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BLAST FURNACEGRANULAR COAL INJECTION- 
RESULTS WITH LOW VOLATILE COAL 

INTRODUCTION 

This report describes the first coal trial test conducted with the Blast Furnace Granular Coal 
Injection System at Bethlehem Steel Corporation's Burns Harbor Plant. This demonstration 
project is divided into three phases: 

Phase 1 - Design 

Phase II - Construction 

Phase III - Operation 

The design phase was conducted in 1991-1993. Construction of the facility began in August 
1993 and was completed in late 1994. The coal injection facility began operating in January 
1995 and Phase I11 began in November 1995. 

The Trial 1 base test on C furnace was carried out in October 1996 as a comparison period 
for the analysis of the operation during subsequent coal trials. 

BACKGROUND 

The granulated coal injection facility at the Burns Harbor Plant began operation in January 
1995. Coal injection began on D furnace in mid-December 1994, primarily to test the coal 
grinding and preparation circuits. Significant operations began January 19, 1995 when coal 
was injected through four tuyeres at a total rate of 20 pounds/NTHM. Coal injection was 
initiated on C furnace on February 9, 1995 using four tuyeres at an overall rate of 25 
pounds/NTHM. The remaining 24 tuyeres used natural gas injection at the same time. These 
conditions were maintained throughout February and March. Operating difficulties with the 
coal grinding and preparation system, typicd of new facility start up problems, required 
equipment changes and modifications. The fxst complete month of operation with coal as the 
sole injectant on C furnace was June 1995. On D furnace, complete coal injection began in 
April 1995. Since that time an operational learning curve and the development of efficient 
operating practices with the granulated coal facility were completed. 

Sydney coal, a high volatile coal, was used on both furnaces for eight months. Six different 
low volatile coal types were subsequently used on both furnaces for seven months. The good 
operational experience with the low volatile coal resulted in a decision to use low volatile 
Virginia Pocahontas coal as the standard for granulated coal injection at Burns Harbor. 



The objective of the overall test program is to determine the effect of coal grind and coal type 
on blast furnace performance. Meaningful analysis of blast furnace process changes that 
occur with a change of injected coal type or sizing requires a base test period from which 
comparisons can be made for future tests. The requirements for an acceptable trial are: 

1. The base period used for comparison should be chronologically close to the ensuing 
trial period. 

2. A steady state operation with minimum day-to-day variability. The length of the test 
period is flexible, however, the longer the trial duration, the more definitive the 
results. 

3. A minimum of major furnace process changes during the trial, particularly with the 
process variable that is being evaluated. 

BLAST FURNACE OPERATIONS 

The Burns Harbor C furnace operation during October 1996 meets the requirements for an 
acceptable comparative base period. The operating results for this period may be used as the 
basis for the evaluation of future trials. 

The October operation on C furnace was adequate in terms of furnace performance 
parameters using coal injection. The injection facility supplied coal without interruption for 
the entire month. The average rate of 264 pounds/NTHM varied from 246-278 
pounds/NTHM on a daily basis. The furnace coke rate during the period averaged 661 
pounds/NTHM. 

The important furnace operating conditions that indicate the full range of furnace performance 
results are discussed and documented in the following. In addition, extensive environmental 
stream testing of the closed water and gas cleaning systems, furnace refractory temperatures, 
thermal loads and refractory wear are presented for the Trial Base perid. 

FURNACE OPERATING CONDITIONS 

The C furnace is designated as the granulated coal test facility due, in large part, to the 
physical improvements made to the furnace during the 1994 reline. The C furnace was 
enlarged slightly and the refractory cooling system was upgraded to a high density plate 
cooling configuration. The furnace stack region on C has closely spaced cooling plates that 
are not on the D furnace. This high density cooling was specifically designed for the rigors 
of high coal injection rates and to provide for increased production capability. 
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The essential operating characteristics for the base test are shown in Table 1. These values 
comprise the operating comparative base results necessary for future trial evaluation. 

