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Abstract

The i gn i t i on and combust i on of a solid cylinder of Al was

studied experimentally by using the stagnation region of imping-

ing oz/N2 (20/80) mixture streams over a wide range of pressure

and velocity of the streams. when an original oxide coating did

not exist on the Al surface, the critical spontaneous ignition
temperatures were lower than the melting point of Al2O3, de-

creasing with reduction in pressure and velocity of the streams.

whether surface reactions initially formed a protective Al2o3

film on the surface or not decided the ignition, leading to the

development of a luminous diffusion flame. when the Al surface

ryas covered with an or ig ina I ox ide coat ing, it was observed that

ignition occurred in the gas phase at the instant of the breaking

of the coating. During combustion, the Al surface remained clean

or covered w i th porous depos i ts. Al0 was produced i n the gas

phase through the react i ons of A I vapor w i th 02. The A10 had a

peak concentrat i on i n the gas phase away from the surface. A I 203

also condensed in the gas phase. N2 in the mixtures was found

not to affect the i gn i t i on and combust i on process due to much

less reactivity with Al. The combust i on mechan i sm for the A I -

OZ/N2 system has been postulated, including the surface and gas-

phase reactions producing Al vapor, Al0, A120, A102, 0 and con-

densed A1203. The ignition mechanism is also discussed.



l. lntroduction

The very h i gh heat of combust i on of A I

i nterest to i ncreas i ng rocket performance

propellants that elevate the flame temperature.

has directed our

using Al containing

This  has  ied  to

numerous studies on ignition and combustion of Al particles and

wires in oxidizing atmospheres tl-41. Since an A1203 film has a

protective nature for further oxidation, several investigators

pointed out that the ignition of Al wi I I occur when its protec-

tive nature ceases after the melting of the oxide tl,5l. Merzha-

nov et al.t4l, using electrical heating wires, have observed that

the ignition temperatures of Al tvere either equal to or markedly

I ower than the me I t i ng po i nt of A I 203. A cons i derat i on of the

physical properties of Al and the spectral results showed that Al

burns in the gas phase with a diffusion flame t2,61. ln spite of

intense research efforts, details of the ignition and combustion

process remain obscure because of difficulties in measuring Al

temperatures due to the extremely high ignition temperature and

in observing details of burning thin wires and small particles.

The format i on of a condensed ox i de and many gaseous sub-ox i des i n

the flame further complicates combustion kinetic processes of Al

with oxidizers t7,81. The authors know of no exper imenta I work

that has reported on the structure of Al diffusion f lames in 02-

contal n i ng atmospheres. A know I edge of the structure i s very

important for developing theoretical models of Al combustion.

The present exper imenta I study was made to i nvest i gate

spontaneous ignition temperatures, the ignition process and flame

structure of Al in oz/Nz mixture streams. ln the experiment, a

stagnation region of an impinging o2/N2 stream, in the same

manner as that of our prev i ous stud i es tg, I ol , ryas adopted to

faci I itate the experimental observation and to simpl ify the flow

field. For comparison purpose, the experiment with an original
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ox i de coat i n9 on A I surface was a I so performed.

2. Exper i menta I Apparatus and Procedure

Figure I shows a schematic of the experimental apparatus.

This is essentially the same as that specified in the previous

paper tl0l . A sample holder made of A1203 was situated 14 mm

downstream of OZ/NZ streams eiected through a nozzle 25 mm in

d iameter. The ejection velocities Vm  of  the  02/N2  Streams  were

varied within a range from 0.5 to 5.0 m/s at ambient chamber

pressures P, from 8 to l0l kPa. An Al sample (purity: 99.99% or

higher) lO mm in diameter and l0 mm in depth was inserted into a

depression of the sample holder. ln the case without an original

oxide coating, like conventional experiments t9,l0l, a method

ryas adopted for replacing an Ar stream with an O2/NZ stream when

a predeterm i ned samp I e temperature was reached ' 0n the other

hand, in the case with an original oxide coating, heating was

initiated at room temperature in an OZ/NZ stream at a predeter-

mined pressure and stream velocity, and continued until ignition

occurred. ln this experiment, the oxygen mole fraction XOZ in

the Or/N, mixtures was constantlv maintained at 0.2.

ln the case without an original oxide coating, a calibrated

rad i at i on thermometer was used to measure the A I samp I e tempera-

ture in Ar tl0l. To measure the temperature of an Al sample with

an original oxide coating formed thereon, a radiation thermometer

and a chromel-alumel thermocouple were used simultaneously.

