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A study was made  concerning the effect  of var ious  fac tors  on the ignition and the combust ion 
t ime  of fine dust  pa r t i c l e s  in an thrac i te  and brown Nazarovsk  coal. 

Many r epo r t s  have been published now, in this country and abroad ,  on the ignition and combust ion of 
the c o a r s e  f rac t ions  in pu lver ized  fuels.  

In the cour se  of s tudies conducted in r ecen t  y e a r s  a t  the All-Union Heat -Engineer ing  Inst i tute ,  it has  
been  poss ib le  to es tab l i sh  both quali tat ive and quantitat ive re la t ions  which de te rmine  the ignition and c o m -  
bust ion t ime of dust  pa r t i c l e s  in var ious  grades  of coal.  A study has  been made  of the effect  of degree  of 
m e t a m o r p h i s m  of coal on the development  of individual s tages  in the combust ion of the coal dust.  Data have  
been obtained for the calcula t ion of coefficients of heat  and m a s s  t r a n s f e r  between coa l -dus t  pa r t i c l e s  and 
the gas s t r e a m  during combust ion.  The effect  of var ious  fac tors  on the t e m p e r a t u r e  of the dust  pa r t i c l e s  
during combust ion has a lso  been analyzed;  this is ve ry  impor tant  for the c o r r e c t  es t imat ion  of the r a t e s  of 
var ious  reac t ions  in the m i ne ra l  f ract ion of a fuel and for the ana lys i s  of the mechan i sm of sedimenta t ion  
onto the heat ing su r f aces .  The studies were  conducted mainly  on coa r se  coa l -dus t  f rac t ions  (150-1000 g), 
which a r e  of i n t e re s t  p r i m a r i l y  f rom the point of view of cinder fo rmat ion  in boi le r  furnaces .  

Because  of ce r t a in  p rocedura l  diff icult ies,  much l e s s  effect  has been devoted to the study of the igni-  
tion and the combust ion  of fine coa l -dus t  f ract ions (d < 100 g). 

Meanwhile,  i t  follows f rom the d i f fus ion-k ine t i c  theory of carbon combust ion [1] that during the c o m -  
bust ion of fine coal  pa r t i c l e s  there  may  occur  cons iderable  quali tat ive changes in the p roce s s .  We wil l  
p r e s e n t  he re  the r e su l t s  of an exper imenta l  study concerning the ignition and combust ion of 25-150 p dust  
pa r t i c l e s  in an thrac i t e  and Naza rovsk  brown coal.  

The tes t s  we re  p e r f o r m e d  in a gaseous medium containing 21-5% O 2, a t  a t e m p e r a t u r e  of 1200-180ffK. 
The CO 2 concentra t ion  was va r i ed ,  correspondingly  f rom 0 to 16%. The tes t  appara tus  is shown s c h e m a t i -  
cal ly  in Fig. 1. 

High-speed  photography was used in this study. P r i o r  to test ing,  coal pa r t i c l e s  we re  pas ted  onto 
quartz  f i laments  15-25 p in d i am e t e r  and were  m e a s u r e d  in three  di rect ions .  The reac t ion  chamber  2, 
having been brought  to the speci f ied  t empe ra tu r e ,  was moved  to the pa r t i c l e s  by means  of a spr ing  m e c h -  
an i sm.  The t r ave l  t ime  of the chamber  he re  was l e s s  than 0.01 sec .  The t e m p e r a t u r e  and the composi t ion 

o f  the gas r ema ined  a l m o s t  the s ame  throughout the ignition and combust ion of the coal pa r t i c l e s .  

The heat  c a r r i e d  off the coal pa r t i c les  by a quartz f i lament  did not exceed,  accord ing  to ca lcula t ions ,  
5% of the total  hea t  los t  by the particle.~ during combustion.  

