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Abstract

Aluminium powder, an energetic material, is prone to thermal runaway upon water exposure under
local heat sources, yet the nonadiabatic mechanisms of micron sized accumulated aluminium powder
under localized heating remain unclear. This study employs a proprietary characterization platform
to investigate the effects of particle size, water content, and local heat source power on heat transfer
in the dry state and on parameters including induction time, onset temperature, peak heat release
rate, and reaction heat during the induction and main reaction phases. In the dry state, decreasing
particle size enhances effective thermal conductivity and accelerates temperature rise, whereas
elevated local heat source power exacerbates thermal inertia. Under local heating upon water
exposure, reduced particle size significantly enhances reactivity; the reaction heat of 2 um powder
reaches 983 J/g, approximately fourfold. As shown in Figure 9 that of 106 um powder. Water content
exhibits nonmonotonic regulation, with onset temperature minimizing at 25% water content and 66.4
°C and reaction heat peaking at 33%. Paradoxically, elevated local heat source power suppresses
reaction intensity, and reaction heat at 10 W is one sixth of that at 2.5 W, attributed to rapid product
layer densification and the steam film barrier effect shifting the controlling mechanism from chemical
to diffusion control. A coupled multifactorial predictive model incorporating the three factors was
established with R? of 0.92, providing data and guidance for aluminium powder storage hazard
prevention.

Keywords: micron aluminium particles; accumulated dust; heat source; aluminium-water reaction;
thermal effect

1. Introduction

As the non-ferrous metal with the highest global production and consumption, aluminium
powder is widely used in fields such as propellants, metal fuels and catalytic systems due to its high
energy density (approximately 29 MJ-kg'), good storage stability and environmentally friendly
combustion products [1]. However, during production, processing and storage, aluminium powder
may become hydrated due to changes in ambient humidity or accidental water ingress. In the
presence of localised heat sources, such as hot equipment surfaces or electrical sparks, this can easily
trigger a runaway chain reaction involving the aluminium-water reaction, leading to fire or explosion
incidents [2,3]. In particular, the wet aluminium powder explosion that occurred in Shanghai, China,
in 2023 demonstrated that, once hydrated, aluminium powder remains in a state of heat accumulation
under the influence of internal heat sources. Consequently, in-depth research into the mechanisms
governing the thermal behaviour of aluminium powder under the combined influence of local heat
sources and water holds significant theoretical and practical importance for the safe storage of
aluminium powder and the prevention of accidents.

The heat transfer within the accumulated particles is significantly influenced by the particle size
[4]. Studies have shown that particle size exerts a significant influence on the effective thermal
conductivity: fine-grained aluminium powder, due to its dense packing and reduced inter-particle
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spacing, significantly increases the effective thermal conductivity (ket). Conversely, large-particle-
size aluminium powder, due to its higher porosity, experiences enhanced natural convection of gas
within the pores, leading to easier heat dissipation [5,6].

Regarding the aluminium powder—water reaction system, the reaction between aluminium and
water is highly exothermic in thermodynamic terms, with a standard molar enthalpy change of
approximately -837.3 kJ/mol. Theoretically, the complete reaction of one gram of aluminium can
produce approximately 1.24 L of hydrogen gas [7]. The dense aluminium oxide passivation layer on
the surface of aluminium particles prevents direct contact between water molecules and the active
aluminium within, resulting in a relatively slow reaction at room temperature [8,9].Schoenitz et al.
[10] and Nie et al. [11] systematically investigated the oxidation behaviour of aluminium particles
and the interfacial mass transfer mechanisms in the presence of water. Saceleanu et al. [12] and Wang
et al. [13] determined the kinetic characteristics of the aluminium-water reaction using calorimetry,
dividing the reaction into three stages: hydrolysis of the aluminium oxide layer, chemically controlled
reaction, and diffusion-controlled reaction.

