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Abstract: To characterize fine particulate products in industrial gas-solid processes, insights into the
particle properties are accessible via various measurement techniques. For micron particles, online
imaging techniques offer a fast and reliable assessment of their size and shape. However, for the
shape analysis of submicron particles, only offline techniques, such as SEM and TEM imaging, are
available. In this work, an online sensor system based on the principle of elastic light scattering
of particles in the gas phase is developed to measure the shape factor of non-spherical particles in
the size range of 500 nm to 5 um. Single aerosol particles are guided through a monochromatic
circularly polarized laser light beam by an aerodynamic focusing nozzle, which was developed based
on the CFD simulation of the flow and particle movement. The intensity of the scattered light is
measured at several discrete positions in the azimuthal direction around the particles. An algorithm
computes the sphericity of the particles based on the distribution of the intensity signals. The sensor
construction, data processing and analysis are described. Model aerosols with particles of different
shapes are investigated to test the developed sensor and show its performance in the determination
of the sphericity distribution of particles.

Keywords: aerosol; elastic light scattering; online measurement; particle shape

1. Introduction

Gas phase processes are becoming increasingly important for the synthesis of various
fine, dispersed particulate materials, such as catalysts, high-quality pigments or organic
electronic components. The product quality is defined by particle properties that can be
divided into two categories. One is material properties, such as density or melting point.
On the other hand, morphological properties, such as size, shape or specific surface of
particles, can significantly influence the behavior of particulate systems [1,2].

While particle size measurements have been a standard tool for quality management
and process controls in the industry for years, the determination of particle shape has
only gained significance in the past decades [3,4]. The particle shape of fine, dispersed
products has been identified as an increasingly important parameter. For example, the
particle shape of drug delivery carriers influences the drug release or intake rate [5,6], and
the conductivity of battery electric material, as well as the friction and wear behavior of
products with carbon black particles, depend significantly on their shape and structure [7].

To control modern processes for the production of particles or aggregates with a spe-
cific shape, conventional particle measurement systems which determine a one-dimensional
value, e.g., the particle size, specific surface or mobility diameter, are sometimes insuf-
ficient. Particle shape can be measured over a wide range of particle sizes via imaging
techniques [3]. While modern state-of-the-art systems [8,9] provide inline or online mea-
surements of micron particles, the characterization of submicron particles requires a more
extensive, offline procedure. This consist of sampling, sample preparation and examination
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in an SEM or TEM [10,11] before the process parameters can be adjusted via process control.
Although machine learning techniques speed up the microscopic examination step and
the developed models provide a statically relevant amount of data, the controlled particle
process is still slow to respond to rapid changes in particle generation due to the inevitable
time delay caused by the sampling step. This time delay results in rejects or reduced
product quality [12-14].

To decrease the latency of the process control and to extend available online shape
measurement techniques to the submicron particle size range, Dick et al. [15] have shown
that the shape of submicron particles can be evaluated via the three-dimensional light
scattering profile of single particles crossing a laser beam with a circular polarization.

Here, the sphericity is directly linked to the uniformity of the azimuthal light scattering
(Figure 1) [16], which shows a homogeneous distribution profile in the case of an ideal sphere.
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Figure 1. Scattering and azimuth angles around an illuminated particle.

In our previous work [17] a 3D light scattering sensor (3D-LSS) was developed to
determine the particle size in the range of about 500 nm to 5 pm by evaluating the scattering
intensity at discrete detector positions. The system was validated via measurements with
polystyrene latex (PSL) monospheres with diameters of 1.0 and 2.5 um. In this work, this
sensor system was extended and improved to measure the 3D particle shape by evaluating
different detector positions. The developed sensor was validated by measurements with
three different test aerosols, namely, spherical PSL, agglomerated SiO; sphere-aggregates
of arbitrary shape and cubic NaCl crystals.

