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CHAPTER 1: 506303 Drying of Ceramic 1
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Introduction

=1 ar et anch & 4 o : £ ©
Clay slluderahiguanlianiy fi9 tlasuduihzUanum il (Plasticity) @111591131
v

=< s [ (Y] i o - o v ¥ .

FugUIdidiugdang 9 18 uenifieouuisnosdl Strength g9 gusniaeginsdivugl Preuld
RATioves Clay 31 “Clay is hydrated aluminosilicate” uAuNtrsdinilom Clay 91

“Clay is a fine grain rock which, when suitable crushed and pulverized, becomes plastic when wet,

leather hard when dried and, on fired, in converted to a permanent rock-like mass”

Classification of Clay Minerals
& S o = 1 L=
358 1uunszinnues Clay a1 Crystal Structure 88niilu 2 nqulvg) fie

1. Amorphous 1@ 2. Crystalline usaznguinajfuniwio ldndunduios dwanailumsiad 1.1

Table 1.1 Classification of the Clay Minerals (319 Ref.1 H¥h 1)

I. Amorphous
Allophane Group
II. Crystalline

A. Two layer type {sheet structures composed of units of
one layer of silica tetrahedrons and one layer of alu-_
mina octahedrons)

1. Equidimensional
Kaolinite Group
Kaolinite, nacrite, etc.

2. Elongate
Hzlloysite Group

B. Three-layer types (sheet structures composed of two
layers of silica-tetrahedrons and one central dioctahe-

dral or trioctahedral layers)
1. Expanding Lattice

a. Equidimensional
Montmorillonite Group )
Montmorillonite, sauconite, etc.

b. Elongate
Montmorillonite Group
Nontronite, saponite, hectorite

2. Nonexpanding Lattice
Illite Group -

C. Regular mixed-layer types (ordered stacking of
alternate layers of different types)
Chlorite Group

D. Chain-structure type (hornblende-like chains of silica
tetrahedrons linked together by cetahedral groups of
oxygens or hydroxyls containing Al and Mg atoms)

Attapulgite :
Sepiolite _
Palygorskite

Sutham Srilomsak




CHAPTER 1: 506303 Drying of Ceramic 2

Crystal structure of Clay Minerals
Clay nquitdrdaigadmiviinmsiin fio Kaolinite I Crystal LU Two layers type
structure F¥41)5 LNBUAIY layer 494 Silica Tetrahedron AV layer Y99 Alumina Octahedron

3
Silica Tetrahedron laver : Sen®NoB1971 disilicate sheet 11 sheet ¥HAY BEADU Si NARIIL

o o o ar P 1 iy -
QARBUTOVAIWDTABUYBY O WU 4 @ugll Tetrahedron A9ATWH 1.1 Fan 1 “Silica

Tetrahedron™

| o
MAN 1.1 (SiO‘,)4 orthosilicate unit, perspective (left) and cutaway view (right). (310 Ref. 1 11 3)

' ot ar e -d‘{ =
Silica Tetrahedron tiAae Tetrahedron 3% Share Oxygen 3 #17 N Silica Tetrahedron BUDA 3
o = - = - e
Tetrahedron 18 a59erd 1)U 2 dimension sheet structure A4ATWT 1.2 Oxygen Nit1ao 1 Fandalaild

share f711A592 form bond MU Al U ED) Mg atom 114 Octahedral layer a9 11

1% 1.2 Disilicate Sheet or Layer Structure. (SiZOS)'z. (311 Ref.l Wi 4)

Sutham Srilomsak




CHAPTER 1: 506303 Drying of Ceramic 3

b
Alumina Octahedral laver: W layer il Al D2A01 QARDNTOUAIY OH 6 groups Hugy
Octahedron 310N ULAGE Octahedron 12 share edge ﬁ'mimﬁaaaeﬂ"lﬂsﬂu Alumina Octahedral layer
v > 1
AL(OH), Fanmdl 13 TassadreiimifouduTnssadiovous Gibbsite §3 Al luInssadrgndon

FOUA2L OH 6 groups

AMWN 1.3 Gibbsite Structure, Al(OH)},, large ions are (OH) and small ions are Al”.

Cutaway view (left), perspective exploded in Z direction (right). (1N Ref. 1 U1 5)

o o

1S Brucite (Mg(OH),} Mg ﬁﬂzﬁmﬂi} OH L‘f]uiﬂ‘s\%ﬂ%’wﬂﬁwe; ¢} Gibbsite structure YD
Al (OH), SinaanounThias Mg udazeznouesil OH 6 groups deusowIill Octahedron wan
Octahedron 9% Share edge Fusio'laiflu sheet 500 sheet structure LLUU“?ZJ{‘I “Brucite structure”

HoUANFAI932 119 Gibbsite iU Brucite structure A9 | unit cell YB3 Gibbsite szilsznoval
Al4 D2ABU LF Lunit cell Y92 Brucite 95152novd Mg 0zaoui 6 DEABY

115 Kaolinite (A1,$1,0,(0H),) INADIN Si-tetrahedral layer (T) iy Al — octahedral layer (O}
ssudiugiutiug q i (ro] mnduidesgindoufuluun z Fanmdl 1.4 e maziuh
pzaoy Si gndousoulas O gl Tetrahedron 4 eyABY FIUDZADY Al gndoulay OH 4
groups L0E O 2 9EABY ﬁjugﬂ Octahedron

LI AUNALWIN Montmorillonite ('ﬁ?ﬂ Smectite 130 Bentonite) iNAT10 Tetrahedral layer 2
layers 31U Octahedral layer 1 layer wadlulasearaiuy Sandwich structure [TOT] Hap A 1.5
aﬁ&mw 1.5 15101 Structure VBT 711y Group Montmorillonite ﬁﬂﬁ%ﬂ‘i’l Pyrophyllite

(AL(S1,0,),0H) duldsu AT ulassadadao mg” azidlund Tale (Mg,Si,0,,(OH),)
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CHAPTER I: 506303 Drying of Ceramic 4

M3 1.4 Kaolinite Structure, ALSL,O(OH), AT 1.5 Pyrophyllite Structure, AL(S1,0,),(0H),
perspective exploded in Z direction perspective exploded in Z direction

(210 Ref. 1 Y1111 8) (970 Ref. 1 111 9)

Tosead 19101 Sheet 494 Kaolinite 10 Montmorillonite adofuudussiinnlunionie
X, Y ue SRS s e-daitoalufimniuny Z 521319 layers 499 [TO] AL [TO] 489
Kaolinite 138 [TOT] i1 [TOT] ¥0$ Montmorillonite u’?qw%‘(ﬁa?jﬂﬁué’w bond BBUA WIN Van der
Waal Bond Sttt Kaolinite 345 15988191 U 1D (Plate like structure) usaapesnduukEl
14 @91 Montmorillonite 'ﬁqﬁJuxrﬁﬁﬂmﬁnﬁﬁﬁu (Soap like) MVutlafantir1d
Clay properties

ﬁuu'fluuéﬁﬁﬂmanﬁ&éuﬁsﬁymammrs'ﬂnﬁﬂﬁ'uq 3 45zn13 A

1. Small particle size 2. Base Exchange Properties 3. Plasticity

1). Small particle size: Aol particle L’fﬂﬂ Iﬂﬂﬁ’ﬂ‘ﬁ Kaolinite 9% diameter U8 particle Tua9

0.1-100 im 1@ Bentonite f diameter ¥0< particle T34 0.01 - 10 Lm

Sutham Srilomsak
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* ] H ¥
A17197 1.2 $ua1519U6AUIAT0A Particle ¥TiaA1s q AliogausITura Hlvinadaus
L4 o & e = [} . . ’ ] & P
[ a3 1y 69 TUauBefifionnns? @y Colloid particle 1ag Molecule gy 9 iipnfTowhouuing
. o = 1 L. A 1 o e .
4849 Kaolinite TU8LN1ANA 199U 171 Kaolinite Miflvinalne (100 pm) A Particle
=1 ' =& 1 o o $ e <5 = a1 o
(BN Amoebae 83 10 111 1@z @115 Bentonite NUVLNAIAN ) (0.01 LLm) AITNBUMARANDY
o A o @ S " o . P . o
Avoynniidlu Molecule Mg WAITUHUNT MY Bentonite 7% Particle YUABNT 184 2.61
o ¥ N ‘o 3 = dyc;q o =)
em Raziifiufinaiiv 6,000 mswura ma1zRziy Bentonite ¥ilain laniuiiaezil surface area

WIAUUH NSRBI 7,000 137 ABY

k1 g o 1&g taa < = & A ' . .
NV HAUILTAU AU UUTNY surface area (0ND799]  Surface area 39UNDABTI Physical

& Chemical properties 104U G9uz 1dnansivazidoalunoudon Tu

Table 1.2 Particle size of some Materials. (11 Ref. I ¥ fl"l 15)

- Number of . Total

Length of edge Typiczl object cubes surface
lcm = 0.3937 in. Small peas 1 0.93 sq. in.
1 mm = 0.0394 in. Fine shot T103 9.3 sq. in.
0.1 mm = 0.0039 in. Taleum powder 106 93  sq. in.
'0.01 mm = 0.0004 in. Amoeba- 107 6.46 sq. ft.
1u = 0.001 mm Small bacteria 1012 64.5 sq. ft.
0.1lu = 0.0001 mm  Large colloid particle 1015 645.8 sq. ft.
0.0lp = 0.00001 mm Large molecule 1018 6458.3 sq. ft.

