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The forming of ceramic pastes is described quantitatively on the basis of
mathematical modelling. On the assumption that the forming of ceramic pastes is
a process tnvolving joint sharing of weight and momentum, a mathematical model
of paste flow through a pipe describing the velocity conditions in the extruder
mouth during the forming process was worked out on the basis of balance equa-
tions for certain simplifying assumptions.

INTRODUCTION

The forming of ceramic pastes on auger or piston extruders provided with
a form :g mouth is a typical operation finding wide application in ceramics techno-
logy. The course of this operation can be studied and described in two ways. The
first procedure is experimental, being based on empirical determination of the
respective parameters and their dependence on various mutually variable quanti-
ties [1]). This procedure is demanding with respect to the number of experiments
required and does not always lead to optimal parameters of the operation being
studied, as the methods employed are not always based on a unified theory. The
latter procedure makes use of mathematical modelling which strives to determine
the principle of the operation described and to describe its course mathematically
on well defined materials. The procedure can be summarized in a simplified way
into the following points:

a) creation of a general model of the respective process by setting up the
basic balances and constitutive equations, and determining the respective material
constants involved;

b) determination of the initial and boundary conditions necessary for the
solution of the general model on the basis of an analysis of the technological opera-
tion in question;

c) creation of a mathematical description of the course of the technological
operation involved by resolving the general model;

d) verifying the suitability of the simplifying assumptions introduced by
comparing the model with experimental results, while at the same time assessing
the correctness of the initial and boundary conditions introduced into the formulat-
ion of the problem.

The present study has the purpose to work out a model of flow of ceramic paste
through the extruder mouth in order to describe the forming of cylindrical bodies.
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BALANCE AND CONSTITUTIVE EQUATIONS

If the ceramic paste meets the condition of continuity and the external forces
are those of gravity only, the mass balance has the form [2, 3, 4]:

" Do/Dt + o divv = 0, (1)
and the equation of flow is as follows:
o(Dv/Dt) = div P 4 og, (2)

where g is the density, ¢ is time, v is velocity, pDv/Dt = dov/ot - v grad gv is
the substantional derivative of momentum, g is gravity and P is the stress tensor.
The solution of equation (2) for a particular liquid (ceramic paste) is associated
with expressing P, i.e. with determining the constitutive equation of the liquid.
Constitutive equations are dealt with by the thermodynamics of irreversible
processes. The balance of the momentum indicates that tensor P is symmetrical
and in the case of liquids can be divided as follows:

P=—9%p+m (3)

where Jp is the reversible part while p is the isotropic pressure, § is the unit tensor
and 7 is the dynamic stress tensor. For an incompressible liquid, i.e. if p = const,
joining (2) and (3) yields the flow equation in the form:

o(Dv/Dt) = pg — grad p + div v, (4)
and equation (1) acquires the form:
divv = 0. 5)

On the assumption that the dynamic stress tensor v is explicitly determined by
the stretching tensor and that the ceramic paste is characterized by variable
apparent viscosity #, the non-linear consititutive equation of the ceramic pastes
has the form [2, 3]

T = 2n(S)d, (6)
where d is the stretching tensor, and for parameter S it holds that
S=2d:d. (7

Solution of equation (4) and introduction of (6) yields a generalized form of the
dynamic Navier Stokes equation

oDv/Dt = og — grad p + 25(8) div grad v + 2d grad #(S). (8)

MODEL OF THE FORMING OF CYLINDRICAL BODIES IN THE
EXTRUDER MOUTH

The principle of forming ceramic bodies is based on the flow of paste through
the extruder mouth. If the paste moves through the extruder mouth under the
effect of a strength field, it is also subject to compaction and its texture, which
determines the porosity of the final body, is created. The texture and compaction
uniformity throughout the body volume are important factors of the course of
subsequent technological operations (i.e. drying, firing) and influence the final
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properties of the ware. The velocity field arising during flow through the mouth
is proportional to the acting force or stress at the given point. For this reason
the velocity field can be regarded as an adequate criterion suitable for assessing
the conditions of conducting the process. To control the process of forming bodies
of ceramic paste one should thereforg know the velocity profile of low through
the extruder mouth, because its character is decisive for the preparation of homo-
geneous bodies.

