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Abstract 

This paper presents a detailed experimental and numerical analysis of free-falling particle streams 

impacting a 45° inclined surface of differing materials. The particles used in this study were glass 

spheres with average diameters of 136 and 342 μm and a density of 2500 kg/m3. The three mass 

flow rates considered are 50, 150, and 250 grams per minute (gpm). The effect of wall material 

on the collision process was also analysed. Special attention was paid to the influence of wall 

roughness. Therefore, a plate of stainless steel with polished surface, an aluminium sheet, and 

a Perspex plate with similar properties to those of the rest of the wall sections were used. The 

experimental data were used to improve and validate a wall collision model in the frame of the 

Lagrangian approach. A new drag force formula that includes the effects of particle concentration 

as well as particle Reynolds number was implemented into commercially available codes from 

CFX4-4 package. It was found that the improved CFD model better predicted the experimental 

measurements for the particle rebound properties. The rough-wall model in these results showed 

greater effect on smaller particles than on larger particles. The results also showed that the 

improved CFD model predicted the velocity changes slightly better than the standard model, 

and this was confirmed by both the quantitative velocity comparisons and the qualitative 

concentration plots. Finally, the inclusion of the particle–particle collision was shown to be the 

dominant factor in providing the dispersion of the particles post collision. Without a sufficient 

particle–particle collision model, the standard model showed all particles behaving virtually 

identical, with the main particle stream continuing after the collision process.  
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1 Introduction 

The Eulerian–Lagrangian approach to gas–particle flow 
modelling lends itself well to flows where the solid fraction 
is low enough to neglect any particle–particle interactions 
(Miao et al., 2019; Muhammad et al., 2019; Zhu et al., 2019). 
A number of industrial flows fall into this regime such as 
pneumatic conveying and mill duct flows within power 
stations (Raghav et al., 2018; Kabeel et al., 2019). In mill 
duct flows, as the whole solid volume fraction is quite low, 
the introduction of bends and complicated flow patterns 
can result in regions where a dense particle rope is formed, 
whose solid volume fraction suddenly increases so much 
that particle–particle interactions are no longer negligible 

(Li et al., 2018; Feng et al., 2020). Another major factor that 
heavily influences mill duct flows is the effect of particle–wall 
collisions (Manjula et al., 2017). The introduction of a rougher 
wall material considerably reduced the axial velocity profiles 
due mainly to the momentum transfer from the axial to the 
transverse direction (Ruiz-Angulo et al., 2019; Varaksin, 
2019). Also, the increase in particle size resulted in a decrease 
of particle velocity due largely to the increase in relative slip 
velocity as mentioned previously. Due to experimental 
findings that the particle velocity is greatly influenced by 
such factors as mass loading, particle size, conveying air 
velocity, and wall roughness characteristics, to name a few, 
the number of numerical studies to increase prediction 
accuracy over the past 30 years is great. This has led to a 
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Nomenclature 

A surface area of the particle 
dp particle diameter 
FD drag force 
 diffusion coefficient 
mp particle mass 
 variable quantity 
Rep particle Reynolds number 
g gas density 

S , SP source terms 
Up,g velocity of particle and gas, respectively 

Abbreviations 

CFD computational fluid dynamics 
gpm grams per minute 
PIV particle image velocimetry 

   
number of proposed numerical models to better capture the 
trends seen in experimental works on horizontal two-phase 
pipe/channel flow (Sommerfeld and Huber, 1999; Kuerten 
and Vreman, 2016). 

The connected papers by Sommerfeld (2003) and 
Sommerfeld and Kussin (2003) considered the effect of 
collision models, both particle–wall and inter-particle, of the 
transport of particles. The major findings of the work detailed 
how the inclusion of inter-particle models increased 
dispersion and resulted in lower stream-wise velocity. For 
a rough wall, a small increase in wall roughness leads to 
an increase in particle–wall collisions. In confined particle 
flows, it is inevitable that at some stages the particles will 
contact the bounding wall of the system. To accurately 
simulate particle flows, it is necessary to apply appropriate 
treatments for these collisions within CFD modelling. Many 
researchers have investigated these treatments. Sommerfeld 
(1992) identified some of the most important parameters in 
modelling particle–wall collisions, which are particle collision 
angle, particle translational and rotational velocities before 
collision, properties of the particle and wall materials, particle 
shape, and roughness of the wall surface. Due to the large 
number of variables that are in effect, there is a distinct 
lack of experimental results to allow detailed modelling  
of particle–wall collisions and consequently a deficiency  
in realistic numerical simulations. 

In an attempt to further refine numerical simulations, 
the roughness of the wall has been taken into account. 
Matsumoto and Saito (1970) used an irregular bouncing 
model to explain the resuspending phenomenon observed in 
experimental results. Their model used a complicated sine 
function to describe the roughness of the wall. Although 
improved simulation results were achieved, the wall roughness 
formula was complicated and slightly ambiguous. Tsuji   
et al. (1985, 1987) considered particle interactions with 
rough walls in a different fashion. The method used in this 
approach introduced a virtual wall to replace the standard 
wall at impact angles smaller than 7°. The virtual wall has 
a randomly determined inclination to vary the rebounding 

angles of the colliding particles. The earlier study of Tsuji et al. 
(1985) investigated the effects of different sized particles 
in different sized pipes. The later work of Tsuji et al. (1987) 
extended the empirical relations of the previous work by 
investigating the effects of wall roughness for different values 
of inclinations. The results showed that increasing the 
inclination angle better simulated the experimental results, 
with more particles colliding with both the top and bottom 
walls, which was lacking in the previous study. The drawback 
of this method is that at collision angles greater than 7°, wall 
roughness is not accounted for. There are always effects of 
wall roughness regardless of approach angle, and hence this 
model failed to fully reproduce the results of experiments. 
Sommerfeld (1992) noted the shortcoming of Tsuji et al.’s 
works and made improvements by ensuring that a random 
wall inclination is included for all values of collision angle. 
The earlier work used a uniform distribution to determine 
the virtual wall inclination for all values of colliding angles. 
This model’s predictions for the velocity fluctuations of 
the particle matched well with the experimental results (Miao 
et al., 2019). 

