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Abstract

It has long been recognized that the rheological properties of invert emulsion drilling fluids are affected by temperature and pressure.  Several viscometers have been used to measure the viscosity and API gel strengths of drilling fluids at extreme temperatures and pressures, but these tests were limited by the range of measurement possible with a bob and spring viscometer.  A basic idea of the structural properties of the fluids can be obtained through the gel strength tests.  However, more complete information on the viscoelastic and yielding nature of these fluids is beyond the reach of such instruments.

Using the capabilities of a rheometer equipped with a pressure cell, rheological studies of oil-based muds have been conducted.  Tests in the range of 0 – 1,000 psi and 80°F – 180°F were conducted.  The flow profiles, yield stress, and viscoelasticity were examined.

Introduction

The use of invert-emulsion, oil-based drilling fluids in deep offshore conditions has been very common for a number of years.  These wells are becoming consistently more challenging in terms of appropriate fluid selection, with technical challenges resulting from the extreme conditions encountered at these water depths.  In addition, more difficult well designs, such as extended reach drilling, increase the burden on the drilling fluid to behave effectively and as designed.

The properties of invert emulsion drilling fluids arise from its components.  Base oils of various natures (e.g., synthetics, esters, paraffins) are employed.  Numerous additives, including brine (in the form of emulsion droplets), various surfactants, organophilic clays, polymers, and solids for filtration control and density all contribute to fluid performance.  Control of the rheological properties, which are also affected by temperature and pressure, is critical in many cases to well control.  Better understanding of effects of pressure on not just viscosity but viscoelastic properties and structure in mud is important.

It has been noted that, for Newtonian liquids, pressure effects on rheological properties only become significant at pressures around 1,000 atmospheres1; this has not been seen to be the case for drilling fluids, which are viscoelastic and time-dependant. Much work has been done over the last two decades on high-temperature and high-pressure viscometric characterization of drilling fluids2-9.  Most papers have taken a whole-mud approach to the study of pressure effects. A notable exception is Polotic, who looked at whole muds as well as components (oil, brine, and emulsion) under pressure2.  In general, researchers have found that increasing pressure serves to increase rheological properties (such as plastic viscosity)5,8.  Commonly, these changes with pressure have been compared to different empirical laws, and several phenomenological models can be found, often based on the Arrhenius model8,9.  

Ultimately, all these papers have dealt with viscosity changes (and thus the effect on Bingham plastic viscosity and yield point) due to increased pressure. Additional work detailing the effects of pressure on API gel strengths is also evident, along with some basic examination of the thixotropic behavior of the drilling fluids3,7.  Lacking in all these studies is an examination of pressure effects on viscoelastic nature and structure in the drilling fluids.  Of interest is how pressure may influence measured (not modeled) yield stress, viscoelastic properties such as the storage and loss moduli, and overall structure growth and dominance in the fluid.  Work in this area at atmospheric pressure has been done in recent years10 and is providing better insight into how various components affect the properties of drilling fluids.  However, to date, no work has been offered relating viscoelastic properties to pressure effects.  None of these rheological properties can be adequately assessed using a spring-bob type rotational viscometer. This  requires a more complex rheometer equipped with a pressure chamber.  The initial phase of these studies is described in this paper.

Test Fluids and Methodology

Two fluids were tested in this study.  Both are invert emulsion fluids using a paraffin base oil with an internal phase of calcium chloride brine, with a 70/30 oil to water ratio.  For this study, the test fluids were unweighted – that is, the fluid had a full emulsion and included standard additives for filtration control and viscosification, but did not contain barite.  This was done to initiate facilitate an understanding of what occurs to the fluid structure when pressure is applied, and the effects of solids crowding from the presence of barite will be examined in later work.  Fluid #1 is a traditional invert emulsion drilling fluid containing organophilic clay.  Fluid #2 is a clay-free system, similar to Fluid #1 but eliminating the clay.

Tests were performed on an Anton Paar MCR501 rheometer.  Most tests at atmospheric pressure were made using a standard couette cell.  Due to the prevalence of wall slip in measurements below ~10 s-1, a six-vane stirrer was also used to measure the low shear rate flow properties.  Data from the vane stirrer was corrected by the method of Choplin and Marchal11; the flow curves presented here are an amalgam of the high-rate data from the couette and corrected low-rate data from the vane stirrer.

