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CUPOLA AND COMBUSTIONT II{ A CUPOLA

he cr.rpola is a vertical shaft type fumace

having a cylindrical steel shell l ined with

relractive bricks and equipped r'vith a r'vind

box and tttyrers for the admission of air'The

cliarging opening is at the upper end of the fumace'
'fhe removal of molten and mctal as slag is at the

lower end of the furnace. Onc of the outstanding

features of the cupola is ascending flue gases pre

heat the clescending charges.'fhe descending fuel

replaces burned coke and rnaintains the original

hight.

The design and constntction of the cupola has to

be properly engineered to obtain the required

eff iciency. 
' fhe f igure I gives a sketch of a

conventional cuPola.

In order for the combustion to occllr tuttmzite

contact must be flrst macle betr'vccn carbon atld

oxygen. Oncc this is cstablishcd the resultant Co,

reaction proceeds. Thc spced o1'the rcetct ion

increases and becornes morc aucl tnorc dcpendcnt

upon  the  phys ica l  fac to rs .  
' [ ' hc  cond i t i on

snrrouucling the Co-reaction are goverued with

sinilar variables. T'he upper level of cxidation zone

where the tcmperature is  h igh the react ion

proceeds first, very rapidly. The carbon aud oxygen

react each other in the cupola etnd conclude the

basis of initial iron/coke/air ration'

a. Increasing the air volumc at a constant coke

rat io  resul ts  in  lower Co:  Co2 reat ion,

increase the melting rate but colder metal'

b. Increase the amount of coke at a constatlt

a i r  vo lume resul t  h igher  Co Co,  rat io

decrease melting rate but hotter rnetal'

Dccreasing the coke size at constant coke

to the air ratio results in higircr Co: Co,

increase the melting rate but colder metal.

I

c .

Fig. i

I r i g . 2

I t  has bcct t  recognized that var ious zoncs of

tempcratttrc and gas composition cxist in a cupola,

ancl these wcrc hrst delileerted by llelclcn who r,vas
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able to dctermine the upper limit of free oxygen or
combustion in the cupola and this gave rise to the
well known. Beldcn curve which represents the
distribution oIthc upper limit of {iee oxygcn in the
cupola. This lirnit ol' l iee oxygen also represents
the lirnit of heat gencration in thc cupola and givcs
a reasonable picture of the slrpper heating zone in
the cupola.

In figure 3, the line B - B, reprcsents the upper
l irnit  of free oxygen in the cupola. ' l 'his 

l ine
colrcsponds also to the Llppcr lirnit of tcrnperature
production because cornbustion will not continuc
in the absence o1'oxygen and the temperature will
progressively decrease uprverrds in the cupola
beyond the l ine B -  I l1  .  The actual  zone of
maxirnnm ternperature is probably immediately
below the line Il - llr where combustion is complete
but where a slight excess of oxygen is stil l present
which insures cornplctc combusticln.

Line M-M, leprescnts a zone of tcmperature lor,ver
than that existing at Il - I3,, but sufllcicnt to mclt
the rnatcrials of the charge. Obviously, thc charge
materials will melt over a raugc of temperature,
the lower mclting point materials melting just above
M-M, and the higher rnelting point matcrials niclting
just belorv M - M,. 'fhe sllpcr hcating zone lnay
bc re{rardcd as the zone extending downwards from
M-lv{, to the tuyere lcvcl rcprescnted by T -'f,.

As carbon pick-up occurs in this superheating zone
cannot bc expectccl to occllr readily in the presence
ol {iee oxygen belorv the uppcr limit of {i'ee oxygen
:riz., Curve B - IJr, it must occur predominantly in
the region of the cupola M-M, to I3-B,. In the
upper portions of this zonc, i.e. ncar the line M-
M,, the ternpcrature is not sufficiently high to lavor
rnaximum carbon pick-up whereas in thc lower
porl ions of this zone, i .e. near thc l inc B-8,, the
atmosphere may not be sufficienily rcducing to
favor maximurn cerrbon pick-up.

