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A B S T R A C T   

An experimental study is performed to observe the effect of vertical fluid oscillations on the mean settling ve-
locity of single spherical glass particles released into mixtures of water and polymeric fluids which exhibit shear- 
thinning behavior for “non-zero” shear rates. The influence of the shear region in shear-thinning non-Newtonian 
fluids on the settling rate of spherical particles at different oscillatory conditions is also discussed. 

A transparent, U-shaped pipe with a circular cross-section of 50 mm inner diameter is used. Visualizations are 
captured along one of the two vertical branches of the pipe while a piston generates pressure gradient oscillations 
in the other branch at three different low frequencies (0.25, 0.5, and 0.75 Hz). Tests at still fluid are also carried 
out for comparison. Four fluids are considered: water and three mixtures of water-based polymeric solutions 
which provide the mixture with viscoelastic properties and shear-thinning behavior. Spherical particles of 
diameter d = 1 mm, 2 mm, and 3 mm are released at three different distances from the center of the cross-section: 
0, 0.5 R, and 0.8 R, where R is the pipe radius. Particles are released one-by-one and their trajectory is captured 
from the high-speed camera. 

The settling velocity was found smaller if particles were released close to the pipe wall, independently on the 
rheology of the fluid. A significant reduction of the settling velocity was observed in the presence of an oscil-
latory flow when a fluid characterized by shear-thinning viscosity is used. According to the results, it was found 
that the liquid oscillations brought a decrement of up to 7% in the average settling velocity in Newtonian fluid 
and a 23% decrement of that in non-Newtonian fluids. Moreover, when the fluid oscillates, the shear-layer 
associated with the particle wake and the pipe wall does not result in any reduction of the settling velocity. 
In other words, the effect of the near-wall shear layer, which reduces the viscosity of shear-thinning fluids, 
dominates over the other effects that would not keep the particle longer in suspension.   

1. Introduction 

After the first introduction of Stokes law for the creeping flow regime 
by George Stokes in 1851, many researchers have worked a lot on 
settling of particles in Newtonian fluids even in higher Reynolds 
numbers (Clift et al., 1978; Khan and Richardson, 1987; Haider and 
Levenspiel, 1989; Chhabra et al., 1999; Kehlenbeck and Felice, 1999; 
Brown and Lawler, 2003; Zhiyao et al., 2008; Cheng, 2009). Even the 
works related to the settling of particles in shear-thinning non--
Newtonian fluids are also omnipresent in the literature (Sharma, 1979; 
Shah, 1982, 1986; Acharya, 1986; Jin and Penny, 1995; Kelessidis, 
2004; Malhotra and Sharma, 2012; Arnipally and Kuru, 2018). How-
ever, all the above-mentioned studies are related to the settling of par-
ticles in stationary fluids while dynamic settling (Harrington et al., 

1979; Van Den Brule and Gheissary, 1993; Becker et al., 1994; Childs 
et al., 2016) has become an interesting topic concerning its practicality 
and the importance in industrial applications. 

Particle settling in oscillatory systems is a practically important 
example under dynamic settling. Sinusoidal oscillatory fluid motion 
exhibits a condition of continuously changing acceleration and thus the 
flow patterns and drag phenomena could be significantly different from 
those at steady state. Theory and experiments have shown that oscil-
lating or continuously accelerating such systems could exhibit a variety 
of complicated flow phenomena (Amaratunga et al., 2019b) including 
periodic vortex shedding (Schöneborn, 1975; Herringe, 1976), bound-
ary layer separation, secondary streaming and wake turbulence (Tun-
stall and Houghton, 1968), etc. 

When talking about the particle settling, it is important to have a 
fundamental understanding of the comprehensive picture of the forces 
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which results from the fluid on the particles, namely, lift, drag, and 
buoyancy (Fischer et al., 2002; Zeng et al., 2009). When a spherical 
particle is moving steadily in a stagnant fluid medium, the forces exerted 
on the particle can be predicted from the well-known drag 
coefficient-Reynolds number relationship since the terminal settling 
velocity occurs when the net gravitational force (gravity minus buoy-
ancy) equals the drag force. However, if the same particle is allowed to 
settle through an unsteady fluid medium, the contribution of the lift and 
drag forces to the dynamics of the particles becomes much more sig-
nificant (Fischer et al., 2002; Cherukat and Mclaughlin, 1994; Lee and 
Balachandar, 2010) as a result of the changes in the flow patterns around 
the particle. Those will eventually have a considerable impact on both 
the instantaneous relative velocity of the particle to the fluid and also on 
the mean transport velocity of the particle (Herringe and Flint, 1974). 

The settling velocity of particles suspended in vibrating/oscillating 
liquids is of great importance in a wide variety of natural geophysical 
environments and industrial applications including drilling. According 
to (Baird et al., 1967), low-frequency oscillations have been used nearly 
for two centuries in the processing of mineral ores. There are many in-
stances where devices have been used to disperse particles such as 
bubbles, droplets, and solid particles in liquids by shaking or vibrating 
the mixtures. The dynamic behavior of such particles in the oscillating 
continuous phase can impose a significant effect on mass or heat transfer 
characteristics of the resulting two-phase systems or on mixing and 
separation in particle-fluid systems (Harbaum and Houghton, 1960; 
Bailey, 1974; Still, 2012). Ultrasonic fields with short wavelengths are 
used to enhance mixing to increase the interfacial area in pulse 
liquid-liquid extraction columns. Furthermore (Bailey, 1974), states that 
periodic flow pulsations could be used to accelerate ore flotation as well 
as to speed-up the particle deposition in settling tanks if quick settling is 
preferred (Singh et al., 1991). mention that the settling of spheres 

suspended in non-Newtonian fluid with yield stress under the influence 
of vibrations is of great practical importance while transporting liquid 
food systems such as soups, sauces, and jams. 

1.1. Past work related to particle settling in oscillatory flow 

Interest in the geophysical as well as in the industrial problems has 
spawned many theoretical and experimental studies on particle settling 
in oscillatory Newtonian fluids in the past. Such studies reveal that the 
drag forces in unsteady systems tend to exceed the average forces that 
might be expected from the laws of drag under steady conditions 
(Bailey, 1974). That means, due to the increased drag forces, the settling 
velocity of particles in oscillatory fluid systems could be reduced 
(Tunstall and Houghton, 1968; Hwang, 1985; Ikeda and Yamasaka, 
1989) and thus the settling velocity under oscillatory conditions is less 
than the terminal settling velocity under stationary conditions. 

In a fascinating series of papers (Houghton, 1963, 1966, 1968), 
Houghton describes deeply about the velocity profile around a particle 
in a sinusoidal field and introduces a hydrodynamic model based on the 
non-linear Langevin equation to predict the directional motion of par-
ticles by applying a sinusoidal velocity to the continuous phase in which 
the particles are suspended. Thereafter, (Herringe and Flint, 1974), have 
studied the free fall of particles through a vertically oscillated Newto-
nian fluid both theoretically and experimentally and state that the mo-
tion of the particle is most accurately predicted when the ‘history’ and 
‘added mass’ terms are preceded by empirical coefficients which are 
functions of the instantaneous acceleration number. 