E x p e r i m e n t a l  R e s u l t s  

The movie  f i lms shot  during tes ts  pe r fo rmed  on Nazarovsk  coal revea led  no f lame burning of volat i les  
above the su r face  of fine pa r t i c l e s  s m a l l e r  than 150 p, unlike the f lame burning observed  in [2] in the case  
of c o a r s e  pa r t i c l e s  of the s a m e  coal.  
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Fig. i. Schematic diagram of the test apparatus: I) coal parti- 
cle; 2) reaction chamber; 3) microscope; 4) movie camera; 5) 
timer contact; 6) electromagnet; 7) lamp; 8) shutter; 9) lens; I0) 
micrometer table; ii) camera-positioning mechanism. 

In t rying to explain this pecul iar i ty ,  one may naturally look in various direct ions for an answer.  

For  instance,  one could su rmise  that the ignition time becomes too shor t  for fine par t ic les ,  that the 
volati les have not enough time to separate  during such a short  period and thus burn together with the coke 
residue.  

This hypothesis contradicts  experimental  data, however. Thus, for instance, it has been shown in 
the Badtsiokh tests [3] that at  a gas s t ream tempera ture  of TG = 1200~ the main mass  of volatiles has 
enough time to separa te  from the fine coal dust within less than 0.05 sec. The ignition time of 100/~ Naza-  
rovsk coal par t ic les  is approximately twice as long. This leads one to conclude that the rate at  which coal -  
dust  mater ia l  is consumed at a gas tempera ture  T G > 1200~ may be sufficiently high and should not cause 
the delayed separat ion and ignition of volat i les,  at  least  not in the case of 100-150 p par t ic les .  

It remains  to su rmise  that, for some reason ,  par t ic les  smal le r  than d = 150 # cannot produce a flame 
front  of volatiles separat ing from them and that their combustion spreads over the entire volume of the 
boundary layer .  At this t ime, of course ,  the tempera ture  in the react ion zone drops and the radiation in- 
tensity is reduced here  to levels which cannot be picked up on the movie film. 

The probable validity of this hypothesis seems to be confirmed by the following analysis .  

According to studies conducted at the Institute [4], the flame burning time of volatiles during the igni- 
tion of l a rge r  than 150-200 # dust par t ic les  of var ious coal grades does not depend o n t h e  tempera ture  of the 
gaseous medium (at T G > 1200~ depends slightly on the oxygen content in the gas (within 21-10% 02) ; and 
can be calculated by the formula:  

Tcv = Kcv- 0. 49.10~d ~ [sec], (1) 

where Kcv is an empirical factor having a specific value for each grade of coal. 

Taking into account (i), we can determine the mean rate at which the main mass of volatiles leaves 
the surface of particles: 

pdV d 

where Pd is the apparent  density of dry  coal,  k g / m  3. The gaseous products of the thermal  react ion ap-  
proach the flame burning front of the volatiles at  the following mean mass  ra te :  

(3) 

The rate of oxygen supply to the flame front of the volati les,  by diffusion, is 

2-Oo.po, Do (4) 
(pwo,)f 100dr \ 273 ] ~ " 
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Fig. 2. Ignition time of coke residue in coal 
par t ic les  T (sec) as  a function of the par t ic le  
s ize  d (mm): a) an th rac i t e ,  TG = 1600~ ; b) 
Nazarovsk  coal ,  O 2 = 21%. The curves  l~ve 
been plotted according  to Eq. (6). 
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Fig. 3. Combustion t ime of coke residue in 
coal par t ic les  r (sec), as  a ,function of the 
par t ic le  size d (mm}: a) Nazarovsk  coal,  02 
= 21%; b) anthraci te ,  T G = 1600~ The 
curves  have been plotted according to Eq. 
(7). 

F rom (2), (3), (4), and s toichiometr ic  considerat ions,  we have 

df _ pdV d. 100 (5) (TGIn-'' 
d 5.86.10SKcv~.O2.po~D ~ \..~_] 

It follows from (5), in par t icu lar ,  that the relative size of the flame zone of the volatiles should not 
depend on the size of the par t ic les .  