For tests under pressure, a pressure cell was used with the MCR501 rheometer (see Figure 1).  Using this pressure cell it is possible to perform tests at temperatures of 550°F and up to pressures of 150 bar (2,175 psi) with a nitrogen blanket above the fluid.  The control of the rheometer is connected via a magnetic coupling to the bob inside the pressurized cell.  Because this bob runs on standard bearings, the overall sensitivity of the instrument is decreased.  In addition, data at high speeds and oscillatory frequencies is prone to errors resulting from slip in the magnetic coupling.  In order to improve sensitivity of the rheometer while using the pressure cell, tests identical to those performed on the sample fluids are run in air.  By subtracting the residual torque found in the air baseline from the fluid tests, more accurate data is obtained.  All data reported here from the pressure cell are treated in this manner.
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Figure 1
Pressure cell from Anton Paar for MCR501 rheometer.

Results

Flow curves at atmospheric pressure for the two test fluids are presented in Figures 2 and 3.  These tests were performed at 80°F, 120°F, 150°F, and 180°F using a standard couette and a six-vane stirrer.  The stirrer data was corrected and the plots present the couette data at rates higher than 10 s-1 and vane data at rates below ~50 s-1.  In general, Fluid #1 – the clay-based system – exhibited only minimal changes in the flow curve with temperature, with the greatest differences exhibited as decreased viscosity at high shear rates.  For Fluid #2, containing no organophilic clay, much greater temperature sensitivity was found.  As temperature increased, Fluid #2 exhibited a fairly consistent decrease in viscosity over the test range.  Also, without the organophilic clay, Fluid #2 exhibited a lower overall viscosity than did Fluid #1.

Flow curves under pressure were performed using the pressure cell pictured in Figure 1.  Tests were performed at 120°F at pressures of 0, 200, 400, 600, 800, and 1000 psig.  An initial test was performed following the proscribed shear-controlled test with air as the sample to provide a torque baseline for the pressure cell.  This baseline was then subtracted from the sample tests in order to correct for errors from the cell.  Results of these tests are presented in Figure 4.  Data for pressurized tests are generally presented in the range of ~100 s-1, above which slip between the magnetic couplings has been a problem, down to ~1 s-1, at which point wall slip presents large errors in measurements.  Over this small range of pressures, minimal variation in the flow curves was observed.  Overall, the deviation between the tests with the standard couette (the solid and dashed lines) and the tests under pressure (dots) is within the expected error for measurements. 

[image: image4.wmf]10

-3

10

-2

10

-1

10

0

10

1

10

2

10

3

10

-1

10

0

10

1

10

2

10

3

10

4

10

5

 

 

Viscosity, 

h

 (Poise)

Shear Rate, 

g

' 

(

s

-1

)

   

h

        

t

 

 

80°F

 

 

120°F

 

 

150°F

 

 

180°F

10

0

10

1

10

2

 Stress, 

t

 (Pa)


Figure 2
Flow curves of Fluid #1 (containing organophilic clay) at atmospheric pressure and temperatures between 80°F and 180°F.  Measurements were made using a standard couette, and one in five points is plotted.
The flow curves presented in Figures 2 through 4 are not readily fit by either Bingham plastic or Herschel-Bulkley models, the standard models used for drilling fluids.  As such, the normal comparisons of Bingham Yield Point and Herschel-Bulkley 0 are not made.  However, it can be shown that these two fluids both exhibit strong yielding behavior.  Figure 5 presents the same data as in Figure 4, replotted as viscosity as a function of stress.  Notable is the fact that, as is found in all yielding fluids12, the viscosity experiences a very large change, increasing five or six orders of magnitude, for relatively small changes in stress (less than an order of magnitude).  The inset graph presents the pressure data, focused on the transition region.  What becomes readily apparent from this view is that Fluid #2 exhibits a much smaller yield stress than is found in Fluid #1.  Additionally, yield behavior in Fluid #2 has no dependence on pressure while Fluid #1 shows a small but definite trend.  For the clay-containing fluid, moderate increases in pressure result in downward shifts in the yield stress, with the yield stress decreasing from ~10 Pa to ~9 Pa.

[image: image5.wmf]10

-6

10

-5

10

-4

10

-3

10

-2

10

-1

10

0

10

1

10

2

10

3

10

-1

10

0

10

1

10

2

10

3

10

4

10

5

10

6

10

7

 

 

Viscosity, 

h

 (Poise)

Shear Rate, 

g

' 

(

s

-1

)

   

h

        

t

 

 

80°F

 

 

120°F

 

 

150°F

 

 

180°F

10

-1

10

0

10

1

10

2

 Stress, 

t

 (Pa)


Figure 3
Flow curves of Fluid #2 (without organophilic clay) at atmospheric pressure and temperatures between 80°F and 180°F.  Measurements were made using a standard couette, and one in five points is plotted.
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Figure 4
Flow curves of Fluids #1 and #2 at 120°F and pressures up to 1,000 psig.  The solid and dashed lines represent data from a standard couette arrangement and symbols represent data from the pressure cell.
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Figure 5
Viscosity verses stress curves for Fluids #1 and #2 at 120°F and pressures up to 1,000 psig.  The solid and dashed lines represent data from a standard couette arrangement and symbols represent data from the pressure cell.  Inset graph shows the same data in a non-logarithmic graph.

