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KINETICS OF THE SELF-SIMILAR 

COMBUSTION OF POLYDISPERSE 

Yu.  M. G o l d o b i n  

CONDITIONS 

LIQUID FUEL 

OF DIFFUSIONAL 

UDC 621.1.016:536.46 

On the basis of the kinetic equation for the particle distribution function with respect to the 
radius, a method is proposed for calculating the processes of heat and mass transfer in the 
combustion of liquid fuel of a polydisperse melt. 

In the ignition of a liquid-drop or dustlike fuel in various devices, the determining role is played by the 
kinetics of particle combustion in a medium of oxidant diluted with inert gas. The problems arising here are 
very complex in view of their nonlinearity, and therefore they are solved, especially for the case of various 
engineering devices, by means of experimental methods or numerical calculations using a computer. In the 
latter case, the calculation of the combustion kinetics of a polydisperse particle system is undertaken by 
dividing the initial particle size distribution into narrow fractions [1-3]. An alternative approach which has 
been successfully used in calculations of vaporization and solution [4-6] is to use the kinetic equation for the 
particle distribution with respect to the radius. 

In the present work, on the basis of this approach [5, 6], the simplest model of quasidiffusional combustion 
of polydisperse liquid-fuel drops in a volume with adiabatic walls is considered. 

As in [6], it is assumed that the fuel drops are spherical in form; that their mass concentration is small; 
that the product consumption corresponds to stoichiometry of the reaction; and that there is no breakdown or 
coagulation of the drops; that the fuel is injected into gas containing oxidant with a temperature of the medi- 
um Tree.0 above the ignition temperature. The assumptions adopted also hold in real conditions. 

Polydispersity of the drops in the combustion process will be taken into account by the Idnetic equation 
for the particle distribution function with respect to the radius f(r S, t) [5, 6] 

0f (rs~ t) + a_s If (%' t) ~ ' ( r s  t)l = 0 (1) 
Ot 

for which the following relation will hold 

aN=Nor(%, f) drs; f(~,  0)=fo(~) ;  t" fo(%)d%= 1. (2) 
0 

In [6], the distribution function f(rs, t) for self-similar quasisteady conditions of evaporation was obtained 
in general form. Analogous determination of f(r S, t) is possible in combustion if the combustion rate of a single 
fuel drop W(r S, t) is known. 

The function W(rs, t) is obtained on the basis of the quasisteady diffusional combustion of a drop, under 
the assumption that the simplest reaction between fuel vapor and oxidant occurs in the flame. At high temper- 
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a tures  in the combust ion region,  the drop t e m p e r a t u r e  is li t t le different  f r o m  the boiling point Ts; l a rge  v a r i a -  
tions in Tree influencing the evapora t ion  ra te  have litt le influence on the drop t e m p e r a t u r e s  and T s [2, 3]. 
There fo re ,  it will be a s sumed  below that the drop t e m p e r a t u r e  is constant  at T s .  In [7, 8], an expres s ion  was 
obtained fo r  the fuel flux, which, in the absence  of convection and when the ene rgy  balance is taken into account 
fo r  the external  region r > r f  (r ~ ~o), may  be wri t ten  in the f o r m  

dM~ _ 4a~1 In 1 + ~  (Tj--T~) q - In I + - - ( T  1 , 
dt - -  rS t C--~-- C~. - -  Cin 

where  f i = Q R -  L -  CI(T f -  Ts).  

In the absence of combust ion (Tf = Tree), the si tuat ion co r responds  to the case  of drop evaporat ion in an 
iner t  medium [7, 8]. 

