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Abstract 

 

This thesis presents the first measurements of the velocities and orientation of nylon 

fibrous particles with length to diameter ratios of between 35 and 60 where the density 

ratio between the two phases is of order 1,000. One set of data was obtained with the 

fibres settling in air at a fibre Reynolds number in the range of 10 – 100 based on the 

fibres’ lengths under conditions that avoided any influence of secondary flows and at a 

mean volume fraction of 10-5. The other data were obtained with the fibres transported 

in a turbulent co-flowing jet at the jet Reynolds number of 70,000 in the super-dilute 

regime.  These data are of relevance to the combustion of biomass particles in furnaces 

and boilers. As such, the data will contribute to the replacement of fossil fuels with 

biomass, which is an attractive fossil-fuel alternative because it is renewable and the net 

greenhouse gas emissions are lower than for fossil fuels.  

 

 

The measurements described above were undertaken with a novel implementation of 

Particle Tracking Velocimetry (PTV) in which a fibre’s orientation, the vertical and 

horizontal components of velocity, were measured simultaneously based on each fibre’s 

two end-points. The laser used in the experiments was a Quantel Brilliant Twins double-

cavity pulsed Nd: YAG 10 Hz laser. The thickness of the light sheet was about 5 mm, 

which is a value found experimentally to provide a good compromise between a 

sufficiently high fraction of fibres fully within the light sheet and a reasonable spatial 

resolution. The one key feature of this method is that the “part-in” fibres within the laser 

sheet were detected and rejected through an assessment of the signal intensity and signal 
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intensity gradients. The other key feature is that the volume fraction of the fibres was 

measured by counting the number of particles in the viewing volume. 

 

Firstly, the drag coefficient of long aspect ratio fibrous particles has been investigated 

experimentally. A “sphericity” parameter has been widely introduced in previous work 

to define the drag coefficient of fibrous particles. However it is not suitable for long 

aspect ratio fibres. In the present work, the relationship between the drag coefficient and 

a fibre’s Reynolds number based on the diameter for a long fibre was derived and 

investigated. An equation was proposed to describe the relationship between the volume 

fraction and settling velocity. It was also found that the scatter of horizontal velocity 

increases significantly with the volume fraction. The equivalent diameter of a settling 

fibre in air is reported. Two previous models of the drag coefficients of fibrous particles 

were also assessed.  

 

Secondly, the influence of volume fractions of the fibrous particles on their settling 

velocities and orientations was investigated. It was found that the mean settling 

velocities of the fibrous particles increased significantly with the number density of the 

fibres for the low volume fractions. This is attributed to the fibres’ orientation transition 

from the horizontal to the vertical state because of increasing interactions between the 

fibres, together with the influence of the cloud-like motion on the fibres. The volume 

fraction also has a strong influence on the mean orientations of the fibrous particles 

such that the fibres’ orientation tends to be more vertical with an increase in the number 

density of the fibres. 
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Thirdly, for a bulk settling motion of the fibrous particles, it has been found that the 

distributions of the fibres’ vertical and horizontal components of settling velocity are 

nearly Gaussian. The bulk mean settling velocity of the fibres is much higher than that 

of a single fibre. This is attributed to the bulk motion effect and orientation transition 

mentioned above. The orientations of the majority of the fibrous particles are nearly 

horizontal. A key new finding is that the horizontal velocity of the fibres, whilst settling 

in air, is preferentially aligned with the major axis of the fibres, because a horizontal 

fibre moving horizontally in this direction has the minimum drag force. Furthermore it 

has been found that the majority of fibres exhibit rotation and tumbling while settling in 

air, which contrasts with the previous measurements in water. This is attributed to the 

fibre’s pressure centre being behind the mass centre whilst settling.  It has also been 

found that the fibres’ tumbling is inhibited by a decrease in the aspect ratio. Angular 

velocities of the fibrous particles and their distributions for four types of the fibres are 

reported.  

 

Fourthly, the influence of the aspect ratio of the fibrous particles on their settling 

velocities and orientations was investigated for aspect ratios of 35, 48 and 60. For fibres 

with a constant diameter but different length, it was found that the settling velocity 

normalized by that of an equivalent sphere (Vcx/Veq-sph) decreases with an increase in 

fibre length. For fibres with the same length but different diameter, both the mean 

settling velocity and the normalized settling velocity (Vcx /Veq-sph) decrease with an 

increase in diameter. For fibres with the same aspect ratio but different length and 

diameter, the normalized settling velocity (Vcx /Veq-sph) decreases with an increase in 

particle size. 
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Lastly, the measurements in a turbulent jet found both that the fibres’ most probable 

orientation tends to be approximately 50° to the axial direction and that there are few 

fibres that are aligned with the direction of the flow at the centre-line of the jet, which is 

consistent with the simulation of inertial fibres in a turbulent channel flow. However it 

contrasts with the previous work of small fibres in a turbulent pipe flow, where the 

fibres were reported as being predominately aligned with the direction of the flows at 

the centre-line of a pipe. This difference is attributed to the fibres’ inertia. The fibres’ 

inertia is significant for the present jet flow because the density ratio between the 

particle and fluid phases for the present case is three orders of magnitude larger than 

that of the turbulent pipe flow. At the centre of the co-flowing jet, the fibres’ axial 

velocity and orientation were found to change little with an increase in volume fractions 

in the super-dilute regime, which contrasts with the findings of the free-falling cases in 

which the settling velocity and orientation change significantly with the volume fraction. 

These differences are attributable to a reduction in the relative significance in the 

interactions between the wakes of the proximate particles. The fibres’ vertical angular 

velocity is the lowest at the centre-line of the jet and increases significantly in the radial 

direction, which is consistent with the previous simulations. At the centre-line of the jet, 

the fibres’ normalized radial velocity is much higher than that of the spheres with a 

similar Stokes number based on diameter. This is attributed to the dual effects of 

significant orientation of the fibres to the flow and to their tumbling, both of which 

induce a radial velocity that does not occur with spheres.  
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Preface  

 

This thesis by publication is submitted in partial fulfillment of the requirements for a 

Doctor of Philosophy Degree (PhD) at The University of Adelaide. The work outlined 

in this thesis was performed in The Two-Phase Laboratory of the School of Mechanical 

Engineering at North Terrace Campus under the supervision of Professor G. J. “Gus” 

Nathan and A/Professor R.M. Kelso. This thesis consists of ten chapters and an 

appendix, covering four peer-reviewed journal papers and two conference papers that 

were first-authored by the author of the present thesis. 

 

The first chapter introduces the significance and the objectives of this research, together 

with some background information about this work. Chapter 2 presents the literature 

review for this thesis, covering the known information about the drag coefficient of a 

fibrous particle, the motion equations of a fibre and the bulk motion of aerosols and 

fibrous particles in turbulent flows.  

 

Chapters 3 to 6 cover the four papers published in an international journal, Powder 

Technology, which are:  Paper 1) PTV measurements of drag coefficient of fibrous 

particles with large aspect ratio; Paper 2) Aerodynamics of long fibres settling in air at 

10 < Re < 100; Paper 3) The influence of aspect ratio on distribution of settling 

velocities and orientation of long fibres and Paper 4) Velocity and orientation 

distribution of fibrous particles in the near-field of a turbulent jet.  
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Chapters 7 and 8 cover the two conference papers, which are: Paper 1) The influence of 

number density of fibrous particles on the distribution of settling velocities and fibre 

orientation and Paper 2) Aerodynamics of long aspect ratio fibrous particles under 

settling.  

 

Chapters 3 to 8 present the key findings of the aerodynamics of the fibrous particles 

both whilst settling in air and whilst being transported by a turbulent co-flowing jet.  

Chapter 9 summarises the conclusions reached and recommends future directions for 

research work in this field. Following this, Chapter 10 presents the bibliographies, while 

the principle computer codes written for the work are contained in the Appendix. 
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Summary of Each Paper 

 

Paper I: PTV measurement of drag coefficient of fibrous particles with  

               large aspect ratio 

This paper reports the simultaneous laser-based measurements of the orientation and 

velocities of the fibrous particles, whilst settling in air, under super dilute conditions 

without any influence of secondary flows (which contrasts with the previous 

investigations),  and at the fibre Reynolds numbers of 0.5 – 2 based on the fibre 

diameter. This technique employs a two-dimensional Particle Tracking Velocimetry 

(PTV) to calculate the fibres’ orientation by the use of fibres of near-constant length and 

velocities based on the two end-points. The method found a way to detect whether a 

fibre is in the same plane as the light sheet by rejecting fibres that are “partly-in” in the 

light sheet, because the measured lengths of such fibrous particles are false. In the 

present work, the drag coefficient of a long aspect ratio fibre, whilst settling in air, was 

derived and investigated as a function of Red and orientation. The controlling length 

scale (or equivalent diameter) of the settling fibre in air is reported. It was also found 

that the scatter of horizontal velocity increases significantly with the volume fraction. 

An equation was proposed to describe the relationship between the volume fraction and 

the settling velocity.  Two models by Fan et al. [1] and Clift et al. [2] were also assessed 

and were found to be in poor agreement with the current measurements. 
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Paper II: Aerodynamics of long fibres settling in air at 10 < Re < 100 

This paper reports the aerodynamic behaviour of long aspect ratio nylon fibrous particles 

also whilst settling in air under super dilute conditions without any influence of 

secondary flows and at the fibre ReL = 10 – 100. Measurements of the orientation and 

velocities of the fibrous particles were also undertaken by two-dimensional Particle 

Tracking Velocimetry (PTV), based on the two end-points.  In this paper, a statistical 

evaluation of the fibres’ mean vertical and horizontal components of settling velocities, 

angular velocity, and orientation and number density is presented and used to assess the 

aerodynamics of the fibrous particles. The influence of the volume fraction on the 

settling velocity and orientation of the fibrous particles was assessed and compared with 

the work of Salmela et al. [24] and Kuusela [33] which were in the range of ReL ~ O(1), 

along with the work of Herzhaft and Guazzelli [22] and Butler and Shaqfeh [39] which 

were in the range of ReL ~ O(0). It was found that the fibres’ orientation depends on their 

Reynolds numbers, which is consistent with the findings of Hinds [64]. The mean 

settling velocities of the fibrous particles increase significantly and the fibres’ 

orientations tend to be more vertical with an increase in the number density of the fibres 

under the low volume fractions. The present work represents the first detailed 

assessment of the influence of volume fraction under above conditions. It was also found 

and first reported that the transverse velocity of the fibres whilst settling in air is 

preferentially aligned with the major axis of the fibres, because a horizontal fibre 

moving horizontally in this direction has a minimum drag force. 

 

Paper III: The influence of aspect ratio on distributions of settling velocities  

                   and orientations of long fibres 

This paper reports the influence of the aspect ratios of the fibrous particles on their 
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settling velocities and orientations under dilute conditions at the fibre Reynolds 

numbers of 3 – 70 based on the fibre lengths and for aspect ratios of 35, 48 and 60. This 

study focuses on the bulk settling motion of the fibrous particles in air, which is 

different from that of a single fibre. The measurements were performed for three cases: 

1) for fibres with a constant diameter but different length it has been found that the 

mean vertical settling velocity of the bulk settling fibres is not independent of the fibre 

length, the mean settling velocity of the long fibres is a little higher than that of the 

short ones, which is different from the findings of McKay et al. [15] who reported the 

terminal settling velocity of a single fibre is nearly independent of the aspect ratio; 2) 

for fibres with the same length but different diameter it has been found that both the 

mean settling velocity and the normalized settling velocity (Vcx /Veq-sph) decrease with an 

increase in diameter; 3) for fibres with the same aspect ratio but different length and 

diameter it has been found that the normalized settling velocity (Vcx /Veq-sph) decreases 

with an increase in particle size.  It was also found that the fibres swing significantly 

whilst settling in air and the fibres’ tumbling is inhibited by a decrease in the aspect 

ratio. The vertical angular velocity and their distributions for four types of the fibres are 

also reported. 

 

 

Paper IV: Velocity and orientation distributions of fibrous particles in the  

                   near-field of a turbulent jet 

This paper reports the measurements of the velocity, angular velocity and orientation of 

the nylon fibrous particles of the long aspect ratio in the super-dilute regime, in the 

near-field of a co-flowing jet at a jet Reynolds number of 70,000. Measurements were 

performed in the near-field, i.e. in the axial range of 0 < x/D < 4, by employing the 
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similar Particle Tracking Velocimetry method described above. One of the key findings 

is that at the centre-line of the jet, the fibres’ most probable orientation tends to be 

approximately 50° to the axial direction and that there are few fibres that are aligned 

with the direction of the flow, which is consistent with the simulation of inertial fibres in 

a turbulent channel flow [118]. However it contrasts with the previous work of small 

fibres in a turbulent pipe flow [95]. This difference is attributed to the fibres’ inertia. 

The fibres’ inertia in the present case is much more significant than for that in the pipe 

flow. It is also found that at the centre of the co-flowing jet, the fibres’ axial velocity and 

orientation change little with an increase in volume fractions in the super-dilute regime, 

which contrasts with the findings of the free-falling cases. This is attributed to the 

greater significance of inertia and a reduced significance of the interactions between the 

wakes of proximate particles, because the “background” flow in the carrier phase is 

turbulent instead of laminar. The fibres’ vertical angular velocity is at its lowest at the 

centre-line of the jet and increases significantly in the radial direction, which is 

consistent with the previous simulation [51]. At the centre-line of the jet, the fibres’ 

normalized radial velocity is at an order of magnitude larger than that of the spheres’. 

This is attributed to the fibres’ tumbling motion. 
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Notation 

 

Ap Surface area of a non-spherical particle (m2) 

ar = L/ d   Aspect ratio of  length to diameter of a fibrous particle 

As Surface area of a sphere (m2) 

d Diameter of a fibrous particle (m) 

dev  Equivalent diameter of a fibrous particle, based on volume (m) 

deq  Equivalent diameter of a fibrous particle, based on its projected area 

and its mean orientation (m) 

des  Equivalent diameter of a fibrous particle, based on its surface area (m) 

D Diameter of a spherical particle (m) (Chapters 1 – 5, 7 – 10);  

Diameter of the supply pipe (Chapter 6) 

FD Drag force on a particle (N) 

Fg Gravitational force on a particle (N) 

H Thickness of the laser sheet (m) 

L Length of a fibrous particle (m) (Chapters 1 – 5, 7 – 10);  

Length of the supply pipe (m) (Chapter 6) 

Lp Length of a fibrous particle (m) (Chapter 6) 

Lx Component of the projected length of a fibre in the direction of the x 

axis  

Ly Component of the projected length of a fibre in the direction of the y 

axis 
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np Number of particles on an image 

r Radial direction of the supply pipe (Chapter 6) 

R Resolution of the images (µm/pixel) 

Rep A spherical particle’s Reynolds number:  



 DVrelair
p Re ,  where D is the diameter of a sphere 

ReL 
A fibre’s Reynolds number based on its length, 



 LVrelair
L Re  

Red 
A fibre’s Reynolds number based on its diameter, 



 dVrelair
d Re  

Redeq A fibre’s Reynolds number based on its equivalent diameter  

Rede,v A fibre’s Reynolds number based on its diameter of equivalent volume  

Rede,s A fibre’s Reynolds number based on its diameter of equivalent surface 

area 

Δt Time separation between a pair of images (µs) 

Vc Velocity of the centroid of a fibrous particle (m/s) 

Vcx Fibres’ settling velocity, that is: the velocity of the centroid of a fibrous 

particle in the vertical direction (m/s) 

cxV  Mean settling velocity of the fibres, that is:  mean vertical velocity of 

the centroid of the fibrous particles in the x axis (vertical) direction 

(m/s) 

Vcy Velocity of the centroid of a fibrous particle in the y axis (horizontal) 

direction (m/s) 

cyV  Mean velocity of the centroid of the fibrous particles in the y axis 

(horizontal) direction (m/s) 
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Vcz Velocity of the centroid of a fibrous particle in the z axis direction 

(m/s) 

Ve1 Velocity of endpoint 1 of a fibrous particle (m/s) 

Ve1x Velocity of endpoint 1 of a fibrous particle in the x axis direction (m/s) 

Ve1y Velocity of endpoint 1 of a fibrous particle in the y axis direction (m/s) 

Ve1z Velocity of endpoint 1 of a fibrous particle in the z axis direction (m/s) 

Ve2 Velocity of endpoint 2 of a fibrous particle (m/s) 

Ve2x Velocity of endpoint 2 of a fibrous particle in the x axis direction (m/s) 

Ve2y Velocity of endpoint 2 of a fibrous particle in the y axis direction (m/s) 

Ve2z Velocity of endpoint 2 of a fibrous particle in the z axis direction (m/s) 

Ve1r Velocity of endpoint 1 of a fibrous particle in the radial direction of the 

jet pipe (m/s) 

Ve2r Velocity of endpoint 2 of a fibrous particle in the radial direction of the 

jet pipe (m/s) 

Vc,0 Central-line exit velocity of a single-phase of the jet (m/s) 

Vts Terminal settling velocity of a particle (m/s) 

tsV  Mean terminal settling velocity of the fibrous particles (m/s) 

Vrel Relative velocity between a fluid and a particle (m/s) 

GREEK 

α Azimuth of the major axis of a fibrous particle, relative to the viewing 

plane (°) 

δ The minor axis of the basic rectangle of a fibrous particle on the 

images 

µ Air viscosity (Pa s), 1.81×10-5 at 293K (Lab temperature) 
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θ Orientation of a fibrous particle, the angle between the major axis of a 

fibrous particle and the direction of gravity (°) 

  Mean orientation of the fibrous particles (°) 

 ts 
Mean orientation of the fibrous particles in terminal settling velocity 

(°) 

ρair  Density of air (kg/m3); 1.20 kg/m3 at 293K (Lab temperature) 

ρf  Density of the fluid (kg/m3) 

ρp  Density of a particle (kg/m3) 

ρfp  Density of fibrous particles (kg/m3); nylon fibre: 1150 kg/m3 

vertical  Mean angular velocity of the fibrous particles in a vertical direction 

(rad/s) 

x  Mean angular velocity of the fibrous particles in the x axis direction 

(rad/s) 

Φ Particles’ volume fraction within the fluid 

χ 
Dynamic shape factor, 

ev

D

Vd

F




3
  

Ψ 
Sphericity of a non-spherical particle, 

p

s

A

A
 , where As is the surface 

area of a sphere that has the same volume as a non-spherical particle 

Ψfp 
Sphericity of a fibrous particle, 

2/2

2

ddL

dev
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
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1 Introduction 

 

1.1 Significance of This Research 

In 2014, the Intergovernmental Panel on Climate Change (IPCC) reported: “An urgent 

UN climate deal is needed to meet CO2 targets and immediate and full participation in 

global climate agreement is needed to curb temperature rise”. It is widely accepted that 

climate change is, without question, one of the most serious challenges human beings 

face [124]. CO2 reduction has become not only a technical issue, but also very much a 

political one [68]. The International Energy Outlook [100] pointed out that 

“atmospheric concentrations of carbon dioxide have been rising at a rate of about 0.6 

percent annually in recent years, and that growth rate is likely to increase. As a result, 

by the middle of the 21st century, carbon dioxide concentrations in the atmosphere could 

be double their pre-industrialization level”. The combustion of fossil fuels is the 

dominant source of energy for industry, transportation and suburbia, which makes these 

elements integral to the functioning of society in its current form [113]. Much policy 

analysis has focused on CO2 from burning fossil fuels, which comprise about 60% of 

total global greenhouse gas emissions in 2010. Emissions of all greenhouse gases have 

increased by about 75% since 1970 [124]. Carbon dioxide does not directly impair 

human health but is a ‘greenhouse gas’, trapping the earth’s heat and contributing to the 

potential for global warming, which has the potential to wreck livelihoods, stunt 

economic growth and change entire ecosystems irreversibly. Fossil fuels also emit 

nitrogen oxides (NOx) when they are burned. Nitrogen oxides are precursors to the 
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formation of ozone and they also contribute to the formation of acid rain. As a direct 

result of this, there is a need for humans to take various measures to reduce greenhouse 

gas emissions. 

 

Furthermore, fossil fuels, coal, oil and natural gas are not renewable energy sources. 

The fossil fuels that are being used today have been forming over millions of years. 

Fossil fuels currently meet 80% of the global energy demand and the global energy 

demand in 2035 is projected to rise by 40% [126]. At the present rate of consumption, 

the known reserves of fossil fuels will be depleted in the foreseeable future. Table 1.1 

shows the conventional fossil fuels’ reserve-to-production ratio (RPR) of 2013 [125]. It 

can be seen that at the end of that year, the global total of proven reserves of coal was 

891.5 billion tons whilst the world consumption rate throughout that year was 7.89 

billion tons. Based upon this, in 113 years the coal reserves will be depleted. Also, in 

terms of oil, the table shows that the R/P (reserve/production) ratio will last for 53.3 

years and natural gas will last for 55.1 years. The International Energy Agency report, 

Resources to Reserves 2013 [126], also gives a similar range of RPR for conventional 

fossil fuels. Recently, access to unconventional fossil fuels (tight gas, shale oil, shale 

gas and coal-bed methane) has seen substantial growth in North America. Although the 

global resources and reserves bases for unconventional oil are similar to that for 

conventional oil, these new resources could only extend the global oil supply by 

decades to a century and that extension only if technologies are developed to harvest 

them economically [126]. Therefore the resources are still finite in the long-term future. 

In addition, the IPCC has argued that fossil fuels should be phased out by 2100. 
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Table 1.1: Conventional fossil fuels reserve-to-production ratio (RPR) [125]. 

Fuels  Total proved reserves at end 2013 Production rate per year (2013)  RPR (years) 

Coal  891.5 Billion tons 7.89 Billion tons 113 

Natural gas 185.7 Trillion cubic metres 3.37 Trillion cubic metres 55.1 

Oil  1687.9 Billion barrels 31.55 Billion barrels 53.3 

 

 

One approach to reduce the use of fossil fuels is partial substitution with biomass, or 

organic matter, which is a renewable and environmentally friendly resource for energy 

supply, because biomass absorbs carbon dioxide through a process of photosynthesis as 

it grows [68]. Such fuels can be derived from trees, agricultural residues and other 

plants and algae. The potential of biomass energy derived from forest and agricultural 

residues world-wide, is estimated at about 30 EJ/year, compared with an annual world-

wide energy demand of over 400 EJ. If biomass is to contribute to a larger extent to the 

world’s energy supply, then energy farming (the cultivation of dedicated crops for 

energy purposes) will be required, using fallow and marginal lands, the latter being 

largely unsuited for food crops in any case. When energy crops are considered as a 

source of biomass, the total energy potential of biomass for energy production may be 

considerably larger than the energy potential of biomass residues [131]. For example, 

many countries have tried to alter trends in CO2 emissions with policies that would 

make the energy supply system more efficient and shift to low emission fuels, including 

renewables and nuclear power [124], because nearly all climate-altering gases have 

atmospheric lifetimes sufficiently long that the location of their emission is immaterial 

to the damage they cause. CO2 emissions spread worldwide and affect the climate 

everywhere.  
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Although the percentage of biomass being used around the world is increasing [50, 127] 

and policies encouraging the development of forest biomass energy have generally 

adopted a view of biomass as a carbon neutral energy source, there is a debate about the 

life cycle emissions of CO2 from biomass for near-term reduction of greenhouse gases. 

Alsamaq et al. [137] assessed agricultural residues and point out that the Life Cycle 

Assessment results reveal that the utilization of agricultural residues for biogas 

production would lead to high environmental benefits in terms of their Global Warming 

Potential. When compared with coal-based power generation systems, sugarcane 

bioenergy systems are able to avoid CO2 emissions at rates that range between 1.081 

and 1.137 kgCO2/kWh, depending on the cane-residue utilisation strategy adopted [138]. 

The environmental performance of willow biomass crop production systems in New 

York (NY) is analysed using life cycle assessment (LCA) methodology. The base-case, 

which represents current practices in NY, produces 55 units of biomass energy per unit 

of fossil energy consumed over the biomass crop's 23-year lifetime [139]. An 

exploration of the literature [128] of this more complex picture in the context of 

biomass energy development in Massachusetts, reveals that forest biomass generally 

emits more greenhouse gases than fossil fuels per unit of energy produced. Based on the 

study of life cycle assessments of wood biomass [128], 32 years are required to recover 

the carbon debt through forest growth and 100 years to reach greenhouse neutral. 

Therefore it seems that it is not realistic to meet CO2 reduction targets in the near-term 

by substituting fossil fuels with forest biomass. However many forest scientists have 

expressed concern over equating biogenic carbon emission with fossil fuel emissions, 

such as is contemplated in the EPA Tailoring Rule. They have also noted, correctly, that 

carbon dioxide released from the combustion of wood biomass is part of the global 

cycle of biogenic carbon and “does not increase the amount of carbon in circulation”, as 
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would fossil fuel emissions [127]. Thus, the implication is that the use of wood biomass 

for energy will imply no net forest emissions to the atmosphere, given adequate 

regeneration and sufficient time, so biomass energy is expected to play a major role in 

the substitution of renewable energy sources for fossil fuels. Raymer [129] pointed out 

that the use of forest products, either instead of more energy-intensive materials, or 

instead of fossil fuels, can contribute to a long-term solution on avoiding greenhouse 

gas emissions. In Australia, over half of the production of biomass energy comes from 

bagasse and other agricultural residues, which is approximately carbon neutral in the 

short-term.  

 

 

With increasing importance being attached to the concept of biomass as an energy 

supply and with the increasing use of biomass in the existing combustion system, there 

is a growing awareness of the need to improve biomass combustion. Technological 

advancements in biomass energy conversion come from three sources - enhanced 

efficiency of biomass energy conversion technologies, improved fuel processing 

technologies and enhanced efficiency of end-use technologies [132]. A wide range of 

combustion technologies exist, most of which have been, or could be, adapted to suit the 

partial or full utilisation of biomass. Examples include fixed-bed and moving-grade 

combustors, fluidised bed combustors, gasifiers and conventional furnaces, boilers and 

kilns. These latter conventional systems, in which the fuel is burned in a flame, are by 

far the most common system within Australia, along with the rest of the world. In such 

systems the fuel is typically either blown in a gas or as a fine powder (pulverized fuel), 

or it is sprayed in as fine droplets. The air is typically blown in around the fuel. Since 

vast capital is tied up in the infrastructure of these existing combustion systems, it is 
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usually more cost-effective to adapt them to allow the (perhaps partial) use of biomass 

than it is to install entirely new technologies for the purpose. Likewise it is usually cost-

effective to refine existing facilities which already utilise biomass. These technologies 

include blending biomass with coal on the fuel stockpile, injecting biomass separately 

into a boiler, and gasifying biomass for subsequent firing in an electricity generating 

system [133]. Pulverized, fine coal particles are granular and an almost universal 

assumption is that coal dust particles are spherical and homogeneous [68], that is, 

particles of pulverized fossil fuels can be approximated as being spheres. The 

aerodynamics of spherical particles has been extensively studied for more than 50 years 

[114].  However, biomass, such as wood, bagasse and straw, are fibrous and not 

spherical. The aerodynamic behaviour of fibrous particles is observably different from 

spherical particles, because fibrous particles are orientation-dependent. Some aspects of 

spherical particles, such as the mechanisms controlling the distribution of isolated 

spherical particles and clustering effects, terminal settling velocities of spheres, 

trajectories and concentrations in jet flows, are relatively well understood [134], [135], 

[136]. However, there is a paucity of data describing the aerodynamics of fibrous 

particles. For this reason, there is a need to perform a fundamental study of the 

aerodynamics of fibrous particles in conditions of relevance to biomass combustion, 

coupled with a need to understand the mechanisms of the aerodynamic behaviours of 

fibrous particles in furnaces and boilers, although the applications of the research may 

be broader. For example, the dynamic behaviour of fibrous particles is also of great 

importance to many other fields of industry, such as aerosol physics and atmospheric 

science, the paper and pulping industry, compound materials and the textile industry 

[31], [52], [54], [57], [59].  
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1.2 Biomass in Australia  

 

Biomass energy is widely available all over the world. The Australian Energy Resource 

Assessment [141] reported that current global bioenergy resources used for generating 

electricity and heat are dominated by forestry and agriculture residues and organic waste 

streams. Bioenergy represents around 10% of the world’s primary energy consumption. 

 

In Australia, the potential bioenergy resources are large and diverse. Unused biomass 

residues and waste are a significant under-exploited resource [141]. Bioenergy 

accounted for only 3% of Australia’s primary energy consumption, which is 7% lower 

than the world average in 2011–12, but it represented 68% of Australia’s renewable 

energy use [141]. Australia’s energy policy aims to balance the growing demand for 

energy with the promotion of a lower carbon economy, incorporating international 

commitments regarding climate change. Australia is taking a strong, credible and 

responsible commitment to the Paris climate change conference in December 2015. The 

Australian Government will reduce greenhouse gas emissions to 26% – 28% below 

2005 levels by 2030. This target represents a 50% – 52% reduction in emissions per 

capita and a 64% – 65% reduction in the emissions intensity of the economy between 

2005 and 2030 [144]. 

 

The majority of Australia’s bioenergy use is sourced from bagasse (sugar cane residues) 

and wood waste, which represents 86% of bioenergy use for direct heat and electricity 

generation [141]. Australia’s primary energy consumption of biomass is projected to 

increase by around 195 PJ to 231 PJ by 2049-50, or at an average rate of 0.5% a year 

[140]. Therefore, it is generally expected that wood and bagasse will play an 

increasingly important role in the future as a renewable energy supply in Australia.  
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The percentage of biomass being used around the world is increasing partially to replace 

fossil fuels. In Australia, bioenergy for electricity and heat generation is produced 

predominantly from by-products of sugar production and waste streams. Future energy 

crops may include tree crops, woody weeds and algae as well as expanding into crop 

and food residues. The main factors are technology costs, reliable supply and the 

consistent quality of biomass [140]. Biomass co-firing in coal-fired power stations can 

reduce carbon dioxide emissions in an amount approximately proportional to the 

proportion of biomass used. Wood waste is generally used because coal fired boilers can 

usually co-fire a small amount of wood waste without major modification to the existing 

equipment [141]. Figure 1.1 presents the potential for stationary biomass electricity 

generation in Australia. It can be seen that electricity generation from bagasse and forest 

residues will increase 1.8 and 3 fold, respectively, by 2050.  

 

 

Figure 1.1: Potential for stationary biomass electricity generation in Australia. The data 

comes from the Australian energy projections to 2049–50 [140]. 

 



1 Introduction 

 

9 

 

Figure 1.2 presents the percentage of bagasse and wood, and wood waste used for 

renewable energy within Australia [145]. Currently most sugar mills burn bagasse, the 

fibrous residue of sugar cane processing, to generate steam for the mills and generate 

electricity in Queensland. So maximising the production of steam and electricity is 

becoming increasingly important for sugar mills to maintain their economic viability in 

the highly competitive world sugar market. Wood waste and forest residues are only 

used in a few bioenergy plants in Australia for generating electricity. For the purposes of 

resource assessment, it is assumed that native forest wood waste will remain constant; 

the potential from plantations may increase in line with plantation expansion. Wood 

related waste for energy generation, while having economic benefits, also has to be 

managed in terms of environmental considerations [140].  

 

 

 

 

Figure 1.2: Percentage of bagasse and wood, and wood waste used for renewable energy 

within Australia. The data comes from the Australian Energy Update 2015 [145]. 
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1.3 Pulverized Coal and Spherical Particles 

 

Coal has played a major role in the production of electricity since the first power plants 

were built. Coal power, an established electricity source that provides vast quantities of 

inexpensive and reliable power, has become more important as supplies of oil and 

natural gas diminish, although coal is seen as being an increasingly undesirable fuel due 

to its high carbon intensity and high ash content. Natural gas is seen as being the 

transitional fuel toward biomass, since it is cleaner. The last five years have seen an 

increase in the supply of natural gas due to the increased use of unconventional gas 

because there are vast reserves of unconventional gas. Nevertheless, coal remains an 

important fuel source.  

 

Australia is richly endowed with natural energy resources and holds an estimated 9% of 

the coal resources in the world. Australia is currently the world’s largest exporter of coal 

and coal exports accounted for more than half of all exports on an energy content basis. 

[141]. In 1999, coal burning produced about 83.9% of the electricity generated in 

Australia [50]. In 2011–12, total electricity production was around 914 PJ in Australia. 

Coal accounts for about two-thirds of Australia’s electricity generation, followed by gas 

(19%) [141]. In the 1920s, pulverized coal firing was developed. The concept of 

burning coal that has been pulverized into a fine powder stems from the belief that if the 

coal is made fine enough, it will burn almost as easily and efficiently as gas [146]. 

Figure 1.3 presents a picture of pulverized coal particles. 
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Figure 1.3: Pulverized coal particles (their size is in the range of 75µm) [68]. 
 

 

Prior to combustion in most industrial processes, such as a coal fired power generation 

plant, the coal is milled into fine particles to be conveyed to the burner [113]. The 

conveying and combustion of particle-laden flows is the practical realisation of the 

much broader field of multiphase flow. A multiphase system may be a gas-liquid, gas-

solid, liquid-solid, or three phase flow. The conveying and combustion of particles in air 

is a type of gas-solid flow. All combustion technologies employed to optimize the 

combustion, performance and to reduce in-flame emissions, rely on optimising and 

controlling the trajectories and residence times of the fuel through the various stages of 

its combustion. This, in turn, requires detailed knowledge of fuel properties and furnace 

aerodynamics.  

 

 

Currently most existing combustion systems in conventional furnaces, boilers and kilns 
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are designed for the use of fossil fuels, of which pulverised fuels (PF) are the most 

common. There have been many advances in combustion technologies for conventional 

flames.  These include a range of technologies to abate oxides of nitrogen, NOx, such as 

staged combustion, re-burn and flue gas recirculation [142].  In addition, methods have 

been devised to minimize problems associated with ash, such as its deposition on boiler  

tubes.  A number of options are also available to achieve modest improvements in 

efficiency and greenhouse gas reductions at existing coal plants, such as biomass co-

firing [141].  
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1.4 Biomass and Fibrous Particles 

 

 

The term “fibre” has been applied to a wide variety of particles having an elongated 

shape. The behaviour of fibrous particles suspended in air is a function of the fibre 

dimensions. Assuming either a cylindrical or prolate spheroidal shape, these dimensions 

can be defined by two parameters: length and diameter. A fibrous particle is defined as a 

particle whose length was at least three times greater than its diameter (i.e., one 

dimension of the particle is significantly greater than the other two) (Figure 1.4) [47]. 

Aspect ratio is a third important parameter to describe a fibrous particle. Aspect ratio is 

defined as the ratio of length to diameter of a fibre. Usually as the aspect ratio of a 

particle is far greater than one (such as 5, 8, 10, 20, 50), the particle can be regarded as a 

fibrous particle. 

