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THE CENTER FOR AIR ENVIRONMENT STUDIES

Recognizing the interdisciplinary nature of problems Linvolving the
Anteraction of man and his ain environment and the necessity fon inter-
college cooperation in effonts to seek solutions to these problLems, The
Pennsylvania State Univernsity established the Center for Ain Environment
Studies in 1963. Organized as a unit of the Institute fon Science and
Engineering within the Intercollege Research Programs and Facilities, A%
drnaws on the resources and talents of many departments. Faculty membe/v.s
apgliated with the CAES hold joint appointments with academic departments;
such as, Engineerning, Plant Pathology, Chemistrny, Forestrny, Environmental
Health, Veterinary Science, and otherns. There are additional faculty
membess who are assoclated with the Centen through rnesearch projects alone.

The Centern forn Ain Envirnonment Studies fostens intercollege and An-
terndepartmental cooperation and maintains a broad, fLexible approach to
alrn pollution neseanch. The nature and direction of this nesearch -
supponted by federal and state governmments, Lindusirny, and the Undivesrsdity -
neglects the personal internests and abilities of the faculty and stafb
and responds to known probLem areas. Typical areas of research are:
studies on the blologlical effects of airn pollutants on animals and vege-
tation; development of species resistant to specipic pollutants; studies
0f combustion processes Leading to Lowern contaminant emissions; deter-
mination of best methods of collection and sampling devices; research
Ainto small parnticke behavior; fundamental techniques of particle control;
and fundamental neseanch on the chemistry, photochemistny, and atmospheric
reactions o4 ainborne contaminants.

Reglecting the demand forn atmospheric quality and the need for per-
sonnel with vwwdng degrnees of education, traaning, and speclalization;
several airn pollution training proghams have been initiated at the Uni-
versity under the auspices of the Center. As8 an intercollege unit, the
CAES does not grant degrees norn ofper any cowrses of L8 own; howeve/n
ain pollution cowses are taught in many academic departments of the
University by CAES associated faculty memberns. These couwrses are sup-
ported by the Centen through the administration of student trhaining funds
and through the provision of graduate assistantships. In an effornt to
expand the ofernings in the field, an interdisciplinary Environmental
Pollution Control Mastern's Degree Progrnam was established in 1971 by the
Graduate School and a numben of the degree candidates conduct research
unden the dirnection of faculty associated with the Center. In addition
to nesdident instruction and in nesponse to external requests, public ser-
vice insthuctional proghams have been initiated through the Center. One
example 45 the Visible Emissions Training Program offered by the Center
and coondinated with the Bureau 0§ Ain Pollution and Noise Control of the
Pennsylvania Department of Environmental Resources. Since pederal Legis-
Lation mandates that smoke inspectorns be certified at six month intervals
gon thein ability to estimate visually the density of plumes emitted from
stacks on vents, this Program serves as the certification procedure fon
Pennsylvania Department of Environmental Resources employees as well as
gorn industrnial, state, and federal personnel.
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- CUPOLAS MINIMIZE THE ENERGY REQUIRED TO MELT FERROUS ALLOYS

ABSTRACT
Historically the cupola has been the most effective furnace for nelting '

cast irons. Although its supremacy was challenged by electric melting

" furnaces in the 1960's, persisting energy scarcity and high cost have

encoufaged a resurgence of interest in cupola technology. Uéing the
optlmum de31gn features of modern cupolas and the best meltlng practlces;
they‘can achieve melting efficiencies of 457 or mone based on the energy
value of the'original coal. 1In contrast, electric melting only uses 21% of
the energy in coal. Despite,theseAfacts, many foundrymen fear that there
will be problems because of poor metallurgical control if tney use cupolas;

Yet experience has proven otherwise. In terms of energy conservatlon and

.economy it is better to use large cupolas as scrap melters in the steel

industry. Yet there is still a deep rooted prejudice against the cupola

plus basic oxygen furnace route to steel making.
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The cupola may be defined as a vertical shaft melting furnace which uses’