The type of coal used and the grind size distribution for the trial is of primary consideration 
for this period. The monthly average chemistry for the Virginia Pocahontas injected coal is 
shown on Table 2. This coal is a low volatile type with high carbon and relatively low ash 
content. These two characteristics should provide the highest coke replacement value for the 
furnace process. The gross heating value, GHV, is also an indication of the heat value 
provided in the tuyere region of the furnace to offset the reduction in the furnace coke rate. 
The sulfur content of this coal is -78% and is considered to be mid-range. Candidate coals 
that were evaluated for use ranged in sulfur content from .32% to 1.75%. The sulfur content 
and the impact on the furnace process are discussed in more detail later. The sizing of the 
final granulated coal product is also important to the blast furnace operators. Daily samples 
are taken on each furnace to determine the size distribution of the coal sent to the furnace. 
Table 2 shows the average size distribution of the coal injected on C furnace for October. 
Granular coal size for injection purposes is defined as 100% of the product coal passing a 4 
Mesh (5mm) screen, 98% -7 Mesh (3mm) and 10-30% as -200 Mesh. In contrast, pulverized 
coal is defined as 70% - 80% of the product coal -200 Mesh. The deffition of granular coal 
on C furnace for October is met with the average values shown on Table 2. 

The injected coal rate of 264 pounds/NTHM on C furnace during October is one of the 
highest achieved since the start-up of the coal facility. The reliability of the coal system 
enabled the operators to reduce furnace coke to a low rate of 661 pounds/NTHM. The low 
coke rate is not only good economically, it is an indicator of the efficiency of the furnace 
operation with regard to displacing coke with injected coal. 

Hot metal chemistry, particularly silicon and sulfur content, is another important ironmaking 
parameter. The end user of the molten iron, the Steelmaking Department, specifies the silicon 
and sulfur levels that are acceptable for their process. Low variability around the average 
value is necessary to achieve these specifications. The standard deviations of the silicon and 
sulfur content of the hot metal for October are shown on Table 1. 

Table 1 also shows a typical period of natural gas injection on the C furnace during January 
1995. Comparatively, we can see the significant operating changes that occur with the use of 
injected coal versus natural gas. The wind volume on the furnace has decreased significantly 
with the use of coal. Oxygen enrichment also increased from 24.4% to 27.3% with coal. 
The amount of moisture added to the furnace in the form of steam increased most 
sigrdicantly from 3.7 grains/SCF of wind to 19.8 grains/SCF. All of these operating 
variables were increased by the furnace operating personnel to maintain adequate burden 
material movement. These actions also increased the permeability of the furnace burden 
column. Permeability is discussed in more dexail later, 
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Also of significance in Table 1 is the adjustment made to the furnace slag chemistry to 
accommodate the increased sulfur load from the injected coal. The sulfur content of the slag 
increased from 0.85% with gas to 1.39% with coal. The slag volume also increased in order 
to help with the additional sulfur input. 

Blast furnace slag chemistry and volume is a determining factor in the final sulfur content in 
the hot metal. The blast furnace slag must be of such a chemistry that it can carry the sulfur 
supplied by the burden material, including the sulfur contributed by the injected coal. Table 3 
shows the sulfur balance on C furnace during the month of October. Injected coal is the 
second largest contributor of sulfur to the blast furnace process. The blast furnace slag is the 
largest output variable for the sulfur. 

The blast furnace also produces large quantities of gas. The gas exits the top of the furnace, 
is cleaned and used as a fuel in the hot blast stoves. The excess gas produced is consumed at 
the plant’s boiler house. Special testing during October by the Burns Harbor Plant 
Environmental Department for the presence of sulfur in the gas shows an average of 3.1 
grains per 100 scf during the month. The amount of sulfur present in the gas and the total 
gas production is shown on Table 3. The total furnace sulfur balance shows reconciliation of 
the furnace sulfur input to output at 99.2%. 

