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ABSTRACT

The development of indigenous furnace technology is vital to the Nigerian

engineering industry. Existing efforts have developed hydrocarbon fuel fired types such as

crucible and rotary furnaces, but with concomitant problems of operational difficulties,

environmental pollution, poor product qualities, and temperature control. Fortunately, these

problems are usually absent in electric type furnaces. Therefore, there is the need for the

development of electric furnaces. This is the thrust for this work: Development of a

laboratory bench top electric heating furnace designed to generate heat by ohmic heating, and

achieve a temperature of l200°C in one hour (on 220V ac), with electronic temperature

monitoring and control.

Towards constructing the design, the required electrical components, construction

steel sheet and bars were sourced from the local technical market. The refractory raw
)

materials requirements of the design were sourced from two local deposits - lgbokoda beach

silica sand and Ijapo Kaolinitic clay deposits, both in Ondo state. Process routes for using

these local deposits to produce the refractories were determined by varying pretreatments,

particle sizes, compositions and moulding methods for different samples to obtain the

combination which will give the best of desired properties in the products.

The prototype was constructed with least design modifications. The resulting furnace

was tested for performance evaluation. Although firing could not be continued to exactly

1200°C due to insufficient insulation bricks, a promising heat build up average rate of 20°C

per minute was obtained. Also, the control system served for switching onloff the furnace at

various set temperatures. The developed furnace has the advantages of ease of operation and

control, environmental friendliness, and low cost of operation over the hydrocarbon fuel fired

ones.

xii



1.0 INTRODUCTION

1.1 GENERAL BACKGROUND

The Nigerian technological community has been classed as developing for years.

Although there are efforts in keeping pace with global technology research and development

both in the ivory towers and in the industry, Nigeria finds it difficult to keep pace in a

sustainable form in view of the rapid pace of global technological development championed

by the developed nations. There is the need to break the consumer syndrome as a nation, and

evolve 'a level of productivity based on internal momentum for growth' (The Presidency,

1999).

In pursuance of this, it is imperative to recognize the need to encourage local sourcing

and increased local content in her products and services, and to discourage the importation or

virtually everything. No sudden boost in the production sector will survive, in a sustainabJc

way, if all machinery and equipment are forever being imported. Though this has long been

recognized, yet the result is not glaring, because there has not been much general keenness to

seck/adapt applicable research findings to solve local real Ii fe problems. In this country,

research is hardly accompanied by development, whereas research and development are

supposed to be twin events. Since technology is all about developing solutions to Iifc

problems, a community can not develop technologically until she has started developing her

own techniques of solving her own technical problems - Nigeria not an exception. This is the

thrust for this work, which centers on the production of a basic tool for the production

engineering industry -- furnace.

1.2 FURNACES, ENGINEERING INDUSTRY AND THE CIIALLE IGE

Furnaces are devices used for intense heating purposes in the metallurgical industry.

They are generally classified as melting or heating furnaces depending on the type of

application. In heating furnaces, the charge maintains its state of aggregation, while in

melting furnaces, there is a change of the state of aggregation (Krivandin and Markov, 1980).

Other registers such as kilns, ovens, stoves and boilers are used to describe furnaces in the

ceramics, food, and chemical industries. Furnaces directly drive the primary engineering

industries - the machine tools and the materials engineering industries - as the tool for

smelting, melting and diverse heating operations, to produce various technical components,

machine tools, heat treated components, metal ingots, glasses, and so on. The products from

these primary industries service the secondary engineering, science, food, chemical, and



textile industries, such that furnaces still one way or the other sustain all these industries.

Without furnaces, it will be impossible to make metals, machines, building materials, and so

on. Furnaces are therefore indispensable tools in technological development, industrialization

and virile engineering industry in any nation.

Nigeria is pursuing technological development; furnaces are basic vital tools in this

regard. Then the question is this: where is the technology of quality furnaces in Nigeria?

Considering the quality indices of what can pass for a quality furnace such as product quality,

ease, speed, efficiency and environmental friendliness of operation; and considering the level

of multidisciplinary integration in such quality equipments; then, one will be cautious to

supply an answer. In this country, there has been design and construction of crucible or rotary

furnaces, with hydrocarbon fuels as energy sources (Oshodin, et aI., 2002). These efforts have

problems such as high fuel costs, temperature regulation, operational inconveniences,

impurities in product, and pollution. They often fall short of the standards of quality furnaces.

Since the global trend is more towards electrically powered equipment, for the inherent

advantages such as ease of electronic control, cleanliness and ease of operation, and

environmental friendliness, attention should be turned this way too in this country.

Development of a laboratory bench-top electric heating furnace will be a good step toward

development of higher capacity heating and melting furnaces.

Thus far, indigenous production of qualitative electric heating furnace has not been

reported in literature. So, a fresh effort will have to be initiated in facing this challenge. There

are many foreign models of such furnaces (Carbolyte Furnaces, 1986: l'rothenn l-urnaces.

2002) constructed based on fundamental principles of ohmic heat generation, heat transfer

and refractory applications; these ones can serve as good references. By giving attention to

understudying and mastering the technology of this equipment, it is believed that

maintenance works on the ones in operation, and production of new ones can become a

domestic issue. This is the basis for this work, which is the Design and Construction of a

Laboratory Benchtop Electric Heating Furnace. The targeted model, which will be for heating

about Ikg samples, is hoped to have a maximum temperature of about 1200"C; a chamber

size of 120 x 120 x 150 111m;use ohmic heat generation; and operate on 220 V ac.

1.3 JUSTIFICATION FOR THE WORK

I. The work will enhance better mastery0 f the design. construct ion:1I1d opcrat ion

intricacies ofthe laboratory electric heating furnaces:

II. It wi II aid ma intenance 0 r those in operation, and the repa ir o l damaged ones: and

2



III. It will serve as foundation lor further development or higher capacity rUrJ1<1Ces.

104 OBJECTIVES OF THE WORK

The general objective of this work is to develop a laboratory benchtop electric heating

furnace. This entails the following specific objectives:

1. To design the furnace;

II. To devise process routes for the production of the insulating and conducting

refractories for the furnace from local industrial mineral deposits.

Ill. To construct a prototype of the design; and

IV. To evaluate the performance of the prototype.

In pursuance of this objective, first, literature review and information gathering will

be carried out on refractories - types, properties, production, and local deposits; heat

generation, power rating; temperature control system technology; and heat transfer. A

preliminary design of the furnace will then be made taking cognizance of refractory materials

properties and dimension; evaluation of refractories' dimensions by heat transfer analysis;

evaluation of total heat requirement by specific heat and heat transfer analyses; ohmic heat

generation; power rating; temperature control circuitry, and specifications. Material sourcing

will then be carried out based on information gathered on local resources. After this will

come the aspect to determine feasible production route for the refractory requirement of the

design. The process routes, will also seek to optimize the desired properties or the refractory

products. The prototype construction wil] then be carried out as an assemblage or the

refractories, heat generation and temperature control. A performance evaluation will then be

carried out to appraise the whole effort.

3
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2.0 LITERATURE REVIEW

2.1 LABORATORY ELECTRIC HEATING FURNACE

Laboratory electric heating furnaces can be descr,ibed as small capacity chamber

heating devices to provide controlled heating rapidly and reliably for experimental

operations. The preferred choice or electricity as luel1'01' laboratory furnaces is obvious. since

it offers very neat heating operation, with no pollution, high efficiency or energyCOil version

to heat. and easy electronic control. Figure I and Table I show some models and

specifications of laboratory heating furnaces (Carbolytc Furnaces, 19X6: Prothcrm Furnaces.

2()(J2: Science Project Furnaces,2002).

The operating principles or these furnaces vary slightly with models. but1'01' basic

models (Carbolyte Furnaces, 1986), it generally entails conversion of electricity to heat in

passage through high resistance heating elements. This is called resistance or ohmic heating.

The heat generated heats up a refractory tube or chamber, called the work tube. allover its

exterior surface that the heat is conducted through its wall to heat up the interior spacetll' the
r'

work tube in good time. The interior or the work tube then forms the furnace hearth or

chamber. Alternatively, certain heating elements hang and heat up directly inside the

chamber. Heat conservation to prevent flow in directions away from the work rube surface is

done by back ing/laggi ng the heati ng zone and the cham bel' with high insulating refractories.

The temperature control is carried out using control electrical circuitry that switches the

heater on/on' to maintain a set temperature.

From the foregoing, the business of designing a laboratory electric (ohmic) heating

furnace demands knowledge of refractories properties and production. heat transfer. electric

heat generation by resistance heating, and temperature control instrumentation.

2.2 RF.FRACTOIUF.S

Refractories are materials that with.~tand high temperatures, resist the actions of

corrosive liquids, dust-laden currents of hot gases and generally harsh service environments

(Chesti, 1986). Examples are graphite, silica, alumina and carbon refractory materials. The

name refractory actually means hard to fuse. The leading property of this class of materials is,

therefore, a high melting point. This is expressed by the term called refractoriness of the

refractory material, which is the maximum temperature above which the material begins to

degrade under the effect of the environment (heat). Other properties of refractories (critical to

4
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Fig. 1: Representative Laboratory Electric Heating Furnace Models
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Table I: Model Specifications ofSome Carbolyte Furnaces

(Carbolyrc furnaces. 1986)

Model Code I--:ML - 11/2 GI,M - 11/7 LMF - 12i5 I-:SF - 12/13

Max. Temp. IIOOlle IIOO"e 1200"C 1200"C

Ma.". Rec. Cont. Operating. 1050"( 1050"e 1150"e IISO"C

Temp.

Temp. Sensor N iCr/N iA I Thermocouple Pt/Pt I J%Rh. Thennocou p Ie

Max Power Rating (k W) 1.75 3.0 6.0 6.0

Heating Time 65 95 125 \10

(I nO"e below Ill<1Xtemp.)

Controller PO Analogue (Standard): PID Digital (Optional)

Chamber Size, II x W x I) 90x150.\185 120.\175.\355 140.\190.\S60 200,,2S0,,-lSO

(1111ll)

[.\ternal Size. H x W x 0 425x335x II 0 625.\46(h610 58(h4 7S.\7S0 74lh5Mh 700

(nun)

Net Unit Weight (kg) . 20 50 90 80

partie ular operations) incl udc: thcrrna I I clcctrica I cond ucti v it ies. ex pansi \' it). chcm iell

inertness. porosity. load bearing ability. permeability. bulk density. true dcnsitv. sp'llling

resistance, and abrasion resistance.

The values of these properties vary from one refractory sample to another. :IS a result

of method of production and constituent materials. i.c .. composition and presence or nut of

impurities. These variations arc expressed by further classifications of this class of materials

based on chemical or mineralogical composition. c.g. alumina. silicates. maguctitc and

synthetic refractories: prod uction method e.g. rno ld, cast 01"bonded rc [ractorics: prcdorn inant

property e.g. conducting. insulating. or inert refractories: and reactivity e.g. basic neutral or

ac iclic re Iractories.

2.2.1 Basis Of Va riation I II Refractory Properties

Variation in properties between classes ofrefractory materials result from:

Chemical /1I1i/leralogical Composition -from sources. refractory mnrcrials arc of basil'

6
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properties which vary from one to another. These sources, by reason or their chemical

composition rail under certain refractory classes and there rote are or properties peculiar to the

class. For instance, quartzite. tridymite, crystobalite and quartz are all silica refractory

minerals: bauxite and corrondum are alumina refractory minerals; and coal and graphite rocks

arc for carbon refractories,

In achieving specific refractory properties, blending of two or more minerals is done.

or some naturally occurring mixes are used. For example, aluminosilicates are natural co-

occurrence or alumina and silica, with mullite, andalusite and kaolinite as examples or

minerals in the alu;ninosilicate family. Actually. refractory minerals 'very often consist of two

or more compounds and the relative abundance of such co-occurring compounds vary over a

wide range between and with ill deposits. Th is is why there are many d iITerent minerals from

the same set or chemical compounds, such as the aluminosilicate minerals cited.

Th is composition variation leads to production 'of d iffcrcnt phases during the

crystallization process of the rock deposits. which implies varying properties, For example. in

the A lumina - Silica phase diagram, semi-silica quartz refractory with a fusion point or about

1700"C is on one end of the composition range, and mullite with fusion point or about

I HSOnC. on the other end.

Production Method The end properties of a refractory sample is a function of the

alternatives adopted for various steps involved in the manufacturing process. and the actual

values or the combination or variables at each or such steps. For example from the sizing.

mixing and moulding stages, higher eventual porosity or the refractory sample can be ensured

by ensuring coarser and narrower grain size range, to ensure large interstices andkm

moulding pressure to reduce compaction. A review of the general manufacturing mutes will

expound more on the diverse variables with which refractory properties can be manipulated.

2.2.2 Production Process of Refractories

Processing steps involved in the production of refractories. arc presented in the tlo«

sheet in rig. 2 (Chesti, 19H6). Examples of the steps in details are discussed under silica and

fireclay refractories (sections 2.2.4 and 2.2.5). Mining, crushing, grinding and sizing are

first done to maintain about 55:45 ratio or coarse to fine particles. Different equipment used

for this purpose arc crushers, pulverizers, hammer mills. ball mills. shaking tables and

screens, Calcination, which is pretreatment by firing or at high temperature tor considerable

period or time, is carried out to bring about mineral conversion and stabilization or the

materinl. Mixing is carried out in pug mills to facilitate the even distribution or line and

7
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coarse particles in the whole mass. Mixing can be wet (14 - 20% water). semi-plastic (10 ~

8% water) or dry type « 5% water). Colloidal suspensions can also be produced1'01'

moulding by slip casting. Moulding is done to form the refractory mix into desired shape.

Moulding can be by hand or some mechanical means. Wet mixes with about 14 - 20% water

will be amenable to hand moulding. Semi-plastic mixes uses machine moulding by pressing

or extrusion. Dry mixes require high moulding pressures ofJ OOOON/cm~ or more (Chcsti,

1986). SI ip casting, powder pressing, reactive hot pressing and isostatic pressing [Ire other

methods used lor mou Iding some typical refractories. Drying is done on the mould shapes to

remove moisture and increase green strength to make them safe for subsequent handling.

Drying rate is kept at minimum to avoid abrupt shrinkages and crack formation. Drying is

generally carried out under shade on large drying floors, or in tunnel kilns. Finally, firing.

also known as burning is carried out, to completely dehydrate the refractory and effect

vitrification, develop stable mineral forms. and cause formation of necessary ceramic bonds

for high crushing strength in the finished product. Burning may involve as much as3()~';,

shrinkage in the refractories, setting great stresses in them. which results in the distortiont1r

refractory shapes. To avoid such bad situations, it is necessary to carry out pre-stabilization or

the raw materials as mentioned earl icr.

2.2.3 Refractories Performance in Service

The most primary service demand or refractories is to withstand high temperatures.

For this basic need, any refractory material can serve. Examples or such common refractories

are silica, alumina, aluminosilicates, carbon, dolomite and. chromite refractories. The final

choice will only depend on the actual refractoriness required of the refractory. further

screening criteria can include such properties as thermal conductivity. thermal shock

resistance and inertness. In peculiar cases where heat conservation is paramount. it is required

that refractories be thennallyjnsulating. Refractories lor such environment are speciall.

produced as insulating refractories (see 2.2.6). In more stringent conditions such as requiring

refractoriness in order of 2000°C. severe thermal abuses and shocks. extra high strength.

specific inertness to specific reagents, chemical abuses and other extremes or aggressive

environments. such as in high temperature reactor linings, spaceship cones. electric arc

furnaces. tap hole plug and glass melting, special refractories will have to be produced to

such a high degree of purity to optimize specific properties. Such special refractories include

synthetic silicon carbide, pure fused silica, .sialons, pure alumina fusion cast as corrondum .

.'
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zirconia, zircon and cermets. Other important service forms of refractories are as refractory

mortals, cements, castables and ramming masses.

Refracto~y Demand for the Laboratory Electric Heating Furnace

For the speci fie purpose of laboratory furnaces to achieve good thermal isolation. high

heat efficiency and conducive operation, refractory requirement divides in to two parts:,

(i) Requirements for the work tube:

• Refractoriness: aboutJ OOoCexcess of maximum ope~'atil1g temperature

• High Thermal Conductivity

• Adequate Thermal Shock Resistance

For the purpose of meeting1200°e, almost al common refractories will serve. Table 2 shows

common pure refractory compounds and their fusion temperatures, all well in excess of

1500°C.

Considering thermal conductivity. from Table 3 showing thermal conductivities of

some refractories, silica. magnesite, carbon and graphite, in that order ofincrcasingthcnual

conductivity. k, emerge as leading candidate materials. Further screening based on thermal

fatigue resistance disqualifies magnesite; being of very least resistance to thermal shock

(Chcsti. 1986). Moreover, the thermal conductivities of magnesite refractories reduce with

increasing temperature. Carbon and graphite, with best thermal shock resistance and

conductivities most satisfy the requirements for the work tube, but the relative scarcity and.

therefore, very high cost of graph ite and carbon re lractories does not justi Iy the not so severe

requirements of such a furnace. Therefore silica refractories with relative cost advantage will

be a good choice compromise. In pure and fuse form, special silica refractories show very

low coefficient of expansion and higher thermal shock resistance: hence silica refractories

have served in applications for crucibles, tubes, and thermocouple sheaths.