Accord i ng to th i s method, an accurate temperature cou I d be meas-

ured to arounci I 400'C at wh i ch the thermocoup I e fuses . Tempera-

tures higher than this were measured by using only the radiation

thermometer, assumi ng that the re I at i on between these two temper-

atures ho I ds even at I 400'C or h i gher. Cont i nuous photography
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with a video,

and spectra I

quartz w i ndows.

exper iment were

filtered photographs having specific wavelengths

measurement were executed synchronous I y through

Condensed combust i on products gathered after the

ana I yzed by X-ray d i ffractometry.

３

．一
Experimental Results

lsn it ion

I n th i s exper iment, the samp I e

3.1

temperature at the instant

of replacement of an Ar stream by an O7/NZ stream was def ined as

the initial sample temperature Tin. A moment of appearance of a

flame was defined as ignition, and a lowest initial sample tem-

perature above which a sample heated up by itself to ignition was

defined as the spontaneous critical ignition temperature T"..

l.l lYithout an original oxide coating

lgn it ion process

All samples used in this study had a "natural" (very thin)

ox i de coat i ng at room temperature. When the samp I e was heated i n

an Ar stream, the "natural" oxide coating broke at about 1000 'C

due to the convection of liquid Al. After  the  break  of  the

"natura I " coat i ng, the meta I surface ry6s kept c lean. Thus we

call this case the sample without an original oxide coating. The

sample actively ejected Al vapor, which was condensed in the open

space above the surface to form a stagnat i on stream I i ne. (Th i s

was conf i rmed by X-ray d i ffractometer ana I ys i s of the condensed

particles gathered during the heating stage in the Ar stream.)

The vapor was visible above the sample temperature of about

1400 °C. As soon as  the sample was exposed to the 02/N2 Stream,

the product i on of the wh i te smoke of the condensed A I vapor was
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stopped. When i gn i t i on occurred, the gas phase near the samp I e

surface started to emit light uniformly. Simultaneously, Al

lines and Al0 bands appeared. As time went on, the emission in

the gas phase became stronger, laading to combustion with a fully

developed flame. tt was found throughout this process that no

reaction film ryas formed on the surface. Also, it lYas confirmed

that the qualitative ignition behavior mentioned above did not

vary within the range of the pressure and velocity tested. 0n

the other hand, in the case of non-ignition, although the emis-

s i on near the samp I e surface became temporar i I y stronger just

after exposure to th°   °2/N2  Stream,  the  sample  surface  was

immediately covered with a reaction fi lm and the emission van-

ished, resulting in non-ignition. This suggests that the film

inhibited further oxidation. The present experimental results

conf i rmed that the ignition process in the OZ/NZ streams was

essentially the same as that in the COZ streams described in the

prev i ous paper tl 0l , and whether a protect i ve react i on f i lm Y{as

formed et the beginning of the ignition process or not controlled

the process.

i i) Spontaneous critical ignition temperature

The ignition delay time was defined as an interval to igni-

t i on after the gas rep I acement of Ar by an O2/NZ stream had taken

place. The delay time varied little with Tin, always being 0.5-

l.? sec. When Tin was below a certain critical temperature,

ignition could not occur. Such a tendency and the order of delay

t ime w6re the same i ndependent of var i at ions i n P, and V, wi th i n

the experimental range. Th i s behav i or was the same as that of

Al in the COZ streams Il0l, and implies that the ignition process

of Al in OZ/NZ streams rvas not controlled by heat accumulation

5
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tion of T", with Pm, and Fig.2-(2) a variation of T", with Vm.

These figures show that T",. increased with an enlargement in Pm

and Vm. The tendenc i es of these two were a I so the same as that

i n the COZ streams I I 0l . Yet the va I ues of T", were substant i a I -

ly the same as those in the COZ streams. lt  shou:d  be  noted

that T". values were much lower than the melting point of A1203,

2042 'C, which ryas reported as the ignition temperature of Al

with an initial oxide coat on it in oxidizing atmospheres t2,q.

