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A stream of free-falling particles from a rectangular hopper, hereafter called a
‘curtain’, was characterised systematically using a well-resolved, non-intrusive optical
shadowgraphic method, to reveal both an additional axial region and an additional dilute
region distributed laterally on either side of the curtain, relative to those identified
previously. The effects of particle size and hopper outlet thickness on the evolution of
the particle curtain were separately isolated, whilst measuring particle mass flow rate. The
curtains were characterised into four distinct axial regions, namely a near-field expansion
region near to the hopper exit, a neck zone where the curtain contracts, a region of
intermediate-field expansion and a far field with particles reaching terminal velocity. The
initial expansion half-angle, 2.3◦ ≤ α ≤ 4.8◦, was found to be insensitive to particle size,
but to increase with hopper outlet thickness. The ‘trough’ in the neck zone was deduced
to be caused by a pressure gradient driven by particle acceleration. The curtain expansion
rate at the intermediate field was found to increase with a decrease in particle size and
hopper outlet thickness. The outermost dilute-particle region was deduced to be caused
by collisions, induced by gradients in the velocity profile near to the hopper exit. New
dimensionless analysis reveals that the dynamics of curtains can be characterised broadly
into two regimes, one in which the aerodynamics is dominant and the other where it is
weak. Curtain transmittance was found to scale with the Froude number, highlighting the
importance of particle momentum.
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1. Introduction

A stream of solid particles falling within a quiescent environment is a fundamental
class of two-phase flow whose applications include the mining, agriculture, medical
and the chemical industries. Therefore, an improved understanding of the dynamics
of this two-phase flow has potential to lead to increased process efficiency, product
quality, operational safety and environmental sustainability (Johnson, Nott & Jackson
1990; Liu 2003; Eckhoff 2005; Fitzpatrick & Ahrné 2005; Wypych, Cook & Cooper
2005; Abdul-Wahab 2006; Fabiano et al. 2014; Ho 2016; Li et al. 2016). In most of
these applications, solid particles fall under gravity after being released from either a
round- or rectangular-shaped orifice at the outlet of a hopper, in which particles are
densely packed. The resulting flow is highly complex, since it starts from the 4-way
coupling regime (Balachandar & Eaton 2010) with significant particle–particle and
particle–fluid interactions, and becomes progressively more dilute through the entrainment
of surrounding fluid into the stream, being driven by particles that accelerate due to gravity.
These coupled phenomena result in the flow being prohibitively computationally expensive
to model in full detail, and challenging to measure accurately. The challenges also result
in a lack of detailed understanding of falling particle streams, which we aim to address in
the present paper.

An emerging application of falling particle curtains is a class of concentrated solar
thermal (CST) technologies, termed ‘falling particle receivers’ (FPRs), which is being
developed to achieve higher temperatures than is possible with commercially available
CST systems that employ molten salt technology (Ho & Iverson 2014). The FPRs employ
particles that flow from a hopper through a rectangular orifice to generate a ‘curtain’
of particles as the primary medium to absorb, transport and store the heat from the
concentrated insolation (Ho et al. 2014). The high flux solar radiation increases the
complexity of these flows through phenomena such as radiation absorption, re-radiation,
shadowing and extinction (Evans et al. 1987; Khalsa & Ho 2011; Ho & Iverson 2014;
Kumar, Kim & Lipiński 2018; Ho et al. 2019; Kumar, Lipiński & Kim 2020). However, the
details of these mutually interacting phenomena are poorly understood, which contributes
to sub-optimal receiver design and operation. Furthermore, technical challenges associated
with experimental measurements in densely seeded particle flows, such as propensity
of probe damage, signal trapping of optical measurements and light attenuation, limit
the availability of data suitable for the validation of computational models. The ensuing
paucity of data limits the development of reliable engineering design tools, adding cost
to the processes of optimising and up-scaling practical receivers. Therefore, the aim of
the present investigation is to meet the need for more detailed data to better characterise
free-falling particle streams under a systematically varied range of conditions relevant to
practical solar receivers.

The main flow parameters that characterise the performance of FPRs include the particle
mass flow rate, the curtain opacity (or transmittance), curtain thickness (including the
expansion of the curtain in the direction of the thickness), volume fraction, the velocities
of both the fluid and particle phases and the particle emissivity (or absorptivity). Relevant
research has been conducted since the 1980s (Martin & Vitko 1982; Falcone, Noring &
Hruby 1985; Hruby 1986; Hruby et al. 1988; Siegel et al. 2007; Kim et al. 2009; Kim,
Moujaes & Kolb 2010; Ho & Iverson 2014; Ho et al. 2014; Ho 2016; Ho et al. 2016; Ho
2017; Ho et al. 2017; Kumar et al. 2018; Ho et al. 2019; Mills & Ho 2019; Mills et al.
2019; Kumar et al. 2020). Note that most studies on curtain transmittance (or opacity)
use cold models, that are operated at room temperature. Hruby et al. (1988) measured the
particle velocity and temperature within a curtain comprising aluminium oxide particles
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of ≈650 μm diameter over a falling distance of ≈3 m. Two hopper outlet thicknesses were
used, D = 5.1 and 6.4 mm, both with the same hopper outlet width-to-thickness aspect
ratio of 10:1, resulting in particle mass flow rates, ṁp, of 0.02 and 0.04 kg s−1, respectively.
Kim et al. (2009) measured particle velocity, curtain thickness, curtain opacity and solid
volume fraction also along a ≈3 m falling distance as a function of particle mass flow
rates (0.36 kg s−1 ≤ ṁp ≤ 6.69 kg s−1) for a particle size of dp = 697 μm (noting that
particle velocity was also measured for dp = 150, 300 and 1291 μm) using sintered bauxite
particles (CARBO HSP). Ho et al. (2017) measured the particle mass flow rate, velocity,
curtain opacity, curtain thickness and particle volume fraction as a function of D using
ceramic CARBO particles of nominal diameter 280 μm within a falling distance of less
than 2 m. Since these particles have a very high absorptivity of ≈0.9 (Jeong et al. 2021),
the role of this parameter was neglected in these studies. Despite their pioneering nature,
the previous experimental measurements were only conducted at selected positions within
the curtain, so that the details of the flow features of the whole stream are yet to be reported.
In addition, neither the effects of particle size nor hopper outlet thickness on the evolution
of particle distribution or on the flow dynamics, have yet been quantified.

Particle distributions within a free-falling particle stream affect not only the efficiency
of solar receivers in CST applications (Ho 2016; Ho et al. 2017), but also impact on the
generation of unwanted dust from both the receiver and the upstream particle handling
processes (Li et al. 2016). Other applications include particle transport and mixing through
hopper-like devices, with either rectangular or circular orifices, as well as belt conveyors
in which particles fall from one end. The particle dispersion from the exit plane has
previously been found to be dependent on the initial distribution of particles within the
densely packed hopper (Wardjiman et al. 2009) and on the ratio between the particle
size and the hopper outlet gap (Wang et al. 2020). Previous studies using hopper outlet
sizes 4 mm ≤ D ≤ 20 mm and particle sizes in the range of 40 μm � dp � 1000 μm have
shown that the particle flow expands from the near-exit region as it evolves downstream
(Cooper & Arnold 1995; Ogata, Funatsu & Tomita 2001; Prado, Amarouchene & Kellay
2013). However, in one particular study (Prado, Amarouchene & Kellay 2011), with
D = 5.3 mm and dp ≈ 159 μm, the particle-laden stream was found to contract within
the measurement region while in another (Wang et al. 2020), with dp = 5 mm, the curtain
thickness was found to decrease first before increasing with streamwise distance for cases
where D/dp > 15. This latter trend was similarly found in another study (Ansart et al.
2011) of the influence of D, but with an additional region identified in the middle of the
stream where the flow maintains a relatively constant thickness. The lack of a systematic
assessment of the influence of these parameters makes it challenging to explain these
apparent inconsistencies in the literature.

Particle dispersion further downstream from the hopper exit has been attributed mostly
to air entrainment (Ansart et al. 2009; Sun et al. 2020b), but with apparent conflicting
trends. The numerical study from Uchiyama (2004) has found that particle size has almost
no influence on the rate of entrainment of ambient air into the particle curtain. In contrast,
Ansart et al. (2009) deduced from their combined numerical and experimental study that
smaller particle sizes can lead to the increase in both the amount of air entrained and
the extent of particle dispersed, while Esmaili et al. (2015) found the totally opposite
trend from their simulations. Additionally, Liu, Cooper & Wypych (2007) ascribed the
increase of air entrainment to the large particle size and/or lower particle density in their
experiments. However, they did not isolate the relative contribution of these effects. These
apparent contradictions about the effect of particle size on the particle distribution within
a free-falling particle flow are difficult to explain without sufficient direct experimental
measurements as a function of falling distance. Similarly, no systematic study is available
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for the influence of the hopper outlet size. These inconsistencies and lack of a sufficiently
detailed and systematic data demonstrate the limitations in the current understanding of the
complex influences of dp and D on the particle distribution within falling particle curtains.

Regimes of falling particle streams have been characterised previously based on particle
spatial distribution and particle velocity (Wang et al. 2016; Sedaghatizadeh et al. 2022).
Sedaghatizadeh et al. (2022) have classified the falling particle stream based on particle
velocity into three regimes including the hopper-flow dominant regime, that is, the
near-exit region where the flow is most influenced by the hopper, the similarity regime
where aerodynamic drag becomes important and the terminal velocity regime, where
the particles asymptotically approach their terminal velocity. The latter two regimes
are conceptually similar to the ‘transitive’ and ‘dispersive’ regimes identified in the
experimental work of Wang et al. (2016), based on particle distribution. However, there
is no clear link between the two systems of characterisations because the influence of
hopper outlet geometries has not yet been isolated and there is a lack of understanding of
the controlling dimensionless parameters to help bridge the two types of analysis. A stable
regime close to the hopper exit has been identified by Wang et al. (2016) based on the
particle spatial distribution upstream of where a ‘rupture’ of the particle stream occurs.
However, this feature was not reported in the hopper-flow dominant regime identified in
the simulations of Sedaghatizadeh et al. (2022), who used a different type of hopper, and
insufficient experimental data are available to explain these differences. Similar features
can also be partially and indirectly found from other falling particle studies but there
is a lack of regime quantification (Ogata et al. 2001; Ansart et al. 2009; Wang et al.
2016). Although some studies to characterise the falling particle flow regimes have been
conducted, a more detailed experiment is needed with parameters systematically studied
to quantify the regimes and provide a more reliable basis for model validation.