(ii) Requirements for heat conservation

The critical refractory property for good heat conservation is low thermal conductivity. A

refractoriness > 12000C is also necessary for a service environment or1200"C. To meet this

spec ifie req uirement, the base re tractory materia I must be prod uced as insulati ng re fractory,

see section2.2.6.

I,
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Table 2: Common pure refractory compound and their fusion temperatures
(Chcsti, I l)86)

Compound Chemical formula Fusion temperature, l)C

Silica Si(): 1715
Mullite 3;\ 12O;.2Si02 lRIO
Silimanitc /\I]()\.Si02 1816
Titania TiC), 1850
Alumina /\ 1202 2050
Spinel MgO./\12O; 2130
Carborundum SiC Solid at 2240
Chromium oxide Cr20:1 2275
Bcryllia BeO 25:\0
Lime CaO 2570
I.irconia I.r02 2677
Magncsi» IVlgO 2S00
Theria Th02 Solid at 3000
Carbon C Solid at 3600

Table 3: "lhcrmul conductivities of some refractories (e.g.s units).
(Chcsti, 1986) .
Refractory types Thermal Couductivitic-,

Room temperature JOO' C 700'le II uotle

Silica - 0.003 0.004 O.()O5

Firebricks 0.002 0.002 0.002 0.003
Silimanitc - 0.003 0.004 0.004
Magncsie - 0.011 0.008 0.007
Chrome - 0.004 0.004 0.005
Chrorne-magncs i tc - 0.005 0.005 0.004
I nsu la t ing-li rcbric k 0.0007 0.0006 O.OOO~ 0.00'1

Kieselguhr 0.0001 0.0003 (J.()004 -

Asbestos O.OOOOR (l.OOO I o .OOe)] -

Slag \\'001 - 0.0001 0.0001 -

Carbon 0.1 - O.U05 0.008
Graphite - {).2 I 0.12 O.Og
Ca rborun d 11111 - - (J.03 0.02

2.2.4 Silica Rcfracto rics Production

Quart> is the polymorphic Iorm of' silica stable at1'00111 temperature aIII I it is obtained

lrorn quartzite rock in- 9W!I;, quartz with 1 - 2'X,AI2Ul, titania and other impurities. Gcncra lly

quartzite with %

manu Iactu rc.

l)r,~ Si02 and <0.3% alkaline are acceptable for silica refractory

P retrea tmc II t Quartz being unstable at high temperature necessitates a pretreatment

process or firing to achieve mineral conversion or quartz to the high temperature stable

allotropes of silica. which are tridyrnite and crystobalitc. Fig. :\ show» the transtonnntious ill

silica with temperature and associated linear expansions.i\ short 11rill~ ,It temperature

11



between 870 - 147(lC will result in the transformations 01' quart; to tridymite Ilith about

16% increase in volume. On heating to above 1470°(' tridymite transfonns to cry stobalite

with little contraction in volume (rig. 3). This physical size and structural changes makes

pre-stabilization or silica very necessary.

Milling and Mixing Milling is carried out from gyratory crusher to ball mill to achieve the

following typical size distribution:

F,.({ Cf i (J 1/ Si:e (/II/II) t?crc« III ({g C

Fine

Medium

-0.2

0.2 - 1.0

1.0 - 3:0

45 - 50

10- 15

35 --toCoarse

About I - 2% CaO is added as milk 01' lime. This serves as bonding agent ami minerali/er to

acce lerare the m inera I con versions. Iron ox ide, borax ox ides 0f magnesi Ulll and bari lIlll. ami

fluorides. phosphates and carbonates of certain metals like sodium, lithium and potassium call

be used also as mineralizers. but they reduce refractoriness: hence they should 11l' used \)111\ ill

11l1ll1l1lUIll amounts. l.ime-clay mixtures are also used lor binding purposes thuligh cia)

bounding is used less. l.irne, too, in excess will reduce strength and resistance to abrasion.

Organ ie hi ndcr like cellulos sui phatc lye is also used and gi ves a prod uet with hardened ease

and improved mcchan ica I strength. Other organ ic m incra Is used to incrcasc grecn strength of

silica refractories include tar, gum and molasses. The graded quartzite II ith the additilcs in

adequate quantities is thoroughly mixed in mixers such as the revolving bottom counter 11011

t) pe. or pan mills to give wet semi plastic or dry mixes depending on the moulding practice

to be adopted: about 7 - 9, 5 - 6 and 4- 5% moisture contents for hand moulding. screw

friction pressing and hydraulic pressing, respectively.

Moulding After thorough mixing, the mix is usually left lor a day or more to givc semi-

dr) mix, 1';l10Ivn as tempered Illass or increased plasticity that ;lids e,IS) Illl'llidillg. It i" tl) be

noted that lor good thermal shock resistance. high moulding pressure ,HC Ill)t :1(11 :lni<lgCl)US:lS

a highly compact mass when heated without pre-stabilization, is liable to crack Iorm.uion

because of insufficient gap between expanding silica grains mixtures (Fig. 3). lould dicx

used lor shaping silica mixtures should be 01' undersize to l!le tune or allowable expansion

allowance.

12
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Drying or pressed silica refractories is carried out in well-ventilated rooms. As silica

refractories are moulded out or a semi-dry mass containing a very low amount or \\ ater. the)

can be dried on hot floors or rooms to minimize the period of drying to less than 12 hours.

Ordinary drying takes about 48 - 96 hours. Care is to be taken to eliminate uneven drying

inside and outside the refractory shapes. Tunnel type dryers can be used with heating done by

steam or hot gases from the firing kilns. Tunnel dryers provide uniform heating. In case of

hot 'floor/rool11s drying, refractories are turned quite frequently to maintain uniform drying
~ .

rates. Non-uniform distribution or temperature in hot floor/room drying may lead to the

formation of cracks in the product.

Burning Silica refractories are usually tired in batch type kilns.Careful handling of

dried refractories is necessary as the refractories are still very friable. The temperature 01' the

furnace is slowly increased to about14S0 _. I SOO°C and maintained lor about 10 - 20 hours,

depending on the extent of pre-stabilization of the raw refractory. firing schedulefor 1',1\\

refractory without pretreatment is too delicate and should follows a verylow heating and

cooling program spanning about 240 hours toaccommodate the mineral conversions and the

accompanying size changes that will be occurring during the firing, (Fig.3). This makes

preparation and firing of silica refractories without pretreatment unadvisable.

Properties of silica refractorics

The most prominent or silica refractories propertiesIS that their refractoriness even

under high load approaches thefusion temperature and there lore the temperatures

corresponding to the their refractoriness under load (RUI.) and pyrometric cone equivalent

(pCI-:) values (see 2.2.7 lor definition) are quite close: refractoriness lor high quality silica

refractories is about 171SaC while RUL at 20N/cm2 ranges from 165d'c to 1690(JC.

depending upon their chemical composition, that is, purity. Silica refractories show a white

or bull colour depending upon the amount or bonding elements and mineralizers added, with

specific gravity varying between 2.3-2.3S, depending on. the temperature at which it has

been tired, and porosities between 22 - 26%. Within this range of porosity values, thermal

conductivity varies between 0.003 - 0.004 gmcal/cm/scc at about 700 - IIOOIle. Silica

refractories crack under sudden temperaturechange, and this is worsewith compact shapes.

Silica refractories, being an acid refractory, are resistant to acidic environments except01'

hydrofluoric and phosphoric acids. Cold crushing strength of silica refractories ranges from

250 to 400 kg/cm2 depend ing upon the amount and typeof bond ing agents present and

method or production. They become brittle above 1600ne on account 01" further

14



transformations taking place therein. Table 4 summarizes properties or typical silica

refractories (Chesti, 1986).

2.2.5. Aluminosilicate Refractories

Alumina (Ali):» and silica (Si02) occurring together In the earth crust in various

fractions with Ti02, fe203. MgO, Na20, K20 as impurities are called aluminosilicates.

Fireclay and high alumina refractories are obtained from this co-occurrences and minerals.

Figure4 represents the equ iIibrium diagram of various minerals in theA I~O.1- SiO~ system.

Fireclay Refractodes

Fireclays are naturally occurring earthy materials having the chemical compositions

given by the formula AI203.Si02.21120. The alumina content of fireclay generally ranges

from 25 - 45% and they fuse between 1580 - 1750°C. Table5 shows the mineralogical

composition of some Nigerian clay samples. Presence of alkalis. free silica. gravel. calcium

carbonate, iron oxide, calcium silicate, magnesium silicate iron silicate, magnesium carbonate

and iron sulphite, in Iireclays seriously lower their fusion temperatures and there rare should

be free from them as far as possible. Alkalis and basic oxides are the most harmful clements

because they form double silicates of lower refractoriness. Clays usedfor refractories should

not fuse at low temperatures particularly below about I500°C.

Production of fireclay refractories

Clay got from the mines, isleft in the open in thin layer lor weeks or months. This

causes the decaying or organic matter present in the clay due to heat, cold and atmospheric

moisture. Some organic acids thus produced increase the plasticityof the clay. This treatment

is called weathering or souring. Theweathered clays arc crushed by gyratory crushers and

ground in a suitable grinding mill. This finely ground clay is then mixed with grog as

required and if necessary bond clay or calcined bauxite. Grog is obtained by pre-firing of

clay: good refractory fireclay is hard fired inrotary kilns and crushed to desired particle sizes

to achieve better interlocking of grains. Grog also increases strength of the tired refractories.

decreases apparent porosity, and increases speci fie gravity, increase resistance to sudden

changes in temperature, allow less addition or water to get workable plasticity. which implies

shorter drying time and increased production rate.

15



Table 4: Properties of Typical Silica Refractory Compositions
(Chesti, 1986)

Type Composition Refractoriness RUL Apparent Bulk Cold Permanent
Si02 CaO Al2203 Fe203 (0C) @20N/cm2 porosity Densitytg/crrr') Crushing Linear

(%min) (%max) (%max) (%max) (%) Strength Change
(kg/ern") at14500C for

2 hrs.

General 94 2.75 1.5 1.0 1680 - 1690 1670 25 1.80 - 1.90 2.50 - 300 + 10
Purpose
Furnace 94 2.5 1.3 1.0 1680 - 1690 1670 24 1.70 - 1.75 250 - 300 +1.0

roof
Steel 94 2.5 1.5 1.0 1680 - 1690 1650 24 1.70 - 1.75 250 - 300 +2.0

Transfer
and

Bessemer
converter
Coke oven 94 2.25 1.5 1.5 1680 - 1690 1650 17 -24 1.70 - 1.9 250 - 300 +0.4

'-0
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Table 5: Mineralogical Composition of some Nigerian Clays.

(Afolabi and Fasuba, 1997; Borode et al,2000, Omowumi, 2001)

Sample Si02 Ah03 Fe203 Ti02 CaO MgO Na20 K20 L.O.!

Location

Onibode 46.10 36.07 0.76 1.32 0.14 0.09 0.02 1.2 12.80

Ara-Ekiti 56.66 28.60 1.47 1.88 0.15 0.07 0.08 0.08 10.72

Ibamajo 54.44 22.80 1.0 0.86 0.30 0.2 1.0 1.0 16.73

ljoko 47.11 37.24 0.56 0.92 0.07 0.08 0.04 0.04 13.60

Ijapo 47.501 30.79 0.491 - 4.77 2.646 1.8911 1.917 --

lkere-Ekiti 47.38 31.46 9.87 1.138 0.0237 0.001 0.001 0.2962 11.06

Isan 51.10 19.51 9.82 1.484 0.3296 0.7730 0.001 2.529 13.40

Ezinachi- 45.00 34.73 1.27 4.02 Traces 0.03 0.02 0.14 13.10

Okigwe

Low grog fireclay refractories contain20 - 40% grog and 60 - 80% raw clays, while

high grog clay refractory contains up to90% grog. Mixing is done wet or dry in pug mills.

Minimum amount of bond clay or calcined bauxite is used as binder. About7 - 9% or 4 - 7%

water is used depending on weather hand or machine moulding, respectively, is to be used.15

- 20% moisture is used for specials shapes to be shaped by extrusion followed by repressing.

Before transferring to pug mill, the mixture may be held for30 -36 hours to allow the water

soak well and evenly. After mixing the mix may also be allowed to mature for a number of

days in a cool cellar before moulding to increase its plasticity. During moulding, it is

necessary to have provision to remove entrapped air while pressing, as it would otherwise not

allow proper compacting. The higher the percentages of fines and moisture in the mixtures,

the less effective is the process of deairation. While under-pressing results in a high porosity

and low strength product, over-pressing may result in the formation of cracks. Use of

refractory mixtures containing high percentages of grog; coarse particles and optimum

moisture contents; a proper taper of the mould walls; simultaneous top and bottom pressing

cycles of longer duration; and longer retention time at the maximum pressure may help in

attaining better and improved densification of the refractory product.

Fireclay shrinks on heating and therefore the moulds and dies used for shaping

fireclay refractories are slightly of oversize than the final size of the refractories by amount

permissible as shrinkage allowance.

18



Drying This is done under shade or in well-ventilated rooms.111 absence or direct

sunshine as raster rate of drying will result in crack formation and non uniform drying. Steam

heated floor (I oooe maximum) are used for final drying of green hand moulded or extruded

products alter 1 - 4 days of natural drying. Drying can also be done in continuous tunnel type

dryers. with hot air charge at 100 - 2500e and discharge at60 - 80°C flowing opposite to the

motion of the refractory loaded cars. Moisture (andhumidity) is carefully controlled in these

dryers. Total period may vary from 14 to 200 hours depending on the composition. method or

moulding and type andsize of products. High grog containing shapes facilitates drying

considerably.

Firing This involves Jive stages(Chcsti, 1986):

i. Steaming: Expulsion ofresidual moisture alter drying; temperature - 120°C: 20hours

II. Expulsion of molecular water and combustible and volatile matter: 350 - 900°C: 20

hours

III. Oxidation or full fire stage: alumina and silica combine to crystalliscmullitc

(3AI203.2Si02) (Fig. 3) at about 1350 - I380()C. Clay shrink hardened and noshriukage of

the refractories takes place on subsequent heating and in use. About 12 - 36 hours duration.

IV. Inc ipicnt fusion: Impurities and f IIing up of interstices. mass become less porous

(compact) and harder, clay and grog particles bond at about I500°C. The piece is then soaked

lor some hours at themax imum temperature.

v. Annealing and cooling in the kiln; almost the same time span as heating.

Firing rates are lower far low grog re lractories as they undergo higher shrinkages.

Properties of fireclay refractories

Properties of fireclay refractories dependon. the proportion and type of clay. and amounts of

alumina. grog and other constituents present therein. Refractoriness or fireclay as for

aluminosilicates has been related to the chemical composition as(Buduikov, 1977):

(
AIO -RO 1360 + 100 2 3 2 3

• . IJ , Al203 + Si02Refractoriness, e=

0.228
2.1

where R20J is the percentage composition of any other trivalent oxide present in the sample

while /\120, and Si02 are the percentage composition of alumina and silica respectively.

Equation 2.1 is known as Shuens formula. It can be noticed from equation 2.1 that the

refractoriness decreases with increasing R20J• indicating that impurities reduce refractoriness
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and dictate the usefulness of a refractory deposit. The refractoriness or some Nigerian clay

deposits shown in Table 6 vary between 1680 --I760°C.

Other properties:

Colour light buff to reddish buff depending on the iron content in theraw material: the

more the iron content the darker the colour.

Thermal Fatigue -- Low coefficient of thermal expansion and hence good resistance to

thermal fatigue, (spalling).

Refractoriness Under Load, RUL, decreases with increasing iron contents; it does not [;111

below 13500C under 20N/cm (Chesti, 1986).

Chemical activity >- slightly acidic in nature, forms fusible alurninates with salts such as

chlorides, sulphates and carbonates or bases like lime magnesia and ironoxide ash. The finer

the grain size, the better the resistance to otherwise corrosive media.

Porosity of fireclay refractories varies form 8 to 24% depending on the grain fineness and the

temperature or firing. If the temperature of firing is high, incipient fusion of the impurities

thereby Filling up or the voids is highly accelerated, which produces compact hardporous

refractories Amount and fineness of' grog used also influences the porosity. Table 6

summarizes physical properties of some Nigerian fireclay sample.

'fable 6: Physical properties of some Nigerian clay samples

(l3oroclc et a1., 2000; Omowumi, 2001)

Sample Bulk Apparent Perrneabi Iity Linear Thermal Cold Refractoriness.

