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FOR LAMINAR FLAMFS 

By  Dorothy M. Simon and Frank E. Belles 

An approx-te equation i s  derived f o r  quenchhg  distance  based 
on the  effect of the  destruction of atoms and f ree   radicals  by a sur- 
face, on the chemical reaction, and on flame prqagation. The 
quenching distance i s  expressed i n  terms of the  aiffusion  coefficient 
for  the  active  particles,   the  partial   pressure of the  active  particles, 
the time between effective  collisions of active  particles and gas 
phase  molecules, the  efficiency of the Surface as a chain  breaker,  the 
total   pressure of  the  mixture, and a constant which depends on the 
geometry of the quenching surface. - 

The general  equation  predicts that the quenching distance of a 
s l i t  (plane , paral le l   p la tes)  should be 0.61 times the   c r l t i ca l  

well with  the two observed factors of 0.70 and 0.62 f o r  the  ra t io  of 
the quenching distance between paral le l   p la tes  and in cylindrical 
tubes as reported i n  the literature for  propane-air  flames. The effect  
of pressure on the quenching distance was calculated from the  equation 
by  using  the  equilfbrlum  partial  pressures of atoms and free  radicals. 
The quenching distance  for a stoichiometric  propane-air  flame was  pre- 
a c t e d  t o  be proportional t o  the  pressure t o  the -0.91power which com- 
pares  favorably  with  the  values of -0 -88 determined f r o m  quenching- 
distance measurements and -0.97 from measured c r i t i c a l  diameters f o r  
propane-air  mixtures. A comparison of the  derived  quenching-distance 
equation  with the Tanford and Pease  equation  for  the  burning  velocity 
shows that  the  predicted  relation between burning velocity and 
quenching distance is consistent  with  the observed relation. The f ac t  
t h a t  the  experimental data agree so w e l l  with the  predictions of the 
eqmtion  suggests  that  the  destruction of atoms and free  radicals on a 
surface may control  the quenching process under some conditions. The 
derived  equation i s  used i n  two ways t o  predict quenching  dLstances f o r  
propane-air flames: (1) w i t h  one empirical  constant  derived from 
quenching data; and (2) with a constant which is the  quotient of the 
lean  flammability limit and a rate  constant from flame velocity measure- 
ments. Both methods of calculation  give quenching distances which are 
in satisfactory agreement with  the  calculated  values. 

- aameter f o r  propagation through a tube.  This  prediction  agrees  quite 

I 
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INTRODUCTION 
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The process of quenching i s  important t o   t he  behavior of flames 
because th i s  proce8.s may control flame stabi l izat ion,   presqre limits 
of flmmability,  concentration limits of flammability, and the eff i -  
ciency of combustion in   the  region of cold  surfaces. The experimental 
approach to   t he  study of quenching usually involves  the measurement of 
a quenching distance which is  considered t o  be (1) the minimum diameter 
of a tube or  the  distance between parallel plates  through which a flame 
w i l l  f l ash  back; (2)  the minirmun distance between paral le l   p la tes   for  
which a flame w i l l  propagate from a spark of minimum energy; o r  (3) the 
length of the dead space between a b u r  rim and a stable flame. The 
magnitude of the quenching d3stance varies wlth fuel type, fuel-oxidant 
ratio,  pressure,  temperature, and quenching-surface geometry. The 
qwnching  distance i s  related  to   the  other  combustion properties of the 
m i x t u r e  such as flame  speed, minimum ignition energy,  and limits of 
flammability. Any complete theory o f  the combustion wave should show 
the  re la t ions between all the conibustible mixture properties and make 
possible  the estFmation of the magnitude of one from a knowledge of 
the  others. Also the  re la t ion of each combustion property  to  the true 
fundamental properties of the gas mixture  shosild.be..clear, 

One relat ion has been derived by Lewis and von Elbe (reference 1, 
pp. 211 t o  480) who consider  the  transport of enthalpy in   t he  combus- 
t ion  wave t o  be governed by  hest  transport only. Diffusion is 
neglected.. U s e  of t h i s  approximation makes it possible t o  r e l a t e  min- 
hum ignit ion energy, burning velocity, and quenching distance by one 
eqmtion. From this  eqwtion, Lewis and von Elhe  (references 1 and 2)  
have calculated quenching distances  for some methane-oxygen-nitrogen 
mixtures and propane-air  mixtures a t  atmospheric pressure and room 
temperature. The average  deviation of the  calculated quenching distance 
From the measured is  23 percent  for hydrocarbon-lean  mixtures and i s  
somewhat greater  for hydrocarbon-rich mixtures. Because burning- 
velocity measurements are .uncertain at low pressures,  quenching-distance 
calculations  could be made for .atmospheric pressure  only. 

