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David Davies welcomed all of the participants and reviewed the agenda for the meeting.

John McLennan summarized the basic outcome of the two Workshops previously held in Denver, covering the Monitoring and the Layered Formations Tasks.  This presentation is available.

There was some general discussion after this presentation.  Paul van den Hoek talked about units.  It is important that JIP products are available in multiple units systems.  John McLennan concurred with this and indicated that Jean-Louis Detienne had already requested certain documents that had been published on the web site to be converted to reflect multiple units systems.  Jean-Louis Detienne emphasized that it is quite important to have access to electronic versions of all Workshop presentations. Laurence Murray agreed to provide his slides from the Workshops in Denver.

Paul van den Hoek gave an introduction to the goals and the requirements for the Matrix Injection Workshop.  Paul's presentation is available.  Paul summarized the following issues.

· Water injection for voidage replacement/sweep is a requirement.

· (Filtered) seawater or aquifer water.

· Produced Water Matrix Injection?  Substantial filtering is required!?

· Don't know that it has been fractured?  Often operators believe that they are in matrix injection flow regimes but the wells may have been unknowingly fractured.

· There are numerous methods/models for prediction of well half-lives.  Paul argued that these are still of limited validity.  This leads to the question of "What are the Best Practices?"

· It is necessary to address the most desirable (or essential) completion types (openhole, perforated, gravel packing, propped fracture, etc.).

· There are economic issues that must be considered.  Filtering/regular acidization requirements increase CAPEX and OPEX.  Economics became a common theme for the Workshop.  Ultimately, the Steering Committee chartered Advantek with providing a proposal on an Economics Spreadsheet Model.

· Paul stressed the need for an adequate mapping of the costs and economics required to rank the various injection/completions options (matrix injection vs. fraced injection vs. discharge vs....).

Paul continued with an outline of the Workshop's Objectives.  These included:

1. Exchange of Best Practices for produced water matrix injection (perceived and real),

2. Review and identify the relevant matrix injection damage mechanisms and the tools needed to estimate the degree of damage (solids and/or oil plugging, scale deposition, shale swelling, etc.),

3. Summarize the Best Practices, tools, models, e.g., to predict half-life, minimize damage build-up, evaluate relevant well parameters,

4. Ranking of injection operations based on cost/economics/risks, and,

5. Agree on a way forward to map costs and economics (together with the Stimulation Workshop).

Trond Jensen brought up the issue of "What is the depth of impairment?  Paul van den Hoek indicated that this same issue had been emphasized at the Workshops held in Denver at the end of April.

David Davies summarized where he felt things were at.  David reported on the status of Task 2 (Matrix Injection).  David's presentation is available.  Some of the key points are summarized below.

David indicated where they [Heriot-Watt University] are and what has been delivered (Figure 1).
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Figure 1.
Status of Task 2.

David indicated that he felt that the next area for focus would be drilling and completion.  More work would be carried out on analysis of available data with the goal of distilling the findings down into guidelines.

A summary of damage mechanisms was presented.  A Damage Mechanisms report was being finalized.  TerraTek will complete this.  A summary of some of the available models was presented.  The discussion focused on the differing methodologies for representing solids and whether any of the available models could usefully be used for injectivity prediction.

Alastair Simpson asked about biologic methods for profile control or damage for wellbore profile control.  Simulations have been done on cores and the utility has been postulated.  John Shaw uses this as an argument to say (but no field experience) that it will plug up the high permeability zones.  David Davies indicated that there is one field in the UK (Beatrice) where there have been quite a number of tests.  Alastair thinks that there may not have been any clear indications.  John Shaw stated that there are living colonies and he would heavily dispute considering this in detail and does not want to stray into this area.  Laurence Murray felt that it may be an issue in matrix injection but that it is just one of the issues.  Maersk is conducting a field trial where biocide is being injected and the biocide (with ammonia) is dissolving the iron sulfide.

David indicated that a "Stimulation Roadmap" was being developed (Figure 2).
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Figure 2.
Heriot-Watt University Stimulation "Road Map."

David showed a slide comparing surface area, leakoff mechanisms, plugging mechanisms. etc. and brought up the issue of channels through the fractures.  There was a discussion of the validity of core testing for forecasting the degree of plugging.  Jean-Louis Detienne indicated that, in his experience, the rate of plugging in the field more or less agreed with the predictions from core testing.  On the other hand, Paul van den Hoek indicated that he has data from hundreds of core flow tests and matrix impairment field tests.  Paul has concluded that core flow tests are "a waste of time and money."  Jean-Louis argued that a core was a reasonable analog for what is going on in the reservoir.  Paul suggested that if you want to translate core tests to the field, "fudge factors" are required.  Roberto Cherri questioned whether a one-inch cylinder of rock was really representative of the reservoir.  Ahmed Abou-Sayed talked about measurements that had been done at Westport.  Variations in the reservoir remain a problem (i.e., selected core tests may be inadequate to represent in-situ variations).  Jean-Louis stated that by taking extremes of reservoir types you might get around this.  Ahmed talked further about the tests that had been performed by Westport, where the results were normalized by the throughput.  Laurence Murray indicated that core floods are useful for mechanistic models and beyond that they are not significant.  Adrian Todd argued that extrapolation to a field scale is difficult.

Radial flow versus linear flow issues were discussed.  Jean-Louis Detienne argued that most of the flow in a PWRI fracture is linear.  Perhaps fracture flow in-situ is closer to what exists in cores.  Ahmed Abou-Sayed pointed out that the influence of drag forces is different for static filtration than for dynamic mechanisms - i.e., matrix injection may reflect more static filtration situations than flow through a fracture.

David showed some of the available theoretical models for forecasting loss of injectivity in matrix operations.

Trond Jensen asked if the depth of impairment increased with time.  He believes that it does.  David Davies, in talking about the mechanisms behind the theoretical models, stated that there is nothing to represent this.  Solids have commonly been studied extensively.  What happens if oil is added?  Paul van den Hoek indicated that some people consider emulsions as solids in their modeling.  Oil is included in FORDAM - this is the model put forth by Zara Khatib, with Shell, (SPE 28488).

Figure 3 is one of the slides that David presented.  Laurence Murray questioned how to get to the bottom panel from the top panel.  Differential plugging may have a positive or a negative effect depending on the relative rates in high/low permeability zones.  The discussion went back to the issue of whether high or low permeable zones damage more.  Jean-Louis asked if, from core experiments, whether you knew that there were differences in low permeability versus high permeability cores.  This remains an ongoing point of discussion and disagreement that is at the heart of injection behavior in layered media.
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Figure 3.
A conceptual model of plugging in different layers.

Jean-Louis Detienne and Laurence Murray disagreed on whether high or low zones were most damaged.  Jean-Louis asked the question for the Project in general.  This related to a similar question debated at the Layered Formations Workshop- greater plugging with low permeability but how do you translate this to a layered formation?  Roberto wanted to know if fines migration is helping conformance or not.  

Jean-Louis Detienne followed up on this question.  He wanted to know the magnitude of this issue in produced water injection.  Jean-Louis gave an example about the potential problems of fines moving away from wellbore.  The question eventually became "How should a pilot program be designed - should clean water be injected first?"  One philosophy is to start the initial injection program, on a pilot, with clean water.  Then, before produced water is started, you can check to see if fines movement is an issue.  David Davies asked if there was Best Practice about starting out with clean water.  John Shaw wanted to know if there was any field experience.  Laurence Murray indicated that fines appeared in core floods.  Ahmed Abou-Sayed argued that a model could be made.  Roberto Cherri argued that, during production, fines are produced out whereas Ahmed argued that productivity is affected by the damage near the wellbore.  If there is no trapping there is no plugging.

The question is how significant fines migration becomes in produced water injection.  Jean-Louis and John Shaw both argued that scale deposition should be at the top of the list of damage mechanisms.  David Davies argued that there were not models.  Laurence Murray indicated that there are.  Trond Jensen argued that there is an additional component due to commingling and the resultant scale.

