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Abstract

The drilling industry is facing more challenges in reaching reservoir targets with greater numbers of casing strings because of upper zones that have been depleted. These depleted zones have required more engineering solutions to be addressed to control losses during the drilling phase with the inclusion of sized lost circulation material (LCM).  One of the methods used for qualification of LCM materials in drilling fluids is to perform testing with the use of the particle plugging apparatus (PPA). The PPA is a specialized apparatus used to determine the ability of sized particles in the drilling fluid to effectively bridge across a permeable medium or small slot indicative of a downhole fracture. This technique has proven to be effective in the evaluation of LCM additive selection in drilling fluids for drilling optimization. This same PPA test can be modified to accept fluid selections for primary cementing such as cementing spacers and slurry designs with focus on LCM selection for enhanced bridging across simulated downhole fractures. 

The information presented in this paper will focus on LCM material selection for cement slurries and spacers for primary cementing applications.  Qualification of materials will be considered using a modified PPA (MPPA) test with respect to bridging effect across estimated fracture widths. A brief history of on-going practices, procedures, and implementation will also be discussed to show how the deepwater industry has advanced to combat effective cementing of low-pressure zones specific to deepwater operations. 

Introduction

The drilling industry has used the PPA cell design to evaluate drilling fluids for effective LCM material loadings for the control of seepage losses to prevent differential pipe sticking.1 By the substitution of various ceramic disks to approximate formation permeability and porosity, the drilling fluid can be subjected to filtration conditions under static loading to qualify filtrate loss and mud-cake thickness using various LCM additives. This same test method can be used to design for severe loss of circulation by utilizing slotted metal disks instead of the porous ceramic disks to simulate fractures. A particular difference in the PPA device compared to other filtrate loss and whole fluids tests is that the PPA device actually collects fluid in the upward direction through piping to a graduated cylinder. The advantage of this test eliminates the possibility of settling as was observed in early assemblies (Fig. 1).

Modified Permeability Plugging Apparatus (MPPA)

Utilizing the knowledge and lab experience from PPA tests for drilling fluids, a modified apparatus was developed to accept cementing designs for study of various LCM additives. Bridging materials are the small particulates used to help prevent or stop whole mud loss to the formation.  These particulates come in a variety of sizes, shapes, and materials, typically fibers, flakes or granules, and are used to form an impermeable barrier across the formation of interest.  The correct selection of materials is critical to preventing lost circulation. Typically, the particle-size distribution is designed to match the porosity and permeability of the anticipated loss zone.  

The PPA test is used to determine the correct mixture of bridging agents for a particular application. The PPA is performed by applying high pressure (>500 psi to 5,000 psi) and temperature (up to 500°F) across a filter media such as an aluminum-oxide disk or a stainless steel slotted disk with a single slot or multiple slots of different widths and lengths. For these tests, we used a slotted disk with a one millimeter opening to optimize the bridging agent selection (Fig. 2)
For the purposes of this study, it was necessary to modify the standard testing equipment because in its original state the apparatus was prone to plugging. The accuracy of fluid loss results can be compromised when the size of the opening in the PPA cap is too small. The small hole in the PPA top end cap (0.094-in.) and standard size filtrate valve could be bridged with lost circulation material during the test. Bridging/sealing the test apparatus hardware would result in incorrect slurry formulations that would potentially fail to seal the formation of interest. To eliminate this issue, the top end cap was reamed to 0.44-in. so that the large particles that made it past the 1 mm slot would be able to flow through the PPA top end cap and through a larger filtrate valve without bridging either piece and be collected as part of the whole fluid filtrate (Fig. 3). This modification provided accurate test results for sized particulate material and improved the sealing effectiveness of the recommended slurry formulation.  

Cement Design Considerations

Bulk Delivery

There are numerous types of LCM materials available in the drilling industry today that can be considered for cement slurry enhancement. A major consideration in this design of a cementing blend to be moved offshore via workboat and staging to the bulk tanks can dramatically improve with the introduction of flow enhancement or “fluidization” practices to rig delivery in an offshore environment. Pneumatic bulk delivery efficiency of bulk cement and additives should be qualified by the base cement surface charges, static electricity buildup, moisture content, particle shape, and particle-size distribution.2  Taking into consideration the effects of various LCM materials available which can be handled in a cement dry-blend composition, one material stood out as a potential aid in good bulk delivery at the offshore wellsite. Resilient graphitic materials (RGM) have gained much application and popularity in the drilling fluids industry for many years.3 From the observations made regarding the use of RGM in the drilling fluid studies which can “strengthen” the wellbore by effective sealing at the fracture tip, as well as improved bulk flow properties, this provided a perfect design for the cement testing. 

