reported for 95

tests using conventional treatments and using the process according to the invention.
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Detailed description and preferred embodiments

[0032] In most cases, a hydraulic fracturing treatment consists in pumping a proppant-free
viscous fluid, or pad, usually water with some high viscosity fluid additives, into a well
faster than the fluid can completely leak off into the formation so-that the pressure rises and
the rock breaks, creating artificial fracture and/or enlarging existing fracture. Then, a
propping agent such as sand is added to the fluid to form slurry that is pumped into the
fracture to prevent it from closin g when the pumping pressure is released. The proppant
transport ability of a base fluid depends on the type of viscosity additives added to the

- water base.

- [0033] Water-base fracturing fluids with water-soluble polymers added to make a: :
viscosified solution are widely uséd in the art of fracturing. Since the lafe 1950s, more than
half of the fracturing treatments are "coﬁducted with fluids comprising guar gums, high-
molecular weight polysaccharides composed of mannose and galactose sugars, or guar
dertvatives such as hydropropyl guar (HPG), carboxymethylhydropropyl guar (CMHPG).
Crosslinking agents based on borate, titanium, zirconium or aluminum complexes are
typically used to increase the effective molecular weight of the polymer and make them

better suited for use in high-temperature wells.

[0034] To a smaller extent, cellulose dérivétives such as hydroxyethylcellulose (HEC) or
hydroxyethylcellulose (HPC) and carboxymethylhydroxyethylcellulose (CMHEC) are also
used, with or without crosslinkers. Xanthan and scleroglucan, two biopolymers, have been
showed to have excellent proppant-suspension ability even though they are more expensive
than guar derivatives and therefore used less frequently. Polyacrylamide and polyacrylate

- polymers and copolymers are used typically for high-temperature applications.

[0035] Proppant material can be sand, intermediate strength ceramic proppants (available
from Carbo Ceramics, Norton Proppants, etc.), sintered bauxites and other materials known
to the industry. Any of these base propping agents can further be coated with a resin
(available from Santrol, a Division of Fairmount Industries, Borden Chemical, etc.) to

improve the clustering ability of the proppant.
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[0036] Where the formation 1is of high permeability (greater than 10 mD), the main
objective of frac/packing treatment is to obtain a high conductivity fracture and an annular
pack in a single pumping operation. Figure 1 depicts a fracture zone in a subterranean
formation of high permeability. The a‘ctual wellbore or hole in the earth into which pipe 1 is
placed through which the hydrocarbon flows from the reservoir up to the surface crosses a
‘producing zone of interest. A fracture 2 is deliberately created and gravel is placed withih =
the wellbore in the annular surrounding the pipe (the annular pack 3) and extends within the
fracture 2. In high permeability formation, the target is typically to héve.a fracture short
(less than 50 ft) and wide (1 to 2 in. width) as shown by the section view A-A in F_iéure 1.
To achieve this it’s critical to promote a tip-screenout (TSO) event, which restrains further

fracture propagation and efficient proppant packing in the fracture and annular space

-~ around the wellbore.

[0037] The inventors investi gated the temperature dependency, because the viscosity of
Non—Newtoﬁian fluids increases with; decrease in temperature as shown in Figure 2 that
shows the effect of the temperature on the viscosity (in cP or s”, at a shear of 40 s™) of six
aqueous fluid comprising respectively 15 (open circles), 20 (black squares), 25 (open
triangles), 30 (black circles), 35 (open lozenges) and 40 pounds (stars) of guar per thousand
gallons of base fluid. Based on field data (bottomhole gauges) they observed that
significant cool down in the wellbore occurs due to the injection of pre-frac/packing fluids
(acid and calibration fluids) as shown in Fig\ire 3 that shows temperature cool down from
injection of calibration fluid. The pressure events (Bottom Hole Pressure or BHP, right Y-
axis) shown the calibration treatments and the fracture job. This figure, which is typical for
high permeability formations, shows that the bottom hole static temperature (or BHT, left
Y-akis) decreased from 280 °F to 180 °F before the main frac/pack treatment was pumped.
The temperature decrease results from pumping acid and other calibration treatments.
Although, not shown in the figure, commercial temperature simulator can closely prediCt

the temperature profile.