Scale, according to David, can be predicted, but requires good "quality" water analyses. David argued that there are good models for scale prediction.  The published models do not handle oil.  David brought up the difficulties with how many parameters are required for the numerical/analytical models.  Bjarni Palsson brought up the fines migration capabilities of the Ohen and Civan model.
Jean-Louis asked whether there has been validation of the models against field data.  To a certain extent, this has been done on some GOM data using WID.  Bjarni discussed trying to use various models on Heidrun data.  The models do not work when the reservoir(s) have been fractured.

Laurence Murray indicated that even if you even have the data, you cannot use available models and he asked how do you obviate this situation.

Discussion then focused on one model that was developed by Zara Khatib, with Shell, (SPE 28488); this model includes oil.  This model was based on laboratory tests.  Shell uses it routinely to predict damage.  Paul van den Hoek, however, is skeptical of the use of the model.  The model does distinguish itself because it has compressibility in it.  Paul will find out from Zara about whether there has been field validation of her model.  The paper that David Davies cited was based on laboratory data and it is asserted that there had been some field validation.  Shell still continues to treat this as a proprietary model.

David Davies believes that there is still a question as to "Where do the solids go?"  Adrian Todd stressed that damage can "travel" with time.  Why does the injection not go to zero?  Laurence Murray indicated that it does not go to zero because the well fractures.

Where do we go from here?  Do we still need an injectivity decline model?  It was suggested that theoretical models are not useful for specific field design.  Laurence Murray questioned how detailed a model really needs to be?  David Davies listed a minimum data set.  Ahmed Abou-Sayed suggested adding two other parameters to David's list (the size of the solids with respect to the pore throat sizes).  Ideally, there is a parameter that could be derived from an experiment to determine a threshold for when permeability would shut down.  Permeability-porosity distribution is an issue.  David Davies indicated that there are many cases where he does not have the five to seven parameters required to use the analytical models for all wells available in the database.

Laurence Murray wanted to know what a matrix injection model is going to tell us.  Is there information that suggests how injectivity decline can be avoided or how an operator could define mitigation procedures - models teach about mechanisms?  Laurence argued for designing around the uncertainties.  Input parameters and mechanisms are so uncertain that BP Amoco does not really use matrix injection models.  Paul van den Hoek still uses them for qualitative judgement purposes.  Laurence Murray argued that what you need to know are the dimensions of the perforating, the depth of damage etc.  The fracturing models indicate that the range of sensitivity might be less in fracturing models and that this may be why they can be used more successfully.

In fracturing, you are imposing a situation and in 
matrix injection you are accepting a situation.

David Davies presented two options for coming up with solutions to preferred modeling practices and in developing Best Practices.  The first was to use a large statistical sampling of data and develop a spreadsheet so that all analyses are on the same basis.  The second method is to pick a number of restricted wells.  For example, there may be type wells for:

· Consolidated sandstone

· Unconsolidated sandstone

· Carbonate formations

Examples of these lithologic scenarios (currently available in the project's database) are summarized in Figure 4, from David Davies' presentation.

The JIP has recently received publications by McCune from Chevron, entailing methodology for matrix injection forecasting.  Paul Jones provided this information.  McCune presented an approach for setting filtration requirements and water quality.  The approach is based on core flooding.  A water quality ratio, a parameter describing injection water quality in terms of the suspended solids and the properties of the filter cake is determined during these core floods.  "According to this parameter the greater the water quality ratio, the less is the tendency of the water to damage by suspended solids plugging.  Through a series of core flood tests, the water quality ratio is related to the filtration level, which in turn provides a guide for choosing the filtration equipment.  A water quality ratio is determined by membrane filter tests run, in parallel with the core flood tests and compared to the ratio measured by the core tests.  With this ratio as a guide, the membrane filter test may then be used as a monitoring method to maintain and detect changes in the water quality during actual operation of the filtration system."  In McCune's documentation, the effect of injection water quality ratio in relation to formation permeability is reviewed.  The quotient of the formation permeability divided by the water quality ratio is an indication of the relative damage caused by the plugging solids; i.e., the larger this value, the greater the damage.  McCune indicated that "A high permeability formation will suffer a greater relative loss of injectivity than a low permeability formation when injected with the same water."  This information has been provided to Advantek for appropriate incorporation in their upcoming Task 2 efforts.  Use of this methodology is demonstrated in SPE 25531 (Bayona, 1993).
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Figure 4.  Categorization of available matrix injection data (by generic formation type) - from David Davies' presentation.

There was additional discussion of the influence of oil in water.  In one Maersk field, it was shown that the OIW is not an issue.  John Shaw indicated that he has observed the same for Yme.

John Shaw indicated that, during David's presentation, he had not seen anything substantially new to the JIP and requested a presentation of the list of potential matrix data - i.e., where is the available data coming from.  Laurence Murray believes that there should already be some conclusions from the literature.  If there is no acceptable matrix field data, use existing public domain laboratory work or the literature and incorporate this into the Best Practices.  Heriot-Watt has produced a draft document reviewing the mechanisms for injectivity decline during matrix scenarios.  There is one published Shell case in the GOM and conclusions were drawn in the paper.  Sponsors wanted to know "What sort of conclusions can be derived from the already available JIP or public domain data, i.e., if you are going to gravel pack, there are some conclusions that can be drawn.  What is different for produced water injection?  Is good quality water or seawater required if the completion is a gravel pack?"  The JIP Sponsors emphasized that it is necessary to draw conclusions.

Brian Smart: indicated that Heriot-Watt University would retrieve what they can from the data analysis section and summarize the collective experience.  His perception was that the existing models were incomplete and he asked the attendees whether they felt that the models could be calibrated?  He indicated that some of the data quality of the supplied field cases is deficient, but that Heriot-Watt University could summarize the best experience in the toolbox.

Paul van den Hoek indicated that he had looked at the CD that Heriot-Watt had provided to the Sponsors and he believed that the data sets were reasonable [with further evaluation and discussion among other colleagues, Paul later felt that there were shortcomings]. Adrian Todd wanted to know if there is sufficient data to back out correlations.

It was suggested that a list of the missing data be sent out and then followed up with efforts to acquire the missing components.  Laurence Murray and Paul van den Hoek emphasized that what is missing on the CD is a discussion of the data.  If data are missing, then "get on the telephone and start to get the information and get it done."  Jean-Louis Detienne agreed.  He agreed with the proposed Heriot-Watt methodology for proceeding and would like to see the focus on the information as David Davies had suggested (refer to David's PowerPoint presentation).

John Shaw stressed that he could not make an informed judgement on the proposed plan for moving forward until he was able to see a presentation of the data that are available.  He and Laurence Murray both requested that David's presentation should move on to a presentation of the available data.  Laurence emphasized that the field data must be presented.

After lunch, John Shaw showed field data from Yme A-5.  He showed a plot of the Injectivity Index versus OIW.  There was no relationship.  This is an important observation; that is consistent with other experience - that the OIW seems to be less of a parameter of importance.

John presented the Statfjord C-14 pilot test data.  It started up on December 24, 1999, in the upper Brent - into the Tarbert - commingled seawater injection.  There is probably no oil saturation in the target zone.  The well has always been an injector.  It was originally perforated in six intervals in Z2 and Z3 (Ness) in 1986, and five sets of perforations were added in Z1 (Tarbert) in 1991.  The general strategy on Statfjord has been to perforate and produce from the bottom up (for producers).  The proportion of flow into Z1 has increased from 70% in 1991 to 91% in August 1999 (at 6000 m3/d), with 88% of the flow entering a 4 metre (MD) perforated interval at the very bottom of Z1.  Nominal average permeabilities are: B1 580 mD, Z2 954 mD, Z3 403 mD.   The original falloff carried out in 1986 gave an average permeability of 572 mD for B2 and B3.  

