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Om: of lhe ac lions of cokc in b lasl furnace is lo offer a reaction space and gas passage. 
The damage of coke is an importanl problem for blast furnaces wilh large coai rate. Thi s 
v.,orsens lhe e ffec l o f coke as framework of lhe burden. The decreasing of coke 
proporlion in burdcn is thc main rcason for lha!. Combustion rate of injecled coai is an 
imporlanl paramelcr. To ri sing il is an important larget a li along. Howcver. il should be 
more di scusscd undcr large coai rale. The non-combuslcd carbon in coai char has an 
important aclion lo prolccl lhe cokc . Thi s effecl and lhe suilable combuslion rate of coai 
will bc main ly di scusscd in thi s papcr. 
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Coai injection is thc most important technical development of blast fumace production 

in recent years. A coai rate over 200 kg.r' is already familiar for advanced blast 
furnaces. However, larger coai ra te is st ill an important target for ironmaking. The 

methods for increasing coai rale are most in a llusion to kecp the combustion 
temperature and conditions for gas fl ow. Bccause thc coai char can worsen the condition 
for gas fl ow. to increase the combustion rate of coai is an important target for research 

and production. 
Beside thc action menti oncd above. coai char has a lso a positive function to protect 

coke aga inst the gasi ficati on rcacti on with CO2 and 1120. A research work was done to 
estimatc thi s functi on and to discuss about the su itable combustion rate under large coai 

rate . 

1 Combustion rate of carbon in coai 

Under tcmpcraturc in front of tuyeres of blast furnace. the gasifiable substances other 
than tix ed carbun in coa i w ill be a li gas ifi ed. Therefore. the significati ve parameter 
abo ut coa i combusti on is thc combusti on rate o f carbon of inj ected coai. The 

combustion ra te ur carbon I \ · is defincd as the 
proportion of gasi fied carbon to 
tota l carbon in cumbustion zune of 

blast fumace. 
Accord ing to thc results of two 

industrial expcriments about coai 
injection 111 Shoudu Stcel and 
Anshan Stee l in Ch ina. the carbon 
quantity of coai in top dust was 
bctwecn 0.'i and 0.8% or the 
inj ec tcd quantity' 1• The average 
value of the proportion of waste 
carbon to tota l carbon rw was about 
0.6%. That is to say. about 99.4% of 
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Figure 1 \\·aste carbon in relationship to coai rate 

according to Shoudu Steel 

carbon in injcctcd coa i is gasified or used in the blast furnace . 

Figure 1 shows the test results of Shoudu Steel about the relationship between 
the waste coai found in top dust and the coke rate c 1>. 

2 Bchavior of carbon in injcctcd coai 

Carbon in injccted coai can bc consumed in fo llowing ways: 
1 . e 0 111 busteJ i ll fron t o r t uyeres. 
2. Used for carburization of pig iron. 

3. Used for direct reducti on or gasilicati on reaction. 
4. Carried by gas ou t of thc fumacc . 
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5. Carried by hot metal or slag out ofthe furnace. 
For a blast furnacc in normal state. the last way can be ignored. As mentioned above, 

the waste carbon in top gas is about 0.6%. The rest 99.4% is consumed in the first 3 
ways. Thc consumption of carbon in the first 3 ways is only to instead of coke and its 
distribution has no direct inlluence on the energy consumption or general heat balance. 
Thercfore. the imporlant thing is the indirect influcnce of it on the operating state of the 
fumace. 

Shuudu Stt:cl has anatomized a small blast furnacc in 1981 to find out the distribution 
of 11011-combusted coai in blast furnace21

. Coai char has becn found in ali paris of the 
furnace but the most accumulation was under the raceway in front of the tuyeres. A 
research using a coo! model 11 supporled this results. According to this simulating 
research. lhe most accumulation was also under lhe raceway in front of the tuyeres and 
the second most pari was bctween the cohesive zonc and the plane of the tuyeres. ln 
stabilization. the accumulatcd coai char under lhe raceway is under a dynamic 
equilibrium . New coai char goes into it and old coai char is carried by gas out of it. 

According to the state of a blast furnace, the condition for reactions with coai char in 
the molten bath like carburization and reduction is no! so good. The most coai char is 
likely to be carried by lhe gas and used for the reactions in the pari ofthe furnace in 
front uf or above the tuyeres . for a blast furnace with large coai rate. this is just the key 
zone. in which the coke is badly damaged . 
According to lhe experience of Anshan SteeL the 
cokc size in front of tbe tuyeres with a coai rate over 
200 kg.f 1 will be much smaller than that in normal 
statc. Therefore, the reactions with coai char can 
protcct the cokc. 

