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I gn i t i on and Conbust i on of Magnes i un

in Carbon Dioxide Streans
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Tokyo Metropo I i tan I nst i tute of Techno I ogy

Asahigaoka 6-6, Hino-shi, Tokyo l9l, JAPAN

Abstract

The prospects for using Mg as fuel in a CO, breathing engine

in Mars atmosphere without oxygen lead to this experimental study

on the ignition and combustion of Mg performed in pure coz and

COZ/CO streams over a wide range of pressure, velocity and CO

concentration of the streams. The critical ignition temperature

of Mg in coz streams decreased with decreasing the ambient pres-

sure, and was insensitive to the stream velocity. The ignition

temperature in coT/co streams varied little at first, but in-

creased with decreasins C02 concentration. lgnition occurred in

two distinct stag€s, first being surface reactions controlled by

chemical kinetics and second being gas-phase reactions controlled

bV CO2 diffusion. The breaking of a thin protective film formed

in the f irst stage played a crucial role in the ignition process,

I ead i ng to the be9 i nn i ng of the gas-phase react i ons and then to

ign i t ion.
\,' During combustion, several flames appeared sporadically and

intermittently over the swelling sample surface which was coated

w i th a th i ck porous I aYer. The f I ames produced C0 i n the 9as

phase, while on the non-flame surface the reactions of Mg with

both CO diffusing from the flames and CO,/CO in the streams gener-

ated condensed MgO and C that bui lt the porous layer' The pulsat-

ing manner of the flames can be explained in terms of the abrupt

breaking of the layer fol lowed by its blockage due to the surface

reaction with C0.
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I ntroduct i on

we have proposed a co2-breath i ng iet eng i ne us i ng meta I s as

fuel for a future aircraft type vehicle in Mars atmosphere, con-

s i st i ng of COr.l ,? One of the attract i ve meta I fue I s for the

eng i ne i s Mg. we have performed an exper imenta I study on the

ignition and combustion of Mg disks in a C02 stream at I atm. I We

found that Mg had easy ignitabi I ity and fast burning rate' During

combustion intermittent flames appeared sporadically over the Mg

surface to produce co by gas-phase react i ons. Recent I y, Shaf i ro-

v i ch and Go I dsh I eger3 h"r" made an exper i menta I study on the

combustion of Mg particles introduced into high temperature cor/co

mi xtures at I atm. They conc I uded that the heterogeneous react i on

of Mg with c0 occurred during combustion in co2, in addition to

the homogeneous reaction of Mg with co2. However,detailed experi-

mental knowledge of the ignition and combustion processes, such as

the i nteract i ons between the homogeneous and heterogeneous reac-

t i ons and the surface react i on I ayer structure, has been i nsuff i -

c ient. Thus the ignition and combustion mechanism still remain

obscure. ln particular, since the atmospheric pressure of Mars

is about 0.6 kpa4, information about the ignition and combustion

of Mg at low pressures wi I I be required to develop a combustor of

the eng ine.

ThepresentexperimentalstudywSsmadetoinvestigateand

detai I the ignition and combustion process of Mg and to reveal the

effects of pressure on it. The experiment was carried out in a

stagnationregionofCozstreams,inthesamemannerasthatof

our previous studies for various metal".l'5 ln order to help

understand the ignition and combustion mechanism in coz, coz/co

m i xture streams were I I so used as ox i d i zers '

Experinental Apparatus and Procedure



Figure I shows a schematic of the experimental apparatus.5

COZ/CO mi xtures at room temperature i ssued throuSh a nozzle (25 mm

diameter) into a combustion chamber. The mixtures impinged on a

sample holder of BN (20 mm in diameter), which was situated l7 mm

downstream of the nozzle exit. A machined Mg sample (9.5 mm in

diameter, 5 mm in height, purity: 99.9 r) was mounted in a depres-

sion of the holder through a thin exchangeable receptacle and a

crucible, both of which were made of stainless steel'

ln co2/co mixture streams' the experiments were performed at

combust i on chamber pressures P, from 8 to I 0l kPa, and at the

nozzle exit velocities V, from 0'5 to 5 m/s with COZ mole frac-

t i ons XCOZ vary i ng from 0 to I . Before each test, the Mg samp I e

was heated i n an Ar stream at a predetermi ned pressure and f I ow

rate. When the samp I e temperature reached a predetermi ned va I ue '

the test run was started by changing Ar lo a co2/c0 mixture of the

same pressure.

