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Presenter
Presentation Notes
This course is primarily intended to offer an introduction to hydraulic fracture design and optimization. The course is not intended to teach fracture simulation using any particular software package, but many of the concepts discussed are incorporated and modeled in GOHFER®, and not in other simulators. For this reason, GOHFER® is referred to in some discussions.Each of the topics discussed in the course can be the subject of its own multi-day short course. The intent here is not to cover all aspects of rock mechanics and fracture performance in depth, but to provide an overview of as many aspects of the problem as possible, stressing the interrelation between data and disciplines involved in fracture design optimization. 
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What is Hydraulic Fracturing?

Pad

Proppant
Slurry

Presenter
Presentation Notes
Hydraulic fracturing is a method of increasing the surface area of the formation open to flow and connected to the wellbore. By creating a fracture and filling it with “propping agent” or “proppant”, well productivity can be increased by several folds. The process involves injecting a non-damaging fluid at high pressure and at rates sufficient to exceed the leakoff rate to the permeable formation. The application of hydraulic pressure exceeds the in-situ stress and rock strength, breaking or fracturing the rock. The fracture is initiated and extended with a clean “pad” fluid followed by proppant laden fluid to keep the fracture open and conductive after the end of pumping. Generally, fractures are perceived to be relatively planar structures whose orientation is controlled by earth stresses.
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GOALS:  Hydraulic Fracture Stimulation

• Maximize hydraulic frac length
• Achieve finite (non‐zero) conductivity
• Minimize treatment cost
• Minimize conductivity damage
• Minimize damage to the formation
• Maximize number of zones producing
• Drain everything connected to the well
• Accelerate recovery & add reserves

Presenter
Presentation Notes
The goals of any stimulation treatment are similar. The path to reach those goals depends on an understanding of reservoir properties and an ability to predict fracture geometry and conductivity. The maximum effective fracture length for a particular reservoir depends on how much conductivity can be established and how much is needed to effectively stimulate production. The design process, including selection of proppants and fluids, pumping schedule, injected proppant concentrations, total job size, pump rate, and other parameters requires an idea of the desired outcome of the job: What frac length is required, what pack concentration can be placed, how much fracture can clean-up. When sufficient input data are available to characterize the reservoir and the fracture geometry can be accurately modeled with a capable simulator, the treatment goals listed above can be realized and an optimum design can be reached.
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McGuire‐Sikora Folds‐of‐Increase 
Curves for Pseudo‐Steady Flow
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Presenter
Presentation Notes
One of the first questions that comes up is: “How long should the fracture be?”  This question addresses total job size, cost, and most of the other problems in design. Selection of the optimum desired length is based on the maximum conductivity that can be established in the fracture compared to the flow capacity of the reservoir. One way to select the desired fracture length is through the McGuire-Sikora curves.The relative productivity increase of a fractured well becomes constant in the pseudo-steady state flow period. This period only occurs in bounded reservoirs after the wellbore pressure drawdown has reached the reservoir boundary. During this period the McGuire-Sikora Folds-of-Increase curves can be used. Productivity increase is plotted along the ordinate with a correction for well drainage area. In this case the stimulation ratio is J/Jo, or the expected folds-of-increase in production resulting from the fracture.The abscissa is a measure of the relative conductivity of the fracture to the surrounding formation, corrected for well spacing. Note that the fracture conductivity is used in units of md-inches, rather than the usual md-ft, and that reservoir permeability is in md. Well spacing area (A) is in acres. Fracture length is shown by the various curves as a function of fracture half-length relative to the well drainage radius.These curves indicate that for fractures with a low dimensionless conductivity (left end of the plot), a significant increase in fracture length does not improve productivity. For higher conductivity fractures (right side of the plot), increasing length can greatly improve the well productivity. However, increasing conductivity without changing the length is largely ineffective.
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Well Performance:
Setting the Benchmark