The well angle is at 63° through the section of the reservoir that John showed.  It is commingled seawater and produced water.  They used a cooler to get the temperature down, and then let the temperature increase.  They changed ratios of produced water to seawater and used the cooler again and then went to produced water at 70 to 80°C.  There was a filter that had been intended to change the solids, but this did not work out.  The filters plugged quickly and then the cooler went down.  Finally, they got a period of fairly stable conditions.

"We went from 100% SW, to 50/50 SW/PW cooled to a nominal 35(C, and then to 50/50 SW/PW without cooling.  This is where we now are.  Regularity, following June's maintenance shutdown has not been good, and there have been longish periods of injection of 100% SW.  The next stage will either be 25/75 without cooling or 100% PW without cooling."

John showed a SRT.  They did not allow it to stabilize.  This showed a stress reduction of 1 bar/°C.  The SRT showed one fracture.  They did a falloff and found 380 bars closure pressure.  They did history matching using Prosper.  These data are available to the JIP.  The hydrostatic pressure was 284 bars. 

John showed a Hall plot from January 1999.  There was a break in the curve that is associated with the startup of another well (C-05A) and a formation pressure reduction of 14 bars.

John then focused in on the startup of produced water injection in C-14.  The well was backflowed and stimulated.  The Hall plot did not reflect stimulation or closure.  There will be a shut-in and an SRT run.  They will run with a 50-50 seawater: produced water blend.  There is no correlation so far with OIW and TSS.  The oil in water is 10 to 30.  The solids loading is apparently 200 mg/l - but John does not necessarily believe it.  This may be due to barium sulfate.  Laurence Murray believes that, in Forties, there was a high solids content due to barium sulfate.

John believes that the pore size is so large that he wouldn't expect substantial plugging.  The average permeability in the Tarbert is 580 md.  Young's Modulus is low (1 x 106 psi).

No thermal data are available.  The original reservoir temperature is about 90°C.  The seawater temperature is about 25 to 30°C, depending on the season.  The produced water temperature is about 80°C.  There has not been a dramatic change in the Hall plot even after millions of m3 has been injected.  The injection temperature might increase the pressure that is required for fracturing operationally; this is overcome by increasing the wellhead pressure.

The data set on Yme shows a very similar pattern.  Injection here appears to be right on the edge of having an open fracture.  It drops above and below the fracture opening pressure.  This situation is low permeability, with very dirty water and the produced water is cooled to about 40 to 45°C.  There is step rate data available.  This was initially a dual completion and it has been recompleted.  In the mid-time range, injectivity is reasonably constant - 1500 m3/day at a pressure of 230 bars.  The seawater has a relatively high solids concentration.  There is no relationship between OIW and injectivity index.  The fracture closes down because less fluid is injected.  Roberto Cherri asked about the reservoir pressure.  John indicated that it is was ~290 bars.  Injection pressure dominates in this case.  Young's modulus is approximately 22 GPa (3.19 x 106 psi).  Roberto wanted to know if there is a plot of injection rate versus time.  

John showed a viewgraph of the Hall plot for Heidrun A-25 which shows a period of injection frac pressure sandwiched between periods when injection is above frac pressure.  Injectivity for the period of pseudo-matrix injection (approximately one million m3 of SW injected) is substantially lower than for fractured injection, but is constant.

Ahmed Abou-Sayed added another example for a fractured well.  He showed a pre-existing, long fracture, going from matrix through to fracturing - fracturing can add very much more injection.  There were fluctuations in the rate, right near closure.

At Yme, the injection interval is 15.7 m thick.  The nominal average permeability is 127 md.  A falloff test on completion gave a kh that corresponded to permeability that was much less than this.  These data are available.  Statoil has evaluated these data using the PEA-23 injectivity reduction formula for fractured wells; the solids were used as 30, and the OIW was relatively constant.  John doesn't expect the solids to change substantially.  

John Shaw then presented data from Heidrun.  The only significant change in injectivity that is evident is apparently when the pressure falls below the fracturing pressure and some pseudo-matrix injection appears to be operational.  There was some disagreement between John and Ahmed Abou-Sayed as to whether or not it was matrix injection.

The next well name has been "tight-holed."  Injection started in July 1992.  Performance has been generally constant with the exception of an initial drop in injectivity.  When they brought the well on line, they did a falloff test.  The target zones are about 3000 m deep, the reservoir temperature is 125°C, and there is seawater injection data.  There is variable reservoir quality including pockets of good sand.  This well has an average permeability of 270 md.  They are filtering to remove most particles above 5 microns.  Ultimately, they do not want to use filters and want to know whether this is a reasonable consideration.  This well has allegedly never been fractured.  During the initial falloff, the skin was between 17 and 20.  There was bad water quality over the summer months.  The falloff tests, etc., showed that the downhole pressure was not high enough to frac the well.  They have injected for five years with essentially no decline.  There is NO correlation with water quality.  The temperature has remained relatively constant.  Reservoir pressure possibly has changed.

Laurence Murray and Ahmed Abou-Sayed were very skeptical that it really was matrix injection.  Because of the performance of the well, John also has some doubts, but John can see no concrete evidence that the well has been fractured.

Jean-Louis suggested that this is a good matrix example.

One point that was brought out is that a positive skin is not necessarily diagnostic of the well not having been fractured.

There have been no major changes during the injection periods due to fracturing.  On other wells, they could frac but the pore pressure would build up and they had to back off.  On this well, they never intentionally fraced.

John emphasized that North Sea water is good quality and that the particles are deformable.  Statoil believes that with good chemical control and the right metallurgy that there is no substantial corrosion.  They have other lines showing negligible corrosion; for example, the 5 km long line carrying deoxygenated seawater from Gullfaks A to B.  The key to this success has been good QA on the pipeline companies and their products.  

John indicated that "we set stringent qualification criteria and then impose rigorous QA/QC requirements on the yards who supply our tubulars.  For injection tubulars we specify a chrome content of 1%, having determined that using low chrome carbon steel substantially reduces initiation of pits by oxygen/chlorine and subsequent corrosion.  Inspection of such tubulars has shown negligible corrosion damage.  Our conclusion has been that we do not have as poor downhole water quality as that reported by, for example, BP.  

With good water quality and the right metallurgy, "you can inject forever."

Laurence Murray indicated that, in the distant past, Forties pipe came from three different yards and there was different corrosion along the length.

Some people have said that this well should have fraced.  John speculates "you are close to it."  Rate and pressure would stay constant rather than declining if the well was fraced.  "  You build up a skin and eventually overcome it with thermal stresses."

Jean-Louis Detienne wanted to know if there are SRTs on these wells.  There are no recent step rate tests.  This is high stress and consolidated rock.  The measured stresses are as high as 580 bars.  If you see an inflection point you may still have a fracture.  Injectivity may not change substantially if fracturing occurs.  The water is not displacing oil.  There must be some other mechanism.

Jean-Louis suggested that there might not be enough data.  They expected thermal fracturing behavior.  In this area, there could be unusual stress gradients.  A fracture would best explain the behavior that was seen, but John does not believe it.  Detecting a fracture may possibly be done with SRT and HIT and possibly from the falloff.  Plot pressure versus rate as a first step.  Fracturing is difficult to explicitly confirm from well behavior (injectivity) alone.

Mark Tuckwood has seen the same behavior with constant injectivity but falloff testing showed a fracture.  Jean-Louis Detienne wants to look at the actual data, particularly early parts of the injection program.

Paul van den Hoek presented on Matrix Injection Experience in a Disposal Well (NAM-1).  This presentation is available.  Paul indicated that he would show data that suggests that the well is fractured and that it may not be a matrix candidate after all.  Some of the relevant characteristics are as follows.

· This case involves produced water injection into an onshore disposal well on the far flank of the reservoir.  A distinct fault isolates the crest of the structure.

· The target formation is sandstone with a permeability of one to two darcies, at a TVD of approximately 1800 m, over an injection interval of 110 m.

