
DEVELOPMENT OF- RECUPERATORS FOR
.,I I

"I' ,'( ,

ROTARY FURNACES /~ ... /

/ ~ ,- =, 4~.
,,

OYELAMI ADE-KUNLE TAOFEEK
p'l MEE/03/1478

A THESIS IN THE DEPARTMENT OF MECHANICAL ENGINEERING,

SCHOOL OR ENGINEERING AND ENGINEERING TECHNOLOGY,

SUBMITTED TO THE SCHOOL OJ? POSTGRADUATE STUDIES IN

PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE

AWARD OF lVIASTER,O~ ENGINEERING (M.ENG.) IN

MECHA!NICAL ENGINEERING (PRODUCTION

ENGINEERING OPTION) OF THE FEDERAL

UNIVERSITY OF TECHNOLOGY, AKURE ONDO STATE NIGERIA .

"

FEBRUARY, 2006

"., I
(



CERTIFICATION

r certify thatthis researchwork was carried out bylOyelaml, Adekunle Taofeek of the

Departmentof Mechanical Engineering, Federal University of Technology, Akure and has been

.
approvedto have met the requirements for the award ofM.Eng. degree in Mechanical Engineering

,...•.:,
(Production Option) of the Federal Udivefsity of Technology, Akure, On do State, Nigeria.

-'(

. \.

Dr. S.B. Adejuyigbe
Project Supervisor

,," I

•. I

4'
r.

.: I



DEDICATION

[his project work is dedicated to the Almighty God who has beenvery faithful to His promise or

beingIlly Protector, Guardian and Provider.

. I

III

. I



,: I

ACKNOWLEDGEMENT

First andforemost, I thank the Almighty God who has been directing my path in life. I will

liketo specially thank Dr. S.B Adejuyigbe, my project supervisor, for his guidance,

I·

encouragement and invaluable support while. carrying out the project. The efforts of my co-

supervisor,Professor A.A. Aderoba, in painstakingly going through the project, are likewise

appreciated. I will also not forget to thank my indefatigable Head of Department, Dr. O.P. Fapetu,

whoseconstructive criticisms ancl insistenge on thoroughness have brought out the best out of the

project.

My sincere appreciation also goes to my caring parents for their supportive and untiring

effortsat seeing me through in my chosen career. The Director General ofthe National Agency for

Scienceand Engineering Infrastructure (NASENI)~ Prof. O.O.Adewoye, deserves more than a
I·

thousand thanks from me for his fatherly role at a very important stage in my life. I will likewise

wantto specially thank Engr. B.A Olunlade, the Acting Director of Engineering Materials

Development Institute (EMDI) Akure for bein~ supportive and more importantly for granting me

, permission to furthermystudies. J will as well like to thank Engr. Egbemode of Nigeria Machine

ToolsOsogbo for his assistance in developing the necessary geometric models used in the project.

Worthyof my appreciation are also members of the G5: Ogazmi (Engr.A.S. Idowu), Walexy

(WaleOlaniyan), KcLabradoschi (Ebisike Kelechi) and Muyoyo (Muyiwa Adeyemi); all at EMDI

Akure,for their moral support during the course of carrying out this project. I will likewise want
I·

10 thank Engr. (Mrs.) T.E. Oshodin and Mr. O.A Azeez, also from EMDI, for being supportive.,

May God bless you all.

OYELAMI ADEKUNLE T.

'I
FEBRUARY, 2006

IV



ABSTRACT
.- .:.I .!

Thedesign o'f a radiation-recuperator incorporated in rotary furnace has been undertaken in this

study,It was observed that an appreciable percentage of the heat input into the furnace is being

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

combustion.The coefficient of heat utilization is greatly dependent on the temperature of the

wastegases leaving the furnace.

Therefore, the new design of recuperator, which is a heat exchanger, incorporated into the

rotaryfurnace is done in such a way that it returns substantial part of the waste heat back into the

furnace.A radiation type recuperator was designed to achieve this objective. It was established
'I I

" (0

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

leads to a 44% reduction in the fuel consumption.
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CHAPTER ONE

1.0 INTRODUCTION

1.1 FURNACES

Almostall manufactured articles go through a process of heating at some stage. The equipment

used for heating can be broadly termed a (furnace'. Because of the diversity of manufacturing

processes and raw materialsused, the types of furnace required are numerous. Kazantsev (I<)1.)7)

definesa furnace as a brick-lined chamber, capable of holding/conveying the material to be

lreated, to which heat is applied by one of various means so as to achieve the required final results.

III fuel-fired furnaces, according to Cottell (1975) and as the name implies, heat is supplied by

combustion of fuel and is transmitted by a combination of healing processes. Rotary furnace is a

typical example ofa fuel-fired furnace. in general, fuel costs are a small fraction of the total

manufacturing cost, and in the past, fuel economy has often been considered unimportant.

However, with increasing costs and decreasing availability of fuels, there is now a

considerable financial anda'strcng conservational !incentive to watch fuel economy aspects. It is in

this regard, among other reasons, that this research work focuses on incorporating a recuperator

into the design of a rotary furnace so as:0 reduce considerably the operational/running cost of the

furnace in addition to increasing its thermal efficiency appreciably.

1.2 BACKGROUND OF STUDIES,

Quite a large number of rotary furnaces are found to perform below the expected capacity, most

especially in terms of thermal efficiency, mainly because of non-standardization of designs and

more often than not, non-inclusion of a heat exchanger. Rotary furnaces designed without taking
.. , I

into consideration the designs of the bu ·nd·, the blower (the air now rate), the fuel supply system

and the possibility of incorporating a heat exchanger, cannot perform with the expected thermal



. ., I

efficiency. The reason being that the resultant effect of the items mentioned above has a direct

impact011 the name length of the furnace, which is one of the most important characteristics of the

furnace, that need to be accurately determined. This research work thus optimizes the design of a

rccuperator-incorporated rotary furnace by giving adequate consideration to the design of the

entire rotary furnace system, with more emphasis on the design of the recuperator which is the

main unit responsible for an appreciable; increase in the thermal efficiency of the furnace.

Rotary furnace is aIraditio.ial method of recycling of aluminium. These furnaces are one of

the original methods for the production of aluminium from scraps(Krivadin and Markov 1980) .
. I I

Today, besides their usage in processing a (wide va;-iety of scraps materials, from coated strip to

used beverage cans andfurnace dross having di Iferent composition and content of aluminium,

rotary furnaces now playa major role ill the recycling of cast iron. In addition to this, it could also

beadapted for the production of Austempered Ductile Iron (ADI) (EMDI2005). The results of

this research work also show that it could be adapted for the melting of mild steel.

The rotary furnace consists of acylindrical, refractory lined, steeldrum.supponed by a

structural steel frame, in between two conical frustums. The conical frustums are of two di fferent

diameters. The primary heat source of the furnace could either be a natural gas burner or a liquid _
. I ,

fuel burner ([MOl 200S) and (Krivadin and Markov 1(80). A liquid fuel burner with diesel as the

liquid fuel is used in this research work. The burner is usually positioned at the smaller-diameter

end of the frustum, while the exhaust, in this case coupled with the heat exchanger, is positioned at

the larger-diameter end.

All rnctallurgjcal furnaces by technological principle are classified as either melting or heating

furnaces. Melting furnaces serve to make metals from ores and remelt metal for obtaining the

desired properties. A characteristic feature: of melting furnaces is that the materials processed in

. ,
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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

etc). They are also meant for increasing the plasticity of metals before plastic working. Many
"

heating furnaces are used for 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 objectives of the research areio:
(a) design and develop a radiation-type recuperator for rotary furnace,

(b) develop a geometric model for the recuperator-incorporated rotary furnace using solid

modeler software,

(c) ascertain the reliability of the developed software using statistical method, and

(d) establish a significant improvement in the thermal efficiency of the recuperator-

incorporated furnace over the existing non-recuperator incorporated ones.

1.4 Expected Contribution of the Research to Knowledge:

" 'I . 1 .

The research' work will provide a quantitative framework for designing a recuperator specifically

for a rotary furnace system and determining its quantitative effects on the furnace performance.

The geometric model to be developed for the recuperator - incorporated rotary furnace will be in

three dimensions thereby providing the user with the vision of the object very much like it would

be seen in real life, and the software to be developed for the design process will widen the scope of

computer applications for solving design problems for different furnace capacities.

I.S RESEARCH METHODOLOGY

The recuperator was designed based on the principles of heat transfer processes. Geometric

" I !
models were developed for all the principal components of the rotary furnace system, together

3



with the designed recuperator, through the use of Solid Modeler Software.C++ programming

.. . I .!
language was then used to 'develop the software used in the design of the recuperator-incorporated

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

furnace.

The overall efficiency of the furnace system was shown to have increased considerabl y

with the incorporation of a recuperator through the following procedure: Necessary mathematical
I-

and geometric models were developed; the developed models were used to develop a program

using C++ programming language. The reliability of the program developed was tested by

obtaining a set of actual data for a known capacity rotary furnace (without a recuperator) from the

industry; generating a corresponding set of data from the developed program; ascertaining the

reliability of the developed-program by estflblishing that there is no significant difference between

the two 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 to a 44% reduction in the fuel consumption. The developed software

was later used to design and develop a radiation-type recuperator for a 500kg-capacity rotary

furnace (Appendix C).

I-

,;' J 41
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CHAPTER TWO

2.0 LITERATURE REVIEW

2.1FURNACE CLASSIFICATION

2.1.1.TECHNOLOGJCAL AND STRUCTURAL CLASSIFICATION

By technological principle, all metallurgical furnaces are classified by (Krivadin and Markov

1980)into melting and heating furnaces. Melting furnaces serve tomake metals from ores and

remeltmetals for obtaining-the desired rroperties. \'\ characteristic feature of melting furnaces is

thatthe materials processed in themcha.ige their state of aggregation.

Heating furnaces are employed to heat materials for roasting (limestone, magnesite,

refractories, etc) or drying (foundry moulds, ore, sand, etc), as also for increasing the plasticity of

metals before plastic working, Many heating furnaces are used for heat treatment of metals, in

which the structure of metal undergoes certain changes. All heating furnaces are characterized by

the common feature that the materials processed in them remain in the same state of aggegation.

Furnaces in each of these two groups are classified according to the particular operations

they are intended to perform" For instancejmelti ng fu maces are used for melt ing iron, steel,

copper, etc. Heating furnaces can be used for roasting of ores or refractories, heating of metal

before rolling or forging or for heat treatment of metals. These groups of furnaces, intended for

speci fie methods 0 f metal transporti ng in the furnace, and type of product before ro 11ing are

divided into the following groups:

(a) soaking pits, continuous furnaces, batch-type furnaces, etc;

(b) in-and-out, pusher-type, rotary-hearth furnaces;

(c) furnaces for heating ingots, blurns, tubes, bar strips, etc.( Dryden 1982), (Krivadin and Markov

1980) and( Kazantsev 1997)'.

5



Cottrell (1975) classifies fuel-fired furnaces by the type of fuel used. For instance, steel-
., I

. . l'
makingopen hearth lumaces may be gas-fired or fuel oil-fired. Furnaces may be regenerative or

recuperativeaccording to the method the heat of waste gases is utilized. Electric furnaces are

classifiedby the method of conversion of electric energy into heat: arc furnaces, resistance
I

furnacesand induction furnaces. Modern furnaces are complex thermal plants usually composed

ofthe furnace proper-and auxiliary equipll1ent. The furnace proper commonly has the reaction

chamber (furnace space) and means for producing thermal energy, such as burners in flame

furnacesor electrodes and resistors in electric furnaces. (Khanna 2005) The auxiliary equipment

comprises means for utilization of the heat of waste gases, ventilators and exhausters, stacks,
., !

(

variousvalves, gates, etc. The technological process for which a furnace is intended is performed

inthe reaction chamber. All other elemerts of a furnace serve to ensure thc most effective

conditions for the main technological process (Kern1984).

2.1.2 FURNACE CLASSIFICATION BY THE PRINCIPLE OF HEAT GENERATION

According to (Krivadin and Markov 198U) all furnaces rely on conversion of some or other kind

ofenergy into heat. The main primary sources of energy are

(a)Chemical energy of fuel (in fuel- fired furnaces)

(b) Chemical energy of molten metal and
. ,

(e) Electric energy.

In fuel fired furnaces, the chemical energy of fuel is converted into heat through combustion. In

ferrous metallurgy, this group of furnaces includes name and shaft furnaces. In flame

(reverberatory) furnaces, the material being processed is usually placed on the furnace hearth and

occupies only a smaIi portion of the reacti,;)n chamber volume. The main portion of the reaction

chamber is filled with flames and incandescent combustion products, which transfer their heat to

'. ,



thematerial (mainly by radiation). These furnaces can be fired with gaseous, liquid or sometimes

withdusty solid fuel.

In some types of furnace, the evolution of heat may be due to both chemical energy of fuel

., ," I !
andthat ofmolten metal. Examples ofsuch-are open-hearth furnace, which occupy an

intermediate place between fuel-Iircd furnaces and converters (furnace in which the chemical

energyof metal is converted into heat through combustion of the impurities present in them).In

thesefurnaces, fuel is burned above the surface of metals and the flame and incandescent gases

alsopass over thesurface of metal, that is the processes occur which are typicalof flame furnaces

(Kazantsev 1997). On the other hand, the impurities present in molten metal are burned out and

liberate heat, sometime very much heat, so that in some period of a melt, the heat generation due

to the chemical energy of molten metal may be substantial.
, I

I

Electric energy can be converted to.ieat by:

(a) Passage of electric current through a gas

(b) The action of electric current onto a magnetic field, with eddy current being formed in the

metal;

i
(c) Remagnetization and polarization of dielectrics;

(d) Passage of electric current through solid (or sometimes liquid) eletroconductive bodies;

and

(c) Owing to kinetic energy of electrons.
" I

I

These principles of conversion of electric energy to heat determine the types of existing

electric furnaces, namely:

(a) Electric ~~arc and plasma furnaces;

(b) Induction furnaces

7
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(e) Dielectric heating plants

(d)Resistance furnace and

,.
(e) Electron- beam furnaces. (Krivadin and Markov 1980)

1.l.3. CLASSIFICATION OF FURNACES BY OPERATING MODE

FUNDAA4ENTALS OF THE MODERN T.'-IEORY OF FURNACES

Adeserving contribution to the theory of fUJ'naces has beenmade by Russian and Soviet scientists.. .- ('

The first attempt to formulate the main principles of the theory of furnaces was done byGrurn-

Grzhinlailo(19ll), a prominent Russian metallurgist. He developed what was called the hydraulic

theoryof furnaces which explained well the processes in furnaces of thattime characterized by

languidfree motion of gases.

The progress in furnace construction in later years followed the path of development of

furnaceswith intensive forced motion of gases.As forced-motion furnaces gained in significance,

Iheconcepts of the hydraulic theory of furnaces became more and more inapplicable until the

theoryhas fully lost its meaning. In the pr~sent theory, there are distinguished two groups of

rurnaces differing in the nature of the processes occurring in them.In one group, the evolution of

I.leatlakes place in the processed material proper. With these furnaces, the processes of heat

generation are of prime importance (Khanna 2005).

The conditions to be created in a furnace, according to Oyelami et al (2003), should be

such that the heat now to the surface of material is at its maximum and that it can be absorbed

,
completely. This can be ensured by the following measures:

• the temperature difference between the heating medium and heated surface should be as

high as feasible under the given p("IJC~SSconditions;

8



• the furnace shouldbe supplied with heat inlensively with themaximum heat utilization

within the furnace space;

• gases in the furnace space should bemade to circulate vigorously, mainly under the action

of air and fuel jets from burners;

fuel should b~ burned completely and combustion occur within the furnace space where

possible;

• the design ora furnace and the pressure conditions in it should be such as to minimize the

contact of furnace atmosphere with the surroundings .

.' .' I !
Furnaces should be designed so asfa ensure the conditions enumerated above and provide

the optimum conditions [or heat transfer.

2.2 CLASSIFICATION AND GENERAL CHARACTERISTICS OF MODES OF

FURNACE OPERATION

lnmost furnaces, there are two main stages of heat transfer: [rom a heat carrier (flame, electric arc,

etc) to the surface of material and from that surface into the depth of material. The former case is

what is called the external problem and thelatter, the internal problem. As regards the external

problem, heat transfer is mainly through thermal radiation and convection. With the internal
. I

I
problem, heat transfer occurs predominantly by conduction. But with heated liquids, convective

heat transfer is also possible (Krivandin and Markov 1980)

2.2.1 Radiation Mode

The radiation mode is characterized by the prevai Iing role of thermal radiation.If the temperature

and emissivity of a name or of the volume of incandescent gases are the same across the depth (for

instance, along the y-ax is), the heat transfer to the metal and roof {lining) of the furnace is

Lilliform. With a non-uniform temperature field and variable emissivity across the depth of name

-, I
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orgasvolume, heat transfer in various directions will be non-uniform. Thus, the possible modes

call be determined in the general case as follows:

• Uniformly distributed radiant heat. [ransfert

0'"=Q'
- f f

..---------- .. ---------------------------------------- (2. I )

where Q~' and Q~ are respectively heat flows from the flame to metal and lining;

• Oriented direct radiant heat transfer

----------------------------------------------------- (2.2)

• Oriented indirect radiant heat transfer

QII/<Q'
f f ----------------------------------------------------- (2.3)

In all these cases of radiantheat transfer, t1~erole of lining as of an intermediate link of heat

transfer from flames will be different.

2.2.1.1 Oriented Direct Radiant Hear Transfer

Akinsipe (2004) described this modeo:' heat transfer as being employed most effectively in

furnaces for heating large-mass articles.11.1 that case the rated of heating is determined by the
t-

conditions of internal heat transfer, so that the relatively low intensity of external heat transfer is

not essential. This heat transfer is ensured by creating a temperature gradient across the flame, the

highest heat flow is emitted by the flame later having the highest temperature, When propagating

towards the metal and linirig, the heat Iluv:nundergbes a change owing to the absorptive action01"

other name layers. If the absorptivity of all name lagers is the same, the absorption will be lower

at a less thick gas volume between the name layer considered and the heat-absorbing surface of

metal lining.

10
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1,2.1.2Oriented Indirect Radiant Heat ~rransfer

This mode of heat transfer is found in the cases where the heat of fuel combustion is

Iransferredto the heatedmaterial not directly from the flame, but indirectly, that is via an

inlennediary part ismost often played by the lining of furnace roof. A fuel-airmixture forms
I

incandescent gases on combustion (for instance in injection burners); these gases have a rather

, '. I \

Ilightemperature and relatively low emissivity corresponding to the selective radiation of CO2 and

H~OThe metal being heated has a continuous absorption spectrum. The heat flow falling on it

shouldtherefore have a continuous emission spectrum where possible.In the connection, it is

rationalto intensi fy heat transfer to themetal by directing the incandescent gases along the surface

offurnace roof so that the region ofmaximum temperature be as close as possible to the surface of

refractory lining. This can increase the temperature of the lining and transform the selective

radiationof gases into continuous radiation ofthe lining(Akinsipe 2004) and (Krivadin and

Markov 1980)
. I

2.2.2Convective Mode

Attemperatures below 550-GOOoC, heat transfer by convection is predominant. Convective mode

istypical of low-temperature heat-treatment and drying furnaces. The temperature of the working

spaceof these furnaces should be lower than the temperature offuel combustion, because of which

fuelis burned in a separate volume to provide developed motion of gases in order to heat the

material uni formly. Convective mode is also employed in heating baths in which a hot liquid is the

heatcarrier.

2.2.3Layer-wise Mode of Furnace Operation
. I

I
Layer-wise mode is used in the processing of lumpy materials (mostly in shaft furnaces). The

material usually fills the whole volume of a vertical shaft furnace and incandescent gases flow

I 1
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between its 1~lIllPS,or particles ofmaterial'~lre susp'ended in a gaseous heat carrier. The layer-wise

modeof furnace operation has the typical feature that all three kinds of heat transfer (radiation,

convection and conduction) are interlinked so closely that practically cannot be separated from

aileanother ( Kazantsev 1997), (Akinsipet004) and (Krivadin and Markov 1980).

2.3FURNACE MATERIALS

The principal materials for building industrial furnaces are various refractories, building brick,

concrete and metals. Of all these, the most important one are the refractories. The reason being

that the lifespan of the furnace can actual Iy be sai d to be the IiIespan0f the refractory itself.
.,"I '(!

2.3.1Refractories

Refractories are materials, which can withstand high temperatures (above 1580 DC) and the

physical and chemical action of moltenmetal, slag and gases in furnaces. The progress in

refractory manufacture is closely connected with metallurgy, which consumes up to 60 per cent of

all refractories produced (Cottrell 1975). With the progress in metallurgy more and more heavy

requirements were being placed on refractories; new types of refractory have been developed, such
/

as high-alumina, periclase-spinelide and some oxide refractories.

2.3.1.1Classification of Refractories
:. I

'f

(Krivadin and Markov 1980) classified refractories by their properties and characteristics.

(i) By refractoriness, they are classified il to the following groups:

(a) of common refractoriness ( lip to 1:-80-1770C);

(b) of high refractoriness ( 1770-2000C);

(c) of the highestrefractoriness (above2000C).

(ii) By their chemical and mineralcomposition, refractories are classed as:

(a) siliceous, in which the refractory base isSi02 (silica, quartzite);

. I
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(b)alumina-siliceous, where refractory components areAI203 and Si02 (fireclay, semi-acid

and high-alumina refractories);

, '. I I

(c)magnesian, i.e. based on MgO oxldd ( magnesite, dolomite, Iorsterite, talc, and spinlides);

(eI) chromic, with the refractory base composed OfCr203 and MgO oxide (chrornite, chrome-

magnesite and magnesite and magnesite-chromite);

(e) carbon refractories, with the base carbon (C); these include carbon and graphite

refractories.