A second type of approximate theoret icaj  ,.treatment of the combus- 
t ion  wave resu l t s  from considering  the  diffusion of atoms and f ree  
radicals ag the governing  process. Such an approximate treatment has 
been  used for  the  study of burning velocit ies (flame speeds) by Lewis 
and  von Elbe  (reference 3) and later Tanford  Pease (references 4 
and 5 ) .  

. .  

As part  of a flame propagation  investigat-iqn . ~ t  the NACA L e w i s  
laboratory,  the maximum flame veloci t ies   for  hydrocarbon-air  mixtures 
for  paraffin,   olefin,   diolefin,  and- acetylene hydrocarbons have been 
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shown to  be predicted.  by a Tanford and Pease  equation  (references 6 
and 7). Although the  diffusion  treatment has been successful in the 
study of flame velocity it has not been  used f o r  other  processes such 
as ignition and quenching. . 

In this  report  the second type of approximate treatment i s  extended 
t o  the quench- proce-ss. A s-le act ive  par t ic le  mechanism of quench- 
ing is  examined' in'which a c t h e   p a r t i c l e s  are considered t o  be  generated 

shown t o  predict  the  existence of a limiting diameter f o r  flame  propa- 
gation. An equation i s  dkived  which relates  the  limiting  diameter t o  
the concentration of active  particles,  the  diffusion  coefficients  for 
these  active  particles,  the the be+ween effective  collisions of an 
active  particle and E gas phase  molecule, the  efficiency of the wall t o  
destroy chab carriers;  the  pressure, and a constant dependjag on the 
shape of the  duct  through which the flame is  propagating. The pre- 
dicted  pressure  effect is  compared with the  experfmentally  observed 
effect  of pressure  reported  in  the  l i terature f o r  two types of quenching- 
distance  data. The derived  equation i s  compared with  the Tanford and 
Pease  equation for-f lame velocity,and  the  relation of flame velocity to 
quenching distance i s  predicted. 

N i n  the  gas and destroyed on the  container walls. . Such a mechanism is  
w 
Q3 a 

THEORY 

Basis f o r  Existence of a C r i t i c a l  Diameter for Flame Propagation 

In the  prevlous  investigation of the  process of flame propagation 
based on an e t ive   par t ic le   d i f fus ion  mechanism, the  effect  of the 
destruction of active  particles on the  container walls was considered 
negligible  (reference 5). In order t o  extend  the mechanism t o  the 
study of flames  propagating i n  narrow ducts,  the  effect of active 
particle  destruction on the w a l l s  must be  evaluated. In the following 
paragraphs  the  potential  ability of the wall t o  limit flame  propagation 
i s  semiquantitatively  discussed on the  basis of a srZrrple  mechanism in 
which active  particles  are  considered to be generated  uniformly in  the 
gas and destroyed on the walls only. 

Suppose tha t  a number of active  particles N are-introduced  into 
a unit volume of combustible mixture. .Assume that whenever these  par- 
t icles  coll ide  with a molecule of any type in   t he  gas phase (fuel, 
oxygen, or nitrogen)  the  active  particle i s  either  regenerated or does 
not  react. The par t ic le  i s  then  free t o  react on the  next  collision. 

bustion  chain is te-ted. After a t& interval sufficient f o r  each 
active  particle t o  make one coll ision  there will be less  than the . 

other words, the  active  part-icles do not  reproduce  Ahemselves in   the  . 

l- But when a ca r i e r   co l l i des  with the w a l l ,  it is destroyed and a com- 

- original number of active  particles .H. i n  the unit.volume of gas. In 
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"first generation" md there will be only NE active particles, where 
E is the efficiency of reproduction. I n  n generations,  the t o t a l  
number of collisions between act ive  par t ic les  and  gas  phase  molecules 
i n  a unit  volume may be represented by the series: 

m + m 2  + .  . . NEn 

Since E C 1, the  series converges t o  the value NE/l-E. T h i s  value 
is then the maximum nurdber of collisions  per unit volume between active 
par t ic les  and  molecules of gas.  The convergence of the series man8 
that there i s  a limit t o  the possible number of collisions between 
act ive  par t ic les  and gas  phase  molecules. 