1.1.1. Mechanism of retardation 
If we consider a vortex free situation, based on the non-linear Lan-

gevin equation presented by (Houghton, 1963), the motion of a 

Notations 

CMC Carboxymethyl Cellulose 
CFD Computational Fluid Dynamics 
HV High viscous 
LVE Linear viscoelastic range 
MV Medium viscous 
NNF Non-Newtonian fluid 
PAC Poly-anionic Cellulose 
PIV Particle Image Velocimetry technique 
ROI Region of interest 
SAOS Small amplitude oscillation shear 
a Displacement amplitude of the piston 
a’ Displacement amplitude of the oscillation (in liquid 

medium) 
A Amplitude ratio based on the displacement amplitude of 

the piston 
B(t) Basset term 
d Diameter of the spherical particle 
CD Drag coefficient at oscillatory conditions 
CD0 Drag coefficient at stationary conditions 
CD0− correlation Drag coefficient of particles at stationary conditions 

based on the correlation presented in (Morrison, 2013; 
Morrison, 2016) 

D Diameter of the pipe 
f Frequency of oscillation, Hz; ω/2π 
g Gravitational acceleration 
Ga Galileo number 
G’ Elastic (or storage) modulus 
G’’ Viscous (or loss) modulus 
K Consistency index of the non-Newtonian fluid 

n Behavior index for the non-Newtonian fluid 
R Radius of the pipe 
t Time 
vp Instantaneous velocity of the particle taken as positive 

downwards 
vp0 Terminal settling velocity of the particle at stationary 

conditions 
vps Stationary velocity component within the relative velocity 

of the particle under oscillatory conditions 
vpp Periodic velocity component within the relative velocity of 

the particle under oscillatory conditions 
vf Velocity of the fluid medium taken as positive downwards 
R2 R-squared value of the linear curve fitting 
Rep Particle Reynolds number in oscillatory conditions 
Rep0 Particle Reynolds number in stationary conditions 
Reδ Oscillatory Reynolds number of the liquid medium 

Greek Letters 
β Velocity ratio; vp/vp0 

γ Strain 
γ̇ Shear rate 
ω Angular frequency; 2πf 
λ Relaxation time of the (slightly viscoelastic) non- 

Newtonian fluid 
μf Dynamic viscosity of the fluid medium 
μPL Viscosity predicted by the power-law model 
ρp Density of the particle 
ρf Density of the oscillating fluid (continuous phase) 
χ Added mass coefficient  
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spherical particle settling in a vertically unsteady flow can be written as; 
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(1)  

where, ρp is the density of the particle, ρf is the density of the oscillating 
fluid (continuous phase), d is the diameter of the spherical particle, vp is 
the instantaneous velocity of the particle taken as positive downwards, 
vf is the velocity of the fluid taken as positive downwards, g is the 
gravitational acceleration, CD is the drag coefficient, t is the time, χ is the 
added mass coefficient and B(t) is the Basset term. It is assumed that the 
continuous phase experiences a uniform velocity (vf ), which is sinusoi-
dal with an angular frequency of ω in the direction of particle motion so 
that, 

vf (t)= a’ω cos(ωt), (2)  

where, a’ is the displacement amplitude of the oscillation. The term on 
the left-hand side of Eq. (1) represents the inertial forces on the particle. 
The added mass coefficient (χ) is required to account for the virtual mass 
that is slightly larger than the ordinary mass of the particle by a fraction 
of χ of the displaced fluid. In this analysis, χ is taken to be 0.5 (Ikeda and 
Yamasaka, 1989). The first term on the right-hand side of Eq. (1) gives 
the buoyancy forces on the particle while the second term represents the 
frictional (drag) forces on the particle. The third term on the right-hand 
side of Eq. (1) corresponds to the effects of the pressure gradient in the 
accelerating fluid phase combined with the virtual mass of the fluid 
displaced by the particle. According to (Houghton, 1963), the simple 
form of this term arises from the assumption that there are no velocity 
gradients in the fluid perpendicular to the direction of motion. The 
Basset term B(t) has been introduced to allow the effects of deviations of 
the flow pattern around the particle from that at steady state. If the 
particle diameter is small and the fluid density is small compared with 
that of the particle, then B(t) becomes insignificant. Even though ρf is 
not that small compared to ρp in this analysis and B(t) is neglected. 

The terminal settling velocity of a particle (vp0) in a stationary fluid 
can be easily derived from Eq. (1) as; 

vp0 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4
3

(
ρp − ρf

)

ρf CD0
gd

√

. (3) 

Hereafter, the subscript ‘0’ denotes the value in the stationary fluid. 
If we consider a temporal average of Eq. (1) over a period of fluid mo-
tion, with the aid of Eq. (3), it yields (Ikeda and Yamasaka, 1989); 

CD0.v2
p0 = CD

(
vp − vf

)⃒
⃒vp − vf

⃒
⃒ . (4) 

The overbar hereafter denoting temporal averaging over a period of 
fluid oscillation. From Eq. (4), it can be easily derived that the tempo-
rally averaged settling velocity of spheres in a sinusoidally oscillating 
fluid is equal to that in a stationary fluid as long as the fluid drag obeys 
Stokes’ law. The relative velocity (vp − vf ) can be divided into two parts 
as a stationary velocity component (vps) and a periodic velocity 
component (vpp). Here, vpp is a function of phase ωt and has following 
characteristics (Ikeda and Yamasaka, 1989): (i) it is a periodic function 
with a period of 2π/ω, (ii) the functional dependence on phase ωt is not 
given in terms of a simple harmonic but is rather skewed in time and (iii) 
the temporal average over one-period vanishes (since vps takes up the 
averaged effect). Therefore, (vp − vf ) can then be written as; 

vp − vf = vps +  vpp  .  (5) 

For derivation, consider another limiting case for which the instan-
taneous Reynolds number is always sufficiently large (> 1000) to obey 
Newton’s law of resistance. So, it can be written as (Ikeda and Yama-
saka, 1989); 

CD = CD0 ≈  0.4. (6) 

With the help of Eq. (6), we substitute Eq. (5) into Eq. (4) and yields; 

CD0.v2
p0 = CD0

[
vps

2 + v2
pp

]
. (7) 

Based on Eq. (7), it can be concluded that vp0 > vps and the settling 
velocity of particles is caused by the nonlinearity of the fluid drag and 
the particles exhibit a retardation in oscillatory environments. 

However (Baird et al., 1967), state that the reduction of the settling 
velocity at oscillatory conditions is due to the shedding of a large wake 
during each oscillation. That shedding replaces the relatively small 
vortices which are periodically shed from spheres moving steadily. 
Moreover, the resisting force opposing the motion of a sphere could be 
attributed to the break-off of the eddies alternately on either side of the 
sphere in a periodic manner that exerts a periodic force on the particle 
(Uhlmann and Dušek, 2014; Mazzuoli et al., 2014, 2019). According to 
the study performed by (Hwang, 1985), the three major factors that 
govern the variation of effective fall velocity of particles in oscillating 
flows are the terminal velocity Reynolds number (Reynolds number of 
the settling sphere in still fluid), the velocity amplitudes of the flow and 
particle oscillations and the phase lag. However (Ikeda and Yamasaka, 
1989), replace the phase lag by the dimensionless frequency of the fluid 
oscillation and state that an increase of any parameter would increase 
the retardation of the particle settling. The terminal velocity Reynolds 
number of the particle (Rep0 = ρf vpd/μf ) is not the same as the instan-
taneous particle Reynolds number (Rep) in oscillatory conditions which 
can be explained as (Boyadzhiev, 1973; Schöneborn, 1975); 

Rep =
ρf
(
vp − vf

)
d

μf
, (8)  

where, μf is the dynamic viscosity of the fluid medium. However, based 
on the simple conceptual basis provided by (Bailey, 1974) for the par-
ticle retardation in oscillatory Newtonian fluid flows, he claims that the 
settling velocity of the particle can be altered either positively or 
negatively from its value in steady flow by imposing a “well designed” 
oscillatory motion on it. The oscillatory motion should have its largest 
velocity in the direction of the preferred particle motion. 

