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Presenter
Presentation Notes
Ultimately post-frac production performance depends on conductivity, cleanup, and the effective length of the fracture placed and not on the created fracture geometry. In this section we will discuss conductivity damage mechanisms identified by more than 20 years of effort by Stim-Lab, Inc. 
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Determination of Realistic 
Proppant Pack Conductivity

• Pack width determined by
– Proppant concentration
– Closure stress 
– Filter‐cake and embedment

• Pack permeability determined by
– Proppant size and strength
– Packing and porosity
– Regained permeability and gel clean‐up
– Non‐Darcy and multiphase flow

Presenter
Presentation Notes
Proppant pack conductivity is defined as the product of pack permeability and width. To predict variations in conductivity, we must be able to predict both width and pack permeability. The pack conductivity depends on initial grain packing and grain size distribution. It should also change with stress as the packing density and arrangement change and grains break. The packing re-arrangement will also affect the pack width.The final field conductivity will also depend on the impact of various damage mechanisms inherent in the fracturing process. These include wall filter-cake, gel damage, and dynamic flow effects.
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Observed Pack Width 
for 20/40 Sand

White Sand (20/40) – 2#/ft2

Closure stress , psi

Presenter
Presentation Notes
Only the external width of the proppant pack can be measured in the laboratory. Data for 20/40 mesh white sand is presented in the figure. Similar data sets have been analyzed for many other proppant types and sizes. These data show that a relatively narrow spread in initial pack width at low stress can be expected, if careful laboratory procedures are followed. As stress increases, differences in the initial packing state become more manifest as the pack re-arranges differently causing a spread in observed widths. Using the suppliers’ published bulk density a pack width of 0.242” would be calculated for a 2#/sqft pack. Actual laboratory pack width measurements are always far below that value because of the different grain packing associated with a fracture geometry compared to a bulk shipping container. 
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Embedment and Spalling

Width loss from 
embedment only

Width loss from 
embedment and 

spalling or formation 
extrusion

Presenter
Presentation Notes
While the external width is measured in the lab, the internal open pack width provides the cross-sectional area open to flow and controls conductivity and superficial flow velocity. The effects of embedment and packing arrangement can be directly measured, as they affect external width. Internal losses due to spalling of grains from the fracture face and influx of fines to the pack cannot be measured and must be inferred from changes in conductivity
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Internal versus External 
Pack Widths

• External pack width determined by proppant 
density and loading

• External width affected by embedment

• Spalling causes an internal width loss

• Wall filter‐cake is an internal width loss

Presenter
Presentation Notes
The Stim-Lab conductivity test data is generated using hard Ohio sandstone plates as the pack facings. This sandstone has a Young’s Modulus of about 5 MMpsi. Embedment at 10,000 psi closure stress reduces the pack width by about 1/8 of a grain diameter on each face, or roughly 0.006-0.008” overall. Additional changes to conductivity result from the addition of a polymeric frac fluid. During fracturing, an aqueous suspension of polymer deposits a filter-cake of concentrated polymer on the fracture wall. The thickness of the filter-cake can reach almost 0.055” (1.4 mm), or more than one proppant grain diameter for 20/40 mesh proppant. The ultimate thickness of the filter-cake depends on formation permeability, fluid efficiency, local shear rate causing erosion of the deposited cake, and many other factors. The filter cake deposition decreases the effective fracture width during pumping and causes the proppant to be contained between the layers of gel cake on the fracture walls. The polymer in the filter cake can reach concentrations equivalent to 300-400 lbs/Mgal.During fracture closure, the filter cake is extruded into the proppant pack and invades the pore space of the pack. Using an average porosity of 40% for the proppant pack, the 0.055” wall filter cake can extrude to a depth of up to 0.137” (2.3 mm) in the pack. The concentrated gel can extrude to a depth of more than 4 grain diameters into the pack from each wall. Under the worst-case conditions, the concentrated gel cake can fill a 2 lb/ft2 proppant pack.
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Embedment and Spalling Lead to 
Internal Pack Width Loss

Presenter
Presentation Notes
Embedment losses increase dramatically for softer rocks. For nearly unconsolidated sands the pack width loss to embedment can reach one full grain diameter or more on each face. The figure shows embedment in a high concentration proppant pack consisting of 5 #/ft2 intermediate-strength ceramic. Loss of width to embedment is difficult to quantify and cannot be observed without disassembly of the proppant pack. It affects both available flow width, hence internal fluid velocity in the pack, and conductivity. Its effects are sometimes accounted for as a decrease in permeability and sometimes as a change in pack width. The way internal width losses are handled can significantly affect velocity-dependent (non-Darcy) conductivity estimates. The figure also illustrates a second source of effective pack-width loss that is less readily apparent from outside measurements: the width loss from spalling of the formation into the proppant pack. Spalling is essentially the extrusion of formation material into the proppant pack. The formation material is usually crushed formation grains or fines generated by the embedment process as the harder proppant grains are forced into the fracture wall. 
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Variation in Measured Permeability 
for 20/40 White Sand

+/- 15% error in perm measurements

Presenter
Presentation Notes
Pack permeability data for a number of tests on 20/40 mesh white sand tests are shown in the figure above. As with pack width, the spread of uncertainty is smaller at low stress. These variations are primarily caused by the initial pack porosity. Once stress is applied, the pack changes at different rates depending on its internal packing structure. At high stresses each pack behaves differently and the uncertainty in permeability increases. 
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Change in Porosity with Packing

Presenter
Presentation Notes
The figures are taken from Musakt’s classic book, “Flow of Homogeneous Fluids” (1937) show the arrangement of grains and the resulting pore space for the two extremes of packing. When the packing arrangement is combined with a measure of the grain diameter, a reasonably accurate estimate of permeability can be made. Of course, if the distribution of grains deviates from a uniform size, or if the grains become non-spherical, the theoretical estimate will begin to diverge from observation. Still, the Kozeny-Carman equation can be used to determine a theoretical upper limit of permeability for a pack of uniform size spheres. 
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Estimates of Permeability from 
Porosity

