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1. Executive Summary

Rerick Tnc. has been retained by Brouse McDowell to provide technical and expert
assistance on the following specific points:

1. Are the Carbon and Hydrocarbon Carriers, used in the blast furnace
process, fucls or chemical raw materials from a scientific and technological
point of view?

From the seminal work “Summary Evaluation and Assessment of Carbon and Hydrocarbon
Raw Materials for Tron Ore Reduction”, by Rudolf Jeschar and Gerritt Dombrowski,
Institute of Energy Process Engineering and Fuel Technology, Clausthal-Zellerfeld,
Germany, and prese:nted at the International Congress on the Science and technology of
Ironmaking, held in Toronto Canada in May 1998 we find the following conclusions,
quoted directly:

« The carbon and hydrocarbon carriers used for the reduction of iron ore cannot be
clagsified as fuels as they cannot be replaced by another perhaps chemically
inert energy carrier or other non-physical energy source

« These materials should therefore be classed as chemical raw materials as their
components are involved in the chemical reactions of the iron ore reduction

The justification for these conclusions is derived from a complete thermodynamic analysis
of the blast furnace process, supported by actual data from an operating blast furnace. The
energy balance data showed that 70% of the energy supplied by the coke and hydrocarbon
carriers is converted into energy that is chemlcally bonded to the hot metal, 13% equated to
the-heating value of the top gas which is inevitably produced in this process, 14% converts
into the measureable heat of the hot metal and slag, and only about 3% is lost through the
furnace walls and measureable heat of the top gas. Furthet, it is clearly shown on the basis
of process interactions that the energy supplied by the coke and hydrocarbon carriets cannot

. be replaced by any other known inert eneigy carrier or other non physical energy source,
because the coke and hydrocarbon carriers are direct and active participants in the chemical

" reactions. No other energy form has the ability to replace both the physical and chemical
functions of the coke and hydrocarbon carriers. If this were not so, and the coke and
hydrocarbon carriers were not active participants and could be equivalently replaced by
another energy form, a totally different conclusion would have resulted.

There atre a number of additional conclusions which, while very -important for those
invalved in the process technology, are not so relevant to the simple point of the
assignment. The complete original paper is shown in Appendix II of this report.

2. Provide an analysis of the accuracy and relevance of the technical points
raised in the “Cadence” discussion, Federal Register, Vol. 50, No. 230., pgs
49171 - 49174 '



The “Cadence” discussion as shown in the Federal Register, Vol. 50, No. 230, pages
49171-49174 is unfortunately too simplistic and quite incomplete by today’s
understandings. The central focus on the blast furnace process as a combustion” process,
not unlike a boiler in a power generating plant, where fuels are “burned” to release their
. “heat energy”, accepted by everyone including blast furnace operators in former times, has
been found to be fundamentally wrong. 'The work of Jeschar and Dombrowski, other blast
furnace scientists and techmicians, and a world of blast furnace operators have clearly
demonstrated that the blast furnace process is a chemical process, not constrained by the
limjtations inherent in the “combustion™ theory. As a specific example of the technical
difference between the two methodologies we can cite the use and expansion of
hydrocarbon injection. If one accepts the “combustion” methodology, then it follows that
the maximum hydrocarbon quantity that could be efficiently injected would be that quantity
which could react within the “combustion zone”, the blast furnace raceway, and that coke
would remain the principal reductant in the blast furnace input. Some operators accepied
this limitation during the 1970°s, and constructed facilities accordingly. Other operators,
particularly in western Europe and China did not feel so constrained, and they pushed the
technology until today it is not unusual to see actual blast furnace data with the quantity of
hydrocarbon carrier injection greater than the quantity of coke consumed per ton. This is
because the chemical reactions inside the biast furnace are not limited to the 2% of blast
furnace volume encompassed by the raceways, but rather includes the remaining 98% of
volume as well. More than 50%, and up to 60% of the injected hydrocarbon carriers are
found to actually react outside the raceway zone. The conclusions drawn from the incorrect
process analysis and characterization led to very expensive recomstruction and new
construction costs for those who previously adhered to the false doetrine.

Likewise the adherence to the “combustion” doctrine, as in the “Cadence” discussion,
methodology and its focus on carbon as the principal reductant, totally missed the
extremely powerful role of hydrogen, an important part of the injected hydrocarbon energy
carriers. Hydrogen is a better reducing agent than carbon monoxide; so good, in fact, that
nearly all injectable hydrocarbon energy carriers have a replacement ratio of greater than 1
unit of coke replaced per unit of hydrocarbon injected. Hydrogen also has significant
“aerodynamic advantages inside the blast furnace where reducing gas flow and contact with
the material to be reduced is the absolute key to modern blast furnace efficiency. In fact, as
Jeschar and Dombrowski point out, the expanded use of hydrogen-containing hydrocarbon

energy carriers leads inevitably and directly to a reduction in the generation of so-called
* greenhouse gas CO», a point that the “combustion” adherents fail to recognize.

The “combustion” characterization, and its use of terms like, “fuel”, “burning”, “burning
for energy recovery”, “concentration on calorific heating value”, and so on are as
anachronistic as the term “woods” for certain golf clabs which actually have not been made
of wood since the 1930’s. Yet the terms persist, and in the case in point, lead directly to
incomplete and/or maccurate analysis and assessment because the underlying science was
incorrect. '

There also is presented in the “Cadence” discussion in the Register an energy balance,
again based upon the old characterization, which is submitted to buttress the “combustion”



aspects of the regulator’s view of the blast furnace and the Cadence product. The much
more precise and more scientifically appropriate thermodynamic calculations of Jeschar and
Dombrowski contrast sharply with the previous approach, and clearly demonstrate that the
blast furnace process is not a “combustion” process, but is rather a chemical process. It
would be better for everyone if the old terms could be abolished, but that is very difficult.

The best that we can do is to not allow future declsmns and analysis to be governed by the
old, discredited science.

There also is 8 contention, by Cadence, in the document that there are beneficial effects for
. the blast furnace to the presence of chlorme in their product. In fact, there are zero
beneficial effects of chlorine. :



2. The Assignment

Rorick Ine. has been retained by Brouse McDowell to provide technical and expert -
assistance on the following specific points:

1. Are the Carbon and Hydrocarbon Carriers, used in the blast furnace process,
fizels or chemical raw materials from a scientific and technological point of
view? _

2. Provide an analysis of the accuracy and relevance of the technical points raised

in the “Cadence” discussion, Federal Register, Vol. 50, No. 230., pgs 49171 -
49174 ‘

3. General Blast Furnace Operation and Key Principles

Before beginning the analysis of the points in question, it is necessary to have some
understanding of how the blast furnace works, Unfortunately, that can be a very
substantial task. The following explanation is intended to develop that understanding
without too great a technical development. A more substantial explanation is attached to
this Report as Appendix IIL. For those inclined to have an even more complete
understanding, the following references are recommended:

1. “The Making, Shaping, and Treating of Steel”, published in several editions by

the Association of Iron and Stecl Engineers, and its current organization the
" Association for Iron and Steel Technology

2. “Blast Furnace Theory and Practice”, by Strassburger et al, published for
American Institute of Mining, Metallurgical, and Petroleum Engineers Inc., by
Gordon and Breach Publishers

3. Course material from the “McMaster Intensive Course in Tronmaking”, given
biannually by The McMaster University, Hamilton, Ontario, CANADA

4. “Modern Blast Furnace Tronmaking — an introduction™, by Geerdes et al,
published by The German Iron and Steel Institute in 2004.