(f) zircon refractories,based on Zr02 oxide (zirconia and zircon refractories);

(g) carbide refractories which contain refractory compounds of the type MeC

(I!) oxide refractories composed mainly of pure oxides MgO, Ah03, BeO, etc.
, I

f

(iii) By the type of refractory oxide, all refractories are divided into

(a) acid ( SiO )

(b) inert or neutral ( AI203); and

(c) basic ( MgO, CaO).

(iv) By the method of manufacture, all refractories are divided into natural and artificial. The

latter may be pressed, fused or rammed. They also can be classed as roasted and unroasted

according to the method of heat treatment.

(v) By their shape, all refractory materials arc classified into common and specially shaped of
. I (!

diverse types. (Khanna2005), (Robert .md Don 1998) and (Krivadin and Markov 1980)

2.3.1.2 Physical Properties of Refracrories.

(i) Porosity: The Ii fe of refractories is largely dependent on their porosity which may vary within

considerable limits: from I per cent in ir elted refractories to80 per cent in insulative refractory

materials (KazantsevIvv"). Pores in refractories may be open, i.e. communicating with the

13
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osphere; through, i.e. passing through the whole thickness of an article; or closed.

kcordingly, three kinds of porosity are distinguished:

a) General porosity- determined as the ratio of the volume of all pores to the total volume of an

i1ic/e;

0) Apparellt porosity- the ratio 0 f the vo lume 0 f open pores to tile total voIume; and
. I

Ie)Closedporosity- the ratio of the volume of closed pores to the total volume of an article.At a

~igherapparent porosity, a refractory material is less resistant to the eroding action of slag and

metalwhich separate through pores inside thematerial. Porosity is determined by a standard test.

(ii) Gas Permeability. I f there is apressure gradient between the furnace space and surroundings,

gasescan penetrate through pores from one side to the other, i.e. the material is permeable to

gases.There is no definite relationship between the general porosity and gas permeability, since

ihe latter is only due to through pores.G<iS permeability decreases with increasing viscosity of the

gas. . ,
I

(iii) Heat Conductivity. Refractories should have a low heat conductivity, except for rare cases

when a high conductivity is desirable ill order to transfer heat through a refractory material (such

as in crucibles or recuperators). Heat conductivity depends on the nature and porosity of a material

aile! on temperature. Crystalline substances have a higher conductivity than amorphous ones. Heat

conductivity or refractories increases wi.h temperature, exceptions being magnesite and forsterite.

Heat conductivity diminishes with increasing porosity.

(iv) Electric Conductivity. Most refractories behave as dielectrics at low temperatures. At higher

temperatures, whena: liquid 'phase appea.srin the material, their electric conductivity may rise. For

instance, fireclay and silica refractories become electrically conductive at temperatures above

1200C. The electric resistivity of refractories depends on temperature by the formula 10gR=A/T +8

14
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Where A and 13 are constants for a givenmaterial; T is the absolute temperature, K.

Electric resistivity of refractories can he di fferent depending on their composition. It diminishes as

thecontent of iron and titanium oxides mcreases. This should be taken into consideration for

refractories to be used in electric steelmaking furnaces.

(v) I1eat Capacity. Heat capacity of refractories is ofimportance when selecting materials for

regenerators and periodically operating furnaces.In general, heat capacity of refractories may vary

in the range from 0.4 to 1.7 kJ/(kg °C). Heat capacity of refractories increases with temperature. It

ismeasured by calorimetermethod.

2.3.1.3 Service Properties of Refractories

(i) Refractoriness: Refractoriness is the ability of amaterial to retain itsmechanical strength at

high temperatures with no load applied.It is one of the principal properties which determine the

possibility of using a,refractory material under specified temperature conditions. It depends on

chemical composition and content of impurities in a refractory material. Refractoriness is

measured by a standard composition and content triangular pyramids - pyroscopes are cut from

the material to be tested and placed into a kryptol kiln together with reference to pyramids of a

. I ,!
speci fied refractoriness. Thetemperatui e ih. the furnace can be 1000, I000-1 500°C or> 1500lIC

and can be raised at these temperatures respectively at a rate of25, 10and 5 degrees C per hour.

When a refractory material is being heated, a liquid phase appears in it and grows in volume with

increasing temperature and holding time until a pyroscope made up of the material begins to

deform under its own, weight.

Most often this occurs owing to the reactions between the refractories and slags and dust or

because of insufficient thermal stability and less frequently, owing to a low mechanical strength.

Si Iica has a refractori ness0 f 1710 to 1iso-c but begi ns to break down in checker work0 f open-
'. I
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hearth furnaces already at 1200 to IJO(tC. For that reason, refractoriness cannot alone be

indicative 0 f a suilabi lity of a refractory material for some or other furnace elements .

. I !
(ii) Thermal" Stability (Spalliug Resistance): Thermal stability is tile ability of refractory to

withstand sharp temperature changes without fracture (spalling). Thermal stability is characterized

by the number of thermal cycles, i.e. heating and sharp quenching in water or air. With water

quenching, a material is heated up to 850°C and cooled in running water (one cycle). The test is

finished after the specimen has lost more than20 per cent of itsmass (owing to spalling under

thermal stresses). Thermal stability is measured by a standard test (Khanna2005), (Robert and

00111998), (Krivadin and Markov 1980) and (CottreJI1975)

2.4THERMAL CONDITIONS IN A ROTARY FURNACE
" I

I

The operation of a rotary furnace is decided to a large extent by the quantity of heat supplied to it.

The quantity of heat supplied to the furr.ace at a given time instant is called thermal load, The

highest quantity of heat that can be normally absorbed by furnace (without unburnt fuel in the

furnace space) is called thermal power (Oyelami et al 2004). The thermal conditions of a furnace

are essentially the time variation of thermal load. Thermal conditions are closely related to the

temperature conditions of a fuIl1ace. In periodic furnaces which operate at a time -variable

temperature, the thermal load varies in time, whereas continuous furnace operate at a constant

thermal load.
" I

(

2.5 SIGN] FICANCE OF \VASTE 1l1~A,TRECYCLING

From the preceding section, it has been shown that two major sources of input heat into a rotary

furnace arc the chemical heat of fuel combustion and the physical heat or preheated air. A

reasonable percentage of the heat liberated during the combustion of a liquid fuel is lost to the

waste gases. A unitof heat recovered fr·.)111waste gases and returned into the furnace with air (unit

16
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ofphysical heat) is thereforemuch more valuable than a unit of heat produced in the furnace

through fuel combustion (unit of chemicalheat), since the heat of preheated air or gas involves no

heat losses with waste gases. The value of a unit of physical heat is greater at a lower coefficient

of fuel utilization and higher temperature of waste gases (Oyelami et al2003), (Oyelami et al
.: I

(

2004)and (Kazantsev 1997).

For normal 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(Qph) and the chemical

heat of fuel (Qch), i.e

------------------------------------------ (2.4)

As can be inferred from equation(2.4) above, with Qr taken as being constant,Qch can be

diminished by increasing Qph. In other words, utilization of the heat of waste gases can save fuel.

The quantity of saved fuel is dependent on the degree of heat utilization (Oyelami et al2004).
.. . I . I. ; ('

R = fa 1 Iwg -------------------------------------------- (2.5)

Where Ia is the enthalpy of preheated air in K.W or K11 period, and lw~ is the enthalpy of waste

gases leaving the furnace in KW or K11 period.

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

I·

of a recuperator (or regenerator)

I

T\r = I, 1 Iwg x 100% --------------------------------------- ----- (2.6)

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

17 = R iJi~vg" I xl 00% ----T--------~----------------------------- (2.7)

1- ij i~"g(1- R)

where iwgl is the enthalpy of waste gases at the temperature of burning,KJ/m3
; and iwg is

the enthalpy 0 f the waste gases leaving the furnace,K11m3
. (Edward, 2000)

I·
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The implication of this is that uulization of the heat of waste gases can lower fuel

emsumption, and therefore, give an appreciable economic effect. It is one of the principal ways

forreducing the cost0 f metal heating in industrial furnaces.

Apart from saving fuel, preheating of air increases the calometric temperature of

combustion. This also forms one of the principal reasons for recuperation of the waste heat. At a

constantvalue of the lower calorific value of the liquid fuel (i.e ato. = constant), an increase of

Qph results in an increased temperature of combustion (Oyelami et al 2004).

2.6IV1EANSOF RECYCLING THE W 1STE HEAT

Theheat of waste gases can be effectively recycled back into the furnace through the use of heat

exchangers of regenerative or recuperative type. A heat exchanger is a device in which heat is

transferred between a warmer and a colder substance, usually fluids. The regenerative heat

exchangers operate under unstationary conditions while the recuperative type operate under

stationary conditions (Oyelarni and Ogunkoya 2002).

2.6.1.REGENERATIVE HEAT EXCHANGER

The cyclic, unstationary operation of regenerative heat exchangers is responsible for their scarce

usage in the recycl ing of waste heat in a :·o~ary fun~ace setup. In the words of Kern (1984) their

drawbacks include:

a) regenerators are incapable of ensuring a constant temperature of air preheating; the temperature

drops down as the regeneratorcheckerwork is being cooled; this fact limits the possibilities of

automatic operation;

b) the supply of heat to the furnace is interrupted at a reversal of regenerator values;

c) with regenerative preheating, some fuel is carried off to stack, the loss of fuel being 5 to 6

percent of the total fuel consumption;

. I
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d) thedimensions and mass of regenerators are quite appreciable.

Those drawbacks notwithstanding.regenerators are still used extensively in high-

temperature furnaces (open-hearth, blast furnaces, and soaking pits), mainly because they can

operateat very high temperatures of waste gases (1500oC - 1600oC) at which the existing

recuperators fail to function stably yet.

In a regenerator, the hot and the cold fluids' occupy alternately the same space in the
,.

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

periodically heated by the warmer of the two fluids and then transfers heat to the colder fluid

(Kern 1984) and (Alan 1984). In a fixed matrix configuration, the hot and cold fluids pass

alternately through astationary exchanger-and for'continuous operation, two or more matrices are

necessary as shown in figure2.1.1. Another approach is the rotary regenerator in which a circular

matrix rotates and alternately exposes a portion of its surface to the hot and then to the cold fluid,

as shown in figure2.1.2.

J!:f';,"- I ~

~. U I' ".1>
K{'~~--"'<;I.'tIi
";...l ;~!~e,J,

_ .. ~ ,--
n

;t "' .e , 1

"'.It.l. II I

••• ~j 1'''''

Ftgurez, J. J:Mall'ix Conflguratiou Regenerator Jiigul'c2.J.2: Rotary Itcgcllcra(Or

Figure2.1: RegenerativeHeat Exchangers,.
Source: Kern 1984
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2.6.2RECUPERATIVE HEAT EXCHANGER

The recuperative principle of waste heat recycling 'ismore advanced and perfect. Recuperators

ensure a constant temperature of air preheating and require no reversing means; this results in a

smoother operation of furnaces and provides greatyr possibilities for automatic control.
, ",' 'f'

Recuperators have smaller dimensions and mass than regenerators and their operation involves no

loss of gases to stack(Oyelami and Ogunkoya 2002).They, however, possess some drawbacks

among which the principal ones are low fire resistance (of metallic recuperators) and poor gas

tightness (of ceramic recuperators). In this type of heat exchanger, the hot and cold fluids are

,.
separated by a wall and heat is transferred by a combination of the three established means of heat

,
transfer. The process of heat transfer in recuperators comprises three stages:

a) Heat transfer from waste gases to recuperator walls. This is transferred to the wall by radiation

as well as by convec(jon.. I
, "

b) Heat transfer by conduction through the wall. This depends on the thermal state of the wall and

the state of its surface;

c) Heat transfer from the wall to the air being heated. Heat is transferred from the wall to air by

convection only.

Tube
Outle~

She'll
Inlet: Batnes

Shell Tube
Outlet Inlet

Fig2.2.1 Convection Recuperutor (Shcll-and-tube-heat exchanger with one shell pass and one tube (lass;

cross- cuuutertlow opcration.)

Source: www.me.wustl.edu/ME/labs/thermal/fig-al.htm
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Figure2.2.2: Radiation Recuperator Figllrc2.2.3: Combincd radiarlou-couvectiou rCCIIJlCI'ator

(a) radiatiou section (b) convection section

figure2.2: Recuperative Heat Exchanger

Source: Kazantsev (1997),

2.6.3 GENERAL PRINCIPLE OF RECUPERATIVE HEAT EXCHANGE

•. "I !
As earlier stated, any recuperator is a heat exchanger operating under steady state thermal

conditions, with heat being continuously transferred, in this case, from cooled waste gases to

heated air through partition walls. A heat exchanger could also be defined as a device in which

energy is transferred from one fluid to another across a solid surface. Exchanger analysis and

design therefore involve both convection and conduction (Dryden, 1982) and (Edward 2000).

Two important problems in heat exchanger, analysis are (i) rating existing heat exchangers

and (ii) sizing heat exchangers for a particular application. Rating involves determination of the

rate of heat transfer, the change in temperature-of the two fluids, and the pressure drop across the
.. . I . I

heat exchanger. Sizing involves selection 6f a spec'ific heat exchanger from those currently

21
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nailableor determining the dimensions [or the design of a new heat exchanger, given the required
'. I

(

raleofheat transfer and allowable pressure drop. The LMTDmethod can be readily used when the

inleland outlet temperatures of both the hot and cold fluids are known. When the outlet

lempcratures are notknown, the LMTD can only be used in an iterative scheme. In this case the€-

"
NTU method can be used to simplify the analysis (Robert andDon 1998) and (Kern 1984).

Energy Considerations

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

expressed as'
: I . ~

L:. 111 h = I 1 111.1 +fQ + E st ---------------------------- (2.8)
111 all .'iIiIT

wherem stands for mass-flow rate (e.g., lbm/min orkg/ruin) crossing the CV boundaries, h is

. -
specifie enthalpy (energy/mass), "-/sun is the rate0 f heat transfer from the CV to its surroundings,

and Est is the rate of change of energy stored in the CV. This simplified form of the First Law
\.

assumes no work- producing processes, no energy generation inside the CV, and negligible kinetic

and potential energy in the fluid streams entering and leaving the CV. In steady state operation the
,

energy residing in the CV is constant, meaning thatE 51=0. If, furthermore, the boundary of the

'. I
( .

CV is adiabatic (i.e., perfectly insulated), thenl\lIn=O, Under these circumstances Eq. (2.8)

reduces to a simple balance of enthalpy in now and enthalpy outflow:

L III 11 = L m h ------------- .. ---------------- (2.9)
III 01/1

Applied to a heat exchanger with two streams passing through it,Eq. (2.9) can be rearranged to

give IIlh(h. - II ) = IIIc(h - h .) ---------------------------- (2.10)
h.t h.o ( 'J (',I

'. I I
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ethe subscripts hand c indicate the hot and cold fluids, respectively, and i and 0 indicate inlet

outlet conditions. In words, Eq. (2.10) says that the rate of energy loss by the hot fluid (left-

side)equals the rate of energy gain by the cold fluid.

'. ,
Shell and Tube Heat Exchanger ..

ingthe schematic diagram of a shell-and-tube heat exchanger with one shell pass and one tube

illFigure2.2.1. The cross-counterflow mode of operation is indicated. Inside the heat

changer the hot and cold fluid temperature distributions would have the form

etched in Figure 2.3a

T

1 x
2

Figure 2.3n: Temperature distrtbutio.rs in a counterflow heat exchange r.

Figure 2.-'h Enl'rgy ha la nce in:1 dilTt'o'enlialll'nglh dement.

The points I and 2 on the x-axis represent the two ends of the heat exchanger. Provided there is no

energy loss to the environment and that the exchanger has reached steady state, then dq, the rate of

23
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heat transfer from the hot fluid, is exactly-equal to the rate of heat transfer to the cold fluid ill a

differential length dx of the exchanger surface. For the special case of fluids that are not changing

phaseand have constant specific heats

dq = - tn ; C ,,1, dT" = -e" dT" -------------------------------------- (2.11)

(

dq = -/II, c",rdT, = -CedT, -------------------------------------- (2.12)

. I

where ~" and C care called the hot and cold fluid heat-capacity rates, respectively. Integration of

Eqs (2.11) and (2.12) along the heat exchanger(from 1 to 2) gives

q = C; (~'.i - T",o) -------------------------------------- (2.13)

and

I

----- ..------------,------------------- (2.14)
( .

• Logarithmic Mean Temperature Difference (LMTD) Method

The di fferential heat-transfer rate dq across the surface area element ciA can also be expressecl as

dq = Ut1TdA .'.------------------------------------ (2.15)

where L1T is the local temperature difference between the hot and cold fluids andU is the overall

coefficient of heat transfer .at ciA. BothU and~ T vary with position inside the heat exchanger (i.e.,
. :' I '(!

x), but by combining Eqs (2. ll ) and (2.12) with Eq. (2.15) it is possible for a single pass

24
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exchanger to integrate over' the exchanger contact surfacefrom inlet to out. The result of the

integration is

(I = A V 6T. ------------ ..------------------------- (2.16)1 m In

where q is the totalheat-transfer rate (BTU/min), A is the total internal contact area(ft2), U
Ill

is the

mean overall coefficient of beat transfer(B'IUzmin ft2 ()F), defined as

VIII = ~ fUdA ---.---------------------------------- (2.17)

. I

and is the logarithmic mean temperature difference (LMTD), given by

6~ - 67~
6T. = - ---.---------------------------------- (2.18)

111 In(67~/ 6T
2
)

As shown in Fig2.3a,l1TJ = T h,i-Tc,o and l1T2 = Th,o-T c,i for the counterflow, single pass case.

Equation (2.18) is also applied to more complicated heat-exchanger designs with multipass and

cross- now arrangements with a correction factor applied to the LMTD (Kern 1984), (Alan,IY84),

(Dryden, 1982) and (Krivadin and Markov( 1980)

2.6.4 HEAT TRANSFER COEFFICIENTS

The tolal quantity of heat transferred ina recuperator is found by the equation

Q = Ki1tavA, W ------------------------------------------- (2.19)

Where K is the total coefficient of heat transfer [rom waste gases to air, which characterizes tbe

total level of heat exchange in the recuperator,W/(m2,DC); i1tav is the average (over the heating

,surface) temperature difference between waste gases and air,DC; and A is the area of the surface

through which heat is transferred from waste gases to air,1112. The heat of waste gases is

" I
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rsferred to the wall by radiation as well as by convection. Therefore the local coefficient of heat

msferat the waste-gas side of thereci.perator is

C r«., = all'g + «.,
" I

-------------~----------------------------- (2,20)

where a'
II'J!

f

is the coefficient of heat transfer from waste gases to the wall by convection,

W/(11l
2°C);and a:'1! is the coefficient ofheat transfer by radiation, W/(m2,0C).

The heat transfer by conduction through the wall depends on the thermal state of the wall,

R= S / A and the state of its surface (where s= thickness of the wall,111; A = thermal conductivity

or the wall, W/(m2.0C)). On the air side of a recuperator, heat is transferred from the wall to air by

ronvection only. If a gas is heated in a recuperator, the heat transfer from the wall to the gas can

eccurboth by convection and radiation. Thus, with air preheating, the heat transfer process is

, '. I I

decidedby the local convective heat transfer coefficientsan = aa
c

All these heat transfer coefficierts can be combined into the total heat transfer coefficient

I
K = -'~~'--, - ------------------------------------------ (2.21)

l/a",g + s] A + l/an

With tubular recuperator, the total heat transfer coefficient should be determined as for a
"

cylindrical (linear heat transfer coefficient)

The coefficient K is called the heat transfer coefficient of a tube. If the quantity of heat transferred
,

should be related to the area of the outer or inner surface of a tube, the total heat transfer

coefficient can be found as follows:

---------------------------------------- (2.23)

And --------------- ..--------------------- (2.24)
" • i
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~llere<XI is the coefficient of heat transfer at the inner surface of a tube, W(m20C ) ; U2 is the

sme, at the outer surface, W/(m20C); 1'1 and 1'2 are the inside .and outside radii of tube, 111.

In metallic recuperators, the the.mal resistance of the wall, s//.. can be neglected and the

~talheat transfer coefficient will be written as

K = all'gan

. all'!! +an

.: I

, W l(m2oC) -------------------------------------- (2.25)

(

Alllocal heat transfer coefficients in this formula can be found from the general laws of heat

transferby convection and radiation.

• THE DIRT FACTOR

Theoverall heat transfer coefficient expressed by equations 2.21 and 2.22 is known as the clean

overall coefficient of'heat transfer. By using the clean overall coefficient of heat transfer, it is

assumed that the recuperator remains in the same clean condition from at the day it is produced till

its life span. This is not however so in practice. In practice, when the recuperator bas been in

service from some time, dirt and scale deposit on its inside and outside, adding two more
. ...'. I '(!

resistances than were included in the calculation of the clean overall coefficient of heat transfer

(Kc). The additional resistances reduce the original value of«c, and the required amount of heat is

no longer transferred by the original surfaceA; the final temperature of the waste gases rises

above and that of the air falls below the desired outlet temperatures, althoughallg and an remain

substantially constant. To ove 'come this eventuality, it is customary in designing the recuperator

to anticipate the deposition of dirt and scale by introducing a resistanceR, called thedirt, scale or

[outing foetor or resistance. IfRdi is the dirt factor for the inner cylinder fluid at its inside diameter

and Rdo the dirt factor for ahnulus fluid at ~he outside diameter of the inner cylinder. These may be

considered very thin for dirt but may be appreciably thick for scale, which has a higher thermal
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conductivity than dirt. The coefficient of heat transfer which includes the dirt resistance is called

thedesign or. dirty overallcoefficient of heat transfer(KJ. The value of surface area A

corresponding toKJ rather thanK, provides the basis on which the recuperator isultimately built.

