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Tokyo Metropol i tan Inst i tute  of  Technology  

Asahigaoka 6-6,  Hino,  Tokyo 191-0065,  Japan  

 
Abstract 

     
    An experimental  s tudy was performed on the combust ion characteris t ics  of  a  je t  

diffusion f lame of  Mg vapor  injected through a  small  nozzle  into CO2 atmospheres a t  

low pressures  from 8 to  48 kPa with a  view to using Mg as  fuel  for  a  CO2-breathing 

turbojet  engine in  the Mars  a tmosphere.  The Mg vapor  je t  produced three types of  the 

f lame.   At  lower pressures and higher  in ject ion veloci t ies ,  a  red-heated je t  f lame 

formed,  in  which the injected Mg vapor  was heated by spontaneous react ions,  turning 

red.  At  medium pressures  and in ject ion veloci t ies ,  a  s table  luminous l i f ted- l ike f lame 

developed above the r im of the chimney,  a  tube-l ike combust ion product  for  the Mg 

vapor  passage that  grew on the nozzle  during combust ion.  The f lame had s imilar  f lame 

length propert ies  to  laminar  je t  diffusion f lames of  gaseous fuels .   At  higher  pressures  

and lower inject ion veloci t ies ,  a  s table  luminous at tached f lame  developed at  the r im of  

the chimney .   The same react ions,  producing MgO(g) ,  CO and MgO(c),  proceeded 

preferent ia l ly  for  a l l  f lames and chimneys.  Carbon was only subordinately generated .   

Burning behavior  of  Mg vapor  je ts  in  a  CO2 atmosphere has been represented ,  

including the homogeneous react ion of  Mg vapor  with CO2,  the diffusion of  CO2,  and  

the condensat ion and deposi t  of  MgO.  The inject ion veloci ty of  Mg vapor  at  the r im 

of  the chimney and the exothermic react ions with diffused CO2 that  occur  there play a  

crucial  role  in  the at tachment  and development  of  the f lames.   The f lame structure  

may be explained in  terms of  the relat ively low gas-phase  react ion rate  of  Mg with  

CO2.  

 

Keywords:  Mars  je t  engine,  metal  combust ion,  Mg vapor  f lame,  CO2 atmosphere,  

combust ion character is t ics  
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Introduction 
We have proposed a  CO2-breathing turbojet  engine using Mg as  fuel  for  a  Mart ine 

aircraf t ,  and s tudied the igni t ion  and combust ion of  Mg in CO2 gas  s t reams.[1-3]  Our  

previous experiments  showed that  Mg-CO2 f lames produced CO, par t  of  which could 

diffuse back onto the Mg surface,  and also produce a  somewhat  protect ive condensed 

MgO-C f i lm on the  surface,  due  to  the surface  react ions.[2,3]   The f i lm inhibi ted 

fur ther  gas-phase oxidat ion,  resul t ing in  s low and incomplete  combust ion.  To prevent  

such poor  combust ion,  Mg surface must  not  exis t  in  the combust ion region of  an  

Mg-CO2 system. Two burning methods that  sat isfy this  condi t ion are  avai lable .   One  

is  to  use ul t ra-f ine Mg powder that  completes  evaporat ion  before f lowing into the f lame 

front  of  Mg-CO2 .   Several  s imilar  experimental  s tudies  on the combust ion of  metal  

powder,  not  including Mg,  in  hot  gas  s t reams have been performed.[4-6]   The resul ts  

may be useful  in  evaluat ing the possibi l i ty of real iz ing the combustor  of  the je t  engine 

with metal  powder.    

The other  method is  to  form a je t  diffusion f lame of  Mg vapor.  However,  only 

l imited  s tudies  have been made on the  Mg f lames in  O2-Ar mixture  a tmospheres .   

Markstein[7]  and Deckker[8]  developed Mg-O2 di lute  diffusion f lames at  pressures  

from 0.1 to  1 kPa.   Both found that  spherical  shape f lames were formed.  However,  

their  s tudies  focused not  on the combust ion character is t ics ,  but  on the react ion  

mechanism of  Mg vapor  with  O2.   Thus,  as  far  as  we know, no work has been reported  

on the development  of  a  pure Mg vapor  je t  f lame in a  CO2 atmosphere or  on i t s  

combust ion character is t ics .  

