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Chapter 1

Introduction

Gas-solid flows in wall-bounded confined systems are frequently found in 
technical and industrial processes, as for example, pneumatic conveying, 
fluidized beds, vertical risers, classifiers, cyclones, and flow mixing devices. 
Pneumatic conveying of solid particles in channel or pipe flows is widely used 
in the chemical, food processing and cements industries and also in order to 
transport pulverized coal in thermal power plants. The major advantage over a 
conveyer belt is continuous operation, flexibility of location and the possibility to 
tap into the pipe at arbitrary locations. 

Flow patterns depend on many factors, such as solids loading, and Reynolds 
number and particle properties. Vertical pneumatic transport corresponds to gas 
flow velocities exceeding the fast fluidization velocity. The following regimes, 
illustrated in Fig. 1.1, have been identified for horizontal gas-particle flows. In 
homogeneous flow, the gas velocity is sufficiently high that the particles are well 
mixed and maintained in a nearly homogeneous state by turbulent mixing as 
illustrated in Fig. 1.1a. As the gas velocity is reduced the particles begin to settle 
out and collected on the bottom of the pipe as shown in Fig. 1.1b. The velocity at 
which deposition begins to occur in the pipe is called the saltation velocity. After a 
layer builds up, ripples begin to form due to the gas flow. These ripples resemble 
“dunes”. As powder continues to fill the pipe, there are alternate regions where 
particles have settled and where they are still in suspension as shown in Fig. 
1.1c. This is called slug flow. Finally, at even lower gas velocities, the powder 
completely fills the pipe and the flow of gas represents flow through a packed bed 
depicted by Fig. 1.1d. At this point pneumatic transport ceases to exist.

Pneumatic conveying systems are generally designated as dilute or dense-phase 
transport. Dilute-phase transport is represented in Fig. 1.1a. These systems 
normally operate on low pressure differences with low solids loading and high 
velocity, higher than the saltation velocity. Dense-phase transport is represented 
in Fig. 1.1c in which the pressure drop and solids loading are higher. The lower 
velocity leads to less material degradation and line erosion.



8

Universidad Autónoma de Occidente

Figure 1.1 Pneumatic conveying regimes following Crowe et al. (1998).

As the conveying of solid particles in dilute regime is one of the most important 
technological processes in industry, there is a large number of publications in the 
literature devoted to it, ranging from basic research to very applied investigations. 
The main reason is that the flow becomes very rich and complex, even in the 
dilute regime. Extensive experience with the design, installation and operation 
of pneumatic transport systems has given rise to design criteria which ensure 
a functional system. Still, there are situations where extensive experience is 
insufficient as the case of transport of wet particles.

One important example of dilute-phase conveying is found in power plants where 
fine pulverized coal is transported from the mill to the burners. Here, it is important 
to establish a homogeneous coal dust distribution within the pipe cross-section 
so that the distributors or manifolds can guarantee that the different burners are 
supplied with the same amount of coal. Furthermore, it is aspired to have the 
coal dust homogeneously distributed in the supply pipe entering the burner in 
order to yield efficient combustion with low pollution.

The segregation of the coal dust from the conveying air usually occurs as a 
result of gravitational settling in horizontal pipes or inertial effects in pipe bends. 
At present, the design rule for pneumatic conveying systems in thermal power 
plants, where a dust loading between 0.2 and 0.6 (kg dust / kg air) is a typical 
value, is that the conveying velocity should exceed 20 m/s. This, of course, is 
a very crude design rule which does not meet any strategy for energy saving. 
A reduction of the transport velocity could yield considerable energy savings. 
However, this is not possible without a detailed understanding of particle 
behaviour in turbulent pipe flows. The particle motion in pipes, or any other wall-
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bounded gas-solid flow, is influenced by a number of physical phenomena, such 
as:

•  Gravitational settling in horizontal pipes.
•  Inertial behaviour in pipe bends and branches.
•  Turbulent dispersion.
•  Large velocity gradients and relevance of slip-shear force.
•  Magnus effect, since the particles acquire very high angular velocities after 

collision with a solid wall.
•  Wall collision effects, which may dominate the particle motion and affect the 

conveying characteristics.
•  Wall roughness and non-spherical particle shape, which will considerably 

affect the wall collision process.
•  As a result of segregation effects (i.e., gravitational settling or particle inertia 

in bends or junctions) inter-particle collisions become already important at 
rather low mass loading.

•  The importance of flow and turbulence modulation as a function of particle 
size and mass loading.

Numerical calculations that incorporate appropriate models for the effects 
described could support the design and construction of efficient conveying 
systems which meet the specific requirements. Due to the complexity of the 
flow geometry such calculations have to be performed based on the three-
dimensional conservations equations. 

As a fact, the majority of numerical and experimental studies of pneumatic 
transport use spherical particles. However, in a number of practical situations, 
particle shape deviates from spherical, either being irregular or having a well-
defined geometry such as granulates or fibers. Therefore, since the 1920’s 
there has been available theoretical and experimental work on this subject in 
the literature, starting with the theoretical studies of Jeffery (1922) and Brenner 
(1963,1964 a, b, c), who analytically derived the forces for different particle 
shapes in the Stokes regime and different flow conditions. These results were 
employed by Fan and Ahmadi (1995) to calculate dispersion of very small 
ellipsoidal particles in homogeneous and isotropic turbulence. In this case, it 
was found that in the Stokes regime the influence of particle shape on turbulent 
dispersion was not very pronounced because the particle fluctuating velocity 
was almost independent of the ellipsoid axis orientation.

In practice, however, the Reynolds number is usually larger than one. In this case 
the forces due to flow, mainly the drag force, can not be calculated analytically, 
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so it is necessary to use experimental correlations obtained from a large number 
of experiments with different particle shapes: thin disks (Squires and Squires, 
1937); isometric particles, which are closer to the spherical shape (Pettyjohn and 
Christiansen, 1948); plates and cylinders (Heiss and Coull, 1952); disks (Willmarth 
et al., 1964) and disks and cylinders (McKay et al., 1988). In general, the deposition 
of particles in pipes or containers is studied. In the case of non-isometric particles 
dependence on the orientation is also studied (Squires and Squires, 1937; Heiss 
and Coull, 1952). As a result, correlations valid for defined particle shapes and 
orientations are obtained. Moreover, a number of experimental studies have tried 
to derive, based on an equivalent particle diameter and on a sphericity variable, 
a general correlation for the drag coefficient of all particle shapes (Haider and 
Levenspiel, 1989; Thomson and Clark, 1991; Swamee and Ojha, 1991; Ganser, 
1993). Chhabra et al. (1999) compared the accuracy of different correlations fit to 
experimental data, showing that the Ganser (1993) correlation is the best against 
a number of experiments for different particle shapes.

In contrast, only a few numerical and experimental studies have been performed 
on two-phase flow with non-spherical particles. The experimental research of 
Morikita et al. (1998) shows that the spread of a free jet laden with quartz particles 
(mean diameter of 150 µm) for high Reynolds number flow is clearly bigger than 
that corresponding to spherical particles of approximately the same size. This 
phenomenon is due to the irregular motion of particles through the turbulent flow. 
The drag force experienced by the quartz particle is stronger than that of the glass 
spheres, also resulting in a higher particle mean velocity, which comes closer 
to the gas mean velocity. In the next step, the motion of non-spherical particles 
in comparison with that of the spherical ones was experimentally investigated 
in an annular jet and in a swirling flow using LDA. There, it was also found that 
the non-spherical particles follow the gas flow better than the spherical ones of 
the same size, and therefore their mean and fluctuating velocities are closer to 
the gas phase values. Therefore it was concluded that a non-spherical particle 
prefers to be aligned in the flow direction, so that the drag force will be maximised 
and it can better follow the flow (McKay et al., 1988). A different effect was found 
by Losenno and Easson (2001). In this case, the sedimentation of spherical and 
non-spherical particles was studied using PIV. The steady terminal velocity of 
the non-spherical particles was clearly lower than that of the spherical, for all 
sizes considered. This result is in agreement with the increase in the drag force 
for non-spherical particles (Haider and Levenspiel, 1989).

The modelling of non-isometric particles (cylinders or granulates) is more 
difficult. Rosendahl (1998) calculated the orientation of a cylindrical particle along 
its trajectory by means of the corresponding rotation. The drag and lift force 
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components were calculated for the corresponding orientation of the cylinder. 
The results show that for straw particles the spread of the jet clearly increased 
for the spherical particles.

Particle shape strongly influences the particle-wall collision process. This 
has been known since the numerical simulations of Tsuji et al. (1989) for a 
horizontal channel flow with particles whose shape deviated only slightly from 
the spherical. A more pronounced deviation from the spherical shape results 
in a more uniform particle dispersion in the channel, decreasing the deposition 
due to gravity. A similar effect was produced by wall roughness in the case of 
spherical particles (Sommerfeld and Huber, 1999; Sommerfeld, 2003). In the 
work of Tsuji et al. (1989), the modelling of non-spherical particle-wall collision 
was based on a stochastic process to define particle orientation with respect to 
the wall in the collision process. However, during the movement of the particle 
in the flow the influence of particle shape is disregarded, which is not a bad 
approximation for particles whose shape deviates only slightly from the spherical 
shape. Finally, it is necessary to point out that in the literature there is nearly no 
information (modelling and experiments) about turbulent flows laden with solids 
that addresses inter-particle collisions between non-spherical particles and the 
effect of fluid turbulence modulation.

In the following, the structure of the present document is introduced. Chapter 
2 presents the basics of particle dynamics on a fluid environment. The BBO 
(Basset, Boussinesq, Ossen) momentum equation is introduced and the different 
forces acting on the particle are discussed. Also, the fundamental parameters 
characterizing the dispersed two-phase flow are identified. In this chapter, 
the dynamics of particle-wall interaction is formulated in section 2.2 for both, 
spherical and non-spherical particles.

The experimental studies are collected in chapter 3, where an extensive 
description of the experimental horizontal channel facility is presented and its 
instrumentation described. The single-phase flow results are compared with 
another data of the open literature and, after that, the two-phase flow results are 
systematically presented emphasizing the dynamics of non-spherical particles 
as well as its effect on the gas-phase turbulence modulation.

Chapter 4 is devoted to present two-dimensional kinematic simulations of non-
spherical isometric particles colliding with smooth walls, whereas chapter 5 uses 
the Lattice Boltzman method to investigate the drag and lift forces action of 
non-spherical particles with well defined shape such as cuboids and cylinders in 
both, laminar and turbulent flows.
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In chapter 6, the pneumatic conveying of isometric particles with different 
degrees of non-sphericity in the horizontal channel is considered. The solids 
mass loading fraction is small enough to have a dilute flow, so inter-particle 
collisions can be neglected. The numerical simulations are carried out by means 
of the Euler-Lagrange approach using the Reynolds stress turbulence model 
for the continuous phase. As a first approximation, only the aerodynamic drag 
force acting on the particles is considered; therefore, the lift forces and particle 
rotation are not taken into account. Other forces such as the Basset history 
term, added mass and fluid inertia are negligible for high ratios of particle to gas 
densities. The drag coefficient is calculated using the correlations of Haider and 
Levenspiel (1989) and Ganser (1993). The numerical simulations are compared 
with experimental data presented on chapter 3 on the narrow six meters long 
horizontal channel flow (height 35 mm) laden with quartz and duroplastic particles 
with mean diameters of 185 and 240 µm, respectively.

Finally, chapter 7 is devoted to the conclusions and recommendations.
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Chapter 2

Particle dynamics

2.1 Particle motion in fluids

The motion of particles in fluids is described in a Lagrangian way by solving a 
set of ordinary differential equations along the trajectory in order to calculate 
the change of particle location and the linear and angular components of the 
particle velocity. This requires the consideration of all relevant forces acting on 
the particle. The equation of motion for small particles in a viscous quiescent 
fluid (i.e. for small particle Reynolds-numbers, which is also referred to as 
Stokes flow) goes back to the pioneering work of Basset (1888), Boussinesq 
(1885) and Oseen (1927). Therefore, the equation of motion is mostly referred 
to as BBO-equation. Numerous publications deal with the extension of the BBO 
equation for turbulent flows. The thesis of Tchen (1949) was probably the first 
study on particle motion in turbulent flows based on the BBO equation. A rigorous 
derivation of the equation of motion for small particles in non-uniform flow was 
performed by Maxey and Riley (1983). Neglecting the Faxen terms the equation 
proposed by Maxey and Riley (1983) for small particle Reynolds numbers is as 
follows:

(2.1)
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where m
f
 and m

p
 are the fluid and particle mass respectively, ρ

f
 and ρ

p
 the fluid 

and particle densities, D
p
 is the particle diameter, U

i
 and U

p,i
 the fluid and particle 

velocities, µ
f
 the fluid dynamic viscosity and c

D
, c

A
 and c

H
 the coefficients of the 

different forces.

The term in the left hand side of Eq. 2.1 is the particle inertia (I). The terms in 
the right hand side represent the different relevant forces: drag (II), pressure 
gradient (III), virtual mass (IV), Basset history (V), weigh-buoyancy (VI) and 
other forces (VII) such as transverse lift forces or forces due to external fields 
other than gravity.

In gas-solid confined flows, where the particle-to-fluid density ratio is very large 
(i.e., around 103), the pressure gradient (III), virtual mass (IV) and Basset history 
(V) forces are negligible regarding the others. Therefore, only the drag (II), 
weigh-buoyancy (VI) and transverse lift (slip-shear and slip-rotational) forces will 
be taken into account and they will be discussed later.

Neglecting heat and mass transfer phenomena, the calculation of particle 
trajectories requires the solution of three ordinary differential equations when 
particle rotation is accounted for. Hence, the differential equations for calculating 
the particle location and the linear and angular velocities in vector form are given 
by:

     
(2.2)

    
(2.3)

     
(2.4)

where m
p
 = ρ

p
 D

p
3 π / 6 is the particle mass, I

p
 is the particle moment of inertia.  

represents the different relevant forces acting on the particle, and 
 
the torque 

acting on a rotating particle due to the viscous interaction with the fluid.
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Analytical solutions for the different forces and the torque only are available for 
small particle Reynolds numbers (i.e. Stokes regime). An extension to higher 
Reynolds numbers is generally based on empirical correlations which are derived 
form experiments.

