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A B S T R A C T

Solid volume fraction is a defining characteristic of multiphase gas–solid flows. In the case of gravity-driven
particle curtains, it changes significantly along the flow direction. This has implications for the performance of
falling-particle solar receivers, which use particle curtains to capture and store heat from concentrated sunlight.
This study reports on the characterization of solid volume fraction as a function of height in gravity-driven
particle curtains using optical techniques and simulations performed with a discrete element method (DEM)
model. The experimental domain is a hopper-fed vertical channel, and the modeling domain is designed to
match the experimental setup. Solid volume fraction was obtained from experimentally measured transmittance
using two techniques: (1) a thermopile detector paired with a visible light source and (2) a high-speed camera.
The DEM simulations were calibrated by identifying the coefficient of static friction between particles that
resulted in equivalent mass flow rates to the experiments. All techniques, including an analytical model derived
from first principles and empirical relationships, showed very similar trends of solid volume fraction decreasing
along the flow direction, where it drops off rapidly initially before leveling off in a power law relationship.
Both experimental and computational tests were performed with 1 mm and 2 mm particles, and solid volume
fraction is found to decrease with increasing particle size at any location in the channel. Furthermore, the
solid volume fractions calculated from transmittance measurements were found to be sensitive to the optical
properties of the particles through Monte Carlo ray tracing simulations. To account for this effect, a new
scale factor dependent on particle reflectivity is derived, which leads to significantly improved agreement
between experimental and simulated results. A simple, closed-form equation is proposed to transform measured
transmittance to a solid volume fraction while accounting for particle reflectivities. Even though solid volume
fractions above 0.1 were not measured in this study, the technique developed is suitable to measure even
larger solid volume fractions, especially for more reflective particles.
1. Introduction

The next generation of concentrated solar power (CSP) plants
promises improved efficiency and lower cost, partly through the use of
solid ceramic particles as a medium to capture, transfer, and store heat
in place of molten salts. Gas–solid multiphase flows, including fluidized
beds, moving packed beds, and gravity-driven particle curtains, marry
the advantages of high thermal capacity and thermal conductivities
in solids with enhanced mass, momentum, and heat transfer rates
by achieving fluid-like behavior, making them ideal for heat transfer
and thermal energy storage applications [1–3]. This study focuses
n experimental measurements to characterize solid volume fractions
equivalently solids concentration) in a gravity-driven flow of particles.
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Many techniques that vary widely in cost and complexity have
been developed to measure solid volume fraction in gas–solid multi-
phase flows. The applicability of a technique depends on many factors,
including the range of solid volume fractions to be measured, the
average particle size and size distribution, and the physical properties
(gravimetric, optical, electrical, magnetic, etc.) of the solid and fluid
phases. Nieuwland et al. present a comprehensive summary of the
most common measurement techniques [4]. The most direct approach
to quantifying solid volume fraction is a gravimetric technique that
utilizes quick closing valves to capture the solid phase, which can be
used to deduce solids concentration and a solid volume fraction [5].
This technique can theoretically be used for any range of solid volume
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fractions, but it is severely limiting as it requires a complete stoppage of
flow to make the measurement. Additionally, it is not able to determine
the spatial or temporal evolution of solid volume fractions. In fluidized
bed applications that do not require a high spatial resolution, mano-
metric measurements are well-suited to determine average solid volume
fractions in the range 0.2–0.4 [3,5–7]. In this technique, the pressure
drop is measured for the fluidized mixture over a selected length of a
tube section and related to the volume fractions of the particles and the
fluid phase.

Optical techniques encompass various methodologies but can be
grouped into two major categories. The first group involves the mea-
surement of a transmitted or reflected intensity from a light source
by the multiphase medium and correlates this measurement to a solid
volume fraction. A common way to do this is to instrument flow
channels with fiber optic probes that transmit light from an emitting
source, such as a laser diode, and to transmit light back to a detector,
such as a photodiode, at a location in the channel where solid volume
fraction is being measured [4,8–12]. In one arrangement, optical fiber
probes measure the transmittance of the light through the multiphase
medium, which can be related to solid volume fraction based on the
extinction behavior of the medium [13]. Prior studies have used differ-
ent sources of light including lasers, ultraviolet (UV) lamps, and light
panels, with light detection being accomplished by photodiodes and
thermopiles [14–16]. The maximum volume fraction measurable with
the transmittance approach is strongly dependent on the particle size,
particle optical properties, and the optical path length, but generally
this method has been limited to dilute flows with solid volume fractions
up to 0.25 [4]. In contrast, optical techniques that operate on the
principle of reflectance can measure denser packing fractions up to 0.6,
by establishing specialized calibration curves [12].

The second group of optical techniques is those that capture im-
ages of the flow and determine a solid volume fraction through post-
processing [17–20]. High-speed cameras capture a 2D projection of the
flow, and image processing strategies are used to extract an opacity,
which can be related to the solid volume fraction. However, like
transmittance measurements, this technique is better suited for dilute
flows. With stereoscopic imaging to generate 3D reconstructions of the
flow, particle positions, velocities, and ultimately a volume fraction
can be obtained. However, this is a challenging procedure that is also
limited by the necessity of optical access from multiple dimensions. For
instance, Spinewine et al. were restricted to near-wall particle flows in
applying stereoscopic imaging [20]. Moreover, high-speed cameras can
pose a cost barrier depending on the required frame rate and resolution.
Recently, much work has been done to characterize granular flows with
other forms of electromagnetic radiation including magnetic resonance
imaging (MRI), positron emission tomography (PET), and ultrafast X-
ray computed tomography [21–26]. These techniques are extremely
powerful in that they provide quantitative three-dimensional data that
can be used to probe nearly any regime of granular flow and range of
solid volume fractions at rapid frequencies, e.g., 8 kHz [22]. However,
these methods often involve high capital costs and extensive facilities
development to perform in-situ imaging. In addition, applying these
techniques requires materials to have select properties, e.g., particles
used in MRI techniques must provide a strong signal in response to the
magnetic fields.

Non-intrusive electrical capacitance and impedance measurements
have been successfully used in two- and three-phase fluidized beds
and for dense flows with solid volume fractions up to 0.6 [27–33]. In
this technique, the dielectric permittivity of the multiphase medium
is dictated by the concentration of solids present, which affects the
measured capacitance. However, the accuracy of these predictions is
strongly reliant on models that relate the change in permittivity to
a solid volume fraction of the mixture, with challenges stemming
from permittivity also being dependent on the spatial distributions
of particles [34]. While this approach has been expanded to perform
2

three-dimensional reconstructions using electrical capacitance volume
tomography (ECVT), it often requires co-optimization of sensor shape,
electrode configurations, and the number of electrodes, along with
expensive computations to obtain high-fidelity quantitative data [34,
35].

Overall, optical and electrical capacitance-based flow characteriza-
tion techniques are robust and have been extensively used to perform
2D and 3D quantification of solid volume fractions for multiphase
flows. However, many of these techniques are limited in adoption by
the broader research community due to expensive facilities develop-
ment, including safety protocols (e.g., X-ray techniques), and/or com-
plex post-processing steps for data calibration and image processing.
Furthermore, performing flow characterization using advanced optical
techniques (X-ray, MRI, PET, etc.) can require a dedicated test setup
with different dimensions and possibly different materials than those of
interest to achieve property compatibility. For example, it may be desir-
able to perform high-speed video imaging measurements in conjunction
with gravimetric or electrical capacitance measurements [32].