2. Methodology
2.1. Elastic Light Scattering

Light is scattered by inhomogeneities such as particles. If an atom does not absorb
an incident light wave, it is set into vibration and emits radiation at the frequency of the
incident wave. This physical phenomenon is known as elastic light scattering [18]. Several
mathematical models were developed to describe the scattering body around particles by
solving the Maxwell equations. Three prominent examples are the Mie theory [19], the van
Hulst theory [20] and the discrete dipole approximation (DDA) [21]. Whereas scattering
phenomena from Rayleigh, Mie and Fraunhofer regimes are represented, while Mie theory
only covers the scattering of spherical particles, van Hulst theory also presents a solution
for cylinders. The DDA determines the scattering field of arbitrary bodies, requiring the
most computational effort. More details on the elastic light scattering can be found in the
literature [20,22-24].

2.2. Sphericity and Roundness of Particles

Sphericity and roundness are two essential parameters in the effort to describe the
shape of particles via measurements of characteristic length sizes, projection areas or
the perimeter (2D), as well as the volume and surface area (3D) [25-27]. The Krumbein
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chart [28] was an early tool used to visually characterize the roundness of particles. The
underlying principles are still used in commercial particle size analyzers, such as the
Morphologi G3SE (Malvern Panalytical Ltd., Cambridge, UK) [29,30].

Wadell [31] defined the so-called true sphericity ¥ as the ratio of the nominal surface
area S, (surface area of the volume equivalent sphere) to the surface area of the particle S:

g _ Sn_ \3/367tV2, )
S S
where V is the volume of the particle.

The calculation of the Wadell factor requires information about the three-dimensional
surface and volume of the particles. For micron particles, these values are usually obtained
via expensive and time-consuming microtomography measurements [32,33].

In the two-dimensional plane, the circularity index c is the equivalent of the true
sphericity factor.

4nS,
¢ = P2’ ()

where S, represents the projected surface area and P is the projected perimeter. In the case of
a perfect sphere, both shape factors are equal to 1 and decrease as the roundness decreases.

2.3. Sphericity Index (SPX)

The work of Dick et al. [15] showed that the scattering body of a spherical particle
illuminated with circularly polarized light has a uniform intensity profile in the azimuthal
direction. A non-spherical particle will scatter the light in the azimuthal direction with
measurable deviation at different angles, as shown schematically in Figure 2. The measure-
ments of the relative scattering light intensity performed with the developed 3D LSS for
spherical polystyrene (Figure 2a) and non-spherical fiberglass dust particles (Figure 2b)
demonstrate the influence of the shape on the scattering profile obtained in the angle range
of 78° to 102°.
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Figure 2. Schematic representation of scattering profiles and relative intensity at different azimuthal
positions for a spherical polystyrene (a) and non-spherical fiberglass particle (b).
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To quantify the deviation of the azimuthal intensity profile from the mean value of
relative intensity, the coefficient of variation Var(j) of all detector signals for each particle j
is calculated as
O~(Irel,max (J ) )

L (j)

with the standard deviation of the relative intensity maxima 0(Iye| max) and the mean value
of the relative intensity maxima I, (j) given as

Var(j) = ®

T _ 1K .
rel (j) = Kzi:1 Irel,max((Pir])r 4

—

where K is the number of used detectors at different azimuth angles ¢;, and Imax(®i,j)
describes the maximum intensity measured at detector i for particle j.

A scattered light equivalent shape factor, known as the sphericity index (SPX), de-
scribes the shape deviation of a particle from a sphere [15]:

Var(j)
K—1

SPX(j) =1 — ©)

2.4. Sensor Development and Experimental Setup

The sensor system (Figure 3) consists of a continuous wave (CW) laser (Genesis
MX 532 STM, Coherent Inc., Santa Clara, CA, USA) with a wavelength A of 532 nm
emitting vertically polarized coherent light at 500 mW intensity, which is transformed into
circularly polarized light by a quarter-wave plate, entering a scattering chamber, housing
an aerodynamic focusing nozzle (1) for the sampled particles, an exhaust port (4) with
attached vacuum pump, a beam trap (5) and multiple detectors.