1.2. Significance for non-Newtonian fluids 

The related literature mentioned above suggests that the liquid 
oscillation would retard settling, but the problem of a particle that is free 
to move in an oscillating fluid is more complicated than we expect. More 
importantly, when the continuous oscillating fluid is non-Newtonian, 
the oscillatory motion could generate different shear regions within 
the pipe area that make the scenario more complicated. When a rela-
tively dense particle settles through a sheared flow in a non-Newtonian 
fluid, the shear rate of the background flow varies and thus the settling 
velocity of that particle may vary spatially and temporally due to the 
non-linear rheology of the fluid. Significant measures to be taken into 
account with this regard such as the distance that those particles can be 
transported before settling out, the time they take to do so and the ge-
ometry of the deposit, etc. 

According to the experimental study performed by (Van Den Brule 
and Gheissary, 1993), the settling velocity of spherical particles at sta-
tionary conditions is reduced by the elastic effects of the non-Newtonian 
fluid medium due to the presence of normal stress differences and high 
elongational viscosity. However, in the latter part of their study, they 
mention about a reduction of the average settling velocity in viscoelastic 
fluids in the presence of an orthogonal shear-flow field. In a later study 
(Gheissary and Van Den BRULE, 1996), the same authors extend their 
experiments to claim that an increment in the settling velocity could be 
observed with the increase of the shear rate of the main flow of 
non-Newtonian fluids. This is just because of the non-linear rheology of 
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the fluids and thus the reduced viscosity with increased shear rate. The 
same conclusion has been confirmed by (Talmon and Huisman, 2005) 
with their experimental study on particle settling in viscoplastic fluids 
under shear flow conditions where the settling velocities increase with 
increasing shear rate. 

In the oil industry, most fracturing/drilling fluids exhibit highly 
shear-thinning, non-Newtonian fluid characteristics. They are used to 
suspend drilled cuttings where they expose to different oscillatory 
conditions while they are circulating through the well or during the 
solids control operations. They possess completely different properties 
under shear than when it is at rest. Even though most of the particle 
settling studies are undertaken in stationary fluids, in the actual drilling 
process the cuttings are settling while the fluid is moving and mostly 
oscillating within the fracture. For example, in real drilling operations, 
the local uneven geometries might induce flow instabilities (Time and 
Rabenjafimanantsoa, 2013) while the effect of eccentricity in annulus 
systems is significant in the case of non-Newtonian fluid flow since it 
may lead to a substantial variation in pressure drop. Generally, the 
properties of the cuttings being settled, rheology, and density of the 
drilling fluid, the retardation effect of the confining fracture walls 
determine the settling rate of cuttings (Malhotra and Sharma, 2012). 
However, this study proves that the settling of cuttings is governed by 
the properties of oscillatory motion as well and illustrates the relative 
importance of studying the settling of particles in non-Newtonian fluids 
under oscillatory conditions since it is not desirable to have deposition of 
particles in pipes and boreholes. 

1.3. Objective 

An extensive and coherent body of information is available for the 
calculation of drag on spheres settling in quiescent Newtonian and 
shear-thinning non-Newtonian fluids. However, past work on the 
determination of settling velocity of particles in a dynamic environment 
is very limited; out of which any work related to oscillatory motion is 
sparse. 

As mentioned in section 1, low-frequency oscillations are used in 
several industrial applications, and despite of these practical applica-
tions, it appears to be relatively few measurements of particle behavior 
in non-Newtonian liquids oscillating at low frequencies. The fall velocity 
of the small particles is affected by the oscillation frequency, shear- 
thinning, and viscoelasticity of the fluid medium. The effective viscos-
ity of the shear-thinning test liquids varies with the different shear rates 
results from the oscillation. 

In previous publications (Amaratunga et al., 2018, 2019a, 2019b, 
2020), the authors clarified the rheological approach to quantify the 
effect of horizontal and vertical vibration on shear-thinning non--
Newtonian polymers, which can be used as model drilling fluids. How-
ever, based on the present investigation of single-particle behavior in a 
vertically oscillating Newtonian and non-Newtonian fluid, it is aimed to 
bring out valuable conclusions concerning the influence of Newtonian 
and non-Newtonian liquid oscillations upon the average settling velocity 
of single particles. Furthermore, it is aimed to provide information on 
engineering significance in the design of engineering applications 
experiencing vibration/oscillation and also to understand the mechanics 
of particle suspension and dislodgement in wall-bounded oscillatory 
flows. 

2. Methodology 

The experiments were performed in the multiphase flow laboratory 
at the University of Stavanger (UiS), Norway. 

2.1. Experimental setup 

The effect of low-frequency oscillatory motion on particle settling in 
water and shear-thinning non-Newtonian fluids was investigated in a U- 

shaped experimental set up as shown in Fig. 1. The test section on the left 
limb of the U-tube has a circular cross-section with an internal diameter 
of 50 mm and a total length of 1200 mm. The bottom and the right limbs 
of the U-tube were also circular in cross-section and 30 mm in internal 
diameter. The whole U-tube including the piston cylinder (with an in-
ternal diameter of 50 mm) was made of transparent acrylic for visuali-
zation purposes. 

The harmonic oscillations were provided by the piston attached to 
the right limb of the U-tube, which is driven by a motor-gearbox unit. 
The rotary motion of the gearbox is converted to a reciprocating motion 
of the piston by mechanically projecting it into the arm of the piston. The 
revolution speed of the motor (model: 3DF56-2S7032 from ABM Greif-
fenberger, Germany) and the gearbox from David Brown (Radicon se-
ries), UK was controlled by a frequency controller (model: Micromaster 
420 from Siemens) in such a way that, the required output frequency 
was set to the piston. A tachometer (model: AT-6L from Clas Ohlson, 
Norway) was used to confirm the frequency of the piston. Experiments 
with three different oscillation frequencies were tested as 0.25, 0.5, and 
0.75 Hz while the tests with still fluid were also performed for the 
comparison. The length of the rotating arm was fixed in such a way that 
the resulting oscillation amplitude to be 20 mm. Out of that, the oscil-
lation amplitude ratio (A) was determined as a/D = 0.4, where a is the 
displacement amplitude of the piston, and D is the pipe diameter. An 
acrylic transparent visualization box filled with deionized water, with 
dimensions of 15 × 15 × 100 cm3 was used around the test section to 
minimize the optical refraction through the curved pipe walls. 

2.2. Materials and fluids 

2.2.1. Test fluids 
Deionized water, being one of the test fluids, was used to prepare 

three polymeric non-Newtonian Fluids (NNF), later referred to as “Fluid 
1”, “Fluid 2”, and “Fluid 3”. They are a mixture of three water-based 
polymers namely Poly-anionic Cellulose (PAC) called PolyPAC-R pro-
vided by MI-Swaco, Norway, medium viscous Carboxymethyl Cellulose 
(MV-CMC) and high viscous Carboxymethyl Cellulose (HV-CMC) pro-
vided by Sigma-Aldrich. The polymer mixtures were mixed using an 
overhead mixer (Model: Silverson L4RT-A) to ensure proper mixing and 
allowed more than 72 h to get rid of the trapped air bubbles. The fluid 
system was optically transparent. The specific details of the polymers 
and the mixture configuration are mentioned in Table 1. 

The viscosity of the NNF was measured by Anton Paar MCR 302 
rotational rheometer and the rheological properties are described in 
section 3.1 with Fig. 5. The density values of the fluids measured using 
Anton Paar DMA-4500 density meter were 997.55, 999.47, 1000.25, 
and 1001.01 kg/m3 for water, Fluid 1, Fluid 2, and Fluid 3 respectively. 
All experiments were carried out and liquid properties were measured at 
room temperature of 22 ± 0.5 ◦C and atmospheric pressure. 

2.2.2. Particles 
Three different sizes of glass beads were employed in the experiment 

series to study the settling rate under oscillatory conditions. Accurate 
particle diameters were measured using an Olympus SZX16 stereo- 
microscope and an average particle diameter was used in the calcula-
tions. The weight of the particles was measured using an analytical 
balance with digital precision scale and the specific details of the par-
ticles used are mentioned in Table 2. 