Motivated by these factors, this study explores a relatively simple,
low-cost, optical transmittance measurement technique to characterize
solid volume fractions for the gravity-driven flow of millimeter-sized
ceramic particles. A visible light source is coupled to a thermopile de-
tector to measure transmitted intensity by the particle curtain at various
locations along the flow direction. To deduce a solid volume fraction
from the measured transmittance, prior work has extensively applied
the Beer–Bouguer–Lambert law (henceforth referred to as Beer’s law),
which is only applicable for homogeneous and purely absorbing media
with normal illumination [36]. A unique contribution from this study
is that these assumptions were tested with ray tracing simulations, in-
forming the governing relationships between measured transmittance,
optical properties of the particles, and the solid volume fraction. To
provide further credibility to this approach and insights on experi-
mental data, estimated solid volume fractions are compared with (a)
predictions from a discrete element model of particle flow and (b)
high-speed video camera shadowgraphy.

2. Experimental and modeling approaches

2.1. Experimental methods

Particle curtain tests were conducted using a laboratory-scale flow
chamber (Fig. 1). This was fabricated from a combination of off-the-
shelf and custom-fabricated sheet metal parts. It consists of a frustum-
shaped hopper with 45◦ walls that feeds particles through a 7.5 mm ×
150 mm discharge slot into a 9.58 mm × 150 mm × 500 mm channel,
which constrains the width of the curtain. Manual slide gates at the
top and bottom of the channel allow flow to be controlled, while
transparent acrylic windows along its sides allow optical access. A load
cell mounted under the collection bucket at the channel base provides
mass flow data as a function of time and is used to find the mass flow
rate.

Commercially available, highly spherical porcelain particles from
Raytech Industries [37] were used for all experiments. These have bulk
density of 𝜌𝑝 = 2650 kg∕m3 and were obtained in nominal sizes of
1 mm and 2 mm diameters. Their average size and size distribution
differ somewhat from those specified by the manufacturer; the 1 mm
particles have an average diameter 𝑑𝑝 = 1.23 mm and are normally
distributed with standard deviation 𝜎𝑑 = 0.1 mm, while the 2 mm
particles have an average diameter 𝑑𝑝 = 2.18 mm and are normally
distributed with 𝜎𝑑 = 0.1 mm. The average diameter was determined
by taking an arithmetic mean of a sample of particle diameters. The
size distribution of particles was quantified using image processing
techniques, as described in Appendix A. Tests were conducted with
small batches of particles at a time, at steady mass flow rates. The
flow rates were measured with an iW-8x8-10M-DI-1000U load cell from

Loadstar Sensors [38]. The duration of each test was 25 to 35 seconds.
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Fig. 1. Lab-scale flow chamber for gravity-driven particle flow experiments. (a) Cross-
sectional detail view of the hopper and the top slide gate. (b) Front view of flow
chamber. (c) Side view of flow chamber.

Even though millimeter-size particles were used in this study, the
transmittance-based measurement technique is agnostic to particle size.
While sub-millimeter particles are typically considered for solar re-
ceiver applications, porcelain particles with high sphericity are readily
commercially available in well-controlled size distributions (starting at
1 mm) with consistent surface and optical properties. This allows for
a more controlled comparison of the influence of particle size on solid
volume fraction. Additionally, geometric tolerances in the experimental
setup are not conducive to the use of sub-millimeter particle sizes,
which lead to jamming at the slide gate and more material loss during
testing.

All tests were performed for cold flows of particles at room temper-
ature. However, these results are expected to be generally applicable
even with hot particles flowing through the channel. This is because
there is little interaction between the particles once they exit the
hopper, and therefore the solid volume fraction profile is not expected
to be greatly influenced by particle temperatures in this curtain flow
regime. With hot particles, measuring transmittance using a thermopile
is challenging due to its sensitivity to infrared energy.

2.1.1. Thermopile measurements
To directly measure the intensity of light transmitted through the

curtain, an LED light source (Neewer NL 480), thermopile detector
(Newport 919P-003-10), and power meter (Newport 843-R-USB) were
used [39,40]. Thermopiles are composed of several thermocouples
connected in series, each with one junction exposed to an absorbing
surface and the other exposed to a heat sink. The hot junction is coated
with a high-absorptivity coating (red junction in Fig. 2), and the cold
junction is shielded from incident light (blue junction in Fig. 2). The
differential voltage output from the thermopile is used to determine
the incident radiative heat flux onto the absorbing surface of the hot
junction by the power meter connected to the sensor; the cold junction
corrects for background error due to temperature changes in the sensor
housing [40,41].

The thermopile selected for this experiment has a nearly-flat spec-
tral response over a large range of wavelengths (0.2–11 μm), including
the spectrum of the light source used in this study (0.5–0.9 μm). It
has a sensor area of 70.9 mm2. Its calibration was verified experimen-
tally by constraining the field of view of the sensor and illuminating
it with a light source of known intensity, and then validating the
relationship between the total measured power and the illuminated
area. Transmittance through the curtain was found by the ratio of the
power measured when particles are flowing in the channel (Fig. 2b)
to when it is empty (Fig. 2a). Since the detector area is constant,
this power ratio is equal to the transmittance through the particle
curtain. The thermopile measurements were found to be sensitive to
3

the size of the light source used to illuminate the detector: larger, more
Fig. 2. Illustration of the thermopile-based measurement technique. (a) Cross-sectional
view of the detector and light source measuring initial power 𝑃0 transmitted through
the empty flow channel, with hot and cold junctions shown. (b) Exterior view of
the detector measuring occluded transmitted power 𝑃 through the particle curtain.
Transparent acrylic walls encase the flowing particles. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

diffuse light sources yielded higher transmittance while smaller, more
collimated light sources yielded lower transmittance under the same
flow conditions. This is because a light source with a smaller area
that approaches the viewing angle of the thermopile helps minimize
stray reflections from outside the field of view. Therefore, to constrain
the illumination area and further collimate the beam from the light
source, an adjustable shroud made of black, insulating rubber foam
was mounted between the light source and flow chamber, as shown
in Fig. 2.

Tests were performed for the same particle size with the thermopile
positioned at distinct locations along the flow direction. The top-most
locations where transmittance was recorded were 23.4 mm and 55 mm
below the top slide gate (Fig. 1) for the thermopile and high-speed
camera, respectively (see Section 2.1.2). While widening of the particle
curtain thickness is expected, the particle-tracking model predictions
show that this effect is limited to within 15 mm below the top slide
gate. Therefore, the particle curtain width has already expanded to the
width of the channel of 9.5 mm for all measured transmittance data.

2.1.2. Front-lit high-speed camera measurements
To compare against a method widely used in literature, a camera-

based approach for measuring solid volume fraction, similar to that
used by Kim et al. [30] and Ho et al. [42], was also implemented. A Vi-
sion Research Phantom v711 high-speed digital video camera, equipped
with a Nikon zoom lens, was used to image the particle curtain at a
resolution of 1280 × 800 at 5 kHz. With these high framerates, the
particle curtain was imaged without the challenges of motion blur. The
camera was placed on a tripod approximately 1.5 m from the chamber,
such that the first 300 mm of the chamber were within the field of view,
as shown in Fig. 3a. Unlike the method adopted by Kim et al. where
the particle curtain was back-lit by a diffuse reflector, the chamber
was front-lit by a pair of bright LED strobe lights, at a frequency
synchronized to that of the camera. A dark fabric was placed behind
the chamber to maximize the contrast between the white particles and
the background.

