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Addenda and Errata 
to 

METAL COMBUSTION PROCESSES 

by 
Irvin Glassman 

ARS Preprint No.   938-59 
AFOSR T.N.   No.   59-10^3 

Princeton University Aero Eng'g Lab Report No. 473 

Pg 6, 

Pg i, 

Pg 8, 

ine 17  After the word "oxidizer" insert "at the flame front". 

ine 18  After the word "oxidizer" insert "at the front". 

ine 24  After the word "flames" insert the following sentence. 
"The fact that the oxide condenses simplifies the 
diffusion equations generally used in droplet analyses." 

ine 24 Insert the word "the" before "metal". 

ine 26 Change last word to "Thus". 

ine 2 Insert word "curve" after "distribution". 

ine 19 After "metals" insert "or metallized solid propellant". 

ine 19  After the number "IIO0°K" insert the following sentence 
in parenthesis "(At this temperature the vapor specie 
above a B-B2O3 mixture is more coTectly written as the 
complex molecule B2O2 (93) V. 

, 

r 

Pg 9,   line I4ff Change stoichiometry of the equation to 

.    % Al it) t '/$ AA o3 (s) -+AK0 <$) 
The paragraph following should read:  "Färber lists the 
value of 4-Hf° (25°C)  for AI2O (g) as -34 kcal/mole. 
Since the ^Hf° of AI2O3 <S)  is -399 kcal/mole, the 
above reaction is highly endothermic and thus limits the 
temperature.  Since BO has a A Hf° of only -5.3 kcal/mcle 
a similar situation exists for boron. It is obvious for 
metal oxides which decompose into elemental metal vapor, 
metal suboxides and/or oxygen atoms." 

■■ 
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Pg 10, line 6  After end of sentence insert the following sentence. 
"A list of the major species for the vaporization of > 
metal oxides under various conditions is given at the 
end of Ref. 93." 

ine 17 Insert "adiabatic" before "temperature". 

ine 18 Insert "in oxygen" after "aluminum". 

Pg 12, line 10 Insert "and physics" after "chemistry". 

Pg 14, line 10 Insert "burning" before "droplet". 

Ine 15 Last word should read "partial". 

ine 23 After "coefficient" add "relative to the n 

ine I! Pg 15, 

Pg 17, 

Pg is, 

Should read " reduces to a more simplified 
equation " instead of " to the 
equation ," . - - - 

ine 14  Should read " pressure of the oxygen prese 
that is Po2,c" instead of " that is PQ /B

/ ' 

ine 17 Change "of" to "on". 

ine 20 Change "good" to "valid". 

ine 17 Insert "generally" before "is". 

ine 19 Should read " should have flame fronts close 
to " instead of " should be close 
to ". 

last line   Insert the following sentence. "In fact, if one assumes 
that the thermal conductivity of the metal vapors are 
approximately the same, as a rough approximation, one 
could postulate that in the initial burning phases that 
the separation distances between the flame front and the 
metal surface for aluminum and sodium flames are relatively 
of the same order; that beryllium flames have a separation 
distance a factor of 4 less than that of aluminum; lithium 
a factor of 2 less; magnesium a factor of 3 greater." 

. . 
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Pg  19, Table III 

• 

Heading of Column 7 should read "T^11, 
with  heading and values as follows: 

V  V 

Add a column 12, 

TM0"TM 
Element H 

Be 0.08 
Li 0.16 
Al 0.34 
Mg 1.14 
Na 0.32 

£6H6 
27.0 

Pg 20, Paragraph 4  At the end of paragraph 4 add the reference letter (k). 

last line  Add "initially" aftef>"but". 

Pg 23,    line 18  Change "alkylated compounds" to "liquid alkylated metal 
compounds". 

Pg 24,    line 2  Change that part of the sentence beginning "less oxide 
deposition " to "less oxide deposition may or 
may not be a great oversimplification, for nucleation 
products appear to be of the order (l,m) of 0.1 to I /ju 
In diameter and the particles must diffuse a distance 
of the order of 100 to 1000 particle diameters." 

Add the following references:'" 

k. Giassman, I., "The Stability of Propel I ants and the Theory of Thermal 
Ignition", Princeton University Aero .Eng'g Lab Report No. 460, 
'AF0SR TN 59-586, ASTIA AD (to. 217 18$; May, i959. 

I.  Setze, P. C, "Liquid Boric Oxide Particle Growth Rates in a Gas Stream 
from a Simulated Jet Engine Combustion Chamber", NACA EM 551 20a, 
April 30, 1957. 

m.  Schreier, S., "The Effect of a Condensed Exhaust Phase o^ Rocket 
Performance", M.S.E. Thesis in Aero Eng'g, Princeton University, 1956. 

Add the following to the bibliography: 
I 

93.  Inghram, M. G., and Drowart, J., "Mass Specrroscopy Applied to High< 
Temperature Chemistry", Advance Papers of an Internationa! Symposien 
on High Temperature Technology, Asi lomar, Calif., Oct. 6-9, 1959, 
arranged by Stanford Research Institute, Menlo Park, Calif. This 
manuscript contains 137 references., many of which are pertinent to 
metal combustion phenomena. I % 
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94. Kkigery, W. D., "Oxides for High Temperature Appl leaf iens11, ibid. 

