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Abstract

Most real-world flows are multiphase, yet we know little about them compared

to their single-phase counterparts. Multiphase flows are more difficult to investigate

as their dynamics occur in large parameter space and involve complex phenomena

such as preferential concentration, turbulence modulation, non-Newtonian rheology,

etc. Over the last few decades, experiments in particle-laden flows have taken a back

seat in favour of ever-improving computational resources. However, computers are still

not powerful enough to simulate a real-world fluid with millions of finite-size particles.

Experiments are essential not only because they offer a reliable way to investigate real-

world multiphase flows but also because they serve to validate numerical studies and

steer the research in a relevant direction. In this work, we have experimentally inves-

tigated particle-laden flows in pipes, and in particular, examined the effect of particles

on the laminar-turbulent transition and the drag scaling in turbulent flows.

For particle-laden pipe flows, an earlier study [Matas et al., 2003] reported how

the sub-critical (i.e., hysteretic) transition that occurs via localised turbulent structures

called puffs is affected by the addition of particles. In this study, in addition to this known

transition, we found a super-critical transition to a globally fluctuating state with increas-

ing particle concentration. At the same time, the Newtonian-type transition via puffs is

delayed to larger Reynolds numbers. At an even higher concentration, only the globally

fluctuating state is found. The dynamics of particle-laden flows are hence determined

by two competing instabilities that give rise to three flow regimes: Newtonian-type tur-

bulence at low, a particle-induced globally fluctuating state at high, and a coexistence

state at intermediate concentrations.

The effect of particles on turbulent drag is ambiguous, with studies reporting drag

reduction, no net change, and even drag increase. The ambiguity arises because, in

addition to particle concentration, particle shape, size, and density also affect the net
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drag. Even similar particles might affect the flow dissimilarly in different Reynolds num-

ber and concentration ranges. In the present study, we explored a wide range of both

Reynolds number and concentration, using spherical as well as cylindrical particles.

We found that the spherical particles do not reduce drag while the cylindrical particles

are drag-reducing within a specific Reynolds number interval. The interval strongly

depends on the particle concentration and the relative size of the pipe and particles.

Within this interval, the magnitude of drag reduction reaches a maximum. These drag

reduction maxima appear to fall onto a distinct power-law curve irrespective of the pipe

diameter and particle concentration, and this curve can be considered as the maximum

drag reduction asymptote for a given fibre shape. Such an asymptote is well known for

polymeric flows but had not been identified for particle-laden flows prior to this work.
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1 Introduction

Flowing fluids play a key role in numerous natural and industrial processes. The major-

ity of biological processes vital for survival, like breathing, blood flow, cell division, in-

volves fluid flows; most natural phenomena, such as ocean currents, weather patterns,

the evolution of stars, etc., are governed by fluids. From a commercial standpoint,

every trillion-dollar industry, such as health, defence, transportation, energy, relies on

harnessing fluid flows for their progress. A sound understanding of fluid flows is essen-

tial to comprehend these diverse phenomena and processes.

A flowing fluid exerts a force on its surroundings. At the same time, moving fluids

in contact with a surface experience a resistive force: drag. At low speeds, fluid flows

are laminar. For laminar flows, the motion of the fluid particles is orderly ; they move

in parallel layers with no cross-current between the layers. With increasing speed,

the flow changes from a laminar to a turbulent flow. This phenomenon is termed as

the laminar-turbulent transition. For turbulent flows, the motion of the fluid particles is

chaotic; fluid particles do not move in layers and experience abrupt changes in velocity.

Turbulent flows are composed of seemingly unorganised swirls of varying sizes and

have significantly higher drag than the laminar flow of the same fluid. Most flows of any

practical relevance are turbulent.

Real-world flows are often more complex than the idealised single-phase case. Air

currents disperse dust particles, sand, and water droplets; rivers carry suspended par-

ticles; blood is a mixture of solid particles like blood cells and liquid plasma. In real-

ity, the majority of industrial flows, biological processes and natural phenomena are

a ‘cocktail’ of various phases. To understand these flows in totality, modelling them

simply as single-phase flow is insufficient and we must account for their multiphase

characteristics. The different phases in the flow influence each other’s dynamics, and
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results could diverge significantly from a single-phase analysis.

The equation of motion for single-phase flows, the Navier-Strokes equation, has

been known since the 1820s. No such simple equation describing multiphase flows is

known to date. In addition to the Navier-Strokes equation, to describe multiphase flows

we need constitutive laws for material properties and interactions of various phases.

These laws are system-specific. The wide variety of multiphase flows — such as emul-

sions, bubbly flows, gas-particle flows and fibre suspensions and so on — makes it

impossible to infer constitutive laws common to all. Besides, the properties of the sus-

pending fluid can vary, adding to the diversity.

Given the diversity of multiphase flows, it is unfeasible to address all the various

types of flows simultaneously. Therefore, for this thesis, we limit our attention to solid

particles suspended in a Newtonian fluid, and we study the suspension in a pipe flow

setup. Even for the simplified case, the parameter space is enormous: at least five

dimensionless parameters compared to just one for single-phase flows [Kvick, 2014].

For pipe flow of a single-phase Newtonian fluid, the laminar-turbulent transition and

the drag scaling with the flow speed is well-known. The transition is sub-critical, i.e.,

it is produced by finite-amplitude perturbations. Removing the sources of perturba-

tions, such as smoother inflow condition, polished pipe walls etc., one can prevent the

flow from ever turning turbulent. Turbulent flow has a higher drag resulting in a larger

pressure drop, and therefore, more energy is required to transport a turbulent flow

compared to a laminar flow.

The particle-laden flows, also eventually turn turbulent. However, we do not know

how the particle-laden flows transition to turbulence, nor is it well know how the tur-

bulent drag scales with the flow speed. Do the particles alter the transition process

and, if so, how does it vary with particle concentration? Is the resultant turbulent flow

qualitatively different from the turbulence in single-phase flows? As far as flow drag is

considered, for a laminar flow, particles invariably increase it. The flow dissipates ad-

ditional energy as the streamlines in the flow are redirected around particles [Barnes,

2000]. The inter-particle interactions also dissipate significant energy. Surprisingly, un-

der specific conditions, the particles reduce the turbulent drag even though the laminar

drag increases. However, we do not know how the particle composition (their shape,

size, density), particle concentration, flow speed, etc. influence drag reduction. These
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are some of the questions we investigate in the present study.

The majority of earlier works in the field of particle-laden flows have been experi-

mental. Over the last thirty years, numerics has been preferred, and the number of ex-

perimental studies have plummeted. This is partly because computer simulations have

improved, but mostly because experiments with the particle-laden flow are challenging

and costly. Optical techniques, like Particle Image Velocimetry, PIV, which has proven

immensely useful for velocity measurements in single-phase flows, are unsuitable for

particle-laden flows. Especially at high concentrations, where the suspension is gen-

erally opaque. Techniques such as Ultrasound Image Velocimetry are not restricted

by high particle concentration but are limited in the scales they can resolve. Hence,

velocity measurements are challenging, and researchers often rely on pressure mea-

surements. Measuring pressure itself is also more challenging for particle-laden flows

than in single-phase flows as the particles frequently clog the pressure ports, resulting

in spurious readings. Special ports are required to avoid clogging. Furthermore, the

suspension is difficult to handle as it frequently froths and forms clumps with the slight-

est agitation. We have discussed the experiment design and ways to overcome these

problems in detail in subsequent chapters and relevant sections.

Even with improved algorithms, it is not possible to simulate a real-world fluid with

millions of finite-sized particles. To simulate real-world suspensions in detail, not only

do all the fluid flow scales need to be resolved but also the positions, velocities, orien-

tations and interfaces of millions of particles must be resolved. The computer power

and speed required to do this is far beyond present capabilities, especially for turbu-

lent flows. Therefore, simplifications are essential in models of most multiphase flows.

Often these simplifications can lead to artefacts in the results, and different models or

assumptions can lead to different outcomes. Experiments are essential to verify the

numerical models and at the same time, they present a reliable way to study real-world

flows with numerous large particles.

In this thesis, we experimentally studied laminar-turbulent transition, in a pipe flow

setup, for a wide range of particle concentrations, up to 25%. We also looked at their

influence on turbulent drag for high Reynolds number, up to 250, 000. To reduce the

parameter space, we only used particles whose density was matched with the sus-

pending fluid. We opted for a circular pipe geometry as it is convenient to set up a long
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pipe compared to channels. However, pressure and velocity measurements are more

challenging in pipes. For particle-laden flows, there are relatively fewer studies, both

experimental and numerical, for pipe flows than for channel flows.

particle-laden flows are rich in complex phenomena like preferential concentration,

complex rheology and turbulence modulation. We don’t examine any of these phenom-

ena in isolation but these phenomena are intrinsically interlinked with each other, and

together, conspire to alter the laminar-turbulent transition and flow drag, which are the

topics of interest for this thesis. Preferential concentration, turbulence modulation and

particle rheology are active fields of study, and we are nowhere close to fully under-

stand how different parameters influence them. However, we have highlighted some

general trends from the current understanding of these phenomena in the following

sections.

1.1 Preferential Concentration

Turbulent flows redistribute particles and create local regions of high and low con-

centration, a phenomenon called ‘preferential concentration’ or ‘clustering’. This phe-

nomenon can create dense particle clusters even in dilute suspensions. In such a

scenario, the flow cannot be treated as non-interacting as the dense clusters could

have significant back-reaction on the flow, and the particles could be close enough to

interact with each other. The back-reaction and particle interactions in turn can affect

particles’ settling velocity [Guha, 2008], particle collision and coalescence (for fluid par-

ticles) [Kuerten and Vreman, 2015; Kuerten, 2016], and modulate turbulence [Gualtieri

et al., 2013] and so on. Therefore, it is crucial to understand preferential concentration

to capture the particle dynamics and their effect on the flow.

Conventional theories treat turbulence in a purely statistical sense where turbulence

applies random forcing on the particles [Mei et al., 1991]. These theories treat particle

dispersion as enhanced diffusion due to turbulence, such that initially uniformly dis-

tributed particles will remain so in the absence of body forces. However, many studies

observed non-uniform particle distribution in turbulent flows; see for example Eaton and

Fessler [1994] and references therein. Due to differences in inertia, a particle does not

behave as a fluid element would at its location: Turbulence has a cascade of different
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scales [Pope, 2001] and coherent structures [Hussain, 1986]; inertial particles inter-

act only with specific scales and filter out others. Therefore, particles tend to sample

certain flow regions more frequently than others, resulting in preferential concentra-

tion. The bias in sampling is active not just for dense suspensions but also for dilute

suspensions and even individual particles, where particle accumulation is not visible

[Eaton and Fessler, 1994].

Several factors influence the phenomena of preferential concentration, including

particle density, size, concentration, shape and the type of flow. The effect of density,

size and type of flow are unified in a dimensionless number called the Stokes number

St = τp/τf ; a ratio of particle response time, τp, that incorporates the effect of particle

size and density, to the fluid response time, τf , that encodes the type of flow. Under

Stokesian assumption, the particle response time is:

τp =
ρpd

2
p

18µf

where ρp is the particle density, dp is particle diameter, and µf is the dynamic viscosity

of the fluid. There are various possible choices for the fluid time scale, such as large

eddy turnover time, Kolmogorov time scale, time scale associated with the mean shear

etc. [Eaton and Fessler, 1994]. A commonly used one is the Kolmogorov scale.

The Stokes number plays a central role in determining the effect of turbulence on

a particle’s motion [Crowe et al., 1988]. Several authors observed that the preferential

concentration is most pronounced for Stokes numbers close to unity [Fessler et al.,

1994; Bec et al., 2007]. Particles with a small Stokes number (St << 1) respond

quickly to the flow and behave as tracers; they adroitly follow the fluid streamlines and

do not preferentially concentrate. Particles with a high stokes number are sluggish

and barely respond to the flow. Due to the ever-changing flow field in a turbulent flow,

they only have a finite time to interact. Hence, these particles do not show prefer-

ential concentration either. Preferential concentration is most active for particles with

a Stokes number close to unity. Such particles follow certain flow structures but not

the others. They are unable to follow curved streamlines and are thrown out of vortex

cores, accumulating either on the periphery of large vortices or on the saddle nodes

between the vortices. The majority of these inferences are drawn from the studies

on free shear flows [Crowe et al., 1985; Wen et al., 1992; Kobayashi et al., 1992;
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Longmire and Eaton, 1992]) and homogeneous-isotropic turbulence [Monchaux et al.,

2012].

For wall-bounded flows, spherical particles tend to migrate deep in the sub-layer

close to the boundaries and form a particle wall-layer [Young and Hanratty, 1991a;

Young and Hanratty, 1991b; Brooke et al., 1992]. Young and Hanratty [1991a; 1991b]

attributed the wall-layer to a phenomenon known as turbophoresis [Reeks, 1983], in

which particles in the regions of higher turbulent intensity disperse quicker than in

other regions, and therefore the particles accumulate in the regions of lower turbulence

intensity. Turbophoresis is driven by a differential in turbulent dispersion rates between

different regions of a flow. In wall-bounded turbulent flows, turbulence intensities vanish

at the solid boundaries and, as a result, the particles accumulate at the wall.

Brooke et al. [1994] in numerical simulation of small (sub-Kolmogorov) particles

observed that turbophoresis only played a minor role in the formation of the wall-layer

as compared to the interaction of the particles with the turbulence producing vortices,

resulting in ‘free-flight particles’. Here, the turbulence producing vortices expelled the

particles at high velocities. The particles then travelled long distances, detached from

the rest of the flow due to their high momentum, and were eventually trapped at the

walls. They also noticed that the particles were distributed unevenly in the wall-layer

and accumulated in the low-speed streaks.

Recent studies highlight a more detailed picture of the wall-layer formation and par-

ticle accumulation in the low-speed streaks. The particles arrive at the wall via fluid

in-sweep, while the ones trapped at the wall escape via fluid ejection [Soldati and

Marchioli, 2009]. However, the ejection and in-sweep events are asymmetrical; the in-

swept fluid has higher momentum while ejected fluid has lower momentum [Robinson,

1991]. Therefore, particles do not follow ejection events as dexterously as the in-sweep

events. The asymmetry in the two processes drives the phenomenon of turbophore-

sis that results in particle accumulation close to the wall [Soldati and Marchioli, 2009;

Picano et al., 2009]. The particle concentration in the wall-layer does not increase in-

definitely but reaches a steady state eventually. Picano et al. [2009] showed that the

accumulation of the particles in the low-speed streak is required to achieve the steady

state. The low-speed streaks are ejection like environments. The fluid in the low-speed

streaks is ejected, and with that, any particles in it. The high particle concentration in
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the low-speed streak compensates for the inefficient ejection events. Thus, in equilib-

rium, the same number of particles are ejected out as are brought to the wall by more

efficient in-sweep events. The formation of a wall-layer depends on the Stokes number.

The particles with small Stokes number, due to their low inertia, are equally responsive

to both ejection and in-sweep events, and hence, don’t form a wall-layer. Similarly,

high Stokes number particles are equally unresponsive. However, the numerical stud-

ies elucidating the above mechanism are restricted to the point particle approximation

where the particles are smaller than the Kolmogorov length scales.

The Stokes number captures particle dynamics reasonably well for small particles.

However, recent studies indicate that for finite-sized particles i.e., particles larger than

Kolmogorov length scale, particle size and density are not interchangeable quantities

even for a fixed Stokes number. Finite-sized particles with the same Stokes number

(response time) but distinct diameters have a different impact on the carrier flow [Lucci

et al., 2010; Lucci et al., 2011]. The particles filter out the effect of smaller eddies

— smaller than their size — and only larger eddies contribute to their transport and

dispersion [Qureshi et al., 2007]. To account for the finite-size, Xu and Bodenschatz

[2008] proposed a modified Stokes number. For the fluid response time, instead of

the Kolmogorov scale, they used a turbulent dynamic time scale at the particle size

and, for the particle response time, they used a correction term based on the particle

Reynolds number, Rep = ρUreldp/µ. Here, Urel is the particle-fluid relative velocity, dp

is the particle diameter, µ and ρ are the fluid viscosity and density, respectively. Based

on the modified Stokes number, Fiabane et al. [2012] observed that for finite-sized

particles, even for Stokes numbers close to unity, large neutrally buoyant particles do

not cluster whereas small heavy particles do. The Stokes number alone is insufficient

to capture the entire physics, and several dimensionless numbers may be required for

a complete understanding of particle behaviour in a turbulent flow.

Unlike spherical particles as discussed so far, turbulent flows of non-spherical par-

ticles occur in a large parameter space that is largely unexplored. Kvick et al. [2014]

mapped out at least nine parameters, and correspondingly five non-dimensional groups,

necessary to understand fibre suspension flow. He noticed in channel flow exper-

iments that, similar to spheres, inertial fibres also preferentially accumulate in low-

speed streaks. This is also observed in a DNS study for small fibres by Marchioli et al.
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[2010]. According to Do-Quang et al. [2014], this scenario can dramatically change if

particles are fully resolved but lack inertia. Here, the particles segregate in the high-

speed streaks instead of the low-speed streaks probably because wall interactions of

the inertia-less fibres prevent them from moving to low-speed streaks.

Small fibres or ellipsoids, can also form a layer close to the wall. Unlike spherical

particles, the layer is not immediately at the wall, but a bit further away [Zhao and

Van Wachem, 2013; Zhao et al., 2015a]. According to Zhao et al. [2015a] the difference

in the location of the wall-layer between the spherical and elliptical particles is possibly

because the two types of particles interact differently with the wall: elliptical particles

rotate on collision with the wall, whereas spherical particles can only bounce back.

The mechanism of the wall-layer formation is similar to that for spherical particles, i.e.,

asymmetry in in-sweep and ejection intensities. Interestingly, Ardekani et al. [Ardekani

and Brandt, 2019] did not notice a wall layer for finite size spheroids in their channel

flow simulations.

