
HE AT T E  C H N O L O G Y  

M E A N S  O F  C U T T I N G  F U E L  C O N S U M P T I O N  

K I L N S  O F  T H E  R E F R A C T O R I E S  I N D U S T R Y  

V.  G .  A b b a k u m o v  a n d  E .  F .  M o s i n  

IN 

UDC 666.76.046.4:66.041 

Increas ing  the ef fec t iveness  of using fuel and the energy efficiency of heating equipment is  an impor tan t  
national  economic p rob lem whose resolut ion in the country is a t t ract ing a g rea t  deal of attention. This  
p rob lem faces  the r e f r a c t o r i e s  industry,  which every  y e a r  uses  m o r e  than 3 mil l ion tons of s tandard  fuel. 
The complexi ty  of the p rob lem in the product ion of r e f r a c t o r i e s  is  connected with the va r i e ty  of furnace 
designs,  schedules  and methods  of operat ion,  and the different  levels  and potential  for  hea t -engineer ing  i m -  
p rovemen t s  of the plant. An a l l - round  analys is  of the f ac to r s  affecting the consumption of fuel enables  us to 
identify the main  means  of reducing it, to develop m e a s u r e s  of increas ing  the ef fec t iveness  of using fuel in 
furnace insta l la t ions.  

The f i r s t  point i s  the need to update st i l l  fu r ther  the industry '  s kilns and furnaces ,  the introduction of 
modern  eon t r a f low- recupe ra t ive  fir ing units (PROA) ins tead of outdated designs (annular,  g a s - c h a m b e r ,  
per iodic ,  etc. ), which have higher  ( somet imes  by seve ra l  orders )  fuel consumptions  with low leve ls  of 
mechanizat ion.  

Of all the poss ib le  furnace schemes ,  the PROA is  heatwise  the best ,  providing the min imum fuel con- 
sumptions  to be obtained [1]. In the ideal  case  ( isoentropic p rocess )  PROA, real iz ing the contraf lows with an 
invers ion  of heat  exchange at m a x i m u m  t e m p e r a t u r e s ,  in a fixed working schedule,  do not r equ i re  expenditure 
of fuel, using as a working ins t rumen t  the energy  introduced at a single t ime during the i r  s tar t ing up [2]. 
Although exist ing PROA schemes  (tunnel, r o t a ry ,  shaft  furnaces)  a re  st i l l  not per fec t ,  the i r  advantages  a re  
obvious compa red  with other fo rms ,  This  fact  was one of the causes  of the wide use of PROA in world 
p rac t i ce ,  including the r e f r a c t o r i e s  industry of the USSR, where they consti tute approximate ly  one-half  of 
the furnace stock and are  respons ib le  for  f i r ing the l a rge s t  pa r t  of r e f r a c t o r i e s  output. 

Subsequently, the contribution of PROA in the indust ry  will r i se ,  although it will not r each  100% because  
of the technological  advantages  that in some ca se s  may  be inherent  in furnaces  of other designs,  e .g . ,  
mechanized  and automated per iodic  kilns ensuring,  with an inc reased  fuel consumption,  effect ive control  of 
the firing r e g i m e s  in all of i ts  s tages ,  the convenience of achieving cycl ic  working g raphs  for  the en te rp r i se ,  
organizing low-tonnage product ion of compl ica ted  shapes  and la rge  a r t ic les .  

Secondly, an impor tan t  t rend in cutting fuel consumption is  the i nc rea se  in energy eff iciency fac tors ,  
assoc ia ted  with PROA with the opt imum design and schedules ,  heat  insulation, and heating and working 
schedules.  Most r e s e r v e s  exis t  in the m a t t e r  of improving ro t a ry  kilns,  and this potential  may  be rea l ized  
by fitting them with h igh - t empe ra tu r e  heat  exchangers  (decarbonizers ,  dehydrators) ,  new layer  coo le r s  and 
high-eff ic iency control lable  burners .  In r ecen t  y e a r s ,  the All-Union Insti tute of R e f r a c t o r i e s  and the 
Insti tute for R e s e a r c h  into the G as Industry  (VNIIpromgaz) have developed a s e r i e s  of s tandardized gas  
bu rne r s  GDG (Fig. 1) including bu rne r s  of 10 s izes  with na tura l  gas  consumptions of f rom 1000 to 8000 m3/h. 
The bu rne r s  a re  being introduced in r o t a ry  kilns of d i ame te r  4.04 and length 170 m,  d i ame te r  3.14 and 
length 90 m (inside) for  f ir ing magnes i te ,  which will improve  the control  of the firing p r o c e s s ,  speed up the 
heat  exchange in the kilns,  and reduce the specif ic  consumption of fuel by 4-5% [3]. 

