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I. INTRODUCTION

This report is the first semi-annual progress report on
AEC Sub-contract AT (30-1)-3451, covering the period 1 July 1964
to 31 December 1964. During this report period, the priméry
effort has been devoted to the construction of the necessary
experimental apparatué as well as the performance of initial
experiments -with zirconium and tantalum. The development of

an‘expérimental method for measuring of metal flame temperature

~is also in progress. The ability to measure the metal flame

.temperature will inable the further verification of the criteria

put forth by the Princeton group and will provide, as well,

" high temperature vapor pressure data of metal oxides such as

L ainch e nal ot o s 4o S SR

aluminum oxide, strontium oxide, zirconium oxide,'tahtalum
oxide, etc. Analytical and experimental work on the ignition.
of aluminum is reported as well. These researches afe described
in four seéctions which form the main body of the repoft;' |

It is felt that the time devoted to the construction and

_modifiéation of the apparatus during this reporf périod will

permit the investigations outlined in the proposal to be car-

‘ried out more effectively during the next report period.

[
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I. The Ignition and Combustion of Tantalum in Oxygen

‘Preliminary experimental work has started on the ignition

and cembustion of tantalum wires in oxygen-argon mixtures. 'Wbrk.
on calcium will proceed when pure specimens are availablefin near -
" wire or wire form.

Pantalum wires of .030" diameter and 11 cm length were mountedliit
- in tﬁe electrodes in a L-shaped configuration as shown in.Fi;ure‘l;
The feilowing ﬁhotographs were taken through the window at the
right center of Figure 1. The experiments to be described were
performed in pure oxygen at‘pressures ranging from 50 ﬁm Hg to

C .-

5 atm.

The sequence in the ignition and combustion of tantalum is

“as follows: as the wire is heated electrically, a uniform red
glow-pregresses from the hottest é§§>ion'of the-wire, usually -

near the geometric center, towards the eleetrodes.‘ A few seconds
later, the hottest portion of tﬂe wire becomes white hot; this

zone is considered to be the ignition zone and appears’tofconsist'
of a solid-phase reaction. The wire then breaks near fhe.center
and apparently is consumed by a solid phase reaction as shown in
Figure 2, which was photographea at 500mm Hg of oxygen.. As shown,
‘the flame is proeeeding upwards. Note the ripples or waves’feeding
the_molten ball of metal and oxide at the lower end of the wire.
"Occasionally,'these molten balls fell to the bottom of the chamber..
If the combustion 2zone regressed as far as . the electrode blocks,
' rather spectacular fragmentation was observed as the combustlon
zone was quenched and supercooled at the electrode. An example.
is”shown in Figure 3, which was.photoéraphed at 5 atm of pure

oxygen., The small particles given off appeared to'conrinue to’

A . . .
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burn.
In the pressure regime from 300 mm Hg to 1 atm, the samples
at t he electrodes then expanded and burst a fewy times, very similar

to a child blowing a soap bubble.

As the oxygen pressure was increased, the duration of the

n - n

'reaction decreased.

Thé pyoducts of combustion most Jlikely consist of Ta and
Tazo5 and. assumed the shapes of hard glassy spheres and brittle
flakes (thch were formed when the molten balls quenched on the
chamber bottom). Wwhite, brown, and black products were found
together. -

The vapor-phase combustion criterion, that the.boilfné point
of the metal oxide be higher than the boiling point of the metal,
cannot be.rhecked readily for tantalum, aé boiling point values
for the o£&de (Tazos) are not availablé. wide disérépancies in
tne bpiling point of the metal have been found, with values of
4100 (Ref.a 1), 5430 (Ref. 2), and 6100°c (Ref. 3) given.. However,
from ¢the experimental evidence discussed here, it appears that
tantalum burns in the solid phase under the particular, experimental

conditions, which' could be taken to indicate that the boiling
point of ;the oxide is less*‘than that of the metal.

