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Disclaimer 
 
 

This report was prepared as an account of work sponsored by an agency of the 

United States Government.  Neither the United States Government nor any agency thereof, 

nor any of their employees, makes any warranty, express or implied, or assumes any legal 

liability or responsibility for the accuracy, completeness, or usefulness of any information, 

apparatus, product, or process disclosed, or represents that its use would not infringe 

privately owned rights.  Reference herein to any specific commercial product, process, or 

service by trade name, trademark, manufacturer, or otherwise does not necessarily 

constitute or imply its endorsement, recommendation, or favoring by the United States 

Government or any agency thereof.  The views and opinions of authors expressed herein 

do not necessarily state or reflect those of the United States Government or any agency 

thereof. 
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Abstract

Underbalanced drilling is experiencing growth at a rate that rivals that of horizontal drilling in

the mid-1980s and coiled-tubing drilling in the 1990s.  Problems remain, however, for applying

underbalanced drilling in a wider range of geological settings and drilling environments.  This report

addresses developments under this DOE project to develop products aimed at overcoming these

problems.

During Phase I of the DOE project, market analyses showed that up to 12,000 wells per year

(i.e., 30% of all wells) will be drilled underbalanced in the U.S.A. within the next ten years.

A user-friendly foam fluid hydraulics model (FOAM) was developed for a PC Windows

environment during Phase I.   FOAM predicts circulating pressures and flow characteristics of foam

fluids used in underbalanced drilling operations.  FOAM is based on the best available mathematical

models, and was validated through comparison to existing models, laboratory test data and field data.

This model does not handle two-phase flow or air and mist drilling where the foam quality is above

0.97.

This FOAM model was greatly expanded during Phase II including adding an improved foam

rheological model and a “matching” feature that allows the model to be field calibrated.

During Phase I, a lightweight drilling fluid was developed that uses hollow glass spheres (HGS)

to reduce the density of the mud to less than that of water.  HGS fluids have several advantages over

aerated fluids, including they are incompressible, they reduce corrosion and vibration problems, they

allow the use of mud-pulse MWD tools, and they eliminate high compressor and nitrogen costs.

Phase II tests showed that HGS significantly reduce formation damage with water-based drilling

and completion fluids and thereby potentially can increase oil and gas production in wells drilled with

water-based fluids.

Extensive rheological testing was conducted with HGS drilling and completion fluids during

Phase II.  These tests showed that the HGS fluids act similarly to conventional fluids and that they

have potential application in many areas, including underbalanced drilling, completions, and riserless

drilling.

Early field tests under this project are encouraging.  These led to limited tests by industry (which

are also described).  Further field tests and cost analyses are needed to demonstrate the viability

of HGS fluids in different applications.  Once their effectiveness is demonstrated, they should find

widespread  application and should significantly reduce drilling costs and increase oil and gas

production rates.
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A number of important oilfield applications for HGS outside of Underbalanced Drilling were

identified.  One of these – Dual Gradient Drilling (DGD) for deepwater exploration and development –

is very promising.  Investigative work on DGD under the project is reported, along with definition of

a large joint-industry project resulting from the work.

Other innovative products/applications are highlighted in the report including the use of HGS

as a cement additive.
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Figure i.  Projected Industry Use of Underbalanced Drilling
(Duda et al., 1996)

Executive Summary

INTRODUCTION

Interest in underbalanced drilling is growing worldwide at a rate not seen for a new drilling

technology since the introduction of horizontal drilling in the mid-1980s and coiled-tubing drilling in

the 1990s.  Increasing drilling rates and reducing formation damage have been the driving forces

behind the recent resurgence in underbalanced drilling.  Underbalanced drilling has proven very

beneficial in areas of the U.S.A. such as the Austin Chalk trend in Texas and Louisiana.

Underbalanced drilling is expected to increase significantly in the future.  A DOE study showed

that by the year 2005, nearly 12,000 wells will be drilled underbalanced annually in the U.S.A.

(Figure i).

FOAM COMPUTER MODEL

During Phase I, a user-friendly PC foam-drilling hydraulics model, FOAM, was developed that

accurately predicts pressure drops, cuttings lifting velocities, foam quality, and other foam drilling

variables.  This model was upgraded and expanded during Phase II.

This hydraulics model runs in a Windows environment and is user-friendly and accurate.  Any

of three rheology models can be selected, and the model can handle any combination of gases and

liquids injected while drilling.  Output is generated in tabular as well as graphical form.  Figure ii

shows an example “tiled” output screen from the program.
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Figure ii.  FOAM “Tiled” Data Output Window

Figure iii.  Lightweight HGS Mud

Output from the FOAM model was validated by comparing it to other models, existing laboratory

data, and actual field measurements.  During Phase II, this model was upgraded and expanded to

include an improved rheological model and a field calibration feature that allows the user to match

calculated and measured standpipe pressures.  These enhancements should expand use of this

foam model.

LIGHTWEIGHT SOLID ADDITIVES

During Phase I, tests were conducted with a new lightweight mud that uses hollow glass

spheres (HGS) to reduce the density of mud.  Extensive Phase II laboratory and field tests

demonstrated the high potential for HGS drilling and completion fluids.

HGS have been added in volume concentrations up to 50% to reduce the density of drilling and

completion fluids.  For example, adding 50% HGS to an 8.5-ppg mud, reduces its density to 5.84

ppg (Figure iii) without the addition of air.
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Figure iv.  Hole Problems with Aerated Drilling Fluids

Figure iv shows some aerated drilling problems that are eliminated by HGS since they are

chemically inert and incompressible.

Extensive laboratory tests on HGS fluids during Phase II showed the following:

1. The rheology of HGS fluids is similar to these of conventional drilling fluids.

2. HGS significantly reduce formation damage with water-base drilling fluids.

3. Breakage of HGS upon impact with the rock is not a major problem.

4. HGS have potential for eliminating seafloor pumps with riserless drilling systems.

5. HGS drilling fluids performed well in Mobil field tests in Kern County, CA.

6. HGS have potential for significantly increasing drilling rates.

The Phase II project was very successful and should lead to expanded use of the FOAM

hydraulics model and HGS drilling and completion fluids in the future.

DUAL-GRADIENT DRILLING

When drilling oil and gas offshore wells in deep water, up to eight casing strings are often

required due to the effect of the water pressure on the seafloor.  This results in very expensive wells

and long drilling times.
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Figure v.  Dual-Gradient Drilling
System

Figure vi.  New Hollow-Sphere DGD System

To reduce this problem, three industry groups are developing “dual gradient drilling” (DGD)

systems that utilize seafloor pumps to reduce the fluid pressure in the wellbore annulus at the seafloor

to that of seawater (Figure v).  This DGD system can reduce the number of casing strings by 50%

(e.g., from 8 to 4 casing strings) and save $5 to $15 million per well.

Major problems with seafloor pumps include 1) they cost $40 to $50 million, 2) they require

very large offshore rigs costing $150,000 to $300,000 per day, and 3) if the pumps fail, the drillstring

riser must be pulled, which takes 6 to 8 days and costs $1 to $2 million.

During this DOE project, a new DGD concept was developed that utilizes HGS pumped to the

seafloor to reduce the density of the mud in the wellbore annulus to that of seawater, thus eliminating

the need for seafloor pumps (Figure vi).
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Figure vii.  Hollow Sphere Separation System

When drilling mud containing hollow spheres is circulated back up to the drillship, the spheres

are removed from the mud using shale shakers (100 mesh screens) and gravity separation since

the hollow spheres will float on seawater while the heavier rock cuttings generated by the drill bit will

sink (Figure vii).

This new technique will 1) reduce the cost of DGD systems from $50 million to $10 million,

2) significantly reduce the size and cost of drillships required, and 3) eliminate expensive delays due

to seafloor pump failures.

This new technique has received widespread interest from industry and a $1 to $2 million joint-

industry project (JIP) is now being formed by Maurer Technology to evaluate the feasibility of this

system.  Once feasibility is demonstrated, this system will be developed and commercialized.  This

DGD system has the potential to significantly reduce deep drilling costs and to make currently

marginal deep water oil and gas fields economical.
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Figure 1-1.  Differential Pressure and Drilling Rate

Figure 1-2.  Hollow Sphere Cleanup Mechanism

1.  Conclusions

1.1 SIGNIFICANT FINDINGS

Following is a list of the most significant findings resulting from the Phase II study:

1.  Hollow glass spheres (HGS) can significantly increase drilling rates by reducing

bottom-hole fluid pressures (Figure 1-1).

2. HGS significantly reduce formation damage with water-based drilling and completion

fluids (Figure 1-2).  In one test, a PHPA water-base mud produced 46% permeability

damage without HGS, compared to no damage with 16% HGS.
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Figure 1-3.  Hollow-Sphere Dual-Gradient Drilling System

Figure 1-4.  PV vs. % Sphere Concentration

3.  HGS have potential application for riserless drilling since they can significantly reduce

compressor and nitrogen costs, and they eliminate the need for seafloor pumps

(Figure 1-3).

4. The rheology of HGS fluids is similar to conventional drilling fluids, making them easy

to run in the field (Figure 1-4).
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Figure 1-5.  Oilfield Hydrocyclone

Figure 1-6.  FOAM Pressure-Matching Window

5. HGS can be recovered after a well is drilled using conventional oil-field solids control

equipment (Figure 1-5).

6. The FOAM hydraulics model can accurately predict circulating pressures and ECDs

for foam drilling and thereby reduce foam drilling costs (Figure 1-6).
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1.2 RECOMMENDATIONS

The following recommendations are made as a result of the Phase II study:

1. A more detailed study of the use of HGS for riserless or “dual density” fluid drilling

should be carried out in conjunction with joint-industry projects on alternative riserless

drilling concepts.

2. Additional underbalanced drilling field tests should be carried out with HGS fluids to

stimulate commercial implementation of this technology by service companies and

operators.

3. The FOAM hydraulics model should be distributed to service companies and operators

drilling underbalanced wells to determine the accuracy and usefulness of this model.

4. Laboratory formation damage and completion fluid tests strongly support the beneficial

effects of HGS in water-base fluids as long as careful attention is given to fluid-loss

properties.  Field trials of this application should be undertaken.

5. A joint-industry project (JIP) should be formed with industry and DOE participation

to develop the hollow-sphere dual-gradient drilling system since it has potential to

significantly reduce deepwater drilling costs in the Gulf of Mexico.

1.3 COMMERCIALIZATION POTENTIAL

1.3.1 Riserless Drilling

HGS have significant potential for riserless Dual-Gradient Drilling.  There are currently

over 30 companies engaged in two JIPs led by HYDRIL/CONOCO and BAKER HUGHES INTEQ/

TRANSOCEAN studying different alternatives for riserless and “dual-density” drilling.  HGS are a good

candidate for use on these projects.  If selected as the preferred alternative, this would be a

tremendous market for HGS since all wells drilled in water depths greater than 6000 ft water depth

will require dual-density drilling concepts.  A JIP should be formed to investigate this as a more cost-

effective and reliable stand-alone system for dual-gradient drilling.

1.3.2 Underbalanced Drilling

HGS have high potential in underbalanced drilling due to their ability to significantly

increase drilling rates and avoid problems encountered with aerated fluid drilling.  M-I Drilling Fluids

and other mud companies are reviewing the use of HGS for underbalanced drilling as a result of this

DOE project.  One limitation in the application of HGS has been the lack of rheological data on these
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fluids.  These data are now available from the Phase II study.  Once released, this Phase II report

should stimulate further interest and field testing of the HGS.

1.3.3 FOAM Hydraulics Model

The FOAM hydraulics model has commercial potential since it can assist drillers in

calculating compressor requirements, circulation pressures, equivalent circulating densities (ECDs),

and hole cleaning in directional and high-angle wells.  This model can have a major impact on the

foam drilling industry by allowing drillers to avoid hole problems and by significantly reducing foam

drilling costs.

1.3.4 Formation Damage Reduction

The use of HGS as a drilling and completion fluid additive to reduce formation damage

has considerable commercialization potential because oil and gas production is significantly reduced

in many wells due to formation damage by water-base drilling fluids.  Maurer Technology is in the

process of filing for a patent on this concept.  Once a patent is applied for, MTI will hold discussions

with companies to provide this system.
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2.  Introduction

2.1 BACKGROUND

Oil companies first began drilling wells with air in the late 1940s.  Primary motivations to use

air were to increase drilling penetration rates through hard formations and to overcome severe lost-

circulation problems.  Increased drilling rate as a result of reduced differential pressure at the hole

bottom (Figure 2-1) was the most important benefit of underbalanced drilling enjoyed by these

operators.

The beneficial effects of reduced hydrostatic pressure with regard to increased ROP occur at

all bit weights, as illustrated in Figure 2-2.  Other benefits of air drilling include reduced formation

damage, reduced lost circulation, and fewer problems with differential sticking.  

Many tight gas reservoirs in the United States are attractive targets for underbalanced drilling

because they are located in hard-rock country where tight (low-permeability) formations are more

susceptible to formation damage from invasion of conventional drilling fluids.

Fluids lighter than water (i.e., specific gravity SG<1) are also required when drilling

underbalanced in underpressured or depleted reservoirs.  Many types of fluids systems are used,

ranging from 100% air to 100% liquid.  All fluids with densities below 6.9 ppg (SG=0.83) used to date

contain gas or air in some form (Figure 2-3).

During the 1950s and 1960s, the variety of drilling fluids was expanded to include mist, foam,

and aerated fluids.  Each of the two-phase systems shown in Figure 2-4 has been used successfully

for drilling during the past four decades.  However, the introduction of these two-phase fluids was

accompanied by significantly increased difficulty in predicting fluid flow parameters with these

compressible fluids.

The hydraulics for 100% liquid is relatively easy to predict because liquid can normally be

assumed as essentially incompressible.  One-hundred percent gas is harder to model, even though

it is still one continuous phase, due to its compressibility.  The hydraulics of mist and foam is the

most difficult to model since these fluids are both compressible and two-phase.  Foam is generally

defined as any two-phase fluid with liquid as the continuous phase (having a gas emulsified in it),

while mist is defined as a two-phase fluid having gas as the continuous phase (Figure 2-5 on page

2-5).  Gas becomes the continuous phase at gas fractions above 97-98% by volume.
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Fig. 2-2.  Hydrostatic Pressure (psi)
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The advantages of various lightweight fluids are summarized in Table 2-1.  Air, gas, and mist

systems are compared to foam and proposed lightweight solid additive (LWSA) systems.  As stated

previously, the major advantage of using underbalanced fluids is increased drilling rates.

Table 2-1.  Advantages of Underbalanced Fluids 

AIR/GAS/MIST FOAM/LWSA

HIGH DRILLING RATE HANDLES WATER INFLUX

LOW CHEMICAL COSTS IMPROVED HOLE STABILITY

EASY TO USE EXCELLENT HOLE CLEANING

REDUCED ENVIRONMENTAL IMPACT REDUCED COMPRESSORS

REDUCED LOST CIRCULATION NO DOWNHOLE FIRES

LIMITS FORMATION DAMAGE CAN USE MUD PULSE MWD (LWSA)

Fluids having gas or air as the continuous phase have the advantage of simplicity, low costs

for additives, and minimal equipment requirements.  These fluids also lead to less environmental risk

since there is minimal liquid waste disposal.  Table 2-2 compares the disadvantages of

underbalanced drilling fluids.

Table 2-2.  Disadvantages of Underbalanced Fluids

AIR/GAS/MIST FOAM/LWSA

HANDLING WATER INFLUX COST OF ADDITIVES

HOLE EROSION MEASUREMENT/CALCULATION COMPLEXITY

DOWNHOLE FIRES

HOLE INSTABILITY

The primary disadvantage of air, gas or mist systems is their inability to handle formation fluid

influxes.  In practice, when an influx becomes too great for air or mist to handle, the fluid system

must usually be switched to foam, aerated fluid, or 100% liquid.

Foams and the proposed LWSA muds (liquid muds with HGS added) eliminate many of the

problems associated with air, gas, and mist drilling fluids including borehole stability problems,

extensive compressor requirements, and downhole fires and explosions.  The greatest advantage

of foam and LWSA mud is the ability to safely handle large influxes of oil or water from the formation.
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Foam has the additional advantage of increased cuttings-carrying capacity.  Figure 2-6 shows

that, as the foam quality increases (i.e., the percent air increases), the lifting force increases.  The

maximum lifting force is achieved with 2 to 5% liquid, just within the region defined as a foam.  As

a foam becomes wetter, its viscosity decreases along with its ability to carry cuttings.  As the fluid

crosses over into a gas-continuous phase, it continues to effectively lift cuttings, but its ability to

hold cuttings in suspension disappears at low velocities.

The gas phase in an aerated fluid can either be mixed with the liquid phase at the surface, or

injected at some point in the drill-string casing annulus through a “parasite” string strapped to the

outside of the casing (Figure 2-7).  Air can also be injected down the annulus of dual-wall drill pipe.

The injected air reduces pump pressure at the surface and lowers the hydrostatic head in the annulus.

Downhole fires and explosions are a problem when drilling with air, especially in long horizontal

wells where days or weeks are spent drilling in oil or gas pay zones.  If a flammable mixture of oxygen

and natural gas or oil exists downhole, ignition can occur due to heat generated by friction or by

sparks generated by the drill bit.

Although foam or aerated muds eliminate the potential for fires and explosions, their use is

hindered by the increasingly complex hydraulics calculations and the high cost of foam chemicals.

Prior to the availability of computers, it was nearly impossible to accurately calculate circulating

pressures for compressible fluids.  The tedious process of manually calculating hydraulics for foam

systems was reduced by the development of nomographs and charts (Figure 2-8), rules-of-thumb,

and correction factors that gave approximate answers.  While these short-cut approaches allowed

more broad application of foam drilling techniques, accuracy was decreased as was the engineer’s

ability to scientifically control these fluids.

An accurate hydraulics computer model is needed for foam drilling to allow engineers to better

plan and drill wells.  Chevron developed a mainframe computer model for foam circulation in the early

1970s that was state-of-the-art at that time, but its availability to the industry is limited.

Similarly, there is a need for incompressible drilling fluids that use solid additives (e.g., HGS)

to lighten the fluid.  This type of fluid would overcome the severe fire, explosion, and corrosion risks

associated with aerated drilling fluids.  Fluids successfully incorporating lightweight solid additives

(SG=0.3 to 0.6) would have many advantages over conventional aerated fluids including:

• Allow use of MWD tools

• Eliminate expensive compressors

• Reduce corrosion problems

• Eliminate downhole fires
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FIRST MANUFACTURED — 1968

FIRST USE IN DRILLING — 1970-71

MATERIAL — GLASS

COMPRESSIVE STRENGTH — 2500-3600 PSI

SPECIFIC GRAVITY — 0.35-0.40

AVERAGE DIAMETER — 50-70 MICRONS

• Eliminate the need for nitrogen

• Improve motor performance

• Improve hole stability

• Simplify pressure calculations

• Reduce drill-string vibration

In the late 1960s, Russian scientists tested lightweight fluids that used hollow spheres to reduce

fluid density.  Data available on the spheres used in the Russian development are presented in Table

2-3.

Table 2-3.  Russian Hollow Spheres

Oil-field service companies have used hollow glass spheres and other lightweight additives for

years to reduce the density of cements and to decrease hydrostatic head in lost-circulation situations.

HGS have not been used in lightweight drilling fluids outside of Russia until this DOE project.

2.2 OBJECTIVES

The original objectives of Phase II of the project were to conduct laboratory and field testing

of drilling fluids with hollow glass spheres (HGS), to transfer technology by way of DOE reports and

(if possible) publications in the professional oil-industry literature, and to encourage commercial

availability of materials and information for general application of this technology. The Phase II

objectives were later expanded to include enhancements to the FOAM drilling computer model,

conduct rheological tests on HGS drilling and completion fluids, and to study the potential application

of HGS to deepwater riserless drilling.

2.3 TASK SUMMARY AND ACCOMPLISHMENTS

Phase II of this study for “Development and Testing Underbalanced Drilling Products” consisted

of the three original tasks and additional tasks in the expanded program as follows:
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• Prepare and receive approval of the field test plan and other required information for the
National Environmental Policy Act (NEPA)

• Conduct field tests

• Technology transfer

• Expand foam underbalanced drilling model

• Conduct additional R&D on LWSA (HGS) Drilling Fluid

• Additional field tests on LWSA (HGS) Underbalanced Drilling Fluid

• Computer modeling on utilization of HGS for riserless drilling

• Additional testing of LWSA (i.e., HGS) as drilling and completion fluid additive to help
mitigate formation damage

• Additional development of the Dual-Gradient Drilling (DGD) concept including co-sponsoring
an industry workshop

• Investigation of additional applications for HGS

The test plan and other information for NEPA were developed and approved.  Field tests were

conducted as reported in this document, and technology was transferred by DOE reports and industry

publications.  3M Corporation, the manufacturer of the spheres, has supplied materials to MI Drilling

Fluids for use in commercial applications at an international location.

The FOAM drilling hydraulics model has been very well received in the industry, and an

enhanced model has been developed.  Documentation of that work is incorporated as part of this

report.  

After initial field tests with HGS drilling fluids, additional sites for field tests could not be located

without major expenditures, which was beyond the scope of this project.  Therefore, with DOE

approval, funds were directed toward additional Drilling Research Center tests of 1) drilling rate tests

with drilling fluids with various HGS concentrations, and 2) HGS breakage tests under a wide set

of pressure, nozzle stand-off, nozzle pressure drop, and sphere concentration conditions.  These

are documented and analyzed in this report.

Detailed laboratory studies were conducted on the rheology of HGS drilling and completion

fluids.  A special test machine was developed and tests were run to measure possible formation

damage caused by HGS fluids.  Additional work was undertaken at the Petroleum Engineering

Department Completion Fluids Laboratory at Texas A&M University.

A comprehensive study of the use of HGS for riserless drilling was conducted using the foam

underbalanced drilling hydraulics model.  Results of these studies are documented in this report,

and have been further disseminated in information for a joint-industry project.
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3.  Phase I Work

3.1 FOAM HYDRAULICS MODEL

A foam hydraulics model FOAM was developed to accurately predict circulating pressures with

foam.  This model uses industry-accepted models including Chevron’s model.  Figure 3-1 shows

an input screen for FOAM and Figure 3-2 shows wellbore circulating pressures predicted for a foam

drilled well.

FOAM was expanded during Phase II by adding a hole-cleaning algorithm and a “matching”

feature that allows field calibration of this model.  This foam hydraulics model is described in detail

in the July 1, 1996, Oil & Gas Journal article entitled “Foam Computer Model Helps in Analysis of

Underbalanced Drilling” presented in Appendix A, and an ASME paper of the same title presented

in Appendix B.  A copy of FOAM version 2 is included on the electronic copy (CD) of the Final Report

submitted to the DOE.