It may be expectcd, therclbre, that the optimurn
conditions for carbon pick-up are somewhat near
the center of the zone enclosed by I)-B, at the

lor,ver cncl and M-M, at the Llppcr end. Let us szty
the optimurn conditions occllr at thc line A-A,.

ln thc zone bclow thc lirnit ol free oxygcn Il - 81,
vcry l i t t lc carbon monoxide can cxist as free
oxygen occurs in this zoneAbove Il-Br, however,
carbon ciioxide fonncd by initial cornbination of
oxygen in the air with carbon in the coke reacts
with carbon to give a certain proportion of carbon
tnonoxide. This reaction is cndotlicnlic (absorbs
heat) so that abovc B - Rr progressing upr,vards
torvzirds N{-M1, the tcmpcrature steadily decreases
wl i i l e  t l i e  p ropor t ion  o1  ca rbon  rnonox ide
progressively increascs. As carbon pick-up results
f 'rorn thc combination of temperature and a
sufllciently reducing atrnosphcre, i.e. a suf{icient
proportion of carbon monoxicle or a sufflcient
abscnce of carbon dioxide, it rnust be presumed
that the control of carbon pick-up is intirnately
associated with the progrcss of the seconclary
reaction Co, + Q --|' 2Co. The cxact
dcptli and ten"rperaturc distribution in this zonc will
aflect carbon pick-up in a major clegrce.

In tlre zone below the lirnit o{'lrce oxygcn, viz. the
zone R - B I to l '- ' l '. conditions could be fhvorable
for clecarburization because of lhe prescnce of
oxygcn  and  the  re la t i vc  abscnce  o l ' ca rbon
monoxide.  fh is  zone whi lc  bcncf ic ia l  to  the
ternperaturc of tire mctal rnay not be favorable to
thc carbon content o1'the mctal.  fhis zone wil l
now be refcrrcd to as thc oxidizing zone,and control
of the depth of this zone to prevent loss of carbon
could conceivablybe just as important as the control
of the depth of the carburizing zone.

'l 'he position of rnelting tltat is the line M - M, in
relationship to the lineA-A, represcnting optimurn
car-bon pick-up is obviously imporlant. As thc metal
hrst rnelts and droplets begin to fbnn thcse droplets
are held by surfacc tcnsion for some time before
they are able to break away ad fall down to thc
well. 'fhere is, therefore, at the melting point a
prolonged opportunity for the droplets to pick up
carbcln should the conclitions bc favourable. Ifnow,
the linc M - M, is rclatively close to the lineA-A,,
it is reasonable to expect a good carbon pick-up.

3
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o1'Frcc Oxygcn

TIIII BI'LDEN CUITVE AND CAITRON
PICK-UP

Actr"ral melting, therelbre, is accomplishccl by not
gases and the composit ion ol,  these garscs r.vi l l
rnatcrially afltct the cluality ol'thc molten rnctal.

'fhe 
chcmical action involrrcd i' thc carburizirg

zone  i s  the  we l l  known scconc la ry  reac t ion
rvhercby carbon dioxicle is convcflecl to carbon
monoxide by action on thc coke. 'l'his 

action absorbs
heat a'cl procceds very rapiclly at high te'rpcratures
and very siowly at lower tcmpcraturcs. 'l-he 

extent
of the action is a clirect function of thc rcactivity
of the cclke. Thus, all othcr factors being equal,
t h e  r e a c t i v i t y  o f  t h e  c o k c  r v i l l  c o n r i . o l  t h c
teurpererlure and ceubon pick-up during rnelting.

Ily care ftil ly co'trolli 'g both physical ancichcuricar
ir"rllucnces in relation to one another, it is possible
to rnelt hot lluid iron and sccure adequerte carbon
pick-up with a variety.

[,tr}{ING RUITNOUl'

A practical tie-up bctwccn the thcoretical zones in
the cupola wliich have becn discr_rssccl an<i etctual
control of the urelting process rnay be fbuncl the
ruaturc o1-the lining bumout.

'l 'herc 
are esscutialli, fbur conditions that might

exist and these are schertratical$r portrayecl in
Irigurc 4 logether with the zone Iirnits trhat probablv
exist with cach typc of'bumour.

'type 
A burnont is a relatively clccp but confinccl

burnout locatecl vcry close to the tulrer.ss -11,1
extends upu,arcls appreciably but is relat ivel l '
shallow.'I' l ic clcgree of penctration is lou' rcsuhing
in an inverled conical bclden cur\/c.