 

Figure 1.4: The definition of a fibrous particle [47]. 
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Most bio-fuels, such as the saw dust from wood, bagasse and straw, are fibrous. Figures 

1.5 and 1.6 present pictures of saw dust particles and bagasse.  From these Figures it can 

be seen that they are fibrous with a tendency towards a cylindrical shape. Also, whilst 

the real shape of biomass particles is complex, the particles approximate cylinders much 

better than spheres. Hence it is more reasonable to assume a cylindrical shape when 

calculating their aerodynamic behaviour. (Please note that the real shapes of particles of 

pulverized coal are complex too). 

 

 

 

 

Figure 1.5: Saw dust particles [67]. 
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Figure 1.6: Bagasse [143]. 

 

Figure 1.7 presents the settling motions of a fibrous particle and a spherical particle in 

air. From the Figure it can be seen that different orientations of a fibre will result in 

different aerodynamic behaviour.  

 

 

Figure 1.7: The settling motion of a fibrous particle. This Figure derived from  

references [47] and [68]. 



1 Introduction 

 

16 

 

1.5 Studies of Fibrous Particles 

 

The diameter, aspect ratio, volume fraction and Reynolds number of a fibrous particle 

are four important parameters in fibre-air two phase flows. The diameter determines the 

drag force acting on the fibre [64]. The aspect ratio determines the torque acting on the 

fibre and fibre-fluid interactions [105]. Furthermore, the aspect ratio influences the 

spatial orientation of the fibre. The volume fraction determines whether the interactions 

between fibres are significant. In terms of single fibres, when settling occurs with a fibre 

Reynolds number, Red (defined explicitly in the Notation section), greater than about 10, 

the fibre is oriented perpendicular to the direction of settling; for 0.1 < Red <10 there is 

a partial alignment, and below a Reynolds number of 0.1 there is no alignment [64]. 

 

 

The terminal settling velocity and drag coefficient of a fibrous particle have been used 

as important design parameters in some industries. Many research studies [3‒6], [8], 

[10], [12], [14], [16‒17] have been conducted to develop the equations relating the drag 

coefficient of a fibre to its Reynolds number. However many of them [3], [5‒6], [8], 

[16‒17] introduced the concepts of sphericity, ψ (defined explicitly in the Notation 

section), or shape factors to simplify the calculation. However these parameters are not 

applicable to long aspect ratio fibres. For example, Haider and Levenspiel [3] proposed 

an equation by introduction of sphericity, where the fit is quite good for particles, 

ψ >0.67. However for the long fibres, such as fibres with L/d = 40 and ψ < 0.67, the 

equation is not applicable. Swamee and Ojha [6] also developed a correlation with the 

Corey shape factor, β=c/(ab)1/2, where a>b>c are the lengths of the three principal axes 

of the particle. However, this parameter is only applicable within the range of 0.3 < β <1. 
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Therefore the relationship between the drag coefficient of a fibre with a large aspect 

ratio and its Reynolds number is still largely unknown. 

 

 

There are not many experimental studies focusing on the aerodynamics of fibrous 

particles. Herzhaft and Guazzelli [22] investigated the hydrodynamic behaviour of 

glass-rods in dilute and semi-dilute suspensions for fibre ReL ≈ 0.0001 (ReL is defined 

explicitly in the Notation section) experimentally. Metzger et al. [23] also conducted the 

experiment under the same ReL. Salmela et al. [24] did some measurements at ReL < 9 in 

water. However, so far, no measurements are available for fibrous particles at fibre 10 < 

ReL < 100 in dilute conditions with a volume fraction ≈ 0.0005. Because the orientation 

of fibrous particles depends on their Reynolds number [64], the questions are arising 

from this: What is the distribution of orientation, settling and horizontal velocities of 

fibrous particles whist settling in air with 10 < ReL < 100 and volume fraction ≈ 0.0005? 

What is the influence of the number density of fibrous particles on the settling velocities 

and orientations under this condition?   

 

 

McKay et al. [15] investigated the settling characteristics of cylinders of aspect ratio 

from 1:1 to 5:1 (with the same diameter) in water with particle Reynolds numbers of 

680 – 15,350, based on an equivalent volume diameter. Fan et al. [1] investigated the 

settling motion of slender particles of Reynolds number Red = 0.4 – 100, based on the 

fibre’s diameter with large aspect ratios from 4 to 40, in stagnant water. Both of them 

found that the terminal settling velocity is nearly independent of L/d. However Hinds 

[64] pointed out that the bulk mean settling velocity of a “cloud of particles” is 
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significantly greater than that of individual particles. In terms of a cloud of fibrous 

particles settling, the influence of the aspect ratio on the aerodynamic behaviour of 

fibrous particles and a direct assessment of this influence have yet to be investigated and 

reported.  

 

 

In practice, combustion occurs in shear flows (typically turbulent jets). Many 

experiments conducted to measure fibrous particles in turbulent flows are related to the 

pulp and papermaking industry [26], [27], [63], [78], [90], [93], [106–110], where the 

density ratio between the fibres and the fluid is unity and most fibres are aligned with 

the direction of the flows. In fibre-air two phase turbulent jet flows, where the density 

ratio between two phases is usually very high, the distributions of the orientation and 

velocities of the fibrous particles in these flows are unknown. An improved 

understanding of their aerodynamic behaviour is a prerequisite to optimising their 

performance in applications such as biomass combustion. This, in turn, requires detailed 

measurements in relevant environments, such as in co-flowing jets, which are not yet 

available.  The objective of the current work is to begin to address this gap. 
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1.6 Thesis Objectives  

 

The overall objective of the present research is to provide new understandings of the 

aerodynamic behaviour of long aspect ratio fibrous particles whilst settling in air and 

whilst being transported in turbulent jet flows under conditions of relevance to biomass 

combustion.  

 

 

The primary objective of the first paper is to investigate the drag coefficient for a 

fibrous particle with a long aspect ratio whilst settling in air. To investigate the drag 

coefficient of a fibre, it is necessary to measure its orientation and settling velocity 

simultaneously. The objective of the second paper is to investigate the aerodynamic 

behaviour of long fibrous particles whilst settling in air.  Detailed aims are presented 

within the paper. The objective of the third paper is to investigate the influence of the 

aspect ratio on the distributions of orientation and settling velocity of long fibres. To 

investigate the influence of the aspect ratio, it is necessary to measure orientation and 

settling velocity by using fibres with the same diameter but different lengths and a 

second set of fibres with the same length but different diameters. The objective of the 

fourth paper is to investigate the aerodynamic behaviour of the fibrous particles in the 

near field of turbulent jet flows for super dilute conditions, including the measurements 

for the orientation, velocity and angular velocity of the fibrous particles. 
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2 Literature Review 

 

2.1 Terminal Settling Velocity  

 

When a spherical particle settles in still air, the settling velocity will become steady after 

a period of time. This occurs when the particle’s downward gravitational force is 

balanced by the air drag force upward (the buoyancy is usually negligible, as the 

particle’s density is much greater than air). This steady velocity is called the terminal 

settling velocity (Vts).   

 

A key to understanding the aerodynamic properties of an aerosol particle is the 

Reynolds number, a dimensionless parameter used to characterize fluid flow through a 

pipe or around an obstacle such as an aerosol particle. Where air is the working fluid, it 

can be used to characterize the particle’s flow regime in air. Hinds [64] pointed out that 

Vts depends on the particle’s Reynolds number (Rep) as shown in Equation 2.1:  

 

air

relair
p

DV




Re ,    (2.1) 

 

where ρair is air density, Vrel is the relative velocity between air and the spherical 

particle, D is the diameter of the sphere and µair is air viscosity,  which is 1.81×10-5 Pa s 

at 293K and atmospheric pressure.  

 

Three regimes of the aerodynamic behaviour of a particle have been identified, i.e.  
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Stokes Law (Rep < 1), transition (1< Rep <1000) and Newton’s Law (Rep > 1000). In the 

Stokes regime, Stokes’s law can be used to determine the velocity of an aerosol particle 

undergoing gravitational settling in air. Where a particle is released in air, it quickly 

reaches its terminal settling velocity. That is 

 

mgFF gD  .   (2.2) 

 

Based on Equation 2.2, Equation 2.3 can be derived to calculate the Vts of a sphere 

where Rep < 1.0 and air is the working fluid [64]: 
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      (D > 1 μm and Rep < 1.0),   (2.3) 

                      

where ρp is the particle density, D is the diameter of the spherical particle, and g is the 

gravitational acceleration.  

 

From Equation 2.3, it can be seen that when the particle’s Rep < 1, its terminal settling 

velocity increases significantly with the particle’s size, being proportional to D2. Also it 

is inversely proportional to air viscosity and does not depend on air density.  

 

In practice, no particle is a perfect sphere. An aerosol particle adjusts to its terminal 

settling velocity almost instantly. Furthermore, Equation 2.3 cannot be used for D < 

1μm, and Rep > 1. 
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2.2 Terminal Settling Velocity Modification  

 

With the recent development of measurement techniques such as laser-based 

measurements, a particle’s displacement can be measured in microns and time 

separation in microseconds. This allows the fluid regimes where Rep approaches 1 to be 

reclassified because it is a sensitive area.  

 

Bonadonna et al. [101] modified the equations of a spherical particle’s settling velocity 

based on the particle’s Reynolds number.  They pointed out that the Stokes regime 

applies where the particle’s Reynolds number is less than 0.4. Equations 2.4, 2.5 and 2.6 

can be used to calculate spheres’ settling velocities based on the values of Rep when air 

is the working fluid. 
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where ρp is the particle’s density, D is the diameter of the spherical particle, g is the 

gravitational acceleration, ρair is air density and µ is air viscosity.  

 

From these equations it can be seen that, except for the case where Rep < 0.4, the 

settling velocities of a spherical particle is dependent on the density of air around it (the 

working fluid).  
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2.3 Dynamic Shape Factor 

                                     

Equations 2.4, 2.5 and 2.6 are based on spherical particles. However in practice most 

particles are non-spherical. Some have regular geometric shapes, such as cylindrical or 

ellipsoid, while others are granular or fibrous.  

 

Hinds [64] introduced the dynamic shape factor χ to describe cylindrical particles. Here 

χ is defined as the ratio of the drag force of a cylindrical particle to the resistance force 

of a sphere having the same volume and velocity as the cylindrical particle: 

 

ev

D

Vd

F




3
  ,       (2.7) 

                                               

where dev, is the equivalent volume diameter, which is the diameter of a sphere having 

the same volume as that of the cylindrical particle. Based on this definition, the terminal 

settling velocity of a cylindrical particle in Stokes’ regime becomes:  

 





18

2
gd

V
evp

ts  .        (2.8) 

 

Hinds [64] recommends χ values based on three different aspect ratios of 2, 5 and 10 for 

a cylindrical particle with Rep < 0.1, as shown in Table 2.1. 
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Table 2.1: Dynamic shape factors of cylindrical particles with Rep < 0.1 [64]. 

Aspect ratio of cylindrical particles 2 5 10 

Vertical axis 1.01 1.06 1.20 

Horizontal axis 1.14 1.34 1.58 

Orientation averaged 1.09 1.23 1.43 

 

 

It is evident that χ depends on orientation, which changes with time, hence the term 

“dynamic” is used. The dynamic factor, χ, will have a minimum value for a vertical 

orientation. Thus a fibrous particle’s settling velocity when the major axis is vertical 

will be much faster than that when the major axis is horizontal.  

 

Hinds [64] pointed out that the values in Table 2.1 are the usual situation for aerosol 

particle motion where Rep < 0.1. This means these values of the shape factor are only 

suitable for the laminar flow regime. Hinds recommended a minimum value for χ of 

1.20 (where the aspect ratio is 10), which implies the terminal settling velocity of the 

single cylindrical particle is always less than that of a sphere of equivalent volume.  
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2.4 Sphericity 

 

Sphericity, ψ, is a measurement of how spherical (round) an object is and it can be used 

for the study of non-spherical particles. Researchers also use it to evaluate fibrous 

particles. Sphericity was first defined by Wadell [102] to be:  

 

p

s

A

A
   ,     (2.9) 

 

where As is the surface area of a sphere that has the same volume as a non-spherical 

particle and Ap is the surface area of the non-spherical particle. Based on this definition, 

the sphericity of a cylindrical particle becomes:    

                                                                                    

2/2

2

ddL

dev
fp


    ,       (2.10) 

 

where dev is the diameter of a sphere that has the same volume as a fibrous particle, e.g. 

a diameter of equivalent volume.  d and L are the diameter and the length of the fibrous 

particle, respectively.  

 

 

Haider and Levenspiel [3] pointed out that “for close to isometrically shaped particles, 

those with no one very much longer or very much shorter dimension, the sphericity is a 

useful measure, most likely the best single parameter for describing the shape for falling 

particles.” Therefore ψ is not appropriate for a fibrous particle with a long aspect ratio. 

Furthermore particles with entirely different shapes and different aerodynamic 
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behaviour can have the same sphericity. For example, a disc-shaped particle and a 

fibrous particle can have the same ψ, but have a totally different aerodynamic 

behaviour. 
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2.5 Previous Work on the Drag Coefficient of Fibrous Particle 

 

 

Studies related to the drag coefficient and terminal settling velocity of a fibrous particle 

have attracted increasing attention from the engineering process community in recent 

years [1]. The terminal settling velocity of a fibre is strongly influenced by its 

orientation [22, 64]. Many equations have been developed and presented in the literature 

relating the drag coefficient, CD, to the Reynolds number, Rep, for non-spherical 

particles falling at their terminal velocities [1–7], [8–20]. Although research has been 

conducted on the problem of drag coefficients for cylindrical particles, it seems that no 

experimental investigations have been undertaken to determine the equivalent diameter 

of settling fibres in air with large aspect ratios to assess their aerodynamic behaviour.  

 

Figure 2.1 presents the calculated and measured CD of various regular shapes at right 

angles of incidence (i.e. the major axis of the cylinders is aligned normally to the flow 

direction) as a function of each particle’s Rep [68]. However in practice, the orientation 

of a fibrous particle settling in air varies with time as the density ratio between the 

fibres and air phase is sufficiently high [68, 64] and does not keep the right angle of 

incidence all the time.  

 

The drag force consists of two contributions: a viscous drag caused by friction and a 

form drag caused by pressure. Whilst a particle settles in air, the definition of the drag 

force acting on the particle is  

 

 

𝐹𝐷 = 𝐶𝐷𝑆
𝜌𝑎𝑖𝑟

2
|𝑽𝑎𝑖𝑟 − 𝑽𝑝|(𝑽𝑎𝑖𝑟 − 𝑽𝑝).    (2.11) 
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where CD is the  drag coefficient and S is the projected area of the particle normal to the 

direction of settling. ρair is the density of air. V air is the velocity of air and V p is the 

velocity of the particle. 

 

 

Figure 2.1: The calculated and measured CD of various regular shapes at right angles of 

incidence to the flow as a function of a particle Rep [68]. 

 

 

Fan et al. [1] studied the relationship between the drag coefficient (CD) of slender 

particles with a large aspect ratio (L/d = 4 – 37) and a Reynolds number (Red = 0.4 – 

100) experimentally. They proposed the following equation to calculate the drag 

coefficient, whose validity is yet to be assessed. 
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(2.12) 

Here θ is the orientation of the fibre, which is the angle between the major axis of the 

fibre and the direction of gravity; ρfp and ρf are the density of the fibre and the fluid, 

respectively; d is the diameter of the fibre, μ is the viscosity of the fluid and 

./Re  dV fpaird   

 

Clift et al. [2] summarized the drag coefficient of non-spherical particles in his book 

and proposed the following model, which needs to be assessed, to calculate the CD of a 

cylindrical particle: 

  

𝐶𝐷 = 9.689(𝑅𝑒𝑑)−0.78 + 1.42(𝑅𝑒𝑑)0.04   (0.1 < Red < 5).      (2.13) 

 

After considering the regression analysis for spherical and nonspherical particles and 

other researchers’ results, Haider and Levenspiel [3] proposed the following four-

parameter correlation with which to calculate CD.  

 

Re
1

)Re1(
Re

24

D

C
AC B

D



  ,     (2.14) 

 

where the values of A, B, C and D are functions of sphericity, ψ.  

 

The following four equations were proposed for calculation of A, B, C and D by Haider 

and Levenspiel [3]. 
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A = exp(2.3288 – 6.4581 ψ + 2.4486 ψ2),   (2.15) 

B = 0.0964 + 0.5565 ψ,    (2.16) 

C = exp(4.905 – 13.8944 ψ + 18.4222 ψ2 – 10.2599 ψ3),   (2.17) 

D = exp(1.4681 + 12.2584 ψ – 20.7322 ψ2 + 15.8855 ψ3).    (2.18) 

 

Equations 2.14 – 2.18 are not only cumbersome to use, but also the number of 

significant figures is not justifiable in view of the usual 15% – 20% uncertainty inherent 

in such experimental work. Hence Haider and Levenspiel [3] simplified the equations to 

read: 

 

)2122.6exp(378.5Re

)0748.5exp(Re69.73
]Re)}0655.4exp(1716.8{1[

Re

24 )5565.00964.0(




 




 

DC . 

(2.19) 

  

 

The authors pointed out that, while the fit is quite good for isometric particles, ψ > 0.67, 

it is poorer outside this range. That is, Equation 2.19 is not expected to be appropriate 

for a fibrous particle with a long aspect ratio. Therefore, more work is needed to 

develop relationships that characterize drag for long aspect ratio fibres.   

 

Swamee and Ojha [6] also developed a correlation with the Corey shape factor, 

β=c/(ab)1/2, where a>b>c are the lengths of the three principal axes of the particle. 

They gave the following expression for drag: 
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However, this parameter, β, is only applicable within the range 0.3 < β <1, making it 

unsuitable for long aspect ratio fibres such as those considered here. 

 

Venu Maddhav and Chhabra [4] investigated the cylinder settling in a confined 

environment. The settling cylinder was observed to retain its initial orientation during 

settling, which is opposite to the conclusion of Clift et al. [2] for a single fibre. Under 

the conditions where 0.01 < Re < 400, 0.35 < ψ  < 0.7 and 0.05 < L/d < 50, Venu 

Maddhav and Chhabra [4] developed the following expression for CD: 

 

)Re604.01(
Re

24 529.0DC .    (2.21) 

 

However, at the terminal settling velocity and in the above range of Re, a cylinder falls 

with its axis oriented horizontally [1, 2]. Therefore it is doubtful that the findings of 

Venu Maddhav and Chhabra [4] can be extrapolated to an unconfined environment in 

which the fibrous particles’ orientations are not generally horizontal.  

 

As can be seen from the literature, the sphericity and shape factors are not suitable for 

long aspect ratio fibrous particles. Therefore further investigation is needed to 

understand the aerodynamics of settling long fibrous particles in the range of 0.5 < Red 

< 2 and 10 < ReL < 100, with a high density ratio of particles to fluids and no boundary 

limitation. That is why this study aims to investigate the equivalent diameter of a fibre 

with a large aspect ratio settling in air and the relationship between the drag coefficient 

and Red. A further aim is to assess the two models (Equations 2.12 and 2.13) proposed 

by previous investigators. 
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2.6 Previous Work on Aerodynamics (and Hydrodynamics) of Fibres 

 

 

The settling motion of a particle is a basic class of its motion. The sedimentation of 

rigid spherical particles has been studied extensively [64]. However the settling motion 

of a fibrous particle is much more complex and more poorly understood than that of a 

sphere.  The sedimentation behaviour of fibres plays a critical role in many branches of 

science such as aerosol physics and atmospheric science. A sphere settles in a purely 

vertical direction. However for a fibrous particle, the instantaneous horizontal drift 

cannot be neglected. A fibrous particle also exhibits rotation.  

 

A large number of previous investigations have studied the hydrodynamics of fibres. 

Theoretical treatments include the slender body theory by Batchelor [43] and the 

concentration instability by Koch and Shaqfeh [44]. Experimental investigations include 

that of Metzger et al. [23], Herzhaft and Guazzelli [22], Salmela, et al. [24] and 

Herzhaft et al. [21]. Previous numerical investigations were performed by Shin et al. 

[29], Butler and  Shaqfeh [39], Lin and Zhang [45], Lin et al. [46], Kuusela et al. [33], 

Kuusela et al. [35], Tornberg and Gustavsson [40] and Shin  et al. [38]. However, none 

of these investigations provide detailed measurements of bulk settling fibres in the 

range of 10 < ReL < 100. 

 

The Richardson-Zaki’s Law presents the relationship between the mean settling velocity 

of particles and their volume fraction, Ф, under the conditions that apply in a fluidized 

bed.  Based on this law, the mean settling velocity of particles decreases with an 

increase in solid concentration. The added resistance comes from the hydrodynamic 

interaction between particles. The level of interaction was first studied systematically by 
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Richardson and Zaki [103], who proposed a power-law relationship:  

 

𝑉𝑚𝑠(∅)

𝑉𝑡𝑠
= (1 − ∅)𝑛 ,     (2.22) 

          

where Ф is the volume fraction of particles in the fluidized bed,  Vms is the mean settling 

velocity and Vts is a terminal settling velocity of a single particle in the fluidized bed, n 

is a parameter dependent upon Rep.  

 

The motion of a fibrous particle in air generally consists of translation and rotation. 

Based on Newton’s Law, the motion is governed by the following set of equations: 

 

𝑑(𝑚𝑝𝑣𝑝)

𝑑𝑡
= ∑ 𝐹⃗𝑖

𝑖

= 𝐹⃗,       (2.23) 

𝑑(𝐼𝑥′𝜔𝑥′)

𝑑𝑡
= ∑ 𝑇𝑥′,𝑖

𝑖

+ 𝜔𝑦′𝜔𝑧′(𝐼𝑦′ − 𝐼𝑧′),       (2.24𝑎) 

𝑑(𝐼𝑦′𝜔𝑦′)

𝑑𝑡
= ∑ 𝑇𝑦′,𝑖

𝑖

+ 𝜔𝑧′𝜔𝑥′(𝐼𝑧′ − 𝐼𝑥′),       (2.24𝑏) 

𝑑(𝐼𝑧′𝜔𝑧′)

𝑑𝑡
= ∑ 𝑇𝑧′,𝑖

𝑖

+ 𝜔𝑥′𝜔𝑦′(𝐼𝑥′ − 𝐼𝑦′).       (2.24𝑐) 

 

 

where 𝑚𝑝 is the mass of the fibrous particle;  𝑣𝑝 is the centre-of-mass velocity of the 

fibrous particle;  ∑ 𝐹⃗𝑖𝑖   is the summation of forces acting on the fibrous particle;   I is the 

mass momentum of inertia around the axis;  ω is the angular velocity of the fibrous 

particle and ∑ 𝑇𝑖𝑖  is the summation of torques acting on the fibrous particle around the 

axis.  



2 Literature Review 
 

34 

 

Figure 2.2 presents the coordinate systems of a settling fibrous particle. 

  

 

Figure 2.2: The coordinate systems of a settling fibrous particle.  

 

 

Theoretically, 𝐹⃗  consists of ten kinds of forces acting on a fibrous particle that is 

moving in air, which are written as:  

 

𝐹⃗ = 𝐹⃗𝑔 + 𝐹⃗𝐵 + 𝐹⃗𝐷 + 𝐹⃗𝑝 + 𝐹⃗𝑚 + 𝐹⃗𝐵𝑎 + 𝐹⃗𝑆 + 𝐹⃗𝑀 + 𝐹⃗𝑒 + 𝐹⃗𝑡ℎ ,        (2.25) 

 

where 𝐹⃗𝑔 is the gravitational force acting on the fibrous particle;  𝐹⃗𝐵 is the buoyant force 

acting on the fibrous particle;  𝐹⃗𝐷 is the drag force acting on the fibrous particle; 𝐹⃗𝑝 is 

the pressure gradient force acting on the fibrous particle; 𝐹⃗𝑚 is the virtual mass force 

acting on the fibrous particle; 𝐹⃗𝐵𝑎 is the Basset force acting on the fibrous particle; 𝐹⃗𝑆 is 

the Saffman lift force acting on the fibrous particle; 𝐹⃗𝑀 is the Magnus force acting on 

the fibrous particle; 𝐹⃗𝑒 is the electrostatic force acting on the fibrous particle and 𝐹⃗𝑡ℎ is 

the thermophoretic force acting on the fibrous particle. 

x 
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Zhu and Lin [69] analysed the forces in Equation 2.25 and gave the methods to calculate 

them, which are discussed below: 

 

(1) Gravitational force: 

𝐹𝑔 = 𝑚𝑝 𝑔 =
1

4
𝜋𝑑2𝐿𝜌𝑓𝑝𝑔,    (2.26) 

 (2)Buoyancy force: 

𝐹𝐵 =
1

4
𝜋𝑑2𝐿𝜌𝑎𝑖𝑟𝑔.    (2.27) 

The buoyancy, FB , can be neglected, as the density of the fibrous particle, ρfp, is far 

greater than that of air, ρair,  

 

(3)Drag force: 

𝐹𝐷 =
1

2
𝜌𝑎𝑖𝑟𝑉𝑟𝑒𝑙

2 𝐶𝐷𝑆,    (2.28) 

where Vrel is the relative velocity between the fibrous particle and air; whilst S is the 

projected area of the fibrous particle. 

 

(4)Pressure gradient force:       

Based on the calculation, Zhu and Lin [69] pointed out that the pressure gradient force 

acting on a fibrous particle moving in air has no relationship to the orientation of the 

fibre. Assuming the pressure gradient is 𝜕𝑝/𝜕𝑥, then the pressure gradient force can be 

written as: 

𝐹𝑝 = −
𝜋

4
𝑑2𝐿

𝜕𝑝

𝜕𝑥
  .    (2.29) 
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The pressure gradient force is not important, as the density of the fibrous particle is far 

greater than that of air.          

                          

(5)Virtual mass force: 

Whilst a particle is moving in air, virtual mass or added mass is the inertia added to a 

system because an accelerating or decelerating body must move (or deflect) some 

volume of the surrounding air as it moves through it. Added mass is a common issue 

because the object and surrounding air cannot occupy the same physical space 

simultaneously. In order to simplify the calculation, it is assumed that the fibrous 

particle accelerates in air in the direction of the particle’s major axis. Then the virtual 

mass force can be written as follows: 

𝐹𝑚 =
𝜋

2
𝑑3𝜌𝑎𝑖𝑟 ×

𝑑𝑉𝑐𝑥(𝑡)

𝑑𝑡
−

𝜋
4 𝑑3(

𝑑
2 + 𝐿)𝜌𝑎𝑖𝑟

√(
𝑑
2)

2

+ 𝐿2

×
𝑑𝑉𝑐𝑥(𝑡)

𝑑𝑡
.    (2.30) 

 

From the equation it can be seen that virtual mass force is proportional to dVcx/dt, and 

ρair. It is also related to the diameter, d, and length, L, of the fibrous particle. The virtual 

mass force is not important, as the density of the fibrous particle is far greater than that 

of air.                                   

 

(6)Basset force: 

Whilst a particle is accelerating in air, the unsteady forces acting on the particle due to 

acceleration can be divided into two parts: the virtual mass force and the Basset force. 

The Basset term accounts for the viscous effects and addresses the temporal delay in 

boundary layer development as the relative velocity changes with time. Zhu and Lin 
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[69] gave the equation to calculate the Basset force for a spherical particle alone. 

𝐹𝐵𝑎 =
3

2
𝐷2√𝜋𝜇𝜌𝑎𝑖𝑟 ∫

𝑑𝑉𝑎𝑖𝑟

𝑑𝑡′ −
𝑑𝑉𝑝

𝑑𝑡′

√𝑡 − 𝑡′

𝑡

−∞

𝑑𝑡′ ,    (2.31) 

 

where D is the diameter of a spherical particle; µ is the viscosity of air and Vair and Vp 

are the velocities of air and the particle, respectively. 

 

(7)Saffman force: 

Small particles in a shear field are subjected to a lift force perpendicular to the direction 

of flow. The shear lift originates from the inertia effects in the viscous flow around the 

particle.  This force is called the Saffman force. Assuming the fibrous particle is still in 

the shear air flow, then the Navier-Stokes equation will read: 

 

𝜇∇2𝐯 − ∇𝑝 = 𝜌𝐯(∇ ∙ 𝐯) .    (2.32) 

 

Under the incompressible assumption, where the density is constant, the continuity 

equation can be written as: 

∇ ∙ 𝐯 = 0 .    (2.33) 

 

 

Assuming the air flow direction is perpendicular to the major axis of the fibrous particle 

and using cylindrical coordinates (r, φ, z) for the fibrous particle, the z axis coincides 

with the major axis of the fibrous particle, with a velocity field 𝑉⃗⃗ = (𝑣𝑟 , 𝑣𝜑 , 𝑣𝑧).   Then 

Equations 2.32 and 2.33 become: 
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r-component: 

 

𝜇 (∇2𝑣𝑟 −  
𝑣𝑟

𝑟2
−

2

𝑟2

𝜕𝑣𝜑

𝜕𝜑
) −

𝜕𝑝

𝜕𝑟
= 𝜌 (𝑣𝑟

𝜕𝑣𝑟

𝜕𝑟
+

𝑣𝜑

𝑟

𝜕𝑣𝑟

𝜕𝜑
+ 𝑣𝑧

𝜕𝑣𝑟

𝜕𝑧
) − 𝜌

𝑣𝜑
2

𝑟
 ,    (2.34𝑎) 

 

 

φ-component: 

 

𝜇 (∇2𝑣𝜑 −  
𝑣𝜑

𝑟2
+

2

𝑟2

𝜕𝑣𝑟

𝜕𝜑
) −

1

𝑟

𝜕𝑝

𝜕𝜑
= 𝜌 (𝑣𝑟

𝜕𝑣𝜑

𝜕𝑟
+

𝑣𝜑

𝑟

𝜕𝑣𝜑

𝜕𝜑
+ 𝑣𝑧

𝜕𝑣𝜑

𝜕𝑧
) + 𝜌

𝑣𝑟𝑣𝜑

𝑟
 ,   

 

(2.34𝑏) 

 

z-component: 

 

𝜇∇2𝑣𝑧 −
𝜕𝑝

𝜕𝑟
= 𝑣𝑟

𝜕𝑣𝑧

𝜕𝑟
+

𝑣𝜑

𝑟

𝜕𝑣𝑧

𝜕𝜑
+ 𝑣𝑧

𝜕𝑣𝑧

𝜕𝑧
 ,    (2.34𝑐) 

 

 

where ∇2=
1

𝑟

𝜕

𝜕𝑟
+

𝜕2

𝜕𝑟2 +
1

𝑟2

𝜕2

𝜕𝜑2 +
𝜕2

𝜕𝑧2 . 

 

 

continuity equation: 

1

𝑟

𝜕(𝑟𝑣𝑟)

𝜕𝑟
+

1

𝑟

𝜕𝑣𝜑

𝜕𝜑
+

𝜕𝑣𝑧

𝜕𝑧
= 0 ,    (2.35) 

 

because the flow field is perpendicular to the major axis of the fibre, so ∂/∂z = 0 and 

also vz = 0. The angle φ is discretized at a step of Δφ.  Assuming φj = j Δφ,  j = 0, 1, 

2, …, J–1. J = 2π / Δφ. Then the Saffman lift force 𝐹𝑆⊥ is: 

 

𝐹𝑆⊥ =
𝑑

2
𝐿𝛥𝜑 ∑ 𝑝𝑗

𝐽−1

𝑗=0

sin 𝜑𝑗   ,    (2.36) 

 

where pj is the surface pressure of the fibre on the j grid point. 
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As the flow direction is parallel to the major axis of the fibrous particle, the Saffman lift 

force 𝐹𝑆∥ is:  

𝐹𝑆∥ = 𝑑𝐿𝛥𝜑 ∑ 𝑝𝑗

𝐽

𝑗=−𝐽

sin 𝜑𝑗   ,    (2.37) 

 

 

where  j = – J, – J +1, … 0, 1, 2, …, J.  J = π /2 Δφ. d and L are the diameter and length 

of the fibrous particle, respectively. 

 

(8)Magnus force: 

Whilst a fibrous particle is moving and spinning in air, the Magnus force is produced in 

the direction perpendicular to the relative movement, which causes the particle to 

change its direction away from its principal flight path.  Zhu and Lin [69] pointed out 

that the Magnus force is proportional to the angular velocity of the fibrous particle, the 

density of air and the relative velocity of the particle to air. The direction of the angular 

velocity, ω, of the fibrous particle has little effect on the Magnus force based on this 

calculation. The force can be written as: 

 

𝐹𝑀 =
𝜋

4
𝑑2𝐿𝐾𝜌𝑎𝑖𝑟𝜔(𝑉𝑐𝑥 − 𝑉𝑎𝑖𝑟),    (2.38) 

 

where K is a constant. 

 

(9)Electrostatic force: 

The electrostatic force between two fibrous particles can be obtained by Coulomb's law, 

which is written below as: 

𝐹𝑒 = 𝑘𝑒

𝑞1𝑞2

𝑆𝑝
2

,     (2.39) 
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where ke is Coulomb's constant, ke = 8.99×109 N∙m2∙C-2. q1 and q2 are the signed 

magnitudes of the charges. 𝑆𝑝  is the distance between the two charges. The force of 

interaction between the charges is attractive if the charges are opposite signed and 

repulsive if like signed. 

 

(10) Thermophoretic force: 

Assuming that the temperature gradient is perpendicular to the major axis of the fibrous 

particle, the thermophoretic force acting on the fibrous particle can be written as: 

𝐹𝑡ℎ = −92𝜋
𝜇2

𝜌𝑎𝑖𝑟𝑇𝑎𝑖𝑟
×

1

13𝐶𝑚𝜆 + 2𝑑
×

𝑘𝑎𝑖𝑟

𝑘𝑝
+ 𝐶𝑡𝜆

𝑘𝑎𝑖𝑟

𝑘𝑝
+ 𝐶𝑡𝜆 +

𝑑
2

×
𝑑2

4
𝐿|Δ𝑇∞|,    (2.40) 

where µ is air viscosity; Tair is air temperature; Cm is the velocity slip coefficient and Ct 

is the temperature jump coefficient; λ is the mean free path of air; kair and kp are the 

thermal conductivity of air and the fibrous particle, respectively; ΔT∞ is the temperature 

gradient and d and L are the diameter and length of the fibrous particle, respectively. 

 

Not all the forces mentioned above play a role when a fibrous particle is settling in 

ambient air. For example, if the particle’s density is far greater than that of air, the 

buoyancy force, the virtual mass force and the pressure gradient force can all be 

neglected. The electrostatic force and thermophoretic force are also negligible. The 

Basset force can also be neglected as the fibrous particle will have reached its terminal 

settling velocity. Therefore only the influences of the gravitational force, the drag force, 

the Magnus force and the Saffman force acting on the fibrous particle need to be 

considered in this case. 
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Clift et al. [2] reported that, for a single fibrous particle’s Reynolds number Red > 0.01, 

a cylinder falls with its axis oriented horizontally and exhibits steady motion with this 

orientation up to Red of order 100. However, this is yet to be extended to a cloud of 

interacting particles in suspensions. Kuusela et al. [33] simulated the settling of 

spheroids under steady state sedimentation at 0.5< ReL <3.5. They predicted the 

orientation distribution that arises from a competition between inertial forces acting on 

individual particles and hydrodynamic interactions between particles. For super dilute 

systems, inertial effects tend to align fibres to a horizontal position, whereas, in 

sufficiently concentrated systems, the interactions tend to align the fibres with gravity. 