Fig. 1. Gas b u r n e r  GDG: 1) draf t  of th ro t t le ;  
2) f r ame;  3) throt t le ;  4) nozzle.  
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Fig. 2. Gas burner GTP: I) frame; 2) gas--air nozzle; 3) gas nozzle; 
4) flange; 5) connecting pipe; 6) gas  pipe; 7) s leeve;  8) mixing device; 9) 
center ing flange; 10) tunnel; 11) ring. 

Fig. 3. Effect  of preheat ing p r i m a r y  a i r  tp. v on the fuel consumption;  
number s  on the cu rve s  indicate  the numbers  of the posi t ions  at which 
p r i m a r y  a i r  is  fed in the wa rmed  s tate;  V Z g (tp. v) is  the consumption 

of fuel in the kiln during preheat ing of p r i m a r y  a i r ;  V~(20oc) -- the 

same  without preheat ing.  

A s e r i e s  of s tandardized gas  bu rne r s  G T P  (Fig. 2) has been designed for  heating tunnel kilns,  including 
bu rne r s  of 10 s tandard s izes  with a n a t u r a l - g a s  consumption of f rom 2 to 200 m3/h. The bu rne r s  provide  a 
substant ia l  reduction in fuel in tunnel kilns,  the poss ib i l i ty  of controll ing the dis tr ibut ion through the sett ing 
channels ,  which is  espec ia l ly  impor tan t  with var ia t ions  in the a s s o r t m e n t  of a r t i c l e s  being f ired,  and in the 
setting schemes .  The bu rne r s  a re  being introduced in tunnel kilns at the Magnezi t  Combine for  f ir ing t e m -  
p e r a t u r e s  of 1600-1900~ Following recons t ruc t ion  of the kilns,  there  have been i m p r o v e m e n t s  in the cos t -  
benefit  indices ,  the quality of the f i red  products ,  and a reduct ion in specif ic  fuel consumption of 14-15%. 

Fuel  consumption is  marked ly  affected by the choice of working p a r a m e t e r s  for  the furnace ,  and these 
a r e  chosen par t ly  by empi r i ca l  n~teans, without detai led ana lys i s  of the kinet ics  of the phys icochemiea l  p r o c e s s  
of f i r ing and the opt imum methods  of rea l iz ing  them in indus t r ia l  equipment.  Valuable r e su l t s  m a y  be obtained 
f rom ma thema t i ca l  modeling on compu te r s  of the hea t -engineer ing  p r o c e s s  of f i r ing and opt imizat ion of the 
technological  p a r a m e t e r s  of firing. 

With this aim, the Inst i tute  developed a ma thema t i ca l  model  for  the working of the f ir ing zone of a 
tunnel kiln. The model  was used to p r e p a r e  a p r o g r a m  for  an e lec t ronic  compute r  facil i tat ing,  in pa r t i cu la r ,  
an ana lys i s  of the effect  of va r ious  f ac to r s  on fuel consumption,  ensuring the requ i red  t e m p e r a t u r e  schedule 
in the firing zone. The invest igat ion of the work of the model  on the ES-1200 compute r  showed that the model  
p o s s e s s e s  a good degree  of co r respondence  [7] to the r ea l  f i r ing zones which is  wide enough for  p r ac t i ca l  
applications.  

Below we p r e s en t  some resu l t s  of compute r  modeling for the bu rne r  p r o c e s s  of a l a rge  tunnel kiln with 
a t e m p e r a t u r e  potent ial  of 1900~ for  f ir ing [4], demons t ra t ing  the e f fec t iveness  of using compu te r s  for  
developing m e a s u r e s  of reducing fuel consumption.  

The work of a f ir ing zone was modeled including eight combust ion  c h a m b e r s ,  in the f i r s t  of which (through 
the gas  duct) i t  is  n e c e s s a r y  to mainta in  a t e m p e r a t u r e  of 1600~ in the second 1750~ and in the o thers  
1900~ It  was  a s sumed  that a l a t t i ce - type  sett ing of magnes i a - - sp ine l  goods was being f i red,  having a t e m -  
p e r a t u r e  of 1600~ at the ent rance  to the zone. The design of the hear th  co r responded  to that used at the 
Magnezi t  Combine [8]; i ts  ho t - face  t e m p e r a t u r e  equaled the ave rage  t e m p e r a t u r e  of the a r t i c l es .  The fir ing 
cycle  was 78 h; fuel --  na tura l  gas  f rom the Gaz l insk  deposi ts .  Calculat ions es tab l i shed  that the energy  of 
ga se s  leaving the fir ing zone for  the va r i an t s  being examined is  adequate to ensure  the energy  demands  of the 
p rehea t  zone, i . e . ,  the consumption of fuel in the kiln is  de te rmined  in this case  by the organizat ion o f  the 
heating schedule of the f i r ing zone. 

