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I. INTRODUCTION AND BACKG’ROUND
d' Previous studies(l-s) have identified

1) A range of central scientific questions,concerning combustible.
systems—ewhich are best studied with the aid of a Space Shuttle
laboratory facility._

(2) _"Flame_propagation and extinction in clouds of porousvparticulates"
as one of alselect group of important_combustion_experimentsIfor
such Space Lao investigations.

(3) " An experimental approach apparatus; and procedures for the study
of:tem (2),.above |

(4) A theoretical“approach'to the necessary understanding of the

proposed experiments.of item (2), above.

The current research effort is designed to advance the theoretical structures
needed for the predictive'analyses and interpretations for "flame propagation

_and extinction for clouds of porous particulates.” An effort has also been

made to further advance related combustion theory of significance to reduced

gravitational studies of combustible media.v

(4-6)

Theoretical studies -of flame propagation through clouds. of .porous .

particulates are generally couched in terms of sets of conservation equations

‘and appropriate boundary conditions ‘Central to the requirement that a flame'

propagation theory also be useful for flamerextinction analyses,'is the re-

_quirement that the boundary conditions be nonadiabatic. " Nonadiabatic Boundaries

are required for both autoignition theory_and for extinction theory. Processes

"that have beén considered include, among others, pyrolysis‘and vaporization of

particulates, heterogeneous and homogeneous chemical kinetics, molecular trans-—

port of heat and mass, radiative coupling of the medium to its environment




-and radiative conplinganong particles and volume elements of the combustible
" medium. | | |
- In general, the needed tneoretical structnres provided thereby should be
; 'capable'of‘quantitatively representing:

(a) Steady state:flame propagation
v ' (b) Flame extinction limits
. (¢) Small particle flame benaviOr and limits
‘ (d) Large. particle flame behavior and . limitsv
(e) Effects of apparatus scale
(£) Effects of system transport properties
(g) Effects of variations in kinetic characteristics of combustibles

(h) Autoignition conditions.
Itvis expected that-the results of this investigation will help to provide
~an analytical model that can be used to

(a) -Ald in experiment selection and design"
(b) Understand in-space experimental results

- (¢) Provide a predictive approach to further understanding of combustion
for g > 0.

In addition to the abope_cited studies, we have performed'related theo-
retical examinations of;selected areas in the field of combustion where reduced
grapity studiesAappear”pronising;andiwhereVinvestigations tordate appear_inade-
quate. These iatter analyses attempt toiidentifp.the.critical aspects of the

B associated combustiondprocesses that appear to require investigation underA
_ zero-(g) conditions. It is anticipated that these 3§;initio theoretical studies
will be usefultto our nnderstanding of fnndamentaiephenomena associated with

oscillatory combustion.(7’8)
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i fI. GENERAL THEORETICAL CONSIDERATIONS

'Forva_cloud of particles at reduced graﬁitational conditions, we consider
a flame to be propagating in the negative x-direction. ‘The one—dimensionalized,

nonadiabatic energy conservation equation can be written for the gas phase

f components of the system:

B
_ d 'deg- dqR ER) R :
(1) -& '[G(Cng+hv]=k-fd:2-+a;{—-+ q + (qup N) -zLi
where
X - axial direction
c_ - specific heat of the gaseous medium

G - mass fléw ratei

h_ - heat of'vapori#ation of the condensed'ﬁhase
T -~ Gas temﬁeraturé

A é‘moleéular cond;ctivityf

(dqR/dx) - axial component of thé divergence of the radiative flux density

q''' - heat rélease ra:é assbéiéted with gas phase chgmital reactions
i;' = local rate of é pa;ticle'g réte ﬁf heét reletse (or heat
. _absorption): |
ﬁp - local coﬁceqt;atioh of pérticies
ZLi — Sum of the rgdial heat 1osé rates due to all trgnsport pfocessés.

Equation tl) provides for eifﬁerlbothvexothefmic/endothermié processes
within a pafticlé% spatial regiﬁe,'as well asbfor gas phase chemical,kinetics.

The two—dimensiqgality and fﬁfther complexities Qf the radiative-conduc-
tive coupling whiéh may Ee importanﬁ’have been ﬁaken to be separablg.

This latter simplification méy'not always be useful and an extensive examina-

“tion of this issue is proQided in a later séction of this report.




Gasification_due to individual particles may be ac;ounted for by the

"expréssion
(2) m, =‘Asexp(-Ev/RTp):

Within a“ propagating flame's structure, the total gaseous mass flow rate, G,

e T e N G e
-

is not constant, but increases due to the net effect of all gasification

processes. Accordingly,

CdG L, -
3) | & T A exp (Ev/R.Tp)np

provides.the matching condition which couples the vaporization reaction rate

Y e S et o e el ot

_of the particle cloud to the gaseous mass flux increase. The total mass flux

PV o]

rate, Gt’ is,given by -

et

e bl s

) G, = G_+ G,

From conservation considerations for thé two-phase system

4G

(5) = +_Asgxp( EV/RIp)np + ix

VIprp;gviogsrdis¢u§§ions? we hévg:nopgd Ehe.ggﬁéral ép?xoaches_fo numerical
solutioﬁ of a system of éduagions Such as (1)——(5) subject to appropriéterﬁoun; .
“dary conditions. | N |
Several intefésting bonditidné limit the ranges of parametric condit;ohé
within which.quési-steady flame propagation can be achieved. AThé first 6f-

these pertains to an upper limit on the ambient temperature conditions.(g’lo)