1.2. With an original oxide coating

lgn it ion process

When the sample with a 'natural" oxide coating was heated in

the O?/NZ stream, the sample was further oxidized to increase the

thickness of the oxide coating. ln this case the sample was

originally covered with an oxide coating. F i gure 3 shows typ i -

cal time variation of the sample appearances and emission spectra

I ead i ng to i gn i t i on at I ow pressures. F igure 3(a) shows  Al

immediately before ignition, having the surface covered with an

original oxide coating. ln FiS. 3(b), 0.34 sec later, the coat-

i ng began to be broken on the c i rcumference of the samp I e sur-

face, and weak emission was visible in the gas phase near the

broken place according to the observation from the side. iln

Fig.3 the side photographs at (a) and (b) rvere treated with image

enhancement to recognize the emission clearly.) However, no

variation appeared yet in the emission spectra due to its weak-

ness As time went on, the broken film area rvas enlarged as

shown in Fig.3(c). This ryas followed by the increase in emis-

sion intensity in the gas-phase, with a corresponding appearance

of Al and Al0 spectrum. About three seconds I ater, the who I e

react i on f i I ms on the surface were perfect I y broken to expose a

Finally a stable diffusion flame of AI

6
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vapor, as shown in FiS. 3(d), was formed. Such behavior was

basically observed when the heating rate (to be mentioned later)

was fast at I ow pressures. I n the case of s I ow heat i ng rates

or h i gh amb i ent pressures, the coat i ng was not perfect I y broken,

and a large quantity of irregularities appeared on the surface.

Fol lowing this, a flame developed over it.

ii) lgnition temperature

I t was observed that when the react i on f i lm tvas broken,

vapor was ejected in the gas phase, leading to ignition. The

ignition temperature Tin in Fig. 3(b) was 1934"C. Figure 4

shows a variation of Tin with the heating rate Hr defined as

t(Ti9-660)/(the time interval from a finish of melting to igni-

t ion) t'C,/sl I . TiS c lear ly decreased with increas ing Hr.

When Hr tyas slow, Tin was close to the melting point of A1203.

Also, it was found that Tin remained unchanged irrespective of

the amb i ent pressure. Th i s suggests that the break i ng mechan i sm

of the original oxide coating was almost insensitive to pressure

within the range of our study.

Al

Combust i on3.2

3.2.1 Combust i on process

low pressures, a stable flame as shown in Fig. 3(d) was

formed after ignition for the cases without an original oxide

coating or with it at high heating rates. The combustion contin-
ued for several minutes. The port i on that was em i tt i ng I i ght

very  bright!y    was  composed  of  fine  particles  of  A12°
3  °°ndensed

in the gas phase. S i nce the part i c I es were convected away by

At

the bulk gas flow, this emission area represented a stagnation
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point region. A distance between the Al surface and the stagna-

tion point was about 1.8 mm in the case of Fig.3(d). The eiec-

tion velocity of A I vapo r V, was rough I y est i mated f rom an

inferred position of the stagnation point by assuming no surface

reactions, a reasonable gas density close to the surface and the

relation Vr=V, hvlhm, tYhere h, is the distance between the Al

surface and the stagnat i on Po i nt and h, is the distance between

the nozzle exit and the stagnation point. The velocity was about

0.34 m/s.

increased as

I t was observed that the d i stance was gradua I I y

combust i on cont i nued, and

about 6 mm at Pr=8 kPa and Vr=2 n/s.

samp I e temperature y{as i ncreased w i th the progress of combust i on.

Dur i ng combust i on, the meta I surface rYas exposed, and any depos-

it of combustion products was not visible. This observation

leads to a conclusion that 02, which would react on the Al

surface to produce A1203 fi lm, did not reach the surface. The

burning rate of Al also tYas roughly estimated from the eiection

velocity of Al vapor. The rates were about 0.5- I .3 mgl (cm2. s) ,

which are several times larger than Al in C02 streams tl0l.