3.2 LIGHTWEIGHT SOLID ADDITIVE (LWSA) LABORATORY TESTING

Phase I laboratory tests were conducted that showed:

1. Rheology (PV, YP) and filter loss of water and oil base muds containing up to 40% hollow

glass spheres (HGS) were within acceptable limits as long as the percentage of drill solids

did not exceed 5 to 6%.

2. HGS can be reclaimed after a well is drilled by diluting the mud and allowing the spheres

to float to the surface.

3. HGS reduce casing wear by as much as 78% by acting like ball bearings between the

rotating drillpipe tool joint and the casing.

3.3 LWSA YARD TESTS

Phase I yard tests showed:

1. HGS muds can be mixed and pumped using conventional drilling rig equipment.

2. HGS can be removed from the mud while drilling using conventional oil field hydrocyclones.

3. Downhole drilling motors perform well with the hollow spheres, delivering full torque and

power with no damage to the motor.
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3.4 MARKET SURVEY

A survey of companies drilling underbalanced wells showed that:

1. Operators predict that by the year 2005, 12,000 wells (30%) will be drilled with lightweight

fluids in the U.S.A. (Figure 3-3).

2. Operators identified reduced formation damage, increased drilling rate, and reduced lost

circulation problems as the most important advantages of lightweight fluids.

3. Operators identified fluid influxes (“kicks”), the inability to transmit data with mud pulse

MWD tools, and hole stability problems as  the major limitations of lightweight fluids.

3.5 PHASE I CONCLUSIONS

The following conclusions were reached as a result of the Phase I study:

1. A need does exist for an easy to use personal computer model for foam drilling fluids.

2. The PC model developed in this project for calculating pressure responses and flow behavior

of foam drilling fluids has been shown to be accurate by comparison with existing

measurements.

3. The FOAM computer model is available for use by the oil and gas drilling industry.

4. An incompressible fluid having a density less than water would overcome many of the

problems associated with aerated fluids, opening up many new areas to underbalanced

drilling.

5. Lightweight incompressible drilling fluids can be constructed using commercially available

hollow glass spheres (HGS).  At sphere concentrations below 40% by volume, lightweight

muds behave similarly to conventional drilling fluids.

6. Laboratory tests show that an HGS drilling fluid will significantly decrease casing wear

caused by drill-string rotation.

7. Conventional drilling rig solids-control equipment does not damage HGS.

8. Collapse pressure of HGS (4,000 psi) will allow their use in relatively deep underbalanced

wells (i.e., 9,000 to 10,000 ft depth).

9. Drill solids must be removed with large-mesh shale shaker screens and hydrocyclones.

Conventional oil-field centrifuges are not effective in removing drill solids or HGS from these

muds.
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10. Low-cost methods of separating spheres from whole mud should be feasible using a

combination of gravity segregation, conventional hydrocyclones and shale shakers.

11. The cost of HGS muds can be significantly reduced by recovering and recycling the

spheres.  HGS muds should be competitive with nitrogen drilling, even without recycling

the spheres. 

12. Underbalanced drilling has been effective in many different types of reservoirs.  The

technology is not limited by depth, having been used successfully at depths ranging from

200 to 20,000 ft.

13. Both operating and service companies project large growth rates for underbalanced drilling

over the next decade (e.g., up to 37 % of all wells).

14. The most significant non-technical barriers to the growth of underbalanced drilling in the

U.S. are limited equipment availability, lack of familiarity with lightweight fluids, and a

perception of high cost.

15. The largest technical barriers to growth in underbalanced drilling are handling formation

influxes, the inability to use conventional MWDs with compressible lightweight fluids, and

corrosion.

16. Ninety-four percent of all operators surveyed are willing to consider using a lightweight solid

additive drilling fluid such as that developed on this project.

17. By the year 2005, underbalanced drilling in the U.S. is projected to account for 10,000

to 12,000 oil and gas wells per year, depending on the growth of conventional drilling.  From

2,500 to 3,600 gas wells are forecast to be drilled underbalanced per year.  This activity

level would result in an industry-wide improvement in Net Present Value of $4.5 billion over

the next ten years.
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4.  HGS Characteristics

4.1 COMMERCIALLY AVAILABLE HOLLOW SPHERES

3M manufactures Scotchlite™ S Series hollow glass spheres (HGS) with various densities

and collapse pressures as described in Table 4-1.  Further details of properties and specifications

of the HGS are given in the “Scotchlite Product Data Sheet,” found in Appendix C.

Table 4-1.  3M Scotchlite™ S Series Hollow Glass Spheres

3M Density Collapse Survival
Product (g/cc) Pressure (psi) Rate (%)

S15 0.15 300 90

S22 0.22 400 90

S32 0.32 2,000 90

S38 0.38 4,000 90

S60 0.60 10,000 90

S38 hollow spheres were selected for testing on this project because they have the best

properties for use in oil-field fluids.  The S60 HGS collapse at 10,000 psi and are candidates for use

in deeper wells where higher sphere collapse pressures are required.

4.2 S38 HGS CHARACTERISTICS

Manufacturer: 3M Specialty Additives (1-800-367-8905)

Product: S38 Glass Bubbles

Material: Water-resistant and chemically-stable unicellular soda-lime-
borosilicate glass

Diameter: 8 to 125 microns (Median = 45 microns)

Density: 0.35 to 0.41 g/cc (0.38 typical)

Collapse Pressure: 4,000 psi (90% Survival Rate)

Color: White
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4.3 S38 HGS SIZE DISTRIBUTION

The diameter of commercial hollow glass S38 spheres ranges from 8 to 125 microns with

a median diameter of 45 microns (Figure 4-1).  These spheres will  pass through the 20 to 80 mesh

screens (762 to 177 microns) typically used on oilfield shale shakers (Figure 4-2).

These microspheres have small diameters because they are typically used as fillers in paints,

glues and other materials to reduce their manufacturing cost.  Because of the small diameter of HGS,

oilfield shale shakers cannot be used to remove them from the mud when they return to the surface.

Larger diameter spheres (e.g., 1-mm diameter and larger) are needed in applications where

the spheres must be removed from the mud during each circulation (e.g., riserless drilling) so they

can be screened out of the mud by conventional oilfield shale shakers.

4.4 EFFECT OF SPHERES ON FLUID DENSITY

The density of fluids containing hollow glass spheres equals:

where

d = Fluid Density with Spheres
d = Fluid Density without Spheresf

d = Density of Hollow Spheress

v = Sphere Concentration (% Volume)

Figure 4-3 shows how the fluid density decreases as the sphere concentration increases.

The maximum sphere concentration ranges from 35 to 50% by volume, due to increased mud

viscosity with increased sphere concentration.  Figure 4-3 shows that a 50% sphere concentration

can reduce the density of a 14 ppg mud to 8.6 ppg, a significant reduction.
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4.5 SPHERE SLIP VELOCITY

Drill cuttings fall in the wellbore annulus because the rock cuttings are heavier than mud.

Similarly, HGS float upward in mud since they are lighter than the mud.

Chien (1992) showed that the slip velocity v  of particles in mud equals:s

where

D = Sphere Diameter (cm)

v = Slip Velocity (cm/sec)s

d = Density of Fluid (g/cm )f
3

d = Density of Particle (g/cm )p
3

m = Effective Viscosity of Fluid (Poise)e

For a sphere, b = 1.0 and Eq. 4-2 reduces to:

The slip velocity increases with increased sphere diameter, increased fluid density, and with

decreased fluid viscosity.  Figures 4-4 and 4-5 show that the slip velocity of spheres will be on the

order of 5 to 20 ft/min, which is small compared to the fluid velocities.

4.6 HGS RECOVERY

When a well is completed, the hollow spheres can be removed and used in subsequent wells,

thus significantly reducing sphere costs.  The simplest way to remove the spheres is to dilute water-

base muds with water and allow the spheres to float to the top of the mud tank where they can be

easily recovered.

Phase I tests showed that the HGS can also be effectively removed from the mud with

hydrocyclones, due to their low density.  In this case, heavier rock cuttings came out the underflow

at the bottom of the cone whereas the liquid mud and the hollow spheres came out the overflow

(Figure 4-6).
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4.7 HGS COLLAPSE PRESSURE

One concern regarding the use of using larger diameter spheres to facilitate their removal

from the mud with oilfield shale shakers is the collapse pressure of the larger spheres.

Timoshenko (1951) showed that the collapse pressure of a sphere, p , due to externalc

pressure equals:

Density of a sphere equals:

Substituting Eq. 4-5 into Eq. 4-4 and rearranging, thus yields:

where

a = Sphere Inner Diameter (inches)

b = Sphere Outer Diameter (inches)

p = Collapse Pressure (psi)c

s = Glass Shear Strength (psi)f

d = Density of Glass (lb/in )g
3

d = Density of Hollow Sphere (lb/in )s
3

Eq. 4-6 shows that, for a given glass (s  and d  = constant), HGS of the same density willf g

collapse at the same external pressure.  This is significant, because it shows that it is possible to

significantly increase the diameter of the spheres without affecting their collapse pressure.
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4.8 HGS COLLAPSE DEPTH

S38 spheres will collapse if subjected to pressures in excess of 4,000 psi.  The highest fluid

pressure occurs at the bottom of the well due to the weight of the column of fluid in the well.  If fluid

is circulating, the highest pressure exists inside the drillstring, just above the drilling motor and bit.

The depth at which the HGS will collapse equals:

where

p  = Sphere Collapse Pressure (psi)c

d(p) = Frictional Pressure Drop Across Motor, Bit and Wellbore Annulus

d = Mud Density (ppg)m

Typically d(p) ranges from 500 to 1000 psi.

Figure 4-7 shows that with no flow (d(p) = 0), the S38 spheres (4,000 psi collapse pressure)

will collapse at a well depth of 12,800 ft with a 6 ppg mud and at 5500 ft with a 14 ppg mud.  With

d(p) = 1000 psi, the S38 spheres will collapse at 9600 ft with a 6 ppg mud and at 4100 ft with a 14

ppg mud.

The spheres will typically be used in lightweight muds (less than 7 ppg) in which case the

S38 spheres can be used to depths of 8000 to 11,000 feet.

The S60 spheres can be used at depths in excess of 12,000 to 30,000 ft as shown in

Figure 4-8 due to their higher collapse pressure (10,000 psi).



5-1

5.  Rheology of HGS Fluids

5.1 BASE FLUIDS TESTED

Rheological tests were conducted at Mudtech Laboratories, Inc. in Houston on the eight drilling

and completion fluids shown in Table 5-1 with a range of concentrations of Hollow Glass Spheres

(HGS).

Table 5-1.  Test Drilling Fluid Compositions

PHPA Water-Base Drilling Fluid 3% KCl Drilling Fluid

Houston Tap Water, bbl 1 Houston Tap Water, bbl 1

API Bentonite, ppb 10 API Bentonite, ppb 10

PHPA, ppb 1 KCl, ppb 10.5

Caustic Soda, ppb 0.25 Xanthan Gum, ppb 1

Density, ppg 9.87 Density, ppg 8.55

Oil-Base Drilling Fluid CaBr  Brine

No. 2 Diesel, bbl 0.67 15.6 ppg Brine, bbl 1

Organoclay, ppb 5 HEC, ppb 0.5

Primary Emulsifier, ppb 8 Density, ppg 15.60

Secondary Emulsifier, ppb 5

Lime, ppb 5

30% CaCl  , bbl 0.222

Amine Lignite, ppb 8

Barite, ppb 150

Density, ppg 10.71

Synthetic Oil Drilling Fluid

Polyalphaolefin, bbl 0.67

Organoclay, ppb 5

Primary Emulsifier, ppb 8

Secondary Emulsifier, ppb 5

Lime, ppb 5

30% CaCl  , bbl 0.222

Amine Lignite, ppb 8

Barite, ppb 150

Density, ppg 10.75

2

CaCl  Brine2

11.7 ppg Brine, bbl 1

HEC, ppb 0.5

Density, ppg 11.70

NaCl Brine

10.0 ppg Brine, bbl 1

HEC, ppb 0.5

Density, ppg 9.96

ZnBr  Brine2

19.2 ppb Brine, bbl 1

HEC, ppb 0.5

Density, ppg 19.17
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Figure 5-1.  Effect of HGS on Test Fluid Density

5.2 EFFECT OF HGS ON TEST FLUID DENSITY

Table 5-2 and Figure 5-1 show that the densities of the test fluids were decreased 2 to 6

pounds per gallon (ppg) by the addition of 36% spheres.

Table 5-2.  Effect of Hollow Spheres on Test Fluid Density (ppg)

HGS Concentration (%)

Test Fluid 0 16 26 36

Water base (PHPA) Mud   9.87   7.66   7.11   6.62

Oil Mud 10.71   9.56   8.84   8.14

Synthetic Oil Mud 10.75   9.56   8.84   8.14

KCl Mud   8.55   7.76   7.20   6.70

NaCl Brine   9.96   8.88   8.18   7.57

ZnBr  Brine 19.17 16.64 14.99 13.552

CaBr  Brine 15.60 13.63 12.35 11.232

CaCl  Brine 11.70 10.35   9.47   8.702

5.3 TEST MATRIX AND PROCEDURES

Each of the eight test fluids was tested with sphere concentrations of 0 to 36% and simulated

drill solids concentrations of 0 to 10% as shown in Table 5-3.

Table 5-3.  Rheology Test Plan Matrix

HGS Drill Solids (% wt.)
(% mud) 0 2 4 6 8 10

0 x x x x x x

16 x x x x x x

26 x x x x x x

36 x x x x x x
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Figure 5-2.  Optimum Drilling Fluid PV and YP Ranges (Baroid,
1981)

Standard oil-field drilling fluid mixing and testing procedures were used including blending and

shearing preparations and Fann rheometer tests.

A 6-speed Fann 35A rheometer was used to measure Plastic Viscosity, Yield Point, and initial,

10-second, and 30-minute gel strengths.  API filtrate was measured for 30 minutes at 100 psi

differential for the water-base fluids and HPHT filtrate (250EF, 500 psi) was measured for 30 minutes

for the oil-base and synthetic oil drilling fluids.  Electrical stabilities were also determined for the oil-

base and synthetic drilling fluids.  Filtration rates were not measured on the brine fluids.

5.4 NORMAL DRILLING FLUID RHEOLOGY

Figure 5-2 shows that the optimum operating range for plastic viscosity (PV) for drilling fluids

ranges from 3 to 55 cp and the optimum range for yield point (YP) ranges from 10 to 32 lb/100 sq ft.

5.5 TEST DATA

PV and YP data are summarized in Figure 5-3 and Tables 5-4 and 5-5 as a function of sphere

concentration and in Figure 5-4 and Tables 5-6 and 5-7 as a function of drill solids concentration.

A complete set of original data is contained in Appendix D, MEI Report TR98-25, “Final Report

on Glass Spheres in Drilling Fluids.”
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Table 5-4.  Test Data Summary: PV, YP as a Function of HGS for 0% Drill Solids

PV 

% HGS PHPA Oil Mud Synth KCl CaCl CaBr ZnBr NaCl2 2 2

0 11 12 10 20 13 7 27 3

16 13 23 19 22 25 24 41 6

26 18 49 40 25 44 38 83 13

36 28 78 64 28 83 57 153 41

YP 

% HGS PHPA Oil Mud Synth KCl CaCl CaBr ZnBr NaCl2 2 2

0 4 7 7 3 0 0 4 0

16 6 13 13 14 21 2 10 1

26 10 19 21 21 38 8 13 2

36 13 30 32 29 68 9 17 11

Table 5-5.  Test Data Summary: PV, YP as a Function of HGS for 6% Drill Solids

PV 

% HGS PHPA Synth Oil Mud KCl CaCl CaBr ZnBr NaCl2 2 2

0 22 16 12 23 18 8 30 5

16 24 23 28 26 43 24 46 12

26 41 49 58 31 78 46 66 11

36 52 80 100 48 143 70 143 19

YP 

% HGS PHPA Synth Oil Mud KCl CaCl CaBr ZnBr NaCl2 2 2

0 17 14 30 28 10 1 7 2

16 30 30 38 42 9 9 15 4

26 26 36 42 54 29 0 13 1

36 46 50 44 61 39 4 17 11
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Table 5-6.  Test Data Summary:  PV, YP as a Function of Drill Solids for 0% HGS

PV for 0% HGS

% Drill Solids PHPA Synth Oil Mud KCl CaCl CaBr ZnBr NaCl2 2 2

0 11 10 12 20 13 7 27 3

2 12 12 10 21 15 7 29 3

4 14 14 11 21 17 8 30 4

6 22 16 12 23 18 8 30 5

8 27 17 14 25 20 9 31 6

10 33 18 16 26 22 9 32 7

YP for 0% HGS

% Drill Solids PHPA Synth Oil Mud KCl CaCl CaBr ZnBr NaCl2 2 2

0 4 7 7 3 0 0 4 0

2 5 8 16 10 2 1 3 1

4 11 10 22 21 5 0 4 1

6 17 14 30 28 10 1 7 2

8 29 22 37 37 14 0 9 3

10 44 32 47 48 18 1 11 5

Table 5-7.  Test Data Summary:  PV, YP as a Function of Drill Solids for 36% HGS

PV for 36% HGS

% Drill Solids PHPA Synth Oil Mud KCl CaCl CaBr ZnBr NaCl2 2 2

0 28 64 78 28 83 57 153 41

2 34 69 84 35 101 62 143 24

4 44 75 91 41 121 67 130 13

6 52 80 100 48 143 70 143 19

8 65 85 111 56 167 74 154 27

10 85 90 122 69 186 78 162 37

YP for 36% HGS

% Drill Solids PHPA Synth Oil Mud KCl CaCl CaBr ZnBr NaCl2 2 2

0 13 32 30 29 68 9 17 11

2 20 36 34 37 59 6 15 11

4 30 41 40 49 49 3 17 11

6 46 50 44 61 39 4 17 11

8 61 60 49 74 26 3 21 14

10 75 72 55 83 22 3 32 21
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5.6 TEST RESULTS

Most of the HGS test fluids behaved like standard fluids with fluid viscosity increasing with

increased HGS and drill solids content.

With higher HGS and drill solids concentrations, some of the brines (e.g., CaCl  and CaBr )2 2

exhibited unusual rheological behaviors.  Repeat tests on these brines also showed inconsistent

results that could have been caused by variations in fluid properties or by the test procedures.

5.6.1 PHPA Water-Base Drilling Fluid

Partially Hydrolyzed Polyacrylate Polymer (PHPA) acted like a normal drilling fluid.

Plastic viscosities, yield points, and gel strengths increased with increasing concentrations of HGS

and drill solids.  With 16 to 26% HGS, fluid viscosity became excessive with 8% drill solids, whereas

with 36% HGS, the viscosity became excessive with 6% drill solids.  API filtration rates remained

fairly constant with little variation observed.

5.6.2 Oil-Base Drilling Fluid

Viscosity of the oil-base drilling fluid also increased with increased HGS and drill solids

concentrations.  With 0 to 26% HGS concentration, viscosity increased as expected, whereas with

36% HGS, the yield points were lower than expected with 8 to 10% drill solids.  Electrical stabilities

were dramatically lower at the 8% and 10% simulated drill solids concentration, which may be

associated with this unexpected behavior.

5.6.3 Synthetic Oil Drilling Fluid

Synthetic oil drilling fluid was prepared using a C16/18 polyalphaolefin (PAO) as the

base oil.  This drilling fluid performed similarly to the oil base mud except that the viscosity of the

synthetic-oil mud was slightly lower because PAO has a lower viscosity than No. 2 diesel.

5.6.4 3% KCl Drilling Fluid

Viscosity of the 3% KCl drilling fluid increased with increased additions of HGS and

drill solids as expected.  KCl fluids containing 26% or more HGS became very viscous with more

than 8% drill solids.

5.6.5 Brine Fluids

Viscosity of the ZnBr  brine increased in a predictable manner when HGS and drill solids2

were added, but this brine did not exhibit the viscosity decrease seen with the other three brines.

The NaCl, CaCl  and CaBr  brines without HGS additive, were virtually unaffected by increased drill2 2

solids, indicating that these brines have an inhibiting effect on the drill solids.
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With HGS, these three brines initially thinned when drill solids were added and then

thickened as the concentration of drill solids increased.  This behavior, which was duplicated in repeat

tests, is unusual.  The reason for this behavior is unknown.  The HGS additive should be inert in these

brines with no chemical reactions occurring.  It is possible that the HGS additive, which dramatically

increases the volume of the system, reduced the concentration of HEC and viscosity until a

concentration of drill solids was attained that caused the viscosity to increase.  Future testing should

be conducted to test this premise.

5.7 CONCLUSIONS

The following conclusions were reached as a result of these rheological tests:

1. Viscosity of HGS drilling fluids and brines increase with increased HGS and drill solid

concentrations.

2. Viscosity of some of these HGS fluids became excessive with HGS concentrations in

excess of 25% and drill solid concentrations in excess of 6%.

3. When HGS and drill-solids concentrations are kept within acceptable limits, HGS fluids

are rheologically similar to conventional fluids.

.
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6.  HGS Breakage During Drilling

Phase I tests showed that hollow glass spheres (HGS) were not damaged by conventional

mud pumps or surface mud handling equipment.

Phase II laboratory tests were conducted at the Drilling Research Center (DRC) in Houston,

Texas, to determine if the hollow spheres will break when they exit bit nozzles and impact the rock.

These tests showed that with proper nozzle selection and standoff, sphere breakage can be

minimized once malformed spheres (typically 5 to 10%) break during their initial pass through the

nozzles.

6.1 TEST SETUP

The test loop shown in Figure 6-1 was used to test the survivability of HGS jetted from bit

nozzles.  Mud containing HGS is pumped from a 50-gallon mud tank through a nozzle at the end

of an adjustable stinger inserted into a pressure vessel.  The stinger can be moved to adjust the

standoff distance from the nozzle to a Texas Pink granite rock sample in the pressure vessel.

Figure 6-2 shows mud containing HGS impacting the rock and breaking the spheres.

Figure 6-3 shows the HGS test mud in the 50-gallon mud mixing tank.

Figure 6-4 shows the pressure vessel with the stinger.  After exiting the nozzle, the fluid exits

the chamber through a choke that holds back pressure on the pressure chamber and keeps the

chamber full of fluid.

To measure the rate of sphere breakage, mud was circulated for 3 hours at 10 gal/min.  At

this flow rate, the mud recirculated through the nozzle every five minutes, or 36 times in the 3-hour

test.  This is equivalent to flowing a 400-barrel system at 200 gal/min for 2 days (50.4 hours).  To

keep the mud from heating, the mud was circulated through a cooling coil immersed in chilled water

(Figure 6-5).