However, the particles will be called with their general sizes (as 1 
mm, 2 mm, and 3 mm) for clarity. To cancel out possible effects asso-
ciated with imperfections of the particle surface, different particles of 
the same size have been used for each test. 

2.3. Experimental procedure 

The experimental procedure for this study considered capturing the 
falling (or rising) of a single spherical particle in a vertical circular 
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column of fluid that is oscillated in the direction of the particle motion. 
The primary focus was to study the effects of oscillation frequency on the 
settling rate without any wall effects. Therefore, the particles were 
released along the axis of the vertical test section; which was considered 
as the “Location 1” – (L1). Then, two other locations within the test 
section which are more closer to the pipe walls were selected (L2 and L3) 
as illustrated in Fig. 2 to investigate the effect of shear region on particle 
settling in non-Newtonian fluids. Therefore, L1 ≈ R, L2 ≈ 0.5 R, and L3 

≈ 0.2 R, where R is the pipe radius measured from the pipe wall. 
As shown in Fig. 1, a centrally mounted small tube (represented by M 

in Fig. 1) that was partly immersed in the liquid surface was employed to 
release the spheres singly into the liquid column. After switching on the 
driving motor, at least 2 min were left for the oscillatory motion to 
become harmonic. Then the particles were carefully withdrawn manu-
ally into the funnel on top of the dropping tube. The funnel arrangement 
helped the particle to be directed at the intended dropping location 
within the test section and the small metal net at the bottom of the 
dropping tube helped the particle to reduce its initial velocity as low as 
possible. Therefore, based on the variables, 144 different experimental 
cases were tested for 4 different frequencies (including still condition), 3 
different particle sizes, 4 different fluid types and at 3 different locations 
within the pipe. All the Newtonian and non-Newtonian fluids were 
assumed to be incompressible. Each experiment case was repeated three 
times to achieve a better averaged result and to check the repeatability. 

2.3.1. The high-speed imaging system 
The motion of the spherical glass beads and their trajectories be-

tween two reference points 15 cm and 63 cm below the tip of the 
dropping tube were captured by a high-speed camera (Camera 1). The y- 
axis is positive downwards. Some preliminary tests were performed to 
confirm that all the particle sizes concerned in this experiment achieve 
their terminal settling velocity at steady conditions before entering this 
defined boundary. A Basler camera (Model: acA800-510μm USB 3.0 
camera with the ON Semiconductor) with a maximum frame rate of 500 
fps at a full resolution of 800 × 616 pixel2 was used for the acquisition of 
images. Basler lens of model: C125-0818-5 M F1.8 f/8 mm was 
employed at different frame rates ranging from 25 to 200 fps depending 
on the speed of the particles in different experimental cases for both 

Fig. 1. Sketch of the experimental setup.  

Table 1 
Specific details of the polymers and the mixture configuration.  

Polymer type Viscosity at 25 ◦C  Used weight [g] to dissolve in 5 L of 
deionized water 

Fluid 1 Fluid 2 Fluid 3 

PolyPAC 800–1200 mPa s (1% H2O) 0.5 7.5 22.5 
MV-CMC 400–1000 mPa s (2% H2O) 5 5 5 
HV-CMC 1500–3000 mPa s (1% H2O) 4.5 7.5 2.5  

Table 2 
Specific details of the particles (approx. 50 glass beads).  

Particle name Average diameter 
[mm] 

Average Weight [g] Density [kg/ 
m3] 

1 mm 1.128 ± 0.003  0.00189 ± 0.0004  2514.9 
2 mm 1.986 ± 0.002  0.01111 ± 0.0003  2708.8 
3 mm 2.960 ± 0.001  0.03669 ± 0.0002  2701.9  
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cameras. The images were cropped to a reduced section of 256 × 616 
pixel2 to fit the view of interest for Camera 1. The two sides of the 
transparent visualization box were sufficiently illuminated using two 
LED lamps. Another similar type of a camera (Camera 2) was employed 
to capture the motion of the piston so that any relation between the 
particle motion to the piston movement could be interpreted. The view 
of interest for Camera 2 was 128 × 370 pixel2. The frame speed of 
Camera 2 was set identical to Camera 1 and both cameras were syn-
chronized using a LabView program and triggered by a separate control 
switch. The resulting settling velocities were calculated as described in 
section 2.3.2. Each experiment case was performed at least three times 
to ensure consistency and the quality of results. All the experimental 
cases allocated for a single fluid type were conducted within each day to 
avoid any inconsistency. 

2.3.2. Data treatment and analysis 
The high-speed image analysis was performed using Tracker – 

version 4.11.0 (http://physlets.org/tracker/). The whole image was 
used without specifying any region of interest (ROI) since the full tra-
jectory of the particle is preferred. Specific color adjustments were 
performed on each image to achieve accurate tracking. Piston move-
ment was also tracked using the same software simultaneously for all the 
experimental cases incorporating oscillatory conditions. 

The characteristic sinusoidal harmonic motion was identified by 

tracking the displacement of the piston on its vertical plane. Fig. 3 shows 
a typical sinusoidal movement of the piston together with its phase angle 
and used as a basis to introduce the notation system adopted by the 
authors to discuss the results in the latter part of this paper. 

The phase position/angle (ωt) was normalized by the angle value 
(π/4), and the value for ωt/(π /4) has been utilized in presenting and 
discussing further results. From the visual observations, great care was 
taken to release the particle at a moment of the piston movement cor-
responds to ωt/(π /4) = 2 or 10. Once the sinusoidal phase position of 
the piston is identified and tracked in data analysis, the displacement of 
the particle is started to track from the moment that corresponds to 
ωt/(π /4) = 0 of the piston movement. Based on the preliminary in-
vestigations related to the experiment, the authors verify that both 
steady and periodic regimes are reached by the particles within the span 
of the trajectory image frame. 

Since the velocity of the particle is fluctuating with the oscillatory 
motion, it was challenging to determine the velocity of each particle 
directly. However, the trajectory of any particle is a function of space 
and its gradient is the instantaneous velocity of it. Therefore, the ob-
tained particle trajectory (vertical component of the displacement) is 
fitted to a linear curve to achieve its average settling velocity within the 
test section as depicted in Fig. 4. 

According to the specific test conditions depicted in Fig. 4, it can be 
seen that the trajectories are not 100% straight in the experimental cases 

Fig. 2. Particle falling in test fluids at different locations within the test section (the picture is just for the illustration purpose and not in scale).  

Fig. 3. Introduction of the different phase positions within the oscillation period based on the displacement of the piston.  
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associated with oscillatory motion. Therefore, the error associated with 
linear curve fitting of the trajectory becomes significant for some 
experimental cases. This will be discussed separately in section 3.6 
under error analysis. The obtained average settling velocities are used to 
compare the effect of different oscillatory conditions on particle settling 
rate in Newtonian and non-Newtonian fluids. 

It was observed that the particle motion was not oblique for almost 
98% of the test cases, but in certain instances, some particles exhibited 
spiral or rocking motion on traveling down the liquid column. Even 
though it is interesting in themselves for other studies, such cases were 
neglected in the data processing. Based on the calculations on the 
oscillatory Reynolds number (Reδ) for the same experimental setup and 
conditions (Amaratunga et al., 2020), it was found that the oscillatory 
boundary layer close to the pipe wall was laminar in all cases. 

3. Results and discussion 

The significance of the different test fluids selected for this study in a 
rheological context and the effect of oscillatory motion on the settling of 
spherical particles in Newtonian and non-Newtonian fluids are 
described in the following section. 