For asymmetrical particles, in addition to preferential accumulation, fibre orienta-

tion also determines the dynamics. In homogeneous-isotropic turbulence, the axis with

the lowest moment of inertia (symmetry axis for fibres) aligns with the local vorticity

vector. But overall there is no mean preferred alignment direction [Ni et al., 2015;

Voth and Soldati, 2017]. For wall-bounded flows close to the centreline, the turbu-

lence is nearly isotropic, and therefore, the fibre distribution is random. However, fibres

preferentially align near the wall. Small aspect ratio or low-inertia fibres orient in the

spanwise direction. Increasing the inertia or aspect ratio changes the orientation from

the spanwise to the streamwise direction. This behaviour is observed both in numer-

ics with small inertial fibres [Zhao et al., 2015b], and in experiments with large fibres

of varying lengths [Kvick, 2014]. According to Kvick et al. [2014], the difference in

orientation between short and long fibres could occur due to a competition between

wall interactions, driving the fibres towards a spanwise orientation, and fluid inertia,

counteracting this tendency.

In addition to preferentially concentrating and aligning, particles also preferentially

rotate. According to Zhao et al., for inertial particles smaller than (or on the order

of) the Kolmogorov length scale [2015b], the particles under the action of turbulence

sample certain regions of the flow more than others resulting in particle clusters. The



9

preferential sampling is usually shape independent. In the sampled regions the parti-

cles align because of the torque imposed on them either by the mean shear or by the

local fluid vorticity. The flow structure that the particles respond to depends on their

inertia; the higher the inertia the more they respond to the mean shear and filter out

local vorticity (small scales). Once aligned, they rotate (spin of tumble) based on their

orientation relative to the mean shear or local vorticity, whichever dominates. For large

inertial particles close to the wall the orientation and rotation are controlled by the mean

shear. The particles align with their axis of minimum moment of inertia (symmetry axis

for the fibres and one of the long axis for the discs) in the flow direction due to which

rods tumble and discs spin. In the absence of the mean shear, such as at the channel

centre, or if the particles have very low inertia, their alignment is governed by the lo-

cal vorticity. The particles align parallel to the vorticity direction resulting in a different

rotation as compared to the wall region. Here, the rods spin and the discs tumbles.

1.2 Turbulence Modulation

Turbulence influences the particle distribution, and the particles, in turn, apply a back-

reaction to the flow. For sufficient particle concentration, this back-reaction can modify

the turbulence structure of the flow. The particles do not affect the flow uniformly but

attenuate specific scales and augment the others. Particle shape, size, Stokes number,

concentration, fluid Reynolds number, particle Reynolds number, and the existence of

flow boundaries determine the extent and details of the turbulence modulation.

On the one hand, a particle dissipates energy due to the no-slip boundary condition

at its surface. On the other hand, the particle’s relative motion with the fluid causes

vortex shedding that enhances the turbulent kinetic energy. Furthermore, the particle

could extract a portion of its momentum from the flow or transfer some momentum to

the flow. The combined effect alters the energy spectra and turbulence intensities at

various scales [Gore and Crowe, 1989]. The exact mechanism of turbulence modu-

lation is a topic of intense research and the effect of various parameters are largely

unknown. The following paragraphs summarise some key aspects of our present-day

understanding.

Many authors first studied the simple flow configuration of homogeneous isotropic
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turbulence in the two-way coupling regime, i.e., at low volume fractions where inter-

particle interactions are insignificant. For small particles — particles smaller than the

Kolmogorov scales — the Stokes number (St) fully characterises the turbulence mod-

ulation [Ferrante and Elghobashi, 2003]. These particles are normally heavier than the

carrying fluid. For St << 1, the particles adroitly follow the flow with little resistance

and behave like tracers. For higher Stokes number, but still smaller than unity, St < 1,

they augment turbulent kinetic energy at all scales because the flow carries the heavy

particles with it, increasing its kinetic energy. Conversely, for St > 1, they attenuate tur-

bulent kinetic energy at all scales because the particles strongly resist the flow motion.

An exceptional case emerges for particles with St ≈ 1. Here, the particles attenu-

ate the turbulent kinetic energy at the large scales whereas enhancing at the small

scales. This uneven effect is due to preferential concentration of the particles [Gualtieri

et al., 2013]. Particles with St ≈ 1 exhibits the strongest preferential concentration.

They accumulate in specific regions of the flow and avoid the other, thus, imposing a

disparate back-reaction at different flow scales. The Stokes number and the particle

concentration are the only important parameters for small particles.

For finite-size particles, in addition to preferential concentration, their wake dynam-

ics is important, and so, particle Reynolds number, plays a significant role [Hetsroni,

1989] to determine turbulent modulation. For small particles, Rep << 1, and therefore,

their wake dynamics is insignificant. The Rep increases for increasing particle size,

and beyond a critical value, results in an unsteady wake. The velocity fluctuations in

the wake are usually similar to or smaller than the particle size, and therefore, aug-

ment the kinetic energy of the smaller eddies. Even in the absence of unsteadiness,

the randomly oriented wakes superpose on each other and contribute to small scale

fluctuations [Balachandar and Eaton, 2010]. In contrast, the large eddies accelerate

the particles, and in return, the particles exert a counter torque on the eddies, opposing

their motion and reducing their kinetic energy [Yuan and Michaelides, 1992]. There-

fore, finite-size particles augment energy at the smaller scales and attenuate energy at

the larger scales [Ten Cate et al., 2004].

According to Gore and Crowe [1989], the net effect is that the particles, smaller than

1/10th of the integral scale, attenuate turbulence whereas larger particles augment it.

Although the exact demarcation size differs for various regions of the flow and flow
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geometry [Gore and Crowe, 1991], in general, subsequent experiments agreed well

with their observations [Balachandar and Eaton, 2010].

In the dilute regime, as discussed so far, the particle interactions are insignificant

and are therefore not considered. For higher concentrations, however, particle inter-

actions are essential. For finite-sized particles, the turbulent kinetic energy changes

non-monotonically with increasing particle volume fraction. For small volume fractions,

the particles attenuate turbulence due to an overall increase in the particle surface

area. An increase in the surface area enhances dissipation and reduces turbulence

kinetic energy. For high volume fractions, however, the particle interactions induce re-

gions of high Reynolds shear stresses, implying, intensified turbulence activity [Yousefi

et al., 2020]. The balance of the two effects, the dissipation at a particle’s surface

and the inter-particle region with high shear, determines the critical particle concentra-

tion where the trend is reversed. For pipe and channel flows, the turbulence is nearly

homogeneous-isotropic close to the centreline and so, the particle dynamics is similar

to that for homogeneous isotropic turbulence. However, the confinement effect of walls

has added implications. Spherical particles accumulate in a layer close to the wall.

This wall-layer separates the dynamics near the wall from the homogeneous suspen-

sion in the core [Costa et al., 2016]. The wall-layer is present for both channel and pipe

flows [Ardekani et al., 2018], but most previous studies have dealt with the channel flow

setup. The spherical particles in the wall-layer rotate with high angular velocity, thereby

increasing the turbulence activity compared to a single-phase flows — spanwise ro-

tations that bring high momentum fluid close to the wall are the most dominant. In

addition to the turbulent stresses, particles also induce stresses on the flow — such as

hydrodynamic stresslet, particle acceleration and collisions, etc. [Lashgari et al., 2014;

Picano et al., 2015]. The combined effect of the two types of stresses, particle-induced

and turbulent stresses, increases the overall drag [Ardekani and Brandt, 2019]. How-

ever, Zhao et al. [2010] reported drag reduction with small spherical particles in their

channel flow simulations.

The wall-layer plays a central role in the drag increase with finite-sized spherical

particles. Ardekani, Rosti & Brandt [2019] showed, in a numerical experiment, that

removing the particle wall-layer resulted in turbulence attenuation when compared to

a single-phase flow. For lower concentrations, where particle-induced stresses were
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small, it even led to an overall drag reduction.

Suspensions of asymmetrical particles (prolate or oblate particles) exploit a similar

mechanism to reduce drag. These particles do not form a wall-layer and align parallel

to the wall. Once aligned, they are reluctant to rotate in the wall-normal direction due

to their high rotation inertia. Hence, they reduce wall-normal velocity fluctuations, and

therefore, the turbulent stresses. If the turbulent stresses reduce considerably more

than the increase in particle-induced stresses, the suspension reduces overall drag

[Ardekani and Brandt, 2019].

Irrespective of the particle size (finite-sized or small) and whether the overall drag

increases or decreases due to the particles, various studies observed similarly altered

near-wall coherent structures: the low-high speed streaks were broader than for the

single-phase flows [Paschkewitz et al., 2004; Zhao et al., 2010; Picano et al., 2015].

The width of these structures can be twice as large as that for the single-phase flow

[Picano et al., 2015]. Streak widening also implies that the quasi streamwise vortices

are larger and weaker [Paschkewitz et al., 2004]. Similar widening of the streaks is

also observed for drag-reducing polymeric flows [Stone et al., 2002].

1.3 Rheology

Rheology is often studied for a laminar flow condition, as a turbulent flow can lead to

preferential concentration and other artefacts. Even for laminar flow, the suspended

phase alters the fluid’s response to the stresses and strain imposed on it and changes

the effective viscosity of the suspension [Guazzelli and Morris, 2011]. The suspension

viscosity could be a function of particle concentration and shear rate. If the suspension

viscosity is independent of shear rate, then the rheology is Newtonian. If the viscosity

increases or decreases with shear rate, respectively called shear-thickening and shear-

thinning, the rheology is non-Newtonian.

For low concentrations (only a few percent), the particles are so widely spaced that

they do not interact. Under such conditions, the viscosity is a function of concentration

alone and increases linearly with it. The viscosity increases with particle concentration

because the flow dissipates extra energy as the streamlines in the flow are redirected

around the particles [Barnes, 2000]. Under these dilute conditions, the particle sizes
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do not affect viscosity, but the particle shape does. This extra dissipation increases for

non-spherical particles; dissipation for rods > disks > spheres.

For higher concentrations, particle size and shear rate also play a crucial role. For

colloidal particles (⪅ 1µm), non-hydrodynamic interactions, such as van-der-Waals

forces, surface charges, steric repulsion, Brownian motion, etc., are active and are usu-

ally responsible for the non-newtonian behaviour [Jeffrey and Acrivos, 1976; Barnes,

2000]. For non-colloidal suspensions, these forces are insignificant. Even then, for

large particles, one observe non-Newtonian rheology. Here, the non-Newtonian rheol-

ogy is usually due to the formation of flow-induced microstructures or due to the contact

forces between the particles [Barnes, 2000; Mueller et al., 2009; Vázquez-Quesada

et al., 2016].

Suspensions of large particles could be shear-thinning because of their anisotropic

distribution in the flow [Barnes, 2000; Vázquez-Quesada et al., 2016]. At a low shear

rate, the particle distribution is random. However, at a higher shear rate, the parti-

cles could move away from an overall random arrangement and toward a configuration

where they form strings, layers and ‘particle train’. Hence, the average inter-particle

distance decreases along the flow direction and increases in the direction perpendic-

ular to the flow. The anisotropic spatial arrangement eases their movement past each

other, thus, lowering the viscosity, and the suspension behaves as a shear-thinning

fluid.

The inter-particle forces can also induce shear-thinning in a suspension. If particles

are considerably attracted to each other, they form elongated networks. These net-

works can accommodate stresses elastically. With increasing shear rate, the network

disintegrates, and its size decreases; it offers progressively lower resistance to the

flow, hence, exhibiting shear-thinning. Once the network disappears, the suspension

is Newtonian, and the stress-strain rate linearity is restored [Mueller et al., 2009]. The

attractive forces that hold the network together, also called yield stresses, are higher

for smaller particles due to more numerous particle-particle contacts per unit volume

[Mueller et al., 2009].

Suspensions are usually shear-thickening at high shear rates. The particles dis-

tribute non-uniformly and form dense clusters. Within the clusters, due to thin gaps,

the lubrication forces are active which increase with the shear rate, resulting in shear
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thickening [Sierou and Brady, 2002]. Another reason for the shear-thickening is par-

ticle collisions. Their contact friction leads to higher flow resistance. With increasing

shear, more particles ram into each other and the viscosity increases [Bagnold, 1954;

Fernandez et al., 2013; Gallier et al., 2014].

A suspension could be simultaneously shear-thinning as well as shear-thickening.

Close to the yield strength, at low shear rates, the shear-thinning behaviour domi-

nates and at high shear rates, where particles collide more often, shear-thickening is

dominant. However, if the yield stresses are substantial, they can completely mask

the shear-thickening tendency of the suspension [Brown et al., 2010]. The shear-

thickening is recovered if the magnitude of yield stresses are lowered.

For non-spherical particles, such as fibres, their orientation and rotation play a cru-

cial role, in addition to inter-particle forces and anisotropic concentration. Fibres are

orient randomly and rotate constantly at low shear rates. As shear rates increases, the

fibres tend to align in the flow direction. The aligned particles offer lower resistance

to the flow, and the suspension viscosity decreases than at low shear rates [Gyr and

Bewersdorff, 2013].

For spherical particles, For Φv ≲ 1%, particles are well separated and interact neg-

ligibly. Here, the rheology is Newtonian, and viscosity increases linearly with concen-

tration. At higher volume fractions, Φv ≲ 25% the suspension is still largely Newtonian,

but the viscosity increases non-linearly with concentration due to hydrodynamics inter-

actions. At an even higher volume fraction, the particles’ surfaces are in contact with

each other, and the rheology is completely non-Newtonian [Mueller et al., 2009]. For

non-spherical particles, both the hydrodynamic interactions and non-Newtonian rheol-

ogy manifest at lower concentrations because these particles perturb the flow stronger

than spherical particles, and their networks are more robust due to more contact points.
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2 Transition to Turbulence

2.1 Introduction

At sufficiently low speeds, fluid flow in a pipe is laminar as each fluid particle follows

a smooth path, flowing in parallel layers with little or no lateral mixing. At higher flow

speeds, the particles follow erratic trajectories resulting in a chaotic motion called turbu-

lence. Turbulent flow, unlike laminar flow, is dominated by swirls and eddies of varying

sizes. This change from a smooth to a chaotic flow state is called the laminar-turbulent

transition. Almost all flows eventually become turbulent, and in many cases, the ef-

fect of turbulence is immensely deleterious. For example, turbulence can increase flow

resistance, thereby hiking energy expenditure; damage pumps and impellers due to

the vortices it generates; and harm blood vessels, thus increasing the risk of cardiac

diseases [Tawhid-Al-Islam et al., 2017]. Contrarily, turbulence is beneficial in many

industrial applications because it mixes and churns fluids and makes them more ho-

mogeneous. Therefore, it is often desirable to either suppress or promote turbulence

to suit our needs. To do so, one must first understand the mechanisms behind the

laminar-turbulent transition.

For a single-phase flow, the very first study that systematically investigated laminar-

turbulent transition was carried out by Osborne Reynolds [Reynolds, 1883]. For a pipe

of circular cross-section, he could maintain laminar flow up to Re, UD/ν ≈ 12, 000,

by carefully controlling the inflow. On the other hand, with a lax inflow control, turbu-

lence would arise at a much lower Reynolds number ≈ 2, 000. This indicates that pipe

flows may be linearly stable and require a finite-amplitude perturbation for transition.

In later studies, pipe flows have been proven to be linearly stable up to Re ≈ 107 [Sal-

wen et al., 1980; Meseguer and Trefethen, 2003], and are presumed to be so for all
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Reynolds numbers. Under ideal, noise-free conditions, pipe flows can remain laminar

at arbitrarily high Reynolds numbers. However, the perturbation amplitude required for

the transition decreases with increasing Re [Hof et al., 2003], and hence, in practical

situations, pipe flows eventually turn turbulent.

The perturbation amplitude determines the transitional Reynolds number for a pipe

flow: the higher the amplitude, the lower the Reynolds number for transition [Darbyshire

and Mullin, 1995; Hof et al., 2003]. The perturbations create axially localised turbulent

structures called ’puffs’ [Wygnanski and Champagne, 1973; Wygnanski et al., 1975].

Laminar regions separate the puffs, resulting in an intermittently turbulent flow that

alternates between laminar and turbulent regions. The intermittent flow, and the de-

pendence of the transitional Reynolds number on the perturbation strength, called hys-

teresis, are characteristic features of a sub-critical transition, typically observed for a

single-phase Newtonian pipe flow.

The smallest Reynolds number, where puffs appear in the flow, can be defined

as the critical Reynolds number for transition. Based on this definition, the critical

Reynolds number would then change for each set-up, as the pipe flows are hysteretic.

However, using an alternate definition based on puff lifetime — the average duration

of a puff’s existence before it decays — we can uniquely define a critical Reynolds

number valid for all pipe flows [Avila et al., 2011]. Puffs are transient and can abruptly

decay back to laminar flow. Additionally, a puff can also split, causing a proliferation

of turbulence. The typical time-scales for decay and splitting, respectively increase

or decrease with the Reynolds number. At the Reynolds number where these two

time scales are equal, the rate of decay of turbulence is matched by its proliferation,

and turbulence can first be sustained. However, many studies refer to the transitional

Reynolds number where puffs first appear as the critical Reynolds number. Though

this does depend on the set-up, it is a convenient proxy for the critical Re, especially

for drawing comparisons between experiments in the same set-up.

Particle-laden flows are more complex than their single-phase counterparts: first,

particle-fluid interactions influence fluid and particle motion, and second, particle-particle

interactions further add to the ‘randomness’ in the motion. Combined, these effects

give rise to complex phenomena like preferential segregation, migration, clustering,

turbulence modulation, non-newtonian rheology etc. The wide range of phenomena
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involved makes particle-laden flows more challenging to investigate. Therefore, only a

few studies have examined the transition to turbulence in particle-laden flows.

