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ABSTRACT

_ ) ! _
sign of & radiation-recuperator incur'pumted in rotary furnace has been underlaken in this

"ﬂmn’marwd that an appreciable percentage of the heat mput into the furnace 1s bemng

e surrounding, most especially through the waste gases produced from the fuel

ik tion. The coefficient of heat utilization is greatly dependent on the lemperature of the

peete gases leaving the furnace.

Therefore, the new design of recuperator, which is a heat exchanger, incorporated into the
y furnace is done in such a way that it relums substantial part of the waste heat back into the
ce; A radiation type recuperator was d:aignmll 1o achieve this objective. 1l was established

A |
that the design results in 35% increase in the thermal efficiency of the furnace system and also

ds 1o & 44% reduction in the fuel consumption.
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CHAPTER ONE

LOINTRODUCTION

-IT I'UIIN.-‘J_'ES
j_*.hn-:m all manufactured articles go through a process of healing al some stage. The equipment
s for heating can be brosdly tenmed a * fumace”. Becanse of the diversity of manufacturimg
processes and raw materialgused, the types of funface required are numerous. Kazantsey (1997)
defines o fumace as a brick-hined chamber, capable of holding/conveving the material to be
peated, 10 wlnch heat s apphied by one of varous means 5o a3 10 achieve the regquired final resulls.
n fiel-feed Aemaces, according o Cott-ell (1975) and as the name imphes, heat 1s supphed by
eoimhustion of fuel and is transmitted by a combination of heating processes. Rotary firmace 15 a
;
vl example of a fuel-Ared fomace. in general, fuel costs are a small fraction of the total
manidacturing cost, and in the past, luel economy has oflen been considered unmimportant,
Howsever, with increasing costs and decreasing availability of fuels, there is now g

considerable fipancial and a'strong conservational incentive to walch fuel coonomy aspects. 1S m
Ihs reand, ameng other reasons, thal this research work Tocuses on incorporating a recuperalor
miv the design ol o rolary farnace 50 as W0 reduce considerably the operational/running cost of the
fwmace i addition o increasing its thenmal elTiciency appreciably.

L2 BACKRGROUND OF STUDIES

Quite a large number of rotary fumaces are found to perlorm below the expected capacity, mosl
espectlly in lerms of thermal cificiency, mainly becaise of non-standardization of designs aml
move often than nol, non-inclusion of o heal exchanger. Rotary fumaces designed withoul taking
nto constderution the Iif:ijh[.!:lfj ﬁ.r”'ll'_' b ner, the I]|llllwi:.'r {the air Now rate), the fuel supply system

andl the possibility of incorporating a heal exchanger, cannot perform wilh the expected thermal



ellicieney. The reason being tant the resultant effect ol the ilems mentioned above has o direet
impact on e Bame length of the furnace, which 15 one of the most important characleristics of the
furnace, that need 16 be sccorately determined, This research work thus optimizes the design of
feiperator-ancorporated rotary furnace by giving adequate consideration 1o the design of the
enlire rotary furmace system, with more emphasis on the design of the recuperator which is (he
main uml responsible for an appreciable inerease in the thermal ef hciency of the fumace

Rotary fumace is a traditiosal method of ree veling of alunmium. These furnaces are one of

the erigimal methods for the production of aluminium from seraps (Krivadin and Markov 1980),
Today, besides their usage i|.-| processing a wide v;tln'c'lg.-' of scraps materials, from coated strip to
wsed beverape cans and fumace dross having different composition and contein ol aluminiem,
whiry lumaces now pluy a mijor role i the recyeling of east iron. In addition to thies, 1 conld also
b aelapted Tor the production of Austemypered Ductile Tron {ADI) (EMD] 2005). The results of
thos research work also show that it could be adapted for the melting of mild steel.

The rotary furnace consists of a eylindrical, refractory lined, steel drum, supported by u
structural steel frame, in between two conical frustums. The conical Trustums are of twao different
diameters. The primary heal source of the furnace could either be a matural gas burner or a liguid

\ |
e burner {EMDI 2005) and { Krivadin and Markos VREOL A liguid fuel burmer with diesel as the
liquad fuel is used in this vesearch work, The bumer is usually positioned at the smaller-diameter
el ol the frustum, while the exhaust, in this case coupled with the heat exehanger, is positioned af
the Targer-chiameter epd,
Al metallurgical furnaces by technologizal principle are classified as either meliing or heating
firnaces. Melling furmaces serve o mak= metals from ores and remelt metal for obtaining the

lesired properties. A characteristic feature of melting fumaces is thal the materals processed in

b



them change their state of aggregation, Heating furnaces on the other hand are employed to heat
materials for roasting (limestone, magnesite, refractories, etc) or drying (foundry mould, ore, sand
eic). They are also meant for increasing the plasticity of metals before plastic working. Many
heating fumaces are used Tor heat treatment of metals, in which the structure of metals undergoes
certain changes (Krivadin and Markov 1980} and (Kazantsev 1997},
1.3 OBJECTIVES
The specific ubje:;ﬁ#'t:ﬁ of the research are li:
{a) design and develop a radiation-type recuperator for rotary furnace,
{b) develop a geometric model for the recuperator-incorporaled rotary fumace using solid
modeler software,
(¢} ascertain the peliability of the developed software using statistical method, and
() establish a significant imiprovement in the thermal efficiency of the recuperaior-
incorporated furnace over the existing non-recuperator incorporated ones.,
1.4 Expected Contribution of the Research to Knowledge:
The research work will pm\rlidﬂ a quantitative ti'umlewm'k tor designing a recuperator specifically
lor a rotary fumace system and delenmining its quantitative effects on the furnace performance,
The geometne model lo be developed for the recuperator - incorporated rotary furnace will be in
three dimensions thereby providing (he user with the vision of the object very much like i would
be scen in real life, and the software to be developed for the design process will widen the scope of
compuler apphications for solving design proldems for dilferent fumace capacitics.
L5 RESEARCH METHODOLOGY
The recuperator was designed based on the principles of heat transfer processes. Geometric

1 \
- - I
maodels were developed for all the principal components of the rotary fumace system, together



with the designed recuperator, through the use of Solid Modeler Software. U+ progranuming
.3 | )
lnguage was then used to develop the soffware used in the design of the recuperator-incorporated

rofary furnace, so as o obviate the rigour associated with design for different capacities of rotary

furnace.

The overall elficiency of the furnace system was shown to have increased considerably
with the incorporation of a recuperator through the following procedure: Necessary mathematical
and geometnic mudr:lls were developed; the developed models were used to develop a program
using C4++ programming language. The reliability of the program developed was tested by
oblaining a sel of actual data for a known capacity rotary fumace (withoul a recuperator) from the
industry; generating a corresponding sel of data from the developed program; ascertaining the
rehability of the developed program by cstphiishing that there 15 no significant difference hetween
the 1wo set of data using the necessary statistical methods,

It was established that the design results in 35% increase in the thermal efficiency of the
furnace system and also leads 1o a 44% reduction in the Tuel consumption, The developed suliware-
was later used to design and develop a radiation-type recuperator for 4 500kg-capacity rotary

furmace (Appendix C),



CHAPTER TWO

20 LITERATURE REVIEW

LI FURNACE CLASSIFICATION

11 TECHNOI .l.'l;'.}IEMJ AND STRUCTURAL CLASSIFICATION

By lechnologeal principle, all metallurgical urnaces are clagsified by (Krivadm and Markov
I8 it melting and heating furmaces. Melting fumaces serve to make metals fronm ores and
el metals for obtaining the desired properties. A characteristic feature of melting fumaces is
Bl the materials processed in them chooge their state ol aggregation.

Heating lurmaces are ciployed to heat matenials for roasting {limestone, magnesile,
sefractones, ete) or drying (foundry moulds, ore, sand, eic), as also for increasing the plasucity of
metals before plastic working. Many heating fumaces are used for heat treatment of metals, in
which the structure ull' metal undergoes certain changes. All heating furmaces are characterized by
he common leature that the materials processed in them remain in the same state of aggegation.

Furnaces in each of these two groups are classified according 1o the particular operations
ey are intended 1o perfomy, For instance, melting furnaces are used for melting on, steel,
copper, ele, Heating fumaces can be used lor roasting of ores or refractonies, heabiog of metal
belore rolling or forging or Tor heat treatinent of metals. These groups of furmaces. mlended for
specific methods of metal trunsporting in the furnace. and type of product betore rolling are
divided o the Tollowing groups:
fu) soaking pits, continuous fumaces, batch-type fomages, ete;
ih) i-and-oul, pusher-type, rotary-hearth lumaces;

(e} fumaces for heating ingots, blums, tubes, bar steips, ele.{ Dryden 1982), (Krivadin and Markoy

- OB and( Kazantsev I‘Jl}?}'. I



Uottrell (1975} classifies fuel-lived lumaces by the type of [uel used. For instance, steel-
[ i 1

g open hearth lumaces may be was-lired or Tuel oil-fired, Fumaces may be regencritive or
perative according o the method the heatl ol waste gases 15 ulilized. Electric Turiaces are
ificd by (he method of conversion of electric energy inte heat: arc furnaces, resistance
aces and induction furnaces, Maderr furnaces are complex thermal plants vsually composed
the furmace proper and auxiliary equipment. The lumace proper commonly has the reaction
nber { lurnace space) and means for producing thermal energy, such as burners i Mame

aces or electrodes and resislons in eleetric fumaces. (Khanna 2005) The auxiliary equipment

mprises means [or utilization of the heat of waste gases, ventilators and exliausters, stacks,

i
yarlons valves, giles, ele. The technological process for which a Turmace is intended 18 performed

n e repction chamber. All other elemerts of a lumace serve 1o ensure the most elfeclive
tendihions Tor the mamn technological process (Kern 1984

|l|.1 FURNACE CLASSIFICATION BY THE PRINCIPLE OF HEAT GENERATION
I&rn:ur-:ling to (K rvadin and Markoy 19803 all fumaces rely on conversion of seme or other kind
af energy nlo heat, The main primary sources of energy are

i} Chemical energy of fuel (in fucl- fired fumaces)

(b} Chemical energy of mu!llr:n mtal and

ic) Electne encray

i fuel  fired furnaces, the chemical enerpy of fuel is converted info heat through combustion. In
errons metallurgy, this group ol fumaces inelades Mame and shafl fumaces, In Mame
ireverberatory) furnaces, the malerial being processed is usually placed on the Turmace heartl and
pconpies only @ smal] portion of the reaction chamber volume. The main portion of the reachon

chamber 8§ flled with Mames and incandescent combustion products, which transfer their heat 1o



milerial (mnnly by radiation). These fumaces can be fired with gaseous, liquid or somelimes

ilh dusty solid Tuel.

In some types of fumace, the evalution of heal may be due (o both chenieal encrey of luel
md that of mollen metal, E.xlmnplcs of such.are upn:::n- hearth fumace, which occupy an
wicrmediate place between Tuel Rred Tomaces amd converters (furnace m which the chencal
energy of metal is converted o heat (hrough combustion of the unpurities present in them) In
these furnaces, Tuel 15 burned above the surface of metals amd the Mame and icandescent gases
Jalso pass over the suslace ol metal, that 1s the processes oecur which are typical of Name furmaces
(Kezantzsey 19973 On the other hand, the impurities present m molten metal are bumed out amd
hiberate heat, sometime very much heal, so that in some perod of a melt, the beat generation due
b the chemical energy of molten metal may be substantial,

I
Electne energy can be converted to neat by:

ia) Passage of clectne current through o gas

(1) The action of electric current onto a magnetic field, with eddy current being lormed m the
metal,

(¢} Remagnelization and polarization of dielectrics;

() Passage of elecinic current through solid (or sometimes liquid) eletroconductive bodies;
il

{o) Owing to kinetic energy of electrons,

|
These prnciples of conversion of electnc energy 1o heat determine the Lypes ol existing

clectric furnuees, namely:

fa) Eleetric - arc and plasma furnaces;

(11 Induchon furmaces



i) Dhelecine heating plants

i) Resistance fumace and
el Electron- ]m:ulu fumaces. (Krivadin and Markov 1930)
L CLASSIFICATION OF FURNACES BY OPERATING MODE
ENDAMENTALS OF THE MODERN THEOQRY OF FURNACES
fescrvmi contnbution 1o the theory of I’}Irli:u:::ﬁ has heon made by Russian and Soviet scienlisis.
frst altempt 1o formulate the main principles of the theory of fumaces was done by Grom-
Ao (T911), a promanent Russian metsllurgist, He developed what was called the hydranlic
ny ol furmaces which explained well the processes in lumaces of that ime charactenzed by
bnpuid] free molion of gases,

The progress I|11 furmace construction in later years followed the path of development of
lmmaces with intensive Fforced motion of gases. As lorced-motion furnaces gained in significance,
e concepts of the hydraulic theory of Tumaces beeaime more amd more inapplicable until the
theory has fully lost its meaning. In the present thebry, there are distinguished two groups of
imaces dilTermg in the nature of the processes oecurrmy in them. Tn one group, the evolution of
heat takes place i the processed malenal aroper. With these furnaces, the processes of heat
gmention are of prime mportance (Khanna 2005),
The conditions to be created in a lumace, according to Oyelami et al (2003), should be

ich thad the heatl fow Lo the surface of material 15 al 118 maximum and that it can be absorbed

comprlelely. This can be ensured by the following measures:
e the temperature dilTerence between the heating medmm amd heaied surlace should be as

high a5 feasible under the given process cohditions;




¢ the furnace should bé supplicd with heat intensively with the maximmm heat wtilization
within the fumace space;
o pases i the fumpee space shouwhl be made o cireulate vigorous!y, nuinly under the action
al areand fuel jets from bumers;
¢ fuel should be bumed completely and combustion oceur within the furmace space where
possibie;
o Ahe design ol a Turmace and the pressure conditions i it should be such as to mimmize the
contact of furmace atinosphere with the surroundings
ril H
Furnnees shoulil be designed so as lo ensure the conditions enmmernted above and provide
the optimum conditions for heat transfer.
LICLASSIFICATION AND GENERAL CHARACTERISTICS OF MODES OF
FURNACE OPERATION
It most fumaces, there are two main stages of heat transfer: from a heat carmer (fame. electine arg,
elc) to the surface of material and from that surface into the depth of material. The former case is
what 15 called the externmal problem and the latter, the internal problem. As regards the external
problem. heat transfer is mainly through thermal radiation and eonvection. With the internal
P |
problem, heat transfer occurs prr:dmniuantly by conduction. But with heated higuids, conveclive
heat transler 15 also possible {(Knvidin and Markoy 1980)
L1.1 Radiation Mode
The riadintion menle 15 charactenzed by the prevailing role of thermal rmdintion, 11 the temperature
il erissivity of a MTame or of the volume of meandescent gases are the same across the depth ( for
mstunce, slong the y-axis), the heal tranzter to the metal and roof (Lining) of the lumace is

urform. Wath o non-umi form temperature field and vanable emissivity across the depth of Dame

k!



gas volume, heat transfer i vanous directions will be non-umiform. Thus, the possible modes
be determined in the general case as follows:

o Limiformly distributed radiant heat pransfer |

8 e 1 {21
where ¢ and ul,’__'.f'r are respectively heat Mows from the Mame o metal and limng,

o  Opiented direel cadiant heat transier

gesgt. e - (2.2)

o Orjented indireet radiant heat treasfer

r<Q! SE RS R . |

In all these cases of rdiant heat transter, the role of lining as ol an intermediate link of heat
iransfer from flames will be difTerent.

LI Oviented Direct Radiant Hea Transfer

Akinsipe (2004) described this mode o heat transfer as being employed mos! effeclively in
fumaces for healing Eﬂl'gﬂ»mﬂsﬁ articles, In thal case the rated of heating 15 detennined by the
comditions of miemal heal transler, so hat the relatively low intensily ol external heat transler 15
not essential. This heat transfer s ensur xd by creating a temperature gradient across the Name, the
highest heal Now 15 emitted by the Manz later having the highest temperature. When propagatimg
twards the metal and lining, the heat Naw 1||1|;Icrg=|:|{'5 a change owimy o the absorptive action of
other Name layers, 1T the absorptivity of all Mame lagers is the same, the absorption will be lower
al a less thick gas volume between the Hame layer considercd and the heat-absorbing surface of

metal Niming

L)



12 Oriented Indivect Radiant Heat Transfer

This made ﬂ['lhml transfer 15 found in the cases where the heat of fuel combustion is

slerred (o the heated material not dirzetly from the flame, but indirectly, that s via an

mediary part 15 most often played by the lining of fumace ool A ucl-air mixture forms
candescent gases on combustion (for instance in injection bumers); these gases have a rather

ich temperature and relatively low emissivity cur"rr:ﬁrmmiing ler the selective radiation of CO; aml
A) The metal bemyg heated hasa continnous absorption spectrum, The heat Now Balling on it
wihl theselore have a continueus emission spectrum where possible, In the connection, il 15
minnal to imlensify heal transfer (o the metal by divecling the incandescent gases along the surface
o lurmace rool so that the region of maximum temperature be as close as possible to the surface of
: fractory hining. This can increase the lemperature of the lining and transform the selective
mhntion of gases mto continuous radiation of the lining (Akinsipe 2004 and (Krnvadim and

Markoy | 98(0))

L12 Convective Muode
At temperatures below 550-600"C, heat transfer by convection is predomimant. Convective mode

i ivpcal ol low-lemperature heal-treatment and deying lumaces. The temperature of the working
gace of these fumaces should be lower than the temperature of uel combustion, because of which
fiel 15 burned 1na separale volume o provide developed motion of gases in order to heat the
materi] unilormly. Convective mode is also empleyed in heating baths in which a hot higud s the
heat! carrer

LLY Laver-wise Muode of Furnace Operation
Laver-wise mogle 15 used n Ilhr: |1nr:1r.r,:55iuglt}rhtmp:}' muterials {mostly in shalt fumaces). The

materin wsually fills the whole volume of a vertical shafl furnace and incandescent gases flow



" L
s i I (] [}
ween ils lumips, or particles of matenal are suspended in a gaseous heat carrier. The layer-wise

mde of funsee operation has the typical feature that all three kinds of heat transfer (radiation,
pomvection and conduction) are interhnked so closely that practically cannot be separated from
one another { Kazantsey 1997 {Akinsipe 2004) and (Krivadin and Markoy 1980,
LIFURNACE MATERIALS

The principal materials Tor building idustrial furngces are vanous refraclovies, building brick,
concrete and metals. OF all these, the mast important ene are the relractories. The reason being

that the lifespan of the furmace can actually be sard 1o be the lifespan of the refractory nself,

. [
L1 Relractories

Refractores are materials, which can withstand high temperatures (above 1580 "C) and the

physical and chenveal achion of molten metal, skag and goases in fumaces. The progress m

refractory manufacture 18 closely comnected with metallurgy, which consumes up to 60 per cent of
all refrectones produted {Cotiretl 1975), With the progress in metallurgy more and more heavy
meyiirements were being placed on reflraclories; new types of refiactory have been developed, such
# Ingh-alumina, periclase-spinchde and some oxide refraciones.