During the next report period experimenis on the ignition
and combustion of tantalum will be continued, in mixtures of.
oxygen, nitrogen, carbon dioxide, water vapor, and argon. The

poss;biligies of vapor phase flames iﬂ some pressure region will

be examined carefully.
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IX. The Combﬁstioﬁ of Zirconium in Oxygen and 0ngen-Argoﬁ Atﬁosgheres.'
Zirconium wire samples .020" diameter and 1ll'cm, length have '
been ignifed by resistance heating and burned - in atmoéphéres qf
oxygen énd'oxygen—argon at various subatmosPhéric pressureglz"
The wiées.are mounted ijthereleqtrodés.horizontallf. The ybltﬁge
_rise is linehr with time. R
‘ As the wire is heated its surface passes througﬁ.several
'.f\\; color changes including blue, gold and purple. Aall of theée:'
color changes occur before the wire glows red.hot. As heating
continues, a hot spot occurs on the wire - as ipdiéated in Figure 4‘_'
which is a photograph of a heated zirconium wire in pufeibxygen |
at 50 mm Hg total pressure. | “ |

Further heating causes the wire to break. Two Smali spheres
are sqén to regress from the point at whiéh the wiré breaks.

Figure 5 shows'a- zirconium wire burning in pure oxygen at 500 mm -Hg
total pressure, The speed at which these spheres régress_is gféaﬁly
affected by the percentage of oxygen in the.atmospheré."Figure 6
illusfrates the spheres in a furfher stage of combustiénlas they
‘approach the electrodes. The atmosphere contains 60% oxygen -

40% argon at a total pressure of 50 mm Hg. A '

The products of combustion includes two shiny grey-black
sphereé which usually remain attacned to the unburﬁed ;ire at the
electrodes. The wire surface is generally white close to tﬁe
point at which combustion has occurred. Further from this point,
the wire surface is much darker; ‘It has been noticed'that this
darker'surﬁace coating will flake off the wi;e if it is bent

¢

¥

sharply. . A . R,

M
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" Future work will include runs at pressures to 20 atmospheres,
'Still photos and mofion pictures will be taken illustrating-igni-
tion and'combustion in the various pressure reéimés.f Photpmicré-
graphs will be taken of the products of combustion. , It is also
: hoped that identification of the products can be made by X-ray
diffraction anaiysis. The effects of other atmospherés including
nitrogen and carﬁon dioxide will also be investigated. Comparisons

will be made with the work of other investigators when more. detailed .

experiments have been completed.
1 The research described in the following sections include
\ .measurément of metal flame temperatures by spectfographic'and two -

é | path techniques as well as experimental and theoretical work on

aluminum particle ignition.
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III. Metal Flame Temperature Measurements

Little reliable data exists in the literéture on the temper-
atures of metal flames. Glassman (4) has concluded, from thermo-
dynamic calcqlations, that the temperatures of metal flames are
limited by the boiling point of the oxide produced, as there

is insufficient heat of reaction to vaporize all the oxide. The

purpose of the present research is to test this hypothesis. 1I1f

it is correct, measurement of metal flame temperature as a func-

.+tion of ambient pressure can yield vapor-pressure data not cur-

rently available for many refractory oxides.

Because of the high temperatures of metal flames, tﬁese'
temperatures must be measured optically, rather than'by solid
probes, thermocouples, ete. Because of the small physical dimén-
sions of the flames of metal wires, ribbons and pqrticles, thé

use of a water—cooled calorimetric probe (as used in arcjefsy

would alter the quantity being measured.

‘Because of the high luminosity of these flames, which

contain light-emitting, absorbing and scattering -oxide paffitles,

line reversal temperature measurements are not applicable.

Wolfhard and Parker ks) have shown that because of noﬁ—gréy
emission from metal flames cdntaining micron-sized oxide part-:
cles,'coldr temperatures differ widely from true temperatures.
Because'of'scattering by particles, the brightness tempéréfuré
does not equal the true temperature, even for an infinifely'

thick.flame.
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The teéchnique used in the present research is a modified.
two-path method utilizing a background source. Light from‘a.:
tungsten strip-filament lamp is imaged@ in the flame .by'a lens
.syetem: Tﬁ? light'from‘the sourée isgmodulated b& a chopger dé?c
to di;tingégsh it from the iight;emitied hy the flame. ‘The flame.
(and source).are imaged by another lens on an aperture mhichgseiecte 3

. the'portionv of the flameAto be observed. The light is‘ehopped.
"again at a lower frequency to permit use of AC: amplifiere.‘ A
'narrow wavelength region is selected by interference and dye fllters. ;

n .and the light is ‘then detected by a photomultlpller. '~ I,

ESsentially, the absorbmylty of the flame 'is determlned by

the attenudtion of the transmlttéd be3am. The photomultlplner is

callbnated‘an terms of brlghtness temperature before each;run, u51ng

- A

1 tungstenzlamp and optlcal pyrometer? Thus, the measurement of
the intensity of emltted 1lght yields: the brlghtness temperature
-of thegflame.' By Kirchhoff's law, the absorbbv1ty equals’the
'emJ.ssn.yJ.ty, and thus the true temperature may be computed.- Us:.ng
*. Wien's law, the following equatlon is easily derlved: for an iso-
‘thermai, nopsoaﬂaring.flaméz | |
Y 1 | : . . ‘ . - .

