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Measured physical and optical properties of a stable polydisperse carbon black particle
cloud at 532 nm and 1064 nm are reported. The particle cloud consisted of 99.7%
spheroid primary particles (45–570 nm diameter) and 0.3% large irregularly shaped
agglomerates (1.2–7.25 m equivalent diameter). Although the numerical fraction of the
agglomerates was only 0.2%, they contributed 60% to the cloud’s scattering cross section.
The extinction coefficient, scattering coefficient and the scattering phase function were
measured for both parallel and perpendicular polarized radiation at linear extinction
coefficients ranging from 0.6 to 4.1 m⫺1. The cloud exhibited strong forward scattering,
with 62% of all scattered energy in a forward lobe of 15° at 532 nm and 48% at 1064 nm.
The scattering albedo was measured to 35% at 532 nm and 47% at 1064 nm. The
dimensionless extinction coefficient was measured to 8.25 at 532 nm. The experimental
data was compared to standard Mie theory by integrating the weighed contribution based
on particle size, including agglomerates, according to the detailed measured population
distribution. Neglecting the contribution of the agglomerates to the cloud’s optical properties was shown to introduce discrepancies between Mie theory and measured results.
The results indicate that the-Mie theory can be used for estimating the optical properties
of a partially agglomerated carbon black particle cloud for simulation of a solar particle
receiver. 关DOI: 10.1115/1.1756924兴
Keywords: Optical Properties, Scattering Phase Function, Radiative Transfer Equation,
Mie Theory, Carbon Particles
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Introduction

A solar receiver with a working gas containing suspended radiation absorbing particles can reach very high temperatures,
compared to more conventional receivers where the radiation is
absorbed in a stationary solid element and then transferred to the
gas by convection. Such a solar particle receiver operates by seeding the process gas with a large numerical amount of small carbon
black particles. The suspension is irradiated by concentrated solar
radiation. The incident radiation energy is absorbed by the carbon
particles and then transferred to the gas by molecular actions. The
concept of using a suspended carbon particle cloud within a transparent gas was first reported in 1979 by Abdelrahman 关1兴 and
Hunt 关2兴. Hunt & Brown 关3兴 first demonstrated this concept, using
a particle receiver to heat air up to 1000 K. Recently, Bertocchi
et al. 关4兴 developed a different design of a particle receiver that
has successfully heated a nitrogen gas stream up to 2120 K. A
different type of particle receiver, where the particles are heated in
order to perform a chemical reaction, was extensively investigated
by Steinfeld et al. 关5,6兴.
The motivation behind the work presented in this paper is to
improve the understanding of the energy transport in a high temperature solar particle receiver. Detailed knowledge of the carbon
particle suspension’s optical properties is essential for understanding and predicting the radiative energy transport in the mixture,
directly affecting the design of the solar particle receiver. The
interaction of small carbon particles dispersed in a gas with radia*Present address: School of Mechanical Engineering, Faculty of Engineering, Tel
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tion is of interest in additional disciplines as: combustion 关7兴,
atmospheric transport of aerosols 关8兴 and pollution emissions 关9兴.
Previous studies of carbon particles have focused on soot particles
generated in flames 关7兴. These soot clouds are dominated by agglomerates, each consisting of a large number of small primary
particles arranged in complex fractal shapes. In the solar particle
receiver case, a cloud consisting of a homogeneous particle size is
desirable. Such a cloud can be generated by dispersing carbon
powder in a carrying gas rather than in-situ pyrolysis of a hydrocarbon 关10兴. The current work addresses the radiative interaction
of particle clouds generated by the dispersion method and consisting of both primary particles and agglomerates.
The optical properties of small primary particles are well represented by the general Mie theory 关11兴. The application of Mie
theory weighed by an assumed or measured particle size distributions may yield a reasonable prediction of the properties of a
polydisperse cloud composed of simple primary particles 关12–
14兴. However, the problem of agglomerated clouds is considerably
more difficult due to the geometric complexity of the agglomerates and their large contribution to the optical properties. It is
essential to account for the agglomerates contribution to the optical properties, even for numerical agglomeration fractions less
than 0.5%, in order to obtain reasonable results from Mie theory
applied to partially agglomerated particle clouds. In the current
study, the experimental results were compared to predictions
made using Mie theory based on the measured particle size distribution, which provided weights for the contributions of different
particles sizes to the optical properties. The agreement between
Mie theory and the measurements was satisfactory when the effect
of the agglomerates was accounted for.