The pressure drop across the nozzle was varied from 0 to 500 psi by varying the nozzle

diameter.  The standoff distance between the nozzle and the rock was varied from 0.5 to 6 inches

by use of the stinger.

Sphere breakage was monitored by taking fluid samples at 15-minute intervals and weighing

these samples in a 500 ml Erlenmeyer flask to measure mud density as shown in Figure 6-6.  To

reduce possible errors, 3 samples were weighed and averaged for each measurement.  A mud mixer

on the mud tank ensured that HGS material was well mixed into the water.



Fig. 6-4.  Pressure Vessel with StingerFig. 6-3.  HGS Test Mud Tank

HGS Breakage During DrillingHGS Breakage During Drilling

Fig. 6-1.  HGS Breakage Test Flow Loop

Fig. 6-6.  HGS Mud WeightFig. 6-5.  Mud Cooling Coils in Chilled Water

Fig. 6-2.  HGS Spheres Impacting Rock

6-2

Tri-Plex
Pump

Charging
Pump

Mud
Mixer

50 gal.
Mud Tank

Choke

Granite
Rock

Pressure
VesselNozzle

Adjustable
Stinger

LWSA 
Mud

Pin

Broken Beads

Rock
Sample



6-3

6.2 TEST RESULTS

6.2.1 Effect of Nozzle Pressure

The force with which the spheres impact the hole bottom is crucial to their survival.

Selecting a nozzle size that produces a lower pressure drop allows the spheres to be used with all

types of bits.  Figure 6-7 shows that at high pressures, some of the spheres break as they impact

the bottom of the hole, whereas at lower pressures, they bounce off the bottom undamaged.

Figure 6-8 shows how mud weight (i.e., sphere breakage) increases as a function

of nozzle pressure and circulation time for different nozzles with 0.5 inch standoff distance.  The data

show that the rate of breakage increases (i.e., mud weight increase more) with increased pressure.

Figure 6-9 shows the percentage of broken spheres at 1 to 3 hours circulation time

for nozzle pressures of 0 to 500 psi.  The breakage rate without a nozzle (0 psi) is approximately

3%.  This breakage is independent of pressure and impact velocity, indicating that it is due to

breakage of malformed spheres.  The graph shows that most of the spheres break in the first hour

and that the breakage rate decreases with time once the weaker spheres are broken.  This shows

that a reused HGS mud should perform better than a new HGS mud since the weaker spheres will

already have been broken.

The data show that breakage increases with increased pressure.  After 3 hours at

500 psi, 35% of the spheres were broken.  However, this raises the mud weight only from 6.5 lb/gal

to 7.3 lb/gal — a 12% increase.  The mud weight can be held constant by continually adding spheres

to make up for the broken spheres.

6.2.2 Effect of Standoff Distance

The standoff distance between the nozzle and rock has a significant effect on sphere

breakage since sphere breakage decreases with increased standoff distance (Figure 6-10).

Figure 6-11 shows how sphere breakage decreases as the nozzle standoff distance

is increased from 0.5 to 6 inches for nozzles operating at 500 psi pressure.

The 1.5- and 3-inch standoff tests were stopped after 2 hours because of pump failures.

These data show that for 3 hours circulation, the breakage decreases from 35% to 13% as the

standoff distance is increased from 0.5 in. to 6 in.   This corresponds to a mud weight change of only

about 0.3 pounds per gallon.

6.2.3 Safe Operating Range

Figure 6-12 shows the safe operating zone where less than 15% of the spheres were

broken after the equivalent of two days circulating time.
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6.3 CONCLUSIONS

1. HGS breakage during impact with the rock is not a major problem.

2. Sphere breakage increases with increased nozzle pressure and decreased nozzle

standoff distance.

3. Weak, malformed spheres (5 to 10%) tend to break on their first pass through the

nozzles.

4. Once the weak spheres are broken, there is minimal breakage unless very short

standoffs (less than 0.5 inch) or high nozzle pressures (over 500 psi) are used.
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7.  Effect of HGS on Drilling Rate

7.1 LABORATORY TESTS

Drilling tests were conducted in the Drilling Research Center (DRC) high-pressure drilling stand

in Houston to determine the effect of the HGS on drilling rate (Figure 7-1).

This drilling stand simulates deep oil-well drilling by applying higher fluid pressure in the

wellbore than in the formation (P   > P  ) to create a differential pressure across the hole bottomw f

(Figure 7-2).

Drilling tests were conducted in sandstone and limestone at differential pressures of 0, 750 and

1500 psi with PDC and roller bits (Figure 7-3).

The drilling tests showed the following:

1. PDC bits drill sandstone and limestone much faster than roller bits.

2. Drilling rates decreased 50 to 90% as the differential pressure was increased

from 0 to 1500 psi.

3. Differential pressure decreased drilling rates more with PDC bits than with

roller bits.

4. At atmospheric pressure (0 psi), drilling rates were identical with and without

HGS.

5. At higher differential pressures (750 and 1500 psi), HGS reduced drilling rates

slightly in three of the four tests, possibly due to reduced jet impact and

increased chip hold-down effects.

7.2 DIFFERENTIAL PRESSURE EFFECTS

Differential pressure between the wellbore and formation fluids has a major effect on drilling rate.

Figure 7-4 shows that drilling rate in Indiana limestone decreased from 10.4 to 1.04 ft/hr as differential

pressure was increased from 0 to 2,000 psi.  Similar decreases in drilling rate are observed in other

sedimentary rocks (e.g., sandstone, shale and marble).

This reduction in drilling rate is due to poor hole cleaning caused by a “chip hold-down” effect

which prevents rock cuttings from being removed from the craters between bit tooth impacts (Figure

7-5).
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A crushed zone is formed beneath a roller bit tooth as load is applied to the drill bit.  At a  critical

bit load, curved fractures propagate to the surface of the rock.  At atmospheric pressure, cuttings

fly from the center when these fractures are formed, providing “perfect” cleaning and no regrinding

of cuttings.  In deep wells, high pressures hold the cuttings in the crater causing regrinding of the

cuttings and reduced drilling rates.

In a normally-pressured formation, fluid pressure in the pore spaces equals the pressure exerted

by a column of water extending to the surface.  At a depth of 10,000 feet, a 10-ppg mud exerts a

pressure of 5200 psi in the wellbore compared to 4330 psi for a column of water (8.34 ppg),

corresponding to a differential pressure of 870 psi.  Figure 7-4 shows that 870-psi differential

pressure would decrease the drilling rate in Indiana limestone from 10.4 to 3.5 ft/hr, a 66% reduction.

Figure 7-6 shows that 21% hollow spheres reduce the density of a 10-ppg mud to 8.34,

resulting in no differential pressure and a drilling rate increase from 3.5 to 10.2 ft/hr.

Drilling rate increases of 1.5- to 3-fold are typically observed with foam drilling and 2- to 5-fold

increases are observed with air drilling due to reduction in differential pressure at the hole bottom.

7.3 BIT JET EFFECTS

Drill cuttings are removed from the hole bottom by fluid jets on the drill bits.  The jet impact force,

F, tending to remove the rock cuttings from the hole bottom equals (Bourgoyne et al., 1986).

where

c = Nozzle Coefficient (0.94)d

q = Flow Rate (gpm)

= Fluid Density (ppg)

= Pressure Drop (psi)

Eq. 7-1 shows that the jet impact force varies as the square root of the fluid density ñ.  The

36% sphere concentration used in these tests reduced the density of the water (plus polymer) from

8.34 to 6.41 ppg which reduced the jet impact force by a factor of
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This reduction in jet impact force may account for some reduction in drilling rate, in addition

to changes in pressure gradients at the hole bottom.

7.4 PRESSURE GRADIENT EFFECTS

The hollow spheres plug the rock pore spaces at the rock surface, causing a much steeper

pressure gradient at the rock surface (P  - a) than caused by mud particles which move deeper intow

the rock (P  - b).  This high differential pressure causes increased chip hold-down and slightly morew

reduction in drilling rate than conventional muds without the spheres (Figure 7-7).

Reduction in drilling rate due to this pressure gradient effect is usually more than offset by the

large drilling rate increase due to reduction in mud density and differential pressure produced by the

HGS.

7.5 CONCLUSIONS

The following conclusions were reached as a result of these tests:

1. Reducing bottom-hole pressure by the use of HGS can significantly increase drilling rates

with both roller and PDC bits.

2. HGS have no effect on drilling rate at atmospheric pressure.

3. At high differential pressures, HGS reduce drilling rates slightly.
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8.  Effect of HGS on Formation Damage

To address concern that hollow glass spheres (HGS) could cause excessive formation damage

due to their small size (8 to 100 microns), laboratory tests were conducted.  The first series of

laboratory tests showed that HGS would cause less formation damage than water-base muds without

spheres.  These tests are described in Sections 8.1 to 8.7.  

The application of HGS in fluids used for drilling into producing formations (“drill-in fluids”) was

investigated with a second series of tests.  These results are described in Section 8.9.  A separate

Topical Report (McDonald et al., 2001) describing this work was also prepared by MEI, Texas A&M

and DCFT.  These tests showed that drilling and drill-in fluids properly designed with HGS would

not cause additional formation damage as compared to fluids with other additives, and in certain

cases could be an overall enhancing additive.

8.1 FORMATION DAMAGE MECHANISMS

When a well is drilled with water-base mud, bentonite and drill solids in the mud flow into the

rock pore spaces and partially plug the formation, causing “skin damage” near the rock surface

(Figure 8-1).

The “skin” or damaged zone has higher permeability than the virgin rock, causing a high

pressure drop across the damaged zone which can significantly reduce oil and gas production rates

(Figure 8-2).

The production rate for a vertical well with Darcy flow equals:

where

Q = Production Rate (cm /sec) P = Bottom-Hole Flowing Pressure (atm)3
w

K = Rock Permeability (md) µ = Fluid Viscosity (cp)

H = Formation Thickness (cm) R = Drainage Radius (cm)e

B = Formation Volume Factor (RB/STB) R = Wellbore Radius (cm)w

P = Reservoir Pressure (atm) S = Skin Factor (Dimensionless)e

The ratio of well productivity with and without formation damage equals:
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Figure 8-7.  Formation Damage Test Apparatus

where

Q = Flow  Rate with Formation Damage (cm /sec)d
3

Q = Flow Rate without Formation Damage (cm /sec)i
3

Eq. 8-2 shows that the productivity ratio is a function of reservoir drainage radius, R  , wellboree

radius,  R  , and skin factor, S.  Figure 8-3 shows that with a 1,500-foot drainage radius (R  = 1,500),w e

the well productivity ratio for an 8-inch diameter well (R  = 0.333 ft) decreases from 1.0 to 0.48 asw

the skin factor increases from 0 to 10, whereas with a 500-foot drainage radius, the productivity ratio

decreases from 1.0 to 0.43.  Skin factors of 3 to 5 are common, which shows that formation damage

can reduce well productivity by 30 to 40%, demonstrating the benefits of underbalanced drilling.

HGS are considerably larger than bentonite particles and most of the drill solids (Figure 8-4).

As a result, the hollow spheres form a “filter cake” at the surface of the rock and do not migrate deep

into the rock like bentonite particles or drill cuttings (Figure 8-5).  When reverse flow occurs (i.e.,

the well is produced), the glass spheres are flushed from the rock surface and there is no permanent

formation damage or skin effect (Figure 8-6).  As a result, wells drilled with water-base muds

containing HGS produce oil and gas at much higher rates than those drilled without spheres.

8.2 LABORATORY TEST PROCEDURE

A series of tests was conducted at MUDTECH Laboratories, Inc., in Houston to determine if

HGS cause serious damage to potential producing formations.  These tests were conducted using

the formation damage test apparatus shown in Figures 8-7 and 8-8.
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Figure 8-8.  Formation Damage Test Cell

Tests were conducted with HGS concentrations of 0 to 36% in five different fluids with 2,500

psi confining pressure (Table 8-1).  The chemistry of these fluids is given in Chapter 5.

Table 8-1.  Simulated Drilling Fluids Tested

HGS Concentration (%)

Fluid 0 16 26 36

PHPA Drilling Fluid x x x x

Oil Base Drilling Fluid x x x x

Synthetic Drilling Fluid x x

3% KCl Drilling Fluid x x

ZnBr  Brine x x2

The formation damage tests were conducted in Berea Sandstone cores (15 to 20 md) saturated

with field brine.  Cores were prepared as follows:

• Fourteen 1" diameter x 2" long cores were drilled from a block of Berea sandstone.
The cores were cleaned with methanol, dried at 65EC for 16 hours, measured,
and weighed.

• The cores were then saturated with simulated field brine under 20 inches of
mercury vacuum, allowed to equilibrate for at least 24 hours, and then reweighed.

• Porosity was determined by subtracting the dried weight from the saturated weight
and dividing by the specific gravity of the field brine.

The following procedure was used for each test:
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Step 1: Install and Pressurize Core:

A fresh core was installed in the test cell and the confining pressure was
raised to 2,500 psi.

Step 2: Determine Initial Core Permeability:

Flow was established with the field brine in the normal production direction,
from A to B in Figure 8-8.  Pressures were measured and initial core
permeability calculated.

Step 3: Drilling Fluid Testing:

A test fluid (mud or brine) was then flowed through the core in the opposite
direction (B to A) to simulate flow from the wellbore into the rock during
drilling.  A pressure of 500 psi was maintained across the core for four hours
to allow solids to flow into (and damage) the core.

Step 4: Simulated Production Cleanup:

Field brine was then flowed in the producing direction (A to B) to simulate well
cleanup (i.e., removal of plugging particles).  A maximum of 100 pore volumes
was flowed, with measurements made and return permeabilities calculated
at 10 pore-volume increments.

Step 5: Core Shaving:

After the cleanup flow period, the system was depressured, disassembled,
and 1/8" was carefully shaved from the wellbore exposed end (B) of the core.

Step 6: Core Permeability Retest:

The core was retested and the permeability calculated in the producing
direction (A to B) to determine how deep the damage had penetrated into the
core.

8.3 LABORATORY TEST RESULTS

Formation damage tests were conducted with four drilling fluids:

• PHPA Water-Base Drilling Fluid

• Oil-Base Drilling Fluid

• Synthetic Oil Drilling Fluid

• KCl Drilling Fluid

and one completion brine (no solids):

• KCl Brine

with 0 to 36% HGS.
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Figure 8-9.  Permeability Recovery with PHPA Water-Base
Drilling Fluid

8.4 PHPA WATER-BASE DRILLING FLUID

With a PHPA water-base drilling fluid with no spheres, the mud produced a permanent

permeability reduction of 43%, whereas with 16 to 36% spheres, there was no permanent damage

(Figure 8-9).  This shows that production from a well drilled with a water-base drilling fluid containing

HGS would be significantly higher than a well drilled with a water-base drilling fluid containing no

spheres.

Shaving off 0.125 inch of the damaged surface increased the permeability recovery for the water-

based mud without spheres from 47 to 87.5%, showing that most of the damage was in the top 0.125

inch layer.

Table 8-2 shows how the core permeability changed during cleanup.
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Table 8-2.  Permeability Recovery with PHPA Fluid

PHPA w/0% HGS PHPA w/16% HGS

Permeability Recovery Permeability Recovery
(md) (%) (md) (%)

Initial Brine Permeability 18.2 100.0  18.2 100.0
Permeability with Test Fluid   5.7 31.3  4.8   26.4
Return Permeability
   10 pore volumes  7.4 40.5 13.4   73.7
   20 pore volumes  8.7 47.7 15.8   86.7
   30 pore volumes  9.2 50.7 16.7   92.1
   40 pore volumes  9.5 52.3 17.3   95.1
   50 pore volumes  9.7 53.3 17.6   96.9
   60 pore volumes  9.8 54.0 17.9   98.2
   70 pore volumes  9.9 54.6 18.0   99.2
   80 pore volumes 10.0 55.9 18.2 100.0
   90 pore volumes 10.0 55.3 — 100.0
   100 pore volumes 10.1 55.5 — 100.0
   (1/8" shaved) 15.9 87.4 18.2 100.0

PHPA w/26% HGS PHPA w/36% HGS

Permeability Recovery Permeability Recovery
(md) (%) (md) (%)

Initial Brine Permeability 18.2 100.0  18.2 100.0
Permeability with Test Fluid   3.4 18.7   3.1   17.0
Return Permeability
   10 pore volumes 13.5 74.1 13.3   73.4
   20 pore volumes 15.8 87.2 15.7   86.4
   30 pore volumes 16.8 92.6 16.7   91.8
   40 pore volumes 17.4 95.6 17.2   94.8
   50 pore volumes 17.7 97.5 17.6   96.7
   60 pore volumes 18.0 98.8 17.8   97.9
   70 pore volumes 18.2 100.0  18.0   98.9
   80 pore volumes — 100.0  18.1  99.6
   90 pore volumes — 100.0  18.2 100.0
   100 pore volumes — 100.0  — 100.0
   (1/8" shaved) 18.2 100.0  18.2 100.0

After four hours exposure, the water-base PHPA drilling fluid without spheres reduced the

permeability of the core from 18.2 to 5.7 md and then recovered to 10.1 md after 100 pore volumes

of cleanup.  After shaving 1/8" from the  core, the permeability increased to 15.9 md showing that

the PHPA drilling fluid invaded the core and caused damage.

When 16 to 36% spheres were added to the PHPA drilling fluid, the permeabilities were reduced

to 3.1 to 4.8 md, but cleaned up to 100% after 70 to 90 pore volumes of backflow.  Shaving 1/8" from

the core confirmed that the permeability had returned to its original value.  The reduction in
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permeability and subsequent recovery with the HGS indicate that the spheres form a filter cake and

do not enter the formation, and clean up rapidly with backflow.

THESE TEST RESULTS SHOW THAT HOLLOW GLASS SPHERES CAN SIGNIFICANTLY

REDUCE FORMATION DAMAGE WHEN DRILLING WITH WATER-BASE MUDS.  THIS FINDING

COULD HAVE A SIGNIFICANT IMPACT ON UNDERBALANCED DRILLING AND SHOULD BE

PURSUED EITHER AS A PHASE III OR A NEW PROJECT.  THIS CONCEPT MAY BE

PATENTABLE AND POSSIBLY HAS COMMERCIAL VALUE.

8.5 OIL-BASE AND SYNTHETIC-OIL DRILLING FLUIDS

Tests showed that with oil-base and synthetic-oil fluids, the reduction in permeability was

identical with and without spheres and in both cases all of the damage was removed (100% recovery)

after 100 pore volume backflow of the brine (Figures 8-10 and 8-11 and Table 8-3).
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Table 8-3.  Permeability Recovery with Oil and Synthetic Fluids

OIL BASE OIL BASE w/36% LWSA

Permeability Recovery Permeability Recovery
(md) (%) (md) (%)

Initial Brine Permeability 18.2 100.0  18.2 100.0  
Permeability with Test Fluid 5.8 31.9 7.0 47.8
Return Permeability
   10 pore volumes 13.4 73.6 13.2 72.8
   20 pore volumes 15.7 86.6 15.6 85.7
   30 pore volumes 16.7 92.0 16.5 91.0
   40 pore volumes 17.3 94.9 17.1 93.9
   50 pore volumes 17.6 96.9 17.4 95.8
   60 pore volumes 17.8 98.2 17.6 97.1
   70 pore volumes 18.0 99.1 17.8 98.0
   80 pore volumes 18.1 99.8 17.9 98.7
   90 pore volumes 18.2 100.0 18.0 99.3
   100 pore volumes — — 18.1 99.7
   (1/8" shaved) 18.2 100.0  18.2 100.0  

Initial Brine Permeability 17.7 100.0  17.7 100.0  
Permeability with Test Fluid 5.0 28.2 4.7 47.8
Return Permeability
   10 pore volumes 12.9 73.1 12.9 73.0
   20 pore volumes 15.2 86.0 15.2 85.8
   30 pore volumes 16.2 91.4 16.1 91.2
   40 pore volumes 16.7 94.3 16.7 94.1
   50 pore volumes 17.0 96.2 17.0 96.0
   60 pore volumes 17.2 97.5 17.2 97.3
   70 pore volumes 17.4 98.4 17.4 98.2
   80 pore volumes 17.5 99.1 17.5 98.9
   90 pore volumes 17.6 99.7 17.6 99.5
   100 pore volumes 17.7 100.0  17.7 100.0  
   (1/8" shaved) 17.7 100.0  17.7 100.0  

Neither the oil base nor the synthetic base drilling fluids, with or without HGS, caused any

permanent damage to the cores.  After an initial permeability reduction, the permeabilities returned

to their original values after 100 pore volumes of clean up flow.

8.6 3% KCl DRILLING FLUID

Potassium Chloride (3% KCl) drilling fluid with no HGS provided a permanent permeability

reduction of 17% (83% recovery) that could not be cleaned up by backflow, whereas with the HGS

(16 to 36%), no permanent damage was done to the cores (Figure 8-12 and Table 8-4). 
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These tests show that the addition of 16% or more spheres in Potassium Chloride drilling fluid

can significantly reduce formation damage and thereby significantly increase oil and gas production

rates.

Table 8-4.  Permeability Recovery with KCl Fluid

3% KCl HGS 3% KCl w/16% HGS

Permeability Recovery Permeability Recovery
(md) (%) (md) (%)

Initial Brine Permeability 18.2 100.0  18.2 100.0  
Permeability with Test Fluid  8.7 47.8   9.1 50.0
Return Permeability
   10 pore volumes 11.1 61.1 13.3   73.1
   20 pore volumes 13.1 71.9 15.6   86.1
   30 pore volumes 13.9 76.4 16.6   91.4
   40 pore volumes 14.3 78.9 17.1   94.4
   50 pore volumes 14.6 80.5 17.5   96.2
   60 pore volumes 14.8 81.5 17.7   97.5
   70 pore volumes 15.0 82.3 17.9   98.5
   80 pore volumes 15.1 82.9 18.0   99.2
   90 pore volumes 15.2 83.4 18.1   99.7
   100 pore volumes 15.2 83.7 18.2 100.0
   (1/8" shaved) 17.2 94.5 18.2 100.0

Initial Brine Permeability 18.2 100.0  18.2 100.0

Permeability with Test Fluid   7.0 38.5   3.1 47.8

Return Permeability

   10 pore volumes 13.4 73.5 13.3   73.4

   20 pore volumes 15.7 86.5 15.7   86.4

   30 pore volumes 16.7 91.9 16.7   91.8

   40 pore volumes 17.2 94.8 17.2   94.8

   50 pore volumes 17.6 96.7 17.6   96.7

   60 pore volumes 17.8 97.9 17.8   97.9

   70 pore volumes 18.0 98.9 18.0   98.9

   80 pore volumes 18.1 99.6 18.1  99.6

   90 pore volumes 18.2 100.0  18.2 100.0

   100 pore volumes — — — —

   (1/8" shaved) 18.2 100.0  18.2 100.0 

The 3% KCL drilling fluid without HGS reduced the permeability of the core from 18.2 to 8.7

md and then recovered to 15.2 md after 90 pore volume backflow.  After shaving 1/8" from the core,

the permeability increased to 17.2 md.  This indicates that the 3% KCL drilling fluid caused internal

damage to the core.  
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With 16 to 36% spheres, the 3% KCL drilling fluid reduced the permeability to 3.1 to 9.1 md,

with all the damage being cleaned up after 90 to 100 pore volume backflow in all cases.  Shaving

1/8" from the core confirmed that the permeabilities had returned to their original values.  The reduction

in permeability and subsequent recovery with spheres indicates that the spheres form a filter cake

on the rock surface, but do not permanently damage the formation.