Due to this constraint, Sommerfeld et al. (1993) performed 
experiments for further validation. By comparing different 
sized particles at various impact angles, results showed  
that smaller particles are affected more by the roughness  
of the wall. Also, at lower collision angles smaller than 35°, 
the rebounding angle tended to be greater than the incident 
angle. This is explained by the fact that at lower incident 
angles, the particle has a higher probability of hitting the tip 
of the roughness structures. Huber and Sommerfeld (1998) 
used Sommerfeld’s previously developed rough wall collision 
model to predict particle flow through different configurations 
of pipes. The rough wall model tended to reduce the effect 
of gravitational settling and resulted in a considerable 
increase in pressure drop. Sommerfeld and Huber (1999) 
looked at the impact of individual particles of various 
materials impacting different surfaces with varying roughness. 
The particles considered contained both spherical glass beads 
and slightly non-spherical quartz particles. The findings 
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of the experimental work were utilised to better define the 
numerical simulations through the particle–wall collision 
model. The main findings of the work were that both   
wall roughness and sphericity of the particles provide a 
slight scattering of the rebounding particles. Sommerfeld 
and Kussin (2004) utilised the developed rough wall model 
to consider horizontal pipe flow, concentrating their focus 
on wall material, particle size, and mass loadings. The results 
showed that the greater the wall roughness, the higher the 
momentum loss and the subsequent increase in both slip 
velocity and pressure drop. Also, angular velocity was found 
to be a key parameter in the wall collision process, but due 
to the lack of reliable measured data, this has yet to be 
validated. 

Although many researchers have already studied 
experimentally and computationally the particle–wall collision 
process (Dodds et al., 2020a, 2020b), this work was completed 
to gain additional knowledge of the behaviour of particle 
streams impacting a 45° inclined surface of differing materials. 
The focus of this study is to quantify the behaviour of particle 
streams under differing mass flow rates and particle sizes. 
The effects of mass flow rates will also be investigated to 
discover whether the average particle is strongly influenced 
by the mass flow rate. Two different particle sizes were then 
used to establish whether wall material roughness has a 
significant role when considering streams of particles as 
opposed to individual particles. The idea of validation using 
previously reported data by other researchers significantly 
limits the number of parameters that can be considered. 
The experimental study may not be ground-breaking, but 
has been invaluable for testing the improvements made to 
CFD models and also extends the knowledge base for the 
behaviour of particle streams which behave distinctly 
different to individual particles. 

2 Experimental setup and material  

2.1 Particle image velocimetry (PIV) 

PIV is used to visualise 2D flows of fluid or particle motion. 
The main theory of PIV is to seed the fluid flow with 
particles, which are then illuminated so that a recording 
device can obtain a digital image at specified time intervals 
from which motion of the particles can be determined (see 
Fig. 1) (Afshar et al., 2018; Raghav et al., 2018; Luo et al., 
2019). The seeding particles are dependent on the type of 
flow to be considered. 

In PIV systems, lasers are typically used because of 
their ability to produce high energy light over a very small 
wavelength range which can be formed into a stable sheet 
of light. Lasers allow the light to be of a single wavelength, 
which reduces the color aberrations when illuminating and 

 
Fig. 1 Particle diameter image analysis (PDIA) experimental 
setup. 

recording the particles. For this experiment, a Neodym-YAG 
laser was used, which produced a light sheet at a wavelength 
of 532 nm. The timing of the laser and camera is connected 
to pulse the laser only when an image is to be recorded. 
The pulse for this experiment was set to 0.25 s, allowing  
for 4 pairs of images per second to be recorded. Once the 
particles are sufficiently illuminated, the flow is ready to be 
measured. There are two main approaches to capture the 
fluid flow images, which are single-frame/multi-exposure 
and multi-frame/single-exposure. These techniques are 
highlighted in Fig. 2. As the name suggests, the single-frame 
method captures the particle motion on a single image. The 
principle difference between the two methods is that with 
the single-frame method, the temporal order of the particle 
motion is unclear and as such the direction of motion is 
ambiguous. In fluid flow whereby the fluid motion is quite 
predictable and the general direction is known, the single- 
frame method is quite appropriate, but when motion is quite 
unsteady and erratic, then the multi-frame method is likely 
to produce greater accuracy due to the temporal and spatial 
information acquired. 

The fluid flow image is captured using a CCD camera 
with a light sensitive area of pixels that converts light into a 
digitized form which can be easily stored in a computer. 
The advantage of using a digitized form of image is that the 
camera speed is only restricted by the speed at which the 
camera can store the digital image to the memory buffer. 
The flow is analyzed by considering the movement of the 
seeding particles between two consecutive frames knowing 
the time interval. The particle movement was described in 
integral form by Westerweel (1997): 

 ( ) ( )( )
Δ

; , Δ , d
t t

t
D X t t t v X t t t

+
+ = ò  (1) 

where v(X(t), t) is the tracer particle velocity and t is the  
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Fig. 2 PIV exposure techniques. 

time interval between two images. As PIV images can contain 
many particles, the image is broken up into a number of 
interrogation windows and the spatial averaging of particle 
movement within a given window is calculated. As the 
values are averaged for given cells, for fluid flows, which are 
quite steady in nature, several image pairs can be analyzed 
to give more statistically accurate results. Time dependent and 
erratic flows may need to be analyzed on a frame-by-frame 
basis to capture fluid motion. 

