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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Impact of high-loading particle-laden 
flows against inclined surfaces was 
measured. 

• CoR, rebound velocity and angle were 
measured for a range of volume 
fractions. 

• Formation of a particle layer on the 
surface was confirmed at high volume 
fractions. 

• The layer absorbs energy for all impacts 
thereby affects the rebound process. 

• The layer transfers momentum to 
accelerate impacting particles for obli-
que impacts.  
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A B S T R A C T   

We present measurements of the impact process of gravity-driven flows of particles against inclined surfaces for a 
range of particle loadings in the four-way coupled regime. These were investigated with particle image veloc-
imetry (PIV) for a range of particle curtain thicknesses, volume fractions, velocities and mass flow rates using a 
series of hoppers of various aperture sizes, following impact on a steel plate at a range of angles from 15◦ to 75◦. 
In addition, micro-shadowgraphy was used to provide new details of the region of impact, providing the first 
direct evidence of the formation of layer of particles that slide along the surface for sufficiently high particle 
volume fractions. Statistical measurements of particle impact and rebound velocities, together with rebound 
angle and coefficient of restitution, were obtained from the PIV analysis, which revealed that an increase in 
particle loading leads to increase in the probability that a layer of particles at the surface is formed at the point of 
impact. This layer acts to absorb energy for all impact angles, thereby influencing the rebound processes. For 
impact angles close to the normal direction the layer also increases the range of rebound angles, while it causes 
particles to slide along the surface as a chute-like flow for large inclination angles.  
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1. Introduction 

Gravity-driven flows of particles are widely employed in many in-
dustrial processes for production, handling and modification of partic-
ulate materials [1–3]. Numerical and experimental investigations have 
therefore been undertaken for various simplified flows of particles and 
gases to advance the understanding and improve the performance of 
these processes [4–6]. However, while freely-propagating flows have 
received considerable attention, far less has been given to the interaction 
of these flows with boundary walls. There is therefore a need to inves-
tigate interaction of particle flows with surfaces. 

Interactions between particles and a surface can be characterised by 
the coefficient of restitution, e, for single particles, which is normally 
defined as the ratio of the rebound speed to the impact speed [7]. Many 
studies have been performed to measure or predict the coefficient of 
restitution for a wide range of particles and surfaces [8–11]. The effect of 
particle impact velocity [12], particle shape [13], surface roughness 
[14], surface inclination angle [15], and operating temperature [16,17] 
on both normal and oblique impacts have also been investigated 
extensively, both experimentally and numerically. The dynamics of 
single particles impacting on a surface are therefore generally well un-
derstood. However, this understanding is insufficient to allow reliable 
prediction of many two-phase flows of particles and gases, particularly 
where their volume fraction is sufficient to generate significant particle- 
particle interactions, owing to their much greater complexity. Such 
flows are typically classified as being four-way coupled, so that gas-to- 
particle, particle-to-gas and particle-to-particle interactions are all sig-
nificant [18]. Therefore, there is an ongoing need for more under-
standing of dense streams of particles in this regime that impact on 
surfaces, for a range of inclination angles, to guide the development and 
validation of reliable models. 

Both numerical modelling and experiments are required, with the 
former needed to understand the complex dynamics of particles 
impacting onto a surface, and the latter are needed for model develop-
ment and validation. In particular, the absence of both direct measure-
ments and modelling of particle-laden flows impacting onto a surface 
implies that new understanding is needed of the relative significance of 
various controlling parameters to assist in the development and vali-
dation of simplified models. Nevertheless, some insights can be gained 
from related fields. Gravity-driven granular flows, such as snow and rock 
avalanches, have been observed to deposit on the surface after impact-
ing on a retaining wall to form a stagnant zone, which then significantly 
reduces the impact force applied to the retaining wall by absorbing some 
of the energy [19]. While part of the granular material forms a stagnant 
zone, an inertial layer of particles has also been observed to flow above 
the stagnant zone. This can result in tangential forces on the retaining 
wall and complex phenomena, such as direction reversal as the stagnant 
zone grows larger [19]. This previous work suggests that a stagnant 
layer and/or inertial layer of particles may also form under a continuous 
free-falling curtain of particles under some conditions, which would 
similarly inhibit the rebound of particles from a surface. However, while 
these qualitative description and explanations seem plausible, they are 
yet to be confirmed in falling curtains and there is also a need for 
quantitative data to increase understanding of them. 

Furthermore, a particle flow down an inclined surface, also called a 
‘chute flow’, can be significantly affected by the inclination angle of the 
surface [20]. For example, according to the Pouliquen flow rule [21], 
which describes the influence of the inclination angle and height, a 
chute flow can be sustained when its inclination angle is larger than the 
angle of repose. Although the layer of particles flowing down an inclined 

surface after impact is not a real chute flow, one can deduce that the 
inclination angle would also affect the status of such a layer, thereby 
influencing the rebound behaviour of the upstream particles. Moreover, 
a repulsive force generated by upstream particles during the impact 
could also be expected to affect the dynamics of the particle layer, thus 
changing the value of the critical angle. Hence, it is necessary to assess 
the effect of angles that change the flow regime of such a layer of par-
ticles after impact. 

In addition to the particle layer, the significance of particle collisions 
within the flow also needs to be evaluated. Interactions between parti-
cles have been found to occur frequently at the upper part of a chute flow 
regardless of the inclination angle [22]. This implies that strong particle 
collisions are also likely to occur at the top of such a sliding particle 
layer. Furthermore, collisions between rebounding and incoming par-
ticles can also be expected to occur at small inclination angles when the 
layer is stagnant. Therefore, assessments of the effect of particle colli-
sions on particle-laden flows impacting an inclined surface are needed. 