LA Classification of Relractories

iKrivadin and Markov 1980) classiled refractornes by their properties and characteristics.
i) By refractonmess, they are classilied o lo the followimyg groups:

(1) ol commeon refractoriness { up to 1380-1770C):

(0} of high refractorimess (17 70-200007);

() ol the high::st" relractoriness ( alsove 200007,
iy By their chemical and mineral composilion, refiactories are classed as:

(a) siliceois, in which the refractory base is Si0; ( silica, quartzite),



b} slumima-siliceous, where relractory components are ALy and 510, (fireclay, semi-acid
axd high-alumina refraciores);
(¢} magnesian, ie. |!=15-I1ii I:.'rll MO oxadd { !tlslgrllrsil:, dolomite, farsteriie, tale, and spinlides),
1 chromic, with the refractory basy composed of Cry0y and Mg} oxide (chromite, chrome-
magnesile ad magnesite and magnesile-chromile);
{¢) carbon refractories, with the baze carbon {C); these include carbon and graphite
refrackores,
i zircon refraclories. basad on Zr0); oxide (zirconia and zircon refractories);
lg) carlwde refractones which contain refractory compounds of the type MeC
thy oxide refractoeries composed mainly of pure oxides Mpg(, ALO,, Bel), ete.
‘ I
{iii) By the type of rt:fmflulrg.-' axide, all n:l['ml:lurim are divided into
fa) acid {510 )
(1) merl or peatrad { AlO; ) and
() basie ( Mg, Ca0),
{iv) By the method of manufacture, all relractories are divided inlo natural and atificial, The
latter may be pressed, fused or rammed, They also can be classed as roasted and unroasted
aecording to the method of heat treatment
(v) By their shape, all n::!'ri:rrclnr:.-' malerials are ch'llssiﬁed mdo common and specially shaped of
diverse types. (Khanna 2005}, (Roben .m.::l Don 1998 ) and (Knvadin and Markow [980)
2.3.1.2 Physical Properties of Relraciories,
(i) Porosity: The hife of refractonies is argely dependent on their porosity wlich may vary within

conziderable limits: from | per cent in wrelted refractories to 80 per cent in insulative refractory

i b T ¥ . - " -
matertals { Kazantsev 1997). Pores in relractones may be open, e, commumcating with the



here: through, i.e. passing through the whole thickness of an article; or closed.
ingly, three k;11t|5 ol porosity are distinguished:
Gremeral porosity- delermined as the tatio of the volume of all pores to the 1otal volume of an
be;
| Appravent porasity- the ratio of the volume of open pores 1o the total volume, and
Closed poresity- the ratio of the valume of closed pores Lo the total volume of an article. At a
het apparent porosily, a refractory midenal s less resistant 1o the erodimg action ol slag and
al which separate thrpugh pores insids the material, Porosity is determined by o standard test,

) Leas Permeability. 1T there 15 a pressure gradient between the formnace space and surroundings,
grets can penetrale Ilrlmltgh poares rom one side to the other, i.e. the material is permeable to
psos. |There 1s no delinite relationship between the general porosily and gas permseability, since
e lafter 15 only due to through pores. Gas permeabilily decreases with increasing viscosily of the
= a i
fiil) Weat Conductivity, Relractories should have a low heat conductivily, excepl Tor rare cases
when a high comdietivity 1s desirable in order to iransfer heal through a relvactory material {such
25 an erucibles or recuperiptors), Heal conductivity depemnds on the pature and porosity of a matenal
and on temperature. Crystalline substances have a higher conductivity than amorphous ones. Heal
conductivity ol refractories increases with temperature, exceplions being magnesite and forsterile.
Heat conductivity diminashes with increasing porosity,
{iv) Electric Conductivity. Most refraclories behave as diclecines at low temperatures, Al ligher
lemperatures, when a liquid phase appeissin the nlatenal, their eleetric conductivity may nse. For

mstance, lveclay anmd silica refractories become electrically conductive atl temperatures above

1200 The elecine resistivity of refractones depends on temperature by the formula logR=A/T+B

14
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Where Aoamd 1 are constants Tor a wiven matenal; T is the absolule lemperature, K,

Electric resistivily of refractories can bz dilTerent depending on their composition, 1t dimmshes as
the content o iron and amium oxides wereases, This should be taken into consideration for
tefractories o be used in electrie steelmaking Rumaces,

(V) Heat Capacily. Heal capacily ol relractories ig of importance when selecting materials for
regenerators and periodically operating Rirpaces, In general, heat capacily of relractories may vary
m he range rom 0.4 1o 1.7 kKW ke "C). Heat capacity of refractones increases with tempesature. 1
s measured by calorimeter method, [ '

1.3.1.3 Service Properties of Refractories

i) Relractoriness: Relmctorimess (s the ability of a material to retain its mechanical strength at
high temperatures with no load applied. 1tis one of the principal properties whach delermine the
pessthility of usmg a refractory material under specified temperature conditions. It depends on
chemical composition and content of ingpurities in a refractory material, Refractoriness is
measured by a standard compesition amd content tnangular pyranuds — pyroscopes are cul from
the material to be tested and placed into a kryplol kiln together with reference to pyramids of a
speci fed refractonness, The temperalure ih the I'ulfmlr:u can be 1000, 1000-1500"C or =1500 "C
anil can be rmsed at these temperatures sespeetively atoorate of 25, 10 and 5 degrees C per hour
When @ relmctory material 15 bemg heacetd, a liguid phase appears in it and grows in volume with

mereasing temperature and holding time until a pyroscope made up of the materal begins o

delorm wider its own weight

Most ollen this occurs owing 1o the reactions hetween the refractories and slags and dust or
hecause of insufficient thermal stahility and less frequently, owing 1o o low mechanical strength

Silica has a refracioriness of 1710 to 1750°C but beging o break down in checker work of open-
: |



fearth Tusmaces already at 1200 10 1300°C. For that reason, refractoriness cannot alone be

mdicative of a suitability of a refraclory material for some or other fumace elements.

(1] Thermal Stability lE;mlllinE Resistance): 'I“I'n:::rrti:tl stability 15 the ability of refractory to
withstand sham temperature changes withoul fracture (spalling). Thermal stability 15 charactenzed
by the number of thermial cyeles, e heating and sharp quenching i water or-air. With water
guenching, a material is heated up 1o 850°C and cooled in running water (one eycle). The tesl is
fimished after the specimen has lost morz than 20 per cenl of its mass (owing lo spalling under
thermal stresses). Thermal stabibity is measured by a standard test (Khanna 2005), (Roberl and
[on 1998), (Knvadim and Markoy 19800 and (Cotirell 197 5)

LA THERMAL CONDITIONS IN A ROTARY FURNACE

The operation ol o roliry Flllfllili'-ﬂ is decided to a Fu:l'g: exlent by the gquantity of heat supphed 1o,
The quantity of heat supplied te the furn ace al a given time instant i called thermal load. The

highest guantity of heal that can be normally absorbed by furnace (withoul unburmt Teel in the

furnace space) 1s called thermal power {Ovyelami el al 2004), The thermal conditions of a lumace
are essentially the time vanation of thermal load. Thermal conditions are closely related to the
temperature conditions of a fumace. In periodic fumaces which operale at a time —vanable
temperature, the thermal load varies in time, whereas conlinueus furnace operale at a constanl
thermal logd

i I |
LA SIGNIFICANCE OF WASTE HEAT RECYCLING
Erom the preceding section, 1l has been shown thal two major seurces of input heal into a rolary
[emzice are the ehemical heat of fuel combuostion mul the physical heat of preheated e, A
reasonable percentage of the heat liberated dunng the combustion of a liquid fuel 15 lost 1o the

waste pases. A unit of heat recovered from waste gases and returned into the furnace with air (unit

16



of physical heat) is therefore much more valuable than a unit of heat produced in the furnace
through fuel combustion (unit of chemical heat), since the heat of prebicated air or gas involves no
heat losses with waste gases. The value of a unit of physical heal 15 greater at a lower coctlicient

of fuel utilization and higher temperature of waste gases (Oyelami et al 2003), (Oyelami el ul

M) and (Kazantsey 1997).

For nermal operation, the working space of a furnace must be supplied every hour with a
specified quantity of heat, which includes the physical heat of preheated air (Qp) and the chemical
heat of fuel (Qu), 1.e

Qs =8y + Qu b s e L R
As can be inferred from equation (2.4) above, with O taken as being constant, Uy, can be
diminished by increasing Q. In other words, utilization of the heat of waste gases can save fuel.
The guantity of saved fuel i:-: dependent on the :lagul-ee of heat utilization (Oyelami el al 2004).

R=1 1wy - SRR 1

Where 1, is the enthalpy of prehested air m KW or KJ 7 period, and | 15 the enthalpy ol waste
gases leaving the fumace in KW or K1/ period.

The degree of heat utilization, if expressed as percentage, can also be called the efficiency

of u recuperator {or ru'egeneramr}

M= Lo/ Ly x I 11 L R — -——- (2.6)

with 1, known, the economy in fuel can be found by the expression

it ; - . .

ol 00%
]—iul."ll_' {1-R)

where i, is the enthalpy of waste gases at the lemperature of burning, K1/m?; and iy, is

=R

the enthalpy of the waste gases leaving the furnace, K1/m’, (Edward, 2000)



The implication of this is that utilization of the heat of waste gases can lower fuel

sumplion, and therelore, give an appreciable economie effeet, 1t is one of the prncipal ways

educing the eost of metal heating i mdustrial furnaces.

Apart from saving fuel, preheating of air increases the calometric temperature ol
sbustion. This also fonms otie of the principal reasons for recuperation of the waste heat. At a
fnstant value of the lower ealorific value of the liquid fuel (i.e at Q' = constant), an increase of
G results inoan increased temperature of combustion (Ovelami et al 2004)

b MEANS OF RECYCLING THE “’a?. STE IHEAT

Tihe heat of waste pases can be effectively recyeled back into the furmace through the use of heat
exchangers of regencrative or recuperative type. A heat exchanger is a device in which heat 18
Irnsferres between a warmer and a colder substance, usually fuids. The regenerative heat
achangers operate under unstalionary conditions while the recuperative type operate under
Ry L'nnr.iili:}nﬁl{ﬂ}lcl:mli aned Clpunkoya 2002).

Lol REGENERATIVE HEAT EXCHANGER

The cvelic, unstationary operation of regencralive heal exchangers is responsible for their scarce
usage m the recyeling of waste heal in a ~ofary furface setup. In the words of Kem {1984) their
drwhacks mclude:

af regencraiors are incapable of ensuring a constand tlemperature of air preheating; the temperature
drops down as the regenerator checkerwork 1 being cooled; this fact limits the possibilities of
automalic opersion;

b the supply of heat 1o the fumace 1s intermapled at a reversal of regeneralor values,

cp with regenerative preheating, some Tuel is camied off (o stack, the loss of fuel bemg 5to 6

percent of the total fuel consumption;



the dimensions and mass of regeneralors are quile appreciable.

Those drawbacks ﬂﬂtwithsiﬂnding.lmgtlwrhlﬂrs are still used extensively in high-

_:impcnlluJ'E fumaces {open-hearth, blast fumaces, and soaking pits), mainly because Lthey can
pperite b very high temperatures of wasie gases | 1500"C — 1600°C) at which the existing
seuperalors fail o funclion stably yet.
In a regenerator, the hot and the cold fluids occupy allernately the same space i the
|

exchanger core. The exchanger core or “matrix”, serves as a heat storage device that is

periodically heated by the warmer of the two [luids and then transfers heat to the colder fluid
1

- (Kern 1984) and (Alan 1984). In & fixed matrx configuration, the hot and cold fluids pass

ahernately through a stationhry exchanger, and for'continuous operation, two or more matnces are

|
- necessary as shown in figure2. 1. 1. Another approsch is the rotary regenerator in which a circular

matrix rotates and aliermately exposes a portion of its surface 1o the hot and then to the cold fuid, -

& shown in ligure2. 1.2,
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Figurel.l: Regeneradive Hest Exchamgers
Source: Kern 1984
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6.2 RECUPERATIVE HEAT EXCHANGER
The recuperative principle of waste heat recycling 1s more advanced and perfeel. Recuperalors
ensure a constant tempersture of air preheating and reduire no reversing means, this results in a
smoather operation of |'u|'|1.:ul:|:5. and provides grealer possibilites [or automuatio control.

|
Recuperators have smaller dimensions and mass than regenerators and their operation involves no
loss of gases o stack (Oyelami and Qgunkoya 2002), They, however, possess some drawbacks .
among which the principal ones are low lire resistance {(of metallic recuperators) and poor gas
tightness {of ceramic recuperators). In this type of heat exchanger, the hot and cold fuds are
separated by a wall u]ul heat is transferred by a combination of the three established means of heal
transfer. The process of heat transfer in recuperalors comprises three stages:
a) Heat transter from wasle gases to recuperator walls. This 1s transferred Lo the wall by radiation
as well as by convection. .| |

b) Heat transier by conduction theough the wall. This depends on the thermal stste of the wall and

the state of i11s surface;

¢} Heal transfer from the wall to the air being heated. Heal is transferred from the wall to air by

canvection only

Hlumil Taplai
Chuatbarn Laelut

FigL.z | Cenvegtion Becnpuraisr (Sholl-and-lnbe-beal exchanger with vme shell pass amd ane isle poss;

erass- ceiaterflow eperabine )

Source: www.me, wustl edu/M E/labs/thermal/fig-a | htm
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Source: Kazantsev (1997)

163 GENERAL PRINCIPLE OF RECUPERATIVE HEAT EXCHANGE

As earlier stated, any re.n:uﬁelramr is a heat hxchangfer operating under steady state thermal
conditions, with heat being continuously transferred, in this case, from cooled waste gases lo
heated air through partition walls, A heat exchanger could also be defined as a device in which
energy is ransterred from one fuid to another across a solid surface. Exchanger analysis and
design therefore invalve both convection and conduction (Dryden, 1982) and (Edward 20007},

Two important problems in heat exchanger analysis are (i) rating existing heat exchangers
and {ii) sizing heat exchangers for a particular application. Rating mvolves determimation of the
rate of heat transfer, the change i temperature of the two Auids, and the pressure drop across the

{} |
heat exchanger. Sizing involves selection of a specific heat exchanger from those currently
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lible or determining the dimensions for the design of 4 new heat exchanger, given the reguired
1 I
I
of et transfer and allowable pressure drop. The LMTD method can be readily used when the
I andl outlel temperatures of both the hot and cold Muids are known, When the outlet

iperatures are not known, the LMD can only be used 10 an iterative scheme. In this case the £-
1 method can be used to simplify the analysis {Robert and Don 1998) and (Kem 1984),
Energy Considerations

The first Law of Thermodynamics, in rete form, applied to a control volume (CV), can be

rapressed as Yumh=% mhuQ + By st iieaneesa (28]

where 1 stands for mass-Now rate (e, [hm/min or kg/min) crossing the CV boundaries, h is

specific enthalpy (energy/mass), '~ . is the rate of heat transfer from the CV to its surmoundings.

i B s the rate of change of energy siored in the CV, This simplified form of the First Law
assuimes no work- producing processes, no energy generation inside the CV, and negligible kinetic

and potential energy in the fuid streams entering and leaving the CV. In steady stale operation Lhe

encryy residing in the OV is constant, meaning that  E,=0. IF, furthermore, the boundary of the
i I

I h
(V15 adiahatic (1.e.. perfectly insulated), then -, =0, Under these circumstances Eq. (2.8)

reduces (o o simple balance of enthalpy infow and enthalpy outllow:

Tomh=E Ml e e e e (1.9

L]

Applied 1o a heat exchanger with two streams passing through it, Eqg. (2.9) can be rearranged lo

give: mally, =R )= meh =R s (11 1)



sibscripts b and ¢ indicate the hot and cold Nuids, respectively, and i and o indicate inlel
el comelitions. In words, Eq. (2.10) says thai the rte of energy loss by the hot fluid (lefl-

e} equals the rate of energy gaim by the cold fuid.

Shell and Tube Heat Exchanger
he schematic diagram of a shell-and-tube heat exchanger with one shell pass and one tube
Figure2. 2.1, The cross-counterflow made of operation is indicated, Inside the hemt

er the hot and cold Muid temperature distributions would have the Torm

in Figure 2.3a

T.I'n.

AT,

Vigore L4 Emeryy binkanee In o alilfeentinl lengil clensesi.

points | oand 2 on the x-axis represend the two ends ol the heat exchanger. Provided there is no

ey loss Lo the enyironment and that the exchanger has reached steady state, then dy, the rate of
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bt ransfer from the hot Muid, is exactly equal (o the rate of heal transler o the cold Nud 1w a

ifferential length dx of the exchanger surface. For the special case of [Tuids that are not changing

phase andd have constant specific heals

dif = =ity ¢, ST, = =0 AT, e (21 ]
i ! 1
dy ==ty €5 T, = =G, T, semssemsssrmsemresrevemsmmionicinmeen (2. 12)

where Cyand C care called the hot and cold Muid heat-capacity rates, respectively. Integration of

Egs (2.1 pamd (2.12) along the heat exchanger (from | 1o 2) gives

g =Cu(T,; _Tl-.u:' T (2.13)

il

U e ) et VA )

Lt | i
= Logarithmic Mean Temperature Difference (LAMTIY) Method

The differential heat-transfer rate dy across the surface arca clement dA can also be expressed as

tiip = UNTdA : - (2.15)

where AT 15 the local temperature difference between the hotl and cold (uids and L is the overall

coelfcient of heat transfer at dA. Both U andAT viry with position inside the heat exchanger (1.2,

]
I

w1, bt by combining Bgs (2,111 and (2.12) with Eq. (2.15) it 15 possible for a single pass

24



changer Lo inlegrale over fhe exchanpger gontact surface from inlet to out. The resuli of the

mlegration 15

g = AU AT, e (2.16)

where 15 the total hgat-transfer rate (BTUMmin, A is the total internal contact area ("), U, is the

mean overall coefficient of heat transter (BTUfmin " F), defined as

B IUJ.-‘I ................. . -{2.17)

and 15 the logarithmie mean temperature difference (LMTD), given by

_ AT — AT,
AT [AT,)

=== (2.18)

Is

As shiovwn in Figl.f‘ra.lﬂ"l'. =T pj=Tewmmd ATy = Ty, .-T ¢4 lor the counterflow, single pass case,
Equation (2.18) is also applied to more complicated heat-exchanger designs with multipass and
eross- [low armangements with a correction lactor applied to the LMTD (Kern 1984), ( Alan, 1984),
(Dryalen, 1982 and (Krivagdin and Markov 1980)

Lbd HEAT TRANSFER COEFFICIENTS

The total guantity of heat transferred ina recuperator is found by the equation

Q=KM. A, W (2.19)

Where K 15 the total coeflicient of heat transfer from waste gases Lo air, which characterizes the

tlal level of heat exchange in the recuperator, Wim®,"C); Aty is the average (over the heating
stirface) lemperature difTerence Between waste gases and air, "C: and A 15 the area of the surfice

through which heat 1s ransferred from waste gases (o air, m’. The heal of waste Bases is
i I |
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erreil to the wall by radiation as well as by convection. Therefore the local coefTicient of heal

ifer it the waste-gas side of the recuperator is

&, =, 4, - {2.20)

where @ 15 the coeflicient of beat transler lrom waste gases to the wall by convection,

0 Oy and e is the coelMicient of Tieat transfies by radisation, Wim®"'C),

"
The heat transfer by conduction through the wall depends on the thermal state of the wall,
kg oand the :ilall::: ol 15 surlace {where s = thickness of the wall, m; A = thermal conductivily
the wall, Wim."Cy). On the air side of a recu perator, heat 15 transfemred from the wall 1o air by
mvection only, 1Fa gas is heated in a recuperator, the heat transfer lrom the wall 1o the gas can
ur both by convection and radiation, Thus, with air preheating, the heat transfer process is
tded by he local convective heat transler mﬂl'lJmienLﬁ oy = (g

Adl these heal transTer coeflicier is can be combined into the otal et ransfer coelTiciem

: |
. S ot A e p e eyt 2] )

o FEAF e

Wilh tubular recuperator, the total heat transfer coefficient should be determined as lora
cylindrical {(linear heat transfer coefTicient)

A Wim'e) - 3T
1 -:r,r, +{, AYInr fn 4@,

The coefficient K is called the heal transfiey coellicient ol a tube. TN he quantity of heat transfened
shoulil be related 1o the area of the ouler or inner surface of a tube, the total eat transfor
eoelTicient can be found as follows:

AR Ty v e el SRR,

Amd K:=K2nr; Wim''0) = —[(2:24)
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ety 15 the coelTiciemt of heal transfer at the inner surface of a tube, Wim® "C 1 ; o is the

« at the outer surface , WM "C) r and r; are the inside and outside radif of tube, m.
In metalhe reCuperators, the the 'mal resistance of the wall, /4 can be neglected and the
| heat transfer coeliicient will be wrillen as

¥ (¥
Ko N R RO s i it S

a, ‘o,

i 1
f

Il local heal transler coelTicients in this Formula can be found from the general laws of heal
nsfer by convection and radiation.

* THE DIRT FACTOR
The overall heat tansfer coefficient expressed by equations 2,21 and 2.22 is known as the clean
erall coefficient of heat ransfer, By using the clean overall coefficient of heat transfer, it s
aimee] that the recuperator remains i the same clean condition from al the day it is producesd 1l
lile span. This 15 not however 5o practice, [n practice, when the recuperator has been i
service [rom some lime, dir_tlnnd scale deposit on 'tlls inside and outside, adding two more
(]

wssslances than were imncluded in the caleulation of the clean overall coellcient of heat ransfer

(K.} The additional resistances reduce the original value of K., and the required amount of heat is

 longer transferred by the original surface A, the final temperature of the waste gases riscs

ahove and that of the air falls below the desired outlel temperatures, although o and a, remain
k

arhatantially constant, To overcome this eventuality, it is customary in designing the recuperator

o anticipate the deposition of dirt and scale by imtroducing a resistance Ry called the dirs, scale or
frtltng factor or resistance. I Ry 15 the dint Tactor Tor the inner eylinder Muid al its inside diameter
il Ry, the dirt Tactor for athulus Muid at the outside diameter ol the inner eylinder. These may be

considered very thin for dirt but may be appreciably thick for scale, which has a gher thenmal
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sctivity than dirt. The coefficient of heat transfer which includes the dirl resistance 15 called
design or dirty overall coefficient of hept transfer (Ky). The value of surface area A
ponding to Ky rather than K, provides the basis on which the recuperator is ultimately buil,

The relationship between the two overall coefficients Ky and K 15

| |

— et R, - 226

| i (40)
R oty

1

S - 227

K, K, ncalds

{Robert and Don 1998), (Alan 1984) and (Kem, 1984)
i | |
165 THE TEMPERATURE FIELD OF RECUPERATOR
Fluids in recuperators can move in cocurrent, crosscurrent or countercurrent flow, Graphs of

temperature variation over the heating surface in countercurrent and cocurrent flows are shown in

figure2.4 (Krivadin and Markov 1980)

| . .
' (i
i E EESRESLT T i
|
[ U
i |
I —
i Il - = 'I'I‘i '!-
Figurul 4.F: Cauntercurram Flow Flgurel 4.2 Ce-tarrial Flow

Figure2.4: Diagrams of motion of gas media in Recuperative Heat Exchanger

k

Source: (Krivadin and Markov 1980)
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the seen [rom the graph thal with the countercurrent tlow, the final temperature ol air, ¢ be

higher than the final tempeorature of waste gases, ). This is impossible with the cocurrent

i recuperator, On the other hand. with counfercurrent flow the temperature of a recuperator
tean be appreciably mgher than with ctl.i-::urrc!rﬂ Mow, For that reason counter flow is
ectively used in cevamic and metallic recuperators al relatively low lemperature of waste gases,
pevmment fow s employved in metallic recupermtors in cases where the temperature of waste
515 50 high that that the recuperator malerial can lose its stability

Both with cotmtercurrent and co-current Mlows, the temperature of waste gases and that of
viry along the heating surface, resulting in a variable temperature difference between wasic
e5 amdd air. This is why use 15 made of average temperatere difference over the whole heating
fice, Ay

Ay b

TFUELS AND COMBUSTION
els are a source of energy, which when converted o heat can serve the purpose of rmsing the
wnperalure of lumaces, Selection ol the Tuel depemnds on various factors, bul avalabality is often
sole deciding factor. To avoid dependence on a single fuel, combustion equipment is ofien
hsen in which alternative or combined use of fuels is poessible.

