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Abstract

Laser-ignited particle combustion is critical to energy, aerospace, and defense applications, yet
understanding its physicochemical mechanisms is hindered by poor reproducibility in combustion
data from randomly packed samples. While classical theory attributes data inconsistency to
variations in packing density, we propose instead that consistency of the surface layer
morphology—given the nanoscale laser penetration depth—is the dominant factor. A two-
dimensional Discrete Element Model showed that increasing particle layers markedly reduces
surface topography conformity, while gravitational settling maintains packing density near its
theoretical maximum. An innovative constrained droplet method was developed for sample
preparation, integrating multi-stage sieving, equal-circle packing in a circle theory, alongside
droplet deposition to build multilayer samples mirroring computational models. In-situ laser
ignition diagnostics revealed that key combustion metrics —spectral profiles, temporal evolution,
ignition delay, and combustion duration—exhibit a rapid decline in consistency with increasing
layers, closely matching the simulated decay in surface morphology conformity. Contrary to long-
held assumptions, this work robustly shows that surface morphology governs laser-ignition
experimental reproducibility. This paradigm-shifting finding redefines the controlling mechanism
in laser-ignited combustion of random particle packings, thereby provides a method for refining
sample preparation and enables the accurate determination of key parameters that remain elusive
with conventional approaches.

Keywords: laser ignition; random packings; consistency; surface morphology; Discrete Element Model;

constrained droplet method

1. Introduction

Particle combustion is a fundamental phenomenon in natural science and engineering, playing
a critical role in energy, chemical industry, aerospace, national defense and other fields [1,2]. Deeper
research into its underlying mechanisms is essential for enhancing energy utilization efficiency,
optimizing chemical production processes, improving propulsion systems, and advancing the
performance of defense-related equipment. As a multidisciplinary problem intersecting chemistry,
physics, and materials science, particle combustion is influenced by a range of intrinsic and extrinsic
factors. These include particle properties, oxidizer characteristics, atmospheric conditions, physical
constraints, and ignition methods [3-5]. Compared with conventional ignition approaches, laser
ignition offers distinct advantages such as precise energy delivery, high spatiotemporal resolution,
and non-contact operation [6,7]. Furthermore, the ability of lasers to deposit large amounts of energy
instantaneously makes them particularly valuable for designing advanced energetic materials [8,9],
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where enhanced combustion behavior is of interest. Owing to these capabilities, laser ignition has
emerged as a key technique for elucidating the complex physicochemical mechanisms governing
particle combustion.

A major challenge in current studies is the poor reproducibility of experimental results obtained
from random particle packings. This sample preparation method, which relies on natural
gravitational deposition to form multi-layer particle assemblages, typically yields samples with an
uncontrolled conical or triangular morphology. Although the use of a metal plate to flatten a sample's
top surface is a common preparatory step, the minute scale of the gram-level sample poses a major
challenge for quantitatively evaluating its effects. The random packing method has been widely used
for its operational simplicity, but it often leads to significant inconsistencies —such as variations in
flame spectra and in illumination intensity exceeding 50% between experimental replicates. This high
level of deviation fundamentally hinders deeper investigation into the underlying physicochemical
mechanisms of the combustion process.

To improve experimental reproducibility, significant research has been devoted to identifying
the key factors influencing the consistency of randomly packed samples. A number of studies have
attributed the limited reproducibility primarily to the dispersion of packing density. For instance,
Beckstead [10], Averardi et al [11], and Nan.y et al [12] linked this inconsistency to inherent variations
in packing density within random packings. Bockmon et al [13]. further supported this view by
comparing naturally packed samples with pressed ones, noting that the poorer consistency in natural
packing arose from its higher packing density dispersion. In particular, Pantoya et al [14] pointed out
that packing density lacks controllability, leading to significant inhomogeneity in energy absorption
and localized heat conduction pathways. Bharat et al [15] suggested that spatial variation in packing
density creates localized hot spots, which lead to amplified statistical scatter in ignition delay and
combustion rate. Similarly, Babuk et al [16] argued that loose and irregular packing promotes uneven
local combustion and flame propagation, thereby reducing overall combustion consistency.
Furthermore, the initial packing density may profoundly influence sintering and agglomeration
dynamics. According to Nazarenko et al [17], for nano-aluminum particles, natural packing methods
tend to exacerbate random and uneven sintering processes, resulting in unstable combustion wave
propagation and poor experimental repeatability. Given these challenges, Kamaraj et al [18] even
questioned the scientific reliability of the natural packing method for precise combustion studies.

