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ABSTRACT

In this study, the combustion of submicron-sized Al particles in air was studied numerically with a
particular focus on the effect of hydrogen addition. Oxidation of the Al particles and the interaction with
hydrogen-related intermediates were considered by regarding them as liquid-phase molecules initially.
Zero- and One-dimensional numerical simulations were then carried out to investigate the effect of the
hydrogen addition on fundamental combustion characteristics of the Al flame, by calculating properties
such as ignition delay time and flame speed. Our attention was paid to how the hydrogen chemistry is
coupled with the Al oxidation process. Numerical results show that the hydrogen addition generally
reduces the reactivity of Al, such that the flame speed and temperature decrease, while it can greatly
shorten ignition delay times of the Al flame depending on initial temperatures.

1 INTRODUCTION

Combustion of Aluminum (Al) particles has attracted attention as a promising energy conversion
technology due to their high energy density. It has been proposed to use them, for instance, as additives
to enhance the reactivity of hydrocarbon fuels [1], and for propulsion in underwater [2] or cosmic
environments [3]. Generation of hydrogen through the reaction with water has also been considered [4].
Using the Al combustion as energy sources can also be regarded to be an environmentally friendly
process. Furthermore, the Al particle combustion is also related to fire safety issues [5], and accordingly,
its elucidation is extremely crucial.

In terms of the kinetic reaction, reaction chemistry of Al combustion with various reactants such as HCl
[6], O; [7-10], H20 [8,9,11,12], H> [7], CO; [7,8], and CH4 [13] has been studied. These kinetic
approaches often possess some limitations in including effects of the particle size or phase transition. It
is also arguable whether fundamental flame characteristics such as burning velocity and ignition delay
time of the heterogeneous Al flame can be defined as similar to homogeneous flames made by gaseous
fuels [14]. Nevertheless, to understand fundamentals of the Al combustion, it is indispensable
developing reliable reaction models through the investigation of detailed reaction pathways and accurate
reaction rates.

The particle size is one of the most crucial factors governing Al particle combustion. It has been shown
that decreases in the particle size lead to increases in the burning rate [15,16]. Huang et al. conducted
combustion experiments using nano- and micron-sized Al particles [17]. The experimental results
showed that increases in nano-particle addition lead to increases in both of the flame thickness and flame
speed. However, the wider flame thickness is not caused by the lengthened reaction zone, but due to the
overlapping between separately located reaction zones. They analytically investigated the effect of
particle size on Al combustion, and showed that the flame speed is inversely proportional to the particle
size [10]. It was also reported that the maximum flame speed approaches to 5.82 m/s if considering Al
molecular limits, while the experimentally measured flame speed using micron-sized particles
[14,17,18] has been found to be an order of magnitude smaller. Note that physical experiments using
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submicron-scale Al particles are highly problematic due to their agglomeration, and accordingly, stable
Al flames solely made of such particles have been hard to be achieved.

In spite of the high energy density of Al particles, Al flames obtained in physical experiments often
possess high instability and ignitability. To overcome such limitations, addition of H, may be enhance
combustibility of the Al flame due to its high flame speed and small ignition energy. Risha et al. [18]
experimentally showed that effects of the H, addition on Al flames, of which the seed Al particle size is
5-8 pm. It has been showed the H, addition decreases the flame temperature, but increases the flame
speed. However, most previous kinetic studies considering hydrogen related reactions with Al oxidation
have focused on production of H> by using H>O as an oxidizer. Furthermore, mixing H, with Al particles
raise concerns for safety issues regarding coupling effects caused by their high combustibility.
Therefore, in the present study, we report effects of the H, addition on the Al particle combustion with
particular attention to kinetic coupling between the Al and H oxidation chemistry.

2 KINETIC MODEL FOR ALUMINUM AND HYDROGEN OXIDATION

In contrast to the oxidation of gas-phase fuels, it is not straightforward to model the reaction kinetic of
solid particle combustion, because it is required to consider effects of the phase change or particle size
for strict analyses. Nevertheless, submicron-sized fine Al particles have been treated as a lump of
molecules [9,10,12,13]. This assumption is fairly reasonable if considering that the single Al particle
with a diameter of 10 nm contains several thousands of Al atoms, and the number decreases to an order
of ten when the diameter is as small as 1 nm. Furthermore, in such a case, melting points of Al particles
becomes significantly lower than those of bulk material, because bonding forces in the particle are
extremely weak. Note that the melting point of the nano-sized Al particle estimated by using molecular
dynamics simulations could be lower than 500 K [19,20]. In addition, if the particle diameter becomes
as small as submicron scales, the system is governed by the reaction kinetic rather than diffusion
[10,11,17]. Accordingly, in the present study we follow the aforementioned assumption for numerical
simulations. The initial phase of Al was assumed to be liquid regardless of initial temperatures, and
phase changes were considered through including the Al = Al(I) reaction.