95. Ackermann, R. J., and Thorn, R. J., "Reactions Yielding Volatile 
Oxides at High Temperatures", XVI Congres International de Chemie 
Pure et Appliquee, Paris, 1957. 
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I 
ABSTRACT 

Since the light metallic elements undoubtedly will play a greater 

and greater role as propel I ants in advanced chemical and nuclear-chemical 

propulsion systems, interest in their burning characteristic Is Increasing. 

Presefited-trerg-are some preliminary conclusions on burning characteristics*^^ 

These conclusions are based on fundamental physical considerations and 

not on experimental results. An analytical approach to calculate the 

burning rate of metals is also suggested. This approach differs from 

the diffusion-droplet approach in that it includes radiation feed-back 

and loss terms.  Such terms can be important at the high temperatures 

of the diffusion film surrounding a burning metal. 

The verification of many of the postulates given in this report 

can be carried out ideally at some later date on the high pressure double 

rocket motor flow reactor developed under the subject contract. 

t 
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METAL COMBUSTION PROCESSES1 

Irvin Glassman^ 
Princeton University, Princeton, New Jersey 

I.  INTRODUCTION 

Interest In artificial light sources for photography and metallic 

dust explosions stimulated early work on the combustion of metals. Recent 

endeavors to obtain higher performance with rocket motors (a)* and ram 

engines (b) have led many propel I ant engineers to formulations which contain 

certain metal Mc elements in some form. The addition of alurnlnum powders to 

solid propellent combinations has given high specific impulse and better oper- 

ating characteristics (a).  However, aluminum is not necessarily the only 

metallic element of interest to the propulsion engineer. An interesting 

presentation of which substances may be best as propel I ants has been givan 

by Carpenter (c) and is shown in Figure I.  In this figure there is plotted the 

heat of combustion in Btu per pound of fuel and oxidizer versus the atomic 

number.  Since the flame temperature Is related to the heat of combustion and 

in rocket motors both fuel and oxidizer must be carried, this plot gives some 

idea as 1o the relative effectiveness as propellants of various elements and 

compounds formed from these elements. Of course, the molecular weight of the 

products of combustion is important, as well, and this consideration must be 

taken In account. Although this graph is based upon oxygen as the oxidizer, 

the relative order would not be effected too greatly by selection of another 

oxidizer.  One should note that most compounds wilI give a heat of combustion 

I. The author's work in combustion is supported by the United States Air 
Force Office of Scientific Research of the Air Research and Development Command 
under Contract AF 18(600)-I 527. 

2. Associate Professor, Department of Aeronautical Engineering; Member, A.R.S. 

3. Lower case letters appearing In parentheses refer to articles listed in 
the references at the end of this manuscript; numbers appearing In parenthesis 
refer to articles appearing in the bibliography which follows the references. 
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2. 

between the points representing the elements from which they are constituted. 

Immediately, one can see for propellant considerations what compounds con- 

taining elements with atomic numbers greater than 14 are of no concern, for 

such compounds could not compete with gasoline, and their products of com- 

bustion undoubtedly would have high molecular weights. The prominence of 

certain of the metallic elements as propellants is accentuated by a plot of 

this type and the fact that many have a higher heat of combustion than hydro- 

gen is not generally realized.  It appears that the use of the elements, or 

compounds containing lithium, boron, berryMum, aluminum, magnesium, and sili- 

con as prnj>g||ant a^riitj yes could be mos4 attractive. However, although 

these propellants will give high flame temperatures, their burning rate and 

other physical characteristics must be such t..at the efficiency and operating 

characteristics of the propulsive device are not impaired. 

Figure 2, also taken from Carpenter (c) makes a similar comparison 

for air breathing engines in which the heat of combustion in Btu per pound of 

fuel is most important. From this figure likeiy fuels could be formulated 

from slurries of the elements, or compounds containing boron, aluminum, and 

magnesium. Much of the same considerations discussed above hold here as well. 

A relative rating of various compounds based on the heat of combus- 

tion per pound of fuel and per pound of fuel and oxidizer is given in Table I. 

Hydrogen which has the highest heat of combustion per pound of fuel ranks 

sixth when compared on the basis of Btu per pound of fuel and oxidizer. How- 

ever, the molecular weight of the produc- ö of hydrogen rjocket combinations 

is low compared to the effective molecular weight of the products of the 

other substances and thus hydrogen fares much better on a specific impulse 

comparison. Actually Table I simply specifies which metals would be most 

likely as additives to hydrogen and other CHN fuels.  In conventional systems 

metals themselves as fuels would give prohibitively high molecular weight 

- M — 



3. 