While the prevailing consensus attributes experimental variability under spatially uniform
heating to packing density, the relevance of this factor under laser-ignition conditions—characterized
by localized energy concentration and a limited penetration depth—remains an open question. We
propose that the similarity of surface layer morphology may play a decisive role in governing
experimental reproducibility in laser-induced combustion. Given the nanoscale penetration depth of
lasers into opaque particles, the experimental signals predominantly reflect the physicochemical
properties of the uppermost layer of the sample at the moment of detection. Among all particle layers,
the surface layer exhibits the greatest morphological deviation due to its highest degree of structural
freedom. Consequently, deviations in surface morphology can evolve over time during combustion,
ultimately leading to significant disparities in observed combustion phenomena. However, classical
methodologies often overlook the influence of surface morphology, primarily on the basis that
surface particles constitute only a minimal fraction of the entire packed sample.

To uncover the dominant factor controlling experimental reproducibility in laser ignition, we
examined the influence mechanisms of both packing density and surface morphology on combustion
consistency via a combined methodology of numerical simulation, precision sample fabrication, and
experimental validation. This research provides an insightful conclusion that offers a deeper
mechanistic understanding of the laser-ignition process.

2. Numerical Calculation

To address the challenge of in-situ morphological characterization for microscale packed
samples, we employed a two-dimensional Discrete Element Method (DEM). This approach enables
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the simulation of random particle packing, and through repeated sampling and statistical analysis,
allows for systematic investigation of how surface morphology and overall packing density evolve
as the number of particle layers increases.

The DEM model computed the free fall and subsequent stabilization of numerous two-
dimensional spherical particles within a rigid boundary, with initial random placements replicating
the randomness inherent in physical sample preparation. The motion of each particle follows

T
mt=>"F; M

where m; is the mass of particle i,7; is the velocity vector of particle i. ¥ Fjis the vector sum of all

Newton's second law :

external forces acting on particle i, which is mainly composed of gravity, force between particle i and
other particles (F i), and force between particle i and rigid boundary (?,-b):

Zﬁi:mig-l'zﬁbr-l'ﬁib (2)

where g is the acceleration of gravity. The interactions between particle i and other particles or rigid
boundaries were modeled using a classical rigid-body perfect collision model [19] coupled with a
damping model. The impulse in the direction of collision (J;) is given by:
-(2+e)v;
=T 3)

- 4
m; M

where M represents the mass of the colliding particle or boundary, and e denotes the damping
coefficient. This coefficient was incorporated into the force solver to determine the velocity and
position of each particle at every time-step. The value of e is inversely related to the damping
intensity; a value of e =0 corresponds to no energy dissipation. Since the primary focus of this study
is the final packing characteristics rather than dynamic transients, the damping coefficient was
intentionally increased to e= 0.4 to accelerate numerical convergence.

To avoid the formation of poorly controlled and characterized morphologies that result from
unrestricted particle accumulation on a flat plate, we conducted two-dimensional numerical
simulations of semi-regular multi-layer samples that closely mimic the actual preparation process.
Experiments were planned to prepare samples within the inner cavity of a zirconia substrate
measuring 2.5 mm in diameter and 2 mm in height. Accordingly, two-dimensional numerical
simulations were conducted with a rigid body constraint boundary of 2.5 mm width to investigate
the particle arrangement in cross-sections through the cylindrical axis of the sample. Simulations
were performed for samples with 1, 2, 3, 4, 5, 10, 20, 30, 40, and 50 packing layers. Given an average
particle size of 10 um, the theoretical number of particles along the sample diameter was calculated
to be 250. Consequently, the total number of particles in each simulation was set to 250 multiplied by
the number of packing layers. Due to computational constraints when simulating large numbers of
layers and particles, only the morphologies for systems with 1 to 4 packing layers were presented in
Figure 1, with each configuration repeated five times for statistical reliability.
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Figure 1. Particle morphology at the midpoint of the packed samples for layer counts of 1 to 4, and the horizontal
axis is scaled in units of 10um. Panels (a) to (c) correspond to results from three independent calculation trials
for samples with 1 packing layer. Panels (d) to (f) correspond to results from three independent calculation trials
for samples with 2 packing layers. Panels (g) to (i) correspond to results from three independent calculation trials
for samples with 3 packing layers. Panels (j) to (1) correspond to results from three independent calculation trials

for samples with 4 packing layers.