When the heating rate was slow for Al samples with an

original oxide coating, red-hot combustion products were irregu-

I ar I y depos i ted on the samp I e surface, and the combust i on pro-

ceeded over the deposits as shown in Fig.5. This shows that the

gaseous combust i on products produced i n the gas phase cou I d

diffuse  back  to the surface and form the depos i ts, wh i ch were

for Al without an original oxide coating, no

on the surface even at h i gh pressures.

that it was a maximum of

Th i s suggests that the

porous. However,

deposit was visible

3.2.2 F I ame spectrum and combust i on

I n the emi ss i on spectrum of a

OZ/NZ stream, the atomic I ines of Al,

products

burning Al sample in the

the bands of A I 0 and the
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continuum emission were clearly visible irrespective Of the

Anvpresence or absence of the depos i ts on the A I surface.

spectra related to AIN were not observed. The features of these

spectra did not change with the ambient pressure, but had quite

the same behavior as that of emission spectra of Al flames in the

COZ streams ti0l. The ana I ys i s of condensed combust i on products

in the gas phase showed that AIN was slightly detected in addi-

tion to Al2O3. However, no AIN lvas detected f rom a reaction f ilm

formed on the surface dur i ng the i gn i t i on process '

ln order to confirm the reactivity of Al with N2, an addi-

tional experiment of an Al sample without an original oxide

coating was conducted in a pure N2 stream. As a result. although

the sample with a clean surface continued generate wh i te smoke

v igorous ly, no combust i on occur red even 2000  °C. AIN  was

slightly identified in the condensed smoke. These exper i menta I

results indicate that although N2 could react with Al vapor in

the gas phase, the resction rate vyas exceedingly slow, and it

hardly reacted with liquid Al on the surface. Therefore, a gas-

phase reaction process between Al vapor and 02 is essentially

importent in the combustion process of Al in the Oz/NZ streams.

3.2.3 Flame structure

ln order to investigate the flame structure of Al in the

OZ/NZ streams, simultaneous photographs for the same f lame having

a w i de emi ss i on zone at I ow pressures were taken on i nfrared

films through interference and bandpass filters. F igure 6- ( I )

shows typical filtered photographs. F i gure 6- (2) shows cor-

rected emission intensity distributions along the paths drawn in

the photographs. The emission intensities passing through the

fi lters for Al I ines and Al0 bands contained luminous elements

ln addition, since the
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formed on the A I convox surface rvas not one d i mens I ona I , an

emission intensity in which lleht in the depth dlrection had been

i ntegrated was recorded i n the photographs. Therefore, i n order

to know a true intenslty distribution, it ls nec€ssary to el imi-

nate the cont I nuous I I ght e I ements, and to cons i der the effect of

three-dlmenslonal property of the flame. The continuous light

elements superimposed on Al and Al0 emissions were deducted using

the intensities of the pur€ continuum emlssions obtained at the

wavelengths near the Al lines or Al0 bands. (Fl lter photographs

of FiS. 6-(l) show that the outer regions of the uncorrected Al

and Al0 emlsslons wlth continuous light ryore located in the

I umi nous reg i on of the purs cont i nuum. ln this region, the

intensity of the continuous lieht elements superimposed on Al and

Al0 emissions ryas found to be much higher than those of pure Al

and Al0 emissions. Thus it was very difficult to subtrect accu-

rately the superimposed continuous light elements from the and

theAl0 emissions. This indicates that the outer positions

pure Al and Al0 emissions in Fig. 6-(2) had some inaccuracy.)

Concern i ng the correct i on of the effect of the three-d i men-

sional property, we derived the true intensity distributions

assuming polnt symmetric concentrations of Al, Al0 and condensed

A I 203 over the A I surface and us i ng the method of Abe I 's i ntegra I

equatlon, in a simi lar way as was done for an axlsymmetric diffu-

sion flame by South and Hayward tlll. R,(r), the true emission

intensity distribution of I specles, is enalytically Slven by

Ａ
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emission beam, equal to the pass drown in the photographs, r:

the rad i us from the center of symmetry, re i : the rad i us of the

outer edge of emission of i species. Figure 6-(2) shows ulti-

mately derived intensity distributions for Al, AIO and the con-

tinuum.

The intensity distribution of the continuum shows that

condensation of A1203 occurred vigorously in an open space about

4 mm away from the surface. Si nce the condensat i on react i ons

involve a great deal of heat generation, it is predicted that the

temperature in this area was highest. Comparing with the contin-

uum, both the emission intensities of Al and Al0 have the maxi-

mum I um i nos i ty i n the gas phase near about 2-3 mm away from the

surface. The peak of Al was slightly nearer to the surface.

Regarding Al0, this suggests that Al0 was produced in the gas

phase on the meta I s i de rather than at the pos i t i on where the

condensat ion of

and outwards.

