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Abstract

Historically, various polymers have been employed in attempts to thicken brines for use in drilling fluids, completions fluids, gravel packing and other wellbore applications. The most common thickeners are limited to relatively low temperatures, are reactive in the multivalent brines, or lack solids suspension and fluidloss capabilities. A new polymer has been developed which overcomes each of these limitations. This polymer is readily soluble in fresh water, monovalent brines, and in multivalent halide brines up to 19.2 ppg. It is tolerant of pH changes. The polymer maintains its solubility to at least 400˚F. It produces non-Newtonian rheology in brines, with shear thinning characteristics maintained at very high temperatures. This polymer produces significant viscosity in the very low shear rate range, providing long term suspension of solids, such as calcium carbonate. That characteristic of the polymer provides for improved seepage control and reduced fluidloss. 

This paper details the rheological performance of the new polymer in 11.6 ppg CaCl2, 14.2 ppg CaBr2 and 19.2 ppg ZnBr2 brines at high temperatures. Particle suspension test results are presented, along with fluidloss test results.

Introduction

Viscosity is a fluid property that is generally desirable in wellbore fluids. It is useful at low levels in reducing friction. At higher levels, viscosity is a key factor in limiting seepage of the fluid into the rock adjacent to the wellbore, and in solids suspension and removal. Various polymers are routinely used in the oilfield to produce viscosity in fluids. In brines, these usually include hydroxyethyl cellulose (HEC), xanthan gum and several synthetic polymers. Of these, the HEC has the lowest thermal tolerance1.  The use of xanthan gums is generally restricted to moderate temperatures, though their utility can be extended to over 300˚F. These polymers thermally degrade through hydrolysis or chain cleavage.  Some of the commercially available synthetic polymers are useful to very high temperatures in monovalent brines, but have thermal limitations in heavier brines. All of these polymer types are capable of reacting with dissolved multivalent cations, resulting in gelation or precipitation under certain conditions. 

A series of new polymers have been developed that are soluble in the very heavy halide brines. These synthetic polymers are capable of generating shear thinning viscosity, and maintaining that rheological character to at least 400˚F. They do not react with  dissolved Ca+2 or Zn+2 ions. These polymers are tolerant of the range in the pH values common to the heavy brines. 

Procedures

The 11.6 ppg calcium chloride brines used in this study were formulated by placing 210 g of deionized water into a beaker, adding 0.25 to 0.7 g of calcium hydroxide, then adding 140 g of granular CaCl2 (95%). This fluid was mixed at relatively low shear, using a Yamato LR400D overhead stirrer. As soon as the fluid became translucent, at about the peak temperature, the required amount of polymer was added. Generally, most of the viscosity developed within twenty minutes, but the test fluids were held overnight to insure complete dissolution of the polymer. The calcium carbonate was added to the test fluid using just enough shear to obtain a homogeneous blend.

The single salt 14.2 ppg CaBr2 and the two salt 19.2 ppg ZnBr2  brines were obtained from a commercial source. The polymer was added directly to these brines and mixed at a low shear rate.  

Rheological measurements were made using a Chandler Model 5550 Viscometer. This equipment was chosen because of its capability of measuring viscosity at low shear rates across a wide temperature range. Excellent correlation of results were obtained at temperatures below 200˚F, using an OFITE Model 900 viscometer. Measurements at higher temperatures were confirmed using an Anton-Parr viscometer. Further confirmation was obtained by comparison to results by an independent laboratory.

Particle settling tests were conducted using glass vials (15mm X 125mm). Approximately 10 ml of test fluid was placed into the vial. The vial was then sealed using a threaded phenolic resin cap, with a silicone septa insert. The threads were sealed using a RTV Gasket Sealer. The vial was then placed into a pre-heated oven at 250˚F. Sedimentation of the calcium carbonate was evidenced by a layer of white solids at the bottom of the vial (HS), as shown in Figure 1 (vial B). A common result in these tests was a stable suspension of the solids, but a gradual syneresis, or change in slurry volume, with a layer of clear brine (HB) accumulating at the surface, as in Figure 1 (vial C). The amount of phase separation was determined according to Equation 1.