The atmospheric  pressure on the surface  of  Mars  is  about  0 .6 kPa.  I f  the 

CO2-breathing engine works at  the same pressure  ra t ios  of  ordinary je t  engines  used on 

the Earth,  Mg vapor  must  be burned in  the combustor  a t  pressures  from about  9  to  25  

kPa.   In  this  paper,  therefore,  we carr ied  out  an experimental  s tudy to  invest igate  

whether  a  s table  Mg vapor  je t  f lame could  actual ly be developed at  low pressures  in  

CO2 atmospheres ,  and to  reveal  some fundamental  combust ion character is t ics  of  the  

f lame.  

 

Experimental Apparatus and Procedure 
Figure 1 shows a  schematic  of  the experimental  apparatus .   CO2 at  room 

temperature f lowed in to the chamber.  The burner with  an 11-mm inside diameter  and a  

height  of  18 mm was made of  s ta inless  s teel  and had a  small  nozzle  of  1-mm in  

diameter.   An Mg sample (mass:  0 .6  g ,  puri ty:  99.9%) mounted in  the burner  was 
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heated using a  high-frequency induct ion heater.   

The experiment  was performed at  the combust ion chamber pressures  Pamb from 8 

to  48 kPa.  The CO2 f low rate  was kept  constant  a t  0 .05 g/s ,  independent  of  Pamb ,  which  

was well  above the mass f low rate  of  Mg (see  la ter)  for  complete  combust ion.   Before  

each test  run,  the Mg sample in  the burner  was heated in  an Ar atmosphere at  a  

predetermined pressure and f low rate .  When the Mg vapor  began to  act ively issue from 

the burner  nozzle ,  the combust ion test  run was ini t ia ted  by changing Ar to  CO2 of  the 

same pressure.   Throughout  the present  s tudy,  except  for  par t icular  runs (see la ter :  

Flame length) ,  the  elec tr ic  power of  the heater  was kept  constant  a t  2 .2  kW. 

I t  is  very diff icul t  to  pinpoint  the mass f low rate  of  vaporizing Mg due to  the 

progression from gaseous phase  to  condensed phase during issue.  In  this  experiment ,  

the f low ra te  was est imated from the weight  decrease rate  of  the  Mg sample in  the  

burner  mounted on a  beam by using two non-magnetoresis t ive foi l  s t rain gages pasted  

on the beam.[9]   The accuracy of  the weight  measurement  was on the order  of  ±0.03 g.  

In  the case of  issuing Mg vapor  into an Ar atmosphere,  the  vapor  temperature  Tv  was 

measured using a  chromel-alumel  thermocouple (K-type)  with  a  0 .15-mm diameter  

junct ion at  1-mm downstream from the nozzle  exi t .  The Mg sample temperature Tm  in  

the burner  was measured using a  K-type thermocouple.  To invest igate  the f lame 

structure,  three photographs of  the same f lame were taken s imultaneously on infrared 

f i lm through f i l ters  corresponding to  Mg,  MgO and cont inuum emissions [Mg(g)  

emission=517nm; halfwidth=1.7nm,  MgO(g)  emission=498nm; halfwidth=15nm,  the 

cont inuum emission>700nm].  Condensed combust ion products  gathered af ter  the 

experiments  were analyzed chemical ly as  well  as  using an x-ray di ffractometer.   

 

Experimental Results 
Flame Development 

( i )  Mg temperature his tory 

Figure 2 shows a  typical  example of  the t ime var ia t ion of  Tm  and Tv ,  when Mg 

vapor was injected into an Ar atmosphere.   Tm was corrected by the melt ing point  of  

Mg.   Just  af ter  Tm  reached the boi l ing point  of  Mg at  Pamb ,  the nozzle  began to  ejec t  

Mg vapor  act ively,  and there  was a  corresponding sharp increase in  Tv .  During 

vaporizat ion,  Tm  remained almost  constant  a t  the boi l ing  point  of  Mg at  Pamb ,  but  Tv  

reached a  maximum lower than the boi l ing point  by about  50 K and then decreased in  

spi te  of  the injected  Mg vapor.   This  value and tendency of  Tv  was due to  the  heat  loss  

through the wires  of  the thermocouple and the decreased heat  t ransfer  ra te  achieved by 
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the  deposi t  of  molten Mg on the junct ion of the thermocouple.   This  suggests  that  Tv  

would  be almost  equal  to  Tm ,  i f  the heat  loss  and heat  t ransfer  could be  appropriately 

corrected.   In  this  experiment ,  the tendency of  Tm and  Tv  var ied  l i t t le  over  t ime with  

Pamb.   On the other  hand,  when the Mg vapor  burned in  CO2,  i t  was confi rmed that  the  

value and tendency of  Tm  was the same as  those without  combust ion.  