A1203 occurred, dlffusing towards the surface

Since the emission of Al may be due to chemilu-

minecent excitation tl2,l3l, the intensity distribution of Al

vapor i s cons i dered to represent the concentrat i on of exc i ted A I

atoms depend i n9 on the temperature i n the f I ame and on the con-

centration of Al vapor. ln addition, since there ryas no or

I ittle contribution due to reactions of Al vapor with nitrogen,

this structure can be said to have essentially the same structure

as that of Al flames in the C02 streams tl0l.

4.  Discuss:on

4.1. Combustion Process

The present exper i menta I resu I ts have revea I ed that
(20/80) mixture streams the combustion behavior of Al

ｎ
　
　
　
ｗ
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original oxide coating and with it at high heating rates and low

pressures was similar to that of Al in the COz streams il01 .

This suggests that an analogy between Al combustion mechanisms

in 02 and in coz may be valid. From the results and the possible

kinetics of Al with OZ proposed by other investigators t7,8,.l41,

we suggest the fol lowing kinetic scheme:

React i on Heat of Reaction [k」 ] [15]

On the surface

AI(|)

A10+AI(l)

――〉AI(g)

――〉A12°

317.7

224.0

①

②

() ,

0,

C) ,

0,

C) ,

0.

ln the gas phase

AI(9)+02  ~~〉 A10+0

Al(g)+0+M ――〉A10+M

A10+02    ~~〉 A102+°

A10+A102  ~~〉 A12° 3(!)

A12° +°2   ~~〉 A12° 3(|)

0+0+M     ――〉02+M

+   6.53

- 492.1

-  78.6

-1557.2

-1562.2

- 498.7

With  respect  to  the  condensation  of  A12°
3'    Henderson  [16]

has  proposed    a  series  of  polymerizatiOn  react:ons  of  A10  to

(A10)n  fol10wed  by  ejection  of  A!(g) through  the  reaction  [(A10)n

―〉  (A12° 3)n/3(|)+n/3xAI(g)].      King  [17]  pointed  out  that  since

the  polymerization  is  a  cOmplex  multi― step  scheme,     cOnsequen―

tially  it  is  probably  slow.     lf  so,  the  concentratiOn  of (A10)n

must  be  sufficiently  lar9e  to  form  A12°
3(!)・       HOwever,    the

equi:ibrium  cOncentration  of  (A!0)2  iS  tW°   Or  thre0  0rders  in

magnitude  smaller  than  thOse  of  A12°   and  A102  [18].      !n  the

Henderson's  Paper,  the  author  suggested  that  A10  formed  through

12



changes of this reaction at high temperatures give positive

values tl5l, which means that this reaction cannot proceed spon-

taneously. This consideration leads to the conclusion that the

polymerization process seems not to be important for giving

A1203(l) in steady Al/O2/NZ f lames.

ln view of the above considerations, w€ postu I ated a combus-

tion mechanism shown schematically in Fis. 7. ln this mechanism,

v{e neglect any reaction of Al with N2 due to quite low reaction

rate. Although this mechanism is somewhat speculative because of

uncertainty of the reaction kinetics and the lack of information

on the reaction rates, it can give a consistent full explanation

of  the observed experimental results and the equilibrium compo-

sitions of Al-O2/N2(20/80) flames calculated by Ref. 18. Since

Al has a high vapor pressure above T"r, for example about 8.3 kPa

at the melting point of A1203 2042 "C, it vaporizes vigorously

and reacts with OZ in the 9as phase, producing Al0. Simultane-

ously, the conversion of Al0 to condensed Al2O3 particles occurs

by way of the format i on of A I 02. (ln many previous studies for

A I combust i on, A I 203 vapor has never been detected. ) The con-

densed particles follow the bulk gaseous motion in the stagnation

reg i on to form a stagnat i on stream I i ne. Although Al0 diffusing

back to the A I surface forms Al 20 on i t, the absence of any Oz

close to the surface inhibits the formation of an A1203 fi lm.