The Blast Furnace Facility

The blast furnace is a very large complex, perhaps one square mile in size, and costing

about $1 Billion to construct. The purpose of the entire facility is to receive and convert
iron ore and other raw materials into moiten iron, an essential ingredient in the manufacture

of steel. The following photograph shows only cne part of the complex, and the relative

size can be appreciated considering the size of the full-size pickup truck indicated by the

yellow arrow,



Figare 1: Photograph Of'-modém_ blast farnace

The Blast Furnace Proper

Lotated within the complex is the blast furnace itself, which s visualized inf Figiire 2.

Figurs 2: TheZones in'a Blast Furnace; Source—“Modern Blast Furnace Ironmaking” by Geerdes etal



The blast furnace is a very large reactor, about 45 feet in diamecter and 100 feet high,
designed to process iron ore into liquid iron, using metallurgical coke and other hydrogen
and carbon bearing materials to provide the chemical reagents and the heat needed for the
processing. The furnace is a closed system, thus containing all of the reactions, hot and
dangerous gases, and liquids inside.

Tron ore and coke are put into, or charged, at the top of the furnace, in very particular and
organized ways, forming a packed bed which moves downwards by gravity, as void space
is created in the lower parts of the firnace. The process starts with hot biast, i.e. prebeated
air and sometimes enriching oxygen, forced through the tuyeres, a very special type of
nozzle, which partially gasifies the coke and injected hydrocarbon. The term “partial” is
very important because, while it was once believed that all of the carbon and hydrocarbons
were consumed in the relatively small raceway directly in front of the tuyere, it is nowadays
known that a considerable portion, particularly of the injected hydrocarbons, is actually
consumed elsewhere in the furnace. The hot reducing gas is forced upwards by high
pressure through the void spaces in the packed bed, and exits at the furnace top. The
counter-current flow, that is solids and liquids downward and hot gases upward, is the key
factor in how the blast furnace process actually works.

The hottest part of the furnace is near the bottom, where the hot blast enters at nearly 2250
C { 4000° F ). The gases gradually transfer their heat-to the descending sclids, leaving the
furnace top at about 175° C ( 300° F ). The solids meanwhile enter the furnace top at
ambient temperature, gradually increase in temperature as they descend, ultimately soften,
and finally melt forming liquid iron and slag, which both drain into the hearth. The iron ore
charged at the furnace top is initially a complex mixture of iron and oxygen. As the
materials descend inside the furnace, temperature increases, and the oxygen molecules are
being stripped off by the ascending gases, creating essentially pure iron and slag. All of -
these reactions are quite complex, and are explained more fully in the other references. It is
a fundamental point to understanding the blast furnace process to recognize that the hot
reducing gases perform chemical work all through the vertical height of the blast furnace.
- In the racéway region, the gases actually provide the heat energy to liquefy the iron and
slag. As the gases rise, and cool, the temperature is no lenger sufficient to liquefy, and a
somewhat plastic zone occurs, wherein the last of the chemically bound oxygen in the iron
ore is removed, which incidentally also generates additional quantities of reducing gas.
Above the plastic zone, the reducing gases still rise and they serve to strip the oxygen from
the iron ore, and other materials, and preheat those matetials. These reactions and their
effects are depicted in the stylized view of the blast furnace, in Figurg 3 on the following

page.

The only reason to have and operate a blast firnace and that is to chemically sepatate the
iron and oxygen in the iron ore. If we attempted to produce iron just by heating the ore,
without the reducing gases, the result would just be hot pieces of iron ore. If we heated it
" much further, past the point of melting, the result would be hot liquid iron oxide. Neither
hot rocks nor hot liguid iron oxide are suitable to produce steel. To produce steel we must
chemically separate the oxygen from the iron.
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Figure 3: Stytized View of Blast Furnace Process; Source — Modern Blast Furnace Ironmaking” by Geerdes gt
al s :

. Are the Coke and Hyrdrocarbon Carriers Used in the Blast Furnace Fuels or
Chemical Reductants, from a Scientific and Technological Point of View

At first glatice, this seetnis to be 4 vety simple problem to resolve. ‘One gotild go to any of
the hundreds of blast furnace texts from the mid-1800°s through the late' 1960°s and find
numeérous references to the speclﬁcatxon of ¢oke as a fuel. Therefore, it would séern to be
pre-established that-this must be so, since the experts at the time viewed it in that way.

H1story, and the beneﬁts of blast ﬁlmace research and development, mcludmg speclﬁcally

semmal research and development w;th regard to "thc final determination whether coke and
hydrocarbon cartiers ate chemical raw material ot filel was undertaken by Rudolf Jeschar
and Gerritt Dombrowski, of the Institute of Energy Process Engmeermg and Fyel
Techriology located in ‘Clausthal-Zellerfeld, Germany. Their work was prompted by a
Eutopean Union proposal in the mid1990’s'to tax fuels. Blast furnace technology by this
time had begun to clearly show that the coke and hydrocarbon carriers should more
acourately be characterized as chemical raw materials, but fio single work had clearly and.
fully documented that conclusion. In April 1998 Jeschar and Dombrowski presented their



findings af the International Congress on the Science and Technology of Tronmaking held in
Toronto, Canada, in conjunction with the Irom and Steel Society annumal congress.
Subsequently their paper was formally presented fo the EU governing body, and it was
accepted that the coke and hydrocarbon carriers were in fact chemical raw materials and not
fuels, by the EU governing body and Industry. 1 will not attempt to replicate the complete
paper and conclusions of Jeschar and Dombrowski in totality, but will try {o summarize in
the following paragraphs the key elements of their work. By necessity, T will borrow
heavily from their work in the remainder of this paper, and offer this citation for my use of
their words and work,

The first step in the analysis was the specification of the technical aspects of the blast
furnace process, in some detail, and which would form the basis for their calculations.
They began with 3 standard charts explaining the process, as shown in Figure 4.
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Figore 4: D1agram of the Individual Reactions (a), of the Medlan Temperature curve of Gas and Sofid Matter
(b) and of the Inner State of the Blast Furnace (c)

These diagrams are not unigue to Je,schar and Dombrowski, but are widély used in the
ironmaking industry. One key observation is the magnitude of the chemical work done in
the upper furnace versus the raceway zone.

Next they moved to a recounting of the various reaction formulae which explain the various
chemical reactions inside the blast fumace These are standard, and fully accepted items,
and are not recounted here.

