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1 Executive Publishable Summary

The project Well Productivity 2002 (WP-2002) was part of the EU 5FP and coordinated by RF-Rogaland Research. The partners in the project were: RF-Rogaland Research (Stavanger, Norway), Reservoir Laboratories AS (Trondheim, Norway), M-I Drilling Fluids U.K. Ltd. (Aberdeen, UK), Rhodia Chimie SA (Paris, France) and ENI Tecnologie SpA (Milan, Italy).
An industry group; BP, Norsk Hydro, Shell Norway, ChevronTexaco and ENI have sponsored the project.

The overall goal of the project was to protect the production potential of hydrocarbon reservoirs. To reach this goal, a strategy with four major elements has been defined:

· Developing cost-effective laboratory and field diagnostic methods to characterise and quantify the undamaged and potentially impaired production potential of a reservoir
· Conducting systematic applied research on well fluid design with special consideration given to the formation damaging effects of well fluids, and the underlying mechanisms
· Developing cost-effective field practices for maximising well deliverability

· Creating a simulation tool to support well planners decisions
The project was divided into the following well-defined work packages (WP):

WP1
Unified laboratory testing protocols - Reservoir Laboratories AS.

WP2
Polymer-induced formation damage by water-based drilling & completion fluids -ENI Tecnologie SpA.

WP3
Damage from emulsion-based fluids – RF-Rogaland Research.

WP4
Low-damaging fluid systems/products - Rhodia Chimie SA.

WP5
Customised well clean-up procedures – M-I Drilling Fluids U.K. Ltd.

WP6
Well productivity simulator – RF-Rogaland Research.

The main results from the project:

1. A unified test protocol for laboratory formation damage assessment has been proposed. The protocol consists of functional procedures that attempt to standardise formation damage service projects.

2. Through well designed experiments, improved knowledge about formation damage mechanisms for (i) polymer containing water-based fluids and (ii) emulsion based fluids has been generated. This knowledge will be of importance in designing of well fluids, and as input to the simulation models. 
3. To support the well planners with mud design software have been developed (BestMud and Maximize). 

4. In order to clarify and improve the clean-up procedures, tailored to the type of fluid and completions, an examination of 230 case histories has been carried out.  To facilitate data storage and analysis a data-base has been constructed which assesses the success criteria of the key element of the drilling and completion process. It was found that there is a clear distinction between the different options available.
2 Objectives of the project

The overall goal of the project is to protect the production potential of hydrocarbon reservoirs. To reach this goal, a strategy with four major elements has been defined:

· Developing cost-effective laboratory and field diagnostic methods to characterise and quantify the undamaged and potentially impaired production potential of a reservoir
· Conducting systematic applied research on well fluid design with special consideration given to the formation damaging effects of well fluids, and the underlying mechanisms
· Developing cost-effective field practices for maximising well deliverability

· Creating a simulation tool to support well planners decisions
The WP2002 project has 6 subordinate objectives to follow the strategy. Each of the objectives is addressed by one Work Package and lead by one of the partners.

WP1:
Validate suitable laboratory procedures and equipment, and establish a unified set of test protocols for formation damage testing that reflect a relevant variety of reservoir rocks, fluids and conditions, and the range of modern well fluids and wellbore conditions. This set has to be more reliable than currently used methods, while maintaining cost efficiency.

WP2
Characterise the main mechanisms of damage specifically for polymer-containing, water-based fluids for well drilling, completion and treatment, and the conditions under which each mechanism may be dominant in a variety of field situations.

WP3
Characterise the main mechanisms of damage specifically for emulsion-based drilling and other well fluids, highlighting oil-based drilling fluids, and the conditions under which each given mechanism may dominate.

WP4
Select and optimise products for minimising the damaging effects of well fluid.

WP5
Develop efficient and practical well clean-up procedures, customised for each well fluid class and the type of damage, emphasising processes that are critical over a wells life.

WP6
Develop a prototype simulation model for well productivity, covering data interpretation, field-scale prediction and fluid-system screening using physical and mechanistic parameters derived from a synthesis of the results in objectives 1 – 5, combined with pre-existing tools for modelling near-wellbore flow and chemical interactions and in-well flow efficiency.

For all objectives, the work focus will be on the following application conditions considered by the European hydrocarbon industry to be most critical in a present and near-future scenario:

a) Deep, high-temperature, complex reservoirs with low permeability and complex layering;

b) Horizontal, high-angle, or multi-lateral wells requiring high drilling fluids performance;

c) Well completion types in which near-well damage cannot be by-passed by perforating;

d) Water and gas injection wells, where clean-up after completion or workover by simply putting the well on production is not always desirable, in addition to production wells.

The overall project budget was 2274.8 kEuro for the project period from 1 December 2000 to 30 November 2003. Of this EU contributed with 47%, the industry group with 37% and the partners internally with 16% of the total. A breakdown to the different partners and work packages are shown in the following table.

	Partner
	Work Package
	
	Budget (kEURO)

	RF
	WP0
	Coordination
	23.4

	Reslab
	WP1
	Unified laboratory testing protocol
	451.7

	ENI
	WP2
	Polymer induced formation damage by water-based drilling and completion fluids
	500.0

	RF
	WP3
	Damage from emulsion based fluids
	266.1

	Rhodia
	WP4
	Low damaging fluid systems/products
	200.1

	M-I
	WP5
	Custom well clean-up procedure
	233.9

	RF
	WP6
	Well productivity simulator
	599.6

	TOTAL
	
	
	2274.8
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3 Scientific and technical description of the results

Below the results from the different WPs are given.
3.1 WP1 Unified laboratory testing protocol
The objective of WP1 was to develop a standard laboratory procedure to quantify the formation damage potential of a drilling fluid, in relation to a specific formation. In parallel to developing a standard procedure, work was performed to develop a nuclear magnetic resonance imaging method to detect the introduction of foreign fluids such as mud filtrate.

