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. Transfer of water in a satwrated ceramvic mizture was tnvestigated by making
diffusion couples of two saturated ceramic bodies with different initial content
of water. Experimental conditions to get reliable diffusion data were determined.
The dependence of the diffusion coefficient on temperature was established; no
correlation was found between D and the content of water.

INTRODUCTION

Transfer of water in a saturated ceramic mixture is a basic and often rate —control-
ling process of several technological operations such as slip casting [1], solidifying [2],
filter—pressing, aging [3], or drying [4], [5].

Saturated ceramic body is a mixture of ceramic material and water in which no
free gas (air) is present. It remains saturated until its water content dropsdown to the
critical value under which the air enters the body. Transfer of water in a saturated
ceramic body may be treated as binary diffusion in a mixture of two incompressible
components. To describe it quantitatively we need to know the diffusion coefficient
as a function of temperature, water content, and other technological variables such
as solid component characteristics, deflocculant content, porosity, ete. This function
may be measured adopting experimental methods that simply simulate the techuolo-
gical operations with specified initial and boundary conditions. They are based, for
example, on ceramic body growth at suspension/plaster interface, on solidifying
ceramic body slab with one surface insulated and the other being in contact with
gypsum plaster, or on drying a slab or cylinder a$ quasistationary regime (constant-
rate drying). These methods enable us to establish not only diffusion coefficient but
also some other important parameters such as the critical, coagulation, or equilibrium
moisture [1]—[4].

The basic way to determine the diffusion coefficient is, however, the diffusion
couple method [6], [7]. The subject of the present work is the application of that
method to saturated ccramic bodies. Our aim is to investigate the conditions for
reliable measuring and to determine the dependence of the diffusion coefficient of
a saturated ceramic body on its water content and temperature.

Silikaty &. 3, 1931 193



J. Havrda, F. OujeFi:
THEORETICAL

Composition of ceramic mixtures is usually expressed as the mass ratio, W, of
water to dry body. For the purposes of water transfer analysis, it is, however, more
suitable to use the volume fraction of water in the mixture, that is,

C = (1 + (ov/es) W11, (1)

where p1, and gg are the densities of water and solid component.

The components of saturated ceramic mixture differ in their partial specific
volumes. This results in volume changes due to diffusion and brings about motion of
the mixture—the relaxation flow. The massbalance of water has, therefore, to include
the convective term and hence is of the form [8]:

0:C + u. grad C 4 divh = 0, (2)

where u is the volume averaged mixture velocity, h volume flux of water, and 0;
partial derivative with respect to time.
The volume flux of water is, generally, a function of several variables,

h = f(grad C, grad 7', ...), 3)

that is, volume fraction gradient, temperature gradient, relative gravitational or
centrifugal forces, etec. In the special situation when only water fraction gradient "
operate and the function f is linear and isotropic, the equation (3) reduces to [8]

h = —D grad (C — Cg), 4)

which is the generalized Fick’s first law. Here Cg is the equilibrium volume fraction of
water, generally a function of both time and position, and D diffusion coefficeent
which depends on moisture, temperature, and technological varibles X4, that is,

D = D, T, X;). (5)

Joining (2) and (4), we get the differential equation governing the water distribut-
ion in the body:

0:C + ugrad C = div (D grad (C — Cg)). (6)

This equation is the generalized Fick’ second law.

In most cases, Cg = const., so that grad Cr = 0 and Cg drops out of equation (6).
If, however, the clay structure changes with time or position or both, as it is the case
of ion exchange [2¢], Cg is no longer constant.

One of the advantages of the diffusion couple method is that, if there is no change
of the corss—sectional area of the sample normal to the diffusion direction, the diffu-
sion is onedimensional [6]. FFor the onedimensional case we may put u = 0, which
essentially simplifies the field equation (6). Then the function D(C) can be expressed
explicitly as it is'done in the well-kown Boltzmann-Matano solution [6] which rests
on the assumption that the mixing volume is zero:

 — —(27)7!(dz/dC) jga, dc. (7)
0

Here 2 is the coordinate in the diffusion direction and 7 time. In oreler to evaluate
the integral, the knowledge of the position of the so-colled Matano interface is needed.
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This difficulty was avoided by Sauer and Freise [9], who, moreover, generalized
equation (7) for non-zero mixing volume. Starting from their results, Wagner [7]
derived for D the relation

