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Highlights
e Used a falling particle curtain method to obtain light scattering distribution
e Demonstrated a taping-particle method for scattering and spectral measurements
¢ Investigated submillimeter-sized absorbing and transparent particles
e Obtained averaged scattering and absorption efficiency factors and phase function

o Performed Monte Carlo simulation with a specularity parameter to provide insights

ABSTRACT: Submillimeter solid particles have been considered as thermal storage media for
concentrated solar power applications. Knowledge of the scattering and absorption properties of
individual particles is crucial for modeling the radiative heat transfer of the particle bed. In this
work, a laser scatterometer is used to measure the single-particle scattering properties at a
wavelength of 635 nm by using two configurations: (1) a falling particle curtain and (2) a taped
particle layer. Because a one-particle nominal thickness is formed with area fractions of 5-55%
depending on the configuration, multiple scattering is minimized and hence the single scattering
phase function, averaged over all illuminated particles, is directly measured. Bauxite-based
ceramic particles that are strongly absorbing in the solar spectrum and silica particles that are
nonabsorbing in the visible and near-infrared are investigated. The directional-hemispherical
reflectance and transmittance of the taped particles are also measured to deduce the forward and
backward scattering efficiency factors and the absorption efficiency factors. Only weak
wavelength dependence is observed in the measured region from 380 nm to 1020 nm. The
scattering phase functions of all bauxite-based particles with varying sizes and compositions are
very similar and can be fitted to a Henyey—Greenstein phase function with an asymmetry factor
g =-0.20. For the silica particles, forward scattering dominates and g = 0.45 yields the best fit. A
Monte Carlo method is developed to model the particle scattering characteristics, and reasonable
agreements between the modeling and experimental results are observed by introducing a
specularity parameter.

Keywords: Radiative heat transfer, absorption efficiency factor, scattering efficiency factor,
scattering phase function, submillimeter particles
1. Introduction
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Radiative heat transfer plays an important role in the energy transfer processes of
dispersed media, including packed particle beds, that are widely used in industrial applications
such as combustors, chemical reactors, insulating materials, and thermal storage media [1-3].
Recently, falling particle receivers that use submillimeter solid particles as the solar absorber,
heat transfer and thermal energy storage material have received increased attention due to their
promise for advancing concentrated solar power (CSP) technology [4]. The continuous falling
particles directly absorb the concentrated solar energy to achieve higher operating temperatures
(>700 °C), inexpensive thermal storage, and higher receiver efficiency [5]. Modeling the
radiative heat transfer in particle curtains is necessary to understand the energy absorption and
exchange within the particulate media as well as interactions with the incident solar energy and
the surrounding walls and windows. A complete model requires consideration of light absorption,
scattering, thermal emission, and spectral radiative properties of the particulate media and
surroundings [6-9]. Knowledge of the radiative properties of the particles that is critically
important for reliable modeling is often unavailable. While the spectral radiative properties of
particle beds have been extensively studied [5, 10-13], the determination of single particle
scattering and absorption. properties remains a challenging task, especially considering the
nonuniform particle size and nonspherical particle shape [14].

Thermal radiation in multiphase systems, such as porous media or fluidized beds, is
typically solved based on the single-phase radiative transfer equation (RTE) using effective
properties obtained from a suitable homogenization procedure [15-17]. The solution of the RTE
requires the spectral absorption coefficient, scattering coefficient, and scattering phase function
of the medium [18, 19]. For relatively dilute systems, these properties can be related to the single

particle properties for a given volume fraction. Brewster and Tien [20] and Drolen and Tien [21]
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developed regime maps and demarcated the boundaries between dependent and independent
scattering for varying particle size parameters and volume fractions. These studies were later
improved for large-sized particles by considering the effect of multiple scattering (in a
representative elementary volume) on dependent scattering within geometric optics limitation
[22-25]. A scaling factor that is a function of the volume fraction was introduced to account for
the dependent scattering effect based on the single particle properties to predict the absorption
and scattering coefficients of particulate media [22, 26-28]. Therefore, determination of the
scattering phase function and the scattering and absorption efficiency factors of individual
particles are critical to the understanding and modeling of radiative transfer processes.

The theory of light scattering by small particles has been well established, especially for
spherical particles. Mie scattering theory provides the exact solutions of spherical particles and
shells as well as other regular geometric shapes [29-31]. Numerical solutions can be applied to
arbitrary shapes if the dielectric function of the particle material is predetermined [32, 33]. For
particles whose sizes are much greater than the wavelength of interest, the method of ray tracing
under the geometric optics appreximation may be used to predict the scattering properties of
spherical and non-spherical particles [34-36]. However, direct calculation of the scattering and
absorption properties of particles requires the complete information of the topography, surface
morphology, and refractive index of the particle material. For sintered ceramic particles with
sizes ranging from 100-1000 pum that are composed of multiple metal oxides, a full
characterization of the morphology and surface topography is formidable. Therefore, direct
measurements of particle scattering and absorption properties are often desired.