Particle size, content of water, and heat source power are the three key factors affecting the
thermal behavior of aluminum powder when exposed to water. With regard to the particle size effect,
research by Dong et al. [14] indicates that the hydrogen production rate increases significantly as
particle size decreases. Zhang et al. [15] revealed that smaller particles possess a larger specific surface
area, providing more reaction sites for water molecules. However, the aforementioned studies have
primarily focused on the reaction kinetics of dispersed aluminium powder. In the case of packed
aluminium powder systems, a reduction in particle size not only increases the specific surface area
but also significantly raises the packing density and reduces the porosity [5,6], thereby substantially
enhancing the system’s heat transfer efficiency and influencing the thermal behaviour of the
aluminium powder’s reaction with water. Regarding the influence of water content, the study by
Pang et al. [2] revealed its sensitive effect on the reaction temperature and pressure of aluminium
powder, finding that aluminium powder heats up most rapidly at 30% water content, whilst excess
water above 50% inhibits violent reactions due to dilution effects and mass transfer hindrances.
Regarding the mechanism of action of local heat sources, Arlington et al. [16] systematically reviewed
the application characteristics of exothermic reaction formation as a local heat source in the fields of
material joining and sealing, revealing the mechanism by which local heat sources achieve rapid local
heating through self-propagating reactions. Knecht et al. [17], on the other hand, developed a heat
transfer surrogate model to describe the quasi-steady-state thermal distribution characteristics of
oscillating flow systems containing local heat sources. However, existing research has largely focused
on the uniform reaction behaviour of nano-alumina or under high-temperature adiabatic conditions,
whilst studies on the multi-factor synergistic mechanisms governing the hydrothermal behaviour of
micron-sized aggregated alumina in the presence of water under the influence of local heat sources
remain insufficient.

Based on this, this paper employs a proprietary platform for the quantitative characterisation of
the thermal behaviour of aluminium powder upon contact with water to systematically investigate
the heat absorption and release patterns of micron-sized aluminium powder in both dry and wet
states under the influence of a local heat source. By quantitatively characterising the effects of particle
size, water content, and heat source power on six key parameters —the time to onset of the reaction
(tin), onset temperature (Tonset), maximum heat release rate (gr_max), time to reach maximum reaction
rate (Time to grmax), heat of reaction (Qreaction) and reaction duration (Duration time), this study has
elucidated the microscopic mechanisms underlying the thermal behaviour of aluminium powder
upon contact with water. It provides a theoretical basis and technical support for the safe storage,
transport and accident prevention of aluminium powder.
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2. Experiment and Methods
2.1. Experimental Materials

For this experiment, high-purity aluminium powder produced by Sinopharm Group was
selected, with a purity of 99%. Deionised water was used to ensure that the water was free from
dissolved salts and metal ions. This prevented potential interference or errors in the reaction results,
thereby improving the accuracy and reproducibility of the experimental data. To systematically
investigate the influence of aluminium powder particle size on its thermal behaviour upon contact
with water, this study selected five aluminium powder samples of different specifications. The
median diameter (Dso) were 2 um, 21 um, 47 um, 92 um and 106 pm, respectively. These ranged from
the sub-micron to the micron scale. A Bettersize 2600 laser particle size analyser was employed to
quantitatively characterise the particle size distribution of each sample. The analyser used the dry
measurement mode to avoid particle agglomeration caused by liquid-phase dispersion. As shown in
Figure la-e, the samples predominantly exhibited a unimodal distribution. This indicated that the
particle size range was relatively concentrated and that the particle size uniformity was good. In this
study, the most frequently used sample was the 106 um aluminium powder. Figure 1f shows the X-
ray diffraction pattern of the 106 pm sample, indicating that it consists primarily of high-purity
aluminium. All aluminium powder samples were treated in a vacuum oven at 50 °C for 2 hours prior
to use. This minimised potential interference from ambient humidity on the reaction system. The
morphological characteristics and elemental compositions of the samples were examined using a FEI
Quanta 200 scanning electron microscope equipped with an EDAX TEAM energy dispersive X-ray
spectrometer.
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Figure 1. Characterization of experimental samples: (a)-(e) Particle size distribution of samples with sizes of

2pm, 21um, 47um, 92pum, and 106um, (f) Composition analysis of the 106um sample.

The rigorous screening and characterisation of the experimental materials laid a solid foundation
for the subsequent precise investigation of the thermal behaviour of aluminium powders upon
contact with water in the presence of a local heat source.

