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ABSTRACT

The development of indigenous furnace technology is vital to the Nigerian
engineering industry, Existing efforls have developed hyl:lrlul:arl:rnn fuel fired types such as
crucible and rotary Turnaces, but with concomitant problems of operational dilficulties,
environmental pollution, poor product qualities, and temperature control. Fortunately, these
problems are usually absent in electric type furmaces. Therelore, there is the need for the
development of electric furnaces. This s the thrust Tor this work: Development of a
lnboratory benchtop electric heating furnace designed 1o generate heat by ohmic heating, and
achieve a temperature of 1200°C in one hour (on 220V ac), with electronic temperature
monitoring and control.

Towards constructing the design, the required clectrical 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 — Igbokoda beach
silica sand and ljapo Kaolinitic clay deposits, both in Ondo state. Process roules for using
these local deposits to produce the refractories were determined by varying prefreatments,
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 fumace
was tested for performance evaluation. Although firing could not be continued 1o exactly
1200°C due to insufficient insulation bricks, a promising heat build up average rate of 20"C
per minule was obtained. Also, the control system served Tor switching on/ofT the furnace at
various set temperatures. The developed fumace has the advantages of case of operation and

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

IhES,
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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 1echnology research and development
both in the ivory towers and in the indusiry, Nigeria finds it difficult to keep pace n 2
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 Pressdency,
1999).

In pursuance of this, it is imperative o recognize the necd 1o encournge local sourcing
anid increased local comtent in her products and services, and to discourage the importation of
virtually everything. No sudden boost in the production sector will survive, in a sustainable
way, il 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 1o
seck/adapt applicable rescarch lindings o solve local real life problems. In this country.
reseiarch s hardly accompanicd by development, whereas research wnd development are
supposed to be twin events. Since technology 15 all about developing solutiong o hic
problems, a community can not develop technologically until she has stanted sdevelopmg her
own technigues of solving her own technical problems -~ Nigeria nol an exceplion. This is the
thrust for this work, which ¢enters on the production of a basic loel for the production

engmeering industry — fumace,

1.2 FURNACES, ENGINEERING INDUSTRY AND THE CHALLENGE

Fumaces are devices vsed for intense heating purposes 1 the metallurgical industry,
They are generally classified as melting or heating fumaces depending on the type of
application. In healing Aumaces, 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 remsters such as kilns, ovens, stoves and boilers are vsed to descnbe Turmnaces i the
ceramics, food, and chemical industries, Furnaces directly drive the primary engineering
industries ~ the machine tools and the materials engineering industries — us the twol lor
smelting, melting and diverse heating operations, to produce various techmcal components,
machine tools, heat treated components, metal ingots, glasses, and so0 on, The products from

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



textile industries, such that furnaces still one way or the other sustain all these mdustries.
Without furnaces, it will be impossible to make metals, machines, building materials, and so
on. Furnaces are therefore indispensable toals in technological development, industrialization
andl virile engineering industry in any nation.

Nigeria is pursuing technological development; fumaces are basic vital 100ls in this
regard, Then the question is this; where is the technology of quality furnaces in Nigena?
Considering the quality indices ol what can pass for a quality furnace such ns product guality.
case, speed, efficiency and environmental friendliness of operation; and considering the level
of multidisciplinary integration in such quality equipments; then, one will be cautious o
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 al, 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 elecironic control, cleanliness and ease of operation, and
environmental friendliness, atiention should be wrned this way 1wo i this country.
Development of o laboratory bench-top electric heating furnace will be a good step toward
development of higher capacity heating and melting fumaces,

Thus far, indigenous production of qualitative electric heating Turnace bas not been
reported in literature. So, a fresh effort will have to be initinted in facing this challenge. There
are many foreign models ol such fumaces (Carbolvie Fumaces. 1986: Prothenm Fumaces,
2002} constructed based on fundamental principles of ohinic heal generation, heal transfer
and refractory applications; these ones can serve as good references. By giving oifention 1o
understudying and mastering the technology of this equipment, it is believed 1hat
maintenance works on the ones in operation, and production of new ones can become &
domestic issue, This is the basis Tor this work, which 15 the Design and Construction of 4
Laboratory Benchiop Electric Heating Fumace, The targeted model, which will be for heating
about Tkg samples, is hoped 1o have a maximum temperafure of about 1200"C; & elamber

size ol 1200 x 120 x 150 mm; use ohmic heat gereration; and operate on 220V e,

1.3 JUSTIFICATION FOR THE WORK
i The work will enhance better mastery of the design, constraction amd operation
miricocies of the lnboratory eleciric heating lurmaces:

18 I il aid maintenance of those in operation, and the repaie of damsaped anes: anmd



iii, I will serve os Toundation for further development of higher capacity Tumiaces

1.4 ORIECTIVES OF THE WORK

The peneral objective of this work is to develop a leboratory benchtop electric heating

furnace. This entails the following specific objectives:

i To design the furnace;

i To devise process routes for the production of the insulating and conducting
refractories for the furnace from local industrial mineral deposits.

i, To construct a prototype of the design; and

iv. To evaluate the performance of the prototype.

In pursuance of this ohjective, first, literature review and information gathering will
be carried out on refractories - types, properties, production, and local deposits; heal
generalion, power rating; temperature control system technology; and heat transfer. A
preliminary design of the furnace will then be made taking cognizance of refraciory 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. Afler this will
come the aspect to determine feasible production route for the refractory requirement of the
design. The process roules, will also seek to optimize the desired properties of the refractor
products, The prototype construction will then be earvied oul as an assemblage ol 1he
refractuories, heal generation and lemperature contral. A performance evaluation will then be

carried out to appraise the whole effort.



2.0 LITERATURE REVIEW

2.1 LABORATORY ELECTRIC HEATING FURNACE

Labowstory clectric heating Tumaces can be dumrjhud as samall capacity chamber
fheating  devices v provide comtrolled  heating mpidly  and  reliably  for experimental
operations. | e preferred choice of electricity as fuel lor laberatory Tumaces is obyious, since
it offers very neal heating operation, with no pollution, high eMiciency ol energy conversion
b heat. and casy electronic control. Figure | and Table 1 show some models and
specilications of lnboratory heating furngees (Carbolvie Furpocees, 1986 Protherm Tomaces.
HN2: Seience Mroject Furnaces. 2002,

The operaling principles of these (umaces vary slightly with modeis, bt for basic
madels (Carbolyte Furnaces, 1986), it generally entails conversion of electricity o heat in
passage through high resistance heating elements, This is called resistance or ohimie heating
The heal genersted heats up a refractory tube or chamber, called the work wbe, all over its
exterion surfice that the heat is eonducted through its wall 1o heat up the nterior space of the
work tube in good lime. The interior of the work tube then lorms the Turnace hearth or
chamber, Allernatively, certain heating elemenis hang and heat up directls inside 1he
chamber. Heat conservation to prevent flow in directions away from the wark tube surfacye is
done by backing/lagging the heating zone and the chamber with high nsulating relrsctorics,
The temperatore control is carried oul using control electrical circuitry that switches 1he
hemter ondolT to maintain a sel lemperature.

From the Toregoing, the business of designing a laboratory . electric (elimich heating
tumace demands knowledge of relractories properties and production, heat trapsfer, clectric

heal generalion by resislance heating, and temperature control instrumentation,
.2 HREFRACTORIES

Refractories are materials that withstand 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 iz the maximum temperature sbove which the material begins to

degride under the effect of the environment (heat), Other properties of relmetories (eritical o



Fig. |: Representative Laboratory Electric Heating Fumace Models



Iabie |: Model Specifications of Some Carbolyte Furnaces

(Carbolvte Fumaces, 14986]
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particular operations) include; thermal ¢ electrical conductivities. expansivity, chenical

ineriness, porosily, load beéaring ability, permeabifity, bulk density, troe densiing, spalling

reskstianee, aml abeasion resistpnce.

Phie waslues of these properties vary Troan one refiactony sample to another. os o resull

of method of production and constittent materials, e, composition and presenes or mil of

impurities, These varfations are expressed by further classifications of this class o materials

Pased one chemacil o mineralogical  composition. ce aluminn, silicatess mognetite omd

synthetic relractorics: production method e mold, cast or bonded relmctorics: predomian

prijperty e conducting, insulating, or imgel refraglories; ond reaclivily el basic neutrnl or

acidic refractories,

.21

Basis OF Variation Tn Refractory Properties

Variation in properties between classes ol relvaciory materials result from:

Chemicatl / Mineralogival Compasition - From sources, refractony mierials e of basi

i



properiies which vary Irom one (o another, These sources, by reason ol their chemical
composition Fall under certain relractory classes and therefote are ol properties peculiar 1o the
class. For instance, quartzite, tridvmite, crystobalite and quartz are all silica refracion
minerals: bauxite and corrondum are alumina relractory minerals; and coal and graphite rocks
are for carbon refractonies,

In achieving specific refractory propertics, blending of two or more mincrals is done,
or some naturally occurring mixes are used. For example, aluminosilicates are natural co-
occurrence of alumina and silica, with mullite. andalusite and kaolinile as examples ol
minerals in the aluminosilicate Tamily. Actually. refractory minerals very often consist of b
or mawre compouds and the relative abundance of such co-nccurring compounds viry vaer o
wiide range between and within deposits, This is why there are many different minerals from
the same sel of chemical compounds, such as the aluminosilicate minerals cited.

This composition varistion leads o production of different phoses durmg the
erystallization process of the rock deposits. which implics varying propertics. For example. in
the Alumina - Silica phase diagram, semi-silica quarlz. refractory with a fusion point ol abol
1700°C is on one end of the composition range, and muollite with Tusion peinl ol about
LRS0PC, on the other cnd.

Procfiction Method  The end propertics of o refractory sample s o function ol the
alternatives adopled lor various steps involved in the manulacturing process. amd the aciaal
valies ol the combination of variables at each of such sleps. For example from the sizing,
mising and moukding stages, higher eventual porosity of the relraclory sample can be ensured
by ensuring coarser and namower grain sice rnge, o ensure large interstices and low
maotlding pressure W redice compaction. A review of the general manufscturing romtes will

ex i more on the diverse variables with which refractory propertics can be mamipulisted.

1.2.2  Production Process of Relractories

Processing steps involved in the production of refractories. are presented i the o
sheet in Fig. 2 (Chesti, 1986). Examples of the steps in details are diseussed under silica and
fireclay refractories (sections 2.2.4 and 2.2.5),  Mining. crushing. grinding and sizing are
first done Lo maintain about 35:45 rtio of coarse 1o line particles, DilTerent equipment uscd
tor this purpose are crushers, pulverizers, hammer mills, ball mills, shaking tubles and
sereens. Calcination, which is pretrestment by firing or at high wemperature for considerable
periced ol fime. is carded oul 1o bring about mineral conversion and stabilization of the

material,  Mixing is camied oul in pug mills w Geillate the even distibution ol Tine il
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Fig. 2. Flow representation of general steps involved in refractonies production
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coarse particles in the whole mass, Mixing can be wel (14 — 20% water). semi-plastic (11}

8% water) or dry lype (< 3% water). Colloidal suspensions can also be produced lor
moulding by slip casting. Moulding is done to form the refractory mix into desired shapse.
Moulding can be by hand or some mechanical means. Wet mixes with aboul 14 - 20% waler
will be amenable 1o hand moulding, Semi-plastic mixes uses machine moulding by prossing
or extrusion. Drv mixes require high moulding pressures of 10000N/m” or more (Chesti.
| 986). Slip casting, powder pressing, reactive hol pressing and isoslatic pressing are olher
methods used for moulifing some typical refractories, Drying is dene on the mould shapes o
remove moisture and increase green strength o make them safe for subsequent handling.
Drrying raite is kept at minimum o aveid abrupt shrinkages and crack formation. Drving is
penerally carried oul under shade on large drying oors, or in wnnel kilns. Finally, liring,
also known as buming is carried oul, 1o completely dehydrote the refractory and ellec
vitrification, develop stable mineral Torms, and cause formation of pecessany cermmic bonds
tor high crushing strength in the finished product, Buming may involve as much as 30%a
shrinkage in the relraciories. selling greal stresses in them, which resulls in the distortion ol
refractory shapes. To avoid such bad situations, it is necessary 1o carry oul pre-siabilieation ol

the raw materials as mentioned carflier,

1.1.3  Refractories Performanee in Service

The mast primary service demand of relractories is o withstand high temperatores.
For this basic need, any relractory material can serve. Examples ol such commaon relractorses
are silica. alumina, aluminosilicates, carbon, dolomite and chromite relractories. The final
choiee will only depend on the actial refractininess required of the refractory. Fuerther
screening eriteria can include such propertics as thermal  conductivity,  thermal  shock,
resisionce and ineriness, In peculiar cases where heal conservation 15 paramounl il s reguired
thit relractories be thermally insulating. Relrctories lor such envirommenl are specially
produced as insulting refractories (see 2.2.6). In more stringent conditions such as requiring
relrctoriness in order of 2000°'C, severe thermal abuses and shocks, extra high strength,
specilic ineriness to specilic reagents, chemical abuses and other exiremes ol ppgressive
envirpnments, such as in high lemperture reactor linings, spaceship cones. electric anc
Turnaces. tap hole plug and glass melting, special refractories will have w be produced 1o
such a high degree of purity to optimize specific properties. Such special refractorics inelude

syiithetic silicon carhide, pure lused silica, sialons, pure aluming Mision cast as corrondum,



srcodia, sreon and cermels, Other imporlant service Torms of refractories are as refraclors

morals, cements, caslables and ramming masses.

leating Furnace

Refraetory Demand for t

For the specific purpose of laboratory fumaces o achieve good thermal isolation. high

heat efficieney and conducive operation, refractory requirement divides in Lo tvo parts;

(i} Requirements for the work tule:

. Refractoriness: about 100°C excess of maximum operating temperatune

. High Thermal Conductivity |

. Adequate Thermal Shock Resistance

For the purpose of meeting 12000C, almost al common refractories will serve. Table 2 shows
commoen pure relraciory compounds and their [usion temperatures, all well in excess of
15004,

Considering thermal conductivity, from Table 3 showing thermal conductivities of
somme relioctories, silica, magnesite, carbon and graphite, in that crder of inereasing thenmal
conductivity, k. emerge as leading candidate materials. Further screening based on thenmal
fatigue resislance disqualilies magnesite; being ol very least resistance 1o thermal shoch
(Chesti, 1986). Morcover, the thermal conductivitics of magnesite refiactories reduce with
imcreasing  tempernture, Carbon and  graphite, with best thermal shock  resistimee and
conductlivities most satisly the requirements lor the work tube, bul the relative scarcity aml,
therefore, very high cost ol graphite and carbon refraciories does nol justily the nol so severe
requirements ol such a furnace. Therelore silica refractories with relative cost advanlage will
be a good choice compromise. In pure and luse form. special silica relraciories show ven
by coctlicient of expansion and higher thermal shock resistance: henee silica relraciones

have served i applications for crucibles, wbes, and thermocouple sheaths.

i} Reguirements for heat conservation

The critical refractory propery For good heal conservalion is low thermal conductivity, A
relractoriness = 12001°C is also necessary o a service environment ol 1200°C., To meet this
specilic requirement, the base relractory material must be produced as insulating relractors,

see seclion 2200,

]



Lable 2: Commuon pure relmctory compound and then lusion temperitures
(4 Thesla, | 986)

ompiuml U Chemical formoky | Fusion IIL’I_II_EQIEJ_IEL
Silica | Sith. 1715 — |
Ml FALLD 25 LEIT

