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Corbustion of powdered metals in active
media. Pokhil, P. F., Belyayev, A. F.,
Frolov, Yu. V.n Logachev, V. S., Korotkov,
A, I., "Nauka" ["Science"], 1972, 294 pages.

.-‘fhis book dvals with the subject of
important contemporary problems in igniting
and ourning such metals as aluminum, beryl-

liwn, magnesium, boron, lithium and others. -

‘which are widely used in the new technology.
They make 1t possible, for example, ~to
considerably improve the physical and chem=~
ical characteristics of rocket propellants.
Extensive experimental and theoretical
material obtained by Soviet and foreign
authors duringz the last 10-15 years 1is
presented and generalized. Contemporary
research methods and the basic rules of

metal lgnition and burning are also discussed.

We also deal with the effect of metal addi-
tives on physical and energy paramoters of
powders and explosives.

The book 1s Intended for sclentific
technicians and engineers working in the
field of combustion and also for the use
of students speclalizing in this fleld

Tables 51. Illustrations 148,
Reference.s 356.

Editor-in-chlef
Acadeirician M. A. Sadoyskly
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2REFACE

The use of powdered metals 1n active and corrosive media,
which are encountered in the new technology, has stimulated the
investigation of the characteristic peculiarities and regularitles
found 1in the ignition and self-ignition of metal particles under
conditlons of industrial production, exploltation, and storage.

Along with this, in the last two decades, 1n connectlon with
the tremendous development of rocket technology and astronauvtics,
there has appeared a no less interesting and important trend
toward using light metals - additives of high-cnergy metals in
developing highly effective rocket propellants with a higher spe-
cific impulse and improved physical and chemical characteristics.

The usc of light metals and thelr compounds for fuels in
liquid rocket englines was first discussed by the Scviet scientists

Yu. V, Kondratyuk and F. A. Tsander. - .

At the present time gsuch metals as aluminum, boron, and

L]
T bt e HO i 18 4

magnesium are some of the basic components of s0lid rocket
propellants and pyrotechnical composlitions.

However, the use of metal-containing propellants has
complicated the process of burning in combustion chambers and
has lead to the appearance of a unique and, at the same time,

FTD-MT-24-551-73 viil
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widespread type of burning - heterogeneous burning of condensed
particles in an active high-temperature flow.

In connection with this, the problem has beon posed
concerning a detalled comprehensive study of the ilgnition and
burning mechanism of powdered metals in hlgh-temperature oxidized
media and the combustion products of heterogeneous condensed
systems and powders. This has stimulated sclentiflic research
g covering a wide range of problems touching upon the basic
regularities in the ignitlon and burning processes and the use
v of metals (aluminum, magnesium, boron, etc.) and metalllzed 3
propellants. However, 1n spite of the increasing interest in i
this problem, which has become considerably complex at the present
time, the concepts cannot be considered coumpletely established,

AT o e i A | et g "W oY o emriop A

This book 1is a first attempt to unite and systematize
the results of many years of work by the authors in this directlon
and also the resulits of studies of Soviet and forelgn scientistsy,
These include the works of V. A. Fedoseyev, L. A. Klyachko,
M. A. Gurevich, Ye. S. Ozerov, R. Friedman, A. Macek, T. Brzustowskl,
I. Glassman, and D. Kuehl.

Chapters I and II deal with the basic properties of metals
. which are most widely used or promising from the point of view
of use in rocketry and the contemporary methods of studying
processes of metal ignition and burning. Also examined are
methods of recording burning time and the nature of the inductlon
4 of individual particles, methods of sampling and analyzlng the:
§ combustion products of metals, and méthods of processing the A
g results. S

E i T

Chapter II1 deals with a study of the baslc rules of lgnition
for metal particles in an active oxidlzed medium. The close - o
relationship between the nature of induction and the parameters
of the ambient medlum, as well as the properties of the metal,

1s shown.

FTD-MT-24-551-73 1x
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Chapter IV preaent:, extenaive data on the burning of highe
enargy metala in active gas media and the combuation producta
ol aolid propellanta, Raned on an analysia of experimental and {
theoretioa)l materiul, the phyaiocal picture of metal particle |
combustion ia glven,

Chapter V examines the phenomenon of enlargement (agglomera=
i tion) of particice of finely diapersed powderod metals on the
burning surface of powdera and héterogeneoua ocondensnsd ayatems.
The basliec regularivies of this phenomenon are traced and a i
poaslble mechaniam of agglomeration is proposed, *

i The effeat of additives of powdered metals on basla phycloal
N and energy pacsametars of the burning of powdera and mixed systems
: is disoussed in Chapters VI and VII. The effact of the diaperality,
conosentratlon, and properties of the metallie ingredient on
combustion rate, its dependence on pressure, specifia impulse, and
i the completenuss of the combustion of mixed systems on & base of
’ organioc fuel and ouxidizer is studied. Also examined are the
peculiarities of metal behavior in the initial ocecmbustion stage
of ballistlc and mixed powders.

Chapter VIII briefly discusses the effaect of additives of
powdered metal on the baslc detonation parameters of an explosive,

'§  i ~ The authors hope that this book will be a useful ald to o

N engineers, technicians. and students speoializing in the physics , ‘}
of combustion and explosion., . : \ _ : -.) AN
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CHAPTER 1

PROPERTIES OF METALS

§ 1. Qaeneral Characteriation ol Metals

In evaluwating subatancea whope use as propellanta 18 most

probable, the most important characteristica are the quantity
of haeat released ag a reault of choemiecal reaation, the temperature
of the fiume, and also the nature of the combuation preducts
since the spealfic impulae of the engine depends on the momentum
of the flow of exhaust gaa., The heat relsased during the _
combustlion of the propellant 1s the meaaure of the greatesat !
enargy which can be imparted tc the working medium, The achievement |
of high temperatures and hilgh momentum dependa onh the quantity of
heat released in an exothermal reaction, ag well as the thermal

. gtability of the combustion produats.

e e T e e e i e L =0 S o e i i 2 e i =y
e o e - ¥ gy i T : T .
AN NT i AE T TNTR A ot LTI DT TS PSRRI AR By v BB ST T T ot S e o 2R |

¥ e D

Figure 1 [1] presents the dependence of the speolfio impulae
on the heat ocontent of the burning gases; specific heat capaoity
L ls taken as the paraméter. The curves are plotted foxr a pressure
in the chamber of 22 atm; the pressure on a section of the Laval
noggle is equal to atmospheric pressure, The molecular weight
of the combustion products must be as little as possible. The
'necessity for a low molecular welght 1s brought absut Ey the faot
that although the specific impulse depends only on the velooity of
the molecules, temperature however is proportlonal to the mass of
the molecules multiplied by the square of velocity. Therefore,

i
W
¢
PPD=MTw2Uw551=73 .3
. b 1=-7: 1 R
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" e
“ . . D : Vo
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for & given apeeifia pulae, if the molesular welght ia doubled
the gas Vomperatura doublea.

th‘ 1. Dependence of apeeiflic impulae
) on the heat gontett of burning

ﬁEYt (a) Aleohol} (b) anilene,

Designationst wr.oensur = kg 8/k8}
Ran/nonempaf ® qdl/molesdeg)
KHan/ue » kel l/Zkg.

ml ne - N M
N, anpa/nd

Thua, the beat propellant for a roeket ia the one during
whoae uombustion gaaea are rormed with low spaclfic heat capacity,
hgh heat of formation, and low meole-~nlar welght. These olraume.
atances iimit the selaction ol propellantsd only to those which
gontaln atoms with low atomie weight, Thus, axn oxidizers, it
is heat Lo select fluorine and oxygen, and aa fuels « hydrogen,
iivhium, berylliium, boren, sarbon, aodium, magnesium, aluminum,
and silicon.

In ordar that sperclfic heat ocapacity be sufficlently low,
diatomic combuation products should he preferred over polyatomio
gases. Therefore, HF, HCl, LiF, Na®, Be, MgO, CO, OH and NO
will be more effective during lsentropice expansion than more
complex molecules, HF, L4, uao. Baos. BF3. Albs, Al203; have the

‘highest heat of rovmabion.,ﬂ

The use of some metals us fuel is gonerally connected

with cheir hieh comhustion heat values. The following 15 elehents‘

glve the greatest amount of heat durins gombugtion from both air

’oxygun and oxidiaer oxygen: metals = lithium, bapyalium,

magnesium, caloiunm, aluminum, titanium, givreonium, yttrium,

vahadium, soandium; nonmetals = hydrogen. boron, carbon, silioon,

phcephorua. As ip apparent from Wable 1, the metals in groups II.
11T, and 1V have the highest heat or oombusbion [2 3],

e it s e
, B
P
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Table 1. Batimated values for hedt of combusw

B

v tian,

A j Vion, Rlementa

b

™ Ho Dy 6 B Ny AL BI P Mg, C Y
E 3.“=—| W N“; ;““\ Q. Fo, ¥n, ﬂﬂ\ ﬁ”‘ Av, &, Mo
1.0==fi,d R Wby Bey Oy In, Sag 8y Yy, B
S AN G N Auy Ty T P BE Y

T A

P '
To evalnate the pogaibillity of uasing metals ar the fuel iIn

. 4 propellant, we can uae the followlng quantitlies: Ql' the heat
reieasod during combuation of one gram of the element} Qa. the
amount of heat released during the formation of one gram of oxlde;
and QB‘ the amount of heat obtained from dividing the grome
molecular heat of foruastlon of oxlde AH by the number of atoms
in the oxide molegule. Ql ia caloulared by dividing the grame
meleaular heat of formation of oxlde AH by quantity nA:

L — I o, P

car Lol

. Al !
l:)‘nvn}}:-i’w' (101)

i where A Iz the atomle welght; n is the number of atoms of the
. elenent in the oxlde molecule, '

The quantity of heat Ql can serve ag the mossure of nalorioclity
of the fuel (metal) under the condition that its combustion is
. due to the oxygen of air (Fig. 2). The quantity of heat Q3 osn
be, to some extent, the effectivéness standard of the combustion
of the metal in the propallant composition due to the oxygen of
the oxidizer (Fig. 3). The quantity of heat Q. enables us to 5
judge, to a certain extent, the burning temperature of the element '
since, in the first approximation, the burning temperature is -
proportional to the quantity of heat whioh ocours in 1 g-atom,
1.e., is proportional to Q3 Metals such as ziroonium, beryllium,
aluminum, magnesium, and caleium glve the highest temperature
during burning in oxygen (p = 1 atm), as is apparent from Pig. 4.
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| Pig. 2.- Heat raleased
during the combustion of:

' one gram nf an element with
atomie number N, .
Designation: wwan/r = kéal/g. 'i*
. |

Fig. 3., Quantity of heat
released during the forma-
tion of one gram of oxide
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On the basis of the ahove data, we can conclude that the
best elements for use as fuela are hydrogen, lithium, beryllium,.
and boron. After these alements are magnesium, aluminum, silioun.
and calelum. All thesa »loments form & rather compact group in
a relatively narrow reglon of the pericdle system of elements., A
Av the present time, only aluminum and magneslum are widely used.- 3

Along with the calorloity of the metal,’ related te unit
welght, the quantity of heat released in the burning of a unit
volume of fuel (metal) Qy (koal/om3) is, in many cases, of -
gonsidergbie importance. Hence in rocket engines nnt‘pnly the
quantity of heat per unit welght of propelliant but'elee the
volume ogccuni~d »y ‘he propellant is important. As shown by
Leonard [1), the final velocity of %he rocket can be 1ncreased
by using propellant with varlable density und heat of combustion.
At the beginning of burning, mixtures of propellents withlhigh
density should be used, and at the end, combinations of propellants
with hlgh heating capaclty. From Fig. 5 1t is apparent that with
respeagt to per-volume calorlcity, boron is at the top of the list,
while such metals as zinc, molybdenum, thorium, and tungsten have ]
per=-volume caloricity comparable to aluminum and considerably _ |
higher than magnesium. )

Table 2 presents the physicul and chemical properties of
metals and thelr oxides, which are presentiy used as fuel in
_selid propellants. Table 3, for comparison, contalns similar , -
, Adata for. several fluorides [1]‘ ‘ ER “”f”T"' :““-WLﬁ“i“'i;lﬂ--fﬁi“i*

S Compounds of elements presented in Tables 2. and 3 ‘are
.,diﬂtributed in the order of inopeasing atomlc weight. ‘As. 18 seen

‘Hencetoruh metals will arbitrarily inelude boron, silicon, Lo
and other metalloids which can be included in the composition of
a propellant. _
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from the tables, ‘the values for the heat of compound formation B
usually decreaaé with ar incre se 1n atomic weight

S v

v ("- L
.x.- ..')- \\ ).l\ H
A

Table 5¢ thsicu¢ and chemlcal prOperties oF
sevéral inorganic fluorides.

y

(‘h@mmal‘ M&ioculﬂ‘ Ty O U‘"U g Lent of|Heat. of | et of
r‘r mulg welght Melt- oint}l f‘ursmn, #\trapor formationg
SN ”§n_’l 1 atn cal/z . 2&32,' 10% cal/mole

o ny - o p 20 D2 i I N LT
g ,ﬂ,‘,;, ) 8% - | SubX.. — Subl, - 3230 ) o '
o N | 1285 N T S R :
g BoFy a1 | 80 | g3y | s | @50y | @en 2
e, 6 | —inr | =101 7,0 68,0 | 218,5 b
LiF 26 870 | 1676 | 0.1 1966 | 146,3 [
Meb, 62 1240 | 2240 224 1050 | 263,5 }
IR ] 50 10905 1733 a6 346 . 187,0 -
. anFy 103 855 1 4475 6y - 427 176,0 ;
7tF 167 1510 (45300Y 47 - 230,9 i
TiFa 105 amy | daen) (145 (470) 315,0 !
1]

In comparing the effective heat of compound formation, ;
we see that for certain elements at the beginning of the tables f
the corresponding values for oxldes are approximately equal to |
the values for fluoride compounds. In contrast to this, for
elements with hlgh atomic weight, fluorlne 1s preferable over

et st

-0Xygen as an oxldigzer,

If, hoﬁever, we set up similar tables for sulfldes, selenides,
tellurides, chlorides, bromides, and lodides, it willl be apparent
" that for them the heat of formation 1s considerably lower than |
~ for a cérresponding fluoride compound. In a compound wlth heavier
~_e1ementé this ratio is approximately half. All other oxidizers
glve values less than chlorine. Although the denslty of heavier '
oxidizers and thelr compounds 1s somewhat greater than the
density of oxygen and fluorine, this does not compensate for the
difference of values in the heat of compound formation. Hence
it follows that for propellants ‘containing elements with low
atomic weight the oxidizer must be rich in oxygen and fluorine.
For elements with high atomic welght we can use only those
oxidizers which are rich in fluorine.
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~ As we know from literature [1}, 4, 5], oxygen is:fér'from.,
. the best oxidizer; the best oxldizers are fluorine monoxide,'
fluorine, nitrogen trifluoride, o sone and oxygen.,

The best fuels, as noted above, are hydrogen, lithium, -
"beryllium, and boron. After them, are aluminum, magnesium,. .
and calcium. ' : ; - : : o T

Boron hydrides, 1iquid lithium, and hydrazine can’ obviously
be conslidered the most effective liquid fuel. Combinations of : .-
propellants characterized by signiflcantly greater density and ' A |
giving the greatest exhaust velocity are fluorline monoxide in
a mixture with beryllium and hydrazine or with boron hydrides.

The high values of propellant performance, which, in
principle, can be obtalned using metals as fuels, also have i
negative consequences. The high heat of formation for combustion
products of metals during an exothermal reaction indlcates that

these products must exist .1n condensed phase in the form of
extremely stable compounds.

As established by Gerstein and Coffin [6,, the evaporation
of solid propellants and, particularly, metals before the burning
process can be disregarded in many cases. For this reason, the :
first stages of the reactlons leading to ignition wil' depend on . i

the mechanism and welght of surface reaction. The vapor. pressure
of various metals and thelr oxides is presented in Fig. 6. -

Many works on the oxldation of metals have been performed
at low temperatures. Gulbransen and colleagues {7] studied the
growth of oxide films of aluminum, beryllium, tungsten, magnesium,
titanium, zirconium, and iron at low pressures and temperatures
below ignition temperature. Teresh [8] studied the oxldation of
aluminum, magnesium, beryllium, and nickel in an atmosphere of
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Fig. 5. Quantity of heat
released during the burning
of a unit volume of‘an element

-with atomlc number N. o

Designatiohi Kuan/hm3 = kcal/cmB.

Fig. 6. Vapor pressure

of various metals and
thelr oxides as a function
of 1/T.

Designation: atm = atm,

alr and oxygen near ignition temperature at atmospheric pressure.
on the’basiS"of'these-works, we can generalize conclusions
relative to the effect of temperature on the oxidation of metals.
' The dependence of the oxide formation rate constant on temperature
is exponential and conforms, within the range of experimental
error, to either the Arrhenius equation:

K s Aoxp(— E{RT),

(I.2)

or the theory of translent state:
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- = Coxp(— E/AT),

where C = a exp (AS/R).

(1.3)

Several values for activation energy and the temﬁerature
range within which they are valid are presented in Table 4

(7, 9-111.
Table 4. Activation energy of several metals.
' | Activation
Metal| r ¢ | 8§ tlony T, jene
' i i etal! Foal %6 e _
Al | 350--475 22, “ Ze | 045 18,3 \
Be 350—050 50,3 Cu ] 37.8
Ti | 350—600 26,0 ‘

The intensity of

the course of the reactions on the

surface

of metal particles, to a considerable degree, depends on the
properties of the oxide layer which is formed during oxidation.

According to the rule ol Pilling and Bedworth [12, 13],
if the volume of the oxide being formed 1s less than the volume
of the metal from which this oxlde 1is formed, the oxlide film has
a loose cell structure and cannot reliably protect the metal

from further oxidation.

If, however, the volume of the oxide

exceeds the volume of the metal, then a protective layer is formed
which hinders the process oi metal oxidation under the conditlon
that the boiling temperature of the oxide is sufficlently high.

The coefficlent B of Pilling and Bedworth is calculated from

the formula

Moy
p= n 1]90“ '

(I.4)

where M 1s the molecular welght of .the oxlde; Pon is the density
of the oxide; O 1s the density of the metal; A is the atomic
welght of the metal; n is the atomic number of the metal in the

oxide molecule,

10
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Table 5 presents the values of B for various metals. As 1is
apparent from Table 5, for light metals - alkall metals, alkali-
earth metals, and magnesium - B < 1, while for heavy metals and
aluminum B > 1. ‘

Table 5. Ratic B of oxide volume to metal

volume,!

Oxide A Oxide B Oxide 3
Li.0 0,58 Zr0s 1,56 Zn0 1,56
Liz0); 0,53 Vo 1,51 o [§) 1,24
N0 0,53 V204 1,82 A0z (2) 1,28
N, 0,67 V.0, 3,19 A0 () 1,54
K4 0,45 CraQs 2,07 Sny 1,32
K20, . 0,73 CrOs .5 Pho 1,31
e 1,68 WO, 2,08 P10 1,4
M) 0,81 W0, 3,33 MnQ 1,79
a0 0,64 Fe: 0Oy 244 Mna0Oy4 2,15
Tix0a 1.46 Cu0 1,64 13205 2,46
150 1,20 Cu) 1,72

!Data concerning the volume ratio are pre-
sented for 20°C. For other temperatures
tabular data must be corrected, which is
easy to do 1f we know the value of the
coefficient of thermal expansion.

As Pilling and Bedworth have found, the value of B determines
the behavior of metals during high-temperature corrosion: 1f
B < 1, the metal corrndes easily and rapidly. Obviously, the low
value of B for magnesium, alkali metals, and alkall-earth metals
ls one of the reasoﬁg for their hilgh burning rate.

At very high value~ for 8 the oxide layer obtains consider-
able internal stresses, cracks, and loses 1ts protective
propetrtiles; therefore, layers in which B does not greatly exceed
one have the highest protective properties [14], This includes
aluminum to the fullest extent. '

The basic characteristic of, compound ability, which serves
as a measure of the energy of the iInteratomlic bond, is the
isobaric thermodyanmic potential or the free energy of their
formation, defined by the Hibbs-Helmhold equation:

1
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[

However, more complete data are available on the heats of

formation, which differ comparatively little from the values of
free energy.

Therefore, it 1s natural in comparing the strength
of the chemical bond of compounds to use data on the standard
heats of theilr formation [15- *¥] [Translator's Note:

This number
is illegible in the original document].

The thermochemical constants for inorganic compounds are
the largest fundamental quantitative characteristics since the

heat and free energy of the formatlion of oxides. fluorides,

chlorides, and other metal compounds are the foundation for
calculating burning processes. The corresponding periodic curve

for oxlides is presented in Fig., 7. Heat of formation is referred

to one atom of oxygen, 1.e., for the convenience of comparison

it is calculated for one bond. As 1s apparent from Fig. 7, the

heat of formation of metals widely used as additives to propellants
lies in the upper portion of the curve. The maximum heats of

formation are those for the oxides of alkali-earth metals BeO,
Ca0, MgO.
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Flg. 7. Heat of 6xidé formation for elements
with atomic number N, referred to one atom
of oxyegen. L

Designation: wwkan/mone.avom e kcal/mole-atom.
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However, more complete data are avallable on the heats of

I - formatiori, which differ comparatively little from the values of

' free energy. Therefore, it i1s natural in comparina the strength
1 of the chemical bond of compounds to use dat& on the standard
heats of their formation [15- *¥] [Translator's Note: This number
l1s 1lleglble in the original document].

The thermochemical constants for inorganic compounds are

o the largest fundamental quantitative characteristics since the
heat and free energy of the formatlion of oxides, fluorides,

; o chlorides, and other metal compounds are the foundation for

: calculating burning processes. The corresponding perlodle curve
for oxideg is presented in Fig. 7. Heat of formation Is referred

; to one atom of oxygen, i.e., for the convenience of comparlson

: it is calculated for one bond. As 1ls apparent from Fig. 7, the g
heat of formation of metals wldely used as addltives to propellants
lies in the upper portion of the curve. The maxlimum heats of
formation are those for the oxides of alkall-earth metals BeO,
Ca0, Mgo. _ |

Biyeq, na/r/na/ra»agnn 0 _
N

-0

a0
Fig. 7. Heat of oxide formation for elements

with atomic number N, referred to one atom.
of oxygen. N

Designation: kuan/monb.atom = kcal/mole-atom..
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For womparisen, the perdedie eurve ahowing the heata of
fluordide formation ia Lllustrated in Ma. 8. Ao Lt appavent,
the maximum heats of formation are those for the Piuordides wi
oxygen and lithium; the fluerides of metals of interest to up
also lie in Jhe uppey portion of the graph.
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Fig. 8. Heat of fluoride formation
for elements wlth atoml¢ number N,
referred to one atem of fluorine.

We should note that all slx elements %to which the maxlimum
points on the curve correspond are found in the third and
fourth groups of the pariodlic asystem of elements. This indlcates
the possible qonnectlon between the positior oaeupied by the
glement In the peraodio system and its properties as -a roeket .
propellant. A

Since shells of such high-melting oxides as Al,04, Mg0, BeO,
which are formed Iin the process ol burning on the surface of
metal particlés (or near 1t), have a conslderable effect on the
burning process ltself, it l1s necessary to'examine, in a general
outliné, the physical and chemiochl properties of these oxides.
The most stuble compounds are those which have bhe'maximum
negative value of free energy ol thelr formation from elements.

13 . . . | . | |




The eomparative thermal atabdlity of highe-meltlng oxidea
L0 prepenved in Mg, 9 318), The awlld linea connvet the oxides ¥
having ddenvieald values Por heat of Foymation, ealoulated in:
geeq (at 2593). 'The widely apaced apoaus hatahing indloates
sonparatively low thermal atabllity of the oxldea. The dender
agroas Latehing indieaten the reglon of greatest stabilivy,

o e vt VA

Fid. 9, Conmparative theprmal [

atabllity of high~melting

oxldea., N
!
!
)
!

Oxides van interact with the amblent atmosphere and with
othar oxldes. Usually, high-melting oxides are stable to the _ _
gfffeot of varlous atmospheres. In_dvy alr and in oxidized i
atmospheres they, as a rule, are stable up to the melting polnt, _
With reduced atmospheres, as well as with atmospheres qontalning f
sarbon and sulfur, oxides can enter into a reaotion [19-29].

Aluminum oxlde ls Inert with respect to alr, water vapor,
hydrogen, argon, oarbon dloxide and monoxide, and nitrogen up ’
to 17009°C. At higher temperatures aluminum oxide reacts with
water and reducing atmospheres with the ormatlon of A120 [19, 201,
Although aluminum oxide is one of the most stable oxldes, it
reacts, to a aertaln extent, with hydrogen sulfide at high
temperatures, becoming saturated with sulfur. A1203 entaers Into
a reaction with hydrogen fluorlde, while at the same time belng
stable with respect to HCI.
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Muninwn okdde dnterasts with Qm.‘bt}n only iP oxlde of a B
v oarhide=forming elemant s added vo thoe eomposluion. The reaction :
of aluminun carvide formablon ocecurs aven when an oxide la P
L added whieh 1a thermudynawioally wore atable than Als0y (for
exanple, Thig, 90, m‘o&_); |
% i
3‘ Vtdy ol 76 = BVG 4 IO,
g b AAL08 v VG o) T8 = Ayl o) VO 5+ U0, (1.6)
{
§ This process takes place at approximately 2100°C. The axide of
§ bthe aarblde-forming alement is probavbly surface=aactive,
\ i
¢ X
§ i Graphite~forming oxidea inalude 3102, Tiog. ZPOQ, ueaoe. ?
§L ' AT NbyOg, Faydq, Volg, Ualy, Bel, ThOg. \
noos :
; ; Beryllium oxide 18 also stable in air, hydrogen, earbon |
@ { monoxide, and nitrogen up to temperatures not aexceeding 1700°C¢.
g, E Although BeQ has low vapor tenalon [21, 22), it evaporates i
§ g rapidly In the presence of water vaper at high temperatures %
g I due to the formation of Be(OH), in vapor form. In atmospheres 4
%_ containing halogens and sulfur, berylllium oxide also is ‘
¥ unstable, |
N ' ' \
% | . Magnesium oxide 1s stable In alr, nltrogen, carbon moncxide,
W hydrogen, and ammonla to a temperature on the order of 1700°C. .
@ﬁ , Atmospheres containing halogens and sulfur interaat with Mg0 3 o
%f carbon-containing media reduce magnesium oxide at high temperatures,
% ; At temperatures above 1800°C magnesium oxide intensely dissociates
% ' and evaporates [23]); in a vacuum the rapld evaporation begins at
% % temperatures above 1900°C, 1
.?é Betwaen pure oxides at temperatures much lower than the -~ . -
b melting point of any of the components, peastions with the forma~
tion of liquid eutectles begin to cccur, which, in a number of
cases, will promote the destruction of the oxide film during the
\ 15 -
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b burning of watal partieles, Ligquldus temperature for various i
o Lbinary aystems 1w indicated in Table 6 (1l]. ‘ '
n i - .

Lo

, Pable 6, lLiquidus temperatwre for varicus

\i ! oxide combinntions.

Co | ‘_ . Lomperature, °C

3 Uxide Ai.o. Dok} Uad) MO 260, “r0, N

v Aidly D ] oo | om0 | oame | ot | s

l 1) 100%) we M 1B 139 {700 2w 1 ..
. that) { jon {130 - 400 {0 PH ] 1N o
_\ ! \lyt EINT {NN 2500 - 1300 1800 1h :
oo Lo, WA {700 1490 1600 " 1790 | o0 .

N : PAN 1'70 O ) 1500 1750 . {078

8y 1655 | 1050 | tM0 | @40 | 180 | om0 | -

{f As ls apparent from Table 6, in a number of cases, comblna- }
3 ‘ b
P tions of baslc oxldes, for example Al Oq, MgQ, or Ca0, with .

: f aclds, for example SiOa, are the bhest iu this respeaqt. ‘
Eo ;
{ ! High-malting oxides are usually stable 1in contact with §

{ i carbldes; however, at suflficlently high temperatures they react %

% ; with them. This reaction occurs most easlly in a vacuum where, i

@ - 8s a result of the reduction of various compounds, free oxygen ]

g iz formed. In contact with graphlte, BeO 1s the most stable of §

@’ the oxides In questlon., Below are presented the temperatures §

% (°C) for the beglnning of the reactions of various oxides with .

ﬁ graphibe in vacuum [30, 31]: %

i Oxide AhOy BeO  Mgo SO, 1WQy %0y !

& T, °C {500 2300 1800 4400 4950 . 4800 e
ke : : !

§' The basic thermal properties of orxides at high temperatures '

PE ~are the following: melting point, coefflelent of thermal expansion,

g, heat capacity, thermal radiating power, and thermal conductivity.

- o ) , , ,

M

B,

&

i 16

?btl‘:: P

}




B
]
hY)
.
-
N
e
[N
N
b
T
£
i
o
'
Ay
&

W A
o

=

e

e T

ST
2

o

e

4‘

=3

LT AT
—

SR

et
e e

The m@lting poldnt, a8 #hown 1n Mg, 0, d@pOEQB .oh. uryatal'
otvuatuna ahd the atrﬁngbh of Lho moleuulur 1inking. ‘

Mhe ooerrioiant of nhevmal expanalon (a), in the g@naﬁalv."
Qang, s appraximately proportieonal teo ahsolute m&lting‘point,
as seen in Mg. 11 -in the example of a number of oxides and
halogens., Simllarly, the heat capasity and the cocefficlent of
thermal expansion grow rapldly at low temperatures, approaching
a certain limlt or inoreasing very slowly at temperatuves above
-chaVDabya temperature. In this region the heat capaclty agrees
rather accurately with the law of Dulong and Petlt, on the basls
of which 1t is approximately 6 cal/deg-g-atom{ In certaln.
conpounds expansion occurs in one direction of the orystal and
contraction in another, due to whioh'the_total expanslon during
heating is very little. 03003, AlETiOS'and'aAnumber of litpium
alumosilicates have such properties.

The effect of temperature on the thermal expansion coefflcient
and the heat capacity of aluminum oxide is presented in Pig. 12.
Data on thermal conductivity (A) of some oxides in a wide temper~ .

ature range for various structural forms are presented in Fig. 13.'

The difference between a good powdered heat-insulating materlal,
such as finely pulverized magnesium oxide. MgO, and the best heat

}conductor of the BelQ oxides iz more than four orders in magnitude
(30~ 32] o ‘

o The heat fadiafihg gépacity‘of’dxides ig an important”

¢charaotéf;stic when examining.the burhing processes of' flames.’
~lnn which there‘are'cdndensed'particles of, for example, Mg0,
A1203, BeO, ete. Detalled studles of the radiating capacity of
‘many metals and thelr oxides can be found in var¢ous ‘books and
articles [33-44], '
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& e oxldes. : : efficinnt (a) versus T, .
& o .
i
i
é'~ | b Fig., 12. Effect of temperature
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Flig. 13. Heat conductivity A of oxides
|
| versus temperature. 1 - Platinum; 2 -

graphite; 3 - pure dense BeO; 4 - 3SicC
with binding; 5 - pure dense Mg0; 6 -

fireclay; 7 - pure dénse Al O3 § - ' ' 
fused quartz glass; 9 ~ pure dense

ZrOQ; 10 - powdered MgO. ,
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o e a rule, the’ amount of” radiatimg capacity of polycrystallinefofﬁ’ﬂ
| f_exides is genevally determined by. the quantity and distribution Iy HQI
'of ‘the .pores in them. -.The’ reflection factor of a porous surface, }'*"

S differs’ greatly from its value for a smooth ‘surface since the.

'-peres act ‘as scattering centers and their effectiveness, in this_
regpect, depends on the dimensions and concentration of the pores..
With high scattering effectiveness (and, censequently, low
absorption) the reflecting capa&ity cah be very high while the
radiating capacity is accordingly very 1ow. ”Pores of larger.

" dimensilons and the presence of impurities can bring .about a

‘signifieant increase in radiating c&apacity.
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Reference [41] presents the dependeﬁee of integral radlating
capacity of aluminum oxide on temperature (Fig. 14).
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Fig. 14, Dependence .of integral radlating capacity for

a number of oxides on temperature, according to the given
authors. 1 - Petrov [41]; 2 - Olson and Morris [45]; 3 -
Bronlow [45]; 4 - Feri [45]; 5 - Lemmon and Buda [45].

For two specimens of aluminum oxlde different results are
obtained., Petrov [U41] explains this difference by the character
of pores and cracks since one specimen had many more cracks; thelr S
number increased after the specimen was ground to a thickness of i
2 mm. With respect to radiating capacity, there is much more data
avallable in the range of comparatlvely low temperatures for
aluminum oxlde than there is for other oxides.
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Data from Olson and Morris [45] for two different specimens
‘of aluminum oxide differ much more than‘the results obtalned by -

Petrov (by approximately 0.2).. These aubhors lndicate the brand .

~ of material, but .do not‘pfesent informatibh about 1t. Patison s
- results [U5] fall between the values of Olson and Measris for

!

two specimens of aluminum. oxide.

Flgure 14 illustrates the dependence of integral radiating
capacity of magnesium oxide on'temperaturg.- In the range
approximately up to 1300°K, there is observed a decrease in the

' radiating'capacity,-and then an increase. The maximum dlisagreement ~..

between the results obtained in reference [#1] and the results
of Olson and Moriis [45] is 10%; the disagreement between the
results cbtained in [41] and the results from reference [39] is

- 14%.

Full radiating capacity of BeO is studied in reference [46].

For A = 0.65 um the spectral emittance at 900-1600°C is approxi-
mately 0.22.

T'or quantitative evaluatlons of burning rates and especially

oxidation of metal particles at relatively low temperatures, it
is frequently necessary to know the value of the rates of
diffusion through the oxide shells. At the present time there
are data for a rather large number of alloys, metals and their
oxldes.

The temperature dependence of the diffusion rate 1s defined

by an exponential expression just as the chemical reaction rate
1s defined by the Arrhenius equation

1) = Inexp (~— Q/RT),

where DO and Q@ are constant.

20
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If thé,logarithms‘qf'the coefficlents of ché@icai;diffusiqp

‘ _are plqtted on a graph as'a functlon of a quahtity inverse to

temperature, the inter-relationship.can be characterized: by

'_twofintersecting,linés, according to the expression

== Dyexp(— QIRT) 4 D" oxp (— Q"HT). ‘ (I.7)"

\

_From this equation it follows that diffusion rutes at low

and high temperatures are determined by two different mechanisms,z

In ionlc crystals this can be brought about by the diffusion
of atoms of one sort possessing a different activation energy
than atoms of another sort although thelr diffusion rates have
approximately the same order of magnitude [47].

An equation in the form of (I.7) car also characterize the
situation when the rate of the process at low temperatures 1s

determined by the rate of diffusion along the intergrain boundaries,

and at high temperatures the rate of diffusion through the grains

themselves. In alloys the transition temperature 1s comparatively

low; however, in the case of oxldes, which are fréquently more
refractory than the metals themselves, diffusion along the inter-
grain boundaries can predominate even at comparatively high
temperatures [48].

The values of the coefficlents of diffusion for a number
of oxldes are presented in Table 7.

Table 7. Data on diffusion rate of ilons in
metals and oxldes.

Metal cf | Piffusing Pemperature 2
compound | element l range, °C Por om/s |, keal/g-atom
Fe (1)- Feo 915 —1404 3.8 74,2
Fo () I rrom—-40 to 800 0,02 21,4
N from —23 to -}37 0,08 18,2
Cu Zn H50—00) 0,0024 30,2
Cd 5004860 0,0035% R
Al 36 500 —6(30 52 34,0
a-7r 0 (lon! AM—~ 585 5.2 51,0
v 0 {ion! 70-18" 0,011 20,0
MgO0 Mg (1on) 140 —~1600 0,25 70,0
0 (ion) 1300 —1730 L2540 62,4
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Table 7 Cont'd. . '
G0 . Ca (ion) | 900~16%0 0,4 . 81,0 . e o S
Cra0s " Cr . 1000—1350 4108 100,0 , L S
* FeaOs Fe © 9301270 $.40t | 4420 o i
R o 11501250 10u 146 :
Cus0 | Cu 800—1030 0,12 36,1 . !
0 - 0,0065 . 39,8 |
" Zn0 | Zn 950—437%0 | 1,3 73,5 s
' | o 1100—1330 6,5.10 165 ;
AL:Os o 1200~1600 6,3-10-8 57,8 ;
) ; i
pho. - | P 490—600 105 - 66 :
- § 2. Aluminum - -

Aluminum is crystalllzed in a face—centered lattice with
parameter a = 4.04 A atomlic radius 1.43 A Aluminum does not
have allotropic modifications. The basic physical properties 3

of aluminum are presented below:

e e oo o B 1 A S RIS o 7 ARSI A AT SN S g P i e 4 ke i e ‘o 47

Atomic welight : 26.98 i
Density, g/cm3 2.7 (20°¢C) 5
2.35(1000°C) §
T_., °C [Melting point] 660 %
Toun? °C [Boiling point] 2050 (1 atm) ;
Specific heat capacity, cal/g.deg 0.214(20°¢C) ;
Latent heat of fusion, cal/g 96 o
Latent neat of evaporation, cal/g 3050 :
Heat conductivity, cal/cm.s-deg 0.503(20°C) .
Coegficiegt of linear expansion, 23.8 (20-~100°C)

107" -deg _ .

The modulus of elasticity for aluminum, according to the data
from various studies, lies within 6670-7300 kg;f/mm2 [49-50]. The
viscosity of melted aluminum, as a function of temperature, ;
changes from 0.0635 poise at 670° to 0.01392 poise at 800°C [51]. :
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The value of the surface tension of aluminum in the ‘range
o 700~ -82 o°c is 520 dyne/cm [52]

~ ,“uzc-‘\ﬁl _
The vapor pressure of aluminum at various temperatures
o (expx&ﬁsed in. mm Hg) is as follows at 0°C, 1-10 u3, at the
fmeltiha DOint 5.25+10 7, and at 1880°C, 1 mm Hg. In vacuum

' \evacuatlon l .mm Hg) ‘the boiling temperature of aluminum drops

R 2 1605°c‘[163,

mhe electric conductlvity of aluminum, as a function of

| temperdture, changes from 156. 10“ g~ teom™t (-189°C) to 12.5: 10“
Q’l-nm (+MO“°C) " The electric conductivity of aluminum

depends on the degree of purity of the metal and drops with an
increase in impurity content. Thus, 1f the electric conductivity
B of aluminum with a purity of 99.997% is 65.45% of the electric
conductivity of copper, then for aluminum with a purity of
v 99.5% this figure drops to 62.5%. The specific resistance of

" % high-purity aluminum at 20¢C is 2.620-10-6 .cm.

. : In the periocdic system of elements aluminum is located below
@ g boron; therefore, 1tc metzlllce properties are more strongly ;
; pronounced while it 1s inferior to boron with respect to chemical
activity.

Aluminum reduces the majority of metal oxides to metal, Joins
vigorously with halogens, and at high temperatures with sulfur,
nitrogen, phosphorus, and carbon. Traces of the formation of
aluminum carbide AluC3 are detected even at 650°C and the reaction
reaches full development at 1400°C [28]. Aluminum carbide above
2100°C disscciates and the aluminum thus released 1s capable of
dissolving in carbilde., With cooling, this solution decompoases
and there occurs a reverse formation of metallic aluminum In
vacuum, in the range 400-1400°C, aluminum carbide is stable and
no changes’are dotected, At 2200°C aluminum carbide sublimates
without changing to liquid state. The vapor tension of aluminum
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carblide which is in equilibrium wlth graphite and alumlnum
saturated with graphite 1is 400 mm Hg at this temperature. The
density of aluminum carbide is 2.36 g/cm3, while the heat of
formation with respect to the 4A1 + 3C - Alac3 reaction is 63.2
kcal/mole. At high temperature aluminum carbide is a rather
stable compound but is oxidized by all compounds capable of
giving off oxygen. Therefore, AluC3 reduces metal oxldes; the
course of the reactions depend on temperature conditlions, can be
rather complex and lead elther to a reduction of the oxide to
metal with the formation of aluminum oxlde or, from the aluminum
carbide, aluminum can be partially separated in parallel and
give an alloy with reduced metal.

