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Presenter
Presentation Notes
After touching on many mechanisms that affect fracture growth and proppant placement we can try to address a system of “best practices” for optimizing treatment design and execution. 
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Can Modeling Help 
Design Fracture Treatments?

• Fracture geometry prediction is improving
– computing of in‐situ stresses

• Must be calibrated to field measurements

– measuring and modeling rheology
• Sensitive to environmental variables

– predicting prop transport and post‐closure movement
– Modeling and predicting screenouts

• Requires pre‐frac injection and careful diagnostics

– fracture containment mechanisms other than stress 
contrast

• Can be calibrated locally based on observations

Presenter
Presentation Notes
Through detailed numerical modeling, pre-frac testing, analysis of treatment response, and use of more complete fracture diagnostics, we can learn much more about the fracturing process. A complete understanding must be based on sound observations and a fundamental understanding of process physics. We are now beginning to understand how to better predict in-situ stress. There is strong evidence for fracture height containment mechanisms other than only stress contrast. With these factors integrated into our model we can better approach the fracture treatment design problem.
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Placing Problem Jobs

• Near‐well restrictions and high injection 
pressures
– Step‐rate tests to separate perf restrictions from 
“tortuosity”

• Rapid near‐well screenouts
– Fluid stability (?)
– Fissure PDL and proppant holdup

• Increasing pressure to limits during the pad
– Reservoir conditioning at low rate

Presenter
Presentation Notes
Reasons for “problem jobs” have been discussed. The most common are excessive treating pressures and early screenouts. The first step is to identify the cause of high treating pressures through pre-frac step-rate and falloff tests. If the excess treating pressure is caused by limited perforations, then perf breakdown or re-perforating may be a solution. If the cause of high pressure is tortuosity, then the problem may be associated with natural fractures or wellbore-formation connectivity.Rapid near-well screenouts are usually also associated with fracture systems, Treatment with 100-mesh sand and controlled injection concentrations is advised. Contributing conditions can be identified as PDL in falloff test analyses.Continuously increasing pressure during pad may indicate a pervasive fracture system and low matrix permeability. An attempt should be made to condition the formation using low rate injection until moderate treating rates can be established. Dealing with any problem treatment always requires proper application of diagnostics to first identify the source of the problem and to suggest appropriate remedies. 
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Designing for Expected Conductivity

• Include major damage effects
– non‐Darcy and multiphase flow effects

– non‐uniform stress, prop crushing and traditional 
conductivity

– channelized flow, saturation distributions and gravity over‐
ride

– fluid stability, breaker effectiveness, cleanup, flowback 
and post‐treatment

• Integrate reservoir deliverability and pack damage to 
estimate effective producing frac length

Presenter
Presentation Notes
Designing the optimum job size also requires diagnostic tests to characterize the formation flow capacity and source of productivity impairment, either skin damage or low reservoir deliverability. Once the desired fracture geometry is created, we need to understand the fundamental mechanisms that control fracture clean-up and production. Some of the main mechanisms that affect post-frac production are listed in the figure. Some of these can be addressed through proppant and fluid selection and some through design decisions. Others must be understood and accounted for in reaching a realistic expectation of post-frac results.
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Post‐Job Analysis

• We must know what was achieved to improve 
the design

• Production analysis is still the best tool 
around
– How the frac behaves during production pays for 
the treatment

• Collect the data!

• Do the work, or the design effort was wasted

Presenter
Presentation Notes
To improve upon an existing design or to assess its effectiveness at reaching design goals, the post-frac performance actually achieved must be compared to the design goal. Continuous production analysis is the best tool available for determining the effectiveness of a fracture treatment. It describes the performance of the fracture while flowing, which is ultimately what offsets the cost of the treatment. The most important aspect of post-frac analysis is to actually collect the well flow rates (gas, oil or condensate, and water) and the flowing surface pressures. Once the production data is available, the analysis can be conducted with several available software packages. The important thing is to collect the data and do the analysis. Without an effective post-frac analysis any design revisions are based on supposition. 
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Effect of Liquid Loading 
on Gas Well Production

• Impact of short‐term well killing or shut‐ins
– Application of snubbing instead of killing

