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Abstract

In this study, we present a basic idea for a robust optical measurement method for the
practical monitoring of slurry sprays with high mass concentrations, as typically used in
combustion processes. The proposed approach is based on analyzing the transparency
properties of individual dynamic droplets within the slurry spray. These so-called dynamic
slurry droplets consist of a base fluid and suspended solid particles. Our method enables
the determination of the mass concentration of solid particles and provides an estimate of
their average size. The resolution of this technique allows for the detection of errors in the
slurry-mixing process and even in the milling process of the solid particles prior to mixing.
To atomize slurries with high mass concentration, an experimental setup with a gas-assisted
coaxial nozzle was employed. Slurries with three different mass concentrations and three
particle size distributions were tested, resulting in five combinations. The theoretical
expectations and experimental results show a strong correlation, highlighting the potential
of the proposed method for slurry-spray monitoring.

Keywords: monitoring slurry spray; mass concentration; optical measurement technique

1. Motivation and Introduction
Facing the consequences of climate change, there is increasing global demand for

sustainable energy solutions and a shift toward a circular economy to reduce carbon diox-
ide emissions. Additionally, the transition to a circular economy, which enables efficient
resource management through the reduction, reuse, and recycling of materials, is essential.
This transition also necessitates a shift from chemical production processes reliant on tradi-
tional petrochemical feedstocks to process routes capable of converting waste-based input
streams [1,2]. These lower-quality streams differ significantly from established feedstocks
due to their high heterogeneity and elevated levels of contaminants. Consequently, the de-
velopment of suitable diagnostic techniques and measurement instruments for analyzing
their chemical and physical properties is essential, which constitutes the primary goal of
this work.

One promising route to close the anthropogenic carbon cycle is the conversion of
biogenic and anthropogenic waste streams into high-value chemicals and energy carriers
via pyrolysis, gasification, and synthesis, which has been investigated as an example
technology by Eberhard (2017) [3], Dammann (2024) [4], and Fleck (2018) [5]. High-pressure
entrained-flow gasification is a favorable gasification technology due to the high-quality
syngas it produces with minimal hydrocarbons, soot, or tar. The syngas is generated by
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the partial oxidation of a liquid or slurry feedstock fed into a reaction chamber through
one or more burner nozzles. In the vicinity of the burner nozzle, a spray is formed that
reacts with a gasification medium (typically oxygen and steam) and recirculated gas in
a high-temperature reaction zone. The burner is critical for gas-phase mixing and spray
properties, which strongly influence the reaction of the droplets and thus overall process
efficiency [6–10].

In commercial entrained-flow reactors, co-annular external-mixing burner nozzles,
as described in [8,10–14], are commonly used to supply the liquid or suspension fuel
and the gasification medium to the reactor. When the suspension droplets enter the hot
burner near-zone, they are exposed to very high heating rates in an oxidizing and reducing
atmosphere. While liquid evaporation and reactions occur rapidly, the conversion of solid
particles released from the suspension droplets after liquid evaporation is much slower due
to slow heterogeneous reaction kinetics. Thus, characterizing the composition of suspension
droplets is of great importance, as it remains beyond the capabilities of state-of-the-art
spray-measurement techniques.

To overcome this limitation, a new diagnostic approach has been introduced that
analyzes the transparency properties of individual droplets in the slurry spray. Various
techniques exist to assess the transparency of slurry droplets, each with its own advan-
tages and disadvantages. In this study, we employ light-scattering analysis of individual
droplets as they pass through a shaped light beam. A similar approach is used in the
time-shift technique, first introduced by Semidetnov (1985) [15] and Pavlovskii (1991) [16],
and further developed in several dissertations at the Technical University of Darmstadt
by Damaschke (2003) [17], Bakis (2010) [18], Kretschmer (2011) [19], Schäfer (2012) [20],
Stegmann (2015) [21], Rosenkranz (2016) [22], and Lingxi (2020) [23]. Additionally, selected
external works have contributed to refining and improving this technique, including those
of Wigger et al. (2018) [24], Weich (2021) [25], Wachter (2023) [26,27], and Gödeke (2023) [28].
Commercial devices based on the time-shift technique are mostly known under the brand
name SpraySpy® [29], and an extended version with AI capabilities is marketed under the
brand name ParticleTensorAI® [30].