%PS  =  100% [Hf/ HT]


(1)

Performance in 11.6 ppg CaCl2
The synthetic polymers used in this study are of medium molecular weight, which allow them to dissolve readily, even in the very high density brines. These polymers are soluble in fresh water, in potassium chloride, sodium chloride, sodium bromide, calcium chloride, calcium bromide and zinc bromide brines. 

The dissolved synthetic polymers produce non-Newtonian, shear thinning viscosity in solution. This property is demonstrated in Figure 2, which shows the viscosity produced by 10.5 lb/BBl of Polymer A in an 11.6 ppg calcium chloride brine. In this example, the fluid pH was adjusted to about 8.4, using 0.25 lb/BBl calcium hydroxide. No other additives were used.  It is apparent from Figure 2 that the viscosity of the thickened brine decreases as the shear rate is increased. At the very low shear rate of 1 sec-1, the fluid had a viscosity of 2,400 cp at 75˚F.  At 51 sec-1, which might be typical of the shear rate within the annulus in a drilling environment, the viscosity was 215 cp. At 511 sec-1, typical of the fluid flow inside the drill pipe, the viscosity was 130 cp. Figure 2 also shows that the thickened CaCl2 brine retained its shear thinning rheological characteristics as the temperature was increased to 350˚F. 

In Figure 3, the shear stress data is plotted as a function of shear rate. This graph shows something very revealing about the thickened CaCl2 brine. There is a distinct change in the slope of the curve between 10 sec-1 and 51 sec-1, which suggests a very different mechanism by which the dissolved polymer interacts to produce viscosity in the two shear rate ranges. This rheological behavior defines the solution of Polymer A as a Yield-Point Power Law fluid. The variation in the shear stress can be rectified by employing the Yield Stress factor (Ty), using methods well established in the literature2,3. The measured shear stress (lbf/ft2) data was adjusted by subtracting a Yield Stress value (Ty). The adjusted shear stress was plotted as a function of shear rate (γ), and fitted to a Power-Law model. The Yield Stress value was changed until a best fit was attained. The slope of the resulting curve was taken as the Flow Index (n), and the intercept as the Consistency Index (K). The fluid viscosity (µ) was calculated according to Equation 2.

µ = 47880 [(Ty/γ)+K γ(n-1)]


(2)

 Table 1 shows the rheological properties of this fluid at ambient temperature then at 50˚F increments up to 350˚F. This fluid showed normal thermal thinning at 170 sec-1, with no sudden changes in viscosity that might indicate polymer degradation or crosslinking. The fluid maintained its shear thinning properties throughout the test temperature range. In the low shear rate range, the viscosity also decreased as the temperature was raised to 250˚F, though at a much lower rate of decline. At higher temperatures, however, the low shear rate viscosity actually increased. The effect of thermal thinning was much greater in the high shear rate range than in the low shear rate range, which suggested that the fluid would maintain solids suspension capabilities at elevated temperature.

After cooldown, this test fluid showed no evidence of polymer precipitation or gelation, but remained clear and viscous. The polymer remained soluble in the 11.6 ppg CaCl2 brine, with no evidence of reacting with the multivalent calcium cations.

In order to evaluate the potential solids suspension capability of this fluid, calcium carbonate was added at a concentration of 20 lb/BBl. This was a sufficient CaCO3 loading to bring the fluid density up to 11.8 ppg. The precipitated CaCO3 had a mean particle size of 8.3 microns. The rheological properties of the suspension are detailed in Table 2 and Figure 4. This fluid retained its shear thinning, Yield-Point Power Law character. The added CaCO3 had several measureable effects. First of all, it produced an increase in viscosity in the high shear rate range (170 sec-1), as might be expected. However, the slurry had a nearly constant low shear viscosity of about 1,450 cp in the range of 75˚F to 350˚F, suggesting a synergistic interaction between the CaCO3 and Polymer A. The value of the Yield Stress also appeared to be  essentially independent of temperature. At 200˚F to 350˚F, the Yield Stress (Ty) of the slurry was nearly the same as that of the thickened brine, itself, but the fluid Flow Indexes (n) were considerably lower. 