• Capillary pressure and phase trapping

• Proper and improper use of surfactants

Presenter
Presentation Notes
When a gas well produces some entrained liquid, the impact of even short duration shut-ins can be severe. The causes of production damage have been partially discussed and will be described in more detail. They are associated with relative permeability hysteresis and capillary phase trapping. Whenever possible, active well killing should be avoided. If a well is strong and supported by high reservoir pressure the damage induced by liquid loading may be recovered. In many cases, the damage may be permanent. Frequently surfactants are added to improve liquid recovery after a frac. There are many types of surfactants with different properties that can improve or adversely affect production. These should be discussed and understood to avoid inducing more damage. 
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k=0.11 md, xf=30
G=10 BCF

Fractured Well Performance 
Showing Effects of a Short Shut-In
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Presenter
Presentation Notes
The red curve in the plot is the actual post-frac production from  well. The well also produced a moderate amount of water (20-30 bbl/MMscf). After about 6 months of production and cleanup, the well was shut in for a few days for a buildup. The result of the shut-in was a loss of 500-800 MSCF/D gas production some of which was not recovered, as the rate never regained to previous decline curve trend. This case shows that short shut-in times with moderate liquid production can affect production. The reasons for this impact will be presented. 
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Fracture Face Skin Damage

Pratts Analytical Model Holditch Numerical Model

Reservoir Drainage Area

Damaged Formation

Fracture

Presenter
Presentation Notes
According to Pratts and Holditch, the fracture face skin can be accounted for in reservoir flow models. Their work investigated the effects of various degrees and depths of damage along the face of the fracture. In Pratts’ model, the depth of damage was variable and in Holditch’s studies a constant depth of damage was assumed.
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Pratts Results Paraphrased
For L/re=0.5

For Dd=5”

Presenter
Presentation Notes
Pratts showed that for moderate depths of damage (1 to 10 inches), the fractured well productivity would not be damaged, even if the permeability reduction at the fracture face approached 100 fold.
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Holditch Results for Face Damage

Presenter
Presentation Notes
Holditch’s results showed similar production characteristics. In general, two orders of magnitude damage does not appear to affect fractured well productivity.
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Another Look at Face Damage

• Pratts and Holditch both assumed that the entire fracture 
surface area was open to flow

• Permeability is reduced at the face, but remains non‐zero
• The large surface area and very low velocity (low pressure 

gradient) makes perm damage tolerable
• If the fracture face area is diminished (by capillary blockage), 

it cannot contribute to flow (perm=zero) and their 
conclusions are invalid

• Inflow capacity is reduced by the ratio of open face area
• Pressure gradients and damage effects are much more severe 

where flow can occur

Presenter
Presentation Notes
However, there is one very important assumption in both these studies. That is that the entire face of the fracture is open to flow and that the permeability is reduced uniformly along the entire fracture face. If a large part of the face is in fact under no-flow conditions, and fluid entry is restricted to local areas of large pore size or high perm, the results of Pratts and Holditch are not applicable. For convergent flow through a small area, potential gradients and local velocities are high. In that instance, permeability damage becomes critical.
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Capillary Pressure

• The difference between the pressures of two 
or more immiscible phases contained in a 
restricted cavity is Pc

• Capillary pressure is related to pore size, size 
distribution, and wettability

• Saturation distribution within a porous 
medium is controlled by capillary pressure.

Presenter
Presentation Notes
Capillary pressure arises from the interfacial tension between immiscible fluids. When the interface between two immiscible fluids is bent or distorted, some energy must be expended to stretch or distend the interface. The more the interface is curved the more energy is required (think of blowing up a balloon in open air compared to inside a cardboard tube).Capillary pressure is defined as the phase pressure difference between the two immiscible phases. By convention, it is the non-wetting phase pressure (larger pressure or pressure inside the “balloon”) minus the external or wetting phase pressure. The capillary pressure is related to the degree of curvature of the fluid-fluid interface, so it is directly related to the size of the pore or opening confining the two fluids. It is also a function of the interfacial tension between the fluids and the degree to which the surrounding solid is wetted by the external phase.In a porous medium comprised of millions of interconnected microscopic capillary pore throats and pore bodies, the saturation distribution and flow capacity for each phase is fundamentally controlled by capillary pressure. While capillary forces may appear to be small, it is important to remember that induced pressure gradients are extremely small when viewed from the scale of an individual pore or a single gas bubble or oil droplet.
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Capillary Effects in Circular Tubes