NOW consider a propagating flame eniering a tube of small diameter. 
In   t he  following  sketch,  the unit gas volumes represented  by axeas 1, 
2, 3, and 4 are the same size: 

The  volume  of gas  represented by area 2 i s  identical  with that volume 
represented by area 1; that is, the  efficiency of reproduction of active 
par t ic les  is the same and t h e  gas  composition i s  the same. Therefore 
the number  of active  particles which diffuse  out of volume 2 is the same 
as diffused  into it from volume 1. Unit gas  volume 3, however, differs 
from 2 because  the  efficiency of reproduction of act ive  par t ic les  i s  
decreased by the  effect  of the walls. The maximum number of c o U s i o n s  
between active  particles and gas  molecules i s  therefore  less  than i n  
volume 2. If this t o t a l  number  of collisions i s  not   suff ic ient   to  bring 
about complete reaction,  then  fewer  active  particles will d i f f u s e  out of 
volume 3 than  diffused  into it. In volume 4, then,  the maximum nuniber  of 
collisions between act ive  par t ic les  and gas  phase  molecules is again 
reduced. In  t h i s  case,  the  efficiency of reproduction is  the same i n  
unit 4 as i n  3, but  the nuniber  of active  particles  entering 4 i s  le66 
than  the rider which entered 3. Successive volume units would show the 
same effect  mtil the flame is  quenched. On the  other hand, if the t o t a l  
nuuiber of col l is ions  in  unit volume 3 is sufficient for cmplete  reaction, 
the nudoer of chain carriers entering volume 4 i s  essentially  the same as 
the n u h e r  which entered volume 3. The efficiency of reaction is  the 
samej so  that reaction i s  complete again. The efficiency of reproduction 
and the nuniber of carriers  entering  the unit are the  same f o r  every  suc- 
cessive unit VOlUmej therefore the flame continues t o  propagate. 

I 

. 
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The next  step i s  to consider haw FmpOrtant the  destruction of a 
small f ract ion of the active  particles  could  be i n  the quenching  process. 
A s imgUfied  exaqle  is used f o r  this purpose, S pose that a unit vol- 
ume of g a s  contains 9X1017 molecules and t h a t   d F a c t i v e   p a r t i c l e s   a r e  
introduced into it. If reaction  occurs at  every  collision of an  active 
par t ic le  and a molecule,  and i f  a l l  molecules must react  for a flame t o  
propagate,  the  effect of the  destruction of some of the   act ive  par t ic les  
may be  calculated from the  expression for the  SLID of the series. If one 
a c t i v e   p a r t i c k  ~n 100 were destroyed (E = 0.99)~ 0- 9 . g a o l 6  COU- 

w sions between act ive  par t ic les  and molecules  could  occur and the flame 
a would be extinguished. If, however, one i n  1000 w e r e  destroyed 

N 
0) 

(E zc 0.999), 9.99X1Ol7 collisions would occur and the flame would con- 
t inue t o  prqagate .  These sFmple considerations  suggest that the 
potent ia l  power of the  destruction of a small fract ion of chain  carriers 
t o  limit flame  propagation is  strong. 

e 

Derivation of General  Equation f o r  Quenching Distance 

and Cr i t i ca l  D i a m e t e r  

It is assumed that  chain  carriers  are  introduced  into the gas ahead 
of the flame by  diffusion from the  burning zone, and that they are 
regenerated uniformly by  chemical  reaction in sore  thin  cross  section of 
the  duct. Chain branching is considered t o  be negligible, and the most 
iruportant  process of destruction of active pazticles is  col l is ion x%th 
the walls. 

Consider a homogeneous  volume elenent  located a t  the mouth of a 
small duct, The cr i te r ion  f o r  flame propagation in this element is 
expressed  by  equation (1) i n  which the t o t a l  nrndber of effective colli- 
sions  per  unit volume before the chain  carriers are destroyed a t   t h e  
w a l l  i s  set   equal  t o  the t o t a l  nmiber of effective  coll isions  per  unit  
volume necessary for the  flame t o  continue t o  propagate. (An effective 
col l is ion is defined as one i n  w h i c h  a step i n  the  oxidation chain is 
completed. ) 

t, iNi r, ” i ci - m T  

where 

V airerage nuniber of effective collisions of an act ive  par t ic le  of one 
kind  with gas phase  molecules  before the par t ic le  collides with 
the w a l l  

Ni nuniber of a c t i v e   p z t i c l e s  of one kind per unit volume 
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€i  efficiency of wall t o  prevent  active  particles which collide  with 
it from returning  to  gas phase as chain  carriers 

A f rac t ion  of molecules p r e 6 e n t . h  gas pbase which must  react f o r  
flame t o  continue t o  propagate 

Mr t o t a l  rider of molecules per  unit volume 

(All sylnbols are defined in the  appendix.) 

