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We examine the combustion of drops in a sys tem of sol i tary  drops. It is established that 
the rate of combustion for the sys tem var ies  with a change in the distance between the drops. 

Experimental  investigations of a burning or  evaporat ing air  suspension [4-6] offer no possibil i ty of 
render ing judgement as regards  the p rocesses  occur r ing  between the individual drops of that suspension. 

The l i tera ture  [2, 3] indicates that the nonagreement  between the completeness of combustion for the 
air  suspension and the individual drops can be explained by the fact that there is some interaction among the 
drops in the a i r  suspension. 

Labora tory  model experiments  to study a sys tem consist ing of a limited number of burning or  vaporiz-  
ing drops can therefore  be of great  significance in understanding the p rocesses  taking place in the inter-  
action of drops during the combustion, and serve as an important  linking element in the development of flame 
theory.  Present ly  we know of one study along these lines [1]. 

Below we examine the change in the burning rate of a drop of T-1 kerosene,  a drop of ethyl alcohol, 
and a drop of benzene, this change coming about as a function of the distance between the drops under con- 
ditions of natural  and forced convection. The one-dimensional  horizontal  sys tem consisted of two and three 
drops.  The distance between the drops varied from 0.15 to 15 ram. 

For burning under conditions of forced convection, the drops were placed into a flow with a U-shaped 
velocity profile;  the flow was produced by means of a Vitoshinskii nozzle whose discharge orifice had a 
d iameter  of 10 cm. The flow velocity was set at 50 c m / s e c  to avoid flame separat ion f rom the drops. The 
initial drop dimensions for the sys tem (equal to 1.95 mm in each of the tests) and the distance between the 
drops were measured  by means of a microscope  with a 15-fold magnification. The burning rate was de ter -  
mined by filming the burning drops with a Konvas motion-picture  camera  at a speed of 8 f rames per second. 
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Fig. 1. Burning-ra te  constants K (m2/sec) as a function of the 
distance r (m) between the drops of T-1 kerosene in the case of 
natural (a) and forced (b) convection: 1) a sys tem of two drops; 
2) a sys tem of three drops (extreme); 3) a sys tem of three drops 
(central). 
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Fig.  2. Burn ing - r a t e  constant  K (m2/sec)  
for the cen te r  drop  in a s y s t e m  of th ree  
drops  as a function of the d is tance  r (m) 
between the drops  in the case  of na tura l  
convection:  1) benzene;  2) ethyl  alcohol;  
3) T-1 ke rosene .  

TABLE 1. Burning Eff ic iency for Drops  in a Sys tem 

Number 
Fuel of drops a Kmin dOe Kmax' 106 Kmin/Kmax 

T-1 

Benzene 

Alcohol 

2 I 
3 ext reme 
3 center 
2 
3 center 
2 
3 center 

0,67 
0,67 

�9 0 , 3 4  

0,65 
0,33 
0,70 
0,40 

2,56 
2,40 
2,10 
4,00 
3,50 
3,10 
2,40 

3,24 
3,42 
3,69 
5,75 
6,00 
4,08 
4,24 

0,79 
0,70 
0,57 
0,69 
0,58 
0,73 
0, 57 

F o r  combust ion under  condit ions of na tu ra l  convection,  the t e s t s  were  c a r r i e d  out in a c losed  cham-  
ber ,  on the inside of which w i r e s  were  pos i t ioned so as to p e r m i t  the suspens ion  of the drops .  

The drops  were  igni ted e i t h e r  by means  of a spa rk ,  using a t tuhmkorff  coil ,  o r  by means  of a pi lot  
light.  

The drop  d i a m e t e r s  were  m e a s u r e d  on the fi lm. A curve was then plot ted in S - t  coord ina tes ,  where  
S denotes  the drop  su r face  and t is  the t ime.  Since the law of l i n e a r  t ime  va r ia t ion  for the square  of the 
drop  d i a m e t e r  was obse rved  in each case ,  the b u r n i n g - r a t e  constant  K = d S / d t .  

Under condit ions of na tura l  convection,  in the burning of a s o l i t a r y  drop,  the height of the bottom 
por t ion and the f lame d i a m e t e r  a c r o s s  the hor izon ta l  sect ion,  pa s s i ng  through the cen te r  of the drop,  r e -  
main constant  throughout the burning p r o c e s s  [2]. As de m ons t r a t e d  by m e a s u r e m e n t s  of the f lame photo- 
g raphs ,  these  r e l a t i onsh ip s  a re  p r e s e r v e d  in our e x p e r i m e n t s  for  the combust ion  of a s y s t e m  of d rops .  
Sa t i s fac t ion  of the law d S / d t  = const  in the combust ion  of a s y s t e m  of d rops  thus can be explained by the 
unchanging pos i t ion  of the f lames  r e l a t i ve  to each  o ther .  The i n t e r ac t i on  of the burning drops  in this  case  
r e p r e s e n t s  no th ingo the r than  the in t e rac t ion  of pa r t s  of t he i r  f l ames ,  d i r e c t l y  encompass ing  the d rops .  