• Kozeny‐Carman equation2

• Variance in perm with packing3

– Minimum porosity for uniform spheres=25.95%

– Maximum porosity for uniform spheres=47.64%

• Slichter4: Kmax/Kmin=7.5

• Kozeny5: Kmax/Kmin=11.5
2. Carman, P. C.: Trans. Inst. Chem. Engr., v15, p150, 1937. 
3. Muskat, M.: “The Flow of Homogeneous Fluids  Through Porous Media,” p80, 1946.
4. Slichter, C. S.: Geol. Surv., 19th Ann Rpt, 1897-1898.
5. Kozeny, J.: Wasserkraft und Wasserwirschaft, v22, 1927.
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Presenter
Presentation Notes
The original Kozeny equation attempted to relate porosity to permeability without the inclusion of grain size. Muskat has pointed out the fallacy in that approach. Carman’s modification included the effects of mean particle diameter (dm) and porosity (f).  If the diameter is given in microns, the permeability is calculated in square-microns, which is nearly equivalent to darcies. The equation can be used with estimated mean particle diameters of presumed uniform spherical particles (proppants) to calculate the expected change in permeability with porosity when the porosity is affected by packing. Muskat shows that the expected change in permeability, from the minimum theoretical pack porosity to the maximum possible porosity, is 7.5 to 11.5 times. The min and max theoretical porosities arrive from end-members of the physical packing arrangement of uniform spheres: cubic and close-hexagonal or rhombohedral packing.
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Conversion from US Mesh to 
Centimeters Diameter

Presenter
Presentation Notes
To estimate the mean diameter of each sieve cut , the power-law fit shown in the plot can be used. For illustration purposes, three particle sizes have been selected. A mean diameter of 0.029” (between 20 and 25 mesh) is used to represent 20/40 CarboLite. A diameter of 0.018” (between 35 and 40 mesh) represents the measured median diameter for 30/50 EconoProp. A diameter of 0.054” (approximately 14 mesh) is used to represent the measured median diameter of 12/18 CarboLite. 
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Comparison of Calculated and 
Observed Pack Permeabilities

φ=38.1%

φ=37.3%

φ=37.1%

φ=29.8%

φ=31.9%

φ=31.6%

Presenter
Presentation Notes
Using the selected particle diameters, as if they represented a pack of uniform spheres, and the Kozeny-Carman equation, the theoretical pack permeability as a function of porosity can be calculated. The change of permeability over more than one order of magnitude with a porosity change from 26 to 47% is shown. The plot makes clear the strong dependence of apparent permeability on packing arrangement and porosity. In the plot. data from specific Stim-Lab tests have been added to the plot. Each of three proppants, 20/40 CarboLite, 12/18 CarboLite, and 30/50 EconoProp, have two horizontal lines and two pack porosity values shown on the plot. The solid horizontal line marks the apparent permeability measured in a long-tube apparatus at 2000 psi stress. The vertical intersecting bar of the same color shows the porosity corresponding to the same test. The horizontal dashed line shows the permeability measured in the API cell, as reported in Predict-K at 2000 psi stress. The porosity indicator for these tests were calculated from the Predict-K reported pack widths at 2 lb/ft2 concentration, using the reported proppant specific gravity. The tube-pack data falls essentially on the Kozeny-Carman line for each proppant. This suggests that the measured pack porosity is consistent with the observed permeability, that wall effects are negligible, and that the packing condition is somewhere between rhombohedral and cubic. In every case, except the 12/18 CarboLite, the API cell permeability is far in excess of the theoretical permeability at the same apparent porosity. This may mean that the perms are increased by wall-effect or that the calculated porosities are in error. These packs appear to be more closely packed than a cubic arrangement, but not nearly as closely packed as in the long-tube. The red point is a single actual API conductivity cell on 4 lb/ft² 20/40 CarboLite. The measured porosity was 35.9% and the Darcy permeability was 396 d. 
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Effect of Porosity on Width for 2 lb/ft² 
CarboLite

Presenter
Presentation Notes
The expected change in width for a given porosity variation is shown above.  This further demonstrates how very significant changes in permeability are related to very subtle changes in the measured width at the same loading concentration, which is only indirectly related to the true internal width controlling permeability.This exercise shows that if the same proppant is loaded into an API conductivity cell at the same concentration, and the observed pack width differs by 0.01”, the measured permeability can vary by 100 darcies or 25% of the expected value. This variation if width is approximately the 5% variance observed in lab tests. 
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Baseline Conductivity of Proppant 
Types at 2 lb/ft2

Presenter
Presentation Notes
The conductivity adjusted for embedment and spalling is given for a 2 lb/ft2 concentration as a function of stress is given above.  The range presented goes from sand to bauxite and many of the other often used alternatives for intermediate stresses around 6000 psi net confining stress.We are used to seeing conventional undamaged conductivity plots showing the flow capacity in md-ft of clean proppant packs under ideal, undamaged conditions. These tests are usually conducted with no gel residue or filter cake, using 2% KCl brine at 100% saturation and may measure the conductivity against steel plates or hard sandstone. These charts frequently imply that the conductivity of a proppant pack is 1000-10,000 md-ft and that it is easily possible to generate an infinite conductivity fracture is most low-perm reservoirs. Once the entire range of damage factors is applied to these ideal conductivities, the true conductivity of the system can be established. The results are far from this ideal behavior. 



© 2009

Comparison of Shorterm vs longterm (50hr) after cycling
from 8000 psi to 4000 psi (2 lb/sq ft at 250F)
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Impact of Cyclic Stress Loading on 
Conductivity

Presenter
Presentation Notes
Cyclic stress loading on proppant packs can alter the packing sate and cause compression and loss of porosity and permeability. This summary plot shows the decline in conductivity vs. the number of stress cycles, with net closure going from 4000 to 8000 psi and back during each cycle.  Each proppant type has a characteristic cycling exponent.  The exponents range from -0.02 to -0.19.
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Normalized Conductivity with Time at Stress for 
40/70 PRC (Corrected Starting KfWf)

Presenter
Presentation Notes
Besides stress cycling, proppant conductivity also decreases with time at constant stress and temperature. The plot shows conductivity versus log(time) for 40/70 PRC proppant at different stresses. The intercept values for each regression are normalized to the initial conductivity after 1 hour at stress. The slope of the time functions are characteristic of the strength and size of the proppant and the applied closure stress.