Silimamie AT Rk L& 16

| itania i) [ %50

Alimiana ALty 251

Spinel Mp ALY 2130

Carborumdum SicC Solid m 2240

L oo oececde | =0k JXTS

Heryllia Hedd 2530

Lime Cal) 2570

Firconia Lit)s 20677

Mugznesin Mpl ) 2RO

Thiria Thid: Solid at Il

Carhm L solid at 3edid

Tabsbe 3 Phemmal comnductivities of some relrelories (e s unils),
[ hesii, FUR6G)

ih:!'l'.'trlur_',_wru:h | Thermal Conduetiyities .
Koom lemperstore | 3000°C [ 70000 | 11007
Silicn - DAHRY | DR | D005
Firelricks 2 03,2 LhAHI2 i
Silmanile - DOUY | Do | 0004
Mapgnesic - 0011 | D.one | D7
 hrome - 0,004 [ 0004 | G405
Cliromu-magnesile | - (0.005 [ 0005 | (=
lsulutige-fivehrick | (L0007 L0006 | 0.000% | 0000
Kiczelpuhr {LAHKH L0003 | (0004 | -
Ashesios ILELTE LA | AR | -
Slag wool " Oug] | 00001 | -
[ arlson 1 - {kARIS R RN RS
Cinaphile . n2l 0,12 (.08
C arborundum - - [AES il

224 Silica Helractories Production

Quirty s the pobymiorphie o of silich stable a1 room femperatue and 1 s oblomed
from yuarteite pock n - 98% quarte with 1 2%A0LO . Gitanda sod other impunties. Gencrally
guarizde with 96 97% 510y amd <4.3% alkaline are acceptable for sillea relnciony
STV FTSTTTREN
Fretreatment Uty being unstable ol gh femperature necessiaies o preteeaimgm
praweess of [iring 1o achieve minemd conversion ol quarty o the high wempernne siahle
alloiropes of sifica, which are tdymine and crystobalite. Fig. 3 shows the trssformations i
silica with dempeatorne gl assoctated lincar expansions. A sl Tiring al wempetaton



between 370 — F70"C will result in the transformations ol guarks 1 tridy mite: wil absan
| 6% Increase in volume. On heating 1o above 147000, triklymile translomis 1o oy stobalite
with Iittle contrmetion i volume (Fig: 3) This physical stz and soroctoral chomoes makes
pre=stabilization ol silica very necessary,

Milling amdl Mixing  Milling is carried o from gyvrators erusher o ball mill w scheove the

tollswing tvpical <ire distribution:

fraieticnn Size fenii) Poroonhin
Fine -2 . 45— 50
Medium 0.2 - 1D 1015
sy l.o— 30 =40

Abowt | — 2% Cald is odded s milk of lime. This setves as bonding agent and mingralizer Lo
sccelerate the minernl conversions. ron oxide, borx oxides ol magnesiom amd bariom, wnd
fuorides, phosphates and carbonates of certuin metads ke sodivm, Bithivm and potssivm <
he wsed also as mineralizers. but they reduce refractoriness: hence they should be used only in
minimum amounts. Lime-clay miktores are also wsed for Binding puapises Hrensgh el
bounding is wsed bess, Lime, oo, inexcess will reduce seength and resistance o abrasion.
Urganie binder like cellulos sulphate lve is also used and gives a product with hardened cose
sk improved mechanical strength. Other organic mincrls used o nerense given steenpth pff
silica relractories include tar, gum and molasses, The graded quarteite with the adiditives in
adequate guantities i thoroughly mixed in mixers such as the revalving hottom commnter Mow
e, or pan mills o give wet semi plastic or dry mixes depending on the moulding practics
L be acdopted, about 7—9, 5 - 6 and 4 — 5% moisture contents Tor hand moulding, screw
frictivn pressing and hydraulic pressing, respectivily.

Muulding Adter thoreugh mising. the mixis wsoalby Feft for aday or moee B give semi-
dry mas. known as tempered miss of inereased plasticity it gids cass woulding. 11 is o by
noted it for good thermal shock resistance, high moulkling pressare ace nol adyanstaseous o
a highly compact mass when heated without pre-stabilization, s liable w cmek fnmati
hecause ol insufTicient gap between expanding silica gmins mistures (Fie 3 Moubd dies
wie] or shaping silica mixwres should be of mdersize 10 e tune ol allasable expunsion

Al ance. .
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Dryving of pressed sllica refractories is carried oul in well-ventilated rooms, As silica
refractories are moulded oul of a semi-dry mass containing a very low omount of water, they
cun b dried on hot floors or rooms o minimize the peried of drving to less than 12 boeurs
Ordinary drying lakes about 48 — 96 howrs, Care is 10 be laken 1o eliminale uneven drving
inside and outside the retractory shapes, Tunnel type dryvers can be used with heating doae by
steam or hot gases Teom the liring Kilns, Tunnel deyers provide oniform heating. In case of
hot Noorfrooms drying, refraclories are rned quile frequently o maintain upilom drving
mies. Non-uniform distribution of temperature in hot Noorfroom deving may lead o the
fommation of cracks m the prodoct,

lBurning Silica refractories are uswally fired in boteh type kilns, Carelul hondling of
dried relmelories is necessary as the relractories are still very [Halle. The tempersitune of the
furnace is slowly increased 1o about 1450 — 1300°C and maintained for about 10 = 20 hours.
depending on the extent of pre-stabilization af the mw refractory.  Firing schedule for
refractony without pretreatment is too delicate and- should follows g very low heating and
cooling program spanning about 240 hours W accommodate the mineral comversions and the
accompanying size changes thal will be occurring during the firing. (Fig.3) This makes
preparation and firing of sifica refractores withou pretrestment unadvisable,

Properties of silica refractories

The most promivent of silica relractories properties is that their relactonmess even
umder  hegh  load  approsches the [usion temperature and therelore the  lemperatures
cenmesponding (o the their relractoriness under Toad (RUL) and pyromelric cone equivalent
(PCE) values (see 2.2.7 for delfinition) are quite close; relracloriness lor high guality: silica
refractories Is about 1715°C while RUL ot 20Nfem” ranges from 16307 1o 1ow0'C,
depending upon their chemical composition, that s purity, Silice refractories show a while
ir bull colour depending wpon the amount of bonding elements amd minemlizers added, with
specific gravily varying between 2.3 2,35, depending on- the temperaiure ol which i has
been fired. and porosities between 22 — 26%. Within this range of porosity: values, thermial
conductivity varics between 0.003 — 0,004 pm calfemvsee at ahout 700 - 1H000C, Silica
relractories crack under sudden lemperature’ change, and this is worse with compact shapes,
Silica refractories. being on ocid refmctory, are resistanl 10 acidic environmenis excepl of
hydmofnorle and phesphoric acids. Cold crushing strength of silica relmetories ranges from
Z50 o S0 Lg.l'l:m: depending upon the amount ond type 0F bonding agents present and

method of production.  They become brittle above 1600°C on ageount ol Huriher



transformations taking place therein. Table 4 summarizes properiies ol (ypical silica

relractories {Chesti, 1986),

LL5 Aluminosilicate Refractories §

Alumina (AlO:) and silica (5i0;) occurring together i the earth crust o various
fractions with Ti(h, FexOy, Mg() Nayd, K0 as impurities are called aluminosilicates.
Fireclay and high alumina relractories are oblained rom this co-occurrences and minerals.

Figure 4 represents the equilibrivmn diagraom ol various minerals in the Al — 5i0h svstem.

Fireclay Helraciorics

Fireclays are naturally oceurring earthy materials having the chemical compositions
given by the formula AlCHSiCR2H:0, The alumina content of lireclay generally ranges
from 25 — 45% and they fuse between 1580 - 1750°C. Table 5 shows the minerslogical
composition of some Nigerian clay samples. Presence ol alkalis, free silica, gravel, caleiun
carhonate, iron oxide, calcium silicate, magnesium silicale iron silicate, magnesiom carbonate
and iron sulphite, in [ireclays sericusly lower their fusion temperatures and therefore should
e froe from them as far as possible. Alkalis and basic oxides are the most harmiul elements
because they form double silicates of lower refractoriness, Clavs used for refraciorics should
sol fuse at low temperatures particularly below about 1500"C,

Prondoction of fiveclay reflraclorices

Clay got Trom the mines, is keli in the open in thin layer lor weeks or months. 1his
causes the decaving ol organic matler present in the clay due 10 heat, cold and atmospheric
meisture, Some onganic acids thus produced inerease the plasticity of the clay, This treatment
is called weathering or souring. The weathered clays are erushed by gyvrtory crushers and
ground i oa suitable grinding mill. This linely ground clay is then mixed with grog as
required and i1 necessary bomd clay or calcined bauxile. Grog is obtained by pre-liring of
chin: poexd refractory fircelay is haed fived iy rotary Kilis and crushed o desined particle sizes
i achicve better interlocking of grains. Grog also increases strength of the fired refractories,
decreases apparenl porosity, and increases specific pravily, increase resistance 1o sudden
changes in lemperature, allow less addition of waler 10 get workable plasiicity, which implics

shorter drving time and inereased production rate,



Table 4: Properties of Typical Silica Refractory Compositicns

(Chesti, 1936)

Type Composition Refractoriness RLUL Apparent Bulk Cold Permanent
5100, Cad ALZO: | Feulds 7e) ﬁj}EEIN.’L*m’ porosity Densiiy(g.-‘m"} Crushing Linear
(%rmin) | (Yemax) | (Yemax) | (Yemax) (%) Strength Change
(kelem’) | at1450°C for
2 hrs.
General 04 275 1.5 L3 16E0 — 1690 1670 25 120 - 1.99 2.50 =300 + 10
Purpose
Fumace 04 25 13 L 16ED — 1690 1670 24 L= 1.75% 250 = 300 +1.0
rool
Steel 04 Z5 1.5 1.0 PGED - 1620 1630 24 L= 1075 250 =300 +2.0
Transfer
and
Beszsemer
converter
Coke owven a4 225 1.5 1.5 LEED — LaS) 1650 17-24 1.70=19 250 =300 0,4
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Table 5 Mineralogical Composition of some Nigerian Clays

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

Sample Si0: | AlLOs | FexOn | TiO: | CaO MeO | NaO | K;0 LO.I
Location

Ombode 45,10 | 3607 | 0.7G 1.32 | .14 0,09 0.02 12 12 80
Ara-Ekiti 5666 | 2860|147 | 1.B8 | 015 007 |008B 008 10,72
Ibamajo 5444 | 22.80 | 1.0 0.86 | 0.30 0.2 1.0 1.0 16.73
lioko 4711 (3724 1056 | 092 | 007 0,08 04 0.04 13.60
ljapo 47501 | 3079 | G491 | - 477 2648 | 1.BOI1 | 1.917 | —
Ikere-Ekiti 4738 | 3146|987 | 1.138|0.0237|0.001 (0001l |0.2962) 11.06
I5an 51.10 | 19.51 | 982 | 1.484 | 03296) 0.7730 | 0.001 | 2529 | 13.40
Ezinachi- 4500 (3473|127 | 402 | Traces | D.03 002 014 1310
Okigwe

Low grog fireclay refractories contam 20 — 40% grog and 60 — 80% raw clays, while
high grog clay refractory containg up to 90% grog. Mixing is done wet or dry in pug mills
Minimum amount of bond clay or calcined bauxite 15 used as binder. About 7 - 9% or 4 - 0%
water 15 used depending on weather hand or machine moulding, respectively, 15 to be used 15
— 20% muoisture 15 used for specials shapes to be shaped by extrusion followed by repressing
Before transferring to pug mill, the mixture may be held for 30 -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 & 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 muxtures contaming high percentages of grog; coarse particles and optimum
moasture 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 m
attzining 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




Mrying This is done under shade or in well-ventilated rooms, in absence ol direct
sunshine as laster rate of drying will resull in crack Tormation and non unilorm doving. Steam
heatedd floor (H007'C maximum) are used Tor final drying of green hand moulded or extruded
products after | - 4 days of natural drying. Dirying can also be done in continuous tunnel 1vpe
drvers, with hot air charge at 100 — 250"'C and discharge at 60 - %0"'C Nowing opposite 1o the
malion of the refractory loaded cars. Moisture {and J'Illl!'li’lJEl:'j-'j is carelully controlled in these
drvers, Total period may vary from 14 1o 200 hours depending on the composition, method of
moulding and 1ype and size ol products. High grog containing shapes Facilitales drying
eomsiderahly.

Firimg  This involdves five stages (Chesti. 1986):

i Steaming: Expulsion of residual moisture afler drying: temperature - 120°C 20hours
i. Expulsion of molecular water and combustible and volatile matier: 350 — 900°C: 20
[aars

e Oxidation or full fire stage: aluminag and  silica combine 1o crystallise  mulli

(IALOL2SI0N) (Fig. 3) at aboul 1350 - 1380"C, Clay shrink hardened and no shrimkage of
the relimctories takes place on subsequent heating and inuse, About 12 — 36 hours duration,

v, Incipicnt fusion:  Impuritics and Alling up of nterstices, mass become less porous
tcompact) and harder, clay and grog panticles bomd at about 1500°C. The piece is then soaked
leor simme hours at the maximun lemperalure,

V. Annealing and cooling in the Kiln; almost the same lime span as heating,

Firing rates are lower [or low grop refraclories as they undergo higher shrinkages,

Propertics of lireclay refractories

Propertics of fireelay refractorics depend oncthe proportion and tyvpe of clay. and amounts of

lumina. grog and other constiluents present therein, Refractoriness of fireclny as for
iluminosilicates has been related 1o the chemical composition as { Buduikoy, 1977);

ALD, = R0
3ﬁn+mr{M]

; AL, + SiO
Retractoriness, "C = st Bt | . . . 2.
0,228

where Ra0) is the percentage composition of any other trivalent oxide present in the sample

while Al(y and Si0s are the pereentage composition of aluming and silica respectively.
Copuation 2.1 is kpown as Shoeen's formula. It can be noticed from equation 2.1 that the

relracloriness decreases with increasing R0, indicating thal impurities reduce relmetoriness



and dictate the uselulness of & relfractory déposit. The relfractoriness of smne MNigenan clay
depusits shown in Table 6 vary between 1680 - 1 To07C,
Other propertics:

Colowr  Tight bult to reddish bulT depending on the fron content m the s material; the
mare The rrom comtent the darker the ealour,

Ihermal Fatigue Low coefficiem of thermal expansion and hence gomd resistance o
thermal Fatigue, (spalling).

Relrsctormess Under Load, RUL, decreases with anereasing mon contents; 1 does not fall
below 1350°C under  20N/em (Chesti, 1986).

Chemical activity — shightly acidic in patere, forms fusible alumamates with salis such as
chlorides, sulphates aod earbonates or bases like Tine magnesia sod iron oxide ash, The finer
the pram size. the better the resistance o otherwise corrosive media.

