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I Abstract 
 
Blast furnace is the heart of every steel plant. Steel production is based on 
the blast furnace process, as it is where the iron is extracted from the iron 
ore and turned into liquid iron, which will subsequently be used to make 
liquid steel. Therefore, without hot iron, steel cannot be produced.  
 
Blast furnaces in this process are supplied among others with pulverized 
coal. Raw coal should be prepared for the blast furnaces in the form of fine 
coal powder. This fine coal powder should then be injected into the blast 
furnaces in order to continue the production. This process is carried out by 
the Pulverized Coal Injection System, which changes raw coal into dry fine 
coal powder. The system consists of a hot gas generator, a coal mill, a bag 
filter as well as various valves, fans and piping. The general idea is to burn 
specific gases with the help of equipments and to use them to dry the coal in 
the cycle. When the amount of the gases inserted into the system is changed, 
the dried coal amount is directly affected.  
 
Based on this background the following project is carried out, which aims at 
the investigation of bottlenecks and critical points in the process. The most 
important bottleneck is the limited possibility of fresh air usage, as the 
oxygen in fresh air can cause explosions if existent in exceeding amounts in 
the system and thus, is dangerous. In order to prevent this explosive 
condition in the system, additional gases need to be added to the system. 
The aim of this project is to introduce additional gases to the system in order 
to increase the upper limit of the fresh air amount. Increasing the amount of 
fresh air in the recirculation gas should provide more amount of dried coal, 
hence increasing the drying capacity of the coal grinding plant. 
 
To understand the situation better, tests about gas injection are carried out in 
the system. The results of the tests are analyzed and the performance 
changes in the system are calculated. For this, programs in Excel and also in 
LabVIEW are created to interpret the situations easily. As it is understood 
from the results of the tests, when the amount of the additional gases is 
increased, approximately 10% increase in the amount of dried coal is 
observed. Subsequently, Pulverized Coal Injection mill productivity is 
increased. Additionally, oxygen percentage in the mill circuit will decrease 
and this is important for the safety conditions.  To conclude, this project 
aims to show the usage and recycling of additional gases in “Pulverized 
Coal Injection” process by implying various programs and interpretations.  
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1. INTRODUCTION 
 

Steel production has started thousands of years ago. The technology to produce steel 
has changed over the years although its basis remained the same. The modern 
technology, which included blast furnace and pig-iron, started to be used in 1600s. 
After this technology, we can see many things that are made of steel. Steel is needed 
for everything. In order to manufacture steel, pig iron should be produced. Some 
sectors like automotive sector, construction sectors, technology, energy, metallurgy 
and mechanical engineering fields need to work all the time with steel.  

 
Approximately four million tons of steel is produced each year in one of the most 
capable steel plants in Europe. The company is a modern, integrated iron and steel 
plant, where from pig iron production to thin-gage sheet metal processing is 
available. Many kinds of products are offered in the product line of hot and cold 
milled products and surface-refined flat steel products. The plant consists of:  
 
 
• Two ports which have a handling of a self-unloading for bulk and goods 
 transfer 
• Blast furnace plant that has a burden preparation system, a pulverized coal 
 blast system and two blast furnaces 
• Steel plant which include a pig iron desulphurization system, two converters, 
 one metallurgical centre and a continuous casting system 
• Hot mill that contains a roughed slab storage facility, three hoist bar furnaces, 
 roll blooming and finishing train, one cooling stretch, surface inspection 
 system and three spools (to wind coils) 
• Cold mill that has a pickling plant, 4 stand, 80" quad tandem line, 80" quad 
 dressing stand, annealing plant and a inspection line with edge-plane system 
• Galvanizing BREGAL that has 1,5 million of annual capacity hot galvanized 
 steel strip with two different measurements  
• Tailored Blank Bremen which fabricates steel sheets of differing thicknesses 
 and strengths into blanks for other industries. 
 
As one of the main parts of the steel production, blast furnaces in the steel factories 
contain many processes and systems. One of them is the pulverized coal injection 
system which will help to increase the pig iron production volume. In order to 
increase the production, other solutions related to refill of the vessel are proposed. 
These solutions were not possible in the facility because the equipments were not in 
spare.  
 
After comparing the other solutions with this project, the results were in favor of this 
project because the production of the dried coal in the coal drying mill can be 
improved by 10% by this project.  
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With the help of this background, the project aims at the investigation of bottlenecks 
and critical points in the process. The most important bottleneck is the limited usage 
of fresh air. Fresh air consists of oxygen and this can be dangerous because 
exceeding amounts of oxygen can cause explosions. In order to prevent these 
explosive conditions in the system, additional gases will be added to the system. The 
aim of this project is to use additional gases for increasing the drying capacity of the 
coal grinding plant.  
 
To analyze the situation better, various methods are used. Firstly, tests about gas 
injection are made. The results of the tests are analyzed and the performance changes 
in the system are calculated. For this, programs in Excel and also in LabVIEW are 
created to interpret the situations easily. There are two main outcomes from the 
results of the tests. The first outcome is that when the amount of the additional gases 
is increased, approximately 10% increase in the amount of dried coal is observed. In 
addition to this, because of the decrease in oxygen percentage, safety conditions will 
improve.   
 
In order to optimize this process in the blast furnace facility, firstly fundamental 
scientific information about the technology of the pig-iron production, pulverized 
coal injection process and its equipments will be described.   
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2. BASIC INFORMATION ABOUT PIG-IRON PRODUCTION  
 
2.1. Properties of Pig Iron 
 
“Pig-iron” which is also called as “hot metal” is crucial for the production of steel. 
Pig-iron is carbon saturated iron with many impurities like silicon, sulphur, 
manganese and phosphorus. The pig-iron contains certain amount of these materials. 
The high or the low amount of this composition can be problem for steel production. 
In addition to this, pig-iron is made of metal. When the metal is cooled and hardened, 
the pigs become pig iron. Pig iron is brittle because its carbon content is between 
3.5% and 4.5%.  Furthermore, pig iron is the transitional product of smelting iron ore 
with coke in the blast furnace process and it is not used directly.  Consequently, the 
quality of the hot metal is specified by the steel plant when hot metal is used to make 
steel [1]. 
 
2.2. Uses of Pig Iron 
 
Pig iron is mainly used in the steel production. After the pre-treatment of the hot 
metal, hot metal is carried to the steelmaking plant in the liquid form with torpedo 
car [1].   
 
Another usage of the pig iron is grey iron which is done by remelting pig iron, then 
by adding alloys and changing the carbon content. Besides, if the amount of silicon, 
manganese and phosphorus is decreased, ductile iron can be produced with the pig 
iron grades. Some pig irons can also be used to make cast iron [1,2]. 
  
 
2.3. Raw Materials and Sinter 

Iron ore and coking coal are the main raw materials for this process. Raw materials 
are used mostly for the production of pig-iron. In order to produce a ton of pig iron, 
1.5 tonnes of iron ore and 500 kg coke is usually needed [3]. 

Firstly, coking coal is the main element among raw materials. Coal turns into coke 
using water, coal-gas and coal-tar in an air-free environment. Its size range is 
between 25 and 70 mm [3]. This process is usually done in blast furnace at high 
temperatures such as 1200 °C without any reaction with oxygen. Coke is the main 
key in a blast furnace. It provides the carbon for carburization of the hot metal as 
well as it reduces the iron oxides to metallic iron [1].  
 
The second raw material for the pig-iron is the iron ore. Iron is very common in the 
earth and it is extracted mostly from the mines of Australia and Brazil. Then iron is 
transported by rail to the special steel plants which are located mainly in Asia and 
Europe. Consequently, iron ore is mostly mined for the production of pig iron.  
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The final raw material in the pig iron making process is limestone. The limestone is 
removed from the earth by blasting limestone with explosives and then it is crushed 
from 0.5 inch to 1.5 inch. After it becomes slag by removing some impurities such as 
sulphur, it can be used [4]. 
 
 

 
Coke particles: 25-70 mm  Sinter: 5-50 mm  

    Figure 2.1: Coke particles and Sinter [1] 
 
The second phase in the pig-iron production is the sinter. Sinter is one of the sources 
of iron. Iron ore fines are combined into larger particles because only larger particles 
can be used in the blast furnace [5]. The dimension of the sinter varies from 5 mm to 
50 mm as it is shown in Figure 2.1. 
 
The sinter feed consists of iron ore fines, limestone, and return sinter and coke 
breeze. These substances are mixed with 5-7% of water in a rotating drum [5]. After 
the sinter phase, pig-iron is the last step.  
 