[0038] It is worth noting that that the cool down is not Iimited to the near wellbore region

but it can extend into the fracture wings. It is known to solve the problem of temperature
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cool down along the fracture length assuming a uniform leakoff rate as illustrated in Figure
4. Figure 4 shows the normalized temperature Td (Td=0 at fracture entrance, Td=1 at
fracture end) along with fracture length (X/L=0) at fracture entrance and X/L=1 at fracture
end) as function of fluid efficiency (indicated in percentage labeling each curve).
According to Figure 4, the lower the fluid efticiency, the less is the influence of the
reservolr temperature. In high permeability formations typical fluid efficiencies at the
onset of TSO are less than 20%, while in low permeability formation the fluid efficiencies
are greater than 40%. The figure 4 indicates that the fluid remains at wellbore temperature
(cool down effect) inside the fracture for most part of its length. This favors the design of
crosslinked fractunng fluid based on cooldown temperature. While in low permeability
formation althoﬁgh the wellbore is cooled down, the fluid inside the fracture rapidly
iﬁereases to static reservoir temperature. The cool down fluid in the fracture allows using
lower gel concentration. Therefore _figure 2 may be also used as a fluid selection criterion
based on cool-down temperature: say the cool-down temperature is 150°F (65.5°C) and the
required viscosity is 40s™, then a guar loading is given by the intercept of 150°F and 300cP,
in the present case corresponding to the open eircle curve, i.e. 15 pounds per thousand

gallons of base fluid.

[0039] The fracture geometry and proppant placement are highly dependent on visco'sity,
we focused our investigation on the fluid viscosity behavior in both high and low
permeability formations. The fluid viscosity is a function of shear rate and temperature.
The Viscosity of Non-Newtonian fluids increases with decrease in shear rate. In low
permeability formations, longer and narrow fractures are desirable resulting in longer pump
times (> 1 hr). Therefore, the fluid should have high efficiency (> 45%) that translates to
higher viscosity for longer duration. However, in high permeabiiity formations the fractures

are short and wide thus pump times are short (in most cases < 30 minutes).

[0040] Figure 5 is a model of the fluid residence time inside the fracture. Note that fluids
phmped earlier and later have less exposure time than fluids pumped in the intermediate
stages. At no stage is the fluid present for more than 30% of the total pumping time.
Therefore it 1s not necessary for the ﬂuid to be stable for longer than a fraction (30 %) of
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the pumping time. This implies that we can use an aggressive breaker program along with

low guar concentrations.

[0041] The viscosity versus shear rate is illustrated in Figures 6a (low permeability) and 6b
(high permeability). In the case of low permeability formation, after the fracture initiation
process the shear rate history becomes stable with a slightly decreasing trend, conseQuently
the viscosity 1s also stable with slightly increasing trend. In contrast, after the TSO event in
- high permeability formation, the shear rate decreases dfasticaily (by one order of °
magnitude) as a result the viscosity increases also drastically. The increase in viscosity

allows using lower gel concentration fluid (25 ppt or lower).

[0042] The equilibrium method (Figure 7) is used to predict closure. The principle behind
the equilibrium method is that by decreasing the rate to the przopagat'ion rate, the fracture
area closes until a small fracture (equilibrium fracture) remains open. This method consists
of pumping a step rate test to determine propagation rate on the fly and once the maximum
step rate has been pumped, slow down the rate to the propagation rate and continue
pumping untii attaining a steady state pressure :response. When the pumps are shut down

the first event depicted in the pressure decline is the closure:pressure (closure time).

[0043] The method of the invention is tyﬁically carried out with the following step-by-step

procedure:

e Determine cool down temperature using the calibrated temperature simulator and/or

downhole gage data from neighboring formations.
e Determine fluid exposure time to aid in breaker schedule design.
e Determine the expected shear rate profile.

e Design fluid: The fluid design 1s based on cool down temperature and expected shear

rate.

Execution

e Pump acid with diverter stages. The purpose of acid is to clean the perforations and

remove filter cake damage, and aid in cooling the formation.

-10-
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e Pump the step rate test (modified equilibrium method) to estimate the closure pressure.

