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Abstract:

The enhancement of mass and heat transfer by electric fields, so-called
electrohydrodynamics (EHD), has been experimentally evaluated and analyzed in this
study. Influences of hot-air flow with and without electric fields on the water moisture
content and temperature in the unsaturated single- and double-layer packed bed are
examined. Velocity of air flow is about 0.33 m/s. Electric fields are applied in the range
of 0 — 15 kV. Glass beads of 0.125 and 0.38 mm in diameters are employed in packed
beds. Enhancement of heat and mass transfer is revealed through measuring the
variations in temperature and weight loss of moisture content of the packed beds. The
results show that with influence of corona wind on flow above the packed bed, the
drying rate is enhanced considerably. Porosity of packed bed influences on drying rate.
Due to the effect of capillary pressure difference, increase of temperatures in double-
layer packed bed appears unlikely that in single-layer packed bed. By comparing

without electric field cases, the drying rate of double-layer packed bed cases are



increased by 1.5 — 1.97 times. In addition, the drying rate of fine-coarse packed-bed

cases are 3.13 — 3.67 higher than that of coarse-fine pack-bed cases.

Keywords : Drying process, Heat and Mass Transfer, Electrohydrodynamics
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- qm%nﬂwadmmﬂmaglmw 30 119 65 DIFLTALTIR
- LLidé’%"lWﬁ?\hﬁT’ﬁﬁ@h”L&iLﬁumLLioé'u"LwW']ﬁﬁﬂﬁmgmﬂmaammmﬁwmnmné’a
(Breakdown voltage) wintfianisatsa (lon spark)
- a%?nLLum‘haaamamﬁmmamiﬂaﬁaﬂiumiaammm:wauLLﬁaLLWﬂLuM’a@]
wwﬁwau’mvl,m?”\h

%

1.5 s21dau25798

Aada v 1 [ 1 o A

Awgnudail 2 saunanaa

1.5.1 MIRTNTANATALURLYIIM INAFOUNAVBINILNUMITBNAIAURZANNTEU
LASHNIIABNIWATIMILLTANN g AaNIITNBINANNTIBUAZTNUINIINETT  LTW 3u

{ { 2 Y . A %
wuunsefeaunvesvednatnilaunaiuaneldzuwn Wiy (Corona wind) Tulsauany
< A A A o < o

anuiizaseymafinfeuiilasussiWiuszanuiiizasanion vwaeumaluunaiue
uwazdannIszmevasaTuimgll udnhuafldluSouisuuszdiudpdaeunld
NnHaLagYadTzldauIBEI1aY (Numerical simulation) U3uyssuuudtaasdnaduliie
uwwamslunseanuuuinIasdudnsumsauniade b

1.5.2 ﬁ'@umLLum‘haaa‘maﬂzﬁ@mam%mé’srﬁaQamnmﬁm%mu‘i%’aﬁLﬁmifaa

d%‘ a ¥ = ad [ a o & o a .
wazugunwngeg lasldszadouiimidwnoniiieutugianduinaiia FYM (Finite
Volume Method) sz FDTD (Finite Difference Time Domain) Liawidnaauwadilynia

Aa v 1 o €c§ 1 & a ] = A 1

sanInengldnnnguvesaumyaynuidliiudaszdanu (Coupled) uazfiaala
\B9LFugs (Highly non-linear) dutznavlddsaunseuiusdesudn luwudn 289
21 la¥in UAZIBIAAT UAZ AUNMIWAINL TAFNANIEIGNL (Transport equations)

guMIwIatitasa gy Wi (Electrical body force)
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UNN 2