Isokinetic sampling

l Filtered sheat air

quarter-wave
plate

CW laser

Vacuum pump and filter %

Figure 3. Schematic drawing of the experimental setup and cross-section of the scattering chamber

with main components.
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To ensure representative sampling, the particles are drawn out of a larger aerosol
stream by an isokinetic probe nozzle and transferred to the aerodynamic focusing nozzle
(1). This two-fluid nozzle was specially developed (Section 2.4.2) for the alignment and
acceleration of fine particles by a sheath air flow (2) into a focused beam of 80 to 100 um
that is orthogonally oriented to the laser beam. The measurement volume (3) is located
in the center of the scattering chamber, directly in the cross-section of the laser beam and
the aerosol stream. The inner wall surface of the scattering chamber is black anodized to
reduce reflections. After exiting the scattering chamber, the laser beam is extinguished in a
beam trap (5), while the particles are removed through a suction port (4).

The detectors to measure the intensity of the scattered light are placed at seven discrete
positions (Figure 4) in the shell at a fixed scattering angle of 55° and azimuth angles between
78° and 102° in 4° steps. The residence time of a particle in the laser beam is evaluated
to ensure that only particles crossing the center of the laser beam are considered in the
postprocessing. That way, border zone errors or coincidences of multiple particles inside
the measuring volume are neglected by deleting signals out of the valid time range, which
is estimated by the laser beam’s diameter and the theoretical velocity of the focused particle
beam, determined by CFD simulations.

Figure 4. Cross-section of the scattering chamber with main components (left) and sensor build (right).

2.4.1. Light Detector Design

Since it is only possible to measure the scattered light at a defined surface, rather
than at a discrete point, a compromise between the size of the light detection area and
the angular resolution is necessary. While a large detection area leads to a stronger and
easier detectable signal, the angular resolution will decline. The developed detector setup
(Figure 5) consists of an enclosure (Part a) housing a lens and an adjusting collar (Part b)
for an optical fiber and tuning pieces (Parts c and d). The lens has a diameter of 3 mm and
a back focal length of 26.5 mm. If the inner diameter of the scattering chamber of 140 mm is
considered, the angular resolution of the detector is calculated to be about £1.23°. Due to
manufacturing tolerances, the position of the adjusting collar towards the focal point of the
lens and the direction of the detector itself towards the center of the scattering chamber
need fine-tuning. Therefore, three positioning scrub screws at an angle of 120° are mounted
to parts a and d respectively.



Sensors 2024, 24, 955

6 of 16

Partd Part c Partb Part a Lens

|
Sl / ¢

' / B 26.5 _ ‘r

Figure 5. Cross-sectional view of a single light detector.

After correct alignment, the scattered light received from a particle is coupled to the
optical fiber inside the adjusting collar and transferred to a photomultiplier (H10721P-110,
Hamamatsu Photonics K.K., Hamamatsu City, Japan), which generates an amplified electric
current proportional to the light intensity. The current is consequently transformed into a
voltage signal by a transimpedance amplifier and recorded by the data acquisition system
(National Instruments, Austin, TX, USA) at a sampling rate of 1 Msps on each channel.

2.4.2. Optimization of the Aerodynamic Focusing Nozzle by CFD Simulations

Another key component of the scattering chamber is the aerodynamic focusing nozzle,
which has to guide the particles as close as possible through the center of the measuring
volume. In the pioneering work of Roth et al. [34] in the field of aerosol nozzles of single-
particle counters, it was shown that the focusing effect of a two-fluid nozzle could be
described by

Va d?
Va+ Vs d0
where Va is the sampled aerosol flow rate, Vs describes the sheath air flow rate, d is the
outlet diameter of the aerosol nozzle and d, is the diameter of the focused aerosol beam.

Note that the resulting aerosol beam diameter only depends on the gas flow rates and
the outlet diameter of the nozzle while the flow inside the nozzle is laminar.

In a previous study [17], a flawed reference design with limitations towards adjustabil-
ity and robustness was created. To overcome issues during operation, a new nozzle design
is developed and evaluated via CFD methods.

