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MASSIVE, VOLUMETRIC AND ENERGETIC EFFECTS OF COAL EXCHANGE BETWEEN COKE AND EXHAUST GASES AT
VARIOUS LEVELS OF CUPOLA PROCESSING STACK

EFEKTY MASOWE, OBJETOSCIOWE I ENERGETYCZNE WYMIANY WEGLA POMIEDZY KOKSEM A GAZAMI NA ROZNYCH
POZIOMACH SEUPA PRZETWOROWEGO ZELIWIAKOW

Formulas for the calculation of mass, volume and energetic effects bound with reaction CO, + C = 2 CO have been

derived in the paper. The effects occur in the charge coke, which pass from the upper boundary of the heating zone to the
lower boundary of the combustion zone as well as in the cupola gases generated in the combustion area and moving through
the charge material stack to the upper boundary of the heating region. The formulas include the effects at the lower levels and
the maximum effects i.e. occurring between the lower boundary of the combustion zone and the upper melting region.

The presented example of calculations contains full information on the size of analyzed reaction effects and describes its
energetic model.

The work contributes to the elaboration of so far inexisting theory of thermal zone and subzone balances of cupolas
as well as the method of calculation of gas temperature at the sub- and zone boundaries followed by the kinetics of zone
processes, which depend on the temperature of gases

Keywords: cupola, coke, CO, reduction; formation of CO, exchange of coal, energy exchange

W pracy wyprowadza si¢ wzory do obliczania efektéw masowych, objetosciowych i energetycznych, zwigzanych z re-
akcja CO, + C =2 CO. Wymienione efekty zachodza w koksie wsadowym, przemieszczajacym si¢ od gérnej granicy strefy
podgrzania do dolnej granicy strefy spalania oraz w gazach zeliwiakowych, generowanych w strefie spalania, a nastgpnie
przemieszczajacych si¢ przez stup materialéw wsadowych do gérnej granicy strefy podgrzania. Wzory ujmujg efekty pomigdzy
dowolnymi poziomami oraz maksymalne efekty, tj. zachodzace pomig¢dzy dolna granica strefy spalania a gérna granica strefy

podgrzania.

Przedstawiony w pracy przyklad obliczeniowy zawiera pelna informacje o wielkosci efektéw analizowanej reakcji oraz

identyfikuje jej energetyczny model.

Praca stanowi podstawe do zbudowania, dotad nieistniejacej, teorii bilanséw cieplnych strefowych i substrefowych zeli-
wiakéw oraz metody obliczania temperatury gazéw na granicach stref i substref, a nastepnie kinetyki proceséw strefowych,

zaleznych od temperatury gazéw.

Denotations

* — upper index in denotations of gas volume and
energetic effects informs that the given value refers to
100 kg of metallic charge, i.e. Fe

(COy)y, (CO)y;— COz and CO content in cupola
gases at level i, respectively, normal conditions, vol.%

Cy — content of C in coke, kge/kg core

G, — weight of C in CO at level i kg¢/100 kgp,

Geo,i — weight of C in CO; at level i, kgc/100 kgp,

i — general denotation of zones and subzones (CO,
reduction zone); i=1; i=2; i=2"; i=3; i=3"; i=4

i=1 — the lower (conventional) boundary of combus-
tion zone and the lower limit of first reduction area,

*

i=2 — upper boundary of combustion zone and up-
per limit of first reduction area as well as lower limit of
melting zone and lower boundary of second subzone of
reduction,

i=2" — upper boundary of second subzone of reduc-
tion and simultaneously upper limit of third subarea of
reduction,

i=3 — upper limit of melting zone and upper bound-
ary of third subzone of reduction and also lower limit of
heating zone and lower limit of fourth reduction zone,

i=3" — upper limit of fourth reduction subzone and
lower limit of neutral subzone,
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i=4 — upper limit of heating zone and upper limit of
neutral subzone,

K¢, — contribution of coal in charge coke of the
processing stack at level i kge/100 kgp,

K¢ — share of coal at conventional limit of com-
bustion zone, kg¢/100 kgp,

Kci = Ky, Ck

Kca= Ky 4 Ci

K4 — expenditure of charge coke, kg .ok./100 kgF,

O, — share of oxygen in blast air, vol.%

Qg,;— thermal chemical energy of coke at level i,
J/100 kgp,

Qg4_;— decrease of chemical energy of coke be-
tween levels 4 and i, J/100 kgp,

Q}"g’i— thermal physical energy of gases at level i,
J/100 kgp,

QF,COZ,i_ physical heat of CO, at level i, J/100 kgg,

Qf,CO,, 1 —1)*— decrease of physical energy be-
tween levels 1 and i, J/100 kgp,

Qf,CO,i)*— physical heat of COat level i,
J/100 kgp,

Qch,CO,1)"—~ chemical heat of COat level i,
J/100 kgp,

Qd,g,1—1)"— decrease of physical heat of gases
between levels 1 and i, J/100 kgp,

Qd, g, 1 —4)"— decrease of physical energy between
levels 1 and 4, J/100 kgp,

Vg, 1)~ volume of generated gases at level i=1,
in the effect of combustion of coal into CO, in amount
Kc.1, normal conditions, m3/100 kgr.

V(coy, 1)*— volume of CO, in gases at level i=4,
normal conditions, m3/100 kgre

V(g,4)"— volume of gases at level i=4, normal con-
ditions, m3/100 kg,

Xc,i — increment of coal weight in gases from lev-
el i=4 to leveli (on the expense of charge coal coke),
kgC/IOO ngg

Xca4 — maximum weight of coal, which migrated
from the charge coke to gases to maintain reaction (1).
It refers to the whole height of material stack above the
level of bottom nozzles, kgc /100 kgp,

n,; — degree of gas combustion at level i, counted-
from bottom boundary of combustion zone (convention-
al), in unit fraction,

ny4 — degree of gas combustion at level i=4 (level
of upper limit of heating zone), in unit fraction,

ny1 — degree of gas combustion at level i=1 (level
of bottom limit of combustion zone), in unit fraction

1. Introduction

The reaction of reduction of CO, belongs to the
characteristic and important processes, which go on in
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the cupola shaft between the coal contained in the charge
coke and CO; of the gases:

CO,+C=2C0 (1)

Reaction (1) is endothermic and brings about slowing
down the process of heating, melting and superheating
of metal melted as the result of:

— significant decrease of heat amount from the coke
combustion in the combustion zone,

— large lowering of temperature of gases migrating
through the stack of charge materials containing coke,

— significant decrease of volume of coke pieces.