Yamada et al. [37] experimentally investigated dependent scattering effects by measuring

the bidirectional reflectance/transmittance distribution functions (BRDF and BTDF) at two
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visible wavelengths (442 nm and 633 nm) for latex spheres dispersed either in water (with
varying volume fraction) or air (densely packed) contained in planar sample cells. The
nonabsorbing spheres are made of polystyrene, polyvinyltoluene, and poly(divinylbenzene) with
diameters of 0.08 um, 2.02 um, and 11.15 um, respectively. The criteria of dependent scattering
are determined by comparison of the experimental results with various modeling results. Many
earlier angular dependent scattering measurements were based on similar techniques with
particle diameters ranging from 0.03 um to 20 um [38]. Inverse analysis of the RTE coupled
with Mie scattering theory was frequently used to interpret the measured results for
monodisperse and polydisperse particle systems with various volume fractions and optical
thicknesses [1-3, 38]. West et al. [39] described an injection method to directly measure the
scattering distributions at visible and near-infrared wavelengths for mineral dust with particle
diameters ranging from 0.2 um to 20 um. The measured particles include aluminum oxide,
aluminum silicate, antimony oxide, calcium carbonate, cerium oxide, and silicon carbide.
Measurements were also performed by Curtis et al. [40] on other types of aerosol particles such
as silicate clays, quartz, and hematite. Hespel et al. [41] used a parameter identification method
by inversely solving the RTE using the measured BRDF and BTDF, along with the
Henyey—Greenstein (HG) type phase function. In addition to measuring dilute latex aqueous
solutions at a visible wavelength, they also studied nickel particles embedded in a polyethylene
matrix at a mid-infrared wavelength of 10.6 um [41]. Coray et al. [42, 43] developed a
spectrometric setup to study angular scattering from solid particle beds and porous ceramic
plates from ultraviolet to near infrared. The zinc oxide powder, with particle diameters ranging
from 0.5 um to 6 um, was placed between transparent glasses [42]. Marti et al. [44] used a clear

epoxy resin as the matrix for confining irregular-shaped silicon carbide particles and fit the
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scattering phase function by comparing the measured data with the RTE solutions using different
scattering models.

Most of the previous studies used packed particle beds, particle solutions, or injected
particles. Consequently, the measurement results are for multiple scattering (either independent
or dependent). Nothelfer et al. [45] used a goniometric spectrometer to obtain the phase function
for single scattering of polystyrene microspheres and soybean oil emulsions in highly diluted
bidistilled water (to prevent multiple scattering). Rossi et al. [46] used electrodynamic levitation
to isolate a single particle to the center of the beam and measured the scattered light with an
optical fiber-based charge-coupled device (CCD) detector. This setup is very intricate and
measurements of a large number of individual particles are necessary to obtain the average phase
function. McGuire and Hapke [47] were able to directly characterize the light scattering and
absorption properties of single spherical and nonspherical particles, with diameter of about 1 cm,
mounted in front of the optical beam. Griffin et al. [48] developed a method to generate a falling
particle curtain with a single particie layer and investigated the angular scattering and extinction
characteristics of a type of solar absorbing particles and transparent glass particles with mean
diameters of 358 pum and 271 pm, respectively. Because multiple scattering is essentially
excluded, this method allows for direct determination of the scattering and absorption properties
of single particles (averaged over the illuminated area).

In the present study, the falling particle method is selected with a simpler and more
reliable particle curtain generation method compared to Ref. [48]. An adhesive tape method in
which a single layer of particles is stuck to a polypropylene tape is demonstrated. A laser
scatterometer is employed to characterize the angular distribution of light scattering at a

wavelength of 635 nm [49, 50]. Furthermore, a monochromator with an integrating sphere [51-
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53] is used to measure the directional-hemispherical reflectance and transmittance of the tape
with and without particles at wavelengths from 380 nm to 1020 nm. Several types of absorbing
bauxite particles of different sizes are investigated, along with dielectric silica particles. The
measured phase functions of the absorbing and dielectric particles are fitted to the HG phase
function by adjusting the asymmetry factor. A Monte Carlo ray-tracing model that includes both
specular and diffuse reflection components is developed to calculate the scattering phase
function and the scattering and absorption efficiency factors for spherical particles using the
effective optical constants of the bauxite and silica materials. The modeling results are compared

with experiments to help explain the observed behaviors.

2. Theoretical background
2.1 Radiative transfer equation (RTE) and single particle properties

For a homogeneous absorbing and scattering medium, the RTE describes the change of
the spectral intensity |, in the direction of § along the path s. It can be expressed as [18, 19]

di A A A
—;' =il — (s +0)1; +0,1_|.4” 18P (5;,9)d; (1)

where K, and & ; are the absorption and scattering coefficients, respectively, | ;, is the spectral
intensity of a blackbody described by Planck’s law, and @ ; is the normalized scattering phase
function or probability, such that _[4”q> ,(5,8)dQy; =1. The RTE is essentially an energy balance

over an infinitesimal control volume in the direction of §, taking into account of the

augmentation by thermal emission (&;1,,), attenuation due to absorption and out-scattering
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(x,1,+0,1;), and augmentation by in-scattering from all directions into the direction §; given

in the last term.

For particles in air or solution, the use of the continuous RTE is based on a volume-
averaging approach with effective parameters [1]. If dependent scattering is negligible, the phase
function for single scattering by an individual particle is used in Eq. (1). Furthermore, the
spectral absorption and scattering coefficients of a particulate medium consisting of particles in

air are given by [18]

K5, =NyCaps = NyQaps Ay (2)
and 0, =MCsa =NQsca Ay (3)
Here, n, is the number of particles per unit volume, C,, and Cy, are the absorption and
scattering cross sections, A, =;rD|§/4 is the mean cross-sectional area (with D, being the

effective diameter) of the particle, and Q.,s and Q, are the absorption and scattering efficiency

factor. Note that C and Q are also wavelength dependent, while the subscript 1 is omitted for
brevity. Under the geometric optics approximation without considering the diffraction effect, the

extinction efficiency factor is Qgyt = Qaps +Qsca =1 [1, 24, 29].