The new geometry of the aerosol focusing nozzle (Figure 6) is characterized by an
aerosol tube with an inner diameter of 1.5 mm and a wall thickness of 0.25 mm, as well as
an outlet orifice diameter of dy = 1 mm. The internal flow and the focused aerosol beam
are illustrated in the schematic drawing with blue and orange fillings.
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Figure 6. Cross-sectional view of the aerodynamic focusing nozzle and schematics of the sheath air
flow (blue) and the aerosol flow (orange).

With a targeted sheath air flow rate Vs of 1.25 cm?® /min and an aerosol flow rate Va
of 10 and 5 cm3/min, the diameter of the focused aerosol beam is calculated to be 89 or
63 um, respectively, via Equation (6). The aerosol tube is centred by a centralizer (Figure 7)
with manufacturing tolerances of less than 40 yum in total.

Centraliser

\

<

Outer inlet

Innerinlet@

Figure 7. Boundary conditions for CFD simulation of the aerodynamic focusing nozzle.

An Euler-Lagrange method has been applied to simulate the gas—solids flow in the
nozzle. The gas (air) flow was treated in an Eulerian manner, where the flow variables
are a function of space and time and thus are represented as fields. Since the focusing
nozzle operates at very low Mach numbers (below 0.2), the gas flow was simulated as
an incompressible isothermal flow by the usage of the shear stress transport (SST) k-w
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turbulence model [35]. The air properties were taken at a temperature of 20 °C and
atmospheric pressure.

The dispersed phase was treated in a Lagrangian fashion, where individual particles
are considered, and the position and velocity of each particle are a function of time only.
Particle tracking was carried out by forming a set of ordinary differential equations in
time for each particle, consisting of equations for position and velocity. Since particle
concentration was very low, the effect of the particulate phase on the continuous phase
was neglected. Since the particle density is much higher than the density of air, only the
drag force, the gravity force and the buoyancy force were considered. The added mass
force, the pressure gradient force, the Basset force and lift forces due to the particle rotation
(Magnus force) and due to shear in the fluid flow field (Saffman force) are discarded as they
have a negligible effect on the particle transport. The effect of flow turbulence on particle
tracking was considered by applying the model of turbulent dispersion of particles [36].
More information regarding particle transport modeling settings, as well as the equations
for determination drag, gravitational and buoyant forces, can be found in [37].

The following boundary conditions were applied. At the outer inlet, a flow rate of
1.25 dm3/min was specified. At the inner inlet, where 10,000 spherical particles, 0.5 and
5 pm in size with a density of 1050 kg/m?, were injected with a zero-slip velocity, aerosol
flow rates V, of 5 cm?/min and 10 cm?®/min were investigated. The atmospheric pressure
was specified at the outlet, and the walls were simulated as non-slip smooth walls.

The simulated particle trajectories (Figure 8) show that for particles in the size range
of 0.5-5 microns and at flow rates of 5 and 10 cm®/min, the improved nozzle provides
a stable jet, which breaks up sufficiently far downstream of the nozzle, which allows for
proper laser scattering.

d,=5um d,=0.5um d, =5um
Particle velocity Particle velocity Particle velocity

H 30.2 r 34.3 ﬂ 30.3

r22.7 r25.8 r22.7

[ 191 i 17.2 152
7.6 - 8.6 r7.6
I 0.0 I 0.0 I 0.0
[m/s] [m/s] [m/s]

Laser beam

(a)

Figure 8. Particle trajectories and velocities in the developed nozzle at flow rates 5 cm?/min (a) and
10 cm®/min (b).

The aerosol flow rate showed no influence on the maximum particle velocity in the
range of 30 to 34 m/s, nor the break-up length of 10 to 12 mm, while the smaller particles
reached higher velocities and shorter break-up lengths than the larger particles due to
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their lower inertia. The aerosol beam diameter d, reaches about 80 um at 5 cm?® /min
and 100 um at 10 c¢m3 /min aerosol flow. The particle size showed no relevant influence.
Compared to the theoretical aerosol beam diameter of 63 (89) um by the empirical Equation
(1), a relative deviation of 27% and 12%, respectively, is found. The larger aerosol beam
diameter might be explained by the turbulent flow at the outlet of the nozzle causing a
mixing zone between sheath air and aerosol flow; the zero-slip boundary condition at the
walls inside the geometry conserving particle paths close to the walls, which are usually
extinguished by particle deposition; or the uniform particle distribution at the aerosol inlet,
overrepresenting particles closer to the edge of the beam.