N B

2.1 NIDULAI

mysuukeTrgwwdunszuiumauennsziunIniluszuundvasuduas
' ) A v & & o Aa &
vasnaItuagINAn NnIUN 2.1 usasliiAuiesddsznaumuludagwuifanuau
Usznavere suiiduuasuds (Solid phase) Wadt¥a? (Liquid phase) Wazma (Gas
phase) T9anaaziiluannmeniale (Vapor) vialluvesnanszninsenmeanule aenulu
RINTTLIMMIauwAsasndsznauiduvadlna  (Fluid  phase)  81399zinns
{ ] 1 a &/ v L 1 1
wWassulaianuzagasaaimuaztnngminidne g azifialuniaunu 13U mstum
VIAUAZANTOU  IWMIOLUAINITENBINIIAEUNTAANNBNINEAS G 13U NNTUWS
¢ a J YV A =) (; J
V9428INAT (Liquid diffusion) Faifiadudduien (Wet solid) gmngiidinitaaisien
' . . 4 a X o & [
V84U09AN7 MIuwIvadla (Vapor diffusion) Tafinlutrwaswainasiulanisluisg
1 . . J a J v v a J dl a o ol
MIUNWILALTYH (Knudsen diffusion) T9ifiedininmrauuiaieliuigamnluazanuaud
NG 1% IWNIHaINMIoUUAILULLTUTY (Freeze drying) ANULANGAIITEIAIINGL
) ¢ a g { Qo I
lalasamua@n (Hydrostatic pressure difference) Taiindwladanisnanaidulaneln
ﬁﬂ'ﬂg@ﬂdﬁé'mﬂé’mwmmﬂﬁauﬁmadvlachuimaa%”ﬂwaaLL%@"L}JQ'(?NLn@ﬁaw%ammuﬁ@

NN Ined graNnuaInnaLer  naandnngmsniane g A linsienesingin

MIaULAIdANNTUTanLazna InuaIn1Tauwra s bitdundnlalananae

Mass flux

Drying air

Gas
(air + vapor

| T \ Particle

Drying air

Pore level Macroscopic level

U7 2.1 asdilaznavvasmnslunszuIunTauuis
mIsuukIdisauian  (Hotair drying) dunszuaunmisitlianuiounuiagnd
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g oA ¥ A A o e = = A Ao o o o
anudwiNasznsinaan lawnianfan msinidusesudsuasiunumndamdwinann
RNV LTh NITVIUNNAR NIZLIBMINEADT NIZUIBMINAALAIBITNANS
LRTAIZUIBNNTNIINTN AT e 1 LﬁaaﬁaﬂgﬂLLUU“?‘]&Wm‘iﬂﬁm:mumiauuﬁaﬁaUmJ
TauwdunfiouTnwunI AU NI ANNTHANINRRAN WANIINNINEAT  UeatnglIA
AN D AULAIFI AN TA LN IR G DINNTTLLSIRNVAINITALLRINUIL  MUNINT T
maa:Lﬂui'ul,ﬂuwaﬁ’ﬂﬁﬁaalﬁwé’amugaLﬁaﬁﬁm'm%’au

lagNugIWLEINMIaUUAILNITINY 2 NI2UIU (Mujumdar, 2007) fia NILARAKN
maamm%umﬂui’a@;wgmm:mﬁ:mwaaﬁwﬁﬁ’mﬁwaﬁa@;wgu nsAfawnUad

g > J > { v Q Q g; =Y
mm%umﬂma@;muﬂuamu:mmﬂmmuaﬂﬁvlmamma@;wgu AIBWIUNITILATIZR
nalnuasnmanuisizgwiudeisengg azlnududsdnig ndasimsdnm da A
WIuwaIdEg  (Porosity) AMMTUUITIINElUIEG  (Moisture content) @B
(Saturation) aMuauvIiEAuluing anuduuallaid (Capillary pressure) amanail
LRZAAIINNTOULRAS

g Ao o A a A A & ' \
wanaNHNA INNfAYLLaRaN AR UNTBIANUTUITNININTZLIRIIEBLN

[ [ A .a' o . A =
mﬂmauuazmamﬂmaququl.uaum (Unsaturated porous media) @8 LNILALUYDI
anuanlaltand (Capillary pressure gradient) wazl 9 liua e landianvrziaiunde
RUINTAROUAIVDIVEI AR LUV BUSNINTLAUVBIANNAULNIEIW  (Partial  pressure

gradient) V99N ITZLALALNLITRINUNITUNINTZNBVRITNDY (Vapor diffusion)

2.2 ﬁNﬂ']i‘Zlﬁ)\‘lﬂ'l‘Sa‘]JLL‘ﬁ\‘l
AITNNIN

AIWNWIU  (Porosity) @hmmwgmaﬁa@;ﬁwi@ﬁé’@lﬂd’mﬁladﬁ’mﬁﬂuma’m

nanuanIaliunnwes; (Pore) dadSanasvinuanadia

V .
¢:VV—°"’ (2.1)

total

& a : e : = a & o
fa dSuamasswidutosine uaz Vg, 0o 3nasninueuadisg

I@ UﬂﬂaLLﬁ’JﬁﬁﬂﬁﬁﬂJW‘g%T aoi’aqmmmm@hvlﬁmﬂmimaao

cshmwSuﬁmaxﬁhmw%%msq

]
=}

ANANNDNAD Ad E‘%’@muﬂ%mmwaomuﬁLﬂuﬁaadﬁawgmamﬁmlaamm AWIT

1éa1n

S=_vae (2.2)

void



a4
sy V

water

' =S A o = A 3‘ [l A ' ' a a I3
TR 0031 (0 L&IB’J&@J%&J&I&’J%WLU%%’]Q%L&U wae 1 L&lﬂ“ﬁﬂd'ﬂdl%’)ﬁ@!WE%gﬂm&lm&l