Compared to the back-lit approach, the front-lit approach is more
sensitive to the absorptance and reflectivity of the particles, and can
suffer from glare on the flow chamber windows. To combat these
effects, the videos were processed in MATLAB via a binarization scheme
using the Image Processing Toolkit. This scheme classifies each pixel

as a particle or background according to a threshold value, then sets
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Fig. 3. Implementation details for the camera-based approach, shown for 1 mm
particles. (a) Experimental apparatus, including the flow chamber, load cell, pair of
LED strobe lights, zoom lens, and high-speed camera. (b) Sample video frame, with
the region of interest boxed. (c) Sample processing steps, including binarization (left)
and averaging (right) over bins of 10 mm height.

each to pure white or black, respectively. The threshold was computed
independently in each bin via Otsu’s method, to combat localized
glare from the strobe lights on the chamber window which results
in non-uniform background brightness [43]. This process renders the
front- and back-lit shadowgraphy methods roughly equivalent, though
the binarization process in the front-lit approach may introduce an
additional source of error that is not present in the back-lit approach.
Both approaches did not consider particle reflectance and treat the
particles as totally absorbing.

To obtain transmittance data, each recorded frame was converted
to a grayscale image and processed to isolate a region of interest in
the center of the channel with a width of 30 mm, corresponding to the
location where transmittance is measured by the thermopile detector
(Fig. 3b). The region was then vertically divided into 28 bins (ℎ𝑏𝑖𝑛 =
0 mm) along the height of the channel with ℎ𝑏𝑖𝑛 ≫ 𝑑𝑝 (Fig. 3c). Within
individual bins, the data were spatially averaged to compute a mean
pixel brightness and therefore transmittance and solid volume fraction
as a function of height. A time average of transmittance in each bin
was obtained by averaging over all frames recorded for a flow test (see
Appendix B). Six tests for each particle size were performed and imaged
with the high-speed camera, such that a 95% confidence interval on
transmittance could be found using the Student’s t-distribution.

2.1.3. Solid volume fraction estimation from measurements
The transmittance of light, 𝑇 , through a particle curtain is related

to the extinction coefficient, 𝛽, through Beer’s law:

𝑇 = exp(−𝜏) where 𝜏 = 𝛽𝑊 (1)

and where 𝑊 is the optical path-length (in this case is the cur-
tain/channel thickness), and 𝜏 is the corresponding non-dimensional
optical thickness dependent on particle size, solid volume fraction, and
the path length. For Eq. (1) to be applicable, a homogeneous medium
4

that is perfectly absorbing with normal incidence of light needs to be
assumed [36]. However, the porcelain particles reflect a significant
portion of the incident light from the LED panel, and the flow is not
homogeneous. Therefore, using Eq. (1) directly is not appropriate for
his study. To determine the extinction coefficient for the case of large,
paque particles (where 𝑑𝑝 ≫ 𝜆), independent scattering is commonly
ssumed, where scattering on the surface of one particle remains
naffected by the presence of neighboring particles. The independent
cattering theory extinction coefficient, 𝛽ind can be expressed as a linear
unction of the solid volume fraction 𝜙:

ind =
3𝜙
2𝑑𝑝

(2)

However, for solid volume fractions larger than 6%, corrections must
be made to the extinction coefficient due to dependent scattering;
i.e., reflections from neighboring particles also influencing radiative
transport in the particulate medium [44–47]. Hence, the independent
scattering theory extinction coefficient, 𝛽ind, is corrected with a scale
factor, 𝑆𝜙, as determined by Singh & Kaviany for spherical, opaque
particles with 𝜙 < 0.7 [46]:

𝛽 = 𝑆𝜙 𝛽ind, 𝑆𝜙 = 1 + 1.84𝜙 − 3.15𝜙2 + 7.20𝜙3 (3)

While additional influence of the spatial distribution of particles
on dependent scattering has been shown by Li & Bala Chandran [47],
Frankel et al. [13], and Chen et al. [48], a random distribution of
particles is a reasonable assumption for the flow considered in this
study.

Using results from direct ray tracing simulations integrated with a
particle flow model (Section 2.2.3), this study will obtain a modified
Beer’s law expression, (as will be shown in Eq. (11)) that explicitly also
depends on particle reflectivity.

2.2. Modeling methods

The solid volume fraction, 𝜙, is expected to decrease as a function
of vertical height through the channel, 𝑧. This dependence is quantified
with two modeling approaches. In a relatively simplistic calculation,
a force balance was performed for a single particle combined with
empirical correlations for particle discharge rates from the hopper. In
another model, multi-particle position tracking was performed using
discrete element modeling.

2.2.1. Single particle force balance
By balancing the gravitational and drag forces in 1D, a reason-

able approximation for the spatial variation of 𝜙 with 𝑧 is obtained.
The ordinary differential equation (ODE) in Eq. (4) governs the net
cceleration of the particle, with the initial condition given in Eq. (5):

𝑑𝑣𝑝
𝑑𝑡

= 𝑔 −
0.5𝜌air𝐶𝐷𝐴𝑝𝑣2𝑝

𝑚𝑝
(4)

𝑣𝑝(𝑡 = 0) = 𝑣𝑝0 (5)

where 𝑣𝑝0 is the initial particle velocity as it exits the hopper, 𝜌air is the
ir density, 𝐴𝑝 is the cross-sectional area of one particle, 𝑚𝑝 is its mass,
nd 𝐶𝐷 is the drag coefficient for a sphere. The latter is obtained from
he empirical correlation reported by [49]:

𝐷 = 24
𝑅𝑒

+
2.6

(

𝑅𝑒
5.0

)

1 +
(

𝑅𝑒
5.0

)1.52
+

0.411
(

𝑅𝑒
2.63×105

)−7.94

1 +
(

𝑅𝑒
2.63×105

)−8.00
+

0.25
(

𝑅𝑒
106

)

1 +
(

𝑅𝑒
106

) (6)

where the Reynolds number is defined based on the particle size, Re =
𝜌air𝑣𝑝𝑑𝑝∕𝜇, and ranges from (101) to (102). Note that 𝜇 is the dynamic
iscosity of air. By conservation of mass and for a steady flow rate, 𝑚̇,
hrough the channel, the solid volume fraction is inversely proportional
o particle velocity, 𝑣𝑝:

= 𝑚̇ (7)

𝜌𝑝 𝐴𝑣𝑝
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Table 1
Table of relevant physical dimensions for measurement and modeling.
Symbol Description

𝑑𝑝 = 1.23 or 2.18 mm Particle diameter
𝑊 = 9.58 mm Flow chamber width
𝐿 = 150 mm Flow chamber length
𝐻 = 500 mm Flow chamber height
𝑊 𝑠 = 5.93 mm Discharge slot width (average)
𝑊𝑠,𝑐 = 5.73 mm Discharge slot width (at center)

Table 2
Table of derived dimensions.
Symbol Description

𝑊 ∗
𝑠 = 𝑊 𝑠 − 𝑘∗𝑑𝑝 Modified discharge slot width

𝐿∗ = 𝐿 − 𝑘∗𝑑𝑝 Modified discharge slot length
𝐴𝑝 = 𝜋𝑑2

𝑝∕4 Cross-sectional particle area
𝐴 = 𝐿𝑊 Curtain cross-sectional area
𝐴𝑠 = 𝐿𝑊 𝑠 Discharge slot area at hopper exit
𝐴∗

𝑠 = 𝐿∗𝑊 ∗
𝑠 Modified discharge slot area

𝑃 ∗
𝑠 = 2𝐿∗ + 2𝑊 ∗

𝑠 Modified discharge slot perimeter
𝐷∗

𝑠𝐻 = 4𝐴∗
𝑠∕𝑃

∗
𝑠 Modified hydraulic diameter

where 𝜌𝑝 is the bulk particle density and 𝐴 is the curtain cross-sectional
area, defined by the depth and width of the flow channel.