¢ Pump calibration treatment to obtain fluid efficiency, which is based on closure

pressure.

e Design slurry schedule using the pump schedule generator, which determines the slurry

schedule from fluid efficiency or fluid coefficient.

e Pump job and get TSO. -

[0044] The invention results in designing fracturing fluids having a reduced guar
concentration suitable to reservoirs with permeabilities greater than 10 md, Young’s

modulus smaller than 1.5 10%psi, and a cool down temperature less than 300 °F.

[0045] Since the method allou}s accurate cbntrol of the height and length, °frac.-and---pac:k
treatment may be performed near water or gas cap contact. This 1s illustrated with Figure 8
that represents the prdppant concentration along the fracture length. Figure 8 shows that
height control is achieved by limiting the perforated interval so as to leave leakoff areas
above and below the perforated interval. Height growth is controlled by the excessive fluid
loss above and below the perforated interval (i.e., the proppant bridges due to dehydration

and prevents pressure transfer).

[0046] In addition, the use of low guar crosslinked gel decreases the proppant pack and
wellbore damage. All this contributes to lower skins (increase production). This is shown
in Figure 8. The figure shbws that skins from build-up data for the Guif of Mexico increase
with increase in kh. The overall average is 10.14 while the skins from frac/packs by the

method indicated here has an average of 3.4.

-11-
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Having described, we claim:

1. A method of designing a hydraulic fracturing treatment in a subterranean reservoir
comprising the steps of a) quantifying reservoir parameters including the bottomhole
temperature and the formation permcability, b) assessing the tempoiary variation in
temperature of the formation due to the injection of a trestrent-Huidcalibration fluid, a

clean up fluid, or any mixtures thereof, and c) desipgning a treatment fluid optimized for

said temporary temperature.

2. The method according to claim I, wherein said temporary variation is a cool-down.

3. The method according to any of the preceding claims, further comprising the step of

assessing the fluid efficiency of the treatment fluid.

4. The method according to claim 3, wherein the fluid efficiency |is dur'ived’ irom the

assessment of the fracture closure time and fracture closure pressure.

5. The method according to claim 4, whetein the fracture closurc pressurs is d:etermined
using an equilibrium 1esl.
6. The method according to any of the preceding claims further comprisir g assessing the

shear-rate at which the treatment fluid will be subject to as a [unction of time during the

progress of the treatment.

7. The method of claim 6, charactcrized in that the fluid is designed based on th&‘; VISCOSjty

cxpected at the temporary formation temperalure and expected shear-rate.

8. The method according to any of the preceding claims characterized ir. that -it further

includes the step of assessing the formation Young modulus.

9. The method according to any of the preceding claims, wherein the e urpgireatment
fluid is designed to be stable during no morc than 30% of the total injection time.

10. The method according to any of the preceding claims, characteriz:d in: that the
fracturing fluid is designed to promote a tip screcn out. |
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11. The mcthod according to any of the preceding claims, character.zed in that the
frootusingtreatment_fluid is designed so that the fluid efficiency is ess that 20% to
control the height of a [racture bounded by water or gas cap.

12. A method of designing a hydraulic fracturing treatment in a sublerranean reservoir
comprising the steps of a) quantifying rescrvoir parameters includiny the bottomhole
temperature and the formation permeability_after injection of a calibration fluid, a clean

up fluid. or any mixtures thereof, b) assessing the shear-rate at which the treatment fluid
will be subject to as a function of time during the progress of the :reatmient and c)

designing a rreatment luid and pwnping schedule optimized [or said skear-rate.

13. A method for fracturing a subterranean formation comprising designing & fracturing

fluid according to any of claims 1 to 12 and pumping said fracture fluid.

14. A method for frachuring a subterrancan [ormation having a format.on pén'neability
greater than 10mD cumprising assessing the temporary variation in temperature ol the

formation due o the injection of a calibration fluid. a clean up fluid, or any mixtures
thereof, designing a._fracturing fluid_suitable for said temporary t=mperature, and

pumping a fracturing fluid compnsing a base fluid and a pgelling agent, said gelling
agent present in the fluid at a ratio between about 10 and about 25 pounds pef thousands

gallons of base fluid.

15. The method of claim 14, wherein said gelling agent is a crosslinked guer.
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