2). Buse Exchange Properties: /o1 Particles yosauldas Iy lumsazmepaznuneymiayoau
4 at
AM1309AFY font SITEATEN (dyes) MInaTazew IR SunmwawisalumIgadueIannn

ion + ¥HAA9 o 19 Na | Ca2+, AI3+, H 1158 Polar Molecule Y9IAU 1 NTY 71 “Base Exchange

Capacity”™

faswdufiuTaniasa g ax luifialszg Iihiian etz inlszasenin A", i, 0
oz OH 143 tetrahedral U1AY octabedral sheets 9balance FUNEA ilfauRuTquiesen
A1NIORRFUDYAIANSE Molecule 14 AL Any lusssuend lidaamn qnisifings waed
Usza Iuiluauiiag ROl PR

o) 1RA97A Substitute Y84 Ton 11 Valency Tuwhfululaseada mu fimsunud A lu
Gibbsite sheet 498 Mg wSaTnsunuf Si* tetrahedral sheet A28 AL ﬂmmuﬁ'smnﬁﬁﬂﬁﬂsw
TuTnssadrely balance pymnauiinoglusssunAsdussyiu <oy e

lo} 179 Broken bond Fveuves $1,0, (Tetrahedron sheet) U Gibbsite sheet AIUAAIAITAIN

N1.6-1.7

Sutham Srilomsak




CHAPTER 1: 506303 Drying of Ceramic 6

. AN 1.6 Structure of Kaolinite. Shows weak planes between 0”OH and OH layers where fracture
results in no broken bonds. Fracture along line A-A produces active surface. (See figure 1.7).

(970 Ref. 1 ¥¥1 21)

"
S,
\

|

MWN 1.7 Kaolinite crystal fractured parallel to the Z axis. Equal number of positive and negative

sites formed which are available as exchange sites to adsorb other ions. (M Ref. 1 ‘}’Eff‘l 22)

Sutham Stlomsak
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msfioynnaufinveglusssunagdlssaiinavhldeymadulinnuaunsaiszga
» . v
Fuptlszananmouen winlizyuind Clay Paricles gaduien Livzlinadenaaudahau
T a ' + + o+ v ¥ N Vea “ ° Yo A
ndRedAugATUBYMA 1+ 1 Li', Na', K tag NH, th 1indvesoynnduziiivaud
e 1 =y o a’: c:’ P = ' A ar
1/5297172'13 balance A9 net change Hanuiiuay Heilifosninoynn 1+ vnalngun Wegady
1ot < oo ﬁy —a = Ly P o oo Ao o ‘:f 3
Ty iR eymafifuufinvoseynnAuvuaudl msfieyninAuil Change Rfdegiruilild
= o 2 e o a o o o et cy
pumARNRENF T uLaziy symaduRgaFueymANTYsEy 1+ Twviuase @R (Well
k4 ' ¥ ’
disperse) uaziAuasll Viscosity @1 iseneaa Wil “Deflocculation”

Tumanssiudumnfugaduetoyniniitilszy 2+ nie 3+ ldAiReiliduiyls

ge

3

a

1

b,

i X T o
iR balance (Net Charge = 0) 1{0991091AIA 2+ 1130 3+ U1/529NAITUASYINAAN AL
= Vo A w o = £ y'l .
TeumadulundnFeiunazdu symafuimnazneuFonanmiidl “Flocculation”
Fuurnzriavzdnnuansalumsuanifoutszauandisiu aaeil 1.3 uaae Cation
. = = 4 @ Y o A . . = = Y
Exchange Capacity ¥83A1¥iaA199 TrevialUud1Aunil Particle size @nvzdianuaiuiseluns

d‘ J d'd . T
wanlfouszquinndnfil Particle Tngj

Table 1.3 Cation-Exchange Capacity of Clay Mineral in

Milliequivalents per 100 grams. (311 Ref. 1 Hi 23)

Kaolinite 3 - 15
Halloysite 2H,0 5 - 10
Halloysite 4H,0 40 - 50
Montmornillonite &0 - 150
1llite 10 - 40
Vermiculite 100 - 150
Chlorite 10 - 40

3, Plasticitp: oA NUAMNSONAUZ deform iBgANTERININUTINTIUDN ezanuaITa AT
%’ﬂmgﬂﬂﬂ'tfu 7 Iiitemen apply 1134; Plasticity ﬁmmé‘r’uﬁ’uﬁﬂsmsqsw*ﬁnﬁuua:ti'sﬁﬂgi"lu
fu uﬂaiwﬁagfluﬁuaamflu 3 yiiafe -
A1) Adsorbed water film oA gwﬁmﬁammzaésw 9 DYMAALU
1) Pore water SptiumsnegszueTorinsznieeymady Taghihldsesin
5xﬁinegmﬂﬁuwwﬁ’ﬂwmﬁu

¥ or
) Free water ADN1ABYITHINOUMAAY

Sutham Srilomsak
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P ¥ < & > 2 P s 4 w A = oo = -
Fialdsunwnativenii 3 wila lFanude ngduidiaduind 1) luauszine
1 CE;‘ a = - ¢='. e : v é’l. =y : i = :’
ozlsTu Sunndundn 7 lifiieg doduiiasl Particles vo AL adsorb Tutanavesirly
= Y < o~ d‘ = g 3/ = = . da
whnUsaun Avesdwdis film v199 fisnnmusssumnaudl InseadevesAuoindseyitin
F » k3 v
FTuauMAAUSIENII adsord Tuanatvesh1d fim vasthiidmauda Ny szu 8-100
o :’ o as Mo .q ' : = [] = = 3’ a I~
A" figniuBafinafu 128 density & viscosity geninifiegmusssuyiann Senhfindoudy
a d ¥y
film 1137 50U BUMAYDIAUN “ddsorbed water filn”  n1wh 1.8 S 1ABUA1LA Tunwunu
= ° :’ s aly 3 o . -
puMAveAY Lazddumui mewzurateymavedu luaamudsgn Iadunmi 1.8-1
:’ [} a = a” & 3 =] = 3 as
LAz szuaam g s an e lWluduFounady flm wdeusoug syninfu lAdnw
= . g - - " ] . = ar 3 . = 2
# 1.8-2 Tuern wiiaxiiis e Cohesive forces Damiln15z 1IN particles Y83IAU A9UY grain YDIAUI

AN AMZAANULLIUA

KCONSISTENCY

S WATER——»

S AV
oA

e ?
"

fipie -~

) { . E
J : Y

(43 2 s
(23 " (3)

ﬂ"l‘N’?'i 1.8 Relationship between water constant and consistency. (31N Ref. 1 Wi 25)
1-Dry partiéles-
2 — Water films around each particle
3 — Water films with isolated areas containing pore water. 4
4 — Pores filled with water with particles still in contact.

5 — Free water with particles separated.