The validity of this s tatement  is supported by the resul ts  of experiments.  

Considering relat ion (5), one can obtain from (2) and,(3) the formula: 

1 
(pWv) f = K .  d 

where  K is a factor  not dependent on the size of par t ic les .  

This las t  equation indicates that, as the size of coal par t ic les  dec reases ,  the mass  ra te  at  which hot 
reagents  a re  supplied per  unit front surface of the flame of the volatiles will increase  in inverse  proport ion 
to the par t ic les  size.  By vir tue of s imilar i ty  between the diffusion and the heat-conduction p roces ses ,  an 
equilibrium between the supply rate of reagents and the propagation rate  of the flame is maintained until 
effects which a re  essent ial ly  physical  in nature will l imit  the lat ter .  

As the size of par t ic les  decreases ,  however,  there must  a r r ive  a time when the rate of flame p r o -  
pagation becomes limited not by diffusion and heat conduction but  by the rate  of the chemical  react ions;  the 
combustion of volatiles then becomes l~inetic and, as a resul t ,  they do not burn within the narrow flame 
front but spread over the volume of the boundary layer  with an accompanying temperature  drop in the c o m -  
bustion zone. 

At given external conditions there should be a minimum radius of the flame of the volatiles at  which 
flame burning is still possible .  SUch an assumption leads to severa l  conclusions of pract ical  interest .  

In par t icu la r ,  by experimentally determining the minimum size of coal par t ic les  around which a flame 
of volatiles is still poss ib le ,  we can est imate the rate  of the chemical  react ion in which the volatiles burn 
under any one set  of conditions and we can determine the kinetic pa rame te r s  of this process .  Equation (5) 
may also be used for calculat ing the s toichiometric  factor /3 in the combustion of volatiles and, consequent-  
ly,  for roughly est imating the composition of reagents in the combustion zone - which a re  usually unknown. 
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Fig. 4. Combustion t ime of fine anthraci te  par t ic les  
T (see) as a function of their  s ize d (ram). (O 2 = 5%). 

Thus, during the ignition of Nazarovsk brown coal particles in air at a temperature T G = 1400~ the 

ratio of flame diameter to particle diameter is typically df/d = 3.5. According to [7], the diffusivity of 

oxygen during combustion in air may be taken as D = 0.16 �9 i0 -4 (TG/273) 1"9 m2/sec. With these values in- 

serted into Eq. (5), the value of the stoiehiometric factor for the volati[es in Nazarovsk coal was found to 

be fl = 1.2. This value corresponds most closely to the combustion of carbon monoxide, for which /9 = 1.5. 

For hydrogen, as is well known, fi = 0.125 and the stoichiometric factor for methane combustion is 

= 0 . 2 5 .  

It follows from the tes t  data that, as the oxygen concentrat ion in a gaseous medium decreases  and the 
f lame tempera tu re  d rops ,  the value of ~ increases  and the flame of the volatites becomes opaque with an 
accompanying precipi tat ion of ash. 

The test  data pertaining to the ignition time a re  shown in Fig. 2 for the coke residue in Nazarovsk 
coal and anthraci te  dust par t ic les  at  various tempera tures  of the gaseous medium with various oxygen con-  
centrat ions.  The black dots on the graphs represen t  test  points which have been obtained for fine dust f r a c -  
t ions, while the white points cor respond  to the Lest values obtained ear l ier  for coa r se  dust f ract ions in 
different experiment  [2, 4]. 

The ignition time of coke residue in this case  is defined as the length of time from the instant a cold 
par t ic le  enters  the a tmosphere  of hot gases to the instant at  which the tempera ture  of its surface  has s tab i -  
l ized, after  which combustion begins. This ignition time is determined in various tests either by some 
color index or by the image density of a particle on the movie film. 