M L T L i e i ATk i et Y i A g

At sufficiently high ambient témpérature conditions, autoignition occurs. At
or abdﬁe the autoignition condition, no quasi-steady flame propagation is pos-

sible (the system is supercritical). Other parametric conditions which may
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. limit existence of quasi-steady flame pfopagation derive from either energy .
1dss to the envirqnment or from inadequate coupling of the two-phase heat and
mass transfer mechanisms which are implicit in equatiénS'(l)——(S). Both auto-
_ignition and flame extinction limits are discussed in the following portions

U of thisjreport.<




. III. AUTOIGNITION

“Ignition and "explosion" supported by a uniform gaseOus system has been .

(11) The elements of such a.o

treated theoretieally and_revieWed previously.
r~cheoretlcal strueture'alfeadf eXiSt in appropriate nonadiabatic gas phase flame
' propagatien theory. One has only to ‘set all convective flows to zero and

: exaﬁine the classes of solutions-fo: nonflowing gaseous’ systems » . This has

(1) - Inz;similar ﬁay, one mai reexamine the limiting case for auto-

been.done.
ignition for a uniform dust cloud of combustlble particulates. Data accdmulated
. by the U. S. Bureau of M:Lnes(l ) provide a radge of empirical "explosibility |
indices" for clouds of particulates. Autoignition temperatures whieh are theo-
: retlcally comparable to those fdr:preﬁixed gaseous systems are derivable from
(l)——(S), and related considerations.(l;) |
The theory of the autoignltion of single particles of metal and of coal

4 has received considerable attention..(14 -16)

However, experimeqts show that
the tooperatlve-effect of_the particles in a cloud has a significant lnfluenee
on the ignition.tempetatute add.that the ignition temperatureAcan also be
dependent on the sYstem's:physieal(l7 18) parameters. -Meese and Skifstad have

'treatedlsome“featu;es of4$e ignition Ofrclogds ofioo:od:pattleles.cl?)'”Iheiq o
deflniticn of ignition teopenatuteiis rather soecific to the type of metal
under coosideration'(boron)\sndfeompptatioos'are carrled out for ignition times.
The definitionsdandvthe_aims,‘as oelles the mathematical tfeatment deoelopedv’
'here, are different and more geﬁetal ' Rumanov and Khaikin. developed an ap-

(20)

proach to ignition of particle clouds.- The present ‘work uses methods of
the phase—plane( b to describe ignition conditions resulting from equations

(l}f~(5), with no convective flows.




We consider the problem of autoignition of a cloud of solid particles
;uniformly dispersed in a gas with one component of which it can react. exother-
_imally- The heat generated by the gas-solid reaction heats the particle and
:the surrounding gas is heated by particle-gas heat transfer. he mass of gas
“in the cloud loses heat to the ambient at the cloud boundary (or a vessel

(l )) The particles can also directly

boundary as in laboratory experiments
:exchange heat with the ambient through radiation; radiative transfer is inclu—
hded only to indicate its importance in some cases, but is not treated in

‘detail here.’ | - |

We assume the follouing:

l)'-Theisystem:B "homogeneous" in the sense of having uniform properties
‘acrOSS‘the cloudt (This is‘similar to the classical Semendv_theory of auto—

'ignition in'gaseous systens.) _We adopt a two—tenperature model with one tem-
‘perature for the particlesend another for the gas in the cloud.

2) A heterogeneous reaction occurs at the surface of the particles (for
example,'if:the cloud consists of metal particles in air, this could be a sur-
face oxidation process). We can‘generalize the assumed surface reaction to the
‘case of vaporizing particles in subsequent analyses. for the case of vapori21ng

a1y

particles,rgas phase autoignition conditionsVSimilar to those previously
| ;discussed are obtainable;
A'3) The induction period is sufficiently small so that negligible con-
sumption of fuel or'OXidant'occurSl | | | |
-4)A Heat transfer is represented by Nusselt;sbnumber type coefficients.
Radiation transfer is negligible.
) S) The effects of natural conyection are negligible. (These'effects can

be important for large temperature differences and cloud sizes.)

6} All physical properties are constant.




The "homogeneous" model permits us to write two energy equations for the.
Lcloud, one for the particle,aﬁd the other for the mass of gas in'the cioud.

'iThgy are

dT ' :

. - M J = - . - -

:(6) . pcp dt Qp_ ;alqup ’ Tg) :-_Lr

and i
(7) MC —8 = No -T) -0a,8(T_ -T).

L st 1% T ‘ g ~ %25 ‘°°‘) o

‘where

M - Particle mass-

p :
1cp - specific heat of the gérﬁiculate material
T, —'aﬁbient temperature at the boundaries
va - témperéturefoffa pgr;icle‘
t - time. ’
Qp_- net rate Sf,héd; geﬁefécionvpef ﬁafticle
o - coéfficient.fo;;heat‘exchange between particle and'gas'-

qz —‘coéfficient foféheat exchénge betwéen.clou& and»su;roundings
v Lr - total rafé ofvhéat loss b?{fadiatibn per particle |
N - total number ofi particles -
S - internai suffac;,afea:of the vessel containing:the particulate

cloud
‘Sp - particle-surface area
- Yy - mass fraction of réacting‘gas-compongnc.