Figure 1 reveals that under the same number of packing layers, although the simulated packing
morphology varies across different calculation runs, key qualitative conclusions can still be drawn.
As the number of layers increases, the dispersion of the surface morphology increases significantly,
while the variability in the overall packing density remains relatively small. The simulation results
indicate that for samples with few layers (<3 layers), the differences in surface morphology are
relatively small, primarily manifesting as isolated particle packing or occasional voids within the first
layer, at the scale of single particles. In contrast, for multi-layer packs (=4 layers), the surface
morphology exhibits significantly greater variability, characterized by characteristic random packing
features including triangular clusters and elongated particle chains above the first layer, or
corresponding voids beneath it, spanning multiple particle diameters. The white inter-particle gaps
represent unfilled space, with a higher prevalence of these gaps corresponding to a lower overall
packing density. Figure 1 also reveals that the overall packing density does not fluctuate significantly
with increasing layer count, as the enhanced gravitational settling effect associated with more layers
promotes denser packing.

This study employed a similarity function § to quantitatively characterize surface morphology
similarity and the fill factor F to represent overall packing density under identical layer conditions.
The S function is a classical method for assessing curve similarity [20], and the conformity of the
surface morphology obtained from the i-th trial with the reference morphology was defined as S;:

_|@3fi(0) _ dPfo(x)|
S;=e | ax? dx? | €))

where f represents the surface morphology curve, formed by connecting the centers of the first-layer

particles in sequence. x is the abscissa, and the subscript 0 designates the reference sample, which is
selected from among the multiple calculation runs. S; equals to 1 corresponding to perfect
agreement of the surface morphology in the i-th trial with the reference curve, while a value of 0
signifies that the two are entirely dissimilar.
The filling factor F; of the i-th trial is defined as:
N, iﬁR% 5
== 5)

where N represents the total number of particles, Rp is the particle radius, and A4; is the area of the

sample contour. This contour is geometrically defined by the convex hull formed by the centers of
the outermost particles along the sample's boundaries. F is the ratio of the total projected area of the
particlesto A;. Thus, F is directly proportional to the overall packing density, and F=1 corresponds
to a theoretical condition of perfect, void-free packing. The calculated values of S and F for
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different numbers of packing layers of 1. 2. 3. 4. 5. 10. 20. 30. 40 and 50 are shown in Figure
2.
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Figure 2. Dependence of surface morphology similarity and fill factor similarity on the number of packing layers.

Figure 2 indicates that increasing the number of packing layers leads to a notable rise in the
dispersion of surface morphology, while exerting a minimal influence on the filling factor. For
samples with three or fewer layers,S remains high (0.7-0.74) with small error bars, suggesting low
dispersion. Beyond three layers, Sdecreases markedly (0.1-0.3), accompanied by a rapid increase in
error bars, indicating great variability in surface morphology. In contrast, F remains stable at
approximately 0.95, with narrow error bars indicating low dispersion and minimal dependence of
the overall packing density on the number of layers. The stability of the packing density presents a
counter-intuitive finding that challenges classical theory. This phenomenon can be explained by
gravitational settling: a mechanism that consistently drives the fill factor toward its theoretical
maximum, resulting in dense packing regardless of layer number.

3. Sample Preparation

This study introduces an innovative constrained droplet method for sample preparation, which
enables the fabrication of multi-layer packing samples consistent with computational models by
precisely controlling both particle size and arrangement, as illustrated in Figure 3. The preparation
begins with multi-stage sieving using molecular sieves to obtain particles with a narrow, well-defined
size distribution of 10 um, corresponding to the computational setup. The total number of particles
is then determined using the equal-circle packing in a circle (ECPC) theory [21]. Subsequently, a
particle/alcohol solution at a specific concentration is prepared and subjected to 30-minute
ultrasonication in a 120W water bath to ensure homogeneous mixing. A defined volume of the
homogeneous suspension is deposited into the inner cavity of a zirconia substrate using a
micropipette. A highly ordered monolayer forms via the facilitated self-assembly of aluminum
particles under the combined effects of surface tension and gravity. Samples with packing layers of
1,2,3,4,5,10, 20, 30, 40, and 50 were fabricated with five replicates each to align with the simulation
parameters. Laser ignition experiments were then conducted on all samples under consistent
conditions.
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Figure 3. Constrained droplet sample preparation process.