The initial velocity as the particle exits the hopper is obtained by
adapting the empirical Rose–Tanaka–Beverloo–Nedderman (R–T–B–N)
correlation for hoppers with rectangular openings [50]:

𝑣𝑝0 = 0.74
√

𝑔𝐷∗
𝑠𝐻 (8)

where 𝐷∗
𝑠𝐻 is the hydraulic diameter. The discharge slot area and

erimeter, 𝐴∗
𝑠 and 𝑃 ∗

𝑠 , respectively, used to calculate hydraulic diam-
ter (Tables 1, 2) are corrected for an empty zone near the slot edge,
hich has been observed empirically [51]. This correction is applied
y subtracting 𝑘∗𝑑𝑝 from each slot dimension, where 𝑘∗ = 1.15 is a
onstant. For clarity, the physical dimensions are described in Table 1,
hile areas and other derived dimensions are described in Table 2.
he R–T–B–N correlation is most accurate for particle diameters greater
han 0.4 mm, below which drag effects become important, and where
t least 6 particles fit across the width of the hopper opening [51].
Finally, the steady-state mass flow rate referenced in Eq. (7) is

governed by the rate of discharge of particles from the hopper, which
is obtained from the initial velocity estimated using the R–T–B–N
correlation in Eq. (8) and the definition of mass flow rate:

̇ = 𝜌𝑝𝜙0𝐴
∗
𝑠𝑣𝑝0 (9)

where 𝜙0 is the initial solid volume fraction of particles in the hopper.
Assuming an initial random packing of monodisperse spheres in the
hopper, 𝜙0 is set equal to 0.625 [52]. The set of algebraic equations
given in Eqs. (6)–(9) is solved along with the ODE in Eq. (4) to
determine 𝜙 as a function of position, 𝑧.

2.2.2. Discrete element modeling for particle tracking
To perform multi-particle position tracking, LIGGGHTS [53], an

open-source software to perform discrete element modeling (DEM),
is used. The modeling domain (Fig. 4) is a hopper-channel geometry
based on the experimental flow chamber (Fig. 1). The dimensions of
the discharge slot are selected based on the geometry as manufactured;
deformations in the manufactured hopper are non-uniform and greater
in the center where the transmittance is measured. This leads to a
modeled slot width, 𝑊𝑠,𝑐 of 5.73 mm (Fig. 4 inset, Table 1). This choice
esults in the overall slot area being smaller than the manufactured
lot area, while the width at the center matches the manufactured flow
hamber.
In this DEM simulation, particle–particle and particle–wall collisions

re computed based on the Hertzian theory - a spring-dashpot model.
ormal and tangential components of contact forces are computed for
5

Fig. 4. Flow model used in DEM simulations, including a detailed view of the discharge
slot that accounts for the deformation in the manufactured hopper.

Table 3
Particle geometric and material properties used in DEM simulations.
Parameter Value

Particle density 𝜌 (kg/m3) 2760.5
Particle diameter 𝑑𝑝 (mm) 1.23, 2.18
Young’s modulus 𝐸 (MPa) 5.00
Poisson’s ratio 𝜐 0.17
Coeff. of restitution, particle–particle 𝜖𝑝 0.45
Coeff. of restitution, particle–wall 𝜖𝑤 0.45
Coeff. of static friction, particle–particle 𝜇𝑠,𝑝𝑝 0.36
Coeff. of static friction, particle–wall 𝜇𝑠,𝑝𝑤 0.1

all particles. When the calculated tangential force exceeds the product
of the friction coefficient and the normal force, i.e., 𝐹𝑡 > 𝜇𝑠𝐹𝑛, sliding
is assumed to occur. The DEM time step is set to 2 × 10−5 s, which
is smaller than the critical DEM time step (usually found to be 10%
to 30% of the Rayleigh time step of 1.25 × 10−4 s that characterizes
force propagation through one particle [53]). The effect of drag on
particle flow was found to be negligible due to the short residence
time of particles in the channel and the low viscosity of air. This
was further confirmed by comparisons of analytical models with and
without drag. The parameters implemented in this DEM model are
reported in Table 3. Neither the particle–particle nor particle–wall
rolling friction forces are modeled since their influences are expected to
be negligible for the flow configuration investigated in this study [54].

The particles modeled in the DEM simulations are assumed to be
spherical and monodisperse with an average diameter and particle
density obtained from measurements (Appendix A). DEM simulations
show that the influence of a polydisperse distribution on flow is negligi-
ble; comparable results are obtained with a monodisperse distribution
with an average particle size obtained from the experimentally mea-
sured size distribution (Appendix C). While particle shape can signifi-
cantly influence flow behavior [55], image analyses of particle samples
show high sphericity and validate the choice of modeling particles as
spheres. Additionally, particle surface roughness can influence friction
and restitution coefficients, and therefore sensitivity of predictions to
the friction coefficient is evaluated.

It is expected that DEM simulation results will be influenced by
input values chosen for various model parameters, including the fric-
tion and restitution coefficients (Table 3) [54]. Therefore, baseline
values are selected rationally and sensitivity analyses is performed for
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specifically the particle–particle and particle–wall friction coefficients.
An unrealistically small Young’s modulus of 𝐸 = 5 MPa was used for
the particle force calculations, where the permitted range is 5 MPa to
1 GPa in LIGGGHTS [53]. This artificial reduction in Young’s modulus
has been applied in prior work and has been shown to have negligible
influence on the flow behavior [56]. Additionally, this practice signifi-
cantly lowers computational cost in particle tracking simulations, as the
critical DEM time step, 𝛥𝑡cr, DEM is inversely related to the Young’s mod-
ulus (𝛥𝑡cr, DEM ∝ 1∕

√

𝐸) [57]. While particle–wall static friction has
egligible influence on the flow behavior, the particle–particle friction
oefficient has a significant effect on both the mass flow rate and the
olid volume fraction distribution. Particle–particle friction coefficients
n the range of 0 to 0.9 are modeled, which includes the values 0.5 to
.72 reported in the literature for commercially available Carbobead
SP and CP ceramic particles for CSP applications [48,57]. A nominal
estitution coefficient of 0.45 is assumed with the expectation that
ts influence on dilute particle curtain flows will be minimal. This is
urther supported by predictions that show less than 8% deviation in
ass flow rates for a wide range of restitution coefficients (𝜖𝑝 ∈ (0.05–
.85)) in a more contact-driven flow of particles inside a hopper [54].
olling friction is neglected as its effects on dilute, particle curtain
lows are expected to be insignificant.
To initialize the DEM calculations, 1.5 kg of particles are inserted

n the hopper and given ∼5 seconds to settle. Then, the particles are
eleased into the channel until the hopper is empty. To obtain the solid
olume fraction, 𝜙, a few snapshots of the positions of particles in
he channel are extracted from the simulations. The channel region is
ivided into 20 bins and the number of particles inside each bin, 𝑁𝑝,𝑏, is
ounted. This bin height is selected to be much larger than the particle
ize (𝐻𝑏 = 25 mm ≈ 12–25𝑑𝑝). The spatially-averaged solid volume
raction is computed with Eq. (10):

𝑏 =
𝑁𝑝,𝑏

𝜋
6 𝑑

3
𝑝

𝐿𝑊𝐻𝑏
(10)

he approach of obtaining solid volume fraction from DEM simulations
iffers from the experimental techniques, which transform a measured
ransmittance to a solid volume fraction.

