
CASTE LL6" (SI'AI" I
"'•• QUAL111.1';; I••• 2002

BEHAVIOUR OF CERAMIC COMPOSITIONS ON
DRYING UNDER INDUSTRIAL CONDITIONS

J C J ,') V C II ,') C 5 n G 5'1 n. . arque , . antave a , . egarra, . 1 va ,

B. Cabre ra"", F. G ascon'" :

" 'Institu to de Tecn ologfa Ce ramica (ITC)
Asociaci6n de In vestigacion de las Indust rias Ceram icas

Univcrsita t [a ume I. Castellon . Spain
''"iAzteca Cer.irn ica, S.L.

ABSTRACT

Troditionalh), the drlfillg operation has received little attention. This has partly been because
druct» mreiIf[onned the liuiiiino stage of the prodliClioll process. Hotocver, the stiutu of the dry illg
bclutriour of ceramic bodies is of considerable interest: all the aile hand bcctntsc it enable»
establishillg' the time required to diy the tiles, and all the other because it pro"ides iniormation all
the 11/0111el1ts dl/rillg drying i cl icn the tile is most sen-i tit».

III this stlldlf lnoornton; test,; were carried ant to determin e dn/i llg kinetics, establisllillg 1",,1'
air tcntperatur« alld relntiuc lnnnidin] atkct the drlfillg proce,;s.

The croiution of tile <uriacc moisture content was showlI to di ffe r from 1e1Wt mi"h t be
. ' - . '. . ' <

expected all simply considering tha! the surtacc dries imJllediately. or that eqllilil1 rillm nioisrure is
qllicklt/ reached. The process is more complex ant! equilibrium bcuccc: water ill the liquid phase
al'sorbed ill the tiles and water mpollr po,;sibll/ plm/s a role.

The porameter» that affect drlfillg kinetics were related to the process rarinblcs (pressillg
pressure. pressillg moisture content and bulk dcnsitu) , also deten llillillg other niicrostructnmt
panunetcrs such as pcrmeubiliiv. This stlldy enable« determi'lillg. a priori, how 1I1Odi~/ illg the
operation conditions call affect drlfillg.

The de1'eloped mode!has beeII applied to a re rtical and a horizontul industria!dryer. The tcs!«
were contiuctcd at AZlIlejera Tecnica, S.A., mid at Azteca Sioneioarc, S.L. (hereinafter AztecaJ.
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Th e tile was always placed in the same position in the holder. Two J-type
thermocou p les were fixed to the tile top and bottom surface, connected to a data logger,
monitoring tile surface temperature during the drying test. In each operation ambient air
tempe ra ture and rela tive humidity were recorded, thus es tablishing air rela tive hurnidi tv
inside th e cha mber. Air ve loci ty and direction remained cons tant th rou gh ou t the d rying.
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I . Drying cha mbra
2. Holder
3. Grid
4. Single-pan balance
5. Fan
6. Heater
7. Venturimeter
8. Thermometer
9. Valve
10. Data adquisition
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Figll rc 1. ScheHle (~f thecxvcnmcn tol dryi ng l1s5cmbl.lI.

3.2.3 Equilibrium isotherms

The equ ilibri u m moisture was determined (wate r content of a so lid in equ ilibriu m
wi th ai r a t a give n relative humidity and tem peratu re ) for the spray-dried sto neware
powder in a Heraeu s Wotsch, HC 2020, climatic ch amber. In thi s chambe r the hygroscopic
so lid is placed in contac t w ith air at a fixed temperature and relati ve humidity. When the
weight of the solid remains constant, its final moisture content is measured, thi s being its
eq ui libriu m moisture.

The tests were ca rr ied ou t at th ree temperatures (40, 60 and 80 "C), se tting th ree air
re lati ve humidities (25, 50 and 90%) for each temperature. These d ata allowed establishing
the qua nti ta tive re lation bet ween the equilibriu m m oisture of the so lid, and air
tempera ture and relative humidity. The equilibrium iso therm of the sol id was thus found
at each tempera ture.

3.2.4 Measurement of ti le surfa ce moisture

Tile surface moisture content w as measured with an appropriate near infrared
sensor (ca librated for the materia l being stu d ied) , logging the d ata as a function of time.
The tiles to be used in the test all had the same initia l moisture content and bulk d ensity.
The experimenta l assembly is schematica lly illustrated in Figure 2.