4coke_as its fuel (1*). Air is introduced near the bottom tﬁrough“tuyeres

(Fig. 1). The fuel, flux and metal charge materials are introduced in
discrete batches through a~chargiﬁg door 1qcated 5 .to 10 cupola diaméters‘,
above the bottoﬁldoofé. Molten metal and élag are-continﬁally tapped af ;ﬁe
épout.ahd hot gases are pésSed.thrbugh a bag house priof to discharge fb |
éhe Atmosﬁhefea The melting:PLuc;ss'may contlaue onléQZO hour peflday’7~
basis for two ér‘ﬁdre weeks. ) :

: Cupola melting is inherently efficient because it is the only.meltlng
process whlch brings the fuel and the raw materials into intimate contact
during operation. However,  the most significant feature of cupol# mélting
is the potential for achiev;ng even greater efficienéies'in the future;A

Sinée the 1950'3 there has béen é large number of-advgnces in cupola
technology. These can be summafized as improvements in cupola design,
cupola operation, cupola‘cbntrols and metallurgical control..

1. ;Cupola Design

.a. Water wall
b.. Hot blast

c. DivVided blast
d. Recuperative-hot blast

- 2. Cupola Operation
a. Oxygen injection
b. Coke breeze injection
c. Least cost charge calculations
d.. Induction heated forehearth
e. Vibratory feeding of charges

3. Cupola Controls
a. Blast temperature control
~be -Blast humidity control .
ce Air weight control
de On line computer control

4, Metallurgical Controls
a. Continuous external desulfurization
b. Wire feed inoculation.
c. Continuous addition of SiC at spout
d. Reading of C, Si and carbon equivalent at spout
e. Improved metal treatment

* Numbers in parenthgses designate References at end of paper




With these improvements in cupola technology and operating practicés

come a gfowing need for technically competent personnel. Withouﬁ a properly

metallufgical and eépnomic success, the chahces of achieviné optimum are °
reduced. Fiﬁding and devéloping suitable personnel is crucial. In ;his
respect the Foundry Educational Foundation of. Cleveland, Ohio is succeeding

in sfimulating the interest of many technically oriented‘young people.'

' ENERGY CONSUMPTION IN CUPOLA MELTING

There are several ways to estimate the enmergy required for melting

" are shown in Table 1 and Téble 2.

Table 1. Energy Required in Cupola Melting

~ educated individual who feels pride in making the melting operation a . .

.iron and steel in a cupola. The mass balance approach is uﬁdoubtedly the
most effective. Two analyses have been published based on this method: -

The results of several analyses of the energy réquired in cupola melting

Reference

Cupola : Blast Melting Energy
Size (I.D.) ~ Type Rate Used . Source
(in.) | (t/hr) (Btu/ton)
66 | - Warm 21.9 2. 6x106 2
72 Cold 24.1 © 3.7x10° 3
© 150 - Hot- = ~100 - -  8.6x10° 4%
Sk

150 Hot ~100 9. 4x10°

* Includes the energy for the BOF production of steel.
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Table 2. Effect of40perating'Strategies on Energy Required in Steelﬁaking (4)

Operating Strategy Scrap’ "Energy Req'd**
o : 4 (%) ~ (10° Btu/t)’

BF + BOF with ore trim** 0 27.5 -
EAF + 100% dir. red. ore ' 0 2647
BF + BOF with scrap + ore trim 25 - 22.6
BF + BOF with scrap trim A 30 21.7
EAF + 507 dir. red. ore : 50 R 16.9
BF + open hearth with 0. 50 ‘ 15.8
BF + open hearth with 0, : 70 : 12.5
HBC + BOF with scrap trim* 100 8.6
EAF o 100 7.0

* Open hearth with O, _ ' 100 : 6.7

BF = blast furnace

EAF = electric arc furnace

HBC = hot blast cupola* _

**Scrap energy value = 0 ' : , N

It should be noted that there is a wide divergence in the résults
reported in Table 1. This occurs primarily because the mass balance
calculations. are based'only on -the melting energy required within the

cupola. They do not include energy needed for heating the forghearth,

dperating the environmental control equipment or for external desulfurization.