Capillary Rise of
a Wetting Phase
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Capillary Depression of
a  Non-Wetting Phase
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Presenter
Presentation Notes
Capillary pressure is defined as the difference between the pressures of two phases in contact across a curved fluid interface or meniscus. In the diagram on the left, the capillary tube is immersed in a wetting fluid. The wetting liquid is attracted to the surface of the tube and tries to coat the surface. If the tube is vertical, the rise of the fluid is balanced by the weight of the fluid column. At equilibrium condition, with no further movement, the capillary interface has a characteristic shape defined by the radius of curvature, contact angle, and interfacial tension between fluids. 
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Capillary Pressure Equations
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Presenter
Presentation Notes
The force balance is shown by the equations above. The upward force generated by the surface tension is proportional to the wetted perimeter of the solid-liquid contact line. The downward force is computed from the density and volume of the lifted fluid column in the tube. The commonly applied equation for capillary pressure only describes the final equilibrium state. In other words, the capillary pressure given by 2*s*Cos(t)/r is the maximum capillary pressure (pressure difference) that can exist across an interface of the specified curvature. 
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Capillary Pressure and Frontal 
Advance Rate
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Must exceed the threshold 
capillary pressure to get the 
interface to move.

Any pressure differential 
below the threshold just 
distends the meniscus.

Once the interface moves, the 
frontal advance rate is 
controlled by viscous flow.

Note that both threshold 
pressure and velocity favor 
flow in large pores for any 
potential-driven flow.
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Presentation Notes
Once the pressure differential exceeds the maximum stable value, or threshold pressure, the interface will begin to move. The rate of frontal advance of the interface is given by Poisseulle’s law for fluids in laminar flow in tubes. The velocity is proportional to the square of the capillary radius. The result of the interaction between threshold pressure and frontal advance rate ensures that the interfaces in the largest pore throats will move first (at lowest pressure differential) and, once moving, will advance at the fastest rate. This interaction between static capillary equilibrium and dynamic displacement controls the distribution of fluid saturations in porous media and defines the permeability available to each flowing phase under specific conditions.
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Capillary Pressure restricts 
fluid entry by pore size

Presenter
Presentation Notes
Capillary controlled advance of a non-wetting phase into a medium saturated with a wetting phase is described by the microscopic interactions of static and moving interfaces in a range of pore sizes. If a non-wetting phase is applied to the face of a porous medium saturated with a wetting phase, and the pressure differential is raised slowly, a condition can be established where there is an applied pressure gradient (pressure differential below the threshold of the largest pore throat) and no flow can occur. The sample has absolute permeability and an implied potential gradient but cannot flow because of capillary constraints.When the non-wetting phase pressure is increased sufficiently, the threshold pressure (Pth) of one or more pores will be reached. This is the phase pressure difference (capillary pressure) which the largest radius interface can support without moving. When this pressure is surpassed non-wetting fluid begins to invade the medium. Invasion continues until the flow path is restricted by smaller pore openings. When this occurs, the injection pressure must rise until the threshold pressure of the next largest pore is reached.The process continues until a continuous flow path is established from entrance to exit of the porous medium. Flow continues from each pore channel until capillary equilibrium is attained across each interface. Unless additional energy is supplied to the system, or the capillary force balance is disturbed, the residual wetting phase saturation determined by pore entry size constraints will remain in place.
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Gas Evolution is Different 
From Gas Injection

Injected gas can only enter pores based on threshold entry 
pressure. Gas flow is restricted to few pore channels.

Presenter
Presentation Notes
The figure illustrates a condition in which a continuous flow path exists across the “core” length. Under stable flow rate and potential gradient the injected non-wetting fluid will be produced at steady-state and the system will not change saturation or effective permeability. The equilibrium state is maintained because each capillary interface is in equilibrium and remains static. Under these conditions, the wetting phase appears to have zero effective permeability, but this is an artifact of the imposed potential gradient in combination with the discontinuity at the end of the porous medium.
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What causes capillary saturation 
blockage after breakthrough?

DISTANCE
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Pc2

Pc1

Pc1
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0 Sw
1.0

Sw
non- 
wetting

Outside the reservoir the capillary pressure 
approaches zero as radius of curvature of 
the gas bubble or oil droplet increases.

