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Abstract

As the increasing global demand for energy clashes with the reality of high development costs and the low availability of “easy” oil and gas, it is essential that the recovery of in-place hydrocarbons be maximized.  Reservoirs that fail to meet production expectations are often linked to drilling the production interval with synthetic or oil-based mud (S/OBM) drill-in fluids (DIF).  The S/OBM DIF and filtrate may cause near-wellbore damage that prevents the reservoir from producing to its maximum potential.  Traditional remediation chemical methods using surfactants, organic solvents, mutual solvents, and acid treatments are often ineffective, even after multiple treatments.  A system based on novel Mesophase technology has been developed that effectively resolves this persistent problem. 

This recently introduced system based on innovative Mesophase surfactant chemistry has repeatedly demonstrated its value as an economically beneficial alternative for the remediation of perforated cased-hole completions in underperforming wells.  Its application assists in maximizing a well’s net present value while increasing the total amount of hydrocarbons ultimately recovered.  Case histories highlighting remarkably successful production enhancement applications are presented.

Introduction 

During periods of increasing hydrocarbons prices, many operators focus on new drilling and completion operations to increase their proven reserves portfolio.  Favorable cash flow allows the development of many marginal fields that may have been uneconomical to pursue in less lucrative times.  During these buoyant periods, the remediation of existing “brownfield” wells often takes second place to the delivery of new developments.  Conversely, during periods of declining oil and gas prices with the associated reduction in cash flow, operators may suspend drilling operations in favor of less capital intensive options to improve production.  One such option is the remediation of existing, underperforming oil and gas wells that have experienced near-wellbore damage.  The primary objectives are to immediately increase production, to maximize the life expectancy of the asset, and to improve the financial return on capital already invested.  In particular, rigless well remediation programs offer a cost effective alternative to meet this need.  
Background

The majority of oil and gas wells drilled throughout the world have been completed using perforated casing.1 In older cased wells, the production pressure may be depleted and/or hydrocarbon flow may be impeded by various mechanisms such as the accumulation of paraffin, asphaltine, emulsions, solids migration, and water blockage.  In newer cased wells drilled using oil- or synthetic-based drilling fluids, emulsion blockage may cause near-wellbore damage when the filtrate or whole mud interacts with formation fluids or completion brines.2 Those wells that still retain producible reserves but have experienced production impairment due to near-wellbore damage are excellent candidates for remediation treatments.  These wells have an established production history; their exploration and development costs have already been realized and possibly recovered; the intervention may be relatively inexpensive; and the abandonment costs can be postponed if remediation attempts are successful.

Standard remedial treatments for removing near-wellbore damage include the injection of volatile solvents such as Xylene, oils, acids, water, alcohols, glycols, surfactants, and various mixtures of these liquids into the well.3,4  Fracturing of the formation is another technique commonly used to improve a well’s productivity, especially in tight sand reservoirs.  These treatments are not always successful and many have HS&E risks associated with their use.  
An alternate, field-proven approach to the remediation of near-wellbore damage resulting from emulsions, phase blocking, or heavy hydrocarbon accumulation is the application of innovative Mesophase surfactant chemistry.  The Mesophase chemistry is a multi-functional approach to near-wellbore damage removal.  The Mesophase treatment combines ultra-low surface tension and ultra-high detergency to diffuse into the perforated rock matrix and spontaneously solubilize oil and remove emulsions blocking the pore matrix in a damaged zone.  It simultaneously water-wets and fluidizes solids in the damaged matrix to prepare them for easy removal during production operations.  If asphaltine precipitation is present, the precipitated particles will be partially fluidized by this treatment, promoting their mobilization with produced fluids. The treatment also contains a weak organic acid to solubilize water-wet carbonate particles to help remove scale build-up.  Mechanical agitation is not required since the fluid has near-zero interfacial energy and high diffusion rate.

The proper diagnosis of the near-wellbore damage mechanism is crucial to achieve an effective remediation treatment.  However, this is often difficult to achieve as many older well records are incomplete and low cost operations may not have performed complex evaluations needed to properly determine the source of the damage.  In practice, remediation treatments are often based on incomplete information and, consequently, the results are not predictable.  

Laboratory Evaluation

Formulation and interfacial properties

The Mesophase fluid for cased-hole remediation was formulated with surfactants, co-surfactants, brine and solvent and an acid media.  A requirement for the developed treatment was to be a single phase homogeneous fluid with ultra-low interfacial tension between crude oil and the treatment fluid.  Figure 1 shows the dynamic interfacial tension between a crude oil sample and the Mesophase fluid measured at 25º and 85º C.  The results show that the interfacial tension was less than 0.4 mN/m at the initial contact of the fluids, and then decreased rapidly with time. 