2.2 Experimental study conditions 

The experimental setup shows the apparatus used for the 
study (see Fig. 3). A particle feeder releases particles via the 
inlet tube and allows them to free-fall and impact against a 
45 inclined plate. The plates are interchangeable to test the 
effects of different rebound materials on the behaviour of 
the particle streams. 

The rig was constructed of clear Perspex walls to allow 
the transmission of the laser sheet and to allow for the image 
to be captured by the camera. The experimental procedure 
used for this study is PIV whereby paired images, captured by 
photographing particles moving through a laser sheet, are 
analyzed to create a 2D vector plot of particle movement. 
The camera, triggered by a pulsing laser, can capture up to 
four pairs of images every second. Averaging numerous pairs 
of images generates a time averaged flow field. The basic 
steps of PIV are as follows: 
 Seeding the flow with particles to scatter light for data 

recording. 
 Illumination of a plane with a pulsed light. 
 Recording of the image with enough resolution to 

distinguish individual particles. 

 Analysis of the image by dividing the illuminating plane 
into very small regions and calculating the average 
displacement of the particles in each region. 

 Post-processing to remove the obviously erroneous 
vectors. 
In total, 18 different conditions were tested using the 

current experimental configuration. The 18 cases were 
combinations of two different particle sizes, three different 
rebound materials, and three different flow rates. The particle 
diameter ranges were 106–212 m (average of 136 m) 
and 300–425 m (average of 342 m). The particles used 
were solid glass spheres with a density of 2500 kg/m3, and 
the sphericity was not considered in this study. The rebound 
materials consist of a Perspex plate with similar properties 
to those of the rest of the wall sections, an aluminum sheet 
considered to be a machined surface (not highly polished), 
and a plate of stainless steel with a highly polished surface 
finish. The three mass flow rates considered were 50, 150, and 
250 grams per minute (gpm). These feed rates were constantly 
monitored by a variable feeding system, which ensured 
variation of less than 5%. 

 
Fig. 3 Experimental setup. 
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3 Mathematical models 

The simulations in this section are about gravity driven 
particle flows where particles are released into an initially 
still domain. As the particle flow is continuous, the once still 
air is entrained by the particle stream until terminal velocities 
are reached. The major forces at play in this case are gravity 
that pulls particles downward and the drag force between the 
particle and the slower moving air. The low particle-fraction 
(PF)-to-gas ratio lends itself ideally to the Eulerian–Lagrangian 
approach. Under the Eulerian–Lagrangian approach, the  
gas and PF are treated as interacting phases. The simulation 
carried out throughout this study was undertaken using the 
commercially available CFD software CFX4-4. 

3.1 Gas phase model 

The continuous gas phase is calculated using the 
Navier–Stokes equations for which the general form can  
be written as 

 ( ) ( )  
 g g Pi

i i i
ρ ρ U Γ S S

t x x x
æ ö¶ ¶ ¶ ¶ ÷ç+ = + +÷ç ÷çè ø¶ ¶ ¶ ¶

 (2) 

where g is the gas density, Ui is the velocity vector, i is the 
unit vector,  is the variable quantity,  is the diffusion 
coefficient, S is the source term for the gas phase, and SP 
is the additional source term due to the interaction between 
the gas and the PF. Depending on , Eq. (2) represents mass, 
momentum, species, or energy conservation. For conservation 
of mass,  = 1, and when  = Ui, then Eq. (2) becomes 
the momentum equation. The standard k– two-equation 
turbulence model was used to close the Navier–Stokes 
equations. 

3.2 PF phase model 

The Lagrangian particle tracking method is used to 
calculate the individual trajectories of the dispersed PF 
phase. Equating the PF inertia with external forces, the 
momentum equations can be described by the general 
equation in Eq. (3): 

 ( ) ( )p gp
D p g

p

d
d

g ρ ρu
F u u

t ρ
-

= - +


 (3) 

The left side of the equation describes the inertia of the 
particle phase while the right side describes the external 
forces acting upon the particle phase. FD denotes the drag 
force between the particle and the gas phase and is equated 
using the Schiller–Naumann correlation for a spherical 
particle. The second term on the right-hand side denotes 
the gravitational force calculated based on the density 

difference between the PF and gas phase. Although other 
forces may also influence the particle trajectory, the drag 
and gravitational are the predominant forces acting on the 
PF in mill duct flows. 

3.3 Drag force model 

The drag force generally takes the form: 

 D CS D Rel Rel
1
2

F A ρC V V=  (4) 

where ACS is the cross-sectional area perpendicular to the 
velocity direction, ρ  is the density of the continuum medium, 
VRel is the relative velocity between the particle and the 
continuum phase, and CD is the coefficient of drag of the 
particle. The standard model by Clift et al. (1978) employed 
by CFX4-4 is given by 

 ( )0.687
D

24 1 0.15C Re
Re

= +  (5) 

where 

 Relρ V dRe
μ

=  (6) 

Here, d is the particle diameter, ρ  is the fluid density, and μ 
is the viscosity. The drag coefficient only relates the amount 
of drag to the relative velocity. For extremely dilute flows 
whereby the particles are well dispersed, this relation is 
adequate, but when the volume fraction of particles increases, 
the effect of neighbouring particles cannot be excluded. 
This study includes the development of a new particle drag 
coefficient formula considering the effect of neighbouring 
particles on the drag force particles entrained in particle 
streams. The improved drag coefficient is given by 

 
( )( )

15.93
0.687 3

D

3.62

24 π1 0.15 0.000353 log
6

0.16 log

C Re
Re α

Re

æ æ öö÷÷ç ç= + + ÷÷ç ç ÷÷ç çè è øø

-

é
ê
êë

ù
ú
úû

 
(7)

 

where α is the particle volume fraction within the given cell. 

