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Abstract

Dependence of ambient pressure of water vapor on the occurrence of self-sustained combustion of aluminum wire and
its mechanism were experimentally studied. Images of combustion phenomena were obtained from high-speed camera,
and such parameters as vapor pressure inside combustion chamber, applied currents, and applied voltage were measured
with data logger. Results showed that aluminum combustion consisted of several different phases such as Joule heating
of the wire, wire separation, self-sustained combustion, and ultimate flame extinction. Results also showed that only in
two cases out of four trials under a vapor pressure of 3 - 4 kPa were seen self-sustained combustion, leaving a possibility
that water vapor pressure of 3 - 4 kPa represents the combustion limit state. Moreover, results also showed that the
timing of wire separation is independent of ambient pressure of water vapor, which indicates that wire temperature is
not the sole element critical for the occurrence of self-sustained combustion.
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(@) Experimental setup (b) Al wire fixed inside the combustion chamber

Figure 1. Experiment setup consisting of water tank, combustion chamber, high speed camera, and solenoid valves, and (b) Aluminum (Al) wire
fixed inside the combustion chamber. One solenoid valve (MV) is attached with stainless tubes, connecting water tank with combustion chamber.
Real lines represent the tubes through which water vapor passes. K-type temperature sensors are attached onto the combustion chamber wall from
outside, on the tube downstream and upstream of MV, and on water tank. Pressure sensors are mounted onto the combustion chamber and water
tank from outside. Heater is set around the tube upstream and downstream of the main valve, outside of combustion chamber, and in liquid water

in the tank. Aluminum wire is fixed inside the combustion chamber as shown in (b). The length of the wire is fixed to 65 + 1 mm.
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Figure 3. Images representing the definition made in this study on Al wire ignition (a) and self-sustained combustion (b).

Table 1. Experimental Conditions for aluminum combustions

Material Aluminum (>99.9% purity)
Diameter 0.2 mm
Length 65+1.0 mm
Heating Current 10 A
Oxidizer H,0
Oxidizer Pressure 3-30 kPa
Temperature Saturation Temperature °C
30=1kPa:?2
Repetition of parameters 10+1kPa:4
3*1kPa:4
Table 2. Experimental Conditions for camera recording
Part Setting
Highspeed camera 1000 Hz
Video Camera 60 Hz
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(a) Wire separation and ignition (t = 0 ms)

(b) Self-sustained combustion
Fig.4 Images of 0.2 mm aluminum wire ignition and combustion obtained by high-speed camera under 10 kPa of water
vapor. (a) — (c) represent Al wire ignition, self-sustained combustion, and flame extinction, respectively. Note that t =
0 ms represents the time of wire separation in this figure.

(t = 50 ms)

(c) Flame extinction(t = 2800 ms)
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(b) Image of Al oxide product after combustion.

(c) Time history of measured parameters before and after ignition in ambient pressure of 30 kPa, 10 kPa, and 3 kPa from the top.

Figure 5. Time history of measured parameters before and after ignition and an image of oxide product after self-sustained combustion. The

peak of wire heating power represents the maximum amount of power put into the Al wire and the separation timing of the wire.
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Figure 6. Plotted diagram indicating ambient pressure of water vapor and the occurrence of self-sustained combustion. X-axis represents wire

heating power per unit volume and y-axis represents the ambient pressure of water vapor.

This document is provided by JAXA.



YORBEERELSBEADLLZ R g0D. ZbOkk
RnG, BRI LW Z P> TRBUABEIC AT T 2
TeDIIET NI TAYELDOTARENEE L 7

v, FEKESIOBERLELRD.

A OBALANC D Z EBFERTT VI =
LumTE D X OIHHAET DL, 7 A I =0T A
MBEZHET 52 &0 — KA 5 LTV 5 [15-
16]. 7 =7 DRBENEBLT D 70012k, B bk
PEORARE TT AV IBREZINEL, #i7 LI LERL
FINTZCEIGESED Z R E LW9]. A EI0f
BlzbBWT, AL THLT VI U A PN
T HETICET HFMNARHIENICL > TK
ELE LRV E WS RERIBELONT. o T, T
LI BWHERT D Z & LTS U A YR EpREEIC
EHZ LIV T TCTEZDLILERHY, 7LD
A YRR THEFAETIIENTE T ORREERE
HLTWLIREELRDL., 2L T, FEAKET4
kPafd it TIRJEA D BRBERR SR 3 FAE T D Al REME A &
5 Z L WFigenbbns.