The relationship between the two overall coefficientsK, and K, is

1 1K = K + Rdi + R"o -------------------------------------- (2.26)
d r

1 1- = - + R" -------------------------------------- (2.27)
K" «,

(Robert and Don 1998), (Alan 1984) al1d (Kern, 1984)
.,' I (I

2.6.5THE TEMPERATURE FIELD OF RECUI>ERATOR

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)

Figul·e2.4.I: Countercurrent Flow Figurc2.4.2: Co-cu rr cnt Flow

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

Source: (Krivadin and Markov 1980)

.,' I
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Ilcallbe seen [rom the graph that with the countercurrent flow, the final temperature of air, If be

can higher than the finaltemperature o lwastegases, t!.o, This is impossible with the cocurrent
, ~

flowill a recuperator. On the other hand. with countercurrent flow the temperature of a recuperator
. I

{

~Iallcan be appreciably higher than with co-current flow. For that reason counter flow is

effectivelyused in ceramic and metallicrecuperators at relatively low temperature of waste gases.

Co-current flow is employed in metallic recuperators in cases where the temperature of waste

~asesis so high that that the recuperator material can lose its stability.

Both with countercurrent and co-current flows, the temperature of waste gases and that of

airvary along the heating surface, resulting in a variable temperature difference between waste

gasesand air. This is why use is made of average temperature difference over the whole heating

surface,.6tav.
..' I

1.7 FUELS AND COMBUSTION

Fuelsare a source of energy, which when converted to heat can serve the purpose of raising the

emperature of furnaces. Selection of the fuel depends on various factors, but availability is often

Ihesale deciding factor. To avoid dependence on a single fuel, combustion equipment is often
I

"chosenin which alternative or combined LIseof fuels is possible.
,

All major fuels basically contain carbon, hydrogen e.t.c in organic or inorganic forms.

Combustion is an oxidation reaction producing carbon dioxide, water vapor and sulghur dioxide

accompanied by heat release. The total amount of heat obtainable by complete combustion, in air,
, , {

cfunit quantity of a fuel is its calorific value(CV). If the fuel contains hydrogen, water vapor is

ene of the products of combustion and if '~ondensed the latent heat of condensation is added tothe'

heatof combustion, giving the grosscalo-i fie value. In general practice, however, combustion

gasesare not condensed in working parts of the furnace, and deducting this latent heat from the
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grosscalori fie value gives the net calorific value. Fuels can be classified in the broadest terms as

gaseolls.liquid and solid fuels. The selection of the fuel best suited to a particular case necessitates,

possessionof knowledge concerning theirmore important properties and the equipment needed for

theirhandling and combustion (Oyelami et al 2003) and (Dryden, 1982).

" I

,'. I

• I
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CHAPTER THREE

3.0 MATL~RlALS AND METHODS

J.J MATERIALS SELECTION

Unlacesare buiIt up of metal parts and heat resisting non-metallic materials (refractories). The

llrengthand durability of furnaces are affected by factors such as vibrations, temperature and its

variations, the effects of chemicals and slags. This makes it highly essential to have a proper

mowledge of the available materials aud their properties.

3.1.1METALS USED IN FURNACE CONSTR,UCTION
. . I ,. (

Scale-resistant (heat-resistant) and refractory steels and alloys are needed for the construction of

Ihefurnace structures. Heat-resistant steels are those capable of operating in unloaded or weakly

loaded state and withstanding chemical aggression in gases at temperatures above550°C.

Refractory steels on the other hand call operate under load at high temperatures for a sufficiently

long time; they are also scale-resistant.(Cottrel, 1975)

A comprehensive list of corrosion and heat resistant steels with their characteristics and

typical applications needed ill the construction of the furnace and its incorporated heat exchanger

is as shown below. . I

Table 1.0: Currosion andIleal Resistant Steels with their Characteristics andTy rical A

Typical Applications

BS
3146
Part

II,
1975

Grade Material Characteristics

ANC
1

A 13% Cr
B Martensitic
C steels

A ger.eral engineering type stainless
steel, offering a range of strengths
and ~ardnesses. Medium corrosion
resistance.

A. Gas chemical and
petroleum industries; high
ductility engineering fittings,
golf club heads.
B. Heat resistant parts not
subject to high stresses.
C. Cutting blades, pump and
steam turbine parts.
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ANC 18% Cr 2% Ni A higr' tensile stainless steel with Pump and valve parts; highly

2 Martensitic improved corrosion resistant stressed aircraft and general
steels propeties. Resistant to oxidising engineering fittings.

atmospheres up to 760°C.-.. . ,

ANC A 18% Cr 10% Ni A. corrosion and aci~ restraint A. Chemical, pharmaceutical,
3 B Austenitic

•. I
stainless steel; excellent stability textile, dairy and oil

steels down '0,- 225°C. industries, e.g. pump and
valve parts.

B. Weldable version of the above, B. Exhaust systems and

usable up to 800°C. marine fittings to a certain
extent. Corrosion/acid
resistant parts not heat-
treated after welding.

-
ANC A 18% Cr 11% Ni Stainless steels with good corrosion In the chemical and

4 B 3% Mo and acid resistance, with medium processing industries, e.g.
C Austenitic tensile strength. valves and pumps handling

steels acids at high temperatures
and also chlorides and salts.

ANC A Ni-Cr steels Heat resistant alloys with resistance to Furnace parts, salt and lead
5 B cyclic heating and useful creep baths.

C strengih up to 650°C and good
resistance to scaling.

ANC A Cr-Nisteels. I Heat resistant alloys, with good Heat treatment parts and
6 B strength to 900°C and useful creep superheaters, welding

C strenqtn to 650°C. fixtures. High temperature
castings. Nozzle guide vanes
for gas turbines.

-
ANC Ni-base 20% A readily weldable heat- Furnace parts.

8 Cr; 0.4% Ti resistant alloy with excellent
alloy resistance to oxidization up to

1100°C and with useful strength.

ANC Ni-base 20% A hea'.-resistant alloy with good creep Diesel engine pre-
9 Cr; 2~5% Ti, and oxidization resistance up to combustion chambers, gas

1.2% AI alloy 870°C. turbine parts.
--

ANC Ni-base 20% Increased strength over the ANC 9 Turbine and turbocharger
10 Cr 16.5% Co, alloy with good creep and oxidization rotors.

2.4% Ti, 1.3% resistance up to 870°C.
AI alloy

ANC Ni-base 20% Medium strength alloy with excellent Gas turbine and stator
11 Cr 10% Co;. I resistarce to oxidization and thermal blades.

10% Mo alloy fatigue at tdmperatures over 1000°C,
good thermal shock resistance up to
1100°C. i

.- -
ANC Co-base 26% A high ..trenqth heat-resistant alloy. Impellers, hot metal dies and

13 Cr 10% Ni, 7% Resistant to oxidisation at high valve components.
Walloy temperahlres, corrosion, galling and

wear. C?oodresistance to creep and
thermal shock.- .

ANC Ni-base 27% A high strenqth heat-resistant alloy. Impellers, gas turbine
14 Cr 5.5% Mo, Resistant to oxidisation at high components and valve

2.7% Ni alloy temperatures and corrosion resistant. components for high
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Resistant to wear and with good low temperature service.
temperature impact properties.

ANC Ni-base 28% A corrosion and heat-resistant alloy. Chemical and petroleum
15 Mo alloy Good resistance to sulphuric and plant components and

phosphoric acids; excellent resistance pickling equipment.
to concentrated, hot hydrochloric acid
and acid chlorides. Useful creep
strength up to 800°C.

ANC Ni-base 17% A corrosion and heat-resistant alloy. Chemical and petroleum
16 Mo 16.5% Cr, Resistant to oxidising acids (e.g. plant components.

4.5% W alloy nitric) at high temperatures. Useful
..' I creep !.;trength up to\800°C .

ANC Ni-base 9% Si A corrosion resistant alloy, particularly Chemical and petroleum
17 3% Cu alloy. against hot sulphuric acid. plant components.

ANC A Ni-base 31% Corrosion resistant alloys with a range Power plant, marine
18 B Cu Si alloy of hardness for general engineering equipment, chemical and

C purposes. Resistant to superheated process industry
steam, sea-water, mineral acids. components.
Retention of strength and toughness
up to 4EuoC.

ANC Ni-base 20% A high strength precipitation Diesel engine combustion
19 Cr, 7%Nb, 6% hardening alloy resistant to thermal chamber inserts.

Mo, 3% Fe, 3% shock and oxidation.
Walloy

ANC A 14% Cr, 5% Ni, A high strenqth precipitation Marine applications where
20 B 2% Cu, 1% Mo hardening steel with good corrosion high strength and good

steels resistarce and good weldability. corrosion resistance are
required.

ANC 26% Cr, 5%; N!, Good corrosion resistance; Marine applications.
21 3% Cu, 2% Mo comparable to ANC 3 with higher

steel strength.

SOURCE: lit! p://www.ccralllicast.colII/lIla !crials. h I III I

3.1.2 REFRACTORIES USED

As earlier stated, refr,actories are materials which can withstand high temperatures (usually above

1580°C) and the physical and chemica. actions of molten metal, slag and gases in furnaces. The

materials used for the lining of tile furnace, the exhaust and the conical base of the heat exchanger

are

• Silica sand
:. I

• Kaolin

• Building Brick (from fusible clay)
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• Sodium Silicate and

Water

3.2 DESIGN CONSIDERATION

Undersame conditions, the atmosphere affects allmetals and alloys. Carbon dioxide and excess

oxygen may react with the metal heated and cause scaling. Scale can be removed by expensive

methodlike pickling, but surface finish may alter anddimensional tolerances may be impaired.

Since rotary furnaces ale now being widely used in heating/melting ferrous metals, besides

scaling,decarburization is a common problem. Oxidation or decarburization is linked closely with
". I !

thenature orthe furnaceatmosphere andto-the time and temperature of exposure. Typical furnace

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

atmosphere) may contain one or more or a number of gases such as oxygen, carbon dioxide,

carbonmonox ide, water vapour, hydrogen, methane etc. Even though themain aim of this project

isto design a recuperator-incorporated rotary furnace with more emphasis on the recuperator, the

resultant effect of the conditions inside the furnace highlighted abovemake it essential to take

cognizance of the designs of other essential parts.

3.2.1 DESIGN CONDIT1.0NS

(

Theconditions to be created in a furnace should be such that the heat flow to the surface of

. I

material is at itsmaximum and that it can be absorbed completely. This can be ensured by the

following measu res:

The temperature difference between the heating medi urn and heated surface should be as

high as feasible under the given processed conditions

• The furnace should be supplied with heat extensively with the maximum heat utilization

within the furnace space

" I
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• Gases in the furnace space should bemade to circulate vigorously, mainly under the action

of air fuel jets from burners

Fuel should be burnedcompletely and combustion should occur within the furnace space
.. I

'(

where possible

• The design of a pressure conditions in it should be such as to minimize the contact of

furnace atmosphere with the surroundings

3.2.2 THE BURNER SYSTEM

Theburner, which is 'a fuel-burning dev.ce, converts the chemical energy of fuel into thermal

energywhich is required to effect technological processes in the furnace. A low-pressure liquid-

fuelburner is used in (he operation of a recuperator-incorporated rotary furnace. Liquid-fuel

burnersshould meet the following requirements:
:. I (

(hey should atomize liquid fuel and mix it thoroughly with air;

ensure stable combustion and form an uninterrupted flame of a desired length;

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

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

(injector) burners, burners with partial premixing and the outside-mixing (Dame) burners. Outside-

mixing (flame) burner is the most effective type of burner used for a rotary furnace most

especially when incorporated with a recuperator. The reason being that it allows for variations in

the name length. The flame length must be contrcllablc because before reaching a steady state, the
. ... I (' .

recuperator fi rst produces variati ons in thermal load.

Assuming that the optimal thermal load of the burner surface isHr, and is approximately

equal to 930 x 10.1W/m2, then the quantity of heat emitted by the burner is

-------------------------------------------------- (3. I)

35

', I



The other most important parameters in low-pressure burners are the outlet cross-sectional

areas Forliquid fuel and air. The outletcross-sectional area [or liquid fuel is found as

J, = Ahi JII) PIP I' m2 ----------------------------------------:.- (3.2)

. where

A = a coefficient ~vhich is equal to195.625

b ,;=1 fuel oil now rate, kg/l~

PI = fuel oi I pressure, N/m2

JlI = flow rate coefficient for fuel oil (ranges from 0.2 - 0.3)

PI = Iuel oil density

The air outletcross-sectional area for the low-pressure burner is

------------------------------------ (3.3)

where

ia ~ outlet cross-sectional area forair, mrrr'

VII = air [low rate t1~roLighthe burner, mJ/h

~, = total head of air at the ouLlet,N/m2

Jln = air flow rate coefficient (ranges from 0.7 - 0.8)

AI = a coefficient, which is equal to618.75

p" = air density, kg/m '

3.2.2.1 FLAME LENGTH

Aswas rightly pointed outat the beginl'.in~ of thisreport, flame length is critical to the design of a

rotary furnace, whether incorporated with a recuperator or not. A burning gas or an atomized

liquid or solid fuel forms a flame, when bu'rnt in an oxygen-containing atmosphere. A visible
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nameis a ILII~linous stream of incallde~,centgases. A flame has a certain geometric shape and

dimensions which are required to suit.he hearth or working space of a furnace. Failure to optimize

thesetwo parameters is bound to lower furnaceefficiency, shorten the service life of refractories,

pollute the environment and cause other undesirable effects. The length ora free turbulent flame,

L, is calcu lated from-

--------------------- (3.4)

where ,.. I

z = L r / do = dimensionless length of the flame expressed in diameters of gas

nozzle, do

No and bo = constants of a turbulent jet respectively equal to11.2 and 0.4 7;

. 1
-=2.14
bo

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

burn lkg of fuel according to a stoichiometric calculation of
:. ,

L,,,·Po,,
w=----

r.,
f· 3o all', m ,combustion, kg/kg; where L,,,is the theoretical volume

required to burn 1m3 of fuel, IT!'IJtn}

p and P = respectively densities of air and gas under normal conditions, kg/rrr'
n (1 o.)! ,,

f( w) = dimensionless function of the stoichiometric numberw, which in

calculations can be assumed to equal14.8x 10-4

./; (p) = dimensionless function of characteristic densities

,,' ,
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F,. = Froude number

II (p) = p" [~- 1] ----------------------------------- (3.5)
oj! r.:

. I
(

where p" and PI! respectively densities of air and gas, kg/m '

12.2.2TEMPERATURE OF COMBUSTION AS A FUNCTION OF TIME

A stationary thermal state is a situation whereby the transfer of heat in a body involves no change

in temperature with time, that is, dt/ d ~= O. However the situation in a rotary furnace is a1101l-

stationary thermal state whereby dt] d r *- 0, that is, the temperature of the body changes with

time, and the enthalpy of the body varies. The analytical relationship between the change in

temperature and in the quantity of transferred heat with time for any point of a body may be

obtained by solving the basic differential equationbr heat conductivity which in the Cartesian

coordinates has the form

---------------------------------------------- (3.6)

where V2 is the differential Laplacian operator.

In the cylindrical system of coordinates the differential equation of heat conductivity takes

on the form

!! = (I( D2[ + ~~ + _1 r: + a2
1 ) (3.7)

Dr (JJ.2 r Dr. I ,.2 Dcl>2 Dzl
(

To obtain a single-valued solution for the equation of heat conductivity, it is combined with the

equations for edge conditions consisting of {a) starting conditions and (b) surface or boundary

conditions.
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For a linear change in temperature of the surface ofa body, that is, heating ofa body at a

constantrate Ch and uniform distribution of temperatures at the starting moment, the boundary

conditions are

tx=±s = t, + Ch T ; tt=o = t, = F(x) ---------------------------------------------- (3.8)

The solution in general form for a cylinder of infinite length is

,r (3.9)

Valuesof function (D depend on the Fourier number and the dimensionless coordinates of points.

At a: ~0.5, the expression for t, which represents the average temperature or combustion ill the
R-

furnace, is

______________________________________________(3. 10)

where

.. ., 0
t, = room temperature, C;

Ch (heating rate, K.I/h)= B Q:,;

Q:, = Lower Calorific value of the fuel used,Kl/kg:

B = fuel flow rate, kg/h;

"(= heating period, 11;

r = internal radius of the furnace cylindrical shell, m;

S = thickness of the cylindrical shell, m;

R=r+S,m;. ., ,
•. • I A,

a (coefficient of conductivity, 1112/h)= -;
IX
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c = heat capacity, KJ'/(kg 0c)

A = coefficient of heat conduct: vity

.. ~
p = density, kg/rn . (Kazantsev, 1997)

3.2.3DETERMINATION OF THE FURNACE-CYLINDER INTERNAL DIAMETER AND

LINING THI<;:KNESS

The above-mentioned parameters are two of the major parameters needed in the design of the

rotary furnace in addition to the flame length desired. To effectively calculate the parameters, it is

highly essential to do an analysis of the heat transfer In the furnace.

" ,..I l

3.2.3.1HEAT TRANSFER ANALYSIS IN ROTARY FURNACE

III analyzing the heat transfer process, basic assumptions made are:

I. The temperature and radiant characteristics or the gases are taken to be constant

over the whole furnace volume

2. The temperature in various points of metal surface is assumed to be constant;

3. The heat flow transferred 1'1'0111 the gases to furnace lining by convection is taken to be

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

makes it possible to regard the lining as adiabatic relative to the radiant flux falling
,..I

onto it.

3.2.3.1.1 INPUT HEAT

I. Chemical Heat of fuelcombustion

.----------------------------------------- (3.1 I)

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

Q:, = lower Calorific value of the fuel used in KJ/kg

B = fuel now rate inkg/h
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2. Physical Heat of preheated air

------------------------------------------------- (3.12)

Where t, = temperature of preheated air (oC) .
. . I

Ca = specific I~eat capacity dfair atTa (KJ/m30C)

n = air excess factor

Va = quantity of air theoretically required to burn a unit of fuelm-'/kg

J. Physical Heat of preheated fuel

Qr = B t,CfT r (KJ)------------------------------------------------------ (3.13)

Where tr = time taken for preheating the fuel (h)

Cr= specific heat capacity of preheated fuel (KJ/kgK)

T. = temperature of preheated fuel(K)
," I

(

4. Heat of exothermic reactions \'\ hich is basically the heat liberated through oxidation of

metal. Assuming the oxidation less of iron isI % and its heating value is 5652KJ/kg

=> Qcx=5652 Mt x 0 01 (KJ)

= 56.52Mt (KJ) . ------------------------------------- (3.14)

where M = mass of the charges (kg).

Total Heat input Qi = Qch+ 0 J + Qr + Qcx (K.I) ----------------------------- (3.15)

Since only the air is preheated

~--------------------------------- (3.16)

3.2.3.1.2 OUTPUT II ITAT

I. Useful heat required to heat andmelt the materials:

01 = [MCI1l(T,,",- To) + M 1"11]1

= M t[ C,,(TIll - To) + LIll~ (K.I) ----------------------------------------- (3.17)
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where

M = mass of the charges (kg/h)

CI11 = speci fie heat capacity of the charges(KJ/kgK)

Trn = melting point temperature of the charges(K)

'1'0= initial temperature of the charges(K)

Lrn = Specific latent heat ofmelting of the charges (Kl/kg)
. ":' '( !

2. Ileal lost with waste gases

Q2 = B t vwg t\Vg (K.I) ------------------------------------------- (3.18)

Where

c\Vg= mean specific heat of waste gases (K.l/m3 °C)

"t = total time taken (h)

B = fuel flow rate in kg/h

I

vwg= quantity of the waste gases in a unitmass of the fuel(m3/kg)

twg= temperature of the waste gase~(bC)
, (

3, Heat of the chemical incompleteness of fuel combustion

Q3 = B vwga t x 121421(.1 --,----------------------------------------- (3,19)

Where a= proportion of unbu: nt CO in the waste gases= 0.0IS

4. Heat from the mechanical incompleteness of combustion

Q4 = 0.01 Qch (K.I) --------------------------------------------- (3.20)

5, Heat losses by conduction throi.gh the lining

Where KL = thenJ1211conducti vitJ(0 f the lin ing (W ImK)

tz = junction radius = ir.ternal radius or the shell without the lining (m)
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fl = internal radius of the S~lell with the lining (111)

TI = average temperature in the furnace (K)

T2 = outside (surface) temperature of the shell (K)

To = room temperature (K)

LI = length of the shell (rn)

L2 = slant length of the conical frustum (m)

t ~c total time taken (h)

--------------------------------------- (3.22)

fl = (Qc - y)r2 / (Qc + y) ----------------------------------- (3,23)

6. Heat losses by radiation through open doors of the furnace

I

Qr, =- ('ocr 1 / ibO)4 F<l)(p (KJ} -----~------------------------------- (J.24)

Where Co= emissivity of a black body = 50768 W/n/K4

F = surface area ofoj.en door (1112)

c1J= c1iaphragming coefficient= 0.67

<P= [ime when the door is open(h)

7. Heat lost with the cooling water (steam) ill the furnace

Q7 = 0.l5(I-Je,<t input)
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= O.15Qj --. ------------------------------------------- (3.25)

8. Loss of the heat accumulated in '!le lining

-- ...----------------------------------------- (3.26)

9. Unaccountedlosses I

Equating the heat input and heat output
,-

If Qt = Q I + Q2 + Qu

= Qt + O.2Qu + 1.2Q,

Qc = (Qj ._-Qt-- O.2Qu) / J.2 ---------------------------------------- (3.27)

rrom(3.18)

let (Qc --y) / (Qc+ y) = u

----------------------------------------- (3.28)

. I
(

3.2.3.2Compressive strength of the lining

Let the Compressive strength be(J

--------------- (3.29)

Where
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() = lining shrinkage allowance (m)

L1lc= thickness of the cylindrical shell without the lining (rn)

I

E, = Young's. modulus of cylinder (Pa)

F:L = Young's modulus of lining (Pa) (Dryden, 1982)

:1

--------------------------- (3.30)

Substitute (3.23) into (3.25)

---- (3.31)

··i ....

1i n i ng thick ness = .6.11. = 1';> - 1'1 ------------------------------------------------------- (3.32)
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J.2.4 DESIGN OF TilE TRANSMISSION SHAFT

The design of the transmission shafting is based on the maximum shear stress theory and takes

II1tOaccount the effect of fatigue and shock by introducing two constants in to the equation of

maximum shear stress. The diameter ofthe solid transmission shaft used is thus calculated from

3 1 () ,-;-;;-_. 2 2

d =-·v(K"IVl,,) +(K,M,)
1[S,

------------------------------------- (3.33)

where

M,= torsional moment, Nm
.: I (!

