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( I ) .  INTRODUCTION AND BACKGROUND 

The combustion of p a r t i c u l a t e  clouds of porous f u e l s  with an 

oxidizing atmosphere embraces a broad class of combustible systems 

of fundamental and appl ied importance. 

include numerous energy conversion devices.  

Examples of  such systems 

Important combustible- 

handling devices i n  mining, mil l ing,  s to rage  and t r anspor t  systems 

a r e  common. Nevertheless, an understanding of t h e  underlying 

combustion dynamics of such combustible systems has been inh ib i t ed  

by t h e  necessary def ic ienc ies (”  *) of  combustion experiments 

c a r r i e d  out a t  normal g r a v i t a t i o n a l  conditions ( g  = 1 ) .  

I n t e r p r e t a t i o n  of flame propagation and e x t i n c t i o n  observations 

f o r  clouds of l a rge  p a r t i c l e s  (e .g .  100 microns a t  g = 1) i s  com- 

p l i ca t ed  by t h e  fac t  t h a t  uniform, quiescent clouds are not 

achievable.  These (g = 1) experimental d i f f i c u l t i e s  are  necessary 

de r iva t ives  o f  t he  fac ts  t h a t  

(a) fundamental flame propagation and ex t inc t ion  d a t a  

a r e  required t o  s a t i s f y  t h e  conditions 

( i )  t h e  concentrations of t h e  unburned f u e l  and 

ox id ize r  be uniform i n  space and time, f o r  
t h e  period of experimentation (1,3-6) 

t h e  t r anspor t  processes cha rac t e r i z ing  t h e  

unburned mixture be uniform (3-6) i n  space 

and time, f o r  t h e  period of experimentation 

(ii) 

( i i i )  t h e  c h a r a c t e r i s t i c  concentrations and t r a n s -  

por t  p rope r t i e s  of t h e  unburned mixture b e  

known--as requirements f o r  t h e o r e t i c a l  

i n t e r p r e t a t i o n  of observations.  (1-6) 
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(b) t h e  above requirements have no t  been achieved ( a t  g = 1) 
due t o  t h e  facts t h a t  

( i )  uniform premixing of clouds o f  p a r t i c u l a t e s  

is  gene ra l ly  achieved through vigorous mixing 

which induces l a rge  l o c a l  pa r t i c l e -gas  
(1,3-71) 

- 

v e l o c i t y  d i f f e rences  

( i i )  t h e  times required f o r  t h e  decay of  mixing 

induced turbulence are s u f f i c i e n t l y  long t o  

enable g r a v i t a t i o n a l  s e t t l i n g  t o  destroy t h e  

( i n i t i a l l y )  e s t ab l i shed  uniform p a r t i c l e  
dens i ty .  (3-7)  - 

Resolution o f  t h e s e  (g = 1) d i f f i c u l t i e s  has not been possible .  

Understanding of observed (g = 1) combustion processes i s  f u r t h e r  

complicated by flame induced na tu ra l  convective energy and mass 

t r anspor t  processes.  These ( fur ther )  a c t  t o  obscure o r  transform 

t h e  underlying (g = 0) phenomena. Thus, g = 1 combustion theory 

I 

i s  confronted with t h e  crushing burden o f  represent ing t h e  i l l - d e f i n e d  

i n i t i a l  condi t ions of t he  unburned mixture as well a s  t h e  free- 

convectively-influenced (ar dominated) combustion process.  

Research i n  t h i s  area of  combustion has  suffered from t h e s e  

d i f f i c u l t i e s .  So-called "complete" combustiqn t h e o r i e s  have proved 

i n t r a c t a b l e  at g = 1--in p a r t  due t o  t h e  imposs ib i l i t y  of t h e i r  

app l i ca t ion  t o  i l l - d e f i n e d  experimental condi t ions - and i n  p a r t  due 

t o  t h e  complexities of t h e  free-convectively-influenced combustion 

processes.  (1 - 6 )  

The inves t iga t ion  reported on he re in  i s  motivated by t h e  

need f o r  fundamental flame propagation and ex t inc t ion  da ta  f o r  

clouds o f  quiescent,  uniform, steady unburned p a r t i c u l a t e s  which 
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a r e  not complicated by g r a v i t a t i o n a l  s e t t l i n g ,  mixing induced t u r -  

bulence, o r  f ree-convect ively influenced flame propagation and 

ex t inc t ion .  For sustained g = 0 conditions,  t h e s e  sought-af ter  

experimental condi t ions are achievable.  ( 3 - 6 )  

from experimentation i n  a v i r t u a l l y  g r a v i t y - f r e e  ea r th -o rb i t i ng  

laboratory,  flame propagation rates and ex t inc t ion  conditions f o r  

quiescent,  uniform clouds of l a r g e  (or  small, o r  a mixture o f  

var ious s ized)  p a r t i c u l a t e s  may b e  obtained. Given such da ta ,  

corresponding flame propagation and e x t i n c t i o n  theory i s  t r a c t a b l e  

(na tu ra l  convection absent) and can b e  made h ighly  r ep resen ta t ive  

of t h e  experimental observations.  

Given d a t a  derived 

The need f o r  understanding a t  (g = 1) implies t h e  need ' fo r  

understanding of t h e  underlying g = 0 phenomena. (1,5,6) 

found t h a t  t h e  experimental condi t ions required f o r  r e l i a b l e  g = 0 

d a t a  cannot be adequately met by t h e  sho r t  experimental time periods 

a v a i l a b l e  i n  drop towers and o t h e r  short-durat ion,  earth-bound 

g = 0 t e s t  f a c i l i t i e s .  

I t  i s  a l s o  

Also, it has  been an o b j e c t i v e  of t h i s  i nves t iga t ion  to  

develop t h e  design concepts and experimental approaches necessary 

t o  t h e  ca r ry ing  out  of Space S h u t t l e  based g = 0 experiments. 

To t h e  extent  possible ,  g = 1 and drop tower (g = 0 )  experiments 

have been employed t o  support t h e  development of and t o  test  

elements of t h e  design concepts, equipment and procedures under 

considerat  i on .  

I t  has been found t h a t  
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(a) fundamental flame propagation and ex t inc t ion  d a t a  f o r  

premixed clouds of porous p a r t i c u l a t e s  can be obtained 

a t  g = 0 and t h a t  t hese  important d a t a  can b e  expected 

t o  b e  f ree  of mixing, turbulence decay, g r a v i t a t i o n a l  

s e t t l i n g  and na tu ra l  convection phenomena, 

f o r  large-s ized (or mixed sizes o f )  p a r t i c u l a t e s ,  

Space-Shuttle based laboratory conditions are 

necessary, 

(b) 

(c)  t h e o r e t i c a l  i n t e r p r e t a t i o n  of  t h e s e  an t i c ipa t ed  

d a t a  are expected t o  be t r a c t a b l e ,  and can then 

se rve  as fundamental bases f o r  f u t u r e  understanding 

o f  more complex g > 0 combustion processes. 
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(11) FLAME PROPAGATION AND EXTINCTION 

Premixed combustible systems capable of supporting f r e e l y  

propagating, quasi-steady flame propagation must d i sp l ay  a number 

of well-defined c h a r a c t e r i s t i c s .  (3-5) 

clouds of vaporizable f u e l  p a r t i c u l a t e s  as well as  f o r  premixed 

gaseous systems. 

This  is  so f o r  uniform 

(3-5) 

Experimental c o h s t r a i n t s  t o  be s a t i s f i e d  include 

(a) well-defined boundary conditions (e .g . ,  s i z e ,  

shape and temperature of boundaries), 

(b) a uniform mixture of unburned f u e l  and ox id ize r  

of known concentrat ions,  

(c) quiescent conditions o f  t h e  unburned regime, thereby 

permit t ing c h a r a c t e r i z i a t i o n  of  t h e  ope ra t ive  

t r anspor t  p rope r t i e s .  

Theoret ical  analyses based on t h e  assumption of s teady s t a t e  

flame propagation processes are  inva l id  i f  t h e  above experimental 

cons t r a in t s  are not  met. The phenomenon of "flame ext inct ion" denotes 

a set  of c r i t i c a l  experimental conditions which sepa ra t e  operat ional  

regimes wherein s teady s t a t e  flame propagation - i s  Fossible  from 

operat ional  regimes within which steady s t a t e  flame propagation 

is not possible .  

met, quasi-steady flame ex t inc t ion  theory l acks  correspondence t o  

experimental r e a l i t y .  

Where t h e  above experimental c o n s t r a i n t s  are not 

Additionally,  where gravity-induced body 

fo rces  are s i g n i f i c a n t  f a c t o r s  i n  experimentally observed flame 

propagation and ex t inc t ion ,  combustion theory i s  required t o  account 

(1 - 3 , 8  -1 0) f o r  t h e s e  e f f e c t s .  
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I t  has been shown ( 3 9 4 )  t h a t  f o r  clouds o f  l a r g e  p a r t i c l e s  

(e .g .  100 microns) experimental flame propagation s t u d i e s  a t  normal 

g r a v i t a t i o n a l  condi t ions (g = 1) are unable t o  meet a l l  o f  t h e  

above noted experimental cons t r a in t s .  Thus, g = 1 combustion 

experiment and theory i s  presented with a s i t u a t i o n  wherein 

(a) quiescent,  uniform p a r t i c u l a t e  clouds are not 

experimentally ava i l ab le ,  

freely-propagating flames are sub jec t  t o  t h e  

experimental de f i c i enc ie s  

(1) 

(b) 

flame propagation is  unsteady and influenced by 

( i )  
( i i )  g r a v i t a t i o n a l  s e t t l i n g  

( i i i )  free convection 

mixing-induced turbulence and turbulence decay 

I 

(c) theory is inadequate. 

The aforementioned t h e o r e t i c a l  and experimental d i f f i c u l t i e s  are 

encountered f o r  f r e e l y  propagating flames. Freely propagating, quasi- 

s teady flames have unique(8) temperature and composition s t r u c t u r e s  as 

well as c h a r a c t e r i s t i c  flame speeds. 

p e r t i e s a r e  f requent lysought  f o r t h e t e s t o f p r o p o s e d t h e o r y o r  f o r  experi-  

mental cha rac t e r i za t ion  of a combustible system. 

It i s  f o r t h i s  reason t h a t  t hese  pro- 

(8,11,1?) 

Quite u n l i k e  t h e  case o f  f r e e l y  propagating flames i n  tubes,  

premixed flames s t a b i l i z e d  on burners d i s p l a y  a range o f  observed 

quasi-steady burning v e l o c i t i e s .  

represent  t h e  l i m i t s  of t h i s  range. (8y13) 

shown t h a t  t h i s  range can be a r b i t r a r i l y  extended o r  shrunk by 

appropriate  v a r i a t i o n s  i n  hot  o r  cold boundary condi t ions imposed 

on t h e  flow. (14) 

Their  e x t i n c t i o n  condi t ions 

I n  fact ,  it has  been 

There e x i s t  a number o f  very  f i n e  g = 1 experimental 

6 



(15-18) s t u d i e s  o f  p a r t i c u l a t e  cloud flames s t a b i l i z e d  on burners.  

The schematics of one such (I8) experimental arrangement is  shown i n  

Figure (1) .  Experimental r e s u l t s  obtained - are character ized by 

quasi-steady s ta te  flame propagation and ex t inc t ion .  

obtained by t h i s  technique are shown i n  Figure ( 2 ) .  

t h i s  work c15y16'18) assume t h a t  

Some r e s u l t s  

The authors  o f  

molecular conduct ion and d i f fus ion  processes are 
t h e  dominant t r anspor t  processes,  

n a t u r a l  convection processes are unimportant, 

p a r t i c l e - g a s  v e l o c i t y  d i f f e rences  a r e  i n s i g n i f i c a n t  

and/or unimportant , 
small p a r t i c l e s  dominante the  propagation charac- 

t e r i s t i c s  f o r  mixed p a r t i c l e  s i z e  clouds, 

r eac t ion  zone is ad iaba t i c ,  

r a d i a t i v e  e f f e c t s  are s i g n i f i c a n t  i n  t h e  preheat 

and pos t r eac t ion  zones. 

i 

I t  is clear  from previous ~ t u d i e s ' ~ '  13y14) t h a t  s t a b i l i z e d ,  quasi-  

s t eady  flames are nonadiabatic,  are easier t o  s t a b i l i z e  i n  upward 

propagation than i n  downward propagation, a r e  character ized ( a t  g = 1) 

by "effect ive" p a r t i c l e  concentrations r a t h e r  than t h e  ac tua l  p a r t i c l e  

concentrat  ions, t h a t  "upward" and "downward" flame propagat ion rates 

and e x t i n c t i o n  condi t ions may d i f f e r ,  t h a t  f r e e  convection general ly  

is operat ive,  t h a t  pa r t i c l e -gas  v e l o c i t y  d i f f e rences  do e x i s t  and 

vary with p a r t i c l e  s i z e  and conditions of flow--and t h a t  observed 

kurning v e l o c i t y  and e x t i n c t i o n  d a t a  do not have t h e  same meaning as 

would those  f o r  t h e  "ideal" required f o r  f r e e l y  propagating flames 

i n  tubes sub jec t  t o  no s e t t l i n g  o r  free-convective processes.  
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Flame t h e o r e t i c a l  cons t ruc ts  appl icable  t o  f r e e l y  propagating 

flames uninfluenced by g rav i ty  are couched in  c l a s s i c a l l y  der ived 

two-phase conservation equations coupled t o  the  appropriate  boundary 

condi t ions.  (3-6’15’161 

of da t a  which appear access ib l e  only from Space S h u t t l e  experimentation. 

Their f u l l  app l i ca t ion  awaits t h e  observat ion 
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(111) A SPACE LAB EXPERIMENT FOR DETERMINATION OF FLAME PROPAGATION 
AND EXTINCTION CONDITIONS FOR UNIFORM, STEADY CLOUDS OF 
POROUS PARTICULATES. 

In previous exposit ions,  (3-5) as well as ear l ier  i n  t h i s  r epor t ,  

w e  have examined t h e  important questions regarding t h e  fundamental 

worth of t he  experimental observations being sought, t h e  reasons 

why these  observations are required t o  be made a t  g = 0,  and t h e  

reasons why t h e s e  g = 0 observations are required t o  b e  made i n  a 

space laboratory.  

A schematic o f  t h e  proposed experimental apparatus i s  shown 

i n  f i g u r e  ( 3 ) .  I t  is  intended t h a t  

(1) a known, predetermined combination of  p a r t i c u l a t e  
fue l  and gaseous ox id ize r  w i l l  be sealed i n  a flamma- 
b i l i t y  tube such as t h a t  shown i n  Figure ( 3 ) .  

The usual p rope r t i e s  of flammability tubes would be 

incorporated i n  t h e  experimental apparatus--including 

provis ions f o r  high speed motion p i c t u r e  observation 

and f i n e  thermocouple probing of temperature f i e l d s .  
A double bellows arrangement provides ( 3 9 4 )  ( a t  g = 01 
constant pressure-constant volume, gen t l e  dispers ion 

and mixing of t h e  cloud o f  p a r t i c u l a t e s .  

t e s t e d  version of a mixing apparatus is shown i n  

Figure (4).  

Provision i s  t o  be made f o r  easy disconnect o f  t h e  

flammability tube thereby permit t ing i t s  replacement 

with a f r e s h l y  charged tube af ter  each experimental 

run. 

1 

A success fu l ly  

( 2 )  

( 3 )  Observations t o  be made include flame propagation 

speed and shape as well as ex t inc t ion  limits. 

(4) Ground-based supportive e f f o r t s  are required t o  assist 
i n  t h e  wise u t i l i z a t i o n  o f  t h e s e  observations.  Such 
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e f f o r t s  include 

(a) a d e t a i l e d  s tudy of  t h e  wal l -saturat ion 

effects f o r  t h e  p a r t i c u l a r  tubes and f o r  

t h e  s e l e c t e d  p a r t i c u l a t e s  o f  i n t e r e s t .  
pyrolysis-vaporizat ion k i n e t i c s  o f  t he  p a r t i -  

c u l a t e s  under study have t o  be e s t ab l i shed .  

These, as well as oxidation k i n e t i c s  a r e  

C3,4) 

(b) 

required for u t i l i z a t i o n  i n  t h e  app l i ca t ion  of 

flame propagation and ex t inc t ion  theory t o  t h e s e  
(3-6,15,16) . observations.  

(c) thermophysical p rope r t i e s  are general ly  required 

and are  ava i l ab le .  

I t  is  p a r t i c u l a r l y  i n t e r e s t i n g  t o  note  t h a t  Space Lab experi-  

ments permit t h e  study of  uniform multicomponent p a r t i c u l a t e  clouds 

(various s izes  and compositions of p a r t i c u l a t e s ) .  

provides quiescent ,  multicomponent p a r t i c u l a t e  clouds,  uniform i n  

NO o the r  approach 

space and t ime--to be examined f o r  flame propagation and ex t inc t ion  

c h a r a c t e r i s t i c s ,  unperturbed by na tu ra l  convective phenomena. 13,4) 

F e a s i b i l i t y  i s sues  r a i sed  i n  e a r l i e r  reports(3’ have been 

discussed previously.  Some aspec t s  of  t h e s e  issues have been 

f u r t h e r  s tudied with t h e  a id  o f  t h e  L e w i s  Research Center zero-g 

(drop tower) f a c i l i t y .  Observations and deducations are reported 

i n  t h e  next s ec t ion .  

. .  
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(IV) EXPLORATORY DROP TOWER STUDIES OF THE COMBUSTIOX OF CLOUDS OF 
POROUS PARTICULATES--CONDUCTED AT THE LEWIS RESEARCH CENTER 
ZERO-g FACILITY. 