Sutham Srijomsak
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c&‘l : = 3/ Y o : = ﬁy ' ' 1
devumeiily film so19 eynwAURroYMANd) dufmiadhiSmidudsinee Teg

- 1 . P : :’ "y ; I 5 ar
11 Pore 184701 particles YDIAUAINIWA 1.8-3 FonNeIuiN “Pore warer” Faazdunaldan

= U A v v ow & 3 . ¥ - . = 1
AU IMTHTUAINUA UABYS (balling up 1130 clump) (118491ALTIBATEN I particles vBIAUN

8
1ed o s 1

3 ]
= o ar ] ' b T . | =
HURNTNATIDYAIU pore FINIULTIYATTHIN particles ﬂaqﬂuw"luuuummmegmu pore} @4

- ¥
| -]

1 Ja a da :’ o ' Ll i oo = ar 1
waiiAeauRN lunsnalureaineszving parcle ud2 HdhdgyReshifiunsndegain pore

&

o e ar 1

32N particles T4 I 1Hoymafuusndsensindums synindudens contact iumiufin Aown
Lf}'manfrwmqﬂﬁﬂifwdauﬁﬁm%'lﬂ“lwﬁg%"u”lﬂagﬁu pore 5514 particles 8uBnae 11/ Consistency
UALAYIM YT (Plasticity) ﬂlmﬁauﬁui};'Mﬂffj”u{%m i}uﬂimf:{ﬂf’lﬁﬁuL%’fﬂﬂﬂ@:izﬁ’j’lﬁ pore 1A
ATUYAN pore Fwanslaoniwi 1.8-4 o ‘Qﬂﬁy Consistency 18 Plasticity Y9Auzgega 10143130
ﬁyzﬂm;ﬂ Critical Point RfiA WG “Gufviiminnsartoe il Plasticiy vosdurzanar
FFmheadlBnifiduasaing vzl Ifounnduuennduinlfus amiies
511914 Particles (Cohesive force) anaq Plasticity fiazanad 1 ﬁu+ﬁf’1f’"§é@aq wasuaninly
Huthau (slip) 1A 0T Aandi 1.8-5 L‘%‘&ﬂf’lﬁaﬁma"hJﬁﬁﬂﬁ’aHmﬂﬁuuﬂﬂmﬂﬁuf:'h

“free water”

Rigidity and Thickness of the Adsorbed Water Film

Tmafgﬁi{uﬂu Dipole molecule fauans lngnnfi 1.9 ¥n3sudorudn idleth particles 184
vosudefifitlszafinagy clay Tdaalallunh Tmaf}a'tf’w'f;asﬂu Polar molecule 121dn 1§ ufiRveq
particles 151 film 1nfaUsOU particles ﬂsju Hendrick & Jack muadﬁwﬁmﬁemav Particles 923U
&uTlu “Ordinary Water net Structure” 8300 1.10-1.11 Berioen lanfved particles WnaY

3y 5
w1115 anuitluszieuyes Water net Structure HotzTosaamiiu

MW 1.9 Structure of the H,O molecule. H" are the hydrogen nuclei, O the oxygen

nucleus and O the center of negative charge of the molecule. (310 Ref. 1 ﬂﬁ’i 30)

Sutham Srilomsak
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217N 1.10 Configuration of water adsorbed directly adjacent

to basal plane surfaces of clay minerals. (3719 Ref. 1 NI 31)

’
A\ o /
A AY
\ s M
'-—- P ) _—
! 4
/ /!
\
/ \
/ p 0 N\

O Oxygens

O _Hydrogens in plane of oxygens
() Hydrogens below .plane of oxygens

MNA 111 Arrangement of oxygen and hydrogen in water net. (371 Ref. 1 MY i)

AUMLIUDY Water film $1tAR0UTO particles HnadoquamimEng wuaNummilyIves

= = d’!’ = a o d? v
AU He film KUV UANUHULT AT green strength %ﬂﬁﬂuﬂ%gﬂ'lﬂ‘lluﬁl'mvlﬂﬂ'ﬁﬂ

;‘7' s ar 3 et v Qs o :a » t:' o o 8 T
> Hiedynawedaiiinasegmmiiaves “Au + i ey laun
V5T -t ar lo o . :
@) Charge ¥4 Ion tlaniasuignaadu 13fidAu o) Surface Tension 481

¥

ar) Temperature Y894 “A1 + 17 &) Particle size Y0IAY

Sutham Srilomsak
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<2 o a ar
Effect of Charge: 31NNIRAY Plasticity Uag Yield Strength ¥84AUNgAT1@1 Ion uilanilasune

= ] g/ a}éq ar - 4:{L LA ar ' R -
wonwtians Wy Anaafuvesaui i ldgaduie lon wilantaouwun Plasticity uag Yield

——

b4
Strength 1309910370 T SipudeiT —
’fa <=y q( - dﬁ'd + o d’d 3+ = d’q 2+ = Ad -+
LAuvTend > AuAl H > Auhill AT > Audll ca’ > Aunil Na

e

S .
=

aunaNALLIGNFT Plasticity gand1duddl lon ulandasuBamzinunsizd Auusend
Tt = . a ar o & o o a’;‘ a o g o P
laifidszaf particles fhlFoynndufinsndnfuderunn dufumnduuSanitlus Gamien
T . = .. = ] o =4 ] .
35W34 particles 1NTIgA Plasticity 19gafiga fanziru 1ATIANI W Plot 531712 Consistency ¥4
= - = 3 =4 o < = & 3 4 o t = ey =4 :
“AUUTENT + 1117 Houdy “BuuTans + 111+ Calgon” lunndl 112 sz “BuuSens + i &
. - .. ' 9 2 B ag @
Consistency 4031944 Plasticity § ann e (Calgon A® Sodium Polyphosphate (Na(PO,) )} Aly

oo -
mmﬂu deflocculant 11! ATYNITULYIN 1)

Plastograph Factor

HO + 1% Calgon

N

AAN 112 Comparisen of consistency of a Kaolin with

water and water plus Calgon addition. (910 Ref. 1 W1 27)

& = d’d d‘.d = . . P& éd . 2 4:‘(!'—‘! o 2+
1#auNT ion N2y 3+ 1 Plasticity MA@ UAT ion” uazhaul ion” 1

_ Aumani
toa e + o VL 3 2 a8 ' o 2+ .+ Sa
Plasticity 3100 1au#H ion " ilumszdnion’” Glivwadanduazlszguinnition ™ sion” N
- 1 [} & a 4
guuiAula

AAATY jon 01992

] 1 S 4-;4 . + 3 = d' ar . = 24 51
yurmdnniazszgunanhauiil ion' Aviudufigadi ion” 34 balance rzyiiling
& 1 a oa . 24 e = o a o . o+ g ﬂwanlyyd =)
ANMAUNAA ion MUDAALINUAUNGA 100 1 balance BIZINHI IARAANTIAUNE

' P e g - e Sa = 1 ar . 2+ a A . 2+ vﬂ
aanldnAuiiaam ion” MAmsiidszyifdosnnaungady ion”  uazAuiga ion” 91U

PszaAnReenhaufian jon'”

BEETE - ' - . a '
“ Net' Charge Ye9AuNgA lon 3+ < AUTAA Ton 2+ < AUNAA Ton 1+
un’: . e o L 32 o o ¥ A o oA o . qayyulﬂ&d
AIHU Particles ﬂﬂﬂﬂuﬂﬂﬂ 101 ﬂﬂﬂﬁﬂﬂuu@ﬁﬂq‘ﬂ ﬂuﬂ@ﬂﬂfﬂﬁ@’l ion ¥UATA LUU
vouhige

q

L. a o T 2 o o
Plasticity gegauazaufigadum jon' 1111393 Plasticity
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UnIWounauefuiedosdiedudt ion uwlantaouilszianitilszy 1+ 19U Na', K, Rb g
+ ° 9 M ' a & ° v wa o ..
Cs" eI Ins a3 19909 Water net Structure §unss FarsaanavlinsauifiFna Plasticity
vaaRuanasvasiInInNlsey 2+ uaz 3+ 1w Ca, Mg, A laifinayiiaty Water net Structure
ﬂ’/’ '_ . <2 1 1 o = ar ar ) o r_“; Ly :{ [ . =3
M58 REUU Plasticity 3¢ liaaas Mefuiswuurddaisei e unaiioynindungady H' ion I
Plasticity 1A% Yield Structure gan31 auiiga ion 3+ uag ion 2+ 188né70 TaveTu1e71 H ion ¥
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Laboratory Drving Experiments
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humidity of air-vapor mixture for dry and wet bulb temperatures. (211 Ref. 1 Wi 50)
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7% 2.6 Influence of temperature in drying of clay bars

under constant atmospheric condition. (370 Ref. 1 Nt 52)
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7NN 2.7 Influence of humidity in drying of clay bars
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under constant atmospheric condition. (310 Ref. 1 ¥i11 52)
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AR 2.8 Moderate Drying of brick with continuously maintained

atrnospheric condition, 109°F and 39 %RH. (N Ref. 1 g 33)
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AT 2.10 Effect of increasing temperature after completion

of shrinkage in drying brick. (31 Ref. 1 N1 54)
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1NN 3 Water Removal From Clay

Introduction

Drying is exposing the material to a quantity of either cold or warm air, which is sufficient to
absorb and carry off the water, heating material so as to convert water into steam, which then escapes
nto atmosphere, or by means of a dehydrating or desiccating agent, such as sulfuric is which absorbs
moisture from the atmosphere surrounding material to be dried.