In light of the gaps in knowledge identified above, the overall aim of the present study
is to provide a much more comprehensive understanding of the effects of particle size
and hopper outlet thickness on key aspects of densely seeded falling particle curtains
from new measurements at room temperature. In particular, we aim to measure, define
and characterise the different flow regimes/regions in the evolution of the particle
free-falling process based on prominent flow features, including instantaneously measured
particle curtain transmittance and expansion using a spatially resolved, non-intrusive,
optical method. We also aim to advance the theoretical understanding of the relationship
between these flow characteristics and the resultant mass flux by comparing the data with
calculations employing existing analytical models.

2. Approach

2.1. Experimental set-up
The experiment consists of measurements of a stream of solid particles falling from
a wedged-shape hopper with a rectangular orifice into a quiescent environment, as
shown in figure 1. The particles fall under the influence of gravity, forming a
pseudo-two-dimensional particle-laden flow downstream from the hopper outlet, which
we refer to as the particle ‘curtain’. Four different hopper outlet gap thicknesses, D = 3, 4,
5 and 8 mm were assessed, with the width of the hoppers fixed at W = 60 mm, resulting in
a minimum hopper outlet aspect ratio of W/D = 7.5. This aspect ratio is sufficiently large
for effects from the hopper sidewall to be small (Sun et al. 2020a). The wall inclination
half-angle (relative to the vertical) of the hoppers was selected to be 5◦ to mitigate the
potential ‘arching’ of particles within the hoppers. This condition results in groups of
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Particle inlet

Strain gauges

Hopper outlet
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CCD cameras

Falling particle curtain

Pulsed LED backlight

Pulse generator

Top image

Bottom image

Quantum
9520

Mounted to a solid frame

Figure 1. Experimental arrangement used to generate and measure the free-falling particle curtain (not to
scale). The two imaging sections have an overlap of ≈10 %. A pulse generator was used to synchronise the
LED backlight and CCD cameras. The distance between the hopper centreplane and the backlight was 120 mm,
while the origin of the coordinate system corresponds to the centre of the hopper outlet.

particles forming a static ‘bridge’ from one side of the hopper to the other, inhibiting
particles above the ‘bridge’ from moving through it, thereby reducing the flow rate of
particles through the hopper outlet (Nedderman et al. 1982; Cleary & Sawley 2002; Anand
et al. 2008; Datta et al. 2008). All four hoppers were manufactured by CNC machining of
an aluminium block with a precision of better than 0.1 mm, providing a very smooth and
rigid internal wall surface. Particles were discharged by removing a rigid gate (not shown
for clarity) positioned ≈1 mm below the hopper outlet to avoid any initial vibration. For
all experiments, the ambient air temperature was 22± ≈ 2 ◦C and the relative humidity
was kept below 50 %.

The experiments comprise measurements of particle curtain transmittance and curtain
thickness utilising a backlighting technique (also known as shadowgraphy), together with
particle mass flow measurements. For the backlighting technique, a 257 mm × 1158 mm
LED panel was used to generate pulsed, diffuse light with the pulsation frequency
and pulse duration fixed at 6.25 Hz and 100 μs, respectively. Images of the backlight
penetrating through the particle curtain were measured using two CCD cameras, each
equipped with an 80 mm focal length Tamron lens set at an aperture of f/3.8. The two
cameras recorded different regions of the flow simultaneously, with the combined imaging
region comprising 0 � x � 940 mm and −60 mm � z � 60 mm, where x is the axial
distance from the hopper outlet plane and z is the coordinate along the width of the
hopper, as shown in figure 1. The cameras were synchronised with the pulsed LED panel
(i.e. at 6.25 Hz) through a digital delay pulse generator (Quantum 9520 Series), with an
exposure time of 100 μs, which is sufficiently short to ‘freeze’ the image of the flow
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Total size of imaging windows (mm) 940 × 120
Overlapping area between cameras (%) 10
LED panel size (mm) 257 × 1158
Distance from backlight to hopper centreplane (mm) 120
Lens Tamron (f/3.8)
Imaging frequency (Hz) 6.25
Exposure time (μs) 100

Table 1. A summary of the imaging configuration.

(Kim et al. 2009). Multiple spirit levels, plumb lines and transparent targets with a grid
spacing 3.55 mm grid−1 were used to ensure that the hopper exit plane was parallel to the
ground, the hopper centreplane was aligned with gravity, and the cameras were mounted
perpendicular to the backlight. A summary of the imaging configuration is shown in
table 1.

For the curtain transmittance measurements, where the curtain transmittance, T , is
defined as the fraction of the incident light that passes through the particle curtain, the
hopper was mounted such that the width of the curtain and the imaging plane were
co-planar, such that the cameras image the ‘front’ view of the particle curtain, as shown in
figure 1. In this orientation, the backlight panel and the hopper centreplane were co-planar
with a fixed distance of 120 mm. This distance is sufficiently large to ensure that any
wall effects from the backlight panel on the entrained air flow (e.g. Coanda effect) can be
neglected (Sun et al. 2020a,b). For the curtain thickness measurements, the hopper was
rotated 90◦ (about the vertical axis) relative to the hopper orientation in the transmittance
measurements, such that the cameras image the ‘side’ view of the particle curtain. With
the pseudo-two-dimensional approach, the effect of the third, spanwise, dimension has
been considered in the measurements of curtain transmittance via studies of the effect
of hopper outlet thickness (along y-axis). Here, the term ‘pseudo’ is used because it is
impossible to entirely eliminate three-dimensional effects in any nominal two-dimensional
configuration, even with a large aspect ratio, as has been previously found in a related
investigation by Deo, Mi & Nathan (2007). Nevertheless, the effects of aspect ratio are
second order. Therefore, whilst the hopper flows evaluated in our study will differ slightly
from those with higher aspect ratios, the dominant physical mechanisms, and hence also
the scaling relationship, will still apply. In light of the objective of our study, namely to
advance understanding of the scaling relationship, the use of the pseudo-two-dimensional
approach is therefore entirely appropriate.

For each flow condition, a minimum of 285 total images of the curtain were recorded
for each view. To achieve this number of images, several repetitions of each flow were
required, ranging from 3 (for the smallest hopper, where the mass flow rates are low)
to 7 (for the largest hopper). At the end of each day, images were also recorded without
particles (i.e. the backlight only), with the camera lenses capped (to record the camera dark
charge) and with a thin wooden, black, board of approximately the same size as the particle
curtain positioned on the hopper centreplane. The latter was used to define a transmittance
of zero, noting that the camera intensity never reached zero even after accounting for the
dark charge due to stray light from the backlight diffusing off the walls of the laboratory
being recorded by the camera. The backlight-only images were used to define complete
transmittance (with more details provided in § 2.2). Care was taken to ensure that no pixels
were saturated for any of the recorded images.
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Figure 2. The probability density function (p.d.f.) of particle size, normalised by the measured median
particle diameter, d̄p.

Particle mass flow rate measurements were also conducted simultaneously with the
particle curtain imaging. This was done using a pair of strain gauges to measure the
instantaneous total weight of the hopper and the particles contained within it at a sampling
frequency of 1000 Hz. The strain gauges were calibrated with known masses at the
beginning of each day. The recorded weight loss of the particles from the hopper was
then differentiated with respect to time to provide the instantaneous particle mass flow
rate, ṁp. For any flow condition, the mass flow rates were found to be highly repeatable,
with the maximum discrepancy between the mass flow rates for the side view and front
view (for the same flow condition) less than 2 % (based on one standard deviation about
the mean).

The particles used were aluminosilicate ceramic particles (CARBOBEAD CP) with a
material density of ρp = 3270 kg m−3, a roughness of 0.9 and a sphericity of 0.9 according
to the manufacturer’s specifications (Carbo Ceramic, Inc. 2022). These particles have been
widely employed in studies relevant to solar receivers due to their high solar absorptance
and mechanical durability, combined with low cost (Falcone et al. 1985; Hruby 1986; Ho
et al. 2014; Knott et al. 2014; Siegel, Gross & Coury 2015; Ho 2016; Ho et al. 2017; Kumar
et al. 2018, 2020; Bagepalli et al. 2020; Gobereit et al. 2020; Lewis et al. 2021, 2022; Ang
et al. 2022). The low forward scattering and weak wavelength dependent properties (over
the range 380 to 1020 nm) of this particle are well suited to the backlighting method, since
any light scattering is expected to be negligible (Jeong et al. 2021). Seven particle sizes
were used, corresponding to particles sieved through seven different US standard mesh
sizes. The size distribution of the particles were measured using a particle size analyser
(Malvern Mastersizer 2000), with the results (presented in figure 2) showing that the
median particle diameters (by volume) for the seven different mesh sizes are d̄p = 163,
192, 216, 257, 363, 399 and 500 μm. A summary of the particle median diameters by
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Mesh size d̄p σp/d̄p

70/140 163 24.1 %
50/140 192 24.8 %
40/140 216 32.7 %
40/100 257 26.6 %
40/70 363 25.5 %
30/70 399 24.1 %
30/60 500 23.7 %

Table 2. A summary of the median particle diameter and normalised standard deviation of particle diameter
for the seven different mesh sizes used in this study. Here, d̄p is the median particle diameter by volume (μm),
σp/d̄p is the normalised standard deviation of particle diameter in percentage.

(b)(a)

(d )(c)

Figure 3. Scanning electron microscopy images of samples of the smallest (163 μm, (a,c)) and the largest
(500 μm, (b,d)) CARBOBEAD CP ceramic particles used in the present study. The top row comprises a sample
of multiple particles, while the bottom row shows zoomed-in images of individual particles (at different scales).

volume, together with one standard deviation of the particle diameter, for all mesh sizes
are shown in table 2. As can be seen, the normalised standard deviation of the particle
diameter for all seven mesh sizes fall in the range 23.7 % ≤ σp/d̄p ≤ 32.7 %. In addition,
the dimensionless ratio between particle size and hopper outlet thickness is d̄p/D ≤ 1/6,
which is sufficiently small to avoid clogging of particles at the hopper exit (Mankoc et al.
2007; Janda, Zuriguel & Maza 2012). Figure 3 provides a visual representation of the
smallest (163 μm) and the largest (500 μm) particles using scanning electron microscopy
images.

The influence of hopper fill height on the particle mass flow rate was found to be
negligible in the present experiments for all particle diameters and hopper sizes. This
is expected because the friction coefficient between the particles has been identified as
having the dominant influence on particle mass flow rates, rather than the particle–wall
friction (Anand et al. 2008; Bagepalli et al. 2020). That is, for these particles, both the

999 A50-8

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
4.

89
6 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2024.896


New insights into the regimes in a falling particle curtain

1.96

1.92

1.88

1.84

ρ
b 

(g
 c

m
–
3
)

1.80
150 200 250 300 350 400 450 500

d
–

p (µm)

Figure 4. Measured bulk densities of seven different CARBO particle sizes using a graduated 2 litre cylinder.
The red dashed line represents the bulk density of 1.88 g cm−3 quoted by the manufacturer.

inter-particle sliding friction coefficient of μs = 0.51 and the rolling friction coefficient of
μr = 0.37 measured previously were found to exceed the reported critical threshold of the
particle–particle friction coefficient, μs = 0.2 (Anand et al. 2008; Bagepalli et al. 2020).

