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Brief overview of fracture conductivity

• Baseline conductivity: usually given as md-ft (absolute permeability times proppant pack width)
⎼ Pack width depends on mass of proppant per area, packing or porosity, particle density, and closure stress.
⎼ Proppant pack width is often 0.1-0.2” (0.008-0.017 ft)
⎼ Absolute permeability is generally independent of mass/area concentration (above 2 lb/ft2) and depends on median particle size and packing.
⎼ Baseline conductivity declines over time at continuous stress and temperature.

• Proppant pack conductivity is reduced by two- or three-phase flow conditions
⎼ Equilibrium multi-phase flow drops effective conductivity to less than 10% of baseline conductivity.
⎼ Three-phase flow reduces overall conductivity  much more than two-phase flow.

• Actual effective conductivity in a producing well is further reduced by inertial or non-Darcy flow
⎼ Inertial losses are caused by millions of accelerations and decelerations in the pore throats and bodies of the proppant pack.
⎼ In multi-phase flow conditions, each phase has its own density, velocity, and flow path and therefore Reynolds Number, with a different inertial loss.
⎼ The combination of multi-phase flow and inertial losses reduces realistic effective conductivity to about 1% of the baseline conductivity.

• The dependence of conductivity on flow velocity means that most of the applied wellbore drawdown is lost very near the well, where velocity in the fracture is 
highest

⎼ Flowing pressure in the fracture increases from the well bottomhole pressure, with distance from the wellbore because of cumulative flow resistance in 
the proppant pack.

⎼ The differential pressure between the formation around the fracture, and the pressure in the proppant pack, determines the inflow from the formation 
at each point along the length of the pack.

⎼ At some distance from the wellbore, the differential pressure between formation and fracture is too low to overcome capillary blockage on the fracture 
face or in the water-saturated pack, and conductivity in the fracture effectively drops to nothing.

• Proppant pack conductivity degrades over time from progressive damage by salt, fines, wax, and asphaltene deposition
⎼ Consider that the proppant pack acts as a fixed sand-pack filter between the reservoir and the production tubing, accumulating all plugging material in 

a very small flow area.
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Evolution of fracture conductivity over multiple steps

Presenter Notes
Presentation Notes
Effective or realistic and useful proppant conductivity estimation is much more complex than is usually appreciated. Presentation and discussion of all the factors that determine useful conductivity and effective producing fracture length can take man hours to begin to explain. This document is an attempt to summarize the main factors that affect the fracture conductivity we observe in normal stimulated well performance. Additional information and discussion is available in the fracture theory class lecture videos on the GOHFER.com web site.



Example baseline conductivity for “premium white” frac sand
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The chart describes clean 
conductivity under Darcy flow 
conditions for 2 lb/ft2 
concentration at 250F on 5e6 psi 
Young’s Modulus sandstone.

Presenter Notes
Presentation Notes
The curves show baseline conductivity (md-ft) from the GOHFER proppant library for three sizes of premium white frac sand at 2 lb/ft2 concentration. The conductivity is based on the average performance of a statistically valid number of laboratory tests on multiple proppant samples. Note that under some high-stress conditions the conductivity of larger (20/40) mesh proppant can be less than that of smaller (30/50) proppant because larger grains tend to crush more readily. 



Pack width changes with stress and mass/area concentration
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Correlations to the three 
width-factors determined from 
multiple lab tests allow 
calculation of pack width for 
any stress and concentration 
condition.

Presenter Notes
Presentation Notes
Tests have been run at Stim-Lab on a limited range of rock substrates, including Ohio Sandstone, Bandera Sandstone, Niobrara Chalk, and stainless steel. The plot shows a collection of data on all Ohio sandstone for 40/70 Brady brown sand. The Young’s Modulus of the Ohio sandstone substrate is 5 million psi. The measured pack widths for all the tests, at all concentrations, and up to at least 10,000 psi, are analyzed to determine the slope and intercept of the compaction trends at each concentration. The data show that both intercept and slope increase with mass/area concentration. The plot at right is used to derive the coefficients to describe pack width under any stress and concentration conditions.