Several experiments were ca rr ied out, va ry ing fan ro ta ting speed to analyse the
effec t of a ir ve locity at the tile surface on drying kin eti cs.
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l . Nea r infrared moi sture
measuring system

1 Tile
3. Holder
4. Fan
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3.2 .5 Mea su rement 01 tile su rface temperature and air temperature ill au indus trial druer

To be ab le to record the tem pera tu re d at a (o f the ai r and tile su rface ) a specia lly
designed tem perature sensing sys tem w as u sed. After configu ring the electroni c data
acq uisition syst em, it w as p laced in the d ryer (vertical and horizontal) , together w ith the
se t of sensors. Th is enabled es tablishi ng the tile surface and a ir temperatu re cu rves during
the indus trial dry ing cycle .

4. RESULTS AND DISCUSSION

-1.1 ANALYS IS OF TH E ISOTH ER\IAL :\ IO DEL

The model for drying under iso thermal conditions assumes tha t the dry ing k ine tics
mech anism is fu ndamen ta lly d iffu sional, m aking th e assu m ption that diffusion co nstant
D is independent o f m oisture cont ent. The eq uation that enab les determini ng th e
evo lution with tim e of th e m ois ture con tent at an y poin t inside the tile (X) is found frorn'":

ax = D V" X
at [Eq. 11

To solve th e p revious equ ation it is necessa ry to specify certain boundary conditions
obeyed at th e ti le top and bottom surfaces (L), and w h ich usually adop t the form:

in I :

in I :

T =T,

X=X,

[Eq. 21

[Eq.31

It is a lso assum ed th at temperature is cons tan t w ith time and inside th e ti le, and tha t
tile su rface m oisture is equal to equilibrium m oisture (X).

P. CI - 169
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Th is equ ation can be integrated easily, deri ving a simpl ified expression, va lid for
any value of t except for the ini tial moments.

x - X, = ~exp(- D~2 t)
X -X ]t' h' [Eq. 4](] ,

w here Xo is initi al moistu re and h is tile thickne ss .

To address the study of the isothermal model, a se ries of experiments was carried
out on a laborat or y sca le, basically with a view to verifying if the conditions of the mod el
held . To ana lyse the first bo un dary condition, temperature was measured at the tile
bo ttom surface (T In f) and top surface (T Sup), as well as ambient temperature inside the
drying chamber whe re drying took p lace (T Amb). The results are plotted in Figure 3.
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Figflre 3. Cctnparison of chamber ambient T and tile eurfcce T.

6.U~----------------- This figure sho ws that althoug h the
air qu ickly reaches the se t temperature,
the same does no t occur w ith tile su rface
temperature. Therefore, though gas
temperat ure is constant, drying u nd er
these conditions is no t isothermal.

_ Air velocity 0.5 m ',
Ai r velocity :: m/s

_ Air ,-doc;ty:; nvs
S,S

~'.U~---------
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r unmt

Figure 4. Variation of tilt>surjace moisture wit1/ ai,. [1d ocity.
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two phases are invol ved: in the first phase, w ate r migrates from in side the tile toward th e
su rfac e by a di ffu sional m echanism. In the second phase, the w ater vapour present a t th e
tile su rface is removed by air stream d rag. The increase in drying ra te from 0.5 to 2 m ! s
is due to wa ter vapou r removal from th e tile surface being favoured by convection [' I. On
further rai sing the gas circu la tion veloc ity (step from 2 to 3 m ! s), the gas ve locity does not
im prove drying, because under these cond itions, th e first phase (m ig ra tion of water inside
the soli d) is process-co ntrolling, and is independent of gas circu lation ve locity.

In the three curves of Figure 4, it ca n be observed that tile su rface moistu re co n te nt
does not at any m oment rea ch eq uilib riu m moisture, as is assumed in the second
boundary cond ition (equation 3). This behaviour could be explained by the exis tence of
an equ ilibriu m be tween th e w a ter ab sorbed a t the ti le su rface (H,O",,,) and the w a te r in a
vapour state (H,O ,J ,

6,-- - - - - - - - - - - - - - - - - --,
-- Experimental

h"t ll.,rrnal m lod...

The w ater absorbed in th e tile
surfac e w ill fo llow a d esorption
process, characterised by a certain
kine tics . Therefore in th e drying
process, w hen the gas circulation
velocity is hi gh, tw o mechanisms act:
m ass transfer from inside the tile to
th e su rface bv diffusion, and
desorption of th~ w ater absorbed in
th e tile surface.

2'0 ~) Jon

F(O;: llrc 5. Fit l~f thc i~ (} tllerllll7l l1l(,del to the eperi lllt'llt l7! data.