2.4. Equipment and Processes in the Pig-Iron Production 
2.4.1. Cowper 
 
Cowper is the equipment for the hot air generation in the blast furnace plant. Hot 
blast stove is also called as Cowper which warms the wind that is needed for the 
blast furnace [2]. The production rate of the blast furnace depends on the heat and the 
volume of the wind that comes from Cowper [6]. Recently, ceramic burners, which 
have significant advantages related to the heat engineering aspects over metallic 
burners, have begun to be used in Cowper blast heaters. In ceramic burners the 
refractory experience considerable temperature drops reaching about 600 C during a 
blast-heating cycle [7]. 
 
2.4.2. Blast Furnace 
 
The first blast furnaces invented in the 14th Century and produced one ton of pig-
iron per day. The production has been increasing year by year. Since 1950, the 
productivity and fuel economy has been greatly developed because of the quality of 
raw materials and also because of the operating processes [8]. Although equipment is 
improved and higher production rates can be achieved, the processes inside the blast 
furnace stay the same. 
  
Blast furnace is made of steel and it is huge with refractory brick. It is similar to tall 
shaft-type vessels and they are very long. After a blast furnace is started, it can run 
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for several years. The maximum life cycle time for a blast furnace can be up to ten 
years with only short stops for its maintenance [4,9]. 
 
Blast furnace equipment consists of 3 cowpers, conveyor band, blast furnace and 
exhaust flue. Blast Furnace, itself, can be divided into five parts: 
• Blast Furnace top, burden 
• Shaft 
• Coal sack 
• Bosh 
• Hearth 
 

 
 

Figure 2.2 The process of pig-iron production  
 
Blast furnace operation is the first step of producing steel from iron oxides. Blast 
furnace melts iron ore, sinter, pellets, coke, surcharges to produce hot metal. They 
should be in certain grain sizes to achieve the optimal gas flow. Moreover, the 
mixture is transported with some bunkers like wagons in a steel conveyor belt to the 
head of the furnace [8]. The raw materials need 6 to 8 hours to go down to the 
bottom of the furnace where they become the final product of liquid slag and liquid 
iron. Wind is blown into the bottom from both sides of the blast furnace to these 
materials and thus, this can take 6 to 8 seconds with many chemical reactions [4]. 
Besides, water can be added to reduce its heat. Blast furnace reduces the iron oxides 
in the metal iron and then plastic, heavy oil and coal are blown. Lastly, the products 
of the blast furnace become pig iron, and slag [8].  The manufacture of pig iron and 
steel commences with the extraction of the necessary minerals such as iron ore, 
limestone, dolomite, magnesite, fireclays, and coal from the earth. This process is 
also described with Figure 2.2. 
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3. EQUIPMENTS OF THE STEEL PLANT  
 
Since 1957, steel has been produced in the plant. It has about 3600 employees and by 
the effort of all of them, four million tonnes steel can be produced per year.  
 
The modern metallurgical plant consists of blast furnace plant, steel plant, hot and 
cold rolling mill and some others. Blast Furnace plant in itself contains a sintering 
plant, 1 pulverized coal blast system and two blast furnaces. 
 

 
Figure 3.1 Steel plant 

 
 
 
3.1. Blast Furnaces  
 
The annual capacity of the blast furnace plant is up to 3.6 million tons of pig iron and 
there are two blast furnaces to produce pig-iron in the plant. There is only one 
sintering plant that feeds both of the blast furnaces. The processes of both blast 
furnaces are the same but only some dimensions and capacity can vary among them. 
 
One of the blast furnaces is called Blast Furnace 2 with the capacity of 7000 tonnes 
of pig iron per day. It has produced approximately 2.000.000 tonnes pig iron in 2009. 
Its diameter is 12m and related to that, 32 tuyeres are used to heat up the wind.  
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    Figure 3.2 Blast Furnace Cast House 
 
The other blast furnace, Blast Furnace 3 with 9,3 m diameter can produce 
approximately 3000 tonnes of pig iron per day and in 2009, 300.000 tonnes were 
produced only in this furnace. Additionally, it has 24 tuyeres to heat up the wind.  
 
 
 

3.2. Pulverized Coal Injection Process 
 
Pulverized Coal Injection system prepares the raw coal for the injection into blast 
furnaces. Both of the blast furnaces in the plant are supplied by a common Pulverized 
Coal Injection facility.  
 
This system consists of mainly hot gas generator, coal grinding mill, bag filter, 
valves and fans. Hot Gas Generator creates hot gases that are required for direct coal 
drying. A grinding mill is used to grind the raw coal and then obtain the pulverized 
coal. During this operation, there is also a classifier to choose the desired coal 
particle size. Afterwards, a bag filter separates the ready pulverized coal from the 
gas. Specific volume of this gas is recovered mainly for the recirculation into the 
system. Consequently, recycling the waste gas helps to reuse and circulate the gas 
and also to balance the nitrogen and oxygen amount. Pulverized coal particles are 
collected by screw conveyors and transported for the injection into the blast furnaces. 
This system is shown in Figure 3.3.  
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Figure 3.3 Pulverized Coal Injection System 

 
Although recirculation helps to reuse specific amount of the gases, this facility does 
not require using the nitrogen separately and the nitrogen is not recycled. However, 
the recirculation of nitrogen and also other gases is necessary in order to increase the 
production.  
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4. PULVERIZED COAL INJECTION SYSTEM COMPONENTS 
 
Pulverized Coal Injection Process consists of three main equipments: Hot gas 
generator, coal mill and bag filter. 
 
4.1. Hot Gas Generator 
 
4.1.1. Structure: 
 

 
Figure 4.1 Hot gas generator structure [10] 

 



 

 15

1. Multiple lance burner  
2. Start burner  
3. Burner muffle 
4. Spiral housing 
5. Perforated sheath 
6. Ring gap 
7. Protective sheath 
8. Hot gas outlet 
 
 
4.1.2. Hot Gas Generator Function 
 
Hot gas generators are used in many industries like cement industry, power stations, 
minerals industry, ore, timber, animal feed, chemical industry and as well as the steel 
industry. Hot gas generators take place in the coal drying process. They are needed 
when hot gas is required for direct drying of the coal [10]. Drying gas removes the 
moisture content out of the coal. The start burner is powered by high calorific value 
combustion gas (natural gas) and combustion air. Moreover, the multiple lance 
burners are powered by low calorific value combustion gas (blast furnace gas) and 
combustion air [12]. 
 
Coal drying process can generate hot gas up to max 350 °C for the mill. By the help 
of hot gas generators, return gas, fresh air and nitrogen are heated up to 
approximately 380 °C which is the necessary mill inlet temperature. The selected 
fuel is especially designed to burn low calorific gas into "walled" design.   
There is a combustion system called hole coat combustion does not require walled 
combustion chamber and is operated without supporting burners exclusively with 
blast furnace gas [11]. 
 
4.2. Coal Grinding Mill 
 
4.2.1. Structure: 
 
The roller mill for grinding of coal consists of 
 
- The mill;  
- The separator; 
- The mill gearbox with clutch and drive motor;  
- A hydraulic control cabinet for the rolls. 
 
The individual machines are assembled into a functional unit "roller mill", or through 
pipes connected to each other. 
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Figure 4.2 Coal Grinding Mill and its Components [11] 
 

1. Rotary feeder 
2. Chute 
3. Grinding bed 
4. Grinding roller 
5. Material bed 
6. Rocker arm 
7. Hydraulic cylinder 
8. Louvre ring 
9. Stream of hot gas 
10. Classifier 
11. Return cone 
12. Gas stream 
13. Electric motor 
14. Flexible coupling 
15. Output flange 
16. Ring Channel 
17. Scrapers 
18. Reject hopper 
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4.2.2. Function: 
 
The hot drying gas from hot gas generator is sent to the roller mill. Also seal air 
which is the fresh air used to create a positive pressure inside mechanical 
components in the grinding mill and dynamic classifier to avoid the penetration of 
pulverized coal into those critical mechanical components. Seal air and hot drying 
gas are mixed and then remove the moisture content from the coal.  
 
The raw coal is usually dropped by a bunker-off unit which serves as an airlock into 
the feed chute of the mill. The feed chute may consist of either a carbon pipe that is 
centrally managed from above by the mill, classifier, or from a tube support, which is 
welded to the side of the top of the mill and a pipe empties into the snail to give up 
[11]. In both cases, the ground material passes through gravity and gas flow is 
directed to the bowl, which is firmly bolted to the mill gear and rotates at constant 
speed.  

 
 

Figure 4.3 Grinding operation [11] 
 
By the bowl rotation, the ground material is distributed evenly on the horizontal 
milling surface and is pulled over by the tapered rollers. Grinding technology is done 
by pressure and friction and then imported hydro pneumatic suspension cylinders. If 
the rollers accumulate on the ground material is raised above the rocker arm and 
spring piston rods of the suspension cylinder and displaces the oil from the piston rod 
area in gas-filled hydraulic accumulators [11]. The gas charge is compressed and 
while working as a feather.  
 