4o a 1 = 1 Ai- S-S : . o . .

‘ T T' + C2 lnéx ooooooc-.oo.---'oooo . eq'('l)
Where ‘I isi the true temperature;' T, - the brightness temperature-

at waveélength ) » C, is Planck's second radiation constant = ch/k,
and 63; 1s?the spectral em1391v1ty of the flame¢ The wavelength

of observatlon is chosen to av01d a11 em1881on hands and llnes 1n

o ) !‘. ) ; . ' N . B -
it . N
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the flame spectrum, thereby avoiding the possibility of non-

equilibrium radiation. The radiation observed is thus cohtipuous L I

emission from the oxide particles (which are fat the gas -temperature

i

because of their small size).

d
Because, of scattering by the oxi&e particles, the situatlon
' - !

is not; as ‘simple as shown above. in eq, (1)..' BAlso, the, fl’am_e T
is not isothermal, and because of its"small size, the.temperature

ta

gradients are quite large. To correct for these effects, it was
necessary to solve the equation of radiant transfer, .includi.ng

emission, absorbtion and isotropic scattering. The equation of

transfier for a plane-parallel geometry (used to make the mathematics -

tractable) is (6). l e b
/1 I‘I/ (T/l 17) - I7/ (I /;7/) _ (T, 'V) o )
D ! X
' i : . eq. (2)
L] 1
Where : '’ /u =icos @ ' "
. ; & f
: e = angle with negative X-axis :
n - 8
: T = optical thJ.ckness -_£ ,k,”gd)( :
3 é
. S’ = density of emltters .
0 k ) . L4 n o, : e .
4@7,= mass extinction coefficient at frequency 7.
R..  Z " T ' ergs
) L, = monochromatic vadiant intensity, ,
A g ; cm” -sec - steradian-
o t frequency interval
a b .
o ?;/ = monochromatic "source' function, defined below
i

The "albedo ;‘.or single scattering"’, b is‘defined a's‘ the
fraction oﬁg the total loss from a‘beam due to scattefing, “in an
'infiantesinial element of length. Thus, (/-gp) is the fraction

b absorbed. It may readily be shown that R _' . -

. ”

B e g st o

S
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. QOsca 1
ol = Qscat Qabs ~ - 1+Qabs/Osca

ssssesssecccccces €, (3a) *

Qabs 1
"f'ws: Osca + Qabs ~_ 1+Qsca/Qabs

qcoocooooo'c-‘ooo-eqo (3b)

~ where Qsca and Qabs are the scattering= and absorbtion efficiencies

" of the oxide part:.cles (assumed spherlcal) in the flame | ("'/)'.'

I 1y ¢

For the radiation emitted by the flame, the source funct:.on is:

j - o
7= G Tvdp +0-m) 8 (T) - . 4a) ©

b The first term denotes scattered llght the second term em:.tted

light and'B.”(T)._ aéze"” g the Planck function. ~Since no

chopper-modulated light is being generated in the flame, the source

functlon for the modulated light from.the background source: 1e:

v

coon T waf I-yd/a Ly ' o 'ec‘;". (4b)‘
, Where I.,, f Todp - :

Thus, the- equatlons of transfer to be solved, and then: boundary ‘

- condn.tlons, are:

: s /ldIV"I o-f"’.—(’—ws)B".’.(?’) ] 3 eCI-:' (f;a)' .‘

-u(o H<v) =p o
I’.'(z")/””)‘o L
- o A ' for the emitted 'l:i,ght !

where ‘Z', .is the optical thickness of the flau'\e.
Iv - .

/‘d ~we I .