2.2. Experimental Setup

At an ambient temperature of 25 °C, the weighed aluminium powder sample is first placed in a
glass reaction vessel. Deionised water is added in the specified proportion, and the mixture is stirred
thoroughly to ensure uniform mixing of the solid and liquid phases. After sealing the reactor, it is
purged with high-purity N2. The bottom heating plate is then activated to heat the sample at a
constant power, with continuous monitoring until the temperature and pressure stabilise. A
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proprietary platform designed for the quantitative characterisation of the thermal behaviour of
aluminium powder upon contact with water was employed. A schematic diagram of the apparatus
is shown in Figure 2. The platform primarily consists of a reaction vessel, a heating and temperature
control system, a pressure sensor, a data acquisition and analysis platform, a safety interlock system
and a control box. The reaction vessel is a borosilicate glass cylinder with an inner diameter of 13 mm
and a height of 45 mm, with an aspect ratio of approximately 3.5. It is covered with a thermal
insulation layer to minimise radial heat loss. A 0-10 W controllable heating element is positioned at
the base to simulate a local heat source, with the power maintained at a constant level throughout
the experiment. A K-type sheathed thermocouple is positioned at the centre of the aluminium-water
mixture to monitor temperature changes in real time. A pressure sensor and a burst disc are installed
at the top of the reactor to serve as overpressure protection devices. The system incorporates an
atmosphere control module. Prior to the experiment, the system is purged with 99.9% high-purity N,
for 10 minutes to eliminate oxygen interference.
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Figure 2. Platform for the quantitative characterisation of the thermal behaviour of aluminium powder upon

contact with wate.

In the experiment, 3.00 g of aluminum powder was weighed and mixed according to a water-
to-aluminum ratio ranging from 1:7.5 to 1:1, corresponding to moisture contents of 12%, 17%, 20%,
25%, 33%, and 50% [18]. Five aluminium powders with particle sizes of 2, 21, 47, 92 and 106 um, as
described in Section 2.1, were selected to investigate the effect of particle size on thermal behaviour
under a fixed water content of 20% and a heat source power of 2.5 W. Three power settings (2.5, 5
and 10 W) were employed to examine the influence of heat source intensity. Blank control
experiments were conducted simultaneously using dried aluminium powder and under low-power
heat source conditions during the induction phase.

2.3. Analytical Methods

For both the dry aluminium powder system and the aluminium powder-water system
(hereinafter collectively referred to as ‘the system’), prior to the initiation of the reaction, the energy
input from the heating element is equal to the sum of the heat stored within the system and the heat
lost to the environment [19]. A non-adiabatic thermal model is established based on the law of
conservation of energy, and the equilibrium relationship governing energy conservation in the
system is shown in equation (1):

QheatzQAl+Qloss (1)
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where Qreat is the energy input per unit time from the local heat source (J); Qai is the energy absorbed
by the system for temperature rise (J), and Qus is the heat dissipated from the system (J).
The heat required to raise the system temperature can be expressed by equation (2) [20]:
Q,=cmAT 2
The specific heat capacity of a mixture can be expressed using equation (3) [21]:

C=CAIX AT Co Xy 3)
where, ca and cw denote the specific heat capacities of aluminium powder and water, respectively, in
kJ/(kgK); cai=0.88 kJ/(kgK) and cw =4.18 kJ/(kg-K). xa and xw denote the mass fractions of aluminium
powder and water, respectively.

According to Newton's law of cooling [22], the rate of heat dissipation can be written as equation

o dQ
loss _
T_hA(T'TO) (4)

where h is the heat dissipation coefficient of the sample (W-m2-°C1), A is the heat dissipation surface
area (m?), T is the sample temperature (°C), and To is the ambient temperature (°C).

Since the local heat source in this study employs a fixed heating power, differentiating equation
(1) yields equation (5).

T
P=cm—+hA(T-Ty) (5)

where P represents the heat source power (W). A relatively smooth curve from before the reaction is
selected, and ¢m and hA are fitted using this equation.

Once the induction phase of aluminium powder iOn contact with water has concluded, the
system enters a rapid reaction phase. The energy balance equation for this phase is given by equation

(6).
aTr
P+mgq =cm I +hA(T-Ty) (6)

where g: is the rate of exothermic reaction (W).