The calculations of the energy usage«in'the large cupolas involved in steel '
production include the energy required to produce the oxygen used in the

BOP Qessel. The carbon boil reaction is exothermic and is fueled by the

éarboﬁ picked up by the hot metal during the melting operation. It appears

that the energy required to produce steel using'lafge cupolas is overstated
by some 10 or more percent. A much more detailed energy‘analysis would be

required to determine the source of this discrepancy. -

RECYCLING FERROUS SCRAP

Not only has the large cupolé become economically attractive-as a

scrép melter, bﬁt it makes available a technology which has been lérgely

ignored in.the United. States up to the present time. In times of national




" energy shortages it is even more vital to seek ways to reduce éhergy
consuﬁption to a minimum. It is important to realizé that with'every'ton
of scrap metal ekported(f;om the United States, the equivalént of‘24x106
Btu of energy'ishexported also. Ihat is a net energy loss of 36x1013.Btu.
annually which must be replaced by mining, beneficiation and fedﬁction
of ore at an expenditure of 40x1013_Btu.

If in [acL domestlc scrap can be turned to steel by the recuperative
hot blast cupola and BOF routé, a net energy use of 5.5 to 6.5xlb6 Btu per
ton would seem to be a reasonable energy requiremént. However, évén if
developed, the scrap melters would only produce some 20-30% of our annual
steel ou;put;_

% The coal energy required to produce 7.Ox106 Btu/ton of electric
enetgy.would be eqdivalent to beiabout 33x106 Btu/ton whereas the fbtal
foséil fuél‘enérgy'féquired for the cupola plus the BOF route Wouid
feéuire-gbou; lelO6 Btu/net ton of equivalent coal energy.

'At‘;his lével oprotential energy savings it is obviousl& in the
bésf-interests éf the'stegl industry and the Ameriéan public to use this
improved technélogy which is not only-ehergy efficient but whiéh is also

economically viable.

FUTURE DEVELOPMENTS

Many prophets of doom are skepticgl about the future of Americén
coking coéié. There are gndéubtedly sufficient éupplies fdflfhe near
term, but what abéut léﬂg term developments? Thefe.is-a‘good
possibility of de§elopingAa suitable low reactivity form coke fOr'
cupoi; melfiné'whiéh wohld,make the cupola mg}ting pré;ess even more

attractive from the economic viewpoint.




Today briqugtted coke breeze and coke breeze injeqtiqn into the
combustion zone of a cupola are being used successfully'to improve
melting efficiency.‘_lf these innovations are developed to théir full
po;entiél! cupola melting will become even more beneficial as an ehérgy
conse;ver. B | |

Ih.théﬂforeséeable future a new type of form'coké should.gmerge.
It.WOUld ﬁave tﬁe‘low initial reactivity which ie nceded to make it
lsuitablé for passing through the ﬁreheat zone witﬁout combustion, but
" then it would deﬁelop the high reactivity needed for good melting in
the cbmbuétign'zone. In fact it may be possible to use a heat treating
process to'remove~th¢ iron pyrites from the coal before briquettipgé thus
'making a low sulfur compact}. Thisjwould add immeasurably to the v&lue

of that type of form coke as a cupolavfuel.

SUMMARY AND CONCLUSIONS

I£ is evideng‘that cupola melting is both economically and
énergetically feasible at the present time. New developments iﬁ coal
‘techndlogy may make cupolas the predominant ﬁelting furnace for éra§
iron and scrap steel production. The divided/hot biést cupola with
cokg breeze injection anq thermal'recuperation,‘can be hp to 50
_pércent energy efficient;- More important, large cupoias afe poteﬁtially
mucﬁ more likely,;o havg improved energy usage than electfic aré |
- :fufnaces fér ﬁelting ferrous scrap for the‘sfeel industry; Theif use
' could help.the United States to reclaim aﬂd.melt its 700x106 tons of
.ferrous SCfap (6).'1Thus several conclusions één be reéched:

(1) Cupola melting requires about 2.5x10  Btu/ton which is
considerably less energy than any other melting process.

(2) Lafge cupolas for melting ferrous scrap are econbmically :
and technically feasible.



(3) The use of large cupolas will require the training of many new
people in the modern technology required for their operation.

(4) The scrap dealers and the federal government should get
together to formulate scrap export policy relative to domestic
.shipment rates to encourage the use of domestic scrap and its
dinherent energy in the U:S. metal market.

(5) The country should make a consistent effort to exploit its own

ferrous scrap, rather than to make new steels from virgin
materials.
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ATR POLLUTION TITLES 4is a gudde to cwuient ain pollution Literatwre and
wseful as a netrospective searching tool. This pubfication uses
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suwwey of atn pollution Literature. Perntinent titles arne selected
from over 1000. journals edch year.