3.4 Particle–wall collision model 

The standard particle–wall collision based on the work of 
Shuen et al. (1985) included in CFX4-4 consists of a particle 
being reflected off the wall surface based on the coefficient 
of restitution. This coefficient is a direct measure of the 
amount of energy lost during the collision process and 
effectively reduces the normal velocity of the rebounding 
particle. Figure 4 shows the relationship between the pre- and 
post-collision velocities, both parallel and normal to wall.  
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Fig. 4 Configuration of a particle–wall collision. 

To model particle–wall collision, a rough-wall collision 
model similar to that of Sommerfeld (1992) was implemented. 
This model considers the effect of slight undulations on 
the wall surface. These slight undulations result in slightly 
modified impact angles by introducing a virtual wall as 
seen in Fig. 5.  

The calculation for post-collision velocities is approached 
the same way as normal wall, but the incoming velocities 
are adjusted to incorporate the slight impact angle change. 
The formulas to calculate the post-collision velocities for 
both sliding and non-sliding collisions are as Eqs. (8)–(11). 

Non-sliding collision: 

 2 1
5
7

u u=  (8) 

 2 1v ev=-  (9) 

Sliding collision: 

 ( )2 1 d 11u u f e v= + +  (10) 

 2 1v ev=-  (11) 

where u1 and u2 represent the corresponding velocities pre- 
and post-collision in the tangential direction with respect to 
the collision, v1 and v2 are the velocities normal to the wall, 
e is the coefficient of restitution between the two particles, 
and f is the coefficient of friction. A non-sliding collision 
occurs when the condition in Eq. (12) is valid: 

 ( )1 0 1
7 1
2

u f e v£ +  (12) 

 
Fig. 5 Effect of the virtual wall inclination on the post-collision 
properties. 

The equations for the standard model and improved 
are identical, but the incoming velocities for the improved 
model have been modified according to the roughness angle 
based on the work of Sommerfeld (1992). 

3.5 Particle–particle collision model 

The standard CFX4-4 software package does not account 
for particle–particle collision as part of the Lagrangian 
framework. As a consequence, the software needed to be 
modified to consider the effect of particle collisions through 
different flow systems. The modelling method implemented 
into the program is based on the model developed and 
refined by Sommerfeld (2001). The basis of this method  
is the creation of a fictitious particle that is used for the 
calculation of collision probability and, if required, the 
collision process.  

As the Lagrangian particles are tracked individually 
through the flow domain, sampling the average particle 
velocities through a particular computational cell creates a 
fictitious particle. With the fictitious particle created, the 
collision probability of collisions occurring between the 
tracked and fictitious particles is calculated using a similar 
method for that of the kinetic theory of gases. The formula 
for the collision probability is as Eq. (13) (Sommerfeld, 2001): 

 ( )2
coll p,real p,flict p,real p,flict p

π Δ
4

P d d u u n t= + +
   (13) 

where d is the diameter of the relevant particle, u the 
velocity of the relevant particle, np the number of particles 
per unit volume, and Δt the time step. After the collision 
probability is calculated, this probability is compared with 
a random number (RN) that is generated. A collision is to 
be simulated if the generated RN is less than Pcoll. When a 
collision is to be simulated, the location of collision point 
on the real particle is determined randomly and the resulting 
post-collision velocities are calculated using Eq. (14) (Jain   
et al., 2019): 

 1 1
1

2

11
1

eu ' u m
m

æ ö÷ç ÷ç ÷+ç ÷ç ÷= -ç ÷ç ÷÷ç + ÷ç ÷çè ø

 (14) 

where u1 and 1u '  are the pre- and post-collision velocities 
respectively in the tangential direction relative to the collision 
vector between particle centers at the time of impact, and m1 
and m2 are the respective masses. In the normal direction, 
during the collision process, a particle may be sliding against 
the wall surface or, depending on the friction between the 
surfaces, the particle may rotate in a non-sliding collision. 
The effects of the two sliding conditions are accounted for 
by Sommerfeld (2001, 2003). 
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Non-sliding collision: 

 1 1
1

2

2
71

1
v ' v m

m
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 (15) 

Sliding collision: 

 ( ) 1
1 1

11
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11 1
1
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ë û

 (16) 

where m1 and m2 are the respective masses of the considered 
particles. 

4 Boundary conditions and model properties 

The geometry of this model is based on the dimensions of 
the experimental rig discussed earlier in Section 2.2. The 
geometry domain contains three main sections: the upper 
region where the particles are released into, the middle 
impact region where the main particle–wall collision takes 
place, and the lower section where the particles exit the 
domain. To obtain an acceptable accuracy with acceptable 
computational time, various grid independency tests were 
conducted with different mesh resolutions. Different 
grids of the model were generated using the FAME Hexa 
meshing technique where each grid has a similar meshing 
scheme. To evaluate the impact of the grid on the results, 
simulations were carried out on all grids. It has been verified 
that the change in the solution in the cases with higher 
mesh resolution is small. Also, it was found that there were 
no significant differences in the results. Figure 6 shows the 
configuration of the mesh for the geometry. The focus of 
this section is to highlight the influence of particle–wall 
collision models and in particular the rough-wall 
characteristics on the average movement of streams of 
particles. And as such the refinement of the grid revolves 
around the middle impact section, as this is where the most 
accurate results are required. Due to the structured mesh 
solved in CFX4-4, the refinement in middle section is 
carried through and adversely affects the other regions. 