" The nature of the ahove equations suggests a phase-plane representation(%;)

.The .advantage of such a method is that the loéalfstability of a steady state
can be inferred from the ﬁlassification of the corresponding singular point in

the phaserlaﬁe, even where the definiﬁg equations are nonlinear.




In the Tp - Tg phase—plane, the singular points (and the corresponding

Esteady states for the system) are given by solving the following equations

:simultaneously. _
(@) " Na,S (T -T -:aSva-'T =0
',() A 1p_(p g) ;2(8 o)
9 Q -0.S(l.~-T)-L_=0.
(9) Qp 1_p< P g) r=
Simplifying,
aSazs'
Qp = (Na S + S) (Tp - Tt Lr
- (10). _
B . alS o .
o5 (Tp ~ L) *L
1°p
1+ —=5
2

If Q is aﬁ Arrhenlus—typelrate with an exponential aependence on Tp,
the particle temperature, ‘then Eq (10) would give the familiar Semenov—type
‘distribution of singular points_(steady states). Ihe naCure (or local stability)
-of eaéh of}heée steadyvstates is.determinedAby the first partial derivativés_
,”with fespeCC;td»tﬁeAphase—blaner§aria51és af:thé'expréssibns on the~right—hand e

an

,éide of.equatidns.(6)~and (7):evaluated at the singular. point For an
Arrhenius—like Qp, it»can be shown,'by the methods set 6ut in (11) that the

two lower sihgular pqinté would be a node and-é‘séddle‘point; The critical _

condition for ignition occurs when the two poihts-merge(ll) and 1is given by
: 2q_ @S AL
P - ___1°p r -
an T o
L N

1
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'Tﬁe'simultaneous solution of Eqs. (10) and (1l1) (if Q 1is known as a
7function of T ) will give the autoignition condition that is, the value of .

;Tm'for autoignition. Along_with Eq. (9), the followingAexpressions.are obtained

.for.tg.and Tg;

’:(12) © . 7p o, S - Q.S

3‘_13) _Tg Té - gqp/alsp)‘+}(Lr/alsp)t

The examination of these equations requires specificatlon of the forms

‘ _for Q and L . The effects of radiative loss would be important in high-

S e T, = S Ay,

itemperature situations and;the enpression.for Lr should be_dependentron'the
:cloud density. Hoyever, for-tneipresent Lr is‘set equal to zero.
Some general results,can be obtained by examininguiimiting cases‘with
.the help of Egs. (ll)—;{13); Wegassune.that Qp oan~be desoribed as‘a simple-
:surface reaetion by: |
P P oexp3‘3’?fp??f

3/2,.3/2

Cloud—particle density is proportional to NS /S if we assume spherical-

particle and cloud geometry.

We'nay now consider several alternate cases:

Case gaz: When qusp/azs 1,4Eqs. (11) and (12) reduce to

1 azs -
as) .AT 7 ‘exp (- E/RT ) §o~ EApY.R
_ P P o .
32 ] sl/z] N
- O
2 NSP3/2J 1/2J EApYOhc
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v:and‘
(16). T =T (L - RL/E).
ae. T, ¢ o/
From Eqs. (15) and (16), we can deduce that for the same particle and
:cloud size, the temperatures at ignition (T and T ) decrease with increase in

"cloud density. For the same density, the ignition temperatures decrease with a .~

' decrease in particle size and'with an increase of cloud size.

Case (b): When.Nalsp/ozs<< 1, equations (11) and (12) reducehto:

QA7) = exp(-E/RT_) = ——=—

, T2 © e EAYgh,
18) - T - R .

(18) To = Tp(l = RT /E)

Equations (l?).and (18)hrepresent the single-particle limit in that the
cloud parameters'are absent fron.thevignitionlconditions. - The particle-size
:dependence comes in only through such dependence of al’ the particle—gas heat
.transfer coefficlent. For stagnant conditions, oy is inversely proportional
_to the particle diameter and the ignition temperatures would decrease as parti-
_cle 51ze increased. ' This also suggests that ignition is likely to be observed
' as'occurrences on'individual‘particles-rather than as cloud phenomenon,‘
The iimiting—case results above are-qualitatively.supported by.some of
| (7)

the experimental-resultsfof Cassel and Liebman on ignition of metal dust

clouds. Their Figs. ‘2 and 3 show that the ignitlon temperatures fall with :
.increaSe'in dust concentration for a given particle size. The different

-dependence on particle size 1in the two limiting cases is also seen by the cross-

over of their ignition temperature-cloud density curves for different particle




(20)

(21)

(22)

S 12

sizes. The dependence on cloud size seems intuitively to be in the right

-.directiong howevér, Cassel and Liebman did not investigate this question.

For porous solids, reaction can occur throughout the solid volume and Qp
changes to (assuming spherical particles):

3/2

@9) Q= 5" Ah oY, exp(-E/RT).

p

:The limiting cases now giﬁé,the followihg results:

- | i (1) \
1. - S 1 R
Case (a): == exp(-E/RT.) =« ‘ :
Lase (@) T2 Y T % NS3/2J sL72 EApYOhcr
ia_nd
T =T (L - RT_/E). .
e p(. _ 'p/E)
| case (b): == ex'(QE/RT ) = 1R
=s====;,L- T 2 P “p 1/2 EApY.h
_and )
: | T =T (L -R .
(23) T, = T, - RT,/E)

In Case (a), the ignition temperature at coﬁstant cloud density is

4independent'of pafticle siée, while a decrease with increase of particle size

is shown for Case (b).