The next step was 1o evaluate the blast furnace process by determining the amount of
reducing agents required, the necessary blast volume, and the chemical gas utilization and
temperature of the top gas, which is produced as an inevitable by product of the process.
The key to that analysis was the division of the furnace into three zones, and the nse of
mass and energy balances, such that the amount of carbon which is gasified in front of the
tuyeres, Cy, and the amount of carbon converted by the Boudouard reaction within the
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burden material, Cpg, coﬁld be determined. The balance is shown in Figure 5. From this
one can clearly see that the distribution between those two velues depends upon the
processes in the lower furnace, Although they did not present the actual calculation, they

did reaffirm that the methodology for hydrogen would be identical. This is in agreement
with actual practical experience.

Burden : . Topgas
Coke ¢ .
- Cpe  TED QM COTO; N,
..... - A A o4 A

Gasification ‘2"
‘Zone '
T A

: Ckrcutar Zana _ _
B - Hotmetal Skg - ¥ i O
Figure 5: Total Balance of the Blast Purnace; Soﬁce, I eéchar and ]jomf)rowéki
Next, they created a caleulation of four separate cases, varying the percentage of Fe;Os, one
specific form of iron ore, in the input burden, and compared their results with an actual

operating blast furnace. Those results are shown in Figure 6. Case 1 was selected for their
benchmark, and the energy balance for that case is shown in Figure 7.
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Casg i 'Case'-z'”;‘?_'g:a‘sé 3‘:.' ¢

*Tnm(900°0) - ST 031 031 038

{1
2. Fe,0, -ontent of the iron ore burdenin % | 100 91,16 97,50
3, M40 0 S8 (1N - . -
4. m ;. - - -
5. Imjected volume ‘ - - -
6. Substitation ratio . - - - _ ‘
7. m, (withont C,) in Kgft hot metal 705 327,05 330,84 35745
8. 10, (with C,p) in ke/t hot metal 374 374 387 14057
9 mﬂ_o(wnhoutc ) in kg/t hot metal 372 372 387 4017
|10, m,, (with C,,) inkg/t hot metal : 426 426 441 . 461
11. c TCoin 065804 0,65804 065525 06835
12. Blast volume in m?® (i) / { hot metal 957,88 957,88 987,05 10349
i3. OqcomtentinVol-% o100 2100 200 22,10
- top gus analysis L . B »
li4 cowvel-% . S 1835 1959 21,06
115. €o,inVol-% o ] 236 2512 262
116. N, in Vol+% . oy sspec 5526 53,78,
: :‘1,7; Hzm Voi To o R T 1-54 .
118, n, Gttumacerop) - [7j 090 "0’562' 0542 0329
- _'19-..%;;.{.,‘ mecs A2398 2577
Teoke analysis; U, = 99700 kllkg c 87, 8% T
1 wwihout wall heat }osqes of tie upper pait of the blast':.__ 5
wn};out(‘irylrlw‘ '

Figure 6: Comparison of Various Computed Cases with Operational Measurements; Source — Jeschar and
Dombrowski

12



in Gl thotmetal = b of e
S e “the enthialpiesin . |

Figure 7 Total Balance of :me-Fmacc:fSoumg. —Jeschar and Dombrowski

Note: Enthalpy i is a thermodynainic term for the total energy of a thermodyndmic system, It
includes the internal energy, which is the energy required fo create the system, and the-amount-
of énergy tequired to make room for the system by displacing its environiment and establishing
its:volume and pressure.

Now to perhaps the most important-point of the entire paper. The:caloulations clearly show
that nearly 70% of the ehergy supphed by the coke is converted into energy that chemically
bonded in the hot metal, 13% equates to the heating value of the top gas which is inevitably
prodiiged i it this process, 14% converts into the measirable hieat of the slag and hot metal, and.
only about 3% is lost, through heat loss of'the furnace walls or through the measurable heat of
the top gas: Similar fesalts were obtained if ¢oke replacement miaterials wers injected via the

tuyeres. One interesting point was developed, and which. alse has been borne out by practical
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“operating experience since 1998. That is that the modern blast furnace is operating at near the
theoretical optimum in terms of process technology, and that future decreases in the total
amount of reduction material required are highly unlikely. Moving back to the 70% figure, we
find that also is generally supported by our own individual experiences. Many of the chemical
elements in our universe exist not in a pure form but rather as oxides. Typical examples would
be capper, lead, tin, silicon, as well as iron. The only way to convert the oxide into the base
element is the applichtion of sufficient energy chemically bonded to the element. We see this |
in copper and lead smelters, for example. Left to their own devices with sufficient time and
exposure to oxygen these elements inevitably return to their more stable oxide state. Here we
can think of the greenish blue patina of aged copper, or the rusted form of steel discarded and
exposed to the elements. In our personal lives we have seen this specifically in automobile
desigh when, after high visibility for corrosion degradation of cars in the 1970%s, the
automakers moved to corrosion resistant alloys to retard corrosion, and even plastics and
fiberglass where the corrosion could be avoided entirely. In short, the pure iron that is
generated in the blast furnace step of the steelmaking process can exist in its pure form only so
long as it contains a very large quantity of chemically bonded energy, sufficient to overcome
the forces of oxidation inevitably working to return the iron to its original and more stable |
oxide form. '

Now Jeschar and Dombrowski could move to answer the question of Fuel or Chemical
Material. As an aide in that analysis they created a matrix, shown in Figure 8, and four
example processes as illustrations, w]:uch are shown i in Figure 9.

'Energy R
haugshold ﬁrlng. process and powar .
station firing, drying and heatmg pracess.

Figure 8: Analysis Matrix for the Use of Carbon and Hyﬁrocarbon Raw Materials: Source — Jeschar and
Dombrowski:

A critical factor in the determination of whether a particular item should be characterized as a
Fuel or Chemical Raw Material is whether or not the energy actually used in the process is
interchangeable with other forms of energy. Case 1a of Figure 9 represents a process typical
for a reheating furnace. In this specific case it makes no difference whether the energy source
is fossil fuel combustion, electricity, or any other option, The process works in exactly the
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same way. No chemical reactions occur with the material A, and the criteria for evaluating the
energy carrier are 100% based upon encrgetical considerations. In case 1b, an example of
which would be a lime kiln, even though there is a dissociation of material AB into its
constituent parts, the evaluation of the energy carrier is again based solely upon energetical
considerations.

‘Caseta . ... . . CasePa _ Bording §fCh
g .. Hodling only

Component i product
LA A g T
Casedti - T Casesh
- 'Dissdciatian:by_heg!ing . .
AB— ' . AB»
e - . GD
fuelise " - chemical use

Figure 8: Example Process: Source — Jeschar and Dombrowski

Cases la and 1b, on the left, are in sharp contrast with the two cases to the right. Case 2a,
representing examples from’ the petrochemical industry, illustrates a process where a
component of the encrgy carrier is bonded to the progess product of the energy cartier, and
Case 2b, which actually represents an iron ote reduction process, where a component of the
energy cartier is bonded to the exhaust gas of the energy carrier. In both cases the energy
carrier not only supplies the energy for the processes which are assumed to be endothermic,
but it is also physically involved in the reactions. Substituting another energy cartier for the
one actually is use wilt only work if the new carrier can perform the identical energetical and
physical fanctions. T all of this we can form a strong contrast between such processes and
typical combustion processes, such as powet plants, etc. which represent a putcly energetical
utitization of energy. :

In summary, Jeschar and Dombrowski concluded, among other things, that
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1. The carbon and hydrocarbon carriers used for the reduction of iron ore cannot be
classified as fuels as they cannot be replaced by any other, perhaps chemically inert,
carrier or any other non-physical energy source.