One of the methods  examined for  reducing the fuel consumed by the kiln was preheat ing  of the p r i m a r y  
a i r  enter ing the g a s - b u r n e r  device of the f ir ing zone. The r e su l t s  of modeling a re  shown in Fig. 3. An in-  
ves t igat ion was made  for  the following combinat ion of fac tors ,  de termining the working of the f ir ing zone: 
energy  uti l ization coeff icient  in the cooling zone ~ = 0.3; t e m p e r a t u r e  of secondary  a i r  at en t rance  to f ir ing 
zone tv. v -- 1300~ coeff icient  of p r i m a r y  a i r  consumption Up. v = 0.75; heat  given up by flue g a s e s  (to 
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i Fig. 4. Effect of coefficient of p r i m a r y - a i r  consumption ap .  v on 

fuel consumption when tp. v = 20 (a) and 300~ (b); numbers  on the 

curves  indicate posit ions;  for k >i,  a k v = 0.25; V i is the fuel con- . g 
�9 , 

sumption at the i- th position; V~ mln is the minimum gas consump- g 
tion at the i - th  position when controlling with respec t  to ~1 p.v. '  

Fig. 5. Effect of coefficient of p r imary  air  consumption ~ .  v on 
�9 . i 

the coefficient of total consumption of oxidizer a ~ when tp. v = 20 

(a) and 300~ (b); numbers  on the curves  indicate the numbers  of 
the position; for k > i, ~k  = 0.25. 

p .v  

setting, cars ,  and s t ruc ture  of kiln) equal to that calculated for  this kiln by the methods stated in [9]; coef-  
ficient of completeness  of mixing of gases  in the combustion chambers  n = tk/ t  p = 1 (t k and tp are ,  respect ively,  
the stated and calculated t empera tu res  in the chambers) ;  t empera ture  of p r imary  air  in all burners  expect 
those supplied with preheated a i r  tp. v = 20~ 

We modeled a se r ies  of working vers ions  for the firing zone with different t empera tu res  (from 20 to 
600~ for the p r ima ry  air  and different numbers  of positions (from 2 to 8) supplied with preheated air. 
Figure 3 shows that with the input, for example, to the burner  of a ir  heated to 300~ the fuel consumption 
drops by 25%. Thus, the convers ion of the h igh- tempera ture  tunnel kilns to hot blowing in the burners  on 
account of the excess  air  in the cooling zone reduces  the fuel consumption. 

The fuel consumption is largely affected by the regulation of the ga s -bu rne r  devices,  charac te r ized  in 
par t icu lar  by the coefficient of consumption of p r ima ry  air  ain.,, v (i is  the position number). F igure  4 shows 

the resul ts  of modeling the work of the firing zone with different coefficients for a ir  consumption at the 
burne r s .  In all burners  at positions followlng the i-th,  we maintain a constant coefficient of consumption equal 
to 0.25, and the ( ~ .  v is regulated within the l imits  f rom 0.25 to 1.0. The choice for the lower limit of Gp. v = 

0.25 is because with lower ~p, v values it is difficult to get sa t i s fac tory  dis tance- throw of fuel jet f rom the 

burner  and good mixing of gases  in the combination chamber.  The other fac tors  determining the operation of 
the firing zone were taken to be equal to the above-mentioned ones (tp. v = 20~ 

As the modeling resul ts  showed, at all positions ezcept No. 21 (flue, adjacent to preheat  zone) it is pos-  
sible to. work (when ~ = 1) with ap .  a = 0.2 5 requiring the minimum fuel consumption with respec t  to ap. a- 

When i p .  v changes, the fuel consumption grows especial ly rapidly when ap .  v > 0.8. At position No. 21 the 

minumum consumption of fuel is attained when ap.  v = 0.74. When ap. v < 0.73 in the chamber  we cannot 

guarantee the required temperature .  The effect of changing a i  p. v on the fuel consumption is weakened with 
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a r ise  in tp. v, which is i l lustrated by the resul ts  of modeling for tp. v = 300~ for all posit ions (see Fig. 4b). 