· Across the injection zone, the well is cased and perforated (6spf, 60° phasing, DP charges).

· In the injected fluid, the oil-in-water is between 50 and 250 ppm.

· The TSS (as measured in the settling tank) is "high" (FeS, wax, sand).

· The injectivity index is approximately 40 m3/d/bar (1500 m3/d?? injection rate at a THP of 60 bar??).

· There was no indication of any in-situ stress anomaly. The horizontal stress gradient was taken to be 0.7 psi/ft which would correspond to ~100 bar THP.

· There is negligible cooling.

The rate-pressure chronology is shown in Figure 5.
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Figure 5.  The rate and pressure behavior for injection into NAM-1 from October 1994 through April 2000.  An NRV was removed in December 1994 and the pressure declined accordingly with the consequent reduction in friction.  The well was acidized late in 1996 with an immediate drop in injection pressure.

Figure 6 shows that injectivity goes up after the acid job in late 1996 and that this well may have been fractured.
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Figure 6.  The injectivity index for NAM-1.

There was discussion as to whether or not this well had been fractured.  The deterioration in the injectivity index was relatively slow (Paul van den Hoek indicated that it was about 25% in two years).  

Step rate testing indicated a constant slope (an injectivity index derived from step rate testing was approximately 40 to 50 m3/day/bar).  There was no inflection point on the step rate test plot.  This is in comparison to 90 m3/day/bar that can be derived from theoretical calculations for "ideal" matrix injection.  Figure 7 is a plot of pressure versus injection rate.  Paul posed the question of whether or not the reservoir had been fractured.  From step rate testing, Paul indicated that the y-intercept (pressure axis) from a backward extrapolation depended on the shut-in time.  There are known nearby faults and the behavior was likened to a "leaky box" aquifer.

Paul argued that the injection pressure was far below fracturing pressure.  If it is assumed that the stress gradient is 0.7 psi/ft and that the depth is 1800 m TVD, the minimum total horizontal stress at this depth would be approximately 4130 psi.  There are only a couple of data points that come close to this.  With further discussion, it was indicated that the stress gradient of 0.7 psi/ft was an assumption.  Laurence Murray suggested that the plot of BHIP vs. surface injection rate should be demarcated with different symbols, depending on the date, to discriminate if there are events happening with chronological significance.  Laurence also wanted to know if the reservoir was naturally fractured.  There is a possible inflection point at about 3300 psi, but it was emphasized that the contractors need to process these data in detail before significant conclusions can be made.
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Figure 7.  The bottomhole injection pressure versus the surface injection rate for NAM-1.  Since there is a 5-inch injection string, tubing friction was felt to be relatively small.
Bearing in mind the suggestion for looking at chronological variations in data, the NAM-1 information has been processed further.  Bottomhole pressures at the sandface were inferred using friction calculation methods developed for the JIP.  Figures 8 through 11 were prepared.  In these figures, the available information has been partitioned by date so that chronological variations can be seen in a crossplot of BHP versus rate.  Figure 8 shows the variation of injection rate versus time and Figure 9 is an equivalent plot of calculated bottomhole pressure.  Figure 10 is similar to Figure 7 using these data.  It is a crossplot of all values of pressure versus rate.  The "inflection" seen in Figure 10 could indicate an in-situ stress level or it could strictly be a consequence of the NRV that was in line.  Figure 11 only plots the data after the valve was removed.  No distinct inflection is seen.  Figure 11 shows that injection pressure is not strongly dependent on injection rate and in fact shows slight reductions in injection pressure as the rate is increased.  What could be the cause of this?  The possibilities include erroneous calculation of BHP, partial fracture reopening with greater fracture width at higher rates due to reduced near-wellbore entrance losses, thermal effects (although Paul believes that cooling effects were negligible and these can likely be ruled out), upwards fracture growth, or opening of fractures in other zones, or pressure-dependent boundary leakage....  An important observation, particularly from Figure 11 is that the inferred bottomhole injection pressure is substantially less than 0.7 psi/ft.  As indicated, this was just an estimate and no strong conclusions can be derived.  The Figure suggests that, if fracturing is occurring, the gradient would need to be approximately 0.6 psi/ft - this is not unheard of.  The analysis indicates that drawing conclusions without in-situ stress information can be particularly difficult.  The slope of Figure 11 is an analog to the reciprocal injectivity index.  To comprehend the data further, they were replotted (Figures 12 and 13) so that the slope would be a pseudo-analog to the injectivity index.  Figure 12 shows all data after removal of the NRV.  Figure 13 shows all data after acid treatment in December 1996, clearly showing a drop in injection pressure.
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Figure 8.  Variation of injection rate with time (NAM-1).
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Figure 9.  Variation of calculated BHP with time (NAM-1).
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Figure 10.  Variation of calculated BHP (sandface) with time for NAM-1, showing all of the data.  It is important to not derive too many conclusions about inflection points from this data because during early-life there was a valve in line and friction may not be adequately corrected.  Refer also to Figure 11.
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Figure 11.  Variation of calculated BHP (sandface) with time for NAM-1, showing all of the data after the NRV had been removed.
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Figure 12. Variation of rate with pressure after removal of the non-return valve.
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Figure 13. Variation of rate with pressure after acid treatment in December 1996.

Figure 13 shows a progressive increase in pressure with time, quite likely due to poroelastic effects.  (As an editorial opinion only, studying Figures 12 and 13 suggests fracture inflow, unless it is a pressure-dependent leaky aquifer analog.)

A supplementary discussion was what sort of real confidence could be attached to defining a meaning for the inflection point on plots of pressure versus rate.  The reason or this caution, as expressed by Ahmed Abou-Sayed, is that pre-existing fractures are conductive at injection pressures below "closure" stress.

Tuesday, May 30, 2000

Jean-Louis Detienne talked about the difficulties in developing diagnostic tools for understanding well behavior - largely based on availability of data.  Tony Settari had provided Jean-Louis with a listing of eleven field cases for soft formations.  In evaluating these available field cases, it turned out that there was electronic pressure-time information from only four cases.  The rest were in PowerPoint, etc., or were incomplete.  Jean-Louis emphasized that to be able to derive simple relationships you need an adequate number of field cases.  The first problem is to get the electronic version of the field cases.  Jean-Louis requested getting information from one particular well.  Jean-Louis suggested selecting one characteristic well, ensuring that information was available electronically and stressed that there would be no difficulties with sanitizing that amount of information.  He further emphasized that a minimum data set is essential for these wells.

Jean-Louis stressed that it was necessary to fill in a minimum data sheet for the field cases provided and that it this is similar to the data profile sheet that was presented yesterday by David Davies, taking into account that one-half of the data are known and one-third is estimated.  Jean-Louis argued that this minimum is necessary and important, i.e., if a parameter known, unknown, to prevent contractors from selecting the wrong data.

Jean-Louis made a listing of all of the field data that could be presented in the database.  There are 20 to 30 major cases.  Jean-Louis emphasized that the data for all of these should be processed and the data shared among the Sponsors.  Jean-Louis believes that every Sponsor needs to be able to look at the data from other Sponsors.  A database structure has been developed.  From the Calgary meeting, Jean-Louis felt that "the only people to access the data should be the people who provide the data."  This stipulation had been mentioned at the Calgary meeting but there had been no decision made.  Jean-Louis would like a final decision on this.  This would be a decision on the database.  Jean-Louis believes that it is necessary to compare all of the field cases.  Every Sponsor should provide the database with at least one case.  Otherwise, there is just discussion amongst the contractors and individual Sponsors.  Jean-Louis presented a listing of all of the soft formation field cases on a transparency, showing what is available.

Jean-Louis then showed a transparency summarizing the main strategy of the Project as it was conceived.  The architecture of the Project, right from the beginning, was constructed around an exchange of information.  In this regard, focusing on Soft Formations, Jean-Louis showed a slide indicating the available soft formation field cases.  These included:

· BP - five field cases

· Statoil - three field cases

· Marathon -two field cases

· Maersk -three field cases

· Norsk Hydro - one field case

Jean-Louis tried to check which field cases were applicable and had adequate data.  A presentation of the adequacy of the data was made and Jean-Louis emphasized that he wanted to be certain that the contractors have electronic versions in a typical/common form.

