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Presenter
Presentation Notes
Fluid properties, including rheology and leakoff, have a large impact on pressure profile in the fracture, width, height containment, and proppant transport. They affect the onset of screenout and overall job placement. Accurate modeling of fluid properties is critical to successful fracture treatment design. The fluid models incorporated in GOHFER® are unique and offer great flexibility to study variations in fluid properties.
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In this session …

• Selection of frac fluid and generic fluid types

• Basic descriptions of fluid behavior

• Basic interpretation of lab & field tests

Presenter
Presentation Notes
It is not possible to cover fracturing fluid chemistry and rheology in any depth in a short time. The purpose of this section is to cover the basic fluid types commonly used in fracturing, their properties and range of applicability. Basic descriptions of fluid behavior and interpretation of lab and field tests will be covered.
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Selecting Fracturing Fluids

• Desired properties of frac fluids
– Non‐damaging

• Leave no residue behind
• Do not cause capillary or phase trapping

– Low friction in pipe
– Sufficient viscosity to transport proppant

• Yield viscosity quickly
• Maintain viscosity at shear and temperature

– Clean breaking
• Break after desired time at temperature
• Break to low viscosity and no yield‐point

– Low (or controlled) fluid loss

Presenter
Presentation Notes
Specific properties are desired in fracturing fluids. Unfortunately, no materials are available which fulfill all these desires. Generally water based polymer gels or foams are used, which approximate some of the most needed properties when correctly formulated and handled in the field. In practice it is very difficult to obtain a good quality, non-damaging transport fluid.
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Aqueous polymer solutions

• Guar gum
– Made from guar beans
– High molecular weight mannose and galactose sugars 
(polysaccharides)

– Frequently high residue (6‐10%) but can be processed

• Hydroxypropyl Guar, HPG
– Derivative of guar
– Lower residue (2‐4%) and more soluble in alcohol
– More stable at higher temperatures
– Similar formation damage to guar

Presenter
Presentation Notes
Most frac fluids used today are suspensions of high molecular weight polymers in water. The most common and least expensive of these is guar gum. Guar is a polysaccharide bio-polymer made from crushed guar beans, grown mainly in India and Pakistan. The long-chain polymer has a mannose backbone with galactose branches. It hydrates easily is cold water to produce a stable linear base gel viscosity, even in the presence of moderate salt concentrations. Frequently guar is considered to be “dirty” or to have a high residue. This has been improved in recent years through better processing.Hydroxypropyl guar (HPG) is a derivatized guar in which hydroxypropyl groups are added to the side branches of the polymer molecule. This increases the solubility of the polymer in water and its thermal stability. Viscosity yield is similar to guar. HPG is generally cleaner because of the additional processing and its reduced tendency to precipitate. These two aqueous suspensions can  be used as linear gels or as “slick water’ at low concentration. Slick-water formed by adding 10-20 lbs of polymer per thousand gallons of water is different than slick-water formed by adding low concentrations of polyacrylamide friction reduced. They are both spoken of as if they are interchangeable, but this is not the case.
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Aqueous Polymers

• Hydroxyethylcellulose, HEC
– Glucose backbone

– Cleaner fluid than guar or HPG

– Difficult to crosslink

• Carboxymethyl‐Hydroxypropyl Guar, CMHPG
– Popular as a high temperature base gel

– Frequently crosslinked with Zr

• Carboxymethyl Guar, CMG
– Yields viscosity in fresh water

– Intolerant to salts

Presenter
Presentation Notes
Hydroxyethylcellulose (HEC) is a very clean, low residue cellulose polymer that contains anionic carboxymethyl and nonionic hydroxyethyl groups added by ether linkages to the OHs on the cellulose backbone. HEC polymer has been used in drilling mud, but is more commonly used in viscous brines and completion fluids. It is a popular fluid for gravel-packing, water-packing, and was used for frac-packs for some time before being supplanted by crosslinked guar and HPG fluids. HEC yields stable linear base gel viscosity but is very difficult to crosslink.CMHPG is a further derivation of HPG. Addition of carboxyl groups improves solubility in the presence of alcohol while maintaining good viscosity yield over a range of temperatures. It is a more expensive base gel and is commonly used for high temperature fluid applications when crosslinked with metal ions. CMG is a similar fluid that is used in BJ Services Vistar fluid. It will yield viscosity at low concentrations, but can only be used in fresh water. The polymer is very sensitive to salts and can lose viscosity rapidly. When good quality fresh water sources are available, and the reservoir is not damaged by fresh water, it can be used to produce a stable viscous crosslinked fluid with low polymer concentration (14-20 lbs/Mgal). All these linear base gels will (or should) generate viscosities of 20-50 cp at 100/sec shear rates at 60-80F with polymer loadings of about 30-40 lbs/Mgal (except CMG). To get higher viscosities, the base gels must be crosslinked or foamed.
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Water‐Based Foam Systems

• CO2 water‐based “foams”
– CO2 density is close to water
– More an emulsion than a foam
– High CO2 solubility in water
– Good cleanup from CO2 flashing

• N2 foamed water‐based gels
– Low density and high friction (high WHTP)
– Less efficient proppant transport
– Useful in low pressure gas reservoirs for lift
– Added flowback energy for cleanup in tight zones

• Binary foams (CO2 + N2)
– Benefits of CO2 solubility
– Disadvantages of N2 density

