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Executive Summary
This project is part of a larger program that aims to develop and demonstrate Sandia’s next-generation
“Gen 3 Particle Pilot Plant (G3P3)”. The role of the Centre for Energy Technology (CET) at the University
of Adelaide is to support the development and upscaling of the receiver, with the aim to improve overall
receiver performance through reducing particle egress and convective heat losses through the receiver
aperture, and by supporting the development of the improved computational models of heat and mass
transport that are needed for reliable optimization and upscaling. This research advances current
understanding both of the fundamentals of falling particle receivers and of practical methods that can be
used to mitigate particle egress, through new and detailed lab-scale data under conditions relevant to
larger-scale receivers that are not realistic to obtain at large-scale.
To achieve these aims, 6 complementary research campaigns have been executed. The key outcomes
from these are as follows:
i)
New in-situ experimental data experimental data has been obtained for a systematic set of
conditions in free-falling particle curtains utilising advanced optical methods. These include as
distributions of curtain opacity, expansion and mass flow rates as a function of particle size and
curtain thickness. This meets a need for the process of developing and validating reliable models,
since such data are presently unavailable, due largely to the challenging environment of densely
laden flows;
ii)
Systematic experimental measurements have been performed of particle egress in a lab-scale
falling particle receiver utilising optical methods. These measurements report on the influence
of receiver geometry and wind direction/speed on particle egress, and have compared the
efficacy of various methods that have been developed to mitigate egress;
iii)
An improved analytic model of a free-falling particle curtain has been developed. This was then
used to assess the sensitivity of particle egress on particle properties and flow conditions, and to
assist in the development of methods to control curtain opacity;
iv)
Several computational fluid dynamics (CFD) models of particle-particle interactions in the densely
seeded particle curtain were developed and partially validated. This model was used to evaluate
the efficacy of a number of potential methods with which to mitigate particle egress and advective
heat losses;
v)
Thermodynamic models of a pneumatic lift particle conveying system were developed and
employed to predict the performance of pneumatic conveyancing of particles under conditions
relevant to the G3P3 plant;
vi)
New experimental techniques were developed, which will enable a step-change in future
measurement capability within the challenging environment of falling particle receivers. In
particular, techniques have been developed to measure separately and simultaneously the
velocities and number densities of both the particle and gas-phase with high spatial and temporal
resolution within the densely-loaded particle curtain. This will add to our other recent advances
that also enable in-situ measurement of the temperature of the particles and gas phase with high
resolution.
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Results from the two experimental campaigns (i and ii above) have revealed:
a) Curtain opacity and curtain expansion are strongly influenced by particle size. Smaller particles result
in higher opacities. The curtain expansion rate is non-linearly and non-monotonically dependent on
particle size;
b) Particle mass flow rate from the hopper is insensitive to particle size for a fixed hopper outlet size;
c) The instantaneous distributions of particles can be highly clustered, resulting in the instantaneous
curtain opacity to be significantly different from the mean (time-averaged);
d) Particles that egress the receiver (through the aperture) tend to be significantly smaller than the mean
particle size within the curtain;
e) Horizontal baffles between the main receiver cavity and the particle collection chamber have shown
to reduce particle egress by up to 70% for cases where the baffle opening was approximately 7 times
the thickness of the curtain. The level of reduction typically increases with increasing particle mass
flow rate;
f) Placing the hopper exit approximately equidistant from both the aperture plane and the back wall
tended to result in the lowest amount of particle egress. However, this result was not universal for all
flow conditions and receiver geometries;
g) Tapered sections designed to reduce the volume of the cavity was also found to reduce particle
egress. For the case where the tapered section was long (in the streamwise direction) and thick,
particle egress was reduced by approximately 40%.
Furthermore, the numerical analysis (iii and iv above) has provided the following important insights:
h) While smaller particles result in greater opacities, they also increase flow entrainment, which in turn
increases particle egress;
i) Decreasing particle (material) density does not affect curtain opacity, however it reduces average
particle velocity, and thereby increases particle residence time;
j) Decreasing particle sphericity increases the flow rate of entrained air, which in turn increases particle
egress;
k) Head-on wind was found to increase out-flux of flow from the receiver by up to 350%. Flow out-flux
was found to be insensitive to rear-on wind;
l) Particle curtains with a larger particle size distribution resulted in greater particle egress;
m) The application of suction near the bottom of the collection chamber, in conjunction with utilising a
co-flow around the curtain was found to reduce particle egress by approximately 90% relative to the
base case.
It should be noted, however, that the above was determined for a particular receiver geometry and particle
flow conditions. Therefore, the above findings, and in particular, the quantitative values, may need to be
re-evaluated for other geometries and conditions.
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Nevertheless, based on the above, eight potential strategies to reduce particle egress and/or advective
losses from falling particle receivers have been identified. These are as follows:
1) Introducing suction at the bottom of the cavity (or within the particle collection chamber) to extract a
flow that balances the entrained flow of the curtain, thus mitigating internal flow circulation;
2) Introducing a co-flow on one or both sides of the particle curtain to meet its entrainment requirements;
3) Use of appropriately sized, porous baffles, both within the chamber to damp internal circulation and
external, to damp wind effects;
4) Removing fine particles from the feedstock;
5) Employing particle that are as spherical and as mono-disperse as possible;
6) Optimising the distance between the curtain, the back wall and the aperture plane;
7) Optimising the configuration of the stages in a multi-stage falling particle receiver;
8) Reducing instabilities in the shear layer.
Future work in the next stage of the project will comprise the following:
• Enabling a step-change in the capacity to develop and validate reliable CFD models through provision
of well-resolved and in-situ systematic experimental data of particle velocity and concentration within
a curtain for a wide range of conditions, including particle size and curtain thickness;
• Further development of the methods to mitigate particle egress through the use of experimental
measurements of particle egress under controlled external wind conditions;
• Further development of both the numerical methods and mitigation techniques needed to mitigate
particle egress and advective losses in the presence of an external wind with further improved CFD
to simulate the effectiveness of methods to reduce particle egress utilising CFD;
• Systematic and in-situ measures of particle temperatures within a falling particle receiver under
controlled, high-flux radiation for further development and validation of numerical models.
This report is Commercial in Confidence and should not be distributed without the express permission of
the authors.
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1 Introduction
This project is part of a larger program that aims to develop and demonstrate Sandia’s next-generation “Gen 3
Particle Pilot Plant (G3P3)”, an integrated high-temperature particle-based system for concentrating solar power
(CSP). In Phases 1 and 2 of the project, the objective is to mitigate remaining risks associated with particle
technologies. This will be achieved partly through research, analysis, evaluation, design and testing of the
components within G3P3 plant, together the development of new, more reliable engineering design tools.
As part of a larger consortium of research organisations collaborating on this project, the Centre for Energy
Technology (CET) at The University of Adelaide was tasked to support the development of the receiver section
of the G3P3. In particular, the CET was engaged to support the development of more reliable numerical models
of the heat and mass transport within falling particle curtain receivers through provision of new and systematic
experimental data, together with the advancement of modelling approaches, and to develop both the methods
and the data to mitigate particle egress and convective heat losses through the receiver aperture. This research
will primarily consist of advancing current fundamental understanding of falling particle receivers and by
providing detailed lab-scale measurements under conditions relevant to larger-scale receivers.
While the concept of falling particle receivers – comprising of solid particles free-falling from a hopper with a
rectangular exit into a cavity with an optical aperture – appears relatively simple, the heat and mass transport
within it is both complex and highly challenging to investigate. In addition to the many different cavity geometries
that may be varied, the processes that need to taken into consideration include the influence of particle
properties (e.g. size, shape, density and size distribution), particle-fluid interaction, particle-particle collisions,
particle-wall collisions, buoyancy, radiation absorption by particles, re-radiation by particles, particle clustering
and particle shadowing. Furthermore, these processes are non-linearly coupled, which further adds to the
complexity of the system. In addition to these complexities, the environment of high temperature and denselyflowing particles is very challenging to investigate experimentally, leading to a dearth of the well-resolved data
that are necessary for the development of reliable numerical models. These challenges have limited the
development of both the fundamental understanding and of reliable computational models of these flows. As a
result, optimization of falling particle receivers during the design phase remains challenging, which increases
the project risk owing to the high cost of retrospectively changing design parameters post-construction.
The presence of an external wind adds yet another challenge. Wind has been observed to drive the egress of
particles from the receiver in previous trials. However, these effects are yet to be investigated in detail in the
laboratory, so that there is a lack of understanding of how these external flows influence the internal heat and
mass transport processes and of what can be done to mitigate them. Passive devices have been identified as
desirable. Another aim of the present investigation is to develop a basic understanding of these effects and of
the efficacy of alternative control strategies. The completion of this work will be undertaken in the second stage
of the program.
Therefore, the broad aim of this project is to conduct a detailed, complementary research program designed to
advance current understanding of falling particle receivers under conditions relevant to the G3P3 plant and to
provide detailed experimental measurements to support development of new, reliable, computational design
tools. This will be achieved through a synergistic program comprising of optical measurements of key parameters
such as curtain opacity, curtain expansion, particle velocity and particle concentration, with and without external
wind. Furthermore, a series of strategies to minimize particle egress and advective losses will also be evaluated
through a combination of experimental measurements and computational fluid dynamics (CFD) modelling of a
lab-scale falling particle receiver.
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1.1

Scope of Work (SOW)

The scope of work as listed in the contract between Sandia and the University of Adelaide for the overall project
is as follows:
1. Investigate multiphase particle flow and heat transfer as they pertain to falling particles in a multi-stage
release pattern. The [University of Adelaide] shall use high-fidelity imaging methods and characterization
methods to evaluate particle velocity, number distribution (solids volume fraction), and temperatures;
2. Use wind and water tunnel facilities to investigate convective heat loss from the aperture of the particle
receiver cavity;
3. Evaluate particle loss and egress using experimental and computational methods. Identify mitigation
measures;
4. Investigate alternative particle lift mechanisms such as pneumatic lifts and perform technoeconomic
evaluation;
5. Work with collaborators (e.g., ANU) to develop system models to evaluate LCOE for larger-scale systems
(10 – 100 MWe). The [University of Adelaide] shall use system model to optimize commercial systems using
G3P3 technology.
This document reports on the outcomes of the project during the Stage I of the project (see section 1.3 for project
timeline). In particular, it will report on the outcomes of items #1 to #4 above during the first 2 years (Stage I) of
the project. Item #5 is satisfied through separate deliverables outside of the present report.
1.2

List of Research Campaigns

To achieve these aims, a number of synergistic, complementary research campaigns were conducted. Each of
these research campaigns focused on a particular aim and/or measurement, with the research campaigns
having similar, if not identical, key non-dimensional parameters where possible. This allowed the measurements
and/or numerical analysis to be compared between research campaigns on an equitable basis.
The research campaigns are summarized below, in the order in which they are discussed in more detail in this
report:
a) Fundamental study of curtain opacity and expansion (Section 2), SOW#1. This campaign aims to advance
current fundamental understanding of free-falling particles and to provide high quality validation data to
support development of reliable computational models utilising detailed optical measurements. This will be
run in three stages:
i. Stage I: Measurements of curtain opacity and curtain thickness (expansion), together with mass
flow rates. These can be used to infer particle velocity and number density;
ii. Stage II: Direct measurements of particle velocity and concentration (number density)
iii. Stage III: Measurements of particle temperature. These measurements will be conducted if the
G3P3 project is down-selected.
b) Experimental measurements of particle egress (Section 3), SOW#2 and #3. This campaign aims to assess
the influence of receiver geometry and external wind on the magnitude of particle egress through the
receiver aperture using laser diagnostics. It also aims to quantify the effectiveness of methods to mitigate
particle egress, with and without external wind. This campaign will be run in two stages:
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i.

Stage I: Measurements of particle egress in a lab-scale receiver without external wind. Mitigation
strategies that will be assessed includes horizontal baffles, re-positioning the hopper relative to the
aperture, cavity volume reduction, porous shields and suction;
ii. Stage II: Identical to above, except the influence of external wind at different angles and wind
speeds will also be investigated
c) Development of an analytic model of a free-falling particle curtain (Section 4), SOW #3. An analytic model
of free-falling particles which takes into account particle and fluid properties, including particle initial velocity,
bulk density and sphericity, was developed. This model provides a useful design tool to quickly and reliably
predict important particle curtain properties, such as curtain opacity, particle velocity and particle
concentration, downstream of the exit plane for a variety of input conditions. The analytic model can also be
used to quickly assess the key parameters which control curtain opacity and curtain velocity;
d) Computational fluid dynamics (CFD) modelling (Section 5), SOW#3. This campaign aims to develop a new
CFD model of a representative falling particle receiver to assess the efficacy of a range of strategies to
mitigate particle egress and advective losses. The model utilises a dense discrete phase model which takes
into account particle-particle collision. The parameters of the CFD model were matched to the experiments
presented in Sections 0 and 3, although it can also be used to model any arbitrary receiver geometry;
e) Thermodynamic modelling of a pneumatic lift (Section 6), SOW#4. The aim of this campaign is to develop
a thermodynamic model of a pneumatic lift, and to apply this model to predict the performance of pneumatic
conveyancing of particles under conditions relevant to the G3P3 plant; and
f) Experimental technique development (Section 7), SOW#1, #2 and #3. This campaign aims to develop the
new experimental methods that are needed to successfully complete the other goals of the overall project,
particularly in the near future. The techniques that have been developed are i) a novel method to
simultaneously measure both particle and gas phase velocities simultaneously and ii) a technique to
measure particle velocity and number density within a densely seeded particle curtain. These methods will
be heavily utilised to in the next stages of campaign a) and b) above.
1.3

Project timeline

Table 1 presents a summary of the research campaigns and their respective expected completion dates. The
tick symbol indicates that the task has been completed, while the dates marked in red denote tasks that are
behind schedule. The timeline for the research program has been divided to three stages, with stages II (2021)
and III (2022-2023) occurring after the project down-select by the DoE. It should be noted that the original scope
of work for the CET was for a 3-year program (i.e. 2019 to 2021), however, this was separate into two stages to
take into account the DoE down-select process. As a result, the original scope of work period has been divided
into two stages, Stage I (2019 to 2020), which has been confirmed, and Stage II (2021), which is pending
confirmation by the DoE.
As can be seen from Table 1, significant progress has been made in the past 2 years, with all research
campaigns having completed major tasks as scheduled. There are, however, some tasks that are behind
schedule (marked in red). These tasks are approximately 3 months behind schedule. This was partly due to the
effect of Covid-19, which has a significant impact on the project timeline. In particular, the various Covid-19
restrictions caused significant delays to sourcing equipment (such as the fan for the wind tunnel), limited access
to laboratories, increased the burden on computational facilities (due to the peak in demand) and imposed delays
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to obtaining spare parts for damaged lab equipment (e.g. the high speed cameras). The total delay caused by
Covid-19 is estimated to be between 4-6 months.
Stage I:
2019 to
2020

Research campaign
Fundamental study of a free-falling particle curtain
- Measurements of curtain opacity and expansion
- Measurements of particle velocity and concentration
within curtain
- Measurements of gas entrainment into curtain
- Measurements of particle temperature in a radiatively
heated falling particle receiver
Experimental measurements of particle egress
- With baffles, without wind
- With cavity volume reduction, without wind
- With suction, without wind
- With internal porous screens, without wind
- Base case, with different wind speeds
- With baffles and different wind speeds
- With cavity volume reduction and different wind speeds
- With suction and different wind speeds
- With internal porous screens and different wind speeds
- With external porous screens and with different wind
speeds
Development of an analytic model of a free-falling
particle curtain
- Assess effect of particle size
- Assess effect of particle sphericity
- Assess effect of particle mass flow rate
- Evaluate influence of particle bulk and absolute density
Computational Fluid Dynamics (CFD) Modelling
- Development of a CFD model for conditions relevant to
falling particle receivers
- Evaluate effect of particle size distribution
- Evaluate effect of hopper location
- Assess impact of horizontal baffles
- Evaluate the effect of suction and co-flow
- Evaluate effect of aperture location
- Evaluate the effect of wind (Southerly-Northerly)
- Assess effect of mass flow rate
- Evaluate the effect of simulation constants (e.g. 2-way vs
4-way coupling, drag model, collision model)
- Assess effect of porous baffles and barriers
- Evaluate the effect of hot particles
- Evaluate the effect of sun irradiation

Stage II:
2021

Stage III:
2022

✓
Q3 2021
Q4 2021
Q4 2022
✓
✓
Q1 2021
Q1 2021
Q1 2021
Q1 2021
Q1 2021
Q2 2021
Q2 2021
Q2 2021

✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
✓
Q1 2021
Q1 2021
Q2 2021
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- Evaluate the effect of wind direction and velocity
Q2 2021
✓
Thermodynamic modelling of a pneumatic lift
Experimental technique development
- Development of a method to simultaneously measure
✓
particle and gas velocity
- Demonstration of an optical method to measure particle
✓
velocity and concentration within curtain
Table 1: Summary of research campaigns, including completion status. The tick indicates that the task
is complete, while the dates indicate the expected future completion dates. The dates marked in red
denote tasks that are behind schedule.

CENTRE FOR ENERGY TECHNOLOGY - p10

Report #CET-G3P3-RPT-2020-001
Commercial in Confidence

2 Fundamental Study of Curtain Opacity and Expansion
2.1

Introduction

The particle-fluid dynamics within a free-falling particle solar receiver is highly complex, with mutually interacting
processes of particle-fluid interaction, turbulence generation and modulation, particle-particle collisions, fluid
entrainment and particle clustering. In solar receivers, the particle-laden flow is also subjected to high flux solar
radiation, leading to further processes such as radiation absorption, re-radiation by particles, shadowing by
particle clusters and extinction. This system is also difficult to investigate because the presence of the particles
damages probes and/or generates strong interference to many of the optical methods that have been developed
for other environments. This combination of challenges mean that these complex phenomena are poorly
understood, which results in significant uncertainty in the numerical models that are needed to optimize and
upscale the technology, contributing to sub-optimal receiver design and operation.
The experimental challenges have contributed significantly to the dearth of the detailed and systematic data that
are needed for the development and validation of computational models. The further development of
experimental methods is therefore a necessary pre-requisite to the provision of the requisite data. Therefore,
this part of the research campaign aims both to advance the experimental methods and begin to obtain the
systematic and detailed data under well-characterised conditions that are also relevant to practical solar
receivers.
In particular, this research campaign aims to systematically study the effects of particle size and hopper outlet
geometry on particle curtain opacity and expansion, together with particle mass flow rates. This has been
achieved by conducting 1) strain gauge measurements of instantaneous particle mass flow rates and 2) spatiallyresolved optical measurements of instantaneous particle curtain opacity for a series of ceramic Carbo particles
free-falling from a rectangular orifice of a hopper into a quiescent environment.
2.2

Experimental Arrangement

The fundamental study of particle curtain opacity and expansion was conducted in an unconfined space with
experimental arrangement illustrated in Figure 1.
A series of hoppers, each with a rectangular outlet orifice with a fixed width of 60mm but with varying gap sizes
of 3mm, 4mm and 5mm, were used to feed solid particles into a quiescent environment.
The particles used were CARBOBEAD CP ceramic particles with a material density of 3270 kg/m3. Seven
particle sizes were used, corresponding to particles sieved through seven different mesh sizes. The diameters
of the particles were measured using a Malvern sizer located at The University of Adelaide. A summary of the
particle median diameters, together with the standard deviation of the particle diameter, for all mesh sizes are
shown in Table 2 below.
A pair of strain gauges supporting the hopper with particles were used to measure the instantaneous total weight
at a sampling frequency of 1000 Hz. This data was processed to provide the instantaneous particle mass flow
rates.
The particle curtain opacity and expansion was measured utilizing a backlighting system together with gated
imaging. A pulsed backlight was generated by a 257 mm × 1158 mm LED panel, with the pulsing frequency
fixed and the pulse duration fixed at 6.25 Hz and 100 μs, respectively.
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Median particle
Normalised standard deviation
diameter, dp (μm)
of particle diameter, σp/dp
70/140
154
24%
50/140
194
26%
40/140
231
32%
40/100
270
27%
40/70
324
25%
30/70
361
25%
30/60
453
25%
Table 2: Summary of median particle diameter and normalised standard deviation of particle diameter
for the seven different mesh sizes used in this study
Mesh size

Figure 1: Experimental arrangement of free-falling particle curtain (front view). The red dashed lines
show the two separate imaging regions. The black dots represent the solid particles.
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Two CCD cameras were used to simultaneously record the instantaneous light transmission through the curtain
at two separate regions of interest, as outlined in Figure 1. The camera was synchronized with the pulsed LED
panel (i.e. at 6.25Hz), with the exposure time of 100 μs, which is sufficiently short to “freeze” the flow. These
provide instantaneous measurements of curtain opacity and expansion from the exit plane to 1 m downstream
of the exit plane. Importantly, images were captured simultaneously with the mass flow measurements, so that
the data can be directly correlated.
2.3
2.3.1

Results
Particle bulk density

Figure 2 presents the bulk densities of the 7 different particle sizes measured using a scale along with two
graduated cylinders, with respective volumes of 1L and 2L. Both cylinders have the same footprint, such that
the 2L cylinder is approximately twice as tall as the 1L cylinder. The basis for using these two different cylinders
was to assess the effect of packing height on the bulk particle density. The black line indicates the manufacturer’s
quoted bulk density of 1880 kg/m3, which was independent of particle size.

Figure 2: Measured bulk densities of 7 different CARBO particle sizes using two graduated cylinders
with different volumes (1L and 2L). The black line represents the bulk density of 1.88 g/cm3 quoted by
the manufacturer.
The results show that there is a variation of some +/-5% in the bulk density with particle size, although no clear
trend is present. In particular, the bulk density for the 324 μm particles is lower than all other particle sizes. The
reason for this discrepancy is yet to be fully resolved, although this can be deduced to derive from various
combinations of differences in their distributions of particle size, shape and/or surface properties. For example,
slight variations in particle size distribution were measured in Table 2 (reported above), while the distributions
of particle shape are presently being investigated. In the meantime, the quantification of the maximum variation
from the specified bulk density of being ≈ 5%, is an important step and is already useful for design.
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2.3.2

Particle mass flow rates

Figure 3 presents the particle mass flow rates (per hopper width), m , normalized by the particle bulk density,
ρb, the square root of gravitational acceleration, g, and the hopper gap with, D, raised to the power of 1.5. Based
on the well-known Beverloo equation, this normalization will result in an approximately constant value,
independent of particle diameter, hopper width and hopper outlet thickness. The results are shown for the three
different hopper outlet sizes, 60/3, 60/4 and 60/5 (mm/mm), and the 7 different CARBO particle sizes. The
experimental results confirm that the normalized mass flow rates is insensitive to particle diameter, with the
normalized mass flow rate typically within the range of 1.2 to 1.5. This is consistent with the results of Ho et al
(2017), which measured a value of 1.4 using similar particles. However, the particles of different size show
secondary variations (apparently random) of up to 10%, which is also likely to be attributable to a combination
of their distributions of size, shape and surface properties.
However, the results also show that the normalized mass flow rates for the three hopper slot aspect ratios do
not exactly collapse. This is because the normalization assumes that the particle diameter is small relative to
the hopper slot thickness. This may account for the large variation in values for the 60/3 hopper in particular.
There appears to be a local minimum in the mass flow rate for all three hopper thicknesses at d p = 324 μm and
dp = 453 μm. These local minima are attributed to the lower bulk densities of these two particle sizes (see Figure
2), showing that particle bulk density influences particle mass flow rate, as expected. However, in general, the
results show that the mass flow rates between particle sizes of different hoppers exhibit a very similar trend.

Figure 3: Experimental measurements of particle mass flow rates from three different hopper outlet
thicknesses (3 mm, 4 mm & 5 mm) and 7 different CARBO particle median diameters. The width of all
three hoppers is constant at 60 mm.
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2.3.3

Particle curtain opacity

Figure 4 presents 7 representative instantaneous images comprising of instantaneous curtain opacities for 7
different particle diameters at a constant hopper exit thickness of 4 mm. Such measurements have not been
reported previously, with previous measurements not being well resolved and not being systematic. The results
show that the distributions of instantaneous opacities vary significantly with the particle size. In general, curtains
with a lower median particle size have greater average opacities throughout the measurement region. However,
there are several important features that can be observed. In particular, the measurements show that the
particles are not necessarily uniformly or randomly distributed within the region, but exhibit a strong influence of
aerodynamic clustering. Aerodynamic clustering does not necessarily imply physical contact, but is a preferential
concentration of particles due to large-scale aerodynamic flow features. The effect of these clusters not only
increases opacity locally where the clusters exist, but also reduces the opacity outside the clusters, due to the
reduced average particle number density within these non-clustered regions.

Figure 4: Experimental measurements of curtain opacity from a rectangular hopper of 4 mm thickness,
recorded at a falling distance between 0 and 500 mm from the hopper exit, for 7 different particle
diameters. Here, the particle flow is from top to bottom.
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Figure 5: Experimental measurements of curtain opacity as a function of dropping height for 7 different
particle diameters. Here, the hopper thickness is 4 mm.
In the case of larger particle sizes (324 & 453 μm), the clusters appear as long filament-like or rope-like structures
that are approximately aligned with gravity. The dp = 231 μm and 361 μm cases exhibits clusters which can be
described as “puff-like” shapes. The reason for the development of these clusters, and the relationship between
cluster development and particle diameter, is not yet known. Nevertheless, the results here show that
importantly, the particle distributions cannot be assumed to be uniform, and by implication, the instantaneous
curtain opacities may vary significantly to the time-averaged values. This finding has significant implications for
RANS-based computational fluid dynamics modelling, which is only limited to predictions of time-averaged
(mean) values.
Figure 5 presents the time-averaged curtain opacity plotted as a function of the dropping height for 7 different
particle sizes at a fixed hopper thickness of 4 mm. Such measurements have also not been reported previously.
The results show that, unlike the mass flow rate, the opacity is significantly influenced by the particle size, with
larger particles tending to have lower opacities. Furthermore, the opacities for the larger particles tend to
decrease at a greater rate than the smaller particles, especially for falling heights less than ≈300 mm. The
greater rate of decay of opacity for the larger particles is attributed to the greater acceleration of these particles,
noting that drag force per unit weight is expected to be smaller for larger particles. The profile of opacity of the
dp = 231 μm case departs slightly from the other particle sizes. This is attributed to the significant clustering
which occurs for this particle sizes (see Figure 5). This also demonstrates that particle clustering not only impacts
the instantaneous curtain opacity, but it also has a strong impact on the time-averaged curtain opacity.
2.3.4

Curtain expansion

Figure 6 presents instantaneous side-view images of the particle curtain for the 7 different particle sizes.
Interestingly, the dispersion of particles away from the dense core of particles can be seen to begin very close
to the hopper exit, particularly for the smaller particles. The curtain of smaller particles also appear to be less
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susceptible to radial fluctuations and to have a narrower width at the downstream end of the curtain, at least
within the region of measurement (0~440 mm).

Figure 6: Instantaneous side view images of the particle curtain in the region between 0 and 440 mm
from the hopper exit for 7 different particle sizes. Here, the hopper thickness is held constant at 4 mm.
The particle flow is from top to bottom.
The particle curtain thickness as a function of falling height is presented in Figure 7. Such measurements have
not been reported previously. Here, the particle curtain thickness was computed by fitting a Gaussian curve to
the opacity distribution normal to the streamwise direction, and then calculating the standard deviation of the
fitted curve at each axial location. The curtain thickness is defined as 2 times this standard deviation. The results
show that for all particle sizes, there is an initial steep increase in curtain width within the first few mm from the
exit plane. The curtain width then decreases with falling distance for all particle sizes, although the rate of
decrease is a function of particle size. This region where the particle curtain width decreases is also known as
the necking region. The decrease in curtain width in this necking region is due to the acceleration of particles,
which decreases the local pressure, in turn resulting in particles being drawn towards the centreline. Further
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downstream from the necking region, the curtain width expands with falling distance. This is due to entrainment
of the surrounding gas, resulting in an increase in particle to particle spacing and a decrease in local particle
concentration.
The influence of particle diameter on the curtain thickness profile can be seen to be significant. These differences
are attributed to the mutually-interacting phenomena of particle acceleration, entrainment, shear between the
particle flow and the surrounding fluid and particle clustering. This highlights the need for the current
measurements, as current computational models cannot accurately simulate these complex phenomena.