Location Density porosity, Shrinkage, Shoek crushing °c
g/cm.l %) %) resistance strength,

kN/m"

Oniboc1e 2.60 28.40 87 4 30+ 17,000 I 7()()

.Aru-ck iti U{4 18.0 75 8 2() 14,000 1()SO

lbarnajo 1.76 16.0 78 4 30+ I 1,700 1630

Ijoko 2'c)0 22.0 88 6 n 19,000 1680

lkere- 43.1 - 3.59 20 7740 1450

Hiti

Isan 49.7 - 3.86 32 15280 1520

Ezinachi 20 7.23 20 125()O 1350

-Okigwe

20



2.2.6 Insula ting Refractories

Since re fractories produced by the normal manu Iacturing process are dense and heat

conductive. insulating refractories are therefore a special class of materials produced to have

a highly porous structure with air trapped therein, Still air. being a good insulator greatly

minimize the conducting capacity of refractories; and the higher the volume traction of the

pore spaces. the better the insulating characteristics. Hence the less dense and the more

porous a refractory material is made to be, the better the insulating characteristics. Fireclay is

the most used base material lor insulating refractories Crable3). Generally. low conductivity

base material like high alumina. aluminosilicates. e.g. kaolin. will increase insulating

characteristics. Anorthite light weight refractories (density - 0.5 g/cm '. and high strength)

produced form cheap raw materials like kaolin and gypsum - like masses by melting and

casting are suitable lor use at IIOOoC to 12500C and high strength demanding condition.

Refractory powders of alumina or zirconia arc also used. taking advantage of the loose

packing of the powder. These base materials can also be made into ceramic fibres to produce

highly porous wools. felts and loam with about 75 - 92% porosity.

Production of Insulating Refractory

Base material can be any refractory material whose compositiongrvcs required

refractoriness, Fireclay and kaolin are commonly used. with equation 2.J used for a check llf

the refractoriness, and insulating ability enhanced by pore creation. Porosity is inducedby

mixing the base material with a bonding agent ancl a combustible material like saw dust.

volatile matter like naphthalene. or chemical like ammonium chloride or sulphate. and

calcium phosphate. Hardened chips or crumbles of wood shavings result in larger size pores.

With sawdust. about 8-20% in the mix give densities ranging from 0.85 tol.Sg/cm'. The mix

gives densities ranging from 0.85 tol.Sg/cnr'. The mix is normally moulded by hand.

extrusion or dry pressing methods. Insulating refractories being highly porous and relatively

weaker require very careful handling. firing is done normally as for the base material used.

from Table 7 showing the thermo-physical properties of some solids at 300 K. it can

be seen that the effect of pore creation producing reduced density of refractory bricks reduces

thermal conductivity (W/m K) considerably (Gosser. 1986): Fireclay refractories normally

produced to a density of 2.3g/cnr' have thermal conductivity of IW/111 K. while kaolin

produced to a density of 0.304 g/cm ' have thermal conductivity of 0.087 W/m K: a reduction

ratio of more than I to IO.
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Table 7: Thermophysical Properties of Some Solids at 300 K

(Gosse, 1986)

Material

).

(W/(m K))
c P
(kJ/(kg K)) (kg/m ')

-_..__.__ ._- -----_._._--------_._-----------_._----------
Pure aluminium
94-96 1\1,3-5 Cu, truce of Mg
871\1, 13 Si

78 801\1, 20-22 Si
Silver
BiSl1111Ih
Pur e ("opl'<.·r
q.~(·lI. 51\1
75 ('II. 25 Sn l Hronz c)
70 ('\1. :lO 711 (Ilra~s)
()O ( II. till Ni (t 'oustn ntan)
Tin
Pure iron
Cast iron
1vlagncsiulll
Nickel
Gold
Lead
Tungst ell

Zinc
Carbon steel

Tungsten steel(2(y:'~ W)
l nvnr (3(,";. Nil

Slni\1k~, steels:
15('r.ltlNi
18Cr. RNi
25 Cr. 20 Ni

Asbestos
Concrete

Wood:
Oak, normal to grain
Oak. parallel to grain
Pine, normal tograin
Pine. parallel to grain

Brick:
mason
cln y n-Iructorv

kn olin refractory

Rubber
h,:c (Ht 0' C)
Cork
Mica, normal 10 layers
Expanded polystyrene (33 kg/m']
Porccla in

Silk

Dry earth
Diatomaceous earth (powder)
Window glass

203
160

163
158
420

9
.lH7

H1
26
III
22

65
73
57

172

91
293

35
163
112

45

44
II

20
17
1]

0.150
0.935

0.209
0.349

0.105
0.244

0.(,57
1.00
0.087 .

n.15
2.5
0.043

0.0465-0.58
0.032
I. OJ 5
0.047
0.345

0.052
0.77')

0.894

0.882
0.869 -

0.853
0.234

0.121
0.382
0.410

0.343
0.3R5
0.410

0.226
0.435
0.4('0

0.970
0.445

0_124

0.125
0.134
0.384

0.460

0.3119
0.460

0.4(,0

0.460
0.460-

1.046
• 0.837

2.385

2.385
2.720
2.720

n.817
0.HJ7
0.83

2.009

1.925

0.167
0.879'

0.125
1.088
1.381

1.841

0.879

0.778

2706

2787

2659
2627

10490

9800
8953
8665
8665
8520
8921
7304

7896
7272

1746

8905
19250

11380
19348

7144

7800

81125
11\37

7864
7816
7864

575
2305

825
825
510
510

1700 {I.(
2300 _.~

304 "r
1200
912

160
2600-3200

33
2400

80
720

224

2550

839

651

705
705

171.1
76

1132
234
87

338
60

394

213
170

1016

239
1228
246
629

408
125

128
29

55
47
36

2.5
4.8

1.1
1.8

0.76
1.8

4.6
5.2
3.4

0.62
14.2

16.1
::: 3.2

8
4
4.3

2.6·

2.6

3.9

, I
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2.2.7 Refractory Testing

The test routines for the refractory properties critical for the laboratory electric

heating furnace are presented (Borode et al, 2000; Chesti, 1986; and Omowumi 2001):

Thermal Shock Resistance: 50 mm square base prism by 75 mm height test piece will be

inserted in a furnace which has been maintained at900DC. The temperature will be

maintained for 10 minutes, after which the test sample will be removed from the furnace with

pre-warmed pair of tongs and then cooled for 10 minutes on firebrick, before returning into

the furnace for another ten minutes. The heating and cooling cycle will continue until the

specimen can be pulled apart readily in the hands. The number of heating and cooling cycles

sustained serve as a measure of the thermal shock resistance.

Refractoriness: This is determined using the pyrometric cone equivalent (PCE)

technique, using the standard pyrometric cone test sample. The test piece is mounted on

refractory plaque along with some standard cones. Then the plaque is put inside a furnace and

the temperature raised at a rate of 100DC per minute. The heating will continue until the test

piece, among other standard cones, so soften that its tip bends over and touches the base. The

softening point of the standard pyrometric cone that most nearly corresponds in time of

softening with the test cone is recorded as the PCE value of the test cone.

Linear Shrinkage: Standard slab test pieces will be marked along a line, in order to maintain

the same position after heat treatment. The distance between the two ends of the slab will be

measured with a vernier caliper. The samples will be air dried for 24 hours and then oven

dried for another 24 hours. They will then be fired at 11OODC for 6 hours. The test pieces will

be cooled to room temperature and measurement taken. The firing linear shrinkage will be

calculated from:

Fired Shrinkage = 100% (DL - FL) / DL 2.2

where DL = Dried Length; FL = Fired length

Bulk Density: This can be obtained either by directly measuring the dimensions of refractory

block and its mass to obtain density as mass per unit volume; or by weighing the sample in

air and suspended in water, to obtain bulk density, B as

B = D / (W - S) 2.3

where D is the dry weight in air, W is soaked weight, and S is weight of sample suspended in

water. It is necessary to obtain true dry weight by first air-drying the sample for 24 hours,

oven dry at 11OOC, then cool in a desiccator.

Apparent Porosity: Apparent porosity is the percentage relationship between volume of the

open pore space and the total volume of the sample. That is,
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Apparent Porosity
(Volume of open pores}

(Volume of Sample)
x I()() 2--1

Since delJsity or water isIg!em'\ weight, in grams ofa given volume or water is numerically

equal to such volume incrn'. I-fence, using measuremelJts for bulkdensity, volume value C<1n
be inferred as lollow:

0= weight of sample with all pores empty

W = 0 + '.veight of H20 to fill open pores = 0 + volume or open pores

=:> Volume oi'open pores= W - D

S = [) - Upthrust = 0 - weight of H20 whose volume equals true volume oj'saillple'

= D (total volume of'sample - volume of open pores)

== /) + W D Volume or sample = W Volume of' sample

=:> Volume ol'sample = W - S

W-DApparent Porosity = -xlOO
W-S 2.5

I{cfractorilless under Load: A Standard test piece (SO±Snllnliiameter bySO±S height

cylinder) is axially loaded by refractory rods in a special cylindrical chamber electric Iumacc

(Fig. 5 and CJ).The standard load is20 N!cm2 Heating is then allo\Ved at the rate or I5°(. per

minute up to I aooDe and at the rate or 8DC per minute above IOOO°C. The hcating schedule

shuuld cnsur« that the temperature in the horizontal plane should also not vary beyond.'\00c.

The change in the heightor the specimcn on heating is plotted against timc on a I() Isl'a!c to

reprcsent temperature deforll1ation curve for the test. Tempcraturo is measured with the help

or an optical pyrometer adjusted such that the temperature recording is done about the middle

ofthe test specimen. This is doneby sighting the specimen either obliquely li'om ab()\e or

through a20 rnrn (rnax) ID radial tube inserted in the Iuruacc Irorn one01' its sides such that it

is sloping outward slightly outward and downward. This is tightly closedby JllL,(lns ota total

rclleeting prisn: interposed giving allowance lor the dilllinution or light intensity. Fro/ll the

plotted curve the temperature (ta), corresponding to the point at which the curve has dropped

3 mrn below its highest point denoted by the bend of the curve clm'dlw<trds with respect to the

horizontal tangent, is noted. The temperature (te) corresponding to the point at which the

height or the specimen has decreased by20 mm from its origi!l<ll hcight is also noted. The

temperature (tb) at which premature breaking of the test piece, without its actual solkning.

takes place denotes the hreaking point or the test specimen.Typical RlJl. curves arc shO\\n in
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2.3 HEAT TRANSFER ANALYSIS MQ~ELS IN SOLIDS

Basically. heat transfer analyses in solids seek to obtain the temperature profile 'in a

body as a result of heat been conducted through it.If the temperature difference. dT, over a

distance, dv, remains constant, then, the temperature gradientd'Ivdx can be obtained 8S a

constant, and the temperature - position profile gives a straight line with negative slope. -

dlzdv. This simple situation is equivalent to the steady state diffusionmodel described as

first Ficks law (Faulker ct aI, J 985). Hence heat nux, q, in one direction can be obtained

from:

q - cx:dT/dx 2.6

where o: is klpc is the thermal diflusivity of the conducting material: k.o, and c being its

thermal conductivity, density and specific, !1eat capacity. But,1'01' a non-steady state where

dT/dx varies with time, t, and position, .r, then, the temperature, T = T(x. 1). and it is

describable by the non-steady or transient state diffusion model. called the rick'ssecond law.

such that:

dT d2T
-=a--
dt dx2

2.1

The first and second Fourier laws of heat transfer follows from equations 2.6 ami 2.7.

l.quation 2.cl. is solved subject to different boundary conditions for various situ.uions, 1(1

obtain Tt,v, t), Cor a given x and t: x for a set T and t;t /01' a set T and .r or(dT) to obtain
dx t.l

q'l using cq. 2.Ci,

2.4 IIEAT BALANCE FOR THE LABORATORY ELECTRIC HEATING

FlII{!\ACE.

To raise the chamber temperature from, say. TI to'1'2, In a target time. the total

quantity o lhcat required can be divided as:

I. Heat to heat up chamber wall.

II. Heat to heat up chamber space,

III. Specific Ileat in Insulation,

IV. Heat loss through Insulation

The ohmic heat generation source will then have to supply the resulting total heat

requirement to achieve a heat balance for the furnace operation.
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2.4.1 Chamber Wall Heat

The quantity of heat to raise the temperature of the chamber wall through 8 can be

evaluated from the basic equation of specific heating as:

mc8Q 2.8

where Q is the heat required to raise the temperature of a body of mass, m and specific heat

capacity, c, through 8°C. This equation can be reexpressed for chamber wall heat, Qw, as

Qw PwVCpwdT 2.9

where Cpw is the specific heat capacity of the wall material at constant pressure; p., is the

density of the wall material; V is the volume of the chamber material.

2.4.1 Chamber Space Heat, Hs

This can be evaluated from a modification of equ. 2.9 as:

i
T2 iT2

H s = mCpdT = pVCpadT
Tl 1'1

2.10

where Cpa is the specific heat capacity of air at constant pressure. The chamber volume being

constant, implies:

rT2

n, = VJ
Tl

pC padT 2.11

Since density and heat capacity of air, p and Cpa, are functions of temperature, they will

have to be expressed as such.p is related to T as (Gosser, 1986):

~87T 2.12p

where T is temperature inK, and P in N/m2 (Pa) IS the pressure. At constant pressure,

atmospheric, of1.0 13 xl 05 Pa, it follows that

p = 352.962/T 2.13

Cpa: Considering air as a mixture of N2 andO2 in 0.79/0.21 proportions, andC, being

physical properties.Cj, can be obtained as:

Cpa = 0.21Cpo + 0.79 Cpn 2.14
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where Cpo and Crn are the specific heat capacities, in kJ/kg K, of oxygen and nitrogen as a

function of temperature, respectively.

Between 300 - 780K (Gosser, 1986):

Cpn (1.093943 - 3.771278 x 10-4T + 7.547419 X 10-7 T1_ 2967465 X 10-10 T1 )

2.15

(low temperature value ofCpn)

Cpo = 0.951021 - 4.453037 x 10-4 +

1395253 x 10-6 T2 - 8.464839 x 10-10 Tl 2.16

(low temperature value ofCpo)

Between 780 _. 1500K:

CPII = 0.839063 + 4.61217 x 10-4T - 1.412246 X 10-7 T2 + 9.257405 X 10-I2T~

2.17

(high temperature value ofCrll)

Cpo = 0.671706 + 8.237775 x 10-4 T - 5376317 x 10-7 T2 -\ 1330776 x 1O-H}T1

2.18

(high temperature value of Cpo)

Hence, Cpa can be taken asCpal, between 300 - 780 K, and asCpahbetween 780 - 1500 K.

This implies that:
!I

Cpal = 0.79 Cplll + 0.2 [ Cpol

= 1.0639244 - 3.914454 x IO-4T + 0.88924913 x 10-6 T2 - 4. [219[619 X 10-10 T1

Cpall ::0: 0.79 Cpnh+ 0.21 Croh

=0.80391803 + 5.37396575 x 10-4 T - 2.2446743 X 10-7 T2 + 0.3525935 X 10-10 T3

Where T2> 780°C, and T,< 780"C, 2.13 substituted in 2.11 gives,

352.962V (fno C d7/,+ 172(' dT!.)
JTJ pal II 7~1I 1'111t 11 2.1<)Hs
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2.4.3 Specific Heat in Insulation

The equation or specific heating still applies. Hut lor an insulationbody. temperature

gradient exists. The temperature risee will have to be estimated as an average over its

surface. If such a body is initially at temperature To, and the temperature of one face was

increased to T2, such that heat transfer occurs normally until the temp of the opposite face

rises to TI, after which steady flow was maintained (Fig. 8a), then the average body

temperature rise can be expressed as:

o 2.20

For a composite insulation (8b), temperature at interface, Ti, will be determined by first

evaluating the heat flow per unit area,Q/A , through the composite layers using an adaptation

of ricks first law:

2.21

where 1\.\ and k are the thickness and thermal conductivity per layerrespecrix el:. :\t thi-; Ilu\\

rate. temperature Ti at the interlace can be obtained 1'1'0111:

2.22

(a) (b)

Ti

To
c

To '-------'------'

rig X: (a) Temperature Profile In an Insulation Thickness. (b) Temperature Profile in ,1

Composite Insulation

2..tA Heat Loss TIII'ough Insulation

The maximum heat loss rate will occur when the ma.\IIllLlI11 chamber temperature i-;

achieved. At this condition. the temperature gradient, (1.\/dT is C011St;111tand 111,].\iI11lIn1.such

that the Ficks [irst law gives the heat loss rate as:

()
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The total heal loss over a time t, in seconds, will follow as:

II , 'I

2.5 OHMIC HEAT GENERATION

The heat energy. L generated by an ohmic conductor is related to the current. i. III

amperes (A), passing through the ohmic conductor as (Be] and Witherland. 1(87):

1-: = PRt I I~_._.1

where R = tile resistance ill ohms (n) ofthe ohmic conductor: ;lIlcl

t = the time in seconds (s) (or which i flows.

Fq. 2.n can be rewritten, substituting i = v/r~ (ohms law). as

The rate of power discharge then follows as

1'= v~/ Rf--: / t

Further, R relates with tile length, L ill meters (Ill). till? cross-sectional area (:\) III

square meters (rn "). ami the resistivity of the ohmic conductor, p. in ohm-meters (Om). as

R=pl/a

lienee basic design variable 1'01' E include i. I, A and p. p being a material constant. it)

variation therefore implies making choice between high p materials specially made as Iwating

clements. This choice determines the heat release rate from the heating clement.