A a ' A = & ' A o o o A '
fe  YIvasvasginniwiin mmmaumtﬂummh"lwmsmmag

MUNNInNA) FIUFIANUTULITY (Moisture content) LU damEInIZRININIININNG
I ' A = = i
PadinsaaiaNlIavadsIuiiduuasuds (Dry solid)

X = Mwater (2.3)

solid

[ 4 v - -
N9 M, Ao 42818910 ez M_ ., Ao 428789udd NgUNIN (2.2) uaz (2.3)

N0 summm%umsﬁﬂugﬂmaammmﬁué‘sﬁa

water solid

PPyeter
X =P g (2.4)
(1_¢)Pso|id

A 1 ]

N Poye WOE Pyig AD AIANNAWILUKDDIUNUAZVDIVBILTIONNEINY  UAE

RNNIINNUDNAIFINITDLA bt Tl

(1_ ¢) Psiic M yater
¢pwater M solid

S=

(2.5)

lunsdanezinalnmadiomenuiouuszananmoluizguinianududouunn
dasnlusznirinseuuiszasinaneluizguinvesinalinainfoudinsaana iiu
anuTwafaud lnRawihndudanuenmeaiau  m3lwazeszaanagnivinfaudas
a [ a a = . . v ' A
nsRsurivadnnuauLalas (Capillary pressure gradient) Wazlssliuea9 vmeNaIH
A A ) A A s o i A
nvasinafidula  (vapor) gniuinReulasinudsurizesnnududasasdiuiszine
(Partial pressure of evaporating species) @inuadlnaneluizgIsonainadiou
801Uz (Phase change) ARaATIINMIBLLAIMIBITUIY smauaainaITadurinlilu
=) d a J 1 v g; a { v = o U
myAtenzina lnfitiaduszninamsauuiiimesassuudgiwine iz ladne
x
Y LTU
1. Jeguauilamwudanis  (Grid)  wieldiAsuudasgdiuleanuiuszing
panll wazliifialjA3em1siail (Chemical reaction)
2. dunbsdagluizgauganiunaslulowfind  (Local  thermodynamic
equilibrium)
o Y a £ A o A o A A AA
3. MIEHIUANNTaBULATNIAAATWIBIALAINUNANUABAINAT Y ik NT9
nalnARBNTwa fa nssesEuvaILalTanT (Capillary transport) ALV
8 (vapor diffusion) wazusslitueing
4. fawsuznivemeauazloihInndnssuuuuiogannd
lagnINasanuuLITUSuNasiady (Volume average approach) WazRansans=uL
w2 88 (ewn x-2z) sumiiieadesiunssruaiatazanuioumeluiagwiu
iyznay
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(% I3 . .
duN17aUINWNIN (Conservation of mass equation)

0 0 0
d=lAS+a S+ au+pu [+ = [aw + oW ]=0 (2.6)

o v

{4 o o =
ﬁeﬁ\‘) ANy | LA V N aﬂ’]uz"ﬂaﬁL%a?LLavaa@quaq@U U LLae W LENWAITULI

aumia‘tﬁnﬁwﬁdd’m (Conservation of energy equation)
0 _ _ .
E[('DCP)TT}-’_V {P|Cp,|U|}+{(Pan,a+PvCp,v)Ug}T +hn=-vq (2.7)
A A ' o ° . LA & & @
oy C, A8 ANANNIANNIBUINNIL (Specific heat) Uy AB LINLABIANNLIIDY
A v ] A a A ] [ & = v
Wasnnusslingag T Ae uunA h, Ao fanusauurivasmsnaadule nde 8am

MINEaaniiningUSNaT uaz q Ao WanduasnNTaw

danuTaisvesves nalugnusvasnanssino ldannguesass

(Darcy’s law) HUAD

KK, B}
G =-—" Vp,~Vp,— 1] (2.8)
H
_ KK, _
WAy d, =——= [Vpg —pgg} (2.9)
Hg
Togd p.=P,— P (2.10)