In the experimental setup, the rig was open to atmospheric 
pressure both at the top and bottom surfaces so the CFD 
model was given pressure boundaries of zero static pressure. 
Mass flow is free to enter and leave the domain when 
necessary. Particles are released into the domain at a similar 
point in the CFD model as in the experimental study. The 
particles enter through a user 2D patch and are given a 
velocity profile based on the location and velocity measured  

 
Fig. 6 Mesh configuration for the present CFD geometry. 

in the experimental study; therefore, the quantities slightly 
vary for all cases. All the wall sections have a no-slip 
boundary condition applied to the continuous phase or in 
this case, the air. As mentioned earlier, the treatment of the 
particle interaction with the wall is the focus of this study 
and varies according to the wall model used.  

5 Numerical simulations 

To investigate the many aspects of this study, a number of 
simulations were run and compared. The first part of this 
section looks at the influence of the drag force model   
and turbulent dispersion on the flow characteristics of the 
particle just prior to impacting the angled wall. To investigate 
the influence of the drag model, the two different drag 
model approaches looked at were: 
 The standard drag model using the coefficient of drag 

based on Eq. (5), as a function of particle Reynolds 
number only. 

 The new drag model, Eq. (7), calculating the coefficient 
of drag based on particle Reynolds number and particle 
concentration. 
Each of these models was simulated with the turbulent 

dispersion model first switched on and then turned off. 
The turbulent dispersion model simply adds in a fraction 
of random velocity to the particle based on the turbulent 
energy of the fluid within a given computational cell. 
Summary of simulation conditions for the various cases is 
given in Table 1. 

Due to the importance of the wall collision modelling 
in this section, a brief overview of the modelling procedure 
will now be discussed. When a particle impacts a solid 
surface, whether it is a fixed wall or even another particle, 
energy is lost in the form of noise, heat, and deformation.  
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Table 1 Summary of simulation conditions for the various cases 

Case Simulation condition 

Simulation 1 Standard model 

Simulation 2  Simulation 1 with turbulent particle dispersion 

Simulation 3 Simulation 2 with improved particle inlet velocity profile

Simulation 4 Simulation 3 with new drag force model 

Simulation 5 Simulation 4 with rough-wall particle collision model 

Simulation 6 Simulation 4 with particle–particle collision model 

Simulation 7 Simulation 4 with rough-wall particle collision model 
and particle–particle collision model (improved) 

 
The modelling of this process is introduced through the use of 
a coefficient of restitution, which differs depending on the 
materials colliding. Not only are the materials considered 
important, other influences on the coefficient of restitution 
are not to be neglected as well, such as the impact velocity, 
particle size, and impact angle. Due to the large number of 
variables required for the coefficient of restitution, typical 
values for the appropriate collisions to be modeled in this 
section have been taken from various sources in the 
available literature. The coefficients of restitution for glass 
beads impacting the three surfaces were assumed to be 0.9 
for the stainless steel, 0.7 for the polyvinyl chloride (PVC), 
and 0.5 for the aluminum. These were assumed based on the 
experimental work of the researchers: Grant and Tabakoff 
(1975), Sommerfeld and Huber (1999), Sommerfeld (1992, 
2001, 2003), Joseph et al. (2001), and Gondret et al. (2002). 
According to the work of Sommerfeld (1992) and Joseph  
et al. (2001), the typical value of surface roughness for the 
materials used is between 5 and 20 μm. Based on these 
roughness values, the following angle variations have been 
assumed: for the stainless steel with highly polished surface, 
an angle change of 1.4° was used; for the PVC surface as 
Joseph (2003) compared closely to a non-polished steel 
surface, 2.5° was used; for the unpolished aluminum surface, 
an angle change of 3.5° was assumed. The roughness 
component or angle change is introduced through a random 
number to slightly modify the impact angle of the rebounding 
particle as discussed earlier. 

6 Results and discussions 

Figure 7 shows a typical PIV image from the experimental 
work. Whenever a particle crosses the laser sheet, the camera 
captures the scattered light, producing a representation of 
particle location at a particular instant. The brighter regions 
represent higher particle concentrations. A pseudo-relative 
particle concentration plot is determined by analyzing the 
individual images and determining for each pixel how 
many times a particle was present. Using MATLAB, the 
individual images were converted to a light intensity map  

 
Fig. 7 Sample of PIV images obtained in the present work. 

based on the grayscale image. On a grayscale image, the scale 
ranges from 0 for black to 256 for white. It was determined 
through trial and error that the threshold to recognize the 
particles was a grayscale value of 150. Using this threshold 
value, pixels containing a light intensity greater than 150 
were given a value of 1, and less than 150 were given 0. This 
procedure reduced any background effects due to imperfect 
images. Therefore, for the 800 images analyzed, an averaged 
image with values from 0 to 800 was conceived giving    
a relative particle concentration plot. It is not possible to 
convert this scale to quantitative values, so any conclusion 
drawn from these comparisons will only be qualitative. 

Figure 8 shows the results of the average concentration 
plots for the larger particles at the highest flow rebounding 
off aluminum, PVC, and stainless steel. The areas of lighter 
color are the regions where particles collided more often. As 
would be expected, the lightest shading for all the cases 
shown represents the region on the inclined wall where  
the majority of particles fall. Although direct quantitative 
values for the particle concentrations are not available in this 
method, the results can directly be qualitatively compared 
with CFD. 

Figures 9–11 show the average velocity vectors for the 
particle phase plotted on top of the absolute velocity contours. 
The plots show the large particles at a rate of 250 gpm 
rebounding off the three different materials. In the case of 
the aluminum surface in Fig. 9, the maximum absolute 
particle velocity is achieved within the core region of  
the particle stream just before the wall collision. After the 
collision, the absolute particle velocities drop by about 35%, 
but this is to be expected due to the energy consumed 
within the collision process. The velocity vectors show  
an interesting trend, with the upper vectors having less 
horizontal component of the velocity. In a perfect elastic 
collision between a spherical particle and a 45° inclined 
wall, the resulting exit velocity would be horizontal in the 
immediate region after collision. As the particles move away 



Experimental and numerical study of free-falling streams of particles impacting an inclined surface 

 

389

 
Fig. 9 Velocity contour and vector plot for the large particles at 
the highest flow rate impacting the aluminium surface. 