'fype 
C bumout starts well abor,'e thc tuyeres and

is rluite deep. It extencls upwarcis rrorc than tirat
shorvn in"lypc A and is usually t-oundirrg smaller
cupolas (42" and bclow) whcrc tire pcnetration
may be exccssive. 'fhis gives an upright conical
type of Bclclen curvc"

'l1,pe 
I) bunrout is the most dcsirerblc. It startcs

about 6-9" above thc tirycres and is sli.allow but
quite extensive in height. The Belden curue itself
is rclatively flat which obviously is super"ior froln
the conl.rol stanrtrpoint.

.!a_,.

I

ICarturiz- ing
,f zorre
I
i
I

I

i

I

I\ . 'Oxidation

I Zone
;
I

J'ut'erc [-cvcl
Cornbustiorr
Starrs

F ig .3

' l 'hc 
var ious zoncs of  ternperature ernd gas

cornposition in tl-ie; gullola owe thcir positions ancl
extent to chcrnical and physical controlling fbrces.'fhus, 

tlic procluction ol'initial heat is the result of
chcrnical action b';t thc cornpictcncss of this heat
production is clepcnclent on physical {irctors slrch
a s  b l a s t  v c l o c :  t y  a n c l  b l a s t  p e n e  t r a t i o n .
Irurtherrnore, thc propzrgartion oIthis heat uprvards
tiirclugir tlie culrola is thc result of both physical
rtncl chenrical act ions.

Any tcrnpcraturc that exists abovc the upper limit
ol ' { iec oxygcn is duc to the ser-rsiblc hcat ol ' thc
l-rot gascs asccntlinll thr: cupola. T'hese gases in
passing { lu'oush thc contbustion zonepick up heat
tunits rvlrich thcy srrbsccluently transfer to the coke
and chargc ntatc ; r ia ls  which cx is t  abc lvc the
cornbi"r:;tion zonc. L,vidcntl,v-, the specific heat and
rate of llorv of'tl i: gases as rvell as the spc,cific
Iieat of the chargc nrater:ials wiil grcatly inlluence
thc position and c.,(tent o{'thr: carirurizing; zone.

_ ,.!

:
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It is quite evident from these considerations that
the degree of penetration of the blast and the
velocity ofthe blast are controlling factors in carbon
pick-up. lt is also possible to discuss the changes
that are necessary to convert the Type A, B and C
to that shown in lype D. Attainment of Type D
burnout willresult in optimum melting and carbon
pick-up conditions.

DEGREE OF I}LAST PBNI]TITATION

The degree of blast penetration is dependent to
the diameter of the cupola, the resistance offered
to the blast, and the velocity of the blast. The
mechan ism o f  pene t ra t ion  i s  po r t rayed
diagramrnatically in Figure 4. The blast entering
the tuyeres in a horizontal direction must change
its clirection of llow so that it proceeds upwards
througli the cupola in a vertical direction of flow
so that it procecds upwards through the cupola in
a vertical direction. If this is considered firstly in
ern empty cupola, it is apparent that the initial tuyere
velocity is of some irnportance and must be related
to the distance front the tuyeres to the center of
the cupola.

Whereas, tlie tuyerc area rvill control the initial
inlet velocity r,vith a fixecl volume of air it must be
rcalized that changing the air volume with a flxed
tuyere area will correspoltdingly afflect the degree
of penetration. Thus, under special circurlstances
cupolas may be desigr"recl with lo'uver or higher
tuyere ratios tlian tliose given purely on a cupola
size basis.

If'now, the presence of the coke and cupola stack
is given clne consideration, it is possible to further
deduce the conditions which are favourable or
unfavorable to blast penctration.

Consider lirstly large coke ernd ern open burden
where little resistance is offercd to the f-low of air
i n  the  cupo la .  unc le r  t l i ese  cond i t i ons ,  the
penetrat ion condit ions are essential lv sinri i i t r-  tr
thosc shown {br an empty cupola. 'l irc.rt ir'; :rrtnr,:
channcl l iug of the blast lr l r t  .1,: ;  rr i , : :J:c is l i t t lc
resistance to flow, the initial tui1,';1,. . ,.:.i;cit! which
is determinecl by thc ratio of bt.i.: ir:d to tLlyere
opcning size, r,vill c;rlntrol the degrt:c o['penctration.