It also causes an increase of volume of gases (drop
of CO,, increase of CO).

The reaction is the more efficient the higher the re-
activity of coke (ability of coke to the reduction of CO,
into CO), the smaller the coke pieces and the lower ex-
penditure of blast air. Theoretically reaction (1) proceeds
at different intensity at the whole height of material stack
filling the cupola shaft above the level of bottom nozzles.
The literature data indicate, that reaction (1) practically
decays, when gases reach temperature about 900°.

The aim of the present work was to establish the
model of reaction (1) in the processing column of cupo-
las and derivation of its analytical description, which en-
close massive, volumetric and energetic effects running
in the zones and subzones defined in the work as well as
between the sub- and zones (continuation and develop-
ment of work [1]). The work contains numerous exam-
ples of application of the derived formulas. It brings in
the basic energetic aspects of the cupola process, which
form the basis for the calculations of zone balances, and
temperatures of gases at boundaries of individual zones
and subzones, which in turn are the basis for the calcula-
tion of heights of zones and subzones. The work derives
an important element of the analytical thermal theory of
the cupola process.

The problem of calculation of massive, volumetric
and thermal effects of the coal exchange, proceeding at
different levels of the processing stack of cupolas result-
ing from the reaction CO,+ C=2CO between the coke
and gases has not been so far described in details in the
literature. Out of few contributions [2-6], a formula of
calculation of thermal physical energy of gases at the
upper limit of the heating zone (outgoing gases), based
on work [7] can be referred to in the form of (2) after
introducing the SI units and relation S,=1-1, 4

Qf,g.4)" =33,66-10°0,3+0,7n,.)Kca  (2)

where:
Qf, g,4)" — physical heat of gases at the upper limit
of the heating zone (outgoing gases), J/100 kgg,
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n,4 — degree of combustion of outgoing gases, unit
fraction (details to be found later)

Kc¢4 — fraction of coal in coke in the metal charge,
kg C/100 kgp,

33,66 - 10° — thermal effect of combustion of coke
coal into CO,, J/kgc.

Formula (2) can be derived, when balancing the heat
contained in CO, and CO of the outgoing gases, which
does not reveal the model of energetic phenomenons pro-
ceeding at the height of the processing stack. As it is
to be derived later the Q(f, g,4)" heat consists of two
fractions, i.e. the loss of coke coal to the gases due to
diffusion as well as the loss of physical heat of gases
consumed during the formation of CO.

2. Model assumptions

1) The following zones and subzones form in cupo-
las of stabilized melting process in the column of charge
materials filling the cupola shaft above the level of bot-
tom nozzles (rig. 1):

a) zone of coke combustion with oxygen of blast
air, and a first subzone of CO, reduction zone;

b) melting zone of metallic charge, containing two
subzones of CO, reduction, the lower one (main) and
the upper one;

¢) zone of metal heating up to the melting tem-
perature, containing two subzones of CO, reduction,
i.e. lower one (of decaying reduction) and upper one
(neutral — without the CO, reduction process).

The mentioned zones (in bold) create a row layout
(Fig. 1), in which: the lower limit of the heating zone is
adjacent to the upper boundary of the melting area; the
lower limit of the melting zone adjoins, in turn, the upper
limit of the combustion area. The subzones of reduction
and the neutral area also form a row layout. The upper
and bottom zone and subzone limits reveal a plain area
of contact perpendicular to the cupola axis. The zone
and sub zone limits are referred to in the present work
as levels (considered from the conventional lower limit
of combustion zone) and are generally denoted as bold
letter, at which: i=1 is a level of lower limit of combus-
tion zone and lower limit of first reduction subzone;i=2
denotes the upper limit of combustion zone and at the
same time the upper limit of first subzone of reduction
and lower limit of melting area as well as lower limit
of second subzone of reduction; i=2" refers to the upper
limit of the second reduction; i=3 indicates upper limit of
melting zone and upper limit of third reduction subzone
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as well as the lower limit of heating zone and lower limit
of fourth reduction subzone;i=3" denotes the upper limit
of fourth subzone of reduction and the lower boundary
of neutral subregion;i=4 is the upper limit of heating
zone and upper boundary of neutral subzone (Fig. 1).

2) A very complicated distribution of temperature
and chemical composition of gases, not described in lit-
erature so far, occurs in the combustion zone. It results
from a nonuniform, in the internal cross section of shaft,
supply of air blast (side feeding) and the proceeding of
the reaction of CO, formation and its dissociation (re-
sulting from high temperatures of gases) and decompo-
sition of CO, due to the presence of charge coke coal. It
is also caused by heating the drops of liquid metal and
slag, the formation of slag, losses of physical heat to the
furnace walls and other endo- and exothermal processes.

In the present work the final effect of the combus-
tion process of charge coke coal in the combustion zone,
i.e. chemical composition of gases at upper limit of the
combustion zone. As it follows from the literature data
(e.g. [3] gases at the upper limit of combustion zone,
have the highest CO, content and temperature in each
process: the Co content is on average 5 vol.% [3].

3) At the lower limit of combustion zone, i.e. at the
bottom level of nozzles, the coal comprised in the coke
gets completely burnt into CO, (the conventional lower
limit of combustion area). The assumption departs far
from the real process but it introduces some order into
the considerations, being the point of reference. It does
not affect the results of the calculations planned for the
upper limit of combustion zone, because the composi-
tion of gases for the limit is assumed based on empirical
literature data (assumption 2).

4) As it follows from assumption 1, the melting zone
contains two subzones of reduction, i.e. the lower one,
which can be called the main zone of reduction and the
upper one. The sum of heights of both zones gives the
height of melting zone, while their boundary of section-
ing into subzones is diffused. It can be determined by
an assumed share of coke with reference to the metallic
charge or assumed contribution of metal melting heat
[8]. The share of coke increases in the melting zone
towards its lower limit, because of melting the primary
pieces of metallic charge. When the metal pieces, at low-
er limit of melting zone, undergo complete melting, then
the homogeneous coke in the continuous way migrates
to the combustion zone, currently completing its height.