Purosity of firecloy refractones varies form 8 to 24%: depending on the groin linencss and the
tempersture of fiving, 1f the tempersture of ficky is high, incipient fusion of the impurities
thereby Olling up of the voids is highly accelerated. which produces compact hurd porous
refrsctories. Amount and finesess of grog used also influences the pomosity. Fable 6

stmmuarizes physical propenies of some Nigertan fineclsy sample,

Table t: Physical propenties ol some Nigesian clay samples

{ Bsrosde ef ol 2006 Cnrcvarama, 20600 )

Sample [ Bulk | Apparent | Permeability | Lincar Thermal | Cold | Relfectorines:
Logation | Density [ porosity, Shrinkage, | Shock | crughing L
wiem' o o restslance | sirengtl,

kM
Omibode | 2.00 2540 %7 4 o+ | 170w 1760
[Areckin | 183 EXL 7 5 %6 4000 1630
bamaje | 176 160 75 4 0+ [1,700 1630
ljoko 2.0l 2.0 T i 25 | 8,000 | D)
tere- 43 . KT 20 7740 1450
Ekiti
I=an 4497 - 38O 32 152840 | 520
Ezimachi 20 7.23 20 12506 1350
l;l!_ﬂ-.igw::

Lt



1.2.60  Insalating Refractories

Since relractories produced by the normal manufachuring process are dense and heat
conduetive. insulating refractorics are therelore a special class of materials produced 1o have
# highly porous strocture with air trapped therein. S6ll air. being a good insulator greatly
minimize the conducting capacity of refractories: and the higher the volume Traction of the
pwe spaces. the better the insulating charactenstics. Hence the less dense and the maore
porous a refractory material is made 1o be, the better the insulating characieristics. Fireclay 15
the most used base material lor insulating refractories { Table 3). Generally, low conductivity
base materinl like high alumina, aluminosilicates, ¢.g. kacolin, will increase insulating
charneteristics. Anorthite light weight refractorics  (density — 0,5 giem’, and high strength)
prosduced Torm cheap raw materials like kaolin and pypsum — like masses by melting and
casting are suitable for use ot 1100°C 1o 1250"C and high strength demanding condition,
Refroctory poswders of aluming or zirconia are also used, taking ndvantage ol the loose
packing of the powder, These hase materials can also be made mto cormmic fibres o praduce

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

Production of Insulatin [

Base material can be any refractory material whose composition gives reguired
relracloriness, Fireclay and kaolin are commonly used, with equation 2.1 wsed For o check ol
the relractoriness, and insulating ability enhanced by pore creation. PMorosily is induced by
mixing the base material with a bonding agent and a combustible material like saw dust,
volalile matter like naphthalene, or chemical like ammonium chloride or sulphate. and
calcivm phosphate. Hardened chips or erumbles of wood shavings resolt in barger size pores.
With sawdust. about 8-20% in the mix give densities Fanging Trom (L83 to 1. 5giem’ The mis
aives densities ranging from (.85 1o I.Sg-’cmj. The mix is normally moulded by hand.
extrusion or dry pressing methods.  Insulating relractories being highly porous and relativels
weaker reguire very earcful handling. Firing is done nonmally as For the base material used.

From Table 7 showing the thermo-physical propertics of some solids at 300 k. i can
be seen Lhat the elTect of pore creation producing reduced densily ol refractory bricks reduces
thermal conductivity (W/m K) considerably (Gosser, 1986); Fireclay relractories normally
produced to a density of 2,3 giom® have thermal conductivity of 1W/im K. while kaolin
produced 1o o density of 0,304 glem” have thermal conduetivity of 0,087 Wim K@ a reduction

fatio ol more than | o,
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Table 7 Thermophysical Properties of Some Solids at 300 K
(Gosse, 1986)
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2.2.7 Refractory Testing
The test routines for the refractory properties critical for the laboratory electnc

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 at 900°C. The temperature will be
mamtamed for 10 mmutes, after which the test sample will be removed from the furmace with
pre-warmed pair of tongs and then cooled for 10 minutes on firebnick, before returmng into
the furnace for another ten minutes. The heating and cooling cyecle 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 15 determined using the pyrometric cone equivalent (PCE)
techmque, 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 100°C 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 4 ling, in order to maintain
the same position after heat treatment, The distance between the two ends of the slab will be
measured with a vermer caliper. The samples will be air dried for 24 hours and then oven
dried for another 24 hours They will then be fired at 1100°C 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% (D - F )/ Dy : 2.2

where Dy, = Dried Length; Fr = 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 umit volume, or by weighing the sample in
air and suspended in water, 10 oblain bulk density, B as

B =D/(W-8) : 43
where [ is the dry weight in air, W is soaked weight, and 5 is weight of sample suspended in
witter. It is necessary to obtain true dry weight by first air-drying the sample for 24 hours,
oven dry at 1100C, 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,

o e



Apparent Moarvsiy (Malume of open pores) % o 24
(¥alume of Semple

Stince denzity of water is Tw'em’, welght, in srms- ol given volume af waler js rimercally
euual o such volume in em’ Henee, using measurements lor bulk density, volume virlue can
B bnderred ws fisllow:

D= weight of saimple with all pores cimply

W=D+ weight of H,0 10 611 UREN pores = B3+ volume of apen s

=’ Volume of open pores = W . )

S=D - Upthrust =y - weight of H30 whose vitlutiee equalz true volume ol samyple

1 (ol volumg of samiple — sl e ol ot paineg

W1 Volume ol sample = W Volyme af sl

—

Volume ol samiple = W . 4
W0
=3 Apparent Porosity = —— 2 1o . 2.5
‘ S W%

Refractoriness under Load: A Standard test picee (504 Smmdiameter by S5 Freigin
vylmder) is axially loaded by reftactory rods in a special evlindrical chamber elecine furmace
(Fig. 8 uped O The standard jogd 15 20 Néem?, Heating is then allowved at thie e ol 13 per
Mt wpy to 1000"C gid g the il of 8" per minute sbove 1000 The heating seheduly
alwheld onsune that the temperature in the horizontal plane should ks 0 vy hevennd 30

Phe ehange in e height of the specimen on Preating js plotied aganmsh e on o 10 sedle o
PERTRREINL lemperture deformation curve fir the test. Tempernture i meusyred w 1 1he help
vban optical pyiomeser adiusted sueli that the tempernlure econding is done about e middle
o the test specimen, This is dome Iw sighting {he stecimen cither olliguely from abpve o
irongeh o 200 111 frax ) 1Y randal ke inserted in (i lirimee from one ul s sides such tha i
B shopang onnwig shightly auiward g dewnward, This s lightly closed by pcans of o 1o
rellecting. prism Iterpuose| wiving allowanee for the diminution af gl tensily. Frong (e
plotted curve fhe lemperature (la), corresponding to the point al which (e curve hus diopped
3 mm beloaw s highest point denoied by the bend of the curve deva s with respect o fhye
horizantl bngent, is noted. The lempenae (i) corresponding 1o the point @ which e
Beight of the specimen has deereisedd by 20 mm from s arigival beight i also nated. The
temperature {15) at which premature breuking of the jes Preve. without its getunl sollening,

takex plitce demntes 1h breaking point of the rest spectmen. Typical RUL curvies ane show nin

Figure 7
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13 HEAT TRANSFER ANALYSIS MODELS IN SOLIDS

Baswcally. heot transfer analyses in solids seek to obtain the temperture profile m o
boady s o result of heat been conducted through it 1T the temperature difference. 1, over a
distunce, dyv. remains constant, then, the temperature gradvent d1/dx can be ablaimed as o
constant. and the temperature - position prafile gives o straight line with negative slope, -
dldxe. This simple siuation 15 equivalent o the steady state diffusion model desenbed s
first Fick™s low (Foulker et al, 1985). Hence heat Mux, g, in one dircction can be oltained
frunm:

q = - o Tl . ; : : 2.5
where a5 kige is the thermal diffusivity of the comducting menal; k. g, and ¢ being iy
thermial conductivity, density and specific heat capacity. But, for o non-steady state where
dliads varses with time, L and position, x, then, the temperature, T = Tix 1, aml 1 15
deserbuble by the non-steady or transient state diffusion model, called the Fick's second law.

stk thiat

AT d'T

S, o\ 1.7

it dy’
The first and second Fourier laws of heat transfer follows rom equations 2.6 amd 2.7

Fauation 2.4, 15 solved subject 1o different boundary conditions. (or varisus sinotions, 1o

P %

. . ) ; o : o 17 :
oltain Tiw, ), fora given x amd Gy forasel Toand €t foraset T and x or (ill— 1or ez
iy

1.4

Uy, bR ig. 2.0,

24 HEAT BALANCE FOR THE LABORATORY ELECTRIC HEATING
FI'RNACE

Foo ruse the chamber temperature from, say, T, w Ty in @ targer time, the wtal

pantiny of heat reguired can be divided as

1 Heat 1o heat up chimber wall,
1. et 10 heat up chamber spacwe.
. Apeeifie Heat in Insulation,

V. Heat loss through hisulalion

e ohmic heal peneration source will then have 1o supply the resulting otal e

recuirenient W achieve a heat halance for the furnace openstion,



2.4.1 Chamber Wall Heat
The quantity of heat 1o raise the temperature of the chamber wall through 8 can be

evaluated from the basic equation of specific heating as.

Q - mick . . . . 28
where () is the heat required to raise the temperature ol a body of mass, m and specific heat
capacity, ¢, through 68°C. This equation can be reexpressed for chamber wall heat, Qw, as
Qw = m CoudT = PV CpadT 29

where C, 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.

2.4.2 Chamber Space Heat, Hs
This can be evaluated from a modification of equ, 2.9 as:

| T . L
H,=[ mC,di =EI pVC . dl 2,10

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

constant, implies:
T3 . .
H, =V [ pC,dl . . . . . 211

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

have 1o be expressed as such. p is related to T as (Gosser, 1986);

5
‘/23,”. : - : 214

where T is temperature in K, and P in N/m® {Pa) is the pressure. At constant pressure,

P

atmospheric, of 1.013 x107 Pa, it follows that

p=352.962/T - : 213
Cpa: Considering air as a mixture of N3 and O in 0.79/0.21 proportions, and C, being
physical properties,C,, can be obtained as:

Cpa=1021Cpo+ 079 Cpn . 214



where (., and C,., are the specific heat capacities, in klkg K. of oxygen and nitrogen as 4

function of temperature, respectively

Between 300 - 780 K (Gosser, [986):

Cpe = (1093943 - 3771278 x 107 T + 7547419 x 107 T - 2 967465 x 10
2.15
= Lot {low temperature value of C,)
Cpe = 0951021 — 4453037 x 107 4
1395253 x 107 17 - 8464830 x 10" T 206

= &) {low temperature value of C.)
Between 780 ~ | 500 K.
Co =0.839063 +4.61217 x 104 T - 1412246 % 107 T + 9257405 x 10T
217
= Cwh {high temperature value of C,)
Cpo = O6TITOG -+ 8 237775 x 107 T - 5376317 5 107 T4 1 330776 < 107" T
218

= 1y (high temperature value of C,)

.rl :|

Hence, C,,, can be taken as Cpy, between 300 — 780 K, and as Cpy between 780 - 1500 K

This tmphies tha

Ll = WY Gy 0021 Cpnl

= | 0639244 — 3 914454 % 1077+ 088924913 x 107 17 - 4. 12191619 x 107" T

Crati = 079 Crge +0.21 Cypy

=0.B03O1803 + 537306575 x 107 T - 22446743 x 107 TP+ 03525935 x 10 T

Where T > 780"C, and Ty= 780°C, 2. 13 substituted in 2. 11 gives,

Hs = 152,962V U:'f'M ‘H/'f-‘,'ﬁ ,..:"w-- H'T/{.:l 219



4.3 Specific Heat in Insulation
The equation of specilic keating s1ill applies. But for an insulation body, temperiore
grindivnt exists. The tempoeiture fise @ 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 lace was
imcreased to Ta, such that heat transfer occurs normally 1|1';1i! the temp of the opposite face
rises’ o Ty, afler which steady flow was maintoined (Fig. 8a), then the average bodv
temperature rise can be expressed as:
0 = (Ty = To) + (T2 — Ti)2 . . ) 3.20)
For a composite insulation (8b), temperatire at interface, Ti, will be determined by fest
evaluating the heat Now per unit area, QYA | through the composite layvers using an adaptation
of Ficks Tiest law:
QA:‘H'I ~1h) 221
5%
where As and koare the thickness and thermal conduictivity per laver respectivels Al this Mo
e lemperatore gt e interToce can be ablained Fom:
0/~ -Ty)
A ,.1%

lit) R — ()

I
T I -‘H‘HHH""‘--
l'o Ta
. Fa! -
LR SRS N g S

Fig 8: (a) Tempersture Profile in an Insulation Thickness, (b Temperature Protile oo

Composite Insulation

2,44 Heat Loss Through Insulation
Phe: masamuim beat loss rate will vecur when the masimum chamber Wempersture is
achieved, Al this condition, the temperature gradicnt. dail T is constant amd masimunm. soel
that the Fick™s first lnw gives the lieat loss rote as:
1y T O A T T
3l



Fhe toatal heat loss over o tme L in seconds, will follow as:
H| = AT —Taddx . ) . . . L

15 OHMIC HEAT GENERATION

e heat energy. E. gencrted by an ohimic conductor is reloted 1 the corment, £ o

amperes (A, passing throwgh (he ehimic conductor as {Bel and Witherland, |9&7y

E =R ; : : : : : : 333
where B o= the resistance in alis (03 ol the ahmie conductor: sl
1= the time in-seconds (53 Tor which # Nows,
B 2,23 can be rewritlen, substifuting § = V/R {obhms low ), a4
E= VR : : ; : ; 14
The rate of posser discharze then follows as
P= Kl = FR = ViR : ; 335

Purther, 1 relates with the length, L in méters (o). the cross-sectiongl a4 in
AL meters omo ) ol the resistivity of the ohmie conductor, . i ohmemeters (Chn, as
R=plla g - : , . . 32y

lence basic design variable for E include 7. 1. A and . p being o material constant, it
vatlation therefore implics making choice hetween high p materials specially made as heating

cloments. This cholee determines the heat release mie fivm the heatimg element.

L5l Heating Elements

several typoes of beating element materials are commaonty usedd in clectre fumdaes.
neluding metallic and ceramic type. Examples are the forditic steel. austenitic steel
molybdenum disilicide. and silicon carbide types (Grahl, 20020 Hyndman Tic. 2002 Kanthal
| fandhoak. [987; Majumadar et al. 2002),

These elements, by neason ol their specilic propedies (Tahle 8) vary o bt ing
temperotire range. hongeyity and cost, Metallic elements are the least cxpensive in terms of
upHrant cost but they also have the lowest temperature rating and, in some cases. the shorest
fitespan. Additionally, the nesistance of metallic ehements nercases with age dioe w0 the

2



reduction in cross section by oxidation, as well as elongation ol the loops

decrensed power Lo the Tumoce and the altimade Telore ol the elemeaent

Fable 8: Material and Operational Properties ol some |Heating Elements

i Mapumdar ¢l al. 20032)

Tk i) resuly ki

Micket [ron=Chrome- | Silicon Muolvbdenum Lirconia
Chrome A fuiminiuin Carbide Dhsilicide A0
(NiCr) (FeCr-Al [ (MoSia)
Al 1200°C | 13507¢ |6 |00 AITTTRE
Element
Feimp, {avir)
Max, e P3on"c 15500C | &0 F
Furnace :
Temp.
Chement Munillic Mutallic Ceramie lnterimetal i Cermiv
Material (Synthetic) | (Cermet)
Class
Major Fimited 10| Poor hot | Flements Rritthe Slow:  mus
| imitatlon L' strength: needs | age: he prehemed
clement brittlencss e 1200
support
Major uctile [ tigh surfaee
advintage lvanl s

Huowvever, there are niany Turmaces that wse metallic elements—mamdy beeise e

cost Jess, they operte on less expensive Bite valtage, and they are ddeal for processes il

require lemperatures lower than 1250"'C. Additionally. net all metallic elements Teature o

shon litespan, Many fumaces, like those in the cermmie Nebl, are very chean, sond metiallhiv

clements can Just many years in clean operating environments. The oldest omd maost conmisn

metallic heating wire s the nickel - chromium alloy. 30" nickel. 2006 chieomium,

{Hyndman, 2002y, with very low lemperature eoelTicienl of resistonee. Si0 elemenis [all

within the middle range in hoth price and operating tempermure, They can be psed between

RS0 ad 16T, Under optimum operating conditions, they ean last up wo five vears, The

lespan of a0 SIC element primarily depends on the maximom operiting Gimace e

A3




Ihe iemperaiure of the element depends on the furmace lemperature and the amounl ol power
per unil area on the hol zone, Ata low watl loading, the element operates cooler and therefore
fasts fonger. .