THESE TESTS SHOW THAT THE HOLLOW SPHERES CAN REDUCE FORMATION DAMAGE

WITH KCl DRILLING FLUIDS AND THEREFORE INCREASE OIL AND GAS PRODUCTION IN

WELLS DRILLED WITH THESE FLUIDS.

8.7 ZnBr BRINE

Zinc Bromide brine with HGS produced slightly more damage than the brine without the spheres,

but with 100 pore volumes of backflow all of the damage was removed in both cases and there was

100% recovery (Figure 8-13 and Table 8-5).

Table 8-5.  Permeability Recovery with ZnBr  Fluid2

ZnBr ZnBr  w/36% HGS2 2

Permeability Recovery Permeability Recovery
(md) (%) (md) (%)

Initial Brine Permeability 18.0 100.0  17.7 100.0  
Permeability with Test Fluid 17.7  98.3 7.5 42.4
Return Permeability
   10 pore volumes 17.8 99.1 12.9 72.9
   20 pore volumes 17.9 99.7 15.2 85.8
   30 pore volumes 18.0 100.0  16.1 91.2
   40 pore volumes — — 16.7 94.1
   50 pore volumes — — 17.0 95.9
   60 pore volumes — — 17.2 97.3
   70 pore volumes — — 17.4 98.2
   80 pore volumes — — 17.5 98.9
   90 pore volumes — — 17.6 99.5
   100 pore volumes — — 17.7 100.0  
   (1/8" shaved) 18.0 100.0  17.7 100.0  

The ZnBr  brine fluid without spheres initially reduced the permeability by only 1.7%.  This2

damage was removed after only 30 pore volumes of backflow.  The ZnBr  brine with 36% HGS reduced2

permeability to 7.5 md, but the original permeability was completely recovered after 100 pore volumes

of backflow.
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8.8 HGS FOR REDUCING FORMATION DAMAGE DURING DRILLING

As a further study of the results described above, work was conducted at the Completions

Technology Laboratory of the Petroleum Engineering Department at Texas A&M University to evaluate

the performance of HGS materials to mitigate formation damage in drilling fluids, completion fluids,

and drill-in fluids (DIFs).  Formation damage was of special concern.  Formation damage is not

generally considered an attribute of drilling fluids. Nonetheless, since drilling fluids are often employed

in drilling productive zones and DIFs must exhibit acceptable drilling fluid characteristics, both families

of materials were considered.  A separate Topical Report (McDonald et al., 2001) was prepared with

detailed results from the analysis and experimental investigation.  The report was written to provide

a basis for the evaluation of fluid additives – in this case, HGS – as beneficial materials in well

construction fluids.  A summary of the Topical Report is presented below along with conclusions

from that study.

8.8.1 Review of Technology

To establish a clear context for use of HGS as an additive in well-construction fluids,

the Topical Report first presents a review of fluid technology used in drilling fluids, DIFs and

completion fluids.  It defines the terminology used by specialists in each part of this industry activity.

Special attention is given to the chemical and other materials that constitute these increasingly

complex fluids.

New demands are constantly being placed on well-construction fluids.  Ten years ago,

the industry had not yet drilled a subsalt well or completed a horizontal well in the Gulf of Mexico.

Today these and other technologies are provided as standard services by drilling contractors and

service companies.  This report highlights these new technologies, compares fluid performance, and

attempts to evaluate the role of new additives in well-construction fluids.

New lightweight HGS additives have been investigated for lowering the density of drilling

fluids.  This type of fluid can overcome the disadvantages from which conventional underbalanced

drilling fluids suffer.  However, before engineers can incorporate these materials into new drilling,

completion, and DIFs, data must be developed on the new systems and their performance in a number

of areas.  Section 1 of the report reviews the functions of wellbore construction fluids, and "sets the

table" for the experimental tests described in Section 2.

S38 HGS materials were used for laboratory tests performed at Texas A&M.  The

density of this product is 0.38 g/cc and it exhibits a burst strength of 4000 psi.  Diameter of the HGS

ranges from 8 to 125 microns, with a median of 45 microns.  The material is borosilicate glass and

is chemically stable under most conditions found in oil and gas applications.  HGS will pass through

20 to 80 mesh screens typically used on oil-field shakers.  These microspheres are widely used as

extenders in paints, adhesives, and other materials to reduce costs.
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The particle size of HGS materials lies between fine sand and silt.  The major effect

of HGS on drilling fluids is to reduce density.  HGS are reported to be employed in fluids at

concentrations up to 50% by volume with corresponding reductions in density of typically 30% or

more. 

In recent years, the industry has come to understand that most formation damage

is the result of wellbore wall damage at the surface of the formation rather than from internal formation

blocking.  Results from previous studies suggested that HGS were effective at reducing formation

damage.  However, this interpretation does not describe the conditions fully.  Section 2 of the Topical

Report discusses formation damage in a more complete fashion.  Included in this section are

experimental data collected at Texas A&M in the Department of Petroleum Engineering's Completions

Laboratory on "baseline fluids" for illustrating the difference between typical drilling fluids and those

containing HGS.  This study also complements previous work conducted on this project (see Sections

8.1 to 8.7) as well as previous laboratory studies conducted by Texas A&M on formation damage

in producing zones.

Texas A&M investigators examined the role of drill solids in causing formation and

completion damage in horizontal open-hole completions.  A variety of core flow techniques were

employed to simulate DIF filter-cake deposition and well production in horizontal open-hole

completions.  The wellbore flow equipment was designed to emulate conditions in either completely

open holes without sand-control screens or unconsolidated open-hole sections with sand-control

screens.

One of the most important observations derived from this recent work indicates that

the filter cakes developed by the DIFs tested formed on the surface of the formation rather than within

the pore space.  Therefore, the impairment of permeability was attributed completely to the external

filter cake.

8.8.2 Experimental Evaluation of Fluid Additives

Advancements in the performance of well construction fluids have been most

successful in 1) shale stability (wellbore) enhancement, 2) ROP increases, and 3) meeting

environmental requirements.  Superior filter cakes that isolate wellbore fluids from the formation

improve wellbore stability.  However, fluids and additives used to impart stability also have to meet

the other criteria.  HGS materials, being inert, do not interfere with chemical interactions and benefits

of fluids, but rather make their presence felt by their bulk.

Two representative drilling fluids were chosen for evaluating rheology of HGS:  PHPA

fluids and KCL polymer muds.  The former material has a higher solids content than the latter.  Fluids

with different concentrations of HGS were subjected to basic mud tests.  Results were compared

with the same systems without HGS. 
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Figure 8-14.  Filter-Cake Thickness Contrasted with High Fluid-Loss Filter Cake

Fluid system densities ranged from 8.35 ppg (no HGS) to 5.99 ppg (35% HGS).  The

system studied was the PHPA mud with bentonite solids, drill solids, and HGS solids.  The data

from the viscosity measurements are similar to that reported previously.  As the solids content of

the system was increased above about 15% HGS solids, the rheology began to deteriorate.

The high concentrations of solids in the test samples caused erratic rheology and

poor API filter-loss control, greater than 45 ml in some cases.  High fluid loss signifies thick filter-cake

tendencies.  Normal API data should be less than 10 ml.  Larger values are significant, indicating

poor fluid-loss control.  Drilling fluids with poor fluid-loss control generally exhibit differential sticking

characteristics unacceptable in most circumstances.  Two of these filter cakes are shown in Figure

8-14.

Fluid-loss additives (FLA) were added to KCL polymer low-solids drilling fluid.  These

materials are generally colloidal size such as modified starches and micronized cellulosics.  Results

showed the new samples had acceptable API fluid-loss test results and filter cakes typical of systems

without HGS.

Analysis of the basics of drilling fluids, completion fluids, and DIFs, supported by

experimental evidence obtained on different fluids using HGS, indicates that these materials impart

new properties to their parent systems.  Density of the fluids can be lowered significantly.  Samples

of HGS (5%) in a PHPA lowered density from 8.34 ppg to 7.35 ppg with little change in rheology.

The HGS systems also behave as inert solids in these systems.  PV change in a PHPA system

for a 16% HGS system was roughly the same as addition of 6% drill solids (13 vs. 22).  In water-base

systems designed for drilling in depleted reservoirs or for drilling through formation with low parting

pressures, HGS systems offer attractive alternates to other systems.  Best performance is

achieved when HGS concentrations are less than 20% volume.

The addition of HGS solids altered performance of drilling fluids and DIFs in the same

manner as other inert solids.  For example, API fluid loss increased from 8 ml to 45 ml when HGS

concentration reached 15% in a PHPA system.  This behavior in a drilling fluid would increase the

tendency of the fluid to cause differential sticking.  The cause for the alteration in filter-cake

performance can be attributed to the narrow MW range of the HGS and its tendency to disrupt the
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packing of particulates.  Additional tests with added FLA (fluid-loss additives) reversed this tendency.

Again, HGS systems with less than 20% microspheres offered best results.

Special core flow permeability tests were performed to determine if lift-off pressure

and regain permeability would be affected by HGS.  The low-solids KCL polymer DIF was specially

formulated with FLA to ensure good filtrate control.  Tests using the fluid indicated that there was

essentially no difference in permeability regain with and without HGS (5.5 psi vs 5.0 psi and 1130

md vs. 1250 md).  Comparison of these results with prior data from earlier tests by MEI shows that

fluids designed for low fluid loss are not adversely affected by HGS while other types of fluids may

be affected adversely.

8.9 CONCLUSIONS

1. There was no difference in formation damage by adding HGS to oil-base and synthetic-oil

fluids.

2. ZnBr  brine without spheres produced essentially no formation damage (2%), whereas2

ZnBr  brine with spheres produced some damage.  However, this damage was completely2

cleaned up with backflow.

3. A 3% KCl mud with spheres produced minor damage that was cleaned up with 100 pore

volumes of backflow, whereas without the spheres, the 3% KCl mud produced permanent

damage (16.3%) that could not be cleaned up with backflow.

4. The PHPA water-based mud with spheres produced minor damage that completely cleaned

up (100% recovery) with 90 pore volumes of backflow.  Without HGS, the PHPA mud

caused considerable permanent damage (44.5%) that could not be cleaned up with

backflow.

5. HGS can significantly reduce or eliminate formation damage with water-base and KCl

drilling fluids and thereby significantly increase oil and gas production rates.

6. The use of hollow spheres to reduce formation damage may be patentable and may have

commercial application.

7. The addition of HGS solids altered performance of special drill-in fluids in the same manner

as other inert solids.

8. API fluid loss in drill-in fluids was increased by HGS, a behavior that increases the

tendency of the fluid to cause differential sticking.

9. The best performance of HGS fluids with respect to formation damage was observed when

HGS concentrations are less than 20% volume.
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10. HGS materials impart unique density lowering characteristics to drilling fluids.  However,

these fluids must be specially tailored to avoid deterioration of basic drilling fluid properties

typical of systems with high solids content.  Accordingly, it is recommended that additional

studies be performed if HGS materials are to be commercially employed in

underbalanced-drilling applications.  Well-construction fluids should be formulated "from

the ground up" to take advantage of the properties of HGS materials.
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Figure 9-1.  Golden State Drilling Rig Mud System

9.  HGS Drilling Fluid Field Tests

Several field tests have been conducted using HGS since this project was initiated.  MEI

conducted two successful field tests with HGS muds in Mobil Oil Corporation (now ExxonMobil) wells

in Kern County, California in September 1996.  These tests, described in Sections 9.1 to 9.3, showed

that the hollow spheres can be easily mixed into the mud and that rheological properties of the

lightweight mud were similar to conventional muds.  No problems were encountered on these tests.

The success of these tests demonstrate the high potential of using HGS for underbalanced drilling.

An SPE paper was presented in 1997 to document this work and help transfer this technology (see

Appendix E).  

Another field application test was conducted by PDVSA-INTEVEP in Venezuela.  This test

is described in Section 9.4.  An SPE paper describing this test is included in Appendix F.

To assure HGS drilling fluids are cost-effective, the HGS must be separated from the returning

drilling mud and cuttings, and recycled into the cleaned drilling mud to maintain the proper fluid

density.  Section 9.5 describes work by others using centrifuging for effective separation of HGS for

re-use.

9.1 MUD PIT

Figure 9-1 shows the mud pit system used in the 1700-ft Mobil wells for the initial field tests.

Two to four hundred barrels of mud containing 10 to 20% HGS were used on these wells.
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Figure 9-2.  Theoretical and Measured Mud Weight 
(Well 1)

9.2 MUD MIXING

A conventional diaphragm pump was used to transfer the HGS from 640 lb boxes into the fluid.

Diaphragm pumps, also called cellar or trash pumps, are commonly found on most rigs.  In fact, an

identical pump was available on the test rig.

The diaphragm pump was capable of transferring 640 lbs of dry HGS to the mud per hour.  The

highest rate achieved was 640 lbs in 30 minutes.  Air fluidization is typically used to inject the hollow

spheres into fluids.  If air fluidization had been used, 640-lb boxes of HGS could have been transferred

to the mud in 5 to 10 minutes.  None of the HGS became airborne during these mixing operations

because they were injected through a hose placed in the hopper.

9.3 LIGHTWEIGHT MUD PROPERTIES

The rheological properties were kept within acceptable limits (PV = 10 to 25 cp; YP = 5 to 10

lb/100 sf) throughout the tests.  The theoretical and actual mud weights were close in both wells

showing that there was minimal breakage of the hollow spheres (Figures 9-2 and 9-3).
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Figure 9-3.  Theoretical and Measured Mud Weight
(Well 2)

An indeterminate amount of water was added near the bottom of both wells, accounting for the

measured differences between the calculated and measured values at the bottom of the well.  In Well

1, the HGS reduced frictional drag and eliminated reaming usually required in these wells.

9.4 PDVSA-INTEVEP FIELD TESTS

Since this project was initiated, over 25 wells have been drilled with HGS drilling fluids around

the world including: re-entry angled wells in Brazil, a horizontal well in Venezuela, and vertical wells

in Italy.

A study by Intevep for PDVSA of re-entry and horizontal wells in the Guafita area of Venezuela

indicated opportunity for improvement in several areas including: drilling fluids, geomechanics, and

drilling mechanics.  It was recommended to utilize a lower density fluid to avoid previous overbalanced

conditions.  Specifically, it was proposed to use a fluid density between 6.8 and 7.1 ppg until an

operational window was determined. 

Interflow® (a drilling, completion and workover fluid developed by PDVSA-Intevep) was designed

and developed for use in low-pressure zones like those existing in the Guafita area.  This fluid met
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the requirements.  HGS were added to the fluid to reduce density instead of compressible aerated

fluids.  This provided the lowest surface to volume ratio for any geometry considered (lowest

viscosity). 

In conjunction with 3-M, Intevep was able to lower the density of an emulsion drilling fluid by

adding HGS to the base fluid.  The fluid was stable, homogenous, single-phased, non-compressible

and had useful rheological and filtrate properties when used in high-permeability, low-pressure

producing zones.  Field mixing was easily accomplished.  

From this Intevep/PDVSA well it was learned that: 

> Conventional solids-control equipment can be utilized with this type of fluid.

> The well did not experience any differential sticking.

> A hole in-gauge was observed, suggesting the fulfillment of the well drilling plan.

> A relative improvement in productivity was observed.

More details from these field trials are presented in Appendix F.

9.5 RECYCLING HGS USING CENTRIFUGES

The most economical utilization of HGS requires recycling.  The only HGS recycle approach

that has been field tested on a reasonable scale is one that involves a centrifuge.  It is known that,

with a small amount of dilution and in low gel-point fluids, glass bubbles segregate and float to the

top.  This flotation concept can easily be demonstrated on a small scale in the laboratory.

Prior work by others indicates that normal two-port centrifuges could not be used on-line to

remove colloidal heavy cuttings from drilling fluids during drilling while in glass bubbles are present.

This finding has been verified with equipment from Brandt and from Baker Process at the rig site

while conducting drilling operations.

While making this determination, 3-M found that, depending on the rotary speed of the centrifuge,

differential speed, and flow, a conventional two-port centrifuge could separate glass bubbles very

well.  But under this configuration, the possibility also exists for HGS to accumulate on the auger (if

HGS are present in high concentrations in the fluid) and block the outlet ports.  The problem is

basically that much higher volume percent is being occupied by HGS versus drilled solids.  Either

the combination of high- and low-density solids came out together or they overwhelmed the capacity

of the centrifuge and plugged it.

However, a successful test on a centrifuge from Baker Process in Germany (three exit ports)

has worked very well with a three component fluid consisting of cuttings, glass bubbles, and the liquid

portion of an aqueous-base drilling fluid.  All components were successfully separated.



9-5

Figure 9-4.  Baker Hughes Censor Solids-Sorting Centrifuge

This centrifuge, a Censor model, is a “solids-sorting centrifuge” made by BIRD HUMBOLDT,

BAKER PROCESS, a part of Baker Hughes Company (Figure 9-4).  It is normally used for sorting

solids, mainly recycling plastics of different densities at very sharp cuts.  The particulate shape and

size are not significant.  In principle, left and right hand screw flights are fitted to a screw body; this

ensures material transportation in opposite directions.  The screw rotates inside the centrifuge at

a speed varying slightly from that of the centrifuge bowl.  Due to this effect the two products are

transported to opposite ends of the centrifuge where they are lifted beyond the liquid ring and

discharged.

In 1999, Baker ran an extended test for about 10 hours using a Censor, and no problems

occurred.  HGS recovery was termed excellent.  Drill solids were also separated.  The liquid stream

had a minuscule amount of HGS, about 1.3% by volume.

Another centrifuge manufacturer, Brandt Tuboscope, has a high-speed centrifuge with an axial

flow conveyor (model HS3400).  With minor retrofitting of the liquid ports, this system could separate

the HGS from heavy solids and from liquid.  This concept would also be similar to the multiple ports
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Figure 9-5.  Three-Phase Centrifuge

on a three-phase centrifuge (Figure 9-5) which is used to simultaneously separate solids, water,

and oil layers from drilling mud or the above mentioned three-port solid-sorting centrifuge.

9.6 CONCLUSIONS

The following conclusions were reached as result of HGS field tests:

  1. These field tests were very successful and demonstrated the potential of using HGS fluids

for underbalanced drilling.

  2. The hollow spheres can be easily and safely mixed into drilling fluid during field operations.

  3. New mud containing HGS can be built in the field.

  4. The HGS are compatible with conventional field drilling fluids.

  5. HGS can be circulated through conventional roller cone or PDC bits with little or no

destruction of the spheres.

  6. HGS can be circulated through conventional downhole mud motors with no detrimental

effect on the spheres or the motors.

  7. The survival rate of the spheres was within acceptable limits.

  8. The environmental effect of using HGS was minimal.
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  9. The HGS had no detrimental effect on the drilling rig equipment.

10. The drilling fluid systems on these field tests were very small (<200 barrel active volume),

allowing accurate monitoring and measurement of the sphere concentrations.

11. HGS muds are an economic alternative to aerated drilling fluid and should find increased

use in the future.

12. HGS can be recycled to reduce costs. 

Additional details from the Mobil/MEI field tests can be found in the technical paper SPE 38637,

“Field Application of Light Weight Hollow Glass Sphere Drilling Fluid,” contained in Appendix A.

Additional details from PDVSA-INTEVEP’s tests can be found in the technical paper SPE

62899, “Field Application of Glass Bubbles as a Density-Reducing Agent,” contained in Appendix F.
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10. Potential Use of HGS for Dual-Gradient Drilling 

10.1  DUAL-GRADIENT DRILLING CONCEPT 

10.1.1 Deep Water Drilling Problems 

  A major problem with offshore drilling is maintaining wellbore annulus 

pressure above pore pressure so that the well does not “kick,” and below fracture pressure 

so that the well does not hydraulically fracture and lose circulation.  In deep water, pore and 

fracture pressure gradients are typically close together, making drilling very difficult. 

10.1.2 Dual-Gradient Drilling Concept 

  With conventional offshore drilling, a riser extends from the seafloor to the 

drillship.  Fluid is circulated down the drillstring and up the riser back to the drillship.  The 

column of mud in the riser annulus exerts high pressure at the seafloor, making drilling 

difficult. 

  To overcome this problem, several companies are developing Dual-

Gradient Drilling (DGD) systems where subsea pumps will be placed on the seafloor to 

reduce the wellbore annulus pressure at that depth (Figure 10-1).  The seafloor pumps 

pump mud back to the surface up risers or up smaller return riser lines (riserless drilling).  

Surface

Casing

Depth

Seawater (E)
hydrostatic
pressure

Mud hydrostatic pressure (C)
       (Conventional)

Mud hydrostatic pressure (D)
 (Riserless)

Fracture (B)
pressure

Pore pressure (A)

Pressure

Figure 10-2.  DGD Hydrostatic Gradients 
(Snyder, 1998) 
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Drillpipe

Figure 10-1.  Dual Gradient Drilling System 
(Peterman, 1998) 
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  Figure 10-2 shows mud hydrostatic pressure gradients for conventional and 

riserless drilling.  Because of the seawater column, and the unconsolidated nature of the 

sediments near the seafloor, the pore pressure (A) and fracture pressure (B) curves are 

often close together, making it difficult to maintain wellbore annulus pressure between these 

curves. 

  With conventional riser drilling, the mud hydrostatic pressure gradient (C) is 

a straight line extending from the floating drillship, as shown in Figure 10-2.  This 

hydrostatic gradient line traverses the pore and fracture gradients over a short vertical 

distance, requiring numerous casing strings. 

  If the annular pressure at the seafloor is reduced to that of seawater by a 

DGD system, the hydrostatic curve (D) is a straight line that extends from the seafloor.  The 

slope of this line is significantly reduced, allowing a much greater vertical distance to be 

drilled while staying between the pore and fracture gradient curves.  This allows fewer 

casing strings, smaller drillships, and reduced drilling costs. 