© 2009

Possible Predictive Function for Normalized 
Time Slope with Stress

Presenter
Presentation Notes
The lines imposed on the plot are best-fit power-law regressions through data for 20/40 ceramic, 40/70 resin, and 20/40 resin data. These are currently suggestions of a possible model for prediction of the normalized slope of permeability versus log(time) as a function of stress. Additional data analysis is required to determine whether the model will be generally applicable to all proppants. 
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Impact on Well Performance of 
Variable Conductivity 

Pi 5000 psia
k 0.01 md
φ 0.05 V/V
γg 0.65
h 50 ft
xf 500 ft

Area 100 acres
kfwf 10 md-ft
X/Y 1
Ptb 350 psia
D 1.995 inch
ε 0.0023
L 9000 ft

Twh 70 °F

Presenter
Presentation Notes
A production model was run to compare performance with a constant fracture conductivity and with a conductivity decreasing at a rate consistent with the observed time-dependent decline data. A conductivity loss function of (1-0.05Ln(t)) was applied to the starting fracture conductivity. The production shows a trend similar to the plots of conductivity versus time shown earlier in this section. The dimensionless fracture flow capacity (FCD) drops most rapidly in the first hours and days at stress and temperature.  After even a few weeks, the rate of conductivity loss is slow enough that the fracture appears to behave as an almost constant length and conductivity, but with a much shorter effective length than expected. Both models started with an FCD=2.0 in the example.  After the first week of production (168 hours) the FCD in the variable case has already dropped to 1.5. The long-term conductivity degradation continues with FCD approaching 1.0 after a year. This is a loss of half the original conductivity of the fracture.
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Impact of Variable Conductivity on 
Well Cumulative Production 

Presenter
Presentation Notes
The cumulative production curves for the two cases are shown in the figure. After one year the effect of variable conductivity is to cut the cumulative production by 15%.  The conductivity loss modeled here includes only that due to the measured time-dependent decay rate of a clean proppant pack. Other progressive damage mechanisms, including fines invasion, chemical scale precipitation, salt deposition, asphaltene and paraffin deposition, and condensate dropout, may add significantly to the loss rate. If all these mechanisms follow a log-linear function, then the majority of damage may occur over a relatively short time period and may be severe.
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Analysis of Constant FCD Example

Presenter
Presentation Notes
The production forecast cases shown in the previous figures were run by inputting known reservoir properties and fracture parameters into a production simulator. The output flowing rates and pressures from the simulator were then passed into the gas production analysis program (GPA) for analysis to determine the apparent producing character of the fracture and reservoir. The GPA analysis uses the same methods as those used in Predict-K. The type-curve plot and data shown in the figure indicate that the analysis returned exactly the input properties. Reservoir k, h, A, and L/W match the inputs to the model. The fracture is determined to be 500 feet in half-length with 10 md-ft conductivity, as specified in the model inputs.  At the end of one year, the transient has not reached boundary dominated flow.
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Analysis of Variable FCD Example

Presenter
Presentation Notes
The variable conductivity model is matched using the same overall reservoir properties including k, h, A, L/W, and Pi. Using a finite-conductivity fracture flow model, the length and conductivity can be interchanged to give reasonable matches with different combinations of inputs.  In the match shown, the finite fracture conductivity was assumed to be the same as the constant FCD case (10 md-ft).  The match is achieved with a finite conductivity fracture length of 280 feet instead of the original 500 feet.  A similar match can be obtained with the original 500 ft fracture length and a conductivity of 5.5 md-ft. Deviation from the modified apparent constant fracture length and conductivity occurs in the early time data, at Td<0.01. 
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Fluid Rheology Changes Frac Shape 
and Prop Distribution

Stagnant Fluid

High-Leakoff

Fluid mobility
decreases in areas
of high prop conc
and low shear

Presenter
Presentation Notes
We can begin to combine the effects of non-uniform leakoff and heterogeneous proppant placement and holdup together to get a more realistic, and far les ideal picture of a fracture at the end of a job. In the illustration the upper part of the fracture is assumed to be packed off with proppant by high leakoff, possibly into a naturally fractured interval. The fluid in this zone is nearly stagnant and relatively immobile, but he fracture is packed from wall-to-wall with proppant and cannot close further. The lower section of the fracture has stopped growing because of high confining stress in a low leakoff shale. This fluid has become stagnant and has developed a very high zero-shear viscosity but contains a lot of excess fluid and relatively little proppant. The open flow channels are taking fluid from the perfs and delivering it to the fracture tip at high velocity and shear, with little chance to heat-up or break. When the job is shut-in we need to be able to integrate all these factors into a final model for cleanup and conductivity. 
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Useful Conductivity May be 
Localized

Fracture Area = 1000 sq ft      Avg Stress = 5000 psi

Dens Propped Area = 100 sq ft    Prop Stress = 50,000 psi
Stress in Flow Channel is nearly zero.

Presenter
Presentation Notes
If the proppant is distributed in nodes and “pillars” another effect can occur during closure. If the sand nodes fill the fracture, than the stress of the fracture walls will be transmitted to the sand pillars immediately when the internal fluid pressure is released after shut-in. In the illustration, the area of the sand nodes is assumed to be 10% of the fracture area and the average closure stress is 5000 psi. If the sand nodes act as pillars to support the total closure stress, they can generate stress concentration of up to 50,000 psi. This stress concentration can crush even the strongest proppants. 
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Proppant Crushing by Uneven Loading

Unsupported sand 
simulates “node” 
deposit. Load platen 
contacts sand at a point.

Low unstressed 
Poisson’s Ratio 
prevents lateral sand 
motion. Sand grains 
“lock” in place and crush 
at very low average 
stress. 