2.5. Signal Analysis

Once a particle crosses the laser beam, it scatters light towards the shell of the scattering
chamber and thus towards the detectors. As explained in Section 2.3, the received light
signals are guided from the light detectors to the photomultipliers by optical fibers. In the
photomultipliers, the light is converted to electrical currents, amplified and converted to
voltage signals and finally digitalized by the data acquisition system.

2.5.1. Sampling Rate

To determine a suitable sampling rate for the digitalization of the analog scatter signal,
the Nyquist-Shannon theorem has to be considered [38,39]. The minimal sampling rate of
an analog signal is given by the Nyquist rate fo;piing:

fsampling =2-fo, 7)

where fj is the bandwidth of the analog signal.

With a maximal expected particle velocity of approximately 34 m/s and a 1/e? diame-
ter of 330 um of the laser beam with a Gaussian intensity distribution, the bandwidth of the
analog signal results in fy = 51.5 kHz. It has become good practice to choose a sampling
rate at least 2 to 4 times higher than the Nyquist rate [40]. Therefore, the sampling rate of
each channel of the sensor system is set to 1 MHz or, respectively, 1 Msps.

2.5.2. Residence Time Analysis

The majority of measurement errors in single-particle techniques are caused by border
zone and coincidence errors (Figure 9). Border zone errors occur when particles fail to
cross the center of the laser beam; while coincidence errors are caused by the simultaneous
presence of multiple light scattering particles inside the cylindrical measurement volume of
@100 x 330 um. To eliminate those errors, the duration of each particle signal is evaluated.

¢ ‘

4—--‘-'--

Figure 9. Flight path of a particle with valid signal (left), border zone error (middle) and coincidence
error (right) through the laser beam.

With an estimated particle velocity from the CFD simulations in the range of 30 to
34 m/s and a beam diameter of 330 um, the predicted residence time via the movement
through the center of the measurement volume is between 9.7 and 11 ps.
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In the practical application (Figure 10), here shown with a model aerosol of NaCl
particles of approximately 1 um diameter, the upper time limit was set to 11.5 ps and the
lower time limit was set to 5.5 us. Due to alignment issues between aerosol and laser beam
and the detection threshold of the evaluation algorithm, the residence time is arguably
slightly shorter in the experimental measurements compared to the simulation.

60

a1
o
T

i

S

T
Border zone errors
Coincidence errors

Number of particles
N W
(=] (=]

10

0 5 10 15 20 25 30
Residence time in ps

Figure 10. Exemplary residence time analysis of a measurement with model NaCl particles.

Exemplary raw signals for each error category of Figure 10 are presented (Figure 11).
Those signals must be filtered. The residence time is determined by the time passed between
exceedance and the undercut of a defined threshold of only one detector channel—here,
0.4 V. If a signal is defined as valid on this channel, it is also marked as valid on the other
detector channels. The valid signals of all detector channels are stored together with the
particle ID and passed to a peak detection algorithm.

Border zone error Valid signal Coincidence error
2¢ 1.2 3
1 25
> 15} > =
£ £ 08} g 2
L U U
& & &
= 1 = 0.6 = 15
2 : 04V =
g 04V 504 g 1)
& 051 . & & 04V
‘w'/— \_'.»w 2, 03 7
0 0 0 x“‘
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 60 70
Time of flight in us Time of flight in us Time of flight in us

Figure 11. Exemplary signals—Border zone error, valid signal and coincidence error.

Subsequently the detected peaks or maxima are normalized by the maximum value
of the same particle id of all channels, resulting in maxima values between zero and one,
which are necessary to calculate the sphericity of each particle.