The AI-O basic mechanism involving AlO, AlO,, ALO, and Al,O,, and Al-O-H sub-mechanism
involving AIOH, AlH, AlH,, and AlH3 were adopted from [7,9,10]. Thermodynamic and transport data
for Al-related species were taken from [21] and [12], respectively. For the O-H sub-mechanism, well-
validated GRI-Mech 3.0 [22], from which C- and N-involved reactions were eliminated, was added.
Total number of the species and reaction of the kinetic model used in the current study are 22 and 51,
respectively. A series of numerical simulations was made using the Cantera 2.4.0 [23] code. Both the 0-
D and 1-D simulations for validation reproduce the numerical results of previous studies [9,10,12] well
(not shown).

3 HOMOGENEOUS IGNITION PROPERTY

Firstly, the ignition properties of the Al flame were calculated. An ideal gas reactor with a constant
volume was assumed by using the IdealGasReactor class in Cantera. Conservation equations for mass,
species, and energy were then solved under unsteady states. Homogeneous mixtures were composed of
liquid-phase Al and air with a stoichiometric condition, and additional H, was mixed up to 10% in mole
fraction. Initial temperatures were varied from 1000 to 3000 K under the atmospheric pressure. Ignition
delay times for the Al flame were defined by a peak of AlO, which is a major intermediate of the Al
oxidation process.

Figure 1 shows the calculated ignition delay time as a function of the temperature. The addition of H»
highly accelerates the ignition of Al flames when the initial temperature is lower than 1500 K. When
the initial temperature is 1200 K, the ignition delay time of the Al flame is found to be 2.04 ms. However,
it decreases to 0.199 ms when 2% of H; is added as shown in Fig. 2. The flame temperature is slightly
decreased with increasing the amount of H,. The high blending such as 10% makes the ignition delay
time almost identical to the stoichiometric Ha/air flame. On the other hand, the addition of H» hardly
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Figure 1. Ignition delay time of the Al flame Figure 2. Ignition profiles of the Al flame
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Figure 3. Temporal changes of the major species concentration in the Al flame when (a) 0% and
(b) 2% of H; is added.

affects the ignition at temperatures above 1500 K, and it is fully governed by the Al oxidation chemistry.

For further discussions, developments of major intermediate species with reactants and products were
investigated as shown in Fig. 3 when the initial temperature is 1200 K. The H, addition shortens the
ignition delay time, but has little effect on composition of the final product. Active radicals such as OH
and atomic O/H are produced by the mild oxidation of H,, and they advance the oxidation of Al It is
interesting that H» is oxidized with producing H,O via H, + OH/O = H + H,O/OH reactions at the early
stage, but resynthesized after the ignition by Al + H,O = AlO + Ha.

4 FLAME STRUCTURE

One-dimensional numerical simulations were made to explore effects of H, addition on the Al flame
structure. Freely propagating flat flames were assumed under the atmospheric pressure and adiabatic
condition by using the FreeFlame class in Cantera. The inlet temperature was set to 300 K. The
calculation domain width was initially set to 1 mm, but it could be extended according to the flame
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Figure 4. Comparison of the flame temperature with and without the H, addition.
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Figure 5. Species distributions in the Al flame when (a) 0% and (b) 10% of H, is added. The inset
graph in (b) shows the distribution at the axial position from 0.3 to 0.5 mm.

thickness. Note that for the calculation of pure H flames, much wider domain is desirable. Without the
H; addition, the flame speed and adiabatic flame temperature for the stoichiometric Al/air flame are
found to be 5.6 m/s and 3648 K, respectively, which are highly agreeing with the values reported in the
previous studies [10,12]. It should be noted that the estimated flame speed is much higher than the
experimentally obtained values using micron-scale Al particles due to the molecular treatment of Al
particles as mentioned in the introduction section.