Figure 7: Experimental measurements of curtain thickness as a function of falling height for 7 different
particle diameters.
2.4

Conclusions

The first systematic and well-resolved experimental study of the opacity, expansion and mass flow rates of a
free-falling particle curtain have been reported for a series of particle sizes and hopper outlet thicknesses. These
experimental results have shown that:
a) particle bulk density inside the hopper has a significant influence on particle mass flow rates;
b) particle size has no direct impact on the particle mass flow rate;
c) the instantaneous particle distributions are highly non-uniform, and with either “puff-like” or “rope-like”
clusters forming within the curtain, particularly for larger particle sizes. These clusters directly impact
both the instantaneous and time-averaged curtain opacity. This finding is important as it demonstrates
that current RANS-based computational models will not be able to predict curtain opacity reliably;
d) Curtains with smaller particles tend to increase curtain opacity through the measurement region;
e) The curtain expansion can be characterised by three regions, a region close (within milimeters) of the
exit plane, where the curtain expands significantly, a necking region, where the curtain thickness
gradually decreases, and the downstream region, where the curtain expands with falling distance. All
particle sizes display these three regions, although the location of these regions, and the rates at which
the curtain thickness varies, differ between particle sizes;
f) Within the investigated region (<1m of falling distance), the larger particles tend to generate a greater
curtain thickness.
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3 Experimental Measurements of Particle Egress
3.1

Introduction

Experimental measurements were conducted to measure particle egress from a simplified lab-scale particle
receiver, initially under isothermal conditions, utilising state-of-the-art laser diagnostic techniques. These
experiments were done without external wind to assess the effectiveness of several strategies to mitigate particle
egress through the aperture. In particular, these experiments aim to assess the effect of internal horizontal
baffles and internal cavity exit contraction on the average mass flux of particles leaving the aperture.
These experiments were matched where relevant to the fundamental experiments discussed in Section 2 and
to the computational fluid dynamics modelling discussed in Section 5.
Experiments with external wind will be conducted in the next stage of the project (see also Section 8).
3.2

Experimental Arrangement

The experiments required the design and construction of a lab-scale receiver and a purpose-built wind tunnel,
as shown in Figure 8. The details of the receiver geometry and particle properties are summarized in Table 3.
The vertical laser sheet was aligned to pass through the mid-plane of the receiver’s aperture. Particle image
velocimetry applied in this plane was used to measure the particle velocity and concentration instantaneously
which, in turn, was used to compute particle egress at each instant in time. The average particle mass outflow
(i.e. particle egress) was calculated by averaging the mass flux of all the particles leaving the aperture (only).

Figure 8: a) Experimental arrangement for the measurements of particle egress with and without external
wind; b) Side view of the experimental arrangement showing the region of interest, laser sheet location
and an example image of the particles released from the curtain.
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Particle type

CarboBead CP 40/100

Particle diameter (median), dp (µm)

257

Particle density (kg/m)3

3270 (absolute), 1880 (bulk)

Hopper angle (deg)

25

Hopper slot thickness, dh (mm)

4, 5, 6, 7

Hopper slot width (into page), Wh (mm) 200
Hopper horizontal offset, Δyh (mm)

80, 120, 160

Receiver height, hr (mm)

800

Receiver depth, yr (mm)

250

Receiver width (into page), Wr (mm)

250

Aperture size, Dap (mm)

225 x 225

Aperture vertical position, hap (mm)

245

Receiver exit gap, yrc (mm)
Collection chamber height, hc (mm)

15, 20, 30, 50, 75, 100, 125,
150, 200, 250
300

Collection chamber width, yc (mm)

380

Table 3: Summary of geometrical parameters and flow conditions for the measurements of particle
egress in the vertical wind tunnel.
No additional tracer particles were used for the purpose of PIV; the observed particles in the PIV image pairs
were generated due to dust formation and particle ejection the falling particle curtain. Hence, the velocity fields
obtained after post processing the images are representative of the velocities of particles within each
interrogation window. These velocities were used in conjunction with the average intensities within each
interrogation window to obtain a pseudo-mass flux for each case which aids in comparisons between the cases.
Figure 9 depicts the process to obtain the instantaneous mass flux from the recorded PIV image pairs. A
combination of Particle Image Velocimetry (PIV) and Planar Nephelometry (PN) was used to derive the
instantaneous mass flux during the experiments. Planar nephelometry is a laser diagnostic technique used to
estimate particle concentration (number density) from the intensity of the Mie scattering signal from particles.
This technique is useful for the measurement of particle concentration in densely-seeded flows as it does not
necessarily rely on the resolution of individual particles. Measurement of the laser sheet at regular intervals
along the sheet were performed to derive the beam profile and repeated regularly to ensure that the correct
beam profile was used to calculate the results. Measurements of the background light were performed for each
experimental run without the presence of the particle curtain. This allowed corrections for background and beam
profile. The instantaneous images were corrected for residual background illumination and for intensity variations
along the sheet. Utilising the intensity corrected images and instantaneous velocity vectors along a line outside
the aperture, pseudo mass fluxes for the different cases were derived to compare the particle egress for the
different cases. The positive mass fluxes (𝑚̇) from each instantaneous frame were summed and then timeaveraged across the data set to extract the particle egress for each case. The average particle egress for each
̅̇ ) was normalised using the average particle egress calculated for the base case (𝑚
̅̅̅̅̅̅̅̅
case (𝑚
̇ 𝑏𝑎𝑠𝑒 ).
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3.3

Results

3.3.1 Varying receiver discharge gap
Figure 10 presents the average mass flux through the aperture for a series of horizontal baffle (discharge) gaps,
𝑦𝑟,𝑒 , relative to the case where the baffles are completely open (𝑦𝑟,𝑒 = 𝑦𝑟 ). The results are shown for 4 different
particle mass flow rates where the particle egress is normalized using the results for the cases where the receiver
exit gap is fully open for each mass flow rate. The discharge gaps utilized have been normalized using the
thickness of the unconfined particle curtain at a height that is equal to the exit of the receiver (𝑑𝑝 ) as well as
the width of the receiver (𝑦𝑟 ) – to allow for correlations to be made based on these parameters. The results for
reducing the receiver discharge gap show that:
•

•

•
•
•

Particle egress for the lowest mass flowrate (1.11 kg/s/m) does not benefit from a minimised receiver
exit gap. An increase of 50% in particle egress is observed at the lowest gap tested and a maximum of
110% increase in particle egress occurs when 𝑦𝑟,𝑒 = 0.2* 𝑦𝑟 . A mass flow rate of 1.11kg/s/m also
exhibits a different trend to the other mass flow rates due to differences in curtain flow characteristics;
Minimising the opening between the receiver chamber and the collection chamber (for example, using
baffles) for higher mass flowrates (1.86 – 4.01 kg/s/m) can reduce the particle egress compared to a
receiver where the gap is fully open. Particle egress is reduced by 10 – 35% when the opening between
the receiver chamber and the collection chamber is approximately 2 times the thickness of the curtain
at the receiver exit. Reducing this gap causes instabilities in the curtain near the receiver exit gap and
can in turn increase the particle egress observed to the same value as a fully open receiver exit gap;
A local minimum in particle egress (reduction of 20 – 75%) was measured for higher mass flow rates
(1.86 – 4.01 kg/s/m) where the gap between the receiver and collection chambers was half that of the
width of the receiver;
Only a mass flow rate of 2.92 kg/s/m has consistent benefit in reducing particle egress across all receiver
discharge gaps tested;
The largest reduction in particle egress for mass flow rates of 1.86kg/s/m and 2.92 kg/s/m occurs at 𝑦𝑟,𝑒
= 0.5* 𝑦𝑟 (a reduction of 35% and 75% respectively). In contrast, the largest particle egress for a mass
flowrate of 4.01 kg/s/m occurs at 𝑦𝑟,𝑒 = 0.12* 𝑦𝑟 , where there is a 32% reduction in particle egress.

Furthermore, based on the instantaneous images (e.g. Figure 9), the particles that egress are typically
significantly smaller than the average particle size within the curtain. This size difference is sufficiently great
such that this difference is clearly observable based on the raw images alone.
These results indicate that horizontal baffles have the potential to reduce particle egress, however, the design
of the baffles needs to be optimized in conjunction with the curtain properties and the receiver geometry.
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Figure 9: Process to calculate the pseudo-mass flux from recorded PIV images
3.3.2 Varying hopper transverse location relative to the aperture
Figure 11 presents the normalized particle mass flux of particles through the aperture plane as a function of
transverse hopper location relative to the aperture, for 4 different hopper exit widths, and hence particle mass
flow rates, and 3 different discharge gap ratios. All comparisons are made relative to the particle egress observed
for the case where the hopper is located at the cavity centreline and the receiver discharge gap is fully open.
The results show that:
•

•
•
•

For hopper exit planes in the range 0.33< yh < 0.66 the particle egress increases with distance of the
curtain from the exit plane for cases without wind. The recirculation region between the front wall and
the particle curtain is increased by increasing yh over this range, which causes stronger recirculation
through the aperture plane. This effect may be different for cases with wind, and cases where the particle
curtain is even closer to the back wall will be investigated in the future;
For discharge gap ratios larger than 0.4, particle egress is minimised by locating the hopper at the centre
plane of the receiver;
When the receiver discharge gap is fully open, a hopper placed closer to the back wall increases the
particle egress by 100 – 450 %, depending on the hopper width (and hence mass flow rate);
For mass flow rates between 1.86 and 4.01 kg/s/m, the particle egress is reduced by 50% when the
hopper is closer to the aperture and 𝑦𝑟,𝑒 ⁄ 𝑦𝑟 = 0.2. This implies that it is desirable to preferentially
generate circulation on the wall-side of the curtain relative to the aperture side of the curtain;
The lowest mass flow rate tested (1.11 kg/s/m) has different particle egress characteristics compared
to the other mass flow rates at low discharge gap ratios (𝑦𝑟,𝑒 ⁄ 𝑦𝑟 = 0.2 and 0.4). The curtain flow
characteristics may differ between the different mass flow rates and warrants further investigation.
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Figure 10: Net average mass flux of particles through the aperture, normalised by that obtained with the
maximum discharge gap, as a function of the receiver exit gap, normalised by the thickness of the
equivalent free curtain at the receiver exit plane, for a series of curtain mass flow rates.

Figure 11: Net-averaged positive mass flux through the aperture as a function of normalised distance of
the hopper plane from the aperture for a series of discharge gap ratios. The mass flux results have been
normalised using the mass flux obtained for each curtain mass flow rate when the receiver discharge
gap is fully open.
3.3.3 Effect of exit contraction
Figure 12 presents the time-averaged mass flux of particles leaving the aperture for cases where the internal
cavity volume was reduced. Here, two different exit contractions were used, one characterized as “large exit
contraction” (LC) and the other “small exit contraction” (SC). The results show that:
•

•

Addition of exit contractions near exit of the receiver reduces particle egress by 32 – 42% for the cases
where the receiver discharge gap ratio is sufficiently large (𝑦𝑟,𝑒 ⁄ 𝑦𝑟 > 0.4). This effect is attributed to
reduced recirculation in the cavity due to the reduced volume in the receiver. Additionally, the angle of
the contraction may bounce particles ejected from the particle curtain towards the collection bin rather
than towards the aperture.
In the two scenarios tested, the larger exit contraction (LC) resulted in lower particle egress compared
to the smaller exit contraction (SC). This effect is greater where the receiver discharge gap is increased.
At 𝑦𝑟,𝑒 ⁄ 𝑦𝑟 = 0.4, case SC has the same particle egress as the base case (no additions) and the
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particle egress drops by 32% when 𝑦𝑟,𝑒 ⁄ 𝑦𝑟 = 0.5. Comparatively, case LC has a reduction in particle
egress of 26% at 𝑦𝑟,𝑒 ⁄ 𝑦𝑟 = 0.4 and 42% at 𝑦𝑟,𝑒 ⁄ 𝑦𝑟 = 0.5.

Figure 12: Time-averaged positive mass flux at the aperture for two configurations of tapered exit
contraction in the receiver, relative to the reference case. The mass flux results have been normalised
using the mass flux obtained when the receiver discharge gap is fully open.
3.4

Conclusions

The results show that, for the case without the influence of wind, the geometric configuration of the internal
cavity has a substantial influence on the particle egress, so that its optimization is important. In particular, it has
been found that:
• Particle egress is driven by the internal recirculation of flow between the curtain and the aperture plane.
Hence anything that reduces the strength of this recirculation is beneficial;
• The geometric dimension with the biggest influence was found to be the width of the exit gap at the
bottom of the receiver. The best cases reduced the egress by ~75% compared with the reference case,
while the worst cases increased the egress by ~50% compared to the reference. For the higher mass
flowrates tested, particle egress is reduced where the gap of the opening at the receiver exit plane is
twice the width of the unconfined particle curtain at the equivalent fall height. However, the lowest
particle egress for mass flow rates of 1.86 kg/s/m and 2.92 kg/s/m occurs when the receiver discharge
gap is half the width of the receiver. More work is required to fully understand how to optimise this
parameter;
• Over the range of geometries assessed here, the particle egress is reduced when the hopper is placed
equidistant between the aperture and the back wall of the receiver. There is lower particle egress when
the hopper is closer to the aperture than when the hopper is closer to the backwall. The only scenario
where the hopper placed closer to the aperture resulting in lower particle egress than the hopper placed
in the middle occurs when the receiver discharge gap is very small (𝑦𝑟,𝑒 ⁄ 𝑦𝑟 = 0.2). However, we have
not yet assessed the case where the particle curtain is adjacent to the back wall.
• The use of a tapered contraction from the receiver walls to the exit plane was found to reduce particle
egress by up to a further 60% for 𝑦𝑟,𝑒 ⁄ 𝑦𝑟 > 0.3. However, the tapered outlet increased particle egress
for the case in which the discharge width was too great.
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4 Analytic Model of a Free-Falling Particle Curtain
4.1

Introduction

Particle-laden flows play an important role in many industrial processes such as mining, agriculture,
pharmaceuticals, cement, and more recently in the solar thermal falling particle receiver technology under
development (Kuzmina et al., 2018, Siegel et al., 2015). Most of these applications involve a discharge of
particles from a hopper or belt conveyor, such that dense stream of particles free-falls within a near-quiescent
environment. Fundamentally, these flows are predominantly gravity-driven, such that the particle velocity, the
shear between the particle-fluid jet and the consequent surrounding fluid entrainment into the particle stream,
increases with falling distance. This results in the expansion of the particle plume with falling height, which in
turn increases the practical challenges associated with the collection and subsequent handling of particles
(Goetsch and Regele, 2015). Additionally, the entrainment of air into the particle stream causes a decrease in
the particle concentration (number density) and stream opacity, while also increasing the dispersion of particles
and heat (if the particle stream is heated) to the surroundings. That is, air entrainment has a significant impact
on the performance of any practical system employing suspended particles, such as the falling particle receivers
that are under development for use in concentrating solar thermal systems (Ho et al., 2017). Thus, understanding
the dynamics of the falling particles and developing tools to predict flow entrainment prediction, particularly under
conditions relevant to industrial applications, is crucial for the development of safe and sustainable industrial
systems employing particles. Nevertheless, while the parameters that influence the evolution of a falling particle
curtain have been identified, their relative significance in the dispersion of heat and mass based on the
underlying equations has not been reported previously. For this reason, the overall aim of the present
investigation is develop an analytic model of falling particles under conditions relevant to densely-seeded falling
particle systems.
More specifically, the aim of the present investigation is to develop new analytical models of a curtain of particles
free falling under gravity from a rectangular slot into a quiescent medium. The aim is to develop a model to
account for non-spherical particle shapes, while enabling reliable calculations of the falling velocity of the
particles, the volumetric flow rate of entrained air, and opacity of the particle stream. The effect of particle loading
(mass flow rate), particle physical properties (bulk density, density and size), and particle sphericity on the
particle velocity, entrained air flow rate, opacity and curtain thickness are presented and discussed.
4.2

Analytic model details

To derive the governing equations, a control volume is placed around the particle plume and the equations of
motion for each phase are developed based on the momentum transfer between two phases as shown in Figure
13.
Here, a single particle in the particle stream is considered with a velocity that is assumed equal to the average
velocity of the particles in the stream at a given height. Considering the forces acting on the particles in core
flow, the momentum balance for the solid phase can be written as follows:
𝑑𝑈𝑝
(1)
𝑚𝑝
= ∑ 𝐹 = 𝐹𝐺 − 𝐹𝐷 − 𝐹𝐵 ,
𝑑𝑡

where 𝑚𝑝 is the particle mass, 𝑈𝑝 is average particle velocity at the specific height, 𝐹𝐺 represents the weight,
𝐹𝐷 is drag force and 𝐹𝐵 is the buoyancy force. The effective drag coefficient is first written in terms of a stream
coefficient introduced using the stream coefficient (i.e. 𝐶𝑠 ) which allows to account for the volume fraction of
particles, which influences particle drag to account for the effect of the cluster (Liu et al., 2003, Oles, 2014).
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Figure 13: a) Control volume around the curtain and entrained air. The fraction of particles in the sheath
layer is assumed negligible compared to the core, which strongly affects the air. It is also assumed that
the gas in the sheath only has a horizontal component of velocity, b) Magnified view of particles in the
gas and the total forces acting on the group of particles.
Hence:
𝑈𝑝

𝑑𝑉𝑝
𝑑𝑦

=

(𝜌𝑝 −𝜌𝑔 )
𝜌𝑝

3

𝜌𝑔

𝑔 − 4 𝐶𝐷,𝑒𝑓𝑓 𝑑

𝑝 𝜌𝑝

2

(𝑈𝑝 − 𝑈𝑔 ) , 𝐶𝐷,𝑒𝑓𝑓 = 𝐶𝐷 𝐶𝑠 ,

(2)

where 𝑈𝑔 is gas velocity and 𝐶𝐷,𝑒𝑓𝑓 is the effective drag coefficient. The stream coefficient is computed based
on the experimental data determined by Chakoui et al. (1999) as a function of volume fraction (ε), Archimedes
number (Ar), and the particle Reynolds number 𝑅𝑒𝑝,𝑡 based on the terminal velocity of the particles as follows:
−1.94
0.43
(3)
𝐶𝑠 = 𝜀 (−23.21 𝐴𝑟 𝑅𝑒𝑝,𝑡 −2.39) .
The transfer of momentum between the particles and the surrounding gas phase flow provides a basis for
modeling the gas-phase. A control volume is considered around the particle curtain and the full-enclosure gasphase fluid dynamics are simplified assuming a non-compressible isothermal medium. According to the
experiments and plume theory (Liu et al., 2003), the vertical velocity of entrained gas, 𝑈𝑔 , can be approximated
with a Gaussian velocity profile characterized by a representative velocity (𝑈𝑚𝑎𝑥 ) and thickness of the induced
airflow (∆𝑧𝑔 ) as shown in Figure 1(a). Thus the following equation can be used to present the velocity distribution
of the entrained air at any given fall height.
−

𝑈𝑔 = 𝑈𝑚𝑎𝑥 𝑒

𝑧2
2
∆𝑧𝑔
⁄6)
2(

.

(4)
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A control volume analysis is was performed around the curtain as shown in Figure 1 to extract the governing
equation. Considering that the gas is not compressible, and there is no mass exchange in the horizontal direction
for gas flow:
𝜕𝜌𝑔 𝑤𝑔
𝜕𝑧

+

𝜕𝜌𝑔 𝑈𝑔
𝜕𝑦

= .

(5)

Integrating over the control volume and considering that the entrained air has just only a horizontal component
at the edge of the stream and only the vertical component in the core region, we obtain the following:
𝜕𝑊𝑔
∞
𝜕 ∞
(6)
𝑑𝑧,
∫0 𝜌 𝑈𝑔 ∆𝑥∆𝑦𝑑𝑧 = − ∫0 𝜌 ∆𝑥∆𝑦
𝜕𝑥

𝜕𝑧

𝜕 ∞
∫ 𝜌𝑈𝑔 ∆𝑥∆𝑦𝑑𝑧
𝜕𝑦 0

= 𝜌∆𝑥∆𝑦(𝑤𝑔,∞ − 𝑤𝑔,0 ),

(7)

therefore
̇
𝜕𝑚𝑔,𝑥
𝜕𝑥

∆𝑥 = −𝜌∆𝑥∆𝑦𝑤𝑔,𝑒𝑑𝑔𝑒 ,

(8)

where 𝑤𝑔,𝑒𝑑𝑔𝑒 is the horizontal velocity of the gas phase in the z-direction at the edge of the air curtain. This
means that the change of in mass flow rate of gas in the vertical direction is equal to the mass flow ratethat of
the gas sucked induced into the domain core through on the edge of the plume. With some rearrangements and
simplifications, this yields:
𝑑 ∞
(9)
∫ 𝑈𝑔 𝑑𝑧 = 𝑤𝑔,𝑒𝑑𝑔𝑒 .
𝑑𝑥 0
According to Murton et al. (1956) and Liu (2003), the entrained fluid across the flow stream can beis proportional
to the velocity of the stream as 𝑤𝑔,𝑒𝑑𝑔𝑒 = 𝛼𝑈𝑔 (Morton et al., 1956, Morton, 1962, Liu, 2003), where 𝛼 is the
proportionality factor (entrainment factor) and depends on the properties of the particles. Thus, assuming the
symmetry, equation becomes as follows:
𝑑
(𝑈𝑔 ∆𝑧𝑔 ) = 2𝛼𝑈𝑔 ,
(10)
𝑑𝑦
where the 𝑈𝑔 is the gas mean-velocity. The momentum flux of the air can be determined from a force balance
on the particles and the differential entrained gas element because the change in gas momentum is equal to the
drag force on the particles in the differential core element per unit drop height. Further, considering conservation
of the number of particles, we obtain:
𝑑

3

(𝑚̇𝑔 𝑈𝑔 ) = 4 𝐶𝐷 𝐶𝑠
𝑑𝑦

𝜌𝑔 (𝑈𝑝 −𝑈𝑔 )
𝑑𝑝

2

(

𝑚̇𝑝
𝜌𝑝 𝑈𝑝

).

(11)

The effect of non-sphericity of particles was taken into account by developing further the general drag equation
proposed by Clift and Gauvin (1985),
24
𝑎3
𝐶𝐷 = 𝑅𝑒 ( + 𝑎1 𝑅𝑒 𝑎2 ) +
𝑎4 ,
(12)
1+

𝑅𝑒1.16

where 𝑎1 , 𝑎2 , 𝑎3 , 𝑎4 are empirical constants that depend on sphericity of the particle. The sphericity factor is
defined as the ratio of the surface of the sphere with the same volume to the surface of the particle itself as
follows:
1 1 2

𝜓=

363 𝜋 3 Ɐ3𝑝
𝕊𝑝

,

(13)

where Ɐ𝑝 is the particle volume and 𝕊𝑝 is the surface area of the particle. Using the experimental data in the
literature (Haider and Levenspiel, 1989, Pettyjohn and Christiansen, 1948, Schmiedel, 1928, Squires and
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Squires, 1937, Willmarth et al., 1964), and regressing the formula the coefficients have been calculated for
different sphericities as presented in Table 4
𝜓

𝒂𝟏

𝒂𝟐

𝒂𝟑

𝒂𝟒

0.026
12
0.115
110
6
0.043
7.5
0.14
65
8
0.123
3.8
0.15
28.5
25
0.23
2.5
0.21
15
30
0.67
0.45
0.5
1.95
400
0.806
0.3
0.55
1.315
1900
0.846
0.26
0.58
1.1
3000
0.906
0.2155
0.615
0.8
4500
1
0.15
0.687
0.42
42500
Table 4: Calculated constants based on the experimental data in the literature (experimental data was
obtained from Haider and Levenspiel, 1989, Pettyjohn and Christiansen, 1948, Schmiedel, 1928, Squires
and Squires, 1937, Willmarth et al., 1964)
Using the tabulated data in Table 4 the following formula is developed for the drag coefficient.
(5.5 𝜓 −0.8299 − 5)
24
(0.5715𝜓+0.09324)
−0.5261
(
𝐶𝐷 =
( + .8𝜓
− .65)1 𝑅𝑒
)+
(4.25 × 4 𝜓35.64 )
𝑅𝑒
+
𝑅𝑒 1.16
Term 1

(14)

Term 2

Term 2 is dominant at low Reynolds numbers where the Stokes law is applicable, while the Term 1 represents
the high Reynolds number where the flow is fully turbulent and the drag coefficient is constant. Figure 14 (a)
presents both the measured and calculated drag coefficient as a function of Reynolds number for a wide range
of non-spherical particles. As can be seen there is a good agreement between the predicted and experimental
data especially for 𝑅𝑒
where most particle-driven flows in industrial applications reside. The drag
coefficient can be divided into three regimes based on the dominancy of inertial or viscous forces. The dominant
force acting on the particle for small Reynold number (usually 𝑅𝑒
) is the viscous forces followed by the
transitional regime in which the viscous and inertial forces are comparable. Increasing the Reynolds number,
the particle enters Newton’s regime in which the viscous forces are negligible and the drag coefficient becomes
constant. Figure 14b provides more insight into the well-known finding that the drag coefficient of a non-spherical
particle is generally higher than a spherical particle with the same equivalent diameter. This is achieved by
plotting the relative contribution of the two terms in equation 13, together with the total, for the case 𝜓 = .9.
As can be seen, Term 1 is dominant for low Reynolds numbers while Term 2 becomes more pronounced as the
Reynolds numbers increases. That is, the influence of increased surface on friction drag of non-spherical
particles are dominates at low Reynolds number, while the influence of increased projected area which results
in higher pressure drag, dominates at high Re. It can be also seen that Newton’s regime expands as the
sphericity is reduced. This shows that the wake instability and flow separation for non-spherical particles starts
at lower Reynolds numbers. This figure also clearly shows the pivot point at which the sum of these two parts
results in a constant drag coefficient which is the initiation of Newton’s regime.
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Figure 14: A comparison of the calculated and measured drag coefficient for various values of particle
sphericity as a function of particle Reynolds number; solid lines represent the prediction obtained with
equation 13, while the data points are experimental data reported by Haidar and Levenspiel (1988). b)
the relative significance of the two terms in equation 14 for 𝛙 = 𝟎. 𝟗.
To assess the performance of the drag coefficient for granular particles, the model is compared with
experimental data by Dioguardi et al., (2017) for a range of sphericities in Figure 15. The data presented by
Dioguardi et al., (2017) was used to calculate the drag coefficient for each case (each data point represents a
single case for a specific particle with a given sphericity and at a particular Reynolds number). As seen, results
show a good agreement with experimental data especially at Reynolds numbers less than 100. However, the
current model overpredicts the drag coefficient for more spherical granular particles for Reynolds numbers
greater than 100. This can be explained by increased instability in the wake and the forward shift in the
separation due to the irregularity in the shape which results in lower drag in the experiment. Generally, the drag
coefficient of the irregular particles is less than the particle with a regular shape or smooth surface with the same
sphericity due to the instabilities in the boundary layer and advanced separation on the irregular particles. It is
also worth mentioning that measuring sphericity of a granular particle is also associated with uncertainties which
add to the difference between prediction and experimental results. To improve the performance of the model for
granular particles, it is suggested to modify the sphericity using the Reynolds number to account for the
irregularity in the shape. It should be also noted that the Reynolds number of particles in most industrial
applications lies below 100 in which the current model provides good prediction when compared with
experimental data.
Another parameter which affects the prediction of the entrained air flow rate and particle velocity is the
entrainment factor. Using an entrainment model instead of computationally solving the Navier-Stokes equation
for two-phase flow, reduces the computational cost significantly. Air entrainment is affected by the particle
properties, such as density, diameter, sphericity, the drag model, and even the shape of the plume. Here a
model presented by Oles et al. (2014) is modified by fitting the model to the experimental data presented by Kim
et al. (2009) as suggested by Oles et al. (2014):
6
−10.6
4 .27 × 𝑒 −1069𝐷𝑝 × .996810 𝐷𝑝
𝜌𝑏
−7
𝛼=
[ .62 ×
( )
+ . 926] (15)
𝜓
𝜌𝑝
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Figure 15: a) A sample of granular particle used in the experiment (Dioguardi et al., 2017), b) Predicted
and experimental drag coefficient for particles with 𝟎. 𝟑 𝝍 𝟎. 𝟔𝟓, c) Predicted and experimental
drag coefficient for particles with 𝟎. 𝟔𝟓 𝝍 𝟎. 𝟗𝟒. As can be seen the deviation between the
prediction and the experimental data is larger for 𝟎. 𝟔𝟓 𝝍 compared to smaller sphericities.
4.3