The drying process is an important step in the manufacture of many ceramic articles. Although
the dictates of economy require the fastest possible drying, too fast a schedule causes differential
shrinkage of such magnitude as to produce cracking. In this chapter the principles of the drying of

porous solid will be discussed

Imternal flow of moisture
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MWN 3.1 Movement of moisture through a porous medinm

with a moisture gradient of (C,-C,)/d (3111 Ref 12 U1 115)
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AT 3.2 Viscosity of water at various temperature (311 Ref 12 Wi 115)
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AT 3.6 A-B Relation Between Drying Rates, Volume Shrinkage, Volume of Unsaturated Pores, and
Average Total Moisture Concentration for an Aggregated Paste Dried at (A) Different Temperature (B)

Different Humidities. (370 Ref. 1 ¥it11 58)
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AN 4.1 Schematic of periodic drier for sewer pipe. (9711 Ref. 9 M 71)
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ﬂTW‘?'.t 4.2 Cabinet dryer 1, circulating fan, fully reversible; 2, heater batteries; 3, vented air inlet ports;

EY
4, vented air exhausts ports; 5, adjustable louver walls; 6, truck space. (310 Ref. 6 1111 607)
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PN 4.3 Schematic illustrations of tunnel dryers. (3091 Ref. 6 Hi 608)
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AN 4.4 Typical conveyor dryer heat recovery system.(31) Ref. 6 N1 536)
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Introduction
1119 Dryer Problems pan Jaidlu 6 ¥iin fiv 1) Crack  2) Checking 3) Warping 4) Slumping
5) Scumming 6) Low Strength

Crack is a linear defect opening appearing on the surface of ware and reaching at Jeast one edge

o ada o v = a a e &
of the ware (RedwmiTnisnyusduduseuduasalnagldiuuuivewdaduai Taovia oz
= e '
o1 ldeutsvonlavounilauns ware)
Checking is a physical breakdown of the continuous structure of the ware but which cannot be
classified as a crack. Checking occurs inside the ware as well as on the outside. (Rodm unidnyuy
[~ =l 5 = Tar 1 O . o 5 z g Sa
Fuseounnniososf1nn liadudu crack; Checking (e 14vismaluitionaz iNIvos ware)
Warping is an undesirable distortion of the ware caused by a difference in shrinkage between
1 Fd
two or more faces of a piece of ware (Aod M ANANazUAlsUARINMIRARIVDITIUA YOI
ware ‘lsixﬁwﬁ'u)
Slumping is and undesirable distortion of ware caused by the presence of too much moisture in
[ ¥ o
the load bearing portion of a piece of undried ware. (fip fvidnHdnE U dADEUANIIANITYUAIVOL
1 da Y w A = . a
ware lugauftidmiinuiniiieeninil moisture u1nifiu 11)
Scumming is the deposition or development of a salt on the surface of ware during the drying
- o ﬁd‘d o 3 -
operation (ﬁamwuwmﬂymzﬂﬁ’wq Lﬂaﬂlﬂﬁﬂ‘uu WIUD$ ware)
Low Strength is an order of strength appreciable below what would be termed normal for the
A P = o ' -
ware. (A9 1159 ware U strength AIRH1Un#)
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19. Physical properties U84 ware ‘ﬁ dryer operator wrdaseylavnzoune
1. % Moisture content ‘I}mﬂﬂﬂ 118 Critical moisture content Y84 ware
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28. 151% High pressure Waon1s 19 aunEAT Plastcity qagﬁu"lﬂ“’lums%ugﬂuuv dry
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29. MINARIVDS Clay ‘ff’;ﬂsjsw ) non-plastic particle 9¢71111(AiA checking 18
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ware "?ﬁ%:ﬁﬁ‘liﬁ ware 3 19NELAA Slumping 18
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Jaym 14 |
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Scumming wua 1l

2. luvnensd (ﬂsiﬁﬁaﬁm%q)ﬁé’{mawﬁﬂﬁmqﬁmwﬁﬂﬁﬂmLﬁ’x‘zmﬂq 219ZAOUAN
Drying Aids asldame ‘ﬁ;‘ﬁm‘i ¥ e a) Ammonium Carbonate (NH ,CO; . ILO : b)AImnonium
Bicarbonate NHHCO, asilszneumaniios decompose ﬂﬂmﬁﬂﬁﬁ't"} {a). 7 58 °Cb). # 40-80 °C}
- udmganen 11910 body 103 ware V11 ware HANUNTHA? 1l ware Seszmoeen’ld1die ud

selderswan it Sinaldun mwsizazszmoiiuleliniudu Pollution aofunadonld

Assignment HIAY

18 1uLMANS5 09 Operating the Dryer 1oy 108 G. A. Kirkendale AA91N Ref 1
OPERATING THE DRYER

G. A. Kirkendale

The drying of ceramic ware is not an operation that can stand by
itself in the manufacturing process. Successful and economical drying
1'%%% operation from mining of raw material
to the setting of the dryer car. For this reason, “if for no other, a well
. deﬁneg_i and r1g1dly adhered to quality control program is invaluable.

'When trouble develops in the dryer or drying operation the oper-
ator is faced with one of the rnost complex problems that a factory cam
have. Solving this wlem can be immeasurably easier for him if he
has access to re Tiable guality cont;_gl records. These will enable him

to check all processes up to the dryer for devzatﬂ.ons from the accept-
able normal.

To solve a problem involving defective ware coming from the
dryer the pperator must be familiar with all the possible factors that
may contribute to the defect that is occurring in the ware. Thege may
be categorized in two general classes: (1) changes in the body compo—
sition and (2) improper dryer operation.

Changes may occur in the composition of the body either inten-
tionally or unintentionally. Deliberate changes in body composition
should always be tested out in the laboratory and p1lot plant so that the
dryer operator can ‘be furmshed with a data sheet that will permit hlm-
to adjust his dryer controls to meet the conditions of the new bod_y- )

Sutham Srilomsak -




CHAPTER 5: Drying of Ceramics 50

Sometimes, however, body changes occur umntenuonally and Wf&lout
the knowledge of the factory superintendent. A brick company, for ex-
ample, may encounter subtle changes in the nature of the clay at differ-
ent locations in the pit, These changes may be undetected by the :;ik;d
eye bu-t will be very apparent to the sensitive treatment in the dryer.'
Changing one brand of feldspar for another, or one type of kaolin or

ball clay for another, can result in changes in drying behavior and causge
trouble.

Let us examine in det2il some of the changes that might occur

in raw materials and see what effect these changes have on the dryin
operation. : ‘

1. Changes in the ratio of plastic to non-plastic material.
An increase in non-plastic material may weaken the
body and reduce shrinkage. This can make the body
either more difficult or easier to dry. A redyction in
the tendency of the body to shrink could reduce its -
tendency to crack on drying. On the other hand a
weaker body may crack more easily. '

Changes in the grain size distribution or the ratio
of small to intermediate to large grain sizes. It
has been previously pointed out that various sizes
of the non-plastic grains in a body along with their
quantity ratios has an important effect on the poros-
jty, pore sizes and capillary pattern of the body
structure. This body structure, on the other hand,
will make the removal of water either easy or very’
difficult. If many of the pores are closed and cap-
illary passages are devious then drying can be ac-
complished only with great care and over a prolonged

period of time.

3. A variation in the minerals present in the clay. Clay
minerals react differently in the presence of water.
Some are not very easily wet while others soak up
water like a sponge: Bentonitic clays and montmoril-
lonites will readily take on water and will swell up
often several times their original size. Some clay
minerals adsorb water by chemically attracting a
thin film layer to their surfaces, while other min-
erals are platy, like a stack of cards, and water
penetrates between the plates. It is apparent, there-

 fore, that any change in the nature of the clay min-
erals that-make up the ceramic body can cause 2
different drying behavior which may lead to trouble.