Let us raise the problem of the quantitative approach
to the coal exchange between the coke and gases.
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Fig. 1. Scheme of the division of the processing stack of the coke cupolas into technological zones (Hy, H;, H,) and subzones of CO,

reduction. H, — height of processing stack, m

H,, H,, H, — heights of technological zones: combustion, melting and heating zones, respectively
i=1, 2, 3 and 4 — common limits of technological and reduction zones
i= 2’ and 3’ — boundaries of reduction zone in melting and heating zones, respectively.

3. Exchange of coal between the charge coke and
gases

The coke, which migrates in the cupola shaft to-
wards the combustion zone, gets into contact with con-
currently moving gases and it looses to their adventage,
part of coal in the way of diffusion (about 25 wt.%, at 12
% expenditure of coke), i.e. part of its chemical energy.

The coal left in the charge coke burns next completely
into CO, at assessed lower limit of the combustion zone.
This gas, (and precisely combustion gas, because of lack
of CO), which is a mixture of CO, and N, reduces part
of CO, into CO while migrating through the coke of the
combustion zone and it is a reason that the content of
CO in the gas equals on average about 5 vol.% at the
upper limit of combustion zone. The process of reduction
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of CO, continues in two reduction zones located in the
melting zone and in one subarea in the heating zone.

The described levels i differ from each other by the
chemical composition of gases, expressed with a com-
bustion degree, which is defined by equation

_ (CO2)v,i _ Gcoz,i
(COL)yi+(CO)y;  Geoy,itGeoi

Nv.i (3)
where:

n,; — degree of gas combustion at i level, counted
from the lower limit of combustion zone (conventional),
in unit fraction (or in vol.% after multiplication by 100),

(CO,)y ;+(CO), ; — content of CO, and CO in cupola
gases at level i respectively, vol.%,

Geo, i+Geo,i — weight of coal in CO, and CO at level
i, kgc/100 kgp, or kge

It yields from the first term of the right side of equa-
tion (3), that 7, ; describes the ratio of CO; in gases at
level i to the summary volume of CO, and CO in gases
at this level. However, it can be concluded from the reac-
tion of CO, and CO formation (C+0,=CO,) and (C+0,5
0,=CO0) respectively, that 1, ;can be described with the
ratio of weight of coal comprised in CO, to the summary
weight of coal contained in CO, and CO gases, because
the same volumes of CO, or CO are obtained from 1
kg C (the second term of the right side of equation (3)
Also the (1-n,;) difference is the ratio of weight of coal
contained in CO to the summary weight of C in CO,
and CO.

Considering the physical sense of 7, ; the weight of
coal in CO, and CO in the gases at level i can be written
down with the following formulas

Gc02,i:nv,iKc,i (4)
Geoi= (I-mv)K; )
where:
Geo,i — weight of coal in CO;at level i, kgc/100
nge

G, — weight of coal in CO at level i, kgc/100 kgp,

K¢, — share of coal in charge coal of the processing
stack at level i, kge/100 kgp,

It follows from reaction (1), that the volume of CO
(2 kilo-moles) is twice as big as the volume of reduced
CO; (1 kilo-mole), and the coal comprised in it origi-
nates in half from the decomposed CO; and in half from
the coal of charge coke coal. Hence the increment of coal
weight in gases (the loss of charge coke coal) from the
conventional lower limit of combustion zone up to level
i is described with formula

Xc,i =0,5C,; = 0,51 —n,)Kc, (6)

where
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Xc,; —increment of C weight in gases from level i=1
to level i due to reaction (1) (on the expense of coal of
charge coke), kgc/100 kgp,

The maximum weight of coal of charge coke, trans-
ferred to gases during the migration of the processing
stack through its whole height can be calculated from
the following equation, resulting from equation (6) after
the substitution i=4 i.e. n,; = 1,4 and K¢; = K¢

Xca=0,5(1 —ny4)Kca @)

where:

ny4 — degree of gas combustion at upper level of
heating zone in unit fraction,

Xca — maximum coal weight of the charge coke
consumed by the gases for reaction (1); it refers to the
whole height of processing stack; kgc/100 kgr,

The difference describing the share of coal with ref-
erence to the metal at the lower conventional limit of
combustion zone (i=1) can be written as function of 7, 4
and K¢ 4 using expression (7)

Kci =Kca—Xca=0,51+n,4)Kca (8)

where:

K¢ 1 — contribution of coal with reference to the met-
al at the lower conventional limit of combustion zone,
kgc/100 kgr,

It results from (8), that the composition of outgoing
gases (7 ,4) and expenditure of charge coal (of coke)
(Kc4) determine values K¢ at the conventional lower
zone of combustion.

Formula (8) can also have the following form

Kci=Kci—Xc; =0,511 +n,)Kc,;

©)

The comparison of (8) and (9) derives an important
expression to calculate share of coal (coke) in reference
to the metal at arbitrary level i

K¢, = - Kcy (10)

where:

Kci = K,,;- C; and Kcy= K, 4- Ci

K, i, Kca — share of coke in reference to metal at
level i and 4, respectively, kg ,k./100 kgg,

Cr — content of coal in coke, kge/kg coke

Equation (10) takes the form of eq.(8) for n,; = 1
(lower combustion zone; combustion of coke coal into
CO,), while for n,; = 17,4 (upper limit of heating zone)
is simplifies to the form of K¢, = K¢

Based on (9) and (10), an equation for calculation of
decrease of coal content in the AK¢4—, processing stack
between the upper level of the stack (i=4) and the leveli
can be written down as
Nv,i—MNva

AKcs_, =Kra—Ke; =
CA—i c4 Cii 1+77v,i

Kca (1)
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Using the relationship for the calculation of air vol-
ume consumed for the combustion of 1 kg of coal [9], eq.
(10) may be transformed to find its new physical sense.
The mentioned relation resembles the normal content of
oxygen in the blast air

Lea = Al +704) (12)
where:

A =445 — volume of air required for the combustion
of 1 kg C into CO, normal conditions,