In light of the discussion above, while impact processes of single 
particles and granular flows onto boundary walls have been relatively 
well studied, very limited attention has been paid to those of particle- 
laden flows within the four-way coupling regime, despite their wide 
application in industrial processes. In particular, understanding of the 
role of any particle layer and the significance of particle-particle in-
teractions remains inadequate. Therefore, the overall aim of the present 
study is to quantify the behaviour of particles during the impact onto an 
inclined surface of particle-laden flows in the four-way coupling regime. 
More specifically, it aims to quantify the influence of particle volume 
fraction in the four-way coupling regime and inclination angle over the 
range of 15◦ to 75◦ on the rebound speed, rebound angle and coefficient 
of restitution. 

2. Methodology 

2.1. Experimental rig 

Fig. 1a presents a schematic diagram of the experimental arrange-
ment employed at The University of Adelaide, comprising an imaging 
system and a curtain of particles falling freely from a hopper with a 
rectangular orifice to impact onto an inclined surface at a range of 
inclination angles. The dimension of the chamber is 35 × 35 × 45 cm3. 
The target surface was glued to the top of a plate holder, which was 3D 
printed, and mounted at the centreline of the enclosure. The particle 
feeding hopper was mounted with a minimum distance above the target 
surface along the axis of 270 mm. As can be seen from Fig. 1b, the centre 
of the aperture of the hopper was defined as the origin of the coordinate 
system, while the positive directions of x and y axes were defined as the 
particle free-fall direction and that normal to the plane of rebound, 
respectively. The positive z direction was then defined by the right-hand 
rule. 

Fig. 1c presents the coordinate system for the particle-wall collision, 
showing the particle impact velocity, Up,i, particle rebound velocity, Vp,r, 
particle impact angle, α, inclination angle, θ = 90◦ – α, and particle 
rebound angle, Θ. Fig. 1d presents a snapshot of the particle curtain 
impacting on the target surface. It can be seen that significant dispersion 
of particles occurs in the y-z plane from the point of impact. The lateral 
dispersion angle, β, defines the spread of particles on the target surface 
that are out of the plane of the laser sheet and so are not recorded with 
the imaging system. 
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2.2. Hoppers, particles and target surface 

The particle discharge hopper was T-pyramid-shaped and configured 
to accommodate four alternative sizes of slot aperture at the exit plane to 
generate particle flows with various mass flow rates and, thereby, a 
range of volume fractions in the region-of-interest. The dimensions of 
the hopper aperture spanned 1.5 mm to 5 mm, generating mass flow 
rates between 0.25 and 2.39 g/s, as shown in Table 1. Carbo CP 70/140 
particles (from Carbo Ceramics Inc.) were used for all the cases with a 
median diameter of dp = 154 μm, a size distribution with 95% of 

diameters within the range of 105 μm – 212 μm [23], and a density of ρp 
= 3250 kg/m3. Carbo CP particles were tested as they are commonly 
used as a solar absorption medium in new generation concentrating 
solar particle receivers [6]. Details of the particle can be found in the 
Appendix A. Stainless steel plates with No. 1 surface finish were used as 
the target surface, with an arithmetical mean height of the surface 
roughness, Sa = 5.8 μm, as measured with a profilometer, consistent 
with the nominal surface roughness of 3–6 μm for this finish. The size of 
the plate is approximately 30 × 30 mm2. More information about the 
roughness of target plates can be found in the Appendix B. Since the 
particle median diameter to surface roughness ratio, dp/Sa ≈ 26, the 
influence of the surface roughness on the impact is assumed to be 
negligible. 

2.3. Optical methods and arrangement 

Two types of optical arrangements, namely PIV and shadowgraphy, 
were used in the experiment. For the PIV arrangement, a high-power 
semiconductor laser with a wavelength of 450 nm from CivilLaser was 
used. The laser was operated at its maximum power capacity of 4 W for 
all measurements and triggered externally to operate in a dual-pulse 
mode with a repetition frequency of 1 Hz. The duration of each pulse 

Fig. 1. (a) Schematic diagram of the experimental arrangement and the coordinate system; (b) the aperture at the bottom of the hopper, whose centre is the origin of 
the coordinate system; (c) particle-wall collision configuration with particle impact velocity, Up,i, particle rebound velocity Vp,r, impact angle, α, inclination angle, θ 
= 90 – α, and rebound angle, Θ; and (d) single-shot image, viewed normal to the plate, of the particle-laden flow impacting on the surface, showing the lateral 
dispersion angle β. 

Table 1 
Experimental conditions.  

Case Free-drop 
height, H, [mm] 

Hopper 
aperture size 
Δz × Δy, [mm 
× mm] 

Mass flow 
rate, ṁp,i, [g/ 
s] 

Impact 
angle, 
α, [◦] 

H270A1.5: 

270 

1.5 × 2 0.25 
75; 60; 45; 
30; 15 

H270A2.0: 2.0 × 2 0.43 
H270A2.5: 2.5 × 2 0.70 
H270A5.0: 5.0 × 2 2.39 45 

H550A2.5: 550 2.5 × 2 0.70 
75; 60; 45; 
30; 15  
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was 10 μs while the time delay between the dual pulses was 200 μs, 
resulting in an energy of 40 μJ per pulse. Two cylindrical lenses were 
placed into the laser beam to generate a laser sheet, whose position was 
carefully adjusted before each measurement to align it with the centre of 
the particle curtain, i.e., at z = 0. Normal to the laser sheet, particles 
were imaged using a lens (AF-S DX, Nikkor) onto a dual-frame PIV 
camera (PCO.2000, 2048×2048 pixels) that was synchronized with the 
laser. This arrangement has a field-of-view of 35×35 mm2, corre-
sponding to 17 μm/pixel, allowing both impact and rebound particles, 
together with the side view of the target surface, to be captured on each 
image. A bandpass filter (centred at 450 nm with a bandwidth of 10 nm) 
was placed in front of the imaging lens to reject any potential stray light 
sources and the lab lights were also switched off to maximize signal-to- 
noise ratio. At least 300 image pairs were collected for each experi-
mental condition to ensure enough data for PIV analysis. 