For the characterisation of dispersed two-phase flows different properties are 
used, which are briefly summarised below. The volume fraction of the dispersed 
phase is the volume occupied by the particles in a unit volume. Hence this 
property is given by:

     
(2.5)

where N
i
 is the number of particles in the size fraction i, having the particle volume 

Vpi = π/6D3pi. The particle diameter Dpi in this context is the volume equivalent 
diameter of a sphere. Since the sum of the volume fraction of the dispersed 
phase and the continuous phase is unity, the continuous volume fraction is:

     (2.6)

The bulk density or concentration of the dispersed phase is the mass of particles 
per unit volume and hence given by:

     (2.7)

Correspondingly, the bulk density of the continuous phase is:

     (2.8)

The sum of both bulk densities is called mixture density:

  (2.9)

Often the particle concentration is also expressed by the number of particles per 
volume unit:
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     (2.10)

Especially in gas-solid flows the mass loading is frequently used, which is defined 
as the mass flux of the dispersed phase over that of the fluid:

   
 (2.11)

The proximity of particles in a two-phase flow system may be estimated from 
the interparticle spacing, which however can be only determined for regular 
arrangements of the particles. For a cubic arrangement the inter-particle spacing, 
i.e. the distance between the centres of particles, is obtained from:

    
(2.12)

For a volume fraction of 1% the spacing is 3.74 diameters and for 10% only 
1.74. Hence, for such high volume fractions the particles cannot be treated to 
move isolated, since fluid dynamic interactions become of importance. In many 
practical fluid-particle systems however, the particle volume fraction is much 
lower. Consider for example a gas-solid flow (particle density ρ

p
 = 2500 kg/m3, 

gas density of ρ
f
 = 1.18 kg/m3) with a mass loading of one and assume no slip 

between the phases, then the volume fraction is about 0.05% (i.e. α
p
= 5 ×10-4). 

This results in an inter-particle spacing of about 10 particle diameters; hence, 
under such a condition the fluid dynamic interaction may be neglected.
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Figure 2.1 Regimes of dispersed two-phase flows as a function 
of particle volume fraction.

A classification of dispersed two-phase flows with regard to the importance of 
interaction mechanisms was provided by Elghobashi (1994). Generally it is 
separated between dilute and dense two-phase flows (Fig. 2.1). A two-phase 
system may be regarded as dilute for volume fractions up to α

p
= 10-3 (i.e. L/Dp 

 8). In this regime the influence of the particle phase on the fluid flow may be 
neglected for α

p 
< 10-6 (i.e. L/Dp >> 80). For higher volume fractions the influence 

of the particles on the fluid flow, which is often referred to as two-way coupling, 
needs to be accounted for. In the dense regime (i.e. for α

p
 > 10-3) additionally 

inter-particle interactions (i.e. collisions and fluid dynamic interactions between 
particles) become of importance. Hence, this regime is characterised by the so-
called four-way coupling.

In order to characterise the capability of particles to follow a sudden velocity 
change in the flow, occurring for example in large scale vertical structures or 
turbulent eddies, the particle (velocity or momentum) response time is usually 
employed. It is defined as:

     
(2.13)
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where f
D
 is the non-linear term in the drag coefficient C

D
 = 24 f

D
/Re

p
. τ

p
 represents 

the time required for a particle released with zero velocity into a flow to reach 
63.2% of the flow velocity as it is illustrated in Fig. 2.2.

Figure 2.2 Graphical illustration of the particle response time.

In the Stokes-regime the particle response time becomes:

     
(2.14)

since f
D
 approaches unity.

The Stokes number is the ratio of the particle response time to a characteristic 
time scale of the flow.

     
(2.15)

τ
F
 is the characteristic time scale of the fluid turbulence.
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2.2 Particle-wall collisions

Particle-wall collisions become of importance in confined flows, such as pneumatic 
conveying or particle separation in cyclones. In pneumatic conveying, for example, 
the momentum loss of a particle caused by an inelastic wall impact is associated 
with a reacceleration of the particle after rebound. Hence, momentum is extracted 
from the fluid phase for this acceleration, causing an additional pressure loss. 
This pressure loss depends on the average wall collision frequency or mean free 
path between subsequent particle-wall collisions. The wall collision frequency is 
mainly determined by the following parameters:

• particle mass loading
• dimensions of the confinement, e.g. pipe diameter in pneumatic conveying
• particle response time or response distance
• conveying velocity and turbulence intensity
• particle shape and wall roughness
• combination of particle and wall material.

A first estimate of the importance of particle-wall collisions may be based on the 
ratio of the particle response distance λ

p
 to the dimension of the confinement, 

e.g. the diameter of the pipe D. The particle response distance can be estimated 
from the following equation:

    
 (2.16)

where w
t
 is the terminal velocity of the particle. For the case λ

p
 is larger than 

the dimension of the confinement D, the particles are not able to respond to the 
flow, before they collide with the opposite wall; hence their motion is dominated 
by wall collisions. In addition to the above mentioned effects, the wall collision 
process may be affected by hydrodynamic interaction which eventually causes 
a deceleration of the particle before impact. This effect however is only of 
importance for viscous fluids and hence small particle Reynolds numbers.

In the following the so-called hard sphere model for the wall collision will be 
described which implies a negligible particle deformation during the impact 
process. Moreover, Coulomb’s law of friction is assumed to hold for a sliding 
collision. For an inelastic collision process, one may identify a compression 
and a recovery period. The change of the particles translational and rotational 
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velocities during the bouncing process can be calculated from the momentum 
equations of classical mechanics (Crowe et al. 1998). Three types of collisions 
may be distinguished:

Type 1: The particle stops sliding in the compression period.
Type 2: The particle stops sliding in the recovery period.
Type 3: The particle continues to slide along the wall during the whole collision 

process.

The type of collision is determined by the static coefficient of friction µ
0
, the 

restitution ratio of the normal velocity components, e, and the velocity of the 
particle surface relative to the contact point, u

R1
. The non-sliding collision (type 1 

and 2) takes place when the following condition is valid:

    
 (2.17)

 
 (2.18)

where, u
p
, v

p
, and w

p
 are the translational velocity components and ωx

p
, ωy

p
, and 

ωz
p
 are the angular velocity components of the particle in a co-ordinate system 

as shown in Fig. 2.3. The subscripts 1 and 2 refer to the conditions before and 
after collision, respectively. For the non-sliding collision, the change of particle 
velocities is obtained by:

Figure 2.3 Configuration of a particle-wall collision.

    

(2.19)
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(2.20)

The collision type 3 is the so-called sliding collision which occurs for:

    
(2.21)

The change of translational and rotational velocities throughout the sliding 
collision is obtained by:

    

(2.22)

   

(2.23)

In Eqs. 2.22 and 2.23 the terms ε
x
 and ε

z
 determine the direction of the motion of 

the particle surface with respect to the wall:
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(2.24)

In the above equations e is the restitution ratio, µ
0
 and µ

d
 are the static and 

dynamic coefficients of friction. Unfortunately, these parameters are not only 
dependent on the material of particle and wall, but also on impact velocity and 
angle (see for example Sommerfeld and Huber 1999).

Figure 2.4 Illustration of wall roughness effect for small and large particles.

Several experimental studies have shown that wall roughness has a considerable 
impact on the particle wall collision process (Sommerfeld 1992, Huber and 
Sommerfeld 1998, Sommerfeld and Huber 1999). In industrial processes, as 
for example pneumatic conveying, steel pipes are used, which have a mean 
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roughness height between about 20 and 50 µm. Experimental studies of 
Sommerfeld & Huber (1999) revealed, that the roughness angle distribution may 
be represented by a normal distribution function. The standard deviation of this 
distribution is influenced by the roughness structure and the particle size. The 
dimensions of the roughness structure suggest, that the wall collision process 
of small particles (i.e. < 100 µm) should be strongly affected, since they will be 
able to experience the details of the roughness structure (Fig. 2.4a)). However, 
after rebound they will quickly adjust to the flow, so that the influence of the wall 
roughness effect is limited to the near wall region and will not strongly affect the 
particle behaviour in the bulk of the flow. On the other hand large particles may 
cover several roughness structures during wall impact (Fig. 2.4b)). This implies 
that they “feel“ less wall roughness. However, due to their high inertia, they will 
need more time to adjust to the flow after rebound. This eventually causes the 
wall roughness to be more important for the bulk behaviour of larger particles in 
a given flow (Sommerfeld, 1992 and 1996).

Figure 2.5 Illustration of the shadow-effect for small particle impact angles.
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Figure 2.6 a) Experimental visualization of a non-spherical particle wall-collision. 
b) Schematic illustration of the irregular rolling effect.

In addition, the so-called shadow effect for small impact angles results in a shift 
of the effective roughness angle distribution towards positive values, since the 
particles are not able to reach the lee-side of the roughness structures (Fig. 2.5). 
Hence, for small impact angles the effective impact angle is increased compared 
to the particle trajectory angle with respect to the plane wall (Sommerfeld 
and Huber, 1999). This implies a transfer of momentum from the wall-parallel 
component to the normal component, i.e. the normal component of the rebound 
velocity becomes larger than the impact component. In pneumatic conveying 
this effect causes a re-dispersion of the particles, whereby the influence of 
gravitational settling is reduced (Huber & Sommerfeld 1998).

The particle-wall collision dynamics of non-spherical particles is even more 
involved due to the irregular rolling effect illustrated in the Fig. 2.6.
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Chapter 3

Experimental studies1

3.1 Test facility

The entire test facility is shown in Fig. 3.1. The main component of the test 
facility was a horizontal channel, 6 m long (about 170 channel heights), height 
H=35 mm and 350 mm width, so that almost two-dimensional flow conditions 
can be established in the core of the channel. This was validated by measuring 
vertical profiles of the air velocity at several lateral positions. For two air velocity 
profiles measured at ±60 mm lateral position from the core, the difference in 
the velocity values was less than 2%. The upper and lower channel walls were 
made of stainless steel plates which could be exchanged in order to study 
the effect of wall material and wall roughness on the particle behaviour. The 
measurements were performed close to the end of the channel at a distance 
of 5.8 m from the entrance, to ensure almost fully developed flow conditions. 
In order to allow optical access for the phase-Doppler anemometer, the side 
walls were made of glass plates, and a glass window of 40 mm by 350 mm was 
inserted in the top wall. This window was mounted flush with the inner side of 
the wall plate to minimise disturbances. Also, the particle properties measured 
at this location will not be strongly affected, since particles are sampled which 
were rebound from the stainless steel walls at upstream locations. The numerical 
calculations of Sommerfeld (2003) have shown that the mean free path between 
wall collisions λ

w
 is around 0.5–1.0 m, depending on particle size and degree of 

wall roughness.

The required air flow rate was provided by two root blowers mounted in parallel 
with nominal flow rates of 1,002 m3/h and 507 m3/h, respectively. The blowers 
were connected to the test section by using a 130-mm-pipe. Just before the 
channel, a mixing chamber for injecting the particles and a flow conditioning 
section were mounted, where the cross-section changes from circular to 
rectangular. Additionally, several sieves were inserted in this section in order to 

1 This chapter would not have been possible without the worth collaboration of Dr. J. Kussin
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ensure homogeneous flow conditions at the entrance of the channel. In a straight 
section of 2 m before the mixing chamber, a flow meter and temperature, humidity 
and pressure sensors were installed. The flow rate was adjusted to be almost 
constant during each set of measurements with varying particle mass loading. 
The air temperature was on average around 30 oC in all the measurements. 
In the results presented, three average air velocities U

av
 were considered. The 

characteristic properties of the single-phase channel flow are summarised in 
Table 3.1. The channel Reynolds number Re

H
 is defined as:

µ

!
av

H

HU
=Re

     
 (3.1)

Figure 3.1 Schematics of the horizontal channel experimental facility.

Table 3.1 Characteristic properties of the single-phase channel flow 
for different Reynolds numbers.
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For the determination of the Reynolds number, an air density of ρ=1.15 kg/m3 and 
a dynamic viscosity of µ=18.62·10–6 N s/m2 were used. The integral time scale 
of turbulence (T

L
) on the centre of the channel was estimated from the following 

approximate relations for the turbulent kinetic energy k, and the dissipation rate 
ε in the following way (Milojevic, 1990):

     

(3.2)

Here, the fluctuating velocities of air in the streamwise and transverse direction, 
u

rms
 and v

rms
, were obtained from the measurements on the centreline and the 

dissipation rate was estimated with Cµ=0.09 and a mixing length of l
m
/H=0.07 

(Schlichting 1965). The Kolmogorov time scale τ
K
 was calculated according to:

      
(3.3)

where ν is the kinematic viscosity of air.

For feeding the particle material into the mixing chamber, a screw feeder (K-TRON, 
Type K2MV S60) was used, whereby the particle mass flow rate could be adjusted 
accordingly. In order to ensure continuous particle feeding, the air was injected 
into the mixing chamber through a converging nozzle, whereby a lower pressure 
and a high velocity were established. The resulting jet entered the exit pipe of 
the mixing chamber on the opposite side. This procedure also ensured a good 
dispersion of particles and tracer, and possible agglomerates were destroyed.

A 90o bend was mounted at the end of the channel. It was connected to a flow 
passage where the cross-section changes from rectangular to circular. A flexible 
pipe was used for conveying the gas–particle mixture to a cyclone separator. 
The separated particles were reinjected into the reservoir of the particle feeder 
through a bucket wheel. Finally, the air from the cyclone passed through a bag-
filter with pulse-jet cleaning, in order to remove very fine particles (mainly the 
tracer particles) and was released into the environment.



28

Universidad Autónoma de Occidente

The particles used initially in the experiment were spherical glass beads with 
different mean diameters D

p
 and size distribution as summarised in Table 3.2. The 

non-spherical particles properties are given below. The size distributions were 
obtained by using a phase-Doppler anemometer with an optical configuration 
described below. It should be mentioned that in addition 1 mm glass beads were 
used. However, due to the limited sizing range of the phase-Doppler anemometer, 
only the air velocity was measured in this case. Moreover, it should be mentioned 
that rather large particles were used so that adhesion forces were not of great 
importance and the particles could be easily dispersed. Also, in the considered 
range of air velocities, no sticking of the particles on the walls or formation of 
ropes on the bottom wall of the channel could be observed. Such phenomena 
are only observed at lower air velocity.