Kitt Ravnikilde indicated that all of the Maersk field data should be put in and anonymizing had been taken care of.  Kitt was willing to send any lacking or new data.  Kitt did not think that there is such a thing as a typical well and the decision on the number of wells to submit should be up to the operator.

Paul van den Hoek felt that nothing had been sorted out.  There is not much to get your hands on.  That is why the sanitizing process.

An Update: During the meeting, Jean-Louis spoke to individual Sponsors and clarified the available data and also got commitments to acquire missing information.  Jean-Louis prepared a spreadsheet providing a summary of the current status.  This is shown below.
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John McLennan discussed underbalanced perforating.  This presentation is available.  The round-robin discussion that followed indicated:

· Maersk always perforates in acetic acid.  Their targets are so tight that there is no reason to perforate underbalanced for reducing damage.

· There was discussion of what sort of gun should be used for matrix situations.  There was some feeling that certain operators would use deep penetrators, perforate selectively and highly oriented.

· Phillips always perforates overbalanced, although they have done some underbalanced perforating.

· In Statoil's Siri field, they had bullheaded completion fluids into the wells, and had to reperforate right up at the top.  

· In BP's S2 field, most of the wells are underbalanced.  Lately, they have used StimgunTM and the success in one field has been good.  

· In Oman, Shell has used propellant perforating and "it did not work."  There are presentations on propellant perforating later in these minutes.

· Roberto Cherri indicated that it would be useful to know when it is possible to use underbalanced perforating.

· John Shaw indicated that Statoil have experimented with various types of overbalance.

· There was some discussion of what kind of completion fluid is required.  John Shaw indicated that they did not take the mud to brine.  

· Mark Tuckwood indicated that Marathon had not spent a great deal of money on considering injector perforating.  Marathon has used KISSTM charges in some situations.  Mark Tuckwood commented on the use of clean fluid - it is an economic decision.

· John Shaw indicated that the Siri well is deviated and was perforated in mud.  David Davies asked about the Sponsor perception on the value for oriented perforating.  In producers, the perforations will be oriented, e.g., perforated on the low side in soft formations.

· Ahmed Abou-Sayed suggested that other people have suggested perforating upward in injectors to miss debris on the low side of the hole.

· David Davies indicated that there were measurements in Nigeria that suggested that it was preferable to perforate sideways and downwards.  If you are doing an IGP (internal gravel pack), it is not desirable to perforate upwards.

· Mechanical considerations: Don't use zero degree phasing.  The perforating pattern can be in a 20° arc to avoid casing damage.

· Depending on specific circumstances, BP will put in a limited number of perforations because they are expecting the wells to fracture.  Louis Acosta talked about a review of BP's guidelines (no specifics - just indicating that perforating was an area of current concern) to resolve the potential operational differences that should be implemented between conventional hydraulic fracturing and hydraulic fracturing in injectors.

· Louis Acosta believes that there are inconsistencies in Tariq's equations for forecasting the required underbalance (using Reynolds' number) in gas wells.

· Desirable guidelines: How to estimate the optimal underbalance and what surge/flowback volume per perforation should be adopted.  This information is accessible from each operator.

· Maersk does not really distinguish between injectors and producers.  Convert from producers to injectors.

· Alastair Simpson talked about the Buchan field.  A great deal of material came out for thirty days.  For a matrix injector, you may need to surge back a substantial amount of debris.  This suggests that production may be advantageous or that you may need to be patient when the "new" injector is being cleaned up.
· Roberto Cherri indicated that best practices start from the drilling phase, using the minimum acceptable balance during drilling.

· John Shaw talked about environmental issues and indicated that there were areas with legislated restrictions on the use of underbalance.  Statoil is concerned on the necessary logistics on floaters.

· Mark Tuckwood indicated that they had a similar problem and had to bring out a big storage unit and that it was a logistical nightmare.

· Ahmed Abou-Sayed talked about the failure of underbalance in certain instances and that Ed Park with BP Amoco would have more information.  He was uncertain as to whether these were soft sands.

· Laurence Murray's position was that if there was any hope for being successful in matrix well, that it was important to do things at the drilling and completion stage.

Specific Abstracts on Oriented Perforating:

Recognizing the interest expressed in oriented perforating, several relevant SPE abstracts have been summarized, offering some of the current published opinions on the subject.  These do not necessarily apply to matrix treatments.  Selected abstracts follow.

SPE 26597

Fracture Initiation and Propagation From Deviated Wellbores

Weng, X.: 

68th Annual Technical Conference and Exhibition of the Society of Petroleum Engineers held in Houston, Texas, 3-6 

Abstract

This paper presents the results of an analytical study of hydraulic fracture initiation and propagation from deviated wellbores. The interaction and link-up of the starter fractures initiated from perforations and the turning of the linked fracture are investigated. A criterion that correlates fracture link-up to stresses and wellbore parameters is established. The characters of the near-wellbore multiple fractures and their effects on fracture width reduction and friction loss are also studied. The model-predicted pressure response, which takes into account the near-wellbore friction loss, is compared to the measured bottom hole pressure data during a fracture treatment. 

Introduction

High near-wellbore friction loss has been frequently observed in fracture treatments of deviated wells. This friction loss is indicative of fracture width restriction in the near-wellbore region which could be detrimental to the success of fracturing treatments. Indeed, more screen-outs have been experienced in deviated wells than vertical wells. The production data in the Prudhoe Bay field in Alaska also indicated poorer performance of high angle, poorly oriented (parallel to the minimum in-situ stress) wells. To improve fracture treatments in deviated wells, it is essential to identify and evaluate the sources causing the near wellbore friction loss and to obtain a better understanding of what takes place downhole during a fracture treatment of a deviated well. To achieve this goal, a study has been carried out using analytical and numerical approaches to evaluate the width restriction and friction loss associated with fracture turning and multiple fractures.

The main components of this paper are: 1) evaluation of the width restriction and friction loss associated with fracture turning; 2) study of the interaction and link-up of starter fractures initiated from perforations; study of multiple fractures and their effects on width restriction and friction loss; 3) comparison with field data. 

FRACTURE TURNING AND TWISTING 

Basic Concept 

It had been a common view that during a fracture treatment of a deviated well, a single fracture will initiate along the wellbore.  Only until recently, did many laboratory tests reveal much more complicated structures in the region adjacent to a deviated or horizontal wellbore.  Tortuous fracture paths associated with fracture reorientation and multiple fractures have been observed.  In this section, the fracture turning process will be investigated assuming a single fracture does initiate along a deviated wellbore.  In later sections, we will further investigate the likelihood of fracture linkage and the possibility of multiple fractures. 

Yew et al. carried out a theoretical study of fracture initiation, in which the concept of starter fractures initiated from perforations and their linkage to form a single "zipper" fracture was proposed.  The study indicated that there exists a point of maximum tensile stress on the wall of a deviated wellbore, which should be the location of fracture initiation and also the most favorable spot to place perforations.  Based on the study, the technique of oriented perforation was originated and had been implemented in Kuparuk River field with success.

Since a deviated wellbore usually does not lie in a plane normal to the minimum horizontal stress, the fracture formed at the wellbore has to reorient itself such that the fracture face is perpendicular to the minimum stress. Initially, the formed fracture is very elongated along the wellbore, ...  Based on the theory of fracture mechanics, an elongated fracture would preferably propagate in the direction of the shorter dimension until lengths in both directions are approximately equal. 

SPE 28555

Oriented Perforations - A Rock Mechanics View,

Abass, H. H., Brumley, J. L., Venditto, J. J.: 

SPE 69th Annual Technical Conference and Exhibition held in New Orleans, LA, U.S.A., (25-28 September 1994).