.2.3. Transmittance dependence on particle reflectivities
Snapshots of particle positions from the DEM simulations are di-

ectly input to collision-based Monte Carlo ray tracing models to calcu-
ate transmittance for various particle reflectivities, 𝑅𝑝 ranging from
(purely absorbing/black) to 0.99 (highly reflective). These results

nform how measured transmittance can be converted to a solid volume
raction and its dependence on particle reflectivity. The flow channel is
ertically divided into ten subdomains with a size of 10 mm × 150 mm
50 mm subdomains (Fig. 5(a)). In each subdomain, 106 rays are

aunched parallel to the 𝑦-axis (normal to the 𝑥–𝑧 plane), as shown in
ig. 5(b). Rays are considered transmitted when they reach the opposite
ide of the channel from where they were launched. Surfaces normal
o the 𝑧-axis are periodic boundaries, and the surfaces normal to the
-axis are purely absorbing walls.
Transmittance simulations require inputs for the reflectivity of the

articles. The model treats particle reflectivity as a variable parameter,
ut reasonable estimates using experimental measurements are also
btained. Even though the total reflectivity of the porcelain particles
s dependent on the spectrum of the light source, estimates for this
alue are made by measuring the spectral reflectivity of packed beds
f the porcelain particles in a UV–Vis spectrophotometer (Shimadzu
V-2600). The particle beds exhibit reflectivity values between 0.5
nd 0.6 throughout the visible spectrum, which includes most of the
nergy emitted by the light source (Fig. D.1). However, the reflectance
easured for the bed of particles is expected to underestimate the
eflectivity of individual particle surfaces because of multiple light
6

cattering events within the bed.
Fig. 5. (a) Division of the flow chamber into subdomains for ray tracing simulations
with (b) an exploded view of the subdomain and the corresponding boundary conditions
for ray tracing simulations.

Fig. 6. (a) Load cell data and (b) normalized thermopile data for several representative
flow tests of 1 mm particles at various distances 𝑧 from the hopper. In (b), there is a
slight decrease in initial power after the test. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

3. Results and discussion

3.1. Thermopile and load cell measurements

Representative experimental results for the synchronized thermopile
and load cell measurements as a function of time and over various
heights are presented for the 1 mm particles in Fig. 6. The load cell
data (Fig. 6a) show that the mass flow rate into the channel is constant
throughout the duration of a test, except during the shutdown period
as the hopper empties. Mass flow rates of 0.230 ± 0.003 kg∕s and
0.160±0.003 kg∕s are measured for 1 and 2 mm particles, respectively. A
high degree of repeatability was obtained for mass flow measurements
over 40+ trials per particle size; the trial-to-trial variation based on the
95% confidence interval in flow rate is only 0.001 kg/s and 0.002 kg/s
for 1 mm and 2 mm particles, respectively. This is less than the overall
measurement uncertainty of 0.003 kg/s for both particle sizes. Since the
number of particles loaded into the hopper was not strictly controlled
between trials, some trials lasted for a shorter duration than others. For
example, the trial at 𝑧 = 25.57 mm for 1 mm particles (Fig. 6, purple
line) has a shutdown transient that begins sooner and reaches a lower
total mass of particles than other trials.

Four trials at each height for each particle size were performed to
obtain the transmittance data as a function of height; a 95% confidence
interval was computed via Student’s t-distribution. The thermopile
data (Fig. 6b) demonstrate that transmittance measured at a fixed
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Fig. 7. Qualitative comparison of experimental (a, c) and simulated (b, d) curtain flow at a selected time instant. (a) and (b) show 1 mm particles, while (c) and (d) show 2 mm
particles. Photos are generated by selecting a high-speed camera frame at steady state.
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location varies with time, exhibiting a steep drop while particles are
flowing. Transmittance oscillates very slightly about the mean even
during the steady-state period (indicated by the gray shaded areas in
Fig. 6). These oscillations are attributed to statistical variations in the
flow due to the presence of many-particle interactions. A steep dip in
transmittance is observed during shutdown transients. This is attributed
to the clustering of particles in the center of the channel, where the
thermopile is positioned, when the hopper is nearly empty, due to
the inward slant of the hopper. Additionally, there is a very slight
reduction in transmittance of the empty channel before and after a test,
which is attributed to the accumulation of particle dust on the chamber
windows.

Transmittance is obtained from the power measurements by nor-
malizing the power measured when the particles are flowing, 𝑃 (gray
shaded areas) by the initial power, 𝑃0, measured without any parti-
cles in the channel. 𝑃 was found from steady-state data only, while
𝑃0 was taken as the mean between initial and final empty-channel
powers. The duration of steady flow appears shorter for transmittance
measurements (∼5 s) than for load cell measurements (∼10 s). This
disparity is because of hysteresis induced by the relatively long time
constant (∼1.8 s) of the thermopile. Tests at various heights, 𝑧, show
hat transmittance increases significantly along the flow direction. This
tems from a decrease in solid volume fraction with increasing 𝑧 values.
At equivalent heights, the transmittance is larger for the 2 mm particles
than for 1 mm particles, consistent with the smaller mass flow rates
measured for the former. Further tests (not shown) at various initial
light source powers, 𝑃0, were conducted to verify that the transmittance
was independent of the light source intensity.

3.2. DEM simulations

Fig. 7 shows a qualitative comparison of DEM simulations with
snapshots of particle positions captured by the high-speed camera at
steady state. Apart from the slight non-uniformity in the experimental
results due to a manufacturing defect, these images qualitatively match
well with the predicted spatial distribution and the corresponding local
solid volume fractions of particles. This lends further credibility to this
approach and parameter selection for the DEM simulations. Models
predict mass flow rates of 0.206 kg/s and 0.137 kg/s for 1 mm and
2 mm particles, respectively, which is within 10.43% and 14.37% of the
measured values (Section 3.1), respectively. This deviation is attributed
o the manufacturing irregularities in the width of the discharge slot,
hich cause the modeled overall slot area (which in turn governs the
low rate), to differ from the experimental overall slot area. This is
ecause the modeled geometry uses the center slot width, 𝑊𝑠 (Ta-

𝑊 , is used, a significantly
7

le 1). If instead the average slot width, 𝑠 f
Fig. 8. Sensitivity test of (a) mass flow rate and (b) solid volume fraction to particle–
particle coefficient of static friction at 𝑧 = 0.1 m; (c) solid volume fraction range for
1 mm and 2 mm particles with particle–particle frictional coefficient 𝜇𝑠,𝑝𝑝 ranging from
0 to 0.9. All baseline parameters are listed in Table 3.

improved prediction within 5% of measurements is observed. All DEM
model results for solid volume fractions hereafter are however obtained
considering the center slot width to better match the geometry where
thermopile transmittance measurements are obtained.