In summary, the effects of stress, concentration, embedment, particle size, and strength appear to be well understood. At reasonable closure stress, these can account for about one order of magnitude loss in conductivity. This loss is taken into account in the baseline conductivity versus stress curves provided for each proppant in Predict-K, Proppant Manager, and in the GOHFER proppant library. 




Permeability changes with applied closure stress
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Permeability at given net stress (ks)
Zero-stress perm (ko) 
Critical Transition Stress (Sc) 
Sharpness of failure (F) 
Perm-stress exponent (E) 
Minimum perm (km)

Maximum stress yields 
minimum conductivity

Minimum conductivity is 
retained after stress is 
relaxed

Presenter Notes
Presentation Notes
The correlation for unstressed pack permeability, Ko, is illustrated by the pot of the database values of regression Ko values versus the median particle diameter in microns. The data in the circles are resin-coated materials. The data scatter includes some ceramic white sand, and brown sand. The un-stressed permeability is controlled primarily by particle size and packing, and not by material strength. 
The colored boxes indicate the allowable range of particle diameter for API specifications. The API specified range for 40/70 mesh sands encompasses everything in the database from 35/120 mesh to 30/70 mesh sands. 




Laboratory Data Regression K0 vs. Median Diameter

SPE 194382-MS

The unstressed k0 in the 
previous equation can be 
estimated from the 
median particle diameter 
in the sieve distribution.

The transition stress 
correlates well to particle 
density.

Presenter Notes
Presentation Notes
The correlation for unstressed pack permeability, Ko, is illustrated by the pot of the database values of regression Ko values versus the median particle diameter in microns. The data in the circles are resin-coated materials. The data scatter includes some ceramic white sand, and brown sand. The un-stressed permeability is controlled primarily by particle size and packing, and not by material strength. 
The colored boxes indicate the allowable range of particle diameter for API specifications. The API specified range for 40/70 mesh sands encompasses everything in the database from 35/120 mesh to 30/70 mesh sands. 




Normalized conductivity with time at stress for 40/70 PRC 
(Corrected Starting KfWf)
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Baseline conductivity data are 
reported at a normalized time 
of 50-hours.

Conductivity continues to 
decline over the life of the well 
and proppant pack.

The decline rates shown here 
are for flow with clean, filtered 
brine and no progressive 
damage from reservoir influx.

Presenter Notes
Presentation Notes
Proppant conductivity decreases with time at constant stress and temperature, even in ideal laboratory conditions. The plot shows conductivity versus log(time) for triplicate tests of 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. Note that the rate of conductivity loss is a strong function of net closure stress. The difference between the expected conductivity at each stress level increases with time. Available data indicates that the log-linear trend of conductivity loss continues indefinitely. 



Muti-phase relative permeability curves for all well-sorted 
proppants are similar
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Data shown are for gas-water 
flow. Oil-water curves are 
similar.

Three-phase flow is usually 
described with gas 
permeability a function of gas 
saturation, and the same for 
water (assuming water-wet 
system). Oil is trapped 
between the strongly wetting 
and non-wetting phases and 
suffers the highest loss of 
apparent permeability.

Presenter Notes
Presentation Notes
Many people believe that two or three-phase relative permeability corrections in proppant packs are insignificant because of the high baseline permeability and large pore sizes in the pack. The curves show measured gas-water rel-perm curves for a typical 20/40 proppant. The light-blue curve is the reciprocal mobility of the system, or the overall damage to conductivity caused by the presence of two phases in the pack. The damage factor reaches a maximum of about 10 at intermediate saturations, near the rel-perm crossover point. 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 (yellow) on the rel-perm curves, the point of lowest mobility is shown to occur at about 98% fractional flow of gas. Low liquid saturations have insufficient mobility to be produced, so the liquid saturation will rise and choke the pack until the outflow rate of liquid equals the rate that liquid is delivered from the reservoir to the fracture. During cleanup after, for example a waterfrac, the system is on the primary drainage cycle and water saturation will only decrease as much as allowed by the liquid mobility. Gas effective permeability may typically be in the 10% range, as compared to absolute pack permeability. The green curve shows a likely oil rel-perm curve starting at residual water saturation in the pack. The loss of oil permeability is severe at the first occurrence of free gas when the BH flowing pressure reaches bubble point.




