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Abstract

An experimental study is performed to measure the terminal settling velocities of spherical particles in surfactant based shear thinning
viscoelastic (VES) fluids. The measurements are made for particles settling in unbounded fluids and fluids between parallel walls. VES fluids
over a wide range of rheological properties are prepared and rheologically characterized. The rheological characterization involves steady
shear-viscosity and dynamic oscillatory-shear measurements to quantify the viscous and elastic properties respectively. The settling velocities
under unbounded conditions are measured in beakers having diameters at least 25x the diameter of particles. For measuring settling velocities
between parallel walls, two experimental cells with different wall spacing are constructed. Spherical particles of varying sizes are gently dropped
in the fluids and allowed to settle. The process is recorded with a high resolution video camera and the trajectory of the particle is recorded using
image analysis software. Terminal settling velocities are calculated from the data.

The impact of elasticity on settling velocity in unbounded fluids is quantified by comparing the experimental settling velocity to the settling velocity
calculated by the inelastic drag predictions of Renaud et al.1 Results show that elasticity of fluids can increase or decrease the settling velocity.
The magnitude of reduction/increase is a function of the rheological properties of the fluids and properties of particles. Confining walls are
observed to cause a retardation effect on settling and the retardation is measured in terms of wall factors.

Video Link

The video component of this article can be found at http://www.jove.com/video/50749/

Introduction

Suspensions of particles in liquids are encountered in applications including pharmaceutical manufacturing, wastewater treatment, space
propellant reinjection, semiconductor processing, and liquid detergent manufacturing. In the oil industry, viscoelastic fracturing fluids are used to
transport proppants (typically sand) in hydraulic fractures. Upon the cessation of pumping the proppants keep the fracture open and provide a
conductive pathway for hydrocarbons to flow back.

Settling of particles is governed by the rheology and density of fluid, size, shape and density of particles and effect of confining walls. For a
spherical particle settling in a Newtonian fluid in the creeping flow regime, the settling velocity is given by Stokes equation, derived by Stokes in
1851. Expressions to calculate the drag force at higher Reynolds numbers have been presented by subsequent researchers2-6. Confining walls
reduce the settling velocities by exerting a retardation effect on particles. Wall factor, Fw, is defined as the ratio of terminal settling velocity in
presence of confining walls to the settling velocity under unbounded conditions. The wall factor quantifies the retardation effect of the confining
walls. Many theoretical and experimental studies to determine wall factors for spheres settling in Newtonian fluids in different cross-section tubes
over a wide range of Reynolds numbers are available in the literature7-13. In all, there is an extensive body of information available to determine
the drag on spheres in Newtonian fluids.

The past work on determination of settling velocity of particles in nonNewtonian fluids, particularly viscoelastic fluids, is less complete. Various
numerical predictions14-18 and experimental studies19-24 are available in literature to determine the drag force on a sphere in inelastic power-law
fluids. Using the theoretical predictions of Tripathi et al.15 and Tripathi and Chhabra17, Renaud et al.1 developed the following expressions to
calculate the drag coefficient (CD) in inelastic power-law fluids.
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For RePL<0.1 (creeping flow regime)

 

where X(n) is the drag correction factor13. RePL is the Reynolds number for a sphere falling in a power law liquid defined as:

 

where ρf is the density of the liquid. The drag correction factor was fitted with the following equation1:

 

Using the definition of drag coefficient, the settling velocity is calculated as:

 

For 0.1<RePL<100

 

where X is the ratio of the surface area to the projected area of the particle and is equal to 4 for spheres. CD0 is the drag coefficient in the Stokes
region (RePL < 0.1) given by Equation 1, CD∞ is the value of drag coefficient in the Newton's region (RePL > 5 x 102) and is equal to 0.44. The
parameters β, b, k are expressed as:

 

αo = 3 and α is the correction for the average shear rate related to X(n) as:

 

To calculate the settling velocity the dimensionless group Nd 
25 is used:

 

Nd is independent of the settling velocity and can be calculated explicitly. Using this value and the drag coefficient expression in Equation 5,
RePL can be solved iteratively. The settling velocity can be then calculated using:
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The expressions in Equations 1-9 were based on theoretical predictions obtained for values 1 ≥ n ≥ 0.4. Chhabra13 compared the predictions
from the above expressions with experimental results of Shah26-27 (n varied from 0.281-0.762) and Ford et al.28 (n varied from 0.06-0.29). The
expressions were shown to predict the drag coefficients accurately. Based on these analyses, the above formulation can be used to calculate the
settling velocity of spherical particles in inelastic power-law fluids for 1 ≥ n ≥ 0.06. This predicted settling velocity in inelastic power-law fluids is
compared with the experimental velocity in the power-law viscoelastic fluids to determine the influence of fluid elasticity on settling velocity. The
detailed steps are mentioned in the next section.