From rather numerous works (including [53, 547), we know
that the very first film forming on aluminum when air at room
temperature acts on it is amorphous in the sense that its crystal
nature cannot be distinguished by either electron diffraction or
X=ray diffraction. This in no way excludes the possibility of
the existence of very small crystalline formations consisting,
for example, of two A1203 moleculus [547. Holdin% aluminum at
400°C in alr or under partial oxygen pressure 107~ mm Hg [55]
enables us to distingulsh the crystal nature of the oxide on the
metal-oxide interface. At temperatures above 500°C in alr, due
to chaotlic generation, there is formed a coniinuous layer of
oxide crystals with a maximum of 0.1-0.2 wm in ‘iiameter. As
it appeared, the films forming on the melted aluminum in air

-atmosphere are amorphous at 650~700°C, while at 700-710°C

crystalline films of y-Al,05 ocecur [547.

For aluminum oxlde A1203 two crystal modlifications are known:
u«A1203 (corundum) with a rhombchedral lattice and y-A1203
(aluminum oxide) which has a cubic facew~centered lattice [57].
Lower oxides (monoxide) AlO and Alzo can also form during the
oxidation of aluminum. The heat of dissoclation for menoxide
AlO 18 «897 keal/mole,
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The density of A1203 in the form of corundum 1s 3,96 g/cm3
and in the form of aluminum oxide is 3.42 g/om3. The average
specific heat capacity of commercial aluminum oxlde in the range
20-1000°C is defined as equal to 0.308 cal/g [16]. The average
thermal expansion of A1203 in the range 20-1000°C 1s taken as
8.5-10"6 deg"l. The heat conductivity of aluminum oxide is -

0.025 cal/cmes-deg.

According to a number of.determinations from various studies,
the melting point of A12O3 can be taken as lying within 2010-2050 °C,
and the latent heat of fusion and evaporation is 58.5 and 115.7
cal/g, respectively [16].

The vapor tension of A120 at various temperatures is

3
presented below:

T, °C 2360 2490 2580 2980

Vapor tension, mm Hg 6 22 53 760
The heat of formation for Al2O3 is U400.5 kcai/mole. The
change in weight of pure aluminum during 1ts oxidation in an
oxygen atmosphere at temperatures above 35u°C was determined
by Gulbrasen and Wyson [7], Aylmore, Gregg, and Jepson [58].
It was found that the degree to which the studied specimens
were polished and degassed styongly affected the experimental
regsults. The Increase in the amount of absorbed oxygen with
time, observed at temperatures of ~lQp¢c, is subject to
parobolic law. In the range 450-600°C the curves Am = f£(t)
agree best with the rules of paralinear oxidation [58]. At
600°C the asymptotic character of the oxidation is brought
about by the transformation of the amorphous structure of

A1203 to crvstalline, which can be detected by electron diffraction,

'
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“In apite of the high heat or Jormavlion for aluminum vxide,
it ls diffioult to Qxidfzn\ajuminum eVer at”high temparatunra in
‘f'pure oxy gen and in-a flualy gvouna gtate, This faot 18 due to
'the preq ence An aluminum of & dense lem ol M.)O3 aompletely
impenetrabl» for . 8083 Lhn approximate thlaknesa ol this filum
1s 0,000 mm; lts walght ‘per ) wm’ of alumipum surface 1s
‘approximately 0.1 mg., Yhis thin film is « protection agalnat
the probagation 9£ thq-axidation into the depth of the metal.
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_ ‘At room temperature, alumlnum ceases to oxidizme after
i . approximately one hour [59]. According to Dankov [#3, 60], . )

when storing. alunihum at room temperature, the oxlde film Oﬂ
its surface after seven days reaches a thilckness of 50-100 A.

-t g

-

With an lnoruase in storling temperature up to the melting
Q

‘..,f.,_.ﬁ:,,,._.-.

‘poinp, £1lm tbickness can reach 2700 A. %
oD |
@f ‘ As a re%ult of a Lhree—month storage of alumlnum, an oxide E
§ film approximately 70 A thick forms on it, whilich, in the course ;

{ of time, increases at a rate of 2~3 A per month, The ilm on
remelted aluminum consists of crystal y-Al, O3 The same {1lm ‘
is formed on aluminum during long heating ln the range 400-500°C, i
With rapid heating, however, up to a temperature of 500°C, an ' &'
amorphous film of A1203 ls formed on 1t and, with heating up to %
: 700°C, a mixture of amorphous A12O3 and y-AlpO3 is formed. : §
; i
f On electron-diffraction patterns of oxide films, taken from ‘ %
é liquid aluminum and 1ts alloys not contalning magnesium, in . § _
% addition to the diffraction rings of Y-AlZOS’ there are rings "'%““
} which belong to the structure of metalllc aluwinum wlth the ‘ o %
g characteristic grain-oriented packing [60]. This phenomenon iaA i

connected with the presence of very filne aluminum dendrites in

i the composition of the oxide film, which 13 also seen when

{ examining the structure of the oxide film in an eleotron microscope
? with magnification on the order of 5000~-6000.

i
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The tetdenu) of oxide film toward penetration by vewy e
‘ aluminum dendvdtes with a defdnlte oprlentation ecan appavently
be explalned LY the upyatalwehindeal and dimensional copryeapondence
of the oxystal latvt.oes P alunlngm and its oxdde. |
With au inovease in temperature the grain=opienved rings ef
aluminum disappear and on the elect a=diffvaction pattern thare
vamain only rings of pure aluminum cxlde v-ﬁlgos.

Aluminum=wnagnasivn alloys wlth a magnealum gontent fvom
H-12% have begeome wldely uwded. Alwninum wlth magnesium formns
Interngtallie compounds Alquq. A1;Mgu. AJqM§§. The gompound

IR B T
RN e

experimental data was ohtalned earller by Preaton and Blroumshaw
(61], o+ well as Dobinski [62).

ﬁ Al%Mau haa a heat of f'o vmatian of U9 koals/male; Lta density o )
ﬁ 2.15 n/um" and bolling point 463°C. This alloy diffeva Dlavorably g
§ from corresponding mixturaes of alumibum with magnesium by its ¥
§ lower corroulon capaglty; At ls very birlttlie, whiash makes 1t §
9 posgible to pulverize 1t easlly. We know that intevmetallle i
_é compounds ave generally characstariac! hy considerable brittleness %
%; and hardness whiah 1s mugh greater thun vhe hardness of thelr ﬁ
% gomponents ., 3
g Conalderable attentlon hays heen glven to the properties % _
b of aluminum alloys with magnesium in an atmogphere of air and %
f water vapor. An electron-diffrastion study of aluminum allovas g
with 2.U4~8% wmagnesium, heated in an stmospheve of dry alr, was ?
undertaken by De Brouokere [53), whose expanded and aonfirmed g
|

The compesition of filmg forming on these alloys depends
sonsiderably on temperature. At high temperatures (abaove 350°0)
magnesium oxide (with an impurity of some amount of ME3N2) is
mainly formed during the oxidation of liquid alloys in an alr
atmosphere [63], while aluminum oxide is oompletely absent, ‘ i
The films are yellow or brown. 'The thick black fllma observed o _
under practiocal eonditions consist of Mg0. Heating the alloys | o
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Lo 120w350%0 18 avngempaniéed by the fopmation o' A oeystal
yemodd Pl aation of nluminum exldae {60],  The susassaive heauvlng
of* alloya to W00°¢ (fur example, haldding at 2E0%E v 12 Loude
and than final heatdng up o 4009¢) leada ta the ‘Joraation of
double £1lms eonndsting of magneslum oxide nver aluminum oxide,
It 1g asaumed that the formation of the upper layer ot magneaium
aNdde Ly explained by tha diffusion of maguealum 1ana through

a flan of alwminum oxdde and oxldation along the oxjd ~aip
Interfaoe (more acourately alonyg v interface latwaen Alaoa

and Mgo),

Smeltoer (6] determinod the oaldation vate of an aluminum
alloy with 2,9% Ng at 200-550°¢ and an oxygen preaaure of 76 mm Hg
by the walght method, The rate of 1ta oxldation wag clearly
gubJeat to parabolie law; the transition from parabolia
oxddation to linear set In when the whickneas of  the i
reaghed approximately 1000 R. The twe aonatanta of the oxildation
rates are expressecd by the following equationa:

. s e g e o ]
A‘“lllli\“ v 3 oNp (.._. BNV h 8;9/(‘“} (2 ) ( 1‘. 8\
Upavabolie] Y

2
N g = WAexp QOOOATY  p/om” v 6 .

[linear)

Hirashima (63] rather thoroughly studled the selective
oxldation of an aluminum alloy with 2.%% Mg, At s partial
preasure of water vapor from 0,007 to 0,06 mm Hg the alloy
oxldizes aacording to parabolie law; lts oxidaticn rate apparently
is determined LY the rate of the diffusion of MgEL or 0% jona
through a film of MpO. 'However, when the partial pressure of
water vapor ig 1 mm Hg, oxidation, Mom parsbatlie in the initial
state, soon becomes linear. A broader study of the oxidation of
aluminum=-magnesium alloys by water'vaﬁor 1s presented in '
reference [65]. | |
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i 3. DBexyllium

Boxydlium 48 A budghb=geuy vefvactery britvie maval ¢ e e
: gtougtuwre of the IGWmnenmerature modifleation of bery;lium 18 ;"’
: chapagteris iad by & hexagoenalk lattioce. L60~69] By = 2,205 A, o
: = 3.5029 A4, o/a = 1,567, | |
b Relow 1200°C no polymorphic transdormations of bevylliuwm
_;z , are obaervag. The phase transition of a-Be to auble rbrm fAeBe
f (@ = 2.54 A), eogura at 2254°¢ (701, Be’yllium has ‘tho rallowing
& phyainal properties [68):
;% Denaduy, g/am3 1,847 -?ﬂl‘
; Tape 6 [Melting point] o 1283 gg ‘
Touns °C [Boiling point) 2970 o
1 E Heat of formation, koal/g-atom 2.8 ¢+ 0.5 ?%
S Eleotris sunduetivity, o™t ot 38.0—“3.1'10u %
o §E Rpinell hardness, kg;i‘/mm:g 97114 A
fg Modulus of elasticity, kg!‘/mm2 29,280~30,000

ek

Gulbransen and Endrew [7] smtudled the evaporation of
beryllium below the melting point. Data from these authors
are expressed by equation

,’::.:'-ﬂ.

AU SR

T2 (atm)os G080 o L2840 — (QUTSA 1 8O) T3, (I.9)

*"iﬂfﬁiv-wgirx T, .: ;-ng"z_p- .i'?.- ; :-:_s“i,.

From this equatlon it follows ‘that the graph of In P as an inverse;m;-;
funation oi temperatuve does not. djffer noticeably fram a straight"
line. ' '

Y

The evaporation rate of beryllium, as noted by Gulbranseh,
noticeably decreases when there is an oxide or niﬁride film on .
the suvfaoe of the specimen. fw1th-an average vxide film thickhesé
of 600 A vapor pressure decreases by one order, but when Lhickness
is 5600 A 1t decreases by a factop of 60, A nitride film 2000 A
thick reduces evaporation rate by a faotpf of 4. The affect of »-.




surface filmg on evaporation rate is pgreater the lower the ' '
temporature. Aceording to observatlons ofi Poplrov and '
P . Tikbinakiy (67), the oxtde £ilw nohldwubly'raduués avupoﬁ&tion

b rate only below ll00=1150 °C;

in the range of highor temperatures . *,%y
Cthe fMlm seales oft the gurface and during suffilcelently long . P
‘testa has little effect on evaporation rate.

v o According to Holden [¢1], the .atent heat of sublimation S
a . ' for veayllium is 76800 w370 cal/moaa. A'“ i- :
: Buuer and "runner (clted in [68]) have shown that vapor ' IR BERRE
§ pressure {(mm My In the range 1577-2058°C can be expregsed by _g“ "
¥ . eqnation ‘ .
wo I P ooe 6,308 = (17N, ~ (I1.10) -% L
I . {'

! Thelr extrapolation of the vapor pressure curve up to a .

valug of 1 atm glves 2970°C for the boiling point ol beryllium.

The enthaipy of beryllium grows almost linearly from M2 6

v cal/g at 94° to 571 cal/g at £96°C L{?]

g : Thermal conductlivity of beryllium at 0°C is 0.3847

W .

: cal/cmes-deg. In the range from ~176° to +190,U4°C the , :

ﬁ thermal conductivlty of beryllium inereases from 0.232 to A

P 0.508 cal/:m.s-deg. .

& o Gulbransen and LEndrew T7) studied the. oxidat*on of : S

fer oy v ) S
% é.i A suffiuientlj pure beryllium in oxygen and nitrogen by determining Co
%;j - the weight variation of ground and polished specimens on _ : 3
W o ) : : '
o sensitive thermal scales. At a pressure of 76 mm Hg the results :
@~; ~of two~hour tests were expressed by the followlng equatlons:
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. oo Ry l 8 X0 “? exp\( BSOO/R&'),- ‘.?/cxr‘t_:u-'-_'s_;‘;_'
v \ : . . _”“-; o . \I‘ e -ll‘ \ . d L. .
| in an atmospuere of 0,“7' N
L N o :-\_‘-\_A C ‘.~ i . . ‘ \_. Ve ?;‘: ) .' . L - . . S -
) e ay U o 'r_,o.»goooc - S
SN AR R 3 5 10 3.exp ( 50 SOO/RT), . 2/cm”»xs-
g O e e P
Al e o ' ‘ . - (I ll)
- g '~ in an atmosphere of N, .. Lo ~ I ; .
MR - ‘ . Coo e e ‘ ' ’
) '? .
N N for T = 725 925°C
%.:&' . Ko = 23 6 exp (=75, OGO/RT), 8 /om
AR
i z« ‘. .
;‘ & These equatlons do not take into account the initial accelerated

“welght increase. In these short tests the oxygen—time dependence
“had an almost parabolic nature.

\
However, Aylmore, Gregg, and’depson [737], after incréasing
the length of the tests to 300 hours, could not confirm this
observation for the fange'500-700°0; The beryllium which they
‘used was purer and contained 0.3% BeO and -0.16% other metals. .
) » At-temperatures‘below'650°C the oxidation rate, according to
. .'observations, continuously decreased with time, achleving after

_ 300 hours the level 0.02~0.04 ug/cm ‘g3 the oxidation rate was.
t"‘"f“not subject to pavabolic law. Nevcrtheless, as’ the’ authors'”‘
'fnote, oxidation ‘was most likely determined by the diffusion of

Beg* ions, and the deviation from parabolic law was probably
due to the variation in impurity content in the scale..

Beryllium oxlde crystallizes in the form of colorless
(polycrystalline mass has a white color) hexagonal crystals and
18 one of the most stable chemical compounds [74]. "The crygtal
lattice constants of beryllium oxide at 18°C are a = 2.698 Avand-

b,377 Z; density is 3.025 g/cm3
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The . melting point of beryllium oxide is 2570 - 25°C .
{18, 31, 15]. . Erway and Seifert [{6] have established: that the'

boiling point or beryllium oxide must be on the order of- 4100°C, "

.although a value of approximately 4300°C is

frequertly found
“In literature.

It was further established that the high. N

volatilitv observed for beryllium oxlde 1s due to water vapor.

© impurities and that in dry atmosphere: the pressure of its
vapor 1s not great.' In reference -[76] the follcwing equation

relating the vapor pressure of beryllium oxide to. temperature
was fouﬂd experimentally

4 230 0 : S 7 N
lgP¢u8()4mﬁy—il—;#gﬁl-—ZMTf o (1.12)

where P is expressed in millimeters of mercury.

' Based on the melting point and the caloulated values for
the entropy of fusilon, Erway and Seifert established the

value of .the latent heat of fusion, equal to 17.0 *+ 1.4

kcal/mole-deg. They also found that the value of the latent heat

of evaporation of beryllium oxide is 117.0 #* 40.5 kcal/mole,

which corresponde to the entropy of evaporation at the boiling
point, equal to 25.6 £ 2.7 cal/mole-deg.

Grossweiner and Seifert [77] studied the volatility of
beryllium oxide in the presence of water vapor and established
that the weight loss of beryllium oxlde is a linear function
of the value of the partlal pressure of water vapor and

~corresponds. to the reaction

BeO,, -+ M0 — BeO.H,0,,,

They calculated the heat and free enzsrgy of thils reaction,
which at 1400°C was 41.5 and 29 kcal/mole, respectively. The
results of works [76, 77] on vapor pressure made 1t possible

to calculate the following values for the reaction occurring

In vapor phase: AHO = -108.5 kcal/mole; AFO = -57.5 kcal/mole.
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The variation in the amount of free energy ‘for this reaction is -

v;fmuoh more faVorable than for the reaction with solid beryllium
'oxide., If we examine this reactlon as a simple assooiation of . »
d molecules, the heat of the reactior is: too great and oorresponds o
. more nearly to the reaction ' ;

BeO,, -+ H0 = . Be: (OIl)z 1o

[Te ='solld]

Hence 1t follows that although solid hydroxide Be(OH)2

unstable at temperatures above 240-300°C and atmospheric
pressure [(78-81, 83], at high temperatures it becomes stable
in a gaseous state. To confirm this, Grossweiner and Seifert

- [77] calculated the binding energy of Be—OH for the gaseous
phase of Be(OH)2, which was 109 kcal/mole. Consequently, we

can conclude from this that the product of beryllium oxide
interaction with watervapor is beryllium hydroxide in a stable
gaseous phase.

§ 4, Boron

Boron 1is known in two modifications: a fine-crystal form,
the so-called amorphous boron, which is a brown powder, and
¢rystalline boron with a dark gray color. According to data
from Laubengayer [82], the minimum elementary cell of the latter
modification of boron contains approximately 50 atoms and has the
followlng parameters = 8.93 A, c = 5,06 A, the orientation.

" of the axls agrees wilth the axls of an aclcular crystal.

The physical and chemlical propertles of'elementary boron,
to a conslderable extent, are determined by the purity of the
product, which is connected with the method of obtaining it.

The baslc physical and chemical properties of boron are presented
below [84-88]:
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Density, g/cm> | : |
. erystalline = e : . 2.33 % 0.2

amorphous ; B 2.3
Tne °c. - 2075 % .50
) ‘THMn’,oC : ,' ' : ' S 2550 |
" Heat capacity, cal/g-atom.deg 1. 54+ Q OOMH
Heat of evaporation, kcal/g-atom .. 90 -
Hedt conductivity, cal/s-cm.deg 0.003
~ Heat of combustion,'kcél/g—atom' 306 £ 1 .
Entropy, kcal/g-atom.deg , © 1.408(cryst. boron)

o . 1.564(amorph. boron)
‘Heat of transformation

Bamopd)[amorphous] -'BHpHcT[crystalline],-_
kcal/g-atom 0.4
8 B

Coefficient of thermaLl~expansion,deg_l 8.3:107° + 3%

Boron acquires a considerable vapor pressure beginning at
1200°C and noticeably evaporates at 1600°C. The vapor pressure
of boron at 1600° isAlo_S atm, at 1750° 1s 10™" atm, and at
2150°C 107° atm [871.

The partial oxidlzability of the surface of particles of
even the purest specimens of amorphous boron causes the consider-
able hydrophily of its powder [88]. As concerns particle dimensions
for boron powder, this, of course, depends on the method of
obtalining the powder. According to data from Markovskly and
colleagues [88], Mnissan boron, obtained by sdsorption methods,
has an average particle size on the order- oi 0.3 um and a
specific surface of approximately 6 m2/g

Boron has a negative temperature coefficlent of resistance,

and its electric conductivity with a temperature increase from
200°C to 1000°C grows by a factor of approximately 2"108 [891].
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The reaction capacity of elementary boron depends:
_substantially on the purity of the product, as well as on the
degree of 1ts crystallinity. Thus, although amorphous boron
oxidizes slowly in air even at room temperature, upon heatlng to
- 800°C 1t ignites and burns with a blinding white light. Large

. erystals of boron, on the other hand, are sufficlently stable
even at rather high temperatures. This diffefence.between

‘ amorphous and crystalline boron is apparently connected with

the fact that the film of B O3 being formed'pretects the latter
from further oxidation. Co '

During the combustion of boron in air, boron anhydride is
always formed. In addition to B2O3, as oxygen compounds of
boron we know of several othe? oxldes including B202 and BHQ5’
" as well as BO.

On the basils of experimental data from references [90, 91],
- the thermodynamic stability of wvarious oxides forming in gaseous
phase during the e.aporation of liquid B20j below 2400°K was
evaluated. According to these data, ~95% of ‘the volume of gas
consists of B2O3 and only 5% of the suboxides 8202 and BO or
gaseous elements.

The spectral data for molecules of gaseous BO are presented
in Hertzberg's work [93].

From the data presented below we c¢ see that the oxilde B202

is. more stable than- the .oxide BO: )
[,

AH (at 0°K), - - Dissociation -
Molecule kcal/mole enerey (at
7 0°K), kcal/mole
BO (gas) A +5.3 ‘ 189.5
0, (gas) -110.9 £ 7 500.5 + 10
8203 (gas) -214.4 £ 5 662.9 £ 6
35
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At high temperatures boron anhydride 1is reduced by many
metals, particularly Al and Mg, with the formation of elementary

-boron ‘and. its alloys [88]. Carbon reduces 3203 with the formation

of boron carbide at a temperature on the order of 2100~=2400°C.

Crystals of boron anhydride have a rhombohedral shape and
give a characteristic X—ray pattern, whlch can be identified as
hexagonal with & = 4,325 A and ¢ = 8.317 A £921].

Zzintl and colleagues (cited in [88]) established that

during the heating of a mixture of A1203

at 1300°C the following reaction occurs

with elementary boron

AL Os - 313 72 2A1 - 3B,

This reaction can lead to the formation of a number of suboxldes
of boron.

Boron easlly combines with fluorine, chloride, bromine, and
iodine [87]. Pure boron does not interact with chloride at
temperatuves below 500°C, but combines rapldly with it at 550°C, .
forming boron trichloride. Certaln properties of boron were
discovered and studied by Culilleron [94]. A mixture of boron
with potassium permanganate, minium, antimony trioxide, or
lead nitrate ignites upon impact or friction, but without
explosion. The reaction of boron with hydrogen icdide occurs
with explosion.

As was noted earlier, Leonard [1, 95] studied the possibility
of using boron hydrides as rocket propellant. The highest
specific impulse is achieved when using elements with low atomic
welght as propellants. '
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Although the theoretically most contemporary propellant for
engines 1s, of course, hydrogen, nevertheless because of practical
considerations it must be used in a compound with other elements,
for example, boron or lithium. It is usually assumed that for
many reasons boron sults thls purpose better. In the case of
rocket propellant, we should expect very high specific impulses
during the interaction cof boron hydride with fluorine oxide or
wat~r. Since boron hydride is a propellant which reacts with
wate. 't 1s particularly explosive upon contact with moist air
or tra. : of moisture [961].

It 1s interesting to compare the energy released by boron
with the energy released by other propellants. In the burning
of 1 m> of boron 32,075,475 keal 1s given off; in the burning
of the same amount of kerosene 8,%19,400 kcal is released, and
with the burning of the same amount of gasoline this figure is
7,031,000 kcal [96]. Boron-containing propellants have a heat
release per 1 kg which is twice as great as the best hydrocarbon
propellant., These propellants usually are obtalned as a result
¢f the reaction of lithium hydride with boron trifluoride or
boron trichloride. As a result of such reactions, modified in
any manner, we c¢an obtain diborane B2H6’ pentaborane B5H9, and
decaborane BlOHlM'

§ 6, Lithium

Lithium is a silver-white metal and, lilke sodium and
potassium, very soft., The physical properties of lithium are
presented in Table‘B. For comparison, the properties of other
alkall metals -~ sodium, potassium, rubldlum, cesium - are also
presented [12, %2, 96, 97).
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Lithium belongs to the group of metals which are moss
active chemlcally. The chemical activity of alkall metals
increases from lithium to cesium. During combustion lithium
glves the oxide Lioz, which is a stable compound. Tlowever, it
easlly reacts with water and carbon dioxide. Only one lithium
peroxide is known, that having the composition Li,O

272"
are presented the physical properties of lithium oxides:

Below

LiEO L12O2 |
Density, g/cm 2.013 2.297
o
T, °C 1h27 425
° i
Tanns © 14t B
Heat of formation, }
kcal/mole ~1U2.4 -151.7 :
Heat capacity, kcal/mole 0.024 -

As an extremely active metal, lithium Jdecomposes water and
is capahle of forming chemical compounds with nitrogen, carbon,
sulfur, phosphorus, hydrogen, etc. The hydrogen compound of
lithium - LiH hydride - 1s a solid white crystalline mass which :
forms with a flash and has a density of 0.775 g/cm3. This i
compound melts at 688°C and at this temperature has a vapor :
pressure of 27 mm Hg. The formation of crystalline LiH occurs j
with heat release (21.59 kcal/mole). :

Lithium hydride 1s very reactive, It easily roduces oxides,
chlorides, and sulfides.

Deal and Svee [98] studied the manometric method of oxidation ;
under the effect of water vapor at a pressure of 22-256 mm Hg in -
the temperature range 45-75°C., The oxlde layer consisted of ‘
Li0OH. Oxidatlon rate was subject to logarithmetlic law:

Aeve Lo (4 10,4003, (I.13)

where ¢t 1s time, hours; k 1ls the oxidation rate constant.
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In the studied range the rate gonptant remained Indepondent
of the water vapor pressure., The astlvatlon oneprgy of the
reaction was V6 keal/mole., An X=ray study did not olarify the
crystallline nature of L1OH fommling in the initlal stage of the
interaction,

According to the data ol Asman (aeited in [99]), in the
formation of solld solution or Li~-Al the solubllity of lithium
in aluminum is 3.5% at the melting point of aluminum and 2, 2% L
at room temperature. The eflvat of small amounts of lithiunm
on the physical properties of alumlnum or alloys endlahad with .
it is very similar to that which ocuvours wlih magnesium, Howevey,
in view of the lower equlivalent welght of llthium for achleving
the same effect with respect to the physical propertlee of the
alloy, lilthium is added in smaller quantivies than maghesium, -
Lithium with aluminum forms the aompound L13A13, which melts
at 598°C 99, 10017,

§ 6. Magnesium

(W]
Magnesium crystallizes in a hexagonal lattice (a = 3.2 A,
(o]
¢ = 5,2 A); there are no allotropic transformations. The

principal physilcal constants of magneslium are presented below:

; Atomic welght 2h,312
o Der. ity, g/cm3 l.74¢20°0) Lo
i ' . |
; rnn’ °C 651 l
R 0 .
Ai - THHFI’ : ‘C 1103 o
Latent heat of fuslon, cal/g 82,2 '
§
Latent heat of evaporation, cal/g ) 1337 ‘
Specific heat capacilty, ce‘tl‘g"l-deg"“L 0.,25(20°C) !
Heat conductivity, cal.om™ .5 .deg™  0.376(0-100°C) |
. 0.35(101-250°C) -
Coefflecient of linear expansilon, 27.3(0-160°C) o
1070 geg™? 39.6(455-600°C) '
i .
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K The bolling point of wagnesudun In vaguun (1 own Hg) Le 604°9, e

g Novleeahle evaparation of mwgneadum haging apvaund G0R°Q; for the 5
g‘ vardiation in vapur proasure of 20lid magnesiwm wivh uemparauuvﬁ

Lhe Pollowing r@laeiun Y] Paunat

'7{:4?‘ —;4-::’,,-;
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The. vapor preagurg of mugneuium avove ts maluing polnt hua the E
W ; fallowing value (19, ;Dlja \ ]
', °g P50 BOO 950 900 950 1000 o
- Vapor pressure of | - .
{{ magneslum, wn Hg 12 Bt 49 9h 166 280 gE
3- The eleeiria conduativity of magnerium ia 38,68 of vhe elaatiia 3
g‘ Saliuguivity of aopper. Wlth reonleunlation, taking into soeouny
%: ! denadty, 1t 1a found that with the same welight magneatum has an
§ é eleotria eondugtivity whiah 1a ajmout twiae as great &a the
F i eleetirie vondugtivity ov aq5pev {1978+ 'The ulaubvia a@?ﬂuqn%viny :
&\ of magnesium du 23,2 ' g cam T oat 0% and J, 42 10 Q Svam Toay %
i 1009G, i
]
g The oxidation of magnealum to Mgl oceuwrs with the yeleasae g
i of a congdderable amount of heat (LA5.70 kealluwele), which ig !
? . the reason for the high atrength aof this aompound whieh is vevy ]i
L gtable Aduring heating to high temperaturesa., The variation in : 3
Eé R density of magnesium oxide as a funetion of the anmealing f %
%' ‘ temperature indicatey the complex phenomena of palywerination g }j §
%‘44,:.' ~ which copur at this time. The denadty of magnestum oxide afver 7T
t annealing at 300°C s 3.1932 /ums. and . af'tey melting in an. . P ;g
BR elevtrie furnace is 3.650 g/emB. while opdlnary commayolal . -g
% magnesium oxlde has & density of 3.07-3.2 g/ou’, é
i .
'&‘ The melting polnt of MgO is #800°C; above thls tewperatuve é
§i gavere evaperation of magneslum oxlde is ohmerved. The hoiling 3
b point of Mg0, determined in inexrt gas [16], lies around 3600°C.
%;, The heat of fusion for NgQ is 300 keal/mola, '




AU 2900%0 wmagneadum In vaouwn disgoodates wivh uhe }
aubilmation of navallie magneaium, -

'@,”;} Wigh vedpael to the problem of reduaing magneatum osxide §f§
gy with eavhor, we gan sake the following three aspumptions ag a
S Dagiss T

1)  the reaction Mpgd + © . Mg + Q0 ay veny high tempaprasursa
Cmovea o bhe Pight, and at low uwmpevatures in the eppesits o
diraationy

2) the reduotion of magnesium oxide with carben at 19%0°¢
QuRURd very alowly and heoames notlueabla at A030°¢,

i 3)  magneaium oxlde 1a redused mora vigovously by carbildas
Lan by pure garbon {(Hal.

A 2200°C o u finaly pulverdined mixtuve of magneaium oxide
with qarbon, mixed in & atolchiometyie vavlo, up to 80% of the
oxlde Ja reduced to maghesium which svaparates.

In dpy ale or oxypen thevre la fovmed on the Qa@nasium the
aprdinary oxide MO with a oublo lattice (a = 4,2 A), The |
thleikneas off the axide film Capming in the firat stage oan :
reach 70 R (102], but the presence of minoral oil raduces the

axldation rate, - .
AY high temperatupres noy exaeeding §50°C, in dry oxypen and g ' )

. v

at temperatures below 380°C in meist oxygen the oxide £1lm
prasarvea for a long time (at least up to 300 hours) Lts protective
gapacity, ensuring an approximately parabolle oxidation rate
[7, 303]. The thigkening of the film at high temperatures
leads te a logs af lts praotective oapaolty, dua to whioli the

- oxidatlon procgeeds according to linear law. As establisheid
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by Loontig and Rhines [J0A), in the range 4T5=5759C the conatants :.v?.wl
of uhe Linvar oxidation of wagnesium and oxygen (p » 1 aLm) PO e e
“ave uuavaumaxuuad by she.- following equabm@n SO

 Fow oxtdation in aiv at 400-600%C Makelkin [105] obtained the
following equation alsod

Al

_xwi!n\uQS‘)(I«&‘NQ'Q"‘. 9;/0!11“*&3. _ (1.16) -

Altheugh the emplrieal values of agtivation enaovgy differ
conglderably, the actual oxidatlion rate remains almest conatant
in the tewperature ranpa covered.

The effeot of such elements as nlakel, bismuth, wino, sllver,
goppeyr, tin, lead, antimony, indium, alumlnum and gobalt on the _ :
lgnition of solid magnesium in dry oxygen was studied by Fagsell, i
Gull»ansen, Lewls, and Hamilton [106]). In a conoentration up:
to saveral percent all thege metals reduce the 1gnitioﬁ temperature;'
For example, aluminum (16.72) lowers the ignition temperature
from 623° to 503°C at atmospherla oxygen pressure, On- the basis .
of thedr experiments, the authors have made the assumptlon that N
the lgnition tewperature mugt be inversely proportional te the I

’ (linear) oxidation rate of magnesium allpys.

Beryllium in small oconcentrations (0,002%) qulte effectively A
A Anereases the lgnitlon Lampcratuva of magnesium In ade [107 2087, ‘;?
»  This effect is due to the formation of a prateotlve fllm, A S
‘ shown on the basis of gpeotrogiaphi o studies by‘Keil.Llogl,f
at first the beryllium ls largely oxldized and because of this
the volume ratic increacses. FMurthermore, very amall additlons
of beryllium reduce the oxidation rate very effeoL1Ve1y Tor
magnesium alloys with aluminum {110, 1113,|
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the oxidatiloen of magneslum under the effuct of water vapor
at a pregsure of 31-208 mm Hg and temperatures of 42557500 -
was ptudied by Svee and Gid ¢-{112]. It was found that the
oxidation rate chanpes iiueurly and that under all’ oonditiona
the only oxide whioh forms ls MgQ.  These peculiavitiea ara’
determineq by the high vapor pressure of magnesium at tampefatures
above 500°¢ and the poreslty of magnesium oxide. At 425-500°C
in the entire pressure range studled, the reactilon develeps on
the metal asurface itaolf or directly by it..

It 1ls int&reating to hote that'bhe,oxidation-rate‘of ' L e
magnesium in moist oxygen, as established by Teresh [R], is
less hy a factor of 2 than in an alr atmosphere, ‘This can be.
attributed to the formation of hydroxlde which has a large

volume ratio as compared with magnesium oxilde MgO .although Gibbg

and Svea [112] do not name magneslum hydroxide'among the products
of oxidation under the action of water vapor. - '

‘The-critlical magneslium ignitien temperature remalns
approximately the same (v625°C) both in water vapor'and in
hydrogen peroxide. The s ame thing applieb to magnesium with
various aluminum additives [110].
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‘|METHODS OF STUDYING THE BURNING
5 ANB IGNITION OF METALS

, To study the burning and ignition of . metais a wide range
of physical and chemical methods are used: detéermining the -
'brightness of the particle track using photographic or photoelectric
instruments, performing spectroscopic analysis of the flame,
effecting mass spectrometric,.ohemical, and X-ray analgsis of
. the combustion products; determining the degree of burn-up
"according to’ the electrical resistance. of strips and rods,
" making visual observations; filming the burning process with
'ordinary and. shadow photograohy, using rapid extinguishment;
performing studies with optical or electron microscopes, ete.
. Because of the high exothermicity and consequently, the high
burning temperature of metals, - ‘the considerable burning rate
‘(up to several tens of centimeters per second), the accumulation
of condensed. combustion products on the burning surface, condi-

‘tions are very unfavorable for an experiment in- which elementswmp S S,

' of the. burning process itself are studied.

'Since powdered metals have become widely,used in modern
rbcketry, from the practical and theoretical polnt of view,
“the best information ¢an be obtalned by studying the burning
of metal products.' At the present time, a number of experimental
“-methods- have been developed which enable us to determine the

T

effect of the metal particle.size, the heating rate of the particles,~,
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“'and the" composition of” the amblent medium on the ignition delay
) time and the burning rate ©of the metal particles..

-8 l. Métﬁods for Studying the Low- .
‘Temperature Oxidation of Metals.

For metals used in solid propellants, high reactivity is
characteristic., Under normal conditions, the surface of the:
metal 1s protected by a layer. of oxide. The combustibility of the

‘metals and ‘the conditions which lead to ignition, to‘a consider—w'

~able ‘extent, are determined by the nature of this oxlde. The
- most comprehensive research in thils area has been performed by

\"Gulbransen [7]. PFive reaotions are basic in a study of the

 low-temperature oxidation of metal ) .

M qu(degasification of the metal) (1)

My, - 1‘-1()» o M\Ou s (oxidation), ‘ - (2)
MO, M, 4 vH0, (reduction by hydrogen), . (3)
MOy, gy o WUy, W28y 060, (decarbonization reaction), (4)

M\Ou T "Ma", i (evaporation) . (5)

In the above equatlons M is metal; MTB and Mr are the

solid and gaseous states of the substance. The formation rate

- of the oxlde film is generally determined by the reaction (2).
The'presence or absence of gas in the metal can not only'effect
the oxidation rate but can also be a problem during measurement.
This gas can be removed by heating the metal in a high vacuum
eccording to reaction (1). The oxldation of metals or alloys

- free of oxlde film can be studled 1f the metal oxides can be

o reduced 1n reaction’(3) wlth hydrogen or removed by decarboniza-

tion (reaction 4), Reacticn (%) makes 1t possible to judge the
volatlility of the oxide.

Generally the three methods which are the most useful in
studying the kinetic regularitles of the formation of the thin
oxide film are the following: the polarimetric method, the




i

dif:erential pressure method developed by Cambell and Thomas
3}[113], and ‘the method of measuring the welght’ of . the speoimen A
during oxidation on sensitive quartz miorostales placed in the
vacuum system. The 1ast method enables us 4o carry out a -
continuous study of ‘the process of metal oxidation in a wide -*ﬁ
@ﬂtemperature and pressure range. - The. diagram of ‘the installation
. presented in reference [71-1s 'shown on Mg, 15. Variation in
specimen weight during oxidation is recorded with a micrometric
optioal tube.' Preparation for. the test includes the creation
,of a, pressure of 1077 .mm Hg, degasification of the system, andg
. .the reduction of the initial oxide film by hydrogen or. carbon.u
‘The scales, along with a heater in the form of a uube, are. placed
in a closed glass vessel The accuracy- of welght measurement 1s

.0 3 x 10 -6 & with very low sensitivity to pressure and temperature‘ ‘
variatj_on Co o o : A T R S _

The instrument can be’ filled with any gas ‘at a pressure |
below 1 atm. The heating - coil must be noninductive; the inner
part of the heater was made in the form of a heavy block of '
stainless steel fully covering the lower part of the experimental.i
tube. All operations, for example, degasification and reduction

_of the initial oxlde film, were - performed. directly on the.
scales. Specimens were prepared from thin metal plates approxi- -
mately 0.13 mm thick for substances with a density of 7-9 g;/cm3

« and 0.26 mm thick for lighter materials. The plates weighing_

0.684 g had a surface within 10-12 em®, Using this method,
- Gulbransen studied the oxldation of molybdenum, tungsten, iron,,
. .. .gluminum, and magnesium'at MOO°O.. The oxygen pressure - in the=:
. Texperiment was usually 76 mm Hg, except for ‘the experiments

with magnesium where oxygen pressure was 20 mm Hg. A detailed™ = | -
description of the installation, operation, and preparation ' .




Flg. 15. B . Fig. 16.

Fig. 15. Installation for studying the oxidation of metals by the
weight method. 1 - Quartz spring; 2 - quaitz filament 3 - thermo-
couple contacts; 4 - platinum filament; & - water cooling, 6 -
specimen; 7 - electric heater; 8 - inlet for oxidizing reagents;

9 - platinum filaments; 10 - inlet for neutral gases; 1l - speclmen

heat regulator; .12 - thermocouple contacts; 13 -~ outlet to d4ifrfu-

sion pump; 14 - cathetometer; 15 - insulator of pressed MgO powder.