For t h e  f u l l  range of p a r t i c l e  sizes and d e n s i t i e s  of  i n t e r e s t  

t o  t h i s  i nves t iga t ion ,  Space Lab combustion s t u d i e s  are necessary.  (3)  

I t  was thought t h a t  f o r  very  small p a r t i c l e s  (low s e t t l i n g  v e l o c i t i e s  

a t  g = 1 )  drop tower s t u d i e s  could provide a cloud of  p a r t i c l e s  which 

i s  approximately uniform i n  space, nonturbulent ,  and free o f  na tu ra l  

convective e f f e c t s .  However, g = O  drop tower s t u d i e s  of clouds of 

p a r t i c u l a t e s  - does r e q u i r e  g = l  mixing i n  order  t o  proper ly  d isperse  

the  p a r t i c u l a t e  cloud, p r i o r  t o  g = O  i g n i t i o n  o f  t h e  system under 

(some 2 seconds o f )  study. (3)  

Accordingly, a s p e c i a l  apparatus was constructed f o r  t h e  ~ 

exploratory drop tower s tudy of small ,  quiescent  p a r t i c u l a t e s .  A 

schematic of  t h i s  apparatus  is  shown i n  Figure (5).  

The preexperimental  and experimental procedure i s  out l ined  

below. 

(a) a flammabili ty tube and p a r t i c l e  cloud of known 

p rope r t i e s  ( p a r t i c l e  s ize ,  type and dens i ty ,  wall  

s a t u r a t i o n  e f f e c t s  known) i s  employed. These 

p rope r t i e s  a r e  determined a t  g = l ,  p r i o r  t o  
experiment a t  ion.  

A known mass o f  p a r t i c u l a t e s  i s  placed on a wire 

c l o t h  and, a t  g = 1, an upward flow o f  a i r  i s  

put  through the  flammabili ty tube.  

i s  s l i g h t l y  higher  than t h e  known s e t t l i n g  velocit:* 

(b) 

The flow r a t e  
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of t h e  p a r t i c u l a t e s  and, over  a mat ter  of some 10 

seconds, an approximately uniform cloud of p a r t i -  

c u l a t e s  i s  e s t ab l i shed  ( a t  g = 1 ) .  In  t h e s e  

exploratory s tud ie s ,  lycopodium powder (30 micron 

p a r t i c u l a t e s )  were employed. The sequence employed 

i n  t h e  drop tower i s  ind ica ted  below 

g opera t  ion 
(secs) 1 

I 

1 

1 

1 

i n i t i a t e  upward flow t o  d i spe r se  
-lo* p a r t i c u l a t e s  

-5.0 s tar t  camera and clock 

-1.0 s top  flow. c l o s e  top  valves .  

I I 

1 

0 

0 

0 

Observation of  flame propagation through these  clouds of 

i n i t i a t e  "wire cut" f o r  drop. 
solenoids  t o  exhaust plenum. 

open 

0 . 3  free f a l l  

0.65 i g n i t i o n  "ON" 

1 .15 ign i t i on  "OFF" 

lycopodium p a r t i c l e s  has  l ed  t o  severa l  important observat ions and 

demonst r a t i o n s  

(a) quasi-s teady flame propagation has  been demonstrated 

at both (g = 1)  and a t  (g = 0 ) ,  

(b) flame propagation rates a t  (g = 0) a r e  s u b s t a n t i a l l y  

lower than corresponding upward flame propagation 

r a t e s  at g = 1. 

For both (g = 1) and f o r  (g = 0) observat ions,  flame propaga- 

t i o n  r a t e s  a r e  deducible d i r e c t l y  from a frame by frame examination 

of t h e  flame's s p a t i a l  pos i t i on  as a funct ion of  time. 
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Figure (6) g ives  t h e  flame f r o n t ' s  s p a t i a l  displacement as a 

funct ion of time f o r  a lycopodium c loud- in-a i r  flame, observed at 

g = 1. Figure (7) g ives  similar experimental d a t a  a t  g = 1. There 

is  a d i f f e rence  i n  experimental condi t ions  f o r  t h e s e  two s e t s  of 

observat ions.  Figure (6) da t a  were obtained for a flammabili ty tube 

whose i n s i d e  wall sur faces  a r e  "clean" (not i n i t i a l l y  covered with 

any p a r t i c u l a t e s ) .  Figure (7) da t a  were obtained f o r  a flammabili ty 

tube whose in s ide  w a l l  sur faces  are "saturated" ( i n i t i a l l y  covered 

with t h e  f u l l  amount of  p a r t i c u l a t e s  t h a t  can be held i n  a g = 1 

f i e l d ) .  (3'4) Necessar i ly ,  t h e  g = 1 experiments do not achieve t h e  

uniformity and s t a b i l i t y  of d i spers ion  which i s  an t i c ipa t ed  f o r  

Space Laboratory condi t ions .  Nevertheless,  f o r  t hese  small 
f 

p a r t i c l e s ,  t h e  g = 1 da ta  a r e  i n s t r u c t i v e .  Steady s t a t e s  a r e  

achieved and t h e  flame propagation speed i s  con t ro l l ed  by t h e  cloud 

c h a r a c t e r i s t i c s  and not by t h e  wall-bound par t icu la , tes .  The quasi-  

s teady flame propagation v e l o c i t y  observed a t  g = 1 (measured f a r  

from t h e  i g n i t i o n  zone), fo r  a concentrat ion of  130 mg per  l i t e r ,  

i s  17.0 cm/sec. Flame propagation i s  upward. 

S imi l a r  experiments performed at g = 0 (employing t h e  L e w i s  

Research Center ' s  Drop Tower F a c i l i t y )  y i e l d  s t r i k i n g l y  lower flame 

propagation v e l o c i t i e s  o f  1 1 . 4  cm/sec. 

I t  i s  s i g n i f i c a n t  t o  note  t h a t  t h e  e f f e c t i v e  concentrat ion 

(co*) of  p a r t i c u l a t e s  i n  a (g = 1) cloud is not  t h e  same as t h e  

ac tua l  concentrat ion (c ) of  p a r t i c u l a t e s .  For an upward propagating 

flame, a t  g = 1, cO* > c 
0 

r e f l e c t i n g  t h e  f a c t  t h a t  a f i n i t e  rate 0' 
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flame propagation, upward a t  g = 1, consumes a l l  p a r t i c u l a t e s  i n  a 

lesser volume than  that used to  spec i fy  c 

propagation through t h e  t o t a l  volume, t he  l o c a l  concentrat ion c,hasbeen 

e f f e c t i v e l y  e n r i c h e d b y t h e s e t t l i n g  process .  Ameasureo f th i s  enrichment 

f a c t o r  is given by (u /u ), where u 

uf i s  t h e  propagation ve loc i ty .  

a t  g = 1, t h e r e  is an e f f e c t i v e  deple t ion  of  t h e  (c,) value by t h e  

same f a c t o r .  

During the  time of  0' 

is t h e  s e t t l i n g  v e l o c i t y  and 

Simi la r ly ,  f o r  downward propagation 

s f  S 

In general ,  f o r  a s ing le - s i ze  class of p a r t i c l e s :  

For  a mixture of p a r t i c l e  sizes, one obta ins  

.., I 
c* = c i 

where (+) r e f e r s  t o  upward o r  downward propagation, respec t ive ly ,  

and t h e  subsc r ip t  ( i )  r e f e r s  t o  t h e  s ize  c l a s s  of t h e  multicomponent 

cloud. Examination of  equat ions (1) and (2) shows t h a t  ( f o r  g = 1): 

near  ex t inc t ion  l i m i t s  u may beqome very small and 

t h e  "e f f ec t ive  concentrations" f o r  upward and downward 

propagation may d i f f e r  markedly from each o the r  and 

from (c,). 

f o r  l a r g e  p a r t i c l e s ,  u may be very l a r g e  and t h e  

"e f f ec t ive  concentrat  ions" f o r  upward and downward 

propagation may d i f f e r  markedly from each o t h e r  and 

from (col .  

f o r  a mixture of p a r t i c l e  s i z e s  and types t h e  t o t a l  

e f f e c t i v e  concentrat ion c* = cci* i s  assoc ia ted  with 

a d i s c r e t e  spectrum of  p a r t i c l e  v e l o c i t i e s  and 

f 

S 
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assoc ia ted  "e f f ec t ive  concentrations".  

The d a t a  presented i n  f i g u r e s  6-9 f o r  upward flame propagation 

Parameter 
- 

through lycopodium-air clouds a r e  summarized below: 

g = o  g = l  

The N 

Flame Type 

S tab i l i zed .  
Downward 
Propagat ion 

Stab il ized  . 
Propagation 

Freely propagating 
upward 

Downward 

f c *  U (g) co 0 
- 

- mg/R mg/R cm/sec 
- 

1 %193 %156 %13 

1 200-400 ~ ( 0 . 9 ) ~ ~  %26 

1 130 149 1 7  

0 130 130 11 

observat ions:  

u (cm/sec) 1 11.4 1 17.0 f 

SA-SUNY r e s u l t s  f o r  lycopodium are compared with previous 

Observers 

(17) Mason F, Wilson 

Kalsche-Krisher 
G Zehr( lg)  

This study 

These drop tower s t u d i e s  show a number of  s u b s t a n t i a l  d i f fe rences  

between g = 1 and g = 0 flame propagation through clouds of lycopodium. 

For upward flame propagation, g = 1 flame speeds a r e  g rea t e r ,  flame 

15 



shapes a r e  more curved, and flame s t r u c t u r e  appears less s t a b l e  

Post-reaction Zone Disturbance 

Post-reaction Zone Luminosity 

than t h e  corresponding c h a r a c t e r i s t i c s  f o r  g = 0 propagation. 

We may now t a b u l a t e  some important elements of d i s t i n c t i o n  

among t h e  lycopodium cloud flame observations 

g = l  g = o  

subs t an t i a l  small 

g r e a t e r  small e r  

small P a r t i c l e  S e t t l i n g  Effec ts  before 
Igni t ion  

Free Convective Heat Transfer  
Processes Operative 

I 

Yes 

P a r t i c l e  S e t t l i n g  Effec ts  a f t e r  
Ign i t ion  

small 

no 
1 I 

I no 
Preservation of  I n i t i a l  Cloud 
Concentration During Experiment 

I I 
1 

Observed Flame Propagation Rate f o r  
c = 130 m g / R  0 

17 

I I 

Differences between t h e  observed g = 1 and g = 0 flame pro- 

pagation are apparent from the  photographic recordings.  

flames are less luminous, almost f r e e  of flame f ron t  curvature,  

slower, with far l e s s  dis turbed wake s t ruc tu res .  The p r i n c i p l e  

fea tures  of these  d i f fe rences  are seen i n  the  comparison shown 

i n  Figure (10). Extensive genera l iza t ions  are not warranted, however, 

due t o  t h e  l imi ted  range of experimental conditions access ib le  through 

these  drop tower s tud ies .  

The g = 0 
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(V) FEASIBILITY ISSUES, REVISITED 

The ground based program previously reported (3'4) d e a l t  with 

t h e  r e so lu t ion  of severa l  " f e a s i b i l i t y  issues".  It  i s  usefu l  t o  

summarize t h e  implicat ions of  t h e  r e s u l t s  reported here in  on t h e s e  

f e a s i b i l i t y  i ssues .  

of re ference  ( 3 ) :  

Employing t h e  iden t i fy ing  paragraph numbers 

[D.2.1] - P a r t i c l e  Concentrarion Determination: 

Prepackaged p a r t i c u l a t e s .  

p a r t i c u l a t e s  employed i n  a given Space Lab 

experiment i s  determinable by ground-based 

prepackaging and weighing experiments. 

Ground-based weighing of the  prepackaged charge 

can be c a r r i e d  out  with high prec is ion  and 

accuracy. 
The combustion tube volume is  e a s i l y  measured 

with high prec is ion  and accuracy. 

Ground-based predetermination of wall 

s a t u r a t i o n  e f f e c t s  can be achieved with 

high prec is ion  and accuracy. 

The mass of f u e l  

f 

ED.2.21 - Experimental Particle Uniformity: 

(a) A twin bellows arrangement f o r  uniform d i s -  

pers ing of t h e  p a r t i c l e  cloud was success fu l ly  

f ab r i ca t ed  and t e s t e d  at g = 1. 

arrangement i s  not s u i t a b l e  because of t h e  

h ighly  tu rbu len t  mixing requi red  t o  maintain 

p a r t i c l e  "uniformity". 

A t  g = 1 t h e  

(b) In  a Space Laboratory, long, gen t l e  mixing t imes 

permit " p a r t i c l e  uniformity" as well as a 
quiescent  gas  phase. 
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CD.2.31 - Gas Phase Composition: 

(a) This  can be determined on the  ground f o r  a 

sealed,  ground-prepackaged, flame tube  apparatus ,  
o r  can be  e a s i l y  determined i n  t h e  Space Laboratory. 

CD.2.41 - Ign i t ion  System: 

(a) A spark-gap i g n i t i o n  system was developed and 

operated successfu l ly  both at g = 0 and g = 1. 

CD.2.51 - Flame Propagation and Ext inct ion Observations: 

(a) High speed photography works well and is  

s u i t a b l e  both a t  (g = 0) and a t  (g = 1 ) .  

Thermocouple a r r ays  a r e  t o  be added t o  a 

Space Lab experimental system. Such a r r ays  

have not been found necessary f o r  a s teady 

s t a t e  flame propagation rate determingtion. 

(b) 

[D.2.6] - I n t e r p r e t a t i o n  of  Observations: 

(a) Curren t ly  developed' 3-5'15) flame theory (as  

well as developments i n  progress) a r e  app l i -  

cab le  and a r e  expected t o  represent  Space 

Lab observat ions with a f i d e l i t y  t h a t  i s  not 

achievable  i n  earth-bound l abora to r i e s .  

These t h e o r e t i c a l  s t r u c t u r e s  employ s e t s  of 

two-phase conservation equat ions.  

Ground-based t h e o r e t i c a l  support of  t h e  

Space Lab experimental s t u d i e s  w i l l  employ 

t h e  most s u i t a b l e  k i n e t i c  d a t a  f o r  g a s i f i -  

ca t ion ,  pyro lys i s  and oxida t ion .  

(3-5,lS) 

(b) 

(c) Previous ( t runcated)  t h e o r e t i c a l  s t u d i e s  

have not  considered a l l  por t ions  of  a 
two-phase flame t o  be nonadiabat ic .  

ground-based t h e o r e t i c a l  e f f o r t  i n  support 

of t hese  Space Lab s t u d i e s  w i l l  employ a 
general  nonadiabatic t h e o r e t i c a l  formulation. 

The 
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[D .2 .7 ]  - LASER-Doppler Velocity Measurements: 

(a) These observat ions a r e  not planned for our 

i n i t i a l  Space Lab s tud ie s .  

Should s u i t a b l e  apparatus be ava i l ab le  on 

Space Lab, and should we have a s u i t a b l e  

cloud of p a r t i c u l a t e s  under study, subsequent 

u se  i s  poss ib le .  

(b) 
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(VI)  CONCEPTUAL DESIGN, REVISITED 

The elements of a ':conceptual design" proposed f o r  Space 

(3 1 Lab are e s s e n t i a l l y  as previously described. 

In  add i t ion  t o  t h e  items noted i n  previous sec t ions  of t h i s  

r epor t ,  t h e  following design and operat ing f e a t u r e s  are t o  be 

included i n  a Space Lab experiment: 

(1) Mill iken DBM4A Camera, o r  equivalent ,  with Kodak 

Tri-X Reversal F i l m  7278 (100 f t .  r o l l s ) .  

( 2) F i f  t een P 1 at inum/ P 1 a t  inum- Rhod ium t h  ermocoupl e s 

(0.003 i n .  diam.). 

( 3 )  Twenty channel recording. I 

(4) Sui t ab le  e l e c t r i c  leads f o r  t h e  mixing motor, 

i g n i t e r  and o t h e r  pe r iphe ra l s .  

(5) g-values o f  t h e  o rde r  o f  (5 x are acceptable.  

(6) Data-taking f o r  each experimental run is expected 

t o  last f o r  20 seconds 

( 7 )  The t o t a l  time required f o r  each experimental run 

i s  300 seconds. 

(8) The experimental run, including "spent flame tube 

replacement" i s  t o  be as follows: 

(a) After t e s t ,  c l o s e  valves  and f i n i s h  housekeeping 

operat ions.  

(b) Disconnect umbil icals .  

IC) 
(d) Stow "spent" tube. 

(e) Mount Itfresh" tube. 

( f )  Engage and check connections. 

(g) i n i t i a t e  gen t l e  mixing of test  sec t ion  (flame tube) 

t o  e s t a b l i s h  a uniform cloud o f  p a r t i c u l a t e s .  

Disconnect flame tube from plenum. 
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(h) perform, observe, and record t h e  experimental 

t e s t .  

( i )  af ter  t h e  completion of t h e  t e s t ,  repeat t h e  

sequence. 
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(VII) FIGURES 

1. Schematic of Particle-Gas Burner of Horton, Goodson and Smoot. 

2 .  Flame Ve loc i t i e s  of Pocahantas Coal Dust-Air Flame. Horton, 

Goodson and Smoot. 

3 .  Proposed Experimental. Schematics. 

4.  Mixer T e s t  Apparatus. 

5. Schematic of Drop Tower Apparatus f o r  Studies  of The Combustion 

of Clouds of Porous P a r t i c u l a t e s .  

Lycopodium Cloud Flame Propagation a t  g = 1. 

Run (1) .  

6 .  Clean Walls. 
I 

7 .  Lycopodium Cloud Flame Propagation a t  g = 1. 

Run ( 2 ) .  

Saturated Walls. 