Around the transition from a horizontal to a vertical orientation, the mean settling 

velocity increases with increasing of Ф to a maximum that may even exceed the 

terminal settling velocity of a single spheroid. These accord with the experimental 

results of Salmela et al. [24]. However like the work of Salmela  et al. [24], the ReL of 

this investigation was limited to less than 3.5. Koch and Shaqfeh [44] studied the 

instability of a dispersion of sedimenting theoretically. They also argued that the 

convective motion (cluster formation) may lead to an average sedimentation velocity 

which is larger than the maximum possible value for a particle in a quiescent fluid. This 

theory can be verified by accurate measurements of the settling velocity and the 

orientation of fibres.  

 

Herzhaft and Guazzelli [22] experimentally investigated sedimenting suspensions of 

fibres with ReL ≈ 0.0001, also in a liquid.  In this study, the inertia acting on the fibrous 

particles approaches zero, causing the fibres to tend to align in the direction of gravity 

for dilute and semi-dilute suspensions. This contrasts with the case of ReL ~ O(1) where 

the fibre orientations are horizontal. Butler and Shaqfeh [39] performed a numerical 
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simulation of inhomogeneous sedimentation of rigid fibres in the limit of zero of ReL. 

Their simulation revealed that the steady settling velocity increases with the number 

density of fibrous particles simulated in the dilute regime. The predictions of orientation 

distribution agreed with the experimental results of Herzhaft and Guazzelli [22]. 

Furthermore the simulation showed that the orientation of fibrous particles tends to 

become more vertical with any increase in the number density of the dilute regime. 

However this assessment is yet to be extended to higher Reynolds numbers. Metzger et 

al. [23] experimentally investigated the instability of a sedimenting suspension of fibres 

with ReL ≈ 0.0001 by using PIV. Like the work of Herzhaft and Guazzelli [22], only the 

projected angles of fibres were calculated. Furthermore the PIV method only provides 

the flow field of a group of particles and does not calculate either the settling velocity or 

the orientation of individual fibrous particles. That is, it cannot provide details of the 

dynamic behaviour of a settling fibre. In conclusion, there is little literature examining 

the aerodynamics of fibrous particles under the conditions of relevance to combustion in 

boilers and furnaces.  In the light of the above review, this thesis seeks to further the 

understanding of the aerodynamics of settling fibrous particles in the range of ReL = 10 

– 100. These conditions have yet to be reported.  
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2.7 Previous Work on the Influence of the Aspect Ratio of Fibrous 

Particles  

 

 

McKay et al. [15] and Fan et al. [1] investigated a single fibrous particle settling in 

stagnant water and concluded that the terminal settling velocity of the fibrous particle is 

independent of the L/d of the fibre. However there are some situations in which 

individual particle motion is nearly negligible, compared with motion on a larger scale 

[64]. Hinds [64] raised the concept of an “aerosol cloud”, in which the gas phase 

containing the particles is regarded as the cloud compared with the surrounding air. He 

further pointed out that cloud settling occurs as the particle concentration is sufficient to 

cause the entire cloud to move as an entity at a velocity significantly greater than the 

individual particle settling velocity. There are three kinds of cases of cloud-like settling. 

The first one is that whilst the cloud is settling with a low particle concentration, air will 

pass through the cloud and each particle will experience a relative velocity to air. The 

second case is that at a sufficiently high particle concentration, the resistance to airflows 

through the cloud will be so great that the air will flow around the cloud, because this is 

the path of least resistance. In this case the relative velocity of the particles inside the 

cloud is zero. The third case lies in between these two extreme conditions and is a 

common case in practice. In this condition, both mechanisms mentioned above operate 

simultaneously. Therefore the aerodynamic behaviour of fibrous particles settling as an 

entire cloud is different from that of the individual fibre. The influence of the aspect 

ratio of the fibrous particles on the bulk settling motion is the focus of the present 

research.  
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Hinds [64] introduced a coefficient, G, to describe the relationship between a settling 

velocity of individual particles and that of a cloud. G is defined as follows:  

 

𝐺 =
𝑉𝑐𝑙𝑜𝑢𝑑

𝑉𝑝
,    (2.41) 

where Vcloud and Vp are settling velocities of the cloud and the individual particle, 

respectively. 

 

Whilst the cloud is settling in air, the cloud density, ρcloud, is simply the particle mass 

concentration. Assuming that the cloud is spherical and the diameter is dcloud, the cloud 

settling velocity, Vcloud, is obtained by equating the force of gravity to Newton’s drag: 

𝜌𝑐𝑙𝑜𝑢𝑑 𝜋𝑑𝑐𝑙𝑜𝑢𝑑
3 𝑔

6
= 𝐶𝐷

𝜋

8
𝜌𝑎𝑖𝑟𝑑𝑐𝑙𝑜𝑢𝑑

2 𝑉𝑐𝑙𝑜𝑢𝑑
2 ,    (2.42) 

and solving for the cloud settling velocity: 

𝑉𝑐𝑙𝑜𝑢𝑑 = √
4𝜌𝑐𝑙𝑜𝑢𝑑 𝑑𝑐𝑙𝑜𝑢𝑑𝑔

3𝐶𝐷𝜌𝑎𝑖𝑟
.   (2.43) 

At low particle Reynolds numbers, the individual particle settling velocity is given by 

Equation 2.3, so that Equation 2.41 becomes: 

𝐺 =
𝑉𝑐𝑙𝑜𝑢𝑑

𝑉𝑝
=

12𝜇

𝜌𝑝𝐷2
√

3𝜌𝑐𝑙𝑜𝑢𝑑𝑑𝑐𝑙𝑜𝑢𝑑

𝐶𝐷𝜌𝑎𝑖𝑟𝑔
.    (2.44) 
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When G >> 1, cloud settling is the predominant motion; when G << 1, only particle 

settling occurs and when G is in the range of 2 – 5, both mechanisms operate. However 

in practice, a spherical shaped cloud does not exist because of dilution, breakup and 

deformation, especially in the case that the particles are fibrous. Therefore in this case a 

cloud settling motion is very complex.  

 

 McKay et al. [15] investigated the settling characteristics of discs and cylinders of an 

aspect ratio from 0.25:1 to 5.0:1 (with the same diameter) in water with the particles’ 

Reynolds numbers being 680 – 15,350 based on their equivalent volume diameter. The 

particles used in their experiments were large, non-spherical particles with diameters of 

16mm and 20mm. The terminal settling velocity of cylinders of L/d < 1 was found to 

increase with increasing L/d. However for cylinders with L/d > 1, the terminal settling 

velocity was found to be nearly independent of L/d. Importantly, it is not yet known 

whether this finding extends to small fibrous particles with bulk settling and a large L/d. 

Lin et al. [31] studied the sedimentation of a single fibrous particle with aspect ratios of 

2, 3, 5, 7.5 and 10 in a Newtonian fluid, employing the Lattice Boltzmann method at 

terminal Reynolds numbers of 1 – 10. Their simulation showed that the stable 

orientation of these fibres is horizontal. They also found that the terminal Reynolds 

number increases with increasing L/d and then remains constant for L/d > 5, which 

supports the conclusion of McKay et al. [15]. They further found that the horizontal 

component of velocity of a fibrous particle increases with increasing L/d. However, 

these conclusions are yet to be verified with experimental data for fibres with a large 

L/d. 

 

Herzhaft and Guazzelli [22] studied the steady state settling velocity and orientation 
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distribution of glass-rods in dilute and semi-dilute suspensions for Reynolds number 

less than 0.0001. The fibrous particles used in their experiments were of length of 500 –

3,000μm and diameter of 100μm. They used fibres with aspect ratios of 5, 11, 20 and 32 

to investigate the influence of aspect ratio. They found that, over this range, the aspect 

ratio has little influence on the fibre’s orientation, but that the dimensionless settling 

velocity decreases with increasing aspect ratio for particles of constant diameter. 

Nevertheless, this dependence decreases with L/d so that the absolute velocity of fibres 

with aspect ratios of 10 and 20 is nearly identical, while the absolute velocity of fibres 

with an aspect ratio of 5 is much smaller. However, their investigation was undertaken 

in a configuration that induces a recirculating flow within the working section, so that 

approximately 40% of their data have negative velocities. In addition, no details of the 

influence of an aspect ratio at higher Reynolds numbers ReL~O(10) are available. Hence 

it is necessary to assess whether their findings extend to bulk free-falling particles at 

higher Reynolds numbers. 

 

In the light of the above review, it is clear that the influence of the aspect ratio of fibrous 

particles on their bulk settling motion is complex compared with a single fibrous 

particle’s settling motion, because the fibres’ interaction and the cloud mechanism 

operate when the number density of the fibrous particles is sufficient high. Especially in 

the case of the fibres’ Reynolds numbers being of the order of 10, to date, no detailed 

statistical assessment of the influence of aspect ratio on other parameters, such as the 

distribution of the settling velocity or on the horizontal velocity, have been reported. 

Therefore, the aim of the present work is to assess the influences of aspect ratio within 

the asymptotic regime, i.e. for L/d > 20, on the distribution of settling velocity, 

horizontal velocity and orientation of fibres. 
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2.8 Motion of Fibrous Particles in a Turbulent Flow 

 

 

2.8.1 Fokker-Planck Equation 

In the papermaking industry, the extent of anisotropy in the orientation of fibres within a 

suspended turbulent flow has a significant impact on the final product quality. Therefore 

extensive studies [26, 27, 53, 63, 78, 90, 93, 106–112] have been conducted in turbulent 

suspensions of fibres using water as the working fluid, which is of relevance to paper 

making. The fibre orientation distribution at the end of a headbox (the container in a 

papermaking machine in which cleaned pulp is collected for uniform distribution across 

the wire) tends to be highly anisotropic where the majority of the fibres are oriented 

close to the flow direction. The main mechanism for aligning the fibres is the positive 

streamwise rate-of-strain in the headbox [111].  

 

Olson and Kerekes [53] analysed the motion of a single fibre suspended in a turbulent 

fluid and obtained equations of mean and fluctuating velocities in rotation and 

translation. They derived the following rotational and translational dispersion 

coefficients of a fibre:  

 

𝐷𝑟 = 24𝑢′2̅̅ ̅̅ 𝜏

𝐿2

Λ

𝐿
(erf (

𝜋0.5L

2Λ
) +

16

𝜋2
(

Λ

𝐿
)

3

(1 − 𝑒
−

𝜋𝐿2

4Λ2) +
2

𝜋

Λ

𝐿
(𝑒

−
𝜋𝐿2

4Λ2 − 3)).    (2.45) 

𝐷𝑡 = 2𝑢′2̅̅ ̅̅ 𝜏
Λ

𝐿
(erf (

𝜋0.5L

2Λ
) +

2

𝜋

Λ

𝐿
(𝑒

−
𝜋𝐿2

4Λ2 − 1)).    (2.46) 

This model implies that for long fibres, rotational and translational dispersion 

coefficients, Dr and Dt are functions of the fluid’s Eulerian integral time scale, τ, the 
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Eulerian integral length scale, Λ, and the streamwise component of the fluctuating 

velocity, u’. Based on the convection-dispersion function that governs the evolution of 

the fibres’ orientation distribution, Γ(r, p, t), in turbulent flows, they further derived a 

form of the Fokker-Planck equation to describe the orientation distribution of a fibre in 

turbulent flows, as follows: 

 

𝜕𝛤

𝜕𝑡
= 𝐷𝑟∇𝑟

2𝛤 − ∇𝑟 ∙ (𝜔𝛤) + 𝐷𝑡∇2𝛤 − ∇ ∙ (𝑉𝛤),    (2.47) 

 

where ∇𝑟= p × ∂/∂p is the rotational operator, p is the unit orientation vector. 𝑉 is the 

fibres’ mean velocity and ω is the fibres’ angular velocity. Equation 2.47 relies on many 

assumptions, some of which do not apply in the present experiments. Firstly it assumes 

that the fibres are neutrally buoyant, which is far from true in the present experiments. It 

also assumes that the inertial forces on the fibre are negligible, i.e. that the Stokes 

number is <<1 and that the relative velocity between the fibre and the fluid is zero. 

None of these assumptions are true for the present case, therefore the extent to which 

they apply is not known in particle-laden flows with air as the working fluid and 

sufficiently large fibres for Sk >1, as occurs in this instance. Olson [92] pointed out that 

modelling the suspension using “two-way coupling” is very complex.  

 

2.8.2 Steady Axisymmetric and plane turbulent Jet 

 

Although the governing equations in gas-solid flows are still being debated, the N-S 

equations are thought to describe the motion of single phase flows completely. When 

analysing a steady axisymmetric and plane turbulent jet, a number of assumptions can 

be made to simplify the N-S equations. The first such assumption is of axisymmetry for 
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the case of a round jet and an infinitely long thin section for the case of a plane jet. 

Therefore the number of variables in the N-S equation can be reduced. The second 

simplification is an assumption of steadiness. With these simplifications, the Reynolds 

averaged N-S equations are as follows: 

 

𝑣𝑥

𝜕𝑣𝑥

𝜕𝑥
+ 𝑣𝑦

𝜕𝑣𝑥

𝜕𝑦
= −

1

𝜌

𝜕𝑝

𝜕𝑥
+ 𝜈 (

𝜕2𝑣𝑥

𝜕𝑥2
+

𝜕2𝑣𝑥

𝜕𝑦2
) − (

𝜕𝑣𝑥
′2̅̅ ̅̅ ̅

𝜕𝑥
+

𝜕𝑣𝑥
′𝑣𝑦

′̅̅ ̅̅ ̅̅ ̅̅

𝜕𝑦
),    (2.48) 

𝑣𝑥

𝜕𝑣𝑦

𝜕𝑥
+ 𝑣𝑦

𝜕𝑣𝑦

𝜕𝑦
= −

1

𝜌

𝜕𝑝

𝜕𝑦
+ 𝜈 (

𝜕2𝑣𝑦

𝜕𝑥2
+

𝜕2𝑣𝑦

𝜕𝑦2
) − (

𝜕𝑣𝑥
′𝑣𝑦

′̅̅ ̅̅ ̅̅ ̅̅

𝜕𝑥
+

𝜕𝑣𝑦
′2̅̅ ̅̅ ̅

𝜕𝑦
).    (2.49) 

Based on Equations 2.48 – 2.49 and some assumptions, the centreline velocity of the jet, 

uc and half width, r1/2 can be derived [113]: 

𝑢𝑜

𝑢𝑐
= 𝐾1

𝑥

𝐷
 ,    (2.50) 

𝑟1/2

𝐷
= 𝐾2

𝑥

𝐷
 ,    (2.51) 

where K1 and K2 are the centreline decay coefficient and the spreading coefficient, 

respectively. D is the jet exit nozzle diameter. u0 is the jet exit velocity of the gas phase. 

In terms of a particle-laden turbulent axisymmetric jet, Melville and Bray [147] neglect 

both the Reynolds and Stokes numbers effects and they write the gas-phase centreline 

velocity and the gas-phase velocity half width as:  

𝑢𝑜

𝑢𝑐
= 𝐾1

𝑥

𝐷
𝑒−0.69∅0  ,    (2.52) 

𝑟1/2

𝐷
= 𝐾2

𝑥

𝐷
𝑒−0.69∅0  ,    (2.53) 
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where Ф0 is the exit mass loading (i.e. the ratio of the solid phase mass flow rate to the 

gas phase exit mass flow rate). However Equations 2.52 – 2.53 are based on spherical 

particles for the solid phase. It is not known whether they can apply in fibre-laden 

turbulent jet flows. 

 

2.8.3 Governing Equations for Fibre Suspensions 

 

Lin et al. [104] simulated dilute suspensions of the fibres in a round turbulent jet and 

they gave the following governing equations. 

 

The incompressible continuity equation:  

𝜕𝑢𝑖

𝜕𝑥𝑖
= 0.   (2.54) 

Navier-Stokes equation supplemented by the fibre stress tensor: 

𝐷𝑢𝑖

𝐷𝑡
= −

1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+ 𝜈

𝜕2𝑢𝑖

𝜕2𝑥𝑗
+

𝜇𝑓

𝜌

𝜕

𝜕𝑥𝑗
(𝑎𝑖𝑗𝑘𝑙𝜀𝑘𝑙 −

1

3
(𝐼𝑖𝑗𝑎𝑘𝑙)𝜀𝑘𝑙),    (2.55) 

where ui is the suspension velocity, p is the pressure, ν is the kinematic viscosity of the 

fluid, ε is the tensor of rate of strain, µf is the apparent viscosity of the suspension and 

aijkl is the fourth-order orientation tensor of the fibre. ε, µf and aijkl are given by: 

𝜀𝑖𝑗 =
1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
).  (2.56) 

𝜇𝑓 =
𝜋𝑛𝜇𝐿3

48ln (2𝐿/𝑑)
,   (2.57) 



2 Literature Review 
 

51 

 

where L and d are the fibre’s length and diameter, respectively. n is the fibre’s number 

density. 

𝑎𝑖𝑗 = ∮ 𝑝𝑖𝑝𝑗𝛤(𝒑)𝑑𝒑.  (2.58) 

𝑎𝑖𝑗𝑘𝑙 = ∮ 𝑝𝑖𝑝𝑗𝑝𝑘𝑝𝑙𝛤(𝒑)𝑑𝒑,   (2.59) 

where pi is a unit vector parallel to the fibre’s major axis. Γ(p)dp is the probability that 

the fibre orientations are located between p and (p+dp).  

 

Being similar to Equation 2.47, Equation 2.55 relies on an assumption that the inertia 

acting on the fibre is negligible. That is, the fibre dispersion is influenced only by the 

rms of turbulent fluctuations. However, this assumption may not be true for the present 

case because the fibre inertia is significant. 

 

2.8.4 The work of Bernstein et al. 

 

The most relevant experiment to the transport of biomass fibres in air is the 

measurements of Bernstein and Shapiro [95] in water.  They measured the orientation 

distribution of glass fibres with a wide range of Reynolds numbers on the axis of pipe 

flow using an optical technique.  Their measurement of the orientation distribution on 

the axis is of relevance to the exit plane of a co-flowing jet, although the transport 

medium is different. Their results will be compared with the present work. Jayageeth et 

al. [51] studied the effect of a bounding wall on the dynamics of suspended fibres in a 
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boundary layer using a Stokesian dynamics simulation and they found that the fibres’ 

rotation increased significantly as each fibre approaches a region of maximum shear. 

This prediction needs to be verified with experimental data. Kvasnak and Ahmadi [54] 

simulated sedimentation of ellipsoidal particles in turbulent duct flows and reported the 

results for particles with diameters from 1 to 50µm and aspect ratios from 1 to 10. 

Zhang et al. [56] studied transport and deposition of ellipsoidal particles in turbulent 

channel flows. A fibre’s motion in shear flow was investigated by Broday et al. [58] and 

Ku and Lin [59], while a heuristic model of orientation was developed by Klett [62] 

under conditions of relevance to atmospheric conditions. Importantly, none of these 

previous studies provide any detailed assessments of the behaviour of particles within a 

turbulent jet environment, such as the fibres’ preferred orientation, or the influence of 

the number density of fibres on the velocity and angular velocity distribution. Hence, 

there remains a need for this new information. In the light of the previous investigations 

described above, this research seeks to provide new understanding of the aerodynamic 

behaviour of fibrous particles with a large aspect ratio in the near field of co-flowing 

turbulent jets in the super-dilute regime. It further aims to provide new understanding of 

the radial distribution of the statistical properties at the exit plane of the jet, to provide 

new understanding of the flow within a long pipe.  In particular, it aims to assess the 

distributions of the orientation, angular velocity, axial velocity and number density of 

the fibres, none of which have been reported previously in a co-flowing jet.   
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The aerodynamic behaviour of long aspect ratio nylon fibrous particles has been investigated experimentally
while settling in air under super dilute conditions without any influence of secondary flows and at fibre Reyn-
olds numbers of 0.5–2 based on fibre diameter. A method for laser-based measurement of the orientations
and velocities of fibrous particles is also presented. The experimental apparatus employs a two-dimensional
Particle Tracking Velocimetry (PTV) to calculate orientation and velocity based on the two end-points. The
controlling length scale in the relationship between Reynolds number and drag coefficient was investigated
and the equivalent diameter of settling fibre in air was reported. Finally the influence of volume fraction
and fibre straightness were assessed.
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1. Introduction

A fibrous particle settling in air under the influence of gravity
will accelerate until the gravitational force is exactly balanced by
the drag force, because the buoyancy can be ignored in this case.
The constant velocity reached is called terminal settling velocity.
The terminal settling velocity of a fibre is strongly influenced by its
orientation [16]. Although research has been conducted on the prob-
lem of drag for cylindrical particle, it seems that no experimental in-
vestigations have been undertaken to determine the equivalent
diameter of a settling fibre in air with large aspect ratio to assess
its aerodynamic behaviour.

Fan et al. [1] experimentally studied the relationship betweendrag co-
efficient (CD) of slender particleswith large aspect ratios (L/d=4–37) and
Red (0.4–100). They proposed the following equation to calculate drag co-
efficient, which needs to be assessed.

CD ¼ 1
sinθ

ρfp

ρf

� �−1:537 d3 ρfp−ρf

� �2
g

μ2

2
64

3
75
0:8524

� 24
Red

0:006983þ 0:6224Red
−1:046

� �
:

ð1Þ

Here θ is the orientation of the fibre, which is the angle between
the major axis of the fibre and the direction of the gravity; ρfp and
ρf are the fibre and fluid density respectively; d is the diameter of
the fibre, μ is the viscosity of fluid and Red=ρairVfpd/μ.

Clift et al. [2] reported that for a single fibrous particle with Reyn-
olds number Red>0.01, a cylinder falls with its axis oriented horizon-
tally and exhibits steady motion with this orientation up to Red of
order 100. However, this work is yet to be extended to a cloud of
interacting particles in suspension. Also Clift proposed the following
model to calculate CD of a cylindrical particle:

CD ¼ 9:689 Redð Þ−0:78 þ 1:42 Redð Þ0:04 0:1bRedb5ð Þ: ð2Þ

Sphericity, ψ, is a measure of how closely a particle conforms to a
spherical shape. It is widely used in the study of non-spherical parti-
cles and has also been used to evaluate fibrous particles. Sphericity is
defined to be:

ψ ¼ As

Ap
ð3Þ

where As is the surface area of sphere that has the same volume as the
non-spherical particle and Ap is the surface area of the non-spherical
particle. Based on this definition, the sphericity of a cylindrical parti-
cle becomes:

ψfp ¼ dev
2

dLþ d2=2
ð4Þ

where dev is the diameter of the sphere that has the same volume as
the fibrous particle, e.g. equivalent volume diameter, and d and L are
the diameter and length of the fibrous particle respectively. For the
present fibres, ψ=0.38.
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Haider and Levenspiel [3] proposed the following four parameter
correlation to calculate CD.

CD ¼ 24
Re

1þ AReB
� �

þ C
1þ D

Re

ð5Þ

where the values of A,B,C,D are functions of ψ. The authors pointed
out that, while the fit is quite good for isometric particles, ψ>0.67,
it is poorer outside this range. They also argued that “for close to
isometrically shaped particles, those with no one very much lon-
ger or very much shorter dimension, the sphericity is a useful
measure, most likely the best single parameter for describing the
shape for falling particles.” That is, Eq. (5) is not expected to be
appropriate for a fibrous particle with a long aspect ratio. Further-
more particles with entirely different shapes and different aerody-
namic behaviour can have the same sphericity. For example, a disc
particle and a fibrous particle can have the same Ψ, but have a to-
tally different aerodynamic behaviour. Therefore, more work is
needed to develop relationships that characterise drag for long as-
pect ratio fibres.

Venu Maddhav and Chhabra [4] investigated cylinders settling
in a confined environment. The settling cylinders were observed
to retain their initial orientation during settling, which is opposite
to the conclusion of Clift et al. [2] for a single fibre. Under the
conditions of 0.01bReb400, 0.35bΨb0.7 and 0.05bL/db50, Venu
Maddhav and Chhabra [4] developed the following expression to
calculate CD:

CD ¼ 24
Re

1þ 0:604Re0:529
� �

: ð6Þ

However the terminal settling velocity with the above range of Re,
the cylinder falls with its axis oriented horizontally [2]. Therefore it
doubtful that the findings of Venu Maddhav and Chhabra [4] can be
extrapolated to an unconfined environment in which the orientation
is not generally horizontal.

In addition to the above investigations on cylindrical particles,
numerous studies have been conducted by employing equal vol-
ume diameter and sphericity to investigate CD of non-spherical
particles [8–15]. Based on the work of Haider and Levenspiel [3],
Ganser [5] introduced two shape factors to a drag correlation.
But like Haider's work, for particles where ψb0.5, Ganser's work
is applicable to disc only. Swamee and Ojha [6] also developed a
correlation with the Corey shape factor, β=c/(ab)1/2, where
a>b>c are the lengths of the three principal axes of the particle.
However this parameter is only applicable in the range of 0.3bβ
b1, making it unsuitable for long aspect ratio fibres such as
those considered here. For the present fibre the Corey shape factor
is 0.16, so is not applicable.

In the light of the previous investigations described above, we
seek to further the understanding of the aerodynamics of settling
long fibrous particles in the range of Red=0.5–2, with a high densi-
ty ratio of particle to fluid and no boundary limitation. Furthermore
we would investigate the equivalent diameter of a fibre with large
aspect ratio settling in air. As can be seen from the literature review
this equivalent diameter has yet to be reported previously. There-
fore, the first aim of the present work is to develop a novel method
to measure the velocity and orientation of a fibrous particle simulta-
neously. The second aim is to employ this method to obtain the re-
lationship (equations) between a fibre's number density and its
settling velocity in the super dilute regime. The third aim is to in-
vestigate the equivalent diameter that suits a fibre with large aspect
ratio and drag coefficient and assess the two models proposed by
previous investigators.

2. Experimental apparatus/facility

2.1. Measurement techniques and set-up of PTV system

Fig. 1 presents a schematic diagram of the experimental apparatus.
To avoid any influence of electrostatics, the pipewas earthed. The exper-
imental method employed a typical Particle Tracking Velocimetry (PTV)
technique. The laser was operated in a pulsed mode and the camera in a
two-framemode. The laser sheetwas formedby telescopic and diverging
lenses. The settling fibrous particles were illuminated by the laser sheet
at regular intervals of time and the CCD camera used to record two im-
ages of the fibres separated by a delay of about 2.5 ms. An oscilloscope
and delay generatorwere also employed in the experiments. The oscillo-
scope was used to monitor and validate the time separation chosen for
the experiments. A DG-535 delay generator was employed to trigger
both the laser flash-lamps and the camera. The laser used in the experi-
mentswas a Quantel Brilliant Twins double-cavity pulsed Nd:YAG 10 Hz
laser, frequency doubled to provide a wavelength of 532 nm. The output
energy of the laser head was set to provide either 250 mJ/pulse or
400 mJ/pulse. The camera was a Kodak MegaPlus ES1.0 with a CCD
array of 1008 pixels×1018 pixels. The resolution was around 26 μm/
pixel and the viewing area was 26 mm×26 mm. Xcap software was
used as the operating system.

The settling chamber was of nominally square cross section with
650 mm×620 mm, height of 2000 mm and was made of Perspex. The
fibrous particles were introduced into the top of the chamber and set-
tled over a distance of 2.5–3.0 m through a 2000 mm long pipe of
60 mm diameter. Not only did this ensure sufficient length to reach
their terminal settling velocities before entering the chamber, it also en-
sured that any background currents induced by the particles in the
chamber were negligible. With a volume fraction in order of 10−5,
and the cross sectional area of the “jet” of falling particles to the cham-
ber in the order 10−2, any induced chamber flows will be at most 1%
that of the particles, which is within experimental error. This neglect
ensured that the dilute phase was not influenced by any chamber cur-
rents in contrast to previous investigations [16]. Also fibres settling ve-
locities were measured for settling distances of both 2.5 m and 3.0 m.
Themean settling velocities obtainedwere identical for both cases, con-
firming that the fibres have reached their terminal settling velocities
and steady state conditions.

The particle delivering system is axisymmetric, which greatly fa-
cilitates the measurement, because the measurement can be per-
formed at any vertical plane through the centre line of the pipe. The
system can also accommodate spherical particles under identical

Fig. 1. Experimental arrangement (not to scale). The surrounding settling chamber
(650 mm×620 mm cross section) is not shown for clarity.
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conditions. This allows direct comparisons to be performed between
spherical particles and fibrous particles.

The intensity distribution of the laser sheet is nearly Gaussian, as
shown in Fig. 7. This property is exploited to determine whether a
fibre is fully or partly within the light sheet, as described below. The
thickness of the laser sheet was chosen to be around 5 mm to provide
good illumination of entire particles.

2.2. Properties of the fibres

The particles used in the experiments are nylon fibres whose
properties are shown in Table 1. A micrograph of a sample of the fi-
bres is shown in Fig. 2, at a resolution of 18 μm/pixel. It can be seen
that they are of constant diameter and, while many are straight, a sig-
nificant number have a slight bend.

The length of each fibrous particle (i.e. the major axis) is defined
as the maximum distance between any two pixels in the object.
This distance is measured from an optical image converted to binary
form (see Fig. 3). The minor axis is defined to be perpendicular to
the major axis and the rectangle defined by the two axes can enclose
the perimeter of the region. This rectangle we call the “basic rectan-
gle” (Gonzalez et al. [7]). The concept of a basic rectangle can also
be used to define the fibrous particle's straightness, as shown in
Eq. (7).

ε ¼ 1− δ−di
Li

ð7Þ

where ε is the straightness of a fibrous particle; δ is the minor axis of
the basic rectangle on a binary image; di and Li are the diameter and
length of the fibre respectively on the binary image and the subscript
“i” refers to “image”. As a fibre's straightness tends toward unity, the
fibre approaches being straight.

Fig. 4 presents the distribution of the straightness of the fibrous
particles based on a sample size of 1139. It can be seen that 90.1%
of these fibres have straightness ε>0.85 and some 38% are perfect-
ly straight.

Fig. 5 presents the distribution of the fibres length, L, which
were measured directly from the two endpoints. It can be seen
that 82% of the fibres have a length between 1900 and 2100 μm

and over 95% between 1800 and 2200 μm, with a standard devia-
tion of 196 μm.

2.3. Number density, orientation and velocity measurement

Fig. 6 presents the orientation definition of a fibre. The plane of x–y
is an image plane. The angle of α is defined to be azimuth of a fibre and θ
the orientation of a fibre.

In the present study, we define the volume fraction of fibrous
particles as:

ϕ ¼ npπ d=2ð Þ2L
1008� 1018R2H

ð8Þ

where np is the number of fibrous particles in the viewing volume, R is
the magnification of camera image system, H is the thickness of the
laser sheet and 1008×1018R2H is the viewing volume.

In the present experiments of measuring settling velocity andФ, the
volume fractions were controlled to be in the range of Ф≤0.0001,
which is a super dilute condition so that there were few particles
which exhibited clumping. Hence the number density offibrous particle
in the viewing area (volume)was calculated by counting the number of
particles, and the volume fraction was computed exactly. The volume
fractions were also binned by the number of particles to obtain statisti-
cally the influence of particle number density on the fibres' aerodynam-
ic behaviour.

The coordinates of the two endpoints of each object (fibrous
particle) were obtained. Since the length L of these fibres is con-
stant, the spatial orientation θ (the angle between the X axis and

Table 1
Nylon fibre used in the experiments.

Length, L, μm 2000
Diameter, d, μm 49.6
Density, ρfp, kg/m3 1150
Aspect ratio, L/d 40
Material Nylon
Denier 20

Fig. 3. A binary image of a fibre and its “basic rectangle” used to define its characteristic
dimensions.
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Fig. 4. The distribution of straightness, ε (see Eq. (7)) for the present fibres.Fig. 2. A micrograph of the sample of nylon fibres.
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the major axis of the fibrous particle) of the fibres was calculated
by following trigonometric function (Figs. 6 and 7):

θ ¼ arccos
xe2−xe1j jR

L

� �
� 180

π

� �
�Þ� ð9Þ

where xe2 and xe1 are coordinates of X values of two endpoints.
Any fibres that are only partly in the laser sheet will give a false

measurement of the projected length and the coordinates of end-
points, so must be rejected. This can be achieved by comparing the in-
tensities of the signal at the two endpoints of the fibre. Because of the
Gaussian light sheet intensity distribution, a partly-in fibrous particle
will exhibit a significant difference between the intensity values of
the two endpoints (Fig. 7). This is used to reject such particles as de-
scribed in the Appendix A.

The coordinate system used in the calculation is Cartesian, with
the x axis directed downwards in the direction of gravity. We define
the two endpoint velocities of the fibrous particle as Ve1 and Ve2.
Each endpoint velocity has three components Ve1x, Ve1y, Ve1z and
Ve2x, Ve2y, Ve2z, as shown in Fig. 8 and Eq. (10).

V
→

e1 ¼ V
→

e1x þ V
→

e1y þ V
→

e1z V
→

e2 ¼ V
→

e2x þ V
→

e2y þ V
→

e2z ð10Þ

Based on Eq. (10), we define Ve1x and Ve2x as vertical compo-
nents of the settling velocity of the endpoints 1 and 2 respectively
of the fibrous particle. Similarly Ve1y and Ve2y are the horizontal
components of settling velocity of endpoints 1 and 2 of the fibrous
particle respectively.

Image pairs were recorded by the digital camera with a known
time separation (Δt). After image processing the displacements of
two endpoints of fibrous particles along the x and y axis can be

obtained. From this Ve1x, Ve1y and Ve2x, Ve2y can be calculated by
Eq. (11), as follows:

Ve1x ¼
xe12−xe11ð ÞR

Δt
; Ve1y ¼

ye12−ye11ð ÞR
Δt

;

Ve2x ¼
xe22−xe21ð ÞR

Δt
; Ve2y ¼

ye22−ye21ð ÞR
Δt

ð11Þ

where Ve1x is the velocity of endpoint 1 in the x direction; Ve1y is the ve-
locity of endpoint 1 in the y direction; Ve2x is the velocity of endpoint 2
in the x direction; Ve2y is the velocity of endpoint 2 in the y direction;
xe12 is the x axis coordinate of endpoint 1 from the second image, xe11
is the x axis coordinate of endpoint 1 from the first image; ye12 is the y
axis coordinate of endpoint 1 from the second image and so on.