Figure 4 compares streamwise distributions of the flame temperature when 10% H: is added. By adding
H,, the adiabatic flame temperature and flame speed are decreased to 3433 K and 3.9 m/s, respectively.
The flame thickness, showing the opposite tendency to the flame speed, is almost doubled. Again, the
trend in the flame speed is opposed to the experimental results reported by Risha et al. [18], showing

the H» addition positively increases the flame speed, which is attributed to high thermal conductivity
and low molecular weight of Ha.

Distributions of the major species are shown in Fig. 5. When H, exists, formation of final products such
as ALOs(1) proceeds gradually. As similar to the result shown in Fig. 3b, H» is synthesized at downstream
once after consumed near the inlet side. In addition, two peaks are shown in the distributions of H>O,
which is caused by competition between H, + OH = H + H,O and Al + H,O = AlO + H. Regardless of
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Figure 6. Reaction pathway of the Al oxidation process, and its change by adding H».

the H; addition, AlO appears as a key intermediate, which also has been confirmed in the 0-D ignition
delay calculation. But when H is added AIOH also plays an important role in the oxidation process. As
revealed from the pathway analysis shown in Fig. 6, it is simultaneously produced from Al and AlO in
the upstream. But it decomposes again with producing AlO, and rarely exists in the exhaust as shown in
Fig. 5. The H; addition producing abundant H>O molecules also interferes with the Al oxidation, by
producing AlO through Al + H>O reactions. In addition, the reaction system becomes sensitive to OH
radical-involved gas-phase reactions such as H, + O = H + OH and H + O, = O + OH, which also
possessing the high sensitivity to the H, flame.

5 CONCLUSION

Effects of H» addition on Al flames have been studied numerically. A series of 0-D and 1-D simulations
was made to investigate flame characteristics such as ignition delay time and flame structure. The H»
addition significantly advances the ignition of Al flames when initial temperatures are lower than 1500
K. For instance, when the initial temperature is 1200 K and 2% of H> is added, the ignition delay time
is reduced to be 0.2 ms, which is one tenth of the pure Al case. It decreases the flame temperature and
flame speed, and increases the flame thickness. In the Al/Ha/air combustion system, H» is initially
consumed by OH and O radicals with producing H>O, but it oxidizes Al with resynthesizing H»
afterward. Regardless of the presence of Ha, AlO is a key intermediate species in the Al oxidation
process. AIOH also appears as a major intermediate when H is added.

In terms of kinetic effects, the addition of H, to Al/air reaction systems causes significant coupling with
Al oxidation pathways. Further investigations such as numerical approaches considering effects of the
Al particle size and experimental verification under well-defined boundary conditions have to be
followed.

ACKNOWLEDGEMENTS

This work was partially supported by the front-loading research project of Japan Aerospace Exploration
Agency (JAXA), Institute of Space and Astronautical Science (ISAS) in Japan and Suzuki foundation.



REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Tyagi, H., Phelan, P.E., Prasher, R., Peck, R., Lee, T., Pacheco, J.R. and Arentzen, P., Increased
Hot-Plate Ignition Probability for Nanoparticle-Laden Diesel Fuel, Nano Letters, 8, No. 5, 2008, pp.
1410-1416.

Miller, T.F., Walter, J.L., and Kiely, D.H., A Next-Generation AUV Energy System Based on
Aluminum-Seawater Combustion, Proceedings of the IEEE Symposium on Autonomous
Underwater Vehicle Technology, 21 June 2002, pp. 111-119.

Ingenito, A. and Bruno, C., Using Aluminum for Space Propulsion, Journal of Propulsion and
Power, 20, No. 6, 2004, pp. 1056-1063.

Shkolnikov, E.I., Zhuk, A.Z. and Vlaskin, M.S., Aluminum as Energy Carrier: Feasibility Analysis
and Current Technologies Overview, Renewable and Sustainable Energy Reviews, 15, No. 9, 2011,
pp. 4611-4623.

Vignes, A., Muiioz, F., Bouillard, J., Dufaud, O., Perrin, L., Laurent, A. and Thomas, D., Risk
Assessment of the Ignitability and Explosivity of Aluminum Nanopowders, Process Safety and
Environmental Protection, 90, No. 4, 2012, pp. 304-310.

Swihart, M.T., Catoire, L., Legrand, B., Gokalp, 1., and Paillard, C., Rate Constants for the
Homogeneous Gas-Phase AI/HCI Combustion Chemistry, Combustion and Flame, 132, No. 1-2,
2003, pp. 91-101.