8 .  Lycopodium Cloud Flame Propagation a t  g = 0.  

Run ( 7 ) .  

Saturated Walls. 

9. Lycopodium Cloud Flame Propagation a t  g = 0.  Saturated Walls. 

Run (11). 

10. Comparison of  g = 1 and g = 0 Upward Flame Propagation through 

a Lycopodium Cloud (Saturated Walls), c0 = 130 mg/ l i t e r .  

22 



AIR AND 
COAL DUST 

-k ..... ................I... ........ . . * ............. .. . 3 . ...... * * . ..... ..... ... 

0 VIBRATOR 
1 BURNER 
2 FLOW BAFFLE 
3 SMOOTHING 

SCREENS 

4 WINDOWS 
5 FLAME FRONT 
6 COOLING COILS 
7 IGNITER 
8 DAMPER 
9 THERMOCOUPLE 
10 SAMPLING CORE 

VENT 
t 

FIG. 1.  SCHEMATIC OF PARTICLE-GAS BURNER OF 
HORTON, GOODSON AND SMOOT [ C 81 F -' 28 
187 (1977) ] 
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FIG. 3. PROPOSED EXPERIMENTAL SCHEMATICS 
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(A) INTRODUCTION AND BACKGROUND 

The understanding and control of the combustion of particulate 

clouds in an oxidizing atmosphere is central to an exceptionally broad 

class of design, operational and safety problems of natural and man- 

made systems. Important examples include numerous energy conversion 

devices, mining, milling, storage and transport of  combustibles, the 

safety of natural and man-made structures, and other systems.' 

normal conditions gravity will affect these phenomena. 

Under 

2 9 3  

K. N. Palmer, in the preface to his recent treatise' on "Dust 

Explosions and Fires" notes that: 

"Dust explosions and fires are known hazards in many 
industries but the literature on the subject is frag- 
mentary and there is need of a unified account. This 
book attempts to give a comprehensive picture of  the 
present state of knowledge concerning dust explosions 
and fires, involving both practical and theoretical 
aspects. The subject has in the past received less 
attention than it merits and it is to be hoped that 
when the serious gaps in knowledge are made apparent, 
stimulus will be given to future study both in the 
laboratory and on industrial plant." 

Major portions of this report are devoted to demonstrating the 

difficulty or impossibility of experimentally obtaining the essential 

combustion parameters (for particulate clouds) in earth-bound (g= 1) 

laborataries . 
A central problem for any combustion system is the characteri- 

zation of the initial and spatial boundary conditions and the principle 

physical mechanisms operating. Typical analyses lead to steady state 

solutions in which temperature and composition structure as well as 

flame propagation rates can be determined. Additionally, such analyses 

can also lead to formulation of a model to pyedict flame extinction. 
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However, for the specific problem of particulate cloud combustion, 

such a general theory is not available. Thus (p. 11 of reference 1) 

K. N. Palmer notes: "The relationships between flame speeds and 

properties of the dusts including particle size, and the turbulence 

of the gas have not yet been derived by theory." 

lament the shortcomings of available experimentation and the lack of 

Palmer goes on to 

guidance thereby offered the theorist. He notes (p. 189): 

"Once the mechanism of flame propagation has been estab- 
lished with reasonable certainty, even if for only one 
dust, the number of possible rate determining physical 
processes is reduced and this simplifies theoretical 
analysis. Such analysis is more likely to be successful 
if a wide range of variables does not have to be con- 
sidered, and could lead, at least in general terms? to 
equations representing the steady state of flame propaga- 
tion, from which flame speeds and thicknesses would be 
predictab 1 e. 

In the discussions that follow, it will be shown that earth-bound 

experimentation on combustion phenomena in particle clouds generally 

introduce a "wide range of variables", some (like turbulence in flames) 

not easily characterized, thus making theoretical analyses of this 

class of problems difficult, if not impossible. 

Let us consider the problems involved in attempts to conduct 

experiments on the steady flame propagation and extinction characteristics 

of clouds of particulates (e.g., lycopodium powder, cellulose, coal, etc. 

in air) at g=1. 

experiments is to observe flame propagation in 5 cm i.d. tubes.* 

A standard approach for conducting these kinds of 

For 

the particular case of clouds of combustible particulates, vigorous 

are required in order to establish homogeneity 

The mixer is switched off prior to ignition. 

mixing techniques 1,3,4,5 

of the combustible cloud. 
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What results is a highly turbulent, initially homogeneous cloud that 

is strongly time-dependent. 

dependence are: 

mixing and (2) the gravitational settling of the particulates (for 

g>O). It is virtually impossible for the analyst to model these 

efforts so that the choice is to either ignore them, thus compromising 

the value of a comparison between theory and data, o r  to wait until 

they dissipate to establish a better (known) initial condition. 

However, by waiting for full turbulence decay in a normal gravity test 

we allow a longer time for gravitational settling of particulates to 

occur. 

physical processes, for the various particle cloud experiments o f  

interest in succeeding sections. 

The mechanisms responsible for this time 

(1) the viscous decay o f  the turbulence introduced by 

We will consider the effects and importance of these two 
I 

A.l. Gravitational Settling 

Combustible porous solid particles of fundamental and practical 

interest in cloud combustion studies may vary in size from some 30x10 em 

(e.g., lycopodium spores) to substantially more than 10 cm (e.g., 

cellulose o r  coal). 

at normal temperature and pressure terminal (settling) velocities may 

be calculated to give, f o r  g=1, a terminal velocity of 9.8 cm/sec for 

a 30 micron particle and some 109 cm/sec for a 100 micron particle. 

Currently estimated coal dust flame speeds, in the neighborhood of 

lean limits, are thought t o  be less than 50 cm/sec. 

of this value is, of course, due to the fact that the lean limit regime 

flame speeds provided in reference (6) suffer from having been determined 

-4 

-2  

For a unit density spherical particle in still air 

The uncertainty 
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i n  a h ighly  s t i r r e d  ( turbulen t )  preheated apparatus .  Accordingly, f o r  

t h e  p r a c t i c a l  range of  p a r t i c l e  s i z e s  (<30 um) w e  conclude t h a t  s e t t l i n g  

v e l o c i t i e s  and lean l i m i t  flame speeds are of  t h e  same order ,  

v e r t i c a l l y  upward flame speed w i l l  be a f f ec t ed  by t h e  s e t t l i n g  ve loc i ty .  

Therefore,  

Further ,  t h e  s e t t l i n g  v e l o c i t y  i tself  i s  of such a s u b s t a n t i a l  value 

t h a t  a l a rge  percentage of t h e  cloud w i l l  s e t t l e  out  quickly and cause 

, a nonuniform p a r t i c l e  concentrat ion before involvement with t h e  combus- 

t i o n  phenomena occurs.  Some at tempts  have been made t o  a s c r i b e  t h e  

observed t r a n s i e n t  na tu re  of upward propagation of flames ( a t  g =  1) t o  

a s e t t l i n g  prescr ibed  phenomenon. Downward propagation i s  genera l ly  

found t o  be d i f f i c u l t  o r  impossible t o  achieve experimentally.  

g r a v i t a t i o n a l  s e t t l i n g  v e l o c i t i e s  are l a r g e r  than p a r t i c u l a t e  cloud 

flame speeds, a coherent flame f r o n t  cannot e x i s t .  

Where 
I 

The f a l l i n g  p a r t i -  

c u l a t e s  "outracel' t h e  flame phenomenon. 

To summarize t h e  above, experimentation on e a r t h  with systems 

involving l a r g e  p a r t i c l e s  i s  severe ly  l imi ted  because of  high charac- 

t e r i s t ic  s e t t l i n g  v e l o c i t i e s  t h a t  r e s u l t  i n  destroying cloud homo- 

genei ty  and i n  i n t e r f e r i n g  i n  t h e  combustion phenomena i t se l f .  

For exceedingly small ( impract ical)  p a r t i c l e  s i z e s  [of t h e  

magnitude of  1 micron) t h e  s e t t l i n g  v e l o c i t y  is  on t h e  order  o f  0.1 

cm/sec, which i s  s i g n i f i c a n t l y  smaller  than t h e  expected flame speeds. 

In addi t ion ,  i f  a maximum experiment time of 10 seconds i s  assumed, a 

1 micron p a r t i c l e  of u n i t  dens i ty  would be displaced approximately 

1 c m .  This means t h a t  t h e  uniformity of t h e  p a r t i c l e  could would be 

e s s e n t i a l l y  r e t a ined  during t h e  experiment. These arguments suggest ,  

therefore ,  t h a t  f o r  experimentation with clouds composed of very small 
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particles gravitational settling effects can be neglected. 

A . 2 .  Creation of a Homogeneous Combustible Cloud at g =  1 and the 
Effects of Turbulence, Turbulence Decay Rates and Gravitational 
Settling on Combustion Observations. 

As discussed previously, in order to create a homogeneous cloud 

of combustible particles in an experimental combustion device, vigorous 

mixing is required for dispersion of particles. 1,3,4 In general, after 

cessation of mixing, the behavior of the cloud of particles is charac- 

terized by turbulently decaying secondary flow. 

of flame propagation require specification of transport coefficients. 

All - fundamental theories 
8 

These are not known f o r  this highly confused flow situation; accordingly, 

the (g=1) experimenter is presented with what amounts to an ill-defined 
I 

initial condition for the experiment. His alternatives are: 

(1) The experimenter may initiate flame propagation in the test 

apparatus immediately after vigorous mixing achieves combustible cloud 

homogeneity. The observed flame propagation rates or extinction condi- 

tions will then occur in a system of unknown and decaying transport 

processes which occur in simultaneity with the gravitational settling 

of the initially homogeneous cloud, which, as we have shown, is 

critically important for relatively large particles. 

(2) The experimenter may wish to wait for the mixing-associated 

turbulence to decay, prior to initiation of the combustion test. This 

procedure will work well f o r  extremely small particle sizes. 

Recent experiments at Stony Brook show that even modest mixing 

rates of (large) 100 micron particles give rise to particle relative 

to gas velocity 2300 cm/sec. In these experiments, stroboscopic time 
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sequence studies of individual particles (subjected to hand shaking 

within a closed, air-containing tube involving no primary gaseous 

flow) were employed to measure translational particle speeds 2300 cm/sec. 

The observed, near-elastic wall collisions of the particles, coupled 

with the absence of any primary (or channeled secondary) air circula- 

tion indicates that the observed spatial speed of the particle closely 

approximated the average speed of the particle relative to its gaseous 

environment. This corresponds to a particle Reynolds number 219.8 and 

produces a turbulent particle wake behind the particle. 

particulates, each of similar size and speed, the motion of these many 

turbulent wake generators gives rise to a complex two-phase turbulent 

condition. 

For a cloud of 

Theory of the decay of  turbulence in two-phase systems is currently 

incomplete. '-13 Nevertheless, it is clear in normal gravity that decay 

times in initially turbulently mixed two-phase systems are substantially 

-___. longer than those for corresponding single phase systems where substantial 

particle-gas velocities exist. One reason is that the kinetic energy of 

the particulates decays relatively slowly compared to the gas phase energy 

and therefore acts as a "pumping mechanism" for the gas phase turbulence, 

which also decays by viscous dissipation. 

gravitational potential energy of the particles is continually being 

converted to kinetic energy in the particles as they fall. 

energy is being dissipated to the turbulent wake behind these larger 

particles until settling has occurred. Therefore, a characteristic 

decay time for the pure gas phase system represents a lower limit for 

the turbulent decay of the two phase system of interest. G. I. Taylor 

Another reason is that the 

This kinetic 
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considered the single phase system and showed14 that the characteristic 

decay time, T ,  may be approximated by 

where ‘c = decay time, r = tube radius, and v = kinematic viscosity. 

For a 2.5 cm radius tube containing an air-like gas (at NTP), we obtain 

f = 10.3 secs. For this case, then, we conclude that the g = l  experi- 

menter examining larger particles would have to wait substantially 

longer than 10 seconds in order to initiate a combustion experiment 

for which the mixing-induced turbulence effects have dissipated, for 

the two-phase system of interest. 

I 

A . 3 .  Procedural Constraints on Experimentation on Particle Combustion 
Phenomena - Summary 

Our discussion in previous sections have shown that at g = l ,  the 

combustion experimenter has the ability to experimentally study flame 

propagation and extinction for a steady-state, two-phase system of 

known constant composition and thermo-physical properties only f o r  

very small particles. For large particles it is impossible to estab- 

lish a well-ordered, definable set of initial conditions on earth 

which would make combustion phenomena in such systems ammenable to 

analysis. 

It is apparent, therefore, that, from a procedural point of view, 

experimentation in a low-gravity environment is justified for systems 

involving large particles. However, the following questions remain 

to he answered before a sound justification for spacelab experiments 

can be assumed established: 
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(1) Is there a scientific justification for carrying out 

research in weightlessness on combustion of particle 

clouds in general (both large and small particles)? 

Assuming that the answer is yes 

( 2 )  Is there physically enough low gravity test time in 

ground based facilities, (drop towers, airplanes, ...) 

to conduct all the necessary experiments? 

If the answer is an unqualified no then spacelab experiments are 

obviously justified. However, if it appears that only large particle 

cloud experiments require spacelab 

(3) Are the mechanisms governing the combustion of 

clouds o r  large particles significantly different 

from those for clouds of small particles? 

An affirmative answer to this question then clearly finalizes the 

justification for spacelab experimentation. 

(B) JUSTIFICATION 

B. 1 .  Background 

Combustion phenomena involving particulate clouds, as encountered 

in natural and man-made systems include explosion of clouds of parti- 

cles, lP3 flame initiation, propagation, and extinction in clouds of 

particles. 15,16 

Under normal gravitational conditions, gravitationally induced 

free convective heat and mass transport appears to play a major role 

in determining the characteristics of flame spread over solid sheets. 

Upward and downward flame-propagation rates and extinction are 
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different, 3' l7 and commonly employed representations of two-phase 

burning phenomena frequently assume that free-convection'* rates 

dominate all other transport mechanisms and "control" (limit the rate 

of) chemical kinetic processes. 

For the case of particulate clouds, we have shown how g = l  studies 

of larger particles (230~) are compromised by the inability to provide 

the necessary stationary experimental conditions prior to combustion 

initiation. But even if these required experimental conditions were 

accessible at g =  1, free convective effects I7'l8 would be expected to 

dominate the underlying flame propagation mechanisms. 

a zero o r  low gravity environment thus may permit 

Experiments in 

(a) uniform, turbulence-free clouds of combustible particulates 

to be established and maintained, prior to the initiation of combustion, 

and 

(b) the observation of flame propagation through and extinction 

by uniform particulate clouds wherein molecular conduction and radia- 

tive transport (rather than free convection) are the dominant heat 

transfer mechanisms. 

advancement of the state of the art is discussed in the next sections. 

The importance of these observations to the 

B.2 ,  Analytic Bases for Recommended Research in Space 

Particle clouds support combustion phenomena [with a gaseous 

oxidizer) in a coupled fashion. The coupling mechanisms include 

particle-particle and particle-gas radiative heat transport, free and 

farced (thermal expansion) convection heat and mass transport between 

particle and gas, and molecular transport processes (conduction and 
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diffusion). Additional energy loss mechanisms (necessary for an 

understanding of extinction phenomena2 ’ 19) couple the gaseous medium 
to the boundaries [convection, conduction and radiation) . Interacting 

with this complex of transport processes is the kinetics of oxidation. 

In the study of premixed gas phase combustion a set of charac- 

teristic phenomena are observed: initiation, autoignition, flame pro- 

pagation, extinction. For clouds o f  solid particles, similar pheno- 

mena l ’ 3 9  ls’ 16’ 2o are observed but detailed theories (comparable to 

those existent f o r  premixed gaseous systems) generally are not 

available. In order to examine the rudimentary analytical requirements 

for such theories, an examination has been made of partiple-cloud 

autoignition theory and the possible roles of gravitational effects 

upon it. 

representations in successful autoignition theory are basic to 

successful flame propagation and extinction theory. 

analytically, autoignition theory is simpler. 21 

(regarding transport or kinetic processes) that fail in an autoignition 

theory, may be expected to contribute to the failure of flame propaga- 

tiQn and extinction theory, This important relation between gas phase 

flame theory and autoignition theory stems from the essential fact that 

the autoignition theory is taken to be (theoretically) a special case 

of flame theory. 

- 
It has been shown,21 for premixed gaseous systems, that the 

Conceptually and 

Essential constructs 

B.2.1, Autoignition Theory f o r  Clouds of Particulates 

We have found that there is a substantial effect of gravitational 

conditions on particle cloud autoignition. The analytic model considers 
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each particle of a Claud of particles to be an exothermic source inter- 

acting with an oxidizing atmosphere. 

zers can interact (by transport processes) with boundaries. Accordingly, 

two energy conservation equations are written, one for the cloud of 

particles and one for the gaseous medium. 

oxidation kinetics couple the two systems to each other, and to the 

boundaries. 

Additionally, the gaseous oxidi- 

Transport processes and 

Considering the simplified case of a cloud of nonporous 

solid particulates, 

fallows : 

Mpcp(2) = 

we may write the energy conservation equations as 

S [NCX (T -Tg) + (1 - 6 )L ] -aZS(T - T o )  I P 1 P  g 2  g 

where M , particle mass; c , particle specific heat at constant 
pressure; T particle temperature; S particle surface area; , 
heat release per unit surface area of particle; 01 

coefficient between particle and gas; Lr, radiative exchange rate at 

a particle surface, per unit area; M 

P P 

P’ P’ % 
heat exchange I’ 

total mass of gas in system; 
8’ 

c , gas heat capacity at constant pressure; T , ga,s temperature; N, g g 
number of particles; 6 

exchange coefficient between combustible system and the boundaries; 

optical transmissivity of the gas; a2, heat 
g’ 

S, characteristic vessel surface area for heat l o s s  to surroundings; 

To, wall temperature. 