Due to an increased understanding of the effects of formation damage, it has become commonplace to test the damage potential of drilling fluids with reservoir core, prior to drilling. This preventative approach has shown to be more effective than neglecting pre-drilling laboratory testing. However, the current industry approaches are lacking in many areas. It is not sufficient to force the drilling fluid onto the face of a core at overbalance and measure a return permeability, as this will provide a false impression of the fluid.

Through this research and previous laboratory experience, a validated standard procedure for testing the formation damage of drilling fluids has been developed (WP2002 Deliverable 4). The research provides a number of explanations as to why previous “round robin” studies display large variations in results between laboratories. It also explains why false ranking of drilling fluids and formations were subsequently produced due to the varied procedures currently used. Explanations and solutions are specified in order to allow future testing to be repeatable in any laboratory and most importantly, representative of the wellbore situation. The result of this research is a cost-effective procedure for ranking drilling fluid formation damage potential (WP2002 Deliverable 3). Although the laboratory equipment used is not greatly different from that used in many laboratories, there are procedural changes. These changes allow accurate testing and ranking of formation damage potential.

The procedure was also found to be sensitive to various temperatures, formations and drilling fluids (WP2002 Deliverable 5).

The results detail representative fluid application, basic fluid ranking procedures and a more advanced investigative procedure, which determines the type and extent of damage expected from the formation and fluids. Additions to these procedures allow for the testing of solid and chemical completions, to provide a strong tool for well planning.

The volume and rate of filtrate loss of well fluids have significant effects on the extent of damage mechanisms. Not only does the rate of an invading fluid determine its distribution within the formation, it may also affect the ability to migrate fines or carry invading particles. Therefore, to obtain the full benefit of the mud application procedure, both accurate filtrate loss and return permeability should be measured. In order to achieve accurate filtrate loss and return permeability it was concluded that the drilling fluid should be applied to the core under conditions that are as close to those in the well as possible. Bottom hole temperature and pressure should always be recreated as best as possible. Among the reasons for this are the effects of fluid viscosity, dispersed-solids flocculation and thermal degradation of filtration control additives and viscosifiers. It was also felt necessary to examine the erosive nature of the drilling fluid as it passes up the wellbore. Previous research has noted the approximate shear rate in the wellbore (Table 3.1) and that variation in shear rate will alter the filter-cake deposition and therefore the filtration properties.
Table 3.1 Approximate Shear Rates
	Location
	Shear rate

	Drill Pipe
	100-500 s-1

	Drill collars
	700-3000 s-1

	Bit Nozzles
	10 000-100 000 s-1

	Annulus
	20-100 s-1

	Pits
	0-5 s-1


Filtrate loss from a drilling fluid is dependent on the shear force that is exerted on the filter cake and the characteristics of the fluid. They suggest “the challenge in designing a dynamic filter condition is to achieve a uniform flow condition across the filter-cake”.

Flow must be parallel to the filter-cake to produce a uniform shear rate. The worst case scenario would be flow directed perpendicular to the filter-cake development for the duration of the dynamic period, as this would cause unrepresentative jetting and undesirable vortices. The results of the filtrate loss show a significant difference the between dynamic and static stage of applications (Figure 3.1). The first 24 hours demonstrate dynamic application and the remaining time is a continuation of the test with static drilling fluid application.
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Figure 3.1. 
Accumulated dynamic filtrate loss against linear time. 
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Figure 3.2.
Base k0 plotted against % return permeability for static and dynamic drilling mud exposure tests.
To simulate back production a constant rate back flood was performed. A correlation was found between the base permeability and the % return permeability (Figure 3.2). As only one rate was used for all cores the trend of low permeability cores having a high return permeability as seen in figure 2 suggests that a constant rate back production provides a forced return permeability. The return will therefore be dependent on the rate used. The recommendation from this discovery is that a constant pressure drawdown should be considered, simulating an actual production scenario.

The investigations into using NMR as a formation damage identification tool were useful for highlighting artefacts when using an annular ring at the wellbore end of the core. However, it was concluded that the detection of a formation damage mechanism using this technique requires supporting analysis from SCAL measurements and scanning electron microscopy. The reason for this is that NMR views the complete pore system whereas permeability is a result of the open area to flow.

In order to detect the depth of damage a back flood using viscous oil was investigated. The result of this was that a depth of damage was calculated. The damage depth however, was not confirmed with any other analysis.

Procedure.

In conclusion the recommended procedure can be summarised by the following points.

1. Prepare reservoir core to a representative saturation.

2. Apply pressure and temperature equal to the formation in question.

3. Measure a base permeability to the production phase at a low flowrate in the “formation” to “wellbore” direction.

4. Apply the drilling fluid at overbalance using a calculated representative shear rate (see main procedure - dynamic).

5. Apply the drilling fluid at static overbalance.

6. Perform a production simulation using a constant differential drawdown until stable.

7. Re-measure permeability in the formation to wellbore direction at a low flow rate.

Deliverables from the Procedure.

1. Accurate return permeability, which will indicate the effects of near wellbore damage.

2. Accurate filtrate loss which has many uses:

· Allows the return permeability to be representative.

· Enables calculations of the depth of filtrate invasion.

· Assists in calculations for the volume of drilling fluid required.

· The rate of invading filtrate loss can be used to calculate the filtrate flow regimes if other parameters are known. From this an indication of the filtrate distribution can be calculated.

This assists in productivity prediction, as it is well known that when two fluids are simultaneously present, the ability of one fluid to flow depends on the other fluids configuration.

3.2 WP2 Polymer induced formation damage by water-based drilling and completion fluids

The principal focus of WP2 was to characterise the main damage mechanisms specifically for polymer-containing water-base fluids for well drilling, completion and other treatments and identify the conditions under which each mechanism may be dominant in a variety of field situations. From an operating point of view these objectives correspond to identify what polymers are really needed for a specific use and how to select them for a given reservoir. 