TABLE  I 

HEATS OF COMBUSTION OF   VARIOUS SUBSTANCES IN OXYGEN 

LüäL Booted Ptu/|b fuel Fuel 
Btu/lb 

(fuel  + oxvaen) 

♦ 

1. H2 H^  (ß) 61,000 Be 10,550 

2. Be BeO 29,400 Li 8,640 

3. B B203 25,400 B 7,900 

4. CH4 C02,  H20  (Ü) 24,000 Al 7,080 

5. C02,  H20 <t) 21,400 Mg 7,000 

6. LI Li20 18,500 H2 6,780 

7. C rQ2 14,100 SI 6,300 

8. Si SI02 13,500 C2H2 5,250 

9. A! Al203 13,400 CH4 4,800 

10. Mg MgO 11,600 Ti 4,550 

V II. Ti Tl203 6,820 C 3,840 



4. I 
products, most of which would condense in the nozzle. However, gains In 

performance can be obtained with the addition of the metallic elements and 

thus increased attention should be given to the combustion of metals and 

related processes. 

Undoubtedly metals added to solid propellants are consumed by 

diffusion flames.  It can be postulated, and more will be said about this 

subject later, that the flames surrounding the burning metal particles re- 

present temperatures much greater than the equilibrium adiabatlc combustion 

temperature öf the complete prepe! Jar.t formulation,  Fqui I ibration must take 

place after condensation of the metallic oxide and in later flow stages of 

the motor chamber. Metals added by liquid slurries should follow the same 

pattern. 

Compounds containing metallic elements may reach a more complete 

oxidized state by one of two procedures. The compound can be attacked and 

oxidized in the same way as a hydrocarbon, or the compound may decompose into 

the metallic element and chemical fragments. The metal particles formed then 

burn as diffusion flames.  In all I ike!ihood, most, but certainly not all, 

alkylated metal compounds or polymers will follow the latter procedure. Those 

compounds oxidized in the same manner as ordinary hydrocarbons are not of 

interest here; however, those which lead to metal diffusion flames are. 

II.  THE METAL DIFFUSION FLAME 

The combustion of solid materials can be divided into two cate- 

gories-- the metals and the non-metals. The non-metals include for the most 

part carbon and the solid hydrocarbons and there are no great distinguishing 

features that make the combustion of these materials anv different from the 

combustion of liquids.  In fact, the categories could be better defined to 

distinguish between those materials whose combustion products have very low 
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boiling points and those which have high boiling points. The metals have 

the high boiling point metallic oxide as their products and thus have flames 

i 
which exhibit certain unique or distinguishing features. A liquid such as 

an alkylated metal compound would fall in the same category as the pure 

metal since this liquid would have a high boiling oxide as a product. The 

temperatures that can be obtained with the combustion of metals appear to be 

limited to the vaporization temperature of the metallic oxide product, whether 

the oxide decomposes on vaporization or not. This conclusion is reached since 

the heats of vaporization or decomposition of the oxide are equal to the heat 

of reaction of the meta! and oxidizer at the vaporization temperature. Even- 

tually when the products of a metal flame diffuse to a cooler zone they con- 

dense. 

Of course, the vaporization and condensation temperature varies with 

the pressure, and for those compounds which decompose the temperature which 

can be reached will also be a function of the oxygen concentration.  Thus, one 

should judge the temperature reached from the equilibrium process which re- 

presents the vaporization dissociation process, i.e. 

Mx 0f U)  z=* % M <-|) + 3 0 ($) 

* . (*f(o)yz] 
where M represents any metallic element,^^vis the total number of gaseous 

moles, and P is the total pressure. One sees that as the pressure rises and 

the oxygen (or oxygen atom since whichever exists is correct for the argu- 

ment here) concentration rises the reaction must shift to the left. More 

liquid thus is present and therefore higher temperature can prevail before 

the liquid will decompose. 

Diffusion flames of ordinary liquiasor so1ids generally are de- 

scribed by the double film picture (d), as depicted in Figure 3. Heat 

diffuses from the flame front B to the particle surface A. The fuel vaporizes 

• 
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or sublimes and diffuses from the surface A to the flame front B. Oxygen 

diffuses from some position C (which can be taken at infinity for a stag- 

nant atmosphere), toward the front B.  It is assumed that no reaction takes 

place until fuel and oxidizer reach B, that they meet here in stoichiometric 

portions and that the reaction takes place infinitely fast In an infinitely 

thin layer. Obviously, the infinite reaction rate concept cannot be a true 

one, but analyses developed from this picture have teen successful in pre- 

dicting many character sties of liquid diffusion flames, including the burning 

rate of the fupl (e>) ,  Morp romp lex analyses (f) which include finite re- 

action kinetics, but ignore inflammability limit considerations, do not too 

greatly alter- the basic picture, and in fact, predict the same burning rates 

as the simplified approach. 

Generally there are then some distinctive differences which must be 

considered between a metal diffusion flame and those flames having only gas- 

eous products.  In the metal flame the temperature at the front is known and, 

as defined previously, taken as the vaporization temperature of the metal 

oxide. However, as will be shown later, the partial pressure of the oxidizer 

is not known.  In the ordinary liquid diffusion flame, the partial pressure 

of the oxidizer is specified since the basic assumption is that the fuel and 

oxidizer meet in stoichiometric proportion and as a consequence the flame 

temperature at the front must De calculated. 