The particle bulk density, ρb, was measured for the 7 different particle sizes utilising
a high accuracy weighing scale and a 2 litre graduated cylinder. Each measurement was
repeated 5 times. The mean and standard deviation (the latter shown as error bars) of the
particle bulk density are presented in figure 4. The maximum standard deviation in the
bulk density measurement was 0.69 %. The bulk densities of the particles exhibit up to
a 4 % difference compared with the manufacturer’s quoted bulk density of 1.88 g cm−3

(regardless of particle size), as shown in figure 4. Interestingly, the bulk densities of the
363 and 500 μm particles are below the manufacturer’s specifications, while for the other
five particle sizes, the bulk densities are greater. A potential reason for this may include
slight differences in particle shape for the different particle sizes.

2.2. Data processing
The particle curtain transmittance, T = I/I0 where I0 and I are the incident and
transmitted light intensity (or irradiation), respectively, was derived based on the front
view measurements utilising the formula T = (Jcurt − J̄BB)/(J̄BL − J̄BB), where J is the
measured image pixel intensity, while the subscripts ‘curt’, ‘BL’ and ‘BB’ refer to the
cases where images of the particle-laden curtain flow, the backlight only and the black
board were taken. Here, the overbar denotes time-averaged measurements. The calculation
of T was done on a pixel-by-pixel basis for each instantaneous image of the particle-laden
flow (i.e. the curtain). The average transmittance at any given height was calculated by
spatially averaging the transmittance at each height in the range −15 mm < z < 15 mm.

999 A50-9

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
4.

89
6 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2024.896


X. Bi, T.C.W. Lau, Z. Sun and G.J. Nathan

Note that, since the width of the curtain is 60 mm (i.e. in the range −30 mm � z �
30 mm), the average transmittance at any given height is only based on the central portion
of the curtain (i.e. excluding data near to the curtain edges). Opacity can be then calculated
via Op = 1 − T .

The particle curtain thickness was quantified based on the side-view measurements
at each streamwise distance using the full width at half-maximum of the lateral opacity
distribution, Δ0.5. That is, the curtain thickness is the lateral extent between the locations
where the opacity is 50 % of the peak opacity, outlining the dense core of the particle
curtain, which is consistent with previous studies (Kim et al. 2009; Ho et al. 2017). A
dilute-particle region surrounding the curtain core was also quantified by its thickness, as
characterised by the lateral distance between the half-width (Δ0.5) and the location of 5 %
of the peak opacity (Δ0.05).

Images where the flow was clearly not at steady state (e.g. the first and last few
frames of the particle-laden flow) were removed from the analysis. Images from the two
cameras were aligned to within ≈ ± 1 pixel using the images of the targets. Further image
alignment with sub-pixel accuracy was obtained by cross-correlation of the region where
two instantaneous images overlapped, and computing the time-averaged displacement
between the two overlapping regions.

3. Analytical models

Insights into the particle dynamics of free-falling particle curtains were obtained from
analytical methods based on the equations of motion for falling particles under simplified
conditions. These models assume single, spherical particles falling under the influence
of gravity in a quiescent environment. The interactions of the particles with the fluid are
considered under two extreme scenarios, namely (a) a zero-drag scenario, representing the
case where the entrained fluid velocity is equal to the particle velocity (i.e. the particle slip
velocity is zero), and (b) the Stokes regime, where the drag on the particle is described
by Stokes law. The former and latter scenarios are expected to represent the lower and
upper bounds of particle drag, respectively. Under these conditions, a force balance on the
particle results in

∂Up

∂t
= g − FD

mp
, (3.1)

where g is the gravitational acceleration, Up is the particle velocity in the axial direction,
FD is the drag force on the particle in the upward axial direction and mp is the mass of a
single particle.

3.1. Equations of motion for the zero-drag scenario
For the scenario where the particles are subject to zero drag (i.e. FD = 0), the particle
velocity (Up,ZD) is thus derived directly from the integration of (3.1), as described by the
following equation:

Up,ZD(x) = (U2
0 + 2gx)1/2, (3.2)

where Up,ZD is the particle velocity in the axial direction for the zero-drag scenario, U0 is
the particle initial velocity in the axial direction near to the hopper exit and x is the vertical
distance from the hopper exit (figure 1).
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3.2. Equations of motion for the Stokes regime
For the case where the particle Reynolds number is very small (i.e. the Stokes regime),
the drag on the particle can be described by FD = 3πμdpUs, where μ is the dynamic
viscosity of the fluid and Us is the particle slip velocity. Using (3.1), and assuming that the
fluid phase axial velocity, Uf , is constant throughout the flow, the particle velocity is then

Up,SD(t) = Ut,SD

[
1 − exp

(
− t

τp

)]
+ U0 exp

(
− t

τp

)
, (3.3)

where Ut,SD = τpg − Uf is the particle terminal velocity (Uf represents the upward fluid
motion; hence, the negative sign is used here), t is time, τp = (ρpd2

p)/(18μ) is the particle
time scale and ρp is the particle material density. Here, the subscript ‘SD’ stands for Stokes
drag. Using the chain rule, the particle velocity can also be expressed in terms of the falling
distance, i.e.

Up,SD(x) = W
[(

U0

Ut,SD
− 1

)
exp

(
U0

Ut,SD
− 1

)
exp

(
− x

Ut,SDτp

)]
Ut,SD + Ut,SD,

(3.4)

where the symbol ‘W’ denotes the principal branch of the Lambert W function. The
particle acceleration as a function of axial distance can then be expressed as follows:

ap,SD(x) = Ut,SD − Up,SD(x)
τp

. (3.5)

3.3. Curtain light transmittance model
A simplified model for the transmittance through a particle curtain can be obtained by
invoking the Beer–Lambert law, i.e.

T = exp[−σ θ̄(x)Δ(x)], (3.6)
where σ is the absorption cross section of the particles and θ̄ (x) and Δ(x) are the average
particle number density and the thickness of the particle curtain at the given falling
distance, respectively. The overbar indicates the value averaged over the curtain width.

The particle mass flow rate at any given height can be calculated from

ṁp = ρp∀p

∫ A

0
θUp dA, (3.7)

where A is the cross-sectional area of the particle curtain, ∀p is the volume of a single
particle and θ is the local particle number density. Assuming that the particle number
density and velocity are approximately uniform across the lateral plane at any given
distance from the hopper exit, then the particle mass flow rate per unit width can be
expressed as

Ṁp = ρp∀pθ̄ (x)Ūp(x)Δ(x). (3.8)
Combining this (3.8) with (3.6), and assuming that the absorption cross-section for the
current particles can be approximated by their cross-sectional areas, we obtain

T(x) = exp

[
− 3Ṁp

2ρpdpŪp(x)

]
. (3.9)

Therefore, the analytical transmittance can be predicted with either the zero-drag model or
in the Stokes regime. This involves replacing Ūp in (3.9) with Up,ZD or Up,SD, respectively.
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Importantly, (3.9), together with (3.2) or (3.4), provides an analytical model of the axial
evolution of the particle curtain transmittance based on the particle properties, particle
mass flow rate and hopper outlet thickness. This model can be used to provide a first-order
estimate of curtain transmittance, while also providing an analytical base in which to
interpret the measured results, as discussed in § 4.4.

4. Results and discussion

4.1. Particle mass flow rates
The particle mass flow rate for particles exiting a hopper can be estimated from the
well-established Beverloo equation (Beverloo, Leniger & Van de Velde 1961), given by

Ṁp = C1ρbg0.5D1.5
eff , (4.1)

where Deff = D − C2d̄p is the effective hopper outlet thickness, which takes into account
the influence of a thin layer of slow (or non-) moving particles near to the wall of the
hopper exit, resulting in a reduction in the effective hopper outlet size (Beverloo et al. 1961;
Mankoc et al. 2007; Janda et al. 2012). The degree to which the effective hopper outlet
size is reduced by the presence of particles is taken into account through the coefficient
C2, which is likely influenced by the particle and hopper surface properties (Beverloo
et al. 1961; Mankoc et al. 2007). The coefficient C1 in (4.1) is a lumped parameter which
partially takes into account the flow resistance due to particle–particle and particle–wall
friction, with the value of C1 expected to be approximately inversely proportional to the
friction within the flow.

Re-arranging (4.1) results in the normalised particle mass flow rate per metre of hopper
width as follows:

m̃ = Ṁp

ρbg0.5D1.5 = C1

(
1 − C2d̄p

D

)1.5

. (4.2)

Since C1 may be influenced by particle size, (4.2) can be fitted for any given particle size
with the measured experimental data to obtain C1 as a function of the reciprocal of particle
diameter, 1/d̄p. The results are presented in figure 5(a). These show that the value of C1 is
approximately linearly proportional to the reciprocal of particle diameter, increasing with
d̄p. Since m̃ is linearly proportional to C1, this implies that, all else being equal, the particle
mass flow rate will increase with d̄p. This is attributed to the decrease in surface area (per
unit volume) as d̄p is increased, which in turn reduces particle–particle friction. A linear
curve fit of the data in figure 5(a) results in C1 ≈ −0.0416/d̄p + 1.91 (note that the first
coefficient on the right-hand side of the equation has dimensions of mm), which suggests
that, for the cases where the particles are large, C1 → 1.9. Nevertheless, the values of
1.63 ≤ C1 ≤ 1.84 found here are significantly different from the C1 = 1.033 obtained by
Kim et al. (2009) and Ho et al. (2017) using similar particles, and from the value of C1 =
0.583 measured by Beverloo et al. (1961) using agricultural solids. The higher value of C1
found in the present experiment is attributed to differences in hopper angle. For example,
the present experiment utilises wedged-shaped hoppers with a wall inclination half-angle
of 5◦, while the hoppers used in Beverloo et al. (1961), Kim et al. (2009) and Ho et al.
(2017) had the opening on a flat bottom, with a hopper wall inclination half-angle of 90◦.
It is known from the previous studies that a smaller hopper angle leads to an increase in
the particle mass flow rates (Brown 1961; Anand et al. 2008). Taking the effect of hopper
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Figure 5. The variation of the parameter C1 as a function of the inverse of particle diameter, together with the
measured mass flow rate parameter (m̃/C1)

2/3 as a function of normalised particle size. Here, C1 and m̃ are
from (4.2). The black dashed line in both figures represents a linear curve fit of the data.

angle into account, a greater value of C1 found in the present measurements is therefore
consistent with previous work.