 

( i i )  Mg vapor inject ion  veloci ty 

    The weight  of  Mg in the burner was measured to  decrease  l inear ly with t ime 

during vaporizat ion.   This  showed that  the Mg sample vaporized at  a  constant  ra te  

af ter  reaching the boi l ing point .   Therefore,  the averaged mass burning rate  of  Mg 

mM g  was roughly est imated using the vapor  in ject ion period and the ini t ia l  mass of  the  

Mg sample .   mM g   was almost  constant  within a  range of  scat ter  of  ±15% at  any 

variat ion  of  Pamb .   The scat ter  was mainly due to  a  s l ight  shi f t  in  the posi t ions 

between the burner  and the working coi l  a t  each point  of  assembly.         

The averaged inject ion veloci ty  of  Mg vapor  ujnz  a t  the burner  nozzle  exi t  was 

est imated from mM g  by assuming that  the Mg vapor  temperature  and pressure were 

equal  to  Tm  and Pamb ,  respect ively.   Figure 3 shows ujnz  against  Pamb  wi th and 

without  combust ion.   For  both cases ,  ujnz decreased with increasing Pamb due to  

increasing the densi ty of  Mg vapor.   The Reynolds number of  the Mg vapor  je t  was in  

the range of  100-200,  which was est imated using ujnz ,  the nozzle  exi t  diameter  and the  

dynamic viscosi ty of  the Mg vapor  calculated by molecular  t ransport  propert ies[10]  a t  

Tm  and Pamb.   These  je ts  were in  the laminar  range.  

 

( i i i )  Flame appearance    

The Mg vapor  je t  igni ted spontaneously when Tm  reached the boi l ing point  of  Mg 

at  ambient  pressure.  Three types of  Mg vapor  je t  f lames were observed.  Amongst  these,  

typical  examples are  shown in Fig.4.   At  less  than Pamb  =9 kPa,  the injected Mg vapor  

was heated  red after  the CO2 replacement ,  as  shown in Fig.  4(a) .   The boundary 

between the vapor  je t  and the ambient  was intensely heated and ujnz  was so h igh at  233 

m/s  that  i ts  height  reached to  about  80 mm. Here we cal l  this  f lame red-heated je t  f lame.   

A small  amount  of  combust ion products  accumulated  on the r im of  the nozzle  exi t  

during Mg vapor  inject ion.    

For Pamb  between 10-30 kPa and ujnz  between 90-170 m/s ,  a  luminous region 

appeared in  the Mg vapor je t  af ter  the gas replacement .  This  was fo l lowed by a  s table  

je t  f lame of  Mg vapor  as  shown in Fig.4(b) .   The f lame generated  large quant i t ies  of 
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white  smoke.  During the combust ion,  combust ion products  p i led up on the r im of  the 

burner  nozzle  exi t ,  bui lding a  tube-l ike s t ructure for  the Mg vapor passage.   Hereafter,  

the deposi t  s t ructure ,  referred to  as  a  chimney,  cont inued to grow unt i l  the  burning 

process  was complete .   As the f igure shows,  the r im of  the chimney shone clear ly  

while  the chimney  grew.  In  this  type of  f lame,  the diameter  of  the chimney  was found 

to  vary l i t t le  with  t ime.   I t  should be noted that  this  f lame seemed to  be l i f ted above 

the r im of  the chimney and there was a  consistent  presence of  a  rather  dark region just  

downstream of the chimney,  where the combust ion react ions were weak.   We cal led  

this  type of  f lame l i f ted-l ike f lame,  and the average inject ion veloci ty  of  Mg vapor at  

the chimney exi t  was noted with  ujch ,  which was est imated by assuming that  the vapor  

temperature was equal  to  Tm .  