Fig. 16, Installation for .a per-weight determination of oxidation

‘rate at an oxygen pressure below 40 .atm. 1 - Drum; 2 - opehing o
for installing and moving drum; 3 ~ 1ift mechanlsm; 4 - gold chain,

5 - quartz spring; 6 - observation port; 7 ~ microscope; & -

.cathetometer, 9 - opening for introducing the. specimen to the
" heater; 10 -~ platinum~-rhodium wire; 11 - electric and thermocouple

contacts; 12 -« gland; 13 - speclmen; 14 - heat: insulation; 15 -

" heater; 16 - steel hermetically s ealed casing.
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‘scale of the balance 10010
"4 difference in welght up to 5 mg betwecn the two arms of the
‘balance »ould be compensated by changing the: tenslon of the.

Dignam and colleaguee [115] studled th. growth of the"

'iamorphous oxidized film'in the 454-6Q1°C range for a specimen of f,7i

ultrapure aluminum whose’ surface was obtained: by electrolytic
polishing with the aid of a. miovobalance (see Fig 15), The
Installatlon generally consists of a. vacuum microbalance with‘
automatic recording and a heating- of quartz tubing attached to
the basic system with metal rings. " The specimen, suspended d4H

lithe balance with platinum wire, can be introduced to the heater'éone"ﬁ-~
at any moment. ‘The vacuum system consisting oft three pumps -an- .“:]-1;
'.oil pump, diffusion pump, and rotation pump -. enabled us .o
‘nobtain a,pressure_ofAIO -6 mm Hg.. Temperature was measured by

a.thermocouple‘Within O,IQC;; The reading Of. the»sensjtive
-0 could be performed within 10 -6 g

torsion wire on which the rocker of the balance was suspended.
This made it possible to take measurements according topthe
most sensitive scale during the entire experiment. Gas of the
necessary composition was introducedtthrough a system of valves.
For a low-temperature study of metal oxidation at high pressures

‘the /installation of Mac Kuen and Fassell [116, 117) can be used

(Fig. 16) for a per-welight determination of oxldation rate at '
oxygen pressurd up to 40 atm. A heater with a mlchrome winding

‘18 mounted inside a steel hermetically sealed casing with a

flange at the top.: Contact for the thermocouple and the electric
current 1s made through gland 12. The specimen 13 is suspended
on a quartz hook attacked to & suspension of platinum-rhodium
wire which is connected with & quartz spring 5 and a gold chain U
The specimen is raised and lowered with a hand wheel. On the
shaft of this wheel, which passes through gland 3, inside the -
installation is mounted a drum of stainless steel 1, ¢n which

a gold chain is wound. If the step of the winding on the drum.

is 1dentical to the step of the screw at the end of the gland,
during the lifting and lowering of}the specimen and the suspension
there will be no horizontal displacement. The specimen is

4
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'introduced to the heater and removed from 1% through opening 9.

The extension of the quartz spring during specimen oxlidation is
determined with the microscope 7 and the cathetometer 8, which

lare_qigidiy mounted on the casing of the heater, through observa-

tioh_portf6.;'The'heater'is'connected wlth a vacuum pump and

fa-sourCe'of'QxygenISupply, which was dried by activated aluminum
oxlde. ‘Pressure-belcw atmospheric was measured by a mercury

,pressure gauge; pressure above atmospheric was measured by a
pressure gauge with an arrow.

In the latter yersion of this installation the heater was

- charged from below and the. leads for the thermocouple and the

power supply were connected to special small fixtures.

At a pressure somewhat above 20 atm serious difficulties
are encountered with the heat insulatlon, apparently because of
the increasing thermal conductivity of the oxygen. At a pressure
around 40 atm it is Ilmportant to provide external water cooling
for the heater casing.

Boggio and Plumb [118] used the method of measuring the
rate of increase in the aluminum oxlide film at room temperature,
based on the relationship between film thickness and the

~reflectivity of the surface. Aluminum films were obtained by

evaporating aluminum 1n a high-vacuum system at a pressure of
107" mm Eg, which had an optical window for observing the
scattering ¢f rays at 80°. This method made 1t possible to
obtain a film of aluminum with minimum porosity and roughness.

The ellipticity and slope of the ellipsold during-the reflection-

of lincarly polarized light with a wavelength of 5461 Z from the
metal film were measured. The optical constants of pure aluminum
at a pressure of 10"'9 torr were determined beforehand. 0Oxidation
occurred in a dry alr atmosphere 1ln the pressure range
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6 x 10"6 — 337 torr. The thickness and optlcal properties of the

film can be calculated from the elliptieclty of the deviation of
reflected light [119] on the assumptlon that the film which is
forming has a uniform structure. ‘Optical methods for the high-~
temperature oxidation of metals were used in references [120, 121].
Smeltzer [112] studied the oxidation of aluminum in the range
400~-600°C using Gulbransen's method [7]. The specimens before
testing were carefully degased In a vacuum of 10"6 torr at room
temperature for 5 hours and then at 500°C for 30 milnutes.
Aluminum containing only about 0.002% impurities can be obtalned
with this method. The formation of a film of alumlnum oxide

was studied as a function of time and temperature at an oxygen
pressure of 76 mm Hg. This pressure was selected because the
oxidation rate, in this case, does not depend on pressure [7].

In the first serles of tests, before the oxygen was fed
to the system, the specimens were hardened in vacuum for 3 minutes
at 500°C; in the second serlies of tests this was done at 600°C for
an hour.

Cochran and Sleppy [123] studled the oxidation of chemically
polished high-purity aluminum and aluminum-magnesium alloy
(97.5/2.5) in dry oxygen, water vapor, and molst air in the
range 450-640°C. The following two methods were used; the first -
a recording of the weight variation in the sample on the self-
recording microbalance [123]; the second ~ the recording of the
oxygen pressure variation during the oxidation of the metal with
constant volume [113]. The microbalance method is the same, in
principle, as the above method 1f we do not take into account

‘the automatic recording of the measurement process. We shsall

pause briefly on the second method.
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Fig. 17. Manometric method
of measuring the oxidation of %
mecals. 1 - Furnace; 2 - h
compensation test-tube; 3 - m
reactlion test tube; 4 - stan- M
dard volumes; 5 - pressure w
gauge;Tl—Ts - thermocouples. )

The manometric apparatuc 1s presented in Fig. 17. Two
identical quartz tesf tubes were mounted inside an electric
furnace. One of the tubes contained a sample of the metal;
the other was used to compensate the pressure variation which
‘resulted from the temperature variation of the furnace. An
0oll pressure gauge loceted at a 60° angle to horizontal was
used to measure pressure. In the test tube, after alr removal
and degasification, 200 mm3 of dry oxygen was fed through the
valve SS; then the valve was rapldly shut off. The test lasted
100 minutes., During the experiment the temperature of the
furnace was kept constant within #1°C., The nonuniformity in
specimen heating, which was due to the fact that part of the
test tube projected from the furnace, did not exceed *7°C.

The system has the capabllity of measuring gas pressure by a
mercury pressure gauge at the moment of oxygen admission since

it can be assumed that 1t is exactly in this initial period

that vigorous oxidation of the exposed surface of aluminum or

ite alloy occurs. However, the flrst tests 1lndicated that this
wag not so.. In our opinion, the latter method is considerably
inferior in sensitivity to the method of the vacuum microbalance,
but has enviable simplicity and the possibility of performing
studies at high temperatures (up to 1500°C). In reference [58]
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Sleppy studied the oxidation of melted aluminum. at 660-850°¢C
in 2 dry oxygen atmosphere, using the method'described_above
but introducing certain varlations of his own, '

The essential change was to add standard volumes with a
capacity oft8.3 m.. Before a test the standard volumes wefe
filled with dry oxygen at atmospheric pressure, while the
remaining system underwent degasification for several hours.

After the furnace was heated to a certaln temperature and

thermal equilibrium was achieved, valves 87 and 89 were closed

and 88 was opened, as a result of which the oxygen filled the
control (compensation) test tube and both arms of the differential
0oil pressure gauge. Then valve 86 was turned so as to disconnect
the reaction and control volumes and the corresponding arms of the
pressure gauge from each other. The beginning of the oxlidation
reactlion was considered to be the moment that valve 87 opened,
when the oxygen from the second standard volume was Ir'ed to the
reaction test tube. The recording of differences in the levels

in the avrms of the pressure gauge was done by periodically

opening the valve 85. It 1s recommended that this procedure

be accomplished with the maximum posslble speed.

It was rather simple to process the obtained results.
The amount of oxygen which had reacted with the metal is propor-
tional to the change in specimen weight due to the formation of
the oxlde film and can be found from the following equation:

AW == Kb (4 4 Ka), (I1.1)

where

o 1

K== 37,7 2_""”'“"]("
X

oo AP

TS YT
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here p 1s the oll density of the preassure gauge, g/ml} PO ia the

gas pressure, mm Hg; v la the radiug ol the qeapillary of the pressure

pauge, om; AW la the welght of the reacted oxygen, ug} h ia the
reading of the difference In the oll levels in the presauve gauge,
mm Hg; Ti is the temperatur Af the [furnave, °K; Vi ia the volume
of the test tube when (ml) at temperature Ty 3 Tl 1a the temperature

“of the supply pipe outside the electric furnace,

The first term in equation (Il.1) takes into aggnunt the
oxygen pressure variation durlng the formatlon of the oxlde
film; the seoqond introduces the correotions which oeour dwe to
the rising and lowering of the oil In the armg of the prassure
gauge and the nonunlformities of the change in volume of the test
tubes themselves during a temperature lnorease,

The sum E(Vi/Ti) was evaluated by two melhoda: the volumen
i

were directly measured as a function of temperature along the
test tubes or the pressure P, was measured and the sum Ei(Vi/Ti)
wis found from expression

j)‘|‘ =1 l'( P
AYY: ""'37“"‘2‘ w Py & —)‘- ' ( Il.2 )

where NO is the initial number of moles of oxygen in e standard
volume; Vc is the volume of the standard vessel (ml) conneated
with the reaction test tubesg; PC 1s the pressure of NO moles of
oxygen (mm Hg) encloced in the volume of the reaction teat tube
and the standard vessel; R ls the gas constant.

Usually at a temperature of 600°C, Ky = 2.03 and Ky - 0.746,
In developing a method for studying low-temperature oxldation
of metals by recording the variation in oxygen content in a
closed volume, the reaction test tube should usually be connected
with a large tank. The pressgsure variation in the installation
is recorded better with a capillary tube into which a drop of
mercury or dlethyl phthalate is introduced [124]. All equipment
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muas be sherwostatia,  Thia method i BVwi@vv@d when ahudyiuh the
reavtion of motala with pupy gadua.

The reavtdon sapaaity of the apaolmens ean alad be judged
by determdning, whth the wae of gas ahwomatography, the oxyRen
aontant belore and after a test., ¥n vhis veraton 3¢ ia neb
ARQednary 9 uee a pressure gauge beeausa 1t will intpodues appor
into uhe measureuent ‘bevause of the ohange iR velume duving the
teat [129). ‘

IP pesovion produaus form in a paseous atate, the kinetiea
of' the raeagulen rate are Jdaetermined by the ghange in the diameney
of' the netal apeelwen with the use of a vathetometer. Thia wethad
wan uaed suscesafully in a study of the axidavion of yungnten
up to 3000°¢ (126, 127,

The following methods vap algo be uged in atudying highe-
Lemperatuire oxtaation of metalsr  wmeaguvament of the deavsane In
glegtyie aonduativiey dua to the aehange in the aveas seation of
the mesal durlng oxidation; meaasurement of the elegtpla pouvential
of the oxide £ilmy ahemloal analysla of the apaealwmen after tegusy
eta, (128].

duarts or eeramiae tubes are uaually uwaaed as the veaation
vessels, Quarta la uaed up to 1500~1600°C} corundum is wsed
up to 1800-1900°C under the aondition that heating and geoling of
the reaction veasels are psrformed gradually. Materiala fyvom the
oxides of magnesium, sireonium, and thorium ocan ba used up to
varvy high temperatures, 2500-3000°Q, but ahould bhe carefully
proteqted from abrupt variations in temperature, At low pregsures
and high temperatures, from the walls of the tubes there owours
an evaporation of oxides, for example, 310 and ALO, which leada
to gcontamination of the studied speceimena, and the presence of
water vapor Intensiflies thls process,
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High=temperature furaaces oan be heated by vleatpia aupvent,
by the dndudbion methad, or by hot gaasa, A fudbhaee whosw heauving
elapehi I8 a wire of niakel=ohvombwn=aiumdnum  (tantaluwm) ailoy
vain be wged In an alp aumosphere up to 130090, I a platinume
Modium (HOF rhodiwm) wive la uged, the tamperature papnge oan ve
eapanded Lo 1800%¢ [11), alehough at high temperaturea aueh
furnaees operate £for a lismived peried af time hecauwse of the
evaporatic af' the heaulng element, A wire of N@S&a oal he used
in oxldlging atimoapheves up vo 1700R¢,

,- ““““\m ) """‘"Sn.\m\w ‘ Mg, 18, )“‘@\mpb@pg\t@py are
J(?j““:_;¥*4) }%‘;4ﬂm*"“f” furnagea, 1 = Apa; 2 = apaodmen;
‘“ = 3 = edliptiecal mivvar; I « papaw

balie mirrer; § =« lenuea,

st
¥

Molybdenum G tungaten wire oun be wound direatly on a tube
0’ Alqos and, under the aonditiaon that the heating elewment 1s
arotegted from the oxygen atmoaphara (uawally they are placed in
high vaauum or an inert atwmeapheve), suah a heauing device oan
be uaed up to 1800=1900%K. 'The same precgutions should be taken
It tantalum tubes or rods.are used ag heating elements hecause
of tantalwi's high arfinivy to oxygen [11].

High heating tewperature ain also be anhieved using reverbera-
tory arae fupnasces [18, 116, 117], 1In a reverberatory ara furnace
the fnmage of the sources, waually a egrbaon are, ia fooudsed on the
aurface of the speciwen, as shown in Mg, 18, Wilth this method
tenperatures of lH00-1600°C arve achleved, and the maximum possible
temperatures which can be obtained lie in the range 3200-3700°C
[Ra, 23],
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Apy reattlona or gontamlnations of the metal speelmen during
vthe heating pevied {aeveral millinenends) can be diavegarded sinee
the reaqtion shamber itaeld doon not bouone atgnif&eﬁhuly‘haataq,
Theve 43 enly one aubstantilal disadvintage in theae aystems -
the lmpoaaibilivy of acourate temperature eontrol. Metal speoilmeny
qan also be heaved to vary hagh semperatures  3000-4000°C¢ by pasaing
them through an eleatriae ourvent, but it 18 dAlfficult Lo combine
this method with thermegravimetrie metheds of measuring reaction
ratea, '

In the above measurements, dlffdculties can arise in finding
an inert material to whieh the apeclmen ocan be alkiached., 7The high-
melting oxldes AlQQS’ AgO, Thoa, Zwoa. gta,, aan ugually he usead
with suggeas Lo this purpoese, dometimes & wire suspension daviae
from the same material as the aspecimen 1s used, but, in this
gaae, It ia necessary to make worreotions In the measurements.

At very high temperaturss it can also be a problem to measure
the temperature itaelf, Irldlum~rhodium theymeogouples can bhe
uaed In an oxidiazing atmogphere at higher temperatures than
platinum-rhodiwm thermocuuples. Thermovouples of heat-reslstant
neuals or alioys, for example, tungsuen-rhenlum, can be used
up *o 3000~3500°C [11, 35).

Of the optleal metheds for measuwring temperature, the most
frequently used is the oolor method, which makes 1t posslble to
avold, in the messurements during the test, errors connected
with the change in the emisalon faotor €),0 of the metal speolmen,
the vapor cobdensation on the walls of the reacstlon chamber, etoe.,
(33, 341. |
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i 2, das Burners

Fricdman and Macele [129) studled the ignition and burningu"

of ainéla.pawciol&s of aluninum with a diameter of 15«67 um in
& bumning mixture with a known gas ocomposition and maximum
temparature, The flame at atmospheric pressure was stablllized
in the form of a plane burning front with the use of a burner
deslgned by Bota and Spaulding [130], the advantage of which is
the water-aecaleod bronze disk with openings of approxlmately
5=10 um. This burner makes 1t possible to obtain two-dimensional
flames of burning mlxtures with high burning rates. It was
deslgned to measure burning rates but can also be used in
apeaetrosuople flame studies, The advantage this burner has over
others includes a narrow reaction zone (on the order of fractions
of o millimeter at atmospheric pressure), which makes 1t possible
to obtaln a rather extended zone of several centimeters with
constant gas composition and tempevature. The lnstallation
diagram for studying the burning of metal particles in a gas
burner 1s presented in Fig. 19, Aluminum particles of different
dimensions were Introduced into the two~dimensionsl flame along
the central axis of the tongue, with the use of tubes, 250 um in
diameter, located in the center of the disk. In the central
chamber the metal particles were moved with nitrogen or helium,
which was used as the particle carrier. With the proper regulation
of' the gas {low 1t could be arranged that only single particles
entered the tongue of the flame. Depending on the desired
final temperature, propane was burned with an excess or deficiency’

~of oxygen and was also diluted with nitrogen or helium (the test A
vesulté, as the authors indicate, do not depend on the nature of -
the inert gas). The gas rate was controlled in such a manner that
the chemical reactlions of the gaseous propellant were completed

. 8everal mlllimeters from the burner outlet. 'This was completely
acgeptable since the particles, depending on diameter, ignited at
a digstance of 10-~150 mm. The burning rate was on the order of
10 m/s and wag determined either according to the known gas flow
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g ;lﬁrate or. by photographing the trajeetories of the periodically
l;¥j:fexposed particles. In. the latter case, the. particles must be
... 80 shall that they .can move aleng with the gas flow, but then
"' the intensity of the light refleqted by, them: will: be, a complex
| ,_ffunctien ‘of particle size and’ position with respect to the light
L. source, and the optioal system. It is best to place the light 501 "e
'approximately opposite the camera. In this.case,_the intensif:
‘of“the scﬁttered'iight, controlled by ‘the bamera, will be mexw
The best light source is either a flash of magnesium in conjunction
"with a rapidly rotating sector or a controlled spark system
As particles, it is recommended to use magnesium oxide particles f

S

[131, 132]
;\\. — - Fig. 19. 1Installation for studying the
i~ TERR—~ ‘burning of metal particles in a gas

L i BN

55 | Iais I purner. 1 - Two~dimensional flame;

2 - water cooling; 3 - arrestor to

] ' prevent passage of flames, } -« burning

—— mixture; 5, 6 - inlet and ocutlet for
the gas which creates a cloud of metal

£ particles in . the chamber; 7 - chamber.

The adiabatic temperature of the flame of a propane-oxygen-
hydrogen mixture at atmospheric pressure and an initial temper-
. ature of 300°C was calculated on an electronic computer taking
into account all possible -dissoclative processes of the combus- .~
tion products. The adiabatic temperature as a functlon of

‘j -+ . - composition is presented in Fig. 20. " As is apparent from this

. _‘ffigure, in the installation developed by Friedman and Macek [133],
the temperature and composition of the gas can be changed within

a relatively wide range. We should also note that the actual
temperature was 30~-40°C lower.
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Fig. 20. Flame temperature as a function of component ratio for
the following mixtures. a) Propane-oxygen-hydrogen: 1 -~

x = 1,003 2 - 0.87; 3 -0.77; 4 -0.673 5 - 0.57; 6 - 0.51;

7 -0."5; 8 - 0.39; 9 ~ 0.33; 10 - 0.27; 11 - 0.24; 12 - 0.21;
b) oxygen~carbon monoxide: 1 - 1.00; 2 - 0.85; 3 - 0.70;

4 -~ 0.56; 5 - 0.46; 6 - 0.363; 7 - 0.263 8 - 0.223 9 - 0.18;
X = 02/N2 + 0, - the degree of mixture dilution ¢ = C3H8(CO)/O2 -
ratio between fuel and oxidizer.

The combustion products of a propane-oxygen~nitrogen mixture
contain a relative large amount (18%) of water vapor; this percent-
age can vary only within 14-18% depending on the ratio of components.
For the purpose of evaluating the effect of water vapor on the

burning of aluminum particles, a burning mixture of COZ~O ~N

2 2
was used [133-135]. To stabllize the two-dimensional flame... .
a certalin amount of oxygen had to be added to this mixture, and

this led to the appearance of ~0.5% water vapor in the combustion
products. The adiabatic temperature of a flame of carbon monoxide
as a function of the component ratio 1ls presented in Flg. 20.
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~9.;fTable 9. Pbysical and, ohemical characteristios of propellant—dir
2 flames.,

ST ol B i B R
T T T 'weight g/m fluchiometry with temperature,u -
S S| atmospheric . ‘ ! °K -

y - o : _| _oxygen ] ‘ I
_Acetone | 58 . | 0.782 R IR TN T-) ST SRS R
‘Acetylene .| 26 | o0.621 |  ‘o.or72r .} T o

Ammonia - - | AT | 0.817 ) 0.2181 ‘.-‘ =
_Benzene - | 78 | 0.885 - ..0.0271 o o 12306

. “Butane 58 . | 0.584 . | 0.0312 - 256

' Carbon moncxide| 28 -~ .| o950 [ - i
'Ethylene | 28 - o 0.0652 - 2375
' Methane 16 - - 10,0947 2236

Propane - 44 | 0.508 - 0.0k02 2250
Propyiene ' 42 | 0.522 0.0444 - 2339
Propylene oxide| ~ 58 | 0.831 0.0497 2317
Toluene : 92 '0.872 ' - 2344

In most cases, the temperature WhiCh can b&-aehieved in the .
combustion products of a bﬁrning mixture is determined by
calculation on tne basis of thermochemical data. The theoretical
flame temperature can be achleved if there is no heat removal
due to thermal conductivity and radiation. As indicated by
temperature measurements according to the helght of the flame's

tongue, using optical methods und thermocouples, maximum temper-

ature is reached only in the center of rather large homogeneous
flames. Certain characteristic values for calculated (adiabapic)
temperatures and the composition of the gases for frequently-
encountered flames are presented in Table 9. '

To determine the lgnition temperature of particles of
aluminum, magnesium, and a 50/50 aluminum-magnesium alloy, Cassel
and Leibman [136] used a heater 65 cm long with an inner diameter
of 2.7 cm and a zone 35 cm long which could be uniformly heated
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“to 1700°K.‘ The temperature inside the heater was measured by a
'}platinumuplatinumurhndium thermocouple within +2.5°, The slze of
'the particles introduoed 1nto the hot zcne of a .vertically

a arranged heater with the uge of a waterw-cooled tube was measured o

iAby the change in the flow rate of the gas (measured by a rotameter)*
- which was used as the carrier. The separation of particles
aocording to their diameters could be done with this method within
L 215% ., The metal partlcles were kept almost motlonless In the

hot zone of the heater by'a flow of dry-alr or oxygen, heated
beforehand, which was used as the oxidizer. To determine particle
size and concentration,'mioroscope slides were introduced into
'the'flow‘leaving the heater. Ignition was observed through a
port ‘in the bottam of the heater.

In the work of Fassell and colleagues [137], burners of
various types (Fig. 21) were used for burning alloy and metal
powders. A burner of the first type A was used to determine
the burning time with a high-speed movlie camera capable of a
frame speed of 3000-8000 frames/s. Metal particles were introduced’
into the flame by the movement of a piston and the flow of oxygen
fed through the tube.

In the burner of the second type B, methane enriched
with oxygen was used as the particle ecarrier. This burner
was used for collecting the combustion products wlith glass or
brass microscope slides located at different heights along the
' tongue of the flame 1n order to sample partially or completely
" burned oarticles.v ‘ '

Gordon [l38]istudied the burning of particles of magnesium,
titanium, and aluminum on a burner of type C. A small amount
of metal powder with a gilven particle size was introduced into
a pas flow which carrled the powder through a tube to the carrierf'
flame. When *he fléme was ring-shaped, the particles ignited on
the boundary of the carrier gas-flame and the burner generally '
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Fi§'12l' Diagram of burners for studyling theAburningfof powdered
metals. : : . : L '
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A. 1 - Stalnless steel tubey 2 - reflector screens; 3 - gas;7
b -« airy; 5 - piston; 6 - metal powder; 7 - oxygen; 8 - capilllary:
restriction to lncrease speed.: ' : :

E B, 1 - Zirconium tube; 2 - oxygen; 3 - metal powder feed; 4 -
ot caplllary; 5 - gas; 6 - connection, of zirconium with glass.

C. 1 - Carrier gas; 2 - metal particles; 3 - burning mixture.

D. 1 - Burner housing; 2 - tubes for feeding oxldizers; 3 ~ pro-
pell?ntdfeed; 4 - tubes for introducing metal particles; 5 - oxidi-
zer feed. . o '

T 2

¢ St e

in an atmosphere of the carrier gas with a temperature of several - p

“aign

hundred degrees. In the case of a continuous carrier flame é'

T

(the so-called "closed center"), the burning of particles occurred

. in a medium with a temperature and composition ldentical to that
of the flame. The change in the composition and temperature of |

':Athe'burwtng medium was regulated by the-selection*offthe '
‘composii n of the carrler gas and the dimensions énd”cdmposition
of the flame. Particles were classified using spahda?d,écreens” \
with the follo 'ng approximate mesh dimensions: U420, 250, 150,
105, 62 and 44 .m. Also studied, but less extensively than
pure metals and alloys, Were boron, graphite, and several
compounds of metals with-nonmetéls (carbides, nitrides, hydrides,
borides).
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Althougn‘the conditions -of the experiment were farAfrom

‘:W deflnite, as the author notes, however, the visually obberved

:charaoter and.’ duretion of burning do not depend on the working

= parameters ofthe apparatus (dimensions of flame, carrier gas rate,

;-particle concentration, purlty and method of preparing powder)

in a wide range of variations. For the most part, oxygen was used
as the particle carrier in the study and the minimum ring-shaped
'methane-air carrier flame necessary for 1gniting the particles

. was used the medium in whigch burning occurred was. enriched with
‘f-oxygen to a- considerable extent. '

. The appearance on the photograph of ill-defined, indistinct
tracks of burning metal particles was explalined by Gordon as
- burning in vapor phase (diffusion flame), while the.appearance of
distinet tracks of considerable lengths (low burning rate) was
attributed tc surface reaction. However, in the work there is
no mention made of the magnification or cthe dept™ of focus,
which 1s important in interpreting the results.

‘We should mentlion two essential deficlencles of the above
methods: the nonuniformity of the supply of metal particles and
the impossibility of controlling thelr entry into the tongue of
the flame.

We can consider the burner developed by Drew and colleagues
V[139] free of these disadvantages to a certain extent. This
~burner (D) consists of a set of closely spaced tubes through
" which oxygen is fed; the space between the tubes i1s occupied by
the flow of fuel. As a result of the mixing, a flame is formed
on the surface, whereupon fhe danger of 1ts slippage 1s elliminated.
The burner has a central tube for obtalning a small flame of
previously mixed components whose entry is controlled separately.
Spherical metal particles, 70 and 150 um in dlameter, are introduced
through this same tube. Two mixtures of gas H2/O2 and CO/O2 were
used. Solid combustion products were collected in a cup located
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under the flame of a burner turned downward. This burner position

considerably facilitates the Introduction of metal particles 1in
the flame. Particles entered from a vibrating tray into a small
funnel which directed them to the central tube and fell into the
flame, while having a certain initial speed acquired during
thelr fall downward alot ~ the cylinder of the burner, Since this
system does not depend on a gas flow for particle transfer, the
flame can be regulated without affecting the flow rate of the
particle as would otherwlse occur. This circumstance proved to
be especially favorable for studying the burning of large
particles.

Pig. 22. The adiabatic temper-
ature of the flame for the
propellant APC-polyformaldehyde
as a function of fuel content
(Cy ). 1 - 1 atmy 2 - 10 atm;
3 - 300 atm.

,l’ | J e i > 4
0 10 20 30 5,7,

In a sufficiently hot and steady oxygen-hydrogen flame,
spherical particles with a dlameter up to 100 um could be ignited
without giving them significant additional velocity because of
the gases of the flame; however, to ignite large particles a
stronger flame was required.

Flames of gaseous propellant generally enable us to study
the burning of metal particles only at atmospheric pressure
since the stabilization of the flame at lower and, particularly,
at higher pressure inveclves conslderable difficulties. Therefore,
at pressures above =atmospheric, most authors use [lames of sgolld
propellant with oxidizers of potassium perchlorate or mmonium
perchlorate and any fuel with & small amount 0.05-0.1% of the
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powder of the studied metal added to thilis mixture. Figure 22
glves the calculated maximum adlabatic burning temperature as a
function of the percentage ratio between the components of the
ammonium perchlorate-polyformaldehyde mixture. As a rule, the
powdered oxldizer-fuel components are carefully mixed and pressed
in the form of a column 5-10 mm in diametex and 15-30 mm high.
The specimen 1s burned in & constant-pressure bomb, which is a
thick-walled steel cylinder with supplementary equalizing volumes
and windows for various optical and spectral studies.

The authors of reference [129] put together a mlxture of
ammonium perchlorate, organic fuel, and approximately 0.1%
aluminum powder of a certaln size. Then the composition was
pressed in the form of a cylinder 6.5 mm in diareter which
surrounded the propellant wlthout the addition of metal., A
column 17 mm in diameter and 25 mm high was obtained. Trihydroxy-
methylene or a plastisol type of polyvinyl chloride was us.d as
the fuel. 111 componerits of the propellant were in the form of
a powder.

The combustion products of these mixtures contained approx-
imately U0% water vapor, CO and CO, and partially oxygen in free
form, whose maximum content, depending c¢n the component ratio,
could be reduced to approximately 9%.

§ 5. Methods of Studyilng the Burning
of Metal Strips and Reds

In view of the fact that it 18 not possible with contemporary
methods to follow all stages of the burning of a metal particle
with its relatively rapid motion in the tongue of the flame, much
useful irformation can be obtained by studying the burning of
strips, wires, or rods of metal in various gaseous medla.

Garrison and Joffe [1U0] studied the burning of thin wires
of aluminum, magnesium, iron, molybdenum, titanium, and zirconium.
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In most cases, the wires were suspended within a brass chamber

23 cm in diameter and 38 cm high and ignited at the bottom so that
the burning extended upward. Observations were made through side
ports located along the length of the chamber. Burning was
studied in an atmosphere of pure.oxygen at varlous pressures or.
in an oxygen-nitrogen mixture at a pressure of 760 mm Hg. The
burning rate was determined by photorecording. The color tempera-
ture was measured in the tests with two photoresistors which
recorded the luminous radiation from the burning zone in wave-
lengths of 0.87 and 0.53 um, respectively. The system was
calibrated with a standard tungsten lamp and the tungsten radiation
factor was taken from the work of DeVos [1417.

Oxygen distributlion 1n the burning zone was determined by
the rapid hardening of the reaction products. For thils purpose,
thin wires were burned in a small chamber with a volume of 400 mil,
which, at a certain moment, was connected with a vesgel in which
a vacuum of appro :imately lO"3 mm Hg was created. The diameter
of the thin wires, depending on the metal studled, was taken within

0.1-1.5 mm.

It is usually a difficult task to ignlte aluminum because of
the presence of a stable oxlide film A1203 on ites surface., In
several works, tungsten spirals wound around the lower end of
a vertlcally positioned wire havebeen us~.a surr '8 purpose, A
temperature reaching v2500°C can be .iesilud 4r the local volume
by passling current along this sptral,

To record the flame propagation rate along thin aluminum
wires or rods, photoelectric sensors, sensitive to infrared
radlation, can be successfully used since the flame from aluminum
glves a considerable luminous flux in the long-wave region of the
spectrum, which is only slightly absorbed by the rather dense
¢loud of submicron particles of A1103.
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Fig., 23. Installation for studying the burning of wmetal stvrips,
a) Electric clrcult; b)) design of Installatlon,

1 - Voltage regulator; 2 -~ continuously adqjustable autotranaformer

3 - reducer; 4 « electrie motor; % « reotifier; 6 -~ do amplifier;
7T - experimental chanmber; 8 - electrodes; 9 - speaimen; 10 ~
photocell; 11 - OuUjJLOQI&ph 2 ~ movie camera; 13 - gas Inley
tube; 14 -~ igniter; 15 -« cover.

Coflfin [142] studied the burning of magnesium strips 1un
the purpoge of finding the general physical and chomleal regular-
ities 1in the burning of magnesium. Teste were performed In a
transparent chamber (Fig., 23) in an atmospher«< containing from
17 to 100% oxygen, where argon, nltrogen, Lolium, and argon=-wvater
vapor were used as diluting agents. A magnesium strip 4.6 com
long, 0.015-0.31 cm thick, and welghing 0.0074 g/cm was clamped
horizontally to a special support. No special methods for

removing magneslum c¢xide from the surface of the strips were used.

The magnesium was lgnited in the mlddle of a strip from the
nichrome spiral. The burning process was monitored by a movie
camera with a frame speed of 16 frames per second.

Brzustowskl and Glassman [143], to some extent, continued
the work of Coffin, whose purpose was to find the conditlons
under which the vapor-phase mechanism of burning occurs. HExperi-
ments were planned so that a more detalled studyv of the processes
occurring in flames couul. be conducted.
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ﬁf Under atatle gandltiona, alumdnum and magheaium atvelps were

o buprned dn a aleasd ehamber, ‘'The chomber was a vertieal aveel !
i aydindrioal venael 300 mw high with an inner ddawever of 2H0 wm, ?
; Faur porta 25 mm in diameter wepe loonbed uniformly along the

§ padiva at midheight of the aembustlon ohambepr, Two braaa rods

g hermetioally avaled invo bhe bLage of the uhawbev sarved, at the

5' aame time, as holdera for the apeolmen and the e¢leetpodes, A

gentimater of magnesium atprips 0.29 om wide weighed 7.7 mg.

Tracea of sodium and manganese lmpuritien were asen on bhe
apeatrogirama obtained in the teat, Aluminum was used in the

form of a wire 0,89 mm in dlamstver, J onm of whieh welghed 17 wag.
The alumlpnum waa sufriolently pure and contalned notlseable tyasen
of anly hellum, copper, and sodium, ‘fhe expevimental apeailwmensa, ;
ag a rule, were from 8 to 10 am long, Mixtures of oxygen and

" -

-
S AmLmatiathal e g L L T
-

A § argon were used as the exldliger, RExperiments were performed with

E * pregaured below 32 atm and vardous mixture coppoaitions rom pure

E g osygen to pure aprgon.

¥ i

§ f During the experdment the gas in the ahamber waa motionless

§ § axgept for free convootion cerrent, caudad av the beglinning by

g % the wire belng heated and later by the flame. Fregssure during the 1
ﬁ § teat inoreased by only 1-2%. Oxygen ocontant in the chamber during §
% ; all experiments was greater than negessary for complete combustion é
hf } of the speaimen, 1

The flames were photographed on a plate and gpeotrograms f
ware taken at the same time with a l.5-metey gpeatrograph with -
a diffraction grating. The gnnge of first-order dispersion
: extended from 3700 to 7400 A with a linear dispersion of
approximately 15 X in 1 mm., Exposuraes were made with a 60 um
slot for a duration of 1 to 5 s, The spectrograms were analywed
on an automatic photomicrodensitometer,
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A Bragusbowakd and Glagaman indiadted, lgnition 18 the flpan
and A very luportant astage af the burnlng provess, Iffects
sonnagead with lgnition have a aubavantial influenee on the
pastern of burning eobaepved In the teat, whieh alse depeands an
the ollowing eoharasveplatdes of this axperiment: astachment
of the meual aurip on the ends) burhing, with the usde of un
internal heat aaurea by the paaaage of, an eleotrie eurpent, and
vadling fvom the aurface by vopveation and radiation; heat tpanafer
Lo bthe aleatrodea on whioh the Bpegimen 1a attached; temperature
of the aurrounding gaw, whieh ja approximately equal to room
Lemparature duping the sntire bupring perded., All theae factors
mat ba takivn Into gonatdevation when laterpreting the results of
obaervationd, The speaimeny were danited by eleocvyria awrrent,

To regulate voltage on the eleatrodes, a step=down translovmer
and 2 continucunly adjuatable autotpranaformer were uned. Reprow
duelble lgnition waa aceomplished by glowly inovensing voltage from

rere while turning the kneba of the vontinuously adjustable autow
transf'ormer,

In the expenimgnts with magnesium the rate of voltage
Inorease was approximately 0.006 V/s, This rate was doubled in
experiments with aluminum, In both cuses, the middle of the
spaglmen In a seaotlon approximately 1-1.% am long had uniform
temperature, The speclwen almost alway: igndted in approximately
the middle botween Lhe electrodes.

AU the moment of ignltlion there 1s a rather high current
strength in the electric pow r supply: from 17 to 40 A for
ragnesium strips and from 37 to 72 A for alumlnum wives. The
power applied during ignitlon to the magnesium strip was 40 W;
losses from thermal conductivity were approximately 16 W. This
fact indicates that the thermal 2onductivity to the eleotirodes
plays an lmportant role In the experimenv.
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: Tally [100) atudiaed the bwining of high=purity boron ae that
the atfeqt of gontamdnation on the durning rate gould be evaluated
in the alwpleat manned.

Fop this puprpose, aylindpleal veda of boron ware prepared,
whiah were brsught by elegtvie heating to a temperature above
the maliing podnt of voron in various gaseous media, These
roda were prepared by the ohemlaoal depositlen of boroen on
. inoandesgont wmetal wlive 25 wmin Jdlametev, near whose hot surface
the followlng veavtlon geauired:

g Y - alie

o e e ity o

If the conditiony are axaatly fuwlfllled, a deanse voating approxi-
mately 1 mm thiek 18 wbtalned, Suah rods of boron with a purity
above 99% and an intermnal gonductor to supply current for heating
were uged oy gstudylng burm.ing at tomperature ahove the melting
palnt of boron (R300°K). Conditlons were developed for deposliting
palyerystalline and glass~lilke boron,

A T e s

Two hasio experdimental methods were used. The experiments
using the first method nmeasured the absorption of cold oxygen as
a function of time, at various temperatures of the hard boron
surtface and pressure., The rod temperature varled between
' 100G-1900°K and gas pressure between 0.1-1.0 atm.

[P

In the other method, the llnear propagation rate Dfithe.
. flame was measured with a rod of boren burning from one end
in a flow of oxygen at various pressures and a temperature of
2500°K.

T A Ay Bt e mrm e -

FProm the resgults of these experiments, whilch are examined
while taking into account the thermodynamic and physical properties
of boron and its oxlde, and the observations, in a microscope,
of the moving incandencent buvning surface; 1t was posslble to
judge the burning mechanlsm, ‘ -
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§ 4, Mathodas of Studyiug the Ipnition
and Burning of Single Metal Partioleu
ang tilouda of Metal Partloles

In Aggressive Gaueous Medla

For tha purpese of ereating high~temperature sources of
Wght radiation, Groas and Conway [145] performed extensive
studies on the buning of various metals In both powder form
and rod lovm. '

The burning of large quantitles of metal is Aalfficult to
study beocause of the problems connected with the lgnition and
pogition of the studied specimen., UGross and Conway managed to
perform such a study wlith aluminum, uslng wa.~r-cooled steel
reactors lined with aluminum oxlde f'or this purpose. By controlling
the rate of the oxygen supply, significant changes in burning
intensity could be achleved., With low oxygen I'low rates, no alumi-
num oxlde smoke particles were formed, and burning extended along
the surface of the liquld aluminum. At higher oxygen flow rates,
a large amount of aluminum oxide cmoke was formed.