Figure 5(b) presents the term (m̃/C1)
2/3 as a function of the normalised particle

diameter, d̄p/D, for all investigated hopper sizes and particle diameters. The axes in this
figure were chosen on the basis that the data should follow a linear profile according to
(4.2). The results show that the data for all particle diameters and hopper sizes collapse
onto a single linear profile. A linear curve fit of the data results in a profile following
the formula (m̃/C1)

2/3 = 1 − 1.64d̄p/D. That is, the value of C2 found in the present
experiments is approximately constant at C2 = 1.64. The constant C2 is slightly higher
than the value 1.4 reported by Beverloo et al. (1961), Kim et al. (2009) and Ho et al. (2017).
The reason for this small discrepancy is unclear, although it could be due to differences in
the particle properties (e.g. the particle–particle friction) between the present experiments
and the previous studies. Nevertheless, the results show that with a constant value of
C2, and with C1 varying with d̄p according to figure 5(a), the measured mass flow rates
are close to that estimated from the linear curve fit formula to within 5.8 %. This result
provides evidence that C1 is highly dependent on particle size, while C2 is relatively
insensitive to particle size, for any given particle type.

The results presented here also demonstrate that the Beverloo equation particularly
suits the scaling assessments of flows in a hopper because it is an analytical equation
that directly accounts for the dominant dimensionless parameters, whilst lumping the
second-order terms to incorporate, albeit imperfectly, the influence of highly complex
and nonlinear processes, into the two empirical parameters C1 and C2. These parameters
simplify with reasonable accuracy the complex particle dynamics in the granular
(highly dense) flow regime inside the hopper and include the influences of particle
size distribution, surface roughness and shape on the particle–particle and particle–wall
interactions. The challenges of advancing the understanding in this environment mean
that, despite many attempts to improve on it for specific scenarios, no widely acknowledged
method has yet emerged.
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4.2. Particle curtain expansion
Figure 6 presents a representative instantaneous image of the side view of the free-falling
particle curtain. As can be seen, the particle curtain thickness is small relative to its
streamwise length, with the particles falling predominantly in the direction of gravity,
consistent with previous work (Ho et al. 2017). Visual inspection of the particle curtain
flow also reveals that there are three distinct flow regions which characterise the particle
curtain flow in the direction of particle fall, namely a near-field expansion, a neck
zone and an intermediate-field expansion. The ‘near-field expansion’ occurs near to the
hopper exit (i.e. approximately within the first few hopper outlet thicknesses from the
exit), and is characterised by strong particle dispersion laterally from the centreline, as
can be seen from the zoomed-in inset on the right-hand side of figure 6. Downstream
from the near-field expansion region, the particle curtain appears to reduce in thickness
with streamwise distance. This region is called the ‘neck zone’, and may extend as far
downstream as x/D ≈ 100. Further downstream from this neck zone, the curtain can be
seen to expand again with downstream distance. In this ‘intermediate-field expansion’, the
curtain can be seen to exhibit large-scale flow unsteadiness that spans the entire width of
the curtain. This unsteadiness is consistent with previous work, being driven by the shear
force between the curtain and the surrounding flow, which generates such roll-up features
(Möbius 2006; Amarouchene, Boudet & Kellay 2008; Lau & Nathan 2016; Chu et al.
2020). It should be noted that the term ‘intermediate field’ is used here, as distinct from
the more commonly used ‘far field’, because the latter typically refers to the region of the
flow where particles approach their settling velocity (Sedaghatizadeh et al. 2022), which
is not necessarily true in the present intermediate field.

Visualisation of the particle curtain flow also shows that the lateral distribution of
particles can be characterised by a local ‘core’ region of densely seeded particles close
to the centreline where the flow opacity approaches unity (the black regions in the figure),
whose position fluctuates with time in the downstream region of the curtain. Surrounding
this ‘core’ region, a dilute-particle region can be seen where the opacity is noticeably lower
than unity. From a practical perspective, the lateral dispersion of particles away from the
main curtain is also important, since it is likely to be a key contributor to the generation of
‘dust’ that has potential to escape from devices such as FPRs to generate both a challenge
to reduce pollution and a loss of efficiency.

Figure 7 presents instantaneous side-view images of the particle curtain issuing from
a single hopper for seven different particle sizes. Here, the hopper outlet thickness is
fixed at D = 5 mm. The three particle curtain regions can be generally identified for all
particle sizes. The largest particle size can be seen to exhibit the overall greatest curtain
thickness in the upper half of the curtain. However, the flow features including the neck
zone and the unsteady fluctuation of the curtain in the intermediate field become more
prominent with a decrease in particle size. Particles with different size distributions,
shapes (e.g. oval or cylindrical) and surface roughnesses will inevitably influence the
particle flow behaviour via particle–wall, particle–particle and particle–fluid interactions,
causing differences in the values. However, the controlling scaling relationship will still
apply, albeit with somewhat different values.

Figure 8 presents the time-averaged measurements of the axial evolution of the particle
curtain thickness (Δ0.5) as a function of falling distance for seven particle sizes (d̄p =
163, 192, 216, 257, 363, 399 and 500 μm) and for two hopper outlet thicknesses (D = 3
and 8 mm). Note that reliable data are not available immediately below the hopper exit,
0 ≤ x/D � 1, due to the parallax error, i.e. the edge of the hopper closer to the backlight
obscures light through a small region of the flow in front of it near to the exit. Nevertheless,
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Figure 6. An instantaneous side-view image of the particle curtain, with an illustration of the three
characteristic regions of the falling particle curtain, namely the near field, the neck zone and the intermediate
field. In this case, D = 5 mm and d̄p = 163 μm. Also shown is the dilute-particle region where particles at the
edge of the curtain interact with the surrounding flow, resulting in a region of low particle volume fraction
relative to the core of the curtain.

the results show that, for all of these particles and hopper outlet thicknesses, there is a
strong increase in Δ0.5 with downstream distance in the near-field expansion region (0 �
x � 75 mm), due to strong particle dispersion away from the centreline, consistent with the
results presented in figure 6. The presence of this near-field expansion was also observed
in similar studies of particles falling from a round hopper with 4 mm ≤ D ≤ 20 mm and
40 μm � dp � 1000 μm (Cooper & Arnold 1995; Ogata et al. 2001; Prado et al. 2013).
The reason for this phenomenon is yet to be confirmed, but we postulate that it is due to
particle collisions near to the hopper exit. More specifically, particle dispersion away from
the centreline could be attributed to collisions between the faster moving particles near to
the hopper centreline and the slower moving particles near to the hopper wall.

Interestingly, the initial rate of expansion (i.e. the gradient of the curves in figure 8) in
the near field is approximately the same for all particle sizes and for any given hopper
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Figure 7. Instantaneous side-view images of the particle curtain 0 � x � 940 mm for seven different particle
sizes (d̄p). Here, the hopper outlet thickness (D) is constant at 5 mm. The particle flow is from top to bottom
following the gravitational direction (g).

outlet thickness. This suggests that the mechanism that causes the particles to disperse
laterally away from the hopper centreline in the near field is relatively insensitive to particle
size. Furthermore, the larger particles disperse further away (laterally) from the curtain
centreline in the near field than do the smaller particles for all hopper outlet thicknesses.
This is attributed to the greater inertia of the larger particles. That is, larger particles will
be transported further away from the centreline than smaller particles, due to their greater
lateral momentum relative to the drag force.

Further downstream from the initial expansion region, for all cases except for the
largest particles (d̄p = 500 μm) issuing from the smallest hopper (D = 3 mm), the curtain
thickness exhibits a local maximum (a peak). The location of this local maximum,
xpk is approximately within the region 5 � xpk/D � 26 for all cases, with this location
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Figure 8. Axial variation of the free-falling particle curtain thickness (Δ0.5), defined as the full width at
half-maximum, measured for seven different particle diameters for cases of (a) D = 3 mm and (b) D = 8 mm.
Note that there are two labels for the y-axes, one for the non-normalised curtain thickness (Δ0.5), and the other
for the curtain thickness normalised by hopper outlet thickness (Δ0.5/D). The circles and x symbols denote the
locations of the local minima and maxima of Δ0.5 for each case.

shifting further downstream as the particle size is increased. This is consistent with the
larger particles having greater momentum (relative to drag) than the smaller particles.
The prominence of the local maximum appears to decrease with an increase in particle
diameter and a decrease in hopper outlet thickness, i.e. for greater values of d̄p/D. For the
case where d̄p/D is the greatest, i.e. d̄p/D = 1/6, which occurs with the largest particles
(d̄p = 500 μm) and the smallest hopper (D = 3 mm), the peak disappears completely, as
previously noted. That is, this case does not exhibit a neck zone.

Where a local maximum occurs, it is followed by a region in which the curtain thickness
decreases with downstream distance, before increasing again. This is the well-known
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‘necking’ effect (Hardalupas, Taylor & Whitelaw 1989; Lau & Nathan 2014, 2016; Ho
et al. 2017), where the streamwise acceleration of particles becomes significant, leading to
a decreased local pressure within the curtain. This, in turn, results in particles (and fluid)
being drawn towards the centreline. The curtain thickness typically continues to decrease
for a few hundred millimetres downstream until 40D � x � 80D where Δ0.5/D reaches a
local minimum (a trough), before it begins to expand again. The latter marks the beginning
of the intermediate-field expansion region. That is, downstream of the local minimum, the
curtain thickness expands, presumably due to the entrainment of surrounding gas into
the curtain, consistent with the well-known dynamics of particle-laden jets (Longmire &
Eaton 1992; Lau & Nathan 2016). It should be noted that, in the intermediate field, the
gravity-driven acceleration of the particles is expected to be relatively small, with the drag
forces dominating over the gravity-driven forces such that the curtain approximates a jet.
Near to the end of the measurement region, the expansion of the curtain approaches a linear
function, with the rate of expansion (i.e. the gradient of the curves in figure 8) increasing
as the particle diameter is decreased. This is because smaller particles, with their lower
inertia, are expected to have a stronger interaction with the ambient air, causing smaller
particles to spread more rapidly than the larger particles (Lau & Nathan 2016).

The results also show that the maximum curtain thickness in the near-field expansion
region, Δ0.5,pk/D, typically decreases with an increase in the hopper outlet thickness. For
example, in the cases of d̄p = 163 μm particles, Δ0.5,pk/D ≈ 1.85 for the hopper of D =
3 mm, decreasing to Δ0.5,pk/D ≈ 1.61 for the hopper of D = 8 mm. This suggests that a
normalisation of the curtain thickness by the hopper outlet thickness does not result in the
self-similarity profiles in flow thickness that are observed in jets (Mi, Nobes & Nathan
2001). This difference is not surprising, but implies that the mechanisms controlling the
initial curtain expansion does not scale with D alone.