The practical application of the time-shift technique for suspension droplet characteri-
zation in terms of suspension concentration was first introduced by Tropea and Schäfer
(2012) in [20,31–33]. Building on these works, several studies on suspension droplets have
been conducted by Kuhnhenn (2016) [34], Rosenkranz (2016) [22], and Lingxi (2020) [23],
contributing more to the theoretical understanding of light scattering in suspension droplets.
The capability of the time-shift technique for measuring dust and ice crystals was discussed
by Stegmann (2016) [35].

The present work focuses on the practical application of the light-scattering technique
for suspension droplet characterization exclusively on high-mass-concentration slurry
sprays, where the suspension droplets contain a high load of solid particles. Instead of
analyzing the properties of individual droplets, our method characterizes the ensemble of
suspension droplets. This approach enables the determination of key liquid properties in
the slurry spray, such as particle mass concentration (Cm) and particle size (SMDp). In this
work, the terms slurry droplet and suspension droplet are used interchangeably.

It should be noted that the characterization of individual static suspension droplets,
such as those levitated acoustically [36,37] or electromagnetically [38,39], is well-established
and involves analyzing light-scattering and absorption effects. However, determining the
concentration and composition of individual dynamic suspension droplets, such as those
in a flow or spray, remains a significant challenge. At present, there are no ready-to-use
commercial instruments capable of performing this measurement in real-time applications.
Developing such a device is the primary aim of this study. In this work, we used a
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commercial device, ParticleTensorAI®, an extended version of SpraySpy®, with a working
distance of 250 mm and a droplet detection range between 2 µm and 700 µm. A full
description can be found in [29,30]. The measurement probe operates in backscatter mode
and can simultaneously detect transparent, semi-transparent, and non-transparent droplets.

2. Light Scattering of a Single Dynamic Suspension Droplet
When a suspension droplet passes through a shaped light beam, in addition to the

refractions (p > 0) that occur in a transparent droplet, the light inside the droplet is repeat-
edly scattered by the suspended particles (dust or coal particles, pigments, aggregates, etc.),
leading to a more uniform overall light-scattering effect [32], as depicted schematically
in Figure 1. Depending on the concentration and absorption properties of the suspended
particles, the refracted light can be partially or totally absorbed. For a low concentration
of suspended particles, the absorption during refraction might be minimal, allowing the
suspension droplet to be considered semi-transparent with observable refracted light scat-
tering. As the concentration increases, the intensity of refraction effects diminishes because
the high concentration of suspended particles suppresses the passage of the beam through
higher-order refraction. In contrast, the light-scattering intensity of reflection (p = 0) on the
surface of the particles does not depend on the concentration but rather on the refractive
index of the base fluid and the polarization of the light beam.

Figure 1. Schematic depiction of the interaction between a shaped light beam (L1) and a complex
suspension droplet (LT). The incident beam is partly reflected (p = 0) and partly refracted (p > 0).
While the reflected light (p = 0) leaves the droplet without interaction, the refracted light passes
through the droplet once at p = 1 and twice at p = 2. Its intensity is attenuated by scattering processes
at aggregates (AF) and pigments (PS). Higher-order refractions have a larger effective cross-section.
A suspension droplet is considered transparent or semi-transparent if the light-scattering intensity
from refraction (p = 2, p = 1) is higher than that from reflection (p = 0) [32].

In the experiment, the suspension was prepared by dispersing coal particles in mo-
noethylene glycol. Three different size distributions of the coal particles were obtained by
sieving Sample A (D32 = 9.4µm) into Samples B (D32 = 4.0µm) and C (D32 = 18.7µm).
Subsequently, the particle size distributions were analyzed using a laser diffraction in-
strument. The measured particle size distributions are shown in Figure 2. The particle
concentration by weight in the suspension was varied between 5%, 10%, and 20%. In total,
five different suspension compositions were successfully tested.
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Figure 2. Particle size distributions of coal particles measured by the laser diffraction technique with
Spraytec [40].