For the shadowgraphy arrangement, the same laser was used as the 
light source while an engineered diffuser (Thorlabs, ED1-C20-MD) was 
put into the laser beam to generate the back-light-field. The dual-frame 
PCO camera and the back-light were aligned in-line along the z direction 
and synchronized. A Mitutoyo microscopic lens (3x, magnification) was 
used to provide a smaller field-of-view of 8.4×8.4 mm2, corresponding 
to a resolution of 4.1 μm/pixel. The depth-of-field of this microscopic 
lens was measured to be approximately ±1 mm, allowing particles 
within it to be sharply focused. For both arrangements, the position and 
height of the imaging system were adjusted to ensure the point of impact 
was aligned with the centre of each image and to allow enough number 
of rebound particles to be recorded. One hundred shadow image pairs 
were collected for each case. 

2.4. Particle flow conditions 

Table 1 presents all particle flow conditions for the PIV measure-
ment. Here the naming for each case incorporates the particle drop 
height, H, and the width of the hopper aperture, A, in the z direction. For 
example, H270A1.5 corresponds to the case with a free fall height of 
270 mm and the hopper with an aperture of 1.5×2 mm2, noting that the 
other dimension of the aperture, Δy, was kept as constant at 2 mm for all 
hoppers. The impact angle was varied from 75◦ to 15◦ in steps of 15◦ for 
the cases H270A1.5, H270A2.0 and H270A2.5. It is worth noting that a 
constant Δy led to a similar curtain thickness in the PIV imaging plane, 
although the variations in Δz changed the particle volume fraction on 
the plane because of the different influences of curtain expansion on the 
particle volume fraction inside the curtain. The case H270A5.0 was only 
tested for the impact angle of 45◦ to generate high volume loadings, 
while the case H550A2.5 achieves higher velocity with similar particle 
volume fractions to H270A1.5. The particle mass flow rate was 
measured for each run using a fast response weight-loss scale, as shown 
in Table 1, as is needed to determine the mean volume fraction. 

2.5. Impact of individual particles 

Using the same Carbo CP particle and stainless-steel plate, the impact 
of individual particles falling onto inclined surfaces was measured for 
the same series of impact angles at a constant impact velocity of 2.3 m/s. 
These measurements were conducted at The University of Naples by 
means of the experimental apparatus described elsewhere [24], here 
briefly reported. The apparatus consists of two Pyrex tubes, with the 
smaller tube been connected coaxially at the top of the larger tube to 
allow particles to be fed by a Pasteur pipette. Although air can be fed 
sideways at the top of the tube to tune particle velocity, no airflow was 
used in the test so that particles underwent free drop motion and 
reached their terminal velocity of approximately 2.3 m/s inside the tube. 

The stainless-steel plate was mounted 0.05 m below the bottom of the 
large tube, with its inclination angle been adjusted from 15◦ to 75◦ to 
match the desired impact angle. Single particle impact events were 
recorded with a progressive scan CCD camera (Photron Ultima APX) 
fitted with a 150-mm magnifying zoom lens and a 27.5-mm extension 
tube. A halogen lamp (Osram, 800 W) was used to achieve proper 
lighting of the impact zone. Images were collected with a sampling rate 
of 2000 fps and a shutter time of 42 μs. The size of the imaging window 
was 28×28 mm2 (1024×1024 square pixels), corresponding to a spatial 
resolution of about 27 μm/pixel. Particle impact and rebound velocities, 
together with rebound angles, were then obtained by post-processing 
each recorded frame to determine the coefficient of restitution. 

3. Data processing 

3.1. Mean curtain thickness 

Inspired by previous measurement of dispersions in particle-laden 
jets [25], the thickness of the particle curtain in the y-direction was 
derived from the planar images of laser scattering used for the PIV 
measurements, also termed nephelometry [26,27]. The particle scat-
tering intensity is approximately proportional to the number of particles 
in a measurement volume, given that particles have a relatively narrow 
size distribution whilst the laser has a relative constant power (see the 
symmetric signal distribution in Fig. 2a) [28], and hence also scales with 
the local volume fraction. However, turbulent fluctuations mean that the 
instantaneous ‘edge’ fluctuates with both time and space. For this 
reason, the mean curtain thickness was derived from the time-averaged 
nephelometry images. To increase the signal-to-noise ratio, particularly 
for the cases with low particle loadings, scattering images were also 
averaged in the x-direction. 

Fig. 2 presents an example of the normalised particle nephelometry 
intensity profile in the y-direction and the corresponding mean image 
from which the profile was derived. This profile was averaged from 150 
laser pulses, which is sufficient to obtain convergence, while the in-
tensity profile was measured over a height of 60dp in the x-direction 
upstream from the point of impact as shown in the figure. The intensity 
profile was firstly normalised to its peak value and then fitted to a first- 
order Gaussian profile with a mean value of μ and deviation of σ, namely 
y/Δy = μ ± 2σ with 95% possibility. Therefore, the mean curtain 
thickness was defined as 4σ with two edges at μ ± 2σ and termed as Δ2σ, 

y. The spreading angle of these curtains at height of 60dp is about 0.6◦

based on our previous study of a free-falling curtain released from a 
hopper with the aperture size of 2×40 mm2 [29]. This is sufficiently 
small for the spread of the curtain to be neglected for the measurement 
of thickness. The thickness and edge locations determined with this 
method were then superimposed on the particle nephelometry images as 
shown in Fig. 2b. 

3.2. Mean particle volume fraction 

The mean volume fraction of impacting particles (ϕ) in the curtain 
cross section close to the target surface was obtained from the following 
equation: 

ϕ =
∀̇p

∀̇f
=

ṁp,i

ρpΔ2σ,yΔ2σ,zUp,i
(1)  

where ∀̇p (m3/s) is the volume flow rate of particles, as measured directly 
from the particle mass flow rate ṁp,i (kg/s) and density ρp (kg/m3), while 
∀̇f (m3/s) is the volumetric rate in the curtain, which can be deduced 
from the particle velocity Up,i (m/s) and the cross-section of the curtain 
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on the y-z plane (Δ2σ,y × Δ2σ,z, unit: m2) with the assumption that the air 
and particles have the same velocity. The measurement of Δ2σ,z was 
obtained with same process as used for Δ2σ,y described above. 