Ivlo ,1/(0) =L FX(,”H) . ,‘..' L

=D . : |
]::-V(T'//u >0) " for the transmitted light

i e
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Fo béing the flun incident from the background source and. ‘ g ( /u.; | ):'.
being the ‘Dirac delta function. (This assumes the incident. .flux4
| is a collinated beam in the direction /){ ==| . The r,_esnlt's' |
| obtained still apply even for beams of moderate convergence )
Solving equat:.on (5b) formally, one finds that the term in I.,, is
‘ small, for'small values of the acceptance cone angle of the detector, _l
and may be: approximated, yielding the following result for the trans-
.mi.tted beam: | ‘t 27 - - . o L
I/ - I-V[T l) > ! (l e ) (l"‘@#gmax>

Iv(o ") | |+ Cabsfsca L eq. (&)

_Where 9 ax is the half-angle of the detector acceptance cone. Even for

Qmax as large as 10° ', the second term in eq. (6) has a ‘maximum

value of 0066, and is negllglble for optical th:.cknesses less than

n

nbout 3. ~ Thus, for optical thlcknesses smaller than thJ.s, the

optical thickness is given by the familiar expression:

¥ ; I/IO = e"-rp
while for thicker flames, the connection is readily computed from
eq. ! (6) -

Returning to eq. (5a) for the llght emitted by the flame,

let us make the following substitutions:

B (T) =F(T) B~ (T» (T AX)
E‘I/ :I'V/BVCTmax)

‘ I-V "'Iv/B-u(Tmax)

Where )C('['), varylng between 0 and | , describes the temperature

profile in the flame, and me is _the maximum temperature along any.
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given line of sight. The resulting non-dimensionalized equation is:

vid

Formalli solution of this equation®yields:

"“"'Iv(tﬂ)’-w’e/ﬂfe 7%y 4Z-(- ”')et/”e HE >§t‘

'/leI'V 1 I-y — W f“t/ “(""‘wa);(f) | ’ | - .' .eq. '(éa.)i

| eq. ('7§)'
M=o - | — | |
EF(x0) = E +0-%)F(T)

eq. ' (7b) )

/‘70' 1 : , |
" Bl iy=mse j iﬁ- e & ’"f‘(qgg o
. '.e_Q- “(Te)

{ ]
1A Iy

.
If 7’:('[), describing the temperature, proflle, is known, the
,second 1ntegra1 in egs. (7a) and (7c) can be evaluated. I—y however .
is not yet known as a function of T . A solution could be obtained
by assuming]an Fv o and refln:mg it by iteration between eqs. (7).
and the definition fv ;Lf E'Vdﬂ In the present work, 1t was
found more convenient to utilize the Schuster-Schwartzchild approxi-
matio'n‘ (8) " In this approximation, the integro—diffe'fehtial A
equatlon (6a) is replaced by a pair of ord:.nary d:.fferentlal
equations which are solved for an approximate I-y. This is then
inserted in eqgs. (7a) and (7¢). - . : e,

By expand:mg ;r (T) in a Fourier serles in the 1nterva1 ( 0, T,

the :mtegrat:.ons indicated in egs. / (7)may be performed :m closed

s -
'
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form, and a solution obtained in terms of the Fourier Coeficients
of of ;F'(tﬁ The fraction of the blackbody radiation corresponding
. to Tmax eeen by the photomultiplier is ﬁ,('q .l ) which thus
corresponds to an effective emissivity for the flame. Thus; in

'placefof eéﬂ (1), the relation between brightnese’temperature and

Tmax[mj" | I
) ! ’-9-_-,4"57(’5»") L

By, substituting various' arbitrary functions f'o'r 7C ( ‘C) in.
egs. (7) and 8) ., it wasrfoundithat the resultant temperature
cnnmct}Ong:ymre-relatively insensitive to the shape of the emission
| profile 7£(z:), depending only upon its average valuea"Thus a'_.
'sine-wave and a triangular-mave profile produced nearly identical
results., |

In ordhr to estimate the shape of this profile; an apparatus .
was constructed as shown in Figure 7. This.allows 81multaneous
2-path temperature measurements along several 1ines of 51ght |
through the flame. By assuming a cylindrical (or spherical) £1ame
composed of concentric isothermal zones, an analys18 was performed
which translates the brightness temperature and absorbtion measure-
:mem&;along,eeveral lines of sight into approximate temperature and

. emitter concentration profiles. An alternative technique~would be

P

to have a single detector rapidly and continuously scanlthe‘image
~of the flame -along a radial line, either hy means of a rotating'
scanning disc or an iconoscope tube. An analysis releuant'to such
continuous scanning was aleo derive?, These analyses in oylindrical

LI
i
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'f and spherical geometries were made mathematically tractable only

by neglecting scattering. .Thus, the final solution is an iterative
one between the multipath profile determination and the plane-
parallel scattering conection ‘given by eqgs (7) and (?f " For
example, the experimental brightness  temperature and absorptlon

n s ﬁ *
measurements are used to obtain an approx1mate temperature profile.