2. These materials should therefore be classified as chemical raw materials as their
components are directly involved in the chemical reactions of iron ore reduction

5. Comments on the “Cadence” Discussion

As [ understand it, the “Cadence” discussion, Federal Register, Vol. 50, No., 230, pages 49171-
49174 pertains to a certain chemical product which was used in blast furnaces, but came under
regulatery scrutiny. Certain parties, including the provider of the material among others,
requested to be excluded from certain specific rules and regulations. My comments to follow
relate only to technical matters as they relate to the blast furnace process, and T take no position
on legal determinations pertaining to whether or not this particular product should or should not
be excluded from the rules and regulations as specified.

My first impression, and actually an over-riding observation, is that both the regulators and the
Cadence representatives have a specific and unfortunately incorrect view of how the blast
furnace process actually operates. In their language and by their arguments they focus on a
combustion process, while we know from the previous section of this report that the blast
furnace is actually a chemical process. The improper focus held by these individuals is not a
total surprise, as 1 have previously stated that, in earlier times, even the blast furnace operators
and technicians held the same views. In just the first 4 paragraphs of the document there are 6
separate references to “burning”, plus specific references to heat energy, heating value,
incidental energy. IHowever, there are zero references to chemical energy, or even total energy,
which would be much more relevant. Even when the discussion seems poised to move to a
more thorough process understanding, as in the last paragraph on page 49172 where we see
activity “outside the combustion zone™ is specifically noted, the writer returns within two
sentences to boiler discussion. By focusing on a “combustion technology,” any analyst
becomes limited to the reactions of the raceway, less than 2% of the furnace volume, when we
know from the visualization of Figure 4a that the vast majority of the actual work performed in
the furnace is accomplished in the remaining 98%. What actually happens when one adopts the
. “combustion” orientation as a precondition is that there are limits imposed on the
understanding that one can develop of the process, sometimes with very powerfiil
consequences, as [ will explain later.

Now is a good time to discuss the use of the term “fuel” which appears throughout the report.
In golf the term “woods” refers even today to certain specific ¢lubs none of which have actually
been made of wood since the 1930°s. Likewise the term *“fuel” as it relates to the blast furnace
process is an anachronism. H comes from those earlier times when everyone believed that the
blast furnace was a combustion process, similar to & boiler at a power generation plant, and
spawned the whole litany of terms like “burned for energy recovery” which we now know are
insufficient and inaccurate. Unfortunately, there are recurring examples of such thinking, such
as the EU proposal on taxing fuels and including blast furnace reductants, which prompted
Jeschar and Dombrowski’s work cited earlier. It would be better if the terms “fuel” and
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“burning” would never be used with regards to the blast furnace process, but, as we all know,
old habits die hard.

Also, on page 49171, we find a discussion of chlorine, and an argument by Cadence that
chlorine has a beneficial effect upon blast furnace operations. In fact, there is no beneficial
effect of chlorine. Chlorine and chlorides existing inside the blast furnace attack and destroy
the refractory lining which protects the furnace steel shell, which in turn contains the gases,
heat, liquid metal and slag, and pressure which would be a danger to the workers and the
environment if unconstrained. Once the chlorine and chlorides leave the blast furnace with the
exhaust gas they combine with water in the gas cleaning system to form hydrochloric acid,
which then attacks the unlined steel structures which form that system. As a result, blast
furnace operators world-wide strictly limit the amount of chlorine which is permitted in the raw
material input to the furnace. When greater than acceptable amounts of chlorine are
unavoidable, for example naturally oceurring in the iron ore source, the blast furnace engineers
must either redesign their unlined steel structures using acid resistant steels, which are very
limited in availability and very high in cost, or they must rely on epoxy resin coatings for the
unlined steel surfaces, which then places stringent and permanent restrictions upon the-
temperatures to which the operator can allow the exhaust gas stream to be subjected.

On page 49172, there is a brief ( probably by limitations of space) and incomplete explanation
‘of the blast furnace process, even by 1985 standards. For example, the discussion on reducing
coke rates is disappointingly simplistic. It is true that coke was becoming scarcer and more
expensive at that time, and that is true to this day. Without regard only to that, however, blast
furnace operatots are always looking for more economically viable methods to control their
costs of chemical raw materials through utilization of less expenswe hydrocarbon carriers.
These efforts range from powdered coal, to tars, oils both virgin and recycled, coke oven gas,
and to even such seemingly exireme examples as animal wastes from a meat processing plant
in Germany and waste plastics in Austria. Each particular type of hydrocarbon carrier is
evaluated upon its ability to perform the chemical and physical work of the coke it replaces,
and its specific and different efficiency. ‘

This brings us to a fundamental gap in the report. There is a clear focus, drawn from the
“combustion” thinking, which places carbon at the heart of the blast furnace process, almost to
the exclusion of other elements. On page 49172, it is noted that “coke is both the primary fuel
and the primary source of reducing gas”, and yet there is substantial actual blast furnace
operating data from both China and western Europe which shows blast furnaces operating with
more injected hydrocarbon carriers than coke. We have to ask, how can that be? The answer is
hydrogen, a more powerful reducing agent than carbon, and yet it is mentioned in the
discussion only once, by Cadence, and only in a general way. Because of the chemical, and
aerodynamic, benefits of hydrogen nearly all of the hydrocarbon carriers injected into blast
furnace tuyeres have a replacement ratio of greater than 1 unit of coke replaced per unit of
specific hydrocarbon carrier. For natural gas the ratio is 1.3:1, and for oil it is 1.1:1. The
limitation of the “combustion” analysis and concentration solely on carbon have missed the
point of the chemical process, i.e. the chemical power of hydrogen, and thus one of the most
important technological breakthroughs in the history of ironmaking.
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One final point on hydrogen deserves mention. Because hydrogen replaces carbon in the
reactions, and because the replacement ratio is greater than 1:1, there is definitely an ultimate
reduction in so-called greenhouse gas emissions as a direct consequence of the expansion of
hydrocarbon carriers because less CO, is generated, Only Jeschar and Dombrowski have even
‘mentioned this point.