The second distinction of the metal diffusion flame is that a 

condensable oxide is formed. As men+ioned earlier the formation of the 

oxide reajly establishes the basic difference between metal diffusion*flames 

considered here and other liquid or solid diffusion flames. 

There is, however, another characteristic of metal flame which is 

worth noting and which may be very important. Generally the temperature in 

pure metal combustion is so high that there is ionization in the front. So 

there exists in the flame front a complex of ions, electrons, and neutral 

/ 

• 



, - MW 

7. 

species (60). This complex produces a high emissivity In the ultra violet 

(69).  Since the peak of Planck's radiant energy distribution shifts to the 

ultra violet for these high temperatures, the emissive radiant energy of 

such a flame is very high.  In «st considerations of diffusion flames it 

is the heat which is conducted back from the flame through the fuel vapor 

which raises the temperature of the droplet +o the vaporization temperature, 

vaporizes the fuel, and heats the vapor.  It would appear then with high 

emissivities and high temperatures (particularly at high pressures which 

cause high oxide vaporization temperature) that radiant energy procebses in 

metal flames could play an important role in determining tie metal burning 

rate. The reflectivity of the molten metal surface receiver could then be 

of import and In fact it is possible that the surface condition of the burning 

metal could play an important part In determining its burning rate. There can 

be, of course, a radiant energy loss as well,, and in fact (If the metal .is 

burning in an infinite medium which acts as a black body receiver) this loss 

can be greater than the amount radiated to the metal surface. For metal- 

lized solid propel I ants burning in an internal burning grain, there would be 

no radiant energy loss since the energy would be radiated back to the propel- 

lant. For metals strands, however, burning in strand bombs, there would be 

a definite radiant energy loss. 

Now that the distinction between metal diffusion flames and liquid 

droplet flames has been made, certain physical characteristics of metal 

combustion will be examined. 

III.  THE METAL FLAME TEMPERATURE * 

Brewer (2) reports that under highly oxidizing conditions to almost 

neutral conditions the metal oxide molecule (represented as Mx0y) is the main 

vaporizing species for all the alkaline earth oxides except BeO, which riecom- 

--» 
. 



poses to the elements upon vaporization. 5r0 and BaO are more important than the 

elements even under neutral conditions and under reducing conditions all the alkaline | 

earth oxides vaporize predominately to the metal atom vapor-. From the description 

of the diffusion flames given earlier, it was pointed out that for analysis purposes 

the fuel and oxldizer merge in some proportion and react in a definite front. More 

realistically, the two begin to react prior to reaching the analytically prescribed 

proportions and do react whenever a ratio of fuel vapor to oxidizer suitable for re- 

action has been reached. The largest majority of the metal then Is reacting under 

reducing conditions.-  Since the metal oxide which Is formed would decompose to the 

elements as suggested by Brewer (2), higher concentrations of oxygen would be found 

which further prevents the diffusion of oxygen to the reaction zone. Thus, It ap- 

pears that the reaction of metal vapors in diffusion flames will be under redtcing 

conditions and the product oxide formed will decompose upon vaporization. Decom- 

position upon vaporization then limits the flame temperature to the vaporization 

temperature of the oxide. 

For boron, Brewer (2) shows that from the spectroscoplc dissociation 

energy of BO that B2O3 cannot vaporize as BO.  However under reducing conditions 

B2O3 will vaporize as BO.  For example, a mixture of B and B2O3 should produce 

a I atmosphere partial pressure of BO at 1I00°K. BO Is stable enough 1hat even 

the most stable oxides can be reduced by boron under vacuum conditions.  However, 

the B - B2O3 condition Is that which exists in elemental boron diffusion flames 

and here too evidence shows that the flame temperature must be the vaporization 

temperature of the oxide B2O3. 

Brewer and Searcy (la) investigated the Al - AI2O3 system in an 

effusion ce'I. From the vapor pressure measurements they obtained a boiling 

point of 3800° t  200°K for Al205.  Färber (26) reports that their evidence 

tor this dissociation of A^Oj to A^O and AIO at high temperature has been substan- 

tiated by others. AUO is the product In a reducing atmosphere and A10 in an 

oxidizing atmosphere.  From thermodynamic calculations, Farber was able 
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(c) Boron-aluminum group which includes B, Al, Sc, Y, and La. 

Gaseous sub-oxides exist for these groups. 

(d) Titanium - zirconium 

(e) Manganese 

(f) Iron group, which includes Fe, Co, and Ni. 

(g) Zinc group, which includes Cd also, 

(h)  Si I icon 

As more data appear, each metal-oxygen system must be evaluated independently. 

Table II taken from Grosse and Conway (42) lists properties of the metals 

and metal oxides and the melting and boiling points. Consequent Iy, the boiling 

point temperature of the oxide may be taken as the combustion temperature. . 

The dissociation reactions which limit temperatures obtainable are 

all affected by the pressure. Naturally, as the pressure is raised the dis- 

sociated products will reassociate as given by the Le Chatelier1s principle. 

Examination of the equilibrium constants for the vaporization dissociation 

step readily shows that the vaporization temperature increases with an in- 

crease in pressure.  It is estimated that at 1000 psia the temperature of 

burning aluminum would be about 5900°K. 