Crushed regrind is thrown by centrifugal force from the bowl into the area above the 
blade ring that surrounds the bowl. Here it is covered by the hot gas sucked from mill 
blowers and mill-uppers until the classifier taken up. Hot gases are added in the dry-
grinding process to evaporate material moisture. Through intimate contact of the 
grits with the hot gas of the mill base, the moisture evaporates spontaneously. The 
ground material is dried to residual surface moisture of about 1.0%. Furthermore, the 
required mill outlet temperature is obtained in the grinding chamber as 90-120 °C 
[12]. The final product passes through the classifier with the desired fineness. In 
central mill unit, the product with the hot gas that is produced by the mill fan is 
transported to the dust collector. Coal dust from coal mills for direct injection in the 
boiler reaches the coal dust burners.  
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In addition to this, the mill is driven by a 2 - or 3-stage gearbox by a special three-
phase motor. An auxiliary drive to empty or starting up the mill is not required. The 
mill can be started directly, filled with hydraulically raised rolls [11]. 
 
4.3. Bag Filter  
 
Bag filter is the last equipment of the pulverized coal injection system. The mixture 
of powder coal and drying gas flows into the bag filter. These coal particles are 
captured in the filter bags and cleaned through controlled blasts of nitrogen gas 
directed at the filter bag from the direction opposite to the coal flow. Then, the coal 
particles fall to the bottom of the bag filter container to be collected by four screw 
conveyors that are positioned at the bottom of the bag filter. 
 
There are also electrical heaters and the cleaning gas equipment on the bag filter in 
order to prevent the condensation of the moisture extracted from the coal on the 
interior walls [12]. 
 
4.4. Rotary valves and sieving machines 
 
The screw conveyors at the bottom of the bag filter move the coal powder from the 
outermost areas of the bag filter interior towards the centre of the bag filter. There 
are two rotary valves in the centre of the bag filter and they receive pulverized coal 
from a pair of screw conveyors. These constant-speed rotary valves direct the coal 
powder onto a reversible screw conveyor. There is also a sieving machine installed 
on the end of this reversible screw conveyor [13]. From the sieving machines, the 
fine coal powder is sent to the pulverized coal storage bin for injection into the blast 
furnaces, and the coarse material is directed into the separate containers.  
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5. PULVERIZED COAL INJECTION OPTIMIZATION PROJECT  
 
5.1. Master Thesis Project Description 
 
In this project, the performance of the mill is increased because more dried and 
grinded coal particles will be produced. There are various ways to increase the 
performance of the mill. Coal particles should be dried in the mill and this yields us 
to 3 important solutions, which should be combined together.  

• Increase in the utilized gas amount 
• Temperature increase in the system  
• Change in the composition of these gases 

This project enables using nitrogen to increase the drying capacity of the coal 
grinding plant. In other words, nitrogen can be recycled in the system and this will 
change the amount and composition of the gases that are needed for the coal particles 
production in the cycle. Reuse of nitrogen is shown in figure 5.1. 
 

M
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Figure 5.1 The system changes with the project aim 

 
Increase in the amount of the additional gases enables an increase in the oxygen 
level. The level of the oxygen is limited because the excess amount of oxygen can 
cause explosions. In order not to cause these explosions, nitrogen needs to be added 
to the system. If the amount of the fresh air is increased, then nitrogen amount should 
be increased at the same time. 
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The additional needs: 
• Increase the power of the engine grinding mill 
• Reinforcement gearbox grinding mill 
• Increase the performance of the fresh air fan 
• Install dew point control 
 
The results from recycling the nitrogen: 
• Increase the drying capacity 
• Increase the mill performance 
• Minimize the energy lost 
 
5.2. Utilities used in Pulverized Coal Injection Process 
 
In order to understand the system better, the substances that are used in the process 
are described briefly. 
 
Blast Furnace Gas 
 
Blast furnace top gas is the dirty, hot gas that occurs after the blast furnace processes. 
Blast furnace gas occurs from generating pig iron from iron ore. When large 
quantities of the sources are used in the hot air blasts, there will be more amount of 
blast furnace gas on the top. Blast furnace gas is normally 1,3 or 1,5 times the hot air 
which takes place in the hot blasts. This means that there is 1,3-1,4 Nm³ hot dirty gas 
in 1 Nm³ hot wind [10].  
 
Blast furnace gas consists of flammable gases CO, H2 and inflammable gases, CO2 
and N2 which has a low heating value. The amount of the gas produced depends on 
the products and operations that are used in the blast furnace processes. Decreasing 
the amount of the coke needed and making a better quality of the products can reduce 
the content of flammable gas like CO and this will decrease the energy content of the 
gas. In Table 5.1, there is the analysis of blast furnace gas content. As the majority of 
the content is inflammable gases, the heating value is very low as it can be seen in 
Table 5.2.  
 

Table 5.1 Blast furnace gas contents [10,11] 
 

Name Unit  Range Value 
N2 [%] 50-60 54 
CO [%] 21-24 21 
CO2 [%] 18-21 21 
H2 [%] 2-5 4 

Other [%] 0,4-3 - 
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Table 5.2 Blast Furnace gas qualifications [10] 
 

 
 
 
 
 
 
 
 
 
 
 

 

Blast furnace gas is used in different processes. 20% of the blast furnace gas is used 
to generate wind and 30% of the gas is used to heat up the wind. Rolling mill warms 
its pusher furnace with blast furnace gas. Coke oven plant takes the gas for heating 
the coke’s batteries. Sinter plant fire its sinter mixture with the blast furnace fire 
[Schoppa, H., 1979]. So there are lots of areas of usage of the hot blast furnace gas. 
For this project, the usage of the blast furnace gas in hot gas generator will be 
analyzed. In Table 5.3 and 5.4, there is the smoke gas analysis of the blast furnace 
gas. Humidity ratios of the elements and some other values under the combustion air 
factor λ = 1,1 for the average heating value are given in the below tables. 

Table 5.3 Percentage of the elements of blast furnace hot gas after the reaction [11] 
 

Name Unit  Value 
N2 [%] 67,61 

CO2 [%] 26,91 
O2 [%] 0,80 

H2O [%] 4,29 
Ar [%] 0,4-3 

 
Table 5.4 Smoke gas analysis of the blast furnace hot gas with λ = 1,1 [11] 

 
Name Unit Value 

Specific heat (cpm) kJ/kgK 1,68 
Theoretical smoke gas 

temperature 
°C 1.203 

Theoretical smoke gas 
density 

kg/Nm3 1,4405 

Theoretical smoke gas 
volume 

Nm3/Nm3 1,56 

 
Natural Gas 
 
Natural gas is a gaseous fossil fuel which occurs from beneath the Earth. It 
consists of low boiling point hydrocarbons and methane exists 70 to 99,6% by 
volume in natural gas. In addition to this, natural gas contains undesirable amounts of 
water, hydrogen sulphide, and carbon dioxide as it is seen in Table 5.5. Also in Table 

Name Unit Value 
Net calorific 

value 
kJ/Nm³ 3300 

Density kg/m³ 1,29 

Temperature deg. C 29 

Primary 
Pressure 

mbar g 50±5 

Dust 
Content 

g/Nm³ 20 
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5.6, some properties related to the natural gas are given. Before natural gas can be 
used as a fuel, all materials other than methane should be removed from the gas [10]. 

 
 

Table 5.5 Natural gas contents [11] 
 

Name Unit  Value 
CH4 [%] 93 
C2H6 [%] 3 
CO2 [%] 1 
N2 [%] 1,1 

C3H8 [%] 0,6 
H2S [%] - 

Other [%] 1,3 
 

Table 5.6 Natural gas qualifications [11] 
 

 
 
 
 
 
 
 

 

In Table 5.7 and 5.8, there is the smoke gas analysis of the natural gas. Humidity 
ratios of the elements and some other qualifications under the combustion air factor λ 
= 1,1 for the average heating value are given in the below tables. 

Table 5.7 Percentage of the elements in the natural gas after the reaction [11] 
 

Name Unit  Value 
CO2 [%] 8,8 
N2 [%] 70,52 
O2 [%] 1,72 

H2O [%] 18,13 
Ar [%] 0,83 

 
Table 5.8 Smoke gas analysis of the natural gas with λ = 1,1 [11] 

 
Name Unit Value 

Specific heat (cp) kJ/kgK 1,6461 
Theoretical smoke gas 

temperature 
°C 1.898 

Theoretical smoke gas 
density 

kg/Nm3 1,2371 

Theoretical smoke gas 
volume 

Nm3/Nm3 12,85 

Name Unit Value 
Net calorific 

value 
kJ/Nm³ 37000 

Density kg/m³ 0,8 
Temperature deg. C 20 

Primary 
Pressure 

mbar g 12-14 
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Combustion Air 
 
Combustion air is used in multiple lance burners and the start burner of the hot gas 
generator as a fuel. Moreover, the tables below show some properties of the 
combustion air. In Table 5.9, the elements in the combustion air are shown and in 
table 5.10, the temperature and the humidity of the combustion gas are given.  
 