M" = bending moment, Nm

K" = co IIIbi ned shock and fatigue factor appIied to bend ing moment

. K, = combined shock and fatigue factor applied to torsional moment

(K,=1.0)

S, = maximum allowable shear stress N/m2 (Sadhu, 1999)

3.2.5 DESIGN OF KEY AND KEY-WAYS
. I

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

the key is prevented. In this case, keys are used to connect the rollers and the shafts.

Sunk keys arc used in this design.A Slink key is a type of key which when inserted into the

keyway is partly in the shaft and partly in the hub .

.
The width of the key is

h=d
4

-------------------------------------- (3.34)

. I
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and its length is

nd '
'-1---

8h
--------------------------------------- (J.3 5)

where
'. I

(

d = shan diameter

h = key width and

, = key length (Allen et ai, 1980)

),2.6 BEARING SELECTION

,
Arolling-contact bearing is chosen tobe the most appropriate one becauseof the following

reasons:

More accurate centeri ng of the shaft

Low coefficient ofIriction
,I

Weak dependence of the coeffir ient of friction on operating conditions

Low resisting moments during starting periods

Small axial dimensions

Ability to operate with a small oil feed

•
I

Ability to operate within awide temperature range from temperatures close to absolute

zero to 6000e coupled with the ability to operate in high vacuum.

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

that the bearing material can-vithstand at <t given load and, therefore, depends on the speed or

rotation. The durability sharply decreases with increased loads.(Odov,1980)

~.2.7 BLO\VER DESIGN/SI!.:LECIION

Blower is the medium through which .he combustion air needed for the generation of heat from

burner is supplied. While a medium-pressure blower(of pressure up to 3000N/m
2 or 300111111H20)
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could be used effectively with a rotaryfurnace without a recupcrator, a high-pressure blower of

well over 10,000 N/m2 (1,000111111H20) pressure is needed when incorporated with a recuperator.

One of the most important characteristics of the blower is its speciIic speed or speci fie
I

number of revolutions Ilsp' The speei fie speed lispof a blower is a value that interrelates air

delivery v mJ/h, total pressure H 111m H20 under standard atmospheric conditions (atP=7601l11ll

Hg, t=20llC) and relative humidity of )\1%, and the number of revolution per minute, n

," ,
1/) (

1'1\' - ,
-------------- ------------------------- (3,36)that is 11

·'1'

The technical data obtainable for single-inlet exhaust blowers with multi-blade wheel at a

preheated air temperature of 200°C(ai preheated by the recuperator) are as shown ill the table

below:

Table 3.0: Sill le-Iulct Multi-Blade Blowers
Maximum '~otal Efficiency, Consumed Initial

'1')pe delivery n, rpm Pressure II, QlI1ax !l0IVcr'N, mument of Net mass, kg
QllIa:o 111:1/h ,\1111 1120 o., kW rotor, kg.1Il

2

[l·10·125 11'0 105000 730 155 54/(jO 80 93 1915
I.\)()()() _%,2 265 54/60 180 93 1915

)l·1n· J.\ u., I I <noo 73(), ICIS 1'4/60 <)S III I9!iO
I550()() <)iio 285 54/()O 220 III I<)(iO_.

)l·IO·I:l511," 13U()O() 730 175 54/60 120 128 200()
170()()() ')(i() :110 54/60 265 128 :ZOOO

-1--
1980)l·IO·14 H,o I450()O 730 , i90 54/{J() 140 127i

1<)0000 <)(,c , 3.'\() 54/{J() .120 127 I<)SO
---

)l·10-145 11'0 1(,0000 730 IW 54/('() 1(,5 154 2025
210000 %0 210 54/60 385 154 2025

)[·10-125 11~0 1050()0 730 135 54/(,0 70 86 I<)OU
130000 %0 235 54/6U 155 86 19UO

fl·I0-1.1 I·I JO 115000 730 150 54/60 85 102 19.'\5

155000 <)(iU 255 54/60 200 102 1935
!l·IO-IJ5 H4fl 130000 730 160 54/6U 100 116 1975

170000 960 275 54/60 240 116 1975
Jl·IO-14 HJO 145UOO 730 175 54/60 125 123 1955

190000 960 2<)5 54/60 290 123 1<)55
1l·IO·145 HJII 16000() 730 185 54/60 145 140 1<)95

210000 960 J. 320 54/60 340 14U 1995
SOURCE: [Kaznntscv, 19801

.. . ,
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JRECUPERATOR SPECIFIC DESIGN CALCULATIONS
. I

, . (

(FOR A lOOKG ROTARY FURNACE)

esc speci fie design calculations aremeant to demonstrate the procedures for determining the

. uperators basic dimensions with the aim of incorporating the procedures into the program to be

nuen (the program shall be for evaluating the essential dimensions and parameters needed for

~edcsign of a rccuperator-incorporated rotary furnace)

The first step taken in the design of the recuperator is to determine the process conditions.

Thisincludes the' analysis of the fluid (waste gases) compositions, determination of the

emperatures of operation and the pressures drop. The second step was to obtain all the required
I. I

f

physical properties over the temperature and pressure ranges of interest. The third stage involved

choosing the type of rccuperator needed while the fourth and the last stage was the real design and

re-design (whenever necessary) to get the necessary dimensions and ensure that the process

specifications with respect to both heat transfer and pressure drop are met.

3.2.8.1 ANALYSIS OF STREAM COMPOSITIONS

The analysis is done to obtain not only the percentagecompositions of the combustion products

(the waste gases), but also to evaluate some important parameters that are needed for the analysis

of heat transfer, Those parameters include among others the total quantity of waste gases formed
. ...' I '(!

through combustion of unit mass of fuel ane! the quantity of air theoretically required to burn a unit

I

of fuel. Due to its availability, diesel .s chosen as the working fuel.

Diesel contains 98.5%C'21-12()(I %S, O.5%N & 0) ane! has a combustion equation

( 12x 12+ 26x 1)kgC d-126 +..0.7/2 x3~~)kg Or-t 12(12+ 32)kg CO2 + 13(2+ 16)kg l-hO

170kg Cd-126 + 592kg O2 -t 52Rkg CO2 + 234kg tbO

. I



Ikg C 12H26 + 5921170 kg O2 ---t 5281l70kg CO2 + 2341170 kg l-hO

(but 1kg of fuel contains 98.5% C12H26)

=> 0.985kg OfCI21"h~, + 3.43kg O2 produces 3.06kg CO2 + 1.355kg H20
I '

Amount of O2 needed = 3.43/32 x 22.4 = 2.40 I nfl/kg of fuel

Amount of N2 that accompanies the air needed to produce 3.43kgO2 is

76.8/23.2 x 3.43 = 11.3Skg/kg

= 11.3':/28 x 22.4 = 9.08m3/kg

Air needed per unit mass of fuc] is Va = 2.401 + 9.08 = 11.48Im3/kg

CO2 3.06x22.4/44 = 1.558m3/kg

Waste gases produced: Vwg = ~.55~ + 1.686 + 9.08 = 12.324m3/kg

Table 2.0: Volumeuic analysis of the combustion per 10011I of C1zHz6 (101.5111' of fuel)

Fuel Air , nr Combustion products, nr

l-r-
Content 01 N, 'lot,jJ CO, SOl 11,0 0, N, Total

(ompoue»

I .111
,

(",.'11,,, <is ..'' IRX222 182375x37 1323751·(,8607 1182 12805 ()25+68W.7 2-1(,2.:i

5 () 7 7

= (,S60.77 ' 868452 =6861.02

S I I ,. I I

OJ 0.25 - - 025 025
-- _.. hX(,102

N. 025 OS

~ 111 \ ('~~d 100 182J.75 68(,0.77 ,:684.52 1182 I 12805 0.25 6861.02 9324.71

at n = I (21.0) (79.0) (100) {12.676 (0.011 (13.732 (0.003 (73578) (100)

) ) ) )

at n ~ I 2 100 21XR 5 82J2.'J2 10421.42 11'82 I 12805 365 8233 17 110(>1'<,

(210) l1')O) ( IOU) (
1(IO.I>!;h (0.01)') ( II.S7C1 (.13) (74.42<)) 7

) ) ) (100)
L- _ ... I ----

Source: Oyelami et al, 2003

.1.2.8.2DETERMINATION OF Ol)ERATIONAL TEMPERATURES
.. '.

The average temperature of thewaste gases leaving the furnace isI050°C and that of the

surrounding air is taken to be at the room temperature of 27°C. Since one of the main purposes of
,
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igning the recuperator is to increasethe temperature of combustion significantly. it is pertinent

determine the existing temperature01" combustion (for the existing rotary furnace without

recuperator),choose a new desiredtemperature to be accomplished as a result of therecuperator

ncorporation and calculate the final temperatures of both the air and the waste gases necessary for

Iheallaint11entof the newcombustion temperature.

• FURNACE COMBUSTION TEMPERATURE WITHOUT RECUPERATOR
I

To calculate the calometrictemperature in.the furnace, enthalpy or combustion fa is

I = Q~
o 11

HX

-- ----- ---- ..-~----- -- --- ---- ------ ---- ------ ------- - (3.37)

44000 J
J 0 = = 3570.27 KJ/m

12.323

where Q(~ = Q:,. = 44000KJ/kg

Enthalpy of combustion products at 20000C is calculated thus (using the appropriate percentage

composition of combustion products of diesel from table 2.0)

1(0, =0.10686x49)0.51 =524.74KJ/mJ
!

, . (

31,1', = 0.74429 x 2970.25 = 22JO.73 Kl/rn

I() = 0.033 x 3142.76 =
1

Ien.71 KJ/Ill J

I",u = 0.11576 x 3889.72 = 450.27 K.1/1113

I, = 3289.45 KJ/m3

Enthalpy of combustion products at 2300()C is

1m, = 0.10686 x 5746,39 = 614.06 KJ/m3

. • r (!

IN, = 0.74429 x 3457.20 = 2573.16 K.1/m3
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fll, = 0.033 x 3662.33 = 12().85K.J/1113

. I

III ,() . - l\. I I:' 7(1 \ -i:+ 8::; .:14 -r-- ::; I ().2:2 X.1/ ll\:1

12 = 3827.29 K.J/m1

ecalorimetric temperature is

i, = 2000 + 3570.27 - 3289.45 (2300 - 2000)
3827.29 - 37.89.45

= 2156.6 "c.

The furnace maximum combustion temperature is1

Imlllil = '/1,. --------------------------------------------------- (3.38)

vhere'l = pyrometric coefficient.

Usinga pyrornetric coefficient of0.7,

tcolllb = 2 156.<5 x 0.7

= 1509.62"c.

This value compares favourably well with the1492"c maximum combustion temperature

obtained from an operational rotary furnace (check table4.1)

. . :. I ·r 1

• CALCULATION OF FINAL TEMPERATURE OF AIR EXPECTED FROM TilE

RECUPERATOR

As calculated from the preceding section, the maximum combustion temperature obtainable from

the rotary furnace without a recuperator is1509.62 °C. Now, it is desired to raise the temperature

to 2000 "c through the incorporation of the recuperator. This is the basis used for calculating the

final temperature of the air to be preheated in order to have the furnace temperature raised to

.:. I 5~



From equation 3.38,

t ; = t mlllb . (3.39)

'7

,

Enthalpy or combustion products at 28.57.14oC is

Jco, = 0.10686 x 6303.':>3 = 673.60 KJ/m3

J N = 0.74429 x 3786.09 = 2817.95 KJ/mJ,

J 0, = 0.033 x 4014.29 = 132A7 K.1/1113

IH,o = 0.11576 x 5076.74 = 587.68 K.1/1113

J() = 421 ".70 KJ/IllJ

From equation 3.37
" J (

Q~= 10 x v., = 4211.70x 12.324

= 51905 KJ/kg

Q(~ = Q:, + Q:,h ------------'--------~--------------------------------- (3.40)

whereQ', = Q" and c; = Q,h = 44000KJ/kg (using equations 3.11 and 3.12)
I" Bl II· Bt .

=51905 ~ 44000 = 7905KJ/kg \
.' ('

From equation 3.12,

Q{/ 1
I =----

n Bf . lie v
(1 (/
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where ~ :=: Q;'h :=: 7905 x 10' .//kg; n = '.. 2; c~ (at 400°C) = 1.3302 x Ioj J/nY~°C; Va = 11.481m'/kg
15f

t :=: 7905 X 101
. 1 -----

n 1.2 X 1.3302 X 103
X I 1.481

Thus the final temperature of air I!, used for the design is 450°C

• CALCULATION OF FINAL TEMPERATURE OF 'VASTE GASES EXPECTED
. I

FROM THE RECUPERATOR

This is done through the analysis of the heat balance in the recuperator.On the assumption that the

recuperator is perfectly gas-tight, the heat balance is analyzed based on further assumption that 10

per cent of the heat supplied is lost to the surroundings.

0.9 V ' (Cill I ill - c'. f f ) :=: V (cf f f - C
ill I ill) ------------------------------ (3.41)

H',f! 11'~ \lJ! H"g \IX' n n n a a

To find the specific heat of waste gases at the recuperator outlet, it is assumed that I;;g :=: 900°C.

specific heats of waste gases are

3
C(O, =0.127 x 2.1915 =0.2783 Kl/m

c,. =O.73Gx 1.3817= 1.0169K.//m:

C",o = 0.137 x 1.6865 = 0.2783 101m3

C r = c = 1.5263 KJ/nl-'
lrg 2:

, I
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1050- 1000 " 10
Ceo = 0.127 x [2.2266 + (2.2593 - 2.2266)J= 0.2849 KJ/I1Y C

! 1100 -1000

. 1050-1000 3
CN = 0.736 x [1.3938 +" (1.4056 -1.3938)] = 1.0302 Kl/rn

! 1100 -1000

1050-1000
CliO =0.137x[1.7133+ (1.7397-1.7133)]=0.2365 KJ/m3

! 1100 -1000

. I

The specific heat capacity of air is

<' = 1.3009 + 27 - 0 (0.3051 -I .3009) = 1.03203KJ/m3 "c
{ 100-0

!

CI = 1.3302 + 450 - 400 (1.3440 -1.33(2) =1.3371KJ/m3 "c
n 500-400

I . . .
Using 1- % hrs as the standard cycle period, from table 2.0

2 .". I I ( ,

Vwg =9324.72/1.5 = 62171113Ih

V~ = 8684.52/1.5 = 57901113/h

The heat balance equation, with 10 per cent of heat being lost to the surroundingsfrom

eq nation 3.41 is

0.9 x6217(1.5516 xl 050-1.5263t!g) = 5790(1.3371 x 450 -1.03203 x 27)

5595.3( I629.18 - 1.5203t!g ) = 3322476.8

.". I
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{I = (1629.18- 3322476.8):< 1 = 678.36oc
"g 5595.3 1.5263

To close up the gap between theassumed t;~Q of 900°C and the calculated l!.a of678.36°c, the
, , b
I

specific heat of the waste gapes is re-calculated at anassumedt!g of 700°C and the process
' , ; r

repeated

Ceo, = 0.127 x 2.1077 = 0.2677K.1lmJ;

CN, = 0.736 x 1.355~ = 0.9975K.1I1113

C",O = 0.137 x 1.6338 = 0.2279 KJ/mJ

cI = c = 1.493 I KJ/Ill3uv "\ •
b L..,

Using the same heat balance equation witl1 the ten percent ofthe heat being lost to the surrounding

0.9 x 6217(1.5516 xl 050 -1.4Y311,~g)=: 5790(1.3371 x 450 -1.03203 x 27)

5595.3( I629.18 - 1.4931t;~g) ceo 3322476.8

{I = (1629.18- 3322476.8);< 1 =G93.44oc
llg 5595.3 1.4931

• AVERAGE TEMPERATURE DIFFERENCE IN THE RECUPERATOR

For a co-current flow of the type shown in figure2.4.2, using the logarithmic mean temperature

di fference (LMTD) approach in section,2.G.3, equation 2.18 can be modified to give

. I

61;11- 6lr61"',=·----
In(6/'/I /61r)

------------. ------------------------- (3.42)
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(t ill - till) - (t I - t I )
A wg a wg a
utav "i' , "

, t'" - t'"
In[;g (~]

twg - t;

-------------------------------------- (3.43)

__(1050 - 27) - (693.44 - 450)
6tav . 1050 - 27

.;.In[693.44 - 45(0]

61
1ll

• = 1023-243.44 = 5430C

In[ 1023 ]
243.44

3.2.8.3CHOICE OF APPROPRIATE RECUPERATOR

The heat transfer in a recuperator between the gases and the heating surface is byconvection,

which depends on the velocity of the waste gases across the heating surface or by radiation from

the water vapour and carbon dioxide in the waste gases, which depends on the thickness of the
. I I

" ('

layer, the concentration of these components in the gases, and on the temperature. The type of

recuperator chosen for this design is the radiation type. The choice of radiation recuperator is

chosen after due consideration to the following factors, as outlined by (Stephen, 2000):

• Initial cost

• Operating temperature

• Desired preheat

• Pressure level and pressure loss

• Campaign life and r.~liability
, " '(

Ease of repair and site considerations•

• Resistance to corrosion

• Resistance to fracture
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Basic requirements taken into consideration for the eventual design of the radiation recuperator are.
its ability to:

• ensure themaximum utilization of the heat of waste gases

• have an appropriate stability to withstand the high temperature of waste 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 coefficient at a maximum; this minimizes the size of the
.,: I ~

recuperator

• have a minimum hydraulic resistance and

• ensure an appropriate gas tightness.

It was decided to make the chosen radiation-type recuperator have its working fluid flow in co-

current flow because it has been established that the final temperature of the waste gases after

transferring all the desired heat 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 carrier not to be greater than the final temperature of the cold carrier. This
», I I

, »" >('

possibility cannot be guaranteed in a counter-current flow situation,

3.2.8.4 DETERMINATION OF THE BASIC DESIGN PARAMETERS

A typical radiant recuperator, according to Kazantsev (1997), has an appreciable thermal load of

the heating surface ranging from 250 to 335 MJ/(n{h).

"Taking the average of the two, the expected thermal load is

(250+335)/2 = 292.5MJ/(m2.h)

= 292,5 x 106/3600 = 81250W/m2

Heat transfe~coefficient is}~e thermal loa1 per unit temperature.
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Fherefore, Heat Transfer of the heating surface is

K = Therma/Laod
(' t ::~

Kc = 81250/1050 = 77.38 W/m20C
. I

(

This is the clean overall heat transfe. coefficient which shows that dirt has not been taken into

account. The design overall coefficient is the dirty overall coefficient[(d.

From equation 2.27

II
-=-+R
K K d

d r

or

K = Kr
" I+R K

" r

-----------------------.--------------- (3.44)

For diesel combustion products, R, = 0.00175 m20t/W

K = 77.38 = 68.15W/m20C.
" 1+ 0.00175 x 77.38

The heating surface covered by the waste gases before reachingt,~g (from equation 2.19) is

------- ....---------------------------- (3.45)

where Q as calculated from the heat balance is
I,

Q = 332247.8 x 10'/2 = 46145.43W'
3600 '

.: I

A -_ 543°('u.t ,n'

A = 46145.43 = 1.247m2
68.15 x 543

The heating surface area is 2nrl.
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From equation 3.31 and 3.32 for a IO()kg rotary furnace:

Diameter of the cylindrical shell = 0.49?929m = 496.929mm

Thickness of the lining= 0.12732111:= 127.32ml11

Inner shell diameter (after lining) = 496.929-127.32x2

= 2l~2.289mm

The recuperator inner diameter is then chosen as 250111111

Recuperator sprout base diameter= 496.9~9-127.3Q

= 369.609

The recuperator's sprout basediameter is then chosen as 3751ll1ll and its slant length as 370111111.

)' A 2 I dl I A 1.247 2-rom = 1U =n ,=-= ----=1.588m
nd 3.142.< 0.25

• ANNULUS SJ)ACE

" 4 x Flow.Area 4n(Dg - D;2) Dg - D;2
The equivalent diameter De = --.' = = --------------(3.46)

WettedPerimeler tJ.nD; D;

Using 44%D; as Dc
. I

2 D2
0.44D = Do - ;

I D
I

Do = J1A4D; = .JIA4 x 0.25 = 0.3111 = 30011l11l

• DETERMINATION OF TltEJ-IEAT TRANSFER COEFFICIENTS

If the heat transfer coefficient of thewaste gases is represented byh",g , then

where (X\= 1.3718
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D; = recuperator's innerdiameter = 0.25m;

• • 1
lIwg = 14.5801/s;

fLlIR (AbsoluteVisco~.itY) = vllf!,PlIg

(1(' . Vi ity) [9 650 - 600 6] 06v, inemauc rsco.sity = 3.61 + (112.1 - 93. I)xl
II)! 700 - 600

650-600 3
PII'g = 0.405 + _ (0.363 - 0.405)= 0.384kg/m

700- hOO

!-'''f!, = 102.345x 106 X 0.384 = 39.3 x 106 kg/m.s

. 30cwg = 1493.l..J/m C

650 - 6\)0 0
/L = 744 +-(829 -744) = 786.5W/m C

1If!, 700 - 600

v . = [60.38 + 450 - 4?0 (76.30 - 60.38)] x10(' = 68.34 x 106
II 500-400

450- 400
P = 0.525 +--(0.457 - 0.525)= 0.491kg/m3

II' 500- 400 .

/-',1' = 68.34 X 106 x 0.491 = 33.55 x 106 kg/m.s

Using equation 3.47

1f the heat transfer coefficient of the air is representedby h, ' then

:1



Do = recuperator's outerdiameter = 0.30m;

ua = 25m/s;

fla (Absolute Viscosity) = va Pa

(1(' . V· ity) [6 ( 450-400 9 ] 6V mematic ISCOSlt\, = 3.0~ -IT (7 .38 - 63.09) xl 0
" , , T J r ' 500 _ 400

450 - 600
P = 0.524 + (0.456 - 0.524)= 0.49kg/mJ

a 500 - 400

Ita = 71.235xl06 X 0.49 = 34.905 X 106kg/m.s

450- 400
;t = 522 + - --(575 - 522)= 548.5W/mOC

a 500-400!