IV.  BURNING CHARACTERISTICS 

With the establishment of the criterion that the boiling point of 

metal oxide is the metal flame temperature, certain other conclusions as to 

the character of the metal diffusion flame may be drawn. These conclusions 

are based on certain physical properties of the metals themselves. 

If the vaporization temperature of the oxide is greater than the 

vaporization temperature of the pure metals, then the structure of the dif- 

fusion flame would be much I ike the double film concept appl ied to Iiqui ds. 

However, if the vaporization temperature of the pure metal is greater than 

- 
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TABLE II 

NORMAL MELTING AND BOILING POINTS OF METALS AND THEIR HIGHER OXIDES* 

Element  Element Melting  Element Boiiing  Oxide Arf 

Point, T" °K "  Point, T* °K °*>* 
M M kcal/mole 

Li 

B 

Na 

Mg 

Al 

K 

Ca 

Ti 

Zr 

Be 

Si 

460 

2570 

370 

920 

930 

330 

I 120 

2000 

2120 

1550 

1700 

1640 

2820 

1150 

1370 

2720 

1030 

I960 

3530 

5770 

3240 

2870 

Li20 -146.6 

B203 -305.4 

Na20 - 99.4 

MgO -143.7 

Al203 -400.2 

K?0 - 86.4 

CaO -151.7 

Ti2°3 ~363-0 

Zr02 -261.8 

BeO -143.7 

Si02  -210.2 

Oxi de 
Melti ng 
Point 

Oxi de 
Boi 1i ng 
Point 

T V °K TM0 K 

2000 2600 

720 2520 

1 193 1550 

3075 3350 

2323 3800 

800 1 750 

2860 3800 

2400 3300 

2960 4570 

2820 4530 

2000 2500 

* Considering the basic uncertainties in the thermodynamic and physical data 
at high temperatures, the author wishes to point out that ihe data presented 
throughout this paper are the best he could find in today's literature.  Since 
most data were used for relative comparisons, no effort was made to give 
statistical deviations from the values reported.  Such deviations in many 
cases can be large. 

-- 
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the vaporization temperature of the oxide, then reaction cannot take place 

In the vapor phase but must take place on the molten surface at some tempera- 

ture lower than the vaporization temperature of the metal out about that of 

the vaporization temperature of the oxide.  The approach used to calculate the 

case when T^O>TM is somewhat similar to that used for liquids and the dis- 

tinctions between the two were discussed in the previous section. From Table 

IT, it is found that Li, Na, Mg, Al, Ca, K, Be, and Si fall into this group. 

When TM
V
>TMQ then the oxide accumulates on the molten metal sur- 

face. The procedure for calculating the burning rate in this case becomes 

much more complex. The rate may be determined by the surface chemistry or by 

the diffusion rate of the oxidizer through a solid oxide film. B, Ti, and Zr 

fall into this group.  The character of the film can be different according 

to the physical properties of the oxide.  If the oxide has a lower density 

than the molten metal, then it will float on the surface and oxygen must reach 

the raw metal by crevices or openings formed due to oxide running off the sur- 

face, cracking due to expansion of the liquid, etc. However, if the oxide is 

lighter than the molten metal, but soluble in the metal, then some metal 

would always appear on the surface.  If the oxide is more dense than molten 

metal, it would sink through the molten surface and keep a metal surface ex- 

posed to the oxidizer.  Physical intuition would suggest perhaps that the 

burning rates of the metals would fall generally in categories according to 

the descriptions given above; i.e., those metals whose oxides are heavier 

than the molten meta! would be the fastest; those which are lighter and solu- 

ble, next; and those which are lighter but not soluble, the slowest. Further 

V    \j 
metals which fall in the case TMQ>TMr shou I d burn faster than fhose in which 

v   v 
T"M>TMO- Thus, under the same conditions Al and Mg should exhibit faster burn- 

ing rates than B, Ti, or Zr. Because the physical picture of metals in which 

THJ>T|1( is fhe only clear one, analytical determination of the burning rates 

of this group alone will be freated here. 
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The first analytical attempt to determine the burning rate of 

metals taking Into consideration that the oxide vaporization temperature 

establishes the flame front temperature was due to Coffin (77). Coffin, 

however, neglected the possibility of radiant heat transfer processes. The 

calculation of burning rates, when radiation is included, is extremely dif- 

ficult.  Nevertheless, the form of the resulting expressions can indicate the 

importance of various physical and chemical parameters. Given below is the 

development of Coffin and Brokaw (37) for the burning of magnesium; this de- 

velopment is modified to take Into account radiation effects. 

Coffin replaces The flame front of infinitesimal thickness used in 

the regular double film concept by a high temperature zone of diffusion and 

reaction at the boiling point of the oxide. Pictorial Iy this model is re- 

ported in Figure 4 and could be thought of as three films. MgO condenses out- 

side the high temperature zone and it is assumed that this product cannot dif- 

fuse toward the droplet. 

The high temperature zone BB' Is one of constant temperature. The 

oxygen concentration is zero at B and some unknown value of B'.  Inside the 

zone MgO can exist and dissociate to the elements. At B', MgO condenses com- 

pIeteIy. . 