Description of the forming of cylindrical bodies is associated with resolving
the paste flow through a circular extruder mouth, which can be simulated by hori-
zontal flow through a pipe R in radius and L in length in the direction of pipe
axis . For the component in direction z, the dynamic equation (4) in cylindrical
ordinates acquires the form

0(Dvz/Dt) = (—0p/ox) — [(r~2 O(rTez)/Or) + (r~10742/0¢) + OTzz/0z],  (10)

and using rearrangement of (6) the following expressions are obtained for the
individual stress components:

Trz = —N(8) [(Ovy/0r) + Ov,/0x],
Tgx = —7(8) [(Ovg/0z) + 771 Ovz/ O], (11)
Tz = —2n(8S) Ov/0x.

Joining of equations (10) and (11) yields a dynamic equation for the calculation
of the velocity field.

Forming on augers is a continuous process. Beyond the starting stages of the
process, the forming proceeds under the conditions of steady-state flow with
a constant pressure gradient. On the assumption that the heat liberated by friction
during the paste flow is completely dissipated into the environment by transmission,
that the arising temperature gradients are negligible and do not affect the material
quantities, equation (10) for stationary horizontal laminar flow with a fully
developed velocity profile under isothermal conditions acquires the form

Ap/L = r~1 d(rz,z)/dr. (12)
For unidirectional flow, equation (7) has the form
8 = y?, (13)

where y = dv;/dr is the shear rate gradient. In view of (13), the constitutive
equation (6) will have the form

Trz = N(p?) dv,/dr. (14)

The boundary conditions can be formulated on the basis of assumed knowledge
of mouth wall velocity and the symmetry condition as follows:

t>0 r=20 dog/dr =0
r=R 4, =0, (15)

or, on assuming that the stress distribution t,; is given as

Trz = Ts7/R, (16)
where it holds for shear stress at the mouth wall, z,, that
s = ApR/2L, (17)
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the boundary conditions are as follows:

t>0 r=20 Trz:()
r =R Trz = Ts- (18)

Joint resolving of equations (10) and (14) for conditions (18) yields the following
equation for volumetric rate of flow, V:

V/nR3 = Ts_sj 12, f(Trs) ATrz, (19)
0

the velocity profile is given by the equation:

R
V(1) = g f(Trz) dr, (20)

and the average flow velocity is given by equation:
R
7z = R1 [ vy(r) dr, (21)
0
where f(7,7) represents inverse functional expression of constitutive equation (14).
If the ceramic paste is described by the constitutive equation [5, 6, 7]

Trz — To + K(dvz/dr)”, (22)
where 7, is the yield stress, K is the consistence factor and =» is the flow index;
equation (18) can then be written in the following concrete form:

V/mR3 = (K1/ng3)=1 (15 — 7o)t + /2 (75 — 70)? (3 + 1/n)=1 + 7§(1 + 1/n)~1 +
+ 270(Ts — To) (2 + 1/n)71. (23)
For velocity profile (20) over the interval ry < r < R, 19 < 74z £ 75 One obtains
v(r) = 2L[KVn(1 + 1/n) Ap]™* [(7s — To)1 T V7 — ((r Ap/2L) — To)t *1/n],  (24)
and over the interval 0 < r < 79, 0 £ 7,z £ 7o it holds that
vs(ro) = 2L[KV/n(1 + 1/n) Ap]1 [(5 — o)1 +1/7), (25)
where 7o = (1o/7s5) R.
For the average velocity, equation (21) has the form

oz = 2L(R Ap(1 + 1/n) K1/n)=1 [R(7; — 7o)t +1/n —
— 2L(Ap(2 + 1/n))-! (ApR/2L) — To)2+1/n), (26)
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TVAROVANI KERAMICKE PASTY, CAST 1 — MATEMATICKY MODEL
Jiti Havrda, Jana Travni¢kova, Frantigek Oujiri
Katedra technologie silikate, Vysoka $kola chemicko-technologickad, 166 28 Praha

Vypracovén je kvantitativni popis tvarovéni keramickych past umoziujici Fizeni a optimali-
zaci daného procesu. Spoleénym Fedenim bilanci hmotnosti a hybnosti se zavedenim zjednoduu-
jicich predpokladi byl pro zvolené okrajové podminky vypracovén matematicky model toku
pasty trubkou popisujici rychlostni poméry v kruhovém usti lisu p¥i procesu tvarovéni. Konsti-
tutivni rovnice byla vyjadfena za pfedpokladu, ze tenzor napéti je jednoznaéné uréen tenzorem
rychlosti deformace a keramické pasta je charakterizovana proménnou zdanlivou viskozitou.
Regenim modelu pro konkrétni keramickou pastu popsanou rovnici viskoplastického materialu
byly ziskédny vztahy pro vypocet objemového prutoku, rychlostniho profilu a stfedni rychlosti
pFi procesu tvarovéni téles tvaru vélce.