>

] ' ans and ™
159 K waz K, @a a1 twadlazdf@uazinefla:08ASUANS (Permeability and
relative permeability) Uaz p, Aa fraNawLaldans

TugruanuTivasvad naluaauslasin (Water vapor) uazannuza1nann laann

nguasing (Fick's law) waziBonlaiin

AU, = p U, —p,D,V By 2.11)
Py
e U, = pU, — Pa
e Pal, = puy —p, D, VI —= (2.12)
Pq

fids D_fe miuwizasNIaluanalzindng (Effective molecular mass diffusion)
WaLaN Kaviany (1991) anmisunsiduinsldann
2¢
D =—2(1-S)D (2.13)
m 3_¢( ) 0

a A "o a £ . . . .
Ney D0 A9 ANRNUTERNINIIUNTVAINIARDIFND U (Binary mass diffusion
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coefficient) luarnasnianudatiad (Continuous media)

LLa:mnﬂgmawjiL’%ﬁ (Fourier's law) wé’ﬂéfmaaﬂ’nﬁaumuﬁ'ﬁ@;wguﬁ’]mm"l,@i”

1N
q=—4AxVT (2.14)

A 1

I& o v a a . )
N9 A A0 ANNIUNANNTa UL RN DN (Effective thermal conductivity)

v
2.3 n9 NN LAY

sLum*ﬁ LA131 :ﬁmiau WAIRN MU BINIZTLIBNITRINIID LLE‘T@’I\‘IVLGEI/@%/'J anIINNNY

BULAY (Drying curve) é‘agﬂﬁ 2.2 U8z 2.3

A

2 "! Drying period
(Falling rate)

| 1°! Drying period
: (Constant rate or
|

X Evaporating period)

Moisture content

Eﬂﬁ 2.2 ﬂiﬁwauuﬁaLLammm%uUﬁﬁ;ﬁLﬂﬁqulﬂmmam
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2 " Drying period
(Falling rate)

| 1% Drying period

i (Constant rate or

| Evaporating period)
|
|
|
|

Moisture content

To

Time

gﬂﬁ 2.3 mwwauuﬁaLLamqm%QﬁﬁﬁwaﬁaQWEuﬁLﬂﬁﬂu"l,llmunm

mﬂgﬂﬁ' 22 FramIsuURITIUINIaTI98asaef] (Constant period) Aadin
'ﬁé’amwﬁwﬁi’aqwgﬂﬁ%’umm%’am’%'mm (Warm-up period) 32W3n9T29finnuduvie
W (Free water) Qﬂ“/‘iﬂﬁmﬁaw?'iaﬂ'N@iaLﬁaa"lﬂﬁﬁﬂ@ﬂl,ml,l,ﬂﬂﬂaﬁ (Capillary force)
LLazmm%umsﬁ; (Moisture content) gﬂﬁﬂﬁa@aaﬁmé‘mﬁmﬁ TuseninaT i3 am
ﬁ”uﬁ’smmuaﬂ"uaﬁa@gﬁmmLﬂﬂmﬁmwam‘%aﬁé’nwmzmﬁauﬁaLﬂﬂml,a:é'mwmiau
WIS AN T32LAe (Evaporation rate) anATanit %aﬁuagﬁumnwmmmﬁﬁ
I#lunsauuionazansulszanmamomanuieunsastuunianaisiees (Boundary
layer) Iuﬁaoﬁqmﬁgﬁmaod’mﬁLﬂumaaLLﬁw:ﬁﬁ']mﬁLLa:ﬁmLﬁﬁﬁuqmuQﬁﬂszLﬂm
mm:ﬁmsauLLﬁaﬁﬂé'o@‘hLﬁu@iavl,ﬂLLam'nu%umsqmﬁa@hmm%umsﬁnqm (Critical
moisture content, X_ ) mﬁ?aml,ﬁﬂu"ﬁaaLLiﬂﬁéuq@aaLLa:nﬂsauLLﬁoluﬁaaﬁaaaﬁ%a‘*ﬁN
damanay (Faling rate period) AAedn luiisnsauudizaefigosussainmsuns
(Diffusion force) axfidniwarldifaussuallans (Capillary force) wazmstadandie
Pa4naz)NNElasaninazasmuwitdunan Imzijmaﬁmwu%umsaga:a@m

'
1 7 o o =]