Presenter
Presentation Notes
When mixing CO2 with water, a substantial amount of CO2 may become dissolved in the water at fracturing temperatures and pressures. The CO2 saturated water forms carbonic acid with a pH of approximately 4. This acidic system is not compatible with all crosslinkers, breakers, and other treating chemicals. CO2 is therefore used with base gels that are suitable for low pH environments. At most pumping conditions (T&P) CO2 is in a dense, supercritical fluid phase. Its density and viscosity are similar to water, but it is not a liquid or a gas. Calling a mixture of CO2 and water a “foam” is probably a misnomer. Referring tot his complex, possibly 3-phase mixture as an emulsion is more correct. The emulsion acquires viscosity and proppant transport capacity from its internal structure rather than from the base gel viscosity. Nitrogen foams are more simple to understand, but complex in their behavior. N2 gas remains a gas at all practical pressures and temperatures. Its volume changes with pressure so that N2 addition at the surface must be calculated to yield the desired volume fraction N2 and water at expected bottomhole treating conditions. If BHP changes during a job, the foam “quality” can also change.N2 foams have low hydrostatic head and high friction pressures. Together these factors cause a high surface treating pressure that limits the usage of N2 foams to shallow or depleted reservoirs. Proppant transport is achieved through the foam structure and can be lost if quality drops too low.In some cases CO2 and N2 are mixed to form a binary foam to control density, treating pressure, and still minimize water content in the frac fluid. 
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Oil‐Based Fluids

• Various base‐oil formulations
– Diesel

• Seasonal variations, often have added surfactants

– Lease crude
• Wide range of compositions, danger of precipitation and 
damage

– Condensate
• Safety concerns with volatility and flash point

– Frac oils (FracSol, etc.)
• Clean and easy to crosslink but expensive

– Gelled LPG (Propane and Butane)
• Pressurized blenders and limited job size

Presenter
Presentation Notes
Some formations are very sensitive to contact with water and can be badly damaged, to the point that commercial production is no longer possible. IN some cases water-based fluid and foams are replaced by gelled oil systems. The base oil can be any of a range of systems from commercial diesel oil, to reservoir crude, condensate, or commercially refined oils made especially for fracturing.Safety is always a concern with oil-based systems. Strict limits for volatility, vapor pressure, and flash point must be adhered to. The base oil must be tested with gelling agents to be sure that adequate viscosity  can be generated and that no damaging precipitates form. Gelled oil systems are chemically complex and can be difficult to  use in the field without over-gelling or losing stability. When mixed correctly, with adequate quality control, they can be used to stimulate sensitive formations with minimal damage. They are, however, very expensive compared to most water-based systems. 
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Surfactant based Systems

• Non‐polymer (no solids or residue)
• Generate viscosity from fluid structure in hydrocarbon‐

water micro‐emulsion
• Poly‐emulsion fluids (oldest type)

– Use surfactants to generate a stable oil‐water emulsion

• Micellar fluid systems (ClearFrac)
– Cationic surfactant
– Generates long “rod‐like” micelles
– Breaks when hydrocarbon content increases

• Micro‐vesicle fluids
– Generate larger spherical “droplets”
– Contain internal breakers

Presenter
Presentation Notes
In the belief that polymer residue and filter-cake contribute significantly to post frac damage and loss of conductivity, a group of fluids that contains little or no polymer has been used. Some of these are relatively new fluids and some are very old systems that have come in and out of use over the years. They have in common the use of various surfactants to generate emulsions, micro-emulsions, or stable micellar fluids. These are all combinations of oil and water stabilized by surfactants with different physical structures. The differences in structure refer to the size of the entrained droplets and their arrangement (either spherical or linear). Traditional poly-emulsion fluids can be very viscous, and have very high friction pressures while pumping. Newer systems claim to have much lower friction pressures, but this is not always the  case. Contamination of the fluids by contact with field oil and brine can de-stabilize the fluid structure. Loss of surfactant through adsorbtion to rock and pipe surface can drop the surfactant concentration below stable levels. �As with gelled oils, these systems are sensitive and require excellent on-site QC, as well as high quality mix water. 
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Crosslinkers

• Water based systems
– Borate ion 

• Temporary and regenerative crosslinker
• Crosslink reforms after shearing
• Ion yield and stability controlled by pH
• Requires high pH (9‐12) for viscosity yield

– Zirconate
• Stable at high temperatures
• Low pH crosslink is stable (can be used with CO2)
• A “one‐time” chemical bond between polymer molecules
• Sensitive to shear, will not re‐link

– Titanate
• Shear sensitive metallic crosslinker

– Aluminate
• Not as commonly used

Presenter
Presentation Notes
Linear base gel systems yield a limited range of viscosity, without excessive use of polymer. To increase the viscosity of the suspension chemical crosslinkers are added to the fluid. These connect the long-chain polymer molecules of the base gel to form much higher apparent molecular weight structures. The viscosity of the system increase with the length of the polymer molecule chains and their molecular weight. Crosslinkers can be divided into two basic types: Borates and Metals. Borate ions in solution attach to polymer molecules and temporarily attach them together. If the molecules are torn apart, the crosslink can reform if another molecule touches the crosslink site. Borates are considered to be re-healing crosslinkers and are therefore considered to be less sensitive to shear. They only work in high pH environments and the viscosity yield is sensitive to temperature and pH.Metallic crosslinkers form permanent chemical bonds between polymer molecules. Once these bonds are broken the crosslinkers are no longer active. These fluids are considered to be more shear sensitive and do not re-heal after shearing. They will work at a wide range of pH and are suitable in acidic systems. Most modern fluids use zirconate crosslinkers although some titanates are still used. Almost all high-temperature fluids are formed with metallic crosslinkers. Typically the activation of metallic crosslinkers is temperature controlled.Frequently mixtures of crosslinkers will be added to produce a temporary rapid onset of viscosity and a later, more stable viscosity profile. 
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Breakers (and De‐Linkers)