Fig. 24, Transit time installation for
studyline the burning of metal partlcles.

- S0l 0ild contacts; 2 -~ solenoid;

- magnuety 4 - metal particle holder;

- opening directlion of holder site;

- path of metal partlcles before ignition;

- reflector; 8 - track of burning particles;
- glass tube; 10 - viewing glass or zup for
collecting combustion products; 1l - gas outlet;
12 - leads to capacitor bank; 13 - discharge
tube; 14 - gas inlet.

O -3 ONVGT s
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An lmportant method which makea 1t possible to measure

' accuvately the time of particle: existence before 'its full comhug

tion. or separation or separation as a result of explosion,,at a
certain composition, pressure, and ambient gas temperature, ls ‘
the method of igniting metals by heating thfough rédiatiqn from
the flash of a pulSedrxenon lamp [146-151]. In thié'méthod,,an 
intense light pulse (whose brighthess-temperature-reaches 10 oK
[152]) heats the tested specimen to several thousapd degrees in

several milliseconds [11, 18 '39]. Since the heat source itself
" 1s not in contact wilth the atmosphere in which the test specimen

is placed, this technigue makes 1t possilble to study the burning .

of particles or strips of metal In gaseous media whose compeslition

and pressure can vary over a wlde range. The study was performed
in a chamber (Fig. 24) made of glass tuting, consisting of four
detachable sec .:ns. The first section contained the specimen
holder; at the instant the electromagnet was switched on the
specimen was released and began to fall freely. The pulsed lamp
was placed in the second section. The length of the third section
could be changed from several centimeters to several meters
depending on the requlred length of the experiment. The lower
end of this sectlon was joined with the fourth section, which

was a cup in which the combustion products were collected., A
flat piece of glass was sometlmes inserted Instead of the fourth
section in order to photograph vertically.

The pressure in the chamber could vary from 10-3 mm Hg to

"atmospheric pressure; the metal particle 1tself could burn

elther in a motionless gas medium of the necessary composition
or In a flow of gas. '

The pulsed lamp in the form of a spiral with an inner

diameter of 30 mm and a height of 50 mm, made from quartz tubling
8 mm in diameter, was filled with xenon.
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Upon discharge of the capacitcr bank dround 3600 J of
energy was releabed in the pulsed lamp, approximately half of
this: energy was expended in 1.2 ms. During the entire discharge
- time, more than 27.6 J was received per;unit surface of the ;

- specimen in the middle of the spiral of this lamp [153].

During the meitiﬁg'of metal foll, metal droplets are formed,

“whose dlameter 1s determined by the size of the plece taken.

Usually, these foil pieces had a thickness of 10-15 um and an

area of 250 x 1500 ume .

.The burning process was photographed with a high-speed movie
camera, frame speed 3000-5000 frames per second. When required,
the burning particle could be raplidly cooled in any stage of
combustion by placing a Dewar vessel wifh liquid argon in the
second section at various helghts. The combustion products were
usually analyzed after evaporation of the liquld argon.

The burning of Zr, Ta, Ti, Mo, W, Pu, Sm, Re and Al particles
in oxygen and various oxygen—nitrogen and oxygen-argon mixtures '
was studlied with this experimental installation.

An end-burning fractional horsepower  motor was used 1n
reference [154] to study the regularities of the ignition and burn-

ing of metal particles included in a propellant as energy admix-
tures. ‘ ’

There were two versions of this installation made. In the
first version, optical instruments were used as the main method
of recording the burning and l1gnition of particles. In the
second version, thé unit impulse of the propellant and 1ts
dependence on the concentration and combustion efficiency of

the metal was the main parameter characterizing the burning of
the metal (Flg. 25).

Th
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BTN ‘ .~ Fig. 25. 1Installation for studylng
b AN N the burning of metal particles In a . -
i (i W 1 composition of goldd fuel. '
i N . 1 =~ Chamber; 2 -~ flow of gas with
G §§: _ metal partlcles; 3 « propellant
. ,ﬂ§§~ charge; 4 - nozzle; 5 - Plexiglas;’
. : ;QS_ 6 - SKS-I movie camera; 7, .8 =
\{:. _ N\ pregsure and thrust“sensors.
i IRk ' B
. IN
b s
e 8
fﬁi ‘ Along one entire side of the motor there was a 13 x 300 mm
ﬁf window 5 for optical observations. - Plexiglas walls to prevent
%i rapid contamination and burnout were equipped with Ilnterchangeable
%. Plexiglas plates on the channel side of the motor.
o . ' '
B
N A standard high-speed SKS-IM movie camera [155] and a photo-
%f ' recorder produced by IKhF [Institute of Chemical Physics] of the
ﬁ; % Academy of Sciences, USSR, [156] were used as the optilcal
g { instruments necessary for the visual observations of the motion
ﬁ.f of the burning aluminum particles and the surface of the propellant.
i :{ " Photography was usually performed: at speed of’4500~5000 frames
éy ? - per sccond with reduction by a factor of 1.5-2.
e |
% : The installation 1llustrated in Fig. 25 was used to measure
& '

the unit impulse of the propellant.. This installation consists
'of'a fractional horsepower motor, a thruét sensor,Aa pressure
gauge, a calorimeter, an amplifler, a MPO-2 osclllograph, and

a power supply unit. The fractional horsepower motor differs
from the one mentloned above only in that it has'no. window

for optical observation or device for feeding additional charge
and, instead of the "polnt" nozzle a standard Laval nozzle with
the ratio dy/d, = 2.3=2.45 was used. V
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Flg., 26. Installation for high-
- gpeed photomicrography of the
burning of metal particles,

1l « SKS~I movie camera; 2 -
microscope; 3 = chamber; 4 -
1lluminating lamp; 5 - metal
particles; 6 - chamber windows;
7 - ignlter; 8 - openings for
feeding gas to chamber. :

An experimental study using still photography and movie

“photography of the burning of metal particles in a moving flow

has a number of disadvantages which make 1t impossible to study
the lmportant characterlstics of the burning mechanlsm of
separately taken particles under prescribed conditions (the
character of the burning, the structure and geometric characterls-
tics of the burning zone surrounding the particle, the dynamics

of the burning process, etc).

These characteristics can be rather fully studled only in
a study of the burning process of motlonless particles using
various methods of photomicrography [157].

Kashporov [158] developed an installation which has made
it possible to study the burning process of single mctionless
metal particles in various gaseous oxidizing medla using high-
speed movie photomlcrography. The basic units of the installapion
are shown in Fig. 26. ' -

The necessary oxidigzing medium is created by blowing the
previously prepared gaseous oxldizer (water vapor, carbon dioxide,
or an oxygen-argon mixture, etc.) for a long time through the
working volume of the chamber. '
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The test partiole ls lgnited in bhe oxlidizing mediunm by a
minlature glement heated: by electrio current (silicon carbida,
oY graphite rods, 'as well as nilchrome or’ molybdenum plates, atc Coy
can be used as heatlng elements).

However, 1t should be remcmbered,
- as mentioned sbove,

that the presenve of carbon can lead to the
reduction of alumlnum oxlde, which always covers pure aluminum,"
and can thus affect the ignition process.

The processes~of7$ymmetrib'and asymmetriC'burningAOf particles .
can be studied on this installation, which is neoeséarv in order
to obtain the correct representatlion of the kinetics of the burning
of' particles which are located in a flow of an oxidizing medium

in a suspended state or on the interface of the condensed phase
of he propellant and the flame.

The optical system of the installation makes 1t possible to
obtain a high-quality negative image on the film with eleven-fold

~magnification and a resolution .of 20 lines per 1 mm.

Great care should be taken, however, in interpreting the
results obtained on the film, during the burning of the metal
particles, in the fcerm of tracks or diffusion halos. The fact
is that even with low magnification, let us say 5, the depth of

focus is only fractions of a millimeter., Actually, the range

of definition A is determined by expression [157]

A= = (2V.0897, h o (II.3)

where A' = gin % is the aperture number in the exit pupill of the
system (o 1s the angle formed by the rays from the edge of the
exit pupill of the lens to the center of the lmage); N is the
resolution of the photographic layer, line/mm; B is the magnifica-
tlon of the photomicrographic installation.
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If we take even a somewhat 1ower resolution for the photo~
‘graphic layer N'= 50 line/mm, and the average value of the
aperture A' = ng [159], then when B = 5. we find that the depth

-of focus is only approximately A = 5 um. Therefore, the sharp,
clear track of' metal partlcle burning, which indicates hetero-
geneous'(suvface) burning; can appear diffused and ill-defined
in photomicrography (becauSe of the small debth‘of focus) and,

on the basis of this evidence, the burning. could be interpreted
as diffuued (occurring in vapor phase)

.The ignition of metal particies depends on many factors:
the composition of the amblent medium, the surface condition and
size of the particles, the reaction rate, the concentration of
particles per unit volume, the natural intensity of the ignition
source itself [160], etc. The process of oxidation occurs
at temperatures rareiy exceeding 800-1000°C, and for many metals
ignition takes place at significantly lower temperatures; however,
active burning takes place at temperatures above 2500°C. Although
there are many works on oxidation performed at a temperature near
the ignition point of metals, the relationship between slow
oxldationiand the rate of actual burning 1is still unclear.

Boyle and Lewellyn [161] measured the ignition energy of
aluminum and magnesium using a spark in a particulate cloud of
metal in alr., They found that ignition energy changes with ,
- a change in resistance, which determines the discharge time, i.e.,

there is ‘an optimal discharge time for ignition. The igniltion
energy of -the particulate cloud 1s a function of particle size;
the smaller the particle the less energy wlill be required. The

energy values. for aluminum and magnesium are presented 1in Table 10.
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Table 10. Ignition energy (in J). for aluminum
and magneslum. A , E ’

particles of various sizes wlll be determined by the smallest

; particles since they will ignite more easily. Comparatively

; large particles of aluminum can be ignited only in a medium with
a temperature exceeding 2000°C. Thermal flux with such a temper-
ature cannot be obtalned on particle-tracking installatlons
[162-165]; therefore, in many studies [166-169] on aluminum
particle burning, arc burners (plasmotron) (Fig. 27) have been

M al Alelg
Resis- b0: 50
tance, . © 90
’ N 00 mn 70 . 10 MA 10 MB A0 mx
50,408 0, I 0,033 0,025 0,055 0,060
i 108~ 1,20 'l 0,44 " 0,00 © 0,5 0,80
i : (mk = um]
% : The ignitability of the parfticulate cloud contalning
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b Fig. 27. Arc burner,
: 1 - Quartz tube; 2 - flreclay
b fitting; 3 - vibrator for
g» , feeding metal particles;
% g 4 « argon-arc burner,
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Any inert gas, most frequently argon, 1s used as the heat- -
transfer agent. An argon-arc burner gives a plasma stream of ;
,argon'with a calculated temperature of 5000-15,000°K at a current
strength of 100-500 A, The argon is heated in a ring~shaped arc
discharge between a tungsten cathode and an internal copper
nozzle-anode. A seccndary gas (usually air) 1s used to press
the stream of plasma Into the ring-shaped gap between the outer
and inner nozzles through the tube and the distributor ring.

The particles can be introduced into the gas flow with a
feeder similar to the one used by Friedman and Macek [133].
This feeder is a cylindrical cavity whose bottom (a phosphor
bronze membrane) can be vibrated by an electric vibrator. On
top of the membrane is a thin vertical tube through which the
gas in the cavity exlts. Powder particles, poured on the membrane,
during the vibration form a cloud from which part of the particles
are carried by the flow through the vertical tube to the stream
of hot gas. The frequency of particle feed to the flow 1is
controlled by the amplitude of the membrane vibration, the flow
rate of the gas tnrough the chamber, and the height of the lower
section of the vertical tube above the membrane.

The temperature of the flow can be controlled by changing
the current. of gas in the burner or by changing the total flow
rate of the gas with a given current.

The composition of the medlum 1s determined by the flow rate
of the components measured with rheometers whlch are graduated
by the displacement of gas by water from the measuring vessel.
In control experiments the oxygen content can be checked by
analyzing samples taken from the stream cooled by the gas-collecting
tube. As a rule, the results of analyzling samples taken from the
upper nozzle edge agree with the calculated results of measuring
gas low rate within the range of error.
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Gurevich and colleagues [167-169] collected the combustion
products at various hueights over the exit section of the burner
nozzle on cold glass lubricated with a thin layer of vaselilne.
The particles thus collected were eoxamined and photographed
under a biological microscope with a magnification of 60-600.

The ignition limlt was determined as follows. The operating
current through the burner and the flow rate of argon and oxygen
were assigned. The flow rate-of nitrogen was first selected so
that the test partlicles would be reliably ignited. Tracks of
two types were observed visually: long and bright, which were
located rather far from the nozzle edge, and short and weak,
which indicated the presence of very fine partlicles in the basic
fracticon. Then the nitrogen flow rate was 1increased until ttre
particles of the basic fraction ceased to burn. This mode of
the plasma burner was considered the ignition mode.

The gas temperature along the height of the gas plasma
stream was measured by ti.. method of turning spectral lines 1f
it was above 1400°C and by a thermocouple if it was below this
figure.

To improve the feeding of metal particles into the gas flow,
an electric charge was ¢ metimes given to the particles. The
method used was as follows.

A grounded diaphragm with a small opening was installed over
the metal cup with the powder. A brief pulse was fed to the cup.
Because o1t the actlon of the elertric forces, particles were
ejected from the cup and flew to the dilaphragm. Some of them
flew out through the hole. The possibility of the escape of
adhering pé&articles is substantlially reduced since they are
electrically charged.
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Rurning of me.ual particles in various gasecus madlia ocan be
atudled using plasma burneras at higher presaures uap to 20 atm on
the installation (with alight changes) of Polak and Shohipachev
[166], whioh was daveloped in arder to obtain nitrogen oxides in
& plagma stream. On this installation, @ plasma atream with
temperature up 'o 3100-3200°K ocan be obtained.

The design of the heater, whioh was developed by Klepoys
and Roza in order to atudy a strong Hall effeot (170], ocan also
" be used successfully for atwlying the burning of particlas In
gaseous media of various compositiona (Fig. 28). '"The main
heating @Yoment of Inert gas {argon) was & device of graphlte
rods 9 mm in diameter and 59 om long, arranged tightly in a
aylindrical graphlte chamber 40 om in diameter and %9 am high.
At the beginning, with, the ald of four do welding generators
(with the power of approximately 30 kW), the graphitu roda ware
heauted to 2000°K and then into the space between the ro.': was
fed inert gns whloh acquirad the temperature of the rods due to
sonvestlve heat exchange. The introduction of meval particles
and the deslred gaseous wedlium, consisting of oxidizing agents
COE’ HEO’ Op, into the heated flow @an be accompllshed through
special quarts tubes located elther In the channel which
discharges the heated gas or at the exit from it.

Experiments with this heater were performed at a temperature
of 1900«2000°K for the graphite rode with n gas flow rate of
100 g/s. The temperature drop durlng teed of gas for 15 seconds
was less than 10°C,

The gauy temperature at the outlet wan measured only with a
rod heating temperature of around 1000°C. Measurements indicated
that the gas and the graphite rods have the same temperature,
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§ 5. Method of Studying the Burning . :
of Metallized Propellants - “

We know that the introduation of metals Into the ocomposition
of a propellant substantially lmproves ita chargateristies [4, 6,

138, 171]. One of the interesting problems in the burning of such -  §
csystema 1s the sbudy of the surfavce strugture of a propellant ’@

with the addition of alamlnum, ragnesium, and thelir alloys. This
stndy makes Lt possible to ¢lar’ & number of problems: whether B
ometal ignltes on the burn. ne v face of the propellant or noti
whether there occours an ugglomeration of wetal on Lhe burnirg L ,
surfaae; how the initial sise of the matal partioles and ghe . oo

porcentage oontént of Lha Metal An bhe propalxant affeun th..f
rpwowasas eaaurring on thc} burning uup_pacq, ooy SR

In ‘references [17a- 17“] 1t was first shown Lhat during the
burning of balllstio powder with an aluminum admixtur s on Lhe
surface of the charge there: ocoours an adheslion of metal pavtioles~

“with thermally stable deoompoaition products of nitrooe]lu1use
and the subquuenh merging of them near the burning aurfaoe.
In the case of the burning of a model APC fuel compoaitiun,
&dhesdun and merglng of aluminum particlqs ogours on the burning

hero a2 = g banen b a2 s e ael s mye g ab A pal oy
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Pavticles were taken on metal or gldss plates and then :
Lo otudled under an MBR- 3 micxosoop@, which made 1t possible to '
: measure parnicloa up to 3 10 2., in si?e “An e]aatrmmagnat b,
iy ‘ *'upu 3 were.used vaﬁinteraeat Lhe flame‘h tongue with “a. L
x&lﬂte,&“gﬂ dertain digvance. from the auvfaoa'af the bupring vl
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moved the subject plate over the burning specimen. A check using
movie photography with a magnification of 5 showed that the
surface of the charge could be fixed within ~0.5 mm relatlve to

the plate,

In order to verify that there are collected on the plate
those particles of condens2d products which are formed during the
burning of metallized compositions, 1.e., agglomeration of particles
on the plate itself does not occur during sampling, it 1s necessary
to fulfill the following conditions:

c o (ITLh)

Sfywhere n is %he"n bér By ‘pa Ves,in l Cm3 of ‘the

’fcomposition, cm 3 viis: thexburniné?rate'of~the charge, cm/s
"t 1s the. time the object plate is in motionjover the burning
surface of the charge, s" :

metal particle, cm2

;s is the cross“séctional area of the

This expression is obtalned. on the assumption that the
initial size of the metal particles does not change during the
burning of the fuel-oxidizer composition.

Usually, the time of plate motion, for each specific
composition, was selected so as to be 5-6 times shorter than the
time obtained on expression (II.4). This clearly prevented the
acnesion of the melted metal particles to the surface of the
dbject plate, and also made it possible to obtain a relatively
uniform concentration of sampled condensed products. The combus-
tion products were sampled at three places along the height of
the tongue of the specimen's flame: h = 0.5, h = 5, and h = 10 mm
from the burning surface of the charge. Tests were made in a
constant-pressure cylinder in a nitrogen atmosphere in the
pressure range P = 1-30 atm.
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‘ The’ original methodology used in sampling the condensed
:icombustion products of meuallized.propellants is,described 1

- ‘, o . . . e . Y

L pecimens conslstinb of "‘two thin plane~parallel plates
,i ﬂ‘rigidly attached to a plastic housing were burned 1n a constant—jl .
lif\prossure cylinder ‘The use of specimens with this shape made TR
Au,: ~1t possible to blast ‘the burning surface with hot products' - _;" C
Sy, moving at speeds of up t0-200 mfs. A slotted specimen 7 was,f{"_ﬁm%“
.Hattached in. Iront of the inner side surface of. the -drum .2, which.':” .
Vfwas turned by a 1000 r/min motor‘ﬂ. The alcohol poured into the# S
ey drUm.spread out in a, thin layer 3 along its side surface. , : -
"Condensed combustion products, coming out of the slot in, the
A charge and-falling in the alcohol s were- quenched.- .Such a* sampling
'Drocedure made it possible to collect condensed combustion -
products “up to 100 um in size, no more -than 1 us after their
‘izescape from the burning surface without a change in their shape
or’ structure ' v

o Particles thu collected were then analyzed under a micro—
'”;1_sCOpe with a magnification of 60~ 600 The results were Pormulated B
in the form of integral curves of volume distribution [1757.

'For the - shor ~term. dl tribution curve ‘the- dimensions D50 =

. (Zni j_/ni')l/3 and D90 were used (50 and 90%, respectively, of
‘the particles, according to volume,are smaller than the size
given)._.Both.sizesiare.obtained di:édtlygfrom‘integral distribu-
ib—i—Q'nS'. ' . L } s e o

w~.550assel and Liebman [176] collected particle ‘on glasswadding'
”'by b owing through it a flow carrying 'these particles. They o
used. this‘method in order to ‘more precisely define the size of
,\the particles under‘a microscope and determine their ooncentrationij""
-*in a heterogcneous flow. -However, this method can also be’ used,» L
=f‘of‘ course, for collecting condensed solid produots of the’ U

2tomoustion of metal particles.
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The method used by Cassel and Liebman differs favcrably
from the selection of particles by glass 1n that it makes it
possible to trap all combustion products and to perform a
quantitative determination of the insufficient burning of the
metal at various stages of particle burning, for example, for
particles of aluminum by the volumetric method based on the
change in the volume of hydrogen released during the interaction
of aluminum with alkali according to the following reaction:

2L - 2N0O1I o 611,01 —» 2Na [ALOTI)] - 3HL,

The accuracy of this method with an aluminum content of less than
$% 1s within 21.5%. Since aluminum carbide can be presént in some
specimens, 1t 1s nebessary to make a correctlon for the liberatéd
methane (as we know, during the interaction of aluminum carbide
with water methane is lilberated). For thils 1t 1s necessary to
conduct parallel tests with water instead of the alkalilne

solution and to recalculate the liberated gas for aluminum,

which must be deducted from the gquantity of aluminum obtained
with an alkaline solution.

Aluminum nitride can be determined by the ammonia distillation

method [177].

Duraing the interaction of ammonium nitride with water in
the presence of alkali, ammonia is liberated and absorbed by
sulfuric acid. The excess sulfurlic acid is titrated by the
alkaline solution.

The content of aluminum chloride can be determined by the
argentometric method [178], based on the precipitation of a
chlorine ion by silver nitrate and the back-titration of its
surplus ammonium thiocyanate in the presence of the indicator -
ferric ammonium alums. The determination is made in a water
medium after processing the batch with water during heating.
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The accuracy of the method, when the aluminum chlorlde content
is below 2%, is #0.15%. ' '

[1791].

Since aluminum, aluminum chloride, aluminum nitride, and
ferrlic oxide are dissolved in hydrochloric acid, they are
| titrated along with a soluble oxide; then their content, found

from the mound of soluble aluminum oxide obtained. When the

of the method is *0.5%.

“and filtered. The aluminum oxide content in the filtrate is

Existiné‘methcds of determining’the dispersity of highly
dispersed powders, bésedvonccounting and establishing particle

of a certain thickness [40, 180-183]. Depending on whether

sedimentation is recorded over time, we can find the specific

surface area and the distribution curve of particles according
to size.
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In order to"déférmihe thé“content'of soluble aluminum oxide
in hydrochloric acid, the complexometric method was used, based v
on the abllity of aluminum with trilon B to form complex compounds

by other methods, is recalculated for aluminum oxide and subtracted

aluminum oxide content 1s approximately 4% or more, the accuracy

After the determination of soluble aluminum oxide in a batch,
an inscluble residue can‘remain which 1is insoluble aluminum oxlide.

fiIt is analyzed by melting with potassium bisulfate (converted to
Y a soluble salt), and the melt 1s dissolved in hydrochloric acid

'ffdetermined by, the complexometric method With an aluminum oxide
content of 90% the " accuracy of Lhe method is approximately *1.0%.

sizes by optical and'electron‘microscopes, are tedlous and require
: large expenditures of time. Methods which are more progressive

o in this respect are based on the measurement of light absorption.
However, it should be noted that they can be used only for powders
with particles of less than 50 um. Dispersity is measured based

on the intensity of the light passing through a layer of suspension

instantaneous photometric measurcment is performed or the suspension



Gumprecht and Sliepcevich [184] gave the mathematical basis
for obtaining the distribution curve of particles sccording to
size in polydispersed systems by measuring the light transmisslon
of suspensions in the process of Sedimentation. Prop [185]
created a semiautomatic instrument for analyzing powders with
a dispersity from 1 to 40 um. However, as Belgin and Butler [186]
indicated, although optical determination during sedimentation
is very convenlent, the decoding of experimental data required
rather long and complex computations. Pechkovskaya and colleagues
{187] used the tubidimetric method for studying the dispersity of
carbon black. They measured the optical density of a suspension
in monochromatic beams of light with various wavelengths. The
greater the dispersity of particles of the suspension, the
greater the difference between the optical densitles of the
suspension and beams of light with various wavelengths and the
colorimetric number which served as the criterion of dispersity.
Using the tubbidimetric method, we can, by measuring the
 ,intensity‘of incideﬁt;and passed light, calculate the specific

surface area of a powder according to the formula proposed %y
Rose [188)

T
Ko == - In ak
where ¢ is the concentration of the suspension, g/cm3; 1 is the

thickness of the suspension layer, cm; IO and I are the intensities
of 1ncident and passed light, respectively.

With this method we can obtaln reliable results when
analyzing powder with a particle size below 1 um. There are
correction factors, introduced by Rose, which depend on the
range of dispersity.
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Aksencv and Kuchenogly [189] developed a photoelectric device
for the automatic computation and determination of particle size
on a VDK-4 continuous-flow ultramicroscope. The device is assembled

_on semiconductors, which enables 1t to operate both in stationary

conditions and in the field. Along with computing the total number
of particles, this device sorts them according to size, using the
principle of differentlal amplitude discrimination simultaneously

along eight channels [190].

The results of tests wherein concentration was measured
both visually and by the photoelectric device in the aerosol
particle size range (according to data from microscoplc analysis)
from 0.3 to 2 um in diameter (root-mean-cube diameter was 0.8 um),
showed that with a variation in particle concentration from
3-102 to 2-10b c:m'3 the measurements from both methods agreed, on
the average, within 20%. Within these limits, the results of

“measurements did not depend on the counting rate with a variation

in the latter frem 100 to 1000 puls ge/min. The maximum rate of

.. ‘osteration through the container, at which there is still no

3

noticeable distortion in the counting results, is ~150 cm”.s.

This instrument can be particularly useful in counting highly
dispersed condensed particles sampled by various methods during
the burning of metalllized condensed systems.

A detailed analysis of various methods and instruments
developed in the USA for determining dispersity (particle distribu-
tilon according to size) and partial concentration is given in
[191-192] and a detalled analysis of those developed in the
Soviet Union is given in [193, 194].

It is known [195, 196] that the initial stage in the burning
of condensed systems coccurs in the reaction layer, in which total-
exothermic processes of decomposition and dispersion of the larger
part of the condensed substance take place.
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At the‘pfesént time*there'areﬂmany works [6, 197-201] dealing
with studies of the structure of the burning surface in propellants
both with and without the addition of aluminum. Watermeier and
colleugues [202] made a photographic study of the burning surface
of a propellant consisting of nitroglycerin, nitrocellulose,
and ammonium perchlorate with the addition of aluminum with various
dispersities and concentrations. The tests were performed in a

——

constadt—pressure bomb in Ehe 1%-55 atm range, 'buring the burninﬁ
the surface of the specimen was illuminated since the 1llumination
of the burning surfacé by the tongue of the flame was insufficlent
for movie phctography. Based on experimental data, the authors
concluded that aluminum melts on the burning surface of the
propellant aﬁ all pressufes (howevér, the temperature of the
burning surface was not measured). In certain cases, drops of
metal on the surface began to burn or evaporate since a trace of
flame in the form of smoke was observed coming from the metal

drop and directed toward the high-temperature zone of the flame.
The following phenomena were observed during the burning process.

, 1) Drops of aluminum grew in diameter as they moved along
the burning surface and coagulated with other drops; then the
metal agglomerates formed were carried to the flame =zone.

2) Part of the drops remained in place for several milli-
seconds; the drops grew in diameter and then were carried to
the tongue of the flame; the phenomena observed are proof of
the process of adhesion (agglomeration) of aluminum on the

burning surface of the propellant.

A study of the structure of the burning surface of a mixed
propellant (on a base of APC and polybutadieneacrylic acid) with
aluminum additive, made by Povinelly and Rosenstein [203], showed
tnat in the pressure range 1-3.5 atm metal particles moved along
Lhe propellant surface, with an increase in the pressure the rate
~f thelr motion decreased. The phenocmenon of metal particle

rlomeration was observed.,
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“According to'.she authors' hypothesis, there are two concitionsll

;which must be fulfilled for metal agglomeration to occur on the £

“burning surface of a propellant: a) particle residence time on
the;burning surface must be greater than agglomeration time;
b) agglomeration time must be less than burning time.

A deficlency of [203) i1s the absence of photography as well as:
an insufficient quantity of experimental data for the statistical l
o-evaluapion of particle motion along the surface of the propellant. :
There 1ls also an indlcation thatifhé-fésults with réépect to the
displacement of aluminum particles were obtained only at low
pressures since at higher pressures soot shielded the burning
surface of the propellant. For thls reason, Povinelly and Rosenstein
6bviously could not see thal agglomeration can occur even in the
absence of particle motion along the burning surface, simply from
~-the accumulation of metal on those sectlions where pyrolysils of the
‘fuel bundle occurs [172, 173]. .

Using movie photography, Heath and Hirst [199] studied the
burning surface ol ballistite propellant (41% natural glycerin,
48% natural cellulose) under conditions of a Crawford bomb,

_ Frame~by-{rame filming showed that on the burning surface there
'[Waa'a number of bright spherical particles whose size reduced wit.
an increasé-in.pressure. In the burning proceés_the observed '
particles periodically appeared and disappeared; however, on the
average, thelr number on the burning surface was approrimately.
consbant and their residence time on the propellant surface
'decreaaed wibh an~1ncreasg in pressure. In the opinion-of the .
aubhora, the observed npherical particles are gas bubbles on the

“;liqu1d~vi5uous burning Hurface of the powden,’

_ ‘ 'Silhoﬁette phdtqgrabhy df-tha burning surface.of a compositioh
‘basedon APC and'polystyrene (6] showed that oxidizer particles

“]iemerge ovaer the middle level of the burning surface. In this

“connecticn, the results obhain@u by Pokhil (204) and Vandenkerkhave
- {200] are of interest. Vandenkerkhave indicated that at low
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_pressures*the~oxidizeriorystals émerée over the fuel. However,

at increased préssures the opposite pattern was observed: APC

'~crystalslwefe found on the bottom of smallrgrqéves and.the visible .
surface bonsisted éederally of distinct peaks pf.prbtrudihg“fuel,
Studles of the strucsure of the burning surface of model propellant
(on a base of APC and & number of fuelé) extinguished during |
burning, performed by Pokhil and Remodancva [204], showed that at.
-lownpressurés (in'vacuum) the oxidizer crystals protrude beyond

.  the middle level of the burning surface. EBEetween the crystals
there are depressions in which the fuel is located. It was found
. that the larger the initlal crystals the more they protruded over

the surface of the propellant. As pressure increased the protruding
APC crystals decreased; with a pressure above 30 atm crater
depressions'were formed at the locatlon of the oxidizer crystals.
The. 2uthors explain this effect by the fact that at a pressure

below 30 atm APC does nct burn stablly, while at pressuies above

30 atm it is capable of burning independently and during the

burning process the fuel disappears more rapidly, which leads to

the appearance of craters. In connection with this, the study
~made by Hlghtower and Price [201] is of interest. They invest!_ated
the surface of single APC w¢iyowuils in the 20-~190 atm ran~-,
Depending on pressure, the burning surface 1s represénted as a
serles of channels, troughs, and craters with helghts of ~27 um;

the shape of the surface remains relatively constant while the
burning surface moves for a dilstance on the order of 1 mm,

Flg. 30. Photooraphic method

of studying a bur ing surface,

"1l - Powder charge; 2 = eclectri-.
cally heated furnace; 3 - chamber;
L4 - window; 5, 5' ~ lenses; 6 =
“xenun lamp; 7 - movie camera.
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The original method for studylng the struoture of a burning
surface was developad by Pokhll and colleagues [172] (Fig. 30).

The studled specimen of propellant 1 was placed in a conatante
preqcure bomb [cvlinder] 3 inside which pressure could be created
From 107° mm Hg to 40 atm, For observation during the burning
process the bomb is equipped with plexiglas windows /I installed
at a U5° angle to " he burning surface of the atudied specimen,

For preheating the specimen in vacuum conditions (where the heat
released {rom the total-exothermie reactions of the decomposition
" of condensed phase 1s insufficolent for self-propagation of the
burning process), an electrically heated furnace 2 was used,

The movie camersa was attached to & speclal rail at a 45° angle,
This allowed the geometric inhomogeneltles of the burning surface
to be revealed. Preliminary tests showed that fllming the burning
surface of a propellant without external lightling is ineffectlive.
since the illumination of the surface from its own radlation und
the radiatlion of the flame alene is too weak. For this reason,
powerful lighting achieved by a DKSSh--1000 xenon lamp € was used.

In (173, 206] a method was developed for measuring the
temperature along the helght of the tongue of flame from metalllsed
solid propellant by the brightness-spectral method (Fig. 31).

The powder specimen 10 to be burned was placed in a constant-
pregssure bomb I ‘the design of the installatlion was developed at
TKhF [Institute of Chemical Physics] of the Academy of Sciences,
USSR), in a nitrogen atmosphere and was ignited from the end by
o michrome spiral. The surface of the specimen was armored in
order to exclude the pos;ibllity of a flame [lashback along the
side surface. To mcnltor the burning of the propellant charge
and to obtain a high~quality picturc of the process a SK3-I

mevie camnra was used.
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The radiatlen from the vtongus of the flame of a apevimen
of solid pocitet propellant [TRT) waa prejented by the lena to
the lhput glol of an LiP=il apealrograph @ in a 1t} ratioe, A
glesa lens with F = 210 mm was used, The apsotrograph alot
made it possible to vary the width of the defined seotion of
the Clame usone from 2% to %00 pm. 1n addition, on the alot of
the upectrograph were attached two metal plates whish limiteaq
the alot in length tu & dimenaton equal to or less than the
diameter of the specimen. DLue to the hlgh temperaturs gradienta
in the Clame front, 4t is dealvable, in thia cave, tu work with
83 narcow 8 beam as possible for the best apatial resolution.

Mg 31, An optical method of
measuring the temperature of
the flame from a aolld propel-
lant. 1 = CQonatant=preasure
bomb; 2 = 13P«G) apectrograph}
? - TEP«] phutoeleotria device;
{ = photomyltiplier: % - am-
plivler; 6 - loop esclllograph;
Ty 7' = dink-~bafflea; 8 « SK8-1
movie camera; 9 - xenon or
tungaten lamp; 10 - powder
apgaiman,

The transillumination of the flame was donm with n aarben
are, 4 standard ribbon-filament lamp, or a DKSLL-1000 xenon
lamp 9. A RO-56 lens was used for intermediate rocusing, in
the plane of which was placed a disk-baffle 7 to cover the light
signul from the lamp. Then the iight flux from the comparisoen
gource 9 was projected onte the flame »f the burning nropellant
specimen by & Juplter-9 lens.

. Lt - T s, T T -
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At the output of the spectograph there was an PEP-13
photoelectric attachment which was used in place of the PFEU-}42
photomultiplier which has good stability and low leakage current.,
The output slot of the FNP-I was seleated so that the wavelength
of Interest could be isolated from the gpactrum of the f{lame.
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In measuring the temperature of Ilame frowm met,llimed
powders the region el the padium Deiine was meit rvreguently
grleated. PFor the foliowing reasons: a) a very small amount
of sodium provides intensive radiation (tha acdium introduced
duﬁtna propellant preparation,due R0 gow=called "contamination," ia
sutfiasient); b) the radiatlion of acdium atoms i usually in
thermodyanmie equilibitum; ¢) the vptimum senadtivity of the eye
in the yellow part of the apeatrum makes it convenlionk fop
Pocusing and adjusting the mnaualgation. The linear varlanae .
of the FEP-1 ia upproximately 40 A in 1 mm in the reglon of the
yellow sodium doublet, which ensures a move acourate inolation
af thin apretral line,

Al

‘ sThe above desoribed installation makes it poaalble to
mekive e Lemperature along the helght of the tongue of flame
from a burning oharge of TRT both by the methed of rotating
the godium spaatral line {(If Jdealved, lithium, oesium, and
other metala and oompounda of thel can be introduced inte the
flame and temporature con be measured arocording to thelr reaonanoce
1ines) and by the brightness method (radiation-absorytion) within
the range 1200=-45C0°K. Temporature oan Le measured in & wide
range ol the specurum 3800-60600 K.

A desoription of optical methods for measurding the tempﬁratuvu
of the burning surface of powder can be found in [207-210],

In our hock it 1s not possibhle to pause on sugh lmportant
problems in the arestion of onptical methods for temperature .
measurement as the dependence of measurement acguracy on the
gpeatral region used, as the value of the radlative capaclty
of the flame, the spectral composition of the radiation, the _
heterogeneity of the flame of metalized propailantes (1t should ;
be remembercd that the radiative capaclty of particles and flame |
can be different), the scattering of flame radiation by fine




parvielen, and the se)f-abuorption ¢f radlation in the outer
cold gaa layer aof' vhe flame's wongue. Therefore, we ahall only
reflerence vha‘arlginal work wheare these problema are diacussed
in dobull and underge the neacasary analysis [1%1, 179, 211=234),

To atudy the burning of weval partielex in varinus aggreanive
media, trasking methods weve developed [162-165]. One of the
~insuallations 14 presentsd in Mg, 32, Aggressive gasen (oxygen,
chlerine, nitrous onlde) were red foroum aylindara with the
appropriats compressed gas and steam was fed from a boiler with |
an ¢leciria hester, Temporature waa controlled with a platinume
rnodium thermogouple within 110°,

The roastion traaking tubna were made from pyrex gluss or
tranaparent quarve., Metas vowder waa fed into the tracking tube
by a apecial alide through an opening in 1t near the inlet from the
norile of ke tubular furnace, A thesmecouple was introduced _'
into the aame aopening for messuring the tanpuratule of the gas '
flow. The combuatinn products wele [rartially depesited on tho
walla of the tracklng tube; the parvicles which were not depoglted
were removed by an elegtede filtver. The tracks of the burning
parclceles weore recorded on movie and photographic film,

Flg. 32. Tracking installation.

1 = Furnace; 2 « tube for introducing metal
artioles; 3 - beaker with metal particles;
- vibrator; % - quartz tube; 6 - fireclay

Jacket with electrio heater,




Spoehral methods , whiah maka 1t poasible bo study the
dqv-lgpmanh of proceases over time, have boaome more and more
popular in recent yoeura. Inatvrumente hava been constructed whioh

- pagerd over ahept parlods of uime, in & selached wavelangth. ranga,

'the Wequendd of dn chjeet's apectis whieh reflectn the kinetics

,or the procens [235=237, !Sl, 8521,

3

4 . An %qu speetﬁal soanning device based on an Sital lpaoﬁrﬁphabom-.
‘*f('ebev wis ‘developed by Logachev, Petukhov, and BRuchkova in 1962

[ ¢ the Institute of Chemiuval Physlas of the Academy of Solence,

"7?{AQB§ﬁ. FOp apsolral atudlies on uhe burning of aluminum and

maaneasum partioles Iy the tongue of a fame from eondenaed

systems ln che hig ntempnrature reglon (Fig. 33).