• Pressure buildup analysis
– lose or defer production
– must wait for well to clean‐up
– takes ‘forever’ to reach radial flow

• Production performance analysis
– long flow times
– takes ‘forever’ to reach flow boundaries
– lots of data to archive

• Decline curve (Arps) Analysis: Beware of exponents  >1
– still in transient flow
– not volumetric reservoir performance
– decline curves are not valid

Presenter
Presentation Notes
Arriving at treatment design, however, is only the start of the process. If the job is pumped to completion as designed, we must be able to assess the results of the stimulation and confirm that the design goals have been met. This process requires determining the degree of stimulation achieved.The only practical means available to accomplish this are pressure transient analysis and production performance analysis. Pressure transient analysis is costly and time consuming (especially in low permeability reservoirs), as it requires long flow times and shut-in times to reach pseudo radial flow, resulting in deferred or lost production.There is no way around the time required to establish a pressure transient in the reservoir through production analysis. The benefit of production analysis is that the data used to define both fracture and reservoir properties can be acquired while continuing to produce the well. The only additional cost is to accurately record and analyze the producing rates and pressures.
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Fractured Well Performance
Actual vs. Expected

200,000 lb frac
Created Xf>1000'

k=0.15 md
Effective Xf=20
OGIP=10 BCF

Xf=300’, KfWf=1000 md-ft

Xf=1000’, APC<1 lb/ft2

Xf=20’, KfWf=infinite

Presenter
Presentation Notes
As an example of fracture treatment benchmarking, production analysis was used to determine the reservoir permeability and effective fracture length for the production data shown in the figure. The red line is the actual production data from the well. The black line is the well rate forecast using the modeled fracture length of 20 feet. The green line shows what the well should produce if a fracture length of 300 feet and conductivity of 1000 md-ft could be achieved.  It is of interest to note that the created fracture half-length was more than 1000 feet based on fracture treating pressure history matching with log data and in-situ stress calibrated to direct measurements. The loss of flow rate in the middle of the producing life of the well is caused by a short shut-in period. The observed long term effects of such a short upset imply some highly non-linear damage mechanisms related to condensate and water fall-back on the formation, with subsequent spontaneous imbibition and loss of gas permeability.
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Business Case for Frac Improvement

• Assumptions:
– Single Well, Total Depth 8500’ 
– Net pay thickness = 50 feet
– Average effective permeability = 0.15 md.
– Drilling and Completion per Well: $1.4 mm
– Fracture Stimulation: $80,000
– Gas Price $6.50/mcf
– Current Effective Fracture Half Length Xf= 20’

• Evaluate impact of an increase in effective length 
to 300’ or 600’ with proper design and formation 
characterization

Presenter
Presentation Notes
Using a fractured well production simulator, the economic impact of the kind of performance just shown, and the benefit of incrementally improving fracture response, can be evaluated. The figure shows assumptions for a hypothetical single-well case based on the previous actual field example. The assumption is that the status-quo treatment design results in an effective half-length of 20 feet. Justification for improved fracture design through increasing effective length must be provided by assessing the economic value of the increased length. 
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Gas Rate Decline:
Stimulated Wells

Infinite conductivity Xf:
Xf=600’ 
Xf=300’ 
Xf=20’, Actual Well
Xf=0, Skin=+5

Presenter
Presentation Notes
The fracture conductivity and production forecast model, Predict-K, developed by Stim-Lab, was used to model the actual well performance using the input reservoir properties and modeled fracture geometry. The model was then used to forecast well performance for improved fracture conductivity and effective length to assess the potential production improvement. The green line in the plot corresponds to the actual well production observed after frac, and is described as a 20 foot effective frac length. The orange dashed line shows predicted production, at constant flowing pressure, for a 300’ effective fracture length (as in the previous figure). The blue dashed line shows expected production decline rate for a 600 foot effective frac length, if one could be attained. For baseline comparison, the red line shows the production decline for an un-stimulated well with +5 skin damage.The model closely matches the 3D numerical reservoir simulator results. The same production model is incorporated in GOHFER®.
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Cumulative Production:
Stimulated Wells