Fig. 8 shows the definition of settling velocity of centroid of a
fibrous particle. The velocity of the centroid of a fibre Vc is defined
by Eq. (12):

V
→

c ¼ V
→

cx þ V
→

cy þ V
→

cz

Vcx ¼ 1
2

Ve1x þ Ve2xð Þ

Vcy ¼ 1
2

Ve1y þ Ve2y

� �
Vcz ¼

1
2

Ve1z þ Ve2zð Þ:

ð12Þ

In present study, Vcx and Vcy represent the vertical and horizontal
components of settling velocities of a fibrous particle respectively. Be-
cause the particle delivery system is vertical and axisymmetric, the
distributions of Vcy and Vcz are identical and Vcy is representative. So
Vcz is ignored.

Since data are obtained from an image pair, the orientation of a fi-
brous particle equals the average orientation of the fibre from the first
and second images:

θ ¼ 1
2

θ1 þ θ2ð Þ ð13Þ

θ1 ¼ arccos
xe21−xe11j jR

L
� 180∘

π

� �
ð14Þ

θ2 ¼ arccos
xe22−xe12j jR

L
� 180∘

π

� �
ð15Þ

3. Experimental results and discussions

3.1. Distribution of fibre's settling velocity and orientation

Fig. 9 presents the distribution of the vertical settling velocity
obtained from 29,364 samples for a volume fraction less than
5×10−4 along with Herzhaft and Guazzelli's data [16]. It can be seen
that the distribution is Gaussian. Fig. 9 indicates that the relatively
small size of the error bars shows that the variation in straightness
of the fibres does not have a large influence on the settling velocity
of these fibres. Furthermore, the absence of any bimodality in the
curve implies that there is no fundamental difference in the aerody-
namics of perfectly straight and slight curved fibres under the con-
ditions assessed here. That is, the presence of a slight curve may
increase the scatter in the velocity distribution but does not result
in any fundamental change in aerodynamic behaviour, since some
fibres are perfectly straight. Finally the significantly lower spread
in Vcx/Vts compared with the measurements of Herzhaft and
Guazzelli [16], who did use perfectly straight fibres, suggests that
the influence of volume fraction is more significant than that of
straightness.

Fig. 10 shows the orientation distribution of fibrous particles
obtained from 29,364 samples over the range of a volume fraction,
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Fig. 5. The distribution of the length, L, of the present fibres.

Fig. 6. The definition fibre orientation, where x–y is an image plane.
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Фb5×10−4. It can be seen that the majority of fibres are broadly,
but not exactly, horizontal. This agrees with Fan et al. [1] and Clift
et al. [2].

3.2. Influences of volume fraction on vertical component of settling
velocity of fibrous particles

Fig. 11 presents the relationship between volume fraction (Ф)
and the mean vertical component of settling velocity (Vcx ) under
the condition of low number density (0.1×10−5–10×10−5). The
measurements conducted in super dilute condition. Thousands of
runs were performed and per volume fraction were sorted out
by image processing. The data point corresponding to the lowest
volume fraction in Fig. 11 represents the case of one isolated par-
ticle per image and highest volume fraction is 98 fibres per image.
Each data point of Vcx , θ and Vcy comes from the average of per
volume fraction which has hundreds of data in Figs. 11–13. It
can be seen that Vcx increases monotonically with Ф. Furthermore
the scatter in the data also increases with Ф, the RMS of the data
has a similar trend. Eq. (16) is proposed to describe relationship
between the number density and the vertical component of set-
tling velocity for the dilute regime.

V cx ϕð Þ
V ts

¼ aϕn ð16Þ

where V ts is average terminal settling velocity of a single fibre; a
and n are constants that are expected to depend on fibre's aspect
ratio and Reynolds number. The constants in Eq. (16) for the pre-
sent fibres are: V ts =0.375, a=7.310 and n=0.1519. That is

V cx ϕð Þ ¼ 2:743ϕ0:1519
: ð17Þ

The data point corresponding to the lowest volume fraction in
Fig. 11 represents the minimum of Vcx (terminal settling velocity of
an isolated fibre), with all other values of Vcx exceeding it in Ф=
0.1×10−5–10×10−5 regime.

3.3. Influences of volume fraction on orientation of fibrous particles

Fig. 12 presents the relationship between theФ and mean orienta-
tion (θ). It can be seen that θ decreases with Ф, i.e. the fibrous parti-
cles tend to become more horizontal with decreasing Ф. These data
can also be described by a power relationship:

θ ϕð Þ ¼ b
ϕn θts

�Þ� ð18Þ

where b is a constant andθts is the average orientation of a single fibre

Fig. 7. Schematic diagram of the orientation measurement, the detection of “part-in” fibres and key notation.

Fig. 8. Two endpoint and centroid velocities of a fibre.
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Fig. 9. The measured distribution of settling velocity Vcx relative to the terminal veloc-
ity of an isolated particle, Vts, at volume fraction Φb5×10−4.
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when settling in air. In the above case, θts =81.38° and n=0.0654,
b=0.428. This result can explain why the value of Vcx increases
with Ф. An increase in Ф causes the fibre's major axis to tend to be
more vertical, causing Vcx to increase, due to increased aerodynamic
interaction between particles.

3.4. Influences of volume fraction on horizontal component of settling
velocity of fibrous particles

Fig. 13 presents the relationship between mean horizontal
component of settling velocity Vcy and Ф. It can be seen that
Vcy is zero on average and the fluctuation of Vcy increases mono-
tonically with Ф. The RMS is well characterised by a power law
as follows:

RMS of Vcy ¼ 0:0167Ф0:2495
: ð19Þ

The fluctuation in Vcy values indicates that the trajectories of set-
tling fibres are not straight lines. The aerodynamic interaction in-
creases the absolute value of Vcy .

3.5. Assessment of characteristic length of a fibre when settling in air

The definition of the Reynolds number of a settling fibrous particle
in air requires a characteristic length scale. The Re of a fibre can be cal-
culated using diameter d, length L or equivalent deq . Assuming that an
equivalent “diameter” deq can be found, it is possible to define a Reyn-
olds number Reeq of a single fibre as follows:

Reeq ¼ ρairV tsdeq
μ

: ð20Þ

When settling in air, the fibre's drag force can then be defined as
follows:

FD ¼ 1
2
ρairCDV ts

2Aeq ¼ 1
2
ρairCDV ts

2π
deq
2

� �2

: ð21Þ

The force due to gravity is Fg ¼ ρfpπ d
2

� �2
Lg, and when the fibre

reaches its terminal settling velocity Fg=FD:

ρfpπ
d
2

� �2
Lg ¼ 1

2
ρairCDV ts

2π
deq
2

� �2

: ð22Þ

Combining Eqs. (20) and (22) gives CD (Reeq)2:

CD Reeq
� �2 ¼ 2ρfpρaird

2Lg

μ2 ¼ K ð23Þ

In Eq. (23), K is a constant for a given fibre, so we can obtain the
relationship of the present fibre between CD and (Reeq)−2 theoretical-
ly, as shown in Fig. 14:

CD ¼ K Reeq
� �−2 ¼ 412:81 Reeq

� �−2
: ð24Þ

If we define deq based on the fibre's projected area, in the vertical
direction it is:

Aeq ¼ π
deq
2

� �2

¼ dL sinθþ π
d
2

� �2
cosθ: ð25Þ

We can experimentally measured CD from Eq. (26):

CD ¼ FD
1
2ρairV ts

2Aeq
¼ ρfpπ d

2

� �2Lg
1
2ρairV ts

2 dL sinθþ π d
2

� �2 cosθ� � : ð26Þ
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Fig. 10. The measured distribution of the orientation of present fibres from the vertical
direction, at volume fraction Φb5×10−4.
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Fig. 11. The relationships between Ф and V cx for fibrous particles settling in air.
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Meanwhile Red ¼ ρairV tsd
μ , so that combining this with Eq. (26) and

gives:

CD ¼ ρairρfpπd
3Lg

2Red
2μ2 L sinθþ 1

4 πd cosθ
� � : ð27Þ

Eq. (27) is the relationship between CD, Red and orientation θ.
Fig. 15 presents the experimental relationship between Re and CD

based on 94 single settling fibres and the Rewere calculated using the
fibre's diameter d, length L, volume equivalent diameter dev and sur-
face equivalent diameter des respectively. We plot CD–Re (Eqs. (26)
and (20)) by changing deq until the curve of Fig. 15 coincides
Fig. 14, then we obtained deq=354 μm for the present fibre, see
Fig. 16. After that Eq. (25) becomes:

396800:00sinθþ 7728:82cosθ ¼ 393691:82: ð28Þ

Solving Eq. (28), we can obtain θeq=81.62°. Comparing with
Eq. (18), θts =81.38° it can be seen that average orientation of a
settling single fibre can be used in Eqs. (25), (26) and (27). Therefore
from Eq. (25) the equivalent “diameter” deq of a fibre settling in air is
as follows:

deq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Ld sinθts

π
þ d2 cosθts

s
: ð29Þ

The models proposed by Fan et al. [1] and Clift et al. [2] are based
on diameter, d, of the fibre. Hence we use this characteristic length to
assess their models in Fig. 17. From the figure we can see that these
models do not describe the behaviour of the present particles. For
Fan's model, as can be seen from Eq. (1), the term ρfp

ρf

� �−1:537
plays

an important role when ρfp is far greater than ρf. For the present
case ρfp/ρf=958, it predicts CD far less than the present values.
Hence their model is poorly suited to fibre-gas two-phase flow. For
Clift's model CD=9.689(Red)−0.78+1.42(Red)0.04 (0.1bRedb5), the

power of −0.78 is far greater than −2, so its slope is much lower
than that of the present fibres. As mentioned in Section 3.1, the pres-
ence of a slight curve of the fibres increases the scatter in settling ve-
locity distribution, this can cause a bias on CD. However no
comparable data are available against which to provide a quantitative
assessment of the effect.

4. Conclusions

In this work, we measured the vertical and horizontal compo-
nents of settling velocities, orientation and number density for
long fibres settling in air with Re~O(1) and for volume fractions
Ф=10−6–5×10−4. The mean vertical settling velocities were
found to increase monotonically with Ф. The mean orientations de-
crease with Ф. We show that all the mean steady state settling ve-
locities of multiple fibres exceed the mean terminal settling velocity
of a single fibre under Фb10−4. This phenomenon is attributed to
the fibres' orientation transition from a horizontal state to a vertical
state under a super dilute regime that stems from increasing aero-
dynamic interactions between fibres. The mean horizontal settling
velocity was zero on average. However the fluctuations of the hor-
izontal components of settling velocities of settling fibres were
found to increase with volume fraction. It is also found that there
is no fundamental difference in the aerodynamic behaviour of par-
ticles that are fully straight or exhibit a slight bend, although the
presence of a bend increases the spread in the probability distribu-
tion. Finally the controlling length scale in the relationship between
Reynolds number and drag coefficient was assessed. It is found that
the diameter based on the projected area with mean orientation
describes the relationship well, while all other length scales fail.
The models of Fan et al. [1] and Clift et al. [2] were also found to
be in poor agreement with the present measurements.
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Appendix A. A.1. Image processing

The purpose of the image processing is to extract measurements
for each particle using Eqs. (9)–(15) and to thus allow the aerody-
namic behaviour of the fibrous particle to be assessed statistically
under various conditions. From the coordinates of two endpoints it
is possible to calculate the orientation and velocities of a fibre.

Those fibrous particles located at the edges of an image yield a
false measurement of its length. Therefore first step of image process-
ing is to remove these fibrous particles from the images. The second
step is to convert the image into binary form. The third step is to re-
move small objects. Binary images typically contain “noise” which
comprises spurious signal in one or two isolated pixels. They are not
real fibrous particles and so need to be removed. The fourth step is
to label the fibres. This is a very important and useful step in images
processing. By using this tool the background pixels were labelled 0.
The pixels that made up the first object were labelled 1, (see Fig.
A1) those labelled 2, the second object, and so on. If there were n par-
ticles in the viewing volume the last pixels (object) would be labelled
n. Therefore this tool can be used to count the number of fibres in the
image exactly.

The fifth step is removing fibrous particles “partly-in” the laser
sheet. As previously noted, the measured lengths of such fibrous par-
ticles are false. Therefore these part-in fibres must also be removed
from the images when processing. Fig. A2 displays the different char-
acteristics of full-in and part-in fibrous particles. For a “full-in” fi-
brous particle, the intensity along the major axis of the fibre is
nearly constant while for a part-in one, the intensity at the two

endpoints differs significantly (Fig. A2). Hence it is possible to dis-
criminate by either comparing the intensity of the two endpoints
of the fibre, or by comparing the standard deviation of the intensity
along the major axis. If the standard deviation is less than the
threshold, it is a full-in fibrous particle.

The last step is tracking particles and calculating velocities and
orientations. Fig. A3 presents a pair of images of fibres with a
known time separation of 2500 μs. The circles highlight those fibrous
particles that are pairs. It can be seen that if the time separation is
short enough, any changes in the fibre's length are small, and orien-
tation and area are small. Based on these characteristics on the im-
ages, tracking particles (matching pairs) becomes easier than for
spherical particles.

The accurate matching of pairs of fibrous particles within a known
time separation is the most important step in image processing. From
this, the vertical and horizontal displacements of each particle can
be obtained, and hence the vertical and horizontal components of
settling velocities can be calculated. After collecting of the two

Fig. A1. Step 4 — labelling pixels of fibrous particles in a binary image.
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Fig. A3. A pair of images of fibres with a known time separation of 2500 μs, sets of ob-
viously matching pairs are encircled.
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endpoint's coordinates and matching particle pairs in each pair of
images, all components of settling velocities (translational and rota-
tional) of the centroid and orientation of a fibrous particle can be
obtained from Eqs. (9)–(15). The end point of a fibre moves by an av-
erage of 50 pixels, and the total uncertainty in the position of the end
point is 4 pixels, then this corresponds to a relative uncertainty in the
spatial position of the end point of 8%.
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Corrigendum

Corrigendum to “PTV measurements of drag coefficient of fibrous
particles with large aspect ratio” [Powder Technol. 229 (2012) 261–269]

Guo Q. Qi⁎, Graham J. Nathan, Richard M. Kelso
School of Mechanical Engineering and Centre for Energy Technology, The University of Adelaide, Adelaide, SA 5005, Australia

The authors advise that Figures 4 and 5 of the published version of the
document are incorrect, although the errors do not affect the conclusions
of the paper. The corrected figures and associated text are provided
below.

Fig. 4 presents the distribution of the straightness of the fibrous par-
ticles based on a sample size of 1139. It can be seen that 90.1% of these
fibres have straightness ε N0.97 and some38% are perfectly straight. The
original overestimated the departure from the straightness. Hence this
change does not influence the conclusions of the paper.Fig. 4The distri-
bution of straightness, ε (see Eq. 7) for the present fibres.

The authors advise that in Table 1 of page 263, the length of the fibre
is reported incorrectly as 2000 μm, while it should be 1850 μm. The

orientation uncertainty caused by this correction is unchanged because
it is within the error bars of 8% as described in the paper. Hence this
changedoes not influence the conclusions of the paper. Fig. 5 of the pub-
lished document is also incorrect. The correct figure and associated con-
text (lines 43–47, page 263) are given below:

Fig. 5 presents the distribution of the fibres' length, L, which were
measured directly from the two endpoints. It can be seen that 82% of fi-
bres have a length between 1750 μm and 1950 μm and over 95% be-
tween 1650 μm and 2050 μm, with a standard deviation of
196 μm.Fig. 5The distribution of the length, L, of the present fibres.
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Aerodynamics of long fibres settling in air at 10bReb100
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The aerodynamics of long aspect ratio nylon fibrous particles has been investigated experimentally whilst
settling in air under super dilute conditions without any influence of secondary flows and at fibre Reynolds
numbers of 10–100 based on fibre length. Measurement of the orientations and velocities of fibrous particles
is undertaken by two-dimensional Particle Tracking Velocimetry (PTV), based on the two end-points. A sta-
tistical evaluation of fibres' mean vertical and horizontal components of settling velocities, angular velocity,
orientation, number density is presented and used to assess particle aerodynamics.

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.

1. Introduction

One approach to reduce the use of fossil fuels is their partial substi-
tution with biomass, or organic matter, which is a renewable and more
environmentally “friendly” resource for energy supply. Such fuels can
be derived from trees, agricultural residues and other plants. The per-
centage of biomass being used is increasing around the world for
these reasons. However biomass is fibrous and there is a paucity of
data describing the aerodynamics of fibrous particles. In order to in-
crease the efficiency of the combustion of biomass, the aerodynamics
of biomass particles needs to be investigated.

The settling motion of a particle is a basic class of its motion. The set-
tlingmotion of a fibrous particle ismuchmore complex, andmore poorly
understood than that of a sphere. A sphere settles in a purely vertical di-
rection. However for a fibrous particle, the instantaneous horizontal drift
cannot be neglected. Afibrous particle also exhibits rotation. A large num-
ber of previous investigations have studied the hydrodynamics of fibres
under the conditions of relevance to the paper making industry. But
these conditions differ from those in combustion. Theoretical treatments
include the slender body theory by Batchelor [1] and the concentration
instability by Koch and Shaqfeh [2]. Experimental investigations include
that of Metzger et al. [3], Herzhaft and Guazzelli [4], Salmela et al. [5],
Herzhaft et al. [6]. Previous numerical investigations were performed by
Shin et al. [7], Butler and Shaqfeh [8], Lin and Zhang [9], Lin et al. [10],
Kuusela et al. [11], Kuusela et al. [12], Tornberg and Gustavsson [13],
Shin et al. [14]. Previous investigations to study the drag coefficient of fi-
brous particleswere performedbyGabitto andTsouris [15], Fan et al. [16],
McKay et al. [17], Unnikrishnan and Chhabra [18], Haider and Levenspiel
[19], and so on. The conditions under which these investigations were

performed are summarised in Table 1. However none of these investiga-
tions provide detailedmeasurements of a bulk settling fibres in the range
of 10bReLb100 (fibre's Reynolds number based on its length).

Koch and Shaqfeh [2] studied theoretically the instability of a dis-
persion of sedimenting spheroids and pointed out that hydrodynamic
interactions between sedimenting fibres give rise to an increase in the
number of neighbouring particles in the vicinity of any given particle.
They suggested that the suspension is unstable to particle number
density fluctuations. They also argued that the convective motion
(cluster formation) may lead to an average sedimentation velocity
which is larger than the maximum possible value for a particle in a
quiescent fluid. This theory can be verified by accurate measurements
of settling velocity and orientation of fibres.

Clift et al. [20] reported that, for a single fibrous particle Reynolds
number Red>0.01(based on its diameter), a cylinder falls with its axis
oriented horizontally and exhibits steady motion with this orientation
up to Red of order 100. However, this is yet to be extended to a cloud of
interacting particles in suspension. Salmela et al. [5] experimentally
studied the settling of dilute and semi-dilute fibre suspensions for
0.0003bReLb9 in a liquid. At ReL~O(1), for small volume fractions
Фb0.0005 they found thatfibres settlewith their long-axis preferentially
in the horizontal state and the settling velocity and the fluctuation of set-
tling velocity increaseswithФ. They also found that the steady-state set-
tling velocity has a maximum that exceeds the velocity of an isolated
particle because of a change in average orientation of the fibres fromhor-
izontal to vertical. WithФ>0.0005, fibres settle preferentially with their
long-axis aligned with the direction of gravity, i.e. the average orienta-
tion gradually changes from horizontal state to vertical. However, from
Table 1 it can be seen that, for a bulk settling of fibres of ReL~O(10)
and ReL~O(100), no similar investigations seem to be available.

Herzhaft and Guazzelli [4] and Metzger et al. [3] experimentally
investigated sedimenting suspensions of fibres with ReL≈0.0001,
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also in a liquid. For this case, the inertia acting on the fibrous particles
approaches zero, causing the fibres to tend to align with the direction
of gravity for dilute and semi-dilute suspensions. This contrasts the
case of ReL~O(1) where fibre orientations are horizontal. Herzhaft and
Guazzelli [4] pointed out that their experiment demonstrates the exis-
tence of an instability but could not confirm whether or not the argu-
ment of Koch and Shaqfeh [2] is correct. Herzhaft and Guazzelli also
assessed the influence of afibre's aspect ratio. They found that the aspect
ratio has little influence on the fibre's orientation and that the dimen-
sionless settling velocity is much smaller for long fibre than for short
one. Although this regime is different from that of Salmela et al. [5],
Herzhaft and Guazzelli [4] also found in their experiment that the set-
tling velocity can be larger than the Stokes' velocity of an isolated verti-
cal fibre in dilute suspension. Further, with increasing volume fraction,
the fluctuation of settling velocity and fibres' orientation anisotropy
was found to increase. The cause of this correlation deserves further
investigation.

Kuusela et al. [11] simulated the settling of spheroids under steady
state sedimentation at 0.5bReLb3.5. The authors assessed the role of as-
pect ratio of fibres and found the maximum settling velocity to decease
with increasing aspect ratio. They also found that the volume fraction
of peak velocity increases with increased volume fraction. These results
are in good agreement with Herzhaft and Guazzelli's work [4]. They
found an orientational transition of the spheroids is characterised by en-
hanced number density fluctuations. They predicted the orientation dis-
tribution that arises froma competition between inertial forces acting on
individual particles and hydrodynamic interactions between particles.
For super dilute systems, inertial effects tend to align fibres to a horizon-
tal position whereas in sufficiently concentrated systems the interac-
tions tend to align the fibres with gravity. Around the transition from a
horizontal to vertical orientation, the mean settling velocity increases
with increasing of Ф to a maximum that may even exceed the terminal
settling velocity of a single spheroid. These accordwith the experimental
results of Salmela et al. [5]. However like the work of Salmela et al. [5],
see Table 1, the ReL of this investigation was limited to less than 3.5.

Butler and Shaqfeh [8] performed a numerical simulation of inho-
mogeneous sedimentation of rigid fibres in the limit of zero of ReL.
Their simulation revealed that the steady settling velocity increases
with the number density of fibrous particles simulated in the dilute re-
gime. The predictions of orientation distribution agreedwith the exper-
imental result of Herzhaft andGuazzelli [4], i.e. the particles have amost

probable orientation that is close to vertical. Furthermore the simula-
tion showed that the orientation of fibrous particles tend to be more
vertical with increasing of number density in the dilute regime. Howev-
er this assessment is yet to be extended to higher Reynolds number.

Table 1 presents a summary of all previous measurements of set-
tling slender particles. It can be seen that there have been 4 experimen-
tal and 4 numerical investigations. From the Table we can see there are
3main features of presentwork comparedwith previouswork. The first
is that for bulk settling fibres, the present Reynolds number in the range
of 10bReLb100 has not been investigated. The second is that the fluid
phase of the present work is air, so the ratio of particle density to fluid
is two orders of magnitude higher than that of previous work. The
third is that the ratio of facility dimension to particle's length of the
present work is 310, so there is no influence of secondary-flow in the
settling chamber.

In the light of above review, we seek to further the understanding of
the aerodynamics of settling fibrous particles in the range of ReL=10–
100, with for a range of volumetric loading and with no boundary lim-
itation. As can be seen from Table 1 these conditions have yet to be
reported previously. Therefore, the aim of the present work is to use
the novel method developed in Qi et al. [21] to measure the velocity
and orientation of a fibrous particle simultaneously and to investigate
the aerodynamics of these fibres, notably their distribution of settling
velocity, horizontal velocity and orientation. We also aim to identify
the relationship between settling velocity, orientation, angular velocity
and volume fraction, and relationship between settling and horizontal
velocity and orientation.

2. Experimental apparatus/facility

Only a brief description of the experimental apparatus and approach
is provided here, with details presented by Qi et al. [21]. Fig. 1 presents
the orientation definition of a fibre. The plane of x-y is the image
plane. The angle α (0°–90°) is defined to be the azimuth of a fibre and
θ (0°–90°) its orientation.

Fig. 2 presents a schematic diagram of the experimental apparatus.
The experimental method employed a typical Particle Tracking
Velocimetry (PTV) technique. The laser used in the experiments was a
Quantel Brilliant Twins double-cavity pulsed Nd: YAG 10 Hz laser.

The settling chamber was of nominally square cross section with a
650 mm×620 mm, height of 2000 mm and was made of Perspex.

Table 1
Comparisons between present and previous work.

Authors L (mm) L/d Fluid phase ReL (Ф ), np(L/2)3 ρfp/ρf Facility dimensions (mm) Method

length width height Width/L

Present Work 2 40 Air 10-100 (b0.0001), b0.03 958.3 650 620 2000 310 PTV
Salmela et al. [5] 2.3, 5 23, 50 Water,

glycerin, oil
0.0004-9 (0.0004-0.5) 2.25, 2.62 100 100 N/A 20 Real time

digital image
Herzhaft and
Guazzelli [4]

0.5-1.1 5, 11, 20, 32 Water b 0.0001 0.001-1.0 2.1 65 35 400 32 Real time
digital image

Fan et al. [16] 1.5-7 4,6,19, 22,37 Water, glycerin 0.4-100 (Red) Single
particle

1.2, 8.0 Diameter 187 27 Real time
digital image

Metzger et al. [3] 1.5-2.1 10,13, 16,44 Liquid 0.0004 0.1,0.2, 0.3,0.7,1 1.1, 8.5 200 40 100 19 PIV
Butler and Shaqfeh [8] N/A 11 N/A b0.00001 0.154 N/A Length :

width :
height

Numerical
Simulation

1:1:2
1:1:8

Kuusela et al. [11] N/A 1,3,5,7 N/A 0.5–3.5 (0.001–0.1) 2.5 32 Numerical
Simulation

Tornberg and
Gustavsson [13]

N/A N/A b0.00001 25, 50, 100 fibres N/A Length :
width :
height

Numerical
Simulation

2:2:8
2:2:4

Shin et al. [7] N/A 2.3–10 N/A 0–10.6 (b0.0057), b0.09 N/A N/A Numerical
Simulation
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The fibrous particles were introduced into the top of the chamber and
settled over a distance of 2.5–3.0 m through a 2000 mm long pipe of
60 mm diameter. Fibre's settling velocities were measured for set-
tling distances of both 2.5 m and 3.0 m. The mean settling velocities
obtained were identical for both cases, confirming that the fibres
have reached their terminal settling velocities and steady state condi-
tions. The intensity distribution of laser sheet is nearly Gaussian. This
property is exploited to determine whether a fibre is fully or partly
within the light sheet. This can be achieved by comparing the intensi-
ties of the signal at two endpoints of the fibre. Because of the Gaussian
light sheet intensity distribution, a partly-in fibrous particle will ex-
hibit a significant difference between the intensity values of the two
endpoints. For a “full-in” fibrous particle, the intensity along the
major axis of the fibre is nearly constant while for a part-in one, the
intensity at the two endpoints differs significantly. Hence it is possible
to discriminate by either comparing the intensity of two endpoints of
the fibre, or by comparing the standard deviation of intensity along
the major axis. If the standard deviation is less than the threshold, it
is a full-in fibrous particle. Full details of this approach are provided
by Qi et al. [21].

Tomeasure the settling velocity andФ, the volume fractionwas con-
trolled here to be in the range of volume fractionФ≤0.0001, which is a

super dilute condition so that there were few particles that exhibited
clumping. Hence the number density of fibrous particle in the viewing
area (volume) was calculated by counting the number of particles,
and the volume fraction was computed exactly. The coordinates of the
two endpoints of each object (fibrous particle) were obtained. Since
the length L of these fibres is constant, the spatial orientation θ of fibres
was calculated by following trigonometric function:

θ ¼ arccos
xe2−xe1j jR

L

� �
� 180

π

� �
∘ð Þ; ð1Þ

where R is magnification of camera image system; xe2 and xe1 are coor-
dinates of x values of two endpoints.

Image pairs were recorded by the digital camera with a known time
separation (Δt). After image processing the displacements of two end-
points of fibrous particles along the x and y axis can be obtained. From
this Ve1x , Ve1y and Ve2x , Ve2y can be calculated by Eq. (2), as follows:

Ve1x ¼
xe12−xe11ð ÞR

Δt
;Ve1y ¼

ye12−ye11ð ÞR
Δt

;

Ve2x ¼
xe22−xe21ð ÞR

Δt
;Ve2y ¼

ye22−ye21ð ÞR
Δt

;

ð2Þ

where Ve1x is the velocity of endpoint 1 in the x direction; Ve1y is the
velocity of endpoint 1 in the y direction; Ve2x is the velocity of end-
point 2 in the x direction; Ve2y is the velocity of endpoint 2 in the y
direction; xe12 is the x axis coordinate of endpoint 1 from the second
image, xe11 is the x axis coordinate of the endpoint 1 from the first
image; ye12 is the y axis coordinate of the endpoint 1 from the second
image and so on. A fibre's centroid velocity Vcx=1/2 (Ve1x+Ve2x) and
Vcy=1/2(Vc1y+Vc2y) represents the vertical and horizontal compo-
nents of settling velocities, respectively. Since data are obtained from
an image pair, the orientation of a fibrous particle equals the average
orientation from the first and second images:

θ ¼ 1
2

θ1 þ θ2ð Þ; ð3Þ

θ1 ¼ arccos
xe21−xe11j jR

L
� 180∘

π

� �
; ð4Þ

θ2 ¼ arccos
xe22−xe12j jR

L
� 180∘

π

� �
; ð5Þ

θ
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Fig. 1. The orientation definition of a fibre, x–y plane is the image plane.
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Fig. 2. Experimental arrangement (not to scale). The surrounding settling chamber (650 mm×620 mm cross section) is not shown for clarity.
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α1 ¼ arccos
ye21−ye11j jR

L sinθ1
� 180∘

π

� �
; ð6Þ

α2 ¼ arccos
ye22−ye12j jR

L sinθ2
� 180∘

π

� �
: ð7Þ

The angular velocities (rad/s) of a fibre are defined to be:

ωvertical ¼
θ1−θ2ð Þ � π

180

� �
Δt

; ð8Þ

ωx ¼
α1−α2ð Þ � π

180

� �
Δt

: ð9Þ

3. Experimental results and discussions

3.1. Influences of volume fraction on vertical component of settling velocity
of fibrous particles

Fig. 3 presents the dependence of Vcx on the volume fractionΦ for
both the present work and previous work on logarithmic axes. The
present measurements were conducted in the super dilute condition
(0.1×10−5 to 10×10−5). About 6000 runs were performed and the
volume fraction for image was calculated by post-processing. The
data point corresponding to the lowest volume fraction in Fig. 3 rep-
resents the case of one isolated particle per image, while the highest
volume fraction is 98 fibres per image. Each data comes from the av-
erage of each volume fraction in Figs. 3, 4 and 5. It can be seen thatVcx

increases monotonically withФ. It is also clear that the present data is
consistent with the trends in previous measurements with the differ-
ences attributed to the substantial differences in conditions, notably
in Reynolds number and density ratio, but also in aspect ratio and
confinement for some cases. The present work represents the first de-
tailed assessment of this influence in the dilute regime.

3.2. Influences of volume fraction on orientation of fibrous particles

Fig. 4 compares the present measurements of orientation with
previous work. It can be seen that θ decreases with Ф, i.e. the fibrous
particles tend to become more horizontal with decreasing Ф. This re-
sult can explain why the value of Vcx increases with Ф. An increase in
Ф causes the fibre's major axis to tend to be more vertical, causingVcx

to increase, due both to a lower projected area and to increased aero-
dynamic interaction between vertically aligned particles. From the
figure we can also see, in all cases, that the orientations of the fibrous
particles tend to becomemore vertical with increasingФ. The present
work is in the range ReL~O(10); while Salmela [5] and Kuusela [11]
was in the range ReL~O(1); Herzhaft and Guazzelli [4] and Butler
and Shaqfeh [8] belong to ReL~O(0). From the figure it can be seen

that there are some difference in range of orientation transition across
the three orders of magnitude ReL regimes. For ReL~O(10), an increase
in Ф causes settling fibres' orientation transition to vary from about
85° to 55°. That is, the settling fibres' orientations changes from hori-
zontal state to a less horizontal one. For ReL~O(1), the settling fibres'
orientations becomes increasingly vertical as Ф is increased (65° to
45°). Also for ReL~O(0), the settling fibres' orientations increases to be-
come nearly vertical (45° to 25°). This agrees with Kuusela [11], who
reported that the torque forcing a single fibre to become horizontally
aligned is proportional to the Reynolds number of the fibre.

3.3. Influences of volume fraction on angular velocity component of fibrous
particles

Because a fibre's change in orientation and azimuth can bemeasured
over a time stepΔt, the angular velocityω can be calculated. In Fig. 5, the
data come from the average of per volume fraction. Fig. 5 presents de-
pendence on Ф of the two components of mean angular velocity
ωvertical and ωx. It can be seen that ωvertical and ωx are both close to
zero, indicating no preferred angular velocity, as expected. Also the scat-
ter inωvertical andωx increase withФ. It can also be seen that the RMS of
ωvertical, ωx is much more significant and also increases with Ф. These
data show that the interactions between fibres, which increase with Ф,
increase the tumbling and rotation of fibres, although with no preferred
direction over this measurement range.
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3.4. Velocity and orientation distribution

Fig. 6 presents distribution of Vcx obtained from 29,364 samples
for Фb9×10−4. It can be seen that the mean settling velocity is
about 0.75 m/s with a skewness of 0.76 and kurtosis of −0.97.

Fig. 6 indicates that there is no fundamental difference in the aero-
dynamic behaviour associated with the variation in straightness (refer
to Qi et al. [21] for measurement of straightness). Specifically no bimo-
dality is evident, suggesting that there is no fundamental difference in
the aerodynamics of perfectly straight and slightly curved fibres. That
is the presence of a slight curve may increase the scatter in the velocity
distribution but does not result in any fundamental change in aerody-
namic behaviour. However, no comparable data is available against
which to provide a quantitative assessment of the effect.

Themotions of rotation, tumbling and swayingobservedwhenfibrous
particles settle in air induce a horizontal component of motion for fibres
that does not occur with spherical particles. Fig. 7 shows the distribution
of Vcy obtained from a sample size of 29,364. It can be seen that Vcy is
approximately zero, showing that there is nopreferredhorizontalmotion,
as expected. The standard deviation of distribution of Vcy is 0.07, which is
approximately 9% of Vcx , while the maximum value of Vcy is 0.2, which is
approximately 30% of Vcx.

Fig. 8 shows the orientation distribution of fibrous particles over the
range of a volume fraction,Фb9×10−4. It can be seen that the majority
of fibres are broadly, but not exactly, horizontal. Indeed 88% of the fibres
have an orientation of>45°. This agreeswith Clift et al. [20] for a cylinder
falling with its axis horizontal for Red>0.01. Kuusela et al. [11] argued
that for ReL~O(1) sufficient torque is generated to change a fibre's orien-
tation to horizontal. Nevertheless, there is significant departure from a
truly horizontal orientation, with the most probable angle being 75°
and with 0.2% of fibres being oriented at only 20° from the vertical
direction.