The experimental activities were approached by a combination of coreflooding tests at relevant conditions and advanced diagnostic core techniques, like NMR Relaxometry and Scanning Electron Microscopy (SEM). Based on the improved knowledge on formation damage mechanisms new guidelines for designing low damaging WB fluids and selecting the most appropriate and environmental friendly polymeric additives were developed, so that the program objectives are fully satisfied. 

Furthermore WP2's findings will feed into other packages of the project. Mainly, they are useful input data for validating the new numerical simulation tool developed by WP6 with the aim to support well planners' decisions related to the choice of well fluids and to integrate, analyse and interpret laboratory and field formation damage data. Also, the WP4 will make the most of the knowledge on the damage mechanisms in order to further optimise the commercial products usually contained in the novel low-damaging WB fluids. 
Another important result obtained by the research activities carried out during this project is the implementation of the guidelines for selecting and optimizing the water-base fluids used for drilling the pay-zone section. In fact, in order to maximize benefits the properties of the fluids need to be optimized for the conditions prevailing in the reservoir. Matching the reservoir characteristics and completion technology with optimum drilling fluid formulation is a must to the economics of any field development. In recent years, this need has become even more important with the growing application of open hole completions in high angle or horizontal wellbores that are commonly drilled and completed with the same fluid. Plus the application of sand control technologies requires the use of specific fluids which do not plug the screen or the gravel pack when the well is put on stream.

Therefore in the drilling fluid design process three important factors must be considered:

1. Drilling objectives 

2. Formation damage needs
3. Environmental constraints.

The drilling fluid needs a rheology good enough to enable good hole cleaning, lubricity good enough to mitigate torque and drag problems, good inhibition with respect to interstitial clays to improve hole stability and, very importantly, to be minimally damaging to the permeability of the formation.  

The number of potential variables involved is big and in fact it is very difficult to design a single fluid to cover all eventualities but some criteria can be defined for selecting the least damaging additives to be used for the water-base mud formulation containing polymeric components. The main factors to take into account during the design of reservoir drilling fluids are the thermal stability of the polymeric additives, the particle size and concentration of the bridging agents, the mutual interaction of the fluid additives and the interaction of the fluid components with the rock formation, the well fluids and the completion fluid. 

Following some guidelines are presented for selecting the most appropriate system for specific reservoir conditions. 

Viscosifying agents. Xanthan gum and scleroglucan are the most common biopolymers used to viscosify the actual commercial non-damaging reservoir drilling fluids. Putting together the findings of this project and information described in literature, it appears that:

· The non-modified xanthan gum is recommended for temperature up to 90°C at low salt concentration while the field application could be increased up to 120°C when the salt content is increased. Up to these temperatures xanthan gum maintains both its good rheological properties and its capability to create, if all the mud components are properly optimized, a very effective filter cake for fluid loss control.

· For applications at temperatures as high as 150°C, some modified xanthan gums (very high molecular weight) are now available on the market. Use of concentrated formate brines, particularly potassium formate, confers even greater thermal stability on these modified polymers. Moreover these salts are usually added in order to match the required mud density when a low solid fluid is needed.

· Xanthan gum, because of its anionic features, has some limitations in brines containing high concentration of divalent cations, as calcium, magnesium, and zinc. However it could be easily dissolved in heavy formate brines.

· Scleroglucan is thermally stable at least up to 150°C in the presence of salts and therefore it could be considered the best biopolymer for viscosifying fluids to be used in HT wells. But specific procedures for dissolving the biopolymer are recommended in heavy brines like formates or bromides. A pre-hydration in water is suggested before adding the salts in order to obtain good rheological properties.

· Because of its non-ionic features scleroglucan is fully compatible with all types of brine as long as the pH of the fluid remains lower than 12.5. At this pH value the polymer starts to precipitate due to a change of its conformation losing its viscosity. Unfortunately if this modification happens the viscosity of the fluid can not be recovered only by reducing the pH. Among the available brines used in the oilfield applications the only one that can not be used in combination with scleroglucan is the potassium carbonate that shows very high pH value already at a density of 1.2 sg.     

· However scleroglucan is the preferred biopolymer in calcium rich brines where xanthan gum has some limitations.

Fluid loss control agents. In order to obtain the best protection from invasion of filtrate the polymers used as fluid loss reducer require to have excellent fluid loss performance and minimal effect on rheological parameters. Starches, which have been subjected to some particular chemical and physical modifications, have found to perform very well in this regard. 

· Starches characterized by a low crosslinking degree are less stable at high temperature and are recommended up to 90°C. During this study it was found that they can enter deeply the porous matrix and severely impair the permeability of the formation. Plus as they show a high tendency to swell they can modify the rheological properties of the mud.

· High crosslinking degree gives the starch higher thermal stability and in fact some types of starch can be used at least up to 150°C without any degradation. These starches behave like "solids" and therefore appear very effective in the formation of a low permeable filter cake. Besides they are less prone to enter deeply the porous medium and their effect on the rheology of the mud is negligible.  

· As far as cost is concerned the higher reticulated starches are more expensive than the other ones but their performance are much better and therefore for the formulation of reservoir drill-in fluids they are greatly recommended.      

Bridging agent selection. In general there are two types of bridging agents commonly used:

· water soluble particles - NaCl

· acid soluble particles - CaCO3. 

However for both systems the most important key performance criterion is the definition of the optimal PSD, which must be done on the basis of the estimated permeability/porosity of the formation. The PSD must be broad and big enough to bridge off the sand face pore throats of the reservoir. In addition the PSD must be monitored and maintained during the whole course of drilling by continuously (above all in high permeability formation) adding the coarse particles, as solids are degraded by attrition during circulation and handling or removed by shaker at the surface. In fact, PSD is critical to establishing an effective seal at the surface of the formation, particularly when attempting to seal high permeability media therefore mixing procedures which indicate the use of low shear are strongly recommended to avoiding particle size degradation.  