Copyright © 2004 by ASME

AUGUST 2004, Vol. 126 Õ 833

Fig. 1 Schematic of Apparatus for Particle Cloud Generation System
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Experimental Apparatus and Procedure

A stable particle cloud was generated by dispersing dried carbon black powder into a carrying gas stream and then feeding the
gas stream into a particle/radiation interaction chamber for experimental evaluation. The radiative properties of the particle cloud
were measured at 532 and 1064 nm, at optical thickness varying
from 0.18 to 1.23. The scattered radiation was measured at angles
ranging from 8.5° to 165°. The extinction and scattering coefficients and the scattering phase function were derived from the
experimental measurements.
2.1 Particle Cloud Generation. The methodology for selecting the most suitable carbon black powder for the generation
of a stable particle cloud is described in 关10兴. The particle dispersal system used to generate the particle cloud is shown in Fig.
1. It consisted of a flow regulator, a dispersion bowl containing
the carbon black powder, a manifold attached to the bottom of the
bowl and a particle/gas ejection nozzle. The carbon powder was
kiln dried at 180°C for 8 hours before being loaded into the dispersion bowl. A pressurized nitrogen carrier gas was fed into the
manifold and injected into the dispersion bowl through three radial orifices, fluidizing the powder. The gas/particle mixture was
drawn out of the dispersion bowl via an axial center tube. Regulating the pressure of the carrier gas controlled the entrainment
rate of the powder and therefore the mass loading of the mixture
at the exit. The particle/gas mixture was then piped to a 30-liter
glass vessel acting as a mixing chamber, where a secondary pure
nitrogen stream was used to further dilute the mixture and finetune the optical thickness of the particle cloud. After initial settling and dilution in the mixing chamber, the particle cloud was
fed into a secondary 30-liter glass vessel acting as final settling
chamber for large particle agglomerates. The final mixture exited
the settling chamber through a top valve, and entered the test
chamber via a top manifold with six radial ports. The outlet from
the test chamber was through a center outlet valve, integrally
mounted on a filter holder used for gravimetric analysis. The particle generation system was operated until the desired optical
thickness of the particle cloud in the test chamber was reached.
The flow was then stopped and the outlet of the test chamber
closed. The particle cloud usually stabilized after about half of an
hour. The rate of particle settling in the test chamber was sufficiently slow to enable measurements at a practical steady state.
Repeatability of the experiments was confirmed by performing
the same test at different times with different batches of the
834 Õ Vol. 126, AUGUST 2004

same carbon black powder. The variation of the data was
generally within the calculated error 共95% confidence兲 of each
measurement.
2.2 Particle Size Distribution. In situ samples of the particle cloud were taken for Scanning Electron Microscope 共SEM兲
analysis. The cloud was probed at ages of 50 and 140 minutes at
extinction coefficients of 1.55 and 0.62 m⫺1 respectively. The
sampling probe consisted of a 10 cc syringe with a 150 mm long
needle and an internal stage, where a SEM sample stub with a 12
mm diameter circular gold coated glass-plate was mounted. The
probe containing the extracted cloud sample was placed in a vertical position for a minimum of 48 hours, allowing all the particles
to settle on the sampling glass surface—thus representing the upper limit of the cloud’s agglomerated state. Each sampling surface
containing the settled particles was scanned at six random locations, far from the edges of the sampling disk in order to minimize
the syringe’s wall effect on the settled population distribution. At
a given location the sample was scanned at magnifications of
10,000, 2000 and 500. The produced micrographs were digitally
analyzed for particle counts, particle shape and size distribution.
Individual single particles were also scanned at magnifications up
to 30,000 for detailed examination of their shape and structure;

Fig. 2 SEM micrograph of a two-hour old Carbon particle
cloud at magnification 2000. ␤ Ä0.62 mÀ1 at 1064 nm. Inset
shows magnification of 10,000.
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m. The equivalent diameter of the agglomerates was defined as
the diameter of a circle with the same cross sectional area as the
projected area of the particle. The equivalent diameters of the
agglomerates were in the range of 1.2–7.25 m.
The size distribution in the primary particles range can be fitted
to a normalized log-normal distribution function, as shown in Eq.
共1兲:
F共 a 兲⫽

Fig. 3 Normalized particle population distribution of two particle clouds, ␤ Ä1.55 mÀ1 and ␤ Ä0.62 mÀ1 at 1064 nm. The distribution is a composite of scans at magnifications of 10,000,
2000 and 500.