In the AB region, there is not net flow of any component except 

fuel. Products are assumed to pass outward. The energy equation In zone AB 

is then 

Hf4 H *L'+v "M"3 ■97r^4^ ■£* ** (i) 

where Wf = fuel mass transfer rate, moles/sec 

^H = sensible heat of fuel to the bo 11 Ing point, cal/mole 

Lv * latent heat of vaporization, cal/mole 

H ■ enthalpy, including chemical energy, cal/mole 

X = radius from center of particle, cm. 

. 
•' 
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I| = thermal conduct I vity, caI/cm sec °C 

T * temperature, °C or °K 

RQ ■ a radiant energy term 

The only difference between this equation and that of Coffin and Brokaw is 

the term RQ. RQ is a function of the emissivities (£      to)  and the absorbing 

characteristics of the Mg vapor in AB. For a droplet system the area S at A 

and at B enter in the radiation term, however, in a strand burning along the 

cylindrical axis Equation I would be developed by a one-dimensional approach 

and the area cancels throughout all equations. 

For a droplet, though, and particularly for most metals, SQ-S^ is 

so small that Sß=S/\ and thus the solution of the final equations is simpli- 

fied. The actual conditions In BB" are such that£ß^l, as discussed in Sec- 

tion II.  £ /\ Js aftected DY the reflectivity of the surface, and if the 

molten surface is highly reflective £/\ could be of the order of a tenth. 

Nevertheless TB^-T/\  is so large, at high values of pressure and oxygen parti- 

cle pressure that It would appear the radiation term still could not be 

neglected. Thus, the physical condition of the surface of molten metal can 

be of somo importance in determining its burning rate. 

In the region B1, oxygen diffuses inward, and the MgO floats out. 

The energy equation in this zone is 

where Q = heat of combustion at reference temperature, cal/mo!e 

n ■ stoichiometric coefficient 

R|_ ■ a radiant energy term 

R|_ is a term which enters only in droplet or strand burning tests and is a 

radiation loss to the surrounding.* 

1 

* The Introduction of the terms RQ and R|_ is similar to the suggestion of 
Summerfield (g) that such terms should be introduced in determining the 
burning rales of composite propellants. 

•■ 
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Coffin and Brokew do not include this RL term either. If the particles ore 

burning In on Internal burning solid propellent grain, the energy Is trans- 

mitted back to the groin and is not losf. Since most basic experiments are 

performed with spheres or strands, this term should be Included when compari- 

sons ore made between experiment and theory.  Since the energy is accepted by 

an infinite absorbing atmosphere or cold wails, R, can be written, then, as 

Rt*rS»T, (3) 

(4) 

where ö"\s  the Stefan-Bo I tzmann constant. Again for this term it is assumed 

that Sßt ~SB =^SA. 

Because of the condensed product, the diffusion equation for oxygen 

generally used for other systems reduces to the equation for the diffusion of 

oxygen through a stagnant film of ambient Inert gas 

v^*s   #T(p-fa) -art 
where D = diffusion coefficient, sq cm/sec 

P = total pressure, atm 

p ■ partial pressure, atm 

R = universal gas constant 

The diffusion equation for oxygen and the energy equation for the 

outer zone B'C, combined and integrated, is 

In the high temperature zone BB1 the energy equation as written 

by Coffin is 

^ \f K K * uy S°' "* ***s ° (6) 

' 
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and the continuity for each species Is 

*     ' "9 o? Ufa rtogLp = ° 

<4j <- 4JJ "^ 

(7) 

(8) 

Combining with the enerqy equation 

.     "y %.- AU)-«? ^ (Htyfe 'M> * 

^ = -  o? £ ^ 
%-^/ 

(9) 

v*/ # "" ^tfö "" j ^#       equals the heat of combustion of Mg at TQ 

to form condensed MgO at the boiling point for the given conditions. Then 

üjp = -ot(e-ht) u)oi (10) 

At atmospheric pressure &  for magnesium equals about two.  It may be regarded 

as the ratio of the amounts of MgO condensed at the outer and inner boundar- 

ies of the BB1 zone. 

With substitution of the above equation into the diffusion equations 

one has 

U). _> „ KP fc#±_LL     ^A 
irrt3-     AT CJ>*-fc0-')tf~]   </# on 

Integrating the equations one obtali.s 

<JTS oc 

~ #T\2+-'J       P r < 

(12) 

(13) 
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14) 

Combining the above three Integrals 

For  -Z __. o 

(15) 

AJt £       -    Ot+ß-hf 
^/rA> I0 (16) 

A possible approach to the solution of the equations woujd be to assume a 

value of Wf so that the radiation terms ecu id be calculated and then deter- 

mine the Wf from the remainder of the equations.  Reiterate until the value 

assumed Is equal to the value calculated. 

d\ * /y *  ond 7f  are positive with the log term dominating, parti- 

cularly In oxygen rich atmospheres. Equation 5 used for calculating To      **_ 

shows a strong dependence of/^,0 upon fi,    />  . Further, it has been shown 

that the vaporization temperature of the metal oxide is dependent on partial 

pressure of the oxygen present, that \sie>,6    . This dependence \z  fell 

strongly In the radiation term Introduced where the temperature is raised to 

the fourth power. Thus, for metal combustion there Is an even stronger de- 

pendence of burning rate of the oxygen partial pressure than there is in 

liquid droplet combustion. 