MoSi; elements are on the top of the list in terms of temperature, longevity and cosl,
Although the base cermet is consumed in the Tormation of a thin silica glass skin when
eyposed 0 oxvgen at elevated temperatures, making the clement decompose with time.
mereasing element resistance and reducing the diameter ol the heating shank. vet the
decomposition rate is so minimal that MoSi; elements do not exhibit (he rapid aging of SiC
and metallic elements, MoSi: being brittle, the clements are available in preformed shapes.
Somne support about 20W/em’ of element surface arca at an clement tempeniture of 17007C.
14 Wiem® at 1800°'C and SWiom® at 1900"'C (Majumdar el al, 2002 ZIRCAR Inc, 2001),
Tables 9a and 9b show some characteristics of MoSi: elements. With all the advaniages,

Moz however  exhibits increase in ity pesistanee with  lemperature,  necessitating

Table % MoSi; Heating Element Propertics
(ZIRCAR Inc., 2001}

Tensile Strenpth, N mme, 1800 K | = 190

Hending Strength, N mm®, 300 K | > 350

Impact Strength, Nimm®, 300K | 0.7

Hardiess, mohs, 3000 K T.5="T18
Density., glem Aa—3ik
Porosily, % <2
Fmmrisivily, 0.74 - 0.82
Kesistivity. ohm mm*fm 1.53

Fable 9 Mosi: Heating Element Prices
LETRCAR Ine., 20001 )

HEM | DESCRIFTION' PRICE®

2001 | MOSIZ, 18-3/6-5.50-5.00-0.98in. | § 223.00

2004 | MOSE2 E8-6/12-9.50-8,00-1.9Tn | 530,00

L2005 | MOSE2 19-6/12-6.88-7.87-1.5Tin | $830.00

Uk Prives ™ dlodis eating Flensents are deseribed by

Carncdi TTOHE TRIHD o DM Piameter: 13- mm‘mm Flgitesd 1 engtla: e dias o ainm

Fermmin] lemgth: 1w, in. ormm Shank Spacing: A, b o mim

s, Lol A specitied with the spme wndis of inoor mm g

Vosomnples: Cirde TREHL 3y - Somne, 1% diman, L= 250, L Jins A 980 Spevifi oy o« S0 FR 1 =505-5-
DR Cirede | TIHL Dy=timmn, D=1 e L= Vg, Lu=2Shnm, A=50n - Specibo as: AOSEE 1760012 Wad.
T mm,
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phase angle lred silicen contrélled rectiller (SCRY with current limiting capability 1o control
the high currents established when the element is Uirst lired, Afler warming op. fis resistange
wereases amnd  limits the Mow o current by ftself. Lastly, MoSis beating clenwents are
relatively expensive (Table 9h), Hence, except for such high lemperature demand. wse ol
Mot element may be unjustificd ‘

In the choice of heating clement it must be noted thin the Turmsce cost increnses with
increase in their rted temperature because of the added cost of e more expensive heating
elements, relmetories and other systems. However, the elliciency amd retuens Teom 2

Pprowluction process also inerease considerably when using u higher wempesitune med fummee.
b TEMPERATURE CONTROL INSTRUMENTATION

The control svstem requires that the process tempersture closehy track o set oF desired
wemperature. This requires that there be a means of sensing the process empesiie, seiting
the desired temperature, and penerating l:'.'ll'.l'Eﬁ|'|-lII1l'.|il1g elecivical -signals: This is done using
transducers: the feedback and the reference trimsducers for sensing the process lempeniurg
and  seiting a desired wemperature, respeetively. The resolting signal  afier sdequione
canditioning servies as eontrol sigmal that actumtes the Bnal contral clements and switch o the
chumither heater onioll after o specific control low. Fig. 9 is o block diaeram representation of
single foop continuous leedback  temperaiure: contral systenm, The various  stapes - and
components nre hereby reviewod (Chesmond, B8,

2l Feedback Temperature Teansdocers

Ciencrally, o mansducer i o sensory device that iy capable of converting the vilue 0f
thatiy variahle intooa signal whose magnitde and sense ure representative of the magmitode
and sense of the dita variable (Chesmond. 1988)  There are many methods by which
lemperntrg may be miessured, Themiomelers (lemperatine meélers) may be classifled o< i)
Espansion thermemeters sueh s solid, Tguid and gas expansion tvpes: (i) clianse of state
thermonieters: and i) clectrienl ropsduction themmmelers such o variable: resisiance.
semiconductor, thermoelectric. and radiomnt enerpy types, The most suitable Tor imbication amd
eontral application are those most capable ol remote electrical  tmmsmission  w ithou
apprecible ransmission: loss which would ereimre inseeurey, A example of this is

thermpseople.

p=T]
1y



L Heated Chamber J

!

Feedbuck Trinsdpcer

In process medinm

[
T

¥

[ Femal Centiol Elemenis: S itehes and Hul,.:.-]

Feedhuck
o
H:igllml______, s g

1 & g
; ] signal and Power Amplifier

THE
CONTROL
LOop

~miwmm o AN LR R

!i Error Detector j T | Referonce mansdice

Relerence sipml

{ :|| SR

Fig. 9: Block

Disgram Representation ol Temperiture Control Svstem

Mestal A

B eferene: it
Junetion

Junciion

\ueu.r B

&

Mleral 13

Fig 1k Simple Thermocouple Connection

1



Thermocouples are classilied as a thermoeleciric  lemperalure  ransducer,  The
principle of operation is based upon the Seebeck ellecl. which stales thal. whenever Iwo
dissimilar metals are connected together as shown in Fig. 10 and the junctions are subjected
lo dilTerent temperatures, an eml e is generated. and this eml is proportional 1o the dilTerence
hetween the temperatures of the two junctions. The wire of a thermaecouple may be connected
together, to form a junction, by twisting. clamping. soldering, or clectric/gas welding, with
the last Iwo methods being the preferred allernatives Tor good industrial practice. The choice
ol wire materials depends upon the temperalure range o be sensed by the hol junclion,
pmong pther considerations. and tends to be limited to the combinations listed in Table T
Mhe wires are manufactured inoa range of gauges. and wsually are supplicd as sleeved pairs,
with the sleeve frequently colour coded for ready identification, Other selection factors
nclude physical strength, comosion resistance. elecirical resistance and cost,

Figure 11 shows some typical calibration curves for the thermocouple types listed in
Table 10. It will be seen that some of the curves depart significantly rom straight-line
relationships, with the depariure being most prominent in certain temperature ranges. EMF
versus temperature lables 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 at 0°C. Tolerance figure for such data vary between -0.25 (o +H1.25 %
and -2 1o +2% ol measured temperatures. Some lemperature controllers include provision [or
analog or digital computation of correction laws for the most common types of base metal
thermocouple.

As a result of the small magnitude of the emf generated, care must be taken to preserve a
good signal/moise ratio. Wherever feasible, it is preferable that the voltage should be suitably
amplificd at a peint as elose as possible o the reference indicator, or recorder, The amplilicr
olten would be ol the instrumentation amplifier variety. For signal preservation amd for
lechnical and cost factors, il is often impracticable o use extensive lengths of thermocouple
wire, or this reason, specified types of extension wires (with altermative  insulation
materialsh  together  with  copper  nterconnections,  may  be interposed Detween e

thermocouple and ils load. Fig, 12 shows some allernatives ol connection configumlions

37



Tahle 10. Commaonly Used Thermocouple Materials

(Chesmond, 1%88)

Thermocouple Type Wire Matenals Typical Useful Temperature
Range, “C
B Platinum 6% - platinum rhodium 30% 38— 1ROO
C Tungsten - wnestan chenmm 26% i = 23H!
E Chromel - constanian - 5982
] lron — Constantan -184 - 740
K Chromel — Alumel -84 — 1260
13 Platimum — platimem rhodium. 13% 0=1593
5 Platinum — platinum rhodium 10% 0= 1538
T Copper — constantan -1 B — 400
- Platinum 30% rhodium - platioum 6% thodiom | 0~ 1780
Irichium 40% rhodiom - iridium (b — 2000
Tungsten — rhenmm 0 - 2220
- Tungsten - tungsten 26% themum (b= 2330

MWode:  Alumel
Constantan
Chromel

Mickel-alummium alloy
copper-nickel alloy
mckel-chrommum alioy
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The thermoelectric emf being a function of the temperature differential between the two
jenctions, the temperature of the measuring junction can be’interpreted from the eml, 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 il The heat sink would have its temperature measured by, say, o
resistance thermometer and the signal developed would cither be vsed in temperature foed
back loop to control the temperature of the heal sink, using a small integral electrical heater.
or would be used lor compensation purposes to correct the thermocouple-generated data for
seised changes i reference junction temperature.

b comstruction, Tor physical and chemical protection. the hat junction ofien bas o b
enclosedd in o rigid tobe, sometimes called a thermowell, which wsually s made enther Trom
mefal (tvpically, stainless steel) or ceramic. This lube will add considerably 1o the thermial
miess of this composite temperature sensor, so that the overall response time s lkely o be

the e of many sceonds,

Lol Reference Transducers

Reference transducers are usually built using such devices as are used i displacement
transducers. These include servo potentiometers. differential inductors and  trimsformers.
snchros. resolvers, and inductosyins, Synchros, inductosyins and resolvers are normally used
where they have been used in the feedback transducers, hence, they are applicable in
displacement  controls, Using servo  polentiometers and  dilTerential  induciors  and
translommers. reference transducers can be buill as potentiometric relerence or rolan

swiiehes,

Servo polentivmetiers

Serveo potenticmeters dilfer from conventional  potentiometers in that they have
superior manufacluring qualities, and these include: close linearity ol the wiper voliage
viersus waper displacement characlerssics: close olerrce on e resistonee ol he ek ise
of high grade bearings 10 minimize friction: amd. use of a high quality precious metal brush
for the wiper to minimize friction wear and contact resistance.

In servo podentiometers, the (rack may be wire wound or it may be manufactured rom
homogeneous malerials such as carbon composition, high conductivity, metal or metal
cimpasition film, or conductive plastic. Wire wound serve potentiometers have high degree

of lincarity. and fixed tapping con be added. But it also suffers granuloriny effecr, that s,
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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 teack, or by using wires of different
diameter in different section of the track

Servo potentiometers are made as rectiinear or rotary. Reclilinear potentiometers are
constructed with lengths of travel ranging typically fram lmm to 6 meters (with lem to
15cm common), track resistances ranging from 2062 to 200 k£ (with 10062 o [0 kO
common), and linearity ¢rrors ranging from less than 0,1% (with 0.1, 0.5, and 1% commaon)
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 prowvide
multiple data channels. Rectiinear potentiometers will be destroyed f 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-turn versions Single
turn types use a toroidal Tormer for the track and the vsual need Tor a dead-space, 10 provide
electrical isolation between the two ends of the track, means that the useful ingut travel 15 less
than 320" to 335", and whenever the wiper is driven into the dead-space, the load connected
1o the wiper will be presented with an open circuit signal source Typical track resistance is
from 50 £2 to 200 k2, with linearity ¢rrors extending down 1o 0.01% and resolution (for wire-
wound types, and dependent upon the dizmeter of the toroidal former) extending down to
(.04%. Toroidal potemtiometers may be ganged together, on a commeon shalt, to provide
multiple data channels. Multi-turn potentiometers use a helical former for the track, and the
wiper assembly is designed so that the brugh simultancously rotates and advances axially, as
the input shafl 15 rotated

Figure 13 shows the most common method of connection of servo potentiometers, which
i% connected as a potential divider supplied from a stable voltage reference source, which
usually 15 DC but occasionally may be AC. In some applications, the voltage supply will be
distribuited symmetrically about a signal common and, i this case, it 15 preferable to use a
center tap on the potentiometer track and to connect this tap to signal common, thus
establishing a rigd electnical datum at the mid-point of the shaft travel this nud-pomt would
then also be used as the mechanical datum for calibration purposes. An imporfan
characteristic of servo-potential is the distorting effect that the presence ol signilicant load

current can have on the cahibration of the potenfiometer, Fig, 13, with the deviation between
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the loaded and unloaded characteristics being greatest at mid-travel loading can readily
degrade the lineanty of a potentiometer, so that, where necessary, & precision buffer amplifier
should be mserted between the wiper and the load, in order that negligible curremt will be
drawn from the wiper
Differential Inductors and Transformers

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

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

. LYDI - Linear Vanable Differential Inductor
. LVDT - Linear Variable Differential Transtormer
. RVDI - Rotary YVanable Differential Inductor
. RVDT -~ Rotary Variable Differential Transformer

The LVDI and LVDT are rectilinear transducers, whereas the RVDI and RVDT are rotary.
The rotary versions have a very limited travel {typically 4 60%) and sometimes are referred o
as ‘Rotary Pick-Ofs" The rectilinear versions are by far the more extensively used, mamly
because they are available with a wide range of travel. The inherent reliability associated with
these inductors and transformers anses because they do not involve the use of any moving
electnical contacts: in fact, there need be no physical contact whatsoever between their
maving and stationary component parts. Fig 14 shows the electrical circuits for half bridee
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 30 Hz and 20
kHz but which usually is in the 1| kHz to 5 kHz range. In the case of differential mductor, the
device is connected in an AC Whealstone bridge arrangement, which 15 balanced electrically
al the null position for the corels), so that Vo = 0, as the cores are oflset, by mpul
displacement %, 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 [or the LVDT and RVDT, and comparable
configurations are used for the LVDI and RVDI respectively As can be scen, the moving
member need make no physical contact with the fixed member, since magnehc flux linkages
form the transducing medium, Fig, 16 shows the type of outpul voltage versus imput
displacement characteristic obtained with all of these devices Typically, Vo will nominally
be in phase with Ve for positive values of x. In practice, due to the effects of magnetizing
current, core losses, and winding impedances, there will be small pamsitic phase shills
present, so that the phase of Vo will not be precisely 07 or 180" relative to Ve In addition,

the presence of ferrous material in the magnetic circuit will cause a small amount of
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Inphase

Antiphase

Fig. 16: Output Voltage Versus Input Displacement in DI and DT

narmome distortion in the output voltage waveform.  The rectilinear types are constructed
with travels ranging typically from 1 mmto 30 c¢m, although this range has been extended
fo 0.1 mm to 250 cm in certain devices. Linearity errors as low as 0.1 % are achieved
relatively easily, whilst the resolution is infimite, because the Vo versus x characteristics 18
stepless

Potentiometric References

When servo potentiometers are used as reference transducers they are referred 1o 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
definte advantage There is no requirement for the voltage supply for the relerence
potentiometer 1o 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,
aimost 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 cirouit 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

irnsducer sensitivity depends upon this

Rotary Switch Networks

With the use of multi tapped transformer or resistive potential divider, reference
47




setling can be done by switches seitings. Fig, 17 shows iwo ol such arrangements for
generation of anplog reference dats. I is nowrmal for each ol these swilches 0 have en
positions (representing 0 - 99 so that one switch would be allocated o cach decimat digt of
the desired value, When the requirement is Tor digital data, the usual procedure is o encode
each decade separately into natural binary code, so that the overall Tormat for the reference
Gt becomes binarv-coded-decimal (BCD). Fig. 18 shows two commanly used altesmitives
for generating natural hinary code for one decade ol the BCD word, Some oll the shelve

swilches are supplied with integral Ingir: hardware. '

203 Freor Sienal Generaton: Differential Tt Combination

The esror signal is the difference between the Teedback and reference transducer
signals, and il is generated by adequately wired components, Tor signal sublraction. Since i 15
more convenient o add, mther than subtract signils, the summation of data can be aranged
o implemoent the subtraction of data by firstly inverting the sign of the data o be subtracted,
Fig, 19, The inversion reguired would be implemented by the insertion of sign inverbing
hardware, or alternatively by moedifying either the inpul/outpul connection ol the transducer
geperating one of the signals.