F r o m  Eq. (3), W(r S , t) may be obtained in the f o r m  of the product  of two functions [6] 

�9 ' (~ ,  t) = ~ (rs) | (t), (4) 

where 

{ p - ~ -  [ ca ( T s - - T s ) ] +  ~ 1 ; o ( t ) = - -  %~ In 1 +  ~ - -  9T(co.,--qn) 
~ ( ~ ) -  rs 

l n [ l +  c 2 - - C i n ( T j - - T m ~ ] }  " 

The distr ibution function fo r  the given model of combust ion takes the f o r m  [6] 

f(r s, t ) =  YA,rsex p I - - a ,  @-1 exp [ - -a~ o(t) dt . 
o 

(5) 

When t = O, the initial particle distribution over the radius is 

[ (rs:, O) = fo (rs) = Y'A~rs exp I - - a , @ ]  " (6) 

To de termine  the s e l f - s i m i l a r  p a r a m e t e r s ,  following [6], the moment  of o rde r  s is calculated 

No E No _ s4-2 t 
( r ~ ) ~ . N ( t ) .  '~ r~f(rs ' t) d r s =  EA,2,/2 a, 2 F ( s +  21exp [--a~ .f r dt ] .  (7) 

. Iv (t). \ 2 / o 

The propor t ion  of unburnt fuel m a s s  y(t) at t ime t may be defined as 

M~(t) _-_ 1 ~ <r~)N(t) (8) 
v iO = M~o ~ ~ t ("s, t) d,s -- qo No 

Then it follows f rom Eqs. (7) and (8) with s = 3 that 

t 

0 

Beginning at some t ime  t o (small  drops have vapor ized ,  fuel vapor  has en te red  into reac t ion  with oxidant, 
ignition and par t ia l  combust ion of the mixture  in the kinetic region have occurred) ,  there  ex is t s  a dist inctive 
ldnd of r egu la r  conditions of diffusional combust ion,  in which f i r  S, t) and hence alI the other  functions will be 
de te rmined  only by the f i r s t  t e r m  of the s e r i e s  

( r~ ) --- , N~ A2~/2 a ~ F exp - - a  o(t) dt , (10) 
N (t) t~ 

and f r o m  the normal iza t ion  condition (s = 0) it is found that 

Ct t0 
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The s e l f - s i m i l a r  p a r a m e t e r s  a r e  found f r o m  Eqs .  (8), (10), and (11) 

< r~ s > = % = 2~/2a-~/2 r 

From Eq. (12) with s = i, the following expression is obtained f o r  a 

(12) 

2F2 (3/2 ) __ (rs--)~ F [ 2 j  (sq-  2 )  (13) 

a --- (rs--0) 2 ; ( r~ > = r~0 = F ~ (3/2) 

It fo l lows  f r o m  Eqs .  (6) and (2) tha t  a ~ A. Then,  the p r o p o r t i o n  of unburn t  fuel  m a s s  is d e t e r m i n e d  f r o m  
Eq. (9), taking accoun t  of Eqs .  (8), (11), and (13) 

t 

y (t) = [ -  a .f (t) dt I "  (14) 
0 

Dependences for y(t), Tree(t), and so on may be obtained from a consideration of the thermal and material 
balances in the combustion of a liquid-fuel drop taking account of certain assumptions. 

In Eq. (4) for c0(t), the flame temperature Tf in the general case depends on Tree, the oxidant concentration 
in the gas, its diffusion coefficient and other parameters, and therefore the given problem is not solved in final 
form, and requires the use of numerical calculation. However, it follows from diffusional theory that the tem- 
perature difference between the flame and the medium (Tf - Tree) for combustion in air diluted by inert gas 
is up to 90% of the maximum possible (Ta - Tree) [2]. This means that the temperature Tf differs only slightly 
from the theoretical T a and may be defined in terms of it [2, 3]. The temperature Tf increases with increase 
in temperature of the medium, and decreases as the oxygen is consumed [2, 7], and therefore, it will change 
only slightly and may be regarded as known and constant; this is acceptable for engineering calculations of the 
combustion process in the diffusional region. 

The thermal balance of the system is written in the form 

[(Mincin q- Mox Cox ) 4- Mc~l d~  d M r  [~ @ (c 2 _ gin) (~o - -  ~)1, (15) 
dt dt 

w h e r e  a0 - ~ = (Tf - Tree.0) - (Tree - Tree.0) = Tf  - Tree .  