. 450 - 400' (,
VII = [60. 38.-tJ (7Q.30 - 60.38)]X 106 = 68.34 X 10

500 - 400 .

450- 400
P , = 0.525 + (0.457 - 0.525)= 0.491kg/rn'

II 500 - 400

fI", = 68.34 X 10()X 0.491 ;, 33.55 X toc, kg/m.s

Using equation 3.48
),

II = 1.652x 548.5 (0.49x 25 x 0.3r0<) (1337.1x 34.905 x 106r,/\34.905yu,
a 0.3 34.905x 106 548.5 33.55

= 148.88 W/m20C

', I

• DETERMINATION OF THE RECUPERATOR 'S "VALL THICKNESS
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Thickness of the recuperator 's wall is determined from the equation expressing the overall heat

transfer coefficient in terms of the wall thickness, among other variables is as expressed in

equation2.22 from which

t .

K = 2;rr. W/(m2.0C)
r Ila,r, + (l/A)lnr 2/r, +1ja2r2

Rc-arranging the equation gives

A. A 2;rr,t,
In r, + --.-fr -- - ---.---:In r

l
= 0. --------------------------------- (3.49)

- a :r a.r. K (
2 2 I I {

where K, = 77.38 W/m20C; a, = all == 148.88 W/m2 DC; r, = r, = 0.125m

28 8 zs.s 2;rrx 28.8
In r2 + . + - -In 0.125 = 0 ------------------- (3.50)

,293.2r2 148.88 x 0.125 77.38 .

If s=O.OOI111,r2 = 0.126m; equation 3.50 becomes

InO.126+ 28.8 .+ 28.8 _2;rrx28.8-1nO.125=_0.0034619:;t:0
293.2xO.126 148.88xO.125 77.38

Ir s=O.002m,· r2 = O.I27m; equation 3.)0 becomes !

In 0.127 + 28.8 . + 28.8 _ 2;rr x 28.8 -In 0.125 = -0.0016949 :;t:0
293.2x 0.127 148.88x 0.125 77.38

lf s=O.003m, r2 = 0.128m; equation 3.50 becomes

InO.128+ 28.8 + 28.8 _2;rrx28.8_1nO.125 = 0.0001060h; 0
293.2xO.I2g 148.88xO.125 77.38

If s=O.004111, r2 = 0.129m; equation 3.50 becomes

InO.129+ 28.8 ...+_ 28.8 _2;rrx28.8_lnO.125 = 0.00193956:;t: 0
293.2xO.129 148.88xO.125 77.38

. I
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r2= 0.128m satisfies ,!he equal ion. The thickness of the recuperator is then chosen as
. :' ('

0.003rn = 3111111thick.

3.2.8.5CALCULATION OF THE PRESSURE DROP

The pressure-drop allowance is the static J1uid pressure, which is expended to drive the fluid

through the exchanger. The standard allowable pressure drop is10 psi = lOx 105/14.696

= 68046 N/m2

For the inner cylinder

0.2(l'~f = 0.0035 + ---
. , (!!~J':_~_'!]LJ~i_)042

. II (
r \1',2"

------------------------------------- (3.51)

wheref= Dimensionless factor in the Fanning equation.

f = 0.0035 + 0.264 = 354.75
(0.38~ x ~~58:. 0.2~)042

39.3x106

The Fanning equation is

2ftt:.l 2x354.75xI4.582x1.571 3
6F = --.- = 96.71] x 10 Nm/kg

HI! gD; ,9.8IxO.25

6P"g = i'1FHgPll'1! = 96.~ 11 x 103 x Q.384 = 37.137 x 103 N/m2.., ,
. (

This Falls well within the allowable pressure drop of68046 N/m2.

• For the pressure drop in the annulus, the equivalent diameter is

f)' = 4 x FlowArea __= 4n(D~ - D/) = D _ D
C Frictional Wettedl'erimeter 4n(Do + D;) () I

,.
= 0.3 - 0.25 = 0.05m

'·0.264
f = 0.0035 + ---- ..-- ---t- = 477.57

(
0.49 x 2.) x 0.05, 042
-----------_._-_.

34.905 x 106

.,' ,
(
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I1Fa = 2/U::' = 2x477.57x25
2

xl.571 = l.9127 x 103 Nm/kg
gDe 9.81xO.05 .

I'" I
(

Neglecting the entrance and exit losses

I1P = I1F"P"
a 144

= l.9127x10
6

x 0.49 = 65080N/m2

144

This also falls well within the allowable pressure drop of 68046N/m2.

3.3 GEOMETRIC MODELING OF THE RECUPERATOR-INCORI)ORATED ROTARY

FURNACE

Geometric modeling is the usage of mathematical description of the geometry/properties of an

object in order to be able to display an image of the model on a graphics terminal and to perform
, ",i I '(!

certain operation, such as creating new geometric models from basic building blocks available in

the system, moving the images around on the screen, zooming in on certain features of the

images of the model.

The mathematical descriptions of the object, in this case a recuperator-incorporated rotary

fumace; ~ave been'done in the preceding sections. Even though the desired geometric modeling

I

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 uses

interconnecting lines to depict an object, which can become somewhat confusing for
, ~' ('

complicated geometry like a recuperator-incorporated rotary furnace because all the lines

depicting the shape of the object are usually shown, even the lines 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 life. Nevertheless,

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

model in this project.

,.' I
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3.3.1 GEOMETRIC MODELS DEVELOPED FOR THE ROTARY FURNACE

Figures 3.1 to 3.32 represent the variousgeometric models developed for all the essential

components of the rotary fumace and its drive system.

D
,.

Figure 3. I: Bar-rel Funnel Endl
. Figure 3.2: Barrel Funnel End2 Figu.·c 3.3: Burrel Funncl End3

••..I

Ftgure 3.4: Ha rr ·cl Flange Figure 3.5: Barrel Funnel Elld Disc Figu,'c 3.6: H"'Tci Funnel End Sprou!

Figure 3.7: Barrel Ends Figure 3.8: Ba rr e1 Ends Assembly I Figure 3.9: n"rrcl Ends Asscmbly2

,.
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,,' I

,.

Flgurc 3.10: Barrel EndsAsscmbly3

.:' I

Figure 3.13: Furnace Base Plate

o
o

Figure 3.16: Main Ba rr eI I

. I

Figu,·c:J.19: Maiu Barrel Assemblyl

Figure 3.11: Furnace Base Channell

(

Figure 3.14: Furnace Shaft

Figure 3.17: Main Bancl2

, i
Figtlrc 3.20: Main Banel Asscmlrly2

67

Figure 3.12: Furnace Base Channel 2

Figure 3.15: Furnace Whccilnollcr

Figure 3.11!: Main Blirrel3

Figure 3.21: Main Barrel Assembly3



,.

A,A

Figure 3,22: Main Barrel Funnel Assembly I Figure 3.23: Main Barrel Funncl Asscmbly2 Figure 3.24: Main Ba rr cl Funnel Asscmbly2

,.

Ftgure 3.25: Plume Block

Figure 3.28: Rotary Base Assemblyl

,.
Figure 3.31: Main Rotary Asscmbly2

Figure 3.26: Rollcr I'ad

.!1

Figure 3.29: Rotary Base Assembly2

Figure 3.32: Main Rotary Assembly3

68
,:.I

o
Figure 3.27: Roller Pad Ends Flange

Figure 3.30: Main Rotary Asscmblyl
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3.3.2GEOMETRIC MODELS DEVELOPED FOR THE DLO\VER ASSEMBLY

Figures 3.33 to 3.51 represent the variousgeometric models developed forall the essential units of

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

Figure 3.33: Blower Overview

"

Figure 3.36: Blower IHkl I'ipt,

Figure 3.39: Blower 10 Rccupcrator Ducil

,? I

FigHI'e 3.34: Blower IHlel Figlll'e 3.35: Blowel' 1••let FlaHge

.~",

figufl.' 3.37: Blower B:lse figure 3.3/1:BluwCO' 10 nCClljlt'l'alllr llucil

Figure 3.40: llIower Cover Figure 3.41: Blowe.' Cover1'1'0111



,,' I
I

Figure 3,42: Blower Flange

j,

Figure 3,43: Blower Middle Elbow

.:' I

.01
Figure 3.45: Blower Dueting Assembly)

Figure 3,48: Blower Outlet

Duell

Figure 3,46: Blower Dueling Assembly2

Figure 3.49: Blower Outlet

Duct I Assembly

Figure 3.44: Overalt Blower-Dueling Assembly

Figure 3.47: Blower Dueting Flange

Figure 3.50: Blower Outlet

Duct 2

Figure 3.51: Blower Ouuet

Dllcl 2 Assembly

70



"

3.3.3 GEOMETRIC MODELS DEVELOPED FOR THE BURNER CASING ASSEMBLY

Figures 3.52 to 3.66 represent the variousgeometric models developed for all the essential units

Figure 3.63: Burlier Front
Cover

Figure 3.64: Burne" Middle . Figure 3.65:Pre Burner Air
Case CasingAssembly

flgul'u 3.66: Burner Caslnll
Assembly

" :. I .!
for the burner casing assembly, inside which the combustion of fuel takes place.

Figure 3.56: Burner Casing Duct 1

Figure 3.53: Burne,' Base Plate Figure 3.54: Burne,' Brace Figure 3.55: Burner Brace Support

.;.I

Figure 3.58: Burner Casing Duct Assembly

Figure 3.52: Burner Back Cover

Figure 3.57: Burner Casing Duel2

Figure 3,59: Burner Casing Duct Flange Figure 3,60: Burner Sprout Figure 3.61: Burner Stand Pipe Figure 3.62: Burner Stand

Assembly
., I
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3.3.4GEOMETRIC MODELS DEVELOPED FOR THE EXHAUST ELBOW ASSEMBLY
,.

Figures 3.67 to 3.81 represent the variousgeometric models developed for all the essential units of

the exhaust elbowassembly, the top of which the recuperator will be attached.

Figure 3.67: U Channel I

Figure 3.71; Base Plate l

Figul'c 3.68: U Channel 2

,.

Figure 3.72; Base Platd

,,' I

Figure 3.75; Exhaust Etbow-llase Assembly2

Figure 3.78; Exhaust Wheel

(

Figure 3.70: U Chanuel 4

Figure 3.73; Elbow Flange Figure 3.74; Exhaust Elbow Basc' Assembly

72

Figure 3.77; Exhaust Support

Figurc 3.69: U Channcl 3

(

Figure 3.76: Exhaust Shaft

Figure 3.79: Exhaust Elbow Figure 3.80: Exhaust Elbow Assemblyl

I·

Figure 3.81: Exhaust

Elbow Asscmbly2



{

3.3.5GEOMETRIC MODELS DEVELOPED FOR THE RECUPERATOR ASSEMBLY

Figures 3.82 to 3.101 represent the variousgeometric models developed for all the essential

components of the recuperatorassembly, the purpose of which is to preheat the air needed for fuel

combustion.
I·

Figure 3.82: Blower Support

Figure 3.86: Recuperator TopBrace2

n

.,:I

Figure 3.83: RecuperatorDuct Figure 3.84: Recuperator Figure 3.85: Recuperatur

Stand Leg Top Bracer

(
Figure 3.87: Rccuperator TopBracc3 Figure 3.88: RCCIIPCI'lllol' Staud l

Figure 3.89: Recuperator Stand2 Figure 3.90; Blower Outlet Figure 3.91; Inlet-Outlet Figure 3.92; Inlet-Outlet

Flange Casing Casing Cover

,;.I
(
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Figure 3.93: Recuperator Barrel

,.
Figure 3.94: Recuperator Sprout

I

Figure 3.96: lIot Air Elbow Joint Asscmbly2 Figure 3.97: Recuperator Upper Assembly
,.

~;

.~..!'
. «" I

Figure 3.99: Recuperator Bluwer Asscmbly2

Figure 3,95: I\ot Air Elbow

Joint Assembly!

Figure 3.911;Rccullcl'ator Bluwcr Assembly I

[
Figure 3.100: Air i)ucting Assembly I Figure 3.101: Air Dueting Asscmbly2

g'- Ii
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3.3.6 GEOMETRIC MODELS DEVELOPED FOR THE OVERALL RECUPERA TOR-

INCORPORATED ROTARY FURNACE,ASSEMBLY

Figures 3.102 to 3.106 represent the variousgeometric models developed the overall recuperator-

incorporated rotary furnace showing different views of interest.
,;' I

I
I "
~

I
iI

.'

& .. ~~[j] J
" I , ( I

Figure 3.102: Overall Rccupcrato"-Incorporatcll Rotary Fu ru ace l

.'

Figure 3.103: Overall Recuperutor-Ineurporntcd Rota."), Furu acc2

I,
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,.

Figure 3.104: Overall Rccuperater-Incorporuted Retary Furnace3

t·

Figure··3.105: Overall Recuperator-Iucorporated Rotary Furuacea

(
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Figure 3.1(J . •6. Overul! H ..c~IIpernior-Iucur poral~lI Itol;lI" ; .) I III lIac~5
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"3.4LINING OF THE FURNACE

As earlier stated, the following materials are used' for the lining of the furnace:

• Silica Sand

• Kaolin
, ..' I

(

• Sodium Silicate

• Water

PROCEDURE FOR LINING OF THE FURNACE

Theconical (frustum) parts of the furnace, the sprout of the recuperator and the furnace cylindrical

"
partsare all lined, The 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 lining of the part(s);

• Wet the furnace with water and thep pour the mixture of kaolin, and sodium silicate and

then continue ramming;

• The ramming is done layer by layer round the furnace shell until the desired thickness

layer is achieved;

• For the conical and sprout sections, the lining is done with the apex on the floor;

"
• For the cylindrical section, one-third of the furnace is lined first, and then the shell is

rotated and rammed, the remaining two-thirds in two steps of one-third.

:' I (

"
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CHAPTER FOUR

4.0 RESULTS AND DISCUSSIONS

4.1 PERFORM~NCECOMPARISON OF THE RECUPERATOR-INCORPORATED

ROTARY FURNACE WITH A ROTARY FURNACE WITHOUT A RECUPERATOR

The performance of a rotary furnace without a recuperator will now be compared with that

which is incorporated \Vith a recuperator. The stages involve ascertaining the reliability of the

, ",;" I , '( I
developed models/software and then using the data generated from the reliable software to

establish a significant improvement on the performance/efficiency of a recuperator-

incorporated rotary furnace over that without a recuperator.

4.2 RELIABILITY OF THE DEVELOPED MODELS

As could be inferred from the preceding sections, the ultimate goal of comparison between a

rotary furnace incorporated with a recuperator and the one without a recuperator is to establish

a signi ficant improvement in the performance cum efficiency as a result of the incorporation of

the recuperaior. In doing this, that is comparing different data generated from the various
,

( .
models, it is necessary to first of all establish the fact that the data so generated from the

, I

models compare favorably with those actual data obtained from an operating rotary furnace,

There are therefore three stages involved in testing the reliability ofthe data from the

models, The first stage is to obtain actual data from an operating rotary furnace of known

capacity, The second stage involves generating data from the developed models (without a

recuperator). And, the third and last stage seeks[0 establish that there is110 significant

difference between the actual and the generated data using statistical analysis.

, I
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4.2.t ACTUAL DATA. FROM AN OPERATING tOOKG-CAPACITY ROTARY
,,' I '( I

FURNACE

Performance data in terms of temperature 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:

Tbl4lA IT e b . f lOOk fa e .: ctua emm raturesQ com ustJon 0 a <g ca pacity rotary urnace

Time (minutes) Inlet Temp. (uC) Outlet Temp. (uC) Average Temp. tC)

30 1087 1123 1105

40 1161 1177 1169

50 1191 1210 1201
"

60 ,. 1296 '( 13b2 1299

70 1383 1399 1391

80 1410 1426 1418 .
90 1448 1457 1453

100 1453 1464 1459

110 1468 1475 1472

120 1488 1496 1492

Source: Engineering Materials Development Institute, Akure (20M)

4.2.2 GENERATION OF DATA FROM THE DEVELOPED MODEL (WITHOUT A

RECUPERA TOR)
. ,;' I

Thetemperature variations inside the rotary furnace with time, as established in section 3.2.2, is

givenby

C
h
R2

r2

1= Ij + C,T+--(-2 -1) -------;"-------------------------------------- (4.1)
4a R

"Theabove mathematical model was used to develop a program usingC++ programming language

\

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

100kgsince this was the same capacity from which actual data to be compared were obtained.
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The data generatedfrom the developed program for a 100kg rotary furnace without a
I

recuperator are as shown in the table below:

Table 4.2: eneratcd Temperatures 0 combustion 0 a <I(capacity rotarv

Time (minutes) Average Temp. (uC)
.i I '( 1

30 1082.16

40 1150.5

50 1202.91

60 1290.29

70 1380.31

80 1427.62

90 1460.94

100·· 11476.81
.' .. i I

(

110 1488.00

120 1517.97

G f lOOk furnace

4.2.3ESTABLISHING THE DEPENDENCE OF THE COMBUSTION TEMPERATURE
,.

ON TIME

Thedependence of thetemperature of combustion on the time taken is done in order to establish

thatthere is actually a correlation between combustion temperature andtime, most especially

beforea steady state is reached. The stages(involved are to calculate the coefficient of correlation

of temperature on time; calculating the coefficient of determination and doing a test of

significance.

,.
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• COEFFICIENT OF CORRI~LATION

The coefficient of correlation of average temperature t on timer is given by

-------------------------------- (4.2)

(Adcjuyigbe, 2002 and Grace 2000)

From table 4.1, the parameters needed in theabove relation can be calculated thus, '

-_.
Furnace Temp., i-("C) T 2 '1'2Time. T (hour) t T

------- 1-.

0.50 1105 552.50 0.2500 1221025

- ---~.~...•.. --.-~~.---.--. ----- ---
O. () 7 I I ()() nn.2.1 ().44S() 13()0501

0.83 1201 996.83 0.6889 1442401

1.00 1299 1299.00 1.0000 1687401

1.17 1391 1627.47 1.3689 1934881

I.:n 1418 1885.94 1.7689 2010724

1-------- I--

1.50 1451 . I 2179.50: 2.2500 21I1209
r

----- ..- ..--- - -- ----
I.()7 . 1459 243C).53 2.7889 2128681

----------- 1---------
1.83 1472 2693.76 3.3489 2166784

_._----- ------ --..----------

2.00 14<)2 2984.00 4.0000 2226064

I>=12.50 ~/=13459 LIT =17438.76 LT2 =17.9134 Lt2 =18295731

Substituting all the necessary values from the above table Into equation(4.2)

10(17438.76) - (13459)(1 2.5)
,. = -r=====================
I.r ~18295731-134592 )(1Ox 17.9134 -12.52)

=0.955
. I
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• COE.FFICIENT OF DETERMIl'!ATION, Rl

Thisis the square of the coefficient of correlation. It measures the proportion of total variance in t,

which is due to linear association between rand t.

------------------------~-------------------------- (4.3)

1\

wheret = estimated t

- L>
t=-

n
----------- -----------.-----,------------------------ (4.4)

(

= 0.912

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

difference.

4.2.4TEST OF SIGNIFICANCE

Theprocedure for testing hypothesis/significance involves six steps. These are to

• Set up the nuII hypothesis (Ho)

• Set up the alternative hypothesis(HI)
.,: I

(

• Choose a level of significance (a)

• Carry out the test using appropriate test statistic

• Determine the decision rule

• Draw up the conclusion (Grace, 2000)

Test of significance shall now be done for two purposes. The first purpose shall be to ascertain a

!ignificantassociation between temperature of combustion and time (reliability of r) while the

econd purpose is for showing that the developed models are reliable by proving that there is no

,;. ,
i
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significant difference between themeans of the temperature of combustion from the developed
I

models and the actual ones (obtained from industry)

• RELIABILITY OF r

Let the null hypothesis bethat there is no corretauon between the temperature and time.If p is the

overall correlation coefficient for the entire population (all obtainable range of temperatures and

time),

Null hypothesis Ho: p = 0;

Alternative hypothesis

r-p
t =--c

Sr

_______________ J (4.5)

where tc= calculated t
r = sample's coefficient of correlation

"~I
(

p = Overall coefficient of correlation

g_r2

s, (standard error of r )= --
n-2

--------------------------------------------------- (4.6)

------~-------------------------~------------------ (4.7)

0.955
Ie = -;=:=== = 9.107

1- 0.9552

10-2 .

" ....I . I

Using 5% level of significance, to95, 8 = 2.3b6 (from statistical table for t-distribution)

.Since tc>tO.95,8

~ Null hypothesis is rejected while alternative hypothesis is accepted. Therefore there is a

significant association between temperatures of combustion and time,

,.

I
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• TEMPERATURES COMPARISON

Let the temperatures obtainedfrom an operating 100kg rotary furnace (without a recuperator) be

~.

represented by ta and those generated from the developed program by tg. The two sets of data are

as tabulated below

SIN ta t"
2 t/ta

1 1105 1082.16 1221025 1171070.27
2 1169

..
1150.5 1366561 1323650.25..

3 1201 1202.9.1 1442401 1446992.47
4 1299 1290.29 1687401 1664848.28
5 1391 1380.31 1934881 1905255.7
6 1418 1427.62 2010724 2038098.86
7 1453 1460.94 2111209 2134345.68
8 1459 1476.81 2128681 2180967.78
9 1472 1488 2166784 2214144
10 1492 1517.97 2226064 2304232.92

I>a = 13459 I>g = 13477.51 • 2); = 18295731 L>~= 18383606.21
,.

Assuming the population variance(JI= (J2; nl=n2~1 0

Null hypothesis Ho: 1l1= 112

Alternative hypothesis HI: III':j:. 112
,;.I .( I

Test statistic is

------------------------------------------------ (4.8)

,. t~ =2>a = 13459 = 1345.9
n 10

,- = Ltg = 13477.51= 1347.75
g n 10 .