2.5.1 Heating Elements

Several types of heating clement materials arc commonly uscd in electric furnaces.

including metallic and ceramic type. Examples arc the fcnitic steel. austenitic steel.

molybdenum disilicide, and silicon carbide types (Grahl, 2002; Hyndman Inc. 2002: Kanthul

I land book. 1987; Majumdar eL al, 2(02).

These clements. by reason of their specific properties (Table l)) \'ar~ III heating

temperature range. longevity ;lIld cost. Metallic clements arc the least expensive in ILTnb or
upfront cost. but they also have the lowest temperature rating and. in some cases. the shorrcsi

lifespan. Additionally, the resistance or metallic clements increases with ;Igl' due to thl'
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reduction in cross section by oxidation, as well as elongation 01' the loops. This \\ ill result ill

decreased power to the furnace and the ultimate failure of the element.

Table 8: Material and Operational Properties ofsome l leating Elements

(Majumdar et al. 20(2)

Nickel Iron-Chrome- Silicon Molybdenum Zirconia

Chrome Aluminium Carbide Disil icicle (frO:)

(NiCr) (Fe-Cr-A I) (MoSie)

Max. 1200()C 13S0()C 1600()C 1900(JC 2000! Ie

Hernent

Temp. (air)

Max. 1I00uC 1300()C ISSOuC 1800(\' 1850(IC

Furnace

Temp.

Element Metallic Metallic Ccrarn ic lntcrmctallic Ceramic

Material (Synthetic) (Cermet)

Class

Major Limited to Poor hot Elements Brittle Skm: mus:

Limitation I 100°C strength: needs age: be preheated

clement brittleness to 1200()C

support

Major Ducti Ie Iligh surface

advantage loads

However. there arc man)' furnaces that use metallic clcmcnts-c-muinl- because the:

cost less, they operate Oil less expensive line voltage. and they arc ideal Ill!' pnll'l'~~e~ that

require temperatures lower than 1250°C. Additionally, not all metallic elements leature <l

short Ii (espan. Many furnaces. like those in the ceramic field. arc very clean. and metallic

clements can last many years in clean operating environments. Fhc oldest and rnosr COlllm011

metallic heating wire is the nickel - chromium alloy. XO% nickel. 20%, chromium.

(Hyndman. 2002), with very low temperature coefficient 01' resistance. SiC clements tall

within the middle range in both price and operating temperature. lhev can be u~cd between

()SO and 16S0"C. Under optimum operating conditions. they can last up to live vcars. The

lifespan of a SiC clement primarily depends on the maximum operating furnace temperature.
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The temperature or the element depends on the furnace temperature and the amount or power

per unit area on the hot zone. At a low watt loading, the element operates cooler andtherefore

lasts longer.

l\IIoSi2 elements are on the top of the list in terms of temperature. longevity andcost.

Although the base cermet is consumed in the formation of a thin silica glass skin when

exposed to oxygen at elevated temperatures, making the clement decompose with time.

increasing element resistance and reducing the diameter of the heating shank, yet the

decomposition rate is so minimal that l\IIoSi2 elements do not exhibit the rapid aging of SiC

and metallic elements. MoSi2 being brittle, the clements are available in preformed shapes.

SOl11esupport about 20WIcm2 of clement surface area at an clement temperature or 1700()C.

14 W/cm2 at 1800()C andSW/cm2 at I900°C (Majumdar et al, 2002; IIRCAR lnc, 2001).

Tables 9a and 9b show some characteristics of l\IIoSi2 elements. With all the advantages.

MoSi2 however exhibits increase in its resistance with temperature. necessitating

Table 9a: 1\1IoSb Heating Element Properties
(ZIRCAR Inc 200 I).,

Tensile Strength, N mm", 1800 K > 190

Bending Strength, N nun", 300 K > 3S0

Impact Strength, Nzrnm", 300 K 0.7

Hardness. mohs. 300 K 7.S - 7.8

Density. g/crn' S.S - S.6

Porosity. % <2

I-:ll1l11isivity, 0.74 - 0.82

Resistivity, ohm 111111211n 3.S3

Table 9b: MoSi , Heating Element Prices
(ZlReAR lnc., 20(1)
ITEI\II DESCRIPTION' PRICE*

1)2001 I\IIOSI2, 18-3/6-S.S0-S.00-0.98in. $ 223.00

1)2004 I\IIOSI2,18-6/12-9.S0-8.00-1.97in .$S30.00

D200S I\IIOSI2.19-6/12-6.88-7.87-I.S7in $830.00

*IIK Prices ** rvtoSi~ Ileating Elements are describedby:
Grade: 1700. IXOOor 1900 Diameter: I),/[)~. nun/nun l leatcd Length: l.c. in. or 111111

Terminal length: I.u. in. or 111111 Shank Spacing: A. in. or 111m
Ii.e. 1.11and 1\ specified with the same units ofin. or mill)
lxamplcs: Grade IXOO. J), -3111111.J)~--(iI11I11. Lc'oS.Sin .. luvSin .. 1\ .9Xin.: Spceil) as - rvIOSI2. IX-V('-S.:'-:'-
1)()Xin. Grade 1700. 1),=(lInl11. 1):=12111111. Lc=:lOOIllIll. Ll1=2501ll1ll. 1\=50111 - Specil)' as: r-dOSI2. 17-(,/12-,WO-

2S!I-5Jlml11.
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phase angle fired silicon controlled rectifier (SCR) with current limiting capabilit. to control

the high currents established when the element is first fired. A fter \\ arming up. its resistance

increases and limits the flow of current by itself. Lastly, MoSie heating clcrncnt-. arc

relatively expensive (Table 9b). lienee, except lor such high temperature demand. use ul'

MoSie element may he unjustified.

In the choice of heating element it must be noted that the furnace cost increases \\ ith

increase in their rated temperature because 01' the added cost 01' the more expensive healing

elements, re fractories and or her systems. However. the e [fie iency .md retu m~ !'1'O111:1

production process also increase considerably when using a higher temperature rated furnace.

2,6 TEIVIPEI<.ATlII<.E CONTI<.OL INSTI<.UMENTATION

The control system requires that the process temperature closely track a set of desired

temperature. This requires that there be a means of' sensing the process temperature. setting

the desired temperature. and generating corresponding electrical signals. This is dune using

transducers: the feedback and the reference transducers 1'01'sensing the process temperature

and selling a desired temperature, respectively. The resulting signal alter adequate

conditioning serves as control signal that actuates the final control clements and ~\\ itch on the

ch.unher heater on/olfuflcr ,'1 specific control 1<1\\'.I:ig. l) ix a block di.igr.uu representation (\!.

single kX1P continuous reedbuck. temperature control system. The various st:lges aIII I

components are Ilereby reviewed (Chesmond, 198B).

2.6,1 Feedback Temperature Transducers

Generally, a transducer is a sensory device that is capable or converting the value ola

data variable into a signal whose magnitude and sense arc representative of the magnitude

and sense of the data variable (Chesmoud, 1(88). There arc 111(111)nlethlld~ b) \\ hich

tern pcrat ure may be me<1SUred. Thennometcrs (rem perature meters) 1ll:1: be class i !ied :IS (i)

Expansion thermometers such as solid, liquid and gas expansion types: (ii ) change of st.uc

thermometers: and (i i i) e lcctrica I transduct ion thermometers sue h :IS variable rcsistauc«.

semiconductor. thermoelectric. and radiant energy types. The i~IOS~suitable lor indicatio» alld

control application are those 1I10st capable or remote electrical uan-anission \\ iihout

appreciable transmission loss. which would create lI1aCCUI'<lC\'. An example (If this i., the

thcrm ocou pie.
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Thermocouples are classified as a thermoelectric temperature transducer. The

principle or operation is based upon the Seebeckeffect, which states that. whenever two

dissimilar metals are connected together as shown in rig. 10 and the junctions are subjected

to different temperatures, an emf e is generated, and this emf is proportional to thedifference

between the temperatures of the two junctions. The wire of (~thermocouple may be connected

together, to form a junction, by twisting, clamping, soldering, or electric/gas welding. with

the last two methods being the preferred alternatives lor good industrial practice. The choice

or wire materials depends upon the temperature range to be sensed by the hot junction,

among other considerations. and tends to be limited to the combinations listed in Table 10.

The wires are manufactured in a range of gauges, and usually are supplied as sleeved pairs.

with the sleeve frequently colour coded lor ready identification. Other selection factors

include physical strength, corrosion resistance. electrical resistance and cost.

Figure II shows some typical calibration curves for the thermocouple types listed in

Table 10. It will be seen that some of the curves depart significantly from straight-line

relationships, with the departure being most prominent in certain temperature ranges. EMF

versus temperature tables are published by various standard institutions, and the data therein,

together with the published calibration curves, assume that calibration has occurred with the

reference junction held atO°e. Tolerance figure for such data vary between -0.25 to +0.25%

and -2 to +2% of measured temperatures. Some temperature controllers include provision lor

analog or digital computation of correction laws for the most common types of base metal

thermocouple.

As a resultof the small magnitude of the emf generated, care must be taken to preserve a

good signal/noise ratio. Wherever feasible, it is preferable that the voltage should be suitably

amplified at a point as close as possible to the reference indicator. or recorder. The amplifier

often would be ar the instrumentation ampli fier variety. For signal preservation and for

technical and cost factors, it isoften impracticable to use extensive lengths or thermocouple

wire. For this reason, specified types of extension wires (with alternative insulation

materials). together with copper interconnections. may be interposed between the

thermocouple and its load. Fig. 12 shows some alternatives or connection'configurations.
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Table 10: Commonly Used Thermocouple Materials

(Chesmond, 1988)

Thermocouple Type Wire Materials Typical Useful Temperature

Rangc,OC

B Platinum 6% - platinum rhodium 30% 38-1800

C Tungsten - tungsten rhenium 26% 0-2300

E Chromel - constantan 0-982

J Iron - Constantan -184-760

K Chromel - Alumel -184 - 1260

R Platinum - platinum rhodium 13% 0- 1593

S Platinum - platinum rhodium 10% 0-1538

T Copper - constantan -184-400

- Platinum 30% rhodium - platinum 6% rhodium 0- 1780

- Iridium 40% rhodium - iridium 0-2000

- Tungsten - rhenium 0-2220

- Tungsten - tungsten 26% rhenium 0-2330

Note: Alumel
Constantan
Chromel

Nickel-aluminium alloy
copper-nickel alloy
nickel-chromium alloy
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The thermoelectric emf being a function of the temperature differential between the two

junctions, the temperature of the measuring junction can beinterpreted from the emf, only if

the temperature of the reference junction is known and preferably held constant. Typically,

the composite reference junction would be in thermal contact with a metal heat sink, but

electrically isolated from it. The heat sink would have its temperature measured by, say, a

resistance thermometer and the signal developed would either be used in temperature feed

back loop to control the temperature or the heat sink, using, a small integral electrical heater.

or would be used lor compensation purposes to correct the thermocouple-generated data1'01'

sensed changes in reference junction temperature.

In construction. for physical and chemical protection. the hot junction often has to be

enclosed in a rigid tube, sometimes called a therrnowell, which usually is made either from

metal (typically, stainless steel) or ceramic. This tube will add considerably to the thermal

mass of this composite temperature sensor. so that the overall response time is likely to be in

the range of many seconds.

2.6.2 Reference Transducers

Reference transducers are usually built using such devices as are used in displacement

transducers. These include servo potentiometers. differential inductors and transformers,

synchros. resolvers, and inductosyns. Synchros, inductosyns and resolvers are normally used

where they have been used in the feedback transducers, hence, they are applicable in

displacement controls. Using servo potentiometers anddifferential inductors and

trans formers. re lerence transducers can be bu ilt as potentiometric re lerence or rotary

switches.

Servo roten tiometers

Servo potentiometers diner from conventional potentiometersIII that they have

superior manufacturing qualities, and these include: close linearityor the wiper voltage

versus wiper displacement characteristics: close tolerance on the resistanceor the track: use

of high grade bearings to minimize friction; and. use of a high quality precious metal brush

for the wiper to minimize friction wear and contact resistance.

In servo potentiometers, the track may be wire wound or it may be manu factured1'1'0111

homogeneous materials such as carbon composition, high conductivity, metal or metal

composition film. or conductive plastic. Wire wound servo potentiometers have high degree

of linearity. and fixed tapping can be added. But it also suffers granularity effect. that is.
.'
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voltage . must increase in fixed amounts equal to the voltage dropped across one turn of the

winding as the wiper moves. Wiper voltage versus wiper displacement can be made non-

linear by graduating the cross-sectional area of the track, or by using wires of different

diameter in different section of the track.

Servo potentiometers are made as rectilinear or rotary. Rectilinear potentiometers are

constructed with lengths of travel ranging typically from 1mm to 6 meters (with 1cm to

15cm common), track resistances ranging from 20D. to 200 kD. (withlOOn to 10 kD.

common), and linearity errors ranging from less than 0.1% (with 0.1,0.5, and 1% common).

Typical resolution for wire wound potentiometers ranges from 70 to 200 steps per centimeter.

More than one track may be mounted within the case of the device, in order to provide

multiple data channels. Rectilinear potentiometers will be destroyed if overdriven

mechanically, so that mechanical limits, must be placed externally on the input displacement.

Life of these potentiometers may be short, due to problems experienced with trying to

maintain a good contact between the wiper and the track.

Rotary potentiometers are manufactured in single turn and multi-turnversions. Single

turn types use a toroidal former for the track and the usual need for a dead-space, to provide

electrical isolation between the two ends of the track, means that the useful input travel is less

than 320° to 335°, and whenever the wiper is driven into the dead-space, the load connected

to the wiper will be presented with an open circuit signal source. Typical track resistance is

from 50 D. to 200 kD., with linearity errors extending down to 0.01% and resolution (for wire-

wound types, and dependent upon the diameter of the toroidal former) extending down to

0.04%. Toroidal potentiometers may be ganged together, on a common shaft, to provide

multiple data channels. Multi-turn potentiometers use a helical former for the track, and the

wiper assembly is designed so that the brush simultaneously rotates and advances axially, as

the input shaft is rotated.

Figure 13 shows the most common method of connection of servo potentiometers, which

IS connected as a potential divider supplied from a stable voltage reference source, which

usually is DC but occasionally may be AC. In some applications, the voltage supply will be

distributed symmetrically about a signal common and, in this case, it is preferable to use a

center tap on the potentiometer track and to connect this tap to signal common, thus

establishing a rigid electrical datum at the mid-point of the shaft travel this mid-point would

then also be used as the mechanical datum for calibration purposes. An important

characteristic of servo-potential is the distorting effect that the presence of significant load

current can have on the calibration of the potentiometer, Fig 13, with the deviation between

42



!

stable

reference
SUpply

voltage ~------{)- ---,
I
I

r--I--1
I I
I LOAD I
L --, __ ..1

0--1------'0- __J

.'

Fig. 13: Simple Servo-potentiometer Connection and Wiper Voltage Versus Load Current plot

43



the loaded and unloaded characteristics being greatest at mid-travel: loading can readily

degrade the linearity of a potentiometer, so that, where necessary, a precision buffer amplifier

should be inserted between the wiper and the load, in order that negligible current will be

drawn from the wiper.

DifTerentiallnductors and Transformers

Increasingly, theses devices are replacing potentiometers, mainly because of the

superior reliability associated with the former. They can be subdivided into four categories

• LVDI - Linear Variable Differential Inductor

• L VDT - Linear Variable Differential Transformer

• RVDI- Rotary Variable Differential Inductor

• R VDT - Rotary Variable Differential Transformer

The L VDI and L VDT are rectilinear transducers, whereas the RVD I and R VOT are rotary

The rotary versions have a very limited travel (typically± 60°) and sometimes are referred to

as 'Rotary Pick-Offs'. The rectilinear versions are by far the more extensively used, mainly

because they are available with a wide range of travel The inherent reliability associated with

these inductors and transformers arises because they do not involve the use of any moving

electrical contacts: in fact, there need be no physical contact whatsoever between their

moving and stationary component parts. Fig 14 shows the electrical circuits for half bridge

and full bridge differential inductors and for differential transformers. In each case, the

applied AC voltage is sinusoidal and has a frequency which may lie between 50 Hz and 20

kHz but which usually is in the 1 kHz to 5 kHz range. In the case of differential inductor, the

device is connected in an AC Wheatstone bridge arrangement, which is balanced electrically

at the null position for the core(s), so that Vo= 0; as the cores are offset, by input

displacement x, the magnetic coupling with the primary increases for one secondary and

decreases for the other, so that Vo changes.