As a result of the foregoing, it is
necessa ry to develo p a non-iso thermal model, w hich enable s more ac curatel y
reprodu cing th e tile d rying process in ind ustr ial drye rs ,

.+.2 DEVELOPMENT OF A NON-ISOT HE R:V1AL :VIO DEL

4.2.1 M ass and ellerg y bn lances

Th e model for d ry ing under non- isothermal conditions assu m es th at the m oisture
removal m echan ism is essentiall y d iffusional. The following equa tion is th e refore
applicab le:

ax- = V" (DV'X)at [Eq . 5]

Th is exp ression enables est ablish ing the variation of moisture con te n t in side th e tile
w ith time. On the other hand, the equation of heat tr ansmission in side the tile can be
wri tten as '":

1'. <"'; 1- 371
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where:

p: bulk density (kg / m3)

CASTELLO !\: (SPAIN)

[Eq. 6]

cpOspecific heat (]/ (kgK))

k: thermal cond uctiv ity (W / (m K))

The hea t ge neration term G
E

accoun ts for the varia tion of thermal energy as a resu lt
of water evaporation. If Lv is vaporisation en tha lp y (at the conside red temperature), hea t
ge neration can be w ritten as :

G E _ L ax
- - v -

p at

where L, is wa ter vaporisation en thalpy.

[Eq. 7]

Combini ng all the express ions yie ld s a system of equations in part ial de riva tives, o f
the form:

ax =V'(DVX)
at
aT A '- = V '(I-'VX) + aV"Tat

where 13:

-1.2.2 Dependence of diffusi vity all moisture IIlId temperature

[Eq . 8J

[Eq. 9]

In Eq. 8, in a first app roxima tion, thermal condu ctivity (k), specific heat (c) and bul k
dens ity (p) can be considered independent of tem pera tu re and moisture. In princ ip le,
apparent diffusivity (D) can vary with temperature and moisture. How ever, the tests run
ind ica te th at its dependence on temperatu re is much more pro nounced than on moisture.
In fac t the relati on between di ffusiv ity and temperature is usually considered given by the
Arrheni us eq ua tion, i.e.:

P. (; 1- 37 :::
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[Eq. !OJ

where Doand Q " are constan ts .

4.2.3 Boundaru conditions

To so lve Eq. 8 it is necessary to specify the boundary cond itions. Tw o bound ary
condi tions need to be kept in m ind. The firs t affects te m p era ture an d requi res
experimenta lly det ermining temperature:

[Eq. 11J

where L rep resen ts the ti le bo undary (su rface). O bviously T, w ill depend on time
(Figure 3). -

The second boundary condition defin es tile su rface m oisture content at a given
moment. It is usually assumed to be known and equal to zero, or equal to equ ilib rium
moist ure . How ever, as mentioned prev ious ly, th is moisture con tent is not only not equa l
to equ ilibrium m ois ture, bu t also va ries in time, even w ith good gas circ ul at ion
conditions . Fo r th is reason, an eq uation is p roposed th at takes into accoun t th is variation
in moisture with time. One of the simples t equations that obeys this req uirement is:

in I :
dX

- - = k(X- X )
dt '

[Eq. 12J

In Eq. 12 the ra te of va ria tion in ti le surface m oisture content (absorbed m ois ture)
can be taken as proportio nal to the d ifference between the m oisture th at ex ists a t a given
m om ent and the equilib ri um moisture that would be reached after a suff icie ntly long
time. This p ro cess is possibly re lated to a wa ter desorption process at the tile surface .
Th e refore, constant k could be in terp reted as the kinetic constant of th e desorp tion
process.

It is to be noted th at although th is equa tion is u sed to study dry ing, it cou ld also be
used to analyse the incorpora tion of m oist ure in to th e s to red tiles af ter decoration .

The desorption constan t (k ) depends on temperature, also postulatin g an Arrhenius
ty pe relat ion between k and T:

PGI - 373
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[Eq . 13]

whe re ko and Q
k

are constants .

Finally, to be able to use Eq . 12 it is necessary to know how equilibri um moisture
varies w ith time. Equ ilibr ium moisture de pends on air temperature an d relat ive hu mid ity
in contac t w ith the tile (rp): at a given temperature, the fu nction X,. = X/q;,T) is known as
the "equ ilibrium isotherm ". Altho ugh man y expressions exist for X,. = X..c<p,T), m ost of
which are em pirica l or semi-empirical, in the lite ra ture surveyed no valid equation was
found for the who le range of analysed air relative humidities and temperatures. The
Hen d erson iso therm, which is one of the mos t w id ely used in ceramic mat erials 171, entail s
the problem that the parameters on which it depend s are not constan t over the whole
range of relati ve humidities, it being necessary to use two sets of parameters, one for low
an d another for h igh relat ive humidity.