Figure 9 presents an example of the curtain side view illustrating the boundaries of the
dilute-particle region and the curtain core defined by 5 % and 50 % of the peak opacity,
i.e. Δ0.05 and Δ0.5. The dilute-particle region is clearly differentiated from the curtain
core by a much lower volume fraction. The radial profiles do not vary very much with
axial distance, which implies that the radial movement of the particles is weak. The 5 %
contour is well above the noise threshold at |y/D| > 4, giving confidence in the choice of
boundary. These boundaries are also reliable for |y/D| < 1.

Figure 10 presents the time-averaged measurements of the axial evolution of total
thickness of the dilute-particle region, accounting for both sides of the curtain core region
for seven particle sizes (d̄p = 163, 192, 216, 257, 363, 399 and 500 μm) and for two hopper
outlet thicknesses (D = 3 and 8 mm). This dilute-particle region is defined by a difference
of curtain thicknesses between 5 % and 50 % of the peak opacity at the lateral plane, that is
Δ0.05 − Δ0.5. The results show that Δ0.05 − Δ0.5, for x/D < 10, increases from a non-zero
value near to the hopper outlet to a value some two times the hopper outlet thickness,
which is of the same magnitude as that for Δ0.5, as shown in figure 8. Furthermore, the
largest particles expand the most. This indicates that the dilute-particle region originates
from the near-exit region, where inter-particle collisions and particle–hopper interactions
generate significant particle lateral momentum, causing the initial dispersion, as previously
discussed. That the outer layer of the particles is not entrained back into the curtain core
implies that the initial expansion moves them into a region of negligible radial pressure
gradient, including that induced by particle acceleration in the neck zone of the curtain
core (figure 8). That is, these particles are not re-entrained into the curtain.

For x/D > 130 (D = 3 mm) and 60 (D = 8 mm), there is a second noticeable increase
of the regional thickness for the smallest particles. This coincides with the region of
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Figure 9. The contours of the half-width, Δ0.5 (red line) and the contours of 5 % of the peak opacity Δ0.05
(green line), defining the boundaries of the dilute-particle region, as presented in (a), the axial evolution and
(b) the radial profile at x/D = 40. Here, D = 5 mm and d̄p = 270 μm.

intermediate-field expansion as identified in figure 8, with a higher expansion rate for
the smaller d̄p. The consistency in particle expansion between these two lateral regions
implies a common controlling mechanism – namely that both are in the drag-dominated
regime where smaller particles have a higher drag per unit volume ratio, therefore
expanding faster. In contrast, the larger particles, d̄p = 257 ∼ 500 μm, do not show the
same expansion. This suggests the persistence of the upstream mechanisms throughout
the downstream region.

Figure 11 presents a schematic diagram of the side view of the falling particle
curtain, together with the notation used to characterise the near- and intermediate-field
expansions in the flow. The magnitudes of the local ‘peak’ and ‘trough’ features
of the curtain thickness are denoted by Δ0.5,pk and Δ0.5,tr, respectively, with their
corresponding streamwise locations measured from the hopper exit represented by xpk and
xtr, respectively. The gradients of expansion in the near field and the intermediate field are
denoted separately by Knear and Kint, with both defined as the differentiation of the full
curtain thickness over a specific streamwise location defined as appropriate below.

This image also reveals more details about the source of the particles that are found at
low number density in the outer ‘dilute-particle’ region that surrounds the dense particle
curtain, denoted by Δ0.05 − Δ0.5. The generation of this region of more dispersed particles
is important because they are likely contributors to the generation of fine particle emissions
that can readily migrate from a curtain by being entrained into secondary flows within
a falling particle receiver or other types of equipment. This image suggests that these
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Figure 10. Axial evolution of the dilute-particle region characterised by the difference of curtain thicknesses
Δ0.05 − Δ0.5, normalised by hopper outlet thickness D, for cases of (a) D = 3 mm and (b) D = 8 mm with
seven different particle sizes (d̄p).

particles originate from the near-field expansion region, where the collision-induced force
disperses them beyond the range at which they can be re-entrained into the jet.

Figure 12 presents the gradient of the near-field expansion (Knear) and the
intermediate-field expansion (Kint) as a function of normalised particle diameter, d̄p/D, for
all examined particle diameters and hopper outlet thicknesses. These values were obtained
by curve fitting a linear function to the data in the near-field expansion region (0 � x/D �
13), and the downstream region of the intermediate field (76 � x/D � 300) where the
evolution of Δ0.5/D with axial distance is approximately linear. For all cases, the linear
curve fits have a coefficient of determination, R2 ≈ 95 %. The results from figure 12(a)
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Dilute-particle

region

Kint = d(Δ0.5)/d(x)

0.5 × (Δ0.05 – Δ0.5)

Knear = d(Δ0.5)/d(x)

Δ0.5,pk

Δ0.5,tr

xtr

xpk

Figure 11. Schematic diagram of the curtain side view, together with the notation used to describe the key
features of the local peak (subscript ‘pk’) and trough (subscript ‘tr’) that characterise the curtain thickness
Δ0.5. The gradients of the expansion in the near field and the intermediate field are denoted by Knear and Kint.
The ‘dilute-particle’ region with particles dispersed around the denser curtain ‘core’ region, as denoted by
Δ0.05 − Δ0.5, is also shown.

show that Knear is typically an order of magnitude larger than Kint from figure 12(b) for all
cases. The near-field expansion gradients found here, 0.0796 ≤ Knear ≤ 0.1703, translate
to a near-field expansion half-angle in the range 2.3◦ ≤ α ≤ 4.8◦. The near-field expansion
rate was also found to increase with hopper outlet thickness for almost all normalised
particle diameters (d̄p/D), while only being weakly dependent on the particle diameter,
consistent with the measurements (figure 8). Although particle initial momentum is based
on particle inertia, which depends on particle diameter, this finding suggests that particle
lateral momentum is gained mostly from the increase in D. This increases the fraction of
particles within the flow that are unaffected by drag at the wall, thereby increasing the
particle axial momentum and, in turn, the lateral momentum that arises from inter-particle
collisions in the near field. Such collisions occur because the particles near to the hopper
internal wall fall more slowly than those closer to the centreplane. In addition, a higher
particle volume fraction at the exit was found to be associated with a larger D (Janda
et al. 2012; Wang et al. 2020), which also increases the near-field expansion of the particle
curtains by enhancing particle–particle collisions.

Interestingly, the rate of expansion in the intermediate field shows the opposite trend
to that in the near field, with the intermediate-field expansion rate increasing as both the
hopper outlet thickness and the particle diameter are decreased, as shown in figure 12(b).
This implies a different controlling mechanism of the particle curtain dynamics in this
region compared with that in the near field. The general trend of decreased values of
Kint with an increase in D is consistent with the Beverloo equation, which shows that
the mass flow rate, and hence momentum, scales with D1.5. That is, the influence of
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Figure 12. The dependence of the linear gradients of (a) the near-field expansion, Knear and (b) the
intermediate-field expansion, Kint on the normalised particle diameter (d̄p/D) for a series of hopper outlet
thicknesses (D = 3, 4, 5 and 8 mm). Gradients are obtained through curve fitting of the curtain thickness axial
profiles (see figures 8 and 11).

particle inertia is greater for larger hopper outlet thickness. This influence may also be
compounding, since a lower spreading rate will also lead to higher local volume fractions.
Previous work has shown that, where the volume fraction is sufficiently high, the presence
of downstream particles can reduce the drag of the upstream particles due to the effect of
aerodynamic wake (Cooper & Arnold 1995; Wang et al. 2016; Sedaghatizadeh et al. 2022).
Here, we call it the ‘particle group wake’ (or the particle ‘group effect’) to highlight its
bulk effect on the particle stream. This, in turn, will further reduce the expansion rate
due to the reduced entrainment into the curtain. This trend has also been found to occur
further downstream for a particle stream issuing from a round hopper, although the flow
regimes are significantly different from those identified in the present study (Wang et al.
2016). In addition, the results also show that Kint increases with a decrease in d̄p, with
Kint exhibiting a stronger dependence on particle size than Knear. This highlights the
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importance of particle–air interaction through the shear force between the particles and
the surrounding fluid, which dominates the intermediate-field expansion in a jet-like flow
regime, consistent with the results presented in figure 8.

Figure 13 presents the relative axial streamwise positions of the local peaks and troughs
in the curtain thickness profiles, xpk/D or xtr/D, and their relative magnitudes, Δ0.5,pk/D
or Δ0.5,tr/D, as identified from figure 8 and illustrated in figure 11, as a function of
normalised particle size (d̄p/D). In particular, figure 13(a) shows that the value of xpk/D
for any given hopper outlet thickness increases monotonically with the particle size. This
is consistent with the momentum of particles relative to the drag force being greater for
larger particles, as previously discussed. The influence of particle diameter on xpk/D can
be illustrated using a simplified model comprising a single spherical particle in a quiescent
environment imparted with an initial radial (or lateral) velocity in the Stokes regime. Under
these conditions, the equation of motion for the particle is

∂Vp

∂t
+ Vp

τp
= 0, (4.3)

where Vp is the particle velocity in the radial direction (i.e. the y-direction). Solving this
equation for particle radial displacement results in yp(t) = τpV0[1 − exp((−t)/τp)], where
yp is the displacement of the particle from the centreplane and V0 is the particle initial
velocity in the radial direction. Therefore, the radial distance required for the particle to
reach a radial velocity component of zero is ∝τp. Since τp ∝ d̄2

p, this implies that yp and
hence xpk/D are also positively correlated with d̄2

p ignoring any differences in Knear for
different particle sizes shown in figures 8 and 12.

Figure 13(a) also shows that the profiles of xtr/D for the four different hopper outlet
thicknesses collapse quite well to a single arch-shaped curve, with the maximum xtr/D
appearing for d̄p/D ≈ 0.05, although the flow inside the hopper was previously found to
be independent of particle size for d̄p/D < 0.05 (Beverloo et al. 1961). As the neck zone
is formed by particle–air interaction, the local ‘trough’ of the particle curtain thickness
established at the end of this region depends on the balance between particle inertia, which
drives the near-field expansion, and the influence of the entrained surrounding air induced
by particle acceleration that drives particles toward the curtain ‘core’. That is, the larger
particles in the range d̄p/D > 0.05 have a higher ratio of inertia to drag, so that they
tend to retain their original trajectory to disperse away from the curtain core, while the
relatively smaller hopper outlet thickness within d̄p/D > 0.05 cannot generate sufficient
pressure difference in the fluid phase between curtain core and surroundings to entrain
these larger particles back to the curtain core. This results in lower values of xtr/D and of
Δ0.5,tr/Δ0.5,pk, indicating that particles in the range d̄p/D > 0.05 become less responsive
(less necking) to the pressure gradient as particle size increases. Indeed, no neck zone
at all is formed for the extreme case of D = 3 mm and d̄p = 500 μm, as can be seen in
figure 8(a). In contrast, the smallest particles exhibit the opposite trend due to their stronger
dependence on aerodynamic drag, leading to the most significant necking effects. That is,
xtr/D decreases with an increase in d̄p/D for d̄p/D > 0.05.