The high, constant viscosity at 1 sec-1 suggested that the suspended solids might remain in stable suspension for a relatively long time at elevated temperature. A portion of this fluid was poured into a vial, and placed into an oven for static aging at 250˚F. After 168 hours, there was no evidence of particle sedimentation. There was some slight settling of the suspension, with clear brine separated to the surface. The amount of settling, or phase separation, was only 3% of the total volume. 

A fluidloss test was run using this fluid at 250˚F, with a 500 psi pressure drop. This test used a 2.5” diameter paper filter (2.7μm). The results of this test are shown in Figure 5. Only 11.2 ml of filtrate was collected during the 30 minute test. The low fluidloss also suggests a useful interaction between the polymer and the calcium carbonate.

A similar polymer, of the same composition, but made using a different polymerization process was tested in 11.6 ppg CaCl2 brine. This fluid contained 7 lb/BBl of Polymer B, 1 lb/BBl calcium hydroxide and 70 lb/BBl CaCO3. The solids loading was sufficient to bring the final density up to about 12.4 ppg. Viscosity measurements were made at up to 400˚F. The results are detailed in Table 3. This was a Yield-Point Power Law fluid, showing shear thinning rheological properties throughout the temperature range. The Yield Stress (Ty) produced by this system declined initially, reaching a minimum value at 250˚F, then increased at higher temperatures. The Flow Index (n) also decreased as the fluid was heated, reaching a minimum at 350˚F, beyond which it increased slightly. Both of these trends might suggest that the suspension capability of the system declined somewhat during heating, however, the viscosity at 1 sec-1 never dropped below 1,500 cp. There was no indication of sedimentation having occurred during the test.

In order to evaluate the apparent synergistic interactions between the polymer and the suspended calcium carbonate, a series of  twenty tests were run in a three factor, quadratic Central Composite Design of Experiment. These all used 11.6 ppg CaCl2 brine. The Polymer B loading varied from 5 lb/BBl to 15 lb/BBl. The calcium hydroxide concentration ranged from 0 lb/BBl to 1 lb/BBl, and the calcium carbonate was added at 20 lb/BBl, 50 lb/BBl and 80 lb/BBl, with the final fluid densities ranging from 11.8 ppg to 12.5 ppg. The rheological properties of these fluids were measured at 50˚F increments up to 350˚F. Static aging tests were conducted at 250˚F in order to determine the amount of solids settling or phase separation in a 24 hour period.

In the static aging tests, no sedimentation of the CaCO3 was observed during a 24 hour period. However, there were differences in stability which were seen as phase separation, or changes in the slurry volume. The relationship between the slurry rheology and suspension stability is shown in Figure 6. In this fluid system, a Yield Stress (Ty) of greater than 0.015 lbf/ft2 assured stability. Within that range, only one test resulted in more than 10% separation of clear brine to the surface, and that had only a 13% phase separation. Figure 7 presents the same results as a function of low shear rate (1 sec-1) viscosity, where all of the test samples having viscosities greater than 800 cp were stable.

The apparent interaction between the polymer and the calcium carbonate suggests that their relative loadings might be adjusted in order to obtain a particular rheological profile. A series of fluids were prepared using 5 to 10.5 lb/BBl Polymer B, with 0.5 lb/BBl calcium hydroxide and 78 lb/BBl CaCO3. The results of these tests are shown in Figure 8, where the viscosity (at 1 sec-1) is plotted as a function of temperature. Each fluid was characterized by an increasing viscosity as the temperature increased. This data also indicates that with increased CaCO3 loading, considerable flexibility in polymer loading for developing sufficient viscosity to produce a stable suspension is feasible.

Performance in 14.2 ppg CaBr2
Polymer A was dissolved in a 14.2 ppg, single salt, calcium bromide brine. A polymer loading of 10.5 lb/BBl was used, along with 0.5 lb/BBl calcium hydroxide. The polymer dissolved readily, with sufficient viscosity developed within fifteen minutes for the fluid to begin climbing the mixer shaft.  The result was a clear, viscous fluid. Calcium carbonate was added to the fluid at a loading of 50 lb/BBl to produce a final fluid density of about 14.6 ppg. The rheological parameters of the slurry at temperatures up to 350˚F are detailed in Table 4. Throughout the test, the polymer remained soluble and showed no evidence of crosslinking or precipitation.

