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This research collaboration led to key advancements in fire safety and combustion science.

A reduced theoretical model was developed to predict the transition from smoldering to

flaming combustion, with stability analysis confirming stable solutions. A method using

bifurcation theory and stochastic differential equations was proposed for early detection of

runaway reactions, improving accuracy. The study on flame spread in polyester-cotton

materials highlighted the impact of gap width. Premixed flame stability under diffusive-

thermal instability was revisited, extending classical theories. Additionally, bifurcation

theory was applied to flame ignition, showing how small parameter changes can

significantly shift flame behavior. This collaboration analyzed these issues mathematically,

aiming to share insights for ongoing combustion and fire safety research.
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1. Background and Objectives

Transition phenomena in combustion processes, such as the shift from smoldering to
flaming combustion, thermal runaway in batteries, and flashover, play a crucial role in fire
safety and energy applications. Despite extensive research, quantitatively predicting these
transitions remains challenging due to the intricate interplay of thermal and chemical reactions,
as well as the influence of environmental factors.

This short-term collaborative research aimed to develop a predictive framework by
integrating theoretical modeling and experimental validation. Specifically, we investigated the
impact of external heat flux, oxygen concentration, and material properties on combustion
transition behavior. By addressing key mechanisms governing these processes, we sought to
enhance our understanding of critical limits and provide insights for fire hazard assessment and

combustion control strategies.

2. Research Activities
e BIUF¥TEUVFVa PFXrP¥R—V (KEERKFE) © Modeling limit

conditions of smoldering combustion

This study proposes a theoretical reduced model to predict the transition from smoldering
to flaming combustion. The conservation equations of energy, mass, and species, along with
surface and gas-phase reactions, are considered. The auto-ignition assumption of gaseous
products by the hot char surface reported in the previous study (Bar-Ilan et al, 2005) is adopted
in this study. The results indicate a transition from smoldering combustion, characterized by a
higher surface temperature, to flaming combustion, which exhibits a higher gas-phase
temperature, occurring at the oxygen mass fraction of approximately 0.17. This finding
confirms the model’s simple yet effective predictive capability.

Since the model yields two distinct solutions: the upper and lower branches, the stability

of these solutions was a critical focus of discussion among the participants. To assess the



stability, a detailed stability analysis was performed based on the eigenvalues of the Jacobian
matrix derived from the system of governing equations. The eigenvalue analysis provides
insights into the system's response to small perturbations, revealing the stability of the solutions.
After conducting the analysis, it was confirmed that the upper branch solutions exhibit stable
eigenvalues, indicating that they represent a physically realizable state.
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Smoke and CO detectors are required in every compartment due to the role smoke plays in
early fire detection. These detectors work by sensing light reflected off particles in a chamber,
with the presence of smoke triggering an alarm when the light intensity exceeds a certain
threshold. However, conventional smoke detectors face issues with sensitivity, requiring a long
time for accumulated smoke to trigger the sensor, and the inability to differentiate between
smoke from real fires and particles from dust or water vapor, leading to false alarms. To avoid
these false alarms, alarm thresholds are set higher, increasing response time and delaying
emergency actions.

This study explores saddle-node bifurcation in dynamical systems and its application to
early warning detection for runaway reactions, using an ordinary differential equation model
based on Semenov's thermal explosion theory. The study converts the model into stochastic
differential equations to assess the influence of noise and applies time-series analysis for early
detection of critical transitions. Through numerical simulations, the conventional thermal
runaway scenario was tested multiple times to validate the effectiveness of the proposed early
detection method.
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This study explores the flame spread rate of the polyester-cotton mixed material, as more
than 30% of building fires involve textile fibers. The experiment was conducted using fabrics
with different weaves (twill and plain) and varying gap widths between materials. The flame
spread rate for 0 mm gap width (only cotton) was the lowest, while the rates for gap widths
from 0.5 to 2 mm were relatively similar and higher than that of 0 mm.

The laminar diffusion flame spread model proposed by De Ris (1969) is applied to
represent the experimental data. This model assumes that the hot flame heats the unburned fuel
bed, causing it to vaporize. The resulting fuel vapor reacts with oxygen supplied by the
incoming air, generating heat to sustain the flame spread process. The model incorporates

energy and species conservation equations to describe the phenomenon. During the



collaboration research, discussions were held regarding the use of a moving coordinate system

and the homogenization method for modeling the behavior of heterogeneous materials.
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This study focuses on analyzing the stability of premixed flames in both flat (planar) and

cylindrical configurations. The study examines the effects of diffusive-thermal instability,

which occurs when there is an imbalance between the diffusion of heat and the transport of fuel
and oxidizer in the flame. By revisiting and extending classical theories, the research aims to
better understand how these instabilities affect flame propagation and stability. The work
combines mathematical modeling and numerical simulations to explore the conditions under

which these instabilities occur.
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The study explores ignition and flame dynamics using bifurcation theory to understand
how small changes in parameters can cause significant shifts in flame behavior. By analyzing
the bifurcation points, the study identifies the critical thresholds where flames transition
between stable and unstable states. The research revisits previous theories on flame behavior

while providing new insights into ignition and response dynamics in combustion systems.
3. Conclusions

The research collaboration developed and validated models for predicting transitions in
combustion dynamics, including the shift from smoldering to flaming combustion and the
stability of premixed flames under diffusive-thermal instability. Key findings include the
identification of critical bifurcation points and the applicability of theoretical models in
improving flame spread predictions and early detection of combustion runaway reactions. The
discussions on stability analysis, moving coordinate systems, and homogenization methods
contributed valuable insights into the behavior of heterogeneous materials and their fire-related
dynamics. We hope that this discussion will help share the mathematical approach for ongoing

research in combustion and address fire safety issues within society and industry perspectives.
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