Figure 15 indicate the type of construction for the L VOT and RVOT, and comparable

configurations are used for the L VDI and RVDI respectively As can be seen, the moving

member need make no physical contact with the fixed member, since magnetic flux linkages

form the transducing medium. Fig 16 shows the type of output voltage versus input

displacement characteristic obtained with all of these devices. Typically, Vo will nominally

be in phase with Vi\C for positive values of x. In practice, due to the effects of magnetizing

current, core losses, and winding impedances, there will be small parasitic phase shifts

present, so that the phase of Vo will not be precisely 0° or 180() relative to V,\C In addition,

the presence of ferrous material in the magnetic circuit will cause a small amount or
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Fig. 16: Output Voltage Versus Input Displacement in DI and DT

harmonic distortion in the output voltage waveform. The rectilinear types are constructed

with travels ranging typically from 1 mm to 30 em, although this range has been extended

to 0.1 mm to 250 em in certain devices. Linearity errors as low as 0.1% are achieved

relatively easily, whilst the resolution is infinite, because the Vo versus x characteristics is

stepless.

Potentiometric References

When servo potentiometers are used as reference transducers they are referred to as reference

potentiometers. For this purpose, the existence of dead space and / or limits to travel no

longer presents a problem, however, and a reasonably high level of friction often can be a

definite advantage. There is no requirement for the voltage supply for the reference

potentiometer to have a high value, whatever maximum value of the feedback signal, since

proportional data combination can be done for error signal generation (2.5.3). Theoretically,

almost any voltage supply level can be used; in practice, the level should be sufficiently high

to maintain high signal/noise ratios but not so high as to generate significant heating of the

potentiometre circuit or to render the supply hardware unnecessarily expensive. There is a

definite requirement for the supply voltage to be stable, because the stability of the feedback

transducer sensitivity depends upon this.

Rotary Switch Networks

With the use of multi tapped transformer or resistive potential divider, reference
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setting can be done by switches settings. Fig. 17 shows two or such arrangements lor

generation 01' analog reference data. It is normal lor each or these switches to have ten

positions (representing 0 - 9). so that one switch would be allocated to each decimal digit of

the desired value. When the requirement is for digital data, the usual procedure is to encode

each decade separately into natural binary code, so that the overall format for the reference

data becomes binary-coded-decimal (BCD).rig. 18 shows two commonly used alternatives

lor generating natural binary code for one decade or the BCD word. Some olT the shelve

switches are supplied with integral logic hardware.

2.6.3 Error Signal Generation: Differential Data Combination

The error signa I is the d i ITerence between the feedback and re ference transducer

signals, and it is generated by adequately wired components. lor signal subtraction. Since it is

more convenient to add. rather than subtract signals, the summation of data can be arranged

to implement the subtraction of data by firstly inverting the sign of the data to be subtracted,

Fig. 19. The inversion required would be implemented by the insertion 01' sign inverting

hardware, or alternatively by modifying either the input/output connection 01' the transducer

generating one of the signals.

It is important to note that the combination is usually not done in one-to-one

proportion, due to the different sensitivities 01' the reference and the feedback transducers.

Suppose, 1'01' instance, that when the maximum temperature desired is achieved, the reference

transducer generates a 10 V signal (full- scale deflection signal), while the feedback generates

100 V, then it implies that the sensitivities and, therefore, the calibration in VOI1S per Kelvin

(V /K) on the reference and feedback transducers would have to be in ratio I to 10, since the

same maximum temperature (say, 1200°C) generated 10 and IOOV in the reference and

feedback transducer respectively. Ilence when a set temperature is achieved, to achieve an

error signa I, V~, 0 I' zero the re ferenceand reedback transd ucers signa Is. V, and V" should be

combined in the proportions of the reference and feedback transducers sensitivities. I\., and

K,. Suppose rig 20 represents such signal combination instrumentation. when the set

tern perature is ach ieved, the error e ( = I' - c ), is zero, and the error signa I V c must be zero. It

follows that:

Vc 2.27K, KI r - K, K~ C

KI v, - ](2 V, o

=>
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Thus the two signals must be combined In inverseproportion to the ~cll~iti\ ilics \)1' their

transducer sources:

K, = 10/1200; 1<1= 100/1200;

/\ simple circuitry to effect signal differential isshown in Fig. 21. where itC~1I1 I1\.' SIW\\ll that:

2.28

To effect proportional control (2.5.5), Fig. 21 may be configured as an analog comparator by

R4
making R3 = ex), for wh ich Vo = V sat- when V2 - VI < 0 and Vo = V sat+ when

R2 +R4

R4---'-- V2 - VI > O. Vsat+ and Vsat- are the output saturation levels of the operational
R2 + R4

amplifier, the values of which will depend upon the values of the amplifier supply rail

voltages. For high speed switching, it is not good practice to drive the output voltage into

saturation, but to limit its excursion by means of appropriate components: Figure22 shows

two typical arrangements.
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2.6.4 Control Laws

The simplest law involves switching on and off a heat supply, with switching in both

directions occurring at the same (preset) temperature. This results in a cycling of the load

temperature, as shown by Fig. 23. The magnitude and frequency of the temperature cycling

will depend upon the magnitude of the heat source and the dynamics of the thermal load: in

many installations, the cooling interval is much longer than the heating interval, especially

where cooling occurs entirely as a result of heat transmission to the atmosphere.

A greater degree of control over the temperature cycling can be effected by designing

the control law such that the switching point during heating occurs at a higher temperature

compared with the switching point during cooling, as shown in Fig. 24. This type of control

law property sometimes is referred to as "overlap" or "hysteresis". Increasing the overlap

zone will result in a reduction in the frequency of the temperature cycling, but this will be

accompanied by an increase in the temperature excursion.

With multi-step control," the hardware makes provision for three or more switching

temperatures, resulting in an equal number of different applied heat levels. Such a controller

inevitably is more complex but can result in a significant reduction in the temperature

excursion.

Proportional control may be effected, using on-off switching hardware, with the type

of arrangement shown in Fig. 25. The mark space of the controlled heat supply changes as a

function of the value of the temperature error voltage, ve, such that the average value of the

heat delivered varies linearly with the temperature error. In this manner, proportional action

is achieved, although the hardware does not require a linear power amplifier. If provision is

made for offsetting the sawtooth waveform, the quiescent value of average heat, which is

generated when the temperature error is zero, may be adjusted.

2.6.5 Final Control Elements

The function of a temperature controller is to switch on and off a source of heating or

cooling. Thisis undertaken most readily with electromagnetic relays or contactors, in the case

of electric heaters; however, the simplicity of the hardware must be traded against reduced

reliability and maintainability. An alternative is to use solid state relay consisting of Triac or

SCR networks, with the thyristors being gated on and off by a suitable drive network: since

the source of electrical energy usually is AC and there is no advantage to be gainedfrom

rectification, it follows that Triacs would be preferable to SCRs. Reliability and

maintainability will be high with power semiconductors, provided that they are protected
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against excessive transients: the fact that a heaterIS almost purely resistive assists,III this

respect.
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3.0 THE DESIGN

3.1 INTRODUCTION

The furnace to be designed is intended to serve for laboratory heating purposes of

small test samples and objects of about 1 kg weight. It will be of a benchtop size. The target

specifications for the design are as follows:

Chamber size

Atmosphere

Fuel type

Heat up time

Maximum Temperature

Load Capacity

The design will entail:

1. material selection and design of the furnace chamber;

120 x 120 x 150 mm

Air

Electricity: 220 V, 50 Hz

3000 - 3600s

12000C

1 kg

II. refractory materials selection for the insulation and determination of their

dimmensions;

111. layout of process steps and variables for the production of required refractory, and

devising of optimum process route;

IV. determination of total heat requirement for the temperature build up;

v. determiation of heat rating (power) to achieve the total heat requirement within

the heat up time;

VI. design of the heating element (material and forming) to generate the thermal

power; and

VII. selection of the control system specification.

S9



· 3.2 MATERIAL SELECTION AND DESIGN OF THE FURNACE CHAMBER

From companson of thermal conductivity values of common refractories (section

2.2.3.)), silica refractory material will be appropriate for the chamber material. The thickness

of the lining will be fixed as an optimum between very thin dimensions (for best heat

transfer, reduced waste specific heat in the wall and reduced overall unit weight), and thicker

sections (for higher flexural rigidity and reduced fragility during refractory production). A

compromise thickness of one centimeter can be used as a first estimate subject to

corresponding heating rating requirement. This will dictate the maximum charge load density

in the consideration for statical stability. Fig. 26 and 27 show the design drawing for the

work tube. The work tube is designed as four interlocking slabs with the following

advantages over slip extrusion as a single tube:

(i) the tube is collapsible and therefore safer for preinstallation handling;

(ii) less fragile handling stages during production;

(iii) tube failure cannot be total as any failed side can be separately replaced.

3.3 INSULATION MATERIALS AND DIMENSIONS

3.3.1. Heating Zone Insulation

This insulation is closest to the hottest zone in the furnace. To bring the temperature

down on a very steep gradient in direction opposite to the work chamber the material of the

insulation must be of very low thermal conductivity. For this purpose, standard made glass

wool, with k = 0.038 W/m K will be an adequate insulation material.

The heat loss for varying thickness of insulation can be obtained from using the Fick's first

law:

-kA dT
dx

Q
..,
-'.

The temperature difference dT will be the difference between maximum target cold surface

temperature, T2 and the heating element's maximum temperature, TI, say 1200 DC; the
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normal area A will be the effective surface area of the work tube (Fig. 27 and 37); and k for

glass wool. Then

A = 0.14 x 0.11 x 4= 0.062 m2

Taking T2= 40°C, an insulation thickness ofO.05m gives

Q QI - 0.038 x 0.062 x (40 - 1200)I 0.05

54.66 W

Any larger thickness than this will further reduce this value of heat loss. However, this will

be unnecessary. Glass wool being structurally non supporting, with tendency for fibre

deterioration under surface air current and certain health considerations, strong backing

refractory will still be necessary, and this will further reduce q. Since 0.05m thickness of

glass wool gives a bearable heat loss of 74.0544 W, this can be used as a target to obtain the

effective serial thermal resistance,RTH for the backing insulation. At a constant cross

sectional area A,RTH can be expressed as

RTiI 3.2

Combining 3.1 and 3.2 gives,

RTiI 3.3~T/Q

With ~T = 1160 and QI = 54.66 W,

RTH 1160/54.66 = 21.22 KlW

A good and cheap insulation material at less severe thermal gradient is fireclay, and

particularly kaolinitic clay with k= 0.087 WI m K. At A = 0.062 m2, if a glass wool thickness

of 0.025 is used, the corresponding kaolinitic clay backing for the target thermal resistance

will be obtained using equ. 3.3:

1/0.062 (0.025/0.038 + xl 0.087) = 21.2224

x. 0.0572 m
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This implies that the total insulation thickness normal to each side of the work chamber is

0.0572 + 0.025 = 0.0822m. This rather bulky thickness can be reduced by a slight

compromise onRTH with resulting higher value of QI. At a backing thickness of 0.04111,

using equ.3.2,

RTH = 110.062 (0.025/0.038+ 0.04/0.087) = 18.0267 KfW

=> Ql = 1160118.0267= 64 W

3.3.2. Open Ends Insulation

The two open ends of the work tube will have to be insulated using porous insulating

silica bricks. This is to ensure material continuity, prevent 'differential thermal expansion of

mating surfaces at the end of the work tube, .and offer structural support to suspend the work

tube on either ends (Fig. 37). Taking thermal conductivity for the silica insulating bricks as

0.29 W/moK, and starting from an initial value of 0.05m thickness, heat loss rate at chamber

maximum temperature of 1200°C will follow from equ 2.2. With A= 0.122 m2 , the heat loss

from the charging end, Q2, will be

Q2= - (0.29)(0.122) (-1160)/0.05 = 96.8832

This value can be reduced by increasing the insulation thickness. Considering thicknesses of

0.06, 0.07 and 0.08m will give 80.736, 69.2 and 60.552 Was values of Q2, respectively. The

final choice is subject ot the maximum bearable heating inefficiency.

The foregoing analysis will guide the refractory materials dimmesioning and the

entire furnace architecture. Figs. 28 - 43 show the design dimmensions of the refractory

bricks. The charging end insulation bricks (Figs. 28 - 34) will be made to have a step to

accomodete and suspend the work tube below and guide it in position above and on each

side. The effective insulation thickness normal to the open ends will be a minimum of 0.075

m. The work tube in position (Fig. 37) will be wrapped with the glass wool thickness 0.025111.

The kaolinitic clay will provide an insulation thickness of 0.04m on the four sides of the
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\I'.~~nd the rear end. The bricks will then be made as slabs (Fig. 35 - 46) to line a box panel. The

box panel will be folded from a sheet mild steel to have an open front and appropriate

provisions for connection at the back . Since silica bricks shows linear change of+ 1 at

1350°C, generous expansion allowances are reflected in the bricks dirnmensions. The

refractory dimmesion is also done to prevent the work tube from carrying any mechanical

load; bricks 4 and 8 do not rest on the work tube (Fig. 37).

The resulting thermal resistance and heat losses on every side will be evaluated under

estimation of total heat requirement.
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Fig. 26: Work Tube Assembly (Third Angle Projection, x 0.25)
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(x0.25,Dirnm: 111111)
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rig 28: Front View ofthe Charging End of the Work Tube and the Supporting Silica Bricks
(Dimm: 111m)
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Fig. 29: Third Angle Projection of Brick 3 (Dim111:rnm)

Fig. 30: Isometric View of3 (Dimm: mm)
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Fig. 31: Third Angle Projection of Brick 4 (x 0.25, Dirnm: mm)
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Fig.32: Isometric View of Brick 4 (Dimm: mm)

Fig. 32: Third Angle Projection of Brick 1& 2 (0.25, Dimm: mrn)

Fig. 34: Isometric View of 1& 2 (x 0.25, Dimm: mm)
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Fig.35: Rear End Insualtion and and Suspension Silica Bricks Assembly: End View(Dimm: 111m)
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68



I.

Kl 'to , Kl
I..
r II

i
I
I
I

K4 K3 K5 I;j.\O
I

K3 I K4
I

Ii
!

I
,

I
i

I3
i

K2 Ljol K2
~-t-- 1 ~U0

J;L'30
J.?J\J

I ..

:)..t 0

K5

1---,-----------
I
I
I
I

K3 I K4

I
I
I
I

__ L_____ .,.-_____
K2

Fig. 38: Kaolin Backing Slabs Assembly (First Angle, x 0.25)



BRICKS Kl & K2

-.:L

t 40'1

401

~, ;j,.'7 () \-,
'J..l0

'\

BRICKS K4 & K5

.\

BRICK K3

~/ ------------~~

Fig.40: lsomteric View of Kaolin Backing Bricks(DiIID11: mm)

71



Fig. 41: Side and End View of the Final Refractory Assembly (Dimm:nun)
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Fig. 42: Final Refractory Assembly - Isometric View (x 0.25, Dimm:111111)
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3.4 REFRACTORY PRODUCTION

3.4.1 Process Route Design

As part of the set objectives of this work, it is des'ired to evolve process routes for

producing the refractory requirement of the furnace from local refractory deposits. The

process routes, which will seek to optimize the desired properties or the refractory products.

should be feasible within the realities or equipment limitations to this kind or production in

this environment. Towards this objective, after sourcing for appropriate clay and sand

deposits as required by the design, the following steps will be taken:

a. Preliminary treatments: Washing of silica sand; and removal of free silica from clay by

pulping and sieving.

b. Determination or mineralogical composition or the deposits to be used.

c. Variation or calcination pre-treatment, to portions or refractory raw materials.

d. Variation of particle size and proportion of wood flour additive in the refractory mix.

e. Variation of moulding process. hand or mach ine moulding.

1'. Variation or firing rate to obtain shortest firing time.

g. Inspection and testing of products from all the combinations of process variables used

to establish tiring cracking. dimensional stability, and cold crushing strength.

h. Testing or test samples11'0111 the deposits used, to establish guide values or their

porosity, bulk density and thermal shock resistance, in case or specific quantitative

refractory work on these deposits later.

3.4.2 Composition of Insulating Refractory

The volume of the combustible materials to be introduced into the composition of a

refractory mix to achieve a porous insulating structure can be obtained from the ratio of the

normal density to the reduced density of the refractory material. For the silica refractory,

normally the density of silica as quartzite is 2300 kg/rrr', to achieve a brick with a density of

900 kg/m:', is to reduce density by a factor of2.3/O.9. Since
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Density = Mass 1 Volume

To reduce density by a factor of2.31 0.9 implies increasing volume by the same factor (or

reducing mass by the same factor). Working with volume, volume should be increased to

255%. Hence 155.5% (1.5 times) by volume of the silica m'ix will be added to the mix as the

combustible material. On firing this will burn out leaving its volume.

3.5 HEAT REQUIREMENT

The estimation of the total heat requirement involves evaluation of the heat to heat up

the chamber wall and space, HC; specific heat in insulation bricks, HS; and cumulative heat

loss over a time interval, QL.