To analyze the correlation between light-scattering effects and suspension composition
in this study, the suspensions from all variations used in the experiment were qualitatively
analyzed under a microscope, ensuring that the thickness of the suspension samples
remained constant. The images of the different suspension compositions are presented in
Figures 3 and 4, showing the absorption of backlight from the microscope for the variations.
This absorption correlates with the absorption of the refracted Gaussian beam passing
through a suspension droplet.

The visual analysis of the microscope images reveals two obvious effects. First, higher
particle concentrations result in increased absorption. Second, for a constant suspension
concentration, smaller coal particles have a larger effective surface area and, consequently,
scatter more light. A similar phenomenon can be observed in the significant differences in
the visibility range between rain and fog. Therefore, suspensions with smaller particles are
expected to exhibit higher absorption effects at the same concentration.

The light absorption of a beam passing through a suspension droplet can be estimated
using Lambert–Beer’s law, expressed as

I = I0 exp(−α∆s) (1)

where I0 is the intensity of the incident light beam, α represents the absorption coefficient,
∆s is the path length of the light through the suspension probe, and I is the intensity of the
absorbed light beam.

In the case of first-order refraction, the light beam traverses the interior of the suspen-
sion droplet, as shown in Figure 1. Consequently, the larger the droplet, the longer the
path ∆s, making it directly proportional to the droplet size d. Additionally, the absorption
effect is influenced by the suspended particles, with higher particle concentrations C lead-
ing to greater absorption. Furthermore, the size of the suspended particles dS and their
total surface area also play a crucial role in absorption. Smaller particles result in a larger
distribution and greater total surface area, thereby enhancing absorption.

From this perspective, the absorption coefficient α is directly proportional to the
particle concentration C and inversely proportional to the particle size dS. As a result,
Lambert–Beer’s law can be reformulated as

I = I0 exp

(
−d

C
dS

)
= I0 exp(−q) (2)

where q is referred to as the refraction-pass parameter, which determines whether refraction
light scattering is detectable.
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This reformulation provides a reliable estimation for determining whether a sus-
pension droplet can be classified as semi-transparent or non-transparent. Differentiating
between semi-transparent and non-transparent suspension droplets is the key idea of this
study for determining particle concentration and size. For a more detailed description of
light scattering in complex dynamic droplets, refer to the dissertation by Li (2020) [23],
which includes an extensive numerical analysis supported by partial experimental confir-
mation. In our approach, we focus only on the refraction-pass parameter q, which holds an
abstract meaning and is not discussed quantitatively in this study.

Figure 3. Droplet size distributions by number for a slurry spray generated from a mixture containing
only one particle type with SMDp = 18.7 µm, shown for mass concentrations of 5%, 10%, and 20%.
The inset in each histogram displays a microscopic image of the corresponding slurry mixture.



Photonics 2025, 12, 673 6 of 13

Figure 4. Droplet size distributions by number for a slurry spray at a constant mass concentration
Cm = 5%, generated from mixtures containing three different particle types with SMDp values of
4.0 µm, 9.4 µm, and 18.7 µm. The inset in each histogram displays a microscopic image of the
corresponding slurry mixture.

3. Light-Scattering Generator
In the experimental setup, we utilized a time-shift time-of-flight (TSTOF) measurement

system to generate light-scattering signals from dynamic suspension droplets. These
droplets passed sequentially through two shaped light beams with different polarizations.
The optical arrangement of the TSTOF device is depicted schematically in Figure 5 and
extensively described in prior works, such as [41], which offers a robust approach for
analyzing light-scattering phenomena. Additional insights into this technique can be found
in resources like the OpenAI Chatbot [42]. The commercial version of the TSTOF device is
widely recognized under the brand name SpraySpy® [29].
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(a) (b)

Figure 5. (a) Time-shift signals from the TSTOF device, with signal shifts depending on particle
properties. The horizontal axis represents the time t, and the vertical axis represents the signal
intensity S(t). (b) Experimental setup illustrating a particle of diameter d and velocity v passing
through two Gaussian beams separated by ∆b. It is adapted from [41,43], highlighting the backscatter
region and the optical arrangement for limited optical access scenarios.