‘The radiation of & tongue of flame from TRT 1, pasulng through
the qgavt;'glaﬂa'or & constant-pressure bomb &, war fooused on
the input alot of an SM-h spectrogruph 5. Then the studied
rodlation hit the priam separating the light and was direated
to the output slet of the instrument where an FRU-U2 and an FEU=-22
« radlnhicn recelver-photomultiplier 7 was looated. The signal
from the photomultipliers was amplified 10, 11 und recorded on
an N=106 loop osaillograph 9. The frequency haracteristics of
the eleatroniu civeult were determined by the natural frequenay
ol' the vibrators (loops). |

The rotation angle of the prism 6, 8, the time marks from
-the GZ~IA audiofraquency ocscillator 12, and the preasure in the '
'-~,iqub,were~vedorded by & DD#;O~inductiun grnge 14 and the burmilng o
process was monitored by = Ronvas movie camera 15 simultaneously .
. with the ranordins of the radiation speatrum along ‘the height ar
L:tne tangu& of rlame from TRT,

The prism of the qr-n geuld be moved by the scanner 4 with
a frequency of 8, 12, au, and U0 Hz, ' : .
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Plg. 33. Spectral Installation,
a) Schematic diagram; b) optical ‘ o
dlagram. 1 - Powder charge; 2 = ;| '
constant-pressure bomb; -3 - rotary
. : ~prismi & -~ scanning devige; 5§ - SP.l
R o o spectrograph; 6 - optical system of
o o . the prism>rotation-angle recorder;
T - photomultiplier; 8 ~ current

! a souree; 9 - oscillograph; 10 - cathode = 3 -
’m~“~r-,-1'::-f91lQW&3i3llm*~d0~amplif;er;~12 - e R
. c‘audiofrequency oscillator; 13 « ID-GY L :

o o . amplifier; 14 - DD-10 pressure gauge;
. - \ L - 15 = movie vamera; 16 - electric
 motors 17 - ngar unit of mercury-
7T YapoY idmp; )8 « meroury-vapor lamp;
19 --disk=-baffle; 20 - quarte lenses;
. 2l = quartz glass. of constant-pressure
~bomb; 22 - rotary mirror;' 23 - filter;
24 « input and output slot; 25 = mirrer’
lens; 26 - prism of the instrument.
. N\ .
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The SSU made it possible to Obpaiﬁf30—50 (depending on the
burning time of the TRT specimen) spectrograms along the height
of the tongue of flame from the TRT in one test.

The recording time for one spectrogram varied from 5 ms to
9 ms with prism swing frequeﬁcies of 8 and UO"Hij respectively.
The off-duty factor of the instrument (the ratiouof the time
interval between two successive recordings of the spect}um to
the time required to record the spectrum) was 3-3.5.
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CHAPTER 111

v

TGNITION OF FINELY oxspsﬁktofME?AL T ST
Metals can be conditionally broken down into two categories
from the point of view of the characteristic features of the
ignition and burning process. The first category consists of
volatile metals (magnesium, etc.) which are in solid state before
ignition and which do not form a solid protective oxide coating

on the surface during oxidation.

The second category can- include| aluminum, beryllium, and

others during whose oxidation a densg protective oxide layer 1is
‘formed on the surface. For them the melting and bolling polnts
 of the oxide are above the melting apd boiling points of the

pure metal.

These groups of metals have different characteristic

‘teatures and regularities during ignition and burning. These
.characteristics are manifested in a Hifference in the ‘temperature
_ fand time regimes of the processes as|well as in the overall
fipattern of metal behavior at any sta e of oxidation. i -

‘]f;l In the general case methods for studying the processes of
'_metal ignition include the following e

ety 4 1§
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'-1. Continuous high-speed microfilming of the studied obJect
uring the entire heatlng time up to the moment of transition te
stationary burning. Preference 1is given to an experimental
vctudy of the ignition of fine wires since thls makes it possible
" to localize the position of the observed object in time and space,

2. Visual obeerJation of the studied obJect with high-

_»resolution microscopes. Ir this case, preference is given to the
study of separate particles selected and "extinguished" at various
s’ages of heating and to the processes c¢f low-temperature oxidation
“of\metels in various active mediq.

Yf With a combination of these methods very interesting detalls

;in the deveropment af the ignition process of metal particles in

- active media have been revealed. :

”wm‘{wi:%‘iénition of Aluminum ~

1, General Pattern of Ignition

Brzustowski Glassman, ‘and Mellor r235 238] studied the
various stages in the ignition of fine aluminum wires (diaweter
0 89 mm, length 8-11 mm) in a gaseous medium of oxygen, water
vapor, carbon dioxide, and argon, used in different combinations
“and ratlos. Straight or L-shaped anodized' and nonanodized wires
of high purity were used in this study. The wires were heated
by passing an electric current along them. Depending on the
specific conditions, two type of ignition were noted.

, “”", ‘The ignition of anodized alumlnum in an atmosphere of ‘

: carbon’ dioxide-argon, water vapor-argon, and carbon dloxide-
"vatev wvapor, not containing oxygen in free state (P < 2 atn),

ls characterized by the appearance of a cylindrical vapor-phase

”tlame (Fig. 34) at a certain distance from the surface of the

fa&re which lasted until ‘the wire was destroyed.

: 'As a result of anodizing, an outer porous layer 500 A thick
‘and an inner thinner 1ayer with protective pronerties are formed
‘on the wire. ,
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Fig. 34, Ignition of thin aluminum wires.

a) In a C02-Ar(50/50) medium, p = 50 mm Hg; b) in an H20-CO2

medium, s ,

, In the case of an L-shaped con‘iburation, the flame, as a
rule, appeared on the vertical arm. Initlally it occurred at
spots where melted metal was concentrated, maintained by a solid
or extremely viscous oxide film. The expansion and stretching
of the oxide shell at these places apparently facllitated the
diffusion of aluminum vapors outward and contributed to their
ignitioh. Then the flame was rapidly propagated along the wire,
The propagation rate along anodized wire was higher than along
pure metal. Simultaneously, "streamers”" of vaporous metal
appeared on the surface (see Fig. 34). These were moat frequently
observed on anodized aluminum.

With the second type, aluminum ignites at the moment of
direct contact between the active liquid metal and the oxidizing
medium. The process has a predominately surface nature. Hcwever,
vapor-phase ignition 1s not completely excluded. Its probablility
depends on the total pressure, the temperature of the medium, i
the oxygen zoncentration, and the aluminum vapor pressure at th°
moment bf the wire's destruction.A_Ignition of this type is
characteristic for aluminum wires heateg in an atmosphere of pure
‘oxygen or in a medium containing oxygen [239]..
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S In all cases, regardless of pressure or oxygen concentration,
ign*tinn was established on the sudden appearance of a bright glow
'f{‘or flash on the surface of the wire (or very near it). If the

. oxygen concentration in the medium, by volume, did not exceed 50%,
iénition colncided with the beginning of destruction and then
- changed to a stationary burning regime which develcped at the

oA 1ocation of the rupture. ;w;¢f¢~a= B

P
B

With a higher oxygen concentration (50% by volume) ignition
was very rapldly propagated from the initial point of origin to
the ends of the wire."As a.result of the melting of the oxide
film, the specimen broke up into a serles of independently

;‘bu.ulng drops of aluminum under the effect of surface tensioun

- forcés. The initial coating"eﬂ\the aluminum by the amalgam

.facilitated ignition. If the coating was local, the ignition

fﬁorigin poiﬁts always colncided with the amalgamation sites.

_ It was characteristic that such treatment had virtually no effect
on the burning process itself. o ’

Thus, the experiments revealed the following.

_ 1) If the main oxidizing reagent in the medium 1is oxygen,

ydignition of the wire, as a rule (at p - 1 atm), coincides with
. the moment. of its destruction as a result of the direct contact
between the pure aluminum and the oxygen.

2) If oxygen is éresent in the ambient medium in bound
o _state (in the form of H 50 or CO ) or if its concentration is
‘low (at low pressure p < - atm), ignition of the aluminum “egins
* 4n gas phase as a result of the diffusion of metal vapor through
~ the oxide film. The wire does not 1ose its integrity at the
' moment of ignition.

" fThe pattern of development of the proeess does not depend

- tion of the inert diluent) cr the tyoe of gas-oxidizer (H 0, C02,
etc ). o

108

i R

k“qdelitafively on the degree of activity of the medium (concentra-

G

RO L,

LEETT R

P,

Ty
A A

BB B i e o b T BRI PLE MR- PO PR E N S -



_ ‘Ignition of finely dispersed powdered aluminum 1is also
characteriaed by the - sudden appearan"e and sharp increase 1n thp
intensity of particle glow.

5

. The part*cles of aluminum collected directly before ignition
are always spherical regardless cf the ohape of the 1initial
partitles of powder. At thL moment of ignitlon they are In
a molten state and noafaq W1th ‘a solid protective oxide film.

. Figure 35 is a photogfaph'of'aluminum particles éollected

'_with a heat transfer plate from a flame of H2~02 directly from
the ignition zone. Du ing the perlod of particle selectlon and
coollng,~a group of fine (~5 um) oxide drop: separated from the

partlicle and formed a pecullar trall along the path of particle

motion..'Larger particles (150~200 um) fragmented at the moment

of impact with the sampling plate; the fragmentation WaS accompanied
by the formation of radial tracks (Fig. 36) f]39]

Fig. 35. Aluminum particles collected
from the ignition zone.




Fig. 36. Fragmentation of an Al
particle (d = 150 um) on ‘the sampler
plateL

Visual observations (microfilming) of the flight of the
partiocles revealed the fact that on the aluminum surface directly
before the flash individual bright spots appear. It can be
assumed that the appcarance of these spots 1s connected either
with the surface glow of the pure metal which has been suddenly
freed of the oxide film or with phase changes (for example,
melting) which occur in the oxide layer coating the particle.
This has a local character.

The glow Wf the particle, which inecreases slightly with
time during the warm-up period, ends with a sharp flash and
with the formati.. around 1t of a uniform brightly glowing
spherical zcne. The diameter of thils zone exceeds the diameter
of the original aluminum by a factor of 1.5-3, The dynamics
of the prccess has, qualitatively, much in common with the process
of aluminum wire ignition., The transition from a weak glow to.

& flash is completed in less than 0.1-0.15 ms.
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Very interesting information [240]) has been obtained in a
study of particles subjectéd to intensified conling at various
stages of heating.

The surface of these particles (Fig. 37), Just as th:t of
initial particles, 1s coated with a denss solid oxide film.

shallow and randomly arranged-creases and folds.

Such a surface is formed during a change in the temperature
conditions'(co«ling)of 2 bodvcoated with a thin laver of materia’
having a low (with respect to the body) coefficient (volumetri~)
of thermal expansion 8. The layer of aluminum-aluminum oxlde,
from this point of view, satisfies the above requirements:

Pu = 3Pao, Par - 3351075 deg”
500~600°C,

i)

deg-1 in the range T

Mg 37, Surface of indtial
spherical particle before
heating (a) wnd after passing
through the flame zone withe
out ignition (k).

However, 1t differs in structure from the smooth and comparatively
even surface of the initial particles: 1t is speckled with - s:all

in the range 7 .- 20—- (k1 Cofaro, > 88107
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‘heatling regime in an alr medlium are used:

T e TR

i
i

During heating, the thermsi expanaion of metal (when particles

‘aré-heateq from 300 to 2300°K, vblume inoreaces by approximately

30%) is accompanied by reactions of surface oxidation which
restore tne'continuity of the oxide coating. If, for any roason,

.heaning-is s$6pped. the aluminum whille ocooling ¢an deform the
. thin oxide film whlch coats 1t, n¢ indicated above,

More*specifio data on. the change in aluminum partlcle shape
with an increase in temperature up to 1M00°C are presented in
reference [241]. The following three methods and particln

\

1) heating at a rate of 500°C per minute, on the stage of
a microscépe, to a temperature of 600 (below the melting point
of metal),. 690 (above the melting point of aluminum), 854, 10u0,
and 1200°C; ‘ ‘

2) heating st a rate of 1000°C per minute, on a sapphire
disk, up to a temperature c¢f 1400°C;

3) heating Ly the radiation of a CO, laser; heatlng rate

'10,000°C per minute,

The surfa~= of the initial particle (d = 100-125 um) was’
similar in shape and structure to the surface of a leather ball

(sée Fig. 37). Wi‘h heating up to 600°C (regardless of heating

rate) the particle undergoes no changes; above 690°C, i.e.,
above the melting point of the metal, slight individual distur-

‘bances begln to appear on the surface. The Jolning (fusion) of

touching particles was being observed (Fig. 38).
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Mg, 38} r.alen of Al partieles
during high-temperature heabing.

Heating particles to 8I%°C 1 ada to the oracking of the
surface and the formation of wrinkles on it afted cooling., A
further !oereace Ln temperature up Lo 10H0°C causes more ahrupt
changes. Many of t(he coeled particles are broken, “rumpled"
(Fig. 3Ya), or hollow. The thin oxide shell peel: from the
metal., The inner aurtage of the shell ia even and smooth; the

outer 18 rougher, 'The shape of the hollow shells remalns apherical;
ne folds o orcasoen are present,
At 1200-1H00°C the pattern in general 1a repeated; however,
the thicknesa of the walls of the oxide shells ingreases somewhat s
and theivr surface becomes mare grooved and rougher (see Fig. 39¢). oy
»
Increasing the henting rate to 1000°C per minute at 1400%C #1
causes 4 sharp decrease in the wall thickness of the shells; g
‘they are now cocted with numerous nodes, seams, and cracks B
(Fig. 40). Suckh a struceurs can be formed 1f during high-speed o
heating the protective 1lm on the partlcle cracks; in the oracks h
pure metal appoars, which upon contact with the sir oxides rapidly 5
with the formation of seams and bulges. .
i
3
3
¥
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Mg, 39, Surface of partiecles (a) and exide
shell (b, ¢) after the high-temperature heatw
%n§ of Al in air to 104Q%C (a, b) and 1200°C

Q). !

Dealgnation: nw = um,

The presenae of conneationa butween touching particles ia
noted [241]. Their appearance is apparently the result of the
thermal uracking of the oxlde fl]m, whiel makes possible direct
contagt between the molten metal of neighboring partioles.

An increasc in heatlng rate with the use of a laser techhlque
did not reveal any additlonal detulls except for a decrease in

the total number of casez of portiocle fusion at high temperatures
(1400%C) . : : . i

VO R Pt bt 1 e A T - 3y A
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Flg. 40, Outer {(a, h) and i{nner fa, d)
surfaces o' exlde alelis; 1 = 1400°0,

\

The hollow apheres, the ocomplea ntﬁuuhurnﬂ of the sholls and
oxlde films, the fusion of geparate alumd pnum particles, and, finally,
the existenge of 4 Mne subdisperaeq candensute, which 1s charactey=
istia Cor tho burning of aluminum Ln vapor phase, can be conéidered
aonfirmation of the pos ulate cancerning the probablility of a

process of actls» oxidattion and evaporation of aluminum at tempera-

tures below bolllng point of vhe metal.

The protestive oxide fLlm whlch coats the surface of particles
during heating can undergo substantlal changes even below¢tha
melting point of AIPOQ. Theae changes affect the protective
funotions_of the fifmj With high heating ﬁngimes the surfacé of

the aluminum 2an be partially uncovered, thus facilitating evaporue

tion'or direct contact between the metal and the coxidizing medium.

The latter 1s inseparably connccted with the problem of aluminum
lgnition. ' ‘ ’
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e " The first et%ehpts to fénite single particles of aluminum
:ﬁ‘in heated furnaces and tracking 1nstallations were not successful.
/~ Ignition took place only after the particles were heated to a

- gertain - and very high - ignition tenperature. H11l1 [2427 could
‘. not ignite aluminum specimens in oxygen and nitrogen (p < 1 atm)
‘at a temperature below 660°C. It is peinted out [145] that at

" the moment of ignition'the temperature of aluminum exceads the

: melting point of the metal - 973°K. Cassel and Liebman [136]
":%;could not observe the Ignition of aluminum when the temperature

e of the oxidizing medium was below 1400°C.

; In a flame of néfural gas with air [138] (1500°C) isolated
" aluminum particles with a diameter‘ef less than 44 uym ignited.

_ The ignition temperature of separate aluminum particles
 introduced into a gas flow (flame) with uﬁiform temperature fleld,
4  ‘compos1tion, and rate (NIG m/s) was studied In greater detall by
;] - Friedman and Macek [133, 134]. A uniform gas flow was created

; by burning a propane-o§ygen-nitrogen.mixture or a carbon dioxide--

" oxygen mixture in a flat burner whose discharge opening was covered
" with a metal grid. The temperature of the flame was calculated

. 2 .
according to the composition of the initial mixture and according

" to the program which assumes an adiabatically balanced state of
)the medium (see Fig. 20). The size of the aluminum particles did
not exceed 100 um; the time of'their scay in the flame exceeded
' 20-35 ms. The moment of ignibion_was established by the abrupt

appeergnce of a bright particle glow.

. o

Figure hl shows the critical temperature of a propane-oxygen-
. nitrogen flame, necessary for the ignitlion of partlicles 35 um
in dlameter depending on thelr free-oxygen content. For a
- stolchlometric flame the eritical temperature is 2270°K. With
an increase in excess oxygen the aluminum ignition 1limit with
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;ﬁ respect to temperature drops insignificantly (by 60°K) and does

';f not depend on the moisture content of the medium. 1In a medium
i with negative oxygen balance the oxidation of aluminum occurs

f?f not only because of the free oxygen but also as a result of inter-
fg action with water (vapor) and rcarbon dloxide. The growth of

ﬁi eritical temperature with a change in oxygen concentration in

such a medium occurs abruptly. Particle size has no effect on
ignition temperature. :

Fig. 41. Critical temperature of
the nedium upon the ignition of
Al particles in a propane-oxygen-
nitrogen flame.

-.i"‘a 8 2 Jzo molez In region II there is no burning.
Melting point 1s 2300°K.

‘ Similar results with resﬁect to ignition of aluminum
particles 35-45 um in. diameter have been obtalned in a constant-
pressure instrument at elevated pressure [135] (Fig. 42).

Thus, according to Friedman and Macek, the eritical tempera-
ture of the oxidizing medium, necessary for the ignition of
individual aluminum particles (less than 100 ym in diameter),
turned out to be very near (*150°) the melting point of the oxide

A1203
xp Fig. U42. Critical Al ignition
.. , L temperature versus P, .
e , 0,
‘o t
(R 7] S E— M
a 08 ,

In spite of this assertion, it 1s noted in reference [243]
that 1f a drop of aluminum 1s previously heated in an inert
atmosphere\and vien the inert gas 1s abruptly replaced with oxygen,
ignition oécurs at a temperature of ~1000°C. The 1ignition of
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thin aluminum“yires in water vapor takes place when the temperature
" of the medium Y8~ approximatcly 1700°K.

o On the other hand, heated (by electric current) aluminum .
“tubes 0.95-1,27 mm in diameter with a wall thickness of 0.25 mm

and up to 16 cm long could not be ignited at .all at a pressure
of 1-20 atm in a C0,~0, oxidizing medium [2&3]

After a tempera—

¢+ ture equal to the melting point of aluminum was achieved, the
i tube was dgstroyed without subsequent ignition. S
Brzustowskl and Glassman [237], with aﬁ;optical pyrometer, "4 .

=3

measured the brightness temperature of thin éluminum wires slowly

" heated in an oxidizing medium containing pure oxygen. It was

~ found that this temperature (Table 11) does not depend on the

- pressure of the ambient medium and the previous history of oxide
laﬁer formation. It has the same value both in the case of

. thin wires anodized by the industrial method and in the case where

.- the oxide layer was formed as the wire was heated in the oxidizing

,~ 3
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- medium.
E : 15;Tah1e 11. Highest values of brightness temperatures during the
g . " burning of thin aluminum wires in oxygen.
' . Brightness temper- Brightness temper-
ature, °K _ : ature, °K
Pressure anod}zed pure Pressure anodized pure
' wire wire ' wire! wire
50 mm Hg 2000 18002 4 atm 2025. 2025! Lo
! 100 mm Hg 2010 18902 10 atm 2025 2025 B
. 300 mm Hg 2010 2000 20 atm 2025 20251 A
1 atm 2025 | 2025° P, T

_‘Ignition was - observed in all experiments.
&,’No 1gnition.

11k
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.:'in the pressure range 50 mm Hg -~ 2 atm: regardless of the 02
.concentraticn ia the meaium, ignition temperature is also near

3 - the melting point of A1203. The moment of ignition coincides

Similar results have been obtained 1n heéting anodized and
nonanodized wires in a statlonary oxidizing 002 —-Ar or Oa—Ar medium

with the direct effect of the amblent atmosphere »nn the molten
active metal during destruction of the wire. At the same time
the brightness temperature of the wires (anodized and non anodized)

at the moment of ignition in pure oxygen is lower by approximately
150°C than in a CO2 medium.

2y

e,
_5‘“§ﬁmﬁﬁuu Fig. 43. Brightness temperature
£3 of thin aluminum wires at the
=l §§ o mcment of igniﬁion.
~ = X =~
‘2 N . I,
R Q\?ﬁ .
& .
15 = :
o1m 0.710 57 P atm

, Figure 43 presents data [239] on brightness temperatures
of the ignition of thin aluminum wires (links 5-10‘cm, dlameter
0.25-1.0 mm) in an oxygen argon medlum in a wider pressure range.

. The shaded area corresponds to the interval of experimentsl data.

The so0lid line corresponds to the pressure of Al vapors.

In the region of pressures above 1 atm the values of brightness

‘temperature for thin wires at the moment of ignition virtually coin-

cide with the melting point of Al 03 and do not depend on the
partial pressure of oxygen in the ambient medium. Ignition is
connected to the destruction of the wires. At p < 0.5 atm the

‘brightness temperature f ignition drops substantially with a

drop in pressure. There is a fully defined correlation between
this temperature and the vapor pressure of aluminum. Ignition
occurs in gas phase and is connected with the appearance of

a flame located a certain distance from the surface of the wire.

.y o




Pable-12.

gnition conditions of dispersed metals in the combustion productsw
‘j,yot solid pronellants and powders :

. Hith ‘the use of high—speed color movie photography, Wood [2441
perrarmed a quaiitative iﬂvestigation of the burning (p = 35 atm)

of thin plates of quick burning mixed propellants with additives
or magnesium and aluminum particles (0.01-10 wt. %).
obJectives of the study was to determine the location of the

ignition of aluminum particles relative to the surface of the
propellant (Table 12).

One of the

\Igniti9h_§f”hetal pa;tigles ip a plastisol propellant

~Average nominal
., Gilameter of
metal pa"ticle,

. Al, %

"Ignition of metal

bo (at 7 atm)
4o (at 70 atm)
80

80

80

80

577

o137
©137

Tt

10,

Ueud

- 0.15

= o N o

10
10

10

0.5

10

Ignition on the surface
" " " ”n

Ignition on the surface and ir. the

gas flow L
L :
The same .t
" " . . Yoo

" 4]

" " ‘ it

n ”n
" ”
No ignition
"t 144
" i'n

Ignition directly above surface
Ignition on the surface

"

No ignition

n




Particles less tnanwslum invdiameter,;as a rule, ignited on

in diameter occurred some distance from the burning surface. The

_ location of ignition for particles of the intermediate fraction

S el 5=20-um was not  constant: 1gn1tion occurred’both on the surrace .
Bl " of the propellant and far from it, Ignition of particles 80-137 um

- in diameter could not be recorded within the field of observation
£ § (10 mm).

Since the surface temperature of modern condensed systems 1s
X usually 500-700°C, it follows 'that the temperature of the medium
in which particles with a diameter of less than 5-~10 umwignite
1s near the upper limit ¢f this temperature range.

In combustion products of pure ammonium perchlorate (1200°C)
aluminum does not ignlte at a pressure below 140 atm [134, 245].
The rise in flame temperature due to the mixing of fuel and
APC increases the probability of zluminum igniiion. However,
here the minimum flame temperature at which the particles ignited
was 2250-2300°K. In other words, the results of tests by
Friedman and Macek [245] on the 1gniticn of aluminum in the flame
6f gas burners and con@ensed mixture compositions agree.

Table 13. The fraction of particles which ignited
'in combustion prcducts of the propellant composi-
tion APC-paraformeldehyde when (p = 70 atm) [246].

Prcpellant .
comgosition. 4 Flame ‘ Gas composition of flame ‘gnition frac-
- temper- +
ora- lu- ti rticles
APC orma1 mis ature, X | mo]| nal o | co |7O0 T2
' dehyde { num K
'
oy 0 1,0 130 F 44,7 13521235290 — 10-3
Ll 10 0.1 2200 10,7 1 44,5} 21,81170] 9.4 -
85 15 0. 2602 10,1 14,5121 41,4143.9 1
76 24 O.M 260 8,4 1300182} ~ {22,7 '

‘ oo ot e s nms s e - R e o o e e g
W ¥t M o e = T e e v X

the surface of the propellant. The ignition of particles 40 um {




TR It is 1nteresting to estimate the probability of the ignition
of rinely dispersed (53—66 pm) particles of aluminum introduced
:in ‘the amount 0.01-1.0% into the composition of a two-component
mixed propellant (Table 13) [246]. As the specimen burned, metal
1'particles fell into the tbngue of a flame of decomposition

. products from a fuel and oxidizer of a certain composition and

 tempePatucs.

RS
s N

The most probaﬁigrtempcratu}e of combustion products of
heterogeneous . condeﬂsed sysuemé}‘;n which 100% ignition of individual
aluminum particles occurs (in a given exp*riment), lies in the
“‘V_ZZOO -2600°K rangt: Unfortunantely, the geometxiﬂ parameters of
.fthe‘flame and the dimensions of its high-temperature zone are

‘not indicated in the work. Therefure, the question of the .

“ ‘connectlon between the probability of particle ignition and the

time of their stay in this zone, particularly at low temperatures,‘n
remains unanswered.

At the same.time, excellent data are availéble for the
maximum temperature of ‘combustion products of mixed powders,
-~ necessary forthe ignition cf particles of finely dispersed aluminum.
- Using thinner spherical powders with an averége particle size of
6-10 pm, Pokhil, Logachev, and Mal'tsev [172, 174, 247] found that
the 1gnition temperature of aluminum parficles in combustion
- products of condensed systems is ~1300°K

. - -

*

Belyayev, Frolov, and Korotkov [154, 248], having an .
‘i: extended and constant-temperature flow of combustion products
from mixed systems in a semiclosed installatlion, observed similar
results. Under these conditions, at a flow temperature of 1600°K,
it was possible to observe the ignition of even larger aluminum
{d = 70-100 um). However, as will be shown below, the ignition
delay time increased considerably. '
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On the basis of results obtained, it was concluded that
the lower 1imit (temperature) of stable ignition for particles
of finely disperscd aluminum in a high-temperature medium of
combustion products from mixed condensed systems is a temperature
of 1300°K. Apparently the main reason for the disagreemgnt in
the evaluation of the minimum temperature of the medlum necessary
for aluminum 1gnition is the difference in the dispersity of the

experimental material and the time of particle stay in the high-
temperature zone. o '

For example, the time of particle motion in the flow in a
semiclosed installation exceeds, ty one or more orders, the
maximum possible stay time of thre same particles in the tongue
of a flame fiom specimens burned in an inert atmosphere in a
constant-pressure instrument. ’

An analysis of the experimental resulté in determining the
temperature limit for the ignition of.thin wires and particies
of finely dispersed aluminum in an oxidizing medium shows that

‘the most favorable conditions for ignition are realized in a
" medium of combustion products of hetercgeneous condensed systems

and powders. The critical temperature of the medium, which

. ensures satisfastory ignition of aluminum under these conditlions,

is 1300°K [172, 173].

The criticul ignition temperatur¢ in the tongue of a flame
from gas burners and installations in which electrical heating
of specimens was used, as a rule, 1s significantly higher and

“1s near the melting point of aluminum oxide 2300°K. However,

there 1s apparently no clear boundary between these two cases.

The size of particles and the concentration of active
reagents in an oxidizing medium (concentration HQO, C02, 02)
have virtually no noticeable effect (at least in the rerion of
d = 10-45 um) on the critical ignition temperature rf aluminum.
At the moment of ignition the temperature of the particles is
near the melting point of aluminum oxide..
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“i3. Ignition Del
" (Induction Period

~ connection with conditions in the flame of . gas burner (p = 1 atm).

. "are directly measured quantities.

Time

Most'of theffamiliar quantitative measurements are made in
In determining the delay time of particle ignition, the distance
along the tréJectory of particle motlon between the injJection
point and the spot where the glow appears and the gas flow rate
The ratio x/v0 determines the
so-called "apparent" or "conditlonal" induction period. In
calculating it, we do ndt take into account the rate of injected
particle delay with respect to the supporting flow.

The valﬁé;of the "apparent”™ induction period for spherical

Y,

"\aluminum particles in a propane-oxygen-nitrogen flame 1s presented

in Fig. 44 and Table 14.

Table 14, Induction period 7t

én of aluminum particles:
(T = 2510°K) [134]. ‘
* Average dlam- O2 concentra- H20 concen-
eter of alu- |.5. !
minum partl- ~ion, % tration, % m?g
cles, um ,
35 5.8 18.1 1.6 £+ 0.4
59 5.8 18.1 11.7 + 0.
35 7.9 0.5 16.7 ¢+ 1.0
49 7.9 0.5 16.5

Fig. 44, Ignition

B} ‘ 7 _time (Tén) ot aluminum
' g particles as a function
- 2 .
W

or d°.
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‘The main mass of the partlcles ignited 10-150 mm above
the injection zone. With satisfactory accuracy 1. (see Fig. 44)

1s subjJect to square law rén ~ d2 regardless of the molsture
content of the medium.

Just as critical ignition temperature, T;n is a very weak
function of the concentration of active reagents in the medium.
A change in the total concentrat;on'pf H20 + O2 by a factor of 3
reduces Tgn 0¥ no more thar 40% (see Table 14); the greatest
changes occur in the reglon of low concentration.

To calculate the actual value of Tan® Friedman and Mac2k
[133] propcsed to introduce a correction for the velocity delay
of the particles:

if the injection velocity is zero!

| ".-n";n L0t —oxp(— 1/0)}
and

Ton =Tpq + 0[f —exp(— 1)) ‘/""%:T\;' (I11.1)

1f the particles are introduced into a hot flow with a velocity
of V'. Here

where 4 is the diameter of the partlcle; p is the density of the
metal; n Js the viscosity ‘of the gas in the boundary layer of
the particle; V, is the velocity of the gas. ‘

1Prom the ratio of Stokes and Newton rorces the velocity of
particle motion V{t) is given in the form of V(t} = VO exp (-t/2).

"The time is found from the solution to equation

= Fot' = “ﬂ'o— Voexp (— 1.8)]dt.
¢
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Siace T;n and @ are proportional to dz, the induction pe;iod
ol the particles, with a correction for the lag behind flow, 1is
also proportional to d2. However, thé gsize of this correction
can be quite substantial. For particles with a diameter of

50 wm 1, /1! = 1.9, 1.e., the "actual” ignition delay time must

be 12.7 ms (when n = 5-10’“ poise) instead of 6.6 ms [133].

Along with a weak sensitivity to the moisture content and
the cancentration of the oxidizer in the medium, Ten virtually
does not react to the degree of activity of the amblent atmosphere
and, particularly, to the presence or absence of pure oxygen in
the medium. '

Presented below are the values of the inductlon period for
aluminum particles of the 53-66 um fraction in the flame of a
gas burner with a temperature of 2610°K [246]:

Original Composition Induction
gas of medium period
mixture (flame’ Thqs MS
€O + 1.5 0y Co, + 02 10

€O + 0.5 02.+ Ny Co, + N2 10

In spite of the fact that pure oxygen is present 1in the

. flame as the basic component in the first variant whi_.e a flame

of the second type is diluted in half by nitrogen, the ignition
delay time In both cases is identical and proportional to d2.

The temperature of the medium is another matter. Just as for

drops of liquid hydrocarbons and solid carbon particles, this
parameter is decisive in the ignition of metal particles (Fig. 45).

A temperature increase of dnly 400° in the ambient medium

(from 2500 to 2900°K), for example, increases the possibility of
aluminum ignitlon by a factor of 2 [246].




This result is completely regulér since the value of the
induction period, in the first place, 1is determined by the
heating of the particles from inltial to critical ignition
temperature.’ The main form of the heat exchange of a particle '
with the amblent medium, in this stage, 15 thermal 6onduétiv1ty b
in the laminar boundary layer (induced film) of the particle. ?‘ ‘
Therefore, the heating rate 1s a function of the temperature
level of the medium and the particle and the gradient d47/dR
on the medlum-particle bounda;y.

Tne nearness of the results presented in Table 14 and
Figs. 44 and 45, taking into account the differences in the
ambient temperature and initlal particle size, underscores
once more the declsive role of temperature and parcticle size
as the main parameters in determining Ton®

We should also note that the chemical composition of combus-
tion products of hetercgeneous systems, as we have already

repeatedly'emphasized, is quite complex. 1In ccmbustion products
of compositions based on an APC oxidizer, in additlon to the
basic oxidizing oxygen-containing reagents, HC1, N2, and others

Ve we

are contained in considerable quaptity. . In an installation with

a semiclosed volume, for the ignition delay time of the aluminum
introduced into a condensed system (0.01-1.0% by weight), the
authors of reference [154] took the time figured from the moment

o e g g o s

. of particle escape from the surface of the specimen to the
appearance of the flash. The time requlred for particle warm-up
in the reaction layer of the powder and on the burning surface
of the specimen, 1.e. up to 2 temperature of 500-700°C, was

not taken into account.

Trhe greatest changes in the value of Tyn are obtained
during a variation in the temperature of the gas flow (Fig. 46).
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Fig. 45. : : Pig. b6. K

"Fig. 45. Ignition time for Al particles (d = 53-56 um, CO-O

medium) versus temperature. , 2

Fig. U6. 1Ignition time for Al particles (d = 70 um) 'in combustion
products of condensed systems versus temperature.

As the temperature of the medium drops the ignition time
for aluminum increases sharply‘and at a temperature of less than
2000°K begins to considerably exceed the combustlion time (Tr =
= §.5 ms). On the other hand, at high temperatures on the order
of 3000°K, even with comparatively large particles (70 um) the
ignition time 1s_5rief and falls within 1-2 ms.

However, unlike temperature,'the cohposition of the gas
flow and the pressure (p > lp atm) affect Tan only slightly,
The differences observed in the experimental data fall within
the range of measurement error, However, we carn see nevertheless
that with a sharp increase in H,0 and CO, concentration (up to
70%) the time of T, decreases somewhat. ’ ‘
With a change to particles of another size (d < 200 um),
these regularities do not change qualitatively. In absolute : .

value, however, Ton increases in proportion to the square of h - -

particle diameter.

In thé general case, the ignition time of aluminum particles
in combustion products of mixed compositions based on APC 1is
satisfactorily described for 4 = 70 ym by an exponential function
of the type 7 _ = 3.6~10'f6 exp (32,000 RT), ms. Thcse data are
also presented below: '
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r.,*K 1600 200 2400
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Tan (calc.) ma 2 1% L3

8.0 {.8 {

Thus, the main parameter determining the iznition delay time
of aluminum particles in combustion products of heterogeneous _
condensed systems'is the temperature of the gas flow. The pressure

and the gas composition of the medium, in this respect, 1is secondary.

Just as 1ln gas burners, Ton 18 propertional o the square of the
diameter of the initial particles. '

At the present time there is no precise analytica: solution
to the problem of the ignition of metdl particles having a dense
protective oxide rilm.‘ .

Friedman and Macek [133] have proposed a formula for calculat-
ing the Tén time based on the results of thelr experiments on the
ignition of particles of finely dispersed aluminum in the flame
of a gas burner in accordance with thelr assumption that the
moment of ignition agrees with the phase transition of the oxide
protective layer from solid state to liquid state, as a result
of which the metal oxlaation rate increases sharply.

The derivatlon of the fermula 1s based on the assumptlon
that particle warm-up ffom initial temperature TO to temperature
Tkp (near the melting point of aluminum oxlide (see Fig. 41)) 1s
accomplished by thermal conductivity from the medium with T in
the thin boundary layer surrounding the particle. 'Accordihg to
the conditions of the experiment for whica thls calculation 1s
made, it 1s assumea that the Nu number = 2, the Re number =
= 0.01-2 (for particles with d = 50 um), and radiation (during
ignition) caﬂ be disregarded. Finally, the -expression for
calculating the induction period is written in the form

P"’( Ta—Te I ) (I1I.2)

‘l’w-ﬁ: CInT_'—’“_m-}-“———T“_TnJ
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’Just a; “n the experiment, Tt__, according to (III.2), is
j~"p ;vor.ional to d2 and gives a fair agreement with the experiment.

'

At values of x“= 2.1-107" c'a1/é:m s-deg, T, = 2510°K, T
2 A 10°x (see Fig. 41) and standard values for p, ¢, and L,
duction pe~iod Tan for particles with a diameter ¢f 50 um,
cg, gtfd according to formula (111.2), 1s 16.1 ms. The experi-
ur,tal value for these same conditions (with correction for
ﬁVelocity lag) is 12.7 ms [133].
Howeve ; the region of appllication for formula (III.2) is
‘apparen ly very limited. This 1is primarily related to the
. %gniyion of aluminum in the combustion products of the powders.

, ”he Effect of the Concentration
of‘Metal Particles on the Ignition
T@mperatzse and the Period of

*Inguct on for Aluminum

The problem of the effect of metal ccncentration on the basic
parameters of ignition - critical temperature and induction period -
1s;so‘ved unambiguously. In virtually all cases an increase in
particle concentration reduces the temperature of the medium,

during which particlc 1gnition begins and Ton decreases.

wi"r ) : ’ ",}.‘.
B

«“The par*icles become easily ignitable even at a comparatively
”Iow ‘ten; erature of the medium (or flame), in which single particles

,,.y.,

gnite at 360 &20°C {249]. The alurinum powder which deposited
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on the base in the form of a dust layer will ignite in air at a
higher temperature, 585°C. If the same aluminum forms an air-
suspenéion with alr, the ignition temperature is 645°C [250].
In other words, thermal ignition of the deposited powder o:zcurs

at a lower temperature than the ignition of the same powder
suspended 1in air.

If an elactric discharge (spark) 1s the ignition source,
the ignition energy of the aluminum air cloud ic a function of
particle size: for finer partlcles less energy 1s required [250];

thls energy remains constant over a wlde range of metal particle
concentrations.

¥ .
The ignition of a cloud containing a broad spectrum of
particle sizes 1s generally determinea by the smallest particles
present. Figure 47 presents data on the ignition temperature

of aluminum dust in an oxygen flow as a functlon of. the average
particle size [250].

The ignition ¢f spherical powdered aluminum in combustion
products of mixed compositlons 1s also noticeably facllitated

with an lncrease 1n particle |concentration to 5-20% [173, 206, 251].

The aluminum becomes easily ignitable even at flame'temperaturgs

at whicn the ignition of single particles 1s not generally
ovserved.
i

Ir a composition having
2400°K, the ignition delay t

maximum burning temperature of

e of particles with a dlameter of
70 wm, only as a result of an| increase in metal concentration

to 16% (by «eight), drops by more than 5: from 6 to *1 ms.
Particles with a diameter of ?5-20 um and less, under these
|
i

conditions, are ignited almosy directly on the surface of the
specimen. :




The general tendencies of the change in LI for aluminum
particles, when the aluminum content Iin heterogencous condensed
gystems 18 Increased to 1l0%, become clear from a comparison of
Fig. 46 and Fig. 48. -

1,
860 .
9%
00 £
o -
i L i L L 1
40 80 o, 1m Id 100 200 &, UM
Flg. U7, Fig. U8.

Flg. 47. 1Ignition temperature for aluminum dust in oxygen.

Fig., 48, 1 of A) particles (d = 70 um) In combustion products
B ’

of condensed systems as a function of particle diameter (Al con-

centration 1s 109).

A reduction 1in the Inductlion perlod for large particles can
be oLserved not only with an increase in thelr concentration.
A similar eflcct can also be achlieved if a small amount of
finer particles of the same or mere easlily lgnitable metal is
mixed in. Thus, for example, if 2% of the particles have a
diameter of 5 um, the particles with a diameter of 80 um are
ignited at a considerably shorter distance from the surfece of
the spccimen than Is the case without the finer particles | 2447,
The decrease 1in the induction period of aluminum particles with
an increase in thelr concentration in the gas (low or in the
combustion products of heterogeneous condensed systsms has a

reasonable ecxplanation within the [rramework of heat theory.