In the above analysis it was assumed that none of the product oxide 

diffused toward the droplet. There Is some question as to how good this as- 

sumption is for various substances. Obviously, the droplet represents a 

. 
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silk for the oxide. For large droplets (I.e., long overall burning times) 

there could be deposition of oxide on The  moiten metai surface, even in the 

class of metals discussed here, and thus the burning rate can be hindered in 

the manner described for the metals which surface react. Another factor 

which could determine the amount of oxide that would diffuse back to the 

molten surface and thus hinder the burning rate, is the relative location of 

the burning front to the metal surface. Those metals which would have fronts 

closer to the surface than others would be expected to have t';e greatest dif- 

ficulty from oxide deposition. 

It can be seen from the development above that the burning rate 

basically is controlled by the oxygen diffusion. The temperature gradient 

which governs the heat flux from the flame front to molten metal then adjusts 

to give the proper rate.  Since the flame temperature is a constant, the re- 

lative location of the front depends on the difference between the vaporiza- 

tion temperatures of the oxide and the metal and the heat of vaporization of 

the metal. The enthalpy necessary to raise metal to the vaporization temp- 

erature is small with respect to the heat of vaporization. Thus those metals 

v v 
for which T^Q is close to T^ should find the flame front close "to the surface. 

Similarly metals with high heats of vaporization should be close to the sur- 

face also. From Table III one would expect that for aluminum where T^Q '
S 

close to T(^ that the flame front is close to the surface, and for magnesium 

the flame front should be much further from the surface since TMQ is much 

greater than T^.  Similarly a lithium flame should be very close to the sur- 

face because of its high heat of vaporization. 

From the above analysis it would follow then that aluminum and 

lithium would show more serious oxide surface deposition due to diffusion 

than magnesium. One could estimate this relatively from the A t4ToT data in 

Table III and through discussion given above. 

• 
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TABLE III 

HEAT CONTENT TERMS FOR VARIOUS MATALS 

Element   Cp  M.P AH           LM     cp BP ^H LV & H rdT- 
TMO 

Solid T°C Solid Cal/gm  liquid T°C liquid cal/gmcal/gr  °C 
CaI/gm caI/gm 

Be     .50 3170 1570* 8355* 9930  4000 

Li     I.10   186   177  32.8    I.I 1317 1245 4648 5100  2300 

Al     .24  660    |52  95.4     .26 2500 464 2260 2970  3500 

Mg     .28  65J    175  88.8     .33 1103 150 1337 1750  3100 

Na     .28   98    20  27.2     .30 883 1005 1290   1300 

C6H6                              .40 80 22 94 116 

* Based on sublimation process 
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V.  IGNITION 

The balance between a rate of heat production and the rate at which 

heat can be removed determines whether a substance will ignite and react (46). 

In the case of fuel droplets and particularly for metals, this factor is largely 

dependent upon how fine is the sub-division, i.e. particle size.  Smaller 

particles have a large surface to volume ratio, and hence a higher rafe of 

heat production per unit volume, and a lower cooling rate. 

If the surface area to volume ratio is very large, the conduction 

of heat from the flame front by the metal particle is greatly reduced. Heat 

loss then is by the relatively slow heat transfer process in a gas. Thus, 

neighboring particles of metal reach the ignition temperature with great ra- 

pidity.  If finely divided powder is loosely packed together, the heat loss by 

convection largely is eliminated and under such conditions of low heat loss, 

spontaneous ignition of metal can occur. 

When solid metal rods are used, conduction by the metal rapidly ab- 

sorbs large quantities of heat from the burning front, and little heat is left 

for raising the temperature of the adjacent metal to the ignition temperature. 

Consequent Iy, as with other combustible substances, when in bulk, 

metal can be made to burn at a controlled rate, whereas when divided, it will 

burn with great violence. 

In regard to metal particles of widely different sizes flowing in 

a combustible stream,it would appear then that large particles will take a 

longer time to heat to the ignition point, and thus have longer ignition time 

than smaller particles. Thus, there will be a definite size effect in regard 

to ignition. 

The character of the ignition process is entirely different from 

that of the combustion process in that the ignition process is most likely 

not a diffusion type flame, but a surface burning phenomena. The transition 
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pattern from a surface ignition process to a diffusion flame has not been 

reported. The process is most likely something as follows. The surface re- 

acts and the temperature rises sufficiently to vaporize the metal and sub- 

sequent reaction between the hot metal vapor and oxygen proceeds as a dif- 

fusion flame. However, if during the ignition process the oxide coats the 

surface so that there is slow burning of the ignited metal, then radiative 

transfer could vaporize and ignite neighboring particles which would burn as 

diffusion flames. However, if the ignition sources were energe+ic enough to 

vaporize the metal initially, there is no doubt the metal would burn as a 

diffusion flame. 