Results

The effect of particle size on entrained mean air velocity, the air volumetric flow rate, stream curtain thickness
and void fraction is shown in Figure 16 for a given mass flow rate of 1.2 kg/sm from a 4.8mm rectangular slit. As
can be seen the air velocity follows a similar trend to the particle velocity. However, the air velocity is higher for
the smallest particle size in the first meter of fall when compared to the 300-micron particles. This can be
explained by a higher rate of momentum exchange for the small particles due to a higher drag force which
causes the particles to reach terminal velocity after a meter fall from the hopper. Consequently, the entrained
air volume increases with decreasing particle size. The thickness of the stream which is the region where the air
is affected the most (see the core region in Figure 13a) is shown in Figure 16c. This region is defined as the widt
where the vertical velocity of air becomes negligible in comparison with the maximum central velocity. As can
be seen, the curtain expands linearly with fall distance consistent to the literature (Kim et al., 2009). The solid
fraction in the curtain reduces by drop distance as the air drawn into the curtain. Results also reveal that the
curtain expansion and solid fraction are higher for smaller particles. This is because smaller particles have less
acceleration owing to their greater drag force (relative to their weight), which in turn results in higher solid
fraction. Thus smaller particles result in a more opaque plume.
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The effect of particle mass flow rate is depicted in Figure 17 for CarboHSP particles of 697-micron size. The
results show the particle velocity and plume thickness predicated by the analytic model is in good agreement
with experimental data. Furthermore, the particle velocity increases with the mass flow rate, however, the effect
of mass flow rate on particle velocity is less than the other parameters such as sphericity and particle size. The
effect of mass flow rate on the entrained air velocity and the volumetric flow rate is more significant, since
increasing the mass flow rate and initial thickness of the curtain increases the total amount of momentum transfer
to the air. However, the expansion rate of the curtain is higher for lower mass flow rates due to less packed
swarm which allows the air to penetrate the curtain easier.
Figure 17e presents the solid fraction for different mass flow rates calculated by the model as well as the
experimental values. Although the model tends to over predict the solid fraction, the predicted trend is similar to
experimental data (Ho et al., 2015). The difference may lie in the different characteristics of the measurement
techniques and the calculations. The experimental measurements were done using an impedance technique
which correlates the solid fraction to the dielectric permittivity of the medium containing the particle curtain (Kim
et la., 2009). As mentioned by Kim et al. this method relies on the accurate measurement of curtain thickness
which is difficult and prone to uncertainty using optical techniques. As can be seen the solid fraction is higher
for higher mass flow rates. Furthermore, solid and void fractions do not change significantly for intermediate
mass flow rates between 2.9 and 4.5 kg/sm. The lowest solid fraction occurs for the lowest mass flow rate where
the curtain expansion rate is higher when compared to other cases.
To investigate the effect of density of the particles, 4 different particles with different materials as listed in Table
5 were considered. All of these particles have a diameter of 500 𝜇𝑚. The effect of particle density on the particle
plume and entrained air is shown in Figure 18. Four different materials have been chosen for comparison which
their specifications are presented in Table 5. A 6 mm discharge is considered for all cases while all the particles
are assumed to be completely spherical. The mass flow rate of different particles in this section are calculated
using the Beverloo equation as follows:
(16)
𝑚̇ = 𝐶𝜌𝑝 √𝑔 (𝑑0 − 𝑘 ∙ 𝑑𝑝 )
where 𝐶 and 𝑘 are constants which are calculated experimentally and 𝑛 is the dimension factor (i.e. 3/2 for 2D
and 5/2 for 3D model). Using the suggested constants by Ho et al. (2016) the mass flow rate of each particle is
calculated and presented in Table 5.
Material

𝒌𝒈

𝒌𝒈

𝒌𝒈

Density (𝒎𝟑 ) Bulk density (𝒎𝟑 ) Mass flow rate (𝒔.𝒎)
Corvic vynil
1487
512
0.5855
Alumina
2465
1010
1.1551
Carbo HSP
3500
2000
2.2872
Sand
2803
1400
1.6011
Table 5: Properties of the particles used in the current section.
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Figure 16: Predicted effect of particle size on the axial evolution of a) Entrained air velocity, b) Entrained
air volumetric rate, c) Curtain thickness, d) solids fraction. All particles are Carbo HSP ceramic particles
with a mass flow rate of 1.2 kg/s.m.
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Figure 17: Effect of particle mass flow rate for Carbo particles with a diameter of 697 µm for 4 different
mass flow rates between 1.2 kg/s.m to 6.7 kg/s.m; a) Particle velocity, b) entrained air velocity, c)
Volumetric entrained air, d) Curtain thickness, e) Solid fraction.
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Figure 18: Predicted effect of particle material on the axial evolution a) particle falling velocity, b)
entrained air velocity, c) Volumetric entrained air, d) curtain thickness, e) Solid fraction. 𝛙 = 𝟏, 𝐝𝐩 =
𝟓𝟎𝟎 𝛍𝐦.
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Figure 19: Predicted influence of particle sphericity on the axial evolution of a) mean axial particle falling
velocity, b) Entrained air velocity, c) Volumetric air flow rate, d) Air curtain thickness, e) Solid fraction.
𝐤𝐠
Here 𝐝𝐩 = 𝟏 𝐦𝐦, 𝛒𝐩 = 𝟑𝟑𝟎𝟎 ⁄ 𝟑
𝐦
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As seen in Figure 18a, Carbo HSP particles, which have the highest density of all investigated particles, have
the highest falling velocity while Corvic Vinyl particles, which have the lowest density, have the lowest velocity.
However, the amount of entrained air within the particle curtain in Corvic Vinyl case is larger than the other
cases. This can be explained by less inertia and higher momentum transfer rate in Corvic Vinyl case which
results in more air being drawn into the curtain as well as a higher expansion rate for curtain thickness. Figure
18e shows that heavier particles result in a more opaque curtain after 3 meters of fall. Moreover, the solid fraction
for both Corvic Vinyl and Alumina curtains reaches a similar value after three meters of fall. Comparing the
properties of the particles, it can be concluded that the main contributor to the curtain properties, such as its
thickness and velocity, is the ratio of the bulk density to material density.
To evaluate the effect of particle shape on the plume aerodynamics, the variation of particle velocity, entrained
air velocity, air curtain thickness and volume, air void fraction, and solid fraction were calculated as depicted in
Figure 19. As can be seen, particle sphericity has a significant effect on the velocity of particles in the curtain.
Figure 19b shows that air velocity follows the same trend as particle velocity. Generally, it is expected that air
velocity decreases with decreasing the sphericity due to the lower falling velocity of particles. However, as seen
in Figure 19b, the air axial velocity increases when the particle sphericity reduces from 1 to 0.5. This can be
explained by higher momentum transfer due to larger drag force and less difference between particle velocity
and air velocity. The air velocity is about 57% of the particle velocity at 3 meters drop for spherical particles while
it increases to 74% for the particles with the sphericity of 0.5. Moreover, the air curtain thickness increases with
drop distance while more spherical particles form a thicker curtain. This is again due to higher drag which results
in more air being entrained into the curtain which is also evident in Figure 19d. Figure 19e and f reveal that solid
fraction decreases with drop distance while it drops faster for more spherical particles. It worth mentioning that
the solid fraction stays constant after a meter drop for very low spherical particles. It can be concluded that the
lower the sphericity the more opaque the curtain becomes.
4.4

Conclusions

A semi-empirical analytical model has been developed for a plume of particles falling from a rectangular slot,
which was not previously available. Using experimental data, an equation has been developed for the drag
coefficient of non-spherical particles. Results show a good agreement with experimental data for non-spherical
particles and reasonable agreement even for granular particles, especially for particle Reynolds numbers less
than 100. Using the newly developed drag model, the effect of particle size, particle sphericity, and particle mass
flow rate on particle velocity, entrained air velocity, entrained air volumetric flow rate and the solid fraction has
been investigated.
It is predicted that the velocity of the entrained air follows the same trend as particles. However, for the first
meter of the drop the induced air velocity is higher for the 150-micron diameter particles than for the 300-micron
size particles. Although smaller particles result in a more opaque curtain, the volumetric flow rate of the entrained
gas increases significantly. This would result in higher dust emissions and adversely affect the performance of
the system.
Alumina, Carbo HSP, Corvic Vinyl, and sand particles were modelled to evaluate the effect of particle density.
The calculations reveal that the particle velocity increases with density, as expected. Thus, residence times are
expected to increase with a reduction in particle density, such as is available with Corvic Vinyl. However, a less
obvious result is that the calculated solid fraction was found to be insensitive to particle density, which means
that the opacity of the plume is not significantly affected by particle density.
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It was also found that the distance at which particles in the curtain reach terminal velocity increases with the
particle sphericity. This is due to the effect of particle drag coefficient on particle spacing, which reduces the
overall drag of the curtain. Decreasing particle sphericity increases the residence times and the volumetric
flowrate of the entrained gas, together with the plume thickness. Lower values of sphericity also increases the
opacity of the plume during the fall. It can be concluded that the non-spherical particles disperse into the flow
more than do spherical particles, which will increase their propensity to be entrained into the recirculating flows
and to leave through the aperture.
4.5
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5 Computational Fluid Dynamics (CFD) Modelling
5.1

Introduction

The performance of a free-falling solar particle receiver is known to be strongly affected by the particle size
distribution, geometry of the receiver (e.g. location of the hopper, aperture location, and aperture shape), and
boundary conditions of the receiver at the hopper slot as well as at the geometry of the bin in which the particles
are collected. In practice, it is challenging and costly to optimize these parameters retrospectively after the
design is complete, making it desirable to employ computational fluid dynamics (CFD) models to design the
receiver prior to fabrication. However, there is a trade off between computational intensity and accuracy, so that
most current CFD models that are sufficiently fast for engineering design have significant inaccuracies. Hence,
we aim to increase the understanding of which modelling approaches are most reliable under conditions relevant
to practical falling particle solar receivers. Furthermore, this study will also compare the effect of receiver
geometry, hopper geometry and particle size distribution on particle egress and the flow fields within the receiver
cavity.
5.2

CFD modelling details

A CFD model was implemented to investigate the effect of different particle distributions inside a cavity receiver.
A Dense Discrete Phase Model (DDPM) which is a four-way Eulerian-Lagrangian model of the momentum and
energy exchange between solid and fluid phases, as well as the collision between particles, was used to model
the flow field and particle behavior. The turbulent flow field inside a scaled model cavity receiver was numerically
predicted using time averaged partial differential equations of mass, momentum and energy with an additional
source term which represents the effect of particles in the domain and accounts for two-way coupling of gas and
solid phases. The receiver was chosen to match the lab-scale model receiver used in the experimental part of
the project (see Sections 2 and 3), because these experiments will provide significant new validation data to
supplement the existing data in the literature. Particles were modelled to fall from a 0.006m×0.2m slot into a
cubic cavity with dimensions of 0.9m×0.25m×0.25m. Two different initial velocities for particles and entrapped
air were considered at the particle inlet as well as three outlet conditions in order to simulate their effect on the
flow field in the cavity and consequently performance of the receiver. A k-ԑ turbulent model was used to close
the partial differential equations. Particle trajectories were predicted using integration of the force balance on
spherical particles. Figure 20 and Table 6 summarise the cases that have been varied to assess their impact on
the particle egress and gas exchange at the aperture while Figure 21 shows the mesh generated in the
computational domain.
5.3

Results

The model is validated against experimental data by Kim et al. (2009). As seen in Figure 22, the calculated
velocity of particles using the current model agrees well with measured experimental data in published literature.
Some selected results are presented in this section to show the effect of the various parameters such as position
of the hopper, location of the aperture, particle size distribution, wind direction, and baffles on the particle egress
and gas flow.
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Figure 20: Schematic diagram of the three configurations that were assessed: a) free-falling particle
curtain (no confinement around the curtain), b) particle curtain within a receiver cavity (confined case),
without baffles, and c) confined case with baffles (cavity with collection bin and extra baffles to dissipate
the induced vortices).
Parameters

Unconfined

Confined

Confined
with baffles

Particle size (𝜇𝑚)



Monodispersed/Polydispersed
particles

















𝑘𝑔

Particle mass flow rate (𝑠.𝑚)
Position of the aperture

[150, 300, 600, 1000]



Position of the hopper
Baffles
Different Drag model
Collision factors

Variable range









Monodisperse: 27 𝜇𝑚
Polydisperse:
5 𝜇𝑚 −
425𝜇𝑚
1.105 – 4.01
ℎ𝑎𝑝 =

𝐷𝑎𝑝
2

, 𝐷𝑎𝑝 , .5𝐷𝑎𝑝

∆𝑥ℎ
2
= , ,
𝑥𝑟
2
ℎ𝑏 = 𝐷𝑎𝑝 , .5𝐷𝑎𝑝 , 2𝐷𝑎𝑝
Spherical,
Wen-Fu

Symlal-Obrien,



Table 6: Summary of the considered cases. The ticks indicate that the parameters were varied.
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Particle release

Aperture

Aperture

Figure 21: Example of the numerical mesh employed to model the cavity receiver.
Figure 23a presents a schematic diagram of the receiver and the induced airflow due to interaction of the curtain
with the ambient air. The entrained air, induced airflow and incoming wind result in an exchange of fluxes at the
aperture as shown in this figure. To compare the effect of Southerly and Northerly wind on the flow field and
performance of the receiver, velocity contours are depicted in Figure 23b and Figure 23c. As can be seen the
induced airflow due to incoming wind and momentum transfer between particle curtain and gas phase is stronger
in Northerly wind (from the rear). This shows that particle curtain is more affected by the wind when it blows from
the Northerly direction. Another factor which can be used to compare the effect of wind direction is the flow rate
at the aperture. The ingressed and egressed gas flow rates are calculated by integrating the gas velocity across
the aperture separately for the ingressed and egressed velocity components. The normalized influx and outflux
of air at the aperture in Figure 23d shows that both influx and outflux is significantly higher for Northerly case.
This reveals that more particle egress and advective loss is expected for head-on wind direction.
Another factor which influences particle egress is the particle size distribution. A broader particle size distribution
(i.e. a more polydisperse particle size) results in a larger range of drag forces, and hence particle velocities. This
increases the velocity differences between particles, thereby increasing the likelihood of particle to particle
collisions. This in turn, increases the number of particles egressing through the aperture.
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Validation of the model in cold condition
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Figure 23: a) Schematic diagram of the cavity and the flux exchange at the aperture of the scaled
receiver, b) and c) contour plots of gas velocity magnitude for the cases with Southerly and Northerly
wind, respectively and d) comparison of normalised influx and outflux at the aperture by the influx at
the aperture for no wind condition.

1.5

Figure 24 presents streamline patterns, gas-phase velocity magnitude contours and particle distributions for
three different flow conditions, namely, a case where horizontal baffles are used at the lower section of the
0
Northern/head-on
Southern/reverse
wind a case
cavity,
where awind
co-flow is utilized in conjunction with vents in the collection chamber and a base case,
where no modification are employed. The results show that the use of a co-flow and
vents in the collection
University of Adelaide
4
chamber prevents back flow into the receiver and eliminates the existence of internal recirculation zones. The
results also show that adding baffles in the cavity reduces the airflow velocity magnitude at the aperture (Figure
24b), although it does not decrease particle egress. This is because the addition of the baffles increases the
particle-particle collision rate and, at the same time, dissipates the fluid momentum.
1

0.5
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Velocity
m/s
0.5
0.38
0.25
0.12
0.0

Particle
size 𝜇𝑚
425
326
287
218
149

(c) the gas flow field (top
(b)
(a) Overlapped time-averaged streamline
Figure 24:
and velocity vectors showing
row) and particle distribution and egress from the receiver for the a) base case, b) case using baffles
and c) the case where there is a co-flow together with a vent in collection chamber.

To compare the amount of egressed particles between the cases, the total mass of particles in a region just
outside of the receiver aperture is calculated for a number of different flow conditions and receiver geometries.
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particle The
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results are presented in Figure 25. As can be seen, application of exhaust reduces the total mass of particles
in the sampling area by 90% while northerly Effect
wind increases
the mass in mechanisms
the sampling area byon
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• Polydispersity increases the particle egress.
Figure 25: a) Schematic diagram of the cavity and the sampling area and b) normalized mass of particles
University
Adelaide
in the sampling area (i.e., the egressed particles)
byofthe
mass of egressed particle in original case with
no wind condition. The sampling area is considered below the aperture to eliminate the particles which
reenter the receiver. All cases are in a quiescent environment except for the case where the Northerly
wind is applied. Aperture is moved half an aperture size towards the top for the case where aperture
𝟑
moves towards the top. The suction is about 𝟎. 𝟎𝟏𝟓𝒄 𝒎 ⁄𝒔 , which is the calculated volumetric flow
rate of the entrained air using the developed analytical model.
5.4

(a)

5

Conclusions

A RANS computational fluid dynamics model of a falling particle receiver was implemented to take into account
both particle-fluid interaction and particle-particle interactions. This been has shown that:
• Southerly (rear-on) wind increases convective losses through the aperture by a factor of 3.5 compared
to Northerly (head-on) wind;
• Particle curtains with a larger variation in particle sizes increases particle egress through the aperture
• The use of horizontal baffles between the main cavity and the particle collection chamber does not
significantly impact the particle egress, although it does eliminate the recirculation zone within the
chamber;
• Moving the aperture further away from the falling particle curtain reduces particle egress;
• Moving the hopper closer to the back way slightly increases particle egress;
• The most significant reduction in particle egress, ~90% compare to the base case, was through
introducing co-flow around the curtain and an exhaust vent at the bottom of the particle collection
chamber.
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6 Thermodynamic Model of a Pneumatic Lift
6.1

Introduction

Pneumatic and mechanical conveyors are the most widely applied technologies in solid particle transportation.
Compared with mechanical conveyors, the main advantages of pneumatic ones are flexibility in pipeline routing,
low maintenance, ease of operation and no moving parts required in the pipeline [6, 7]. On the other hand, the
drawbacks of pneumatic conveyors can be the wear and abrasion of conveying pipes, particle degradation and
the potential high electricity consumption [8]. A particle conveying system will inevitably occur some parasitic
energy losses, which are required to be assessed systematically in order to identify a suitable conveying
technology for each particle receiver [9]. For a mechanical conveying system, the input energy is mainly
electricity which is consumed by motor to overcome the weight of conveying particles and frictional losses in
moving parts. As a widely employed conveying system in mining industry, skip hoist is suggested to be an ideal
option for conveying high temperature particles in a CST plant [10]. However, no systematically comparison has
been done on parasitic losses between pneumatic and mechanical conveyors for CSP plants.
Pneumatic conveying can be categorized into two operating modes, dilute and dense phases. In dilute phase
conveying systems, the material is conveyed in a suspension flow regardless of the particle size, shape or
density [11]. However, a relatively high gas velocity and low solids loading ratio are required to achieve steady
suspension flow without any chocking and blockage [11]. This can result in a relatively high electricity
consumption, together with increased pipe wear and particle degradation [11, 12]. On the other hand, in a dense
phase conveying system, particles are conveyed in a slug or plug flow, which uses much lower gas velocity and
higher solids loading ratio than that of the dilute conveying system. The limitation of the dense phase conveying
system is usually suitable for Geldart group A particles, which have good air retention characteristics [11].
Therefore, an assessment of the suitable particle size for both the pneumatic conveying system and the particle
receiver is required.
In a pneumatic conveyor, electricity is mainly consumed by a compressor to pressurize gas thus overcome the
pressure drop in conveying pipes. The pressure drop in the conveying pipelines is a key parameter for a
pneumatic conveying system since it can influence the sizing of a gas compressor and its electricity consumption
[7, 11-22]. The pressure drop and energy dissipation in the conveying pipelines are mainly caused by
particle-gas-wall interactions and gravitational forces [22]. It was found that the energy dissipation is mostly
caused by particle-wall friction in the slug-flow regime, by particle-fluid interaction in the stratified-flow regime
and by fluid-wall friction in the dispersed-flow regime. However, to date, most of the investigations have been
carried out on the pneumatic conveying systems applied for the handling of solids at atmospheric temperature
[7, 11-22]. In a CST plant, the particles to be conveyed can be at high temperatures depending on the
configuration of the downstream process. In the conveying process, the thermal heat can be transferred from
particles which are at higher temperatures to the conveying gas and to the outside environment through the
conveying pipes. Therefore, both electricity consumption and parasitic thermal losses need to be considered in
order to assess the efficiency of a pneumatic conveying process.
Thermodynamic analysis can provide a better understanding of the energy conversion/transfer mechanism for
a particle conveying system. This analysis can be used for process optimisation. However, to date, no
comprehensive thermodynamic analysis has been reported for a pneumatic conveying system operated relevant
to CST environment. Therefore, in the present study, a detailed thermodynamic analysis was conducted for a
vertical pneumatic conveyor employed in a CST plant. In addition, primary energy efficiency is proposed and
applied to evaluate the performance of the pneumatic conveyor and thus comparing with that of a mechanical
conveyor.
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6.2

Methodology

Figure 26 presents the schematic diagram of a CST system with a particle receiver and pneumatic conveyor.
The particle is heated to the required temperature in the particle receiver on the tower by the concentrated solar
radiation from the heliostat field. The hot particles are then proposed to be used in the downstream process
before the warm particles are conveyed back into the particle receiver via a pneumatic conveyor when the solar
energy is available. At the outlet of this pneumatic conveyor, the warm particles are proposed to be separated
from the gas and sent to the particle receiver, while the carrier gas is used to preheat the incoming compressed
gas through a gas-gas HX.
Table 7 shows the key operating conditions and parameters for the studied CST plant in the present study. The
studied temperature of the solid to be conveyed is ranged from 350 to 850 ºC while the temperature of the solar
receiver/hot inert solids is assumed to be 150 ºC higher which means the temperature drop in solids is 150 ºC
after being used to drive the downstream application process. Furthermore, the particle receiver in the present
study is assumed to be a cavity type of which effective absorptance and emittance are both assumed to be unity
[25]. In addition, the maximum working temperature of the supercritical CO2 cycle is assumed to be 50 ºC lower
than the temperature of solids from solar receiver to allow sufficient temperature difference in heat solid-gas HX
[9]. The proposed gas-gas HX is to recover the heat in the carrier gas and the pressure drop across the HX is
assumed to be 5% while the Logarithmic Mean Temperature Difference (LMTD) is assumed to be 50 ºC. Since
the temperature difference and pressure drop in the gas-gas HX are usually significantly influenced by designing
and operating conditions, sensitivity analysis is conducted in the present study. On the other hand, the tower
height, the vertical conveying length, is assumed to be 100 m while the design DNI and concentration ratio are
assumed to be 800 W/m2 and 2000, respectively. Solid flow rate is assumed to be 250 kg/s, which is equivalent
to 40-45 MWth net solar input.

Figure 26. Schematic diagram of the CST system with a pneumatic conveyor and a particle receiver.
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Parameter
Value/range
Temperature of solids to be 350-850
conveyed (˚C)

Parameter
Value/range
Decrease in particle 150
temperature
in
downstream application
(˚C)
Tower height (htower, m)
100
ΔP in gas-gas HX
5%
Concentration ratio
2000
LMTD in gas-gas HX (˚C) 50
Solid flow rate (kg/s)
250
Design DNI (W/m2)
800
Table 7: Operating conditions and parameters for the CST plant.
6.2.1 Materials and Operating conditions
Silicon carbide (SiC) particles with a typical density of 3200 kg/m3 and a size of 50 µm is selected for the present
study. The thermodynamic properties of SiC can be found in Chekhovskoy [26]. In addition, air is used as the
carrier gas for the pneumatic conveying system. The air velocity is required to be higher than the minimum
conveying air velocity to avoid any chocking and blockage. On the other hand, high air velocity can increase the
pressure drop, resulted in higher energy consumption, pipe erosion and particle degradation. Therefore, the air
velocity in this study is set at 1.2 times of the minimum air velocity. As suggested by Mills [11], the minimum air
velocity of Geldart group A particles can be achieved as a function of solids loading ratio, which is defined as
the ratio of the solid mass flow rate to air mass flow rate. The minimum air velocity decreases from 8 to 4 m/s
as the solid loading ratio increases from 30 to 100 [11]. Table 8 shows the key operating parameters of the
pneumatic conveying system. The solids loading ratios (R) are assumed as 30 and 100 for dilute and dense
phase conveying, respectively and superficial gas velocities (v0) are 9.6 and 4.8 m/s (1.2 times of the minimum
air velocity) for the dilute and dense phase , respectively.
Parameter
Ambient temperature (T0, ˚C)

Value/range
25

Inlet gas velocity (v0, m/s)

4.8 and 9.6

R (Dense phase)

100

Parameter
Compressor isentropic
efficiency
Compressor mechanical
efficiency
R (Dilute phase)

Value/range
80%
90%
30

Table 8: Operating conditions and parameters for pneumatic conveyors.
6.2.2

Design and calculation

The two-phase flow of gas and particles through a vertical pipe is studied to achieve both the enthalpy change
and pressure drop. Since both pressure and temperature could change along the pipe, the pipe is divided into
various control volumes as shown in Figure 27. The first section is the whole acceleration zone while the length
of the control volume in fully developed (FD) zone is set to 1 m. The calculation is carried out for the conveying
pipe by considering the following assumptions:
• The two-phase flow is one-dimensional and steady;
• The particles are spherical;
• The operating parameters in each control volume are constant and equal with those of the input flow to
this control volume;
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•
•

The heat transfer between solid and gas is assumed to reach equilibrium at the exit of acceleration zone
due to the high particle concentration (means high heat transfer surface area) and high slip velocity
(means high heat transfer coefficient); and
The heat transfer between adjacent control volumes is assumed to be negligible.

In this study, an energy analysis of pneumatic conveying of solids at various operating temperatures for a
concentrated solar power system is conducted. The electricity consumption of the conveying system was
determined based on the pressure drop of the conveying pipes.
The enthalpy loss of the transported particles was assessed from an energy balance and the heat losses through
the wall. Figure 27 shows the pressure drop in the conveying pipe, pipe diameter and power consumption of the
(a) dilute phase and (b) dense phase pneumatic conveying system as a function of inlet solids temperature
(temperature of the solids fed into the conveying pipe). The power consumption of the pneumatic conveying
system was found to decrease significantly with an increase in inlet solids temperature. It has a potential for the
power consumption to be less than the potential energy achieved by the conveyed solids for a dense phase
scenario where the inlet solids temperature is higher than 250˚C.

Figure 27: Control volumes of the conveying pipe.

6.2.3 Pressure drop in conveying pipe
The pressure in the pipe line is the sum of pressure drops in all of the control volumes (as shown in Error!
Reference source not found.). The first control volume is acceleration zone where the length (Lacc) is calculated
using Equation 1 [7]. In addition, the pressure drop in the control volume is calculated using Equation 2 [7].
𝑑

0.953

𝐿𝑎 /𝐷 = 𝑒 3.32 ( 𝐷𝑠 )

−0.924

𝜌

(𝑅)−0.0912 ( 𝑔)
𝜌
𝑠

(1)
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∆P𝑎

= 𝑅𝜌𝑠 𝑣𝑠 𝑣𝑔

(2)

In the following control volume in FD zone, the pressure drop is calculated using Equation 3, which is the sum
of the pressure drop due to static head of gas (ρgεg), static head of solids (ρs(1-ε)g), friction between gas and
wall (λgρgεvg2/(2D)), and friction of solids and wall (λsρsεvs2/(2D)) [7]. The variables required in Equation 3 are
calculated using Equations 4-14:
∆𝑃
∆𝐿

𝑣𝑔2

𝑣2

= 𝜌𝑔 𝜀𝑔 + 𝜌𝑠 ( − 𝜀)𝑔 + 𝜆𝑠 𝜌𝑠 ( − 𝜀) 2𝐷𝑠 + 𝜆𝑔 𝜌𝑔 𝜀 2𝐷
𝑣𝑠 =
𝑣𝑠 =

𝑣0
𝜀

𝑣0
𝜀

− 𝑣𝑡 (𝑑𝑖𝑙𝑢𝑡𝑒 𝑝ℎ𝑎𝑠𝑒)

(4)

− 𝑣𝑚𝑓 (𝑑𝑒𝑛𝑠𝑒 𝑝ℎ𝑎𝑠𝑒)

(5)

𝑚̇

− 𝐴𝑣 𝑠𝜌

ε=

𝑣𝑚𝑓 =

𝑑𝑠1.8 (𝑔(𝜌𝑠 −𝜌𝑔 ))0.934

(𝑑𝑣

0.066
1110𝜇 0.87 𝜌𝑔

𝐴𝑟

18𝜇

2.9

0.29 𝜇 0.43
𝜌𝑔

4 𝑑𝑠 (𝜌𝑠 −𝜌𝑔 )𝑔

{

3

𝐴𝑟 >

0.44𝜌𝑔

𝐴𝑟

𝜇2
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1.458×10−6 ×𝑇𝑔1.5
𝑇𝑔 +110.4

26

(7)

652

(8)
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(𝜑𝑑𝑠 )3 𝜌𝑔 𝑔(𝜌𝑠 −𝜌𝑔 )

Ar =

𝜆𝑠 = .