We may use the method of the phase planez1 in conjunction with 

equations (1) and (2) to derive criticality conditions for the 

explosive system of interest. For the non-radiative case (i-e., Lr= 0): 
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Set 

at the singular point corresponding 

we define 

and take the autoignition condition 

then 

(AD - BC) = 0 

(3) 

to a critical Steady State. If 

c = 

D = (E) 
S 

S 

(4) 

26 to correspond to a saddle-node 

(5) 

is the critical condition f o r  the saddle-node. This condition must 

be taken together with the conditions for the corresponding stationary 

states of the individual particle energy conservation equation and the 

energy conservation equation for  the gaseous medium. Equations (1)-(5) 

then yield the three conditions: 

, '  

Na (T - Tg) - a2(S/SP) (Tg - To) = 0 
1 P  

$ - a  (T - T )  = 0 
1 P  g 

In order to apply this set of three equations to the calculation 

of  autoignition conditions f o r  a cloud of combustible particulates in 

an oxidizing atmosphere, some knowledge is required of $, al, and a2, 
as well as the usual thermophysical properties. 

Based on our previously discussed requirements of  a quiescent, 
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uniform cloud f o r  a proper flame propagation (or i g n i t i o n ,  o r  auto- 

i gn i t i on ,  o r  flame quenching) experiment, we do not  have any experi-  

mental da t a  aga ins t  which au to ign i t ion  theory can be compared. 

ava i l ab le  da t a  from which k i n e t i c  da t a  may be est imated f o r  zirconium 

However, 

1 ,5  

have been used, along with equations (6)-(8) t o  show t h e  effects i l l u s -  

t r a t e d  i n  Figure (1). For a t o t a l  p a r t i c l e  mass of 1 gm [M 1 ,  u n i t  

p a r t i c l e  dens i ty  and a p a r t i c l e  size of 1 micron ( s e t t l i n g  v e l o c i t y  

~ 0 . 1  cm/sec) t he  free convective e f f e c t s  imp l i c i t  i n  al may be taken 

t o  be neg l ig ib l e .  

P 

This  i s  deduced by c a l c u l a t i n g  a p a r t i c l e  Rayleigh 

number based on 10 < (T - T  ) < 100 ( t y p i c a l ) .  Such Rayleigh numbers 
P g  

a r e  found t o  be much smaller  than un i ty .  

bound found by Tyler24 f o r  s i g n i f i c a n t  f r e e  convective heat  trmsfer 

t o  occur i n  i n t e r n a l l y  heated vesse l s  was found t o  be %lo  . 

The lower Rayleigh number 

3 The 

Rayleigh number i s  given by 

where g, acce le ra t ion  due t o  g rav i ty ;  6, t h e  c o e f f i c i e n t  of volumetric 

thermal expansion; d ,  t he  cha rac t e r i s t . i c  dimension of t h e  system 

( p a r t i c l e  diameter f o r  al and vesse l  diameter f o r  a*); (AT), t h e  

c h a r a c t e r i s t i c  temperature d i f f e rence ;  K,  t h e  molecular thermal d i f -  

f u s i v i t y ;  V, the  kinematic v i s c o s i t y .  

In  considering a f o r  reasonably s ized  sphe r i ca l  ves se l s  {e.g. ,  

a one l i t e r  vesse l )  it i s  c l e a r  t h a t  Rayleigh number g r e a t e r  than 10 

a r e  poss ib le ,  p a r t i c u l a r l y  a t  e leva ted  pressures  (NR a 

assumed t h a t  Ty le r ' s  heat  t r a n s f e r  observat ions22 may be co r re l a t ed  by 

an expression o f  t h e  form 

2 
3 

21 p*) .  It is 
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where a is the heat transfer coefficient for a vessel which sustains 

no free convective heat transfer (pure molecular conduction). 
290 

The zirconium particle is considered to oxidize at its surface. 

Thus, the particle (surface) heat release rate, requires a (surface) 

kinetic rate expression as well as a knowledge of the rate parameters 

implicit in it. Frank-Kamanet~kii'~ has suggested a rate expression: 

P' 

* 
q; = A'h p Y exp(-E1/RTp) c g og 

where A ' ,  preexponential factor; hc, heat of combustion of particulate 

materia 1 ; 

activation energy for the reaction. 

El = 18,000 cal/gm mol were employed in the calculations which give 

the results shown in Figure (1). Other data employed are h = 7000 

cal/gm, M = 1 gm, g = 980 cm/sec ; and a = 10 

Figure (1) shows that as the (spherical) container's size is increased 

gas density; Y , mass fraction of oxygen; El, effective 

Values of A '  = lo6 ctn/sec and 
pg 0,g 

C 
2 -4 cal/cm2 O K  sec. P 1 

- and as pressure is increased, the free convective effects implicit in 

c1 are significant and increasing (for g = 1). Thus, the results illus- 

trated in Figure (1) imply that gravitational effects on particle-cloud 
2 

autoignition phenomena can be substantial. This is true for particles 

of all sizes, large o r  small. 
~ 

B.2.2. Flame Propagation and Extinction Theory for Clouds of Particulates 

Essenhigh24 has reviewed the theory for flame propagation asso- 

ciated with coal combustion. The primitive state of our understanding 

f o r  this two-phase combustion system is suggested in his concluding 

remarks : 
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"...there are still questions to be answered to complete 
the definition of those (qualitative) mechanisms before 
even simple flame models are worth constructing in much 
detail ." 

These comments, taken together with those contained in K. N. Palmer's 
1 review [discussed earlier) suggest the need for fundamental develop- 

ment of two phase flame theory. 

Existing theory f o r  flame propagation through coal particles is 

generally an algebraically correlative one and - not based upon the 

solution of a set of differential equations (unlike the case for pure 

gaseous systems ) .  King2' has developed a theoretical flame 3,8,21 

propagation theory for boron-oxygen-nitrogen dust clouds. King's 

theory does not consider free convective transport processes to be 

operative. 

extinction limits. 

to provide flame extinction limits. 

It is an adiabatic theory and does not predict flame 
8 Nonadiabatic flame theory is generally expected 

C. H. Yang25 has reviewed 

existing particle cloud combustion theories. In commenting on flame 

propagation studies subject to normal gravitational conditions Yang 

notes : 

"Current data are generally measured with flame propagating 
upward in a vertical tube. The relative velocity between 
the particles and surrounding gases in such a case compli- 
cates the flame mechanism so severely that a reasonably 
simple one-dimensional model no longer appears to be 
suitable. 1 1  

The implication of this statement is that gravitational settling, free 

convection and energy loss effects can not be ignored in any realistic 

( g = 1 )  model for flame propagation and extinction. It is of interest 

to note that for similar types of models for pure gaseous systems 
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Lovachev as well as Levy26 have proposed theories of upward flame 

propagation wherein the primary flame transport mechanism is free 

convection. 

For - very small drops, Williamsz7 has proposed a one-dimensional 

monodisperse model. Williams considers the combustion and heat 

evolution to occur in a reaction zone containing fully mixed, gaseous 

fuel and oxidizer. That is, for small drops vaporization is completed 

in the (relatively cool) flame regime,upstream of  the reaction zone. 

Thus, for such small-sized drops/vaporizable particulates, the reac- 

tion zcme essentially involves purely gas phase kinetics and a 

constant stoichiometry. 

of the heated gases in the vicinity of the combustion zone introduces 

It should also be noted that acceleration 
i 

local forces (forced convection) on any particulates present. Very 

small (e.g., 1 micron) vaporizable particles may be expected to 

(a) be largely gasified, before the peak reaction rates (peak 

acceleration) are achieved; 

(b) display very small velocity defects (particle-gas velocity 

differences). 

For the case of purely gaseous (one phase) combustion systems, 

flame propagation and extinction theory (see, for example, the review 

given in reference 3) has achieved substantial success even though it 

has essentially ignored any such "forced convective" transport 

process. 

it may also be negligible f o r  the case of a two phase system which 

contains easily vaporizable, very small particles (for the reasons 

cited above). 

If this effect is negligible for the pure gas phase system 

A t  this point, it would be our belief that post 
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reaction-zone transport properties play only a minimal role in pres- 

cribing burning velocities and extinction limits (at g =  0). This 

belief is based on our experinece (see work of Yang, and Berlad and 

Yang referenced in section IV.7 of reference 3) in integrating the 

flame equations f o r  premixed gaseous systems (at g =  0). 

found the computed burning velocity and extinction limits to be 

We have 

insensitive to the post reaction-zone flame properties. 

The experimental observation of, and theoretical modeling of, 

flame propagation through clouds of ultrasmall particles (%I micron) 

is not expected to yield adequate insights into the experiment and 

theory for more realistic (larger) particle sizes. Recent studies 

have addressed flame propagation through drop/vaporizable particulate 

clouds of larger (~100 microns) particles. Here it is observed 25 

(at g =  1) that flame fronts are irregular (upward propagation), that 

downward propagation is difficult (very slow) or  impossible, and that 

there are cases where each condensed phase fuel element appears to 

burn with its own thin reaction zone surrounding it. 

Ogasawara postulated a theory of flame propagation for a cloud of 

large drops (2100 microns), each individually burning and gravita- 

Mitzutani and 
7 

tionally settling. 

"ignition time lagv1 to describe the time interval during which the 

Their model requires an arbitrarily defined 

drop/particle acts as an energy sink (rather than an energy source). 

An essential element in their theory (of upward flame propagation) is 

an attempt to model the "settling velocity ?and an "ignition time lagT1 

that dominates the phenomenon. For the case of a two-phase system 
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containing very large particles that are not substantially or fully 

vaporized in the combustion zone, a range of interesting forced con- 

vection effects may also be expected. 

add the possibility of a very large particle-gas velocity defect and 

the possible subsequent enhancement of local energy transport rates. 

Based on the above discussions on the available theories on 

In other words, we m y  want to 

particle cloud combustion, it is clear there exists an intermediate 

regime of droplparticle sizes (230 microns, <200 microns) where 

(a) settling velocities are substantial (at g=l), and one 

must differentiate upward from downward flame propagation. 

(b) 

zone, whose gas phase stoichiometry is then not constant. 

drop or  particulates are vaporizing - in the flame reaction 
I 

(c) the reaction zone sustains internal cooling, associated 

with the droplparticulate heats of vaporization (a possible quenching 

mechanism). 
7,27,28 For such a system, none of the models previously cited 

is appropriate at g=1. Characteristics (b) and (c) rule out the 

Williams at either g = 0 o r  g = 1. The analyses of Mitzutani 

and Ogasawara7 and of Srinivas28 do not consider the collective (gas 

phase) oxidation of drops/particulates in a flame reaction zone. 

To summarize the state of the art concerning flame propagation 

and extinction theory for clouds of particulates, we conclude that 

current theoretical models are not capable of describing (a) 

the complex, gravity-influenced (settling and free convection) 

particle-cloud flame propagation and extinction phenomena that is 

known to occur on earth. 
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(b) the ability to rationalize theory with experiment would be 

simplified if we could assume that 

(i) gravitational settling is of no significance, 

(ii) gravitationally induced free convection does not 

occur. 

(c) A theory constructed with the assumptions implicit in (b) 

could be made to properly prescribe (g=O) flame propagation and 

extinction limits if it included radiative, conductive and significant 

forced convective losses to walls. 

(d) A theory constructed along the lines of (c) would be expected 

to correspond to the observations of Space-Shuttle based (g=O) par- 

ticle-cloud flame propagation and extinction observations. 
I 

It is important to note that the primary physical concepts 

utilized in autoignition theory can be extended to flame propagation 

theory f o r  particulate clouds--for large particles. 

A theoretical approach to particulate cloud flame propagation 

theory is currently under development. It attempts to extend the 

Williamsz7 approach to larger drops/particulates and to avoid the 

complications that "settling" and free convection play both in 

experimentation at normal gravitational conditions and in corresponding 

theory . 7,Z8 

B . 3 .  Experimental Bases for Recommended Research in Space 

In order to measure the fundamental flame propagation and extinc- 

t ion  characteristics associated with particle clouds in tubes, it is 

necessary that 
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(a) the initial physical and chemical characteristics of the 

unreacted combustible medium be uniform in space and time. 

ties, including transport coefficients must be characterized. 

All proper- 

(b) steady state flame propagation be achievable, except in the 

regime associated with flame extinction. 

Our previous discussions (sections A.l and A.2) have shown that 

conditions (a) and (b) are achievable at g = l  only for very small 

particles. For clouds of large drops/particulates, substantial 

settling velocities establish conditions whereby only the lower portions 

of the vertical tube contain flammable (albeit transient and spatially 

non-uniform) mixtures. Accordingly, attempts to initiate flame propa- 

gation at the top of the tube generally fail and downward flame pro- 

pagation is not reported. 

To summarize the difficulties involved in g = l  experiments: 

(a) nonuniform clouds and/or undefined, mixing-induced secondary 

flow characteristics of unburned reactants (for large particles) 

(b) time-dependent characteristics of unburned reactants 

(c) "gravitational settling" of particulates 

(d) free convectively influenced flame transport and propagation 

mechanisms (upward and downward flame propagation are observed to 

differ substantially) 

(e) free convectively influenced flame heat loss and extinction 

mechanisms (upward vs. downward extinction conditions are observed to 

differ substantially). 

For clouds composed of large particle, all of the items (a) 

through (e) provide reasons f o r  conducting experiments in weightlessness. 
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While f o r  very small p a r t i c l e s  only items (d) and (e) provide a b a s i s  

f o r  such research.  

and ex t inc t ion  experiments should be c a r r i e d  out i n  weightlessness f o r  

small p a r t i c l e s  because the re :  

In  o the r  wards, par t ic le -c loud  flame propagation 

(a) 

(b) 

free convection effects are of  no s ign i f i cance  

flame propagation and ex t inc t ion  da ta  may be provided which 

serve as fundamental, reproducible standards.  

While i n  addi t ion  t o  t h e  above, f o r  l a rge  p a r t i c l e s  of p r a c t i c a l  

and fundamental i n t e r e s t :  

(a) There i s  adequate t i m e  t o  car ry  out t h e  mixing process 

necessary t o  c r e a t e  a uniform cloud of combustible p a r t i c l e s  i n  an 

oxidizing gas. r 

(b) There is  adequate time f o r  t h e  mixing-introduced turbulence 

t o  decay, thereby assuring a v a l i d  cha rac t e r i za t ion  of heat  t r anspor t  

i n  terms of molecular and r a d i a t i v e  t r anspor t  p rope r t i e s .  

(c) Gravi ta t iona l  l f s e t t l i n g l f  e f f e c t s  are of  no s igni f icance .  

B.4. Poten t i a l  Impact of Space-Shuttle Generated Data on Particle- 

Cloud Flame Propagation and Ext inc t ion  a t  g=O.  

The da ta  t o  be obtained w i l l  r epresent  fundamental experimental 

s tandards f o r  s teady-s ta te ,  two-phase flame propagation and ex t inc t ion  

phenomena. I t  i s  t o  be expected t h a t  t hese  observed (g=O) combustion 

phenomena can serve  as measures of convection-free t h e o r e t i c a l  flame 

propagation theory.  

be far more t r a c t a b l e  than one t h a t  included free convective processes.  

Moreover, t h e  experimental da t a  needed t o  measure t h e  adequacy of such 

theory w i l l  then be ava i lab le .  

Such a t h e o r e t i c a l  representa t ion  i s  expected t o  

Thus, t h e  space-based da ta  permit t h e  
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construct ion,  t e s t i n g ,  and v e r i f i c a t i o n  of  two-phase flame propagation 

theory (at g=O)  which may then  serve as a poin t  of (ver i f ied)  depar- 

t u r e  fo r  requi red  g, 0 experiment and theory.  

The p r a c t i c a l  implicat ions of  t h e  proposed space-based experiments 

are subs t an t i a l .  In  earlier sec t ions  we noted t h e  broad technica l  and 

s o c i e t a l  i n t e r e s t s  i n  energy conversion devices ,  mining, mil l ing;  t h e  

s torage,  t r anspor t  and s a f e t y  of combustibles; and t h e  very s p e c i f i c  

i n t e r e s t s  i n  t h e  combustion c h a r a c t e r i s t i c s  of porous s o l i d s  such as 

coa l ,  c e l l u l o s i c s ,  syn the t i c  f i b r e s ,  corn s t a rch ,  lycopodium dus ts ,  

and o the r  organic-based pa r t i cu la t e s .  A t  t h e  foundation of our  present  

understanding of t h e  underlying combustion processes i s  an extensive 

a r r ay  of p a r t i a l l y  d e f i c i e n t  experiments. 
1 

Once a body of  g = O  d a t a  and 

a su i t ab le ,  v e r i f i a b l e  theory i s  achieved, subsequent s tud ie s  aimed a t  

addressing g >  0 flame propagation and ex t inc t ion  processes w i l l  be aided. 

B.5. Ground-Based Supporting Research 

I t  i s  not  poss ib le  t o  ca r ry  out  most of t h e  experiments of i n t e r e s t  

ei.ther i n  an ord inary  (g = 1) earth-bound laboratory o r  i n  e a r t h  based 

zero g rav i ty  faci l i t ies .  

For systems involving l a rge  p a r t i c l e s ,  our previous discussions 

ind ica t e  t h a t  t h e  t i m e  required t o  conduct experiments i s  longer then 

ava i l ab le  today i n  what, f o r  t hese  r a t h e r  complicated t e s t s ,  would be 

, r ac t i ca l  e a r t h  based low grav i ty  f a c i l i t i e s  (droptowers o r  a i rp lanes) .  