TYPICAL BURN - OUTS ANI)
COITITBSI'ONDING RELDEN CURVBS

Fig.4

Under these conditions, the height of the stack can
largely control the degree of penetration as any
inc rease  in  s tack  w i th  an  inc rease  in  i l ow
resistance in thc vertical direction will, of course,
resr"rlt in increased pcnetration torvards the center,
becausc it is easier in this case for the blast to
proceed horizoutally. By the sarne token, a low
stack will result in decrcased resistance to vertical
flow which is tum will result in decreased flow in
a horizontal direction, or decreased penetration to
the center of the cupola. As the cupola diameter
increases, therefore, and penctrat ion becornes
lnorc  d i f f i cu l t ,  t he  burdcn  he igh t  shou ld
correspondingly be increased to rcsult in irnprovecl
penctrat ion.  ln  actual  pract ice,  however ,  the
opposite conclition usually exists and this is one
reason why cupolas do not always behave as
anticipated.
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Considcr now where the coke is quitc srnall and
the stack is dcnse. l jndcr thcse conditions there is
ert the tuyeres a considerable resistance to the cntry
of the blast in a l iorizontal direction by virtue of
the l i ictionalresistancc brouglit about by the s'-rall
voids bctween thc coke. As rn,e proccecl up,,varcls
in the cupola, thc coke size normally increases and
the metall ic stack is relatively opcn comparcd to
the small coke being used. As a result, thcreforc
the blast farvors florv in a rrertical dircctio' rvith
conscquent poor pcnetration to the centcr of thc
cupola. Dccreasing the burclen hcight in such a
case u,i l l  again favor vertical l lo'"v ancl lvi l l  result
in decrcasecl pcnetration. 1'hus, rcducing burden
to rcclucc the ioacl  on a blower is also asainst
i rn 1'rrovcd penctrat ion.

When ftccd rvith srnall coke tl ie proccclure for
irlproved penetration is to rcduce the blast used in
ordcr to decrcasc frictio'al rcsista'ce and crccrease
thc tuycrc area to providc greater init ial i 'rpetus
to thc blast  but  maintain a higl i  stack to act  as a
clarnper in prornoting l iorizontal f lorv. ln many
cases ,  the  on ly  log ica l  n teA l ts  o f  scour ing  the
c lcs i red  pcnc t ra t ion  is  to  r . rse  eavcs  over  the
tuycres.

I}I,AS'I ' \/EI,OCIl 'Y

Some relbrencc has bccn maclc to blast  vcloci ty
as rclatcclto frictional rcsistancc to florv and clcgrce
of pcnetrat ion,  but sornc of ' the l rore important
cI I 'ccts o1'vcloci ty harre not bccn consic lercci .

As chc.-ricerl rcactio's i ' the cupola arc iri{ luc'cccl
by tirnc they etrc, ol 'course influenced by the rate
of' l lorv or the velocity of'the blast. 

' l 'his 
is cliscussccl

l n o r e  f u l l y  i r - r  t h e  s e c t i o n  d c v o t c d  t o  c o k e
conrbustion cliaractcristics, but in lcading up to this
discussion, i t  is  rvcl l  to consider thc cf1 'cct  o l '
vc loci ty tcnrpcraturc c l is t r ibut ion in thc cupola.

' l ' hc  
hca t  genera t ing  ac t ion  o f  a i r  on  coke is

confinccl to thc area betwcen thc tuyercs and tl ic
l lclclcn curvc or uppcr l irnit of f i-ec oxygcn. Above
thc Ilclclcn crlrve, thc tenrpcrature progrcssivcly
Ialls as the encJothcnnic reaction betwcen carbon
clioxicle ar-rci cokc takes placc. It rnight be rcasonccl
that as no oxygcn cxists above the Ilclclcn cllrvc
nol tcmpcretturc can cxist. 

' l 'his 
is truc lrom the

chcnrical arclion statrclpoir-rt but thc temperaturcs

that do exist in thc rUlpcr portions of thc cr_rpola
arc obteri 'cd purcly by physical conduction ol'hcat
units wli ich arc produccd in tl ic combustion zone.

Thus, the hot gases travcll ing upwarcls lrom the
combustion zone give up as largc portion o1'their
hcat to the cokc and the chargc n-raterial above
tlre combustion zone. 