2.2 The phase function model

A differential scattering cross section (DSCS) is defined as [29, 48]

X (6) =

dCy., (0
(sjc;)( ) =Csca®(9)

“)
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where @ is the scattering angle from 0° to 180°. The scattering is assumed as axial symmetric
such that the phase function is independent of the azimuthal angle ¢.
The Henyey—Greenstein phase function is commonly used to describe anisotropic

scattering with the asymmetry factor g [18]:

1 1—g?
Dy () =— 2

4 (1+ g2-2g 0050)3/2

(%)

where —1< g <1. A positive g implies more forward scattering and a negative g implies more
backward scattering. When g = 0, the scattering is isotropic. Some studies have used modified
HG phase functions by introducting additional terms or Dirac-delta functions to account for the
strong forward (€ ~0°) or backward (6 ~180°) scattering components [2, 41, 42]. For large
irregularly shaped particles, it is unlikely for the averaged phase function to have sharp peaks,

which are typically associated with wave resonances [1, 29, 48].

2.3 The Monte Carlo ray-tracing model

In the Monte Carlo modeling [18, 19], a large number of numerically generated ray
bundles (N) that are travel in parallel towards the spherical particle. The reflection, refraction,
and absorption are considered in the ray-tracing process and analyzed to calculate the scattering
phase function and the scattering efficiency factor. The particle is located at the center of the

Cartesian coordinates. All rays originate from a circular area, which is equal to A, at

z=17<-D,/2. The incident rays travel in the positive z-direction with a direction vector
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§ =(0,0,1). The direction of the ray after reflection or refraction is described by a unit vector
according to the zenith angle @ and azimuthal angle ¢ as follows:
§=(sin&cos ¢,sin gsin ¢, cos H) (6)
For each ray, two random numbers (y, and y,) are used to assign the location of the ray in the
x-y plane using [18]
x = (Dy 1 2) 1, 05(271p); ¥ = (Dy 1 2\ 1, sin(27zy) W)
Equation (7) ensures the rays are uniformed distributed within the circular area A,. The

incoming ray interacts with the particle surface and z location of intersection point is given by

z=—\/D|§/4—x2—y2 (8)

The surface normal, the reflection direction, and the refraction direction are determined based on
the geometry using Snell’s law with the prescribed refractive index of the particle. The refractive
index of the host medium (i.e. air) is taken as 1. It is assumed that the sphere is slightly absorbing
but without internal scattering. Polarization effects are not considered. The reflectivity is
calculated based on the averaged reflectivity for s-polarization and p-polarization using Fresnel’s
coefficients [54].

If the ray is refracted, the distance (b) between the two intersection points on the surface
of the sphere is calculated. Whether the ray is absorbed or not is determined by comparing a new
random number to the internal transmissivity: exp(—4zkb/ 1), where A is the wavelength in
vacuum and k is the imaginary part of the complex refractive index [50, 54]. If the random
number is greater than the transmissivity, the ray is counted as absorbed. Otherwise, it is traced
again to the next intersection and the process is repeated to determine whether it is reflected or

refracted until the ray is either absorbed by the sphere or leaves the sphere by refraction into air.

10
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Real particles exhibit surface roughness and may be nonspherical. To partially account
for the morphology effect without introducing significant complexity, this work uses a
specularity parameter or specularity (S) in the Monte Carlo model. Note that S = 1 corresponds to
specular reflection/refraction and S = 0 corresponds to diffuse reflection/refraction at the
interface [54]. In this case, the propagation direction will be determined based on the zenith
angle and azimuthal angle with respect to the surface normal using two new random numbers
that follow the diffuse surface condition. For diffuse reflection, the rays are distributed toward
the whole hemisphere regardless whether it is inside the particle or outside the particle.

If 47kD, >> 4, the internal transmissivity is very small so that the sphere may be treated

as opaque. For an opaque sphere, the scattered rays result from reflection after the initial strike.
For a sphere that is transparent or semitransparent, the scattered rays also include those that first

enter the sphere and then escape the sphere by refraction. The total number of scattered rays

N, divided by N gives Q.. Note that the scattering efficiency factor may be separated into
two parts: a forward scattering part Qo for 0°<6<90° and a backward scattering part Qgc, 1,

for 90° <6 <180°.

To calculate the scattering phase function, the detector is assumed as a disk located far

from the particle with a half cone angle 6, as in the angle-resolved experiment. Multiple virtual
detectors having the same solid angle, Q4 =27(1-cosé,), are numerically implemented in the

Monte Carlo model at a given azimuthal angle ¢ with the same increment along the zenith angle

6. Each detector has its own direction vector (from the center of the sphere to the center of the

detector). If the dot product of the direction vector of the ray and that of the detector is smaller

than cos &, the ray will hit the detector. In principle, each ray may hit multiple detectors when

11
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0y, is greater than the increment angle [50]. This allows the simulation of practical situations
when the detector increment angle is smaller than the half cone angle. The phase function is
calculated by ®(0) =Ny /(Ng,Qq) , Where Ny is the number of rays that hit the particular
detector in the direction @. In the calculation, the detector solid angle is set to 3.83x10~% sr
(corresponding to 6, =2°). The Monte Carlo model developed here has been validated by
comparing @ (@) for opaque spheres obtained from the simulation with those in Ref. [18] for the

cases with S =0 and S = 1 using various refractive index values.

3. Experimental methods
3.1 Determination of the average differential scattering cross section (DSCS)
The particle curtain method used to characterize particle scattering is illustrated in Fig. 1,

where dilute particles with an effective thickness equal to one particle continuously fall down in
the x-y plane [48]. A laser beam of power P is incident on the particles toward the positive z-
direction, assuming a uniform laser beam spot (though the actual beam profile is Gaussian). The
detector located at a distance from the center L with a solid angle €24 rotates in the horizontal x—
z plane according to the zenith angle 8. The scattering power that reaches the detector is Py, (6) .
The azimuthal angle ¢ =0° when the detector is located at x > 0 or ¢ =180° when x < 0, as

shown in Fig. 1. The diameter of the illumination area is much smaller than L, so that the solid

angle of the detector viewing the particles is approximately the same. The particles are assumed
to be uniformly distributed with an area fraction &, . The average DSCS of the illuminated

particles is calculated from

12
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X (0) :i Psca (0) i

fa PI Qd (9)

A detailed derivation of the above equation was given by Griffin et al. [48]. Note that &, / A, is

the number of particles per unit area. The same formulation is also applied to the taped particles
once the scattered signal by the tape is deducted at each direction.