To ensure consistency between the packing arrangement of experimental samples and
computational models, careful control of particle shape and size is essential. Aluminum particles
were selected as the fuel material in this study due to their well-established use in combustion and
energetic materials research. The spherical aluminum powder, supplied by Henan Yuanyang Powder
Technology Co., Ltd., exhibited a high degree of sphericity, as confirmed by scanning electron
microscopy (SEM) images (Figure 4 (a)), thereby satisfying the morphological requirements.
However, laser particle size analysis (Figure 5) revealed a broad size distribution ranging from 3 to
30 um, with an average diameter of 10 pm. Such a wide size distribution not only leads to deviations
in the packing structure compared to the computational models but also introduces significant
variability in combustion behavior, adversely affecting the reproducibility of experimental results.
According to the classical combustion law proposed by Glassman [22], which relates combustion time
(t) to particle diameter (Dp) as t « D, the observed size variation can result in up to approximately
900% difference in combustion time, underscoring the critical need for strict particle size control. A
multi-stage molecular sieving process with graded apertures was applied to the raw aluminum
powder to eliminate coarse and fine outliers, resulting in a monodisperse ensemble. Post-sieving
characterization confirmed the effectiveness of this treatment: SEM images (Figure 4 (b)) showed
improved size uniformity, and laser particle size analysis (Figure 5) indicated a sharp, unimodal
distribution within the 7-13 um range, determined to be optimal through systematic
experimentation.

Particles with sizes within the range where the probability distribution decays to 1/e of its
maximum value are considered to have high statistical occurrence probability. Analysis of Figure 5
reveals that the combustion time of the raw particles deviated from that of the average-sized particle
by a wide margin of -60% to 156%. Post-sieving, the deviation was confined to -24% to 21%, which
corresponds to the minimum combustion error (approximately 21%) observed in subsequent
experiments. The minimal impact of combustion duration deviation on the overall experimental
inconsistency indicates that refining the particle size distribution is highly effective in suppressing
combustion variability.
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Figure 4. SEM images of aluminum particles :(a)before sieving; (b)after sieving.
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Figure 5. Particle size distribution curve before and after sieving.

Precise control over the number of layers in a packed sample requires careful design of the total
number of particles, the core of which lies in determining the theoretical number of particles
contained in a single layer. The ECPC theory provides an optimal solution to this problem. As a
classical mathematical approach to two-dimensional dense packing, this theory yields the densest
possible arrangement of identical particles within a larger circle without overlap. For a circle with an
diameter of 2.5 mm and aluminum particles with an average diameter of 10 um, the maximum
number of particles accommodable in a single layer, 56600, can be derived from this packing theory.
The total number of particles required is then calculated as 56600 multiplied by the number of
packing layers. Based on this total, an aluminum/alcohol suspension with an appropriate
concentration is prepared to supply the raw material for the constrained droplet sample preparation
method.

Sintered dense zirconia was selected as the substrate due to its low thermal conductivity and
high density, which collectively provide a consistent thermal environment for combustion
experiments. Through hot-press sintering, zirconia achieves high densification (exceeding 95% of
theoretical density), minimizing pores and defects to ensure uniform heat transfer. The effectiveness
of this material for studying aluminum particle combustion interactions is well-established [23].

4. Laser Ignition Experiments
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In-situ flame radiation spectra were diagnosed using a laser ignition platform to reveal the
determinants of experimental consistency, with the system diagram shown in Figure 6. The system
comprises three main modules: a laser ignition unit, a spectral diagnosis unit, and a central signal
generator for synchronization. A 980 nm semiconductor laser, coupled with a beam expander,
constitutes the ignition source, producing a 3 mm diameter spot to ensure full coverage of the 2.5 mm
diameter sample. For diagnostics, an optical fiber collects flame emission spectra and transmits them
to a spectrometer. The relative positions of the sample and optical fiber were maintained constant
across all experiments to enable quantitative spectral comparison. Synchronization of the laser and
spectrometer is achieved by the signal generator, ensuring precise timing control. All experiments
were conducted at room temperature and atmospheric pressure, with the laser operating at 200 W
for 1.5 s. The spectrometer was configured with a 3 ms sampling interval and a 100 pis exposure time.

Wire
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Figure 7. Spectral profiles of the AlO radical emission band (464.4-513.3 nm) recorded at 100ms without intensity
correction, where Av denotes the net change in the vibrational quantum number, while the v'-v" notation
indicates a specific vibronic transition between defined vibrational energy levels. Results from three independent

experimental trials for samples with (a) 1, (b) 2, (c) 3, and (d) 4 packing layers.

