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A method was suggested and conditions established for determining the
diffusion coefficient of water vapour in a ceramic body during its firing over the
dehydroxylation region. The temperature dependence of the diffusion coefficient
was determined experimentally; it was found that the diffusion coefficient can
be regarded as being independent of concentration.

INTRODUCTION

The approach to the study of firing a ceramic body, containing kaolinite, in the
dehydroxylation region, is based on the assumption that dehydroxylation is a 1st-
order reaction and that firing is a combined process of mass and heat transfer [1].
Mass transfer is regarded as diffusion with a chemical reaction, and heat transfer
as conduction of heat with a source. This approach allowed a mathematical model
of this process to be devised; the model can be used to calculate the time development
of concentration and temperature fields in the body being fired in the dehydroxylation
region.

The resolving of a general model for an actual ceramic mix and body shape requires,
among others, knowledge of the material quantities and their dependence on tem-
perature and concentration.

The present study had the aim to work out a method for the determination of the
diffusion coefficient which is one of the material quantities needed for the solving
of the mathematical model.

The solution of the problem is based on the assumption that dehydroxylation
is a first-order chemical reaction producing molecular water from OH- groups, this
being followed by water vapour transfer through the reaction product. Existing
findings on the course of dehydroxylation [2 through 4] also indicate that if the
process is studied on greater thicknesses of powdered sample layers or those of a body,
diffusion of vapours through the decomposition product is regarded as the decisive
process of dehydroxylation. The finding given in [5, 6] also shows that an external
vapour pressure of 0.006 MPa will slow down the reaction in a significant way.

THEORETICAL

On basing the method for the determination of the diffusion coefficient on the
assumptions introduced in the formulation of the mathematical model for body
firing over the dehydroxylation range [1] one obtains the following form of mass
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balance for a binary incompressible mix involving a chemical reaction and free
of convective flow:

0 .

—g§-=dlv(DAB(T, x4) grad 24) — K(T) 24, (1)
where z4 is the mass ratio of component 4, i.e. water bound in the form of OH-
groups in the kaolinite lattice, 7 is time, D 45 is the diffusion coefficient, 7' is tempera-
ture and k is the rate constant of a first-order chemical reaction, while the tempera-
ture dependence of the diffusion coefficient has the form

Dap = D g, exp (—B:[T), (2)
where B, is the characteristic temperature and D 4p, is a constant.

It is convenient to simplify the resolving of a problem in working out an experi-
mental method. A considerable simplification is brought about by introduction of iso-
thermal conditions while assuming the diffusion coefficient to be independent of con-
centration, i.e. Dgp 7 Dgg(x4). On introduction of these assumptions, balance (1)
acquires the form

axA

W___ Dypdivgrad x4 — kz4. (3)

On assuming a body in the form of an infinite cylinder, then introduction of cylinder
ordinates yields the equation

0r4 _ 024 1 Ozg4
v AR Tonm T or

— kxg,. 4)

The initial and boundary conditions for the solving of non-steady-state isothermal
diffusion through an infinite cylinder can then be formulated as follows:

— initial condition

IA("': 0) = TAy> (5)
— boundary conditions
ZA(R, t) = T4, €XP (_kt): (6)
_aIA(O, 1) —o. (7)
or

On solving the balance equation (4) for conditions (5), (6) and (7) numerically
by the network method, the time development of concentration profiles in the body
has to be calculated while selecting the values of the diffusion coefficient. Subsequent
comparison of the calculated time developments of concentration profiles with the
experimentally established ones allows the diffusion coefficient value being seeked
to be evaluated at a given temperature while at the same time assessing the suitability
of the simplifying assumption introduced, i.e. D4p % D 4B(24).

The experimental arrangement of the method should then allow the time develop-
ment of the concentration profile to be determineq for a cylindrical body while
conforming to the following conditions:

— attainment of the required temperature and a homogeneous temperature
field in the body without any chemical reaction taking place, i.e. during heating
up the body the reaction rate is zero,
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— it is possible to determine the time corresponding to the reaction onset,
— it is possible to stop the reaction instantaneously in a moment of time required.