In one such study, Matas et al. [2003] measured the effect of large particles on the

laminar-turbulent transition in a pipe flow experiment. They used spherical particles

suspended in a density matched Newtonian fluid. They presented the critical Reynolds

number, Rec (based on effective suspension viscosity), where puffs first appear in the

flow, for varying particle concentrations and pipe-to-particle diameter ratios. For larger

diameter ratios (small particles), the critical Reynolds number did not change with con-

centration; but for smaller diameter ratios (< 65), the Rec varied non-monotonically. An

initial increase in the concentration lowered the Rec, and upon a further increase, the

trend reversed and Rec increased. The authors speculated that the velocity fluctuations

created by inertial particles could trigger an earlier sub-critical transition. However, they

could not explain why the trend reversed.

Yu et al. [2013] and Klinkenberg et al. [2013] reported a similar non-monotonic

behaviour in numerical studies for a pipe and a channel flow geometry, respectively. Yu

et al. [2013] looked at the energy of streamwise velocity fluctuations to mark the transi-

tion threshold. Compared to the unladen case, the transition was advanced to a lower

Re for low concentrations but delayed to a higher Re for high concentrations. Besides,

it was difficult to judge if the flow was laminar or turbulent as the velocity fluctuations

smoothly increased with Re. The smooth increase in velocity fluctuations is peculiar

because, for a sub-critical transition, the velocity fluctuations increase sharply close to

the transition point. Klinkenberg et al. [2013] perturbed the flow and observed the en-

ergy threshold required to trigger transition for varying particle concentrations. At low

concentrations, the energy required was smaller, implying that the particles facilitated

the transition. At higher concentration, the energy required was substantially higher,

meaning that the particles hindered the transition. Both the pipe and the channel flow

simulations observed a similar non-monotonic trend in the critical Reynolds number for

transition, indicating that this behaviour is perhaps common to all systems exhibiting a

sub-critical transition under unladen (without particles) conditions.

Another numerical study with large, neutrally-buoyant, spherical particles in a chan-

nel flow by Lashgari et al. [2014], mapped out three different flow regimes on a Re-

Concentration plane: i) a ‘laminar-like’ regime at low concentrations and low Re, domi-
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nated by viscous forces; ii) a ‘turbulent-like’ regime at low concentrations and high Re,

dominated by Reynolds stresses and; iii) a ‘shear-thickening’ regime at high concen-

trations, dominated by particle-induced stresses. In the third regime, the wall friction

increased with Re primarily because of particle-induced stresses rather than Reynolds

stresses. Therefore, the ‘shear-thickening’ regime differed from the ‘ordinary’ turbu-

lence in single-phase flows where wall friction increases due to Reynold stresses. They

further speculated that this intense shear-thickening, i.e., increase in particle-induced

stresses with Re, might not only delay the laminar-turbulent transition but could com-

pletely suppress it. Like Yu et al. [2013], they noted that the velocity fluctuations

increased smoothly with Reynolds number in the shear-thickening regime. Newtonian-

type turbulence, in contrast, shows a sharp increase in velocity and pressure — roughly

10-fold within a narrow range of Reynolds number — because of the spatio-temporally

intermittent nature of the flow.

Several studies addressing polymeric flows made similar observations with smoothly

increasing velocity and pressure fluctuations at high polymer concentrations [Samanta

et al., 2013; Garg et al., 2018; Choueiri et al., 2018]. For low concentration polymer

solution, the transition was similar to that for single-phase fluids. For high concentration

polymer solutions, the transition to turbulence occurred without hysteresis or intermit-

tency and, the turbulent fluctuations appeared globally throughout the pipe. Further-

more, Samantha et al. [2013] noted that a different kind of disordered motion, called

elasto-inertial turbulence, replaced the ordinary Newtonian turbulence. The elasto-

inertial instability scales with shear stress and not with Re, and so, for a smaller tube

diameter, the instability occurs at a small Re and for a larger tube diameter, at a larger

Re. Wen et al. [2017] showed that the growth of velocity fluctuations is consistent with

a square-root scaling indicating a super-critical transition. Although the pressure fluc-

tuations in their experiments also increased smoothly, they did not follow a square-root

law.

For particle-laden flows, unlike in the case of polymer flows, it is unknown if the

nature of the transition changes with particle concentration. It is possible that in the

case of particle-laden flows, the smoothly increasing velocity and pressure fluctuations

observed in numeric and experiments indicate that the nature of transition, and perhaps

the turbulent state itself, is altered by the presence of particles. In this chapter, we wish
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to shed some light on this aspect based on our experimental results.

2.2 Experimental Setup

Experiments were carried out in a straight glass tube of circular cross-section, mounted

on a rigid support. The tube was assembled using smaller sections that were joined

together by plexiglass connectors. Some of the connectors had ports for pressure

measurements. A schematic of the experimental setup is shown in Fig. 2.1. The flow

was driven by a piston setup — A traverse pushed a plunger through a cylinder that

was filled with the test fluid. The motion of the plunger pushed the test fluid through

the glass tube via a smooth inlet with convergence. The traverse was controlled by a

motor. The motor speed could be set to a steady value to get the desired flow rate.

Figure 2.1: Schematic of the experimental setup.

As the test fluid, we used a suspension, consisting of spherical polystyrene parti-

cles, density ρ = 1.05g.cm−3 and diameter d = 0.2 ± 0.05mm, suspended in a 21.6%

glycerol-water solution so that the fluid and the particles were density matched. Two

different glass tubes with an inner diameter of D = 4mm and 2mm were used in the

experiments so that the tube to particle diameter ratios were 20 and 8 respectively.

Pressure and velocity measurements were carried out in the test-section, 300D down-

stream from the inlet, as described in further detail in sub-section 2.2.3 Measurements.
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The length was sufficient to obtain 99% developed Hagen-Poiseuille flow (laminar pipe

flow) up to Re = ρUD/µ = 5, 000 [Bergman et al., 2011]. Here, ρ is the density of the

test fluid, D is the diameter of the test-section and µ is the viscosity of the suspending

fluid. While empirical laws for the development length of a single-phase Newtonian

fluid are well known, they are unknown for particle-laden flows. For a fully developed

particle-laden flow, in addition to the fluid velocity profile, the particle distribution across

the cross-section is also required to be in a steady state. To ensure that the particle

flow was indeed fully developed after 300D, we initially measured the pressure drop

across two different sections of 50D each, one immediately downstream of the other

at varying particle concentrations, up to 20%. The average pressure differences mea-

sured across the two sections were identical within experimental uncertainty, indicating

that the particle-laden flow was indeed fully developed. For all the results shown in the

following, we used a larger section of 120D for the average pressure measurement.

During experiments, the temperature of the test fluid increased with time due to vis-

cous heating, and fluid viscosity usually depends on temperature. Therefore, through-

out the experiment, the test-fluid temperature was monitored using a PT100 tempera-

ture sensor, which was placed in the reservoir. The viscosity of the suspending fluid

(glycerin-water) was then calculated, using the recorded temperature from the probe.

We used data interpolation from standard tables for glycerine-water mixtures to calcu-

late the viscosity.

For reliable and repeatable measurements, we had to ensure perturbation free lam-

inar flow conditions for the unladen flow, a well-dispersed suspension and a robust ex-

perimental procedure. Difficulties and remedies associated with each of these aspects

are discussed in the following subsections.

2.2.1 Flow

It was important to ensure a smooth, fluctuation free laminar flow of the particle-free

suspending fluid in the test-section. Otherwise, it would be difficult to distinguish the

pressure and velocity fluctuations produced by the particles, from the background fluc-

tuations generated by the experimental setup itself. The sanctity of several experimen-

tal results depended on the smooth laminar flow of the suspending fluid, which we
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ensured as described in the following paragraph.

The motion of the plunger inside the cylinder was prone to stick-slip, a spontaneous

jerking motion that occurs when two objects are sliding over each other. The stick-

slip resulted in fluctuations in an otherwise constant flow rate, especially at low flow

rates. To resolve the problem, we introduced a small air pocket in the cylinder (shown

in Fig. 2.1), which dampened the flow rate fluctuations because of the stick-slip motion

of the plunger, and ensured an even flow rate. However, because of the air pocket,

the flow took longer to fully stabilise and reach a steady state. Initially, the air pocket

compressed as the piston moved forward resulting in a variable flow rate. After the

initial compression, the size of the air pocket reached a steady state and the flow rate

stabilised. Only the part of the signal that corresponded to the subsequent steady state

was processed.

The Motor was steady only above a prescribed minimum torque. To increase the

operating torque, we added a resistance, a flexible tube with an inner diameter of

1.5mm, at the exit of the cylinder. Since the resistance tube’s diameter was smaller

than the test-section (1.5mm compared to 4mm or 2mm), the flow in the resistance

tube transitioned at a smaller Reynolds number. The turbulent fluctuations generated

in the resistance tube entered the test-section and disrupted the otherwise laminar

flow. To overcome this problem we installed a large settling chamber between the

resistance tube and the test-section. Inside the chamber, due to its large size, the

Reynolds number dropped and the flow relaminarised before it entered the glass tube.

Even though the settling chamber got rid of most of the fluctuations, some residual

turbulent fluctuations were observed in the test-section occasionally, probably because

they didn’t have enough time to decay in the settling chamber due to its small length.

As a remedy, we connected a 2m long silicon hose with a large inner diameter (25mm),

between the settling chamber and the glass tube. It provided, sufficient time for the

turbulent fluctuations to completely decay before they could reach the glass tube. The

flow in the silicon hose was laminar for Re < 10, 000, which was well past the Reynolds

number where the flow was already turbulent in the glass tubes i.e. for Re > 5, 000.

Both Reynolds numbers are based on the test-section diameter. Therefore, beyond Re

> 5, 000 it made little difference if the flow in the silicon hose was turbulent.

With the above experimental setup, the transition for the suspending fluid (without
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any particles) occurred at Re ≈ 3, 800 and 4, 000 for the 2mm and 4mm tube, respec-

tively as shown in Fig. 2.2, that depicts the friction factor f = 2∆PD/(LρU2) as a

function of Reynolds number, where U is bulk velocity and ∆P is pressure drop across

length L. The steep increase in the friction factor from the laminar to the Blasius curve

signifies the transition. The flow was sensitive to ambient perturbations, which caused

fluctuations in the transitional Reynolds number between different experimental runs.

To achieve a consistent transitional Reynolds number, we tripped the flow by inserting

a pin close to the inlet. The diameter of the pin was 0.9mm and 0.5mm, respectively for

the 2mm and 4mm tubes (10D to 15D). The perturbations produced by the pin lowered

the transition to Re ≈ 2100, which is the lowest value that could be achieved with this

kind of perturbation. The pin could be removed if required, to push the transition to a

higher Reynolds number.

Figure 2.2: Friction factor vs Re for the unladen flow, with and without the perturbation

pin.

2.2.2 Suspension

Handling the suspension posed significant problems, and the experiment setup and

the experimental procedure had to be redesigned several times to rectify the problems.
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These are discussed in the following paragraph.

The setup was redesigned to operate without one-way valves because the particles

frequently chocked the valves and they leaked.

It was difficult to suspend the powder of spherical polystyrene particles in the glycerol-

water solution as polystyrene is slightly hydrophobic [Thormann et al., 2008]. Air bub-

bles would adhere to the surface of the particles preventing efficient dispersion in the

fluid. So we sprayed the particles with ethanol before suspending them in the fluid.

Ethanol helped break the air bubbles on the particle’s surface and enhanced disper-

sion. Only a small amount of alcohol was used — less than 0.1% of the total volume of

suspension — so that the glycerin-water solution did not show any change in its density

or viscosity. Although less efficient, as ethanol eventually evaporated from the solution

and particles are then prone to cluster together, it is better than using a dispersion

agent because most dispersion agents are surfactants that could alter the physical and

rheological properties of the suspending fluid.

During the experiment, the suspension needed careful handling. If the suspension

was agitated — stirred or disturbed briskly — in the presence of air, the air would

get entrapped, and eventually break down into many tiny air bubbles and cling to the

particles leading to frothing. Once it occurred it was extremely difficult to get rid of, and

the suspension had to be replaced. The problem was severe in the parts of the setup

where the air was usually present, namely the cylinder and the reservoir. To prevent

this, the experimental setup was carefully redesigned so that no sudden changes in

the flow velocity occurred in any part, minimising agitation of the fluid and the air.

Additionally, the reservoir was enlarged to prevent air entrapment due to sloshing and

mixing caused by the incoming high-velocity fluid.

Another problem we encountered was that after a few days of testing, the particles

would float on the reservoir surface. It was due to the evaporation of water from the

glycerol-water mixture. At room temperature, the water evaporates a lot faster than

glycerol and over time, the glycerol-water ratio increases in the suspension, making it

heavier than the particles. To prevent water evaporation, we covered the reservoir with

a lid. This minimised evaporation and, the suspension was stable for weeks instead of

days. However, to prevent pressure build-up during the experiment, we drilled a small

hole in the lid that allowed air exchange between the reservoir and the surroundings.
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Even for a well-mixed suspension without evaporation, if it was allowed to rest for

a few hours or if the flow speed was small for a long duration (usually 1-2 hours), a

large fraction of particles would settle as there were variations in the density of the

powder. So, we frequently stirred the suspension and ensured that the run duration

was shorter than the particle’s settling time. As an added precaution, we always ran

our experiments from a higher to a lower Re, as higher flow speeds kept the particles

well mixed and prevented settling. At the end of each run, we remeasured at the

highest Re to ensures no changes had occurred. Any changes in the result would

indicate that the particles had settled significantly during the run, and the entire run

had to be remeasured with more frequent stirring.

The suspension hat to be replaced every 3-4 weeks, otherwise, fungi would grow

due to the high concentration of glycerol, and particles would cluster around the sticky

fungal spores.

2.2.3 Measurements

The differential pressure was measured across a length of 120D using a Validyne DP15

pressure sensor that was externally calibrated. Just downstream of that was a smaller

section of 5D to measure pressure fluctuations, as shown in Fig. 2.3. For pressure

measurements, a few plexiglass connectors, that join together different sections of the

glass tube, had a 0.5mm hole. These holes were connected with the pressure sensor

via a flexible but rigid walled plastic tube. For high particle concentrations, the holes

were frequently choked and measurements were not possible after that. To prevent

the particles from entering the hole, we glued a stainless steel mesh, with an aperture

of 99µm and a total thickness of 150µm, flush with the pipe wall at the location of the

holes as shown in Fig. 2.3b. The mesh was chosen such that its aperture was smaller

than the minimum particle size and the mesh wire had the least possible thickness.

However, the glued meshes perturbed the flow resulting in a localised pressure drop

across the mesh in the flow direction.

To quantify the extent of the localised pressure drop across the mesh, we ran a

few tests with glycerol-water solution, with and without the mesh. We measured the

pressure drop across the 120D test-section and calculated the friction factor. The re-
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Figure 2.3: Connector: (a) perspective view, and (b) cut section showing the position

of the glued mesh.

sults are shown in Fig. 2.4: with no meshes, the friction factor lay on the Blasius curve

as expected; with only the upstream hole covered with the mesh, the friction factor

was lowered than the no-mesh case because the average pressure at that upstream

location was lowered by the mesh; similarly, with the downstream hole covered, the

friction factor was higher and; with both holes covered, the two effects balanced each

other and the curve returned to the expected Blasius scaling. For the Reynolds number

range of interest (based on the viscosity of suspending fluid), 100 < Re < 15, 000, with

meshes glued at both the ports, the deviations were acceptable for the kind of mea-

surements carried out. For all the subsequent results, the meshes were always used

at all pressure ports.

In addition to the pressure measurements, we also measured velocities using a

Laser Doppler Velocimetry (LDV) system. In an LDV system, a laser beam splits into

two beams that intersect inside the test-section. The region of intersection creates

a measurement volume. Inside the measurement volume, the light beams create an

interference pattern consisting of alternating light and dark stripes. As a particle tra-

verses the interference pattern, it reflects the laser light; creating a sinusoidal modula-

tion of light intensity at the receiver. The particle velocity is inferred from this modula-

tion. With our LDV system, we could only measure the streamwise velocity component.

The LDV was aligned with the horizontal plane passing through the pipe centre and

mounted on a traverse that could move in that plane. We obtained a flow profile by
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Figure 2.4: Friction factor vs Re for the 4mm (D/d = 20) tube for the suspending fluid.

Meshes were glued at various locations for the pressure measurement across the 120D

test-section.

measuring the velocity at multiple points. Since the LDV measured the particle speed,

we could only obtain the mean velocity profile of the particles. The data rate initially

increased with particle concentration as more particles crossed the measurement vol-

ume per unit time. But as the concentration is increased further, particles blocked a

large fraction of reflected light from reaching the receiver, resulting in progressively

smaller data rate with increasing concentration. Beyond 10% particle concentration,

the data rates were too low for any meaningful measurements.

To quantify how the laminar-turbulent transition changes with the particle concen-

tration, we measured puff lifetimes. Puffs are characteristic of turbulence close to the

transitional Reynolds number in a pipe flow. A puff can spontaneously decay with a

certain probability and thus has a finite lifetime [Hof et al., 2006]. This probability can

be altered by the presence of particles. To obtain lifetimes, puffs were triggered with

the help of an impulsive injection of fluid. A bucket filled with the glycerol-water mixture,

in the same proportions as the test fluid, was kept approximately 1.5m higher than the

glass tubes. The bucket was connected to the glass tube through a hole of 0.5mm

diameter in the tube wall. A one-way valve was installed between the glass tube and
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the bucket. An electric pulse of short but precise duration was applied to the valve.

The pulse opened the valve for a corresponding short period, impulsively injecting a

jet of fluid into the tube. This disturbance then created a puff. The impulsive injections

were most efficient when the flow was fully developed because it is easier to trigger

turbulence in a laminar like parabolic profile compared to a flatter flow profile close to

the inlet [Kühnen et al., 2018]. Therefore, the injection point was 150D downstream of

the inlet, sufficient to get fully developed laminar flow up to Re ≈ 2500. The puffs were

monitored at a downstream station using the pressure sensor installed across the 5D

section. The measurement point could be changed anywhere from 100D to 300D from

the injection point. We took care that at any given time there was only a single puff in

the glass tube.