On the other  hand,  a t  higher  Pamb  between 21-48 kPa and lower Ujnz  between 

40-110 m/s ,  the very luminous region,  which appeared ini t ia l ly wel l  above the burner  

nozzle  exi t  in  the Mg vapor  je t  a t  the gas  replacement ,  moved upstream and was 

at tached to  the r im of the burner  nozzle ,  developing an at tached f lame,  and bui lding the  

chimney as  shown in Fig .  4(c) .  The diameter  of  the chimney increased with  t ime.  We 

cal l  this  type of  f lame at tached f lame.   The f lame was characterized as  extending from 

the r im of the chimney  of the  at tached f lame,  shining much more  intensely than that  of  

the l i f ted- l ike f lame,  and there  was no dark region downstream of the chimney.   The 

heights  of  the br ight  region of  the chimney were measured to  be about  1  mm,  

independent  of  the t ime.   In  addi t ion,  a  very bright  thin layer  exis ted in  the f lame 

boundary adjacent  to  the ambient .  Figure 5  shows a  magnif icat ion  near  the r im of the  

chimney of  the at tached f lame.   I t  was found that  the br ight  thin layer  appeared from 

the inside of  the chimney r im and a  luminous f lame region expanded towards the inside 

even further.  

   Both the l i f ted-l ike and at tached f lames could develop in  the  medium pressure  

range near  21-30 kPa.  When ujnz  was high,  the l i f ted-l ike  f lame was formed.   

However,  i f  the chimney diameter  increased during combust ion,  the l i f ted- l ike f lame 

dropped back to the  chimney r im,  resul t ing  in  the at tached f lame.   This  suggests  that  

ujnz  and ujch  were control l ing factors  in  determining f lame type.   

 

Flame characterist ics  

( i )  Fi l tered  photographs 

Figure 6  shows the f i l tered  photographs of  a  l i f ted- l ike f lame with binary code 

processing,  the t ransformation of  a  gray-scale  image to  a  black and white  one,  to  
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clear ly ident i fy the react ion region of  the act ive species .  The emissions at  the base of  

the f lame were so weak that  they were not  vis ible  in  the f i l te r  photographs.   All  the 

emissions of  the f lame were found to  appear  approximately in  the same region,  except  

for  the fact  that  the t ip  of  the cont inuum emission was not  c losed.  This  indicates  that  

for  the l i f ted-l ike f lame,  the gas-phase react ions of  Mg(g)  and CO2 and the 

condensat ion of  MgO(g)  occurred s imultaneously and act ively in  the middle  region of  

the l i f ted-l ike f lame,  but  not  act ively,  or  not  a t  a l l ,  a t  the base  of  the  f lame.   This  

suggests  fur ther  that  the rat io  of  the chemical  react ion character is t ic  t ime of  Mg with 

CO2 to the character is t ic  t ime of  the Mg-CO2 diffusion process  was large in  comparison 

to ordinal  laminar  fuel  je t  f lames with ai r ;  that  is ,  the f lame was part ia l ly  premixed.   

Figure 7  shows the f i l tered  photographs of  an at tached f lame with  binary coded 

processing.   The MgO(g)  emission was not  vis ible  a t  the  base of  the  f lame,  but  was 

s t rong near  the center  axis  of  the  downstream.   I t  was closed at  the t ip  of  the f lame.   

Strong emission of  the cont inuum was at tached to the chimney.   The emission 

extended toward the center  axis  a long the downstream, and grew weaker  again  toward 

the outs ide af ter  passing through the region corresponding with  the s t rong MgO(g)  

emission region.  The emission was not  c losed at  the t ip .   Our spectroscopic  analysis  

[3]  showed that  the emission intensi ty  passing through the f i l te r  for  the Mg l ines  

included the emission intensi ty of  the continuum. This  implied that  the emissions,  

which were l ike two horns appearing along the boundary with the a tmosphere shown in  

Fig.7(a) ,  were at t r ibuted to  the cont inuum emission.  The t rue emissions of  the  Mg l ines  

were considered to be s imilar  to  that  of  MgO(g) .   The resul ts  obtained in  Fig.7  

indicated that  the gas-phase react ions of  Mg wi th CO2 proceeded at  the wide mixing  

region around the center  axis  in  the f lame.  The condensat ion react ions s tar ted from the  

r im of the chimney and also  occurred in  the f lame at  the boundary between the f lame 

and the ambient .  