3. Results and Discussion
3.1. Effects of Heat Transfer in Powders

The heat transfer behaviour of piled aluminium powder under the influence of a local heat
source forms the physical basis for understanding the mechanisms underlying the evolution of
thermal runaway hazards. To eliminate the interference of chemical reactions and establish a baseline
reference involving heat transfer processes alone, a systematic study was conducted on the
temperature rise characteristics of dry aluminium powder under a constant bottom heat source
power of 2.5 W. As shown in Figure 3a, under the influence of a constant local heat source, piled
aluminium powder of different particle sizes exhibits distinct temperature rise characteristics. This
difference primarily stems from the mechanism by which the particle size effect regulates the effective
thermal conductivity of the powder bed. The spacing between particles decreases as particle size
decreases. Consequently, the effective thermal conductivity increases as powder particle size
decreases [23], thereby enhancing the efficiency of axial heat conduction and resulting in a faster rate
of temperature rise and a higher steady-state temperature. Furthermore, the improved heat transfer
efficiency in fine-particle powders promotes a more uniform temperature distribution within the bed,
thereby exerting a critical influence on the induction time of the aluminium-water reaction system
and its subsequent exothermic behaviour.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Temperature rise curve of aluminium powder as a function of particle size and heat source power.

Figure 3b illustrates the temperature rise characteristics of 106 pm aluminium powder under
three different local heat source powers. Both the initial rate of temperature rise and the steady-state
temperature show a significant positive correlation with the heat source power. When the power is
increased from 2.5 W to 10 W, the steady-state temperature of the system rises sharply from 100 °C
to 308 °C, whilst the time required to reach thermal equilibrium decreases correspondingly with
increasing power. This thermal behaviour can be explained by the transient energy balance equation.
As shown in equation (5), during the initial heating phase, the heat dissipation term is negligible and
the heating rate is approximately proportional to the power. Consequently, as the heat source power
increases, the initial heating rate of the aluminium powder increases significantly. Under high-power
conditions, the bottom heat flux density increases significantly, leading to an intensified axial
temperature gradient. Heat accumulates rapidly at the bottom of the powder bed, resulting in a
pronounced thermal inertia effect [24,25]. As the temperature difference increases, the heat
dissipation rate follows an exponential growth curve in accordance with Newton’s law of cooling,
until it reaches a steady state when it equals the heat source power. At this point, the steady-state
temperature Ts satisfies equation (7). These power-dependent heat transfer characteristics indicate
that compacted aluminium powder exhibits a faster temperature rise response and a higher risk of
thermal accumulation under the influence of localised high heat flux densities.

P
Tss:T0+ H (7)

3.2. Effects of Water Content

Water content refers to the mass fraction of deionised water used in the reaction within the
aluminium powder-water system. To investigate the effect of water content, experiments were
conducted on aluminium powder-water systems with water contents of 12%, 17%, 20%, 25%, 33%
and 50% under a 5 W local heat source. In this study, 12% and 17% were classified as low water
content, 20% and 25% as medium water content, and 33% and 50% as high water content. As shown
in Figure 4, the temperature curve of the reaction between aluminium powder and water exhibits
phased characteristics. The induction phase involves a slow temperature rise, followed by a rapid
reaction phase. After the reaction is complete, water evaporates under the influence of local heat
sources, and the temperature rises again after the evaporation is complete. Water content influences
the Tonset of the aluminium powder’s reaction with water. When the water content varies within the
range of 12% to 50%, Tonset exhibits a trend of first decreasing and then increasing. At a water content
of 25%, Tonset is lowest, reaching 66.4 °C. At the same time, tin shows a significant linear increase with
increasing water content, and the fitting equation is given by equation (8).

y=6.55x+123.83 3
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the correlation coefficient R? = 0.97, as shown in Figure 5a Based on the analysis in the preceding
section, this linear relationship stems from the significant increase in the heat capacity of the mixed
system. According to equation (3), when the water content increases from 12% to 50%, the specific
heat capacity of the system rises from approximately 1.18 kJ/(kg-K) to 2.53 kJ/(kg-K), and the mass of
the system increases accordingly. The high heat capacity significantly delays the time required for
the system to reach the critical temperature for oxide layer rupture, thereby linearly extending the
reaction induction period [26,27].
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Figure 4. Changes in reaction temperature of aluminium powder at different water content.