3.5. Relationship between Vcx , Vcy and θ

In Figs. 9–10 the different orientations of fibres are presented for the
sample size of 29,364 binned by orientationwith increments of 5°. Here
Vcx and Vcy

�� �� are the average velocities for each bin. Fig. 9 shows thatVcx

decreases linearly with θ for θ>30° but exhibits a complex behaviour
for θb30°. This shows that particles with a nearly vertical orientation
have a slightly higher settling velocity than those with a more horizon-
tal orientation, as expected, but the maximum difference is only 30%.

Fig. 10 presents the relationship between Vcy
�� �� and θ from the sample

size of 29,364. It can be seen that this relationship can also be divided into
the same two regions: θb30° and θ>30°. For small angles from the ver-
tical direction, Vcy

�� �� is highly sensitive to angle. The greatest horizontal
velocity occurs for 0° to 10°. For θ>30°, the horizontal component of ve-
locity is non zero and only weakly dependent on θ. Interestingly Vcy

�� �� is
also non zero for θ=90°, showing that these particles are not stable,
even for the most extreme cases in the data set. That is, no particles fall
with a purely vertical motion and all exhibit some lateral motion, which
is only weakly dependent on orientation. A slight maximum in Vcy

�� �� oc-
curs at 45°.

3.6. Relationship between Vcy
�� �� and azimuth (α)

In Fig. 11 the different azimuth of fibres are presented for the sample
size of 29,364 binned by orientation for increments of 10°. It can be seen
that Vcy

�� �� decreases linearly with α but is non zero at α=90°. This indi-
cates that, while the largest component is within the plane of the fibre,
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the component normal to it is 55% as large on average, because a hori-
zontal fibre moving horizontally within its major axis plane has the
minimum drag force. This shows that the motion of the fibre is highly
three dimensional, and that the fibre does not simply tumble in a
two-dimensional plane.

4. Conclusions

The vertical components of settling velocities, angular velocity, orien-
tation and number density of fibres settling in air with ReL~O (10) for
volume fractions less than 9×10−4 are reported for the first time. It is
found that the distribution of settling velocity is nearly Gaussian for
these long aspect ratio fibres. Kuusela [11] and Herzhaft [4] argued that
the aspect ratio has influences on settling velocity. The magnitude of
Vcx is at maximum for vertical orientation and decreases nearly linearly
with θ, thefluctuation of angular velocity increaseswithФ, the directions
of Vcy tend towardwithin the plane of themajor axis of afibre. Thefibre's
orientation tends to bemore horizontal than that with ReL~O (1). Finally
we find that these results qualitatively support the previous work under
different regimes in finding that all the mean steady state settling veloc-
ities of fibres exceed the mean terminal settling velocity of a single fibre.
This phenomenon is attributed to fibres' orientation transition from a
horizontal to vertical state under super dilute conditions, which stems
from increasing aerodynamic interactions between fibres.
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The influence of the aspect ratios of fibrous particles on their settling velocities and orientations is reported under
super dilute conditions in which fibrous particles settle in air at Reynolds number of 3–70 based on fibre length
and at aspect ratios of 35, 48 and 60.Measurementswere performedusing Particle Tracking Velocimetry (PTV) to
calculate orientation and velocity based on the two end-points, following amethod reported previously.With the
mean volume fraction of 0.0005, the key findings are: 1) for a constant diameter of 20.1 μm, the absolute mean
vertical settling velocity, Vcx, is not independent of fibre length, the long fibre Vcx is a little higher, while the set-
tling velocity normalized by that of an equivalent sphere, Vcx/Veq-sph, decreases with an increase in fibre length
over the range 700 μm to 1200 μm; 2) for a constant length of 700 μm, both Vcx and Vcx/Veq-sph decrease with
an increase in diameter over the range 14.5 μm to 20.1 μm; 3) for a constant aspect ratio but different length
and diameter, Vcx slightly increases with an increase in particle size, while Vcx/Veq-sph decreases with an increase
in particle size; 4) angular velocities and their distributions for four types of fibrous particles were reported.

Crown Copyright © 2014 Published by Elsevier B.V. All rights reserved.

1. Introduction

The settling of fibrous particles through a fluid toward the ground is
a common phenomenon in nature and also occurs in industrial process-
es such as paper making. The understanding of the motions of fibrous
particles in this basic environment is also a prerequisite to that of their
motions in more complex conditions, such as in the turbulent flows of
relevance to biomass combustion. The percentage of biomass being
used is increasing around the world because it is a renewable and
more environmentally “friendly” resource for energy supply. However,
biomass is fibrous, there is a paucity of data describing the aerodynam-
ics of fibrous particles and gaps remain in the present understanding of
the aerodynamic behaviour of settlingfibrous particles. The settlingmo-
tion of a fibrous particle is much more complex than that of a sphere.
While a sphere settles in a purely vertical direction, for a fibrous particle,
the instantaneous horizontal drift cannot be neglected. A fibrous parti-
cle also exhibits rotation. Many previous works such as those of Qi
et al. [1,2], Shin et al. [3], Salmela et al. [4], Lin and Zhang [10], Stover
et al. [11] and Zhang et al. [12], have investigated the dynamics of fi-
brous particles. McKay et al. [5] investigated the settling characteristics
of discs and cylinders of aspect ratio (cylinder length/diameter, L/d)
from 0.25:1 to 5.0:1 (with the same diameter) in water with particle's
Reynolds number of 680–15,350 based on equivalent volume diameter.

The particles used in their experiments were large non-spherical parti-
cleswith diameters of 16mmand 20mm. The terminal settling velocity
of cylinders of L/d b 1was found to increasewith increasing L/d. Howev-
er for cylinders of L/d N 1, the terminal settling velocity was found to be
nearly independent of L/d. Importantly it is not yet knownwhether this
finding extends to small fibrous particle with a large L/d.

Lin et al. [6] studied the sedimentation of a single fibrous particle
with aspect ratios of 2, 3, 5, 7.5 and 10 in a Newtonian fluid employing
the Lattice Boltzmann method at terminal Reynolds number of 1–10.
Their simulation showed that the stable orientation of these fibres is
horizontal. They also found that the terminal Reynolds number in-
creases with increasing L/d and then remains constant for L/d N 5,
which supports the conclusion of McKay et al. [5]. They further found
that the horizontal component of velocity of a fibrous particle increases
with increasing L/d. However, these conclusions are yet to be verified
with experimental data for fibres with large L/d.

Fan et al. [7] investigated the settling motion of slender particles of
Reynolds number Red = 0.4–100 based on the fibre's diameter with
large aspect ratios from 4 to 40 in stagnant water. They found that the
orientation of a fibre approaches gradually from any original orientation
to a final stable horizontal orientation which agreed with simulation of
Lin et al. [6]. However, this contrasts the finding of Qi et al. [1,2], who
found that particles of similar aspect ratio and Reynolds number in a di-
lute suspension do not retain a fixed orientation, but continue to swing.
However, nomeasurement of the distribution of the angular velocity of
fibres has been reported previously. Fan et al. [7] also reported that the
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behaviour of the drag coefficient for fibres is independent of its aspect
ratio. However no direct assessment of the influence of aspect ratio on
settling velocities has been reported.

Kuusela et al. [8] simulated the settling of spheroids under steady
state sedimentation at 0.5 b ReL b 3.5 (Reynolds number based on
length) with aspect ratios of 1, 3, 5 and 7 for particles of constant diam-
eter. The authors assessed the role of aspect ratio of fibres and found the
maximum dimensionless settling velocity to decease with increasing
aspect ratio. They also found that the volume fraction of peak velocity
increases with increased volume fraction. These results are in good
agreement with Herzhaft and Guazzelli's work [9]. Herzhaft and
Guazzelli [9] studied the steady-state settling velocity and orientation
distribution of glass-rods in dilute and semi-dilute suspensions for
Reynolds number less than 0.0001. The fibrous particles used in their

experiments were of length of 500–3000 μm and diameter of 100 μm.
They used fibres with aspect ratios of 5, 11, 20 and 32 to investigate
the influence of aspect ratio. They found that, over this range, the aspect
ratio has little influence on the fibre's orientation, but that the dimen-
sionless settling velocity decreases with increasing aspect ratio for par-
ticles of constant diameter. Nevertheless, this dependence decreases
with L/d so that the absolute velocity of fibres with aspect ratios of 10
and 20 is nearly identical, while the absolute velocity of fibres with as-
pect ratio of 5 is much smaller. However, their investigationwas under-
taken in a configuration that induces a recirculating flow within the
working section, so that approximately 40% of their data have negative
velocities. In addition, no details of the influence of aspect ratio at higher
Reynolds number Re ~ O(10) are available. Hence it is necessary to as-
sess whether their findings extend to free-falling particles at higher
Reynolds number.

In the light of the above review, it is clear that previous work sug-
gests that the mean settling velocity depends asymptotically on as-
pect ratio, to become independent of it at sufficient aspect ratio for
particles of the same diameter. However this is yet to be confirmed,
particularly for Reynolds numbers of order 10. In addition, to date
no detailed statistical assessment of the influence of aspect ratio on
other parameters, such as the distribution of the settling velocity or
on horizontal velocity, has been reported. Therefore, the aim of
the present work is to assess the influences of aspect ratio within
the asymptotic regime, i.e. for L/d N 20, on the distribution of settling
velocity, horizontal velocity and orientation of fibres, using the
method developed by Qi et al. [1].

2. Experimental apparatus

Only a brief description of the experimental apparatus and approach
is provided here, with details reported by Qi et al. [1]. Fig. 1 presents the
notation used to define a fibre's orientation relative to the x–y image
plane. The angle α (0°–90°) is defined to be the azimuth of a fibre rel-
ative to the viewing plane and θ (0°–90°) its orientation relative to
gravity.

Fig. 1. The notation used to define orientation of a fibre, relative to the x–y image plane.

Fig. 2. Experimental arrangement (not to scale). The surrounding settling chamber (650 mm × 620 mm cross section) is not shown for clarity.
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Fig. 2 presents a schematic diagram of the experimental apparatus.
Particle Tracking Velocimetry (PTV) was employed, using a Quantel
Brilliant Twins double-cavity pulsed Nd:YAG 10 Hz laser as the light
source.

The settling chamber was of nominally square cross section of
dimensions 650 mm × 620 mm, a height of 2000 mm and was made
of Perspex. The nylon fibrous particles were introduced into the top of
the chamber through a 2000 mm long pipe of 60 mm diameter, to
achieve a total settling distance of 2.5–3.0 m. Measurements of settling
velocity were performed at settling distances of 2.5 m. The thickness of
laser sheet is 5mm. The coordinates of the two endpoints of each object
(fibrous particle) were obtained. Since the length L of these fibres is all
nominally identical, the spatial orientation θ of fibres was calculated
with the following trigonometric function:

θ ¼ arccos
xe2−xe1j jR

L

� �
� 180

π

� �
�� �
; ð1Þ

where R is magnification of camera image system; xe2 and xe1 are coor-
dinates of x values of two endpoints. Image pairs were recorded by a
digital camera with a known time separation (Δt). After image process-
ing the displacements of two endpoints of fibrous particles along the x
and y axes can be obtained. From this Ve1x, Ve1y and Ve2x, Ve2y can be cal-
culated by Eq. (2), as follows:

Ve1x ¼
xe12−xe11ð ÞR

Δt
;Ve1y ¼

ye12−ye11ð ÞR
Δt

;

Ve2x ¼
xe22−xe21ð ÞR

Δt
;Ve2y ¼

ye22−ye21ð ÞR
Δt

;

ð2Þ

where Ve1x is the velocity of endpoint 1 in the x direction; Ve1y is the
velocity of endpoint 1 in the y direction; Ve2x is the velocity of endpoint

2 in the x direction; Ve2y is the velocity of endpoint 2 in the y direction;
xe12 is the x axis coordinate of endpoint 1 from the second image, xe11 is
the x axis coordinate of the endpoint 1 from the first image; ye12 is the y
axis coordinate of the endpoint 1 from the second image and so on.
Fig. 3 presents a schematic diagram of the orientation measurement,
the detection of “part-in” fibres and key notation. Any fibres that are
only partly in the laser sheet will give a false calculation of the projected
length and the coordinates of endpoints, so must be rejected. This can
be achieved by comparing the intensities of the signal at two endpoints
of the fibre. Because of the Gaussian light sheet intensity distribution a
partly-in fibrous particle will exhibit a significant difference between
the intensity values of the two endpoints. This is used to reject such par-
ticles. A fibre's centroid velocity Vcx = 1/2 (Ve1x + Ve2x) and Vcy = 1/2
(Vc1y + Vc2y) represents the vertical and horizontal components of set-
tling velocities, respectively. Table 1 presents a summary of fibres used
in the experiments and the previous work. In addition, particles with a
straightness of less than 0.85, as defined by our earlier work Qi et al. [1],
were removed from the analysis by post-processing. In this way, ap-
proximately 85% of the particles assessed were perfectly straight and
the influence of any small differences in curvature from the different
particles sizes is removed as a possible influence on the assessment.

3. Results

3.1. Distribution of settling velocity of fibrous particles with the same
diameter but different lengths

Fig. 4 shows the distributions of Vcx of fibrous particles with the
same diameter of 20.1 μm, but with lengths of 700 μm and 1200 μm re-
spectively. It can be seen that the distributions are well described by a
Gaussian curve fit. The values of Vcx are normalized by the terminal

Fig. 3. Schematic diagram of the orientation measurement, the detection of “part-in” fibres and key notation.

Table 1
A summary of fibres used in the experiments and previous work.

Author Fibres L (μm) d (μm) L/d ReL Vcx (m/s) Veq-sph (m/s) Vcx/Veq-sph Volume fraction Fluid phase

Present work Nylon 1200 20.1 60 40 ± 30 0.52 0.300 1.73 0.0005 Air
Present work Nylon 700 20.1 34.8 20 ± 17 0.42 0.190 2.21 0.0005 Air
Present work Nylon 700 14.5 48 23 ± 19 0.47 0.118 3.98 0.0005 Air
Present work Nylon 500 14.5 34.5 13 ± 10 0.39 0.100 3.90 0.0005 Air
McKay et al. [5] Nylon 80,000 20,000 4 18,000 0.20 Single particle Water
Qi et al. [2] Nylon 2000 49.6 40 67 ± 50 0.75 1.30 0.58 0.0005 Air
Herzhaft and Guazzelli [9] Glass 1900 100 20 b0.0001 0.009 0.006 Liquid
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settling velocity of a sphere of equivalent volume, whose values are
shown in Table 1. It can be seen that Vcx/Veq-sph decreases by a factor
of 0.48 as the particle length is increased.Meanwhile themean absolute
settling velocity,Vcx, increases by a factor of 0.1with the length,which is
slightly inconsistent with the finding of McKay et al. [5].

In contrast to Herzharf's work [9], there are no negative velocities in
the present data, while nearly 40% of the range of Herzharf's settling
velocities was measured to be negative. Hence the present data are
unique in avoiding the influence of secondary cell flow currents.

The motions of rotation, tumbling and swinging observed when fi-
brous particles settle in air induce a horizontal component of motion
for fibres that does not occur with spherical particles. Fig. 5 presents
the probability distribution of Vcy for fibrous particles with the same di-
ameter but different length. It can be seen that the shorter particles ex-
hibit a higher percentage of zero horizontal velocity. This implies that
tumbling is inhibited by a decrease in aspect ratio. It can also be seen
that the average Vcy is zero, which confirms the absence of any signifi-
cant bias in the apparatus.

Fig. 6 presents the probability distribution of fibre orientations for
the four types of fibrous particles. It can be seen that the most probable
orientation of the fibres is almost horizontal. This measurement is in
broad agreement with the work of Lin et al. [6] and Fan et al. [7], who
reported that the stable orientation is horizontal, in contrast to Herzhaft
and Guazzelli's [9] result obtained in a confined chamber in whichmost
of the glass-rods were found to be nearly vertical. This finding is also
broadly consistent with the absolute settling velocity not changing sig-
nificantly with aspect ratio, since the drag for a steady cylinder in cross
flow is controlled only by the diameter of the cylinder. However, on
closer inspection, it can also be seen that the most probable orientation
of thesefibres is around 80°, rather than the 90° of a truly horizontal ori-
entation. This implies that the fibres swing significantly because of the
large density ratio between solid phase and air phase. It can also be
seen that the shorter particles have a tendency to have a more vertical
orientation than the longer ones. This also contrasts Herzhaft and
Guazzelli's [9] finding that the aspect ratio has little influence on the
fibre's orientation.

Some of the long fibres exhibit asymmetrical features at one end,
such as a lump, a kink or a wiggle. In addition, some of the fibres are
not perfectly straight, as noted in Section 2. The combination of a lack
of symmetry, together with the large density ratio between the fibre
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Fig. 4. Probability distribution of the vertical component of settling velocity, normalized by
that of an equivalent sphere, for fibrous particles with the same diameter but different
lengths, together with the Gaussian curve fit. The error bars correspond to an uncertainty
of ±8% and the values of Veq-sph are shown in Table 1.

Vcy/Veq-sph

P
ro

ba
bi

lit
y 

 

L(µm) d(µm)

◊ 700 20.1 

* 1200 20.1 

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Fig. 5. Distribution of the horizontal component of settling velocity normalized by that of
an equivalent sphere for the two types of fibrous particles with the same diameter but dif-
ferent lengths. The error bars correspond to an uncertainty of±0.077 (◊) and±0.054 (*),
shown with a Gaussian curves fit.

 L(µm) d(µm)
+ 1200 20.1 
ο 700 14.5 
◊ 700 20.1 
* 500 14.5 

θ (°) 

P
ro

ba
bi

lit
y 

 

0 20 40 60 80 100
0

0.05

0.1

0.15

0.2

0.25

Fig. 6. Probability distribution of the orientation of the fibrous particles. The error bars cor-
respond to an uncertainty of ±8%.

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

-150 -100 -50 0 50 100 150

L=500, d=14.5

L=1200, d=20.1

L=700, d=20.1

L=700, d=14.5

ωvertical, (rad/s)

P
ro

ba
bi

lit
y 

 

Fig. 7. Probability distribution of the vertical component of angular velocity of the fibrous
particles. The error bars correspond to an uncertainty of ±30 rad/s.

195G. Qi et al. / Powder Technology 257 (2014) 192–197



and the fluid is deduced to be responsible for the non-zero angular ve-
locities measured in Fig. 7. Fig. 7 presents the probability distribution
of angular velocity of the fibrous particles. It can be seen that nearly
40% of thepresentfibres have a stable orientation (i.e. a rotational veloc-
ity of zero). Furthermore longest fibres have more percentage of rota-
tional velocity, suggesting that these are the most unstable because
the long fibres can be easier to be unsymmetrical than short ones, for
example, the most stable particle is the case with a length of 700 μm
and diameter of 20.1 μm, which has the shortest aspect ratio. This sug-
gests that further increases in aspect ratio will make the particle more
unstable. However, returning to Fig. 6, it can be seen that the longest as-
pect ratio particles have the greatest probability of both the most verti-
cal and the most horizontal positions, suggesting more of a bi-stable
condition. That is, the longer particles are more likely to be either stable
or rotating more quickly.

3.2. Distribution of settling velocity of fibrous particles with the same length
but different diameters

Fig. 8 presents the probability distribution of settling velocity of fi-
brous particle with the same length (700 μm), but different diameters
of 14.5 μm and 20.1 μm, respectively. From the figure it can be seen
that, for these fibres, the velocity distribution of the thicker fibre is
narrower than that of the thinner one. This trend is consistent with
Fig. 7, providing further evidence that contradicts the asymptotic argu-
ment, which proposes that as L/d → 1, the distribution will become a
delta function with a single value of vertical velocity. This implies that
further increases in aspect ratio cause increased instability in the orien-
tation, at least for these Reynolds numbers. It can also be seen that the
value of Vcx/Veq-sph increases by a factor of 1.77 as L/d is increased by a
factor of 13.2. The absolute values of Vcx also increases, but by a smaller
factor of 0.05. These trends are also consistentwith the particles becom-
ing more unstable as L/d is increased.

Fig. 9 presents the probability distribution of the horizontal compo-
nent of settling velocity. Consistent with Fig. 7, it can be seen that the
thicker particle has a narrow range of horizontal velocity distribution.
This provides further evidence that the higher aspect ratio particles
are more unstable. Returning to Fig. 6, it can also be seen that, for
these particles, the longer aspect ratio have a higher probability both
of a nearly horizontal orientation and of a wide range of other orienta-
tions. This provides further evidence for a bi-modal behaviour, with
the particles being more likely to be either horizontal or tumbling.

3.3. Distribution of settling velocity of fibrous particles with the same aspect
ratio but different lengths and diameters

Fig. 10 presents the probability distribution of the relative settling
velocity of fibres with constant L/d but different size. It can be seen
that Vcx/Veq-sph decreases with an increase in size. At the same time,
the absolute velocity is about the same for both sizes of particle.

Fig. 11 presents the probability distribution of Vcy/Veq-sph for fibres
with constant L/d but different size. It can be seen that the smaller par-
ticles exhibit a greater range of Vcy, consistentwith the results in Fig. 10.
This can be explained by returning to Fig. 6, which presents the orienta-
tion distribution for fibres with same aspect ratio. It can be seen that the
larger particles have a tendency to be horizontal.

4. Conclusions

The influences of aspect ratio of long, nylon fibrous particles with a
small range of different degrees of straightness settling in air under

 L(µm) d(µm)
◊ 700 20.1 
* 700 14.5 

Vcx/Veq-sph

P
ro

ba
bi

lit
y

0 1 2 3 4 5 6 7
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08
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togetherwith their Gaussian curvefit. The error bars correspond to anuncertainty of±8%.
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super dilute conditions at 3 b ReL b 70 and without any influence of sec-
ondary flows have been investigated by employing PTV. It is found that
the aspect ratio has influence both on vertical settling velocity and ori-
entation and that 60% of these long aspect ratio particles settling in air
exhibit a high probability of unstable orientation, causing them to rotate
and exhibit a wide range of horizontal velocities. This contrasts the sta-
ble orientations that were reported previously by Lin et al. [6] and Fan
et al. [7] in water. This difference is attributed primarily to the much
higher density ratio between air phase and solid phase than for the pre-
vious experiments, although it is possible that the small fraction of
curved particles included in the analysis may also play a minor role.
The greater instability of the higher aspect ratio figures also explains
why the absolute mean vertical settling velocity of longer particles is a
little faster than the shorter ones (with the same diameter).

• For those fibres with the same diameter, the dimensionless vertical
settling velocity of the longer particle, normalized by the settling

velocity of a sphere of equivalent volume, is lower than the shorter
one and the fibreswith large aspect ratio exhibit a littlemore horizon-
tal motion;

• For those fibres with the same length, the distribution of dimensionless
settling velocity of thicker fibres is narrower than the thinner ones. The
thinner particles have a tendency to be a little more horizontal;

• For fibres with the same aspect ratio but different length and diameter,
the dimensionless vertical settling velocity of the smaller particles is
greater than that of the larger particles.
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Appendix A. A.1. Straightness distribution of the fibres

Supplementary data to this article can be found online at http://dx.
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Corrigendum

Corrigendum to “The influence of aspect ratio on distribution of settling
velocities and orientations of long fibres”
[Powder Technol. 257 (2014) 192–197]
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E-mail address: guo.qi@adelaide.edu.au (Q.I. Guoqiang).

In Table 1 of this paper, the settling velocities of the equivalent sphere were calculated by using the equation for Stokes flow, which applies for
Re b 1. This method results in errors of 10%–27% since the Reynolds number is above the Stokes number regime. It is more accurate to calculate
CD(Re)2 first, then obtain the Reynolds number of the equivalent sphere by interpolating from Table 3.4 in Aerosol Technology by Hinds. From this
the settling velocity can be obtained based on its Reynolds number. The correct values of settling velocities and their Reynolds numbers are
shown in the table below. Note that these changes to settling velocity do not alter the conclusions of the paper.

Fibre's length, L Fibre's diameter, d Veq-sph Reeq-sph

1200 μm 20.1 μm 0.236 m/s 1.40
700 μm 20.1 μm 0.173 m/s 0.86
700 μm 14.5 μm 0.118 m/s 0.47
500 μm 14.5 μm 0.112 m/s 0.40
2000 μm 49.6 μm 0.763 m/s 9.80

The authors also advise that Figs 6, 7, 11 and A1 that appeared in the published version are incorrect. The corrected figures are given below. These
changes do not influence any conclusions of the paper.

Fig. 6. Probability distribution of the orientation of the fibrous particles. The error bars correspond to an uncertainty of ±8%.
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Fig. 7. Probability distribution of the vertical component of angular velocity of the fibrous particles. The error bars correspond to an uncertainty of ±30 rad/s.

Fig. 11. The probability distributions of the horizontal component of settling velocity, normalized by the settling velocity of an equivalent sphere, for fibres with the same aspect ratio but
different size, together with their Gaussian curves fit. The error bars correspond to an uncertainty of ±0.099 (*) and ±0.077 (◊).

On page 197, line 12, delete the sentence “The greater instability of the higher aspect ratio figures also explains why the absolute mean vertical
settling velocity of long particles is a little faster than short ones (with the same diameter).” This change is not associated with the error corrected.

Fig. A1 presents the distribution of straightness of the fibre with lengths of 500 μm and 1850 μm and diameters of 14.5 μm and 50 μmused in the
experiments. From the figure it can be seen that, while the fibres are not perfectly straight, the distribution of straightness is very similar for the two
sizes of fibre, although there are few fibres for L=500 μmwith straightness less than 0.90. However these fibreswere removed by image processing.
Furthermore, the fraction of fibres that are perfectly straight is identical at 40%. Hence it can be seen that differences in fibre straightness are not
responsible for the difference in aerodynamic behaviour identified in the paper. The changes do not influence the conclusions of the paper.

Fig. A1. Straightness distribution of the fibres.
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Measurements of velocity, angular velocity and orientation of nylon fibrous particles of long aspect ratio in the
super-dilute regime in the near field of a turbulent air jet with a Reynolds numbers of 70,000 are reported.
These measurements were performed using Particle Tracking Velocimetry (PTV) based on the two end-points
of each fibre, following a method reported previously. The particles were fed via a hopper into a pipe of 34
diameters in length. The fibres' vertical and horizontal velocity and orientation were calculated to analyse the
aerodynamic behaviour of these fibrous particles. The key findings are as follows: 1) fibre orientations at the cen-
tre of the jet are distributed over awide range spanning 30° to 90° and themost probable orientation of the fibres
is at 54° to the axial, while few fibres are aligned with the direction of the flow, which contrasts with previous
findings in a turbulent pipe flow using water as the working fluid; 2) the axial velocity of the fibres on the jet
axis is found to change little with an increase in number density, which contrasts with previous findings in
free-falling cases where the fibres' settling velocity increases significantly with the volume fraction; 3) the
influence of number density on orientation of the fibres in this turbulent jet within the super dilute regime
is much weaker than that for the free-falling case, where the orientations decrease with the volume
fraction; 4) the absolute mean angular velocity of the fibres increases significantly with the radial distance
from the axis to the location of the greatest mean shear; and 5) at the centre-line of the jet, the fibres' normalised
radial velocity is an order of magnitude larger than that of spheres with a similar Stokes number.

Crown Copyright © 2014 Published by Elsevier B.V. All rights reserved.

1. Introduction

The transport of fibrous particles in suspension within a turbulent
flow occurs in numerous industries, including pulp and paper making,
the combustion of biomass in boiler and polymer suspensions.
However, the motion of these particles is much less well understood
than that of their spherical counterparts due to the added complexity
caused by their more complex shape. In addition to translation, fibrous
particles exhibit rotation and their drag coefficient also depends on their
orientation. An improved understanding of their aerodynamic behav-
iour is a prerequisite to optimising their performance in applications
such as biomass combustion. This, in turn, requires detailed measure-
ments in relevant environments, such as in co-flowing jets, which are
not yet available. The objective of the currentwork is to begin to address
this gap.

The most relevant experiment to the transportation of biomass
fibres in air is the measurements of Bernstein and Shapiro [1] in
water. They measured the orientation distribution of glass fibres with
a wide range of Reynolds numbers on the axis of a pipe flow using an
optical technique. These measurements are directly comparable with
the exit plane of a jet issuing from a long pipe because the conditions
at the exit plane of a pipe are nominally identical to those within it. A
comparison of their data with new measurements performed in a jet
using air as the working fluid will provide insight into the effect of
density ratio, which is three orders of magnitude different. Zhang et al.
[2] simulated the suspension of fibres in a turbulent pipe flow at Re of
11,000 and proposed a model to predict the orientation distribution of
the fibres. They validated their model against the data of Bernstein and
Shapiro's [1] work and found quite good agreement. Marchioli et al. [3]
simulated inertial fibres in turbulent channel flow and found the fibres'
orientation at the centre of the channel (i.e., far from the wall) to be
approximately 60° to the flow direction. The results of their simulation
will also be compared with those of the present experimental data.

Powder Technology 276 (2015) 10–17
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Mandϕ and Rosendahl [4] studied orientation-dependent models of
non-spherical particles at high Reynolds numbers and pointed out that
the inertial effect is sufficient to force non-spherical particles to change
their motion state. They gave the following equation to calculate the
torque due to resistance acting on fibrous particles:

T ¼ ρd ω f−ωp

� �2
L4p

1
64

þ 1

3:36
ρd ω f−ωpð ÞLp

μ
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BBB@
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CCCA; ð1Þ

where Lp and d are the length and diameter of the fibrous particles,
respectively, while ωf and ωp are the angular velocities of the fluid
and particles. This equation can be used to estimate the torque acting
on the fibre in the present study. Rosendahl [5] also proposed that the
location of the centre of pressure is a function of the orientation and as-
pect ratio of the fibres according to the following relationship:

xcp ¼ Lp
4

1−e1−
Lp
d

� �
1− sin3θ
� �

; ð2Þ

where θ is the incidence angle.
Stover et al. [6] investigated experimentally the fibres' orientation in

simple shearflowby employing a cylindrical Couette device. They found
that the fibres are approximately aligned with the flow direction under
these conditions. Carlsson [7] measured the distributions of fibre
orientations at different wall normal positions in a turbulent headbox.
He found that the fibres were more aligned with the flow direction at
the position nearest to the wall, where the shear rate is the highest.
Lin et al. [8] simulated the fibres' orientation distribution in a round
turbulent jet of fibre suspensions. They found that thefibres' orientation
increases with radial distance. However, this simulation needs to be
verified with experimental data.

Lin et al. [9] simulated suspensions of fibres in a round jet flow. They
assessed the influence of the volume fractions of the fibres on the mean
axial velocity profile and concluded that the volume fraction does not
significantly influence the shape of the mean axial velocity profile of
the gas phase. However, the authors did not report on the effect of
volume fraction on the fibrous particle phase. Hence, a particular aim
of the present work is to explore this effect using experimental data.
Jayageeth et al. [10] studied the effect of a boundingwall on the dynam-
ics of suspended fibres in a boundary layer using a Stokesian dynamics

simulation and they found that the fibres' rotation increases significantly
as a fibre approaches a region of maximum shear.

Olson and Kerekes [11] analysed the motion of a single fibre
suspended in turbulent fluid and obtained equations of mean and
fluctuating velocities in rotation and translation. They derived the
following rotational and translational dispersion coefficients of a fibre:

Dr ¼ 24u02 τ
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:

ð3Þ

Dt ¼ 2u02τ
Λ
L

erf
π0:5L
2Λ

 !
þ 2
π
Λ
L

e−
πL2

4Λ2−1
� � !

: ð4Þ

This model implies that for long fibres, rotational and translational
dispersion coefficients, Dr and Dt are functions of the fluid Eulerian
integral time scale, τ, the Eulerian integral length scale, Λ, and the
streamwise component of the fluctuating velocity, u′. Based on convec-
tion–dispersion function that governs the evolution of the fibre orienta-
tion distribution, Γ(r, p, t), in turbulent flows, they further derived a
formof the Fokker–Planck equation to describe the orientation distribu-
tion of the fibre in turbulent flows, as follows:

∂Γ
∂t ¼ Dr∇

2
r Γ−∇r � ωΓð Þ þ Dt∇

2Γ−∇ � VΓ
� �

; ð5Þ

where∇r= p× ∂ / ∂p is the rotational operator, p is the unit orientation
vector,V is the fibres' mean velocity andω is the fibres' angular velocity.
Eq. (5) relies on many assumptions, some of which do not apply in the
present experiments. Firstly it assumes that the fibres are neutrally
buoyant, which is far from true in the present experiments. It also
assumes that the inertial forces on the fibre are negligible, i.e., that the
Stokes number is ≪1 and that the relative velocity between the fibre
and the fluid is zero. None of these assumptions are true for the present
case, therefore this equation does not apply in particle-laden flowswith

Fig. 1. The notation used to define orientation of a fibre in jet flows, relative to the axis of
the jet and to the camera image plane.
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Fig. 2. Experimental arrangement (not to scale). Thewalls of the surroundingwind tunnel
(650 mm × 620 mm cross section) and the cyclone are not shown for clarity. The bulk-
mean velocity of the jet was 18 m/s, while the co-flow velocity was 8 m/s.
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air as the working fluid and sufficiently large fibres for Sk N 1, as occurs
in this instance. Olson [12] pointed out that modelling the suspension
using “two-way coupling” is very complex.

Kvasnak and Ahmadi [13] simulated the sedimentation of ellipsoidal
particles in turbulent duct flows and reported the results for particles
with diameters from 1 to 50 μm and aspect ratios from 1 to 10. Zhang
et al. [14] studied the transport and deposition of ellipsoidal particles
in turbulent channel flows. A fibre's motion in shear flow was investi-
gated by Broday et al. [15] and Ku and Lin [16], while a heuristic
model of orientation was developed by Klett [17] under conditions of
relevance to atmospheric conditions. Importantly, none of these
previous studies provide any detailed measurements of the behaviour
of particles within a turbulent jet environment, such as the fibres'
most probable orientation, the influence of the number density of fibres
on the velocity or the angular velocity distribution. Hence, there
remains a need for this new information.

In the light of the previous investigations described above, this study
seeks to providenewunderstanding of the aerodynamic behaviour of fi-
brous particles with a large aspect ratio in the near field of co-flowing
turbulent jet in the super-dilute regime. It is further aimed to provide
new understanding of the radial distribution of the statistical properties
at the exit plane of the jet and so to provide new understanding of the
flow within a long pipe. In particular, the study aims to assess the
distributions of orientation, angular velocity, axial velocity and number
density, none of which have been reported previously in a co-flowing jet.

2. Experimental apparatus

Only a brief description of the experimental apparatus and approach
is provided here, with details reported previously by Qi et al. [18]. Fig. 1
presents the notation used to define a fibre's orientation relative to the
axial and radial direction of the jet, x and r, respectively, noting that the
axis of the jet is aligned with gravity. The angle θ (0°–90°) is defined to
be the orientation relative to gravity and α (0°–90°) is the azimuth of a
fibre, relative to the viewing plane.