This is inserted in egs. (7) and (8) , whlch yield the value of the ' ?

maximum temperature along each line of sight. These are compared

with the approximate.profile and used to\ccrrect it, etc. |
Application of scattering corrections and am'assumed temperaﬁur?j

profile,toldata taken earlier on a single-aperture 2-path apparatus

on magnesium ribbons burning in air at 1 atm. pressure, yielded

T =£32751°K T 5° , in good agreement with the MgO boiling point

max
o1 3350° K.‘ The uncertalnty was due to variations in the literature

values of the bulk emissivity, é.S' o;E Mgo, which was used in estl- ' \

matlng the rat;o of absorbtion to scattering: o R
& . :
A ' Qabs/Qsca ~ =
! n .
Attempts have been made to measure metal flame temperatures

fy n ' .
spectroscopically by means of rotational and vibrational temperatures
: ,
of AlO and Mgo calculated from the band spectra of the. Al o2 and

g-Oz-flames. Densitometer trac1ngs of typical flame: spectra are

- .
[ ]

! 4
given in Figures "8 and 9. The instrument ‘used was a l.5 ‘meter y

£ : ’ :
- Bausch and Lomb grating spectrograph, with dispersion of 15. 2/mm

3] fx ' .

~

As shown in the tracings, no rotational structure' is resolved

?

in the Mgo spectrum, while that in the AlO spectrum is partially -

E resolved. . This difference in behavior is surprisidg,“as'the.masses

~ M - *
I . . ’ ' oo t
' . . . - . . Lo
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and structures of the two molecules are very similar. The' type
of electronic transition, Ié-"ﬁ is also the same, and tabulated
" line spac.mgs (N ],ﬁ ) are similar. '
Attempts were made to measure v1bratlona1 temperatures of
magnesium f.'bames burm.ng in air at pregsures from 100mm Hg __to
atmospheric." Magnesium was used, as longer burning timee are
more easily obtained and ignition more readily achieved in air
for magnesiﬁm than for aluminum. ‘

. The intensity of a vibrational band is given by:

" .
. . ¢

L TR e ar

ji Y. eq. (9

Where:: E,‘I= vibrational energy of initial state (above the '
I zero point energy) , “\

: I = emitted intensity

** A = constant ’

7/ = frequency of emission
- " '}Z, = initial state

')1"= final state

‘ 'Bt‘,"il= transition probability, Nn->n'"

Euw
(I/-,/v) =pe T(ﬁ,0+@, g o)

BT .
—4962 5?:7Dﬁ”” :'

4:"

- eq. " (10).

R ~ I.-.. —a-:- -~ (,,,..,...&‘._— .,.,-\'\:4‘ ;4:' . ‘
Y L > cut Res 3
Lo e L - , t ‘ Ib . [
Lol Ll Y t J’ ¥
™o .
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Brinkman and Ornstein (9) assume initially that 242,14,// is

approximately constant for all ’)l/ That is, the ‘sum of ‘trans-

ition probabilities from a given initial state to all final stateé

is independent of the initial state. With this assumption, eq. (10)

L

<I/7/'9 Wt" E”’/féT . ea (_11‘)

/nll

and an approximaté vibrational temperature computed. This may be

inserted in:eq. (9), and conected transition probabilities com-

puted, :'and the solution refined by iteration.

The application of this technique requires the measurement of
intensities: of many bands ha'v'ing the same initial étate, so that
the summation on the right side of eq. (10) can be made. This .
Ls easiiy done for the AlO spectrum. However, in the flame spectrum
of magnesium, only the bands for which Aw:qt} are Vigible, and
only the first of these with any appreciable intensity. ‘

However, if one ambient.pressure and its associated ' (unknown)
flame témpérature ’I"l are taken as a standard, and all iﬁterisit;ies'

)

normalized with respect to it, then —Tl_- -~=,-.-. may be obtained as
a function of pressure, without making'; any assun'\ptions.. regarding‘
the transition probabilities. If the hypothesis, that th;a metal
flame temperature is very close to the boiling i:oint .of the oxide,
is true, then a plot of,ﬁ(P Vs, (f-’)should be a straight line of

slope A”\//R .