The r e l a t i onsh ip s  between the b u r n i n g - r a t e  constant  and the d is tance  between the drops  of the s y s t e m  
for va r ious  l iquids is  shown in F igs  . 1-2, f rom which we can see that  a l l  of the cu rves  desc r ib ing  these  
r e l a t i onsh ip s  a r e  s i m i l a r .  

In a l t e r i ng  the d i s tance  between the drops ,  we find that  the b u r n i n g - r a t e  constant  K does not change 
monotonica l ly ,  but p a s s e s  through a max imum at which i t  subs tan t i a l ly  exceeds  K m e a s u r e d  for a s o l i t a r y  
drop.  The height of the max imum and the d i s tance  co r r e spond ing  to that  max imum a re  functions of the com-  
bust ion condit ions (natural  o r  forced convection),  as  well  as a function of the number  of d rops  in the s y s t e m  
and of the chemica l  compos i t ion  of the l iquid. 

F o r  example ,  le t  us examine  the combust ion of a s y s t e m  of ke rosene  drops  under condit ions of na tura l  
convect ion (Fig. la ) .  As we can see f rom the curve ,  the g r e a t e s t  magnitude of the max imum is achieved 
at  the drop  in the cen te r ,  among th ree  (curve 3), while the min imum is r eached  in a two-drop  s y s t e m  (curve 
1). Curve 2 d e s c r i b e s  the change in K for the e x t r e m e  drop in a s y s t e m  of th ree  drops .  (The dashed line 
here ,  and in the subsequent  graphs ,  denotes  the K value of a s o l i t a r y  drop.)  The maxima  a re  a t ta ined at  
va r ious  d i s t ances  between the drops. .  
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While the f i r s t  and second curves  exhibi t  max ima  a t ta ined at an ident ica l  d i s tance ,  the max imum of 
the th i rd  curve is shif ted to the r ight ,  in the d i rec t ion  of g r e a t e r  d i s t ances  between the drops .  With a fur-  
t he r  i n c r e a s e  in d i s tance  the value of K d imin i shes ,  a s y m p t o t i c a l l y  approaching  the bu r n i ng - r a t e  constant  
for a s o l i t a r y  drop.  With a reduct ion  in d is tance  the value of K d imin i shes  more  sharp ly ,  r each ing  lower  
values  than in the case  of a s o l i t a r y  drop.  With a min imum d is tance  between the d rops ,  the l e a s t  burning 
ra te  is found in the cen t r a l  drop,  in a s y s t e m  of th ree  drops .  We can a s sume  that the change in K with 
d i s tance  for each drop  in a given s y s t e m  is expla ined by the act ion of th ree  fac tors :  r ad ia t ive  heat  exchange 
and convection heat  t r a n s f e r ,  these s e rv ing  to i n c r e a s e  the burning ra t e ,  while the fac tor  of "oxygen s t a r -  
vat ion" s e r v e s  to d imin ish  this  ra te ,  i .e . ,  the re  is  l e s s  oxygen reaching  the combust ion zone because  of 
f lame coverage  in the case  of drops  pos i t ioned nea r  each o ther  than is the case  with a s o l i t a r y  drop.  

With a min imum d is tance  between the drops ,  the cover ing  of the f lames  is at i t s  maximum,  and the 
effect  of the th i rd  fac to r  exceeds  the effect  of the f i r s t  two to such an extent  that  the burning ra te  for  the drop 
in the s y s t e m  becomes  s m a l l e r  than the burning ra te  of a s o i i t a r y  drop. As the d i s tance  is i nc r e a sed ,  the 
magnitude of the f lame coverage  d imin i shes  to zero ,  which c o r r e s p o n d s  to f l ame contact  . The phenomenon of 
"oxygen s t a rva t i on"  d i s a p p e a r s  en t i r e ly ,  and we a re  lef t  exc lus ive ly  with fac tors  tending to i n c r e a s e  the 
burning ra te .  With a fu r the r  i n c r e a s e  in d i s tance ,  the effect  of these  fac to rs  a l so  begins to d iminish ,  and 
the b u r n i n g - r a t e  constant  tends toward some l imi t  value of K for a s o l i t a r y  drop.  

As shown by photographs  of burning drops ,  the point of contact  between the bottom por t ions  of the 
f lames  c o r r e s p o n d s  exac t ly  to the b u r n i n g - r a t e  maximum.  