The scattering cross section is calculated from the DSCS as follows:
T .
Coca =27 X(0)sin6d0 (10)
The scattering efficiency factor Qg is calculated based on Cg., / A,. According to Egs. (9) and

(10) A, does not affect the calculation of Qg when the rest of the parameters remain

unchanged.

3.2 The laser scatterometer setup

As shown in Fig. 2, a laser scatterometer [49] is used together with a particle curtain
generator to measure the angular distribution of the scattered light from the illuminated particles.
A fiber-coupled diode laser provides stable output power at the wavelength of 635 nm using a
thermoelectric cooler. The collimated laser beam has a diameter of approximately 5 mm and an

output power of approximately 3 mW. A silicon photodiode that is rotatable in the horizontal
plane measures the scattered power Py, (6) with respect to the incident power P,. The detector

can be rotated on both sides of the particle curtain with an angular resolution of 0.01° using a
step motor. However, retroreflection within 4° cannot be measured as the detector holder blocks
the beam. The incident power is measured without the sample when the detector is rotated to

60 =0° (directly facing the laser beam). A beamsplitter (not shown in Fig. 2) is inserted to the

13
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beam to monitor the laser power with another silicon photodiode using a calibrated beamsplitter
ratio that is polarization dependent. The detectors are connected to a lock-in amplifier in two

separate channels through their individual transimpedance preamplifiers. The preamplifier with a

large linear dynamic range (gain range: 10t -10° Q) converts the low-level current signal from
the photodiode to a voltage signal and maintains zero bias voltage across the detector. The lock-
in amplifier sends an oscillating signal to the laser diode controller to modulate the laser power
and then receives the phase-locked voltage signal after the preamplifier, effectively eliminating
the effect of background radiation [49].

The detector is placed behind a precision aperture with a diameter of 8.00 mm. In the
original setup, the distance from the detector aperture to the center of the sample (L) was around
500 mm [49, 50]. Since the scattered power by particles in the present study is very weak, an

extension of the detector tube was fabricated 10 reduce L to 141.8 mm. Consequently, the
detector solid angle is Qg =25x10"% sr and half-cone angle is 6,=1.6°. To reduce the

measurement noise especially with flowing particles when there may be fluctuations in the area
density, an average of 50 measurements is used at each detector location. The previously stated
relative uncertainty of the scatterometer measurements was 5% [49, 50]. However, due to the
low-level signal, stray light, and uncertainties associated with sample handling and alignment,
the relative uncertainty of the angle-resolved measurements is estimated to be 20% (with 95%
confidence level). Since the polarization effects are negligibly small, all measurements are
performed using s-polarized incidence such that the electric field is in the vertical direction,
perpendicular to the goniometric table. The detector receives all the scattered light regardless of
the polarization. A validation check was made using p-polarized incidence and no notable

differences were found.

14
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3.3 Methods for generating a single layer of particles

The particle curtain generator consists of a neoprene belt over neoprene rollers fastened
to a drive shaft as illustrated in Fig. 2. Particles are stored in a hopper located above the conveyor
belt and introduced directly onto the conveyor belt [14]. The hopper delivers a constant mass
flow rate of particles. A soft brush is placed above the conveyor belt to act as a gate that prevents
the particles from piling together. The particle curtain generator is positioned about the center of
the goniometric table, so that the falling particle curtain is illuminated by the laser beam and the
scattered light is collected by the rotatable detector. A container at the bottom of the particle
curtain collects the particles and prevents them from spreading over the optical table. During the
measurements, the translational speed of the conveyor belt is typically 0.15 m/s to ensure that the
particles are sufficiently separated on the conveyor belt. The vertical speed of the particles (2.3
m/s) of the falling particle depends on the distance (267 mm) from the leading edge of the belt.
The velocities of the illuminated particles are almost the same. Hence, a nearly uniformly

distributed particle layer with &, of 5-10% is formed. Typical falling particle curtain generators

yield much denser particle flow [55]. A high-speed camera is used to capture the particle images,
from a direction perpendicular to the curtain, at a rate of 2000 frames per second [14]. These
images are analyzed using a particle image velocimetry (PIV) software [56] to determine the
instant particle area fraction. The analyzed area is typically 20 mm by 20 mm with the beam spot
at the center.

While measuring on a non-static flowing particle curtain is the most direct way to obtain
scattering property, the area fraction is typically limited to below 10% to prevent particle

overlapping. Furthermore, the signal tends to fluctuate due to particle motion, and it is