- From this brief examination, it appears that the phase-plane technique éan

‘be fruitfully employed in de;ermipihg autoignition conditions for dust clouds.

The ighition cohditions derived‘showlqualitative agreément with certain experi-

" mental measurements on metal-particle clouds.: The method can be extended to

study systems with different chemistry and including radiative cooling. However,

it_appeats necessary tocarry out autoignition -experiments at reduced gravatétional'
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“:conditions ifvenergy transport is to be restri;ted'tq'cohduqtion and radiation

fand if: truly homogeneous clouds of particulates are to be studied.
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"IV. FLAME EXTINCTION

.In the study of premixed,agaseous flames it is found:that-ertinctiOn
:1imits for flame propagation are associated with a number of critical condi—
tions beyond which integrated heat release rates (for the flame structure)
‘cannot match the integrated heat loss rates (integrated over all boundaries)
:sustained by the flame structure.(_zl ~23) | | .
| Equations'(l)——(S):characterize a gas*phase medium which, if it is to

support flame propagation through a cloud of porous, vaporizable solids must

‘be supplied with adequate gaseous fuel for combustion. Accordingly, it is

immediately clear that the. boundaries of interaction for the'gaseous medium
.(of this two—phase;system)hare important/in'ways which don't apply for pure
‘gas phase media. These include:; o »

(1) Heat losses from:the'gaseous medium to the particulates are required
to:supporththe:vaporization process which is neCessary for provision
ofigaseous fuel. o |

(2) : The rate of heat'loss'sustained by'the gaseous component‘(or the.
two-phase systemj includes,.asvboundary losses;.hoth the apparatus
boundaries which enclose the particulate cloud and the sum of energy
.losses‘torthe:vapori21ngﬁparticulates; R B -

3) Hot,;optically inactivezgaseous components of flame gases may
| indireCtlesustain lbcal flame radiation loss rates via the radia-.

Ative coupling.among'particulatesﬂas well:as the radiatiue interaction-

.betweenlthe particulate cloud and the cold boundaries of the reactive

med :Lum | | |

‘(Al 3Vaporizable materials for which - (Ev) is very high and for which par-
‘ tlcle sizes ‘are large (at constant total particle mass concentra—
"tions) will:generallyrfail to support»flame propagation. For such

a system



"tion and extinction data obtained under conditions of weightlessness

have noted prev10usly

15

(a) volumetric kinetic vaporization rates are very small, except

at the highest temperatures (Eq (2))

(b) volumetric heat transfer (and'vaporization)_rates from gas to
particles at the highest temperatures are still very slow, due
.to the small number of particles and the fact that these rates

depend upon (T - Tp) values:

(c) For a broad range of "prevaporization temperatures', the parti-
'culate cloud. sustains radiative losses to the boundaries, yet

'contributesAlittle_gaseous fuel to the gas-phase flame system.

These observations are generally in. accordance with the qualitative

:features observed*for flame‘propagation limits. However, quantitative appli—

'cation of the approach discussed herein requires observation of flame propaga- '

(24 ) ' We-d

2 )

that flame propagation data obtained at normal

gravitational conditions suffer from_a number of necessary deficiencies.

_Additionally,'whenflame.propagation rates are'at all comparable with particile
fsettling'rates, apparent flame'extinction (at normal‘gravitational conditions)
cannot be attributed primarily to the transport and kinetic processes discussed
- here. Accordingly,the limiting-two-phase coal flame propagation conditions
‘reported in reference (6) need not at all correspond to what we may observe

'under zero gravitational conditions. Preliminary observations with lycopodium

powder-air flames (at reduced gravitational conditions) are in conformity with

this observation.
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The Conductive-Radiative Mechanisms

of Dust Flames

| 1. Introduction

Previous theoretical.models:fpr pfdpégating coal;dust flames have
'considefed transport.mecﬁ;nisms based upon radiative heat transfer from
the hot flame region to the incoming coal/air mixture¥6’25’26- These theories
f’appear to be apﬁlicablé only to devolatilized char fiames wherein the heat
release rates are slow. In genefal, the rapid volatilization in-coal-dust
§_flames leaés to the formation of thin flaﬁe reaction zoﬁes where . temperature
j rises steeply. The existénce of;éuch thin flame fronts (v 1 cm)_suggésts
"the importance.of gas'phase'difquional (conduction) processes in such
flames"._6 In the early tﬁeoretiéal model of Smooﬁ, Hdrtod, and Williams6
radiative processes are ignored.; More recent studiés.do not_consi&ervthe
gegeral conductive-radiative pro?lem'fof.the reaction zone.