Catoire, L., Legendre, J.-F., and Giraud, M., Kinetic Model for Aluminum-Sensitized Ram
Accelerator Combustion, Journal of Propulsion and Power, 19, No. 2, 2003, pp. 196-202.
Beckstead, M.W., Liang, Y. and Pudduppakkam, K. V., Numerical Simulation of Single Aluminum
Particle Combustion (Review), Combustion, Explosion and Shock Waves, 41, No. 6, 2005, pp. 622-
638.

Huang, Y., Risha, G.A., Yang, V. and Yetter, R.A., Analysis of nano-aluminum particle dust cloud
combustion in different oxidizer environments, 43rd AIAA Aerospace Sciences Meeting and
Exhibit, 10-13 January 2005, Reno, Nevada, AIAA Paper 2005-738..

Huang, Y., Risha, G.A., Yang, V. and Yetter, R.A., Effect of Particle Size on Combustion of
Aluminum Particle Dust in Air, Combustion and Flame, 156, No. 1, 2009, pp. 5-13.

Washburn, E.B., Trivedi, J.N., Catoire, L. and Beckstead, M.W., The Simulation of the Combustion
of Micrometer-Sized Aluminum Particles with Steam, Combustion Science and Technology, 180,
No. 8, 2008, pp. 1502-1517.

Starik, A.M., Kuleshov, P.S., Sharipov, A.S. and Titova, N.S., Numerical Analysis of
Nanoaluminum Combustion in Steam, Combustion and Flame, 161, No. 6, 2014, pp. 1659-1667.
Starik, A.M., Kuleshov, P.S., Sharipov, A.S. and Titova, N.S., Kinetics of Ignition and Combustion
in the Al-CH4-Os system, Energy and Fuels, 28, No. 10, 2014, pp. 6579-6588.

Julien, P., Whiteley, S., Soo, M., Goroshin, S., Frost, D.L. and Bergthorson, J.M., Flame Speed
Measurements in Aluminum Suspensions Using a Counterflow Burner, Proceedings of the
Combustion Institute, 36, No. 2, 2017, pp. 2291-2298.

Beckstead, M.W., Correlating Aluminum Burning Times, Combustion, Explosion and Shock Waves,
41, No. 5, 2005, pp. 533-546.

Risha, G.A., Sabourin, J.L., Yang, V., Yetter, R.A., Son, S.F. and Tappan, B.C., Combustion and
Conversion Efficiency of Nanoaluminum-Water Mixtures, Combustion Science and Technology,
180, No. 12, 2008, pp. 2127-2142.

Huang, Y., Risha, G.A., Yang, V. and Yetter, R.A., Combustion of Bimodal Nano/Micron-Sized
Aluminum Particle Dust in Air, Proceedings of the Combustion Institute, 31, No. 2, 2007, pp. 2001-
2009.

Risha, G.A., Huang, Y., Yetter, R.A. and Yang, V. Experimental Investigation of Aluminum Particle
Dust Cloud Combustion, 43rd AIAA Aerospace Sciences Meeting and Exhibit, 10-13 January 2005,
Reno, Nevada, AIAA Paper 2005-739.

6



19.

20.

21.

22.

23.

Alavi, S. and Thompson, D., Molecular Dynamics Simulations of the Melting of Aluminum
Nanoparticles, Journal of Physical Chemistry A, 110, No. 4, 2006, pp.1518-1523.

Puri, P. and Yang, V., Effect of Particle Size on Melting of Aluminum at Nano Scales, Journal of
Physical Chemistry C, 111, No. 32, pp. 11776-11783.

Burcat, A., Ideal Gas Thermodynamic Data in Polynomial form for Combustion and Air Pollution
Use, http://garfield.chem.elte.hu/Burcat/ THERM.DAT

Smith, G.P., Golden, D.M., Frenklach, M., Moriarty, N.W., Eiteneer, B., Goldenberg, M., Bowman,
C.T., Hanson, R.K., Song, S., Gardiner, Jr., C.T., Lissianski, V.V. and Qin, Z., GRI-Mech 3.0,
http://combustion.berkeley.edu/gri-mech/version30/text30.html

Goodwin, D.G., Speth, R.L., Moffat, H.K. and Weber, B.W., Cantera: An Object-oriented Software
Toolkit for Chemical Kinetics, Thermodynamics, and Transport Processes, 2018.