Subscniptions to Al Pollution Titles are available on a January -
December. subscriplion basds. The s.4x bi-monthly issues are pub-
Lished as gollows: No. 1, Januany - Februany; No. 2, March - Aprndil;
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Public Health Service. 1t 4s available from the Superintendent o4
Documents of the Government Printing Office, Washington, D. C. 20407.
The 1972 edition of the Guide was prepared by the Center unden con-
tract to the 0fgice of Aln Programs of the Environmental Protection
Agency and 45 also available ﬁnom the Superintendent of Documents.

HANDBOOK OF EEFECTS ASSESSMENT: VEGETATION DAMAGE was published in 1969.
1t descnibes in detall the many various sowrces of pollution and Zhe
effect of these pollutants on vegetation. Included are colon slides
depicting the characteristic symptoms of plant damage. This publica-
tion 4is available through the Centen forn Ain Environment Studies.

The Ingfommation Services of the Centern forn Ain Environment Studies
publishes arnticles, theses, congerence and meeting proceedings, and reporths
by faculty and stafh memberns of the Centern for distrnibution to colleagues
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THE CENTER FOR AIR ENVIRONMENT STUDIES

Recognizing the interndisciplinarny nature of problLems involving the
Anteraction of man and his ain environment and the necessity for inter-
college cooperation 4in efforts to seek solutions to these problems, The
Pennsylvania State Univernsity established the Centen for Ain Envinonment
Studies in 1963. Onrganized as a unit of the Institute for Science and
Engineening within the Intercoflege Researnch Programs and Facilities, At
draws on the resources and talents of many departments. Faculty members
afgliated with the CAES hold joint appointiients with academic departments;
such as, Engineerning, Plant Pathofogy, Chemisitny, Forestrny, Environmental
Health, Veterinary Science, and otherns. There are additional faculty
members who are assoclated with the Centen through hesearch projects alone.

The Center forn Ain Envirnonment Studies fostens intercollege and An-
tendepartmental cooperation and maintains a broad, f§lexible approach zo
atn pollution hesearch. The nature and dirnection of this nresearch -
supponted by federal and state governments, industry, and the Unlversity -
neglects the personal intenests and abilities of the faculty and stad
and responds to known problem areas. Typical areas of research are:
studies on the biological effects of ain pollutants on animals and vege-
tation; development of species resistant to specific pollutants; studies
04 combustion processes Leading to Lowern contaminant emissions; deter-
mination o4 best methods of collection and sampling devices; research
anto small parnticle behavion; fundamental Zechniques of particle control;
and fundamental research on the chemistny, photochemistry, and atmospheric
rheactions of ainborne contaminants.

Reglecting the demand for atmospheric quality and the need for per-
sonnel with varying degrees of education, thaining, and specialization;
several ain pollution thaining programs have been Linitiated at the Uni-
versity undern the auspices of the Center. As an intercollege unit, the
CAES does not ghant degrees non offen any courses of . 4tsown; however,
atn pollution couwnses are taught in many academic departments of the
University by CAES assocdiated faculty memberns. These courses are sup-
ported by the Center through the administration of student trhaining funds
and through the provision of graduate assistantships. 1In an effort to
expand the offernings in the gield, an interndisciplinarny Environmental
Pollution Control Mastern's Degree Rrogham-was established in 1971 by the
Graduate School and a number of the degree icandidates conduct research
undern the dirnection of facwlty associated with the Center. In addition
to nesident instruction and in response to external nequests, public sen-
vice ansthuctional proghams have been initiated through the Center. One
example 48 the Visible Emissions Thaining Program offered by the Centen
and coorndinated with the Bureau of Ain Pollution and Noise Contrnol of the
Pennsylvania Department of Environmental Resounrces. Since federal Legis-
Lation mandates that smoke inspectons be centified at six month intervals
gon thein ability to estimate visually the density of plumes emitted from
stacks on vents, this Progham sernves as the certigication procedure §or
Pennsylvania Department of Envirommental Resources employees as well as
por industrial, state, and federal personnel.
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The cﬁpola may be defined és a vertical shaft melting fﬁrﬂacé which uses:’
‘coke.as its fuel (1*). Air is introduced near the bottom through  tuyeres
(Fig. 1). The fuel, flux and metal charge materials are introduced in
discrete batches through a‘chargiﬁg door located 5.£o 10 cupola diameters
above the bottoﬁ'doofé. Molten metal and élag are-continﬁally tapped af ;ﬁe
spout and hot gases are passed through a bag house prior to'dischérge to’ l
fhe étmosﬁhgre. The meltingrﬁrocessAmay continue on:aTZO hour per day
hasis for ‘two ér’mdre weekc. ) |
: Cupola melting is inherently efficient because it is the only‘meltlng
process which brings the fuel and the raw materials into intimate contact
during operation. However,- the most significant feature of cupola mélting
is the potential for achieﬁing even greater efficiencies in the future;A
| Siﬁée the 1950's there has béen é large number of advances in cupola
"technology. These can be summafized as improvements in cupola design,
cupola operafion, cupolaAcontrols and metallurgical control.
i; ECupola Design N
.8« Water wall
b.. Hot blast