Bottle Test Evaluation

The detergency criteria of the Mesophase treatment fluid are evaluated by coating the bottom of a glass bottle with light crude oil, heavy crude oil or sludge, followed by careful introduction of 20-mL of the treatment fluid.  Then, the bottles are placed in an oven at the required temperature for a period of 2 hours.  Visual observations and photographs, as a function of time, are recorded to determine the cleaning efficiency of the remediation fluid.

Figure 2 is a photograph of the test results of heavy crude oil treated with the Mesophase fluid..  At first contact of the treatment fluid with the crude oil, the oil solubilization begins and it is incorporated into the Mesophase fluid.  The ability of this fluid to clean the crude oil from the walls and bottom of the bottle is the consequence of the high solubilization power of the chemistry and the ultra-low interfacial tension between it and the crude oil1.

Cleaning Evaluation in a HTHP Cell

Evaluation of the Mesophase treatment in a HPHT double-ended filter cell allows one to measure the ability of the treatment fluid to clean up sludge or viscous emulsions formed in damaged wells and to render water-wet the associated solids. 

The main parameters evaluated are filtrate volume, breakthrough time, cake properties before and after treatment, and degree of water wettability of the treated solids.

The HPHT filtration tests were carried out by depositing a filter cake using a mixture of invert emulsion mud and crude oil and then contacting the cake with Mesophase treatment fluid.  The sludge was prepared by mixing a 75/25 ratio of crude oil/SBM at 1,000 rpm for 5 minutes in a Hamilton Beach mixer.  Then, the sludge was used to build a filter cake on top of an aloxite disc with 500 psi and 150ºF for 2 or 3-hours.  The cell was then opened, the remaining SBM removed, and the Mesophase treatment was placed on top of the filter cake in the HPHT cell.  The outlet valve was opened to determine the filtrate rate.  After all of the Mesophase treatment fluid passed though the cake, the residual filter cake was photographed and its water-wet properties were determined 6.   

Figure 3 shows the filtration rate obtained when the Mesophase treatment fluid was placed on top of the filter cake in an HPHT filtration cell.  The sludge cake’s appearance before and after treatment is shown in Figure 4.  Upon removal of the discs from the cell, it was observed that the residual filter cake solids were water-wet, as evidenced by their easy dispersion in water.

Core Flow Testing

The core flow test is run in order to evaluate the ability of the treatment fluid to remove damage cause by wettability changes and in-situ emulsion formation.

Figure 5 shows the results of one of these tests.  The initial (native state) permeability was measured using a 2% KCl brine solution as a standard.  The core was then flooded with oil, in this case an isomerized olefin with a high percentage of emulsifier, and as expected there was a significant reduction in effective permeability (58 mD).  The oil-flooded core was then treated with the Mesophase remediation fluid.  The final permeability of the core after treatment was increased by 74% above its initial permeability.

What we are seeing in these results is that not only does the Mesophase treatment solubilize oil and remove damage; it also has near-zero interfacial energy, ultra-low interfacial tension, and high diffusion rates.  These characteristics serve to reduce the native water saturation in the pore throats to the point where the relative permeability improves.  

Evaluation of Wettability 

The objective of this test is to evaluate the change in the wettability of an oil-wet sand pack system to water-wet using a sequence of fluids that mimic the damage caused by oil-base mud filtration and the completion process.  The procedure sequence of the fluids includes (1) flow oil with OBM emulsifier through the 20/40 sand in a transparent cell; (2) flow 3% KCl completion brine; (3) flow the Mesophase treatment fluid and (4) flow 3% KCl brine.  The test is carried out at ambient temperature and pressure.  Figure 6 shows a sequence of pictures taken for each stage of this test.  Visual observation and photographs proved that the oil was totally removed from the sand after the Mesophase treatment. In addition, the time required to flow 50 mL of brine after the Mesophase treatment was 7 times faster compared to the time required to flow the brine before the treatment.
Field Remediation Studies

A series of remediation applications using Mesophase chemistry have been successfully applied in low permeability (2-100 mD) gas wells that were cased and perforated and/or frac’d.  The Mesophase treatments were either squeezed into the perforations at ~30 gallons per foot of perforation length or ~50 gallons per perforated foot in wells that were fractured.  After each squeeze treatment, the Mesophase fluid was usually allowed to soak between 3 and 16 hours depending on each operator’s daily workover schedule.  
Case Study 1  
The first case study is located in the Wilcox trend in Colorado County, Texas.  This well experienced production loss possibly due to damage caused by OBM and possible incompatibility between the drilling fluid, drilling fluid filtrate or completion brine and formation fluids.  After the onset of production, the rates steadily declined (25% per year) probably due to calcium scaling or salting out.  This decline is problematic for this field when the production pressure drops and the well becomes water cut. 