As far as the bridging agent concentration is concerned it is always suggested to keep it to a minimum to control the impact of fluid density. From the results discussed in the previous sections of this report it appears that 50 - 70 kg/m3 of properly sized CaCO3 are enough to effectively seal the formation face. If the PSD is too fine to match the pore size distribution the filter cake becomes permeable to the polymeric materials and the filtrate can severely impair the rock permeability. 

In the selection of the bridging agents some considerations with respect to the brine /particle interactions should be done. In the case of CaCO3 the solubility of the particles is not a concern because they can be regarded as being inert while the use of NaCl places some constraints on the brine. Specifically the brine must be saturated to NaCl, which means that the minimum density is 1.2 sg. while the maximum density achievable with NaBr is 1.5 sg.   

Other components. In the evaluation of the damage induced by the water-base fluids it is always very important to investigate also the behavior of the minor constituents such as lubricants, shale inhibitors, corrosion inhibitors, emulsion breakers, etc. Although their concentration is usually very low compared with the viscosifier or the fluid loss reducer they can negatively affect the rheological or filtration properties of these polymers. In fact these additives are usually dissolved in solvents that are not compatible with the mud components. For example isopropanol, the most common solvent used for the emulsion breakers, is also a good precipitant agent applied for the purification of xanthan gum and scleroglucan. Hence it is suggested to avoid any additives formulated with this alcohol.  

3.3 WP3 Damage from emulsion based fluids

Invert emulsion drilling fluids, also called oil-based drilling fluids (OBM) are in many cases less damaging to oil reservoirs than water-based muds (WBM), but the dominating formation damage mechanisms (fdms) appear to be more complex for OBM. The objectives for WP3 were to characterise the main fdms for OBMs and the conditions under which each mechanism may dominate (Deliverable 8) 
Standard experiments and special designed experiments have been carried out. One focus has been on interactions of mud phases with reservoir fluids and reservoir rocks. Another focus has been on long term effects and the study of nonpermanent fdms. Only fdms in rock have been studied, not plugging of completion assemblies. The results are limited by selected experimental standards in WP2002, and selected crude oils, mud systems (one system with mineral base oil and one system with synthetic base oil) and filtration pressures in WP3. 

Characterisation of mud systems by standard experiments was used as background for the special designed experiments. In all cases the studied mud systems were water-in-oil (w-o) emulsions. The emulsions in the studied mud systems were found to be stabilized by emulsifiers and solids (clay and drilled solids). 

Based on experimental results and information from literature the most important fdms for OBMs in drilling of consolidated low-to-medium permeable sandstone oil reservoirs appear to be: 

· Asphaltene deposition (fdm1) 
· wettability alteration (fdm2) 
· formation of emulsions in reservoirs (fdm3) 

· residual filter cakes (fdm4) 

· emulsions invasion (fdm5) 

· solids invasion (fdm6)

· fines migration (fdm7) 

OBMs are usually inhibitive mud systems, i.e. they give no swelling of clay (fdm8). This was confirmed for the selected mud systems. Some OBM systems contain polymer/resins that can by invasion reduce the permeability of the rock. The composition of the reservoir oil can be important with respect to creation of fdm1-3 and removal of fdm1-5.  Fdm3 and fdm5-6 will be less important if the spurt period is short. If no unfavourable interactions between mud phases and reservoir fluids or reservoir rock occur, solid invasion will in many cases have the highest potential for formation damage. This potential can be reduced by proper selection of bridging material.

Fdm1-5 can be nonpermanent because they may be removed by the reservoir oil. Since emulsions are thermodynamically unstable, fdm3-5 can be less important at higher temperatures. Fdm6-8 are usually permanent. The removal of nonpermanent formation damage by the reservoir oil will be fastest in high permeability reservoirs with high drawdown, because the sweep efficiency of the damaged area will then be highest. If the drawdown is very low, it can be impossible to sweep the damaged areas with the reservoir oil. At lower temperatures fdm3-5 can be permanent because the breaking of thermodynamically unstable emulsions may be too slow. Mud invasion can be much deeper and more severe in horizontal wells than in vertical wells because the drilling time is much longer. The viscous forces available for cleanup of horizontal wells in oil reservoirs are lower than in vertical wells because lower drawdown is required to maintain the oil production. In consolidated sandstone reservoirs with high permeability, solid invasion can cause severe formation damages. With proper design of a bridging agent this problem can be reduced. 
Some of the physico-chemical processes during mud exposure and removal of mud contaminations are found to be slow. Equilibrium conditions can therefore not be established during experiments with short exposure and short back-production periods. In short laboratory experiments, some fdms that are temporary in the reservoirs can appear to be permanent in the laboratory because of the time factor. In addition, fdms that are important in the field may not be detected in short experiments. Potential for fdm1-5 (creation and/or removal) in laboratory experiments will depend on composition of the oil used to simulate the reservoir oil. If white oil is used, the potential for creation and removal of fdms sensitive to the oil composition can come out wrong. If these fdms are known to have negligible potential, screening of mud systems with short experiments using white oil can give a reasonable ranking. Monitoring of concentrations of mud components in screening experiments can give valuable information. Detailed chemical structures of mud components were not made available for the project and this has limited the evaluation.

Short description of each fdms
Asphaltene deposition

The potential for formation damage by asphaltene deposition with blocking of pores will be highest for reservoir oils with high concentration of asphaltenes close to onset of asphaltene deposition, especially if a mud with low aromatic content is used. Asphalt products in mud systems may also cause compatibility problems. Formation damage by asphaltene deposition can be nonpermanent if the reservoir oil is not saturated with asphaltenes and the reservoir oil can efficiently sweep the damaged area.
Wettability modification

Wettability modification by mud filtrates (MF) can be caused by several mechanisms, adsorption/desorption and change in asphaltene aggregation. If the concentrations of surface active components are high, the concentrations of aromatic compounds are low, and/or the mud contains asphalt products, the potential for wettability modification will be high. Wettability modification can be nonpermanent if the reservoir oil can desorb mud components and/or dissolve asphaltene deposition during sweep of the damaged area.