Table 3.2. Characteristic diameters and properties of the different spherical glass beads 
(material density ρ

p
=2500 kg/m3) used in the experiment (the particle Stokes number was 

calculated based on the integral time scale on the centreline of the channel for an average air 
velocity of 19.7 m/s).

For providing an impression about the particles response characteristics to the 
turbulent fluctuations of the air phase, particle Stokes numbers are also given 
in Table 3.2 for the flow with Re

H
=42,585. The particle response time τ

p
 was 

calculated by:

     

 (3.4)

where ρ
p
 is the particle material density, D

p
 the particle diameter and f

d
 = 1.0 

+ 0.15 Re
p

0.687 is the non-linear term of the particle drag coefficient, which was 
calculated in an iterative way by using the terminal velocity of the particles U

p
,
∞
 

in the particle Reynolds number:

     
(3.5)
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As the characteristic time scale of turbulence, the integral time scale T
L
 on the centre 

of the channel for single-phase flow was selected as described above. The results 
in Table 3.2 show that the Stokes number for the smallest particles (60 µm) is 5.01, 
indicating that their motion is not very strongly affected by turbulence. For the 625 
µm particles, the Stokes number is about 386, hence they will be not influenced by 
turbulence. During the experiments, no considerable degradation or erosion of the 
particles was observed, so that resulting errors in the PDA measurement could be 
excluded. Nevertheless, the particle material was frequently renewed.

For the experiments, stainless steel walls (upper and lower wall along the entire 
channel) with two degrees of wall roughness were used, namely plates with low 
and high degree of roughness. Typical roughness profiles are shown in Fig. 3.2, 
obtained by a Paertometer (Type S3P) which mechanically scans the surface. 
By numerically scanning this roughness profile with different sampling distance, 
one can obtain the degree of roughness experienced by different sized particles, 
as demonstrated by Sommerfeld and Huber (1999). The relevant roughness 
dimension is the average value of the difference between neighbouring maxima 
and minima of the roughness structure. These values are summarised in Table 
3.3 for the streamwise and lateral directions (Rx and Ry), together with the 
respective maximum values (Rx,max and Ry,max).

With the test facility described above, average air velocities up to 30 m/s and a 
particle mass loading up to about 2 could be established. However, it should be 
noted that, for smaller particles, a higher loading could not be considered due to 
the resulting high particle number density c

n
 and the limits for the application of 

optical measurement techniques. In order to maintain a constant air flow rate with 
variation in mass loading, the air flow rate was readjusted for each experiment. 
The maximum variation in the air flow rate for one series of measurements with 
constant air velocity and varying particle mass loading was about 2.5%. The 
air temperature at the channel entrance varied between about 25 and 35 oC, 
depending on the environmental temperature. For an almost constant ambient 
pressure, this resulted in an air density variation of about ±1.7% around a mean 
value of 1.15 kg/m3. The particle flow rate from the screw feeder was subjected 
to some fluctuations due to the feeding screw, but became almost constant as a 
result of the mixing chamber design. The repeatability of the measurements was 
in the range as expected from variations in temperature and air flow rate.
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Figure 3.2 Measured profiles of surface roughness for a stainless steel plate: a) low degree of 
roughness; b) high degree of roughness (both axes are linear, and the values specified on the 

axis indicate exactly the entire length of the horizontal and vertical axis).

Table 3.3 Wall roughness characteristics of the two different stainless steel walls used in the 
experiments (R

x
, R

y
 mean values; R

x,max
, R

y
,
max

 maximum values).

3.2 Instrumentation

For the simultaneous measurement of both, particle phase and continuous phase 
properties, PDA was applied. The PDA technique allowed the time-averaged 
velocities of both phases to be determined with a good spatial resolution, and 
additionally, the local particle size distribution. In order to allow a measurement 
of the continuous phase velocities in the presence of the particles, spherical 
seeding particles (Ballotini 10002A) were added to the flow with a nominal size 
of about 4 µm. This was accomplished by mixing the tracer particles with the 
dispersed phase particles in the reservoir of the particle feeder. The discrimination 
procedure was based on size measurement according to Qiu et al. (1991) and 
will be described in more detail below.
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Figure 3.3 Installation of the PDA on the computer-controlled traversing system.

The transmitting and receiving optics of the two-component PDA (Dantec Fiber 
PDA) were mounted on a common, computer-controlled traversing system 
as illustrated in Fig. 3.3. In order to ensure high scattering intensities for the 
tracer particles, the receiver was mounted at a scattering angle of 33.5o. At this 
angle, a fairly linear phase–size relation is established, as demonstrated by 
Sommerfeld and Tropea (1999) using Mie calculations. Vertical profiles of the 
properties of both phases were measured close to the end of the channel (5.8 m 
from the entrance) in the middle plane. The measurement of the horizontal and 
vertical components of the velocities of both phases up to the lower and upper 
channel walls was only possible, however, by tilting the entire traversing system. 
Therefore, both sides of a horizontal traversing bar carrying the transmitting and 
receiving fibre probes could be moved independently. Measurements near the 
upper wall were performed by turning the traversing system in such a way that 
the upper beam for measuring the vertical velocity component was parallel to the 
channel wall. Near the centre of the channel, the traversing system was tilted by 
computer control, so that the lower beam was parallel to the lower wall (Fig. 3.3). 
Hence, completely computer controlled measurements were possible across the 
channel height.

The optical configuration of the PDA system was selected according to the 
particle sizes considered. For the different experiments, a 500-mm transmitting 
lens and a 400-mm receiving lens were used. The sizing range could be changed 
by inserting different masks in the receiver, whereby the elevation angle of the 
three detectors could be varied. For glass beads with a refractive index of 1.51, 
a sizing range of 266 µm was possible with mask A and 1,032 µm with mask C. 
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The optical parameters of the PDA system are summarized in Table 3.4 for both 
components.

Table 3.4 Optical parameters of the PDA system.

A typical measurement of the combined size distribution of tracer particles and 
dispersed phase particles is shown in Fig. 3.4 together with the size–velocity 
correlation for three locations in the channel, i.e. in the centre of the channel and 
0.03 and 0.29 channel heights from the bottom wall. The vertical axis indicates the 
number of validated samples for the different size classes. At each measurement 
point, a sufficiently large number of samples (minimum 8,000 samples for each 
phase; see Fig. 3.4) were collected, in order to allow for the statistically reliable 
measuring (small confidence levels of mean and rms values) of the mean and 
fluctuating velocity components of both phases. From Fig. 3.4, it is obvious that a 
clear separation of the size distributions of tracer and dispersed phase particles 
is possible. The comparison of the number of samples for the tracer particles 
collected at different locations shows a decrease when the optical path length 
for the receiving optics increases in the two-phase flow and the measurement 
location moves towards the bottom of the channel (see Fig. 3.3). This shows 
the effect of light absorption by the dispersed phase particles, which causes a 
decrease in the data rate for the tracer. The velocity information for the air phase 
was obtained from particles smaller than 7 µm. The size–velocity correlation 
shows that, in the first two size classes, the axial velocity component is almost 
constant and hence, represents the air velocity correctly. Even in the vicinity of 
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the wall with small turbulent time scales and large velocity gradients, the variation 
in the tracer velocity in the size range up to 7 µm was found to be less than 1% 
(Fig. 3.4c). Also, the mean and fluctuating velocities of the particles were not 
determined over the entire size range, but only in a certain range around the 
maximum of the respective size distribution. 

Figure 3.4 Size distribution of tracer and dispersed phase particles (vertical bars) 
together with the size velocity correlation (lines with symbols): a) y/H=0.5, centre 
of the channel; b) y/H=0.29; c) y/H=0.03 (U

av
=19.7 m/s; 100 µm glass beads; 

η=0.3; low roughness; y distance from lower wall).

Since the commercial PDA-software did not allow for accurate determination of 
particle concentration, the raw data were reprocessed after the measurements 
in order to allow a better estimation of this value across the channel. Essential for 
concentration measurements is the estimation of the probe volume cross-section 
as a function of the direction of particle motion (Sommerfeld and Qiu, 1995). 
As the particle motion may be considered to be essentially two-dimensional 
in the channel flow considered, and a two-component PDA system was used, 
the cross-section of the probe volume perpendicular to the particle motion is 
determined from (Zhang and Ziada, 2000):

    
(3.6)

where d
e
 is the diameter of the probe volume given by the e–1 value of the light 

intensity distribution, ϕ is the off-axis angle of the receiver, L is the length of 
the probe volume imaged onto the receiving optics, v

p
 is the instantaneous 

transverse particle velocity component (perpendicular to the main stream 
component), and u

p
 is the absolute value of the two relevant particle velocity 

components (streamwise and transverse component). Since rather large and 
almost monodisperse particles are considered, the variation in the probe volume 
cross-section with particle size was not accounted for. Hence, the number 
concentration of the particles c

n
 was calculated with the number of samples (N

p
) 

and the total measurement time (T
samp

) in the following way:

   

(3.7)
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Here u
p
 and v

p
 are the components of the instantaneous particle velocity in the 

streamwise and transverse direction, respectively. Since rejected Doppler signals 
were ignored in this evaluation, the absolute values of the measured particle 
concentration are not very reliable. Therefore, the results on particle number 
concentration c

n
 are presented as normalised values, i.e. the measured number 

concentration is always divided by the measured average value obtained across 
the channel c

n
,
av

.

3.3 Properties of the employed non-spherical particles

As it has been mentioned in the introduction, there are in the literature a number of 
experimental studies (e.g., Haider and Levenspiel, 1989; Ganser, 1993) devoted 
to build empirical correlations for the drag coefficient, C

D
, of non-spherical 

particles of general shape using several parameters such as the sphericity, φ. 
It is defined as the ratio between the surface of a volume equivalent spherical 
particle and the surface of the actual non-spherical particle. The dependence 
of C

D
 on φ for isometric particles and disks versus particle Reynolds number, 

following Haider and Levenspiel (1989), is shown in Fig. 3.5.

Figure 3.5 Dependence of drag coefficient on non-spherical particle sphericity 
and Reynolds number (Haider and Levenspiel, 1989).

For an isometric non-spherical particle with φ > 0.8 the C
D
 curve separation 

regarding the standard drag curve for a spherical particle occurs at Re
p
 = 150. 

Therefore, the volume equivalent diameter is used to calculate the non-spherical 
particle Reynolds number. Particle sphericity (φ) is evaluated from pressure drop 
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measurements across a fixed bed of these particles, where air flows in a laminar 
regime (Re

p
 < 10), by assuming a uniform particle arrangement in the bed. The 

equation of Kozeny and Carman is applied for estimating the particle sphericity 
(Henthorn et al., 2005).

Table 3.5 gives the main properties for the non-spherical particles used in this 
work, and Fig. 3.6 shows some photos of them.

Material
Density
[kg/m3]

Volume equivalent
diameter [µm]

τ
p
 [ms] Re

p
 [-] St [-]

Duroplastic I 1480 185 85.3 9.1 23.3
Duroplastic II 1480 240 126.3 18.4 34.5
Cylindrical
Polycarbonate

1200 485 220 64.2 60.1

Quartz 2650 185 151.9 17.9 41.5

Table 3.5 Characteristic parameters and properties of the non-spherical 
particles studied in the experiments.

Figure 3.6 Photographs of the non-spherical particles employed. Duroplastic 
I (up left), duroplastic II (up right), quartz (bottom left) and polycarbonate (bottom right).
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3.4 Single-phase flow

In order to prove the quality of the established channel flow, air-phase 
measurements were compared with data from the literature. Similar to Kulick et al. 
(1994), the present velocity measurements were compared with the experiments 
of Hussain and Reynolds (1975) and the large-eddy simulations (LES) of Moin 
and Kim (1982) as shown in Fig. 3.7. The LES data were chosen, since the 
channel Reynolds number was in the range of the present experiments, namely 
about 25,000. The mean streamwise component of the air velocity is normalised 
by the friction velocity Uτ which is obtained from (Hussain and Reynolds, 1975):

    
 (3.8)

Here U
0
 is the centreline mean velocity and the channel Reynolds number Re

h
 

is obtained with the half channel height h=H/2 in this case. The normalised wall 
coordinate is given by:

       
(3.9)

Figure 3.7 Comparison of single-phase velocity measurements with literature data obtained from 
measurements (Hussain and Reynolds, 1975) and LES (Moin and Kim, 1982): a) normalised 
streamwise mean velocity; b) normalised streamwise rms velocity fluctuation (average gas 

velocity on centreline U
0
 = 21.77 m/s; high roughness).

For clarity, the streamwise rms velocity fluctuation u
rms

 is normalised by the 
centreline air velocity U

0
, and the wall distance y by the half channel height 

h. The profile of the streamwise Mean Velocity agrees well with the previous 

a) b)
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measurements (Hussain and Reynolds, 1975) and the LES (Moin and Kim, 1982). 
It should be noted that the present measurements were not performed to resolve 
the particle behaviour in the vicinity of the walls. Therefore, the fluid and also the 
particle velocity were obtained up to a location of about 1 mm from the wall. In 
Fig. 3.7b, the measured streamwise rms velocity fluctuation is compared with 
the literature data. The agreement is reasonably good, especially for normalised 
wall distances smaller than about 0.6. The larger mean fluctuating velocities in 
the core of the channel (about 30% larger than the LES and 13% larger than 
the experiments) are presumed to be caused by the higher wall roughness 
considered in the present studies. These measurements were performed with 
the higher roughness.

3.5 Two-phase flow

Firstly, the obtained results for the spherical particles with diameter of 195 µm 
and the low roughness are presented in Fig. 3.8.