A method of representing furnace stack conditions as well as the overall furnace operation is 
by calculating a permeability value. Permeability is a function of the blast rate and the 
pressure drop through the furnace. The equation used for this purpose is: 

Permeability = (Furnace Wind Rate)2 / [(Furnace Blast Pressure)2 - (Furnace Top Pre~sure)~] 

The larger the permeability number the better the furnace burden movement and the better the 
reducing gas flows through the furnace column. Figure 1 is a plot of the permeability value 
and the injected coal rate for each month in 1996. The permeability decreased from January 
to February as the injected coal rate was increased. Since then, this value has increased 
monthly, declining only slightly to a level of 1.19 for October. This indicates an acceptable 
overall operation on the C furnace during the base test period. 

ENVIRONMENTAL TEST RESULTS 

Gaseous Streams: 

During the month weekly gas samples were obtained from the C furnace and analyzed by 
Mostardi Platt Associates, Inc. Results of the gas samples are presented in Appendix 1. 
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Wastewater Monitoring 

During October, monitoring of the Division’s treated process water effluent (Monitoring 
Station 011) and the Division’s combined effluent was conducted in accordance with the 
WDES permit. In addition, internal monitoring of the Blast Furnace Recirculating Water 
System was per€ormed weekly. Figure 2 is a flow diagram of the water system and shows 
the location of the outfall monitoring stations. All monitoring results at Station 011 and 
Outfall 001 were within the applicable limitations and/or expected ranges. Monitoring results 
for the recirculating water system on October 23 indicate a slightly elevated 
ammonia-nitrogen concentration. The cause of elevated level is unknown. There were no 
adverse affects on the Division’s wastewater system that could be attributed to the BFGCI 
system during the month. Appendix 2 shows the monitoring results for the month. 

FURNACE THERMAL CONDITIONS AND LINING WEAR 

The C furnace is equipped with a Thermal Monitor System consisting of two components: 
eight thermocouples embedded in the furnace refractory at each of four furnace elevations and 
an extensive system of thermocouples in the discharge water cooling system at five furnace 
elevations. The heat loss in the furnace is calculated for various elevations in the furnace 
from the water system thermocouples. 

In addition to the array of thermocouples, wear monitors have been placed in the refractories 
of the furnace at various elevations and quadrants. These monitors give an indication of the 
amount of brick that is left in the furnace at the various elevations. 

The inwall refractory temperatures for C furnace are shown in Figure 3 for 1996. The 
increased amount of injected coal does not appear to have caused an increase in the 
temperatures over the ten month time frame. The refractory temperatures for October have 
decreased at several elevations from some high values during January and February. 

By contrast, the thermal load values in B T U m 2 ,  especially at cooler plate row 11-20, did 
increase significantly during May, June and July compared to January 1996. However, the 
heat loads have subsided during the following three months. This trend is shown in Figure 4. 
Although there has been a increase in thermal loads at row 11-20, the mid-stack elevation on 
the furnace, none of the other measured elevations have increased significantly. Changes in 
thermal load values indicate a change in the operating characteristics of the furnace. The C 
furnace, as mentioned previously, was designed to accept these anticipated increases. 

Figure 5 shows the refractory wear monitor readings from the beginning of the C furnace 
campaign. The amount of coal injected is also shown. This figure seems to indicate that 
brick wear has increased as coal injection rates have been increased. This may or may not be 
the proper conclusion on furnace refractory wear. Figure 6 is included in this analysis to 
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show that refractory wear in a blast furnace may also be attributed to normal wear over the 
life of the campaign. Figure 6 shows the refractory wear patterns of previous furnace 
campaigns at the Burns Harbor Plant against service time in months. We note that after 
twenty months of service, the highest wear area on C furnace with coal injection is slightly 
better than three previous furnace campaigns without coal injection. We must also note, 
however, that the previous campaigns shown did not utilize the high density cooling 
configuration that was installed on the C furnace for the current campaign. More operating 
data is necessary to detennine the relationship between coal injection and furnace refractory 
wear. 