Since the theoretical flame temperature of Al-oz/NzQ0/8u system

at the stoichiometric ratlo is 3295 'C at l0l kPa il81, mainly

attributed to Reactions 6 and 7 both of which form condensed

A1203, the temperature distribution in the gas phase has a peak

away from the surface as shown i n F i 9.7.

on the other hand, when A I burned on the depos i t surface,

the observed combust i on behav i or changed i n compar i son to the

13



behavior without deposit. However, the appearances of the

burn i ng samp I es and the spectrum observat i on, here and the prev i -

ous works t1,2,61, suggest that the Al sample burned in the gas-

phase. Ev i dences I ead to the conc I us i on that a I though the depos-

i t restr i cts the combust i on react i ons c I ose to the surface, the

combustion mechanism of Al with deposit is essential ly identical

w i th that suggested for A I w i thout depos i t. ln this case, an

additional oxide accumulation at the surface may be explained as

fol lows. lntermediate gaseous combustion products AIO and Al02

can easily diffuse toward the Al surface. !n  addition,   the

concentrat i on of oxygen d i ffus i ng from the upstream through the

reaction region increases considerably close to the Al surface.

These species react on the initial oxide surface by Reactions 6

and 7 to form the deposit of condensed A1203, which accumulates

du r i ng combust i on . The difference in the position where the

react i ons occurred makes the appearance of the phys i ca I combus-

tion processes different.

4.2. lqnition Process

4 .2.1. ll i thout an or ig i na I ox ide coat i ng

l{e found that in the case of ignition without an original

oxide coating a diffusion flame of Al vapor with 02 was developed

surrounding a clean Al surface in O2/NZ(20/80) mixture streams.

0n the contrary, once an A1203 f i lm was formed on the Al surface,

its protective nature against further oxidation caused non-igni-

tion. ln addition, T", reduced with decreasing pressure and

ve I oc i ty of the streams. N2 i n the mi xtures was found not to

affect the i gn i t i on process. These exper imenta I resu I ts are the

same as those observed in our previous study on the ignition of

14



Al in COZ streams tl0l . This leads to the conclusion that the

ignition mechanism of Al without an orlglnal oxlde coatlng in

OZ/NZ mixture streams is basical ly identlcal with that in pure

COZ streams. Thus the mechanism is as follows. Occurrence of

the ignition depends on whether OZ can diffuse to the Al surface

or not. A diffusion flux of OZ to the surface is controlled by

the position of an Al vapor diffusion flame. When the vapor

pressure of Al is significantly hish, the gas phase reactions

cause the formation of a fully developed flame. 0n the con-

trary, in the case of low vapor pressures, OZ can easlly diffuse

toward the surfaco to form an A1203 film on lt. leading to non-

ignition. This critical condition ls determlned by the critical

non-d i mens i ona I eJect i on paramete. -fw t I 9l ;

一ル ~イ
2αソ

乃 ′・

“

И′

where a is the stagnation velocity gradient, and is the kine-

matic viscosity of the 02 /NZ mixture flow. vw is the eJection

velocity from the surface. TAI is the Al metal temperature, and

mAl is the evaporation rate of Al, dependlng on the vapor pres-

sure of Al and, in turn, on Tlt. lf there exists a critical

va I ue of -fw above wh i ch i gn i t i on occurs, the decrease of Pm and

V, facilitates ignition at lower Tlt. However, the result that

the dependency of T",, on pr6ssure was greater than that on ve I oc-

ity as shown in Fig.2 is not explained by this equation. This

requires further studies.

4.2.2 With an original oxide coating

Small particles and wires of Al are rapldly heated before an

appreciable deposit of A1203 on their surfaces, leadlng to a

progress i ve se I f-acce I erat i on of heat i ng due to the react i ons

Vソ
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between Al and oxidizer. The self-acceleration causes igni

at much l ower temperatures than the me l t i ng po i nt il ,41 .

t ion

Mer-

zhanov et al. 14) reported that the ignition temperature of small

wires decreased with increasing the heating power, that is, the

heat ing rate. I n the present exper i ment, however, the Hr at-
ta ined was two orders i n magn i tude sma I I er than that obta i ned

for small particles and wires. The est i mated ox i de th i ckness of

present Al samples using the Merzhanov equation t4l became about

50-100 um before ignition, which was too thick for self-heat

because of the protect i ve nature of A I 203. ln  fact,   in  the

present exper iment temperature runaways d i d not occur before

ign it ion. Therefore, another break i ng mechan i sm of an or i g i na I

ox i de coat i ng at I ower temperatures must be cons i dered.

The vapor pressure of A I i s exc I uded from the mechan i sm due

to sufficiently low values in the range from 1600 to 2000 'C.