The samp I e temperature was measured by a chrome I -a I ume I

thermocouple. Changes in sample appearances were continuously

recorded by two video cameras as shown in Fig.l. Microphotograph-

i c observat i on was made of samp I es that were quenched dur i ng the

ignition and combustion process by iniecting Ar in the chamber.

Condensed combust i on products gathered after the exper i ment were

analyzed chemically and by an X-ray diffractometer'

Experimental Besults

Cr i t ical lgn i tion TemPerature:

ln this study, ignition was defined as a first appearance of a

flame on the sample surface. The ignition temperature Tln was the

sample temperature at ignition. To determine an ignition limit,

the ignition delay time td, the interval to ignition after the

gas replacement of Ar by a co2 stream had take place' was measured
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as a function of the initial sample temperature Tin defined as

temperature at the gas rep I acement. Regard i ng the C02 streams was

found that €t higher pressures td hardly varied with decreasing

Tin (3-10 sec), while at lower pressures td increased slightly

with decreasing Tin (up to about sD sec). when Tin reached a

critical value, ignition did not occur even after an interval of

ten minutes. The critical ignition temperature T". was defined as

the lowest Tin above which I sample heated up by itself to igni-

t ion.

Figure 2-1 shows the variation of T",. with Pm in COZ streams

at vr=1.5 m/s. Tc]. decreased with a decrease in Pr. This tenden-

cy was different from that in OZ and air atmosphe."".6'7 Even

at the lowest pressure, T". in co2 was higher than that in eir of

I atm.6-8 Mg i n COZ streams, as we I I as i n OZ and air atmos-

pheres,9,l0 could burn at sufficiently low pressures. Figure 2'2

shows the effect of Vm on the T", at Pm=41 ' 3 kPa i n COZ' T",.

varied little with Vm. This result suggests that the ignition

process of Mg in co, is not controlled bv c02 diffusion through

the boundary layer over the sample surface, but by chemical kinet-

ics. lt also suggests that a heat loss variation with vm has

only a slight inf luence on T".. Figure 2-3 shows  Tcr plotted

againstXcozatP,=21'3kPaandV,=l'5m/s.T".hardlyvariedwhen

v Xcoz decreased from l.o to 0.5, but rapidly increased with de-

creasins Xgg2 from 0'5 to O.l ' Below XaOr=O' l ' the sample could

not ignite even at the boiling point of Mg t937oclll at Pr=21.3

kPa.ThedependencyofT".onXcozwassubstantiallythesame

oVertheP.,rangetested,andwhenXcozremainedconstant,T",

decreased wi th decreas i ng Pm'

I gn i t i on and Conbust i on Process:

i ) Samp I e appearance and temperature behav i or
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Figure 3 shows a typical example of the time variation of the

samp I e temperature after the gas rep I acement at Pm=41 .3 kPa. The

sample appearances corresponding to (a)-(d) are 6lso shown in the

figure. ln an Ar stream, the Mg surface was clean and actively

ejected Mg vapor. As soon as the sample was exposed to the coz

stream, the surface was uniformly covered with a reaction fi lm

which stopped the vapor eiection. Simultaneously, the sample

temperature began to i ncrease and the surface as a who I e became

red hot at about (a) . As t ime proceeded, many "bubb I es" appeared

over the surface at about (b) . They further i ncreased s i ze and

number with a corresponding rapid increase in the sample tempera-

ture at 'transition", where the heat release mechanism drastical-

ly changed. Finally, when one or more of "bubbles" burst at

(c), incandescent flamelets appeared locally, indicating ignition

at T,^=888oC. However, when T,n was lower than T"., the tempera-
rg

ture i ncreased iust after the gas rep I acement, but th i s was not

fol lowed by the appearsnce of 'bubbles" and the sample temperature

decreased with time, resulting in non-ignition'