 

( i i )  Combust ion products   

      Table  1 shows typical  concentrat ions of  the combust ion products  of  three f lames,  

which adhered to  the cei l ing of  the combust ion chamber,  and two chimneys.   The 

combust ion products  of  the red-heated je t  f lame were white  powder  composed of  MgO, 

including C at  less  than about  4%, and no unburned Mg.    This  suggests  that  the 

red-heated  je t  f lame  was also  one of  the f lames of  the Mg vapor  with  CO2.   For  both  

the l i f ted-l ike and the at tached f lame,  the combust ion products  were comprised of  MgO 

and about  2% of  C,  but  no unburned Mg was ident i f ied.   This  composi t ion resul t  
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reveals  that  the Mg vapor  in  the f lames preferent ia l ly  reacted to  produce MgO and CO.  

The chimney products  were  composed of  MgO, unburned Mg and C.   The 

concentrat ion of  C was less  than 2%, and relat ively large amounts  of  Mg were  

presented in  the chimney.  From the masses of  the chimneys and the composi t ions of  C,  

the masses  of  the Mg component  in  the chimneys were est imated to  be about  4  and 12 % 

of  the  ini t ia l  mass of  the Mg sample for  the l i f ted-l ike f lame and the a t tached f lame,  

respect ively.   This  indicates  that  the accumulat ion of  unburned Mg in the chimney 

reduces the volume f low rate  of  the Mg vapor  injected through the burner  nozzle .  The 

substant ia l ly same composi t ions for  the three  f lames and two chimneys,  except  for  the  

unburned Mg,  suggests  that  the gas-phase react ions and the react ions proceeding inside  

of  the chimney have the same react ion kinet ics  to  produce mainly MgO and CO, and C 

subordinately.   

 

( i i i )  Flame length 

The f lame length Lf ,  def ined as  the dis tance between the chimney r im and the 

f lame t ip ,  and the r im diameter  of  the  chimney Dch for  the l i f ted-l ike f lame varied 

l i t t le  over  t ime.  Dch  for  the  at tached f lame,  larger  than that  of  the  l i f ted-l ike  f lame,  

increased over  t ime.  However,  i ts  Lf ,  which was less  than the half  of  the l i f ted-l ike  

f lame,  decreased over  t ime.   

Figure 8  shows the variat ion of  Lf  o f  the  l i f ted-l ike f lame with  mM g divided by 

Tm0 . 5 ,  consider ing the diffusion coeff ic ient  on temperature  and pressure.   Although 

the data  of  Lf  were  scat tered,  as  a  whole,  Lf  had a  tendency to  increase with  mM g  /  Tm0 . 5 .  

(Limited to  this  experiment ,  the electr ical  input  power was s l ight ly changed to  vary 

mM g . )  The reasons for  the scat ter  were due to  the s l ight  varying in  the mass f low rate  of  

Mg and the different  r im diameter  of  the chimney at  every test  run by the indeterminacy 

of  the chimney developing process .   This  dependency of  Lf  i s  essent ial ly  the same as  

that  of  the ordinary laminar  diffusion f lames.[11]   The Reynolds numbers  of  the Mg 

vapor je ts  of  the l i f ted-l ike f lames  a t  the r im of the chimneys in  Fig.8 ranged from 52 

to  155.   This  supports  the assumption that  the  l i f ted- l ike f lames were in  the laminar  

range.  

I f  the at tached f lame was one of  the s imple laminar  je t  diffusion f lames,  i t s  length  

should only be proport ional  to  mM g ,  independent  of  the r im diameter[11] .   However,  

this  correla t ion was not  establ ished for  the f lame.   Considering these resul ts ,  i t  may 

be concluded that  for  the at tached f lame,  a  par t  of  mM g  in jected from the Mg burner  

nozzle  reacted act ively inside the chimney.    Judging from the chimney weight  af ter  
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burning,  most  of  the burning products  that  had formed on or  near  the chimney surface  

were carr ied downstream, and a  port ion of  them pi led up on the surface of  the chimney 

before passing through the chimney r im,  causing growth of  the chimney.  