In t roduc ing  the no ta t ion  

M re Mox 
-- Min ; Cpr = - - ~ -  Cox@ co_, 

Eq. (15) m a y  be r e d u c e d  to the f o r m  

[ 1 @ ~  ~ ( 1 - - P ) l  d t ~ = ~  [ ~ - ~ ( Q - -  (~o- -  % )  0)] dg. 
Cin J Cin 

Solut ion of Eq.  (16) with the in i t ia l  condi t ions  t = O, y = 1, ~] t=  0 =~0  g ive s  

(16) 

y - - - - 1 - - ~  Cin 1 q- c ~ - - c i  n (t~o_~}) c,_Cin __1 . 
~Cpr 

An equation for y(t) is obtained from Eq. (14), taking account of Eq. (17) 

(17) 

d___#_Ydt +ky+bC=--C*ncp~ In [1+~ C-~n cp--L (I--U)] u=O, (18) 

where 

k--  a)~: ln [ 1-~ cl ] a~'2 
p~cl ~ ( T I -  Ts) ; b= Or(c~--cin) 
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Fig. 1 
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Fig. 2 

Fig. 1. Graphs of y(~): 1) calculat ion f r o m  l inear ized  Eq. (19); 
2) f r o m  accura te  Eq. (17); a) p = 0.01; b) 0.02; c) 0.03; d) 0.05; 
e) 0.1; ~ = [(e2-Cin)/f l ] (~ 0 - ~ ) .  

Fig.  2. Combust ion kinetics of a po lyd isperse  s y s t e m  of fuel 
drops:  the curve co r r e sponds  to numer ica l  calculat ions [9]; 1) 
calculat ions f r o m  Eq. (25); 2) expe r imen ta l  data [9, 10] for  v a r i -  
ous f o r m s  of fuel; :~ = t / tmax ;  t m a  x is de te rmined  at y = 0.01. 

Numer ica l  methods mus t  be used to solve Eq. (18); however ,  it may be reduced to quadra tu res  if the na t -  
ural  logar i thm is expanded in Taylor  s e r i e s ,  re ta ining only a l inear  approximat ion in ~.  This is equivalent  
to l inear iza t ion  of the second logar i thm in the expres s ion  fo r  the t ime component  of the combust ion ra te  w(t) 
in Eq. (4), which is an analog of t rans i t ion  to calculat ion of the combust ion by the " r educed- f i lm"  method [2] 
and allows the re la t ions  obtained to be used fo r  combust ion p r o c e s s e s  with convective heat t r ans f e r .  A l i n ea r -  
ized equation for  y(~) may  be obtained f r o m  Eq. (17), but only with loss  of some of the informat ion on the in-  
fluence of the specif ic  hea t  of the combust ion products  on the re la t ion  between y and **; there fore ,  it is m o r e  
expedient  to obtain y(~) f r o m  the heat  balance of the drop under the assumpt ion that  the specif ic  heat  of the 
gas  mixture  does not depend on y and the heat  consumed in heating the gas in the external  l aye r  bounding the 
f lame front  is negligibly smal l .  

Then 

~0, o - -  ,~ 
g = l  

where  ~* = #g/~/eg; pg = MT0/Mg, and the equation fo r  y takes  the f o r m  

(19) 

where 

d__y_y + (k -4- m) y - -  my 2 = O, (20) 
dt 

a ~ 2  m - - b C 2 - - c i n  ~ = - -  ~g 
c in pTcg 

Calculat ions f r o m  Eqs. (17) and (19) show (Fig. 1) that,  over  the whole range of fuel concentrat ion,  taking 
account of complete  burnup (for #g  _< 0.1), Eq. (20) may be used; the m a x i m u m  e r r o r  is no more  than 5%. 