Tollowing on the topic of reducmg coke consumption, and another limitation of the
“combiistion” thinkini I ‘which we see in the report, we can consider coal injection. A number of
blast furnace facilities, principally in Japan; constructed equipment-with the capacity to process
0111:,7 that amoiint of coal which could be reacted in the raccway zonie, A key factor was, and is,
that the residence time for.any particle in the raceway is only 0.003 seconds, as a resuli of the-
velooity of the hot blast through the tuyeres and the limited depth of the raceway itself. Of
course, they were wrong, and itis now well known that hydrocarbon carriers which donot have
sufficiert tinie to react in the raceway zone simply react elsewhere in the Tutnace, Pressmg the
limits of this technology has resulted in consumption of more injected: hydrocarbon carriers. per
ton of hot metal than coke; with &5 much as 60% of the hydrocarbon carfiers: reactmg outside
the raceway. There are issues that currently limit progress beyond thatlevel; but they are being.
dlhgenﬂy attacked, with further progress likely. For the Japanese ironinakers and their
companies, the costs required to reconstruct existing facilities. and build new replacement
facilities rant into the hundieds of millions of dolars:

Thie last pointl would like to miake regatds “energy”. The “combustion™ mindset focuses only
on thermal energy, heating values of hydrocarbons in Btu/cf for example, and misses
completely the whole concept of the chemical work performed by the blast furnace process.
Consider the blast furnace energy balance cited in the “Cadence” discussion on page 49173,
and contrast that o the thermodynamic balance prepated by Jeschar and Dombrowski, The
balance in the “cadence™ discussion looks just like a combustion balance for a boiler, with
terms like'calorific value of the réductants as the input. Chemical work and ¢énergy requirement
is not included, and ‘yet we know that 70% of the input energy supplied by the reductants is
converted to energy that is cherically bonded to the hot mefal. No one would, I believe,
propose such an incomplete energy balance these days, and yet it still sils: as & basis for
decision-making by anyone relying on this section of the Federal Register for futuré decisions
and analysis.

6. Opinions and Bases
The conclusions and -opinions T have reached as a result of my- investigations are based,
upon & teasonable degree of engincering dertainty, my education, background and
experience in the operation of blast furnaces and-their associated equipment. 1 reserve the
right to alter, amend, supplement, or modily my opinions should other new information
become available
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Appendix T
Frederick-C. Rovick Jr.

1200 Fergus Court  ~ ' Phone (410) 838-9123
Bel Air, MD 21014 Fnail
-ronckmc@aol Com.
Expeﬁence
RORICK, INC BEL AIR, MD:
President May 2002 to Present

»  Performed consulting services for-various steel companies atid suppliérs withtechnical and operatmg
issues, including US Steel after-the top incident at Gary #6 Blast Furnace; and Steleo Hilton Works
with both operating and governmiental issues.

Advised legal dounsel ontéchnical matérs relat]ng {o-pendinig lawsuits
Partial List of Clignis

AXK Steel Corporation, Ashland Works

Armstrong; Teasdale, LLP., St. Louis, MO, representing Dango and Dienenthal, Inc
Corus UK,

DTE Coal: Semces Ann. Arbor, Ml

DTE Energy Services, Iric., Ann Arbor, Mi

Falcon F oundry Company, Lowellwlle QH.

Foran, Glennon, Palandech & Ponzi P.C., Chicago; [Li :

Health & Saféty Exeoutive; national governnieht’ of UK., Cardiff, Wales
Lander & Rogers, Lawyets: Melbourse, AUSTRALIA
MagnecowMetrel Ing; Addison, IL.

Meorris and ' tella,. Chicago; IL: representing Payl Warth, Inc.

'up Steckholm, SWEDEN, representmg SSAB Tunnplét

Repubhc Engmeered ?roducts, Akron, OH

S/D Engineering, Pittsburgh, PA, representing Perry Capital, LL.P.
Siderar; Gral Savio Works, ARGENTINA

Stelco, Inc CANADA

(o= el B~ B S o Sl BE B o Mo ik e B o i o (o g s J o B o)

Umted Smtes Steel Fairﬁeld Warks

BETHLEHEM STEEL CORPORATION BALTIMORE; MD

Director of Primary Production, Sparrows Point Division - May 2001 toApril 2603
BETHLEHEM STEEL CORPORATION BALTIMIORE, MD
Manager of Ironmiaking, Sparrows Point Division 1988 to May 2001
BETHLEHEM STEEL CORPORATION ‘CHESTERTON, IN

Assista-nt.-iSuperinfen-ﬂeni'of Steelmaking, Burns Harb__or Diviston  Jan 1986 to Pec: 1987

BETHLEHEM STEEL CGRPORATION ’CHESTERTON N
Assistant Superintendentof Ironmaking, Burns Harbor Divisioil Ot 1983 to Dec1985.

BETHLEHEM STEEL CORPORATION LACKAWANNA, NY
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" Superintendent of Ironmaking, Lackawanna Plant . Dec 1982 to Oct 1983

BETHLEUEM STEEL CORPORATION .
Varions pesitions of increasing responsibility, Ironmaking July 1967 to Dec 1982
Department, Lackawanna Plant

Additlonal Experience

AMERICAN IRON AND STEEL INSTITUTE WASHINGTON, D.C.
' 1988 TO 2001

o Four terms as Secretary of the AISI Technical Committee on Ironmaking, One term as Vice
Chairman, and the only two term Chairman in the organization’s history.

s Chaired project to create a data exchange between North American fron producers electronically, vs.
previous paper system.

e Led the creation of a formalized system of personal, profess'mnal and technical interchange between
European and North American ironmakers.

s  First non-European to be formally seated as a guest member of the European Ironmaking Committee.

BETHLEHEM STEEL CORPORATION
1988 TO 2001
» 1990 to 1997 Member of Board of Directors, Iron Ore Company of Canada, prior to Bethlehem’s
sale of that asset.
o 18-year lecturer on abnormal and challenging operations, and former member of the Organizing
Commiitee, for the McMaster University Intehsive Course on Ironmaking.
»  Author of humerous technical papers on blast furnace aperations.

Education
DICKINSON COLLEGE - ' CARLISLE, PA
B.Sc. in Physics, Chemistry, and Mathematics, specializing in Nuclear Physies: 1967
Additional Education .
DUKE UﬁIVERSITY, F UQUA SCHOOL OF BUSINESS DURHAM, N.C.

Graduate Level Business Conrses

" UNIVERSITY OF VIRGINIA . CHARLOTTESVILLE, VA
Graduate Level Business Courses '
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Annex

Publications and Presentations

10.

11.

12.

13.

14.

15

16,

17.

18.

19,

20.