Because of low plate sensitivity, the scatter in the experlmental
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" data Was too great for any such relation to be apparent,' The.
experiment.will shortly be repeated with more sensitive plates.
Vibrational and rotational temperature measurements of aluminum :
Z'flames will.also be made. | o
'The uge of spectroscopic temperature measurements presumeS'
the existence of thermal equilibrium between the 1nterna1 modes
of thé moldcules. However, Gaydon (BD) and others have shown that
lack”of equilibrium may easily be detected by departures of the
plotted data from linearity. Errors due to particle absorbtion i
‘will be small for.bands in a small wavelength interval; as all t
bands .will be similarly attenuated, and logarithms of intensities
are plotted. o e | *
Errors may exist due to the ameraging.along‘a line_of sight,
and tHe time-averaging'inherentqin long photographic exposures-on
‘an unsteady flame. Coheur and Coheur: (11) have reported.rotational
Lemperaturés of the order of 4600?K ¥ 300° for Al0 in sources
as diverse;as exploding wires, arcs containing Al or A1203 and’
" sparks between aluminum electrodes, at pressures ranging from
atmospheri¢ to near vacuum. The processes in the arcs are not
. energyelimited as are those in flames. Brinkman and Ofnstein.( 9)
have measured arc temperatures of the order of 6500°K . by CN.band
spectra. Coheur and Coheur conclude that the AlO temperature . meas-
‘ured is sigply an oﬁtimum'temperature for the, formatioh:and emission'
of AlO. Certainly, at lower temperatures, Alo would tend to conr, -
‘dense; to Al,O, or. Al O and at temperatures much in excess of‘w

272 3’ .
?4000~K, diSSOdlation to Al and 0 would occur. However, becauSe jf

of the wlde experimental error Tihn- their reSults ( a range of

~

600°) it is. difficult to draw con61u51ons from*them. IR SRS

[ . - -
.. - . '
PORCN ...'vn*‘?-.., s . L '
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IV Ignition of Aluminum Particles

Metal particle ignition times and characteristics can be
important ip any situation in which the metal is intended to burn.

Historically, much attention has been focused on aluminum. - In this

'sectlon a néw analysis is discussed Whlch will incorporate many

more of the 1mportant variables which may influence the 1gnitlon of
aluminum particles under a wide variety of experimental conditions{
This anslysis will be completed shsrtly and experimental vsrification
will cpmmencé. ’
.:Friegman and Macek 02J;l®”‘studied the ignition of single
aluminum particles - injected into a premixed gas.flame on'a flat-
flame burneg - by photographing the pﬁrticle tracks and noting the
point of ignition by the sharp increase in bf;ghtness. They '
reported ighnition temperatures approximately that of the melting*
point of aluminum oxide, and ignition itimes. of the order of '
tens of miltiseconds. Ignition times;compused on the basis_oﬁ
conductive ambient gas were consistsnt with their experimsnta1'~
results. o

‘HoweQer, the condition prevailing in a regime whsre1there
are large concentrations of burning particles differ from the '.
above exper}ments. A large flux of radiant energy‘froﬁ ghe<
burning particles can produce signifisant radiant heating of
incoming particles. In addition, because of the distribution

of particle sizes in any commerically available metal powder,

larger unigpited particles may find themselves surroundéd by

' i .
-smaller burning particles, and thereby heated both radiatively
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and conductively by these particles, as noted by Wood (15).
In the present work, a burner has been constructed pro-

ducing a quasi;flat premixed flame of propane, 0, and Nz, and .

' capable of passing large concentrations of metal particles (Figures 10

11). 'Becausedof the large number,;smalf size and close spacing or
the drilleé holes in the water-cooled burner plate, the individual
flame cones of the premixed gas merge into a nearly flat flame
w1th a maximum 1rregu1ar1ty of the order of 1 mm. ,Slnce 1gn1tlon
distances are of the order of centimeters, to the particles7'the
flame is flat.

Particles are entrained into the gas stream in a.miximg
chamber:in mhich tangential jets of the gas mixture impinée upon
a 1 .yer of ajuminum powder. The concentration of algminum powder

is determined_by switching the gas streams for a known time

. interval from the burner to a filter which traps the particles

and is later.weighed. Commercially available aluminum powder is
separated into reiatively narrow cuts ( 27§ﬂstandard deviation

from mean) by air elutriation. Because of heat lossee‘to~the

~ water-cooled .burner, the burned-gas temperature can be as'much

as 350° C below the computed adlabatic flame temperature of the

- mixture, and,estimation of the true temperature by a heat balance

on the cooling water is not accurate enough. Instead, the true

temperature is measured by Na D-line reversal (with no particles in
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the flame). The temperature drop can be reduced by increasing the

gas stream velocity. This both decreases heat transfer to the

burner and increases the mass flow, thus reducing the temperature

- ’e r R 0
Burned gas velocities are on the order of 500 cm/sec.