6. fEwm

REAZEKXFEARX TICBIT 2T VI =T AT A
Y BRIE D R B KUE SRR DD T EBRIICHR A
TH0, HIREREAICE S Y 2 — VB cU A
Y A2MB L, FHtBER A O B LRI >\ TEL
BLUTHRE, TROZ EBNNoT-.

- 3-10KkPalZ 3\ T, FRFERBEN TS A L 72 BRI
WEREBIOAROBILT VI U LARRLND.
CEEHES AT OWEBT —HIZXY, TVI=U A
U A YIZEIRA A LI RICHRENL, KROFEAEZ
PEo TR Z 0, FRGERBEICE S .
CBRBOFIBE T TIETAI UL T OBREEIZOW
THAREmNTET, KISHROBRR LY 55
FHKRENDOBERBLETHS.

+ 310 kPaDFPH CiX, LM CRABREEICRIT L
R

ARl O TRBEIRFURRRICE K LI2hy, A%
4 8 d K UVKZR D IR AUE 112 & 2 IRIBERR
FRBBIZ OV T o E BRIFHE 2 5% ORVE & L7z
AN

BE IR

1) SpaceWorks, Nano/Microsatellite Market Forecast,
9™ Edition.

2) A.Poghosyan et al., CubeSat evolution: Analyzing
CubeSat capabilities for consucting science missions,
Progress in Aerospace Sciences 88(2017) 59-83

3) D. C. Guerrieri, M. A. C. Silva, A. Cervone, E. Gill,

4)

7)

8)

9)

10)

11)

12)

13)

14)

15)

16)

Selection and Characterization of Green Propellants
for Micro-Resistojets, Journal of Heat Transfer (2017),
Vol.139.
D. Gibbon, I. Coxhill, D. Nicholini, R. Correia, J.
Page, The Design, Development and inflight
Operation of a Water Resistojet Micropropulsion
System, 40"  AIAA/ASME/SAE/ASEE  Joint
Propulsion Conference and Exhibit (2004) 3798.
Y. Nakagawa, H. Koizumi, H. Kawahara, K.
Komurasaki, Performance characterization of a
miniature microwave discharge ion operated with
water, Acta Astronautica 157 (2019) 294-299.
PEHTER, Bl KH+, ER BiR, HiR #BHE
RERFRTRE) , DREZ GUTKRT)
BBAINRIANA T Yy RE—Z AT K ESRED
IERRBEELRE IR, B AMZE T TR
J.M. Berthorson, Y. Yavor, J. Palecka, W. Georges,
M. Soo, J. Vickery, S. Goroshin, D. L. Frost, A. J.
Higgins, Metal-water combustion for clean
propulsion and power generation, Applied Energy
186(2017) 13-27.
D.S.Sundaram, V.Yang, Y.Huang, G.ARisha,
R.A.Yetter, Effects of particle size and pressure on
combustion of nano-aluminum particles and liquid
water, Combustion and Flame 160(2013) 2251-2259

J.M.Bergthorson, Y.Yavor, J.Palecka, W.Georges,
M.Soo,  J.Vickery,  S.Goroshin, D.L.Frost,
A.J.Higgins, Metal-water combustion for clean
propulsion and power generation, Applied Energy
186(2017) 13-27

A. A. Gromov et al. Characterization of Aluminum
Powders: 1ll.  Non-lsothermal Oxidation and
Combustion of Modern Aluminized Solid Propellants
with Nano metals and Nano oxides, Propellants
Explos. Pyrotech (2020) 45 1-12

Y. Feng et al. Effect of ambient temperature on the
ignition and combustion process of single aluminum
particles, Energy 162(2018) 618-629

Y.Yavor, Enhanced hydrogen generation from
aluminum-water reactions, International journal of
hydrogen energy 38(2013) 14992-15002

X. Huang et al., A review: Feasibility of hydrogen
generation from the reaction between aluminum and
water for cell applications, Journal of Power Sources
229(2013) 133-140

Z.Y.Deng etal., Physicochemical Mechanism for the
Continuous Reaction of c-Al203Modified Aluminum
Powder with Water, J. Am. Ceram. Soc. (2007), 90 [5]
1521-1526

E.Czech, T. Troczynski, Hygrogen generation
through massive corrosion of deformed aluminum in
water, International journal of hydrogen energy
35(2010) 1029-1037

A.V.Parmuzina, O.V.Kravchenko, Hydrogen of

This document is provided by JAXA.



aluminum metal to evolve hydrogen from water,
International journal of hydrogen energy 33(2008)
3073-3076

17) Bk =B8, @BOEK ERBEORE, HARREE
gk (2013) H545%-133% 152-163

18) A. G. Merzhanov, Aluminum Ignition, Combustion
and Flame (1977) 29, 1-14

This document is provided by JAXA.