The ignition time of coke residue includes the heating-up period of a particle till its volatiles begin to 
ignite, the combustion time of these volatiles, and the subsequent heating-up period of coke residue from 
the instant that the volatiles have burned out to the instant that the coke residue begins to burn quasisteadily. 

Accordingly, we can write: 

"hc = "~fv + "~cv+~hc " 

When there  is no flame burning of volat i les,  the ignition of coke residue is treated as a s ingle-s tage  p r o -  

c e s s .  

The curves in Fig. 2 have been plotted according to the equation which represents earlier test results 
with coarse  coal-dust  fractions [4]: 

~ic = Kic. 1.12.10,0 Pdd"2. ( O2~12 )" [~ec]. (6) %3 

At a gas tempera ture  T G -> 1400~ and an oxygen concentrat ion within 5-21% O 2 the value of exponent n was 
found to be 0.15 for anthraci te  dust and 0.25-0.50 for coal dust  r ich in volatiles.  
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As can be seen  in Fig. 2 ,  there  is a close a g r e e m e n t  between tes t  data which have been obtained in 
d i f ferent  expe r imen t s .  The ignition t ime of coke res idue  in fine and c o a r s e  coa l -dus t  f rac t ions  is adequa te -  
ly well  desc r ibed  by a single express ion .  The absence  of f lame burning of volat i les  above the fine pa r t i c l e s  
in N a z a r o v s k  coal had no effect  on the length of the coke ignition t ime  t i c .  

I t  is to be noted that ,  as  we proceeded  to t es t  the fine dust  f rac t ions ,  we did not note any inc rease  in 
ignition t ime  of coke res idue  in coal pa r t i c l e s  such as  was obse rved  by Ka t sne l ' son  and Marone [5, 6]. 

I t  may  be supposed that  the sharp ly  increas ing  ignition t ime of d < 150-200 ~ coal pa r t i c l e s  in [5] and, 
under high p r e s s u r e s ,  a l so  of l a r g e r  pa r t i c l e s ,  having d = 300-400 #, in [6] was a consequence of the e x p e r i -  
menta l  condit ions.  F o r  ins tance,  in the exper iments  of [5] and [6] there  was the poss ibi l i ty  of a re la t ive ly  
cold gas s t r e a m  forming  in the cen te r  por t ion of the reac t ion  chamber ,  which should have affected espec ia l ly  
the fine pa r t i c l e s .  

Data per ta in ing  to the combust ion t ime of coal pa r t i c l e s  a r e  shown in Figs.  3 and 4. The combust ion 
t ime  of coke res idue  Tce was counted on the movie  f i lm f rom the instant  that the coke res idue  in a pa r t i c l e  
had comple te ly  ignited to the instant  that  its combust ion was completed.  

The white dots indicate  t es t  points which have been obtained e a r l i e r  in a di f ferent  expe r imen t  [2, 4]. 

The sol id l ines on the graph have been plotted accord ing  to the equation: 

1 O0 - -  Ade pc d2 
"%e Kec "2"21" 108 100 " ~c~ [see]" (7) 

This  equation was der ived  f rom tes ts  on c o a r s e  dust  f rac t ions  in var ious  grades  of coal [4]. 

I t  is evident f rom the data shown he re  that the combust ion of fine dust  f rac t ions  in brown Naza rovsk  
coal follows the pa t t e rn  which is cha rac t e r i s t i c  of diffusive combust ion a t  a re la t ive ly  low t e m p e r a t u r e  TG 
= 1200~ Another  pa t t e rn  is observed  in the combust ion  of fine dust  f rac t ions  in ASh anthrac i te .  At a 
t e m p e r a t u r e  TG = 1500 ~K and a 21% oxygen content in the gaseous medium the combust ion of an thrac i t e  
pa r t i c l e s  s m a l l e r  than 100 # was over t ly  kinetic in cha rac t e r .  The t e m p e r a t u r e  of pa r t i c l e s  d i f fered  l i t t le  
f rom the gas t e m p e r a t u r e .  T h e a s h  did not me l t  and t hecombus t i on t ime  of pa r t i c l e s  having d = 50-60 ~ was 
found even somewhat  longer  than the t ime of diffusive combust ion of pa r t i c l e s  having d = 200 # in an ident i -  
cal  gaseous medium.  