The 1gnition of particles 1s determined by the conditions
of thelr heating in an ambient gaseous atmousphere up to ignition

temperature. These coniltlons, to a considerable degree, depend
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on the temperature of the medium. For the total group of particles,
heat released from thelr surface causes a general increase in
amclent temperature, especially if additional self-heating occurs

on the surface because of oxidation reactions. In additlon, if

- particles are fed continuously into a gas flow (for ekample, during
the burning of metalllized powders) and the process develeps into
‘self-sustalning burning, then, because of the considerable
thermal effect of the burnling of a large amount of aluminum,
the heating of newly arriving particles 1s determined not only
by their heat exchange with the ambient medlium but also by the
additional heat supply (thermal conductivity and radiation} from
the burning zone.

As a result of this, the heating rate of the particles

increases and thelr TBH decreases.

5. The Physical Nature of Ignition
Processes in Aluminum Particles

Aluminum 1s a metal which has high reactivity in a high-
temperature oxidizing medium. Under natural conditions, its

surface 1s coated with a solid protective layer of oxide.

There 1s a direct connection between the kinetlc reactions
of surface oxidatiocn and the properties of the oxlde being formed
[13]). If the volume of oxlde is less than the volume of metal
involved 1n the oxidation reaction VMe (P1lling-Bedworth criterion

g = VOH/VMB less than one), a sollid oxide film cannot form on the
surface of the metal. 0Oxide, as a rule, 1s porous, as a resuit
of which the surface of the metal is always open for oxidizer
access. The rate of the oxidation reaction depends only slightly :
on the growth rate and character of the oxlide coating on the i
metal surface and changes accordling to linear law. i
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If the Pilling-Bedworth criterion is more than dne, then
during oxidation on the surface of the metal a solid oxide layer

builds up and the reactlon continues only because of the dlffusion
of the oxide through thls layer. The reaction rate is inversely
proportional to the thickness of the oxide film; oxidatidn rate
changes according to parabolic law.

The greatest dehsity and, consequently, the best protective
properties are found in oxlde flims of metals for which 1.0 < B <
<'1‘5, With large values for B the oxlde layer, as it grows,
experiences considerable internal stress and can crack. In this
case, 1ts protective functions drop sharply. For aluminum the value
of the B criterion 1s near one (B = 1.3). Because of this, the
surface layer of oxide on alumlnum 1is very dense and has good
protective properties. At room temperature In air, the thlckness
of the oxlde layer grows to 50-100 K in the filrst 5-10 days and |
then 1s virtually constant [252]. ,

In the general case, the process of alumlnum oxlidation 1s

an exothermic process whose rate lncreases with an increase in

temperature.

In the 350-475°C range the oxidation rate constant conforms
with satisfactory accuracy to the Arrhenlus equation with activa-
tion energy E = 22.8 kcal/mole o

k=2 foxp (==K 1T).

According to established concepts, as the ignitlon temperature
we take that minimum temperature of the particles or medium at
whilch heat release from the oxidation reaction of the metal
exceeds heat loss to the surrounding space and the temperature
of the particle begins to rise wlth an increasing rate. The

K time required for the metal to warm up from the inltlal temperature
to & temperature at which this condition begins to be fulfilled
generally determines the ignition delay time.
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At low particle temperatures the oxldation rate of the
aluminum is quite low because of the presence of the solid
protective oxide layer on its surface. Therefore, even in a
high-temperature oxidizing medlium, particle warm-up betore
a certain moment can be considered exclusively as a heat exchange
procéss. This critical moment can be the pkase for crystal-
structure variations in the oxlde film which are connected with
temperature.

One of them 1s the melting of the oxide film, which abruptly
increases the oxide flow to the surface of the metal. This
increase 1s the result of a reduction in the diffusion resistance
of the oxlde film. According to this hypothesis, aluminum
particles ignlte when thelr temperature reaches the melting
point of aluminum oxide, 1l.e., ~n2300°K. The advantage of this
1s indicated by experimental data on determining the ignition
temperature and induction pericds of aluminum particles 1n the
flames of gas burners and thin aluminum wires heated by electric
current (see Sections 1, 2, 3).

The difference between the ilgnltion temperature of particles
and the melting polnt of A1203 1s considered the measure of
self-heating from the oxlidation reaction. Under stationary
conditlions, based on the balance between the ef'fect of the
exothermic oxidation reaction and the heat-mass transfer in
the gas, t(he connection between Tnn“lgo? and THp is given by
the expression [254]
g-%fA@“JNﬂmyzvq%” (ITI.3)

i "

-

it

{nn = melting; tp = critical]

where Q 1is the exothermic eflffect of the reaction; k(pO /RTnn) is
2

the oxlidation rate on the surface of the particle through a solld
layer of A12O3 at a temperature of 2300°K; n is the order of
reaction wlth oxygen,
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: The processing or the experimental results presented in
Pig. 42 indicated that the numerical value of n is 0.41-0.5,

" This shows a slight dependence of ignition temperature on oxygen
“concentration in the atmosphere, i.e., the activity cf the

medium.

- Since the melting point of alumlnum oxide changes only slightly
with pressure, the critical ignition temperature of particles.

is virtually constant in a wide }ange of pressures (p > 1 atm)

and particles sizes. At the final stage of the transition of

the induction period to self-systaining burning, the aluminum |
ignition process 1s a heterogenecus process. The oxidation |

~ peaction occurs on the surface of the particle along the

‘metal oxide interface. The exothermlc effect of the reactlon
ensures the subsequent self-heating of the particle to the bolling
;péint of aluminum and, as we shall see below, the transition of
the reaction to vapor phase,

The indvction perlod, since 1t 1s generally determined by
heat exchange with the ambient medium, is proportiocnal to the
squarge of particle diameter.

This method of aluminum ignition through the melting of
~the xide film is obviously not the only one. It does not
explain the ignition of aluminum particles at lower temperatures
“in the combdétidﬁ‘proauéts of heterogeneous condensed systems
f172, 173, 206].

] Significant in this respect also 1s the ignition of
\electyically heated thin aluminum wires in an oxygen-containing
},m.dium in the region of vacuum pressures. The ignitlion process
_Qhas,a gas-phase nature and sets in at that moment when the
temperature of the wire is equal or exceeds the boiling point
“of aluminum. -Aithough at such temperatures the oxlide shell 1is
'still| colid (Fig. 43), its physical integrity is impaired. This
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is easily seen, for example, in Fig. 34, where separate streams
coming from the surface of a wire coated with-a norans 2ryer of
A1203 are revealed. The ignition of aluminum occurs because of
the impairment of the oxide shell's structure; however, this is
not because of phase transition (melting) but as a result of
'cracking and breaking of the oxlde shell by the vapor of the
metal and the diffusion of the latter into gas phase. The
difference in the coefflclents B of volume expansion for metal

and oxide, to a cervain extenf, contributes to this.

If we assume that a spherical particle of aluminum is
uniformly coated with a shell of A1203, then from strength
coﬁsiderations»we can derive the followlng expression for

evaluating the tempe:rature at which a break occurs in the middle
section of the shell:

FREGB--? 0 'l—t 2:8
Me|—mn =% >Tre=F

where E = 0.7'106 kg/cm2 is the modulus of elasticity for A1203;
R is the radius of the particle, cm; 0 = 2.1-103 kg/cm2

“ 1s the
ultimate strength for A1203; § 1is the thickness of the oxide
film, cm.

IfR =103 em, 6 = 10™" em, then At % 30°C.

In the combustion products of heterogeneous condensed
systems and powders at atmospheric pressure and above, the

minimum temperature of the medlium at which aluminum particle

ignition is observed is.noticeably lower than the boiling point

of the metal and'almost 1000° less than the melting point of
A1203. Therefore, underAthese conditlons, the process of aluminum
ignition cannot be limited elther by the melting of the protective
oxlde fiim coating the particle or by its disruption by wapor-
phase metal. At the same time, it 1s ‘doubtful that, in this

case, lgnition is connected with a dlsturbance in the density

of the diffusion barrier created by the oxide film,
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i;;ggn analysis of +hz pattern of variation in the surface

N structure of aluminum particles as a function of their heating

'7 mode in an oxldizing atmosphere provides a partial answer to
 the question of how this disruption occurs (see page 84)?,

With low-speed heating (8-10 deg/s) the surface of the
particle is coated with a dense "rough" oxide shell having
inhomogenelties wnich are the result of the "healing" of cracks
which occur in the shell during heating (to a temperature > 1040°C)
because of the differences in the coefficients of thermal expan-
‘sion for aluminum and its oxide. The cracks are not numerous
and the active aluminum passing through them oxides rapidly and
restores the protectiﬁe functions of the oxide shell apparently
without substantial self-heating of the particle. However,
even under these conditions (at 1000°C), part of the aluminum
manages to react. '

With an increase in heating rate to 20 deg/s and more, the
surface of the particle uhdergoes susbstantial changes, indicating
a sharp intensification of the process of shell cracklng and metal
oxidatlon. The shell remains thin-walled; however, it is broken
up with a dense network of fine seams and creases (see Fig. 40).
Moreover, many shells turn out to be hcllow. Among the final
products of the heating are subdispersed particles of oxide whose
presence 1s characteristic for the vapor-phase reaction. Under
these conditlons, the exothermlic effect of the oxidation reaction
must be more appreclable and the self-heating of the particles
more powerful. Thils eases the requlirements imposed on the
minimum temperature of the medium which ensures particle ignition.

- .
[

!This refers to page 84 of the original Russian document, the
translation of which appears on pages 108, 109.- Transiator's Note.
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In the burning of powders, particles are 1in even more
rigorous conditions of high~-speed heating. If we assume that

the surface temperature of a mixed compesition on the average is
600-800°C, the coefficient of thermal diffusivity x = 1.1073
cmz.s'l, and the rate of normal burning u = 5.-10 mm/s, then the
time required for partlicles to pass through the heated layer wlth

a 700°C drop in temperature 1s, in order of magnitude, near

K
- o P, (e
\",“,,zl S.

Hence the heating rate for a substance and a particle in the
reaction layer of the powder 1s, in order of magnitude, 'ulo5 deg/s.

Upon entering gas phase, a partlicle 1s subject to comparable heating

modes.

For this reason, the hypothesis of oxide film destruction
is apparently fully valid. Intensive self-heatlng of a particle
and the reduction of the minimum temperature of the medium, at
which heat release from the oxidation begins to exceed heat less
to the outside, finally becomes possible. According to experimental
data [172, 173, 206, 247, 242], for mixed condensed systems this
temperature is ¥1300°K.

It 'should be mentioned that in a medium of decomposition
producty and the burning of mixed powders based on ammonium
perchlorate there is a large amount of chlorine and 1ts compounds,.
In the interaction of aluminum with chlorine, aluminum chloride
is formed [143] which has a very low (450°K) temperature of
vaporization (sublimation). The reaction Al + 1.5 012 = AlCl3 + 162

- kcal is accompanied by heat release which 1s, 1t 1s true, weaker

than in the reaction of aluminum with 02, HZO’ or 002. However,
if such an interaction occurs, even partially, where the molten
aluminum cumes in direct contact with the amblent medium, this
hndoubtedly must facilitate ignltion at lower temperatures of the
medium.
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Sinoq,the'induction period, even in this case, 1s generally
determined by the heat exchange of a particle with thé’, medium
(at.least up to a temperature of 1300°K), its value is proportional
to the square of particle diameter.

Howaver, Ten 1s reduced quantitatively (as compared with
.8as burners and track installations) since particle self-heating
from the oxidation reaction begins to play a substantial role
.when a temperature of 1300-1500°K is achleved, and the process
1s sharply acrelerated. A

If we maintain the condition that the main form of heat
exchange between particle and medium in the induction perlod
is thermal conductivity, i.e., time T required for a particle
to heat up toc temperature TKp in a medium with temperature Ty
1s proportional to ’

then we can evaliate the relationship between the times required
for particles to heat up to Tal = 1300°K and Tzkp = 2300°K.
For a medium with T, = 2500-3000°K, it is 3.5-4.0.

From a ccmparison of experlmental‘data i1t follows that the
induction period of particles injected into a flame from a gas
burner with a2 temperature of 2500-3000°K (Fig. 45) exceeds, by

" a factor of approximately 3, the Ton of particles introduced

iato a composition of heterogeneous condensed systems (see Fig. U6).

Introdicing a correction for particle velocity lag makes this
difference even greater.

Such a correlation of results is obviocusly not accidental
and indirectly confirms the soundness of the evaluation of the
critical 1gnition temperature of aluminum particles in the above
media and the reasors adVanced to support them.
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- Thus, the minimum critical temperature for the medium, which Qf
ensures aluminum particle lgnition, 1s determined by the intensity ‘
of the heat exchange with the ambient medium, the properties of
the medium, and the nature of the 1mpa1rmeqt of the protective
functions of the oxide coating. ’

In many respects, the latter alsu depends on the purity and
method of obtalnirg the oxide. Tne presence of impurities,
anodization, and amalgamationlreduce 1ts density and strength
during heating, thereby facllitating the ignition of aluminum.

§ 2. Ignition of Beryllium

Berylli'm.(Be) is one of the most effective metals from the
energy polnt of view. Just as aluminum, it belongs to the class
of "volatile metals" [143]. The boiling point of beryllium
(TH”n = 2757°K) 1s below the bolling point of 1ts cilable oxide
BeQ (T“un = 4120°K) and below, though only slightly, its melting

= o
point (Tnn 2830°K).

Beryllium, Just as aluminum, is an extremely reactive element.
However, under ordinary congitions, its activity is surpressed by
the presence of a protectlive oxide fil~ on'the surface.

. For'beryllium the ratio of the vo’) me of oxide to the volume
of the reacting metal - the Pilling-Bedworth criterion - is
" B = 1.68. .This 1s an indication of the high density of the surface
. -oxide layer and its protettive propertiles.

At.the present time, there is very little information on the -
ignition and burning of beryllium. The main obstacles to the ;
development of experimental works in thds direction and the !
barrier to wide practical use of Be in rocket propellants 1s the
toxicity of its combustion products [69].

.
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conclusions ensuing from it should be considered preliminary.
l. General Pattern of Beryllium Igniticn

The ignition of beryllium particles 1s possible only in a
chemically active medium at nigh temperatures. The ignition
"process is less cleaily expressed 1in beryllium than in aluminum,
Although with the latter the transition to stationary burning
is accompanied by a sudden manifold increase in the brightness of
the track or the glow of the particle, a beryllium particle
begins to glow rather intensely long before the onset of the
burning stage. In a medium with a low oxygen content (less than
16%) the transition from the induction perlod to burning has no .
clearly expressed boundary and 1s virtually indistingulshable.
Thié imposes a certain uncértainty on the establishment of
quantitative ignition parameters for Be particles. '

Heating [2U41] =mall Be particles (on a sapphire disk) in an
air atmosphere to 1570°K, which is above the melting point of
the metal, and maintaining them at this temperature for 4 seconds

., diad not lead to ignition, 'Houever, during heating, the particles
gradually lost their iritlal spherical shape and did not regain
it subsquently (Fig. 59).1 S '

Sy
i

After heating, some of the particles became transparent.
However, the maJérity were coated with a rough nontransparent
sh21l marked with deep cracks. Thils oxide shell consists of
two layers. The upper,‘rather thick layer has a loose coarse

~8tructure and is connected rather weakly with the particle.

‘It does not have good protectlive properties and, consequently,
cannct protect the metal from further oxidation. The second
’dense layer of oxide, which has a 22wk color, is located under
‘the first and tightly connected directly to the curface of the
metal. In spite of its thinness, this layer 1s the mailn obstacle
to oxidation of the active metal. S
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Fig. 49. Spherical particles of Be before
(a, b) and after heating in air to 1570°K
(c, 4, e, ).

Designation: mu = um,

The ccmplex struéture of the oxide film hinders the fusion
of touching particles during heating above the melting point of
the pure metal; however, it does not completely exclude this
phenomenon (Fig. &9). Interesting results were obtained in an
observation of the behavior of a thin beryllium foil heated by
a flash bulb [241] in an oxygen (20%)-argon medium (Fig. 50).
Separate holes appear in the foil at the first momen%. The
reason for their appearance, apparently, 1s the presence in the
foll of active impurities which, with an increase in temperature, -
become the localized centers of a chemical reaction. Then cn
the backing around it appears a halo of subdispersed cxide,
which is ‘usually the proof of a vapor-phase reaction. The ‘
intensity of the formation of subdiSpersed particles and the ‘
glow of the foil, part:cularly along ‘the edges of the holes, are
even greater !'n this stage than in the subsequent stages of
burning. When the melting point is reached, a spherical particle
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. coated with an oxide layer is formed frum the plece of foil.

“If the ambient medium does not contain water vapor, the oxide is
very durable and has high ieflectivity. The presence of moisture
in the medium leads to the appearance of the oxide shell consisting
of two layers which we discussed above. The fact of the existence

" of bnbdispersed oxide at temperatures near, but not exceeding, the
melting polnt of the metal 1s quite gignifilcant. This means that
even in this state Be has very noticeable vapor pressure and thé.
prdtective properties of 1ts oxide shell are more cocmparable with
aluminum. The density of the oxide coafingiis a function not.
only of the composition of the medium in which Be‘dxidation occurs;
it depends greatly on the method of processing and the degree of
surface purity of the initial material.

*475"'!"" o i

LY y .
SO

Fig. 50. Behavior of befyllium foil during
heating (P < 1 atm) in an 02—Ar medium by a
flashbulb. : -

Designation: mMw = um.
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"Table lsypresents'data on the degree of purity and the \
method of processing the surface of wires whose behavior was
studied during heating in various gaseous media [253].

Table 15. Characteristics of beryllium wires [253].
1

Type Processing Degree of Special -,
- technique purity Be, % processing
I " Drawing , 36
II Drawing and annealing- 96 S
IIX Drawing, annealing,
etching 98 . ‘ - ,
- IV Drawing and annealing 98 Etching and coating
T : of Pe ' ‘
v " " " 98 Etching and ceoating
of Cu 8=
VI Drawirng, annealing, ' - ‘ “
etchirg 98 b

The initial pressure (7 atm) and characteristic dimensions Y
of the specimen (dlameter 0.5 mm and length 50-100 mm) excluded ﬁf

the effect o these parameiers on the heating and ignition of
the wires. ' '

Wires of “ypes I and II were coatcd with an oxide layer
(the welght of the oxide was 2% of the weight of the wire).
During heating in an lnert medium - argon, which prevents
additional oxide formation -~ these wires elongate and sag when
the melting polnt is reached. Further heatlng causes the wires

to begin to stretch again between the electrodes (at a temperature
470-700°C below the melting point of BeU) and then to break.
Rupture usually occurs at the melting point of BeO.

Wires of types V and VI, which, unlike the pr. zeding type,
were coated with a tainner layer of oxide (1%), broke in argon
at a temperature 500°C below the melting pointlof Be0. The ™
application of a :oating cf iron or chromium on the surface of
. etched beryllium did riot change the strength of the oxide shell.

i -
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Experimental data indicates that in the behavior during
heating there is much in common with aluminum. However, at the
same time, there are gertaln differences.

Tn the first place, there is the structure of the oxide
film and its properties, the process of transition to the stage
of self-sustaining burning, and the strength of the oxide coating.

2. Particle Ignition Temperaturec

One of the determining factors in the ignition of Be 1is the
strength of its oxlde coating.

Type I wires (see Table 15), whose surface after drawing is
coated with a thin layer of lubricant which 1s difficult to
remove, broke in an oxygen atmosphere at 1950°K. Ignition
did not occur. After preliminary anneallng (type II), the wires
ignited in the 2400-2820°K range without breaking. Before ignition,
separate bright areas with higher temperature, near the melting
point of BeO, appeared on the surface of the wire. The application
of a thin film of 1iron on the surface of the wires (type IV) did "
not change the pattern of oxldation and ignitlon in Be. Chrome-

plating has a different effect. Wir-p . Logan Lo breal at Lelpe -
atures only approximately 100° above the melting point of Be.
The process had a local character. However, lgnitlon did not

occur even in a medium of pure oxygen (P = 7 atm). The reason

for such variation lies in the fact that chrome~plating prevents

the oxidation of beryllium during heating and thus eliminates

the growth of the oxide fi1lm on the surface of the metal. Actually,
. the preliminary oxidation of the etched wires in an air atmosphere
. (type V) ircreased their breaking temperature by almost 500°C

' (100°C above melting point). The breaking process ended with

ﬁ' : ignition.
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Withfrespect to ignition temperature, type III wires occupy
an intermediate positlion between typés II and VI. '

-The composition or the oxldizing medium is no less important
than the state of the surface for the ignition of Be (Fig. 51).

The effect of oxidlzer concentration on the-temperature of
the medium at which the lgnition of finally dispersed beryllium

particles is ensured, in the first approximation, 1s experimentally

traced in reference {135]. If the temperature of a hydrogen-
oxygen flame (O2 < 20%) did not exceed 2600°K, particles with a
dlameter of 30-35 um virtually did not lgnite. For a flame wilth

a lower concentration of free oxygen, thils critizal level for the
temperature of the medium increased, gradually approaching Tuwn =

= 2750°K. However, even in the case of a high oxygen concentration
in a flame (O2 > 20%), we cannot speak strictly of the existence

of a maximum critical temperature for the medium, as we did wilth
aluminum. In the 2600-2800°K range the number of igniting particles
did not exceed 30%. In dry atmosphere, other conditions being
equal, the total percent of ignition was higher than it was in

the presence of H2O (2547, At 2900°K in a hydrogen-oxygen atmo-
sphere, almost 100% of Be particles lgnite.

30
o< Fig. 51. 1Ignition temperature of
AP | thin beryllium wires in an H,0-0
20 -
E -2 medium; P = 7 atm. e e
g 50 100 % H,0
100 50 070,

These data are very limited. However, they confirm [129]
(also very limited) the results of the ignition of finely dlspersed
particles of beryllium (d = 35-45 um) 1n a compi~x flame of
combustion products from a system of ammonium perchlorate-
trihydroxymethylene, whose characteristics are presented in

Flg. 22. Full pressure in the installation varied from 2.4 to
50 atm.

2
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_ " Particles began.to ignite at a temperature around 2380°K
i1f partial oxygen pressure exceeded U-6 atm. As the oxygen
concentration in the flame decreased the ignition of beryllium

bedamé'more difficult and at PO <'0,1-étm failures were ochserved

even at témperatures near 2650°K. 'hus, in enriched fuel mixtures
‘the critlcal tempera;ure of the flame, necessary for the ignition
of individual particles, approaches the boiling point of beryllium
(Fig. 52). Let us emphasize that, in this case, we are speaking
of the temperature of medium and not the temperature of the ‘
particles'aﬁ the moment of ignition, as was the‘case during the
ignition or breaking of thin wifen heated electrically. For the
latter the heating mode and heat losses can differ sharply from
those of particles. Undoubtedly, for beryllidm the self-heating
of particles due to heat release during the chemicai reaction of

high-temperature oxidationvplays a more noticeable role than for
aluminum.

Fig. 52. Ignition temperature of

beryllium particles as a functlon

of PO . S0lid line corresponds to
2

ignition limit. 0O- no 1gnition;
O - 1gnition.

1
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3. Induction Pericd

Quantitative parameters for the ignition of Be particles are
determined under the specific conditions of the flame from a gas

rner (P = 1 otm, partial pressure of oxygen 0.16~0.43 atm, of

carbon dloxide 0.42-0.56 atm, T = 2400-2920°K) [254].
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The dependence of the experimental rén,on diameter 3is not
subject to square law: LA d2‘5.

Table 16 presents the values of the directly measured, l.e.,
Mconventional," induction period Tan and the induction pericd

Ty With aliowance for a correction (according to (III.1)) for

the velocity lag from the gas flow.

3 1 .
Table 16. Values of L and T,

for beryllium particles wilth an
average diameter of 4 = 32 um [254].

nl

Partial oxygen .

pressure p, atm “pu “Rp Ty °K
0.15 I 11,2 12,2 2509
.23 12,4 5.8 ). 2o
0,36 11.4 13.4 2510
0,43 10,4 12,4 2400

For particles 32 um in dlameter this correctlon is small,
10-20%. The possible error connected with the inaccuracy of
parameters n and Ve 1s much less substantial for berylliium than
for alumlnum.

If, in the preflame periud, the particle 1s heated from
amb'ent gas exclusively by thermal conductlvity and subsequently
burns in a diffusion modc in vapor phase, then T. and Ton must
be proportional to dz. When these assumptions are valld wlth
respect to beryllium, the graph (Flg. 53) must be a stralght line
passing strictly through the origin of coordinates. 1In reallty
thls 1s n.. accomplished: the extrapolatlion of stralgnht lines
in coordinates Tang = T tO the origin of coordinates Intercepts
the positive segments on the axis of ordinates. The reason for
this lies in the more complex mechanism of preflame particle
heating, which combines the heat transfer due to thermal conductivity
with the supplementary chemiecal heating cii the surface ot the

particle.
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The use of expression (III.2) to solve the reverse problem -
finding the ignition temperature of a particle at the moment of
ignition, according to the experimentally determined value of
the induction period - qualitatively confirmed this assumption
(see Table 16).

Fig. 53. Burning time T. versus T

2 for beryllium particles (@ = 32 + 6 um)

at different P and T: 1 - P = 0.16 atm
2K 7 02 ’
¢ 4 T 2970°K; 2 - P = 0.23, T = 2950;

"2 / %2

3- Py =0.36, T =2880; 4P =
2 2
.43 atm, T = 2830°K.

—
=

(@]

From Table 16 it follows that the degree of self-heating
increases as the partlal oxygen pressure in the medlum increases:
TBn drops with an increase in POE. ,

i, Characteristics of the Ignltion
Process of Beryllium Particles

The igniticn process of Be 1s heterogeneous 1n nature and
similar to the ignition of aluminum. However, at the same time,
it has several specific differences. First, for beryllium the
transition to the stage ~f stationary self-sustalned burning is
less clearly expressed: che particle begins to glow distinctly
even before the onset of vapor-phase burning. 3Second, the
ignition of beryllium occurs at a higher temperature of the medium:
TCp > 2000°K. Third, the induction period of veryllium 18 very
gensitive not only to temperature but also to the composition of
the ambient medium (in the first place, to the O9 and H20 foONCEn-
tration). In addition, 7, 18 not strictly subject to a square-
law dependence on diameter and is proportional to mde's,
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The explanation of these features should first of all be
considered from the point of view of the structure and physical
properties of the film coating the particle in its natural state.
For beryllium the Pilling-Bedworth criterion is 8 = 1.68. This
means that the oxide film has no less protective properties than
that of aluminum. In a high-temperature oxlidizing atmosphere
(0,, H,0, CO,) in the 1500-1800°K region (1.e., in the region of
beryliium's melting point) ‘the oxidation of beryllium increases
sharply and 1s proportional tov the pressure of tne oxidizing
reagent to the degree 0.5 (0, or H,0 medium) - 0.8 (NO, medium).

In the same temperature range the oxidation process in time
occurs according to linear law.

Hence it follows that the oxide layer which forms during
heatirg in an actlve medium does not limit the subsequent
oxldation of the metal and is not such an active diffusion
barrier as it is with aluminum.

A possible reason also is the impairment cf‘the structure
(cracking) of the BeQO film because of the dirferences in the
coefficients of thermal expansion for the molten metal and the
solid oxide and the presence of low~temperature impurltles,
ladditions, and coatings (natural or special).

. Since the reaction rate and, consequently, the heat reiease,
other conditions being equal, depends on the oxidizer concentra-
tion and the temperature, the strong dependence of 7 on mediuﬁ
. activity and temperature, as well as the glow c¢f the particles

in the induction pericd, have a reasonable explanation.

The second factor, which should also be taken into considera-
tion when studying the ignition process, 1s the thermophysical
properties of the medium (heat capaclty, heat conductivity).

In the temperature range where inten: ive self-heating of particles
begins as a result of chemical reaction and the temperature
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fﬁ'k“paréicle becomes greater than the tenperature of the ﬁedium, the
©  latter plays the role of heat drain with respect to the particle.

It i1s natural that the intensity of heat loss to the outside will
be determined by the coefficlent of heat transfer and tne radlating
.capacity of the particles of beryllium exlde, which is greater
than the radiating capacity of A1é03. For example, in an argon
medium the process of cooling a beryllium particle cccurs approxi-
mately 3 times as fast as in air (Fig. 54).

>

.
.Pig. 54, Temperature varlation
of a beryllium specimen over a
period of time in different media.
l - Alr; 2 ~ argon.

*
o : ,
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Thus, the minimum temperature of the medium which ensures

the ignition of beryllium particles in it will be determined by
the chemical activity (Fig. 55) and the properties of the
medium [282]. They, ir conjunction with the physical properties
of the BeO oxide film, are the main reasons for the stronger
{than square—law)dependedce of Tgn 0 particle diameter. At the
game time, the temperature of particles at the moment of ignition
and burning, jJust as 1n the case of Al, 1s apparently equal to the
boiling point of the pure metal. However, it 1s not possible
to obtain vapor-phase burning of beryllium samples or, in the
extreme case, to increase their temperature to T > 2200°K in

‘én HZO (vapor) atmosphere. At the same time, the oxidation of

= the metal, in this medium, occurs quite actively and is accompanied

| by the formation of an oxide which has a complex double structure:
an upper thick porous layer and a lower thin dense layer which

" protects the particle from oxidation. '




Fig. 55. Quantity of gas which
has reacted during the oxidation
of a beryllium specimen (I = 12
mm, 4 = 4 mm) at 1670°K in th=:
following media: 1 - (0, (p =

- _ = 228-480 mm Hg); 2 - N, (p =

200} | . = 306-387); 3 - CO, (p = 632-660);
4 -~ CO (p = 403-U45L4); 5 - NO (p =
= '330-358); 6 ~ Hy (p = 500 mm Hg).

Designations: mr/cn2 = mg/cme;
- . ttun = min. '

qym2f

The exclamation lies in the fact that during the reaction of

~.-heryllium with water rrce hydrogen is formed. Its liberation

loosens the upper oxide layer and suppresses (because of the
reduction in the rate of heat release and the diffuslon of the
oxldizer, as well as the increase in heat transfer) the reaction
of vapor-phase burning.

Cf the theoretical analyses on the ignitlon of Be particles,
reference [253] should te noted. For each specific parcicle
three heating stages are examined: the first stage consists of
the heating of the particle to melting point; the second stage-
consists of the isothermal transformation; the third stage
consists of the heating of the 1liquid drop to iznition teﬁperature.
The heating of particlés occurs because of the heat exchange
with the ambient medium without taking the chemical reaction
into account.

The fcllowing assumptions‘éxe also made: a) the veloclty
of motion differs from the veloclty of the gas by constant
qu;ntitiés;‘b) the effect of this difference 1n veloclties on
heat exchange is not negligible; c) the change in particle
density and diameter during melting is not small,




>

" The results of calculating the temperature of a part;cle
over & period »f time and the value of the induction period‘during
heating to a given temperature are presented in Fig. 56 However,
these data are rather 1llustrat1ve in nature.

e ' N~

9 88 16 ¢, 20 30 7,310,

Pig. 56. Variation in temperature (A) and Ten (B) of 8
beryllium particle, d = 20 um (T = 500°K). The difference

in the velocity of particle motion and the flow rate AV =
» 5791-6C096 em/s. A: 1 =- 3500; 2 - 3006; 3 - 2500;

4 Z'2600°K; B: 1 - 2820; 2 - 2400; 3 - 2100; 4 - 1800;

5 - 1500°K.

Designation: mcex = ms.
[ra3 = gas]

§ 3. Ignition of Boron

Beron can be conditionally placed in the category of metals
having a volatile oxide.

The Pilling-Bedworth criterion for boron is él= 2.46. This
meuns Shat the surface of the particles dﬁring oxidation must
be coated with a protective layer creating ar effective barrier
to the flow of t..e gaseous oxidizer.

The ignition of boron cecurs only in a high-temperature
oxidizing medium. All attempts to ignite a particle of ultrafine
povder (d = 0.02-0.06 um) of boron ir a nitrogen atmosphere below
T < 1170°K have teenunsuccessful. It has beer established by
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Later studles have shown that the ignition temperature of .
crystal boron at atmospheric pressure 1s a functlion of the activity
of the medium and depends ¢n the initial particle size of boron.

In the work of Gurevich and colleagues [255] the critical
temperature of the medium, necessary for the ignition of c¢crystal
5 - boron (particle shape near parallelepiped), was evaluated according

to the cessation (beginning) of particle burning in a flow having
a velocity of 10-20 m/s.

i - ' -
' Figure 57 presents the results of an experimental change
in critical temperatu.e »s a functlon of particle size with

. various contents (per volume) of oxygen or water vapor (diluent -
argor or nitrogen). Regardless of the composition of the medium,
critical ignitica temperature was lower for a large particle.

In the size range 50-250 um the difference in critical temperature
was A500°C. '

Fig; 57. JTgnition temperature cf boron
partlicles as a function of thelr size
with different contents of H20 (solid

lines) and O2 (dashes) in 12 mixture with
Ar and N,. 1 - 15%; 2 - 30%; 3 - 45%
HZO (OI‘ 02). '

4 t4
Ny chemical analysis that after calclnatlon, less than 1% N, was i
v' contained in the products. A similar result was obtained durlng i
o tiie heating of boron powder in a CO, atmosphere (T < 1200°K) [249]. 4

Fig. 58. Ignition 1limit of plusters
of boron 150 um in size as a function
of the percent of HZO in a mixture

with N2(T = 900°C) and N2 + Ar
(T > 9co°cC).

0 %0 80 C, 004
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For large parti-ies (d - 200 250 um) with low concentrations
or the oxidizing reagent, the replacement of H20 by 02 has less
effect on critical temperature than in the case of fine particles
 (d x 50 um). The critical ignition temperature of particles with
. a diameter of less than 50 um in an oxidizer concentration not

- exceeding 50% 1s above 1700-1800°K.

. . C}ustere of fine particles (hundreds of 2) of amorphous

boron are ignited rather easily at even lower tempefatures (Fig. 568)
than particles of crystal boron of equivalent size. In a water,'

© vapor medium, clusters with a dlameter of 25 um begin to ignite
even at 1070°K, and with a diameter of 150 um at 600°K. This

- result could be expected., This case is virtually equivalent,

in its nature, to a reduction in the ignition limits of powdergd
metals during the heating of the latter on a base or in a flow of
'gas (increased concentration of particles) and has the same
explanation: a decrease in heat losses to the outside, an increase
in heat supply (thermal conductivity and radiatlon) from neighboring
particles, a division of surface, and an increase 1n the role of
self-beating due to chemical reaction.

However, the temperature of the particle itself (Tsn) at the
moment of ignitlon, as a rule, does not coincide with ecritical
temperature.

The temperature of boron partlcles at the moment of igrition
was evaluated in reference [256}. A study was made, using a
gas burner, in combustion products of CO or propane in oxygen
(p = 1 atm) (Table 17).

The distance Xg from the point of yarticle injection into
the flcuw to the point of the appearance of a visible particle
glow is an experimentally determined quantity The particle
ignition temperature is given by the solution to the following
system of equations: '
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on the assumption thnat
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TETT = . ©(111.5)
Lar | (I11.6)

the particle is spherical with an average

diameter d and there is no self—heating of the particle due to

chemical reaction.!?®

Table 17. Temperature, velocity and composition

of flame (in

mole fractions) [256].

Compositicn of flame

Veo
em/s Holco, | col v, | o [ on| o

Compo-;

sition] T, *k

Ko.
! )
2 289
4 m
\ ne
é 230
3 2440
H MW
L 2040
s 2450

The results of co
are presented in Table

From an analysis
temperature of the par

03 0 0310 0,5100010 0,13
30 O 0.33{0 10,5310,00}0 0,20
0 T i fuionginolla 0w,
Hal LA [ LS B I LT B A I ) O |0 g
FERL 1610 21ino{n 0 N o
13 ntolag3innlo it NA2 LA g
NEr] 02104531 0.03103310,00 10,04 ] 0

385 o 03500310
0

7

(5

35

S21001 10 (1 I8
360 0 0,3110,02 210040 0,37

rresponding measurements (xan) and‘(Tan)

70
Q.

pf the tabular data, it follows that the
ticle at the moment of ignition does not

depend on 4 or the temperature of the amblent medium. Hoﬁever,

in a humid medium, con
it 1s approximately 13
medium, f.e.,, 1992 ¢ 1

'The radiative cap

liquid 8203 is taken a

oresemapesen 4

taining 16-21% H,0 {compositions 5-8),
0° lower than in 'a dry (compositions 1-3)
F°K and 1860 + 24°K. This difference can

acity of a B partlicle coated with a film of
s € ~ 0.5,
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be connected with the chemical nature of the reaction of high-
temperature oxidation. We know [87] that in the reaction of
boron with water it 1s possible to form metaborcn acid H802 which
has very noticeable volatility. However, we cannot exclude

inaccuracy in the method of evaluating’Tan.’ ' o
| foe
Table 18. Average distance x,, and A
T, Of boron particles [256]. : 4
¢S ym dmdilt um g - F  '
(:omfo H B '
ﬂt ony PRY Tw. 'K Zpq. CHR Ton. °K
/ 2,3740.18 1980 | 3,9740.83 1970
2 2,50-H0, 20 2000 3,3140,20 1970 -
3 184408 | 1999 34440, 41 1990
¢ §.88 04,64 18 10,7541 43 1930
s AT40, 55 1850 9,600,732 1850 :
6 LOwE0 0 1810 7,4541,12 150 - ¢
7 LIRS s 1069 s,u:':n.ns {1810 ' : 3
] TR TN o 203 3,4240,17 200 b
’ 2,2640,25 1990 P

The ignition temperature of boron particles 30-50 uym ir
diémeter, determined by the shock tube method in an air mediun
(p = 1 atm), is ~1900°K. The fact that the temperature of the
» particle at the moment of ignition is below the melting point
wwﬁ_or boron and the bolling point of 8203 is notewoirthy. This means -4
that on the so0lid surface of the particle there is a film of . o
liquid oxide which creates additional resistance to the diffusion S
of the oxidizer toward the particle.

An approximate evaluation of the ignition temperature of
large boron particles in oxygen at a pressure of 1 atm was made
by Tally [144]. The evaluation was made under the condition

'The average velocity V of gas in the second group c¢f compo-

. sitions 1is greater by a factor of 5 than in the first (see Table 17). V
- Since the calculation assumes that V, = u it is possible to have an N -

error connected with the inaccuracy of the determihaticn of parti-
cle veloclty at the moment of entrance into the flame front.
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that at the moument of ignition the heat release due to chemical
reaction ¢l was equal to the heat losses from radiation ¢2 in
accordance with Stefan-Boltzmann law (the radiating capacity of
boron particles was taken as 0.8).

Under these assumptlons, ¢, = 0.65-10—10 Tu cal/cm2 4 1. The
expression for the rate of heat release was obtained ciu ¢ = basls
of kinetic data of boron oxidation at T < 1500°K.

@, = 6,0.10".oxp (— 38 000/RT), cal/cm?.min.

The condition ¢1 = ¢2 is satisfled by the value Tan = 2200°K.
This temperature 1s taken as the ignition temperature of boron
particles. This evaluation 1s nuturally only approximate because
of the approximate character of the assumptions and the kinetic
parameters. However, in spilte of thils, the obtalned value for
ignition temperature i1s near the earlier introduced experimental

data.