The first flamelets at ignition did not spread over the whole

sample surface and quenched quickly (about 0.1 sec). However,

many flamelets continued to appear sporadically and intermit-

tent I y over the surface wi th "bubb I es", repeat i ng the process from

i gn i t i on to quench i ng. l{hen the frequency of the appearance

increased substantially, stable combustion of the sample was

attained at about (d). This behavior is different from that in

the air stream, in which an one-dimensional flame appeared over

the Mg sample surface without a reaction fi lm.8 Figure 3 shows

that during stable combustion the sample temperature remained

almost constant at a value close to the boi I ing point of Mg (1003

・ Cll)

the

ａ

　

　

　

ａ

the ambient pressure, in sgreement with results of Mg in

F i gure 4 shows a sequence of the deve I op i ng
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process of a typical intermittent flamelet which formed during

combustion at Pm=41'3 kPa. Figure 4-(a) represents a red hot

,,bubble" which appeared near the top of the surface. As soon as

the "bubble" began to rapidly increase in luminosity, it burst

to eject wh i te smoke i nto the open space ' gen€rat i ng an i ncandes-

cent f lamelet like a iet dif fusion f lame (Fig.4-(b) and (c)).

After the flamelet had continued to burn for a while, it was

quenched iust after (d). The correspond i ng sPectrum of the

flamelets showed that Mg lines and MSQ bands were visible, in

agreement with observations of Mg in oz and air atmosph"r""8'10.

CO was measured i n the gaseous combust i on products ' it is of

i nterest that the non-f I ame I et surface area cont i nued to be heated

red hot dur i ng combust i on. These resu I ts i nd i cate that gas-phase

reactions of the flamelets produced c0, while surface reactions

also occurred on the non-flamelet surface areas. After the stable

combustion continued for a few minutes, flamelets vanished and the

surface with "bubbles" became dark, resulting in quenching of a

whole sample.

quenched samp I e

A thick black and white shell remained on a

i i ) Effects of pressure and ve I oc i ty

The above mentioned ignition and combustion process in pure

\v CO, streams was found to be essentially similar over the range of

pressure tested except for the case at Pr=8 kPa. However , pres-

sure has effects on the fol lowing characteristics. Tin scattered

in the range of 870-92OoC seems to decrease slightly with decreas-

i ng pressure. The averaged heat re I ease rate g was est i mated from

the temperature i ncrease rate of the samp I e between "trans i t i on"

and stab I e combust i on by assum i ng that the samp I e mass and the

reaction surface area were kept constant at original values. g rvas

about 3-12 J/(cnz.s), end decreased with decreasing pressure from
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101 to 21。 3 kPa as shOWn in Fig.5-(1). Cor respond i ng to th i s ,

the total burning time from ignition to quenching increased

greatly with pressure; about 50-80 sec for l0l kPa and about 100-

160 sec for 21.3 kPa. g also increased with increasing V, as

shown in Fig.5-(2), which impl ies that after ignition coz diffu-

sion through the boundary layer became the rate limiting step.

wi th a decrease i n pressure, the frequency of f I ame I et appearance

decreased, but the scale of "bubbles" and the height of the swel l-

i ng surface i ncreased. lndividual flamelets continued to burn

for about 0. l-0.2 sec, and this was observed to be insensitive to

the ambient pressure' At Pr=8 kPa' ignition occurred when a

surface f ilm burst extensively without generating "bubbles" and

surface swelling, resulting in a jet diffusion flames.

iii) Effect of C0 concentration

Addition of co to c02 led to noticeable changes in the igni-

tion and combustion process. Decreasing XCOZ from I'0 to 0'25

caused the "bubbles'to become bigger, and the sample swelled

significantly higher' ln the range of Xgg, below 0'5' td at the

ignition limits became much longer than that in coz. At lower

Xcoz, individual flamelets became to burn slowly and weakly for a

few seconds. Correspond i ng to th i s, g was sma I I er than that i n

co2 streams. The total burning time of the whole sample remarka-

bly increased with decressing XCOZ; for example at Pr=21'3 kPa and

vr=1.5 m/s, about l0o-l6o sec at X6or=l.0 and about 170-300 sec

at Xror=0.5. These resu I ts suggest that the react i on rate of Mg

with co is considerably slower than that with cOr' lt is notewor-

thy that pu I sat i ng combust i on of the who I e samp I e, such as that

reported by Shaf i rov i ch and Go I dsh I eger,3 was observed over the

wide range of XaO, from 1.0 to 0'5 in the present experiment'

when Xcoz was I ess than 0.25, the behav i or of the samp I e

6



appearance changed drastical lY'

I ower pressu res , an abruPt burst i

p I acement , and was fo I I owed bY a

without any flamelets.