The average ntllllber  of effe-ctive.coll isions made by ah active  par- 
t i c l e  generated i n  the gas phase  while it diffuses t o  the wall of t he  
cylindxical  vessel i s  approximated by the  equation of Semenoff (ref- 
erence 8) : 

where 

dl dieter of cylinder 

Di diffusion  coefficient .Of ac t ive   par t ic les  of one kina in to  gas 

T1 time between effective C O l l i S i O n S  for active particles of one kind 

This  equation was derived  for  the  diffusion of chain  carriers t o  the wall 
in nonbranching chain  reactions  in which car r ie rs  are being  generated 
uniformly per wit time and volume. The concentration of act ive  par t ic les  
may be  expressed i n  terms of the  total  concentration as follows: 

where 

pi partial pressure of one kind of act ive  par t ic les  

P t o t a l  pressure 

m co 
M 
Lu 

" . . . - - 
" 

Substituting from equations (2)  and (3) into equation (1) and solving 
for  dl gives . . . . -. . . - - -" - . . . . " ". " 

1 -. 
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i 
Equation (4) is the  general  expression for the  tube  diameter which i s  
the quenching distance for propagating flame Fn a cylindrical  duct. 

Effect of Geometry  on  Quenching Distance 

If quenching  occurs on plane  parallel  plates  irrstead of on the 
w a l l s  of a cylinder,  the  constant fn the  expression for the average 
nuniber of effective  collisions of an active  pazticle of one kind with 
gas  phase  molecules  b'efore the part ic le  collides with the walls changes 
(reference 8) t o  

where 

% dlstance between paral le l   p la tes  

The general  equation for the distance between parallel   plates,  which is 
the quenching distance, becomes 

Then the r a t i o  of quenching distance between paral le l   p la tes  t o  quench- 
ing diameter of a cylinder may be calculated from equations (4) and ( 6 )  : 

1 

Pressure Dependence of Quenching Distance 

The pressure dependence of the quenching &tance may be determined 
from the  general  equation  (equation (4) ) . ALL of the terms except A 

and Ei are  considered  pressure dependent: Di a Fj TI a F; and 
pi CL P. (Only one type of active  particle is considered t o  be  present. ) 
The pressure dependence of the quenching distance is shown by the f o l -  

1 1 . 
- lowing equation: 
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( 8) 

Comparison of Quenching-Distance Equation and Tanford 

and Pease  Flame-Velocity  Equation 

If it i s  assumed that free radicals  react only on col l is ion with 
f u e l  molecules, the  following  expression may be written: 

1 
Ti = - 

kiNf 

I n  this expression, % is  the specific rate constant for the 
reaction of the act ive  par t ic les  of one kind and the fuelmolecules, and 
Nf is the nuIllber of fue l  molecules  per  cubic  centimeter.  Substituting 
equation (9) i n  equation (4) gives 

1 
3- 

Equation (10) may be compared with  the Tanford  and Pease expression 
(reference 4) derived  for  the rate of flame propagation  a8 governed by 
the diffusion of active particles into the unburned g a s .  The modified 
Tanford and Pease  equation  (reference 6) is expressed in  equation (11) 
i n  terms of the  synibols used in  this report: 

1 

where 

Uf velocity of flame  propagation 

n moles  of combustion product (CO2 + E20) per mole of f u e l  

Q mole fract ion of potential  conibustion products 

Bi term arising from radical reconibination i n  gas phase 
. " -. 
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From equations (10) and (11) it may be  seen that 

1 Uf = - 
d l  

i 

9 

The term Fn brackets must be evaluated t o  determine the  relation of 
flame velocity and  quenching distance  for  specific cases. 

APPLICATION  OF TBEORY 

Calculation of Equilibrium Flame Temperature  and Atom and 

Free  Radical  Product  Concentrations 

In order t o  evaluate  the quenching distance  equation, it is neces- 
sary t o  know the’concentration of active  particles. The active  particle 
concentration was obtained from hydrogen atom, oxygen atom, and  hydroxyl 
radical  equilibrium  product  concentrations for the  oxidation  reaction a t  

product  concentrations knd adiabatic flame  temperatures were calculated 
by a matrix method (reference 9) using the tables of thermodynamic con- 
stants compiled i n  reference 10. The heat of formation of propane is 
the  value  listed i n  the  National Bureau of Standards  compilation (ref- 
erence ll) . Equilibrium  flame  temperatures were calculated f o r  four o r  
five  pressures (I  atmosphere  and lower) fo r  each of the following con- 
centrations: 2.5, 3.0, 3.5, and 4.03 (stoichiometric)  percent propane 
by volume.  The calculated  values of equilibrium  product  composition 
and  flame t q e r a t u r e   a r e  gtven in table I. 

a 

- flame temperature  because  these values may be calculated.  Equilibrium 

Effect of Geometry on Quenching Distance 

The quenching distances for propane-air f Lames reported by Friedman 
and Johnston (reference 1 2 )  were measured by a rectangular slit which 
approached the  case of quenching by plane  parallel  w a l l s  while the c r i t -  
i c a l  diameters for propane-air  flames  reported .in reference 13 were 
measured in  cylindrical  tubes. The average  value f o r  the r a t i o  of the 
quenching distances  obtained  by  the two methods was found t o  be 0.70 
(reference 13) . 