• Breakers attack the polymer backbone and break it 
into smaller molecular weight fragments

• The total mass of polymer remains the same
– Viscosity of polymer suspension decreases

– Filter cake remains and becomes more compressed

• De‐linkers attack the crosslink sites but leave the 
polymer intact
– Most commonly these are pH adjusters used with 
borates

Presenter
Presentation Notes
Once a high viscosity fluid system is formed, it can create fracture geometry efficiently, control leakoff, and carry proppant. Unless the viscosity is reduced after the job, it can also form an effective plugging agent in the fracture to limit production. Breakers are added to fluid to controllably reduce the viscosity of the system after its work is done (hopefully). Chemical breakers are either oxidizers or enzymes that attack the polymer backbone and break it into smaller molecular-weight fragments. This reduces the viscosity of the suspension but does not change the total mass of polymer in the system. If the polymer is compacted into a filtercake, most breakers have little or no effect on the compressed cake and it is not removed from the system. One recently discovered exception is Halliburton’s Vicon breaker which appears, based on Stim-Lab tests, to be able to substantially remove filtercake damage from proppant packs. Halliburton also has an “HMP” fluid that is made of crosslinked chains of short-chain polymer fragments. This fluid does not use a breaker, only a system to reverse the borate crosslink by dropping pH. The fluid is essentially pre-broken.In any case, there is generally a poor correlation between breakers’ impact on viscosity and overall proppant pack cleanup. A broken gel is not necessarily a non-damaging one. In fact, more conductivity damage and plugging can be caused by some broken gels than fully crosslinked ones. 
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Fracturing Fluid Rheology

• Fracturing fluids are complex, non‐Newtonian 
fluids

• Their properties are affected by shear rate, 
shear history, minor additive concentrations, 
proppant types, temperature, mix water 
chemistry, age of chemicals, and many other 
factors

• Their properties are very difficult to quantify

Presenter
Presentation Notes
Over the years, many fluids have been used in fracturing operations, including lease crude, water, linear gels, foams, crosslinked polymer gels, emulsions, and straight CO2. Most fracturing fluids used today are either linear or crosslinked aqueous polymer gels or foams. These fluids are extremely complex, and have rheological properties which are sensitive to many difficult-to-control factors. Their properties are also dependent on their shear, time, and temperature history. However, it is important to characterize these properties and understand the impact of fluid rheology on treatment success. Presently there appears to be a strong correlation between fluid quality, job success, and ultimate productivity after stimulation. 
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Power Law Rheology Model

Describes the behavior of “shear thinning” fluids

The slope of the line is
determined by (n’-1)

The magnitude of viscosity
is determined by k’
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Presenter
Presentation Notes
In most models, and by most service companies, fracturing fluids are characterized by a Power Law rheology model. This theory adequately �predicts the frac fluid behavior under some conditions.The model assumes that the fluid viscosity changes as a function of local shear rate. It describes the typically seen “shear thinning” behavior in which viscosity decreases at increased shear rates. The viscosity can be calculated from:The equation predicts that a plot of viscosity versus shear rate (on a log-log plot) is a straight line. The slope of the line is defined by the rheology exponent (n’) and the magnitude of the viscosity at a particular shear rate is defined by the fluid consistency index (k’). Units of k’ are generally reported as lbf-secn’/ft2. A large conversion factor is required to switch to more normal units of centipoises.
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Fluid Properties are Dependent on 
Measurement Geometry

• Couette (Bob‐and‐cup)
– B2
– B5X

• Cone‐and‐plate
• Pipe rheometer
• Helical screw rheometer
• Parallel‐plate slot
Data is also dependent on shear‐history, shear, 

and heat‐up profile

Presenter
Presentation Notes
One problem with understanding and comparing fluid rheological measurements is that the results are highly dependent on the method and geometry used for their measurement. A rheometer must be capable of applying shear to a fluid sample at a known (and hopefully uniform) rate. The stress required to impart the shear must also be measured. There are many geometrical configurations that can be used. In frac fluid characterization, the most common is a concentric “bob and cup” or cylinder inside an annular sleeve with relative rotation between the two to provide the shear force to the fluid in the gap. The length of the assembly, the gap between the moving walls, and the amount of fluid volume that is not in shear all affect the results of the measurement in this single geometry.Instruments of this type are Fann-35, Fann-50, Brookfield, Chandler and other rheometers used on site and in service company labs.Some specialized instruments use a shallow angle cone that spins over a flat plate with the fluid between. The change in gap is matched to the linear velocity at each radius to maintain constant shear. Pipe rheometers measure the pressure gradient while fluid is pumped through a circular cross-section tube. Other instruments are used for specific research applications and are not common in field labs. Even in the same instrument, the measurement results can change depending on the way the sample is loaded to the apparatus, the way it is heated, and its shear history prior to the measurement.
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Apparent Viscosity at 40/sec for Two Data 
Sets (Fann Couette Geometry)

Presenter
Presentation Notes
The data in the figure were obtained in a Fann-50 rheometer on the same fluid in the same lab. A series of shear rate-sweeps was made to determine the variable power-law fluid parameters with time. The green curve shows the calculated viscosity at 40/sec for a B2 geometry. This geometry uses a wide gap and relatively short bob inside the cup. Much less of the fluid is actively sheared and the shear force is delivered to a larger fluid cross-section.The blue curve shows the viscosity at 40/sec for a B5X geometry. The B5 bob is a larger diameter, hence the gap width is smaller. The “X” indicates that the bob is longer than normal, leaving less stagnant fluid in the cup outside the shear field. Note that under the same temperature and shear conditions the viscosity reported for the B2 geometry is roughly 3 times higher than for the B5X case. The fluid is the same in both tests, but the reported viscosity is different. To compare fluid viscosities in any meaningful way, they must be measured to same way, on the same instrument, with the same geometry and shear and temperature history.All fluids in the GOHFER® library are characterized using the Fann-50 B5X geometry. New fluids added to the library should be characterized in the same way. 
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Variation in n’ with Geometry