Presenter
Presentation Notes
To test whether stress concentrations of this magnitude can occur a series of simple lab tests were performed using a hydraulic load frame and flat steel platens. Loose proppant was poured onto the press platen and load was gradually applied. Almost immediately the sound of crushing grains could be heard. When the stress was removed it was apparent that the central core of the proppant pile had been completely crushed while the outer edge of the pile was subjected to no load at all. The intergranular stress distribution in proppant (sand or ceramic) is such that the grains themselves will fail before sufficient lateral load is developed to distribute the load uniformly. This is another reason why uniform packing is so important in lab conductivity tests. Even small irregularities in the pack can cause local severe grain failure. 
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Proppant Crushing Under “Uniform” 
Stress – 5000 psi

Presenter
Presentation Notes
In this video, a 100 square-inch load frame is loaded uniformly with 20/40 Ottawa sand. A stress of 5000 psi is applied and allowed to stabilize overnight. A perforation at the base of the cell is then opened.The sand under a “uniform” closure stress of 500 psi begins to drain out of the cell. Some pillars of load-bearing sand remain to keep the fracture width open. At the end of the test the amount of sand recovered was weighed. It was determined that roughly 10% of the sand in the cell actually took part in supporting some of the total closure stress. 
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Proppant Crushing Under “Uniform” 
Stress – 5000 psi

Presenter
Presentation Notes
The sand that fell out of the slot at the end of the test is crushed to silica flour. This is reminiscent of crushed proppant of all types that have been recovered during cleanup after fracturing. It is very likely that this crushing occurs as a normal result of non-uniform stresses in the pack during and after closure.
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Cleanup is a Recursive Process

• Cleanup is required to start fluid movement

• Fluid movement establishes a pressure gradient

• A minimum threshold pressure gradient is needed 
to start cleanup

• After initiation, cleanup improves with
– High velocity, high Reynolds Number flow

– Multi‐phase flow

– Large throughput volumes

• There is a maximum distance to which the 
drawdown can be transmitted

Presenter
Presentation Notes
The cleanup process, as described here, is clearly recursive. That is, a flow rate is required to develop a pressure gradient that is required to drive the flow rate….A static model of the process cannot completely inter-relate the complex flow mechanisms in the proppant pack, fracture, and surrounding reservoir. For a given system, some equilibrium condition (or several?) exists which will satisfy the flow capacity of the reservoir for a given drawdown state. The goal is to develop a dynamic model to solve for this equilibrium state.
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Persulfate Degradation in Cores at 150 
°F

Presenter
Presentation Notes
To test whether breakers can survive contact with a reservoir rock, a 120 mg/l solution of sodium persulfate breaker was flowed through various core samples. The effluent was collected and the remaining active breaker concentration analyzed. There are no polymers in the system and the breaker reacts only to the rock. The results of the experiment clearly show that the initial effluent exiting the core was highly dependent on the clay/Fe content of the core.  The core sample A (Clashach) showed little loss in SP and generally followed the decline curve of the control.  Sample B showed a drastically reduced SP concentration initially which increased with continued flow.  Sample C (Bandera) had no SP in the initial pore volume of fluid and remained low throughout the experiment.Both sample B and C showed increasing concentration with continued flow.  This is believed to be due to the initial SP oxidizing those minerals exposed within the core and thus more SP is available later as less minerals are available to react with.
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Oxidizer Consumption

• Reservoirs are reducing environments

• Oxygen “uptake” capacity is large

• Iron bearing minerals are reactive

• Breaker tests are done in an oxygen rich 
environment

• Lab tests done without oxygen show different 
results
– No spontaneous break with temperature

– Very stable fluids

Presenter
Presentation Notes
For breakers to be useful, there must be a minimum level of oxygen available in the fluid system. A critical concentration of 10 ppb has been suggested by lab tests. However, reservoirs are strong reducing environments capable of removing large amounts of oxygen from injected fluids. The oxygen uptake capacity of reservoirs used to be measured when high-cost tertiary oil recovery processes were being investigated. The primary source of oxygen removal is iron bearing minerals and organics.The impact of oxygen removal on  breaker effectiveness is easy to demonstrate in the lab. Any breaker test done on the bench-top is conducted with an excess of oxygen. Fluid spontaneously break at elevated temperatures with no breaker in the system at all.  If all oxygen is removed from the system gels fail to break spontaneously, even at extremely high temperatures. Fluid stability in an oxygen free environment is extremely good. One of the main functions of gel stabilizers is to scavenge oxygen out of the injected fluids. Without oxygen, breakers fail to work. This observation may explain why the same fluid/breaker system works very well in one reservoir and poorly in another. The difference may not be in the fluid at all, but in the rock. 
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Zero Shear Viscosity 
of Guar at 250 °F

Presenter
Presentation Notes
As polymer concentrates in the proppant pack and breaker leaves the scene, the remaining polymer residue becomes static and can develop very high zero-shear viscosity. The resistance to flow of a static polymer almost takes on the appearance of a yield point, as in drilling muds. Unless a large enough pressure gradient in applied, the residue will not flow. The plot shows a series of estimated low-shear viscosities for various gel residue concentrations that may exist in a closed fracture. 