Harris, Grumer, von Elbe, and Lewis also  report  (reference 2) flame- 
quenching d i s t g c e s  between paral le l   p la tes  and in cylindrical  tubes f o r  
eight  mixtures of propane i n   a i r .  The average  value for the   ra t io  of 



these two quenching distances is 0.62. The two observed ra t ios  compare 
favorably  with  the  theoretical  ratio of 0.61 obtained from equation ( 7 ) .  

Canparison of Predicted and Experimental  Pressure  Effect 

on Quenching Distmce 

The equation  for quenching distance which includes  the three act ive 
par t ic les  and diffusion  coefficients a t  room temperature and atmospheric 
pressure may be derived from equation (4) by substituting  the diffusion 
coefficients  for room temperature and atmospheric  pressure  (reference 4 ) .  
For exmrple, for the hydrogen atom, 

where % is the  diffusion  coefficient of hydrogen atcans at 25' C and 
atmospheric  pressure.  Equation (13) includes the assumption of some 
mean temperature for  the  reaction.zone as eypressed by %. 

In addition, if  it is  assumed that . 
(14) 

. 
Ti IP TH = To P 7 OH 

and 

E i d  = e  = €  H 0 OH 

the  equation becomes 

f 1 \ I  
I \ I  

+ Dg + L 

The pressure dependence of the f i rs t  factor is P-!, and the  pressure 
dependence  of the denominator of the secmd  factor was determined as the 
slope of the least square lines through  the  logazithm of the  pressures 
plotted  against  the  logarithm of the   re la t ive  atom concentrations 

- 'OH. The diffusion  coefficients  previously  calculated i n  ref, 
?Et ' 0 .  DOH . 

erence 7 w e r e  used (% = 1.8 cm 2 /secj Do - 0.40;. D& = 0.28). The 

+ - 4 "  
.. . . .  
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w pressure dependence of the  relative atom and free radical concentrations 
was evaluated  for four propene concentrations i n  sir (fig. 1). 

The quenching distance was calculates t o  be prqeortional t o  the 
pressure t o  the -0.91 power at stoichiometric which may be compared with 
the  value of -0.88 from the e x p e r m t a l  data of Friedmm and Johnston 
(reference 12) and -0.97 fromthe data of reference 13. The values of 
the  pressure exponent for four  different  concentrations are listed i n  
table 11. It may be  seen that the  theoretical values decrease slowly 
ki th   the  propane concentration in air ,  whereas experimF?ntal values 

experimental pressure effect on the quenching distance f.s surpr i shgly  
good. 

co 
CH 
W ro decrease more rapidly. The agfeement be-tween the theoretical  and the 

. .  

Relation of Quenching Distance and Flame Velocity 

Previously  (reference l3) flame velocities a t  atmospheric pressure 
for  propane-air mixtures of different hydrocarbon concentrations were 
reported t o  vary as the  reciprocal of the quenching distance. In  order 
for this  observation t o  be consistent .with  equation (E), the term in 
brackets must be  practically  constant. The curve showing the relation 
of flame speed and c r i t i c a l  dieter f o r  prqpane-air  mixtures of var- 
ious hydrocarbon concentrations a t  akmospheric preasure and 25O C is 

t i on  ( 1 2 )  was found t o  be roughly  constant. (A, Bi, and were 
assumed to be constant.) The obeercred correlation  between’flame  veloc- 
i t y  and  quenching distance is  then  consistent  with  the  active p r t i c l e  
diffusion mechanism. It should be noted that ,the  equation does not 
predict  the flame  speed t o  be proportional  to the reciprocal of the 
quenching distance  except wEen the  term in brackets in equation (12) i s  
constant. Abo, the dah used for  the  l inear  relation are very U-mited 
in range  since flame speeds at low pressure are uncertain. 