Abstract

Hydraulic fracture initiation dictates the communication path between the wellbore and fracture plane. Non-planar fracture geometries such as multiple, T-Shaped, and reoriented fractures are not advantageous and they adversely affect the potential to achieve a desired stimulation treatment.  Oriented perforation can be the solution to initiate a single, wide fracture in vertical and deviated wells.  Also oriented perforations may be used to create stable tunnels in poorly consolidated formations thus avoiding sand failure and consequently preventing sand production. 

This paper presents laboratory experimental results related to oriented perforations for hydraulic fracturing.  It also discusses the use of oriented perforation for sand control.  Experiments were designed to investigate the effect of perforation orientation in vertical and horizontal wells on hydraulic fracturing treatment. 

Introduction

Oriented perforation has not been widely applied in the industry due to practical difficulties involved in this process.  However, more applications are becoming candidates for oriented perforation, i.e., fracturing deviated and horizontal wells, controlling sand production, and solving wellbore instability problems. 

The first work on the effect of perforation on hydraulic fracturing was presented by Daneshy who showed that the direction of an induced hydraulic fracture is not dictated by perforation orientation.  He showed that in many cases, fluid traveled from the perforation through the area between the casing and formation to initiate a fracture in the direction of maximum horizontal stress. Several authors showed that the perforation orientation in horizontal wells should be in phase with the anticipated fracture direction. 

Field observations on the effect of oriented perforation were reported for vertical and deviated wells. Venditto, et al. reported a field observation on a vertical well. 

SPE 28556

"Oriented Perforations To Prevent Casing Collapse for Highly Inclined Wells"

Morita, N., McLeod, H.O.: 

SPE 69th Annual Technical Conference and Exhibition held in New Orleans, LA, U.S.A., (25-28 September 1994).

Abstract

This paper shows that the oriented perforation technique is an effective method to control casing collapse problems for highly inclined wells. Three wells were perforated with 180 degree phasing in the maximum in-situ stress direction. These three wells did not induce casing collapse while surrounding wells with the standard perforation technique induced casing collapse. Two of these three wells with oriented perforations significantly reduced sand problems. Numerical analysis was conducted to compare how effective oriented perforations were to minimize casing failure when a sheared zone was created around a well during drilling and production. 

Introduction

The effective overburden pressure is generally the largest principal in-situ stress, and its value increases significantly with hydrocarbon production. Since this stress orientation is perpendicular to the axis of highly inclined wells (including horizontal wells), borehole stability during drilling, sand production during hydrocarbon production, perforation failure and casing failure are different from those observed in vertical wells.  If a well is highly inclined, the significantly different horizontal and vertical stresses yield two sheared zones around a borehole during drilling. 

If the well is perforated with a standard method after a casing is cemented, cavities tend to form in the sheared formation due to sand production. The stress concentration in the casing in the minimum in-situ stress direction significantly increases due to the highly directional stress and the cavity created behind the casing.  Casing collapse tends to occur due to the high stress concentration.  However, if perforations are shot in the maximum in-situ stress direction (up-down direction for inclined wells) with 180 degree phasing, the perforation cavities are hardly enlarged due to the perforation shot in the less sheared orientation.  It reduces perforation cavity enlargement and casing collapse problems.  Even if the cavities are enlarged, the evolution of cavities occurs in the direction of less casing stress concentration, resulting in significantly reduced casing collapse problems.  This paper shows: 

1. Oriented perforating eliminates casing collapse problems for highly inclined wells or wells drilled in a tectonically active area. 

2. Oriented perforating reduces sand production problems in wells with highly directional in-situ stress state, if the formation has intermediate strength. 

3. In addition to field experiences, a thorough numerical model analysis is conducted using field data. 
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Use of Oriented Perforation and New Gun System Optimizes Fracturing of High Permeability, Unconsolidated Formations 

Soliman, M., Dupont, R., Folse, K., Mason, J., Burleson, J., and Azari, M.: 

1999 SPE Latin American and Caribbean Petroleum Engineering Conference held in Caracas, Venezuela, (21-23 April 1999).

Abstract

When designing fracture treatments for high permeability formations, fracture conductivity is a primary factor in attaining maximization of completion economics.  Optimum fracture design would dictate the knowledge of fracture orientation and the utilization of oriented perforation to optimally place the fracture.  While in many unconsolidated formations, the contrast between horizontal stress is small or even insignificant; taking advantage of this situation often improves the efficiency and placement of a fracture.

It is generally believed that existing spiral patterns used in more conventional slurry pack completions give better radial flow performance because of the uniform perforation distribution around the wellbore. However, when a hydraulic fracture is created, the majority of flow into the wellbore is delivered through the perforations that are communicated to the fracture.  This is especially true when many of the unconsolidated formations suffer a high degree of damage around the wellbore.  For this reason, it is important to focus fluids injected during the completion directly to the fracture and increase the number of perforations communicating with the fracture.  This paper will discuss the justification and theoretical background for a newly proposed design that develops this concept.  The paper also discusses the tools and procedures necessary to achieve the stated goals.

A case history will be presented that will discuss the methods employed by an operating company in offshore Louisiana in perforating unconsolidated formations with the new system to obtain highly conductive gravel-pack fractures in deviated vertical wells.  Significant to the success of the completions was the use of a high shot density perforating gun, oriented at 180-degree phasing.  To facilitate the new approach, an innovative perforating gun system was also developed, and a wide perforation was designed to minimize friction. 

SPE 57270

High/Low Permeability Dual Tubingless Injector - A New Injector Completion Technique in Duri Steamflood, Sumatra, Indonesia 

Bagis, N., Thurston, F.K., Kimber, K.D., Deemer, A.R.,

1999 SPE Asia Pacific Improved Oil Recovery Conference held in Kuala Lumpur, Malaysia, (25-26 October 1999)

Abstract

Current dual injector completion strategies in Duri Steamflood (DSF) allow separate steam injection into the Pertama and Kedua sands.  The Pertama sand has about three to five layers and the Kedua sand has two or three.  Each of the layers in the respective sands has contrasting rock properties where the permeability varies from 400 md to as high as 7000 md.  Commingled steam injection into layers with large differences in permeability often creates a non-uniform steam distribution between the layers.  This paper discusses the potential benefit of dual injectors based on splitting high and low permeability layers rather than upper and lower sands.  This is achieved by cementing two tubing strings and utilizing oriented perforation techniques.  Simulation was used to investigate the difference in terms of oil recovery for the current dual injector completion technique, separate Pertama and Kedua sands, and the dual tubingless completion technique, separate high and low permeability layers. Four different cases were examined. Separation based on high and low permeability layers instead of Pertama and Kedua sand increase oil recovery by as much as 5%.

Laurence Murray presented on completion situations in the Harding Field.  It is an 8 to 12 darcy rock.  In this situation, you would think, a priori, that with this permeability you would have a good chance for successful matrix injection.  Because of the high permeability, there was no opportunity for fracturing and they had to go for matrix injection.  The question then was how to complete.  Two wells were openhole gravel packed and one well used a prepacked screen.  On aquifer injection, the prepacked screen held up pretty well but started to drop with the injection of produced water.  In the gravel packed wells, although there is a smaller inflow area, the injectivity was "not bad."

There is a fair variety of solids in the injection stream.  Once the second well was brought on there was a significant increase in solids.  Jean-Louis Detienne asked about the fluids.  John Shaw indicated that aquifer water might not be too much cleaner than produced water.
The total rate through the three wells was 120,000 bpd and they have found that the problems tended to be at the last well (on the end of the manifold).  

Laurence presented laboratory work that had been done on synthetic core.  This material had 45% porosity and a permeability of at least 2 darcys.  There was flow to build filter cake and the sample was displaced with breaker.  

