CERAMICS — Silikéty 34, s. 111—117 (1990)

ELECTRIC RESISTANCE DRYING OF CERAMICS
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The study deals with a procedure for investigation of electric resistance
drying of ceramic bodies in plastic state, based on mathematical modelling.
The mathematical model is resolved for constant material characteristics by the
method of Laplace’s transformation; the solution for material characteristics
dependent on temperature and motisture content 18 based on the Crank— Nicolson
network method.

INTRODUCTION

The technological operation of the drying of ceramic bodies represents a process:
having a significant effect on the final properties of ware. In dependence on the
way the body is heated, it is possible to distinguish various types of drying (such
as convective, electric resistance or high-frequency methods). In electric resistance-
drying, the ceramic body behaves as a conductor in which Joule heat is generated
as a result of passage of electric current.

The study of electric resistance drying (further on ERD) can be based on two
procedures. The first, an empirical one, is based on establishment of the relationship
between the electric voltage, the body temperature attained and the mechanical
properties of the green body, or its visual assessment after drying. The drying
voltage is derived from the results of such tests. The procedure is experimentally
demanding and time consuming and not always permits the correct conditions.
for drying to be found. The other method is based on mathematical modelling
and can be schematically divided into the following stages:

1. Using basic balance and constitutive equations and the material functions.
established, a general model of the process is designed.

2. On the basis of an analysis of the given operation, the final and the boundary
conditions for the resolving of the general model are determined.

3. Solution of the general model for the initial and boundary conditions yields
a mathematical form of the dependence of a chosen parameter on the various.
variables.

4. As a number of initial assumptions and simplifying conditions has been
accepted in the derivation of the model, & comparison of experimental results.
with those obtained from the model should prove that the assumptions and simpli-
fying conditions introduced into the problem formulation are actually suitable.

The present paper has the purpose to illustrate a procedure employed in the-
study of ERD of ceramic bodies in plastic state.
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BALANCE AND CONSTITUTIVE EQUATIONS

It the saturated ceramic mix is regarded as a binary mixture composed of in-
compressible components (ceramic material and electrolyte, i.e. water and soluble
salts), then the transfer of the liquid component can be considered as diffusion
in a binary mixture and the following equation used in describing the flux [1]:

h = —Dgrad C — Dp grad 7" — Dp grad P, (1)

where h is the bulk flux density, D, Dy and Dp are the diffusion, thermodiffusion
and barodiffusion coefficients respectively, T is temperature, P is pressure and
is the moisture content by volume. The heat transfer can be regarded as conduction
of heat in a ceramic mix, and the flux described by the constitutive equation
of heat conduction in the form

q= —Jgrad T, (2)

where q is the heat flux density, Z is the coetficient of thermal conductivity. The
respective moisture content and heat balances are then given by the equations

aoC

-E— = —dl" h, (3)
and
7!
ocp %— = — div q 4 7p, 4)

where p and cj are density and specific heat respectively, ¢ is time and r is the speci-
fic heat source.

If the heat is generated by electric current, equations (1) and (2) have to be
supplemented with the constitutive equation characterizing the electric properties
of ceramic mix having the form [2]:

J = —ograd ¢ — Ly grad T — L, grad c, (3)

where J is the current density, o is electric conductance, @ is electric potential,
L, is the thermoelectric coefficient and L, is the diffusion-electric coefficient, ¢ is
the concentration of soluble salts. If thelast two terms in equation (5) can be neglec-
ted, the equation aquires the form for of Ohm’s law,

J = —ograd ¢, (6)

and the heat source in equation (4) can be considered as a volume source of heat
described by the equation

or = RI*V, (7)

where R is the resistivity, I is the current and } is the body volume.

Study [3—5] showed that the effect of the temperature gradient on water transfer
in & saturated ceramic mix can be neglected. On introducing the effective diffusion
coefficient, i.e. one including in its value also the effect of capillary barodiffusion,

or
Def =D + DP =T (8)
cC

equation (1) can be expressed in the form
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h = — Dgg grad C. 9)

Having joined equations (2) and (9) with equations (3), (4) and (7), the cne-
dimensional mass and heat balances can be expressed in the forms

0:C = 0z (Der 02C), (10)
0Cp 0;T = 0z (ﬂ. 8;7’) +RIZ/V. (11)
The one-dimensional equations (2) and (9) acquire thus the forms
h = — D¢ 62C (12)
and
q = —10,T. (13)

The set of equations (10—13) allows all technological operations associated with
mass and heat transfer and a bulk heat source in a saturated ceramic mix to be
modelled. The given operation can then be rendered concrete by introduction
of initial and boundary conditions.