Assuming t h a t  s u f f i c i e n t  mixing occurs p r i o r  t o  en t ry  i n t o  low g rav i ty ,  

t h e  items of i n t e r e s t  a re :  

(1) t he  time for  decay of mixing induced turbulence and the  
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establishment o f  a quiescent condi t ion (order of magnitude est imates  

t h i s  t o  be s u b s t a n t i a l l y  longer than 10 seconds). 

(2) t h e  t i m e  t o  c a r r y  out  t h e  combustion experiment ( f o r  t h e  

system of i n t e r e s t ,  100 c m  long tube,  t h i s  should not exceed 10 seconds). 

For systems involving small p a r t i c l e s  only item 2 becomes important. 

I t  would be poss ib l e  t o  mix t h e  cloud p r i o r  t o  en ter ing  t h e  low g rav i ty  

environment and then w a i t  t h e  necessary time f o r  a quiescent condi t ion 

without fear of inducing s u b s t a n t i a l  nonuniformities s ince  s e t t l i n g  

e f f e c t s  would be small. 

t o  c a r r y  out  t h e  experiment i s  pure conjecture  s ince  it i s  not obvious 

what t he  e f f e c t  o f  g rav i ty  i s  on flame propagation near  t h e  so-cal led 

" l i m i t " .  

been observed i n  normal g rav i ty  and much lower flame speeds are poss ib le  

p r i o r  t o  reaching t h e  " l i m i t "  i n  low gravi ty ,  then much longer test  

times w i l l  be necessary.  

However, t h e  answer t o  how much time i s  required 

I 

If the  " l i m i t s "  widen i n  low g rav i ty  as compared t o  what has 

Before going on t o  d iscuss  ground based research t h a t  should be 

conducted t o  qua l i fy  these  problems it should be noted t h a t  ground based 

low g r a v i t y  f a c i l i t i e s  do not permit adequate time f o r  a meaningful 

au to igni t ion  experiment e i t h e r .  

au to ign i t ion  theory  is  t h a t  adequate time has been allowed f o r  t h e  

establishment of  t h e  nonuniform temperature f i e l d  which charac te r izes  

a s u b c r i t i c a l  (bare ly  nonexplosive) system. In  some auto igni t ion  

experiments (e.g., hydrocarbons with oxygen) i g n i t i o n  delays of  g r e a t e r  

than 30 seconds are observed. 

An e s s e n t i a l  assumptions of quasisteady 

A discussion o f  such long i g n i t i o n  delays 

i n  (gaseous) 

Current 

29 hydrocarbon oxidat ion is  given by C. 11. Yang and B. F. Gray. 

and an t i c ipa t ed  ground-based e f f o r t s  include t h e  following: 
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(a) Construct ion and refinement of t h e  theory is  necessary t o  

a n a l y t i c a l l y  treat  (g = 0) da t a .  

(b) Experiments on t h e  d ispers ion  of  s o l i d  p a r t i c u l a t e s  i n  gaseous 

ox id ize r s  are requi red  t o  t es t  out  concepts f o r  quickly a t t a i n i n g  uniform 

d i s t r i b u t i o n s  of  p a r t i c l e s ,  i n  ( 1 -  g and 0 - g). 

(c) With uniform concentrat ions of  p a r t i c u l a t e s  experimentally 

a t t a i n a b l e  ( a t  g = O ) ,  it becomes important t o  measure t h e  "wall a t tach-  

ment" c h a r a c t e r i s t i c s  of  p a r t i c u l a t e s ,  i n  i n t e r a c t i n g  with t h e  wall o f  

an experimental apparatus .  

a "wall sa tura t ion"  e f f e c t ,  which l i m i t s  t h e  sur face  dens i ty  of p a r t i -  

c u l a t e s  which may adhere t o  a given experimental apparatus ( tube) .  

Par t ic le -c louds  i n  tubes may have t h e i r  number d e n s i t i e s  

Preliminary s t u d i e s  a t  Stony Brook ind ica t e  

1 

(d) 

charac te r ized  by o p t i c a l  a t t enua t ion  measurements, once wall  s a t u r a t i o n  

e f f e c t s  a r e  understood. 

Center has  addressed t h e  use o f  o p t i c a l  a t t enua t ion  f o r  t he  cha rac t e r i -  

za t ion  o f  p a r t i c l e  number d e n s i t i e s ,  and has r ecen t ly  centered on t h e  

development of a flame apparatus  v i b r a t o r ,  f o r  d i s p e r s a l  of  a uniform 

cloud of p a r t i c u l a t e s .  

propagation tube w i l l  be employed t o  assist i n  t h e  mixing process and 

t o  provide plenums f o r  spec i f i ed  pressure  condi t ions  (see next sec t ion  

Work a t  Stony Brook and a t  Lewis R.esearch 

Two bellows, one on e i t h e r  end of t h e  flame 

f o r  d e t a i l s ) .  

(e) Exploratory s t u d i e s  with proposed e 

proposed techniques w i l l  be c a r r i e d  out ,  both 

and a t  g = O ,  us ing  t h e  2-second drop tower a t  

ements o f  apparatus,  and 

a t  g = 1, at  Stony Brook 

Lewis Research Center. 

(f) Preparat ion f o r  g = l  and g = O  flame propagation s tud ie s  f o r  

very small (%1-10 microns) p a r t i c l e s .  Some p a r t i c u l a t e s  cannot be 
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provided i n  such small s i z e s  (e.g. ,  a 30 micron lycopodium spore is 

e s s e n t i a l l y  changed when f u r t h e r  subdivided). Cel lulose,  f l o u r ,  coal 

a r e  capable of such size subdivision. 

B.6. Summary 

I t  is  our t h e s i s  t h a t  fundamental Space-Shuttle-based p a r t i c l e -  

cloud combustion s t u d i e s  can provide t h e  longer experimental test  

times required t o  conduct such research. 

allow f o r  t h e  "proper" mixing of  la rge  p a r t i c l e s ,  t h e  establishment of  a 

quiescent uniform cloud of p a r t i c u l a t e s ,  and t h e  observation of  flame 

propagat ion/ext inct ion phenomena t h a t  a r e  free o f  na tu ra l  convective 

e f f e c t s .  The s p e c i f i c  e s s e n t i a l s  of  our  arguments are: r 

Space Shu t t l e  condi t ions can 

(1) Not being ab le  t o  provide fundamental experimental d a t a  f o r  

p r a c t i c a l  s ize  p a r t i c l e s  (230 microns) by earth-based f a c i l i t i e s  ( a t  

g 2 0) these  da ta  do not  e x i s t .  

a t t a i n a b l e  f o r  very small p a r t i c l e s . )  

ex t inc t ion  phenomena i n  spacelab experiments w i l l  be assoc ia ted  with 

uniform known concentrat ions of p a r t i c u l a t e s .  

(Some g = 1 and g = 0 da ta  may be 

Observed flame propagation and/or 

(2) The el iminat ion o f  free convective e f f e c t s  (during Space- 

Shu t t l e  experimentation) w i l l  permit t h e  t h e o r i s t  t o  dea l  with a far  

more t r a c t a b l e  problem than is otherwise possible .  Namely, it is  

believed t h a t  t h e  flame t h e o r i s t  w i l l  be ab le  t o  assume t h a t  t h e  heat  

t r anspor t  p rope r t i e s  o f  importance are molecular conduction and r a d i a t i v e  

t ranspor t ;  forced convectively induced t r anspor t  may also be significant. 

Once such melding o f  fundamental (g=O)  theory and experiment are 

achieved, t h e  b a s i s  f o r  construct ion of more general  theory and experi-  
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ment ( g ?  0) w i l l  have been provided. 

(C) SPACELAB EXPERIMENT AS CURRENTLY CONCEIVED 

C . l .  Experimental Objectives: 

The primary purpose of in-space experimentation is  t o  provide 

flame propagation and ex t inc t ion  d a t a  f o r  clouds of  porous s o l i d  p a r t i -  

culates--combustion d a t a  t h a t  are not otherwise ava i lab le .  

r e l a t e d  p a i r  of observations--steady flame propagation and ex t inc t ion- -  

have been proposed and discussed. I t  is  our  in t en t ion  t o  emphasize t h e  

experimental determination of t h e  flame propagation r a t e s  and ex t inc t ion  

of clouds of porous p a r t i c u l a t e s .  

argues aga ins t  t he  v i t a l  need f o r  au to igni t ion  experiments ( a t  g = O )  

f o r  p a r t i c l e s  of  a l l  sizes.  Previous discussion shows t h a t  au to ign i t ion  

experiments cannot be ca r r i ed  out with meaningful success (both f o r  g = l  

and g = 0) i n  earth-based l abora to r i e s .  

A c l o s e l y  

This intended emphasis i n  no way 

For a given flame propagation experimental apparatus (discussed i n  

t h e  following sec t ion)  and a given pressure,  it is intended t h a t  

(a) a s p a t i a l l y  uniform cloud of a s i n g l e  ( o r  mult iple)  component 

combustible p a r t i c u l a t e  be es tab l i shed  i n  an oxidizing gas; 

(b) pressure  and temperature a r e  t o  be uniform, p r i o r  t o  experi-  

mentation; 

[c) flame propagation and ex t inc t ion  s t u d i e s  are t o  be c a r r i e d  

out i n  a "constant pressure" mode; 

(d) t he  method of experimentation and the  apparatus i tsel f  be 

use fu l  f o r  t h e  inves t iga t ion  of a very broad class of p a r t i c u l a t e s ,  

and gases,  even where t h e  i n i t i a l  i nves t iga t ion  i s  l imited t o  modest 
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ranges of these.  

(e) Data so obtained be s u i t a b l e  f o r  t abu la t ion  as "standards", 

i n  t h e  sense t h a t  they  a re  highly reproducible and c h a r a c t e r i s t i c  of 

t h e  systems s t u d i e s  ( including apparatus) .  

( f )  Data so obtained be s u i t a b l e  f o r  e s s e n t i a l  use  i n  t h e  t e s t i n g  

evaluat ion,  and extens ion  of  combustion theory.  

(g) P a r t i c u l a t e s  t o  be inves t iga ted  may include lycopodium dus t ,  

ce l lu lose ,  coa l  and o ther  organic p a r t i c u l a t e s .  I n e r t  p a r t i c u l a t e s  

(quenching agents) may be  employed a s  d i l u e n t s .  

(h) Gases t o  be inves t iga ted  w i l l  include a i r ,  and spec ia l  oxygen- 

n i t rogen  mixtures. Other ox id izers  as w e l l  a s  i n e r t s  may be  u t i l i z e d .  
I 

( i )  Flame propagation s tud ie s  w i l l  include flame shape and 

t r a n s l a t i o n a l  speed. 

(j) Flame ex t inc t ion  s t u d i e s  w i l l  i d e n t i f y  c r i t i c a l i t y  condi t ions 

i n  terms o f  a c t i v e / i n e r t  p a r t i c l e  concentrat ion,  oxygen concentrat ion,  

i n e r t  gas concentrat ion,  apparatus  (tube) diameter, i n i t i a l  temperature 

and i n i t i a l  pressure.  

(k) Apparatus w i l l  be s u i t a b l e  f o r  use  wjth a spectrum of p a r t i c l e  

s izes-- including t h e  p r a c t i c a l  case where t h e  cloud has a d i s t r i b u t i o n  

of  p a r t i c l e  sizes. 

If we can achieve these  experimental ob jec t ives ,  we can do much t o  

b r ing  needed new understanding t o  t h i s  f i e l d .  

C.2. Descript ion of Experiment 

Figure 2 i s  a schematic of t h e  major por t ion  o f  t h e  experimental 

apparatus,  as p resen t ly  conceived, f o r  use i n  an in-space inves t iga t ion .  
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A 5 cm diameter t ransparent  flame propagation tube sec t ion  (approxi- 

mately 100 cm long) w i l l  incorporate  a primary i g n i t i o n  sec t ion  a t  

one end. The primary i g n i t i o n  sec t ion  i s  somewhat wider than 5 cm, i n  

order  t o  preclude wall quenching effects on ign i t ion .  

accepted precaution. 

This is  a standard,  
2 

The propagation tube sec t ion  is separated from two l a rge  bellows, 
/ 

one a t  e i t h e r  end, by f i n e  mesh screening, i n  order  t o  l i m i t  p a r t i c u l a t e  

t r a j e c t o r i e s  t o  t h e  propagation tube ( t e s t )  sec t ion ,  while permit t ing 

gas t r a n s f e r  operat ions between the  test sec t ion  and a u x i l i a r y  por t ions  

of t h e  apparatus.  

Auxil iary experimental equipment w i l l  include a camera system f o r  
I 

bo th  s t r eak  and framing camera observation of t h e  combustion process.  

Fine wall mounted ( f lush)  thermocouples w i l l  be employed t o  i d e n t i f y  

s teady s t a t e  flame propagation (where it e x i s t s )  and t o  measure flame 

propagat ion rates. 

C . 3 .  Experimental Procedures 

Each experimental run w i l l  u t i l i z e  a tube whose gaseous and 

p a r t i c u l a t e  composition has been prepared i n  an earth-based laboratory.  

Immediately p r f o r  t o  experimental t e s t i n g ,  t h e  pressure  of i n t e r e s t  

( t y p i c a l l y  one atmosphere o r  l e s s )  w i l l  be  es tab l i shed  i n  t h e  plenum. 

Screens of t he  appropr ia te  mesh s i z e  l i m i t  p a r t i c l e  t r a j e c t o r i e s  

t o  t h e  well-defined volume of t h e  tes t  sec t ion .  The i n t e r d i c t i o n  of 

t h e  two bellows, between s p a t i a l l y  f ixed  por t ions  o f  t h e  apparatus,  

permits  t he  tes t  sec t ion  t o  be vigorously a g i t a t e d ,  o r  t o  be gent ly  

shaken, (at  constant  volume and pressure)  t o  assist i n  t h e  establishment 
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of a uniform cloud. 

perse  the  pa r t i cu la t e s .  

shown i n  Figure 3 .  

A test sec t ion  v ib ra to r  w i l l  be employed t o  d i s -  

Schematics of v ib ra to r  under current  test i s  

Once uniformity of p a r t i c u l a t e s  i s  es tab l i shed  (and a l l  secondary 

flow damped), i gn i t i on  w i l l  be attempted, t o  be followed by observa- 

t i on  of flame c h a r a c t e r i s t i c s  and poss ib le  ex t inc t ion .  

Propagation l i m i t s  i n  terms of  i n i t i a l  pressure,  temperature, 

p a r t i c l e  and gas composition w i l l  be determined. 

The wide-mouth bellows, and f langes,  w i l l  be designed t o  accom- 

modate l a rge r  diameter (or smaller diameter) flame propagation tubes. 

(0) FEASIBILITY ISSUES I 

D . l .  General Issues  and Objectives 

In e a r l i e r  sec t ions  w e  have demonstrated t h a t  the  proposed flame 

propagation and ex t inc t ion  experiments (with p a r t i c l e s  of  bigger  s i zes )  

cannot be ca r r i ed  out e i t h e r  a t  ( g = 1 )  - or ( g =  0 ) ,  during time per iods 

general ly  ava i l ab le  i n  non-Space-Shuttle f a c i l i t i e s .  

reasons a r e  r e l a t e d  t o  "gravi ta t iona l  s e t t l i ng"  and/or t he  long "decay 

times" required f o r  a two-phase, tu rbulen t ly  mixed cloud t o  become 

quiescent and the  time required t o  experiment near  l i m i t  conditions.  

The primary 

Under Space Shut t le  laboratory condi t ions,  once a uniform, 

quiescent cloud of combustible p a r t i c u l a t e s  i s  establ ished,  it is  clear 

that the  observation of flame propagation and ex t inc t ion  - can be ca r r i ed  

out.  Experimentally, from t h i s  point  on, t h e  i g n i t i o n  and o ther  pro- 

cedures and observations a r e  e s s e n t i a l l y  those which have been achieved 

by o ther  inves t iga tors  innumerable times, both for s ing le  and two-phase 
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systems (e.g. see references  3, 30-32). 

The p e r a l  experimental i s sues  then reso lve  themselves, as 

follows: 

(1) How w i l l  uniform p a r t i c u l a t e  clouds be  provided, p r i o r  t o  

and during combustion experimentation i n  zero-g? 

which p a r t i c u l a t e  clouds w i l l  be dispersed w i l l  provide some design 

cri teria . 

Drop tower tests i n  

(2) What f u r t h e r  experimental procedures and observat ional  tech- 

niques w i l l  be required t o  c a r r y  out  t h e  experimental determinations i n  

space? 

(3) What ground-based pre l iminary /auxi l ia ry  experiments are 

required? 

(4) What da t a  are a t t a i n a b l e  i n  the  drop tower for t he  - very 

small p a r t i c l e  s i z e s ?  

D.2.  Experimental F e a s i b i l i t y  Items 

D.2.1. How w i l l  w e  know t h e  p a r t i c l e  concentrat ions,  f o r  a given 

experiment? 

(a) A known charge of  p a r t i c u l a t e s  w i l l  be prepackaged i n  an 

experimental apparatus.  

(b) The "pa r t i cu la t e  package" w i l l  be  weighed (at g = 1) before  

t h e  experiment i s  taken t o  i t s  space environment. 

(c) The volume of t h e  "experimental apparatus" i s  known. I t  

is defined by t h e  tube walls and by t h e  planes of the  "screens" t h a t  * 

are located a t  t h e  two end bellows. 