© 2009

Polymer Concentrates During Leakoff and 
Closure

Presenter
Presentation Notes
The proppant is not placed in the fracture using clean, non-damaging fluids like 2% KCL in most cases. The fluid used to transport proppant contains polymers in suspension that concentrate in the fracture during leakoff and closure. Assuming that all polymer in the fracture is retained between the filter cakes on the walls, a simple material balance calculation can be done to determine the increase in polymer concentration in the pack during closure from a set of initial fracture widths (while pumping) and final proppant pack concentrations, defining the final pack width.The three curves in the plot represent three final proppant pack concentrations. The x-axis shows the fracture width at the end of pumping. The y-axis represents the multiplier on the initial gel concentration that results from closure from the pumping width to the proppant pack width, assuming no lateral flow along the fracture length or height. If the fracture is nearly packed at shut down, as at 2 lb/sqft with a width of 0.25”, the concentration of the polymer in the gel in the pore space of the pack will be unchanged. If the fracture contains only the equivalent of 0.5 lb/sqft with the same open width, the polymer concentration will increase ten-fold during closure. If the fracture contained 30#/Mgal gel at shut-in it would hold 300#/Mgal of polymer at closure.The breaker system in the fluid may be marginally capable of breaking the 30# gel. It cannot break the 300# gel. Also, the breaker in the system, if water soluble, has left the fracture with the fluid filtrate. To be active, it must flow back through the fracture during cleanup. 
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Retained Perm Determined by Gel Residue
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Presenter
Presentation Notes
Combining the flow resistance and pressure drop required to initiate flow, a plot of  expected retained permeability, compared to the permeability of an undamaged pack, can be developed. A gel residue of about 200 lbs/Mgal yields 1% retained permeability. Higher residues practically eliminate flow through the pack.More recent lab cleanup tests have shown that if sufficient pressure gradients can be applied to force gas or oil through the damaged pack, some bulk physical displacement can occur to push the residue out of some pore throats. Predicting where and when there is sufficient pressure gradient and flow energy is not yet possible, but assuming a minimum retained permeability of 2-5% anywhere that flow is established may be a reasonable result. 
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Initiation of Flow Can Require a Large dP

Dp to initiate flowing a 12 cp (1.75 ppt AP) Broken Fluid at low rate
35 ppt CMHPG + Zr + 10 ppt Gel Stab. + 1 ppt Oxidizer (pad) 1.75 ppt in Slurry

w/ 1.0 lb/sqft Precured Resin Coated Sand (static leakoff to 4000psi) 
at 140F and 4000 psi Closure Stress
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DP (psi/ft) Rate (mls/min) Cumulative Vol. (Liters) Conductivity (md-ft)

Flowed 12cp
partially broken gel

(1.75 ppt AP)
(300 rpm at 140F)

Conduct.

Rate

Time Temp Apparent Viscosity
(hr) oF n' K' 40 100 511

12 140 0.72 0.0013 22 17 11

Presenter
Presentation Notes
The plot shows the pressure response measured while trying to initiate cleanup by flowing partially broken (12 cp) CMHPG gel through a 1 lb/sqft proppant pack at ½ ml/minute. The pressure differential built up to 170 psi/ft before a flow path was established. After extended flow time the pressure drop stabilized at 100 psi/ft, representing a regained conductivity of 5 md-ft.  
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Initial dP for Cleanup is Like a 
Threshold Pressure or Yield Point

• Fracture initially filled 
with gel residue

• Static fluid develops 
zero‐shear viscosity of 
residue

• Cleanup initiation dP 
described by pseudo‐
capillary pressure 
function
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Presenter
Presentation Notes
A pseudo-capillary pressure function can be used to model the required initial DP to initiate cleanup. In the example curve, unless a phase differential pressure of more than 1.5 psi exists between the gel and the invading reservoir fluid, the gel saturation will not decrease below 100%, hence the gel residue will not move. This is analogous to the primary drainage of a water saturated porous medium invaded by gas. Until the threshold pressure is exceeded, no gas can enter and no water can be produced, even with a continuously applied differential pressure.Once the minimum pressure is exceeded, the fraction of pore space invaded by the displacing phase increases with increasing phase differential pressure. For a uniform proppant pack, the slope of the curve may be relatively flat, once the threshold is passed.This curve is described as a pseudo-capillary pressure curve because, for a water-based gel displaced by water, the two phases are partially miscible and have no interfacial tension. So, strictly speaking, there can be no real capillary pressure in the system.
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Continued Cleanup with Brine Requires 
Excess Rate and Pressure Gradient

2% KCl flow after Partially Broken Gel Injection
35 ppt CMHPG + Zr + 10 ppt Gel Stab. + 1 ppt Oxidizer (pad), 1.75ppt in slurry

w/ 1.0 lb/sqft Precured Resin Coated Sand 
Static leakoff to 4000 psi and Regain 
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Presenter
Presentation Notes
The data in the plot shows the continued cleanup response of the low-concentration pack when injected fluid is switched to 2% KCl. Each time the injection rate is increased the differential pressure increases in a spike and then stabilizes. This signature suggests that the increased pressure gradient helps to mobilize and displace additional residual gel from the pack. Even at the end of the protracted cleanup process the maximum conductivity achieved is only 12 md-ft. 
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Observed Cleanup can be Predicted With a 
Single Function of Ultimate Regained Perm

Predicted vs Actual Cleanup vs rho v/mu (combined)
Stabilized = 40 lb CMHPG+Zr + Stabilizer
Breaker = 35 lb CMHPG = Zr + Oxidizer
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breaker = (5+(90%-5)/(1+(rho v/mu/4)^-(90%/50)))

Stabilized = (5+(50%-5)/(1+(rho v/mu/4)^-(50%/50)))

“Failure”

Presenter
Presentation Notes
The maximum pseudo-Reynolds Number established in the fracture by production (/) can be used to predict the percent cleanup.  The two extremes examined in this work are the 40 lb CMHPG + Zr with stabilizer and a 35 lb CMHPG + Zr with oxidizing breaker.  The stabilized fluid cleans up to 47% while the fluid with breaker cleans up to 90% at high rho v/mu values .The data can be curve-fit with an equation wherein the coefficients are adjustable to match the cleanup profile.  The coefficients are the same for both fluids with only the maximum regained perm as a variable. 
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Conductivity Damage 
Independent of Fluids (?)