Though the final particle velocity is close to the gas velocity,

the particles take an appreciable distance to attain terminal velocity.

"Hence, experimentally measured ignition distances are converted

to ignition times by integration of the equation of motion for
the particle, assuming Stoke's law drag. |
The theoretical analysis of particle ignition proceeded in

r
.

several:stages:
R 4 a) Ignition was defined as attainment of. the
oxide melting point, which Friedman (12,13,14) showed to be approxi-
matelyithé ignition temperature. First, the temperatufe history
éf an aluminum particle heated by conduction from hbt aﬁbienﬁﬁ
gases and byqradiation-from a plane black body at the metal .
flame temperature (the boiling point of the metal 6xide); was‘

studied. Radiant heat loss from the particle was also gonsidered

' even where‘heatng was purely conductive. Some typical results
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oL

.

by - B

A

b

N

-vl

-

.
-
"3

2

S . IABLE I. R o .

Ambient Gas Temperature = 2500°K

Aluminum Particle Emissivity = .40

Calculated Ignition Time,AMilliséconds'

T
Conduction Conduction - Conduction
' ¥ o With , ;, Without and Radiant
Particle Diameter, Radiant Loss Radiant Loss Heating With
— —Microns_ -~ ' ‘Radiant Loss
35 % e 7.9 6.9 | . 4.4
50 - 17.7 14.0 8.0
75 B 63.5 31.5 - '14.8
o8 :
B r

Thus, these calculations 'show that radiation, b&th as heat
input and ‘as loss, can be important for larger particles. Indeed,
it may easily be shown that the ratio of radiative heat' input (or
loss) éo cbéductive heat input is proﬁbrtional to particle;diametér.'
For paéticl;s smaller in diameter thaﬂ 10 microns; the radiative
contribution is negligible. Further, because of the710w.Reynolds

number (initial Re= 1, Finél Re == .01), conductive heat transfer

has been considered rather than convective.

oy R
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b) The next step was a somewhat more sophisticated model
of the heating process. The cloud of burning particles
radiates less intensely than a black body, unless its thickness

and/or concentration are very great. The radiation from the

m L

"burning cloud of particles and its dependence on concentration

was computed by solving a simplified radiative heat transfer
problem, subject to the grey-body assumption, and assuming
that each individual burning particle radiates as a black -
body. The latter approximétion is applicable since thé
radiation from each burniﬁg particle is really emitted by
a dense’ cloud of micron-sized incandescent particles surroﬁnding
it, and the distance between burning particles is-largé_
relative to the diameter of their flame zones. | | |
-The éﬁs temperature and velocity are not really conétant,

but decrease as the metal particles are heated and accelerated

: by~the~hot'gaé stream. Indeed, a simple heat balance shows

that for any'given initial gas temperature, there is a maximum
coricentraton of metal that can be added before the géé.coqls
below the ignition temperature and ignition does not occur.

To. estimate this, consider conductive heating only
/umax Cpm (Tig - To) = (1-/qmax) fpg ('_rgo_'Tig)"'”" eq. (1) .

1

_/A(mék = e
he ra . m
! 1"%9.(

] . .

T '""T ) o..o..o.oo-..o.o..o.fto eqt
(o] L]

j_ -
Too™ Tig

- (2)
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metal

where: /amax = maximum mass fraction Sas and Hetal

me = metal specific heat

o]

Cpg = gas specific heat

Tiﬁ = particle ignition- temperature ‘ '

e ~

iy

Tgo = initial hot gas temperature

]

To initial particle temperature =¥ room temperature

Actually, more metal can be added than shoﬁn by eq. (2),
because of:xradiative heating, but it ﬁas.been shown experimentally
that such a maximum metal concentration can exist.