Figure 3.8 Vertical profiles of air and spherical particles (Dp = 195 µm) with Umean 
= 20 m/s. a) Horizontal velocity; b) horizontal rms velocity; c) vertical rms velocity; 

d) normalized particle flux. Particle phase: hollow symbols; gas phase: filled symbols.
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After examining Fig. 3.8 the following conclusions can be drawn:

• The mean gas velocity profiles are only slightly flattened as the mass loading 
increases, reflecting the momentum transfer from particles to the gas.

• There are no significant differences in the particle mean velocities as the 
loading increases.

• With increasing mass loading the normalised particle mass flux near the 
bottom of the channel is reduced as a result of inter-particle collisions and 
the particles are more homogeneously distributed across the channel.

• Both components of the fluid mean fluctuating velocity, horizontal u’ and 
vertical v’, are reduced with increasing mass loading, which is consistent 
with the observation that small particles tend to suppress turbulence.

• The rms values of the horizontal particle velocity fluctuations slightly decrease 
as loading increases while the vertical component is almost unaffected.

All the experiments with the non-spherical particles have been performed with 
the smallest roughness, so that the influence of wall roughness on particle motion 
is minimal. In the following, the main characteristics of pneumatic conveying for 
the non-spherical duroplastic I particles (hereafter called NS I) are presented 
with the help of the normalized vertical profiles of mean and fluctuating velocities 
of both phases.
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Figure 3.9 Normalized profiles of air and NS I particles variables with U
mean

 = 19.8 m/s. a) 
Horizontal velocity; b) horizontal rms velocity; c) vertical rms velocity; d) normalized particle flux. 

Particle phase: filled symbols; gas phase: hollow symbols.

Fig. 3.9 a) shows the normalized vertical profile of mean horizontal velocity for 
gas and particles. The particle velocity profile presents a clear maximum in the 
middle of the channel, which follow the air velocity profile as consequence of 
the low particle density and also of particle sphericity (which implies a higher 
value of the drag coefficient when φ < 1). The momentum loss of the air, due 
to the transport of particles, is quite low. As a result, the air mean velocity is 
hardly reduced as the mass loading η is increased. Similar to what happen with 
spherical particles, increasing the mass loading of non-spherical particles implies 
a reduction of both, horizontal and vertical, air rms velocities. This turbulence 
reduction is not very remarkable in upper part of the channel due to the small 
number of particle samples in that region; however, it can be clearly observed in 
the lower part of the channel, where there is a rather high number of particles.
Moreover the NS I particle velocity rms components do not experience any 
significant reduction as the mass loading increases. In case of spherical particles 
the situation is different where the particle rms velocities decrease as the loading 
increases (Laín et al., 2002). That behaviour is attributed to the dynamic of inter-
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particle collisions of NS I particles which experience an elastic deformation in 
the collision process. Therefore, the increase in inter-particle collisions does not 
imply a significant modification of particle energy during its motion. 

Figure 3.10 Normalized profiles of air and NS II particles variables with U
mean

 = 20.4 m/s. a) 
Horizontal velocity; b) horizontal rms velocity; c) vertical rms velocity; d) normalized particle flux. 

Particle phase: filled symbols; gas phase: hollow symbols.

The minimum of particle vertical rms velocity is not in the middle of the channel but 
a slightly higher (around y/H = 0.6) as a consequence of the vertical distribution 
of particles. The drastic reduction of the gas vertical rms velocity values with 
increasing loading can be observed in Fig. 3.9 c). Also, due to the low particle 
density and shape, the particle vertical rms velocity is smaller than that of the gas 
phase. The normalized particle mass flux (Fig. 3.9 b)) shows a clear dependency 
on the loading. Higher mass loading implies more inter-particle collisions, so the 
particles are resuspended again into the mean flow. However, for smaller loadings 
the profile of particle mass flux is very wide in the bottom of the channel, wider than 
for spherical particles with the same Stokes number. The reason is that the NS I 
particles become deformed in a particle-wall collision and the resulting rebound 
angle is, in mean, lower than that for a spherical particle.
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The slightly larger duroplastic II particles (D
p
 = 245 µm), hereafter called NS II, 

show the same trends as NS I particles. However, due to their larger weight its 
horizontal mean velocity is smaller as a result of a larger loss of linear momentum 
due to drag (Fig. 3.10 a)). Increasing the particle mass loading implies a 
reduction of the gas turbulence in the lower part of the channel (Fig. 3.10 b)) as 
a consequence of the particle mass flux distribution (Fig. 3.10 d)). The particles 
weight has also an influence on the rms value of the vertical particle velocity, 
which is very close to that of the gas phase (Fig. 3.10 c)). 

Figure 3.11 Normalized profiles of air and cylindrical polycarbonate particles 
variables with U

mean
 = 19.95 m/s. a) Horizontal velocity; b) horizontal rms velocity; 

c) vertical rms velocity; d) normalized particle flux. Particle phase: filled symbols; 
gas phase: hollow symbols.

The larger cylindrical polycarbonate particles (D
p
 = 487 µm) show in their profiles 

(Fig. 3.11) clear differences with the previous non-spherical particles. The particle 
horizontal mean velocity decreases as particle mass loading increases. Moreover, 
the horizontal mean velocity profile is slightly asymmetric for both phases, with 
smaller values in the lower half of the channel (Fig. 3.11 a)). This fact could be due 
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to two factors: on the one hand, the large size of the particles implies a clear loss 
of lineal momentum in a particle-wall collision (for both phases); on the other hand, 
the increase of the particle-wall collisions frequency, due to the low particle density. 
The air horizontal rms velocity is hardly reduced with increasing loading across the 
channel (Fig. 3.11 b)). The reason is the eddy detachment on the corners of the 
cylindrical particles which implies such a weak turbulence reduction. In contrast with 
the smaller NS I and NS II particles, the polycarbonate particle rms velocities show 
a clear dependence with the mass loading. The increase of inter-particle collisions 
with increasing loading motivates a reduction of the rms velocities, especially in the 
lower half of the channel where the particle mass flux is the highest (Fig. 3.11 d)).

Figure 3.12 Normalized profiles of air spherical glass particles (D
p
 = 195 µm) and non-spherical 

quartz particles (D
p
 = 200 µm) variables with U

mean
 = 20.2 m/s and η = 0.3. a) Horizontal velocity; 

b) horizontal rms velocity; c) vertical rms velocity; d) normalized particle flux. Particle phase: 
filled symbols; gas phase: hollow symbols.

In the following, the influence of particle sphericity φ on the vertical profiles of the the 
solid phase variables is examined. To that end, a comparison between the results 
for spherical glass particles (D

p
 = 195 µm) and non-spherical isometric quartz 
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particles (D
p
 = 185 µm), with very similar particle relaxation time is conducted. 

The non-spherical quartz particles present a slightly higher horizontal mean 
velocity than the spherical glass particles (Fig. 3.12 a)) due to the higher drag 
experienced by the non-spherical particles. Moreover, their profile is slightly 
asymmetric being the maximum value displaced to y/H = 0.4 The reason could 
be the particle mass flux distribution which indicate that the quartz particles are 
more suspended in the flow that the glass particles (Fig. 3.12 d)). This causes a 
reduction in the particle-wall collision frequency and a smaller linear momentum 
loss which, in turn, implies a higher mean velocity in comparison with the 
spherical particles.

The particle horizontal rms velocity is roughly similar for both types, spherical and 
non spherical particles (Fig. 3.12 b)). However, due to the higher particle mass 
flux in the lower part of the channel (i.e., below y/H = 0.3) U

RMS
,
norm

 is lower for the 
spherical particles. The vertical rms values of the quartz particles are below the 
fluid ones as it happened for the other non-spherical particles (Fig. 3.12 c)).

Figure 3.13 Normalized particle fluctuating energy versus mass loading for different particle 
sizes and shapes. U

mean
 between 19.8 and 20.2 m/s.

From the comparison of the averaged normalized particle fluctuating energy, 
E

p
, (Fig. 3. 13) for spherical and non-spherical particles, the following 

conclusions can be extracted:

• At the same mass loading, the smaller non-spherical particles NS I have 
higher fluctuating energy E

p
 than the larger NS II particles, opposite to 

what happen in the case of spherical particles (Fig. 3.13). Also, the particle 
concentration in the bottom of the channel is smaller in the case of NS I than 
for NS II particles.
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• Non-spherical particles, especially NS I and NS II types, show a very small 
reduction of E

p
 as the mass loading increases. This reduction is more 

remarkable for spherical particles.

• Quartz particles have, compared with the 195 µm spherical particles, a lower 
value of E

p
. 

• The larger spherical particles, D
p
 = 645 µm, present a pronounced decrease 

of E
p
 with increasing mass loading. The size and elasticity of those particles 

promote such large energy dissipation.

Figure 3.14 Vertical profile of normalized particle mass flux for different particle sizes, shapes 
and materials for a mass loading η = 0.06. U

mean
 between 19.8 and 20.2 m/s.

Fig. 3.14 presents the vertical profile of normalized particle mass flux for different 
particle sizes, shapes and materials for a mass loading η = 0.06. For this small 
loading the effect of inter-particle collisions can be neglected. The solid phase 
shows a high concentration gradient as a consequence of particle-wall collisions. 
It is remarkable that in the collision with the wall the non-spherical particle 
experiences a ‘rolling’ effect consistent in an elastic deformation of the particle 
corners and edges which implies a notable reduction of the rebound angle (Fig. 
2.6). As a consequence, the mean rebound angle with the lower wall is smaller 
than the impact angle before the collision. This fact implies that, in comparison 
with the spherical particles at the same incidence angle α, a clear increment in 
particle concentration at the bottom of the channel. The degree of the ‘rolling’ 
depends on the particle sphericity φ: the larger the deviation of spherical shape, 
the smaller the particle vertical velocity after the collision with the wall. 
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Figure 3.15 Quotient R
V
 = V

p
,
2
/V

p
,
1
 versus the incidence angle α for different 

particle sizes and shapes.

In the following, the experimental results of particle-wall collisions are presented. 
The rate between the vertical velocity components after (2) and before (1) the 
collision R

V
 = V

p
,
2
/V

p
,
1
, is presented versus the incidence angle α (Fig. 3.15).

For small incident angles, α < 15o, it is clearly seen that non-spherical particles 
have, in mean, a smaller rebounding vertical velocity than spherical particles. 

Therefore, the angle after the rebound β, is smaller for non-spherical than for 
spherical particles (Fig. 3.16). Of course, this fact results in a higher particle 
concentration at the bottom of the channel. The quotient R

V
 decreases slightly 

for incident angles α > 15o. For α < 8o it is found that V
p2

 > V
p1

 for all particles, 
effect already noted by Sommerfeld and Huber (1999) for spherical particles.

Figure 3.16 Rebound angle β after a particle-wall collision versus incident 
angle α for spherical and non-spherical particles
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Chapter 4

Kinematic simulations

The importance of numerical calculations for supporting the optimization and lay-
out of industrial processes involving multiphase flows is continuously increasing. 
In predicting dispersed gas-solid flows the general assumption is that the 
particles are spherical. This applies for both methods: the two-fluid approach 
and the Euler/Lagrange method. However, in most practical situations one is 
dealing with non-spherical irregular particles or particles with a certain shape, 
such as granulates or fibers. In such a case the relevant transport mechanisms, 
as for example aerodynamic transport, particle-wall collisions and inter-particle 
collisions will considerably differ from those for spherical particles. In order to 
account for the non-sphericity of particles in the aerodynamic transport, different 
correlations have been proposed on the basis of numerous experiments (Haider 
and Levenspiel 1989, Ganser 1993, Chhabra et al. 1999). A model for the wall 
collision of nonspherical particles was suggested by Tsuji et al. (1989) based 
on the impulse equations in connection with Couloumb’s friction law. The 
calculations for a particle-laden channel flow for particles which slightly deviate 
from the spherical shape have revealed the drastic impact of particle shape 
on the wall collision process and the resulting development of the gas-solids 
flow. It was found that the lateral dispersion of the particles increases with the 
degree of non-sphericity. Hence, this effect is similar to the influence of wall 
roughness on the wall collision process for spherical particles (Sommerfeld and 
Huber 1999) and the resulting transport behavior in pipes or channels. The wall 
collision model includes two parameters (Fig. 4.1), namely:

• the angular orientation β of the particle upon impact
• the associated vertical distance between wall and centre of gravity of the 

particle, R
c
.

The evaluation of both parameters from experimental studies is very difficult. 
However, both parameters are affected by particle shape, impact angle and the 
ratio of angular velocity to translational velocity, and will have certain distribution 
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functions. These distribution functions are needed for a realistic modeling of the 
wall collision process of non-spherical particles. In the work of Tsuji et al. (1989) 
certain mean and rms-values were assumed and adjusted in order to match the 
calculated particle velocity and concentration profiles with experimental data. 
However, in the present study two-dimensional kinematic simulations were 
performed for evaluating these two parameters and their distribution functions in 
dependence of the influencing parameters.

Figure 4.1 Illustration of the wall collision process of spherical (left) and non- spherical particles 
(rotation in the clockwise direction is negative, the angle β is the normal from the particle centre 

of gravity to the wall).

4.1 Two-dimensional kinematic simulations

The kinematic simulations performed, are based on tracking the particles and 
their contour before and after the wall collision. The effect of aerodynamic forces 
on particle motion was neglected at this stage. Moreover, only smooth walls were 
considered. During the tracking procedure it was checked whether portions of 
the particle contour collide with the wall or penetrate it. In the latter case the time 
step is reduced until the penetration becomes smaller then 1 % of the particle 
diameter. The change of translational and angular velocities of the particle during 
the wall collision process was calculated on the basis of the impulse equations 
solved in connection with Coulombs’ friction law.

Generally, the wall collision process is separated in a compression and recovery 
period without considering the details of the wall and particle deformation 
process. For both periods the impulse equations are given as follows in the case 
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of a two-dimensional collision:

compression period (0 → 1):

 

(4.1)

recovery period (1 → 2):

  

(4.2)

The indices 0, 1 and 2 refer to the conditions before collision, at the end of 
the compression period, and after the collision. Furthermore, P

x
 and P

y
 are the 

components of the impulse in the x- and y-direction, m
p
 is the particle mass, 

and I
p
 is the particles moment of inertia which is known for regular particle 

shapes. In the case of irregular particles this value was obtained by numerical 
integration. Using Coloumb’s friction law one obtains relations between the 
impulse components:

      

(4.3)

where µ is the wall friction coefficient. The value ε indicates the direction of 
motion of the particles wall contact point:

    

(4.4)
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The restitution coefficient is defined by:

       

(4.5)

In order to solve the above equations certain boundary conditions are required. 
Therefore, three types of wall collision are distinguished:

Case 1: The particle is sliding along the wall during the entire collision process.