Presenter
Presentation Notes
Capillary end effects result from the discontinuity in capillary forces at the outlet boundary of a core sample.The lower left-hand illustration in the figure below shows a hypothetical pressure distribution in a core at viscous-capillary equilibrium. Near the outlet face of the core, there is a phase pressure difference resulting from the radius of curvature of the fluid interfaces, and the IFT of the system. The phase pressure difference is, by definition, the capillary pressure. As shown at right, capillary pressure is directly related to wetting phase saturation.Outside the core outlet, the fluids are unconfined. Therefore, the radius of curvature is infinite and capillary pressure is zero (Recall that Pc is proportional to 1/r). This represents a discontinuity in the non-wetting phase pressure (assuming the wetting phase pressure is continuous). To minimize the discontinuity, the wetting phase saturation builds up at the outlet face, or remains at a high value during drainage.The phase pressure difference increases from near zero at the core outlet towards the core inlet. At each point along the core length, the observed pressure difference can be related to a static saturation by the measured capillary pressure function. The result is a non-uniform saturation distribution in the core when the wetting phase ceases to flow. The resulting saturation distribution is shown at the upper left.
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Capillary Phase Trapping: A Potentially 
Serious Damage Mechanism

Fracture or wellbore pressure under drawdown

Reservoir Pressure

Areas of low porosity, high capillary pressure
Low Pc Low Pc

No-Flow No-Flow

Capillary blocking causes loss of fracture face area

Presenter
Presentation Notes
When the capillary face discontinuity or end effect is applied along the face of a fracture, the result illustrated above may occur. Over a large part of the fracture surface, the wetting phase saturation is near 100% or at residual (trapped) non-wetting phase saturation. Flow is established only through the largest pores (highest perm, best developed porosity) where the minimum threshold pressure for non-wetting phase invasion occurs. Non-wetting fluid inside the porous medium will follow the path of least resistance and will find a continuous flow path through the already non-wetting phase filled pores. Unless sufficient differential pressure can be imposed to overcome the threshold pressure of more of the saturated face, flow will continue through only the part of the frac face that is invaded by non-wetting phase. The remainder of the frac face is in essentially a no-flow condition.
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Capillary Face Discontinuities or 
“Capillary End‐Effect”

A buildup of water saturation at any capillary discontinuity or interface.

Proppant pack to open perf or wellbore

Face of created fracture

Face of natural fracture

Presenter
Presentation Notes
The figure shows an idealized illustration of the types and locations of capillary end effects that can occur under field conditions. These same effects influence lab measurements on small scale samples. In brief, capillary end effect is manifested by an increase in wetting phase saturation (usually water) at any open face or capillary discontinuity in a porous medium. This can occur all along the face of a created hydraulic fracture, on the face of an existing or re-activated natural fracture that is invaded by frac fluid, or even in the proppant pack where it empties into an open perf or wellbore. These zones of high water saturation have very low flow capacity to gas and can act as significant obstructions to flow and fracture cleanup. They occur as a result of capillary forces in the pore throats and can be essentially permanent or continuously recurring. To understand the phenomenon and its effects a brief review of capillary pressure theory is required.
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Capillary Threshold Pressure for 
Various Fluid Systems

Presenter
Presentation Notes
The plot shows computed capillary threshold pressure to drive gas into a water filled medium of different characteristic pore radius. A pore radius of 1 micron is typical of a conventional to low perm reservoir. In water-wet systems, this type of reservoir may have a threshold pressure of 1-20 psi. For pore radii of less than 0.01 microns, such as shale, the threshold pressure can exceed 1000 psi for a water-wet system. The other curves show the decrease in threshold pressure for reduced IFT (70 dyne/cm for gas-water, 30 dyn/cm for gas-oil, and 5 dyn/cm for surfactant systems). The “PC, ca” curve shows the effect of increasing contact angle from zero to 40 degrees by altering wettability. The capillary threshold pressure is the reason shales used to be cap rocks and not reservoirs. It still takes a huge pressure differential to drive gas into these rocks if they contain water.
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Drainage and Imbibition Residual 
Saturations at Capillary Equilibrium
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Presenter
Presentation Notes
Superimposing typical relative perm curves on the drainage and imbibition cap pressure curves illustrates one damage mechanism associated with capillary phase trapping. The system will tend to establish a saturation at the frac face that is as close to the zero-cap pressure point as possible. In most systems, that saturation corresponds to something near the minimum mobility for two-phase flow in the medium. Non-wetting phase permeability is very low and a substantial “fracture face skin” results.
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Pore Throats Blocked by Gas Force 
Flow Through Other Channels