3 Gasification of carbon 

The difference of reactive abilities of gasification 
reaction between coai char and coke is very 
important for above mentioned protection behavior 
of coai char. A series of gasification tests was 
carried out to gel the kinetic parameters of different 
coai chars and cokes. Figure 2 shows the equipment 
for the tests. The velocity constant of gasification 
reaction was calculated using following formula : 

1 (1-F/ l (l-F0/ kC n---'-= n-'---'-'--+ 0 1 
F F 0 

Fllte 

Fumac 

Sampl 

Figure 2 Equipment for gasification test 

ln this formula. F is the transform rate of C0 2 in offgas. t is time, Fo is the transfonn 
rate of C02 in offgas when t=0. Co is the density of C02 and k is the target parameter. 
This is a statistical fo rmula of the data from the test. Please see reference 3 for the 
principle3 1

• 
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Table I Kinetic parameten of carbon gasification reaction 

Name Kind A /m3.kmor1 .s-• E/ J.mor1 

Holinhe coai Lignet 2.08xl0 12 316855 
Datongcoal Bituminous 3.6lxl0 10 329 517 
Shenfu coai Bituminous 7.44xl01º 328 869 

Shenmu coai . Bituminous l.28x 101º 291 928 
Yimacoal Bituminous 1.27xl01º 292 787 

Yangquan coai Anthracite 9.80xl09 348 307 
Anshan Steel Coke 1.77xl01º 467 741 

Table 1 shows the kinetic parameters of gasification reaction with CO2 of different 
materiais. The gas flow velocity was 0.37 m.s- 1 and the sample size was 6 to 10 mush. 
Test temperature was from 1000 ·e to 1400 ·e. lncrease of gas flow velocity and 
decrease of sample size cannot change the results of the test. Because the gas flow 
velocity was lower and sample size was higher than that in a blast fumace, the results 

may be used for blast fumace. 4 r------,,,_-.=====.---~_, 
Figure 3 gives a compare of the ,' - Coke , 

velocity constants in relationship to 
3 

/ 0 Yangquan ,' 
, ... iihenfu , · the temperature. 

The reaction velocity of anthracite 
(Yangquan) is nearly the sarne as 
coke. Therefore, the protection effect 
ofYangquang coai is the worst of 
above coais. The most anthracites are 
like Yangquan coai. Anthracite has an 
important strong poi.nt. Its content of 
fixed carbon is very high. lt is 
specially suitable for blast fumaces 
wilh low blast temperature. That is 
perhaps one of lhe 

I 

,' • -++uolinhe , ' 
I ; 
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important reasons against lhe increasing of coai rate for such blast fumaces. 
Lignet coai (Huolinhe) has lhe highst reaction velocity but its composition is not 

suitable for injection. Huolinhe coai has a volatile content about 43% and a water 
content of hydration about 15%. For injection in great mass, a serious falling of 
combustion temperature may be caused by the high volatile, especially by the water of 
hydration. Therefore, lignet is also not a suitable kind of coais for injection. 

Bituminous coais like Shenfu have mezzo volatile and fixed carbon contents. There is 
no problem against the increasing of coai rate, especially for the blast fumaces with 
enough blast temperature. lt can be seen in figure 3 lhat lhe reaction velocity of 
bituminous is much higher than that of coke. Therefore, bituminus coais must have a 
effective protection behavior upon lhe coke. Baoshan Steel and Anshan Steel in China 
have increased their coai rate with big ranges after they have changed lheir injection 
coais from anthracite to bituminous coai. The protection effect should be an important 
reasoJ1 for that. 
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Beside that, the coke size in a blast fumace is 
much larger than that in the test and the 
resistance of inside diffusion must decrease the 
velocity of gasification reaction. Therefore, The 
difference of reaction velocity between coai 
char and coke in blast fumaces will be more 
than that in the test. 

4 Validate experiment 

To confirm the protection effect of coai char, a 

Heating 

element 

Coke 

Ore 

~co 

validate experiment was carried out using an Figure 4 Equipment for validate experiment 

equipment shown in figure 4. 
The samples were 3 kg of iron ore and 0.6 kg of coke. They were preheated to 900 ºO 

in protection atmosphere . Afterward, the temperature was continuously raised to 1200 
ºC in 4 hours and a gas mixture of CO (35 %) with N2 was used to reduce the iron ore. 
Some coai char with a size under 60 mushes was equably ·injected together with the 
reduction gas through the samples. At the 
end of an experiment, the samples were cooled in protection atmosphere. The coke 
sample was quantified and analyzed to get the loss rate of carbon (Lc) during the 
experiment. Table 2 gives the main results. 