Case 2: The particle stops sliding in the recovery period.

Case 3: The particle stops sliding already in the compression period.

For separating the different cases, the contact point velocities of the particle are 
needed, they are given by:

    

(4.6)

Table 4.1 Boundary conditions for the different collision regimes.

For all cases the normal component of the contact point velocity becomes zero 
at the end of the compression period, i.e., u

yc,1
 = 0. The required additional 

assumptions for the three cases are summarized in Table 4.1. For the sliding 
collision one obtains the following set of equations to calculate the two components 
of the translational and angular velocity:
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(4.7)

The linear impulse in the y-directions results from:

  

(4.8)

For the rolling collision which summarizes both types of sliding collision (Case 
2 and 3) one obtains:

 

(4.9)

For Case 2 the y-impulse is identical with that for Case 1 (Eq. 4.8), while for 
Case 3 one obtains with the boundary conditions:

    
(4.10)

  
(4.11)
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When the new particle velocities after collision were obtained they were tracked 
further on for a short distance. In case several subsequent collisions occur the 
statistical properties were only evaluated for the first collision. The changes of 
particle properties during the wall collision process were evaluated for 2000 
events. The main emphasis of the study was related to the determination of the 
distribution functions for the orientation angle β and the radial distance R

c
 (Fig. 

4.1) together with the associated mean and rms values. 

In the wall collision model two additional parameters are required and they 
generally depend on impact velocity and angle, namely the restitution and the 
friction coefficient. Both values or correlations cannot be obtained theoretically 
and therefore were selected according to the experiments of Sommerfeld and 
Huber (1999). This implies that the restitution coefficient gets reduced from 1.0 
to 0.5 up to an impact angle of 27o and remains constant for larger impact angles. 
Similarly the friction coefficient varies from 1.0 to 0.25 up to an impact angle of 
27o and then remains constant at a value of 0.25.

Table 4.2. Summary of particle shapes and properties used in the simulations, 
the equivalent particle diameter based on cross-section is 100 µm in all cases.
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4.2 Results of kinematic simulations

Most of the calculations were performed for a fixed initial velocity of 15 m/s. The 
different particle shapes considered are shown in Table 4.2 together with some 
characteristic properties. The particles had an equivalent diameter of 100 µm 
based on the cross sectional area. The shape of the particles (i.e. particle radius 
as a function of angle) was generated using a truncated harmonic series of the 
form:

  
(4.12)

Here, m is the number of harmonics and the other parameters are also provided 
in Table 4.2. The phase angle was set to zero and only φ

3
 was assumed with 80o 

in order to produce some asymmetry in the particle shape. As a characteristic 
parameter for the shape, the ratio of the minimum to the maximum radius (R

min
 / 

R
max

) and the sphericity is determined as:

P

P

A

U

!
"

4

2

=

      
(4.13)

Here, U
P
 is the circumference of the particle and A

P
 is the cross-sectional area. 

For each particle a series of calculations was performed with different initial 
angular velocity and the impact angle as a parameter.
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Figure 4.2 Typical trajectory of an irregular particle colliding with a smooth wall 
(particle 4, diameter 100 µm, velocity 15 m/s), a) angular velocity 100.000 1/s, 

impact angle 5o, b) angular velocity -100,000 1/s, and impact angle 15o.

Two typical particle trajectories (particle 4) for a different direction of initial 
rotation and impact angles of 5o and 15o are shown in Fig. 4.2. The probabilities 
that the orientation angle is positive (impact point behind centre of particle) for a 
positive initial rotation and negative (impact point in front of centre of particle) for 
a negative rotation are of course dominating as it could be expected. In the case 
of positive initial rotation (counterclockwise) it is more likely that the direction of 
rotation changes due to the dominance of the horizontal impulse (Fig. 4.2a). For 
a negative initial rotation it is more probable that the angular velocity is enhanced 
due to this reason (Fig. 4.2b).

The resulting distribution functions of the orientation angle β upon impact are 
shown in Fig. 4.3 for particle 2. It is obvious that this angle is distributed around a 
negative mean value for small impact angles and a negative rotation (rotation in 
the right direction). For larger impact angles the angle β has a wider distribution 
with a mean value being slightly negative. If the direction of the angular velocity 
is changed (positive rotation) also the distribution of the orientation angle β is 
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shifted to the positive side. Lower angular velocities result in a considerable 
broadening of the distribution function; however the mean value is shifted to 
smaller angles, depending on the direction of rotation. The other particles give 
similar trends but the distribution functions of the orientation angle strongly 
depend on particle shape and may not be as continuous as shown in Fig. 4.3. 
The discontinuities in the distributions depend on angular velocity and the degree 
of non-sphericity of the particle.

Figure 4.3 Distributions (relative frequency) of the orientation angle 
for particle 2 and different impact conditions (U

0
 = 15 m/s).

Similarly, the distributions of the normalised impact radius (see Fig. 4.1) strongly 
depend on particle shape. The result given in Fig. 4.4 was obtained for three 
different particle shapes and shows a considerable broadening of the distribution 
with decreasing ratio of minimum to maximum particle radius, or with increasing 
degree of non-sphericity. The number of peaks in the distribution is closely related 
to the number of bumps on the particle surface which have a different elevation.
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Figure 4.4 Distributions (relative frequency) of the normalised impact radius for three different 
particles and identical impact conditions (α

0
 = 45o, ω

P0
 = 0.0 1/s, U

0
 = 15 m/s).
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In the following the mean values of the orientation angle β and the normalised 
impact radius are evaluated in more detail. These distributions of both values as 
a function of impact angle and the non-dimensional angular velocity

     
(4.14)

are shown in Fig. 4.5 for particle 3. A strong dependence of β on the impact 
angle and the non-dimensional angular velocity is found for smaller impact 
angles up to about 35o. For larger impact angles only a slight increase with 
increasing angular velocity is observed. The slope of this increase decreases 
with increasing impact angle. The rms-values of the orientation angle will be 
discussed below. The distribution of the normalised impact radius (Fig. 4.5b) 
shows almost constant mean values with some minor fluctuations over nearly 
the entire range of parameters. Only for very high absolute values of the angular 
velocity and very small impact angles distinct maxima appear. Both the level of the 
minimum and maximum values depend on particle shape. The associated rms-
value was found to be almost constant over the entire parameter range and only 
depends on particles shape or the degree of non-sphericity as illustrated in Fig. 
4.4. It was found that both the mean and rms value of the impact radius linearly 
increases with decreasing ratio of minimum to maximum particle radius.

Figure 4.5 Distribution of the orientation angle and normalized impact radius as a function of 
impact angle and nondimensional angular velocity (particle 3, U

0
 = 15 m/s).
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Profiles of the mean orientation angle and the associated rms-values for different 
types of particles (all with 4 modes in the harmonic series) and the smallest 
impact angle of 5o as a function of the normalised angular velocity are shown in 
Fig. 4.6. The orientation angle approaches clearly limiting values with increasing 
angular velocity in both the positive and negative directions. This Maximum 
Value decreases with increasing sphericity value (see table 4.2). The results for 
the different particle types are quite symmetric with regard to zero rotation which 
will simplify the modelling. The rms-value of the orientation angle also exhibits 
characteristic curves which are obvious from the results presented in Fig. 4.3. 
Thus, for a high absolute value of the angular velocity relatively narrow distributions 
are obtained, whereas a low angular velocity results in broader distributions and 
therefore, larger rms-values for the orientation angle. The results on the mean 
orientation angle and the rms-value show a clear dependence on the sphericity 
of the particle, or in the present study a better correlation is obtained with the 
ratio of the minimum to maximum particle radius.

Figure 4.6 Mean- and rms-values of the orientation angle as a function of non-dimensional 
angular velocity at an impact angle of 5° for three different particles 

with four modes in the harmonic series (U
0
 = 15 m/s).

Also for the normalised impact radius (defined as the distance of the impact 
point from the centre of the particle divided by the particle radius) characteristic 
curves for the different particle shapes are found (Fig. 4.7). With decreasing 
sphericity or ratio of minimum to maximum particle radius, larger values of the 
impact radius are obtained. This is easily identified when comparing the results 
for larger impact angles, namely 25o. As mentioned above, only for the smallest 
impact angle considered, an increase of the normalised impact radius is observed 
for non-dimensional angular velocities beyond an absolute value of 0.167 (i.e. 
for the present case this correspond to an angular velocity of ± 5,000 1/s).
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Figure 4.7 Mean values of the normalized impact radius as a function of non-dimensional 
angular velocity for two impact angles and different particles 

(all with four modes in the harmonic series) and two impact angles (U
0
 = 15 m/s).

The results introduced so far were obtained for particles with four modes in the 
harmonic series, which implies that also four humps may be identified on the 
surface. Analysing the results of the orientation angle and the normalised impact 
radius in dependence of the number of modes also gives a clear correlation of 
the results with the minimum to maximum particle radius (Figs. 4.8 and 4.9) and 
similarly the corresponding rms-values. Even for more irregular shaped particles 
this observation was confirmed (Sommerfeld, 2001).

Figure 4.8 Mean- and rms-values of the orientation angle as a function of non-dimensional 
angular velocity at an impact angle of 5o for three different particles 

with four and six modes in the harmonic series (U
0
 = 15 m/s).
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Figure 4.9 Mean values of the normalised impact radius as a function 
of non-dimensional angular velocity for two impact angles and different particles 

(with four and six modes in the harmonic series) and two impact angles (U
0
 = 15 m/s).

Finally, the properties relevant for the characterisation of the wall collision process 
are summarised in Fig. 4.10, in this case for particle 3. The properties are plotted 
versus the impact angle with the angular velocity as a parameter. The orientation 
angle depends of course on the direction of rotation, i.e. negative rotation results 
in negative angles and positive rotation gives also a positive orientation angle. 
At high impact angles the modules of the mean orientation angle is of course 
rather small and decreases with decreasing rotational speed. A reduction of the 
impact angle results in a continuous increase of the angle β. The magnitude of 
this angle will additionally depend on particle shape.
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Figure 4.10 Wall collision parameters as a function of impact angle with the angular velocity as 
a parameter, a) particle orientation angle upon impact, b) ratio of angular velocity, c) ratio of wall-

normal velocity component, d) ratio of parallel velocity component (particle 3, U
0
 = 15 m/s).

The ratio of the angular velocity (Fig. 4.10b) reveals that for a negative impact 
rotation, on the average no change of direction occurs. On the contrary a positive 
initial rotation will very likely result in a negative rotation after rebound due to the 
dominance of the horizontal impulse. In the considered range of angular velocity 
the absolute value of the ratio is increasing with decreasing initial rotation since 
linear impulse is transferred to rotational impulse.

The absolute value of the velocity ratio for the normal component (Fig. 4.10c) 
reveals clearly an enhancement for small impact angles if the initial rotation is 
negative. In this case, angular and linear horizontal impulse are both acting in 
the forward direction and due to the topple over of the particle the normal velocity 
is increased. This effect is not occurring for a positive rotation since the particle 
centre of gravity is located in front of the impact point and the horizontal impulse 
dominates. For larger impact angles the normal velocity ratio approaches a value 
around 0.5 for all angular velocities.
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The dependence of the ratio of the horizontal velocity component (Fig. 4.10d) 
has almost the opposite behaviour. For small impact angles this ratio is almost 
unaffected by the angular velocity and also not strongly varying with impact angle. 
For impact angles larger than about 35o the different curves begin to spread out. 
A highly positive initial rotation gives a considerable reduction of the horizontal 
velocity, since the particle rotation results in a positive momentum which reduces 
negative momentum resulting from the linear impulses. For smaller sphericities the 
particles might even move backward after rebound. On the other hand a negative 
rotation gives remarkable enhancement of the horizontal velocity component, 
since this negative momentum flanges the particle in the forward direction.

Figure 4.11 Comparison of measured and simulated wall collision parameters as 
a function of impact angle, a) ratio of normal velocity component, b) ratio of wall parallel velocity 

component, c) friction coefficient, (particle 3, U
0
 = 15 m/s).
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4.3 Comparison with measurements

Detailed experimental data regarding the wall collision of non-spherical particles 
are very limited. Only the measurements of Sommerfeld and Huber (1999) 
provide some results for the collision of 100 µm quartz particles with different 
wall material. In the present study the polished steel wall was considered, since 
the roughness effect is not yet included in the model simulations described 
above. For the present calculations the model parameters (i.e. restitution 
and friction coefficient) were identical to those given above. Unfortunately, a 
detailed shape analysis of the quartz particles used in the experiments was 
not performed. But it is known that quartz sand has mainly rounded edges and 
therefore the simulations were performed with particle 3. Hence, the particle 
shape was not randomly varied in the simulations. However, the impact velocity 
was selected to be normal distributed with a mean value of 16 m/s and a rms 
value of 2.6 m/s according to the experiments (Sommerfeld and Huber 1999). 
Besides, the angular velocity was not available in these experiments; however 
the calculations presented above showed the strong sensitivity of the results on 
this parameter. Therefore, a zero mean value and an rms value of 50,000 1/s 
were selected for the present simulations. This is justified since a rather narrow 
channel and inertial particles with a diameter of 100 µm were considered in the 
experiments. For such a situation the particles bounce from wall to wall, whereby 
both directions of rotation may be equally possible. Except for the selection of 
the angular velocity, all other parameters obtained from the experiment showed 
a very good agreement with the experimental data. The main parameters of the 
wall collision process, namely the ratio of both velocity components and the friction 
coefficient, are compared in Fig. 4.11. In the range of impact angles considered 
in the experiment, the agreement between simulation and experiment is very 
good. Therefore, the presented two-dimensional kinematic simulations of the 
non-spherical particle wall collision seem to be a reliable method for evaluating 
the wall collision parameters in the case of non-spherical particles.