21,

Paper, “Sparrows Peint’s Blast Furnace Tuyere Level Control System™ presented at McMaster
" Symposium, Hamilion, CANADA, Tune 1951
Paper and Lecture, “Challenging Blast Furnace Operations™ presented at McMaster University
Intensive Course on Tronmaking, Hamilton, CANADA, May 1988, June 1990, June 1992, May
1994, June 1996, June 1998, June 1999, June 2000, June 2002, June 2004, May 2006, May 2008,
June 2010, '
Presentation, © Tuyere Practice and Parameters at North American Blast Furnaces” presented at
ALS.I. Technical Committee on Tronmaking, Granite City, ILL, May 1993
Paper, “L Blast Furnace Hearth Breakout and Recovery”, presented at MatTech Colloguium on
Blast Furnace Disturbances, Helsinki, FINLAND, November 1994
Paper, “Operating Improvements — Sparrows Point L Furnace, Rorick and Youmans, presented at
McMaster Symposium, Hamilton, CANADA, Jume 1995
Paper, “Current Status of Coal Injection in North America”, Rorick, Ranade, White, et al, presented
at the 3¢ European [rormaking Congress, Ghent, BELGIUM, September 1996
Presentation, “Coke Quality for Larger Blast Furhace Operation” presented at European Blast
Furnace Committee at Koverhar, FINLAND, September 1997
Presentation, “Survey of Alkali, Zinc, and Chloride Levels in North American Blast Furnaces”,
O"Donnell and Rorick, presented at European Blast Furnace Committee Meeting, Port Talbot,
Wales, UK, October 1998
Presentation, “Burden Quality Improvements and Control for High Productivity and Low Coke
Rate" presented at European Blast Furnace Committee, Lulea, SWEDEN, September 1999
Paper, “Water Quality Control at Bethlehem Steel’s Sinter Plant Using Magnets”, Davis, Tate, Saul,
and Rorick, presented at ISS of AIME 59" [ronmaking Conference, Pittsburgh, March 2000
Presentation, “Year 1999 North American Blest Furnace Resulis” presented at Buropean Blast
Furnace Committee, Piombino, ITALY, April 2000
Paper, “Outlook for North American Ironmaking”, Cheng, Rorick, and Ranade, presented at 4"
European Ironmaking Congress, Paris, FRANCE, June 2000
Paper and Lecture, “ Recovery of a Chilled Hearth™, presented at Continuing Education Course,
1.8.8. of A.LM.E. Conference, Baltimote, March 2001 '
Presentation, “Recent Developments in North American lronmaking™, presented at European Blast
Furnace Committee Meeting, Ghent, BELGIUM, April 2001
. Paper. “Coke Quality Requirements from a North American Perspective, Rorick, Poveromo and
O’Donrnell, presented af IIST Seminar on Coke, Brussels, BELGIUM, September 2001
Paper, “The Role of the Blast Furnace in Future Steelmaking Trends™, Rorick and Luengen,
presented at TIST Seminar on Coke, Brussels, BELGIUM, September 2001
Presentation, * Year 2001 Summary and Perspective of North American Blast Furnace Operations”,
presented at Evropean Blast Furnace Committee Meeting, Gijon, SPAIN, April 2002
Paper, © Cost Improvement at Bothlehem Steel’s Sparrows Point ‘L’ Blast Furnace”, presented at
European Blast Furnace Committee Meeting, Raahe, FINLAND, Oct 2002
Presentation, “Year 2002 Summary and Perspective of North American Blast Furnace Operations®,
presented at Furopean Blast Furnace Committee, Ekostaht, GERMANY, May 2003
Keynote Paper and Lecture, “Blast Furnace Upsets: Avoidance and Recovery”, presented at 3 1rst
McMaster Symposium, Hamilton, Ontario, CANADA, June 2003
Paper and Lectire, “Ironmaking in North America”, Rorick and Poveromo, presented at 3¢
International Congress on Science and Technology of Tronmaking, Dusseldorf, GERMANY, June
20603
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22. Presentation, “Ironmaking in North America, presented at European Blast Furnace Committee,
Corus Pott Talbot Works, Wales, UK, February 2004 ' '

23. Paper, “Update on North American Ironmaking”, Poveromo and Rorick, presented at ABM (
Associacao Brasilieira de Metzlurgia e Materials ) 2™ International Meeting on Ironmaking, Vitoria
— Espirito Santo, BRAZIL, September 2004

24. Presentation, “Special Developments in North American Tronmaking”, presented at European Blast
Furnace Committee, Arcelor Dunkerque Works, FRANCE, March 20035

25, Paper, “Improvement in Blast Furnace Results by Reprofiling the Furnace Stack by Robotic
Shotcreting™, Rorick et al, prepared for Magneco Metrel presented at Buropean Ironmaking

" Congress, June 2005, Stockholm, SWEDEN

26. Paper, “Recent Developments in North American fronmaking”, Rorick and Poveromo, presented at
European Ironmaking Congress, June 2005, Stockholm, SWEDEN

27. Presentation, “Developments in North American Ironmaking during 20057, presented at the
European Blast Furnace Committee Meeting, SSAB Oxelosund Works, SWEDEN, March 2006

28. Paper and Lecture, “Managing Blast Jurpace Systems, Process, and Refractory Cooling for Endless
Campaigns”, presented at the McMaster Symposium, McMaster University, Hamilton, Ontario,
CANADA, May 2006

29, Paper, “Technical Developments in North American lronmaking”, Rorick et al, presented at 4®
ICSTIL, Osaka, JAPAN, November 2006 ' :

30, Presentation, “Developments in North American Ironmaking during 20067, presented at the
European Blast Furnace Commiittes Meating, Ruukki Raahe Works, FINLAND, April 2007

31. Presentation, “Prolonging the Life of the Blast Furnace®, presented at the Eutopean Blast Furnace
Committes Meeting, Voest Alping Linz Works, AUSTRIA, October 2007

32. Presentation, “Coal Injection in Blast Furnaces™, presented at Eastern States Blast Furnace and Coke

Oven Association, January 2008

33, Paper and Lecture, “Technical Progress in North American Ironmaking”, Rorick and
Povetromo, ABM ( Associacao Brasilieira de Metalurgia e Materials ) 3™ International
Meeting on Tronmaking ) Conference, Sao Luis, BRAZIL, September 2008

34, Paper and Lecture, “Technical developments in North American Ironmaking”, Rorick
Poveromo and Cheng, 4™ International Congress on the Science and technology of
Ironmaking, Shanghai, P.R. of CHINA, October 2009

35. Presentation, “Consequences o North American [ronmaking as a Result of the recent
Economic Crisis™, presented at the VDEh, Dusseldorf, GERMANY, October 2009

36. Presentation, “Effects of Raw Material Properties on Blast Furnace Performance™
presented at European Blast Furnace Committee Meeting, Salzgitter, GERMANY, May
2010 :

37. Paper and Lecture, “Ironmaking in North America”, Rorick and Poveromo, presented at
European Ironmaking Congress, Pusseldorf, GERMANY, June 2011

38. Presentation, “Long Lifetime of Blast Furnace Stoves”, presented at European Blast
Furnace Committee Meeting, Scunthorpe, UK, September 2011 '

39. Blast Furnace Operations Course at IAS Conference, Rosario, ARGENTINA, on
“Challenging Blast Furnace Operations™, to be presented October 2011

40. Keynote Paper and Lecture, “Operations Disasters — Why Do Some Plants Have Them and
Others Do Not?”, to be presented at IAS Conference, Rosario, ARGENTINA, November
2011
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Awards and Recognition

1.

2.