c. DivVided blast
d. Recuperative hot blast

- 2. Cupola Operation
a. Oxygen injection
b. Coke breeze injection |
c. Least cost charge calculations
d. Induction heated forehearth
e. Vibratory feeding of charges

3. Cupola Controls
a. Blast temperature control
~ b. -Blast humidity control .
Cce Air weight control
d. On line computer control

4, Metallurgical Controls
a. Continuous external desulfurlzation
b. Wire feed inoculation.
¢ Continuous addition of SiC at spout
d. Reading of C, Si and carbon equivalent at spout
" e. Improved metal treatment

* Numbers in parentheses designate References at end of papef



With these improvements in cupola technology and operating praCticés

COme.a'gfowing need for technically combetent personnel. Withouﬁ'a properly 1
_ educafed inqividﬁal who'feels pride in making‘the melting operation a .
metallurgical énd-ecppomic success, the chancéé of achieving optimum are
reduced. Finding and developing'suifable personnel is c;ﬁcial. In this
respect the Foundry Educational Foundation of Cleveiand, Ohiq is succeeding

in stimulating the interest of many technically orientedAyoung people.'

" jr:NEkGi thSUMPIION IN CUPOLA MELTING
‘ Iﬁére afe sevéral'ways'to eétimatg the energ? fequiﬁgd'fqr meltingA‘
-1roq and'steel in é,cupéla. The mass balance approach is uﬁdoubpedly thé : h '?
most effective. Two anélyses have been published baéed_bﬁAthis ﬁéthdd; .
The reéﬁlts'of several analyses of the energy required in chpola’ﬁelting

~ are shown in Table 1 and Téble 2.

Table 1. Energy Required in Cupola Melting

Cupola Blast Melting Energy : Reference

Size (I.D.)  Type Rate - Used . Source
(in.) . (t/hr) (Btu/ton)’

66 Warm 21.9 2.6x105 - 2
72 . Cold 241 3.7x108 3
150 Hot = 4100 o 8.6x10% T 4x
150 . Hot 100 9. 4x10° s

* Includes the energy for the BOF production of steel.
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Table 2. Effect of Operating Strategies on Energy Required in Steelmaking (4) .

Operating Strategy Scrap Energy Req'd**
: : : (%) (10° Btu/t)

BF + BOF with ore trim#*%* 0 27.5
EAF + 100% dir. red. ore’ 0 2647
BF + BOF with scrap + ore trim 25 : 22.6

~ BF + BOF with scrap trim | 30 21.7
"EAF + 50% dir. red. ore 50 _ - 16.9
BF + open hearth with 0 50 . 15.8
BF + open hearth with O, : 70 12.5
HBC + BOF with scrap trim* 100 8.6
EAF 100 ' 7.0

* Open hearth w1th 0, 100 6.7

BF = blast furnace |

EAF = electric arc furnace

HBC = hot blast cupola*

**Scrap energy value = 0

It.should be noted that there is a wide divergence in the results
-reported in Table 1. Thisloccurs primarily because the nass balance
calculatlons are. based only on the melting energy required nlthin the
cupola. They do not include energy needed for heating the forehearth
~operating the environmental control equipment or for external desulfurization.
The ‘calculations of the energy usage in the large cupolas involved in steel
production include the energy required to produce the oxygen used in:the