Whenever leading to ignition at

ng occur red just after gas re-

I arge jet f I ame of Mg vaPor

Combustion Products and Reaction Fi ln Structure:

Figure 6 shows a typical example of the cross sections of

quenched samples at certain intervals after ignition at l0l kPa in

a co, stream. During the ignition stage, a thin gray reaction

film adhering to the Mg surface formed, having about 0.1 mm in

thickness (Fig.6-(a)). At the next stage, a black product layer

was generated over the thin fi lm. lt increased in thickness with

time, while the thin film maintained an almost constant thick-

ness. As t i me went on , the unevenness and th i ckness of the

b I ack product I ayer i ncreased and many protrud i ng parts, I i ke

,'teeth," f illed with Mg appeared on the rough surface (Fig.6-

(b)). lt should be noted that their bottoms attached to the thin

gray film and the black layer was covered with white powder

products in spots. A I I the samp I es quenched at th i s stage had

cavities inside. They became larger in diameter with proceeding

combust i on. Th i s observat i on supports the fact that the samp I e

was bo i I i ng dur i ng combust i on. As combust i on cont i nued, the

b I ack product I ayer became more comp I i cated and much th i cker.

Eventually several stratified protrusions like "cabbages" formed

(Fig.6-(c)). They consisted of alternatively arranged thin metal-

I i c I ayers and th i n gray I ayers, end had paths from the Mg

samp I e. The layer number of a stratified protrusion was nearly

equal to the pulse number of the corresponding flamelet. This

suggests that the protrusions were alternatively stratified by Mg

and combust i on products. The growi ng of the b I ack product I ayer

indicates that it was appreciably porous and non-protective, thus
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allowing further gas-phase reactions occurring close to or inside

it. After combustion, the black product layer existed almost

entirely clear of white products, remaining as a shell covering

the receptac le.

when the amb i ent pressure w8s I ower, the I ayer structure was

essentially the same as that at high pressures. The differences

were that the initial thin film decreased in thickness, and that

the black product layer, including stratified protrusions, became

more compl icated and much thicker, for example, up to about 5 mm

at Pm=41.3 kPa. On the other hand, adding C0 in the C02 streams

made the I ayer both more comp I i cated and th i cker ' ln  the

quenched I ayers, strat i f i ed protrus i ons were not observed, but Mg

metal existed in a coral formation.

After the test run, the she I I of the b I ack product I ayer was

analyzed chemical ly. lt was confirmed that the shel I was composed

of combust i on products, Mg0 and carbon, and of unburned M9. Mo I e

f ract ion of carbon ln the combust i on products,

0ne poss i -Xc=molc/(molc+molM9。 ), Was abOut O.:5 in C02 Streams.

ble explanation for the carbon formation is surface reactions' as

the gas-phase reactions between Mg vapor and C02 produce only CO- I

Figure 7 shows the variation of Xa with XaO, in COr/CO streams at

Pr=21.3 kPa. xc increased with increesing c0 concentration. This

tendencyofX6onX6g2remainedsimilarovertherangeP,tested.

The sTl curve represents the sto i ch i ometr i c va I ues for the case

when only co in the mixtures of coz/co is perfectly reduced to c

through the heterogeneous react i on M9 ( I ) +CO=MgO (c) +c (c) ' The ST2

curve represents the case in which al I C0 and C02 in the mixtures

are stoichiometrically converted to c through the heterogeneous

react i ons Mg (l) +co2/z=|lgo+c/2 and the above react i on. The d i ffer-

ence between the exper imenta I va I ues and the STI curve i s cons i d-

ered to be equal to the amount of carbon formed from the reaction
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with COZ. This consideration may imply that below approximatelv

Xgg2=0.5, COZ in the mixtures did not take part in the surface

react i ons to produce carbon. I n add i t i on, the amount of carbon

corresponding to the difference between ST2 and the experimental

values was probably generated as CO without conversion to carbon.