While particle accelerations were not directly measured in the present study, they can be
estimated using the Stokes assumption (3.5). The calculated accelerations for D = 3 mm,
with seven different values of d̄p are shown in figure 14. As can be clearly seen, the particle
acceleration decreases with an increase in x and a decrease in d̄p. The negative correlation
of xtr/D with particle size for d̄p/D > 0.05 can therefore be attributed to the increase in
particle acceleration with particle diameter, owing to their stronger dependence on gravity
than on drag, resulting in a greater acceleration closer to the exit plane.
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Figure 13. The influence of normalised particle diameter (d̄p/D) on the streamwise locations of the local
peaks, xpk/D, and troughs, xtr/D, in the curtain thickness axial profiles (see also figures 8 and 11), together
with the magnitudes of the peaks, Δ0.5,pk/D and troughs, Δ0.5,tr/D, for a series of hopper outlet thicknesses
(D = 3, 4 ,5 and 8 mm).

For d̄p/D < 0.05, the particle acceleration plausibly generates a lateral pressure gradient
of sufficient magnitude for the drag of the entrained fluid to become significant relative to
particle inertia. As a result, the larger particles of d̄p/D < 0.05 are no longer able to follow
their original spreading trajectory but rather move towards to the curtain core. This can be
directly observed from figure 8(b), where a neck zone is even generated for d̄p = 500 μm.
However, the process of contraction requires a longer distance and is also less prominent
for the larger particles, due to their lower ratio of drag to inertia. Therefore, the neck zone
in the range of d̄p/D < 0.05 can be deduced to be dominated by hopper-controlled particle
acceleration, which induces significant pressure gradient.

Figure 13(b) presents the relative magnitudes of the thickness of the peaks (local
maxima) and troughs (local minima), Δ0.5,pk/D or Δ0.5,tr/D, as a function of d̄p/D for
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Figure 14. The axial evolution of the particle axial acceleration calculated with the simplified analytical
model in the Stokes regime (3.5) for seven different particle sizes and for D = 3 mm.

D = 3, 4, 5 and 8 mm. The results show that, for all cases, Δ0.5,pk/D is significantly greater
than the hopper outlet thickness, with 1.61 ≤ Δ0.5,pk/D ≤ 2.54 across all examined
conditions. That is, the actual thickness of the particle curtain can be up to a factor of 2.5
greater than the hopper outlet thickness, even in the near field. Furthermore, the results
show that the difference between Δ0.5,pk and Δ0.5,tr decreases with an increase in d̄p/D.
That is, the near-field expansion and necking are more prominent with larger hopper outlet
thickness and smaller particle sizes, consistent with figure 8. For this reason, an increase in
d̄p/D also causes the values of Δ0.5,pk to approach Δ0.5,tr and, for sufficiently large d̄p/D,
the values of Δ0.5,pk and Δ0.5,tr may eventually converge, at which point the neck zone
ceases to exist, as can also be seen in figure 8(a). Indeed, the measurements of Δ0.5,pk
and Δ0.5,tr, together with xpk/D and xtr/D, for the smallest hopper outlet thickness of
D = 3 mm and the largest particle size of d̄p = 500 μm are not presented in figure 13
because no peak or trough exists for this case.

The results also show that Δ0.5,pk/D increases approximately linearly with d̄p/D and
the profiles for all four different hoppers collapse well with these axes. The increase in
Δ0.5,pk/D with particle diameter is attributed to the greater momentum (relative to drag)
of the larger particles, as previously discussed. Together with the finding from figure 13(a),
it can be deduced that both the location and the magnitude of the peaks at the near-field
expansion scale with the particle size and hopper outlet thickness, potentially highlighting
the influence of the particle–particle and particle–wall interactions as being the dominant
mechanisms controlling the flow dynamics in the near-field expansion region. This finding
of the dominant mechanisms is consistent with the trends identified previously for the
influence of hopper on the near-field flow region using a round hopper outlet (Wang et al.
2016).

Figure 14 presents the evolution of particle axial acceleration (ap,SD) calculated with
the simplified analytical model in the Stokes regime (3.5). The smaller particles present
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a lower ap,SD throughout the examined falling distance, although the starting ap,SD is
similar for the various d̄p. The smaller particles also undergo a faster decay of particle
acceleration in the axial direction, decreasing to more than half of the starting ap,SD at
the first 100D, due to their higher drag per unit volume ratio. In contrast, the largest
particle d̄p = 500 μm continues preserving the high acceleration due to a greater influence
of gravitational acceleration.

4.3. Particle curtain transmittance
Figure 15 presents seven representative instantaneous images of measured curtain
transmittance, each with a different particle diameter, here all obtained with hopper
D = 5 mm. A qualitative trend can be seen in which the curtain transmittance is low
near to the exit and increases with downstream distance. This overall trend is consistent
with previous investigations (Ogata et al. 2001; Sedaghatizadeh et al. 2022), and is due
to the particle velocity increasing with downstream distance (due to the acceleration of
gravity), resulting in a decrease in local particle number density with streamwise distance
and an increase in transmittance. However, the higher resolution of the present images
provides additional detail over what has been reported previously. In particular, it can
be seen that the distance to the streamwise location at which the opacity begins to fall
decreases with an increase in particle diameter. Furthermore, the region downstream from
this location exhibits significant instantaneous structure, which can be deduced to be
driven by large-scale flow instabilities.

The overall trend of a decrease in the distance at which transmittance begins to
increase with particle diameter is consistent with the increase in particle acceleration (see
figure 14). That is, the axial spacing between particles depends on acceleration, which
increases with d̄p. This is also consistent with the previous measurements using hoppers
with rectangular outlets, which show that particle velocity increases with d̄p and with
axial distance (Kim et al. 2009; Sedaghatizadeh et al. 2022). In addition, the particle
cross-sectional area per unit volume also decreases with an increase in d̄p, which will
lead to a greater T for a given hopper outlet thickness.

The position of the local maximum in curtain thickness at the end of the near-field
expansion region, xpk/D, and the location of the local minimum curtain thickness at the
end of the neck zone, xtr/D (see also figure 11), are also shown in figure 15 (with the red
and blue lines, respectively). It can be seen that both of these features occur well upstream
from the point at which the opacity begins to fall noticeably, with no clear correlation
between the locations of xpk/D and xtr/D and local values of light transmittance. The lack
of a direct influence is because these features cause a difference in lateral spacing (along
the y-axis) between particles, rather than axial spacing, while the transmittance of the
particle curtain is mostly dependent on the axial spacing between particles.

The instantaneous images presented in figure 15 also reveal the presence of highly
localised regions of low curtain transmittance, with these regions typically consisting of
filament-like or rope-like structures that have long axial coherence. These structures are
typically aligned in the streamwise direction, with their span being of the same order
as the local thickness of the curtain. This is consistent with the presence of particle
‘clusters’, which have been demonstrated to exist in a range of particle-laden jets (Lau
& Nathan 2017; Lau, Frank & Nathan 2019). Here, the term ‘cluster’ is used following
the pioneering work of Longmire & Eaton (1992) and Eaton & Fessler (1994) to refer to
local groups of particles whose spacing is significantly less than average due to the role of
large-scale flow features, but does not imply that any particles actually touch each other to
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Figure 15. Instantaneous front-view images of the particle curtain issuing from a rectangular hopper of D =
5 mm, recorded at a falling distance between 0 and ≈900 mm from the hopper exit, for seven different particle
diameters (d̄p). The positions of xpk and xtr (see also figure 11) are shown with red and blue lines, respectively.
Here, the particle flow is from top to bottom following the direction of gravity.

form aggregates. These clusters are typically characterised by highly localised regions of
high particle number density within the flow, and are typically caused by the interaction
of the particles with the fluid flow (Maxey 1987; Squires & Eaton 1991; Longmire &
Eaton 1992; Eaton & Fessler 1994; Capecelatro, Desjardins & Fox 2015). Whatever
their origin, the effect of these clusters is to induce local, instantaneous non-uniformity
in transmittance, that is to both reduce transmittance locally where the clusters are
present, and to increase the transmittance on either side of the clusters. The presence of
these clusters is particularly significant for applications such as FPRs, as the increased
transmittance in non-clustered regions may result in solar radiation passing through the
curtain, potentially damaging internal walls and surfaces. Additionally, the particles within
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Figure 16. Experimental measurements of time-averaged particle curtain transmittance as a function of
particle falling distance, x, normalised by the hopper outlet thickness (D) for seven different particle diameters.
In this case, the hopper outlet thickness was fixed at D = 3 mm.

the clusters may be shadowed from solar radiation due to their high opacity, resulting
in lower average particle temperatures. These images also highlight the need to better
understand the origins of these clusters, the need to be able to identify the axial distance
at which they become significant and the need for methods to manage or account for their
influence. Furthermore, the clear presence of these particles in almost all cases also implies
that current steady-state models, both analytical and numerical, are likely to be unreliable
in regions where clustering is significant.

Figure 16 presents the time-averaged curtain transmittance as a function of the falling
distance for seven different particle sizes and for a fixed hopper outlet thickness D = 3 mm.
The results show that the slope of the initial rise of transmittance depends strongly on
the particle diameter. For the largest particle, this slope is high, so that T increases
strongly within the first 20D. In contrast, the initial slope is near to zero for the smallest
particles. These trends are consistent with the visual observations shown in figure 15
and the accompanying discussion, with more details to support these deductions being
derived from the analysis below. The slopes of the transmittance axial profiles reduce
beyond a falling distance of approximately 50D, with monotonically consistent trends
(almost parallel curves) in the relationship between T and x/D for all cases of different
d̄p at the end of the measurement window. This former trend can be explained by a much
stronger decrease in particle acceleration with axial distance for smaller particles than
larger particles, when approaching the terminal velocity (see figure 14). That is, the rate of
acceleration decays much faster for smaller particles than larger ones, which reduces the
rate of increase in particle vertical separation and the rate of increase in transmittance.
However, the latter trend regarding the near-parallel and asymptotically stable profiles
of T between different d̄p can be attributed to the relatively lower decay rate of particle
acceleration. This trend also suggests a simpler regime for the curtain transmittance than
for the curtain expansion under the effect of d̄p, which can be further discovered by a
normalisation of the data.

999 A50-28

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
4.