Lca — volume of air consumed in the given process
for the combustion of 1 kg coke coal, calculated based
on the degree of combustion of outgoing gases, normal
conditions, m* air blast

For level i equation (12) has form

Lei = AL +1v)) (13)
Using equation (12) and (13) the ratio (14) can be written

as
1 +nv, 4 _ LC,4

= 14
1+T]V,i LC,i ( )
After the substitution of (14) into (10)
L
Kei= 7 Kea (15)
C,i
Relation (16) yields from eq (15)
Vi = Kcilci = Kcglcs = idem (16)

where:

idem — the same (Latin), word used in the theory of
similarity of processes,

V4 — volume of air blast supplied to the cupola,
normal conditions, miir piase! 100KEFe

The (16) relation means, that at each level of
processing stack, multiplication products of C share in
the charge and volumes of air blast are constant val-
ue equal to the volume of air blast V,; supplied to the

cupola, since its dimension is
kgC m’air blast m?air blast
100kgFe  kgC  100kgg,

Let us substitute (10) into (4) (5) and (6) to obtain
a developed shape of formulas

Vi=K¢,; L¢; =

1+nv,4

Xci=0,51 —ny;) 1 -Kca (17)
+77V, 1
1+ 4
GCOz,i:nV,iKC,i:T]v’j —1 +?]\:,"i KC’4 (18)
1+ v,4
Geoi=(1 = v Kei= (1 =) —24 Koy (19)

141y
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Equations (18) i (19) can be added to one another

1'H]v,4
1+nv,i

Kca (20)

gi=
where:
G, — content of coal in CO, and CO at level i, i.e.
summary content of C in gases at level i, kg¢/100 kg,
It follows from eq. (20), that the content of coal in
the cupola gases increases with the growth of i (value 7,
decreases) reaching maximum value Gg4 = Kcg4, which
is equal to the contribution of coal in charge cartridges
at the upper level of heating zone. Equality (21) results
from the comparison of (20) and (10)

G,i =K, (21)

It can be concluded from (21), that at each level i the
content of coal in the gases equals to the content of coal
in the charge coke at this level, which confirms the cor-
rectness of the balance.

Eq. (22) is obtained from (18) for n,; = 1 (i=1)

1‘H]v,él
2

Eq. (22) is identical with eq. (7), which is in accordance
with the assumed model, since the coke coal at the lower
limit of combustion zone burns completely into CO, For
My = Mva (i=4) equations (18) and (4) take form

Geo, 1= C4 (22)

Gc02,4 = T]v,4Kc,4 (23)

The content of coal in CO; contained in the gases
leaving the processing stack of cupola is calculated from
eq.(23).

Using (22) and (18), the formula for the calculation
of C content decrease in CO, of gases (diminishing vol-
ume of CO,between leveli=1 and arbitrary level i) can
be written down as

1 v, 1 +77v,4
2 1+77v,i

When i=1, relation AGg,, 1-1= 0 results from eq. (24),
while for i=4, the equation simplifies to the form

A(}coz, 1-i= Gcoz,l _Gcoz,i = I<C,4 (24)

1 —Iv4

AGeo, 1-4= Kca (25)

It results from (25) and (5) (for n,; = n,4and
K..i=K, 4), that the decrease of coal content in CO,, be-
tween the lower limit of combustion zone and the upper
boundary of heating area is equal to a half of coal con-
tent in CO at the upper limit of heating zone (formula
(5) for i=4); half of coal content in CO comes from the
decomposition of CO, and the other half from the coke.

The loss of part of charge coke coal to the gases
brings about the decrease of weight of coke cartridges
and their volume as well as the weight and volume of
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pieces of coke. Coeflicient Z¢ characterizing quantita-
tively the mentioned changes of weight and volumes is
defined as

Kwi Kci l4npva mpg

Zc= (26)

Kwa Kea I+nvi m,

where:
m, ., M, 4 — Weight of coke cartridge at level i and
weight of charge coke cartridge for i=4, respectively, kg.
Equation (10) is used to write (25); K¢; and K¢a

are written as
My ki

Ke,i= ki 1o 27)
rnn,Fe

Kea=—nkd 100 28)
My, Fe

where:

m, r. — weight of metal charge cartridge, the same
in all zones of cupola, kg.

The Z¢ coefficient is expressed in weight or vol-
umetric unit fraction or after multiplication by 100 in
vol.% or wt.%. If the coke pieces in cartridges are of
the same shape, weight and volume, equation (26) can
be recorded in the form for calculations as

1"'77v,4
1'H7V,i

Vki = Via (29)

where:

Vka4, Vii; — primary and current volume of coke
pieces, respectively, e.g. in cm?

After the substitution into (29) n,,;=1, the formula
for calculation of minimum volume of coke pieces is
derived.

If the coke pieces have form of spheres ore cubes,
then their current diameter can be calculated from for-

mula
3 1+77v,4
dii = diay
1"'77v,i
where:

di,; — current diameter of coke pieces, e.g. cm,

dy 4 — primary diameter of coke pieces, e.g. cm,

After the substitution 7,,;=1 into (30), the equation
to calculate minimum diameter of spherical coke pieces
or side of cubic coke pieces is obtained.

(30)

4. The calculation of volume of gases at levels i

The products of coke combustion in cupolas are
called in literature “gases”, first of all because of the Co
content (the name has also psychological sense, requir-
ing greater caution to avoid explosion). Let us derive
a formula for the calculation of volume of dry gases
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(not containing water vapour) appeared from the com-
bustion of 1 kg coke into CO, and CO. The following
items form the summary volume of the gases: CO, and
Co and N, volumes, at which the N, volume connected
with the combustion of coke coal into CO will be two
times smaller than the volume N, connected with the
combustion of the same mass of coke into CO, For 1
kg of burnt coke, the following equation of balance of
volumes of gas components can be written:

22,4 22,4 22,4 100-0
Vg,i=777v,i+7(1—ﬂv,i)+ [ i 0. ~+
(3D
241000,
2 o M0,
where:

Vg, — gas volume at level i from the combustion of
1 kg C, normal conditions, m*> gas/kgc

22,4/12 — volume of CO or CO, from the com-
bustion of 1 kg C, normal conditions, m*> CO/kgc or
COy/kgc.