Table 5.9 Combustion air contents 
 

Name Unit  Value 
N2 [%] 78 
Ar [%] 1 
O2 [%] 21 

 
Table 5.10 Combustion air qualifications [11] 

 
 
 
 

 
 
 
Nitrogen 
 
Nitrogen covers 78% of Earth’s atmosphere by volume. It is a chemical element 
which is colourless and tasteless. It is mostly an inert diatomic gas at standard 
conditions with 0 °C and 1 atm. 
 
Nitrogen gas is an industrial gas which is produced by either the fractional 
distillation of liquid air or by using gaseous air. Nitrogen gas can be dangerous 
because release of nitrogen can displace oxygen into an enclosed space. Nitrogen can 
dissolve in the bloodstream and body fats and the liquid form can cause some burns 
in the body therefore, it is harmful for the human body. 
 
In “Pulverized Coal Injection” Project, nitrogen will be used in the last step of hot 
gas generator for industrial concentration of oxygen. It is mostly used as an inert 
replacement for air when oxidation is not wanted in many areas. This is also an issue 
for the safety. In this project, this will be very beneficial. 
 
When more nitrogen amount can be introduced to the system, more fresh air and also 
more blast furnace gas can be used. This increases the mill performance and drying 
capacity. In the system, 31 percent of the gases are recycled in the name of 
recirculation. Therefore, waste of nitrogen will be recycled and it is very efficient.  
 
 

 
 
 
 

Name Unit Value 
Temperature Deg. 

C 
29 

Humidity [%] 28 
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6. CALCULATIONS   
 
These calculations are made in order to find out the critical points and some limits in 
the process cycle. 
 
6.1. Hot gas temperature after hot gas generator 
 
As it is discussed in the previous parts of the thesis, the start burner in the hot gas 
generator is powered by the natural gas and the combustion air. Here, the 
temperature from this combustion will be found. 
 
In Table 6.1, the natural gas contents before the combustion is shown. 
 

Table 6.1 Natural gas contents 
  

Name Unit Value 
CH4 [%] 93 

C2H6 [%] 3 

CO2 [%] 1 

N2 [%] 1,1 

C3H8 [%] 0,6 

H2S [%] - 

Other [%] 1,3 

    
Contents of the natural gas and combustion air after the combustion are calculated 
with these equations and then shown in Table 6.2. 
 
VCO2  : ( COb + CH4

b + E n CnHm
b + CO2

b ) kmol CO2 / kmol Fuel 
VO2  : 0,21 (λ-1) lmin kmol O2 / kmol F 
VH2O  : ( H2

b + 2 CH4
b + E m/2 CnHm

b + w1 λ lmin + wg ) kmol H2O / kmol F 

VN2  : (N2
b + 0,79 λ lmin) kmol N2 / kmol F 

 
Table 6.2 Excess air content in kmol/kmol K 

 
 
 
 
 
 
 
 

VCO2 1.018 
Vdry 10.7738 
VO2 0.491925 
VH2O 1.974 
VN2 9.263875 

Vwet (kmol Fa 
/kmol B) 12.7478 
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Fuel: Heavy gas 
Calorific value for 1 Nm3 is given as 37000 Kj/Nm3  
Hun=37 > 13 MJ/m3  
� Minimum air need (lmin)= 0.260*Hun-0,25 = 9.37 m3/m3 Fuel  
� Minimum fuel gas need (Vmin fn) = 0.272*Hun+0,25 = 10.314 m3/m3 F 
 
Molar heat capacity is also used in the combustion temperature equation. 
           [14] 

Table 6.3 Wet excess air content and molar heat capacity 
 

Molar Heat capacity Content 
of wet 
excess 

air r i (Vi/Vf) 
Cmpi (0-1900C)  

kJ/kmol K 
r i*C mpi 

kJ/kmol K  
CO2 0.07985692 54.1 4.32025918 
H2O 0.15485025 44.5 6.89083607 
N2 0.72670382 33.1 24.0538966 
O2 0.03858901 35 1.3506154 

Sum 1  36.6156072 
      
Combustion temperature  
 
tmax = ( (HF +H1) /(Vw Cmpa(tmax-0) ))+O°C 
 
with 
 
HF : calorific value for 1 kmol Fuel    [kJ/kmol] 
H1 : enthalpy of the combustion air   [kj/kmol] 
Vw : wet excess air amount    [kmol/kmol K] 
t1 : temperature of combustion air   [°C] 
Cmpa : molar heat capacity      [kJ/kmol K] 
           [14] 
Calorific value for 1 kmol Fuel :  
HF = 37000 Kj/Nm3 * 22,354 Nm3/kmol = 827108,0326 Kj/kmol 
 
H1 = λ * lmin *  Cmpl(t1-0) * t1 
 

with 
λ : air/fuel ratio constant 
lmin : minimum air need     [m3/m3] 
 
t1      =   29°C 
H1   = 1.25*9.37*29.1*29 = 9884.17875 kj/kmol B 
tmax = ((827108.0326 Kj/kmol + 9884.17875 Kj/kmol)/  

(12.7478 kmol/kmol K *36.6156 kJ/kmolK))+0°C 
           [14] 
tnaturalgasmax = 1793  °C 
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The possible maximum enthalpy: 
 
Hamax = (HF +H1) = 836992.211 kj/kmol 
 
Enthalpy of the combustion gases after the combustion 
 
Hmamax=(HF +H1)/ Vw = (836.992 Mj/kmol + 9.8842 Mj/kmol) /18.7478 kmol/kmol K 
    = 65.6578 Mj/kmol Fa 
 
Air content 
 
la= ((λ-1) * lmin)/ Vf 

  = (0.25*9.37 m3/m3B)/ 12.7478 kmol/kmol K = 0.18376 kmol L/ kmol Fa 
           [14] 
 
After the start burner, multiple lance burners are powered by the blast furnace gas 
and the combustion air. In this section, the combustion temperature from this will be 
found.  
 
Firstly, the blast furnace gas content before the combustion is analyzed in Table 6.4. 
 
 

Table 6.4 Blast Furnace gas content 
 

Name Unit Range Value MAX  Min  
N2 [%] 50-60 54 60 50-

60 
CO [%] 21-24 21 24 21 

CO2 [%] 18-21 21 21 18 

H2 [%]  4 5 2 

Other [%] 0,4-3 - 3 0 

 
Then, the excess gas content after combustion is found out as it is given in Table 6.5. 
 

Table 6.5 Excess gas content in kmol/kmol K 
 

VCO2 0.45 
Vdry 1.685552 
VO2 0.035112 
VH2O 0.05 
VN2 1.20044 

Vwet (kmol Fa 
/kmol Fuel) 1.735552 

 
Fuel (B or F): Weak gases 
 
Hun=3.2 < 13 MJ/m3   
� Minimum air need (lmin)= 0.209*Hun= 0.6688 kmol Air /kmol Fuel  
� Minimum fuel amount need (Vmin fn) = 0.173*Hun+1 = 1.5709 m3/m3 Fuel 
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Molar heat capacity will be used again in the combustion temperature equation. 
 
Table 6.6 Content and molar heat capacity of wet excess air 
 

Content of wet 
excess air r i (Vi/Vf) 

Molar Heat Capacity 
Cmpi (0-1900C)  kJ/kmol K r i*C mpi kJ/kmol K 

H2O 0.02880928 44.5 1.28201287 
N2 0.69167619 33 22.8253144 
CO2 0.2592835 54.1 14.0272374 
O2 0.02023103 35 0.70808596 
Sum 1 166.6 38.8426506 

 
 
Combustion temperature  
 
tmax = ( (HB +H1) /(Vw Cmpa(tmax-0) ))+O°C 
 
Calorific value for 1 Nm3 is given as for 3200 Kj/Nm3 
Calorific value for 1 kmol Fuel:  
HF = 3200 Kj/Nm3 * 22.37 Nm3/kmol = 71582 Kj/kmol 
 
The enthalpy of the combustion air  
H1 = λ * lmin *  Cmpl(t1-0) * t1 

t1=29°C 
H1 = 1.25*0.6688*29.1*29 = 705.5004 kj/kmol Fuel 
 
The enthalpy of the combustion 
Hf = Hf(H2O)* 0,0288+ Hf(CO2)* 0.06+ Hf(O2)* 0.00875766- Hf(CO)* 0.21 
= -28.853KJ/kmol 
 
Hf = Hf(CO2)* 0.079856916+ Hf(H2O)* 0.154850249+ Hf(N2)* 0.7- Hf(O2)* 
0.0386- Hf(CH4)*0.93- Hf(C2H6)*0.03- Hf(CO2)*0.01 = -7.25 KJ/kmol 
 
tmax = ((71582 Kj/kmol + 705.5004 Kj/kmol-7.25)/  

(1.735552 kmol/kmol K *38.843 kJ/kmolK))+0°C 
 
tblastfurnacemax = 1072 °C  
 
Hamax =  (HB +H1) = 41647.2373 kj/kmol 
 
Enthalpy of the combustion gases after the combustion: 
 
Hmamax =  (HB +H1) / Vf = (71.360 Mj/kmol + 0.0705 Mj/kmol) /1.73555 kmol/kmol 
K 
  = 41.64724 Mj/kmol Fa 
 
Air content 
 
la= ((λ-1) * lmin)/ Vw 

  = (0.25*0.6688 m3/m3B)/ 1.73555 kmol/kmol K = 0.09634 kmol L/ kmol Fa 
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EXCESS GAS TEMPERATURE (TAG)  
 
In order to find out the excess gas temperature, the updated values from Databank 
system are shown in the graph in Appendix 1. The values from 10.03.2010 in Figure 
6.1 are used in the calculations because at this time nitrogen is introduced to the 
system for a test.  
 