Discussion

Reaction Kinetics:

A proper understanding of the lts-cor/co reactions will be

necessary to make the ignition and combustion process of Mg clear'

Possible overal I kinetics between Mg and CO2/C0 are as fol lows:

Reaction l:  Mg+C02  = M9° +CO

Reaction 2:  Mg+C02/2= M90+C/2

Reaction 3:  Mg+CO   = M90+C

Figure 8 plots the standard Gibbs free energy change against tem-

perature for Reactions l-3 at lol kPa. lt is known that if the

va I ue i s negat i ve the react i on can proceed spontaneous I y, and that

the lower the position of the I ine the more stable the product is.

At the flame temperature of Mg with coz at stoichiometric ratio

eg;z fll, only Reaction I can take place, but Reactions 2 and 3

can not. However, below about 2100 K, close to the flame tempera-

ture of Mg with co Qo4o rl2l, Co can react with Mg vepor to form

carbon. However , the present exper i menta I resu I ts re I ated to T",, ,

the combust i on products and the burn i ng t i me suggest that the

reaction rate of co with Mg was not as fast as that of co2' lt is

interesting to note that on the burning Mg surface at about l00O aC

React i on 2 and 3 can occur, produc i ng carbon '

I gn i t i on and Conbust i on Process:

From the present exper i menta I resu I ts and the above cons i dera-

tions, we postulated an ignition and combustion mechanism of Mg in

△ H=-318.9 [k」 ],

△ H=-404.7 [kJ],

AH=-490.9 [k」 ].
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c02 as fol lows. As soon as co2 is impinged on a clean Mg surface'

Reaction I occurs in the gas phase to form c0. Part of the co

can diffuse back to the surface to produce MgQ and C on it because

the rate of Reaction 3 is slow in the gas phase. These products

form a somewhat protective initial film, inhibiting further gas-

phase ox i dat i on. S i nce the rate of the surface react i on through

the film is considered to be much slower than gas diffusion, a

kinetic process m8y control the early ignition stage. As time

goes on, at 'transition," the fi lm wi I I become non-protective and

allow passing of liquid or gaseous Mg. This may be due to be

significantly high pressure of Mg. Since the fi lm is not perfect-

ly broken, Reaction I and 3 occur only close to the film sur-

face. Thus the react i ons I ook as i f they are pure surface reac-

tions, and produce a porous layer, composed of MgO and C, filled

w ith Mg. When the liquid Mg vaporizes vigorously inside the

layer due to heat caused by the reactions, the unevenness of the

layer increases, in particular it grows into "bubbles.' lf the

vapor pressure in a bubble is increased by local heating, the

vapor wi I I be ejected into the open space through a hole to form a

luminous jet diffusion flame, leading to ignition.

Figure 9 explains schematically the burning of Mg in COr' As

the vapor pressure of Mg i n the 'bubb I e' decreases, part of c0

produced in the flamelet can diffuse back again to clog its hole

with reaction products MgO and c, resulting in quenching. Howev*

er, at the other non-flamelet parts of the surface, the gas-phase

and surface react i ons cont i nue to occur i n the vacant space near

the outer edge of the layer. This is followed by the occurrence

of next f I ame I ets over the surface, I ead i ng to the appearance of

i nterm i ttent and sporad i c f l ame l ets ' lf a flame forms intermit-

tently at the same place, the layer stratifies and the flame

appears as pu I sat i ng combust i on. Dur i ng combust i on, consequent I y,
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COZ d i ffus i on through the boundary I ayer over the samp I e surface

becomes a rate limiting step because it is much slower than the

gas-phase react i ons.

Effects of Anbient Pressure and lnplnglng Veloclty:

We proposed that the rate I imiting step is changed from

chemical kinetics to COZ diffusion in the ignition process. The

chemical ly control led mechanism, supported by the result of Fig.2-

(D, leads to the following explanation of the dependency of T"|,

on Pm. lt is known that the oxidation of metals without signif-

icant scale cracking proceeds at rates proportional to the (l/n)th

power of the oxidizer pressur".l3 Generally, n is positive.