Table II Main results of validate experiments 

N!1 Coai char Mass of coai char 
Lei% 

1 
2 Shenfu 
3 Shenfu 
4 Shenfu 
5 Shenfu 
6 Shenfu 
7 Huolinhe 

· 8 Yangquan 

Three trends can be seen through the 
results: 

1. Coai char has strong protection 
effect on coke. i 

2. The.reaction ability of coai char has .!:l 
strong influence on the protection effect. · 
With the sarne quantity, coai char with 
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/kg 
o 45.6 

0.2 34.8 
0.3 28.4 
0.4 26.3 
0.5 25.8 
0.6 23.9 
0.4 18.8 
0.4 31.6 

50.-------------------, 

201----_ __..__ _ ___..__ _ _.. __ _.. __ __. 

O 0.2 0.3 0.4 0.5 0.6 
Mass /kg 

Figure 5 lnOuence of Shenfu coai char 

on carbon loss rate of coke 



higher reaction ability has stronger 

protection effect. 
3. Mass of coai char has also strong 

influence on the protection effect. Figure 5 

. shows the relationship between carbon loss 
rate of coke and the char mass of Shenfu 
coai. 

5 Discussion 95 . 
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Carbon loss rate of coke is one of the 
most important parameters for coai 
injection. Coke strength falis with the 
rising of carbon loss rate. Figure 6 gives 
an overview of the relationship between 
coke strength Se and carbon loss rate4

, . 

With large coai rate, the coke burthen is 
much heavier. Under this condition, the 
falling of coke strength must leads to a Figure 6 Coke strength in relationship with carbon loss 

decrease 
of coke size in the blast fumace and that causes a worse condition for gas passing. Coke 

· size or strength is especially important before the coke arrives the raceway. 
Above lhe luyere levei, carbon is used mainly for direct reduction and carburization. 

Carbon quantity for carburization is about 40 kg and for direct reduction is about 90 kg 
(rd=0.45) for 1 ton pig iron. Suppose 50% of the carburization is carried out above the 
tuyere levei. the whole carbon consume is about 11 O kg. 
According to tht: result of Baoshan Steel, 5o.----------------, 

1 ton injected coai powder can 
approxirnately replace 0.85 lon coke. 
Suppose ali carbon in coai is combusted "' 4o 
in front of the tuyeres, t,he relationship 2... 

45 

between lhe loss rate of carbon above 
.'.j 35 

50 100 150 200 250 300 
C /kg.t-1 

tuyere levei and coai rate can be shown in 
figure 7. The carbon loss rate rises from 
about 25 % to about 50 % while the coai 
rate rises from O to 300 kg.r'. According 
to figure 6, the coke strength will 
decrease about 35 %. To decrease the 
carbon loss rate and keep the strength of is 

Figure 7 Relationship between loss rate of carbon 

and coai rate (rc=1) 

just the duty for coai char. 
For a fine operated blast fumace, the CO utilization ratio is over 50%. However, this 

ratio in a large part of the fumace above the tuyeres is only under 10%. That is mainly 
decided by the therrnodynamic rule. The temperature in this part is about or over 1000 
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ºC. At such temperature, the utilization ratio of CO cannot be high. The most of this 
zone is under the cohesive zone. 

The temperature in the_ most _part of lumpish zone is . at a low levei. The high 
temperature region from 1000 ºC to the starl of the cohesive zone (ábout 1200 ºC) is 
only a small pari of it.The velocity constant of carbon gasification here is also low for 
coai char. ln addition, there is not so much coai char accumulation. Most of the coai 
char passes fast with the gas through this region. Therefore, the consumption of coai 
char cannot be so much in the lumpish zone. The incoming quantity of coai char is 
unlikely much more than the outgoing quantity (about 0.6 %). 
The cohesive zone ·is also a small region. The reaction condition for reduction is not so 

good here. The gas from lower pari is high reductive and passes most through the coke 
window. Therefore, the consumption of coai char in this region càn also be overlooked. 