however these scans were not included in the determination of the
population distribution due to the scan’s limited field of view.
Figure 2 shows a micrograph of a particle cloud sample at a
magnification of 2000. It is seen that the particles are mainly
single primary particles with a near spherical shape. Due to the
small field of view, only a few agglomerates appear in the image.
A lesser magnification of 500 was used to evaluate the size distribution of agglomerates. In all over 10,000 particles were counted.
The results of the digital image analysis, based on micrographs
at magnifications of 10,000, 2000 and 500, were used to define the
population distribution shown in Fig. 3. The distribution can be
divided into two distinct populations: 共i兲 primary particles with
diameters ranging from 45 nm to 570 nm, having a time independent population distribution, and constituting 99.7% of all the
counted particles. 共ii兲 A small numerical fraction of large agglomerates, subjected to a time dependent settling process. The numerical amount of agglomerates was reduced by 50% within a time
period of 90 min, indicating that there is settling but no spontaneous agglomeration of the particle cloud.
The shapes of the agglomerates were quite complex and far
from spherical, and a few agglomerates had linear sizes up to 13

␦F
共 a⫺a min兲 • 冑

2

•e ⫺ ␦ F • 兵 ln关共 a⫺a min兲 /a median a min兴 其

2

(1)

The distribution of the agglomerates can be approximated as a
power law, appearing as a straight line in Fig. 3. The two ranges
appear to be disjoint, with no particles present in the size range of
0.6 –1 m.
The particle cloud’s overall mass loading was determined by
gravimetric analysis. The particle/gas mixture was pumped
through a 0.1 m cellulose membrane filter, which retained the
particles on its surface. The filter holder was mounted on the top
of the chamber, with a tube extending to the position of the measurement control volume. A flow meter/controller regulated the
rate and amount of gas through the filter. The difference in weight
of the filter before and after the test indicated the total mass of the
particles in the mixture that was pumped through the filter. In
order to verify that all the particles were retained on the 0.1 m
filter, a secondary filter with a mesh of 0.05 m was placed behind the primary filter. The weight of the secondary filter was the
same before and after the test, indicating that the primary filter
retained practically all the particles.
2.3 Optical Properties Measurement. Transmission and
scattering of radiation by the particle cloud were measured in a
nephelometer that was especially constructed for this experiment,
as shown in Fig. 4. The test chamber consisted of a 16-liter cylindrical stainless steel vessel with a diameter of 0.3 m. The chamber’s inner surface was coated with a black adhesive layer, having
an absorptivity of 95% in the visible and near IR. The lid of the
test chamber had six radial injection ports and a central suction
port with a filter holder for the gravimetric analysis.
Incident radiation was provided by two continuous-wave diodepumped lasers at 532 nm and a 1064 nm with maximum power
output of 103 mW and 75 mW, respectively. A polarizing prism
mounted in front of the laser’s exist aperture provided a beam
polarized either parallel or perpendicular to the scattering plane.

Fig. 4 Experimental apparatus for measurement of optical properties
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The incident laser beam was split, with the secondary beam directed to a reference photodiode sensor mounted perpendicular
to the path of propagation, marked R in Fig. 4. The readings of
the reference sensor were used to compensate for laser output
fluctuations.
The extinction of the incident beam by the particle cloud in the
test chamber was measured by a silicone photodiode, marked T in
Fig. 4, located aft of the exit aperture. A neutral density filter with
a transmissivity of 32% was used to attenuate the beam strength to
within the measurable range of the extinction sensor. Scattered
radiation was measured at angles from 8.5° to 165° 共limited by
mechanical constraints of the apparatus兲 by a silicon photodiode,
marked S in Fig. 4, installed on a rotating stage. The scattering
was measured every degree up to  ⫽15°, and for the remaining
angles-every five degrees. A view tube fixed to the photodiode
sensor penetrated the wall of the test chamber through a semi
circumferential slot. Sealing of the slot was achieved by a precision injection molded zipper, providing a moving aperture at the
location where the view tube penetrated the chamber wall while
sealing the rest of the slot. The collecting optics in the view tube
consisted of a plano-convex lens with a focal length of 36 mm at
the aperture and a tubular light stop. The lens was protected from
particle contamination by a rotary solenoid operated guard, and
was exposed only when data was acquired. The unit plane of the
lens was located at a distance of 117 mm from the viewed control
volume. The optics provided a half field of view angle of 1.1°,
corresponding to a control-volume of length 4.5 mm at an angular
position of 90°. The control volume length changed in inverse
proportion to the sine of the scattering angle. At the limiting forward angle of 8.5° the length of the control volume was 30 mm,
or 10% of the vessel’s diameter. A correction for the angular dependence of the effective length of the viewed control volume was
applied in the analysis of the measured data. The measured scattered energy was sampled at each location for 10 seconds, at a
sampling rate of 100 Hz.
The measured data from all the sensors was gathered continuously by a 16-bit data acquisition system and recorded on a PC.
Measurements commenced about 30 minutes after particle generation shut down, to permit the particle cloud in the test chamber to
stabilize. A typical measurement sweep of all scattered directions
lasted about 12 minutes, during which the particle cloud’s optical
thickness was essentially constant. Measurement sets were repeatedly taken at intervals of 30– 45 minutes for about two hours.
2.4 Data Reduction. The baseline ratio of the measured
reference power to the actual power entering the test chamber was
established before each test by measuring the power entering the
chamber without particles. A measurement sweep without particles was performed to determine the transmission at zero extinction, P 0 , and the setup-dependent background radiation. This
measured bias error was later subtracted from the scattering measurements. The volumetric extinction coefficient of the particle
cloud was calculated from the measurement of transmitted power
at sensor T. The particle cloud was assumed to be spatially uniform in the plane of the laser beam, and the power in the forward
direction due to forward scattering was assumed to be much lower
than the transmitted power of the laser beam itself. The linear
extinction coefficient is then given by:

␤⫽

1
ln共 P 0 / P T 兲
2R

(2)

Sensor S 共see Fig. 4兲 viewed a variable scattering volume,
whose length L is a function of the scattering angle , and the lens
half field of view ␦. Since ␦ Ⰶ1, this is approximately:
L共  兲⫽

2R ␦
sin 

(3)

The measured scattered power at all scattering angles  was
normalized to geometry of scattering angle  ⫽90° by multiplying
836 Õ Vol. 126, AUGUST 2004

the measured local value by sin , to compensate for the variations
in the length of the scattering volume. A second correction is to
account for extinction over a distance of R between the scattering
volume and the sensor, but this extinction is the same for all
angles. The scattering phase function was derived from the power
measured at the sensor by:
⌽共  兲⫽

1
2

冕

P S 共  兲 •sin 



0

(4)

P S 共  兲 •sin  d 
2

Since the medium consists of randomly oriented particles, the
phase function depends only on the polar angle , and the total
amount of scattered 共outgoing兲 intensity is expressed by energy
conservation of the phase function:

冕



0

⌽ 共  兲 •sin  d  ⫽2

(5)

Equation 共4兲 is then the ratio of the intensity intercepted at
angle , normalized to the correct volume length, to the average
共isotropic兲 scattered intensity.
The scattering measurements were repeated for incident radiation polarized parallel and perpendicular to the measurement
plane. The total scattered power corresponding to an unpolarized
source is found by averaging the parallel and perpendicular scattered power at an equal linear extinction coefficient and incident
power.
Equation 共4兲 takes into account the variable length of the beam
that is visible from the sensor according to the polar angle . The
total power scattered from a control volume of fixed length L
⫽2R ␦ , corresponding to the section that is viewed by the sensor
when it is positioned at  ⫽90°, is:
P sca ⫽

2  R 2 ␤R
e
AS

冕



0

P S 共  兲 •sin2  d 
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The integral in Eq. 共6兲 requires values from the entire range of
polar angle, while angular range of the measurement was between
8.5° and 165°. The ends of the range could not be measured due to
mechanical limitations of the apparatus. This is a common problem in nephelometers, and some form of extrapolation is needed
to provide the missing values. The procedure used here employed
the intensity distributions calculated from Mie theory 共Section
2.5兲. The calculated distribution was scaled to fit the first few
measured points at angles above 8.5° to provide a smooth continuation. The same method was used to complete the phase function in the back scattering zone 165°⬍  ⬍180°.
Based on Eq. 共6兲 and the extinction coefficient from Eq. 共2兲, we
derive the linear scattering coefficient:

⫽

P sca e ␤ R 共 1⫺ ␦ 兲
•
P0
2R ␦

(7)

2.5 Comparison to Mie Theory. The Mie theory provides
a complete solution for the scattering of an incident planar wave
by a particle, for the ideal case of a spherical and homogeneous
particle 关11兴. We used the code BHMIE 关15兴 to determine the
extinction cross-section, the scattering cross section, and the scattered intensity field. These vary as a function of particle diameter
共particles are assumed spherical兲 and incident radiation wavelength and polarization.
The complex index of refraction, which is difficult to measure
directly, is a crucial input into the Mie theory calculation. We used
the model of 关16兴 which is supported by measurements in soot
clouds 关17–19兴. The values of the complex index of refraction
were calculated to 1.58⫺0.57i and 1.67⫺0.71i for wavelengths
of 532 and 1064 nm, respectively.
The extinction cross-section, C ext , of the particle cloud is related to the linear extinction coefficient ␤ and to the particle number density N p . Considering a polydisperse cloud with the popuTransactions of the ASME