A sensitivity analysis of the predicted mass flow rate and solid
volume fraction to the particle–particle coefficient of static friction was
performed to calibrate the DEM model to experiments. Fig. 8 shows the
results of this analysis, where the solid volume fraction is measured at
a representative location near the top of the channel (𝑧 = 0.1 m). The
tested coefficients of static friction ranged from 0 to 0.9, and steady-
state values are shown in Fig. 8. Both the mass flow rate and solid
volume fraction decrease more steeply initially when 𝜇𝑠,𝑝𝑝 increases
rom 0 to 0.5. At 𝜇𝑠,𝑝𝑝 = 0.5, the mass flow rate is ∼50% lower than
t 𝜇𝑠,𝑝𝑝 = 0. For further increases in the friction coefficient, the mass
low rate and solid volume fraction converge asymptotically to a value.
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Fig. 9. Integrated comparison of experimental and modeling results for solid volume fraction as a function of height in a gravity-driven particle curtain for 1 and 2 mm particles.
ll plotted lines represent power law curve fits, intended to visually guide the connection between data. Thermopile and high-speed camera error bars are based on a 95%
onfidence interval in the transmittance measurements over four and six trials respectively at every 𝑧 location.
With increasing friction coefficient, particles entering the channel lose
more momentum through more intensive inter-particle interactions and
thus decrease the mass flow rate. Particles spread out along the flow
direction under gravity and then are less affected by friction. Friction,
as a damping effect against gravity, indicates a lower acceleration rate
for rough particles compared to smooth particles. Hence, the velocities
for high-friction particles would increase slower and are prone to have
lower solid volume fractions. However, the decreasing trend levels off
after 𝜇𝑠,𝑝𝑝 = 0.5. For particle curtain flows with relatively insignificant
inter-particle contacts, most particles are already subject to small tan-
gential forces compared to the normal forces. Therefore, increases in
the static friction coefficient beyond a threshold value lead to fewer
sliding events and have diminishing effects on the flow behavior. In
summary, both the mass flow rate and solid volume fraction are most
sensitive to the particle–particle frictional coefficient when it is lower
than 0.5; beyond this value, they are less sensitive to this parameter.

From the sensitivity study, 𝜇𝑠,𝑝𝑝 = 0.36 was selected as the best value
to draw comparisons between model predictions and experimental
evaluations. From the range of values examined, this friction coeffi-
cient minimized error for both mass flow rate and for the estimated
range of solid volume fractions from the thermopile measurements.
Additionally, the same value of 𝜇𝑠,𝑝𝑝 = 0.36 led to a good match be-
tween predictions and measurements for both particle sizes tested. Even
though this best-fit value is reasonably close to the reported data (0.5–
0.72) for commercial proppants considered for CSP applications [48,
57], the porcelain particles investigated in this study are different from
these in chemical composition and surface finish. Therefore, a direct
comparison of this value against literature data is non-trivial.

3.3. Comparison of measurements and model predictions

Fig. 9 shows a comparison of the solid volume fractions obtained
from the different measurement and modeling techniques. Note that
for the experimental methods, solid volume fraction was calculated
from raw transmittance by finding the roots of the nonlinear system
described in Section 2.1.3. Raw transmittance data is given in Fig. 6
for the thermopile and Fig. B.1 for the high-speed camera. All methods
predict similar trends of decreasing solid volume fraction along the flow
direction and a reduction in the solid volume fraction with an increase
in particle size. For all datasets, the solid volume fraction is lower for
the larger particle size at all heights, 𝑧, which is consistent with the
lower flow rates measured for the larger particles; from Eq. (7), it is
8

expected that 𝜙 is proportional to 𝑚̇. For any particle size, the solid
volume fraction decreases following a power law relationship along the
flow direction as particles spread out due to gravitational acceleration.

Measurements from the two experimental methods differed the
most, with model predictions falling between them.
Thermopile-derived solid volume fractions, computed here with Beer’s
law and a scaling function to account for dependent scattering effects
(Section 2.1.3), are consistently the smallest for both particle sizes.
Note that thermopile error bars are based on a 95% confidence interval
over four trials at every 𝑧 location. Conversely, front-lit high-speed
camera-derived solid volume fractions are consistently the largest. This
is because the image processing binarization scheme is equivalent to
treating the particles as totally absorbing, which ignores scattering
from particle surfaces and results in a lower transmittance than the
thermopile. Of all datasets, the front-lit high-speed camera data has the
greatest trial-to-trial variation. Moreover, the high-speed camera data
display the greatest absolute deviation in solid volume fraction from the
anticipated inverse square law—up to 0.27% (absolute) near 𝑧 = 0.07
m. In that region, the fitted curve does not pass through the error bars,
which are computed from a 95% confidence interval for the standard
deviation of transmittance across six high-speed camera videos. This
localized effect is attributed to a higher glare on the chamber window
at this point, where the binarization scheme was qualitatively observed
to perform worst.

Compared to the thermopile measurements and the DEM simula-
tions, predictions from the single-particle model and the processed
images from the high-speed camera overestimate 𝜙, especially for
the 1 mm particles. The R–T–B–N correlation using Eqs. (7) and (8)
matches measured mass flow rates within 1.2% and 9.4%, respectively,
for the 1 mm and 2 mm particles. The larger error for the 2 mm
particles is attributed to the increase in the particle size relative to the
hopper discharge slot width, which lowers the accuracy/effectiveness
of the R–T–B–N correlation [51]. The overprediction of 𝜙 from this
model is primarily because it precludes the effects of inter-particle
interactions in the force calculations and does not account for man-
ufacturing defects and tolerances. Finally, the DEM results match ex-
perimental measurements to within 12%. However, these results are
specific to chosen model parameters, especially the coefficient of static
friction (Table 3).

Overall, the comparisons in Fig. 9 reveal that there is reasonable
convergence in the estimated solid volume fractions across different

techniques.
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3.4. Ray tracing and optical property dependence

To probe the effects of particle reflectivity, 𝑅𝑝, on the relationship
between transmittance and solid volume fraction, Monte Carlo ray trac-
ing simulations were performed. These are direct simulations that track
intersections of rays with particles present at locations obtained from
snapshots in the DEM model and hence dependent scattering effects
are intrinsically factored in these calculations. Results are presented in
Fig. 10 and are compared with predictions obtained from Beer’s law
equations with and without dependent scattering effects (Eqs. (2) and
(3), respectively). These results reveal that as the particle reflectivity
increases, the solid volume fraction to yield a fixed transmittance
also increases. Therefore, when the measured transmittance from the
thermopile is used to obtain a solid volume fraction, particle reflectivity
plays an important role, especially when the measured transmittance is
small.

The difference between independent and dependent scattering is
more pronounced when transmittance decreases and the corresponding
solid volume fraction increases. The comparison between the unscaled
Beer’s law (dashed line) and the ray tracing results (dotted line) reveals
a larger difference for the 2 mm particles than the 1 mm ones. This
dependence may arise as a consequence of the small ratio between
the channel width and the particle diameter, which can cause further
deviations from the random or Poissonian spatial distribution of par-
ticles assumed by Beer’s law. Furthermore, the solid volume fraction
at a given transmittance changes with 𝑅𝑝 because of scattering due to
reflections in the particle curtain; Beer’s law does not account for this
effect. Indeed, for highly reflective particles, Beer’s law with dependent
scattering effects, Eq. (3), underestimates the solid volume fraction at
a given transmittance.