The determination of settling velocity of particles in viscoelastic fluids has also been a topic of research with varying observations by different
researchers; (i) In the creeping flow regime the shear thinning effects completely overshadow viscoelastic effects and the settling velocities are
in excellent agreement with purely viscous theories29-32, (ii) particles experience a drag reduction in and outside the creeping flow regime and
the settling velocities increase due to elasticity30,33,34, (iii) settling velocity reduces due to fluid elasticity35. Walters and Tanner36 summarized that
for Boger fluids (constant viscosity elastic fluids) elasticity causes a drag reduction at low Weissenberg numbers followed by drag enhancement
at higher Weissenberg numbers. McKinley37 highlighted that the extensional effects in the wake of the sphere cause the drag increase at
higher Weissenberg numbers. After a comprehensive review of prior work on settling of particles in unbounded and confined viscoelastic fluids,
Chhabra13 highlighted the challenge of incorporating a realistic description of shear rate dependent viscosity together with fluid elasticity in
theoretical developments. The study of wall effects on settling of spherical particles has also been an area of research over the past years38-42.
However, all the work has been performed on settling of spherical particles in cylindrical tubes. No data is available for spherical particles settling
in viscoelastic fluids between parallel walls.

This work attempts to experimental study the settling of spheres in shear thinning viscoelastic fluids. The goal of this experimental study is to
understand the impact of fluid elasticity, shear thinning and confining walls on settling velocity of spherical particles in shear thinning viscoelastic
fluids. This paper focuses on the experimental methods used for this study along with some representative results. The detailed results along
with the analyses can be found in an earlier publication43.

Protocol

1. Preparation of the Fluids

A polymer-free, viscoelastic, two-component, surfactant-based fluid system is used for this experimental study. This fluid system has been
used in oil and gas wells in many producing fields for hydraulic fracturing treatments44,45. This fluid system is used for this study because it is
optically transparent and the rheology can be controlled by systematically varying the concentrations and proportions of the two components.
The fluid system consists of a an anionic surfactant (such as sodium xylene sulfonate) as component A and a cationic surfactant (such as N,N,N-
trimethyl-1-octadecamonium chloride) as component B.

1. Add a given concentration of component A to distilled water and mix at high rpm using an overhead mixer to ensure proper mixing. Allow it to
mix for 2-3 min.

2. Add a given concentration of component B to this mixture and allow it to mix for an additional 2-3 min.
3. Rest the mixture for 2-6 hr to vent out the air bubbles. Note: The final fluid mixture is optically transparent. For this study seven fluid mixtures

of different concentrations are used. The concentrations are chosen to obtain fluid mixture over a wide range of viscosities.

2. Measurement of Settling Velocities in Unbounded Fluids

Glass spheres of diameters ranging from 1-5 mm are used.

1. Use a high resolution microscope to measure the diameter of the glass spheres. Ensure that the spheres have smooth surfaces and are
near-perfect spheres.

2. Store the liquid in glass containers with diameter at least 25x the diameter of particles to ensure that there is no effect of the confining walls
on the settling velocity of particles.

3. Record the room temperature and fluid temperature using a laboratory thermometer. The measurement of temperature is important because
the rheological measurements of the fluid should be made at the temperature at which the settling experiment is performed.

4. Place a meter stick alongside the container.
5. Gently immerse the glass particle in the liquid and allow it to settle. Record the settling process with a high resolution video camera.
6. Track the position of the particle at different time steps from the recorded video using an image analysis application. Note: In this work, a

software application called 'Tracker' is used (http://www.cabrillo.edu/~dbrown/tracker/).
7. Plot the vertical position of the particle versus time and calculate the terminal settling velocity from the slope of the line.
8. Repeat the experiment under the unique set of conditions at least 3x to ensure reproducibility. Perform the image analysis for different

measurements and report the settling velocity for a given particle diameter in a particular fluid using error bars.
9. Repeat the above steps for different diameter particles and record the settling velocities. Plot the settling velocity versus particle diameter.

Note: Figure 1 shows the settling velocity of five different size particles in one fluid.
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3. Measurement of Settling Velocities for Fluids Between Parallel Walls

To measure the settling velocities in presence of parallel walls, two experimental cells made of Plexiglas are used.

1. While designing and constructing the cell, ensure that the walls are smooth and perfectly parallel to each other. Keep the aspect ratio of the
cells low to ensure that there is no effect of the walls orthogonal to the parallel walls. Note: The gap between the walls in the two cells in this
study is 3.6 mm and 8 mm, respectively. Figure 2 shows a schematic of one experimental cell.

2. Fill the cell with the liquid and gently release the particle in the cell through the inlet/outlet port. Seal the inlet/outlet port with a rubber stopper
and allow the particle to settle until it reaches the middle of the cell.