Table 1 Absolute and relative uncertainty for the main measured and derived integral variables. The total uncertainty of  and  includes the contribution of the extrapolation of data to
forward angles.
Nominal
Value

Parameter

␤: Linear Extinction Coefficient, 532 nm 共m⫺1兲
: Linear Scattering Coefficient, 532 nm 共m⫺1兲
: Linear Scattering Coefficient, 1064 nm 共m⫺1兲
: Single Scattering Albedo, 532 nm
: Single Scattering Albedo, 1064 nm
G: Particle Mass Loading 共g m⫺3兲
K e : Extinction Coefficient

0.946
0.346
0.373
0.366
0.472
1.0
8.25

lation distribution function F(a). The representative particle
extinction cross section is a weighted average of the individual
particles’ extinction cross sections:
C ext ⫽

␤
⫽
Np

冕

⬁

0

C ext 共 a 兲 •F 共 a 兲 da

(8)

The cloud’s scattering coefficient is derived from the individual
particles’ scattering cross sections using an expression analogous
to Eq. 共8兲.
The scattering phase function of a polydisperse cloud was also
derived from the scattering properties of individual particles by
averaging over the particle size distribution. The single-scattering
phase function ⌽共⍀兲 is a function of only the polar angle  for
randomly oriented particles. It is related to the intensity field
I(  ;a) created by scattering from an individual particle of radius
a, as calculated by Mie theory, similar to Eq. 共4兲:
2
⌽共  兲⫽

冕 冕


 ⫽0

冕

⬁

I 共  ;a 兲 F 共 a 兲 da

0

⬁

(9)

I 共  ;a 兲 F 共 a 兲 da sin共  兲 d 

a⫽0

The theoretical predictions of Eqs. 共8兲 and 共9兲 were computed
in accordance with the measured particle size distribution, Fig. 3,
of a 50 minutes aged cloud 共full distribution兲. The computations
were also repeated with the part of the distribution corresponding
to the primary particles only 共truncated distribution兲, as a comparison to assess the effect of the agglomerates.
2.6 Error Analysis. The uncertainty 共95% confidence兲 of
each measured parameter was determined by calculating its bias
and precision errors due to the experimental apparatus and process
unsteadiness 关20兴. When possible, the inherent bias errors of the
sensors were measured and subtracted from the test results to
reduce the uncertainty. For derived parameters, the error was computed from the errors of the independent variables 关20兴. The error
analysis was performed for the measured data of representative
tests with perpendicular and parallel polarization. The total uncertainty of the scattering coefficient and the scattering albedo includes the uncertainty of the extrapolated forward scattered energy for the scattering angles that could not be measured. Typical
values for the measurement errors in the main variables are presented in Table 1.
For the scattering phase function, the uncertainty is a strong
function of the scattering angle. At angles near 90°, the measured
signal of the scattered energy was less than 1 nanowatt at single
scattering conditions, which is close to the noise level of the photo
diode sensor. Consequently, the uncertainty of the phase function
for a thin cloud is high near  ⬇90°, and much lower at other
angles.
The extrapolation of the phase function to the forward and
backward regions that were not directly measured also involves an
amount of uncertainty. This was estimated by varying the scaling
of the extrapolation function 共Section 2.4兲 to find the lowest and
Journal of Solar Energy Engineering

Total
Uncertainty

Relative
Uncertainty

0.026
⫹0.097⫺0.042
⫹0.043⫺0.018
⫹0.103⫺0.045
⫹0.056⫺0.026
0.056
1.61

2.8%
⫹28.0%⫺12.1%
⫹11.5%⫺4.8%
⫹28.1%⫺12.4%
⫹11.8%⫺5.6%
5.6%
19.5%

highest values where the function would still pass within the error
bars of the measured points. These extreme scaling values were
used in the normalization integral of the phase function, leading to
the range of uncertainty for the scattering albedo.
The uncertainty of the values found in the literature for the
complex index of refraction, used in the predictions based on Mie
theory, is not known. The order of magnitude of the error can be
estimated from the charts in 关16兴, which present a comparison of
the model to experimental values, but without discussion of experimental uncertainty, and without a quantitative measure of the
discrepancies between the model and the experimental values. The
charts show that most experimental points are within about 2% of
the model, but some points are 10% or more away from the model
prediction.