The vériation in gas tenperature was taken into account in
'1e computer integration of the system of differential equations
describing?the heating process. The cooling of the hot ambient
gas (and Eansequent reduction of conductive particle heating)
and the radiative heating of the particles have 6pposite effecfs
oh ignition time, as metal powder concentration is increased. 1In
general, the net effect is to decrease the variation of ignition
time with metal concentration. For éome combinatioﬁs 6f initial
gas tempermature, thickness of the burning particle cloud and
particle emissivity, the limitation on metal particle concentration
mentioned above no loﬁger exists; i.e., in these cases radi&tive

heating increases more rapidly than conductive heating decreases

due to cooling of the gas.
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c) Photographs of particle ignition on the flat-flame

burner (Figures 12,13 79,“ average diameter Al particles.

P=1 atm. Ug=350 cm/sec., Tgoz 2420 °k) show that ignition
occurs over a range of distances, due to the distribution of

particle diameters in the sample. A; average ignition distance
was obtained from such photographs, both optically, and by‘
photodensitometric scanning of the négative, and correlated
with the average particle diameter (determined by photomicrography)¢
The analysis described in b) predicted, in certain casés, that no
ignition wbuld occur ﬁnder conditions where ignition was observed
experdmentally. This is probably due to the presence of particles
smaller than the mean, which ignite first, and then cénductively
and radiatively heat the larger particles uﬂtil they ignite.

A new:analysis has therefore been made, considering the
samplie to be composed of a number ofi-groups of particles, each
group- of one diameter, and following the history of eaéh'éroup.
This aﬂalysis takes into account theifollowing effects:

- j 1. Radiative heating and heat loss

b 2. Conductive heating of particles by gas

3 4 3., vVariable gas temperature, density‘and viscosity

: “ 4., Variable gas velocity . E : ‘ .|

; ) 5,‘ Conductive heating of gas by burning particles

6. Decrease in diameter of burning particles

As well as yleldlng ignition distances and times, this ana1y81s

will determine burning distances. for each size of partlcle, and
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the variation of intensity of the metal flame with distance (for
comparison with densitometric tracings). This énalysis is now

being programmed for computer solutiona
! ‘ :
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V. Proposed Work for the Next Report Period
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aWOrk will coﬁtinue on the combustion of tantalum and

Zirconium over a wide range of environmental conditions of'

pressure an& gaseous’ spec;es presgnt %5 discussed in tHe ‘

proposal.

be made.

Slmllar studles of calcium,

and other metals will

Intensive efforts will be made to determine if'tqntalup

and zirconium satisfy the'vapor phase burning criteria in any -

environmental conditions.’

The ﬁwo—path metal flame temperature measurements will

. 4. . K . .
contintie. blbratlonal and rotation temperature measurements of

aluminum flames will also be continued using more sensitive

plntes.

evperimentai data.
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Ignition times will be computed and compaﬁed“withq..

i
N



FIGURE




FIGURE 2




\")
A\

FIGURE 3

re22 P




FIGURE 4

;
a:
3




o

FIGURE 3

JPZZ- PS5




(o]
Ll
o
=
O
L

D P 227



SPRR- JPR Zopo - 5

Lo a8motd

LAMP

L

\

CHOPPER

MULTI- APERTURE

FLAME

CHOPPER
INDIVIDUAL
PHOTOMUL TIPLIERS
L2
K |
N ST
FILTER &\\
IMAGE OF -
FLAME & LAMP e
FILAMENT
FIBER OPTIC

LIGHT CONDUITS

TWO-PATH APPARATUS



JPR 1427

e e s T e W e
DY 506IS et
owzaus

OIYB0SIS

oW e2riS

oweezic

Qv 201G

oW €2¥BY

.
«..\‘.

[ty 12260k
— veizg08

-0V 2'8v9p

== Wigg196E
== weovree

PRINCIPAL FEATURES OF THE ALl-0, FLAME SPECTRUM

FIGURE 8



JPR 1426

08w 02028

06N 0'2615 =

FIGURE

FLAME SPECTRUM

PRINCIPAL FEATURES OF THE Mg-0,



JPR 1570

50-MESH
ANTI-FLASHBACK SCREEN

.031" DIA. HOLES IN
SQUARE ARRAY

18 PER INCH\

WATER COOLING
PASSAGE

A ‘\‘

OSCILLATION
DAMPING
P
LUG o s _v/)/
Ny =
: A /
5“
N\ 2 A
N
X/
FLOW SMOOTHING o
CONE ol
l \
\\\ | w\\ r
|"
27—
BURNER FOR GAS-METAL
PARTICLE MIXTURES
FIGURE 10



-

FIGURE I

Q
3
3

v
\{

N
S




P e P D=

FIGURE

FIGURE

[

| 3