‘If the optical thickness of a flame front based on the inverse of the
Rosseléﬁa mean-free path is'either'very large or very small, the effgct of
radiative processes on thé sttuéture of flame reaction zone is expected to
be small.  In the case ofia very large'bptical thickness, this result is
' due to the fact that the ;adiétive flux rate is small. In the case of very
;mali optical thickness, this result is due to the fact that the divergence
of the rédi;tivevfiux rate is small., 1In transparent gaseous flamés the
Rosse;and méan free path 1is 1nfihite and the corresponding optical thick-
ness 1is zero. :The effect of radiation on such flame:stfucture is therefore not
importanﬁ. In dust fiames, the Rosseland mean free path is neither infinite
nor zero. Thus, the roles playéd by radiative transport in dust flames

requires further examination.
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=_2}'Vgptical properties of-dust-containing media

Methods:ofenalysis of radiative transfer_problems vary greatly from
; nedium'to medium§ depending upon the diiferent cptical propertiesbinvolved.
;Itiis'therefore necessary:to briefly review the optical properties of a
'-typicaltdust medium. Tnis wiliibe useful;in the.study of the-conductive-
radiative theory of dust flames:to be formulated. It will also serve to
f.guide‘us in selecting the-analytical tools needed to fdrmuiate the theory.
In prev1ous experimental studies6, coal partlcles of sizes between
Q‘3 U to 38 u were ‘used. Due to its ready availability, we shall use the
optical properties of carbon black particles (refractive index, 2.00—1.20 i)
'~ as an approiimation to*tnose oficoal particles.AA

: Calculation of Mie solutions for spherical particles with refractive
index, 2.00-1.20 1, was carried out by Fahimian?7 Let the dimensionless

particle size, X, be_defined as,
';k = 2mr/A,

where r is the radius of{the spnerical particle and A 1is the wavelength :

of radiationt‘ Let Kt’ Ks; Ka be‘the extinction'coefficient, tne scattering
l.cbééficiéAc, éﬁd.the’ahso}péibﬁ'&oéffiéiénc;"féspeéiiveiyf ‘The diﬁensidniess”'
'form of the (extincticn) coefficient is called the-(extinction) efficiencp,

" X, which is defined as,,

X, = Kt/CnA
X, = Ks/tnA
X = Ka/an,.,

‘ whereCn is'the-number‘density of particles and A is the geometric cross-

- section area of individualvparticle. The Mie solution predicts.the relation
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between the éfficiéncy and the dimensionlesé_size{ The résqit527are repro-
duced in Fig. 1 din the férms of Xt - x and XS/X% --2'curﬁés.

For dust media of known mass concentration of sglid particles, Cm,
'aﬁd the size of particles, the spectral extinction coefficient, K (\), and -

the spectral single-scattering albedo, ﬁO(A), can be readily calculated,

| ) A
K () =X, (‘.)c A= X (x)[ J =)
K
C - ._E. _ _ l
Te(A) = KT 1 X, ,
X—"l' 1

where O is the density of the solid phase and. V is the volume of the solid

particles. Tur spherical particles,

A

3
vV o 4r
In tha ranges OL particle sizes and of wavelengths considered, the value of

x is greater than unity and the wvariaticn of- A is mede raLL. With decreasin

ol

article size, the decreass in X i3 moderate and the incraase in the

/volume ratio is more proaounced. Consequenily, the extiaction cesffi- .

cizat increases with dzcrazsiag particle size under co “gdﬂL mass coacentra-

aroperty,:hich is displayad in Table 1 and Fig. 2, ma/ affect

e of -the burning velocity of dust flames onrthe mass concenira-
tion and the particle size (see Fig. 4). We shall come back to this point
later in our discussion. : o

The other significant (optical) property of dust medis with particles

IJ
n
o
I+
w
n
H.
N
(o]
2]

range and radiation field (in this wavelength range) derives
from the fact that the variation of the extincticn coefficlent and the

single-scattering albedo with wavelengih is small. It is therefore possible
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to coﬁsidef‘thé idealization of_dustfcontaining media aé gray média,. A
gdod esfimate of the error involved in such a gray approximétion is given by
the différehcé of tﬁe Planck mean from the_Rossalahd mean extinction coeffi-
cient, i.e.,

KtprcR

’
KtR

Such an estimate is shown in Fig. 3 and supports fully the use of the gray
approximation;:

Thus, the adoption of a mean extinction coefficient is made possible.

3. The conductive-radiative transport mechanism

We now consider the relation between heat transfer processes and
reaction zone structure and burning velocity. Differences in particle and
gas temperature will be ignored. -

The energy balance may be written as

2. R ' .
(24) 4T _ 1 g o 4T L Q/C
adxz,oacv(rTrF)+H‘”dx'+?(T'Y %

where o is the thermal'diffusivity;_

4F(Z 4T {vadv) is the radiation flux,
' 0

H is the conduction and radiation heat loss,
e, is. the density of medium,
w is the burniﬁg velodity,

- Q7 is the heat of reaction,
1/T is the rate of reaction.
For an adiabatic flame, H = 0. One may consider equation (24) the equation

for the unknown T since F is a known functional of T. The equation is an

integral-differential equation with integration over both frequency and
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physical space. Such an equation is difficﬁlt to solve.-:However, once the
flame is coﬂsidered as a_ gray medium, it becomes p&ssible éo'femove_the
‘neéd of intég;ation'no;‘only o&er.frequency space but also over physical
space. ~The‘approximation,which removeé the need-for.integrétion ovéf
physical épace is called the diffusion approximatién.