2.3 Results

For the plots shown in this section, unless stated otherwise, we have used the suspen-

sion Reynolds number Res = ρUD/µeff , where µeff is the effective dynamic viscosity

of the suspension which is determined for each concentration Φv by collapsing mea-

sured pressure drop values onto the Hagen-Poiseuille curve when the flow is in the

laminar state.

The effective viscosity for a suspension of spherical particles is known to depend

on the particle concentration and the shear rate, but for Φv ≲ 25% the behaviour is

approximately Newtonian and independent of the shear rate [Mueller et al., 2009]. The

Newtonian behaviour is reconfirmed by the identical values of µeff obtained for the two

tubes of different diameters, D = 4mm and 2mm, even though the shear rates are

widely different in the tubes (shear rate is inversely proportional to pipe diameter). Ad-

ditionally, if shear-thickening or shear-thinning were present, the friction factor, f , would

deviate from the laminar line with increasing Re; for shear-thinning, the curves would

move below the laminar line, and for shear-thickening, the curves would lie above it.

For both Fig. 2.5a (D/d = 20) and Fig. 2.5b (D/d = 8) , the friction factor follows the

laminar curve for all concentrations (except for the red curves at the highest concen-

tration), underscoring that the suspension is largely Newtonian. The friction factor only

deviates from the laminar line when puffs appear in the test-section. Therefore, the de-
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viation in the friction factor is not because of shear-thickening but due to the transition

to turbulence. For the exceptional case of the highest concentrations, as we will show

later, the deviation from the laminar line is also due to the transition to turbulence, but

due to a remarkably distinct instability as compared to the transition where puffs are

observed.

While the qualitative differences in the friction factor scaling are apparent from

Fig. 2.5, puffs lifetimes better characterise the particles’ effect on the laminar-turbulent

transition. Puffs are characteristic for turbulence at low Re in ordinary Newtonian flu-

ids and have only a finite lifetime at any Re [Hof et al., 2006]. Given sufficient time,

these structures can decay back to laminar, following a memoryless process, i.e. the

probability for a puff to decay is independent of its ’history’ [Faisst and Eckhardt, 2004;

Peixinho and Mullin, 2006; Hof et al., 2006]. Therefore, at a fixed Re, there is a distinct

probability that a puff will survive beyond a specific time horizon.

To create puffs, we perturbed the laminar flow using the impulsive injections of 20ms

duration. We then monitored a location 263D downstream of the injection point for the

puffs that survived till that location. We calculated the ratio of the number of puffs

observed to the total number of puffs created for various Res, giving us the survival

probability as a function of Res. In Fig. 2.6 we show the survival probability of the tur-

bulent puffs at varying concentrations for the case of D/d = 20. For all concentrations,

similar to an ordinary Newtonian fluid, the survival probability increases with Res fol-

lowing an S–shaped curve [Hof et al., 2008]. The curves shift to the left with increasing

particle concentration up to Φv ≲ 3, and hence, particles cause an earlier transition

compared to the unladen case. However, the shift between two adjacent concentra-

tions decreases with an increase in concentration, indicating that there might be an

absolute minimum Re below which it’s not possible to trigger the transition, irrespective

of Φv. Unlike for polymeric flows, where the curves become progressively less steep

with increasing polymer concentration [Samanta et al., 2013], here, they have approxi-

mately the same slope. For 4% ≲ Φv ≲ 12.5%, although puff-like intermittent structures

appeared in the flow, unexpectedly, we failed to generate the puffs using impulsive in-

jections, irrespective of the injection strength. Therefore, we couldn’t calculate survival

probabilities for higher concentrations.

For a quantitative comparison at higher concentrations, we calculated pressure fluc-
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(a) D/d = 20

(b) D/d = 8

Figure 2.5: Friction factor as a function of the suspension Reynolds number. Experi-

ments were conducted in the presence of the perturbation pin close to the inlet. Pres-

sure was measured across the 120D test-section.

tuations from the pressure drop data measured over the shorter test-section of 5D.

Fig. 2.7 depicts normalised pressure fluctuations as a function of Res. The pressure

fluctuations are normalized by the standard deviation of the background noise. A lam-
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Figure 2.6: Survival probability of the puff as a function of the suspension Reynolds

number in the 4mm tube (D/d = 20). The Impulsive injections were used to generate

puffs. Measurements were carried out approximately 263D downstream of the pertur-

bation point.

inar flow has negligible fluctuations and therefore the value for normalised pressure

fluctuation is close to unity.

For the no-particle case, Φv = 0, fluctuations increase steeply at the onset of tur-

bulence. The puffs appear at the onset, and the flow intermittently changes between

laminar and turbulent regions (puffs), resulting in higher fluctuation levels. As Res in-

creases, the turbulent fraction increases until the flow is fully turbulent. The pressure

fluctuations are maximum at a specific turbulent fraction, and therefore the curve first

overshoots before it plateaus to a more moderate value when the flow is fully turbulent.

For D/d = 20, as shown in Fig. 2.5a, this behaviour is similar for concentrations up to

5%, although the peaks are less pronounced and move to a lower Res with increasing

concentration.

For intermediate concentrations, 5% ≲ Φv ≲ 12.5%, we observe a gradual increase

in the friction factor (clearly visible in the inset of Fig. 2.5a) that precedes the steep
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increase due to the intermittent flow. The gradual increase is due to a weak but uni-

formly fluctuating flow which steadily increases with Res. Such uniform fluctuations are

atypical for a Newtonian transition.

For concentrations higher than 12.5%, we did not observe spatio-temporal intermit-

tent puff-like structures at any Res. Here, the transition occurs gradually and continu-

ously via a uniformly fluctuating state, and with increasing Res, fluctuation amplitudes

increase evenly throughout space. These fluctuations can be observed for Res as low

as 800, which is far below the lowest Res where turbulence is first observed for Newto-

nian, single-phase pipe flow.

For the smaller diameter pipe D/d = 8 in Fig. 2.7b, although the transition scenario

is the same as for the larger pipe, the uniformly fluctuating states occur at much smaller

concentrations, evident by the increase in pressure fluctuations for Φv = 3.2% in the

inset of Fig. 2.7b. Not only do fluctuations occur for smaller concentrations but also

for significantly smaller Res. For the highest concentration Φv = 12.5%, the fluctua-

tions can be observed for Res as small as 600 compared to Φv ≈ 1000 for the same

concentration in the case of D/d = 20.

To probe the dependence of the transitional Reynolds number on the perturbation

level and to determine if the transition is hysteretic, we measured pressure fluctuations

with and without the pin close to the inlet. The pin acts as a source of continuous

perturbations. As evident in Fig. 2.8a, the transition is hysteretic at low concentrations:

the turbulence appears earlier in the presence of the perturbation pin than without it.

In contrast, at high concentrations (see Fig. 2.8b), the transition occurs at a specific

Reynolds number regardless of whether the fluid is perturbed or not. In this case,

the transition is continuous, and the pressure fluctuations feature neither an abrupt

jump nor an initial overshoot — these being the characteristics of spatio-temporal in-

termittency. The insensitivity of the transition to the finite-amplitude perturbations, the

smooth and continuous increase in fluctuations with increasing Res, and uniformly fluc-

tuating flow suggest that this type of transition (lower branch shown by ( ) in Fig. 2.9)

may correspond to a linear-instability of the laminar base flow.

Fig. 2.9 depicts transition thresholds Recr for the two different types of instabilities

observed: a spatio-temporal intermittent state and a globally fluctuating state. The

first branch, ‘Newtonian-like’, results from a finite-amplitude perturbation and varies
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(a) D/d = 20

(b) D/d = 8

Figure 2.7: Normalized pressure fluctuations as a function of suspension Reynolds

number. Experiments were conducted in the presence of the perturbation pin close to

the inlet. Pressure was measured across the 5D test-section

non-monotonically with Φv. Here, at first, the transition threshold decreases with in-

creasing concentration for Φv ≲ 5%. For higher concentrations, the trend changes and

the transition threshold increases. This shows that the critical Reynolds number where
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(a) Φv = 0.6%, hysteresis is observed. (b) Φv = 16%, no hysteresis is observed.

Figure 2.8: Normalised pressure fluctuations as a function of suspension Reynolds

number for the 4mm tube (D/d = 20).

puffs first appear varies non-monotonically with particle concentration, with the transi-

tion point first decreasing and then increasing again. This observation is in agreement

with Matas et al. [2003] and Yu et al. [2013].

In addition to this branch, there is also a second branch, potentially corresponding to

a linear instability, which we denote as the ‘particle-induced branch’. It is only detected

for Φv ≳ 5% for D/d = 20, and Φv ≳ 1.5% for D/d = 8, and decreases monotonically

with increasing concentration. Overall, the transition threshold (either finite-amplitude

or linear instability) decreases monotonically with Res. Interestingly, the trend change

for the ‘Newtonian-like’ branch occurs at about the same concentration at which we

observe the first signs of the particle-induced instability.

Based on the existence of the two instabilities, we propose three different regimes.

The ‘Newtonian-like turbulence’ regime exists for Φv < 5% and Φv < 1.5% for D/d = 20

and D/d = 8, respectively. Here, the transition is abrupt, intermittent and extremely

sensitive to inlet conditions. In this regime, Recr, decreases with increasing particle

concentration. For 5% ≲ Φv ≲ 12.5% for D/d = 20, and 1.5% ≲ Φv ≲ 3.8% for

D/d = 8, a ‘mixed’ regime is seen where both branches exist. First, fluctuations appear

globally and increase in intensity with Res. With further increase in Res, we encounter

a secondary transition, and spatially intermittent turbulent puffs appear on top of the
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(a) D/d = 20 (b) D/d = 8

(c) Time series of pressure fluctuations for the laminar flow, the

Newtonian-type turbulence, the coexisting Newtonian and particle-

induced turbulence (mixed), the and particle-induced turbulence,

from top to bottom, respectively. The time series shown are for

D/d = 20.

Figure 2.9: Different types of instabilities and flow regime observed in the experiments.

In (a) and (b) the sub-critical branch is depicted in blue and the super-critical branch in

red; the dashed lines demarcate various flow regimes.
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fluctuating background flow (see the mixed state in Fig. 2.9c). However, we did not

detect any signs of hysteresis. Here Recr for the Newtonian-like branch increases

with increase in concentration up to Φv = 12.5% for D/d = 20 and Φv ≲ 3.8% for

D/d = 8. We couldn’t track the Newtonian-like branch for higher concentrations as it

was getting increasingly difficult to distinguish between fluctuations due to the puffs and

the globally fluctuating state resulting due to the particle-induced instability. Therefore,

it could easily be possible that the mixed regime exists at an even higher concentration

than observed, or perhaps indefinitely. For the smaller pipe, it was even more difficult to

distinguish puffs from the globally fluctuating state. Here, puffs occur at much smaller

Res, and the strength of the turbulent puffs is even weaker at smaller Res. For Φv >

12.5% for D/d = 20 and Φv > 3.8% for D/d = 8, we encountered the ‘particle-induced

turbulence’ regime where laminar flow gradually becomes turbulent with increasing

Res. The flow is neither intermittent nor hysteretic, and turbulent fluctuations are seen

for successively lower Res as we increase the concentration.

To see if the instabilities scale with shear rate (γ̇ = 8U/D for laminar flow) as in

the case of polymers [Samanta et al., 2013], we plot the critical shear rate where the

instability first appears as a function of particle concentration in Fig. 2.10a. For a given

diameter ratio, the particle-induced instability indeed occurs for the same shear rate

independent of the concentration. For a smaller diameter ratio, the critical shear rate

is higher. The Newtonian branch does not show any systematic dependence on the

shear rate. The particle-induced branch for both the diameter ratios collapses fairly

well when we normalise the shear rate with the diameter ratios. It might be tempting to

infer that the particle-induced branch scales with γ̇D/d, but more data for other radius

ratios are needed to test this hypothesis.

To examine how the particles modify the drag, we revisit Fig. 2.5. For zero con-

centration, friction factor, f , increases at the onset and reaches Blasius when fully

turbulent. Interestingly, for concentrations 0 < Φv ≲ 5% for D/d = 20 and for all

concentrations tested for D/d = 8, f for fully turbulent flow is higher than Blasius,

even though, as noted before in Fig. 2.7, the pressure fluctuations are significantly

lower than in the case of Newtonian turbulence — for both the transitional and fully

turbulent flows. The higher f values compared to the Blasius curve cannot be ex-

plained by viscous stresses as the enhanced viscosity due to particles is already
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(a) D/d = 20 (b) D/d = 8

Figure 2.10: Critical shear rate as a function of particle concentration. The sub-critical

instability is indicated in blue and the super-critical in red.

considered in the definition of the suspension Reynolds number. However, the in-

crease could be due to additional stresses induced by particles [Lashgari et al., 2014;

Lashgari et al., 2016]. Overall, the friction factor in the fully turbulent regime de-

pends non-monotonically on the concentration. To further elaborate this, f is plotted in

Fig. 2.11 as a function of particle concentration for Res = 3500 and D/d = 20, where

the flow is fully turbulent for all concentrations. First, f increases with Φv, reaching a

maximum for around 5%, and then the trend reverses with further increase in the par-

ticle concentration. This trend reversal occurs around the same concentration where

we first encounter signs of particle-induced turbulence. The trend reversal indicates

that the emergent turbulent state due to particle-induced instability might differ from

the Newtonian turbulence. Furthermore, for Φv > 16%, f falls below Blasius, implying

reduced drag compared to a viscosity matched single-phase fluid. This drag reduction

is observed only in the particle-induced turbulence regime.

To further quantify the differences between the turbulent states, we compare the

power spectra for the two states as shown in Fig. 2.12. For Φv = 0.6%, where we

observe Newtonian-like turbulence, with increasing Res, only the small scales (higher

frequencies) are amplified, and the large scales are unaffected. Also, with increase

Reynolds number, the turbulent cascade is extended to include finer scales of motion
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Figure 2.11: Friction factor as a function of particle concentration at a fixed suspen-

sion Reynolds number, Res = 3500. The vertical dashed lines demarcate various flow

regimes. Experiments were conducted in the presence of the perturbation pin. The

data shown is for D/d = 20. Based on pressure measurements across the 120D test-

section

(a) Φv = 0.6% Newtonian-like turbulence (b) Φv = 20% particle induced turbulence

Figure 2.12: Power Spectra of turbulent flow for D/d = 20. Based on pressure mea-

surements across the 120D test-section



38

as expected for Newtonian turbulence [Pope, 2001]. However, for Φv = 20% where

we observe particle-induced turbulence, all frequencies are amplified with increasing

Reynolds number. This shows that, unlike Newtonian turbulence, the particles in the

flow affect motions at all scales and the resultant turbulent state is indeed different from

that of Newtonian turbulence.

We measured the particle velocity profile with the help of an LDV system see at

Re ≈ 1600 (based on the viscosity of the suspending fluid) as shown in Fig. 2.13. For

the suspending fluid, the flow is laminar for this Reynolds number and is only slightly

smaller than the Reynolds number for which puffs first appear in the flow. As we moved

the measurement point further into the pipe cross-section or increased the particle con-

centration, the LDV signal became noisier, and the data rate dropped because the nu-

merous particles between the LDV receiver and the measurement point interfered with

the laser beam. Therefore, it was not possible to collect meaningful data for the loca-

tions further away from the laser, and we could only measure a partial profile. Closer to

the wall, the particles seem to follow the flow well for all concentrations tested, whereas

close to the centreline they move slower than the fluid phase. As the concentration in-

creases, the velocity at the centreline monotonically decreases, as seen in Fig. 2.14.

One of the reasons could be that for a laminar flow, finite-size particles migrate towards

the core [Koh et al., 1994; Yeo and Maxey, 2011], and therefore, particle interactions

are significant in the core. These interactions can slow down the particles.
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Figure 2.13: Velocity profile at a fixed flow rate for different concentrations in the 4mm

tube, Re = 1, 580, based on the suspending fluid viscosity. The data shown is for

D/d = 20.

Figure 2.14: Centreline Velocity at a fixed Re and different concentrations in the 4mm

tube, Re = 1500, based on the suspending fluid viscosity. Experiments were conducted

in the presence of the perturbation pin. The data shown is for D/d = 20.
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2.4 Discussion

We found that the nature of the transition for particle-laden flows depends strongly on

the particle concentration. At low concentrations, the transition is similar to that for a

single-phase pipe flow; it is abrupt, hysteretic and turbulence coexists with the laminar

flow. However, at high particle concentrations, the nature of the transition fundamen-

tally changes; the transition is continuous, non-hysteretic, and the laminar and turbulent

flow no longer coexist. Here, the laminar flow gives way to a globally fluctuating state

of ’particle-induced turbulence’. In fact, the two different types of transition are due to

two distinct instabilities: the Newtonian and the particle-induced instability. The two

instabilities can coexist, at least for a small range of concentrations. Not only does

the nature of transition differs for the two instabilities, but the resulting states are also

different. The particle-induced turbulence exerts a lower drag than ordinary turbulence.

The particle-induced instability was previously unknown.

Lashgari et al. [2014] observed a state similar to the particle-induced turbulence in

their channel flow simulations and identified it as an inertial shear-thickening regime.