𝜇𝑚)

2.9, 𝑠𝑡𝑜𝑘𝑒𝑠

0.153𝑑𝑠1.14 (𝜌𝑠 −𝜌𝑔 )0.71 𝑔0.71

√
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𝑠 𝑠

𝑑𝑠2 (𝜌𝑝 −𝜌𝑔 )𝑔

𝑣𝑡 =

(3)

1−𝜀 (1−𝜀)𝑣𝑡 −0.979
( 𝑣𝑔
)
𝜀3
−𝑣𝑠

(9)

(10)

(11)

𝜀

4 + . 25𝑅𝑒 −0.32

𝑓𝑔 = .25𝜆𝑔 = .
Re =

𝜌𝑔 D𝑣𝑔
𝜇
𝑀𝑃𝑔

𝜌𝑔 = 𝑅

0 (𝑇𝑔 )

(12)
(13)

(14)
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6.2.4 Energy balance
To understand the energy conversion/transfer, energy balance is investigated in the present study for each
control volume. As shown in Equation 15, the input energy is equaled to the output energy in each control
volume. The input energy is the energy content of each flow input enters the control volume while the output
energy is the energy content of each flow exits the control volume and the heat loss through the wall (Qwl). This
Qwl can be calculated using Equation 16, in which, hw is the overall heat transfer coefficient for the two-phase
flow to wall heat transfer, which is assumed to be 120 W/m2/k. In addition, the thickness of the insulation wall,
diw, is assumed to be 0.3m while the thermal conductivity of the wall, kiw, is assumed to be 0.1 W/m/K. In addition,
the thermal-conduction resistance of the pipe wall is ignored. Moreover, for the conveying of solids at ambient
temperature, there is no need for insulation.
Input energy = Output energy
1

1

Input energy = ((2 𝑚̇𝑔 𝑣𝑔2 + 𝑚̇𝑔 𝑔𝐿 + 𝑚̇𝑔 ℎ𝑔 ) + (2 𝑚̇𝑠 𝑣𝑠2 + 𝑚̇𝑠 𝑔𝐿 + 𝑚̇𝑠 ℎ𝑠 ))
1

−1

(15)

1

Output energy = ((2 𝑚̇𝑔 𝑣𝑔2 + 𝑚̇𝑔 𝑔𝐿 + 𝑚̇𝑔 ℎ𝑔 ) + (2 𝑚̇𝑠 𝑣𝑠2 + 𝑚̇𝑠 𝑔𝐿 + 𝑚̇𝑠 ℎ𝑠 )) + 𝑄𝑤𝑙
{
𝑄𝑤𝑙 =

(𝑇𝑏𝑒𝑑 −𝑇0 )

(16)

𝐷+2𝑑𝑖𝑤
ln (
)
1
𝐷
+
∆𝐿𝜋𝐷ℎ𝑤
2𝜋𝑘𝑖𝑤 ∆𝐿

6.2.5 Electricity consumption
The electricity consumption (W) of a compressor can be calculated using Equation 17 (based on adiabatic
compressing) in which P3 is the inlet pressure of the compressor while P4 is the delivery pressure. In the present
study, the discharge pressure of the conveying air (Exit gas as shown in Figure 1) and P3 are both assumed to
be 1 atm. Therefore, P4 is equals to the sum of pressure drop in the conveying pipe, pressure drops in the heat
exchanger and the pressure drop in the cyclone. The pressure drop in the cyclone is estimated using Equation
18 [27].
0.286

̇ ((𝑝4)
W = .5𝑝3 𝑔,0
𝑝
3

− )/𝜑

1

∆P 𝑦 = 2 𝜌𝑔 𝑣𝑔2 N𝐻
𝑎𝑏

ℎ

ℎ

(18)
𝑆

N𝐻 = 𝑐1 𝐷2 + 𝑐2 𝐷𝑏 + 𝑐3 𝐷𝑐 + 𝑐4 𝐷
𝑐𝑒

𝑐

𝑐

(17)

𝑐

(19)

Here, ab/(Dce)2 (a is inlet height, b is inlet width and Dce is the vortex finder diameter) is assumed to be 0.36;
Body height (hb) is assumed to be 1.5 times of body diameter (Dc); Conical height (hc) is assumed to be 2.5
times of body diameter; Vortex finder height (S) is assumed to be 0.6 times of body diameter. In addition, c1, c2,
c3 and c4 are 14.8587, -0.6984, -0.4841 and 0.5738, respectively [27].
6.2.6 Energy efficiency
Skip hoist conveyor is selected as the reference case for the mechanical conveying system reported in the study
of Mehos et al. [8, 9]. The overall efficiency of the skip hoist system was found to be 79%. This efficiency is
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defined as the ratio of the potential energy achieved by the solids to the electricity consumption. The heat loss
for a skip hoist conveyor applied for the conveying of solids at high temperatures of 300 and 700 ˚C are assumed
to be 0.007 and 0.025 % of input solar thermal, respectively [10]. In addition, the heat loss for the application at
other temperatures can be achieved by doing linear fitting.
Primary energy efficiency is proposed in the present study to evaluate the energetic performance of the
conveying systems in a CST plant. As shown in Equation 21, both the consumed electricity and the thermal heat
loss from particles through the conveying process are converted into consumed primary energy, which is
consumed solar energy in the present studied cases, using typical power generation efficiency (ηe) and solar to
thermal-in-solid efficiency (ηsol-s). The energy efficiency of the studied conveying systems is defined as the ratio
of potential energy (PE) achieved in the particle to the consumed solar energy, as show in Equation 20. In
addition, the thermal efficiency of power block (ηe) is calculated by Dunham and Iverson [1] and the efficiency
of solar to thermal-in-solid (ηsol-s) is calculated by Guo et al. [28].
η=𝑄
𝑄𝑠
6.3

𝑃𝐸

(20)

𝑠𝑜𝑙𝑎𝑟

W

𝑙𝑎𝑟

= (𝜂 + 𝑄𝑠−𝑔 ) /𝜂𝑠
𝑒

𝑙−𝑠

(21)

Results

6.3.1 Influence of solid input temperature
Figure 28 shows the pressure drop (ΔPCP) in the conveying pipe, pipe diameter (DCP) and electricity consumption
(Wcomp) of the (a) dilute phase and (b) dense phase pneumatic conveying system as a function of the temperature
of solids to be conveyed (Ts_con). For both the dilute and dense conveying systems, the pipe diameter increases
with the increase of solid input temperature due to the increase in gas volume flow rate resulted from the
decrease of gas density. The increase in volumetric gas flow rate increases the voidage, which can lead to
decrease of pressure drop caused by the gravity. In addition, the increase in pipe diameters results in a greater
surface to volume ratio of the pipe, and thus decreasing the pressure drop caused by the wall friction. Therefore,
the pressure drop in the conveying pipe decreases significantly with the solid input temperature for both dilute
and dense phase conveying systems, which lead to the decrease in electricity consumption, as shown in Figure
28. Furthermore, similar to the findings in the literature [12], the dense phase has a higher pressure drop in the
pipe, however, the electricity consumption is lower than that of dilute phase. This is due to the gas flow rate of
dense phase conveying is much lower than that of dilute phase.
Compared with a typical skip hoist and the potential energy of the conveyed particle, it is interesting to see that
the dilute phase pneumatic conveyor consumes less electricity as the temperature of the solids to be conveyed
is greater than 350 ˚C. This threshold drops to about 200 ˚C for a dense phase scenario. Furthermore, the
electricity consumed by the studied dilute phase pneumatic conveyor is lower than the potential energy achieved
by the conveyed solids as the temperature of the solids to be conveyed is greater than 600 ˚C. This threshold is
only about 300 ˚C for the studied dense phase scenario.
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Figure 28: Pressure drop in the conveying pipe (ΔPCP), pipe diameter (DCP) and electricity consumption
(Wcomp) of the dilute and dense phase conveying systems as a function of the temperature of solids to
be conveyed (Ts_con).
6.3.2 Energy flow of pneumatic conveying process
Figure 29 presents the energy flows of the pneumatic conveying process for solid temperatures of 25 ˚C (a) and
450 ˚C (b). It can be seen that, for the solid temperatures of 25 ˚C, the only useful energy input is the electricity
consumed by the compressor. This electrical energy is converted into enthalpy heat in the gas and mechanical
loss in the compressor. After that, in the acceleration zone, most of the enthalpy heat in the gas is transferred
into solids via mixing due to the high solids loading ratio while only small proportion of enthalpy is converted into
the mechanical energy of both solids and gas. Then, in the following FD zone, part of the enthalpy heat in the
solids is transferred back to the gas and further converted into mechanical energy of both the solids and gas.
Heat loss through the wall occurs on the whole conveying pipe. The rest of the enthalpy heat in the solids could
potentially be released to surrounding environment afterwards depending on the application. It can be seen that
the main parasitic energy is converted to the heat and KE in solids or lost through the wall of conveying pipe
and via mechanical friction in compressor.
However, as shown in Figure 29b, for the solid temperature of 450 ˚C, electricity consumed by compressor is
only part of energy input into the whole conveying process. Another significant energy source is the thermal heat
from the solids. Similarly, in the compression process, the electricity is converted into enthalpy heat in the gas
and mechanical loss in the compressor. Afterwards, without entering the conveying pipe directly, the gas is
proposed to be preheated by the exit gas via a heat exchanger which means the thermal heat is recovered from
the exit gas and transferred into the pressurized gas from the compressor. Then, in the acceleration zone, via
mixing with solids, the heat is transferred from solids to the gas since the temperature of the solids is higher than
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that of the gas. At the same time, very small amount of the heat in the gas is converted into mechanical energy
of both the solids and gas. Furthermore, in the FD zone above the acceleration zone, more heat is transferred
into gas while part of the enthalpy heat in the gas is converted into mechanical energy of both solids and gas in
which the potential energy of solids is the dominant one. In addition, compare with the scenario with a solid input
temperature of 25 ˚C, the kinetic energy of the outlet solids is much smaller. This is because of the smaller
particle velocity caused by the smaller gas velocity at the outlet which is resulted from the smaller pressure drop
as shown in Figure 28. Compared with the scenario of 25 ˚C, the most dominant parasitic loss here is the
unrecovered heat in the gas.

Figure 29: Energy flows of the conveying process for solid temperatures of 25 ˚C (a) and 450 ˚C (b).
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6.3.3 Energy distribution
The energy distribution of both the (a) dilute and (b) dense phase pneumatic systems as a function of inlet solid
temperature is shown in Figure 30. It can be seen that, the thermal energy from the solids dominate the energy
consumption as the solids input temperature is higher than 350 ˚C in the present study, especially for dilute
phase. This is because more gas is used in dilute phase conveying than the dense phase one which can lead
to more thermal heat loss in the gas as unrecovered thermal heat as shown in Figure 30. However, even the
electricity consumption decreases significantly with solids input temperature, the energy consumed in solids
doesn’t change much while only the wall loss increases with temperature. The thermal heat from the solids is
mainly transferred into gas the balance the temperature difference between gas and solids in the mixing and
acceleration zone and converted into mechanical energy of both the gas and solids. Since the logarithmic
temperature difference of the heat exchanger used to recover heat from the exit gas is assumed to be same for
all scenarios, the thermal heat transferred from solids to gas in mixing zone shouldn’t be different too much. In
addition, the potential energy dominates the mechanical energy achieved by both solids and gas at the exit of
conveying pipe. Therefore, the mechanical energy of both gas and solids should not change a lot with
temperature because the potential energy of solids does not change with temperature.
The energy efficiencies of both dilute phase and dense phase conveying process hardly change with the solid
input temperature as it is higher than 250 ˚C because the increase of wall loss is offset by the decrease of
electricity consumption. In addition, these energy efficiencies are all lower than the corresponding pneumatic
conveying for solid input temperature of 25 ˚C due to the significant thermal heat consumption from the solids.
Furthermore, the energy efficiency of the dense phase conveying is much lower than that of the dilute phase
one because of the lower thermal heat consumed in solids which is resulted from the lower gas flow. On the
other hand, the energy efficiency of the typical skip hoist conveyor decreases with solids input temperature due
to the increased wall loss. However, it is still higher than that of either dilute or dense phase pneumatic conveyor.
Even for the solids input temperature of 850 ˚C, the energy efficiency of the dense phase conveying is only
about 38% which is lower that the energy efficiency of about 55% achieved by a skip hoist conveyor.
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Figure 30: Distribution of input and output energy (a) dilute phase and (b) dense phase conveying
systems as a function of inlet solid temperature.
6.3.4 Primary energy efficiency
Figure 31 shows the primary energy efficiency of the studied dense and dilute phase pneumatic conveyor and
skip hoist as a function of temperature of solids into conveyor. The primary energy efficiency for both the dense
phase pneumatic conveying and the skip hoist system increases with the particle conveying temperature from
350 to 650°C and decreases above 650°C. It can be seen that the dense phase pneumatic conveyor has the
similar energy efficiency with that of a skip hoist while the dilute phase one is half of that.
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Figure 31: Primary energy efficiencies of the studied dense and dilute phase pneumatic conveyor and
skip hoist as a function of temperature of solids into conveyor.
6.4

Conclusions

An energy analysis is conducted for the pneumatic conveying system in a CST plant. It is found that the pressure
drop and electricity consumption of the pneumatic conveying system decreases significant with an increase in
inlet solid temperature. For the studied operating conditions, to convey Geldart group A particle, the electricity
required by the studied dilute phase conveyor is lower than that of a skip hoist conveyor if the inlet solid
temperature is above 350 ˚C, while threshold is about 200 ˚C for the dense phase.
During the conveying process, heat is continuously transferred from solid to gas due to the decrease in gas
temperature caused by expansion. The total input energy, the consumed electricity and the heat transferred
from solid to gas, are mainly converted to the mechanical energy of the gas and solid and are lost as the enthalpy
in the exit gas, as the heat loss through the wall into the outside environment. Dilute phase conveying is found
to have much lower primary energy efficiency than dense phase one at high temperatures. This is because of
both the higher electricity and thermal exergy consumption resulted from the high gas flow rate. Based on the
assessment of primary energy efficiency, the dense phase conveyor is comparable with a skip hoist system.
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7 Experimental Technique Development
7.1

Simultaneous particle and gas velocity measurements

7.1.1 Introduction
Simultaneous measurement of both gas- and particle- phase velocities is crucial for understanding the complex
interactions between the two phases in particle-laden flows. This understanding is important because in practical
systems such as falling particle solar receivers, the instantaneous distributions of particles can significantly
impact convective heat losses, particle egress and heat absorption. However, there is currently no reliable
method to simultaneously measure particle and gas phase velocities non-intrusively.
This work demonstrates a novel optical technique allowing non-intrusive and simultaneous planar
measurements of fluid- and particle- phase velocities that can be applied to the falling particle curtain. This
technique adopts spectral and temporal separation of the luminescence signals of both phases, namely the
laser-induced fluorescence (LIF) of PMMA particles and the laser-induced phosphorescence (LIP) of BAM:Eu2+
tracers. This technique will be demonstrated by conducting the aforementioned measurements in a cuvette of
water filled with both PMMA particles and BAM:Eu2+ tracers.
7.1.2 Experimental arrangement
The experiment consisted of simultaneous measurements of fluorescence and phosphorescence of 250 μm
PMMA particles and 4 μm BAM:Eu2+ tracers seeded and suspended in water within a UV fused quartz cuvette,
as shown in Figure 32. A Nd:YAG laser was used to deliver a laser light with wavelength of 355 nm to
simultaneously excite both particles and tracers inside the cuvette. Two CCD cameras (PCO.2000) were used
to image the particles and tracers. The details of the imaging system, including the optical filters and time delays
utilised, are summarised in Table 9.

Figure 32: Schematic diagram of the experimental arrangement. The experiment consists of
measurements of LIP and LIF from tracers and particles, respectively, within a water-filled cuvette. The
source of illumination was a single pulsed Nd:YAG laser operating at 355 nm, while two separate CCD
cameras were used to measure the LIF and LIP signals. Spectral and temporal separation was used to
discriminate between the LIF and LIP signals.
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Detection channels
No. 1
No. 2
2+
Objective signals
BAM:Eu LIP
PMMA LIF
CCD cameras
PCO. 2000 (1)
PCO. 2000 (2)
Lens
Tamron 70-200 F/2.8
Cerco UV 100 F/2.8
Filters
LP409 Semrock
BP390 (BP18) Semrock
Exposure time (ns)
1000
1000
Delay to laser (ns)
+50
-950
Table 9: Summary of imaging details for the simultaneous LIF and LIP measurements.
7.1.3 Results
Figure 33 presents simultaneous measurements of LIP (left column) and LIF (right column), for the case where
the flow was seeded with both PMMA particles and BAM:Eu2+ tracers. The images of the first row were recorded
using temporal separation settings as summarized in Table 9, while those of the second row were recorded
without any triggering delay in either camera. The size difference of PMMA particles and BAM:Eu2+ tracers can
be easily observed in instantaneous images, where particles typically occupy 7 pixels in diameter, while only
single pixels for each tracer due to its sub-pixel size. The clear imaging of distinct particles and the tracers also
implies that the images are suitable for cross-correlation to obtain the velocity field where double-pulsed imaging
is employed. Furthermore, the signals of both the PMMA LIF and BAM:Eu2+ LIP are strong, in the order of
thousands or tens of thousands of counts even without the use of an intensifier.
It can be seen from Figure 33b that the images recorded by the LIF camera only contains the signal from the
PMMA particles, with no discernible interference from either scattering or LIP of the tracers. Similarly, Figure
33a shows that the images recorded by the LIP camera with a 50 nm delay consists only of the phosphorescence
signal of the BAM:Eu2+ tracers. By contrast, for the case where no time delay was applied to the LIP camera (,
Figure 33c), there is a substantial “optical leakage” of the PMMA LIF signal onto the LIP camera detector. That
is, the use of a camera delay is required to enable sufficient discrimination between the cases, at least for the
particles and tracers chosen in the current experiment.
Figure 34 presents the intensity count distribution of the luminescence signals recorded by both cameras in
cases where the flow is seeded with both PMMA particles and BAM:Eu2+ tracers, BAM:Eu2+ tracers only,
PMMA particles only and neither particles nor tracers. The results show that the intensities in both cameras
where the flow was not seeded with tracers or particles is less than 100 counts. This value represents the
background noise. For the case where the flow is seeded with PMMA particles only (the blue lines), the intensity
in the LIP camera is indistinguishable from the noise, while the signal in the LIF camera is significant, on the
order of 100s of counts or higher. This demonstrates that the signal from the PMMA particles is measured only
by the LIF camera, and not the LIP camera.
Similarly, for the case where the flow is seeded only with BAM:Eu2+ tracers, the signal in the LIF camera is on
the order of the background noise, while the signal in the LIP camera is significant. This demonstrates that the
phosphorescence signal from the tracers are only recorded by the LIP camera.
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Figure 33: Simultaneous images of LIP (left column) and LIF (right column) of a water flow suspended
with both PMMA particles and BAM:Eu2+ tracers. The images of the top row were captured by a pair of
cameras employing both wavelength and temporal discrimination (50 ns camera delay was only used in
Figure 3.a) as summarized in Table 1, while in those of the base row, no triggering delayed was applied
in both cameras to demonstrate the imaging of both particles (Figure 3.c).

Figure 34: Intensity distribution (PDF) of the signals captured by both cameras for cases where the
cuvette is seeded with a combination of PMMA particles and BAM:Eu2+ tracers, BAM:Eu2+ tracers only,
PMMA particles only and water only. Each PDF graph was normalized such that the integral of the PDF
was unity. Note that here the two y-axes are used, one each for the BAM LIP and PMMA LIF signals.
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Figure 35 presents a pair of images recorded simultaneously, comprising instantaneous images of the tracers
and particles, together with their respective velocity fields processed using PIV. The velocity fields of both phases
are clearly distinguishable, demonstrating the effectiveness of the present method. The results show that the
particles have a strong downward velocity near the left of the image. This is because the particles were injected
with a significant initial downward velocity near this region. The corresponding fluid flow also shows a downward
velocity within this region, however, unlike the particle-phase, a recirculation zone is developed within the
cuvette. This is expected, as the flow is completely confined by the walls of the cuvette. Importantly, the
measurement of different velocities of both phases provides evidence that the present method is capable of
measuring the velocity fields of both phases simultaneously and independently.

Figure 35: The velocity fields of the separated fluid phase (left) and the particle phase (right). In this
case, the flow was seeded with both particles and tracers. The images were recorded simultaneously.
7.1.4 Conclusions
In conclusion, a laser-based method to discriminate between the particle phase and the fluid phase has been
successfully demonstrated utilizing laser-induced fluorescence and laser-induced phosphorescence, together
with optical filtering, camera triggering delay and the selection of PMMA and BAM:Eu2+ as the particles and
tracers, respectively. The results show that, not only can the two phases be clearly separated, but also that the
signal strength of both the LIF and LIP signals are sufficiently strong that they can be captured by non-intensified
CCD cameras. Furthermore, the results demonstrate that the velocity fields of both phases can be measured
reliably, simultaneously and independently, with minimal cross-talk between the phase.
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7.2
7.2.1

Measurements of particle velocity and number density within particle curtain
Introduction

The design and operation of efficient, safe and cost-effective falling particle solar receivers require both a
detailed understanding of the complex fluid mechanics within these systems together with the development of
new computational models that are reliable. However, these require detailed data of the particle velocity and
concentration (number density) within the particle curtain. These measurements are very challenging, because
the particle volumetric loading is sufficiently high that optical attenuation and signal trapping become significant.
Currently, there are no available non-intrusive methods to obtain these important measurements. Therefore, the
aim of this component of the project is to develop an optical method to measure the particle velocities at different
transverse planes through the thickness of a free-falling particle curtain with high spatial resolution.
The technique was developed based on particle shadow velocimetry (PSV) but is novel in the use of a longdistance microscopic lens for image collection. In PSV, a backlight is shadowed by the object (i.e. the particles)
and the displacement of the object can be derived from subsequent shadow images created with a modulating
light source. Because of the inherent line-of-sight signals, PSV generally has no spatial resolution along the view
direction. However, through the use of shallow depth-of-field (DoF) lenses, and a long-distance microscopic lens
that enables high resolution imaging of a small region of interest, thin optical “slices” of the flow can be obtained.
The images of the particles within this thin slice can be discriminated from other particles through the use of a
threshold-based filtering procedure, on the basis that the darkness of the object shadow decreases on the outof-focus plane (Estevadeordal and Goss, 2005). We call this method the micro-PSV technique.
7.2.2

Experimental arrangement

The micro-PSV technique was demonstrated in a lab-scale free-falling particle curtain, as presented in Figure
36. A high-power LED (SOLIS-365C) with a wavelength of 365 nm was used as the backlight for illumination.
The LED was trigged with an external signal generator such that it operates in a dual pulse mode at a frequency
of 2 Hz. The duration of each pulse is approximately 5 µs with a time-delay of 33 µs between them. On the
other side of the particle curtain, the particle shadow was imaged using a long-distance microscopic lens
(LM100) onto a dual-frame PIV camera (PCO.2000), which was synchronized with the LED light source.
Therefore, two subsequent particle shadow images were recorded with a time interval of 33 µs for velocity
derivation. The imaging system has a field of view (FoV) of 3.5×3.5 mm2, corresponding to 1.7 µm/pixel. The
depth-of-field, i.e., the depth at which the particle images were shape, was measured to be approximately ± 0.5
mm relative to the focal plane. The microscopic imaging system was horizontally traversed with a step of 1 mm.
along the y-direction as shown by the coordinate system in Figure 36, enabling different planes within the particle
curtain to be clearly imaged.
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Figure 36: Schematic diagram of the experiment setup for microscopic particle shadow imaging
A wedge-shaped discharge hopper with a slot aperture of 2 mm × 40 mm was used in the experiment. Carbo
CP 70/140 particles, whose median diameter is 154 μm, were released from the hopper to generate the curtain.
The mass flow rate of the particles was measured to be 20.2 g/s. The curtain propagated a distance of about
480 mm in the x-direction, with the curtain thickness, which was determined by analysing images of the front
and side views of the curtain, gradually expands from about 2.1 mm close to the aperture to approximately 7
mm at the very bottom of the imaged curtain. The spatially-averaged particle volume fraction of the curtain was
estimated to range from 0.01 at the bottom to 0.1 near the aperture (based on Equation 7 in Ho et al., 2017),
indicating that the curtain is in the four-way coupling regime (Sommerfeld, 2017).
7.2.3

Data processing

Collected raw images were processed before they were used to obtain the velocity fields using PIV. Figure 37
presents a flow chart of the image processing procedure to identify the particles on the focus plane and filter out
those that are out-of-plane. The methodology is based on the principle that the particles on the focus plane are
sharply imaged and the magnitude of the gradient of the particle edge is greater than those out of the focus
plane.
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Figure 37: Flow chart of the data processing procedure.
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Figure 38: Representative images of the particle shadow recorded at different locations. The dimension
of the view is 3.5×3.5 mm2 for all the images.
7.2.4

Results

Raw images collected at 6 specific dropping heights and different planes along the curtain thickness are
presented in Figure 38, corresponding to the heights at which particle velocities were measured using the microPSV method. Along the direction of view (y-direction), both the particles on the focus plane and those out of the
plane were imaged, but the former were clearly imaged with a distinctive edge, while the latter appear blurred.
At dropping heights of 30 mm (Figure 38a), particles appear densely on the central plane and are distributed
approximately uniformly over the entire field of the view. Further downstream (Figure 38a-d), particles disperse
as they drop downwards, leading to a decrease in particle number density. This phenomenon is also found in
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the Figure 38e and f, with particles close to the outside edge of the flow appearing in the background significantly
blurred.

Figure 39: (a) A representative particle shadow image, I(0), recorded on the camera at t = 0, x = 300 mm
and y =- 0.11 mm, (b) the gradient magnitude of the image, (c) the filtered image based on a threshold
value, and (d) the corresponding filtered image at t = 33 μs.
Figure 39 shows a representative series of images used to deriving the particle velocity at the dropping height
of 300 mm. Consistent with Figure 38, the particles on the focus planes are sharply imaged, while those out of
the focus plane are blurred and the shadows become transparent. Therefore, these particles on and near the
focus plane can be identified through their edges, as shown in Figure 39b. To further identify the focussed
particles, a threshold value ε was applied to the image in Figure 39b to filter out the particle edges with relatively
low gradients, leading to Figure 39c, which clearly illustrates the edges of the focussed particles. Figure 39d
presents a similar image to Figure 39c except that it was taken 33 μs later. This image clearly shows the same
qualities as Figure 39c but with a clear movement along the x-direction (e.g., the particles highlighted with the
small boxes). These paired images were then used for PIV analysis to calculate particle velocities within the
curtain.
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Figure 40 presents the profiles of particle velocity across the thickness of the curtain at different dropping heights,
together with the measured particle velocity along the central plane of the curtain. The results here are timeaveraged over 150 images. The results clearly show that the particle velocity increases with the dropping heigh,
with particle velocities tending to be greater on the central plane than those close to the curtain edges for all
heights. The difference in particle velocity at different heights is significant, e.g. up to approximately 40%
between x = 140 and 220 mm. The relative difference of the particle velocity is weaker at the other heights. For
example, at x = 30 mm, i.e. close to the hopper exit, only slight differences can be found due to the weak
accumulated influence of the surrounding air, while for the dropping height of x > 300 mm the velocities are
approaching the terminal values. In addition, Figure 40 shows that the lateral profiles of the particle velocity
across the curtain is symmetric, as the results measured on the planes before and behind the central plane are
consistent, indicating the negligible influence of the particle loading on the measurement accuracy. Figure 40
also interestingly shows that the particle velocities approach to a constant value of approximately 1.8 m/s at the
edge of the curtain for the dropping heights of x = 300 and 380 mm. This velocity value is not only less than the
velocities already measured in the downstream of the curtain but also less than the theoretical terminal velocity,
i.e. 3.2 m/s for the current particles.

Figure 40: a) Lateral profiles of particle velocity measured at 6 different heights from the exit plane, x, b)
measured centreline particle velocity profile as a function of height, x.
7.2.5

Conclusions

The micro-focusing particle shadow velocimetry technique has been successfully applied to measure the velocity
of particles within a particle-laden flow freely flowing from a 2 mm × 40 mm rectangular slot. In addition to the
quantitative data, which can be used for model validation, the main conclusions are summarized as follows:
1) The particle velocities are dominated by gravitational velocity and the values on the edge of the particle
curtain can be much lower than those on the central plane within the curtain. The relative difference is
dependent on the dropping height, and can be up to 40% at a moderate dropping height of around 200
mm. The difference reduces both upstream and downstream, but is still significant;
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2) A depth-of-field, i.e., the depth along the imaging direction at which the particle images were sharp, was
measured to be approximately ±0.5 mm relative to the focal plane for the optical technique. The changes
in the particle velocity across the curtain is well resolved within this depth;
3) The micro-focusing optical method has been demonstrated to be suitable for measurements in dense
particle-laden flows. While the limit of particle loading still needs to be assessed, this work shows that
the technique works well in a particle-laden flow with interactions in the four-way coupling regime.
7.2.6
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8 Future Work
8.1

Simultaneous measurements of gas-phase and particle-phase velocity within a
particle receiver

As part of the experimental campaign to advance fundamental understand of the complex aerodynamics within
falling particle receivers, measurements of the particle-phase velocity and concentration within the curtain,
together with gas entrainment into the curtain, is planned for the next phase of the program. These
measurements, which builds on the work previously discussed in Section 2, will utilize conventional methods of
particle image velocimetry (PIV) to measure the flow entrainment, and the newly demonstrated laser diagnostic
methods outlined in Section 7.