The spatial distribution of particle volume fraction was also esti-
mated from the mean value of ϕ, by correcting for the distribution of the 
nephelometry signal intensity in the y-z plane. The normalised intensity 
profiles, i.e., Iy(z = 0) and Iz(y = 0), were used to construct a two- 
dimensional intensity profile I(y, z) = Iy(z = 0) • Iz(y = 0). This was 
converted into a distribution of particle volume fractions, ϕ(y, z), 
through a constant coefficient c, i.e., that ϕ(y, z) = c•I(y, z), which en-
sures that the mean value of ϕ(y, z) averaged over the [y, z] = [(− 0.5Δ2σ, 

y +0.5Δ2σ,y), (− 0.5Δ2σ,z +0.5Δ2σ,z)] equals to the ϕ value obtained above 
from Eq. 1. The root mean square (RMS) values of Iy(z=0) and Iz(y=0) 
were also obtained from 150 scattering images and converted to the 
RMS of ϕy(z=0) and ϕz(y=0), respectively, by multiplying the coeffi-
cient of c. Fig. 2c and d present the profiles of scattering signals with and 
without being spatially-averaged over the curtain thickness, for the x-y 
plane and x-z plane, respectively. 

3.3. In-plane rebound ratio of particles 

Impacting particles either rebounded from, or slid/rolled along, the 
target surface. As shown in Fig. 1d, the particles also rebound within a 
range of angles bounded by the angle β. However, only the particles 
rebounding within the laser sheet, that is in the x-y plane, can be 
accessed from the planar scattering images. Those rebounding out of this 
plane are not captured with this measurement. Therefore, the in-plane 
rebound ratio of particles (KδLS) was estimated. The method is 
explained as follows:  

1) The in-plane rebound ratio KδLS is expressed as: 

KδLS =
ṁp,r,δLS

ṁp,i,δLS

(2)  

where ṁp,r,δLS and ṁp,i,δLS are the mass flow rates (kg/s) of rebounding and 
impacting particles in the x-y plane, respectively. 

The mass flow rate of the particles within the laser sheet in x-y plane 
can be calculated: 

Fig. 2. (a) Normalised profile of particle nephelometry intensity, showing the centre and edges of the curtain as defined by two standard deviations from a Gaussian 
profile; (b) the time-averaged image obtained from 150 image together with the axial extent over which the profile was averaged and the thickness of the curtain, Δ2σ, 

y; (c) volume fraction distributions with (the flat dashed line) and without being spatially-averaged over the thickness at the x-y plane, as ϕy(z = 0) = c• Iy(z = 0) and 
ϕ = c • I, where c is a constant; and (d) those at the x-z plane. The data are for the case H270A2.0 (Table 1). 
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ṁp,i,δLS =

∫ Δ2σ,y

0
np,i(x, y)⋅Up,i(x, y)⋅Mp⋅dy (3)  

where np,i is particle number density of impacting particles, Up,i (m/s) is 
particle impacting velocity, Mp (kg) is the mean particle mass, and Δ2σ,y 
(m) is the mean curtain thickness in the y direction. The particles 
rebound within an angle of Θ from 0 to π, so that the mass flow rate for 
all rebounding particles within the laser sheet can be calculated by: 

ṁp,r,δLS =

∫ π

0
np,r(x, y)⋅Vp,r(x, y)⋅Mp⋅r⋅dΘ (4)  

where r (m) is the radial distance of rebounding particles to the 
impacting location O′. Then, the rebound ratio KδLS in the x-y plane can 
be calculated theoretically by: 

KδLS =

∫ π
0 np,r(x, y)⋅Vp,r(x, y)⋅r⋅dΘ
∫ Δ2σ,y

0 np,i(x, y)⋅Up,i(x, y)⋅dy
(5)    

2) Given the narrow distribution of the particle size and the uniform 
laser flux in the x- direction, the particle number density can be 
estimated from the nephelometry signals, and the integration in Eq. 5 
can be represented by the nephelometry signals accumulated within 
two corresponding areas, i.e., one at the incoming particle region and 
the other at particle rebounding region. Therefore, the value of KδLS 
was evaluated from the measured scattering images with the 
following processes.  

3) Referring to Fig. 3, Region-I represents the inflowing particles with a 
propagation path of ΔxI, also assuming that this region is far enough 
upstream to avoid non-negligible influence from bouncing particles. 
The length of the rebounding region within which particles are 
counted, Region-II, is related to that of the input flow by correcting 
for their different velocities, as follows ΔxI / |Up,i| = ΔxII / |Vp,r|. The 
value of ΔxI = 40dp was chosen for all cases as providing the most 
reliable measurements.  

4) As part of Region-II, Region-IIb (Fig. 3), which is the mixed inflow 
and rebound region, consists of both incoming and rebounding 
particles. A signal correction process was therefore applied to deduct 
incoming particles, by subtracting the accumulated signals in the 
signal correction region, Region-IIa, which is the close upstream of 

Region-IIb with the same length as Region II (i.e., ΔxIIa = ΔxII) that 
contains no rebounding particles, from the accumulated nephelom-
etry signals within Region-II.  

5) Then the value of KδLS can be evaluated through the scattering signal 
intensity, expressed as KδLS = (SII - SIIa) / SI, where S is the sum of the 
nephelometry signal intensity within each region. 

3.4. PIV analysis for particle velocity 

PIV images were processed to obtain particle velocities, from which 
statistical results of the particle impact and rebound velocities, together 
with the rebound angle, were obtained. The open-source software PIV-
lab (version 2.53) was used to process the PIV image pairs. The multi- 
pass approach with two interrogation window sizes, 256×256 pixels 
and 128×128 pixels, was selected based on the particle size on the image 
(~10 pixels) to ensure enough particles were included within the win-
dow, together with an overlap of 50%. Post processing was also applied 
to remove noise by the functions ‘select velocity limit’ and ‘filter low 
contrast threshold’, which are available in the PIVlab software. Particle 
velocity vectors were extracted from the PIV results for statistical 
analysis. Based on the direction of velocity vectors, particles were cat-
egorised as impacting or rebounding, following which probability dis-
tribution functions (PDFs) were calculated for the speed and rebound 
angle. 