Combustion temperature 
 
The combustion temperature of the natural gas and the blast furnace gas were found 
out from the equation in the previous part. 
 
tmax   = ( (HB +H1) /(Vf Cmpa(tmax-0) ))+O°C 
 
Vf        = VCO2 +VO2 +VH2O +VN2 
(tmax )ngas   = (836992.211 / (12.7478 kmol/kmol K *36.6156 kJ/kmolK))+0°C 
(tmax )ngas  = 1793.1637 °C 
(tmax )bfgas  = (72280.95 /(1.735552 kmol/kmol K *38.843 kJ/kmolK)) +0°C 
(tmax )bfgas = 1072.2034 °C 
 
Excess air amount (wet) VAG 
 

The excess air amount from the combustion should be known because then these 
gases will mix with the other gases. If we know the amount and the temperature of 
all of them, we can easily find the temperature after the hot gas generator. These 
calculations are made for this aim. In this section, only the results are shown but the 
way of the calculations and the equations are explained step by step. 
 
Natural gas excess air amount with maximum fuel amount 
 
(HuBG)ngas  =HB+ λ * lmin *  Cmpl(t1-0) * t1 

  = 37000 Kj/Nm3*22.354Nm3/kmol+1.25*9.37m3/m3F 
  *29.1 kJ/kmolK*29 °C   
  =836992.211 kj/kmol= 37442.161 kj/ Nm3  
 
VAG  = VBG* λ*0.173Nm3/1000Kj* HuBG + VBG 

          =70*1.25*0.173/1000* 37442 Kj/Nm3 +70 = 637 Nm3/h  
 

Energy absorption by the heat ∆QHK 
 

∆QHK  =VAG * ta * (TFL – TAG) * Cpm 
 
Ta  = tk – tk-1 = 100ms 
∆QHK  = 637 *100*(1793.1637– 376) * 1.66 kj/m3K = 150235680 kJ 
 
Blast Furnace excess gas amount with maximum fuel amount 
 
(HuBG)bfgas = HB+ λ * lmin *  Cmpl(t1-0) * t1 

  = 3200 Kj/Nm3*22.37Nm3/kmol +1.25*0.6688 m3/m3B  
  *29.1 kJ/kmol K *29°C  
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  = 72280.95 kj/kmol= 3231.2141 kj/ Nm3 
 
VAG  = VBG* λ*0.173Nm3/1000Kj* HuBG + VBG 

                =9000*1.25*0.173/1000* 3231 Kj/Nm3 +9000 = 15288.75038 Nm3/h  
 

Energy absorption by the heat ∆QHK 
 

∆QHK  =VAG * ta * (TFL – TAG) * Cpm 

Ta  = tk – tk-1 = 100ms 
 

∆QHK   = 15228 *100*(1072.204– 376) * 1.77 kj/m3K = 1880347003  kJ 
 
Excess air amount (wet) VAG 
 

This is the total volume of the gases after the hot gas generator. 
 
VAG  = (VBG* λ*0.173Nm3/1000Kj* HuBG + VBG)ngas + (VBG*   
  λ*0.173Nm3/1000Kj* HuBG + VBG)bfgas + Vrecirculation + Vfreshair + VN2 

 
λ=1,25 
(VBG)ngas = 70 Nm3/h 

(VBG)bfgas    = 9000 Nm3/h 

Vrecirculation = 62000 Nm3/h 
Vfreshair = 15000 Nm3/h 
VN2                  = 850 Nm3/h 
 
VAG  = (70* 1.25*0.173Nm3/1000Kj* 37442.161 kj/ Ncm + 70)ngas + (9000* 
λ*0.173Nm3/1000Kj* 3231.2141 kj/ Ncm + 9000)bfgas + 62000 + 15000 + 850 
 

VAG  = 93775,53109 Ncm/h 
 
Convertion from normcubicmeter to cubicmeter 

 V0(Ncm/h) p0 t0 t p V(cm/h) 
Recirculation 62000 100 273 358 100 81304.0293 
Erdgas 636.780707 100 273 2066.16368 100 2409.69445 
Gichtgas 15288.7504 100 273 1345.20379 100 37667.555 
Frische Luft 15000 100 273 288 100 15824.1758 
N2 850 100 273 278 100 865.567766 

 
 Vtotal 93775.53109 Ncm/h 
 
This result of excess air volume can be converted by special formulas in m3/h unit. 
 
V*p*T 0 = V0*p0*T 
V  = V0*p0*T/ p*T 0 
V AG   = (60000*358/273)recirculation + (636.78*2066/273)erdgas+   
  (15288.75*1345.35/273/2)gichtgas+ (15000*288.15/273/2)freshair+  
   (850*278/273)N2 

  =138071.0223 m3/h 
 
T0, p0, V0= Temperature, pressure and volume in 1 bar, 0 C. 
Since it is a closed isobar system, pressure does not affect the result. 
V in cubic meter per hour is found from this equation.  
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Then hot gas temperature is found out by the help of the volume values. 
On the other hand, these volumes can be found in the Datenbank program as cm/h 
form. Recirculation gas volume, the volume of the gases which are thrown away 
from fireplace, total gas volume with seal air in the bag filter, fresh air volume and 
nitrogen volume and their temperatures are given as it is seen also from the graph. 
Therefore, the volume of the natural gas and the blast furnace hot gas can be found 
out.  
 
These are the given values: 
Vtotal  = 142071 m3/h 
Vrecirculation = 81300 m3/h 
Vfreshair = 15824 m3/h 
VN2                  = 866 m3/h 
 
Vtotal – Vrecirculation+fireplace+N2+freshair+seal air = 142071 m3/h – (81300+15824+866+4000)  
Vblastfurnacegas+naturalgas+air = 40077 m3/h 
Tblastfurnacegas+naturalgas+air = (37668*1072+2410*1793)/(40077) 
        = 1115 oC 
 
Hot gas temperature 
 

All the necessary values to find out the hot gas temperature after the hot gas 
generator are known and the temperature calculation with these values are shown. 
 
PV = MRT  
 

with 
 
P   : pressure        [kPa] 
V   : volume       [m3/h] 
M    : mass        [kg/h] 
R  : gas constant       [Kj/kgK] 
T   : temperature        [K] 
           [16] 
 
TAG  = PV/mR 
TAG   = P AG * V  AG / ( E(P i V i /R i T i)* R AG) 
 

However, the gas constant does not differ and affect so much and pressure values are 
considered as the same for every component. Therefore, we can use directly the 
relation between temperature and volume. 
 
TAG   =  E (V i* T  i) / VTotal 

TAG  = (Vrecirculation * T recirculation + Verdgas * Terdgas+ Vgichtgas * Tgichtgas+  
  Vfreshair * T freshair +Vnitrogen * Tnitrogen) / V AG 
 

TAG  = (81304.0293 * 85 + 40077*1115 + 15824* 15 + 865.57 * 5)  
  / 138071 m3/h 
TAG  = 375.6096245 °C 
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Energy absorption by the heat ∆QHK 
 

After finding the hot gas temperature, energy absorption from these gases is found 
out. 
 

∆QHK   =VAG * ta * (TFL – TAG) * Cpm 
 
ta  = tk – tk-1 = 100ms 
∆QHK   = (637*100*(1793,1637– 376) * 1,66)ngas + (15288,75  
   *100*(1072,204– 376) * 1,77)bfgas  
  = 150235679.8 kJ + 1880347003 Kj 
  = 2030582683 kJ 
 
6.2. Dried coal amount during the Coal Mill process  
 
First of all, the hot gases reach to the coal mill. The mass, volume, specific heat 
value and the density of the hot gases should be analysed because they will be used 
in the estimation of the qualifications of the mixture with the seal air. In Table 6.7, 
Table 6.8 and Table 6.9, all these values are calculated. 