Grosse (42) reports that metals can be divided into three classes 

according to their ignition process.  In the first class are those metals 

that ignite below their melting point and includes Mg, Ca, Ti, Zr, Mo, Fe, 

Ca; in the second class are  those that ignite above their melting point and 

include Al, Li, and Na; and, of course, there are those metals that do not 

ignite,Hg, Ag, and Pt. 

VI.  DISCUSSION AND CONCLUSIONS 

Throughout the previous sections reference was made to various 

practical conclusions that would be reached by the description of the metal 

burning process proposed here. A more detailed discussion of the various 

topics will be given here. 

One topic of major interest worth further discussion is the tempera- 

ture reached in the burning of metals. As previously stated most metals of 

interest in propulsion are limited to combustion temperatures which corres- 

pond to the vaporization temperature of the higher metal oxide. However, 

this temperature varies with the pressure or in the case of a mixture of 

gases with the oxygen, or oxidizer, partial pressure.  In propulsion systems 

• 
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when the metal is only a fuel additive, a somewhat more complex situation 

exists. Here there are two competing processes. One Is associated with 

the burning of the fuel and the other with the burning of the metal.  It is 

proposed that the metal particles burn as diffusion flames described in 

earlier sections of the article.  If this is so, the temperature of the dif- 

fusion flame zone surrounding the burning metal particle will be dependent 

upon the oxygen partial pressure and this temperature will be different from 

the adiabatic combustion temperature of the complete propellant mixture. 

Except under unusual circumstances one would expect the diffusion flame 

temperature of the metal to be greater than the adiabatic flame temperature 

of the mixture. The equilibration of temperature zones must take place out- 

side the active reaction zone. The availability of oxygen for the metal com- 

bustion in a solid propellant is difficult to predict.  If the oxidizer and 

hydrocarbon fuel are also burning as a diffusion flame as Is most likely in 

a composite propellent (q), then the metal should not find too great a defi- 

ciency of oxygen. Even in homogeneous propellents the various reaction states 

taking place would be slow enough that any metal particles added would be able 

to compete for oxidizer. However, one could think of many situations, such 

as fine metal particles added to a premixed hydrogen-oxygen gas mixture prior 

to entering a flame front, in which the gaseous fuel would burn with much 

greater rapidity than metal. The metal would thus burn in a stream depleted 

of oxygen and the temperature of the flame around the metal particle would be 

lower than if it had burned more completely in the earlier stages of the flame. 

Obviously then, when the metal is an additive to a fuel or a solid 

propej_[ant the situation is most complex. However, in composite solid propel- 

lent it would appear to the author that the temperature of the flame surround- 

ing the metal particle would be much greater than the equilibrium temperature 

and that the possibility that radiant energy exchange is an Important factor 

• 
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mity of flame front to surface, the postulate that certain metals will have 

iess oxide deposition may De a great oversimplification. This area may be 

a fruitful one for experimental Investigation. The author and his students 

are initiating such experimental Investigations which will be based on burn- 

ing of small diameter metal strands at high oxygen concentrations and total 

pressures. Pressure release during strand burning should quench the fiatftC 

and permit surface examination by metallurgical photomicrography.  Fiame 

front and metal surface separation distance measurements will be attemptpd by 

optical techniques. 

Other experimental investigations will include the measurement of 

burning rates of metal strands under various conditions in order to compare 

the results with the theory which was given earlier and which include the 

radiation terms. Relating strand rates to spherical particle rates has re- 

cently been accomplished by Mead (j).  Spectroscopic examination of the vari- 

ous zones of the diffusion flame is anticipated and should give most important 

Information on the metal combustion process. 
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VIII. NOMENCLATURE 

cp * specific heat, cal/gm °C 

D * diffusion coefficient, cm^/sec 

H = enthalpy, including chemical energy, cal/mole 

i\H  - sensible heat of fuel, with no subscript then to the 
bo iIi ng po i nt, caI/mo Ie 

• 
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/±HC  « heat of combustion, Btu/ib fuel or Btu/lb (fuel 
oxidizer) 

and 

t^nf  AHsolld + LM + aH||qu|d + L
v, cal/gm 

k ■ thermal conductivity, cal/gm cm °C 

Kp = equilibrium constant 

L = latent heat, cal/mole or cal/gm 

n ■ stolchiometric coefficient 

2 n ft total number of moles of gases 

p = partial pressure, atm 

P = total pressure, atm 

Q = heat of combustion at reference temperature, cal/mole 

R *= universal gas constant, cm5 atm/  mole 

Rg,R, ■ radiant energy terms 

S = surface areas, cm^ 

T * temperature, °C or °K 

W = mass transfer rate, moles/sec 

X = radius from center of particle, cm 

Ot A Y = integrals 

£ ■ emissivlty 

(S « Stefan-Boltzman constant 

C7 * heat content ratio 

Subscripts 

A, B, B', C ■ positions specified in Figures 3 and 4 

f = fuel 

I ■ I(quid 

M ■ metal 

MO = metaI ox i de 

o = reference state 
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Superscripts 

M = melting point 

V a vaporization or boiling point 

- 

... 
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