If we a s sume  that  the reduct ion  in the burning ra te  for  the drop  in a s y s t e m  (in c o m p a r i s o n  with a 
s o l i t a r y  drop) is p ropor t iona l  to the r a t io  of the a r ea  S~ of the i n t e r sec t i ng  burning zones to the a r e a  S 2 of 
the d rop -bu rn ing  zone, we can introduce the concept of the ef f ic iency ~ of the burning of the drop  in the 
sy s t em.  In this  case  ~ = 1 for  the s o l i t a r y  drop; c~ 2 = 1 - St /S 2 for  two drops ;  and c~ 3 = 1 - 2  S1/S 2 for the 
cen te r  drop among th ree  drops .  

As shown by e l e m e n t a r y  ca lcula t ion ,  

1L(l f+rd  
$2 2 r b 2" 

The quanti ty S t /S  2 is independent of t ime,  s ince 2 ( / +  rd) is a fixed d i s tance  between the drop cen te r s ,  and 
r b does not change with t ime,  as  was demons t r a t e d  e a r l i e r .  

Neglec t ing  the change in the effect  of the r e m a i n i n g  fac tors  in the in te rva l  of d i s t ances  under cons ide-  
ra t ion ,  we can wr i te  

K = K ' a ,  

where  K* is the value of the burning ra te  in the assumpt ion  that  there  is  no "oxygen s ta rva t ion .  " 

With a change in Z + r d (drops touching) to r b (flames touching) the bu rn inge f f i c i enc i e s  ~ and % are ,  
r e s p e c t i v e l y ,  equal to 

,( 
a 2 = ~ -  1 § , a 3 - - .  

rb I r b 

F r o m  the f lame photographs  and on the bas i s  of these  fo rmulas ,  we have ca lcu la ted  the values  of ~.  
The burning e f f i c ienc ies  can a lso  be defined as the co r r e spond ing  r a t io s  of the min imum value of K in the 

case  of touching drops  (Kmin) to its max imum value when the f lames  a re  touching (Kmax). The r e su l t s  of 

these  ca lcu la t ions  a re  given in Table 1. 

We see f rom this table  that  s a t i s f a c t o r y  a g r e e m e n t  ex i s t s  between the t heo re t i ca l  magnitude of a and 

K m i n / K m a x .  

When burning ke rosene  drops  under condit ions of forced convection (Fig. lb) ,  we find that the min i -  
mum burning r a t e  for the drops  in the s y s t e m  does not m a r k e d l y  di f fer  f rom the burning r a t e  of a s o l i t a r y  
drop,  while the maximum burning ra te  subs tan t i a l ly  exceeds  the max imum value of K for the case  of burn-  
ing under condit ions of na tura l  convection.  This is  obvious,  s ince  the flow of a i r  p rov ides  for an intensive 
influx of oxygen to the forward  por t ion of the f lame.  

Expe r imen t s  with drops  of ethyl alcohol and benzene were  undertaken to de te rmine  the effect  of r a d i a -  
t ive heat  exchange on the magnitude of K, s ince the emi t t ances  of the d rops  of these l iquids d i f fer  m a r k e d l y  
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f rom the emittance of the kerosene flame. The tests  showed (Fig. 2) that the maximum K for alcohol, the 
emittanee of whose flame is sma l l e r  than for kerosene,  is shifted to the left, while the maximum K in 
the case of benzene, exhibiting a g rea te r  flame emittance, is shifted to the right, relative to the maximum 
K for kerosene.  Subsequently, radiative heat exchange is one of the decisive factors  in a sys tem of burn-  
ing drops. It is p rec i se ly  in this way that we can explain the divergence between the experimental ly found 
and calculated values of K. 

The increase  in convection heat t r ans fe r  in the burning of a sys tem of drops - as compared to a soli-  
t a ry  d r o p -  can be es t imated in approximate t e rms  f rom the change in flame height h in a sys tem of burn- 
ing drops - as opposed to a sol i tary  d r o p -  since h is proport ional  to the velocity U of the ascending flows. 
Measurement  showed that the flame height for drops burning in a sys tem is grea ter  by a factor  of 1.5 than 
the flame height for a corresponding sol i tary  drop. Consequently, the intensity of convection heat t r ans fe r  
is increased by 25~c (in the assumption that Nu ~ ~U). 

It should be noted that the axes of the flames burning in a sys tem of drops are  not s t r ic t ty  vert ical ,  
as in the burning of a so l i ta ry  drop, but they are shifted toward each other. This fact suggests the existence 
of a "force" interaction in a sys tem of burning drops; however, a quantitative evaluation of this phenom- 
enon has not yet been undertaken. 

N O T A T I O N  

S is the drop surface;  
t is the time; 
K is the burning-ra te  constant; 
c~ is the efficiency of burning for the drops in the sys tem;  
S I is the area of combust ion-zone overlapping; 
S 2 is the area of the burning zone for a sol i tary  drop; 
r d is the drop radius;  
r b is the radius of the burning zone; 
l is half the distance between the drops. 

i. 

2. 
3. 

4. 

5. 
6. 

7. 
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