FORMULATION OF INITIAL AND BOUNDARY CO NDITIONS

The course of ERD in a medium with constant parameters of the drying environ-
ment can be described by the time dependence of mean body temperature 7', the
passing current / and the body weight @. Fig. 1 shows that the course of ERD
can be divided into three characteristic periods:

I. The heating-through period;
II. The period of constant drying rate;

IT1. The period of decreasing drying rate.

G|T|I

Fig. 1. Schematic diagram of the course of ERD in a ceramic body.

During period I, the passage of electric current and exchange of heat with the
environment brings about heating up of the body, which results in the formation
of temperature gradients in the body. The end of this period is characterized
by attainment of the state when temperature 7' = const, current I/ = const and
the weight is a liner function of time, @ = G(t). Period II of drying exhibits a con-
stant mean body temperature, a constant current and a linear dependence of body
weight on time. The end of the period is given by the so-called critical point, i.e.
one at which a decrease of the passing current and of the mean body temperature
occurs as a result of a decrease of the moisture content below its critical value.
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In the course of drying in periods I and II, water evaporates from the body
surface and passes to the ambient atmosphere [8]. The surface moisture flux is
equalized by the flux of moisture from the body interior, and this leads to creation
of moisture fields responsible for non-uniform shrinkage of the individual body
portions. Stress fields arise in consequence of uneven shrinkage and if these exceed
a maximum admissible value, deformation or failure of the green body takes place.
To be able to describe the course of ERD, one must therefore know the time course
of moisture and temperature fields in the body.

As there is a direct relationship between the drying rate and the surface flux
of moisture, the surface flux of temperature and the amount of heat generated
by the bulk heat source and the heating rate, the following initial and boundary
conditions can be chosen for the first and the second period of ERD:

(=0, ze<0,L> T=T, C=0C,
1 =0, T =0,
t >0, z =0, 02C = 0,7 = 0,
¥ =1L, hy = hy(t) = —Det (620)L

qL = qr(t) = —2 (0271,
J = I(t)a U= U(t)

(14)
(15)

where L is the body thickness, Cy and T, are the initial body moisture content and
temperature respectively.

Conditions (14) and (15) allow equations (10) and (11) to be resolved on the
assumption that the ceramic mix is a binary mixture of ceramic material and
electrolyte. This assumption is conformed to by restricting the range to the
period of decisive changes in the body volume, i.e. periods I and II of the
drying process.

SOLUTION OF THE MATHEMATICAL MODEL FOR CONSTANT MATERIAL
CHARACTERISTICS

On the assumption of constant material characteristics 4, g, cp. Det, equations
(10) and (11) have the form

0:C = Det 022C, (16)
and
atT =a asz + RIZ/QCPV, (17)

where a is thermal conductivity defined as @ = 1/gcp. On introducing this assump-
tion, the equations for conditions (14) and (15) can be resolved analytically by
Laplace’s transformation method [6]. The solutions yield relationships allowing
the time development of moisture and temperature prafiles to be calculated:

C = fyl dz* 1+ 2 i'cos (n7é) f(—l)“yl(t)* . exp (—n? w2 (T — v*)) dr* (18)
0 n=1 0
and
= [s b yadre+2 § costund) [ (—1yrle™s) . exp (—aimils — ) o',
n=1 0
(19)

O
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where the following dimensionless quantities have been introduced:

E=zx/L; C=(C—Cy/Co; T =(T—"To)To
T’ = at|L?; T = Dert|L2; y1 == hg L] Der Co;
y2 = qr, L|ATo; y3 = RI2L2[AVT,.

A comparison of the two equations shows that solution (18) is obtained from egua-
tion (18) by putting y; = 0, i.e. by neglecting the source term.