The ﬁonqchrpmaticjradiation flux,~4ﬁFv, nay be exprésséd apprdximatelyl

in terms of the monochromatic Planck's function, B and the monochromatic

V?
mean intensity, Jv“ ‘

(25) Rt ero ::V *- ‘1-:0 va 2
, . ' 9(1—3 1rl) V _9‘(1-—3—71'1). v '

where tv is the optical depth and T, is the asymetric factor of the scat-

1

‘tering phase function. Equation (25), which was derived by using the
o i 99 . . ) . ;
- exponential kernel substitution method“? reduces in the limit of radiative

equilibrium in gray media to

In the limiﬁ of conservative scattering,

| 71r07 = l,. ’.,
and the.glaésical Eddington approxima;ion is obtained
' g
dTv

1
1
3@—3ﬂ

- @6) F, =~ .
' 1
It has been shown that in the general case this approximation, equation (25)
,rémains quite accurate while the Eddington. approximation, equation (26), fails
in the case of -

no <<. 1 ang _Jv # B,
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'With_Kt(V) = KtR(gK), equa;ion'(ZS) can be iﬁtegreted with respect to
frequency and becomes’

4= | B

en o p~=;_;__l_‘3___'g%v 0 o
.9(1-—3-1r1)A 9(1_3_31)
. __boo g 4 . - ' ]
where B = [ Bvd = E.T» and 0. is the Stefan-Boltzmann constant. Radiation

0

flux is thenxekpressed, aCcerding to'the diffue;on epproximation in terms

of temperature and mean 1nten31ty. One needs eﬁother differential equation
wh]_ch_ together w]_th equatlon (24) describes the temperature distllbutlon and
the mean 1nten51ty,dlstr1butlon. This equatxon is the em1551on—absorpt10n

- equation.

| B _ . 4dF _
(28) | | ’ I = = (1- WO)(B—J)
Elimiﬁating F among equations (24), (27); and (28), wé'have the governing
-equation for T and J,

2

o W CT M @ - Q/c
(29) « - WK(B(T) N - e g iy o
o B S T A .
sy - 0 4d 0 4B m)i- B = 0.

1 ' 1
- 9@ -5 m) dt ‘9-(1,-_3- ™) d"l' -

With additional equations to describe T(T)Aaﬁd with app:opriete boundary

.conditions, these equations can be integrated to determine the eigenvalue, w.

4. VBurning velocinfof coal-dust flameé'

Without obtalnlng expllcit solutlons to equatlons (29) and (30) . we may
examine them to make a qualltat ive comparlslon of a conductlve—radxatlve
Eheoreticel model‘Wi;h the'pure_conductlve.theoretlcal model of coal-dust

flames.
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Experimental flame_velotity_ﬁeasurements were reported by Hofton'and
"Smoot?. '”In general;'a lean flammability limit ié evideﬁt aroﬁnd 100~200 mg.
‘coal dust per liter of air, while maximum flame velocities of 20-35 cm/seé
at 300 to 600 mg/% and rich limits well over 1006 mg/L were also observed.
In addigioﬁ, an increased particle size markedly decreased the lean—side
and peak flame velocities while causing the peak to occur in a richer flame.
However, on thé very rich side, a large size increased the flame veloéify
vee " A typical example of experiméntal results together with their thgo—
. retical results is reproduced in Fig. 4. |

| "Consider_thé small particles of 10 N at concentraticns greater than
>:SOO mg/Q. .The optical thickness of the flamé'front is greatef than unity.

At 1200 mg/% the front optical thickness is about 3, i.e., a moderately

t
»

large: optical thickness. In the limit of large optical thickness, J - B

becomes smz2ll, i.e.,

ne

J=23

and equations (29) and (30) reduce to

(31) 2L (k R L ﬂ AT, Q/C
‘ OCH I S

The effective "cenductivity' i329
N
K+ -—-—————16_°£T .
1 —— - td
32 3 ﬂl)k

The heat flux in a pure conductive model is
dT

-k %
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while in a conductive-radiative modelithe heat flux is
1, dT
kAR
14 '160T3 : :
where ﬁ-E is a dimensionless parameter measuring the relative

1
-—_’n‘
. 3(1 3 1)kK
importance of radiation and conduction. Thus, consider the example where

T = 1200°K

"k = 0.0782 w/nK for air
o 1 -1 L
K(l'"ﬁ'ﬂl) = 300 m ~ (corresponding to roughly 10 u
| particles at 1200 mg/2),
we find .
- = 22.

2z

Thus ﬁhe pure conductive model greatly underestimates the effective
"conductivity“.

The early theoretical model:of Smoot, Hortom, and Williams6 should
pfédicf'a Burniﬁg velocit§ which is much lower than.the obéerved valueé &ue
to its neglect of radiaﬁive pfécessés. .Yet the model ?redicts a burning

.véloéity-hﬁi;ﬁ i;zriﬁally;highef.than‘the ogséfvedzﬁaiue (éee Fig. 4);’ It>
éléo predicts a maximum‘temperaturg which is higher than tﬁe observed.§aiue.