Figure 41: Experimental arrangement for laser diagnostic measurements of particle velocity,
concentration and flow entrainment within an optically-accessible lab-scale falling particle receiver
The experimental arrangement is shown in Figure 41. Particles will be fed by a screw feeder from the top of a
suspended hopper with a rectangular outlet orifice at its base, forming a particle curtain passing through the
receiver cavity and eventually dropping into the collection bin. Similar to the experiments discussed in Section
2, a pair of strain gauges will be mounted on each opposing side of the hopper to measure the total weight as a
function of time, which will be further converted to the instantaneous mass flow rate of the falling particles. A
Nd:YAG laser ejecting a double-pulsed 532 nm laser light passing through a three-lens system will be used to
deliver a diverging laser sheet through the particle curtain for particle image velocimetry (PIV) measurements of
the particles and gas.
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A backlighting system, similar to that presented in Section 2, will be used to illuminate the curtain side geometry
for measuring curtain spreading angle and curtain thickness. At least two CCD cameras will be set up for imaging
two different regions (or height sections). A pair of symmetric air suction outlets with variable suction flow rates
located on the side walls of the bottom collection bin will be used for investigating the effects of suction on the
curtain and flow dynamics. The particle outlet on the side of the collection bin will be normally-closed, and will
only be open for cleaning the receiver in between experimental runs.
The lab-scale falling particle receiver has been fabricated and retro-fitted into the vertical wind tunnel in
University of Adelaide as shown in Figure 42. These experiments are scheduled for 2021.

Figure 42: Left: The optically-accessible lab-scale receiver. Right: The optically-accessible lab-scale
receiver retro-fitted into the existing wind tunnel and laser diagnostic facility at the University of
Adelaide.
8.2

Measurements of particle egress with external wind

In the next stage of the project, experimental measurements of particle egress will be conducted to include the
influence of external wind using a purpose-built open jet horizontal wind tunnel. Particle egress will be
investigated for cases with varying wind speed and direction to obtain results for the effect of wind on the
fundamental case of the receiver. Measurements of particle egress will also be conducted with the following
flow configurations:
i)
Horizontal baffles;
ii)
Reduction in the internal volume of the receiver;
iii)
Porous internal baffles;
iv)
Porous external wind shields; and
v)
Applying suction at the bottom of the receiver cavity (i.e. within the particle collection chamber).

CENTRE FOR ENERGY TECHNOLOGY - p69

Report #CET-G3P3-RPT-2020-001
Commercial in Confidence

9 Publications
Table 10 summarises the peer-reviewed publications arising from the present work. Most of these have already
been published or are near-complete drafts. The draft papers are attached in the Appendix.
Paper
Sureshkumar, E.M., N. Sedaghatizadeh,
T. Lau, M. Arjomandi, and G. Nathan,
2020, “Mitigating particle and flow losses
through the aperture of a Free-Falling
Particle Solar Receiver,” SolarPACES
2020, Sep. 28 – Oct. 2, 2020

Description

Status

Experiments showed that controlling
discharge exhaust and reducing discharge
Published
area could reduce amount of flow and particle
release through receiver aperture

Sureshkumar, E.M., N. Sedaghatizadeh,
T. Lau, M. Arjomandi, and G. Nathan,
2020, “A laser diagnostics investigation on
the particle egress from a free-falling
particle solar receiver.”

No-wind experiments showed that the
receiver discharge gap is a significant
influencer of particle egress, with local minima Draft complete
occurring when the gap is twice the width of (see Appendix).
the curtain at the receiver exit and when the
gap is half the width of the receiver.

Sureshkumar, E.M., N. Sedaghatizadeh,
T. Lau, M. Arjomandi, and G. Nathan,
2020, “Passive control of particle egress
from a free-falling particle receiver,”

Experiments presenting the result of internal
and external modifications to the receiver to In preparation
mitigate particle egress through the aperture.

Han, S., Sun, Z., Tian, Z.F., Lau, T.,
Nathan, G. J., 2021, “Particle velocity
measurement within a free-falling particle
curtain using microscopic shadow
velocimetry”.

A micro particle shadow velocimetry
technique was successfully demonstrated on
a free-falling particle curtain with a volume
fraction in the four-way coupling regime to
measure particle velocities at different
transverse planes. Experiments revealed the
significantly higher velocity of particles (by
approximately 60%) at the central plane of
the curtain than that at the edge.

X. Bi, Z. Sun, T. Lau, Z. Alwahabi and G.
Nathan, 2020, “Simultaneous planar
measurements of gas and particle
velocities in particle-laden flows: proof-ofconcept,” 22nd Australasian Fluid
Mechanics Conference, Dec. 7-10, 2020.
X. Bi, Z. Sun, T. Lau, Z. Alwahabi and G.
Nathan, 2020, “Simultaneous planar
measurements of gas and particle
velocities in particle-laden flows only using
luminescent signals,” Optics Letters
X. Bi, T. Lau , Z. Sun and G. Nathan,
“Opacity and spread of free-falling
particles falling through a rectangular slot”
N. Sedaghatizadeh, M. Arjomandi, T. Lau,
G. Nathan, 2020, “An analytical model of

Draft complete
(see Appendix)

Demonstration of a non-intrusive technique to
measure particle and gas velocities
Published
simultaneously within particle-laden flows,
including those in a falling particle receiver
Demonstration of a non-intrusive technique to
measure particle and gas velocities
Draft complete
simultaneously within particle-laden flows,
(see Appendix)
including those in a falling particle receiver
Detailed measurements of curtain opacity and
spread in a lab-scale falling particle receiver
In preparation
under conditions relevant to industrial scale
systems
An analytic model of a free-falling particle
Draft complete
curtain which can be used to estimate air
(see Appendix)
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entrainment in a planar stream of falling
entrainment, particle velocity and particle
particles of non-spherical particles”
number density
N. Sedaghatizadeh, M. Arjomandi, T. Lau, Calculation of particle egress through a
G. Nathan, 2020, “Particle egress from a
simplified falling particle receiver cavity using In preparation
cavity receiver; effect of wind and baffles” computational fluid dynamics
N. Sedaghatizadeh, M. Arjomandi, T. Lau,
Investigation of the effect of particle size
G. Nathan, 2020, “Particle egress from a
polydispersity on particle egress in a falling
In preparation
cavity receiver; effect of polydispersity
particle receiver.
(size distribution)” (in preparation)
Table 10: Publications arising from the present work. Near-complete drafts are attached in the Appendix.
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10 Conclusions and Recommendations
Based on the experimental measurements, together with the computational fluid dynamics modelling, key
parameters controlling particle egress and advective losses, together with potential strategies to reduce them,
have been identified.
In particular, it was found that particle egress from falling particle curtain receivers is significantly influenced by
the following mutually interacting phenomena:
1) Drag between the particle-phase and the surrounding fluid, leading to acceleration of the fluid phase within
the curtain in the same direction as the particles;
2) Entrainment of surrounding fluid into the particle curtain (from the induced drag described above), which in
turn leads to;
a. Expansion of the curtain thickness;
b. A low pressure field within the curtain, which both induces a flow of the surrounding air into the
curtain and has potential to modify the curtain trajectory via the well-known Coanda effect due the
presence of nearby walls;
c. Flow recirculation on either side of the curtain due to the combined influences of entrainment and
the confinement of the cavity. This recirculation will, in turn, both
i. Induce ambient to enter the cavity through the aperture
ii. Transport any particles within the recirculation zone toward the aperture and, by continuity
from the induced inflow at the top of the aperture (above), also:
iii. transport air with any suspended particles, out from the lower part of the aperture.
3) Shear between the edge of the curtain and surrounding fluid, leading to increased mixing within the shear
layer; and
4) Impingement of the falling curtain and entrained air onto a rigid surface (e.g. from the collection chamber),
which will cause some particles to rebound from any surface on which they impact into the gas phase as
well as the formation of the rebound vortices.
5) Coupling with the induced flows in the collection chamber below the curtain used to catch (and potentially
store) particles. Should the aperture into the collection chamber be sufficiently large to prevent direct impact
of the curtain onto surfaces within the chamber, then particles can be recirculated from the collection
chamber around the curtain by similar recirculation mechanisms described above.
In light of the above mechanisms, the potential types of strategies that are available with which to minimise
particle egress from falling particle curtains and/or advective losses through the cavity are as follows:
• Minimising the rate of entrainment by the curtain,
• Minimising or avoiding impingement by particles onto surfaces and/or
• Minimising or avoiding the recirculation of fluid, both within the cavity and between the cavity and the
downstream collection chamber.
These can be achieved through the following (in no particular order):
1) Introducing suction from the collection chamber. When combined with the use of a sufficiently large
aperture between the receiver and the collection chamber, the use of sufficient suction has potential to
inhibit or even prevent both the recirculation zones within the receiver and the presence of any backflow
of air from the collection chamber into the main cavity. This combination is also expected to reduce or
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avoid the effect of particle impingement onto the base of the receiver cavity. Note that the suction needs
to be introduced from both sides of the curtain to prevent biasing the curtain trajectory. In addition, the
mass flow of this suction needs to optimised, since it will induce cold air into the chamber and introduce
a thermal energy loss, some recovery of which should be considered;
2) Utilising particles that are as close to spherical as possible. Modelling, based on historical data,
has shown that spherical particles entrain less surrounding air than non-spherical particles. The extent
to which this can be implemented will depend upon the availability of alternative sources, but should be
considered.
3) Removing fine particles from the system. Managing the particle size distribution to recirculate only
the large particles and avoid the use of fines is likely to reduce the effect of particle egress, although
the full impact on receiver performance is yet to be properly evaluated. The anticipated advantages in
terms of mitigating particle egress are as follows:
a. Both measurements and modelling have also shown that the rate of entrainment by the air
curtain increases with a reduction in the particle size;
b. The fine particles are the most likely to be transported within the recirculation zones. Larger
particles are more likely to settle out.
4) Introducing a co-flow around the curtain. When combined with suction from the collection chamber
above, the use of inlet vents on either side of the curtain would provide a controlled flow of inlet air,
which would be preferable to the uncontrolled flow that is otherwise induced through the aperture. This
would make the entrained flow more uniform and symmetric, minimising the potential for locally high
regions of shear.
5) The use of baffles. The use of baffles, either within the cavity or the collection bin has potential to
modify the recirculating flow patterns and inhibit recirculation of particles, either within the reduces the
backflow of particles from the curtain impingement point (presumably within the collection bin) towards
the cavity aperture. However, this may also increase back-pressure at the inlet into the baffles, which in
turn may increase particle egress and advective losses. Hence significant work would be needed to
develop effective configurations.
6) Optimising the configuration of any multiple falling stages. The optimisation of the proposed
multiple stages within the receiver will need to consider its impact on particle egress, of which there are
several as follows:
a. Increasing the number of stages will reduces the average particle velocity, which has potential
to decrease both entrainment and the velocity of impact onto surfaces;
b. On the other hand, each stage will cause particles to impact on surfaces, which has potential
to generate more sources of dust and formation of rebound vortices.
7) Optimising the distance between the curtain and the back wall. The use of a gap between the
curtain and will generate a recirculation “behind” the curtain. On the one hand, the use of no gap has
potential to generate dust by impact, particularly at the edges of the curtain, while on the other hand,
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avoiding any gap may be preferable to a small gap, which has potential to generate a strong recirculation
zone there.
8) Optimising the distance between the curtain and the aperture. While it is recognised that this
distance also influences the radiation flux at the curtain, increasing the distance between the curtain
and aperture is expected to reduce particle egress by reducing the intensity of the recirculation zone
between the curtain and close to the aperture.
9) Reducing instabilities in the shear layer. The aerodynamic instabilities within the shear layer can be
expected to increase entrainment and particle dispersion. Hence, it will be desirable to mitigate them if
possible. However, the investigation of these phenomenon is only just beginning so that significant work
is required to better understand them and develop options with which to potentially mitigate this
phenomenon.
10.1 Summary of Work Completed
The work completed during Stage I of the project can be summarized as follows:
1) Curtain opacity and curtain expansion, together with mass flow rates, have been measured in a free-falling
particle system under conditions relevant to the G3P3 falling particle receiver (satisfying SOW #1);
a) The results show that curtain opacity and expansion vary significantly with particle size. Furthermore,
the instantaneous curtain opacity is significantly different to the mean (time-averaged), due to the impact
of particle clustering.
2) Particle egress through a lab-scale falling particle receiver has been measured for a range of geometries
and conditions relevant to the G3P3 particle receiver. In particular, the efficacy of a range of options to
reduce particle egress has been quantified (satisfying SOW #2 and #3);
a) The results show that horizontal baffles, reducing the internal volume of the cavity, and horizontal
placement of the hopper relative to the cavity back wall have all demonstrated to be able to reduce
particle egress under certain conditions. However, no universal solution appears to be available, and
the exact configuration of these particle egress strategies needs to be optimised in relation to other
receiver parameters.
3) An analytic model of a free-falling particle curtain, together with a detailed computational fluid dynamics
model of a falling particle receiver has been developed. These models were used to assess the efficacy of
a range of options to reduce particle egress and advective losses through the aperture (satisfying SOW #2
and #3)
a) Options that were assessed include varying the hopper location, utilising horizontal baffles, utilising
suction together with co-flow, and changing the aperture location;
b) The model was also used to assess the sensitivity of egress and advective losses on wind direction,
particle size distribution, particle density and particle sphericity.
4) A thermo-dynamic and energy model of a pneumatic particle lift has been completed (satisfying SOW #4).
a) The results show that the pressure drop and electricity consumption of the pneumatic conveying system
decreases significant with an increase in inlet solid temperature.
5) New experimental methods have been developed which will allow, for the first time, measurements of
particle velocity and concentration, together with the gas velocity, within a falling particle curtain. This will
enable future detailed measurements of the falling particle curtain in the next stage of the project.
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Abstract
Particle Image Velocimetry (PIV) and Planar Nephelometry (PN) were
used to derive the velocity and concentration of particles exiting a laboratory
scale free-falling particle receiver operating under isothermal conditions.
Parameters such as the mass flow rate of the curtain, transverse position of the
hopper exit compared to the aperture plane and the receiver discharge gap
were varied to provide measurements of particle egress compared to a base case
of the receiver. The results show that the receiver discharge gap is a crucial
parmater that has significant effects on the particle egress through the
aperture. Trends in particle egress for reducing the discharge gap are not
monotonic with local minima occurring when the gap (yrc) is ~2dp and 1/2 yr. It
was also found that the hopper located closer to the back wall (Δyh = 0.67 yr)
increases the particle egress in most cases due to a reduced recirculation region
which increases the pressure behind the curtain.

1

1

Introduction

Concentrating solar thermal systems are an emerging, low carbon
technology which has the potential to reach high temperatures, heat feedstock
directly or can be used with a power block to generate electricity [1]. Freefalling particle receiver systems are being developed for Concentrating-Solar
Thermal (CST) technology owing to their potential to reach higher
temperatures than conventional receivers ( greater than 800C) and ability for
economical direct storage [1]. Higher operating temperatures in solar receivers
are being pursued in an effort to utilise high thermal efficiency power cycles
(supercritical-CO2 Brayton, air-Brayton and ultra-supercritical steam cycles) in
CST systems and manufacturing processes [2]. Solar receivers are a key
component in CST systems and absorb concentrated solar radiation which is
then transferred to a heat transfer medium. The heat transfer medium can then
be coupled with a power cycle to provide cost-effective and dispatchable
electricity on demand [3]. Recently, CSTs have employed solid particles, either
as sensible heat absorbers or as chemical feedstock. Utilising inert particles
such as sintered bauxite or sand has significant advantages over the use of
conventional molten nitrate salts, including greater range of operating
temperatures (subzero to greater than 1000C vs. 200C - 600C), low costs,
low corrosion effects and no need for air-tight seals [4]. Importantly, in these
particle-based solar receivers, the instantaneous distributions of particles has a
strong impact on solar heat absorption, thermal performance, efficiency, exergy,
particle temperature and economic viability [5]. Therefore, there is a need to
develop fundamental understanding of the complex flow dynamics and to
obtain detailed measurements of the particle distributions within these systems
to mitigate risks caused by particle egress and to further the state-of-the-art of
these technologies.
One CST configuration that has received recent attention is the falling
particle receiver [1, 5-8]. Typically in these receivers, particles fall under their
own weight through a high aspect ratio horizontal slot, such that the falling
particles form a thin curtain. The falling particles absorb the incident solar
radiation directly and are collected at the bottom of the receiver. Direct
heating of particlulate matter in the curtain enable operation of the receivers at
high concentration ratios with no flux-considerations (usually seen in tubular
receivers). Free-falling receivers have additional advantages of having no
blockage during the particle falling process, a comparatively stable operation
process, and a simple structure for the downflow process – which reduces the
costs of operation and need for maintenance compared to other receiver
designs.
Thus, free-falling particle receivers can be favourably used in
concentrated solar thermal (CST) plants for energy generation and fuel
production. In most of these configurations, the receiver cavity operates with a
windowless aperture, which allows the concentrated solar radiation to directly
impinge on the particle curtain. However, the use of a windowless aperture
2

results in particles and hot gasses to escape from the cavity. This results in a
reduction in thermal efficiency of the system, and a loss of particles. The loss of
particles not only has to be replenished – resulting in an increase in operational
costs – but also increases particle emission from the receiver, which poses both
safety and environmental issues [9]. Despite great potential, free-falling particle
receivers have not been commercialised successfully. Since their invention in
the1980s by Sandia National Laboratory [10], only two on-sun tests have been
performed [11, 12]. Sandia conducted on-sun falling-particle receiver tests with
free-falling and obstructedflow receiver designs [1, 7, 13]. Whilst these designs
provide direct irradiance and heating of the particles with large particle mass
flow rates, a disadvantage was the potential particle loss through the open
aperture. Particles were observed to be ejected from the aperture due to wind
and the hydrodynamics within the receiver. After many hours of on-sun testing,
it was estimated that ~9 kg/h or 0.0025 kg/s of particles were lost during
testing. Based on an average particle mass flow of ~4 kg/s during the tests, the
particle loss was about 0.06% of the mass flow. Loss of particles from the CST
system also incurs additional costs to replace the lost particles. Analyses have
shown that if the particle loss is 0.01% or 0.001% of the particle mass flow,
then replacement costs for 10% of the particle inventory for a 100-MWe plant
with 9 hours of storage will have to occur at 2 years or 20 years, respectively,
at a particle replacement cost of ~$1–$2 million. Pursuing particle-loss
reduction methods will mitigate additional costs of replacing the particles. Fine
particles and dust created from particle abrasion in open-aperture receivers
may cause soiling on the heliostats, which in turn can greatly reduce the
efficiency of the CSP system [14]. Additionally, Suspended particulate matter
that may be inhaled (PM2.5–PM10 or particle sizes less than 2.5– 10 microns)
can pose health concerns [15]. Therefore, there is a significant need to reduce
particle egress from these receivers in order to increase its financial and
operational viability, and reduce safety hazards. Hence, particle egress
characteristics need to be further investigated to identify the amount of particle
loss and to manipulate the cavity geometries to minimize particle and heat loss
due to the airflow within the receiver.
Experimental and numerical investigation of the effect of air curtains on a
falling particle receiver was conducted by Ho et al [16, 17]. Experiments with
unheated particles (cold cases) were initially conducted to understand the
influence of various parameters (particle size, particle mass flow rate, particle
release location, air curtain flow rate, and external wind) on particle flow,
stability, and loss through the aperture. The effect of temperature was
numerically simulated with a falling particle receiver and an aerowindow.
Particle loss is reduced when the particle curtain is near the aperture and in
the presence of external wind. However, there was no observed benefit to flow
characteristics and loss of particles in other scenarios. The numerical results
also showed that air curtains are only effective at reducing convective heat
3

losses at higher temperatures, due to the significant volume of hot buoyant air
leaving the aperture. Hence, alternative methods such as modifying the receiver
geometry and structure need to be explored to minimize particle egress through
the aperture.
Certain challenges in falling particle receivers require investigation to realise
an efficient system. As the particles exhibit free fall motion, they experience
aerodynamic effects, causing disturbances on the curtain and particle ejection.
These effects are worsened by wind entering the receiver. These aerodynamic
effects remain poorly understood due to the complexity in the systems arising
from particle-fluid interaction, polydispersity of the particle sizes, turbulence,
large-scale motion, confined flow, clustering in the particle curtain and any
effects due to temperature (e.g. buoyancy). Extant literature encompasses
many studies on free-falling particle receivers since it was pioneered in the
1980’s [18]. Majority of these studies have focused on the hydraulics of the
particles and thermal energy transfer to the irradiated particles. However, there
is a paucity of detailed measurements of the particle egress rate under
conditions relevant to these particle receivers. A particle size-distribution
analysis from scanning electron microscope (SEM) images revealed that about
38% of the total loss was due to attrition (abrasion and wear) as evidenced by
a 20% reduction in particle diameter. The remainder of the particle loss (62%)
was attributed to physical loss through the aperture [15]. Recently, Ho et al.
[19] explored the flow and heat transfer characteristics of particles in a falling
receiver. They noted that the temperature rises of the particles decreased with
the increase in particle flow rate, and the thermal efficiency of the receiver
increased with the rise in particle mass flow rate. However, the curtain mass
flow rate has a significant effect on the amount of entrained air in to the
receiver, which in turn affects particle egress. Hence, the curtain mass flow rate
is an influential parameter in the system and the effect on particle egress needs
to be realised to find optimal operating conditions. While the significance of
particle egress is well-understood, attempts to reduce and/or control this egress
has met with limited success. Particles can be ejected from the receiver due to
external wind conditions destabilising the falling particles [20]. Additionally,
heat exchange between the cooler external air and heated air within the cavity
causes significant convective heat losses to occur. A study by [21] reported that
convective losses from a north-facing falling-particle receiver can be about 20%
of the incident radiation on the receiver. Most investigatons have focused on
falling particle receivers to specific designs [1]. A fundamental exploration of
the parametric effects is yet to be undertaken. Factors such as hopper location
and exit gap between the receiver and collection bin change the airflow
patterns inside the receiver; hence, the dependence of particle egress on these
parameters needs to be investigated. Although weight loss from the hopper has
been used to quantify particle egress for certain cases, laser diagnostics have
not been used to provide non-invasive and relatively quicker observations of
particle egress.
4

The aim of this paper is advance current understanding of particle egress in
concentrated solar thermal receivers using detailed experimental measurements
under conditions relevant to practical systems. More specifically, this paper
aims to study the influence of the curtain mass flow rate, opening between the
receiver and collection bin, and the hopper exit location on the particle egress
through the aperture for a free-falling particle receiver. This will be achieved
utilising non-intrusive, in-situ, instantaneous planar measurements of particle
distributions and velocities, near the aperture of a laboratory-scale falling
particle receiver, initially under isothermal conditions. Laboratory-scale
experiments are utilised to have greater control over variables and higher
fidelity of measured data. A fundamental case of the free-falling particle
receiver is used to have the ability to be scale up to large scale scenarios and to
be used for validation of numerical methods.

2

Methodology

The rectangular prism laboratory scale receiver (Figure 1) measuring 0.24
m (W) x 0.24 m (L) x 0.80 m (H) and was manufactured out of clear
polycarbonate such that it was optically transparent to be used for laser
diagnostics. The centre of the square aperture measuring 0.225 m x 0.225 m
was located 0.25 m below the discharge of the particle curtain. The free-falling
particles are collected in a collection bin after they fall through the receiver.
The collection bin also has an exhaust port (exhaust diameter, de = 22mm) to
vent excess pressure from the collection bin. An in-line flow meter was attached
to the exhaust port to measure the exhaust flow rate from the collection bin.

Figure 1: Schematic of the free-falling receiver and supporting structure, along with
the setup for laser diagnostics.
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The hopper had a capacity of 40 kg of particle which resulted in runtimes
of 80s to 150s (dependant on the mass flow rate) and the horizontal location of
the hopper could be varied. High performance ceramic media which is currently
being utilised in full-scale on-sun tests [13] of falling particle receivers were the
chosen particles for this investigation. The unheated ceramic particles
(CarboBead CP 40/100; median diameter = 270 µm; density = 1880 (bulk),
3270 (absolute)) were released into the cavity from a hopper placed on top of
the receiver cavity. To reduce complexities associated with recirculating the
particles through the hopper, the tests were conducted with the hopper filled
manually and released for each case. The system was also aerodynamically
sealed except for the aperture opening, hopper slot and the exhaust port.
Hence, the only exchange of air occurs through the exhaust vent in the
collection bin and the aperture of the receiver when the particle curtain is
falling. The geometric parameters of the receiver are labelled in Figure 2 and
defined in Table 1.

Figure 2: Schematic of the laboratory-scale free-falling particle receiver and
associated geometrical parameters
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Table 1: Summary of geometrical parameters and flow conditions for the
measurements of particle egress.

Particle type
Particle diameter (median), dp (µm)
Particle density (kg/m)3
Hopper angle (deg)
Hopper slot thickness, dh (mm)
Hopper slot width (into page), Wh (mm)

CarboBead CP 40/100
257
3270 (absolute), 1880 (bulk)
25
4, 5, 6, 7
200
80, 120, 160

Hopper horizontal offset, Δyh (mm)
Receiver height, hr (mm)
Receiver depth, yr (mm)
Receiver width (into page), Wr (mm)
Aperture size, Dap (mm)
Aperture vertical position, hap (mm)
Receiver exit gap, yrc (mm)
Collection
Collection
Thickness
exit of the

chamber height, hc (mm)
chamber width, yc (mm)
of unconfined particle curtain at the
receiver, yp (mm)

800
250
250
225 x 225
245
15, 20, 30, 50, 75, 100, 125,
150, 200, 250
300
380

The laser diagnostics apparatus included a Quantel double-pulsed Nd-YAG
532nm laser paired with an ILA articulated arm and optics, and an Andor Solis
5.5-megapixel sCMOS camera. A schematic of the experimental setup is shown
in Error! Reference source not found.. The laser sheet was oriented to pass
vertically through the centre of the aperture and had a thickness of 1 mm. The
laser and camera were connected to a digital timing box to capture 600 pairs of
illuminated images at a frequency of 15 Hz. A time difference of 7 ms was used
for all the cases which resulted in a median particle displacement of 4 pixels.
Figure 3 contains a schematic of the imaging region where data was collected
using laser diagnostics. The Particle Image Velocimetry (PIV) image pairs were
post processed using Matlab. PIVlab uses the images to generate instantaneous
velocity fields of the egressed particles. The image pairs were processed using
triple pass integration with a window size of 64 x 64 pixels, a second pass of 32
x 32 pixels and a third pass of 16 x 16 pixels with an overlap of 50%. Planar
nephelometry (PN) was used to infer the particle concentrations in each
interrogation window in the PIV images.
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Figure 3: Depiction of the region of interest for imaging using laser diagnostics

Planar nephelometry is a laser diagnostic technique used to estimate
particle concentration (number density) from the intensity of the Mie
scattering signal from particles. This technique is useful for the measurement of
particle concentration in densely-seeded flows as it does not necessarily rely on
the resolution of individual particles. Measurement of the laser sheet at regular
intervals along the sheet were performed to derive the beam profile.
Measurements of the background light were performed for each experimental
run without the presence of the particle curtain. This allowed corrections for
background and beam profile. The instantaneous images were corrected for
residual background illumination and for intensity variations along the sheet.
Utilising the intensity corrected images and instantaneous velocity vectors
along a line outside the aperture, pseudo mass fluxes for the different cases
were derived to compare the particle egress for the different cases. The positive
mass fluxes ( ) from each instantaneous frame were summed and then timeaveraged across the data set to extract the particle egress for each case. The
average particle egress for each case ( ) was normalised using the average
particle egress calculated for the base case (

). This process is depicted in

Figure 4. The base case was considered for each mass flow rate of where the
hopper is in the middle of the receiver ( Δyh = 1/2 yr) and the receiver
discharge gap is fully open ( yrc/yr = 16.67). No additional tracer particles
were used for the purpose of PIV; the observed particles in the PIV image pairs
were generated due to dust formation and particle ejection the falling particle
curtain. Hence, the velocity fields obtained after post processing the images
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were representative of the velocities of clusters of particles within each
interrogation window. These velocities were used in conjunction with the
average intensities within each interrogation window to obtain a pseudo-mass
flux for each case which aids in comparisons between the cases.