Fig. 2 presents a schematic diagram of the experimental apparatus.
Particle Tracking Velocimetry (PTV) was employed. A Quantel Brilliant
Twins double-cavity pulsed Nd:YAG 10 Hz laser was used as the light
source. The camera was a Kodak MegaPlus ES1.0 with a CCD array of
1008 pixels × 1018 pixels and 10 bit resolution. The fibrous particles
were introduced into the top of the pipe via a hopper.

The working section of the wind tunnel wasmade of Perspex with a
nominally square cross section of 650 mm × 620 mm. The facility was
operated with a bulk-mean velocity of the jet at 18 m/s and the
co-flow with a uniform velocity of 8 m/s. The length, L, and diameter,
D, of the supply pipe were 2000 mm and 60 mm, respectively. These
dimensions were chosen within the constraints of the laboratory to
achieve a trade-off between a sufficiently large development length to
approach a fully-developed flow, while also providing a sufficiently
large ratio of pipe diameter to the length of the fibres, D/Lp = 30, for
the velocity gradients in the shear flows to influence rotation.

Measurements of the velocity and orientation of the fibres were
performed in the near field of the jet flow along the axis of the pipe.
The coordinates of the two endpoints of each object (fibrous particle)
were obtained. Since the length Lp of these fibres is all nominally iden-
tical at 2 mm (Table 1), the spatial orientation θ of fibres was calculated
with the following trigonometric function:

θ ¼ arccos
xe2−xe1j jR

Lp

 !
� 180

π

� �
�� �
; ð6Þ

where R is the magnification of the camera image system and the
coordinates of the two endpoints are xe2 and xe1, respectively. Image
pairswere recorded by the digital camerawith a known time separation
(Δt). After image processing, the displacements of the two endpoints ofTa
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fibrous particles along the x and r axis can be obtained. From this Ve1x,
Ve1r and Ve2x, Ve2r can be calculated using Eq. (7), as follows:

Ve1x ¼ xe12−xe11ð ÞR
Δt

; Ve1r ¼
re12−re11ð ÞR

Δt
;

Ve2x ¼ xe22−xe21ð ÞR
Δt

; Ve2r ¼
re22−re21ð ÞR

Δt
;

ð7Þ

where Ve1x is the velocity of endpoint 1 in the x direction; Ve1r is the
velocity of endpoint 1 in the r direction; Ve2x is the velocity of endpoint
2 in the x direction; Ve2r is the velocity of endpoint 2 in the r direction;
xe12 is the x axial coordinate of endpoint 1 from the second image, xe11
is the x axial coordinate of endpoint 1 from the first image; re12 is the
radial coordinate of endpoint 1 from the second image; and re11 is the
radial coordinate of endpoint 1 from the first image and so on.

In the present two phases turbulent jet flow, the fibre's Stokes
numbers, based on their diameter, Skd, and length, SkLp, respectively,
are defined as follows:

Skd ¼ ρpdVc;0

18μD
SkLp ¼ ρpLpVc;0

18μD
; ð8Þ

where ρp is the fibre's density; d and Lp are the fibre's diameter and
length, respectively; Vc,0 is the centre-line velocity for a single-phase
jet of the same bulk-mean velocity; μ is the viscosity of the fluid phase
and D is the diameter of the supply pipe.

Fig. 3 presents a schematic diagramof the orientationmeasurement,
the detection of “part-in” fibres and the key notation. Any fibres that are
only partly in the laser sheet will give a false calculation of the projected
length and the coordinates of endpoints, so must be rejected. This was
achieved by comparing the intensities of the signal at two endpoints
of the fibre. Because of the Gaussian light sheet intensity distribution,
a partly-in fibrous particle will exhibit a significant difference between
the intensity values of the two endpoints. This is used to reject such
particles. A fibre's centroid velocity Vc,x = 1 / 2(Ve1x + Ve2x) and
Vc,r = 1 / 2(Ve1r + Ve2r) represents the axial velocity and radial velocity,
respectively, and a fibre's vertical angular velocity is ωvertical = dθ / Δt.
Table 1 shows the experimental conditions compared with previous
work. It can be seen that the main differences are that the work of

O
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x

Fig. 4. A typical raw image obtained at the exit plane of the jet together with the coordi-
nate system for the fibrous particles.
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Fig. 5. The distribution of fibre orientations for the present measurements and previous
work, both obtained on the axis of a pipe flow. For the present case, these data were mea-
sured in the exit plane of a jet emerging from a pipe flow. The error bars correspond to an
uncertainty of ±8%.
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Fig. 3. A schematic diagram of the orientation measurement, the detection of “part-in” fibres and key notation.
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Bernstein and Shapiro [1] was performed in water, instead of air, and
that their fibres were physicallymuch shorter, resulting in both a differ-
ent range of Stokes number, Sk ≪ 1 in contrast with the present data
where Sk ~ 1 and Lp/D bbb 1 in contrast with the present case where
Lp/D≪ 1. The data of Lau and Nathan [19] was performed for spherical
particles instead of fibres and with a higher volumetric loading of parti-
cles, but are otherwise under similar conditions.

Fig. 4 presents a sample of the raw image obtained at the exit plane
of the jet flow, together with the coordinate system for the fibrous par-
ticles. The viewing area of the measurements was 26 mm × 26 mm,
while the thickness of the light sheet was 5 mm, which is 2.5 times
the length of the fibres (Table 1). This value was found experimentally
to provide a good compromise between a sufficiently high fraction of
fibres fully within the light sheet and a reasonable spatial resolution.

3. Results

Fig. 5 presents the probability distribution of the fibres' orientations,
θ, for both thepresentmeasurements at the initial plane of the turbulent
jet flow and the previousmeasurements in a turbulent pipe flow. At the
centre of the exit plane of the present turbulent jet flow, the fibres are
found over a wide range of orientation between 30° and 90° and the
most probable orientation is at an angle of approximately 54° to the
flow direction, while there are few fibres that align with the direction
of flow. This is consistent with the simulation by Marchioli et al. [3],
who reported that the inertial fibre mean orientation is approximately

60° to the flow direction at the centre of the turbulent channel.
However, from the figure it can be seen that there is a big difference
between the present measurements and those from previous work by
Bernstein and Shapiro [1] and Zhang et al. [2], who reported that the
fibrous particles tend to align with the flow direction in the centre of
pipe turbulent flows. This difference can be attributed to the combina-
tion of different conditions in the two investigations, as shown in
Table 1 and Fig. 6. Based on Elghobashi's definition [20], the present re-
gime of interaction between particles and turbulence is in the two-way
coupling regime. The present conditions comprisemuch larger values of
Lp/D, higher values of the fibre's Stokes number (Sk), higher values
of the density ratio between the particle phase and the fluid phase
(ρp/ρf) and a shorter development length, L/D. Of these parameters,
the differences in Skd = 2.6 (present) compared with Skd = 2 × 10−6

(previous, [1]) and the difference in ρp/ρf are expected to be the most
significant. Bernstein and Shapiro [1] employed ρp/ρf of order unity,
while in the present case the density ratio is in the order of 1000.
These differences imply that the inertia of the fibre is significant for
the present case. Parsheh et al. [21] pointed out that the fibres' velocity
induced by the drag force in two-phase flow is dependent on the fibres'
diameter and the density ratio of the particle to the carrier phase. How-
ever it is obvious that the slip between the two phases is also associated

Fig. 6. The influence of a fibre's Stokes number, Reynolds number and density ratio between two phases on the fibre's behaviour in two-phase flow.
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Fig. 7. The distribution of fibre orientations at three axial positions on the axis in the near
field of the present jet. The error bars correspond to an uncertainty of ±8%.
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with the initial orientation of the fibres and the fibres' Reynolds number
depends on the slip velocity between the two phases. In addition, each
individual fibre's orientation depends on its Reynolds number (Fig. 6).
For the present case, each fibre's Reynolds number, based on its diame-
ter and slip velocity, is between 2 and 10. At these Reynolds numbers,
the fibres' pressure centre being behind the mass centre tends to align
the particle as normal to the flow [4]. The wide range of Rep makes the
fibres exhibit a wide range of orientation between 30° and 90°, but
the most probable orientation is approximately 54°. In contrast, the
fibres' inertia in Bernstein and Shapiro's [1] work is negligible so that
the particles approach being flow tracers. Under these conditions the
fibres can be expected to follow the flow and align with the local flow
direction which, on average, is axial on the centre-line of the pipe.

Based on Eq. (1), given by Mandϕ and Rosendahl [4], the torque
acting on the fibre in the present study is of the order of 10−12 Nm.
The distance between the pressure centre and the mass centre at the
mean orientation is estimated to be 235 μm, based on Eq. (2) from
Rosendahl [5]. This is some five diameters of the fibre, which is suffi-
ciently great to result in significant variations in torque and significant
variations in particle orientations despite retaining a preferred
orientation.

Fig. 7 presents the distribution of fibre orientations at three near-
field axial locations on the axis of the jet. Data from Figs. 5, 7 and 8
were averaged over a measurement volume of Δx = 26 mm and

Δr = 5.2 mm. It can be seen in Fig. 7 that the distributions on the axis
do not change significantly over the first four diameters from the exit
plane, which is consistent with these data being on the centre-line of
the potential core region of the jet.

Fig. 8 presents the distribution of the normalised axial velocity of the
fibres, Vc,x/Vc,0, at the three axial positions on the centre-line compared
with those for spherical particles [19]. Here Vc,0 is the centre-line veloc-
ity for a single-phase jet of the same bulk-mean velocity. In the figure, it
can be seen that the velocity distribution of the fibres closely approxi-
mates that of the spheres, although that of the spheres is skewed
slightly to higher velocities than that of the fibres. The fibres also exhibit
a broader range of velocities. This is consistent with the fibres being
relatively long compared with their diameter and being larger in
terms of mass and inertia, so that they are subjected to a wider range
of flow velocities for the same mean position, together with their
exhibiting a more complex aerodynamic behaviour.

Fig. 9 presents the dependence on volume fraction of the fibres' axial
velocity for cases of free-falling streams of particles and a co-flowing jet.
The velocities are normalised by themaximum velocity in each data set.
In the figure, it can be seen that the dependence on volume fraction of
the axial velocity of the fibres in the co-flowing jet is much weaker
than that for the free-falling fibrous particles, and that the axial velocity
changes little with an increase in volume fraction. The increase in set-
tling velocity with volume fraction under the free-falling conditions
measured previously was attributed to the transition in the orientation
away from the horizontal (Fig. 10) because of increased interactions
between the wakes of proximate particles [22]. However, in contrast,
this transition does not occur in a turbulent jet, with the orientation
being nearly independent of volume fraction (Fig. 10). This is attributed
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Fig. 11. The radial distributions of fibres' mean axial velocity in the exit plane of the pres-
ent jet compared with spherical particles and a gas single-phase, normalised by the value,
Vc,0, the centre-line velocity for a single-phase jet of the same bulk-mean velocity. The
error bars correspond to an uncertainty of ±4% and ±2% (gas single-phase [23]).

Fig. 12. The radial distributions of mean absolute vertical angular velocity of the fibrous
particles at three axial positions in the near field of the present jet flows. The error bars
correspond to an uncertainty of ±30 rad/s.
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to the greater significance of inertia, owing to the higher speed of the
particles (together with the carrier phase being air, although this is
true in both cases), and to a reduced significance of the interactions
between the wakes of proximate particles because the “background”
flow in the carrier phase is turbulent instead of laminar.

Fig. 10 presents the dependence on volume fraction of the fibres'
mean orientations within the super dilute regime. In the figure, it can
be seen that the influence of volume fraction on the distribution of
these fibre orientations in the co-flowing jet is much weaker than that
for the free-falling case [22], where the orientations decrease with the
volume fraction. This is attributed to a reduction in the relative signifi-
cance of the interactions between the wakes of proximate particles, as
described above.

Fig. 11 presents radial distributions ofVc;x/Vc,0 at the exit plane of the
present jet comparedwith the comparable cases of suspended spherical
particles [19] and a single-phase gas jet [23]. Here Vc,0 is the centre-line
velocity for a single-phase jet of the same bulk-mean velocity. The data
were averaged over a measurement volume of Δx = 26 mm and Δr =
5.2 mm. It can be seen that the fibres' Vc,x is the highest at the centre-
line of the pipe, as expected. The radial profile for the spheres is flatter
than those of the fibres. Part of the explanation for this is the higher
mass loading (N10−3) of the spheres, which takes them into the four-
way coupling regime based on Elghobashi's definition [20]. That is, the
volume loading of the spheres is sufficiently high for them to influence
the velocity of the gas phase, while the loading of the fibres is too low to
have such influence.

Fig. 12 presents distributions of the fibres' mean absolute angular
velocity jωverticalj in the radial direction at three axial positions in the
near field of the present jet flows. The data were averaged over a mea-
surement volume of Δx=26mm and Δr=5.2 mm. It can be seen that

jωverticalj is the lowest at the centre-line of the jet, where themean shear
is the lowest. The angular velocity, jωverticalj, increases with the radial
distance toward the location of maximummean shear, which is consis-
tent with the simulations by Jayageeth et al. [10].

Fig. 13 presents distributions of mean orientation, θ, of the fibres at
the three axial positions in the near field of the turbulent co-flowing
jet flow. In the figure, it can be seen that the most probable mean
angle of the fibres to the flow is 54° at the centre-line of the jet. The
fibres' orientation tends to be slightly more axial as the radial distance
increases. This is attributed to the slight increase in shear with radial
distance, which is relatively weak here because the radial distance
only spans the range to 0 to 0.23D on the centre-line of the jet, so the
decrease in orientation is not significant. This observation is consistent
with the simulations by Zhang et al. [2] and Marchioli et al. [3], who
reported that the fibres are more aligned with the flow direction at po-
sitions far from the centre-line and near the wall. It is also consistent
with the previous measurements of Stover et al. [6] and Carlsson [7],
who reported that fibres' orientations tend to align with the flow
direction at the point where the shear rate is high. However it contrasts
with the simulation by Lin et al. [8], who reported that fibres' orienta-
tions increase with radial distance. This may be attributed to the differ-
ent orders of magnitude in Sk. The fibres followed the eddy because of
Sk≪ 1 in Lin et al.'s [8] simulation.

Fig. 14 presents the axial evolution of the distributions offibrous par-
ticles' relative radial velocity,Vc;r/Vc,0, for both thefibrous and the spher-
ical particles in co-flowing jets. It can be seen that the values of Vc;r/Vc,0
for the fibrous particles are an order ofmagnitude larger than that of the
spheres. This can be attributed both to the influence of the fibres' tum-
bling and to their significant orientation to the flow, both of which will
cause some the axial velocity to be converted to a radial component,
which does not occur for spherical particles. This observation is consis-
tentwith the previousmeasurements of Qi et al. [22], who reported that
the value of the horizontal velocity component of the free-falling fibres
is approximately 10% of that of the vertical velocity component.

4. Conclusions

In this work, the distributions of velocity and orientation of long
aspect ratio fibrous particles in the near-field of turbulent jet flows at
an air jet Reynolds number of 70,000 are reported for the first time. It
is found that in the exit plane of the turbulent jet flow, the fibres most
probable orientation tends to be approximately 54° and there are few
fibres that are aligned with the direction of the flow. This is consistent
with the simulation by Marchioli et al. [3]. However the results contrast
with the work of Bernstein and Shapiro [1] and Zhang et al. [2] under-
taken with water as the transporting fluid, who reported that the fibres
are aligned with the direction of the flow at the centre-line of a pipe.
This difference is attributed to the fibres' inertia. The fibres' inertia is
significant for the present jet flow because the density ratio between
the particle and fluid phase for the present case is three orders of
magnitude larger than that of Bernstein and Shapiro [1]. At the centre
of the co-flowing jet, the fibres' Vc;x and θ is found to change little
with an increase in volume fractions in the super dilute regime, which
contrasts with the findings of Qi et al. [22] under free-falling conditions.
These differences are attributable to a reduction in the relative signifi-
cance of the interactions between the wakes of the proximate particles.
The fibres' jωverticalj is the lowest at the centre-line of the jet and
increases significantly in the radial direction, which is consistent with
the simulation by Jayageeth et al. [10]. At the centre-line of the jet the
fibres' normalised radial velocity ismuch higher than that of the spheres
with a similar Stokes number, based on diameter. This is attributed to
the dual effects of the significant orientation of the fibres to the flow
and to their tumbling, both of which induce radial velocity, which
does not occur with spheres.

Fig. 13. The radial distributions of fibre mean orientations at three axial positions in the
near field of the co-flowing jet flow. The error bars correspond to an uncertainty of ±8%.

Fig. 14. The axial evolution of distributions of fibrous particles' radial velocity in the near
field of the co-flowing jets compared with the spherical particles. Here Vc,0 is the centre-
line velocity for a single-phase jet of the same bulk-mean velocity. The uncertainty in
the data is approximately ±8%, which is approximately the same size as the symbols.
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Corrigendum to “Velocity and orientation distributions of fibrous
particles in the near-field of a turbulent jet”
[Powder Technol. 276(2015) 10–17]

Guoqiang QI ⁎, Graham J. NATHAN, Timothy C.W. Lau
School of Mechanical Engineering and Centre for Energy Technology, The University of Adelaide, Adelaide, SA 5005, AUSTRALIA

The authors provide corrections to seven figures, which constitute changes to the values of some data, but do not alter the key findings of the
paper. Changes to Figs. 5, 7, 10, 12 and 13 result from an error in themeasured length of the fibres, from L=2000 μm to L=1850 μmwhich changes
the derived angle and angular velocity slightly. Small errors have also been corrected in Figs 8 and 14. The authors apologize for these errors and the
corrected figures are given below:

Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.powtec.2015.11.008.
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Fig. 5. The distribution of fibre orientations for the present measurements and previous
work, both obtained on the axis of the pipe flow. For the present case, these data were
measured in the exit plane of a jet emerging from a pipe flow. The error bars correspond
to an uncertainty of ±4°.

Fig. 7. The distribution of fibre orientations at three axial positions on the axis in the near
field of the present jet. The error bars correspond to an uncertainty of ±4°.
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Fig. 10. The dependence on volume fraction of the fibres' mean orientations for cases of
co-flowing jet and free-falling. Data of the jet were obtained at x/D = 1.575. The error
bars correspond to an uncertainty of ±4°.

Fig. 8. The distributions of fibres'normalized mean axial velocity at three near-field axial
positions on the centre-line compared with spherical particles. Here Vc,0 is the centre-
line velocity for a single-phase jet of the same bulk-mean velocity. The error bars corre-
spond to an uncertainty of ±4%.

Fig. 12. The radial distributions of mean absolute vertical angular velocity of the fibrous
particles at three axial positions in the near field of the present jet flows. The error bars
correspond to an uncertainty of ±30rad/s.

Fig. 13. The radial distributions offibremean orientations at four axial positions in thenear
field of the co-flowing jet flow. The error bars correspond to an uncertainty of ±4°.

Fig. 14. The axial evolution of distributions of fibrous particles’ radial velocity in the near
field of the co-flowing jets compared with the spherical particles. Here Vc,0 is the centre-
line velocity for a single-phase jet of the same bulk-mean velocity. The uncertainty in
the data is approximately ± 8%, which is approximately the same size as the symbols.
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Abstract 

The paper presents new measurements of the settling velocity of fibrous particles. This is of relevance to the 
aerodynamics of biomass particles in furnace and boiler. As such it will contribute to the replacement of fossil 
fuels with biomass, which is renewable and nearly greenhouse neutral. The influence of the volume fraction of 
fibrous particles on their settling velocities and orientations is reported for conditions in which fibrous particles 
settle in air at low number density. A method for laser-based measurement of the orientations and velocities of 
fibrous particles is presented. The experimental apparatus employs PTV (Particle Tracking Velocimetry. A 
Matlab code was written to track fibrous particles and calculate orientation and velocity of their two end-points 
simultaneously. The key findings are as follows: the mean fibrous particles settling velocities increase 
significantly with increasing number density of fibres under the low volume fractions (super dilute) and the mean 
orientations of fibrous particles are also deeply influenced by the volume fraction of the particles; the fibres’ 
orientations tend to be vertical when number density increases; Settling and horizontal velocity distributions of 
fibrous particles are nearly Gaussian.  

1. BACKGROUND OF THE PROJECT 

Combustion, currently derived predominantly from fossil fuels, provides most of the energy supplied for the 
industrialized economies. However fossil fuels, such as oil, coal and natural gas, are not sustainable and non-
renewable. The fossil fuels used today were formed over millions of years ago. With the present consumption 
rates and the known reserves, fossil fuels will be depleted in the foreseeable future. IEP (2004) predicted “Proven 
coal reserves worldwide total 907 billion tones or almost 200 years of production at current rate” and for oil it 
reported “the R/P (reserve/production) ratio is 41 years according to BP and 36 years according to World Oil”. 
Furthermore in combustion fossil fuels emit a significant quantity of NOx and CO2. Nitrogen oxides are 
precursors to the formation of ozone and they also contribute to the formation of acid rain. Carbon dioxide does 
not directly impair human health, but it is widely believed to be a major contributor to global warming which 
pose serious environmental threats to our eco-systems and society. The higher global temperature rises may result 
in disastrous consequences. 
 
One approach to reduce the use of fossil fuels is the partial substitution with biomass, or organic matter, which is 
a renewable and more benign resource for energy supply. Such fuels can be derived from trees, agricultural 
residues and other plants. Also, biomass is nearly greenhouse neutral since it absorbs carbon dioxide through 
photosynthesis as it grows. The percentage of biomass being used around the world is increasing.  
 
In Australia, wood and bagasse, a by-product of sugar-making industry (sugar-cane waste), are major sources of 
bio-fuels. The percentage of biomass in renewable energy supply in Australia is 72%, and this number is 
expected to increase by 3.3% annually by the year of 2011, 2.5% by 2030 (ABARE, 2006). Therefore, it is 
generally expected that wood and bagasse will play an increasingly important role in the future as a renewable 
energy supply in Australia.  
 
Importantly, all combustion technology employed to optimize the combustion and performance, and reduce in-
flame emissions rely on optimising and controlling the trajectories and residence times of the fuel through the 
various stages of its combustion. This, in turn, requires detailed knowledge of fuel properties and furnace 
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aerodynamics. Currently most existing combustion systems in conventional furnaces, boilers and kilns are 
designed for the use of fossil fuels, of which pulverised fuels (PF) are most common. Hence considerable 
research has been conducted over the past years to enhance the utilization of pulverized coal, which consists of 
nearly spherical particles. This research includes the fundamental study of the aerodynamic behaviour of 
spherical particles. Therefore the aerodynamics of spherical particles under conditions relevant to most 
combustion environments is relatively well understood. However biomass is fibrous and pulverized biomass 
particles are not spherical particles that is, one dimension of the fibrous particle is far greater than the other two.  
 
There is a paucity of data describing the aerodynamic behaviour of fibrous particles. The aerodynamic behaviour 
of fibrous particles is completely different from spherical particles. The drag force of a fibrous particle aligned 
parallel to the direction of gravitational force is obviously much less than that of perpendicular to the direction. 
Figure 1 shows the settling of a fibrous particle and a spherical particle as they are falling in still air and the 
definition of fibrous particle length L, diameter d, orientation γ and terminal settling velocity Vts . 

 
             (a)                                                        (b) 
Figure 1: (a) Different orientation of fibrous particles obviously result in different aerodynamic behaviour 
(b) Definition of a fibrous particle’s length, diameter and orientation in present study 
 
Herzhaft and Guazzelli (1999) experimentally investigated hydrodynamic behaviour of glass-rods with length of 
0.5 – 3mm in dilute and semi-dilute suspensions. They found a fibre’s settling velocity strongly depends on its 
orientation and also “there is a substantial alignment of the fibres along directions close to the vertical direction”. 
Compared to the work of Herzhaft and Guazzelli on measurements of fibrous particles there are some distinct 
features in the current experimental setup and they are listed in table 1. 
 

Table 1.  Comparisons between present and Herzhaft and Guazzelli ‘s work 
Present work Work of Herzhaft and Guazzelli 

Fibrous particle-gas phase Fibrous particle-liquid (buoyancy can not be neglected) 
Boundary influence can be neglected 

(cross section of settling chamber: 650mm×620mm) 
Boundary limitation  

(65mm×35mm) 
Data of volume fraction nearly continuous Limited data points 

Volume fraction < 0.00035 Volume fraction > 0.00052 
Density ratio of two phase = 958.33 Density ratio of two phase = 2.056 

Laser-based measurement of PIV apparatus  Real time digital image system 
Viewing area: 27mm × 27mm Viewing area: 10mm × 10mm 

  
From the table 1 and based on literatures review it can be seen that the measurements under the range of this 
volume fraction, density ratio and experimental method have not been done before. The orientation and velocity 
distributions and the influence of number density of fibrous particles on the settling velocities have not been 
investigated. This is the aims of present project. This paper includes literature review, experimental setup, key 
findings and discussions.  

2. PREVIOUS WORK 

2.1. Terminal settling velocity of particles 

When a particle settles in air, the settling velocity will become steady after a period of time, e.g. the particle’s 
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gravitational force downward is balanced by air drag force upward (when particle’s density is much greater than 
air, the buoyancy can usually be neglected). This steady velocity is called terminal settling velocity (Vts). Hinds 
(1998) pointed out that Vts depends on particle Reynolds number (Rep). Equations (1) and (2) are definition of  
Rep and Vts of a sphere derived by Hinds respectively: 
 

η
ρ Vdp

p =Re                                                                                                             (1) 

η
ρ
18

2gd
V p

ts =      (d > 1 μm and Re < 1.0)                                                                    (2)     

                      
where ρp is the particle density, d is the particle diameter, g is gravitational acceleration and η is the fluid 
viscosity. When the Reynolds number of the particle is approach 1, Vts needs to be modified to account for 
transition for the Stoke regime. Equation (3) is a version modified by Bonadonna et al (1998).  
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Hinds also presented an equation to describe the settling velocity of a cylindrical particle by introduction of the 
dynamic shape factor χ, shown equation (4), which is defined as the ratio of the drag force of a cylindrical 
particle to that a sphere having the same volume and velocity as the cylindrical particle: 
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ts =                                                                           (4) 

 
where de, is the equivalent volume diameter, which is the diameter of a sphere having the same volume as that of 
the cylindrical particle. However these two equations are only valid at Rep ≤ 0.1. It is apparent that χ depends on 
orientation, hence the term “dynamic”, and will have a minimum value for a vertical orientation. Hinds 
recommended a minimum value for χ of 1.20 (where the aspect ratio is 10), which implies the terminal settling 
velocity of the cylindrical particle is always less than that of an equivalent volume sphere. This is yet to be 
verified and appears to be highly questionable. 

2.2. Sphericity (ψ ) of fibrous particle 

Sphericity, ψ, is widely used for the study of non-spherical particle and researchers also use it to evaluate fibrous 
particles. Sphericity was first defined by Wadell (1933) to be: Ψ = As/Ap ,where As is the surface area of sphere 
that has the same volume as the non-spherical particle and Ap is the surface area of the non-spherical particle. 
Based on this definition the sphericity of a cylindrical particle becomes:                                                                                              
                          

2/2

2

ddL

devs
fp +

=ψ                                                                                                      (5) 

 
where devs is the diameter of the sphere that has the same volume as the fibrous particle, e.g. equivalent volume 
diameter,  and d and L are diameter and length of the fibrous particle respectively. Pettyjohn and Unnikrishnan et 
al (1990) further developed this to be:  
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where Vfp is the fibre’s settling velocity and Vevs is settling velocity of an equivalent volume sphere. Obviously 
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the limitation of devs/d renders this equation unsuitable for the fibrous particle with a relatively large aspect ratio. 
For example, in the present study, devs/d = 3.93 and equation (6) can not be used. Furthermore particles with 
entirely different shapes and different aerodynamic behaviour can have the same sphericity. For example, a disc 
particle and a fibrous particle can have the same χ, but have a totally different aerodynamic behaviour. 

2.3. Richardson-Zaki’s Law 

The Richardson-Zaki’s Law presents the relationship between a particle’s mean Vs and its volume fraction Ф 
under the conditions that apply in a fluidized bed. A particle’s mean settling velocity decreases with increasing of 
solid concentration. The added resistance comes from the hydrodynamic interaction between particles. The level 
of interaction was firstly systematically studied by Richardson and Zaki (1954), who proposed a power-law 
relation:  
 

                                      n

tsV

V
)1(

)( φφ −=                                                                                                            (7)       

 
where Ф is a particle’s volume fraction in the fluidized bed,  V is the mean settling velocity and Vts is a terminal 
settling velocity of a single particle in the fluidized bed, n is a parameter dependent upon Rep. Herzhaft (1999), 
have pointed out this formula is likely to under-predict velocity as the loading approach the dilute limit. However 
to date there has been no experimental data available to evaluate this conclusion, even for spherical particles.  

2.4. Analytical results of fibrous particle under low Reynolds number  

Kim et al (1991) studied spheroid hydrodynamic behaviour under the condition of Rep→ 0 in an infinite system 
and they derived equation (8) to describe the terminal settling velocity:  
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where γ is the angle between gravity and fibre’s major axis, V0  denotes the terminal settling velocity of a sphere 
with unit radius; and e denotes the eccentricity of the fibrous particle (for cylinder e = L/d ). The orientation γ = 0 
and π/2, correspond to the maximum and minimum settling velocities respectively. This equation assumes that 
there is no torque on the spheroid and the orientation is stable. 

2.5. Previous researchers 

The settling motion of fibrous particles is much more complex than that of spheres. A sphere settles in a purely 
vertical direction. However for a fibrous particle, the horizontal drift cannot be neglected. Fibrous particles also 
exhibit rotation. Importantly there has been no previous report of the simultaneous (e.g. laser-based) 
measurement of a fibrous particle’s settling velocity and orientation. Fan et al (2004) investigated a single 
particle settling in water using both brass wire and synthetic fibres. They found that the preferred orientation of a 
fibrous particle is approximated horizontal, when it becomes stable.  
 
Herzhaft and Guazzelli (1999) studied the settling velocity of fibres in dilute and semi-dilute suspensions. The 
fibrous particles used in his experiments were glass-rods with the lengths of 500-3000μm and diameters of 90-
100μm. Their conclusion about orientation distribution is in contrast to the work by Fan et al, i.e. that the 
probable orientation is nearly vertical. They also found the settling and horizontal velocity distributions to be 
nearly Gaussian. However because the size of cross-section of their water cell was only 65mm by 35mm, a back-
flow occurred in the cell and some particle’s settling velocities were negative. They also found that settling 
velocity decreased with the increase of volume fraction, which agrees with Richardson-Zaki’s Law, but did not 
provide experimental data at low concentrations, although they noted that the mean settling velocity increases 
with increasing of volume fractions. Furthermore they used projected angles to measure the particles’ orientation, 
which will result in some error because sometimes  fibrous particles may be nearly horizontal even though the 
projected angles are vertical. 
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3. EXPERIMENTAL APPRATUAS 

3.1. Nylon fibrous particles and experimental apparatus  

The fibrous particles used in the present study are nylon with a nominal length of 2000μm and diameter of 
49.6μm (aspect ratio = 40) and the experimental apparatus which employs a typical PIV setup is shown in Figure 
2.  
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Figure 2: Nylon fibrous particles settle with the height of 2.5 - 3m to camera in the wind tunnel which was 
made of Perspex and the fibres are illuminated by a pulse laser sheet and fibrous particle positions and 
orientations are captured by CCD camera within known time separation 
 
The settling chamber had square cross section of 650mm by 620mm and height of 2000mm and was made of 
Perspex. The particles were introduced into the top of the chamber through through a 2m long pipe of 60mm 
diameter. Not only did this ensure sufficient settling length to reach their settling velocity, it also ensure that any 
background eddy current induced by the particles in the chamber were negligible. With a volume fraction of 
order of 10-4, and cross sectional area of the “jet” of falling particles to the chamber of the order 10-2, any 
induced chamber flows will be at most 1% of the particles, which is within experimental error. This neglect 
ensures the dilute phase is not influenced by the chamber current in contrast to previous investigations.  
 
The laser was a 400 mJ per pulse dual cavity Nd:YGA laser at 532nm (green) and the laser sheet was formed by 
telescopic and diverging lens. The thickness of the sheet is chosen to be around 5mm to provide good 
illumination of entire particles. The camera was a Kodak MegaPlus ES1.0 with a CCD array of 1008pixels × 
1018pixels. the minimum resolution eas therefore  26 μm/pixel. Xcap software was used as the operating system 
and a DG-535 delay generator was employed to trigger both the laser flash-lamps and the camera.  

3.2. Number density measurement 

The volume fraction of fibrous particles is defined to be: 
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where m is the number of fibrous particle, R is the resolution of camera setup, H is the thickness of laser sheet 
and ζ is factor of modification which depends on feeding rate and clumping of particles.  
 
Because Ф ≤ 0.00025 in the present experiments, which is a super dilute condition, there were few particles that 
exhibit clumping. In this case the number density of fibrous particle in the viewing area (volume) was calculated 
by counting the number of particles, providing an accurate measure of  Ф  on shot by shot basis, influence of 
particle number density on the fibres’ aerodynamic behaviour can be measured statistically.     

Settling chamber 

Laser head 
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Image processing involved converting the image into binary form, then labeling connected particles, and then 
removing the noise.  The background pixels were labeled 0. The pixels that made up the first object were labeled 
1, (see Figure 3 ) those labeled 2, the second object, and so on. If there were m particles in the viewing volume 
the last pixels (object) would be labeled m.  
 

 
Figure 3: The method used to measure number density of nylon fibres can within the viewing volume by 
counting the number of objects in a binary image  
 

3.3. Orientation measurement 

The projected length and angle of fibrous particles on the digital image was computed by collecting the 
coordinates of two endpoints of the object (fibrous particle). Since the length L of the fibre was known, the 
spatial orientation γ of fibres can be calculated by trigonometric function (refer to figure 4). Specifically: 
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where y2 and y1 are coordinates of Y values of endpoints. Before calculation of a fibrous particle’s orientation, the 
fibres which are partly-in the laser sheet must be removed since they would provide false information on the 
projected lengths and endpoints. This was achieved by comparing the intensities of two endpoints of the fibre. A 
fibrous particle that only partly in the light sheet will exhibit a significant difference between the intensity values 
of the two endpoints due to the non-uniform intensity profile of the laser sheet. 
 

 
Figure 4: The method used to calculate the orientation of nylon fibres based on known length and 
coordinates of two endpoints of each object  

3.4. Velocity measurement 

The vertical (settling) and horizontal velocities of the fibrous particle were measured using Particle Tracking 
Velocimetry (PTV). The experimental method was validated by using hollow glass beads with a diameter of 45 
micron and a density of 700kg/m3. The glass beads settling velocity can be calculated theoretically by using 
equation (2) and also their settling velocity can be measured by a PTV setup in the settling chamber. There was a 
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very good agreement (within 1%) between experimental data and theoretical computation.  
 