' A =T &
PHENNIEY Quﬂizﬂﬂwuuqﬂﬂﬂqﬁwﬂa (Equilibrium value, X TULU%@']@'J’]N“IT%U??%

' w )

dganldausariliuislddndawiuiaaiidulalnsalaln (Hygroscopic material J&9)

Pindugrunitivaslasesins) e X, Heszanm 0 éﬂﬂ%ﬂi’ﬁ@ﬁ@%%ﬂﬂﬁiﬂiﬁ
1atln (Non-hygroscopic material Tﬁ@gwguﬁﬂfwag’ﬁamauﬁ’;muﬁlﬂmamﬁa) NNl
maa"uaaLLﬁaa:Lﬁu"fuamwiaLﬁawumﬁuﬁalnﬁﬁmﬁ'uqmwgﬁmaaaw%au

mﬂgﬂﬁ' 22 IEIInsWIBmaaNMIsuuRIwsavsnduasafinanadule

(Vapor mass flux) lalag
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M solid &

Ny = ——200 2.15
Mager A dt (2.15)

7% A fo ﬁuﬁﬁwaﬁa@mguﬁﬁﬂé’agnﬁﬂﬁﬁa (FmnFudERUiUaNTan)
NnAnaNTedluT M I LRI LIS AT MTa LU AN RS ALAZ TwAL
anN2zv89a a1 Ta UL (@wnd T, ez NNIREIINS @) Tutrsmsoundafiaes
SAMMIALLF I FNAnRILAE T WILBNTWATOIMTUNT  TiLaN8uaInT=uIwMTOUUR

é’@mmiauLLﬁdﬁ]xﬁmLiﬁg&@hmﬁ@imﬁa
nalFlumysuuiemnldanmsdufiinsasums 2.15) Fadowldiin

X

.. :Msolid d_x
e A Xo r.rl/apor(x)

(2.16)

1 Qs t{ 1 v
AmdNlIzANSNIIANUIANNTaN

a

lug29v0980IMIaULKIAIN  (Constant rate drying) amnDINHITBITRWTY

U
A

(asnsnianuTauesagnaaen) azgﬂlf%ﬂﬂ'jwqmﬂgﬁmumuﬂnn (Wet  bulb

temperature) WaNTUIANNToUIFNIZAIG (Steady-state heat flux) Furaslaan

q=h(T, —Tw) (2.17)

A A a A 9 A A A
Neud Tair 8 qm%ﬂuma@a’]ﬂ’]ﬂﬂiﬂuﬂ’]iauLLV\\‘] wa 8 qm%ﬂwﬂiuﬂﬂuﬂﬂﬂ

U

aAa s 1 s a Asl v
(qm%ﬂuN’JLTJEJﬂ‘IJﬂJ’Jﬁ@WE%) waz h fa diFudszendnmInianusan

q

2

FUMIA (2.17) SIa3NIAMWIN IFNNAIBATINNINNTALLAIAIN (Constant drying

rate)

0= Mapor congAN (2.18)

N%9 Ahda sanusaunuisdanilsutavasmanansillnlavasin (Latent heat)

Qs g; 1 s a Af v o v
@N%‘lﬂ,%ﬂ’]i‘ﬂ@ﬂE]Gﬂ’]ﬁ?Jﬂ?Zﬁ‘ﬂﬁﬂ']iW’lﬂ’J’]&liﬂ%ﬂ’]%ﬂm‘l@]ﬁnﬂ

. Ah
h= n.l/apor,oomt [T -T ] (2'19)
air wh

V) (% a 6
2.4 vanmIaslalanidne

ﬂaVaniLﬁ@IﬂBﬂﬁuﬁI@ﬂauwvlwﬂwmmiﬂa'ﬁmUimﬂgﬂﬁ 2.4 nazuanihgn
Poanunasinia Wlussaugs i lwaldd98idnInsaganan mmﬂﬁagiﬂﬁqﬁ‘uﬁa
maa‘é‘l,ﬁﬂimﬂfrgﬂ"m‘?ﬂ (lonized) uazHanlWiafeauilUdonsaaaidninie  (Ground
electrode) mm:‘ﬁmmﬂf:mﬁauﬁﬁmz“ﬁuﬁ'ﬂwLaqamaommﬂﬁlﬂuﬂma (Neutral