Figure 4: Process to calculate the pseudo-mass flux from recorded PIV images

The curtain mass flow rate of the particles was varied using a fixed slot
aperture in a discharge plate located at the base of the particle hopper. Four
slot widths ranging between 4 – 7 mm were used to realise curtain mass flow
rates between 1.11 kg/sm and 4.01 kg/sm. The curtain mass flow rate was
measured periodically using a scale which supports the hopper and particles.
The hopper slot position was varied to be closer to the aperture (Δyh/yr = 1/3),
in the middle of the receiver (Δyh/yr = 1/2) and closer to the back wall (Δyh/yr
= 2/3). The receiver exit gap ratio (ReGR = yrc/yr) was varied using baffles at
the receiver exit. The ratio was varied from 1.2 to 16.67 (receiver fully open)
and ten different widths were tested.

3

Results and discussion

3.1

Effect of receiver discharge area (ReGR)

Figure 5 presents the average mass flux through the aperture for a series of
horizontal baffle (discharge) gaps,
completely open (

=

, relative to the case where the baffles are

). The results are shown for 4 different particle mass
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flow rates where the particle egress is normalized using the results for the cases
where the receiver exit gap is fully open for each mass flow rate.

Figure 5: Net average mass flux of particles through the aperture, normalised by that obtained
with the maximum discharge gap, as a function of the receiver exit gap, normalised by the
thickness of the equivalent free curtain at the receiver exit plane, for a series of curtain mass flow
rates.

Comparing the average egress of particles across all gap widths, the lowest
relative egress of particles occurred for a curtain mass flow rate of 2.92 kg/sm
and the highest for a curtain mass flow rate of 1.86 kg/sm. Particle egress for
the lowest mass flowrate (1.11 kg/s/m) does not benefit from varying the
receiver exit gap. An increase of 50% in particle egress is observed at the lowest
gap tested and a maximum of 110% increase in particle egress occurs when
= 0.2*

. A mass flow rate of 1.11kg/s/m also exhibits a different trend to the

other mass flow rates due to differences in curtain flow characteristics. The
lower mass flow rate of the curtain entrains more air per volume of particles
dropped through the hopper. Due to the increased dispersion of the particle
curtain at this mass flow rate, most egressed particles maybe produced at the
receiver section instead of the collection bin (due to the impaction of particles
at the bottom).
Minimising the opening between the receiver chamber and the collection
chamber (for example, using baffles) for higher mass flowrates (1.86 – 4.01
kg/s/m) can reduce the particle egress compared to a receiver where the gap is
fully open. Particle egress is reduced by 10 – 35% when the opening between
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the receiver chamber and the collection chamber is approximately 2 times the
thickness of the curtain at the receiver exit. Reducing this gap causes
instabilities in the curtain near the receiver exit gap and can in turn increase
the particle egress observed to the same value as a fully open receiver exit gap.
The results suggest that there are critical gap widths between the receiver and
the collection bin which cause transitions in the complex airflow behaviour
within the receiver, especially for higher curtain mass flow rates. Since a
curtain mass flow rate of 1.11 kg/sm does not display this trend, it can be
surmised that differences in the volume of entrained air for higher curtain mass
flow rates are the cause for these observations.
As ReGR decreases from ~3.5 to ~1.5, there is a reduction in particle egress
for all mass flow rates. This is attributed to the increased blockage of particle
flow from the collection bin back into the cavity as the baffle width decreases.
As ReGR decreases from 1.8 to 1.5, particle egress increases for all cases except
the lowest mass flow rate. In this regime, the discharge gap width is now
approximately the same width as the curtain. Since the instantaneous
trajectories of the falling particles fluctuate about the mean, in this regime
some particles at the edge of the curtain collide with (and potentially bounce
off) the baffles, causing an increase in the number of particles within the
cavity, and hence a higher particle egress. Furthermore, in this regime, the gap
may be sufficiently small to cause a significant back pressure at the gap
opening, which also increases particle egress.
For ReGR greater than 4, the results show that particle egress has a nonlinear and non-monotonic relationship with yrc/yr and mass flow rate, with no
clear trends observed in the measurements. The reason for this is unclear,
however, it is known that the internal flow field within the cavity is
characterised by large-scale flow features, in particular, a large recirculation
zone behind the curtain. This recirculation zone is known to influence the
curtain mean trajectory, entrainment, and ultimately, particle egress. It is
therefore plausible that the effect of varying ReGR is to alter the flow features
within the receiver cavity, which in turn influences particle egress. A local
minimum in particle egress (reduction of 20 – 75%) was measured for higher
mass flow rates (1.86 – 4.01 kg/s/m) where the gap between the receiver and
collection chambers was half that of the width of the receiver (ReGR = 8.3).
The largest reduction in particle egress for mass flow rates of 1.86kg/s/m and
2.92 kg/s/m occurs at

= 0.5*

(a reduction of 35% and 75% respectively).

In contrast, the largest particle egress for a mass flowrate of 4.01 kg/s/m
occurs at

= 0.12*

, where there is a 32% reduction in particle egress. This

may indicate that there exists an optimum ReGR where the particle egress can
be minimised based on the operating parameters and geometric dimensions of
the receiver. Taken together, this suggests that the particle egress can be
characterised to two regimes. For the case where the xw/wc<~4, particle egress
is influenced by the direct interaction of the particles within the curtain, and
within the collection chamber, with the baffle walls. For xw/wc>~4, particle
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egress is significantly influenced by the large-scale flow features, such as the
recirculation zone behind the curtain. It should be noted that the baffle walls
may still influence particle egress, but this is indirect via the impact on the
internal flow structure.
Only a mass flow rate of 2.92 kg/s/m has consistent benefit in reducing
particle egress across all receiver discharge gaps tested. This phenomenon
maybe occurring due to the complex interactions of the extrained air and the
confined flow within the receiver cavity. Curtains at lower mass flow rates
entrain more surrounding air. The increased air entrainment means that more
fluid has to leave the system, which results in higher entrainment through the
aperture. However, curtains at higher mass flow rates contain more particles
(in absolute terms), which results in a greater number of particles egressing.
Between these two extremes, there may therefore be a mass flow rate where
there is a local minima at 2.92 kg/sm.
Since the receiver system is aerodynamically sealed with the exception of
the exhaust port and the aperture, the exhaust flowrate for the cases above was
recorded to provide insight into the trends observed. Figure 6 depicts the
exhaust flow rate measured from the collection bin for different curtain mass
flow rates and receiver exit gap ratios, with the hopper placed in the middle of
the aperture plane of the receiver (Δyh/yr = 1/2). The exhaust flow rate has
been non-dimensionalised using the volumetric flow rate of the particles
through the hopper for each mass flow rate.

Figure 6: Comparison of normalized exhaust flowrate vs the normalized receiver
discharge width
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The trends in exhaust flow rate are more predictable than the particle
egress. In general, the exhaust flow rate reduced when either the curtain mass
flow rate or the ReGR was increased. When the ReGR increases, there is a
larger gap for the pressure build-up in the collection bin to push air (and
particles dispersed due to impaction with the bottom) up in to the receiver.
Increase in curtain mass flow rate increases the volume of air entrained in
to the receiver through the aperture. This causes additional dispersion of the
particles for higher curtain mass flow rates [19]. Thus it can be inferred that
the dispersion allows more air to escape from the collection bin to the receiver
when compared to lower curtain mass flow rates, which have a higher solid
fraction. As the baffle width is reduced, more air flow occurs out through the
exhaust port. When the baffle width is reduced, there is a higher flow
restriction (i.e. pressure drop) between the collection chamber and the main
cavity, and hence the flow preferentially leaves the system via the exhaust port
rather than the aperture.
Interestingly the trends are quite monotonic. Interestingly, even in the
regime where the discharge gap is large, a reduction in the ReGR still results in
an increase in flow through the exhaust. This further reinforces the conclusion
that the non-linearities in the profiles of particle egress versus discharge baffle
width is not only a function of the backflow between the collection chamber
and the cavity, but is also a function of the large scale flow within the receiver
cavity. A unique observation was that the highest mass flow rate cases have a
lower normalised exhaust rate which indicates that a higher mass flow rate
curtain entrains less air per volume of particles dropped through the hopper.
This phenomenon is attributed to the different flow characteristics of the
curtain (e.g. necking, divergence and solid fraction) that occur for the different
mass flow rates.
These results indicate that horizontal baffles have the potential to reduce
particle egress, however, the design of the baffles needs to be optimized in
conjunction with the curtain properties and the receiver geometry.
Furthermore, based on the instantaneous images, the particles that egress are
typically significantly smaller than the average particle size within the curtain.
This size difference is sufficiently great such that this difference is clearly
observable based on the raw images alone.

3.2

Effect of hopper position (Δyh)

Figure 7 presents the normalized particle mass flux of particles through the
aperture plane as a function of transverse hopper location relative to the
aperture, for 4 different hopper exit widths, and hence particle mass flow rates,
and 3 different discharge gap ratios. All comparisons are made relative to the
particle egress observed for each mass flow rate where the hopper is located at
the transverse centreline to the aperture plane and the receiver discharge gap is
fully open. Figure 7 contains three plots where a), b) and c) are for ReGR of
3.33, 6.67 and 16.67, respectively (yrc/yr = 0.2, 0.4 and 1 respectively).
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Figure 7: Net-averaged positive mass flux through the aperture as a function of normalised
distance of the hopper plane from the aperture for a series of discharge gap ratios. The mass flux
results have been normalised using the mass flux obtained for each curtain mass flow rate when
the receiver discharge gap is fully open

For hopper exit planes in the range 0.33 < yh/yr < 0.66 the particle egress
increases with distance of the curtain from the exit plane for cases without
wind. The recirculation region between the front wall and the particle curtain
is increased by inceasing yh over this range, which causes stronger
recirculation through the aperture plane. This effect may be different for cases
with wind, where there is a larger inward pressure at the aperture. For the
smallest receiver discharge gap investigated (Figure 7 a)), the egress of particles
is a minimum when the hopper exit is closer to the aperture of the receiver. For
a discharge gap ratio of 3.33 (

= 0.2), moving the particle curtain away

from the aperture leads to an increase in particle egress for all curtain mass
flow rates. For mass flow rates between 1.86 and 4.01 kg/s/m, the particle
egress is reduced for the fundamental receiver model by 50% when the hopper
is closer to the aperture and

= 0.2. This implies that it is desirable to

preferentially generate circulation on the wall-side of the curtain relative to the
aperture side of the curtain for a receiver with a square cross-sectionFor a
discharge gap ratio of 6.67 in Figure 7 b)(
= 0.4), a similar trend is
observed for a curtain mass flow rate of 4.01 kg/sm, but the other curtain mass
flow rates have the lowest particle egress when the hopper is in the middle
location. The egress of particles is lower when the hopper is closer to the
aperture when compared to the hopper being closer to the back wall. When the
receiver discharge gap is unobstructed (Figure 7 c)), the lowest relative particle
egress occurs when the hopper is located at the middle of the receiver for all
curtain mass flow rates. At this receiver discharge gap, the egress of particles is
much higher, for all curtain mass flowrates tested, when the hopper is closer to
the back wall than when the hopper is closer to the aperture or in the middle
14

of the receiver. When yh/yr = 0.67, the particle egress increases by 100 – 450
%, depending on the hopper width (and hence mass flow rate).
In Figure 7 b), the ReGR corresponding to the local minima in Figure 5
= 0.4), the particle egress (except for m = 2.92kg/sm) is only weakly

(

dependent on the horizontal location of the hopper. Having a gap close to half
the width of the receiver maybe creating an optimum gap spacing where there
is a lower concentration of particles escaping from the collection bin to the
receiver, irregardless of the hopper location.
For very large receiver discharge widths (

> 0.4), particle egress is

minimised when the hopper is in the middle of the cavity. The closer the
particle curtain is to the aperture, the easier it is for particles to egress.
Conversely, a particle curtain closer to the back wall reduces the recirculation
region near the back wall resulting in increased pressure, which pushes the
curtain forward towards the aperture. Interestingly, the particle egress is larger
for the case where the hopper is near the back wall rather than near the
aperture, indicating that the effect of the recirculation region on the back wall
has a strong, primary influence on particle egress. This effect is seen across all
the discharge gaps tested. The lowest mass flow rate tested (1.11 kg/s/m) has
different particle egress characteristics compared to the other mass flow rates
at low discharge gap ratios (
= 0.2 and 0.4). The curtain flow
characteristics may differ between the different mass flow rates, however such
low mass flow rates are not suitable for an efficient solar thermal system.

4

Conclusions

The results show that, for the case without the influence of wind, the
geometric configuration of the internal cavity has a substantial influence on the
particle egress, so that its optimization is important. In particular, it has been
found that:
•

A non-intrusive method to measure relative particle egress through
the aperture has been developed and applied by combining
measurements of particle velocity and concentration.

•

Particle egress is driven by the internal recirculation of flow
between the curtain and the aperture plane. Hence anything that
reduces the strength of this recirculation is beneficial;

•

The geometric dimension with the biggest influence was found to be
the width of the exit gap at the bottom of the receiver. The best
cases reduced the egress by 75% compared with the reference case,
while the worst cases increased the egress by 200% compared to the
reference. For the higher mass flowrates tested, particle egress is
reduced where the gap of the opening at the receiver exit plane is
twice the width of the unconfined particle curtain at the equivalent
fall height. However, the lowest particle egress for mass flow rates
15

of 1.86 kg/s/m and 2.92 kg/s/m occurs when the receiver discharge
gap is half the width of the receiver. More work is required to fully
understand how to optimise this parameter;
•

Over the range of geometries assessed here, the particle egress is
reduced when the hopper is placed equidistant between the aperture
and the back wall of the receiver. There is lower particle egress
when the hopper is closer to the aperture than when the hopper is
closer to the backwall. The only scenario where the hopper placed
closer to the aperture resulting in lower particle egress than the
hopper placed in the middle occurs when the receiver discharge gap
is very small (

= 0.2). However, the case where the particle

curtain is adjacent to the back wall not been assessed yet.
•

A hopper location closest to the back wall is not recommended
when considering mitigation of particle egress. For ReGR less than
6.67, there is lower particle egress when the hopper is located closer
to the aperture when compared to the other hopper locations.
However, for ReGR higher than 6.67, it is recommended to keep the
hopper equidistant between the aperture and the back wall to
reduce particle egress.
Future work will include the analysis of these parameters with the influence
of cross-flow and co-flow wind, as well as the imploration of potential strategies
(active and passive) for the mitigation of particle egress through the aperture of
the falling particle receiver.
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Abstract:
This work reports an optical method for particle velocity measurement that can be applied to
measure particle velocities within dense particle-laden flows with high spatial resolution. The
technique is based on particle shadow velocimetry but is novel in the use of a long-distance
microscopic lens for images collection. The narrow depth of field of the lens, typically less
than 1 mm, allows particles within the focal plane to have much higher pattern intensities than
those outside it on the collected images. Therefore, discriminations and filtrations of outsideplace particles can be performed based on the gradient of the signal and a threshold. Following
this, particle velocity can be calculated from two successive images in the usual way. The novel
technique was successfully demonstrated in a free-falling particle curtain formed by semispherical particles with a median diameter of 154 µm falling from a hopper with a slot of 2 mm
× 40 mm. The velocities of the particles were measured at different transvers planes with a
spatial resolution of ± 0.5 mm though the curtain at different falling heights from the hopper.
The results reveal the significantly higher velocity of particles at the central plane of the curtain
than that at the edge, which even can be more than 60%. In addition to the novel optical method
that can also be used for other densely particle flows, the present work also provides highlyfidelity experimental data for modelling validations, including the particle mass flow rate,
curtain thickness and opacity.
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1. Introduction
There is still an ongoing need of high-fidelity experimental data of particle-laden flows to
understand the complex interactions between fluid and particles, particularly in those with high
particle loadings in the four-way coupling regime. This need applies for the development of
different solar thermal receivers using low-cost particles to capture and store concentrated solar
radiation. In the solar-particle receivers proposed, the volume fraction of particles is
consistently kept as high to achieve sufficient absorption of the concentrated radiation, e.g.
free-falling particle curtain that is under development as one of the next-generation receivers
[1–4]. The high particle loading leads to strong interactions between gas and particles and those
between themselves, i.e. the four-way coupling regime, which is still poorly understood
compared with the one- and two-way coupling regimes with much lower or moderate particle
loadings. The high particle loading also leads to significant challenges in the measurement of
gas and particle velocities, both of which are the key parameters to understand the interaction
mechanisms and the latter is directly relevant to the efficiency of heat transfer through the
residence time in particle receivers [4–7]. Consequently, experimental results are rarely
reported due to the lack of reliable measurement techniques.
Particle image velocimetry (PIV) is widely used for velocity measurement in particleladen flows. Typically, particles are illuminated by dual- or multi- light pulses, mostly using
laser beams, and the coherence between the sequent images of particle scattering recorded is
used to derive the velocity of particles, which equals the gas velocity in the case that the
particles have small Stokes numbers less than 0.1, i.e., St < 0.1 [8]. Particle-tracking
velocimetry (PTV) was also used as a complementary tool for measuring the velocity of
dispersed particles and simultaneous PIV/PTV measurement was conducted to provide
relatively complex results. Two significant advantages of these two optical methods are the
inherent non-intrusive and high spatial resolution [8,9]. The latter advantage is achieved either
3

using a thin laser sheet, e.g. in planar and stereo-PIV, or through a reconstruction process
applied to multiple scattering images recorded at different view directions, e.g., like in
tomographic PIV. However, it is very challenging to apply these methods in dense particleladen flows, e.g. free-falling particle curtains, in which the thin laser sheet is greatly scattered
and attenuated, leading to degraded spatial resolution and even inaccessibility of light [10].
This may be the reason for that experimental results reported is limited to the outer plane of
the particle curtain. However, it is well recognised that particle velocity is significantly higher
within the curtain because of the less entrainment effect of surrounding gas [11,12]. Thus,
measuring the velocity of the particles within the curtain, or the profiles cross the curtain
thickness, is also important to characterize the residence time of particles in the radiation field.
Particle shadow velocimetry (PSV) is another non-intrusive optical method used for the
measurement of velocities of microparticles, bubbles and droplets [10,13–15], in which a
backlight is shadowed by the object and the displacement of the object can be derived from
sequent shadow images recorded with the modulating light source. Because of the inherent
line-of-sight signals, PSV generally has no spatial resolution along the view direction, while a
low resolution can be accessed by using an image system with a low depth-of-view (DoF)
followed by a threshold filtering process based on the fact that the darkness of the object
shadow decreases on the out-of-focus plane [16]. This method has been demonstrated in the
flow laden with small transparent airborne particles (a few of micrometres), bubbles and
droplets with low volume fractions, yet in a flow such as free-falling particle curtains laden
with opaque particles of high volume fractions and different sizes, in which the threshold
process based on the darkness of objects may not be applicable. In addition, microscopic PSV
(µ-PSV) potentially has enhanced spatial resolutions along the view direction because of the
low DoF values, however, it has been neither demonstrated in dense particle-laden flows.
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Specific to the free-falling particle curtain proposed for solar receivers, the flow field
is relatively simple as the particles are much heavier than air. The dominant component of the
particle velocity is the one along the gravity, consist with the observation that the curtain
thickness only slightly increases with the falling distance from the hopper [1,2]. Such a simple
velocity field not only makes it easy to use µ-PSV because of the negligible out-of-focus-plane
effect, but also makes it possible to apply a new image process method to filter out-of-focus
signals and further improve the spatial resolution along the view direction.
In light of the discussion above, the main aim of the present work is to develop the
micro-PSV technique to measure the particle velocities within free-falling particle curtains,
particularly focusing on the development of an image process method to achieve spatial
resolution along the curtain thickness. In addition to particle velocity, other quantitative results,
like curtain opacity, thickness, and particle mass flow rate, are also measured to provide
relatively completed experimental data for modelling validations.

2. Experiments
2.1. Optical setup
Figure 1 presents a schematic diagram of the experimental setup, including a micro-PSV
system and a curtain of particles free falling from a hopper with a rectangular orifice into a
quiescent environment. A high-power LED (SOLIS-365C) with a wavelength of 365 nm was
used as the backlight for illumination. The LED has a maximum power of 4W under continuous
operation, but in this experiment the LED was trigged with an external signal generator such
that it operates in a dual pulse mode at a frequency of 2 Hz. The duration of each pulse is
approximately 5 µs with a time-delay of 33 µs between them (a temporal profile is shown in
the Supplementary Material). The power of the LED pulse was too low to be measurable but
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its fluorescence was clearly visible on a white paper. On the other side of the particle curtain,
the particle shadow was imaged using a long-distance microscopic lens (LM100) onto a dualframe PIV camera (PCO.2000), which was synchronized with the LED light source. Therefore,
two subsequent particle shadow images can be recorded with a time interval of 33 µs for
velocity derivation.

The image system has a field of view (FoV) of 3.5×3.5 mm2,

corresponding to 1.7 µm/pixel. According to the specification provided by the manufacturer,
the DoF of the microscopic lens is approximately 1.3 mm and the f-number is 22.9. The
microscopic imaging system was horizontally traversed with a step of 1 mm, i.e. along the ydirection as shown by the coordinate system in Fig. 1, enabling different planes within the
particle curtain to be clearly imaged. The spatial resolution of the experimental method along
the y-direction was also assessed by imaging microparticles steadily adhered on a flat quartz
plate which was driven by a micro-translation stage to cross the focal plane of the imaging
system.

Figure 1: Schematic diagram of the experiment setup for microscopic particle shadow
imaging.

2.2.

Hopper and particles

A wedge-shaped discharge hopper was used in the present work with a slot aperture of 2 mm
× 40 mm. The details of the dimensions of the hopper can be found in the Supplementary
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Material. Carbo CP 70/140 particles (Carbo Ceramics Inc.), with properties summarised in
Table 1, were used to generate a free-falling particle curtain. The mass flow rate of the particles
was measured using a digital scale located at the base of the falling curtain: particles were
recollected at the bottom with a container, which was placed on the digital scale to record the
change in mass. To minimize errors, measurements were conducted five times. The shadow of
the curtain was also recorded using a white LED plane as light source and a normal CCD
camera, from which the transmission of the curtain was calculated. The curtain can run
approximately 22 seconds and all measurements were conducted in the middle period when
the particles fall constantly.
Table 1: Carbo CP 70/140 particle properties (from www.carboceramics.com).
Property
Composition
Mass-median diameter (μm)
Diameter distribution (μm)

Value
Sintered bauxite
154
74 – 105: 5%;
105 – 149: 43%;
149 – 212: 51%;
212 – 300: 1%
1890
3250

Bulk density (kg/m3)
Density (kg/m3)

3. Data processing methodology
Figure 2 presents a flow chart of image processing to identify the particles on the focus plane
and filter out those out of the plane. The methodology is based on the principle that the particles
on the focus plane are sharply imaged and the magnitude of the gradient of the particle edge is
larger than those out of the focus plane which are blurredly imaged. Briefly, the imaging
process includes the following steps:
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1) One raw shadow image, I, is loaded without subtracting the background and the
gradient of the image, G, is calculated. i.e. G(i, j) = |∇I|. A 2D Gaussian filter is then
applied to Image G to smooth it.
2) Probability distribution function of the pixel intensities on Image G is calculated, and a
threshold value ε is determined by the mean value of the ten largest values in G(i, j),
termed as Imax, which is described by
ε = c·Imax,

(1)

where c is a scaling factor that ranges from 0 to 1. Such a method for determining the
threshold value ε can mitigate the influence of backlight extinction (due to particle
absorption and scattering) on the image I.
3) The threshold value ε is applied to G for image binarization, resulting in Image B that
follows:
𝐵(𝑖, 𝑗) = {

0, 𝑓𝑜𝑟 𝐺(𝑖, 𝑗) ≤ 𝜀
,
1, 𝑓𝑜𝑟 𝐺(𝑖, 𝑗) > 𝜀

(2)

4) Therefore, the edges of the particles on a thin focusing plane can be identified and
visualized on Image B. The particle velocity is calculated from a pair of images B(0)
and B(Δt). This process was conducted using the open-source software of PIVlab [17].
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Figure 2: Flow chart of the data processing.

The particle shadows may be blocked by those presenting on the path of view when the
particle loading is high within the curtains, which can lead to limited data in a single integration
window for velocity calculation. This also applies for the detection plane with very low particle
volume fraction, e.g., that close to the curtain edges. Therefore, two additional methods
(Methods II and III) have been applied to the Images B to increase the number density of valid
data for velocity calculation. As shown in Figure 3, the first additional method is to equally
split the Image B along the x-direction into 4 sub-images and then superimpose them together
9

to form an image with more dense valid data. The second method is similar but a 4×4 splitting
is applied. These two methods are reasonable because of the simple velocity field of the curtain,
i.e., the dominant velocity along the x- direction and the uniform velocity within the small FoV
(3.5×3.5 mm2).

Figure 3: Schematic diagram of image processing methods to obtain down-sized images.

The accuracy of the velocity measured in the present work was validated by comparing
the location index of particles on the gradient images. Image B(0) was shifted numerically
along the y-direction based on the velocity Vp (the mean value derived from a pair of images)
and the time duration Δt, leading to an Image of C1. Similarly, gradient image B(Δt) is also
shifted based on reverse velocity (-Vp), generating an Image of C2. This is expressed
mathematically as follows:
𝐶1 (𝑖, 𝑗) = 𝐵(0) (𝑖, 𝑗 − 𝑓(𝑉𝑝 , ∆𝑡 )),

(3)

𝐶2 (𝑖, 𝑗) = 𝐵(∆𝑡) (𝑖, 𝑗 + 𝑓(𝑉𝑝 , ∆𝑡 )),

(4)
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where f is a linear displacement along the x-direction in a unit of pixel number. Images C1 and
C2 can be easily understood as the projected images of B(0) and B(Δt), respectively, based on
the particle velocity measured. Therefore, in case that the particle velocity is accurately
measured, the indices of the particle location on y-direction in B(0) would be as the same as
those in C2, and do for B(Δt) and C1. However, comparisons between the temporal offset image
with the binarized image, i.e. C1 and B(Δt), cannot be achieved directly, because particles may
rotate during the small time interval, which leads to different particle shapes and thereby
different pixel numbers on B(0) and B(Δt), but the total number of indices are the same for the
temporal offset and binarized image pairs, so the following two index arrays D1 and D2 are
compared to validate the measurement accuracy:
𝐷1 (𝑗) = [𝐵0 (𝑗); 𝐵∆𝑡 (𝑗)],

(5)

𝐷2 (𝑗) = [𝐶2 (𝑗); 𝐶1 (𝑗)],

(6)

4. Results and discussion
Figure 4 presents the structures of the curtain recorded with an exposure time of 500 μs from
two view directions with a large white LED plane as the backlight. The curtain does not expand
in the z-direction (Fig. 4a) and only expands a few of millimetres along the thickness, i.e. in
the y-direction (Fig. 4b), while it propagates a long distance of about 480 mm in the x-direction.
These phenomena indicate that the dominant velocity is the component along the x-direction
on the view plane (x - y). The opacity (O) of the curtain can be derived from the front-view
images as shown in Fig. 4a, following that O = 1 – T, where T is the transmission of the particle
curtain.
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Figure 4: Snapshot view of the free-falling particle curtain from(a) a front view and (b) a side
view.

Figure 5 presents some quantitative details of the curtain, including the thickness (w),
opacity (O), particle mass flow rate (𝑚̇), and the mean of particle volume fraction (ϕ) averaged
cross the thickness of the curtain, the detailed measurement methods are presented in the
Supplementary. The values at 6 specific heights are highlighted, corresponding to the heights
at which the particle velocities were measured using the μ-PSV. The curtain thickness shown
in Fig.5a was the mean values of 100 side-views of the curtain (Fig. 4b) and the results show
that the curtain gradually expands from 2.13 mm, slightly larger than the hopper slot, to
approximately 7 mm at x = 480 mm. This dispersion of particles occurring during the free
12

falling was explained by the non-uniform distribution of the drag force around a particle in a
cluster [12]. The expansion of particles leads to a decrease in the opacity along the dropping
height, as shown in Fig. 5b, but in which a different non-linear trend can be found, indicating
complex relationships between the opacity and the thickness of the particle curtain. Figure 5c
shows that the mass flow rate of particles is somewhat stable during the experiment with a
value of 20.2 g/s calculated from the fitting line for the five sets of measurement. Figure 5d
shows that the spatial-averaged particle volume fraction ranges from 0.01 to 0.1, which is in
the 4-way coupling regime [18]. It is worth noting that particles are non-uniformly distributed
along the curtain thickness (as presented in Fig. 6d, 6e and 6f), therefore, the local particle
volume fraction on the planes close to y = 0 mm is expected to be significantly larger than the
values presented in Fig. 5d.
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Figure 5: (a) Curtain thickness (b) curtain opacity (c) particle mass collected at the bottom of
the curtain; and (d) the averaged particle volume fraction along the curtain thickness.