With an increase  in the tempera ture  of the p r imary  air,  there is a fall in ~p  v at position No. 21 c o r -  
responding to the minimum of the fuel consumption. For  conditions s imi lar  to the 'above,  but when t 21-28 = p .v  
300~ the minimum fuel consumption cor responds  to c~ 22-28 = 0.25, and ~2t = 0.31. When t 21-m = 600~ 

p .v  p .v  p .y  
~21-~ -__ 0.25 is permitted.  

p .v  
The change in these conditions as for Fig. 4 with respec t  to the coefficient of the total oxidizer con- 

mtmption a ~  as a function of ~ .  v is shown in Fig. 5. By total oxidizers here  we understand the mixture of 

p r ima r y  air entering the chamber  f rom the gas burner  device, and the tunnel oxidizer -- the flue gases  
entering the chamber  f rom the preceding position along the gas path. The reduction in the coefficient of con- 
sumption of total oxidizer with a r ise  in the. coefficient of consumption of p r imary  air  (when ~p. v < 1) is 

explained by the fact that with a r ise  in ~lo. v in the total oxidizer of the i - th  chamber  there is a fall in the 

proport ion of oxygen moving to the i - th  chamber  f rom the preceding position (mainly oxygen contained 
& 

originally in the secondary air). An increase  in ~i  inc reases  the proport ion of oxygen in the total ox~ctizer 
p . v  

from the p r ima ry  air ,  and reduces  the proport ion of oxygen from the tunnel oxidizer. 

The important  effect of the quality of the heat insulation of the kiln s t ructure  and the degree of complete-  
ness  of mixing of the gas in the chambers  on the fuel consumption is i l lus t ra ted by the resul ts  of modeling 
shown in Fig. 6, w h e r e  along the ordinate are  shown the accumulated (from position No. 28 to position No. 

21) consumptions of heat ,~ V i .  The quality of the heat insulation was charac te r i zed  by the pa rame te r  Q, 
g 

equal to the ratio of the heat given off to the s t ruc ture  to the heat given off corresponding to the original 
variant ,  selected as being typical for the design of actual kilns. F o r  c lar i ty '  s sake the points of the graph 
corresponding to different positions are  joined with solid lines (but this has no physical  significance). Model- 
ing was done for the following conditions: ~ = 0.3, tv. v = 1300~ ~p. v = 0.75, tp. v = 20~ It was assumed 

that the quality of the heat insulation at the t ransmiss ion  positions Nos. 27 and 28 is kept unchanged. 

The value Q = 0 cor responds  to the adiabatic s t ructure ,  Q = 1 to the existing heat insulation. The 
imperfect ion of cer tain curves  in Fig. 6 is due to the fact that at these positions either the required t empera -  
ture for any fuel consumption cannot be attained or the fuel consumed at the position exceeds 500 m3/h. 
Figure  6 shows the marked  effect of Q and especial ly +4 on the fuel consumption. Doubling the quality of the 
heat insulation in the firing zone (when Q -- 1 and Q = 0 ~ w. = 1) yields fuel savings equal to 13%. With a r i se  
in ~ depending on the quality of the heating sys tem from 0.9 5 to 1 the consumption of fuel at posit ions Nos. 
22-28 (when Q = 1) is reduced by 33%, and the previously absent possibil i ty of real izing the stated t empera -  
ture at No. 21 position is manifest.  This shows the great  importance of improving the sys tem of heating the 
kilns, their  burner  equipment, and the fuel combustion schedules. 

It was shown above that cer ta in  fac tors  influence the fuel consumption in a tunnel kiln. It should be 
noted, however,  that in solving the problem of optimizing the schedule in tunnel kilns the fuel consumption 
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Fig. 7. Effect  of t p .v ,  ~ p . v ,  and V v . v  

on the drop in gas  t e m p e r a t u r e s  over  the 
sett ing length in the l a t t e r  posi t ions  of the 
h i g h - t e m p e r a t u r e  soaking; number s  on the 
cu rves  indicate  the t e m p e r a t u r e s  of the 
p r i m a r y  a i r ,  ~ 

i t se l f  cannot s e rve  as the c r i t e r ion  for  the opt imal  solution -- the purpose  function. The la t t e r  will have an 
incomparab ly  m o r e  complex  fo rm,  since we mus t  take into account the whole complexi ty  of basic  fac to r s  
].inked with the quality and economic nature  of the f ir ing p roces s .  