molecules) wazrlAiAamsanamlauuau (Momentum exchange) NATBINILAROUN
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% 1 o va & a (1:?: A [ . =
aananiliiadasenysingnsoitit Talswriua (Corona wind) 3 nMsAnENBas
Yabe uazamwe (1978) luan1izAdn@aannmsinafianiauuising (Cross flow) W39
\hadanawmn Wil (Body force) inlhnihlWiiamnguan (Vortices) Nauanasniuged
Aa A v o ' L A& .
anfidmanyulufieneassduiuszninme  uazukudianlnie  (Wire and  plate

electrode) AauaAsluzLM 2.4

Nechanlsm Flow pattern
f Plata Electrode
= LIRS ~
4 ‘{. ‘

1 II | AR A t‘u
= ! ,'/'\j;iow of lihﬁ.;l““r;
= Orift of '}y Neutral Molecules NI
= 1 Ny Nl

High T Ions o 1 u._-: — ‘__;*:_/__
Voltoge 1 | wire il ot
ICorana Discharge) (ol narta g+ 1200
Sprmeide jpline

gﬂﬁ' 2.4 na lnmM3tialalsuindue (Yabe wazamue, 1978)

nsiadszauuulalau

a A

guN Wi ARaluuSMeI8iannga (Electrode) AilnIavasunanazianuidu
gannluuiomtuuaug aigl 25 enuduswnalnihngezdaldiiansmole

q

2

. { ! , . A a &
(Discharge) N3N nMImuszguuulalssn (Corona discharge) TdazWuLIIMAELAN
Aa A o = o & o A o vl
Insa  AldasunaunIaidwalIaEn g fwindmounanvednd Wi Rgnyinliad
ﬁ'ﬂtﬂvxl'ﬁhmﬂgamﬂ‘é‘Lﬁﬂmauu%nm‘lﬂﬁq ﬂmmmam:gmiﬂﬁﬂagﬁﬂmmmau LAy
WIndnasUIINweduwitasInmMITUivazaant1fsIfazilfezaaunialuanaves
amasautnaiianmsuanadulasan  (lonization) 'l msTm@IvesBlANaTOULAY
lasautinlunsnaninidodszaunulalai azvhlfiialnaan (Photon) wasnugiuaz
' va A& a £ A Aa A o A
naliiedianavewdniulutiomseug  AlnsmodszalunsdiadndIndhgediani:
dusufeziiensansdszquuulalainldisunu
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Electric field

3N 2.5 fN WA NYawBanInge

ussdidnlaslalaslamandinserinuwaaslna

awmsmuquéww%’uLLsa‘é‘Lﬁﬂimvlaim"l@mﬁﬂﬁeiauﬁwmﬂﬂ%mmﬁgﬂﬁﬂﬁﬁ@
Toomnuviamwa  E  nssvnuwvasinafiienlasianesninasiasa  (Dielectric
permittivity) & AMNURWILUH pLLazqm%Qﬁ T sunsadiowladn (Landau and Lifshitz,
1963)

= - 1= 1( =,| O¢
Fe=qE-=E°Ve+=| E’| —| p (2.20)
2 2 op |;
A A , 9 . .
%9 qfa anunwILuYeItszy I (Electric charge density) Tuvadlna nau
v v A Qs YV &
gavnavnadundavassuns (2.20) Samunsausnaaniaidu
1( =,| o¢ 1 | oe -, 1~ o€
I B L pl=zp| | vET4ZE? p| & (2.21)
2 op |; 2" | op; 2 op |;
INBNLINN G IUDINVBIRNNT (2.20) A Wisgaawtl (Coulomb force) tHuusIN
nazyuulszadase (Free charge) flagluawnlwin lapundudiussitazlaninadanis
Inanllanuzidun (Single-phase flow) NagmeldnisldIninazuaass (Direct current)
{ I3 a . . A a ' o
wanfzadunssladianlasluisén (Dielectrophoretic force) Tatiaananyliasinaue
(Non-uniformity) 284 Lwaiin@3avuasuad a ladlana3n (Permittivity of dielectric fluid)
A ) { A i '
Tinaduwdasaninafourivasgmungll (Temperature gradient) Waz/m3a ANULANG
a & a A 1 ' 6 o et
P24FMULVDIVRI AN UazuadlaBianlasldisinazlidndouninussgaantidmiunmsina
Allgouzden dvedlnalmesaniu: @y IUNTHALAZNMTAILUUBLULNMANNTIN
. y 4
(Convective boiling and condensation) Tevadnavzlaasaouzfo louazvadnar uId