It s fmportant o note that the combimation is usually ot done 8 one-o-on
propaosrion, due o the dillerem sensiivities. of the relerence and the Teedback iransducers,
suppose. Tor instance, thal when the maximum lemperature desived is achieved., 1he relerence
lrensducer generates a 10 V signal (full- scale deflection signal), while the Teedback penerates
FOO Y, then 1t impliss that the sensitivities and, therelore, the calibration in valts per Belvin
VAR on the reference and Teedback transducers would have 1o be by st 1l T sinee the
sUne maximmum temperature (say. 1200"C) generated 10 and 1OV in the referepee amd
Feedlback transducer respectively. llence when o sel wemperature is achieved, 10 ochieve an
ermor signal, V. of zero the reference and leedback ransducers signals, V, and Ve should he
cambined m the proportions of the reference and feedback mnsducers sensitivities, &,
Ki. Suppose Fig 20 represents such signal combination instrumentation, when the s
temperature is achieved, the error e { = r —¢ ), is 2ena and the error signanl Ve must be zero, N

fisllessws that:

Ve K, Kir- KiKac . ; 227
B Ve - K2V = i

= K — IEJI'JK; =) — Hprj‘-‘.: =1}
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i E = (a-h) 4 e i-b
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Pl 192 Signal bnversion before Combination
Faelorenee transducer
Sensiivily
r erro sl v
> K, -
desired value ol Ki T
vinrlah e :
ks it value
being mcisid
referenee sipmal, V)
By L
T feedlnek transdueer
feedback signal. snsitiv in
Vi

Fia 20s Proputional Sigmal Differential Combination

Thies the o signals must be combined In fnverse proportion o the seisitivibes of the
trmsducer sources:

ki = 1IMT200; Ky =100/ 200; KK = 11 = Kafky

A simphe vireuitry o eBfeor stgnal differential s shown o Fig, 210 where ioean be shown that,
", R, R, +R
RCCR R R

Fo=-=

K ¥+ KaYa . 128
To effect proportional control (2.5.5), Fig. 21 may be configured as an analog comparaton by

: ; = R e
making Ry = @, for which Vo= V. when ————F, =¥, < Oand Yo = Vg when
R, +R,

R,

nr-;-i;: 0. Vsat+ and Vsat- are the output saturation levels of the operational
AL

amplifier, the values of which will depend vpon the values of the amplifier supply mil
vollages. For high speed switching, it is not good practice to drive the output vollage mlo
saturation, but 1o limit its excorsion by means of appropriote components: Figore 22 shows

two tvpical arrangements,
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2.6.4 Control Laws

The simplest law involves switching on and ofT a heat supply, with switching in both
directions occurring at the same (preset) temperature. This results in a cycling of the load
lemperature, as shown by Fig. 23. The magnitude and frequency of the lemperature cycling
will depend upon the magnitude of the heat source and the dynamics of the thermal load: in
many installations, the cooling inferval is much longer than the heating interval, especinlly
where coaling 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 al a higher temperature
compared with the switching point during cooling, as shown in Fig. 24. This type of control
law property somelimes is referred 1o as “overlap™ or “hysteresis™. Increasing the overlap
zome will result in a reduction in the frequency of the temperature cycling, but this will be
accompanied by an increase in the lemperature excursion.

With multi-step control, the hardware makes provision for three or more switching
temperatures, resulting in an cqual number of different applied heat levels. Such a controller
inevitably is more complex bul can resull in a significant reduction in the temperature
EXCUFSIoN.

Proportional control may be effected, using on-off switching hardware, with the type
of arrengement shown in Fig. 25, The mark space of the controlled heat supply changes as a
function of the value of the tlemperature error voltage, v,, such that the average value of the
heat delivered varies linearly wilh the temperature error. In this manner, proporiional action
is achieved, although the hardware does nol require a linear power amplifier. 1T provision is
made for offsetting the sawtooth waveform, the quiescent value of average heal, 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 healing or
cooling. This is undertaken most readily with electromagnetic relays or conlactors, in the case
of electric heaters; however, the simplicity of the hardware must be traded against reduced
reliability and maintainability, An alternative is lo 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.nn advaniage to be gained from
rectification, it follows that Triacs would be preferable to SCRs. Reliability and
maintainability will be high with power semiconductors, provided that they are prolected
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against excessive transients: the fact that a heater is almost purely resistive assists, in this

Tespec],
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L THE DESIGN

31 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 120 x 120 x 150 mm
Atmosphere Alr

Fuel type Electricity: 220 V, 50 Hz
Heal up time 3000 - 3600s

Maximum Temperature 1200"C

Load Capacity 1 kg

The design will entail:

L material selection and design of the Rirnace chamber,

i refractory materials selection for the msulabon and determmation of their
dimmensions;

1. layout of process steps and variables [or the production of required refractory, and
devising of optimum process roule,

v determination of total heat requirement tor 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
Vil selection of the control system specification



31  MATERIAL SELECTION AND DESIGN OF THE FURNACE CHAMBER

From comparison of thermal conductivity values of common refractones (section
12.1)), 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 lgher flexural ngidity 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 maxamum charge load deasity
m the consideration for statical stability. Fig 26 and 27 show the design drawmng for the
work tube The work tube 15 designed as four interlocking slabs with the following
advantages over slip extrusion as a single tube

(1) the tube 15 collapsible and therefore safer for preinstallation handiing,
() less fragile handling stages during production;

()  tube fatlure cannot be total as any failed side can be separately replaced

33 INSULATION MATERIALS AND DIMENSIONS

33.1. Heating LZone Insulation

This insulation is closest to the hottest zone in the furnace. To bring the temperature
down on 4 very steep gradient in direction opposite to the work chamber the matenial of the
nsulation must be of very low thermal conductivity. For this purpose, standard made elass
wool, with k = 0,038 Wim K will be an adeguate msulation material
The heat loss for varying thickness of insulation can be obtained from using the Fick's first
law:

Q = --M% 31

The temperature difference dT will be the dilference between maximum target cold surlace

emperature, T3 and  the heating element’s maximum temperature, Ty, say 1200 “C, the
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normmal area A will be the effective surface area of the work tube (Fig. 27 and 37); and k for
glass wool. Then

A= 014x 011 x4= 0062 m*
Taking T; = 40"C, an insulation thickness of 0.05m gives

0 e ol = = [LO3E X 0.062 x (40— 1200) / 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 lendency Tor lbre
deterioration under surface air current and cerdain 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 targel o obtain the
effective serial thermal resistance, Ry for the backing insulation. Al a constanl cross

sectional area A, Ry can be expressed as

L8] - }’:iz% 5 : s i 32

Combining 3.1 and 3.2 pives,

Ry = I]/;E'% = ATIQ . . . 13

With AT = 1160 and Q1 = 54.66 W,
Ry = 1160/54.66 = 21.22 K/'W
A good and cheap insulation material al less severe thermal  gradienl is lireclay, and
particularly kaolinitic clay with k = 0.087 W/ m K. At A = 0.062 m’, il 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:
1A0.062 (0.025/0.038 + x/ 0.087) = 21.2224

= X = 0.0572 m

]



This implies that the total inselation thickness normal 1o each side of the work chamber is
0.0572 + 0.025 = 0.0822m. This rather bulky thickness can be reduced by a slight
compromise on Ry with resulting higher value of Q). At a backing thickness of 0.04m,
using equ.3.2,

Roy = 170,062 (0.025/0.038 + 0.04/0.087) = 18.0267 K/W

=y = 1160/18.0267 = 64 W

3321, Open Ends Insulation

The two open ends of the work tube will have to be insulated using porous insulating
silica bricks. This is 10 ensure material continuity, prevent differential thermal expansion of
mating surfaces at the end of the work tube, and offer structural support 1o suspend the work
tbe on either ends (Fig. 37). Taking thermal conductivity for the silica insulating bricks as
0.29 Wim"K, and starting from an initial value of 0.05m thickness, heal loss rate al chamber
maximuim temperature of 1200°C will follow from equ 2.2, With A = 012" m” | the heat loss
from the charging end, 2, will be

Qs =-(0.29)(0.12%) (-1 160)0.05 = 96,8832
I'his 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 W as values of (Qy, respectively. The
final choice is subject ot the maximum bearable heating inelMciency,

The foregoing analvsis will guide the refractory materials dimmesicning and the
entire furnace architecture. Figs. 2B — 43 show the design dimmensions of the refractory
bricks. The charging end insulation bricks (Figs. 28 — 14) 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 0.025m.
The kaolinitic clay will provide an insulation thickness uI: 0L.04m on the Tour sides of the
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-ﬂh;and the rear end, The bricks will then be made as slabs (Fig 35 - 46) to line a box parel The
box panel will be folded from a sheet mild steel to have an open front and appropnate
provasions for connection at the back . Since silica bricks shows linear change of +1 a
1350°C, generous expansion allowances are reflected in the bricks dimmensions, The
refractory dimmesion is also done to prevent the work tube from carrving 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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3.4 REFRACTORY PRODUCTION
3.4.1 Process Route Design

As part of the sel objectives of this work, it is desired to evolve process routes for
producing the refractory requirement of the fumnace from local refractory deposits. The
process routes. which will seek o optimize the desired properties ol the relractory prodicts,
should be feasible within the realities ol equipment limitations 1o this kind of production in
this environment. Towards this objective. atter sourcing for approprimte clay and sand
deposits as required by the design. the following steps will b taken:

a.  Peecliminary treatments: Washing of silica sand: and removal of free silica from clay n
pulping and sieving.

b.  Determination ol mineralogical composition ol the deposits 1o be used,

¢ Variation of calcination pre-treatment, 1o portions ol relractory raw miaterials,

d. Varation of particle size and proportion of wood flour :Mh.“l-l‘-'i: in the refractory mix.

. Wariation of moukding process, hand or machine moulding,

. Variation ol firing rate o oblain shorest fliring time.

g Inspection and testing of products from all the combinations of process variables osed
to establish firing cracking. dimensional stability, and cold crushing strength,

b Testing of test samples from the deposils wsed, 1o establish guide values ol (heir
purosily, bulk density and thermal shock resistance, in case of specilic guantitative

refractory work on these deposits later.

34.2 Composition of Insulating Relractory

The volume of the combustible materials 1o be introduced into the composition of a
refractory mix to achicve 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 ke/m’, o achieve a brick with a density of

900 kg/m’, is to reduce density by a factor of 2.3/0.9, Since
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Density = Mass / Volume
Tos reduce density by a factor of 2.3/ (L9 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 mix will be added to the mix as the

combustible material. On firing this will burn out leaving its volume,

35  HEAT REQUIREMENT

The estimation of the total heat requirement involves evaluation of the heat o heat up

the chamber wall and space, HC; specific heat in insulation bricks, HS; and cumulative heat

lozs over a time interval, QL.

3.5.1 Evaluation of Heat for Chamber Wall, Hw
Using the basic equation for specific he.:liing:.

Q " mell . : : ; : : 3.4
where () is the heat required to raise the temperature of a body of mass, m and specific heat
capacity, ¢, through 8°C, H,, can be estimated as

Hw = m CpdT — PuVCpudl . ' 23
where Cp, is the specilic heat capacity ol the wall material al constant pressure; py is the
density ol the wall material; V is the volume of the chamber material. For a silica refractory
work tube, a working approximate of p, and C,, can be taken as 2300 kg/m’ and 837 Jkg
K respectively (Faulker et al,, 1985; Gosser, 1986; Holman, 1992); for a room temperature of
25"C. dT = 1200 - 25 = 1175; and V can be evaluated from Fig. 26 as

Vo (00047 — 0.027)0.15 = 0.00078 m'

= Hw = 230 x 000078 x 837 x 1175 = 176435415 )



352 Quantity Ol Heat To Heat Up Chamber Space, Hs

This can be evaluated from a modification of equ. 3.4 which gives
H,=[ "mC,dr=[" p¥C,dr 316

The chamber volume being constant, implies

(R1La}

H,=V[ = pC.di : : 3.7
Since density and heat capacity of air, p and Cp,, are functions of temperature, they will

have to be expressed as such, p is related to T as (Gosse, 1986)

_ P ;
P /{E?I' S

where T is temperature in K, and P in N/m® (Pa) is the pressure. Al constant pressure,
atmospheric, of 1.013 x10°° Pa, it follows that
p=352962/T 19
Cpa: Considening air as & mixture of Nz and Oz in 0.790.21 proportions, and C, being
physical properties,Cp, can be obained as;
Cpa=021Cpa + 0,79 Cpn ilo
where Cp, and C,, are the specific heat capacities, in kl'kg K, of oxygen and nitrogen as a
function of temperature, respectively.
Between 300 — 780 K (Gosse, 1986):
Cow = (1093943 —3 771278 x 107 T+ 7.547419 % 107 T* - 2967465 x 1077 T7)
= Ll (low temperature value of Cp,)
Cpo = 0.951021 ~ 4.453037 x 107 4 1,395253 x 10° T* - 8.464839 x 107" T
= Cpal (low temperature value of Cy)
Between T80 — 1500 K:
Con = 08309063 + 461217 x 10-4 T - 1412246 % 107 17+ 9.257405 % 10721

= Lo (high temperature value of C.)