 
Table 6.7 Calculation of masses with PV=MRT formula [15] 

 
 V(m3/h) T K P (kPa) R(kJ/kgK) M(kg/h) 

Recirculation 81304.0293 358 100 0.2862 79352.2806 
Natural gas 2409.69445 2066.16368 100 0.296 394.008456 

Blast furnace gas 37667.555 1345.20379 100 0.299 9365.00814 
Fresh air 15824.1758 288 100 0.2872 19131.2865 

N2 865.567766 278 100 0.2969 1048.68748 

 138071.022  100 0.288 109291.271 
 

Table 6.8 Calculation of recirculation gas density 
 

 density (kg/Nm3) contents total density (kg/Nm3) 
Natural gas 1.214267774 0.017799 0.0216 

Blast Furnace gas 1.423535696 0,427352 0.60835 
Fresh air 1.2 0.531089 0.637307 

N2 1.2504 0.023759 0.02971 
   1.29698 

 
Table 6.9 Calculation of total gas density 

 
 density (kg/Nm3) contents total density (kg/Nm3) V(Nm3/h) m(kg/h) 

Recirculation 1.296979885 0.634 0.8224 62000 80413 
Natural gas 1.214267774 0.0065 0.0079 637 773 

BF gas 1.423535696 0.1564 0.22259 15289 21764 
Fresh air 1.2 0.194 0.2332 19000 22800 

N2 1.2504 0.00869 0.01087 850 1062,84 
  1 1.297 97776 126813 
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In Table 6.10, specific heat is calculated because then it will be needed to find out 
the mass of the coal. 
 

Table 6.10 Calculation of specific heat by the volume contents while the pressure 
changes in the mill 

 Cv [kj/kgK] Vi/V  
Recirculation 0.715087252 0.66115328  
Natural gas 0.727351064 0.00679048 0.01438474 

BF gas 0.709827941 0.1630356 0.38947062 
Fresh air 0.7171 0.15995644 0.56926278 

N2 0.7421 0.0090642 0.02688185 
 0.714879875 1 1 

 
Table 6.11 Qualifications of the excess gases from hot gas generator 
 

Gas from HGG   
Name Unit Value 
mg [kg/h] 121625 
Tg [°C] 376 
Tg [K] 649 
V [Nm3/h] 93775.53 

Cv [kj/kgK] 0.715 
d [kg/Nm3] 1.297 

 
In order to calculate the heat capacity of the mixture, the mass of the seal air should 
be found. The mass and other qualifications of the seal air are shown below in Table 
6.12. 
 

Table 6.12 Qualifications of the seal air 
 
 

 
Firstly, the seal air which is coming from outside and the excess gases from hot gas 
generator are mixed in a temperature in the coal grinding mill. As it is given in Table 
2.1 and 2.1, the mixing temperature (tmix) can be calculated from these values. 
 
Q  =m * Cv * ∆t 
 
with 
 
Q   : heat capacity       [kJ/h] 
M   : mass        [kg/h] 

Seal air   
Name Unit Value 
ms [kg/h] 4800 
ts [°C] 20 
ts [K] 293 
dv/dt [Nm3/h] 4000 
Cvs [kj/kgK]  0.7171 
ds [kg/m3] 1,2 
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Cv   : specific heat       [kj/kgK] 
∆t   : temperature difference     [K] 
  
Qg   =mg * Cvg* (tg –tmix) 
       �     Qg  = Qs 
Qs                          =ms * Cvs* (tmix –ts)  
. 
121625 kg/h * 0,7149 kj/kgh * (649 K- tmix)= 
4800 kg/h* 0,7171 kj/kgh*(tmix -293K) 
tmix   = 635 K = 362 °C 
           [15] 
Then, this mixture`s temperature will decrease to 635 K. 
The energy of seal air and hot gases from the mixing temperature to the mill outlet 
temperature should be found out. 
 
Qsg   = msg * Cvsg * (tmix –tmilloutlet) = Vsg * d * Cvsg * (tmix –tmilloutlet) 
            [16] 
Qsg   : heat capacity of seal air and hot gases   [kJ/h] 
msg   : mass  of the mixture     [kg/h] 
Cvsg   : specific heat of the mixture     [kj/kgK] 
∆t   : temperature difference between mill in and out  [K] 
 
msg   = mg + ms = 121625 +4800 =126425/h 
Cvsg  = (mg/ msg)* CVg+ (ms / msg)* CVs = 0,715 kj/kgK 
tmix   = 635 K 
tmilloutlet  = 363 K 
 
Qsg   = 126425 kg/h*0.715 kj/kgK*(376-362) 
Qsg   = 24592026 kJ/h 
 
Vaporization energy needed for drying: 
 
This vaporization energy needed for drying of the coal should be required from the 
energy given by seal air and hot gases mixtures. By this energy the mass of the coal 
that can be dried is given below. Vaporization enthalpy is given in a table in 
Appendix 1.  
 
Qvap   = mdry * (x in - xout) * hv  
 

with 
 
Qvap   :  heat capacity for the vaporization     [kJ/h] 
mdry   : dry product mass       [kg/h] 
xin   : first humidity   
xout  : last humidity 
hv   : vaporization enthalpy      [kJ/kg] 
[16] 
 
This vaporization energy should be required from the energy given by seal air and 
hot gases mixtures.  
 
Qvap       = Qgs = 24792154.53 kJ/h 
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Qvap   = mdry * (x in - xout) * hv  

24592026 kJ/h = mdry * (0.12-0.01) * 2538.1 kj/kg 
mdry   =88083 kg/h of coal can be dried  
   with assuming no heat loss in the mill. 
 
However, when the heat loss in the mill is considered as 10%, then dried coal mass 
will be measured as 79275 kg/h. 

          [16] 
 
Dew Point after the mill: 
 
After the coal drying mill, dew point is critical for water vapour because of 
condensing into water. Density, temperature, and other crucial characteristics can be 
affected from dew point temperature. 
 
Table 6.13 Suitable temperature deviation from table A-4 [15]  
 

Temperature 
[°C] 

Pressure 
[kPa] 

120 198.53 
100 101.35 
95 84.55 
90 70.14 
85 57.83 
80 47.39 

 
When the mill outlet temperature is 120 °C, 
Pg@120°C = 0.19853 MPa 
Pv  = x Pg@120°C 
 

Pv  : constant cooling process until the moisture in the air starts condensing 
Pg  : the vapor pressure 
Pv  = (0.47)( 0.19853) =0.0933 =93.3 kPa 
 
Tdp  = Tsat@9,33kPa = 95 °C 
 
When the mill outlet temperature is 90 °C, 
 
Pg@90°C = 70.14 kPa 
Pv  = x Pg@90°C 

Pv  = (0,47)( 70,14) =32.09 kPa 
 
Tdp  = Tsat@32.09 kPa = 70 °C 
 
Furthermore, the dew point after the bag filter is shown below. 
 
Pg@85°C = 57.83 kPa 
Pv  = x Pg@85°C 

Pv  = (0.47)( 57.83) =27.18 kPa 
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Tdp  = Tsat@27.183kPa =66 °C 
 
As a result, the dew point temperature decreases with the nitrogen injection because 
nitrogen is dry and water content will be lower with nitrogen in the gas mixture. 
 
 
 
6.3. O2 Concentration after the Bag Filter operation  
 
As one of the aims of introducing nitrogen into the system, oxygen amount will be 
reduced as the excess of oxygen can cause explosions. 
When the nitrogen is introduced to the system, the contents of the gases are given: 
 

Table 6.14 Oxygen percent when nitrogen is introduced in the system 
 
 m3/h 
Recirculation 81304.03 
Natural gas 2409.694 
Blast Furnace gas 37667.55 
Fresh air 19824.18 
N2 865 
Sum 142070.5 
Without Re. 60766.4252 

 

Volume 
contents 
without the 
recirculation 
gas 

Oxygen 
content 

Oxygen 
amount 

Total 
volume 
contents 

Oxygen 
content 

Oxygen 
amount 

Recirculation 0   0.5723 8.869 5.075658 
Natural gas 0.03966 4 0.15862 0.017 4 0.067845 
Blast Furnace gas 0.61987 3 1.85962 0.2651 3 0.795399 
Fresh air 0.32624 21 6.85095 0.1395 21 2.93029 

N2 0.01423 0 0 0.0061 0 0 
Sum 1  8.86919 1  %8.869193 
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Table 6.15 Oxygen percent in the old system without any change 
 
 m3/h 
Recirculation 81304.03 
Natural gas 2409.694 
Blast Furnace gas 37667.55 
Fresh air 19824.18 
N2 0 
Sum 141205.5 
Without Re 59901.4252 

 

Volume 
contents 
without the 
recirculation 
gas 

Oxygen 
content 

Oxygen 
amount 

Total 
volume 
contents 

Oxygen 
content 

Oxygen 
amount 

Recirculation 0   0.5758 8.997 5.180495 
Natural gas 0.04023 4 0.16091 0.0171 4 0.068261 
Blast Furnace gas 0.62883 3 1.88648 0.2668 3 0.800271 
Fresh air 0.33095 21 6.94988 0.1404 21 2.948241 

N2 0 0 0 0 0 0 
Sum 1  899727 0.4242  %8.997267 
 
 

As a result of these tables, the oxygen percent after the bag filter is decreased when 
nitrogen is introduced in the system. It lowers to 8,87% from 8,99% and it is safer. It 
should be noticed that after 12 % of oxygen in the system, the mill equipment should 
be immediately stopped because it is dangerous [12]. 
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7. PROCESS SIMULATION WITH LABVIEW PROGRAM 
 
Mathematical models for processes can be really helpful. They allow users to 
determine how efficient the process is, how efficient the process can be, what the 
effects and functions of different variables are, etc. This allows the user to 
understand and evaluate a process. 
 
