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Abstract

Previous work has tied the drag reduction properties of polymer solutions to type and concentration of salts, rather than
its ionic strength, although it is a more extensive parameter to investigate the effects of salt contents on fluids behavior.
The current study aims at investigating the relationship between ionic strength and drag reduction characteristics of
polymer solutions when flowing in straight tubing.

Nalco ASP-700 and ASP-820, two common anionic AMPS copolymers, are examined with various salts (2% KCl, 4%
KCl, and synthetic seawater). Flow tests were conducted using a small-scale flow loop that includes a straight tubing
with an outside diameter of 1.27 cm and a length of 4.57 m.

It has been found that drag reduction performance of polymer solutions is well correlated with ionic strength, rather than
salt type and/or concentration. With high ionic strength, lower drag reduction is noticed despite of the reduced salt
concentration. Nevertheless, at higher Reynolds number, the effects of ionic strength minimizes. Both polymer solutions
exhibit effective drag reduction characteristics and their behavior is greatly affected by polymer type, shear rate, and salt
content. Correlations, with acceptable confidence level, between drag reduction ratio and solutions ionic strength are
proposed. The correlations are strongly recommended to investigate the effects of salt types and/or concentrations,
represented by its ionic strength on drag reduction behavior of polymer solutions in straight tubing.
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1. Introduction

Discovered more than 60 years ago, Toms effect (Toms 1949) or drag reduction is a turbulent flow phenomenon where
frictional pressure losses can be reduced drastically by adding a minute amount of high-molecular weight components
such as polymers and surfactants. They are known to lower the friction pressure losses up to 80% over the base solvent
(Savins 1964; Lumely 1973). The drag reduction concept can be used to reduce system friction pressure losses at certain
flow rates, maximize flow rates at certain pumping pressures, reduce pipe and pump size, increase system length,
decrease heat transfer, or a combination thereof (Berman 1978; Gasljevic and Matthys 1996).

Since the discovery of drag reduction phenomenon in pipe flow, there have been numerous extensive studies and
reviews on drag reduction, its mechanism, and the factors affecting it. However, drag reduction is still a mystery and not
well understood. This is because drag reduction phenomenon includes the interaction of two fields; neither of the two is
well understood. The first field is turbulence (Lesieur 1989) and the second one is the interaction of additives with
turbulence (Bewersdorff and Berman 1988; Sung et al. 2004).

It has been known that drag reducing solutions are very sensitive to shear intensity and duration, drag reducers
concentration, molecular weight and distribution, molecular conformation, solvent chemistry, pH, temperature, and
salinity (Brunn 1987). In addition, other pipe-related factors can have significant effects on drag reduction phenomenon
such as pipe diameter, pipe roughness, and pipe geometry. Despite the extensive application of brine solutions as base
fluid, salinity effects on drag reduction characteristics have received a minimal attention (Kamel and Shah 2009).

Drag reduction characteristics and rheological behavior of these drag-reducing solutions are very sensitive to the nature
and structure of added salts. Most studies of the effect of salinity on drag reduction were traditionally conducted using
Sodium Chloride, NaCl and the effects were attributed to the changes in shear viscosity (Hong et al. 2015). Kamel and
Shah (2009), for example, investigated the effect of two different salt solutions (2% KCI and synthetic seawater) on drag
reduction characteristic of two anionic polymers (ASP-820 and ASP-700) in straight tubing. Shah and Vyas (2011)
repeated the study in coiled tubing. The developed correlations in both studies used salt concentration (Cs) to quantify the
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salt effects on drag reduction behavior. Other studies expressed the salt concentration in ppm (Al-Yaari et al 2013, Hassiba
and Amani, 2013). Overall, salt concentration (as percentage, %, or ppm) has been customarily used to quantify the salt
effects on drag reduction. No studies have ever considered the ionic strength of salt solution. Different salt types yield
different ionic strength, even with the same concentration. Therefore, the aim of the present study is to experimentally
investigate the correlation between ionic strength and drag reduction of polymeric solutions flowing in straight tubing.