" 4. Soluble salts. If abnormal amounts of soluble salts
suddenly appear in the raw clay trouble may be en-
countered in the dryer. Fortunately the presence of
soluble salts is easily detected in the form of a white
scumn on the facé of bricks or other structural clay
products after they come from the dryer. On white
clay bodies the scum cannot be so easily seen but,

‘on the other hand, it is not as frequently encountered -
in these bodies. These salts, in solution, migrate
with the water to the surface of the ware and as the
water evaporates the salts are precipitated on the
-surface where they can clog the pores and retard the
order_iy flow of water from the interior to the surface.
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Changes in the nature of the raw material can and often do occux
after the clay has left the pit. For example, "changes in grain sizes and
ratios discussed above in (2) may be caused by improper grinding, worn
mullers, hammers, rolls and other equipment. Careless operation of
ball mills will produce a wide variation in grain sizes from day to day.
Screening is also a very important operation. Worn screens permit -

large particles to pass through and become a part of the body composi-
tion. (Blinded and(iﬁuggec_i,screens cause a hiph circulating load. Un- "
necessary material refurns to the grinder several times and there is a
tendency for the final material to contain too high a percentage of fines.
A consistency in the rate of feed of material to the screen is highly de-
sirable. A heavy rate of feed results in finer particles while a light
feed will produce more coarser particles.

If all of the above factors have been checked out and none have
been found responsible for the dryer trouble then the operator must look
to the dryer operation itself as a possible source of trouble. Here there
are many variables that can change the effectiveness and economy of
drying. Itis imperalivethat these variables be kept under strict control
at all times. To do this the operator must rely on instruments, check
points and frequent recordings that will inform him of any changes in
any of the following conditions.

1. Volume of zir entering the dryer. Since air is used
both for carrying heat to the ware and removing mois-
ture from the dryer it is important that the correct
calculated volume be maintained within reasonable
limits.

2. Temperature of the air entering the dryer. Drying
depends upon heat. Heat, as previously stated, is
transferred through the dryer by air. If the air enters
ing the dryer is below the required temperature then
the drying will be either markedly slowed down or will
be incomplete. If the air is above the required temper-
ature there will be a waste of heat and the cost of dry-
ing will be high. Also too high a temperature can re-

_sult in too rapid drying which may cause cracking,
warping, and other defects in the ware. -

3. Relative humidity of the air entering the dryer. This
is a very important factor in drying. The relative
hurmnidity of the air determines how much moisture
the air can pick up from the ware and carry out of
the dryer. The relative humidity of the air can be
regulated by adding moisture if necessary. Most
dryers are designed so this will not have to be done
but different relative humidities are necessary at
different stages of drying or at different locations in
the dryer in most cases. Therefore, it is most im-
portant that strict control be maintained at all times
over the relative humidity of the drying air. Remem-
ber that air with a high relative humidity will do little
or no drying while air with a low relative humidity i
may dry so rapidly that the ware will crack and
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warp excéssiveiy. Bear in mind also that the rela-
tive Bumiéity of the air will vary with its tempera-
ture. For any given moisture contact the lower the
temperature the higher will be the relative humidity.
Also for any given moisture content, and as temper-
ature is lowered, there will be a temperature at
which the dew point will be reached and the relative
humidity will be 100%. At this point there is danger
of water entering t¥1e ware instead of being removed
from it. So it is apparent that condifion 2, tempera-
ture, and condition 3, humidity, are closely related
and that these properties of the air entering the
dryer constitute an important quality control point.

Velocity of the air travelling through the dryer.

Once the proper velocity of the air travelling through
and around the ware in the dryer has been established
it should be carefully maintained. _Too slow a velocity
will greatly slow up the drying process and too higha

velocity will be likely to damage the ware and will

certainly increase the cost and lower the efficiency
of the drying operation.

Temperature of the air leaving the dryer. So far we
have been concerned with conditions at the entrance
to the dryer.- It is equally important to place instru-
ments at the exit end of the dryer to tell us what is
going on there.

R'e:lat@'yghum;dity of the air leaving the dryer: Since
we have agreed that relative humdity and temperature
are closely related we will discuss them together.

The ideal situation would be to have the air leaving
the dryer at 100% relative humidity and at as low a
temperature’as would be necessary for a given volume

. of air to carry away dll of the moisture removed from

the ware. However these conditions are not econom-

ically attainable and so we must arrive at a tempera-

ture and relative humidity that will provide the most
economical operation in terms of drying time and
volume of ware through the dryer. Once these con-

‘ditions have been established any change will result

in insufficient drying or costly operation. i the air
leaving the dryer has a higher relative humidity than

- it should have then there is a possibility that the ware

is not well dried. If the relative humidity is lower

~ than it should be it would indicate that an excess
. volume of air is being used and heat is being wasted.

Relative humidity of the outside atmosphere. I .
atmospheric air is heated and introduced into the
dryer it will carry moisture with it. The amount

of moisture it will carry will depend upon its rela-
tive humidity and its temperature. The day to day
changes in relative humidity of the-outside atmos-
Phere should be noted and compensated for by changes
in volume of air fed to the dryer or by changes-in air -
temperature. ' : N
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Volume of ware entering the dryer. It is obvious that

if 25% more ware than usual is placed on a dryer car

then 25% more moisture must be removed. But un-
less dryer conditions are altered to take care of this
increase in moisture the ware will not be properly
dried. It is not wise to attempt to "cram" heavier
loads through the dryer without fir_s-t_a;termining
what changes must be made in the volume of air re-
quired to do the job.

Temperature of the ware entering the dryer. When
clayware enters a dryer,.-particularly thick pieces,

it should first be heated to an almost even tempera-
ture throughout before any water is removed. This,
you have been told, is'accomplished by means of ’
using high humidity drying air at the beginning. The
temperature at which the ware enters the dryer will
influence the amount of preliminary heating required.
Therefore to maintain balanced conditions in the dryer
the temperature of the entering ware should vary as
little as possible from day to day.

Moisture content of the ware entering the dryer.
Although this should normally not change from day to
day it sometimes ‘does. The pug mill operator often
finds that he can control the flow of clay through the
die by adjusting the water for plasticity. This can
cause trouble in the dryer. If the clay body bemg_
dried contains more than the normal amount of water
the whole balance of the dryer is upset and defective

" ware may result. A change in the clay in the pit.or

a change in a whiteware body composition may demand
an increase in-water for plasticity. If this happens
the dryer operator should be notified well in advance
so that he can compensate for the extra water by ad-
justing his dryer controls.

The setting pattern of the ware on the dryer c¢ar. I{
for any reason the Setting pattern of the ware is
changed, made either more open or more closed,
the dryer conditions may have to be changed also.
It is obvious that a change in setting pattern can in-
crease or decrease the weight of ware on a car and
this means either mmore water or less water to be
removed. There is another factor, also, ir'wolved
in a change of setting pattern. This is the ease with
which the drying air can gome in contact with all
parts of the ware. An open pattern permits more
contact between the surface areas of the ware and
the drying air, and a closed patteyn permits less.
The setting pattern should not be ¢hanged without
recognizing that this will upset the balance of the
dryer.

33
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12. The velocity of travel of the ware through the dryer.
The rate of travel of ware through the dryer is tied
closely to all other factors involved in drying. In-
.creasing the capacity of the dryer by increasing the
rate of travel of the cars should be approached care-
fully and experimentally. If this can be done without
wet or damaged ware coming from the dryer, well
and good, but it is not wise to operate a dryer with
little or ne margin between damaged ware and a
trouble free operation.

A word of caution should be injected here for those factories using
waste heat, from kilns or other types of furnaces, in their dryers. Waste
heat ¢an introduce into the dryver products of combusion, in the form of
' hér/m.ful gases, Sulphur gases in particular, are responsible for the for-
»mation of scum on the dried ware, If hot air is drawn directly from the
" kiln and fed to the dryer it should be analyzed frequently for sulphur or

other harmful gases. It is much safer to use a heat exchanger whereby
the heat in the kiln gases is transferred to clean air before it enters the
" dryer.