• Non‐Darcy flow effects

• Multiphase (relative permeability)

• Multiphase‐non Darcy flow
– Compounding the problem

• Capillary face damage

Presenter
Presentation Notes
If water-fracs, CO2-DryFrac, foams, and ultra-low polymer systems fail to substantially improve fracture conductivity over conventional gel systems, there may be conductivity damage mechanisms or restrictions that are independent of the fluid properties. These may include non-Darcy and multiphase flow effects that will occur even in the presence of only produced reservoir fluids. The impact of these flow mechanisms will be discussed along with the effects of capillary phase trapping on the fracture wall. 
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Forchheimer Non‐Darcy Losses

Forchheimer equation:

where
β = the inertial coefficient
k = Darcy permeability
μ = fluid viscosity
v = Darcy velocity, Q/A
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Presenter
Presentation Notes
The Forchheimer non-linear flow equation starts with the Darcy flow term then adds an additional quadratic term. The deviation from linearity is described by another proportionality constant, b. This equation can also be augmented by the correction for the Klinkenberg slip effect, as shown.The final flow equation predicts a permeability that varies both with mean flowing pressure and with velocity. Under these conditions, k is clearly not an intrinsic material property.
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Non‐Darcy Flow in a Propped Fracture
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Presenter
Presentation Notes
A new log-dose form of a general non-Darcy flow model was used to calculate an example curve of apparent permeability versus pseudo-Reynolds Number. A consistent set of input variables, based on typical proppant data, were used to derive the example flow behavior curve. The result is shown in the plot. The flow capacity at any Reynolds Number can be described for this example using the Darcy plateau permeability of 600 darcies, Tau=7 and minimum permeability of 1% of the Darcy plateau permeability. The magenta curve shows a slight modification of the model curve used specifically for this example. In the magenta curve the permeability is set to a constant value of 591 darcies up to a value of rho*v/mu=0.1 to model a linear Darcy flow region. The variance from the model is not apparent on the log-log plot. The model curve contains the information used to examine the apparent flow behavior of portions of this curve in the Darcy and Forchheimer equations.
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Non-Darcy Flow Effect for 100' Frac Height, 0.13" Width
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Presenter
Presentation Notes
Plot of apparent ND permeability to Darcy permeability over a range of gas flow rates for a BFP 1000 psi and BHT of 90 deg. Assumed 100 ft height and 0.13” width.Blue line is Forchheimer’s equation.Red line shows the Barree and Conway equation using a kmr = 0.01.Magenta line shows the Forchheimer calculation using a 15% residual water saturation incorporated in the pack.Notice that at 200 MSCFD, 17% drop in retained perm. At 15% Sw, drop is 47%.
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Over what fracture height does the gas 
flow?

Calculations for 2000 psi BHFP at 250F

Gas-water density
gradient

Presenter
Presentation Notes
To assess the total non-Darcy pressure drop the superficial flow velocity must be known. The velocity will depend on the open flow area in a fracture that is partially filled with water. The chart shows estimated horizontal pressure gradient for three open fracture heights as a function of gas rate. The gas-water gravity head is also shown. If the horizontal gradient is less than the gravity head, the fracture geometry will be dominated by gas-water gravity segregation and gas will flow only through a small open channel above the standing water. The entire height of the fracture below the standing water level will have a water saturation near 100% at the wall and may have severely restricted relative permeability to gas. 
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Wellbore Drawdown or Gravity Segregation 
Determines Flow Path

Sw=100% below pay

Sg=Sgc in zone

Free gas flows in segregated channel(?)

Presenter
Presentation Notes
The diagram shows the case where the gas influx from the reservoir is limited to percolation through standing water. Once the gas enters the fracture it segregates by gravity to the top of the fracture then flows to the well. The height of the open flow channel will be in equilibrium for the total gas flow rate. 



© 2009

Multiphase Flow Damage Factor for 
Sand

Maximum Flow Restriction
At Fg=0.98

Presenter
Presentation Notes
The damage factor for Sand reaches a maximum of about 10 at intermediate saturations. The plot of damage factor versus gas saturation does not, however, show the flow condition (fractional flow) in an intuitively useful manner. By superimposing the gas fractional flow curve on the rel-perm curves, the point of lowest mobility can be found at about 98% fractional flow of gas. 
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Kg_eff on Iso‐Saturation Lines

1

0.8

0.74

0.63
0.55

0.42

0.25

Presenter
Presentation Notes
A matrix of conductivity tests on 20/40 CarboLite were sorted by gas saturation. The plot shows a set of iso-Sg lines in the form of the non-normalized inertial plot. The y-axis is the measured effective gas permeability taken directly from the non-Darcy conductivity tests. The x-axis is the computed value of pv/u for each test. The lines on the plot are the calculated effective gas perms using the current model, with the correct gas saturation input to the computed Reynolds Number for each curve. The top line is the expected gas permeability line for a clean, dry pack at 100% Sg. Within the limits of experimental accuracy, the current proposed model appears to adequately predict the multiphase non-Darcy flow capacity of gas in the conductivity cell using the Darcy-corrected rel-perm curves from the long tube apparatus. 
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Estimating Actual Effective 
Conductivity and Fracture Length

• Account for proppant pack baseline conductivity
• Assume initial guess at pack cleanup and 
regained perm

• Calculate reservoir transient deliverability under 
specified drawdown

• Correct for multiphase flow and estimate prop‐
pack Reynolds number (Re)

• Calculate cleanup and non‐Darcy effects based 
on fractional flow and Re

• Iterate on actual flow rate until convergence

Presenter
Presentation Notes
To move from the idealized baseline conductivity charts generated with 2% KCl brine, a series of corrections must be applied. First the actual baseline conductivity at stress must be determined after accounting for width losses through embedment, spalling and other factors. Using an initial guess at regained permeability, the transient reservoir flow rate must be calculated. The estimated flow rate at bottomhole conditions is then used to estimate fracture Reynolds Number. This leads to an estimate of cleanup and non-Darcy flow effects. These, when combined with multiphase flow conditions lead to a new estimate for fracture conductivity.The process is repeated iteratively with new solutions for transient reservoir and fracture flow rate until a converged solution is found.
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Expressions of Fracture Effectiveness

• Conductivity = kfwf

• FCD = kfwf/(k Xf)
• Cr = kfwf/(π k Xf)
• Effective infinite conductivity Xf (Xeff):

• Equivalent Rwa for pseudo‐radial flow
– Rwa=Xeff/2

• These are much more a function of pack cleanup and 
dynamic conductivity than of created (propped) length

( ) 01.1

7.11
−

+
=

FCD
X

X flowing
eff

What is Xf?