Al major fuels basically contain carbon, hydrogen e.Le in organic or inorganic foms,
smbustion 15 an oxidation reaction producing carbon dioxide, water vapor and sulghur dioxide
mrompamied by heat releasg. The lotal .'l|11:'.urnl of heat pbtamable by complete combustion, in air,
ol e guantity of a Teel i its calorific value (CV), 17 the Toel containg hydrogen, water vapor is
mie of the procucts of combustion and 1F condensed the latent heat of condensation 15 added 10 the

feal ol combastion, giving the gross calotific value. In gencral practice, however, combustion

giscs are nol condensed i working parts of the [omace, and deducting this latent heat from the
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s calonfic value gives the net calorific value. Fuels can be classified in the broadest terms g
s, lguid and solid fuels. The selection of the fuel best suited 1o a particular case necessilales

ion of knowledge concerning their more important properties and the equipment needed for

rhandiing and combustion (Ovelami et al 2003) and (Dryden, 1982).

0
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CHAPTER THREE

JOMATERIALS AND METHODS

MATERIALS SELECTION
praces are bt up of metal pars and heat resisting non-inetallic materials (refraciories). The
ngth aindd dorability of furnaces are affected by faclors such as vibrations, temperature and its
tions, the effects of chemcals and slags. This makes it highly essential to have a proper
nowledge of the available materials and their properlies
LL1 METALS USED IN FURNACE [’UHHI'I{IU{'I'H}N
|

Sle-resistan) (heat-resistant) and relractory steels and alloys are needed for the construgtion of
he furnace structures. Heal-resistant steels are those capable ol operating in unloaded or weakly
padeal state and withstanding chemical aggression in gases al femperatures above 5507°C
Holiactory steels on the other hand can gpersle under load atl lngh temperatures for a safficient]y
ong ime; they are q'l|.5{" scale-resistant, (Cottrel, 1975)

A comprehensive list of comasion and heat resistant steels with their characteristics and
yprrcal applications necded i the construction of the Turmace and its incorporated heal exchanger
5 a5 shown helow i

Calsle 1.0 Corrosion and Hlenl Besistamt Steels wilh theie Characleristics and Tyvpical Applicofions
Corrosion and Heat Reslstant Steels

BS

M46

Part |Grade Material Characteristics Typical Applications
i,

18975

Eat Lo Fis 13% Cr A geraral engineering typ2 stainless 1A Gas chemical and
1 B |Maransitic sleal, offering a range of slrenglhs petraleum indusirias; high

o |sleels and Fardnesses, Medum corrosion ductility enginsaring Hitlings.
resislanca golt clul heads

B. Heal rasistant parls nol
subject to high strassas

. Culling blades, pump and
slaam lurldne parls.

3



ANC 18% Cr 2% Mi | A higl lensife stainfess stes with Pump and valve parts, highly
2 Marlensitic imiprowed corrosion resistant siressed aircraflt and general
steals prope-fies, Resisiant 1o oxidising engineening itlings.
spimospheres up lo THI°C.
A A 18% Cr 10% Ni |A. corrosion and acid restraint &, Chemical, pharmaceutical,
3 B |Austenitic stainless sleel; excellent stabifity textile, dairy and oil
steels dowm o - 22570 imdusiries, e.g. pump and
valve parls
R Widdahie version of the above, B. Exhaust syslems and
psabie up o 800°C marire lilhngs 1o 8 carliam
exlent. Corrosionfackd
resistant paris not heat-
freniad sfter walding.,
ARC | A |18% Cr 11% Wi | Stainloss steals with good cormosion I e chamical and
4 B |3% Mo and auid resistance, with medium processing ndusiries, a.g.
G |Austénitic tensile sirength, valves and pumps handling
steels acils al high lemperalures
and atzo chlorides and salls,
ANC) A |Mi-Crslesls Heal resistan! alloys with resistance to|Furnace parts, sall and lead
i B oylic healing and uselul creep alhs
L sirength up o 650°C and good
resistance o scaking.
ANC | A JCr-Nisteels. | |Heal resistant alloys with good Heal irealment parts. and
B B strengih to 900°C and uselul creop suparheaters, wilding
i pirengty o GS0°C fixtires, High temperatine
castings. Mozzle guide vanes
for gas furkines.
ANC Ni-base 20% |A readily weldable heat- Furnace parts.
B Cr; 04% T |resistant alloy with excellent
alioy resistance to oxidization up to
1100°C and with useful strength.
AN Mi-base 20% |A hea'-resistan! alloy with good creep |Diesel engine pre-
5 G 2iatns T, and oxidizalion resistance up o combuslion chambers, gas
1.2% Alalloy {BTOTC. urbine parts
AMC Mi-base 2% |Increased strengih over the ANC 9 Turbing and turbocharger
10 Cr16.5% Co, [alloy wilh good creep and oxidizalion  {rolors,
24% Ti, 1.3% |resislence up o 870°C
Al alloy
ANC Ni-base 20%  |Medium strength alioy with excellent  |Gas lurbine and stator
13 Cr10% Ca,. . [resisterce o oxidizadion and thermal  |bades.
10% Mo alioy  |fatigue 3t temperatures over 1000°C,
good thermal shock resislance up to
11007
AMC Co-base 268% | & high strenglh heal-resistant alloy impellars, hol metsl dies and
13 Cr10% M, % |Fesistant o oxidization al high valve componants
W oalhony fempreenlures, corrosion, galling and
weear. 17 ond resistance o creen and
fhermal shook
AMC Mi-baze 27%  |& high crenalh heal-resistant alloy Impellers, gas turbine
i Cr 5.6% Mo, Resislaal o oxdisation al high cornponents end valve
2% i alley  [fempeiatives and corrosion resistant, [components for high
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Resistanl lo wear and with good low  |lemperaiure sarvice
temparature impact propertias
AHC Mi-base 28% |A corrosion and heat-resistant alloy, | Chemical and pelredeam
15 Mo alioy Good resislance to sulphuric and plant components and
phosphoric acids; excellent resislance |pickling equipment,
to concenirated, hol hydrochioric acid
and acit chiorides. Useful creep
sirengih up bo BHFC
ANC Mi-base 17%  |A cormosion and heal-resistant alloy.  |Chemical and pairoleum
16 Mo 16.5% Cr, |Resistant lo oxudising acids (e.g plani componenis
4.5% W alloy  |nilric) al high temperaiures. Useful
"' |ereep strangth up 0'800°C,
ANC Mi-base 9% 5i |A corrasion resistant afioy, particularly {Chemical and pefroleum
¥ A% Cu alloy, agalns! kol sulphuric acid, plani componenis
ANG | A [Mi-base 31%  |Corrosion resistant alloys with & range [Power plant, marine
18 B |Cu S alloy of hardress for general engineering  fequipment, chemical and
LI purposes, Resistan! 1o superhealed  |process ndusiry
sieam, sea-waler, mineral acids componenls.
Betenlion of strength and foughness
up b 4E0°C,
AN Mi-base 20%  |A high sirenglh precipilation Diesel engme combustion
18 Cr, ToMb, 6% |hardening alloy resistan o thermal chamber inseris
ko, 3% Fa, 3% |shock and oxidation,
W oalloy
MM L= 14%: Cr, 5% Ni, {A high eirength precipitation Marine applications whara
20 B 2% Cu, 1% Mo |hardening stesl wilh good corrosion high stremglh and good
sleals rasistarce and good wealdability COFPOSIon reswstance are
required
ANEC 26% Cr, 5% Wi, |Good corosion resistance, Marine applications.
21 3% Cu, 2% Mo |comparabie to AMC 2 wilh higher
siesl sirengih,

SOMTRCE : Bt fw o woceranmicacsicomdnia lerials.hm|

LI REFRACTORIES LISED
Az carlier stated, re!’r_atlm‘im are materials which can withstand high lemperatures (usually above
|580°C) mul the physical and chemica oclions of mollen metal, slag and gases in fumaces. The
matenals used for the lining af the Turnace, the exhaust and the conical base of the heat exchanger
are

*  Silicasand :

*  Kaolin

*  Bumilding Brick (from (usible clay)
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v Sadiim Silicate and '

* Water

DESIGN CONSIDERATION

er same conditions, the atmosphere alTects all metals and alloys. Carbon dioxade and excess

sgen may react with the metal heated and cause scaling, Scale can be removed by expensive

hodd Tike pickling, but surface finisk may alter and dimensional tolerances may be impaired.
since rolary furnaces ace now being widely used 1 heating/meliing ferrous metals, besides

b, decarhurization is a common problen. Oxidation or decarburization is hinked closely with

HI! nature of the lumace allnlmsphn::re andl 1o the un':u pl tempersiure of exposure. Typical lumace

amsphere (resulting from complete or partial combustion or introduction of prepared

mosphiere) may contain one or more of a munber of gases such as oxygen, carbon dioxide;

|
grhon monoxide, water vapour, hydrogen, methane ele, Even though the main aim of this project

5t design a recuperator-incorporaled rotary furnace with more emphasis on the recuperator, the
msnltant effect of the conditions inside the furnace highlighted above make il essential to take
pogmyance of the designs of other esserhal parts,
AL DESIGN CONDITIONS
: !

The comditions 1o be -:r::nl::{]r i i Murmace sll'lnllld be such that the heat Now 1o the surface of
material 15 at 1S maximuom and that it can be absorbed completely, This can be ensured by the
following measures

*  The emperature difference between the heating mediom and heped surlace should be as

high as feasible under the given processed condifions

*  The fumace should be supplicd with heal extensively with the maxnnum beal utilizstion

wilhin the lurnace space

14



*  Lmses in the fumace space should be made to circulate vigorousty, mainly under the action
of air fuel jels from bumers

* Fuelshould be burned completely and combustion should occur within the fumace space
¥ 1
v ! )
where possible

' The design of a pressore comdilions il should be such as (o mammize the contact of
fumace atmosphere with the surroundings

AITHE BURNER SYSTEM

burner, which is‘a fuel-burming dev.ce, converts the chemical energy of fuel into thermal

aergy which 15 required to effcct technological processes in the frnace. A low-pressure liguid-

fiiel burner 15 used m the operation of a recuperator-incorporated rotary Rirnace. Liguid-fuel

burners should meet the rﬂ"ilﬂ‘-\’mg requiremaents;

= they should atomize ligud fugl :|111.|I mix il thoroughly with ar;

= cnsure stable combustion and foan an uninterrupted lame of a desired length;

* should be reliable in operation, simple in design and convenienl for cleaning.

- A typical characteristic of bumer is the mode of fuel-air mixture. There are the premixing

finjector) burners, burners with partial premixing and the outside-mixing { Dame) burmners. Oulside-
| mixing {Mame) burner 15 the most efTective type of burner used for a rotary fumace mosl
gpectally when incorporated with a recuperator. The reason being that it allows for vanations in
the Aame length. The Mame length must be contrallable because before reaching a steady state, the
7 .
recuperator first produces vanations in thermal load,
Assumimg thal the optimal thermal load of the burner surface is Hy, and 15 approximalely

equal to 930 % 10" Wim®, then the gquartity of hieat emitted by the burner is

 Hyml’
4

i,
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The ather most important parameters in low-pressure burmers are the outlet cross-sectional

for liguist fuel and air, The outlel cross-sectional arca for liquid Tuel is found as

f; = Ab oy, m - e {32)

where

A =acoelhcient which is equal to 195,625

b = fuel oil flow rate, kel

p1, = luel oil pressure, Nfm’

# = Now rate coellicient for fuel o1l (ranges from 0.2 - 0.3)

£ = luel oil densaly
The air oullel cross-sectional aves [or the low -pressure bumer is

I o= .-I':I-'"JHI‘::" u'IIP.T'.. B R < (3.3)

where
[ = butlet cross-segtional drea Tor air, mm®
I, = air Mow rale through the bumer, m'/h
£ = tatal head of ar af the oullet, MNim?
g = air Mlow rate coelMicient (ranges from 0.7 - 0.8)

" A' =acoefficient, which is equal 1o 618.75

—Er =flv. k A
£, = amr density; kg/m

1111 FLAME LENGTIH
s was rightly pointed out at the lmginring ol thisreport, flame length is eritical to the design of a
mtary furmace, whether incorporated with a recuperator or not. A buming gas or an atomized

igurd or solid Tuel forms a fame, when burnt in an oxygen-contaiming atmoesphere. A visible
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i !
fume is a luminous stream 'i‘rrlTH-illnth-L'i:l'li'gHEtZE- A Mame has a certam geometne shape and

gmensions which are regquired 1o suil she hearth or working space of a furnace. Fatlure 1o oplimize
Bese two parameters is bound W lower furnace elficiency, shorten the service life of refrsctones,
pellite the environment and cause other undesirable effects. The length of a free turbulent Tame,

Li1s caleulated from s

AL i ; e (34)
' r‘llwlll + "rJ| + En +.rf"'}.ﬂ{nﬂ} ]

|

where i

2= L, fd, = dimensionless length of the flame expressed in diameters of gas

nozsle, o,

N, and B, = constants of a turbulent jel respectively equal to 11.2 and 0.47;

w = stoichiometric number that shows the amount of air (kg) required Lo

bum 1kg of fel according 1o a stoichiometric calculation of

i S g 1 2 3
combustion, kg'ky; w= 227" where L, iz the theoretical volume of wir, m’,
Pas

regueived 1o bum 1w ol fuel, mfm’
gl g o= respectively densities of air and gas under normal conditions, kgg/m’
{'{w)= dhimensionless function of the stoichiomelne number w, which in

caloulations can be assumed 1o equal 14.8x107

[ { )= dimensionless funclion of characteristic densilies

7




£ = Froude numler

r

floy=2a-Becy PEPPRT IR (3:5)

”‘I' .|IT|-|.||r

| i
]

whete g1 and p, respectively densities of air and gas, kg/m’
ALIZ TEMPERATURE OF COMBUSTION AS A FUNCTION OF TIME
A stadiorrary thermul stole is a siluation wherchy (he transfer of heat ina body involves no change

v temiperature with tone, that is, ot /o = = 0. However the situation inoa rotary lurnace 15 a ron-

statioary thermal state wherehy et /dr = 0, that 1s, the lemperature of the body changes with
time, andl the enthalpy of the body vanes. The analytical relationship between the change n
temperitiore and in the quantily of translerred heat wilh lime for any poinl of 3 body may be
obtained by solving the basié differential equation bl heat conductivity which in the Cartesian

cosrdinates has the Torm

i iy @B e
homgfS i S Y et ()
dar i Y ) L 7

where V7 s the differential Laplacian operator,

Inn the eylindrical system of coordinates the differential equation of heal conductivity takes
on the form

i 2 1y RS & S o
—= B P o e ¥ 3
(3] P U5 | S | R - |

R B )

} A —

o oblaim a single-valued solution lor the eguation of heal conductivity, it is combined with the
equations lor edge condilions consisung ol (a) starting conditions and (b) surfice or boundary

coicditions,
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For a lincar change in temperature of the surface of a body, that is, heating of a body at

stant rate Cy amed uniform distribution of temperatures at the starting moment, the boundary

¥

iditions are

I 1 - - B §
The solution in general form for a cylinder of infimte length 13

= Y ‘ |
Pt :ﬁ:{ETT;’_ mpemitoncs: REPREIoey 1L |
. r R R

Values of function @ depend on the Fourier number and the dimensionless coordinates of points.

Y 2005, the expression for L which represents the average temperature of combustion 1 the
furnzice, 15
Ex it ot
f=i, 4+ —— (=1} st ean mmerreeseeie (310
da R
where
I i i |
{, = rdom temperature,

Cy (heating rate, KIh) = B .
(¥ = Lower Calorific value of the fuel used, K.k

B = fuel flow rate; kglh,

hieating period, Iy,

=]
u

r = mternal radius of the furnace cylindrical shell, m;
S = thickness of the cylindrical shell, m;

R=r+8m; , i
i

, M- : A
a (eoefMicient of conductivity, m™h ) = —;
[

g



¢ = heat capacity, KF(kg"C) I
A= cocllicient of heat conductavity
o density, kgim', {Kazantsev, 1997)
LLADETERMINATION OF THE FURNACE-CYLINDER INTERNAL DIAMETER AND
LINING THICKNESS
Ihe above-mentioned parameters are two of the major parameters needed in the design ol the

mtary lwmace in addition to the fame length desired. To elfechively calculate the parameters, il 1s

highly essential to do an analysis of the heat transfer in the furnace.
3231 HEAT TRANSFER ANALYSIS IN ROTARY FURNACE
In amalyzing the heat transfer process, hasic assumptions made are;

The temperature and radiant charactenstics af the gases are taken 1o be constant

1,
over the whole fumace volume
2 The temperature in various poinls of melal surface 15 assumed 1o be constant,
3, The heat Now transferred from the gases o fumace hning by convechon is taken to be

equal the heat Mow given up by the lining to the surrounding. This last assumption

mukes il possible (o regard the hinimg as adiabatic relative to the mdiant flux falling

onto it
LLLLLINPUT HEAT

[, Chormcal Heat of Tuel combius tion

Q= BLQ! KI e e s s Lo R T

Where 1 = total time taken to preheat and melt the charges (h)

(2 = lower Caleriic value of the fuel used in Klkg

B = fuel Now rate in kgh
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2 Physical Heal of preheated air

O = Bleglunv, s e NNNNNNNEN ¥ 1§ ¥ 3
Where ly = lemperature of prebieated air ('C) |

= specific heal capacity aof air af 1u (Kim*"C)

n = air excess [aclor

vy = quantity ol air theoretical by regquired 1o bum a umt of fuel |1|'1.l'kg

1 Physical Heat of preheated Tuel

DB DY, wisresiiimaiiiisiiisimmmidetiespiomeiimsiasim L)
Where Ir = trme taken for prebieating the fuel (h)

C¢= specific heal capacily ol preheated luel (KIVkgK)

i = lemperature of preheated fuel (K)
i b

1. Heat of exothermie reactions which i§ basically the heal liberated through oxidation of

metal. Assuming the oxidation loss of iron 18 1% and its heating value 1z 5652K ) ke

= e =5652 Mtz 001 (KJ)

= 56.52MIL (K] --- i3.14)
whore M = mhass of The charpes (k).
Total Heat mput Q, = Qg +0,+ O + Qe (K]) e {3.15)

Smce only the air 1s preheated

Qr=Qun + Qux + Qy e e (3, 16)

i

LA O0UTPUT HEAT

| Ulselul heot required (o heat and mell the nalenals:

h [MC Ty — T+ ML

MUChl{Tw— To) + Ly (K]} e eeeesemeeeeeeeee (3,1 7)
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where
M = mass ol lhe charges (kg'h)
U= sperifid heal capacity ol the charges (K1/kgK)

To= melling point temperature of the charges (K)

Ta= imtial tevapermture of the charges (K)

Ly = Specific latent heat of meiting of the charges (KJ/kg)

[

2 Heal lost with waste gases

T B R i b7

Qi = B lvagteg (KI)
Where
Cyp = Mean specific heat of wasle gases (K 1w “E]l
| = total time taken (h)
B = [uel Now rate in kg'h
Vi = quantity of the waste gases in a unil mass of the fucl (m'/kz)
Ly = tempetgture of the ﬂ.ra:;le EilSCS (')

1. Heal of the chemical incompleteness of fuel combustion

h=RBvgatx 12142K}
Where a = proportion of unburnt CO i the waste gases = 0015

4. Heat from the mechanical incompleteness of combustion

(a= 1001 O, (KJ) = (e
5 Heal losses by conduction throogh the lining
Q= 0= [akalret n0CH —TatLa & Lalt} £ {rz = 11} =rmmmrmemrremeas -(3.21)

Where K; = thermal r.'nnducliviljr; of the limng (W/mi)

r:= junction radivs = irternal radius of the shell without the hning (m)



ry = internal radius of the slllcﬂ witly the linmg (m)
T = average temperature in the furnace (K)
T: = outside (surface) temperature of the shell (K)
Ty = room temperature (K)
Ly = length of the shell {(m})
| 1= sila'nl length of the comcal frustom (m)

t = total ime taken (h)

=021 L=Li+1l;

= Q= [tk () - O30T Mg+ v )]/ Brp — 1)

= 069K Tilra + 1) flrz -1y}

Let y = 0.690L1K, T,

= O = ylra ¥ i) L {ra —15) cen s sa e (3.0 )
riQe—1Qe =y +ym

Ffle+ ¥h = (Qc— ¥l

r =0 = Viz L {Qp+¥) v (3.23)
@1, Heal losses by radiation theough open doors of the furnace
G = QBT R ] S L S

Where Cp= emissivity of a black body = 50768 Wim K"
F = surface area of open door (m’)
th = diaphragming cocfhicient = 0.67
g = Jime when the door is open (h)

7 Heal lost with the cooling waler (steam) in the furmace

=001 5 Hewl mpot)

a3



=g 130 - {3.25)
5 Loss ol the heat accomulated in he lining
h =02X) e — - {3.200
9 Unaccounted losses F !
Qu = G20+ Qu + Q1 Qu + Q7+ Q4)
Let: 0y =0Qi+ Op+ On+ 051 Oy
=5 Qu = 0.2{0Q + Os)
uating the heat il]]]lll and heat ouiput
= Q=+ Qit Qe+ Qc+ Qo+ Q7+ 0 + Q)
Ir Q= QG+Q:+Q,
= 3 = Qv+ Qo+ Oy
Q= Ot OLF 020, 1 020,
= O+ 0,20, + 1.2Q,
Q=00 - 020,37/ 1.2 ——=- (3,27
from (3. 18)
e =10 - I HQe )
et Q- (Qty)=u
S (3.28)
. |
1.2.3.2 Compressive strength of the lining
Let the Compressive strenpth be o
Then o = BALE/ [n(ra- nitl + ALE/Ein—n))) = (3.29)

Where



6 = hining shrinkage allowanee (m)

Al = thickness of the eyvlindrics] shell without the lining (m)
E: = Young's modulus of evlinder (Pa)

Fi = Young's modulos of lining (Pa) {Dryden, 1982)
o = BALEEL { n[Bi{rn—n) + ALE]

[Eefrz— 1) +ALE: ks = BALEE, o

ot ke =BALEE /o '

kx = ALE:

Eyredrs i) 4 karp = ki

Fify — By #kar—ky=0

Eers” — (Epry — kahrs — k=0 (3.30)
Sabstitute (3.23) into (3.25)
- E; r;-z ~(uBirn-khs=-k =0

E ['g-l u!l:|r;J Fhar, =y = ) o

(Ei - uB)r + ki —ki= 0

! =|.'.|'ﬂ:ﬂ:"'|llhi.-_l +dky(E; - uEy )} ]F2|:F1| uE)

lel ky = "JI[EI'.J‘I + 4k ((Ey —uE; )}

=17 = [-kz + k3] / 2B —uliy)

e, AEE — 069K, T,
_Irr I!.I'I s “I: E,.‘ 3 'l"i",-r.li [ [Er _EII {Q, 1L MIK'I?[;“
rr ' @, +0.697LiK 1

)= : T
& AE, 2 (OO T, (=)
U0+ 0.69aLK T
'y = liga o B i
I
lining thickness = Aly =Ty =1y  ssrreresmrrrer e b i e e me e | 337
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£ DESIGN OF THE TRANSMISSION SHAFT
e design of the transmission shafiimg 15 based on the maximum shear stress theory and takes
secount the elfect of fatigue and shock by introducing two constants i to the equation of

wimum shear stress. The dismeter of the solid transmission shafl vsed 15 thus caleulated lvon

PIRLLN rvRuT

JEM P A KM o (3.33)

wlhere

A, = worsional momenl, Nm
u i

M, = bending moment, Nim

&, = combined shock amd fatigue Getor applied 1o hending moment
(K,=15)

& = combined shock and fatigue factor applied to torsional moment
(K,=1.0)

& = maximum allowahle shear stress Nim® (Sadbiu, 199%)

115 DESIGN OF KEY AND KEY-WAYS ;

A key is a device by means of which the relative motion between the two members connected by

he key is prevented, In this case, kevs are wsed 1o conneet the rollers and the shalls.
Sunk kievs are used inthis design. A sunk key 15 a type of key which when inserted into the
keywary is partly in the shafl and parily in the hub,
The width L'ni"lrhc key is

pald I e eV i e APy (3

4



anl its length is

where
o = shall diameter
fi = key vadih and
[ = key length {Allen et al, 1980)

BEARING SELECTION

mlling-contact Imalnng is chosen to be the most appropriate one becanse of the [ollowing
KIS

More accurate centering of the shall

Low coelficient of [hjction : I

Weak dependence of the coelTic ient ol fnction on operating condiions

Low resisting moments dunng starting periods

Small axial dimensions

Ability o operate with a small ol feed

*  Ahility to operale within o wide temperature range [rom temperatures close lo absolule

zero o 600"C coupled with the ability to operate in high vacuum,

The service life {durability) of rolling-contact bearings is determined by the number of load cyeles

that the bearing material can withstand at i given lbad and, therefore, depends on the speed il
ottron The durabilny sharply decrenses wilhy increased loads. (Qrloy, 1980)

127 BLOWER DESIGN/SELECTION

Hlower 5 the mediom through which e combustion air needed for the generation of heal {rom

hurner is supplied. Wihile i imedium-pressure blower (of pressure up to 3000N/m” ar 300mm H,0)
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oulel be used ellectively wilh o rotary Tumace withoul a recuperator, a high-pressure hlower of
el aver 10,000 NAm® (1,000mm H,0) pressure is needed when incorporated with a recuperator,

One of the most important chanclenstics of the blower is ils specific speed or specilic
mmber of revalutions ng,. The specilic speed ng, of a blower 15 a value that interrelates air
delivery v m'/h, total pressure % omm [0 under standard atnmospheric conditions (at P=760mm
Hi 12000 ) aned relative humidity of 50%, and the number of revolution per minute, n

i |

!

thutvs n = e e - —— — [3.30)

e teehnical data obtmnable for single-inlel exhaust blowers with multi-blade wheel at a
preheated sir temperature of 200°C (- preheated by the recuperator) are as shown i the table
hefow:

Mabde 3.0: Single-Tnlet Multi-Blade Blowers

Mavimum L uiml Eificiency, Comisu med Tritial
Typar lelivery m, Fprm Pressure 11, i vy ™, mracnd o Mt impss, kg
Qe 'th anmm Pl = 'U R vatar, kg.om'
=

M1 125 U | 105N M 185 LT Rl T (915
| A5HE) DD E{ 5440 150 . 1905
AL, [ 1 500 T 165 (X G i [ 4l
{p R Uil 55 ! S/l i it i
IS T LT 710 75 400 i 20 [E KN
o i Foi Ol b 3n L4710 L] 125 w0
T i J 4500 7N [ 1an R jan i27 17
o [RINET T AT 5400 12 127 1101
RIS R | I O TR Tui 14l R 45 154 2258
- MTED 0 210 | sdinh 185 (E1] M5
J 12 % g, | s FR| {14 L4450 Tib B 1R
A 960 | 238 A4 i55 Rii LR
[ANEN™ ENIT LT 501 Sl K5 fnz 1135
LS 1950 38 0 L .. 102 1933
MR 035 Hay | 130000 " T 1] Sl L] 116 1975
[ 1 TR gl 15 S4/60 2l e ] 1975
1114 Hyy 14580m 730 175 Bl 125 B EFE 555
LR ', . - I ., | S— i ) 23 1933
| J0te 14 5 Hy | 1EDIEKD Tip k] 44 145 141y LI
| 20000 iy | 3 L P30 4w 1995

©OROURCE: [lazantsev, 1980]
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RECUPERATOR SPECIFIC BESIGN CALCULATIONS

(FOR A 100KG ROTARY FURNACE)

specific design caleulations are meant lo demaonstiate the procedures for determining the

rator's basic dimensions with the aim ol incorporating the procedures inlo the program 1o be

ten (1he program shall be for evaluating the essential dimensions and parameters needed for
design of o recuperator-ineomporated rotary lurmace)

he first step taken in the design of the recuperator 15 Lo determvne the process condilions,
5 includes the analysis ol the fluid { wasle gases) compositions, determimation of the

nperptures of operation and the pressures drop. The second step was to oblmm all the regquered
- |

ysical properties over the temperature and pressure ranges of interest. The therd stage involved
fossing the type of recoperator necded while the fourth and the last stage was the real design and
redesign (whenever necessary) o gel the necessary dimensions and ensure that the process
spectlications wilh respect to both heal transfer and pressure drop are met.
11E.] ANALYSIS DF STREAM COMPOSITIONS
The mnalysis 15 done o obtain not only the percentage compesiions of the combustion products
(e waste gases), but also to evaluate some important paramelers that are needed for the analysis
ol heat transfer. Those parameters melude amang otliers the total quantity of waste gases formed

|
through combustion of unit mass of fuel and the quantily of air theoretically required to burn a umi

of fuel, Due lo its availabilily, diesel s chosen as the working [oel.
Ehesel comtans 98 3% Cyald, (15965, (05%N & ) and has a combushon eguation
CiaHa + B0 — 12005+ 1350

{12x12+26x ] kg E'.;]Ih.,. + (A2 xAkg Oy — 1201243 2)kg CO3+ 13(2+16)kg H:0

| kg Mg + 592k O — S28Kp COy + 234ke HL0




kg Cyabiy S92/ 70 kg O — 328/1 70k CO; + 2341170 kg HLO

kg of CppHy, + 3.482kg O; produces — 3,106k Ct; 1.376kg H,O
(hut ke of fuel conans 98.5% U Hy)
= 0,985k of T2 + 3.43kg 0y Ipm-tlucqs 3.060kg CO: ¢ 1.355kg H-O
Amount of 0y needed = 343532 % 1.1-4 = 2.400m Lfkg ol fuel
Amourit of Ny that accompames the s needed fo produce 3.4 3kg O 15

76,8232 x 3.43 = 11.35kplkg

COy ¢ 3.06x22.4/44 = 1.558m kg

= 113528 x 22.4 = 9.08m"kg

HaO 1 1355x22.4/18 = [ 68%6m ke

Air needed per unit mass of Tuzl is v, = 2401 + 9.08 = 11.481m"/kg

Wasle gases produced: v, = 1555 + 1686 + 9.08 = 12.324m kg

Tuble 20: Volumetric analysis of the combustion per 1o’ of Oy 0, (1 [_III.Sm" of fucl)
Pt Air, oy £ nmhiestion prducts, m
(g gy —— My T va B A, TF 1 [ W: Fartnl
{[£]
Tl aRE | TRMZZI | VRET a3 | IAZN Tnendma 7 | | 1K3 L 2Hi & ISHhRRT | RS
4 L 1 T
oA TT HinRa 31 = GRL] 0
, [ - F [ F : T
i LS o i : TFL] nis |
(TR I TF I 03 | milli | 112
[ =ar oo | T TRIR78 | naedyr | EesE “Timz i 1i3ns [G2E | &Riioz 3477 |
e 121 i A E ] 11EEH PEERG b e | 10 TAR | peonlk | (TE5TRY 1 11HE}
i § | | i
[in=13 | 1w | 2iks | #2320d KT 1 7 W R RIN 1T 100 1
121 iy IE IV E piaakn | qoimE | gn s | Ay (74 429) T
! SRR O L . .

Source: Ovelumi et al, 2003

LLA2 DETERMINATION OF OVERATIONAL TEMPERATURES

The average lemperature of the wasie gases leaving the fornace 15 150°C and that of the

surroinding air is taken to be at the vom temperature of 27°C. Since one of the main purposes of
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ning the recuperator is W increase Lhe lemperature of combustion signifcantly, it s perlment
delermne the existmg lemperature of combustion (Tor the existing rotary lurnace sithoul
wralor ), choose o new desired temperature to be accomplished as a result of the recupertor

L
wation and caleulate the final temperatures of both the air and the waste gases necessary for
pitamiment of the new combustion temperature,

* FURNACE COMBUSTION TEMPERATURE WITHOUT RECUPERATOR

calculate the calometric tempersture in the furrdce, enthalpy of combustion /g iz

- LU | (3,37}

4400001
= = 357027 Klim’

" 12323
where () = {0 = 440001 kg,
Enthalpy of combustion products at 2000°C is ealculated thus (using the appropriate percentage

wiposition of combustion praducts of diesel from table 2.0)

fop = DL 0GBG % 490,51 = 524.74 Klim® |
|

{, =0.74429 x 2970.25 = 2210.73 Klm’

4

[ 003 x 314270 = IOLT1 Klim'

P

!y =0.11576 x 3889.72 = 450.27 Kl/im®

c I =3289.45 K&im’

Fnthalpy of combustion products at 2300°C s

I, = 010686 x 574639 = 614.06 Kl/m'

[ = 074429 x 345720 = 257316 K)/m'

al



[, =0033x 366233 = 12085 K)/m’

i E
I, WLEST0K 448534 —519.22 Kl

f; =3827.29 K1

ealorimetnic femperaiure 15

o=t rf" "f‘ﬂ -4}
=0 ‘r! _I;I 7 (]
e i
I = M1+ 35?uw;13m: - 200H0)
; AR2T 29 =37289.45
=2156.6 "C

furmace maximum conbustion temperplure is '

=1 AR R a1 S
ere 17 = pyrometnc coefficient,
g a pyrometric coelTicient of 0.7,
loare = 21536.6 x 0.7
= 1562 'C.
This value compares Fvourably well with the 1492 "C maximum combustion lemperature
phiained from an operational rotary furnace (check table 4.1)
* CALCULATION l..’]I'I'" FINAL TEMPE Il:ﬂ'l'l_FI‘-‘:l"l OF AIR EXPECTED FROM THE
RECUPERATOR
As calenlated from the preceding section, the maximum combustion temperature obtamable from
the rotary furmace without a recuperator is 150962 "C. Now, it is desired Lo raise the temperature

o 2000 "C through the incorporation of the recuperator. This is the basis used for caleulating the

final temperature of the air lo be preheated in order 1o have the fumace lemperature raised to



non "c.

From equation 3,38,

|
IR T Lo : ST

)

20000 .
R Ptk 70 AL A '
1.7

Enthalpy of combustion products at 2857, 1 4°C'is

[ = 010686 x 6303.33 = 671,60 K/m'
Py, = 074429 5 3TBG.00 = 281795 Klm®
L, =0033%x401420= 132,47 KI'm’

L = 0.11576 x 507674 = 587.68 KJ/m'

g = 4207, 70 KXo
) i 1
Fom equation 3,37 :

E:}II‘: =% Vig = 4211.70=12.324

= 51905 KIky

=0, +0, (3.40)

¢,

where Q:“.' = —E'..— andd (Y =
I

% = 44000K kg (using equations 3.11 amd 3.12)

Q=0 -0,
=51905 - 44000 = 7905K kg |

From equation 3.12,

LG T

L] nev,
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o

where %; = (), = T905% 10" Mhig; n= "2, (al 400°C) = 13302 0™ T "0 vy = 1048 10m kg
)

t, =TS 10— o

1251 3302 10 x1 1481

431.34"C
Thus the final temperature of air ¢/ used Tor the design is 450°C

« CALCULATION OF FINAL TEMPERATURE OF WASTE GASES EXPECTED
FROM THE RECUPERATOR | |

s is done through (he analysis of the heat bakance in the recuperator. On the assumption that the

recuperator is perfectly gas-light, the heal balanee is analyzed based on further assumption that 10

per cenl of the heat supplied is lost o the surcoundmgs,

S T ST b Hal i R
Ll ot s R () B R £l i e ) (3.41)
Usimg (¥, =1050"C, f =450°C, ¢) =27"C

To find the specific heal of waste gases al the recuperator outlet, it is assumed that 1L =900°C,
From talle 2.00, the -:mn;mﬁ'i'lmn ol wasie @ases is fE.?'H.E'U;; | 3, 7%H 0 aned T3.6%MN;. The
specific heals ol wasle gases are

al 9O0'C
ey = 0127 x 2.1915 = 0.2783 Klim'
e, = 0736 % 13817= 10169 Klim’

f = W37 2 16865 = 0.2783 Klim

el - ey = 1.5263 Klm'

d
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al 1050

S — X 1
te, = 0127 2[2.2266 + 149 - 10 (2.2593 - 2.2260)] = 0.2349 KJim' 'O

1100 — 1000

1050 — 100
wy = 0736 [1.3938 + " (] 4056~ 1.3938)] = 1.0302 K Iim”
E, | +|||:]1'?—|{HH]I: 3 %] i
T =n.|3?x;|.?|33+@?_@:1.?39?- 1.7133)] = 0,2365 KJ/im

1100 — 100

i Cra=ty = 15516 Kiim'
Phe specific heat capacity of air is
at 27°C

7
¢, =1.3009 + I?'I_[J %iﬂ.i‘-ﬂ&l = | 3060%) = 1,03203K)m* "C

at 450"

of =1.33024 282900 e 1 3302)=1 3371 K0 Ami 0
AU — 4040

Using | i’!-h hrs as the stumdard eyele period, fron table 2.0

Vi =9324.72/1.5 = 621 Tm
V.= B684.52/1.5 = 5700m*/h

The heat balmee equation, with 10 per cent of heat being lost to the surroundings from

equation 3,414 is

0.9 615516 1050 - 1526317 )= ST9(1.3371 = 450 — 103203 % 27)

A595.3(1629.18 - 1.5203 1) )= 3322476.8
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1 = (1629,18 33224768, 1

: W rm = 678.36"C
55953 “1sam ¢

Toclose up the gap between the assumed /. of 900°C and the caleulated t] of 678.36'C, the

= ' - b
specthe heat of the waste gases is re-calculated al g assumed ¢ of 700"C and the Process
I
repealed

al 70"

o, = 0127 % 21077 = 0.2677 K14
¢y, =10.736 x 1.3553 = 0.9975 Kim'"

o =137 x 16338 =0,2279 Klim’

el =ex = 14931 Kl

Lising the samc heat balance equation witl the ten percent of the heat being lost 1o the surrounding

VEx621T(1.5516x1050- 1493 1] )= 5790(1.3371 = 450 —1.03203 % 27)
3395, 3(1629.18 — 14931 1] y=13322476.8

33224768 i

x —— = {03 44"C
55053 0 1.493)

t= (162918

" AVERAGE TEMPERATURE DIFFERENCE IN THE RECUPERATOR
For a co-current flow of the Lype shown in fi gure2 4.2, using the logarithmic mean lemperature

difference {LMTD) approach in section 2.6,3, equation 2,18 can be madificd 1o give

A, — A,

il e IEEUCNRS '
In(Ar, fAL,)

O =

5



B~ y=Gl =)

s P R SN S Y
g2~
1l =t

{1050 —27)— (693.44 - 450)

Al l 1050 - 27
1 ’ |
693,44 — 450
CWZI-24344
A, = | 023 ] 543
243.44

1.2.83 CHOICE OF APPROPRIATE RECUPERATOR
The heal wansfer in a recuperator between the gases and the heating surfuce 15 by conveclion,
which depends on the velocity of the waste gases across the heating surface or by radiation lrom
the waler vapour and L:Hrhu_n: dioxide in the waste gases, which depends on the thickness of the
layer, the concentration of these cnmpunenrts in the gases, and on the temperature. The type of
recuperator chosen for this design is the radiation type, The choice of radiation recuperator 1s ,
chosen alier due consideration 1o the lollowing factors, as outlined by (Stephen, 2000).

*  [nitial cosi

»  Operating temperature

*  Desired preheat

*  Pressure level and pressure loss

*  Campaign life and reliability

|
= Ease of repair and site considerations

=  Resistance 1o corrosion '

»  Resistance 1o fracture



Basic requirements taken into consideranion [or the eventual design of the radhation recuperalor un.“:_
s ability 1o
=  ensure the maximum wlilization of the heal of waste gases
®*  have an appropriate stability to withstand the high temperature of wasie gases
= have dimensions as small as feasible, in order for it to have a high heating surface area per
cubic metre of recuperator volume

*  have its total heat transfer coefticient at a maximum; this mininuzes the size of the

recuperator
*  have a mimimum hydrauhic resislance and
*  ensure an appropriale gas lightness,
It was decided to make the chosen radiation-type recuperator have its working fluid flow in co-
current flow becausé it has been established that the final temperature of the waste gases aller
transferming all the desired heal to the air, is still greater than the final temperature of the heated
air. This condition perfectly suits co-current flow from which it is impossible to have the final
temperature of the hot ::arr:i_i:lr nol 1o be grclai.m' [h-ulg the final temperature of the cold carrier. This
possibility cannot be guaranteed in a counter-current flow situation.
1284 DETERMINATION OF THE BASIC DESIGN PARAMETERS
A typical radiant recuperator, according to Kazantsev (1997), has an appreciable thermal load of
lhe heating surface ranging from 250 to 335 MJA{m’ 1),
Taking the av'ernge of the two, the expected thermal load is
(25043352 = 292.5MJ/(m" )

=202 5 x 10%3600 = 81 250W /i’

Heat transfer cocfhicient is the thermal load per unjt temperature.
i
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Iherelfore, Heat Transfer of the heating surface is

K = Thermall.aod
8

il
Ke = 8125001050 = 77.38 Wim*'C
i !
Thas 1s the ¢lean overall heat transles mﬂfﬁtiuul which shows that dirt las not been taken into

accounl. The design overall coelTiciant 15 the dirty overall coeflicient K.

From equation 2.27

| |
e
Kll j"-r i
or
K
K, = r I CPONPRR A . 1 V.
l+ R, K,

lor diesel combustion prodilets, Ry = 0.00175 m* "C/'w

77.38

= = 68,15 wim*'c,
4+ 0.00175% 7738

i

The healing surlface covered by the waste gases belore reaching f:“ {freom equation 2.19) 15

I S ; (3.45)

where () as calculated from the heat balance is

332247.8x10%/2

- 3600 = d46145.43W; i =K, = 68.15Wm?C
LA
" . 1
Aro= 5437
- = | 247
6B.15% 543 . .

Ihe heating surlace ares 1s Mrl,
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Fromm eguation 331 and 332 for a HMke rotary fumace:
Mnmeler of the cylindrical shell = 0.49692%9m = 496,9209mm
Mhickness of the lining = 0.12732m = 127.32mm
mner shell diameter Ea]ler lining) = 496.929-127.32x2
= 242 289mm
I'hve recuperator inner diameter {5 then chosen as 250mim
tecuperator sproul base diameter = 49693912732
= 169,600
| he recuperator’s sprout base diameter 18 then chosen as 375mim and its slant Tength as 370mm.

rome A= Zadl = mdl, [ = A _ _I..Ilﬁ'

x =1.588% m’
il 31421025

= ANNULUS SPFACE

4% Flowdrea  4n(D] - D))y D] - D]

he eguivalent diameter £ = = el e (3.46)
: b WertedPerimeter dal) I

Jsing 44%01; a5 1D,
i |
I —pl
DA4D, =208
i

4

P J1.44 D = J1AG 5 0.25 = 0.3 = 3000um

= DETERMINATION OF TIIE HEAT TRANSFER COEFFICIENTS

f the heat transfer coeflicient of the wasle gases is represented by 4, , then

- T‘TI_"{_'-E P D,

s rll l”'ll r ‘rlll' i
u. e Dpial B : - (347)
I'}r -l”i'" "irg #H'.