3.1. Rheology of the fluids 

The rheological properties of the non-Newtonian fluids were 
measured by a modular compact rheometer (Anton Paar – MCR 302), 
using the concentric cylinder configuration (CC27). Fig. 5 shows the 
dynamic viscosity (μ) curves for the all the three Non-Newtonian fluids 
used in the experiment. The power-law rheological model was used to 
model the viscous and the shear-thinning behavior of the test fluids as 
shown in Eq. (9); 

μPL =Kγ̇n− 1. (9)  

Here, μPL is the viscosity predicted by the power-law model, K is the 
consistency index, n is the behavioral index and γ̇ is the shear rate. It is 
important to mention here, that the power-law model is fitted to the 
experimental data in the range of shear rates encountered by the par-
ticles within all the experimental cases. Also, it does not cover the 
constant viscosity plateau observed in the low values of shear rate. The 
shear rate used is the maximum particle shear rate defined as (Shah 
et al., 2007; Uhlherr et al., 1976); 

γ̇ =
3vp

d
. (10) 

The parameters for the model are mentioned in Fig. 5 and also 
summarized in Table 3. The shear-thinning behavior of the test fluids 
can be easily distinguished from the viscosity curves where Fluid 3 is the 
most shear-thinning fluid with the lowest n value. The viscoelastic 
properties of the test fluids were also measured in small-amplitude 
oscillation shear (SAOS) tests as part of the rheological investigation. 
Strain amplitude sweeps (results are not presented in this paper) were 
conducted to determine the linear viscoelastic (LVE) region of the non- 
Newtonian test fluids at low strain amplitudes. 

The viscoelastic property of the non-Newtonian test fluids in their 
obtained LVE range was investigated by carrying out frequency sweeps. 
Fig. 6 shows the results of the frequency sweep test for Fluid 3 over a 
given angular frequency (ω) range (ramped down logarithmically from 
100 to 1 rad/s) at a constant strain 1%. 

It can be seen from Fig. 6 that both the storage and the loss moduli 
increase when the frequency is increased. However, the storage modulus 
(G’) increases faster than the loss modulus (G’’) and the elastic behavior 
of the fluid becomes dominant over its viscous behavior after a certain 
angular frequency. This particular frequency where G’ = G’’, is termed 
as the crossover frequency as illustrated in Fig. 6. The inverse of this 
crossover frequency represents the longest characteristic relaxation time 
(λ) of the polymer solution (Arnipally and Kuru, 2018) which can be 
used to quantify the elasticity of the fluid. The corresponding λ values for 
the three fluids are mentioned in Table 3. 

According to the values presented in Table 3, it can be observed that 
Fluid 1 has the highest relaxation time of the test fluids and therefore has 
the highest elasticity. Since the λ values after all are very small, it could 
be concluded that the test fluids are only slightly viscoelastic. All the 
aforementioned rheological properties were measured just after the 
corresponding experimental run. 

The dynamic viscosity of water was measured to be 0.9544 mPa s at 
22 ◦C. 

Fig. 4. Illustration of the data treatment and analysis method to achieve the 
average settling velocity of particles (The trajectories are shown for the whole 
span of the image frame with time and not based on the phase positions. 
Number of data points are different due to the different acquisition rates and 
data filtering in plotting the figure. The y-axis is positive downwards.). 

Fig. 5. Viscosity curves for the test fluids at 22 ◦C.  

Table 3 
Rheological parameters for the test fluids.   

K [mPa.sn]  n [-]  λ [s]  

Fluid 1 26.99 0.85 0.037 
Fluid 2 168.68 0.71 0.019 
Fluid 3 397.38 0.66 0.015  
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3.2. Settling velocity at stationary conditions (in quiescent fluid) along 
pipe axis (location ‘L1’) 

As described in the experimental procedure, the settling of spherical 
particles was captured by a high-speed camera under stationary condi-
tions before imposing any oscillatory motion. That helped in assessing 
the experimental data and results of the present analysis in comparison 
to the well-established knowledge on particle settling in stationary 
Newtonian and non-Newtonian fluids. 

Fig. 7 shows the terminal settling velocities of spherical particles 
falling in all the test fluids without any oscillatory motion imposed. The 
particles were carefully released with the help of the dropping tube so 
that they obtain very little or negligible initial velocity at the beginning. 
It can be observed in Fig. 7 that the terminal settling velocity of particles 
within the Newtonian fluid (deionized water) is larger than that within 
all the other non-Newtonian fluids. This is due to the increased viscosity 
of non-Newtonian fluids and therefore the increased drag force exerted 
on the particles. The increased drag effect becomes significant when the 
non-Newtonian fluids become more viscous and shear-thinning which 
can be seen from the low terminal settling velocities achieved by the 
particles settled in Fluid 3 compared with other two NNFs. This reduc-
tion of terminal settling velocity could also be attributed to the negative 
wake that is perceived to happen only in shear-thinning viscoelastic 
fluids (Maalouf and Sigli, 1984). 

Moreover, when the particle diameter is increased the terminal 
settling velocities show an increasing trend for all the test fluids. 

However, it can be noticed that the rate of increase in terminal settling 
velocity (with increasing particle size) is higher for water and low 
viscous NNFs compared to that with high viscous Fluid 3. This means 
that larger particles settle down at a slower rate than the smaller par-
ticles when the shear-thinning of the NNF is increasing (when n becomes 
low). From the practical point of view, increasing shear viscosity may be 
an effective solution to achieve suspensions of large-sized particles. 

Many theoretical (Houghton, 1963, 1966, 1968; Herringe and Flint, 
1974; Bailey, 1974; Hwang, 1985) and experimental studies (Tunstall 
and Houghton, 1968; Ikeda and Yamasaka, 1989) have indicated that 
the proximity to a cylindrical wall can noticeably increase the drag on 
spheres when the ratio of the particle to the pipe diameter (d/D) exceeds 
0.1. However, in the present analysis all the test results taken at Location 
‘L1’ has a value of d/D < 0.06. Therefore, it is assumed that the settling 
velocities obtained at this specific location are free from wall effects. 
Furthermore (Uhlmann and Dušek, 2014), state that when steady, ver-
tical particle motion is concerned, four basic regimes can be defined 
based on the Galileo number (Ga) that can be expressed as; 

Ga=

⃒̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃒
⃒
⃒

ρp
ρf
− 1

⃒
⃒
⃒
⃒ gd3

√

ν . (11)  

Ga is the ratio of gravity forces to the viscous forces and quantitatively it 
is less than 300 for all the steady-state test cases except for the settling of 
2 mm and 3 mm particles in water. Despite those two outlier cases, all 
the test runs can be categorized as ‘steady vertical’ based on the clas-
sification provided by (Uhlmann and Dušek, 2014). 

3.2.1. Validation of particle tracking method and the experimental results 
To validate the experimental measurements captured by the high- 

speed imaging system, and to prove the accuracy of the particle 
tracking method, the terminal settling velocities (at quiescent condi-
tions) of the three particles in water at Location ‘L1’ were used. Based on 
the terminal settling velocities for those three sizes of glass beads, the 
drag coefficient was calculated using Eq. (12), which is just a re- 
arrangement of Eq. (3); 

CD0 =
4
3

gd
(
ρp − ρf

)

ρf v2
p0

. (12) 

The terminal velocity Reynolds number of the particle (Rep0 =

ρf vpd/μf ) was then calculated as described in section 1.1. The calculated 
CD0 values were plotted upon the drag coefficient (CD0− correlation) versus 
Rep0 correlation (Morrison, 2013, 2016) graph as shown in Fig. 8. This 
correlation is shown in Eq. (13). 

Fig. 6. Frequency sweep test for Fluid 3 at a constant strain at γ = 1%.  

Fig. 7. Terminal settling velocities of spherical particles at station-
ary conditions. Fig. 8. Drag coefficient versus particle Reynolds number.  
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CD0− correlation =
24

Rep0
+

2.6
(

Rep0
5.0

)

1 +

(
Rep0
5.0

)1.52 +

0.411
(

Rep0
263000

)− 7.94

1 +

(
Rep0

263000

)− 8.00 +

0.25
(

Rep0
106

)

1 +

(
Rep0
106

).