' l 'hc 
melting point or zonc in

the cupola (rvhich occurs above thc co'rbustio^
zone) is locatcd, t l icreforc largcly accorcling to the
elliciency of this heat translbr fiom thc co'rbustion
zone of thc cupola.

As this hcat for 'rclt i 'g is transfcrrcci l i 'o' i thc
ascending gascs to thc chargc matcr ia l ,  i t  lb l lorvs
tl iat the rate of l low ol'thcse gascs wil l co'trol thc
extcnt to which hcat is carricd to thc uppcr portions
o1- the stack. If the rate of f lorv of the gases is
high, the teurpcraturc lvi l l  bo l i ight at a point wcll
above the I le lc lcn curvc,  ic .e the l ine M-M, in
Figure 1. l l , hou/cvcr, t l i is rate of l low is lorv, t l ie
tcrtpcraturc rvil l  bc confinccl to au arca not far
abol,e thc Bclclcn cLllve. I ly thc same rcasoning,
a high rate of f low rvhile spreacling the heat u'its
ovcr a lrore extend areas may r-rot rcsult in as high
a maxirnnrn tcmpcrature within this ar-ea. l ' l i is is
becausc tl-rc gas rnay bc l lorving too last to gil,s
up al l  i ts  avai lable hcat to ths c l - rargc rnater ia ls.

As a l i igh vcloci ty blast  rv i l l  ra isc IVI-M, to a point
wcll erbovc the Ilclclcrr cLlr\/c, it rvil l  alscl cxl.cncl
tlrc supcrhcating zonc. Anotlicr I 'caturc of' high
vclocity blast rrust bc given cluc co.sideralion. 

'I 'he

h igh  vc loc i ty  b las t  rcsu l ts  in  t l i c  ra is ing  o l ' thc
mclt ing zol lc ancl  resul ts in a lorvcr ing of ,  the
tempcrature graclicnt in this zonc. With a lorvcr
velocity blast the rnclting zonc is lorvcr i incl thc
tcrnpcratr-rre is rnore conccntratccl in this zone . 

' l 'his

rncans in c l ' fect  that  h ighcr vcloci t ics iv i l l  cnlargc
the band ovcr rvhich thc chargcci rnatcrials r,vii l
r lc l t  and rv i l l  lcacl  tc incrcasccl  d i l ' l lcul t ics c luc to
cli lution etnd lailurc to conrplctcly, ancl scpar-atcly
ru rc l t  z r l l  thc  co l l tpouents  o [ 'a  charge.  I l i ghcr
velocitics eire, lhcrclbre, in thc dircctior-r ol-l loorcr
rnclting control rvhcrcas lorvcr vclocitics .csurt in
i r lproved consistency ol 'control .  

' t 'h is 
has ahvays

becn founcl to be thc casc ir-r practice.

CUPOI ,A I } I I I )  CONDI ' I ' ION

lJnlcss thc bccl  is  u,c l l  hcatcd throughout i ts l lass.
L
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the zone above the Belden curye will be at a low
temperature for some time after the blast is first
turned cin. This is simpiy because it will take time
to heat this zone by transfer of heat from the
ascending gases and atrfirst the carburizing zone
will be relatively near the Belden curve. With a
sufflciently lorv initial bed, rnelting will occur quite
near the Belden curye and the metal may be quite
cold.

With a high bed, hor.vever sometime will elapse
before the change can descend to the melting level
and during this tirne normal heating of the zone
above the Belden curve may take place. This
burnirrg away excess coke will also give slow
melting. Slow collection of metal in the well may
also lead to colder first iron.

Witli a hot bed the cupola can start operating very
nearly under the condition of balance which it
normally arrives at later in the heat. As the zone
above the Belden curve is  a l ready hot ,  the
ascending gases will give up all their heat to the
cooler coke and material and will extend the zone
of high temperature rapidly. With a correct height
of initial beci underthese ccinditions, it will be found
that the initial temperatures and carbons are very
closely the same as tliose found late in the heat.

With a bed that is too low, the solid charge material
will oome to a zone whele free oxygen exists and
the melting r,vill occur very close to the Belden
curve, tlie net result is cold iron and low total
carbons as u'ell as sxcessive oxidation of silican
and nranaganese in the charge.