Cpo=0.671706 + 8237775 x 107 T-5.376317x 107 T° + 1.330776 x 10" T
= Cpoh (high temperature value of Cp,)

Hence, Cy, can be taken as Cpy, between 300 — 780 K, and as Cyy, between 780 — 1500 K
This implies that

Cpu™ 0.79 Cpy + 0.21 Cpy

= 10639244 — 3014454 x 10° T + 088924913 x 10° T — 4. 12191619 ¢ 107" T

=0, 80391807 + 537396575 x 107 T - 22446743 x 107 T¢ « 03525935 x 10" 1

Substituting 3.9 in 3.7,

Hs = 352962V U ¢ d [T /‘
= (352.962)(0.00216) ( Lo dda"e. :r%} 7 -‘n
. 0.7624 (J‘ ¢ ul/ 1'-:- 4 El"l’/‘rJ | ' o 3 ks

Then with the expressions of Cpal and Cpah, the definite integral can be estimated in steps
as:
e S |
L:lr{ ot © //;
=(1.0639244/T — 3914454 x 10" + 0 8RO24013 x 10" T - 4. 12191619 % 1077 T 4T

= (1.0639244InT — 3914454 x 107 T + (0.88924913 x 10° /2) T*

~ (412191619 % 103 |

n

={ 1.0639244InT - 3914454 x 10T + 0.444624 T2 +1 373972 T ) ﬂ

1.06392441n (780/298) — 3.914454 x 107 {482) + 0.444624 (7807 - 208%)

- 1373972 (730" - 298

|05 kI
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= (0.80391803/T + 5.37396575 % 107 — 22446743 x 107 T+ 03525935 » 107" TPy
= (.80391803 InT + 5.37396575 x 107 T (2.2446743 x 107 ;2)T*
+(0.3525935 x 107" 3y T |

= (.RD391803 In( 1 500/780) + 5.37396575 x 107 (720)

(112233715 x 107} 15007 — 780%) + (0.117531166 x 10715007 - 7807 |

VAR

= 0.525703277 +0,386925534 — (112233715 x 107)1641600 +
(0.117531 166 x 107" (2900448000) [\
= 0.525703277 +0.386925534 — 0.184242866 + 0.034089303

= 0.762475 k)

Hence,

Hs = n.Tﬁm(f:i:de/jhﬂ"c‘Mfﬁ/'{.J . . %12

- 0.7642 (1.0445 + 0.764275) = 134T k)

Then,

HC =Hs+ Hw = 176435415+ 1347 = 1765701.25)

353 Specilic Heat In Insulation
The heat 1o effect body temperature rise, the specific heat, follows from equ. 3.4, as:
H = mch : . ! : . . 34
= pvch ; ; i X : . 3.13
where m is the mass (kg), ¢ the specific heat capacity (Jkg K), 8 is the average body
temperature rise, p the densily and v the volume of the body. Hence to evaluate H in the
bricks, the volume of the individual bricks will be evaluated and the 8 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,
of
Brick | &2, V12= 2(0.035 x 0.06 x 0.21 )+ (0.01 % 0.12 % 0.04 ) = 0.B8K x 107
Brick 3, V3 =(0.06 x 0.14 x 0.03 ) +{ 0.04 x 0.015 % 0.14 ) = 0.333 x 107
Brick 4, ¥4 = (0.06 x 0.14 x 0.035) + { 0.04 x 0,01 x 0.14)=0.35 x 10
Brick 5,V5 =006 x 0.21 x 0.035 = 0.441 x [.H']
Brick 6 & 7, V67 =2 (0.033 x 0.06 x 0.145) = 0.2871 x 10°
Brick 8, VB =003 x 0.21 x 0.06=0.378 x 107
Brick 9, V9= 0,075 x 0.144 x 0.04 = 0004032
Brick 10, VI10=0.07 x 0.144 x 0.04 = 0.0004032
Brick 11, VI1 = (0.195% x 0.04) + (0,115 x 0.04) = 0.00205
Brick K1 & K2, VK12 =2(0.29 x 0.27 x 0.04) = 6.264 x 107
Brick K4 & K5, VK 45 =2 (0.27 x 0.21 x 0.04) = 4.872 x 107
Brick K3, VK3=021"+0.04 =84 x 10
Glass Wool, VG =0.14 x 0.11 x 0,025 x 4 =8.4 x 10"
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 fumace (the
heating element’s surface and the chamber interior at maximum operaling temperature) aver
one face and in contact with the room atmosphere over the other face. If the maximum
projecied cold surface temperature is 40°C, and the room le:'npmium taken as 25°C, then the
average body temperature rise {or end silica bricks | —4 and |1, ATy, is

ATy = (40— 25) + (1200 - 40) /2 =595 K
For the rear end silica bricks, bricks 5 — 10, there is a backing insulation of 40 mm kaolinitic
clay slab, K3, (Fig. 38, 40 & 41). The effective heat flux through this thickness follows using

eq. 3.3 and rearranging as:

LY



= M0 odoi wt

ii |.|-|l" n + i I" -

Al this value of VAL the temperature at the colder face 0.04 m thickness of the silica bricks
will be obtained from

— (T = 1 2{{})

LN
Iy

1940.77 =

— = 1200 - 19407 70.04/0.29) = 932 3"C
Phis will correspomd 10 the hot face temperature for brick K3. The average body temperatyre
rise from room emperature {23"C) for silica bricks 5 - 10,

VT2 ={932.3 - 25} + (1200 - 93232 = 104 ] .15 K
Fow the Kachin Bnck K3,

ATy = (40 - 25) + (9323 - 4002 =461.15 K
For the kaolimitic clay brikes K1, K2, K3 and K5 Fig. 38 & 39), they are oot in contaet with
the holtest zones, Their hot surfaces temperature will be evaluated from the effective heat
flus thisgh s thickness amd the plass wool, From the heating zone insulation amm | vsls
{32300 hewt fux theough the 2.5mm- ghass wool and 40mm slab is 64W. From equ. 3.1, it
fallows that

A = —kd—r ; ; : 3%
iy

1 fdd )62 = (ERARST 304 = T p A

(0.04)(74.7)

=

= DAETT = +(LOBT)40) = 48019 + 348 = 51.6735

=3 T = 3107350087 = 504"

|
From a room temperature of 25°C, aveage body l-:.:lnpurr:llur-::nﬁl' e kaolizutic clay bricks,
AT, wall Tae

ATy = (594 40W2+ (40 25} =302 K
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This will correspond to the cold surface temperature of the slag wool, Hence average bods
temperature rise for the slig wool, ATs, will be,

Als = (594 —25) + (1200 - 594)/2 = 56% + 3| 5.5 = 442 25K

From these evaluations of the volume and temperature o rise of cach insulation
material the consequent specific heat in the insulation will follow from eguation 3.3. Taking
production densities of slag wool, kaolinitic clay and silica as 24, 304, and 904 kg.fm'. arid
their specilic heat capacities as 700, 830 and B50 Ikg K respectively (Chesmond. [958,
Chesti, 1986; Gosse, 1980) then the specific heat in

Bricks | —4 and 11 =3.621 x 107 x 900 x 850 x 395 = |648 1 £8.68 |

Bricks 5 — 10 =1.9413 x 107 x 900 x 850 x 1041.5 = | 546725.922 J

Bricks K3 = %4 % 107 x 304 x 830 X 46115 = 977401 88 )

Bricks K1, K2, K4 and KS = 10138 % 107 x 304 % 830 & 302 = 71242123

Glass Wool = 154 x 107 x 24 5 700 x 442,25 = 11441.892 )

— Festaal Fleat In Dnsulatiomn, S = 85060 75,4924 1

154 Insulation Losses
From the charging end, using equ. 3.1:

i
Q= kA=
"

the heat loss is through srea A = 0.012° of a thickness of 0.08m silica nsulation will be
estimated as:

Q) = i |[1l'..'l.tH.]fxﬂ-!‘?}fﬂ-ﬂﬂ=ﬁﬂ.ﬁil W
From the rear end, A = 0,127, through composite silica ond clay brick loyees of (L04m
thicknesses each; then

5 = 1160 x 0.12° /{0.04 % (170,29 + 1ALO8TY) = 27.9 W
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Through the composite glass wool and clay backing lavers on the sides of the chamer. A =

0,14 x 0,11 = 0.0154 m* on each of the sides, then

Q (1160 % 0.0154 x 4)/ (0.025/0.038 + 0.04/0,087))

TEASG 7665 = 04 W

Hence, Todal Heat Loss Rate through insulation, QL = 152,452 W
—- Over time t at maximum temperature in the chamber, total beat loss through
insulation, HL= 152452t )

Then the overall heat requirement , HO, will be

Hey HC + HS + HL = (176570125 + 48961 78.924 + |52 425) )

(OOAIRR0. 174 + 152.452) )

36 HEAT GENERATION

36,0 Heat Generation Rate / Power Requirement
For a target heat up time of t seconds, the corresponding heat generation rate 1o ineel
the estimated total heat requirement (HO), will be oblained from:

Power = Enerpy / Tune = HO/1

(GOGTRS0. 174+ 152452007 1

(OOGTRR0. 17471+ 152452 ) W

With the l.n.rgt:t range of 3000 < t < 3600, the boundary power value will be

P1 (at t = 30008) (6661880, 1747 3000 + 152452 )W

(2220627 +152452) = 373079 W

P2 {at 36005 ) (GOGIRB0. 17473600 + [52.452 ) W

185052 + }52452 = 2002972 W
I heating efficiency is projected to abowt 90%, then,

"l = 2636.75W P2 =222552 'W



The heal generation design will target this range of power values for the heat up time range.

3.6.1 Heating Flement: Material and Forming

From alternatives of heating elements, metallic heating element is considered suitable
for this work, specifically the alloy ‘875PM° (Appendix 11). 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). lts specific qualities are good
form stability, high temperature strength, and self supporling ability at ~1300"C. It has an
excellent surface oxide, which gives pood protection in corrosive atmospheres. The chemical
composition is 22% Cr, 5.8% Al and Fe in the balance. Appendix Il gives more detailed
technical information,
Determination of Heating Element length: For a fixed line voltage of 220V (rms) and
power requirement of 3 KW, (considering bearable electricity cost, heating uncertainties,
voltage NMuetuations, it is safe to round up the power requirement from 2636.75 W o 3 kW)

P=ViIR = R=Vp
where, P is the power (the heating rate}, V is the voltage, and R is the resitance of the heating
element. Taking,

R = rL.
where ris the resistance per unit length in £¥m (a function of the crossectional area), and Ls

is the length {m), and, considering the temperature coefTicient of resistance, Cy, gives:

R = CyrL
then,
Cyrl = vip
= L = VIIPCir . ; ; q : 316
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Considering three option of KAPM resistance diameters 1.0, 1.2 and 1.5 mm with r = | 8457,
|.2818 and 0.8203 {¥/m respectively (appendix 1), eq. 3.16 gives the respective required
lengths L1, L2 and L3 as:

L1 =220° / (3000 x 1.8457 % 1.04) = 8405 m

L2 =2207/(3000 x 1.2818x1.04) = 12.102 m

L3 =220°/ (3000 x 0.8203 x 1.04) = 18911 m
The final choice of the wire length/diameter will have to n:s.:msidur the resulting surface load
for a giving power rating, From the alloy table data (appendix 1), 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 47.123%
cm’/m. Evaluating surface load p as

p = power required / (lotal length x surface area per unit length) . 317

surlace loads, p, al a power requirement of 3000 W, for the different diameters of the wires

gives:
pl = 3000/ (31.4159 x B405) = 11.36 Wiem®
PR = 30004376991 x 12.102) = 6.58 Wiem® '
p3 = 3000/47.1239x 18.911) = 3.37 Wiem®

subscripts 1, 2 and 3 representing wires ol diameters 1.0, 1.2 and 1.5, repectively.

Alternatively, using the alloy table formula and values for surface load, with consideration

for Cy at the maximum operating temperature, '
-5~ S
pl = (104 x 30001 /(1.8457 x 8.405 x 17.0208) = 11.82 W/cm®
p2 = (104 x 3000 ) /(1.2818 x 12.102 x 29.4120) = 6.83 W/em’
pd = (1.04x 3000 )/ (0.8203 x 18911 x 57.4453) = 3.5 Wiem®

Since the element life is longer al lower surface loads, a 1.5 mm wire will be chosen, with

corresponding element length of 18911 (- 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) =
tH) mm, and length of wire, £, the winding pitch for uniform heat distribution can be inffered
from:
Length of wire = length per turn % no. of turns
= eross-sectional perimetre X Depth of wbe / Winding pitch . .19

Hence,

Winding Pitch = crossectional perimeter x depth of tube / length of wire
For./ = 18911 m

Winding Pitch

0.6 x 03/ 18911 = 0.0095m = 1 cm ( approx.)

No.ofturns = 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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K CONTROL SYSTEM SPECIFICATION

The general aspects of control include the feed back transducer type. the reference
transducer, ervor detection, the signal and power amplification circuitry, and the linal control
clement (Fig. 9). Various circuitry and components are available w 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
icomponent availability, roggedness),

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-5 thermocouple, Platinum - Platinum Rhodium 10% (Table 10) will be
adequate for the control system. ‘

The Reference Transducer: The range of options here spans servo-polenliomeler,
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 unil is an integral part of the expenses of the whole lurnace. cost
minimization choices will be favoured at the expenses of ﬁlncm:ss in the graduation, Rotary
potentiometer will be good for the reference transducer specilication.

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 mﬂn;:arutur will be generated by either
of the two circuitries in Fig. 22.

This set of specification will be sought for on the various off-shell controller modules.
The final control signal from the controfler module will be fed 1o SCR as the final control
element, which will switch the heater on or ofl proportionally. The wiring diagram for the

furnace is shown in Fig. 44. Appendix 1V shows the entire control circuit diagram.
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4.0 THE FURNACE CONSTRUCTION
41  MATERIALS

4.1.1 Refractory Materials ;

Silica Sand - obtained from Ighokoda beach silica sand deposit, Ondo State, Nigeria.
Kaolinitic Clay - oltained from ljapo, Akure, Ondo State, Nigeria.

Wood Flour - obtained from wood planer machines, wood workshop, Fedeval University of
Technology, Akure, Nigeria,

The samples for the refractory production experiment w::rcl designated 5; — Sr, S, € - Ca.

and Cy, defined as in Table 4.1.

4.1.2 Temperature Control Materials

Feedback Transducer A type-S thermocouple was ulhtainn:d from Alaba Internationsl
Market, Lagos Migeria. The thermocouple wire type is platinum — platinum rhodium 0%,
with a ceramic thermowell material; temperature sensitivity range is 0 — 1538"C.

The Controller An off-shell controller was obtained from Alaba International Market,
Lagos Nigeria. The controller operates by on-ofT control law; required feedback transducer s
a lype-5 thermocouple. The reference transducer is a system of four rolary polentiometers,
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.

A



Table 4.1 Designations of Refractory Samples and Varations in Their Compositions and
frocessing Trealments

Nigera, It 15 of the wire type with a cross sectional diameter of 1.7mm.