10.
1L

Scptember 1976, Lackawanna Safety Award for individually saving two bricklayers during a blast
furnace gas incident

‘September 1984, Bethlehem Steel Team Excellence Award for performance by Burns Harbor Blast

Furnace Department

October 1984, 1rst recipient of Bethlehem Steel’s Gold Award for individual achievement for ©
Invention smd Development of a Permeability Inducing Device” for increased sinter plant
production

September 1987, Bethlehem Steel Team Excellence Award for performance by Burns Harbor
Steelmaking Department

July 1989, Bethlehem Steel Team Excellence Award for performance by Sparrows Point Biast
Furnace Department

1994 thru 1995, Namcd Chairman, American Iron and Steel Institite Technical Committes on
Tronmaking

March 1991, Bethlehem Steel Team Excellence Award for performance by Propeﬂy Tnsurance -
Claims Settlement Team

May 1993, Special recognition by AISI after 2+ terms as Ironmaking Chairman

1997, narned North American representative to European Blast Furnace Committee

July 1999, Bethlehem Steel Team Excellence Award for performance by Coke Purchase Team
March 2001, Thomas L. Joseph Award for Lifetime Achievement in Ironmaking presented by Iron
and Steel Socicty, A.LM.E. at 60™ Ironmaking Conference, Baltimote, MD
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Appendlx 1M1

More Detailed Explanation of the Blast Furnace Process
{ Source: The American fron and Stee] Instltute ) '

The purpose of & blast fumace is to chemically reduce and
physically convert iron oxides into tiquid iron-calied "hot metal"
o= The blast_ fumace ts a huge steel stack lir 'd w:th re= ;

of the' fumace ascends to the top in6to 8 seconds 'after gemg
through numerous chemical reactions. Once a biast furnace is started it wlll continuously run for four
to-ten years with only short stops to perform:planned maintenance.

The Process

lfon pixidés can come
o the blast fumiace
plant in the form of
raw ore, pellets or
siniter; The raw oreis
removed from the
earth and sized into
pleces that range from
0.5 to 1.5 inches. This
re 1§ either Hematite
-{Fezoa) or Magnetlte
{Fes0,) and the iron
ontent  fanges from
D% to 70%. This irerni
ch ore ‘can be
harged directly info a
last furfisice witholit
- further
rocessmg lron ore
gt containg a lower
_iren content must be
rocessal’ or
“beneficiated 10
}ncrease its iron content Pellets are: produced from this lower iron content ore. This ore is crushed and
grotind into a povider 0 the waste miaterdal called gangue can be removed. The remaining iron-rich
powder I rolled into. balls and fired in.a furhace to produce strong;, marble-sized pellets that, contairi

60% fo 65% iron.” Sinter is produced from fine raw ore, small coke, sandsized limestone and
numerous other steel plant waste materials that contain some iron. These fine materials are
proportioned to- obtain.a desired product chemistry thénmixed together. This raw riateral mix is-then

s
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placed on a sintering strand, which is similar to a steel conveyor belt, where it is ignited by gas fired
furnace and fused by the haat from the coke fines into larger size pieces that are from 0.5 to 2.0
inches. The iron ore, peliets and sinter then become the liguid iron produced in the blast furnace with
any of their remaining impurities going to the liquid slag.

The coke is produced from a mixture of coals. The coal is crushed and ground into a powder and then
charged into an oven. As the oven is heated the coal is cooked so most of the volatile matter such as
oil and tar are removed. The cooked coal, called coke, is removed from the oven after 18 1o 24 howrs
of reaction time. The coke is cooled and screened info pleces ranging from one inch to four inches.
The coke containg 90 to 93% carbon, some ash and sulfur but compared fo raw coal is very strong.
The strong pieces of coke with a high energy value provide permeability, heat and gases which are
required to reduce and melt the iron ore, pellets and sinler,

The fina!l raw material in the ironmaking process in limestone. The limestone is removed from the
earth by blasting with explosives. It is then crushed and screened to a size that ranges from 0.5 inch to
1.5 inch to become blast furnace fiux . This flux can be purs high calcium limestone, dolomitic
limestone containing magnesia or a blend of the two types of limestone.

Since the limestone is melted to become the slag which removes sulfur and other impurities, the blast
furnace operator may blend the different stones o produce the desired slag chemistry and create
optimum slag properties stich as a low melting point and a high fuidity.

All of the raw materials are stored in an ore field and transferred to the stockhouse before charging.
Once these materials are charged into the fumace top, they go through numerous chemical and
physical reactions while descending to the battom of the furnace.

The iron ore, pellets and sinter are reduced which simply means the oxygen in the iron oxides is
ramoved by a series of chemical reactions. These reactions occur as follows:

1) 3 Fex0s + 0O = CCs + 2 Fey0y ’ Beging at 850° F
2_) Fea0y + C0 = €0z + 3 FRO Beglns at 1100° F
3) FeD + CO = CO: + Fe Begins at 1300° F

or
FeC + C =0+ Fe

At the same time the iron oxides are going through these purifying reactions, they are also beginning
1o soften then melt and finally trickle as liquid iron through the coke to the boitom of the furnace.

The coke descends to the bottom of the fumace to the level where tha preheated air or hot blast
enters the blast furnace. The coke is ignited by this hot blast and immediately reacts to generate heat
as follows:

C+ 02 = 002 + Heat

Since the reaction takes place in the presence of excess carbon at a high temperature the carbon
dioxide is reduced to carbon monoxide as follows:

" CO+C=2C0

The product of this reaction, carbon monaoxide, is necessary to reduce the iron ore as seen in the
previous iron oxide reactions.
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The limestone descends in the blast furnace and remains a solid while going through its first reaction
as follows:

CaCO, = Cad + CO;

This reaction requires energy and starts at about 1600°F. The CaO formed from this reaction is used
to remove sulfur from the fron which is necessary before the hot metal becomes stesl. This sulfur
removing reaction is:

FeS+CaQ+C=CaS+FeQ+CO

The CaS becomes part of the slag. The slag is atso formed from any remaining Sitica (Si0,), Alumina
(ALC:), Magnesta (MgO) or Calcia (Ca0) that entered with the iron ore, peliets, sinter ar coke. The
liquid slag then trickles through the coke bed to the bottom of the furnace where 1 floats on top of the
fliquid iron since it is less dense. '

Another product of the ironmaking process, in addition to molten iron and slag, is hot dinty gases.
These gases exit the top of the blast furnace and proceed through gas cleaning equipment where
particulate matter is removed from the gas and the gas is cooled. This gas has a considerable energy
value so it is burned as a fuel in the "hot blast stoves” which are used to preheat the air entering the
blast furnace to become "hot blast”, Any of the gas not burned in the stoves is sent to the boiler house
and is used to generate steam which turns a turbo blower that generates the compressed air known
as "cold blast" that comes to the stoves.

In summmary, the blast furnace is a counter-current realtor where solids descend and gases ascend. In
this reactor there are numerous chemical and physical reactions that produce the dasired final product
- which is hot metal. A typical hot metal chemistry follows:

iran (Fg) =93,5- 95.0%
Silicon (S0 ’ . =10.30-0.90%
Sulfur (S) = 0,025 - 0,050%
Manganese (Mn) ) = 0.55 - 0.75%
Phosphorus (F) = Q.03 - 0.09%
Titanium (Ti} = 0.02 - 0.06%
Carbon (C) = 4.1 - 4.4%
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Now that we have comp[ated a dégeription of the irobfaking process, et & review the physica]
equipment comprising the blast fimace plant.