First two terms of right side of balance (31) contain
volumes of CO, and CO in the gas; third term refers
to the volume of nitrogen in the gas bound with the
combustion of coal into CO,, while the fourth one de-
scribes the volume of nitrogen in the gas spent on the
combustion of coal into CO.

After a simplification of (31) and a transformation,
the relation (32) is derived

22,4 100 - O,
12 20,

For O,= 21; 25 and 30 vol.% equation (32) is simplified
to the form of:

Vgi= L+ (T+1y4) (32)

Vec = 1,871+ 1,88(1 +n,)] (33a)
Vei =1,87[1+ 1,50(1 +n,,)] (33b)
Vei=1L8T[1+1,17(1 +n,,] (33¢)

Let us consider three particular cases of equation (33a),
i.e. for n,,;=0; n, ;=1 and n,,;=0,5:

First case : Vgc = 1,87-2,88 = 5,386 (34a)
Second case : Vo c = 1,87-4,76 = 8,9 (34b)
Third case : Vo c = 1,87-3,82=17,14 (34¢)

After the multiplication of (32) by K¢, and the substitu-
tion of equation (10), the full formula of calculation of
Vi is derived

22,4

. 100 — Oy [1+7v 4
Vg’i—? 1+ A4+nyi)

ZOV 1 +77v,i

Kcsa (35)

where:
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VZi — volume of gases at level i, normal conditions,

mz,/ 100 kgp.
For O, = 21 vol.% equation (35) simplifies to the form

I+ny
V3= 5.38(1 4 0,657,) T

Kca (36)

Nv.i

Based on (1) volume of CO, and CO can be written
down by equations

. 22,4
COZ,iZTUv,iKC,i (37)
. 22,4
Veoim—5 (1 =nvi) K (38)
12
where:
V:Oz,i — volume of CO; in gases at level i, normal
m3co,
ditions, ———
conditions T00kg,.
Vii — volume of CO in gases at level i, normal
dit m3co
conditions,
100kgp.

The substitution of equation (10) into (37) and (38)
enables obtaining a full form of formulas

. 22,4 14nya
COz,i:: 12 Nvi 1+nv,i C4 (39)
. 22,4 141y 4
Vc02,1==T T, (1 —nvi)Kea (40)
Volume N, in gases can be recorded as difference
Vo= Vaim (Vioni+ Vi) (1)

After incorporation of equations (35), (39) and (40) into
(41) a developed shape of the equation for the calculation
of nitrogen volume in the gases is derived

- 22,4100 - Oy 1+ny4
N2 O, 2

Kea (42)
For O,=21 vol.% equation (42) is simplified to the fol-
lowing form

Vy, =3,51(1 +7,4)Kca (43)
To calculate the shares of particular components of gas-

es in the mixture at level i the following formulas are
employed

(COvi = — (44)

Veoi 100
Vi

*

Vcoi
=100

CO), j=— 45
(CON=, (43)
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Vi
(N2)yi = <= 100 (46)
V.
g1
where:
(N2),; — content of nitrogen in the mixture at level
i, normal conditions, vol.%
The equations for the calculation of decrease of CO,
content in gases are to be still derived. This decrease
from level i=1 to level i is defined by equation

X . N 22,4 (1414
Vcoz,l—i: Vcoz,l_Vcoz,jz 2 ( 3 —Tvi 1+T] _
v,i

The first term in the brackets of equation (47) results
from equation (39) for n,;=1, while another is part of
formula (39). After a transformation eq. 48 is obtained

. 22,41-n
2124 T4y

(1+17v.4) Kca (43)
The decrement of CO, volume along the whole process-
ing stack is calculated from (48) after substituting n,; =
Mva (i=4)

. 22,4

002,1—4:7(1_77V,4)KC,4 (49)

As for the CO content in gases, it raises from O for i=1
to a maximum value for i=4; it can be calculated from
formula (40) for an arbitrary level i. It results from the
comparison of expressions (40) and (48) that the incre-
ment of CO volume is twice as high as the decrease of
CO, volume, which is in accordance with equation (1).

5. Thermal effects of coal exchange between charge
coal and gases

The thermal effects connected with reaction (1) will
be subsequently described.

The charge coal looses part of coal due to the dif-
fusion to the gases on its way from the upper limit of
heating zone towards the bottom boundary of combus-
tion zone. The thermal chemical energy of the coke coal
at level i can be calculated from formula

1+
Qc,;= qcKc,i= 33,66 - loﬁl—MKcA

+1vi

(50)

where:
Q¢ — thermal chemical energy of the coke coal at
level i J/100 kgp.
qc = 33,66:10% — thermal chemical energy of the
reaction of oxidation of coke coal into CO,, J/kge
Formula (10) was used to write down equation (50).
The following formulas are obtained from eq. (50)
for i=4 and i=1

Q¢4 = 33,66 10°Kc4 (51)
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Q¢y =33,66-10°—""K,4 (52)

The thermal chemical energy contained in the coke coal
loaded into the cupola can be calculated based on eq.
(51), while the thermal chemical energy contained in
the coke coal at conventional lower limit of combustion
zone, i.e. after the loss of coal to gases at the whole
height of processing stack is obtained from eq. (52).

The decrement of thermal chemical energy of the
coke coal between levels i=4 and i can be calculated
from formula

Q4= Qcg—Qp;= 33,66 1Oﬁ%Km (53)

v,i

The maximum decrease of thermal energy of coke coal
is derived from eq. (53) fori=1(n, ;=1)

= 33,66 - 106

—Tva4
QC4 1~ 2

Kca (54)
In turn the formula for the calculation of physical ener-
gy of CO, and physical and chemical one of CO will be
derived

At level i=1 of the combustion zone, the coke coal,
which is a source of thermal energy burns completely
into CO; in the amount of K¢ ;. The generated CO,, mi-
grating through the processing stack undergoes partial
reduction into CO, which contains both the physical and
chemical energy

Let us write down the equations for the calculation
of the physical, thermal energy of CO, and CO at leveli
multiplying the weight of given component of the gas
Geo,i and G, by its heat of formation.