The TSTOF setup used in this study is schematically illustrated in Figure 5. It utilizes
two light sources and four detectors, all arranged on the same side, to capture light
scattering within the backscatter region. In this region, in case of refraction, the light
beam passes through the droplets twice before being registered by the detectors. Scattered
light signals from individual droplets exhibit time shifts relative to one another, which
are directly correlated with the droplet size and velocity. The signal amplitude scales
quadratically with the droplet size, while the full width at half maximum (FWHM) of the
signal is proportional to the droplet velocity [41]. By analyzing these signals, the size and
velocity of individual suspension droplets can be determined with high precision.

In this study, the transparency of suspension droplets was assessed based on their
scattering order. Droplets were classified as non-transparent if only reflection (p = 0)
was observed in the light-scattering signal. In contrast, droplets were considered semi-
transparent if refraction (p > 0) was detected. At low particle concentrations, refracted
light can more easily pass through the droplet. However, as the concentration increases,
the suspended particles interfere with the refracted light, resulting in a baseline effect [32].

The measurement device used in the experiment operates in a backscatter configuration,
meaning that all components—including the laser, detectors, and optical elements—are
located on the same side. This setup allows the device to be used in applications with
limited optical access. In the backscatter region, second-order refraction becomes active.
Therefore, transparent droplets are defined as those in which second-order refraction is
observed, indicated by a scattering order of p = 2.
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4. Experimental Setup and Results
The investigations were conducted using the ATMOspheric spray test rig (ATMO) at

the KIT/ITC facility, as described in detail in [44] and shown in Figure 6. A twin-fluid lance
was supplied by liquid or suspension fluids through an eccentric screw pump controlled
with a Coriolis mass flow and density meter. A stirred liquid storage tank was used to avoid
sedimentation. A hot-wire anemometer with a valve controlled the atomizing air mass flow
in the range. In order to prevent the recirculation of small droplets through the suction
of the exhaust air, a honeycomb structure was placed at the inlet of the collection tank to
serve as a flow straightener. The twin-fluid atomizer has a central tube with a diameter
of 2 mm and a surrounding gas slit of 2.06 mm. For spray characterization, the TSTOF
measurement instrument described in the previous section was used. A photograph of
part of the experimental setup is shown in Figure 7, depicting the nozzle and measurement
head of the TSTOF instrument.

Figure 6. Schematic view of the atmospheric spray test rig (ATMO) with the applied twin-fluid
nozzle [27].

Figure 7. Photograph of the experimental setup, featuring the gas-assisted coaxial nozzle and the
TSTOF measurement instrument.



Photonics 2025, 12, 673 9 of 13

The spray parameters were kept constant at V̇ = 7.5 m3/h and Ṁ = 12.56 kg/h,
and the measurement position in the spray was fixed. Horizontally, it was located in
the center of the nozzle, and vertically, it was 120 mm from the nozzle exit. Three dif-
ferent suspension concentrations, Cm = {5%, 10%, 20%}, and three sizes of suspended
particles, SMDp = {4.0µm, 9.4µm, 18.7µm}, were used. In total, five measurements
were conducted.

The composition of the suspension can have a measurable influence on the atom-
ization process, potentially affecting the droplet size, velocity, and spray density. In this
scenario, the absolute values of these parameters may vary with the composition of the
suspension. To measure the suspension composition without being affected by variations
in the atomization process, we propose using the relative droplet rate (Ṅrel) and the Sauter
Mean Diameter (SMD) of semi-transparent droplets. The relative droplet rate is expected
to be more robust against variations in droplet size, velocity, and spray density because
these variations affect both non-transparent and semi-transparent droplets, preserving the
relative ratio. Additionally, the SMD of the detected semi-transparent droplets is entirely
independent of the number of droplets, their velocity, or their size. According to the rela-
tionship described in Equation (2), the SMD depends solely on the suspension composition.
For these reasons, we propose using only these two parameters—Ṅrel and the SMD of
semi-transparent droplets—to characterize the composition of suspensions used in the
atomization process.

Using the TSTOF setup, individual suspension droplets were measured in both semi-
transparent and non-transparent modes. Based on the measured droplet size distributions,
the Sauter Mean Diameter (SMD) and the relative droplet rate (Ṅrel) of semi-transparent sus-
pension droplets were calculated. The relevant results are presented in Table 1, which shows
the SMD and relative droplet rate of semi-transparent suspension droplets. The droplet
velocity remained nearly constant at 31 m/s across all measurements, as expected under the
constant atomization parameters. All measurement data has been published on Zenodo [45].
Graphical representations of the measurement data are shown in Figures 3 and 4.