The exothermic characteristics of the reaction exhibit a non-monotonic relationship with water
content. As shown in Figure 5b, gr_max peaks at 2.1 W/g at a water content of 17%, but drops to 1.3 W/g
at a high water content of 50%. More crucially, Qreaction exhibits an inverted U-shaped distribution,
rising initially and then decreasing. Specifically, as the water content increases from 12% to 33%, the
heat release increases significantly from 42 J/g to 89 J/g, representing a 110% increase. However, upon
further increase to 50%, the heat release actually decreases. This non-linear characteristic reflects the
competing mechanisms of water playing dual roles as both a heat transfer medium and a reactant
within the reaction system [28].
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Figure 5. The induction time (a) and heat of reaction (b) of aluminium powder reaction under different water
contents.
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In the low to medium water content range, an appropriate amount of water ensures that exposed
aluminium nuclei come into sufficient contact with water molecules, thereby enhancing the reaction
conversion rate. However, when the water content is too high, excess liquid water leads to an
excessively large heat capacity of the system and the formation of a thick liquid film, increasing the
diffusion resistance of water molecules towards the aluminium nucleus surface [29]. At the same
time, the intense endothermic effect of evaporation enhances convective heat transfer losses, limiting
the temperature rise of the system [30] More importantly, under high water content conditions, the
layer of aluminium hydroxide produced by the reaction rapidly densifies, hindering the continued
diffusion of water molecules towards unreacted aluminium nuclei and causing the reaction to
terminate prematurely, as evidenced by a significant reduction in heat release [31,32].

3.3. Effects of Particle Size

To investigate the reaction characteristics of aluminium powder with different particle sizes,
experiments were conducted using aluminium powders with particle sizes of 2 um, 21 pum, 47 um,
92 um and 106 pum, under conditions of 20% water content and a local heat source power of 2.5 W.
The reaction parameters and thermal effect parameters were analysed. Figure 6a shows the
temperature rise of aluminium powders of different particle sizes upon contact with water, whilst
Figure 6b reveals the variation in fin, Tonset, Time to gr-max, Duration time, grmax and Qreaction with particle
size. The experimental results indicate that tin increases significantly with increasing particle size. In
this experiment, the induction time for 2 um aluminium powder was 267 s, whereas that for 106 um
aluminium powder increased to 530 s. The induction stage primarily corresponds to the rupture of
the oxide film and the formation of the reaction interface. On the one hand, fine aluminium powder
particles have low thermal resistance and high heat transfer efficiency [33]. On the other hand, the
smaller the aluminium particle size, the greater the surface area in contact with water during the
reaction[34]. Consequently, the reaction rate during the induction phase is higher resulting in a
significant reduction in fin.
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Figure 6. Temperature changes and thermal behaviour parameters during the reaction of aluminium powder of

different particle sizes with water.

As the particle size of aluminium powder increases, the onset temperature of the reaction
gradually rises. When the particle size is 2 um, the Tonset is 49.8 °C, whereas it rises to 61.5 °C when
the particle size is 106 um. This trend indicates that aluminium powder with a smaller particle size
is more readily capable of initiating a reaction with water at lower temperatures. This phenomenon
is closely related to the stability of the oxide film on the surface of aluminium particles. A reduction
in particle size significantly increases the specific surface area, providing more reaction sites and
resulting in a significant energy difference between surface atoms and internal atoms, thereby
enhancing reactivity [18,35]. At the same time, the reduction in particle size decreases the thermal
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inertia of the aluminium powder particles, accelerating the heating and destruction of the oxide film
[36].

The effect of particle size on gr_max is particularly pronounced. Figure 7 shows that the maximum
heat release rate for aluminium powder with a particle size of 2 um reaches 133.16 W-g!, whereas for
a particle size of 106 pum, it is only 9.76 W-g-1. As the particle size increases, the maximum heat release
rate shows a significant downward trend. The reaction rate of metal particle hydrolysis is typically
closely related to their specific surface area. Smaller aluminium powder particles provide a larger
reaction interface, thereby significantly increasing the interfacial reaction rate. At the same time,
small-particle sizes shorten the diffusion paths for heat and reaction products, facilitating the
formation of a rapid autocatalytic process [37]. Furthermore, the time to grmax also increases
significantly with increasing particle size, rising from 355 s for 2 um particles to 694 s for 106 pm
particles. This result indicates that larger aluminium powder particles not only exhibit a slower
reaction initiation but also a slower reaction acceleration phase. This characteristic also explains the
phenomenon whereby the duration time increases with increasing particle size.
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Figure 7. The heat of reaction during the reaction of aluminium powder of different particle sizes with water.