Non-Darcy Flow in a Propped Fracture
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All single-phase flow in a 
proppant pack can be described 
with a single dimensionless 
curve, shown here.

The parameter τ correlates to 
median particle size in the sieve.

At Re=1, half the baseline 
permeability is lost.

Presenter Notes
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.



Loss of effective gas permeability in two-phase (gas/water) non-Darcy flow 

Sg

Typical gas well 
flowing at 1 MMCF/D

Expected baseline 
perm (500D)

Vertical axis is effective gas 
permeability in darcies.

Sg column shows equilibrium 
gas saturation in each test.

The horizontal axis is “pseudo-
Reynolds Number”, ρv/µ, for 
each experimental flow test 
(points).

Lines are predicted permeability 
from the published theory (SPE 
109561).

At common flow conditions the 
effective gas permeability is 1% 
of baseline, with no mechanical 
damage to the pack.

Presenter Notes
Presentation Notes
The loss of gas permeability shown by the rel-perm curves in the previous figure describes low-velocity Darcy-flow conditions. At high velocity the gas, flowing is restricted pore channels surrounded by nearly immobile water, flows at much higher interstitial velocity and is subject to losses due to inertial effects characterized by non-Darcy (Forchheimer) flow equations. The curves on the plot are generated from the model used in the Stim-Lab Predict-K program and are based on steady-state laboratory experiments at various gas-water fractional flow and saturation conditions. The points on the plot represent lab data along constant saturation lines at various velocities. The numbers in the plot, along the y-axis, are the gas saturations at each test condition. If a well is producing at only 2% downhole liquid fraction, the gas saturation will be approximately 42% and the effective gas perm will be roughly 1% of the expected baseline permeability. This translates into reduced cleanup and a much shorter effective frac length than expected. 



Effective dynamic fracture length depends on dimensionless 
conductivity and cleanup
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radial flow:

Rwa=Xeff/2

Skin: s = -ln(Rwa/Rw)

These approximations may apply 
for reservoir linear flow, after 
transverse fractures coalesce 
drainage areas.
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Presenter Notes
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.
A simpler model of well performance for a horizontal well with many closely-spaced transverse fractures may be developed using am enlarged equivalent wellbore radius, equal to half the infinite-conductivity effective fracture length. The flow behavior may also be approximated by using the equivalent negative skin factor.



Infinite-conductivity length for a propped length of 1000 ft
“Finite conductivity” fractures with 
effective length dependent on FCD

“Infinite conductivity” 
fractures with length 
dependent on cleanup

Each curve shows proppant pack 
conductivity adjusted for damage 
and dynamic flow conditions.

Large created gross fracture 
lengths often result in short 
effective producing lengths.

In unconventional reservoirs the 
deformation of the entire affected 
reservoir volume causes 
enhanced permeability that 
accounts for long-term stimulated 
well performance.

Presenter Notes
Presentation Notes
The cleanup model limits the effectiveness of fractures in very low permeability reservoirs because the flow rate generated from the reservoir is too low to effectively establish conductivity in the fracture. This can be driven by gravity segregation, viscous fingering, or insufficient energy to displace the frac fluid and establish a continuous flow path for reservoir fluid. The requirement for sufficient reservoir flow capacity to generate cleanup therefore 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. In this range the effective frac length will be large and stimulations very effective. Our primary concern in unconventional reservoirs is obviously the low end of the permeability range. In this case fracture cleanup and effective management of liquid loading and recovery are critical. 




Thank You!

Dr. Bob Barree
Technology Fellow

Production Enhancement
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