1'|'77v4
* o= 33,66 - 107, ; K 55
Qf co, i My, ey C4 (55)

* 6 +77v4
Qf,co,i= 10,06 - 10 (1 v1) C,4 (56)

1

where:
120,72

10°= 10, 06-10° — thermal effect of oxidation

of C into CO, J/kge

120,72-10° J/kmol C — thermal effect of CO forma-
tion

The following formulas can be obtained from eq.
(55) and (56) for particular case i=4. They confine the
physical heat of CO, and CO at upper limit of heating
zone

Q;COQAZ 33,66 - 10677v,4KC,4 57)

Qf cos= 10,06 10°(1-nv4)K ey (58)

After the addition of equations (55) and (56) to each
other, the following formula for the calculation of sum

www.czasopisma.pan.pl N www journals.pan.pl
Y
S~
POLSKA AKADEMIA NAUK

239

of physical heats of gases (sum of physical heats of CO,
and CO) at level i can be derived

* 6 1+T]V,4—
Qf o= 33,06 -10°(0,3 +0, 777V,i)—1+ Kca  (59)
V.1
where:
Q;f,g,i — summary thermal physical energy of CO,

and CO (i.e. gases) at level i J/100 kgg,

Equation (59) simplifies to the form of formula (2)
for the particular case, when i=4 (1,; = 17,4)

The decrease of thermal physical energy of CO,,
from level i=1 to level i (resulting from reaction (1),
can be written down using equation (55) as a difference
of Q;"CO%] and QF,COZ,i; after the transformation of the
difference the following equation can be derived

1 v, 1 +77v,4
1+77v,i 2

Qi co,,1-i= 33,66 - 10° Kca (60)

The maximum decrement of thermal physical energy of
CO;, is calculated from (60); after the substitution of i=4
equation (61) is obtained

1_77v,4

Qi co, 1-4= 33,66 - 10° Kca ©61)
Let us give the formula for the calculation of energetic
expenditure of gases for reaction (1) as the difference
of physical heat increment of CO and the decrement

of physical heat of CO,at level i, i.e. the difference of
Qf co-i and Q¢ 1

“Tvi

v,i

* 6
Qt 1= =677 10°—

——(+pva)Key  (62)

where:

Q;’g’l_i — difference of physical heat of CO at level
i and decrement of physical heat of CO, J/100 kgp,

-6,77 = 10,06 — 3%

Relations (56) and (60) were applied to obtain for-
mula (62).

It results from (62), that the formation of CO con-
sumes the chemical and physical energy of CO,

For n,; = n,4 (i =4) equation (62) simplifies to the
form of

Qf g1-4= 6,77 - 10°(1-1 K 4 (63)

Chemical heat contained in the appearing CO can be
calculated from relationship

'H]v 4

Qincoi= 23,6 10°(1=77v,) 1+ny;

Kca (64)

where:
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th’co’i — chemical heat of CO at level i, J/100 kgg,

23,6 - 10° — heat of reaction of oxidation CO into
COz, J/kgc

For i=4 (chemical heat of CO at the upper boundary
of heating zone) equation (64) simplifies to the form of

Qincoa=23,6- 10°(1-19 4)K .4 (65)

6. Examples of calculations
a) Introductory calculations

To perform specific calculations the knowledge of
parameters 7, ; for assumed levelsi is required The prob-
lem of theoretical calculations of changeable chemical
content of gases, which migrate through the processing
stack in the cupola shaft, has not been solved so far. Also
the cupolas are not equipped with device for the mea-
surement of chemical composition of gases at various
heights of the processing stack. In spite of the mentioned
difficulties the derived formulas may be applied for the
calculation of the exchange of mass, volume and energy
for the defined zone and subzone limits using the avail-
able empirical data, model assumptions and applying the
following formulas known from the literature:

— formula for the calculation of degree of combustion at
level i=4, when the chemical composition of outgoing
gases is unknown

3,865

c,4

4= +0,15 (66)

— formula for the calculation of (CO,), ; based on 7, ;

34, 77]\,,1

(COZ)V’FW

(67)

— formula for the calculation of (CO),; knowing (CO,), ;

(CO)y;= 34,7 - 1,65(CO,),; (68)
— formula for the calculation of (CO,),; when (CO),; is

known
oy 34T (CON;
(CO2)yi= 165

Relationships (67), (68) and (69) used in literature for
the gases at the upper limit of heating zone, are applied
in the present work for arbitrary levels i.

The subsequent levels will be now considered.

(69)

The lower limit of combustion zone

For the conventional lower limit of combustion zone
(i=1), n,1=1 is assumed, which means that (CO), =0,
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while the appeared gases (precisely called exhausts)
comprise of the CO, and N, mixture. The (CO),; vol-
ume is calculated from formula (69)

34,7-0

(€O = o

=21 vol.%

Upper limit of combustion zone

For the upper limit of combustion zone it is as-
sumed that (CO), =5 vol.% and based on formula (69)

34,7-5
(COy)\p = 165
18

=0,7821 calculated from formula (3).
18+5

= 18% is obtained, while n,, =

Upper limit of heating zone

To obtain 7, - and 1,3 (17,3 = 1,.4), the value of 1,4
for the upper limit of heating zone will be at first calcu-
lated, followed with the consideration of three cases:

Case 1. The values of (CO;),4 and (CO),4 are
known from the analysis of gases; 1,4 is calculated from
formula (3).

Case 2. Only the (CO,), 4 value is known from the
analysis of gases; the (CO), 4 is calculated from formula
(68) followed by the 7,4 based on formula (3).

Case 3. To calculate 7,4 the empirical formula is
applied, e.g. well known H. Jungbluth formula (66).
Next, the value of (CO,),4 is obtained from formula
(67) followed by the value of (CO),4 from (68) Ex-
ample: The value of K.4 is known to be 120,86 =

3,865
10,32 kgc/100 kgp,; then 1,4 = WH),IS = 0,5245;
34,7 -0,5245 ’
(CO2)v4 = =13,573 %:;

1+0,65-0,5245
(CO), 4=34,7 — 1,65-13,573=12,3 vol.%.