Similar to this study, they also observed that the velocity fluctuations smoothly in-

creased with the Reynolds number. In particular, they observed that the wall shear

increased with Re mainly due to particle-induced stresses and not due to an increase

in velocity fluctuations (Reynolds stresses). In our experiments, particles indeed in-

creased the wall friction with Re as Lashgari et al. [2014] pointed out, but we did

not observe any signs of shear-thickening. Instead, the smooth deviation of the fric-

tion factor from the laminar line was due to an increase in the uniform fluctuations

triggered by particles (ref. Fig. 2.5 and Fig. 2.7). We think that increase in wall fric-

tion is not due to shear-thickening, but due to the turbulent fluctuations generated by

particles, albeit different from those in a single-phase fluid. Secondly, even at the

lowest Reynolds number, they had a level of velocity fluctuation significantly higher

than that for laminar flow. However, here, the fluctuations grow only above a criti-

cal Reynolds number. Finally, unlike in the present study, Lashgari et al. [2014] ob-

served that the fluctuation levels were nearly the same for all Re, and weaker than the

turbulent flow at small solid fractions. A possible explanation could be that the high-

est Reynolds number they could achieve, was significantly smaller compared to this
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study. Based on Krieger’s viscosity law [Krieger and Dougherty, 1959; Krieger, 1972;

Phillips et al., 1992], the suspension viscosity at 30% concentration is approximately

3.5 − 4 times that of the suspending liquid. This meant that the highest suspension

Reynolds number they achieved was only approximately 1, 300 as compared to 7, 000 in

this study. At these small Reynolds numbers, even for this work, the fluctuations did in-

deed increase very slowly with the Reynolds number, and the fluctuations were weaker

than in the turbulent flow at low particle concentrations. Although the particle-induced

turbulence and the inertial-shear thickening regime closely resemble each other, simu-

lations at higher Reynolds number are required to establish a firm link between them.

Matas et al. [2003] observed a non-monotonic behaviour for the critical Reynolds

number, where it first decreases, reaches a minimum and then increases with parti-

cle concentration. This behaviour is similar to the Newtonian-like branch in our study.

Since they exclusively looked at puffs to quantify the transition threshold, they could

only capture the Newtonian-like branch. Hence, our experiments qualitatively agree

with theirs. Furthermore, they speculated that the threshold for the Newtonian-like

branch (referred to as critical Reynolds number in their work) decreased for low parti-

cle concentrations because of the fluctuations produced by the particles. However, they

couldn’t reason why the threshold subsequently increased at higher concentrations. In-

terestingly, in our experiments, the increase was accompanied by the particle-induced

instability, i.e., the Reynolds number threshold for the Newtonian-like branch started to

increase at the same concentration when we first observed the particles-induced insta-

bility. We believe that the particle-induced instability led to this increase. The emergent

dynamical state due to particle-induced instability could be different from the laminar

state, and therefore, could delay the Newtonian-like branch to a higher Reynolds num-

ber.

More recently, the study of Hogendoorn and Poelma, [2018] which was conducted

at the same times as the present study, observed a similarly altered transition for

particle-laden pipe flow. At low concentrations, the transition was sub-critical (with

puffs), and at high concentrations, it was replaced by a super-critical transition (uni-

formly fluctuating state). However, they did not report the mixed regime, where the

two instabilities coexist and the sub-critical instability is delayed to a higher Reynolds

number. In particular, their statement that in contrast to Matas et al. [2003] Rec does
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not increase for higher volume fractions, does not acknowledge that there are two sep-

arate instabilities and that at intermediate concentrations, the onset of puffs is indeed

delayed, as reported by Matas et al. [2003]. Hence, while Hogendoorn and Poelma

[2018] detected the first instability that appeared for a given concentration — sub-

critical at low and super-critical at high concentrations — Matas et al. [2003] detected

only the Newtonian-like instability. We clarified in the present investigation that the dy-

namics of particle-laden flows are not governed by a single instability curve but instead

by two distinct instabilities. The two instabilities also result in two distinct dynamical

states.

The particle-induced turbulence may also lead to a preferential concentration of par-

ticles different from that in ordinary turbulence. Some studies reported that, for a dense

suspension of finite-size particles, particles preferentially migrate towards the core un-

der the influence of turbulence, forming a maximum at the centreline [Lashgari et al.,

2016; Ardekani et al., 2018]. On the other hand, other studies reported that the parti-

cles distribute homogeneously in the core [Picano et al., 2009; Fornari et al., 2016;

Costa et al., 2016]. The migration of the finite-size particles from the high shear

region to the low shear region, i.e., from the walls to the core for a pipe flow, is

well known for laminar flows and is called shear driven migration [Koh et al., 1994;

Yeo and Maxey, 2011]. But it’s unclear if this phenomenon is relevant for turbulent

flows. The difference between the two sets of studies is the Reynolds number: a lower

Re ≈ 5000 is used where maxima are observed at the centreline than the studies

where homogeneous distribution is observed, where Re ≈ 12, 000 (Both Re based on

the viscosity of the pure fluid). For high concentrations and low Re, particles tend to

migrate towards the centreline. This is also the regime where particle-induced turbu-

lence dominates. Initially, turbulent fluctuations have a low amplitude, and the flow,

even though fluctuating, has a velocity profile that resembles a laminar flow [Picano

et al., 2015]. The Reynolds number for the studies that observed centreline migration

falls in this regime, and one possibility is that particle-induced turbulence causes this

migration. As Re is increased, the velocity fluctuations gradually increase to the level of

ordinary turbulence, and the particles may then homogeneously distributed. However,

this needs a separate investigation as we could not measure concentration profiles in

this study.
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Even though, in our experiments, it appears as if the particle-induced instabil-

ity scales with shear rate and diameter ratio, γ̇D/d, it could be a mere coincidence

since we only tested two pipe-particle diameter ratios. Furthermore, Hogendoorn and

Poelma [2018] encountered the instability for roughly the same Reynolds number as in

this study and used a similar diameter ratio D/d ≈ 20. But they used a larger diam-

eter pipe (10mm), and therefore, the shear rate in their experiments was significantly

lower than ours (γ̇ ∝ 1/D2). If the instability indeed scales with γ̇D/d they should

have observed it for a Reynolds number at least six times larger. Therefore, experi-

ments with more diameter ratios are needed to confirm or discard the relationship of

particle-induced instability with the shear rate.

Similar to the issue of the dependence of particle-induced turbulence on the shear

rate, our work has other limitations and several unanswered questions. For instance,

with the current experiments, we could not explain why the puffs spontaneously ap-

peared in the test-section beyond Φv ≳ 4% but couldn’t be triggered using impulsive

injections. The particle-induced turbulence may be a different dynamical state, where

the puff lifetimes are significantly smaller than that for single-phase flow, so that, the

puffs could not make their way to the measurement volume, which was far downstream

of the perturbation point. More experiments are required, possibly, with multiple mea-

surement points along the pipe to resolve the issue.

Although the particle-induced instability resembles a super-critical instability be-

cause it is devoid of intermittency and hysteresis, we couldn’t recover a square root

scaling near the critical point, which is typically expected for a super-critical instability.

Therefore we refrain from calling it a super-critical instability, and instead, use the term

particle-induced instability. In polymeric flow as well, Wen et al. [2017] encountered

a super-critical instability, and even there, the pressure fluctuations did not scale as a

square root, but velocity fluctuations did. Unfortunately, we couldn’t retrieve the veloc-

ity profile from our experiment as the suspension was opaque, and the typical optical

techniques, such as PIV, failed. We attempted to use LDV to obtain velocity fluctuations

for the liquid phase with the help of trace particles. But the LDV system we used did

not provide any information about the particle sizes and so it was not possible to distin-

guish the small tracers from the large particles. Therefore, we couldn’t obtain velocity

information for the liquid phase. We could only retrieve solid phase velocity, that too
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only up to 10% particle concentration.

The reasons for the appearance of the particle-induced instability and the mecha-

nism behind it are not evident from the experiments. Simultaneously measuring the

fluid and particle velocity statistics could help uncover more details, especially at high

solid fraction where the instability is dominant. Future experiments may employ one of

the various techniques detailed below to overcome the limitations of our experiments.

However, each of these techniques has its own shortcomings. For instance, two-

component LDV systems can resolve particle sizes, and hence, can simultaneously

measure velocity statistics for both liquid and solid phase. However, performance at

high particle concentration is inadequate because the flow becomes optically opaque.

Methods such as Magnetic Resonance Imaging and Ultrasonic Velocimetry are capa-

ble of seeing inside an optically opaque flow. However, they lack the spatial resolution

necessary to track a large number of individual tracer particles [Voth and Soldati, 2017].

Another possibility could be the use of hydrogel particles. These particles are nearly

density and refractive index-matched with water, and optical PIV techniques are fea-

sible even for high particle concentrations [Zade et al., 2018]. However, the hydrogel

particles are not rigid and can deform under shear; their deformability might change

the flow physics significantly.

2.5 Conclusion

In summary, we have uncovered a distinct, previously unknown instability for particle-

laden flows due to which the laminar-turbulent transition scenario is altered compared

to single-phase flows. The dynamics of particle-laden flows are not simply governed by

a single instability but by two distinct instabilities, namely Newtonian-like and particle-

induced. Newtonian-like instability results in puffs in the flow, and therefore, the tran-

sition resembles that of a single-phase flow. For the particle-induced instability, the

transition occurs without spatio-temporal intermittency and hysteresis, and turbulence

arises continuously from laminar flow. The fluctuations appear uniformly throughout the

pipe, and the fluctuation amplitude increases gradually with an increase in Reynolds

number. This instability appears for a smaller Reynolds number compared to the New-

tonian instability.
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Based on the two instabilities, we identified three flow regimes. At low concen-

tration, only Newtonian-like instability exists. At intermediate concentration, first, the

particle-induced instability appears. And upon a further increase in Re, puffs appear in

addition to the globally fluctuating state, giving rise to a mixed state. At high concentra-

tions, only the particle-induced instability is encountered, resulting in a particle-induced

turbulent state. This state exerts a lower drag compared to ordinary turbulence.

For single-phase flows, the transition can be delayed to an arbitrary high Reynolds

number by carefully controlling the inflow condition and removing other sources of per-

turbations. However, the transition for particle-laden flows at sufficiently high concen-

tration cannot be delayed or avoided as it is insensitive to the perturbation amplitude.

The transition occurs via a different route, most likely a linear instability.
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3 Drag Reduction

3.1 Introduction

Turbulence is ubiquitous. It springs up in practically any system that has moving fluids.

And therefore, the majority of flows in engineering and environmental applications are

turbulent. Compared to laminar motion, turbulence drastically increases the skin fric-

tion drag, and hence, pressure losses. In pipelines, more than 90% of pressure losses

can be attributed to turbulence. In total, pumping turbulent flows through ducts and

pipelines consumes approximately 10% of the global electricity [Kühnen et al., 2018]. If

we could reduce the drag due to turbulent flows, we could significantly drive down the

energy consumption. Therefore, researchers worldwide are trying to tame turbulence

to curtail our energy demand.

Drag reduction is synonymous with modifying or eliminating turbulence. Drag-

reducing methods can be categorised as active or passive. Active methods involve

a continuous input of mass, momentum or energy, whereas passive methods do not.

Some methods, such as drag reduction by additives, can be implemented as either

active or passive; they can be either injected into the flow (active) or can be premixed

(passive). The majority of these methods interact with the near-wall coherent struc-

tures — persistent and organised motion that can spontaneously appear in the flow —

to weaken the turbulence regeneration cycle and achieve drag reduction.

In the near-wall region of turbulent flows, the predominant coherent structures are

the low-and high-speed streaks, i.e., elongated regions of spanwise alternating low and

high-speed fluid [Hamilton et al., 1995; Waleffe, 1997]. The streaks are initially straight

but quickly become unstable, develop waviness and then eventually break down (also

called bursting); the break-down events re-energise the streamwise vortices by non-



48

linear interactions; these vortices, in turn, aid the streak reformation, and thus the

turbulence cycle is sustained.

Passive drag reduction methods require tailoring the mechanical properties of the

boundaries surrounding the flow; for example, riblets, longitudinal micro-grooves along

the surface; compliant surfaces, surfaces that can deform; dimples, discrete shallow

indentations in the walls; and other wall protrusions. On the one hand, the surface

modifications increase the surface area resulting in higher viscous drag (drag due to

viscosity without the contribution of turbulence), on the other hand, they suppress

turbulence by interfering with the streamwise vortices or low/high-speed streaks in

the near-wall region, thus disrupting the turbulence regeneration cycle and weaken-

ing it [Choi et al., 1993; Sirovich and Karlsson, 1997; Bandyopadhyay et al., 2005;

Perlin et al., 2016]. These methods only work for specific Reynolds number ranges,

where the surface modulations have the correct spacing to interfere with the turbu-

lence regeneration cycle [Carpenter and Garrad, 1985; Garcı́a-Mayoral and Jiménez,

2011]. Outside this range of Reynolds numbers, they might increase the overall drag.

Passive methods are effective only close to their design point [Garcı́a-Mayoral and

Jiménez, 2011], and their effect vanishes if the surfaces are damaged due to prolonged

exposure to fluid forces or if they are contaminated [Bandyopadhyay et al., 2005]. They

are expensive to produce and maintain, and the existing infrastructure often needs to

be modified or reconstructed, for instance, the inside of an oil pipeline [Sirovich and

Karlsson, 1997; Abdulbari et al., 2013]. Moreover, in most cases, they only produce a

modest drag reduction of 6 − 12% [Sirovich and Karlsson, 1997; Garcı́a-Mayoral and

Jiménez, 2011; Abdulbari et al., 2013].

Active methods are not restricted by a design point, as the influx of mass, momen-

tum, or energy can be altered as needed. Some active methods, such as oscillating

walls or excitation of travelling waves, achieve drag reduction by the cyclic motion of the

walls in the spanwise or azimuthal direction. The motion interferes with the turbulence

production cycle either by altering or eliminating the wall streaks or by decreasing the

number and intensity of the bursts [Du and Karniadakis, 2000; Choi and Clayton, 2001;

Touber and Leschziner, 2012]. Typically drag reduction of 10 − 40% can be observed,

but when the energy used to actuate the surfaces is accounted for, the net savings are

insignificant or restricted to a narrow range of Reynolds number [Auteri et al., 2010].
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The drag reduction is local, i.e., the effect of a moving wall decays very quickly down-

stream of the flow [Ricco and Wu, 2004], so for any practical use large portions must

be converted to a moving wall, rendering the entire design impractical and expensive.

Certain active methods do not just weaken turbulence but can fully eliminate it.

By countering selected velocity components or vortices in a turbulent channel flow,

Högberg et al. [2003] showed that the flow could be relaminarised. This method re-

quires prior information of the flow field and extreme precision, which is impossible

with current technology. In a more recent study, Kühnen et al. [2018] showed that the

pipe flows can also be relaminarized without any knowledge of the instantaneous ve-

locity field. They found that flattening the velocity profile ensures that the vortex-streak

interaction is suppressed and the lift-up mechanism breaks down entirely, leading to

relaminarisation. The method is versatile and the velocity profile can be flattened by

various means like rotors, impulse injections or moving pipe wall. However, they are

effective only for low Reynolds number (except for the moving wall), and on encounter-

ing perturbations downstream of the control, the flow can return to the turbulent state.

This limits their practical application, where high Re and rough walls are frequently

encountered.

A frequently used and efficient way of reducing turbulent drag is by drag-reducing

additives such as polymers, surfactant or suspended solids [Virk, 1975; Radin et al.,

1975; Zakin et al., 1998]. They are employed in many practical applications such as oil

pipelines [Burger et al., 1980], district heating systems [Kawaguchi et al., 2007], ship-

building industries [tuoc, 2010], etc. They are cheap, effective at high Reynolds num-

bers, reduce drag by a large percentage, and work even under imperfect conditions

such as rough walls and bends. The drag reduction by additives is counter-intuitive

because flow additives increase the shear viscosity of the resultant solution and, there-

fore, should lead to higher viscous drag. However, it appears that they interact in a

qualitatively different manner with the flow field and reduce losses due to turbulence

[Gyr and Bewersdorff, 2013].

Of all the additives, long-chain polymers are widely studied as only a few parts per

million can reduce drag by 80% [Virk, 1975; White and Mungal, 2008; Xi, 2019]. The

phenomenon of drag reduction due to additives was first accidentally discovered by

Toms [1948; 1949], who found that a small amount of a polymer significantly lowered
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the pressure drop for the same flow rate. Since then, the phenomenon has been

extensively studied.

At first, when concentration is increased, the polymers progressively reduce the

drag, which eventually approaches a limiting curve called the maximum drag reduction

(MDR) asymptote. The limit cannot be overcome irrespective of the concentration or

the type of polymers used [Virk, 1975]. Recently, it has been argued that the maximum

drag reduction asymptote is not merely the result of ordinary turbulence that has been

subdued, like in the case of other drag reduction methods, but a qualitatively different

state of chaotic motion typical for polymers, called elasto-inertial turbulence [Samanta

et al., 2013; Dubief et al., 2013; Choueiri et al., 2018; Lopez et al., 2019]. This state

scales with wall shear rate (tangential force of fluid at the wall) and not the Reynolds

number. Therefore, the onset of drag reduction in larger pipes occurs at a higher

Reynolds number [Virk, 1975; Samanta et al., 2013] — since a larger pipe has a smaller

wall shear at the same Re and wall shear increases with Re.

Over time, the polymers degrade when exposed to shear and lose their effective-

ness [Kim et al., 2000]; making them unsuitable for processes with high shear rates,

such as flow through pumps, or recirculating systems like district heating or cooling

systems.

Surfactants also undergo mechanical degradation when exposed to shear. How-

ever, unlike polymers, they regain their original configuration once the shear is re-

moved. Surfactants, beyond a critical concentration, aggregate in the flow to form

micelles. Micelles are self-assembled by weak non-bonded interactions and, under

the action of moderate shear, can combine with other micelles to form large super-

molecular structures. These super-molecular structures are responsible for drag re-

duction in surfactant solutions [Zakin et al., 1998]. However, they break up beyond a

certain shear rate, and the solution abruptly loses its drag reduction ability [Myska and

Zakin, 1997]. Since the super-molecular structures are thermodynamically stable, they

are reformed when the shear is lowered, and their drag reduction ability is restored.