The induction perlod of individual boron particles 1n a
medium of 36% H,0 + 64% Ar was determined according to the
distance betweeﬁ injection points and the origin of the visible
glow and the velocity of partlicle motlon., The values for
ignition delay are presented below.[255]:

dopym Tk Twpg
73 2370 14

TR TR T
115 23™ 17
$5 2 A
200 20 MW

The above examined quallitative and quantitative experimental
factors dealing with the ignltion c¢f individual partlicles of
crystal boron make the followlng conclusloac possible. The process
of boron particle ignition in a high-temperature oxidizing medlum
has a heterogeneous natire. Delow 1500-1900°K the particle burns
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almost entirely duwe to heat conductlivity from the surrounding
gas wlithout a noticeable effect from the chemical reaction of
oxldation. At these temperatures the particle has a yellow glow.

Beginning at 1900°K and above a substantial heat release
sets in because of the chemical reaction of oxidation on the
surface of the particle. This additional source of heat either
competes with the heat release to the outside if the particles
are heated to temperatures exceeding the temperature of the ambient
medium or accelerates the heating of particles 1f the temperature
of the medium 1s greater than the temperature of the particle.
Ultimately the temperature of the partlcle increases and the
ignition stage changes into the burning stage.

The temperature of the partlicle at thls moment lies between
the melting point (according to data from [255], the particles
are in liquid state during burning) and the boiling point of

» = = o
boron (at p 1 atm, T 2850°K).

The differentlal e¢guation describing the average temperature
of the particle in the lgnition stage can be written in the form

[256)

dar Bz R , Gk Nu
AT = T X (= EIRTY 20 Al. == (T = To), (IIX.7)

where 2, £, AH are the prer sponents, activation energy, and heat

of chemical reaction on the surface of the parcicle; c is the

O,
o

concentration of oxygen in the medlum,

The first term on the right slde of the equation describes
the change in particle temper:ature due to the chemlcal reaction
of oxidation; the second takes into account the heat exchange

with the ambient mcdium.
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With a decrease in particle diameter the coefficlent of
gas-particle heat transfer (Nu = const) increases. Hence it
follows from the equatlon that although the rate of temperature
increase due to the reaction on the surface grows in inverse
proportion to the diameter, the Ilncrease In the rate of heat
exchange due to convection plays a more substantial role.

Small particles in a medium with comparatively low temperature
reach an equillbrlum temperature significantly highe» than the
temperature of the gas. If equllibrium bétWeen heat transfer
to the outslide and heat supply due to the chemical reactlon o
the particle 1s achieved at temperatures below the boiling noinec

of boron, the reaction occurs on the surface of the particle.

With small particle diameter the surface reactions are the
determining mechanism in the burning of boron.

§ 4. Physical Model of Metal
Particle Ignition

Most metals have on thelr surface an oxide film whose
properties can be very different in various media and temperature
ranges (see Chapter I). As we have seen, this leads to the fact
that for given metals *the rate of the oxidation reaction depends
not only on temperature and concentration of the oxidizing reagent
in the umbient medium, bit also on the protective properties of
the oxide film.

An analysis of the characteristics of the particle ignition
process which occur because of the peculiarities of the kinetic
laws of metal oxidaitlion is presented in reference [355] by
Khaykin, Bloshenko, and Merzhanov.

Condlitions for the ignition of spherical metal particles

are found from the Jjoint solution of the equations of heat
balance (III.8) and the kinetic law of oxidation (III.9):
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where Py § are the radi. of the particle and the thickness of
the oxide film; kn’ E, m are the preexponent, activation energy,
and the order of reaction with respect to the oxidilzer in the
approprlate law of metal oxidat;on; Con 1s the concentration of
the oxldizer on the surface of the particle; To’ T are the
temperatures of the ambient medium and the particle; ¢, p 1s the
speclric heat capacity and density of the metal; XA is the
coefficient of thermal conductivity for the gas; Q 1s the thermal
effect of the reaction for 1 g of oxide nmultiplied by the donsity
ratio of the oxlde and metal.

The 1ndex n represents the dependence of the oxidation rate
ont the thickness of the oxlde film, i.e., oxidation law (n = 0 -
llnear law, n = 1 - parabolic,n = 2 - cuble, etc). The authors
have limited themselves to an examination of only the power.

laws of oxidation, assuming that the characteristics of the
logarithmlic (i.e., stronger) laws of oxidation will be marirested
in 4 stronger dependence of oxidation rate on §, while the laws
governing oxidation will be similar to the case with a large
value for index n.

The conditions for metal particle ignition are determ'ned
by the rate of heat release due to the oxidation reaction and
the rate of heat drain from a particle to the ambient gas und v
the followlng initial conditions:

l..'.:O-»»T-‘:'-y‘"l b'-abp_'

where 6H, TH are the Initiali thickness of the oxidizing film and
the temperature of the particle.
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By ignition, as usual, we mean the interruption of thermal
equilibrium leadihg to a self-accelerating increase in the
temperature of the particle. For small particles, i.e., for
small Re numbers, the Nusselt number 1is near 2 (Nu & 2).

By a replacement of variables, the system of equations 1s

brought to dimengionless form, whilch 1s similar, in form, to the

system of equations dessribing a thermal explosion [274]:

d0 ] 0
a0 =@ (exp (’f—_'ga) -5

dn 0
v =19 evp ({1;:35):
g =31+

T, =0, 0=-—0,

where
8--8, I3
1 == —5 0= E,F(Tml‘..).
=t l?. 7%;'7 -—:‘-‘r'%?:-:\‘—cxp (— F/RT)),
% f—g —}-:i;%- %— karTn exp i — E/RTw),
=&, 0, = Tif(T°— Iy 1 =-3%; i;;\ﬂ :

The basic difference lies in She form of function ¢(n).

In the Lheory of thermal explosion, function ¢(n) is taken
in the form ¢(n) = (1L =~ n)n where n 1s the burn-up of the
. ubstance., Solution of the system 1s possible only for case
Yy < 1.

In the examined problem, parameter n characterizes the
relat 2 increase in the thickness of the oxide film, and the
charac r of the solution to the system of equations, to a
significant extent, i1s determined by the value of parametfter vy.
For small values of y{y << 1) the form of the function slightly
affects the critical conditions for paritlcle 1lgnition and they
are determined by the critical value of parameter
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The critical ignition temperatur: of metal particles drops with
an increase in their diameter. The condltion v << 1 in the examined

problem, is fulfilled for rather fine particles coated with a
very thick oxlde film.

The case y >> 1 1is more realistic for metals.
To study the critical conditions of particle ignition when

Yy >> 1, a change in variables is made n = yz - 1 and the equations
are changed to the form:

V=0 s=1/y; 0=—0,,
where
SAE 1 30F \"" ke ( £\
Cre T} T T\ enr? n-1 LY

If we assume z = 1/y = 0 as an initial condition, we finally
obtain solution in the form

3NE m e 'n Cox E o
T ] BT e (= R, | = S = const. (ILI.10)

The value of the constant QHp 1s obtained by a numerical solution
to the problem and is

157 (6, =0) 745 (0, =0)
Qkp = { == {}; Q“p = {

(n (n == 2),
233 (0, >1) 13 6, >1)
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According to the solutlion obtained, for a linear law of oxidation
(n = 0) equation (III1.10) reduces to the ordinary law of hetero-
geneous ignition and T;p'drops with an increase in particle.size.
For n = 1, ignition temperature does not depend on particle size.
If, however, the rate of oxidation depends on & more strongly

than during parabolic law (n > 1), then"l‘Hp increases with particle
‘growth (Fig. 59).

»

Fig. 59. 1Ignition temperature versus
particle radius for various oxidation
laws. 1 = n=0; 2 -n=1; 3 -n= -
a2 s 4 - no>> 1,

If the critical ignition conditions are not fulfilled, then
the temperature of the particle‘passes,through maximum and
approaches the temperature of the amblent gas. However, 1f during
heating, the temperature of the particle exceeds the temperature
at which the fllm loses 1its profective properties (for example,
melting point of aluminum oxide), this leads to a change in the
kinetic law of oxidation and, in this case, particle ignition
can occur, ’

The solutions obtalned, from the physical peoint of view,
can be interpreted as follows. As we know, the rate of heat

drain in large particles 1s less than in small. However, for
the heating of a particle there 1s required a large amount of

time and heat, whese release 1s connected with an increase in ‘ P
the oxlde film. W1lth the weak dependence of oxidation rate
on oxide film thickness (n < 1) the rfirst factor predominates
and the 1gnitlon temperature decreases with an increase in
dlame*er. ‘ ?

'Omission in original Russian document.
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With a strbdg dependence of oxidation rate on &(n > 1) the
-second factor predominates and the ignition temperature increases
with diameter size. ;

Allowing for heat loss on radiation in fie equatlon of
thermal balance leads to a ceriterion of the following form:

2e3ET3

k=R

When kR << 1 heat transfer by radiaticn can be disregarded
as compared with heat transfer by thermal conductivity.

For small particles. (4 < 30 um, A = 2.&-10'“ cal/cm.s-deg,
To = 2300°K, E = 50 cal/mole, € = 0.4, Nu = 2) the parameter
kR ¥ 0.45, 1.e., heat transfer by radlation has a ccrrecticn
nature even at high values for the temperature of the amblent
medium.

For large particles the ignition temperature, with allowance
for radiation, 1s an increasing function of particle size even
with a parabolic law of oxidation.

An examination of the partial evaporation of metal (for
_example, Mg) in the proposed model (n = 0) shows that at the
moment the thermal equllibrium is disturbed, the temperature of
the particle can be less than the temperature of the amblent
medium. The conductive heat drain for evaporation, under these
'conditions, plays the role of conductive heat supply, which
disturbs the balance between the rate of heat release from

the chemical reaction and the rate of heat absorption for
evaporation. " : : 3

The results presented above on the ignition of individual 4
particles of Al, Be, and B can agree-qualitatively with the 3
conclusions of the proposed model. - ‘

! Sh
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The independence of critical temperature from particle
diameter in the experiment of Friedman and Macek [256] glves a
basis for, assumlng that, in this case, aluminum was used, which
oxidizes ancording to parabolic law {(n = 1), characteristic for
metals whosé oxidation 1s iimited by diffusion through the oxide
filnm.,

At the same time, in order to explain the increase in I“
with particle size, demonstrated in references [355], it is
necessary to assume that the studied aluminum had a stronger
dependence of oxldatlon rate on § than parabnlic.

The results of determiniig critical ignition temperature
for boron pafpiclns wnose oxide film melts at the low melting
point of 8203 (420°C) can be .included in the examined model
with the value n = C (linear law of oxidation).

The case of metal ﬁarticle ignition in high-temperature
combustion products of mixed fuel-oxidizer systems does not
contradict the arguments given. Under these conditions, ignition,
as already indlcated, is connected with the impalirment of the
integrity of the oxide film and the increase in the rate of heat
release due to the reactlion of active metal oxidation. This‘

corresponds to a change in the general lav of metal oxidation
and.a transition of the particle to a subcritical ignition mode.
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CHAPTER 1V | . | )

COMBUSTION OF METAL

§ 1. Combustion of Aluminum

The basic methods of studyling processes ¢f i1gnition and burning
of metals were outlined in Chapter II. These include, in some
s:quence or in totality, the foliowing stages of observation:

1, Study of the bicture of combustion of pavrticles from results
of microcinematography and photography; studv of trails - the tracks
obtained during motion of hot particles relative to the recording
material (photographic film, photoplatz, etc.).

2. Visual micro- and macrcstudies of the products of combustion
o metals and thelr compounds.

3. Thermsmetric and spectroscopic analysis of metal flames.

4, X-ray diffraction, chemical, and mass spectrometry analysis -
of combustion products drawn off from the burnirg zone by sampling
instruments of varicus original desiwn§.

Only detalled analysis and :rsmpailson of results from investi-
gations on all the cnumerz.2d stages ma<e it possible to approach
closely *o an exr~lzratic~ of the mecnanicm by which particles of
metal b1 n. However, .n this case twe cther factors must be bornek

'in mind.
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Since combustion of metals occurs in a certain medium (in our
case gaseous), the parameters of this medium should render a
definite influence on the nature of the development and steady-
state condition of comtustion. First of all these parameters
include composition, temperature, and pressure, Finally, of
course, there are the properties of the metal particles themselves:

degree of purity, activiﬁy, shape, degree of dispersion, concentra-
tion, etec.

Naturally, the totallity of these factors sharply complicates
any understanding of.the generai picture of ccombustion of the
particles. Nonetheless, a compreheasive and systematlic study of
thelr role 1s an inseparable 1link in the pattern of study of all
heterogeneous processes, a necessary and mandatorv condition with-

out which i1t would be Imposslble to construct the overall picture
of combustion or metals.

1. General Picture of the
Combustisn of Aluminum Particles

One of the most effectlve methods of studying the mechanism of
combustion of metals is, as in the case of any cther complex
process, the vfsualization of &1l avallable pnenomena by applying
methods of high-speed micro-~ and macrocinematography and still
photography [129, 138, 155, 257].

As has already oeen pointed out, for aluminum particles the
transition to self-sustaining steady-state combustion is accompanied
by a sudden appearance of intense light (Fig. 60). During photog-
raphy at a speed of 5000-13,000 frames/s thils transition is
accomplished for particles 160-200 um in diameter during exﬁosure

of one or, at the mcst twe frames - 1.é., in 2 period of time less
than 0.7-0.3 ms.

The zone of brightness which appears arcund the particle is
so brillant that 1t'frequent1y screens the surface of the particle
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from the observer. The diameter of the brightness zone at the
moment of ignition is only slightly larger than the dlameter of the
initial particle. However, subsequently the width of this zone 1is
rapidly increased (Fig. 61) and during steady-state combustion it
can exceed the dlameter of the initial particle Sy 1.5-3.5 times.
The value of the latter figure depends on the composition of the
amtient medium, In a "dry medium” enriched by oxygen and contain-
ing no water vapor or hydrogen, the width of the brightness zone
1s 2.5~3.5 times greater than the diameter of the parﬁicle at the
moment of its ignition. In & "wet" atmosphere the brightness zone
approaches the surface of the particle and may equal as little as
1.5 times the diameter of the latter [258]. If combustion occurs
in a moving medium the region of brightness around the particle
.is gradually drawn off along the flow. A so-called "tail" will
appear (Fig. 62). The "tall" grows rapidly and 1in the end exceeds
the initial size of the burning particle by several times. The
intensity of the "tail'sh brightness indicates the possibllity
that exothermic reactions may occur in it.

Fig. 60. Cineframes from high-speed
photography of burning particles of
aluminum,
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Individual, extremely small, and brightly glowing points =~ 3
] particler - appear alons the periphery of the symmetrical zone of ?
brightriess cr "talil" on the boundary with the medium (Fig. 63). i

These points are particles in continuous motion. Their size 13
gradually redursd with time., Durlng collision Iindividual particles
merge togetiher or capture smaller particles.

Jpon achlevement »f a certain critical size,sometimes clese to
the dfameter of the initial d op (50-100 um), individual partiecles
are ejected from the crightness zone or.the "tall" intq_the
surrounding atrmosphore, cwing to the action of gravitational and : -
corvective forcrs. There they gradually harden in the form of
extremely small cpherec, whilte in e¢olcer, '
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Fig. 63. Combustion of Al particles during
a reduction 1ln pressure.

After the lapse of a certaln amount of time the burnlng particles
of aluminum frequently begiln to acquire rotation. The beginning
of rotation ls preceded by a sudden asymmetrical inflation - expan-
sion of the flames surrounding the partigle. The speed ot rotation
grows qulte repidly and reaches up to 104 Hz in order of magnitude
(Fip. 64).

Fig. 64, Rotation and fragmentation of
hot Al particles.

The concluding stage of combustion of Al particles can proceed
in two dlrections,. he first is the slmplest and most typical
variant. The width of the coumbustion zern~ 1s gradually reduced
in diameter, the intensity of Its brightness weakens, and the
particle ceases to burn. In the second case there 15 a sud?en
expanslon and flasl of Intensity of the combustion zone brightness,
after which the warticle flys apart intc a number of much smaller
burning plecez. The scatterlng pattern is fan-shaped. The
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scatterling angle can vary from O to 180° with respect to the
direction of the initial particle motion.

Combustion of aluminum in an active medium atv subatmospheric
pressure permits qualitative examlination of the surface of the
particle, since the burning zone is not so dense and lies at a
substantlial distance from the surface of the drop (see Fig. 63).
The particles are in the molten state. The combustion products,
made up of aluininum oxide A1203, diffuse from the flam. zone i
primarily in the form of extremely fine smoke of submicron size.

Useful additional information is obtained from oﬁservation of
combustion of thin metallic wires, 0.5-1.0 mm in diameter, in an
oxidizing medium [236, 237]. After ignitlion the wire 1s broken.
Its er drop downward almost (o the vertical and begin to burn
with a orlghtly glowing flame. Under the action of gravity the
metal flows out of the oxlde shell covering the wire as though ]

out of a trough, forming spherical drops on the ends of the shell.
If the pressure of the medium is low the oxidation reaction
proceeds in the gaseous phase., The combustion products which are
formed diffuse from the reaction zone into the medlum in the form
of thick white smoke.

L Fd

Combustion in this caze 1s analogous in nature to burning of

drops of hydrocarton fuels [259, 260].

At high pressures and high oxygen concentrations ignitition of

the wire proceeds, as 1in the cese above, in one piace. However,
the flame propagates rapldly and in the end covers the entire
wire, As 1t 15 heatad the wire melts and 1s transformed under
the effect of curface tension forces into a group of drops.

The size of the latter can amount to several millimeters. Fach
drop burns independently. he surfaces of the drops differ i
brightness. On certaln segments tne liberatlon of gas c.n be
observed; from the sectlions bright tralls ure drawn off, caused by

condencation of the oxide 1n the surrounding cold medium, 74 is
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probable that the surfaces are partially covered with a layer of
oxide and that this is the reason for the effects which are
observed. The burning process 1s frequently terminated by crushing
of the drops. As a rule the drops are rotating during combustion.

Another method of optical investigation of the burning of metal
particles - the most wldely applied method - 1s by photographing
them on fixed photographic film or on a photoplate (Fig. 65). The
moment of sudden appearance of llght on these photographs corresponds
to the beginning of aluminum combustion. Immedlately after ignition
the width of the track exceeds the initial size of the particle
only slightly (by approximately 1.2-1.5 times). Subsequently it
is 1ncreased and on the segment of steady-state combustion 1t can
exceed the size of the burning particle by 3-4 times. The latter
situation depends on the composition of the amblent medium. 1In a
medium with a high moisture or hy irogen content the tracks are much

narrower and sharper than in a "dry" mediumn.

Flg. 65. Tracks of hot aluminum
particles, obtained on moving (a)
and fixed (b) film.

The time of track development - 1.e., the time from the moment
cof {pgnition to the moment when the track reaches maximum width -

inereases with a erowth in particle dlameter. Tor a particle
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50 ym in diameter the duration in time of the conical part of the
track amounts to about 0.1 ms., An irtensively glowing core is

seen in the middle portion of the track. Its size corresponds
approximately to the diameter of the particle. In the initial
stage of combustion the track %s a straight and even line which
glows symmetrically and 1is unifo;mly bright. Then, following the
period of steady burning of the particle,attenuation and discon-
tinuitles in the glow appear on the track; the track is transformed
into a broken line. |

As the process develops the frequency of brightness pulsations
increases up to 10“-105 Hz. Here distortions of the rectilinearity
of particle motion are frequently observed - the track tecomes

.wavy.,

Simultaneous cinematography and photography on statlonary film
of a burning particle of aluminum makes 1t posslble to conclude
that pulsations in brightness on the track are the result of rota-

tion of the particle. The track terminates either in gradual
attenuation of the glow or in a star-shaped peak from which some-

what flner rays - tracks - travel cut at various angles. At this

moment an intensification of the glow 1is observed on the track.

Such a picture is characteristic for fragmentzticn of the paruicles.

Thus, bot!y methods of optical recording give matching results
and thus emphasize tne reliability of the general 1ldeas obtalned
on combustion cf particles of aluminum in an active gaseous medium.

2. Products of Aluminum Combustion

As 1s indicated by statistics, the overwhelming fraction of
solid final products of the e¢ombustion <f aluminum particles
represent fine spherical particles with a dimension on the order

of 1 um and less (Fig. €6). The particies are solid, white in
color, and consist of aluminum oxide. Along with them there will

be a certaln quantity of larger sclid spheres, 1C um in diameter,
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T el SREE PR ¥

4t. In a medium of carbon dioxide the ratio of the radius of the

'continuously forming combustion-proeducts. The indicated traces
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and also a certain quantity of spheres which equal the initial
particle in size or even exceed it by 2-3 times. These spheres
are hollow, semitransparent, matte spheres (see Fig. 66). Their
wall thickness 1s constant and equals 1-3 um. These spheres are

infrequently by the mere impact against a plate at the moment of
sampling. The amount of alumindm involved in the formation cf
such hollow spheres 1is estimated to be ~30-40% of the weight of
the initial‘particle. .

LS
. ®ig. 66. Subdispersed products (a) and

hollow spheres (b) form during combustion
of aluminum,

If the aiuminum is burned on a support (graphite rod or tungsten
plate) the final product is a "shell" and in the |general case is
commensurate in magnitude with the initial particlle (Fig. 67).

A dense ring of subdispersed ﬁérticles of oxide is formed around

ring to that of the shell equals 3-4, while in water vapcr it is
1.5-2.

When aluminum part’cles are burned in the suspended state in
a flow of gas, at the moment when they approach heat-conducting
elements of the installation or plates which are especlally
located in the flow, clear tracks appear on the latter due to the
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Fig. 67. Products of combustiornr
of Al particles on a substrate,

have extremely varled and eccentrlc shapes: rectillnear and twisted,
wavy aad hellcal, narrow and wide, ending in a point or resembling
the picture of motion of a‘comet, ete. The base of the track, as
before, is made-up of subdispersed particles of aluminum oxide.
Along the periphery of the track and in its tall segment the size
of the condensate is, as a rule, somewhat greater than that in the
center and in immedlate proximity to the extinguished particle.
Growth of the oxide occurs mainly in the gaseous phase and 1s
apparently caused by such a phenomenon as condensation and
agglomeration of finef particles due to the presence of convective
flows in the combustion zone or close to it.

A comparatively small quantity of larger particles. 5-10 um 1in
diameter, exist against the general background of subdispersed
particles (Fig. ¢9, see page 175). The shape of the particles is

not necessarily strictly spherical; some may be teardrop-shaped.
They are found over the ercire length of the track, but 1t 1s
difficult to identify any scrt of law governine theilr appearance.
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The peak of the track frequently ends in a spherical particle,

i Its size depends on the previous history of combustion., It may be

both smaller or equivalent in size to the initial particle. An
annular halo of subdispersed oxide 1is fcrmed around it on the
substrate. In the general case the picture is similar to that
ottained during combustion of aluminum particles on a substra‘e.
from this it 1s possible to draw the particular conclusion that
after deposition on the plate the particles continue to react
actively with the ambient medium .for a certain period of time.

L
s o

Another type of track peak is gradual narrowing and thinning.
The width and shape of the track left by a burning particle of

. aluminum depends, Just as the width of the track on the photoplate,

on the composition of the medium. With a substantial content of
oxygen and in the absence of water vapor or hydrogen the tracks
are wide and slightly blurred. The presence of water vapor or
hydrogen resulils in narrowing them by half; they are much clearer
and are much more clearly outlined. In thls case hollow thin-wall
spheres of Al oxilde always exist in the combustion products.

Pigure 68 shows a double helical track left by a hot particle
during its travel along the sampling instrument immediately before
deposition on its surface. The extinguished particle is visible
at the head of the track. Usually such cvracks are left by particles
during combustion in a highly active medium. With an oxygen con-
centration grecater than 15% (atmospheric pressure) trajectories of
particles can be distorted. However, the changes will have a
more or less smooth nature. If the partilzl pressure of oxygen
becomes equal to 0.35 atm and more and if the temperature of the
medium equals ~3000°K [135], the track is progressively more
uneven, Wwith sudden and sharp changes in directicn. Frequent
elJecticns of oxide toward the side are observed. Like the main
track, * e redial rays are short and blurred in a "dry" medium
and long and sharply defined in the presence of hydrogen or its
compounds.




i

RS WY WSEIITI N e T 0 s

Mot ot v

R Y e

o

4

-
x
o,
.
pa
M
2

P

T T T

iy

g

i

-3

e o

in diameter are troken v at the moment of ¢zl

.n the flame zone, .e»vings btehind

Fii. €8, Dcuble track-trail of
a hot rotating aluminum particle7

ooure Lo owypleal for hend-on ool

fan-chaped radial

Immediately after i.nition épherical rarticics 150 um and more
: ~fcr with the plate
tracker
fon of a llquid

3
3
!
.

L

T }wa;h*“

e




8 2T e g

e R N N N ———y
3 . TR - e
. i e

o

ﬁﬂéop'&gainsi a solid barrier. If the indicated particle flys beyond
{';he flame zone into the atmosphere prior to ignition no crushing of
¢% the particle occurs. With & reduction in particle size deformation
- during collision with the surface of the plate becomes ever less
" sharply expressed and for particles less than 53 um in diameter

it virtual;y ceaces to be noticeable. The oxide film covering the
partiule of molten inetal apparently congeals so rapidly that at

- the moment of collision with a cold plate there 1s no ncticeable

motion of the material of thre panrticle. 1In this resnect the
collected particles are extremely reprcsentative from the polat of
view of shape and size iIn the period of combusztion be®ore quenching.
The majority of particles which are exvinguished immediately after
ignition contain a metalllc core. o '
Figure 70 shows photographs of particles (a and b) collected
from the flame of an oxygen-hydrogen turner on a later stage, at

‘the moment of steady-sthte combustion. On the extingulshed

particles hollow bubbles of oxide are located in random fashion.
This gives a basis to assume that the formation of hocllow spheres
1s not directly connected with the mechanism of aluminum quenching,

but 1s one of the par*icular reatureq ©Of the mechanism »f its

combu-tion.,

Thus, as the result of study of tralls and tracks and of analysts
of the products from combustion of aluminum three characteristic
features of the considered process are revealed: a) rotation of
particles in the period of steady-state combustion; b) breakup of
particles on the concluding stage of combustion,‘c) the formation
of hollow transparent spheres of aluminum oxide n the combustion

products.

~ 8ince these phenomena are directly connected with the process
~T particle combustior, we will pause to consider in more detail
the conditlions thelr formation. ’

a. Formation of hollow spheres. The formatlon of such spheres
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a)

Flg. 70. MNetion of burning particles of

aluminum alorg a.plate of the sampling device.

—

during combustion of aluvminum was apparently first noted in the
literature by Fassel, Parp, et 2l. [137]. Their observations
related to experiments with a ras burner, in which ordinary
natural ga:s was used as tl.e fuel. The possibility that dreps of
active metal or alloy mlizht re ccrnialned within such a sphere was

pointed out. However, this was otserved, ac a rule, during
comdustion of large particles under the condltion that sampling
was carried out on an early stage of combusticn.

Friedman aid Machek [133] detected similar h: - srheres during
combustion of Al In the flame of a gas burner u-~ing a propane-
oxygedonitrogen mixture. In this medium {the ame) the quantity
of moisture amounted to approxinately 14-1287, «h the contert of
pure axygen ran ur %o 23- -¢% (depending or the flame temperature).
With reipect to degree of dispersion the hollew shells frequenily

turned out to be egquivalent to the 4nitial aluminunm,

According to aszerticns by these same zather rurning alunmi-
num in a "dry" carben monnxide-oxygen {lame co ing less than
0.5% H2 {introdu~ed tc cstacilize the flame), ther ac nc forma-
tion 2f hollew spheres. But if an additional O- f hyérogen
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was introduced into such a flame large oxlde spheres appeared once
agaln. Residues cf metallic aluminum were frequently detected on

the outer side of the walls of the spheres in the form of extremely
fine tiny balls.

A similar pilcture was observed during combustion of aluminum
in a methane-oxygen-nitrogen f.ame [267] and in an orygen-hydrogen
flame from a gas burner [139]. In the latter case even larger
spheres were observed: with an Initial aluminum particle
diameter of 70 um che size of the hollow transparent spher=s of
oxide reacired a magnitude of 150-200 um. Tiny drops of pure
a;uminum were found on the 1lnner and outer walls of the spheres.

At the same time, products of combustion of aluminum in a pure
cyanogen-oxygen flame (p = 1 atm) [203] consist of white oxide in
the form of smoke; there are no large particles or spheres. With
forced guenching the aluminum partlicle 1s wholly or partially

- govered with a film of oxide, If hydrogen 1s gradually introduced
‘into the flame, hollow spheres begin to predominate in the products.

At first glance the data presented above confirm a direct
connect{ggﬁpetweenﬂccnditisns fur formation of hollow shells and
the présénce of hydrogen or its compounds in the medlum in which
the aluminum is burned. However, later studies cast doubt upon

- this position: large hollow spheres of aluminum oxide were detected

with burning of aluminum in a medium free from hydrogen.

" pavis [246] observed their formation in a carbon monoxide-oxygen-
nitrogen flame (0.5% HZ), along with finely dispersed aluminum oxlde
{<1 um). Gordon et al. [262] established thelr presence during
burning of spherical aluminum particies at normal atmospheric
preqéure in a CO + 02 flame. It 1is notewourthy that with 2 ratlo of
fuel and oxidizer corresponding to a high-temperature flame the
hollow shells appeared in large quantitles. But as the temperature
of the flame was reduced by changing the flow rates of the carbon
monoxide and oxygen the numbter of spherss dropped sharply. The
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results of this work lead to the ektremely interesting conclusion

that th= tempcrature of the medium has a strong role in the question

of the formation of hollow shells during combustion of metals.

The question arises of whether hollow spheres are formed during
burning, of metallized powders or of hetercgenecus condensed systems

containing additions of Al. The composition of the gaseous products

(HZO’ o0,, CO, HCl) and the temperature of the flame jet (2500-
3300°C) of the powders are favorable from the point of view of
conditions for appearancé of spheres. Actually, after burning of
metallized solid rocket propellants a large quantify of condensate

- remains. A certain part of the latter 1s made up of hollnw spheres.

However, it should be emphasized that 1n some they comprise a
comparatively small percentage of the total quantity of aluminum

c¢xides. These spheres are virtualiy no different from those obtained
during burning of aluminum particles in gas burners. Luring burning
of propellants rich in carbon a deposit of soot particles 1s observed

on the surface of the holloé:upheres, giiing tnem‘a'grayish ecast.

As pressure 1s Increased a tendency 1s noted toward a reduction in
the quantity and size of the spheres. Their distribution over the
cross section of the jet is not distinguished by uniformity.

.

J U e

Summarizing thé material outlilned above, we arrive at the
conclusion that the formation of hollow transparent spheres c¢f
oxide can occcur during combusti~n of aluminum in any chemically
éctive oxidizing gaseous mecium. A basic condition in this case
is high temperature of the medium or of the flame.

Spheres appear directly on the surface of the burning particles.
In the case of forced extinguishing they remain bound to the
particles (see Fig. 70).

The presence in the flame of hydrogen or compoundé of it of the
water type (vapor) serves to activate the process of growth of
the hollow spheres, both qualitatively and quantitatively.
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Certain differences of opinion which arose concerniné.the de-
termining role of hydrogen might proceed {rom the fact that a
change in the concentration of hydrogen in the flame vas .apparently

.. inextricably bound with a change in the flame temperatﬁre.

. ! N
b. Crushing. This interesting phenomenon occurs, &s a rule, on

the concluding stage of combustion, when the process has already
been completely foriulated (see Fig. 64). ‘
In a propane-oxyger-hydrogen flame crushing (fragmentation)
pfoceeds actively in the case when the concentration of free oxygen
in the medium reaches 28-38% [133].
by the temperature of the flame.

Here no small role is played

As the concentration of oxygen

in the flame 1s reduced the limit of crushing cof particles is

increased with respect to temperature. If the flame temperature

comprises 2250-2400°K - i.e., close to the boiling point of aluminum

f'the concentration of oxygen required for the appewrance of the

pk2nomenon of fragmentation exceeds 38%. '
'In a carbon monoxide-oxygen-nitrogen flame [246] crushing of

particles 1s observed at approximately thils same concentration

of free oxygen. The lower concentration limlit in ﬁérms,of oxygen

equals 32% iIn this case.

Drew et al. [139] indicate that in a“steady‘oxygen-hydrogen‘.fff .

flame from the"Corning Universal” forceu burner combustion of
a8luminum particles terminates with crumbling if the particles
leave the flame and reach a zone of contact with the ambient
atmosphere. )

The phenomenon of crushing of bufning particles of aluminum is
clearly manifested during combustion of condensed compositions
based on ammonium perchlorate (in alr or in.constant-presgsure

installations with a medium of inert gaz) [173]. In thls case

‘free oxygen may either be absent from the flame or may be present

in a concentration substantially lower than the limits which are
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characteristic for gaspbhrners. Thus 1n an ammonium perchlorate-
trioxymothylene flamelfQUGJ the quantity of oxygen did not exceed
9%, while products from combustion of a propellant made up of
ammonium perchlorate and polyurethane fuel contain virtually no
oxygen in the free state, but honétheless fragmentation of aluminum
took place in these cases. However, this occurred only when the
particles escaped from the high-temperature zone of the flame and
zntered the cold atmosphere or a region of lower temperature.

-

buring burning of metallized compositions under conditions of
insulation from the external medium - for example, in a typical
rocket engine or in a sémiclSSed volume installation (under condi-
tions when motion and combustion\Bf the particles occurs in a flow
of virtually constant temperature) - crushing of aluminum particles
" is very rarely observed. As pressure increases the probabllity of
appearance of crushing is reduced even further, with fragmentatlon
virtvally ceasing to occur at pressures of 20-50 atm {(according to
cbservations). At the same time 1t should be emphasized that an
increase in the pressure in constant-pressure ihstruments does not
completely eliminate the crushing effect, although 1t does lead to
a certain degree of quantitative reduction in it [173].

It follows from the given examples that one of the basic factors
facilitating crushing of particles on the stage of steady-state
self-sustaining combustion is a sharp drop in temperature of the
amblent medium along the trajectory of barﬁicle motion. o
» ¢. Rotation of hot aluminum particles. Rotation arises after”

selffsustaining"éombustion of the particle has already been estab- )
..1ished. For particles 100-150 um in diameter in a carbon monoxide~
oxygen flame this process begiﬁs to develob approximately 0.1 ms
; after ignition. Usually it is preceded by a sudden expansion of
>i;ﬁthe diffusion zone »f brightness around the particle. Subsequently
v the speed of rotation is gradually increased and at the limit
amounts to 10'-10° pulsations per second.
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The trajectory of motion ‘of a rotating particle frequently
takes on a wavy nature and terminates with sharp ejection of alumi-

« 'num in vapor form (crushing) or with a sudden sharp change in the
 direction .of travel (see Fig. 64). The pulsating nature of combus-
- tion of 1nd1vidual particles is noted during uomuustion of aluminum

both in gas burners with “dry" and "moist" flames, and in the

‘7products of combustion of metallized solid fuels - i.e., in a gas-

gg 4~a*ﬁase flow which 15 complex in composition and at a high tempera-
: e

- e

'3, Temperature of the Zone of ~ = '~

ture. However, the total number of particles subjected to rotationv
during combustion is not great. The latter fact is particularly .

"' noticeable during combustion of aluminum in’'a composition of powders.

Combustion of ‘Aluminum Pu.wticles -
The process of combustion of alumimum falls in the class of
highly exothermic processes. B

In any thermal théory of combustion the temperature fields and
gradients are the basic initial‘chara;tevistics. Since measurement
of temperatures and their gradiéhts 1s extremely complex and diffi-
cult to realize in practice for individual particles moving in a

“gas flow, in this case (as in similar ones) larger-scale todies are

selected as the object of stLdy -~ thin wires, strips, and drops of

‘alumlnum.

During thé’study»of peculiarities of combustion and of “he
so-called "aluminum sun" (burning of a drop'of aluminum in oxygen),
Gross and Conway [145] carried out measurements of temperature of

] ﬂmm the reaction zone by means of an optical pyromeéém (Fig. 71).
| ;hccording to their measurements the temperature of the flame lies
e nithin the 1imits 3300-3800°K. Since the drop of aluminum is in
\ the molten state and its surface 1s free of aluminum oxide, the
»authors proposed that the temperature of the metal surface is no

higher than the boiling of aluminum and is approximately equal
tO 1t0 -
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A second source of information on the maximum temperature of 'i;
- the zone of combustion of aluminum 1s study of vrightness and light ;
temperatures of oxygen-aluminum flasnbulos {263]. The maximum - }@

(from pyrometric measurements) equals 3800°K for all
Their brightness temperature, with consideration
somewhat iower and falls in the limits

(173, 174, 206, 237] the temoerature of combustion of

the spectral-optical method (see Filg. 73). Measure-
Istribution of energy in the visible reglon of the
ectrum from the investigated flames showed that 1t

ed by the w1en formulgxwith a single cnlor temperature.
evaluations of the temperature of 'aluminum combustion
ts from combustion of ballistite and mixed compositions
ptical methods are given in Table 18a.

ing the measurement results we arrive at the concluslon
erature of the zone of combustion of aluminum'particles
ospheric pressure equals3600-3350°K - i.e., it approxi-
ponds to the bolling temperature of aluminum oxlde

. No specific experimental data are avallable with
asurements of the temperature of the surface of an

op or particle. However, the experimental data

e on combustion of aluminum particles indicate that
tion aluminum is in the llilquid state and therefore

re of the partlcle surface should be limited by the
rature of aluminum. )

- cmmrr—
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~Polyformaldehyde, ammonium
. perchlorate, and aluminum
22 (d < 50 ym) L 43900

. Table 18a. Temﬁerifure (in °K) of aluminum in the flame of metal-

lized compositions (173;,17A1

150 {3750 ¢ 15043700 ¢ 150
!

o

4.  Spectroscopic Studies

The appllcation of spectroécopic methods to the study df“EfoL

. cesses- of metal combustion 1s extremely promising, since it provides

information which i1s virtually impossible to obtain by other methods.
However, in view of the specific peculiarities of this method 1ts
successful application in questions of studying the mechanism of

the combustion of individual finely dispersed particles of metal

: ~at~a glven stage is connected with great difficulties. .

" In their work, Brzustowski and Glassman [143] used strips of

-aluminum and magnesiur 9 cm in length and with an average cross

secticn of 0.3 x 0,013 cmz. The spectra were photographed on

__"Kodak-III” spectroscoplc plates ‘by means of a quartz prismatic
' spectrograph ‘produced by the firm "Hilgar." The photomaterial

u;jemulsion was sensitive in the wavelength region 0.24-0.68 2.
;VﬁfSpectral lines were identified from a handbook {2643; the molecular

-bbands of the spectrum were 1dent1tied from the tables [265].