 
Fig. 10 Velocity contour and vector plot for the large particles at 
the highest flow rate impacting the PVC surface. 

from the wall, gravity would impart a downward component 
to the particles’ motion. 

Due to the coefficient of restitution, a part of the normal 
component of particle velocity with respect to the wall is 
lost and this is seen in the velocity vectors. The results 
show that along the surface of the wall, the velocity vector 
angles mimic those of the wall, suggesting that a number of  

 
Fig. 11 Velocity contour and vector plot for the large particles at 
the highest flow rate impacting the stainless steel surface. 

particles are travelling along the wall surface. The particles 
that find themselves in the lower region near the wall are 
generally those particles that have lost a majority of their 
momentum through a combination of wall collisions and 
inter-particle collisions. Particles to the right of the core in 
the particle stream have a lower absolute velocity to begin 
with because of the exposure to the slower moving air. 
These slowly moving particles are also the first to collide 
with the wall surface, giving them a horizontal velocity 
while the bulk of the freefalling are still falling downward. 
This difference in velocity direction results in repeated 
collisions with both the wall and other particles. Once 
trapped in this cycle, the trapped particles find it difficult to 
remedy the situation and generally follow the wall surface. 
This combination of wall and inter-particle collisions 
explains the spread of the particles in the post-wall-collision 
region. If no particle–particle collisions were to occur,   
the post-collision particle stream would almost mirror the 
stream before impact, but it is clear that this is not the case, 
so it is obvious that the influence of inter-particle collision 
has significant effect to the post-collision particle motion. 

The results for the case of the same particle conditions 
impacting the PVC surface are shown in Fig. 10. Although 

 
Fig. 8 Averaged particle concentration plots for 342 μm particles at a flow rate of 250 gpm rebounding off (a) aluminium, (b) PVC, and 
(c) stainless steel. 
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the incoming velocities were very similar to the aluminum 
case, the post-collision velocity contours show a distinct 
increase in absolute velocity, and the velocity vectors show 
a more horizontal velocity post collision. This velocity 
direction would suggest that coefficient of restitution for the 
PVC is higher than that of the aluminum surface, which is 
also highlighted by the extended distance the particle stream 
achieves. This was confirmed by the findings of Grant and 
Tabakoff (1975), which suggested that the mean normal 
coefficient of restitution of glass particles on aluminum, at 
low collision angles, varies between 0.4 and 0.6. Compared 
with the findings of Sommerfeld and Huber (1999) where 
the coefficient of restitution of glass particles on PVC was 
found to be approximately 0.7, a similar trend is seen 
with both the post-wall-collision spread of particles and 
the velocity vectors travelling along the wall surface, again 
suggesting the presence of particle–particle collisions. 

The stainless steel surface produced a particle stream 
with the greatest post-collision absolute velocity (see Fig. 11). 
This suggests that the coefficient of restitution was higher 
than those of the other surfaces. This is consistent with 
findings of other researches on the particle–wall collisions. 
The resulting horizontal velocity vectors suggest that the 
coefficient of restitution would be equal to 1, which would 
imply that almost no energy is lost through the collision 
process, which is not possible due to energy lost through 
noise, heat, and deformation. As a coefficient of restitution 
equal to 1 is impossible, the results suggest that the wall 
roughness and particle–particle collision must influence the 
horizontal velocity achieved. 

Considering the normalized horizontal velocity profiles 
shown in Fig. 12, the mass flow rate for the large particles 
impacting the stainless steel surface shows very little 
difference. The results shown are velocity profiles that have 
been normalized against the relevant incoming velocities. 
This would suggest that although the different mass flow 
rates produced similar normalized velocities, the absolute 
velocity for the higher mass flows would be larger, 
corresponding to the incoming velocity. For the large particles 

 
Fig. 12 Normalized horizontal velocities of the large particles 
rebounding off the stainless steel surface. 

rebounding off the stainless steel surface, it is interesting 
to see that post-collision velocities produce similar results. 
This finding suggests that the coefficient of restitution is 
independent of mass flow rate. 

Figure 13 shows a similar trend for the case of large 
particle impacting the PVC surface. Again, the peak 
normalized velocities for the three mass flow rates are very 
similar, suggesting that any absolute velocity difference  
is a product of the incoming velocity and not of the wall 
collision process. 

For the cases of the smaller particles, the similarity for 
the two presented cases is not as profound as in the large 
particle cases, but the trend is still evident. For the PVC 
surface shown in Fig. 14, the normalized velocities were 
very similar, again suggesting that the smaller particles were 
behaving similarly to their larger counterparts. For the case 
of the stainless steel surface, as seen in Fig. 15, the difference 
in the normalized velocity results is slightly more profound. 
Due to the fact that the peaks are in the same region, the 
authors believe that the mass flow is not directly responsible 
for the discrepancy in the results. 

It is evident that the highest flow rate of the smaller 
particles produced the lowest peak normalized velocities, 
which would suggest that more energy is lost throughout 
the collision process. This additional energy loss is more 
likely to be caused by additional particle–particle collisions,  

 
Fig. 13 Normalized horizontal velocities of the large particles 
rebounding off the PVC surface. 