ln the region between the cohesive zone and the tuyeres, the conditions for carbon 
gasification both of thermodynamics and kinetics are very good. Further more, the coai 
char in the gas is also most accumulated here by the filtration effect of the molten 
material and cohesive zone. At the temperature in _this region, the velocity constant of 
gasification reaction for Shenfu coai is about 50 000 times higher than that for coke. 
Therefore. the most carbon in coai char can be gasified in this region, if it is not 
overmuch. During lhe experiments in Shoudu Steel and Anshan Steel, the coai rate has 
been severally increased to over 369 kg and 250 kg. The waste carbon was still Jess 
than 1 %. This fact suggested that lhe ability of blast fumace to accept and deal with 
non-combusted coai char is very strong. lt is only imporlant that the reactivity of coai 
must be high enough. There were experiences from blast fumaces, which use anthracite 
coai, that a lot of coai char goes out ofthe fumace with the gas, slag and iron, when too 
much coai was injected. 

The carbon quantity of injected coai , which is used instead of coke above the tuyere 
levei , is named as effective carbon and marked as Cc. According to above discussion, it 
can be calculated as íllows: 

C. = CC.(I - rc - rw) 

Where, C, is the carbon content of coai. lt can be seen that the effective carbon is 
mainly decided by coai rate and combustion rate. Using the conditions of Baoshan 
Steel, the relationship between carbon loss rate and coal rate under different combustion 
rate was calculated as shown in table 3. The condition for table 3 is as follows : 

Coke rate : 466 kg.f 1
, when C=O; 

Fixed carbon content of coke: 85%. 
Carbon content ofcoal : 72%. 
Replace ratio: 0.85 ( 1 kg coai to 0.85 kg coke). 
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Table III Carbon .Joss rate of coke in Rlationship with coai rate and combustion 
rate/% 

~ o 50 .- • , IDO 150 . 200 250 300 350 400 

0.2 27.78 22.62 16.31 8.42 <O <O <O <O <O 
0.3 27.78 23.62 18.53 12.17 3.99 <O <O <O <O 
0.4 27.78 24.62 20.75 15 .92 9.71 1.43 <O <O <O 
0.5 27.78 25 .62 22.97 19.67 15.42 9.80 1.84 <O <O 
0.6 27.78 26.62 25.20 23.42' 21.14 18.18 13.91 7.49 <O 
0.7 27.78 27.62 27.42 27.17.• 26.85 26.55 25.98 25.11 23 .67 
0.8 27.78 28.62 29.64 30.92 32.57 34.92 41.90 42.74 50.06 

ln table III , thcre are some values below zero. That is to say, the coai rate is too high or 
the combustion rate is too low. ln thi s case, the coai char is overmuch and unable to be 

. fully used in the fumace . There are two ways for the unwanted part. The better one is as 
waste to be carried out of rhe: fumace . The other one is to accumulate in the furnace and 
that will damage:the •noimal operation. l,Jnder this condition, the fuel consumption is 
over the normal lev.eí or the heat is in sliort supply: To decrease the coai rate is a siritple 
way to solve this proBlêm~"l'Tie other way is to increase the combustion rate. To select 
other coai with higher reactivify· is. a sane.method to do that. According to refference 5, 
the combustion rate is about 0.48~l. Under this condition, the limit of coai rate is about 
300 kg.f 1

• 

There is another rule for the relationship between Lc and C. The carbon loss rate of 
coke fali s with the rising of coke rate under lower combustion rate and rises under 
higher combustion rate. Under,- present condition, Lc is a constant with a cÓmbustion 
rate about 0.72. · 
lf the real combustion rate in blàst fumace is about 0.5, the coke strength should be 

raised under larger coai rate â~cording to table 3. On the other hand, the experience 
shows a fact that the coke size was decreased in front of the tuyeres under larger coai 
rate. There are two reasons to explain it. One of them is that the influence of coke 
strength cannot counteract · the influence of the increase of coke burthen. The other is 
that the actual combustion rate is much more that 0.5 . The best way to find the real 
reason is an industrial experiment for confirming the coai rate, under which, the 
overmuch coai char begi.ns to appear. Using that coai rate, the real combustion rate can 
be calculated. 
lf the first one is the real reason, to use a lower coai rate and to keep a lower Lc is the 

only way to get better operating and technical parameters. 
lf the second one is the real reason, to decrease the combustion rate for higher coke 