2. Method
2.1 Flow Loop

The flow loop used in this investigation includes tanks for mixing and storage and a centrifugal pump to feed the Moyno
pump. Moyno pump is used to circulate the test fluid in a 1.27 cm (smooth straight pipe with an inside diameter of 1.1 cm
and a length 0of4.57 m. (0.91 m as an entrance length and 0.6 m as an exit length). Differential pressure sensors are used to
measure the frictional pressure losses while a Micromotion sensor measures flow rate, fluid density, and fluid temperature.
The collected data is transmitted via wireless system to a personal computer (Kamel and Shah 2009).

2.2 Fluids

Two high molecular weight, anionic, polyacrylamide copolymers, Nalco ASP-700 and ASP-820, are used at their
optimum concentration, i.e. 0.07 vol. % (Shah and Kamel 2010). The two polymers are mixed with four different base
fluids; fresh water, 2% KCIl brine, 4% KCI brine, and synthetic seawater. For synthetic seawater, different recipes exist.
The recipe adopted includes 2.85 g/l. Na;SO4, 29.96 g/l NaCl, and 1.14 g/l CaCl, to mimic real environmental conditions.
This is equivalent to a total dissolved salt (TDS) of 3.4%.

2.3 Ionic Strength

The ionic strength of a solution measures the total ion concentration in that solution (Lewis and Randall 1921). It
represents the interactions of ions with water molecules as well as other ions in the solution. Ions with more charge are
counted more due to stronger electrostatic interactions with other ions. The ionic strength affects the ion activity and it is
function of the concentration of all the ions, molality, and their mean charge density, which is based on the
electro-neutrality condition for solutions. When the ions are of the same sign, an increase in the ionic strength increases
the reaction rate. On the contrary, when ions of opposite signs react, there is a decrease in the reaction rate with increasing
ionic strength. For example, the ionic strength of seawater is about 500 times larger than that of fresh water (Sastre de
Vicente 2004). Mathematically, it can be calculated using the following formula:

= %mz? @

where m; and z; are the molality and charge, respectively, of each ionic species.
2.4 Test Procedure

In preparing the test fluid, the mixing procedure recommended by the product provider was followed to ensure full
hydration. The polymer at the desired concentration was first mixed with 3 liters of fresh water in a laboratory blender
and then allowed to hydrate for 10 minutes. The fully hydrated, pre-mixed polymer was then added to the base fluid
while operating the mixer at a moderate speed. To attempt to avoid any excessive shear effects, all fluids were circulated
in a single-pass mode at the room temperature. When circulating the test fluid, flow rate was set at a desired value and
the steady-state pressure drop across the 10 ft. straight pipe was recorded. The flow rate was then, increased and the
corresponding pressure drop was noted. At each flow rate, adequate time was allowed for the fluid to achieve
steady-state conditions.

Before and after the test, base fluid was circulated in the flow loop for calibration, accuracy, and reproducibility. In
addition, fluid samples were collected before and after each test for viscosity measurement and any possible shear
degradation effects.

The collected data includes flow rate, differential pressure drop across the 10 ft. straight pipe, fluid density, and
temperature. In the analysis, data was converted into the famous dimensionless numbers, Fanning friction factor, f and
solvent Reynolds number, Nges. The percent drag reduction, DR and drag reduction ratio, DRR were calculated using the
following equations.

—q1_TIt
DR=1-7% )
DR
DRR = 2 (3)

Both DR and DRR are plotted against solvent Reynolds number, Nges (= psvd /).
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3. Results

To calibrate the flow loop and check its accuracy, flow tests using water were conducted. Data from these water tests was
compared with predictions from Drew Correlation (Drew et al. 1932) and a reasonable agreement was noticed with an
average deviation less than 2% and a maximum deviation less than 3% indicating the system accuracy and data
reproducibility (Shah and Kamel 2010).

3.1 Density and Viscosity

The test fluid density and viscosity (measured using A Cannon- Fenske Capillary Viscometer) are summarized in Table
1. As it can be seen, viscosity decreases as the ionic strength increases. However, the 4% KCI solution, with an ionic
strength as double as the 2% KCI solution, does not yield the same effect on fluid viscosity as it changes only from 1.53
cP to 1.44 cP. In addition, ASP-700 yields higher viscosity fluids compared to ASP-820. This is mainly due to the
difference between the two polymers syntheses, molecular weight, and molecular structure.