SOLUTION OF THE MATHEMATICAL MODEL FOR MATERIAL
CHARACTERISTICS DEPENDENT ON TEMPERATURE
AND MOISTURE CONTENT

The previous case yielded a solution for constant material functions. However,
this requirement in not met in practice and at least the dependence of the following
material characteristics has to be taken into account:

D = D(T); a = a(C); A= M0); cp = ‘fp(d)-

This situation makes the resolving of equations (10) and (11) for conditions (14)
and (15) particularly complex. As an analytical solution of this problem is impossib-
le, one ot the numerica! methods has to be employed.

The network .method appears to be the most suitable one. for resolving the
problem [7]. The principle of the method is based on covering the region being
studied with a time-space network with a division step of At and Az. The nodes
of the network are then given the respective moisture content and temperature
values. Introduction of this network then allows differential. relationships for
substitution of differentials in equations (14) and (15) and in (10) and (11) to be
obtained. On substituting by means of Crank—Nicolson’s method, one obtams
equations (10) and (11) in the form ‘

—4 Ot + (1 4+ Ay + Aiyy) O — 40,0 =

= AiC’—l + (1 - A1 - Ai+1) Oi + Ai+lcg+l (20)
=BT + (1 + By + Biwp) T — BenTi}] =
BiTi_y + (1 — By — By4y) Th + By Ty + trdt1/2)cp0, (21)

where
A; = Ditiz At|Ax?,
Ay = Ditli2At|Ax2,
B; = alt12At|Ax?,
By = alilizAt|Ax2.
The bottom index designates the spatial dependence of the functions and the tor

one the time dependence of the functions. Supplementing with the boundary
conditions

1 =10

. y 2q712Az . [ Ax?
it = {7,1+1 + —%ﬂ/z + 77 + Tyo(aoAt— — 1) +
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Az2i+1/2 ) Ax?
+ T} / (1 + EOAZ) ’ (22)
. s 2012 A
Yt = {C’l P+ Dihirz
. . Ax? / Ax? .
O+ G (T)'gsz - 1)} (1 + ﬁ{,mAT)’ (29)

) , " . Az?
TH! = {Tﬁ——ll + Ty + Ty + Ty (Eﬂ;f_I/?AT - 1) +
Az2ri+1/2 } ( Az? )

g a0

. . . : Az? Az?
o' = {C’;—ll + Cly.y + Cy + Oy, (55\17@ o l)}/(l + ﬁm) ) (25)

(24)

yields, from equations (20—25), a set of linear equations with a tridiagonal
matrix which can be resolved by some of the elimination methods, e. g. by the
factorization method.
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ELEKTROODPOROVE SUSENI KERAMIKY

Céast I — Matematicky model
Jiti Havrda, Eva Gregorové, FrantiSek Oujifi
Vysokd $kola chemicko-technologickd, Katedra technologie silikdtit, 166 28 Praha
Je ukézdn postup studia elektroodporového suleni keramického télesa v plastickém stavu,
zaloZeny na matematickém modelovéni. Reseni matematického modelu je provedeno pro kon-

stantni materidlové veliciny metodou Laplaceovy transformace a releni pro teplotné a vihkostné
zéavislé materidlové veli¢iny Crank—Nicolsonovou metodou siti.

Obr. 1. Schéma pribéhu EOS keramického télesa.
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QJEKTPOCONNIPOTHBUTEJBHAA CYIIKA KEPAMURKMN

[. MaremaTudeckass Mojeib
Wpxu TlaBpaa, 3Ba I'peropoBa, (MpanTHmeR Oy¥upKH

Kagedpa mexrnoaozuu cuauxamos X umuro-merrorozuneckozo uncmumynia, 166 28 Ilpasa

B paGoTe MpMBOAMTCA CIOCOO MCCIeJOBAHLUA 3;1€KTPOCONPOTMBMTEJIBHOM CYIIKH Kepa-
MUYECKOI'0 TCJla B ILIACTHYECKOM COCTOSIHAH, OCHOBBLIBAIOMIMNICA HA MaTeMdTHMECKOM Moje-
JHpoBaHMK. PemeHne MaTeMaTHIeCKOH MO NMPOBOJAMTCH B CJIyJac NOCTOAHHON BEJIMYIHLL
MaTcpHalla ¢ NMOMOIIbI0 MeTofa TpaHcopmanuy Jlamraca M pemeHHe B ciIydae BeJIMYMHEL
MaTepHala, 3aBNCHMOH OT TeMnepaTypnl M BIIIKHOCTH, ¢ IIOMOTUGK) MeTojld ceTed RpaHK-
Huro iscona.