In order to further examine the differences in structural behavior, oscillatory testing was performed at ambient and elevated pressures.  Figure 6 presents behavior of the two fluids as a function of frequency, both tested in the linear viscoelastic region (LVR) at 120°F using the standard couette cell.  It should be noted that the maximum strain within the LVR for Fluid #2 was about half that of Fluid #1, and that both were relatively low.  The presence of clay in Fluid #1 has the effect of increasing both the storage modulus, G’, and the complex viscosity, *, as compared to Fluid #2.  Since the loss modulus for both fluids is roughly the same, the overall structural dominance of Fluid #1 is seen to be higher than Fluid #2 (i.e., tan() is lower).

Similar oscillatory tests were then performed using the pressure cell at 0, 500, and 1,000 psig, and the results are presented in Figures 7 and 8.  Pressure cell data for Fluid #1 (Figure 7) is corrected for the air baseline; however, due to technical problems with the cell, such a correction was not able to be performed for Fluid #2.  Thus the pressure cell data in Figure 8 is uncorrected and appears offset from the standard couette data, but general trends in behavior may still be observed.  For Fluid #1, it is observed that increasing the pressure from atmospheric to 1,000 psig results in increases in G’, G’’, and tan().  This would indicate that the fluid is simultaneously behaving more like an elastic solid and exhibiting less structural dominance.  This decrease in overall structural dominance matches well with the observed decrease in yield stress for Fluid #1 under increased pressure.

An explanation for this behavior may be found in the effect of pressure on the emulsion droplets.  It would be expected for the droplets to decrease in size, and increase in stiffness, under pressure; this action could account for the moderate increase observed in G’.  However, at the same time, the decreasing size of the droplet decreases the volume fraction of droplets in the system, resulting in a more fluid-like behavior and an increase in G’’.

For Fluid #2, the storage modulus initially changes little with pressure and then decreases.  At the same time, the loss modulus changes very little, resulting in tan() initially showing little change and then increasing with higher pressure.  This is different from what was observed with Fluid #1 and calls into question the exactness of the proposed effects compression of emulsion droplets has on the viscoelastic properties of the fluid.  Moreover, it highlights how the interspersed clay matrix has its own separate affect on the fluid structure.
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Figure 6
Oscillatory frequency sweeps of Fluid #1 (at 0.05% strain) and Fluid #2 (at 0.01% strain) at 120°F and atmospheric pressure.
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Figure 7
Oscillatory frequency sweeps of Fluid #1 in a standard couette (at 0.05% strain) and in the pressure cell at 0, 500, and 1,000 psig (at 0.01% strain) at 120°F.
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Figure 8
Oscillatory frequency sweeps of Fluid #2 in a standard couette (at 0.01% strain) and in the pressure cell at 0, 500, and 1,000 psig (at 0.005% strain) at 120°F.  (Note: Pressure data here is uncorrected for the air baseline.)
Conclusions

· Pressure affects the characteristic behavior of invert emulsion drilling fluids.

· Increased pressure, up to 1,000 psig, provided little overall change in the flow curves of the test fluids.  Likewise, yield behavior in the clay-free fluid was unaffected by the increased pressure.  However, the organophilic clay-containing fluid exhibited modest decreases in yield stress at increased pressures.

· Changes in the viscoelastic behavior of the fluids with pressure were dependant on the presence of clay in the fluid.  Without clay, only marginal affects were observed.  With clay, a consistent decrease in overall structure of the fluid was observed with increasing pressure.

Future Work

In this study, only a basic beginning was made to understanding pressure effects on viscoelasticity and yield behavior of invert emulsion drilling fluids.  Questions which remain and can be addressed in future work include the effects of even higher pressures on the fluids (>1,000 psig) and the examination of low-shear flow behavior with increased pressure using a vane stirrer to mitigate slip effects.  Additionally, there remains the question of how the use of nitrogen to pressurize the fluid (which possibly results in the absorption of gas into the fluid) may or may not affect test results.  The extent of this effect should be examined.
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