This is the same with all preparation plant processes, including the pulverized coal 
injection process. The model should take into account all variables that can affect 
processes within the system. When the variables in the unit are changed, the other 
changes in different parts can also be seen. 
 
The simulation was done in “LabVIEW” program and the figures take place in 
Appendix 2. Furthermore, they include the same calculations which were explained 
before in “Calculations” section.  
 
The assumptions for this section are listed below. 

    1) The amount of fresh air, nitrogen and recirculation gases is considered as   
     constants because the values of them can not be found in Databank Tool.  
     They are written manually. 

2) Lambda is considered as 1,25 but it can be changed manually. 
3) The temperatures of the gases are also considered as constant but they can be 
taken also automatically.  
 
In addition to this, there are some variables: 

• Amount of blast furnace gas 
• Amount of natural gas 
• Amount of excess hot gas 
• Temperature of excess hot gas 
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8.  P&ID, PIPING AND INSTRUMENT DIAGRAM 
 
 Figure 8.1 and 8.2 show the piping connection and equipments in the system. 
 

Figure 8.1 Old system diagram 
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  Figure 8.2 New system diagram with the N2 injection 
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9.  PERFORMANCE CHANGE EVALUATION  
 
9.1. Differences between the old system and the new system  
  
In order to understand the performance changes, the calculations are made for the 
new and old system. In the table, the changes in the amount of gases are shown as an 
example. 
 

Table 9.1 The changes of the gas amounts between the old and the new system 
 

 Old system New system 
Blast furnace gas 6500 Nm3/h 7250 Nm3/h 

Nitrogen 0 850 Nm3/h 
Fresh air 5800 Nm3/h 6400 Nm3/h 

 
Old system: 
 
Blast Furnace excess gas amount  
 
VAG= VFG* λ*0,173Nm3/1000Kj* HuFG + VFG 

         =6500*1.25*0.173/1000* 3231.21407+6500 = 11041 Nm3/h  
 
Excess air amount (wet) VAG 

 
VAG= (VBG* λ*0.173Nm3/1000Kj* HuBG + VBG)ngas + (VBG* λ*0.173Nm3/1000Kj* 
HuBG + VBG)bfgas + Vrecirculation + Vfreshair  

 
λ=1,25 
(VBG)ngas      = 70 Nm3/h 

(VBG)bfgas      = 6500 
Vrecirculation    = 62000 Nm3/h 
Vfreshair           = 5800 Nm3/h 
 
VAG= (70* 1.25*0.173Nm3/1000Kj* 37442.16064 + 70)ngas + (6500* 
λ*0.173Nm3/1000Kj* 3231.21407+ 6500)bfgas + 62000 + 5800  
 

VAG= 79478.65598 Nm3/h 
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Convertion from normcubicmeter to cubicmeter 
 

Table 9.2 Total gas volume in cubic meter per hour 

Vtotal 79478.66 Ncm/h 
V  = V0*T/ T0 
V AG   =117036 cm/h 
 

Hot gas temperature 
TAG   =  E (V i* T  i) / VTotal 

 
TAG  = (Vrecirculation * T recirculation + Verdgas * Terdgas+ Vgichtgas * Tgichtgas+  
  Vfreshair * T freshair +Vnitrogen * Tnitrogen) / V AG 
 

TAG  = 346 °C 
 
Coal mass to be dried 
 
Qg   =mg * Cvg* (tg –tmix) 
       �     Qg  = Qs 
Qs                          =ms * Cvs* (tmix –ts)  
. 
103082 kg/h * 0.7149 kj/kgK * (619 K- tmix)= 
4800 kg/h* 0.7171 kj/kgK*(tmix -293K) 
tmix   = 605 K = 332°C 
 
mdry  = Vmix * dmix 

  = 83479 Nm3/h * 1,297 kg/ Nm3 = 107882 kg/h 
 
msg   = mg + ms = 103082 +4800 =107882 kg/h 
Cvsg  = (mg/ msg)* CVg+ (ms / msg)* CVs = 0.7150 kj/kgK 
tmix   = 605 K 
tmilloutlet  = 363 K 
 
Qsg   = 107882 kg/h*0.715 kj/kgK*(605-363) 
Qsg   = 18622470.6 kJ/h 
 
Vaporization energy needed for drying: 
Qvap       = Qgs = 18622470.6 kJ/h 
 
Qvap   = mdry * (x in - xout) * hv  

18622470.6 kJ/h = mdry * (0.12-0.01) * 2538.1 kj/kg 
mdry   = 66702 kg/h of coal can be dried. 
 
 
 

 V(Ncm/h) p0 t0 t (Kelvin) p V(cm/h) 

Recirculation 62000 100 273 358 100 81304.0293 

Frische Luft 5800 100 273 288 100 6118.68132 

N2 0 100 273 278 100 0 

Erdgas+Gichtgas 11678.656   1403.8683  29614.0397 
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New System with N2 Injection: 
 
VAG= VFG* λ*0.173Nm3/1000Kj* HuFG + VFG 

         =7250*1.25*0.173/1000* 3231.21407+7250 = 11041 Nm3/h  
 
Excess air amount (wet) VAG 

 
VAG= (VBG* λ*0.173Nm3/1000Kj* HuBG + VBG)ngas + (VBG* λ*0.173Nm3/1000Kj* 
HuBG + VBG)bfgas + Vrecirculation + Vfreshair  

 
λ=1.25 
(VBG)ngas      = 70 Nm3/h 

(VBG)bfgas      = 7250 
Vrecirculation    = 62000 Nm3/h 
Vfreshair           = 6400 Nm3/h 
 
VAG= (70* 1.25*0.173Nm3/1000Kj* 37442.16064 + 70)ngas + (7250* 
λ*0.173Nm3/1000Kj* 3231.21407+ 7250)bfgas + 62000 + 6400 
 

VAG= 82202,71852 Nm3/h 
 
Convertion from normcubicmeter to cubicmeter 
 

Table 9.3 Total gas volume in cubic meter per hour 

 Vtotal 82203 Ncm/h 
V  = V0*T/ T0 
V AG   =125674 cm/h 
 

Hot gas temperature 
TAG   =  E (V i* T  i) / VTotal 

 
TAG  = (Vrecirculation * T recirculation + Verdgas * Terdgas+ Vgichtgas * Tgichtgas+  
  Vfreshair * T freshair +Vnitrogen * Tnitrogen) / V AG 
 

TAG  = 361 °C 
 
Coal mass to be dried 
 
Qg   =mg * Cvg* (tg –tmix) 
       �     Qg  = Qs 
Qs                          =ms * Cvs* (tmix –ts)  
. 
106615 kg/h * 0.7149 kj/kgK * (634 K- tmix)= 
4800 kg/h* 0.7171 kj/kgK*(tmix -293K) 
tmix   = 619 K = 346 °C 

 V(Ncm/h) p0 t0 t (Kelvin) p V(cm/h) 

Recirculation 62000 100 273 358 100 81304.0293 
Frische Luft 6400 100 273 288 100 6751.64835 

N2 850 100 273 278 100 865.567766 
Erdgas+Gichtgas 12952,7185  273 1398.24605  32753.0026 
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msg   = mg + ms = 106615 +4800 = 111415 kg/h 
Cvsg  = (mg/ msg)* CVg+ (ms / msg)* CVs = 0.7150 kj/kgK 
tmix   = 619 K 
tmilloutlet  = 363 K 
 
Qsg   = 111415 kg/h*0.715 kj/kgK*(619-363) 
Qsg   = 20380835.51 kJ/h 
 
Vaporization energy needed for drying: 
Qvap       = Qgs = 20380835.51 kJ/h 
 
Qvap   = mdry * (x in - xout) * hv  

20380835.51 kJ/h = mdry * (0.12-0.01) * 2538.1 kj/kg 
mdry   = 73000 kg/h of coal can be dried. 
 