For these reason s, a very simp le empirical polyn omial exp ression was pro posed to
rep resent the equa tion Xe = Xe(<p). Keeping in mind that at <p = 0 Xe = 0 shou ld hold, the
polynomial of the lowest de gree that allows fitting the exp erimental d at a wou ld adopt the
form :

It was em pirically verified that a t a given re lati ve humi d ity, the varia tion of
equ ilibriu m moisture sa tisfactorily fitted an exponential equation, fina lly yieldi ng the
sough t expression :

[Eq. 14]

w he re Ax, I ., c
1

and c
2

are empirical constants .

4.3 VERIFICATIO N OF THE I'\ON-ISOTHERMAL MODEL UNDER LABORATORY
CmWlTlONS

To be ab le to apply the developed model it is nec essary to know the parameters that
define the theoretical model (k., Elk' Doand El o)' It is also necessary to analyse the affect of
the drying cycle, tile charac teristics and type of material on the parame ters of the model.
The sys tem of d ifferenti al equations (8) was solved using the meth od of imp licit fin ite
dlfferen ces'"! The resolution algori thm was p rogrammed in C++.
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-1.3.1 St lldy II l1d defini t ion of boundaru conditions

Equilibrium isotherm

, .,-- - - - - - - - - - - - - - - - - ---,
O T = ·~O'C

5 <>T = 60 'C

.c.T = W 'C

nn (I , I 1I.~ II... O..l 0.5 (l ,n n,7 O.S

q

Fisure 6. Fit {~f the ennilibriurn i~(lt1lcr lll.

nv rn

To be able to specify th e
bo u ndary cond itions (equa tio n 12)
for the stonewa re m at eri a l.
equi lib ri u m m ois ture values in
different a ir co nd it io ns (re la tive
h u mid ity and tem perature ) a re
needed; fo r th is, the p rocedure
indicated in section 3.2.3 was
followed. Th e values found
ex perimen tally appear in Figure 6,
next to the solid line that represents
the theoretical values .

The parameters of th e
expression tha t relates equilibrium
m oisture to air rela tive humid itv
an d tempera ture (equa tion l-ll fo r
the s toneware m at e ria l we re as
follows:

c
i

= 0.680 A, = 0.3291 kg agua /kg ss

c, = -1.226 i . = 0.03107 "C t

Desorption kinetics

Inevitably, two phases ex is t in th e drying curves: migration of water from inside th e
tile to the surface and deso rp tion at the tile surface. The former depends on th ickness,
while th e second d oes not. Th erefore, a way of separating both phases consists o f
perform in g drying tes ts with ti les that have a very small th ickness, or eve n to work
directly wi th a layer of spray -dried powder. Th is last o ption was chosen to de termine th e
desorp tion coefficients .

F(<;: lIl"e:. Fit (~rdc~tlrpti(l1J plll"fll/ll'fers to tlu: npcri1l1C11tal dryil/S
cll r ~' t':' .

To qu antify the d esorption
coefficien ts, pseudo-isothermal tests
(constan t tempera tu re in th e d ryi ng
chamber ) were ca rried o ut. The
m aterial (sp ray-d ried powder) was
spread on a tray, on which a J type
th ermocouple was se t and pl aced in
th e drying asse m bly ho lde r (Figu re
1) in the same position occu p ied by
the ti les .

The material to be used fo r th e
test (stoneware) had an init ial
m oisture co n te nt of 6%, Three
drying cycles were se lected w ith
d ifferent m axim u m tempera tu res
(40, 60 and 80 "C ).

I JO1::0

t umm

Experi menta l

- Theoretical

T =-1ltC

J II'0

\

\~-------.JI -

o I

6

o

,
"~ ,
; -
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Using the kinetic model described in section 4.2.2, the following va lues were found
for the desorption parameters that appear in equation 12:

k = 100 s'o • e = 3150 K
k

The ex perimenta l results are shown in Figure 7 next to the theoreti cal curve,
exhibiting good agreement.