A 

- reproduced as figure 2. For these  data,  the term i n  brackets Fn equa- 

Calculation of Quenching Distance 

An equation f o r  the quenching distance between paral le l   p la tes  
which contains one empirical  factor ( A E i / q )  may be obtained from 
equation (E) by  substituting  the  value for Ti from equation (9) and 
the proper  constant f r o m  equation (6) : 

1 

i 

% =  
. 
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This  equation was used- with the  quenang  distances of Friedman and 
Johnston (reference 12) for.propane-air flames at   di f ferent   pressures  
and three  concentrations t o  determine the value of the  emgirical  factor 
(AEi/$)" 

Figure 3 shars how well  the quenching data  correlate with equa- 
t ion  (E). The quenching distance  squared is plotted  against  the  factor 

12TF2 
The equation  preaicts that this curve  should  be a 

(298) ,Nf E, 2' 
st raight   l ine  with a slope of - A E i / q .  The data do define a s t ra ight  
line with a slope of 8.65X1010 molecules  cubic cent-ter'' second. 
T h i s  value of was used to   calculate  quenching distances which 
are  compared with the  measured values i n  table  III. The average  devia- 
t ion  of the calculated values from the  experimental values is f2.7 per- 
cent. 

I 

By using the value of the average specific rate constant  calcu- 
lated from the flame velocity e uation  (reference 1) of 2.3Ep(lO-13 cubic 
centFmeters  molecules-1 second-?, the value of AEi may be calculated 
t o  be 0.0206; A is defined .as the . f ract ion of the t o t a l  molecules 
which  must react f o r  the flame t o  propagate. It was assumed that the 
in i t i a l   r eac t ion  is between act ive  par t ic les  and fuel molecules; there- 
fore  a l l  the reacting molecules must be propane. The efficiency of the 
wall to  destroy  chain  carriers € i  is a value between 0 and 1. The 
calculated value of Aei is found to 'De close t o  the value of the law 
inflammability 'llmit for  propane-air  mixtures measured a t  atmospheric 
pressure and room temperature i n  a 2-inch glass t a e .  The value 
reported  by Lewis -and .von Elbe (reference 1, p. 749) as- mole f ract ion 
of propane i s  .0.0212. Although .the  correspondence between Aci. and 
the low inflammability limit is probably fortuitous, it is  consistent 
w i t k i  the  observation that the value of the low limit depends on the 
apparatus used for measurement. .. " .. . .  

LP- 
w 
- .  '. I .  

The empirical  constant from, eqlation (E) (A€i/Q) m y  be well 
approxbmted by the  quotlent of the loTj Fnf lammabi l i t y  1-t (expressed 
as mole f ract ion of hydrocarbon) and the  rate  conetaat *-om the 
flame veloci3y work; t h i s   f a c t  may be  used t o  advantage t o  predict 
quenching distances from the  equation  without any factors  derived f r o m  
the quenching data. The quenching dLst;anr:es so calculated for progane 
are shown In table  III. These values  deviate froin the  experimental 
valaes by an  average -of f3 percent. - .. 

. .  

- .. 

T h i s  simplified treatment .of the process of flame quemhing - " - 

does not give the complete p i c i r e  of conditF0n.s _eXistiqg in tJie flame, - 
- 1 -  ". 
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but it suggests that the  destruction of active  particles on a surface 
could  account f o r  flame quenching  by a cold  surface. These considera- 
t ions  also give a bet te r  understanding of the  possible  relation between 
the chemical  oxidation  process and the fundamental c d u s t i o n   p r o p e r t y ,  
called quenching distance  by showing that a flame  might be  extinguished 
by the loss of a f e w  chain carriers. On the  basis of an active  particle 
diffusion  process, the relat ion between two f u n m n t a l  combustion prop- 
er t ies ,  flame velocity and  quenching distance, is clarified.  The rate of 
flame  propagation may be accounted for by the  diffusion of active par- 
t i c l e s   i n to  the unburned gas ahead of the flame, while flame quenching 
may be governed by  the  diffusion of active  particles t o  the walls. The 
process of flame  propagation  appears t o  be  closely  related t o  the chem- 
ical   react ion between active  particles and the molecules of the cam- 
bustible  mixture, whereas flame quenching is  more closely  related t o  
the  chain  termination  step in  the oxidation  process. 

This mechanism of quenching indicates that the  nature of the  surface 
should  be  Important. The resul ts  of experhents t o  determine the  effect  
of the nature of the  surface on the quenching distance are conflicting. 
In general,  either no surface effect o r  only a slight  surface  effect  
has been  observed. It m y  be that the  surfaces used were not rea l ly  
very  different. All surfaces may have appeared t o  be similar because 

removal of chain carriers from the gas phase by any surface a t  flame 
temperature may be the same. 