3. At this point, carefully position the cell vertically and allow the particle to settle.
4. Place a meter stick alongside the cell and record the settling using the high resolution video camera.
5. Record the room temperature and fluid temperature using a laboratory thermometer. This is important because the rheological measurements

of the fluid should be made at this temperature.
6. As with the unbounded settling velocity measurements, measure the settling velocity in software application 'Tracker'. Repeat the

measurements at least three times to ensure reproducibility and to obtain error bars on each measurement.

4. Rheological Characterization of Fluids

1. Perform the steady shear-viscosity measurements to measure the viscosity of the fluid as a function of shear rate. Note: In this work, the
ARES rheometer by TA Instruments with a double wall concentric cylinder fixture (inside cup diameter: 27.95 mm, inside bob diameter: 29.50
mm, outside bob diameter: 32.00 mm, outside cup diameter: 34.00 mm, bob length: 32.00 mm) is used.

2. Vary the shear rate from 0.1-800 sec-1 and take measurements at 10 points/decade. Ensure that the temperature of the cup is the same at
which the settling experiment was performed in the same fluid. Figure 3 shows viscosity versus shear rate for one fluid sample on a log-log
plot.

3. For the same fluid, calculate the range of shear rate which the particles encountered in the settling experiments. Use the surface averaged
particle shear rate defined by 2V/dp 

20,23, where V is the settling velocity of the particle and dp is the particle diameter.
4. Fit a power-law curve μ=Kγn-1in this range of shear rates on the viscosity versus shear rate plot. On a log-log plot this fit will be a straight line.

Determine the parameters K (flow consistency index) and n (flow behavior index).
 

K and n quantify the viscosity of the fluids. Figure 3 shows the power-law fit on the same plot.
5. Perform the dynamic oscillatory-shear measurements over the range of frequencies from 0.1-100 rad/sec and measure the elastic modulus,

G' and viscous modulus, G''. Take measurement at 10 points/decade.
 

Figure 4 shows the G' and G'' for a fluid sample.
6. Calculate the ratio of the two moduli, G''/G' from this data. Fit the ratio of moduli to a Maxwell model using a regression analysis and calculate

the relaxation time (λ) of the fluid. The equation for the ratio of the two moduli for a Maxwell model is46,47:

 

The relaxation time of the fluid quantifies the elasticity of the fluid. Greater the relaxation time, more elastic is the fluid. Figure 5 shows the G''/G'
for the fluid sample along with the Maxwell fit. The fitting is performed by minimizing the sum of the variance measure over the frequency range.
 

5. Determining the Influence of Elasticity on Unbounded Settling Velocities

1. Denote the experimental settling velocity of a particle in unbounded fluid by V∞VE where '∞VE' refers to unconfined viscoelastic fluids.
Compare this experimental settling velocity with the settling velocity (V∞INEL) calculated on the basis of apparent viscosity data based on
the power-law parameters. Use the expressions developed by Renaud et al.1 to calculate V∞INEL. The expressions are mentioned in the
Introduction section. '∞INEL' refers to unconfined inelastic fluids.

2. Calculate the ratio V∞EL/V∞INEL , and refer to the ratio as the velocity ratio.
 

The value of the velocity ratio illustrates the influence of elasticity on settling velocity. Velocity ratio greater than 1 suggests velocity increase/
drag reduction due to fluid elasticity. Velocity ratio less than 1 suggests velocity reduction/drag enhancement due to fluid elasticity.

3. Plot the velocity ratio as a function of particle diameter for different fluids to observe the effect of elasticity on settling velocity of different
diameter particles in fluids of different rheologies. Figure 6 shows the velocity ratio as a function of particle diameter in one of the fluids.

6. Quantifying the Retardation Effect of Parallel Walls on Settling Velocities

1. Calculate the wall factor, Fw for a given diameter particle by dividing the settling velocity in the presence of parallel walls, V∞VE to the settling
velocity in the unbounded fluid, V∞VE.

2. For a given fluid, plot the wall factors as a function of the particle diameter to wall spacing ratio, r. Figure 7 shows the wall factors for particles
settling in one of the fluids. The plot helps quantify the retardation effect of the confining walls on settling velocity. Lower the wall factor, higher
the wall retardation effect.
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Representative Results

The experiments are performed for five different diameter particles in seven different fluid mixtures with unique K, n and λ values. Figure 1
shows the settling velocity as a function of particle diameter in one fluid. The error bars shows the variability in the three measurements. The
room temperature measured during the experiment is 23 °C. It can be observed that the settling velocities increase with the particle diameter.
Figure 3 shows the steady shear-viscosity measurement for the same fluid performed at a temperature of 23 °C. The plot shows the viscosity
of fluid as a function of shear rate. The fluid exhibits shear thinning behavior. From the settling velocities in Figure 1, shear rates for the all the
particles are calculated as 2V/dp. In this range of shear rate, the power law (K, n) model is fit as shown in Figure 3. The value of K from the fit is
0.666 Pa.sn and n = 0.31.