The results generated from Monte Carlo ray tracing simulations
(Fig. 10) are applied to obtain a new, reflectivity-dependent scale
factor, 𝑆𝑅 in Eq. (11), applied alongside 𝑆𝜙 in Eq. (3), to relate
ransmittance and solid volume fraction:

𝑅 = 0.13
√

1 − 𝑅𝑝 + 0.87 (11)

he dependence of the reflectivity scale factor on the particle reflec-
ivity (Eq. (11)) is obtained by using the ray tracing datasets with
he MATLAB curve fitting toolbox, yielding good quality fits (𝑅2 =
.99). The square root dependence of transmittance with 1 − 𝑅𝑝 is
onsistent with closed-form solutions obtained for transmittance in one-
imensional participating media [58]. For perfectly absorbing particles,
𝑅 has a limiting value of 1 which leads to the traditional Beer’s law
xpression in Eq. (1).
Combined, a modified, closed-form expression (Eq. (12)) is pro-
9

osed to relate transmittance and solid volume fraction in particle-flow m
Fig. 11. DEM results from Fig. 9 and experimental results rectified with a reflectivity-
dependent scale factor, with the possible range of thermopile results given for particle
reflectivities in the range 𝑅𝑝 ∈ [0, 0.99] indicated by the shaded regions.

easurements that accounts for dependent scattering effects as well as
article reflectivities with a collimated incident light source:

= exp(−𝑆𝜙𝑆𝑅𝜏𝑊 ) where 𝜏𝑊 = 𝛽ind𝑊 (12)

olid volume fractions derived from the thermopile measurements by
pplying the modified Beer’s law expression (Eq. (12)) are presented
n Fig. 11. The shaded region represents the variation in the estimated
olid volume fraction for a range of particle reflectivities, 𝑅𝑝 ∈ [0, 0.99].
he area of this region is larger for the smaller particle size due to the
ncreased likelihood of light scattering/reflections with a larger ratio of
he channel width to particle size. The relationship in Eq. (12) between
ransmittance and solid volume fraction is equally applicable for any
article size, curtain thickness, or optical properties.
The solid volume fractions calculated from the thermopile mea-

urements using the new scale factor give exceptional agreement with
he DEM results (within 5%) when assuming 𝑅𝑝 = 0.67, based on the
easured reflectance of a bed of porcelain particles. The best-fit values
or 𝑅𝑝 will change based on the assumption of diffuse/specular reflec-
ions on the particle surface; this study assumed diffuse reflections. This
nderscores the benefits of applying an improved radiative transport
xpression with the knowledge of particle optical properties to convert
easured transmittance to a solid volume fraction.
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3.5. Thermopile technique: merits and limitations

The proposed light source and thermopile detector technique mar-
ries dual advantages of low cost and ease of setup compared to other
advanced transmittance-based techniques (e.g., X-ray, MRI, etc.). More-
over, the light source and detector assembly are much more com-
pact than a camera setup and comparable to a capacitance-based
measurement setup. This method also has a reasonably good spatial
resolution ∼1 cm. In contrast to capacitance and other optical tech-
niques, no additional calibration is required when transforming the
thermopile-measured transmittance to a solid volume fraction.

On the other hand, a limitation of this technique is its low time
resolution (∼1 s), which makes it challenging to apply for high-speed
r unsteady particle flows. Another minor consideration is that if
he particles are not strongly absorbing in the spectrum of the light
ource, the conversion of transmittance to solid volume fraction re-
uires knowledge of the optical properties. This becomes an additional
nput parameter to characterize solid volume fractions and should in-
orm the spectrum of the light source selected for a particular granular
edium. This technique cannot be directly used for hot particle flows
ithout separating the thermal emission of the walls and particles from
he light source that is used. This could in theory be achieved with
n appropriate filter in front of the thermopile that blocks thermal
mission while allowing light from the source to pass. However, cold
low tests are expected to be sufficient as solid volume fractions are not
xpected to be a strong function of particle temperature for the curtain
low regime.
Even though this study has applied the thermopile technique to
easure solid volume fractions less than 0.1, it can theoretically be
pplied for larger 𝜙 values. The standard deviation in the measured
transmittance was averaged over data points obtained at various loca-
tions along the flow channel and for both particle sizes; this average de-
viation was 𝛥𝑇 = 0.32%. This trial-to-trial deviation is much larger than
the systematic error specified for the detector and hence is assumed
to be the minimum significant transmittance that can be measured
with the thermopile. This corresponds to a maximum measurable solid
volume fraction of ∼0.45 with perfectly absorbing particles (Eq. (12)).
owever, the absolute error in the solid volume fraction is dependent
n parameters other than the transmittance measurement error. In par-
icular, it increases exponentially with the solid volume fraction, 𝜙, and
ith the ratio of the width of the channel to the particle size,𝑊 ∕𝑑𝑝, and
roportionally to the measured error in the transmittance. Moreover,
f the particles are more reflective, even larger solid volume fractions
an be measured for the same minimum transmittance. A quantitative
upporting discussion relating these error calculations is provided in
ppendix E. By assuming the trial-to-trial transmittance error to be
gnostic to the flow regime (equivalently, the solid volume fraction),
ig. E.1 shows that for a nominal channel width that is 5 times the
article diameter,𝑊 ∕𝑑𝑝 = 5, the absolute error is less than 2% even for
ense flows with solid volume fraction of 𝜙 = 0.5. However, when the
elative curtain width 𝑊 ∕𝑑𝑝 = 10, the maximum solid volume fraction
hat can be measured within the same 2% absolute error is 0.3.
Moreover, the maximum solid volume fraction measured in these

xperiments are limited by other factors including the thermopile
etector housing size and the nature of the curtain flow regime. The
hermopile detector with its housing is 0.07 m in diameter, so it was
ot practical to place the thermopile at the very top of the channel near
he slide gate. In the curtain flow investigated, the largest drop in the
olid volume fractions is expected in the first 15 cm from the top slide
ate for the millimeter-sized particles, and this drop occurs even more
apidly for smaller particles. Therefore, even if 100 μm sized particles
ere measured in the flow channel, it is expected from analytical model
redictions that the first location of measurement with the thermopile
ill still yield solid volume fractions less than 0.15.
Overall, the thermopile-based transmittance approach to estimate

olid volume fraction shows promise to be applicable even for denser
lows of particles, especially with the use of more reflective than
bsorptive particles in the spectrum of the light source.
10

r

. Summary and conclusions

This study successfully demonstrates the use of a thermopile de-
ector paired with a visible light source to determine solid volume
ractions along the flow direction for gravity-driven particle flows. A
opper-channel test stand, with chamber dimensions of 9.58 mm ×
50 mm × 500 mm (L × W × H), was designed and fabricated to
haracterize the flow of porcelain particles (1 and 2 mm diameter).
ight transmitted was measured at eleven positions along the flow
irection. Front-lit high-speed images of the same setup were also
btained to compare results across different measurement techniques.
o support and interpret experimental data, an analytical model and
discrete element model for Lagrangian particle tracking were im-
lemented. Additionally, Monte Carlo ray tracing simulations were
erformed together with particle flow simulations to inform the gov-
rning relationship between transmittance, solid volume fraction, and
article optical properties.
All experimental data show very good agreement with the models.

ll methods show that the solid volume fraction decreases along the
low direction following a power law relationship and that the dip is
arger for the 1 mm particles than the 2 mm ones. Qualitatively, snap-
hots of the flow captured in DEM simulations and by the high-speed
amera show very similar flow profiles. Sensitivity analyses performed
n the DEM model show a significant influence of the particle–particle
tatic friction coefficient on both the mass flow rate and the predicted
olid volume fraction distributions. The measured steady flow rates of
.230 and 0.160 kg/s for the 1 and 2 mm particles, respectively, match
hose found with empirical correlations and DEM simulations within
0%.
Distinct from the DEM simulations that directly calculate solid vol-

me fractions, the thermopile and high-speed imaging techniques rely
n transforming the measured transmittance to a solid volume fraction.
ay tracing simulations inform the development of a new, effective,
nd simple closed-form expression to relate transmittance, solid volume
raction, and additionally, particle reflectivity. This leads to a much
loser match of within 5% between the thermopile estimations and
EM simulations for solid volume fractions for both particle sizes
ested.
On the whole, thermopile-based transmittance measurements are a

romising approach to optically characterize particle flows. The tech-
ique is reliable, low-cost, and accessible with good spatial resolution.
t is also compatible with different test setups and materials, including
lternative photodetectors that could further improve the cost and time
esolution of the measurements.
Through systematic analyses, less than 2% absolute error is pro-

ected in solid volume fractions even up to 0.45 for a channel width to
article diameter ratio of 5. The use of more reflective particles with the
ame flow chamber design can further increase the range of accessible
olid volume fractions through transmittance measurements.
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Appendix A. Measurement of particle density and size distribu-
tions