3.5.1 Evaluation of Heat for Chamber Wall, Hw

Using the basic equation for specific heating:

Q mcS 3.4

where Q is the heat-required to raise the temperature of a body of mass, m and specific heat

capacity, c, through SoC, Hw can be estimated as

m CpwdT 3.5Hw

where Cpw is the specific heat capacity of the wall material at constant pressure; pw is the

density of the wall material; V is the volume of the chamber material. For a silica refractory

work tube, a working approximate of ~~ and Cpwcan be taken as 2300 kg/nr' and 837 J/kg

K respectively (Faulker et aI., 1985; Gosser, 1986; Holman, 1992); for a room temperature of

250C, dT = 1200 - 25= 1175; and V can be evaluated from Fig. 26 as

V = (0.142
- 0.122

) 0.15 = 0.00078 m3

Hw 2300 x 0.00078 x 837 x 1175 1764354.15 J
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3.5.2 Quantity Of Heat To Heat Up Chamber Space, Hs

This can be evaluated from a modification of equ. 3.4 which gives

f

l500 fl500

H, = mCpdT = pVCpadT
298 298

3.6

The chamber volume being constant, implies

f

l500

Hs =V pCpadT
298

3.7

Since density and heat capacity of air, p and Cpa, are functions of temperature, they will

have to be expressed as such.p is related to T as (Gosse, 1986):

~;{87T 38p

where T is temperature inK, and P in N/m2 (Pa) is the pressure. At constant pressure,

atmospheric, of 1.013 x 105 Pa, it follows that

p = 352.962/T 3.9

Cpa: Considering air as a mixture of N2 andO2 in 0 79/021 proportions, andC, being

physical properties.Cj, can be obtained as:

Cpa = 0.21Cpo + 0.79 Cpn 3.10

where Cpo and Cpn are the specific heat capacities, in kJ/kgK, of oxygen and nitrogen as a

function of temperature, respectively.

Between 300 - 780K (Gosse, 1986):

Cpn = (1.093943 - 3.771278 x 10-4 T + 7.547419 X 10-7 T2 - 2.967465 X 10-10 T3
)

= Cpnl (low temperature value of Cpn)

Cpo= 0.951021 - 4.453037 x 10-4 + 1.395253 X 10-6 T2 - 8.464839 X 10-10 T3

= Cpol (low temperature value of Cpo)

Between 780 - 1500 K:

Crn = 0.839063 + 4.61217 x 10-4T - 1.412246 X 10-7 T2 + 9.257405 X 1O-12T3

(high temperature value of Cpl1)
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= Cpoh (high temperature value of Cpo)

Hence, Cpa can be taken as Cpal, between 300 - 780 K, and as Cpal; between 780 - 1500 K.

This implies that:

Cpal = 0.79 Cpnl+ 0.21 Cpol

= 1.0639244-3.914454 X 1O-4T + 0.88924913 x 1O-6T2-4.12191619x 1O-loT'

Cpah= 0.79 Cpnh+ 0.21 Cpoh

=0.80391803 + 5.37396575 x 10-4 T - 2.2446743 X 10-7 T2 + 0.3525935 X 10-10 T1

Substituting 3.9 in 3.7,

(f7RO ar/ flson, d7'//)
352.962V C I Ii,/, + C I "j'

298 1''' J 780 pa 1 /

~ .•'f'
) '(

(1780 dT / 1,1500 dT /] ., ~
(352.962)(0.00216) C I . /r + C I /r .. I

298 po... 780 po , I \
d '

I

Hs

(fno, dJ'./ fISOO, .rr /)
0.7624 C I //j' + C I ./"298 pa, no J}(l , ,/ J

3.12

Then with the expressions of Cpal and Cpah, the definite integral can be estimated in steps

as:

f780 dT /C ("
298 pal /7

= (1.0639244/T - 3.914454 X 10-4 + 0.88924913 X 10-6 T - 4.12191619 X 10-10 T2) dT

= (l.0639244InT - 3.914454 x 1O-4T + (0.88924913 x10-612) T2

= ( 1.06392441nT - 3.914454 X 10-4 T + 0.444624 T2+1.373972 T3
) /780

29S

1.0639244111 (7801298) - 3.914454 X 10-" (482) + 0444624 C802
- 2982)

- 1.373972 (7803 - 2983
)

= 100445 kJ

)
1 )00 dlj/' ,

C I 7'780 1'a,

77



= (0.80391803ff + 5.37396575 x10-4 - 2.2446743 X 10-7 T + 0.3525935 x 10-10 T2)dT

= 0.80391803 InT + 5.37396575x 10-4 T - (2.2446743 X 1O-'1/2)T2

+ (0.3525935 x 10-10 13) T3 I::~o
= 0.80391803 In(l500/780) + 5.37396575x 10-4 (720)

= 0.525703277 +0.386925534 - (1.12233715x 10-7)1641600 +

(0.117531166 x 10-1°) (2900448000)" I::~o

= 0.525703277 +0.386925534 - 0.184242866 + 0.034089303

= 0.762475 kJ

Hence,

(
r780 dT I r500 dT I)

0.7624 Jl98Cl'ol IT+ 1so c.; ITHs 3.12

0.7642 (1.0445 + 0.764275)= 1.347 kJ

Then,

He = Hs + Hw = 1764354.15 + 1347= 1765701.25 J

3.5.3 Specific HeatIn Insulation

The heat to effect body temperature rise, the specific heat, follows from equ. 3.4. as:

H = mc8 3.4

= pvc8 3.13

where m is the mass (kg), c the specific heat capacity (J/kgK), 8 is the average body

temperature rise,p the density and v the volume of the body. Hence to evaluate H in the

bricks, the volume of the individual bricks will be evaluated and the8 will be obtained by

first evaluating the facial temperatures of the insulation.
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Volumes of Insulation Materials: From the design drawings (Figs. 26 - 43), Volume, in m
3
,

of

Brick I & 2, VI2 = 2 (0.035 x 0.06 x 0.21) + (0.01 x 0.12 x 0.04) = 0.888X 10-3

Brick 3, V3 = (0.06 x 0.14 x 0.03 ) + ( 0.04 x 0.015 x 0.14 ) = 0.333X 10-3

Brick 4, V4 = (0.06 x 0.14 x 0.035) + (0.04 x 0.01 x 0.14) = 0.35X 10-3

Brick 5,V5 = 0.06 x 0.21 x 0.035 = 0.441 x 10-3

Brick 6 & 7, V67 = 2 (0.033 x 0.06 x 0.145) = 0.2871 x 10-3

Brick 8, V8 = 0.03 x 0.21 x 0.06 = 0.378 x 10-3

Brick 9, V9 = 0.075 x 0.144 x 0.04 = 0.004032

Brick 10, V I0 = 0.07 x 0.144 x 0.04 = 0.0004032

Brick II, V II = (0.1952 x 0.04) + (0.1152 x 0.04) = 0.00205

Brick KI & K2, VKI2 = 2 (0.29 x 0.27 x 0.04) = 6.264 x 10-3

Brick K4 & K5, VK 45 = 2 (0.27 x 0.21 x 0.04) = 4.872 x 10-3

Brick K3, VK3 = 0.212 + 0.04 = 8.4 x 10-3 "

Glass Wool, VG = 0.14 x 0.11 x 0.025 x 4 = 8.4 x 10-3

Face Temperatures and Average Body Temperature Rise of Insulation: The charging

end silica bricks (Figs. 28, 37,& 43) are in contact with hottest zones of the furnace (the

heating element's surface and the chamber interior at maximum operating temperature) over

one face and in contact with the room atmosphere over the other face. If the maximum

projected cold surface temperature is 40°C, and the room temperature taken as 25°C, then the

average body temperature rise for end silica bricks 1-4 and II, ~TI,IS

~TI =(40-25)+(1200-40)/2=595 K

For the rear end silica bricks, bricks 5 - 10, there is a backing insulation of 40 m111kaolinitic

clay slab, K3, (Fig. 38, 40& 41). The effective heat flux through this thickness follows using

eq. 3.3 and rearranging as:

,,-
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__ 1_1_60__ = 1940.77 W/m2

0.04 + 0.04
0.29 Il.087

At this value of Q/A, the temperature at the colder face 0.04 m thickness of the silica bricks

will be obtained from

1940.77 = - (T -1200)
0.04,;

, 0.27

=> T = 1200 - 1940.77(0.04/0.29) = 932.3°C

This will correspond to the hot face temperature for brick K3. The average body temperature

rise Irorn room temperature (25"(') for silica bricks 5 -- 10,

~T2=(932.3-25)+(1200-932.3)/2= 1041.15 K

For the Kaolin Brick K3,

~TJ = (40 - 25) + (932.3 - 40)/2= 461.15 K

For the kaolinitic clay brikcs Kl, K2, K3 and K5 ( fig. 38& 39), they are not in contact with

the hottest zones. Their hot surfaces temperature will be evaluatedfrom thc effective heat

flux through its thickness and the glass wool. From the heating zone insulation analysis

(3.3.1), heat flux through the 2.5ml11 glass wool and 40mm slab is 64\V. Fromcqu. 3.1, it

follows that:

-k dT
dx

QI/A 3.15

64/ 0.62 (0.087)(40 -T) /0.04

-0.087T= (0.04)(74.7)+(0.087)(40)= 48019+3.48
0.062

51.6735

=> T = 51.6735/0.087 = 594"C

-rt.l:e..
From a room temperature of 25°C,avcage body temperature of the kaolinitic clay bricks,

1\

~T~, will be

(594 -·40)/2 + (40 25) = 302 K

so



This will correspond to the cold surface temperature of the slag wool. l lencc averagebody

temperature rise for the slag wool, ~T5, will be,

(594 - 25) + (1200 - 594)/2 = 569 + }15.5 = 442.25K

From these evaluations of the volume and temperature of risc or each insulation

material the consequent specific heat in the insulation will follow from equation3.3. Taking

production densities of slag wool, kaolinitic clay and silica as24, 304, and 900 kg/m ', and

their specific heat capacities as700, 830 and 850 J/kg K respectively (Chesrnond, 1988.

Chesti, 1986; Gosse, 1986) then the specific heat in

Bricks I - 4 and II = 3.621 x 10.3 X 900 x 850 x 595 = 1648188.68.1

Bricks 5 - 10 = 1.9413 X 10.3 x 900 x 850 x 1041.5 = 1546725.922 .I

Bricks K3 = 8.4 x 10.3 x 304 x 830 x 461.15 = 977401.88 J

Bricks K I, K2, K4 and K5 = 11.138 x 10.3 x 304 x 830 x 302 = 712421.23 J

Glass Wool = 1.54 x 10.3 x 24 x 700 x 442.25 = 11441.892 J

=> Total Heat In Insulation, I·IS= 4896 178.924.1

3.5.4 Insulation Losses

From the charging end, using equ.3.1:

Q .,»:
dx

the heat loss IS through area A = 0.122 of a thickness or 0.0811l silica insulation will be

estimated as:

Q (1160 X 0.122 x 0.29) 1 0.08 = 60.552 W

From the rear end, A= 0.122
, through composite silica and clay brick layers of0.04111

thicknesses each; then

1160 X 0.122 1 (0.04 x (1/0.29 + 110.087)) = 27.9 WQ
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Through the composite glass wool and clay backing layers on the sides of the chamer. A=

0.14 x 0.1 I = 0.0154 1112 on each of the sides, then

Q (1160 x 0.0154 x 4) 1 (0.025/0.038 + 0.04/0.087))

71.456/1./17665 = 64 W

Hence, Total Heat Loss Rate through insulation, QL= 152.452 W

=> Over time t at maximum temperature in the chamber, total heat loss through

insulation, HL = 152.452 t J

Then the overall heat requirement, HO, will be

HO He + HS + I-IL = (1765701.25 + 4896178.924 +I52.425t) J

(6661880.174 +I52.452t) J

3.6 HEAT GENERATION

3.6.1 Heat Generation Rate / Power Requirement

For a target heat LIp time of t seconds, the corresponding heat generation rate to meet

the estimated total heat requirement (HO), will be obtained from:

Power = Energy 1 Time = 1-10/ t

= (6661880.174+ 152.452t) / t

= (6661880.174/ t + 152.452 ) W

With the target range of3000 < t < 3600, the boundary power value willbe

PI (at t = 3000s) = (6661880.174/3000 + 152.452 ) W

= (2220.627 + 152.452) = :373.079 W

P2 (at 36005 ) = (6661880.174/3600 + 152.452) W

= 1850.52 + 152.452 = 2002.972 W

If heating efficiency is projected to about 90%, then,

PI 2636.75W; P2 = 2225.52 W

0,
0_



The heat generation design will target this range of power values for the heat up time range.

3.6.2 Heating Element: Material and Forming

From alternatives of heating elements, metallic heating element is considered suitable

for this work, specifically the alloy '875PM' (Appendix II). This alloy, also known as

Kanthal APM, is a ferritic Iron-Chrome-Aluminum alloy from heating element manufacurers

with the trade name Kanthal (Kanthal, 1987; Hyndman, 2002). Its specific qualities are good

form stability, high temperature strength, and self supporting ability at -I 300°C. It has an

excellent surface oxide, which gives good protection in corrosive atmospheres. The chemical

composition is 22% Cr, 5.8% AI and Fe in the balance. Appendix II gives more detailed

technical information.

Determination of Heating Element length:For a fixed line voltage of 220Y (rms) and

power requirement of 3 kW, (considering bearable electricity cost, heating uncertainties,

voltage fluctuations, it is safe to round up the power requirement from 2636.75 W to 3 kW):

P = y2/R ~ R = Y2/P

where, P is the power (the heating rate), Y is the voltage, andR is the resitance of the heating

element. Taking,

R rL

where r is the resistance per unit length in OIm (a function of the crossectional area), and Ls

is the length (m), and, considering the temperature coefficient of resistance, Cr, gives:

R

then,

3.16
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Considering three option of KAPM resistance diameters 1.0, 1.2 and 1.5 mm withr = 1.8457,

1.2818 and 0.8203Dim respectively (appendix I), eq. 3.16 gives the respective required

lengths LI, L2 and L3 as:

LI = 2202 I (3000 x 1.8457 x 1.04)= 8.405 m

L2 = 2202 I (3000 x 1.2818 x 1.04)= 12.102 m

L3 = 2202 I (3000 x 0.8203 x 1.04)= 18.911 m

The final choice of the wire length/diameter will have to consider the resulting surface load

for a giving power rating. From the alloy table data (appendixI), the surface area per meter

for the three diameters of wire 1.0, 1.2 and 1.5 are repectively 31.4159, 37.6991 and 47.1239

cm2/m. Evaluating surface load pas

.
p = power required I (total length x surface area per unit length) 3.17

surface loads, p, at a power requirement of 3000 W, for the different diameters of the wires

gives:

pI = 30001 (31.4159 x 8.405) = 11.36 W/cm2

p2 = 3000/(37.6991 x 12.102) = 6.58 W/cm2
•

p3 = 3000/(47.1239 x 18.911) = 3.37 W/cm2

subscripts I, 2 and 3 representing wires of diameters 1.0, 1.2 and 1.5, repectively.

Alternatively, using the alloy table formula and values for surface load, with consideration

for Cr at the maximum operating temperature,

er(p I rL)

em' /
3.18p

pI = (1.04 x 3000 )I (1.8457 x 8.405 x 17.0208) 11.82 WIcm2

p2 = (1.04x3000)/(1.2818x 12.102 x 29.4120) = 6.83 W/cm2

p3 = (1.04 x 3000)/ (0.8203 x 18.911 x 57.4453)= 3.5 W/cm2

Since the element life is longer at lower surface loads, a 1.5 mm wire will be chosen, with

corresponding element length of 18.911 (- 19 m); at a higher initial cost compromise.
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Forming - For a work tube depth of 300 mm, with cross-sectional perimetr of 2 ( L x B)=

600 mm, and length of wire,I, the winding pitch for uniform heat distribution can be inffered

from:

Length of wire = length per turn x no. of turns

= cross-sectional perimetre x Depth of tube / Winding pitch. 3.19

Hence,

Winding Pitch = crossectional perimeter x depth of tube / length of wire

For, I = 18.911 m

Winding Pitch = 0.6 x 0.3/ 18.911= 0.0095 m 1 em (approx.)

No. of turns = 300 /9.5 = 31.58 turns = 31 turns

The approximation was round down because rounding up will imply longer length of wire

which will reduce the power output (eq. 2.14); the already, very low surface load of the 1.5

mm wire and the winding pitch rounded up will allow and compesate for this.
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3.7 CONTROL SYSTEM SPECIFICATION

The general aspects of control include the feed back transducer type, the reference

transducer, error detection, the signal and power amplification circuitry, and the final control

element (Fig. 9). Various circuitry and components are available to achieve these tasks in

stages (section 2.5). Design decisions between the alternatives will be made based on their

different levels of accuracy, justifiable cost compromises and other relative advantages

(component availability, ruggedness).

The Feedback Transducer:With the target maximum temperature of 1200°C, the operating

temperature of the thermocouple wire should be about 1300°C; 100°C above the maximum.

This implies, the type-S thermocouple, Platinum - Platinum Rhodium 10% (Table 10) will be

adequate for the control system.