With the initial  eondition y(0) = 1, the solution of Eq. (20) takes the f o r m  

g = (k -~ m) [kexp (k ~- m) t + rn] -j. (21) 

It follows f rom Eqs. (19) and (21), in a l inea r  approximat ion,  that  

Tree = Tree0 -~ ~* { 1 - -  (k ~- m) [k exp (k ~- m) t -- m]-l}. (22) 

The t e m p e r a t u r e  of the medium may be m o r e  accura te ly  obtained f rom Eqs.  (17) and (21) but it is not 
given here  because of its complexi ty.  

All the basic  conclusions of combust ion kinetics a re  a lso  valid f o r  a s teady gas  flux including burning 
droplets  and moving at veloci ty  V(x). Writ ing the kinetic equation fo r  the par t ic le  distr ibution function over  
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the radius [6], solving it for self-similar combustion conditions, and drawing all the subsequent conclusions, 
a differential equation is obtained for y(x) 

dy ~ k - ~ m  m y2~0, 
- -  Y (23) 
dx V (x) V (x) 

with a solution in the form 

[i ]-. k q- rn dx q- m (24) 
g : ( k q - m )  kexp V(x) 

0 

Thus, Eqs.  (17)-(22) may  be used to calculate  combust ion p r o c e s s e s  in a s teady gas flux or for  the ease 
of a moving cloud of droplets  if, as  is evident f r o m  a compar i son  of Eqs. (21) and (24), the following subs t i tu -  
t ion is made [6] 

dx 

, v ( x )  
0 

The method proposed  fo r  calculat ing the combust ion kinetics of a po lyd isperse  s y s t e m  of l iquid-fuel drops  
is in good a g r e e m e n t  with exper imen ta l  data [9, 10] obtained for  the ignition of a tomized fuel in a record ing  
c h a m b e r  (Fig. 2). Calculat ion fo r  YF0 = 100 pro; ~l  -- 0.06 J / r e s e t  �9 K; X2 = 0.08 J / r e s e t  �9 K; L -- 189 k J / k g ;  
e 1 =2  k J / k g . K ;  c 2 =3  k J / k g . K ;  Tf =1973~ T s =426~ p =0.12 k g / k g ; p T  = 8 2 4 k g / m  3 fo r  a i r c r a f t  d iesel  
fuel yields  good a g r e e m e n t  with the theore t ica l  data  of [9] obtained by numer ica l  integrat ion (Fig. 2). 

F o r  the above p a r a m e t e r s ,  y(t) is given by the s imple  express ion  

y = 16.58(15,97 exp 16.58t & 0.61)-q (25) 

which, in turn,  may  be s impl i f ied.  

Analogous calculat ions for  calculat ing the combust ion kinetics of a po lyd isperse  fuel in a turbul ized gas  
may  be obtained on the bas is  of " reduced- f i lm"  theory ,  a ssuming  that the h e a t - t r a n s f e r  coefficient  f r o m  the gas  
to the drop sur face  is known in advance,  i .e. ,  it may be calculated,  in the f i r s t  approximat ion,  f r o m  the wel l -  
known fo rmula  of [2]. 

All the conclusions and equations obtained in this case will complete ly  coincide with those in [6]. 

NOTATION 

rf ,  r S, radius  of f lame front  and drop; f ( r  S, t), drop dis t r ibut ion function over  the radius;  W(rs ,  t), c o m -  
bustion ra te ;  N, N 0, cu r r en t  and total  numoer s  of drops initially; A i, a i, constants;  k l, X2, t he rma l  conductivity 
of the gas in the regions in front  of and b ~hind the f l ame  front;  c l, e 2, Cin, Cpr, Cox, Cg, i sobar ic  speci f ic  heat  
of the fuel vapor  in regions in f ront  of anc behind the f l ame  front ,  of iner t  gas ,  the combust ion products ,  oxygen, 
and the gas mixture ;  T s, Tf, Tme,  Tree.0, t e m p e r a t u r e  of the drop su r face ,  the f lame front ,  and the mean c u r -  
rent  and init ial  medium outside the combust ion region; L, latent  heat  of vapor iza t ion  of the fuel; QR, heat  of 
combustion;  p T'  densi ty of the liquid fuel; F, g a m m a  function; M T, MT0, Mox, Min, M, Mg, m a s s  of the c u r -  
rent  and initial drop,  oxygen, iner t  gas ,  fuel vapor ,  and gas  mixture ;  p ,  #g, initial fuel concentra t ion in iner t  
gas  and in the total  mixture  (kg f u e l / k g  dry  gas) .  Indices: S, drop sur face ;  f, f lame front;  in, iner t  gas;  pr ,  
combust ion products ;  g, gas  mixture ;  me,  medium; 0, initially.  
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DISTRIBUTION OF THE HEAT FLUX TO THE 