Table 1. Relative droplet rate in % and SMD in µm of semi-transparent suspension droplets. Mea-
surement data relates to Figures 3 and 4. Ṅrel and SMD are calculated from the ensemble of droplet
properties collected by ParticleTensorAI®. The original measurement data are published in [45],
which include information about individual droplet properties: droplet size, droplet velocity, droplet
transparency, and droplet acquisition time. The transparency of each droplet is indicated by a sign:
non-transparent droplets have a negative drop size, while transparent and semi-transparent droplets
have a positive value, as can be seen in the original data.

C0 5% 5% 5% 10% 20%

D32 4.0 µm 9.4 µm 18.7 µm 18.7 µm 18.7 µm

Ṅrel 77% 91% 96% 89% 54%

SMD 86.9 µm 107.9 µm 116.9 µm 105.8 µm 76.7 µm

The measurement results demonstrate a correlation with both the suspension con-
centration and the size of suspended particles. First, the measurement data (1) illustrate
the correlation between the relative number of semi-transparent droplets Ṅrel and the
Sauter Mean Diameter (SMD) with the suspension concentration. At lower concentrations,
the relative number of semi-transparent droplets is higher, and the SMD of suspension
droplets, which remain detectable as semi-transparent, is larger. Second, the measurement
data (1) shows the relationship between Ṅrel and SMD for a constant suspension concen-
tration of 5% with varying sizes of suspended particles. Larger suspended particles result
in a higher number of semi-transparent droplets being detected. Additionally, the SMD
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of semi-transparent suspension droplets also increases with larger particle sizes. These
correlations align with the relationship described by Equation (2).

In the experiment, we identified a limited range within which the monitoring of
the slurry spray is effective. This limitation arises because the calculation of the relative
droplet rate (Ṅrel) requires both non-transparent and semi-transparent suspension droplets
to be detectable. If only semi-transparent or only non-transparent suspension droplets are
present, the value of Ṅrel will be either 100% or 0%, making it impossible to distinguish
values beyond these extremes. Consequently, measurements outside this range cannot
provide meaningful information about the suspension composition.

5. Measurement Instrument
Based on the approach discussed above, we propose a simplified version of the TSTOF

setup and calculation process. In the context of the measurement method presented here,
detecting variations in the concentration of suspended particles or their size distribution
can be achieved by simply counting the number of semi-transparent and non-transparent
suspension droplets. Consequently, it is not necessary to measure the size of the suspension
droplets. Instead, determining whether a droplet is semi-transparent or non-transparent by
analyzing the sequence of light-scattering signals is sufficient.

This simplified setup requires only a single light source and two detectors. Signal
processing is reduced to peak detection within a low-frequency band, enabling the develop-
ment of a more cost-effective and compact device. Such a device could be used to monitor
slurry sprays, paint sprays, or, more generally, sprays containing heterogeneous droplets.

Additionally, it would be feasible to develop a machine learning model with a single
task: detecting droplet transparency. This can be achieved by analyzing the shape of the
light-scattering signal, which often has shift symmetry depending on the transparency. This
machine learning approach can be implemented in a configuration with a single light source
and a single detector, further optimizing the simplicity and cost-effectiveness of the system.
This approach not only simplifies the setup but also broadens its potential applications in
real-time monitoring scenarios. An AI-based approach using a single light-scattering signal
to analyze droplet properties has been discussed in detail in [43].

It is important to note that this measurement method is effective only if a statistically
relevant number of semi-transparent and non-transparent suspension droplets can be
detected. This can be achieved by increasing the light intensity or adjusting the spectral
properties of the light source to minimize or maximize absorption. Suspensions with high
particle concentrations cannot be measured using this method, as only reflection signals
would be detectable. In such cases, analyzing the baseline of the signal could be a useful
solution, as discussed in [20,23,32].