Figure 4 shows the elastic modulus and the viscous modulus versus angular frequency for the same fluid at 23 °C. Figure 5 shows the ratio of
G''/G' as a function of angular frequency. It is fitted with the Maxwell model given by Equation 12. The fit is also shown on the same plot. The
value of relaxation time is 0.175 sec.

Figure 6 shows the velocity ratio as a function of particle diameter in one of the fluids. It is observed that the velocity ratio is greater than one
for the two smaller spheres and less than one for the three larger spheres. In other words the smaller spheres experience a drag reduction and
larger spheres experience drag enhancement. This suggests that fluid elasticity can increase or reduce the settling velocity of spheres. Table
2 shows the Reynolds numbers for the particles calculated using Equation 2. The results show that particles experience a drag reduction/
increase at small Reynolds numbers. Similar experiments are performed in other fluids and it is observed that the velocity ratio is not a function
of only the particle diameter, but also the rheological properties of the fluid and density of spherical particles. The detailed results can be found
in Malhotra and Sharma43. The readers should see the Drag-Weissenberg number map Figure 8 in Malhotra and Sharma43. The data shows
a drag reduction at low Weissenberg numbers followed by a transition to drag enhancement at high Weissenberg numbers, even for particles
settling in the creeping flow regime (RePL < 0.1).

Figure 7 shows the wall factors (Fw) as a function of particle diameter to wall spacing ratio (r), for sphere settling between parallel walls of
spacing 3.6 mm and 8 mm. The data points are uniformly spaced over the complete range of r varying from 0-1. It can be observed that wall
factors decrease with increase in value of r, suggesting that wall retardation effects increase as particle diameter becomes comparable to wall
spacing. It is also observed that at a value of r, Fw is not unique (unlike Newtonian fluids) and is dependent on the wall spacing.

 

Figure 1. Settling velocity for different diameter particles in a VES fluid.
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Figure 2. Schematic of the experimental cell used for measuring settling velocities in presence of parallel walls. The cell is made of
Plexiglas and spacing between the walls is 8 mm.

 

Figure 3. Viscosity as a function of shear rate for a VES fluid sample (steady shear-viscosity measurement). The viscosity decreases with
shear rate, illustrating a shear thinning behavior. The power law (K, n) fitted in the experimental range of particle shear rates is also shown on the
plot.

http://www.jove.com
http://www.jove.com
http://www.jove.com


Journal of Visualized Experiments www.jove.com

Copyright © 2014  Journal of Visualized Experiments January 2014 |  83  | e50749 | Page 7 of 10

 

Figure 4. Elastic modulus (G') and viscous modulus (G'') as a function of angular frequency for a VES fluid sample (dynamic
oscillatory-shear measurement).

 

Figure 5. Ratio of viscous to elastic modulus as a function of angular frequency. The Maxwell fit is shown on the plot. The relaxation time
form the fit is 0.183 sec.
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Figure 6. Velocity ratios for different size particles in a VES fluid sample. The results show that smaller spheres experience drag reduction
whereas larger particles experience drag enhancement.

 

Figure 7. Wall factors as a function of particle diameter to wall spacing ratio in a VES fluid sample. Closed symbols refer to data points for
particles settling between walls with 8 mm spacing and open symbols refer to settling between walls with 3.66 mm spacing.

Particle Diameter
 

Reynolds Number
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(mm) (calculated using Equation 2)

1.74 0.3

2.03 0.44

2.94 1.42

3.63 2.09

4.17 2.63

Table 2. Reynolds numbers for the particles calculated using Equation 2.

Discussion

The experimental study focuses on measurement of settling velocities of spherical particles in shear thinning viscoelastic fluids under unconfined
and confined conditions. Detailed experimental procedure to obtain repeatable measurements of settling velocities is presented. Results are
presented to show that fluid elasticity can increase or decrease the settling velocity. Walls exert a retardation effect on settling and this effect is
measured in terms of wall factors.

Prior to the experiments it should be ensured that the particles are near perfect spheres with smooth surfaces. The diameter of spheres should
be accurately measured. The experimental procedure, including the image analysis, should be validated by performing some preliminary
experiments in unbounded Newtonian fluids (e.g. Glycerol solutions) and comparing the experimental settling velocities with Stokes analytical
solutions.

The experiments should be repeated at least three times to ensure reproducibility. Precaution should be taken that the temperature of the fluid is
measured at the time of the experiment and rheology is measured at the same temperature.
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particles. For detailed results and analyses the readers should refer to the earlier publication43.
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