Presenter
Presentation Notes
One a stable solution is arrived at the conductivity of the fracture and the reservoir production rate can be predicted. The combined system can be described in many ways. The effective fracture conductivity will vary with flow rate and liquid yield. It can be normalized to reservoir flow capacity and flowing fracture length to give Cr or FCD. In both cases the actual length of the fracture contributing to production must be determined. Ultimately the final conductivity and the length of fracture contributing to flow are more a function of cleanup and reservoir flow capacity that they are of propped length. 



© 2009

Maximum Clean‐up Length for Various Pack 
Conductivity Values and Permeabilities

Presenter
Presentation Notes
The figure shows a plot of the estimated maximum clean-up length versus reservoir permeability for a range of pack conductivities. The model is based on observations that very low-permeability reservoirs are difficult to stimulate because there is little energy or flow-velocity established in the fracture at any drawdown. This makes clean-up and displacement of fracture fluid residue difficult. If a very clean, high conductivity fracture can be placed in a tight formation, more effective length can be created. For very low perm reservoirs, remember that any conductivity will give an essentially infinite-conductivity fracture. This low-end of the system is very sensitive to the ability of a relatively wide pack or clean fluid to enhance clean-up.At the high permeability end of the spectrum, fracture conductivity is important because the available energy (drawdown) supplied at the wellbore is dissipated by viscous and inertial losses in the fracture, and not transmitted down the entire length of the fracture. This model captures both these extremes and gives a stable prediction or frac performance for intermediate values of permeability and conductivity. 
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Effective Flowing 
Frac Length Model

• Calculate fracture conductivity (kfwf) including all 
damage and dynamic effects

• Calculate flowing facture length (Xflow) from 
proposed model 

• Calculate FCD from flowing length and damaged 
conductivity 

flowr

ff
CD

Xk

wk
F =

•Calculate effective infinite‐conductivity 
length from FCD for use in outside models

Presenter
Presentation Notes
The process for applying the model to predict fracture production performance is outlined in the figure. The fracture dynamic conductivity is first determined from the Predict-K correlations, including all damage effects (stress, embedment, multiphase flow, and non-Darcy flow). The final damaged conductivity is used to calculate the maximum flowing fracture length using the previous equation. The flowing length and damaged conductivity are then used to calculate the dimensionless fracture conductivity (FCD). This value is used to determine the effective infinite-conductivity fracture half-length for use in external flow models. Predict-K will continue to use the finite conductivity model with the damaged fracture conductivity and flowing fracture length to calculate production.
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Effective and Apparent 
Dynamic Fracture Length
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Presenter
Presentation Notes
For any value of FCD, the infinite conductivity half-length can be determined from the plot in the figure. The equation presented here is based on data originally published by Pratts and Cinco-Ley. It has been adapted to give a consistent representation of effective fracture half-length compared to created or propped half-length.In the figure the created or propped fracture half-length is Xcreated and the effective infinite-conductivity half-length is Xeff. This relation assumes that the entire created fracture length is contributing to flow with a diminishing flow rate, pressure gradient, and effective FCD as length increases away from the wellbore. In reality, there is probably a cut-off point at which the fracture ceases to contribute flow. This cut-off is caused by the development of a gel pseudo-yield-point.
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Infinite‐Conductivity Length for a 
Created Length of 1000 ft

Presenter
Presentation Notes
The requirement for sufficient reservoir flow capacity to generate cleanup sets a limit at the lower end of the permeability range. For higher permeability systems, the fracture itself becomes a restriction to flow. When the minimum cleanup requirement is combined with the fracture conductivity limit, a plot of theoretical infinite conductivity fracture length versus reservoir permeability and adjusted multiphase non-Darcy conductivity can be derived. The plot clearly shows the development of a “sweet spot” for fracturing applications in the range of 0.05 to 0.5 md for attainable conductivities. 



© 2009

Predict‐K Example: Inputs Derived from 
Pre‐Frac Testing

• Pre‐frac diagnostic injection test pumped down 
casing to obtain
– Closure stress
– Reservoir pressure
– Estimated perm and kh

• Frac’d down casing
– 30Q CO2/28# zirconate crosslinked water‐based CMG fluid
– 220,220# 20/40 White Sand placed at 1‐6 PPG

• Predict post‐frac production and compare to actual 
well performance

Presenter
Presentation Notes
The example uses pre-frac diagnostic test results to obtain necessary inputs for production forecasting. Predict-K requires reservoir pressure, permeability, porosity, and estimated net pay. 
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Frontier Example Processed Log Data

Net Pay=60’

Presenter
Presentation Notes
The processed log data for the Frontier Example are shown. The logs are useful for estimating effective porosity and net pay height based on multiple pay flag conditions. Over the gross pay height of 85’ there is an estimated net pay of 50’. 
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Frontier Example Job Data
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Presenter
Presentation Notes
The complete fracture treating records for the Frontier Example test and frac are shown. The job was pumped to completion with a total pressure build, based on pre- and post-job ISIP values, of about 300-400 psi. 
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Frontier Example BHP G‐Function

GohWin Pumping Diagnostic Analysis Toolkit
Minifrac - G Function
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Presenter
Presentation Notes
The surface pressure decline after the injection test was analyzed using the G-function derivative method. Fracture closure occurs at Gc=3.36 and WHP=3570 psi. This is a BHP of 8532 psi or 0.749 psi/ft. The net fracture extension pressure is 1140 psi above closure. Fluid efficiency for the injected water is 64%. The leakoff is dominated by height recession which may indicate fracture growth across relatively impermeable rock. 
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Frontier Example ACA Radial Flow Function 
Plot for kh/μ

GohWin Pumping Diagnostic Analysis Toolkit
ACA - Cartesian Pseudoradial
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Results
Reservoir Pressure = 6023.84 psi
Transmissibility, kh/µ = 141.59427 md*ft/cp
kh = 3.48364 md*ft
Permeability, k = 0.0697 md

Presenter
Presentation Notes
The after-closure flow analysis gives a reservoir transmissibility of 141 md-ft/cp. If the zone is gas saturated, the kh is then 3.48 md-ft. Assuming a net thickness of 50 feet, the effective permeability is estimated to be 0.07 md. 
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Final Predicted Proppant Concentration (lb/ft2) After Frac 
Treatment