3. Materials and Methods
3.1. Generation of the Test Aerosols

In this section, the generation of test aerosols, consisting of polystyrene latex mono-
spheres (PSL), cubic sodium chloride crystals and SiO, agglomerates of arbitrary shapes, is
described. The materials listed in Table 1 were used.
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Table 1. Materials used for the experiments.

Material Purity Supplier Size

NaCl >99.5% Carl Roth GmbH, Karlsruhe, Germany n.a.

SiO, n.a. microParticles GmbH, Berlin, Germany 119 + 4 nm

PSL n.a. Palas GmbH, Karlsruhe, Germany 1100 nm (narrow distribution)
DI-water <0.1 uS/cm RO system + mixed bed desalination n.a.
Silica gel n.a. Carl Roth GmbH, Karlsruhe, Germany 2.5-6 mm

3.1.1. PSL Aerosol

The practically spherical PSL particles were dispersed in the gas stream within a
vibrating dry bed aerosol generator (Wazau GmbH, Berlin, Germany) (Figure 12). The
apparatus consists of an inlet for filtered air, a dry bed with a vibration stage underneath
and a diffusion dryer filled with silica gel at the outlet. During the experiment, particles
are transferred from the fluidized dry bed to the gas stream flowing through the generator
stage. The residual moisture is removed by the downstream diffusion dryer.

Compressed ——
Air Diffusion Dryer

Signal

—1 Amplifier —
P Generator

Figure 12. Generator stage to create PSL aerosol.

3.1.2. SiO, and NaCl Aerosol

In a self-made Collison nebulizer [41], a sodium chloride solution (10 Ma-%) and a
510, suspension were transferred in the gaseous phase (Figure 13). The setup consists of
an inlet for filtered air, the nebulizer, a coalescence box, a diffusion dryer filled with silica
gel and a differential mobility analyzer (DMA) (Palas GmbH, Karlsruhe, Germany). By
increasing the residence time inside the coalescence box, larger agglomerates are formed.
The resulting aerosol is dried by the diffusion dryer before entering the DMA. The aerosol
is classified based on its electrical mobility, allowing only particles within a narrow range
of mobility to exit through the output slit. This monomobile aerosol is guided to the
previously described sensor.

3.2. Characterization of the Test Aerosols by Scanning Electron Microscopy (SEM) Imaging

The generated aerosols were sampled on an electrically conducting substrate with
a Nano-Aerosol-Sampler (NAS) (Type 3089, TSI GmbH, Aachen, Germany) for further
examination with an SEM. Images of the sampled aerosol are presented in Figure 14.

While the PSL particles and sodium chloride crystals have a more or less uniform
shape, the S5iO, agglomerates are present in various shapes (Figure 15). While the Collison
nebulizer forms droplets with a given size distribution, the agglomeration process inside the
coalescence box is characterized by its stochastic nature due to the varying residence times
and the random collision chances of the drying droplets. This leads to the non-uniformity
of the formed silica aerosol.
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Compressed
air

(<D

Diffusion dryer

Collision nebulizer Coalescence box
DMA

DMA - Differential Mobility Analyzer

Monomobile

aerosol to
sensor

\i

Figure 13. Experimental setup to create a test aerosol consisting of sodium chloride crystals or

silica agglomerates.

Figure 14. SEM images of PSL monospheres (left), silica agglomerate (middle) and cubic sodium

chloride crystals (right).

Figure 15. SEM images of the arbitrary shape of silica agglomerates.
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4. Results and Discussion

The previously described test aerosols (NaCl and SiO,) were classified by a differential
mobility analyzer (DMA) to create aerosols with equivalent mobility diameter d,,, (Table 2).
The DMA assumes spherical particles when setting the electrical mobility diameter, which
is defined as the equivalent diameter of a sphere with the same mobility in the electrical
field as the real non-spherical particle. An overview of the functional principle of a DMA
and the electrical mobility diameter is given by [42]. After classification, the test aerosols
are transferred to the sensor setup (Section 2).

Table 2. Setpoints of mobility diameters for the classification step by a DMA.