The experimental program used three different size ranges of silica flour.  In one case, they pumped in with lower end 3.1 ppm (about the same solids concentration as in the field) - there was a little pressure buildup in the gravel pack but not in the core.  They then increased the silica concentration by 100 times to simulate an upset.  Significant silica buildup occurred but this was fairly effectively removed by backflushing although there was some residual damage.  They found that they would be okay with a gravel pack but the question was whether a gravel pack was needed.

They did another simulation, again using 45% porosity artificial simulated reservoir.  They pumped in with 3 ppm of silica fines, but did not lay down a gravel pack.  This plugged rapidly.  If you do not lay down the gravel pack this material plugs rapidly.  It says that you have to keep the formation interface clean and you need to keep it clean for the life of the well.  Backflow showed that you could get rid of some of the filter cake but that you could not get rid of all of it.

Laurence showed another example with an upset concentration.  This plugged quickly.  There was some cleanup with backflow but it plugged again quickly.  The pore size in the core was nominally 90 microns (Harding is 85 microns).

The conclusion was that you need the gravel pack but you are always affected by the character of the completion/reservoir interface - "Will the gravel pack cover the entire zone?".  What can you do to clean up?  The tests showed that backflow would help in this field.  Practically, however, it would not be possible to lift this damaging material in the field.  BP Amoco tried to do some water hammer (slam shutting) clean up.  It takes about 30 minutes to shut down, but they still tried to shut-in rapidly and get a water hammer to destabilize bridges created by injected fines.  This was done about three times in four hours and the injection rate went form 160 to 230 m3/day.  There was also a significant drop in wellhead pressure.  The gravel pack is still very much prone to upsets and associated problems and there can be residual formation damage.

Laurence's current thinking is that even in wells where you do not need sand control, there might be advantages in having some sort of filter material in place.  

This reservoir apparently can't handle produced water.  They are now sidetracking WC2.  In other, more normal cases, they have tried to get around this by propping the wells.  One of the perceived problems, presumably particularly an issue in deviated wells, has been that at the junction between the hydraulic fracture and the wellbore/completion, there is a relatively small inflow area.  Even in an optimistic situation, you might be putting all of your rate through a small area at the junction between the fracture and the wellbore - in that scenario you have a small open area where the fracture explicitly intersects the wellbore that you are trying to put all of your rate through.

Laurence then showed an example from Prudhoe Bay.  It suggested that fracturing provided a temporary benefit.  This is hard rock with a nominal permeability of 100 md.  They generally don't see sustainable rates, even from fractures.

In terms of matrix wells, Laurence is really starting to think about openhole frac packs.  There are benefits including the fracture breaking through the skin.

On the Prudhoe Bay example, Paul van den Hoek asked if this was produced water.  Laurence thought so.  Paul felt that with seawater that the injectivity would stay up for quite a long period of time.  Laurence feels that if you can frac the well and then allow the thermal effects to develop that you can unplug the pack with thermal effects.  You get your injectivity through the fracture.  They have propped them to get the rate into the well.  Eventually they plug but thermal effects may reduce the plugging.  Paul asked whether proppant back production and settling might be an issue because the fracture would be open.  These wells were from the late eighties and were fractured with gel.  

David Davies asked if you really need to prop the wells.  Laurence indicated that this depended on the degree of self-propping.  In these wells, the injection pressure is below the virgin in-situ stress and there is a thermal benefit if you can get the rate to cause the cooldown.  It takes a long time to get the cooling and you may need to prop the fracture.  You want to make sure that the thermal benefit exceeds the net pressure change due to poroelastic effects.

BP Amoco has found that the success of thermal preconditioning depends on the type of well.  It has been more successful on new wells or converted producers.  There is some stress reduction?  Premature screenout can happen if the fracture hits some sort of stress barrier.  It is like a way of getting a "tip screen out."  Paul van den Hoek indicated that this would be good for conformance control.  The proppant concentration was 4 to 5 psf.

Kitt Ravnikilde followed up on the use of propped fracturing.  Maersk does not use proppant.  These are carbonate formations with permeability of about 1 md.  They use a Waterfrac and Kitt believes that there is no gel residue.  The carbonate is not naturally fractured.  Propping is not really necessary if you look at the dimensionless fracture conductivity requirements.

BP Amoco now tends not to use proppant in the sands because of plugging in the pack.

David Davies talked about the Laurence's laboratory tests.  You don't completely remove damage.  Based on how plugging occurs, how do you differentiate the two situations.  The tests were static and was the issue the volume of the fluid and hence solids were not adequate to plug the gravel pack.

Laurence discussed the mechanisms that were apparent from these laboratory simulations.  He showed photographs of the gravel.  A layer of silica builds up very close to the surface of the gravel pack.  The gravel pack keeps this plugging layer of silica off of the formation which already has a mud cake.

David Davies went back to a question posed by John Shaw.  Essentially, the gravel pack provided a mechanism for downhole filtration.  Could surface filtration accomplish the same thing?  Where would filtration be most effective (surface or downhole)?  BP Amoco found that the bridging is close to the pack surface and you can attack this (seawater in some cases, acid could be used to remove corrosion products, produced water or aquifer water might also remove it?).  As discussed you might also potentially perturb the bridging by water hammer stimulation.

The water hammered wells that Laurence described bridged again in about two weeks.  Regardless, this type of cleanup is a relatively easy to do (at least in comparison to other options).  The recommendation was to use a coarse screen, and coarse gravel.  This means that the screens won't plug and also that the velocity will drop rapidly near the gravel pack entrance and the solids will fall out near entrance, where they can be potentially also more easily removed by flowback.  BP Amoco found that these wells cleaned up when they went back to injecting aquifer water.

Filtration tests (dynamic) may be appropriate even for designing gravel pack completions.  Laurence presented data from PEA-23 dynamic filtration tests - using a fluid with 20 ppm solids, and 200 ppm oil.  Cake was developed.  When straight brine was reinjected afterwards, substantially more effluent came through the core and this suggested that there was some cleanup.  A possible observation is that to cleanup a fracture you might pump acid or you possibly might be able to pump clean fluid to clean up.

David Davies asked if there is anything that you could do at the surface to avoid upsets.  This partly comes down to facilities and how you are allowed to operate.  Per Laurence Murray, If you have capacity for storage (e.g. Ula has four hours) you can store and reprocess.  The storage capacity is a buffer.  If there is not enough buffer Laurence indicated that they will discharge rather than reinject.  Separator jetting can be controlled.  This often comes back to an economics issue.

A key issue is how to handle upsets at the surface.

David Davies feels that it is necessary to maximize cleanliness.  Laurence Murray believes that you have to keep the formation as clean as possible - use clean fluids - maximize the flow area.  John Shaw cautioned about the required degree of well treatment.  What level of treatment is desirable and what is practical?  John Shaw felt that treatment was required.  Laurence felt that you needed to be stringent but you would never get it good enough and other measures were required.  Don't mothball plants.  You can't get clean enough with just filtering at the surface.

Paul van den Hoek feels that the costs are particularly important here.  How clean is clean?  What are the life cycle costs?  BP has started to look at this.  They have sent feelers out to the business units to see how much they are spending per anum - CAPEX, corrosion, chemicals, etc.  Laurence Murray showed a spreadsheet.  It was suggested that Laurence's spreadsheet could be used as a starting point for summarizing these economic parameters.  It was indicating that lifting costs including water can become enormous.  Trond Jensen brought up the issue of the controls on revenue.

The other issue is completions in general.  If you are going to go to matrix injection, do you ever case and perforate?  John Shaw indicated that if you were planning matrix injection and stability considerations (or other mitigating factors) did not limit you, that you would go to openhole.  However, this prevents zonal isolation.  Paul van den Hoek brought up perforating to overcome damage.  John Shaw talked about underreaming.  Another reason for casing is the opportunity to recomplete.