Formation of emulsions in reservoirs

If the shear rate during mud exposure and/or back-production of MF is high, the potential for emulsion formation in the reservoir will be high, especially if the concentrations of emulsion stabilizing agents in MF and/or reservoir oil are high. The emulsion droplets will block the pores. If the emulsion stabilizing agent is soluble in the reservoir oil or the reservoir oil can change the wettability of particles stabilizing the emulsion, this formation damage can be nonpermanent if the damaged area can be efficiently swept by the reservoir oil. Emulsions are thermodynamically unstable and the potential for permanent damage by this mechanism is therefore lower at higher temperatures.
Residual filter cakes

Filter cakes that are not removed when the oil production starts will reduce the oil production. If the emulsion stabilizing agent is soluble in reservoir oil or the reservoir oil can change the wettability of particles stabilizing emulsions, the damage can be removed during oil production. Emulsions are thermodynamically unstable, and the potential for permanent damage by this mechanism may therefore lower at higher temperatures. Residual filter cakes containing asphalt products can be easier to remove with high aromatic reservoir oils than with low aromatic reservoir oils.
Emulsions invasion

If the emulsion in the mud system is unstable, the potential for formation damage by emulsion invasion and thereby blocking of pores by water droplets can be high. This potential will also increase with pressure. If the emulsion stabilizing agent is soluble in reservoir oil or the reservoir oil can change the wettability of particles stabilizing emulsions, the formation damage can be nonpermanent if flow of residual oil through damaged area is possible. Emulsions are thermodynamically unstable and the potential for permanent damage by this mechanism is therefore lower at higher temperatures.
Solids invasion

The potential for solids invasion and thereby blocking of pores can be high if bridging solids are not properly optimised. Solid invasion is a big problem in high permeability reservoirs. Solid invasion is usually permanent, except removable solids e.g. calcium carbonate.

Fines migration
Fines migration can cause formation damage in oil reservoirs with fine clays and microcrystalline cement because the fines can block pore throats. The potential for damage by fines migration will be high if the MF contains high concentration of dispersion agents. 

Swelling of clay 

Swelling of clay can occur in reservoirs containing smectite (swelling clay). This will reduce porosity and permeability and can give mobilisation of clay particles. The potential can be reduced by using inhibitive mud systems. This formation damage will give permanent damage in reservoir rocks.

Polymer 

Some OBM systems contain polymers/resins that can plug pores.

The criteria for designing and maintaining of invert emulsion drilling fluids, also called oil-based drilling fluids (OBM), for critical field cases have been evaluated (Deliverable 9). The focus has been on drilling of oil reservoirs and the following subjects:
· Performance and chemical/emulsion stability at extreme temperatures

· Effects of contamination by drilled solids when drilling long horizontal sections in complex reservoirs where non-perforated completions will be used

· Interaction between oil based drilling fluid, the usually water-based completion fluid, and any displacement / clean-up fluids used for the transition from drilling to completion

Robust OBM systems should be selected for drilling of high temperature wells. The effects of temperature on equivalent circulating density (ECD) can not be ignored for these wells. ECD should be minimised to prevent invasion and lost circulation, but without the risk for barite sag. 

Drilled solids can change rheology and fluid loss characteristics and can increase the formation damage. It is very important to remove fine solids in drilling of long horizontal sections to maintain rheology and ECD control.

In displacement and cleanup operations after drilling with OBM it is important to avoid incompatibility problems and additional formation damage.

Several potential problems have been identified for the critical field cases. The risk for the different problems to occur will depend on the formulations of the well fluids that are used.

For critical field cases it is important to evaluate the formulations using:

· Knowledge about chemical structures and physico-chemical phenomena in the well fluids

· Laboratory experiments at actual conditions

· Prediction of critical parameters under actual downhole conditions

During the operations it is important to monitor the critical parameters.

3.4 WP4 Low damaging fluid systems/products

The objective was to develop alternative chemical additives for drill-in fluids in order to limit the reservoir damage. The damages to the reservoir can be classified in two different types; internal damage and external damage. It seems that the internal damage mechanisms are rather well understood and controlled while the management of the filter cake requires innovative chemistries. This project has therefore focused on the external damage. WBM and OBM have different behaviours. Since WBM does not disperse in reservoir fluids focus has been put on WBM filter cakes.

It has been proposed to evaluate the potential of pH sensitive latex. Standard latexes are dispersion of hydrophobic polymer in water. If the hydrophilicity of the polymer increases with pH, the latex particles can participate to the viscosity control of the mud, or collapse and leaving holes in the filter cake.

Tests of latexes developed by Rhodia have been performed. Results show (Deliverable 10) that alkali-swellable latexes could facilitate the disintegration of the filter cake under acidic conditions. They may have an interest for the reduction of formation damages with water-based muds but further investigations and adjustment would be required to confirm this.

3.5 WP5 Custom well clean-up procedure

The primary objective of WP5 was to develop efficient and practical well clean-up procedures tailored to the type of fluid and completion. The original method put forward to accomplish this was to take the traditional approach of conducting laboratory tests.

However, it was decided that an analysis of actual field experience would be more effective and realistic. To facilitate data storage and analysis, a database has been constructed which assesses the success criteria of the key elements of the drilling and completion process;

1. Performance of the reservoir drilling fluid (RDF)

2. Success of the completion procedure

3. Success of the clean-up treatment

4. Productivity of the well.

The intention of WP5 was to generate meaningful information from actual field experience and to integrate this with the theoretical findings of WP6. The goal of WP6 was the creation of a software tool that highlights the best potential drill-in and clean-up possibilities for a given set of well and reservoir conditions. The WP6 simulation model uses data generated from the other work packages of the project in its architecture.
For handling the large number of records, Microsoft Access 2000 was chosen as the software foundation for the database. This allows easy accessibility and upgradeability to the database for any further actions and it is believed this software will have a relatively long life expectancy. Using a Microsoft Excel spreadsheet, blocks of already prepared and checked data can be dropped into the main data table within the database in Microsoft Access. This was considered the best approach for the current investigation.