In the calcium bromide brine, Polymer B developed shear thinning viscosity, though in the fluid without the calcium carbonate, the Yield Stress was less than 0.006 lbf/ft2. With the 50 lb/BBl CaCO3 added (Table4), the Yield Stresses ranged from 0.0038 lbf/ft2 at ambient temperature to 0.0146 lbf/ft2 at 350˚F. The low shear rate viscosity remained nearly constant across the temperature range. In spite of the relatively low viscosity of 724 cp (1 sec-1) at 250˚F, static aging tests showed neither particle settling nor phase separation in a 24 hour period.

Performance in 19.2 ppg ZnBr2
Polymer A was added to 19.2 ppg ZnBr2 at a concentration of 10.5 lb/BBl. The polymer dissolved readily, with sufficient viscosity developed within twenty minutes for the fluid to begin climbing the mixer shaft.  The polymer was allowed to hydrate overnight, then it was mixed briefly at high shear to obtain a clear, viscous, homogeneous fluid. The fluid rheology was measured at various temperatures up to 350˚F. The fluid had shear thinning rheological properties, as shown in Table 5, though the viscosities were much lower than those produced by the same quantity of Polymer A in the calcium chloride (Table 1) or calcium bromide (Table 4) brines.  After exposure to 350˚F, the polymer remained in solution, with no indication of crosslinking or precipitation.

Conclusions

New synthetic polymers have been developed and tested as thickeners in heavy brines. These polymers are soluble even in 11.6 ppg calcium chloride, 14.2 ppg calcium bromide and 19.2 ppg zinc bromide brines. They develop rheological properties in these brines that fit the Yield-Point Power Law model. Their shear thinning viscosity characteristics are maintained at temperatures as high as 400˚F. They have been found to interact with calcium carbonate in a synergistic fashion, producing enhanced rheological properties and providing stable suspension properties. These polymers maintain their solubility after exposure to temperatures as high as 400˚F, with no indication of crosslinking with the multivalent cations, or precipitating.

Nomenclature


BBl = barrels 


CaCl2 = Calcium chloride


CaBr2 = Calcium bromide


γ = Shear Rate, sec-1

K = Consistency Index, lbfsec/ft2

Lb/BBl = Pounds per barrel


µ = Viscosity, cp


n = Flow Index


ppg = pound per gallon


T = Shear Stress, lbf/ft2

Ty = Yield Stress, lbf/ft2

ZnBr2 = Zinc Bromide
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10.5 lb/BBl Polymer A in 11.6 ppg CaCl

2

Temp

Yield

(°F) n K

Stress (

Ty

)

Calculated Measured Calculated Measured

78 0.8393 0.0071 0.0439 2,440 2,409 161 165

100 0.8187 0.0054 0.0407 2,210 2,177 114 116

150 0.8066 0.0033 0.0253 1,367 1,350 65 66

200 0.8396 0.0018 0.0198 1,036 961 43 44

250 0.9057 0.0009 0.0201 1,003 904 32 33

300 0.8333 0.0011 0.0173 881 938 26 26

350 0.8235 0.0009 0.0201 1,004 1,075 23 23

Viscosity (1 sec

-1

) Viscosity (170 sec

-1

)
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10.5 lb/BBl Polymer A in 11.6 ppg CaCl

2 

+ 20 lb/BBl CaCO

3

Temp

Yield

  Viscosity (1 sec

-1

)  Viscosity (170 sec

-1

)

(°F) n K

Stress (

Ty

)