> each was covered with' an  adsorbed  water layer, or the efficiency of 

- 
The equation developed fn thik  report has been sham t o  predict 

quenching distances  both a t  atmospheric and lm pressure. The average 
dev€ation of the  calculated  values from t h e   e x p e r b n t a l  values was 
3 percent. The equation  based on heat  transport which was preyLously 
discussed  (references 1 and 2) was found t o  be  lfmited t o  the  prediction 
of quenching distances at atmospheric  pressure unt i l   re l iable  burning 
velocities are measured for  law-pressure flames. Quenching distances 
were predfcted by the second equation  for  propane-air mixtures with an 
average  deviation of 23 percent from experimental  values. The new 
equation  appears t o  be more useful for the  calculation of quenching 
distances because l o w  pressure  values'may be predicted and the  agree- 
ment with  experimental  values is good. 

The correspondence between quenching distances  calculated by eiiiher 
equation  and,experimental quenching distances is .so close and the assump- 
t ions i n  the  derivations are so broad tha t  a choice between the two 
mechanisms i s  not jus t i f ied .  Undoubtedly, both  processes  occur. The 
f ac t  that the new equation  based on the diffusion of cha in   car r ie rs   f i t s  
so well suggests that the  destruction of chain  carriers on a surface 
may control the quenching process under some conditions. 

The resa l t s  of t C i s  investigation of quenchkg  distance may be 
e.unmarized as r'ollows: 
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1. An equation  for  the quenching distance i n  a. cylinder was derived: 

d l =  6 pi J- 32AP 

D i V i  

where ., . 

dl diameter of cylinder 

- 05"- 
00 
M cu 

A fraction of molecules  present i n  gas  phase which must react for 
flame t o  continue t o  propagehe 

P total pressure 

P i  

Di Wfusion  coeff ic ient  of active  particles of one kind  into  gas 

Ti  tm between effective  collisions  for  active  particles of one kind 

partial   pressure of one kind of active  particles 
" 

C efficiency of w a l l  t o  prevent  active  particles which collide  with 
it from returning t o  gas phase as cha€n,c&x'riers 

2. The r a t i o  of the quenching distance between plane parallel 
plates  and the   c r i t i ca l  diameter f o r  flame propagation in a cylinder was 
calculated  to  be 0.61. This va lue  compmed favorably  with two experi- 
mental values of 0.70 and 0.62. 

. . .. 
. ,  - .. " 

3. The effect  of pressure on quenching distance was sa t i s fac tor i ly  
predicted by the  derived  equation: 

4 .  The predicted  relation between  quenching distance and flame veloc- 
i t y  was consistent with the  observed  relation. 

5. The derived  equation for quenching distance was used with either 
an empirical  constant or 8 constant which was the  quotient of the  lean- 
limit fuel concentration and a rate coastant from flame-speed  calcula- 
t ions  to  predict  quenching distances  satisfactorily. 

CONCLUSIONS 

From the results of this study it may be concluded that: 
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1. The  quenching-distance data for propane-air flames aze  con- 
sistent wi%h a lnechanism of the  process  based on wall destruction of 
chain  carriers. 

2. Quenching  distances for propane-air  (hydrocazbon lean) flames 
can be estimated from the derived  equation  using  the lean fnflamnability 
limit  and the f lame-speed r@te constant. 

h 

% Lewis Flight Prqeulsion Laboratory 
National Advisory Conrmittee for Aeronautics a Cleveland, Ohio 
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APPENDM - SYMBOLS 

* 

c 

The following symbols are used in  this  report:  

A 

B i  

DH 

Di 

DO 

dl 

d2 

E 

ki 

N 

Nf 

EJi 

NT 
tl 

P 

pH 

p i  

PO 

fraction of molecules p r e s e t  in gas phase-which m u s t  react  for 
flame t o  continue to  propagate 

term ar is ing from radical  reconihination 

diffusion  coefficient  for hydrogen atoms into air  a t  25' C and cu 

" 0 
Q) 
trl 

atmospheric.pressure . - . .  . -  

diffusion  coefficient of active particles of one kind into g a s  a t  
reaction-zone.teqerature and pressure " 

" 

diffusion  coefficient  for oxygen atoms in to  air a t  25' C and 
atmospheric  pressure 

diffusion  coefficient  for hydroxyl radicals in to  aLr at  25O C and 
atmospheric  pressure - 

diameter of tube 

distance between paral le l   p la tes  

efficiency of reproduction of acti-ve  pparticles 

specific rate constant  for  reaction of-actiye part ic les  of one 
kind with fue l  molecules 

n m e r  of active  particles per unit  volume 

nurrber  of molecules of fuel per unit volume 

number of active  particles of  one Irind per-unit  volume 

total nurnber of molecules per  unit volume 

nmber of- generations and moles of combustion product ((202 + HzO) 
per mole  of fue l  . .  