An examination of 230 case studies has been carried out in order to identify trends in the reservoir drilling and completion process. The work completed to date on WP5 demonstrates the value of collecting performance data from actual wells. It has already been shown that clear distinctions can be made between the different options available in the reservoir drilling and completion process. As a consequence of these findings it is recommended that the methodology of using a database to record and analyse the process is continued. With a growing number of records the effectiveness and potential of the database would increase along with the confidence in the probabilities derived from it.

The major findings in relation to the study itself are as follows:

· Assessing and data-basing the performance of key elements of the reservoir drilling and completion process is a highly effective method for identifying practices which work well and those which do not.
· The resultant information obtained from the WP5 database of field data can be compared and integrated with the output from the software tool developed from WP6 to highlight the most suitable options available.

· The resultant statistics from the database can be used to assess the various options for a specific application, so facilitating the decision making process.
· A user friendly database can be created and maintained.
· Data-basing the performance of key parts of the process focuses attention towards areas where significant improvements can be made.

Below are the major findings of the study (Deliverable 11). Approximately half the case studies were obtained from operator data and half from published papers. It should be realised that with respect to published well histories that these may skew the success : failure ratio of the findings. The reason for this is that well histories that have been presented at symposia and alike are often the first to use new technologies, which tend to give results at the extreme ends of the scale as opposed to the more typical outcomes from routine operations. Therefore, to improve the database and reduce the amount of bias, it is highly desirable that it should be maintained and expanded by incorporating field data from more archetypical wells in the future.

· From an evaluation of 48 oil base mud (OBM) records, it was observed that the use of this type of fluid was classified as successful 92% of the time in terms of well clean-up and productivity.
· An examination of 46 synthetic oil base mud (SOBM) records showed that in terms of clean-up and productivity that they were classed as successful 83% of the time.
· Combining both OBM and SOBM totals gives an average success rate in terms of production and clean-up of 88%.
· From a review of 70 water base mud (WBM) records, it was shown that problems were encountered 24% of the time in terms of production and clean-up.
· The assessment of 58 sized salt RDF records showed that there were problems 31% of the time.
· Screen blocking is a common mode of failure especially with premium screens and a gravel pack. This finding is important as it emphasises the point that research needs to be carried out in this area to resolve the issue.
· From a sample of 26 wells drilled with OBM; clean-up was successful 85% of the time with solvents, this was closely followed by detergent clean ups.
· From a sample of 13 wells drilled with OBM the use of HCl only gave satisfactory performance 46% of the time.
· WBM clean-up treatments were less successful than OBM treatments, with problems occurring typically 50% of the time as opposed to 30% with OBM.

· The results of the study strongly suggest that the use of HCl and citric acid were problematic with both OBM and WBM systems.
· The findings of the study indicate that the role of glycol in completion fluids requires further investigation.

3.6 WP6 Well productivity simulator

The objectives of WP6 as specified in the project proposal are as follows:

To develop a numerical simulation tool to support well planners’ decisions related to choice of well fluids, and to integrate, analyze and interpret laboratory and field formation damage data.

And key questions/problems addressed are:

· How do we make sense of all information in the laboratory and in the field

· How to scale the laboratory data properly to find out if a given well really will be affected?

· We need to make a decision based on just these data: which solutions to go for, now?

Due to practical and functional considerations, two prototype softwares are delivered at the end of the project. 

BestMud -  
a Microsoft Excel based mud pre-screening and laboratory formation damage data upscaling tool 
Maximize - 
a reservoir simulation tool to model pertinent formation damage mechanisms
3.6.1 Best Mud

There are two functionalities of BestMud: fluid pre-screening and laboratory data upscaling. They can be used independently or used in sequence. If used in sequence, the user can first choose the fluid group, after which laboratory results of recommended fluid(s) are used as input for the upscaling part, the user can then chose the one that gives the lowest skin factor. 
A methodology has been developed to streamline fluid screening process using three criteria: pass/fail, numerical ranking of intrinsic fluid properties and weighting factors. It is believed that by using these three criteria, candidate fluid group for a particular application can be quickly identified. Past performance of candidate fluid can also be referenced by consulting a case history database to help the user to make a better choice.

A method has also been proposed to upscale laboratory fluid loss data to field invasion depth and to upscale laboratory return permeability data to field skin and PI. To facilitate upscaling, it is recommended that routine formation damage tests be conducted at:

· Dynamic conditions of mud exposure: based on the literature, it is believed a shear rate range of between100 to 200 s-1 would be representative.  

· Add one more pressure drop measurement in formation damage test: To facilitate upscaling of return permeability data, we have proposed a formula to represent damage distribution in the invaded zone.  It is very simple to use. Methods have also been proposed to obtain these parameters in laboratory tests.

These methodologies have been implemented in excel spread sheets with user-friendly interface. The program can calculate invasion depth against drilling time and calculate the skin distribution along the length of the wellbore as well as the total skin for a homogeneous but anisotropic reservoir. For an idealised reservoir, the PIs and flow efficiency can also be calculated.  
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Using this program, candidate RDF selection can be made very simple and the program can also help the user to choose the best fluid for reservoir drilling for maximising well productivity. The program is very easy to use and it should be an essential tool in every fluid and petroleum engineers’ toolkit.  In addition it can also be used to generate input to full scale reservoir simulators such as Eclipse. It can also be used to help the production engineer in solving some field well productivity problems.