The Qreaction values for aluminium powders of different particle sizes also show marked
differences. The reaction heat for 2 pm aluminium powder is 983 J-g; when the particle size increases
to 106 um, the heat generated by the aluminium powder upon contact with water is 243 J-g-1, which
is only one-quarter of that for the smaller particles. This phenomenon is primarily due to the higher
reaction conversion rate of the smaller particles. As the reaction proceeds, the generated layer of
aluminium hydroxide gradually covers the surface of the aluminium particles and hinders further
reaction [13]. When the particle size is larger, the dense product layer formed on its surface is more
likely to completely encapsulate the aluminium core, effectively blocking the diffusion pathway for
water molecules into the interior, causing the reaction to terminate prematurely and resulting in a
significant reduction in the conversion rate [38,39].

The reaction of aluminium powder with water involves the rupture of the oxide film, interfacial
heat transfer, and the generation and diffusion of hydrogen gas. In the early stages of the reaction,
the oxide film on the surface of the aluminium particles ruptures under the influence of rising
temperature or stress, thereby creating local reactive sites [40]. As the reaction between aluminium
powder and water is exothermic, the heat generated further promotes the rupture of the oxide film
and accelerates the reaction, resulting in a self-catalysing exothermic process. Furthermore, the
hydrogen gas produced during the reaction forms bubbles on the particle surface. These bubbles alter
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the mass transfer conditions at the reaction interface, thereby further influencing the reaction rate.
Due to their higher specific surface area and thinner oxide film [41], fine-particle-sized particles are
more prone to forming the aforementioned autocatalytic reaction process, and consequently exhibit
higher reaction activity and exothermic rates.

3.4. Impacts of Heat Sources

To systematically elucidate the regulatory mechanisms of heat source intensity on reaction
kinetics, this study fixed the water content at 20% and the aluminium powder particle size at 106 pm,
and conducted a comparative analysis of the initiation characteristics and exothermic behaviour of
the aluminium powder’s reaction with water under three heat source powers of 2.5, 5.0 and 10.0 W.
The results are shown in Figure 8.

(a)isu (b) £i5(s) —25W
—a—25W 10 —5W
00 | —*—5W a A - - ~ . - 0w
Ol 1™ oo C)
50
G max(W/g2) Time to g, ,,(s)
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0 480 960 1440 1920 2400

Time (s)

Duration time(s)

Figure 8. The temperature changes (a) and thermal behaviour parameters (b) during the reaction of aluminium

powder with water under different heat source powers.

The temperature curve in Figure 8 reveals the significant influence of the heat source power on
the system’s temperature rise. When the heat source power was 2.5 W, the system exhibited a gradual
temperature rise, with tin lasting 530 s and Tonset at 61.5 °C. As the power was increased to 10.0 W, the
initial rate of temperature rise increased significantly, and tn was drastically reduced to 135 s.
However, contrary to the trend of decreasing tin content, Tonset rises monotonically with increasing
power, reaching 84.6°C at 10.0 W—an increase of 23.1°C compared to the 2.5 W condition. The
induction time of the aluminium powder-water reaction is influenced by ambient temperature, with
the reaction rate exhibiting exponential growth with rising ambient temperature [28,34]. A high-
power heat source causes a rapid rise in local temperature and, through heat transfer, leads to a rapid
increase in ambient temperature. Compared to a low-power heat source, the reaction rate during the
induction phase is accelerated, resulting in a significant reduction in tin. At the same time, the increase
in local heat source power increases the system’s heating rate and enhances thermal inertia. The
accumulation of heat requires a higher temperature to meet the reaction activation energy
requirement, causing Tonset to shift towards higher temperatures [15].