The accuracy of the PIV measurements was assessed by analysing the 
mismatch of centroids of particle pairs in each interrogation window for 
an image pair [30]. This was achieved by four steps. The first was to 
obtain the coordinates of particle centroids in each interrogation win-
dow from subsequent frames (namely frame A and B, respectively). Then 
centroids of frame A were translated by pixel values converted from 
velocity vectors of corresponding interrogation windows to obtain co-
ordinates of particle centroids of the translated frame (namely frame 
AT). After this, the mismatch, or disparity D, of centroids of particle pairs 
in each interrogation window was obtained from the following equation: 

D =
(
Dx,Dy

)
=

(
xAT − xB, yAT − yB

)
(6) 

where Dx and Dy are disparities in the x and y direction, respectively, 
xAT , xB, yAT and yB are coordinates of particle centroids of frame AT and 
frame B, respectively. Finally, Gaussian distributions were obtained 

Fig. 3. Characterisation of the in-plane particle rebound ratio from the mean nephelometry image, showing (a) the inflow region, Region I, which represents the 
incoming particles (green) with a propagation path of Δx1 = 40 dp, and the rebound region, Region II, used to count the rebounding particles (blue), with length ΔxII 
= |Vp,r| / |Up,i| ⋅ ΔxI, where |Up,i| and |Vp,r| are magnitudes of particle mean impact and rebound velocities, or speeds; and (b) the signal correction region, Region IIa, 
used to deduct incoming particles from the mixed inflow and rebound region, Region IIb, by subtracting the sum of nephelometry signals within Region IIa (red) from 
that within Region II. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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from the histogram of the disparity vector components, which were used 
to analyse the accuracy. 

Fig. 4 presents distributions of the disparity vectors of a randomly 
selected image pair, which contains about 100 valid particle centroids. 
The figure reveals that the mismatch of particle pairs during the cross- 
correlation process is μDx 

≈ 0.2 pixels in x direction, while μDy 
≈ 0.5 

pixels in y direction. The typical displacement of impacting particles 
during the time interval is about 27 pixels, therefore, the uncertainty in 
the PIV measurements are approximately 0.7% and 1.9%, respectively. 

4. Results and discussion 

Figs. 5a – 5e present a series of single-shot images recorded at the five 
different impact angles for the case H270A2.0. As can be seen, 
rebounding particles span a wide range of angles in the x-y plane, 
particularly at large impact angles, such as those shown in Fig. 5a for α 
= 75◦. The spread width of rebound angles decreases with the impact 
angle because of the decrease in the normal component of particle ve-
locities with the impact angle, corresponding to reduced repulse energy 
[15]. Figs. 5f – 5j present the corresponding time-averaged particle 
scattering images, each comprising the superposition of 150 successive 
single-shot images. The results reveal a decrease in the spread width of 
rebound angles with the impact angle, consistent with single-shot 
images. 

The time-averaged images also show that there is a higher particle 
concentration in the region close to the point of impact compared with 

Fig. 4. Distributions of the disparity vectors (see Eq. 6), whose mean values 
show the mismatch of particle pairs on an image pair for both x and 
y directions. 

Fig. 5. Representative cases of single-shot (a – e), superpositions of 150 successive images (f – j), and particle velocity vectors averaged from 150 successive images 
(k – o) for a series of impact angles. Particle flow condition is H270A2.0 (see Table 1). 
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that in the incoming flow, which is attributed to the formation of a 
particle layer in this near wall region. The number of particles in this 
region increases with a decrease in the impact angle (from Figs. 5f to 5j), 
resulting in different wall boundary conditions which in turn affect the 
behaviour of rebounding particles. For example, at small impact angles, 
e.g. Fig. 5j, the particle layer tends to flow down the inclined surface as a 
chute flow that causes particles to slide or rebound in the direction along 
the inclined surface. Rebounding particles bounce to different di-
rections, not limited in the x-y plane, and the scattering signals decrease 
compared to that before impact. Figs. 5k – 5o present the corresponding 
particle velocities for the series of images shown in Figs. 5f – 5j, which 
were averaged over 150 image pairs. In addition to consistently 
revealing that rebounding particles span broad directions at high impact 
angles, Figs. 5k – 5o show that the magnitudes of rebound velocity 
(rebound speed) of particles increases with the decrease in impact angle, 
indicating lower energy loss during the impact on the wall. 

Table 2 presents measurements of the curtain thickness and mean 
particle volume fractions of the particles measured just upstream from 
the target surface. This shows that this range of hopper exit dimensions 
and fall heights can be used to generate particle volume fraction (ϕ) that 
vary by an order of magnitude and a wide range of path lengths normal 
to the plate, Δ2σ,y. Furthermore, ϕ > 0.1% for all cases, which means that 
all of these particle-laden flows are within the four-way coupling 
regime. The trends are also consistent with previous work. For example, 
an increase in aperture width for a constant dropping height of x = 270 
mm leads to an increase in ϕ, which is consistent with the previous 
finding that an increase in mass flow rate decreases the dispersion rate of 
the curtain due to the decreased rate of air entrainment [31]. The air 
entrainment also increases with the fall height, leading to the increased 
thickness at H550A2.5 [32]. No trend was observed for Δ2σ,z, because 
the hopper widths and the initial thicknesses of curtain are different for 
these cases. 

Fig. 6 presents the profiles of locally averaged values of ϕ in the y and 
z directions for all the experimental cases listed in Table 2, together with 
the corresponding distributions of RMS. It can be seen that the profiles 
for the highest loading, with a value at the centre of ϕ ≈ 4.5% for the 
case H270A5.0, have a Λ shaped distribution, while those with lower 
loadings approach a Gaussian distribution. In addition, whilst the peak 
concentration in the former cases approaches to the dilute regime of 
granular flows (10% < ϕ < 50% [33]), all cases are within the four-way 
coupling regime of particle laden-flows (ϕ > 0.1% [18]). 