, t,(t" ~.s" t,< -(t,t:l'ln I

Sa = = [ ] --------------------------------------------------- (4.9)
n -1 n-l
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~;.18295731- 13fl592
/ I

S2 = . /10 = 20140.32
a 10-1

".18383606.21-13477.512/
S2 = /10 = 24364.29

g 10-1

S(pooled variance) ;
(n, -1)S(~ + (n2 -1)S:

I------~ -------------------------------------------(4.11)
n) + n2 - 2

., I I
~------------

S(pooled variance)= (10 -1)20140.32 + (l0 -1)24364.29 = 149.17
10+10-2

t = 1347.45-1345.9 = 2.323

~

1
149.17 -+-

10 10 .

,.
At 1% level of significance; tabulated t18,o.ot~ 2.878. Since the calculatedt is less than the

I

tabulated t, it shows that there is no significant difference between the two sets of temperatures.

This implies that the values (data) generated from the developed program are reliable.

Graphs of the temperatures. of combustion. when plptted against time give the pattern shown in. ~. (

fig. 4: I below

,.

I
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Temperatures of Combustion Vs Time

1600

1400 ~=:i~=~

~. 1300 t----;.'7'""".,.,.....,~~~

e
~ 1200 r&piit:::;;~
CII
Q.

E
~

lI • l1rre. ( hour)

-.- Actual Term (0C)

I-.k-- Generated Terrp, (0C) IL _1100

1000

900

I

I
L . _

800

0.5 0.67 0.83 1.17 1.33 1.67 1.83 2

Time (hour)

--- ---------------'

Figure4.1: Graphs of Combustion Temperatures (Actualand Generated) Vs Time
- ~;.I -( I

4.3 EFFECT OF WASTE HEAT RECUPERATION ON COMBUSTION

TEMPERA TURES

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 temperatures 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 byto while those generated for a

rotary furnace incorporated with a recuperatorIS designated byt,.
•••I (I

I'
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00 . I d . ITable 4.3:Temperatures of combustion01 a 1 kg capacity rotary furnaceWit I an Wit rout a recuuera or
Time, r (hour) Average Temp. to (uC) Average Temp. t r (uC)

--

0.50 1082.16 1222.84
!.

0.67 1150.5 1372.92
\

0.83 1202.91 1451.6

1.00 1290.29 1564.97

.. . ,;"I 'f \
1.17 1380.31 1627.79

1.33 1427.62 1681.32

1.50 1460.94 1726.14

1.67 1476.81 1737.97

1.83 : 1488.00 1749.76

2.00 1517!97 1754.48

. .

• COMPARISON OF THE TEMPERATURES USING t-TEST
,;"I 'f I

The two sets of temperatures generated from the developed program, having established the

reliability of the program, shall now be compared using t-test to ascertain a significant

improvement on combustion temperature as a result of waste heat recuperation. Table 4.3 can

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 comparing the calculatedt with the tabulated one (from the student

Hable)
f
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to ,;'I t . \ t 2 t 2
r ( 0 r

SIN
1082.16 1222.84 1171070 1495338

I

1150.5 1372.92 1323650 1884909

2
1202.91 1451.6 1446992 2107143

3
1290.29 1564.97 1664848 2449131,.

4
1380.31 1627.79 . 1905256 2649700

\

5
1427.62 1681.32 2038099 2826837

6
1460.94 1726.14 2134346 2979559

7 ,.

1476.81 " 1737.97
\

2180968 3020540

8
1488.00 1749.76 2214144 3061660

9
1517.97 1754.48 2304233 3078200

10

2:>0 = 13477.51 It,. = 15889.79 It; = 18383606 It,2 = 25553017

Using sets of equations 4.8 to 4.11 andsimilar approach, we have

the population variance or= (J 2;

Null hypothesis Ho: ~l:;:: ~2

. ,/ I '( I

Alternative hypothesis HI: 1l2> III

Test statistic is

t = Ito = 13477.51= 1347.751
o n 10

(
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S(pooled variance) = (10 -1)24364.27 + (10 -1)33830.49 = 170.58
10+10-2

At 1% level of significance, tabulated t18,O.01is still 2.878. Since the calculatedt is now greater

than the tabulated t, it shows that there is asignificant improvement in the temperature of

combustion for a recuperator-incorporatedrrotary furnace over an ordinary furnace without a

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

t = 2:>r = 15889.79= 1588.979
r n 10

18383606-13477.512/
S2 = /10 = 24364.27

o 10-1

I (t,; - t~)2 II,~-(It,)2 /nS: = i~1 = [ i~1 . i~1 /]

\ n -1 n-l

\

25553017 _15889.792
/

S2 = /10 = 33830.49
r 10-1

p' I . (n, -j 1)S: + (112 -1)S:
Stpooled variance)±

111 + 112 - 2

t = 1588.979-1347.751 = 3:162

\.. ~1170.58 -+-
10 10·

recuperator.

give the pattern shown in figure4.2 below

\.
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Temperatures of Combustion Vs Time

1800 '17..~=--'

-tr-- Temp. (OC, with recuperator
attached)

1600 .

ITe.
e
~ 1400-•...
Q)
Q.

E
Q)....

1200 -.,.........~,.,.-:"..,....,....~.

-+- Time, (hour)

-II- Temp. (OC, without recuperator )

0.5 0.67 0.83 1.17 1.33 1.5 1.67 1.83 2

Time (hour)

Figure4.2: Graphs ofCombustion Temperatures (Generated) Vs Time
\

4.4GENERAL RESULTS AND DISCUSSION

The general results obtainedfrom this project work are divided into two categories. The first
, ..!;- I '( I

category is the quantitative resultant effect of recuperator-incorporation on the design of the rotary

furnacesystemon the coefficient of heat utilization and on the rate of fuelconsumption; while the.

second category deals with the results obtained from the developed software for the design of the

recuperator-incorporated rotary fu.mace.

4.4.1INCREASE IN COEFFICIENT OF HEAT UTILIZATION

There are twoforms of coefficient of heat utilization. They are the coefficient of useful heat

utilization (lluhu) and coefficient of total heat utilization(llhu)

17 h = QCh + Qph -:-,9,Wg - Q,os ----1---------L------------------------------- (4.l2)
uu QCh+QPh

. ,.
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77h == Qch + QPh -: Q,~g ~---------!------------------------ (4.13)
U Qch +Qph

For the purpose of finding the effect ofrecuperator incorporation on the coefficient of heat

utilization in the rotaryfurnace, thecoefficient of total heat utilization is used.

Without recuperator incorporation, Qph in equation 4.13 is zero;

I Qch - QWg
7J =•• Q

ch

Using fuel consumption rate of 25litres/h (= 25 x 10-
3

= 2.395X 10-3kg/h)
, 10.44

•. "I ,I
Qch ;, BQ~v = 2.39S'x 10-3 x 44000~103 = 105.38x 103 J/h

Qwg = BVwgcwgtwg = 2.395 x 10-3 x 12.324 x 1493.1 x 1050= 46.27 x 103 Jlh

I 105.38X 10
3

- 46.27 X 10
3

= 0.5609
7J •• = 105.38x103

With recuperator incorporation,

U· h f 1 . f 'I' ' I (' 25xlo-
3

3 gIsing t e same ue consumptIOn rate0 25 itres h = = 2.395 x 10- k h)
, ",;'f I 10.44

Qch = BQ~ = 2.395 x 10-3 X 44000 x 103 = 105.38x 103 Jlh

Qwg = Bv wgCwgt wg = 2.395 X 10-3 x 12.324 x 1493.1 x 693.44= 30.56 x 103 J/h

Qph = Bcatanva = 2.395X 10-3x 1337.15 x 450 x 1.2 x 11.481 =19.86x 103 J/h

I'

, 3' '3 3

= 105.38xlO +19.86xlO -30.,6xlO =0.7560
n: 105.38x103 +19.86x103

f
I
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The percentage increase in the coefficient of heat utilization is

011 rhu-17~u 1000/' 0.7560-0.5609 100°1 3478°110 ncrease17h = , x 10= X 10= . /0

U 17hll 0.5609

This signifies a significantimprovement o? thethermal efficiency of the rotary furnace system as

a result of the recuperator incorporation.

4.4.2 REDUCTION IN FUEL CONSUMPTION

F
· Qch + QPh - Qwg
rom equation4.13, 'hu = ----'---.::...

Qch + Qph

,.
Substituting 17hu :::::0.5609

QCh = B' Q:. = B' x 44000X 103 = 44 X 106 B' Jlh

Qwg = 30.56x 103 J/h

,;. I , . , i 6 , .

Qph=B <i.»: =B x1337.15x450x1.2xl1.481=8.29xlO B Jlh

0.5609 = 44 xl 06 B' + 8.29 xl 06 B' - 30.56 xl 03
= 52.29 xl 06 B' - 30.56 X 103

44 X 106 B' + 8.29X 106 B' 52.29 X 106 B'

From where B' = 30.56xl0: = 1.331 x 10-3 kg/h =1.331 x 10-3x 10.44 x 103= 13.90litres/h
22.96x 10 :

B - B'· 25 -13 9
%FuelCollsumntioll Reduction= x 100% = . x 100% = 44.4%

'r: B' 25

This also signifies a significant reduction on the fuelconsumption rate of the rotary furnace

system as a result of the recuperatorincorporation, thereby reducing the operational cost.
. .. ,,' I '( I

4.4.3 OUTPUTS FROM THE DEVELOPED SOFTWARE

The 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 generatedfrom the program. When the results are

compared, it then clearly shows how significant the incorporation ofrecuperator could have on the

performance of the entire rotary-furnace setup. The program can find such parameters for a very

wide range of capacities. There are six possible options to choose from, when the program is run

depending on the desire of the user. Each of the options, with the raw results obtained from the

program when run, is as shown in Appendix B:
..: I

,.
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CHAPTER FIVE
,: I

[

5.0 CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

Incorporation of recuperative heat exchanger into the design of a rotary furnace is very essential.

A major reason being that a unit of physical heat recovered from waste gases and returned back

into the furnace with'air is much more useful than a corresponding unit of chemical heat produced

in the furnace through combustion of fuel.Advantages of incorporation of recuperator into the

design are

• Appreciable increase (34.78%) in the furnacethermal efficiency
. .. ,i I 'I I

• Considerable increase' in thetemperature of combustion(33.33%). Thismakes it possible

to adapt the furnace for steel casting.

• Significant reduction (44.4%) in the fuelcombustion thereby reducing operating cost and

• Aiding complete combustion.

,.
The overall efficiency of the furnace system was shown to have increased considerably with the

incorporation of a recuperator through the following procedure

• Necessarymathematical and geometric models are developed

• The ~evelope9 models were usedt? develop aprogram usingC++ programming language

The reliability of the program developed was tested by•

obtaining a set of actual data for a known capacity rotary furnace (without a

recuperator) from the industry;

generating a corresponding set of data from the developed program;

[



I-

ascertainingthe reliability of the developedprogram by establishing that there is no

\

significant difference between the two set of data using the necessary statistical

methods

• Establishing a significant increase in /he overall efficiency of a recuperator- incorporated

rotary furnace over the one without a recuperator using the data generatedfrom the "how-

reliable" program.

S.2 RECOMMENDATIONS

The use of a recuperator in the operation of a rotary furnace significantly increases thetemperature
I-

of combustion. As such, the life span of the insulating refractory used with the furnace (when there

is 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) 10 the softening temperature ol the refractory.

It is therefore recommended that a new refractory should be selected/developed, which has

higher value of

• Softening Temperature

• Refractoriness
I-

• Ultimate Compression Strength 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 bolts tend to loosen, and

I-
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leakagemay occur.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 situation whereby free

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

overheating causing the maximum allowable expansion to be exceeded;

3) Corrosion: There are three main forms of possible corrosion:

'a) Oxidation: Oxygen" water bpour, or carbon dioxide in the waste gases

will cause oxidation to any part of the recuperator at a temperature of 500°('

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

hottest parts.
"

b) 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 alkali

oxides, the sulphur in the waste gases (in the form of S02 or S03) is a little

more ~orrosive tha~IC02 or ~2' Usage of low alloy steel could provide

solution for this.

c) 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 protective oxide film to spongy metal, which allows

further oxidation of the underlying metal as soon as circumstances permit.

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

shell's diameter mus] be as small aipossible for higher heat transfer coefficient, this on the

other hand aids blockagefrom the dirt in the waste gases.

J.

,: I
I

,.
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APP~NDIXA

#include<iostream.h>
#inc1ude<math.h>
#inc1ude<conio.h>
#include<fstream.h>
double Qch,Qa,Ta,Qf,tf,Tf,Qex,M,Qi,QI,Q2,tl,Q3,Q4,Q5,rl,r2,D2,D3;
double T2,y,Q6,Q7,Q8,Qu,Qt,U,KI,K2,K3,tL,SA,SR,EI,L,Ic02,In2,I02,Ih20,IO;
const double PI=3.142,KI=25.6,B=23.25,t=3.0,Qw=44000.00,Ca=1.455,n=1.2,Va=11.481;
const double Cm=O.5,To=295,Tm=1403,Tl=16671Lm=175.84,a=O.015,F=O.0452,tc=O.005;
const double twg=80p,Cf=1.491,Ec=210e+9,Cwg=I.5836,Vwg=12.324,Co=5.768;
const double C02=O.10686,N2=O.74429,02~O.033,H20=O.11576;
char response,response 1,response2,response3;
int main(int argc, char*argv[])
{

ofstream fout("result7");
double SA=O.0877;SR=3e+9;double El=380e+9;

esc1:{cout<~"This program.evaluates the .essentia] parameters needed to design \nil;
cout«"a recuperator-incorporated rotary furnace. The various options \n";
cout«"available to choose from are as outlined below, depending on \nil;
cout«"what the user is interested in.\n";
cout'<-cendl;

cout«"What parameters are you interested in?\n";
cout-c-cendl;

cout«"\t\t(a) A rotary furnace without a recuperator? Enter 1\n";
cout«"\n\t\t(b) A rotary furnace with a recuperator? Enter 2\n";
cout«"\n\t\t(.c) Temperatures of combustion ofa rotary furnace \n";
cout«"\n\t\t without a recuperator? Enter 3 \nil;
cout«"\n\t\t( d) Temperatures of combustion of a rotary furnace \nil;
cout«"\n\t\t with a recuperator? Enter 4 \nil;
cout«"\n\t\t(e) Interested in both (a) and (c)? enter 5\n";
cout«"\n\t\t(f) Interested in both (b) and (d)? enter 6\n";
cout-c-cendl; .

cout<;<"Make your.choice by pickipg the appropriate number against the chosen option: ";
cin-e-response,
cout-c-cendl;

fout«"This program evaluates the essential parameters needed to design \n";
fout«"a recuperator-incorporated rotary furnace. The various options \nil;
fout«"available to choose from are as outlined below, depending on \n";
fout«"what the user is interested in.\n";
fout'<-cendl;
fout«"What parameters are you interested in?\n";
fout«endl; \.
fout«"\t\t(a) A rotary furnace without a recuperator? Enter 1\n";
fout«"\n\t\t(b) A rotary furnace with a recuperator? Enter 2\n";
fout«"\n\t\t(c) Temperatures of combustion ofa rotary furnace \n";

,;' ,



fout«"\n\t\t I without a recuperator? Enter 3 \n";
fout«"\n\t\t(d) Temperatures of combustion of a rotary fumace \n";
fout«"\n\t\t with arecuperator? Enter 4m";
fout«"\n\t\t(e) Interested in both (a) and (c)? enter 5\n";
fout«"\n\t\t(f) Interested in both (b) and (d)? enter 6\n";
fout«endl;
fout«"Make your choice by picking the appropriatenumber against the chosen option: ";
fout<,<endl;" '~;'I , '( I
if«response=='l'llresponse='2'llresponse=='3')II(response=='4'llresponse=='5'llresponse=='

6'» .
goto esc;

if((response! ='1 'IIresponse !='2'llresponse! ='3')II(response! ='4'lIresponse! ='5'lIresponse! ='6'»
{cout«"YOU HAVE NOT MADE A VALID CHOICE!\n";
cout«"TR Y TO MAKE A CORRECT CHOICE NEXT TIME YOU RUN THE

PROGRAM\n";
fout«"YOU HAVE NOT MADE A VALID CHOICE!\n";
fout«"TRY TO MAKE A CORRECT CHOICE NEXT TIME YOU RUN THE

PROGRAM\n";
goto esc2;
}

esc:{cout«"\nEnter the capacity of the furnace, that is the maximum quantity of ";
cout«"\ncharges ir is intended fort<kg): ";I
fout«"\nEnter the capacity of the furnace, that is the maximum quantity of";
fout«"\n charges it is intended for (kg): 400";
cin-c-M;
Qch=B*t*Qw;
Qex=56,52*M*t;
cout«"\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? (YIN)";
cin>»response1;
fout«"\nDo you wish to supply the following parameters for your lining material";
fout«"\n(recommended data will be used otherwise): shrinkage allowance,";
fout«"\nCompressive strength and Young's Modulus?(YIN) N";
switch(response 1)
{case 'y': {cout«"Supply the following parameters for the lining: "<xendl;
cout«"\t Shrinkage allowance : ";
cin»SA; " .,:I '(

cout«"\t Compressive strength (N/m2) : ";
cin»SR;
cout«"\t Young's Modulus (N/m2) : ";
cin»El;
fout«"Supply the following parameters for the lining: "«endl;
fout«"\t Shrinkage allowance : ";
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fout«"\t Compressive strength(N/m2) : ";
fout«"\t Young's Modulus(N/m2) : ";} break;
case 'Y': {cout«"Supply the following parameters for the lining:"<xendl;
cout«"\t Shrinkage allowance : ";
cin»SA;
cout'<-c''t Compressive strength(N/m2) : ";
cin»SR;
cout-cc"t Young's Modulus(N/m2) : ";
cin-c-El;

fout«"Supply the following parameters for the lining: "«endl;
fout-c-c''u Shrinkage allowance : ";
fout«"\t Compressive strength(Nim2) : ";
fout<i<"\t Young's Modulus (N/m2): "; I

} break;
default: {double SA=0.0877;

SR=3e+9;
double El=380e+9;} ;break;};

K 1=SA *tc*Ec*El/SR;
Qi=Qch+Qex;
getclu);
Q 1=M*(Cm*(Tm- To)+Lm);
Q2=0.025*Cwg*t*Ywg*800;
Q3=B*Ywg*a*t* 12142;
Q4=0.01 *Qch;
L=(M>=100?(1150+0.875*(M-100»:1150);
y=0.8*PJ*L *Kl*Tl *3.6/1 000;
Q6=Co*pow«Tl/100),4)*F*t*0.67;
Q7=0.15*Qi;
Q8=0.2*Qi;
Qu=Q3+Q4+Q6+Q7+Q8 ;
Qt=QI +Q2+Qu;
Q5=(Qi-Qt-0.2*Qu)/1.2;
U=(Q5-y)/(Q5+y);
K2=tc*Ec;
K3=sqrt«K2*K2)+4*Kl *(El-U*El»;
r2=(K3-K2)/(2*(El-U*EI»;
rl=U*r2; •
tL=r2-rl ;
02=2*r2;
if(response=='I')
{D3=(M>=1 00?(D2+(M-75)/IOOO):(D2-(100-M)*2.5/1 000»;
cout-ccendl;

cout«"\n\tDiameter of the cylindrical shell is "«(03* 1000)«"mm";
cout«"\n\tTbicknes~ of the lining is "«(M>=lOO?(tL *1OOO):(tL*1000-0.7405*(100-

M»)«"mmi,; ~. (, ~
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cout«"\n\tLength of the cylindrical shell is "«(M>=l 00?(925+(M-l 00)/3):(925-(100-
M)*7»«"mm'" :, ..' I . I

cout«"\n\tSlant length of each or/he two conical frustums is
"«(M>= 100?(250+0.875*(M-l 00»:(250+0.875*(M-l 00)-40»«"mm"«endl;

. cout«"\n\tBase diameter of the conical frustum is "«(4*D3/9)*1000«"mm";
cout«"\n\tOiameter of the burner-end of the furnace flange is

"«(3*03111)* 1000«"mm";
cout«"\n\tOiameter of the charging-end of the furnace flange is

"«(3*03/1 0)* 1OOO«"mm";
cout-c-cendl;
fout-c-cendl; ,
fout«"\n\tDiameter of the cylindrical shell is "«(D3*1000)«"mm";
fout«"\n\tThickness of the lining is "«(M>=1 OO?(tL*l OOO):(tL*1000-0.7405*(100-

M»)«"mm";
fout«"\n\tLength of the cylindrical shell is "«(M>=100?(925+(M-IOO)/3):(925-(100-

M)*7»«"mm";
fout«"\n\tSlant length of each ofthe two conical frustums is

"«(M>=1 OO?(250+0.875~(M-l 00»:(250tO.875*(M-l 00)-40»«"mm"«endl;
fout«"\n\tBase diameter of the conical frustum is "«(4*D3/9)*1000«"mm";

. fout«"\n\tDiameter of the burner-end of the furnace flange is
"«(3*03111)* IOOO«"mm";

fout«"\n\tDiameter of the charging-end of the furnace flange is
"«(3*D3/1 0)* 1OOO«"mm";

fout'<xendl.} ;
if(response=='2')
{D3=(M>=1 00?(D2+(M-70)/1 000):(D2-0.88*(100-M)*2.5/l 000»;
cout-c-cendl; ,.
cout-cc''For the Furnace design parameters: \n";
cout«"\n\tDiameter of the cylindrical shell is "«(D3*1000)«"mm";
double tL2=(M>=1 OO?(tL*1000+D3/11 O):(tL*1000-0.67*(1 OO-M»);
cout«"\n\tThickness of the lining is "«tL2«"mm";
double L2=(M>=100?(925+ 1.1*(M-100)/3):(925-0.9*(1 00-M)*7»;