 

Discussion 
 

Reaction kinetics  

Our previous s tudies [2 ,3]  show that  when the temperature of  the Mg/CO2 system 

was much higher  than the melt ing point  of  Mg and there  was no condensed phase of  Mg,  

the fol lowing overal l  react ions were predominant :  (1)  Mg+CO2→ MgO(g)+CO and (2)  

MgO(g)→ MgO(s) .  When the f lame temperature was lower or  a  condensed Mg surface  

exis ted,  the overal l  react ions (3)  Mg+1/2CO2 → MgO(s)+1/2C and (4)  Mg+CO →

MgO(s)+C were possible .   The composi t ions of  C obtained in  the present  experiment  

were almost  the same as  that  obta ined in the Mg-CO2 counterf low diffusion f lames of  

our  previous s tudy at  low pressures . [3]  The adiabat ic  f lame temperatures  of  Mg/CO2 

system[12] are  very h igh.   These resul ts  indicate  that  react ions  (1)  and (2)  can take  

place preferent ial ly  in  al l  of  the f lames and at  the chimneys,  and react ions (3)  and (4)  

are  only subordinate .  

On the other  hand,  a  cr i t ical  s tagnat ion veloci ty gradient  with  a  blow-off  of  

gaseous fuel  f lames may represent  a  measure of  the overal l  react ion rate . [13]   A 

comparison of  the cri t ical  blow-off  l imi ts  of  the Mg/CO2 counter  diffusion f lames and 

the gaseous fuels /air  f lames shows that  the former cri t ical  veloci ty gradient  was about  

1/5 -1 /30 lower than the la t ter  ones.[3,12]   This  suggests  that  the  overal l  react ion rate  

of  Mg/CO2 f lames may be much s lower than those of  ordinary fuel  f lames.   Although 

the diffusion coeff ic ient  of  Mg vapor  is  unknown,  the value may be the same magnitude 

as  those of  ordinary gases  such as  O2 and N2,  i f  i t  is  evaluated by the bi furcat ion  

approximation.[10]   The wide react ion regions observed in  the l i f ted-l ike  and the 

at tached f lame are  consis tent  with  those considerat ions.  

 

Red-heated jet  f lame 

The high veloci t ies  of  the red-heated je t  f lames increases ent ra inment  of  the 

ambient  CO2 in to the  Mg vapor je t ,  which causes a  decrease in  temperature  and Mg 

vapor  concentrat ion in  the je t  before the combust ion react ions of  Mg with CO2 proceed 

act ively.   Previously,  we found that  Mg ul t ra-f ine par t ic les  could al low act ive 

react ions with air  and burn even in  room temperature as  long as  they were not  covered 
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with oxide.  This  is  known as the pyrophoric  property.   This  fact  implies  that  the Mg 

vapor  di luted with the CO2 atmosphere may react  with CO2 and release  heat  to  the  

degree  of  heated-red  in  accordance with the  react ions (1)  and (2) .   However,  the f lame 

temperature at  low pressures  is  not  as  high due to  low fuel  concentra t ion,  in  which case  

the react ions (3)  and (4)  s imultaneously proceeded to form C.  

 

Attached f lame 

Figure 9 shows a  schematic  representat ion of  the at tached and the l i f ted-l ike f lame 

as  to  how the Mg vapor  je ts  burn in  CO2.   The exi t  veloci ty  of  the Mg vapor  a t  the  r im 

of  the chimney with  a  wide diameter  is  so s low at  about  3-10 m/s  that  the ambient  CO2 

may qui te  easi ly  diffuse inside the chimney.   The CO2 reacts  with the suff ic ient ly  high 

temperature  Mg vapor  in  the  gas  phase  near  the chimney surface to  produce MgO(g) 

and CO, according to  the react ion (1) .   A par t  of  the MgO(g)  easi ly diffuses  forward to  

the inside surface of  the chimney and condenses on i t ,  causing the  chimney temperature  

to  increase due to  the heat  re lease of  MgO condensat ion.  Simul taneously,  the react ion  

(4)  occurs  with the Mg vapor  to  form addi t ional  MgO(s)  and C on the inside surface .  

These exothermic processes  sustain the act ive react ion near  the r im of  the chimney,  

which acts  as  i f  a  pi lot  f lame exis ts  there .   This  i s  a  decis ive d ifference from the  

ordinary diffusion f lames s tabi l ized on the burner  r im.  

A decrease in  the f lame length wi th t ime can easi ly  be explained by an increase of  

the mass f low rate  of  Mg vapor which was consumed and accumulated in  the  chimney 

because the height  of  the  react ing region of  the chimney varied l i t t le  over  t ime,  

remaining consis tent ly a t  a  level  of  about  1  mm, and the diameter  increased.   A par t  o f  

the MgO(g)  produced at  the r im condenses  in  the downstream region of  the chimney.   