For 10 u particles at concentrations less that 500 mg/ﬁ‘and-thg lar-
_gef-33 p‘barticles at all concentrations studied in the experiments (Fig. 4},
the optical thickness of the flame fropﬁ is moderate or sﬁall. To the‘
extent‘that F is related to the gradiént_of the mean intensity,

AT
Frvgro

the maximum F will remain of the same order of magnitude regardless of the
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opacity‘of thé'flame front. However, their_distributions will'bg different,
as shown SChemétically in Fig. 5. For smaller fiame front opacity, the
radiation flux rem&ins_impdrténtAWhile dF/dx becomes smailef within the
treactioﬁbzope in omparison wiﬁh (k)dzT/dxz. One expects; therefore,.the
still cogsidérablé F in tﬁe‘pfehéat zone to raise.the teﬁpéragure of thé
dusty medium. Within the reaétion zone, the overall exothermic ‘réaction-
continues to increase the ;empefature th;oqgﬁ cqnduction pfodesses.  Thisv
leads to high makimum'temééréture in.the reactidn zone. One may coﬁfirﬁ'
tﬁis‘conclusion from.anbther‘ling_of reésoning. ~In the preheat zbﬁe and the
post—reactién éone where conduétion and heat releéée are ﬁegligible, equa-

"tion 1 reduces to,.

Vix " pcdz (47F)
a
or-
T < -F ,

With the opacity of the reaction zone being:ﬁoderate or émall, F in the
preheaﬁ zone and the post;réaction zone remains significant (see Fig. 5).
Temperatures‘immediétely in ffont‘oflhe'feaction zone;and behind the reac-

tibnlzéﬁér§£il"getfaiééaeﬁ§r;hé céﬁbigéa-éégduéfign—r;diétiéniprocess.

It is therefcre expectéd_thaﬁ a mere.pronounced'peék of the maximum
temperaﬁure deﬁelops in dust flame when the opacity of the flaqe front
decréases from iarge to;modergte vélue. The burning velocity,éhould increasé
m;rkedly with decreasing‘concentration of'lO U particlés. This is-also in-
- dicated by the obsérvgd burning velocity showing a-marked.increase and be-
coming greater than the theoretical prediction of a pure conductive model,
'ifor 33 u ﬁérticles,-the observed burning Qelocity remaiﬁs high throughout

and at 1200 mg/%, it is actually higher than that of_iO M dust. According



25

<

to .the present view; this.is‘due tg‘the proﬁdunée&*temperatureApgak which
'remainé in the case of-33 y at 1200 mg/z, The temperature wanés‘in the
ééée of lO U particies{atIIZOG mg/R..‘ |
Fiﬁally, we noﬁe:that the citéd exﬁerimental data fér édal_dusﬁ_flaimes6
were obtained at normal gfayitational conditioﬁs; Ouf ekperience‘with (pre~
liminéry) studieé_of lycopodium dust flames suggeéts that‘apparent'lean,

limit QbservatiOns (at g = 1) do not correspond to those to be obtained under.

. gravity—free conditionsgfv‘Also,.seftiing velociﬁies vary with partiéle size,
suggesting that (g = Q) vs.‘(g = 1) observafions differ more substaﬁtially :
as settling velocities (particle'size) incfease. It is.also to Ee notéd
that ;hé added sophistication of tﬁié condﬁctive}radiéti§é dust flame ﬁodel
:is paftidularly appropriate for flames SubjeépAto no gravitaticnally induced
body fofces."This is not the_case.for,tﬁe data-bf referenée 6.41Thé fheqre—

‘tical approach discussed here is expected to be directly applicable to data

derived during Space %wuttle combustion studies.
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VI. OTHER COMBUSTION PHENOMENA AND GRAVITATIONAL EFFECTS:
. OSCILLATORY COMBUSTION OF CARBON MONOXIDE.

In a previous REVIE‘.-J'2 ﬁe have noted the need for the study'of a range
of other combustion phenomeéna at reduced gravitational conditions. In the
Jfollowing bages,we rep0rt‘on_our recent studies in one such area, OSCILLATORY

COMBUSTION OF CARBON MONOXIDE.  In this case we again find that space-based

coﬁbﬁstion experimentation is neéded to_;erify énd/gf assist in the development
of existent or needed-theoé}. o |

Preﬁious étudies of ﬁhe qscillatéry combustioﬁ»of-carbon mondgide have
lead t§'the conclusions that.wall effects are of great'impqrtééce.2’3o‘36
" The physidbéhémical'nature of tﬁese wall éffects have béeq thg subject of .
substantial.discussion, but the'eésencg of these discussions involves the
transéort of heat and mass between the gas‘ﬁhase oxidative_érbcessgsiand'the
reactor Wallﬁu In geﬁeral; it is thought that heterogeneous chemiéal processésl
at the'reactér walls play a key role‘in defiﬁing the oScillato£y combustion of
carbon monoxidé;' Inasmuch as_tempéréﬁufe gradients between the axiél regimes
of such (long, cylindrical) reactors appear to be small, iﬁ is believed that
»heat7traqsfer;p;pcgsseswbetggenrWal;g ;ndwgaé phésgzarewqﬁ lessef'jmportancer
thén mass diffusién_(énd.hetérogenedus kinetic) effects. Accordingly, the.

oscillatory oxidation of carbon monoxide has been thcught to be a purely

kinetic’oscillation, as. distinct from the well-known thermdkinetic cescillations

found for the oxidation of hydrocarbons. .
35,37

Thg theory of kinetic oscillations given by Yang and Berlad involves
the follo&ing chemical kinetié scﬁeméticsé |
.,co+oz——f~1—~—>c02+o_v : ' . o (1)
Co+ 0+ M-.".“I""‘T'/\‘-CO?'E(C?()Z) + M o ‘ (2
< . ’

' 3
CO; +0 —>C0 + O2
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. CO% + M —--—-A——é Co, + M )
. kSI _ .
Co.+ OF ———% 'CO, + H (5)