Upper limit of main reduction subzone

To calculate the value of CO at the upper limit of the
main reduction subzone (i=2’), the difference between
the CO content at the upper limit of heating zone and
the upper limit of combustion zone, i.e. the CO content
increment in the gases must be calculated

6(CO)y4—2 = (CO)y4 = (CO)y2 (70)

Then, the amount of CO at the upper limit of the main
reduction subzone assuming the following relation

(CO)yy =(CO)y2 +0,85-6(COa—n (7D

In formula (71) coeflicient 0,85 was assumed arbi-
trary. Calculations: 6(CO), 4, = 12,3-5=7,3 vol.%;
(CO), »=5+0,86-7,3=11,205 vol.%



Value (CO,),» is derived from (69): (CO,),» =
34,7 -11,205
————= 14,24 vol.%; from (3) the value of

1,65
14,24

T 14,24+ 11,205 0,56 is obtained.

2

Upper limit of melting zone

The content of CO at the upper limit of melting zone
is calculated from formula:
(CO)y 3= (CO)y 240, 1-6(CO)y 42 (72)
Coefficient 0,1 is arbitrary assumed
(CO), 3=11,205+0,1-7,3=119353 vol.%; (CO,),3 =
34,7 - 11,9353 13,8

1.65 13.8 + 11,9353
0,5362.

=13,8 vol.%; n,3=

Upper limit of fourth reduction subzone

The content of CO at the upper limit of fourth re-
duction subzone is equal to:
(CO)y =(CO)3+0,05-6(CONa—n  (73)
then (CO), 3=11,953+ 0,05-7,3=12,3 vol.%. = (CO), 4 i
3 = 771,,4=0,5245.

b) Fundamental calculations

The fundamental calculations comprise: the change
of coal content in the charge coke, change of volume
of gases, energetic effects connected with the exchange
of coal between the coal of the charge coke and the
gases. This requires to assume: K, 4= 12 kgqok./100
kgre; Cr=0,86 kgc/kgeoke; Kea=12:0,86=10,32 kg/100
kgr, and value n,;: n,1=1; 1,2,=0,7821; n,2= 0,56;
7]v,3=0,5362; 3 = 17,,,4=0,5245.

Calculations of coal weight in the charge coke
and losses of coal to gases

The coal weight in the charge coke at individual
levels is calculated from formula (10). E.g. for i=2 the

1 +0,5245
m 10,32 = 8,83 kgc/100 kgpe

The results using formulas (10), (11), (17)+(20) and (24)
for all levels i are collected in Table 1.

The coke coal loss at the whole height of
processing stack amounts to (form. (11) for n,;=1):

1-0,5245
——5—— 1032= 2453 kgc/100 ker

100=23,8 wt.%)

value of K¢) =

Kca-1
( 2,45
10,32
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TABLE 1
Coal weight in coke and exhaust gases (kgc/100 kgr,) (Line 2:
column numbers, (in brackets numbers of formulas)

i T, Kei [Kea-i| Xei | Geoyi | Geoi | Ggi | Geoyui-i

1(3) |2(10) | 3(11) | 4(17) | 5(18) | 6(19) | 7(20) | 8(24)
1 |1,0000| 7,87 |2,453| 0,00 |7,866|0,000| 7,87 | 0,000
2 10,7821 8,83 | 1,492(0,962|6,905|1,924 | 8,83 | 0,960
2> 10,5600 (10,09 | 0,235 [2,219|5,648 | 4,440| 10,09 | 2,219
3 10,5362(10,24|0,079|2,375|5,491 (4,750 10,24 | 2,375
3°=410,5245|10,32| 0,00 |2,45315,413|4,910|10,32| 2,453

The coke migrating throughout the cupola shaft
looses almost 24 % of its mass to the advantage of gases.

Volume of blast air

The calculation of V, acc. to formula (16) for two
values of KC,i' LC,i (I]V’,’=1 and nv,i=0,56)2

Vs =KeiLe1 = 7,87-4,45(1+1)=70,04 mg/IOO kg,

Vi = KeoLey = 10,09-4,45(1+0,56) = 70,04
mg/ 100 kgp.

As can be seen, both volumes are identical.

Calculation of coal weight consumed in the reaction of
CO, decomposition

The mass of coal transferred from the coke to the
gases is derived from formula (17). E.g. for levels i=4
and i=2’ they are:

Xca = 0,5(1-0,5245)10,32=2,453 kgc/100 kgp,

1+0,5245

X2 =05 (1 - 0,5478) 10,32= 2,298

1+0,5478
kg C/100 kgp,. Values X, for all the levels are confined

in Table 1.

Mass of coal in gases

The weight of coal in gases is calculated from for-
mulas (18), (19), (20) and (24). For example:

Geo, 4 = 0,5245- 10,32=5,41 kgc/100 kg,
Geos =(1-0,5245) 10,32 = 4,907 kgc/100 kg,

Suma=5,4128+4,907= 10,32 kg/100 kgp,

1 +0,5245
Gy =7 10,32 = 7,87 kec/100 kere

1-0,5245
—— 2275 453 kee/100 kg,

The results of calculations for all levels i are col-
lected in Table 1.

Gcoz,1—4:
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Calculation of coke volume (mass) decrease

1 +0,5245
c= ——""" 10,7622 (or 76,22 %) acc. to (26)

The calculation of diameter of spherical coke pieces
at lower limit of combustion zone:

1+0,525
dip = 1004 I - 91,36 mm acc. to (30)
where:

100 — primary diameter of coke pieces, mm.

Volume of gases

The calculated volumes of gases at selected levels i

are:
22,41+0,525

* — > ’ _ 3
Vi1="5 — 510,32 = 14,68m¢, /100
kgr,. acc. to (39) dla i=1
. 22,4
Veoa=—5 (1-0,525)10,32 =9, 16mZ,,/100 kgr,

acc. to (40) dla i=4

., 22,4791+0,525 3
V= 521 7 10,32 = 55,24my, /100
kgr. acc. to (48) for arbitrary i

Vg = 5,38(1+0,65 0,525) 10,32 = 74,45 m3/100
kgr. acc. to (36) for i=4

The calculated shares of gases at selected levels i:

10,11
(COy)yu= 74 15 100 = 13,6 vol.% acc. to (44) for i=4
(CO)y4 = 5,15 = 12,3 vol.% acc. to (45) for i=4
v4d — 74 45 = ,J VOl.70 . =
55,25
No)ya = 7 4 15 100 = 74,2 vol.% acc. to (46) for i=4
The summary decrement of CO, is equal to:
. 22,4 (1+0,525 3
Vioni4= B ( > -0,525)10,32 = 4,58mg,

/100 kgr, acc. to (48)
The results of calculations for all levels i are col-
lected in Table 2.