Particle density was found by measuring the mass and volume of
roughly 10,000 particles and taking the ratio. Mass was found with a
laboratory centigram balance, while volume was found using the water
displacement method. Particle density, 𝜌𝑝, was found to be 2650 kg/m3

for both 1 and 2 mm particles.
Analysis of the size distribution of the roughly 1 mm and 2 mm

particles was conducted using image processing techniques in MATLAB.
For each particle size, several photos of the particles spread out on
a black surface were taken, with a ruler visible in the frame to set a
length scale, as shown in Fig. A.1a. Together, roughly 12,000 particles
of each size were imaged. In MATLAB, a scale factor was computed for
each image based on the length of the ruler. Individual particles were
identified via a circular Hough Transform-based algorithm [59], and
this algorithm was implemented using MATLAB’s imfindcircles,
a function provided by the Image Processing Toolkit. This is shown in
Fig. A.1b. The diameter of each particle identified was tabulated and
used to generate the histograms shown in Fig. A.1c. Normal distribu-
tions were fit to the histograms, and the mean and standard deviation
of each particle size distribution were found. Mean values from these
size distributions of 1.21 mm and 2.18 mm were obtained for particles
with nominal diameters of 1 mm and 2 mm, respectively. The accuracy
of this method was verified by photographing a representative sample
of particles, directly measuring their diameter with a micrometer, and
verifying that the diameter reported in MATLAB matched to within the
measurement error of the micrometer.

Appendix B. Transmittance data captured using the high-speed
camera

Opacity data is obtained from each frame of the high-speed camera.
These data are time-averaged to obtain a single, quasi-steady mea-
surement. The shaded region in Fig. B.1 represents the spread of data
obtained over all frames, which is considered to be statistical noise. The
red dots represent the average measurement in each bin, the quantity
11

used in solid volume fraction calculations. ∼
Fig. A.1. Overview of the methods and results for the particle size distribution analysis.
(a) Sample photograph of 2 mm particles; (b) particles in the image identified in
MATLAB and indicated with blue circles; (c) particle size distributions and statistics
for 1 mm and 2 mm particles.

Fig. B.1. Transmittance plot from processed high-speed camera data for 1 mm
particles. Frame-to-frame variance is shown by shading.

Appendix C. Sensitivity of DEM results to particle size distribu-
tions

Fig. C.1 shows the predicted solid volume fraction as a function of
height for a monodisperse particle size distribution compared against
the normal size distribution measured in Appendix A. Note that the
critical timestep of the DEM simulation is directly proportional to the
minimum particle diameter. Therefore, this critical time step is reduced
by 23% for the monodisperse simulations. The results show that, for
both sizes of particles, the difference between predictions computed
using the monodisperse and normal distributions at each height is
within 5%. This validates the choice of using a uniform particle size
obtained from the mean value of the measured size distributions for all
subsequent DEM simulations in this study.

Appendix D. Reflectivity measurements of particle beds

The reflectivity of the particles was quantified by performing mea-
surements in a UV–Vis spectrophotometer. Packed beds of the particles
were loaded into a sample holder and placed into a diffuse reflectance
accessory for measurement (Fig. D.1). Reflectivity was calculated by
eferencing the reflected signal of the particles to a background of
arium sulfate (BaSO4) powder and shows no dependence on particle
ize. The reflectivity is low in the ultraviolet (UV), but increases from
10% to ∼50% as the wavelength goes from 300 nm to 400 nm. Across

https://doi.org/10.17632/n69bss6bfg
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Fig. C.1. DEM modeling results for solid volume fraction as a function of height for
1 mm and 2 mm particles with mono- and normally-dispersed size distributions. Plotted
lines represent the power law curve fits to data points. In all cases, the monodisperse
results show good agreement with the normally-dispersed results.

Fig. D.1. Reflectivity of particle beds composed of 1 mm and 2 mm particles for a
wavelength range of 200–1000 nm.

the visible spectrum (400–700 nm), which contains the majority of the
energy emitted by the light source used in this study, the reflectivity
mostly lies between 50% and 60%. In the near-IR (> 700 nm), the
reflectivity is consistently around 60%. The measured reflectivity for
the particle beds is expected to underestimate the reflectivity of the
particle surfaces due to multiple scattering events by the packed bed.
Thus, 60% is considered to be a lower bound for a particle surface
reflectivity. This is consistent with the 67% reflectivity value that
most closely matches the thermopile data to the DEM modeling data
(Fig. 11).

ppendix E. Error analysis for solid volume fractions obtained
rom transmittance measurements

Measurement error in the transmittance obtained from the ther-
opile detector is propagated to obtain the error in the derived solid
olume fraction based on the Beer’s law relationship, Eq. (1). Therefore,
the error in 𝜙 varies with particle size, 𝑑𝑝, curtain width, 𝑊 , and the
mean transmittance measured, 𝑇𝑚 and its corresponding solid volume
fraction, 𝜙. For the sake of simplicity, error propagation is applied by
assuming the scale factors due to dependent scattering and particle re-
flectivity, 𝑆𝜙 and 𝑆𝑅, to be 1. This is expected to lead to conservatively
large uncertainty values in 𝜙, 𝛥𝜙:

𝑇𝑚 = exp
(

−
3𝜙
2𝑑𝑝

⋅𝑊
)

⟹ 𝜙 =
−2𝑑𝑝
3𝑊

ln(𝑇𝑚) (E.1)

𝛥𝜙 =
−2𝑑𝑝 𝛥𝑇 (E.2)
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3𝑇𝑚𝑊
Fig. E.1. Propagated absolute error as a percentage in solid volume fraction for various
solid volume fractions, 𝜙, as a function of the ratio of channel width to the particle
diameter, 𝑊 ∕𝑑𝑝. |𝛥𝜙| values are obtained based on the transmittance measurement
trial-to-trial error of |𝛥𝑇 | = 0.32% and using Eq. (E.3).

Substituting Eq. (E.1) into (E.2) and simplifying:

|𝛥𝜙| =
2𝑑𝑝
3𝑊

exp
(

3𝜙𝑊
2𝑑𝑝

)

|𝛥𝑇 | (E.3)

Therefore, Eq. (E.2) relates trial-to-trial measurement error in trans-
mittance in the thermopile, 𝛥𝑇 , with an error in the solid volume
raction, 𝛥𝜙. Fig. E.1 illustrates the dependence of this error on the
geometric parameters, 𝑊 and 𝑑𝑝, and as a function of the solid volume
fraction deduced from the measured transmittance. In this plot, 𝛥𝑇
is the standard deviation in the measured transmittance over many
experimental trials, and is 0.32%. Therefore, the resulting error, 𝛥𝜙, for
the solid volume fraction is also an absolute and a percentage quantity.
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