L2=(M==.1 007(925+1.1*M/3):L2);
cout«"\n\tLength of the cylindrical shell is "«L2«"mm";
cout«"\n\tSlant length of-each of the two conical frustums is "«(M>=100?(250+0.9*(M-

100»:(250+0.9*(M-l 00)-40»«"mm";
cout«"\n\tBase diameter of the conical frustum is "«( 4000*D3/9)«"mm";
cout«"\n\tDiameter of the burner-end of the furnace flange is "«(3000*D3/11)«"mm";
cout«"\n\tDiameter of the charging-end of the furnace flange is

"«(3000*03/1 O)«"mm\n";
cout«"\nFor the Recuperator design parameters: \n";
cout«"\n\tDiameter of the inner cylinder of the recuperator is "«(M<=300?(5000*D3/9-

28.85):(5000*D3/9- t'l5»«"nun";
cout«"\n\tDiameter of the outer cylinder of the recuperator is

"«(M<:;:::300?(5000*D3/9+tL2/5-4.314):(5000*D3/9+tL2/5-25»«"mm";
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cout«"\n\tLength of the inner cylinder of the recuperator is "«(M<=300?(1.750*L2-
94.92):(1.750*L2+453.08»«"mm";

cout«"\n\tLength of the outer cylinder of the recuperator is "«(M<=300?(1.750*L2-
3000*D3/5+200.08):(l.750*L2-3000*D3/5+973.08»«"mm";

cout«"\n\tRecuperator sprout's base diameter is "«(750*D3-1.447)«"mm";
cout«"\n\tRecuperator sprout's slantlength is "«(750*D3-6.447)«"mm";
cout-c-cendl;
fout-c-cendl; ,;.'{

fout«"\n\tDiameter of the cylindrical shell is "«(D3*1000)«"mm";
fout«"\n\tThickness of the lining is "«tL2«"mm";
fout«"\n\tLength of the cylindrical shell is "«L2«"mm";
fout«"\n\tSlant length of each of the two conical frustums is "«(M>=100?(250+0.9*(M-

100»:(250+0.9*(M-l 00)-40»«"mm"«endl;
fout«"\n\tBase diameter of the conical frustum is "«(4000*D3/9)«"mm";
fout«"\n\tDiameter of the burner-end of the furnace flange is "«(3000*D3/11 )«"mm";
fout«"\n\tD\Cimeter of the charging-end of the furnace flange is

"«(M<=300?(3*(5000*D3/9-25»:(3*(5000*D3/9-115»)«"mm\n";
fout«"\n\tDiameter 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 is

"«(M<=300?(5000*D3/9+tL2/5-4.314):(5000*D3/9+tL2/5-25»«"nun";
fout«"\n\tLength of the inner cylinder of the recuperator is "«(M<=300?(1.750*L2-

94.92):(1.750*L2+320»«"p1m"; 0 I 0

, " (
fout«"\n\tLength of the outercylinder of the recuperator is "«(M<=300?(1.7 50*L2-

3000*D3/5):(1.750*L2-3000*D3/5+790»«"mm";
fout«"\n\tRecuperator sprout's base diameter is "«(750*D3-1.447)«"mm";
fout«"\n\tRecuperator sprout's slant length is "«(750*D3-6.447)«"mm";
fout<cendl.} ;
i f(response=='3 ')
{D3=(M>=1 00?(D2+(M-70)/1 000):(D2-0.88*(1 00-M)*2.511 000»;
double tL2=(M>=1 OO?(tL*1000+D31110):(tL *1000-0.67*(100-M»);
double tl ,t2,t3,t4,t5,t6,t7,t8,t9,tl 0;
double 11,12,13,14,15,16,17,18,19,110;
double c1,c2,c3,c4,c5,c6,c7 ,c8,c9,c 10;
double al ,a2,a3,a4,a5,a6,a7 ,a8,a9,al 0;
double r=D3/2,R=r+0.005;
const double ch=4017.5,tO=37.0,e=1850.0;
r=(M>=100?(r-0.Oq0965):r);
R=(M>=100?(R-0.O@3465):R);
11=0.835+0.00058*tO;
c1=0.88+0.00023*tO;
al=ll/(e*cl);
tl =to+(0.5*ch)+( ch*R *R)*«r*r)/(R *R)-l )/(40*a 1);
t1=t I-t 1/2.5;
tl =(M>=450?(tl + 10):tl);
12=0.835+0.00058*tl ;
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c2=0.88+0.00023*t1 ;
a2=12/(e*c2);
t2=t 1+0.67*ch+ch*R *R*«r*r)/(R *R)-l )/(4 *a2);
t2=t2-t212.4;
t2=(M> 150?(t2+ 150):t2);
if(M>=230) t2=t2+21O;
t2=(M>=350?(t2+200):t2);
t2=(M>=450?(t2+70):t2);
t2=(M>500?(t2+ 300):t2);
13=0.835+0.00058*t2;
c3=0.88+0.00023*t2;
a3=13/(e*c3);
t3=t2+0.83*ch+ch'\'I{ *R*«r*r)/(R *rR)-l)/(4*a3);
t3=t3-t311.8;
t3=(M> 150?(t3+ 150):t3);
if(M>=230) t3=t3+ 130;
t3=(M>=350?(t3+200):t3 );
t3=(M>450?(t3+ 130):t3);
t3=(M>500?(t3+ 150):t3);
14=0.835+0.00058*t3;
c4=0.88+0.00023*t3;
a4=14/(e*c4 );'
t4=t3+ 1.0*ch+ch*R *R*«r*r)/(R *R)-'1)/(4*a4);
t4=t4-t4/1.595; \
t4=(M> 150?(t4+ 150):t4);
t4=(M>=350?(t4+200):t4);
t4=(M>450?(t4+80):t4);
15=0.835+0,00058*t4;

,. . \,"'
c5=0:88+0.00023*t4;
a5=15/(e*c5);
t5=t4+ 1.17*ch+ch*R *R*«r*r)/(R *R)-1 )/(4*a5);
t5=t5-t511.48;
t5=(M> 150?(t5+ 70):t5);
if(M>=230) t5=t5+50;
t5=(M>=350?(t5+ 140):t5);
t5=(M>=450?(t5+70):t5); ,
16=0.835+0.0p058*t5;

c6=0.88+0.00023 *t5;
a6=16/(e*c6); ,
t6=t5+ 1.33*ch+ch*R *R*«r*r)/(R *R)-1)/(4*a6);
t6=t6-t611.398;
t6=(M> 150?(t6+65):t6);
if(M>=230) t6=t6+80;
t6=(¥>=350?(t6+&:oJ:t6);
t6=(M>=450?(t6+10):t6);
17=O,835+0.00058*t6;

(
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c7=0.88+0.00023*t6;
a7=17/(e*c7);,'. I ,.. I
t7=t6'+ 1.5*ch+ch*R *R *«r*r)/(R *R)-l )/(4*a7);
t7=t7 -t7/1.34;
t7=(M> 150?(t7+M-150):t7);
t7=(M>=350?(t7-60):t7);
18=0.835+0.00058*t7;
c8=0.88 +0.00023 *t7;
a8=18/(e*c8);
t8=t7+ 1.67*ch+ch*R *R*«r*r)/(R *R)-l )/(4*a8);
t8=t8-t8/I.29~; .
t8=(M>= 150?(t8+Ml3+ 10):t8);
if(M>=230) t8=t8+ 30;
t8=(M>=350?(t8+28):t8);
t8=(M>=450?(t8+ 30):t8);
19=0.835+0.00058*t8;
c9=0.88+0.00023*t8;
a9=1~/(e*c9);" ,:.I ' . I
t9=t8+ 1.83*ch+ch*R *R*«r*r)/(R JR)-1)/(4*a9);
t9=t9-t911.263;
t9=(M>=I50?(t9+M/3):t9);
if(M>=230) t9=t9+20;
t9=(M>=350?(t9+27):t9);
t9=(M>=450?(t9+22):t9);
110=0.835+0.00058*t9;
c 10=0.88+0.00023*t9;
a10=110/(e*cl 0);
tl 0=t9+2*ch+ch*R *R*«r*r)/(R*R)-I)/(4*al0);
tl O=tl O-tl 0/1.24;
tl 0=(M>=150?(tIO+M/3-30):t1 0);
if(M>=230) tl O=tl 0+20;
t10=(M>=350?(t1 0+20):t1 0);
t10=(M>=450?(tl Q+20):t10);
cout«endl;· '!i I '( I

cout-c-c'The required temperatures of combustion for a "«M«"kg";
cout«"\ncapacity rotary furnace (without a recuperator) are\n";
cout«"\n\t\t Time (hr) Temperature (OC) ";
cout«"\n\t\t 0.50 "<xt l ;
cout«"\n\t\t 0.67 "«t2;
cout«"\n\t\t 0.83 "«t3;
cout«"\n\t\t 1.00 "«t4;
cout«"\n\t\t 1.17 "«t5;
cout«"\n\t\t'I.33 "«t6;
cout«"\n\t\t 1.50 "«t7;
cout«"\n\t\t 1.67 "«t8;
cout«"\n\t\t 1.83 "«t9;

,;.I
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cout«"\n\t\t '2.00 "«t10;
fout-c-cendl;
fout«"The requiredtemperatures of combustion for a "«M«"kg";
fout«"\ncapacity rotary furnace (without a recuperator) are\n";
fout«"\n\t\t Time (hr) Temperature(Oe) ";
fout«"\n\t\t 0.50 "«t1;
fout«"\n\t\t 0.67 . "«t2;
fout«"\n\t\tO.83 Ii I( "«t3;
fout«"\n\t\t 1.00 "«t4;
fout«"\n\t\t 1.17 "«t5;
fout«"\n\t\t 1.33 "«t6;
[out«"\n\t\t 1.50 "«t7;
[out«"\n\t\t 1.67 "«t8;
fout«"\n\t\t 1.83 "«t9;
fout«"\n\t\t 2.00 "«tl0;
} ;
iflresponse=s'd')
{D3=(M>=1 00?(D2+(M-70)/1 000):(D2-0.88*(1 00-M)*2.5/1 000»;
double tL2=(M>= 1OO?(tL*1000+D3111 O):(tL*1000-0.67*(1 OO-M»));
double t1,t2,t3,t4,t5,t6,t7 ,t8,t9,t1 0;
double 11,12,13,14,15,16,17,18,19,110;
double c 1,c2,c3,c4,c5,c6,c7 ,c8,c9,c 10; .
double al ,a2,a3,a4,~5,a6,a7,a8,a9,al 0;

,. ' I '

double r=D3I2,R=r+O.005; (.
const double ch=4017.5,tO=37.0,e=1850.0;
r=(M>=100?(r-0.000965):r);
R=(M>=100?(R-0.003465):R);
II =0.835+0.00058*tO;
c 1=0.88+0.00023*tO;
al=I1/(e*cl);
tl =to+(0.5*ch)+(ch*R *R)*«r*r)/(R *R)-l )/(40*a 1);
tl=1.13*(tl-t},I2.5); .
tl =(M>=450?(1.13*tl + 10):t1);
12=0.835+0.00058*t1 ;
c2=0.88+0.00023 *t1;
a2=12/(e*c2);
t2=tl +0.67*ch+ch*R*R *«r*r)/(R *R)-1)/(4*a2);
t2=1.09*(t2-t2/2.4);
t2=(M<1 00?(1 .61*tZ):t2);
t2=(M> 150?( 1.09*'t2+ 150):t2);
if(M>=230) t2=1.09*t2+21O;
t2=(M>=300?(0.76*t2+200):t2);
t2=(M>=400?(1.09*t2):t2);
t2=(M>=450?(1.09*t2+70):t2);
13=0.835+0.00058*t2;
c3=0.88+0.00023*t2;
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a3=13/(e*c3);
t3=t2+0.83*ch+ch*R *R*«r*r)/(R *R)-1 )/(4*a3);
t3= 1.09*(t3-t3/1.8);
t3=(M<100?(1.45*t3):t3);
t3=(M> 150?(1.09*t3+ 150):t3);
if(M>=230) Q=1.09*t3+ 130;
t3=(M>=300?(0.78*t3+200):t3);
t3=(M>=400?( 1.09*t3+ 30):t3);
14=0.835+0.00058*t3;
c4=0.88+0.00023*t3;
a4=14/(e*c4);
t4=t3+ 1.0*ch+ch*R *R *«r*r)/(R *R)-1 )/(4*a4);
t4=1.11*(t4-t4/1.5Q5J;
t4=(M<100?(1.2*t4):t4);
t4=(M> 150?(1.11 *t4+ 150):t4);
t4=(M>=400?(t4+50):t4);
t4=(M>450?(1.11 *t4+30):t4);
15=0.835+0.00058*t4;
c5=0.88+0.00023*t4;
a5=15/(e*c5);
t5=t4+ 1.17*ch+ch*R *R*«r*r)/(R *R)-l )/(4*a5);
t5=1.09*(t5-t5/1.48);
t5=(M<100?(1.19*t5):t5);
t5=(M> 150?( 1.09*t5+ 70):t5);
if(M>=230) t5=1.09*t5+50;
t5=(M>=350?(1.09*t5-210):t5);
t5=(M>=450?(1.09*t5+70):t5);
16=0.835+0.00058~t5;
c6=0.88+0.00023*~51;
a6=16/(e*c6);
t6=t5+ 1.33*ch+ch*R *R *«r*r)/(R*R)-1)/(4*a6);
t6= 1.109*(t6-t6/1.398);
t6=(M<100?(1.19*t6):t6);
t6=(M> 150?( 1.09*t6+65):t6);
if(M>=300) t6=1.09*t6-20;
t6=(M>=350?(1.09*t6-200):t6);
t6=(M>=450?( 1.09*t6+50):t6);
17=0.835+0.00058*t6;
c7=0.88+0.00023*t6;
a7=17/(e*c7);
t7=t6+ 1.5*ch+ch*R*R *«r*r)/(R *R)-1 )/(4*a7);
t7=1.12*(t7-t7/1.34);
t7=(M<100?(1.2*t7):t7);
t7=(M> 150?(1.12~t7+M-150):t7);
t7=(M>=350?(1.12i1ct7-330):t7);
t7=(M>=450?(1.09*t7-200):t7);
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18=0.835+0.00058*t7;
c8=0.88+0.00023*t7;
a8=18/(e*c8);" I [I

t8=t7+ 1.67*ch+ch*R *R*«r*r)/(R *R)-I)/(4*a8);
t8=1.12*(t8-t8/1.295);
t8=(M<1 OO?(1.2*t8):t8);
t8=(M>= 150?( 1.12*t8+M/3+ 1O):t8);
if(M>=300) t8= 1.12*t8-170;
t8=(M>=350?( 1.12*t8-190):t8);
t8=(M>=450?( 1.12*t8-223):t8);
19=0.835+0.00058*t8;
c9=0.88+0.00023*t8;
a9=19/(e*c9);
t9=t8+ 1.83*ch+ch*R *R*«r*r)/(R*R)-l )/(4*a9);
t9=1.125*(t9-t911.263);
t9=(M< 1OO?(1.2*t9):t9);
t9=(M>=150?(1.125*t9+M/3):t9); ,
if(M>=230) t9=1.125*t9-210;
t9=(M>=350?( 1.125*t9-261 ):t9); [
t9=(M>=450?(1.125*t9-199.8):t9);
110=0.835+0.00058*t9;
c 10=0.88+0.00023*t9;
a10=11O/(e*c10);
tl 0=t9+2*ch+ch*R *R*«r*r)/(R *R)-l )/(4*al 0);
t 10= 1.11*(t 10-t 10/1 .24);
tl O=(M<l 00?(1.2*tl O):tl 0);
t10=(M>=150?(1.11 *tlO+M/3-30):tl 0);

I,

if(M>=200) tlO=l.l1 *tlO-117;
tl 0=(M>=350?(1.11 *tl 0-247):t1 0);
tl 0=(M>=450?(1.11 *t10-180):tlO);
cout-c-cendl;
cout-c-c'The requiredtemperatures of combustion for a "«M«"kg";
cout«"\ncapacity rotary furnace (witha recuperator) are\n";
cout~<"\n\t\t .Tim~:,(,hr) I Temperature (Oe) ";
cout«"\n\t\t 0.50 ,[ "«tl;
cout«"\n\t\t 0.67 "«t2;
cout«"\n\t\t 0.83 "«t3;
cout«"\n\t\t 1.00 "«t4;
cout«"\n\t\t 1.17 "«t5;
cout«"\n\t\t 1.33 "«t6;
cout«"\n\t\t 1.50 "«t7;
cout«"\n\t\t 1.67 "«t8;
cout«"\n\t\t ,1.83 "«t9;
cout«"\n\t\t 2.00 "«tlO;
fout-ccendl;
fout-c-c'The required temperatures of combustion for a "«M«"kg";
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fout«"\ncapflcity rotary furnace (with a recuperator) are\n";
fout«"\n\t\t Time (hr) Temperature(OC) ";
fout«"\n\t\t 0.50 "«tl;
fout«"\n\t\t 0.67 "«t2;
fout«"\n\t\t 0.83 "«t3;
fout«"\n\t\t 1.00 "«t4;
fout«"\n\t\t 1.17 "«t5;
fout«"\n\t\t .1.33 .: "«t6;
fout«"\n\t\t 1.50 ~'( "«t7;
fout«"\n\t\t 1.67 "«t8;
fout«"\n\t\t 1.83 "«t9;
fout«"\n\t\t 2.00 "«tlO;};
if(response=='5')
{D3=(M>=1 00?(D2+(M-75)11 000):(D2-(100-M)*2.511 000));
cout«endl;
cout«"\n\tDiameter of the cylindrical shell is "«(D3*1000)«"mm";
cout«"\n\tTlaickness of the lining is "«(M>=lOO?(tL *1OOO):(tL*1000-0.7405*(100-

M»)«"mm";
cout«"\n\tLength of the cylindrical shell is "«(M>=l 00?(925+(M-l 00)/3):(925-(100-

M)*7))«"mm"; -
cout«"\n\tSlant length of each of the two conical frustums is

"«(M>= 100?(250+0.875*(M-l 00»:(250+0.875*(M-l 00)-40))«"mm"«endl;
cout«"\n\tBase diameter of the conical frustum is "«(4*D3/9)*1000«"mm";
cout<;<"\n\tDiametenofthe burner-pnd of the furnace flange is

"«(3*D3111)* 1OOO«"mm";
. cout«"\n\tDiameter of the charging-end of the furnace flange is

"«(3*D3/1 0)* 1OOO«"mm";
cour-ccendl:
fout'<-cendl;
fout«"\n\tDiameter of the cylindrical shell is "«(D3* 1000)«"mm";
fout«"\n\tThickness of the lining is "«(M>=100?(tL *1000):(tL *1000-0.7405*(100-

M)))«"mm"; -
fout«"\n\tLength of the cylindrical shell is "«(M>=1 00?(925+(M-l 00)/3):(925-(1 00-

M)*7»«"mm";
fout«"\n\tSlant length of each of the two conical frustums is

"«(M>=1 00?(250+0.875*(M-l 00»:(250+0.875*(M-l 00)-40))«"mm "<xendl;
fout«"\n\tBase diameter of the conical frustum is "«(4*D3/9)*1000«"mm";
fout«"\n\tDiameter of the burner-end of the furnace flange is

"«(3*D3111)*1000«"mm"; .
fout«"\n\tDi-ameler'of the charging-end of the furnace flange is

"«(3*D3110)*1000«"mm"; -
fout-ccendl;
D3=(M>=1 00?(D2+(M-70)11 000):(D2-0.88*(1 00-M)*2.5/l 000»;
double tL2=(M>= 1OO?(tL*1000+D3111 O):(tL*1000-0.67*(1 OO-M»));
double t I ,t2,t3,t4,t5,t6,t7 ,t8,t9,t 10;
double 11,12,13,14,15,16,17,18,19,110; .
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double c 1,c2,c3,c4,c5,c6,c7,c8,c9,c 10;
double al ,a2,a3,a4,a5,a6,a7,a8,a9,a 10;
double r=D3/2,R=r+0.005;
const double ch=4017.5,tO=37.0,e=1850.0;
r=(M>=100?(r-0.000965):r);
R=(M>=100?(R-0.003465):R);
11=0.835+0.00058*tO;
c1=0.88+0.00023*tO;
a1=11/(e*cl);
t 1=to+(0.5*ch)+( ch*R *R)*«r*r)/(R *R)-l )/(40*al);
tl=t1-tl/2.5;
t I=(M>=450?(tl + 1O):t1);
12=0.835+0.00058>1;tl;
c2=0:88+0.00023 *('1'; (
a2=12/(e*c2);
t2=t1 +0.67*ch+ch*R *R*«r*r)/(R *R)-l )/(4*a2);
t2=t2-t2/2.4;
t2=(M>=450?(t2+ 70);t2);
t2=(M> 150?(t2+ 150):t2);
if(M>=230) t2=t2+21O;
t2=(M>=350?(t2+200):t2);
t2=(M>450?(t2+50):t2);

I·

13=0.835+0.00058*t2; .
c3=0.88+0.00023*t2;
a3=13/(e*c3);
t3=t2+0.83*ch+ch*R *R*«r*r)/(R *R)-l )/(4*a3);
t3=t3-t311.8;
t3=(M> 150?(t3+ 150):t3);
if(M>=230) t;3=t3+J ?O;
t3=(M>=350?(t3+iOO):t3);
t3=(M>450?(t3+ 130):t3);
14=0.835+0.00058*t3;
c4=0.88+0.00023*t3;
a4=14/(e*c4);
t4=t3+ 1.0*ch+ch*R *R *«r.*r)/(R *R)-1 )/(4*a4);
t4=t4-t4/1.595;
t4=(M> 150?(t4+ 150):t4);
t4=(M>=3507(t4+200):t4);
t4=(M>450?(t4+80):t4);
15=0.835+0.00058*t4;
c5=0.88+0.00023*t4;
a5=15/(e*c5);
t5=t4+ 1.17*ch+ch*R *R *«r*r)/(R *R)-1 )/(4*a5);
t5=t5-t511.48;
t5=(iy1>150?(t5+ 70):,t5);
if(M>=230) t5=t5+50;