4.3.2 Effect of the dnJillg cycle

DnJillg cycle maximum temperature

To try and reproduce industrial drying, in which temperature does not remain
cons tant during the whole cycle, the tile w as heated from ambient temperatu re to
maximum temperature (40, 60, 80, 100, 120, 140 "C) at a cons tan t heating rate. Th e
objective was to a ttempt to reproduce drying curves at d ifferent temperatures w ith a
single se t of parameter s. If th is was possible, the model wou ld probabl y be app licable to
an arbitra ry temperature curve and, in particu lar, to the temperature cu rve of an
industrial d ryer.

Figure 8. Efft'ct of drying cycle nmxinnnn temperature.

Figure 8 shows the results found at
th ree of the six test temperatures, as well as
ce rta in va lues d etermined th eore tica lly
usin g equ ation 8. The fit is observed to be

"" ve ry good. It should be noted that a ll these
curves were fit ted using only two diffusion
parameters. The parameter s found (0 " and
e o) fitting the theoretica l mod el are:

I l mJn )

The assembly emp loy ed for these tes ts
was the one illu st rated in Figure 1, in thi s
case using tiles pressed a t 6% moisture
content and pressure of 250 kg / crn, holding
tile thickness (8 mm) and bu lk densi ty.

0 " = 2.6·10--1 m' / s e = 3800 K
"

The va lues of ko and Q
k

used were found in the previous sec tion.

Tile heating ra te

Up to thi s point, the parameters have been es tablished th at define the kineti c mod el
fo r d rying in a ll its phases for tiles pressed under the sa me working cond itions and the
applicability of the model. independently of the ma ximum temperature reached in the
drying opera tion, ha s been verified . Another variable to be ana lysed is heating rate. It is
ve ry important for the kin eti c model to be ab le to pred ict drying for d ifferent temperature
cu rves , as se t out in the previou s sec tion.

1'. GI 3;'fl



CASTELL6:" (SPA' :") iI QUALI 2002

To study the role of heating rate,
tiles were used formed from sp ray
dried powder at 6'!r, mo isture content
and 250 kg / ern- pressure, holding
density and th ickness. The dry ing
curve with a fas t heat ing ra te was
found by p lacing the tile in the
chambe r w hen maxim um
temperat ure had al rea dy been
reached.

111 1

Figllre 9. Ejfect of 1rfating nih',

"n

. ,.,

Using th e param eters of th e
kinetic mo del previously found for
tiles pressed under the same working
cond itions, one can observe th at the

resulting theoreti cal curve sa tisfactorily fits the experimental dat a (Figure 9). Thi s
demonstrates th at the model ad apts to changes in heati ng rate .

4.3.3 Effect of tile characteris tics all the dryillg operation

The previous tests focused on confirming the applicabil ity of the kine tic mo del with
reg ard to d ifferent maximum drying temperatu res and changes in heating ra te, but no
tile-relat ed characteristics ha ve been varied. In practice changes can ta ke place in tile
den sity and thi ckness; it is therefore useful to kn ow how the param eters o f the dryin g
mod el vary wi th these cha nges.

Effect of Im lk dens itu

First, d rying tests were carried out with tiles of the same ma ter ial (sp ray-d ried
powder for stoneware manufacture) pressed at d ifferent moisture contents an d pressures
(5, 6, 7% an d 150, 250, 400 kg / em '), which yie lded a wide range of bu lk densities (Table
I). Thickness was kept constant (8 mm) in all the tests, as well as the temperatu re cu rve
during dryin g .

•
p(k::/cm' ) X (~.) P (k::fm') D,(m' /s)'IO' ~ ~

~

150 5 19-13 3.6 ;' .:
150 - '"' 105 ' - 'tr

~ :;
250 6 ~060 2.6 , -

-1 00 5 '"' 003 3.0 ~ ..
-1 00 7 2150 2.0

... -

0

" ' 0 sn

Evpcrtmcnta!

- T~tlret i.: a l

IfHI

tmun r

TIINe 1. Ol'll-:.ifl, 1I 11d 0 .' IIlllt':' llf the t l'~t

.":'P~'C i Jllt'l l ;". u-cd. -
Figure 10. E..ijix t (~f tile dCllf"o ity ll ll dryillS e ll r ;: 't'.
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The parameters found are detailed in Table 1, in wh ich Du one can be observed to
d epend on tile cha rac teris tics . The other parameters (k, E\ and e ) remain constan t, theirc. D

va lues being:

k = 100 s'o e = 3150 K
k

e = 3800 Ko

The fact that ko and e
k

rem ain constant is reason able, since they are related to the
desorption process that unfolds at the tile surface, and w h ich should therefore be
independent of bulk densit y. The independence of eowith reg ard to p was not foreseeable
a priori; however it facilitates the study and interpretation of the varia tion of Do w ith p
eno rmously.