The discussion then turned to the possibility of developing a spreadsheet that would help with matrix injection.  Paul van den Hoek suggested defining some generic field cases and work up the situations.  The generic reservoir and drilling situations included:

· Tight clastic

· Medium clastic

· Soft formation

Carbonates were also added.  Maersk and Phillips are interested in chalks and, by JIP definition, if you are not propagating the fracture it is a matrix phenomenon.  The Maersk wells are cased and cemented with up to fifteen zones isolated with packers.  There is selective flow.  The sliding sleeves are CT controlled.  It takes a long time to move the sleeves.  Maersk also has a SCRAMS well.  If there is not a natural fracture they will initiate and stimulate with Waterfrac and restimulate with acid.  As was indicated, Maersk perforates in acetic acid.  -if there no pressure gradient along the well they can perforate in one go.  They displace mud to brine.  During the acidizing, all acid is squeezed into formation and then they start injecting.  Basically the fracture is static so it can be classified as matrix acidizing.  These are mostly horizontal.

The key to success, according to Kitt, was the long horizontal section (length of 8000 feet).  What Maersk has achieved, per Alastair Simpson, is a very undamaged connection to the reservoir.  According to John Shaw, for a matrix case, the success was likely because Maersk is able to stimulate the entire section.  This discussion led to the addition of other parameters for consideration in the effectiveness of matrix operations, particularly the inclination of the well:

· Vertical well

· Deviated well

· Horizontal well

After continuing discussion, it became clear that it might not be possible to readily develop an analog to the Soft Formations Completions Worksheet.  It was suggested that the product, regardless of what it was, should cover "success characteristics."  The intent then was to define practices that would usually lead to successful matrix injection.  An important issue (Paul van den Hoek) is conformance control.  Another essential issue according to John Shaw was stimulation technology for matrix injectors.

It may be possible to categorize some of the keys to success in the Best Practices.  In addition, some basic design principles should be outlined.  

Maersk Experience:

Some of the considerations (in terms of design) are indicated below.  These guidelines are based on Maersk experience in their reservoirs.

· There needs to be a clean, undamaged connection with the reservoir.

· It is desirable to maximize the surface area connection with the reservoir.

· What are the restrictions associated with zone thickness.  In the Maersk case being considered, injection is in the water leg, so it doesn't matter.  This is not universally the case.

· What are the zonal isolation requirements?  For the Maersk case considered, zonal isolation is necessary because the pressure in the crest is lower than in the flank.  Conformance control is required.

· Stimulation and Acidizing: What is "special" about Maersk's matrix acidizing for injectors?  The acid is bullheaded and the rate is as high as possible.  Selective stimulation is used.  In order to get good acid job, the lengths of the zone need to be limited to between 500 and 700 feet.

· How was the beanup operation conducted?  Is it an issue whether you go rapidly to the highest rate or go slowly?  Did you bring the well on gradually?  The acid products are small.  These formations are highly acid soluble.  In other fields, there may be more products and you may have to worry about fracturing the well.

· What sorts of additives are in the acid?  It would help to know if it was retarded or buffered?

· Completion: There is flow control as well as zonal isolation.  The packers provide zonal isolation.

· Maersk uses selective stimulation (two barrels per foot) and selective isolation.  The wells have already been perforated in acid with a 200-psi overbalance.

· Beyond stimulation and completion, there are operational issues.  It is ideal to be able monitor and control your flow, and perform PLTs, step rates and falloffs.  Kitt was not certain about the value of the monitoring that was carried out.  PLTs are run about every three years.

· How often do you restimulate?  In 1999, Maersk stimulated twice and before that it was done in 1997.  Stimulation is more related to voidage rates - if there is no real loss of rate, stimulation is not undertaken.

· As a general observation, there has been more decline in the deviated wells.  Stimulation also causes more change in deviated wells.  All of the deviated wells get the dirtiest water.   There are probably 4 to 10 mg/l solids at the lower end going into the horizontals.  The average oil-in-water is 40 to 50 ppm.  Analyses by Bjarni Palsson have shown no injectivity dependence on the oil-in-water level.  Ahmed Abou-Sayed indicated that he could  not draw the conclusion that acidizing was less effective in the horizontal wells - maybe they were less damaged.

· Using tracers to confirm that there was loss of conformance.

· Chemistry issues.  The horizontal wells are taking about 40% produced water, and the deviated wells are taking around 75% produced water.  The fines present are chalk fines, and the scale that occurs is barium sulfate.  Some iron sulfide has been identified.  Calcium carbonate precipitation has not been seen.

John Shaw cautioned that everyone was getting too much into levels of detail and some broader issues needed to be addressed to come up with directions for developing a workshop product.

Phillips' Experience:

Trond Jensen offered Phillips' carbonate experience.  They are doing seawater injection and there are similarities to the situations described by Maersk.  However, they don't believe in zonal isolation.  Trond believes that it is good if you can use it.  

In Torr fields, there are two converted near vertical injectors.  These are dump flooded and this is the closest to matrix injection.  In real-time evaluations, they will look at pressure versus rate.   

Now, they have horizontal injectors (all 4000 to 6000 feet long) on Eldfisk - four on one structure and three on another.  

Phillips is using limited stimulation.  A couple of feet are shot every two hundred feet (6 spf) and these are balled out and then stimulated.  6 spf works with the fracturing.  Acid fracturing has been done - to initially provide injectivity and to restimulate.  Stimulation is done on a well by well basis when the injectivity drops below a certain level.  The frequency of the stimulation has typically been each well every other year, but it varies substantially.

On Torr, they are not propagating fractures.  On Eldfisk and Ekofisk they are stimulating above in-situ stress during the water injection (no matrix injection).  On Torr, they are dump flooding seawater, siphoned.  The wellhead pressure is 20 to 50 psi.  There are fine filters, needle felt filters, and the water is deoxygenated.  Torr is highly naturally fractured.  It is between 100 and 200 feet thick.  Two wells were initially acid fractured.  It is speculated that the fluid is pouring into naturally fractured zones.  These wells will take as much water as they can get.  There are no intentions to bypass filters.

What Are The Key Success Criteria In Matrix Injection?

· Pressure is Limited - maximum reservoir connection - no fracture propagated

· Completion Issues - clean fluids and flexible (adapted for specific field conditions)

· Controlled (Monitored) Access (zone isolation, reliable, manageable)

· Stimulation Issues (how, when, frequency, how much, backflow)

· Operator Issues (startup, water quality, and intervention).

· Compatibility, Corrosion, Souring ... water quality, materials, metallurgy

The group then started to develop a tabular relationship of the major aspects for a successful matrix program.  The following Table is one example that was put together.

Lithology
Reservoir
Connection
Completion
Issues
Controlled Access
Stimulation
Issues
Operator
Issues

Hard Rock, Single Zone, <= 50 md, E= 5 GPa, sandstone
Propped frac but declines observed,
Cased and perforated unless really hard rock, limited entry is a problem if o.h.
Single Zone



There was a great deal of diverse discussion.  It is not summarized in detail.  Some of the salient points are indicated below.

1. The question of agreed upon methodology for characterizing water quality was brought up.  One standard document (from BP Amoco) has been made available to the Consortium.

2. The permeability is effective permeability.  The comment here was that you need to be extremely careful in what permeability values you use, because you are not always dealing with absolute permeability, as oil can be displaced.

3. What kind of basic monitoring can be done if the reservoir is on vacuum?

4. Corrosion issues were discussed.  Statoil uses GRE (Glass reinforced epoxy) lined casing.  Shell uses straight GRE and has used it down to 2000 m.  There are pressure limitations.

5. Are there also temperature limitations on GRE?

6. Filtration: What type of filters should be used?  What can you achieve with a sand cyclone?  A deliverable for the Project would be methods for instructing the operators what should be done?

7. Erosion of tubing was talked about.  This needs to be part of the Best Practices.

8. Laurence Murray suggested that the deliverables from the Workshop should be Best Practices outlining "What are the success criteria?," "What needs to be done for successful matrix injection?," "How can this be achieved?," and "Are there examples?"  The desired format would be internet based.  It would have a document structure and would not just be a report.
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