  Figure 10-3 shows conventional and riserless casing programs for a Gulf of 

Mexico well where riserless drilling reduces the number of casing strings from 8 to 5, saving 

$3 million, since each casing string costs $1 million (Gault, 1996). 

  In this example, DGD allows running 7-inch instead of 5½-inch production 

tubing, resulting in higher well productivity due to the large flow area.  In addition, larger 

casing (9 vs. 7 inch) allows the use of multilateral drilling, which can further increase 

production.  This shows that in addition to significantly reducing drilling costs, DGD has the 

potential to significantly increase oil and gas production in deepwater wells. 

Figure 10-3.  Casing Program for Conventional 
DGD (Snyder, 1998) 

Figure 10-4.  Dual-Gradient Drilling Options 
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  In addition to reducing the number of casing strings required, as described 

in the next section, DGD reduces tension load requirements on the riser and mud storage 

requirements on the drilling vessel, which will reduce the size of drillships or increase the 

depth capability of these drillships. 

10.1.3 Seafloor Dual-Gradient Drilling Options 

  Figure 10-4 shows three options for DGD including: 1) seafloor pumps, 

2) gas lift, and 3) hollow spheres.  These systems can also be used in conjunction with each 

other. 

  Although the gas-lift and hollow-sphere systems are shown with risers, they 

can also be used with return flow lines and riserless systems.  These systems eliminate the 

requirement for seafloor pumps, thus significantly reducing the amount of equipment on the 

seafloor. 

  Subsea pumps (centrifugal, electric submersible, and diaphragm) located 

on the seafloor provide all the flexibility needed to handle any drilling situation.  However, 

they have the disadvantage of high cost and reliability problems associated with keeping 

complex pumping systems operating on the seafloor.  A major concern with DGD systems 

are problems associated with operating and maintaining pumps on the seafloor. 

  With gas-lift systems, gas is pumped to the seafloor and injected into the 

bottom of the riser to reduce the density of the mud in the riser.  Problems associated with 

gas lift include 1) high compressor costs, 2) high nitrogen costs, 3) corrosion problems, 

4) compressibility of gas causing nonlinear pressure gradients, and 5) difficulties degassing 

the mud before it is re-injected into the well. 

  With the hollow sphere system, spheres (glass, plastic, composites, metal, 

etc.) would be injected into the riser at the seafloor to reduce the density of the mud 

returning up the riser.  This technique is similar to the gas lift system except that the hollow 

spheres are incompressible and therefore require less horsepower, they produce linear 

pressure gradients and they do not require expensive compressors or nitrogen.   
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10.2 COMMERCIAL DUAL-GRADIENT DRILLING SYSTEMS 

10.2.1 Baker/Transocean “DEEPVISION” Pump System 

  Baker Hughes/Transocean Sedco Forex (Sjoberg, 2000) are developing a 

“DEEPVISION” dual gradient drilling (DGD) system that utilizes electrically-powered 

centrifugal subsea pumps manufactured by National Oilwell (Figure 10-5).  Figure 10-6 

shows a 6-stage, 1250-hp DEEPVISION pump/motor module.  The centrifugal pumps use 

“chomper” impellers that can handle gumbo, sand, gravel-sized pieces of hard limestone, 

and large pieces of aluminum, cement, and rubber without damage to the pumps. 

  Figure 10-6 shows a 10,000-foot water depth DEEPVISION subsea 

assembly with five centrifugal pumps (4050 total horsepower) and weighs 350,000 pounds.  

The DEEPVISION is modular and can include from one to five centrifugal pumps, 

depending on water depth and the pump head required (Figure 10-7). 

  DEEPVISION uses a “Flow Stop Sub” in the drillstring to prevent U-tubing 

when circulation is stopped (Figure 10-8).  The DEEPVISION system initially being 

developed for use in the Gulf of Mexico has the following characteristics (Sjoberg, 2000): 

 Water Depths: 4,000-7,500 ft (10,000 ft with min. modifications) 

 Well Depths: 28,000 ft TVD (45,000 ft TD) 

 Number of Depths: 5 (10,000 ft water) 

 Weight:  350,000 lbs 

 Size:    15 ft x 17 ft x 40 ft 

 Wells:  9e-in. casing to TD 

 Drillstring: Jointed, conventional drill pipe 

 Well Profile: Including complex directional 

 Mud Weights: Maximum 19.2 ppg 

 Rig Specification: Discover Enterprise; Ocean Confidence; others later 
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  The DEEPVISION JIP was initiated by Baker-Hughes and Transocean 

Sedco Forex in 1997.  The Phase III commercialized project currently underway is being 

Figure 10-7.  DEEPVISION Subsea 
Module 

Figure 10-8.  Water Depth vs. Pump Units 

Figure 10-5.  DEEPVISION System Figure 10-6.  DEEPVISION Subsea 
Centrifugal Pump 

Figure 10-9.  DEEPVISION 4¾-in. Flow 
Stop Drillstring Valve 

Figure 10-10.  Mudlift Pumping System 
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funded by Baker, Transocean, BP, and Chevron.  Phase III includes component testing in 

the second quarter of 2001 to provide proof-of-concept in November of 2001.  The system 

should be ready for commercialization at that time (Neil Forrest, 2000). 

10.2.2 Conoco/Hydril “Mudlift” Pump System 

  The Conoco/HYDRIL “MUDLIFT” System (Smith et al., 2000) utilizes three 

to six 80-gallon seafloor positive-displacement diaphragm pumps that are powered by 

seawater pumped to the seafloor through a 5- to 6-inch I.D. line on the riser (Figures 10-9 

and 10-10).  Once the seawater passes through the pump, it is dumped into the ocean at 

the seafloor.  This three-pump package is being manufactured for upcoming field trials. 

  The seawater power system eliminates the need for electric cables, surface 

mounted reels, subsea electric motors and subsea hydraulic systems.  The slow-speed 

diaphragm pumps contain large valves that allow them to pump large cuttings without 

breaking down.  The seafloor unit includes a “rock crusher” to mechanically crush large 

cuttings, gumbo, float equipment, cement, etc., to less than 1.5-inch particles so that they 

will pass through the diaphragm pumps without damaging them. 

  Figure 10-11 shows a MUDLIFT subsea assembly containing six 

diaphragm pumps, two solid control units, and electric control equipment.  This unit is 

designed for 10,000-foot water depth. 

  The MUDLIFT System uses a subsea rotating diverter (Figure 10-12) to 

divert mud to the subsea pumps.  This diverter uses a rotating rubber element to seal 

against the drillstring and rotating seals that allow the bearings to operate in oil. 

  This system utilizes a special drillstring valve (Figure 10-13) that prevents 

U-tubing of the mud in the drill pipe when circulation is stopped.  The basic function of this 

valve is to close when circulation stops and to open when circulation starts. 

  A prototype system has been successfully field tested on a jack-up rig.  A 

“marinized” system will be tested in 1150 feet of water in mid-March 2001.  The system will 

be commercialized in 2002 (Figure 10-14). 

  Conoco and HYDRIL have spent a “major effort” on developing well control 

procedures and training modules for this system, because they recognize that retaining 

experienced deepwater drilling personnel would be the biggest challenge with this system.
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Fig 10-13.  MUDLIFT Subsea Diverter Figure 10-14.  MUDLIFT Drilling Valve 

Figure 10-12.  MUDLIFT Subfloor Module Figure 10-11.  MUDLIFT Subsea Pumps 

Figure 10-15.  MUDLIFT Time Schedule Figure 10-16.  Shell SSPS System 



10-8 

  An earlier version of this MUDLIFT system used electric motors to power 

the diaphragm seafloor pumps, but the electric motors were eliminated in a later design due 

to concerns about the reliability of the subsea electric motors and cables. 

  Conoco manages this project and HYDRIL manufactures the subsea 

diaphragm pumps.  Other industry partners include BP, Chevron, Texaco, Diamond 

Offshore, Global Marine, and Schlumberger. 

10.2.3 Shell “SSPS” Pump System 

  The Shell “Subsea Pumping System” (SSPS) (Gonzalez, 2000) uses 

seafloor electric-submersible pumps (ESPs) to reduce wellbore pressure at the seafloor 

(Figure 10-15).  The SSPS pumps are similar to oilfield ESPs use to pump oil and water 

from oil wells (Figure 10-16). 

  A nitrogen-filled chamber (Figure 10-17) at the seafloor “decouples” the 

wellbore from the seafloor pumps to ensure that the pressure in the wellbore at the seafloor 

always equals seawater pressure.  This nitrogen-filled chamber, which is located above the 

BOP, uses nitrogen tanks to maintain pressure inside the chamber equal to seawater 

pressure outside the chamber. 

  The nitrogen chamber uses a 20º internal “gumbo slide” to remove gumbo, 

cuttings and other debris larger than 0.25 inches from the mud before the mud enters the 

seafloor electric-submersible pumps.  Large cuttings coming across the top of the gumbo 

slide are discharged to the seafloor.  This gumbo slide increases the reliability of the system 

because large cuttings do not pass through the pumps and other subsea equipment and 

therefore do not have to be crushed at the seafloor. 

Figure 10-18.  Shell SSPS Gumbo Slide & 
Mud/Gas Separation 

Figure 10-17.  Shell SSPS General Configuration 
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  This seawater ambient pressure chamber allows easy detection of kicks 

compared to other DGD systems were kick detection is a problem.  When a kick occurs, it is 

detected in a conventional manner and the BOPs are closed.  Mud is then circulated to a 

nitrogen-filled subsea mud/gas separator/gas buster chamber where the gas is separated 

from the mud and vented to the seawater (Figure 10-18).  The mud goes to a “holding tank” 

where it is pumped to the surface. 

  Environmental concerns in discharging large cuttings to the seafloor are a 

major limitation of this system since some major operators are adopting “zero discharge” 

offshore drilling operations.  These operators have stated they cannot use the SSPS due to 

this policy. 

10.2.4 Time and Cost Implementation 

  BP (Frazelle, 2001) states that the cost of implementing a DGD system is 

$40 to $70 million (depending on the rig modifications required), and that the delivery time 

for a system is 18 months.  BP stated that it plans to place an order for a DGD system at 

the end of the second quarter of 2001. 

10.2.5 Dual-Gradient Cuttings Handling 

  A major concern of drilling engineers is how subsea pumping systems will 

handle large bit cuttings and large hole sloughing particles so that these rock fragments will 

not plug the pumps.  These subsea pumping systems handle large cuttings as follows: 

  Mudlift (Diaphragm pumps) 

    “Rock crusher” crushes particles to less than 1.5 inch before 

they pass through the pump. 

  DeepVision (Centrifugal pumps) 

   “Chomper” blades crush particles to less than 0.5 inch before 

they pass through the pump. 

  Shell SSPS (Turbine pumps) 

   “Gumbo slide” screens out particles larger than 0.25 inch and 

dumps them to the seafloor. 
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10.2.6 Subsea Pump Project Participants 

  Participants on the latest phase of the subsea pump projects are as follows: 

  Mudlift 

Conoco Texaco 

Hydril* Diamond Offshore 

BP Global Marine 

Chevron Schlumberger 

Deepvision  

Baker Hughes* BP 

Transocean Sedco Forex* Chevron 

SSPS  

Shell  

  *Project Manager 

10.2.7 Subsea DGD System Limitations 

  Following are concerns that drilling engineers have expressed about DGD 

subsea pumping systems: 

1. Very expensive 

2. Very complex 

3. Potential low reliability 

4. Must pull riser to repair pumps 

5. Rock cuttings must pass through seafloor pumps 

6. Difficulty in detecting kicks 

7. Handling large volume kicks 

8. Requires large, expensive Generation-5 rigs 

9. 5 year rig commitment 

10. $40 to $70 million cost 

11. High daily operating cost 

12. Too expensive for shallow water 

13. Cannot implement quickly 
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10.2.8 Subsea Pump Concerns 

  Drilling engineers have the following concerns about subsea pumps: 

1. Subsea pump failures 

2. Power transmission failures 

3. Pump degradation (erosion) 

4. Insufficient power during emergencies 

5. “Gas Locking” pumps 

6. Rock cuttings and debris plugging pumps 

7. Handling large volume gas kicks 

8. Making connections 

9. Handling complex emergencies 

10.3 HOLLOW SPHERE DGD SYSTEM 

10.3.1 Hollow Sphere DGD Concept 

  With the lightweight hollow-sphere dual-gradient drilling (DGD) system, 

hollow spheres (glass (HGS), plastic, composite, metal, etc.) are pumped to the seafloor 

and injected into the bottom of the riser to reduce the density of the mud in the riser to that 

of seawater (Figure 10-19). 

Figure 10-19.  Maurer Hollow-Sphere, Dual-Gradient System 
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  The mud and spheres are 

mixed together at the surface, pumped to the 

seafloor as a slurry and injected into the riser 

to reduce the density of the mud (Figures 

10-20 and 10-21).  A major advantage of 

this system is that no new equipment is 

needed on the seafloor except a remotely 

controlled valve (Figure 10-22). 

Figure 10-21.  HGS Injection Figure 10-20.  Single Injection Point 

Figure 10-23.  Photomicrograph of Glass 
Microspheres 

Mudlift 

Maurer

Nothing 

DeepVision

Shell SSPS

Figure 10-22.  New Seafloor Equipment 
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10.3.2 Sphere Requirements 

  The hollow spheres can be made of glass, composites, plastics, or other 

materials.  Figure 10-23 shows hollow glass microspheres (10- to 100-micron diameter) 

manufactured by 3M that have a specific gravity of 0.38 g/cc (i.e., HGS as described 

elsewhere in this report).  Adding 50% by volume of these microspheres to a 14-ppg mud 

will reduce the density of the mud to that of seawater (8.56 ppg) as shown in Figure 10-24. 

  Figure 10-25 shows how the density of a mud decreases as the percentage 

of spheres increases.  This shows that 21% spheres are required to reduce the density of a 

10-ppg mud to that of seawater compared to 50% with a 14-ppg mud. 

10.3.3 Sphere Separation 

  All of the hollow spheres must be removed from the low density mud when it 

returns up the riser to the drill rig.  Heavy mud (without spheres) is then circulated down the 

drillpipe to the hole bottom while the hollow spheres are circulated to the seafloor and 

injected into the riser. 

  Extensive tests conducted by Maurer, Baker-Hughes, and others have 

shown that 100% sphere recovery from the mud is not possible with centrifuges or 

hydrocyclones at high circulation rates required with DGD drilling (800 to 1400 gpm).  To 

overcome sphere recovery limits, Maurer has a patent pending on the concept of using 

large-diameter hollow spheres (>100 microns) that can be removed from the mud with 

conventional oilfield shale shakers (Figure 10-26).  This allows 100% separation and 

ensures that no spheres will be recirculated down the drillpipe and cause well control 

problems.  Drill cuttings and spheres can be easily separated in a seawater tank since 

hollow spheres will float and rock cuttings will sink. 
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10.3.4 Sphere Collapse Pressure 

  Density of hollow spheres increases with increased collapse strength due to 

thicker walls.  Consequently, it is beneficial to use the lowest strength spheres (i.e., lowest 

density) possible. 

Figure 10-26.  Hollow Sphere Separation 
System 

Figure 10-27.  Multiple Injection Points 

Figure 10-29.  Sea Floor Pumping Power Figure 10-28.  Combination Dual-Gradient 
System 
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  The spheres encounter the highest hydrostatic pressure when drilling is 

initiated and the riser is full of heavy mud (without spheres).  To reduce this problem, 

heavier spheres with higher collapse pressures can initially be injected into the bottom of 

the riser and then replaced with lighter, lower-collapse-pressure spheres once the riser is 

full of spheres.  Another possibility is to initially inject spheres near the top of the riser and 

then sequentially inject spheres at lower points in the riser, an approach similar to initiating 

a gas-lift system (Figure 10-27). 

  Another problem with the spheres is that it takes 60 to 90 minutes for the 

spheres to reach the surface when drilling is initiated.  This time delay can be reduced by 

simultaneously injecting spheres into the riser at multiple depths when drilling is initiated as 

shown in Figure 10-27. 

10.3.5 Hybrid Seafloor Pump/Sphere System 

  Hollow spheres can be used in conjunction with seafloor pumps as shown 

in Figure 10-28 to provide extra pumping capabilities during emergencies, or to act as a 

back-up system if the seafloor pumps fail.  With this hybrid system, seafloor pumps would 

provide 100% of the pumping capacity when the spheres are first injected into the riser, and 

then the seafloor pump power can be decreased to zero as the spheres are circulated to the 

surface (Figure 10-29). 

10.3.6 Removing Hollow Spheres From Mud 

  During DGD drilling, the spheres must be removed from the mud when the 

mud returns to the surface so that heavier mud (without spheres) can be recirculated 

through the drill string to the hole bottom and hollow spheres reinjected into the bottom of 

the riser.  Tests show that centrifuges (Figure 10-30) and hydrocyclones (Figure 10-31) 

cannot remove 100% of the spheres at the high flow rates (800 to 1,400 gpm) used with 

DGD.  Therefore, they are not suitable for use with hollow sphere DGD drilling systems. 



10-16 

  The diameter of commercial small hollow glass microspheres (HGS) ranges 

from 8 to 125 microns with a median of 45 microns (Figure 10-32).  They will therefore pass 

through the 20 to 80 mesh (762 to 177 microns) screens typically used on oilfield shale 

shakers (Figure 10-33).  Conventional shale shakers cannot be used to remove the small 

hollow spheres currently available.  Because of this limitation, Maurer has a patent pending 

on the use of large-diameter hollow spheres (>100 microns) that can be removed from the 

mud by conventional oilfield shale shakers. 

10.3.7 Large-Diameter Hollow Sphere Development 

  Because of the difficulties of removing small-diameter hollow spheres from 

mud, Maurer developed the concept of using large-diameter hollow spheres (>100 microns) 

for DGD drilling to allow the spheres to be removed with conventional oilfield shale shakers.  

Large hollow spheres (>100 microns) have several advantages over smaller hollow spheres 
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(10 to 100 microns) including: 1) lower mud viscosities; and 2) easily screened from the 

mud with conventional oilfield shale shakers. 

  One concern regarding the use of large-diameter spheres was that their 

collapse pressure might not be adequate.  Figure 10-34 shows collapse pressure and 

density equations for hollow spheres.  When the collapse pressure equation is divided by 

the density equation, sphere diameters (a and b) disappear.  This indicates that for a given 

material with fixed shear strength σm and fixed density DDm, collapse pressure is independent 

of sphere diameter.  Therefore, for a given material and a given sphere density, spheres 

can be made any diameter and the collapse pressure will remain constant.   

  This analysis led to the manufacture of large prototype hollow glass spheres 

that have diameters of 200 to 800 microns, compared to 10 to 100 microns for the smaller 

commercial hollow glass spheres (Figure 10-35).  These larger spheres can be screened 

out of the mud using conventional shale shaker screens (100 to 200 mesh) as shown in 

Figure 10-33. 

  Figure 10-36 shows that the small hollow spheres are much smaller than 

the openings in a 100 mesh screen and that the larger hollow glass spheres are much 

larger than these openings, so screening the larger hollow spheres from the mud should not 

be a problem.  This figure also shows that the 12-mesh frac sand commonly pumped with 

high-pressure oilfield frac pumps is over five times larger than the large hollow glass 

spheres, so pumping these large hollow glass spheres should not be a major problem. 

Figure 10.35.  Photomicrograph of Hollow 
Spheres 

Figure 10-34.  Sphere Collapse Pressure  
and Density 
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  Large carbon-fiber composite hollow spheres (10 mm diameter) are also 

being evaluated for use with this DGD system (Figure 10-37).  These have diameters of 10 

mm (0.39 inch) and densities of 0.43 to 0.66 g/cc and can be used at water depths to 

15,000 ft (6,500 psi) (Figure 10-38).   

  These composite spheres are used in offshore riser buoyancy materials and 

have very uniform composition and properties (Figure 10-39). 

  A schematic of the facility used to manufacture hollow composite spheres 

and buoyancy material is shown in Figure 10-40.  These composite spheres can be made 

in different diameters, so optimum diameters will need to be determined. 

Figure 10-37.  Composite Hollow Spheres Figure 10-38.  Properties of Composite Spheres 

Figure 10-36.  Relative Particle Size (Microns) 
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10.3.8 Hollow Sphere System Applications 

  The mud weight required with the DGD drilling system increases with each 

casing string as shown in Figure 10-41.  In most areas, mud weights higher than 14 ppg will 

not be required with DGD drilling systems.  An exception is BP’s Crazy Horse field in the 

GOM where mud weights up to 18 ppg will be required. 

  Most drilling engineers believe that the major benefit of DGD drilling 

systems will be realized with the first two casing strings below the mud line since the 

greatest problems occur in these upper sections of the well where DGD mud weights are 

typically less than 14 ppg.  They also believe that mud weight reductions of 3 to 5 ppg in the 

Figure 10-39.  Riser Buoyancy Modules  Figure 10-40.  Buoyancy Manufacturing 
Facility 

Figure 10-41.  Dual-Gradient Mud 
Weights 

Figure 10-42.  Spreading Pore Pressure/Frac
Curves Apart 
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lower casing strings will be adequate and that seawater density will not require the heavier 

muds (14 to 18 ppg) in the deeper sections of the well. 

10.3.9 Drillstring Valve 

  All DGD drilling systems, including the hollow sphere system, require 

drillstring valves that can be closed when circulation is stopped (e.g., during connections) to 

prevent U-tubing of drilling mud in the well. 

10.3.10 Spreading Frac/Pore Pressure Curves Apart 

  The need for a DGD system arises because the frac and pore pressure 

curves near the seafloor are close together, thereby making drilling difficult and 

necessitating numerous casing strings (see Figure 10-2).  The concept of DGD drilling is 

designed to keep the wellbore pressure within these curves. 

  An alternative method to reduce the number of casing strings is to spread 

these curves further apart as shown in Figure 10-42.  It may be possible to increase the 

frac pressure by 1) injecting chemicals to consolidate a zone around the wellbore, 2) 

utilizing special mud chemicals, 3) compacting a zone around the wellbore, 4) sealing 

microfractures around the wellbore, or 5) building an impermeable filter cake on the 

wellbore walls.   

  Flow drilling will allow drilling at pressures below the pore pressure curve, 

thus effectively spreading the curves apart.  Wellbore-stability experts from several major 

operators have stated that they believe it may be possible to spread these curves apart 

using these techniques. 