The experimenta l va lues (d ry ing curve), as well as the curve calcu lated theoretica lly,
have been plotted in Figure 10, (to facilitate visu alisation, only three of the five tests
ca rrie d out are shown) . Good fit can be observed.

Effect of thickness

The test tiles were pressed
at 6% moisture co nte n t and 250
kg ! em- p ressure, se lec ting two
thickness: 8 an d 10 m m , The
assemb ly used for dry ing was the
one d ep ict ed in Figure 1,
p ro gramming a d ry ing cycle
with a maximum temperature of
130 °C.

In these tests the effect of tile
thi ckn ess on d rying kine tics was
analysed. The kine tic parameters
used were those determined in
sec tion 4.3.2.

120' 00

- E~P<'rim~lItal

_ Th~or~ l ical

' 0604020

6

o.I---_--~--=::::::;;;;.:::::::::,..--_----J
o

5

(min )

Figure 11. Effect (~f t ilt>thickness OI l dryillg Cl/ rl1e.

The results a re plotted in
Figure 11. The model is observed to fit well, confirming that the di fferent parameters of
the model are in trins ic to the material, and d o not d epen d on tile geometry.

4.3.4 Effect of type of material and dnJing ki netics

With a view to extending the stu dy to ot her types of materials, drying tes ts were
cond ucted wi th test specimens made from sp ray-dried powder w ith a " porosa"
compositio n. Obviou sly in th is case, parameters k., e k, DO' and e ocou ld be d ifferent, since
the nature of the material is differen t.

The tiles used in the test were pressed at a moisture content of 6% and pressure of
250 kg ! ern', keeping th ickness stea dy at 8 mm. Two d rying cycles were cond ucted,
va ry ing the heati ng rate. The parameters that yielded the best fit were:

P. GJ - 378
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k, = 200 S-I

El = 3000 K,
D

"
= 3.3-10--1 m-/ s

e = 3800 KD

Figure 12 depicts the experimental data and theoret ica l res u lts, coniirming good
agreement.

_ Tt.._ . ~ .....

IlKI"'...;..-,' 0
0+- ----====- ----<] '.0.

_ rtw<.""1I".d

.I:..,:"<'nr..o.n:..Ll

1''''''' '
) .

I
' -~

~ ' ., -

trrrnm

Figllre 13. Comparison bcti:l't'ClI thMI'I.>tit"lll :,!Ol/t'lrilre ill/d
""(lro:::.a" t ile ( IIr, 't':,.

Direct comparison of the parameter s fou nd ior stoneware and porosa tile bodies is
di fficul t, since io ur parameters are in volved an d the drying curves d epend on all oi these.
It is therefore more usefu l to theoreti ca lly calc u late the drying curve that wou ld be found
ior tiles made with the tw o materials, at constant tile thic kness and bulk density. Figure
13 presents the result of this calc ulation. It shows tha t the porosa composition d ries jus t a
littl e fast er than the stoneware composition, though the diffe rences are no t very
significan t. Thi s contras ts with the fact tha t in industry, stoneware tiles typica lly are more
difficu lt to dry. The reason for th is is that stoneware tiles usually have lower porosi ty
(g reater bulk den sity) and are thicker, so tha t industrially, the biggest differences be tween
stoneware and porosa tile drying d oes no t s tem from the body compos ition but from
di fferent forming conditions.

-t.-t RELATJO:\ BETWEE:\ .\lICROSTRLCTURE Ai'JO ORYl:\C KI:\ETICS

Th e drying kinetics defined in secti on -t.2. consists of two phases: the water
migrati on phase from inside the tile to the tile surface (controlled bv d iffusivitv ) and the
phase in wh ich water held in the tile su rface transfer s to the gas phase (desorp tion) . This
section will analyse the effect of tile microstructure (characterising it by bulk d ens ity and
the permeability coefficient ) on th e parameters that define both phases.