3

Results and Discussion

3.1 Extinction. Figure 5 shows the variation of the linear
extinction coefficient at 532 nm with particle mass loading, measured by gravimetric analysis. The spread of the data is larger than
the measurement error, probably since the different test series may
have somewhat different particle size distributions. The slope of
the extinction coefficient vs. mass loading curve is proportional to
the dimensionless extinction coefficient K e :

␤⫽

Ke
•G
 p •

(10)

The measured dimensionless extinction coefficient at 532 nm is
compared with published data in Table 2. Agreement with
关17,21,22兴 is good. The results of 关19兴 are different, but the authors have already noted the discrepancy between their work and
other published measurements.
The average measured extinction cross-section was found by
combining the SEM particle counts with Eq. 共8兲 for a cloud aged
140 minutes at a linear extinction of ␤ ⫽0.62 m⫺1 at 1064 nm.
The measured extinction cross-sections were in the range of
0.0125–0.0454 m2, with an average value of C ext
⫽0.0276  m2 . While the individual samples were statistically too
small and produced large scatter, the combined average of all
samples provided a good match to the theoretical prediction of
C ext ⫽0.0291  m2 . The particle number density, N p , was determined by combining the measured specific extinction cross-

Table 2 Comparison of particle cloud extinction properties at
about 532 nm
Particle type
Carbon black
Crude oil soot
Acetylene soot
Acetylene soot
Gaseous fuel soot

Source

 共nm兲

G 共g/m3兲

Ke

Current work
Dobbins 关17兴
Wu 关19兴
Zhu 关21兴
Krishnan 关22兴

532
532a
515
633
515

0.12–1.0
0.1
7.1
–
–

8.25⫾1.61
8.74
5.1
8.1
7.9

a

Interpolated from published values.
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Fig. 5 Linear extinction coefficient vs. particle mass loading at
Ä532 nm. The number density at a mass loading of 1 gÕm3 is
1.5"1014 particles, and K e Ä8.25

section, the slope of the data in Fig. 5, with Mie theory. At a mass
loading of 1 g/m3, N p was found to be 1.5•1014 particles/m3 .
3.2 Scattering Phase Function. The scattering phase function was derived from the measured scattered power according to
Eq. 共4兲, acquired at linear extinction coefficients ranging from 4.1
m⫺1 for a young cloud to 0.8 m⫺1 for an aged cloud. Conditions
for single scattering 关11兴 were met for extinction coefficients
lower than 1.5 m⫺1. The measured scattering phase function at
532 and 1064 nm for both parallel and perpendicular polarization
are shown in Fig. 6 a–d. Included in Fig. 6 is the Mie prediction
of the scattering phase function for both perpendicular and parallel polarized incident radiation at wavelengths of 532 and 1064

nm. It was computed using the measured full particle size distribution, as discussed in Section 2.5. The best correlation between
measured and predicted data is achieved for the particle cloud
having the highest linear extinction coefficient, with an overall
better match to the measured data at 1064 nm. The difference
between the two polarization cases is most visible near 90°. For
parallel polarization the scattering phase function exhibits a minimum at mid meridian polar angles and then increases towards the
backward hemisphere, while for the perpendicular polarization the
phase function decreases essentially monotonously with the polar
angle.
Significant relative differences between the measured data and
the prediction from Mie theory can be observed around scattering
angle of 90°. These differences could be related to the uncertainty
in the values of the index of refraction, as outlined in Section 2.6.
The prediction depends on the index of refraction, and it is possible that different values of the index within its range of uncertainty would result in a better match between the theory and experiment. However, the scattered radiation intensity in this range
of angles is typically lower than the radiation intensity in the
forward directions by 2–3 orders of magnitude. Therefore, this
discrepancy does not have a significant effect on an overall energy
balance.
A comparison to the data of 关18兴 is shown in Figs. 6a and b.
These tests used fully developed 共agglomerated兲 soot from an
acetylene/air flame measured at a wavelength of 514.5 nm, close
to the 532 nm used in the current work. The correspondence to our
test results is surprising, considering the very different state of
agglomeration.
The phase function prediction was repeated with the full particle size distribution, and with the truncated distribution containing primary particles only 共see Section 2.2兲. The two predicted
scattering phase functions are compared to the measured results in

Fig. 6 Measured and predicted scattering phase function at 532 nm and 1064 nm. Mie theory
results are based on the full particle population distribution, including agglomerates. Error
bars represent 95% confidence. „a… 532 nm parallel polarization. „b… 532 nm perpendicular
polarization. „c… 1064 nm parallel polarization. „d… 1064 nm perpendicular polarization.
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Fig. 7 Effect of the agglomerates on the scattering phase
function for perpendicular polarization, ␤ Ä1.0 mÀ1 . The full
particle population distribution includes agglomerates, and the
truncated distribution includes primary particles only „diameter
less than 1 m….