JE -
et Lo -

Spectra which are developed in time (resolution in time 2.1 ms/mm

_of the imag: slot) for alumiaum foll during its combustion and for
" flashbulb are eontinuous. At the maximum of the flash it begins

approximately in the region of 3’00 A wavelengths and extends right

Composition ) Continuous Resonance |Photometrie
o s "~ | spectrum line method
— T ARSI method method
ghl. .. .. Bp¥14-asa. Semposivion {(d =- -—-_:_‘l"‘:_:ﬂ:': USRS QUL . e ?"--"""'"""‘J T T
= 40-70 um) (3100 ¢ 150 [ 3400 + 150{3200 * 150
High temparature ballistite '
composition (d = 40-70 um) [3400 £ 150./3700 + 150/3600 + 150




up to the red limit of spectral sensitivity of the photographic
material. . At ghe very moment of the flash the alumlinum lines
3944 and 3961 A appear in the spectrum. At approximately 5-15 ms

~ they are fﬁrned and exist in absorptlion, after which they are turned
once again. Over the entire period of the flash of a foill AlQ bands
with the most noticeabls edges 4648, 4852 and 5079 ; exist in the

. emlssion spectrum. The Al0 bands never appear in absorption. A

s few mZiliseconds after the flash bands in emisslon on a background

of a continuous spectrum exist only in the form of weak "ripples”

?5 ; and become virtually indistjgguishable at the'qaximum of flash

{1 intensity. However, at the end of the flash, when the brightness
{; temperature of the continuous spectrum is redyged, they reappear.
ff Figure 72 shows*the results of measurements 65 optical density

of the spectrum of aluminum combustion as developed in time. Since
the Al0 bands existﬁonly at the very high temperature 1ln emissions
and do not exist in absorption, In the opinioﬁ of the authors this
'indicates that Al10 is formed in the flame as a result of dissocia-
tion of A1203. The subsequent repeated appearance of Al lines on
the background of a continuous spectrum first in absorption and
then in emi:sion should be considered from the point of view of

the nonisothermicity of the ﬁrocess in the flashbulb. At the moment
when the flash appears the average temperature of the sources of
the continuous spectrum is low. Aluminum lines are manifested in
emission. With development of the process of aluminum oxidation
particles of aluminum oxide appear - the source of a continuous
spectrum with a temperature higher than the boliling temperature

* of the pure metal. Aluminum lines are now present in the absorp-
- tion spectrum. On the last stages of the flare the average

. tempergture of condensing A1203 particles can become lower than
the temperature of aluminum vapors, owlng to the sharper and more
rapid cooling of the particles. Aluminum lines are turned and
once. again appear in emission. Spectra of the combustion of
aluminum wire 0,89 mm in diametér in an oxygen-argon atmosphere
are given in work [237]. The experiments were carried out at
pressures up to 31.6 atm; the quantity of oxygen was varled 1n the
range 0-100%. The spectra were taken on "Kodak" type I spectro-
scopic film by means of a 1.5 m grating spectrograph. ‘The first
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order dispersion regicn was varled from 3700 to 7H00 A with &
- linear dispersion of approximately 1.5 A per 1 mn. Slot width was
60 um and exposure duratlon was 1l-5 seconds. '
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« 3961 (AY
72 (AL0)
4842{A10)
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o 5581
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Fig. 72. Optical den:ity of the o
spectrum of a‘uminum combustion [173]
Agaiﬁst 3 background of the continuous spectrum the‘following
- bands and doublet lires of Al were singled out: 3082.15, 3092.71,
Q
3944,03, and 3961.53 A, as well as nine systems of Al0 bands with

"strong band edges at 2942. 5, 3022.2, 3114.3, 4352.6, 4470.5, 4648.2,

-b8842.3, 5079.3, and 5336. 9 A. Systems in the Ultraviolet spectral
region were determined from wavelengths [266]. Aluminum lines were
~observed in emission only to a pressure of 7 atm. At a higher
~_pressure they become indistingulshable against a background of a
‘continuous spectrum. Aluminum lines were absent from the absorp-
~tion spectrum.

In the region of subatﬁospheric pressures and high oxygen
V"concentrationsthe flame spectra during combustion of aluminum

in an oxygen-water vapor ﬁixture ccincided with spectra of flames
 1n én oxygen-srgon atmosphere. No differences were detected
“ between combustion spectra for pure and anodized aluminum.

;' In carbon dioxide and oxjgen end carbon dioxide and argon in
the pressure interval 1-2.5 awm and with a change in the oxygen
" concentration from O to 100% or 0 to 40% for argon, and also in

wre T




the reglon of reduced pressures in carbon dioxide and oxygen (02 ke
concentration 40-100%), the spectra were analogous to spectra of B
aluminum cbmbustion in oxygen and ‘argon. Two doublets of aluminum %
and nine Al0 bands were clearly distinguished. Despite the fact
that they fall in the working range of the spectrograph, it was
impossible to detect the presence of CQ2, CO0, and 02 bands.

Study of the spectrum of emission from the flame of metallized
powders and solid rocket prope;}ants in the 1-30 atm range was
carried out successfully by the authors of works [173, 206, 247].

A dlagram of an installatlon especlally developed for this purpose
-1 and a description of it are givea in Section II (page 95). The
spectrum has much in common with those examined above.

" The radiation of the flame Jet has a continuous spectrum. Its
intensity drops gradually in the direction of a reduction in wave-
length. Vibration bands caused by molecules of AlO and AlH are
manifested against the background of the continuous spectrum in

the pressure interval 5-10 atm. In the visible and near ultra-
violet regions resonance lines of atomic aluminum are singled out:
3961, 3944, and 3082 A. They are manifested at a distance of 1 mm’
and achlieve an intensity maximum at a distance of 2 mm from the
combustion surface of the sbecimen. Anomalles sometimes occur in
the continuéus spentra; without ecxception, these can be connected
not only with candoluminescence and chemoluminescence, but also
with scattering of light by extremely ‘fine particles of Al 03 which
. are formed in the jet during combustion. .

N s :-§\W‘kﬁ‘r&“¢ PURES R

It should be noted that the transparency of such a flame 1s
less than 10°°2
additions of aluminum and magnesium i1s not transparent. The distri-

Snimch V08 % 5 gt iR

- %.e., the flame jet (specimen diametcr 5 mm) with

bution of energies in the spectrum was constructed in order to
study the nature of the continuous spectrum of the investigatead
flames (Fig. 73). As distance from the combustion surface of the
charge 1s increased, the quant1ty of energy emitted by the flame
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"in the waveléngth interval 0.3-0.6 um grows and reaches a maximum
at a distance of 1.5 mm from the burning surface. It remsins
virtually constant up to & height of 3.5 mm and then begins to
drop as the combustion products begin to cuol. The obtained
intensity distribution is a@equateiy descrited by the Wien tormula

. ¢
P SR
N .

X 4y, gO1h-toxp (— c/aT),
i :

from which 1t 3s possible to cunclude that the obtained spectra
are 1dent10a} in nature to B;ectfa of cthermal radiation of a

gray body. From this 1t follows that the continuous spectrum of
‘the flame jet for compositions with aluminum 1s due to thermal
emisgion of 31203 particles.'The'glow is additionally intensified’
by the thermal radjatioi. ot AlO {or MgO) molecules.

1gE*5ig a

” 27 1/2-12] ¢p=1

Fig. 73. Distribution of =nergy over the
height of a flame Jet for the composition
PF + ammonium perchlorate + 20% aluminum
at 25 atm. a - in the coordinates E, 1/A;
b - in the coordinates 1lg E + 5 1g A, 1 A.
l-h=3mm; 2~-h=9 mm

s

jﬁ?igure THf;hows the relative intensity of Al and AlO resonance
. 1ines over thé:height of a flame jJet for a composition with 10%
- Al. Tre presence of AlQ bands in the radiation spectrum i.
interpreted as proof o:i the fact that the process of aluminum
combustion in the flame jet f{or premixed condensed systems occurs
partially through the intermediate products, with the formation
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7 ‘ | Fig. 74. Relative intensity of Al
Lo A and Al0 resonznce lines over the
height of theoflame Jet. ForoAIO:
1 - 4866(k2) A; 2 - L672(48) A; 2 -

5399(54) R; 4 - 4842 A; AL: 5 -
3961(44) A; 6 - 3082(92) A.

g5}
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of lower oxides. It 1s noted that although the spectrum of the
flame remains continuous with an increase in pressure {(up to
5 atm), it contains no Al and AlCQ bands.

From the aﬁove if follows that the spectrum of a flame of
burning aluminum in active gaseoﬁs medium is continuous, independent
of the medium composition. The continulty of the spectrum is the
result of thermal ¢mission of condensed oxide. A number of lines
and barids can be singled out against the general backgrbund of the
spectrum: two doublets of aluminum and nine Al10 bands.

During steady-state combustion the lines of aluminum and 1ts
alloys are present only in the absorption region. The presence of
aluminum lines in emission can be observed in the spectrum only
in the periocd of development or the very concluding stage of
combustion of the metal - at the moment of quenching (for example,

in flashbulbs). With an increase in pressure there is a drop in

the intensity of the individual lines with respect tc¢ the general
background of the continuous spectrum, and at a pressure greater

" than 7-10 atm some c¢f them become, in general, quite difficult to

distinguish. Since strong doublets of aluminum and Al0 bands are
manifested in the flame spectrum only during emission, this serves
as evidence of the existence in the flame around the particle of
either a field of high temperatures or an active chemical reaction,
during which these elements are formed in the exclted state.

4
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In the région of moderate oxygen concentrations (30-55%) and a
pressure p > 1 atm, strceng aluminum oxlde bands can be distinguilshed
against che'background of the continuous spectrum [237]. Their
appearance maybe the result of thermal excitation. One of the
probable mechanisms of aluminum oxide formation 1is the surface
reaction between particles of 1liquid A1203 and Al, in the course
of which A120 and Al are forreed [287].' The presence of all of the
bands of aluminum oxide in the region of low pressures against the
bacxground of a continuous spectrum in emission indicates the
protability that aluminum oxide is formed as the result of a vapor-
phase reaction directly within the flame.

5. Chemical Composition of the ' }1 *e .
~Combustion Prouucts ‘ '

. .‘5 »'

Study of condensates collected successively during the combus-
tion of aluminum in varicus oxidizing media provides a basis for
the conclusion that the phase state of the final products of
combustion depends on the conditlon of their formation. '

According to the results of X-ray diffraction anaiysis the
major fraction of condensed produéts from aluminum combustion
usually comprises the a-modificstion Ai5533~ 1.e., corundum. This
modification 1s the most common and most stable. It predominates
daring combustion of aluminum in the range of atmospheric and higher
pressures and at moderate values of oxygen concentration in the
medium [237). As che oxygen concentration iéﬁincreased and,
especially, with conversion of the combustion process into the
subatmospheric regio., the high~temperaturs y-modification appears.
Ususlly the y-Alzo3 is a mixture qf three modifications, k-, y-- and
8-&1203. At temperatures above 700°C thie modification undergpes
an ir-eversitle transformation jinto w-A1,0. [267). Sharp cocling
of the combustlon products - for example, during their deposition
on heat-conductiny elements of the installation - prev nts the
indicat.d transformation ard thu=, under certain ccnditions, will
facilitate the forced appearance of 1-&1203 1., the final products.
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During combustion of aluminum in a 002-02 medium with an increased
content of carbon dioxide a yellow crystalliine deposit is detected
in the condensate; at ibwer temperaturss thils reacts with water
vapor with the liberation of a hydrocarbon gas.

In terms of chemical composition and properties this product
is Aluc3. ‘In a.medium with a high content of halogens‘or of thelr
derivatives - for éxample, Cl or HCl - the formation of aluminum
halides of .the AlCl3 type 1s observed along with that of ¢orundum.
Compunds of aluminum with capbon and chlorine can be present in a
substantial quantity (>1%) among the products of combustion of
metalllzed solid fuels based on ammonium perchlorate. The probability
of thelr appearance grows as tne initlal composition‘of the pro-
pellant 1s enriched with fuel and with’aluminum.

At the same time suboxides of alumipum Al0 and Alzo, whose
presence or possible existence 1n the flame 1s confirmed by spectro-
grams or by thermodynamic'calculations f127], are not found in the
final products of aluminum combustion. ;ih. ‘

6. Time of Particle Combustion
The time of combustion of parti:?a%‘of aluminum and 1ts depen-
dence upon vairious factors are extremclr important pararcters from |
a pfactical gnd theoretical point of view. 1In the end it 1s pre-
cisely this parameter which determ*nﬁﬁrthe e¢ffectiveness with whicn
the metallic additives sre utilized 'n combustion chambers of various
power plants, including soiid-propellant rockets.
Since the majority of studies<héve been carrled out in tracking
installations and burners, the quantitdtive experimental data on
the tire of particle combustion relate'mainly to atmospheric
conditions. However, comparison of results will not infrequently
run into major difficulties, since the authors often do not give
the detailed characteristics of the conditions under which the date

were obtalned.
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"In the flame of a flat propane-oxygen-nitrogen burner the com-
bustion time of aluminum particles 23 and 50 um in diameter comprises
B and 13 ms, respectiveiy. Combustion time t_ 1is roug.ly propor-
tional to the diameter of the particles, d, in a power of 1.5 [133].

In a CO-O2 flame [134] combustion time for spherical aluminum
- particles 35 and 49 um in diameter varies as a fun tion of the
content of free oxygen and water varor In the flame. o

_ In a "dry" atmosphere (7.9% free oxygen and 0.5% HZO) it equals
6.6 * 0.7 and 12 ms. With the addition of hydrogen to the flame
"(18.1% H ;0 + 582 0,) the time grew to 10.5 t 0.5 ms for particles
with d = 35}bm ‘and to 19 ms for particles with an average dlameter
(s34 h9 um tne»quantiﬁative composition of the remaining reagents
was not 1pd1cated but it is not impossible that the concentration

of CO varied with a change in the HZO concentration; T = Z510°K}.

Work [261] gives averaged value of T,

for aluminum particles

15-50 um in diameter in a methane-oxygen flame (Pig. 75)

These

results have a more illpstrative signifircance, since neither
temperature nor flame compositionare reported.' However, the
fact that the combustion time forvSO-um particles exceeds that of
similar particles as given in work [134] by 3-4 times allows us

to assume low‘activitf_of the flame.

with particle
is proportional to diameter to a degree

Approximate evaiuation of the connection of T
dimension @ shows that T
Or 107"2000

More detailed information on the effect of reactivity of a gas-
burner flame on combustion time for aluminum can be drawn from work
”[2u6} (particles with d = 53-66 um, ‘medium CO + *.05 F =1 atm).

< T
-_'a,e“’"f"

The régulbs br the méasurements are shown or. Fig. 76. In the
upper portion o} the figure the concentration of the basic reagents
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and the flame tempefature are given., From the curve it follows that

with a constant flame temperature (2500°K) and at atmospheric pressure

the combustion time for aluminum is approximately inversely pro-

~ portional to the partial pressure of oxygen. Since we noted earller

that the nature of the combustion process for aluminum and the com-

positions of its product are stgnificantly influenced by the presence

* of hydrogen or water in the oxidizing medium, the question arises

of the efrect of ""Humidity" of the medium on the time of particle
combustion.
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Fig. 75. _Fig. 76.

Fig. 75. Combustion time for Al particles in a
methane-oxygen flame.

Pig. 76. Concentration of main reagents and com-
bustion time for spherical Al particles in a flame
with xCO + 0.5 0

At first view the experimental data outlimed above confirmed

. the hypothesis of a sharp intensification of aluminum combustion

in the presence of moisture. However, froum this point of view

these results cannot be considered correcte since no data are given

on the remaining reagents besides the conccentrations of HZO and

~ 0,. This concerns first of all CO,, which can participate actively

in reactions with aluminum. But comparison of experimental data on
combustion rate indicates that it occurs too rapidly (espec'ally in
a ."moist™ medium) to be caused only by diffusion of oxygen.




I Actually, more recent investigations {135] of condit‘ons of
f’aluminam combustion in a gas burner have shown that combustion
" time for aluminum in "moist" and "dry" atmospheres differs very
lllittle T, for particles 32 ym in diameter comprises 2.8 ms for

' "dry" flame and 3.2 ms in the case of a "moist" flame.' These
i ‘values were .determined with great accuracy and have high repro-

“4> ducibility. The di’ferenges are extremely small and can be
. ascribed to the action of carbon dioxide, whose content in the

 "ary" medium is higher than the total quantityof CO and H 0 in N
‘%‘ﬁe "molst" atmosphere. In both.cases’ T 1s proportional to the

¥

:square ‘of the dlameter. S T : .

©

. In conside*ing the time parameters of combustion of finely
ﬁ‘dispersed aluminum in a high-temperature gas flow, i* is necessary
“to aingle ‘out” the case of combustion in products of the gasification
of solid fuel or heterogeneous condensed systems in constant-pressure
§ - instruments or in installations with a semiclosed volume like a model
Qfﬁj;'End-burning microtht.ruster. An outstanding feature of the latter is_
‘ .+ the fact that the required level cf pressure and high-temperature
- ~.flow:are created in them as a direct result of burning of the powder
.or of fuel-oxidizer compositions which simulate powders. The baslc
method of introducing aluminum perticles into a flow which 1s thus

created is preliminary pressing of them into specimens of the
propellant. ' ‘

cls fhe specimen is burned up the metalllc particles crc con-

tinuously injected into the flow of gaseous decomposition products
escaping from the surface of fuel and oxldizer combustion. The

{
T_concentraticn of particles per unit volume of the flow is determined . i
- by their quantity in the specimen. ir the main problem 1s to
determine the induction period or combustion time of individual
particles of one metal or another, the gquantity of it in the com-
“ position of thé specimen usually dces not exceed 0.01%. At this
i concentration there is adequate basis to consider that the inter-
', acticn of the burning particles in the gas flow 1is negligibly
B small.
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‘of the flow:
‘thermodynamic calculation of a number of compositions on an elea- . ki

Work [15&] presents a broad study of combustion time for
individual aluminum” particles as a function of the baslic parameters
pressure, temperature, and composition. Preliminary

tronic computer made 1t poesible to vary the'composition and temp-
erature of’ tue meq;um in wide limits, independently of one another, .
The temperatu'e measurement interval.comprised 1600—3000°& (Fig. 77).

As has already been emphasized the composition of a flo#
crcated by the indicated method is extremely complex and can 1nc1ude
up to 50-80 different compounds, radicals, and elements. At the
same time the baslc reagents contalning oxygen and therefg;e capable
of taking an active part in the reaction of aluminum oxidation
are H 0 002, Co, OH, 02. 0 ete. With the exception of the first
three, the remainder are, as a rule, present in extremely limited
quantities (fractions of a percent)} and do not have any essential
influence during the combustion of aluminum. But the first three
are not of equal significance. The energy of molecule dissociation
i1s given below for the compounds which are most characteristic from

the point of view of the considered medium [268]:

Bond E, kcal/mole

H,-0 ' 119.2

C0-0 127.2
c-0 256.9

Dissociation energy with respeect to oxygen for the molecules 002
(Cs - 0) and HZO(H -‘02) is about half that of CO(C - 0). From
this it follows that with concentratlions of the indicated reagents
in the flow which are identical in order of magnitude the process
of oxidation of aluminum shouldaproceed.prlmarily due to 1its
interaction with carbon dioxide and wate: - which are equivalent

. to each other with respect to reactivity with aluminum.

Thus the rate of combustion of aluminum in a filow which is
created by the products of combustion of a condensed system is
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'Figl 77. Adiabatic temperature of the flare
(a) and relative concentration a, of active

=" oxygen-containirg reagents (b) in the flame
v for ammonium perchlorate compositions with ‘ .
coenooo different fuels., 1 - polyethy ene; 2 - poly-
e Mobisyl methacrylate; 3 - polyformaidehyde*
: b - ballistin N.

S
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determined hy the total concentration of active oxygen carriers -
H20 and CO2 In this case carbon didxide in reaction with aluminum
is reduced predominantly to CO rather than to pure cerbon, although’
with respect to energy the 1atte~ would ge p“eferable.

pe
T P

P

2Al1 + 3C0 > AI O3 + 3C0 + 195 2 keal/mcle,
ZAl + 3/200; + Al 203 + 3/72C + 257.2 kcal/mole.
. l‘.
Figure T7% shows graphic curves of the change in relative
concentration of Hzo + 002 + 0 {parameter a, ) in flames of a
number of compositions of polymer fuel and oxidizer (APC) as a

function of the percentage ratios of the component.

" The parameter a, was calculated by the expression

- ‘ o “”W;_'. I+. +..s ‘
B~ = TS, .

A RS

mivr" )

where n n, Is the molar or volume concentration of individual reagents. .

Naturally, if the concentration of H O and 002 in the products of
specimen combustion 1s small, aluuinum can and will enter into

. reaction with other compounds. .

e




These assumptlons find confirmation in a series of thermo-

dynamic calculations of the process of combustion of metallized
compositions wlth an Increased aluminum concentration.

Since the curves of the change in composition and temperature
of the medium (see Fig. 77) were complled for the same systems,
there is broad possibllity for an independent change of each of
the parameters named above,

On the basls of a large serles of experiments 1t was established
[154] that the time of combustion for particles of finely dispersed
aluminum is virtually unchanged with constant pressure and wlth
a change 1in medium composition in the temperature interval 2000-
3300°K (Fig. 78). 1In the region of lower temperatures T_ Erows
somewhat. However, thls growth 1s not great. For particles 70 um
in size at T = 1600°K it comprises approximately 10% of the T. for
the same particles at 2400°K. 1In the general case the time of
burning of particles of a glven slze 15 approximately inversely
proportional to the relative concentration of H20 and 002 in the
flame Jjet: T- v l/aS'9 or, for practical purposes, T. v 3;1
(Fig. 79).

Davis [246] obtained a similar result for conditions of a gas
burner: T is inversely proportional to the partial pressure of

oxygen.

Results on the dependence of burning time of alumlinum on pressure
areno less interesting (Fig. 80). At pressures about 25 atm it
virtually ceases to depend on pressure (composition and “emperature
being constant). Beginning at 20 atm and below the rate of high-
temperature oxidation of aluminum 1is reducedandrr grows. A more
sharply expressed growth 1n T with a reduction in pressure was
obtained in a series of experiments carried out in a constant-
pressure instrument on the system APC - polyformaldehyde - aluminum
[246] (Fig. 81). The 1limiting pressure which marks the beginning

oy AR AN St

o T U o R S — i



L SR

]or x

E 1] S g A

B AU N X

" 8 A — i .— —.‘—.q--. " 10 " L\‘R:\'ﬁg

el ") 20 2% T-0, K o 40 50 a, /%
Fig. 78. ' Fig. 79.

Fig. 78. Time of combustion of Al particles (4 =
= 70 um) as a function of temperature.

Flg. 79. Effect of the parameter a, on T_ of
aluminum., 1 - d = 140 wum; 2 - 4 = 70 um,

of 1_ ~ const 1s shifted into a region of higher values of p
(70&100 atm). This pressure 1s the higher, the greater the size
of the particles. The reasons for the dlvergence in magnitude
of' maximum pressures are not clear. However, the quantitative
values of equal-size particles iIn the 1_ # f(p) region (with
consideration of the parameter aH) as given in works [154, 246]
differ very little.

One of the central questions 1s that of the burning time for
particles as a function of thelr size. For spherlcal aluminum
the diameter of the particle 1s the dimension concerned here.
Under the conditions in a gas burner at atmospheric pressure the
majority of investigations for aluminum indicate a law whlch is
quadratic or close to 1t, T N d2. This 1s emphaslzed by the
sharp growth in burning time of particles with [aa increase in]
diameter and the similarity of processes of metal combustion to

dif'fusion burning of hydrocarbon fuel [259].
During burning in a composition of condensed systems with

p ¥ 1 atm burning time for spherical aluminum partlicles 1s also
proportional to d2. However, as pressure Increases the square law
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Fig. 80. T. as @a function of P. 1 - a =
= 37.5%; 2 -~ a = T71.5%.

H
Fig. 81. T. as a function of P. 1 - dy, =
= 80-103; 2 - dA‘ = §3-66 um.

is constantly replaced by weaker relationships. 1In the pressure
reglon above the maximum T is proporticonal to the dfameter to a
power of 1.5 (Fig. 82) and is independent of the speed of the
high-temperature oxidizing flow, W (Fig. 83). The transitior

from a quadratic law to & power of 1.5 occurs without sharp changes.

The nature of the change in T with particle dlameter is virtually
independent of the activity of the medium - 1.e., of the magnltude
of the parameter a_ (30% < a, ¢ 60%). However, it should nonethe-
less be noted that with a sharp drop 1n the concentration of H,0
and CO2 in the flame (aH < 25%) the exponent drops evenr lower i
(to 1.4 or less).

Thus during combustlion of aluminum in the combustion nroducts
from condensed systems, where the baslc oxygen-containing oxidizing
reagents are HEO and CO2, burning time T. i1s virtually independent
of the medium temperature (T > 2000°C) and of pressure (p > 25 atm),
but at the same time it varies strongly with a change in particle
diameter and in the activity of the mediunm, a,

In the general case for the indlcated conditions

dl.b
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Fig. 82. Fig. 83.

Fig. 82. 1_ as a function of particle diameter. 1 - a =

-
37.5%5 2 - a, 57.3%; 3 - a,_ = 71.5%.

Fig. 83. 1. as a function of the speed W of the high-

temnerature flow for d = 7C um,

If the time 1s measured in milliseconds and the dlameter 1n
microns the proportionality factor k will equal 0.67. Calculation
by the proposed formula

. ‘11.5
Tr'—"("“"-—ﬁl’_' (IV.?-)

0. ms
will give satisfactory agreement with experiments. For example,
for particles 5C um in diameter we find from the calculation in a
flame with a = 57.5% values of T.
value of burning time for the same conditions is 6.5 ms.

6.4 ms. The experimental

In order of magnitude the average rate of burnout over the
radius comprises 5-10 mm/s for spherical aluminum 15-~20 um 1n
diameter. This is comparable with burning of ordinary two-compo-
nent fuel mixtures based on APC [156].

No systematic data are avallable on the combustion of aluminum
as one of the components of heterogeneous systems in a constant-
pressure instrument, '
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Nonetheless the avallable data make 1t possible to state that
the conclusion concerning equality of average burning rate for fine
particles of aluminum and the normal rate of ccmbustion of solld
rocket propellants remains valid.

7.' Effect of Medium Composition
and Pressure on the Combustion of
Aluminum '

Medium and pressure have a direct influence on tre process of
burning of metal. Thelr role in the combustion of finely dispersed
aluminum has been touched upon in virtually every ccction of this

chapter. We wlll pause once again to conslder thelr baslc features.

1. The process of burning of aluminum, as a diffusion process,
1s activated as the activity of the medium 1s 1ncreased and with
an increase in oxygen concentration or the concentratlon of cxygen-
contalning reagents of the H2O and CO2 type. Carbon dioxide and
water vapor are equivalent from the point of view of activity:
combustion time for o .uninum in a "dry" and "wet" medium virtually
coincide with identlcal concentrations of the oxidizer.

2. A high content of oxygen, the most highly active oxldizer
during combustion, contributes to crushing (fragmentation) of the
particles. When a substantial quantity (30%, of water vapor 1s
present in the medium favorable conditions are created for the
formation of hollow translucent spheres of oxlde in the products
from combustion of aluminum. With an increase in oxidizer concen-
tration the brightness and density of the glowing reaction zone
around the particle will increase.

3. The glowing zone of combustion of a particle in a "molst"
atmosphere is 1.5-2 times wider than in the absence of H,0 or

[

compounds of hydrogen.

4, An increase in pressure p leads to an Increase 1in the rate

and to weakeniny, of the dependence of combustion time of aluminum
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on particle size. The exponent of d drops firom 2 to 1.5 with a
growth in p from atmospheric level to 30-80 atm.

5. The width of the reaction zone grows with a reduction in
pressure, while the denslty of the glow around it is reduced.

6. In the region of elevated pressures the phenomenon of
fragmentation of particles occurs more rarely than when p < 1 atm.

We should pause for separate conslderation of studies cn the
influence of pressure and chemical activity of the medium on burn-
ing of aluminum wires [236-239, 269].

Drawing of heat tc the electrodes, intensive thermal radlation
incldent on parts of the instalilation, ignition from an internal
heat source (electrical discharge) rather than from an external
source, the need to malntain mechanical integrity in the perlod of
ignition - all of thecc are specific features of the combustion of
wires and tapes and are not encountered in carrying out experiments
with spherical narticles 1n a gas flow, to say nothing of scolid
propellants. Therefore certain special features and conditlons of

; cembustion which are observed during burning of wires cannot bte
| transferred to the case of particles. However, there 1s unquestion-
' ably utli’ty in research of this typr= and consideration of the

| procedures and resulto.

Dlagram: -aken f{rom works of Brzhustovskl, Glassman, and Mellor
show the basic reglons which are specific for burning of aluminum
wires (anodized and unanodized) which are ignited in mixtures of
i oxygen and argon [237] or oxygen and carbon dioxide or carbon
dioxide and argen [236].

5 With ignition in the reglon of low pressures and high oxygen
concentrations (Fig. 84, reglon 1) a bright blue I'lame appecars

on the tips of the wirey, progressing rapldly toward the clectrodes.
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Fig. 814 Combustion of aluminum wires in an
OZ—AP medium. ,
|

With an increas. in pressure (repion 2) the density of the :
flame grows; 1ts color bhecomes an intense white. Thea combustion f
products are made up of a fine white smok~ wlth bitc of 2eramlce
on the electrodes.

Reglon 3 is an area of low pressures and moderate concentration: i
of oxygen. In external appcarance the flame on the tips o the :
wires is similar to hydrocarbon flamzs. Tn the upper left corner f

\ ; i

of the figure we see (clockwise) flame of a wire 0.9 mm in ai- i
ameter at p = 100 mm Hp and oxygen concer ration ny = T0%, and i
then p = 50 mm Hyi» and JO = 60%. The flgure also shows combustioln i
e i

products on the electrodes and the flame at p = 50 mm Hy with ;
¢

n._ = 80%. !
2 i

}

t

Bright spots are visible on the surface of the wire - tiny
spheres of liquid aluminum oxide. Tracks causcd by condensation

of AlQOq
surrounded b. the flame. The appearance of briyht tracks 1z the

in the surrounding atmosphere travel out from the drop

result of turbulence 1in the veloclty tleld arcund the drop.  The
surface of the lattor i1s not unlforim In briphtnes.: deposdis of
oxlde cover part of the surface, causirgy asymmetrical evaporation

of the Al.
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w3th an increase 1n pressure (region k) the flame becomes less

_ transparent and draws closer to the drop or metal. Bright particles |

are seen in the zcne of thexflame, gradually moving out of 1it.

[ -

 §The unburned wire is covered with gray vitreous drops. The
combustion products on the floor of the chamber consist of trans-
lucence sphericel particles 50-1C0 um in diameter. Certain of
them reach a maximum diemeter of 100-10CG0 um. Only the very
largest . rticles are nollow, The deposit on the electrodes 1is

ﬁ_made up o glassy spherical particles less than 10 um in dismeter.
K protec*ﬁfe 1aJer of aluminum cxide 1s formed compa"atively

,Vslowly un tbe surface of the l1iquid metal and thus cannot serve to
11nhib1tktue xeaction. o

In region 4 (see Fig. 84) we sece a flame at a pressure of

2 atm wjﬁh ar oxygen content =60%. After initially covering the

entire ééap, tae flame moves upward alonz the surface. The.shape.
of the flar: indicates that the flame does not sit directly on the
surface of th=2 drop.

Ir reg:on 5, at low pressures, the flame 1s analogous to that
in region 4, btut less bright; it goes out quickly. Metallic drops
3-4 mm in size with a dull surface are collected on the bottom of
the 1nstallation; there 12 no vitreous material. At higher pressures
a flash,occurs at the mrment when the protective layer is melted.

~Brightly glowing particles drop from the point of fracture; the

remainder of the wire is not ignited.

The rate of the aluminum oxidation reaction on the pure surface
of the metal is so great that the metal 1s rapidly covered with a '

layer of oxide which prevents further .development of the reaction.

The existence of this region is connected with destruction ol the

.integrity of the specimen and, consequently,kwith termination of

heat supoly (Joule heat) in the wire. The vapor-phase combustion

‘mechanism is not applicable to this region and its exlstence for

spherical particles burning in a high-temperature flow is doubtful.

b
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When the concentratiovn of oxygen in the medium drops to 20-30%
(regions 6 and 7),thé burning of the aluminum wire 15 characterized
by a rise in the solid deposit in the diffusion flame. The flame
is supplied with metal draining through the solid oxide shell
covering the wire. ‘The flame front is virtually invisible. On
the tip of the hollow [cxide] shell a solid white deposit is
detected. The figure shows the flame and th:z producté from com-
bustion at pressures of 300 mm Hg and 2.1 atm and an oxygen concen-
tration of 30%. With an increase in pressuré (region 7) a dense
greyish mass 1s formed, which was not observed at low pressure
(region £). |

With:a concentration of free oxygen 1in the medium of less than
20% it was not possible to ignite aluminum wires in the investigated
interval of pressures. The observed picture of combustion of wires
ic unchanged if anodized aluminum 1s used instead of the pure form.
Figure B85, whose boundaries are also tentative, shows the
'picture of combustion of aluminum in a medium of carbon dioxide
with oxygen and arcon.

”""—ﬁ—‘-— -~ L 40

k3
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Fig. 85. Burning of anodized aluminum wires
in a 002-02—Ar medium.
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and oxygen (region 3) with any ratio of 0, and 002 In a carbon
R dioxiﬁe .ad argon medium the region of ignition is sharply narrowed
u,tf‘e~p¢cizlly at pressures above 0.5 atm. Burning occurs only with an

e ozygen concentration higher than 70-90%. Ignition is connected with xrgfil
.,fg destructlon of the wire. However, if ignition has occurred the & .-

R

S\ T e

process is analogous to burning of aluminum in an oxygen and carbon
dioxide medium at the same pressures (p > 1 atm). T
M-rs;;.: . fl “ | N . v

et
. ¥

N The observed flames correspond to flames: 1n regions 3 ard 4
_ The ‘flame travels rapidly along the .
7wire and at the fip takes on a2 spherical shape. w1thkan increase
_ in pressure the flame front draws closer to the surface.i At high
pfl ox"gea concentratlions the color of the flame is bright blue, At
~§fthe top of the photo related to region 3 we see a fiame in pure
fi garbOu dioxide at a pressure of 2 atm; the bottom photo shows the
. flame during burning of aluminum in a carbon dloxide and cxygen
‘medium (50/50) at a pressure of 1 atm. The condensate “s equivalent
to tﬁe'condeggatemin‘regiogs»3 and 4 of the preceding setup (see
" Pig. 84), <ith Ehe ciception of the fact that in this case a larger
quantity of gray and black flakes and spheres is present. The dark
r:olor increases. with a growth in carbon dioxide concentration.
This indicates the formation of pure carbon in this re?ion during
i, the reaction Al + CO,. L C e

g -
R
. e ¥

In a carbon dloxide and argon medihm'1gnit16hiiegfacilitated
with a decrease in pressure: at pressures belod 0.3 atm wires are.
oxidized even at an argon conceniratior of more than g0% (10% 002).
"Two regions of combustion are distinguished here: region 1 at:

" high CO, concentrations and pressure below 0.2 atm, and region 2
with pressure up to 0.5 atm and an oxygen concentratlion from the
determining limit of the ignition region up to values which relate

“-to regicn 1 (see Fig. 85). : . A

In reglon 1 a cylindrical flame is formed around the wire 2
. immediately after ignition (at p = 50 mm Hg, 50% CO,). At the .,?;
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noment when the wire breaks we gee on 1ty tips balls of aluminum,

leaking downwerd, surrounded by a diffuntion flame, The total time
of Lthe procaar, inoluding ignition ana burning, comprises 1-7 aeconda.

The deposit 1s of a gravish aoler and ia predominantly & mixture of
AIPQ? and ocarbon,

In genoral features region 2 1a asimilar to region 1, which again
serves to emphasive the tentative nature of the dlviaion of aluminun
combuation into reglons.

A cylindrical flame 1s also formed after lgnicion; however, 1t
18 looated somewhat cioser to the wire than 1in reglon 1. This
flame does not dlsappear even after the wipre breaks. Owing to the
extremely small burning time (0. 4%=2.4 8) the molten aluminuom 1g ’
unable to run down to the end of the wirc. Flgure 8%

shows a
specimen of cylindrical flame at a pressure of 300 mm Hg and a

molar fraction of carbon dioxide equal to 0.9, and also the hollow
shell whicli remains after its quenching.

A translucent deposit 1s formed on the electrode at high CO
concentrations In regions 1 and 2. 'The dlameter of the omﬁlleob
particles equalled %-10 um. A few darker particles are nwesent -
the result of the presence of carbon.

Reglon U falls 4n the class of low pressures (less than atmos-

pheric), high COP concentrations, and low 0, concentratlons. The

mechanism and products of combustion are analogous to those in
region 6 or Figure 84. The photograph gives a picture of combus-
tlon at a pressure of 300 mm Hg and an oxygen content of 10%. The
duration of the process is up to 12 seconds. In the period of
existence of a diffusion flame a =olid deposit bullds up on the
wire. The reaction cceurs at the expense of molten aluminum covered
with an oxide film. A white deposit with a small quantity of black |
carbon platec or flakes 1s noted on the electrodes.

LT
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Reglon 5 is characterized by large sky-blue flames. It 1is
similar to region 3 in terms of the dlagram of combustion in a
mixture o oxygen and of avgon. There 1s a small quantity of a
yellow deposit which 1s absent in oxygen and argo:; mixtures; this
can be identified as Al,C,.  The total burnlug time 1s 10-20
seconds. These photographs were obtalned at a pressure of 50 mm
Hg: for the upper photo the O2 content was 50%, and in the lower
photograph 1t was 40%.

In reglion 6 we observe a combination of the mechanisms of
combustion in regions 3 and 4. The twu types of flames are present
simuitaneocusly or separately. 1If they exist simultaneously the
appearance of the flame characteristic for region 4 precedes that
of the flame characteristic for region 3. This replon can also be
included in region 3 of Fig. 84. The time of the total burning
process equals 1«28 seconds. Reglon 6 is a buffer between regions
3 and 4., The photopraphs were obtained at 100 mm Hg, with the one
on the left being taken with a 60% 02 concentration and the one on
the right in 100% On.

rnus the pressure and composition of the medium are unguestion-
ably important during burning of metal. But 1t must be emphasized
once again that certaln of the examined specific reglons for burning
of wires may not necessarlly apply to the combusticn of aluminum

particles,

8. Effect of Additives on Aluminum
Combustion

Metals of high purity were used to obtaln the optimum charac-
teristies of combustion. There is no question of the need and
substantiation for this requirement. However, during solution
of practical problems certain additives are deliberately used.

Gne of the additives most frequently applied 1s magnesium.

Magnesium forms a strong alloy in any ratic with aluminum. The

R Y 1



eutectic alloy contains 113 magnesium and 89% aluminum. This is
one of the metals which activates the burning of aluminum and at
the same time introduces a comparatively small reduction in the
ﬁower capaclties of the metal as & component of rocket propellant.
In terms of activity of metals magnesium i in second place behingd
aluminum.

Of the various alloys the cne which burns most quickly is an
alloy consisting of 65% Al and. 35% Mg [137]. Cinephotographs of
the burning of aluminum-magnesium alloy particles indicate that
a two-stage process occurs in this case.

Cn the first stage, immediately after ignition, there is
predominant burning out of the magnesium. Then tie aluminum
ignltes and is burned. On the first stage the track 1s similar
to the track for combusticn of magnesium: 1its width substantially
exceeds the width of the track of an aluminum particle of similar
size. At tlie same time the possibility of partial evaporation and
combustion of aluminum is not completely excluded. Spectroscopic
measurements show that Al10 lines exist in the flame in this stage.

On the second stage virtually pure aluminum burns wlth traces
which are characteristic for 1ts features and properties. 1In
certaln cases %he transition of combustion from the flrst to the
second stage l1s acccmpanied by a drop in the intensity of the
glow. Thils 1s favored by a low temperature of the medium,

Tr.e phenomenon of fragmentation ls expressed more sharply
during burning of the magnesium-aluminum alloy than during com-
bustion of alumlnum.

The products from combustion of the alloy are extremely similar
to products from aluminum combustlon. Along with a subdispersed
condensate, hollow spherical shells are formed. The X-ray composi-
tion of the products from burning of aluminum-magneslum alloys 1is
shown 1in Table 19.
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