Mechanically Cement Enhanced Properties 

Furthermore, considerations for long-term survivability of the cement sheath to withstand the downhole pressure cycling that exists with drilling and producing should be considered. Some key considerations for a mechanically enhanced cement design are deforming with stress without permanent damage (elasticity), resistance to shrinking which could lead to debonding or tensile failure and an overall higher tolerance to any failure through the cyclic loading.4 Many types of elastomers and fibers have been considered for mechanical enhancement of cement slurries. Fibers have shown to improve the tensile failure resistance of cement properties. Further investigation is ongoing with mechanical properties testing of the different RGM particulates but indications are that very positive performance can be expected to enhance the mechanical properties. Some preliminary results for different cement designs are presented in Table 1. 

Test Procedure

Specialized laboratory equipment for evaluating LCM has been conducted in other laboratory projects using Hassler cells with synthetic rock cores.5 Results from these studies have provided a very good foundation for the introduction into this test procedure using field laboratory data taken from the MPPA. Specifically, the MPPA is designed to be used in a routine setting of a cement laboratory combining the knowledge of both drilling fluids and cementing together. The general test consists of a) preheating the cell jacket to the required temperature, b) mixing the test slurry as per API standards, c) conditioning of slurry at temperature, and d) transferring to filtration MPPA cell and connecting all lines for collection of the effluent liquids. The final qualification for best performing slurry design depended upon the pressure held at the end of the testing (maximum allowable 5,000 psi) and the visual inspection of the filter cake formed at the slot. A series of tests at 135°F were performed on different cement slurries and also cementing spacers as detailed in the test results section.  

Test Results

Test Design 1 consisted of an API Class H cement with a combination of resilient graphitic material (RGM), low-SG beads, microsand, fluid loss control additive mixed at a density of 12.5 ppg. The test cell was heated to 135°F for the transfer of the slurry after premixing and conditioning. The slurry was very easy to mix and performed well with observation of plugging across the slot with the RGM. Complete dehydration of fluid from the slurry resulted across the slot opening. The effluent collected was 110 mls with a maximum pressure sustained of 1,000 psi after seven minutes (Figs. 4 and 5).

Test Design 2 consisted of a special lightweight cement with a combination of RGM, fluid loss control, and liquid retarder mixed at a density of 12.5 ppg. The test cell was again heated to 135°F for the transfer of the slurry after premixing and conditioning. The slurry was thin and easy to mix and performed well with observation of plugging across the slot with the RGM. The effluent collected was 55 mls with a maximum pressure sustained of 1,700 psi after 12 min. The filter cake was noted to be thick and well-packed across the slot (Fig. 6).

Test Design 3 consisted of a lightweight cement with a combination of RGM, low-SG beads, long fibers, fluid-loss and free water control, and a liquid retarder mixed at a density of 12.5 ppg. The test cell was again heated to 135°F for the transfer of the slurry after premixing and conditioning. The slurry was hard to mix when introducing the long fibers. During the pressure application it was observed that no effluent was being collected in the graduated cylinder. It was later observed that the fibers had plugged at the slot thus not allowing any fluid to bypass. The effluent collected was 0 mls with a maximum pressure sustained of 3,000 psi after 13 min (Fig. 7). 

Test Design 4 consisted of a lightweight cement with a combination of RGM, short strand fibers, fluid loss control, and liquid retarder mixed at a density of 12.5 ppg. The test cell was again heated to 135°F for the transfer of the slurry after premixing and conditioning. The slurry was slightly harder to mix because of the fibers. However, the slurry did thin and became easier to mix at high speeds. It performed well with observation of plugging across the slot with the RGM and fibers. The effluent collected was 10 mls with a maximum pressure sustained of 3,000 psi after 10 min. The filter cake was observed to be thick and well packed across the slot (Figs. 8 and 9).
Test Design 5 consisted of a water-base cement spacer with a combination of RGM, barite for weighting, and a liquid defoamer mixed at a density of 13. ppg. The test cell was again heated to 135°F for the transfer of the spacer after premixing and conditioning. The spacer was designed with a yield point of 22 lb per 100 ft2. The spacer was very easy to prepare in the blender. Some observation of plugging across the slot with the RGM was seen. The effluent collected was 35 mls with a maximum pressure sustained of 2,000 psi after 10 min (Fig. 10).  

Case History of field Applications

Field applications using various cementing blends have been used for a wide array of well conditions both on land and offshore. Results vary with the severity of pore-pressure and fracture-gradient combined with the wellbore and casing architecture. Slurry designs have been successfully bulk delivered, mixed, and placed downhole with LCM loadings of 36 lbs per barrel of RGM with very effective annular fill. Some lower loadings of the short fibers have also been performed in conjunction with foamed operations yielding effective results without any evidence of complications from bulk delivery. The few applications where the long fibers have been used resulted in a manual metering of the materials directly in the downhole mixing tub. Post well reports have shown some enhanced annular fill-up and optimal cement bonding confirming the tops of cement. In cases where whole drilling muds were lost before cementing, post-bond evaluations were performed to confirm final TOC. 