 
Fig. 14 Normalized horizontal velocities of the small particles 
rebounding off the stainless steel surface. 
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Fig. 15 Normalized horizontal velocities of the small particles 
rebounding off the PVC surface. 

and due to the fact that at smaller diameter, the number of 
particles for a given mass flow rate increases significantly, 
the number of particle–particle collisions would also increase 
greatly. This would explain why the results differ between 
the different particle sizes. The number of smaller particles 
for a given mass flow rate is much bigger, so the incoming 
velocity for the smaller particles is much higher with respect 
to their natural terminal velocity, the particles collide with 
the wall and now endure an increased amount of drag force, 
and the particle velocities drop significantly, resulting in a 
perceived reduction in restitution coefficient. 

As touched on in the previous section, it is evident that 
the size of particles does have a large bearing on the particle 
behavior. For a given mass flow rate of particles, the particles 
with the lower average diameter or size range will greatly 
outnumber their larger averaged diameter range counterparts. 
A greater number of particles will result in a greater chance 
of particle–particle collisions, particularly during the wall 
collision process when the particles are all heading in different 
directions. An increase in particle–particle collisions results 
in a loss of energy during the collision process which 
equates to lower normalized velocities in Figs. 14 and 15. 
Also as explained before, the smaller particles experience 
greater assistance from the particle wake phenomenon, 
and after collision process the change of direction results 
in lower assistance from the airflow, which causes a 
sudden rise in drag force, resulting in lower post-collision 
velocities. 

Figure 16 shows the concentration plots for the small 
particles at a flow rate of 250 gpm. The incoming stream’s 
size and color would suggest that the properties before the 
wall collision were virtually identical for all the surfaces, 
so the after-collision properties will show the difference 
between the rebounding surfaces. The aluminum surface 
provided a small fanning of the particles post collision, 
which would suggest a lower coefficient of restitution for the 
aluminum compared to the other surfaces. PVC provided 
the next biggest particle spread with the stainless steel surface 
providing the largest spread and consequently displaying 

the highest coefficient of restitution. Figure 17 shows the 
trend in a slightly different way. The peak normalized 
horizontal velocities show that the amount of energy lost 
during the wall collision with the aluminum surface is 
greater than the other cases, suggesting that the coefficient 
of restitution is lower. This is consistent with the findings 
shown in the concentration plots.  

The results for the different surfaces with the larger 
particles at a flow rate of 150 gpm display similar findings 
to those of the smaller particles. Again, the aluminum surface 
resulted in smaller normalized velocities and shorter mean 
particle travel distance (see Fig. 18). The reverse is seen 
with the stainless steel surface, as shown in Fig. 19 with 
larger normalized horizontal velocity and a mean particle 
stream that travels further in the horizontal direction, which 
is in good agreement with the findings of the smaller 
particle case. The numerical results are validated against 
the experimental findings, consisting of quantitative data 
for the normalized velocity components where there can 

 
Fig. 16 Particle concentration plots of the small particles at a 
flow rate of 250 gpm rebounding off (a) aluminum, (b) PVC, and 
(c) stainless steel. 

 
Fig. 17 Normalized horizontal velocities of the small particles at 
a flow rate of 250 gpm. 

 
Fig. 18 Particle concentration plots of the large particles at a 
flow rate of 150 gpm rebounding off (a) aluminum, (b) PVC, and 
(c) stainless steel. 
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Fig. 19 Normalized horizontal velocities of the large particles at 
a flow rate of 150 gpm. 

be direct comparison between experimental and numerical 
results. Qualitatively, the particle concentrations for the 
experimental and numerical results can be compared visually, 
but due to the nature in which the experimental concentration 
plots were obtained, quantitative values cannot be directly 
compared. 

Figure 20 shows the average velocity profiles of the 
particle streams prior to impacting with the inclined wall. 
These comparisons show the influence of the drag model 
when predicting the particle velocity in a free-falling situation. 
As the constant stream of particles free-falls, the initially 
motionless air attempts to retard the particle’s motion 
through the drag force, which in turn imparts velocity of 
the air in that region, resulting in air movement patterns 
similar to the particle flow (see Fig. 21). As the air velocity 
increases, the particles are allowed to travel slightly faster, 
as the drag force is a result of the relative velocity, and 
therefore the overall particle velocity increases because  
the air velocity increases. Effectively freefalling particles  
are subject to two major forces: gravity, which drives the 
flow, and drag force, which in this case retards the particles.   
In terminal velocity cases, the velocity is reached when 
these two forces balance each other. If the gravity for     
a given particle or even particle stream remains constant,  
it can be said that the drag force will also remain constant.  

 
Fig. 20 Absolute average particle velocity profiles prior to wall 
collision for the large particles at a flow rate of 250 gpm. 

 
Fig. 21 Gas velocity contour plot for the large particles at the 
highest flow rebounding off the stainless steel surface. 

Therefore, a reduction in the drag coefficient will result 
in an increase in the relative velocity between the particle 
and the air. 

When considering the behavior of streams of particles 
opposed to individual particles, the gravity per particle will 
remain constant as the mass and weight remain constant, but 
the effective drag force experienced by the particles within 
the stream will, on average, be smaller, as the effective 
surface area exposed to air resistance will be smaller, 
resulting in a reduction in drag force, which in turn leads 
to higher compensating relative velocity. The velocity 
comparisons seen in Fig. 20 demonstrate that the inclusion 
of the new drag model increases the velocities of the 
predicted particle stream.  