Table 1. Characteristics of Test Fluids

. . . Tonic
Density, ppg  Absolute Viscosity, cP Strength
Base Fluid Fresh Water 8.34 1.093 0.0015
Fresh Water 8.34 2.96 0.0015
2% KCl 8.36 1.53 0.27
ASP-700 (0.07% vol.)
4% KCl 8.38 1.44 0.53
Synthetic Seawater 8.43 1.35 0.60
Fresh Water 8.34 2.28 0.00125
2% KCl1 8.36 1.30 0.27
ASP-820 (0.07% vol.)
4% KCl1 8.38 1.26 0.53
Synthetic Seawater 8.43 1.22 0.60

3.2 Drag Reduction Characteristics

Effect of ionic strength on drag reduction characteristics of both polymers is significant as it can be seen in Fig. 1 and 2.
Drag reduction values for both polymers in 2% KCI solution with 0.27 ionic strength are much reduced than the values
for fresh water solution with 0.0015 ionic strength. Increasing the ionic strength by adding more KCl1 and/or other salts
reduces the drag reduction values even more. Synthetic seawater solutions with the highest ionic strength of 0.6 yields
the lowest drag reduction values.
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Figure 1. Drag Reduction vs. Reynolds Number for ASP-700 Polymer
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Another important note is that increasing flow rate helps reduce the detrimental effects of ionic strength as the data lines
approach each other. The difference diminishes as the Reynolds number increases. At low Reynolds number, the effects
of ionic strength are significant where the drag reduction values reduce dramatically from 69% for fresh water solutions,
lowest ionic strength to about 42% for synthetic seawater, the highest ionic strength. On the other hand, at high
Reynolds number, the values are 80% and 75% for the lowest and the highest ionic strength solutions, respectively. For
the solutions with 0.27 and 0.53 ionic strength, drag reduction values are reasonably intermediary.

As noticed with viscosity data, doubling the ionic strength does not result in the same effect in dropping the drag
reduction values. The drag reduction values for 0.27 ionic strength solution are not twice the values for 0.53 ionic
strength solution. Furthermore, at high Reynolds number, the difference is even minimal. However, one should notice
the difference between the investigated polymers regarding their drag reduction characteristics and their response to
variance in the solution ionic strength.
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Figure 2. Drag Reduction vs. Reynolds Number for ASP-820 Polymer

Same conclusions can be drawn from Fig. 3 and 4, which show the drag reduction ratio, DRR as a function of solvent
Reynolds number. DRR is significantly affected by the ionic strength changes, especially at low Reynolds numbers. As
the Reynolds number increases, the difference diminishes. Different behavior of both polymers is, likewise, clear.
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Figure 3. Effect of Tonic Strength on Drag Reduction Ratio of ASP-700 Polymer
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Figure 4. Effect of lonic Strength on Drag Reduction Ratio of ASP-820 Polymer

3.3 Onset of Drag Reduction

To investigate the onset of drag reduction, Virk’s (Virk 1975) drag reduction envelope is considered. It is designed using
Prandtl-Karman coordinates and has three boundaries; Poiseuille’s Law for laminar flow, Prandtl-Karman Law for
turbulent flow with zero drag reduction and Maximum Drag Reduction Asymptote, an asymptotic regime of the
maximum possible drag reduction. The significance of the drag reduction envelope is presented elsewhere (Shah and
Kamel 2010). Fig. 5 and 6 show the drag reduction envelope for both ASP-700 and ASP-820 polymeric solutions,
respectively.
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Figure 5. Drag Reduction Envelope for ASP-700 Polymer