I
I

where o= 13718

)



[ = recuperator’'s mner diameter = 0.25m;
ng=1d-.53m||"51' i
p, A AbsoluteViseos y) = Vo P

. { St X B3 = HIH)
v, [Kinematic Viscosity) = [93.01 + el ol 3 1 O36l1)=10"
JOU — UKD

= 102.345x 10" m*/s

G50 — GO 3
r - = 0405+ — (0,363 = 0.405)=0,384kg/m
b 00—n00 " ]' i

= 102.345x10" 2 0384 =393 x 10"kg/m.s

cag= 1493, 1/m"'C |

i, =744+ 20000 44y = 786 5Wim'C

T = 6L

{y— 4
v, =160.38+ 20730 56 30 60.38)]x 10" = 68.34 x 10°
500 — 400

450 — 400 %
=525 —— (45T =0.525)= (.49
F: 52 +5m}_4mm 5 525)= 0491 kg/m

.= 6834 x 10" x 0,491 =33.55 % 10" kg/ms

Using equalion 3.47

_13TH%T786.5 0.384 % 14.58% 025, 1493.1x39.3x10" 1393 v

h .
" 025 W aAx 0" TEO.5 I3 55
= 2932 Wim* "¢
IT the heat transfer cocflicient of the air 15 represented by & | then
i, = ke ;”""-'”*}'“"H"—E”i}"”:ﬁ}““ - (3.48)

w [} w

R b

where a,= 1.652
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[}, = recuperator’s outer diameter = 0, 30m:
U, = 25mis;

A (AbyalueViscosity) = v, o,

v (Kmematic Viscosity) = |{H (H- 4..‘2’@( 0.38 - 63.08)] = 10"

TR0 — M
=71.235x10° m¥s

1500 = f)
=().524 4 — (0. =
2, on 456 0.524) = 0.49%g/m’

#,=TH235x 10" x .49 = 34.905 x 10" kg/m.s

ca= 1337 1im*C

45{1 M)
A =524 — (57552 SW/m'(
‘HJU drm' IR
4501 — 400
v, = [60 384 _‘rﬂ'ﬂl ..... .:;r,;'i 30— 60.38)] < 10°= 6834 x 10°
450 -4
P =0.525+ %{ 0,457 - 0.525) = 0,491 kg/m’

SO0 — i
2o=08.34 10" % 0.491 = 3355 % 10" kg/m.s
Using cquation 3,48

oo 10525485 0.49x25% 0.3, o9 1337.1%34.905%10°, _, 34.905
2 0.3 34,905 % 1) 54%.5 311,55

}II N

= | 48,88 W' n{'

* DETERMINATION OF THE RECUPERATOR'S WALL THICKNESS
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Thickness of the recuperator’s wall is determimed from the eyuation expressing the overall e
ranster coelMicient in terms of the wall thick ness, among ofher variables 15 as expressed in

eiuation2 22 from which

3

2T

K = : - Wim."C
leryey + (1 AYInr, [ + ez, ()
Re-arranging the equation gives
hr + 4 4 i—z—"f—'-‘ _,J“"'l =0k - - . —== {3.49)

ey amn K,
where K, = 77.38 Wim* " a, =, = 4888 Wim*"C: 1, =1, = 0.125m

weo=ar, =290 1 Wi 'C;,  A=288Win'C

Ine, + B8 + okl _EEHIRE 0125 =0 e (3500
W 2932r, 1488« 0,125 77.28
IFs=40.001m, ry = 0.126m; equation 3,50 hecomes
8.8 28.8 2 %388

In0.126 + =) 125 = -0.0034619 = ()

—_— 4 — R AT
293.2x0.120 148.88x0.125 7738

IF s=00002m, ry = 0.127m; uﬂiumiu}rl 3.50 becomes |

8.8 8.5 2xx28:8

127+ e k- —- - — = 0L 125 = —1L001 6949 = 0
203,220,127 148:88%x0.125 T1.28

I s=0,003m, r; = 0.1 28m; equaticn 350 hecomes

T P AN A
29320128 14888=0.125 7738

ITs=00tM0dm, r2 = 10,1 29m; equation 3.50 becomes

288 . 288  2qx288
2032x0.12¢ [4888x0.125 7738

Indh 129+ —In0.125 =0,00193956 « 0
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fr=tL128m sahishes the equarion: The thickness of the recuperator 15 then chosen as
: ;

0.003m = Jmm thick.
LLAS CALCULATION OF THE PRESSURE DROP
Phe pressure-drop allowance is the static Nuid pressure, which s expended 1o dinve the Meid

through the exchanger, The standard allowable pressure drop is 10 psi = 10 x 10°/14.696

HROMG N/m®
Far the inmer cylinder

0.264
£ = 00035 + s R (3.51)

(PesiterP

=, rlﬂ

.I”uu :

where (= Ihmensionless faginr in the Fanming equation

0264
0.384 % 14.58%0.25 ..
39 3= 10"

f=0.0035+ - 354,75

" i s 5 ee P
Fhe Fanming equation is

A 2 fuld 5 2% 354.75x14.58" « 1.571

n = 096,711 x 107 Nm/kg
e, 9.81x0.25

AP, =8F 0, = 96511 x 10" x 0,384 = 37.137 x 10 N/m®

Fhis falls well within the allowable pressure drop of 68046 Nim®,

= For the pressure drop in the anvalus; the equivalent diameter 15

- 4= FlowAdrea ~ :’r_ﬂ."ri{:___'_r-i! =1 -0
Y Frictional Wetted Perimerer  dx(D, + 1)) “ J
=0.3 - 0.25=0.05m
_ 1,264
S=00035+ — L =413

AX2I005
34805 = 10"
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2 fiit 257
AF = _,I'T!il _ 2x477.57%25" x| 57 = 1.9127 x 10° Nmvkg
gD, S 81x0.05

MNeglecting the entrance and exil losses

AF 9127 % 10 x .41
AP v gy, o LIGTRIG RO coan Nim?

144 144

This also falls well within the allowable pressure drop of 68046 Nim®.
33 GEOMETRIC MODELING OF THE RECUPERATOR-INCORPORATED ROTARY
FURNACE

Geometric modeling is the usage of mathematical description of the geometry/properties of an
object in order to IJ_a ahlg l‘l.'l display an inl'tag-:l of Lllm model on a graphics termunal and o perform
certain operation, such as creating new geometric models from basic building blocks available in
the system, moving the images around on the screen, zooming i on certain features of the .

images of the model.

The mathematical descriptions of the object, in this case a recuperator-incorporated rotary
furnace; have been done in the preceding sections. Even though the desired geometric modeling
could be done either as wire-frame models or solid models, this project lays emphasis on solid
models using solid modeler software. The reason being that a wire frame model vses
interconmecting lines o depict an ul:rjm:l,lwll.ich can become somewhial confusmg for
complicated geometry like a recuperator-incorporated rotary furnace because all the lines
depicting the shape of the object ure usually shown, even the lineés representing the other side of -

the object. Solid models on the other hand are modeled in three dimensions thereby providing

the user with the vision of the object very much like it would be seen in real lile. Neveriheless,

whenever deemed necessary, a wire-frame model is used (o supplement the developed solid

maodel in this project.
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131 GEOMETRIC MODELS DEVELOPED FOR THE ROTARY FURNACE

Figures 3.1 to 3.32 represent the various geometric models developesd for all the essential

components of the rotary furnace and its drive system.

D O

Figure 3.1: Barrel Famnel Endl Figure 3.2: Barrel Fuiind End2 Fegure 3.3: Barrel Funnel End3

Figure 3.4: Barrel Flange Figire 3.5: Barrel Famwnel End iise Figure 3b: Barrel Fusmd Esi Spre

Figure 3.7: Barrel Emilx Figure 3.8: Barrel Ends Assembily ) Figiere 3.9: Harrel Endy Assembily2

Gy



Figiere 3.00: Basrel Euads Axgpaialyd Figiive 3.11: Furnace Buse {haae | Figure 31 2: Farnscr Ease Chanme 3

Flgure 1.13: Fayjiate Base Plate Figure 3141 Furmace Shail Figure 105; Farnace Wihkeel/ Raller

Fugure 3, 06; Mais Bariel 1 Figury 3.t8; Main Bugred 3

Figure 3,19 Aain Barrel -"H-;-'«'Il'lj.llj'| Figelve 3.20; Main Borvel Asiesobly? Figure 1.20: Mgl Barrel Assesiblyd
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Figure 111 Maln Barrel Fusnsl Assemblyl  Figure 123 Maln Barre Funoel Asseubly?  Figiere 3.54: Mala el Fanmnel Assemibly ]

Figure X.2%: Mume lHack Figurwe 1,26 Radler Pad Figare 3.27; Keller Fad Ends Flampe

Figure 1.14: Rutsry Base Assembiyl Figare 3.30: Main Rotaiy Assembly]

VN

Figure 3802 Maln Rodary A.il.lumhlyi Figure 3.32: Aain Kotpry Assemlilyd
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131 GEOMETRIC MODELS DEVELOPED FOR THE BLOWER ASSEMEBLY

i
Figures 3.33 to 3.51 represent the various geometric models developed for all the esseatial units of

the blower system, needed to supply the air needed for the combustion of fuel

Flgmre 3.35: luner Inlvi Flange

Fligire 3.33: Mduwer Overview

¥

Figure 3.30: Hluwer Lubed Pijs Fipure 387 llawer Base Flgwre 148 iawer be Becnperais e

=gk I Bz e A
i1 g hes vl m__ ,_: '_I_',p L .. n%\.
F. s o b B

e e

Figure 3.38; lewer iu Hevuperaior il Figuae 5405 Ibuwer Cover Figure 140: Bisveer Luver Frusl



Figusy Y.d1: Mower Flange Figure 343 Bluvwer Siddle Fibaw Figure %44 Overall Blower-Ducting Assendily

al

Figure 3.45: Hower Pucting Asseinbly] Figure 3461 lluwer Ducting Assenshiy? Figure 3.47: Blower Duciluyg Flange

Fipare 5.48: Blower (hailul Figire 3.4%; Blawer Ouotlet Fligure 3.50: Bluwor Cutlol Figmre 351 : Blower Ol

Dt 1 Dmet 1 Assembly Pwet Dol T Asseenlsly
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JAIGEOMETRIC MODELS DEVELOPED FOR THE BURNER CASING ASSEMEBLY
Figures 3.52 to 3.66 represent the various geometric models developed for all the essential units

for the burner casing assembly, inside whith the combustion of fuel takes place.

Figmre 1.51; Burser Back Cover Figare 3.55: Burner Base Flaie Figure 3.54; Burner Brace  Figure 3,35 Berner Brace Sappari

Figure 1.56; Burner Casimg Dactl Figure 3.5% lhorser Casing Duci2 Figure 358 Burser Caibig Duel Asseshiy

Figure 1.5%! Hurmer Uaslag Duct Flange  Figere 3.60: Barner Spreul Figure 3,00 Boroer Stand Fipe  Figere 362: Burner Sdasd
Assvaiilaly

Figwrd 1,63 Burser Froani Figure 3éd: Baver Middie Figure 3.08: Pru Baruer Al Flgure 1661 Buruer Caslng
Cuver LERT] ' Casbng Assemldy Asseiibly
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| 134 GEOMETRIC MODELS DEVELOPED FOR THE EXHAUST ELBOW ASSEMBLY

Figures 3.67 to 3.8 represent the various geometric models developed for all the essential units of

the exhaust elbow assembly, the top of which the recuperator will be attached

Y\ Flgure 3671 U Chamuei 1 Figurg J.68: U Channel 1 Figare Yo% U Chanmel 3 Figure 3,70 U L hoamncd 4
B §
Figure 3.71; Wase Plaiel Flgare 3,72 Base IMaicd Figure 1.73: Elow Flusge  Figure 3.74: Exhansi EWww Baswe Assensbily
i i |
.
Figure }.75: Exhamst Elbow fhase Asspinbilyl Flgure 5.70: Exliausg Shali Figure 3.77: Exhaust Suppsri

S
o

Figure 178 Exhasst Whel Figuse 1.7%: Eshaust EFiow  Figure 18 Exbausi Elbow Assemblyl Figuae 58502 Exhassi

Elbuw Assermibiy
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135S GEOMETRIC MODELS DEVELOPED FOR THE RECUPERATOR ASSEMBLY
Figures 3.82 to 3.101 represent the vanous geometne models developed for all the essential

components of the recuperator assembly, the purpose of which 15 o preheat the ar needed for fuel

nd

combustion

Fipure 3JHI: Hlawer Supgosi Figure 3.H3: Hevuperator [huel Figuse 3840 Hegwperutar  Fijuire 3050 Hecajeratoi
Seamil Log Tap Bracel
Figure 3.86: Recaperador Top Hnu:ll Figure 3.47% Ht:upuulur 'qu.| lraced Figure 388 Hecupecator Sdamill
i T, [
j:l:[l ot ey
Flgure 3HY Recuporator Stamld Figure 3.90: Klower Chatli Figure 5951 lubed-Cratlel Flgure 3,92 Jubil-Owutlel
Flange Crslmy i nsdig Cavar
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Figure 3.93; Becuperalar Barrd Figsre 3.94: Recupierater Spraui Flgure 3.9%: Hal &ir Eliow

Jiikiig Apsemilsly |

Figuie 3.96: Hut Air Elbow Jolat Asseambly?  Figure 397 Recopernor Upper Assembly — Figure 398 0ecupiersior Blawer Asemibily |

L

g

Figare 1.9%: Rocuperator Bower Assembdyd Figure 11005 Adr Ducting Assenbilyl  Figare 3000 Air Ducibog Assenibily 2
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3.3.60 GEOMETRIC MODELS DEVELOPED FOR THE OVERALL RECUPERATOR-
INCORPORATED ROTARY FURNACE ASSEMBLY
Figures 3.102 10 3. 106 represent the various geometric models developed the overall recuperator-

incorporated rotary furnace showing different views of interest

Ftl-'l’! FI83: (hveaubl Hl,ﬂ.'.'urnhr.]_nuugjmq aiedl Il-a-lur:r Fuimnacil
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Fhjure L1042 Overall Becuperaior-lecerporated Kotry Furnsced

Figure 3105 Overall Recuperater-lacarporatal Rolary Furnsced
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34 LINING OF THE FURNACE
As earlier stated, the following materials are used for the lining of the furnace:
= Silica Sand
= Kaolin
*  Sodwm Silicate
= Water
FROCEDURE FOR LINING OF THE FURNACE
The conical {frusium) parts of the furnace, the sproul of the recuperator and the furnace cylindrical
parts are all lined. Thle lining procedure for all is very much similar and follows the pattern
outlined by Akinsipe (2004) as enumerated below:
*  Prepare mixture of silica sand, kaolin and water for the liming of the part{s);
*  Wel the fumnace with water &nd :I'u:F pour the mixture of kaolin, and sodium silicate and
then continue ramming;
*  The ramming is done layer by layer round the firnace shell until the desired thickness
layer is achieved;
* For the conical and sprout sections, the lining is done with the apex on the oor,
*  For the ::,.rlim:llrif.al section, one-third of the furnace is lined first, and then the shell is

rotaled and rammed, the remaining two-thirds in lwo steps of one-third.
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CHAFPTER FOUR
4.0 RESULTS AND DISCUSSIONS

4.1 PERFORMANCE COMPARISON OF THE RECUPERATOR-INCORPORATED
ROTARY FURNACE WITH A ROTARY FURNACE WITHOUT A RECUPERATOR
The performance of a rotary furnace withoul & recuperator will now be compared with that
which is incorporated with a recuperator. The stages involve ascertaining the reliability of the
developed models/so I‘t!:'l-flam and then uéiug, the 1dam generated from the reliable software to
establish a significant improvement on the performance/efliciency ol a recuperator-
incorporated rotary furnace over that without a recuperator.
4.2 RELIABILITY OF THE DEVELOPED MODELS
As could be inferved from the preceding sections, the ultimate goal of companson between a
rolary furnace incorporaled with a recuperator and the one without a recuperator is to establish

a significant improvement in the performance cum efficiency as a resull of the incorporation af

the recuperator. In doing this, that s companng different data generated from the vanous

|
maodels; 1t is necessary (o first of all establish the Fact that the dina so generated lroin the

molels compare Givarably with those actual data obltamed from an operatmg rotary fumoce.
There are therefore three stages involved intesting the reliability of te dita Tron the
models. The first stage is to obtam aciual data from an operating rotary furnace of known
capucily, The second stage involves penerling data from the developed maodels (without a
tecuperator ). Ao, the thaed wd last siage secks o estabhish that here 15 no sigmlicant

diflerence between the actual and the penerated data using statistical analysis.
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4.2.1 ACTUAL DATA FROM AN OPERATING 100KG-CAPACITY ROTARY

f k

FURNACE
Performance data in lerms of temperalure of combustion (bath temperature) from a functional -
100kg capacity rotary furnace were obtained over a time interval of 90 minutes from

Engineering Materials Development Institute, Akure. The data are as tabulated below:

Table 4.1: Actual Tempéraiares gf combusiios of 8 [8lkg capaciiy roiary lurusce

Time (minutes) | Inlet Temp. {'E‘] Outlet Temp. ["'I;'} Average Temp. l:'f.‘}
10 1087 1123 1105
40 1161 1177 1169
50 1191 1210 1201
60 - 1268 o | 1302 129G
70 1383 1399 1391
80 1410 1426 1418
00 1448 1457 1453
100 1453 1464 1459
110 1468 1475 | 1472
120 1488 1496 1492

Source! Esglucering Malerisls Develupnsat Imatitule, Akure (2004)

4.1.2 GENERATION OF DATA FROM THE DEYELOPED MODEL (WITHOUT A

RECUPERATOR) f :
The temperature variaiions inside the rolary furmnace with time, as established in section 3.2.2, is

given by

C, R
4a

The above mathematical model was used to develop a program using C++ programming language

r:I'
t=1+C,r+ {R—z—l (4.1)

which in turn was used to generate the needed data (see Appendix 1). The furnace capacity used is

|0k g since this was the same capacity from which actual data to be compared were oblained.
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The data generated from the developed program for a 100kg rotary furnace withoul a

recuperator are as shown in the table below:

Tabibe 4.1: Genersted Tomprraisiss o ustbon of 5 108Ky capachy relary (urssce
Time !’_mi.nutns} ' Iﬁweragt Temp. ;ﬂf“?
0 | 108216 ol
40 1150.5 |
50 1202.91

&0 | 129029

70 1380.31

80 1427.62

0 1460.94

100 | 1476.81

110 | 148800

120 1517.97

423 ESTABLISHING THE DEPENDENCE OF THE COMBUSTION TEMPERATURE

ON TIME
The dependence of the temperature of :umhus:imllm\ the time taken is done in order to establish
that there is actually a correlation between combustion temperature and time, most especially
before & steady stale is reaghed. The stages inv;ulqu are to calculate the coefficient of correlalion
of temperature on time; calculating the coefficient of delermination and doing a lest of

significance.
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= COEVFICIENT OF CORRELATION

The coellicient of correlation of average lemperature | on time © is given by

tor = ‘JIII"."'IZ'I‘ -

W e
QAN

(3.0

{ Addvjuyighe, 2002 aml Grage 20000)

Fronm table 4.1, the paramelers needed in the above relation can be calculated thus

Tinwee, £ bvsir §
11500
e

083

- _—— — —— e

Furmace Tempo, 0 ('C) [oir 1 T
R | 552.50 (1.2500) 1221025
I i 743,23 114489 1300501
1200 | 99683 0.6GRRY | 1442401
1299 129900 10000 1687401
139 1627.47 13680 1934881
1418 188594 1.7680 2010724
1453 |2 2.2500 RENFECR
1454 243653 27889 | 2128681
1472 2649376 3,349 2066784 |
| 492 2984 00 40000 2220004

Z:'=TJ4.-=T.~

N r=17438.76

3 rt=179134

...... o

1O(ET438.70) — (134591 2.5)

H‘rsr;illlli-ﬁg all the _r;;:ﬁc;:_sg:?r'f,: values from the ahove table inlo equation (4.2)

=1),155

T sz

05731 = 13459 {10x17.9134 -12.5%)

B2

D17 =18295731




* COEFFICIENT OF DETERMINATION, R’
This is the square of the coefficient of correlation. It measures the proportion of total variance in t,

which 15 due to linear association belwesn © and L

R,,Z,{f-f} o i (4.3)
Y01y

where 1= estimated t

i % e RV A P (4.4)

R!=r'=0055"
=912

This shows that 91.2% of the variations shown by the temperature are as a result of time

ifference.