PROBE IN A MULTIARC PLASMA REACTOR 
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A. V. Gershun, and V. D. Parkhomenke 

C A L O R I M E T R I C  

UDC 533.9.002.5:661.632-492:536.244 

The art icle  presents  the distribution of the heat flux to the ca lor imet r ic  probe in a mult iarc  
p lasma reac tor .  

The quality of t rea tment  of mate r ia l s  in mul t iarc  p lasma reac to r s  is decisively influenced by the speed 
with which the p lasma jets mix [1, 2]. It is known that the heat flux f rom the gas to the ca lor imet r ic  probe is a 
function of the tempera ture  and of the speed of the gas .  Therefore  the nature of its distribution gives some in- 
dication of the speed with which the p lasma jets  mix. 

The presen t  work represents  an investigation of the distribution of the heat flux f rom the gas to the ca lor i -  
metr ic  probe in a widely used plasma r eac to r  [3, 4] in dependence on the flow rate of the p lasma- fo rming  gas 
and the power supplied to the p lasmatrons .  

The experimental  device (Fig. 1) consis ts  of the p lasma reac to r  1 with three p lasmatrons  2 and l inear  
ca lor imet r ic  probe (LCP) 3 mounted in the upper par t  of the p lasma reac tor .  In the la teral  wall of the r eac to r  
along its genera t r ix  at an angle of 0, 30, and 60 ~ there  are  three rows of holes with dielectr ic  inser ts  4. The 
p lasmatrons  are  of the e l e c t r i c - a r c  type, with l inear a r rangement  and self-adjust ing arc  length, and their  chan- 
nel d iameter  is 8 �9 10 -3 m. The overal l  e lec t r ic  power used for  the electr ic  discharge var ied  between 40 and 
60 kW. The overall  flow rate of p lasma- fo rming  g a s - a i r  was var ied  within the limits 1.5 �9 10 -~ to 4.5 �9 10 -3 
k g / s e c .  Raw mater ia l  was not charged into the reac to r .  The ar rangement  of the LCP and the method of m e a -  
suring the heat  flux were  descr ibed in detail in [5, 6]. 

Figure 2 shows the distribution of the heat flux in the diametra l  section of the r eac to r  3 �9 10 -2 and 7 �9 
10 -2 m f rom the point of intersect ion of the longitudinal axes of the p lasmatrons .  The LCP entered the r eac to r  
at the angle ~ = 60 ~ (Fig. 1). Analogous distributions of the heat flux were obtained with a equal to 0 and 30 ~ 

An analysis  of the obtained data showed that  in the c ross  section of the r eac to r  at a distance of 0.3 of the 
bore f rom the imaginary point of intersect ion of the axes of the p lasmat rons  (point A) the distribution of the 
heat fluxes is ve ry  nonuniform. With decreas ing power supplied as well as with decreasing flow rate of p l a sma-  
forming gas the gradient  of the heat flux over  the radius dec reases .  However, this also e~tails a decrease  of 
the f ract ion of the longitudinal section of the r eac to r  occupied by flux with high enthalpy. With increas ing d is -  
tance f rom the place of collision of the p lasma jets  the heat  fluxes are fur ther  equalized in the c ross  sections of 
the reac tor .  

It follows f rom the osci l lograms that at a distance of 3 �9 10 -2 m f rom point A there are  one-dimensional  
flows directed toward the per iphery of the r eac to r .  It may be assumed that these flows originate in conse-  
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