Energetic calculations

The results of calculations for all levels i are col-
lected in Table 3.

Examples
Q¢,33.66 -
kgr. acc. to (5)

109122929310, 32 = 264,78 - 10° J/100

Q4= 33,66- 1001252510, 32 = 82,59-10° /100
kgr. acc. to (53)
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TABLE 2
Volumes of exhaust gases in m?3/100 kgr. (columns from 1 to 5)
and in vol.%. (Line 2: column numbers, (in brackets numbers of

formulas)

i V:Uz,i Vzo,z' V;VZ :02’17,' v;,‘ (COZ)V.I' (Co)v,i (NZ)v,i
1(39)|2(40)[3(43) | 4(48) |5(36)| 6(44) | 7(45) | 8(46)

1 |14,68| 0,00 |55,24| 0,000 |69,83| 21,00 0,0 |79,00
2 12,89 3,59 |55,24| 1,795 |71,64| 18,00 5,0 |77,10
2’ 110,54 8,28 (55,24 4,142 |74,00| 14,35 | 11,2 | 74,65
3 [10,25| 8,87 [55,24| 4,433 |74,30| 13,80 | 11,9 | 74,35
3’=4110,10| 9,16 55,24 | 4,580 (74,45| 13,60 | 12,3 | 74,20
TABLE 3

Energetic calculations (x 1076 J/100 kgg,) (Line 2: column
numbers, (in brackets numbers of formulas)

i QZ‘,i Qe Q_;,COQJ Q;,COJ i Q},COz,l—i Q_;,g,l—z' Q:I:,CO,[

1(50) |2(53)| 3(55) | 4(56) 6(55) | 7(62) | 8(64)

—_

264,78182,591264,78 | 0,00 0,000 | 0,00 | 0,00

297,16|50,21|232,39 | 19,35 32,375 | 12,95 | 45,40

339,47| 7,90 | 190,10 | 43,53 74,683 | 29,87 | 104,72

W [N

344,73| 2,64 | 184,84 | 47,78 79,942 | 31,98 | 112,10

3°=41347,37| 0,00 | 182,20 | 49,37 82,590 | 33,2 |115,81

Q} co, 4= 33,66-10°0,524510,32 = 182,2-10° J/100
kgr. acc.to (55)

Qf co4= 10,06-10°(1 - 0,5245)10,32 = 49,37-10°
J/100 ngg acc.to (56)

Qf 44= 33,66-10°(0,3 +0,70,5245)10,32 = 231,75-
10° J/100 kg, acc.to (59)

= 33,66-10° -0,5245|10,32 =

. 1+0,5245
Qf,C02,1—4 (

82,5 - 10° J/100 kg, acc.to (55)

Ql co4= 23.6-10°(1 - 0,5245)10,32 = 115,81-10°
J/100 nge acc.to (64)

Qf g1-4= —6,77- 10%(1 — 0,5245)10, 32 = 33,2-10°
J/100 nge acc.to (63)

The following boundary effects, connected with the
transfer of gases and coke down the cupola shaft result
from the presented calculations, for K¢ 4=12-0,86=10,32
kgc/100 kgp, and 1, 4=0,5245:

a) chemical heat of coke coal loaded into the cupola is:

Qg4 = 347,4 MJ/100 kg




=

b) coke, when migrating throughout the cupola shaft
looses coal, which transfers to the gases by diffusion
(reduction of part of CO;) in amount X¢4=0,5(1-0,525)
10,32=2,451 kgc/100 kgr.; the calculated loss is:
2,451
10,32
coal;
¢) loss of thermal, chemical energy equals: Q¢ , ;= 82,5
MIJ/100 kgp,

d) heat of combustion of coke coal at the conven-
tional lower limilt 05 5(:205mbustion zone amounts to:
Q¢ = 33,66- 106+T’ 10,32=264,87 MJ/100 kgp.;
the calculated heat is also a physical heat of the formed
COZ;

e) volume of reduced CO, between levels 1 and 4 is
4,575 m3/100 kgr, while the volume of appeared CO is
twice as big and equals 9,15 m3/100 kgg.;

f) expenditure of physical heat of gases consumed dur-
ing the reduction of CO,between levels 1 and 4 is
6,77-10(1-0,5245)10,32= - 33,2 MJ/100 kgp,

g) the physical heat of gases at level i=4 is:
33,66-10°(0,3+0,7-0,5245)-10,32= 231,7 MJ/100 kg,

100=23,75 wt.% of coal contained in the charge

7. Conclusions

A division of processing stack, which fills up the
shaft of cupola above the level of bottom nozzles into
technological zones and subzones of CO, reduction is
incorporated in the work. Moreover, the equations for
the calculation of the following parameters at arbitrary
levels of zones and subzones (levels i), which change
due to reaction (1) are derived:

— coal weight, exchanged between the charge coke and
the gases migrating concurrently to the coke,

— decreasing weight of coal in the CO, and increasing
coal mass in the CO of the gases,

— decreasing CO, volume and growing volume of CO,
— volumetric shares of gas components

— weight and dimensions of coke pieces

— decreasing thermal, chemical energy of charge coke
— diminishing thermal, physical energy of CO,, and rais-
ing thermal physical and chemical energy of CO.

Received: 10 January 2011.
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The set of calculations of the mentioned parame-
ters for Kc4= 10,32 kg/100 kgr, was completed in the
work. They enabled to follow the massive, volumetric
and energetic effects connected with reaction (1). The
limited volume of the paper did not allow the author to
discuss in details its applications e.g. for the calculation
of exhaust gas temperature at the limits of the formed
zones and subzones, as well as many other parameters,
not encountered so far in the thermal theory of cupola
process.

The work is a part of studies on the analytical ther-
mal theory of coke cupolas carried out in the frames of
Individual Research Project No N N 508 469 234.
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