A & a A a A 1 1 a
ladidnlasluis@naziidniwaann (Ve Aege) uazdsnadanndnisunmisinauaznis
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fnemnaNNTauVaI VI RANLY NANIUaduTIhnIaIn ALnTeun (Gradient) 189 &
! A & a & a_ a L. A a A .
fwnaunaudunsididnlasaasnfin  (Electrostictive force) @diiatitasarnanala
RANFNDVDINN U U EWIY WA LAz T U RauauaaIn L BLANASA qmv\gﬁuaz

AMURWILUL (Sadek LazAme, 2006) INNFUNIT (2.20) wamamia@aawﬂﬁ]zﬁ?}w’fwa@ia

matAalalstindne

a Y a a A v
2.5 LL%‘Jﬂﬂﬂ’ﬁ‘lﬁﬂ%’leLﬂﬁ’l WNNIzanSaInn1IauLLAg

nalnasdianlaslalaslemindinofivmsdramenusauiaanusslwi (Electric
body force) MImIuAIzRIEIY WU TIaUgIRLaIImM I Inazasas warhlfiianis
"Lmsmﬁagﬁﬁgnmﬁmﬁwﬁuﬂﬂﬂw (Electrically induced secondary flow) @9138n31 lalafin
U4 (lonic wind) ¥38lal31n3Iua (Corona wind) mi"l,msmﬁUgﬁf:Lﬂ%'QULaﬁaua°1Lﬁ1w (Jet)
mawaﬂmﬁaaﬂmﬂLLm'ﬁ]‘LﬁﬂIm@ﬁgﬂmﬁﬂ (Charged electrode) M§4n3176 (Ground) W
maam‘s"lmas"qaUgﬁﬁﬁﬂﬁﬁ'wmwauﬁaﬂqﬂmé’waams"lmuazﬂ'ammaﬂwamaa%y'umaﬁ
a3AW30w (Thermal boundary layer) 628 é’ofuﬁﬂﬁﬁﬁuﬂn%ﬁmsﬁwUmmm%augﬂ
nliAuduagraann

LLmﬁ@maﬁ%msLﬁumsmmwmauazmm%’aumUlu’s’a@;wgﬂ@UW&%M"[WWWLL&@&
éﬁgﬂﬁ 2.6 isandanlnaruusafaua i aufauazgniiliiiamanyuan
(Circulation) mﬁauwmmLLazmmﬁvsag]muf:ﬁ]maﬁﬂﬁﬁﬂ%wamaa%uunewﬁuswa%ﬁﬁmﬁw
2YIUNALLANAIAAR v‘iﬂﬁm’m%uﬁﬁaLﬂﬂﬂmamwmmgmzmU"Lﬂgjmﬂ’lﬂ%auvlﬁﬁﬁﬁu
u,a:El'aﬁﬂﬁmm%augﬂmslmmﬂau%“auvl,ﬂgjl,l,waLU@"L@T@%% sulunarinldoanniseuuis
AT

Anode

Hot-air flow Flow of neutral

- molecules +
+
\ N

Heat S~
et Oz

,

" \Drift of ions

Ground

Vapor diffusion &

Capillary pressure

U 2.6 LLmﬁmaamiLﬁumimﬂmmmmzmm%”auiui’a@]wguim el tRunn I
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UNN 3

qﬂnmﬁm:m‘mﬂaaa

31 ?gm‘nmaau

El]“?] 3.1 LLﬁ@NLLN%ﬂ’“IW‘IE@]ﬁaU"lI 2991U78% nszLLaamnnﬁ'mau"lmshuqimﬁaw

wuultla (Open wind tunnel) NiTWIANBNRINGR 15 X 15 avaw. Wazdlaue

o v a ‘&/
Uvzanns 4 6T Qﬂﬂﬂ%&l@ﬂkﬁﬂﬂaﬂﬂ

U U

aoLaIaIF9aNTausuy WA (Electric heater)

{ o [ [ (% A aa
LﬁaﬂaoﬂumigzyLﬁﬂmwmumadamau qimﬁaummmﬂazmﬂmwwm 6 Ju. E]ﬂ

v 1

AU L UH AW IBNHANNTIUN LA UAU 1 ﬁa@ma@mmsrmlaaqimﬁwﬁw%n AU

o

=)