The methodology developed for RDF pre-screening can be applied to many other types of fluid screening, such as common drilling fluid and completion fluids.  They may also be used for many general processes where decision is required to choose one from many. There can be many uses for the simulator such as:
· Selection of RDFs based on laboratory measured fluid loss and formation damage data

· Testing the sensitivity of various parameters on skin factors

· Calculation of skin factor distribution for a long horizontal well

· Generate inputs for full reservoir simulators such as Eclipse

· Analyse skin distribution alone a wellbore should formation damage occurs

3.6.2 Maximize
Maximize is a program for computation of formation damage imposed on the formation during drilling. It runs on PC under Windows and has a user friendly interface for entrance of data. Among the main parts modelled in the program are:

· Filter cake build-up under static and dynamic conditions for multi-component water based mud systems. The filter cake properties are mainly calculated from the mud’s content of solids and polymers.

· Fluid loss to the formation in linear and radial geometry. 

· Transport of solids and polymers through the formation including effects of pore lining retention and pore throat plugging.

· Internal damage computation caused by polymers and solids.

· Salinity effects on fines stability and clay swelling for mixed waters.

· All the models handle multi-component water based mud systems at both the core and the field scales.
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Among the results produced by Maximize are; computed fluid-loss versus time, internal damage distribution and productivity calculations for the total well and individual sections. The program per today has the status as a prototype and is expected to be further developed. However, many of the basic features involved in formation damage are included. Several of these models are demonstrated by simulation examples in the report.

Maximize is a program for computation of well productivity during the very first phase of the wells life when it is drilled. The object for the program is to serve as a tool to support well planners’ decisions related to choice of well fluids, and to integrate, analyse and interpret laboratory and field formation damage data. Maximize seeks to do so by simulating the actual formation damage processes taking place during drilling in a way as close as possible to the real physics involved. The degree of success will of course vary from model to model. 

The benefit of this approach is that the amount of empirical input parameters will be reduced and that the parameters used will be more universal and show less variance between different experiments (if models are correct).  It will increase the utilization of earlier experience since ideally all experiments should be matched by one single data set, provided adequate descriptions of the experiments are available. This last issue may cause some difficulties, since the input data asked for in this program might differ from what is usually measured. The ultimate benefit of the applied strategy is that the program hopefully will increase its predictive power based on a limited number of input data. All too often, detailed models which are able to match anything show poor prediction power, because input data are very sensitive to the operation conditions.

3.6.3 A method for quantifying the depth of damage
Dealing with upscaling formation damage data it is critical to have information about the depth of damage.

It has been found that valuable information about depth of damage easily can be interpreted from standard return permeability experiments. The permeability distribution can simply be calculated from the differential pressure derivative.

After the core is exposed to mud and it has been backflooded to stable conditions by a reference oil the new method suggests that by:

· Constant rate injection of a new oil which is more viscous than the reference oil

· Measuring the differential pressure and calculating the derivative of the differential pressure.

· The permeability along the core is proportional to the inverse of the pressure derivative as given by the following formula:
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Some validation of this method has been performed. Miscibility of the two fluids will introduce some dispersion. The effect of this is that the accuracy of the suggested method may be reduced close to the outlet of the core. It was also found that the method works best if the flood direction is towards decreasing permeability. 

The method has shown good match to experimental data. Compared with alternative methods like imaging techniques the viscous oil injection should be superior.

4 List of deliverables

The WP2002 project has generated the following deliverables. The contractually deliverables are D1-D12:

D1
Project review and status events, can be found at http://www.rf.no/wp2002
D2
Project “ExtraNet” operational, see http://www.rf.no/wp2002
D3
Unified Laboratory Test Protocol. (A Recommended Practice), Report Reslab 30196, by Russell Watson and Claas van der Zwaag, 2003
D4 and D5
Validation of procedures and Validation and Sensitivity of Procedure, Report 30196, by Russell Watson and Claas van der Zwaag, 2003
D6
Mechanisms controlling polymer-induced damage, Report by Sandra Cobianco, Giuseppe Maddinelli and Elisabetta Previde Massara, Eni Tecnologie, 2003
D7
Criteria for selecting additives, in Report Mechanisms controlling polymer-induced damage, Report by Sandra Cobianco, Giuseppe Maddinelli and Elisabetta Previde Massara, Eni Tecnologie, 2003
D8
Mechanisms controlling emulsion-fluid damage, Report RF-2003/194, by Ingebret Fjelde, RF-Rogaland Research.

D9
Criteria for designing and maintaining emulsion fluids for critical field cases, Report RF-2003/147, by Ingebret Fjelde, RF-Rogaland Research.

D10
Optimized products for lowest practical damage, in WP2002, Work Package 4: Reducing formation damage: Evaluation of pH-sensitive latexes, Report Rhodia by Sylvie Touzet, 2004.
D11
Selective cleanup procedures: “Best practices”, in report EU-WP2002 Work package 5 Final Report by Trevor Jappy, David A. Ballard and David Knox, M-I Drilling Fluids UK Ltd., 2004. 
D12
Well productivity simulator: New engineering tool (technical prototype)
a) Maximize User’s manual, Report RF- 2004/045, by Arild Lohne, RF-Rogaland Research, 2004
b) Maximize Technical Documentation, Report RF – 2004/044, by Arild Lohne, RF-Rogaland Research, 2004
c) BestMud: Fluid Pre-Screening and Upscaling Of Laboratory Formation Damage Data To Field Skin And PI, Report RF-2004-034, by Liqun Han, RF-Rogaland Research, 2004.
d) BestMud User’s Manual, Report RF – 2004/047, by Barclay Stevenson, RF-Rogaland Research, 2004.
e) Validation of a simple method to determine location of formation damage in cores, Report 2003/376, by Arne Stavland, Arild Lohne, George Virnovsky and Liqun Han, RF-Rogaland Research 2003.
The following software has been developed:

	Product
	Referenence
	Owner

	BestMud
	A Microsoft Excel based fluid pre-screening and laboratory upscaling tool (see Best Mud User’s Manual, by Barclay Stevenson)
	RF-Rogaland Research

	Maximize
	Program for compution of formation damage imposed on formation during drilling. The program runs on PC under Windows (see Maximize User’s Manual, by Arild Lohne RF-Rogaland Research.
	RF-Rogaland Research

	Clean-up database
	Is based around Microsoft Acess 2000. A user manual can be found as Appendix 1 in EU-WP2002 Work package 5 Final Report by Trevor Jappy, David A. Ballard and David Knox, M-I Drilling Fluids UK Ltd., 2004.
	M-I Drilling Fluids U.K. Ltd


The WP2002project has so far generated the following publications:

R.B. Watson, and C.S. Nelson: “Representative Laboratory Testing Procedures for Selecting Drilling Fluids”, paper SPE 82300, presented at the SPE European Formation Damage Conference, The Hague, the Netherlands, 13-14 May.