(13) 

According to Fig. 8, it can be seen that all the drag coefficient values 
calculated from experimentally measured terminal settling velocity 
values (using high-speed imaging technique and the particle tracking 
method) are within 5% deviation from the data correlation presented by 
(Morrison, 2013, 2016), which is an acceptable variance. 

3.3. Particle displacement in oscillatory conditions along pipe axis 
(location ‘L1’) 

When a particle is settled in a dynamic environment, it experiences 
an imbalance in hydrodynamic forces, and it tries to exhibit different 
falling/rising patterns from that we expect at steady situations. When 
particles are settled in either stationary or oscillatory conditions, the 
deviations in their straight vertical path as well as their unsteadiness 
originate from the characteristics of the fluid motion in the near field 
around the particle and in its wake (Uhlmann and Dušek, 2014). 
Tracking the particle displacement is a proven technique to analyze and 
study the motion particles in unsteady oscillatory conditions while the 
observation of wake patterns provides more in-depth details regarding 
the hydrodynamics. 

3.3.1. Variation of particle displacement with the frequency of oscillation 
The oscillatory motion imposed on the fluid medium was mainly 

characterized by the driving frequency and the amplitude of the fluid 
oscillations being fixed. Therefore, it is important to check how the 
particle moves downwards (or upwards) at different frequencies. Fig. 9 
presents the vertical component of the displacement of the spherical 
particles (1, 2, and 3 mm) in water and Fluid 3 when the fluids are at rest 
(f = 0 Hz) while Fig. 10 presents the same results when the fluids have 
been oscillated. The three panels of Fig. 10 are drawn based on the 
notation basis illustrated in Fig. 3, which is basically for a time period of 
one phase cycle. Diagrams for the displacement evolution for the other 
two test fluids are not shown for the clarity of the figure. Note again that 
the y-axis is positive downwards in all Figs. 9–11. 

It can be seen that the time development plots of the particle 
displacement shown in Fig. 9 are pretty straight forward since they were 
recorded in quiescent conditions. All of them, no matter whether it is 
Newtonian or non-Newtonian, possess a linear displacement profile 
along the test section, and determination of their terminal settling ve-
locity is easy. The typical observations for a particle that settles in a 

quiescent Newtonian (or non-Newtonian) fluid could be seen here. For 
example, larger particles travel through the image frame faster than the 
smaller ones indicating they settle faster. The same-sized large particles 
take a bit extended time to leave the image frame when it is allowed to 
settle non-Newtonian fluid due to the viscous resistance of the non- 
Newtonian fluid. 

However, the displacement profile of the particle when they are 
allowed to settle in an oscillated fluid medium (see Fig. 10) is different 
than that at stationary conditions. The vertical displacement of particles 
in water does not show to be much affected by the oscillation at lower 
frequencies. When the frequency is increased the displacement curves 
for water tend to show some response to the oscillatory motion. How-
ever, it could be seen that the vertical component of the displacement 
curves of the particles in non-Newtonian fluids is significantly affected 
at all frequencies. It seems like particles follow the motion of the 
continuous non-Newtonian fluid medium than it does in a Newtonian 
fluid. When the oscillatory motion is present, the frictional force or the 
drag force together with lift force on the particle act either in the same 
direction as the buoyancy force or in the opposite direction. The 
magnitude of each force depends on the viscosity of the fluid medium 
and the size of the particle. 

The slopes of the curves provide the settling velocity of each particle 
and since in some cases, more than one oscillation period is considered, 
it could be termed as ‘average velocity’. Thus, it could be seen that large- 
sized particles have achieved higher settling velocities at all the oscil-
lation frequencies and all sized particles tend to settle faster in water 
than in any non-Newtonian fluid even at oscillatory conditions. 

3.3.2. Variation of particle displacement with different fluid types 
The displacement profiles shown in Figs. 9 and 10 are only for one 

period of oscillation. However, it is of interest to know how the particles 
settle/rise in different test fluids for a bit of longer oscillation time. 
Therefore, Fig. 11 shows the vertical component of the particle 
displacement for different fluid types, all the particle sizes, and for the 
oscillation frequency equal to 0.75 Hz. 

According to Fig. 11, it can be seen that the displacement of the 
particles in water is not affected significantly even at higher frequencies; 
especially for the large-sized particles. In comparison to that, all particle 
sizes are greatly affected and influenced by the oscillatory motion in 
such a way that they alter their displacement direction (vertically as 
downwards and upwards) from time to time within the oscillation 
period in the course of settling. Fig. 10 shows that the time development 
of the vertical displacement is dominated by sub-harmonic oscillations 
and this could be caused by the phase lag between the particle dynamics 
and the oscillatory flow due to the particle inertia. According to the plots 
of displacement evolution of the particles shown in Fig. 11, a condition 
of partial stability (or stagnation) of the particles could be observed in 
some instances especially at higher fluid viscosities and also for smaller 
sized particles. This temporary stability is simply due to the initial 
relaxation of the particle to align with the action of the combined 
gravitational force (downwards) and the viscous drag (oscillating). If the 
liquid was purely oscillating in absence of gravitation the particles 
would follow nearly the same motion. The only difference would be the 
particle inertia. If the liquid flowed with constant speed in absence of 
gravity, the particle would follow more or less completely aligned, 
except for local liquid perturbations. An alternative but fully equivalent 
way to depict the motion would be to take the numerical time derivative 
of the displacement trajectories to give the “falling speed” of the parti-
cles. However, we chose to show the displacement as these are the raw 
data, and the numerical derivative could be too fluctuating. Fig. 4 shows 
how the trend lines are used to give a steadier estimate. 

Moreover, the displacement plots in Fig. 11 reveal that the distur-
bances to the settling velocity and consequently the possible retardation 
effect would become significant with increasing viscosity of the test 
fluids. Indeed, the larger the viscosity, the smaller the Stokes number of 
settling particles. The relaxation time for particles settling in Fluids 2 

Fig. 9. Vertical component of the particle displacement in water and Fluid 3 
when the fluids are at rest (stationary conditions). The y-axis is posi-
tive downwards. 
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and 3 is small and particles follow the oscillatory flow. Contextually, the 
particle Reynolds number is smaller than in the cases with water, and 
Fluid 1 and correspondingly fluctuations of the fluid velocity around the 
particle are foreseeably weaker. Therefore, when the particle becomes 
smaller in size, it possesses a lower amount of buoyancy compared to the 
drag forces exerted by the continuous liquid medium, and highly viscous 
fluids would arrest the fall velocities at higher oscillation frequencies. 

3.4. Settling velocity of particles in different oscillatory conditions along 
pipe axis (location ‘L1’) 

As explained in section 2.3.2, the average settling velocity of the 
particles at different oscillatory conditions was approximated by fitting 
the vertical component of the displacement profiles of the particles into 
a linear curve and considering its slope. To provide a clear idea about the 
changes in settling velocity of particles at each oscillating condition by 
comparing those with the non-oscillating condition, a velocity ratio (β) 
is defined as; 

β=
vp

vp0
, (14)  

where, vp is the average settling velocity of given particle size at a 
particular oscillation frequency settled along the pipe axis (‘L1’) in a 
particular test fluid. Then vp0 is selected as the terminal settling velocity 
(at non-oscillating conditions) of the same sized particle settled along 
‘L1’ within the same test fluid. Fig. 12 shows how β varies with the 
changing of oscillation frequency for different particle sizes while 
Fig. 13 shows the same for different fluid types for better understanding. 