Execution of isothermal experiments at various temperatures yields values
of diffusion coefficients corresponding to these temperatures and creates conditions
for evaluating the temperature dependence of the diffusion coefficient according
to equation (2).

EXPERIMENTAL

Cylindrical bodies 32 mm in diameter and 190 mm in length, of Podbofany kaolin
and prepared by drawing on a vacuum auger, were used in the experiments. After
drying the bodies at 378 K they were baked at 573 K to eliminate possible residues
of technologically necessary water and the interlattice molecular water from the
illitic-montmorillonitic component of the Podbofany kaolin {8].

The bodies were fired isothermally in the apparatus described in [9] and comprising
an analytical balance placed above a vertically shiftable tubular furnace with kanthal
winding, a silica glass reactor, a steam generator and a pressure cylinder with com-
pressed air, shown in Fig. 1.
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Fig. 1. Schematic diagram of the apparatus for isothermal measurements;

1 — body, 2 — measuring thermocouple at the upper body edge, 3 — control thermocouple, 4 — silica

glass reactor, 5 — tubular fnrnace, 6 — wire coils, 7 — analytical balance, 8 — furnace input controls,

9 — autotransformer, 10 — drain cock, 11 — flowmeter, 12 — manostat, 13 — furnace temperaturs

sndication, 14 — laboratory thermometer, 15 — indication of temperature at body bottom, 16 — steam
outlet, 17 — pressure cylinder, 18 — steam producer, 19 — electric plate.

During heating the bodies up to the required temperature, steam was introduced
into the reactor to create a saturated water vapour pressure in the medium and thus
to prevent dehydroxylation from taking place during this period. The chemical
reaction was regarded as stopped on the basis of constant body weight during the
heating up. As soon as a constant temperature and uniform heating-through of the
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body were attained, the water vapour atmosphere was replaced with air and the
decomposition process could take place.

After the holding period, the dehydroxylation was stopped instantaneously by
quenching the body down to 298 K (placing it in a desiccator after rapid removal
from the furnace). Samples for concentration profile determination were then prepared
from the cooled body. The procedure consisted of the following steps:

— a circular slice 10 mm thick was cut from the central part of the body at about
one half of the body height,

— a prism was then cut across the diameter and then cut into slices 3 mm thick
(Fig. 2),

— the individual elements were dried at 378 K and then fired at 1173 K to constant
weight.

The experimental arrangement of the method and the working procedure employed
ensured compliance with the conditions set up for the method.

190

Fig. 2. Schematic diagram of specimen preparation for the determination of concentration fields
in the body.

RESULTS

The time development of concentration profiles was determined experimentally
at six temperatures over the temperature interval 7' e (733 K; 873 K)>. Typical
profiles obtained are shown for 7' = 773 K and 7' = 853 K in Fig. 3. The diffusion
coefficient was calculated in agreement with the procedure of numerical solution
of balance equation (4). The boundary condition for the cylinder surface was expressed
in the form (6) and the initial condition for all the experiments had the form x 4(r, 0) =
= 0.106 kg/kg. The rate constant of the reaction for a given temperature was
calculated from equation (10):

k = kgexp (—By/T), (8)

using the following values of the constants:
B; = 21,903 K; ko = 36 034,956 s—1. 9)
Using the chosen diffusion coefficient, the time development of concentration
profile best agreeing with the experimental one was calculated. Typical calculated

and experimental profiles for 7' = 773 K and 7' = 823 K are plotted in Figs. 4
and 5.
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Fig. 3. Experimentally determined time development of concentration profiles in the body during
isothermal firing over the dehydroxylation region:
a) firing temperature 773 K, time of holding: 1—3 hrs, 2—6 hrs, 3—9 hrs, 4—20 hrs;
b) firing temperature 853 K, time of holding: 1—3 hrs, 2—4.5 hrs, 3—6 hrs.