WinParse Version 2005.0.2   Generated 4/24/2005 3:07:12 PM

Avg Conc=0.79 lb/sqft, Xcreated=1100 ft

Presenter
Presentation Notes
A match of the job as pumped gives an inferred fracture geometry and average proppant concentration. Obviously these results are simulator dependent and can be partially confirmed by fracture diagnostics.
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Actual Well Post‐Frac Gas Rate

~1 MMSCF/D after 70 days

Presenter
Presentation Notes
The actual post-frac production from the well shows a rate of 1,000 MSCF/D after about 70 days of production. Baseline and dynamic conductivity will be evaluated at this flow rate. 
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Baseline Conductivity

Presenter
Presentation Notes
The baseline conductivity at measured net closure stress (total closure – BHFP) is about 150 md-ft. 
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Dynamic Conductivity 
(1000 MSCF/D, 520 psi BHFP)

Presenter
Presentation Notes
All this gives a dynamic conductivity of 5 md-ft once filtercake and multiphase ND flow are considered. 
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Production Analysis Results

Presenter
Presentation Notes
The final production model results are output in the Full Report. These data can be output graphically or in various file formats using the Print to File option. 
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Comparison of Predict‐K and Actual Rate

Presenter
Presentation Notes
Actual production can be compared to model predicted results and adjustments to inputs made as necessary. The calibrated model can be used to evaluate changes to the frac design, such as the use of alternate proppants and fluids or overall job size. 
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GPA Analysis of Actual Production 

Presenter
Presentation Notes
As a cross-check, the actual production data from the example well were analyzed using rate transient decline analysis. The independent analysis gives an effective “uniform flux” fracture length of 30 feet compared to a Predict-K result of 30 feet.  
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Why does the PBU Length Differ from the 
Dynamic Producing Length? 

Reservoir linear flow transient
is outside the fracture

Dynamic conductivity losses
exist only during production

Presenter
Presentation Notes
An apparent difference between the PBU frac length and flowing dynamic or effective producing half length is common. One possible explanation is that the PBU length responds to the length of time the reservoir remains in pseudo-linear flow. The reservoir linear transient exists outside the fracture and shows the fracture length that may be in contact with the reservoir and actually contributing to flow. The conductivity of the fracture when flowing is reduced by non-Darcy and multi-phase flow effects. This results in the effective length appearing to much shorter when it is described as the infinite conductivity length. At shut-in these dynamic losses disappear and have no effect on the dissipation of the reservoir transient, The rapid dissipation of the pressure drop in the fracture has causes these effects to be mistakenly called “fracture face skin”. 
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Impact of Effective Xf on Drainage Area 
(Reservoir Dependent)

Presenter
Presentation Notes
A reservoir dependent variation in effective drainage area and created fracture length is observed.  This is a work in progress and is attempting to define the reservoir dependency which is clearly evident from our studies to date.  As part of the Tight Gas Study, we will tabulate those data points where enough information exists to have confidence in the estimated reservoir and fracture parameters.  Given that a maximum and minimum fracture length can be determined for many wells, both points will be included in the summary to attempt to refine the predictive ability of the plot. The upper-limit line is based on data from very few reservoirs and is of the form A=25+0.15Xf with areas in acres and Xf in feet. A primary question is which Xf is important here, infinite-conductivity or flowing length?
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Maximum Attainable 
Effective Xf Depends on:

• Reservoir permeability
• Frac fluid cleanup
• Producing water‐cut and condensate yield
• Applied drawdown
• Created fracture length
• Average proppant concentration
• Applied closure stress
• Reservoir rock “hardness”

Effective frac length is usually much 
shorter than expected 

Presenter
Presentation Notes
The case history shows a range of fracture half lengths corresponding to different conditions. The created and propped lengths are the largest lengths that can be observed. Some of the propped length can be occluded by gel residue and filter-cake. The remaining length may have sufficient conductivity to transmit a pressure transient to the reservoir, but the conductivity may be too low to contribute significantly to flow. During shut-in, all velocities in the fracture approach zero and dynamic losses disappear. The pressure transient departs from the fracture very quickly and most of the build-up analysis shows the dissipation of the reservoir transient outside the fracture. Any small pressure response caused by the fracture will be reflected by the reservoir transient.It is the dynamic conductivity in the fracture, while fluid is moving at high rate, that controls the apparent producing length. The apparent dynamic length is best given by production analysis.
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Defining Optimum Fracture Length: 
Reservoir Example

• TVD = 12000 feet

• Net pay = 50 feet

• Permeability to gas = 0.01 md

• Porosity = 10%

• Fracture closure gradient = 0.75 psi/ft

• Condensate and water rates = 10 bbl/MM

• Gas price = $6.00/MSCF

• Oil price = $55.00/STB

• Discount rate = 20%

Presenter
Presentation Notes
The basic reservoir input data are shown for a series of models of effective flowing length, production decline, cash-flow and net present value. The results show that the optimum frac, in terms of NPV, is dependent on reservoir size and shape at least as much as on fracture properties. 
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Example 1: 40 Acre Drainage (4:1) with Economics 
based on 5‐Year Production

Presenter
Presentation Notes
The results are presented as a plot of NPV versus propped frac length. The cost for each job is estimated from job size, fluid efficiency, and material costs. The NPV reported is at the end of the specified producing time (under Model Inputs). The results shown are for a large drainage area after 5 years of production. They indicate that the sand frac has a lower NPV and the “best” design for this material is a much larger frac than for the other proppants. The more expensive proppants give higher NPV for relatively smaller jobs. 
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Example 2: 20 Acre Drainage 
(10:1 Channel) 5‐Year Economics

Presenter
Presentation Notes
Using the same inputs and changing the reservoir geometry to a 20 acre channel drainage patterns, the results are significantly affected. The optimum job size for all materials is smaller because of the limited drainage area. Running economics over a longer time will also change the apparent optimum job size. 
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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: A Critical 
Component to Design Optimization
• 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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