There was an i nterest i ng fact that the break i ng a lways appeared

on the c i rcumference of the A I surface, wh i ch corresponded to the

corner of the original Al sample rod. This implies that a me-

chanical tension force between the surfacs tension of liquid Al

at the edge of the sample holder and an electromagnetic force

introduced by the hish frequency heater may stretch an original
oxide film to break at the corner part. This mechanism can

explain observed experimental results. Unfortunately, if the

mechanism is true, Tin obtained here was peculiar to the present

experimental apparatus. Even so, it is real ly true for Al with
an original oxide coating that ignition can occur above about

I 600 'c at the i nstant when the coat i ng breaks by start i ng gas-

phase react i ons c I ose to the surface.

16
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(l) The critical spontaneous ignition temperatures of Al

samples without an original coating in OZ/NZ (20/80) mixture

streams were lower than the melting point of Al2O3. They de-

creased with reduction in pressure and velocity of the streams.

The formation of an A1203 fi lm on the surface caused non-igni-

tion. During combustion, Al had a clean surface with a diffusion

flame of Al vapor with OZ. The N2 in the mixtures did not affect

the ignition and combustion process due to much less reactivity

of Al with Nr.

(2) When the Al surface was

coating, ignition occurred in

the breaking of the coating.

tially identical to that without

(3) The combus t i on mechan i sm

veloped, including the surface

Al vapor, Al0, Al20, A102, 0 and

covered with an original oxide

the gas phase at the instant of

The combust i on process ryas essen-

an original oxide coating.

for the Al-OZ/NZ system i s de-

and gas-phase react i ons produc i ng

condensed A I 203.
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Figure captions

Fig.1. Schematic of experimental apparatus.

Fig.2. Variation of critical ignition temperature for the case
without an origlnal oxide coating:
(1)with amblent pressure at Vm=2 m/s,
(2)with 02/N2 Stream velocity at Pm=8 kPa.

Fig.3. Time variation of an Al sample with an original oxide
coating  leading  to lgnition: Pm=8 kPai Vm=2 m/si
Ti9=1934 °C, Hr=2.90 °C/s.
(1)Vidoo photographs,  (2) Emission spectra.

Fig.4. Variatlon of ignition temperature with hoating rate
at Pm=8  and 41.3 kPal and at Vm = 2 m/s
for tho caso with an ori9inal oxlde coatlng.

Fig.5. A direct photograph of a burn:ng Al cylinder with
dopostts on tho  surface:
Tig=1703 °C, Hr=3.51 °C/s, Pm=21.3 kPa, Vm=2 m/s.

Fi9.6. Flltered photographs of a burning Al (1)
and corrected emisslon lntensity distributions (2):
Tin=1885 ・ C: Pm=8 kPa= Vm=2 m/s, after ignitlon
20 sec. (a) Al omlsslon=396 nm,   /2=15 nm:
(b)A10 omission=487 nm,  /2=12 nm:

′     (c)Continuous omission 〉 700 nm.

Fig.7. Schematic of an AI-02/N2 C°mbust:on mechanism
postulated in this study.
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Fig.5. A direct
depos its
T, 
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photograph of a burning Al cylinder with
on the surface:
'C, Hr=3.51 'C/s, Pr=21.3 kPa, Y^=2 m/s.
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and corrected emisslon intensity distributions (2):
Tin=1885。 C, Pm=8 kPa, Vm=2 m/s, after ignition
20  sec. (a)Al emission=396 nm, △λ/2=15 nm;  (b)A10  emis―
sion=487 nm,△入/2=12 nm; (c)Continuous emission 〉 700 nm.

↑
一⊂
⊃

ゝ
」
０
」
一
一０
」
＜
）

．
、
一
一∽
Ｃ
Ｐ

三
　
⊂
ｏ
一∽
∽
一Ｅ

国

8-2

○-2

6-2

AIO

642○

842○



Surface ReacLions Gas-Phase ReacLions

①,② ③～③

Aluminum
(liquid)

②

ＡｌV

⑦

20J--#tAIZ03(l)l
/

Edge of
Lumi nous Flame

Temperature

Stagnati
Point

On

V

3190-3580K

above
T",

DisLance

Fig.7. Schematic of an Al-OZ/N2 combustion mechanism
postulated in this study.
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