The rest  i s  convected  by the bulk f low to  the outs ide of  the chimney while  i t  is  

condensed.  In  the main  par t  of  the f lame,  the Mg vapor  forms a  diffusion f lame with  a  

wide  react ion zone in  the ambient  CO2.   MgO(g) generated there  diffuses toward the  

outs ide to  be condensed,  and gathers  MgO(c)  coming from the r im of the chimney,  

developing a  thin layer  shown in Figures  4(c) ,5  and 7(c) .   C is  generated by the 

react ions  (3)  and (4)  in  the low temperature  region near  the outer  react ion  zone of  the  

f lame.    

 

Lifted-l ike f lame 

   The ini t ia l ly  formed luminous region of  the Mg vapor  je t  in  the CO2 atmosphere 

could not  propagate  upstream due to  high inject ion veloci ty of  the l i f ted-l ike f lame.  
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However,  as  Mg vapor is  highly react ive,  i t  reacts  with CO2 to form a chimney on the  

nozzle  exi t  with a  somewhat  s low veloci ty  region.   Diffusion of  the ambient  CO2 

toward the  inside of  the chimney should  be prevented because of  the high inject ion  

veloci ty  of  the Mg vapor,  resul t ing in  an  act ive react ion  l imited  to  the narrow region of  

the chimney r im.   Thus,  a l though the f lame is  ini t ia ted  from the r im,  the main part  of  

the f lame develops in  the region far  downstream from the r im due to the low react ion  

rate  of  Mg vapor with CO2.   This  a l lows a  suff ic ient  amount  of  the ambient  CO2 to  

enter  the Mg vapor je t  before the main f lame react ion begins,  leading to the l i f ted-l ike 

f lame development .   MgO(g)  generated  inside the f lame condenses  not  only in  the 

f lame,  but  a lso at  the boundary with the ambient ,  as  shown in Fig .6(c) .   That  the C 

composi t ion of  the l i f ted-l ike f lame nearly coincided with that  of  the at tached f lame 

supports  the asser t ion that  C was generated by the same mechanism.   The comparison 

between the l i f ted-l ike f lame and the at tached f lame suggests  that  an essent ial  factor  

which controls  the combust ion processes  of  the  two types  of  the  f lames is  the  Mg vapor  

exi t  veloci ty through the chimney r im.   In  fact ,  the l i f ted- l ike f lame was sometimes 

observed shif t ing to  the at tached f lame when the chimney diameter  increased.  

 

Application to practical  combustor   

   Our f indings suggest  that  the Mg vapor  burning technique has two s ignif icant  

problems.  Firs t ly,  there  is  the  issue of  how to  effect ively heat  Mg and secondly,  

working f lu id losses  due to  the accumulat ion of  combust ion products  and unburned Mg 

on the chimney.  To solve the former problem, a  large amount  of  energy is  required to  

heat  Mg because  Mg has a  high vaporizat ion  heat  (128 kJ/mol)  in  comparison to  that  of  

water  (40.6  kJ/mol) .  The heat  for  cool ing the Mg-CO2 combustor  wil l  only be avai lable 

by using a  regenerat ive cool ing combustor  with  l iquid Mg.  To solve the la t ter  problem,  

the chimney should always be removed and injected into the combustor  to  reuse as  fuel  

and working f luid.  I f  methods for  the effect ive heat ing of  Mg and the removing of  the 

chimney can be developed,  this  f lame technique wil l  be useful  in  burning Mg 

completely and rapidly.  

  

Conclusions 
 

1.  At  low ambient  pressures  and high inject ion veloci t ies  of  Mg vapor,  a  red-heated je t  

f lame developed.  I t  was character ized by spontaneous heat ing of  act ive Mg vapor.  

Both the two other  f lames types,  the l i f ted-l ike f lame,  which developed at  middle  
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pressures  and inject ion veloci t ies ,  and the  at tached f lame ,  which developed at  

higher  pressures  and lower inject ion veloci t ies ,  had a  chimney composed of  

combust ion products  that  accumulated with  t ime on the  Mg vapor  nozzle  exi t .  At  the 

r im of the  chimney,  exothermic  react ions occurred.  The l i f ted-l ike f lame had a  

f lame length property s imilar  to  laminar  je t  di ffusion f lames of  gaseous fuels ,  but  

the at tached f lame did  not .   
2 .  The same react ions producing MgO(g) and CO, as  wel l  as  the condensat ion of  

MgO(c),  proceeded preferent ial ly  in  a l l  the  f lames and on the  chimneys.   Carbon 

was produced as  a  by-product .   