10.3.11 Shallow Water Applications 

  DGD drilling has considerable potential application for drilling at water 

depths of 2000 to 5000 ft where wellbore stability, shallow water flows, and lost circulation 

are major problems.  Seafloor pumping systems are too expensive for these shallow 

applications, so the proposed low-cost hollow sphere system should be an attractive 

alternative.  Shallow-water applications for this DGD system will probably be much larger 

than deepwater applications since there are significantly more wells drilled at shallow water 

depths than at water depths greater than 5000 ft. 
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10.3.12 Advantages of Hollow-Sphere DGD System 

  Advantages of the hollow-sphere DGD drilling system include: 

1. Complements existing seafloor pumping systems 

2. Reduces the use of or eliminates seafloor pumps 

3. Increases life and reliability of seafloor pumps 

4. Provides contingency for seafloor pump failures 

5. Utilizes conventional rig pumps 

6. Easier to operate than seafloor pumps 

7. Cuttings and debris do not pass through the DGD pumps 

8. Handles any size cuttings or debris 

9. Easy kick detection and well control 

10. Handles large volume kicks 

11. Eliminates “gas locking” of seafloor pumps 

12. Maintains seawater gradient during connections 

13. Eliminates electric and hydraulic power lines to seafloor 

14. Spheres produce linear pressure gradients 

10.4 HOLLOW SPHERE DGD REQUIREMENTS  

10.4.1 Hollow Sphere Techniques 

  There are two basic techniques for pumping HGS to the sea floor: mud 

transfer and seawater transfer (Figure 10-43).  With mud transfer, mud and spheres are 

mixed together at the surface and pumped to the sea floor as slurry and injected directly 

into the riser.  The major advantage of this system is that there is no complicated seafloor 

equipment, while the major disadvantage is that the mud pumped with the slurry dilutes the 

mud in the well, making high sphere concentrations impossible. 

  With seawater transfer, spheres are pumped to the seafloor with seawater, 

separated from the seawater using a seafloor separator (screen) and injector (e.g., Moineau 
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Figure 10-43.  Hollow Glass Spheres 

pump), and then injected into the riser.  Mud can be 

diverted from the annulus to the injector if needed, to 

facilitate injecting the spheres into the riser.  Major 

advantages of this technique are 1) the seawater transfer 

fluid can be injected into the surrounding water and 2) 

high sphere concentrations are possible. 

  The seawater transfer system requires a 

seafloor separator/injector and is therefore more 

complicated than the mud transfer system.  

Consequently, the mud transfer system is preferred with 

mud weights less than 10 ppg, whereas the seawater transfer system is preferred for mud 

weights above 10 ppg. 

10.4.2 Sphere Requirements (Seawater Transfer) 

  If HGS are pumped directly (spheres only) into the mud stream (seawater 

transfer), density of the mud in the riser is: 

    
100

vpp)v-010(
P

sm
r

+=  (10-1) 

where 

 pr = Mud Density in Riser 

 pm = Mud Density without Spheres 

 ps = Density of Hollow Spheres 

 v = Sphere Concentration (% Volume) 

  Figure 10-44 shows how mud density decreases as sphere concentration 

increases.  The maximum sphere concentration ranges from 35 to 50% by volume, due to 

increased mud viscosity with increased sphere concentration.  Figure 10-45 shows that 

50% sphere concentration can reduce mud weight from 14 to 8.6 ppg, a significant 

reduction. 
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  The goal of riserless drilling is to reduce the effective mud weight to that of 

seawater.  Figure 10-46 shows that a sphere concentration of 18% reduces the density of a 

10-ppg mud to that of seawater whereas a 52% concentration is required with 14-ppg mud.  

This shows that it is feasible to use HGS as an alternative to riserless drilling for a wide 

range of mud weights. 

  Figure 10-47 shows that a sphere flow rate equal to the mud flow rate (50% 

sphere concentration) will reduce the density of a 13.8-ppg mud to that of seawater (8.56 

ppg).  This shows that the seawater transfer technique could be effective with most muds.  
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10.4.3 Sphere Requirements (Mud Transfer) 

  If HGS are pumped into the mud stream in the form of a slurry (mud and 

spheres), the density of the mud in the riser, pm, equals: 

    
sm

ssmm
r QQ

QpQp
p

+
+=      (10-2) 

and the flow rate of the mixture in the riser equals: 

    smmix QQQ +=       (10-3) 

where 

 pr = Mud Density in Riser 

 pm = Mud Density without Spheres 

 ps = Slurry Density (Mud and Spheres) 

 Qm = Mud Flow Rate 

 Qmix = Mixture Flow Rate 

 Qs = Slurry Flow Rate 

  With mud transfer, spheres are pumped from the drill rig to the sea floor in a 

mud slurry (up to 50% concentration) and this slurry is injected directly into the mud in the 

riser.  The mud pumped to the sea floor mixes with the mud in the riser, thus increasing the 

mud flow rate and diluting the sphere concentration.  For example, when pumping 800 gpm 

of slurry (50% spheres) into well mud flowing at 800 gpm, the flow rate in the riser increases 

to 1,600 gpm and the sphere concentration decreases to 25%.  Therefore, the maximum 

sphere concentration that can be achieved with the mud transfer system is about 25%, 

compared to about 50% with the seawater transfer system. 

  Figure 10-48 shows 

how the density of water (8.34 ppg) 

decreases with increased slurry flow 

rate for different sphere concentrations 

(water and spheres).  These 

calculations ignore slip velocities of the 

spheres which are typically on the 

order of 5 to 20 ft/min (as described in 

the next section). 
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  Figures 10-49 and 10-50 show how the densities of 10 and 14 ppg muds 

decrease as the slurry flow rate and sphere concentration increases.  With higher mud 

weights, the mud transfer system cannot reduce the mud density to that of seawater, so the 

seawater transfer system must be used. 

10.4.4 Sphere Slip Velocity 

  Drill cuttings fall in the wellbore annulus because the rock cuttings are 

heavier than mud.  Similarly, HGS float upward in mud since they are lighter than the mud. 

  Chapter 4 shows that the slip velocity of HGS increases with increased 

sphere diameter, increased fluid density, and decreased fluid viscosity (Figures 10-51 and 

10-52).  These figures show that the slip velocities of the spheres will be on the order of 5 to 

20 ft/min, which is small compared to the fluid velocities riser or return flow line. 
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10.4.5 HGS Characteristics 

Manufacturer: 3M Specialty Additives (1-800-367-8905) 

Product: S38 Glass Bubbles 

Material: Water-resistant and chemically-stable unicellular 

soda-lime-borosilicate glass 

Diameter: 8 to 125 microns (Median = 45 microns) 

Density: 0.35 to 0.41 g/cc (0.38 typical) 

Collapse Pressure: 4000 psi (90% Survival Rate) 

Color: White 

10.4.6 Removing HGS From Mud 

  During riserless drilling, 

the spheres must be removed from the 

mud when it returns to the surface so 

that the heavier mud (without the 

spheres) can be recirculated to the 

bottom of the well and the HGS 

recirculated to the riser or return flow 

line.  Tests showed that hollow spheres 

can be effectively removed from the mud 

with hydrocyclones (Figure 10-53), due 

to their low density.  With the 

hydrocyclone, the heavier rock cuttings 

came out the underflow at the bottom of 

the cone, whereas the liquid mud and the HGS came out the overflow.  These tests showed 

that hydrocyclones can effectively remove the hollow spheres from the mud, but not at the 

high flow rates (800 to 1200 gpm) required with offshore rigs. 

  The diameter of commercial HGS ranges for 8 to 125 microns with a 

median of 45 microns (Figure 10-54) and therefore pass through the 20 to 80 mud (762 to 

177 microns) screen typically used on oilfield shale shakers. 

  These microspheres have small diameters because they are typically used 

as fillers in paints, glues and other materials to reduce manufacturing costs.  Oilfield shale 

shakers therefore cannot be used to remove the spheres from the mud when they return to 

Underflow Discharge
(Cuttings)

Feed Chamber

Feed Inlet

Vortex Finder

Vortex

Overflow Opening
(Hollow Spheres) 

Figure 10-53.  Oilfield Hydroclone 
(Moore et al., 1974) 
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the surface.  Larger diameter spheres (e.g., 1 mm and larger) are needed so that they can 

be screened out of the mud by conventional oilfield shale shakers (Figure 10-55). 

10.5 ALTERNATIVE SPHERE INJECTION SYSTEMS 

10.5.1 Sphere Concentrations 

  Sphere concentrations of 25 to 35% should be easily achievable with the 

DGD system shown in Figure 10-19, whereas sphere concentrations of 40 to 60% may be 

difficult to achieve.  Following are three alternative sphere injection techniques that may 

allow sphere concentrations of 50 to 60%. 

10.5.2 Drillstring Sphere Injection System 

  Figure 10-56 shows a Drillstring Sphere Injection system where hollow 

spheres are 1) pumped down the drillstring to the seafloor, 2) separated from the mud using 

a downhole sphere separator drillstring, and 3) injected into the bottom of the riser (Figure 

10-57). 

  The mud containing no spheres then passes through the drill bit and into 

the wellbore annulus.  Mud density in the riser is equal to that in the drillpipe so there is no 

“U-tubing” except for the weight of the cuttings in the wellbore annulus. 

  Major advantages of this system are that 1) high sphere concentrations (50 

to 60%) can be achieved since there is no mud dilution, 2) the spheres do not have to be 
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separated from the mud when they return to the surface, 3) less deck space is required on 

the drill rig, and 4) this is a simple system to operate. 

10.5.3 Carrier Fluid Injection System 

  With the Carrier Fluid Injection system shown in Figures 10-58 and 10-59, 

a lightweight “carrier”  fluid circulates the spheres to the hole bottom where the spheres are 

removed from the slurry (carrier fluid & spheres) and injected into the bottom of the riser.  

The carrier fluid then flows up a separate flow line to the drill rig. 

Figure 10-57.  Drill String Sphere Separator Figure 10-56. Drillstring Sphere 
Injection DGD System 

Figure 10-58. Carrier Fluid Dual-Gradient 
System 

Figure 10-59. Carrier Fluid System Separator 
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  If the density of the carrier fluid is less than seawater (8.6 ppg), U-tubing will 

lift the carrier fluid back to the rig so no seafloor pumps will be required.  For example, with 

10,000 feet water depth, a 7.6-ppg carrier fluid will produce a pumping pressure p, equal to: 

p = 0.052 x 10,000 x (8.6 – 7.6) = 520 psi 

which will be adequate to overcome friction losses and pump the carrier fluid up to the 

surface. 

  When the spheres are injected into the riser, the void space between the 

spheres must be filled with fluid.  This is accomplished by diverting part of the heavy drilling 

mud coming up the wellbore into the void spaces between the spheres as shown in Figure 

10-59. 

  A “flow controller” at the top of the carrier fluid return line will regulate flow 

so that the flow rate of the carrier fluid (excluding spheres) going down the first flow line to 

the seafloor will exactly equal the flow rate of the carrier fluid returning up the second flow 

line to the drill rig, so that no carrier fluid will flow into the riser. 

  The ideal carrier fluid is the base fluid in the mud (e.g. water or synthetic oil) 

since these base fluids will not contaminate the mud in the riser if small amounts of the 

base fluid flow into the riser.  A small amount of the base fluid might be allowed to flow into 

the riser to offset the volume of hole being drilled. 

  If the carrier fluid is slightly heavier than the seawater gradient in the riser, a 

small 100- to 200-hp seafloor pump can be used at the seafloor to lift the carrier fluid in the 

return line.  A choke can also be used at the seafloor to force carrier fluid up the return flow 

line to the surface.  The major advantage of this system is that high sphere concentrations 

(40 to 60%) should be achievable. 

10.5.4 Seawater Sphere Injection System 

  Another option for sphere injection is the Seawater Sphere Injection system.  

For this case seawater will transfer the hollow spheres to the seafloor (Figure 10-60) where 

the spheres will be separated from the seawater using screens (Figure 10-61) or nitrogen 

filled chambers (Figure 10-62) and then injected into the riser, while the seawater is 

dumped into the ocean. 
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  The major advantage of this seawater transfer DGD system is that high 

sphere concentrations (40 to 50%) can be achieved since the seawater is dumped into the 

ocean and does not dilute the mud in 

the riser. 

  The major disadvantage 

of this system is that all residue mud 

must be removed from the spheres 

before they are pumped to the seafloor, 

otherwise, this mud will pollute the 

seawater being dumped into the ocean.  

It may be difficult to adequately clean 

the spheres at circulation rates (e.g. 500 

to 1500 gpm). 

10.5.5 Hybrid Sphere/Gas-Lift Systems 

  Gas lift could be used in combination with the hollow spheres with a 

sphere/gas hybrid system to produce extra lift in the riser.  Gas would be injected high into 

the riser where the nitrogen bubbles are more effective and where the compressor 

pressures and nitrogen requirements would be lower.  Injecting nitrogen into the riser could 

be equivalent to increasing the sphere concentration by 10 to 25%. 

Figure 10-61.  Seafloor Screen  
Separation System 

Figure 10-60.  Seawater Hollow  
Sphere Transfer System 

Figure 10-62.  Seafloor Chamber Separation System 
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10.6 SUB-SEAFLOOR SPHERE INJECTION 

10.6.1 Curved-Gradient Drilling 

  The major problem with deepwater drilling is that the frac and pore pressure 

curves are close together and it is difficult to keep the wellbore pressure between these 

curves.  With conventional drilling, the pressure curves are straight lines drawn from the drill 

rig, so eight casing strings are required for the example well shown in Figure 10-63.  With 

DGD, the pressure curves are straight lines drawn from the seafloor so only four casing 

strings are required for the example well shown in Figure 10-64. 

  Maurer has a developed a new concept called “Curved-Gradient Drilling” 

where lightweight materials (e.g., hollow spheres, lightweight solids, gases, etc.) are 

injected at one or more points below the seafloor to produce a “curved” gradient as shown 

in Figure 10-65.  This technique allows wellbore pressure to remain between the frac and 

pore pressure curves for greater distances, thus reducing the number of casing strings 

required. 

 Hollow spheres or other lightweight materials can be injected into the 

wellbore annulus below the seafloor by different methods including 1) dual-wall drillpipe, 2) 

parasite strings outside of the casing, 3) tieback casing strings, 4) jet subs, or 5) 

combinations of these techniques as shown in Figure 10-66. 

Figure 10-63.  Conventional Deepwater 
Drilling 

Figure 10-64.  Dual-Gradient Deepwater 
Drilling 
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  This curved-gradient technique could be used with “drilling-with-casing” 

systems to eliminate casing running problems once the section is drilled. 

10.6.2 Subsea Sphere Injection 

  Figure 10-67 shows pressure gradients for a well drilled in 10,000 ft of 

water with 14-ppg mud where hollow spheres or seafloor pumps are used to produce a 

seawater gradient at the bottom of the riser.  Pressure is 4470 psi at the seafloor, 8,110 psi 

at 15,000 ft, and 11,750 psi at 20,000 ft. 

  A 50% sphere concentration (0.38 g/cc HGS) is required to produce a 

seawater gradient at the seafloor with a 14-ppg mud (Figure 10-67).  A seawater gradient is 

Figure 10-65.  Curved-Gradient  
Deepwater Drilling 

Figure 10-66.  Fluid Injection Techniques 

Figure 10-68. Sub Seafloor Sphere 
Injection (5410 psi)  

Figure 10-67.  Sub Seafloor Sphere 
Injection (4770 psi)  
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required when drilling into the seafloor, but higher gradients (i.e., heavier muds) can be 

used if the hollow spheres are injected below the seafloor. 

  For instance, if the hollow spheres are injected into the wellbore annulus at 

the bottom of casing set at 15,000 ft, a mud weight of 10.4 ppg will produce the required 

8110 psi wellbore pressure at this depth (Figure 10-68).  The 10.4-ppg mud requires a 

sphere concentration of only 33%, which is much easier to achieve than the 50% 

concentration required with sphere at the seafloor.   

  Similarly, if spheres were injected into 14-ppg at 20,000 ft, 11.3-ppg mud 

will produce the necessary 11,750 psi pressure.  This situation will require a sphere 

concentration of only 25% (Figure 10-69). 

  Sphere injection below the seafloor therefore has the advantage that it 

allows curved gradients to be used and significantly reduces sphere concentrations required 

at greater well depths. 

10.7 EFFECT OF HOLLOW SPHERES ON MUD RHEOLOGY 

10.7.1 Effect of Sphere Size on Surface Area 

  Oilfield mud engineers are aware that the viscosity of a mud increases as 

the percentage of fine solids (drill solids, barite, etc.) in the mud is increased because of the 

large surface area of the fine solids.  For a given volume of cuttings V, the total surface area 

of the hollow spheres equals (Section 10.9). 

Figure 10-69. Sub-Seafloor Sphere 
Injection (5876 psi) 
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R

V3
A =  (10-4) 

where R is the radius of the spheres. 

  Equation 10-4 shows that for a given volume of spheres, the surface area of 

the spheres is inversely proportional to the radius of the spheres.  A 100-fold increase in 

sphere radius will therefore reduce the surface area by 99%, which will significantly reduce 

the impact on viscosity due to the reduction in surface area of the spheres. 

10.7.2 Small-Diameter Hollow-Sphere Tests 

  The effect of small-diameter HGS (10 to 100 microns) on mud rheology was 

tested with three muds ranging in density from 8.55 to 10.75 ppg. (Compositions presented 

in Section 10.10) (see Table 10-1).  Figures 10-70 and 10-71 show how plastic viscosity 

(PV) and yield point (YP) of these fluids increase with increased sphere concentrations, 

respectively.  Although these values are high, they are within acceptable limits for oilfield 

muds. 

  Mud weights as high as 15 to 18 ppg will be used with DGD.  These heavier 

muds contain considerable solids (bentonite, barite, drill solids, etc.), and therefore have 

high viscosities, so sphere concentrations of 30 to 50% may result in excessive mud 

viscosity when using small hollow spheres.  To overcome this problem, the concept of using 

larger diameter hollow spheres was developed (see Section 10.3.7). 

Figure 10-70.  Effect of Sphere Concentration
on Plastic Viscosity 

Figure 10-71.  Effect of Sphere Concentration
on Yield Point 
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10.7.3 Solid Sphere Tests 

  Laboratory tests were conducted with solid glass 90-micron (170 mesh) 

diameter spheres (small spheres) and 850-micron (20 mesh) diameter spheres (large 

spheres) to determine if larger spheres would reduce viscosity.  Although solid spheres 

were heavier than hollow spheres (2.5 vs. 0.4 g/cc), and somewhat larger, they were 

suitable for testing this concept.  The tests were conducted with an 8.8-ppg water-based 

PHPA mud containing 6% fine drill solids.   

  With a 36%-by-volume sphere concentration, large solid glass spheres 

increased plastic viscosity of the mud from 13.5 to 16 cp (18.5%), while small spheres 

increased plastic viscosity from 13.5 to 22 (63%), showing that larger spheres significantly 

reduced the impact on mud viscosity.   

  With water-base mud with no drill solids, larger spheres produced no 

increase in plastic viscosity whereas small spheres increased plastic viscosity from 12.5 to 

22.5 cp (80% increase). This also shows that increasing the size of the hollow spheres 

should significantly reduce the viscosity of the mud (as compared to mud with small 

spheres). 

  Both small and large spheres reduced the yield point of the mud containing 

6% drill solids, showing that excessive yield point should not be a problem with the spheres 

(Figures10-72 and 10-73). 

Figure 10-72.  Effect of Sphere Size on
Plastic Viscosity 

Figure 10-73.  Effect of Sphere Size 
on Yield Point 
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10.8 TEXAS A&M DGD STUDY 

10.8.1 Hollow Sphere DGD Circulating Pressures 

  As part of this DOE project, Dr. Hans Juvkam-Wold and Liliana Vera with 

Texas A&M reviewed wellbore hydraulics of the hollow sphere DGD drilling system 

(complete report in Appendix G).  Figure 10-74 shows the circulating pressure with 0, 36, 

50, and 66% by volume HGS (0.38 g/cc) concentrations and a 19.17-ppg mud. 

  Figure 10-75 shows how the plastic viscosity and pressure losses increase 

with increased sphere concentration. 
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10.8.2 Mud Level Drop Due to U-Tubing 

  Figure 10-76 shows how the mud level drops in the drillstring due to “U-

tubing” when circulation is stopped with 9.87 and 10.75 ppg muds. 

  Figure 10-77 shows how the mud level in the drillstring drops during a 

connection if a drillstring mud valve is not used, and how fast it starts up when circulation is 

resumed. 
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10.8.3 Pit Volume Gain Due to U-Tubing 

  Figure 10-78 shows pit gain due to U-tubing during connections (with no 

drillstring valve) and Figure 10-79 shows the reduction in pressure at the mudline with 

various sphere concentrations when circulation is first initiated and then as hollow spheres 

fill the riser. 

10.9 SURFACE AREA OF SPHERES 

10.9.1 Single Sphere 

  The volume v and the surface area of a sphere equal: 

3R
3

4
v π=  (10-5) 

2R4a π=  (10-6) 

where R is the sphere radius. 

10.9.2 Multiple Spheres 

  For a given volume of spheres V, the number of spheres required equals: 

3R4

V3

v

V
n

π
==  (10-7) 

Figure 10-78.  Pit Gain and Loss During 
Connections 

Figure 10-79.  Reduction in Pressure at Mudline 
while Riser is Filling with HGS 
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  The total surface area A for n spheres therefore equals: 

R

V3
R4nA 2 =π=  (10-8) 

  Equation 10-8 shows that for a given volume of spheres, surface area of the 

spheres is inversely proportional to the radius of the spheres.  A 100-fold increase in radius 

will reduce surface area by 99%.  Thus, sphere size will significantly impact the viscosity of 

drilling fluids since viscosity is directly related to the surface area of the solids in the mud.  

This relationship indicates that large hollow spheres should result in much lower mud 

viscosities than smaller spheres. 