The evolution of thermal behaviour parameters further corroborates the regulatory role of heat
source power on the reaction process. In Figure 8b, the time to gr_max decreases from 694 s at 2.5 W to
173 s at 10.0 W, whilst the duration time drops sharply from 192 s to 61 s, indicating that a high-
power heat source not only accelerates the reaction but also concentrates the entire reaction process.
Analysing the energy balance of a non-adiabatic reaction system, under the 2.5 W condition, the
exothermic reaction and external heating form a positive feedback loop, allowing heat to accumulate
effectively within the system and driving the reaction towards complete conversion. Under the 10.0
W condition, although the heat input is increased, the rapidly densifying product layer blocks the
aluminium-water contact interface, causing the exothermic chemical process to be suppressed
prematurely. Consequently, the system fails to fully utilise the chemical potential of the aluminium
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powder. This mechanism stands in stark contrast to the purely heat transfer-driven relationship
observed in dry aluminium powder systems, where higher power leads to higher steady-state
temperatures, highlighting the complex evolution of thermal behaviour once chemical reactions are
introduced.

As shown in Figure 9, g max decreases monotonically with increasing heat source power, falling
from 9.76 W-g1 at 2.5 W to 1.53 W-g1 at 10.0 W. Qreaction also exhibits a significant downward trend,
dropping sharply from 242.8 J-g' to 39.6 J-g'. For high-power heat sources, excessively high
temperatures lead to an overly thick oxide layer, which hinders the interaction between water and
aluminium. Consequently, both gr_max and Qreaction for the aluminium-water reaction are reduced [42].
Concurrently, the vigorous evaporation of water vapour forms a vapour barrier on the particle
surface, significantly increasing the mass transfer resistance of water molecules to the aluminium
core. This shifts the reaction from being chemically controlled to diffusion-controlled, leading to
premature termination of the reaction [43].

[2.5W O pion=243 Vi
: 5W Qre:lcﬂnn:67 '”‘g
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Figure 9. The heat of reaction during the reaction of aluminium powder with water under different heat source

powers.

These findings have important implications for industrial safety and risk prevention. Low-
power local heat sources in the 2.5 W range, such as the surfaces of equipment heating up slowly or
poorly insulated pipes, although they delay the initiation of the reaction, are more conducive to the
reaction proceeding to completion, which may lead to the accumulation of large amounts of
hydrogen and the risk of delayed explosions. Conversely, high-power heat sources of the 10.0 W
class, such as electrical sparks or mechanical friction hotspots, although reducing Qreaction, trigger the
reaction more rapidly, with tin being approximately 135 s. Moreover, a high Tonst implies that the
reaction is triggered whilst the system is in a higher energy state, potentially causing a violent
pressure surge. Consequently, in aluminium powder storage environments, differentiated
monitoring and control strategies must be established for local heat sources of varying power levels,
with particular attention paid to the risk of hydrogen accumulation under conditions of low-power,
prolonged exposure.

3.5. Modification of the Thermal Behaviour Model

The thermal behaviour of a bed of aluminium powder under the influence of a local heat source
constitutes a system in which non-adiabatic heat transfer is coupled with a chemical reaction. Based
on the principle of energy conservation, the temperature evolution of the system can be described by
a lumped parameter model [44]. During the induction phase, the system satisfies equation (5), whilst
during the reaction phase it satisfies equation (6). Integrating equation (6) yields:

f Pdt+mQ. . =cmAT+ f hA(T-T,) dt ©)

reaction
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Non-linear regression calibration was performed based on the relative values of the total heat
release per unit mass, Qreaction, under various operating conditions, with aluminium powder particle
size of 106 pum, water content of 20%, and power of 5 W taken as the reference conditions for
normalisation. The experimental results presented earlier indicate that the mass fraction of water
exerts a significant non-linear influence on the heat release from the reaction, exhibiting an inverted
U-shaped profile. Based on the concept of multi-feature separation modelling[45], a quadratic
polynomial regression was first used to fit the moisture correction factor flw) as shown in the
following equation. The fitting results are illustrated in Figure 10a.

f(w)=-12.96w?*+9.21w-0.36 (10)
in the equation, w represents the mass fraction of water. The fitted peak is at w = 0.35, with R? =0.94.
Taking w = 20% as the reference operating condition, the reaction heat is denoted as Qo, and heat of
reaction under the reference operating conditions described below is also denoted as Qo.
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Figure 10. Comparison of experimental data with the fitted model.

In equation (3), the addition of water also affects the system’s heat capacity:

CIM=C A A FCy THyy (11)

The dual mechanism of water’s role in the thermal behaviour of the system. At low and
moderate water contents, water acts as a reaction medium and enhances contact at the solid-liquid
interface, thereby exerting a promoting effect. At high water contents, excess water increases the
system’s heat capacity, forms a liquid film that impedes mass transfer, and is accompanied by
evaporative cooling, thereby exerting an inhibitory effect. These competing mechanisms collectively
give rise to a non-monotonic water-control curve.