Fig. 7. Although the numerical fraction of the agglomerates is
only 0.2%, they contribute 60% to the cloud’s scattering cross
section and exert a strong influence on the phase function. The
presence of agglomerates changes the scattering characteristics of
a particle cloud from a moderately asymmetrical to a strongly
forward scattering pattern. The scattered energy in the forward
direction of the particle cloud with agglomerates is two orders of
magnitude higher than for a hypothetical cloud with primary particles only. A correct accounting of the particle size distribution is
therefore crucial to the prediction of the scattering properties.
The forward scattered power within a lobe of 15° is about 62%
at 532 nm and 48% at 1064 nm, while the back scattering in the
aft 15° lobe is less than 0.4% of all the scattered power. Most of
the forward scattered power is found at angles less than 9 degrees,
where actual measurements were not possible and an extrapolation procedure was used, as explained in Section 2.4. The normalization of the phase function, and the fraction of the scattered
power found in the forward direction, have therefore a relatively
large uncertainty.
The spectral dependence of the scattering phase function is
shown in Fig. 8 for perpendicular polarization at ␤ ⫽0.90 m⫺1 .
The dependence is weak in much of the angular range. A significant spectral effect can be seen only in the angular range of 80–
150°. However, the values of the phase function in this range are
about two orders of magnitude smaller than the values in the

Fig. 8 Spectral dependence of phase function for perpendicular polarization at ␤ Ä0.90 mÀ1 .
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Fig. 9 Spectral dependence of the scattering albedo at single
scattering conditions. Error bars represent 95% confidence.
Data for acetylene is from †19,22‡. Data for toluene is from †22‡.

forward direction. Therefore, the fraction of the scattered energy
that is affected by this spectral difference is negligible.
3.3 Single Scattering Albedo. The linear extinction and
scattering coefficients were evaluated from the measurements following Eqs. 共2兲 and 共7兲, respectively. The resulting single scattering albedo is shown in Fig. 9. The corresponding theoretical prediction was obtained according to Eq. 共8兲 using the full particle
size distribution.
The calculated fraction of the scattered energy in the forward
lobe  ⬍9°, which was not measured and was found by extrapolation 共Section 2.5兲, is 46% at 532 nm and 29% at 1064 nm. The
uncertainty of this extrapolation is the main cause for the large
uncertainty of the measured albedo, especially at the shorter
wavelength, as shown in Fig. 9. Uncertainty levels of 20% were
reported by 关22兴, which is similar to the error levels of this work
at 532 nm.
The measured particle cloud scattering albedo increases with
wavelength, from about 0.35 at 532 nm to about 0.45 at 1064 nm.
The prediction using the full distribution does not capture the
trend of the spectral variation of the scattering albedo. The experimental results do fall, however, within a deviation of 7% from the
Mie theory prediction.
Figure 9 includes the upper and lower limits of the Mie prediction, due to uncertainties in the measured population distribution.
It is seen that part of the measured albedo experimental error
range falls within the theoretical prediction band. The uncertainty
of the prediction due to the index of refraction would broaden this
band of uncertainty even further. Considering the large uncertainties of both the measured and predicted results, the comparison of
the albedo measured spectral behavior to the predicted is inconclusive.
Other measurements of the scattering albedo of fully agglomerated soot clouds 关19兴, 关22兴 are shown in Fig. 9. The albedo
measured by 关19兴 of was in the range of 0.24 –0.32 and showed
only a weak spectral dependence. Later work 关22兴 reported an
even wider range of scattering albedo: from 0.19 to 0.47. The
results for Acetylene and Toluene in 关22兴 seem consistent with the
findings of this work, with a similar spectral variation of increasing albedo with wavelength. Both of these reports use extrapolation of the scattered intensity to the forward region, but do not
report the amount of uncertainty attributed to the scattering albedo
due to this extrapolation. The lack of uncertainty information, and
the wide dispersion of the reported data, prevent a conclusive
comparison to 关19兴 and 关22兴.
Some of the experiments presented in 关19兴 and 关22兴 were performed at optical thickness that does not satisfy the requirement
for single scattering. The measurements of scattered radiation
AUGUST 2004, Vol. 126 Õ 839

could therefore have been affected by secondary interactions. The
measurements of this work, as shown in Fig. 9, were all performed at extinction coefficients of approximately ␤ ⫽1 m⫺1 ,
which satisfies the requirement for single scattering.