Certain surfactant solutions can reduce turbulent friction losses further than pre-

dicted by the maximum drag reduction asymptote for polymers. In fact, surfactants

have a distinct drag reduction asymptote [Zakin et al., 1996; Aguilar et al., 2001]. Sur-

factant solutions generally show a gradual departure from the laminar flow curve and
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towards the maximum drag reduction asymptote. Their drag reduction ability vanishes

beyond a critical shear rate, whereas polymer solutions are drag-reducing only beyond

a critical shear rate and remain so thereafter [Myska and Zakin, 1997]. Since the for-

mation and breakup of drag-reducing super-molecules depend on shear, like polymers,

their drag reduction ability also depends on the pipe diameter [White, 1967].

Since the formation of micelles is influenced by temperature, the drag reduction

ability of surfactants is also dependent on temperature. Often they are drag-reducing

only in a narrow range of temperature. Furthermore, naturally occurring ions in the

fluid, or ions from the pipeline material, can alter the chemical and physical properties

of surfactant solutions and diminish their drag reduction ability [Aguilar et al., 2001].

Some surfactants can chemically react with plastic. The combination of the mechanical

stresses induced by the flow and the chemical reaction can cause plastic pipes to crack

[Ghanbari-Siahkali et al., 2005]. The above drawbacks seriously limit their application.

Despite their advantages, both polymers and surfactants can alter the physical and

chemical properties of the fluid, are difficult to separate from the solvent at the end

of the process, are often toxic and hazardous to the environment, and their stability

is influenced by a variety of factors, such as wall shear, ions in the solution, pipeline

material, etc. This makes them undesirable for a wide range of applications such as

chemical, pharmaceutical, food and beverage industries, etc.

Solid fibres/particles, on the other hand, are generally chemically and mechanically

stable in an aqueous environment. They are insensitive to water chemistry, piping

material, temperature and shear, and can be readily filtered out from the solvent. This

makes them suitable for a wide range of applications.

In fact, one of the first known observations of turbulent drag reduction was in a wood

pulp fibre suspension in water [Gust, 1976]. Since then many studies have investigated

drag reduction with particle-laden flows, but the results have been ambiguous, with

studies reporting drag reduction, no net change or even drag increase [Radin et al.,

1975]. The ambiguity arises because, in addition to particle concentration, particle

shape, size and density affect the drag. Various particles behave differently and even

similar particles affect the flow dissimilarly in different ranges of Re and concentration.

Of all the various densities and size ratios possible for spherical particles, drag

reduction seems plausible only with small & heavy particles, such as in gas-solid mix-
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tures. This is because small particles can attenuate the turbulence intensity whereas

large particles tend to amplify it [Gore and Crowe, 1989; Rashidi et al., 1990], and

heaviness ensures that particles do not behave as mere tracers but impart substan-

tial back-reaction to the flow. Although plausible, drag reduction with small & heavy

spherical particles is not fully proven either. Studies contradict each other or suffer

from several drawbacks. For instance, Zhao et al. [2010] reported drag reduction in

channel flow simulations. However, Li et al. in experiments [2012] with similar param-

eters, observed a thinner viscous sub-layer and a larger streamwise velocity gradient

near the wall: indicating a drag increase (the authors don’t explicitly comment on the

drag). The differences could arise either because the simulations did not consider

particle collisions, which are essential to determine particle distribution and turbulence

modulation correctly [Zhang et al., 2015; Fede and Simonin, 2010]; or because the ex-

perimental study suffered from particle sedimentation. A recent numerical study could

only observe drag reduction during the transient stage of the flow development but not

during the statistically stationary stage [Yu et al., 2017]. Therefore, although plausi-

ble, the drag reduction cannot be claimed with certainty for small & heavy particles

either. Studies either contradict each other or suffer from limitations such as incorrect

data processing methods, sedimentation, transient flow conditions or under-resolved

simulations.

Unlike spherical particles, cylindrical particles (also called fibres) are known to re-

duce turbulence drag [Vaseleski and Metzner, 1974; Radin et al., 1975; Bushnell and

Hefner, 1990; Gyr and Bewersdorff, 2013], and large aspect ratio particles are more

efficient drag-reducing agents. In earlier studies, asbestos fibres were frequently used.

Because of their large aspect ratios (103-105) they are an effective drag reduction

agent and can produce 10 − 50% drag reduction [Bushnell and Hefner, 1990]. Un-

der optimal conditions they can reduce the drag by 80% [Moyls and Sabersky, 1978;

McComb and Chan, 1981]. However, Asbestos fibres are prone to irreversible shear

degradation [Moyls and Sabersky, 1978; McComb and Chan, 1979] like polymers, and

in addition, are carcinogenic [Toyokuni, 2009]. Other non-toxic fibres like Nylon, Rayon,

cotton, etc., have smaller aspect ratios, 25 − 400, and typically produce only a modest

drag reduction of 5− 25% [Gyr and Bewersdorff, 2013; Radin et al., 1975].

It is largely believed that the drag reduction due to fibres is due to a core-effect



53

rather than a wall-effect [Robertson, 1957; Daily and Bugliarello, 1958; Vaseleski and

Metzner, 1974; Lee and Duffy, 1976; Gillissen and Hoving, 2012]. The fibres form a

plug at the centre of the pipe, which is surrounded by a fibre-free annulus. As the flow

rate is increased, the stresses on the surface of the annulus-plug interface exceed the

yield stress of the fibre network, and the plug begins to disintegrate at the interface,

shirking radially inwards. Eventually, the plug completely vanishes, and the fibres have

little effect on the flow. According to Gillissen et al. [Gillissen and Hoving, 2012],

the central plug constrains the size of the turbulent eddies in the annulus, effectively

dampening the Reynolds stresses, and consequently, resulting in drag reduction. The

decrease of the plug diameter allows larger eddies, and thus, the magnitude of drag

reduction decreases. Eventually, the plug is annihilated, and the flow is effectively

Newtonian. Fibres have little effect on the near-wall region and achieve drag reduction

by imposing external constraints on the near-wall vortices rather than inducing internal

friction like polymers.

Certain observations and simulations, however, appear to contradict the idea that fi-

bre drag reduction is a core-effect. For instance, injecting fibres close to the wall is more

effective than pumping premixed suspension or injecting at the centreline [Sharma

et al., 1978]. Paschkewitz et al. [2004], based on their simulations, proposed a drag

reduction model that underpins the wall-effect. They proposed that the fibres generate

stresses that oppose the motion of the vortices in the buffer layer. Due to this, the

vortices are weakened, and fibres realign in the flow direction. The reoriented fibres

weaken the stresses applied to vortex motion allowing the vortices to re-emerge, and

thus turbulence is sustained but significantly weakened. This mechanism is similar

to drag reduction in polymeric flow, where instead of fibre rotation, polymer stretching

and coiling weakens the near-wall vortices [Graham, 2014; Xi, 2019]. Similarly, another

numerical study [Boelens and Muthukumar, 2016] stated that the polymer and fibres

show a similar drag reduction mechanism by resisting the near-wall vortex motion.

Quite often, numerical and experimental studies are in apparent contradiction. This

is probably because, currently, it is impossible to simulate particle flows that are typi-

cal for laboratory-scale experiments, i.e., non-spherical, interactive, large and inertial

particles at high concentrations. The computational cost for tracking numerous par-

ticle trajectories and resolving stresses exerted by them is astronomically high. So,
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to reduce the computational burden, the simulations are restricted to non-interactive

particles where the flow is unaffected by their presence [Zhang et al., 2001; Mortensen

et al., 2008; Marchioli et al., 2010]. If they are interactive and inertial, they are modelled

as sub-Kolmogorov particles — particles smaller than the smallest turbulent length

scale [Paschkewitz et al., 2004; Gillissen et al., 2008; Siewert et al., 2014; Marchioli

et al., 2016; Zhao et al., 2015a]. And in rare cases where the simulations are fully re-

solved and the particles are large, there are only a handful of particles [Liu et al., 2009;

Do-Quang et al., 2014; Olivieri et al., 2020]. The flow physics can also change dras-

tically based on how the flow is simulated. For instance, Do-Quang et al. [Do-Quang

et al., 2014] observed that the fully resolved fibres segregate differently in a flow com-

pared with point-wise fibres of Marchioli et al. [2010]; fully-resolved fibres accumu-

lated in the high-speed streaks in the near-wall region and point-wise fibres in the

low-speed streaks. Similarly, Andersson et al. [2012] reported that in the force- and

torque-coupled simulations, turbulence modulation decreased compared with only the

force-coupled simulation. The details of how particle-laden flows are simulated affect

preferential segregation, their rotation, turbulence modulation, etc., and therefore, ul-

timately the predicted drag. It is possible that under-resolved simulations might not

capture the complex flow physics of particle-laden flows in their entirety, and end up

under or over-predicting the drag.

In this chapter, we experimentally explore the drag reduction by particles. From

previous works, we know that the aspect ratio of the particles and the system size

are crucial parameters for fibre drag reduction, just as in the case for polymers and

surfactants. However, how the drag reduction scales with the system size is not well

understood, and if the drag reduction by particles is bounded by an asymptote, analo-

gous to that for polymer or surfactant solutions, is also unknown. In the present study,

we did experiments with neutrally buoyant particles, both spherical and cylindrical, in a

pipe flow setup. We found that spherical particles do not show drag reduction at any

Re, while the elongated particles do within a specific interval of Re. Within this interval,

the friction factor reaches a minimum value, and these minima fall onto a distinct curve,

irrespective of the pipe diameter and concentration. This curve can be considered as

the maximum drag reduction asymptote for the given particle shape. At high concen-

trations, small aspect ratio nylon fibres surpass drag reduction reported in previous
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studies, and the values are at par with asbestos fibres that have an aspect ratio 3 − 4

orders of magnitude larger. We also noticed two distinct maxima for drag reduction at

intermediate concentrations, indicating that drag reduction is not simply governed by

either the core-effect or the wall-effect, but both mechanisms could be simultaneously

active, making the dynamics of drag reduction much richer than what was previously

believed.

3.2 Experimental setup

Experiments were carried out in a straight glass tube of circular cross-section, mounted

on a rigid support. The straight glass tube was constructed using smaller sections,

joined together by plexiglass connectors. Two different glass tubes with inner diameters

of D = 30mm and D = 10mm were used. We used a disk pump to drive the flow

for the 30mm tube and a piston setup for the 10mm tube. The two different driving

mechanisms were used to ensure an appropriate Reynolds number range for each of

the tubes, where drag reduction is observed. Since a disk pump is suitable for high

flow rates, we couldn’t use it with the 10mm tube, where low flow rates were required

— 1 litres/min to 30 litres/min, compared to 4 litres/min to 400 litres/min for the

30mm tube. The piston setup was similar to the one illustrated in section 2.2. To

avoid repetition, we don’t describe it here again. In this section, we only describe the

experimental setup with the disk pump. Fig. 3.1 shows the schematic of the setup.

A disc pump produces lower pulsations than a positive displacement pump and can

operate at a constant flow rate. It is essentially a centrifugal pump without the blades.

Since the blades are absent, it produces a smoother flow with minimal fluctuations.

It works using a series of parallel discs that form the pumping mechanism. As the

discs rotate, it creates a boundary layer within two adjacent discs. The boundary layer

transfers the disc’s momentum to the fluid layers farther away from the disc and ‘pulls’

the fluid through the pump in a smooth pulsation-free flow. Unlike positive displacement

pumps, the disk’s rotary motion creates a constant pressure head and not a constant

flow rate. If the downstream hydraulic resistance is unchanged, it provides a steady

flow for a fixed disk rotation speed. By varying the rotation speed, a wide range of flow

rates can be obtained.
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The pump pulled the test fluid from the reservoir and drove it through the glass

tube, a return tube, a flowmeter and back to the reservoir, thus, completing the flow

loop. The reservoir was open to the atmosphere to allow air bubbles to escape. Flexi-

ble reinforced hoses were used to connect the glass tube with the pump and the return

tube. The flexible hoses and the return tube had an inner diameter of 60mm, which was

much larger than the test-section diameter. The larger diameter helped to minimise the

overall hydraulic resistance of the setup (hydraulic resistance decreases with tube di-

ameter). Since, the highest flow rate was limited by the maximum operating pressure

head of the pump, which was 4 bar, minimising the hydraulic resistance helped achieve

a larger flow rate, and hence, a larger Reynolds number. With the described setup, we

could cover a Reynolds number range of 2.103 ≤ Re = ρUD/µ ≤ 2.105, where D is

the tube diameter, ρ is the test fluid density, and µ is the dynamic viscosity. Reynolds

number was based on the test-section diameter and the dynamic viscosity of the sus-

pending fluid.

To determine the Reynolds number, we measured the flow rate using an ABB FEP-

311 electromagnetic flowmeter. The flowmeter measures the average speed of ions in

the flow and is accurate even for dense suspensions. Since we used deionised water

for the test fluid, we added a spoon-full (5 − 10gm) of salt to boost its ion content and

ensure the proper functioning of the flow meter.

we used two different types of particles: spherical polystyrene particles, density

ρs = 1.05g.cm−3, and diameter d = 1.3 ± 0.3mm; and cylindrical nylon-12 particles,

density ρc = 1.015g.cm−3, length l = 1.5mm ± 0.1mm, and thickness t = 0.064mm

(aspect ratio ≈ 23). The pipe to particle diameter ratio was thus ≈ 23 for the spherical

particles; and pipe diameter to particle length ratio was ≈ 20 for the cylindrical particles.

The particles were suspended in a density matched glycerol-water solution: 21.65% for

the spherical and 7.5% for the cylindrical particles.

The total length of the glass tube was 300D. The pressure and fibre orientation

were measured in a test-section 130D downstream of the inlet, as described in further

detail in subsection 3.2.3 Measurements. The development length was not a constraint

for the design of the setup. A tube length as small as 40D was sufficient to get a fully

developed turbulent flow for the suspending fluid at the highest Reynolds number, i.e.,

Re ≈ 2.105 for our experiments. However, the solid phase (spherical and cylindrical
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Figure 3.1: Schematic of the experimental setup.

fibre) requires a minimum development length for the particle distribution to reach a

steady state. Since no empirical results are available to estimate the development

length for the solid phase, to ensure a fully developed particle distribution, we initially

measured the pressure drop across two different sections of 90D and 60D, one imme-

diately downstream of the other, at varied particles concentration of up to 10%. The

pressure drop per unit length calculated was within a 1% error margin, indicating that

the particle-laden flow was fully developed in the test-sections. For all the subsequent

results, we used a larger test-section of 145D for the average pressure measurements.

During experiments, the temperature of the test fluid increased with time due to vis-

cous heating, and fluid viscosity usually depends on temperature. Therefore, through-

out the experiment, the test-fluid temperature was monitored using a PT100 tempera-

ture sensor, which was placed in the reservoir. The viscosity of the suspending fluid

(glycerin-water) was then calculated, using the recorded temperature from the probe.

We used data interpolation from standard tables for glycerine-water mixtures to calcu-

late the viscosity.



58

3.2.1 Flow

Before carrying out experiments with particles, we tested the setup for any vibrations

and pulsation, using only the suspending fluid without the particles. As shown by the

black curve in Fig. 3.2, the pressure sensors picked up a significant level of noise. We

employed the following modifications to the experimental setup to get rid of the noise

• To prevent lateral movement of the glass tube, the horizontal support on which

the glass tubes were mounted was fixed to a wall.

• To prevent longitudinal motion, the glass tube was constrained at the ends with

metal plates.

• The pump was kept on a vibration-absorption pad, preventing vibration transfer

via the ground to the test-section.

• The pump was connected to the glass tube using a 10 meters long flexible rein-

forced tube, so that, first, any perturbation could die down before the flow reached

the glass tube and second, the flexible coupling prevented any vibrations from the

pump to be transferred to the glass tube.

• Initially, the glass tube exit was connected to the return tube with two 90◦ elbow

bends. Elbow bends lead to a large pressure drop and a strong secondary flow

[Sudo et al., 1998; Spedding et al., 2004]. Forces generated due to the momen-

tum change at the elbow bends and the secondary flow led to vigorous vibrations

and fluctuations in the setup. We replaced the bends with a reinforced flexible

hose, arranged in a large radius of curvature, as shown in Fig. 3.1. Since the flow

direction changed gradually in the hose and no secondary flow was generated,

the vibrations were significantly reduced.

After these modifications, the noise level dropped to a minimum as evident by the

red curve in Fig. 3.2.

Air bubbles can cause vibration and flow pulsation as well. Additionally, they can

destroy the suspension, as particles could cling to the air bubbles and result in the

formation of froth. We noticed that tiny air bubbles entered the test-section from the

reservoir. According to Kaneko et al. [Kaneko et al., 2014], when the mouth of the
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Figure 3.2: Power spectral density before and after the modifications in the experimen-

tal setup.

suction tube is placed in a reservoir with a free surface, a whirlpool can be sucked into

the pipe, which is accompanied by a core of air extending from the free surface. Even

if a surface whirlpool is absent, an underwater vortex can arise, and the low pressure

in the vortex can lead to cavitation. As recommended by Kaneko et al. [Kaneko et al.,

2014], to get rid of the surface whirlpools and the underwater vortices in the reservoir,

we added a diffuser to the suction tube, which decreased the suction at the mouth of

the diffuser and reduced the tendency towards vortex formation. We increased the

height of the liquid in the reservoir and reduced the clearings surrounding the suction

pipe/diffuser to a bare minimum. We covered the free surface with raft-like floating

structures made out of polystyrene foam that prevented the surface whirlpools from

forming. We also used a larger reservoir and a diffuser at the exit of the return pipe

so the sloshing and churning of the incoming high-speed fluid in the reservoir could be

reduced, as otherwise, these processes could trap air.
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3.2.2 Suspension

For cylindrical particles, it was challenging to keep the suspension well mixed. Small

clumps eventually formed in the suspension. With increasing particle concentration,

the clumps grew in size. To resolve this problem, the particles were first wetted with

alcohol and then gently mixed in the suspending fluid in small batches until the de-

sired concentration was reached. The suspension then showed a reduced tendency to

clump. The amount of alcohol used was significantly small (tens of grams) compared to

the glycerol-water mixture (approx. 150kg). Therefore, the properties of the suspend-

ing fluid remained unchanged. Even with the usage of alcohol, small clumps formed

beyond a particle concentration of 11%, and beyond 15%, the clumps formed were so

large that they completely clogged the pump. Therefore, we only reported results for

concentrations of up to 11%.