Puc. 1. Cxesa xoda 3nekmpoconpomusumesbhoil CYwKu neaa.

Recenze knth

O.L.ALTACH, P.D.SARKISOV:SLIFOVANIJE I POLIROVANIJE STEKLA
I STEKLOIZDELIJ (Brouseni a ledténi skla a sklafskych vyrobku). Nakladatelstvi Vys3aja
8kola, Moskva 1988, 230 str., 115 obr., cena 40 kopejek (Kés 5,—).

Recenzovand kniha je uéebnici uréenou pro stedni odborné uéilisté vychovavajici kvalifikova-
né pracovniky s odbornosti brusié skla, lesti¢ sklafskych vyrobku a rytec skla. Tomuto 1éelu jo
prizpusobena jak volbatematiky, tak iroven jejiho podédni: autofi se omezuji na popis zpracovan{
uzitkového skla (vézy, karafy, dzbény, sklenice, popelniky, lustrové ovésky apod.) a téméi GpIné
vyluéuji fyzikalnéchemické principy vysvétlovanych technologii véetnd piislusného matema-
tického aparatu.

Prvni ¢éast knihy seznamuje étenédie velice zhudténou formou s ndkterymi fyzikdlnimi a che-
mickymi viastnostmi skla, s pouzivanymi surovinami, zpisoby taveni a tvarovéni skla i jeho
dal8im zpracovdnim tepelnym i mechanickym. Podrobné&ji jsou rozvedeny kapitoly tykajiel
se abrazivnich materidli a néstroji se zvlddtnim durazem na diamantové nastroje. V zavéru
prvni ¢asti jsou probrédny technologie opracovéni polotovaru bezprostfednd predchézejici ko-
neénému zuslechténi vyrobkt: opukavéni kopny, zapalovani okraju a jejich zabrusovéni, opraco-
véni dna, oddélovéni kopny plamenem.

Ve druhé &asti je soustfedéno hlavni téma knihy — mechanické, chemické a tepelné zuslechto-
vani uzitkového skla. Pomérne podrobné jsou ve étyfrech kapitoldch probrany jednotlivé techno-
logie broueni a ryti (matové brouseni, hladinéfské brouseni, kuliéské brouseni, ryti diamantovym
hrotem atd.), chemického lesténi, matovéni a lepténi, potiskovéni a hlubokého lepténi, lesténi
ohném, ultrazvukového obrébéni, nandseni oxidovych a kovovych vrstev, vyroby barevinych
glazur.

Treti ¢dst knihy probird ve struénosti zdklady normalizace uzitkového skla, metody kontroly
vyroby, mozZnosti automatizace, organizaci vyroby a bezpeénost préce.

Recenzovand kniha je nepochybné cennou pemickou pro studujici sovétskych odbornych
uéilidt, kterym podévi podrobné informace o postupech zuslechtovani uzitkového skla a navic
zjednoduseny piehled o technologiich predchézejicich zuslechtovéni. Pro é&s. skldfskou vefejnost
muze byt uziteénd jako prehled piisludného sovétského strojnfho vybaveni nebo odpovidajici
ruské terminologie. Ctenat hledajici podrobn&)i popisy vlastnich technologii viak nepochybnd
séhne spi8e po domécich titulech — Brouseni a ledténi skla J. Gotze nebo Mechanické opracovani
skla autorti Cozla a Streubelové z edice Hutni sklafské prirugka.

J. Kavka

D. M. FREIK, M. A. GALUSCAK, L. I. MEZILOVSKAJA: FIZIKA I TECHNO-
LOGIA POLUPROVODNIKOVYCH PLJENOK (Fyzika a technologie polovodivych
vrstev). Nakladatelstvi Viséa 8kola, Lvov 1988, 150 str., 94 obr., cena 2,30 rublu (Kés 29,—).

Ponékud obecnd pojaty nazev knihy neprozrazuje étenéii ihned jeji skuteéné zameéreni — pii-
prava a vlastnosti epitaxnich vrstev chalkogenidi olova a cinu. Toto zazZeni tématu oviem nikterak
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