The Reference Transducer: The range of options here spans servo-potentiometer,

differential inductor and differential transformer based reference transducers. The choice

deciders actually are projected cost limit for the control unit and the desired input graduation.

Since the cost of the control unit is an integral part of the expenses of the whole furnace, cost

minimization choices will be favoured at the expenses of fineness in the graduation. Rotary

potentiometer will be good for the reference transducer specification.

The Controller Module and the Final Control Element:By adopting the proportional

control law, the final temperature control will be achieved by a kind of electronic circuitry

,
shown in Fig. 25. The temperature error signal for the comparator will be generated by either

of the two circuitries in Fig. 22.

This set of specification will be sought for on the various off-shelf controller modules.

The final control signal from the controller module will be fed to SCR as the final control

element, which will switch the heater on or off proportion'ally. The wiring diagram for the

furnace is shown in Fig. 44. Appendix IV shows the entire control circuit diagram.
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4.0 THE FURNACE CONSTRUCTION

4.1 MATERIALS

4.1.1 Refractory Materials

Silica Sand - obtained from Igbokoda beach silica sand deposit, Ondo State, Nigeria.

Kaolinitic Clay - obtained from Ijapo, Akure, Ondo State,Nigeria.

Wood Flour - obtained from wood Qlanerma<:.t\i.\\~,\\(QQd \\(Q~k.c:;,\\Q\1,f~d~ \ lJ\\\~\:'i!5.\\~\),

Technology, Akure, Nigeria.

The samples for the refractory production experiment were designated SI - S7, ST, CI -(3.

and CT, defined as in Table4.1.

4.1.2 Temperature Control Materials

Feedback Transducer A type-S thermocouple was obtained from Alaba International

Market, Lagos Nigeria. The thermocouple wire type is platinum - platinum rhodium 10%,

with a ceramic thermowell material; temperature sensitivity range is 0 - 1538°C.

The Controller An off-shelf controller was obtained from Alaba International Market,

Lagos Nigeria. The controller operates by on-off control law; required feedback transducer is

a type-S thermocouple. The reference transducer is a system of four rotary potentiometers.

Temperature sensitivity, tolerance: ± 5°C. Display: Light Emitting Diode (LED) digital

display.

Final Control Element An on-off electromagnetic 20-amps switching relay. Source:

Alaba International Market, Lagos, Nigeria.
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Table 4.1: Designations of Refractory Samples and Variations111 Their Compositions and

Processing Treatments
f .abc] Composit ion :Vl11lllding

vlcthod

SI From un calcined sand, 40% of -lm111 - 750flm, 15% of -750 ~ 500~1I11,andHand

45% of -500~lm sized sand was mixed by weight proportions. 5% bentoniteMoulding

was added. The batch was thoroughly mixed with 15% water.
S Same as composition SI but from calcined Sand As SI,_ 0

S, Raw rod milled sand, mixed with 5% bentonite and 15% water, by weight. As SI
S-I Calcined sand: 40 % by weight of -2.5 - 2.0111m size range and 20% byHand

weight of -2.0 - 1.5mm, and 40% by weight-1.5 - l.Onun, thoroughly Moulding
mixed by hand. 1.5 times by volume of the sand was added as -1200 -

I000~1111wood granules. After thorough mixing, 5'1'0by weight of the total
mix is added as bentonite, then 20% by weight of total mix is added as water.

S, Same as S4 but with raw sand and 15% water. Machine
pressed at
250N/cm'

S" Rod milled raw sand, mixed with 1.5 times by volume of 1000 -1200~1l11 As S,

wood granules and5% by weight bentonite, and after thorough manual
mixing, IS % by weight water was added and thoroughly mixed manually.

s- Raw milled sand mixed with equal amount by volume of -850 ~1I11size woodAs S,

flour. 5% by weight of the mix is then added as bentonite. After thorough
mrxing, J 5% by weight of water was then added and thoroughly mixed
together manually.

SI Same as SI I\s S,
("I Treated Calcined clay and 5% bentonite by weight was thoroughly mixedMachine

manually, then 10°1c) by volume of GOOfll11wood flour and 15% by total Pressed at

weight was added as water and the final mix was thoroughly mixed manually250 N/cm2

to very even mix.
----- --------- -

C, Uncalcinec1 clay, 10'% by volume of GOO~lmwood flour. This was thoroughlyAs C1

mixed and 15% by weight of the mix was added as water.

C· Same as C2 but with 20'Yc)by volume of GOO~lmwood flour. I\s C 1

("I 100% clay with treatment A. I\s C 1

4.1.3 The Heating Element

Metallic heating element was obtained from Alaba International Market, Lagos.

Nigeria. It is of the wire type with a cross sectional diameter of 1.7mm. The physical

properties 0 f the heating element such as its dull gray colour, shearing d iIficul ty, magnet ic

attraction conforms to that of the ferritic Al-Cr-Fc heating element alloys (Appendix I)

(Hyndman lnd., 2002). The resistance was measured to be 0.S8Q/m using digiial multimetcr.

4.1.4 Construction Materials

A mild steel sheet was obtained from a steel product store in Akure. The thicknessor

/
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the sheet was measured to be 1.32 Illlll. This sheet will serve for the construction or the

housing for the refractory assembly and open-end insulation brick (Figs. 42 and 43).i\ right-

angled profile bar, I" x I" section, was also obtained. The bar is to serve for the construction

of the chassis that will carry the furnace.

4.2 REFRACTORY EXPERIMENT AND PRODUCTION

As outlined in the refractory production process route design (3.4.1), the fallowing

steps were taken for the production of the different refractories specifiedby the design, which

are the conducting silica refractory, the insulating silica refractory, and the insulating

kaolinitic clay refractory.

4.2.1 Conducting Silica Refractory

Sample Analysis: After washing to remove physical dirt, and free drying on concrete floor, a

sample of the Igbokoda beach silica sand was taken for determination of its mineralogical

composition by classical chemical analysis. The analysis was carried out by the wet chemical

analysis section of the Nigerian Metallurgical Development Center, Jos, Nigeria. Appendix-

II outline the standard procedures far the key compounds. The result is shown in Table 5.1.

Pretreatments: Three portions ofthe raw sand were given separate treatments as below:

A. Classification to four particle size ranges: -2.5 - 2.0111111;-2.0 - lSmm: -1.5111111..

1.0111111;-1.0l11m - 750~1I11;and -750~1I11- 500~lm .

13. Calcination at 1400"(, for 30 minutes, and cooling, before classification as ini\.

C. Grinding in rod mill to 45% -500 - 250~lm particle size. Complete particlesize

analysis of the rod-milled sand is shown in Table 4.2.



Table 4.2: Complete Particle Size Analysis of the Rod Milled Sand:

Total weight of sample = 1000g; Sieving time= 15 minutes

Sieve Size Weight Sample Weight Cumulative weight Cumulative passage

(urn ) (g) Percent percent weight

+1000 11.86 1.19 1.19 98.81

-1000 + 710 20.73 2.07 3.26 96.74

-710+ 500 55.09 5.51 8.77 91.23

-500 + 250 470.85 47.10 55.88 44.12

-250 + 130 311.85 31.20 87.08 12.92

-130 129.05 12.91 99.99 0.01

999.43* 99.98

- ..
"sieving error = 0.0)7% (negligible)

Composition and Mixing:

COllll0sition S I - From portion with treatment A above, (nol calcined), 40%.or -1111111

750~lm, IS<Yo of -750 - 500~lm, and 45% of -500~lm sized sand was mixed by weight

proportions. This corresponds to a weight ratio of 4 kg : 1.5 kg : 4.5 kg respectively.51%

bentonite was added. The batch was thoroughly mixed with 15% water.

Composition S2 - Same as composition SI but from calcined sample with treatment8 above.

Composition S} - Raw rod milled sample, mixed with 5%) bentonite and 15% water, by

weight.

Moulding: Composition S" S2 and S3 were hand-moulded to slabs {or the furnace chamber

(Fig. 26 c 27) jJ] custos» made wooden moulds. The mixwas manually rammed into the

mould and excess material scrapped off. Silica flour obtained by pulverizing the raw sand to

I Oum was rubbed into the surface of the slabs to seal open pores and improvedcnsification.

A test sample, ST was machine pressed on a table moulding machine at250N/cn? from
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composition S, to test for bulk density, porosity and thermal shock resistance of the silica

sand as a refractory material.

Firiug Kiln temperature kept at 200°C for 30 minutes, and then uniformly increased to

1400°C in six hours, soaked for 30 minutes, and allowed to cool to room temperature inside

the furnace for about 18 hours (overnight).

4.2.2 Insulating Silica Refractories

Pre-treatment: The silica sand. used was given similar pretreatment as for the conducting

silica refractory. The wood shaving was classified to -1200 -IOOO~lm granules, -1000 -

850~lm, -850 - GOO~lm and -GOO~lm flour.

Composition:

Composition S4: Calcined sand: 40 % by weight of -2.5 - 2.01ltl11 size range and 20% by

weight of -2.0 - l.Snm, and 40% by weight -1.5 - 1.0 Iltm, thoroughly mixed by hand. 1.5

times by volume of the sand was added as -1200 - 1000pm wood granules.J\ Iter thorough

mix~ir~, 5%) by weight of the total mix is added as bentonite, and then 20%. by weight of total

mix is added as water.

Composition Ss: Similar composition as inS4 but with raw (uncalcined) sand and 15'% water.

Composition Sc.: Sample from treatment C (rod milled raw sand), mixed with 1.5 times by

volume of 1000 - 1200pm wood granules and 5% by weight bentonite, and after thorough

manual mixing, J 5 % by weight water was added and thoroughly mixed manually.

Composition S7: Raw rod milled sand (treatment c) mixed with equal amount by volume01"-

850 urn size wood flour. 5% by weight of the mix is then added as bentonite. After thorough

mixing, 15% by weight of water was then added and thoroughly mixed together manually.

Moulding: Composition S4 was manually rammed by hand into custom-made moulds and the

mould carefully removed. Composition Ss,S,and S7 were machine pressed at 250N/cm2•



Drying: Free air-drying for 24 hours, followed by oven drying at 200°C for one hour for all

the cornposi tions.

Firing: Same as for the conducting silica refractory.

4.2.3 Insulating Kaolinitic Clay Refractory

P"c-treatments:

A. Weathering of raw clay on open floor under shade for two weeks, followed by water

leaching of trace alkali oxides present; pulping, sicving with improviscd cloth sieve, with

sieve size estimated under the microscope to about I 50pm, to remove free silica. Settling and

decantation of the clay suspension followed by slip pressing in porous packing to drain off

water; atmospheric drying; and pulverizing.

B. All of the above treatment followed by calcination at 1400°c for 30 minutes.

Sample Analysis: The mineralogical composition of the clay was carried out by classical

chemical analysis, after pretreatment A. The analysis was carried out by the wet chemical

analysis section of the Nigerian Metallurgical Development Centre, Jos, Nigeria. Appendix-

II outline the procedures for the key compounds. The result is shown in Table 5. I.

Composition:

Composition C1: Treated Calcined clay and 5% bentonite by weight was thoroughly mixed

manually, then Io(Yo by volume of GOO~lmwood flour and IYY.1 by total weight was added as

water and the final mix was thoroughly mixed manually to very even mix.

Composition (2: Uncalcined clay (treatment I), 10% by volume ofGOO~lll1 wood flour. This

was thoroughly mixed and 15% by weight of the mix was added as water.

Composition (3~Same as(2 but with 20% by volume of 600pm wood flour.

Composition Cr~ 100% clay with treatment A. This is a test composition like S r far the silica

sand. It is to test for bulk density, porosity and thermal shock resistanceor the clay as a

refractory material. The results arc shown in Table 5.5.



c
A net was cut from the mild steel sheet with dimensions such that on folding it

design modifications in the heating element material and forming became necessary since the

design specification of the heating element could not be obtained. 21 m length of 1.7mm wire

was used instead of 18.911 m of 1.5mm wire 'specified by the-design.

4.4 HOUSING CONSTRUCTION AND FURNACE ASSEMBLY

conforms to the shape of Fig. 42. The gives the box panel to, house the insulation assembly. A

supporting frame was also made from one-inch angle bars to carry the box panel and provide

for a door to hold the charging end insulation brick (Fig.438). The panel was then lined with

the insulating kaolinitic clay bricks produced. Whole bricks were sawn to fit in spaces where

necessary. The conducting silica slabs wer.e assembled to form the chamber. The formed

heating element was then carefully positioned around the silica slabs chamber unit. The

chamber with the heating element in place was then wrapped up with the insulating refractory

glass wool. This chamber assembly (the silica slabs, the heating element and the glass wool

insulation) was gently seated on silica bricks, linearly centered within the clay-bricks-lined

box, with the free ends of the heating elements passed through the lining, in spaces provided,

to allow for power connection. The chamber assembly was then carefully supported with

insulating bricks to fix it in place. The insulation brick of the charging end of the chamber

(Fig. 438) was inserted into the space provided in the door. The external view and a sectional

into the chamber through the clay bricks lining from the backside of the box panel. With the

drawing of the furnace are shown in Plate I and Fig 46 respectively. Then the electrical

connection was done, guided by the wiring design (Fig. 44). The thermocouple was inserted

temperature controller and the final control element (the electromagnetic relay) in place, and

all electrical connections intact, the furnace was powered fora performance evaluation.
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Fig. 45: Final Form of the Heating Element



Plate J: External View of the Furnace
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5.0 RESULTS, PERFORMANCE EVALUATION AND

DISCUSSION

5.1 RESULTS

5.1.1 Compositions Of Refractory Deposits

The result of the chemical composition analysis or the ljapo clay was shown in Table

5.1.

Table 5.1: Chemical Composition of the ljapo Kaolinitic Clay

Constituent Compounds Si02 Ab03 FeO Fe203 CaO MgO Na20 Ti02 L.O.I.

Percentage
52.02 28. 83 3.23 3.58 N.D. N.D. 11.22-- --

Composition

The result of the chemical composition analysis or the Igbokoda beach sandIS as

shown in Table 5.2.

Table 5.2: Chemical Composition of the Igbokoda Beach Semel

Constituent Compounds Si02 AI203 FeO Fe203 CaO MgO Na20 I Ti02 1..0.1.

Percentage Composition 92.54 1.13 1.07 1.19 N.D. N.D. -- 1-- o.ns
__ 1--. .._'--._-- ----_ .... .-. ~.-~----_.. - -- .--- .------



5.1.2 Properties Of Refractories Prod uced

Firing Crack The result of the firing crack inspections is as show'! in'J "hie 5.3.

Cold Crushing Strength The result of qualitauv- -ksrructive tc~tin~ carried out on the

different bricks cornnos ili .u .:.I~-_· :::lldJlI:di~cd in Table 5.3.

-T~T)-,\·T~(-l:~:TI:I:--;;,-Tl~!P iN~';(~ j~~\C: I( --------_l-(-)-~_I~t-~:RUSHING-SI"I\J:N( I l'II-(i'N/~12l

",----j NOHe 1220~ ,
-- .. - ---1

SI None 9732 i

IS2 None 9486

S3 None 16184 I

~_~_~~JS4 None 1192
---

Ss None 4753

S() None 8150

('I None 12058

-I
--------
('1 None 9240

(2 Decompression Cracks 1156()
I

(3 More Severe Cracks 11281 J(

Linear Dimensional Changes The dimensional measurements taken on samples from

composition SJ, S2, (2, (3 and the resulting linear expansivities are shown in Table 5.4,

Thermal Shock Resistance The test clay and silica samples, (' rand S1, were both tested for

thermal shock resistance and both withstood twenty cycles or firing and cooling without any

crack, Table 5,5 (copy ofthe NMDC test certificate in Appcndix Ill ).
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Table 5.4: Linear Expansivity Measurements on Some Composition

Composition
Length before Length after Linear Expansivity,
Firing, L1 (111m) Firing, L2 (mm) Ie = i~2~-l:D~!:-L_

SI 140.50 141.60 0.0078

---- . -.- .. - - _.- --- ---- ------------
S2 140.50 141.28 0.011 I

-------.- ----1
C1 214.82 224.18 -0.0453

--------.--- --- ----- -- - "- --- -- ------. ----
(3 234.82 209./2 -0.I069

------- -- .. _- '"." ... - - -_. ------ .. _--

Other Properties Porosity and bulk density were established for reference composition

CT and Sr and this are shown in Table 5.5. Since the composition and process routes of Cr

and ST do not represent any of the ones for the actual service in this work, these properties

were determined just to serve as a guide for more quantitative later work011 these refractory

raw materials.

Table 5.5: Other Properties of the Refractory Raw Materials Used

Material Bulk Density, g/cm' Porosity, %
Thermal Shock Resistance,
Cycles endured

Clay 1.38 50.15
20

Silica 1.77 28.18
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5.2 PERFORMANCE EVALUATION OF THE FURNACE

5.2.1 Temperature Build Up And Heating Rate

The temperature build up with time for the first 18 minutes of powering the furnace

was recorded in Table 5.6, and represented by the plot of Fig. 5.1. From the Table,

temperature rise picked up from the first minute of heating, with temperature rising to 293°C

in the first 15 minute. This is an average temperature rise of about 200e per minute.