C.H. van der Zwaag: ”Benchmarking the Formation Damage of Drilling Fluids,” paper SPE 86544 presented at the SPE International Symposium and Exhibition on Formation Damage Control, Lafayette, Louisiana, USA, 18-20 February.

Preparations for publications and papers are in progress and will be put on the project web-site www.rf.no.wp2002 as they proceed.
5 Comparison of initially planned activities and work actually accomplished

During the execution of the project there have been some reallocations of Man Power. The following table shows the original Man Power, divided on WPs and partners. 

Original Plan Man Power pr work package and Partner

	WP/Partner
	RF
	Reslab
	ENI
	Rhodia
	M-I
	Total

	Co-ord.
	3
	
	
	
	
	3

	WP1
	
	39
	
	
	
	39

	WP2
	
	
	57
	
	
	57

	WP3
	19
	
	
	
	
	19

	WP4
	3
	
	
	18
	
	21

	WP5
	4
	
	
	
	25
	29

	WP6
	34
	
	
	
	
	34

	Total
	63
	39
	57
	18
	25
	202


· It was realized, especially by the industry group that WP6 would be the most important outcome of the project and that this should be better reflected in the manpower put into this WP.

· Even though WP4 was an important task in WP2002 and important results has been generated, the partner decided to stop their contribution to the project about mid-term.

For these reasons a revised mid-term plan was provided. The total man-power and budget is constant.

Revised Plan Man Power pr work package and Partner

	WP/Partner
	RF
	Reslab
	ENI
	Rhodia
	M-I
	Total

	Co-ord.
	3
	
	
	
	
	3

	WP1
	
	39
	
	
	
	39

	WP2
	
	
	57
	
	
	57

	WP3
	19
	
	
	
	
	19

	WP4
	
	
	
	6
	
	6

	WP5
	
	
	
	
	25
	25

	WP6
	53
	
	
	
	
	53

	Total
	75
	39
	57
	6
	25
	202


There are no other deviations. The project objectives have been the same. At the end of the project, the projects goals have been met, as documented in the final reports.
6 Management and co-ordination aspects

The following table shows project contact persons:
	Name
	
	Company
	Phone
	E-mail

	Arne Stavland
	Project leader
	RF-Rogaland Research
	47 51 87 5020
	Arne.Stavland@rf.no 

	Liqun Han
	WP6
	RF
	47 51 87 5232
	Liqun.Han@rf.no

	Arild Lohne
	WP6
	RF
	47 51 87 5018
	Arild.Lohne@rf.no 

	Ingebret Fjelde
	WP3
	RF
	47 51 87 5387
	Ingebret.Fjelde@rf.no 

	Dave Gardner
	Research Director
	RF
	47 51 87 5076
	dg@rf.no 

	Barclay Stevenson
	Web-master
	RF
	47 51 87 5153
	Barclay@rf.no 

	Torstein Ådnøy
	Project Accountant
	RF
	47 51 87 5418
	Torstein.Aadnoy@rf.no 

	Russell Watson
	WP1
	Reservoir Laboratories
	47 98436685
	Russell@reslab.no 

	Sandra Cobianco
	WP2
	ENI Tecnologie
	39 02 5205 6023
	Scobianco@enitecnologie.eni.it 

	Trevor Jappy
	WP5
	M-I Swaco
	44 1224334675
	tjappy@midf.com 

	Dave Ballard
	WP5
	M-I Swaco
	44 1224334647
	dballard@midf.com

	Dave Knox
	WP5
	M-I Swaco
	971 50 5515483
	dknox@midf.com

	Sylvie Touzet
	WP4
	Rhodia Chemie
	33 149376404
	Sylvie.touzet@fr.rhodia.com

	Allan Twynam
	
	BP
	44 1932 739524
	twynamaj@bp.com

	Kari Ramstad
	
	Norsk Hydro
	47 55 99 5753
	Kari.Ramstad@hydro.com

	Eva Alterås
	
	Norsk Hydro
	47 55 99 6848
	Eva.Alteras@hydro.com 

	Wim Hendriks
	
	Norske Shell
	47 51 69 3405
	Willemp.hendriks@shell.com

	Syed Ali
	
	Chevron Texaco
	281 230 2764
	syed@chevrontexaco.com 

	Alberto Guarneri
	
	ENI
	39 0252046741
	alberto.guarneri@agip.it 

	Jairam Kamath
	
	Chevron Texaco
	9258558591
	JairamKamath@chevrontexaco.com 

	Jeroen Schuppers
	
	EU
	32 22957006
	Jeroen.Schuppers@cec.eu.int 

	Nils Kågeson-Loe
	
	BP (Former Norsk Hydro)
	44 1932 739622
	Nils.Kageson-Loe@uk.bp.com 

	Claas van der Zwaag
	
	PSA
	47 51 87 6770
	claas.v.d.zwaag@ptil.no 


7 Results and Conclusions

The main outcome from the project is:
· A new protocol for unified laboratory testing

· Software development that will be important for well planner’s decisions for drilling and well clean-up.

· Improved knowledge on formation damage mechanisms
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