The other difficulties we faced in handling the suspension are similar to the ones

discussed in the sub-section 2.2.2, and therefore we do not discuss them here again.

3.2.3 Measurements

We measured differential pressure over a length of 145D using Validyne DP15 pressure

sensors. We externally calibrated the pressure sensors. Three different sensors had

to be used to cover the entire Reynolds number range. Each of the three sensors had

a range that overlapped with at least one of the other sensors. Measurements in the

overlapping ranges were used to ensure that there was no drift in the pressure sensor

calibration. In the event of a drift, they were re-calibrated and the entire experimental

run repeated.

Pipe sections were joined together with plexiglass connectors to form a larger pipe.

A few of the connectors had a 1mm hole. These holes were connected with the pres-

sure sensor via a flexible but rigid walled plastic tube. For high particle concentrations,

the holes were frequently clogged, and measurements were not possible. Unlike in

the previous experiments in chapter 2, where a mesh was glued flush with the pipe

wall to prevent the pressure ports from clogging, here, the flush meshes did not work

well. Firstly, the glued meshes were frequently washed away at high flow rates. And

secondly, the errors in pressure due to meshes increased with the Reynolds number
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Figure 3.3: Drawing of a connector showing the arrangement of the mesh and the hole

to measure pressure.

(ref. Fig. 2.4). Even slight differences in the mesh size, or any offset in their alignment

at the pressure ports, resulted in large errors. Therefore we came up with a different

design for the connectors, as shown in Fig. 3.3. Instead of glueing the mesh directly

at the pipe wall, we placed the mesh between the cap and the connectors inside-wall.

The two major design considerations here are the inside wall thickness of the connec-

tor before the mesh (labelled in Fig. 3.3) and the length to diameter ratio of the hole.

The wall thickness should be less than the particle diameter. Otherwise, the particles

close to the hole can enter the hole and not be washed away by the flow. They could

accumulate over time and clog the hole. The thickness of the wall before the mesh was

chosen to be 0.5mm. The length to diameter ratio of the hole is important to achieve

a steady state inside the hole. The presence of the hole affects the flow and the flow

streamlines are deflected into the hole. Due to this cavity vortices are formed within

the holes. The length to diameter ratio of at least 2 is required to ensure that the flow

structure within the holes is fully developed and not changing with the Reynolds num-

ber [McKeon and Smits, 2002]. For our experiments, this ratio was approximately 4.

The hole diameter was 1mm. We used a stainless steel mesh of aperture 99µm and a

total mesh thickness of 150µm.

In addition to pressure measurements, we also measured particle orientation in
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the flow. We used high-speed photography to achieve that. Initially, we used a LED

lamp as it provides more uniform illumination. But at high flow speeds, the camera

required a low exposure time to take sharp images, and the light intensity provided

by the LED lamp was insufficient. So we switched to a laser sheet for illumination as

shown in Fig. 3.1. The laser sheet was shined in a vertical plane close to a pipe wall,

and the camera was placed perpendicular to the light sheet. As the particles were

translucent, they diffused the laser light and it was difficult to distinguish individual

particles. Therefore, to enhance the contrast we coated some of the particles with

black ink. We soaked a handful of particles in a black-coloured permanent-marker ink

for a few hours. The black colour stayed even after we washed them with water to

remove any extra ink. Then, we introduced the particles in the flow, and were able to

visualise the black particles in the otherwise white murky background formed by the

rest of the uncoloured particles; see Fig. 3.4a.

With this technique, we were able to capture the particles closest to the wall. We

could only measure the particle orientation in a curved plane close to the wall and not

in a straight vertical plane. We recorded over 12, 000 flow images for each Reynolds

number. We averaged them and subtracted the average from the original images to get

background-subtracted images as shown in Fig. 3.4b. We then binarised (3.4c), dilated

(3.4d), and eroded the images (3.4e). After that we labeled each connected compo-

nent, highlighted in red in 3.4f. We calculated the area, aspect ratio and eccentricity of

the connected components and used constraints on these quantities to eliminate spu-

rious components. The constraints were so chosen that we would underpredict rather

than overpredict the number of particles in each image. The idea was to leave out

spurious particles even at the cost of under-counting the actual particles, as spurious

particles might bias the statistics significantly. We could always obtain more images

to get a larger data set and compensate for the loss of information. Finally, we fitted

the smallest possible ellipse to each of the selected components and calculated the

angle of its major axis with the horizontal direction to get the desired orientation angle

with the streamwise direction. We used at least 50, 000 particles for each Reynolds

number to calculate the statistics. Furthermore, we carried out sensitivity analysis of a

few key parameters, such as binarisation threshold, and cross-checked that changing

the parameter by a small amount had little effect on the orientation distribution.



63

Figure 3.4: Steps in processing the flow images : (a) raw image, (b) Image after sub-

tracting the background, (c) image after erosion, (d) after dilation, (e) detected particles

highlighted in red, (f) detected particles and their measured orientation overlaid on the

background subtracted image in (b). Flow direction is from right to left. Particle con-

centration Φv = 5.7%
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3.3 Results

We first investigated the impact of the spherical particles on the friction factor scaling in

turbulent pipe flow. Fig. 3.5 shows the friction factor, f = 2∆PD/(LρU2), as a function

of Reynolds number Re= ρUD/µ, for different particle concentrations, where U is the

bulk velocity of the combined solid and liquid phases, D is the tube diameter, ∆P is

net the pressure drop across length L and, ρ and µ are the density and viscosity of the

suspending fluid respectively. We calculated the friction factor from the pressure drop

that was recorded across the 145D test-section. This definition of the friction factor

allows us to compare the net wall-shear due to the suspension (which is proportional

to the pressure drop) at a given flow rate with the wall-shear of the suspending fluid

alone at the same flow rate. A lower value of the friction factor would indicate that the

suspension has a lower drag compared to the suspending fluid alone.

For a turbulent flow of a single-phase Newtonian fluid, the friction factor initially fol-

lows the Blasius curve, and roughly at Re ≈ 100, 000, the friction factor scaling changes

to the Prandtl-Karman curve [Yakhot et al., 2010]. In the present study, deviations from

the Blasius scaling were observed for Re > 75, 000 in experiments of the Newtonian

suspending fluid. For Φv ≤ 0.5%, the friction factor, within experimental uncertain-

ties, is identical to that of the suspending fluid as low particle concentrations have little

influence on the flow.

For Φv ≥ 4%, spherical particles increase the drag at low Re, as is evident from

Fig. 3.5, where friction factors exceed the values predicted by the Blasius relation.

Here, higher particle concentrations lead to a more pronounced increase. In part, the

drag increases due to enhanced viscosity, but viscosity alone cannot account for the

total increase [Lashgari et al., 2014; Agrawal et al., 2019]. According to Picano et al.

[2015], in addition to viscosity, the particles also alter the near-wall velocity profile that

contributes to the increase in drag.

Surprisingly, as shown in Fig. 3.5, at high Re, the friction factor returns to the

Prandtl-Karman curve, for Φv ≥ 4%, i.e., the effect of particles on the drag diminishes

or completely disappears, and the scaling at high Re is equivalent to that of a single-

phase flow. Fig. 3.6 shows the smallest Re for which the suspension drag returns

to that of a single-phase flow as a function of particle concentration (Black circles).
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Figure 3.5: Friction factor as a function of Reynolds number for spherical particles.

The Reynolds number is based on the suspending fluid viscosity. Here, the radius ratio

D/d = 24, and the pipe diameter D = 30mm.

The criterion applied is an approach to the Newtonian friction scaling to within 2%, as

the error between different runs for the same concentration is approximately 1%. This

Reynolds number threshold monotonically increases with the particle concentration;

the higher the particle concentration, the higher the Re required to diminish their effect.

For comparison, the ratio of the thickness of the viscous sub-layer to the particle

diameter (red squares) is shown at the same Re, i.e., where the friction factors return

to the Newtonian values. The sub-layer thickness is at least two orders of magnitude

smaller than the particle diameter, so no particles are present in the near-wall region

as it is too small to accommodate particles. The flow behaves like a core-annular flow

with higher viscosity suspension at the centre and only the lower viscosity suspending

fluid in the annulus. Several studies in core-annular flows (with oil-water), have shown

that the pressure drop in such systems is comparable to the pressure drop for the flow

of the lower viscosity annular fluid alone at the same flow rate as the mixture [Charles

et al., 1961; Ooms et al., 1983; Bannwart, 2001]. This consideration offers a possible

explanation as to why the suspension friction factor at high Re approaches a single-

phase flow: the particle-free annulus governs the friction factor.
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As seen in Fig. 3.5, the suspension of density matched spherical particles increase

the drag at low Re and have a minimal effect at higher Re. We did not observe drag

reduction for the range of concentration and Re explored.

Figure 3.6: Black curve: Reynolds number threshold at which the friction factor in the

particle suspension returns to the values for single-phase flows, plotted as a function

of particle concentration. Red curve: the ratio of the viscous sub-layer thickness to

the particle diameter evaluated at the same Reynolds number as the black curve. The

Reynolds number is based on the suspending fluid viscosity. Here, the radius ratio

D/d = 24, and the pipe diameter D = 30mm.

It should be pointed out that one may erroneously infer a drag reduction even in

the case of spherical particles if the Reynolds number is scaled inappropriately with

suspension viscosity, µeff , instead of suspending fluid viscosity. Fig. 3.7 shows friction

factor as a function of effective suspension Reynolds number Res = ρUD/µeff ; µeff is

estimated using Krieger’s viscosity law [Krieger and Dougherty, 1959; Krieger, 1972;

Phillips et al., 1992]:
µeff

µ
= (1− Φ/Φm)

−1.82

where Φm = 0.68 is the random close packing concentration for spherical particles.

This empirical formula is commonly used for high concentrations and finite Reynolds
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number. For Φv = 0.5% the friction factor curve lies close to single-phase flow as

viscosity increase was too small at this low concentration. For concentrations Φv ≥ 4%,

the curves are initially above the Blasius. As Re is increased, they fall below Blasius

indicating ‘apparent drag reduction’. However, it is not a ‘net drag reduction’. The

suspension is drag-reducing only in comparison with a hypothetical single-phase fluid

with an effective viscosity equal to that of the suspension. Net drag reduction occurs

when the particles lower the friction factor of the fluid in which they are suspended

and can only be determined when suspending fluid properties (viscosity and density)

are used to calculate the friction factor and the Reynolds number. This ‘apparent drag

reduction’ increases with particle concentration and Reynolds number. We observed

the highest apparent drag reduction of 10.5%, at the highest concentration and Re

tested.

Figure 3.7: Friction factor as a function of suspension Reynolds number for the spher-

ical particles. The Reynolds number is based on the effective suspension viscosity,

µeff , obtained using Krieger’s viscosity law. Here, the diameter ratio D/d = 24, and the

pipe diameter D = 30mm.

To understand how the particle shape affects the friction factor, we extended the

experiments to cylindrical particles of a similar length (1.25mm) as the sphere diameter

(1.5mm). Fig. 3.8 shows the friction factor as a function of the Reynolds number based



68

on the suspending fluid viscosity. For Φv ≤ 1% we observe no drag reduction and the

friction factors are identical to a single-phase flow as concentrations are too small to

noticeably affect the flow.

As shown in Fig. 3.8, for concentrations Φv ≥ 2.9% we observe that the suspension

exhibits a net drag reduction in a Re interval. At low Re, the friction factor is higher

than Blasius; as Re is increased it declines faster than for a single-phase flow and falls

below Blasius; with a further increase in Re, it declines more gently (or even plateaus

for Φv = 10%) than a single-phase flow, eventually approaching the friction factor for

a single-phase flow. Clearly, for a given concentration, drag reduction is a function of

the Reynolds number. These observations are in agreement with previous works such

as Radin et al. [1975] and Gillissen et al. [2012] and references therein. For ease of

discussion, we call the region where the friction factor declines faster and gentler than

that of a single-phase flow as ‘Region 1’ and ‘Region 2’ respectively.

Figure 3.8: Friction factor as a function of Reynolds number for the cylindrical particles.

The Reynolds number is based on the suspending fluid viscosity. Here, the particle

aspect ratio l/d ≈ 23, particle length l = 1.5mm, and pipe diameter D = 30mm.
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In Region 2, the friction factor approaches or seems to approach the values for

a single-phase flow, but never exceeds it. This is in contradiction to previous works,

which suggested that the curves might cross over the values for single-phase flows

[Radin et al., 1975; Gyr and Bewersdorff, 2013]. However, previous studies based their

suggestion on the extrapolated data and not the actual data itself. In the present study,

we could reach sufficiently high Re and show that as Re is increased the curves only

approach the single-phase values.

In Region 1, even though the overall trend is similar, the friction factor behaves

differently for varying concentrations. For lower concentrations, 1% < Φv ≤ 3.8%,

the friction factor is only slightly above Blasius and decreases gradually, whereas, for

higher concentrations, Φv ≥ 5.7%, the friction factor is significantly above Blasius and

decreases precipitously. Interestingly, the friction factor curves for all the higher particle

concentrations have a similar slope.

Another point of difference between the two sets of concentrations is the onset

of drag reduction, i.e., the smallest Re for which the drag reduction is first observed.

Fig 3.9 shows the onset as a function of concentration. Here, for the lower concentra-

tions, the onset decreases, but for higher concentrations the onset increases. Based

on these observations it seems likely that the nature of drag reduction is different at

lower and higher concentrations.

To check how the slopes at higher concentrations Φv ≥ 5.7% in Region 1 compares

to the laminar flow, we show the friction factor as a function of the suspension Reynolds

number, using effective suspension viscosity µeff , in Fig. 3.10. For each concentration,

µeff is calculated by collapsing the measured pressure drop values onto the laminar

curve. For a given concentration a single value suffices to meet the fit indicating that

there is little or no shear-thinning (or thickening). As otherwise, the friction factor would

deviate from the laminar line. This is in contradiction to previous reports where the

fibre suspensions were assumed to be shear-thinning in Region 1 [Radin et al., 1975;

Gyr and Bewersdorff, 2013]. Additionally, the good data fit on the laminar line, for low

Reynolds numbers, indicates that the flow is laminar. For increasing concentration, the

flow remains laminar up to a higher Reynolds number.

From studies on core-annular flows, we know that the pressure drop (friction factor)

is governed by the properties of the fluid layer close to the wall [Charles et al., 1961;
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Figure 3.9: Reynolds number where the friction factor crosses the Blasius curve as a

function of particle concentration. The Reynolds number is based on the suspending

fluid viscosity. Here, the particle aspect ratio l/d ≈ 23, particle length l = 1.5mm, and

pipe diameter D = 30mm.

Ooms et al., 1983; Bannwart, 2001]. Based on this, and the good collapse of friction

factor on the laminar curve, we propose that the flow is Newtonian and laminar near

the wall. For that to happen there must be a fibre-free annulus surrounding the suspen-

sion at these higher concentrations. A central fibre core and a fibre-free annulus was

also observed in experiments in earlier studies at high fibre concentrations [Robert-

son, 1957; Daily and Bugliarello, 1958; Radin et al., 1975; Gillissen and Hoving, 2012;

Xu and Aidun, 2005].

To understand how the concentration affects the overall drag reduction, we show

the maximum drag reduction achieved as a function of the particle concentration in

Fig. 3.11. Maximum drag reduction (blue) increases with particle concentration and

for the highest concentration, Φv = 10%, a drag reduction of approximately 45% is

achieved. Even if we account for the ‘undesirable’ fraction of the fluid made up of
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Figure 3.10: Friction factor as a function on suspension Reynolds number for the cylin-

drical particles. The Reynolds number is based on the effective suspension viscosity.

Here, the particle aspect ratio l/d ≈ 23, particle length l = 1.5mm, and pipe diameter

D = 30mm.

solid fibres, and calculate the power consumption per unit ‘useful’ fluid transported, we

still end up saving power for all concentrations. Since for a fixed flow rate power is

proportional to friction factor, we used the following formula to calculate it:

Power Saving =
f − fs

1−Φf

f
× 100

Where, f is the friction factor of the suspending fluid, fs is the friction factor of the

suspension, and Φf is the solid fraction. The thus calculated real saving in power is

shown in red in Fig. 3.11. It increases with particle concentration, and for the highest

concentration tested, it is approximately 38%. We also observed that above 10% con-

centration, fibres formed small lumps and it wasn’t possible to obtain a homogeneous

suspension.

To better understand how the drag reduction changes with the concentration and
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Figure 3.11: Maximum net drag reduction and maximum power savings as a function

of particle concentration for the cylindrical particles . Here, the particle aspect ratio

l/d ≈ 23, particle length l = 1.5mm, and pipe diameter D = 30mm.

Re, we show the percentage drag reduction as a function of the suspending fluid

Reynolds number for varying concentrations of cylindrical fibres in Fig. 3.12. Φv = 1% is

neither drag-reducing nor increasing. For all higher concentrations, the drag reduction

curves follow a similar trend. The drag reduction is initially negative (drag increase). As

Re is increased, the drag reduction increases, reaches a peak and decreases again,

approaching the single-phase values.