Particle size influences heat and mass transfer efficiency by modulating effective thermal
conductivity and specific surface area. Based on the data in Figure 4, a power-law model [46] was
used for fitting, as shown in Figure 10b. The particle size correction factor U obtained from the fitting
is expressed as follows:

4y 036
Ug= (EO) (12)
in the equation, d represents the median diameter, in pm. do is the reference particle size, taken as 106

pum. R2=0.73.

An increase in the heat source power P did not enhance the reaction rate. On the contrary, it
reduced it. The suppression effect is described by introducing the power influence factor ne, and a
power law model is used for fitting, as shown in Figure 10c. The fitted e is expressed as follows:

p, 185
(%) (13)
in the equation, Po is the reference power, taken as 5 W. R? = 0.98, indicating a good fit. Under high-
power conditions, the rate of temperature rise in the system is too fast, leading to rapid densification
of the product layer. This transition from chemical control to diffusion control reduces the effective
extent of the reaction.

Combining the above correction functions, the exothermic term of the reaction can be expressed

as:

Qreactioanr,O f(w) ’ ud ’ nP (14)
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in the equation, Qro represents the heat of reaction under reference conditions, which is 67 J/g.

Substituting equation (10) to (14) into equation (9) yields the multi-factor coupled correction model:
0.36 1.85

f Pdt+mQ, ,(-12.96w29.21-0.36) (%) () ~(Ccarmarttym AT+ f WA(T-To)dt  (15)

To verify the reliability of the established model, a comparative analysis was conducted between
the total heat release predicted by the model and the experimentally measured values. The results
indicate that the predicted values show good agreement with the experimental data, with an R? of
0.92 , demonstrating good overall predictive capability. The model can therefore be used for the
quantitative prediction of heat release during aluminium powder—-water reactions under various
operating conditions.

Based on the coupled model of non-adiabatic heat transfer and aluminium-water reaction, this
section introduces correction terms for water content and heat source power, constructing a coupled
prediction model with clear physical significance. Through experimental data fitting, the nonlinear
regulation effect of water, the power-law influence of particle size on the heat generation of
aluminium powder upon water reaction, and the inhibitory mechanism of heat source power on
reaction efficiency are quantified. This model not only enables quantitative prediction of the thermal
behavior of aluminium powder upon water reaction but also provides a theoretical basis for thermal
safety assessment during industrial storage and transportation.

4. Conclusions

Based on a proprietary platform for the quantitative characterisation of the thermal behaviour
of aluminium powder upon contact with water, this study systematically reveals the thermal
behaviour patterns and multi-factor synergistic regulation mechanisms of micron-sized accumulated
aluminium powder reacting with water under the influence of a local heat source. Reducing particle
size significantly shortened tin and lowered Tonset, whilst markedly enhancing Qreaction. the Qreaction of 2
pum powder reached 983 J/g, approximately threefold that of 106 um powder, attributed to the larger
specific surface area and higher effective thermal conductivity of fine particles promoting rapid oxide
film rupture and subsequent autocatalytic exothermic processes. Water content exhibited
nonmonotonic regulation of the reaction thermal behaviour, with Tonset minimising at 25% water
content (66.4 °C) and Qreaction following an inverted U-shaped distribution peaking at approximately
33%. excess water reduced the conversion rate due to increased heat capacity and pronounced
evaporative cooling effects that limited system temperature rise. Elevated heating power
paradoxically suppressed reaction intensity, with Qreaction decreasing sharply from 242.8 J/g to 39.6 J/g
as power increased from 2.5 W to 10.0 W, owing to rapid product layer densification forming a
continuous passivation layer and the steam film barrier effect, which collectively shifted the rate-
controlling mechanism from chemical control to diffusion control and caused premature reaction
termination. A coupled multifactorial predictive model incorporating particle size, water content and
heating power was established and rigorously validated against experimental data, achieving R2 =
0.92 and demonstrating robust predictive capability for total reaction heat, thereby providing a
theoretical basis for quantitative thermal safety risk assessment and hazard prevention during
aluminium powder industrial storage and transport.
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