89
6 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2024.896


New insights into the regimes in a falling particle curtain

0

0

0.1

0.2

0.3

0.4T

0.5

0.6

0.7

0.8

1 2

x/D × Frt

3 4

163 µm

d̄p(D = 3 mm)

192 µm

216 µm

257 µm

363 µm

399 µm

500 µm

(×104)

Figure 17. Measured particle curtain transmittance as a function of particle falling distance (x) normalised by
the hopper outlet thickness (D) and the terminal Froude number (Frt) for seven particle sizes. The value of Frt
was calculated using the particle terminal velocity estimated from the analytical model in the Stokes regime,
Ut,SD (3.4).

Figure 17 presents the same particle curtain transmittance as plotted in figure 16,
except that the data are now plotted as a function of the particle falling distance that
is normalised by the hopper outlet thickness and particle Froude number based on
the estimated particle terminal velocity (using the Stokes-drag model, as discussed in
§ 3.2), Frt = Ut,SD/(gD)0.5. The data are only plotted for D = 3 mm because of the most
dispersed particle condition, which best suits the adopted model. It can be seen that this
normalisation provides a good collapse of the cases with different values of d̄p onto a
single curve. This highlights the dependence of the transmittance on the gravity-driven
evolution of particle vertical velocity. It is also consistent with previous findings that
the magnitude of particle streamwise velocity depends on Frt (Sedaghatizadeh et al.
2022). The collapse with the current normalisation also provides evidence that the balance
between the inertial and gravitational forces dominates the evolution of particle vertical
velocity rather than any influences of the shear forces in the shear layer, at least in this set
comparing different values of d̄p.

Figure 18 presents the measured values of time-averaged curtain transmittance (T) as a
function of the falling distance for four different hopper outlet thicknesses (D = 3, 4, 5 and
8 mm), but with a fixed particle size d̄p = 363 μm. This shows that, somewhat analogously
to figure 16, the initial rate at which T increases also varies greatly, from a high slope for
D = 3 mm, to a near-zero initial slope for D = 8 mm. Taken together with figures 15 and
16, this shows that the axial distance to the point at which the transmittance starts to
increase rapidly with axial distance increases with both an increase in D and a decrease in
d̄p. This is partially attributed to the higher particle volume fraction for using a greater
D, as discussed before. That is, using a hopper with a larger D increases the particle
volume fraction significantly at the near-exit region which, in turn, causes a dramatic
difference in the axial profile of curtain transmittance. However, this difference reduces
with the axial distance as particles fall downwards, influenced by varying particle–fluid
interactions depending on the size of D. The bulk-average particle–fluid interaction with
curtain expansion is expected to be stronger for a smaller D due to the reduced influence of
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Figure 18. Experimental measurements of time-averaged particle curtain transmittance as a function of
normalised particle falling distance, x/D, for four different hopper outlet thicknesses (D = 3, 4, 5 and 8 mm)
and for a fixed particle size d̄p = 363 μm.

the particle group effect. This results in a lower particle acceleration and a smaller particle
vertical separation at a given downstream location, thereby leading to a faster reduction
of the rising rate in T for a smaller D. Nevertheless, the transmittance of a curtain with a
larger D does not exceed that for a smaller D at a given downstream location. For example,
T = 0.66 at x = 900 mm for D = 3 mm, which is some six times greater than T = 0.11
for D = 8 mm at the same location. This is because an increase in D also increases the
number of particles at any given falling distance, which decreases T . Noting also that,
according to the Beverloo equation the mass flow rate through the hopper (per unit width)
scales with D1.5, from (3.8). That is, θ̄0 ρp ∀p V̄0 ∝ D0.5. For any given particle size, this
implies that an increase in D, causes an increase in the initial particle velocity, and/or the
initial particle concentration at the exit. The latter results in a decrease in transmittance
in the near field, as measured in figure 15. A complete summary of measured curtain
thickness and transmittance, along with details of the hopper geometry, is provided in the
Supplementary Material available at https://doi.org/10.1017/jfm.2024.896.

4.4. Insights into curtain evolution from analytical models
Figure 19 presents a comparison of the measured axial evolution of a particle curtain
transmittance together with that estimated from the Beer–Lambert model (3.9), for both
the zero-drag (3.2) and Stokes-drag (3.4) models. As noted in § 3, these integrated models
represent two extreme scenarios, which were developed to support the interpretation of
the measured results, most notably, the axial evolution of the particle dynamics and its
correlation with curtain transmittance. The results are shown for three different values of
particle sizes (i.e. 163, 257 and 500 μm) and a single hopper outlet thickness of D = 5 mm.
It can be seen that the transmittance calculated with the zero-drag model is always higher
than that calculated with the Stokes-drag model. This is consistent with the understanding
that the axial particle acceleration is greater for the case with no drag, leading to a
greater axial separation between particles, and a higher void fraction. It can also be seen
that the difference between the inferred transmittance profile for the Stokes-drag and the
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Figure 19. Comparison of the measured and modelled axial variation of transmittance for a particle curtain
issuing from a hopper with different particle sizes (d̄p = 163, 257 and 500 μm) and a fixed hopper outlet
thickness of D = 5 mm. The figure includes the transmittance calculated using two models, namely the
zero-drag model (§ 3.1) and the Stokes-drag model (§ 3.2).

zero-drag models decreases with an increase in particle diameter. This can be explained
by the drag force per unit weight of a particle decreasing with an increase in d̄p. That
is, the influence of air drag decreases with an increase in d̄p. It can also be seen that
both models tend to over-predict the transmittance in the near field and under-predict it
at the end of the measured region in the intermediate field, particularly for the smallest
particles. This is consistent with the particle dynamics in the near field being controlled by
non-aerodynamic mechanisms of particle–particle interactions, as expected for a flow that
originates in the granular flow regime. This granular regime decreases particle acceleration
even beyond that for the Stokes regime. Furthermore, the measured transmittance at
the end of the measurement region is greater than predicted with the zero-drag model,
particularly for the smallest particles. This either implies that the particles accelerate
faster than those with zero drag, which is implausible, or that the assumptions inherent in
the current transmittance model, such as the assumption that particle scattering, particle
shadowing and multiple scattering effects are negligible, and that the particle number
density and velocity across the curtain at any given falling distance is uniform, begin
to break down. Nevertheless, the comparison between different scenarios and associated
mechanisms revealed herein also indicates that the particle dynamics predicted through
the use of the Beverloo equation in these models is reasonable and consistent, thereby
proving its validity in scaling assessments of flows as discussed for figure 5.

It can also be seen from figure 19 that the zero-drag model predicts the measured
transmittance quite well for the largest particle size, consistent with the analysis of
Sedaghatizadeh et al. (2022). This indicates that these larger particles approximate
particles with zero drag, which is attributed to the decrease in drag per unit volume for
larger d̄p and the group effect whereby leading particles shield the upstream particles from
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the effects of the surrounding fluid, causing them to fall faster than if they were in a
quiescent, unperturbed, environment.

Given that the calculated curtain transmittance from the zero-drag model matches the
experimental data more closely than the Stoke-drag model, but demonstrated with cases
comprising only three particle sizes and one hopper outlet thickness, it would be insightful
to expand the range of cases to fully examine its dimensionless correlations between
all particle sizes and all hopper outlet thicknesses. In addition, it is also important to
understand that the closest match for the largest particle size is primarily due to the effect
of particle size rather than the hopper outlet thickness. To provide clear examinations, a
special approach of rearranging the integrated analytical model into a linear relationship
incorporating the Beverloo equation, the Beer–Lambert law and the zero-drag scenario,
has been taken as follows.

The transmittance model can be further simplified by assuming the particles have zero
drag. Combining (3.2) (particle velocity under the zero-drag assumption) and (3.9), we
obtain

T(x) = exp

[
− 3Ṁp

2ρpdp(U2
0 + 2gx)0.5

]
. (4.4)

If the particle-phase density (not to be confused with the particle material density, ρp) at
the hopper exit is assumed to be the same as that within the hopper (i.e. equal to the particle
bulk density ρb), then a calculation of the mass flow rate through the hopper exit results in
a particle initial velocity of U0 = (Ṁp)/(ρbD). Now, utilising the Beverloo equation (4.1),
and assuming that the dp/D term is small, (4.4) becomes

C2
1

2

[
1

(κ ln T(x))2 − 1
]

= x
D

, (4.5)

where κ = 2/3(ρp/ρb)(dp/D) is a dimensionless ratio, accounting for density and size
differences.

The experimental results of C2
1[1/(κ ln T(x))2 − 1]/2 as a function of x/D are presented

in figure 20, with panel (a) presenting results for a single hopper outlet thickness of
D = 5 mm with seven different d̄p and panel (b) presenting results for a single particle
size d̄p = 500 μm with different D. The black dashed line in figure 20(a) represents a
linear relationship with a gradient of unity, as expected from (4.5). It can be seen that
the profile for the largest particle size, d̄p = 500 μm, matches the linear function quite
closely, with the data departing from this line with a reduction in d̄p, particularly for
d̄p ≤ 363 μm. The departure of the experimental data from the trends predicted with (4.5)
for sufficiently small particles, as shown in figure 20(a), is attributed to the simplifications
and assumptions invoked in the derivation of (4.5), particularly in the assumption that the
particle drag is zero. The relatively closely matched profile for d̄p = 500 μm can also
be seen in figure 20(b) for other D, although some departure happens for D = 3 mm,
potentially due to an increasing effect of non-zero drag caused by particle dispersion,
which is consistent with the analysis of Kint in figure 12(b). That is, this analytical
model provides a reasonable estimate of transmittance for sufficiently large particles
(d̄p ≥ 399 μm), with the hopper thickness as a secondary effect, notwithstanding the slight
under-prediction in the near field and over-prediction in the intermediate field.

In addition, it can also be seen that this method of normalisation gives a pretty good
collapse of the measurements of the curtains with smaller particles, but onto a different
curve, as described by the function inserted in figure 20(a), which applies for the regime
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Figure 20. The measured particle curtain transmittance (T), normalised based on (4.5), as a function of
normalised falling distance (x/D) for (a) seven different particle sizes with the hopper D = 5 mm and (b)
four different hopper outlet thicknesses with the particle size d̄p = 500 μm. The black dashed line represents
a gradient of unity, while the red dashed line indicates a different asymptotic curve fitted based on profiles of
d̄p = 163–257 μm using a quadratic function which is included in the inset equation.

where particle drag is significant. These data have a lower slope than unity function
in the near field and a higher slope for x/D > 110. That the data collapse with this
normalisation highlights the importance of initial curtain momentum in both regimes,
since the normalisation utilising the Beverloo equation accounts for the particle mass
flow rate and initial velocity. That the data collapse onto two curves demonstrates that
curtains can be characterised broadly into the regimes in which aerodynamic drag is overall
dominant or weak throughout these near and intermediate regions.