4.4 Conclusions

Two-dimensional kinematic simulations of the wall collision for non-spherical 
particles were performed in order to evaluate the relevant wall collision 
parameters required for Lagrangian calculations based on a point particle 
approximation where generally in the case no information is available on the 
orientation upon impact. The kinematic simulations have revealed that both 
parameters, namely the orientation of the particle and the impact radius exhibit 



64

Universidad Autónoma de Occidente

certain distribution functions which are closely related to particle shape. Actually, 
the ratio of the minimum to maximum particle radius was identified to be the 
relevant parameter. Additionally, the angular velocity was found to be a key 
parameter in the wall collision process. Unfortunately, this parameter has not yet 
been reliably measured in a wall bounded gas-solid flow. For small impact angles 
and high angular velocities, large mean values of the orientation angle and the 
impact radius were found. The ratio of the wall normal velocity therefore also 
became lager than one for small impact angles and negative angular velocity. 
This phenomenon is similarly observed for spherical particles colliding with a 
rough wall. Finally, the comparison of the simulations with experiments showed 
excellent agreement. Further, the presented simulation results will be used to 
develop a wall collision model for non-spherical particles.
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  Chapter 5

Forces on non-spherical particles 
by Lattice Boltzmann method2

In most industrial processes the flow is turbulent and the particle diameters are 
typically more than one order of magnitude larger than the Kolmogorov length 
scale. For these cases no detailed studies of the dispersion of non-spherical 
particles exists. The ratio of the volume equivalent particle diameter to the 
Kolmogorov length scale studied is about 20. In a first step, the difference in 
motion of elongated cylindrical particles in longitudinal and radial direction is 
analyzed. Secondly, the dependence of the particle rms velocity and rms angular 
velocity on the Stokes number and the axis ratio is determined.

The numerical computation of particle-laden flows mostly relies on the assumption 
of spherical particles. However, in many technical and industrial processes the 
particles are irregular in shape or have certain defined shapes as for example 
disks or fibres. A number of studies on the motion of monospherical

particles in laminar flows have been performed in the past, e.g. Maxey (1990). 
However, only limited information on the behaviour of non-spherical particles in 
turbulent flows is available. In most of the related numerical studies the flow field 
is generated by a random process or direct numerical simulations (DNS) and 
the non-spherical particles are tracked based on the point particle assumption. 
However, the particle motion is calculated by considering translation and rotation 
which implies that also the change of particle orientation is calculated. In the 
work of Olson and Kerekes (1998) as well as Olson (2001) the motion of fibres 
in turbulent flow was studied and the dispersion coefficients of these particles 
were derived. It was shown that the dispersion coefficient decreases as the 
ratio of fibre length to integral length scale increases. A similar result was also 
obtained by Fan and Ahmadi (1995) for a pseudoturbulence field simulated by a 
Gaussian random model. The dispersion and deposition of ellipsoidal particles in 

2 This chapter would not have been possible without the worth collaboration of Eng. A. Hölzer
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turbulent channel flow was analyzed by Zhang et al. (2001) on the basis of DNS 
and assuming point-like particles where translation, rotation and orientation are 
tracked. For different size and aspect ratio the particle fluctuating behaviour and 
their dispersion were studied. Numerical simulations on the motion of finite size 
non-spherical particles were mainly performed for laminar flow conditions only, 
as for example by Comer and Kleinstreuer (1995).

This chapter is divided into two parts. In the first part the forces acting in the 
steady state on a cuboid in an incompressible plug flow with respect to the angle 
of incidence and to the particle Reynolds number are calculated. These forces 
are the drag force acting in flow direction and the lift force acting perpendicular to 
the flow direction for fixed particles and additionally the Magnus force for rotating 
particles.

A non-uniform distribution of the force along the particle surface causes a torque 
and thereby a rotation of a moving particle. In the second part the resulting 
orientation of a long cylinder in laminar channel flow and in turbulent flows 
is analysed. All simulations are performed by the three dimensional lattice 
Boltzmann method (LBM).

5.1 Lattice Boltzmann method

The fluid flow is simulated by the LBM which is an alternative approach to 
conventional methods. Whereas conventional models are based on the 
conservation laws formulated at the macroscopic level, the Boltzmann equation 
describes the behaviour of fluids at the molecular level. Nevertheless, the 
Boltzmann equation also satisfies the conservation laws at the macroscopic level. 
The advantages of the LBM are the local nature of the computation, whereby 
no system of equations must be solved, and its robustness also for complex 
geometries.

The origin of the LBM is in the lattice gas automata (Frisch et al., 1986; Hardy et al., 
1976) in which the gas is described by the motion and collision of the molecules. 
The characteristic of the LBM is the dicretisation of the molecule velocities, i.e. 
that the molecules can only take a limited amount of velocities. The collision 
rules were chosen intuitively and satisfied the conservation laws. McNamara 
and Zanetti (1988) introduced the Boltzmann distribution function instead of the 
molecule occupation state. Thus the statistical noise was completely eliminated 
and it was possible to select the relaxation towards the equilibrium distribution 
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function as the collision rule (Chen et al., 1992; Qian et al., 1992). Only in 1997 
He and Lou (1997) showed that the LBM can also be directly derived from the 
Boltzmann equation by its discretisation in space, velocity and time.

The basic variable of the Boltzmann equation is the discrete distribution function 
f(x,vσi

,t), which is herein after referred to as f(x,t) and declares the number of 
molecules which have the velocity vσi at the place x and the time t. Furthermore 
it is normalised through the relation:

     
(5.1)

for the density. From this, the dependencies

    
(5.2)

for the momentum and 

  

(5.3)

the energy are resulting. Since the standard LBM used in this study only applies 
to the isothermal case, the energy equation is not required. The lattice Boltzmann 
equation characterises the time development of f(x,t) and can be written as:

 
(5.4)

where  is the discrete equilibrium distribution function, ∆t the length 
of one time step, vσi

 ∆t = ∆xσi, the length of one space step and τ the relaxation 
time.
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Figure 5.1 Discrete velocity vectors of the D3Q19 model.

There are different possibilities to discretise the velocities depending on the 
shape of the lattice and the number of the discrete velocity vectors. In this work 
the three-dimensional nineteen-velocity (D3Q19) model was used, in which the 
lattice consists of cubic cells. Therefore, ∆xσi is identical in every direction and 
is named ∆x. Furthermore, the lattice constant c is introduced as c = ∆x/∆t. In 
the D3Q19 model six vertical or horizontal velocity vectors (σ = 1) and twelve 
diagonal velocity vector (σ = 2) exist for moving molecules in addition to the 
velocity vector for rest molecules (σ = 0). The velocity vectors are illustrated in 
Figure 5.1 and read:

 

(5.5)

In the D3Q19 model the discrete equilibrium distribution function is

 

(5.6)

with
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(5.7)

The relaxation time determines the viscosity through the relation:

       
(5.8)

As boundary conditions either the no-slip, the symmetry or the periodic boundary 
conditions are used for side walls and the periodic or stress-free boundary 
conditions for the inlet and outlet. The no-slip boundary condition is also imposed 
at the particle surface.

Up to now the LBM used in this study is limited to small Mach numbers and 
low viscosities and consequently to low Reynolds numbers. However, there are 
approaches, for example by d’Humieres (1992) and Lallemand and Luo (2000), 
which overcome the viscosity and accordingly the Reynolds number limit by the 
use of more relaxation times, i.e. of a relaxation matrix.

5.2 Drag and lift force on the cuboid

For these studies a particle fixed at a certain angle of incidence in a computational 
field of 300x60x20 cells is considered. The Drag Force is positive in the x-
direction and the lift force is positive in the y-direction, Figure 5.2. As inflow (at 
x = 0) a plug flow is assumed. The other boundary conditions are symmetry 
boundary condition for the side walls and stress-free boundary condition for the 
outlet. Figure 5.3 shows the dependency of the drag coefficient of spheres with 
different cell diameters on the particle Reynolds number in comparison to the 
theoretical solution for Stokes flow and the empirical solution for higher particle 
Reynolds numbers. At low particle Reynolds numbers the values are slightly 
larger than the Stokes result and at higher particle Reynolds numbers they 
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agree very well with the empirical correlation. The number of cells for resolving 
the particle has almost no effect on the drag coefficient. The lift force of a sphere 
in a homogeneous flow is of course zero.

Figure 5.2 Flow configuration.

Figure 5.3 Drag coefficient of spheres with different cell diameters as function 
of the particle Reynolds number.

As non-spherical particles two cuboids with an axis ratio a/b (length per height, 
see Fig. 5.2) of 1 and 1.5 were chosen. Test calculations indicate that the 
thickness has nearly no influence on the qualitative nature of the results. Hence, 
a thickness of only 4 cells was chosen to save computing time. These cuboids 
are too flat to generate a pronounced wake separation. However, cuboids with 
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a thickness of the same size as the height generate eddies. Such a flow field is 
shown in Fig. 5.4 for Re

p
 = 36.

Figs. 5.5 a) and b) show the drag and profile lift coefficient of both cuboids and 
of a spheroid at Re

p
 = 0.36 and Figs. 5.6 a) and b) at Re

p
 = 36 as a function of 

the angle of incidence. The spheroid has the same volume and axis ratios as 
the cuboid with a/b = 1, hence the incoming flow is perpendicular to the minor 
axis. Therefore the drag and lift coefficients are independent of the angle of 
incidence. The particle Reynolds number is based on the diameter of a sphere 
with the same volume as the cuboid with a/b = 1. Also in calculating the drag and 
lift coefficients the projected area of a sphere of equal volume to the cuboid with 
a/b = 1 is used. Thus the drag and lift coefficients are directly proportional to the 
drag and lift forces.

Figure 5.4 Velocity field around a cuboid with a/b = a/c = 1.5 at Re
p
 = 36.
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Figure 5.5 Variation of a) drag coefficient (left) and b) lift coefficient (right) 
as a function of the angle of incidence at Re

p
 = 0.36.

One can see that the drag coefficients always have two local minima at 0o and 
90o. At Re

p
 = 0.36 the drag coefficient of the cuboid with a/b = 1 remains nearly 

constant and the drag coefficient of the cuboid with a/b = 1.5 increases relatively 
linear with the angle of incidence. Both cuboids show stronger variations of the 
drag coefficient with increasing particle Reynolds number, i.e. the drag coefficient 
correlates more with the projected particle area. This indicates that the profile 
has a greater influence on the drag at low than at high Reynolds numbers. The 
ratio between the drag force of the spheroid and the cuboid at α = 0o is 0.913 
agrees excellently with the ratio of 0.929 between the drag force of cube and 
sphere published in [10].

Figure 5.6 Variation of a) drag coefficient (left) and b) lift coefficient (right) 
as a function of the angle of incidence at Re

p
 = 36.
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The lift coefficient depends also strongly on the particle Reynolds number. At 
Re

p
 = 0.36 the cuboid with a/b = 1 shows practically no lift and the cuboid with 

a/b = 1.5 shows almost a parabola with the extreme at nearly α = 45o. At higher 
particle Reynolds number the lift coefficient of the cuboid with a/b = 1 shows 
stronger variations. These stronger variations of the cuboid with a/b = 1 affect 
the run of the cuboid with a/b = 1.5. In detail these variations superpose the 
graph of the lift coefficient of the cuboid with a/b = 1.5 at Re

p
 = 0.36 and the 

graph charted in Fig. 5.6 b) is resulting. As a result the extreme displaces to 
lower angles with increasing particle Reynolds number.

Figure 5.7 Variation of the Magnus coefficient as a function of the angle 
of incidence at Re

p
 = 0.36 for a rotating cuboid.

Finally the Magnus coefficient at Re
p
 = 0.36 was calculated. For a sphere 

the value of the Magnus force was 10% higher than the theoretical solution. 
The result of the Magnus coefficient, i.e. the difference between the whole lift 
coefficient and the profile lift coefficient, is given in Fig. 5.7.
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Figure 5.8 Motion of a cylinder in laminar channel flow with height h 
perpendicular to the flow direction.

5.3 Motion of a cylinder

In the following, results on the motion of a cylinder with an axis ratio (length 
per diameter) of 2 in laminar and turbulent channel flow are presented. The 
boundary conditions are the no-slip boundary condition for the walls and the 
periodic boundary condition for the inlet and the outlet.

Figure 5.9 Temporal behaviour of the symmetry axis of a cylinder in laminar channel flow.
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Fig. 5.8 shows the motion of the cylinder perpendicular to the flow direction and 
Fig. 5.9 the temporal behaviour of its symmetry axis in laminar channel flow. The 
cylinder moves to the middle axis and aligns perpendicular to the flow direction. 
As one can see in Fig. 5.10 the reason for this orientation is the congestion and 
thereby a higher pressure of the fluid during the initial unsteady phase at the 
stagnation point. This generates a torque which aligns the cylinder perpendicular 
to the flow direction. Furthermore, the cylinder aligns along one of both diagonals 
of the channel.

Figure 5.10 Pressure field around a cylinder

Another influencing factor of the orientation is the angular velocity ω of the 
fluid, which the particle tries to adopt. Next the influence of these two factors in 
isotropic turbulent flows is determined.

Isotropic turbulence is forced by the spectral method (Eswaran and Pope, 1988). 
There the flow field is transformed into the Fourier space, where all variables 
are represented in terms of wave numbers k instead of the spatial domain. The 
Fourier transformation reads:
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(5.9)

where L is the length of one period and ω = 2π/L the angular frequency. The 
variables a

k
 and b

k
 are called Fourier coefficients. Because small wave numbers 

are associated with large length scales, implementation of a forcing acceleration 
on small wave numbers generates motion at large length scales, from which 
the motion at small length scales develops automatically and dissipates there. 
In this study the forcing acceleration is defined by wave numbers k ≤ 3. a

0
 is set 

equal to zero and the other Fourier coefficients are determined by a Gaussian 
random process. The forcing acceleration is transformed into the spatial domain 
using the equation above and added to the fluid velocity. Fig. 5.11 shows an 
exemplary flow field generated in the described way.