DISCUS SXON 

A major conclusion of the use of granular coal injection for the October base test as well as 
the general furnace operational characteristics shown throughout 1996 is that granular coal 
performs very well in large blast furnaces. 

The quantity of furnace coke that is replaced by an injected fuel is an important aspect of the 
overall value of the injectant on the blast furnace process. The replacement ratio is also a 
very strong indication of the quality of the overall operation with coal as the injectant. A 
detailed analysis of the furnace coke/granulated coal replacement value for the C and D 
furnaces at the Burns Harbor Plant has been completed. 

The replacement ratio for a blast furnace injected fuel is defined as the amount of furnace 
coke/NTHM that is replaced by one pound/NTHM of the injectant. However, there are many 
furnace operating factors, in addition to the injectant, that affect the reported coke rate. In 
order to calculate an accurate value for the injected coal’s role in the process, all other blast 
furnace operating variables that result in coke rate changes, positively or negatively, must be 
accounted for. After technically accounting for coke changes caused by variables other than 
the coal, we attribute the remaining coke difference to the injected coal. 

This evaluation uses monthly average furnace operating results compared to an appropriate 
base period for each furnace to develop the replacement ratio. We have used twenty five 
months of data on both furnaces which includes operating results through the second quarter 
of 1996. The more monthly operating data available the more accurate and appropriate the 
replacement value determination will be. 

The adjusted furnace coke rate and the injected coal are plotted in Figure 7 along with the 
best fit regression line. The slope of the best fit line shows that the coaVcoke replacement is 
0.96. The C furnace value for October 1996 is shown seperately. This value correlates well 
with the overall regression. This is an excellent replacement ratio and is sigmficantly better 
than the 0.8-0.9 replacements reported by other injection operations. 
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A second conclusion from this work is the ability of the process to adequately handle the 
increased sulfur loading from the injected coal. As shown in the sulfur balances, the blast 
furnace slag can be adjusted, without harm to the overall operation, to accommodate the 
increased sulfur input. 

Thirdly, the unexpectedly large decrease in furnace permeability as a result of the use of 
injected coal has been overcome by increasing the oxygen enrichment and raising the 
moisture additions to the furnace. 

7 



Production, NTHMlday 
Delays, Min/day 

Coke Rate, ib/NTHM Rep. 
Natural Gas Rate, IbdNTHM 
Injected Coal Rate, Ibs/MHM 
Total Fuel Rate, IbdNTHM 

Burden YO: 
Sinter 
Pellets 
Misc. 
BOF Slag Ibs/NTHM 

Blast Conditions: 
Dry Air SCFM 
Blast Pressure, psig 
Permeability 
Oxygen in Wind YO 
Temp, F 
Moist. GrslSCF 
Flame Temp, F 
Top Temp, F 
Top Press, psig 

Coke: 
H20, % 

Hot Metal Oh: 
Silicon 

Sulfur 

Phos. 
Mn. 
Temp., F 

Standard Dev. 

Standard Dev. 