Thus the I ower the amb i ent pressure i s decreased, the th i nner i s

the film that forms. This tendency is confirmed by our present

observation. lf 'transition' from a protective fi lm to a porous

one occurs by cracking of the fi lm due to the pressure difference

between the externa I amb i ent pressure and the i nterna I vapor

pressure, a thinner fi lm is more I ikely to break, and to begin the

gas-phase reactions. This consideration could explain how a

decrease of P, facilitetes ignition at lower Tin' ln this

case, the heat loss dependent on P, has only a minor effect be-

cause its order is the same as that of v, shown in Fig.2-(2).

0n the other hand, i ncreas i n9 v, and P, csuses an i ncrease i n

mass transfer in the stagnation region due to a decrease in thick-

ness of the boundary I ayer over the surface. I n the d i ffus i on

control led regime, the decrease effects an increase in the burning

rate of Ms, resulting in higher g as shown in Fig'5

Effect of CO Concentration:

The exper imenta I fact concern i ng to the s I ow 9as-phase reac-

tion rate of Mg with co may al low a preferential reaction of coz



with Mg. Thus the ignition process, controlled by chemical

kinetics, should be essentially insensitive to CO concentration'

This is supported by the independency of Tcr on Xgg2 in the range

from I .0 to 0.5. Of course, dur i ng combust i on the i ncreased CO

concentrat i on I eads to the decreased Mg vapor eiect i on from the

surface due to the additional surface reaction with C0, generating

a th i cker surface I aYer. I ts growth mechan i sm i s a subiect that

mer i ts further stud i es. 0n the other hand, at h i gher C0 concen-

trations, probably below Xaor=0.5, the mass flow rate of coz to

the sur face decreases substant i a I I y. Thus , the gas-phase reac-

tions close to the surface occur inactively, resulting in a higher

ignition temperature.

It is interesting to note that when xg62 was in the range 1.0

to 0.5, the whole sample frequently burned in a pulsating manner'

ln pure co, however, the sample could not ignite. These results

differed from Shafirovich and Goldshelger's experimental observa-

tions3, carried out in Co2/Co mixtures at the temperature of 1000

K and I atm. This contradiction seems to be attributed to the

d i fference of the emb i ent temperatures. However, our resu I ts

propose that the pulsating combustion is a fundamental phenomenon

attendant on the system i n wh i ch the gas-phase react i ons occur

simultaneously with the surface reactions producing condensed

product layer.

This work was supported in part by the Grant-in-Aid for Scien-

tific Research of the Ministry of Education, Japan' The authors

wouldliketoexpresstheirthankstoMr.C.NemotoandT'Yoshida
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Capt ions

Fig.l. Schematic of experimental apparatus.

Fig.2.  Variation of critica! ignition temperature:
(1)with ambient pressure in pure C02 Streams
at Vm=1.5 m/s, (2)with C02 Stream velocity
at Pm=41.3 kPa, (3)with CO concentration in
C° 2/C°
 Streams at 21.3 kPa and Vm=1.5 m/s.

Fig 3.  Time variation
photographs :n
Pm=41.3 kPa, Vm

Fig.7.

Fig.8.

Fig.9.

sample temperature and video
C° 2 Stream. Tin=873 C,
.5 m/s.

ｏ

　

ａ

　

〓

Fig.4. Video photographs of a flame developing process
i n a C02 stream. Pr=41 .3 kPa, Vr=l .5 m./s .

Fig.5.  Variation of heat release rate in C02 Streams:
(1)with ambient pressure at Vm=1.5 m/s,
(2)with stream velocity at Pm=41.3 kPa.

V

V

Fig.6.  Cross section photographs of quenched samp:es
in a C° 2 Stream at Pm=101.3 kPa and

補;F9%S:,(1)a吉:.翼 ltイト輛
・
:.亀

Carbon mole fraction in combustion products
aga i nst C02 mo I e fract i on i n C02lC0 streams
at Pr=21.3 kPa and Vr=1.5 m/s.

Standard free energy change as a function of
temperatu re.

Schemat i c representat i on of a Ms-C02 combust i on

mechanism postulated in this study.
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