D=V@raY) (1—Y) | YV-1de+ Y[ (1~ ¥)V-da), (8)

where V is the partial specific volume of water, ¢; is the partial derivative with
respect to @, and Y is definied as

Y= (C—0y)[(Cy— C1) 9)

with C{ and C, being the initial volume fractions of water such that C; > C,. For
incompressible components, ¥V = const., and equation (8) simplifies to

D= (2t 0:Y)1((1 — Y)f Y da + YT(I — 7) da). (10)

In this equation, the infinite integration limits were substituted by the finite values z;
and x, at which Y reaches its limiting values, that is, 0 or 1.
If D is independent of C, we have simple solution

Z :erfl(% (L'(D‘t')_]/z), (11)

where
Z = (O - OS) / (01,2 - OS) (12)

with Cs being the volume fraction of water at the Matano surface, which is easy to
determine because of the curve Z vs. @ symmetry.

EXPERIMENTAL

Using a vacuum auger, electrical porcelain with augmented content of «-Al,Os
was formed into cylinders 3 cm in diameter or prisms wit 3 X3 c¢m cross-section ,both
10 cm in length. The bodies were carefully insulated to avoid exchange of water
between them and their environment and exposed for about 40 minutes to working
temperature. Then, two by two, each with different water content, the bodies were
joined by their bases, from which the insulation had been removed, to form couples,
the joints were insulated and the couple exposed for about 1 to 24 hours to the tem-
perature to which they had been preheated. After given periods of time, the couples
were quickly cooled and cut into cca 1 mm slices to determine their water content
distribution.

It was found out that if the measuring should be reliable, the following conditions
have to be satisfied:

(i) high degree of homogeneity,
(ii) high quality of insulation,
(iii) individual tempering of parts,
(iv) perfect joint,

(v) quick cooling.
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CALCULATIONS AND RESULTS

It was at first assumed that the diffusion coefficient depends on the volume fract-
ion of water by the relation

D-1 = D{'C + D3'(1 — 0), (13)

where D, and D, are constants, according to which the diffusion resistance of mixture
is the sum of diffusion resistances of its components. However, the experimental
curves O vs. & (Fig. 1) were best fitted with D; = D, = D = const., which means
that, within the experimental accuracy, D was independent of water content.
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Fig. 1. Water content distribution in « diffusion couple.

To support this conclusion, a set of couples with different initial water content was
measured at 7' = 293 I{. Again, no significant correlation between D and C was
observed. The independence of D on C enabled us to calculate D using the relation
(11).

Table T
Diffusion data
D 9 (]
Wi . 102 AW,y .10 = 2o e U
K m2s-—1 m2s-1
31 8 0,14
30 5 293 0,15 0,4
26 3 0,14
30 5 309 6,2 4,3
26 3 318 8,2 4,8
26 3 328 11,8 5,2

Experimantal results are shown in Tab. I. The initial water content of one of the
couple parts and the initial water content difference expresed in %, of dry mass are
shown in the first two columns. The third column shows the mean diffusion coefficient
and in the last column the values of
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n

o= (-21 (Dt — Dinean)? (n — 1)71) 7312
1=
are given.
An Arrhenius equation forced to the data yields

D = Dyexp (—B|T) (14)

with Dy = 1.78 X 10°m2 s~! and B = 1.27x 104 . It should be noted, however,
that the fit of Arrhenius behaviour is poor.

CONCLUSIONS

1. The diffusion couple method is suitable for reliable measurement of diffusion
roefficients in saturated ceramic bodies.

2. In an electrical porcelain saturated body no correlation between diffusion
cocfficient and water content was found; it seems likely that this conclusion may be
generalized to all saturated ceramic bhodies.