Figure 5.11 Velocity field of a turbulent flow
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As it is seen in Fig. 5.12 the correlation between the angular velocity of the 
ambient fluid and the angular velocity of the cylinder in turbulent flow is very good, 
in average about 81%. Furthermore, the correlation between the perpendicular 
symmetry axis of the cylinder and the relative acceleration vector of the ambient 
fluid is 2%.

Figure 5.12 Correlation between the angular velocity of the particle and the fluid.

In summary, the lift and drag force of a cuboid depends strongly on the particle 
Reynolds number. The particle profile has more influence on the drag force at low 
rather than at high particle Reynolds numbers. At low Reynolds numbers a cuboid 
with axis ratio of 1, shows practically no lift in contrast to higher particle Reynolds 
numbers. This behaviour influences the lift of cuboids with other axis ratios.

Two factors were found which influence the rotation and thereby the orientation 
of a freely moving cylindrical particle in laminar channel flows. The first factor is 
the relative acceleration of the ambient fluid and the second the angular velocity 
of the ambient fluid. The relative acceleration of the ambient fluid leads to a 
torque that orients the particle perpendicular to the acceleration. The angular 
velocity of the ambient fluid rotates the particle in such a way that its angular 
velocity approaches the angular velocity of the ambient fluid.

In turbulent flows the influence of the angular velocity of the ambient fluid and 
consequently the influence of the velocity gradient is greater than the influence 
of the relative acceleration of the ambient fluid.



78

Universidad Autónoma de Occidente

5.4 Transport of non-spherical particles in turbulence

Typical turbulent parameters are the turbulent kinetic energy k, the dissipation 
rate ε, the Kolmogorov, Taylor and integral length and time scales, and the Taylor 
Reynolds number Re

T
 . The values used in this study are summarized in Table 

5.1. All values are made dimensionless by using ∆x and ∆t. Fig. 5.13 shows 
a turbulent flow field including a single particle and Fig. 3 the corresponding 
energy spectrum. As mentioned above, the forcing is applied at the first two 
wave numbers. The –5/3 line associated with the inertial sub-range is additionally 
plotted in Fig. 5.14. However, a true inertial sub-range does not exist due to the 
rather low Reynolds number of the simulation.

Table 5.1 Turbulence parameters (made dimensionless by ∆x and ∆t).

Figure 5.13 Instantaneous velocity field of a turbulent flow including a single particle.
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Figure 5.14 Energy spectrum of the turbulent flow field.

Figure 5.15 Frequency function of the radial and longitudinal force 
of a cylindrical particle with l/d = 4 and St = 40.

In the present simulation a single particle is suspended in a homogeneous 
isotropic turbulent flow field and was allowed to translate and rotate freely with 
velocity u

Pa
 and angular velocity ω

Pa
. The computational domain is a cubic box 

of 60x60x60 cells. Four cylindrical particles with l/d = 1, 2, 3, and 4, respectively, 
and four Stokes numbers, i.e. 1, 2, 4, and 40, are considered. All particles have 
a volume equivalent diameter d

Pa
 of 12 cells.
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Figure 5.16 Long-time behaviour of the radial and longitudinal velocity 
of a cylindrical particle with l/d = 4 and St = 40.

The forces, torques, velocities, and angular velocities of the particles are Gaussian 
distributed as one could expect because the fluid velocities are also Gaussian 
distributed by definition. The Gaussian distribution can be recognized e.g. from 
the frequency function of the radial and longitudinal (dimensionless) forces of a 
particle with l/d = 4, and St = 40 plotted in Fig. 5.15. Furthermore, for the particle 
with l/d = 4 the rms value of the radial force is larger than the rms value of the 
longitudinal force because the projected area in the radial direction is larger than 
that in the longitudinal direction. Thus, it is perhaps initially surprising that the 
rms values of the radial and longitudinal velocity are identical, which can be seen 
from the same long-time behaviour of the radial and longitudinal velocity plotted 
in Fig. 5.16. However, the difference between the radial and longitudinal force 
results in different short-time behaviour of the radial and longitudinal velocity 
plotted in Fig. 5.17. The curve of the longitudinal velocity is much smoother than 
the curve of the radial velocity. It should be only mentioned and not described in 
detail again that the torque and angular velocity behave in the same way as the 
force and velocity.

Figure 5.17 Short-time behaviour of the radial and longitudinal velocity 
of a cylindrical particle with l/d = 4 and St = 40.
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In a second step, the influence of the axis ratio and the Stokes number on 
the particle motion was determined. The Stokes number used is based on the 
integral time scale and is defined as:

      

(5.10)

Figure 5.18 Relative rms velocity of a cylindrical particle as a function 
of the axis ratio at St = 1, 2, 4 and 40.

As it is known, the Stokes number describes the ability of a particle to follow the 
fluid flow. The particles follow the flow more closely for a lower St. The relative 
(to the fluid rms velocity) rms particle velocity and angular velocity at St = 1, 2, 4 
and 40 are plotted over l/d in Figs. 5.18 and 5.19, respectively. One can see that 
the relative particle rms velocity and angular velocity decrease with increasing 
St, as one could expect. Fig. 5.20 shows this behaviour in more detail for the 
particle with l/d = 1. It is obvious, that the relative rms velocity decreases much 
strongly than the relative rms angular velocity with increasing Stokes number.

Figure 5.19 Relative rms angular velocity of a cylindrical particle 
as a function of the axis ratio at St = 1, 2, 4 and 40.
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Figure 5.20 Relative rms velocity and angular velocity of a cylindrical 
particle with l/d = 1 as a function of the Stokes number.

Fig. 5.18 shows that the particle rms velocity decreases with increasing l/d. 
This trend is stronger for lower St. In contrast, the particle rms angular velocity 
(Fig. 5.19) first increases with l/d, reaches a maximum at about l/d = 2.5 and 
then decreases again. This behaviour is observed mainly for the smaller Stokes 
numbers. At the highest Stokes number considered (i.e. St = 40), the relative 
rms angular velocity is almost independent of l/d.

In summary, the rms velocity of elongated cylindrical particles decreases with 
increasing axis ratio, all particles having the same volume. This is probably 
due to the averaging of the turbulent fluid fluctuations over the particle surface 
which increases with increasing axis ratio. Thus, it can be concluded that the 
best mixing of particles suspended in a turbulent flow is achieved for spherical 
particles, since they have the smallest surface area per volume. In contrast, the 
particle rms angular velocity shows a maximum at about l/d = 2.5. This is probably 
caused by the additional effect of the change of the moment of inertia with l/d. 
The value of the moment of inertia around the longitudinal axis decreases and 
around the radial axis increases with increasing l/d, which would lead to higher 
and lower rms angular velocities, respectively.
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Chapter 6

Numerical simulation 
of pneumatic conveying 
of non-spherical particles 
in a horizontal channel

6.1 Numerical model

The numerical scheme adopted to simulate the two-phase flow developing in a 
horizontal channel has been described in detail previously in Laín et al. (2002). 
The fluid flow was calculated based on the Euler approach by solving the full 
Reynolds stress turbulence model equations extended in order to account for 
the effects of the dispersed phase (Kohnen and Sommerfeld, 1997). The time-
dependent two-dimensional conservation equations for the fluid may be written 
in the general form (in tensorial notation):

 pikikiit
SSU !!!!""! ++#=+

,,,
)()(),(

                 
       (6.1)

where ρ is the fluid density, U
i
 are the Reynolds-averaged velocity components, 

and Γ
ik
 is an effective transport tensor. The usual source terms within the 

continuous phase equations are summarised in Sφ, while Sφπ represents the 
additional source term due to phase interaction. Table 6.1 summarises the 
meaning of these quantities for the different variables φ, where P is the mean 
pressure, µ the gas viscosity and R

jl
 = 

lj uu ´´  the components of the Reynolds 
stress tensor.

Simulation of the particle phase by the Lagrangian approach requires solution of 
the equation of motion for each computational particle. This equation includes all 
the relevant forces to be studied, namely the drag and gravity-buoyancy forces. 
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The lift forces are not taken into account at this stage and the Basset history 
term, the added mass and the fluid inertia are negligible for high ratios of particle 
to gas densities. Hence, the equations of motion for the particles are given by:
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Table 6.1. Summary of terms in the general equation for the different variables 
that describe the gas phase.
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Here, x
p i
 are the coordinates of the particle position, u

p i
 are its velocity components, 

u
i
 = U

i
 + u´

i
 is the instantaneous velocity of the gas, D

p
 is the particle diameter, 

ρ
p
 is the density of the solids and m

p
 = (π/6)ρ

p
D

p
3 is the non-spherical particle 

mass. The drag coefficient for the non-spherical particles is obtained using the 
correlations of Haider and Levenspiel (1989) and Ganser (1993). The Haider 
and Levenspiel correlation reads:
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where µ! ppp uuD "=Re
 is the particle Reynolds number and the 

coefficients depend on sphericity φ, defined as the ratio between the surface 
of a volume equivalent spherical particle and the surface of the non-spherical 
particle. The coefficients are written as:

A = exp (2.3288 – 6.4581 φ + 2:4486 φ2)
B = 0.0964 + 0.5565 φ
C = exp (4.905 – 13.8944 φ + 18.4222 φ2 – 10.2599 φ3)
D = exp (1.4681 + 12.2584 φ - 20.7322 φ2 + 15.8855 φ3)

The Ganser (1993) correlation distinguishes between isometric and non-isometric 
particles. In this work only isometric particles are used; therefore, this correlation 
is written as
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where the Stokes, K
1
, and Newton, K

2
, shape factors are given for isometric 

particles as
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Both drag coefficient correlations are shown in Fig. 6.1. It can be seen that 
the drag coefficient increases continuously as the sphericity φ decreases and 
that even for φ = 0.9 the deviation from the spherical drag law is noticeable for 
Reynolds numbers larger than 100.

The equations to calculate particle motion are solved by numerical integration 
of the differential equations (Eqs. 6.2-6.3). For sufficiently small time steps and 
assuming that the forces remain constant during this time step, the new particle 
location and velocities are calculated. The time step for the particle tracking is 
chosen to be 50 % of the smallest of all relevant time scales, such as the particle 
relaxation time, the integral time scale of turbulence and the time required by the 
particle to cross a control volume. 
   
When a particle collides with a wall, the wall collision model provides the new 
particle velocities and the new location in the computational domain after rebound. 
As stated in the introduction, in a horizontal channel flow the sedimentation of 
non-spherical particles is stronger than that of spherical ones. Therefore, the 
isometric non-spherical particle – wall collision process will be simulated as a 
spherical particle-rough wall collision, whose roughness varies according to the 
degree of particle non-sphericity. The wall collision model applied is described in 
Sommerfeld and Huber (1999); the wall roughness experienced by the particle is 
simulated assuming that the impact angle is composed of the particle trajectory 
angle plus a stochastic contribution due to wall roughness, ∆γ, which depends 
on the structure of wall roughness and particle size. Moreover, according to 
the experimental results of Sommerfeld and Huber (1999), the restitution (ew, 
defined as the absolute value of the normal velocity components after collision to 
that before collision) and friction (µ

w
) coefficients vary with the impact angle α.



87

EXPERIMENTAL AND NUMERICAL STUDY OF THE MOTION OF NON-SPHERICAL 
PARTICLES IN WALL-BOUNDED TURBULENT FLOWS

Figure 6.1 Drag laws of Ganser and Haider and Levenspiel depending 
on the sphericity φ (isometric particles).

Figure 6.2 Quartz particles, Dp = 185µm (left) and duroplastic particles, Dp = 240µm (right).
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6.2 Influence of particles in the carrier flow

The standard expression for the momentum equation source term due to the 
particles has been used. It is obtained by time and ensemble averaging for each 
control volume in the following form:

!

SUi p = "
1

Vcv

mkNk

k

# $ up i[ ]
k

n +1

" up i[ ]
k

n%
&
' (

)
* " gi 1"

+

+P

%

&
'

(

)
*,tL

-
.
/

0
1
2n

#
           

(6.6)

where the sum over n indicates averaging along the particle trajectory (time 
averaging) and the sum over k is related to the number of computational particles 
passing the considered control volume with the volume V

cv
. The mass of an 

individual particle is m
k
 and N

k
 is the number of real particles in one computational 

particle. ∆t
L
 is the Lagrangian time step which is used in the solution of Eq. 6.3. 

The source terms in the conservation equations of the Reynolds stress 
components, R

jl
, are expressed in the Reynolds average procedure as:
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while the source term in the ε-equation is modelled in the standard way:

pRp
jj

S
k

CS
!

!!
2

1

3
=

                                                 
  (6.8)

with Cε3
 = 1.0 and the sum is implicit in the repeated subindex j. 

All the calculations were performed with a mesh of 960 x 40 control volumes 
in the horizontal (6000 mm) and vertical (35 mm) directions, respectively. This 
resolution is found to be sufficient for producing grid-independent results. 
A converged solution of the coupled two-phase flow system is obtained by 
successive solution of the Eulerian and Lagrangian part, respectively. Initially, 
the flow field is calculated without particle phase source terms until a converged 
solution is achieved. Thereafter, a large number of parcels are tracked through 
the flow field (typically 120,000) and the source terms are sampled. Moreover, for 
each control volume the particle concentration, the local particle size distribution 
and the size-velocity correlations for the mean velocities and the rms values 
are sampled. From the second Eulerian calculation, the source terms of the 
dispersed phase are introduced using an under-relaxation procedure (Kohnen 
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et al., 1994). For the present calculations, characterised by a small particle mass 
loading ratio, typically about 10 to 15 coupling iterations with an under-relaxation 
factor of 0.5 are necessary in order to achieve convergence.

6.3 Results

All the results presented were obtained for an average air velocity of about 20 
m/s. Two kinds of isometric non-spherical particles were considered in this study 
(Fig. 6.2):

1. Quartz particles, with mean diameter D
p
 = 185 µm, density ρ

p
 = 2650 kg/m3 

and measured sphericity φ of around 0.7.

2. Duroplastic particles, with mean diameter D
p
 = 240 µm, density ρ

p
 = 1480 

kg/m3 and measured sphericity φ of around 0.6.