There |s an ore storage yarci that can alsa be, an ore dock where boats and barges are uriloaded, The

mestone or flux blend
and posslb!y r.:oke These materlats are transferred to the "siockhause!hmne“ (17) complex by ore
bnc{ges equped with :grab buckets or b conveyor pelts. Materials can alse be brought -to. the
stockhaousefhiling in rail hoppers ortransferred from ore bridges to self-propélled rail cars called "ore
trarisfer cars”. Each fype of ore, pellet, €inter, coke atid limestone is dumped into separate "storage
bins" (1B). The various raw materials are weighed accordmg 1o a-certain recipe designed to yield the
desired hot metal and slag chamistry his: material welghing is done under the storage bins by-a rail
motitited scale car or compitér contioliéd Weigh Roppers that feed a conveyor belt. The-weighed
fiaterials are then duinped into & sldp" car (19) Which rides on rails up the "indlined skip bridge" o the
"receiving hopper" (6)-atthe. ‘top of the furnace, The cables Iifhng the skip cars are powered from large
winches located in the "hoist” house (20). Some madern blast fumace accomphsh the same. ]Ob with
an attomated cohveyor stretching from the stockhouse 10 the' furnace top.

Atithe top of the furnace the mateitais are held unitil a "chargs” usually consisting of ‘some type of
metallic (ore, pellets or sinter), coke and fux (limestone) have accumulated. The précise filling orderis
developed by the blast fumace opetators to careful ntrol gas flow and chemical reactions inside
the furnace. The materials are charged into the blast furnace through two stages of conical "belis" (5)
which seal in the gases and distribute. the raw materials evenly around ‘the. circumfarence of the
furnace “throatl”: Somie modern fuinaces. do. not ‘have bells. biit Instéad have 2 -or 3 -airlock type




hoppets that discharge raw materials onto a rotating chute which can change angles allowing mora
flexibility in precise material placement inside the furnace.

Also at the top of the blast furnace are four "uptakes” (10) where the hot, dirty gas exits the furnace
dome. The gas flows up to where two uptakes merge into an "offiske” (9). The two offtakes then
mearge into the "downcomer” (7). At the extreme iop of the uptakes there are "bleeder valves" (8)
which may release gas and protect the top of the fumace from sudden gas pressure surges. The gas
descends in the downcomer to the "dustcatcher”, where coarse particles setlle out, accumuiate and
are dumped into a raflroad car or truck for disposal. The gas then flows through a "Venturi Scrubber®
{4) which removes the finer particles and finally info a "gas cooler" (2) where water sprays reduce the
temperature of the hot but clean gas. Some maodern furmnaces are equipped with a combined scrubber
and cooling unit. The cleaned and cooled gas is now ready for burning.

The clean gas pipeline is directed to the hot blast "stove” {12). There are usually 3 or 4 cylindrical
shaped stoves in a line adjacent to the blast furnace. The gas is burned in the boittom of a stove and
the heat rises and transfers to refractory brick inside the stove. The preducts of combustion flow

through passages in these bricks, out of the stove inio a high “stack” {11) which s shared by all of the
stoves.

Large volumes of air, from 80,000 f%/min to 230,000 f¥/min, are generated from a turbo blower and
flow through the "cold blast main" (14) up to the stoves. This cold blast then enters the stove that has
been previously heated and the heat stored in the refractory brick inside the stove is transferred fo the
"cold blast” to form "hot blast". The hot blast temperature can be from 1600°F to 2300°F depending on
the stove design and condition. This heated air then exits the stove into the "hot blast main" {13) which
runs up to the furnace. There is a "mixer line" (15) connecting the cold blast main o the hot blast main
that is equipped with a valve used to control the blast temperature and keep it constant. The hot blast
rmain enters into a doughnut shaped pipe that encircles the furmnace, called the "bustle pipe” (13}, From
the bustle pipe, the hot blast is directed into the fumace through nozzles called "tuyeres” (30)
(pronounced "tweers™). These tuyeres are equally spaced around the circumference of the furnace.
There may be fourteen tuyeres on a small blast furnace and forly tuyeres oh a large blast furnace.
Thase tuyerss are made of copper and are water cooled since the femperature directly in front of the
thern may be 3600°F to 4200°F. Oil, tar, natural gas, powdered coal and oxygen can also be injected
into the furnace at tuyere level to combine with the coke to release additional energy which is
necessary to increase productivity. The molten iron and slag drip past the tuyeres on the way to the
furnace hearth which starts immediately below tuyere level.

Around the bottom half.of the blast furnace the "casthouse" (1) encloses the bustie pipe, tuyeres and
the equipment for "casting” the liquid iron and slag. The opening in the furnace hearth for casting or
draining the furnace is called the "iron notch” (22). A large drill mounted on a pivoting base called the
“taphole drill* {23) swings up to the iron notch and drills a hole through the refractory clay plug into the
ligid iron. Ancther opening on the furnace called the "cinder notch” (21) is used to draw off slag or
fron in emergency situations. Once the taphole is drilled open, liguid iron and slag flow down a deep
french called a "trough" (28). Set across and into the trough is a block of refractory, called a
"skimmer”®, which has a small opening undemeath it. The hot metal flows through this skimmer
opening, over the "iron dam” ang down the "iron runners” (27). Since the slag is less dense than iron,
it floats on top of the iron, down the trough, hits the skimmer and is diverted into the "slag runners”
(24). The liquid slag flows into "slag pots" (25} or into slag pits (not shown) and the liquid iron flows
into refractory lined "ladles" (26) known as torpedo cars or sub cars due to their shape. When the
liquids in the fumace are drained down to taphole level, some of the blast from the tuyeres causes the
taphole to spit. This signals the end of the cast, so the "mudgun” {29) is swung into the Iron notch. The
mudgun cylinder, which was previously filled with a refractory clay, Is actuated and the cylinder ram
pusheas clay into the iron notch stopping the. flow of hquids. When the cast is complets, the iron ladles
are taken to the steel shops for processing into steel and the slag is taken to the slag dump where it is
processed into roadfill or railroad baflast. The casthouse is then cleaned and readied for the next cast
which may occur in 45 minutes to 2 hours. Medern, larger blast furaces may have as many as four
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tapholes and two casthouses. It is important to cast the furnace at the same rate that raw materials
are charged and iron/slag produced so liquid levels can be maintained in the hearth and below the
tuyeres. Liguid levels above the tuyeres can burn the copper casting and damage the furnace lining.

CONCLUSION

The blast furnace is the first step in producing steel from iron oxides. The first blast furnaces appeared
in the 14th Century and produced one fon per day. Blast furnace equipment is in continuous evolution
and modern, giant fumaces produce 13,0C0 fons per day. Even though eguipment is improved and
higher production rates can be achieved, the processes inside the blast furnace remain the same. Blast
furnaces will survive into the next millenium because the larger, efficient furnaces can produce hot metal
at costs competitive with other iron making technologies.
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