(d) Some of t h e  in j ec t ed  p a r t i c u l a t e s  w i l l  adhere t o  walls. 
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Work a t  Stony Brook i s  aimed a t  determination of  t h e  amount of adhering 

p a r t i c u l a t e s .  A t  g = I, t h e r e  is  a " w a l l  sa tura t ion"  effect f o r  a l l  

p a r t i c u l a t e s  and sur faces  s tud ied  t o  d a t e  which permits one t o  de t e r -  

mine, p r i o r  t o  experimentation, t h e  mass of p a r t i c u l a t e s  t h a t  adheres 

pe r  u n i t  sur face  area of  apparatus.  Inasmuch as t h e  '?wall s a tu ra t ion  

effect" is  observed t o  involve pa r t i c l e - su r face  fo rces  t h a t  are much 

g r e a t e r  than p a r t i c l e - p a r t i c l e  forces ,  it is expected t h a t  even very 

small dis turbances [minute bellows de f l ec t ion ]  will be adequate t o  

assure  t h e  e s s e n t i a l  invariance of t h i s  effect a t  ( g = O ) .  This must 

be v e r i f i e d  i n  zero-g t e s t i n g  i n  a drop tower. 

(e) Based on t h e  information i m p l i c i t  i n  (a) - (d),  t h e  p a r t i c l e  
I 

cloud concentrat ion i s  known. 

D.2 .2 .  How w i l l  w e  know t h a t  t h e  p a r t i c l e  concentrat ions a r e  uniform, 

f o r  a given experiment? 

(a) Very vigorous mixing a t  ( g = 1 )  gives  r ise t o  o p t i c a l l y  

determinable uniform  concentration^.^ I t  is  expected t h a t  with (g = 0) 

t h i s  is more e a s i l y  achievable.  

(g=O) t e s t i n g  i n  a drop tower. 

This must be v e r i f i e d  i n  ( g = 1 )  and 

{b) Optical  ex t inc t ion  (by clouds of p a r t i c l e s )  have been 

observed t o  follow Beer's Law absorpt ion very c lose ly  (work a t -S tony  

Brook and at  Lewis Research Center).  

ments y i e l d  an average p a r t i c u l a t e  concentrat ion along t h e  o p t i c a l  path,  

t ime-invariance o f  absorpt ion along a given pa th  may be  taken t o  mean 

t h a t  t h e  average concentrat ions of p a r t i c u l a t e  clouds that move i n  and 

out  of t h e  o p t i c a l  pa th  are the same as those  being displaced (by some 

These o p t i c a l  absorption measure- 
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mixing process) .  This observat ion,  p lus  t h e  u t i l i z a t i o n  of several 

(noncoincident) observat ional  pa ths  would provide exce l len t  evidence 

of cloud uniformity.  

(c) After vigorous mixing at  g = O ,  it i s  expected t h a t  t h e  

motion of p a r t i c l e s  w i l l  involve no s u b s t a n t i a l  nonrandom processes.  

This should assure  s p a t i a l  uniformity of  t h e  cloud. 

fo rmi t i e s  (e.g. involving surface in t e rac t ions )  i n  fo rce  f i e l d s  a r e  

expected t o  be d e a l t  with by very gent le  bellows ac t ion .  

r ec ip roca l  bellows de f l ec t ions  are capable of inducing v e l o c i t i e s  

corresponding t o  p a r t i c l e  Reynold’s numbers<<unity,  thereby assuring 

no compromise of  our knowledge of t he  opera t ive  t r anspor t  p rope r t i e s  

of  t h e  two-phase system. 

Small nonuni- 

Small, 

I 

D.2.3. How w i l l  we determine t h e  composition of t h e  gas phase oxid izer?  

Premixed oxid izer  gases w i l l  be sea led  i n  each tes t  apparatus,  . 

along with t h e  preweighed (at g = 1 )  p a r t i c u l a t e  charge. 

D.2.4.  How w i l l  we i g n i t e  t h e  uniform, quiescent  cloud of p a r t i c u l a t e s ?  

Ign i t ion  of  s i n g l e  and two-phase combustible systems i s  a well- 

developed science.  194’30’31’33’34 Ground-based experiments are cu r ren t ly  

being conducted t o  prescr ibe ,  f a b r i c a t e  and demonstrate a simple, 

r e l i a b l e  spark i g n i t i o n  system f o r  clouds of  lycopodium, c e l l u l o s e  and 

coa l .  

D.2.5. How w i l l  we observe and measure s t eady- s t a t e  flame propagation 

rates and ex t inc t ion?  

A number of w a l l  imbedded thermocouples, of equal and known 

spacing, w i l l  be employed t o  determine time-temperature h i s t o r i e s  at 
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various s t a t i o n s  along t h e  tube. Two successive thermocouples providing 

the  same time-temperature h i s t o r y  w i l l  be required i n  order  t o  demon- 

s t ra te  t h a t  a s teady-s ta te  flame ex i s t ed  i n  t h e  regime between these  

two s t a t i o n s .  The t r a n s l a t i o n a l  flame propagation ra te  i s  d i r e c t l y  

determinable from the  known d is tance  between these  two thermocouples 

and t h e  measured time i n t e r v a l  between corresponding temperatures of t h e  

two time-temperature t r ace .  

w i l l  be employed t o  determine the  flame shape and t o  v e r i f y  s teady and 

A framing and s t r eak  motion p i c t u r e  camera 

unsteady behavior. Catastrophic  decay of quasi-steady flame propagation 

w i l l  be taken t o  correspond t o  flame ext inc t ion .  

D.2.6. How w i l l  we i n t e r p r e t  our  observations? 

Current Eas-phase theory i s  more appropriate  t o  (g=O) experi-  

The same can be sa id  of two-phase ments than t o  g >  0 observations.  1-3 

p a r t  i c  1 e-  c 1 oud theory . ’”’ 20’ 25’ 32 Work a t  Stony Brook i s  aimed a t  

refinement and u t i l i z a t i o n  of cur ren t  theory.  

D.2.7. Can Laser Doppler ve loc i ty  measurements be u s e f u l l y  employed 

i n  these  s tud ies?  - 
It i s  expected t h a t  an LDV apparatus may be ava i lab le .  Where 

small p a r t i c l e  s i z e s  a r e  employed, LDV may o f f e r  important information 

on loca l  p a r t i c l e  v e l o c i t i e s .  

D.3 .  Summary of Current and Anticipated A c t i v i t i e s  Required t o  F i r m  

Up A l l  F e a s i b i l i t y  Issues 

Fac i l i t i es  a t  Stony Brook and a t  L e w i s  Research Center w i l l  be 

employed t o  f i r m  up unresolved f e a s i b i l i t y  i ssues ,  experimental 

approaches, apparatuses and procedures. These include : 
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(a) Determination of "wall s a t u r a t i o n  e f fec ts" .  These e f f e c t s  

have been demonstrated and determined f o r  a number of p a r t i c u l a t e s .  

Quant i ta t ive  measurements have been completed for lycopodium spores,  

f l o u r ,  chalk and o the r  systems. They w i l l  be completed f o r  var ious 

c e l l u l o s i c s  and coa l  dus ts .  Drop tower experiments a t  g = O  w i l l  a l s o  

be c a r r i e d  out.  

(b) Optical  ex t inc t ion  measurements have been c a r r i e d  out  f o r  

lycopodium powder and o the r  p a r t i c u l a t e s ,  

obeyed f o r  t he  systems s tudied.  

Beer's Law i s  c lose ly  

These s t u d i e s  are being extended t o  

c e l l u l o s i c s  and coal  dus t s .  

(c) Prototype experimental apparatus has  been assembled, including 
r 

a c y l i n d r i c a l  combustion tube,  screens,  bellows and mechanical v i b r a t o r  

f o r  cloud d ispers ion .  Preliminary r e s u l t s  i n d i c a t e  t h a t  approximate 

uniformity o f  t h e  p a r t i c u l a t e  cloud i s  achieved, during mixing i n  g = l .  

(d) An experimental i gn i t i on  system i s  under cons t ruc t ion  and w i l l  

be t e s t e d  both a t  g = l  and i n  t h e  LeRC drop tower a t  g = O .  

i g n i t i o n  energ ies  are higher  than those f b r  nonturbulent combustible 

systems. Accordingly, an i g n i t i o n  system t h a t  performs acceptably 

under these  condi t ions w i l l  perform acceptably under Space S h u t t l e  

condi t ions.  

Turbulent 

(e) Test ing with very  small p a r t i c l e  clouds i n  drop tower f a c i l i t i e s  

t o  determine what l i m i t a t i o n s  e x i s t  f o r  t h i s  c l a s s  of  experiments f o r  

ground-based f a c i l i t i e s .  

A schematic i nd ica t ing  our schedule of  ground-based support ive 

inves t iga t ions  i s  given i n  Figure 4. 
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APPENDIX B 

GRAVITATIONAL EFFECTS ON COMBUSTION* 

A. L. Berladt 

S t a t e  University o f  New York, Stony Brook, N . Y .  

Ab s t r a c t  

V i r t u a l l y  a l l  combustion phenomena o f  fundamental o r  prac- 
t i c a l  i n t e r e s t  a r e  character ized by s p a t i a l  nonisothermality.  
I n  a nonzero g r a v i t a t i o n a l  f i e l d ,  r e s u l t i n g  body forces  give 
r ise  t o  na tu ra l  convection processes t h a t  may o r  may no: have 
an important e f f e c t  on combustion phenomena o f  i n t e r e s t .  I n  
some cases t h e s e  effects may be t r i v i a l ,  and i n  o t h e r s ,  
c r u c i a l .  
phenomenzmith regard t o  t h e  e f f e c t s  o f  g rav i ty  on normal 
(g=l )  experimental observations,  observat ional  differences t o  
be expected f o r  g=O (space-based) experimentation, and t h e  
poss ib l e  s c i e n t i f i c  and technological values t o  be derived 
from such space-based research.  

This paper examines various prominent combustion 

I .  Introduct ion 

The c e n t r a l  s c i e n t i f i c  questions i n  combustion embrace t h e  
broad f i e l d s  o f  s ing le -  and two-phase combustion; s teady ,  
unsteady, and o s c i l l a t o r y  combustion; flame s t r u c t u r e  and 
s t a b i l i t y ;  flame i n i t i a t i o n  and ex t inc t ion ;  and composition and 
pressure l i m i t  phenomena. Combustion experiments, aimed a t  
addressing t h e s e  questions,  generally are c a r r i e d  out  under 
normal g r a v i t a t i o n a l  conditions (g=l)  i n  Earth-based labora- 
t o r i e s .  Free convective energy and mass t r anspor t  processes 
f requent ly  obscure o r  transform t h e  underlying g=O combustion 
phenomena. 
o f  t h e  r o l e s  o f  multiply coupled t r anspor t  ( f r e e  convection- 
condution-radiation) and chemical k i n e t i c  processes general ly  

Current combustion theory f i n d s  t h e  r ep resen ta t ion  

* 
Published i n  Progress i n  Astronautics and Aeronautics, v o l .  5 2 ,  

pp. 89-110. 1977. 
on Materials Sciences i n  Space, Philadelphia, Pa., June 9-10, 
T h i s  work was supported by NASA Grant NSG 3051 through t h e  NASA L e w i s  
Research Center. 

Presented as Paper No. D.3.6 a t  the COSPAR Symposium 
1976. 

+professor of Engineering. 
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A.L. BERLAD 

i n t r a c t a b l e .  
t runca ted  combustion theory i n  the  i n t e r p r e t a t i o n  of  g=l  com- 
bus t ion  experiments. 

Thus w e  genera l ly  are employing s u b s t a n t i a l l y  

Accordingly, a most compelling b a s i s  f o r  space-based com- 
bus t ion  s t u d i e s  (g=O) der ives  from unsa t i s f i ed  s c i e n t i f i c  and 
s o c i e t a l  needs f o r  combustion information t h a t  Earth-based 
l abora to r i e s  have not  provided. 
condi t ions,  we can create s t a b l e ,  uniform a r rays  o f  combustible 
drops and p a r t i c u l a t e s  and then s tudy t h e i r  combustion behavior 
under (na tura l )  convection-free condi t ions;  we €an a t t r i b u t e  
any asymmetries t o  t h e  burning o f  a s i n g l e  p a r t i c l e  o r  l i q u i d  
drop t o  reasons o the r  than "gravi tyt t ;  we can d iscard  t h e  con- 
fus ing  requirement o f  d i s t inguish ing  between observed "upward" 
and "downward" flame propagation without a n a l y t i c a l l y  des- 
c r ib ing  t h e i r  fundamental d i f fe rences ;  we can assess t h e  energy 
and mass t r anspor t  mechanisms t h a t  in f luence  flame o s c i l l a t i o n  
and ex t inc t ion  phenomena i n  more systematic  and t r a c t a b l e  
terms; t h e  e n t i r e  a rea  of  high-pressure combustion ,and ext inc-  
t i o n  phenomena, so s i g n i f i c a n t  i n  cu r ren t  energy conversion and 
s a f e t y  technologies ,  can be  s tudied  from a fundamental perspec- 
t i v e .  This paper reviews t h e  e f f e c t s  of g r a v i t a t i o n a l  condi- 
t i o n s  on combustion phenomena and examines t h e  necess i ty  and 
u t i l i t y  o f  space-based experimental combustion s t u d i e s  i n  pro- 
viding fundamental i n s i g h t s  t o  problems of fucdamental and 
appl ied importance. 

Under reduced g r a v i t a t i o n a l  

11. Observation and I n t e r p r e t a t i o n  of Combustion Phenomena a t  
Normal (g=l)  Gravi ta t iona l  and (g=O) Conditions 

A .  Premixed Gaseous F l a m e  Propagation and Ext inc t ion  L i m i t s  

The most f requent ly  made combustion observat ions involve 
t h e  rates of "steady-state" flame propagation supported by a 
premixed gaseous medium. A t  g=1, quasis teady flames are obser- 
ved as multidimensional flames propagating i n  long tubes ,  o r  as 
" f l a t t t  o r  "conical" flames s t a b i l i z e d  on t h e  l i p s  of  tubular  
burners .  For a given s i z e ,  shape, and temperature of appara- 
t u s ,  t h e r e  e x i s t  l i m i t s  of  ambient temperature,  p ressure ,  fue l -  
oxidant r a t i o ,  and d i l u e n t  concentrat ion beyond which quasi-  
s teady flame propagation i s  not  poss ib l e .  1-7 
ex t inc t ion  condi t ions,  quasis teady flames cannot be e s t ab l i shed  
on burners o r  caused t o  propagate through long tubes .  
Ref lec t ing  the  importance o f  hea t - loss  mechanisms (from flame 
t o  environment), t he  s i z e ,  shape, and temperature of t h e  
experimental apparatus inf luence  t h e  ex t inc t ion  condi t ions .  
Special  names have come i n t o  use f o r  s p e c i a l  ex t inc t ion  condi- 
t i o n s .  Flammability l i m i t s  genera l ly  r e f e r  t o  t h e  c r i t i c a l  
values  of fue l - lean  (or  fue l - r i ch )  composition, which, f o r  a 

Beyond these  
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5-cm-i.d. tube and a pressure of 1 atm, correspond to quasi- 
steady flame extinction. 
the critical values of apparatus size which correspond to 
flame extinction. Pressure limits refer to critical lower (or 
upper) values of ambient pressure which correspond to flame 
extinction. It now is known that these various exFerimental1 
determined extinction limits are not independent. Figure 18' 
shows how pressure, quenching, and flammability limits repre- 
sent special cases of a multidimensional extinction limit 

Quenching limits generally refer to 
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diagram defined by t h e  thermochemical and physical  parameters 
of  t h e  problem. 

A number of  t heo r i e s  attempt t o  i n t e r p r e t  t hese  flame pro- 

Quasisteady flame pro- 
pagation and ex t inc t ion  da ta .  Details and emphases vary, bu t  
c e r t a i n  c e n t r a l  assumptions are shared. 
pagation i s  taken t o  be  nonadiabatic, and losses  of hea t  (and 
r e a c t i v e  species)  from flame t o  f i n i t e - s i z e d  apparatus 
necessar i ly  r e s u l t s .  These loss  mechanisms necessar i ly  l i m i t  
quasisteady flame propagation and p resc r ibe  ex t inc t ion  l i m i t s .  

Gravi ta t iona l  effects inf luence observed premixed flame 
propagation and ex t inc t ion  phenomena i n  a number of  ways. The 
nonuniform temperature-composition-density f i e l d  of  a flame i s  
subjec t  t o  g r a v i t a t i o n a l l y  imposed body forces .  These gravi-  
t a t i o n a l  e f f e c t s  en te r  both as a mechanism important t o  flame 
s t r u c t u r e  and as a l o s s  mechanism. Accordingly, flame propaga- 

t i a l l y  by "free convective effects . ' I  S t r i k i n g  examples of t h e  
e f f e c t s  of  grav i ty  on flame propagation and ex t inc t ion  include 
t h e  following: 

L i o n  and ex t inc t ion  d a t a  ( for  g=l) can be  a f f ec t ed  substan- 

1 )  A t  g=1, upward flame propagation may be  character ized 
by a flame propagation mode, flame s t ruc tu re ,  flame speed, and 
lean  ex t inc t ion  limit d i f f e r e n t  from those found f o r  downward . 
flame propagation. 
of hydrogen-air flames, * where noncoherent upward flame propa- 
gat ion is observed i n  t h e  neighborhood of  t he  "lean l i m i t "  bu t  
not observed f o r  downward propagation. 