Presenter
Presentation Notes
Taking the data from the shear sweeps in the previous example, the power-law n’ can  be calculated for both geometries. The plot shows that, within experimental error, the n’ for both geometries is the same. That means that the rate of change of viscosity with shear rate is not strongly dependent on the difference in geometry for these two cases. 
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Variation in k’ with Geometry

Presenter
Presentation Notes
The calculated k’ values for the two geometries differ by approximately a factor of 3 times. The narrow-gap B5X geometry gives a much lower apparent k’ than the B2 geometry. This is the source of the difference in viscosity.Similar differences can occur when comparing data from cone-and-plate or tube/pipe rheometers to couette geometry results. The unfortunate result is that a viscosity measurement by itself is of little value in characterizing a fluid or comparing two fluids. Data on different fluids can only be compared when they are measured on the same geometry, in the same type of instrument, and with the same shear and temperature history. Of course, the fracturing service industry has failed to establish any standard for these tests and each service company can and does use either geometry in Fann-50 tests. When a fluid developed in the lab is tested on site with a Fann-35 or Brookfield rheometer, the geometry and the results will be different. 
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Power‐Law Data Does Not Tell the 
Whole Story. . .
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Presenter
Presentation Notes
Fluid rheology has been described, up to this point, using the power-law parameters, n’ and k’. Unfortunately, most common fracturing fluids deviate significantly from the Power Law model at shear rates encountered under treating conditions. Even worse, data commonly reported by service companies, and measured on Fann Model 35 or 50 rheometers at 170 or 511 sec-1, do not indicate when significant deviations from power-law behavior occur. In the example shown, the two fluids would have nearly identical n’ and k’ values when measured under industry accepted practices. The linear guar polymer, however, deviates from the Power Law model at shear rates below about 40 sec-1.  At lower shear rates, the fluid is nearly Newtonian. This low shear Newtonian plateau is common to almost all fracturing fluids, both linear and crosslinked. The xanvis used in the example also has a Newtonian plateau, but it occurs at less than 0.01 sec-1.Recent experimental work has shown that the proppant transport efficiency of a fluid is almost completely controlled by the low shear viscosity. It is this shear regime in which the suspended proppant particles commonly exist. When transport experiments were run using these two “identical” fluids, vast differences in proppant transport capability were observed, with the xanvis able to carry sand much more efficiently.
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Model Parameters

• Each fluid is characterized by four model parameters
– Uo = “zero shear” fluid viscosity, cp
– n’ = Power Law rheology exponent
– k’ = fluid consistency index (viscosity at 1.0 sec‐1)
– U∞ = “high shear” viscosity in the upper 
Newtonian plateau (solvent viscosity)

• γN = shear rate at the onset of the low‐shear 
Newtonian plateau
– Computed from intersection of power‐law and 
Newtonan models

Presenter
Presentation Notes
The basic parameters which define the fluid behavior are shown here. Some of these parameters have already been defined. These basic fluid parameters must be described for each fluid at initial conditions (time = 0). Each of the parameters is time dependent and will change with temperature and breaker activity. Shear rates are in reciprocal seconds. There is an identified problem here.  One of the primary parameters which is gL is not directly measured.  Knowing the n’ and k’ values defines the slope and position of the power-law line. The zero-shear viscosity (Uo) defines the horizontal line of the Newtonian plateau. The intersection of these two lines defines the transition shear rate for the onset of Newtonian behavior, gL. All service company data reports n’ and k’ and therefore makes it possible to compute gL from K’, n’ and Uo.  What remains is to determine a reliable value of Uo. This can be approximated in a Brookfield low-shear rheometer at the lowest possible rotational speed. In some cases it must be estimated based on generalized behavior of polymer suspensions. Most frac fluids have a characteristic value of gL in the range of 4-12/sec (for guar, HPG, and CMHPG). Adjusting Uo until the computed gL falls in this range may be sufficient when data is lacking.
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Definition of Carreau Parameters

μo

γN

μ∞

Cn = normalized volume fraction solids
a = slurry viscosity exponent (~1.8)

k’

Presenter
Presentation Notes
The various parameters used in the Carreau model are graphically illustrated. Given a laboratory derived plot of viscosity versus shear rate, most of the parameters can be directly obtained from the graph.The zero-shear viscosity is the value at which the plateau occurs, where viscosity is no longer a function of shear rate. It is input to GOHFER in units of centipoises. The shear rate at which the viscosity deviates from the power law line (at low shear rate) is N0. This can be calculated from the intersection of the power-law line and the zero-shear viscosity line. In addition, a high-shear viscosity limit is input.These parameters can easily be determined for a particular fluid by plotting the service company derived power law line and single-point high and low shear values to define the plateaus. The Carreau equation can easily be put into a spreadsheet to overlay the two calculations of viscosity. Within a few trial-and-error iterations a good fit can be achieved.Stim-Lab has developed a data base of Carreau parameters for all common frac fluids as a function of temperature and polymer loading. The effects of breakers are also being investigated. The database values assume that the fluids are properly formulated and mixed, and are not affected by adverse chemicals in the source water. The data represents the expected performance of the fluids. 
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Time‐Dependent Fluid Modeling

• Each primary parameter is time dependent

– K’, n’, Uo

• Additional Data

– The viscosity at infinite shear rate is assumed to 
be the same as the minimum viscosity after break 
which is often about 150% of the viscosity of the 
base fluid at reservoir temperature.