The results shown in Fig. 22 are for the normalized 
post-collision velocities for the large particles at a flow rate 
of 250 gpm rebounding off the stainless steel surface. The 
range of the standard CFD model is very small, suggesting 
that the dispersion of particles is very limited and that all 
the particles are contained within the main stream. Due to 
the fact that the post-collision velocities have been normalized 
against the pre-collision velocities, the effect of the coefficient 
of restitution can be evaluated, but unless the comparison 
of pre-collision velocities is given, it is difficult to compare 
the absolute velocities directly. The normalized values can 
be somewhat misleading. For different parameters like 
particle flow rate or rebounding surface roughness, the 
normalized velocities can be used to compare the trends  
of the differing parameters, but to directly compare the 
improvements made in the CFD simulations, the absolute 
post-collision velocities are required to provide quantitative 
validation. Figure 23 shows the absolute velocities for the 
previous case whereby the improvements made by the 
modified CFD simulation can be seen more clearly. The 
experimental results predicted higher absolute horizontal 
velocity, which suggest that the incoming pre-collision 
velocities were slightly higher due to the fact that the  
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Fig. 22 Normalized horizontal velocities of the large particles at 
a flow rate of 250 gpm rebounding off the stainless steel surface. 

 
Fig. 23 Absolute horizontal velocities of the large particles at a 
flow rate of 250 gpm rebounding off the stainless steel surface. 

normalized values were very similar. This is confirmed by 
the drag comparisons shown in Fig. 20 whereby the incoming 
pre-collision velocities were slightly higher for the experimental 
results. The increase in the pre-collision velocity seen in the 
drag comparison for the improved model provides better 
predictions for particle velocities after the collision process.  

It is evident from the experimental findings that a small 
fraction of particles found themselves outside of the main 
stream particularly after the collision process; the improved 
CFD model better predicted this occurrence. Looking at 
the time-averaged results for the aluminum surface with 
the large particles at a flow rate of 50 gpm (see Fig. 24), it is 
clear that again the standard model predicted lower peak 
velocities within a very narrow band. The improved model 
did manage to partially predict the spread of particles, but 
the velocities in the region outside the main stream was 
somewhat lacking in velocity particularly in the upper 
region. The peak velocities tended again to show that the 
new drag model had increased absolute velocities due to 
higher incoming velocities, which makes sure a better 
reproduction of the experimental findings. 

For the case of the smaller particles, the peak velocities 
for both CFD models matched very closely with the 
experimental results, but in this case the peak velocities 
occurred at points lower than those of the experimental 

case. In Fig. 25, it can be seen that the peak velocities for 
the experimental results and CFD predictions were similar. 
The improved CFD model produced a peak velocity 
slightly higher than the standard model, more in line with 
the experimental findings. In the experimental results, the 
effect of the wall roughness would be more pronounced for 
the small particles than the larger particles because smaller 
undulations in the surface will be noticed by the smaller 
particles. In the CFD simulations, major effect of the wall 
roughness can only be seen when taking a look at the smaller 
particles’ results. In terms of the presented results, the CFD 
predictions better matched those of the experimental work, 
but in truth the particle–wall collision model does not 
account for the difference in particle size. The authors believe 
that because the large particles carry a greater velocity into 
the collision process, the effects of the particle–wall collision 
models play only a minor role in comparison to the inertial 
velocity of the larger particles. This is compounded by the 
improved drag model, which gives the improved CFD 
simulations higher pre-collision velocities. For all cases, the 
peak velocity locations differ slightly regarding the larger 
particles and the difference in the smaller particles are 
more profound due to their lower overall velocity. 

Overall it has been shown that the improved CFD 
model better predicted the experimental results shown 
earlier. The improved coefficient of drag force accounts for 

 
Fig. 24 Absolute horizontal velocities of the large particles at a flow 
rate of 50 gpm rebounding off the aluminium surface. 

 
Fig. 25 Absolute horizontal velocities of the small particles at a 
flow rate of 250 gpm rebounding off the stainless steel surface. 
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the local particle concentration and the particle Reynolds 
number. As has been previously shown, a reduced exposed 
surface area leads to an increase in terminal velocity as the 
gravity and drag forces balance. The increase in terminal 
velocity leads to higher incoming pre-collision velocities of 
the particle streams, which carry through to the absolute 
post-collision velocities. It is evident from the absolute 
post-collision velocity results that particularly for larger 
particles, correctly predicting the incoming velocities, which 
are primarily governed by the drag force, leads to better 
agreement in both particle velocity and consequently the 
mean particle travel path. 

7 Conclusions 

Experimental measurements and CFD simulations using 
the Lagrangian approach have been conducted to investigate 
the flow of particle streams impacting with a 45° inclined 
surface of differing materials. The main object of the present 
study was to quantify the behaviour of particle streams 
under differing mass flow rates and particle sizes. This 
work was completed to form relevant conclusions on the 
effectiveness of the standard models in CFX4-4, and to find 
out whether improving individual models for the drag and 
particle collisions would indeed improve simulation results. 
The experimental study may not be groundbreaking, but 
has been invaluable for testing the improvements made to 
CFD models and also extends the knowledge base for   
the behaviour of particle streams, which is distinctly 
different from individual particles. The experimental results 
showed that the mass flow rate of the larger particles had 
very little influence on the normalized velocities post collision, 
suggesting that the coefficient of restitution remains constant 
regardless of particle flow rate, as expected. The effect of 
rebound material on the particle motion was more evident 
with the larger sized particles whose absolute velocities were 
higher. It was clearly shown through both the concentration 
plots and velocity profiles that the stainless steel surface 
rebounded the particles with a higher velocity, followed 
by the PVC and lastly the aluminum surface. The results 
further showed that the new drag model improved the 
predicted particle velocities within the main particle stream 
before the collision process and, as a consequence, was able 
to better predict the post-collision velocities due to the 
increased speed. Finally, the results have shown that it is 
impossible to achieve particle distributions like those seen 
in the experimental work unless a particle–particle collision 
model is used. The Lagrangian framework basically treats 
every particle identically, which means the average results 
will not differ, resulting in a very uniform particle stream 
before and after the wall collision process. Both CFD models 

reasonably predicted the mean particle stream motion, 
but the inclusion of the particle–particle collision definitely 
gave the concentration plots a visually more qualitative 
agreement. 
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