9.2. Drying Performance 
  
As the aim of the project is to increase the drying capacity of the coal grinding plant 
by recycling the nitrogen and additional gases, first of all drying performance should 
be checked. Everything will be calculated with maximum values to distinguish the 
performance before and now. 
 
When nitrogen is recycled, 850 Nm³/h will be injected in the system. In addition to 
this, the fan for the fresh air is changed. With this fan change, more amount of 
oxygen can be added to the system. The additional fresh air amount is 400 Nm³/h. 
There is also an increase of the combustion air and as well as the blast furnace gass. 
As a consequence, the additional gas for the drying is about 1345 Nm³/h.  

 
If this additional gas was not added, we need to take away the nitrogen amount and 
need to decrease the fresh air amount. The excess gas temperature and the amount of 
coal that is dried are calculated again in Ms. Excel. The temperature of the gases 
after the hot gas generator would decrease to 346 °C from 361 °C and the drying 
capacity will diminish from 74150 kg/h to 68000 kg/h. As a result, the difference of 
the performance is 6150 kg/h and this means 9 % raise in the drying capacity can be 
reached by adding these gases.  

 
9.3. Mill Performance 
  
In order to change the drying capacity, the performance of mill should be changed. 
The mill performance works with an engine that has 560 KW power. When the 
capacity becomes 74t/h, the engine should have 630 KW power. This power increase 
of the mill engine is around 10%. 
 
9.4. Heating Capacity of the Hot Gas Generator 
 
As it is calculated with the values from the table, the maximum temperature of the 
hot gases after the hot gas generator is 361 °C. Without the changes in the system, 
the maximum temperature is 346 °C and the difference is 15 °C. The amount of the 
gases increase 2400 Nm3/h and it equals 6% performance raise. 
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9.5. Powder Coal and Raw Coal Transport 
 
Powder coal amount will be 75t/h after using more gases and drying more coal in the 
system. This equals to 10% performance increase in both raw and powder coal. The 
transport of both powder coal and raw coal should be controlled related to the 
performance raise. 
  
 
9.6. Quality Effects 
 
Better quality substances that are used in the mill also result in more production. 
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10. CONCLUSIONS 
 
 As the idea of the master thesis project, nitrogen will be used from the pressure 
relief of the injection hoppers for increase the drying capacity of the coal grinding 
plant by increasing also the fresh air and outlet volume flow. According to the 
calculations part, the capacity of the dried coal amount will increase around 9t/h in 
the direction of the idea. In order to implement the project into the system, some 
equipment should be obtained and some engineering and implementation work 
should be done.   
 
10.1. Cost Estimation 
 
Additional Equipments: 
 
For nitrogen recycling: 
 
Nitrogen vessel 100 m3 (revamping Vessel, foundation)    
Piping          
           
Valves and accessories (Shut Off-, Relief-, Control Valves)   
Measurements (flow, temperature, pressure)     
Heating (nitrogen)         
Automation (hard- and software)       
Engineering (foundation, piping, valves, control loops, drawings)  
Erection (incl. Cranes, transport nitrogen vessel)     
Commissioning         
 
For reinforcement of the grinding mill: 
 
New engine grinding mill (560 kW –> 630 kW)     
Reinforcement gearbox grinding mill       
Engineering (grinding mill and gearbox)      
Erection (incl. Cranes, transport nitrogen vessel)     
Commissioning         
 
For the performance increase of the fresh air fan: 
 
New checker valve         
Frequency converter        
Modification fresh air van (van and silencer)     
Automation (hard- and software)       
Engineering (fan, valve, piping, control loop, drawings)    
Erection (incl. Cranes, transport nitrogen vessel)     
Commissioning         
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For dew point control loop: 
 
Measurement (redundant)        
Automation (hard- and software)       
Engineering           
Erection (incl. Cranes, transport nitrogen vessel)     
Commissioning         
 
 
The total expenditure will be around 500.000 €. Then if production level is higher 
than 272 kt HM/ month, pay back time will be in 6 months. 
 
 
10.2. Energy consumption 
 
The power of the mill engine will be 630 kW and this means 70 kW increase in the 
energy consumption will take place in the mill performance. Also a checker valve 
with more capacity will be set up for the fresh air injection. The other energy 
consumption in other equipments will not be changed. 
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APPENDIX 1  
 
In order to find out the excess gas temperature in Part “6 Calculations”, the updated 
values from Databank system are essential. The values from 10.03.2010 are used in 
the calculations because at this time nitrogen is introduced to the system for a test. 
As all the values are described in German language in the system, descriptions in 
English are shown according to their codes: 
 
  1_FIR527211: Air flow in the mill 
  2_FIR527210: Recirculation air flow 
  3_FIR527209: Fireplace air flow 
  4_FIR527165: N2 flow  
  5_FIR527170: Natural gas amount start burner 
  6_FIR527172: Blast Furnace gas amount main burner 
  7_TIR527204: Temperature before the mill 
  8_TIR527228: Temperature Bag Filter Exit   

 
Figure 6.1 Values and graphic from Databank when nitrogen is introduced for an 

hour 
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Another table which is necessary is the saturated water temperature table for dew-
point calculation 
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APPENDIX 2 Values from Databank without the N2 injection are used in LabView 
       Program 

 

Date 
Natural 

gas 
Blast 

furnace gas 
Recirculation 

gas N2 
Temperature after 

the bag filter 
Gas amount 
in the mill 

Temperature 
after the mill  

07.03. 22:00 71,72 8448 89698 0 89,33 148290 94,83 
07.03. 22:05 71,91 8490 87655 0 89,09 147903 95,01 
07.03. 22:10 71,83 8497 87594 0 89,07 147422 95,81 
07.03. 22:15 69,64 8386 86524 0 89,43 146242 96,16 
07.03. 22:20 68,25 8635 87462 0 89,45 147241 94,67 
07.03. 22:25 69,1 8638 87156 0 89,42 146404 95,55 
07.03. 22:30 69,79 8742 87408 0 89,4 148515 94,78 
07.03. 22:35 71,1 8871 86798 0 89,14 147112 95,2 
07.03. 22:40 71,23 8727 87812 0 89,21 148009 95,71 
07.03. 22:45 70,61 8644 88324 0 89,29 147248 96,24 
07.03. 22:50 64,44 8271 89522 0 90,12 148400 97,94 
07.03. 22:55 60,72 7978 89382 0 90,71 147601 97,29 
07.03. 23:00 58,7 7268 88441 0 90,82 145553 96,09 
07.03. 23:05 60,94 7198 88568 0 90,22 145878 94,21 
07.03. 23:10 64,75 7828 85889 0 89,38 143958 92,9 
07.03. 23:15 66,8 7939 84906 0 88,46 144387 92,8 
07.03. 23:20 66,38 7830 85123 0 88,25 143744 94,83 
07.03. 23:25 65,56 7887 84715 0 88,68 145924 95,07 
07.03. 23:30 64,54 7770 84994 0 88,97 144707 96,46 
07.03. 23:35 62,57 7582 84636 0 89,6 144219 97,15 
07.03. 23:40 62,82 7633 85326 0 89,91 144418 95,76 
07.03. 23:45 62,02 7555 85263 0 89,91 143418 96,64 
07.03. 23:50 60,41 7623 85393 0 90,33 144885 96,32 
07.03. 23:55 60,37 7746 84859 0 90,19 144029 95,79 
08.03. 00:00 59,18 7752 84816 0 89,94 144797 95,65 
08.03. 00:05 58,27 7766 86222 0 89,76 144279 96 
08.03. 00:10 56,36 7505 86552 0 89,96 143631 96,15 
08.03. 00:15 59,92 7839 86039 0 89,66 144613 93,15 
08.03. 00:20 62,86 8222 83980 0 88,91 143321 93,53 
08.03. 00:25 63,05 8408 84088 0 88,39 145185 93,7 
08.03. 00:30 64,61 8531 85051 0 88,23 145803 93,95 
08.03. 00:35 66,43 8440 84638 0 88,25 144266 95,28 
08.03. 00:40 66,16 8332 84765 0 88,78 143709 95,85 
08.03. 00:45 66,87 8368 84020 0 89,1 143530 95,53 
08.03. 00:50 66,81 8434 83761 0 89,2 145688 94,98 
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Figure 7.1 Datas are taken from wind2 sheet which is created from Databank Tool 

and extracted to LabView program 
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Figure 7.2 Hot top gas and natural gas temperature and amount are calculated with 

the datas in “Ausgabe array” form. 

 
Figure 7.3 Addition of nitrogen, fresh air and recirculation gas amounts and total 
amount of the gases while entering to the mill 
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Figure 7.4 The temperature of the gases after hot gas generator 

 

 
Figure 7.5 Dried pulverized coal amount calculation in the mill 
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Figure 7.6 Visual sections which show the results 
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