Presenter
Presentation Notes
The situation is made worse once gas saturation is established in the pack, then trapped off by liquid injection. The entrapped gas bubbles exhibit a high interfacial tension with the surrounding liquid, and therefore require a high capillary pressure to force them through a pore throat. Therefore, they create barriers to flow and cause a redirection of fluid flow to other pore channels. This leads to a change in the viscous-capillary equilibrium from that seen during primary drainage of water by gas invasion. The available permeability to gas is much lower in the presence of the trapped gas bubbles than it would be in their absence. 
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Gas‐Water Rel‐Perm Hysteresis

Hysteresis curves 
show effects of gas 
blockage and entry 
pressure.

This can happen 
every time a well is 
killed or shut-in 
when liquid is 
injected or allowed 
to fall out in the 
tubing and imbibe.

Presenter
Presentation Notes
The effect is clearly shown on the gas-water drainage and imbibition relative perm curves in the figure. On primary drainage, the gas perm rises sharply once the critical gas saturation is exceeded. The gas perm increases with  saturation. If, in this example, a gas saturation of about 60% were established, then water was injected back into the rock, the gas perm would drop precipitously and the water perm would rise and quickly stabilize at a much lower level than the original water perm. The drop in flow capacity is caused by the trapped gas bubbles in the pore bodies.If a secondary gas injection (water drainage) were conducted, the gas perm would be essentially zero at 20% gas where it was originally about 0.2. At any higher gas saturation the gas perm would remain significantly below the primary drainage curve. Again, the gas flow capacity is blocked by the presence of discontinuous gas bubbles acting as “check-valves” in the pore bodies surrounded by water.
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Trapped Gas Increases 
with Initial Gas Saturation

Presenter
Presentation Notes
Within the hysteresis envelope bounded by the critical gas saturation and the trapped gas saturation, an infinite number of hysteresis loops can be generated. The path of each loop depends on the initial flowing gas saturation established in the system. At the limits of the envelope, the flowing gas saturation may reach 1 – Sor – Swc. For this case, the final trapped gas saturation will be the maximum possible value. If the initial gas saturation is very low, the final value of trapped gas saturation will also be extremely low. The plot below indicates the trend of measured trapped gas saturation as a function of initial gas saturation.Microscopically, this behavior makes sense. Because gas is constrained to the largest pore throats, a low gas saturation will occupy only a few of the largest pores. In this position, it can be easily displaced. Little of the original gas will be snapped off and trapped behind the advancing liquid front.
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Summary of 16/30 Jordan Sand Data: 
Gas‐Water Displacement Tests

Presenter
Presentation Notes
When the data are plotted as a semi-log plot of relative permeability versus Cartesian gas saturation, the similarity in the results of these three tests is more apparent. On the semi-log plot any errors in initial saturation or average saturation from material balance during the test can be corrected by a lateral linear shift along the x-axis. For example, if the actual initial saturation for the 65-psid case was not 100% water, but some remaining trapped gas was still in the pack, then both the krg and krw curves for that test might be shifted by a few saturation points. This would make those curves overlay more exactly on the other curves.If the absolute permeability of the pack had changed between one run and the next, then the curve set would have to be multiplied by the ratio of the actual absolute perm to the assumed permeability. A multiplication takes the form of a linear shift along the semi-log y-axis on this plot. The power of the semi-log rel-perm plot is that is shows the fundamental curvature of the data which represents the rate of change of flow capacity with saturation. This is the real meaning of the relative permeability curves. Their actual position within the plot may be altered because of systematic measurement errors, but the shapes of the curves (on this plot) will not change. That statement cannot be made regarding the Cartesian plot. 
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Summary of Surfactant C Data with 
Saturation Offset Applied

Presenter
Presentation Notes
As with the Surfactant B data, the three Surfactant C curves are re-plotted here with an assumed trapped gas saturation error accounted for. The C2-25 curve had no implied error. The C1-25 curves have been shifted by 10% gas saturation and the C1-80 curves by 30% gas saturation. This implied shift makes all the water relative permeability curves consistent. It does not, however, address the errors in the measured gas permeability.
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Effects of Foamers on Gas Perm
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Presenter
Presentation Notes
The data in the plot were taken from a laboratory test on reservoir core instead of in a proppant pack, but the effects shown are common. The data shows the impact on permeability caused by cycling between gas and water flow. When a foaming surfactant is introduced to the system, the gas permeability is severely restricted. Subsequent water injection fails to improve the gas flow in this case. 
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Effect of Gas Blockage on Flowback