4.5. Summary of characterised flow regions for free-falling particle curtain flows
Figure 21 presents a schematic diagram of the key features of, and mechanisms for, the
evolution of a free-falling particle curtain from a rectangular orifice at the base of a
hopper. The ‘hopper-flow dominant regime’ identified by Sedaghatizadeh et al. (2022)
has been theoretically expanded into two regions to yield a total of four regions in the
axial direction with the additional information also provided on the third region, i.e. ‘the
similarity regime’, from the present new data. At the lateral plane, new information of
an extra region of dispersed particles in addition to the curtain core region has also been
provided. Overall, the curtain has been characterised into regions in both vertical and
horizontal directions as follows:

(i) The near-field expansion region: this is characterised by rapid spreading immediately
below the hopper exit and is deduced to be induced by particle collisions that result
from the gradients in particle velocity close to the edge of the curtain due to wall
friction within the hopper.

(ii) The neck zone: this zone is typically downstream from the near-field expansion
region, and is characterised by a necking process whereby the curtain thickness
decreases with axial distance. This process is attributed to the influence of particle
acceleration due to gravity, which induces a low-pressure region along the axis of
the curtain.
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Figure 21. Schematic diagram with cartoon of key features of, and deduced mechanism for, a free-falling
particle curtain discharged from a hopper with a rectangular outlet.

(iii) The intermediate-field expansion region: this region is characterised by an expansion
of the curtain thickness downstream from the curtain neck (i.e. the point where
the curtain thickness approaches a local minimum) due to the entrainment of air
into the curtain. This region is characterised by large-scale flow unsteadiness that is
deduced to be induced by a jet-like aerodynamics. The particle flow in this region
transitions from the hopper-flow dominant condition to the regime where particles
are approaching terminal velocity so that it theoretically matches with the similarity
regime as identified by Sedaghatizadeh et al. (2022).

(iv) The terminal velocity region: this ‘far-field’ region, while not investigated directly
here, has been shown previously to correspond to the region in which particles
decelerate towards the terminal velocity of an individual particle (Sedaghatizadeh
et al. 2022).

(v) The curtain core: this central region of the curtain is densely loaded with particles,
so that their wakes are interconnected to generate a strong particle group effect that
reduces the bulk fluid drag. This region also provides a foundation for the axial
regions defined above.

(vi) The dilute-particle region: this region laterally surrounds the curtain core, expanding
continuously downstream from the near-exit region. It results from the initial particle
lateral momentum, which is generated in turn by particle–wall and particle–particle
interactions at the exit.

In the near-field expansion region, particles were found to expand immediately
downstream from the exit plane with an expansion gradient of 0.0796 ≤ Knear ≤ 0.1703,
corresponding to an expansion half-angle of 2.3◦ ≤ α ≤ 4.8◦. The near-field expansion
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rate increases with hopper outlet thickness and, weakly, with particle size. At the end of the
near-field expansion region, a local peak in the curtain thickness was typically observed,
with a local maximum curtain thickness falling in the range of 1.61 ≤ Δ0.5,pk/D ≤ 2.54.
The relative axial location of the local peak, 4.96 ≤ xpk/D ≤ 26.29, was found to increase
monotonically with particle size. Particle collisions were deduced to be the primary source
of the particle lateral momentum and to be responsible for the near-field expansion, from
which particle–hopper interactions can be expected to have a dominant influence on the
flow behaviour. This needs to be further verified by measuring the particle velocity and
the inter-particle collisions at the near-exit region.

In the neck zone, just downstream from the local maximum in the curtain thickness
(i.e. at the downstream end of the near-field expansion region), the particle curtain
was found to decrease in thickness, leading to a local ‘trough’ feature with the curtain
thickness narrowing down to 0.78 ≤ Δ0.5,tr/D ≤ 2.53. The magnitude of Δ0.5,tr/D was
found to increase with d̄p/D, while the difference in the magnitude between Δ0.5,pk/D
and Δ0.5,tr/D was found to reduce with increasing d̄p/D. As a result, no obvious peak or
trough feature was identified for the case of d̄p = 500 μm and D = 3 mm. Interestingly,
the relative location of the local minimum in curtain thickness, 42.35 ≤ xtr/D ≤ 73.72,
was found to form an ‘arch’-shaped curve with the maximum value of xtr/D occurring for
d̄p/D ≈ 0.05. The above findings highlight the complex nature of the flow in the neck
zone, where the dominant influence is plausibly attributed to the momentum balance
between the particle inertia (initial momentum) which drives the particle spreading
continuously from the near-field expansion and the drag of the entrained air on the particles
towards the curtain core due to the pressure gradients generated by particle acceleration.
That is, particle inertia dominates the flow behaviour for the normalised particle size range
of d̄p/D > 0.05, while the effect of surrounding fluid generated by the high particle mass
flow rate is the key influence in the cases using a relatively large hopper outlet thickness,
i.e. d̄p/D < 0.05. Further insight would require additional measurements of the particle
velocity and the air velocity in the surrounding region close to the particles.

In the intermediate-field expansion region, downstream from the local minimum in
curtain thickness (i.e. the neck), particles were found to expand with axial distance. In
this region, large-scale flow unsteadiness that spans the entire width of the curtain was
observed. The rate of expansion in the intermediate field, 0.00347 ≤ Kint ≤ 0.0226, is
approximately one order of magnitude smaller than that in the near field. Furthermore,
the trend of the dependence of the expansion rate in the intermediate field on particle size
and hopper outlet thickness was found to be opposite to that in the near field, with Kint

decreasing as d̄p and D are increased. This is consistent with the controlling mechanism
being driven by aerodynamic drag, as proposed previously (Sedaghatizadeh et al. 2022).
In addition, the influence of particle inertia increases with D due to both the greater
particle axial momentum and particle group effect reducing the fluid drag, which leads
to a decrease of the Kint.

The radial particle distribution of the dilute region was found to have a rapid initial
expansion comparable to that of the near-field expansion. This suggests that both
are caused by similar mechanisms of particle–particle and particle–wall interactions.
However, downstream from there, the dilute-particle region expands continuously, so that
it does not exhibit the necking, which implies that it is not influenced by the transverse
pressure gradients within the core that are induced by particle acceleration. The lateral
expansion of the dilute-particle region continues to increase with a decrease in d̄p through
the intermediate field, which suggests the fluid drag controls its entire lateral evolution.
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5. Conclusions

The first of the three regimes identified by Sedaghatizadeh et al. (2022) to characterise the
evolution of free-falling particle curtains released from a rectangular orifice of a hopper
has been subdivided into the near-field expansion and the neck zone to yield a total of four
axial regions (described above). In addition, the presence of the dilute-particle region that
surrounds the entire curtain in the lateral direction has been identified for the first time.
New insights have also been provided for each of these four axial regions and the new
lateral region from systematic measurements of four different hopper outlet thickness (D =
3, 4, 5 and 8 mm), and seven particle sizes (d̄p = 163, 192, 216, 257, 363, 399 and 500 μm).
The dominant mechanism controlling particle spreading in the near-field expansion region
is deduced to be that of particle collisions, which are caused by velocity gradients at the
edge of the curtain that result, in turn, from wall friction within the hopper, while the third
intermediate-field expansion region is driven by aerodynamic drag (particle–air). The neck
zone of the curtain is formed as a result of momentum balance between particle inertia,
which scales with particle size, and pressure gradient that is driven by particle acceleration
due to gravity, which is influenced mostly by hopper outlet thickness.

For a given set of conditions, the axial evolution of particle curtain transmittance,
T , was found to be influenced mostly by particle acceleration in the vertical direction,
which controls the average particle number density at a given lateral plane. However, the
dependence of this evolution on particle diameter and curtain thickness is complex and
nonlinear. The axial rise in near-field transmittance increases with the particle diameter
due both to the increase in axial velocity and the decrease in particle cross-sectional area
per unit volume. This combined effect increases the vertical spacing between particles
and enhances the chances of light transmitting through the curtain. However, this trend
also continues for the neck zone and intermediate-field region where the curtain thickness
evolves differently from the near field. That is, T increases with d̄p for all regions and cases
we studied. In addition, the increase in transmittance was found to scale with the product of
Froude number based on drag-free particle terminal velocity and x/D. These dependences
are consistent with the evolution of T being dominated by the axial spacing between
particles, which is controlled by gravity. A collapse of all T profiles onto two curves
when normalised using the Beverloo equation (figure 20), which characterises the initial
velocity, demonstrates that curtains can be characterised broadly into the regimes in which
aerodynamic drag is overall dominant or weak throughout these near and intermediate
regimes.

The generation of the dilute-particle region, i.e. a region with particles at a low
volume fraction around the denser core of the particle curtain, originates from the
near-field expansion. That is, these particles originate from particle collisions generated
by the non-uniform velocity distribution at the exit of the hopper, and, in turn, from
friction-induced gradients at the walls of the hopper. Some of these particles are dispersed
beyond the range where the particle-acceleration-induced pressure gradient can draw them
back into the curtain, so that the layer persists throughout the evolution of the curtain,
retaining its thickness for at least 40D before becoming influenced by aerodynamic drag.
These particles can be expected to be influenced by secondary flows within practical
devices such as solar thermal falling particle receivers, generating a potential source
for emission of fine particles. Importantly, this dispersion mechanism induces a lateral
velocity component to the particles, which does not therefore influence the evolution of
transmittance significantly. In addition to the deduced role of wall friction in generating
this dispersion mechanism, it suggests that the hopper’s shape may also induce lateral
movement and influence this dilute-particle region. Furthermore, the significance of this
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layer increases with particle diameter, since larger particles have greater lateral inertia and
are less influenced by the aerodynamic drag that acts to entrain particles into the curtain.

Particle curtains with larger d̄p were found to more closely approximate the zero-drag
idealisation (i.e. acceleration in a vacuum) with greater downstream distances, while
the zero-drag model under-predicted the curtain transmittance for smaller d̄p. This is
attributed, in part, to the increased role of particle–particle light interactions, which
were ignored in the model. The relatively good predictions from the zero-drag model
also imply that the volumetric loading is sufficiently good to account for the role of the
particle ‘group’ effect, in which the drag of particles is reduced by wake interactions. This
mechanism acts to reduce the particle dispersion and to increase the axial spacing between
particles.

The measured instantaneous distribution of particles becomes highly non-uniform
at a sufficient axial distance, with strong variations both spatially and temporally,
caused by filament- or rope- like particle clusters aligned with the direction of gravity.
The aerodynamic ‘clustering’ phenomenon of particles induces spatial variations in
particle number density, which further influence the instantaneous non-uniformity in
transmittance. These can be expected to introduce challenges in running and in predicting
industrial systems employing falling particles, such as FPRs. Despite a few pioneering
studies on this topic, more direct measurements of the dynamics of clustering structures
are still needed to improve the understanding of the relationship between their formation
and subsequent evolution.
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