Infinite conductivity Xf:
Xf=600’ 
Xf=300’ 

Xf=20’, Actual Well
Xf=0, Skin=+5

0.75 BCF Incremental

Presenter
Presentation Notes
The cumulative production resulting from improved fracture performance can be significant in low permeability reservoirs.  As the figure shows, increasing the effective fracture length from 20 feet to 300 feet gives an incremental 0.75 BCF gas at the end of one year of production. 
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Business Case Economic Analysis

Base case economics – first 3 years production

– Fracture half‐length increased from 20’ to 300’
• Incremental NPV@20% $6.5 MM per well

– Fracture half‐length increased from 20’ to 600’
• Incremental NPV@20% >$10.0 MM per well

Presenter
Presentation Notes
An economic analysis was carried out on the single well case, taking production over 3 years. For the input assumptions shown previously, the expected incremental discounted cash flow for improvement to 300’ fracture length is 6.5 million dollars. If a 600’ fracture length can be achieved, the net incremental present value exceeds 10 million dollars per well. This incremental value, if realized, should be capable of supporting a substantial increase in original treatment cost, additional data gathering, logging, and core analysis, along with engineering and design optimization costs.
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Find & Fix the Problem

• Why is current Xf = 20’?

• Can a longer length be achieved?

• What must be changed to improve 
performance?

• Can treatment cost be decreased without loss 
of production?

Presenter
Presentation Notes
The simple economic analysis of the production forecast shows that increasing effective fracture length has great value. The question that must be addressed through fracture design and evaluation is: “Why does the current design give such a short effective length?” Detailed modeling and analysis is required to determine whether a longer effective fracture length can be achieved, and what is necessary to do so. If a complete analysis indicates that a longer effective length is impossible, then a secondary improvement in stimulation efficiency can be obtained by reducing cost and getting the same result.
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The Challenges

• Frac geometry
– not creating expected length
– growth out of zone

• Proppant transport
– prop falling out of zone
– prop pack not connected to perfs

• Final conductivity
– gel damage; breaker/clean‐up issues
– proppant crushing; non‐Darcy flow

• Reservoir properties
– Kh isn’t what you expected
– Drainage area less than desired

Presenter
Presentation Notes
To accomplish the goal of consistently increasing effective fracture length, in effect having a designed treatment produce according to expectations, we must first be able to determine if and why the designed frac length can be achieved. There are various causes for the disconnect between design expectations and achieved reality. By developing an understanding of the factors controlling created fracture geometry and conductivity, and accurately measuring reservoir flow capacity, overall stimulation efficiency can be improved.
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What do we need to know to …

• Define the problem

• Benchmark our performance

• Decide what to change

• Generate realistic expectations

• Optimize completion/stimulation

• Get what we want or what we should expect 
from our wells

Presenter
Presentation Notes
To accomplish this goal, we need to define the potential problem with the existing fracture design. This requires benchmarking the performance of the well, reservoir, and fracture. This process provides a means to assess why the treatment is underperforming and what design changes should be implemented. The process of determining reservoir properties and the ability to accurately model fracture clean-up and conductivity should allow for realistic design expectations to be developed for the design changes. By sequentially making design improvements and evaluating their response a final optimized design can be reached. Ultimately, if the process is successful, we should be able to make accurate predictions of post-frac performance and achieve those results.
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Good Results Come From

• Adequate reservoir 
characterization

• Accurate design models

• Pre‐frac diagnostics

• Post‐job analysis

Presenter
Presentation Notes
The path to optimized stimulation design must begin with reservoir characterization. Understanding the producing mechanism, gas in-place, and potential sources of conductivity damage is critical. Much of this information is provided through core analysis and the relationship of core data to log-derived properties. 
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