Summary

Results from conducting MPPA tests with the four cementing designs and one spacer design yielded some conclusions for enhancement of LCM concentration. Taking into consideration field mixing and bulk delivery, the following qualifications can be drawn with regard to the cementing designs:

Test Design 4 yielded the best overall results, combining the resilient graphitic material sized solids and the short fibers. Recent field applications have confirmed good bulk delivery using these types of fibers. Overall indications show that the RGM give a good plugging tendency for the specific slot tested whether using low density cement designs or conventional Class H cement. Numerous field applications have been executed without any bulk delivery problems. Furthermore, the inclusion of short fibers will enhance the structural strength of the RGM and provide a more resilient filter cake. Short fibers have been bulk blended successfully with numerous jobs performed.
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Nomenclature

LCM = lost circulation material

PPA = permeability plugging apparatus

MPPA = modified permeability plugging apparatus

RGM = resilient graphitic material

API = American Petroleum Institute

ppg = pounds per gallon

SG = specific gravity 

psi = pounds per square inch

TOC = top of cement
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Test Design 1. Class H Cement + 6.5 lb/sk RGM 1 + 6.5 lb/sk RGM 2 + 16 % Beads + 10 % Microsand + .1 gal/sk Liquid Fluid loss  Slurry Weight – 12.5 ppg

Test Design 2. Lightweight Cement + 6.5 lb/sk RGM 1 + 6.5 lb/sk RGM 2 + .12 gal/sk Liquid Fluid loss + .07 gal/sk Liquid retarder  Slurry Weight – 12.5 ppg

Test Design 3. Lightweight Cement + 5.2 lb/sk RGM 1 + 5.2 lb/sk RGM 2 + 3.0 % Beads + .9 lb/sk Fibers + .11 gal/sk Liquid Fluid loss + .03 gal/sk Free water control + .07 gal/sk Liquid retarder  Slurry Weight – 12.5 ppg

Test Design 4. Lightweight Cement + 6.5 lb/sk RGM 1 + 6.5 lb/sk RGM 2 + 2.0 lb/sk short Fibers + .14 gal/sk Liquid Fluid loss + .09 gal/sk Liquid retarder  Slurry Weight – 12.5 ppg

Test Design 5. Waterbase Cementing Spacer + 20 lb/bbl RGM 1 + 20 lb/bbl RGM 2 + Barite + .12 gal/bbl Liquid Defoamer  Slurry Weight – 13.0 ppg

RGM–1 Average Particle Size 400 micron (+/- 60 micron) – See Figure 11.   

RGM–2 Average Particle Size 1000 micron ( +/- 50 micron) – See Figure 11. 

Short and long Fibers–See Figure 12.  
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Figure 1. Modified PPA (MPPA)

Figure 2.  Slotted disk for MPPA with one millimeter opening.
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Figure 3. Modified PPA Top End Cap.
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Figure 4. Slurry Mixing

[image: image4.jpg]



Figure 5. Test Design 1 effluent collected and cake
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Figure 6. Test Design 2 effluent and filter cake sample
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Figure 7. Test Design 3 filter cake sample
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Figure 8. Test Design 4 mixability.
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Figure 9. Test Design 4 filter Cake sample
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Figure 10. Test Design 5 filter Cake sample
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400 micron RGC.





Figure 11.  RGC average particle size. 
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Figure 12. Short and long fibers. 

	Table 1. Preliminary Results for Cement Designs

	Slurry Design
	Additive Concentration
	Density
	Compressive Strength
	Young’s Modulus
	Tensile Strength
	Poisson Ratio

	
	
	ppg
	psi
	psi
	psi
	

	Neat Cement Design
	None
	16.4
	7024
	1.98E+06
	707
	0.23

	Cement with Elastometer
	5%*
	15.92
	4958
	1.52E+06
	477
	0.194

	Cement with Fibers**
	2%*
	17
	8483
	2.24E+06
	873
	0.183

	Foam Designs
	10%FQ
	14.71
	2010
	1.35E+06
	300
	0.179

	Cement with RGM
	15 lbs/sk
	16
	6480
	1.69E+06
	717
	0.19


Note: Tensile strength determined by Brazilian test method.

Note: Compressive strengths taken after seven day cure in 140°F bath.

*%BWOC

**Three day cures

FQ = foam quality

Page 1 of 6, 2009NTCE-11-03 Tech Paper Fuller AADE.doc