Melillic heating clement was oblimned (rom Alaba Intermational  hMuarket,

Fabwl [ Compasition Mhom lubig
Mlethl
b From uncaleined sand, 40% of -lmm — 750pm, 15% of =750 - 500pm. and | Hand
45% of -500pm sized sand was mixed by weight proportions. 5% bentoniie Mouldimp
wis added. The bateh was thoroughly mixed with 15% water
5 Same as composiion 8, but from caleined Sand As K,
84 Raw rod milled sand, mixed with 3% bentonite and [5% water, by weight. | As S,
L Calcined sand: 40 % by weight of -2.5 - 2.0mum size range ond 20% hy | Hand
| weight of  -2.0 — 1.5mm, and 40% by weight -1.5 — 1.0mm, theroughly | Moulding |
mixed by hand. 1.5 times by volume of the sand was wdded as -1200 - |
I[Iﬂﬂ'unl worl gramules. Adter thorough oxing, 5% by weeight of the fodal
“mix 15 added as benlonite, then 20% by weight of total mux is added a5 water. |
. Same s S, hut with raw sand and | 5% water Maclhime
pressgd A1
N . 2E0Nenr
Hin Raod milled raw sand, mixed with 1.5 times by volame of 1004 - JI[HJ,I.II'I'I As 8y |
wood pronules and 5% by weight bentonite, and after thorough munual '
mixing. 15 % by weighi water was added mnd thoroughly nuxed manually
5 Raw milled sand mixed with egqual amount by volume of -850 jm size wood | As 5.
Mowr. 5% by weight of the mix is then added as bentonite. After thorough
mixing, 15% by weight of water was then added and thoroughly mxed
together manually.
Si | Same as 5, As5i
£ Trgmted Caleined clay and 5% benlonile by werght wos thorooghly mused | Moclome
ntmlly, then 10% by volume of 600jm wood Aour and 15% by ol | Pressed ol
werght was added as water and the fnal imix was thorooghly nuxed manually | 250 Niem®
to VEry evon mix. - B )
Loy Unicaleined « lay, LFG l:l].r volume of G0 el wood {lowr. This was ||!|L!llt1'.l|=_tl|_'|- As L
mixed anml 15% by weight of the imix was adided as water.
LU | Some as Cy but with 20%% by volume of 600pm wood o, AsC,
LUy |00t clay with treatiment A AsCy
4.1.3  The Heating Element

| g,

The physical

properties ol the heating clement such as its dull gray colour, shearing dilTicully, magnetic

attraction conforms o that of the feeritic A-Cr-Fe heating clement alloys (Appendid 1)

{Hyndman Ind., 2002). The reststance was measared (o be 0U88CYm using digital mullimeter.

404 Constroction Materialy

A muld steel sheel was obtained from a steel product store in Akore. The thickness of

Hh



the sheel was measwred 1o be 132 mm. This sheet will serve for the construction of the
housing for the refractory assembly and open-end insulation brick (Figs. 42 aml 43}, A right-
angled prolile bar, 17 x 17 section, was also obtmned. The bar is 1o serve Tor the construction

ol the chassis that will carry the [umace.

4.1 REFRACTORY EXPERIMENT AND PRODUCTION

As outlmed in the refractory production process route design (3.4.1), the Tollowing
steps were laken for the production of the different velractories specified by the design, which
are the conducting silica rwefractory, the insulating silica refrmctory, and the msulating
kaolmtie clay refractory.
4.1 Condueting Silica Refractory
Sample Analysis: After washing 1o remove physical dirt, and free deving on concrete (Toor, &
saemple of the lgbokoda beach silica sand was wken for determination of its mineralogical
compositicn by clussical chemical analysis. The analysis was carried out by the wet chemical
analysis seetion of the Nigerian Metallurgical Development Center, Jos, Nigeria. Appendix-
il outhne the standard procedures for the key compounds. The result is shown in Table 5.1
Pretreatments: Theee portions of the mw sand were given separate treatments as below:
A Classification to four particle size ranges: -2.5 ~ 2.0 <20 — 1 5mm; -1 Smm

| Do -1 Siam - 750p0r, and -750m — 5K,
I+ Canlemution ot FA0OC for M nunutes, and cooling, belore classilication asin A
c GUrinding in rod mill 10 45% 500 - 250 particle size. Complete particle sz

analysis of the rod-milled samd 15 shown in Table 4.2,
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Fable 4.2: Complote Paricle Siee Analysis of the Rod Milled Sand;

Total weight of sample = 1{{K)y; Sieving time = 15 minutes

Cumulative

| Sieve  Size | Weight | Sample  Weight | Comulative  weight passage

{jam] () Percent percent weight

(1000 [ 1186 | 119 e % 81

000+ 7100 [ 20,73 | 207 1,26 Y6, 74

LTI0 4500 | 5500 | S50 8.77 B EEE

500 +250 | 470085 |47.10 5585 B KN E “

250+ 130 | 31185 | 3020 8708 1292 |

-130 2005 | 1291 99 99 [T g
099,43% | 9998 |

*sieving ermor = 0,057% (megligible)

Commposition wnd Misime:
Campasition 5, From portion with treatment A above, (nol caleinad), 400% of -lmm
T30pm; 15% of =750 - 500wm, and 45% of -500pm sized sand was mixed by weight
proportions. This corresponds to a weight ratio of 4 kg ; 1.5 kg @ 4.5 kg respectively, 5%
bentonite was added. The batch was thoroughly mixed with 15% water,

Composition S; - Smme 35 composition 5 but from calcined sample with treatment B above,

Composition S, -~ Raw rod milled sample, mixed with 5% bentonite and | 5% water, by
el

Moulding: Composition 5., 8; and 5; were hamb-moulded o slabs for the Tomace chamber
ifye 20 & 273 m cusiom made wooden moulds. The mix was manvadly mmmaed inte the
mould and exeess material scrapped off. Silica Qour obtained by polverizing the raw samd (o

T was eubbed into the surfice of the slabs to scal open pores and improve densilicaion.

A test sample, S¢ was machine pressed on a lable moulding machine at Z50N/em” from

0]



composition Sy 1o test for bulk density, porosity and thermal shock resistance of the silica
sand as a refractory material.

Firing Kiln temperatore kept at 200°C for 30 minutes, and then wniformly increased 1o
HO0"C in six hours, soaked for 30 minutes, and allowed 1o cool 1o room temperture inside

the furnace for about 18 hours {overmight).

4.2.2  Insulating Silica Relractories

Pre-treatment: The silica sand nsed was given similar prefreatment as lor the conducting
silica. refractory, The wood shaving was classified to -1200 - 1000um granules, -1000
#3Uwm, -850 — 600pm and ~600pm lour

Composition:

Composition 8;: Caleimed sand: 40 % by weight of -2.5 — 2.0mm size range and 20% by
weight of <20 — 1 5am; and 40% by weight -1.5 — | Opm, thoroughly mixed by hand. 1.5
tmies by volume of the sand was added as -1200 — 1000pm wood granules. After thorough
muxing, 5% by weight of the total mix is added as bentonite, and then 209 by weight of total
mix 15 added as water,

Composition 8¢ Similar composition as in S5 but with raw (uncaleined) sand and 15% water,

Composition Sg: Sample from treatment C (rod milled raw sand), mixed with 1.5 tmes by

volume of 1000 - 1200um wood granules and 5% by weight bemtonite, and after thorough
manual mixing, 15 % by weight water was added and thoroughly mixed manually
Composition S;: Raw rod milled sand {treatment ¢} mixed with equal amount by volume of
w830 pm size wood four. 5% by weight of the mix is then added as bentonite. Afier thorough
maxing, 15% by weight of water was then added and thoroughly mixed topether manually.
Moulding: Composition S, was manually rammed by hand into custom-made moulds and the

moukd carefully removed. Composition Ss, S, and 5; were machine pressed s 250 Niem”,



Dhrying: Free aie-drying for 24 hours, followed by oven drying al 200°C for one hour for all
the compositions.

Firing: Same as for the conducting silica refractory.

413 Insulating Kaolinitic Clay Refractory

Pre-treatments:

A Weathering of raw clity on open floor under shade for two- weeks, followed by water
leaching of tmage alkali oxides present: pulping, sieving with intprovised cloth sieve, with
steve size estimated under the microscope to about [50um, 1o remove free silics Setthng and
decantation of the clay suspension followed by slip pressing in porous packing o drain off
waler; atmosphene drying; and pulverizing,

1. Al of the sbove treatment followed by calcination at 1400 'O for 30 minutes,

sample Analysis: The mimeralogical composition of the clay was carried out by classical
chermical analysis, after pretreatment A. The analysis was carried oot by the wet chemical
analysis section of the Nigerian Metallurgical Development Centre, Jos, Migerin. Appendix-
I outline the procedures for the key compounds. The result is shown in Table 5.1
Compuosition:

Composition £: Treated Calcined clay and 5% bentonite by weight was Hrroughly maxed
manually, then 10% by volume of 600pm wood Nour and 159 by total weight was adied os
waler and the Tinal mix was thoroughly mixed manually 1o VEIY Even mix

Compaosition Cy: Unealeined clay (treatment 1), 1% by volume al” 600 e wod i, This
wats thoroughly mixed and 15% by weight of the mix wis addud as water

Camposition Cy; Same ag Ca but with 20% by volume of 000 wm wood {Tour,

Lomposition Cy: 100% clay with treatment A. This is o test compasiton like 8, for the silica
simd. Tt s o lest Tor bulk densily, porosity and thermal shock resistanee of the clay 4% a

refractory material. The results are shown in Table 5.5,



design modifications in the heating element material and forming became necessary since the
design specification of the heating clement could not be obtained. 21m length of 1.7mm wire

was used instead of 18.91 Im of |1.5mm wire specified by the design.

44  HOUSING CONSTRUCTION AND FURNACE ASSEMBLY

A net was cul [rom the mild steel sheet with dimensions such that on folding it
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
lor a door to held the charging end insulation brick (Fig. 43B). The panel was then lined with
the insvlating kaolinitic clay bricks produced. Whole bricks were sawn to fit in spaces where
necessary. The conducting silica slabs were assembled o foem 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 plass 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 carelully supporied with
msulating bricks to fix it in place, The insulation brick of the charging end of the chamber
(Fig. 43B) was inserted into the space provided in the door, The external view and o sectional
drawing of the furnace are shown in Plate | and Fig 46 respectively, Then the electrical
connection was done, guided by the wiring design (Fig. 44). The thermocouple was inseried
mto the chamber through the clay bricks lining from the backside of the box panel. With the
temperature controller and the final control element (the electromagnetic relay) in place, and

all electrical connections intact, the furnace was powered for a performance evaluation,

s
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Fig. 45: Final Form of the | leating Flement
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Plate I' External View of the Furmace
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Fig. 46: A Sectional View of the Furnace (x 0.5)
| - Chamber, * — Heating Element; 3 = Thermocouple, 4 — Glass Wool; § = Insulating Silica Bricks, 6 -
Kaolinitic Clay Bricks, 7 - Door lisulation Brick, 8 - Power Connection Terminal, 9 - Chassis; 10 - Mild

Sieel Box: 11 - Conducting Silica Work Tube
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5.0 RESULTS, PERFORMANCE EVALUATION AND

DISCUSSION

5.1 RESULTS
501 Compaositions OF Refractory Deposits
The resull of the chemical composition analysis of the Hapo clay was shown in Table

L

Table 5.1; Chemical Composition of the Hapo Kaolinitic Cloy

Constituent Compounds [ 8i0x | ALOy | FeD [ FexD; [ CaO [MgO [ N0 | Ti0s | LOL |
R || f

| Percentage 52.02') 28. 83 | 323 | 258 | H.D. ' Fral
| Composition ‘

The resull of the chemical composition analysis ol the lgbokedn beach sand 18 as

shiown in Table 5.2,

Table 5.2: Chemical Composition of the Ighokoda Beach Sand

Constituent Compounds | 8i0y | AbOy | FeD | Featyy [ €a0 |M,-;.U Ma=0 | Tis [ 00

|

Percentage Composition | 92,54 | 113 | LOT | 1LI9 N.I].‘N.I]. -- - (hAES

U



5.1.2 TProperties OF Refractories Produced

Firing Crack The result of the firing crack inspections is'as shawn in Talile 5.5
Cold Crushing Strength — The result of qualitaiys Jestegetive lesting carried out on the
dilTerent bricks conmpseiifeae e sunie ieed i Tablbe 5.3,

é

Pabile 2 Foong Crand aan 20w ! veshing Steength of the Reten oo Mrodugesd

COMPUSTPES TTIINGERACK | COLD CRUSHING STREN RN}
8 [ Tione 12205 i,
[F | Mg 0732 I
S5 | None 045G ]
B M I Ed _i
S None a2 ' ]
5 Nome 4783 |
S Mone 1500
. £ Mone 12058
o - i ——
Ca ll Decompression Cracks | 11560 o
Ey. More Severe Cracks | 11251
Linear Dimensional Changes: The dimensional measurements token on samples from

composition S, 85, Gz, C; and the resulting linear expansivities are shown i Table 5.4,
Thermal Shock Resistanee  The test clay and silica swnples, ©g and 55, were both tested for
thermal shock resistance and Both withstood twenty eyveles of lirmg and gonling sithout oy

croek, Table 5.5 (copy al the NMDO test certificate in AppendisTiD.
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Tuable 3.4: Lmear Expansivily Measurements on Some Composition

Composilion

5

Other Propertics

Length before | Length afier Linear Expansivity,
Firmg, L1 fmm} | Firing, 1.2 fmm} /4= (1.2 - LIVLI
140,50 141.60 D AMITR
140,50 14138 7 (o010

73487 224.18 00453

(23482 (2w 101069 _

Porosity and bulk density were established for reference composition

'y and 51 and this are shown in Table 5.5, Since the composition and process routes of O

and Sy do not fepresent any of the ores for the actual service in this work, these properics

were determined just to serve as a guide for more quantitative later work on these refractory

o miatenals,

Lable 5.5; Other Properties of the Refractory Raw Matenials Used

. . RPN, - Thermal Shock Resistance,
Material | Bulk Density, plom” | Porosily, % Cyeles endured
Clay 138 50.15
20
Silica | 1.77 2818 |
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52 PERFORMANCE EVALUATION OF THE FURNACE

52.1 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 plﬂtru[ Fig. 5.1. From the Table,
temperature rise picked up from the first minute of heating, with temperature rising 1o 293°C

in the first 15 minute, This is an average temperature rise of about 20°C per minute.