Figure 6.3 Mean and fluctuating velocities for the drag laws of Ganser and Haider and 
Levenspiel, depending on the sphericity φ (isometric quartz particles): mean horizontal 
velocity (top left), horizontal rms velocity (top right) and vertical rms velocity (bottom).
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6.3.1 Results for the quartz particles

In this section, the results for quartz, isometric, non-spherical particles (D
p
 = 

185µm) are presented. The results were obtained for a particle mass fraction η 
= 0.1, the turbulence modulation was taken into account by means of two-way 
coupling and non-spherical particle-wall interaction was treated in the same way 
as it was for spherical particles using a stochastic contribution to the impact 
angle ∆γ (Sommerfeld and Huber, 1999). Finally, no lift forces (slip shear and slip 
rotational lift) were considered.

Figure 6.4 Mean and rms values of quartz particle velocities and normalised particle number flux 
for different wall roughness and the drag laws of Ganser and Haider and Levenspiel, 

for a sphericity of φ = 0.8 (isometric particles): mean horizontal velocity (top left), horizontal 
rms velocity (top right), vertical rms velocity (bottom left) and normalised particle number flux 

(bottom right).



91

EXPERIMENTAL AND NUMERICAL STUDY OF THE MOTION OF NON-SPHERICAL 
PARTICLES IN WALL-BOUNDED TURBULENT FLOWS

Fig. 6.3 illustrates the effect of the drag law on the mean and fluctuating velocities 
of the particle phase for two values of sphericity φ = 0.6, 0.8, and ∆γ = 1.5o. 
Due to the low particle mass fraction, the gas turbulence modulation is fairly 
small and the results for the gas phase are very similar in all cases; therefore, 
only one line will be plotted showing agreement with the measurements. In the 
particles, however, the effect of the different drag laws can be seen, as expected. 
Accordingly, the lower the value of φ the higher is the drag coefficient, and the 
particle mean velocity (Figure 6.3, top left) comes closer to that of the gas phase. 
The effect of sphericity on the rms values of particle axial velocity is not too large, 
but for the particle vertical rms values it can be clearly seen that the smaller the 
φ, the lower the value of v’

p
. This is true for both drag formulations, Haider and 

Levenspiel and Ganser. Also the v’
p
 values are slightly lower for the Ganser 

correlation than those for the Haider and Levenspiel correlation, which results in 
higher values for the axial mean velocity in the case of the Ganser correlation. 
However, the experimental v’

p
 values are lower than the values in the numerical 

results. Regarding the particle number flux, the drag law and sphericity have 
nearly no effect, as can be seen below (Figure 6.4, bottom right). Moreover, 
the calculations compare fairly well with the experimental particle concentration 
profile.

Additionally in Figure 6.4 the effect of wall roughness is shown for the cases 
of ∆γ = 1.5o and ∆γ = 3o for the fixed particle sphericity φ = 0.8 and with both 
drag correlations. The effects are very similar to what happens with spherical 
particles. The particle mean velocity decreases for the highest roughness due 
to the increase in wall collision frequency (Figure 6.4, top left), which results 
in more uniform particle concentration profiles (Figure 6.4, bottom right), 
and the particle fluctuating velocity increases noticeably in both components 
(horizontal and vertical) due to the resuspension effect of wall roughness. The 
particle concentration profiles for the higher wall roughness value of ∆γ = 3o are 
consistently more uniform than that for ∆γ = 1.5o, also due to the improvement 
in particle resuspension by increasing wall roughness. However, the use of ∆γ 
= 3o is discouraged due to the high values provided for the particle fluctuating 
velocities and also because the choice of ∆γ = 1.5o fit well the experimental 
points.
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Figure 6.5 Mean and rms values of quartz particle velocities and normalised particle number 
flux for different friction cofficients and the drag laws of Ganser and Haider and Levenspiel, 

for a sphericity of φ = 0.8 (isometric particles) and ∆γ = 1.5o: mean horizontal velocity (top left), 
horizontal rms velocity (top right), vertical rms velocity (bottom left) and normalised particle 

number flux (bottom right).

In Figures 6.3 and 6.4 it can be seen that the effect of wall roughness on particle 
velocity is more pronounced than the effect of sphericity. This fact is not surprising 
due to the enormous importance of wall roughness in particle redispersion, even 
with spherical particles, as discussed in much detail in Sommerfeld (2003).

On the other hand, the effect of friction and wall restitution is shown in Fig. 6.5. 
The effect of wall restitution e

w
 is quite small and the changes are mainly due to 

wall friction µ
w
. Two cases were considered with sphericity φ = 0.8 and ∆γ = 1.5o:

1. µ
w
 = max (0.5 – 0.0175 α, 0.15)

2. µ
w
 = max (0.4 – 0.015 α, 0.1)
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where α is the mean impact angle of the particle trajectory intersecting the wall.

The first case has the same values as those for spherical particles, while the 
second case has data suggested by the experiments. As can be seen in the 
graphs, increasing the friction reduces the mean velocity (due to the obvious 
increase in friction force with the wall) and increases the particle horizontal rms 
value u’

p
. However, there is nearly no effect on the v’

p
 component and on the 

particle flux.

6.3.2 Results for the duroplastic particles

Here, the results for duroplastic, isometric, non-spherical particles (Dp = 240µm) 
with a sphericity φ of around 0.6 are presented. These results were obtained 
under the following conditions: mass fraction η = 0.06, so the two-way coupling 
was nearly non-existent; as before, particle-wall interaction was treated in the 
same way as it is for spherical particles with a ∆γ = 1.5o; the Ganser drag law 
was used with two sphericities; the friction coefficient employed was µ

w
 = max 

(0.4 - 0.015 α, 0.1) and the restitution coefficient for large impact angles was 
0.52. In these simulations the effect of sphericity as well as transverse lift forces 
(slip-shear and slip-rotational) is analysed. The expressions for the lift forces 
considered are the same as those for spherical particles (Laín et al., 2002). This 
choice was motivated by the lack of available correlations of the lift forces for 
non-spherical particles in the literature.

As in the case of quartz particles, the gas flow was nearly the same in all cases; 
therefore, only one line is plotted to show the agreement with the measurements 
(Figure 6.6). As observed for the quartz particles, the lower the value of φ, the 
higher is the drag coefficient and the closer the particle mean velocity comes to 
that of the gas phase (Figure 6.6, top left). When the lift forces are considered, the 
particle mean velocity in the lower half of the channel is slightly increased, while 
both rms values are only slightly affected. The horizontal component of the particle 
rms value is predicted to be steeper than that observed in the experiment, and 
hence considerably underpredicted in the upper part of the channel (Figure 6.6, 
top right). The vertical particle rms values are underpredicted, especially for the 
lower sphericity value (Figure 6.6, bottom left). It should however be emphasised 
that the calculated profiles of v’ for the particles are lower than the values for the 
fluid, similar to what is seen in the experimental data. For the particle number 
flux, it can be seen that the lift forces drastically change the concentration profile, 
making it very different from that seen in the experiments (Figure 6.6, bottom 
right). Therefore, the use of the lift forces (at least the spherical version of them) 
should not be considered for this case of duroplastic particles.



94

Universidad Autónoma de Occidente

Figure 6.6 Mean and fluctuating velocities as well as particle number flux for duroplastic 
particles, influence of transverse lift forces and particle sphericity φ (isometric particles): mean 
horizontal velocity (top left), horizontal rms velocity (top right), vertical rms velocity (bottom left) 

and normalised particle number flux (bottom right).

6.4 Conclusions

The pneumatic conveying of isometric particles with different degrees of non-
sphericity, has been studied. The solids mass loading fraction was small 
enough in order to have a dilute flow, so inter-particle collisions were neglected. 
The numerical simulations were carried out by means of the Euler-Lagrange 
approach using the Reynolds stress turbulence model for the continuous phase. 
As a first approximation, only the aerodynamic drag force acting on the particles 
was considered. The drag coefficient was calculated using the correlations of 
Haider and Levenspiel (1989) and Ganser (1993). Non-spherical particle-wall 
collision was treated similarly to spherical particle-rough wall collision described 
in Sommerfeld and Huber (1999). The numerical simulations were compared 
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with experimental data on a six meters long horizontal channel flow laden 
with quartz and duroplastic particles with mean diameters of 185 and 240 µm, 
respectively, presented in chapter 3. As a result, the Ganser correlation provided 
higher particle mean velocities than the Haider and Levenspiel correlation. The 
results compare qualitatively well with the experiments. Good agreement is found 
for the horizontal particle mean velocity when the correct value for sphericity 
is selected. The computed profiles for both components of the particle rms 
values show larger deviations from the measurements. For the quartz particles 
the vertical rms value was considerably overpredicted for the drag law, wall 
roughness and sphericity considered. In the case of the duroplastic particles 
the predicted vertical rms values show the same trend as the experimental data. 
However, the slope of the horizontal rms values is not obtained correctly. In 
addition it was found that the taking into account the transverse lift forces for 
spherical particles did not provide good results, especially for the profile of the 
particle number flux.
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Chapter 7

Conclusions

In this document the main characteristics of non-spherical particles transport 
in confined turbulent flows have been analysed from both, experimental and 
numerical points of view. It has been experimentally demonstrated that in a non-
spherical particle-wall collision the rebound angle β is smaller in mean than the 
incident angle α, due to the rolling effect, illustrated in Fig. 2.6, consistent in an 
elastic deformation of the particle corners and edges. This fact is contrary to what 
happens with spherical particles where, even with a minimal wall roughness, the 
rebound angle is larger in mean than the incident one. The degree or rolling 
depends on particle sphericity, φ: the larger the deviation from spherical shape, 
the smaller the particle vertical velocity after the collision with the wall. As a 
result, the particle concentration near the bottom of the channel is substantially 
higher in the case of non-spherical particles (Fig. 3.14).

In the horizontal channel flow with fixed particle mass loading, it is seen 
experimental and numerically, that the particle mean velocity increases with 
decreasing sphericity φ, due to the higher drag experienced by the non-spherical 
particles. This fact is due to the increase in the drag coefficient shown by both, 
the Haider and Levenspiel and Ganser correlations which imply that the irregular 
particles follow better the gas phase flow. Moreover, the particle mean velocity 
profile is slightly asymmetric as a result of the shape of the mass flow profile, 
which is noticeably higher at the bottom than at the top of the channel. However, 
such mean velocity profile is symmetric for the spherical particles. The particle 
horizontal rms velocity is roughly similar for both types of particles, spherical and 
non-spherical, but the vertical rms velocity of non-spherical particles is below 
the fluid one contrary to the spherical case where it is over the fluid values. 
When particle mass loading varies, the non-spherical particles show a quite 
small reduction of fluctuating kinetic energy, E

p
, which is more remarkable for 

the spherical particles. Moreover, E
p
 is smaller in the case of non-spherical than 

for spherical particles.
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The performed two-dimensional kinematic simulations have revealed that 
both parameters, namely the orientation of the particle and the impact radius 
exhibit certain distribution functions which are closely related to particle shape. 
Actually, the ratio of the minimum to maximum particle radius was identified to 
be the relevant parameter. Additionally, the angular velocity was found to be a 
key parameter in the wall collision process. For small impact angles and high 
angular velocities, large mean values of the orientation angle and the impact 
radius were found. The ratio of the wall normal velocity therefore also became 
larger than one for small impact angles and negative angular velocity. This 
phenomenon is similarly observed for spherical particles colliding with a rough 
wall. Moreover, the comparison of the simulations with experiments showed 
excellent agreement. 

The Lattice Boltzmann Method has been used to investigate the drag and lift 
forces acting on different non-spherical particles such as cuboids and cylinders 
immersed in laminar and turbulent flows. As a result, the lift and drag force 
of a cuboid depends strongly on the particle Reynolds number. The particle 
profile has more influence on the drag force at low rather than at high particle 
Reynolds numbers. At low Reynolds numbers a cuboid with axis ratio of 1 shows 
practically no lift in contrast to higher particle Reynolds numbers. Two factors 
were found which influence the rotation and thereby the orientation of a freely 
moving cylindrical particle in laminar channel flow. The first factor is the relative 
acceleration of the ambient fluid and the second the angular velocity of the 
ambient fluid. The relative acceleration of the ambient fluid leads to a torque that 
orients the particle perpendicular to the acceleration. The angular velocity of the 
ambient fluid rotates the particle in such a way that its angular velocity approaches 
the angular velocity of the ambient fluid. In the case of cylindrical particles with 
different length-to-diameter ratio, l/d, the particle rms velocity decreases with 
increasing l/d. This trend is stronger for lower Stokes numbers, St. This is probably 
due to the averaging of the turbulent fluid fluctuations over the particle surface 
which increases with increasing axis ratio. Thus, it can be concluded that the 
best mixing of particles suspended in a turbulent flow is achieved for spherical 
particles, since they have the smallest surface area per volume. In contrast, the 
particle rms angular velocity first increases with l/d, reaches a maximum at about 
l/d = 2.5 and then decreases again. This behaviour is observed mainly for the 
smaller Stokes numbers. At the highest Stokes number considered the relative 
rms angular velocity is almost independent of l/d. This is probably caused by the 
additional effect of the change of the moment of inertia with l/d. The value of the 
moment of inertia around the longitudinal axis decreases and around the radial 
axis increases with increasing l/d, which would lead to higher and lower rms 
angular velocities, respectively.
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The numerical simulations of pneumatic conveying of non-spherical particles 
have revealed that the Ganser correlation provided higher particle mean velocities 
than the Haider and Levenspiel correlation. The results compare qualitatively 
well with the considered experiments. Good agreement is found for the horizontal 
particle mean velocity when the correct value for sphericity is selected. The 
computed profiles for both components of the particle rms values show larger 
deviations from the measurements. For the quartz particles the vertical rms value 
was considerably overpredicted for the drag law, wall roughness and sphericity 
considered. In the case of the duroplastic particles the predicted vertical rms 
values show the same trend as the experimental data. However, the slope of the 
horizontal rms values is not obtained correctly. In addition it was found that taking 
into account the transverse lift forces for spherical particles did not provide good 
results, especially for the profile of the particle number flux.
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