10.10 BASE FLUID PROPERTIES 

10.10.1 Base Drilling Fluids (Small Spheres) 

 

Table 10-1.  Base Drilling Fluids (Small Spheres) 

PHPA WATER-BASE DRILLING FLUID  SYNTHETIC OIL DRILLING FLUID 

Houston Tap Water 1  Polyalphaolefin, bbl 0.67 

API Bentonite, ppb 10  Organoclay, ppb 5 

PHPA, ppb 1  Primary Emulsifier, ppb 8 

Caustic Soda, ppb 0.25  Secondary Emulsifier, ppb 5 

Density, ppg 9.87  Lime, ppb 5 

   30% CaCI2, bbl 0.22 

OIL-BASE DRILLING FLUID  Amine Lignite, ppb 8 

No. 2 Diesel, bbl 0.67  Barite, ppb 150 

Organoclay, ppb 5  Density (ppg) 10.75 

Primary Emulsifier, ppb 8    

Secondary Emulsifier, ppb 5    

Lime, ppb 5    

30% CaCI2, bbl 0.22    

Amine Lignite, ppb 8    

Barite, ppb 150    

Density (ppg) 10.71    
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10.10.2 Base Drilling Fluids (Small and Large Spheres) 

 

Table 10-2.  Base Drilling Fluids (Small and Large Spheres) 

     WATER-BASE DRILLING FLUID  OIL-BASE FLUID 

Tap water, bbl 0.84  Diesel Oil, bbl 0.63 

Bentonite, ppb 20  Organoclay, ppb 5 

Lignosulfonate, ppb 2  Primary Emulsifier, ppb 9 

Lignite, ppb 2  Secondary Emulsifier, ppb 6 

Caustic Soda, ppb 1  Lime, ppb 8 

XCD Polymer, ppb 0.5  25% CaCI2, bbl 0.21 

Barite, ppb 185  Barite, ppb 240 

Density (ppg) 12.0  Density (ppg) 12.0 

10.11 CONCLUSIONS 

 1. HGS have potential application with dual-gradient drilling (DGD). 

 2. Spheres for DGD may be constructed of any material including glass, ceramics, 

metals, etc.  Solid spheres made of lightweight materials (e.g., plastics) can also 

be used. 

 3. Hollow spheres eliminate the need for seafloor pumps which can be expensive 

and difficult to operate. 

 4. Hollow spheres can be pumped with conventional mud pumps, thus eliminating 

expensive compressors, and nitrogen required with gas-lift systems. 

 5. Increasing the diameter of commercial hollow spheres to 1 mm will allow them to 

be screened out of mud using oilfield shale shakers (20 to 80 mesh). 

 6. Commercially available hollow spheres (0.38 g/cc) have collapse pressures of 

4000 psi, which will allow their use to depths of 9000 ft.  Heavier-wall spheres 

can be used for greater water depths. 

7. Additional R&D is needed to fully evaluate the potential of using hollow spheres 

for deepwater drilling and DGD systems. 
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11.  Enhanced Foam Underbalanced Drilling Model

11.1 PHASE II IMPROVEMENTS TO FOAM

Several modifications have been made to the Phase I Underbalanced Drilling Model, FOAM 1,

resulting in a new version, FOAM 2, which is ready for distribution:

1. Improved foam rheology model

2. A pressure-matching feature that allows field calibration by matching measured

and calculated standpipe pressure has been added

A copy of FOAM version 2 is included on the electronic copy (CD) of the Final Report

submitted to the DOE.

11.2 IMPROVED FOAM RHEOLOGY MODEL

To predict pressure drops for foam flow, foam rheological parameters must be determined

for the foam mixture.  During Phase I, Bingham plastic and power-law models were used in FOAM 1.

Okpobiri and Ikoku (1986) experimentally studied foam rheology with a concentric annular

viscometer that closely simulated actual hole conditions.  They concluded that foam is a power-law

pseudoplastic fluid with a flow behavior index n and flow consistency K, both of which are functions

of foam quality.  Fluid properties for different foam qualities are listed in Table 11-1.

Table 11-1.   Flow Properties for Foam (Okpobiri and Ikoku, 1986)

Quality Flow Consistency
K ’ Index, Ks

(lbf sec /sq ft) (lbf sec /ft) n’n’ n’- 2 Range  Average

0.96 to 0.977 0.97 0.0946 2.566 0.326

0.94 to 0.96  0.95 0.1228 3.323 0.290

0.91 to 0.92    0.915 0.2262 6.155 0.187

0.89 to 0.91  0.90 0.2079 5.647 0.200

0.84 to 0.86  0.85 0.1828 4.958 0.214

0.79 to 0.81  0.80 0.1344 3.635 0.262

0.77 to 0.78    0.775 0.1236 3.343 0.273

0.74 to 0.76  0.75 0.1078 2.918 0.295

0.72 to 0.73    0.715 0.1061   2.8716 0.293

0.69 to 0.71  0.70 0.1026 2.777 0.295

0.65 to 0.69  0.67 0.1022 2.766 0.290
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Based on their results, a subroutine calculating flow behavior index n and consistency index

K of foam was added to FOAM 2.  The new correlation for K as function of foam quality is shown

in Figure 11-1.

Many companies found that FOAM pressure predictions correlate well with field measured

volumes.  The foam rheological model has been fine-tuned using DEA-101 Participant field data to

make the model more accurate.  The fine-tuned rheological parameters are implemented in FOAM

2 which significantly increases the accuracy of this model.

The FOAM model contains a rheology model only for foam whereas the DEA-101 MUDLITE

model contains rheological models for two-phase flow, mist, air and the same foam model used in

FOAM 2.

11.3 PRESSURE-MATCHING FEATURE

A pressure-matching feature was added to FOAM 2 that applies a “K factor” to adjust predicted

standpipe pressures so they match measured standpipe pressures for specific field conditions.  In

the pressure matching window, K  factor is calculated as:m

Once this pressure matching feature is used, it matches the predicted and measured

standpipe pressures and then uses the K factor to adjust the pressure profile throughout the well

as shown in Figures 11-2 and 11-3.

11.4 CASE STUDY

A well was recently drilled with foam where MUDLITE predictions were compared to real-time,

bottom-hole annular pressure data (Table 11-2).

Table 11-2.   Field Well Parameters

Fluid: Aerated Foam Water: 130 - 150 gpm

MW: 9.3 ppg Soap: 50 gal/hr (max)

SPP: 1,000 psi Air: 650 - 700 scfm

BHT: 74EF ROP: 3.1 - 8 ft/hr

MUDLITE pressure predictions correlated well with measured values on this well (Figure 11-4).

The well was drilled near balance with air to lower the hydrostatic head to overcome lost circulation

problems.  No severe fluid losses occurred while drilling this well.



FOAM Hydraulics ModelFOAM Hydraulics Model

Fig. 11-1.  FOAM 2 K Factor Correlation
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The rheological field foam model (power-law) used in MUDLITE 2 has been fine-tuned to make

it more accurate.  Following are cases that demonstrate that the new foam rheological model used

in FOAM 2 and MUDLITE 2 is very accurate.

Case 1:
MD = 8,202 ft
Gas Q = 650 scfm
Liquid Q = 190 gpm
ROP = 8.0 ft/hr

Case 2:
MD = 8,243 ft Field Data
Gas Q = 650 scfm
Liquid Q = 140 gpm
ROP = 3.1 ft/hr

Case 3:
MD = 8,324 ft
Gas Q = 650 scfm
Liquid Q = 140 gpm
ROP = 6.8 ft/hr

Case 4:
MD = 8,474 ft
Gas Q = 650 scfm
Liquid Q = 140 gpm
ROP = 6.8 ft/hr

Field Data
FOAM Predictions

Version 1.0 Version 2.0

Surface
1,000 psi

1,626.9 1,099.2

BHP (psi)
2,750-2,800

3,226.9 2,866.6

FOAM Predictions

Version 1.0 Version 2.0

Surface
?

1,059.1 672.8

BHP (psi)
2,600-2,700

2,967.7 2,557.6

Field Data
FOAM Predictions

Version 1.0 Version 2.0

Surface
?

1,070 679

BHP (psi)
2,500

2,974 2,562.6

Field Data
FOAM Predictions

Version 1.0 Version 2.0

Surface
?

1,085.6 687.3

BHP (psi)
2,500

2,982.2 2,568.3

Case 5:
MD = 8,818 ft
Gas Q = 650 scfm
Liquid Q = 140 gpm
ROP = 6.8 ft/hr

Field Data
FOAM Predictions

Version 1.0 Version 2.0

Surface
?

1,122.1 706

BHP (psi)
2,600

2,992.4 2,572.8
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11.5 CONCLUSIONS

The following conclusions were reached as a result of this work on the model FOAM:

1. The Phase I FOAM 1 foam hydraulics model has been upgraded to FOAM 2.

2. An improved foam rheology model has been added that significantly improves circulating

pressure predictions.

3. A high-angle (55E to 90E) cuttings transport model has been added to allow hole-

cleaning calculations with extended-reach and horizontal wells.

4. A “pressure-matching” feature has been added that field calibrates the model so

predicted and measured standpipe pressures are equal.

5. FOAM version 2 is ready for distribution and should significantly improve foam drilling

operations.
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12.  Other Potential Applications for HGS

In addition to underbalanced and riserless drilling, other potential uses of Hollow Glass

Spheres (HGS) were identified which were beyond the scope of this Phase II study.  Additional work

needs to be done to evaluate these other promising HGS applications.

12.1 FRACTURE FLUID ADDITIVE

During the mid-1980s, Dowell and other service companies studied the use of HGS and other

buoyant additives in prepad frac fluids.  The concept was that these lightweight additives would rise

in the fractures and “screen out,” thus limiting upward growth and increasing fracture horizontal length.

The Phase II study showed that in addition to their low density, HGS have other properties

that may be beneficial in frac fluids including:

1. Reduced fluid leakoff

2. Form low-permeability filter cake

3. Reduced formation damage

4. Increased fluid viscosity

5. Non-reactive with formation

6. High temperature stability

7. Stabilize temperature-dependent fluids

8. Incompressible

Additional work needs to be done to fully evaluate use of HGS with frac fluids.

12.2 LOW-COST EXTENDER FOR EXPENSIVE MUDS

HGS are commonly used as inexpensive fill material in paints, glues, and other materials

to reduce manufacturing costs.  Oil-base and synthetic-oil drilling muds are very expensive ($200

to $1000 per barrel) so HGS may have application as extenders in these expensive fluids.  The

density of the spheres could be adjusted by varying the wall thickness for use in different density

muds.

A feasibility study could quickly evaluate the benefits and possible limitations of this concept.
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12.3 WELLBORE-STABILITY ENHANCER

Wellbore-stability problems are much greater with water-base muds than with oil-base muds

because of shale hydration caused by water movement into the shale.  HGS fluids form low-

permeability filter cakes which may reduce movement of water into the shale and thereby improve

wellbore stability.

12.4 ALTERNATIVE SPHERE MATERIALS

The S38 hollow glass spheres tested on this project have a specific gravity of 0.38.  Hollow

spheres can be purchased with specific gravities ranging from 0.15 to 0.60 as shown in Chapter 4.

This will allow matching the density of the spheres to that of the base fluid when HGS are used solely

as filler material.  Solid spheres have a specific gravity of approximately 2.2, and may have application

with heavy muds.

Materials such as ceramics, metals, and plastics could be used as alternatives to glass in

the manufacture of the hollow spheres.  These materials may have application in deeper wells where

higher collapse pressures are required.

12.5 COMPLETION FLUIDS

HGS could be used to reduce the density of completion fluids to allow completions in depleted

reservoirs, and as filler material in expensive brines ($500 to $1500 per barrel) to reduce their cost.

HGS could also be used to reduce loss of these expensive brines due to leakoff.

12.6 CEMENTING ADDITIVE

HGS have application for improving primary cementing of gas and oil wells, and may also

be of benefit for improving cementing of production casing in geothermal environments.  The

Department of Energy is co-funding a project entitled “Ultra-Lightweight Cement” (DE-FC26-

OONT40919).  The objective of this project is to develop an improved ultra-lightweight cement using

a novel additive: ultralight hollow glass spheres (ULHS). 

The new ULHS cement systems will allow wells to be successfully completed with less

formation damage while still providing effective formation isolation.  These strong, ULHS cements

will be especially beneficial in low-pressure reservoirs.  This project will be completed in 2002. 
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12.7 CEMENT/CASING BOND IMPROVEMENT

An additional application of HGS is as an additive for drilling-fluid flushes prior to cementing.

Oil-base and synthetic-base muds are difficult to remove from the pipe, which is critical for obtaining

a good cement bond to prevent gas or fluid migration.  

Until recently, there was no method to dynamically measure the effectiveness of the flush

(referred to by the oil and gas industry as “wettability determination”).  A new test apparatus was

developed by Cementing Solutions, Inc. and Chandler Instruments to gauge this procedure.

A short series of tests was conducted by Cementing Solutions, Inc. to measure the impact

of HGS fluids on mud removal.  HGS were first added to the drilling fluid.  With normal spacer or flush

fluids, there was no significant improvement in clean-up of the mud.  Next, HGS were added to the

spacer fluids and the removal of synthetic-base mud was measured.  Results were markedly

improved.

This improvement in mud clean-up prior to cementing could save valuable rig time and help

prevent gas migration in many wells.  A summary of the test results from Cementing Solutions is

presented in Appendix H.  Additional testing is warranted and could lead to a significant improvement

in primary cementing, as well as cost reductions in chemical additives and rig time.
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Abstract
This communication describes preliminary results and
observations of a successful application in a field environment
that incorporated hollow glass spheres, also known as glass
bubbles, as a density reducing agent in a drilling fluid. In this
field application, a proprietary oil-in-water emulsion fluid
developed by PDVSA-INTEVEP which contained hollow
glass bubbles (3M) was used during the drilling of a producing
interval.  The oil-in-water emulsion provided a suitable fluid
base, whereas the glass bubbles, by virtue of their low density,
imparted a lower finished density than that of the
corresponding base fluid. The density lowering capacity of the
glass bubbles is proportional to the concentration of bubbles
incorporated in the fluid.

The field trial substantiated that the fluid-glass bubble pair
is stable, homogenous, and compatible through conventional
mud motors, bits, surface cleaning equipment, and of such
rheological and filtrate properties, as to lend itself to be used
in low pressure reservoirs and in producing zones of high
permeability.

During this field application, we were able to lower and
maintain the density of the base fluid at  7.1 PPG. Additional
oil production increase was observed relative to a vicinal well
(vs. GF-134D) drilled with oil based fluids at an excessive
overbalanced. This observation may suggest that damage to
the producing zone has been avoided.

This technology is an alternative to the use of aerated
fluids, with potential economic and technical advantages due
to the elimination of surface compressing and air injection
controller equipment, and to the simplification of operations
required to avoid excessive overbalance during pipe trips.

Other potential benefits of using this low density fluid
includes torque reduction as a result of higher lubricity,
reduction in casing wear, higher penetration rates, decreased
formation damage, lost control mitigation, and the use of mud
pulse MWD tools. Glass bubbles are also a viable alternative
to reduce the density of water based drilling fluids, oil and
polymer-based fluids, and  brines.

Laboratory tests were also carried out with conventional
fluid systems to include water-based, 100% mineral oil and
oil-in-water emulsions, with different concentrations of
LITEDEN in order to evaluate the potential field use of such
formulations as substitutes for aerated fluids in wells which
might require lower density fluids. Several formulations for
the systems mentioned above were developed with the
purpose of achieving maximum density reduction without
affecting filtrate control or rheological properties. Fluid
densities as low as 5.5 and 6.0 ppg were obtained for
corresponding 100% oil and O/W emulsions based fluids.

Introduction
In the last few years there has been an increasing necessity to
drill deposits which have entered a partially depleted stage
because of extended years of production.  Excessive levels of
overbalance pressure can increase fluid invasion. Differential
sticking is a costly common problem associated with fluid
invasion. In principle, loss of fluid allows the deposition of
drilling fluid solids as a filter cake on the well bore. With
further filter cake growth, the drill string and drill collars
continued to be pulled against the side of the well bore. With
time, mud filtrate flows further, building and accumulating
solids around the tubulars, and preventing the pipe from
moving.

The drilling of the above mentioned depleted deposits
requires the use of lower density fluids with specific gravity
less than 1 (8.33 ppg), such as mist, foam, and aerated or
nitrified muds (Figure 1B). These fluids, in principle, would
permit maximum extraction while minimizing damage to the
producing formation from filtrate or solid invasion. However,
there are limitations in the available fluids aimed to operate in
a depleted reservoir.

Besides being driven by increased drilling, underbalanced
drilling methodology has been put forth by the prospect of
minimizing damage to underpressured hydrocarbon pools or
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formations prone to loss circulation, and reservoirs that suffer
irreversible damage due to rock-fluid or fluid-fluid
compatibility problems.

Most underbalanced drilling operations in low pressure or
depleted reservoirs are conducted, for the most part, using air,
mist, or foam. And, although large projections for a steady
future growth rate for controlled density drilling exist,
operators may be reluctant to drill underbalanced with aerated
fluids because of the difficulties normally associated with
managing multi-phase, compressible fluids.  Also, it is
necessary to take into account other operation and logistic
aspects when working with aerated and/or compressible fluids
as they introduce increased operational complexity.

One important aspect of UBD is the availability of
physical space for the location of the equipment in offshore
environments. Another aspect is the cost associated with the
rental of compressors to produce the in situ air or nitrogen.
This rental cost can considerably increase the daily drilling
cost in comparison with the use of other fluids.

Additionally, the use of a compressible fluid might be
limited by the presence of dissolved oxygen, which in the
presence of crude oil, and at formation pressure and
temperature conditions, could produce fire or explosion. From
a safety standpoint, the use of aerated fluids requires greater
planning and security measures, as rig personnel may be
unfamiliar with underbalanced drilling procedures.

The unsatisfactory separation of the gaseous phase from
the liquid phase could cause surface mud losses. Also, if air is
used in the aeration of the fluid, corrosion of the perforation
circuit metallic components may present another limitation.

An alternative way to produce low density drilling fluids
so as to obtain similar advantages as when using aerated
compressible fluids consists of incorporating hollow glass
bubbles into conventional drilling fluids (Figure 1A). In
principle, this innovative additive can be added to virtually
any type of existing mud system in order to reduce its weight.
In other words, the low density drilling fluid is more or less
independent of the nature of the liquid phase, and technically,
could be made up of fresh water, brine, diesel or other.

Besides increased ROP and avoidance of drilling problems
related to overbalanced drilling, low density drilling fluids
(LDDF) containing glass bubbles may help reduce possible
formation damages caused by the invasion of solids or of the
filtrate, and improve the longevity of the drill bit. Elsewhere,
LDDF based on glass bubbles, in combination with loss
control materials, (LCM), have been used to eliminate drilling
fluid losses through fractured reservoirs and lost circulation
zones.

Glass bubbles based drilling fluids will allow
underbalanced or near balanced drilling in low-pressure
formations without the use of air or other gases. Another
extremely attractive feature of these glass bubbles based fluids
is the practicality of using existing standard mud handling
equipment.

Glass Bubbles as a Density-Reducing Agent
Hollow, unicellular, soda-lime borosilicate glass bubbles are
fairly unique materials. They are engineered fillers used in
many industries like aerospace composites, automotive
plastisols and syntactic foam buoyancy modules when there is
a need for weight reduction. Most of their applications are
related to their capacity for weight reduction. They are
chemically inert, other than in the presence of HF, have high
water resistance, and high temperature and pressure resistance.
With shell thickness between 0.5 to 2 microns, several glass
bubble grades can tolerate high collapse pressures, some as
high as 10,000 psi, making them usable in relatively deep
wells, even beyond 10,000 ft depth.

Their particle size distribution range from 8 to 125
microns; however approximately 90% of bubbles fall in a
range between 8 and 85 microns. For suitable drilling fluid
grade glass bubbles, a typical particle size distribution (PSD)
is:
D10  15 microns
D50  40 microns
D90  75 microns
D100 85 microns

Field Handling Glass Bubbles. Understanding handling
principles for materials that are less than 100 microns and with
low bulk density is important in implementing successful field
usage. Glass bubbles are slightly more challenging than free
flowing coarse granules or pellets. Improperly handled, their
size, shape, density, and PSD can become a nuisance dusty
environment, especially indoors at a fluid plant.

Glass bubbles material properties dictate handling. At a rig
site, they can be unloaded from their boxes either manually,
by gravity feeding into a compounding hopper, or
mechanically, by using a pneumatic conveying system.
Personnel should wear safety goggles before unloading by
either method.

Ideally, a vacuum conveying system that utilizes either a
transfer pump or the ubiquitous venturi funnel found at most
rig sites are convenient ways to unload glass bubbles from
their boxes. A preferred transfer pump type is a double
diaphragm, or butterfly pump. Both of these systems
incorporate the use of an attached wand at the pick up point.

The concept of using the venturi system at rig site to
unload glass bubble boxes has been successfully field-tested.
An adapter (Figure 3A) was fabricated utilizing a steel plate
with an 80 mm ball valve mounted to an 80 mm pipe which
was raised 30 cm away from the venturi to avoid splashing.

To this extension pipe, a non-transparent hose with a wand
at its end was attached (Figure 3B.) By a wand, we mean an
80-mm stainless steel or plastic pipe with a concentric 5-mm
tube vented to the atmosphere at the top of the wand through
the side of the 80-mm pipe. This vacuum wand works very
well in supplying fluidized glass bubbles to the venturi. This
set-up has been successfully used to empty a 680 pounds box
in 12 minutes.
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Field Results from Directional Well GF-136D
In drilling an area with sub-normal pressures like the
reservoirs in the Guafita field, it is convenient to use a drilling
system with specific characteristics like low density, good
rheological properties, good cutting transport and suspension
capabilities, and with a plugging agent which will prevent
migrationn of fluids toward the formation. The drilling fluid
system INTEFLOW®-2000 takes into account all the above
considerations.

INTEFLOW® is a drilling, completion and workover fluid,
designed and developed by PDVSA-INTEVEP for specific
use in low pressure zones like previously described. This fluid
has been used with optimal results in the completion and
rehabilitation work of more than 100 wells by PDVSA-
South/East/West, and in the drilling of more than 20
horizontal wells.

This work addresses the addition of LITEDEN, a density
reducing glass bubbles agent, to INTEFLOW®-2000 drilling
fluid, for the purpose of generating the same advantages that
are reached when using aerated fluid with densities between
5.7 and 7.0 ppg.

The application of LITEDEN in well GF-136D in Guafita
evolved because of the necessity to minimize the problems of
differential sticking which is a very frequent occurrence in the
area, and which has been observed when using commercial
fluid systems which cause invasion of liquid and non-desirable
solids as a result of using muds with densities above 8.33 ppg.

Background on the application of LITEDEN. Previously,
during drilling of well GF-135H in Guafita, the reducing
density agent LITEDENwas used, with good results, during
the pumping of a pill for the purpose of reducing the
hydrostatic column on the formation. The density of
INTEFLOW®-2000 system was lowered from 7.3 to 6.2 ppg.
In Figure 2 we show the density vs. pore pressure reached by
adding LITEDEN to INTEFLOW®-2000.
Objective of drilling GF-136D. The purpose of the drilling
was to drain the hydrocarbon accumulation of G8 and G9 in
the Guafita formation. In this section, we briefly describe the
technical drilling proposal, using data provided by the Barinas
district drilling department, and previous experiences with
GF-135H, GF-132H and GF-134D wells.
Initial Data of the Guafita Crudes. For the processing of the
technical proposal, the data evaluated by PDVSA for crude
physical and chemical properties (Table 1), and analysis
SARA (Table 2) was used. In Table 3, we present the general
characteristics of sands G-7, G-8, G-9, and G-10, along with
mineralogical characterization and theoretical permeability
values for GF-134D.
Geological Information. The Guafita field is located 43 Km.
southwest of Guasdualito, in El Amparo municipality, Paez
district, Apure State. The field is separated from Colombian
hydrocarbon fields Cano Limon, La Yuca and Mata Negra, by
the Rio Arauca.