112



t5=(M>=350?(t5+ 140):t5);
t5=(M>=450?(t5+ 70):t5);
16=0.835+0.00058*t~;
c6=0:88+0.00023*t5;
a6=16/(e*c6);
t6=t5+ 1.33*ch+ch *R*R *«r*r)/(R *R)-1 )/(4*a6);
t6=t6-t611.398;
t6=(M> 150?(t6+65):t6);
if(M>=230) t6=t6+80;
t6=(M>=350?(t6+80):t6);
t6=(M>=450?(t6+ 70):t6);
17=0.835+0.00058*t6;
c7=0.88+0.00023*t6;
a7=17/(e*c7);
t7=t6+ 1.5*ch+ch*R *R*«r*r)/(R *R)-1)/(4*a7);
t7=t7 -t7/1.34;
t7=(M> 150?(t7+M-150):t7);
t7=(M>=350?(t7-69):t7);
18=0..835+0.00058~tV;
c8=0.88+0.00023*t7;
a8=18/(e*c8);
t8=t7+ 1.67*ch+ch*R *R*«r*r)/(R *R)-1 )/(4*a8);
t8=t8-t8/1.295;
t8=(M>= 150?(t8+M/3+ 10):t8);
if(M>=230) t8=t8+30;
t8=(M>=350?(t8+28):t8);
t8=(M>=450?(t8+ 30):t8);
19=0.835+0.00058*t8;
c9=0.88+0.00023*t8;
a9=19/(e*c9);
t9=t8+ 1.83*ch+ch*R *R*«r*r)/(R *R)-I)/(4*a9);
t9=t9-t911.263;
t9=(M>= 150?(t9+M/3):t9);
if(M>=230) t9=t9+20;
t9=(M>=350?(t9+27~:t9); ,
t9=(M>=450?(t9+22):t9);
110=0.835+0.00058*t9;
c 10=0.88+0.00023*t9;
a 10=110/(e*c 10);
u0=t9+2*ch+ch*R *R*«r*r)/(R *R)-I)/(4*a10);
t 1O=tlo-n011.24;
t1O=(M>= 150?(tl 0+M/3-30):t1 0);
if(M>=230) tlO=tl0+20;
t 10=(M>=350?(t 10+20):t1 0);
tl 0=(M>=450?(tl 0+20):tl 0);
cout-ccendl;
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cout-c-cendl;
cout-c-c'The required temperatures of combustion for a"«M«lIkgll;
cout«II\ncapacity rotary furnace (without a recuperator) are\n";
cout«"\n\t\t Time (hr) \ Temperature(OC) ";
cout«"\n\t\t 0.50 "«tl;
cout«"\n\t\t 0.67 "«t2;
cout«"\n\t\t 0.83 "«t3;
cout«"\n\t\t 1.00. "«t4;
cout<i<"\n\t\tl.17 \;.I "«t5;
cout«"\n\t\t 1.33 "«t6;
cout«"\n\t\t 1.50 "«t7;
cout«"\n\t\t 1.67 "«t8;
cout«"\n\t\t 1.83 "«t9;
cout«"\n\t\t 2.00 "«tlO;
fout-c-cendl;
fout-c-c'The required temperatures of combustion for a "«M«"kg";
fout«"\ncapacity rotary furnace (withouta recuperator) are\n";
fout«"\n\t\t 'Time (hr) Temperature(OC) II;
fout«"\n\t\t 0.50 "«tl;
fout«"\n\t\t 0.67 "«t2;
fout«"\n\t\t 0.83 "«t3;
fout«"\n\t\t 1.00 "«t4;
fout«"\n\t\t l.17 "«t5;
fout«"\n\t\t 1.33 . "«t6;
fout«"\n\t\t "l.50 \,' I( "«t7;

fout«"\n\t\t 1.67 "«t8;
fout«"\n\t\t 1.83 "«t9;
fout«"\n\t\t 2.00 "«tIO;};
if(response=='6')
{D3=(M>=I 00?(D2+(M-70)/I 000):(D2-0.88*(1 00-M)*2.5/l 000»;
cout«endl;
cout«"\n\tDiameter of the cylindrical shell is "«(D3*1000)«"mm";
double tL2=(,M>= 1OO?(tL*1000+D3/11 O):(tL*1000-0.67*(1 OO-M»);
cout«"\n\tThickness of the lining is 1I«tL2«"mm";
double L2=(M>=100?(925.+ 1.1*(M-I00)/3):(925-0.9*(I 00-M)*7»;

L2=(M==100?(925+ 1.1*M/3):L2);
cout«"\n\tLength of the cylindrical shell is "«L2«"mm";
cout«"\n\tSlant length of each of the two conical frustums is "«(M>=I 00?(250+0.9*(M-

1OO»:(250+0.9*(M-l OO)-40»«"mm";
cout<:<"\n\tBase diameter of the corical frustum is "«(4000*D3/9)«"mm";
cout«"\n\tDiameter of the burner-end of the furnace flange is "«(3000*D3/II)«"mm";

. cout«"\n\tDiameter of the charging-end of the furnace flange is
"«(3000*D3/10)«"mm\n";

cout«"\nFor the Recuperator design parameters: \n";
cout«"\n\tDiameter of the inner cylinder of the recuperator is "«(M<=300?(5000*D3/9-

28.85):(5000*D3/9-115»«"mm";
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ccut«"\n\tDiameter .of the cuter cylinder of the recuperator is
"«(M<=300?(5000*D3/9+tL2/5-4.314):(5000*D3/9+tL2/5-25»«"mm";

ccut«"\n\tLength of the inner cylinder of the recuperator is "«(M<=300?(1.750*L2-
94.92):(1.750*L2+453.08»«"mm";

ccut«"\n\tLength of the cuter cylinder of the recuperator is "«(M<=300?(1.750*L2-
3000*D3/5+200.08):( 1.750*L2- 3000*D3/5+973 .o.8»«"mm";

ccut«"\n\tRy,cuperatcr sprout's base diameter is "«(750*D3-1.447)«"mm";
ccut«"\n\tRecuperatcr sprout's slant. length is "«(750*D3-6.447)«"mm";
cout-c-cendl;
fout-ccendl;
fcut«"\n\tDiameter of the cylindrical shell is "«(D3*1000)«"mm";
fcut«"\n\tThickness of the lining is "«tL2«"mm";
fcut«"\n\tLength of the cylindrical shell is "«L2«"mm";
fcut«"\n\tSlant length of each of tre two conical frustums is "«(M>= 100?(250+0.9*(M-

1OO»:(250+0.9*(M-I 00)-40»«"mm"«endl;
fcut«"\n\tBase diameter of the conical frustum is "«(4000*D3/9)«"mm";
fcut«"\n\tDiameter of the burner-end of the furnace flange is "«(3000*D3/11)«"mm";
fcut«"\n\tDiameter of the charging-end of the furnace flange is

"«(M<=300?(3*(5000*D3/9-25»:(3*(5000*D3/9-I15»)«"mm\n";
fcut«"\n\tDiameter of the inner cylinder of the recuperator is "«(M<=300?(5000*D3/9-

28.85):(5000*D3/9-115»«"mm";
fcut«"\n\tDiameter of the outer cylinder of the recuperator is

"«(M<=300?(5000't'D3/9+tL2/5-4.314):(5000*D3/9+tL2/5-25»«"mm";
fcut«"\n\tLength of the inner cylinder of the recuperator is "«(M<=300?(1.750*L2-

94.92):(1.750*L2+320»«"mm";
fcut«"\n\tLength of the cuter cylinder of the recuperator is "«(M<=300?(1.750*L2-

3000*D3/5):( 1.750*L2-3000*D3/5+790»«"mm";
fcut«"\n\tRecuperatcr sprout's base diameter is "«(750*D3-1.447)«"mm";
fcut«"\n\tRecuperatcr sprout's slant length is "«(750*D3-6.447)«"mm";
fout-ccendl: . ,;-I . I, (

D3=(M>= 100?(D2+(M-70)1l 000):(D2-0.88*(1 00-M)*2.51l 000»;
tL2=(M>=I OO?(tL*1000+D31lI O):(tL*1000-0.67*(1 OO-M»);
double tl ,t2,t3,t4,t5,t6,t7 ,t8,t9,tl 0;
double 11,12,13,14,15,16,17,18,19,110;
double c 1,c2,c3,c4,c5,c6,c7,c8,c9,c I0;
double al ,a2,a3,a4,a5,a6,a7,a8,a9,al 0;
double r=D312,R=r+0.005;
const double ch=4017.5,tO=37.0,e=1850.0;
r=(M>=100?(r-0.000965):r);
R=(M>= 100?(R-0.003465):R);
11=0.835+0.00058*tO;
c 1=0.88+0.00023*tO;
al =ll/( e*c 1);
tl =to+(0.5*ch)+( ch*R *R)*«r*r)/(R *R)-l )/(40*al );
tl =1.13*(tl-tl/2.5)~
t1=(M>=4S0?(l.13~ll +1O):tl); .f
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12=0.835+0.ob058*ti ;(
c2=0.88+0.00023*tl ;
a2=I2/(e*c2);
t2=t1 +0.67*ch+ch*R *R*«r*r)/(R*R)-I)/(4*a2);
t2= 1.09*(t2-t2/2.4);
t2=(M<1 00?(1.61 *t2):t2);
t2=(M> 150?( 1.09*t2+ 150):t2);
if(M>=230) t2= 1.09*t2+21 0;
t2=(M>=300,?{0.76*t2+200):t2);
t2=(M>=400?(1.09*t2):t2);
t2=(M>=450?(1.09*t2+70):t2);
13=0.835+0.00058*t2;
c3=0.88+0.00023*t2;
a3=13/(e*c3);
t3=t2+0.83*ch+ch*R *R*«r*r)/(R *R)-1 )/(4*a3);
t3=1.09*(t3-t31l.8)~ I

t3=(M<1 OO?(1.45*t3):t3);
t3=(M> 150?(1.09*t3+ 150):t3);
if(M>=230) t3=1.09*t3+ 130;
t3=(M>=300?(0.78*t3+200):t3);
t3=(M>=400?(l.09*t3+ 30):t3);
14=0.835+0.00058*t3;
c4=0.88+0.00023*t3;
a4=14/(e*c4);
t4=t3+ 1.0*chrt-ch*R *R*«r*r)/(R *R)-1 )/(4 *a4);
t4=1.11 *(t4-t411.595);
t4=(M<100?(1.2*t4):t4);
t4=(M> 150?(1.11 *t4+ 150):t4);
t4=(M>=400?(t4+50):t4);
t4=(M>450?(1.11 *t4+30):t4);
15=0.835+0.00058*t4;
c5=0.88+0.00023*t4;
a5=15/(e*c5);
t5=t4+ 1.17*ch+ch*R *R*«r*r)/(R *R)-I)/(4*a5);
t5=1.09*(t5-t511.48);
t5=(M<1 OO?(1.19*t5):t5);
t5=(M> 150?(l.09*t5+70):t5);
if(M>=230) t5= 1.09*t5+50;
t5=(M>=350?(1.09*t5-21O):t5);
t5=(M>=450?(1.09*t5+70):t5);
16=0.835+0.00058*t5;
c6=0.88+0.00023*t5;
a6=16/(e*c6);
t6=t5+ 1.33*ch+ch*R*R*«r*r)/(R *R)-1)/(4~a6);
t6=1.109*(t6-t6/1.398);
t6=(M<1 OO?(1.19*t6):t6);

".I
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t6=(M> 150?(1.09*t6+65):t6);
if(M>=300) t6=1.09*t6-20;
t6=(M>=350?(l.09*t6-200):t6);
t6=(M>=450?(1.09*t6+50):t6);
17=0.835+0.00058*t(>;
c7=0.88+0.00023*t6;
a7=17/(e*c7);
t7=t6+ 1.5*ch+ch*R *R *«r*r)/(R *R)-I)/(4*a7);
t7=1.12*(t7-t7 /1.34);
t7=(M<100?(1.2*t7):t7);
t7=(M> 150?(1.12*t7+M-150):t7);
t7=(M>=350?(1.12*t7-330):t7);
t7=(M>=450?{l.09*t7-200):t7);
18=0.835+0.00058*t7;
c8=0.88+0.00023*t7;
a8=18/(e*c8);
t8=t7+ 1.67*ch+ch*R*R *«r*r)/(R *R)-1)/(4*a8);
t8=1.12*(t8-t811.295);
t8=(M<1 OO?(1.2*t8):t8);
t8=(M>=150?(1.12*t8+M/3+ 10):t8);
if(M>=300) t8=1.12'1't8-170;
t8=(M>=350?(l.12*t8-190):t8);
t8=(M>=450?(1.12*t8-223):t8);
19=0.835+0.00058 *t8;
c9=0.88+0.00023*t8;
a9=19/(e*c9);
t9=t8+ 1.83*ch+ch*R *R*«r*r)/(R *R)-1 )/(4*a9);
t9=1.125*(t9-t911.263);
t9=(M<1 OO?(1.2*t9):t9);
t9=(M>=150?(1.125*t9+M/3):t9);
if(M>=230) t9=1.125*t9-21O;
t9=(M>=350?(1.125*t9-261):t9);
t9=(M>=450?(1.125*t9-199.8):t9);
110=0.835+0.00058*t9;
cl0=0.88+0.00023*t9; .
al 0=11O/(e*c10); .
t 10=t9+2*ch+ch*R*R *«r*r)/(R *Rr)-1 )/( 4*k 10);
tlO=1.11 *(tlO-tl0/1.24);
tl 0=(M<100?(1.2*t1 0):t1 0);
tlO=(M>=150?(1.11 *tl 0+M/3-30):tl0);
if(M>=200) t10=1.11 *t10-117;
t10=(M>=350?(1.11 *t10-247):t1 0);
t10=(M>=450?( 1.11*tlO-180):tl 0);
cout-c-cendl:
cout«"The requiredtemperatures of combustion for a "«M«"kg";
cout«"\ncap'acity rotary furnace (with a recuperator) are\n";
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cout«"\n\t\t Time. (hr)
cout«"\n\t\t '0.50/ I

cout«"\n\t\t 0.67
cout«"\n\t\t 0.83
cout«"\n\t\t 1.00
cout«"\n\t\t 1.17
cout«"\n\t\t 1.33
cout«"\n\t\t 1.50
cout«"\n\t\t 1.67
cout«"\n\t\t 1.83
cout«"\n\t\t '2.00
fout«endl;
fout«"The requiredtemperatures of combustion for a "«M«"kg";
fout«"\ncapacity rotary furnace (with a recuperator) are\n";
fout«"\n\t\t Time (hr) Temperature(OC) ";
fout«"\n\t\t 0.50 "«t1;
fout«"\n\t\t 0.67 ' "«t2'

.., I '

fout«"\n\t\tO.83 "~I "«t3;
fout«"\n\t\t 1.00 "«t4;
fout«"\n\t\t 1.17 "«t5;
fout«"\n\t\t 1.33 "«t6;
fout«"\n\t\t 1.50 "«t7;
fout«"\n\t\t 1.67 "«t8;
fout«"\n\t\t 1.83 "«t9;
fout«"\n\t\t 2.00 "«tlO;};};};
cout«"\nDo ,you wish to continue?(Y/N) : ";
cin»response3; .
cout-c-cendl;

esc2:{if(response3=='Y'liresponse3=='y')
goto escl;

return 0;
};}

Temperature(OC) ";
"«tl;
"«t2;
"«t3;
"«t4;
"«t5;
"«t6;
"«t7;
"«t8;
"«t9;
"«tlO;

,.

. ,;'"
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APPENDIXB

OUTPUTS FROM THE DEVELOPED SOFfW ARE

This program evaluates the essential parameters needed to design a
recuperator-incorporated rotary furnace. The various options available
to choose, from are as outlinedpelow,1 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

(c) Temperatures of combustion of a rotary furnace,.

without a recuperator? Enter 3
,

(d) Temperatures of combustion of a rotary furnace

with a recuperator? Enter 4

.'

(e) Inte~'ested in bOth (a l: and (c)? enter 5

(f) Interested in both (b) and (d)? enter 6

Make your choice by picking the appropriate number against the chosen
option: 1

Enter the capacity of the furnace, that is the maximum quantity 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 allowance,
Compressive strength and Young'sModulus? (Y/N) N

Diameter of the cylindrical shell is 577.536mm
Thickness of the lining is 132.895mm
Length of the cylindrical shell is 958.333mm
Slant length of each of the two conical frustums is 337.5mm

,.' I . I
Base' diameter 'of theconidal frustum is 256. 683mm
Diameter of the burner-end of the furnace flange is 157.51mm
Diameter of the charging-end of the furnace flange is 173.261mm

Do you wish to continue? (Y/N): Y

Make your choice by picking the apprqpriate number against the chosen
option: 2

,.
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Enter the capacity of the furnace, that is the maximum quantity of
charges 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 Modulus? (Y/N) N

Diameter of the cylindrical shefl is 623.545mm
Thickness of the lining is 135.65mm
Length of the cylindrical shell is 980mm
Slant length of each of the two conical frustums is 385mm

Base diameter of the conical frustum is 277.131mm
Diameter o'f the ' buzn ez= errd of the furnace flange is 170. 058mm
Diameter of the charging-end of the furnace flange is 964.242mm

Diameter of the inner cylinder of the recuperator is 317.564mm
Diameter of the outer cylinder of the recuperator is 369.23mm
Length of the inner cylinder of the recuperator is 1620.08mm
Length of the outer cylinder of the recuperator is 1340.87mm
Recuperator sprout's base diameter is 466.212mm
Recuperator sprout's slant length is 461.212mm

.'
Do you wish to continue? (Y/N): Y

Make your choice by picking the appropriate number against the chosen
option: 3

Enter the'capacity6£ the furnace, tl'iatis the maximum quantity of
charges it is intended for (kg): 300

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 Modulus? (Y/N) N

Supply the following parameters for the lining
Shrinkage allowance : 0.0877
Compressive strength (N/m2) :3e+9
Young's Modulus (N./m2) : 300e+9

The required te~peratures of combustion for a 300kg
capacity rotary furnace (without ,a recuperator) are

Time (hr) Temperature (OC)
0.50 1035.34
0.67 1131.82

0.83 1216.29
1.00 1235.64
1.17 1294.22

1.33 "'If 1382.07
1.50 1456.56
1.67 1491. 64

1.83 1499.22
2.00 1506.1
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Do you wish to cont~nu~?:,(,Y/N): Y
, ~' ' (

Make your choice by picking the appropriate number against the chosen

optfon: 4

Enter the capacity of the furnace, that is the maximum quantity of
charges it is intended for (kg): 350

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 Modulus? (Y/N) y
Supply the foll0wing parameters for the lining

Shrinkage allowance : 0.0877
Compressive strength (N/m2) 3e+9
Young's Modulus (N/m2) : 300e+9

The required temperatures of combustion for a 350kg
capacity rotary furnace (with a recuperator) are

Time (hr) Temperature ( OC)

0.50
.; I

( 1156.26
0.67 1259.51
0.83 1390.93
1. 00 1533.74
1.17 1708.12
1.33 1803.33
1. 50 1880
1. 67 2055.7
1.83 2058.14
2.0.0 2052.42

Do you wish to continue? (Y/N): Y

Make your choice by picking the appropriate number against the chosen
option: 5

.. ,", I ,I

Enter the'capacity of the furnaqe, that is the maximum quantity 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): shrinkage allowance,
Compressive strength and Young's Modulus? (Y/N) N

Diameter of the cylindrical shell is 743.967mm
Thickness of the lining is 143.764mm
Length of the cylindrical shell is 1025mm
Slant length of each of the two conical frustums is 512.5mm

Base diameter of the conical fr~stum is 330.652mm
Diameter of the burner-end of the furnace flange is 202.9mm
Diameter of the charging-end of the furnace flange is 223.19mm

The required temperatures of combustion for a 400kg

, ,i I
(
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capacity rotary furnace (without'a recuperator) are

Time (hr) Temperature ( OC)

0.50 1010.73
0.67 1129.96

0.83 1280.67
1. 00 I;'" I f

1359.53
1.17 1395.85
1. 33 1419.68
1. 50 1436.55
1. 67 1481. 45
1. 83 1497.37
2.00 1503.94

Do you wish to continue? (Y/N): Y,.

Make your choice by picking the appropriate number against the chosen
option: 6 \

Enter the capacity of the furnace, that is the maximum quantity of
charges it is intended for (kg): 450

Do you wish to supp~y the following parameters for your lining material
(reconunen<;ieddata wt·l1 be used ptherw.ise): shrinkage allowance,
Compressive strength and Young's Modulus? (Y/N) N '

Diameter of the cylindrical shell is 791.472nun
Thiokness of the lining is 146.44nun
Length of the cylindrical shell is 1053.33nun
Slant length of each of the two conical frustums is 565nun

Base diameter of the conical frustum is 351.766mm
Diameter of the burner-end of the furnace flange is 215.856mm
Diameter o'f the charging-end of the furnace flange is 974.121mm

Diameter of the inner cylinder of the recuperator is 324.707mm
Diameter of the outer cylinder of the recuperator is 443.995nun
Length of the in;ner cylinder of the recuperator is 2163.33nun
Length of the outer cylinder of the recuperator is 2158.45nun
Recuperator sprout's base diameter is 592.157mm
Recuperato,r sPt-put's slant length is 587.157mm

, !' '('

The required temperatures of combustion for a 450kg
capacity rotary furnace (with a recuperator) are

Time (hr)
0.50
0.67
0.83
1.00
1.1.7

Temperature (OC)
1284.9
1490.5
1563.21
1561.5
1808.97
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1.33
1.50
1.67
1. 83

2.00

1952.06
1940.79

2049.15
2060.13
2057.92

"

Do you wish to continue? (Y/N): Y

Make your choice by picking the appropriate number against the chosen
option: 7

YOU HAVE NOT MADE A ~;'VALIDCHOIC,E1
TRY TO MAKE A CORRECT CHOICE NEXT TIME YOU RUN THE PROGRAM

"

(

,:' I
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