Although the overall drag reduction curves are similar, certain details differ. For

concentrations 1% < Φv ≤ 3.8%, only one peak is observed around Re ≈ 20, 000,

the location of which does not change with concentration. For concentrations 5.7 ≤

Φv ≤ 6.5%, two distinct peaks are observed; a second peak appears at a smaller

Re in addition to the first peak. The location of the first peak is independent of the

concentration and the location of the second peak is dependent on the concentration.

For concentrations Φv ≥ 8.3%, again only one peak is observed, but here the location
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depends on the concentration.

Figure 3.12: Percentage drag reduction as a function of Reynolds number for cylindrical

particles. The Reynolds number is based on the suspending fluid viscosity. Type 1 and

Type 2 indicate two different types of peaks. Here, the particle aspect ratio l/d ≈ 23,

particle length l = 1.5mm and pipe diameter D = 30mm.

Based on the peak’s dependence on concentration, we infer that there are two dif-

ferent types of peaks: Type 1 for which the location is independent of the concentration

and, Type 2 where the location depends on the concentration, shifting to a higher Re

with increasing concentration. The Type 1 peak is prominent at lower concentrations

and as the concentration is increased, the Type 2 peak emerges. The two peaks co-

exist over a narrow range of concentration, 5.7 ≤ Φv ≤ 6.5%. As the concentration is

increased beyond 8.3%, the two peaks overlap and we see only one distinct peak: the

Type 2 peak.

The two different types of peaks indicate that two different mechanisms are simul-
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Figure 3.13: Friction factor for the 10mm and the 30mm pipe as a function of Reynolds

number. Only concentrations where the Type 2 peak is prominent are plotted. The

Reynolds number is based on the suspending fluid viscosity. Maximum Drag Reduction

for polymer (Red curve) is shown for comparison.

taneously at play that dictates the overall dynamics of the suspension flows. The par-

ticle concentration governs the relative prominence of the mechanism: for the lower

concentrations (1% < Φv ≤ 3.8%), the Type 1 peak is prominent, and for the higher

(Φv ≥ 5.7%) concentrations, the Type 2 peak is prominent. Therefore, here again, we

see a qualitative difference in the drag for the lower and the higher concentrations.

To check if the drag reduction exhibits a systematic trend with concentration, we

extended the experiments to flows in a pipe of smaller, i.e., 10mm diameter. The results

from both the 10mm & 30mm tubes are shown in the friction factor vs Re curve in

Fig. 3.13. We plotted only the concentrations for which the Type 2 peak is prominent

(in Fig. 3.12). Here, the peaks, where drag reduction is maximum, corresponds to

the kinks in the friction factor curves. The points of maximum drag lie onto a distinct

power-law curve irrespective of the particle concentration or pipe diameter. The drag

reduction by particles is bounded by this curve and can be considered as the maximum

drag reduction asymptote for the particle-laden flows.
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We visually noticed in the experiments that particles tend to rotate in the flow. To

probe the reason for their rotation and to check if it is related to the drag reduction, we

measured particle orientation with varying Reynolds number for a specific concentra-

tion. We chose a particle concentration of 5.7%, as it showed two distinct peaks and it

would be easier to relate the tumbling motion to one or the other peak. We calculated

their orientation as described in section 3.2.3. The mean of the orientation distribution

is zero at all Reynolds number indicating that particles are aligned with the mean flow

and occasionally tumble, where they only spend a small time misaligned with the flow

and quickly return to their preferred position, aligned with the flow.

We calculated RMS of particle orientation as a proxy for their tendency to misalign

and this is shown in Fig. 3.14 (red curve). The RMS shows a non-monotonic trend

where it first increases, reaches a peak and decreases again implying an enhanced

particle rotation in a narrow range of Reynolds number. Fig. 3.14 also shows the

location of the turbulence production peak (10 − 15 viscous units), normalised with

the fibre diameter (blue curve). The enhanced particle rotation appears to be due to

the turbulence production peak at the particle location. The vortices at the production

site could exert forces on the particles resulting in their rotation.

According to Paschkewitz et al., [2004] the enhanced rotation of the particles are

also responsible for drag reduction, as the rotation applies stresses to the flow that can

dampen the vortices, reduce turbulent activity, and therefore, reduce the overall drag.

However, we do not see any correlation between particle rotation and drag reduction

(Fig. 3.14 grey curve): the maximum drag reduction and maximum particle rotation oc-

cur in different ranges of Reynolds number. The results require cautious interpretation

as we could only observe the particle layer closest to the wall and measure only one

orientation angle of the particles — orientation with respect to the streamwise direc-

tion in a vertical plane. Given the limitations of experimental measurement techniques,

we hope that our observations will inspire future computational and theoretical studies

which may shed light on the possible link between drag reduction and particle rotation.
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Figure 3.14: Red curve: RMS of particle orientation vs Reynolds number for the cylin-

drical particles. The orientation is with respect to the streamwise direction in the vertical

plane. Solid blue curve: the ratio of the location of the turbulence production peak as

compared to the particle thickness as a function of Reynolds number. Dashed blue

line: serves as a visual guide where the above ratio is unity. Grey curve: Percentage

drag reduction vs Reynolds number. Particle concentration Φv = 5.7%, and and pipe

diameter D = 30mm.
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3.4 Discussion

In experiments with neutrally buoyant spherical and cylindrical particles, we found that

cylindrical particles in suspension reduce drag whereas spherical particles do not.

At low Reynolds numbers, the drag in the suspension of cylindrical particles is

higher than that for single-phase fluids. The drag reduction only occurs beyond a cer-

tain Reynolds number threshold that depends on the particle concentration and the

relative size of the pipe to the particle. Upon a further Reynolds number increase, the

drag reduction tends to increase until it reaches a maximum, and thereof the drag re-

duction decreases again. For a fixed particle shape, the location of the maximum shifts

to higher Re with increasing particle concentration and pipe diameter. The locus of

the maxima, irrespective of varying concentration or pipe diameter, is given by a single

curve and, on a friction factor vs Re plot, the curve follows a power-law scaling. This

curve bounds the drag reduction ability of the suspension for a given particle shape,

and therefore, can be regarded as the maximum drag reduction asymptote for the par-

ticles. Such a maximum drag reduction asymptote is well known for polymeric flows

but was undiscovered for particle-laden flows until this study.

Unlike earlier studies, with moderate aspect ratio fibres, we observed twice as much

drag reduction; 45% compared with 15 − 25% in earlier studies [Radin, 1974; Radin

et al., 1975; Gyr and Bewersdorff, 2013]. A possible explanation for the larger drag

reduction is that we extended studies to higher concentrations, up to 10%, while the

previous studies were limited to a maximum of 4% concentration. Even these higher

values of drag reduction are moderate in comparison to the drag reduction possible with

polymers [Virk, 1975], albeit for large aspect ratio asbestos fibres, that are reported to

produce drag reduction of up to 80% [Moyls and Sabersky, 1978; McComb and Chan,

1981], which is comparable to drag reduction achieved by polymers. However, the

fibres studied here are a safer option when compared to asbestos, and they are more

durable than polymers. Both asbestos and polymers degrade under shear and lose

their drag reduction ability; asbestos is carcinogenic and many polymers are toxic.

Fibres, on the other hand, are resistant to shear degradation, are non-carcinogenic,

non-toxic and are easier to separate from the suspending fluid. Therefore for industrial

and environmental applications, fibres may be a better alternative.
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The non-monotonic drag reduction with Reynolds number in particle-laden flows

agrees well with the existing literature [Radin et al., 1975; Gillissen and Hoving, 2012].

But we observed two points that disagree with previous results:

(i) It had previously been assumed that during the steep friction factor decrease (Re-

gion 1) at high concentrations, the suspension was shear-thinning [Radin et al.,

1975; Gyr and Bewersdorff, 2013]. However, the current results — the excellent

collapse of the data on the laminar line in Fig. 3.7 — indicates that the suspen-

sion is Newtonian and the flow is laminar. These earlier studies did not measure

the friction factor at a low enough Reynolds number and therefore it is possible

that the studies did not fully capture the steep decrease in the friction factor, and

couldn’t compare it to the laminar flow of a single-phase fluid.

(ii) It had previously been assumed that at high Reynolds numbers as the drag reduc-

tion decreases (Region 2), the friction factor would eventually cross the Prandtl-

Karman curve and the suspension drag would again be higher than that in a

single-phase flow [Radin et al., 1975; Gyr and Bewersdorff, 2013]. However, we

observe that at a high Reynolds number, the friction factor does not cross the

Prandtl-Karman curve, but only gradually approaches it. Therefore, the drag of a

suspension at higher Re is lower than or equivalent to a single-phase flow, see

Fig. 3.8 and 3.12. Data extrapolation rather than experimental data itself shaped

the previous consensus.

The fibre drag reduction has two distinct characteristics depending on the concen-

tration. For lower concentrations, Φv ≤ 3.8%, the friction factor decrease is gradual

in Region 1 (Fig. 3.8), the drag reduction onset decreases with the concentration

(Fig. 3.9) and, the drag reduction exhibits a prominent Type 1 peak whose location

does not change with the concentration (Fig. 3.12). However, for higher concentra-

tions, Φv ≥ 5.7% the scenario is different, the friction factor decline is steeper in Region

1 (Fig. 3.8), the drag reduction onset increases with the concentration (Fig. 3.9) and,

the drag reduction exhibits a prominent Type 2 peak whose location strongly depends

on the concentration (Fig. 3.12). Similarly, Xu et al. [2005] noticed that depending on

the fibre concentration, the velocity profile exhibits two different trends: at lower con-

centrations, the velocity profile becomes sharper with concentration increase, whereas
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at higher concentrations, the velocity profile becomes blunter with concentration in-

crease. The differences indicate that there might be two distinct mechanisms at play.

Xu et al. [2005] attributed the blunter velocity profiles to the fibre plug at the

channel centre. Several other studies also observed a central fibre plug at high con-

centrations and linked the fibre’s drag reduction ability to the plug [Robertson, 1957;

Daily and Bugliarello, 1958; Vaseleski and Metzner, 1974; Lee and Duffy, 1976; Gillis-

sen and Hoving, 2012]. The central fibre plug enhances the momentum transfer [Xu

and Aidun, 2005] and constrains the size of the eddies in the annulus [Gillissen and

Hoving, 2012], thus resulting in drag reduction. This is termed the core-effect. How-

ever, certain observations contradict the core-effect. For instance, injecting fibres close

to the wall is more effective for drag reduction than at the channel centre [Sharma et al.,

1978] and, simulations propose that the fibres weaken the turbulent generating vortices

close to the wall that lead to the drag reduction [Paschkewitz et al., 2004], the so-called

wall-effect. Here, similar to polymeric flows, fibres modify the near-wall turbulent struc-

tures to achieve drag reduction. In simulations and wall injections, fibre concentrations

are usually much lower than in experiments where a fibre core is observed.

Based on the two different drag reduction characteristics we observe, and the ob-

servations in previous studies, we propose a dual mechanism of drag reduction: at

lower concentrations, the wall-effect dominates and, at higher concentrations, the core-

effect dominates. The wall-effect occurs because of an interplay of the fibre and the

turbulent structures [Paschkewitz et al., 2004]. Hence, the relative size of the fibres

as compared to the turbulent structures determines the wall-effect. For a given fibre

shape, this relative size is governed only by the Reynolds number, thus, the drag reduc-

tion maximum because of the wall-effect should appear at a fixed Re, irrespective of the

concentration. The Type 1 peaks (Fig. 3.12) indeed appear at a fixed Re, supporting

the fact that they are determined by the wall-effect. On the other hand, the core-effect

is because of the fibre plug, and the strength of the plug depends on the concentra-

tion; a higher concentration implies a stronger fibre network and a more robust plug

[Gillissen and Hoving, 2012]. With increasing concentration, the plug disintegrates at

a progressively higher Re (higher shear), and therefore the drag reduction maximum,

should also shift to a higher Re. The type 2 peaks (Fig. 3.12), appear at a progressively

higher Re with increasing concentration, supporting the role of the core-effect.
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At lower concentrations, where the Type 1 peak is prominent, the wall-effect dom-

inates, and at higher concentrations, where the Type 2 peak is prominent, the core-

effect dominates. Since, for some concentrations, we observe two distinct peaks, both

mechanisms are at play simultaneously and, their relative significance depends on the

concentration of fibres.

Moreover, we found that the neutrally buoyant spherical particles do not reduce drag

for any Re. They increase drag at low Re, and as Re is increased, the friction factor

decreases to the level of single-phase fluids, meaning that the particles have little effect

on the fluid drag at higher Re. Similar observations were made by Zade [Zade, 2019],

where he did experiments with neutrally buoyant spherical particles for a wide range of

pipe-particle diameter ratios. He found that none of the particle sizes reduces drag.

The literature is more divisive on the drag reduction ability of small heavy particles.

As Radin et al. [1974; 1975] pointed out, similar experiments in different studies noted

drag reduction, drag increase or no change in drag at all. More recently, for the simu-

lations of small & heavy particles, the simulations of Zhao et al. [2010] observed drag

reduction whereas Costa et al. [2019; 2021] observed a drag increase. Costa et al.

noted that although particles reduce the fluid turbulent drag, the solid phase inertial

dynamics might still increase the overall drag. It is possible that different ways of mod-

elling the particle-laden flows, for example, the fluid-solid interactions and solid-solid

interactions, could lead to different outcomes. Furthermore, as shown in this study,

depending on the range of Reynolds number examined or different ways of process-

ing the data, can lead to different conclusions for the same particles, where the same

particles could reduce (Fig. 3.7), enhance or show no effect (Fig. 3.5) on the drag. In-

consistent ways of processing data maybe an important reason for the discrepancies

in the literature related to the drag reduction ability of spherical particles.

Our experimental results are robust and repeatable for the particle shapes and sizes

under investigation but, our work has certain limitations and unanswered questions.

Although the mechanism for drag reduction delineated in this work is plausible, it

needs further verification. We have only tried two tube diameters and a single fibre

shape. The analysis should be extended to different diameter tubes or different aspect

ratio fibres to verify the existence of the two distinct peaks.

Our work doesn’t explain the origin of maximum drag reduction asymptote and why
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the asymptote follows a power law is also not clear. The maximum drag reduction

asymptote can be linked to the core-effect but, this needs further verification. Further-

more, the exact mechanism of how the plug flow translates to a specific asymptote

also remains unclear. It is also ambiguous if the asymptote is specific to a given par-

ticle shape or universal. Unlike in the case of polymer drag reduction, the asymptote

cannot be expected to be universal because some experiments have notices higher

drag reduction with high aspect ratio asbestos fibres [McComb and Chan, 1979].

With the current experimental process, we could only measure the differential pres-

sure and the orientation of fibres closes to the wall — roughly one particle thickness

from the pipe walls. To get a clearer picture, future experiments should focus on mea-

suring particle orientation and concentration profiles across the entire cross-section

and measure turbulent fluctuations close to the wall. The particle concentration and ori-

entation profile could help uncover how fibre plug and wall-effect evolves with Reynolds

number, and their relationship to Type 1 and Type 2 peaks, respectively. Turbulent fluc-

tuations could shed light on the state of the flow in the fibre-free annulus. However,

tracing a large number of particles in dense suspensions is not feasible. Furthermore,

such experiments would require fibres that have a refractive index close to that of the

suspending fluid. Hydrogel particles are a possibility, but unlike spherical hydrogel par-

ticles, fabricating a large number of high aspect ratio cylindrical particles is infeasible.

Drag reduction with spherical particles remains an open question. More research is

needed to establish their drag reduction ability. We have only tested a single particle-

fluid density ratio of unity. For a clearer picture, more density ratios should be ex-

amined, especially with high density ratios. However, such experiments pose many

difficulties: i) heavier particles in horizontal tubes are prone to rapid settling, ii) in verti-

cal tubes, the flow physics is altered by the presence of gravity as heavier particles are

strongly ‘pulled’ or ‘pushed’ by gravity as compared to the fluid itself, iii) to achieve high

density ratios where spherical particles are reported to be drag-reducing (102 − 103),

solid-gas suspensions are usually used, but such non-aqueous system has a strong

tendency for electrostatic charges to accumulate on the solid surface, which might alter

their dynamics [Radin, 1974].

We have carried out experiments with spherical particles and fibres. While choos-

ing a different particle, the question arises as to what is an appropriate choice for the
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geometry of the particle that allows a direct comparison with the previous experiments.

We choose the fibres such that their length was similar to the diameter of the spherical

particles. Even though other effects are important, the interactions of particles with

the near-wall turbulent structures are expected to play an important role and, therefore

we chose to use shapes with a similar dimension. However, other choices are equally

possible. For instance, one may choose a particle with a different shape, but the same

volume, such that the number density of the particles is identical for a given concentra-

tion irrespective of the shape. Yet another possibility may be to compare particles with

a similar surface area. The formation of a fibre network seems to plays an important

role in drag reduction, and surface area is one of the factors that determine the strength

of the network. Comparing surface area matched particles might help elucidate the im-

portance of the fibre network in more detail. Since the mechanism of the drag reduction

was unclear before the start of the thesis and still remains so to some extend, it was

difficult to choose the most appropriate way to compare different particle shapes. We

had to start somewhere, and we choose to use particles of a similar dimension. Future

studies may look to explore various other ways to compare different particle shapes.

3.5 Conclusion

We did experiments with neutrally buoyant particles and found that the spherical par-

ticles do not reduce drag, whereas the cylindrical particles can be drag-reducing for a

range of Reynolds number. The magnitude of drag reduction by the cylindrical particles

is a function of the Reynolds number and the particle concentration. At low Reynolds

number, the cylindrical particles invariably increase drag for all concentrations. Beyond

a critical Reynolds number, they reduce turbulent drag. This critical Reynolds number

is a non-monotonic function of the particle concentration. Furthermore, for all con-

centrations, the magnitude of drag reduction first increases with particle concentration,

reaches a maximum, and then decreases again on a further increase in concentration.

The drag reduction maxima vary with particle concentration and tube diameter in such

a way that they lie on a power-law asymptote on the friction factor vs Re plot.
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