Slag YO: 
Si02 
Ai203 
CaO 
MgO 
Mn 
Sulfur 
B/A 
B/S 
Volume, Ibs/NTHM 

TABLE 1 

BASE PERIOD EVALUATION 
Burns Harbor C Furnace 
Summary of Operations 

OCTOBER 1996 

6943 
71 

661 
0 
264 
925 

35.9 
63.8 
-3 
5 

137,005 
38.8 
1.19 
27.3 
2067 
19.8 
3841 
22 6 
16.9 

5.0 

-50 
.128 
.040 
.014 
-072 
.43 
2734 

36.54 
9.63 
39.03 
11.62 
-46 
1.39 
1.10 
1.39 
424 

JANUARY 1995 

7436 
25 

740 
141 
0 
88 1 

32.3 
67.0 

-7 
0 

167,381 
38.9 
1.57 
24.4 
2067 
3.7 
3620 
263 
16.1 

4.8 

-44 
.091 
-043 
.012 
-070 
.40 
2745 

38.02 
8.82 
37.28 
12.02 
-45 
0.85 
1.05 
1.30 
394 



TABLE 2 

BURNS HARBOR C FURNACE INJECTED COAL ANALYSIS AND SIZING 
OCTOBER 1996 - COAL TEST BASE 

coal 

Vol. Matter, % 
Sulfur, % 
Ash, % 

Ultimate Analysis, % 
Carbon 
Oxygen 
Hydrogen 
Nitrogen 
Chlorine 

Va. Pocahantas 
Six Train Avg. , June1996 

18.00 
-78 
5.3 

87.1 
1.23 
4.2 
1.21 
.170 

Total Mois.,% 6.6 

GHV, BTU/lb (dry) 14974 

+4 Mesh 

-4 Mesh + 8 Mesh 

-8 Mesh +16 Mesh 

-16MBh #Mesh 

-30 Mesh +50 Mesh 

-50 Mesh +lo0 Mesh 

-100 Mesh +200 Mesh 

-200 Mesh +325 Mesh 

-325 Mesh 
TOTAL 

C FURNACE PRODUCT COAL SIZING 
OCTOBER 1996 

MEAN Yo 

0 

0.6 

3.7 

10.6 

16.0 

26.8 

27.7 

13.9 

0.70 

S. D. Yo 

- 

0.2 

0.5 

1.1 

0.6 

4.6 

4.2 

3.3 

0.4 
100.0 



TABLE 3 

BURNS HARBOR C FURNACE SULFUR BALANCE 
OCTOBER 1996 - COAL TEST BASE 

SULFUR INPUT: 

Material; 

Furnace Coke, Sulfur Analysis 
Tons Coke Used 
Tons Sulfur In 

Injected Coal,Sulfur Analysis 
Tons Coal Used 
Tons Sulfur in 

Sinter, Sulfur Analysis 
Tons Sinter Used 
Tons Sulfur In 

Pellets,Sulfur Analysis 
Tons Pellets Used 
Tons Sulfur In 

Scrap,Sulfur Analysis 
Tons Scrap Used 
Tons Sulfur In 

BOF Slag,Sulfur Analysis 
Tons BOF Used 
Tons Sulfur In 

TOTAL TONS of SULFUR IN: 

October 1996 

.69% 
71,085.0 
490.5 

.78% 
28,409.0 
221.6 

.02 Yo 
121,282.6 

24.3 

.01 Yo 
21 5,306.5 

21.5 

23% 
3,981 -7 
9.2 

.07% 
530.2 

.4 

767.5 

SULFUR OUTPUT: 

Material: 

Blast Furnace Slag, Sulfur Analysis 
Total Tons Produced 
Tons Sulfur Out 

Blast Furnace lroniSulfur Analysis 
Total Tons Produced 
Tons Sulfur Out 

Flue Dust,Sulfur Analysis 
Total Tons Produced 
Tons Sulfur Out 

Filter Gake,Sulfur Analysis 
Total Tons Produced 
Tons Sulfur Out 

Top Gas, Sulfur Content 
Total Gas Produced, MMCF 
Tons Sulfur Out 

October 1996 

1.39% 
45,626.6 
634.2 

.040% 
21 5,220.0 

86.1 

.450% 
1,076.1 
4.8 

.482% 
2,570.60 
12.4 

3.1 GrsJl00 scf 
108,246 

23.9 

TOTALTONS of SULFUR OUT: 

SULFUR OUTISULFUR IN 

761.4 

-992 
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RGURE 7 

BURNS HARBOR C & D BLAST FURNACES 

Regression Analysis - Injected Coal vs Adjusted Coke Rate 
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