– The maximum value that n’ can increase to must 
be specified which is generally 1.

Presenter
Presentation Notes
The eight input parameters identified must be specified for each fluid used in the simulation.  The procedure has been matched with the measured rheology of a wide variety of fluids with a variety of breakers.
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Fluid Break Model

Presenter
Presentation Notes
The Carreau rheology model is used to describe the time-dependent breaking of the gel. The screen is split into two sections. The left half shows viscosity as a function of shear rate at different times. The right half shows all the fluid parameters as functions of time. As each input parameter is changed, the plots reflect the impact of the data on the time-dependent rheology of the fluid. The basic fluid parameters, including zero shear viscosity (Uo), n’, and k’ have been defined. The break parameters, including induction time and exponent for Uo, n’, and k’, determine the rate of break of the fluid with time at temperature. 
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Presenter
Presentation Notes
A detailed set of rheological data on this fluid system was provided by Ms. C. Fischer of the Dowell Rheology lab. The data was provided to the Stim Lab Rheology consortium to aid in developing an understanding of frac fluid rheology and transport.Shear rate sweeps were made on the fluid after the addition of breaker, at a series of times. Each sweep requires a finite time to complete, so the times associated with the data represent the starting time for the experiment. Temperature was held as constant as possible, but some heat-up error may exist, especially in early time data.The solid red line indicates the Carreau model for the zero-time fluid used to match the rheology and break profile for the series of experiments. Lines with data points included are actual experimental data.  
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Break profile is affected 
by several parameters

Presenter
Presentation Notes
The effects of breakers, catalysts, and fluid stabilizers can be better understood by using the log-log plotting convention that helps define the induction time and break exponent parameters used in the GOHFER fluid formulation. The data in the figure are for a 35#/Mgal CMHPG-Zr fluid system at 225-240F with various concentrations of Vicon breaker and catalyst. Note that increasing the breaker concentration increases the slope of the viscosity-time curve after the induction time is reached. The use of catalyst decreases the induction time so that the break begins earlier. When too much catalyst is used the rate of break is decreased. In general, gel stabilizers, breakers, crosslinkers, buffers, catalysts, and all other chemical additives will interact. The time dependent behavior of the fluid must be evaluated in the presence of all additives. 
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Effect of Gel Stabilizer 
on Break Profile

Presenter
Presentation Notes
The data in the plot were obtained (unfortunately) using a B2 geometry Fann-50 for a 45# CMHPG-Zr system at 360F with 1 gpt Vicon breaker. The only change is the concentration of gel stabilizer added in each test. At this elevated temperature the breaker is effective at all loading and the eventual break rate is similar in all cases. The gel stabilizer simply changes the induction time for the start of active breaking.In other fluid systems, or at other temperatures, the use of gel stabilizer can significantly affect the break profile and may reduce fluid cleanup and ultimate conductivity. In general, stabilizers should be used with caution and only when necessary. 
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How Much Fluid Stability is Needed?
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Presenter
Presentation Notes
Contrary to popular belief, the ideal frac fluid does not need to remain stable for the entire job pump-time. Most of the work is done within the first 10-15 minutes after the fluid enters the perfs. If a fluid can be designed to remain stable, that is with a break induction time, of 15 minutes at “working” temperature (not BHST), and as rapid a break as possible then good cleanup and sufficient transport can be attained. The magnitude of the viscosity needed at early time is less clear as transport may depend more on gel structure than high-shear viscosity (n’ and k’). 
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Recommended Temperature Profile for 
Break Testing

Pad First Sand Last Sand

75-80% BHST

WHT+20F

Presenter
Presentation Notes
The working temperature of the fluid is the expected temperature in the fracture during fracture extension and proppant transport. The figure shows a relatively conservative method to design break profiles (blue) and a more aggressive method. Both have been used successfully to place fracs with improved production response. 
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Heat Flow in Fracture

• Radiation – low heat flow rate
• Conduction – inefficient in gas bearing porous 
media

• Convection – dominant mechanism
– High fluid pressure in fracture drives leakoff
– Leakoff carries heat away from fracture

• Crosslinked fluid minimizes fluid circulation 
and convection in the fracture

Presenter
Presentation Notes
The reason frac fluid temperature is below static reservoir temperature is that the dominant heat flow is out of the fracture and into the formation. Only conduction and radiation can move heat against the leakoff rate and these mechanisms are relatively weak in comparison. Even though the fracture is thin and surrounded by an infinite thermal mass, the heat transfer dominates the short-term temperature profile. This can be observed by looking at BH temperature gauges after injection which show very long heat-up times.
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Correlations Approximate 
Observed Slurry Viscosity Increase

Solids Concentration, Cv

R
el

at
iv

e 
Vi

sc
os

ity
 In

cr
ea

se

1

10

100

1000

0 0.1 0.2 0.3 0.4 0.5 0.6

FRANKEL
NICODEMO
EILER
BARREE-1.5
Annulus

Cvmax= 0.64

Presenter
Presentation Notes
The rheological characterizations presented so far have been for clean fluid, with no proppant added. As the solids loading increases, the flow resistance of the slurry also increases. The increase in viscosity is most easily characterized for Newtonian fluids. Various functions exist in the literature to describe Newtonian slurry viscosity. The function used in GOHFER is an exponential form based on a maximum attainable solids concentration.In non-Newtonian fluids, the low-shear plateau viscosity increases according to the function shown. Viscosity at high shear rate increases much less.
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Effect of Sand Addition on 
Frac Fluid Rheology