-1..1.1 Relation betw een tile m icrostructu re ami diffusion kinet ics

Coefficien t Do(Table I) on ly depen d s on p; i.e., at a given d ensit y va lue it is
independ ent of moistu re content and pressing p ressure. Figure 14 p lot s log D,•versus the
logarithm of densi ty, showing that the relation is linear, that is:
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On the other han d the permeabi lity coefficient (obta ined experimenta lly for tiles
wit h the same cha rac teristics ) also depend s only on bulk density, the relatio n be tween
bo th (Figure 14) bei ng :

All thi s enables establishing
a d irect relation be tween the
d iffusion coefficient and tile
microstructu re (cha racterised bv
the permeability coefficient). -

The two foregoing
expressions allow d eriving an
in teresting equa tion that relates a
cha racteristic drying pa ram eter
Do to a property (K) tha t
quant ifies the resis tan c"e of a
porous mat eri a l to ga s flow
th rough the material:

-7.K

-7.9

-S.O

·8.1

-M..2 .:f:.
.§

·M,3 d
=

-!S A

·8,5

-8.6

-8.7
1.M 7.6K1,M7.58

Permeability vs
den sity fri t

-35.0

-37.0

· .17,5 -1-__--_--_-__-_---+
7,56

.:u.o ,- ,

"g -35.5

~.= -36 .0

Figure 14. Plot of Doand K
p

unth dellsity.

[Eq. 15]

When Dois exp ressed in rn-/ sand K
p

in m' cons tants a and b adop t the val ues:

a = 0.57 b = 0.25

4..1.2 Relation betuieen til e microstructure and desorp tion k inetics

Deso rption kinetics only depends on the type of ma teri al and particle size
d istribution (specific surface area ) and no t on ma terial bu lk dens ity. The expe rimental
results found corrobo ra te these facts, because using the same desorp tion parameters
ena bles fitting the kine tic model to tiles with different densities (Figure 10).

-l.5 APPLI CATION OF THE KINETIC MODEL TO I1':DUSTRIAL DRYING

To verify the industrial appl icability of the kinetic model to the drying curve
simu lation, industria l tests were con d ucted at Azteca in a vertical and a horizontal drver,
It is necessary to keep in mi nd tha t the u ltimate objective of th is stu dy was to be-tter
understand and optimise d rying under ind ustrial cond itions, hen ce the relevance of these
tes ts.

To define the boundary conditio ns, it is necessary to know tile surface tempe ra ture,
for which a tem perature sens ing sys tem wa s used . Unfortu na tely, the boundar y
cond itions req u ire knowing the temperature bounding the whole tile and the temperature
sensor only d etermines the temperature at the tile top surface and of the air in contac t
with the tile. To be able to carry out the calcu lations it was assu med that the tile bottom
su rface temperatu re was the sa me as th at of the top.

I ~ GI · 3~O
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Paramete rs k," 8 " 0 ", a nd 8
0

used in the sim u la tion we re th o se found
experimenta lly for th e stoneware co m position . Tiles were co llec ted a t the drye r ex it to
co m pa re th e ex perime n ta l m oistu re conten t w ith the theo retica lly calcu lated value .

4.5.1 . ApplicatiolJ of tile ntodel to a vert ical druer

The first industr ial test was
ca rried ou t in a ve rtica l d ryer a t th e
Az teca plan t . Du rin g th e tes t,
stonewa re m easuring 4 1x-ll ern
was being dried . In thi s drye r, nine
tiles go into a d eck . Three posi tio ns
were selecte d to set the measu ring
se nso rs (p osit ion s in di ca ted in
Figure 15).

-, ,- - --
"
"

Tile entry

b~~mmmn----r=~=]

fi<\urc 15. Arrall,\t'lIlcllf ofthl' lImy 5CIlsors i ll tilt' tile deck ill the
, ' . dryer.

Fig ure 16 sho w s th e evolu tion o f gas tempera ture insid e th e dryer ve rs us its
pos ition . It ca n be observed tha t afte r the gases en te r the d ryer, a n ab ru pt rise in
tem pe ra tu re ta kes p lace, be in g m o re pronounced in position 3. Th is is becau se the ho t
gases th a t are fed in to the drye r fir st co me into con tact w ith th e se ns ors loca ted in
position 3.

IW.-- - - - - - - - - - - - - - - - - - --,

I -In

".

'"

r .nuhie nt 1
- T"mhirnt 2
_ T "mhicnt 3

'" '" xn
t tmin }

FigHrc 16. GII~ tcmpcroturc distrihutioll ill the dryer .

To ca rry o u t th e s im u la tio n o f th e ve rtica l d ryer, the tile su rface tempera tu re cu rve
was used (Fig u re 17), together w ith the foll o wing va lues:

1'. (;1 - 3SI
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Tile mean sta rting moi sture content:

Mean tile th ickness (w itho u t rib):

Dry bulk density:

5.61% (kg water / kg dry solid)

9.7 mm.