Calculated Measured Calculated Measured

78 0.8180 0.0121 0.0205 1,559 1,530 233 235

100 0.7924 0.0099 0.0198 1,423 1,395 168 168

150 0.7362 0.0072 0.0219 1,393 1,372 95 91

200 0.6346 0.0088 0.0221 1,481 1,452 71 67

250 0.5949 0.0089 0.0219 1,479 1,452 60 57

300 0.5598 0.0096 0.0186 1,352 1,327 53 51

350 0.5578 0.0091 0.0211 1,444 1,418 51 48
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7 lb/BBl Polymer B in 11.6 ppg CaCl

2

 + 70 lb/BBl CaCO

3

Temp

Yield

   Viscosity (1 sec-1)  Viscosity (170 sec-1)

(°F) n K

Stress (

Ty

)

Calculated Measured Calculated Measured

78 0.7628 0.024 0.0259 2,412 2,399 354 356

100 0.7583 0.019 0.0372 2,713 2,682 280 280

150 0.6326 0.024 0.0301 2,571 2,446 180 180

200 0.6025 0.021 0.0084 1,399 1,741 132 133

250 0.5250 0.025 0.0050 1,452 1,553 107 102

300 0.4992 0.022 0.0104 1,569 1,506 85 81

350 0.4860 0.019 0.0259 2,143 2,023 72 68

400 0.5742 0.007 0.0336 1,955 2,023 48 50
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10.5 lb/BBl Polymer A in 14.2 ppg CaBr

2

 with 50 lb/BBl CaCO

3

Temp

Yield

(°F) n K

Stress (

Ty

)

 (1 sec-1)  (170 sec-1)

80 0.8261 0.0117 0.0038 740 230

100 0.8333 0.0094 0.0054 709 192

150 0.8296 0.0056 0.0092 707 114

200 0.8219 0.0041 0.0115 748 83

250 0.8322 0.0030 0.0121 724 64

300 0.8603 0.0021 0.0107 610 52

350 0.8374 0.0019 0.0146 789 43



   Viscosity


[image: image6.emf]Table 5

10.5 lb/BBl Polymer A in 19.2 ppg ZnBr

2

Temp Yield

°F n K

Stress (

Ty

)

(1 sec-1) (170 sec-1)

74 0.8722 0.0101 0.0 483 251

100 0.9680 0.0074 0.0 354 301

150 0.9038 0.0027 0.0031 277 78

200 0.8907 0.0019 0.0021 189 52

250 0.8926 0.0013 0.0069 391 37

300 0.9721 0.0007 0.0088 452 30

350 0.8349 0.0012 0.0096 518 27

Viscosity
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Figure 1 :  Test vials used for particle settling tests. Vial A represents a stable column of test fluid. In Vial B, solids have settled to the bottom to form a sediment bed. The solids in Vial C remain suspended, however, there has been a change in slurry volume, with clear brine separated to the surface. 
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Figure 2 :  10.5 lb/BBl Polymer A in 11.6 ppg CaCl2 brine, showing viscosity  as a function of shear rate as the fluid was heated from 75˚F to 350˚F.
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Figure 3 :  10.5 lb/BBl Polymer A in 11.6 ppg CaCl2 brine, showing shear stress as a function of shear rate as the fluid was heated from 75˚F to 350˚F.
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Figure 4 :  10.5 lb/BBl Polymer A in 11.6 ppg CaCl2 with 20 lb/BBl CaCO3. Shear thinning rheology was maintained at up to 350˚F. 
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Figure 5 : Fluidloss test at 250˚F, using 500 psi pressure drop. This fluid consisted of 10.5 lb/BBl Polymer A in 11.6 ppg CaCl2 with 20 lb/BBl CaCO3.
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Figure 6 :  Results from the Experimental Design test series, which utilized 5-15 lb/BBl Polymer B in an 11.6 ppg CaCl2 brine. This shows the amount of phase separation, or change in suspension volume, in a 24 hour period at 250˚F. 
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Figure 7 : Results from the Experimental Design test series. This shows the amount of phase separation in a 24 hour period at 250˚F, as a function of low shear rate viscosity. 
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Figure 8  : The thickened brine with 78 lb/BBl CaCO3 shows a distinct increase in the viscosity at very low shear rates, for all three polymer loadings, as it was heated to 350˚F. 

Page 1 of 6, 2009NTCE-15-03 Tech Paper.doc