These  fac to rs ,  e .g . ,  include [10] the t e m p e r a t u r e  he terogenei ty  in f ir ing the goods a c r o s s  the length of 
the sett ing,  depending on the cor responding  drop in t e m p e r a t u r e  of the g a s e s  At in the l a t t e r  (before the s t a r t  
of cooling) posi t ions  of the h i gh - t em pe ra t u r e  soaking. The f ac to r s  governing the consumption of fuel, needed 
to ensure  the requ i red  t e m p e r a t u r e s  of g a s e s  in the c h a m b e r s ,  a lso affect  the magnitude of At. An i l lus t ra t ion  
of this is the r e su l t s  of modeling shown in Fig. 7, where  Vv. v is  the consumption of secondary  a i r ;  Atba s 

i s  the drop in the t e m p e r a t u r e  of the ga se s  in conditions indicated for  Fig. 3 (qp. v and tp. v va ry  s imul taneously  
for  all  posi t ions  in the zone). It follows f rom these data that  any change in ~p.v, tp. v '  and Vv. v, causing an 

i nc r ea se  in the heat  loading of the leading and t r a n s m i s s i o n  posi t ions  will cause  a reduction in the longitudinal 
drop in t e m p e r a t u r e  over  the length of the sett ing of the leading posi t ions  (the l a t t e r  in the soaking section) 
i . e . ,  to an i nc rea se  in the uniformity of f ir ing of the goods. 

Thirdly ,  an impor tan t  aspec t  of the work of reducing the fuel consumption is  to improve  i ts  normal iz ing ,  
the de te rmina t ion  of the energy eff iciency of exist ing and newly planned kilns,  the identif ication and el iminat ion 
of causes  leading to the reduct ion in eff iciency in any pa r t i cu l a r  actual  case .  We should mention that until 
recent ly  the uti l ization coeff ic ients  of PROA in genera l  have not been taken into account,  and var ious  a t t empts  
at  such a calculat ion proved  to be unsuccessful .  As a resu l t ,  the fac tor  of speci f ic  fuel consumption is  widely 
used, c r i t i ca l ly  depending on the type of raw m a t e r i a l  being f i red and not giving a p rope r  a s s e s s m e n t  of the 
quality of the heating equipment.  The method of calculat ing the coeff icient  of uti l ization for  PROA was f i r s t  
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r epor t ed  in [1, 2]. Starting f rom the r e su l t s  obtained, in o rder  to compute the energy  uti l ization fac to r s  for  
PROA (Oq) it  i s  poss ib le  to put fo rward  the following equation: 

q fx+q*~  § q * 

where q .. i s  the consumption of heat  for  the phys icochemica l  p r o c e s s e s  in the m a t e r i a l  being f ired,  kJ /kg ;  , fx 
q M '  qc, accumula t ions  of heat in the m a t e r i a l s  being f i red  and the accompanying m a t e r i a l s  before  the si te 

of invers ion ,  kJ /kg ;  qT '  energy of the fuel, kJ /kg ;  qok, heat  used for  heating the oxidizer  enter ing the kiln, 

kJ /kg .  The values  of all  the energy  i t ems  re la te  to 1 kg of d i scharged  product.  

Using this equation, we calculated the energy uti l ization coeff ic ients  for  th ree  h igh - t empe ra tu r e  PROA 
units a t the  Magnezit  combine with essen t ia l ly  different  designs:  a tunnel kiln measu r ing  (inside) 156 x 3.2 x 
0.725 m,  a r o t a r y  kiln measu r ing  170 x 4.04 m,  and a shaft  furnace  measu r ing  12 x 2.88 m. I t  was 
es tab l i shed  that the uti l ization coeff icients  o f the tunnel  furnace and ro t a ry  furnace d i f fer  only slightly, and 
a re  c lose  to 40%; the fac tor  for  the shaft  furnace  is  much higher,  and r eaches  70%. Thus,  the energywise  
m o r e  improved  PROA proved  to be the shaft  furnace in which the specif ic  consumption of s tandard  fuel for  
f i r ing magnes i t e  was 250 kg/ ton  [5] c o m p a r e d  with 365 kg/ ton for  the ro t a ry  kiln [6]. In f ir ing h igh-grade  
briqueted,  granula ted  or n a r r o w - f r a c t i o n  m a t e r i a l s ,  the shaft  fu rnaces ,  due to the i r  favorable  economics ,  
have m o r e  p r o m i s e  for  fu r the r  use and development.  

C O N C L U S I O N S  

A reduct ion in fuel consumption in ki lns  of the r e f r a c t o r i e s  industry  can be obtained through the fur ther  
introduction of con t r a f low- recupe ra t ive  f ir ing units (PROA), improving  the i r  design and operat ing schedules,  
optimizing the fir ing p r o c e s s e s  on the bas i s  of ma thema t i ca l  modeling. 
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