15
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challenging to adapt the particle curtain generator into typical spectrophotometer and integrating
sphere system for measuring the spectral dependence of the scattering and absorption properties.
Therefore, an adhesive tape method is developed. Several different types of tapes were tested and
the 3M Scotch 372 clear rubber adhesive sealing tape (polypropylene film backing) with a
thickness of 56 um was chosen in this study. Particles are loaded by placing the sticky side of the
tape down towards the particles horizontally placed in a container. By manually controlling the
applied force and contact time, through a trial-and-error process, nearly uniformly distributed

particles were formed on the tape over an area as large as 40 mm by 40 mm with &, between 20%
and 55%, enabling a large range of particle area fraction to be investigated. Even for &, = 55%,
the closest distance between two spherical particles packed in square lattices is 0.2D,. If the

particle diameter is 100 um, the clearance of 20 um is still much greater than the visible to
near-infrared wavelengths. Therefore, geometric optics are applicable. However, for scattering
angle around 90°, scattering by more than one particle may occur and the sample holder also
blocks a portion of the scattered light; hence, the single scattering assumption breaks down and
the measurement error increases. The uncertainty due to multiple scattering is estimated to be
within 5%, except for 88°<6<92°. The particle curtain generator is supported by two metal
posts on both sides of the curtain as shown in Fig. 2. The posts are intentionally offset with
respect to the particle curtain in the z-direction, and will block the beam at certain angles near &
= 90°. To circumvent this problem, the entire particle generator is rotated 180° about the y-axis
between the backward and forward scattering measurements. During the experiments, the

angular interval of 4° was chosen from 6 = 0° to 176° at either ¢ =0° or ¢=180°. For 6 = 0°,

the measured signal ratio is due to direct transmission of uncovered particles (air or tape). The

16
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signal due to light scattering by the particles is orders of magnitude smaller and hence is not
detectable.

The contact areas between the tape and the particles are observed with a microscope
viewed from the tape side. On average, the diameter of the contact region is approximately 1/3 of
the diameter of the nearly spherical particle, resulting in a contact area (spherical cap) of close to
3% of the spherical surface area. The polar angle of the spherical cap is about 19.5°. Even with
such a small spherical cap, the particles are strongly bonded to the tape without falling off
irrespective of orientation (placed vertically or upside down).

Compared with the particle curtain method, the tape method allows more densely loaded
particle samples to be investigated and the measurements tend to have smaller standard
deviations. The angle-resolved scattering measurements were performed for both the bare tape
and the tape with particles, so that the scattered signal by the area of the tape that is not covered
by particles can be excluded by subtraction. Specular transmitted and reflected signals of the tape
dominate the scattered signal of the tape, presumably due to the adhesive layer. A digital
microscope is used to take the images of taped particle samples. The area fraction is determined
by analyzing the images with the PIV software. The area fractions for the falling particle curtain
and the taped particles have been verified by measurements with the laser scatterometer by
comparison of the collimated transmission signal with the sample to the incident power (when

there is no sample). The uncertainty of the area fraction is estimated to be within 2%.

3.4 Spectrophotometric measurements
A grating monochromator with a tungsten-halogen lamp and an integrating sphere

measures the directional-hemispherical reflectance and transmittance for the taped samples (or

17
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bare tape) at wavelengths from 380 nm to 1020 nm using a silicon detector [51-53]. The inner
wall of the 200-mm-diameter integrating sphere is made of polytetrafluoroethylene (PTFE),
which has a reflectance of near 0.99 in the visible and near-infrared spectrum. The tape with (or

without) particles is placed in front of the 25-mm-diameter entrance port for measuring the

transmittance T, (or T;). The taped sample with (or without) particles is mounted on a slightly

tilted sample holder placed at the back port of the integrating sphere for measuring the

reflectance Ry, (or R). A 10-mm-thick PTFE plate is used as the reference for reflectance

measurements. The absolute uncertainty in the measured directional-hemispherical reflectance
and transmittance are estimated to be 0.02 and 0.01, respectively [51, 52].
The following equations are used to deduce the average forward and backward scattering

efficiency factors (Qge, s and Qg ) OF the particies, respectively:
Tip = GaQseat + (1= )Tt (11)
Rip = &Qscap + (1~ &)Ry (12)
Solving Qqe, ¢ and Qge,, fromi the above equations allows the calculation of the scattering

efficiency factor Qg =Qseq +Qscap - INitially, the transmittance of the tape was included in the

first term on the right-hand side of Eq. (11). For the silica particle, since the particles are in
contact with the tape without a gap, most of the forward scattered light exits from the front
spherical cap with a half angle less than 19° according to a Monte Carlo simulation. Because
there is no air gap between the particle and the tape at the contact area and the refractive indexes
of the tape (= 1.47) and silica (~ 1.55) are closely matched, the transmittance loss and multiple
reflections between the particles and tape are neglected in Egs. (11) and (12). As far as the

bauxite particles, the same equations are used for consistency, potentially introducing a relative

18
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error of up to 6% in Qg,¢. For the highly absorbing bauxite particles, the overall relative
uncertainty in both Qg ¢ and Qy,}, is estimated to be 20%. For the silica particles, the relative

uncertainty in Qg ¢ and Qyg,p, is estimated to be 5% and 10%, respectively.

3.5 Particle characterization

The sintered bauxite particles are obtained from Carbo Ceramic Inc., specifically the
Carbobead CP and HSP particles. The particle size distributions have been analyzed and the
effective diameters have been obtained from microscopic images [14]. The results are in general
in agreement with the manufacturer’s data obtained based on the sieve analysis technique [57].
The particles are composed of nearly 75 wt.% of corundum with remaining constituents of
mainly crystalline quartz and hematite, as well as a small amount of rutile and about 1% other
solids. The inclusion of hematite makes the Carbobead particles highly absorbing in the visible
and near infrared [11]. A microscopic image of Carbobead CP 50/140 particles is shown in Fig.
3(a), while an image of the Wedron 410 silica particles is shown in Fig. 3(b). It can be seen that
these particles are nonspherical with a broad range of size distributions. The Wedron 410
particles are polycrystalline with a purity of 99.65%, and transparent to the visible light [58].
Different methods have been used in the literature to define the average diameter for
nonspherical polydisperse particles [59]. In the present study, the volume averaged diameter is
used based on the sieve analysis data [58, 59]. Since the area fraction is measured and used in the
data analysis, the particle diameter or the cross-sectional area listed in Table 1 does not affect the

experimentally determined phase function and efficiency factors.