It can be seen from Fig. 5 and 6 that, data lic between zero-drag reduction and the maximum-drag reduction lines. The
effect of ionic strength on the onset of drag reduction is very clear. Considering the intersection points between the
extrapolated data lines and the corresponding base line, it can be said that, adding KCI and/or other salts, i.e. increasing
ionic strength, delays the onset of drag reduction. Drag reduction with low ionic strength solutions occurs earlier
compared to high ionic strength solution. Increasing water salinity delays drag reduction further. For example, drag
reduction in fresh water solution occurs much earlier (NReS\/f = 250) compared to 2% KCI solution (NReS\/f =700)
for ASP-700 polymer. For ASP-820 polymer, the values are 500 and 900, respectively.
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Figure 6. Drag Reduction Envelope for ASP-820 Polymer

In addition, as it can be seen in both figures, all data lines have slopes higher than those for the bottom baseline. This
indicates that no further drag reduction can be obtained by increasing polymer concentration (optimum concentration is
adopted) and increasing shear rate is the only way to increase drag reduction, as implied from the drag reduction envelope
(Shah and Kamel 2010). Again, the difference between both polymers is obvious. In general, conclusions from drag
reduction envelopes agree with the conclusions drawn in the previous sections.

3.4 Development of Correlations

The data gathered was used to develop a correlation to predict drag reduction ratio as a function of both solvent Reynolds
number, Ng.s and solution ionic strength, I. Unfortunately, a single correlation for both polymer was not possible due to
their different behaviors. Therefore, two separate correlations are proposed.

ASP-700

(2.8475%x1%-2.1034%1+0.4535)

DRR,% = [-3.2915 X [ 4+ 2.0952 X [ — 0.0003]N, 4)
ASP-820

2_
DRR,% = [~0.1475 x I + 0.0196 x | + 0.062]N *8428x/" ~04881x1+03079) (5)

The above two correlations are valid to predict DRR for polymers flowing in smooth pipes at their optimum
concentration over a wide range of solvent Reynolds number (20,000 < N < 200,000] and ionic strength (0.0015 <1<
0.6). A comparative cross-plot between the predicted and measured DRR is shown in Fig. 7 for ASP-700 polymer and in
Fig. 8 for ASP-820 polymer.

The comparison shows a reasonable agreement between the measured and predicted data with an average deviation of
2.1% and a maximum deviation of 3.3% for ASP-700 polymer and an average deviation of 2.5% and a maximum
deviation of 3.9% for ASP-820 polymer. This confirms the validity of the proposed two correlations and ensures their
high accuracy. Nevertheless, tests with different salt types and concentrations are highly recommended. In addition, the
above two equations are recommended to be examined versus experimental data gathered using large-scale flow loops.
In general, slick-water fracture treatments are characterized by reduced gel damage, limited height growth, enhanced
long-term production, and reduced job cost (Liu et al., 2006). With the global trend of using small diameter tubing, drag
reduction concepts allows pumping the slick-water at rates high enough to condition the fracture dimensions and avoid
screen-out. In special brine slick-water applications, the proposed correlations are necessary to precisely predict the
drag reduction behavior of slick-water and better design the treatment hydraulics.
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Figure 7. Cross Plot between Measured and Predicted DRR for ASP-700
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Figure 8. Cross Plot between Measured and Predicted DRR for ASP-820

4. Theories and Discussion of Results

Drag reduction is still not well understood. Several theories were proposed to explain this phenomenon, but none of
them was able to give a definite explanation (Bewersdorff and Berman 1988; Sung et al. 2004). It is believed that the
occurrence of drag reduction is related to shear thinning behavior (Frater 1967), viscoelasticity (Turner and Cats 1991),
high extensional viscosity/shear viscosity ratios (Toonder et al. 1996), molecular stretching, decreased turbulence
(Metzner and Park 1964), anisotropic viscosity, laminerization of turbulence, and vortex stretching (Myska and Stern
1994). Addition of salts and increasing the ionic strength causes polymer degradation, which results in decreasing its
effectiveness as a drag reducer. Polymer in low ionic strength solutions exhibits considerable entanglements and
complex branched appearance of the molecular structure, hence improving its performance (Molloy et al. 2000). As
ionic strength increases, viscosity reduces and size and number of the large super-molecules reduce. Therefore, the
polymer appears to be more rigid and less gel-like with a significant reduction in polymer entanglements (Myska and
Zakin 1997). Furthermore, degree of polymer swelling decreases significantly as ionic strength of the solution increases.
In high ionic strength solutions, positive ions shielding the negative ions, negate the repulsion and thus, result in
decreasing the swelling. As a result, elastic forces decrease and performance of polymers as drag reducers is negatively
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affected (Shabrin 1974; Clifford and Sorbie 1985; Molloy et al., 2000).