Table 5.6: Temperature Build Up on Powering The Furnace

4

Time, min | Temperature, "C_
1.0 28
| 2.0 36
30 46
4.0 il1]
5.0 71
.0 B9
7.0 [ 10
8.0 128
9.0 151
T 169
1.0 194
12.0 217
13.0 240 .
14.0 264
150 [293
[6.0 321
17.0 345
8.0 Jag

il
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250 | |

200

Tomperature, °C

0] 5 10 15 20
Time, minutes

Fig. 5.1: Plot of Temperature Build Up with Time on Powering the Furnace

5.11. The Control System

Different set temperatures were used to check the effectiveness of the control system.
The control switched ofT the power supply to the heating element at the different set
temperatures, on cooling and on heating, with a tolerance of about 53°C. However on heating,
afler the power supply to the heating element has been switched ofl by the controls system,
about 40°C temperature offshoot was noticed before the temperature started to drop, fluctuate

and hold about a set temperature.
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521.2 Ergonomics

Ergonomics considerations in evaluation of any tool include considerations of Tactors that
will enhance most conducive and comfortable use and handling of such tool. In the
performance evaluation of the fumace, the following ergonomic fealures were observed,
Operational Ease: When the power plug is connected to the mains, heating commences. The
controller automatically starls with a display to monitor the chamber temperature. The control
can be sel to a targel temperature without interrupting the heating, Al the set temperature, the
comtroller swilches ofl heating, This is a relatively easy opermtion compared with maos!
indigenous hydrocarbon fuel fired models where: Tuel has to be ignited manually with a
flame; heating temperature depends on ingenious manual Mlame color control; heating conlrol
entails manual control of fuel supply valve: and, there is no lemperalure momioring device,
Operational Hazard: The fumace operates almaost with no operational hazand: no nose, no
gas pollution, no vibration, and no naked Mame with attendant hagh stray thermal radiation o
operalons,

Weight: Although furnace units are installed in fixed position, minimal unit weight is always
preferred for freight ease. Compared Lo standard imported model of similar size, the fumace
15 still relatively heavier - about 1.5 times (30 : 20kg). This weight extra 15 conibuted 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

5.24. Economics

Since

Energy, KWh Power Rating in kW x Time in hr

and

Energy Cost, B Energy, kWh x Cost per KWh in ¥,



then, at a power consumption of about 3.5kW (3437.5W), and electricity cost of M AW,
this translates to N14.00 for one hour of firing. A similar size butane-fired mulfle chamber
will use aboul Skg of gas in such tme mierval, costing about M500.00, excluding freighn
costs during s refill,

Since product cost evaluation 15 done on perfected design medel, overall praduct cost
estimation cannol he presented al this stage of the work. Rather what applies at this stage 15
the project work cost evaluation, an estimate of which s about 65, (ORI can be
projected that the perfected model may nol cost more than this, since all experimental cosis
will not be invalved, but only the actual matenials and the standardized process costs will be
accounted. However, i a perlected model should cost up to abouwt M70,000,00, to account for
all possible finishing intricacies, it will still be a worthwhile foreign exchange saving for the
MNigenan lechnological community. Similar models ‘sell in excess ol S1000L0 {Science
Projects Lid., 2Z002), excluding freight costs and delivery delay, Apart [rom this forcign
exchange savings advantage, the technological slavery., snd other odds attached 10
consumption of foreign technology are more facls to consider. Nevertheless, i the cosl
imphication of perfecting this model should be more demanding and final unat cost higher
than projected, it is still worth the while. Nigerians should not think that there 15 hope n
technological independence; there is no alternative to technological development for any
“ nation to survive in this present world, So, for what there is no allermative, cconomics itsell

recommends that it is better to suspend economic consideration,



5.3 DISCUSSIOMN
5.3.1 The Refractory Deposits

From the resull of the analysis (Table 5.1} the ljapo clay with 28.18% AlLO, 1%
suiltable for consideration as a kaolinitie fireclay deposit, since the alumina percentage of
fireclay accepted for refractory applications is usually 25 to 45 (Chesti, 1986, Borode el al,
2000 Omowiimi, 2001 ), With no traces of the alkali and basic oxides, 1t can be inferred that
the extensive pulping and sicving pretreatments have assisted in leaching off this common
mmpurity oxides, which do lorm double silicates and lower refractoriess (Chesti. 1980). With

this composition, using equation 2.1;

A4L0, - 'if-‘i:".-.]
ALO, + 8i0,
0.228

o +1 []t)[

Refractoriness, "C = - . . . 2.1

where Al;0 and 5i0);, are the percentage compositions of alumina and silica, respectively,
while: Rz0); represents total percentage composition of Fe:Op and other trivalenl oxides

present, the refractoriness of this clay can be estimated as;

360+ Iﬂﬂ[

28,183 -3.58 ]
Refractoriness, "C = ———

28.183+52.02
0,228

1713.5°C

This is an adequate fgure, the refractoriness demand of the work al hand being
1300°C: 100°C above the targel maximum operaling temperature. With this composition
analysis and the kind of pretreaiment given  this clay, the ljape kaolinitic clay deposit could
have been recommended greatly for refractory work, but the deposit suffer cerlain limitations.
hapo clay deposit is more of the reddish clay type, with higher iron content and more
thermally conducting. The white kaolmitic portion of the [jape clay has » very low reserve.
Buildings are also closing wp on the deposit. Henee, the deposit may not be regarded lor

kaolinilic elay on cconomic scale in a near lsture,



With 92.54% Silica, this beach samd Is a bit on the low side Tor tepical silica
refractory compasitions 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 & valuable asset oround for silica refracion

production.

531 Refractories Production

From Table 5.3, it can be seen that none of the compositions of the silica refraclories gave
liring erack at the firing rate used. This is noteworthy. because the firing mic of & -1400°C in
seven hours is relatively very rapid compared to recommended Gring time ol abous 160 hours
tor silica refractories (Chesti, 1986). This Aring rate was initially used as Grst trial alter
which skower rate was to be tried, With this observation, it can be inferred that changing
beach temperatures and weathering must have effected the stabilizotion of the beach snd
compared to freshly crushed quartzite. Hence. in using the lgbokoda silica sand:

1 Precalcination is unnccessary, and the attendant cost is avoidable;

i, Firing and total production cost will be highly reduced with liring spanning only

sy hours,

With the clay compaositions, C, gave no firing cracks, while cracks were seen in U
and Cs. The cracking was initiated by a stress relieving decompression in the axial direction
of pressing. The liring effects then acted on this crack .~:uuw;c:.. This analysis is supported by
the fact that the cracking Is more proncunced in Oy that was more compressed, having 200
wood flour. Normally, wood flour will not compress compactly. With this lendency (o
decompress, it follows that the larger the wood flour proportions in the mis, the larger the
decompression crack nitiation factor‘efTect, Contrasting 'L‘; and Cs, with € lrom cafcined

clay and C; from raw clay, it can be concluded that calcination has helped the firing stabilin

11t



of €. This 15 an expecled result, as precalcination normally effects pre-stabilization (Chesti.
[986). Contrasting Cy with Cy. C; and C, C; and Oy showed firing cracks, while Oy and U
pave neither Biring nor decompression cracks. Since Cr has no wood Nour content, 1t [ollows
that the decompression effect will be absent. The regulated firing progrmamme for Oy would
also have assisted in preventing fAring crack i il Since the presence of wood four o the mix
i5 desired Tor better imsulation properties, €y is best reeommended for firing stability in using
this elay, ai this stage of the work, The firing programme could alse be g bit relaxed o span
cipht hinns mstead ol the six howrs used for 200 - 14HPC,

For the conducting silica relractories, 8y, 53, S, Irom the cold crushog strength resull
i Table 5.4), it can be inferred that hand moulding can give a good strength i the relrelones
With the poor strength of Sg, it can be inferred that hand pressing is not good for moulding
such nsulating composition, The significant proportion and unfavourable shapes of wood
pranules m the composition will nol make the mix compress compactly with the low pressure
i hand moulding. This inference agrees with the fair strength of S: having the sime
composition as S, but machine pressed. Companng Se, rated 1o have a pood strength, with
Sy, it can be inferred that o moch finer size grading of the mix (-500pm + 250@pm modal sieve
stze) and not only the size distribution assists incompaction and improves the resulting
strength. S+, composed from the rod-milled sand and not with wood granules, but with lesser
proportion {50% by volume) of wood flour, pave the best green strength of the insulating
silica compositions. Unforiumately, S; could not be fired due to certain Timitations s wiork
sufTered (6.2). S, with no wood content and machine pressed, gave betier strength compared
o 5; of sumilar composition, and this agrees with the amalysis wade that wood foeor reduces
strength while machine pressing improwves il,

With the best strength of 16184 kN/m®, recorded for $3, being low compared to usual
minimum of 24000 kN for silica refractory (Chesti, 1986), it shows that there is need for
overall steength improvement of the silica relractories. Apart Trom moulding method and
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particle size. the cald crushing strength of the silica refmctonies could also be increased by
firing te aboul 1500°C. The higher temperature will inerease the extent of parbcle simienng.
and thus increase crushing strength of the sample (Borade, et al, 2000). Heating o this ligher
femperature can now take a longer time of seven hours, 1o avoid rapid heating,

Ihe clay compositions, although all gave low strength compared o the stondand
minimum of 15000kN/m’ clay reftactories (De Bussy, 1972, Cwowumi, 2001}, vet this
strength lgures are all satisfctory Tor porous insulatling compositions like these, and they are
abso better than those for the inselating silica refractories. This should Follss from the G
It the compositions were machme: pressed; have much lesser proportions ol wood o
compared 10 the silica refractories: and ol finer clay particle size. A portion of the O that was
handl pressed pave a very poor green strength ond even, afler fring was oo weak to e
hanadled.

From Table 5.4, the linear expansivities noted for composition 5 ¢rom mw sawl) amd
Sq (Fom caleined sand) are approximately equal. 1T the caleimation will have eflect. then S»
ealeined) should show lesser value of expansivily than S;. Rather, S (from rw saml) even
showed lesser value of expansivity. Then it can be inferred that precalcmation does nol (a
least significantly) affect dimensional changes of silica bricks made from this beach sand
The difference in expansivities values lor 5, and S; could therelore be attributed 1o
mconsistency o material distribotion caused by uneven pressune in haml monlding; 5, amd 5,
heing handd pressed,

For the clay composition, O {calcined clay) showed a linear shonkage of 4.52%
while Ty (raw clay) showed 10.69%. For the lesser volume of clay in Cs (80" clay, 20,
wood flour) 1o show shrinkage than C) (90% clay, 10% wood flour), it mphes thar the
precaleimation really has stabilization effect on the clay, as expected (Chesti, [986), Hence,

towand damensional stabilily, precaleination will be advantageous in making use of this elay,



Although about 25 -30 cyeles is usually profemed before concluding on the 1hermal
shock resistance (De Bussy, 1972; Omowuomi, 2001 ) this result at least gave a puide of the
mdnimun this materials con offer, Since the compaosition and process routes of O and 5y do
not represent any of the ones lor the sctual requirement in this work, these propertics have
bemng determined just to serve as a guide for more eritical quantitstive winrk on the actaal
compositions o be recommended. In a more detailed quantitative work exclusively on the
refractory aspeets of this work, this test could be extended w0 failure of the o5 preces. aml the
actual enduranee limits established for the recommended compositions,

From the foregoing discussion, the two flow charts of Fig, 5.0 and 3.2 have been
drawn, summarizing the recommended process variables for production of refraciories rom

the two deposits used,
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533 Furnace Performance

From the rate of temperature rise { Table 5.6}t can be mferred that:

i The chamber material conducts heat adequately into the chamber,

i The insulation effectively contains the heal generated so that heat Joss rate 15 low

enough to ensure net conduction into the chamber and heat build up therein;
i The heat generation rate 15 adequate to meet the furnace design target of 120070 1
one hour.

Aboul the control system, the temperature ofl-shools 15 a process-sensor Gime lag effec
{Chesmond, 1988), resulling lrom the fact that the heat geperated and the temperature rise by
the element take time to be transferred 1o the chamber where the thermocouple senses i, 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 conlinues for a while
after the controller switches off the heating. Since the clement’s surface temperature must be
higher than that of the chamber Tor heal transfer into chamber, the process-sensor time lig
will always exisl, but the effect, which is the off-period temperature rise; can be checked. If
by # more sensilive control circuitry, the current supply 1o the heating element during heating
is reduced in proportion to the closeness to a sel temperature, heating rate will proportionally
reduce toward zero at the set temperature, In this mamer the off-period temperature nse will
be mimmal. Also, if during cooling, the control increases the current supply in proportion o
the closeness to a set point, heating rate will propertionally increase to a maximum at the low
sel temperature; temperature drop below this set point will be mmimal, With thas propartional
control, temperature excursions belore settling at a set point, and stabilization time will be
reduced. This is the type of conirol in proportional and differential controller (2.6.8). By

using such controller inslead of the on-off controller, a better control can be achieved,
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6.0 CONCLUSIONS AND RECOMMENDATIONS
.1 CONCLUSIONS

. A prototyvpe electric heating furnace was construcled using relractories produced Trom
local deposits, ohimic heating and eleetronie temperature monitoring and control, The average
wemperature build up rate of 20°C per minute was noted on testing the Fursoce: this s
adequate oo meet the rger of 120000 i one bowrs The operating cost ol the Turmaeee 1=
estimated o MI400K in one hour. The |urnace also has betler operational convenience

compared 1o hydrocsarbon luel lred (vpes. The protolype is worth improsing o,

* The Igbokoda beach silica sand is a good source of refractory raw materials, judging lrom
its large reserve and satisfactory properties. A processing route for producing insulating and
conducting refractories using this beach sand deposil was devised. This beach sand does nol
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 ljapo 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 Tor 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 ot the project base. Hence, the
following envisaged further work are recommended:
= Sufficient refractories for the furnace construction should be made 1ollowing the
recommended process roules as rellected in Figs .5.| wnd 3.2,
g The On/OIT Controller should be substituted with a Proportional and Derivative
tPI)) controller (ype for the temperature contral system.
. The presemt design could be used as a basis for development ol larger capacity
huating lirmaces.
. Melting Turnace can also be developed with certain modifications i design of the
hearth, the feedback transducer, heating elément and genernl architeciure of the

presen work.
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APPENDIX I

COMBINED DETERMINATION OF SILICA AND ALUMINA

1.
2

tr

Weigh exactly 1g. of the sample in a Platinum crucible.

Mix thoroughly with mixture of Na;COy + KaCOh (1:1) and cover up with some
of the fusion mixture,

Fuse at a temperature of 900 - 950"C in a muffle fumace for 15 1o 20 minutes.
Cool and extract the fused mass into a 400ml beaker with 1: 1 HCl 50ml.
Dehydrate and hake. .

Cool, add 10ml of concentrated HCI and add hot distifled water up to 1530ml in a
beaker. Allow to boil.

Filter through No. 41 filter paper. Wash with (1:4) HCI 2-3 times, and with hot
water several times until the residue 15 free from HCL Keep the fhemte for the
A0y determunation.

Silica Determination

T,

lgnite the residue in the Platinum Crucible at 950°C 1o constant weight, cool in
the desiceator and weigh (W ).

Add 5-8 drops of 1:1 H804 1o the residue and then 10 — 15ml HE. Evaporate
slowly over a low heat (at the end, copious fumes are seen leaving m o dry mass).
Ignite the residue in a muffle furnace to a constant weight cool m desiceator and
weigh the crucible (W),

Yo Sily = (W) - W, x 100
Wit ol the Sample
where Wy = wt. of the Platinum Crucible with the material before

hydrofluorisation,
Wi = wi of the Platinum Crucible afler hydrofluorisation.

Alumina Determination

1.

1.

1.

Take the filtrate from Silica determination in a 250ml. Volumeltric Nask and make
up to the volume and mix well (if the Gltrate s bulky, reduce the volume by
bailing).

Take 100ml of the main solotion in a beaker, add nearly 2gm. of Ammonium
Chloride add few drops of methyl add indicator and neutralize with 1l
ammonium solution till a yellow colour persists. Avoid excess (a faint smell of
ammuonium should persist).

Boil to coagulate the precipitate and filter through No, 41 flter paper. Wash the
residue with hot 0.1% Ammonium nitrate solution till free from Chlorde ions. -
(Test the washings with silver nitrate and nitric acids).

Take the residue along with the filtrate paper into a weighted platinum crucible,
burn ofT the filter paper al a low temperature ad finally ignite the residue at
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il 100"C for one hour. Cool in a desiccator and take the weipht. Find oul the
weight of Ra0; {W).

RO = W x 250
wi, of Sample

Al 0% - Ra0:% - (FeaOy + PO+ TiOw)
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H CERTIFICATE OF ANALYSIS

l. HAME:- Opunmiyi 1.0.,
A, Department o f Metallurgical and Materials
Engineering,
Federal University of Technology, Akure.

JUB = {a) PRefractories Analysis
(b} Chemical Analysis

b

3. TEST RESULT:-

(a) Refractories Analysis

S/NO NAME OF BULK DENSITY % POROSITY
SAMPLE {gfcmji
5 Clay 1.38 50,15
& Silica L.77 28.18

{6} Chemical Aneslysis

-
Fall FEE”E |"||2L\‘:JJ Eiﬂz Call Mgl [
Ljapo Clay . T P 28,813 5.2 MD ND 11 ;%2
ighokeda Sand 1,07 1.19 [ 92, 54 KL ND 0.05
- 0. Poelstf uVj -
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