" These then are the check points that 2 dryer operator must be
familiar with. When trouble starts an experienced dryer man will in-
.stinctively know where to start looking for the source. An inexperienced
.dryer operator, and sometimes also an experienced one, will simply have
‘to check out individually, one at a time, the possible sources of trouble
‘that have been enumerated above. A complete record under which the
“dryer operates successfully will be of invaluable assistance to him.
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A13147 6.1 Partial List of Energy Conversion Mechanism'. (310 Ref. 6 ¥IT11 349)

Ionic conduction
Dipole rotation
Entire molecule quantized
Twist
Bend
Interface polarization
Dipole stretching
Ferroelectric hysteresis
Electric domain wall resonance
Electrostriction
Piezoelectricity
Nuclear magnetic resonance
Ferromagnetic resonance
Ferrimagnetic resonance

. *Itis the first two with which we are primarily interested
. in dielectric hearing phenomena.
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Diglectric constant 1JUA21U01I1 Electric field 92 buildup Tudivnaian ldundouiveladio

apply At 11 uYee
ar : . - = ¥ xlsv o = “1
Loss tangent {ludenii Electric field 91 build up vzidfou ldaudeu ldunioesle
fiisiduanadn Electric field vtffouduanuon18so
€, €” uay an O voeTagh lildTsned uavzarundaslmwiledonouen 7
¥
Usensasil

¥ o ' : ! a1
a) Moisture Content (MC) Yiigungiiiedi € =78 Yagdunali (ana1s1eh 6.2) Im

v & & o a y o o aa 4 v
€’ <10 AIUUTIIARHN MC mnndumiila dielectric constant RAVONITANIIITINNYUANY -
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ar u,: o as ¥ o a o . . - 1 3
Avtiugs MC vasTagifevasldivhla feztaouTaqdae Diclectic nSe Microwave 18onE LA,
oy o A T & = by : S =) 2
Tumeal§iAsaqasil minimun MC Amilsfinmseudao wave 1 1800msz an & nie €7 1zdiag
= a o - T
NIN9 (N3 convert wave energy (11U heat {NALDE) AW 6.4 LEIAT Loss tangent (™) @9 MC 994
@ ol toa o (Y o =1
TR VINNWIBAUNIN MC 739 Loss tangent Iamnuaadirizgeuisonlaoy wave eneray 15y
heat energy 1dun ud € axfisdoonadie MC Yavat uny €~ Hmannufoudigad critcal

s 4 o g
moisture content (m_ ) W3 wihdindolu ware ¥a49108 U1 bound water

Table 6.2 Relative Dielectric Constants. (319 Ref. 14 Wii1 475)

]
S

MATERIAL - & 105 Hz
Soda-lime glass 7 7
Pyrex glass 4.3 4
“E” glass 4.2 4
Fused silica 4 3.8
Porcelain 6 3
Alumina 9 9
TiO, (film) 20-30
ZrQ), 12
BaTiO, (max) _ 5000+
Nylon 6/6 4 3.5
Polyethylene +C,H, 3, 2.3 23
Teflon, C,F, 5, 2.1 2.1

"Polystyrene, PS 2.5 2.5
Polyvinyl chloride, PVC )
plasticized (7, ~ 0° C) 7.0 34
rigid (7, = 85° C) 34 34
Rubber (12 w/o S, T, = 0° C)
—-25°C ) 2.6 2.6
+25°°C 4.0 2.7
+50° C 3.8 32

* 20° C, unless stated otherwise.

/SLOPE de’/dm

(]
t
/I

me

% MOISTURE-(mY-

i ' . . .t .
MW 6.4 The critical moisture content m.. The dielectric loss factoris £ . The region below

4
m, is indicative of bond water, whereas above free water is more easily removed. (210 Ref. 6 Y141 353)
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] bl
A1319% 6.3 LAY Heating properties Y83 Waves 119 2 Un{zrawilnnie

Table 6.3 Heating Properties of Various Materials. (317 Ref. 6 oevy 353)

Heat well Heat poorly
Water Hydrocarbons
Acid anhydrides Halogenated hydrocarbons
Alcohols (symmetrical)
Aldehydes Alkali halides (e.g., salt)
Ketones Inorganic oxides (e.g.,
Amides alumina)
Amines Some elements (e.g., sulfur)
Nitrates Boron nitride
Cyanides Mica
Proteins
Halogenated hydrocarbons:
(unsymmetrical)
Ferrites
Ferroelectrics

Ionic solutions

ar

] 3 ] v
b) Densiry 1104910 Air 3l €7 = 1 A0 Tera AT Density 6119 (I Pore 110) 45 dielectric
- @ o 2 2 o g £
constant #1184 1A M3 heat TaanInil Iag wave S9vi Ido1ndu
1 ) ] 3
c) Temperature NUGUUDAR NI freezing point Taraununnaiaeil € uaz €~ @1 49U
t + 1 [ »
117 heat aﬂaﬂqmwgnﬁmm freezing point Tail efficiency 1 uARM e freezing point U effect
” ‘
YBIQUNNIAD € 1o € luwiusuiunurtiaiag Taaurswidamu'ld 033 positive temp
¥ ¥ + b a
coefficiency NE1IADEIRUNHUFIVY Dielectric loss (tan O ) Bauady Aariums 1% wave oudan
£
winitersvzne lvinn 1 Tnid 1ddy desseSeed1anin
A a wa = P - o o Ve ¥ 2
d) Freguency 1Wasn lunal §ia Inmasddaanufued waves N3Uayyali e 39 vary
e b
frequency ladeauin
. r k4

¢) Conductivity tiippunoiiiod 11uq thlulaseedazdesas ildanuenseluns
© N P ﬂj’ = . ¥ : a o 3/ N
i I nlovasuarUSunal ion Nazatolui94d concentration ¥1nVu Fedeenvesiinadla -,
€7 1uaz tan O Waeu A

Y i o = ¥ . .
A Thermal Conductivity (1199910 Wave heating (11435 heat 7eNW150 heat 1911114 interior

3
voede 19 AeiuaiAug o199gAa1n51i18 039U (Thermal conductivity) TiAsedAgylu Wave

. 1 =3 o @ o e = =) 1 . o
heating 8914 15AMUA M UTAANT T wave TAUT 10130 IUATTFURTH (Penetration depth) §19]

q

a o o 1o 3/ . . o Y ar
Thermal Conductivity ﬁﬂznmmmﬂtﬂummdmum‘amau"lﬂ%'i&iu (interior) ‘Vlﬂ‘ﬁ’sﬂﬂ

uniformly heat 14

~ o & £ . Y Y
) Penetration Depth (D) faanueunsafindussdunsqid I lueJagfiouldundes

v &
Wosla Hugaendfnddignlnfuds D, Yuiy Wavelength, Dielectric constant La Loss factor
AUANATS
_ 2’0 — ‘2"0
, = -
2rietand  2m e’

A}
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e 7‘“0 = {ree space wave length
G 1 a ¥ o4 2 ; S
PINTAUNITILMU I Loss factor (€7 ) WINT D, 643zaany; ganINeTIRALLINAY D,

| 4 ¥ - y o
VLI UALHY Frequency 11NV D, wtauasaandlun1a1sh 6.4

Table.6.4 Wavelength and Depth of Penetration in Douglas

Fir at Various Frequencies. (2711 Ref. 6 I 355)

Frequency (MHz)

5.0 13.56 27.12  40.0 915 2450

Wavelength
Meters ‘ 60.0 22.1 11.1 7.5 0.328 0.122
Feet 196.9 72.6 36.3 24.6 1.07 0.400
Depth of penetration )
Meters 23.9 8.8 4.4 3.0 0.130 0.049
Feet 78.4 289 14.4 9.8 0.425  0.158

3. Process Advantase of Microwave and Dielectric Systems

3.1 Advantages of Microwave and Dielectric Hleating 117 heat HUY conventional ums
heat 910 surface 14111 interior Y04 3718 ﬂam%’au'ﬂzgﬂﬁap\imm%’nuaﬂh’f"l"lﬂsi’fw"luﬁ‘lfuaw #au
A3 heat LLUL wave 1114 bulk heating ms13i\thmewé’eam‘lﬁuﬁi’m}ﬁgﬂﬁauw?am U EJ‘I%::?TE‘]J
JoRUDE Microwaves & Dielectric heating Ilﬁgllﬁdi{

1 “Process speed is increased” E'ﬁf’]x‘i%']ﬂ waves gramwdau1¥un mass nuiviule bR
714150 heat 14061959037 @150 hear 1454 100°C 110101291 3 millisec (=30,000°C ABIWIH)
WS s e ma sz E T o3 U mass 109 materials : specific heat; dielectric properties ;
geometry ; heat loss mechanism : coupling efficiency ; power generated in the material 14812 output
power of microwave-dielectric heating system