strength is a sane method to solve the problem. Size of coai for injection is a good 
.parameter to controll the combustion rate. Using larger coai size· can decrease the 
production cost at the sarne time. ln this way, a standard is needed to find the suitable 
combustion rate. Carbon loss rate of coke and coke burthen are two direct parameters 
for this. As mentioned above, the first one cannot be the standard and the second one is 
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an incontrollablc parametcr under a certain coke rate . We use carbon burthen of coke at 
the tuyere leYel as the standard and mark it as Bc. That is a medial parameter between 
carbon loss rate and coke burthen. li is defined as thc reciprocai of the carbon quantity 

in coke ai the tuyere levei: 
1 

Bc=------
J.:Cr+Cc-Cc 

Where. K is coke rate in kg.!" 1
• Cr is fixed carbon content of coke and Cc is carbon 

consumption above the tuyere leve i in kg.!" 1 (about 11 O kg). Table 4 gives the 
rclationship between Bc. C and r c under the sarne condition as Table 3. 

Tablc IV Carbon burthcn in rclationship with coai rate aml combustion rate /t.kg·• 

~ o 50 100 150 200 250 300 350 400 

11.2 11.1111.150 O.OOJ5'J O.llOJ<,<J 11.00)79 0 .00.190 0 .00403 0 .110416 0.00H9 0 .(I0443 
11.3 0 .0IJ.1 50 0 .110 364 0.00.1 7'J 0 .110395 0 .110413 0 .004.15 0 .00457 0 .00481 0 .00501! 
11.4 0 .011.150 O.IIOJ<,8 O.IIOJX'I 0 .0041 3 0 .011439 0 .00472 0 .00507 0 .00547 0 .()()595 

11.5 11 .00350 O.OOJ73 (1.()(1401 0 .00432 0 .110469 0 .0115 1(, 0 .005ó9 0 .00635 0 .007 \ll 
0 .6 11 .11113511 o .11on x 11.11041] 11.11114 53 0 .011503 0 .00568 0 ,00649 0 .00756 0 .011905 
11.7 11.(J0.150 11.IIOJX4 0 .110425 11.(111477 0 .011542 0 .1106.l.l 0 .00755 0 .()(1934 0 .0 1224 
li .X 11 ,011.1511 11.00JX'J 11 .111143'1 0.0050J 11.(10588 0 .0117 15 0 .011902 0 .0 1221 0 .0 1R91 

The industrial experiment shows that a coai rate of 200 kg.t·1 is acceptable. Suppose 
the combustion rate is about 0.5. the carbon burthen is about 0 .0047. We use 
temporarily thi s value as the standard of Bc. A di agram can be made using this standard 
and above di scussion as shown in figure 8. 

There are three kurves in figure 8. Curve 1 is drawn according to Bc=0 .0047 . Curve 2 
is drawn 
according to Lc=0. Curve 3 is a vertical 
line through lhe intersection of curve 1 and 
curve 2. The diagram is devided by lhe 
three curves in 4 paris. ~ 

Part A is lhe suitable area for coai 0.41-4-,.._-+-+-...;:a.1-..1..---'--I 

injection . ln this area, the quantity of coai 
char is eno ugh to save the coke and can 
also be fully used. This area is straiter at 
righter side. That is to say. the range of 
suitable combustion rate is smaller with 
highercoal rate. lf the coai rate is too hi gh. 
There is no suitable combustion rate to be 
selected . 

O 50 100 150 200 250 300 350 400 
C/kg.1· 1 

Figure 6 Oiagram to confirm combustion rare 

ln part B, the carbon burthen is too heavy. There is an economical method to solve this 
problem. name ly using larger coai size to decrease the combustion rate. 

Overmuch coai char appears in pari C. ln this area, higher combustion rate is needed. 
Using coai with higher reactivity is the most effective method to increase lhe 
combustion rate. 
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There is no suitable combustion rate for part D. ln the upper arca of this part, the 
carbon buri.hen is too heavy. ln the lower area, the coai char is too much. ln the middle 
arca. the carbon burthen is too heavy and the coai char is too much. But then, curve 3 

can be moved rightwards, for example through improvement of coke. 

6 Conclusion 

1. Coai char has strong efTect to protect coke in blast furnace. 
2. High reactivity is very important for injection coai. 
3. Blast ·rurnaces with large coai rate need enough but not overmuch coai char to 

prolect the coke. 
4. Low combustion rate of coai make overmuch coai char. 
5. High combustion rate of coai damages the coke . 
6. Suitable combustion rate of coai can be found in the diagram shown in figt: ' ,. 
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