This is s t r i k i n g l y  i l l u s t r a t e d  f o r  t he  case 

2) Convectively induced "noncoherent flames" as well  as 
"flame b a l l s "  a r e  observed for  upward flajne propagation 
c h a r a c t e r i s t i c  s i z e  of flame apparatus is  increased. 

as t h e  
3 , 1 6 , 1 1  

3) A t  g=l ,  convectively r e l a t e d  multidimensional flame 
shapes ( s t ruc tures)  are observed f o r  hydrogen-air, methane-air, 
carbon monoxide-air, and o the r  common/uncommon combustible 
systems. Diversi ty  of  flame shapes, s t r u c t u r e s ,  and propaga- 
t i o n a l  modes ( o s c i l l a t o r y  vs nonosci l la tory,  coherent vs 
noncoherent) is p a r t i c u l a r l y  common i n  t h e  neighborhood of  
ex t inc t ion  l i m i t  conditions.  

4) Upward flame propagation (at  g=l )  sometimes i s  
associated with s u b s t a n t i a l  l y  incomplete combust ion.  
and Markstein' 
flame f r o n t  s t a b i l i t y .  
convective" processes are opera t ive  i n  e i t h e r  approach. 

Lovachev3 
have examined these  phenomena i n  terms of 

These two analyses d i f f e r ,  but  "free 
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Despite t h e  observed multidimensionality of  (g=l)  flame 
propagation and ex t inc t ion  phenomena, cur ren t  "complete" 
theo r i e s  of  flame propagation and ex t inc t ion  are one- 
dimensional and ignore g r a v i t a t i o n a l  effects. Table 1 indi -  
cates t h a t  only a few s impl i f i ed  theo r i e s  attempt t o  include 
free convective effects. 

I t  follows, then, t h a t  flame propagation and ex t inc t ion  
theo r i e s  t h a t  may b e  appl icable  t o  (g=O) condi t ions have not 
been measured aga ins t  g=O da ta .  As t heo r i e s  t h a t  ignore free- 
convective effects, they may not be  appl icable  t o  observations 
made a t  g= l .  For t h e  g= l  observat ions that are inf luenced 
convectively,  t h e  t runca ted  theo r i e s  appear inadequate. 

Thus, t o  e s t a b l i s h  t h e  necessary t h e o r e t i c a l  bases f o r  an 
understanding o f  flame propagation and ex t inc t ion  l i m i t s  on a 
range g2.0, it is  necessary t h a t  t h e  observat ional  f a c t s  be 
e s t ab l i shed  on t h i s  range. For g< l ,  t hese  observations are 
unavai lable .  I t  appears reasonable t o  expect t h a t ,  once 
theory and observat ion can be  brought toge ther  f o r  g=O (Vhe 
s implest  case t h e o r e t i c a l l y ,  and t h e  most unperturbed case 
experimentally),  t he  inc lus ion  of g rav i t a t iona l  e f f e c t s  i n  
"complete theor ies"  of  (g>O) flame propagation and ex t inc t ion  
w i l l  be  f a c i l i t a t e d .  

B. Premixed Two-Phase Flame Propagation and Ext inct ion L i m i t s  

Flame i n i t i a t i o n ,  propagation, and ex t inc t ion  processes 
supported by homogeneous mixtures of  (premixed) f i n e l y  divided 
combustible p a r t i c u l a t e s  ( s o l i d  o r  l i qu id )  i n  an oxidizing 
gaseous atmosphere are thought t o  be p a r t l y  analogous t o  the  

1 6 - 1 8  previously discussed single-phase combustion phenomena. 
That is, t h e r e  are t r anspor t  phenomena f o r  which t h e o r e t i c a l  
approaches, as well as experimental observat ions,  c lose ly  
p a r a l l e l  premixed gaseous systems. There may be  support  f o r  
t h i s  po in t  of view f o r  r a r i f i e d  clouds o f  p a r t i c u l a t e s .  For 
high-density clouds/arrays o f  p a r t i c u l a t e s ,  a r r a y  smoldering, 
i n i t i a t i o n ,  f i re -spread ,  and ex t inc t ion  processes a r e  substan- 
t i a l l y  d i f f e r e n t  phenomena. '"*' Nevertheless,  t h a t  free con- 
vect ion inf luences  t h e  experimental observat ions of t hese  
phenomena (g=l)  is  e i t h e r  well e ~ t a b l i s h e d ~ " ~ - ~ ~  o r  ( i n  some 
cases)  cannot be ru l ed  out  now. A broad range of combustible 
s o l i d s  (e.g., c e l l u l o s i c  materials, corn s t a r c h ,  coal ,  synthe- 
t i c  f i b e r s ,  lycopodium dust)  and l i q u i d s  (hydrocarbons, e t c . )  
and oxidizing gases support  t hese  phenomena. 

The d i f fe rences  between g=O and g>O two-phase combustion 
are thought t o  de r ive  from body-force effects on hea t  and mass 
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transfer. Thus, for example, arrays of large numbers of 
porous, solid, small fuel elements support combustion pheno- 
mena in a coupled manner. 
free-convective particle-gas and gas-boundary transport pro- 
cesses. 
particle and particle-gas radiative transport, molecular 
transport, and the radiation-conduction mechanisms coupling 
the gaseous medium losses to the boundaries. 

The coupling mechanisms include 

Additional transport mechanisms include particle- 

Unfortunately, "completet' predictive theories of two- 
phase "homogeneous" flame propagation are largely undeveloped. 
The situation is aggravated by the fact that quasisteady flame 
propagation through "homogeneous clouds" of combustible par- 
ticulates cannot be studied (at g=l) in a manner that is 
analogous to that employed for premixed gases. This experi- 
mental fact derives from the following: 

1) Prior to the initiation of combustion experimenta- 
tion, the physical and chemical characteristics of the com- 
bustible medium must be characterized. 

2) A spatially uniform, unburned particle density, size 
distribution, and gas composition must be established and 
maintained prior to and during flame propagation and extinc- 
tion measurements. 

3) For gravitationally influenced systems, "gravitational 
settling" precludes the establishment of a uniform, quiescent 
particle cloud, either before o r  during e erimentation. 
Where vigorous mixing techniques are used' to establish 
fairly uniform clouds (e.g., Fig. 2), substantial secondary 
flow patterns are established which correspond to complex, 
unknown transport of heat and mass. 

For larger combustible garticles (solids o r  liquids) in a 
gas, at g=1, some observers' 
burning (liquid) drops for which flame propagation is ascribed 
to the burning of individual (flame-surrounded) drops, with no 
apparent burning occurring in the interdroplet space. Such a 
flame-transport mechanism is strikingly different from one in 
which a cloud is taken to act collectively. Nevertheless, for 
g#O, "free convection" and "gravitational settling'' are 
essential processes to be considered. 

report cases of clouds of 

Thus we find, for the case of flame propagation through 
clouds of particulates, at g=1, 1) that experimental homoT 
geneity of a two-phase, quiescent particle-gas mixture is 
unobtainable (gravitational settling) ; 2) that unburned reac- 
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t a n t s  have time-dependent c h a r a c t e r i s t i c s ;  3) t h a t  t he re  
e x i s t  convectively influenced flame t r anspor t  and propagation 
mechanisms, made apparent through t h e  s u b s t a n t i a l  differences 
between observed upward and downward flame propagation charac- 
t e r i s t ics ;  and 4) t h a t  p a r t i c l e - g a s  and gas-boundary heat-  
l o s s  mechanisms are influenced convectively and i l l - d e f i n e d  
experimentally. 

The i d e n t i f i c a t i o n  o f  current  (g=l )  experimental d i f f i -  
c u l t i e s  suggests t he  important impact of  obtaining experi-  
mental pa r t i c l e -gas  combustion da ta  i n  space.  I n  a space 
environment (g=O), 1) "set t l ing" does not ,  de fea t  our a b i l i t y  
t o  c r e a t e  and maintain a uniform cloud o f  unreacted p a r t i c l e s  
p r i o r  t o  and during a combustion experiment; and 2) "free 
convection" does not affect  t h e  flame microstructure ( i n  t h e  
neighborhood of  individual  p a r t i c l e s )  o r  t h e  flame macro- 
s t r u c t u r e  (gas-cloud-wall i n t e r a c t i o n s ) .  

From an experimental po in t  of view, planned g=O flame 
propagation s t u d i e s  promise an i n i t i a l l y  quasisteady gas- 
p a r t i c l e  cloud (character izable  combustion system) and repro- 
ducible  experimental r e s u l t s .  Although w e  have been d i s -  
cussing flame propagation and ex t inc t ion  phenomena, similar 
implications ob ta in  f o r  o t h e r  combustion s t u d i e s  aimed a t  
de l inea t ing  1) pa r t i c l e -c loud  au to ign i t ion  temperatures; and 
2) c r i t i ca l  p a r t i c l e  concentration o r  oxygen index f o r  auto- 

i gn i t i on ,  spark i g n i t i o n ,  flame propagation speed, flame shape, 
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and flame s t r u c t u r e ,  homogeneous "osc i l la tory"  phenomena having 
long c h a r a c t e r i s t i c  times. 

Data ( fo r  g=O) w i l l  provide a more meaningful s e t  o f  
experimental bases f o r  our understanding of two-phase combus- 
t i o n  processes.  They permit t h e  construct ion,  t e s t ing ,  and 
v e r i f i c a t i o n  of t heo re t i ca l  formulations t h a t  a r e  simpler and 
more t r a c t a b l e  than those t o  be required (ul t imately)  by (g=l)  
experimentation. Together, a body of (g=O) data  and s u i t a b l e  
theory may be b u i l t  upon f o r  subsequent (g>O) s tud ie s  aimed a t  
addressing t h e  m u l t i p l i c i t y  of e f f e c t s  which der ive from 
g r a v i t a t i o n a l l y  induced processes.  

C. Combustion Phenomena i n  Nonflowing Single-phase Systems 

A l a r g e  v a r i e t y  of combustion phenomena are observed 
experimentally i n  nonflowing, premixed combustible systems. 
For premixed gaseous systems (observed a t  g = l ) ,  these  phenomena 
include t h e  c l a s s i c  "homogeneous slow reac t ion ,"  "autoignition" 
o r  "explosion," rtcool flame", and o the r  o s c i l l a t o r y  combuition 
processes,  as well as phenomena character ized as "multistage 
ign i t i on"  and "unsteady combus t i o n .  
f o r  such nonflowing systems have been reviewed previously.  

Experiment and theory 
24 

I n  a l l  of t h e  aforementioned phenomena, t ranspor t  of heat  
C r i t i c a l i t y  con- and mass play c r u c i a l l y  d e f i n i t i v e  ro l e s .  24 

d i t i o n s  f o r  "autoignition" involve thermal in t e rac t ions  (as 
well as f r e e  r a d i c a l  i n t e rac t ions )  with apparatus walls. 
"Cool flame,11 "thermokinetic," o r  purely "kinetic" osc i l l a t ions  
involve similar wall i n t e rac t ions .  As experimental apparatus 
sizes are increased, "free convective" t r a n s f e r  of hea t  and 
mass can dominate t h e  o the r  t r anspor t  processes and render 
experimental observations ( a t  g=l )  d i f f i c u l t  or ' impossible  t o  
i n t e r p r e t .  For a modest-sized apparatus (of diameter) i n  
which combustible s e l f -hea t ing  is sustained,  t h e  Rayleigh num- 
be r  v a r i a t i o n  with hydrocarbon-oxygen stoichiometry i s  shown 
i n  Fig. 3, f o r  a AT of 1OK. For many thermokinetic o s c i l l a -  
t i o n s  or auto igni t ion  phenomena, AT values o f  one t o  two 
orders  of magnitude higher  are encountered. 
cr i t ical  Rayleigh numbers for free-convective onset  are of t h e  
order  < lo3 ,  it follows t h a t ,  a t  g=1, 
convective effects are encountered f o r  highly exothermic pro- 
cesses and/or i n  l a rge  apparatuses,  and/or a t  high pressures;  
2) curren t  theory24 of  au to igni t ion  and/or o s c i l l a t o r y  combus- 
t i o n  genera l ly  does not  incorporate  free convective effects; 
and 3) as a r e s u l t  o f  t h e  experimental and theo re t i ca l  short-  
comings j u s t  noted, combustion da ta  i n  nonflowing gaseous 
media are s tudied  incompletely and represented inadequately.  

Inasmuch as 

1)  subs t an t i a l  free 
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These facts may be i l l u s t r a t e d  through examination of the  
one-dimensionalized (s implif ied)  forms24 of  t h e  conservation 
equations general ly  taken t o  be appropriate  t o  these  systems: 

8T - d dT dI I 

- - X - + - +  1 R j A j - L 2  "v dxl dxl dxl j- l  - 
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where c. is t h e  number of moles (per unit-volume) of t h e  i t h  
chemicai species ,  f o r  i = 1, 2, . . ., n; c"! i s  t h e  molar r a t e  
o f  production (per  u n i t  volume) of t he  i t h  &hemica1 species  by 
t h e  j t h  k i n e t i c  process,  where j = 1, 2, . . ., r; c,, is speci-  
f i c  hea t  a t  constant volume; D is  the  d i f fus ion  coe f f i c i en t ;  
I i s  t h e  loca l  (thermal) r a d i a t i v e  f l u x  dens i ty ;  k j  i s  t h e  r a t e  
constant  fo r  t h e  j t h  k i n e t i c  process; L2 i s  t h e  l o s s  funct ion 
( fo r  a two-dimensional system) i n  t h e  x2 d i r ec t ion ;  R -  is the  
molar r eac t ion  r a t e  corresponding t o  the  species  and energy 
r e l e a s e  r a t e  spec i f ied  by A * ;  T is absolute  temperature; A j  is  
t h e  molar hea t  of r eac t ion  *or t h e  j t h  unid i rec t iona l  react ion;  
and X is  thermal conduct ivi ty .  

Clear ly ,  (1) and (2)  t ake  no s p e c i f i c  account of f r e e  con- 
vec t ive  e f f ec t s ,  even though t ranspor t  of h e a t  and mass a r e  
e s s e n t i a l  processes under considerat ion.  I n  f a c t ,  it i s  c l e a r  
t h a t  (1) and (2) are more apprepr ia te  t o  a g=O s i t u a t i o n  than 
t o  a general  g>O set of experimental conditions.  

me r o l e  of hea t  and mass t ranspor t  i n  t he  determinafion 
of o s c i l l a t o r y  combustion processes i s  i l l u s t r a t e d  with the  a i d  
of (g=l )  da t a25  employed t o  construct  F i g .  4. Involved i n  t h e  
theory of k i n e t i c  o s c i l l a t i o n s  fo r  CO-02 reac t ions  24-27 i s  the  
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Fig. 4 Physical c h a r a c t e r i s t i c s  of  t yp ica l  o s c i l l a t o r y  

run (CO-OP reac t ion) .  RV1, T i  = 554.3'C, P i  = 
18.8 t o r r .  
o s c i l l o  raph he ight  of each f l a s h  i n  a r b i t r a r y  
u n i t s .  

In t ens i ty  of emission is  t h e  maximum 

& 
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t r anspor t  of 0 atoms t o  walls. 
process i s  almost isothermal during a given cycle ,  neglect  of 
free convective processes ( a t  g=l )  appears j u s t i f i e d  and leads 
t o  ca l cu la t ed  t r a j e c t 0 r i . e ~ ~ ~  such as those i l l u s t r a t e d  i n  
F ig .  5. Current theory and experiment suggest t h a t  t h i s  
(CO-02) o s c i l l a t o r y  process should be  v i r t u a l l y  unaffected by 
g r a v i t a t i o n a l  f i e l d .  No g=O confirmation of t h i s  has been 
made. 

Inasmuch as t h i s  time-dependent 

For thermokinetic o s c i l l a t i o n s ,  hea t  t r a n s f e r  t o  walls 
plays a major r o l e ,  2 8 ' 2 9  and t h e  r eac t ion  process (hydrocarbon- 
oxygen) i s  known experimentally t o  be  highly nonisothermal . 
Nevertheless,  theory29 a t  g=l appears t o  ignore t h e  r o l e  of  
f r e e  convective e f f e c t s  on t h e  o s c i l l a t o r y  s t a b i l i t y  l i m i t s  and 
on t h e  o s c i l l a t o r y  t r a j e c t o r i e s  assoc ia ted  with t h e  thermo- 
k i n e t i c  o s c i l l a t i o n s .  For these  thermokinetic processes ,  sub- 
s t a n t i a l  Rayleigh numbers may be  encountered, 28-32 and substan- 
t i a l  d i f fe rences  between g=O and g = l  observations may be 
expected. For completely analogous reasons,  i g n i t i o n  delays,  
mul t ip le  i g n i t i o n s ,  etc. ,  i n  closed systems a l s o  may be 
charac te r ized  by l a rge  Rayleigh numbers and f r e e  convective 
e f f e c t s  a t  g=1. 

D. Combustion Phenomena i n  Nonflowing Two-Phase Systems 

I n  Sec. II.B, the  ro l e s  of "gravi ta t iona l  s e t t l i n g "  and 
" f ree  convection" i n  g=l  experimentation were discussed. For 
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nonflowing two-phase systems, t he  same physical processes com- 
p l i c a t e  the  experimental r e s u l t s .  Theory, conceptually simpler 
than flame propagation theory, s t i l l  i s  useful d e f i c i e n t l y  t o  a 
representa t ion  of  g= l  observations.  Consider t h e  elements of a 
simple (thermal) par t ic le -c loud  au to igni t ion  theory. Such a 
theory may be c o n s t r ~ c t e d ~ ~  along l i nes  t h a t  c lose ly  p a r a l l e l  
those developed f o r  pure gas-phase processes.  
k i n e t i c  s t a b i l i t y 2 4  o f  a cloud i s  described i n  terms o f  t h e  
k i n e t i c  (heat re lease)  processes i n  the  neighborhood of  a typ i -  
cal p a r t i c l e ,  t he  heat  and mass t r ans fe r  rates i n  the  neighbor- 
hood of a typ ica l  p a r t i c l e ,  and the  co l l ec t ive  hea t - t ransfer  
processes involving t h e  two-phase cloud and the  boundaries. 
Accordingly, two ehergy conservation equations a r e  wr i t ten ,  one 
f o r  t h e  articles and one f o r  t he  gaseous medium. 