15 ppa
10 ppa
5 ppa
0 ppa

Presenter
Presentation Notes
The previous correlation shows the change in Newtonian slurry viscosity with solids addition. Extensive laboratory testing on non-Newtonian fluids has shown that the impact of solids loading at high shear rate is quite different. The plot shows a typical response for a guar-based polymer suspension. The viscosity in the Newtonian plateau increases as described previously. In the power-law region, the viscosity increases at a much slower rate. This has significant implications in treating behavior. If the slurry in the fracture continues to move, its apparent viscosity does not increase significantly with solids loading. If the high-solid slurry slows down, its viscosity increases dramatically. This behavior causes non-homogenous and isolated flow channels to form in a large-scale fracture. Channels where flow occurs tend to promote continued flow through high mobility. Sections of the fracture that become stagnant tend to remain so because of very low slurry mobility. 
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Frac Fluid Rheology is Complex

• This overview barely skims the surface of frac 
fluid rheology

• The behavior of fluids during a job is complex, 
time dependent, temperature dependent, and 
affected by minute changes in water chemistry 
that sometimes cannot be identified by 
conventional analyses

• Work closely with the service provider and 
develop some trust and understanding, but 
institute a meaningful field QC program

Presenter
Presentation Notes
A detailed discussion of frac fluid rheology would itself require at least several days. Fluid chemistry continues to change and evolve. Each fluid pumped on each job on each day is essentially a different system. Source waters vary from place to place and with the time of year. Chemicals age and can be contaminated during shipment and storage. Fluid measurements made on-site will differ from the lab data. The best approach is to develop an understanding of what is expected from the service company in terms of fluid properties and performance and on-site quality control tests. The service company engineers and chemists usually understand their fluids and additives best. If you work with them, a properly performing fluid should be available in  most cases. When situations arise where a fluid cannot be mixed to expected standards, everyone involved should be aware of it and the job should be postponed if a solution is not found.  
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Frac Fluid Loss: 
One‐Dimensional Transient Flow

Pfrac

Ppore
Distance from frac face

Presenter
Presentation Notes
The conventional fluid loss model is a one-dimensional solution for linear transient flow with constant pressure boundary conditions. The frac pressure at the fracture face is assumed constant with time and the far-field pore pressure is assumed to be constant. Initially the pressure gradient, and the leakoff rate, is very high. With time, the transient moves further into the reservoir and the gradient (and rate) decrease. The solution gives rate decreasing linearly with the square-root of time. 
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Typical Fracturing Fluid Loss

Does not consider 
shear of filter cake 
or invasion of 
whole gel into 

matrix, including 
non‐Newtonian 

rheology

Presenter
Presentation Notes
In conventional formulations, the total leakoff coefficient is comprised of three coefficients representing leakoff control by viscous, storage, and wall-building effects. The total coefficient is derived by taking the three individual coefficients as resistances in series. Equations for each coefficient are given in the figure.The viscous loss coefficient represents a solution to linear transient flow with constant boundary pressures. The compressive storage coefficient represents changes in pore pressure in the surrounding reservoir caused by the volume of fluid loss over time. These two coefficients are directly related to reservoir properties. The wall-building coefficient represents the deposition of filter-cake on the fracture wall by aqueous polymer suspensions. In this formulation, all leakoff rates are expected to follow a linear decline with the square-root of time. 
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Impact of Resistances in Series

K=1 K=0.001

ΔP3=L3/k3 ΔP2=L2/k2
ΔPTΔP1=L1/k1 =+ +

10 2 0.5

K=100

Kavg=Lt/(L1/k1+ L2/k2+ L3/k3)=0.025

Presenter
Presentation Notes
Leakoff is modeled as a combination of series flows. The figure roughly describes a high permeability far-field reservoir zone, a near-fracture invaded zone, and a thin wall filter-cake zone. In series flow, the total pressure drop through the system is the sum of the pressure drops through each zone. Using Darcy’s Law, each pressure drop can be determined from the length and permeability of each zone. When even a thin film of very high flow resistance is present, such as the filter-cake, the flow capacity of the least conductive region dominates the system. 
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Filtration Process

Fracture

Presenter
Presentation Notes
The fluid loss process is essentially a filtration process that can be visualized using an expansion of an overhead view of the fluid rock interface at some location within the fracture. Fluid is flowing down the fracture and simultaneously leaking off into the rock matrix. At the rock surface, a filter cake may develop which can control fluid loss. Deeper in the rock, the leakoff  rate is modified by viscosity and permeability in the invaded region. Deeper still, the non-invaded region controls fluid movement by viscosity, permeability, and compressibility of the original reservoir.
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Classical Filtration Modeling
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Presenter
Presentation Notes
In classical fluid-loss theory, the three fluid loss regions are described by constant leakoff coefficients which are combined to represent resistances in series. Leakoff in the invaded zone is modeled assuming a constant Newtonian fluid filtrate viscosity. Spurt loss (fluid lost prior to development of a filter-cake) is not effectively modeled.Classical leakoff is characterized by a straight-line relationship between fluid volume lost and square-root of time.
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Effect of Shear Rate
HPG at 2000 psi, 1 md
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Presenter
Presentation Notes
This is a comparison of the filtration volume on 1 md cores using a 40 lb HPG fluid system versus shear rate. The plot has the filtration volume per area on the y-axis and the square root of the fluid loss time as the x-axis. Classical filtration theory has the slope of the line = 2 Cw, while the intercept is termed spurt volume. The data on linear gels were ALWAYS observed to follow classical filtration behavior for normal fracturing times. No effect of shear rate was observed to alter either the spurt loss or Cw values. The variations in this plot are due to small variations in core permeability.
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Effect of Shear Rate
HPG+B, 2000 psi, 1 md
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Presenter
Presentation Notes
Here is a similar plot of the filtration volume for a 40 lb HPG borate crosslinked fluid system on 1 md core. The static fluid loss data was observed to follow classical filtration behavior. While early filtration data was found to be essentially identical for each shear rate, the shear rate was observed to cause the filtration data to deviate from this classical behavior later in the test. The higher the shear rate, the quicker and greater the deviation. 
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Forces Acting on Polymer Molecule