4

Conclusions

A stable polydisperse particle cloud has been successfully and
repeatedly created by dispersing commercially available carbon
black powder in an inert gas. The particle cloud stabilized during
20–30 minutes after being fed into a particle/radiation interaction
chamber, and then changed very slowly for several hours. There
was no indication of spontaneous particle agglomeration in the
cloud. Two distinct populations could be discerned in the particle
size distribution of the stabilized cloud. Primary particles constituted 99.7% of the particle count, with diameters ranging from 45
to 570 nm. Large agglomerates, with equivalent diameters ranging
from 1.2 to 7.25 m, provided 0.3% of the total particle count.
The size distribution of the primary particles was well approximated by a log-normal function.
The optical properties of the particle cloud were investigated at
wavelengths of 532 and 1064 nm. The non-dimensional extinction
coefficient was evaluated as 8.25, consistent with previously published experimental data for other types of carbon particle clouds.
The extinction cross section of the cloud was measured to 0.0276
m2, which is close to the theoretical prediction of 0.0291 m2.
The scattering behavior of the particle cloud was characterized
by strong forward scattering. At 532 nm, 62% of the scattered
energy was within a forward lobe of 15°, while the back scattering
in the aft 15° lobe was less than 0.4%. At 1064 nm 48% of all
scattered energy was in the forward 15° lobe. This characteristic is
favorable for a solar particle receiver since it reduces energy
losses by back scattering. For analysis of the radiative transfer and
energy balance in the cloud using the Radiative Transfer Equation,
the asymmetry of the phase function must be accounted for by
using an appropriate anisotropic scattering model.
The measured scattering phase function was compared to the
theoretically predicted data, based on Mie theory combined with
the weighed contribution from each particle size, and to the experimental data published in 关18兴. The correlation between the
measured and the predicted data was generally good, with the
exception of parallel polarization at 532 nm where Mie theory
over predicted the scattered energy for 30°⬍  ⬍120°. The scattering phase function of the particle cloud showed only weak
spectral dependence within the measurement range.
The scattering albedo was evaluated as 0.35 at 532 nm and 0.47
at 1064 nm. The experimental results showed an increase in albedo with wavelength, consistent with results of 关22兴. The corresponding prediction based on Mie theory showed the opposite
trend of slow decrease with wavelength, similar to the results of
关19兴. An analysis of error in the albedo showed large uncertainty
that originates in the extrapolation of the phase function to the
forward angle range, which is not measured directly. This range
accounts for a large fraction of the scattered energy.
The presence of a small amount of agglomerates can significantly change the particle cloud’s scattering pattern. An agglomerate fraction of 0.3% in the particle count contributed 60% of the
scattering cross section and significantly affected the phase function and the scattering albedo. This emphasizes the need to have a
detailed knowledge of the particle size distribution of the investigated particle cloud. Using a well-defined commercial carbon
powder, rather than soot particles that are generated in-situ, can
provide a more consistent particle size distribution and is more
suitable for robust operation of a solar receiver.
Using the classical Mie scattering theory, supplemented with
detailed knowledge of the particle size distribution, we were able
to predict the main features of the optical properties of a particle
cloud containing a small fractional amount of agglomerates. The
theory did not match the experiment in the scattering distribution
near 90°. The scattered intensity in this range is very low, and
840 Õ Vol. 126, AUGUST 2004

therefore the discrepancy is of little significance for the performance of the particle cloud within a solar receiver. The scattering
albedo was also not well reproduced, since the uncertainty is large
due to extrapolation to the forward angles. Past reported discrepancies between Mie theory and experimental data 关13,14兴 might
be attributed to the lack of detail in accounting for the particle
population distribution.
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Nomenclature
a
A
C
F
G
Ke
L
Np
P
R
U

⫽
⫽
⫽
⫽
⫽
⫽
⫽
⫽
⫽
⫽
⫽

Particle radius 共m兲
Area 共m2兲
Cross section 共m2兲
Particle size distribution function
Particle mass loading 共kg m⫺3兲
Dimensionless extinction coefficient
Length of beam section visible from the sensor 共m兲
Particle number density 共m⫺3兲
Power 共W兲
Test chamber radius 共m兲
Uncertainty

Greek

␤ ⫽ Extinction coefficient 共m⫺1兲
␦ ⫽ Half field of view angle for the lens of sensor S 共rad兲
␦ F ⫽ Population Distribution Factor
⌽ ⫽ Scattering phase function
 ⫽ Wavelength 共m兲
 p ⫽ Particle density 共kg m⫺3兲
 ⫽ scattering coefficient 共m⫺1兲
 ⫽ Polar angle 共rad兲
 ⫽ Albedo
⍀ ⫽ Solid angle 共sr兲
Subscripts
R, S, T ⫽ Measurements of sensors R, S and T
0 ⫽ No particles
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