The thermo- 

These take 
t h e  form !O 

m c (dT /d t )  = S [ % - a1 up - Tg) - Lr3 
- P P  P (3) 

m c (dT /d t )  = S [Na (T - T  ) + (1 - 6  )L ] -a2S(T -Too) 
(4) g g  g P 1 P  g g r  g 

where m 
p a r t i c l g s ;  Mg i s  the  t o t a l  mass of gas i n  the  system; cp i s  
p a r t i c l e  s p e c i f i c  heat  a t  constant volume; cg is  gas s p e c i f i c  
heat  a t  constant volume; Tp i s  c h a r a c t e r i s t i c  p a r t i c l e  tem- 
perature;  T is  c h a r a c t e r i s t i c  gas temperature; S is  the  sur-  
face  area of! container  boundaries; Sp i s  t h e  surface area of a 
p a r t i c l e ;  N i s  the  number of  p a r t i c l e s ;  a1 is the  par t ic le -gas  
hea t - t ransfer  coef f ic ien t ;  012 is the  gas-container heat-  
t r a n s f e r  coe f f i c i en t ;  Lr i s  r a d i a t i v e  l o s s  r a t e  per  p a r t i c l e ;  
and 6 

i s  p a r t i c l e  mass; Up i s  t h e  summed mass of  a l l  

i s  op t i ca l  t ransmiss iv i ty  of gas. g 

One may employ the  method of the phase t o  
deduce the  appropriate  c r i t i c a l i t y  conditions f o r  cloud auto- 
i gn i t i on .  
Grashof number and may become p a r t i c u l a r l y  d i f f e r e n t  from the  
molecular t ranspor t  l imi t ing  values as p a r t i c l e  s i z e s  become 
l a r g e r  and as t h e  apparatus (cloud) size becomes la rger ,  given 
a normal (g=l)  g r a v i t a t i o n a l  f i e l d .  

I t  is  c l e a r  t h a t  a1 and a2 are functions of  t h e  

Although k i n e t i c  da ta  are not as a v a i l a b l e  as one would 
hope, ca lcu la t ions  o f  auto igni t ion  conditions f o r  m e t a l l i c  
clouds have been c a r r i e d  ou t .  Results f o r  zirconium oxidat ion 
are shown i n  Fig.  6 .  
and a p a r t i c l e  s i z e  of 1 p, t he  free convective e f f e c t s  ( fo r  
g=l)  impl ic i t  i n  aZ a r e  subs t an t i a l .  Figure 6 r e s u l t s  imply 
t h a t  1) g rav i t a t iona l  effects on par t ic le-cloud au to igni t ion  

For a t o t a l  p a r t i c l e  mass of  1 g (M ) 
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FREE CONVECTIVE LOSSES AND M P = l g  r P = I p  

I .24 
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s I c m 2 )  

Fig. 6 Oxidation o f  zirconium clouds. 30 

1 

phenomena can be subs t an t i a l ;  2) high-pressure flame propaga- 
t i o n  and ex t inc t ion  (as  well as auto igni t ion)  f o r  both gas 
phase and p a r t i c l e  cloud flames may be  changed dramatical ly  
f o r  g=O environments (cons is ten t  with t h e  da t a  and analyses 
given by Lovachev i n  discussing high-pressure ex t inc t ion  of  
pure gas phase flames);  and 3) high-pressure combustion 
s tud ie s  ( a t  g= l )  may be so convectively dominated as t o  
i n h i b i t  importantly our a b i l i t y  t o  study t h e  o the r  flame pro- 
cesses  (which appears t o  be t h e  case f o r  single-phase as well 
as two-phase systems). 

E. Diffusion F lame  Phenomena i n  Flowing Systems 

The (g=O) l i t e r a t u r e  per ta in ing  t o  laminar gas d i f fus ion  
flames has been reviewed previously,  
are the  r e s u l t s 3 3  t h a t  show the  t r a n s i e n t  behavior of laminar 
gas j e t  d i f fus ion  flames as (g=l)  conditions are transformed 
( a t  t h e  NASA L e w i s  Research Center, Drop Tower F a c i l i t y )  t o  
(g=O) f o r  severa l  seconds. Figures 7 and 8, taken from Ref. 
33, show how e i t h e r  ex t inc t ion  o r  a d i f f e r e n t  d i f fus ion  flame 
s t r u c t u r e  r e s u l t s  i n  t h e  transformation from (g=l) t o  ( g = O ) .  

Par t i cu la r ly  in te res t ing  

An extensive ana ly t i ca l  o f  axisymmetric laminar- 
j e t  d i f fus ion  flames provides good agreement f o r  (g=l). Care- 
f u l  comparison with (g=O) da ta  awaits more extensive observa- 
t i o n  of flame structures under conditions of weightlessness.  

Recent s tud ie s  by Lavid and Berlad35 examine t h e  effect 
of  g rav i ty  f o r  cases where t h e  buoyant fo rce  is  t ransverse  t o  
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t h e  flow d i r ec t ion ,  i n  boundary-layer flow. I t  is  concluded 
t h a t  buoyancy does play an important r o l e  i n  boundary-layer 
d i f fus ion  flames. For fue l  i n j e c t e d  a t  (or through) the  sur-  
f a c e  of a f l a t  p l a t e  and burning i n  an oxidizing boundary- 
l aye r  flow, these  r e s u l t s  prescr ibe  1) t he  acce le ra t ion  of  the 
boundary-layer flow (ve loc i ty  overshoot),  and 2) a decrease i n  
t h e  flame "standoff" d i s t ance  f o r  g=1. 

The assumed flow model i s  ind ica ted  i n  Fig.  9 ,  and the  
"veloci ty  overshoot" r e s u l t s  (ca lcu la ted)  a r e  ind ica ted  i n  
F i g .  10 ("aiding flows'' correspond t o  a f l a t  p l a t e  fac ing  
upwards, and '!opposing flows" corresponds t o  a f l a t  p l a t e  
fac ing  downwards). Resul ts  show t h a t  l oca l  boundary-layer flow 
i s  acce lera ted  (a id ing  flows) o r  dece lera ted  (opposing flows) 
r e l a t i v e  t o  t h e  corresponding g rav i ty - f r ee  forced convection 
flow. Although t h e o r e t i c a l  p red ic t ions  are i n  agreement with 
cu r ren t ly  ava i l ab le  experimental da ta ,  
f o r  f u l l  eva lua t ion  of t h e s e  analyses a r e  not  ava i l ab le .  

zero-g s t u d i e s  needed 

I 

There e x i s t s  a g rea t  d i v e r s i t y  of poss ib l e  combustible 
flow (premixed o r  unpremixed) systems. Data and analyses  
ava i l ab le  t o  d a t e  i n d i c a t e  t h a t  g r a v i t a t i o n a l  e f f e c t s  are t o  
b e  expected. The zero-g da t a  necessary t o  e s t a b l i s h  a baseline 
f o r  such f u t u r e  s tud ie s  cur ren t ly  are not  ava i l ab le .  

111. Avenues of  Combustion Experimentation a t  Reduced 
Gravi ta t iona l  Conditions 

For s ing le -  and two-phase combustible systems, g rav i t a -  
t i o n a l l y  induced body forces  r e s u l t  i n  na tu ra l  convective pro- 
cesses ,  which, i n  tu rn ,  modify t h e  underlying (g=O) combustion 

BOUNDARY lq LAYER EDGE 

I 
4 I YF, w 

3 5  Fig. 9 Diffusion flame boundary-layer flow. 
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3) Where f r e e  convective e f f e c t s  are taken not t o  e x i s t  
( i n  a t h e o r e t i c a l  representa t ion) ,  t he  corresponding g=O 
experimentation has not been performed. Accordingly, t h e r e  
genera l ly  i s  no b a s i s  for  comparison of t h e  most rudimentary 
theory (g=O) with t h e  most uncomplicated combustion phenomena 
(g=O) * 

4) I n  the  absence o f  v e r i f i e d  g=O experiment and theory,  
t h e  systematic  incorpora t ion  of g>O experimental da ta ,  and 
development of  assoc ia ted  theory,  i s  inh ib i t ed  severe ly .  I t  
is evident  t h a t  a)  appropr ia te  g=O experimental da t a  would 
permit d i r e c t  comparison o f  complete (convection-free) theory 
with experiment; and b) complete, v e r i f i e d ,  convection-free 
theory then may be  used as a b a s i s  f o r  t h e  development o f  more 
acceptable  (more complete) combustion theory for g>O condi- 
t i o n s .  
(g=l )  da t a  would b e  enhanced g rea t ly .  

I n  p a r t i c u l a r ,  our  understanding o f  t h e  al l - important  

Facil i t ies,  cur ren t  and an t i c ipa t ed ,  f o r  combustion 
experimentation a t  reduced g r a v i t a t i o n a l  condi t ions include 
drop towers, spec ia l  a i r c r a f t ,  and t h e  forthcoming Space 
S h u t t l e  Laboratory. ’ Although drop tower f a c i l i t i e s  have 
played an important r o l e  ( e .g . ,  Refs.5 and 33) i n  previous 
g< l  experimentation, they impose severe l imi t a t ions  on the  
s i z e  and time s c a l e s  f o r  combustion experimentation. Typical- ’ 

l y ,  experiments i n  drop towers a r e  l imi t ed  t o  time sca l e s  of 
less than 5 sec and t o t a l  space allowances ( including 
a u x i l i a r y  instrumentation) o f  l e s s  than 5 f t .  Many important 
combustion experiments cannot be executed properly under these  
condi t ions .  These include’ such important phenomena a s  auto- 
i g n i t i o n  of  single-phase and two-phase combustibles, thermo- 
k i n e t i c  o s c i l l a t i o n s  and cool flames, flape propagation and 
ex t inc t ion  i n  single-phase and two-phase combustible systems, 
s t a b i l i t y  and s t r u c t u r e  of  smoldering a r r ays  of p a r t i c u l a t e s ,  
high-pressure flame propagation and ex t inc t ion  processes,  and 
o the r s .  The small times a v a i l a b l e  f o r  drop tower experimenta- 
t i o n s  are p a r t i c u l a r l y  l imi t ing .  

The Space S h u t t l e  Laboratory o f f e r s  a boxcar-sized 
f a c i l i t y  f o r  long-time (hours/days) combustion experimentation. 
One may l is t  t h e  d iverse  a reas  of combustion experimentation 
where p ivo ta l  observat ions are needed, which have not  been 
obta inable  otherwise: 1)  au to ign i t ion  f o r  l a rge  (and/or high- 
pressure)  single-phase (o r  two-phase) premixed combustible 
systems; 2) s i n g l e  (or two-phase) premixed flame propagation 
and ex t inc t ion  l i m i t s  over a range of  apparatus s ize  and 
pressures;  3) noncoherent flame propagation; 4) upper pres-  
s u r e  l i m i t  combustion phenomena and i g n i t i o n ,  propagation, and 
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ex t inc t ion  phenomena i n  t h e  neighborhood o f  upper pressure 
l i m i t s ;  5) cool flames i n  l a rge  premixed gaseous systems; 
6) 
over l a rge  pressure  ranges; 7) two-phase combustion phenomena 
involving l a rge  l iquid-gas or sol id-gas  in t e r f aces ;  8) rad ia-  
t i v e  i g n i t i o n  of s o l i d s  and l i qu ids ;  9) pool burning and 
flame propagation over l i qu ids ;  10) flame spread and ex t inc-  
t i o n  over s o l i d s ;  11) smoldering of s o l i d  combustibles, and 
t h e  assoc ia ted  t r a n s i t i o n  t o  flaming (or ex t inc t ion ) ;  
12) laminar gas j e t  combustion; 13) coupling (or decoupling) 
of  convectively induced turbulence involved i n  various 
combustion phenomena; and 14) t r ans i en t  responses of  combus- 
t i b l e  systems t o  time va r i a t ions  i n  g rav i t a t iona l  f i e l d  
s t r eng ths .  

burning and ex t inc t ion  of individual  drops o r  p a r t i c l e s ,  

The preceding t abu la t ion  o f  needed Space Shu t t l e  experi-  
mentation is  extensive.  No l e s s  extensive i s  t h e  correspon- 
ding theory and ana lys i s .  
va t ions  w i l l  guide and f a c i l i t a t e  t h e  development o f  veyi f -  
i a b l e  theory, f o r  g=O as w e l l  as f o r  g>O. 

The an t i c ipa t ed  experimental obser- 
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APPENDIX C 

FLUID AND COMBUSTION DYNAMICS* 

A. L. Berlad 
State University of New York 
Stony Brook, New York 11794 

Combustion phenomena which occur at normal gravitational conditions (g= 1) 
are frequently influenced, o r  dominated, by gravitationally induced natural 
convection processes. It is not surprising, then, that g =  0 combustion studies, 
typically carried out in drop towers, provide observations 11-61? that are 
substantially different from those generally observed at g= 1. 

Some combustion experiments at reduced gravitational conditions have been 
carried out during the past several decades. 
motivated by the needs for fire safety information for space flight--and 
constrained by the physical times available (less than 10 seconds, generally) 
for experimentation. I 

They have been frequently 

More recently f6,7], we have come to understand that the most compelling 
bases for g =  0 combustion studies derive from unsatisfied scientific and 
societal needs f o r  combustion information that earth-based laboratories have 
not provided. The central question in combustion embraces an understanding 
of single and multiphase combustible reactants; steady, unsteady, and 
oscillatory combustion; flame structure and stability; flame initiation and 
extinction; and composition and pressure limit phenomena. g =  1 experiments 
aimed at addressing these questions frequently sustain natural convective 
energy and mass transport processes which tend to obscure o r  transform the 
underlying g =  0 phenomena. g =  1 combustion theory is confronted with fre- 
quently intractable representations which must include the complexities of the 
multiply-coupled transport processes (natural convection-conduction-radiation) 
with details of chemical kinetics and flow. 

Thus, we may be confronted with intractable g = l  theory, to be applied to 
three dimensional g = l  combustion phenomena. The following are the most common 
approaches to dealing with such difficulties: 

(a) The theorist ignores all gravitational effects. Theory is then 
less intractable. 
g = 1 observations. 

It may or may not represent adequately the 

(b) The theorist assumes that natural convection is the only opera- 
tive transport process and that chemical kinetic rates are 
infinitely fast. Again, theory may or may not represent 
adequately the g =  1 observations. 

* 
Published in Applications of Space Flight in Materials Science 

and Technology, NBS Special Publication 520, 1978. 

'Figures in brackets indicate literature references at the end 
of  this paper. 
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The experimentalist attempts to select those experiments 
(e.g., upwards or downwards flame propagation--but not 
sidewise) which provide an axis of symmetry for free 
convective effects. This is not possible, frequently 
(e.g., flame spread over a pool of combustible liquid, 
or an array of cellulosic particulates, etc.). 

The experimentalist attempts to select those experiments 
for which free convective effects are dominant over all 
other transport processes, and for which the "flame 
sheet approximation1' (i.e., infinitely fast chemical 
kinetics) is acceptable. This is not possible, frequently, 
particularly for ignition limits and flame propagation 
limits. 

The experimentalist hopes to attack all problems of 
compelling theoretical importance. 
frequently. 
attempting, at g=1, to create a uniform, quiescent, 
stationary cloud of combustible particulates. 
observe one or more of the phenomena of: 

This is not possible, 
Consider for example the issues raised in 

Then to 
I 

(i) autoigintion, 

(ii) ignition and the transformation to quasi-steady 
flame propagation, and 

(iii) the transformation of quasi-steady flame propa- 
gation to extinction. 

Such clouds cannot be created and maintained at g=1. 
problems of compelling theoretical interest have been found to be lvdoablell 
at g =  1. 

In effect, not all 

I believe it correct to assert that we often employ substantially 
truncated combustion theory in the interpretation of an unfortunately 
limited range of (g=1) experiments. 
g = l  combustion observations are the reality we live with and that g = l  is 
the reality we must represent and understand. But nothing 
in the latter argument provides guidance as to the best approach to such 
understanding. 

It may be argued that limited or not, 

This may be. 

In recent years, a number of combustion areas of experimentation have 
been identified as promising to provide important insights into the under- 
lying combustion processes fo r  the case where g= 0.  It can be argued that 
g= 0 combustion experimentation, adequately represented and theoretically 
understood can be used [6] as a basis for better understanding the complexities 
of combustion where g>O. The Space Shuttle Laboratory could provide the 
laboratory conditions for such experimentation. 
for combustion observations (which may be provided by a Space Shuttle 
Laboratory and which have not been obtainable otherwise) includes: 

A list of some pivotal areas 

104 



single (and two phase) premixed flame propagation and extinction 
limits over a range of apparatus size and pressures; 

noncoherent flame propagation and extinction; 

autoignition for large (and/or high pressure) single-phase 
(or two-phase) premixed combustible systems; 

upper pressure limit combustion phenomena and ignition, 
propagation and extinction phenomena in the neighborhood 
of upper pressure limits; 

oscillatory combustion associated with the hydrocarbon- 
oxygen and with the carbon monoxide-oxygen systems; 

two-phase flame spread and extinction phenomena involving 
large liquid-gas o r  solid-gas interfaces; 

radiative ignition of solids and liquids; 

pool burning; 

smoldering of solid combustibles and the associated 
transition to flaming (or  extinction); 

I 

laminar gas jet combusti,on; 

coupling (or damping) of convectively-induced turbulence 
involved in various combustion phenomena; and 

transient responses of combustible systems to time 
variations in gravitational field strengths. 
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