Filter Cake

Shear Stress & 
Hydrodynamic Forces

Fluid Loss GradientPfracture

Pres

Presenter
Presentation Notes
This schematic of the fracture slot illustrates the effect of shear on the polymer deposition. You see the representation of the core material and the filter cake that has deposited. This yellow curve represents a polymer molecule. The polymer molecule is being forced on the filter cake by the filtration pressure which is the pressure deference between the fracture pressure and reservoir pressure. At the same time, the fluid shear stress is attempting to drag the polymer down the fracture slot. Early in the filtration time, the filtration pressure is high enough to negate the effect of shear, but later on, the shear causes the filter cake to stop growing and become in equilibrium with the shear forces.
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Effect of Permeability and Shear 
HPG+B, 1000 psi, 100‐25 sec‐1
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Presenter
Presentation Notes
This is the filtration data from all the cores of the same experiment previously shown. The initial filtration data shows that the spurt-loss values are extremely sensitive to the core permeability. The spurt loss of the 311 md core is roughly double of the 148 md core, which is many times greater than the spurt of the lower perm cores. After the spurt-loss phase, the fluid loss of the lower perm cores increase faster than the high perm cores due to the influence of the viscous invasion. This viscous invasion causes internal pore plugging that reduces the fluid loss coefficients of the higher perm cores. The total filtration data after 90 minutes is actually higher for many of the low perm cores. Thus the influence of core permeability to significantly change spurt loss and also cause slight lowering of  Cw.
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Effect of Filtration Pressure
HPG+B, 100 sec‐1, 100 md
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Presenter
Presentation Notes
The effect of differential pressure is very similar, but simpler, than the effect of core permeability. This test is a borate system on 100 md cores at 100 sec-1.  The effect of pressure is only observed in the early filtration data in which the pressure has a significant effect on the spurt-loss values. After spurt, pressure is not observed to significantly change the Cw.  
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Effect of Breaker
HPG + DB at 82 C, 100 md
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Presenter
Presentation Notes
Test showing effect of high breaker loadings on fluid loss of HYBOR H4XXX.  Effect of breaker is to increase spurt significantly, while slightly reducing Cw coefficients. NOTE: SP concentrations are very large for 180 F. The test at 0.5 lb SP/Mgal is above normal pad concentrations and has little effect.
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Influence of Fluid Properties and
Temperature on Spurt Loss

• Fluid Viscosity has a Dominant Affect 

• Increasing Temperature 
– Increase Vspt

• Increasing Breaker Concentrations 
– Increase Vspt

• Increasing Gel Concentration
– Decrease Vspt

Presenter
Presentation Notes
Conclusions on effect of fluid properties on spurt loss, including temperature and breaker effects.
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Influence of Fluid Props and Temp 
on Filter Cake Growth (Cw)

• Fluid Properties will dictate IF a filter cake will form 
on high permeability and/or high filtration pressures

• For Crosslinked Fluids:
– Increasing Fluid Viscosity will INCREASE the 
Apparent Cw by Reducing the Filter Cake Growth

– Increasing Temperature
• Increase Cw

– Increasing Breaker Concentrations
• Decrease Cw

– Increasing Gel Concentration
• Increase Cw

Presenter
Presentation Notes
Conclusions on effect of fluid properties on Cw, including temperature and breaker effects. For non-crosslinked gels, an important determination is whether a filter cake will form. For crosslinked fluids, the effects are more significant.
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Fluid Loss Modeling

• Must be based on lab tests under 
representative conditions
– Shear, temperature, perm, pore‐size, filtration 
pressure, age, composition, etc.

• Fluid leakoff properties can be combined 
numerically with reservoir properties

• Matrix leakoff is different than fissure/fracture 
leakoff

Presenter
Presentation Notes
The fluid loss mechanisms discussed here refer to matrix dominated flow. This type of loss is controlled by the diffusivity equation which means that constant loss rate cannot be maintained at constant differential pressure. When fluid loss is dominated by secondary fractures (shear or natural) the entire fluid loss process changes. Fissure leakoff can be steady state, which means the loss rate does not slow down with time. The physical description of fissure leakoff, which is usually pressure dependent, follows a different model. 
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Multiple Simultaneous Leakoff 
Mechanisms