The distributions of RMS normalised by corresponding mean value 
are approximately uniform and low on the axis, with fluctuation of <2% 
there, peaking toward the edge. This is consistent with previous mea-
surements of particle-laden jets in the two-way coupling regime [26,27] 
although, to the best of our knowledge, analogous measurements in the 
four-way coupled regime are yet to be reported. It is consistent with the 
role of the shear-layer generating large-scale unsteadiness in the 
instantaneous distributions. The good collapse of all profiles also con-
firms that all are in the same four-way-coupled regime. Similar profiles 
and magnitudes of particle volume fractions can also be observed for 
cases H270A1.5 and H550A2.5 but with different velocities (see 
Fig. 11). 

Fig. 7a presents the in-plane particle rebound ratios measured for a 

series of values of impact angle and mean particle volume fraction. The 
in-plane rebound ratio, which is the fraction of particles that do rebound 
from the wall, is always less than unity and increases with a decrease in 
the impact angle. That KδLS < 0.7 shows that at least 30% of the particles 
do not rebound, but rather form a layer adjacent to the surface. That KδLS 

decreases as the impact angle approaches the normal direction is con-
trary to what would be expected for a single particle with an inelastic 
collision. That is, for a single particle, the component of rebound normal 
to the wall will increase as the impact angle approaches 90◦. 

Fig. 7b presents the influence of the impact angle and mean particle 
volume fraction on the lateral dispersion of rebounding particles. It 
shows an increase in dispersion angle, corresponding to an increase in 
the number of out-of-plane particles, with a decrease in impact angle. 
This provides a mitigating explanation to the increase of KδLS as the 
impact angle decreases, namely that more particles rebound out of the 
laser sheet with an increase in impact angle, leading to fewer particles 
being detected within the imaging plane. 

Fig. 8 presents PDFs of particle impact and rebound velocities, 
together with the rebound angle and the coefficient of restitution, 
measured for a series of particle loadings at a constant impact angle of 
45◦. In addition, the mean values (Up,i, ∣Vp,r∣, Θ and e) and distribution 
range (σ) of the results are also presented, with the latter defined as the 
range within which 68.4% of the values are distributed (even for a non- 
Gaussian profile). Fig. 8a and b show that the mean value of the impact 
velocity increases with the particle volume fraction, which is consistent 
with understanding that dense particles distributions reduce the drag 
force acting on particles within the curtain [32]. The impact velocity 
also approaches the maximum expected velocity of free-falling particles 
at the measured drop height, which was calculated to be Ulimit = (2gH)0.5 

= 2.3 m/s as the case in which particles have no drag [6]. The mean 
value of the distribution range decreases with an increase in the particle 
volume fraction. This can also be explained by the reduction of curtain 
thickness (Table 2) and drag coefficient resulting in the particles having 
a similar velocity across the curtain [32]. 

Fig. 8c and d present the measured values of particle rebound speeds 
measured for a series of particle loading. They show that the mean 
values of particle rebound speed increase initially, but then remain 
approximately constant with an increase in the particle volume fraction. 
This is attributed to two combined and competing influences. On the one 
hand, an increase in ϕ causes an increase in particle impact velocity 
(Fig. 8a and b), while, on the other, it also causes an increase in the 
thickness of the particle surface layer (see Fig. 7a), leading to increased 
energy dissipation via inelastic rebound that tends to reduce rebound 
speed. The distribution range of rebound speed also decreases as particle 
volume fraction increases, revealing less velocity variation for 
rebounding particles. This reduced variability in the rebound can be 
explained by the reduction in the rebound angle, presented next. 

Fig. 8e and f present the result of particle rebound angles, showing 
that the mean particle rebound angle decreases as the mean particle 
volume fraction is increased. This suggests that the sliding particles 
transfer some momentum to the rebounding particles in the direction of 
the surface, increasing the relative velocity in this direction. A potential 
additional influence is the increased probability for rebounding particles 
to collide with impacting particles due to the increased particle volume 
fraction and decreased curtain thickness at high particle loading, as 
presented in Table 2. Furthermore, the increased influence of the sliding 
particle layer at higher particle volume fractions also acts to reduce the 
mean value and variations of rebound angles (Fig. 8d). 

Fig. 8g and h present relationship between coefficient of restitution, 
e = ∣Vp,r∣/∣Up,i∣, and the mean particle volume fractions. The mean 
values of e are approximately 0.57 for all measured cases, which implies 
a weak dependence on particle loading. The significant reduction rela-
tive to the values for individual particles is attributed to the influence of 
the surface layer. This near independence of the value of e from ϕ is 
attributed to the simultaneous increase of both particle impact and 

Table 2 
Measured values of curtain thicknesses and mean particle volume fractions as 
measured just upstream from the inclined plate for the experimental cases 
shown in Table 1.  

Cases Δ2σ,y [mm] Δ2σ,z [mm] ϕ [%] 

H270A1.5 4.09 3.68 0.24 
H270A2.0 3.75 3.82 0.41 
H270A2.5 3.20 2.73 1.09 
H270A5.0 3.07 4.43 2.40 
H550A2.5 5.45 5.66 0.22  
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Fig. 6. The distributions of (a) and (b): the mean particle volume fraction in the y and z directions, respectively, and of (c) and (d) of the normalised root mean 
square (RMS) variations of particle volume fractions in the y and z directions, respectively. Other experimental conditions are shown in Table 2. 

Fig. 7. Effect of varying impact angles, α, on (a): in-plane rebound ratio of particles, KδLS , and, (b): particle dispersion angle, β, of the entire curtain at a series of 
values of mean particle volume fraction, ϕ. 
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rebound velocities with it (Figs. 8a to 8d). The distribution range of e 
decreases with the mean particle volume fraction, which is consistent 
with that of rebound speed. 