2 “Uniform hearing may occur throughout the material” Aaudfuaz i 100% uniform 19
atnaoufifiu bulk heating S9aTNAUBATINS heat UL conventional 1A

, : v

3 “Efficiency of energy conversion” ({1913 ‘heating ﬂyﬁﬂﬁwﬁ’mngﬂdwmﬂﬂ

heat ’qiﬁfﬁﬂﬂ on7a lideudondeaulyl heat air, wall n3o conveyor

4 “Better and more rapid process control” fﬁammsn’iﬁw?awqﬂiﬁ’wﬁum"lﬁ'afmﬁuﬁ
91ula (instantaneous on-off) %’ﬂf?&mmsmmufquﬂ?mmwﬁsam‘ﬁ%xdwm'lﬂ“lﬁiﬂﬂ control
output power Y84 microwave generator i euns AIURUNTI 'lﬁ’mm%’ ouldAna1 conventional
heating

g . Lt c:év 9 o '
5 “Floor space requirements is usually less” 11194910 heating IHUATUITN heat 1590

. - o & Aa a & . o
Wi Iznudsevuiailonndoq ]y lIumSINUFUOIUABUDLLAZ HATE
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1 ¥
6 “Product quality may be improved” \1040INN15 heat 353 1418 heat 310 surface W1
lrL w . o ! Y e e e ow < T
U84 interior Uit un 13 heat nneIunIouiu §117UN heat Tuw TUNNITTANIBUNUNREINN
t = = . Py ] y . t = ¥ . dy ¢
T UAOULUHIT conventional HIVUNDIDITUYINTDY (case hardening) ﬂaumn\ﬂmzqﬂﬂ"lﬂ

L d * .
3.2 Advantages of Microwave and Dielectric Drving 11 conventional drying ﬁlﬁ’t)g:‘ﬁ?l’l

¥ ¥, 1
vpsianIzszvesen luneu nntwifegniwluianue diffuse oanNiRudi3ssmoausnn
T ¥
13 . . s o o or T o
11 usiszuy Wave heating afuszmomwiramiliihmeluiaassmadulosdasiaga
a » +
. LY o oo qs [ T a a
(rapid vapor generate) 9011 lotilius s ugaazngaoen lnntanetesiaiineldus sdu
& 4
(under influence of pressure gradient) HANMsHMTaUALT pump Mgaw lotioonluan mass
1 =1 5 o z:iy = = o o W g x =4 1 .
BUNIIAGT AWHANMTIB wave dryer TIOUNTRN UM MALNT 1A DE1ETIATIND conventional
1 ar g L) H 1 . . = o
dryer VA0 (AZAITH wave dryer 01938 19 gaunnilun1seud 171 conventional drying 3uiu
[ ar Yoy = -‘:
mydszudanasaulaonlaanila

A13139% 6.5 LHAITDAVDY Microwave Lag Dielectric Drying

Table 6.5 Advantage of Microwave and Dielectric Drying. (3111 Ref. 6 111 357)

Efficiency: in most cases, the energy couples into the solvent, not the substrate

Nondestructive: drying can be done at low ambient temperatures; no need to maintain high surface
temperatures, leading to lower thermal profiles '

Reduction of migration: solvent often mobilized as a vapor; therefore does not transfer other
materials to the surface

Leveling effects: coupling tends toward the wetter areas

Speed: drying times can be shortened by 50% or more .

Uniformity of drying: by a combination of more uniform thermal profiles and leveling

Conveyorized systems: less floor space, reduced-handling \

Product improvement in some cases: eliminates case hardening, internal stresses, and other prob-

-lems ’ ’

= 3 [ . . 1=t = ey 4 -
ﬂmﬂu’mﬂﬁhﬂlﬂf’ﬂ Conventional drying v2 luREuas A5 LR I52 U hot air
¥
1 5t ' oS P T Qs
conventional drying @115 18 free water 990 11310 surface lggaiiUszanEnmgega daiulu
o e o V& i . \ o A bl ¥ N Y ﬂ \flll
maﬂgmmm:mm conventional drying UR¥ waves drying U7137UU NSV IHATOUHVIILY
1 e o o g o P g o Y o ar A 28
adalidss@ninmgagaldnauazndinudeshge Feewazsiuinld 395 dwnmil 6.5 Ao

1) 53 L1 Preheating (AW 6.52) 1T1un15191 Microwave & Dielectric drying gy

4 = 4 o o ¥
13 picheat TRu4un3og wave dryer 131nn13147 conventional dryer tWo 11 wave heat 17U
2 o g % -y @ P , 5 o d‘ﬂ ' :l £y 'fl 3
interior ¥93FUMUIIFANUTUAeTUgNAUBEN 1UH surface atn3TIATIINTUA AR IviTl U
- T sy dy b
MAU0¢ conventional dryer auAn 1Y 351192 save e lumsou lddsuansluniwn

1 3 cL
2) 333U Booster Drying (mwﬁ 6.5b) 1ITULUINA ﬂzﬂué’\”}ﬂ conventional dryer IUNITYH

R, = 3/ v ° o Iy 5/ " 2 15—11
191§%29 falling rate 192 apply wave 191 linevh Idnssnansvasiuniuiounasanudunaniy
= g Mcﬁy o ar = [
Tolavgaeon1uf surface TA1520u FodmunzduTagivuuazuds
P s o ' ' o
3) 52UV Finish Drving (MWH 6.5¢) 35119 apply wave 11 ldameTusaanien

. 4 ) 1 oot
¥BIN1TOUID conventional drying a7 AmFueen 111A4131 apply wave W lse n1939173
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:xy 1 . c:’ sm 3 ey 9
132%TI8 control final moisture content YDIFUITU I 1A INAADINTAY

Taon2 11l5ion197% Booster Drying t1a¢ Finish Drying 11na1 ailsfauduiarldfiwo

Y 11 o g g . R " 3/ o3
M3 1% wave szunanAMAUR 1YY conventional drying uatiia91nn13 14 wave iWuns

segndanarlumseuisfiunu

MOISTURE

DRYER WITH COLD LOAD

-,

(2]

MOISTURE

WITH RF”
PREHEAT
—
VT TIME SAVED
CONSTANT
|RATEZONE
§ FALLING RATE ZONE
APPLY RF HERE

i | e T
TIME TIME SAVED
(=]
il
% APPLY RF HERE
i_
G .
O
= )
TIME TIME SAVED- #-
(e) ‘ o

7NN 6.5 Typical drying curves for microwave and dielectric drying systems; (a) preheating with

microwave or dielectrics; (b) booster drying; (¢) finish drying. (910 Ref. 6 N1 357-358)
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4. -Equipment for Microwave and Dielectric Heating and Drvine

] - e . a9t o ’ o [ a cf
HunIBauD 1UU waves drying MunIINBoRdU 2 auALil
I. Generator 1IHHH generate waves 09AU7
. ° ¥ g
2. Applicator MU apply wave 89UUTUITU
4.1) Generator TINNANUDY generator 718 /o IWThnszuaadU (AC) AW 50-60 Hz
< y e o ° I . . : . 2 =
Miduadunfinaudamdmus n3dl Dielectric heating 1219809 Dielectric tube Hanthfuas
=) i alar = ' = 5
AC Wunduiiinnud 3-150 MHz @9unsei Microwave heating 32 134098 Magnetron %59

Klystron udas AC ilundnfifaiind 915-2450 Mz wasammfnoteldam 5000-10000 .11,

Q

[}

t ' p2

4.2) Applicator it lumsdesnendulfsguauidesnsey Tdeihuaduves

Dielectric dryer N1 Microwave dryer UARNIAULIN NATIAD NI Dielectric dryer ﬂ:d&ﬂﬁuﬁm
4 » ¥
$¥MI electrode U9 (+) 1) (-) @9U Microwave dryer 12 ASAAUNIY free space TFaFua
1 e ot g‘l @ Aay . . a |
1935 aandu lUdsFuue95L VY Dielectric system W1iu 3 5580
o = P o & =
1) Two flut metal plates system SAUTAY [RYN TN 6.6a UL TeAnD I a 1FA UFUIURL
1 Y om g 1 (Y LY

yalvauazruunld uRAideidofit electrods 114 2 ¥rafuinozdos apply e lWiluasy

] = 2 5 o ] dy o ny Ao o
ﬂmmmmaﬂwﬁmmwmuqamﬂ Fan1arhed etz iFuauiniunoy i 1é

{a)