{24 TEST OF SIGNIFICANCE

The procedure for testing hypothesis/significance involves six steps. These are to
. Sét up the null hypothesis {Hy)
= Set up the alternative hypothesis (H;)
*  Choose a level of .'eilgniﬁi:ance fm) ‘
*  Carry out the test using appropriale lest stalistic
*  Determine the decision rule
*  Draw up the conclusion (Grace, 2000)

&t ol significance shall now be done for two purposes, The first purpose shall be to ascertain a

gnificant association between temperature of combustion and time (reliability of r) while the

ond purpose is for showing that the developed models are reliable by proving that there is no
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sgnificant difference between the means of the temperature of combustion from the developed
models and the actual ones (obtained from mdustry)

* RELIABILITY OF r
Let the null hypothesis be that there is no do rrelation between the temperature and time 11 p s the

overall correlation coelficient for the entire population (all oblamable range of lemperatures and

ime),
Mull hypothesis Hy:p=0,
Allernative hypothesis Hy:p2 0,
[, = o] : Lot : (4.5)
¥

vhere 1. = calculated t

r =sample's coetficient of correlation

2= Overall coefficient of correlation

1
==

n-2

A P L P L PR b e A L 1

& (standand ermor of r ) =

F

[, = - NNy [ )
l=r

n—2

0.955

e =
||1—ﬂ."}55’
10-2

’l i
Ising 5% level of significance, (s, s = 2.306 (from statistical tble for t-distribution)

=9.107

HNce >t ys
= MNull hypothesis is rejected while allernative hypothesis is accepled. Therefore there is a
significant assoctation between lemperatures of combustion and time.
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* TEMPERATURES COMPARISON
Let the temperatures obtamed from an operating 100kg rotary furnace (without a recuperalor) be

represented by 1, and those generated from the developed program by 1. The two scts of data are

a5 labulated below

SIN t, t, i, g

1 1106 1082 .16 1221025 1171070.27

2 1169 i 1150.5 , 1366561 1323650 25

3 1201 1202.81 g 1442401 1446892 47

4 1299 1200.29 1687401 1664848 28

5 1391 138031 1934881 18052557
6 1418 1427 62 2010724 2038098 .86

T 1453 1460.84 2111209 2134345.68

8 1459 1476.81 2128681 218086778

9 1472 1488 2166784 2214144

10 1492 1617.97 2226064 2304232 92

3t =13459 D1, =1347751 | 342 =18295731 | B 4F =18383606.21

Assuming the population variance 6= 0,3, n=n;=10
Mull hypothesis Mot 1= Ha

Alternative hypothesis H.:;I.na: iz
W

Test statistic 15
[=—tE s s e e (4.8
gl 1
A, Ay
T ‘
ot 13459004
" 10
- i
(= 2.1 L e
H 10
voE - '.'I 0 | I
20, =) Y- /n
s, == PR = [ nl:li | S (4.9)
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48295731 - 134597/ !
1 Al“ = 20140.32

5 =
10-1
NN D WA YR

Sl — Ami = =) [ SO - - . N 4.“]
¥ n —1 [ -1 ] I: )

. 18383606,21 - 13477.51°

o A-' = 2436429
10-1

i I1] i - ¥a

S(pooled variance) = [0 -DSI 4 -0S; - @.11)

H'|| Ry -2

" |

{10-1)20140.32 + (10 - IJ24364-EE_II
10+10-2

|
S{pooled variance) = J =149.17

. 1347.45-1345.9
T
149.17
Vio 10

At 1% level of signil':ma.nr::, tabulated {3 g0i= 2.878. Since the calculated t is less than the

=2.323

tabulated (, it shows that there is no significant dil‘la‘e:renca betwesn the two sets of temperatures.
This implies that the values (data) generated from the developed program are reliable.
Graphs of the temperatures. of cnmhuslinn_;.vll.en plotted against time give the pattern shown in

fig. 4.1 below
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| Tempearaiurés of Combustion Vs Time

| BRI IR TR T A ﬁ, gl
il el - Ty r 1

| 05 087 0.B3 1 1.7 1.33 1.8 1.67 1.63 2
| Time (hour)

R RRRRRRRRRREREREEREEBEDrEE=——————mmmm———— . — ]

Figured.1: Graphs of Combustion Temperatures {Actual and Generated) Vs Tlme
43 EFFECT OF W;&S"I‘I; ;':[EAT REleFERA’II'IﬂN ON COMBUSTION
TEMPERATURES .
Now that the reliability of the developed program has been ascertained, data generated from it can
now be reliably used. It is of interest here to compare the tlemperatures of combustion when a
recuperator is incorporated in the design and when there is none. The temperatures generated for
these two situations are as shown in table 4.3 below. The set of temperatures generated for an

ordinary rotary furnace without a recuperator is represented by t, while those generated for a

rotary furnace incorporated with a recuperator is designaied by 1.
) . o i i
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Table 4.3: Temperutures of combustion of a 100k capacity rotary lirnace with sud withoul g recuperalor

Time, T {howr} Average Temp, 1, (C) Average Temp. i, o)
0.50 1082 16 o 1mm
0.67 11503 137292
0.83 120291 [451.6
1.00 1290.29 1564 97

Wt ; |
LI17 13840.31 1627.749
1.33 142762 1681.32
.50 4694 172614
1.67 1476.81 1737.97
|23 |4EE.00 1740976
2.00 1517487 1754 4R

. EBMFARIS.GH {:‘_'.[TTHE TEMI’EHATIEIHES USING t-TEST

The two seis of temperatures mmmr from the developed program, having established the
reliability of the program, shall now be compared using I-test 1o ascertain a significant
improvement on combustion lemperature as a resull of waste heal recuperation. Table 4.3 cin
then be modified to accommodate other parameters needed in the analysis. The test of
significance that shall be done will be similar to the process followed in section 4.3.4. This
will involve setting of null and alternative hypotheses, choosing a level of significance, and

interpreting the results by companng the calculated € with the tabulated one (from the student

I-lable)



LA b i — 5
SN
: 1082.16 1222 84 1171070 1495338
: PI505 1372403 | 323650 | BE4L09
: 120291 1a51.5 1446992 2107143
- 129029 1564.97 1664848 2449131
: 138031 1627.79 1905256 2649700
: 1427.62 1681.32 2038099 2826337
. 1460.94 1726.14 2134346 2979359
: 147681 © 173797 '1 2180968 1020540
; : 145500 1749 76 2214144 LT
: 1517.97 1754.48 2304233 3078200
10 N
D1, =13477.51 | 1, =15889.79 | B ¢! = 18383606 Dt} =25553017

2

sing sets of equations 4.8 to 4.11 and similar approach, we have

e population variance o= o 3; m=ny=1{

MNull hypothesis
o |

Allernalive hypulhc;is

sat stalistic is

= 2y _ 1347751
i T

n

He: p™ pa2
|
Hi: =

= [ 347,751
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I 1% level of significance, tabulated tyg a4 15 still 2.878, Since the calculated ( is now greater
an the tabulated 1, it shows that there is a significant improvement in the temperature of

imbustion for a recuperator-incorporated irotary firnace over an ordinary fumace without a

CUpPerator.

Graphs of the temperatures of combustion (of the two situations) when plotted against time

- 34, 1588979

[, === ———— = ]588.979
" 0
Su, -1y S -Gy
.'f:.-rj I.!'_.l - fmfi d=l
T n —1 rl V=1 ]
18383606 - 1 3477.51°
8= — /1/“=243ﬁd.z?

T, -0 30 -L)
D= = Cm

{

R | mn=1

_15889.79°
, 23553017 A}

S, = = 33830.49
10-1
' : 34 (ny ~1)8]
S{pooled wnanc:}-f:_\’{“' 418, + (7, ~1)§;
My -1y — 2

{10-1)24364.27 + (10 -1)33830.49

S{pooled variance) =

1+10-2

s 1588.979-1347.751

17058+
10 10

=3.162

ve the pattern shown in figured.2 below

= rfigee,

e T



| - —_— - — _— — ———

Temperatures of Combustion Vs Time

uru—rq.i,ﬂ?"a - ; o |

- _:nﬁ._.i-.u-:*:.._..,..a ! ; RASERSEE| | —8— Yemp. (0C, without recuperator |

—iir— Tamip. (05, with recuparator
aitashor)

058 068F 0B3 1 147 133 1.5 167 183 2
Thima (heowr)

Flgured.2: Graphs of Combustion Temperatures (Generated) Vs Time

4 GENERAL RESULTS AND DISCUSSION

he general results ﬂ.l.mjnﬂf, from this project wnrkl are divided into two categories. The first
ategory is the quantitative resultant ef‘ﬁ‘:ﬂtrnf recuperator-incorporation on the design of the rotary
Lu'rm-l:c system on the coefficient of heat utilization and on the rate of fuel consumption; while the
econd category deals with the results obtained from the developed software for the design of the
scuperalor-incorporaled rotary furnace,

4.1 INCREASE IN COEFFICIENT OF HEAT UTILIZATION

here are two forms of coefficient of heat utilization. They are the coefficient of useful heat

tilization (1) and coefficient of total heat utilization (1)

“ =Q&+Eﬁ_ﬂ'_gm ) i
e Eﬂ""{.?p

----- ee (4.12)
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“or the purpose of finding the effect of recuperator incorporation on the coefficient of heat
itilization in the rotary furnace, the coefficient of total heat wiilizadion is used,

Without recuperator incorporation, (g in equation 4.13 is zero,

, Q-0
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230 e )

Jsing fuel consumption rate of 25htres'h (=

- |
Q, = BQ! =2305x107 x 44000 % 10° = 105,38 x 10° I/h

P =8v e il = 23952107 x12.324 % 149311050 =46.27x 10’ Jh
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Vith recuperator incorporation,
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I .
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The percentage increase in the coefficient of heat utilization is

x 100% = 34.78%

i
Ylncreasen,, = M“ 100%, = 0.7560 - 0.5609
n 056409

by
This signifies a significant improvement ofl the thegmal efficiency of the rotary fumace system as

a result of the recuperator meorporation,

1.4.2 REDUCTION IN FUEL CONSUMPTION

+ ==
From equation 4.13, 7, = Co 0 — Q0

O.+0,
Substituting . 7, = 0.5609

o, = B'Qi =R %« 44000%10° =44 x10"B" I/h
Qg = 30.56% 10° Jh

Qﬂ"; Ble g nv, =8 x 1337.15x450%1.2x11.481 = 8.29%10° B J/h

44x 108 +829=10"8' -30.56 =10 5_1‘_.29‘:-&1“"#" -30.56 =10’

0.5609 = - e b A B
44x10°B' +8.29x 10" 8’ 52.29x10° 8’
1
From where B’ zm = 1331 % 107 kgt =1.331 % 107 % 10.44 % 10° = 13.90litres/h
22.96x10
B-B 25-13.9

YoFuelConsumption Re duction = T m 100% = = 100% = 44.4%

'his also signifies a significant reduction on the fuel consumption rate of the rotary furnuce

ysiem as a resull of the recuperator incurpn:alinn,llhﬂrnb}r reducing the operational cost.
=}
i

4.3 OUTPUTS FROM THE DEVELOPED SOFTWARE
"he reliability of the developed program has been ascertained. All the basic parameters

dimensions and combustion temperatures) needed for the design of a rotary furnace (with and
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without a recuperator incorporation) are generated from the program. When the resulls are
compared, il then clearly shows how signiticant the incorporation of recuperator could have on the
performance of the eptire rotary-fumace setup. The program can find such parameters for a very
wide range of capacities. There are six possible oplions to choose from, when the program is run
depending on the desire of the user. Each of the options, with the raw resulis obtained from the

program when run, is as shown in Appendix B:
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CHAFTER FIVE
5.0 CGHELUSII‘JN.% AND illi'.ﬂﬂlh‘l MENDATIONS

.1 CONCLUSIONS
ncorporation of recuperative heat exchanger into the design of a rotary fumace 1s very essenhal.
4 major reason being that a unit of physical heat recovered from waste gases and returned back
nto the fumace with’air 1s much more useful than a corresponding unit of chemical heat produced
n the fumace through combustion of fuel. Advantages of incorporation of recuperator into the
jesign are

= Appreciable i.rmr:as_r:: (34.78%) in the fumalll:: thermal efficiency

* Considerable increase in the 1empelrature of combustion (33.33%%). This makes it possible

to adapt the furnace for steel casting.

= Signihicant reduction (44.4%) in the fuel combustion thereby reducing operaling cosl and

= Aiding complete combustion,
he overall cfﬁ:i:nu;' of the furnace syslem was shown lo have increased considerably with the
ncorporation of a recuperator through the fﬂllnwiﬁg procedure

*  Necessary mathematical and geometric models are developed

* The developed models were used tgl'.rr develop a program using C++ programming language

= The rehability ol the program developed was 1ested by

- obtaining a set of actual data for 8 known capacily rolary fumace (without a

recuperator) from the industry;

- generaling a corresponding set of data from the developed program;



as::m:iining the relisbility of the developed program by establishing that there 15 no
significant difference belween the t;-.ﬂu sel of data using the necessary statistical
methods
* Establishing a significant increase 'mrll'm ovegall efficiency of a recuperator-incorporated
rotary furnace over the one without a recuperator using the data generated from the “now-
reliable”™ program.
5.2 RECOMMENDATIONS
The use of a recuperator in the operation of a rotary furnace significantly increases the temperature
of combustion. As :aqu:h1 the life span of the insulating refractory used with the furnace (when there
i5 no recuperator) will reduce significantly. Subsequently, the number of melts before relining of
the furnace will reduce because the temperature of combustion will now be very close (if not
higher than) lo the suﬂmirﬂgmmp:mlure: ol the relractory,
It is therefore recommended that a new refractory should be selected/developed, which has
higher value of
» Softening Temperature
= Refractoriness
= Ultimaie Compression Strengih and
= Spalling Resistance
Also, the following possible sources of failure in the recuperator with the appropriate remedies
should be taken cognizance bf. | !

1) Leakage of Air ; There are some units of the recuperator that are bolted together.

Under the influence of repeated heating and cooling, these bolls tend to loosen, and
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leakage may oceur, Periodical checking of the bolted units is thus essential in order to

re-tighten any loosening bolt. Also, usage of lock nuts can minimize such leakages,

2} Cracks : The main cause of cracking is jamming. This is a sttuation whereby fres

expansion is prevented somewhere in the system. This may be as a result of severe

overheating causing the maximum allowable expansion 1o be exceeded;

3} Carrosion : There are three main forms of possible corrosion:

a)

b)

<)

Oxiddtion ; Oxygen, water vapour, or carbon dioxide in the waste gases
will cause oxidation to any part of the recuperator at a temperastore of S00°C
and above. Although the alloys used could minimize the oxidation up to

about 1100°C, there will still be scaling and subsequent need to replace the

. holtest parts.

Sulphur Attack : At the hot end of the recuperator, if the gases contain
more than about 2% of Oxygen, and in the absence of vanadium and alkah
oxides, the sulphur in the waste gases (in the form of S0; or S04} is a little
muri':l ICDl'fﬂSi\’l.‘ than'CO, or ‘H;. Usage of low alloy sleel could provide
salution for thes.

Carbon Monoxide : There is danger of metal corrosion where the metal
temperature is high and the waste gases contain large amount of carbon
monoxide. The mechanism of this form of corrosion is that the carbon
monoxide reduces the protegtive oxide film to spongy metal, which allows

further oxidation of the underlying metal as soon s circumstances permil.

97



4) Blockage : This occurs in a situation where the waste gases are very dirty,  Since the

shell’s diameier must be as small as pﬂ&&iht‘: for higher heat transfer coefficient, this on the

other hand aids blockage from the dirt in the waste gases.
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APPENDIX A

Wl i I

#include<iostream.h>
#include<math.h>
#inclide=conio.h>
ftinclude<fstream.h>
double Qch,Qa, Ta,QLETLQex M, 01,01,02,11,03,04,05,r1,12,D2,D3;
double T2,y,Q6,07,08,0u,0t U K1 K2 K3 1L SA SR ELL lco2,In2 o2, 20 10;
const double PI=3,142 K1=25.6 B=23.25 1=3.0,Qw=44000.00,Ca=1.455,n=1.2,Va=11 .481;
congt double Cm=0,5,To=295 Tm=1403,T1=1667, Lm=175.84,3=0.015,F=0.0452,tc=0.005;
const double twg=800,Cl=1.491 Ec=2|0e+9,Cwg=1.5836,Vwg=12.324,C0=5.768;
congl double CO2=0_10686,N2=0.74429,02=0.033 H20=0.11576;
char response, responsel  response responsed;
int main{int arge, char*argv[])
i
ofstream fout(“result7");
double SA=0.0877;SR=3e+9.double El=380¢e+9;
escl:{eout<<"This program evaluates the essential parameters needed o design \n";
coul<<"a recuperalor-incorporated rotary furnace. The various options 'n";
cout<<"available o choose from are as outlined below, depending on 'n";
coul<<"whal the user is inlerested in.\n";
cout<<cndl;
cout<<"What paramelers are you interested in?\n";
cout<<endl;
cout<<"\\t{a) A rotary fumace without a recuperator? Enter 1'n";
cout=<"n'\t\i{b) A rotary furnace with a recuperator? Enter 2",
coul=<="\n\I\l{¢) Temperalures of combustion of a rotary furnace \n",
cout<<"\n\M  without a recuperator? Enter 3 'n";
cout<<"‘n\{\{d) Temperatures of combustion of a rotary furmace \n";
cout<="\n\{\l with a recuperator? Enter 4 \n";
cout<="n\t\i{e) Interested in both (a) and {c)? enter 5'n";
cout<<"\n\(\t{t) Interested in both (b) and (d)? enter 6\n";
cout<<endl;
cout<<"Make your choice by pickipg the appropriate number against the chosen option: ";
CINFZIESpOnSe,;
cout=<eqndl;
tout=<"This program evaluales the essential parameters needed to design n";
fout<<"a recuperator-incorporated rotary fumace. The various options 'n";
fout=<<"available 1o choose from are as outlined below, depending on 'n";
fout=="what the user is interested in.\n";
foutr<<endl;
fout<<"What parameters are you intercsied in?n";
fout=<endl; °
fout=<"\{\l{a) A rotary furnace withoul a recuperator? Enter 1'n";
fout=<"\n\W\{b) A rotary furnace with & recuperator? Enter 2'n";
fout=<"\n\M{c) Temperatures of combustion of a rotary furnace '\n™;
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fout=<"\n\t\t , without a recuperator? Enter 3 \n";

fout=<"\n\t\t{d) Temperatures of combustion of a rotary furnace 'n";

fout=<"n\\t with a recuperator? Enter 4 'n";

fout=<"\n\M\t(e) Interested in both (a) and (c)? enter 5'n";

fout=<"\n\\( ) Interested in both (b) and {d)? enter &'n";

fout=<endl;

fout<="Make your choice by picking the appropriate number against the chosen option: ,

fout<<endl; al i !

if{(response=="1"|jresponse=="2"||response=="1")| response=="4'|response=="'53"|response=="
6'))

goto esc;

|f{(response!="l"|jresponse!="2"|[response!="3")| response! ="4'|[response! ='5"|[response! ='6'))

{cout=<"YOU HAVE NOT MADE A VALID CHOICE!'\n";

cout<=<"TRY TO MAKE A CORRECT CHOICE NEXT TIME YOU RUN THE
PROGRAMN";

fout=<"YOU HAVE NOT MADE A VALID CHOICE!'n";

fout=<"TRY TO MAKE A CORRECT CHOICE NEXT TIME YOU RUN THE
PROGRAMWN";

golo esc2;

}

esc: {cout<<"\nEnter the capacity of the fumace, thal is the maximum quantity of ";
cout<<"\ncharges il is intended for (kg): ";!
fout<<"nEnter the capacity of the furnace, that is the maximum quantity of ";
fout=<"\n charges it is intended for (kg): 400";
cin=>M;
Qeh=B*1*Qw;
Qex=56.52*M*t;
coul=<"\nDo you wish to supply the following parameters for your lining material",
cout=<"\n(recommended data will be used otherwise): shrinkage allowance,";
cout==<"\nCompressive strength and Young's Modulus? (Y/N)";
cin>>responsel ;
fout<<"\nDo you wish to supply the following parameters for your lining material”,
fout=<"\n(recommended data will be used otherwise): shmnkage allowance,”;
fout=<"\nCompressive strength and Young's Modulus? (Y/N) N";
swilch{responsel )
{case 'y {cout=<"Supply the following parameters for the Lining : "<<endl;
cout<<"\l Shrinkage allowance : ",
cin=>SA: : I
coul=<" Compressive strength (N'm2) : “;

- cin>>8R;

cout<<"\ Young's Modulus (N/m2) : *; .
cin=>El;
tout<<"Supply the following parameters for the lining © "<<endl;

fout=="\t Shnnkage allowance : “;
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fout<=<"\ Compressive strength {M/m2) : *;
fout<=<"M Young's Modulus (N/'m2) : .} break;
case "Y' {cout=<"Supply the following parameters for the lining ; "<<endl
cout<<"4 Shrinkage allowance : ";
cin=>8A;
cout<<"{ Compressive strength (N/m2) : ";
cin=>5R;
cout<<"{ Young's Modulus (N/m2) ; ™
cin=>El;
fout<="Supply the following parameters for the lining : "<<end];
tout<<"y Shrinkage allowance : "
fout<<"™ Compressive strength (N/'m2) : "
fout<<"u Young's Modulus (N/m2) - |
} break;
+ default: {double SA=0.0877;

SR=3c+9;

double El=380e+9; };break; };
K1=SA*w*Ec*El/SR;
Qi=QchQex;
getchl);
QI=M*Cm*(Tm-To)}+Lm);
Q2=0.025*Cwg*t*Vwg*800;
Q3=B*Vwg*a*i*12142;
Qd=0.01*CQch;
L=(M>=1007(1150+0_875*(M-100)):1150);
y=U0.8*PI*L*KI*T1*3.6/1000;
Q6=Co*pow((T1/100),4)*F*1*0.67;
Q7=0.15*Qi; ;
Q8=0.2%Qi; = "' [
Qu=Q3+4+06+0Q7+08;
Qe=0Q1+0Q2+Qu;
Q5={Qi-Qu-0.2*Qu)1.2;
U={Q5-yW(Q5+y),
K2=1c*Ee:
K3mgqri{{K2*K2)+4*K1*(EI-U*El));
r2={K3-K2}(2*(El-U*EI));
ri=U*r2;
IL=r2-rl;
D2=2*r2;
ifiresponse=="1"}
{DI=(M>==100MD2+(M-75)/ 1000):{D2-(100-M)*2.5/1000));
cout=<endl;
cout<<"wn\tDiameter of the cylindrical shell is "<<(D3* | 000)<<"mm";
cout<<"n\Thickngsg of the lining is "<<(M=>=1007(1L* 1000):(1L* 1000-0. 7405%(100-

M)))<<"mm"; :
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cout=<"n'\tLength of the cylindrical shell is "<<{M>=002(925+{M-100)3):(925-(100-
My*7)=<"mm®, . |

cout<<"\n'tSlant length of each of the two conical frustums is
"o M==1007(250H+0.875%(M- 100)):(250+0.875%(M- 1 00)-40))<<"mm"<<endl,

cout=<"\n\iBase diameter of the conical frustum is "<<(4*D3/9)* 1000<<"mm";

cout<<"\n\tDiameter of the bumer-end of the furnace fMange 1s
"< 3*DA 1 * 1 000=<<"mm";

cout=<"\n\Diameter of the charging-end of the furnace flange is
"<<(3*D3/10)*1000<<"mm";

cout<<endl;

fout=<endl; .

fout=<"\niDiameter of the cylindrical sheall is "<<{D3* | 000)<<"mm";

fout<<"wn\iThickness of the lining is "<<{M==1007(L* | G00):(LL* LOO0-0.7405%( 100-
M) <<"mm";

fout=<"\nMLength of the cylindrical shell is "<<{M>=100{925+M-100)/3):(925-(100-
M)* 7))=<"mm";

fout=<"\nSlant length of each of the two conical frustums 1s
"e(ME=1007(250+0.875™(M-100)):(25040.875% (M- 100)-40) )=<"mum"<<endl;

fout=<"‘\n\tBase diameter of the conical frustum is "<<{4*D3/9)* 1 000<<"mm";