The reproducibility of diffusion coefficients determined by the method suggested
was also verified at 823 K. At this temperature, the time development of concentration
profiles was measured five times for identical time periods. From the values obtained,
the mean value was calculated and the mean quadratic error expressed according
to the equation

) 1(D — Di)2 (n — 1)1, (10)

o =

=

where D is the mean value of the diffusion coefficient and % is the number of value.
It was found that the method allows the value of the diffusion coefficient, which
for T = 823 K was

Dgy3 = (6.0 £ 0.5) 10— [m2s—1], (11)
to be determined.

DISCUSSION

Quantitative comparison of the calculated and experimental developments of con-
centration profiles at a given temperature was carried out on the basis of expressing
the quadratic error (difference) between the two courses for a given time using the
equation

n
o1 = _ZI(Q’Z- — 74 P —1), (12)

=
where 2 is the calculated concentration and 24% is the concentration obtained from
the approximation curve of experimental values measured at a given temperature
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Fig. 4. Comparison of concentration profiles (a) calculated and (b) measured, using the diffusion
coefficient value D = 7.5 X 10719m2 s~1 at firing temperature of 773 K. The curves with identical
numbers correspond to the same time of holding: 1—3 hrs, 2—6 hrs, 3—9 hrs, 4—20 hrs.
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Fig. 5. Comparison of calculated (a) and measured (b) concentration profiles, using the diffusion
coefficient value D = 6.0 X 10~°m?2 87! at firing temperature of 823 K. The curves with identical
numbers correspond to the same time of holding: 1—3 hrs, 2—4.5 hrs, 3—6 hrs.

102 Silikaty &. 2, 1987



Determining the Diffusion Coefficient of Water Vapour. ..

and time. In addition to this, the square error (difference) between the experimental
values of concentration profile 24" and the z4¥ values at the same temperatures
and time according to the equation

on = Y. (k! — aBiPltn — 1) (13)

The calculated o1 and or1 values at a given temperature of isothermal firing and
various times were used to express the significance of introducing the simplifying
assumption in the formulation of the method, i.e. the independence of the diffusion
coefficient of concentration. A comparison of the two values, e.g. for 7' = 773 K
and times over the interval 7 € {3 hrs; 20 hrs) is given in Table 1.

Comparable relationships between o1 and o1 were likewise found at 733 K, 798 K,
853 K and 873 K. The comparison of the o1 and 11 values in Table I implies that
the o1 error exceeds for all the times the o11 deviation respecting the dispersion of ex-
perimental data. It may therefore be assumed that deviation oy reflects the possible
concentration dependence of the diffusion coefficient. However, on assessing the
reproducibility of diffusion coefficient determination at 7' = 823 K (cf. equation
(11)) and the absolute values of a1 and 11, one finds a satisfactory agreement between
the time development of calculated and experimentally established concentration
profiles, determined with a maximum error of 109,. The diffusion coefficient can
then be regarded as being independent of concentration.

On this assumption, the diffusion coefficients evaluated from the time development
of concentration profilesat various temperatures are listed in Table II.

Table I
The values of square errors g1 and gy at T = 773 K
% |
. i o1 X 10¢ I o X 104
W i kg kg ' kg kg—12
| |
3 0.01 | 0.01
6 0.14 ‘ 0.02
9 0.06 0.03
20 l 0.30 0.01
Table 11
The values of diffusion coefficients in terms of temperature
T D X 10
K ! m? g~
733 1.6
773 7.5
798 30
823 60
853 150
873 : 400
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Approximation of these values with thc use of equation (2) yielded the values
of constants for the temperature dependence of the diffusion coefficient:

Dy = 43,045 m2 g1, B, = 24,357 K (14)
which hold over the temperature interval 7' e (733 K; 873 K>.