CAKMAKA.S.,, BOTHAE.J,,GRAY W.G.: COMPUTATIONAL ANDAPPLIED
MATHEMATICS FOR ENGINEERING ANALYSIS (Vypocetni a aplikovand mate-
matika pro inzenyrskou analyzu). 380 str., Springer-Verlag, Berlin, 1987. Cena 118 DM.

Kniha je ucebnici pro inzenyry a zahrmuje Sirokou skélu matematickych disciplin, které
inZenyr musi zvlddnout. Motivaci pro vybér latky byla vidy jeji uziteénost v inZenyrské praxi.
Co se tyka matematické rigoréznosti, snazili se autofi pouzit pouze minimum teorie nutné k vy-
kladu latky. Koncepce knihy je jedineéné v tom smyslu, ze zahrnuje analytické aproximativni
a numerické metody pro feSeni inzenyrskych problému.

Prvni ¢tyfi kapitoly se zabyvaji fadami a jejich konvergenci, pojmem integrace a zpuroby
vyhodnocovéni integrald, linearni algebrou a zdklady tenzorového poétu. Paté kapitola zavadi
pojem integralnich rovnic a pfinasi ivod do poétu variaéniho. V Sesté a sedmé kapitole je po-
jednéno o feSeni obycejnych diferencialnich rovnic, vcetné aproximativnich technik. Osmé
kapitola se zabyvé parcidlnimi diferencidlnimi rovnicemi a devatd je ivodem do numerickych
metod FeSeni obyéejnych i parcidlnich diferencialnich rovnic.

Zpusob podéani pfedpokladd, ze Ctenaf je seznamen se zéklady lineérni algebry, vektorové
analyzy, s teorii funkei komplexni proménné a se zéklady Feseni diferencidlnich rovnic v rozsahu,
v jakém jsou tyto discipliny pfednéSeny v zdkladnim kursu na vysokych skoldch technického
sméru. Za kazdou kapitolou je uvedena Fada prikladu, jejichz vyFeSenim se ¢tenaf snadno ujisti
o tom, do jaké miry latku pochopil.

Celé ucebnice predstavuje dvousemestralni pfedmét, ktery prvni dva jeji autofi v tomto rozsa-
hu pfednéseli na Princetownské univerzité pro graduované studenty stavebniho, chemického
a strojniho inZenyrstvi. Knihu lze viele doporuéit i nasim inzenyrim. S

atava

CONCISE SCIENCE DICTIONARY (Struény nauény slovnik védy). 762 str. véetné
obr., Oxford University Press 1987. Cena 5,95 liber.

Slovnik mé slouzit studujicim pFirodnich vé&d, zejména v jejich prvnim roce univerzitniho
studia. Mé jim vysvétlit vyznam neznémych slov, s nimiz se setkaji v disciplinég, kterou si zvolili,
nebo v disciplindch pfibuznych. Cennou priru¢kou muze byt slovnik ovSem i pro laiky, ktefi
budou potfebovat presnou definici védeckého vyrazu, s nimz se setkaji ve své praci nebo i ¢etbe.

Slovnik poskytuje vyklad vyrazi a pojmu z fyziky, chemie, biologie, biochemie, paleontologie,
geologie, mineralogie a také kli¢ovych pojmu z astronomie, matematiky a technologie poditacu.
Jsou zde i hesla tykajici se nejnovéjsich poznatku prirodnich véd a jejich zpracovéni je vidy
dobfe srozumitelné. Diky uvéazenému vybéru hesel a jejich struénému a vystiznému zpracovani
se redakei a kolektivu prispivateli podafilo vytvorit vynikajici nauény slovnik. S

alava
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