• Initial cleanup removes liquids and establishes gas 
permeability

• A shut‐in or liquid‐kill increases saturation around well 
and fracture face leading to trapped gas

• Permeability to all phases may  be reduced significantly 
(and permanently)

• How a well is cleaned‐up may as important as how it’s 
frac’d

• Repeated well killing (for multi‐zone fracs) is to be 
avoided

• Dewatering is a slow process but imbibition can be very 
fast

Presenter
Presentation Notes
Specifically, in the case of a gas well re-establishing gas permeability after fracturing, the final permeability must be viewed in the context of a series of sequential drainage and imbibition cycles. During initial cleanup the injected water from the frac fluid is exposed to something like a primary drainage process. Some residual gas saturation may exist if the invaded zone around the fracture was originally gas saturated and displacement was not complete. Continued flow will gradually increase the gas saturation around the fracture and increase the effective gas perm.If the well is producing water-free and the sand-face is dry, the well performance will continue to improve. In this case a shut-in may allow remaining water to be spontaneously imbibed into the formation and subsequent gas rates may improve after shut-in. However, if there is water entrained in the wellbore, or if water is pumped into the reservoir during a well-kill operation, then the sand-face water saturation will increase re-establishing a capillary-held water saturation and trapping residual gas. This decreases effective gas perm and the surface area available for gas flow into the fracture. The longer a well is flowed prior to killing, the higher the gas saturation established and the more damage can be caused. Repeated partial cleanups and killings add to the damage since the gas-water hysteresis loops continue to contract through several drainage-imbibition cycles. The damage induced is more severe because liquid imbibition occurs very quickly (almost of contact with water) while water displacement by gas (drainage) is very inefficient and can take weeks or months to return to a relatively stable undamaged state.
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Correcting “Water Block”
• Use CO2 or N2 saturated fluids

• Try to lower interfacial tension (IFT) and capillary 
threshold pressure

• Change rel‐perm curve through IFT reduction

• Add high‐vapor pressure miscible fluid (MeOH) to 
system

• CO2 “Huff‐and‐Puff” (for immobile water zones)

• Pump‐off the well and maintain water level 
below perfs until system “drains”

Presenter
Presentation Notes
Various methods have been tried to correct the problem of “water block” or capillary phase trapping. Generally surfactant systems have been ineffective or disappointing in their results. Methanol has some effect in high T&P wells. In most cases CO2 injection and soak has offered the best chance of success. At pressures above 2000 psi the CO2 enters the formation as a dense supercritical phase that is miscible with water. It efficiently displaces water away from the fracture face. On drawdown the CO2 behaves enough like a vapor to re-establish gas permeability. The mechanisms associated with water damage in gas wells are very subtle, but they are real and can be reproduced in laboratory tests. Unfortunately, well operating conditions like water-cut, position of the tubing tail, frequency of shut-ins, and ability to unload the well can sometimes create a condition where the problem cannot be conveniently solved. Under these conditions changes in well operations can be as (or more) important than the stimulation design.
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Moderate Changes in IFT Have Little Effect 
on Rel Perms

Presenter
Presentation Notes
The wettability of a porous medium is related to the contact angle between the wetting fluid and the grain surfaces, and the interfacial tensions between the fluids. The contact angle, or wetting angle, is an extremely difficult value to measure for real rock surfaces which may be coated with clay minerals or other irregularities. It is usually only possible to infer the behavior of the contact angle of a system from observations on pure mineral surfaces, or bulk porous media behavior.Rock wettability (contact angle) can be altered by the introduction of chemicals to the fluid system. Starches, surfactants, polymers, and other drilling fluid components have strong wettability altering tendencies. Exposure of reservoir fluids to oxygen can also significantly alter wettability.Fluid interfacial tensions are a complex result of molecular interactions. Interfacial tension (IFT) is a function of fluid pressure, temperature, and composition. Any physical or environmental change can affect fluid properties and interfacial tension. Changes in interfacial tension in turn affect the magnitude of capillary forces and can change displacement behavior or residual saturations.Fortunately, variations in IFT over a fairly wide range have very little effect on measured relative permeability  Normally, oil-water systems exhibit an IFT in the range of 20-30 dynes/cm. As shown by the figure, reduction to 5 dynes/cm has no visible effect.
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Example Well History: Recovering from 
Severe Water Loading