Figure 6 presents representative images of the particle shadow collected at different
dropping heights and different planes along the curtain thickness. At the dropping height of 30
mm (Fig. 6a), particles appear densely on the central plane and distribute approximately
uniform over the field of the view. As shown in Fig. 5a, particles disperse as they drop
downwards, leading to the increase of the curtain thickness. Interestingly, particles do not
disperse uniformly as the clustering structures can be clearly found at the dropping heights of
140 mm and 220 mm. Further downwards, the volume fraction of particles decreases, but non-
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uniform distributions can still be found at the dropping height at 460 mm. Along the direction
of view (y-direction), both the particles on the focus plane and those out of the plane were
imaged, but the former were clearly imaged with a clear edge, while the latter were blurred.
This phenomenon is also found in the image of Figs. 6e and 6f, where the particles close to the
out edge of the flow were clearly imaged with significant blurred shadows as background.

Figure 6: Representative images of the particle shadow recorded at different locations. The
dimension of the view is 3.5×3.5 mm2for all the images.
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Figure 7 shows a representative series of the images generated in data processing for
deriving the particle velocity at the dropping height of 300 mm. Consistent with Fig. 6, the
particles on the focus planes are sharply imaged, while those out of the focus plane are blurred
and the shadows become transparent. Therefore, these particles on and near the focus plane can
be identified through their edges with the high magnitude of gradient, as shown in Fig. 7b. To
further identify the on-focus particles, a threshold value (i.e. ε in Section 3, and discussed more
below) was applied to the image in Fig. 7b to filter out the particle edges with relatively low
gradients, leading to Fig. 7c, which clearly illustrates the edges of the on-focus particle. Figure
7d presents the paired image at the delay time of 33 μs, clearly showing the same qualities as
Fig. 7c but with a clear movement along the x-direction which is highlighted with the small
boxes.
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Figure 7: (a) A representative particle shadow image, I(0), recorded on the camera at t = 0, x
= 300 mm and y =- 0.11 mm, (b) the gradient magnitude of the image, (c) filtered image
based on a threshold value, and (d) the corresponding filtered image at t = 33 μs.

Figure 8 presents the gradient images for particles adhered on a flat quartz plate that
located at different distances from the focus planes, ∆y = y – y0, and the filtered images using
different threshold values, i.e. different c values (see Eq, 1.). It can be seen that the range of
Δy, in which the particles are selected for velocity derivation, is closely related to the value of
c factor. A larger value of c leads to a thinner detection volume, i.e. a higher spatial resolution
along the y-direction. In the present work, a value of 0.6 was chosen, corresponding to a
resolution of ∆y = ± 0.5 mm. Moreover, a larger value of c also leads to thinner edges of the
particles, as shown in Fig. 8, which potentially results in a high accuracy to the particle velocity
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calculated. However, a high value of c also reduces the number of pixels used for velocity
calculation, therefore, a suitable threshold value should be chosen to trade off the two
influences in this μ-PSV technique. Nevertheless, Figure 9 presents the relationship between
the spatial resolution and the threshold, where the corresponding spatial resolution of each
threshold was obtained as the largest ∆y with particle shadows unfiltered, i.e. at c = 0.6, particle
shadows were all filtered for |∆y| > 0.5 mm, so |∆y| = 0.5 is the spatial resolution at c = 0.6. Fig.
9 shows that a spatial resolution of ∆y = ± 0.3 mm across the curtain thickness is potentially
achievable using this μ-PSV setup.
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Figure 8: (first row) Gradient images of particles adhered on a flat quartz plate that located at different distances from the focus plane (Δy = y y0), and (the rows below) filtered images with various of threshold values.
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Figure 9: Absolute values of the spatial resolution|∆y| as a function of threshold factor c.

Figure 10 presents the correlations between the indices of the particle edges on one pair
of measured and projected images, showing a high extent overlap between the two images.
This indicates a high accuracy of the velocity measurement. Particularly, Fig. 10b shows that
the differences are mostly within ±1 pixel, corresponding to ± 0.05 m/s. A standard deviation
of ± 0.7572 pixels or ± 0.0388 m/s was derived from Fig. 10b, which represents the typical
accuracy of the velocities measured using this μ-PSV technique.

Figure 10: (a) correlation between the indices of particle locations in a pair of measured and
projected mages as described in Eqs. (5) and (6). A plot of D1 = D2 is also shown as a
reference. (b) the values of D1-D2 in the units of pixel and velocity.
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Figure 11a presents the profiles of particle velocity across the thickness of the curtain
at different dropping heights, while Figure 11b particularly presents the results on the central
plane of the curtain. All of the results are the mean values averaged over 150 images. Figure
11 clearly shows not only the increase of the particle velocity with the dropping height but also
the significant higher velocities for the particles on the central plane than those close to the
curtain edges, which is because of the relatively weak drag force from air within the curtain
[1,11,12,19–23]. The difference is significant, e.g. up to approximately 40% at x = 140 and 220
mm. The relative difference of the particle velocity is weaker at the other heights. For example,
at x = 30 mm close to the hopper, only slight difference can be found because the weak
accumulated influence of the surrounding air, while for the dropping height of x > 300 mm the
velocities are approaching to the terminal values. In addition, Fig.11a shows the symmetric
profiles of the particle velocity across the curtain by the consistent results measured on the
planes before and behind the central plane, indicating the negligible influence of the particle
loading on the measurement accuracy.

Figure 11: (a) Particle velocity profiles across the thickness of the curtain at different
dropping heights, and (b) particle velocities on the central plane of the curtain. In (a) the
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filled markers represent the experimental data measured for y > 0, while the unfilled markers
represent data for y < 0.

Figure 11a also interestingly shows that the particle velocities approach to a constant
value of approximately 1.8 m/s at the edge of the curtain for the dropping heights of x = 300
and 380 mm. This velocity value is not only less than the velocities already measured in the
downstream of the curtain but also less than the theoretical terminal velocity, i.e. 3.2 m/s for
2𝑚𝑔

the Carbo particles, which can be calculated by the terminal velocity equation 𝑉𝑡 = √𝜌𝐴𝐶 .
𝑑

While the interpretation is unclear yet, the number of the particles detected at these edging
locations are very low. This is also the reason the thicknesses of the curtain derived from Fig.
11a is much larger than the values presented in Fig. 5a.
Figure 12a presents the velocities of the particles on the different planes at the dropping
height of 300 mm, showing that the results processed using the three different methods agree
well to each other, hardly indicating that one of the methods is better than the other two. But
there is a clear trend that the differences between the results from the three processing methods
increase at the locations on the edge of the particle curtain. This might because the velocities
of the particles on edge of the curtain become non-uniform, even in the small area of the
detection (3.5×3.5 mm2). Nevertheless, the velocities are still very close to each other, as shown
in Fig. 12a. Figure 12b presents the variation of the particle velocity averaged over 150
measurements, which also shows that the variance of the particle velocity is relatively large on
the planes with strong air entrainment, but the variances are all at a low level.
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Figure 12: (a) Axial profile of the particle velocities processed from the non-splitting B and
splitting methodsB1×4 and B3×4 at x = 300 mm, and (b) the corresponding RMS values

5. Conclusion
The micro-focusing particle shadow velocimetry has been successfully applied to measure the
velocity of particles within a particle flow freely flowing from a 2 mm slot with the opacity
ranging from 0.4 to 0.9 and the particle volume fraction of a few of per cents, i.e. in the fourway coupling region. In addition to the quantitative data, which can be used for modelling
validations, the main conclusions are summarized as follows:
1) The particle velocities are dominated by gravitational velocity and the values on the
edge of the particle curtain can be much lower than those on the central plane within
the curtain. The relative difference is relevant to the dropping height, which can be up
to 40% at a moderate height of around 200 mm. The difference reduces upwards and
forwards, but still significant.
2) A spatial resolution of ± 0.5 mm along the direction of optical view, i.e. the direction
across the curtain thickness, has been assessed for the optical technique. The changes
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in the particle velocity across the curtain can be well resolved with this spatial
resolution.
3) The micro-focusing optical method are suitable for measurements in dense particleladen flows. While the limit of particle loading is needed to be assessed, this work
showed that the technique works well in a particle flow with interactions in the fourway coupling regimes.
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Supplementary
A: Temporal Profile of the Laser

Figure 13: Temporal profile of the dual-pulsed laser.
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B: Hopper Dimensions

Figure 14: Dimensions (mm) of: (a) the cross-section view of the hopper and (b) the aperture.
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C: Analysis of Curtain Thickness
Analysis of the curtain thickness is achieved by counting the pixel numbers of the curtain from
the curtain side view images (Fig 4b) and converting the pixel numbers into distance: the pixel
intensity of the curtain, which is the dark region in Fig. 4b, is much lower than that of the
background. Therefore, by counting the number of pixels whose intensities are less than a
threshold along the x-direction will return a description of the curtain thickness in pixels as a
function of the dropping height. Then the real curtain thickness can be calculated based on
calibrations of pixel numbers to millimetres. To minimize any statistical errors, at least 40 side
view images were analysed to obtain the thickness, and the mean values were used to presented
the distribution function (the solid line in Fig. 5a). Then the thicknesses at the selected six
dropping heights were calculated based on the function.
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D: Analysis of Curtain Opacity
The same method used to calculate curtain thickness was also used to find the curtain opacity,
but the curtain front view image (Fig. 4a) was used rather than the side view image. The
intensity of each pixel at the same dropping height of the curtain were summed and averaged
to represent the light intensity of the curtain as a function of the dropping height, which was
termed as I(x).
The equation to calculate opacity is:
𝑂𝑝𝑎𝑐𝑖𝑡𝑦(𝑥) = 1 − 𝑇(𝑥) =

𝐼0 −𝐼(𝑥)
𝐼0

,

(D1)

To find I0, which is the averaged background intensity, images with emptied
background were analysed. Consequently, the opacity of the curtain can be described as a
function of the dropping height. To minimize any statistical errors, at least 40 front view images
were analysed to obtain the opacity, and the mean values were used to presented the distribution
function (the solid line in Fig. 5b). Then the opacities at the selected six dropping heights were
calculated based on the function.
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E: Estimation of Particle Volume Fraction
Particle volume fraction of the curtain was estimated based on the assumption that the particle
velocities and number densities are uniformly distributed along the thickness of the curtain. It
was calculated based on the curtain thickness (Fig. 5a) and central particle velocity (Fig. 5d),
and the measured curtain mass flow rate (Fig. 5c), with the following equation:

𝜙(𝑥) =

𝑚̇∆𝑡
𝜌𝑝

𝑉𝑝,𝑦=0 (𝑥)∆𝑡𝑤(𝑥)𝐿

𝑚̇
,
(𝑥)𝜌
𝑝,𝑦=0
𝑝 𝑤(𝑥)𝐿

=𝑉

(E1)

where ∆𝑡 is an assumed time interval, ρp is the density of the Carbo CP 70/140 particles and L
is the length of the aperture of the hopper, which is 40 mm. The numerator of the equation
represents the particle volume, which was calculated based on the curtain mass flow rate as
𝑚̇∆𝑡
𝜌𝑝

, while the denominator of the equation represents the volume of the curtain at a specific

distance x, which was assumed as a cuboid, whose base surface area equals to the aperture
length multiplies the curtain thickness at this distance, and height equals to the central particle
velocity at this distance multiplies the assumed time interval. The particle velocity at y = 0 was
used in Eq. E1 because it was assumed that in a free-falling curtain most particles locate in the
core of the curtain (which can be validated from Fig. 6d, 6e and 6f, the particle number density
decreases as y increases), where particle velocities are large. As a result, the radially averaged
particle volume fraction was presented as a function of the dropping height (the solid line in
Fig. 5d), and the values at the selected six dropping heights were then calculated from based
on the distribution fuction.
It is worth noting that according to [1], Eq E1 can be also considered as the ratio of the particle
bulk density to particle density:

𝜙(𝑥) =

𝜌𝑏,𝑓
𝜌𝑝

=

𝑚̇
𝑉𝑝 (𝑥)𝐴(𝑥)

(E2)

𝜌𝑝
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where A(x) is the cross-section area of the curtain, which can be calculated as the product of
the width and the thickness of the curtain.
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We present a demonstration of the simultaneous planar velocity
measurement of gas- and particle-phases, both using nonresonant luminescent signals. Laser-induced fluorescence (LIF)
and laser-induced phosphorescence (LIP) are respectively
introduced with using 250 μm PMMA spherical particles and 4 μm
BAM:Eu2+ tracers (gas phase), whose luminescent signals are
separated from each other and also from scattering signals by
employing a combined spectral and lifetime method. Under 355
nm excitation (the 3rd harmonic of a Nd:YAG laser), both PMMA
fluorescent and BAM:Eu2+ phosphorescent signals are shown to be
sufficiently strong for PIV imaging with CCD cameras, and very
separable for phase discrimination with using spectral filters and
temporal profiles.
OCIS codes:
https://XXX

Velocity and scalar filed distribution are the characteristic
parameters which control the complex interactions in particleladen flows (Ref). Simultaneous measurements of both gas- and
particle-phases can directly exhibit the instantaneous
interacting phenomena between phases, such that are essential
to improving understanding of these non-linearly coupled
effects in the flows (Ref). However, it is very difficult to achieve
simultaneous velocity measurements using conventional
particle image velocimetry (PIV) method, which predominantly
adopts resonant signals of scattering. As scattering intensity is
proportional to the square of particle diameter (Ref), scattering
signals of particles and tracers (faithfully follow the fluid
motion) sharing the same spectral band can cross talk with the
spatially-closed ones in both imaging and post-processing
processes. The missing information around particles is the major
barrier limiting further study on particle-particle and particleair interactions, which has raised uncertainties of predictive

analysis, even more inaccurate with the increase of particle
concentration, e.g. densely particle-laden flow. A few novel
attempts to overcome this problem performed with using either
new experimental techniques or post-processing methods have
quite improved the conventional PIV to some extent (ref.), while
each method still suffers from inherent constrains. That is,
simultaneous measurements of two-phase velocities via
resonant PIV methods still remain challenging.
Non-resonant signals of laser-induced fluorescence (LIF) and
phosphorescence (LIP) exhibit promising in simultaneous
measurements (Ref.), although they are more commonly used in
thermographic measurements due to its intrinsically
temperature-dependent emission spectra. Benefit from a wide
range of phosphors with different emission spectra and
temporal profiles, they have already demonstrated a great
potential for unambiguous signal separation in XXX flow XXX
measurements (Ref), which should be applicable in
simultaneous measurements of not only temperature but also
velocity field. Except very few studies adopted such signals for
velocity measurements in only single-phase flows, to the
knowledge of authors, there is currently no study demonstrating
the capability of utilizing non-resonant luminescent signals in
simultaneous two-phase velocity measurements.
In this Letter we demonstrate the viability of simultaneous
measurements of both particle- and fluid-phase velocities only
using luminescent signals, which can be applied to a range of
flows including turbulent particle-laden flows. 250 μm PMMA
spherical particles and 4 μm BAM:Eu2+ tracers with LIF and LIP
signals respectively representing particle and fluid phases, will
be photographically measured when suspending in a water
cuvette as shown in Figure 1. The cuvette with a design volume
of 3500 μL made from UV fused quartz was completely filled
with distilled water and particles. The PMMA particles, also
called polymethyl methacrylate (Microbeads Dynoseeds with a
mean diameter of 250 μm), have a highly spherical shape and
mono-dispersed size distribution (standard deviation of the
particle size below 5%). These relatively isotropic homogeneous

properties of PMMA particles offer benefits in fundamental
studies of particle-laden flows that is avoiding the in-situ
measurement of particle size and shape, hence can provide a
favorable potential for systematic investigations of multiple nonlinear coupled flow effects. BAM:Eu2+ (BaMgAl10O17:Eu2+)
phosphor particles (KEMK63/F-P1, Phosphor Technology,
median diameter of 4 μm) were used as fluid “tracers”. These
tracers are of non-spherical particle shapes, having a
phosphorescent emission peak around 455 nm with an emission
lifetime of approximately 1 μs at room temperature under laser
excitation of 355 nm (Ref). This wavelength was delivered by
using the 3rd harmonic of a single pulsed Nd:YAG laser (Quantel
Brilliant B) with an operation power of 5 mJ and a pulsing
frequency of 10 Hz. Two cylindrical convex lens (f = 500 mm and
f = 1000 mm) were aligned to modify the laser light into a
vertically diverged laser sheet with a thickness of approximately
400 μm posting on the middle plane of the cuvette side face.

Fig. 1. Schematic diagram of the experimental arrangement. The
experiment consists of measurements of LIP and LIF from tracers and
particles, respectively, within a water cuvette. The source of
illumination was a single pulsed Nd:YAG laser operating at 355nm,
while two separate CCD cameras were used to measure LIF and LIP.
Two CCD cameras (PCO. 2000) were used to image the PMMA
particles and BAM: Eu2+ tracers within the cuvette. Table 1
summarizes the details of imaging arrangement for each
detection channel. Channel 1 was specially designed for only
capturing the LIP signals of BAM: Eu2+ with applying a triggering
delay time of 50 ns relative to laser pulse time on the related
camera which equipped with a long-pass optical filter of 409 nm
(Semrock LP409). This only transmits the “longstanding” (signal
decay time significantly larger than 50 ns) signals of wavelength
larger than 409 nm, to block signal interferences from scattering
and PMMA LIF. Channel 2 was specifically mounted with a bandpass optical filter (Semrock 390 ± 18 nm) to transmit the
“instantaneous” PMMA LIF singles located at the spectra
wavelength between 372 nm and 408 nm, whilst blocking the
majority of the interferences from scattering and BAM:Eu2+ LIP.
The exposure time of both cameras was 1000 ns, while Channel
2 for PMMA LIF signals was triggered 950 ns earlier before the
laser pulse such that the camera temporal gate was timed to
transmit the “instantaneous” laser-induced signals. However,
Channel 1 for BAM:Eu2+ LIP 50 ns later after the laser pulse to
avoid collecting the “prompt” response. Both cameras were
aligned to image the same region of 6 mm × 14 mm at a
resolution of 28.20 pixels per millimeter. Both were also
synchronized with the laser using a digital delay generator
(DG535) to respectively capture the signals of BAM:Eu2+ LIP and
PMMA LIF. The image pairs from the two cameras were spatially
aligned by matching points on an image of calibration target
consisting of a grid with a spacing of 5.35 mm illuminated with
room light.

Table 1. Imaging arrangement for separately capturing LIP and LIF.
Detection channels
Objective signals
CCD cameras

No. 1
BAM:Eu2+ LIP
PCO. 2000 (1)
Tamron 70-200
F/2.8
LP 409
Semrock
1000
+50

Lens
Filters
Exposure time (ns)
Delay to laser (ns)

No. 2
PMMA LIF
PCO. 2000 (2)
Cerco UV 100
F/2.8
BP 390 (BP18)
Semrock
1000
-950

Figure 2 presents the prompt emission spectrum of PMMA
particles and the temporally delayed spectrum of BAM:Eu2+
tracers suspended in water, separately measured by using a
SpectraPro-500i spectrometer (Princeton Instruments) under
355 nm excitation. Although the emission spectrum of BAM:Eu2+
ranging from 400 nm to 520 nm has been well-known to the
phosphor thermometry community (Ref.), that of PMMA has
rarely been reported, showing a broadband distribution up to
the green spectra region. Specifically, the results show that in the
spectral region between 360 nm and 395 nm, the intensity ratio
of emission signals, defined as the emission signal intensities
respectively normalized by their own peak values, of PMMA is
approximately 0.7, whereas that of BAM:Eu2+ is close to zero.
That is, imaging at this region could seemingly allow
measurements of the LIF signal of PMMA particles without
receiving the LIP of BAM, which needs to be verified in
experiments of both particles with optical methods.
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Fig. 2. Laser-induced emission spectra of BAM:Eu2+ tracers and PMMA
particles under a laser excitation wavelength of 355 nm. The intensities
of both spectra have been respectively normalized by their peak values.
The emitted spectrum of BAM:Eu2+ was recorded after 50 ns delay of
the laser pulse, while the PMMA emitting signals were recorded without
delay.
The results presented in Figure 2 also show that the spectral
band where the BAM:Eu2+ phosphorescence is strongest, i.e.
between 410 nm and 500 nm, where a strong PMMA
fluorescence also exists. However, the lifetime of PMMA
fluorescence is expected to be short, on the order of a few
nanoseconds or less, while the phosphorescence lifetime of
BAM:Eu2+ is approximately 1 μs (Ref.). Hence, the
phosphorescent signal was separated from the fluorescent
signal by applying a time delay of 50 ns relative to the laser pulse
for the Camera 1 recording the LIP signal (see also Table 1). It
should also be noted that the lifetime of both PMMA fluorescence
and BAM:Eu2+ phosphorescence is short relative to the fluid
time-scales, which ensures that any “streaks” are negligible in
imaging process. Therefore, where combined with the
appropriate imaging configuration, as is presented here, PMMA

and BAM:Eu2+ form a strong candidate pair for simultaneous
phase discrimination in particle-laden flows.

camera employing a 50 ns triggering delay (Figure 3.a). To form
contrast, no time delay was applied in the LIP camera in the
imaging case of the base row Figure 3.c, where there is a
substantial “optical leakage” of the PMMA LIF signals coming
into the LIP camera. That is, the use of camera delay is required
to enable sufficient discrimination between the cases, at least for
the particles and tracers chosen in the current experiment.
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Fig. 4. Intensity distribution (PDF) of signals captured by both cameras
in cases of seeding both PMMA particles and BAM:Eu2+ tracers,
BAM:Eu2+ tracers only, PMMA particles only and water only. Each PDF
graph was normalized to achieve the area below each line to be 1. The
y-axis (probability) of BAM LIP and PMMA LIF signals was separately
set on two sides as their different magnitude influenced by particle
number densities and particle sizes.

Fig. 3. Simultaneous images of LIP (left column) and LIF (right column)
of a water flow suspended with both PMMA particles and BAM:Eu2+
tracers. The images of the top row were captured by a pair of cameras
employing both wavelength and temporal discrimination (50 ns
camera delay was only used in Figure 3.a) as summarized in Table 1,
while in those of the base row , no triggering delayed was applied in both
cameras to demonstrate the imaging of both particles (Figure 3.c).
Figure 3 presents simultaneous measurements of LIP (left
column) and LIF (right column), for the case where the flow was
seeded with both PMMA particles and BAM:Eu2+ tracers. The
images of the first row were recorded using temporal separation
settings as summarized in Table 1, while those of the second row
were recorded without any triggering delay in either camera.
The size difference of PMMA particles and BAM:Eu2+ tracers can
be easily observed in instantaneous images, where particles
typically occupy 7 pixels in diameter, while only single pixel for
each tracer due to its sub-pixel size. The clear imaging of distinct
particles and the tracers also implies that the images are suitable
for cross-correlation to obtain the velocity field where doublepulsed imaging is employed. Furthermore, both of the PMMA LIF
and BAM:Eu2+ LIP signals are strong, respectively up to
thousands and more than ten thousands of counts in the current
imaging system without the use of an intensifier. It can be seen
from Figure 3.b that PMMA particles were only photographed by
using the LIF camera without distinguishable noise from either
scattering or BAM:Eu2+ LIP. In the same way, the LIP signals of
BAM:Eu2+ tracers were independently captured by the LIP

Figure 4 reveals the intensity count distribution of signals
recorded by both cameras in cases including seeding both PMMA
particles and BAM:Eu2+ tracers, BAM:Eu2+ tracers only, PMMA
particles only and water only. Signal intensity below 100 was
treated as the noise in this exhibition, while it was varied to
approximately 300 to satisfy the needs of imaging processing in
Figure 5, where the signal-to-noise ratio is larger than 23. The
case of seeding water only demonstrates the background noises
are mainly distributed below 100 counts(cropped from the
Figure 4 plot), while almost zero in the range of higher intensity
counts. Once PMMA particles or BAM:Eu2+ tracers were
independently seeded, the responsible camera only captured the
corresponding signals which appeared on intensity counts
above 100. The number of signals captured by the nonresponsible camera is always close to zero, e.g. camera 2 for BAM
LIP in the case of seeding PMMA particles only. In the case of
both PMMA particles and BAM:Eu2+ tracers seeded, both
cameras show a great number of high intensity signals, which
should be optically discriminated without influential noises.
That is, the choice of the optical filter and the camera triggering
delay as summarized in Table 1, can provide clearly separated
signals between PMMA particles and BAM:Eu2+ tracers, to allow
their simultaneous velocity measurements in particle-laden
flows.
Figure 5 presents a pair of instantaneous PIV processed images
using a software called PIV-view. This simultaneous image pairs
clearly show the different velocities and flow structures in two
phases. Due to the dropping of large PMMA particles into the
water near one side of the cuvette, the flow structure of the
water represented by BAM:Eu2+ tracers (Figure 5.left) contains
two vortexes in the middle, where there is a group of PMMA
particles (Figure 5.right) causing the separation of two fluid
vortexes. The overall velocity direction of fluid vortex is
counterclockwise, while that of the PMMA particles is generally
downwards due to larger gravity. It is also interesting to note

that phosphor tracers, including BAM:Eu2+ are commonly used
to measure temperature (Ref). Therefore, the present method
can be plausibly extended to provide fluid temperature
measurements simultaneously with the particle and fluid
velocity fields utilizing the previously-developed phosphor
thermometry method.

Fig. 5. The velocity vectors of PMMA particles (right) and
BAM:Eu2+ tracers (left) prepared via applying PIV image
processing.
In conclusion, A laser-based method to discriminate between
the particle phase and the fluid phase has been successfully
demonstrated utilizing laser-induced fluorescence and laserinduced phosphorescence, together with optical filtering,
camera triggering delay and the selection of PMMA and
BAM:Eu2+ as the particles and tracers, respectively. The results
show that, not only can the two phases be clearly separated, but
also that the signal strength of both the LIF and LIP signals are
sufficiently strong that they can be captured by non-intensified
CCD cameras, with a signal-to-noise ratio greater than 23.
Furthermore, the captured images were found to be of sufficient
quality and fidelity that they can be used to obtain the velocity
field where double-pulsed imaging is employed.
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Abstract
An analytical model of a free-falling curtain of heavier-than-fluid particles from a wedgeshaped hopper in a quiescent medium is presented. The model calculates the particle velocity
and the volumetric flow rate of the induced air into the particle stream, using an Eulerian
approach based on the momentum transfer between two phases. It employs a new drag model
to account for the sphericity of the particles over a wide range of Reynolds numbers with a root
mean square of less than 10% in the predicted drag coefficient over a wide range of sphericities
(𝜓 = 0.023 − 1), even including granular particles. The solid-phase is modelled as a “swarm”
of particles, with the dynamics of the swarm approximated by a stream coefficient determined
from the published experimental data. The effects of particle size, mass flow rate, sphericity,
and particle density on the particle velocity, entrained air, plume thickness, and solid fraction
are incorporated into the model. Results reveal that the falling velocity of the particles slightly
increases while the mass flow rate increases. Moreover, it is shown that fine particles result in
the more opaque curtain when compared to large particles. This is more highlighted for
particles smaller than 1 mm where halving the size increases the solid fraction by 50% while it
doesn’t have significant effect for particles larger than 1 mm. Results reveal that the expansion
rate of a stream of uniform particles reduces as the particle size increases. It is also shown that
the particle shape has a significant effect on particle curtain aerodynamics and properties. Less
spherical particles form more opaque curtains which can increase the absorption in solar
thermal applications. However, the amount of entrained air also increases which in turn
increases the amount of entrained air.
Key words: particle stream; drag model; sphericity; air entrainment.
Introduction

Particle-laden flows play an important role in many industrial processes such as mining,
agriculture, pharmaceuticals, cement, and more recently in the solar thermal falling particle
receiver technology under development (Kuzmina et al., 2018, Siegel et al., 2015). Most of
these applications involve a discharge of particles from a hopper or belt conveyor, such that

dense stream of particles free-falls within a near-quiescent environment. Fundamentally, these
flows are predominantly gravity-driven, such that the particle velocity, the shear between the
particle-fluid jet and the consequent surrounding fluid entrainment into the particle stream,
increases with falling distance. This results in the expansion of the particle plume with falling
height, which in turn increases the practical challenges associated with the collection and
subsequent handling of particles (Goetsch and Regele, 2015). Additionally, the entrainment of
air into the particle stream causes a decrease in the particle concentration (number density) and
stream opacity, while also increasing the dispersion of particles and heat (if the particle stream
is heated) to the surroundings. That is, air entrainment has a significant impact on the
performance of any practical system employing suspended particles, such as the falling particle
receivers that are under development for usein concentrating solar thermal systems (Ho et al.,
2017). Thus, understanding the dynamics of the falling particles and developing tools to predict
flow entrainment a priori prediction, particularly under conditions relevant to industrial
applications, is crucial for the development of safe and sustainable industrial systems
employing particles. Nevertheless, while the parameters that influence the evolution of a falling
particle curtain have been identified, their relative significance in the dispersion of heat and
mass has not been assessed comprehensively before. For this reason, the overall aim of the
present investigation is to meet this need through the development of an analytic model of
falling particles under conditions relevant to densely-seeded falling particle systems.
Several models have been proposed for studying the air entrained within a particle plume. One
of the first of these was the analysis by Hemeon (1962), who treated the stream of bulk material
as multiple single particles falling into quiescent air. The model was developed based on a
simple energy balance, with the work done by drag force on a falling particle in a quiescent
medium equal to that required to accelerate the entrained air from rest to the entrained velocity.
This approach derives the volumetric flow rate of the entrained air (𝑄𝑖𝑛𝑑 ) to be a function of
the gravitational acceleration (g), the mass flow rate of particles (𝑚̇ 𝑝 ), the drop height (h), the
cross-sectional of the particle stream (A), the diameter of the particle (𝑑𝑝 ) and its density (𝜌𝑝 ),
together with an assumed constant drag coefficient, as shown in Equation (1). Despite its useful
advance, the Hemeon model overpredicts the amount of entrained air since it considers the
movement of each particle to be independent of the others, while the interaction of particles
with ambient air decreases with an increase in volume fraction of particles (volume fraction of
particles is defined as the percentage of the volume which is occupied by particles).