According to Figs. 12 and 13, it can be observed that the settling 
velocity of the particles at oscillatory conditions has been reduced from 
that at stagnant condition except for a couple of outlier values for the 
combinations of 2 mm particle in Fluid 1 and 1 mm particle in water and 
Fluid 2. The slight variance in β that can be observed at oscillatory 
conditions compared to the terminal settling velocities presented in 
Fig. 7 could be due to the uncertainty effects related to slight variations 
in particle shape and the exact radial position could perhaps be masked 
by azimuthal movement. Moreover, it could also be attributed to a 
condition of adverse pressure-gradient where the wake becomes unsta-
ble and fluctuations of the drag force appear even though the flow is 
laminar for all the test cases based on the oscillatory Reynolds number 
explained in (Mazzuoli et al., 2014; Amaratunga et al., 2020). 

Fig. 10. Vertical component of the particle displacement in water and Fluid 3 at all frequencies. The y-axis is positive downwards.  
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However, Figs. 12 and 13 again prove the fact that water being the 
Newtonian fluid shows the least affected by the oscillations in terms of 
the velocity reduction while the significance of retardation becomes 
increased when the non-Newtonian fluids become more viscous with 
increased shear-thinning effects. 

The variation of β within water always lies close to unity, which 
ranges from 1.05 to 0.92 for all the particle sizes. That indicates that 
there has been only a slight drag enhancement on the particles due to the 
oscillations when they are settled in the water. However, a reduction of β 
in the range from 4 to 23% could be observed in non-Newtonian fluids 
where the maximum reduction is achieved when the particles are settled 
in Fluid 3. This reduction of velocity could be attributed to the 
oscillation-induced increases in the drag coefficient on the particles at 
unbounded shear conditions and to the unstable wake due to the 
continuous changing of the oscillatory flow (Zeng et al., 2009). The drag 
force on the particles in oscillatory conditions is significantly modified 
by the instantaneous relative velocity between the particles and fluids 
(Hwang, 1985) because of the continuous flow changes within the flow. 

Furthermore (Tunstall and Houghton, 1968), state that the occur-
rence of any secondary effects such as phase lag, virtual mass, etc. Can 
also not be negligible with this regard. The existence of fluid inertia and 
viscosity could lead to a phase lag between the fluid and the particles. 
The compressibility of the air pocket in between the piston and fluid 

system has a greater responsibility for this (Houghton, 1966). states that, 
any technique that can increase the phase lag between particle motion 
and the motion of displaced fluid would reduce the settling velocity that 
will eventually increase the hold-up time in two-phase particulate sys-
tems. Furthermore, particle inertia is not negligible to that of the fluid in 
this scenario and the drag coefficient is most likely be affected by the 
unsteadiness of the wake. 

3.5. Effect of the shear region on settling velocity (settling at ‘L2’ and 
‘L3’) 

As explained in the introduction, since the unsteady oscillatory pipe 
flow undergoes flow reversals continuously and thus the axial velocity is 
varying both in magnitude and direction, the shear rate is time-varying 
and effects from that become more pronounced for non-Newtonian 
fluids. 

The same approach has been taken as described in Eq. (13) to 
quantify the effect of walls at stationary conditions and the effect of the 
shear region at oscillatory conditions. Here the instantaneous settling 
velocity of the particle (vp) refers to the value either along ‘L2’ or ‘L3’. 
vp0 is the same as that measured along ‘L1’ for resting fluid. 

Fig. 11. Vertical component of the particle displacement in all test fluids at f = 0.75 Hz. The y-axis is positive downwards.  
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3.5.1. Wall effects at stationary conditions 
When a spherical particle settles within some confined walls, it ex-

periences a retardation effect and reduces its settling velocity. This effect 
is quantified in terms of a wall factor (Malhotra and Sharma, 2012) 
which is defined as the ratio of the settling velocity in the presence of 
confining walls to the unbounded settling velocity in the same fluid. The 
presence of walls generally creates an enhancement of the drag force 
(Zeng et al., 2009), and more importantly the particle experiences a lift 

force that is either directed toward or away from the wall. This lift force 
(Fischer et al., 2002) is often much smaller in magnitude than the drag 
force and plays a vital role in determining the solids separation or sus-
pension capacities in many industrial applications. Authors have 
investigated the wall effects on particle settling at steady conditions and 
Fig. 13 shows the velocity ratio at different locations where β at ‘L1’ 
always reads as unity based on the definition of β in Eq. (14). 

According to Fig. 14, it can be seen that the wall effects are 

Fig. 12. Variation of β at different oscillation frequencies for different particle sizes.  

Fig. 13. Variation of β at different oscillation frequencies in different fluid types.  
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significant when smaller sized particles settle in both Newtonian and 
non-Newtonian fluids. When a 1 mm particle settles in water, β shows a 
reduction of around 25% while it is just around 3% when a 3 mm par-
ticle settles in water. 

Furthermore, it is observed that the wall retardation becomes less 
significant when the non-Newtonian fluids become more viscous and it 
becomes less severe in power-law fluids than in Newtonian fluids. The 
outliers in the experimental data points presented in Fig. 14 could be 
attributed to the transverse (lift) force that is directed away from the 

wall at those particular instances. According to (Zeng et al., 2005, 2009), 
when the Re becomes higher (around 200), a more pronounced 
one-sided double-threaded wake could be observed between the particle 
and the wall. Furthermore, when the particle becomes closer and closer 
to the wall, the recirculation region opposite of the wall and the vorticity 
are significantly larger than that within the gap between the particle and 
the wall which will eventually increase the drag force on the particle. 
However, the effect of particle size on oscillation-induced retardation is 
more significant than that observed for the wall-effect in the absence of 

Fig. 14. Wall effects on particle settling at steady conditions in different fluid types.  

Fig. 15. Effect of the shear region on particle settling at oscillatory conditions in different fluid types.  
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oscillation. 

3.5.2. Effect of the shear region at oscillatory conditions 
In comparison to the wall-effects at stationary conditions, a particle 

which moves parallel to a wall in an oscillatory flow behaves in a slightly 
different manner since it does not experience a transverse (lift) force at 
least within the Stokes region (Zeng et al., 2009). However, with the 
introduction of the inertial effects in oscillatory flow, the lift force has 
three contributions from the shear flow, from the rotation itself and from 
the wall where it is bounded. The relative motion of the surrounding 
liquid and the particle within the gap between the particle and the wall 
contributes to this inward or outward lift forces which can be significant 
when the flow becomes more inertia dominated (high Re). Fig. 15 shows 
how the velocity ratio (β) varies when the particle can settle closer to the 
pipe wall in oscillatory conditions. 

It could be seen that when the particle is close to the wall in water, β 
tends to reduce. But, when it is allowed to settle in non-Newtonian fluids 
closer to the wall and at oscillating conditions, β tends to show a slight 
increase. This slight increase may not be sufficient to overcome the 
terminal settling velocity at stationary conditions, but that is consider-
able and interesting to study since it is expected to have an increased 
drag as a result of both shear flow and the wall-effect. Despite the slight 
anomalies shown by the 1 mm particle from the above-mentioned 
observation, 2 mm and 3 mm particles are in good agreement. Such 
slight anomalies shown by the 1 mm particle could be attributed to the 
irregularities of the shape and size of the particle and also the break-neck 
effects exerted by the mechanical oscillatory system to the fluid me-
dium. The slight increase in β could be attributed to the increased shear 
effects and the slight drag reduction within the Stokes region (Zeng 
et al., 2005, 2009) in the presence of the oscillations, which can be 
elucidated as follows. 