4, Results and discussions
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4.1 Angle-resolved scattering measurements and analyses

Scattering measurements were conducted on Carbobead CP 30/60 particles (average

diameter D, = 442 pum) with various &, to show the consistency of the two measurement

techniques. The falling curtain method produced a low area fraction of &, = 0.056. Using the

tape method, two samples with &, = 0.20 and 0.55 were made. The scatterometer measurement
results for angular dependent power ratio of all three samples are shown in Fig. 4(a), where the
observation angle is defined as 6, = 8cos¢ such that when ¢=180°, 6, is negative. Clearly, the
power ratio increases with the area fraction, while the angular dependence exhibits a similar

trend. In general, the scattering distribution is symmetric with respect to 6, =0°, though some
slight misalignments are observed. A forward scattering peak occurs at about 6, =0°. Near
6, =90° and —90°, the dips occur due to multiple scattering and beam blockage. The power
ratio for back scattering |00| >110° increases gradually. The DSCS is calculated according to Eq.

(8) and plotted in Fig. 4(b) for all three area fractions. Besides statistical noise, the three curves

almost overlap with each other. It is natural to expect that an increase in &, will result in a larger

dip in X near 6, =90° or —90°. However, this is not observed from the measurements, possibly

due to the limited sensitivity of the instrument in measuring such low signals. The agreement in
the obtained DSCS confirms that the tape method is complimentary to the falling particle method
and can provide simpler configurations in the setup with single particle scattering
characterization.

Similar measurements were performed for Carbobead CP 50/140 and HSP 16/30 particles
with three area fractions. The area fractions for CP 50/140 were 0.073, 0.225, and 0.501; and

those for HSP 16/30 were 0.102, 0.231, and 0.488. Measurements were also performed for the
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nearly nonabsorbing Wedron 410 silica particles with &, =0.094, 0.218, and 0.452. Note that

for each type of particle, the lowest area fraction was obtained from the falling curtain method,
the two relatively higher volume fractions were based on the tape methods. All three
measurements agree well in the calculated DSCS. Hence, their average values are used and
plotted as a function of the observation angle in Fig. 5 for comparison. The Carbobead particles

show similar trends and increase with the particle cross-sectional area A, (see Table 1). The data

averaging also reduces some of the measurement fluctuations. While the dip near g, =-90° for

the HSP 16/30 is sharper, the dip near 6, =90° is similar for all three types of Carbobead

particles. A careful examination of the individual data reveals no apparent dependence on the
area fraction. Unlike the Carbobead particles, the silica particles have a large dome in the

forward direction and relatively weak back scaitering. This is mainly due to refraction effects
also observed in the Monte Carlo simulation to be discussed later. The dips near 6, =90° and
6, =—90° are relatively small because the particles are semitransparent. Even with data

averaging, the noise in the back scattering DSCS appears to remain quite high.

The average scattering cross section is calculated using Eq. (9) and then the scattering

efficiency factor is also calculated using A, , as listed in Table 1 for the four types of particles.
For the Carbobead particles, despite the CP and HSP having somewhat different compositions,
the obtained Q,., are from 0.118 to 0.126, with a maximum difference of 0.008. This is much

smaller than the measurement uncertainty of approximately 0.024. The absorption efficiency

factor obtained by subtracting Q,., from unity is also listed with an average value of 0.88 for the

Carbobead particles.
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For the Wedron 410 polycrystalline silica particles, the obtained Qg is 1.16, 1.19, and
1.23 for &, =0.094, 0.218, and 0.452, respectively. The average value of 1.19 is listed in Table

1. For nonabsorbing particles, Qy.; = Qe =1. The value that exceeds unity by nearly 20% is

presumably due to stray light and multiple scattering effects in the scatterometer setup. In a
previous study with a nonabsorbing PTFE film sample, the integrated signal was about 10%
higher [50]. Since the detector is placed closer to the sample for the particle scattering
measurements, additional stray light scattering may have occurred. However, the angular
distribution provides valuable light scattering results and phase function determination.
Furthermore, the results obtained with monochromatic measurements are used for comparison

purpose as discussed in the next section.

4.2 Spectral measurements of scattering and absorption efficiency factors

The spectral, directional-hemispherical transmittance and reflectance of taped particle
samples (for one area fraction only) were measured using the monochromatic setup along with a
bare tape sample. The forward and backward scattering efficiency factors, along with their sum,
are shown in Fig. 6 for Carbobead CP 30/60 and Wedron 410 particles. The other Carbobead
particles exhibit very similar behaviors as the CP 30/60 and are not shown. The wavelength

dependence is, In general, small over the measured spectral region. The variations including

some minor peaks and dips are likely due to experimental uncertainty. For CP 30/60, Qg is
nearly twice as large as Qg . While for Wedron 410, Q¢ is about four times as large as

Qscap - The sum of Qu,¢ and Qg,p for the silica particles is close to unity, suggesting

negligible absorption within the measurement limit and uncertainty. The spectrally averaged
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efficiency factors and their values at A =635nm for all particles are listed in Table 2 for
comparison. All Carbobead particles have very similar scattering and absorption characteristics.

The average absorption efficiency factor at 635 nm for the three types of bauxite samples is

0.884. While the average Q,,s from the laser scatterometer measurement is 0.878. For the silica

particles, the integrating sphere measurements appear to be more reliable in terms of Q. , which
is about 0.995. As discussed previously, stray light and multiple scattering have presumably
affected the absolute value of the angle-resolved scattering measurements.