1/3

𝑄𝑖𝑛𝑑

0.66𝑔𝑄𝑚 (ℎ𝐴)2
=(
)
𝑑𝑝 𝜌𝑝

(1)

Cooper and Arnold (1995) proposed an alternative approach for prediction of air entrainment,
considering two extreme cases regarding the size of the falling particles. At one extreme, for
large particles they treated the particle motion as completely ballistic, i.e., the only force acting
on the particles is gravity, with a negligible drag. They also assumed both the slip velocity
between the two phases and the momentum of the entrained air to be negligible compared to
that of the falling particles. At the other extreme, for fine particles, the flow was modelled as a
miscible plume analogous to the buoyant plumes in a quiescent environment. Under these
conditions, based on the similarity equation, they proposed the following two equations for
estimating the volumetric flow rate of the entrained air for large and fine particles, respectively.
2
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In an attempt to develop a more accurate model, Liu investigated the flow of free-falling
spherical particles from a circular hopper outlet (Liu et al., 2003). The particle flow was
assumed to be a Boussinesq plume in which the velocity of the entrained air at the edge of the
plume is proportional to the characteristic velocity of the plume. In this model, a modification
factor based on the void fraction of the particle plume was used to modify the drag force on
individual particles in a cluster. Moreover, it was assumed that the velocity of the entrained air
from the surrounding medium is proportional to the downward air velocity. They used a
constant proportional factor (namely the entrainment factor) in their study, although it is now
known that this factor is a function of particle diameter (Oles, 2014). Oles et al. (2014) used a
similar approach for a rectangular slot using an entrainment factor as a function of particle
diameter by curve fitting the experimental results obtained from Kim et al. (2009). Their results
show a better match to experimental data in comparison with the model of Liu et al.. Despite
the improvements in the prediction of particle velocity and induced airflow rate, these models
all assume that the particles are spherical and lack accurate calculation of particle velocity and
void fraction evolution with fall. However, in most industrial applications, particles are
granular and their sphericity varies from one application to another. Hence, a new model that
accounts for both particle size and shape is needed.

In light of the aforementioned literature review, the aim of the present investigation is to
advance previous analytical models of a curtain of particles falling under gravity from a
rectangular slot in a quiescent medium to accout for non-spherical particle shape to calculate
the falling velocity of the particles, the volumetric flow rate of entrained air, and opacity of the
particle stream. The effect of particle loading (mass flow rate), particle physical properties
(bulk density, density and size), and particle sphericity on the particle velocity, entrained air
flow rate, opacity and curtain thickness are presented and discussed.
Methodology

Here, the velocity and motion of the particle stream are calculated by extending the model of a
single falling particle by modifying the drag coefficient to account for the effect of cluster,
particle shape, and volume fraction. Like previous work, the gas phase is assumed to be
incompressible and the mass and density of the particles are assumed to be large enough to
neglect the Brownian motion of the particles.
To derive the governing equations, a control volume is formed around the particle plume and
the equation of motion for each phase is established based on the momentum transfer between
two phases as shown in Figure 1.
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Figure 1 a) Control volume around the curtain and entrained air. The fraction of particles in the sheath layer is assumed
negligible compared to the core, which highly affects the air. It is also assumed that the gas only has horizontal component,
b) Magnified view of particles in the gas and the total forces acting on the group of particles.

Here, a single particle in the particle stream is considered with a velocity that is assumed equal
to the average velocity of the particles in the stream at a given height. Considering the forces
acting on the particle in core flow, the momentum balance for the solid phase can be written as
follows:
𝑚𝑝

𝑑𝑉𝑝
𝑑

=∑

=

−

−

(4)

,

where 𝑚𝑝 is the particle mass,
represents the weight,

𝑝

is average particle velocity at the specific height,

is drag force and

is the buoyancy force. The effective drag

coefficient is first written in terms of a stream coefficient 𝐶𝑠 ) which allows to account for the
volume fraction of particles, which influences particle drag (Liu et al., 2003, Oles, 2014).
𝑑𝑉𝑝
𝑝 𝑑𝑦

=

(𝜌𝑝 −𝜌𝑔 )
𝜌𝑝

3

𝑔 − 4𝐶

𝜌𝑔
𝑓𝑓 𝑑 𝜌 ( 𝑝
𝑝 𝑝

is gas velocity and 𝐶

where

𝑓𝑓

2

−

) 𝐶

𝑓𝑓

= 𝐶 𝐶𝑠 ,

(5)

is the effective drag coefficient. The stream coefficient is

computed based on the empirical function determined by Chakoui et al. (1999) as a function
of volume fraction (𝜀), Archimedes number (𝐴𝑟), and particle Reynolds number (𝑅𝑒𝑝 ) based
on the terminal velocity of the particles as follows:
𝐶𝑠 = 𝜀 (−23.21 𝐴

0.43 𝑅 −1.94 −2.39)
𝑝𝑡

(6)

.

The transfer of momentum between the particles and the surrounding gas phase flow provides
a basis for modelling the gas-phase. A control volume is considered around the particle curtain
and the full-enclosure gas-phase fluid dynamics are simplified assuming a non-compressible
isothermal medium. According to the experiments and plume theory (Liu et al., 2003), the
vertical velocity of entrained gas,

𝑦,

can be approximated with a Gaussian velocity profile

characterized by a representative velocity (

𝑚

) and thickness of the induced airflow (

) as

shown in Figure 1(a). Thus the following equation can be used to present the velocity
distribution of the entrained air at any given fall height.
𝑧2

−
𝑦

=

𝑚

𝑒

2(

2
𝑧𝑔
⁄6)

.

(7)

A control volume analysis was performed around the curtain as shown in Figure 1 to extract
the governing equation. Considering that the gas is not compressible, and there is no mass
exchange in the horizontal direction for gas flow:

𝜕𝜌𝑔 𝑤𝑔
𝜕𝑧

+

𝜕𝜌𝑔 𝑈𝑔
𝜕

= 0.

(8)

Integrating over the control volume and considering that the entrained air has only a horizontal
component at the edge of the stream and only the vertical component in the core region, we
obtain the following:
𝜕
𝜕

∞

∞

∫0 𝜌

𝑥 𝑦𝑑 = − ∫0 𝜌 𝑥 𝑦

∞

𝜕

∫ 𝜌
𝜕𝑦 0

𝑥 𝑦𝑑 = 𝜌 𝑥 𝑦(𝑤

∞

𝜕𝑊𝑔
𝜕𝑧

−𝑤

𝑑 ,

(9)

0 ),

(10)

therefore
𝜕𝑚𝑔̇ 𝑥
𝜕

𝑥 = −𝜌 𝑥 𝑦𝑤

where 𝑤

𝑑

𝑑

(11)

,

is the horizontal velocity of the gas phase in the z-direction at the edge of the

air curtain. This means that the change in the mass flow rate of gas in the vertical direction is
equal to that of the gas induced into the core through the edge of the plume. With some
rearrangements and simplifications, this yields:
𝑑
𝑑

∞

∫0

𝑑 =𝑤

.

𝑑

(12)

According to Murton et al. (1956) and Liu (2003), the entrained fluid across the flow stream is
proportional to the velocity of the stream as 𝑤

𝑑

=𝛼

(Morton et al., 1956, Morton, 1962,

Liu, 2003), where 𝛼 is the proportionality factor (entrainment factor) and depends on the
properties of the particles. Thus, assuming the symmetry, equation becomes as follows:
𝑑
𝑑𝑦

(

where the

) = 2𝛼

,

(13)

is the gas mean-velocity. The momentum flux of the air can be determined from

a force balance on the particles and the differential entrained gas element because the change
in gas momentum is equal to the drag force on the particles in the differential core element per
unit drop height. Further, considering conservation of the number of particles, we obtain:
𝑑

(𝑚̇
𝑑𝑦

3

) = 4 𝐶 𝐶𝑠

𝜌𝑔 (𝑈𝑝 −𝑈𝑔 )
𝑑𝑝

2

𝑚̇𝑝

(𝜌

𝑝 𝑈𝑝

).

(14)

Proposed model drag coefficient and entrainment factor

The effect of non-sphericity of particles was taken into account by developing further the

general drag equation proposed by Clift and Gauvin (1985).
24

𝐶 = 𝑅 (1 + 𝑎1 𝑅𝑒 2 ) +

1+

3
𝑎4
𝑅𝑒1.16

,

(15)

where 𝑎1 𝑎2 𝑎3 , 𝑎4 are empirical constants that depend on the sphericity of the particle. The
sphericity factor is defined as the ratio of the surface of the sphere with the same volume to the
surface of the particle itself as follows:
1 1 2

𝜓=

363 𝜋 3 Ɐ3𝑝
𝕊𝑝

(16)

,

where Ɐ𝑝 is the particle volume and 𝕊𝑝 is the surface area of the particle. Using the
experimental data in the literature (Haider and Levenspiel, 1989, Pettyjohn and Christiansen,
1948, Schmiedel, 1928, Squires and Squires, 1937, Willmarth et al., 1964), and regressing the
formula the coefficients have been calculated for different sphericities as presented in Table 1.
Table 1 Calculated constants based on the experimental data in the literature (experimental data was obtained from Haider
and Levenspiel, 1989, Pettyjohn and Christiansen, 1948, Schmiedel, 1928, Squires and Squires, 1937, Willmarth et al.,
1964)

𝜓

𝒂𝟏

𝒂𝟐

𝒂𝟑

𝒂𝟒

0.026

12

0.115

110

6

0.043

7.5

0.14

65

8

0.123

3.8

0.15

28.5

25

0.23

2.5

0.21

15

30

0.67

0.45

0.5

1.95

400

0.806

0.3

0.55

1.315

1900

0.846

0.26

0.58

1.1

3000

0.906

0.2155

0.615

0.8

4500

1

0.15

0.687

0.42

42500

Using the tabulated data in table 1 the following formula is developed for the drag coefficient.
(5.501𝜓 −0.8299 − 5)
24
(0.5715𝜓+0.09324)
−0.5261
𝐶 =
(1 + (1.8𝜓
− 1.65)1 𝑅𝑒
)+
(4.25 × 104 𝜓 35.64 )
𝑅𝑒
1+
𝑅𝑒 1.16
Term 1

Term 2

(17)

Term 2 is dominant at low Reynolds numbers where the Stokes law is applicable, while the
Term 1 represents the high Reynolds number where the flow is fully turbulent and the drag
coefficient is constant. Figure 2 (a) presents both the measured and calculated drag coefficient
as a function of Reynolds number for a wide range of non-spherical particles. As can be seen,
there is a good agreement between the predicted and experimental data especially for 𝑅𝑒
100 where most particle-driven flows in industrial applications reside. The drag coefficient can
be divided into three regimes based on the dominancy of inertial or viscous forces. The
dominant force acting on the particle for small Reynold number (usually 𝑅𝑒

1) is the viscous

forces followed by the transitional regime in which the viscous and inertial forces are
comparable. Increasing the Reynolds number, the particle enters Newton’s regime in which the
viscous forces are negligible and the drag coefficient becomes constant. Figure 2b provides
more insight into the well-known finding that the drag coefficient of a nonspherical particle is
generally higher than a spherical particle with the same equivalent diameter. This is achieved
by plotting the relative contribution of the two terms in equation 13, together with the total, for
the case 𝜓 = 0.9. As can be seen, Term 1 is dominant for low Reynolds numbers while Term
2 becomes more pronounced as the Reynolds numbers increases. That is, the influence of
increased surface on friction drag of non-spherical particles are dominated at low Reynolds
number, while the influence of increased projected area which results in higher pressure drag,
dominates at high Re. It can be also seen that Newton’s regime expands as the sphericity is
reduced. This shows that the wake instability and flow separation for nonspherical particles
starts at lower Reynolds numbers. This figure also clearly shows the pivot point at which the
sum of these two parts results in a constant drag coefficient which is the initiation of Newton’s
regime.
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Figure 2 a) A comparison of the drag coefficient for various non-spherical particles as a function of Reynolds number
with previous measurements; solid lines represent the prediction obtained with equation 13, while the data points are
experimental data by Haidar and Levenspiel (1988), b) the relative significance of the two terms in equation 17 for 𝜓 =
0.9.

In order to analyse the performance of the drag coefficient for granular particles, the model is
compared with experimental data by Dioguardi et al., (2017) over a range of sphericities in
Figure 3. The data presented by Dioguardi et al., (2017) is used to calculate the drag coefficient
for each case (each data point represents a single case for a specific particle with given
sphericity and at a particular Reynolds number). As seen, results show a good agreement with
experimental data especially at Reynolds numbers less than 100. However, the current model
overpredicts the drag coefficient for more spherical granular particles for Reynolds numbers
greater than 100. This can be explained by increased instability in the wake and the forward
shift in the separation due to the irregularity in the shape which results in lower drag in the
experiment. Generally, the drag coefficient of the irregular particles is less than the particle
with a regular shape or smooth surface with the same sphericity due to the instabilities in the
boundary layer and advanced separation on the irregular particles. It is also worth mentioning
that measuring sphericity of a granular particle is also associated with uncertainties which add
to the difference between prediction and experimental results. To improve the performance of
the model for granular particles, it is suggested to modify the sphericity using the Reynolds
number to account for the irregularity in the shape. It should be also noted that the Reynolds
number of particles in most industrial applications lies below 100 in which the current model
provides good prediction when compared with experimental data.

(a)
104
3

10

Deviation from
experiment

102

Drag coefficient

Drag coefficient

10

104
Experiment
Calculated

𝜓 = 0.3

101
100

𝜓=1

10−1

10−2
10−1

100

101

102

Deviation from
experiment

102

𝜓 = 0.3

101
100

𝜓=1

10−1

104

103

Experiment
Calculated

3

10−2
10−1

100

101

102

103

104

Re number

Re number

(b)

(c)

Figure 3 a) A sample of granular particle used in the experiment (Dioguardi et al., 2017), b) Predicted and experimental
drag coefficient for particles with 0.3 𝜓 0.65, c) Predicted and experimental drag coefficient for particles with 0.65
𝜓 0.94. As seen the deviation between the prediction and the experimental data is larger for 0.65 𝜓 compared to smaller
sphericity.

Another parameter which affects the prediction of the entrained air flow rate and particle
velocity is the entrainment factor. Using an entrainment model instead of computationally
solving the Navier-Stokes equation for two-phase flow, reduces the computational cost
significantly. Air entrainment is affected by the particle properties, such as density, diameter,
sphericity, the drag model, and even the shape of the plume. Here a model presented by Oles
et al. (2014) is modified by fitting the model to the experimental data presented by Kim et al.
(2009) as suggested by Oles et al. (2014).
𝛼=

41.2 × 𝑒 −1069

𝑝

𝜓

6

× 0.996810

−10.6

𝑝

[1.621 × 10

−7

𝜌𝑏
( )
𝜌𝑝

+ 0.01926]

(18)

Validation
Figure 4 illustrates the predicted and measured particle curtain velocity (Kim et al., 2009) with
respect to falling distance for the CarboHSP particles with diameters ranging from 150 to 1291
𝑔
micron. The specific gravity of particles is 3.56 and the bulk density is 2.0 ⁄𝑐𝑐 and they are

considered to be almost spherical with 𝜓 = 0.9 as suggested by Kim et al. (2009). Results
reveal a good agreement between the model and the experimental data. As seen, particle
velocity becomes close to free-fall in the vacuum as the particle size increase. As the particle
size reduces the acceleration drops with height and particles reach the terminal velocity. It can
be concluded that the effect of drag on the groups of small-sized particles is more significant
compared to large particles when compared with free-fall in the vacuum. The drag effect is

Different Dp

Different Dp

negligible for particles larger than 1 mm and particles fall with a trend similar to free-fall in
the vacuum.
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Figure 4 Effect of particle size on the mean particle curtain velocity with respect to fall distance; Solid lines represent the
results from Oles model (2014).

Results and discussion
Effect of particle size on entrained mean air velocity, the air volumetric flow rate, curtain
thickness and void fraction is shown in Figure 5 for a given mass flow rate of 1.2

𝑘𝑔⁄
𝑠. 𝑚

from a 4.8 𝑚𝑚 rectangular slit. As seen the air velocity follows a similar trend to particle
velocity. However, air velocity is higher for the smallest particle size in the first meter of fall

when compared to the 300-micron particles. This can be explained by a higher rate of
momentum exchange for the small particles due to a higher drag force which causes the
particles to reach terminal velocity after a meter fall from the hopper. Consequently, the
entrained air volume increases with decreasing particle size. The thickness of the stream which
is the region where the air is affected the most (see the core region in Figure 1 (a)) is shown in
Figure 5 (c). this region is defined as the width the vertical velocity of air becomes negligible
in comparison with the maximum central velocity. As seen the curtain expands linearly with
fall distance which has been also reported in the literature (Kim et al., 2009). The solid fraction
in the curtain reduces by drop distance as the air drawn into the curtain. Results also reveal that
the curtain expansion and solid fraction are higher for smaller particles. This is because smaller
particles have less acceleration owing to their greater drag force, which in turn results in lower
particle separation and higher solid fraction. Thus smaller particles result in a more opaque
plume.
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Figure 5 Predicted effect of particle size on the axial evolution of a) Entrained airFall
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Curtain thickness, d) solid fraction. All particle are CarboHSP materials with mass flow rate is 1.2 kg/s.m.

In order to find a general relationship between the effective parameters on the particle motion,
the mean particle stream velocity is normalised with single particle terminal velocity and is
depicted against normalised falling distance in Figure 6. The axial distance from the nozzle

exit is normalised with the particle diameter and Froude number. The Froude number which is
the ratio of inertia to gravitation forces, is defined as

𝑟𝑝 =

𝑉𝑝 𝑡
√

𝑝

, where

𝑝

is the single

particle terminal velocity and 𝐷𝑝 is the particle diameter. As seen the particle stream motion
can be divided into three regimes. In the short distance from the release slit (hopper) the stream
velocity remains constant. Then particle stream accelerates till it reaches the settling velocity.
The diagram also shows that the settling velocity of the particle stream is higher than the
terminal velocity of a corresponding single particle. The diagram also shows a shift towards
the higher normalised velocity as the size of the particles
decreases. However, the normalised
m
p
m
fall distance associated with the accelerationpzone shows
an
m
p
the particle size and remains almost constantpfor all msizes.
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) + 0.4982, where Up , Vp t , h, Dp , and Fr are mean particle curtain velocity, particle

terminal velocity, fall distance, particle diameter, and Froude number, respectively.
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The effect of particle
mass
flow
in Figure 7 for CarboHSP particles of 697𝐷𝑝 𝑟 × 1000
𝑝

micron size. Results show that the model is in good agreement with experimental data for
particle velocity and plume thickness. As seen, with increasing the mass flow rate the particle

velocity increases, however, the effect of mass flow rate on particle velocity is less than the
other parameters such as sphericity and particle size. The effect of mass flow rate on the
entrained air velocity and the volumetric flow rate is more significant, since increasing the
mass flow rate and initial thickness of the curtain increases the total amount of momentum
transfer to the air. However, the expansion rate of the curtain is higher for lower mass flow
rates due to less packed swarm which allows the air to penetrate the curtain easier. Figure 7 (e)
shows the solid fraction for different mass flow rates calculated by the model as well as the
experimental values. Although the model tends to overpredict the solid fraction, the predicted
trend is similar to experimental data (Ho et al., 2015). The deviation might lie in the different
nature of the measurement and the calculation. Measurement is done by an impedance
technique which correlates the solid fraction to the dielectric permittivity of the medium
containing the particle curtain (Kim et la., 2009). As mentioned by Kim et al. this method relies
on accurate measurement of curtain thickness which is difficult and prone to uncertainty using
optical techniques As seen the solid fraction is higher for higher mass flow rate. Solid and void
fractions do not change significantly for intermediate mass flow rates between 2.9 and 4.5
kg/s.m. The lowest solid fraction occurs for the lowest mass flow rate where the curtain
expansion rate is higher when compared to other cases.
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Figure 7 Effect of particle mass flow rate for CarboSHP particles with 697 micron diamter. Mass flow rate is changing the
from 1.2 kg/s. m to 6. kg/s. m; a) Particle velocity, b) entrained air velocity, c) Volumetric entrained air, d) Curtain thickness,
e) Solid fraction.

To investigate the effect of density of the particles, 4 different particles with different materials
as listed in table 1 were considered. All of these particles have a diameter of 500 𝜇𝑚. The effect

of particle density on the particle plume and entrained air is shown in Figure 8. Four different
materials have been chosen for comparison which their specifications are presented in Table 1.
A 6 mm discharge is considered for all cases while all the particles are assumed to be
completely spherical. The mass flow rate of different particles in this section are calculated
using the Beverloo equation as follows:
𝑚̇ = 𝐶𝜌𝑝 √𝑔 (𝑑0 − 𝑘 ∙ 𝑑𝑝 )

𝑛

(23)

where 𝐶 and 𝑘 are constants which are calculated experimentally and

is the dimension factor

(i.e. 3/2 for 2D and 5/2 for 3D model). Using the suggested constants by Ho et al. (2016) the
mass flow rate of each particle is calculated and presented in Table 2.
Table 2 Properties of the particles used in the current section.

Material

𝑘

Density (𝑚3 )

𝑘

𝑘

Bulk density (𝑚3 )

Mass flow rate (𝑠.𝑚)

Corvic vynil 1487

512

0.5855

Alumina

2465

1010

1.1551

CarboSHP

3500

2000

2.2872

Sand

2803

1400

1.6011

As seen in Figure 8 (a), CarboHSP which has the highest density results in higher falling
velocity in particles while Corvic Vinyl leads to the lowest velocity. However, the amount of
entrained air within the particle curtain in Corvic Vinyl case is larger than the other cases. This
can be explained by less inertia and higher momentum transfer rate in Corvic Vinyl case which
results in more air being drawn into the curtain as well as a higher expansion rate for curtain
thickness. Figure 8 (e) shows that heavier particles result in more opaque curtain after 3 meters
of fall. Moreover, the solid fraction for both Corvic Vinyl and Alumina curtains reaches a
similar value after three meters of fall. Comparing the properties of the particles, it can be
concluded that the main contributor is the ratio of the bulk density to material density.

Mean entrained air velocity

Mean particle stream velocity

Alumina
CarboSHP
Corvic vinyl
Sand

Fall distance from hopper 𝑚

Fall distance from hopper 𝑚

(a)

(b)

Alumina
CarboSHP
Corvic vinyl
Sand

Alumina
CarboSHP
Corvic vinyl
Sand

Curtain thickness

Volumetric flow rate of entrained air

Alumina
CarboSHP
Corvic vinyl
Sand

Fall distance from hopper 𝑚

Fall distance from hopper 𝑚
(d)

(c)

Solid fraction

Alumina
CarboSHP
Corvic vinyl
Sand

Fall distance from hopper 𝑚

(e)
Figure 8 Predicted effect of particle material on the axial evolution a) particle falling velocity, b) entrained air velocity, c)
Volumetric entrained air, d) curtain thickness, e) Solid fraction. 𝜓 = 1 𝑑𝑝 = 500 𝜇𝑚.

To evaluate the effect of particle shape on the plume aerodynamics, the variation of particle
velocity, entrained air velocity, air curtain thickness and volume, air void fraction, and solid
fraction are depicted in Figure 9. As seen, particle sphericity has a significant effect on the
velocity of the swarm of particles in the curtain. Figure 9 (b) shows that air velocity follows
the same trend as particle velocity. Generally, it is expected that air velocity decreases with
decreasing the sphericity due to the lower falling velocity of particles. However, as seen the air
velocity increases for 0.5 sphericity in comparison with spherical particles. This can be
explained by higher momentum transfer due to larger drag force and less difference between
particle velocity and air velocity. The air velocity is about 57% of the particle velocity at 3
meters drop for spherical particles while it increases to 74% for the particles with the sphericity
of 0.5. Moreover, the air curtain thickness increases with drop distance while more spherical
particles form a thicker curtain. This is again due to higher drag which results in more air being
sucked into the curtain which is also evident in Figure 9 (d). Figures 9 (e) and (f) reveal that
solid fraction decreases with drop distance while it drops faster for more spherical particles. It
worth mentioning that the solid fraction stays constant after a meter drop for very low spherical
particles. It can be concluded that the lower the sphericity the more opaque the curtain becomes.
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Figure 9 Predicted influence of particle sphericity on the axial evolution ofa) mean axial particle falling velocity, b)
Entrained air velocity, c) Volumetric air flow rate, d) Air curtain thickness, e) Solid fraction. 𝑑𝑝 = 1 𝑚𝑚 𝜌𝑝 =
𝑘𝑔
3300 ⁄ 3
𝑚

To illustrate the effect of the swarm of particles on the motion of the particles, the falling
velocity of a single particle is depicted in Figure 10. The particle terminal velocity is reduced
significantly as the sphericity reduces. This is due to higher drag force acting on the less
spherical particle. Particle terminal velocity is almost doubled by doubling sphericity and the
height in which particle reaches the terminal velocity increases by a factor of 4. As seen a
singular falling particle with sphericity less than 0.8 reaches terminal velocity in 3 meters fall
distance while this only happens for the very low sphericity (around 0.025) in the plume.
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Figure 10 Falling velocity of a single particle in quiescent air. Particle material is assumed to be carbo-hsp with density of
3300 kg/m3 and mean diameter of 1 mm.

Conclusion

A semi-empirical analytical model has been developed for a plume of particles falling from a
rectangular slot. Using experimental data, an equation is developed for the drag coefficient of
granular particles. Results show a good agreement with experimental data even for granular
particles, especially for Reynolds numbers less than 100. Using the developed drag coefficient
the effect of particle size, particle sphericity, and particle mass flow rate on particle velocity,
entrained air velocity, entrained air volumetric flow rate and the solid fraction is investigated.
It is observed that the velocity of the entrained air follows the same trend as particles. However,
for the first 1 meter of the drop the induced air velocity is higher for 150-micron diameter
particles in comparison with 300-micron size particles. Although smaller particles result in the
more opaque curtain, the volumetric airflow rate increases significantly. This would result in
higher dust emissions and adversely affect the performance of the system.

Alumina, CarboHSP, Corvic Vinyl, and Sand particles are considered to study the effect of
particle density. Comparing the results reveals that the particle velocity is less for Corvic Vinyl
particles which have the lowest density. Thus, the larger residence time is expected for this
material in comparison to others On the other hand, the calculated solid fraction doesn’t show
a significant difference which means that the opacity of the plume is not significantly affected
by particle density and material.
It is also seen that the plume only reaches the terminal velocity except for very non-spherical
particles (i.e. 𝜓 = 0.9). This is due to the effect of the cluster which reduces the drag on the
particle cluster. The less spherical particles result in larger residence time while increasing the
volumetric airflow and plume thickness significantly. Lower sphericity also increases the
opacity of the plume during the fall. It can be concluded that the nonspherical particles disperse
more in the medium. This is highly important especially in applications where there is a
limitation in the target area in handling the particles.
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