Fig. 9a and b present the mean and instantaneous shadow image 
distributions of particles after impact for the input condition H270A2.0 
and an impact angle of α = 45◦. A wide spread can be seen in the dis-
tributions of particles after impact, revealing a wide range of rebound 

directions, which is consistent to Fig. 8e and f. Fig. 9a and b also reveal 
the presence of a layer adjacent to the surface close to the point of 
impact, as deduced above, while Fig. 9a confirms that the layer is 
moving along the surface, implying a sliding particle layer/chute flow. 
The chute flow can be observed to consist of approximately 2–3 layers of 
particles in Fig. 9a, depending on whether the velocity vector is parallel 
to the plate. 

Fig. 8. Probability density distributions of particle impact velocity (Up,i), rebound speed, (|Vp,r|), rebound angle (Θ) and coefficient of restitution (e) for a series of 
flow conditions at a constant impact angle of α = 45◦. The mean values (Up,i, ∣Vp,r ∣, Θ and e) are shown in the right column, with the distribution ranges (σ is defined 
as the range within which 68.4% of the values are distributed) are shown on the secondary axis. 
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Also highlighted in Fig. 9b are specific cases where collisions occur 
between incoming and rebounding particles, which are highlighted in 
yellow and numbered (labels #1 and #2). Zoomed-in images of the two 
specific cases are shown in Fig. 9c and d, with edges of these particles in 
the second frame highlighted to reveal their displacements. These par-
ticles were identified as corresponding to such a collision from their 
displacements. For example, the vertical and horizontal displacements 
in Fig. 9c indicate that the large and small particles are incoming and 
rebounding particles, respectively, while the overlap of their edges re-
veals the occurrence of collision. Since the number of collisions between 
incoming and rebounding particles is modest, and because previous 
report has shown that particle-particle interactions play a minor role in 
particle-laden flows with particle volume fractions of <0.1 [33] while 
the maximum particle volume fraction in the present work is 0.045 
(occurring for the case H270A5.0), the influence of inter-particle colli-
sions on rebound behaviour is deduced to be secondary compared to that 
of the particle layer. 

Fig. 10 presents PDFs of impact and rebound velocities, together with 
rebound angle and coefficient of restitution, for the case H270A2.0 at a 
series of impact angles, together with the mean and distribution range of 
the data. The mean values of impact velocity shown in Fig. 10b reveal 
that the input flow to the experiment is repeatable to within 1.3%. The 
particle rebound speed decreases approximately linearly as the impact 
becomes more normal (i.e. with an increase in the impact angle), which 
also results in a linear decrease of e (Fig. 10h). The trend of rebound 
speed/coefficient of restitution contrasts those of previous measure-
ments for single particles, which decreases first then becomes almost 
constant as the plate angle moves to the normal direction [34]. This 
difference can be explained by the formation of the sliding particle 
layer/chute flow (Fig. 5). Tilting the plate to be more vertical will in-
crease the velocity of the sliding particle layer, providing a plausible 
explanation for the measured increase in their mean rebounding speed, 

thereby increasing the coefficient of restitution. Distribution ranges of 
both rebound speed and coefficient of restitution are less affected by the 
impact angle, as been revealed in Fig. 10d and h. 

Fig. 10e and f present the PDFs, together with the mean value of 
distribution range of particle rebound angle. As shown in Fig. 10f, the 
mean value of particle rebound angle decreases as the impact angle 
increases. The trend is consistent with the explanation that the decrease 
in the normal component of particle velocities with the impact angle 
reduces the repulse energy, thereby decreasing the spread width of 
rebound angles (Fig. 5). Fig. 10f also shows that the distribution range of 
rebound angle increases with the impact angle. This can be explained by 
the particle layer being less likely to slide as the plate becomes more 
horizontal (Fig. 5), leading to a thicker surface layer that will increase 
the variability in the rebound. In contrast, the layer tends to slide as the 
plate becomes more vertical, reducing its thickness and also the vari-
ability in the rebound. 

Fig. 11 compares the measured distribution of rebound angle and 
coefficient of restitution for two cases, H270A1.5 and H550A2.5, which 
have similar particle volume fraction but different curtain thickness and 
impact velocity, for a series of impact angles. Although curtain thickness 
was changed during measurements, it is considered to be a secondary 
influential factor comparing to impact velocity, because larger curtain 
thickness increases the probability of rebounding particles to collide 
with other particles, while the influence of inter-particle collision is 
deduced to be secondary compared to that of the particle layer. There-
fore, impact velocity is considered to be the key factor that lead to the 
difference between the two cases. 

Fig. 11a and b show the PDFs and the mean value of rebound angle 
for cases H270A1.5 and H550A2.5. They show that, at a given impact 
angle, the particle rebound angles are more closely distributed toward 
lower values as the particle velocity increases. Moreover, cases with Up,i 

= 2.1 m/s have more uniform distribution curves than cases with Up,i =

Fig. 9. Representative images of impacting and rebounding particle flows for the case of H270A2.0 at α = 45◦ (a): the mean shadowgraph with measured mean 
particle velocity vectors; (b) the instantaneous shadowgraph with inter-particle collisions labelled with yellow arrows; (c): a selected zoomed-in instantaneous 
shadowgraph of collision #1 from (b) with the detected edges of particles from the subsequent PIV image frame to show particle displacements; and (d) the cor-
responding case for collision #2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.0 m/s for α > 30◦, revealing a reduction in the range of rebound di-
rections with the increase of particle impact velocity. One potential 
explanation for these findings is that, the increased impact velocity in-
creases the kinetic energy of incoming particles, since the particle layer 
is less likely to slide for normal impacts, large impacting velocity results 
in substantial particle penetrations within the layer, during which 
rebound will be inhibited as more energy is dissipated through 

successive interactions between the penetrating particle and layer par-
ticles [35]. Penetration of particles is less significant as the plate be-
comes more oblique due to the slide of the particle layer, resulting in less 
difference between the two cases for α ≤ 30◦. 