Laser ignition tests were conducted on samples with packing layers ranging from 1 to 50, with
each configuration replicated five times. The combustion process was monitored by tracking the AlO
radical’s radiation band within the 464.4~513.3 nm wavelength range, a well-established diagnostic
signature for aluminum combustion, Zhi ming P et al [24]. For direct comparison with the
computational results, which were simulated for 1 to 4 layers, the spectral data presented in Figure 7
are limited to this corresponding range.

Figure 7 shows the characteristic spectrum of the AlO radical, where the main transition bands
match previously reported results [citation:X], thereby validating the experimental approach.
Analysis of the temporal spectral data further indicates that the consistency of the AlO spectrum at a
given time decreases significantly with increasing packing layers. Importantly, this observed decline
in spectral reproducibility correlates strongly with the corresponding decrease in surface
morphology consistency. The spectral consistency of AlO significantly improves as the packing layers
increase from 1 to 2. However, a rapid decline in consistency is observed when the layer count further
increases to 3 and above. Due to the semi-quantitative nature of radiation intensity, which lacks
directly comparable absolute values, the full width at half maximum (FWHM) of specific emission
peaks is commonly employed as a metric for evaluating spectral consistency, Qing guo Z et al [25].
Among these, the Av = 0 band —particularly the 0-0 band transition—is selected as the AlO
characteristic peak owing to its highest radiation intensity. The temporal evolution of the FWHM of
this AlO characteristic peak is tracked throughout the combustion process, forming what is termed
the “AlO characteristic FWHM curve’. To quantitatively assess the reproducibility of spectra across
multiple experiments, the curve similarity function S is applied again to evaluate the consistency of
AlQO characteristic FWHM curve during combustion, and the results are shown in Figure 8.
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Figure 8. Dependence of AlO characteristic FWHM curve similarity on the number of packing layers.

Figure 8 illustrates a rapid decline in the consistency of the AlO characteristic spectral FWHM
curve as the number of packing layers increases —a trend that closely mirrors the variation in surface
morphology consistency. This correlation suggests that the uniformity of the surface layer
predominantly governs the spectral consistency of AlO emission. When the stacking layer number is
1 or 2, the similarity function of the AlO spectrum remains above 0.85, accompanied by minimal error
bars. In contrast, as the layer count exceeds 3, the similarity drops sharply to 0.1- 0.4, while the error
bars expand significantly, often exceeding 50% of the mean value. Notably, the AlO spectral
consistency shows a distinct degradation threshold at 3 layers—one layer fewer than the
corresponding threshold for surface morphology consistency (4 layers). This discrepancy may be
attributed to the fact that the two-dimensional computational model underestimates the actual three-
dimensional packing consistency, particularly in capturing the increased morphological complexity
and fluctuation introduced by additional dimension.

In combustion diagnostics using emission spectroscopy, the AlO characteristic peak intensity
serves as a key factor for determining the ignition delay and combustion duration of samples. It has
been widely observed that the AlO characteristic peak exhibits two distinct high-intensity regions:
the first region appears within a narrow timeframe, while the second persists for a significantly longer
duration [26]. The ignition delay is defined as the interval from the laser ignition point to the peak
intensity of the first high-intensity region. The combustion duration is measured as the time interval
between the 50% rise point and the 50% fall point of the second high-intensity region. The consistency
of the experimentally determined ignition delay and combustion duration, as functions of packing
layers, is presented in Figure 9 and Figure 10, respectively.
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Figure 9. Dependence of ignition delay similarity on the number of packing layers.
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Figure 10. Dependence of combustion duration similarity on the number of packing layers.

As shown in Figure9 and Figure 10, the consistency of both ignition delay and combustion
duration decreases rapidly with an increasing number of packing layers —a trend that closely mirrors
the decline in surface morphology conformity. This strong correlation supports the conclusion that
the reproducibility of combustion processes is predominantly governed by the consistency of surface
morphology rather than variations in bulk packing density. Quantitatively, samples with 1 and 2
packing layers exhibit excellent experimental reproducibility, as reflected by small error bars in
ignition delay (less than 4%) and combustion duration (less than 21%). However, a marked
deterioration in consistency occurs when the number of layers exceeds 3. For packs ranging from 3
to 50 layers, the maximum scatter in ignition delay stabilizes in the range of 25%-50%, while that for
combustion duration remains between 40% and 70%. Such significant data dispersion substantially
undermines the reliability and analytical utility of the measured parameters, a phenomenon
commonly encountered in randomly packed samples. It should be emphasized that these findings
are established within the specific context of laser ignition. Whether surface morphology consistency
remains the dominant factor under other heating regimes warrants further investigation.