• Matrix leakoff
– Controlled by reservoir properties

• Perm, porosity, pore‐size, fluid mobility, compressibility

– Is subject to wall filter‐cake control

– Follows sqrt(time) dependent velocity profile

• Fissure leakoff
– May change with fluid or net pressure

– Is not controlled by filter‐cake

– Remains steady‐state or constant rate

– Is not dependent on reservoir matrix properties

Presenter
Presentation Notes
As described, matrix leakoff can be controlled by the formation of a filter-cake on the fracture wall. Leakoff to open fissures or secondary fractures cannot be controlled by filter-cake deposition. The aperture of fissures is commonly large enough to preclude the development of a filter cake. The aperture of the fissures, hence their flow capacity, changes dramatically with fluid pressure. As long as the internal fluid pressure remains above the normal stress on the fissure wall, the fissure will remain open, can extend, and can maintain leakoff at constant rate. The normal sqrt(time) transient behavior does not apply. One of the most important impacts is that the original matrix permeability no longer controls leakoff and it is possible to have high leakoff and early screenouts in what appears to be impermeable rock. 
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Interaction of Fissure Opening 
Mechanisms

∂W/ ∂P~YME

Q=T∂P/ ∂L
PDL and
Storage

∂W/ ∂P

Vp

Vf

Qleak

Presenter
Presentation Notes
The opening of secondary fissures is accompanied by multiple phenomena. The secondary fissures can be pre-existing natural fractures, at any angle to the main hydraulic fracture, or can be shear-induced fractures radiating from the fracture wall. As the internal fluid pressure exceeds the net normal force, the fissures will open creating storage volume and flow capacity. Depending on the permeability of the fissure walls and the extent of the fissure network, leakoff rate can be very large to moderate. Local leakoff into the fissures can affect proppant transport, slurry dehydration, and screenout as will be discussed later. 
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Spatial Location of High PDL is 
Important to Screenout Prediction

High net pressure near-well, 
open fissures, high PDL, 
near-well screenout

Low net pressure near-tip, 
no PDL, new surface area, 
high matrix leakoff

Describing PDL as only 
a multiple of Ct 
increases leakoff at the 
tip, not at the perfs

Presenter
Presentation Notes
It is important to remember that the dilation of secondary fissures is a pressure-controlled mechanism. It is most likely to occur where the net pressure is highest, which is at the wellbore. If a model uses an overall total leakoff coefficient and simply multiplies it to account for pressure-dependent leakoff, the result can be far different from reality. In a normal matrix-dominated system the maximum leakoff occurs at the fracture tip where new surface is created. Multiplying overall leakoff increases the leakoff at the tip and causes more fluid migration to the tip and a resulting “tip screenout”. In reality, it is more likely that leakoff will increase near the well and the screenout will be caused by slurry dehydration, loss of mobility, and packing at or near the perfs. 
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C C ep o
C Pdp= Δ

Leakoff coefficient at frac fluid pressures 
above maximum closure stress is given by:

Where: 
ΔP is pressure above fissure normal stress,
Co is the constant matrix leakoff coefficient,
Cdp is the pressure-dependent leakoff coefficient
Cp is the local apparent total leakoff coefficient

Modeling Pressure Dependent Leakoff

Presenter
Presentation Notes
The pressure dependent leakoff coefficient is modified in GOHFER according to the equation shown above. The variable (Cdp) is an input property which controls the rate of change of leakoff above the fissure-opening pressure. The pressure difference in the exponent is the local fluid pressure minus fissure-opening pressure. The base (matrix) leakoff and fluid pressure are all spatial variables. The change in leakoff must be computed at each point on the fracture surface. Cdp is found from the semi-log plot of the changing derivative (dP/dG) during closure from a pre-frac diagnostic injection test.
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Flow Through Smooth Surfaced 
Fracture

Q = Flow rate (bbl/day)
H = Height of fracture (ft)
ΔP = Pressure differential (psi)
w = Fracture aperture (in)
L = Length of fracture (ft)
μ = Fluid viscosity (cp)

⎥
⎦

⎤
⎢
⎣

⎡ Δ
=

μL
PwHxQ

3
61011.5

keqv=54x106 w2; k (darcies), w (inch)
0.01” crack = 5400 d

Presenter
Presentation Notes
A more detailed model of flow in open fissures can be derived using the cubic law as described by Witherspoon  for laminar flow. Use of this model allows a separate leakoff rate to be computed for the fissure system as a function of fissure aperture. Fissure opening is related to the local net pressure above the normal stress and the PDL coefficient. This form of leakoff model is preferred because it allows leakoff rate to be steady-state rather than sqrt(time) determined. 
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Effect of Fractures on System 
Permeability for Parallel Flow

Assumed Fracture Aperture = 0.001”

Matrix Perm

Presenter
Presentation Notes
The impact of widely spaced secondary fractures or fissures on total flow capacity is hard to intuit. The plot shows the change in system permeability for parallel flow in matrix and fissures as a function of fracture frequency. A fractures spacing of 10 ft with an aperture of only 0.001 inches can increase the system perm by 10 to more than 1000 fold over the matrix value. The significance of the fracture contribution depends on the matrix permeability.
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Understanding Leakoff

• Both matrix and fissure leakoff must be considered
• Leakoff can vary in space and time
• Leakoff rate (and system perm) can be highly 
pressure dependent

• Post‐frac production maybe tied to leakoff
• Large‐scale leakoff measurements correlate better to 
production than small‐scale (core) perms

• Effects of fluid additives and reservoir properties 
must be considered

Presenter
Presentation Notes
When describing the total leakoff system for a hydraulic fracturing treatment both the matrix and fissure components must  be understood, characterized, and accounted for. In hard-rock, tight-gas applications it is the fissure leakoff that most often dominates what we perceive as leakoff. This mechanism does not respond to conventional leakoff control remedies such as gel loading, pad volume, and filter-cake as we normally expect. The presence of secondary fissure leakoff may not b apparent from core or log measurements. Field diagnostic injection tests are required to determine the presence and magnitude of this leakoff mechanism. 
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