Fig. 11c and d show PDFs and the mean value of e for the corre-
sponding conditions. As can be seen, the mean value of e for cases with 
Up,i = 3.0 m/s are smaller than that for cases with Up,i = 2.1 m/s for α ≥

Fig. 10. Probability density distributions of particle impact velocity (Up,i), rebound speed, (|Vp,r|), rebound angle (Θ) and coefficient of restitution (e) for a series of 
impact angles at a constant particle volume fraction of ϕH270A2.0 = 0.41%. The mean values (Up,i, ∣Vp,r ∣, Θ and e) are shown in the right column, with the distribution 
range (σ is defined as the range within which 68.4% of the values are distributed) are shown on the secondary axis. 
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30◦, which is consistent with the explanation that increasing the impact 
velocity results in increased energy dissipation. The difference between 
e decreases with the impact angle, i.e. from Δe = 0.07 at α = 75◦ to 
<0.01 at α = 15◦, which is also consistent with the statement that energy 
dissipation is less influential because of the sliding layer/chute flow. 

Fig. 12 presents the mean values of coefficient of restitution, e =
∣Vp,r∣/∣Up,i∣, measured from particle-laden flows with a series values of 
volume fractions, comprising ϕ = 0.24%, 0.41% and 1.09%, and from 
single particles at a constant impact velocity for a series values of impact 
angles. As can be seen, the measured value of e increases for both par-
ticle curtains and single particles as the impact angle decreases. This is 
attributable to decreased energy loss with increasingly tangential impact 
[36]. In addition, for almost all impact angles, the value of e measured 
for particle-laden flows is lower than that for single particles, with the 
difference being greatest at the largest impact angle of α = 75◦ and 
decreasing to become small as the flow becomes more tangential. This 
provides further evidence, firstly, that the formation of the particle layer 
introduces extra energy dissipation through frictional processes within 
the layer and through interactions between incoming and layer particles 
(Figs. 8, 10 and 11 [35]), and secondly, that the transfer of momentum 
from sliding-layer/chute-flow becomes increasingly influential as the 
plate becomes more vertical, which increases particle rebound speed. 

Fig. 11. Probability density distributions of rebound angles (Θ) and coefficient of restitution (e) for two mean impact velocities, Up,i = 2.1 m/s and Up,i = 3.0 m/s, 
and a series of values of impact angles at a fixed mean particle volume fraction of ϕ≈ 0.2%. The mean values (Θ and e) are shown in the right column. 

Fig. 12. Comparison of the coefficient of restitution as a function of impact 
angle as measured both for a series of particle-laden flows and for sin-
gle particles. 
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5. Conclusion 

The detailed measurements and analysis of a systematic investiga-
tion of free-falling particle-laden flows impacting onto an inclined sur-
face have yielded new insights. It was found that increasing the particle 
volume fraction within the four-way coupled regime acts to increase the 
probability that rebounding particles collide with incoming particles to 
inhibit their rebound. This results in the formation of a particle layer on 
the surface for those flows with sufficiently high particle volume frac-
tions and for impact angles that are sufficiently close to the normal di-
rection. The layer, where present, acts to absorb energy, reduce the 
rebound speed and increase the range of rebound angles for impact 
angles close to the normal direction, while it accelerates those impacting 
particles which rebound with a component in the direction of the sliding 
layer, to increase their rebound speed and decrease the range of rebound 
angles as impacts become more oblique. In addition, the tilting of the 
plate toward the vertical direction increases the probability that the 
particles slide away from the point of impact, together with the velocity, 
and momentum, of the sliding-layer (or chute-flow). Some of this mo-
mentum is transferred to the rebounding particles to modify the 
rebounding angle, making it more oblique. 

The more specific results of the present work are as follows:  

• The formation of a layer of particles on the surface has been 
confirmed to occur for volume fractions of greater than or equal to 
0.41%, both by measurement of particle rebound speed and rebound 
angle, together with the coefficient of restitution, and by direct 
experimental observation.  

• Increasing the particle volume fraction in the curtain for a given 
impact angle increases particle impact velocity, thereby increasing 
the particle rebound speed. It also increases the number of sliding 
particles within the layer, which increases the thickness of the layer, 
leading to increased energy dissipation that reduces the rebound 
speed. The sliding particle layer transfers some momentum to the 
impacting particles to make the rebound angle more oblique. This 
increases with the particle volume fraction, resulting in less vari-
ability in the rebound.  

• A reduction in the angle of impact, to make it more oblique, results in 
an approximately linear increase in particle rebound speed. This 
occurs by increasing the establishment and the influence of the 
sliding layer/chute flow, which transfers momentum to the 
rebounding particles, while reducing the range of rebound angles.  

• The mean coefficient of restitution, e, measured for single particles 
with large impact angles is larger than that for particle-laden flows of 
sufficiently high volume fraction. This can be explained by the 

observed formation of the particle layer, which increases energy 
dissipations through frictional processes. However, the increase in 
tangential velocity of the sliding particle layer with the impact angle 
acts to increase the rebounding speed. This reduces the difference 
between the measured value of e between particle-laden flows with 
high volume fraction relative to single particles, although the angle 
of the rebound is modified by the transfer in momentum from the 
layer. 
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Appendix A. Particle properties  

Table A 
Carbo CP 70/140 Particle Propertiesa.  

Property Value 

Composition Sintered bauxite 
Mass-median diameter, dp (μm) 154 
Diameter distribution (μm) 74–105: 5%; 

105–149: 43%; 
149–212: 51%; 
212–300: 1% 

Bulk density, ρpb (kg/m3) 1890 
Density, ρp (kg/m3) 3250 
Sphericity 0.8  
a : From https://carboceramics.com  
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Appendix B. Surface roughness of target plates

Fig. B. Scanning image of the stainless-steel plate with No 1 surface finish used in experiments collected by profilometer.   

Table B 
Surface roughness results of the stainless-steel plate used in experiments.  

Root mean square height, 
Sq [μm] 

Maximum peak height, 
Sp [μm] 

Maximum pit height, 
Sv [μm] 

Arithmetical mean height, 
Sa [μm] 

7.187 24.385 27.861 5.805  
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