3 .  The f lame appearance  and propert ies  are  determined by the inject ion  veloci ty  at  the 

chimney r im and the act ivi ty of  exothermic react ions of  Mg vapor  with diffused 

CO2.  
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Table 1.   Combustion products of  Mg vapor jet f lames in CO2 atmospheres.  
 
FIGURE CAPTIONS 

 
Fig.1.   Schematic  of  experimental  apparatus .  

 

Fig.2.   Time variat ion of  Mg sample and burner  nozzle  exi t  temperatures .   

Without  combust ion at  Pa m b  = 21 kPa.  

 

Fig.3.   Variat ion of  Mg vapor  inject ion veloci ty  at  burner  nozzle  exi t   

with ambient  pressure.  

 

Fig.4.   Flame appearances:  (a)  Red-heated  je t  f lame at  Pa m b  = 8  kPa,   

uj n z=233 m/s ,  (b)  Lif ted-l ike f lame at  Pa m b= 21 kPa,  

uj n z=141 m/s  and uj c h=35 m/s,   (c)  Attached f lame at  Pa m b  = 35 kPa,  

uj n z=62 m/s  and uj c h=4.1 m/s .  

 
Fig.5.   Base of  an at tached f lame.  Pa m b=21 kPa,  u j n z=85 m/s  and u j c h=3.7 m/s .  

 

Fig.6.  Fi l tered photographs of  a  l i f ted- l ike f lame with binary coded processing:  

Pa m b=21 kPa,  u j n z=130 m/s  and uj c h=32 m/s .   

 

Fig.7.  Fi l tered photographs of  an  at tached f lame with binary coded processing:  Pa m b  

=35 kPa,  u j n z=103 m/s  and uj c h=14 m/s .   

 

Fig.8.   Variat ion of  f lame length  with corrected mass f low rate .  
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Lifted-l ike  f lame:  Pa m b  =21 kPa,  u j n z=98-145 m/s ,  uj c h=18-49 m/s ,  

and Re=124-182.  

 

Fig.9.  Schematic  representat ion of  Mg vapor  je t  f lames revealed in  this  s tudy.  
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Table 1. Combustion products of Mg
vapor jet flames in CO2 atmospheres. 

 

Compositions (wt%) 

MgO Mg C 
Red-heated 
Jet Flame 

Combustion 
Product 

Combustion 
Product 

Combustion 
Product 97.9 0 

Lifted-like 
Flame 

Attached  
Flame 

Wide Chimney 

82.7 15.7 

Flame Type Sample 

Thin Chimney 

98.0 

2.1 

1.6 

96.2 0 3.8 

2.0 

85.9 12.9 1.2 

0 

(12 + 2) x 7.6 = 106 words 
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 Mg Burner 

Mg Vapor 
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Ｐ

Ｐ

Combustion  Chamber 
Cameras 

Strain 
Gages 

X-t Recorder 

Video 
Camera 

Multi-Ports 
Solenoid Valve 

Valve Switch 

CO2 

Vacuum Pump 
Video 
Timer High 

Frequency 
Induction 
Heater 

Filter 
to Atmosphere 

K Thermocouple in Mg 
Unit:mm 
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without combustion 

Ｐ
Ar 

Fig.1. Schematic of experimental apparatus. 

(90 + 10) x 2.2 + 5 = 225 words 
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Fig.4. Flame appearances: 
(a)Red-heated Jet Flame (Pamb= 8 kPa, ujnz=233 m/s) 
(b)Lifted-like Flame  (Pamb=21 kPa, ujnz=141 m/s, ujch

(c)Attached Flame   (Pamb=35 kPa, ujnz= 62 m/s, ujch

Color figure in electronic version only 
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Fig.5. Base of an attached flame. 
(Pamb=21 kPa, ujnz=85 m/s, ujch=3.7 m/s) 

Color figure in electronic version only 
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Fig.9. Schematic representation of Mg vapo
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