It is appareni from the preceding discussion that
;ertain Ph)rsica.l  fatctors such as iuyers sizes,
'.,0:rdcu i\eiglht, chargc densit',,, coke srze, blast
', 'rj loci{,,/. bed ireight and marterially affect the
pr"ogross ofl combustion in the cupola and as a
consequcnce tire carbon pick-up obtained during
rneltingl l]ecause uf these factors it is found that
each cupoia is a iow urrtcl itself and the same coke
in diffcient crrilolas nra./ oflen give rnaterially
diffcrenl roi;riits. Quitc oftcn trite physical conditions
ihr t  i ;x i : ; i  rn  a i ; i r , 'en o1:ernt ion make i t  c lu i te
imilc;ssitrie to utili;:e a coke o{'giveri characteristics
rl.rcct:ssiullv. The tnck cf goocl niehing control with
a rrarieiy ol r:akes is tiie ;icljusfment <lf the ph)rsical
Jbctors irrvolvr:c Lo suit tire lypcr of coke beinir used.

To make this practical it si necessary to have a
re l iab le  measurement  o r  es t ima t ion  o f  the
combustion characteristics or chemical behavior
of any particular coke.

Before discussing coke testing and measurement
it is necessary to consider briefly the importance
of factors such as combustibility and reactivity in
relation to the temperature and gas composition
zones in the cupola.

INFLUENCB OF COKE REACTIVITY

Coke reactivity may be defined as the rate of
reaction of the coke with carbon dioxide to give
carbon monoxide according to the equation:

C + C O 2 2 Co - 72,200 B.T.U.

This reaction absorb heat and proceeds very rapidly
as the temperature necessary for its progress is
raised. It is well known that different cokes vary
considerably in reactivi ty, but is not always
appreciated that these differences will profoundly
affect the cupola combustion conditions particularly
those that control carbon pick-up and temperature.

Consider now the two extreme case viz. where
the reactivity of the coke is high and also where it
is low.

With a coke of low reactivity the reaction C+C0z
: 2 Co proceeds slowly and the carbon dioxide
formed in the combustion zone wili rise well above
the Belden curye before any appreciable amount
of carbon monoxide is formed. The zone A-A
which represents the point of optimum carbon pick-
up, therefore, will occur well above the tselden
crir:ve. In addition to this, because the reaction to
carbon monoxide absorbs heat and the reaction is
slow, the melting point V-M, will be well above
the Beiden curve. It si also extrerpely probable
that the line A-A, will be located very near M-M,
because the temperature has to be quite high before
any appreciable amount of carbon monoxide will
forurr.

As the reaction to carbon rnonoxicl. r, ,.r, zrffected
by temperature than it would be in the case of
higli rear:tivity coke, it follows that spreading of
thi: high tcn-lperature zone by increased velocities
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will not be as harrnful. It may be said, therefore,
that low reactivi$, coke promotes a safeter and
less critical melting condition rvith respect to blast
velocirl'.

Wi th a coke of  h igh react iv i ty ,  the opposi te
condit ions apply. As carbon l t lonoxide rvi l l  be
fbrmed rapidly,. the line A - A, will be located quite
near  t t ' r  the Belden curve B -  B, .B) , the same
rnethod the greater loss in tenrperature due to the
secondary reaction wil lbr ingtlre melt i l rgzone M -
M, dox, 'n giving a shal lower superheat zone. Also,
a s  t h c  r e a c t i o r r  i s  f a s t  a t  r e l a t i v e l y  l o w
temperatures. the use of high blast velocities will
definitely be harm{bl.

Coke combustibility may be defined as the rate of
reaction between the coke and oxygen to give
carbon dioxide accordirrg to the reaction.

c + o: ---* co. + 174.060 B.T.tr.

'fhe 
effects t;l 'ccunbustibilif,v alone on cuptrta zorles

are considered it rrray be reasonecl that a cclke of
high cornbrrst ibi l i fy wi l l  give an upper i i rnit  of ' f iee
ox,\'gen closer to the tuyeres wifh ir less extensive
superhea t  zone  w,hereas  a  coke  o f  l o l v
cornbustibi l i ty ni l l  give an uppet'  l i rrr ir  , : f  f i -ce
oxygen at a greater distance fronr the tuvcrr::; w,iti-l
a corresponding deeper superheating zone.
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