3. In the temperature interval 293 to 328 K, D = Dy exp (—B/T") with Dy =
= 1.78 x10°m?2s~1 and B = 1.27 x 104 K for the body used, but the fit of Arrhenius
behaviour was poor.
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MERENI DIFUZNIHO KOEFICIENTU V NASYCENE KERAMICKE
SMESI METODOU DIFUZNIHO PARU

' Jiti Havrda, Frantisek Oujifi
Katedra technologie silikatw, Vysokd skola chemicko-technologickd, Praha

"V préci je na studium diftize vody v nasycené keramické smési aplikovana metoda difizniho
paru a ukézan postup vyhodnoceni difuzniho koeficientu. Pro spolehlivost stanoveni diftizniho
koeficientu popsanou metodou byly experimentélné uréeny tyto podminky: a) dokonalost spojeni
téles v diftiznim paru, b) vyhovujici kvalita izolaéni vrstvy, ¢) samostatné prohiati téles na poza-
dovanou teplotu a konstantnost teploty po celou dobu difuze, d) rychlé schlazeni diftizniho péru
po ukonéeni difuze pied jeho roziezanim a o) reprodukovatelna priprava téles s poéateénim homo-
gennim rozloZzenim vlhkosti. Ze stanovenych hodnot diftiznich koeficientt vyplynulo, Ze ve vodou
nasyceném keramickém télese je D nezavisly na vlhkosti a jeho teplotni zavislost pro sledovanou
smés technického porceldnu v intervalu teplot 293 —328 K je popsdna vztahem:

D = Dyexp (—B/T),
Dy = 1,78 . 10° m?2s~!, B = 1,27.10¢ K.

Obr. 1. Rozdélent vlhkosti v difitznim pdru.
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U3MEPEHUE KODOOUUUEHTA NUOOY3UM B HACLIUEHHOI
KEPAMUYE CKOIl CMECH METONOM OJUO®OY3HMOHHOW ITAPLI

Mpmu TaBpua, ®panrimex Oynpiu
H’agﬁeﬁpa mexnoao2ul CUAUKAMO08 X UMULO-INCTHONO2UNECKO20 uHcmumyma, Hpaea 6

Jls nccireoBanust JUIQyaiii BOALI B HACHLUIEHHOH KepaMluecKoil cMecH IIPHMEHsIeTcs:
MeToJ| MU Y3IOHHOI 1apsl H MPHBOMNTCA ¢10cob OHeHKI I y3HOHHOro KoaQuiyIeHTa.
I{ist HapescHOCTH OnpesesieHnst JIN(y3HOHHOro Koa(duIieHTa ¢ DOMOUIbIO CBEPX MPIBOJH-
MOIO MEeTO/a DKCIIePIMEHTAJILHO YCTAHABIIIBAIOTCS CJIELYIONIIC YCIOBUS: a) COBEPIIEHHOCTD
coeJuiHeHus Ted B JudPysnoHHO mape, 0) IPHUrOJHOC KAYCCTBO HIOJIAIIIOHHOIO CJIOSH,
B) caMOCTOSITeJLHEII 11IporpeB Ted jio Tpedylomeil TeMIIepaTyprl I OCTOSHHOCThL TeMIepaTy PLi
no Bce Bpems auddysi, r) OuicTpoe oXJlaxkiueHIe HII](%)(I)yslIOHIIOl“[ Haphl I10CJIe OKOHYABH
miysun mepest ero paspeskoif I J{) BOCIPON3BOIMOE IIPHIOTOBJIEHIIE TeJI € HCXOMHBIM
OJIHODOJHLIM pacnpe/iejleHIeM BJaMHOCTH. J[3 yCTaHOBJIEHHLIX BesuIMiH JUI(Qy3HOHHBIX
l(OE)(I)R]IIIIIIeHTOB cJIe/lyeT, UTO B HACLIIUGHHOM BO;I0if KepamiiueckoM Tesie DD He 3aBicUT OT
BJIAKHOCTH I CIO TeMIepaTypHast 3aBICIMOCTh JUIA lCcllelyeMOil cMeci TeXHIYecKoI'o
dapdopa B nHTEepBase Temnepatyp 293—328 K omiceiBaeTCs OTHOUICHMEM:

D = Dyare (—B(T),
Do =1,78.10°9M2c-1, B = 1,27 . 104 K.

Puc. 1. Pacnpedeaenue eaascrocmu ¢ duggyauonnoii nape.
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