BOP vessel. The_carbon'boil reaction is exothermic and is fueled by .the
'carbon picked up by the hot metal during the melting operation. It appears
Athat the energy'required'to produce steel using large cupolas is overstated

by some 10 or more percent. A much more detailed energy analysis would be

requ1red to determlne the source of this d1screpancy. -

RECYCLING FERROUS SCRAP
Not only has the large cupola become economically attractiveAas a
scrap melter, but it makes available a technology which has been largely

ignored in the Un1ted States up to the present time. In times of national



" energy shortages it is even more vital to seek ways to reduce ehergy
consumption to a minimum. It is important to realize that with every ton

of-scrép metal ekported from the United'States, the equivalent of 24x106

Btu of energy is exportedialso. That is a net energy ‘loss of 36x1013vBtﬁ

annually which mUSf be replaced by mining, beneficiation and fedqction
of ore at aﬁ'expenditurelof 40x1013 Btu.

If in faCf domestic scrap can be turned fn steel by the rccuperativeA
hot blast cupolavand BOF routé, a net energy use of 5.5 to 6.5x_106 Btu per
ton would seem.to be. a reasonable energy requirement. However, even:if
devéloped, the scrap melters would only produce some 20-30% of our annual
Asteél’ou;put.

6

" The coal energy required to produce 7.0x10 Btd/ton of electric

6 Btu/ton whereas the total:

~eneréy would be éqdivalent to be about 33x10
foséil,fuélAenérgy'féquired for the cupola plus the BOF route wouid
feduiré~gbou§ 15x106 Btu/net ton of equivalent coal energy.

| uAt‘this 1ével of'potential energy savings it is obviously in the
bést interests of the steellindustry and the.Ameriéaﬁ public to use this

improved technology which is not only ehergy efficient but which is also

. economically viable.

FUTURE DEVELOPMENTS

Many prophets of doom are skeptiqal about the fu;ure of Americén
coking cdéié. There ére éndéubtedly sufficient éupplies fér-fhe near
term, but what-ébput légg term de?eibpments? Thefe.is-élgood
-possibility of‘developing.a suitable low reéctivity form coke for
cupol; melfiné'whiéhlwohld make the.cupola melting prdpess even more.

attractive from the economic viewpoiat.



Today briquetted coke breeze and coke breeze injeefion into the
éombustion zone of a cupola are being used successfully'to improue_
melting efficiency.-_If these innovarions are developed tontheir full -
porentialf cupola melting will become even more beneficiallas an energy
conserver; | | |

'In.the'foreseeable future a neuﬂ;ype of form coke should emerge.
It.would nave tué low initial reactiuity‘which ie nceded to make it
:suitable for passing through the preheat zone uithout combustion, but

then it would deuelop the high reactivity needed for good melting in

~ the combustion zone. In fact it may be possible to use a heat treating
process to remove the iron pyrites from the coal before briquetting, thus

'making a low sulfur compact; This would add immeasurably to the value

of that type of form coke as a cupola fuel.

SUMMARY AND CONCLUSIONS

It is evident that cupolé melting is both economically and -

energetically feasible at the present time. New developments in coal

technology may make cupolas the predominant melting furnace for gray

iron and scrap steel production. The divided/hot biast cupola with
coke breeze injection and thermal recuperation, can be up to 50
percent energy efficient.- More important, large cupolas are potentially

much more likely to have improved energy usage than electric arc

:furnaces for melting ferrous scrap for the steel industry. Their use

could help the. United States to reclaim and melt its 700x106 tons of

Aferrous SCrap (6). .Thus several conclusions can be reached:

. (1) Cupola melting requires about 2.5x106 Btu/ton which is
considerably less energy than any other melting process.

(2) Large cupolas for melting ferrous scrap are economically
and technically feasible.




O

(3) The use of large cupolas will require the training of many new
reople in the modern technology reculred for their operation.

(4) The scrap dealers and the federal government should get
wongather to formulate scrap export policy relative  to duinestic
#hipment .rates to encourage the use of -domestic scrap and its

inherent energy in the U.S. metal markete

(5) ‘he country should make a consistent effort to exploit its own
ferrous scrap, rather than to make new steels from virgin
materials.
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