The study further demonstrated that the constrained droplet method enables the measurement
of key combustion parameters—such as the upper limits of average ignition delay and combustion
duration, as well as the maximum penetration distance of heat flux —which are difficult to obtain
using conventional random packing techniques. The observed trend —where the average ignition
delay and average combustion duration increase initially and then plateau with additional packing
layers under stable heating —is attributed to the heat transfer dynamics within the pack. For non-self-
sustaining combustion (like aluminum particles), these processes rely on heat flux propagation,
which is limited by factors like phase changes, reaction energetics, and product diffusion, and heat
transfer during the laser duration. This limitation establishes a maximum penetration distance for
effective heating, thereby capping the ignition delay and combustion duration.

Figure 10 indicates that the average combustion duration stabilizes at approximately 800 ms for
packs exceeding 4 layers, with a maximum variation of about 10% across different layer counts. This
trend suggests that under continuous 200 W laser irradiation lasting 1.5 s, the maximum penetration
distance of heat flux during the combustion stage is approximately 40 um. Given that the heat flux
during the ignition stage is lower than during combustion—due to the absence of reaction
exothermicity —the corresponding heat penetration distance during ignition is expected to be less
than 40 um. This further implies that the average ignition delay should also approach a maximum
once the number of layers exceeds 4, a conclusion supported by the experimental observation. A
comparison reveals that while the dispersion in average ignition delay decreases beyond 4 layers
(with an upper limit of 82 ms), its maximum deviation across different layer counts exceeds 30%,
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which is significantly greater than that for combustion duration. The primary reason for this
increased uncertainty is the relatively large particle size used in the ignition delay measurements.
Since the average ignition delay recorded is about one-eighth of the average combustion duration,
the particle size for the delay tests should theoretically be one-eighth of that for the combustion time
tests to attain commensurate precision. Hence, applying the same particle size for both
measurements, as in this study, results in poorer convergence for the ignition delay data due to this
fundamental scaling rationale.

5. Conclusion

The major challenge in laser-ignited packing combustion research is the poor reproducibility of
experimental results obtained from classical random packing sample preparation methods. To
address this issue, the present study employed an integrated methodology of computational
prediction, precision sample preparation, and experimental verification, leading to the
groundbreaking conclusion that surface morphology, rather than overall packing density, is the
decisive factor governing laser-ignition experimental reproducibility.

A two-dimensional DEM for multi-particle random packing was developed to simulate the
semi-regular packing process. The simulation results revealed that increasing the number of packing
layers leads to a significant decrease in the conformity of surface topography beyond 4 layers,
whereas the overall packing density remains virtually constant. This apparent insensitivity of
packing density to the number of layers contrasts with classical theory and is attributed to
gravitational settling, which compacted the particle bed, causing the packing fraction to consistently
approach the theoretical maximum.

An innovative constrained droplet method was proposed for fabricating semi-regular packing
samples that closely mirror the computational models. This technique integrates multi-stage
molecular sieving to narrow the size distribution of spherical aluminum particles, applies the ECPC
theory to control the total number of particles precisely, and utilizes droplet deposition to build up
the desired number of packing layers accurately.

A dedicated laser ignition platform was established to perform in situ diagnostics of the flame
emission spectra from the packed aluminum samples. The influence of the number of packing layers
on the consistency of four key combustion metrics —the AlO spectral profile and its characteristic
FWHM curve, ignition delay, and combustion duration—was systematically investigated. The
experimental results demonstrated that the consistency of all these parameters declines markedly
when the number of layers exceeds 3. This trend closely mirrors the computational prediction of
decreasing surface morphology conformity with increasing layers, robustly supporting the
hypothesis that surface morphology consistency dictates experimental reproducibility under laser
irradiation.

Furthermore, the constrained droplet method enabled the precise quantification of key
combustion thresholds, including the average ignition delay, average combustion duration, and heat
flux penetration distance. Notably, characterizing ignition-related thresholds required the use of
smaller particle sizes than those employed for combustion-related parameters. These
measurements— particularly challenging to obtain via conventional approaches—provide valuable
input for precision numerical simulations.

In summary, this work challenges the conventional wisdom that packing density governs
experimental reproducibility, and redefines surface morphology uniformity as the dominant
controlling mechanism in laser-ignited combustion of random particle packings. These findings
provide a foundational insight for advancing precision sample preparation methodologies, enabling
the accurate determination of key combustion parameters previously obscured by conventional
techniques, and ultimately clarifying the underlying physicochemical mechanisms governing
particle ignition and combustion.
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