Test Aerosol Mobility Diameter dy Setpoint in nm
NaCl 700
SiO, 900
PSL 1100

The measured intensity profiles of the test aerosols (Figure 16) are evaluated according
to Equation (5). The obtained data reveal that the deviation of the particle shape from the
spherical shape is observable via the measured SPX values. The cubic sodium chloride
crystals show the smallest mean SPX value of all tested aerosols, with a median value of
about 0.7. The 5iO, agglomerates have a median SPX value of about 0.85, while the PSL
monospheres are characterized by the highest mean sphericity index of over 0.9. These SPX
values of cube-shaped NaCl particles with defined edge length can be compared with other
shape factors obtained via SEM image processing. The mean Wadell factor ¥ in Equation
(1) is calculated to be about 0.81, and the mean circularity index ¢ according to Equation
(2) results in about 0.79. Assuming a higher sphericity for the NaCl particles (Figure 14)
compared to a geometric cube, the Wadell factor for the NaCl particle system should be
slightly higher than these estimated values. Taking this into account, the measured SPX
values differentiate quite significantly from the conventional definition of sphericity. This
deviation is understandable since the presented measurement technique is based on light
scattering rather than imaging methods.

S s | s | s | s | s
]
' ®  PSL monospheres d =1100 nm "
-EO SiO, agglomerates d, =900 nm | "0
a 0 NaCl particles d,,=700 nm "
o BN L
L < m
=
._IED n
k2
T S t
£
|
g
Q:) "
z d
= S L -
= n
g ] - i
8 ]
o : ; . : ’ 7—4,7_
0 0.2 0.4 0.6 0.8 1.0

SPXin -

Figure 16. Distributions of the sphericity index (SPX) of polystyrene latex (PSL), silica and NaCl test
aerosols measured with the developed 3D-LSS.
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The deviations in the measurements for fairly spherical PSL particles from the spherical
shape (SPX below 1) might be explained by a systematic error in the calibration step or a
noisy data record in the detector setup.

Furthermore, the uniformity of the test aerosols is directly measured by the slope of the
distribution curve, where the PSL aerosol shows the highest slope and, consequently, the
highest uniformity. The multiple different shapes of the SiO, aerosol, which were already
identified in the previous chapter via SEM images, were also detected by the sensor system.

5. Conclusions

In this work a 3D light scattering sensor (3D-LSS) was developed to measure the
scattered light equivalent shape factor of aerosols in the transitional region between micron
and submicron particle sizes (500 nm to 5 um). The sensor evaluates the scattered light of
particles illuminated with circularly polarized light at discrete positions in the azimuthal
direction inside a spherical scattering chamber. The intensity profile is analyzed to calculate
the sphericity index (SPX) distribution of particles in the aerosol.

An aerodynamic focusing nozzle was designed using CFD simulations to guarantee
single-particle flow through the laser beam in the field of view of the light detectors. The
particle jet is estimated to have a diameter of 80 to 100 pm and a collimation length of
more than 11 mm, providing enough space inside the scattering chamber to guide the laser
beam underneath the aerodynamic focusing nozzle. To reduce the impact of border zone
errors caused by particles crossing the edge of the laser beam and coincidence errors, due
to multiple particles inside the measurement volume, the measurement signal is filtered by
a residence time analysis with a valid time range between 5.5 and 11.5 ps.

The differences in the particle shape of the three investigated aerosols were determined
by measuring the scattered light profile at seven azimuthal angles between 78° and 102° and
a fixed scattering angle of 55° and applying SPX analysis. The polystyrene (PSL) particles
have the highest sphericity, followed by NaCl particles and SiO, agglomerates with a
higher deviation sphericity. These results are qualitatively supported by SEM images.

In addition, the slope in the cumulative distribution of the SPX increases with the
uniformity of the shape of aerosol particles. The PSL particles are highly uniform, whereas
the SiO, agglomerates show the greatest shape variation.

In future work, we will investigate how to describe and reduce measurement uncer-
tainties and the size dependency of the SPX. Furthermore, the evaluation algorithms of the
presented methods will be directly implemented in an online measurement system in order
to reduce the amount of raw data recorded, thus allowing for continuous monitoring of
aerosol particle shape.
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