Equation (9) may be divided by A, and then integrated over 0<@<x/2 to obtain

Qs and over 7/2<6 <7 to obtain Qgu,p. The ratio Quat/Qseap Obtained for the silica
particles is 3.9 when averaged over all three area fractions. This is very close to the value from
the integrating sphere measurements of 4.13 (with a deviation of approximately 6%). Also, the
value of Qg ¢/ Qseapp Obtained with both the scatterometer and integrating sphere measurements
is from 1.8-1.9 for all bauxite particles. Very good agreement is obtained for the two methods in

terms of the ratio of forward to backward scattering efficiency factors for both absorbing

particles and dielectric particles.

4.3 Scattering phase function and asymmetry factor
The single scattering phase function ®(&) can be obtained from the average DSCS using

Eq. (4). The phase functions of the three types of Carbobead particles are shown in Fig. 7(a) in a

polar plot based on Fig. 5 and Table 1. Since the phase function is expected to be symmetrical,
the values of X(6) for ¢=0° and ¢=180° are averaged to reduce the error caused by

misalignment. Clearly, the obtained phase functions match very well regardless of the particle
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size, composition, density, and roundness [11, 14]. At 6, =+90°, the measurements are affected

by multiple scattering and also some blockage of the experimental setup as discussed previously.

By definition, the isotropic scattering phase function is a circle of radius 1/(4z) ~0.08 in the
polar plot (not shown). When |00| >110°, ®(#) > 0.1, indicating a stronger backward scattering

compared to forward scattering. In Fig. 7(b), the phase function for CP 30/60 is compared to that
for Wedron 410. More forward scattering is present with the silica particles. The relatively large
fluctuation in @ for backward scattering is caused by the low scattering signal or experimental
uncertainty. Due to the small refractive index of the silica particies and its transparent nature,
most of the incident light is refracted twice toward the forward hemisphere.

Because the scattering is asymmetric in the forward and backward directions, the HG
function is used to model the scattering phase function by taking g as an adjustable value. The

fitting results are shown in Fig. 8 for CP 30/60 and Wedron 410 particles. It can be seen that the
HG formula agrees with CP 30/60 well using g =-0.2, except for |6, < 30°. Further refinement
is possible by introducing another term to modify the HG phase function with a narrow angular
dependence [18], though this is not done in the present study. For the silica particle, a value of
g =0.45 results in-a good agreement of Qy, ¢ /Qgcap - The trend in the HG phase function agrees
with measurements, as illustrated in Fig. 8(b), though relatively large quantitative discrepancies
are present. Further improving the experiments to reduce the noise and stray light issues may be

needed to generate data with higher accuracy. Before such data become available, the simple HG

function is recommended for use in radiative transfer modeling of dilute particle beds or curtains.

4.4 Monte Carlo modelling and comparison with experiments
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Since the particles are relatively large, it is natural to ask whether the Monte Carlo model
can predict the phase function and scattering coefficient factors or not. In the Monte Carlo ray-
tracing modeling, the particle is assumed to be homogeneous and spherical. Chen et al. [11] used
the effective medium approximation to calculate the complex refractive index of the Carbobead
CP particles and obtained n+ik =1.68+10.001 at A =635 nm , with similar values for HSP

particles. For the CP 30/60 particles, 47D, /4 =8.7 >>1; thus, the particles are treated as opaque

in the simulation. Since the Wedron 410 silica particles are polycrystalline, the effective
refractive index is calculated based on the ordinary and extracrdinary components [60] as n =
1.55 [11] with negligible absorption. The calculated phase functions for dielectric particles with
a specular surface agree very well with those in the work of Kokhanovsky and Nakajima [61] for
various n values. In the present study, surface roughness is modeled using a specularity
parameter as discussed in Sec. 2.3.

The phase functions for the bauxite and silica particles are plotted in Fig. 9(a) and 9(b),

respectively, for S =0, 0.25, 0.5, 0.75, and 1. For the opaque particle, the calculated Q,., = 0.12

(regardless of S) agrees well with the measurements. As shown in Fig. 9(a), the specular (S = 1)
sphere is highly forward scattering with a maximum at € =0°, whereas the opposite is true for
the diffuse (S = 0) case where a relatively large, nearly isotropic scattering component exists in
the backward hemisphere. For a completely diffuse surface, scattering toward 8=0° is
negligibly small. These trends agree with those discussed in Ref. [18]. For the transparent silica
particle, the forward scattering dominates when S = 1, as shown in Fig. 9(b). This is because
most of the incident ray bundles transmit into the sphere by refraction, travel to the next
intersection on the spherical cap for 8<19°, and then exit the sphere by refraction at the

interface to the forward directions. Some backward scattering peaks are observed near
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6, =+163° and 180° due to multiple reflections. As the S value is reduced, due to diffuse

reflection and refraction, backward scattering increases and the phase function becomes more
isotropic.

The results from the Monte Carlo modeling are compared with the experiments, as shown
in Fig. 10(a) for CP 30/60 using a specularity S = 0.2, and Fig. 10(b) for Wedron 410 using a
specularity S = 0.8. The specularity parameters are determined from least-squares minimization.

Unlike the simple HG function, the Monte Carlo model shows a forward scattering peak that is

closer to the experimentally determined phase function for the CP30/60. The ratio Qg ¢ / Qscap

also correlates well between the Monte Carlo model and the experiments, within the
uncertainties of the simulation and measurements. For Wedron 410, as shown in Fig. 10(b), the

Monte Carlo model agrees well with experimerits in the forward scattering directions. However,

good agreement is not observed for |90| >60°. This is presumably due to the faceted irregular

shapes of the polycrystalline silica particles.