Moreover, for increasing or decreasing the detection probability of semi-transparent
particles, the path length of the light beam passing through the suspension droplet and
the composition of the droplet can be optimized to ensure that the refracted beam exits
the droplet and is registered by the detector. The path length of the light beam through
the droplet can be optimized by adjusting the light-scattering angle. Typically, in the
forward-scattering regime, the light beam passes through the droplet once, whereas in the
backscattering regime, it passes through twice. Depending on the suspension composition,
adapting the light-scattering angle may be advantageous.

In slurry sprays, some droplets may not contain particles at all, depending on the
suspension composition. The number of such droplets must also correlate with the sus-
pension composition. To gain more advanced insights into the composition of individual
suspension droplets, analyzing individual light-scattering signals can be useful. In many
industrial applications, where material properties vary, calibration processes may not
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be possible. In such cases, we propose the use of unsupervised machine learning with
clustering techniques to classify individual light-scattering signals.

6. Conclusions and Future Work
In this work, we demonstrated a method for using light scattering from individual

suspension droplets passing through a Gaussian beam to estimate the concentration of
suspension droplets and the size of the suspended particles. We identified the Sauter Mean
Diameter and the relative droplet rate of semi-transparent droplets as effective parameters
for monitoring slurry sprays and suspension compositions. Additionally, we proposed an
optical arrangement of the TSTOF setup with a simplified configuration that requires only
two detectors and one light source. Furthermore, we suggested a more compact setup using
a single detector and a single light source combined with machine learning for analyzing
light-scattering signals.

In future work, we will focus on the realization of a commercial measurement instru-
ment capable of monitoring slurry sprays. This will require at least a quantitative analysis
of suspension concentration in incremental steps (e.g., 0%, 1%, 2%, 4%, etc.) and the use
of different types of particles to provide more detailed data for developing a physical
model. Additionally, an unsupervised machine learning approach will be developed to
cluster individual droplets and utilize this information for more advanced slurry-spray
characterization and monitoring.
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39. Bakić, S.; Heinisch, C.; Damaschke, N.; Tschudi, T.; Tropea, C. Time integrated detection of femtosecond laser pulses scattered by
small droplets. Appl. Opt. 2008, 47, 523–530. [CrossRef] [PubMed]

40. Malvern Panalytical Ltd. 2025. Available online: https://www.malvernpanalytical.com (accessed on 28 June 2025).
41. Schaefer, W.; Tropea, C.; Wigger, G.; Eierhoff, D. Spray measurements with the time-shift technique. Meas. Sci. Technol. 2021,

32, 105202. [CrossRef]
42. OpenAI GPT, Custom Version TSTOF. Interactive Discussion on the Time-Shift Time-of-Flight (TSTOF) Measurement Method for

Droplet and Particle Characterization in Flows. 2024. Available online: https://tstof.com (accessed on 28 June 2025).
43. Schaefer, W.; Li, L. Particle characterization by analyzing light scattering signals with a machine learning approach. Appl. Opt.

2024, 63, 7701–7707. [CrossRef]
44. Sänger, A.D. Zerstäubung hochviskoser Fluide bei variierendem Systemdruck—Grundlagenforschung zur Hochdruck-

Flugstromvergasung. Ph.D. Thesis, Karlsruher Institut für Technologie (KIT), Karlsruhe, Germany, 2018. [CrossRef]
45. Zenodo. Dataset: Optical Measurement Method for Monitoring Slurry Sprays in Recycling Processes for Carbon Dioxide Emission

Reduction. 22 December 2024. Available online: https://doi.org/10.5281/zenodo.14544756 (accessed on 28 June 2025).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.4995/ILASS2017.2017.4610
http://dx.doi.org/10.1016/j.jqsrt.2015.12.019
http://dx.doi.org/10.1364/AO.47.000523
http://www.ncbi.nlm.nih.gov/pubmed/18239711
https://www.malvernpanalytical.com
http://dx.doi.org/10.1088/1361-6501/ac0467
https://tstof.com
http://dx.doi.org/10.1364/AO.531346
http://dx.doi.org/10.5445/IR/1000087397
https://doi.org/10.5281/zenodo.14544756

	Motivation and Introduction
	Light Scattering of a Single Dynamic Suspension Droplet
	Light-Scattering Generator
	Experimental Setup and Results
	Measurement Instrument
	Conclusions and Future Work
	References