The average of the velocities of two endpoints of the fibre along X axis (refer to Figure 2), and horizontal 
velocity was the velocity along Y direction because of the use of only one camera. Figure 5 shows a pair of raw 
images of fibrous particles with length of 2000μm and diameter of 49.6μm; the time separation between them is 
2500μs. 
 

 
Figure 5: A pair of raw images of fibrous particles settling in still air with a time separation of 2500 μs 
(the circles highlight matching particles) 
 

 
From Figure 5 it can be seen that if the time separation is short enough there are few changes in projected lengths 
and orientation of a fibrous particle. This allows particle tracking to be used reliably, since it is clear the particle 
has not undergone more than one rotation. After matching pairs of particles between a pair of images, the vertical 
and horizontal displacements of two endpoints of a fibrous particle can be obtained. Therefore the velocities of 
two endpoints of fibrous particles can be calculated by the simple formula: velocity = displacement / time 
separation. 

4. EXPERIMENTAL RESULTS 

4.1. Settling and horizontal velocities distributions 

Figure 6 (a) and (b) shows the settling velocity distribution within the ranges of volume fractions of 1.5×10-5 < Ф 
< 3.5×10-4 and 4.5×10-5 < Ф < 5.5×10-5 respectively. It can be seen that the distributions of settling velocities are 
Gaussian under conditions spanning both a wide and a narrow range of volume fractions and that consist with 
Herzharf’s work. However in contrast to Herzharf’s work in which some 40% of the range of settling velocities 
were negative, no negative velocities are found in present data.  
 

 
 
Figure 6: Distribution of settling velocities of fibrous particles  
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Figure 7 shows the horizontal velocity distribution within the range of volume fractions of 1.5×10-5 < Ф < 
3.5×10-4. It can be seen that the average horizontal velocity is nearly zero. There is nearly the same result for a 
narrow range of number density of fibrous particles. 

 
Figure 7: Horizontal velocities distribution of fibrous particles 

4.2. Orientation distribution 

Figure 8 shows spatial orientation (angle of γ) distribution of fibrous particles under the range of a volume 
fractions of 1.5×10-5 < Ф < 3.5×10-4 . It can be seen that the majority of fibres are nearly horizontal. This finding 
is in contrast to the Herzhaft and Guazzelli’s result in which most of the glass-rods were nearly vertical.  
 

 
Figure 8: Orientation distribution of fibrous particles with length of 2000μm and diameter of 49.6μm 

4.3. Influence of volume fractions on the mean settling velocity of fibrous particle  

Figure 9 shows the relationship between volume fraction and mean settling velocity under the condition of low 
number density, and with negligible influence of external boundaries. The mean settling velocities are found to 
increase significantly with volume fraction. Furthermore it can be seen that the scatter in the data also increases 
with an increase in volume fraction. Clearly this result does not obey Richardson-Zaki’s Law, since under this 
range of volume fractions the data calculated by using the Richardson-Zaki’s Law are nearly constant. Based on 
the present study, equation (11) can be used to describe the relationship between the mean settling velocity of 
fibrous particles in air and the number density: 
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where Vts is the mean settling velocity of fibrous particles in air and V0 is mean settling velocity of a single 
fibrous particle in air under the condition of no boundary influence; a is the parameter which depends on aspect 
ratio of fibrous particles (L/d) and n is the parameter which depends on fibres’ settling velocity (Reynolds 
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number of the fibrous particle); Φ is the volume fraction of fibres. It should be note that the generality of this 
equation is yet to be assessed, however it may be an important supplement to Richardson Zaki’s law. 
 
 

 
 
Figure 9: Influence of volume fractions (number density) of fibrous particles on their settling velocity 

4.4. Influence of volume fractions on the mean orientation and fluctuation of horizontal velocity 

Figure 10 (a) displays the relationship between volume fractions and mean orientations of fibrous particles when 
settling in air under the condition of low number density. It indicates that interactions between fibrous particles 
caused by an increase of volume fraction results in a tendency toward a more vertical orientations of the fibres. 
This also explains why the settling velocity increases significantly with the increase in number of fibrous 
particles.  
 

 
Figure 10: The influence of volume fractions of fibrous particle  (a) on their mean orientation; (b) on the 
fluctuation of mean horizontal velocity 
 
Figure 10 (b) represents the effect of number density of fibrous particles on deviations of horizontal velocities. It 
shows that the fluctuation of horizontal velocity increases dramatically with the increase of the volume fraction. 

5. CONCLUSIONS  

The aerodynamic behaviour of nylon fibrous particles has been investigated experimentally whilst settling in air 
under the super dilute suspension without the limitation of boundary by using PIV. It has been found that the 
mean settling velocities increase and the orientation tend to be more vertical with increasing of volume fractions. 
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Fibrous particles terminal settling velocities distribution is Gaussian and majority of particles’ orientation 
distribution is nearly horizontal. Also the Richardson-Zaki Law does not describe the influence of volume 
fraction under this regime. Instead a power law function provide a much better describtion. 
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ABSTRACT 
In present study, the aerodynamic behaviour of long aspect 

ratio fibrous particles has been investigated experimentally 
whilst settling in air under super dilute conditions without any 
influence of secondary flows and at particle Reynolds numbers 
of 30-80 based on fibre length. A method for laser-based 
measurement of the orientations and velocities of fibrous 
particles is presented. The experimental apparatus employs 
Particle Tracking Velocimetry (PTV) to calculate orientation 
and velocity based on the two end-points. Fibres’ mean vertical 
and horizontal components of settling velocities, angular 
velocity, orientation, number density and drag coefficient were 
calculated to analyze their aerodynamics. 

 
INTRODUCTION 

Fossil fuels, coal, oil and natural gas are not renewable 
energy sources. At the present rate of consumption, the known 
reserves of fossil fuels will be depleted in the foreseeable future 
[1]. Furthermore, fossil fuels emit significant quantities of 
stored carbon dioxide (CO2) and also nitrogen oxides (NOx) 
when they are burned. Carbon dioxide does not directly impair 
human health but is a ‘greenhouse gas’ and does trap the earth's 
heat and contribute to the potential for global warming. One 
approach to reduce the use of fossil fuels is partial substitution 
with biomass, or organic matter, which is a renewable and more 
environmentally “friendly” resource for energy supply. Such 
fuels can be derived from trees, agricultural residues and other 
plants. The percentage of biomass being used is increasing 
around the world to partially replace fossil fuels [1]. However 
biomass is fibrous and there is a paucity of data describing the 
aerodynamics of fibrous particles. In order to increase the 
efficiency of the combustion of biomass, the aerodynamics of 
biomass particles needs to be investigated. 

The settling motion of a particle is a basic class of its 
motion. The settling motion of a fibrous particle is much more 
complex, and more poorly understood, than that of a sphere. A 
sphere settles in a purely vertical direction. However for a 
fibrous particle, the instantaneous horizontal drift cannot be 
neglected. A fibrous particle also exhibits rotation. A large 
number of previous investigations have studied the 
hydrodynamics of fibres under the conditions of relevance to 
the paper making industry. Theoretical treatments include the 
slender body theory [2] and the concentration instability [3]. 
Experimental investigations include that of Metzger et al 
(2006) [4], Herzhaft and Guazzelli (1999) [5], Salmela, et al 
(2007) [6], Herzhaft and Guazzelli (1996) [7]. Previous 
numerical investigations were performed by Butler and 
Shaqfeh (2002) [8], Kuusela et al (2003) [9], Kuusela, et al 
(2001) [10], Saintillan  et al (2004) [11],  Tornberg and 
Gustavsson (2005) [12], Shin  et al (2006) [13]. Previous 
investigations to study the drag coefficient of fibrous particles 
were performed by Gabitto and  Tsouris (2007) [14], Fan  et 
al (2004) [15], McKay  et al (1988) [16], Unnikrishnan and 
Chhabra (1991) [17], Haider and Levenspiel (1988) [18],  and 
so on. However, none of these investigations provides detailed 
measurements of bulk settling fibrous particles in the range of 
10 < ReL < 100. 

Koch and Shaqfeh (1989) [3] theoretically studied the 
instability of a dispersion of sedimenting spheroids and pointed 
out that hydrodynamic interactions between sedimenting fibres 
give rise to an increase in the number of neighboring particles 
in the vicinity of any given particle. They suggested that the 
suspension is unstable to particle number density fluctuations. 
They also argued that the convective motion (cluster formation) 
may lead to an average sedimentation velocity which is larger 
than the maximum possible value for a particle in a quiescent 
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fluid. This theory can be verified by accurate measurements of 
settling velocity and orientation of fibres.  

Clift et al (1978) [19] reported that for a single fibrous 
particle Reynolds number Red > 0.01, a cylinder falls with its 
axis oriented horizontally and exhibits steady motion with this 
orientation up to Red of order 100. However this is yet to be 
extended to a cloud of interacting particles in a suspension. 
Salmela et al (2007) [6] experimentally studied settling of 
dilute and semi-dilute fibres suspensions for 0.0003< ReL < 9.  
At ReL~ O(1), for small volume fractions Ф < 0.0005 they 
found that fibres settle with their long-axis preferentially in the 
horizontal state and the settling velocity and the fluctuation of 
settling velocity increases with Ф. They also found that the 
steady-state settling velocity has a maximum that exceeds the 
velocity of an isolated particle because of a change in average 
orientation of the fibres from horizontal to vertical. With Ф > 
0.0005, fibres settle preferentially with their long-axis aligned 
in the direction of gravity, i.e. the average orientation gradually 
changes from horizontal state to vertical. However for a bulk 
settling of fibres of ReL~ O(10) and ReL~ O(100), no similar 
investigations seem to be available.   

Kuusela  et al (2003) [9] simulated the settling of 
spheroids under steady state sedimentation at 0.5< ReL <3.5. 
They found an orientational transition of the spheroids 
characterized by enhanced density fluctuations. They predicted 
the orientation distribution that arises from a competition 
between inertial forces acting on individual particles and 
hydrodynamic interactions between particles. For super dilute 
systems, inertia rotates the fibres to horizontal position whereas 
in sufficiently concentrated systems the interactions tend to 
align the fibres with gravity. Around the transition from a 
horizontal to vertical orientation, the mean settling velocity 
increases with increasing of Ф to a maximum that may even 
exceed the terminal settling velocity of a single spheroid. This 
accords with the experimental results of Salmela  et al (2007) 
[6]. However like the work of Salmela  et al (2007) [6], the 
ReL of this investigation was limited to less than 3.5. 

Herzhaft and Guazzelli (1999) [5] and Metzger et al (2006) 
[4] experimentally investigated sedimenting suspensions of 
fibres with ReL ≈ 0.0001. For this case, the inertia acting on the 
fibrous particles approaches zero, causing the fibres to tend to 
align in the direction of gravity for dilute and semi-dilute 
suspensions. This contrasts the case of ReL ~ O(1) where fibre 
orientations are horizontal. Herzhaft and Guazzelli (1999) [5] 
pointed out their experiment demonstrates the existence of an 
instability but could not confirm whether the argument of Koch 
and Shaqfeh (1989) [3] is correct. Although this is different 
regime compared with Salmela et al (2007) [6],  Herzhaft and  
Guazzelli (1999) [5] also found in their experiment that the 
settling velocity can be larger than the Stokes’ velocity of an 
isolated vertical fibre in dilute suspension. Further with 
increasing volume fraction, the fluctuation of settling velocity 
and fibres’ orientation anisotropy were found to increase. The 
cause of this similarity deserves further investigation.  

Butler and Shaqfeh (2002) [8] performed a numerical 
simulation of inhomogeneous sedimentation of rigid fibres in 
the limit of zero of ReL. The simulation revealed that the steady 
settling velocity increases with increasing of number density of 
fibrous particles simulated in the dilute regime. The prediction 
of orientation distribution agreed with the experimental result 
of Herzhaft and Guazzelli (1999) [5], i.e. the particles have a 
most probable orientation that is close to vertical. Furthermore 
the simulation showed that the orientation of fibrous particles 
tend to be more vertical with increasing of number density in 
the dilute regime. However this assessment is yet to be 
extended to high Reynolds number. 

Fan et al (2004) [15] experimentally studied the 
relationship between drag coefficient (CD) of slender particles 
with large aspect ratio and Red. They proposed following 
equation to calculate drag coefficient, which needs to be 
assessed. 
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Here θ is orientation of the fibre which is the angle between 
major axis of the fibre and direction of the gravity; ρfp and ρf 
are fibre and fluid density respectively; d is diameter of the 
fibre and μ is viscosity of fluid; Red is fibre’s Reynolds number 
based on d. 

In the light of the previous investigations described above, 
we seek to further the understanding of the aerodynamics of 
settling fibrous particles in the range of ReL = 30 – 80, with a 
high density ratio of particle to fluid and no boundary 
limitation. Therefore, the first aim of present work is to develop 
a novel method to measure the velocity and orientation of a 
fibrous particle simultaneously. The second aim is to employ 
this method to obtain the relationship (equations) between a 
fibre’s number density and its settling velocity in super dilute 
regime. The third aim is to investigate the aerodynamics of 
these fibres, such as its angular velocity, the relationship 
between settling velocity and orientation and drag coefficient. 

NOMENCLATURE 
L         length of a fibrous particle 
d         diameter of a fibrous particle 
ReL       Reynolds number of a fibre based on L 
Red       Reynolds number of a fibre based on d 
ω         angular velocity of a fibre 
ε         straightness of a fibrous particle 
θ         orientation of a fibrous particle 
Vcx       centroid vertical velocity of a fibrous particle 
Vcy       centroid horizontal velocity of a fibre 
Ф        volume fraction of fibrous particles 
Ve1x       endpoint 1 velocity along x axis of a fibre 
μ         viscosity of fluid 
Ve1y       velocity of endpoint 1 of a fibre along y axis 
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EXPERIMENTAL APPARATUS 
 
Property of the fibres  

The particles used in the experiments are nylon fibres 
whose properties are shown in Table 1. A micrograph of a 
sample of the fibres is shown in Fig.1, at a resolution of 18 
μm/pixel. It can be seen that they are of constant diameter and, 
while many are straight, a significant number have a slight 
bend.  

Table 1 nylon fibres used in the experiments 
 

Length, L,  μm 2,000 
Diameter, d, μm  49.6 
Density, ρfp, kg/m3 1,150 
Aspect ratio, L/d 40 
Material  Nylon  
Denier  20 

 

 
Fig. 1 A micrograph of the sample of nylon fibres. 

The length of each fibrous particle (i.e. the major axis) is 
defined as the maximum distance between any two pixels in the 
object. This distance is measured from an optical image 
converted to binary form (see Fig. 2). The minor axis is defined 
to be perpendicular to the major axis and the rectangle defined 
by the two axes can enclose the perimeter of the region. This 
rectangle we call the “basic rectangle” [20]. The concept of a 
basic rectangle can also be used to define fibrous particle’s 
straightness, as shown in Eq. (2).  
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where ε is straightness of a fibrous particle; δ is minor axis of 
the basic rectangle on a binary image; di and Li is the diameter 
and length of the fibre respectively on the binary image and the 
subscript “ i ” refers to “image”. If a fibre’s straightness tends 
toward unity, the fibre approaches being straight. 

δ

di

L iBasic rectangle

 
 

Fig. 2  A binary image of a fibre and its “basic rectangle” used 
to define its characteristic dimensions. 

Fig. 3 presents the distribution of the straightness of the 
fibrous particles based on a sample size of 1,139. It can be seen 
that 90.1% of these fibres have straightness ε > 0.85 and some 
38% are perfectly straight. 
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Fig. 3 The distribution of fibre’s straightness, ε (see Eq. 2) 
  

Fig. 4 presents the distribution of the fibres length, L, 
which were measured directly from the two endpoints. It can be 
seen that 82% of fibres have a length between 1,900 and 2,100 
μm and over 95% between 1,800 and 2,200 μm, with a 
standard deviation of 196μm. 
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Fig. 4 The distribution of the length, L, of fibres  
 
Measurement techniques  

Fig. 5 presents a schematic diagram of experimental 
apparatus. To avoid any influence of electrostatics, the pipe was 
earthed. The experimental method employed a typical Particle 
Tracking Velocimetry (PTV) technique. The laser was operated 
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in a pulsed mode and the camera in a two-frame mode. The 
laser sheet was formed by telescopic and diverging lenses. The 
settling fibrous particles were illuminated by the laser sheet at 
regular intervals of time and the CCD camera used to record 
two images of the fibres separated by a delay of about 2.5 ms. 
The oscilloscope and delay generator were employed in the 
experiments. The oscilloscope was used to monitor and validate 
the time separation chosen for the experiments. A DG-535 
delay generator was employed to trigger both the laser flash-
lamps and the camera. The laser used in the experiments was a 
Quantel Brilliant Twins double-cavity pulsed Nd: YAG 10 Hz 
laser, frequency doubled to provide a wavelength of 532nm. 
The output energy of laser head was set to provide either 250 
mJ/pulse or 400 mJ/pulse. The camera was a Kodak MegaPlus 
ES1.0 with a CCD array of 1008pixels × 1018pixels. The 
resolution was around 26 μm/pixel and the viewing area was 
26mm× 26 mm. Xcap software was used as the operating 
system.  
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Fig. 5 Experimental arrangement (not to scale). The 

surrounding settling chamber is not shown for clarity 

The settling chamber was of nominally square cross 
section with a 650mm × 620mm, height of 2,000mm and was 
made of Perspex. The fibrous particles were introduced into the 
top of the chamber and settled over a distance of 2.5-3.0m 
through a 2,000 mm long pipe of 60mm diameter. Not only did 
this ensure sufficient length to reach their terminal settling 
velocities before entering the chamber, it also ensured that any 
background currents induced by the particles in the chamber 
were negligible. With a volume fraction of order of 10-5, and 
cross sectional area of the “jet” of falling particles to the 
chamber of the order 10-2, any induced chamber flows will be 
at most 1% that of the particles, which is within experimental 
error. This neglect ensured the dilute phase was not influenced 
by any chamber currents in contrast to previous investigations. 
Also fibres settling velocities were measured by changing 
settling distances of 2.5m and 3.0m. The mean settling 
velocities obtained were same, so it showed that the fibres have 
reached their terminal settling velocities and steady state 
conditions. The system can also accommodate spherical 
particles under identical conditions. This allows direct 

comparisons to be performed between spherical particles and 
fibrous particles.  

The intensity distribution of laser sheet is nearly Gaussian, 
as shown in Fig. 6. This property is exploited to determine 
whether a fibre is fully or partly within the light sheet, as 
described below.  The thickness of the laser sheet was chosen 
to be around 5mm to provide good illumination of entire 
particles. 
  
Number density, orientation and velocity measurement 

In the present study, we define the volume fraction of 
fibrous particles as: 
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where np is the number of fibrous particles in viewing volume, 
R is the magnification of camera image system, H is the 
thickness of laser sheet and 1008×1018R2H is the viewing 
volume. 

The present experiments were controlled to be in the range 
of Ф ≤ 0.0001, which is a super dilute condition, so that there 
were few particles which exhibited clumping. Hence the 
number density of fibrous particle in the viewing area (volume) 
was calculated by counting the number of particles, and the 
volume fraction was computed exactly. The volume fractions 
were also binned by the number of particles to obtain the 
influence of particle number density on the fibres’ aerodynamic 
behaviour statistically.     

The coordinates of two endpoints of each object (fibrous 
particle) were obtained. Since the lengths L of these fibres are 
constant, the spatial orientation θ (the angle between the X axis 
and the major axis of the fibrous particle) of fibres was 
calculated by following trigonometric function (Fig. 6): 

 
   )180()(arccos 12

π
θ ×

−
=

L
Rxx ee     (°),           (4)       

where xe2 and xe1 are coordinates of X values of two endpoints.  

θ

Endpoint 2
with coordinate of
(xe2,ye2) on the image

Endpoint 1
with coordinate
of (xe1,ye1) 

on the image

Full-in fibrous particle

Laser sheet thickness

Camera

Partly-in particle, 
rejected

Laser sheet 
intensity 
distribution

 
Fig. 6 Schematic diagram of the orientation measurement, the 

detection of “part-in” fibres and key notation 

Any fibres that are only partly in the laser sheet will give a 
false calculation of the projected length and the coordinates of 
endpoints, so must be rejected. This can be achieved by 
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comparing the intensities of the signal at two endpoints of the 
fibre. Because of the Gaussian light sheet intensity distribution 
a partly-in fibrous particle will exhibit a significant difference 
between the intensity values of the two endpoints (Fig. 6). This 
is used to reject such particles as described in section of image 
processing. 

The coordinate system used in the calculation is Cartesian, 
with the x axis directed downwards in the direction of gravity. 
We define the two endpoint velocities of the fibrous particle as 
Ve1 and Ve2. Each endpoint velocity has three components Ve1x , 
Ve1y ,   Ve1z   and Ve2x ,Ve2y ,Ve2z, as shown in Fig. 7 and Eq. (5).  
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Based on Eq. (5), we define Ve1x and Ve2x as vertical 

components of the settling velocity of the endpoints 1 and 2 
respectively of the fibrous particle. Similarly Ve1y and Ve2y are 
the horizontal components of settling velocity of endpoints 1 
and 2 of the fibrous particle respectively.  

Image pairs were recoded by the digital camera with a 
known time separation (Δt). After image processing the 
displacements of two endpoints of fibrous particles along the x 
and y axis can be obtained. From this Ve1x , Ve1y  and Ve2x , Ve2y  
can  be calculated by Eq. (6), as follows:    
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where Ve1x is the velocity of endpoint 1 in the X direction; Ve1y 
is the velocity of endpoint 1 in the Y direction; Ve2x is the 
velocity of endpoint 2 in the X direction; Ve2y is the velocity of 
endpoint 2 in the Y direction; xe12 is X axis coordinate of 
endpoint 1 from the second image, xe11 is X axis coordinate of 
the endpoint 1from the first image; ye12 is Y axis coordinate of 
the endpoint 1 from the second image and so on.  

Fig. 7 shows the definition of settling velocity of centroid 
of a fibrous particle. The velocity of the centroid of a fibre Vc is 
defined by Eq. (7): 
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Fig. 7 Two endpoint and centroid velocities of a fibre. 
 

In present study, Vcx and Vcy represent vertical and 
horizontal components of settling velocities of a fibrous 
particle respectively. Since data are obtained from an image 
pair, the orientation of a fibrous particle equals the average 
orientation of the fibre from the first and second images: 
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IMAGE PROCESSING 
The purpose of the image processing is to extract 

measurements for each particle using Eqs. (7) and (8) and to 
thus allow the aerodynamic behaviour of the fibrous particle to 
be assessed statistically under various conditions. From the 
coordinates of two endpoints it is possible to calculate the 
orientation and velocities of a fibre.  

Those fibrous particles located at the edges of an image 
yield a false measurement of its length. Therefore first step of 
image processing is to remove these fibrous particles from the 
images. The second step is to convert the image into binary 
form. The third step is to remove small objects. Binary images 
typically contain “noise” which comprises spurious signal in 
one or two isolated pixels. They are not real fibrous particles 
and so need to be removed. The fourth step is to label the 
fibres. This is a very important and useful step in images 
processing. By using this tool the background pixels were 
labeled 0. The pixels that made up the first object were labeled 
1, (see Fig. 8) those labeled 2, the second object, and so on. If 
there were n particles in the viewing volume the last pixels 
(object) would be labeled n. Therefore this tool can be used to 
count the number of fibres in the image exactly.  
 

Vc 

Ve1x 

Ve1z

Z

Y

Ve1y

Endpoint  2
2 
  Ve1

Endpoint1 X 
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Fig. 8 Step 4--labeling pixels of fibrous particles in a binary 
image. 

 
The fifth step is removing fibrous particles “partly-in” the 

laser sheet. As previously noted, the measured lengths of such 
fibrous particles are false. Therefore these part-in fibres must 
also be removed from the images when processing. Fig. 6 
displays the different characteristics of full-in and part-in 
fibrous particles. For a “full-in” fibrous particle, the intensity 
along the major axis of the fibre is nearly constant while for a 
part-in one, the intensity at the two endpoints differs 
significantly (Fig. 9). Hence it is possible to discriminate by 
either comparing the intensity of two endpoints of the fibre, or 
by comparing the standard deviation of intensity along the 
major axis. If the standard deviation is less than the threshold, 
it is a full-in fibrous particle.  
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Fig. 9 The distributions of intensity along major axis for part-in 

and full-in fibrous particles in the laser sheet. 
 

The last step is tracking particles and calculating velocities 
and orientations. Fig. 10 presents a pair of images of fibres 
with a known time separation of 2,500 μs. The red circles 
highlight those fibrous particles that are pairs. It can be seen 
that if the time separation is short enough, any changes in 
fibre’s length is small, orientation and area are small. Based on 
these characteristics on the images, tracking particles (matching 
pairs) becomes easier than for spherical particles.  
         

 

 
This particle will be labeled 5

 
Fig. 10 A pair of images of fibres with a known time separation 

of 2,500 μs. Sets of obviously matching pairs are encircled.  
 
The accurate matching of pairs of fibrous particles within a 
known time separation is a most important step in image 
processing. From this, the vertical and horizontal displacements 
of each particle can be obtained, and hence the vertical and 
horizontal components of settling velocities can be calculated. 
After collecting of the two endpoint’s coordinates and matching 
particle pairs in each pair of images, all components of settling 
velocities (translational and rotational) of the centroid and 
orientation of a fibrous particle can be obtained from Eqs. (6), 
(7) and (8). 

EXPERIMENTAL RESULTS AND DISCUSSIONS 
 
Influences of volume fraction on vertical component of 
settling velocity of fibrous particles  
 

Fig. 11 presents the relationship between volume fraction (Ф) 
and the mean vertical component of settling velocity (

cxV ) 
under the condition of low number density (0.1× 10-5 – 10 × 10-

5). It can be seen that 
cxV  increases monotonically with Ф. 

Furthermore the scatter in the data also increases with Ф.  Eq. 
(9) is proposed to describe relationship between the number 
density and the vertical component of settling velocity for the 
dilute regime. 

 
           n

ts

cx a
V

V φφ
=

)(                  (9) 

 
where tsV  is average terminal settling velocity of a isolated 
single fibre; a and n are “constants” that are expected to depend 
on the fibre’s aspect ratio and Reynolds number; The constants 
in Eq. (9) for the present fibres are: 

tsV =0.375, a=7.310 and 
n=0.1519. That is  
 
          1519.0743.2)( φφ =cxV        (10) 
 
 

Pixels of the first objects (particles) in a 
binary image are all labeled with a 1 
 

1 1 1 1 1 1 1 1 
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Fig.11 The relationships between Ф and 
cxV  of fibrous 

particles when settling in air. 
 

The data point corresponding to the lowest volume fraction 
in Fig. 11 represents the case of one isolated particle per image. 
This case represents the minimum of 

cxV  (terminal settling 

velocity of an isolated fibre), with all other values of cxV  
exceeding it in Ф=0.1× 10-5 – 10 × 10-5 regime.  

Fig. 12 and Table 2 present the dimensionless comparisons 
between present work (Fig.11) and previous work on 
logarithmic axes. It is clear that the present data is consistent 
with the trends in previous measurements, although previous 
work provides insufficient detail to estimate the constants in 
Eqs (9) and (10). Table 2 compares present experimental 
conditions with those assessed previously. It is clear that there 
are substantial differences especially in Reynolds number and 
density ratio, but also in aspect ratio and confinement for some 
cases.  The present work represents the first detailed 
assessment of this influence in the dilute regime.  
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Fig.12 A comparison between present work and previous work.  
 

 
 
 

Table 2 dimensionless comparisons between              
present and previous work 

Authors ReL L/d ρfp  / ρf Chamber width/L 
Butler and Shaqfeh 
(2002) 

0.00001 11   

Herzhaft and 
Guazzelli (1999) 

0.0001 11 2.1 11.7 

Salmela et al (2007) 0.07 23 2.62 20 
Kuusela et al (2003) 1.5 3 2.5 32 
Present work 30 - 80 40 958 310 
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Eqs. (9), (10) provides a good description of the 

relationship between Ф and cxV  for the present case based on 
98 data points in super dilute regime. However more data is 
required under other conditions to assess its generality. 

 )10( 5−×φ

 
Influences of volume fraction on orientation of fibrous 
particles 

Fig. 13 presents the relationship between the Ф and mean 
orientation (θ ). It can be seen θ   decreases with Ф, i.e. the 
fibrous particles tend to become more horizontal with 
decreasing Ф. These data can also be described by a power 
relationship, Eq. (11): 

 
        tsn

b θ
φ

φθ =)(    (°) ,                    (11) 

                                              
where b is a constant and 

tsθ  is average orientation of a single 

fibre when settling in air. In the above case, tsθ  =81.383° and 
n=0.0654, b=0.428. This result can explain why the value of 

cxV  increases with the increasing of Ф. An increase in Ф 
causes the fibre’s major axis to tend to be more vertical, 
causing cxV   to increase, due to increased aerodynamic 
interaction between particles. 
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Fig. 13 The relationship between θ and Ф. 
 

Fig. 14 compares the present measurements of orientation 
with previous work. From the Figure we can see, in all cases, 
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orientation of the fibrous particle tend to become more vertical 
with increasing Ф. 

Based on magnitude of ReL (see Fig. 14), present work 
belong to ReL ~ O(10); and Salmela (2007) [6] and Kuusela 
(2003) [9] belong to ReL ~ O(1); Herzhaft (1999) [5] and 
Butler(2002) [8] belong to ReL ~ O(0). From the Figure it can 
be seen that there are some difference in range of orientation 
transition under the three orders of ReL regimes. When ReL ~ 
O(10), with increase of Ф, settling fibres’ orientation transition 
become from about 85° to 55°. That is, the settling fibres 
orientation become from horizontal state to less horizontal. 
When ReL ~ O(1), the settling fibres orientation become from 
less horizontal state to nearly vertical (65° - 45°). And when 
ReL ~ O(0), the settling fibres orientation become from nearly 
vertical state to more vertical (45° - 25°). This agreed with 
Kuusela (2003) [9] which horizontal alignment is proportional 
to Reynolds number.  
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Fig. 14 A comparison of present and previous orientation 

measurements. 
 
 
Influences of volume fraction on horizontal component of 
settling velocity of fibrous particles 

Fig. 15 presents the relationship between mean horizontal 
component of settling velocity 

cyV  and Ф. It can be seen that 

cyV  is zero on average and the fluctuation of 
cyV increases 

monotonically with Ф. The RMS is well characterized by a 
power law as follows: 

 
RMS of 

cyV = 0.0167 Ф 0.2495        (12) 

 
 The fluctuation of 

cyV in directions indicates the 

trajectories of settling fibres are “S” form, which agreed with 
Brauer (1971). The aerodynamic interaction increases the value 
of 

cyV . This also agreed with Salmela (2007) who found the 

variance to linearly increase with Ф.  
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Fig. 15 The relationship between and Ф. cyV
 
 
 
Influences of volume fraction on angular velocity component 
of fibrous particles 
Because a fibre’s elevation and azimuth can be measured 
between Δt, the ω of elevation and azimuth can be calculated. 
Fig. 16a and 16b presents the relationship between mean 
angular velocities aziele ωω , and Ф. It can be seen that 

aziele ωω , are near zero and fluctuation of aziele ωω , increases 
with Ф. It can also be seen that the RMS of aziele ωω ,  have the 
tendency to increase with Ф. However a small percentage of 
fibres have a rotational speed of zero and the range of speeds 
also increases with Ф. It indicates fibres’ aerodynamic 
interactions influence rotations magnitude and “S” trajectories 
influence rotation’s directions.   
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Fig. 16a The relationship between eleω  and Ф. 
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Velocity and orientation distribution 

Fig. 17 presents distribution of Vcx obtained from 29,364 
samples. It can be seen the mean velocity is about 0.75m/s with 
a skewness of 0.76 and kurtosis of -0.97.  
 

0

0.02

0.04

0.06

0.08

0.1

0.12

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

vertical component of settling velocity (m/s)

pr
ob

ab
ili

ty

 
Fig.17 The distribution of Vcx 

 
Fig. 17 indicates that there is no fundamental difference in 

the aerodynamic behaviour associated with the variation in 
straightness (Fig. 3). Specifically no bimodality is evident, 
suggesting that no bi-modal distribution. The presence of a 
slight curve may increase the scatter in the velocity distribution 
but does not result in any fundamental change in aerodynamic 
behaviour. However no comparable data is available against 
which to provide a quantitative assessment of the effect.   

The motions of rotation, tumbling and swaying observed 
when fibrous particles settle in air induce a horizontal 
component of motion for fibres that does not occur with 
spherical particles. Fig. 19 shows the distribution of Vcy 
obtained from a sample size of 29,364. It can be seen that 

cyV is 

nearly zero. The standard deviation of distribution of Vcy is 0.07 
which is approximately 9% of 

cxV .  
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Fig. 18 The distribution of Vcy 
Fig. 19 shows orientation distribution of fibrous particles 

over the range of a volume fraction, 1.5×10-5 < Ф < 8.5×10-4.  
It can be seen the majority of fibres are nearly horizontal. This 
agrees with Clift et al (1978) [19] for a cylinder falling with its 
axis horizontal for Red > 0.01. Kuusela et al (2003) [9] argued 
for ReL ~ O(1) sufficient torque is generated to change a fibre’s 
orientation to horizontal.  
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Fig. 19 Orientation distribution of the present fibrous particles. 
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Drag coefficient CD of a fibre 
When settling in steady motion, the fibre’s projected area 

in vertical direction , so we can 
experimentally measure CD by Eq. (13):  
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In order to assess the models proposed by Fan et al (2004) 
[15] and Clift et al (1978) [19], diameter, d, of the fibre was 
introduced as a characteristic length in Fig. 20. And the present 
work of curve fitting is . From the Figure we 
can see the two models do not describe the behaviour of 
present particles.  For Fan’s model, refer to Eq. (1), the term 
of  plays an important role when ρfp is far greater 

than ρf. For present case ρfp / ρf = 958, it predicts CD far less 
than the present values. So it seems this model does not suit 
fibre-gas two-phase flow. For Clift’s model 

 (0.1 < Red < 5), the power 

97.1)(Re1.8 −= dDC

04.0)(Re42.1 d

537.1)/( −
ffp ρρ

)(Re689.9 d= 78.0
DC +−
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of -0.78 is far greater than -2, so its slope is much lower than 
that of the present fibres. 