I t  is noteworthy that  the combust ion of c o a r s e  (d  = 200-400 ~) grade  ASh an thrac i t e  pa r t i c l e s  becomes  
diffusive a l r e ady  a t  t e m p e r a t u r e s  below, T G = 1400~ as  the s ize  of pa r t i c l e s  d e c r e a s e s  to 15-25 #. This  
pa radox  is only apparen t ,  however ,  and can quite adequately be explained accord ing  to the the rmal  theory  
o f combust ion.  

Bukhman has  shown in [8] that,  when made  to burn  diffusively,  a coal pa r t i c l e  will burn  in this man n e r  
down to a ve ry  smal l  s ize .  At  the s ame  t ime,  even l a r g e r  pa r t i c l e s  will burn  kinet ical ly  under identical  ex -  
te rnal  condit ions,  if the diffusion s ta te  has  not been reached  a t  the beginning of the combust ion p roce s s .  I t  
can be seen  in Fig. 4 that  a t  low oxygen concentrat ions (5% 02) the fine f rac t ions  of an thrac i te  dust  burn  d i f -  
fusively,  if  the initial t e m p e r a t u r e  exceeds 1700-1750~ 

F r o m  this obse rva t ion  there  follow seve ra l  conclusions of p rac t i ca l  impor tance .  

The ma in  m a s s  of an thrac i t e  dust ,  a f t e r  pass ing  through a f lame nucleus which in ASh an thrac i te  b u r n -  
ing boi le r  furnaces  has  a t e m p e r a t u r e  of 1800-2000~ mus t  continue to burn  diffusively.  

On the other  hand, coa l -dus t  pa r t i c l e s ,  which for  any r ea son  have not undergone this h i g h - t e m p e r a -  
ture  t r e a t m e n t  in a gaseous medium containing oxygen or  which have pas sed  through a f lame nucleus in a 
gaseous zone not containing oxygen and then have been drawn into the f lame tip where  the t e m p e r a t u r e  m a y  
be below 1700~ and the oxygen concentrat ion may  be less  than 10% will burn  kinet ieal ly a t  a s lower  ra te  
and m a y  be c a r r i e d  beyond the furnace chamber .  

Such a si tuat ion m a y  a r i s e  during a faulty d ivers ion  of a i r  coming f rom the mil l  and containing fine 
dust  f rac t ions ,  during a d is turbance  of e i ther  furnace or  bo i le r  operat ion.  

H e r e ,  evidently,  one should look for  the cause  of the inc reased  mechanica l  def ic iencies  in the c o m -  
bust ion of dust  in an an th rac i t e  furnace.  
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N O T A T I O N  

is the d iameter  of a par t ic le ,  m; 
is the tempera ture  of gas s t r eam;  

is the t ime of flame burning of volatiles ; 
zs the mean mass  ra te  of main volatiles f ract ion leaving a par t ic le  surface;  
is the density;  
is the volatiles content in dry  mass ,  %; 
is the mean mass  ra te  of gaseous products  yielded by the thermal  react ion;  
is the d iameter  of the zone of volatiles in a f lame; 
is the ra te  of oxygen supply to flame front of volatiles ; 
is the density of oxygen; 
is the diffusivity of oxygen; 
is the s toichiometr ic  factor ;  
is the ignition t ime of coke residue;  
is the heating-up per iod before ignition of volat i les;  
~s the combustion t ime of coke res idue;  
a re  the coefficients;  
is an exponent; 
is the ash  content in the dry  mass ,  %; 
is the density of the coke. 
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