5 Conclusions

The average single scattering phase functions were obtained using a laser scatterometer
for sintered bauxite and silica particles at the wavelength of 635 nm. A simple tape method was
shown to be suitable for generating a single particle layer. The particle curtain method was also
used, and the results from the two methods agree very well. The scattering and absorption
efficiencies of these particles were found to be weakly wavelength dependent from 380 nm to
1020 nm, using a monochromator with an integrating sphere and the taped particle samples. The

bauxite particles are highly absorbing (Q,s =0.88) and scatter light stronger in the backward

directions than in the forward directions with a ratio of approximately 2:1. The silica particles are
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essentially nonabsorbing with approximately 1/5 backward and 4/5 forward scattering. The

Henyey—Greenstein phase function was used to describe the measured trends with g =-0.2 for

bauxite particles and g =0.45 for silica particles. A Monte Carlo model was developed for

spherical particles using a specularity parameter. The modeling and measurement results are in
excellent agreement for the bauxite particles, though some deviations occurred for the silica
particles in the backward scattering directions. The single-particle scattering and absorption
properties obtained from this study will facilitate the radiative heat transfer modeling of high-

temperature falling particle receiver systems.
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Nomenclature

Ay average cross-sectional area of the particles, m?

b distance between two subsequent intersection points on the spherical surface, m
Cus  absorption cross section, m?

Cya scattering cross section, m”

D,  particle diameter (volume averaged), m

I, spectral intensity, W m= st

k imaginary part of the complex refractive index
L distance between the detector and the center of beam on the particle curtain, m

N total number of rays

Ne,a number of scattered rays
n refractive index of the particle

n, number density, m=
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P incident laser power, W

Pca  power scattered by a particle into the detector, W

Qps  absorption efficiency factor

Qq¢  extinction efficiency factor

Qs  scattering efficiency factor

Qsca,f forward scattering efficiency factor

Qscap backward scattering efficiency factor

Ry directional-hemispherical reflectance of the tape without particle

directional-hemispherical reflectance of the tape with particle
S specularity

S distance along the path, m

§ unit vector along the path

T; directional-hemispherical transmittance of the tape without particle
directional-hemispherical transmittance of the tape with particle

X Average differential scattering cross section, m?

Greek Characters

0 zenith angle or scattering angle, rad
6, observation angle, rad
x,  absorption coefficient, m™

A wavelength in vacuum, m
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&a particle area fraction

o,  scattering coefficient, m™

) scattering phase function

¢ azimuthal angle, rad
X random number

Qg4  detector solid angle, sr
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Table 1. The volume averaged diameter, cross-sectional area, scattering cross section, scattering

efficiency factor, and absorption efficiency factor for three types of bauxite particles and one

type of silica particles.

_ Scattering Scattering Absorption
Diameter Area Cross efficiency efficiency
section factor factor
2
Dy (k) Ay (em?) Csca (cm?) Qsca Qans
CP 30/60 442 1.53x1073 | 1.93x107* 0.126 0.874
CP 50/140 168 | 2.22x107% | 2.62x107° 0.118 0.882
HSP 16/30 958 7.21x10°2 | 8.87x107* 0.123 0.877
Wedron 410 | 222 | 3.87x107™* | 4.61x107* 1.19
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Table 2. Integrating sphere measurements of the forward and backward scattering efficiency
factors and absorption efficiency factor. Spectral average is for wavelengths from 380 nm to

1020 nm.

Qsca Qsca,f Qsca,b Qsca,f / Qsca Qsca,b / Qsca Qabs

635nm | 0.118 | 0.041 | 0.077 34.5% 65.5% 0.882
CP 30/60

Average | 0.110 | 0.038 | 0.072 34.4% 65.6% 0.890

635nm | 0.125 | 0.043 | 0.082 34.4% 65.6% 0.875
CP 50/140

Average | 0.120 | 0.041 | 0.079 34.4% 65.6% 0.880

635nm | 0.115 | 0.040 | 0.075 34.8% 65.2% 0.895
HSP 16/30

Average | 0.111 | 0.038 | 0.073 34.2% 65.8% 0.890

635nm | 0.996 | 0.802 | 0.194 80.5% 19.5%
Wedron 410

Average | 0.995 | 0.805 | 0.190 80.9% 19.1%

38



Journal Pre-proof

Figure Captions:

Fig. 1. Schematic for angular scattering for a falling particle curtain (not to scale), where P, is
the incident laser power, and P, is the scattered power received by the detector that is
rotating around the @direction (horizontal plane).

Fig. 2. Schematic of the experimental setup for scattered power distribution of a falling particle
curtain. The laser system, the goniometric table with a rotary detector, and the particle
curtain generator are mounted on an optical table.

Fig. 3. Optical microscopy images of (a) Carbobead CP 50/140 bauxite particles and (b) Wedron
410 silica particles.

Fig. 4. Measured (a) power ratio and (b) differential scattering cross section for Carbobead CP
30/60 with different area fractions. The observation angle 6, is positive for ¢=0° and

negative for ¢ = 180°.

Fig. 5. Differential scattering cross section as a function of observation angle for the four types
of particles.

Fig. 6. Scattering efficiency factors of Wedron 410 and CP 30/60 in the wavelength region from
380 nm to 1020 nm. The forward component and backward component of the scattering
efficiency factor are also displayed for clarity.

Fig. 7. (a) The scattering phase functions of three Carbobead particles; (b) the scattering phase
functions of Wedron 410 and CP 30/60.

Fig. 8. Comparison of the scattering phase function to the Henyey—Greenstein formula with
fitted g values for (a) Carbobead CP 30/60 and (b) Wedron 410.

Fig. 9. Scattering phase function of a spherical particle obtained from the Monte Carlo model
with different specularities for (a) an opaque particle with n = 1.68 and (b) a
nonabsorbing particle with n = 1.55.

Fig. 10. Comparison of the scattering phase function obtained from the Monte Carlo model with
the experiments for (a) Carbobead CP 30/60 using S = 0.2 and (b) Wedron 410 using S =
0.8.
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Jeong et al. Fig. 3.
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