Well Information
Formation:
Wilcox Trend

Net Perfs:
10 ft

Perf Depth:
8,726-8,736 ft

Casing:
4-1/2’’ 13.5#

Tubing:
2-3/8’’ 4.7# 

Application:  The pre-treatment shut-in pressure for this well was 1,189 psi.   Three hundred gallons of treatment fluid were pumped down the production tubing and allowed to enter the perforations via natural forces.  However, the treatment did not gravity feed into the perforations as anticipated.  After 24 hours, pressure was applied using Nitrogen and a gradual breakdown in injection pressure was observed.  Subsequently the final shut in pressure leveled off at 900 psi.  The 300 gallon volume was based on a pre-calculated treatment of 30 gallons per foot for each foot of perforation length.  The post-treatment shut-in pressure rose to 1,400 psi just before the well was re-opened for production.  

Production:  The average production for the 106 days prior to the Mesophase treatment was 495 mcfd.  The average production for the 71 days after the Mesophase treatment was 705 mcfd.  This represents a 42% increase in production for that period.  See Figure 7 for production history.

Case Study 2  
The second case study is also located in the Wilcox trend in Colorado County, Texas and the well was believed to have been damaged by the incompatibility between OBM and formation fluids.   

Well Information 

Formation:
Wilcox Trend

Net Perfs:
20 ft

Perf Depth:
8,469-79 ft / 8,652-62 ft

Casing:
4-1/2’’ 13.5#

Tubing:
2-3/8’’ 4.7# 

Application:  This well was treated by bullheading the Mesophase fluid into the perforations using diverter balls to distribute the treatment evenly since there was a separation of 183 feet between the two sets of perforations.  This treatment required 600 gallons of Mesophase fluid calculated at 30 gallons per ft based on treating 20 ft of perforations.  This provided ~3.5 feet radial penetration into the near-wellbore region.
Production: The average production rate for 116 days before the Mesophase treatment was 237 mcfd at a FTP of 20 psi.  The average post-treatment production for the first 56 days was 692 mcfd at a FTP of ~93 psi.  This represents a 191% increase in production for that period. Post treatment logs confirmed that all perforations were contributing to the production. See Figure 8 for production history.  
Case Study 3
The third case study is located in Frio trend in Willacy County, Texas.  This well experienced reduced production over time.  The well was drilled in 1989 using a 17.8 lb/gal OBM.  After perforating and fracturing the well, it was put on line in 1990 and produced from the M-50 Frio sand.  Production gradually declined over an 11 year period and was finally shut in.  After being shut in one year, the well was re-entered and the M-10 Frio sand was perforated.  The post-perforation production test of the M-10 Frio sand was 6.5 mmcfd but declined rapidly to nearly zero within one year.  The well was shut in and abandoned.  Six (6) years later the well was opened up and the M-10 Frio sand did not produce.  The damage mechanism was not clearly identified but it is suspected that the well production was impaired due to residual OBM damage from the original drilling phase.   

Well Information

Formation:
Frio Trend 

Net Perfs:
23 ft

Perf Depth:
12,508-24 ft / 12,531-38 ft

Casing:
5’’ 20.8# 

Tubing:
2-7/8’’ 10.7#   

Pumping Procedure:  The Mesophase treatment fluid (700 gal) was bullheaded down the production tubing and squeezed into the perforations at 50 gallons per foot of perforations.
Production:  Before the Mesophase treatment the well was producing 0 mmcfd.  Fourteen (14) days after the treatment, the well was producing 1.7 mmcfd (average = 1.58 mmcfd).   In addition to gas, the well also was producing 70 bopd.  See Figure 9 for pre- and post-treatment production history.
Case Study 4 
The well in case study 4, located in Lavaca County, Texas.  Declining gas production was experienced in the Wilcox Formation after the intermittent flow back of OBM lost during the drilling phase 19 months earlier.  The well was producing 3.9 mmcfd when the well produced back OBM, causing an abrupt decline in the production to 2.02 mmcfd.   Because the decrease in gas production correlated closely with the influx of OBM, the operator concluded that the damage was reduced fluid mobility due to OBM emulsion and fracture blockage from the OBM solids.  Laboratory tests confirmed that the Mesophase fluid was an excellent choice to remove the OBM emulsion damage.  