• Well “watered out” and died after losing fluid to the 
gas zone because of a casing leak

• Previous operator spent months gas lifting the well 
to unload water with no gas response

• Gas lifting proved unsuccessful and the well was 
given up for dead

• New operator purchased the well and installed a 
surplus pumping unit on April 14

• Well initially made 70 bwpd and no gas
• One month later the well showed signs of gas

Presenter
Presentation Notes
Once a well is damaged by water loading, it is necessary to remove the water and re-establish gas permeability. This can be a difficult and lengthy process. To be successful, the water level in the well must be maintained below the fracture and perforations continuously for a long period of time. A case study is presented of a well that was killed by water loss after a casing leak. The water loading was treated by gas lifting the well for many months with no effect. The gas lifting failed to lower the water level below the perfs.A new operator installed a pumping unit and managed the wellbore liquid level. Initially the well produced only water at 70 bpd. After a continuous month of pumping the well began to show signs of gas flow. 
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Well Performance After Pump Installation

Presenter
Presentation Notes
The well’s production history after 6 months of gas lifting was minimal. After pumping the well for more than a month, the gas rate began to steadily rise. After 5 more months of continuous liquid level management the gas rate increased to nearly 1 MMSCF/D which was its rate prior to the original killing event. 
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Results of Extended Rod‐Pumping

• Almost 20,000 BW have been produced since the 
casing leak was repaired (about 8000 since 

• Well continues to give up water with a current rate 
of about 48 bwpd

• Oil production rate has now increased to 5 bopd 
(about half of pre‐leak rate)

• Gas rate has returned to pre‐leak rate of about 1 
MMSCF/D

• New operator has booked 100 MBOE additional 
reserves for this well

Presenter
Presentation Notes
Correctly managing the liquid level in the well and taking the time to de-water the fracture and reservoir has allowed the operator to book 100,000 BOE in reserves for this “salvage” well. There are many wells, and entire fields, that have “watered out” while still having mobile gas and even substantial reservoir pressure in place. The difficulty of continuously managing liquid makes these assets difficult to operate. A single lapse that allows water to rise above the perforations can undo months of drainage. 
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Clay Sensitivity and Control

• Different damage mechanisms require 
different treatment
– Clay swelling

– Clay hydration and extension

– Fines migration and plugging

– Cation exchange effects

– Relative permeability damage

Presenter
Presentation Notes
The use of clay control additives and KCL substitutes is worth some discussion. Clay damage and water sensitivity can be caused by many mechanisms. As usual, the actual cause must be defined through proper testing. Each damage mechanism may be addressed through different chemical or physical means. Applying a treatment that does not address the problem can cause undo damage or be unnecessary. 
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Formation Damage in Coal and Shale

• Identification of swelling and dispersing clays
– Capillary suction time (CST) 
– Roller oven test

• Fluid‐rock interactions and generation of fines
– Effects of brine salinity and acid
– Organic fluids can and will adsorb in coals

• Regained matrix permeability
– Generally too low to measure with no damage

• Retained fracture conductivity
– Stress effects
– Fluid effects

Presenter
Presentation Notes
Damage tests in coal and shale reservoirs are designed to identify and quantify certain types of damage. These test results do not always translate directly to observed production behavior. In unconventional reservoirs, the typical regained matrix permeability tests are not useful because the permeability of an intact block of material is generally too small to measure and does not correlate to production, which is dominated by secondary fissures. The most commonly applied tests are capillary suction time and roller-oven stability tests. These measure the tendency of the material to dissociate or generate fines which may swell and obstruct flow. The regained permeability of an induced fracture is often a very valuable test to understand the durability of induced (unpropped) fracture conductivity under drawdown conditions. 
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Bandera Sandstone:  Effect of CaCl2