Another important note is that, drag reduction performance of polymers is significantly affected by the ionic strength,
and not by the salt concentration. Synthetic seawater, which contains three different salts: Na,SO4, NaCl, and CaCl,, has
TDS of 3.4% lower than TDS of 4% KCl test fluids. On the other hand, synthetic seawater has higher ionic strength of
0.6 compared to 0.53 for 4% KCI. Performance of both polymer is obviously interrelated to the ionic strength since both
polymers exhibit a better drag reduction performance in 4% KCI fluid with higher TDS, but lower ionic strength
compared to synthetic seawater with lower TDS, but higher ionic strength. The drag reduction performance of the three
fluids follows the same order where higher ionic strength solution yields lower drag reduction.

Furthermore, the adverse effects of salt and its ionic strength diminishes at higher Reynolds numbers. At higher
Reynolds number, shear rate increases and promotes the polymer molecules to yield enhanced drag reduction. However,
it is believed that after certain shear rate, molecules are negatively affected and degradation occurs. As a result, drag
reduction minimizes.

Polymers exhibit different behaviors because of their nature, composition, molecular weight, molecular structure, etc.
As seen in Figs. 1 through 6, ASP-700 polymeric solutions yield drag reduction higher than ASP-820 solutions. The
maximum drag reduction of ASP-700 fresh water solution is 81% while it is 77% for ASP-820 in the same solution.
Furthermore, effect of ionic strength on drag reduction characteristics of both polymers is diverse. ASP 700 is more
resistant to degradation caused by increasing ionic strength, indicating that ASP-700 is more effective than ASP-820 in
saline environment. This is mainly due to the different composition of these two polymers.

The anionic acrylamido-methyl propane sulfonate, AMPS ASP-700 is an analog of partially hydrolyzed polyacrylamide
(PHPA), while ASP-820 is a sulfonate-containing polyacrylamide. Moreover, there are differences in molecular weight,
polymer charge, and the associated hydrodynamic volume of the polymers. ASP-700 is less affected by the salinity of
brines that contain divalent ions. This is in total synchronization with the viscosity data shown in Table 1. However, for all
practical purposes, both fluids can be considered to exhibit excellent drag reduction characteristics.

5. Conclusions

1) ASP-700 and ASP-820 polymers yields a strong drag reduction performance behavior in both fresh water and
brines. However, ASP-700 shows better drag reduction behavior.

2) Drag reduction characteristics of polymeric solution are significantly affected by the polymer type, molecular
weight, molecular structure, shear rate, and salt content.

3) The presence of salts negatively affects drag reduction behavior of polymeric solutions. As the salt content
increases, drag reduction behavior minimizes. However, these effects minimize as Reynolds numbers
increase.

4) Tonic strength better correlates with drag reduction performance of polymer solutions, rather than salt type
and/or concentration. As ionic strength increases, drag reduction decreases, even at low salt concentration.

5) Two equations relating drag reduction ratio with solutions ionic strength are proposed. The two correlations
show an acceptable accuracy and are recommended for future investigation.

6) Future work is highly recommended to validate the proposed correlations, especially with different salt types
and concentrations as well as data from large-scale flow loops.

Nomenclature

Cs salt concentration

d inside diameter of pipe

DR drag reduction

DR, drag reduction for reference case (fresh water)

DRR drag reduction ratio

DR drag reduction for saline solvent

f Fanning friction factor

fs Fanning friction factor of solvent

fi Fanning friction factor of treated fluid

I ionic strength
m molality
Nre Reynolds number
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Nres Solvent Reynolds number
TDS total dissolved salt

v average fluid velocity
z charge

s solvent viscosity

Ds solvent density
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