CONCLUSION

The results of the work demonstrated that if the conditions of the experiment
are conformed to, the suggested method allows the diffusion coefficient to be determi-
ned. The diffusion coefficient characterizing diffusion of water vapour through
a kaolin body over the dehydroxylation region, can be considered independent
of concentration, and its temperature dependence over the temperature interval
T €733 K; 873 K> has the form

D = 43,045 exp (—21,357 K/T)  [m?s71]. | (15)
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STANOVENI DIFUZNIHO KOEFICIENTU VODNI PARY
V KAOLINOVEM TELESE PRI IZOTERMNIM VYPALU V OBLASTI
DEHYDROXYLACE

Yvona Mazadové, Jifi Havrda, Martin Unzeitig*, Vladimir Hanyky¥

Vysokd $kola chemicko-technologickd, katedra technologie silikdtw, 166 28 Praha
*(eské vysoké uéeni technické, fakulta strojni, 166 07 Praha

Pro stanoveni difazniho koeficientu par vody v télese pii jeho vypalu v oblasti dehydroxylace
je vypracovéna metoda zaloZend na meéfeni ¢asového vyvoje koncentraénich profillt pii izo-
termnim vypalu vélce z kaolinu. Jsou uréeny podminky metody pro reprodukovatelné stanoveni
difizniho koeficientu. Experimentaln® je stanovena teplotni zdvislost difizniho koeficientu ve
tvaru (15) platna v teplotnim intervalu 7' € (773 K; 873 K). Bylo zjisténo, Ze diftzni koeficient
Ize povazovat za nezdvisly na koncentraci.

Obr. 1. Schéma aparatury pro izotermni méveni;
1 — téleso, 2 — méFici termocllanek w horni podstavy télesa, 3 — regulaéni termoélanek,
4 — kfemenny reaktor, 5 — trubkovd pec, 6 — drdténé svitky, 7 — analytické vahy, 8 — regu-
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lace pFikonu pece, 9 — autotransformdtor, 10 — vypusiny kohout, 11 — pratokomér, 12 —
manostat, 13 — indikace teploty v peci, 14 — laboratorni teplomér, 16 — indikace teploty
u dolnt podstavy télesa, 16 — odvod pdry, 17 — tlakovd ldhev, 18 — vyvijeé pary, 19 —
elektrickd plotynka.

Obr. 2. Schéma pFipravy vzorkd pro uréeni koncentraénfho pole v télese.

Obr. 3. ExperimentdIné urdeny Easovy vyvoj koncentraénich profili v télese pfi izotermnim vypalu
v oblasti dehydroxylace;
a) teplota vypalu 773 K, doba vydrke: 1—3 h, 2—6 h, 3—9 h, 4—20 h,
b) teplota vypalu 853 K, doba vydrie: 1—3 h, 2—4,5h, 3—6 k.

Obr. 4. Porovndni koncentraénich profilé vypoétenych (a) a naméfengch (b) s hodnotou diftizniho
koeficientu
D = 7,5.10-19m?2 s~ pFi teploté vypalu 773 K. Kfivky se stejnymi Cisly odpovidaji témuZ
éasu vydrie: 1—3 h, 2—6 h, 3—9 h, 4—20 h.

Obr. 5. Porovnént koncentruénich profilit vypoltenych () a naméfenych (b) s hodnotou difiizniho
koeficientu;
D = 6,0.107%m2s! pii teploté vypalu 823 K. Kiivky se stejnymi &isly odpovidaji témus
éasu vydrie: 1—3 h, 2—4,56 h, 3—6 h.

ONPEJEJEHII RKOIDOHUIMEHTA JHODOY3HU BOOJAHOTO ITAP.\
B KAOJUHHOBOM MACCE IIPH H3OTEPMHUYECROM OBHHUTE
B OBJACTH AETIHIPORKCHIHPOBAHUSA

NBoBa MaszauoBa, Upxua I'aspaa, Maprur Yesedtur*, Biragamup I'aBnikapm

xagbedpa mexnonozuu curuxamos X uMuko-merHoA02UNECE020 UHCMUMYma
P yma,
16628 IIpaza 6