2055 (kg / m ' )

,"'.-- - - - - - - - - - - - - ---,
- T,k l

T,k :

- 1 ,k .1

..."'
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Figllre 17. T ennwmture distribution at the tite S Il ~ft7(t' ill
tucdrvcr.

Figure 18. Tilt' dryillS ( IIrI 'I ' i H Hit' dryer.

The theo retica l curves of moisture conten t evolu tion simu lated w ith the kinetic
model a re dep icted in Figure 18. They show tha t afte r 20 minu tes, d rying ra te rises (cu rve
slope), this be ing more p ronounced in tile 3, because it receives the ga s input more
d irect ly. This increa se in the drying ra il.' is re lated to the rise in temperature that the tiles
undergo at this point.

Tablt' 2. C011lJ'llri5(JIl t~f theoretical tm d t'xl'crimt" ltalllwi:if'ffl'
content at the drya exit.

Tile I
Tile 2
Tile 3

X(%)
exper.

O.IS
0.16
0.15

th eor.
0.16
0.14
0.10

Th e final moisture conten t
va lues found with the theoreti cal
model are given next to those
obta ine d ex pe rimenta lly in Table
2, demonst rating good ag ree ment
and thus confirming the ind ustria l
applicabi lity of th e d e velo ped
model.

4.5.2 Applica tion of tire IIIotiel ill a horizon tal tln)er

r(~ll rt' 19. Gas fell/ pa il/ li ft ' distribution ii/side the dryer.
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The second industria l tes t was
carried out in a hori zontal dryer, a t the
Azteca plant. During testing stoneware
tiles measuring 31x31cm were being
dri ed . In this dryer eight tiles go in to a
deck, and there are five decks .

Four temperatu re se nsors were
placed in the centre d eck, two on the
le ft side and tw o in the middle,
regi s terin g gils and tile su rface
tem pera ture. Th is allowed moni to ring
poss ibl e traverse tem pe ratu re
gradient s insid e the dryer.

I'. (,1 - ,l :-C
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Analysis of the graph comparing the gas temperatu re curves in the dryer (Figure 19)
shows that the difference is not significant, unlike what occurred in the vertica l dryer. For
this , the drying curve was only calculated in one pos ition, usi ng the tile surface
temperature curve shown in Figure 20. The data used in the calculation rela ting to the tiles
were as follows:

Tile mean starting moisture content:

Mean tile thickness (w ithou t rib ):

Drv bulk densitv:- -

,. ,,-- - - - - - - - - - - - - - - - --,

5.81% (kg water /kg d ry solid )

7.6mm.

2055 (kg / m ' )

lOP

.,
,,,

" 15

Til" t"ml""r..ture

- Air te mper..I "~

:0
t t rruru

"-- <=~ .<".. ... ' ~ " ,. ",

-,

,-- - - - - --------" ..
,.-

N.l :

- 0.-.,.",....,

Hc~.,.." ..

1-- ..::::_- 4 0

"
,' II

5. CONCLUS IONS

t im," '

- The evolu tion of tile surface moisture conten t during d rying has been analysed. It
was observed that this moist ur e does not reach an equ ilibriu m value qu ickly. A
desorption mechanism has been pos tu lated to explain thi s behaviour.

P. (; 1- 3l{ ~
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- A model is proposed that takes into accou nt a diffusion phase together with a
deso rp tio n phase, both under non-isothermal conditions, w h ich enables
explaining the d rying curves found in the laboratory under va rious dryin g ra te
and maximum temperature cond itions .

- The effect of modifying forming conditions (moisture content and pressin g
p ress u re) on the parameters of the model was stud ied. It was concluded that of the
four parameters involved in the model, only one (Do) depends on the form ing
variables, be ing a fun ction of density and not separa tely of moisture con tent and
p ress ing pressure.

- A relati on has been established between Doand tile permeability (K ). Thi s relation
is es pec ially interesting because it establishes a connection betw~en the ease of
drying and the resistance that a po rous tile offers to gas flow.

- Tempe ra tu re me asuremen ts were carr ied ou t in gases and at the tile surface, inside
a hori zontal and a vertica l dryer, es tablish ing th at th e vertical drye r presents
grea ter heterogeneities in temperature th an th e horizontal dryer.

- Fina lly, the mo de l was applied to the two stu died industrial dryers (ho rizonta l and
vertical). It was shown th at the mod el ena bles reproducing tile residual moisture
content ve ry we ll at th e dryer exit.
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