The viscosity of most water-based drilling fluids is formulated by a 
combination of polymers similar to the test fluids in the current study. 
Besides, water-based drilling fluids may contain some additives to 
achieve desired agglomeration effects. The structural units and surface 
charges between those particles in polymeric liquids may get weakened 
by the oscillations/vibrations and that leads to a reduction of internal 
liquid viscosity. It is to be noted that the cyclic maximum shear rate 
change occurs mostly near the pipe wall, and thus the resulting viscosity 
reduction is more pronounced in the near-wall regions (Amaratunga 
et al., 2020). This explains the fact that, when the shear-thinning 
non-Newtonian fluids (primarily water-based polymeric liquids) are 
subjected to oscillatory motion, there will be a substantial reduction of 
viscosity of the fluid and that will result in the reduction of the drag 
force on the settling particles and consequently experiences faster 
settling. Furthermore, it is important to know that there exist some in-
teractions of the particle with the coherent vortex structures in the 
near-wall region as explained by (Mazzuoli et al., 2014) and the hy-
drodynamic force on the sphere is characterized by such complex time 
development. Since the particles are released fairly close to the wall at 
L3, their trajectory (and thus the average velocity) is largely influenced 
by the vorticity present in the vicinity of the wall. Vortices are generated 
in the boundary layer during some positions of the oscillation period. 

Therefore, the non-linear dependence of the drag force on the rela-
tive velocity of the particle to fluid becomes apparent in the presence of 
oscillatory motion since the shear effects come into action and the shear 
rate increases closer to the walls. It can be concluded that the mean 
relative velocity of settling (or rising) of particles in a liquid medium is 
reduced if the liquid medium is made to undergo sinusoidal vertical 
oscillations. However, the settling particles in that oscillating fluid 
medium closer to the pipe wall would experience a slight reduction in 
drag within the shear region than that in the core region. 

3.6. Error analysis 

As stated previously, it is important to discuss the error associated 

with the current analysis since it contains some approximations in 
averaging the settling velocity at oscillatory conditions, which is the 
significant parameter in the present study. The error sources associated 
with this study could be two-fold; namely, (i) the experimental (or the 
random) error when capturing the position of the settling particle and 
(ii) the error associated with approximating the slope for the displace-
ment profile of the particles when they are settling in oscillatory con-
ditions. In a way, the latter could be considered as a ‘systematic’ error 
since it is obvious to deviate from the linear curve. On the other hand, 
the size of the particles is not exactly 1, 2, or 3 mm (as shown in Table 2) 
could also be a slight contribution to the systematic error of the exper-
iment. However, it is of great importance to mention here that, the 
vertical displacement of the particles has been recorded for a time long 
enough to estimate the average slope with precision. The authors wan-
ted to investigate the behavior of the falling particle throughout its 
whole path within the test section rather than just calculating the 
average velocity at the bottom of the test section as ‘a specified distance 
divided by the time spent’. 

To assess the associated error and to enhance the accuracy of results, 
all the experimental cases were repeated three times. Out of those trials, 
it could be observed that the terminal settling velocities at stationary 
conditions has the lowest standard deviation of 0.000437 m/s when 3 
mm particle settles in Fluid 3 and the largest standard deviation of 
0.0387 m/s when 1 mm particle settles in water. Even for the oscillatory 
cases, the random error was not significant in such a way that their 
standard deviations are comparably too small. This indicates that the 
random error which is associated with the results of this particular study 
would be not that significant. 

Furthermore, when approximating the slope for the displacement 
profile of the particles under oscillatory conditions, some cases exhibited 
significant deviations as shown in Fig. 16. It can be seen that R2 values 
are within the acceptable range (>90%) for still fluids, and also when 
they oscillated at very low frequencies. Further increase in the frequency 
enhances the deviation especially for the smaller sized particles when 
they are settling in highly viscous non-Newtonian fluids. The lowest R2 

values recorded are around 17% when 1 mm particle settles in Fluid 3. 
As stated in section 3.3.2, the condition of partial stability or the tem-
porary stagnation of the particles within its course of settling is the 
closest reason for this increased deviation (or lower R2 value) for 
smaller-sized particles in high viscous non-Newtonian fluids. As earlier 
mentioned, it was found to have certain oscillation frequencies where 
the absolute downward displacement of the particle is smaller than its 
displacement in the opposite direction, regardless of the gravitational 
force. And so, the displacement profile of the particle also showed more 
or less sinusoidal pattern which consequently reduces the R2 value of the 
fitted linear curve. The authors understand the necessity of performing 
more tests for each experimental condition to achieve better conver-
gence statistics and a comprehensive investigation would require 
observing the velocity field around the particle during its motion, for 
instance utilizing PIV measurements. 

However, taking the average settling velocity even with such low R2 

values were successful in quantifying the oscillation-induced reduction 
of settling velocity of particles in Newtonian and non-Newtonian fluids. 

4. Conclusion 

This experimental investigation was carried out to study the effects 
of oscillatory motion on the settling of spherical particles in Newtonian 
and slightly viscoelastic non-Newtonian fluids. 144 different experi-
mental cases were tested for 3 different frequencies and still fluid, 3 
different particle sizes, 4 different fluid types, and 3 different locations 
within the pipe. The study concludes that;  

• Oscillations lead to increased drag force exerted on the settling 
particles in both Newtonian and non-Newtonian fluids. 
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• The increased drag effect becomes significant in stagnant conditions 
when the non-Newtonian fluids are more viscous and shear-thinning. 
This reduction of terminal settling velocity could also be attributed to 
the negative wake that is perceived to happen only in shear-thinning 
viscoelastic fluids.  

• In quiescent fluids, the rate of increase in terminal settling velocity 
(with increasing particle size) is higher for water and low viscous 
NNFs compared to that in high viscous NNFs. This means that larger 
particles settle down at a slower rate than the smaller particles when 
the shear-thinning of the NNF is increasing (when n becomes low). 
Therefore, increasing shear viscosity may be an effective solution to 
achieve suspensions of large-sized particles.  

• A condition of partial stability of the particles within its course of 
settling could be observed in some instances especially at higher fluid 
viscosities and also for smaller sized particles under oscillatory 
conditions. Such temporary stable condition could be seen only when 
the fluid medium moves upward in its oscillating period due to the 
neutralization of finite buoyancy forces by the gravitational and drag 
forces acting on the particle.  

• The settling velocity of particles in both Newtonian a non-Newtonian 
fluids experiences reduction under oscillatory conditions. This 
reduction of settling velocity may be primarily related to increased 
drag forces induced by the fluid oscillations.  

• Velocity retardation effect under oscillatory conditions becomes 
significant by reduction of the power-law index, n and with relatively 
large-sized particles.  

• The impact of wall retardation at steady conditions becomes less 
significant when the non-Newtonian fluids become more viscous and 
it becomes less severe in power-law fluids than in Newtonian fluids.  

• The effect of particle size on oscillation-induced retardation is more 
significant than that observed for the wall-effect in the absence of 
oscillation.  

• When the shear-thinning non-Newtonian fluids (primarily water- 
based polymeric liquids) are exposed to oscillatory motion, there 
will be a reduction of viscosity of the fluid closer to the pipe walls 
where the shear region exists and that will result in the reduction of 
the drag force on the settling particles.  

• Even though the approximation of average settling velocity from 
particle displacement profile (as described in section 2.3.2) seems 
less accurate in some instances, it is a successful way in quantifying 
the oscillation-induced retardation of settling velocity of particles in 
Newtonian and non-Newtonian fluids. 

As an overall idea, the analysis presented in this manuscript reveals 
that an enhancement of suspension and mixing in both Newtonian and 
non-Newtonian fluids could occur in oscillatory flows. However, when 
particles are moving close to the pipe wall in oscillatory shear-thinning 
non-Newtonian fluid medium, they experience a slight reduction in drag 
compared with the Newtonian case. The shear rate at equivalent flow 
rate is higher in shear-thinning liquids close to the wall, thus the 
effective viscosity is reduced. Furthermore, the authors expect that this 
work will stimulate further experimentation on different aspects espe-
cially in understanding the hydrodynamics forces on the particles being 
settled in oscillatory non-Newtonian fluids. 
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