- fout=<"n\uDiameter of the bumer-end of the fumace Mange is

*<<(3*D3/11)*1000<<"mm";

fout=<"‘\niIDiameter of the chargmg-end of the furnace lange 15
" (3*03/10)* 1 000=<"mm";

fout=<endl; };

il response=="2")

{D3={M>=100?(D2H{M-70) 1000):.(D2-0.88*( 100-M)*2.5/1000}),

cout<<endl;

cout<<"For the Furnace design parameters : \n";

cout<<"\n\Diameter of the cylindrical shell is "<<(D3* 1000)<<"mm";

double (L2=(M>=1007(tL*1000+D3/1 1O):(tL*1000-0.67*( 100-M)));

cout=<"\n\Thickness of the lining is "<<tL2<<"mm";

double L2=(M=>=1002925+1.1*(M-100)/3):(925-0.9%( 1 00-M)*7)});

L2=(M==1007{925+1 1 *M/3):L2);

cout<<"\n\Length of the cylindrical shell i$ "<<L2<<"mm";

cout=<"tnMSlanl length of.each of the two conical frustums is "<<{M>=100N250+0.9%(M
100)):(250+0.9%(M-100)-40) )<<"mm";

comt<<"\n'iBase diameter of the conical frustum 15 "<<{4000*D3/9)<<"mm";

cout<<"\n\Diameter of the burner-end of the fumnace Mange is "<<(3000*D3¥/1 | )<<"mm"; .

cout<<"\n\IDhameter of the charging-end of the umace Nange 13
"<=(3000* DI 0)<<"mm\n";
cout<<"\nFor the Recuperator design parameters | ",

cout=<"\n\tDiameter of the inner cylinder of the recuperator 1s "<<{M==300(3000"3/9-

28 85):(5000*D3/9-115))<<"mm";
cout<<"\n\tDiameter of the ouler cylinder of the recuperator 15
"o (M<=3007(3000*D3/9+L.2/5-4.314):(5000* D3/9+1L.2/5-25 )<="mm";



cout<<"\n\iLength of the inner eylinder of the recuperator is "<<(M==3007(].750*L.2-
04.92):(1. 750" L2+453.08))<<"mm";

coul<<"\nMLength of the outer cylinder of the recuperator is "<<({M<=3007(1.750*L2-
I000*D3/5+200.08):(1.750*L2-3000*D3/5+973,08))<<"mm",

coul<<"n\Recuperator sprout’s base dimmeter is "<<(750%*D3-1.447)<<"mm";

cout<<"‘n\t Recuperator sprout's slant length is "<=<{750*D3-6.447)=<"mm";

cout<=<endl; s |

fout<<end]l; ’ i

fout=<"\nMDiameter of the cylindrical shell is "<<(D3* 1000)=<"mm";

fout<<"wnMThickness of the lining is "=<tL.2<<"nm",

fout<<"wwMLength of the cylindrical shell is "<<L2<<"mm"; .

fout=<"\nASlant length of each of the two comcal frustums s "<<{M>=1 007 250+0, 9% (M-
100 250-H0.9%( M- 1 00)-40))=<"mm"<<endl;

fout=<"\n\iBase diameler of the conical frustum is "<<{4000*D3/9)<<"mm",

fout=<"wn\tDiameter of the bumer-end of the furnace flange is "<<(3000*D3/1 1 )<<"mm";

fout=<"n\Diameter of the charging-end of the furnace flange is
“c(M<=3007(3*(5000*D3/9-25)):(3*(5000*D3/9-115)))<<"mm'n";

fout=<"\n\Diameter of the inner cylinder of the recuperator is "<<{M<=300(5000*D3/9-
28.85):(5000*D3/9-115))<<"mm

fout=<""n\tDiameter of the outer cylinder of the recuperator 1s
" M==3007(5000* D312 5-4. 3 14):(5000° D394 2/5-25) )<<"mm";

fout=<"n\MLength of the inner cylinder of the recuperator is "<<{M<=3007(1.750*[.2-
94.92):(1,750* L.2+320) )=<"mm";

fout<<"\n\Length of the outer cylinder of Ihe recuperator is "<<{M<=3007(1.750*L2-
I000*D3/5):(1.750*L2-3000*D3/5+T90))<<"mm";

fout=<"\n\tRecuperator sprout's base diameter 1s "<<(750*D3-1.447 )<<"nun";

fout<<"n\tRecuperator sprout's slant length is "<<{750*D3-6 447 )<<"mm";

four<=endl;};

if{iresponse=="3")

{D3I=(M==100{D2+(M-70) 1000):(D2-0.88*( 100-M)*2.5/1000});

double 1L2=(M==100?(tL*1000+D3/1 1 0):(IL*1000-0.67*( 100-M)));

double t1,12,13,t4,15,16,17,18,09,110;

double 11,12,13,14,15,16,17,18,19,110;

double ¢1,62,c3,c4,c5,06,c7,c8,c9,c1(;

double al ,a2,a3,a4,a5,a6,a7 a8 a%,al(;

double =D3/2, R=r+0.005;

const double ch=4017.5,10=37.0,e=1850.0);
r={M=>=100%(r-0.000965):r),
R=(M>=100%R-0.003465):R);, i
11=0.835+0.00058*10;

cl=0.E8+0. 0002 3*10:;

al=11/(e*cl);

=00, 5%ch)H{ch* RER)*((r* e M (R*R)-1 }{(40%al );
th=ti-11/2.5;

t=(M>==450t1 +10):11);

120 835+0.00058%1:
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c2=(.88+0.00023%1;

aZ2=12f(e*c2);
(2=t1+0.67*ch+ch*RER*{(r*r)(R*R)-1)/(4*a2);
12=12-12/2.4;

(2=(M=1507(12+150):12);

i{M=>=230) (2=12+210;
12=(M>=3507(12+200):42},
t2=(M=>=4502(12+70):42);

1 2={M=5007(12+300):42);
13=0.835+0.00058*12;

c3=0.88-+0.00023%¢2;

a3=13/{e*cl);

3=12+0.83 *ch+ch*RER*{((r*ri(R4R)-1)(4*a3);
13=t3-13/1.8;

3=(M=1507013+150):13);

Hfi{M>==230) 13=13+130;

U3 M>=3502(13+200):13);
E3=(M=4507(134130):13);

(3 M=5002(13+150):43);
14=0.835+0.00058*13;

cd=0.88+0.00023*13;

ad=ld/(e*cd);
t4=t3+1.0*ch+ch*RAR*((r*r)}/(R*R)- 1 V(4*ad);
[d=14-14/1.595;
td=(M=1502(14+150):14);

(4= M==350"14+200):14);

= M=43507(14+80)14);
15=0.835+0.0005 3“'M
¢5=0.88+0.00023 "l4 '
a3=]5/(e*c5),

(5=14+1. 1 7*chtch*R*R*{({r*r)}(R*R)- 1 \(4*a3);
t5=15-t5/1.48;

15=(M=1307(15+70):15);

i M=>=230) 15=15+50);
15={M=>==3307(15+140):t5),
5={M==4507(15+T0):15);,

=0 835-+0.00058*15;

c6=0.88+0.00023*%5;

ab=16/(e*ch);
t6=t5+1.33*ch+ch*R*R*{(r*r)(R*R})-1 }u"H*ﬂﬁ}
16=th-t6/1 308;

E={M=15016+65):t6),

ifiM>=230) 16=16+80;
W=(M=>=3507(16-+80):16); - "
=M ==4507(16+70):16);
17=0.835+0,00058*%16,

| (6




I'

c7=0,88+0,00023%16;
aT=17{e*c?);
17=t6+1.5%c h+nh*R4R‘|:[r'rL"{R*H} 1}-“{4*:1.?},
t7=t7-17/1.34;

- EM=150707+ M- 150047,

T=(M==3507(17-60):17);

18=0.835+0.00058*17,

cB=0.88+0.00023*%7;

al=I8/{e*ck);

18=t7+1 . 67*ch+ch*R*R*{(r*r)/(R*R)- 1 M {4*a8);
13=t8-t8/1.295;

t8=({M=>=>=1507(t8-+M/3I+10):18);

if{M=>=230) t8=18+30;
tB=(M==3507(18+28):(8),
18={M=>=4507(18+30):(8);
19=0.835+0.00058*(8;

c9=0,88+0.00023*t&;

a9=19(e*c9);. o

O=tg+1. El*chﬂh‘R'[{*{{r*r}a’{R‘!R}l l}.-’{4'a'='f},
(9=19-19/1.263;

t9={ M=>=1307(19+MS3):t9);

M >=230) 19=t9+20;

(e M= 3 S0P +2T):19);
9=(M>=450M19+22):19}),
H0=0.835+0.00058*(%;

cl0=088+0.00023*19,

alU=110¢(e*cl 0},

L 0=t9+2*ch-+ch*R*R*((r*r}/(R*R)-1 }{4* alll}},
t10=10-110/1.24;
HO=(M=>=1507(110+MS3-30):110);

IfiM==230) t10=t10+20;
H0=(M>=3507(010+205:010);

0= M==4 50701 0H20):110);

cout=<endl,; o [
cout<<"The required temperatures crf combustion for a "<<M<=<"kg";
cout<<"\ncapacily rotary fumace (withoul a recuperator) arg'n";

cout<<"\nuM Time (hr) Temperature (0C) ",
cout<<"\n\tw (.50 e B
coul=<"n't't 0.67 e .
cout<<"“wn'\nt 0.83 e =
cout=<"\mhi*t 1.0 pc 1
cout=<<"mM\t 1.17 "o 5.
cout<<"\n\'t '1.33 “<if;
cout=<"\ntyt 1.50 "<t
cout<<"‘n\\t 1.67 B .
cout<<"wn\\t 1.83 moctl:
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cout<<"\n\t\t *2.00 s IV

fout<<endl;

fout<<"The required lemperatures of combustion for a "<<M<=<"kg";
fout=<"\neapacily rotary furnace (without a recuperator) are'n";

fout<<"w\tt Time (hr) Temperature (OC) *;
fout=<"n\i\t 0.50 s B3
fout==""n\y 0.67 o
fout<<"\n\y 0.83 ' f Poted,
fours<"wuy 1.00 "oapd;
- fout=<"\nMM 1.17 e N
fout=<"\nM4w 1.33 “ti;
fout==""My L.50 et
fout=<"\nMw 1.67 e |
four<=<"\n'tt 1.83 Py e
four<<"\n\i\t 2.00 R 100
B
iflresponse=—"4")

{ D3 M= 1 007 (D2-HM-T70)/ 1000):(D2-0,88%( 100-M)* 2.5/ 10007);
double tL2=(M=>=1002(1L* 1 000+D3/1 10):(1L* 1000-0.6 7% 100-M)));
double 11,02,03,14,15 16,17 18,019,010

double 11,12,13,14,15,16,17,18,19, 11 (;

double ¢l ,e2,¢3,c4,65,¢6,c7,c8,c9.¢10;

double al,a2,a3,ad a5,a6,a7,a8,a9,a10;,

double =D3/2,R=r+0.005; .

const double ch=4017.5,10=37.0,e=1850.0;
={M==100%{r-0.0008965):T);

R=(M>=1007(R-0.003465):R});

[1=0.835+H0. 0005 8*10;

c1=0.88+0.00023*10;

al=l1/{e%cl),

t1=tlH(0. 5*ch) Hch*R*R)*{(r*rV(R*R)-1 (40*al);
U=1.13%(t1-1)/2.5);
tI=(M==450 1. 13*(1+10):81);
12=0.835+0.00058%11;

¢2=0) BB+0.00023*11;
a2=12/{e*c2};
2=t1+H).67*ch+ch*R*RE*((r*r)(R*R)-1)/(4*a2);
2=1_09*(12-12/2.4);

R2=(M=1002(1.61*{2):12); |
R2=(M=1507(1.09*12+150)42); :

HAM==230) 12=1.09*124210;

[2=(M==3002(0. 76*¥124200):12),

(2= M==4007( 1 .09*12):e2);

(2={M>==4 5071 09*2+70):12);
[3=0.835+0.00058%*12:

c3=0.88+0.00023%12;
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ad=13/(e*c3);
t3=12+0.83%chtch*R*R*({r*r}(R*R)-1)}/(4*a3),
13=1.09*(13-13/1.8);

1I3=(M=<1007(1.45*%13):13);
13=(M=1507(1.09*13+150):13),

IEM=>=210) 13=1.09*{3+130,
13={M==3007(0.78*13+200):13);

13={ M= O07( 1 09*3+30):13);
14=0.835+0.00058%13;

cd4=0 B8+0.00023%(3;

ad=1d/(e*cd);
t4=13+1.0*ch+ch®*R*R*{{r*r)/(R*R)-1 }/(4*ad);
td=1.11*(td4-t4/1.395); ; |
t4={ M<1007{1.2*%14):14},
La=(M>=1507(1.11*1d+150):14),
t4=({M=>=4007(14+50):14);

td={M=4507(1.1 1 *14+30):14);
|5=0,835+0.00058%14;

c5=0.88+0.00023*14,

ad=]5/(e*ch),

15=t1d+1.1 7*ch+ch*R*R*{(r* ) (R*R)-1 J{4*a5);
t3=1.09%(15-t5/1 48};
tS=(M<1007{1.19*15):15);

(5={ M>=1507(1.09*15+70):t5);

if{M=>=210) 15=1.09*(5+50;
15={M>=3507(1.09%15-210}:15);
13=(M>=43507(1.09*5+70):t5);
16=0.835+0.00058%15;

ch=0,88+0.00023% 5, £ |
ab=l6/{c*ch};
t6=t5+1.33*ch+ch*R*R*{(r*r}/(R*R)-1)(4*ab);
t6=1.109%(16-16/1.398);
16={M<1007(1.19*%16):16),

1e={M=1507( 1 .09*16+65):16);

M ==300) 16=1.09*t6-20,

s M==3507(1.09%16-200):16);
16=({M>=4507{ 1 .09*16+50):10);
17=0_835+0.00058*16;

c7=0.88+0.00023*%16;

ar=17(e*c7), '
t7=t6+1.5*ch+ch*R*R*¥{(r*r)}(R*R)-1)/(4*aT);
17=1.12%(t7-17/1.34);

t7={M=<1007{1.2%7):07);
IT=(M=1507(1.12%7T+M-150):17};
(7=(M>=3507%(1.12%7-330):17);, !
17=(M==4507(1.09*¢7-200):17},
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18=0.835+0.00058"17;

cB=0.88+0L00023*(7;

al=I8/(e*c8); &) |
(B=17+1 67*chrch*R*R*{(r*r y{ﬂ*m 1)/(4*a8);
1B8=1.12*{18-18/1.295);

tB={M=<1007(1.2*18):18);
tB=(M=>=1507(1.12*B+M/I+10):18);

I M=>=300) (8=1.12%8-170;
IB={M=>=3507(1.12*18-190):18);

[B={M==4 507(1.12*18-223):18);
19=0,835+H0.00058*18;

c9=0.88+0.00023*3;

a9=19/(e*c9);
t9=t8+1.83*ch+ch*R*R*({r*r)/(R*R}-1){4*a%);
(9=] 125*(19-t9/1.263),
9=(M<1007(1.2*%19):19);
9=(M=>=1507(1. 125" 194D/ ):19);
iffM==230) 19=1.125%19-21(;
9=(M>=3507(1.125%19-261):19);
9={M==4507(1.125%19-199.8):(9);
110=0,835+0.00058*(9:
c10=088+0.00023*19;
al0=110/{e*c10);

L O=t9+2*ch+ch*R*R*((r*r)/(R*R)-1 )y (4*al 0);
HO=1_11*(110-t10/1.24);

10=(M=<]1007(1.2*110):x10);

tHO=(M==1507(1. 1 1*t10+M/3-30):110);

ifiM=>=200) t10=1.11*110-117;

LO=(M==3502(1. 11 *t10-247):110);

HO=(M=>=4507(1. 11 *t10-180):110);

cout<<endl;

coul=<"The required temperatures of combustion for a "<<M<<"kg";
cout<<"\ncapacity rotary furnace (with a recuperator) are\n",;

cout<<"n\\_Time (hr) | Temperature (0C) ";
cout<<"wn\tu 0.50 . ) mef];

cout=<"\n\\ 0.67 "ef2;
cout<<"n\t\t (.83 "e<i3;
cout<<"wn\t\t 1.00 ",
cout<<"\n\it 1.17 " §:
cout<<"\n\\ 1.33 <l
cout<<"\mMy 1.50 it
cout<<"\n't\t 1.67 e 7.
cout<<"\n\{\t ,1.83 pl-cait il
cout<<"\n\iyt 2.00 Me<t]
fout<<endl,

fout=<"The required temperatures of cnmhuﬁlmn for a "<<M=<<"kg",
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L}

fout<<"\ncapacity rotary fumnace (with a recuperator) are'n";

four<=="‘n Time (hr) Temperature (0C) ",
fout=-""wn\ .50 I ¢ B
fout=<"\nu 0.67 "*i*fIE,
four=="\n\i\t 0.83 s i
fout=<"\m\t\t 1.00 R
fout=<\m\t\1 1.17 "<l §;
fout<<"\n\tt 1.33 ., R
fout<="\n'tit 1.50 / <<t
fout=<"\n\t\t 1.67 s |
fout<<="\n\M 1.83 sl b 5
fout=<"\n\iw 2.00 Rt}
if{response=—="3"}

([ D3=(M==1007D2+(M-75)/1000):( D2-{ 100-M)*2.5/1000));
cout<<endl;

cout=<"‘n\iDiameter of the cylindrical shell is "<<{D3* [0)<<"mm";

cout<<"\n\uThickness of the lining is "<<{M>=1002{tL* 1000):(tL* 1000-0.7405%( 100-
M)))=<"mm";

cout<<"\n\iLength of the cylindrical shell is "<<{M>=100%925+({M-100}3}:(925-( 100-
M)*7))<<"mm";

cout<<"\n\tSlant length of each of the two conical frustums is
*<o(M==1007{250+0.875%(M-100)3:(250+0.875%(M- 100}-40) y=<"mm"=<endl,

cout=<"\n\IBase diameter of the conical frustum s "<<(4*D3/9* 1 00=<"mm" |

cout<<"\n\IDiametenof the burner-gnd of ke furnace flange is
Moo 3*D3/11)* 1 000<<"mm";

coul=<"‘n\MDiameter of the charging-end of the furnace flange is
"< 3* D31 0)* 1 00<<"mm";

cout<<endl;

fout=<endl;

fout<<"wn\iDiameier of the cylindrical shell is "<<(D3* LO00)<<"mm";

fout=<"wn\t Thickness of the lining is "=<{M==1007((L* 1000);(1L* 1 000-0.7405*( 100-
Mi))<<"mm";

fout<<"\nMLength of the cylindrical shell is "<<{M=>=1002(%25H{M-100)/3):(925-( 100-
M)*7)=<"mm";

fout<<"wnMSlant length of each of the two conical frustums 1s
e ME=1007(250+0.875%(M- 100)):(250+0.875* (M- 100)-40) y<<"mm"<<enll,

fout<<"\n\tBase diameter of the conical frustum is "=<{4*D3,/9)* 1000=<"mm",

fout=<"\n\IDiameter of the bumer-end of the urnace flange 15
"= (3* DA 1)* 1000=<"mm";

fout<<"\n\tDvameter'of the charging-end of the furnace flange is
"{{{E'DJIED}*Ii}Dﬂﬂi‘-‘:“mm 3

fout<<endl;

D3s(M==100{D2-+({M-70)/1000):(D2-0.88%( 1 00-M)*2.5/1000});

double 1L.2=(M>=1002(1L*1000+D3/1 10):(1L* 1000-0.67*(100-M)));

double t1,12,13,t4,15,t6,17 t8,9,11 0

double 11,12,13,14,15,16,17 18,1911 0;
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double ¢1.,¢2,63,c4,c5,c6,c7,c8,c9.c10;

double al, a2 al ad,a5, 86,47 88,89 a0l 0;

double =D372, R=r+0.005;

const double ch=4017.5,10=37.0,e=1850.0;
r=(M==1007{r-0.0009%65):1);
R=(M>=100(R-0.003465):R);
11=0.835+0.00058*10:

cl=0.88-+0.00023*10;

al=l1/(e*cl);
U=t0H0.5*chjp+H{ch*R*Ry*({r*r){R*R)-1 p{40*al );
t1=tl-11/2.5;

U=(M==450Mt1+10):11);

12=0, E35+0.00058%1:

c2=0:88+0.00023*(1; i '
az=l2ie*c?);
2=t1HL.6T*ch+ch*BR*R*((r*r)V(R*R)-1 J(4™a2);
2=12-12/2.4;

12=(M==450T(12+70):12);
12=(M=150%12+150):02);

I M=>=230) 12=12+210;
(2=(M=>==3507(12+200):12);
12=(M>=4507(12+50):42),

13=0).835+0.00058*2;

¢3=0.88+0.00023*12;

ad=13/(e*c3},
t3=t2+0.83*ch+ch*R*R*{(r*r)}/(R*R)-1)/(4*ad);
13=13-13/1.§;
=(M=1507(13+150)u3);
if{M>=230) 13=13+] 30,
3={M>=3502(13+200):13); ;
(3= M=450713+130):03);
14=0.835+0.00058*%13;
cd4=088+0.00023%3;
ad=ldife*cd);

=13+ 1. 0*ch+ch*R*E*((r*r) (R*R)-1 }'(4*ad);
14=14-14/1,595;

1d={M= 150714+ 150):14);