*mawurocmpoumedanblii garyavmem Ilpanccroezo noaumexruneckozo urHcmumyma,

16607 IIpaza 6

Haa onpenenenna koapdmmmerta fudQy3nn napoB BOA B Macce HPH ee o0xAre B 00-
JIACTE AeTHAPOKCANUPOBAaHAA Obl pa3padoTaH MeTol, OCHOBHBAMHUHCA H4 H3MepeHUH
BPeMeHHOr0 DPa3BATHA KOHIEHTPAaIMOHHLIX Hpodmirel npH H30TeDMHAYECKOM OG:KITre IH-
JIMHApa ¥3 KaoimHA. BHJIE ycTaHOBJIEHH YCJIOBHS HpAMeHeHHsS MeTofla ISl BOCIPOH3BO-
aEMoro ompepeneHna kodpdunmenta Nuddysmm. IKcHePUMEHTAJILHBIM OmyTeM OhiJla ycTa-
HOBJIeHA TeMmImepaTypHas 3aBACEMOCTh Koa(dummeHTa Anddysmm B Bame (15), mmeromas
cul1y B TemmepaTypHoM uHTepBaiie T'e <773 K; 873 K). Bmio ycraHOBIEHO, 4TO KO3(-
dunmerT ARPPysHA MOKHO CIHTATHL He3aBMCHMAIM OT KOHIEHTPALAH.

Puc. 1. Cxema annapamypu das uzomepsuuecrozo usmepenusn; 1 — meao, & — uamepumens-
Kbl mepmosnemenm y 6epIHel nodcmassu. 8 — pesyaupyrowuli mep.modsemenm,
4 — Keapyeswviti peasmop, 6 — mpybuamaa news, 6 — npoeosounbie 6yrmul, 7 —
anaaumuseckue eecvl, § — pezyasyus nompeGasemoil mowHocmu newu, 9 — asmo-
mpancgopmamop, 10 — sewinycknoti Kpan, 11 — pacxodomep, 12 — marnocmam,
13 — unduxayus memnepamyps 6 nevu, 14 — aabopamopunii mepmomemp, 15 — undu-
Kayus memnepamypu y Huxdeneii nodcmasku meaa, 16 — omeod napa, 17 — 6GaaaoH,
18 — napoobpaaosameas, 19 — snexmpuneckas kongopra.

Puc. 2. Czema npucomosaecnun 06pasyos, npeOHAIHAYEHHVIT O ONPEDEACHUSR KOHYEHMPA-
YUOHH020 NOAR 6 mease.

Puc. 3. ¥Ycmanoeaennoe 9KECNEPUMEHMAABHELM NYMEM 6DEMENHOE pPABEUMUE KOHYEHMpa-
YUOHHBE npoduneti 6 meae npu usomepmuseckom obucuze ¢ obaacmu 0Oezudporcu-
Auposarus: a) memnepamypa obmcuza 773 K, epems ewidepmcxu 1—3 waca, 2—6
wacos, 3—9 wacoe, 4 — 24 waca. 6) memnepamypa obacuza 853 K, epemn evidepucru:
1—3 wuaca, 2—4 waca, § wacos, 3—6 wacos.

Puc. 4. Conocmasaerue Konyenmpayuonnux npoguaeii, paccoumonnuz (a) u usmepenHur (6)
¢ eeausunoti xospuyuenma Oudgysuu D = 7,6 . 107 m>c™! npu memnepamype
obxmuza 773 K. Hpubie ¢ 00UHAKOSBIMU HUCAAMU OMBELAIOM 00UHAK0EOMY 8DEMEHU
evidepacnu: I1—3 waca, 2—6 wacos, 3—9 wacos, 4—20 wacoe.

. Cenocmacaenue xornyenmpayuonusir npoguaeli, paccuumaHnuz (a) u uamepernnbiz (6)
¢ seauuunoli duggayuonrnozo xoagpuyuenma D = 6,0 . 107° m3c™! npu memnepamy-
pe obmucza 823K. Kpusvie ¢ o0durarostiml wucaamu omeewaiom o00UHAK0BOMY
epemenu eutdepucku: 1—3 waca, 2—4 wacoe, 5 wacos, 3—6 uacos.

Puc.

e
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