[5] Herzhaft, B. and Guazzelli E. (1999).  Experimental study of 
sedimentation of dilute and semi-dilute suspensions of fibres, J. 
Fluid Mech, Vol 384, pp133-158.  
[6] J. Salmela, D. Martinez and M. Kataja (2007), Settling of 
dilute and semidilute fiber suspensions at finite Re, AIChE 
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inhomogeneous sedimentation of rigid fibres, J. Fluid Mech, 
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settling of spheroids under steady-state sedimentation, Physical 
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CONCLUSIONS 
In this work, we measured settling fibres’ vertical and 

horizontal components of settling velocities, angular velocity, 
orientation and drag coefficient in air with ReL ~O (10) for  
volume fractions less than 8.5× 10-4. We show that all the mean 
steady state settling velocities of fibres exceeded the mean 
terminal settling velocity of a single fibre under Ф ≤10-4. This 
phenomenon is attributed to fibres’ orientation transition from 
horizontal state to vertical under super dilute regime that stems 
from increasing aerodynamic interactions between fibres. Also 
the fluctuations of the horizontal components of settling 
velocities and angular velocities of settling fibres were found to 
increase with Ф. The fibres orientation exhibits more horizontal 
than that with ReL ~O (1). Finally we find that these results 
qualitatively support the work of Kuusela et al (2003)[9].    

[11] D. Saintillan, E. Darve and E. Shaqfeh (2004), dynamic 
simulation of the instability of sedimenting fibers, XXIICTAM, 
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[14] J. Gabitto and C. Tsouris (2008), Drag coefficient and 
settling velocity for particles of cylindrical shape, Powder 
Technology 183, 314-322 
[15] Fan, L., Mao, Z., Yang, C.,(2004), Experiment on Settling of 
Slender Particles with Large Aspect Ratio and Correlation of the 
Drag Coefficient, Ind. Eng. Chem. Res. 43, 7664 - 7670. 

ACKNOWLEDGMENTS 
This study has been supported by the Faculty of 

Engineering, Computer & Mathematical Science of The 
University of Adelaide and by an ARC Discovery Grant, both 
of which are gratefully acknowledged. 

[16] G. McKay, W. Murphy and M. Hillis (1988), Settling 
characteristics of discs and cylinders, Chem Eng Res Des, Vol. 
66 
[17] A. Unnikrishnan and R. Chhabra (1991), An experimental 
study of motion of cylinders in Newtonian fluids: wall effects 
and drag coefficient, the Canadian Journal of Chemical 
Engineering, Vol. 69 

REFERENCES 
[1] AEBRE, (2006), Australian energy national and states 
projections to 2029-30, abare research report 06.26, 26. 
[2] G. Batchelor (1970), Slender-body theory for particles of 
arbitrary cross-section in Stokes flow, Journal of Fluid 
Mechanics, Vol 44, part 3, 419-440. 

[18] A. Haider and O.Levenspiel (1989), Drag coefficient and 
terminal velocity of spherical and nonspherical particles, Powder 
Technology, 58, 63-70. 

[3] D. Koch and E. Shaqfeh (1989), The instability of a 
dispersion of sedimenting spheroids, Journal of Fluid Mechanics, 
Vol 209, 521-542.  

[19] Clift, J. Grace and M. Weber (1978), Bubbles, drops, and 
particles, ISBN 0-12-176950-X, Academic Press, New York 
[20] Gonzalez, Woods and Eddins, (2004), Digital image 
processing using Matlab, ISBN 0-13-008519-7, Pearson 
Education. 

[4] Metzger, Butler and Guazzelli, (2006), Experimental 
investigation of the instability of a sedimenting suspension of 
fibre, Journal of Fluid Mechanics Vol 575, 307-332. 

 



9 Conclusions and Future Work 

119 

 

 

9 Conclusions and Future Work 

 

9.1 Conclusions 

 

 

The use of the PTV technique, along with the employment of a pulse laser sheet to 

measure orientations and velocities simultaneously of nylon fibrous particles with a 

long aspect ratio using air as a working fluid, has been successfully demonstrated for 

the first time and the most important findings of this thesis are as follows:  

 The relationship between CD and Red, and the orientation θ of a long fibrous 

particle whilst settling in air; 

 The mean vertical settling velocities of fibrous particles increase monotonically 

with Ф under super dilute conditions; 

 The mean orientations of settling fibrous particles decrease with Ф under super 

dilute conditions; 

 The horizontal component of settling velocity of fibrous particles is 

preferentially aligned with the major axis of the fibrous particles;  

 The settling fibres swing significantly and the tumbling is inhibited by a 

decrease in the aspect ratio; 

 The fibres’ vertical angular velocity is lowest at the centre-line of the turbulent 

jet and increases significantly in the radial direction. 

 At the centre-line of the jet, the fibres’ most probable orientation tends to be 

approximately 50° to the axial direction. 
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Based on the literature review, most of previous work which investigated fibrous 

particles used water as a working fluid, where the density ratio between two phases is of 

the order of unity. In the present work, this density ratio is of the order of 1,000 due to 

the suspensions being in air, which means that the particles’ inertia is significant and the 

buoyancy acting on the particle can be neglected. This difference is the highlight of this 

thesis. 

 

In the present work, based on the data of a single fibre settling, a simple relationship 

between CD and Red was found whilst the fibre reached its terminal settling velocity in 

air:  
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For fibres with a long aspect ratio, the fibre length, L, is far greater than its diameter, d. 

The term of  ¼ πdcosθ can be neglected, thus Equation 9.1 becomes: 
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It can be seen that CD is independent of fibre length, L, which is consistent with the 

findings of McKay et al. [15]. Compared with the previous work, Equation 9.2 is simple 

and accurate. 
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The influence of the number density of the fibrous particles on their settling velocities 

and orientations were assessed, whilst the number of the fibrous particles located in the 

viewing volume varied from one to one hundred. The mean vertical settling velocities 

were found to increase monotonically with Ф and the mean orientations decreased with 

Ф. The new power law functions for these interesting findings have been proposed to 

provide a better description:     
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where cxV  is the mean settling velocity (the function of Ф) and tsV  is the mean settling 

velocity of a single fibre, a is a constant that related to the fibre’s aspect ratio, n is the 

parameter which depends on the fibres’ settling velocity (the Reynolds number of the 

fibrous particle); Φ is the volume fraction of the fibres.   is the mean orientation of the 

fibres, ts    is the average orientation of a single fibre whilst settling and b is a constant. 

For the fibres with a length of 1,850 µm, the mean settling velocity of the fibres 

increased from 0.36m/s to 0.72m/s and the mean orientations decreased from 82º to 62º, 

whilst the number of the fibres varied from one to one hundred in viewing volume. That 

is, all of the mean steady state settling velocities of multiple fibres were found to exceed 

the mean terminal settling velocity of a single fibre. This phenomenon is attributed to 

the bulk settling motion effect and the fibres' orientation transition from a horizontal 

state to a vertical state under a super dilute regime that stems from the increasing 

aerodynamic interactions between fibres. This finding is consistent with the simulations 

of the previous work [33, 39, 40] and with the experiments of the previous work [22, 24] 

at low Reynolds numbers of the fibres. The mean horizontal settling velocity was found 
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to be zero on average, as expected. However the fluctuations of the horizontal 

components of the settling velocity and angular velocities of settling fibres were found 

to increase with Φ. 

 

The orientations of the bulk settling fibrous particles were found to be around 80º, 

relative to the gravity at particle Reynolds numbers of Red~O(1) and ReL~O(10). 

However the fibres’ orientation was found to be more horizontal than that for ReL~O(1) 

[33]. This is because for fibres with Reynolds numbers of ReL~O(10), the inertia of the 

settling fibrous particles plays a more important role than that for ReL~O(1). 

Furthermore, based on computation of the vertical angular velocity, the majority of the 

fibrous particles were found to exhibit oscillatory and tumbling motions, which 

contrasts with the fibres settling in water. This is attributed to the fibres’ pressure centre 

being behind the mass centre, whilst settling in air. This information provides new 

insight into the aerodynamic behavior of fibrous particles at a condition of high density 

ratio between two phases. Based on the relationship between the absolute horizontal 

velocities and the angle of azimuths, it is found that the transverse velocity of the fibres 

is preferentially aligned with their major axis.  

 

Finally, at the centre-line of the jet, the preferred mean orientation of the fibrous 

particles in the near field of turbulent jet flows was found to be approximately 50º 

relative to the axial direction. This contrasts with the findings in a headbox [111] where 

the majority of the fibres are oriented close to the turbulent flow direction. This 

difference is attributed primarily to the different forces acting on the fibrous particles. In 

the present study, the density ratio of the solid phase to air phase is in the order of 1,000 

and the inertia acting on the fibres plays an important role. However, in the headbox the 
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density ratio tends to be unity and the positive streamwise rate-of-strain plays an 

important role. The values of the vertical angular velocities of the fibrous particles in 

the turbulent jet were found to be much higher than those in the free falling case 

because of the shear effect. The fibres’ vertical angular velocity was found to be the 

lowest at the centre-line of the jet and to increase significantly in the radial direction, 

which is consistent with the previous simulations [51].   The influence of number 

density on the orientations and velocities of the fibres in the turbulent jet flows was 

found much weaker than that in free falling case. This is attributed to the greater 

significance of inertia, owing to the higher speed of the particles, and to a reduced 

significance of the interactions between the wakes of proximate particles, because the 

“background” flow in the carrier phase is turbulent instead of laminar (as in the free-

falling case). At the centre-line of the turbulent jet, the fibres’ normalized radial 

velocities were found to be of an order of magnitude larger than that of the spheres’. 

This can be attributed to the influence of the fibres’ tumbling motion. 

 

The experimental method developed in this thesis, combined with the image processing 

technique, can measure the number density of the fibrous particles. However this 

method is only suitable for super dilute conditions. This is the limitation of the present 

work. 
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9.2 Future work 

 

The current work about long fibres settling in air has provided support for the existing 

knowledge, but further investigation is still needed in some aspects. For example, in the 

third paper of this thesis, it is found that for those fibres with the same diameter but 

different length, the mean settling velocity of long fibres is about 10% higher than that 

of short fibres at the same volume fraction. The mechanism for this phenomenon is still 

unknown. Based on current knowledge, their settling velocities should be identical at 

the same volume fraction.  For Equation 9.3, further investigation could be useful to 

determine the parameters of a, b and n in the equations by using more general fibres, 

such as L/d = 1, 2, 3, 5, 10, 15, 20…. This equation could be a supplement to 

Richardson-Zaki’s Law in super dilute conditions. Furthermore, work to investigate 

settling fibre clouds has yet to be undertaken. 

 

The aerodynamics of fibrous particles in a turbulent jet flow is a new research topic 

based on the literature review. The present work about fibres in a turbulent jet flow only 

measured the orientation of the fibrous particles in the potential core area. The 

mechanism controlling the distribution of orientations of fibrous particles in the far field 

of a turbulent jet flow needs further investigation. Furthermore, in practice, the 

particles’ loading for biomass combustion is not in super dilute conditions, so the 

regime with higher particle loading needs to be considered in the future. There is also a 

need to assess the efficacy of various enhanced mixing devices for modifying 

distributions of the orientation and velocity of fibrous particles, including processing jet 

(PJ) and oscillating jet nozzles.  
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Appendix  

 

Appendix A: PTV Codes  

 

%********************************************************************* 

  % approach to fibrous particle tracking by using low density PIV-images  

  % calculation of velocities of two endpoints of fibrous particles 

  % calculation of angles of elevation and azimuth of fibrous particles                

%********************************************************************* 

 

clear all 

  

%------------------------------------------------------------------------- 

                      % experimental settings 

%------------------------------------------------------------------------- 

  

resolution=27.8;  

% resolution of the fibrous particles on the images, in microns/pixel 

particle_length=1850; 

% fibrous particle length, in microns 

% max_image_length=particle_length/resolution; 

% maximum length of the fibrous particle on images, in pixels 

max_image_width=10; 

% set maximum width of the fibrous particle on images, in pixels 

% curved and clumping fibres can be removed by this limitation  

max_particle_area=800; 

% set maximum area of the fibrous particle on images, if larger than this value 

% there must be a clump of particles that needs to be removed, in pixels 
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min_image_length=5; 

% set minimum length of the fibrous particle on images, in pixels 

max_image_length=90; 

% set maximum length of the fibrous particle on images, in pixels 

min_image_length1=5; 

max_image_length1=77; 

min_image_length2=5; 

max_image_length2=77; 

% set minimum and maximum lengths of fibrous particles on image, in pixels 

% be careful in the case of unbalanced laser power between pulses 

max_difference_imagelength = 2.5; 

% set maximum difference of fibre image length between a particle pair, in pixels  

max_difference_orientation = 9; 

% set maximum difference of fibre projected orientation  

% between a particle pair, in degrees  

max_difference_area = 60; 

% set maximum difference of fibre area between a particle pair, in pixels  

% if the time separation is short enough, any changes in the fibre’s length are small, and 

% orientation and area are small. Based on these characteristics on the images, tracking 

% fibres (matching pairs) becomes easier than tracking spherical particles 

 

 min_pixel_smallobject=3; 

% define small objects (noises) in area which need to be removed, in pixels 

threshold_deviation=250; 

% threshold of intensity deviation along the major axis of fibrous particle, in bits   

% this value was obtained via the pilot run 

max_number_particles=960; 

% specify the maximum number of particles on a single image 

delta_t=2500;  

% time delay between a pair of images (laser pulses), in microseconds 

delta_y_max=110;  

% set maximum displacement in the direction of the y axis to limit 

% the search area, the value was estimated based on the pilot run, in pixels 

delta_y_min=15;  
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% set minimum displacement in the direction of the y axis to limit 

% the search area, the value was estimated based on the pilot run, in pixels 

delta_x_max=15;  

% set maximum displacement in the direction of the x axis to limit 

% the search area, the value was estimated based on the pilot run, in pixels 

delta_x_min=2;  

% set minimum displacement in the direction of the x axis to limit 

% the search area, the value was estimated based on the pilot run, in pixels 

npairs=358;  

% number of pairs of images to be processed 

result='U:\260307resultslowend\260307min_pixel_smallobject5_22_25.txt'; 

fid=fopen(result,'a'); 

% define the name and path of the output file for the results calculated  

 

graphicaloutput=0;  

% specify if the graphical output is given for each processed image pair 

% 1 represents the output and 0 = no output 

 

for k=1:npairs  

         

     clear s* area* width* length* points* pixellist* e11x* e11y* e12x* 

     clear e12y* majoraxis_intensity* e21x* e21y* e22x* e22y* which* x1 y1 

     clear disp_* e1yvelocity* e1xvelocity* e2yvelocity* e2xvelocity* 

     clear num_whichone artifi* original* phi* theta* validpairs  

     clear standard_deviation* num* da1* da2* diame1* diame2* 

     clear delta_e1y* delta_e2y* delta_e1x* delta_e2x* n_pixel number_pairs 

     clear todelete 

 

 im1=['F:\260307T2500p20d20open\260307T2500open20d20-3\20d20T2500_', ... 

    num2str(2*k-1,'%03d'),'.tif']; 

% specify the name and path of the image files 

% the No 1 image of the pair, num2str can read a string of images, 2*k-1, 2*k  

% for the first image with an odd number in the file, 2*k-2, 2k-1 for an even number 
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im2=['F:\260307T2500p20d20open\260307T2500open20d20-3\20d20T2500_', ... 

     num2str(2*k-0,'%03d'),'.tif']; 

% the No 2 image of the pair    

  

%im1=['F:\29-03\29-03\run7_sett_vel_29-03_20d2\run7_sett_vel_29-03_20d2_506.tif']; 

%im2=['F:\29-03\29-03\run7_sett_vel_29-03_20d2\run7_sett_vel_29-03_20d2_507.tif']; 

% one pair of images for the purpose of a pilot run  

      

%------------------------------------------------------------------------- 

            % read first image and label particles 

%------------------------------------------------------------------------- 

  

I1_1=imread(im1); 

% read No 1 image 

I1=imclearborder(I1_1,8); 

% clear the fibrous particles located on the edges of the image 

level1=graythresh(I1); 

% specify the gray threshold level for converting binary image 

BW1_1_1_1_1=im2bw(I1,level1); 

% convert I1 to a binary image 

BW1_1_1_1 = bwmorph(BW1_1_1_1_1,'bridge',Inf); 

% when there is a separation of one pixel gap within one particle,  

% connect the two parts together 

BW1_1_1=bwareaopen(BW1_1_1_1,min_pixel_smallobject); 

% remove the small objects (noises) (fewer than min_pixel_smallobject) 

 

[L1_1_1,num1_1_1]= bwlabel(BW1_1_1,8);  

 num1_1_1 

% label the connected objects with an edge or corner connection of 8 

% and count the number of objects (particles) 

if (num1_1_1 < 22) | (num1_1_1 > 25) ; 

    continue 

end  

% set limitation of number of particles for calculation of density 
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s1_1_1=regionprops(L1_1_1,'MinorAxisLength','MajorAxisLength'); 

width1_1_1=[s1_1_1.MinorAxisLength]; 

length1_1_1=[s1_1_1.MajorAxisLength]; 

% calculate a fibrous particle’s length and width by using  

% region property function  

 

BW1_1=ismember(L1_1_1,... 

    find(width1_1_1 <= max_image_width & length1_1_1 >= min_image_length)); 

% set criteria to select particles 

%imshow(BW1_1) 

% show binary image 

[L1_1,num1_1]= bwlabel(BW1_1,8);  

num1_1 

% label the connected objects with an edge or corner connection of 8 

% and count the number of objects (particles)  

 

%if (num1_1 > max_number_particles)| (num1_1==0) ; 

%   continue 

%end 

% do not process data if there are too many particles 

 

s1_1=diameter(L1_1); 

d1=[s1_1.Diameter]; 

BW1=ismember(L1_1,... 

    find(d1 <= max_image_length1 & d1 >= min_image_length1)); 

% set criteria to select particles again 

%imshow(BW1) 

%hold on 

[L1,num1]= bwlabel(BW1,8);  

num1 

if (num1 > max_number_particles)| (num1==0) ; 

    continue 

end 

% do not process data if there are too many particles 
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 s1=diameter(L1); 

% diameter function 

 

% Diameter function measures diameter and related properties of image regions. It 

% can compute the diameter, the major axis endpoints, the minor axis endpoints, 

% and the basic rectangle of each labelled region in the labelled matrix L. 

% Positive integer elements of L corresponding to different regions. For 

% example, the set of elements of L equal to 1 corresponding to region 1; 

% the set of elements of L equal to 2 corresponding to region 2; and so on. 

% s is a structure array including: 

%   

%       Diameter 

%       MajorAxis 

%       MinorAxis 

%       BasicRectangle 

%    

% The diameter field, a scalar, is the maximum distance between any two 

% pixels in the corresponding region. 

%   

% The MajorAxis field is a 2 by 2 matrix. The rows contain the row and column 

% coordinates for the endpoints of the major axis of the corresponding 

% region. 

%   

% The MinorAxis field is a 2 by 2 matrix. The rows contain the row and column 

% coordinates for the endpoints of the minor axis of the corresponding 

% region. 

%   

% The BasicRectangle field is a 4 by 2 matrix. Each row contains the row 

% and column coordinates of a corner of the region-enclosing rectangle, 

% as defined by the major and minor axis. 

 

s11=regionprops(L1,'All'); 

% all region information on L1  

area11=[s11.Area]; 
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% fibre area on image 

orientation1=[s11.Orientation]; 

% fibre projected angle on image 

da1=[s1.Diameter]; 

% fibre projected length 

majoraxis1=[s1.MajorAxis]; 

% 2 by 2*num1 array for two endpoints coordinates of fibrous particles 

  

for i=1:num1 

     

    e11x(i)=majoraxis1(1,2*i); 

    e11y(i)=majoraxis1(1,2*i-1); 

    % x and y coordinates of endpoint 1 of fibrous particles 

 

    e12x(i)=majoraxis1(2,2*i); 

    e12y(i)=majoraxis1(2,2*i-1); 

    % x and y coordinates of endpoint 2 of fibrous particles 

 

     x1=[e11x(i) e12x(i)];  

     % x coordinates of two endpoints of fibrous particles 

     y1=[e11y(i) e12y(i)]; 

     % y coordinates of two endpoints of fibrous particles 

     

     majoraxis_intensity1{i}=improfile(I1,x1,y1); 

     % each fibre’s intensities along the line segment between two endpoints 

      

    standard_deviation1(i)=std(majoraxis_intensity1{i}); 

    % standard deviation of intensity along the fibre major axis,  

    % the threshold for "part-in" and "full-in" fibrous particles 

 

end 
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%------------------------------------------------------------------------- 

            % read second image and label particles 

%------------------------------------------------------------------------- 

 

I2_1=imread(im2); 

% read No 2 image 

 I2=imclearborder(I2_1,8); 

% clear the fibrous particles located on the edges of the image 

level2=graythresh(I2); 

% specify the gray threshold level for converting the binary image 

BW2_1_1_1_1=im2bw(I2,level2); 

% convert I2 to a binary image 

BW2_1_1_1 = bwmorph(BW2_1_1_1_1,'bridge',Inf); 

% when there is a separation of one pixel gap within one particle,  

% connect the two parts together 

BW2_1_1=bwareaopen(BW2_1_1_1,min_pixel_smallobject); 

% remove the small objects (noises) (fewer than min_pixel_smallobject) 

[L2_1_1,num2_1_1]= bwlabel(BW2_1_1,8);  

 num2_1_1 

% label the connected objects with an edge or corner connection of 8 

% and count the number of objects (particles)  

s2_1_1=regionprops(L2_1_1,'MinorAxisLength','MajorAxisLength'); 

% calculate the fibre’s length and width by using  

% the region property function on image 2  

  

width2_1_1=[s2_1_1.MinorAxisLength]; 

length2_1_1=[s2_1_1.MajorAxisLength]; 

BW2_1=ismember(L2_1_1,... 

    find(width2_1_1 <= max_image_width & length2_1_1 >= min_image_length)); 

% set criteria to select particles 

%imshow(BW2_1) 

% show binary image 

[L2_1,num2_1]= bwlabel(BW2_1,8);  

num2_1 
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% label the connected objects with an edge or corner connection of 8 

% and count the number of objects (particles) 

if (num2_1 > max_number_particles)| (num2_1==0)  

    continue 

end 

  

s2_1=diameter(L2_1); 

% diameter function 

d2=[s2_1.Diameter]; 

% fibre’s projected length  

BW2=ismember(L2_1,... 

    find(d2 <= max_image_length2 & d2 >= min_image_length2)); 

% set criteria to select particles again 

[L2,num2]= bwlabel(BW2,8);  

num2 

%imshow(BW2) 

if (num2 > max_number_particles)| (num2==0)  

    continue 

end 

% do not process data if there are too many particles 

  

s2=diameter(L2); 

s22=regionprops(L2,'All'); 

area22=[s22.Area]; 

orientation2=[s22.Orientation]; 

% fibre’s projected angle on image 2 

da2=[s2.Diameter]; 

majoraxis2=[s2.MajorAxis]; 

% 2 by 2*num2 array for two endpoints coordinates of fibrous particles 

  

for i=1:num2 

     

    e21x(i)=majoraxis2(1,2*i); 

    e21y(i)=majoraxis2(1,2*i-1); 
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    % x and y coordinates of endpoint 1 of fibrous particle on image 2 

    e22x(i)=majoraxis2(2,2*i); 

    e22y(i)=majoraxis2(2,2*i-1); 

    % x and y coordinates of endpoint 2 of fibrous particle on image 2 

    x2=[e21x(i) e22x(i)];  

     % x coordinates of two endpoints of fibrous particle on image 2 

    y2=[e21y(i) e22y(i)]; 

     % y coordinates of two endpoints of fibrous particle on image 2 

     majoraxis_intensity2{i}=improfile(I2,x2,y2); 

     % fibre’s intensities along a line segment between two endpoints 

    standard_deviation2(i)=std(majoraxis_intensity2{i}); 

    % standard deviation of intensity along the fibre’s major axis 

    % the threshold for "part-in" and "full-in" fibrous particles 

end 

  

 

%------------------------------------------------------------------------------------ 

              % find matching pairs of fibres between images No 1 and No 2  

%------------------------------------------------------------------------------------- 

  

n=0; 

% n is the number of pairs of particles matched between image 1 and 2 

 

for i=1:num1 

  

   if (standard_deviation1(i) <= threshold_deviation) 

                %&(length1_1(i) <= max_image_length) 

  % these thresholds vary with the different sets of images, and  

  % are determined by a pilot run of the codes because of  

  % different laser power setups and particle sizes, etc.   

     

          for j=1:num2 

               

              if  (e21x(j) <= e11x(i)+ delta_x_max)... 
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                & (e21x(j) >= e11x(i)- delta_x_max)... 

                & (e21y(j) <= e11y(i)+ delta_y_max)... 

                & (e21y(j) >= e11y(i)+ delta_y_min)... 

                & (e22y(j) <= e12y(i)+ delta_y_max)... 

                & (e22y(j) >= e12y(i)+ delta_y_min)... 

                & (e21x(j) <= e11x(i)+ delta_x_max)... 

                & (e21x(j) >= e11x(i)- delta_x_max)... 

                & (abs(da2(j)- da1(i))<= max_difference_imagelength)... 

 & (abs(orientation2(j) - orientation1(i))<= max_difference_orientation)... 

                & (abs(area22(j) - area11(i))<=max_difference_area); 

          % matching pairs by the displacements of two endpoints of the fibres 

          % matching pairs by the area, projected length and orientation of the fibres 

       

            n=n+1; 

            whichone(n)=i; 

            whichpartner(n)=j; 

          % particle i on image 1 (whichone) and particle j on image 2  

          % (whichpartner) are a pair for calculation purpose  

           

            disp_e1y(n)=e21y(j)- e11y(i); 

            disp_e1x(n)=e21x(j)- e11x(i); 

            disp_e2y(n)=e22y(j)- e12y(i); 

            disp_e2x(n)=e22x(j)- e12x(i); 

         % displacements of two endpoints of fibrous particles 

         % in the y and x directions    

            

        if n>1 

        % checking for particles on image 1 with multiple  

        % partners on image 2 

             

         if whichone(n)==whichone(n-1) 

          if abs(area22(j)-area11(i))>... 

                  abs(area22(whichpartner(n-1))-area11(i)); 

            % i.e. first partner found was better 
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                    n=n-1;  

            % i.e. that the values found will be overwritten in the next go 

          

                   else 

              % i.e. second partner found is better 

                   n=n-1; 

                   whichone(n)=i;  

                   whichpartner(n)=j; 

              % overwrite first partner values now 

                    

            disp_e1y(n)=e21y(j)-e11y(i); 

            disp_e1x(n)=e21x(j)-e11x(i); 

             

            disp_e2y(n)=e22y(j)-e12y(i); 

            disp_e2x(n)=e22x(j)-e12x(i); 

                        end 

                    end 

                end 

            end 

        end 

    end 

end 

  

  

if n>0 

   % check if last pair found needs to be deleted 

    num_whichone=size(whichone); 

   % array of 1 by 2, column 2 is the size of whichone 

     

   if n < num_whichone(2) 

      whichone(n+1)=[];  

      whichpartner(n+1)=[];   

       

      disp_e1y(n+1)=[]; 
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      disp_e1x(n+1)=[]; 

      disp_e2y(n+1)=[]; 

      disp_e2x(n+1)=[]; 

    end 

     

     

    % checking for particle on image 2 with multiple partners 

    i=0; 

    j=0; 

    while i<n 

        i=i+1; 

        while j<n 

            j=j+1; 

             

            if whichpartner(i)==whichpartner(j)& (i<j) 

                % e.g. multiple partners found 

                % select better partner 

                if abs(area22(whichpartner(i))-area11(whichone(i)))-... 

                    abs(area22(whichpartner(j))-area11(whichone(j))) < 0 

                    % e.g. pair i is better than pair j 

      

                    n=n-1;  

                    % decrease pair counter 

                    whichone(j)=[];  

                    whichpartner(j)=[];   

                     

      disp_e1y(j)=[]; 

      disp_e1x(j)=[]; 

      disp_e2y(j)=[]; 

      disp_e2x(j)=[]; 

                 

                else 

                    n=n-1;  

                    whichone(i)=[];  
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                    whichpartner(i)=[];   

                     

      disp_e1y(i)=[]; 

      disp_e1x(i)=[]; 

      disp_e2y(i)=[]; 

      disp_e2x(i)=[]; 

                end 

            end 

        end 

    end 

 

 

%------------------------------------------------------------------------- 

                      % show particle pairs on graphics 

%-------------------------------------------------------------------------    

     

    for i=1:n 

        artifix(i)=e11x(whichone(i))+disp_e1x(i); 

        artifiy(i)=e11y(whichone(i))+disp_e1y(i); 

        % calculate positions of endpoint 1 on image 2 

        originalx(i)=e11x(whichone(i)); 

        originaly(i)=e11y(whichone(i));      

        % original positions of endpoint 1 on image 1 

    end 

  % calculate the positions on image 2 according to the 

  % displacements of two endpoints of fibrous particles found   

        if graphicaloutput==1 

         

        figure 

        plot(e21x,(e21y*(-1)),'b+',... 

            e11x,(e11y*(-1)),'r+',... 

            artifix,(artifiy*(-1)),'bo',... 

            originalx,(originaly*(-1)),'ro') 

        % mark the positions of particles in time t and t+ delta_t 
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        legend('position 2','position 1',... 

            'calculated on image 2',... 

            'particle with id partner') 

    end 

   % optional plotting for pairs found 

 

 

%------------------------------------------------------------------------------- 

    % calculate the velocity and orientation for fibre pairs identified 

%------------------------------------------------------------------------- ------    

     

    e1yvelocity=resolution*[disp_e1y]/(delta_t);  

   % vertical velocity of endpoint 1 of the fibre, in m/s 

    e1xvelocity=resolution*[disp_e1x]/(delta_t); 

    % horizontal velocity of endpoint 1 of the fibre, in m/s 

    e2yvelocity=resolution*[disp_e2y]/(delta_t);  

    % vertical velocity of endpoint 2 of the fibre, in m/s 

    e2xvelocity=resolution*[disp_e2x]/(delta_t); 

    % horizontal velocity of endpoint 2 of the fibre, in m/s 

  

 for i=1:n      

  diame1(i)=da1(whichone(i)); 

  diame2(i)=da2(whichpartner(i)); 

      % a pair of fibres’ diameters (projected lengths) 

 

  delta_e1y(i)=resolution*abs((e12y(whichone(i))-e11y(whichone(i)))); 

      % the difference between two endpoints of the fibre in the y direction  

      % on the No 1 image, in microns 

  delta_e2y(i)=resolution*abs((e22y(whichpartner(i))-e21y(whichpartner(i)))); 

      % the difference between two endpoints of the fibre in the y direction  

      % on the No 2 image, in microns 

  

     phi1_1(i)=asin(delta_e1y(i)/particle_length); 
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     % elevation angle of the fibre on the No 1 image, in rad 

 phi1(i)= phi1_1(i)*180/pi; 

     % elevation angle of the fibre on the No 1 image, in degrees 

   

     phi2_1(i)=asin(delta_e2y(i)/particle_length); 

     % elevation angle of the fibre on the No 2 image, in rad 

 phi2(i)= phi2_1(i)*180/pi; 

     % elevation angle of the fibre on the No 2 image, in degrees 

      

  delta_e1x(i)=resolution*(e12x(whichone(i))-e11x(whichone(i))); 

      % the difference between two endpoints of the fibre in the x direction 

      % on the No 1 image, in microns 

  delta_e2x(i)=resolution*(e22x(whichpartner(i))-e21x(whichpartner(i))); 

      % the difference between two endpoints of the fibre in the x direction 

      % on the No 2 image, in microns     

           

     theta1_1(i)=acos(delta_e1x(i)/(particle_length*cos(phi1_1(i)))); 

     % azimuth angle of the fibre on the No 1 image, in rad    

 theta1(i)=theta1_1(i)*180/pi; 

      % azimuth angle of the fibre on the No 1 image, in degrees 

           

     theta2_1(i)=acos(delta_e2x(i)/(particle_length*cos(phi2_1(i)))); 

     % azimuth angle of the fibre on the No 2 image, in rad    

  theta2(i)=theta2_1(i)*180/pi; 

      % azimuth angle of the fibre on the No 2 image, in degrees 

   

   %beta1(i)=orientation1(whichone(i)); 

   %beta2(i)=orientation2(whichpartner(i));  

   % projected angles of the fibre on the images 1 and 2 

      

       end 

end 
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%------------------------------------------------------------------------- 

                    % output calculated results 

%------------------------------------------------------------------------- 

  

if k==1  

    fprintf(fid,'Y80y30x6width12_20d20T2000\n'); 

    fprintf(fid,'Vex1 \t Elavation1 \t Elevation2 \t Vex2 \t'); 

    fprintf(fid,'Vyx1 \t Vyx2 \t'); 

    fprintf(fid,'azimuth1 \t azimuth2 \t diameter1 \t diameter2 \n'); 

end 

% the titles of the data and columns 

  

for i=1:n 

    fprintf(fid,... 

        '%g \t %g \t %g \t %g \t %-g \t %g \t %g \t %g \t %g \t %g \n',... 

    e1yvelocity(i),phi1(i),phi2(i),e2yvelocity(i),e1xvelocity(i),... 

    e2xvelocity(i),theta1(i),theta2(i),diame1(i),diame2(i)); 

end 

% write output data, velocity, orientation and diameter, to the file 

  

validpairs=n 

% calculate total number of valid pairs in the present run 

if validpairs==0 

    continue 

end 

end 

fclose(fid);     
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Appendix B: Uncertainty Analysis of Effect of Fibre Length 

 

For the case of free settling fibres, the typical orientation is 75º, while for the case of a 

turbulent jet flow, it is 50º. That is, the elevation angle of the fibres for these two cases 

is 15 º (90º˗ 75º) and 40º (90º ˗ 50º), respectively. These two typical angles represent the 

majority of fibres and can be used to estimate the uncertainty associated with the fibre’s 

length. The following Table 1 and Figure 1 show the nominal length of fibre AB, its 

elevation and actual length for fibre AC. Assuming the real length of fibre AB is 2000 

µm, for the free settling case, the calculated elevation angle = arcsin (CD/AB) = 16º, 

while for the turbulent case, the calculated elevation angle = 44º. So the errors are 1º 

(16º˗ 15º) and 4º (44º˗ 40º), respectively, which are within the existing error bars of 

figures of the papers. Importantly, the paper figures report the average of the data, so 

that the orientation errors caused by longer and shorter fibres than nominal length are 

nearly balanced each other. That is, the real errors are far less than 1º and 4º. 

Table 1: The fibre’s length and their orientations 

 Elevation angle=15º       

 

Elevation angle=40º 

AB=1850µm 

 

BE=479µm BE=1189µm 

AC=2000µm 

 

CD=518µm CD=1286µm 

 

 

 

 

 

  

C 

A 

B 

C 

D 
E 

Camera 

Figure 1: Fibre’s length and orientation in the laser sheet 

Laser sheet 
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PTV tracks the displacement of fibres, so that it does not depend on the fibre length or 

orientation. Therefore a fibre’s length and orientation have no influence on the 

velocities of the fibres in image processing. However a difference in intensity between 

successive laser pulses can influence the velocities where the imbalance between master 

and slave is sufficient to generate false displacements. 
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