Well Information

Formation:

Wilcox Trend  

Net Perfs:

23 ft
Lower Perf Depth:
13,516 – 13,570 ft

Upper Perf Depth:
13,434 – 13,452 ft

Casing:

5’’ 20.8# 

Tubing:

2-7/8’’ 10.7# 

BHT:


325° F 

Pumping Procedure:  A cement retainer was set between the upper and lower perforation intervals using a CTU.  The Mesophase treatment was squeezed into the lower perforations first.  After pulling out of the cement retainer the upper perforations were squeezed.  Fifty gallons of Mesophase fluid was applied per foot of perforation length in both zones.

Production:    The Mesophase remediation fluid was allowed to soak overnight and the well was again opened.  After the clean-up period, the final production was measured at 4.79 mmcfd, ~1.0 mmcfd more than what the well was producing before the OBM incidents.  The conclusion from this application was that the OBM emulsion was removed, improving the fluid flow mobility in the near-wellbore region into the production tubing.  This application also confirmed that the high BHT temperature did not alter the efficacy of the treatment fluid.  See Figure 10 for pre- and post-treatment production history.  Note also that the well has a natural decline that is typical of gas wells in the field.
Case Studies 5, 6 and 7
Case studies 5, 6 and 7 were gas wells drilled in three different counties in Texas.  All the wells were drilled with an OBM and were under-producing or were not producing at all.  The suspected damage mechanism in all cases was emulsion damage from the drilling fluid filtrate that penetrated into the near-wellbore rock.  Despite perforating the wells, the damage persisted.  For each application a minimum of 30 gallons per foot of Mesophase treatment was squeezed into the perforations.  The initial post-treatment production on all three wells improved when they were placed back on production.  The pre- and post-production rates can be seen below and in See Figure 11.

· Well 5: 100-650 mcfd (550% increase)
· Well 6:  0-1200 mcfd (1,200% increase)
· Well 7:  325-500 mcfd (53.8% increase)  
Summary and Conclusions

Mesophase technology is specifically targeted for near-wellbore damage in cased and perforated wells.

Laboratory studies demonstrate that the Mesophase chemistry is multi-functional and has ultra-low interfacial tension, ultra-high detergency, solubilizes oil, removes emulsions, and is compatible with most formation fluids.

Mesophase chemistry is non-solvent based and does not rely on dilution to remove emulsions.  

Field case studies conclude that Mesophase chemistry can restore production in previously damaged wells.

The benefits of the Mesophase technology include improved hydrocarbon production (oil and gas), restored production in older wells in mature fields, increased rate of return on investment in newly drilled wells experiencing near-wellbore damage, and it provides an effective alternative to more expensive re-fracturing or re-drilling.
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Figure 1 Interfacial tension between the Mesophase treatment fluid and crude oil
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Figure 2 Bottle test: Detergency 

[image: image4.emf]0

10

20

30

40

50

60

70

0.0 1.0 2.0 3.0

Minutes

Filtrate Volume (mL)


Figure 3 Filtration rate of mesophase treatment fluid placed on top of sludge filter cake
[image: image5.emf]Filter cake formed 

with sludge

Mesophase

fluid

Before treatment

Filter cake after 

treatment

After treatment

Filtrate: mesophase 

fluid with oil 

Filter cake formed 

with sludge

Mesophase

fluid

Before treatment

Filter cake formed 

with sludge

Mesophase

fluid

Before treatment

Filter cake after 

treatment

After treatment

Filtrate: mesophase 

fluid with oil 

Filter cake after 

treatment

After treatment

Filtrate: mesophase 

fluid with oil 


Figure 4 Photographs of sludge filter cake clean-up with Mesophase treatment fluid
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Figure 5 Core flow test
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Figure 6 Sequence of wettability of sand test
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Figure 7 Pre- and Post-treatment production for Case Study 1
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Figure 8 Pre- and Post-treatment production for Case Study 2
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Figure 9 Pre- and Post-treatment production for Case Study 3
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Figure 10 Pre- and Post-treatment production for Case Study 4
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Figure 11 Pre- and Post-treatment production for Case 

Studies 5, 6 and 7
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