- ” |
H+ 0, —> OH + 0 -(6)
. ) k7_ ’ . ’
0 + H)0 ———> 20H : , (7
Lo kg | | | '
H ———> destruction on wall , " (8)
5 | N » .
0 ——> destruction on wall - o &)
ST ' ' ‘ N '
'O ~———> destruction on wall : (10)
H+ 0, +M —— HO, +M : : L (11
, 12 : ' : . P
HO, + HO," ———> H,0, + 0, . o _ _ (12)
k13 ‘ | ‘ S
Hy0, + M —==> 20H + M - (13)
e VAR | R
_HO2 ————> destruction on wall _ R (L&)
. le ' S . ‘ .
H,0, —==> destruction on wall - ' (15)
) | k16 : o B ‘ ' .
U+ Hy0, — )0 + 0H R } o ae)
R VN - - ‘
0+ 0H ——> 0, + H- - - an

2 ' .

' The roles of kinetic wall saturation effects and other heterogeneous
- kinetics are implicit in schematics (8), (9), (lQ); (14), and (15). Unlike
the (other) rate constants which describe homogeneous gas phase kinetics,

k8, k klé’ and le can be shown, in general, to be functions of tube

9> %107 .
geometry, tube diameter, a diffusion coefficient, and the concentration

. gradients which drives species flux rates between walls and gas phase.  Consider,

then, the. diffusive transport of some species, o from the gas phase reaction

yolume to an absorbing wall., The diffusion equation, in the absence of natural

convective effects, can be written -
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de. -dec, rer
. (18) i _ 2%
' it "0 ¢t €4

where, fdrAébﬁveniencg; the ggometric érrangeﬁent is taken to be plane ﬁérallel
piateéjéf‘infinitéréx;ént;’ fhe relation to othér geometries will be ﬁoted
later; Ifithe plane pérallel plate wall éeparation is (d) and thg»reactor
~e#tends;ovefltﬁé‘rénge-— d/2 E;x E;% d/Zlggg}Afor § quési—steady process,
equétion (18) caﬁ be integ;ated tovyieid' | |

ettt
: c. _

(19) =L |42 2

e N

The ‘mean concentration for the reactor is given by

| /2 / /2
(20) c, = 2

, = c.dx# Cdx
S ] 1 Y. o
- =d/2 ¢ =d/2

) ) : et . ' : .

Then, assuming that'ci is spatially uniform. and that there.are no wall re-
~flections, we obtain a relation between the rate of production of the species

of interest and the other parameters bf the problem.

(21) c. | =

i d2

S .

Thué, for example, for the case of schematic number (10),
OH ——» destruction on wall, and

the corresponding‘sink term for [OH] implies

2) {ch‘ [01{]_} = [ou](k; )
. : lo



Cdmparing (21) with (22) shows that

12D
k = ===
10 = 72

- A more general expression for klO may be written in the form

ko= |2

10 _d2

where (Z) is a characteristic geometrié parameter having the values -

N
il

12, for plane parallel plates of infinite extent, and

Z = 32, for cylinders.

It is significant to note -the various assumptions that go inte the
seemingly straightforward schematics which attempt to describe the heterogen-

~eous processes asscciated with walls. There is the assumption that natural

convection is;ébéeht and that a known quasi—steédv concentfation-(clearly
non;niform.and unsteady-fprvour case) is operative; Eveﬁ-if one accepts these
assumptions, the diffusive regime of heterogeneous k&netics deﬁends upon témf
per;tufe,'pféssureé_vesselAsize and veséel'géometry. Gray387has shdwﬁ that
sm;ii nénis@thefméligieé in réactors do'léad'to naturai cOn&eqti&e traﬁéport
between Qalls and reactor volumesﬁv |
.Systemétic yariation of reactor vessei'size subjeﬁt to convection-free
~ heat and maés:transp;:;'has ggg’bEen carried'out for thé(césé pf oécillatory
combusﬁion of carboen éonoxiae. Indegd, if su;h experiments can be carried
out under gra&ity—free conditions, the time and spéce’varia;iqns_of the various
species importan;’to carbon monoxide oxidation could be easily followed (e.g.,

in a’cylindrical reactor) spectroscopically. The gravity-free case permits
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" true Eylindriéal éymmeﬁry both in the cylindrically Qniform heating of the.i
réactor vessel as Qell és the radially symmetric transpbrt bfrheat and ﬁéss.
Such studies would permit observation of a lével of ‘experimental detéil

(Spacébaﬁd time variation of'cbncentratioﬂs and fluxes) which have not here-

tofore been possiEle.
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IST OF FIGURES

Extinction efficiency, Xt, and ratio of scattering to absorption

:efficiency,’X /X , for spherical particles with refracfive index

2. 00-—— 1.20 i (typical of carbon black) as a function of’ the

'dlmenSlonless partlcle size (c1rcumference/wavelength)

Rosseland mean extinction coefficiént for particlé size 10 y and-

33 u at 1200°K.

(KP ;‘KR)/KR vs. particle size.

Measured and predicted effects of coal particle size and coal

BN

‘concentration on .flame velocity,——— —data correlation,

“ theory (monOdisperSed);

_Schemat;c pro:lles of the radiation flux N - - . ,

optlcall] ~thick flame; . : m—— optlcally tn1n flame.
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