Geologically, the field is located to the extreme north of
the Meta river basin, which itself, is part of a series of sub-
Andean pericratonic sedimentary basins, adjacent to the Andes
mountain range.

The Guafita structure is an anticline of slight slope, whose
axis has an approximate North 45° East direction. This axis is
cut by a zone of faults that crosses the field and divides it in
two blocks which have been denominated Guafita Norte and
Guafita Sur.

The Norte denominated block has a ± 1° gradient to the
northwest and it is cut by a normal fault of smaller magnitude,
with an east-west course, which further divides Norte block in
two segments, giving rise to two reservoirs defined by
different oil-water contacts and estimated at different depths.
This location principal objectives is the Tertiary Age
accumulated deposit,G8 (0001), of the Guafita Formation,
which is located towards the southwestern flank of the South
segment, limited to the south and to the north by the Guafita-
Cano Limon faults, and the infered one, which recpectively
separates it from the G9 (0002) deposit.

The recipient rock is a sandy package identified as G-8 and
G-9 with an average porosity of 25.8 %, a hydrocarbon
saturation of 78 % and an average permeability of 5000
millidarcies. In Table 3, we present the general characteristics
of sands G-7, G-8, G-9, and G-10, along with mineralogical
characterization and theoretical permeability values for GF-
134. These sands (G-8) are further characterized with particle
size distribution analysis as shown in Figure 4. In Table 4 we
also present the mineralogical characterization of GF-134D
rock.

In Table 5 we show the grain size statistical data for the G-
8 sand. In Figure 6, we show a typical pore throat diameter
distribution for well GF-134D sand core, G-8, at 7319-7414’
depth. The pore throat morphology from this sand typically
has a very disperse distribution, with pore throat values
ranging between 10 and 90 µm. Typical D50 pore throat value
is 35 µm. In Table 6 and Table 7, we introduce core
petrophysical data corresponding to the reservoir G-8 and G-9
sands for wells GF-134D and GF-26.

The analysis of the pore throat size distribution, which
served as the basis for the selection of plugging material, was
made by characterizing wall samples from neighboring GF-26
and GF-134D wells. Figure 5 and Figure 6 present respective
pore throat size distribution for G-8 sand.

Drilling Fluid Technical Proposal
A technical proposal was made to use the INTEFLOW®2000
fluid system.  This fluid is designed for usage as a
drilling/completion/workover fluid in low-pressure zones
without causing damage to the producing formation while
enhancing production.

INTEFLOW®2000 behaves as a pseudoplastic, exhibiitng
lower viscosities at high shear rates while maintinig adequate
suspension properties to carry cuttings out of the wellbore.
The fluid shows good filtration control values and lubricity.
LITEDEN™ is added to INTEFLOW®2000 to reduce the
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density of the system and to help avoid possible differential
sticking problems.

During the trial, we had access to equipment for measuring
the population of drop sizes in the drilling emulsion (Figure
8). These measurements are important as fluid rheological
properties and fluid stability can be directly related. The
recommended liquid particle distribution should have 90% of
the drops below a diameter of 10µ.  This technique is very fast
and also allows one to track the amount of undesirable solids
in the system.

To insure control of undesirable solids, it is necessary that
the solids control equipment operate continuously with a
minimum efficiency of 85%, including the high and low RPM
centrifuges, which would be operated intermittently as needed,
to optimize fluid cleaning. During the drilling operations of
this trial, contract personnel were in charge of insuring the
efficient operation of solids control equipment. The specific
details of recommended solids control equipment can be found
in Table 12.

For the purpose of avoiding increases in the rheology, fluid
dilution was planned to be made solely with fresh mud in the
necessary proportion to maintain the CIC value below an
equivalent of 5 lpb.

INTEFLOW®/LITEDEN Composition.
INTEFLOW®: It is a mixture of biodegradable liquid
surfactants. It is used in conjunction with diesel, or another oil,
and water to form an emulsion.
VISCOSIFIER: It is used to maintain the emulsion rheological
properties. It must be stable to high temperatures. Commonly,
either xanthan gum rubber or a polymer of low to medium
molecular weight is used
FILTRATE CONTROLLER: It is used to control filtrate; a
starch stable to high temperatures is generally used.
BIOCIDE: It is used to prevent the growth of bacteria in the
fluid that may reduce the concentration of surfactant and
polymer, and affect the stability of the fluid.
MONOETHANOLAMINE (MEA): A solution used to
maintain the alkalinity of the system.
POTASSIUM CHLORIDE (KCl): This salt provides a source
of potassium ions to inhibit the swelling of clays and their
dispersions.
LITEDEN: Hollow glass bubbles and a density reducing
agent. It can lower fluid density by as much as 1-2 ppg, and
may prevent fluid invasion in permeable zones.  It may also
reduce or mitigate pipe sticking due to differential pressure.
Figure 7A shows a particle size distribution for LITEDEN

4000 and Figure 7B illustrates LITEDEN 4000 collapse
profile (reduction in volume) as a function of applied pressure.
Table 8 highlights typical parameters for LITEDEN 4000.
System formulation and rheological properties. On the
basis of the results obtained during the evaluation of the
different Guafita sands, and taking into account the capability
of the density reduction additive, we proposed a fluid of
density of 7.0-7,1 ppg. Table 10 shows the list of ingredients

that make up the formulation of the system INTEFLOW®,
and Table 11 outlines the formulation properties. To achieve a
density of 7.1 ppg with an INTEFLOW®/LITEDEN
emulsion, (O/W = 66/34), it is necessary to have a
concentration of LITEDEN approximateley equal to 7-8 lpb.
General recommendations for solids control equipment.
The plan was to operate the solids control equipment at an
efficiency of 85 %. In Table 12, we list the recommended
equipment for solids control during drilling.
Volumetric Circuit. Table 9 shows estimated INTEFLOW®-
LITEDEN fluid volumes needed for drilling the GF-136D
producing interval (7” casing+ 61/8" hole.)

Summary of Drilling Operations During LITEDEN
Usage.
We outline a timetable of activities carried out during the
drilling of GF-136D with the INTEFLOW®2000-LITEDEN
system:
1. After seating the 7 " liner, we addressed the 61/8

production interval section beginning by washing and
removal of residual cement. For this purpose, we utilized
INTEFLOW®/LITEDEN at an initial density of 7.1
ppg to perforate through the shoe.

2. We pumped 20 barrels of a high rheology pill to insure
effective cleaning of the 7 " liner.

3. Table 13 shows the initial properties of a sample of the
fluid taken from rig CPV-8 active tank.

4. Table 14 shows the fluid system properties throughout the
extent of the payzone drilling, and in Figure 8, we show
the low-density fluid overall particle size distribution.
This data gives valuable information to the mud engineer
in terms of fluid quality control during drilling.

In Figure 9, a summary of the behavior of drilling in the
producing hole interval is shown, where it is possible to
observe the pore pressure and the density of the fluid as a
function of the depth of the producing interval.

After drilling an estimated 210 feet, we circulated and
conditioned the fluid at a density of 7.3 ppg. At this point we
observed an inflow of crude oil. The well was observed
statically for 15 minutes. We began circulation again and we
had additional inflow of crude. Because of crude inflow, and
to stabilize the hole, the decision was made to increase the
density of the fluid to 7.5 ppg. Afterwards, drilling and section
extension continued without interruption.

Once the drilling of the pay zone was finished, we
proceeded to take density, gamma ray, and caliper logs in the
interval between 7227 to 7569 feet, and also to run RFT to
determine reservoir and formation pressures. Logs were of
good quality. Caliper log showed an in-gauge hole indicating
that the fluid did not cause any alterations of the drilled hole.

Conclusions
• We validated that a fluid prepared with the density

reducing agent, LITEDEN, was stable, homogenous
and had useful rheological and filtrate properties when
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used in high permeability, low pressure producing zones.
• We were able to lower the density of an emulsion drilling

fluid to 7.1 ppg by adding LITEDEN to the base fluid.
• Field mixing of INTEFLOW®/LITEDEN was easily

accomplished. Fluid behave similarly to conventional
fluids.

• Conventional solids control equipment can be utilized on
this type of fluid. Fluid was compatible with field
operating conditions.

• During drilling of GF-136D, we did not experience any
differential sticking, a situation that has been typical of
previous wells in the Guafita area.

• After drilling, a hole in-gauge was observed, suggesting
that the fluid, altogether with the hydraulics, fulfilled the
well drilling plan.

• Improved productivity, above comparable vicinal wells
drilled with oil-based fluids at excessive overbalance, was
observed.
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Metric Conversion Factors
cP × 1.0*E – 03  = Pa
ft × 3.048∗E – 01 = m
ft2 × 9.290 304* E – 02 = m2

ft3 × 2.831 685 E – 02  = m3

md × 9.869 233 E – 04  = µ m2

psi × 6.894 757 E – 00  = kPa

Conversion factor is exact.
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Figure 1A - Conceptual Low Density Drilling Fluid Using Glass

Figure 1B – Density of Some Drilling Fluids.

Figure 2 – Achieved Density During Drilling of Well GF-135H

Figure 3A–Venturi funnel adapter
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 Figure 3B – Vacuum Wand and Flexible Hose Attachment

Figure 4 – Particle Size Distribution for G-8

Figure 5 – Typical Micrograph G-9 Sand Sample at 7319-7414’
Depth

Figure 6 - Typical Micrograph G-8 Sand Sample at 7319-7414’
Depth
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Figure 7A - Liteden™ Particle Size Distribution Figure 8– Stages of PSD for In-Use Fluid in Well GF-136D.

Figure 9 - Pore Pressure and Fluid Density vs. Producing Interval
Depth.
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Guafita Crude Properties

°API 29.6

Water. % 40

Acidity, meq KOH per g of crude 0.865

Viscosity at 100 °F. cp 52

Table 1 - Physical/Chemical Characteristics     
of Guafita Crude

Sample Sand Depth API Saturated Aromatics Resins Asphaltene

GF-5X G7 7295 29,5 52,94 31,56 10,29 5,21

GF-21 G8 6119 29,8 55,44 31,37 10,37 2,82

GF-29 G9 7448 29,5 53,46 33,15 11,12 2,27

GF-29 G9 7533 29,5 53,36 31,46 12,67 2,5

GF-13X G10 7647 30,3 53,12 31,25 11,57 3,67

Table 2 - Analysis SARA Guafita crudes

Sample # Depth, ft
Depth,     
TVD, ft

Press.,     
psi

Formation

25 7796 7110 767 G – 7 / 2

24 7814 7127 773 G – 7 / 2

23 7824 7136 776 G – 7 / 2

22 7961 7254 - G – 7 / 3

21 7964 7257 1440 G – 7 / 3

20 7970 7262 1441 G – 7 / 3

19 8037 7319 1832 G – 8

18 8046 7329 1835 G – 8

17 8056 7336 1838 G – 8

16 8076 7355 1846 G – 8

15 8082 7359 1848 G – 8

14 8102 7375 1874 G – 8

13 8108 7381 1876 G – 8

12 8120 7392 1914 G – 8

11 8128 7399 1915 G – 8

10 8134 7404 1917 G – 8

9 8140 7411 1918 G – 8

8 8144 7414 1920 G – 8

7 8192 7454 2101 G – 9

6 8198 7458 2103 G – 9

5 8206 7466 2105 G – 9

4 8264 7515 2145 G – 10

3 8273 7524 2148 G – 10

2 8287 7534 2156 G – 10

1 8294 7540 2159 G – 10

Table 3 - Target sands characterization
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Depth Quartz Clay Pirite Siderite

7421 75 19 4 2

Table 4 - Mineralogical Characterization               
of GF-134D Rock

Result: Analysis Table

ID: arena G-8 (8132') Run No:     3 Measured: 27/8/99 09:55
File: SANDRA Rec. No:  212 Analysed: 27/8/99 09:55
Path: C:\SIZERS\DATA\ Source: Analysed

Range:  300 mm Beam: 14.30 mm Sampler: MS7 Obs':  30.9 %
Presentation: 3KHF Analysis:  Polydisperse Residual:  0.681 %
Modifications: None

Conc. =   0.0387 %Vol Density =   1.000 g/cm^3 S.S.A.=  0.1664 m^2/g
Distribution: Volume D[4, 3] =  149.67 um D[3, 2] =   36.05 um
D(v, 0.1) =   61.81 um D(v, 0.5) =  135.93 um D(v, 0.9) =  244.72 um
Span = 1.346E+00 Uniformity = 4.555E-01

Size
(um)

Volume Size
(um)

Volume Size
(um)

Volume Size
(um)

Volume
Under%

   0.49    0.00
   0.58    0.03
   0.67    0.10
   0.78    0.19
   0.91    0.29
   1.06    0.42
   1.24    0.56
   1.44    0.72
   1.68    0.89
   1.95    1.10
   2.28    1.33
   2.65    1.61
   3.09    1.95

Under%
   3.60    2.34
   4.19    2.77
   4.88    3.20
   5.69    3.60
   6.63    3.97
   7.72    4.30
   9.00    4.61
  10.48    4.91
  12.21    5.23
  14.22    5.57
  16.57    5.92
  19.31    6.26
  22.49    6.54

Under%
  26.20    6.75
  30.53    6.89
  35.56    7.04
  41.43    7.31
  48.27    7.88
  56.23    8.95
  65.51   10.84
  76.32   14.11
  88.91   19.60
 103.58   28.11
 120.67   39.64
 140.58   53.06
 163.77   66.82

Under%
 190.80   78.03
 222.28   86.25
 258.95   91.77
 301.68   95.16
 351.46   97.07
 409.45   98.09
 477.01   98.64
 555.71   99.01
 647.41   99.37
 754.23   99.74
 878.67  100.00

Sample Sand Depth, ft Porosity, % Vp, cc Ka, md

1 8077 37 19.7 7083

2 G-8 8132 35.2 19.9 327

3 Clay-Lutite 7992 3

Table 6 - Petrophysical Data GF-134D Nucleus

Well Sand Depth, ft
Water 

Content, %
Porosity, 

%
Ka, md

GF-26 G-9 7426 29-35 26 2013

Table 7 - Petrophysical Data GF-26 Nucleus

Property Value

Specific gravity, g/cc 0.38

Collapse pressure, psi 4000

Average particle size, micron 36

Thermal stability, (°C) 600

Alkalinity, meq/g Máx. 0,5

Dielectric constant @ 100 MHz 1.2 -1.8

Table 8. Liteden 4000 Typical Parameters

Circuit Total, barrels

Surface tank 688

7” casing 298

6 1/8” hole 46

Total Volume Interval III            a   
(directional section)

1032

Table 9 - Estimated FluidVolumes              
Needed to Drill GF-136

Table 5 - Grain size statistical data, G-8
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INTEFLOW®
It is a mixture of biodegradable liquid surfactants. It is used in conjunction with 
diesel, or another oil, and water to form an emulsion.

VISCOSIFIER
It is used to maintain the emulsion rheological properties. It must be stable to high 
temperatures. Commonly, either xantham gum rubber or a polymer of low to 
medium molecular weight is used

FILTRATE CONTROLLER
It is used to control filtrate; a starch stable to high temperatures is generally used. 

BIOCIDE It is used to prevent the growth of bacteria in the fluid that may reduce the 
concentration of surfactant and polymer, and affect the stability of the fluid. 

MONOETHANOLAMINE (MEA) A solution used to maintain the alkalinity of the system. 

LITEDEN

Hollow glass bubbles and a density reducing agent. It can lower fluid density by as 
much as 1-2 ppg, and may prevent fluid invasion in permeable zones.  It may also 
reduce or eliminate pipe sticking due to differential pressure. Figure 7 shows 
particle si

POTASSIUM CHLORIDE (KCl)
This salt provides a source of potassium ions to inhibit the swelling of clays and 
their dispersions.

Table 10 - Components Used in Formulation of INTEFLOW®-2000

Property Value

Density, ppg 7.0 – 7.1

FV, s/qt 40-60

PV, cP 25-30

YP, lbs/100 ft2: 15-20

Gel, lbs/100 ft2 8/9

6 and 3 RPM readings 8/6

pH 9.0-11.0

Filtrate, cc/30 min. <4

Table 11 - INTEFLOW®/LITEDEN Fluid Properties
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Description Qty. GPM max. Mesh Notes

180 Continued mesh inspection 

Lineal shaker 3 600 180 Efficiency checks

180

Efficiency checks

2-12" cones Desander 10- 
4” cones Desilter Vibrator

1 600 200 mesh
Operate intermittently with a 

pressure between 36 and 40 psi. 
Continued mesh inspection

High RPM centrifuge 1 50 3000 RPM Operate intermittently to free

Low RPM centrifuge 1 50 1800 RPM fluid from very fine solids

Table 12 – Recommended Solids Control Equipment.

Sample Inlet Inlet Inlet Final

Depth, ft 7371 7416 7566 Tank 1

Density, ppg 7.3 7.1 7.1 7.5

Temperature, °F 90 94 100 87

FV, sec/qt 45 68 67 45

Gel, 10 min, lb/100 ft2 6 5 3 5

PV, cp 25 24 22 15

YP, lb/100 ft2 15 12 7 10

pH 10.2 10..2 10,5 10,6

Solids, % 4 6 7 5

Oil/water ratio, % 66/34 66/34 65/32 56/44

API filtrate, cc/30min 4.5 3.5 4,5 1,5

Table 14 - INTEFLOW/LITEDEN Properties During Drilling of GF-136D

Sample taken at 7227 ft. Inlet Inlet Inlet

Density, ppg 7.4 7.3 7.1

FV, sec 55 65 68

VP, cp 21 25 24

YP, lb/100 ft2 15 15 12

API filtrate, cc/30min 1.5 1.5 1.5

Oil, from retort, % 64 65 66

Oil/water ratio 64/36 65/35 66/34

Tabla 13 - INTEFLOW/LITEDEN Properties            
Prior to Commencing Drilling
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Appendix H 
 

Impact of Hollow Glass Spheres on Wettability 
Cementing Solutions, Inc. 

Houston, Texas 
 
EXPERIMENT NO. 1 
 
Two synthetic drilling fluids were prepared with conventional products (viscosifiers and 
weighting materials).  One mud was tested as is and the other included 16% high-strength HGS. 
Both fluids were conditioned and placed in the wettability testing device and allowed to set static 
for 1 minute.  (This device is a modified rotational viscometer that measures the film thickness 
of the fluid on a static sleeve.)  The mud was then removed and a seawater solution placed in the 
fluid cup.  Rotation was initiated at 300 rpm at 80ºF and the relative film thickness was 
measured.  Figure 1 shows the data collected.  Relative film thickness was used because we did 
not have a good calibration standard for thickness.  The data indicate that drilling mud with HGS 
was more difficult to remove with a seawater flush than a drilling mud without HGS. 
 

Figure 1.  Removal of Mud Containing HGS 



Page 2 of 4 

EXPERIMENT NO. 2 
 
Drilling mud without HGS was used in this experiment.  Two spacers were designed.  Both 
spacers consisted of salt water,  mixing aid, and spacer mix.  The second spacer also included 
16% by volume HGS.  The mud was placed on the testing sleeve and bob for 5 minutes to allow 
the mud film to form (in a static condition).  The mud was replaced with the appropriate spacer.  
The rotational viscometer was run at 300 rpm and the film thickness measured with time (see 
Figure 2).  These results indicated that spacer with HGS cleaned the synthetic mud faster and 
better than spacer without HGS. 
 

Figure 2.  Mud Removal by Spacer Containing HGS 
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ELECTRONICS 
 

The electronics use a high frequency signal to measure the complex impedance between two 
electrodes in a conductive solution.  Experiments demonstrate that an oil film thickness on the 
electrodes produces changes in complex impedance.  The electronic hardware measures the 
current and relative phase of the current across two electrodes from which the film is being 
removed.  The electronics diagram is shown in Figure 3. 
 
 

 
 
 
 
 
 

 
 
 

Figure 3.  Electronics for Measuring Film Thickness 
 
 
CHANDLER WETTABILITY TEST APPARATUS 
 
The experimental cell is clamped onto the stationary housing of a rotational viscometer.  A 
locking sleeve is first placed on the viscometer; then the lower part of the device is threaded onto 
the sleeve.  This causes the sleeve to tighten onto the viscometer.  The fluid level rises to the two 
holes in the rotating sleeve.  Rotation of the sleeve causes shear fluid forces between the inner 
sleeve and the electrodes 1 and 2.  This shear causes the oil on the surfaces to be removed over 
time.  The inner sleeve is made from a non-conducting material so that the sleeve is not a part of 
the current path.  Experimental design was to make the amount of oil on the surface of the sleeve 
have minimal effect on the measurement.  The electrodes are made from a steel which simulates 
the well casing.  The area behind the electrodes is made from an insulator.  Wires from the 
electrodes pass up into a pair of holes, then out from this assembly into a small chamber holding 
a transformer.  The transformer converts the low impedance of the cell into a higher impedance 
of around 100 ohms.  A coaxial cable connects to the electronics which are used to provide a 
voltage signal and a current signal to a laboratory voltage phase meter.  Output of this meter is 
then digitized and saved in a computer file for later processing.  A real-time approximate 
thickness is always available to monitor the progress of the experiment.  The cable connecting 
the meter to the cell introduces some phase shift.  This is calibrated for accurate measurements.  
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Figure 4.  Wettability Cell 
 
The electrical impedance appears as a resistor in parallel with a capacitor when there is oil 
present on the surface of the electrode.  When the plastic sleeve is in the cell, the resistive term 
and the phase are strongly related to film thickness.  The frequency for the measurement signal 
ranges from 10 kHz to 1MHz.  The frequency typically is 400 kHz. 
 
This cell is calibrated by two methods.  The first is to measure various resistors ranging from 1 
ohm to 5000 ohms across the electrodes.  The second is to measure a salt solution while 
gradually increasing the amount of salt in the solution.  The data are recorded and a formula is fit 
to the data to obtain true phase measurements.  True phase is then used to compute the film 
thickness from a calibration equation developed from actual film thickness measurements. 
 
The measurement is simply to coat the inner surface of the cell below the fluid level with mud.  
Once the cell is assembled onto the rotational viscometer, the clean-up fluid is placed in a cup 
and moved up to bring the fluid to the proper level relative to the cell.  The rotation is started and 
the data are recorded. 
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