Presenter
Presentation Notes
This core test was identifies the key role of calcium in clay stabilization but and show the effect of cation exchange.  The permeability was reasonably stable with 1% KCl.  The core was then treated with lower and lower amounts of calcium and it was not until it had been treated with 2% KCl that any sensitivity to fresh water was noted. The sensitivity was caused by the replacement of calcium by potassium. If the core had not been contacted with KCl it would have been insensitive to fresh water. 
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General Plot for Characterizing Water 
Sensitivity

Presenter
Presentation Notes
Clay sensitivity is often characterized by comparing brine permeability to the Klinkenberg corrected gas permeability. If the crossplot falls on a 1-to-1 line there is no sensitivity to water. A reduction of permeability to 70% of the unreacted perm is considered slight sensitivity. A reduction to 30% is defined as moderate sensitivity and reduction below 30% is considered severe water sensitivity. The mechanism of damage is not specified by this test. 
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Clay Effects on Permeability

• Will migrate
– wrong cation, wrong salinity, wrong sequence

• Trap other migrating fines
– degraded feldspars

• Other stabilizing mechanisms are present to prevent 
fresh water damage
– Surface and interior cations

• interior cations are very difficult to exchange

– Other cations may be involved in “permanent” stability 
other than calcium

Presenter
Presentation Notes
One mechanism that result in permeability reduction is fines migration. This mechanism is not associated with swelling clays and may not be cured by KCl or the use of KCl substitutes. Fines migration can be induced by cation exchange which can actually change the size and mechanical stability of the clay mineral particles. Once fines are liberated and move into pore throats, they can act to trap other fines and lead to progressive damage. 
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Recommendation

• Brine sensitivity can not be anticipated from 
core composition analysis alone.

• Other effects, most notably, relative 
permeability, may be the biggest problem

• Whole core or drilled sidewall cores are the 
answer: 
– location directed by logs

– flow tests can confirm key factors

– must know connate brine composition for 
most meaningful understanding.

Presenter
Presentation Notes
Laboratory and field data clearly shows that there are a number of issues about brine compatibility that can not be anticipated.  The cost of salt brines and problems with brine disposal, not counting the possible adverse effects of indiscriminate use of KCl or NaCl brines for clay compatibility means that core must be tested to select the proper treating fluids for reservoirs.Fortunately, the technology does exist to reliably acquire drilled sidewall cores for flow testing.  
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Clay Control Additives and KCl 
Substitutes

• Polymeric additives for “nets” to lock migrating fines 
in place

• Ammonium salts enhance cation exchange and may 
liberate sodium or potassium

• Both are depleted by leading‐edge contact and may 
only affect a limited reservoir volume

• Additives may work well “when they’re not needed”
• Base decisions on actual identified type of clay 
sensitivity

Presenter
Presentation Notes
Various clay control additives are available that address various damage mechanisms. If mis-applied these additives can have little impact on the problem damage mechanism or can caused increased cation exchange and additional damage. A general rule of thumb is that KCL substitutes work well in cases where they are not needed in the first place. It is always best to conduct actual core-fluid damage tests to be sure that the additives employed address the real problem. 
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Where do we go from here?

• Improve geometry models
– more and better fracture mapping data

– collect and analyze more pressure data

– conduct more post‐frac tests

• Apply what we learn
– continue to question models

– allow models to expand to include
• reservoir flow    ‐ falloff analysis   ‐ cleanup

• wellbore effects    ‐ heat flow     ‐ chemistry

Presenter
Presentation Notes
To approach an optimum design we must employ an iterative process. It is not reasonable to expect a model to capture all aspects of a complex reservoir system on the first try. On the other hand, if the model is not challenged, questioned, and updated it can never reach the goal of becoming a predictive and useful design tool. Through analysis of frac performance and post-frac production and application of treatment diagnostics we must question whether the treatment performed according to expectations. If it failed to reach our goals the reasons for this failure must be identified and changes must be made to the treatment design.
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Where do we go?

• Improved job execution
– cleaner fluids

– better quality control

• Improve post‐frac performance analysis
– pressure buildups and multi‐rate tests

– production performance analysis
• get and archive more data

• make this a routine for all wells

– polymer and water recovery analysis

Presenter
Presentation Notes
One thing we hope to be able to address in the following discussion is to find a way to approach an optimal design. What are the most important things we can change? Some data exists to suggest what the real problems are and what we should focus on. The only way to advance this knowledge base is to critically analyze the performance of every frac and question our design decisions.
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