Table 5.6: Temperature Build Up on Powering The Furnace

Time, min Temperature, "C
1.0 28
2.0 36
3.0 46
4.0 60
5.0 71
6.0 89
7.0 110
8.0 128
9.0 151
10.0 169
11.0 194
12.0 217
13.0 240
14.0 264
15.0 293
16.0 321
17.0 345
18.0 369

101



5 10 15
Time, minutes

20

400

350 I

Fig. 5.1: Plot of Temperature Build Up with Time on Powering the Furnace

Different set temperatures were used to check the effectiveness of the control system.

The control switched off the power supply to the heating element at the different set

temperatures, on cooling and on heating, with a tolerance of about 5°C. However on heating,

after the power supply to the heating element has been switched off by the controls system,

about 40°C temperature offshoot was noticed before the temperature started to drop, fluctuate
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5.2.2. The Control System

and hold about a set temperature.



5.2.3 Ergonomics

Ergonomics considerations III evaluation of any tool include considerations of factors that

will enhance most conducive and comfortable use and handlingof such tool. In the

performance evaluation of the furnace, the following ergonomicfeatures were observed.

Operational Ease: When the power plug is connected to the mains, heating commences. The

controller automatically starts with a display to monitor the chamber temperature. The control

can be set to a target temperature without interrupting the heating. At the set temperature, the

controller switches off heating. This isa relatively easy operation compared with most

indigenous hydrocarbon fuel fired models where: fuel has to be ignited manually witha

flame; heating temperature depends on ingenious manual flame color control; heating control

entails manual control of fuel supply valve; and, there is no temperature monitoring device.

Operational Hazard: The furnace operates almost with no operational hazard: no noise, no

gas pollution, no vibration, and no naked flame with attendant high straythermal radiation to

operators.

Weight: Although furnace units are installed in fixed position, minimal unit weight is always

preferred for freight ease. Compared to standard imported model of similar size, the furnace

is still relatively heavier - about1.5 times (30 : 20kg). This weight extra is contributed solely

by the insulating refractories that are still quite heavier than those in imported models. With

further works on the insulating refractory, the overall unit weight can be reduced.

5.2.4. Economics

Operating Cost: The unit operates on electricity with a target to achieve 1200"C in onehour.

Since

Energy, kWh Power Rating in kW x Time in hr

and

Energy Cost, N Energy, kWh x Cost per kWh inW,
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then, at a power consumption of about 3.5kW (3437.5W), and electricity cost of W 4-/kWh,

this translates to W14.00 for one hour of firing.A similar size butane-fired muffle chamber

will use about 5kg of gas in such time interval, costing about W500.00, excluding freight

costs during gas refill.

Overall Cost of the Furnace Unit: The present model is only a preliminary design model.

Since product cost evaluation is done on perfected design model, overall product cost

estimation cannot be presented at this stage of the work. Rather what applies at this stage is

the project work cost evaluation, an estimate of which is about WG5, 000.00. It can be

projected that the perfected model may not cost more than this, since all experimental costs

will not be involved, but only the actual materials and the standardized process costs will be

accounted. However, if a perfected model should cost up to about W70,OOO.00, to account for

all possible finishing intricacies, it will still be a worthwhile foreign exchange saving for the

Nigerian technological community. Similar models sell in excess of $1000.00 (Science

Projects Ltd., 2002), excluding freight costs and delivery delay. Apart from this foreign

exchange savings advantage, the technological slavery, and other acids attached to

consumption of foreign technology are more facts to consider. Nevertheless, if the cost

implication of perfecting this model should be more demanding and final unit cost higher

than projected, it is still worth the while. Nigerians should not think that there is hope in

technological independence; there is no alternative to technological development for any

. nation to survive in this present world. So, for what there is no alternative, economics itself

recommends that it is better to suspend economic consideration.
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5.3 DISCUSSION

5.3.1 The Refractory Deposits

From the result of the analysis (Table 5.1), the ljapo clay with 28.18% Al~O-, is

suitable for consideration as a kaolinitic fireclay deposit, since the alumina percentage of

fireclay accepted for refractory applications is usually 25 to 45 (Chesti, 1986; Borode et al,

2000; Omowumi, 2001). With no traces of the alkali and basic oxides, it can be inferred that

the extensive pulping and sieving pretreatments have assisted in leaching off thiscommon

impurity oxides, which do form double silicates and lower refractoriness (Chesti, 1986). With

this composition, using equation 2.1:

Refractoriness, °C= 2.1
0.228

Refractoriness, °C=

360+100( 28.183-3.58)
28.183+52.02

1713.5nC

where AI203 and Si02, are the percentage compositions of alumina and silica, respectively,

while R203 represents total percentage composition of Fe203 and other trivalent oxides

present, the refractoriness of this clay can be estimated as:

0.228

This is an adequate figure, the refractoriness demand of the work at hand being

1300"C: I OO°C above the target maximum operating temperature. With this composition

analysis and the kind of pretreatment given this clay, the Jjapo kaolinitic clay deposit could

have been recommended greatly for refractory work, but the deposit suffercertain limitations.

ljapo clay deposit is more of the reddish clay type, with higher iron content and more

thermally conducting. The white kaolinitic portion of the Ijapo clay has a very low reserve.

Buildings are also closing up on the deposit. Hence, the deposit may not be regarded for

kaolinitic clay on economic scale in a near future.
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With 92.54% Silica, this beach sand is a bit on the low side for typical silica

refractory compositions with percentage silica of about 94% (Table 5.2). Although. with a

total of 2.26% iron bearing impurities that can be eliminated by roasting and magnetic

separation, the igbokoda beach sand is still a valuable asset around for silica refractory

production.

5.3.2 Refractories Production

From Table 5.3, it can be seen that none of the compositions of the silica refractories gave

firing crack at the firing rate used. This is noteworthy, because the firing rateor 0 -1400"C in

seven hours is relatively very rapid compared to recommended firing time of about 160 hours

for silica refractories (Chesti, 1986). This firing rate was initially used as first trial after

which slower rate was to be tried. With this observation, it can be inferred that changing

beach temperatures and weathering must have effected the stabilization of the beach sand

compared to freshly crushed quartzite. Hence, in using the Igbokoda silica sand:

I. Precalcination is unnecessary, and the attendant cost is avoidable;

II. Firing and total production cost will be highly reduced with firing spanning only

seven hours.

With the clay compositions, C1 gave no firing cracks, while cracks were seen in C2

and C3. The cracking was initiated by a stress relieving decompression in the axial direction

of pressing. The firing effects then acted on this crack sources. This analysis is supported by

the fact that the cracking is more pronounced in C3 that was more compressed. having 20%

wood flour. Normally, wood flour will not compress compactly. With this tendency to

decompress, it follows that the larger the wood flour proportions in the mix, the larger the

decem pression crack initiation factor/effect. Contrasting CI and C2• with C 1 from calcined

clay and C2 from raw clay, it can be concluded that calcination has helped the firing stability
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of eI. This is an expected result, as precalcination normally effects pre-stabilization (Chesti.

1986). Contrasting Cr with Ci, C2 and e), C2 and C) showed firing cracks, while CI and (I

gave neither firing nor decompression cracks. SinceeT has no wood flour content, it follows

that the decompression effect will be absent. The regulated firing programme for CT would

also have assisted in preventing firing crack in it. Since the presence of wood flour in the mix

is desired for better insulation properties, CI is best recommended for firing stability in using

this clay, at this stage of the work. The firing programme could also be a bit relaxed to span

cight hours instead of the six hours used for 200 -1400uC.

For the conducting silica refractories, SI, S2, S3, from the cold crushing strength result

Crable 5.4), it can be inferred that hand moulding can give a good strength in the refractories.

With the poor strength of S4, it can be inferred that hand pressing is not good lor moulding

such insulating composition. The significant proportion and unfavourable shapes of wood

granules in the composition will not make the mix compress compactly with the low pressure

in hand moulding. This inference agrees with the fair strength of S), having the same

composition as S.j, but machine pressed. Comparing S(ll rated to have a good strength, with

S5, it can be inferred that a much finer size grading of the mix (-SOO~lm+ 2S0~lm modal sieve

size) and not only the size distribution assists in compaction and improves the resulting

strength. S7, composed from the rod-milled sand and not with wood granules, but with lesser

proportion (50(10 by volume) of wood flour, gave the best green strength of the insulating

silica compositions. Unfortunately, S7 could not be fired due to certain limitations this work

suffered (6.2). ST, with no wood content and machine pressed, gave better strength compared

to SI of similar composition, and this agrees with the analysis made that wood flour reduces

strength while machine pressing improves it.

With the best strength of 16184 kN/m2, recorded for S3, being low compared to usual

minimum of 24000 kN/m2 for silica refractory (Chesti, 1986), it shows that there is need for

overall strength improvement of the silica refractories. Apart from moulding method and
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particle size. the cold crushing strength of the silica refractories could also be increased by

firing to about 1500"C. The higher temperature will increase the extent of particle sintcring,

and thus increase crushing strength of the sample (Borode, et aI, 2000). Heating to this higher

temperature can now take a longer time of seven hours, to avoid rapid heating.

The clay compositions, although all gave low strength compared to the standard

minimum of 15000kN/m2 clay refractories (De Bussy, 1972, Ornowumi. 200 I), yet this

strength figures are all satisfactory far porous insulating compositions like these. and they are

also better than those for the insulating silica refractories. This should1'01\(1\\' from the C:lcl

that the compositions were machine pressed; have much lesser proportions or woodnom

compared to the silica refractories; and of finer clay particle size.i\ portion or the C I that was

hand pressed gave a very poor green strength and even, after firing\\<1S too weak to be

handled.

From Table SA·, the linear expansivities noted for composition SI (from raw sand) and

S2 (from calcined sand) are approximately equal. If the calcination will have effect, thenS2

(calcined) should show lesser value of cxpansivity thanSI. Rather, SI (from raw sand) even

showed lesser value of expansivity. Then it can be inferred that prccalcination does not (at

least significantly) affect dimensional changes of silica bricks made from this beach sand.

The difference in expansivities values forSI and S2 could therefore be attributed to

inconsistency in material distribution caused by uneven pressure in hand moulding:SI and S2

being hand pressed.

For the clay composition, C1 (calcined clay) showed a linear shrinkage or 4.52%

while C3 (raw clay) showed 10.69%. For the lesser volume of clay in C3 (80(% clay, 2m.;,

wood flour) to show shrinkage than C1 (90% clay, 10% wood flour), it implies that the

precalcination really has stabilization effect on the clay, as expected (Chesti, 1(86). I Icncc,

Iowa I'd dimensional stabi Iity, precalcination wi II be advantageous in mak ing use of' this clay.
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Although about 25 -30 cycles is usually preferred before concluding on the thermal

shock resistance (De Bussy, 1972; Omowurni, 200 I) this result at least gave a guide of the

minimum this materials can offer. Since the composition and process routes ofC I and SI do

not represent any of the ones for the actual requirement in this work, these properties have

being determined just to serve as a guide for more critical quantitative work on the actual

compositions to be recommended. In a more detailed quantitative work exclusively on the

refractory aspects of this work, this test could be extended to failure of the test pieces, and the

actual endurance limits established for the recommended compositions.

From the foregoing discussion, the two now charts of Fig. 5.1 andS.2 have been

drawn, summarizing the recommended process variables for production of refractories from

the two deposits used.
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Fig 5.2: Recommended Process Route for Producing Insulating Refractoriesfrom ljapo
Kaolinitic Clay
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5.3.3 Furnace Performance

From the rate of temperature rise (Table 5.6),it can be inferred that:

I. The chamber material conducts heat adequately into the chamber;

II. The insulation effectively contains the heat generated so that heat loss rate is low

enough to ensure net conduction into the chamber and heat buildup therein;

Ill. The heat generation rate is adequate to meet the furnace design target of 1200"C in

one hour.

About the control system, the temperature off-shoots is a process-sensor time lag effect

(Chesmond, 1988), resulting from the fact that the heat generated and the temperature rise by

the element take time to be transferred to the chamber where the thermocouple senses it. This

implies that during heating, the surface temperature of the element will be higher than that of

the chamber. Hence, heat transfer from the element to the chamber still continues for a while

after the controller switches off the heating. Since the clement's surface temperature must be

higher than that of the chamber for heat transfer into chamber, the process-sensor time lag

will always exist, but the effect, which is the off-period temperature rise, can be checked. If

by a more sensitive control circuitry, the current supply to the heating element during heating

is reduced in proportion to the closeness to a set temperature, heating rate will proportionally

reduce toward zero at the set temperature.In this manner the off-period temperature rise will

be minimal. Also, if during cooling, the control increases the current supply in proportion to

the closeness to a set point, heating rate will proportionally increase to a maximum at the low

set temperature; temperature drop below this set point will be minimal. With this proportional

control, temperature excursions before settling at a set point, and stabilization time will be

reduced. This is the type of control in proportional and differential controller(2.6.1t). By

using such controller instead of the on-off controller, a better control can be achieved.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

• A prototype electric heating furnace was constructed using refractories produced11'0111

local deposits, ohmic heating and electronic temperature monitoring and control. The average

temperature build up rate of 20°C per minute was noted on testing the furnace: this is

adequate to meet the target or12oo"c in one hour. The operating cost or the furnaceIS

estimated to W14.00k in one hour. The furnace also has better operational convenience

compared to hydrocsarbon fuel lired types. The prototype is worth improving on.

• The Igbokoda beach silica sand is a good source of refractory raw materials, judging from

its large reserve and satisfactory properties. A processing route for producing insulating and

conducting refractories using this beach sand deposit was devised. This beach sand does not

require precalcination. Also, it is amenable to a quite rapid firing programme, thus reducing

production cost.

• A processing route for producing insulating refractories from the Ijapo kaolinitic clay,

deposit was evolved.

6.2 RECOMMENDATIONS

The on-off temperature controller system suffered from a process-sensor time lag,

which causes temperature offshoots before settling at a set temperature. Besides, sufficient

refractories for the furnace insulation could not be made using the recommended optimum
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process routes due to non-availability of refractory firing kiln at the project base. I lcncc. the

following envisaged further work are recommended:

•• Sufficient refractories for the furnace construction should be made following the

recommended process routes as reflected in Figs 5.1 and5.2.

• The On/Off Controller should be substituted with a Proportional and Derivative

(PO) controller type for the temperature control system.

• The present design could be used as a basis for development of larger capacity

heating furnaces.

• Melting furnace can also be developed with certain modifications in design of the

hearth, the feedback transducer, heating element and general architecture of the

present work.
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APPENDIX II

COMBINED DETERMINATION OF SILICA AND ALUMINA

1. Weigh exactly 19, of the sample in a Platinum crucible.
2. Mix thoroughly with mixture of Na2C03 + K2C03 (1: 1) and cover up with some

of the fusion mixture.
3. Fuse at a temperature of900 - 950°C in a muffle furnace for 15 to 20 minutes.
4. Cool and extract the fused mass into a 400ml beaker with 1: 1 HCI 50ml.

Dehydrate and bake.
5. Cool, add 10ml of concentrated HCl and add hot distilled water up to 150ml in a

beaker. Allow to boil.

6. Filter through No. 41 filter paper. Wash with (1:4) HCI 2-3 times, and with hot
water several times until the residue is free fr0111]-1CI. Keep thef Iterate for the

AI 20) determination.

Silica Determination

7. Ignite the residue in the Platinum Crucible at 950°C to constant weight. cool in

the desiccator and weigh (W I).
8. Add 5-8 drops of 1: 1 H2S04 to the residue and then 10 - 15ml HF. Evaporate

slowly over a low heat (at the end, copious fumes are seen leaving in a dry mass).

9. Ignite the residue in a muffle furnace to a constant weight cool in desiccator and
weigh the crucible (W2).

% Si02 0l!...L_~_..:lb. x 100)

Wt. of the Sample

where WI wt. of the Platinum Crucible with the material before

hydrofluorisation.
W2 = wt. of the Platinum Crucible after hydrofluorisation.

Alumina Determination

10. Take the filtrate from Silica determination in a 250m\. Volumetric flask and make

up to the volume and mix well (if the filtrate is bulky, reduce the volume by
boiling).

11. Take 100ml of the main solution in a beaker, add nearly 2gm, of Ammonium
Chloride add few drops of methyl. add indicator and neutralize with 1:1
ammonium solution till a yellow colour persists. Avoid excess (a faint smell of

ammonium should persist).
12. Boil to coagulate the precipitate and filter through No. 41 filter paper. Wash the

residue with hot 0.1% Ammonium nitrate solution till free from Chloride ions -
(Test the washings with silver nitrate and nitric acids).

13. Take the residue along with the filtrate paper into a weighted platinum crucible,
burn off the filter paper at a low temperature and finally ignite the residue at
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(llOOOC for one hour. Cool in a desiccator and take the weight. Find out the
weight of R203 (W).

W x 250
wt. of Sample
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