= M==3 507(144200):14);
td={M=4507(14+80):14);
15=0.835+0.00058%14; .
c5=0.88+0.00023*14;

ad=l5/{e*c5);

tS=t4+1. 1 T*ch+ch*R*R*{(r*r)/(R*R)-1 )/(4"a5);
15=15-15/1.48; _

tSe(M=1507(15470)45); i
IiM=>=230) 15=15+50;
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5= M==3507(t5+140):15);
15=(M=>=4507(15+70):15);
16=0.835+0.00058%13,
c6=0.88+0.00023*15; '
ab=l6/(e*ch);

16=15+1. 33*chch*R*R*{(r*r)(R*R)-1)/{(4*ab);
=16-16/1.398;

1= M=15016+65):16);

ifi M==230) 16=16+80,
16={M=>=350(16+80):16),

1= M=>=4 50716+ 70):16);
17=0.83540.00058*16;

c7=0.88+0.,00023*16;

al=IT{e*cT);

17=16+1 5-chmh*R*R*({ﬁ:mR*R}ly{ym
(7=t7-17/1.34,

17=({M=1 507(t7T+M-150):t7);
t7=(M>=350%17-60):17),
18=0.835+0.00058%17, i
c&=0.88-+0.00023*17,

_ aB=18/{e*c8);
18=t7+1.67*ch+tch*R*R*((r*r)y(R*R)-1)/(4%a8);
15=18-18/1.295;

18=(M=>=1507(18+M/3+10):18),

ifM>=230) t8=18+30;
18=(M=>=3507(18+28):18),
18=(M>=450718+30):18),
19=0.835+0.00058*18,

c9=0_88-+H0.00023*18;

a9=19/(e*c?);
19=18+1.83*ch+ch*R*R*({r*r){R*R)- l;-f{4*n9}
19=19-19/1.263;

19 M= hju'i'qm+M.n'3}:l‘:1]:

1M ==230) 19=19+21();

19 M ==3 507 10+27):t9); i 1
0= M==4507(19+22)19),
110=0.835+0.00058%19;

c10=0,88+0.00023*19,

alO=110/e*c10),
HO=t9+2*ch+ch*R*R*((r*r)(R*R}-1){4*al0),
UO0=110-110¢1.24;
t10=(M==1507(11 0+M/3-30):t10);
i{M>=230) t10=t10+20;

U 0=(M=>=3507(110+20):110);

U O=(M=>=4507(11 0+20):110);
cout<<endl;
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cout<<endl;
cout=<<"The required temperatures of combustion for a "<<M<=<"kg";
cout<=""\ncapacity rotary fumace (without a recuperator) are'n"

cout<<"wn\i'\t Time (hr) " Temperature (0C) ",
cout<=""\n\t\t (1L.50 i | B
cout<<"n\it 0.67 et e
cout<=<"\n\tu (.83 i
cout<<""\n\t\t 1.00 "ol
cout<s=<"\n\t\t 1.17 "' i L ey
cout<<"\n'tut 1.33 "l
coul=<"wmMM |50 e
coul=<"wnMy 1.67 ",
cout=<"\n\1\ 1.83 i,
cout<<"\n\t\t 2.00 Ut [
four<<endl;

fout<<"The required temperatures of combustion for a "<<M=<"kg",
fout=<"\ncapacity rotary furnace (without a recuperator) are'n”,

fout<<"\n\i\t ‘Time (hr) Temperature (0C) *;
fout=<"\m\i\t 0.50 - ety
four=<"wn\\ 0.67 Mt ;
four<<"\n\i% 0.&3 m<td;
fout=<"n\iy 1.00 st B
four<="\n\t4 1.17 R<<)§;
fout<<"nw\ 1.33 " | e,
four<<"\nq 1.50 ' ' e i
four=<"\n\it 1.67 et
four<<"\nim 1.83 g
fouwt=<"\n\t\t 2.00 ] [
if{responses=‘g")

{D3={M>=100ND2HM-70) 1000y:{D2-0.88*(1 00-M)* 2.5/ 1000},
cout<<endl;

cout<<"n\iDiameter of the cylindrical shell 1s "<<{D3* 10 )<<"mm";

double tL2=(}=>=1002(1L*1000+D3/1 10):(IL*1000-0.67*{ 1 00-M)));

cout<<"wMThickness of the limng 15 "<<(L2<<"mm",

double L2=(M>=>=1001925+1.1%(M-100)3):(925-0.9%(100-M)*T));

L2=(M==1007(925+1.1*M/3):L2);

cout<<"n\tLength of the cylindrical shell is "<<L2<<"mm";

cout<<"\n\5lant length of each of the two conical frustums is "<<{M>=1007{250+0.9%(M-
[ 00)):( 2 50+0.9% (M- 1 00}-40))<<"mm";

cout<="\n\tBase digmeter of the c:umr:ﬂl frustum is "=<{4000* D39 <<"mm";

cout<<“\n\tDiameter of the burner-end of the furmnace Range is "<<{3000*D3/11)<<"mm",

cout=<"\n\tDiameter of the charging-end of the furnace flange is
"<<(3000* DI 10)y=<"mm\n";

cout<<"\nFor the Recuperator design parameters : '\n";

cout=<"\n\tDhameter of the inner cylinder of the recuperator is "=={M==3007(3000*D3/9-
2B 853 (5000*D3/9-115))<<"mm
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cout<=<"n\iDiameter of the outer cylinder of the recuperator is
nee( M<=3007(S000* DI/HL2/5-4.314):( 5000* D39+(L2/5-25))<<"mm";
cout=<"\n\lLength of the inner cylinder of the recuperator 18 "<<{M==3007(1, 750" L2-
94.92):(1.750*L2+453.08))<<"mm",
coul=<"wnMLength of the outer cylinder of the recuperator is "<<{M==3007{1.750%L2-
3000*D3/5+200.08):(1.750*L2-3000*[23/5+973,08) )=<"mm",
coul=<"\n\tRgcuperator sprout’s base diameter is "<<{730*D3-1 447 }<<"mm",
cout<<"wRecuperator sprout’s slant length 15 "<<(750*D3-6.447)<<"mm";
cout=<endl;
fout<<endl;
fout=<"\n\tDiameter of the cylindrical shell is "<<{D3* l00)<<"mm",
fout=<"\nMThickness of the lining is "<<1L.2<<"mm";
fout=="\n\Length of the cylindrical shell is "<=<L2<<"pun",
fout<"n\5lant length of each of IJ]u: Iwo gooncal frostums 15 "=y b == 0N 2 5040 9% -
L) (2500, 9% M- | 00)-40))<<"mm"<<endl;
fout<<"\n\1Base diameter of the conical frustum is "<={4000*D3/9<<"mm";
fout=<"\n\Diameter of the burner-end of the furnace flange is "<<(3000*D3/11 )}=<"mmn",
fout=<"\n\MtDiameter of the charging-end of the furnace Nange 15 '
"< M<=3007(3*%(5000*D3/9-25)):(3*(5000*D3/9-1 1 5)))<<"mmn",
fout<<"wn\Diameter of the inner cylinder of the recuperator is "<<(M<=3007{3000*D)3/9-
28.85):(5000*D3/9-115))=<"mm
fout=<"\n\Diameter of the outer cylinder of the recuperator is
" M==3007(5000%D3/ 9 tL2/5-4. 314 ). (3000*D3/9+1L.2/5-25) )=<<"mm";
fout=<"\n\Length nflh: innl:r eylinder of the recuperntor 18 "<<{M==3007(1.750*L2-
94.92):(1.750*L2+320))<<"mm
fout=<"\n\MLength of the uul:r cylinder of 1J||: recuperator 1s "<<{(M==3007(1.750*L2-
I000*D3/5):( 1. 750*L2-3000*D3/5+ 790)j<<"mm",
fout<<"\n‘\tRecuperator sprout’s base diameter is "<<(750*D3-1 447)<<"mm";
fout=<"\n\{Recuperator sprout's slant length is "<<(750*D3-0.447)<<"mm",
fout<<endl; e !
DA={M=>=1007(D2+{M-70)/1000): {I]E -OBE*( 1OO0-My* 2.5/ 1000 ),
(L2=(M=>=1007(L*1000+D3/1 10):(tL* 1000-0.67*(100-M)));
double t1,12,13,t4,t5,t6,17 18,t9.110;
double 11,12,13,14,15,16,17 18 19,110,
double ¢l ,c2,c3,c4,c5,c0,c7.cB8,c9.c10;
double al,a2,a3,ad,a5,a6,a7, a8 a% alll;
double =D3/2, R=r+).003;
const double ch=4017.5,10=37.0,e=1850.0;
r={(M=>=1007(r-0.000965):r);
R=(M=>=100R-0.003465):R),
[1=0.835+0.00058*10;
cl=0.B8-+0.00023%10;
al=liNe*cl);
t1=t0+{0.5*ch)Hch*R*R)*{(r*r)}(R*R)- 1 J(40*al );
H=1.13%(12.5%
N={M==4507(1.13* 11110511

L
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12=0.835+0.00058%t1 ; i
c2=0,88+0.00023%11:
a2=12e*c2);

2=t +0.67*ch+ch*R*R*((r*r)(R*R)-1)/(4*a2);
12=1.09*(12-12/2 4);

12=(M=<1007(1.61*2):12);
12={M=1507(1.09*(2+150):12);

H{M=>=230) 12=1_09*12+210;
12=(M=>=3007(0.76*12+200):12);
12=(M>=4007(1.09%12):42);
12={M>==4507(1.09*12470):(2);
13=0_835+0,00058*12;

c3=0.88+0.00023*t2;

a3=13/(e*c3);
(3=12+0.83*ch+ch*R*R*{{(r*r)}/(R*R)-1)/(4*a3);
B=1.09%(13-13/1.8); , g
B=(M=1007(1.45%3):t3), '
 13=(M=150°0(1.09*13+150):43);

if(M=>=230) (3=1.09*13+130:
O=(M=>=3007(0.78*134200):13);

3={M>=4007( 1 .09*13+30):43),
14=0.835+0.00058*13;

cd4=0.88+0.00023%13;

ad=l4/(e*cd);

4=t3+] 0%*chadch*R*R*((r*r)/(R*R)-1 ¥{d*ad);
td=1.11*(14-14/1.595);

td={M=<1007(1.2*i4).14); ;
A={M=1507(1.11*td+150):t4),
td=(M>=4007(14+50):14);
E=(M=4507(1.11*14+30):14);
15=0.835+0,00058*14;

c5=0, 88-+H0.0002 3* 4
as=I5/(e*cs);

L5=14+ 1.1 7*ch+ch*R*R*((r*ry(R*R)-1)/{4*a3);
t5=1.09*%(15-t5/1.48);

15=(M<1007{1.19*(5):t5);
t5=(M=1507(1,09*15+70):15);

I(M==230) t5=1 .09*t5+50;
(5={M>=3507(1.09*%15-210):t5);
15=(M>=4507(1.09%15+70):15);

16=0 83540.00058*(5;

c6=0.88+0_00023*5;

ab=16/(c*ch);
to=t5+1.33*ch+ch*R*R*({r*r)/(R*R)- l}-’[al'aﬁ]n
t6=1.109*(t6-16/1 .398);
6={M=<1007(1.19%t6):16);
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16={M=1507(1.09*16+635).16),

ifiM==300) t6=1.09*16-20;
t6=(M=>=3507( 1.09*t6-200):16);

6= M>=>=4 50N 1.09*16+50):16);
I7=0.835+0.00058*15; |
cT=0.88+0.00023*6;
 aT=lTHereT)
17=t6+1.5*ch+ch*R*R*{{r*r)(R*R)-1 /{4 *a7);
t7=1.12*(17-17/1.34);

(7=(M<1007(1.2%7)17);

1T=(M=1507(1. 12*07+M-150):17);
1T=(M==350{1.12%7-330):47);

T=(M==4507( 1.09%7-200):07);
18=0_835+0.00058*17:

c8=0.88+0.00023*"7;

ad=I8/(e*ch); |
1B=t7+1.67*ch+ch*R*R*((r*r)/(R*R)-1)/(4*a8);
18=1_12*1B-18/1.295);

tE=(M=<1007(1.2*18):(8);
tB={M>==1507(1.12*(8-+M/3+10):t8);
1f{M==300) t8=1.12%8-170; . t
tB=({M=>=3507(1.12*18-190):18);

C tA={M>=4507{1.12*18-223):18);

19=0.835+0.00058*8;

c9=0.88+0.00023%8;

a9=19e*c);
19=18+1_83*ch+ch*R*R*((r*r)/(R*R)-1)/(4*a9),
19=1.125%(19-19/1,263);

(9= M<1007(1.2*19):49);
9=(M>=1507{1.125%9+M/3):19),

ifiM==230) 19=1.125*19-210;
19=(M==3507(1.125%9-261):19),
9=(M=>=4507(1.125%9-199.8)19);
[10=0.835+0.00058*19;

c10=0.88+0.00023%19; .

alO=110/(e*c10);
H0=19+2*ch+ch*R*R*((r*r(R*R)- | W(4*a 1 0);
HO=111*(t10-t10/1.24);

U O=(M=1007(1.2*110):110),
(0=(M=>=1507(1.11*t10+M/3-30):01 0);
ifiM=>=200) t10=1.11*110-117;
HO=(M==3507(1.1 1*110-247):010);
tH0=({M==4307(1. 11 *110-180):t10);

cout<<endl;

cout<<"The required temperatures of combustion for a "<<M<<"kg";
cnuu*iﬁ"hm'ucity rotary furnace (with a recuperator) are\n";
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cout<<"\nM% Time (hr) Temperature (0C) ",

cout==<"\nM4 0.50 ' f L ey
cout=<™umht\t 0.67 P
cout=<<"wn\\t 0.83 = i
cout<<"\nM\l 1.00 mz<id;
cout<<"\n\t\t 1.17 "<y,
cout<<"\n\Mm 1.33 "<t
coul<<"n't4 1.50 "o
cout<<"\n\4 1.67 "eiB:
cout<<"inMy 1.83 "e<t;
cout<<"\niy "2.00 "oyl
four<<endl,

fout<<"The required temperatures of combustion for a "=<M=<"kg",
fout<<"\ncapacily rotary furnace (with a recuperator) are'n";

fout<<"w\t Time (hr) Temperature (0C)
fout=<"\nM\\t 0.50 s i
fout<<"nMi 0.67 " o L
fout=<"aht 0.83 ' "<l
fout=="\ni 1.00 haid,
fout<<"\nuM 1.17 Rt b
fout<<"\n\t\t 1.33 *<<if;
fout<<"wnMyt 1.50 Rt s
fout=<"wn\'t 1.67 "eiB;
fout=<"n'% 1.83 e '
fout<<"nuyt 2.00 "e<tll bk
cout<<"\nDo you wish to continue? (Y/N}) : ",
cin=>responsel;
cout=<endl;
esc?: {i{responsed=="Y"{|responsel=="y')

goto escl;
retum 0;
L}
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APPENDIX B

OUTPUTS FROM THE DEVELOPED SOFTWARE

This program evaluates the essentlal parameters needed to design a
recuperator-incorporated rotary furnace. The various options availablea
to choosa. from are ad outlined below,' depending on what the user is
interested in.
What parameters are you interested in?
{a}) A rotary furnace without a recuperator? Enter 1
{b} A rotary furnace with a recuperator? Enter 2
(e} Temperatures of combustion of a rotary furnace
without a recuperator? Entar 3
id) Temperatures of combustion of a rotary furnacs
with a recuperator? Entar 4
ig) Interasted imn hth {a)i and (c)7? enter 5

{E) Interssted in both (b) and (d)7? enter &

Make your choice by picking the appropriate number against the chosen
options 1

Enter the capacity of the furnace, that ias the maximum guantity of
charges it is intended for (kg): 200

Do you wish to supply the following parameters for your lining material
{recommended data will be used otherwise): shrinkage allowancs,
Compressive strength and Young'a Modulus? (Y H) W

Diamater of the oylindrical shell is 577.536omm

Thickness of the lining is 132.895mm

Length of the cy¥lindrical shell is 958.333mm

Slant length of sach of the two conical frustuma 1z 337.5mm

2 | |
Basa diameter of the conidal frustum is 256 .683mm

Diameter of the burner-end of the furnace flange is 157.5lmm
Diameter of the charging-end of the furnace flange is 173.261mm

Do you wish to continue? (Y/N): Y

Make your cholice by pilcking the appropriate number against the choszen
optiocn: 2

L]
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Enter the capacity of tha furnace, that is the maximum guantity of
chargea it is intended for (kg): 250

Do you wish to supply the following parameters for your lining material
{recommended data will be used otherwise): shrinkage allowance,
Compressive strength and Young's Modulua? (Y¥Y/N) N

Diamster of the cylindrical shell is 623.545mm

Thicknesas of the lining ig 135.65mm

Langth of the cylindrical shell is 980mm

Slant length of each of the two conical frustums is 385mm

‘Base diameter of the conical frustum is 277.131lmm
Diamater of the' burner-end of the furnace flange is 170.05B8mm
Diametar of the charging-end of the furnace flangse 18 964 .24Zmm

Diameter of the inner cylinder of tha recuperator ia 317.564mm
lﬂuﬂ_bﬂr of the outer cylinder of the recuperator is 369.23mm
Length of the inner cylinder of the recuperator is 1620.08mm
Langth of the ocuter cylinder of the recuperator is 1340.87mm

B ey

Recuparator sprout's slant length is 461.212mm

Do you wish to continue? (Y/N) : Y

.'Iln-ti your choice by picking the appropriate number against the chosen
option: 3

Enter the capacity of the furnace, that is the maximum guantity of
chargea it 18 intanded for (kg): 300
Do you wish to supply the following parameters for your lining material
(recommanded data will be used otherwise): shrinkage allowance,
Compressive strength and Young's Modulus? (Y/N) N

Bupply the following parameters for the lining -

Shrinkage allowance 1 0.0877

Compressive strength (H/m2) 13e+9

Young's Modulus (N/m2) : 300e+9
The regquired temperatures of combustion for a 300kg
capacity rotary furnace (without a recuperator) are

Tima (hrc) Temparatura (0C)
0.50 1035.34
0.67 1131.82
0.83 1216.29
1.00 1235.64
1.17 1294 .22
133 . | f 1382.07
1.50 1456.58
1.87 1491 .64
1.83 1499.22
2.00 1506.1
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Do you wish to continue? (Y/N) : Y i
’ i

Make your choice by picking the appropriate number against the chosen
option: 4

Enter the capacity of the furnace, that is the maximum guantity of
cgharges it is intended for (kg): 350
Do you wish to supply the following paramaters for your lining material
[recommended data will be used otherwise): shrinkage allowanca,
Comprassive strength and Young's Modulus?® (Y/H) v
Bupply the folleéewing parameters for the lining -

Shrinkage allowance : O.0877

Compressive gtrangth (H/mi)} : lJa+d

Young'a Modulus (H/m2} ¢ 300a+8
The reguired tempearatures of combustion for a 3150kg
capacity rotary furnace (with a recuperator) are

Tima thqj . Temperature (0C)
0.50 i r 1156.26
0.67 1259.51
0.83 1390.93
1.0 1533.74
1.17 1708.12
1,33 1803.33
1.50 1880
L.67 2055.7
1.83 2058.14
2.00 2052.43

Do you wish to continue? (Y/N): Y

Make your choice by picking the appropriate number against the chosen
opticn: 5

Enter the capacity &f the furnate, tﬂat ia the maximum guantity of
charges it is intended for (kg): 400

Do you wish to supply the following parameters for your lining material
(recommended data will be used otherwise): shrinkags allowance,

Compressive strength and Young's Modulus? (Y/N) H

Diamatar of the cylindrical shell is 743 .967mm

Thicknesse of the lining is 143.764mm

Length of tha cylindrical ghell is 1025mm

Slant length of esach of tha two conlcal frustums is 512.5mm

Bage diameter of the conlcal frustum is 330.653mm
Diameter of the burner-end of the furnace flange is 202.9%mm
Diasmater of the charging-end of the furnace flange is 223.1%m

The regquired temperatures of combustion for a 400kg



k

capacity rotary furnace (without a recuperator) are

Tima (hr) Temparature [(0C)
0.50 1010.73
0.67 1129.96
0.83 ) 1280.67
1.00 i i 1359.53
117 ' 1395, 85
1a33 14159.68
1.50 1436.55
1.67 1481 .45
1.83 1497 .37
2.00 1503. 54

Do you wish to continue? (Y/N): Y

Maka your choice by picking the appropriate number against the chosen
option: &

Enter the capacity of the furnaca, that is the maximum gquantity of
charges it is intended for (kg): 450

Do you wish to supply the following paramstars for your lining material
(recommendad data will be used ptherwise): shrinkage allowance,
Compressiva strength and Young'a Modulus? {(¥/H) M

Diametar of the cylindrical shell is 79%1.472Em

Thickness of the lining is 146.44mm

Length of the cylindrical shell is 1053.33mm

glant length of each of the twoe conical frustums la 565mm

Base diamater of the conlcal frustum 1ls 351.76&6mm
Diameter of the burner-end of the furnace flange is 215.B856mm
Diamater of the charging-end of tha furnace flangsa is 974.1Z1lmm

Diamatar of the inner cylinder of the recuparator is 324.707mm
Diameter of the outer cylinder of the recuperator iz 443.5%3%Smm
Length of the inner cylinder of the recuparator is 2163.33mm
Length of the outer cylinder of the recupesrator is 2158.45mm
Recuperator sprout's base diameter is 592 .157mm
Recuparator lprput‘u Blln? lang?h is 587.157mm

The regquired temperatures of combustion for a 450kg
capacity rotary furnace (with a recuperator) are

Tima (hr) Temperature {(0C)
0.50 1284.89

0.67 14%0.5

0.83 1563.21

1.00 1561.5

1.17 l808.97
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1.33 1952.06
1.50 1540.73
1.67 2049.15
1.83 2060.13
Z.00 2057 .92

Do you wish to continue? (¥/N): Y

Maka your choice by picking the appropriate number against the chosan
option: 7

YOU HAVE HOT MABE A.VALID EHGIEFI |
TRY TO MAKE A CORRECT CHOQICE NEXT TIME ¥YOU RUN THE PROGRAM
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