"". 
. .  ." ." 

total   pressure.  . - " . .  . - ." 

partial   pressure of hydrogen  atoms . . 

partial   pressure of active  particles of one ki& . . .  . .  
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.. ’OH partial   pressure of hydroxyl radicals 

Q mole fraction df canibustion products 

TF 

Uf velocity of flame propagation 

€i 

flame temperature 

efficiency of waI l . to  prevent active particles which c o u d e  with 
CA 
0) 
CD 

I3 it f r o m  returning  to gas phase as chain carriers  with gas phase 
molecules before  particle  collldes  with w a l l  

Vi average nurdber  of effective  collisions of active  particle of one 
kind with gas  phase  molecules before  particle  collides  with wall 

7 time between eff‘ective  collisions far hydrogen atoms 

T the between effectLve c o l l i s i m  f o r  active  particles of one 
E 

i kind 

I time between effective  coll isions  for oxygen atoms 0 

%E time between effect ive  coUsions  for  hydroxyl radfcals 
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68'2.2 
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4 
I 

1 

kopane In 
t i r  
;percent 
)y volunae) 

2.50 
2.50 
2.50 
2.50 
3.00 
3.00 
3.00 
3.00 
3.50 
3.50 
3.50 
3.50 
4.03 
4.03 
4.03 
4.03 
4.03 

Tota l  
pressure 
( 4  

1.00 
.50 
.066 
.OK3 
1.00 

-50 
.066 
.Ol3 

1.00 
.50 
,066 
.Ol3 
.659 
.222 
.065 
.a3 
.016 

F a r t l a l  pressure 
Df H atom 

(at.) 

0.05X1.0~ 
.04 
.03 
.02 

1.04 
.85 
.46 
.25 

9.55 
7.31 
3.07 
1.33 

37.18 
20.22 
9.73 
6.37 
3.99 

Partial pressure 
of 0 atan 

( a b )  

1. 69)(105 
1.19 

.42 

.la 
lo.34 

7.33 
2.41 

.94 
30.58 
20.54 

6.00 
2.04 

27.29 
14.51 

6.75 
4034 
2.65 

"- 

Partial pressure I Equilibriun 
of OH radical 

(-1 

26.UXlO5 
15.51 
3.36 

.97 
96.41 
56.68 
u. 74 
3.19 

221.16 
126.79 
23.79 
5.84 

201.19 
82.12 
28.89 
16.04 
8.43 

fLame temp. 
erature 

(OK) 

17 33 
I 7  19 
1717 
1715 
1941 
I339 
1929 
1933 
2 l 3 4  
2325 
2089 
2048 
2255 
2223 
2182 
2257 
2130 
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TABU3 I1 - COMPARISON OF THE CALCULATED AND ExpwI"AL 

PRESSURE EFFECTS ON THE QUENCHING DISTANCE 

Volume 
percent 

Pressure exponent 

propane 
i n  air 

Theoretical 
reference L3 reference 12 
From data of From data of 

4.03 

- .88 3 .OO 
- .92 - .85 - .90 3.50 
-0 a 9 7  -0.88 -0.91 

- -76 "" - .87 2.50 
- .85 - .83 

v 
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TABU I11 - COMPAFXSOR OF C m w  AND 

Volume 
percent 
propane 

4.03 
4.03 
4.03 
4.03 
4.03 
4.03 
3.50 
3.50 
3.50 
3 -50 
3.50 
3-50 
3 .OO 
3.00 
3.00 
3.00 
3.00 
3 -00 

?reseure 
( a b )  

0.0832 . I33 
.216 
.359 
.600 
1.000 
.0832 
0333 
.216 
.359 
.600 
1.000 
.0832 . -3 
.216 
.359 
o 600 
1.000 

T 

1.80 
1.16 -. 73 .48 
.31 . 20 

2.06 
1.33 
.84 
057 
.36 
.25 

2.84 
1.87 
1.16 
s 78 
a 52 
.37 

CalcuLated I 
Empirical 
constan% 

1.81 
1.19 
.76 . 50 
.38 
.20 

2.04 
1.34 
.86 
057 . 35 
.24 

2.83 
1.87 
1.23 
.78 . 50 . 32 

Lean Ilmit 

1.79 
1.17 
.75 
.49 
.32 
.20 

2.02 
1.32 
-85 
-56 . 35 
.24 

2.79 
1.84 
1.21 
.77 . 49 . 32 
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Figure 1. - Variat ion of relative ac t ive   pa r t i c l e   concen t r a t ion  w i t h  
total pressure.  

C 
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Figure 2. - Correlation of flame sped with  critical  diameter  for  various  propane-air 
mixtures at atmspherfc pressure and 230 c (reference 9 ) .  
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