@"@"@:@'@“@"@ /

| @VGDV@ B,

Nea=y @*@ ®>

(c)

AT 6.6 Electrode configurations for dielectric heating systems; (a) platen type for bulk objects;

(b) stray field type for thin webs; (c) staggered type for thick webs or board. (210 Ref. 6 w1 361)
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3 . 1
2) Stray field electrode systems MHouFuanunBdnumsduurug v Ty 10 v afuse

v

=3

+ ko ) » 1 - 3 3
34910 clectrode U1 Ha 14 electrode Sntanilafiagdn lUfann 6.6b system HoWoMaNITUNU

a

N + 1 * kd
N IIBUH electric resistance A1gA wave Sundaudid i Idsunudasnudou
s - 2 aad @ ar T ny ar
3) Staggered through-field electrode system UATNNA electrode ARAUAUDU-GWNTUIU 63
=t ay o ) = "o oo el dy
A 6.6c TFputuruffdnyuzihi sheer smupevuUAUNIINANTILOUAWITH 2 T5T wave

5/
=, )

r ¥ 4 ¥
z29ad 01010 electrode (+) 1 (O uaz O I (+) wuilGes T ldsuanudigungligedy

ar

@7U Microwave system VT AIRAUN generate 9N AN Wave-guide 130 Coaxial cable

o o & = =
Tafg Applicator R30I 6.7 YA anld Wave-guide (1] Applicator (¢

MICROWAVE
GENERATOR
@ g INTERCONNECTING
@ ] WAVEGUIDE |
TiNE d
POWER g
I
DC POWER APPLICATOR
SUPPLY
P+
g MONITOR
CONTROL UNIT ) MATERIAL BEING PROCESSED

HINWN 6.7 A typical microwave heating system utilizing a conveyorized cavity applicator. A feed back
system monitors the heated material and automatically adjusts the output power of the magnetron to

control the final moisture.(970 Ref. 6 ‘V?‘fﬁ 362)

Tata'l Wave guide vunnTave Jagiusluviedivasunaas vunavesviedeasiuim
T imuyauifu wave nazmasufiniu aui vihnsinaiawes wave guide vzlinnududugega
#31 Applicator ATN91N TanziarufL °luﬂsﬁﬁ%uawuﬁﬁﬂymszﬂuzﬁuuwaq a19vzoenuyu 1R
Applicator waeuilmudunus a7 6.8 Son Applicator TR “Traveling Wave
Applicator” dntunsgfisunuinnadaneiioudlyouludesssld fasld Applicator uuy
Cavity applicator Tanumziilundelans de3y 6.9 Fadlundiofuimeu Microwave Aaaunsa
Sou m’if?m%”uuufgﬂﬁﬂﬂsmaw%zeamsuu‘lﬁma‘ff‘ié’uqmuumuwmﬁuﬁmsmu continuous

¥ ar
dryer Bon Applicator LUV “Conveyorized cavity applicator” AT 6.7
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. ( ' Product

Top view

Energy input

: - o SR ==

Side view . Front view

MnN 68 A travelling wave applicator. (310 Ref. 5 N1 240)

l Energy input

il

Stirrer

Hetal beox

|
1

vhmtable

MNN 6.9 A cavity applicator (311 Ref. 5 N1 241)

; : Y4 i 2 Ll
Cavity applicator nanasiiaane 11Ul iwesivzsdhilnadululasio Wl luduau ldeoaia

= -
03 (uniformly)

b9

4.
5.

. Moving or rotating the load by mean of conveyors or turntable

. . & 3 q’: ar = L)
Installing mode stirrer (AD MAAAFIRATNANY LT )
Using multiple sources with slightly different frequency
Using multiple ports to input the microwave energy

[BDNUUIAUDI Cavity MEXUIZHY

N .
UBANATI ST U Dielectric 1Az Microwave dryer 1@ 845z vudoaiulu1d radiation teak

¥ - o '
Ao laeasoung 1dau
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UI9ATIB25 00720 Diclectric heating 11521 Radio Frequency (RF) H'lﬂiﬂ%‘ﬂ;l,ltﬁ sy
FENINTZUY RF FUSZUY Microwave mwza;ﬁ‘lﬁ'ﬁ&ﬁ
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&) 138 Load Fuausumon ieshierne (fucate) Boanaeatosld RE sxfinh
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g Aiudedddmonugidoeinienlanz lumevdenldszuy RE THmnTy

5. Industrial Application of Microwave and Dielectric Drying
4 H 1 4
Dielectric Drving 1101537 Dielectric drying 3Nou¥uauasiiniduuialvguind 101

¥ 1 o o, . =)
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Microwave Drying 3015 ARIUT microwave drying PIOVIHFTIUNHAE LU IMAWANTTHAIL
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Microwave 1iA7108 2.45 GHz Fududuaunf luanavenl sy Vibrate IMIDon11IN
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Microwave dryer faninaanatlumseu’ld 10-20 wh ansaldeuFuaumsiiinidlunan cup

= g = = =} ar = oo d‘l r.l Y =
uae plate iasamoluszozna bifud Taelidssuandndomome lunsdjiaie lvinskos
= » . 4 5/ 2 ' a a
1Wu continuous production line 3EWHNILVY conveyor i T eo U microwave A2 Favz 2o In

o = = ¥ o

Uz ANTMWVOUMDUTZUURTU G0N 6.10

KHn {Biscult tirlng)

Mlcrowawve dryer {final drying)

N g R - ek b LG Loy

3

Unioadin, Loading . - '
. ¢ Microwave dryer (esther-hard drying) 1 i
Application -

I !

Shaping

: 3/
WA 6.10 Production line for hollowware with integrated microwave dryer. ( Ref. 7-H11 149)

Y . & S Y v a19
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ua‘mmq"[ﬂmumuuuu_ﬁmm h\lean® Exit duct mmﬁu Microwave JU01UIIN Wave guide
Funu wazlurisaouizll Mode Mixer maﬂigmﬂﬂauiwmm smmmqm -9ONVBIDINIAL stop

arid m@ﬂmﬂu microwave leak ’}’]fJ
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MW 6.11 Schematic of the drying apparatus. (9111 Ref. & w11 145)
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534 Infrared A9 Afaivan W sTavDaRTANUeIAAYR TUFI 0.1 - 1000 [lm tHBS
¥

4 H d"l. ﬁ A g o @ 2 [ - I o » T
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3/ ¥

munanwasnyligyme P+ o+ T = | guauiiane 3 vesiaglen ssiudy
(1) 5370U9AUBIINQIDY AaaAd launIn 6.12

¥
(2) puVQIUBIINQUYU ALaal laun I 6.13

A. Quartz lamp coiled
tungsten, 2200°C

B. Quartz tube coiled
nickel chrome

" alloy, 1980°C

C. Metal sheath heater
surface, 760°C

D. Schwank gas infra-

— . : ; ; : — re red burner, 900°C

i -3 g5 7 9 E. Electric panel
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PN 6.12 Spectral energy distribution of infrared heat sources. {3710 Ref. 11 Wi 667)
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ATWA 6.13 Emission spectra of black body. (310 Ref. 5 11111 246)
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Table 6.6 Frequency and Wavelength Ranges of Radiative Dryers (310 Ref 11 Ti1 667)
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;MmN 6.14 Types of radiators; (a) sketch of an electric infrared radiation source;

(b) sketch of a gas-fired infrared radiation source. (311 Ref. 6 W11 580)
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-

Table 6.7 Characteristics of Commercially Used Infrared Heat Sources (216 Ref 11 11 669-670)
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n

(a)

(b}

(c)

AN 6.15 Infrared designs, (a} oven with pressurized sections to introduce heated air, (b) oven with
pressurized sections for cooling and ventilation, (¢) different design of an oven with pressurized

sections for cooling and ventilation. {217 Ref. 11 ‘H‘fh 671)
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A1 6.16 Surface-type gas infrared burner. (A) Premix gas and air, (B) Chamber,

(C) perforated ceramic tile, (D) special alloy screen grid. (311 Ref. 11 Hin 671) -
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AN 6.18 Conventional fast drier. Relative heat consumption

for the various items in the energy balance.
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AW 6.19 Infrared drier. Relative heat consumption for the various items in the energy balance.
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