Afduninaanaszay am&l"LWWﬂﬁm%’uﬁﬂmﬁﬂiﬂimﬁuﬁgﬂa%’wmﬂLﬂ%aaﬁ'uﬁ@VLWWW
L396UgI (Regulated High Voltage power supply)nazualnilnaainainaidianinee
' o e & = ' & & A °
mummﬂ"l,ﬂmmn@maﬂimmaaQ%ﬁdaaﬂvl,ﬂl,ﬂuiwz 4 oy, 278LAnInIaYinann
AANILAY 4 LEWNAANI IAANINAIRNNUAANIT IAAVBINITZURAN  LauaIadLanlnga
LL@ia:Lﬁuﬁmm@Lﬁuﬁﬁuguﬁnmo 0.025 4. munﬁ’aﬁﬁLﬁﬂiﬂiﬂgna@é’aiuﬁﬂﬂwaﬁ
YINUAANT IAAVAINTEUFAUUATHIUG 0.25 WY, éﬁua@ﬂugﬂﬁ 32 auwnpiivad

% 1 Q qu & a g; v v
ﬂszLLaawgm@mI@smaﬂmmﬂmmu K (Thermocouple type K, TC) T9Gaadaunuin
LazuRaIvaInindanasay (Test section) lasnasluatilan@aasmunsitvasnii
aanaseudihwihnssdyanallaugumvhauseatasasisaniawiainmin

a v { v v e v { A O O g’ a
qm%guamauﬁ%amemm@w@aauvlﬂ%mﬁﬁﬂi:mm 60 5 (£ 5 C) MABNVDILNG
A A ' ' A L ¥ o

quemLﬂasm"l,ﬂ@nunmgﬂmummmmaamm%uﬂLLUUI%&@L% (Load cell)

(M)

electrode HV Power Supply
B

Air flow TC
TC ®
Packed bed Strainer
Hot air generator
TC

TC : Thermocouple

{ \

Computer Data Logger
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g‘ﬂﬁ 2 TANAFAY (N) WNWNIWTANAFAL (T) NN TANAFAL

Air Flow Electrod

<:| 05cm 4dcm

W

_ 1em

Z=0cm 2+
/ f 1
(1
I "

Z=2cm 4 ’é Ground
g Z Electrode
K 2 6 cm

Z=4em g »?:
¢ f;
/ /
b ]
/ /
1 7 k

I ¥
insulator 35 em

dl o ' a &
Eﬂ‘ﬂ 3.2 mu’mmaauwmumazmmuwaaaLaﬂT,mm

ﬂa'aaLLWﬂLU@ﬁl%Lmué’fﬂHmzi'aqwgulmmﬁﬁ'ﬂf‘:ﬁﬂmnLmua:?ﬁﬂ (Acrylic plate)
ANMURW 0.5  W. Lﬁamuqulﬁﬂ’nﬁaudwmLawwzu‘%nmﬁﬁaﬁmuumaoLmeu@
fudnans 4 ﬁﬁumaoLLWﬂLmﬁé'uﬁaﬁ'uau%”augﬂﬁwﬁammuﬁ'umm%”auﬁﬁwmsmo
WU 5 mu.ﬁauam‘lugﬂﬁ 3.3 gnui (Glass bead) LLﬂzﬁ’]QﬂUii’gluﬂdaGLL‘WﬂL‘]J@ Gafl
210 3.5 B, N9 X 12 B 817 X 6 TU. §4 Lﬁaé?ommmsm&"yuuﬂaaqm%gﬁmﬂu
unaruanaldan i iduaialniueseat/fia (LUXTRON Fluroptic Thermometer,
Model 790, Santa Clara, Canada, accurate to 0.5°C) $1%47% 3 Lﬁugﬂa@]&zﬂi’ﬁszﬁu 0,
2 uaz 4 2y, lagiannfiduunanas Wluunaiue é’dLLamﬂugﬂﬁ 32 gaanpilves
NIUFANTOW qmﬁgﬁmﬂluLLWﬂLU@LLazﬁmﬁﬂmaaLmem W M99 niuiind

lazia3asdufindaya (Datataker DT505)
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M)

()

= 9 o o = v A 99
El]'ﬂ 3.3 LLWﬂLﬂJ@W]l“D"Y]@]ﬁE]U (N) aNESVBILNALLA (V) LLW@]LU@]ﬂUi?Q@EﬂLLﬂ’JLWE}‘Lﬁ
IGERN

'3
qﬂnsm‘nﬂaaa

L { v v v U v v 4 v
mumﬂugﬂﬁ 3.4 mai’mamaumUVLWW'nJi:ﬂaumﬂ YANIAAINNT DI b
s Wi wuwia 30 106 qﬂmuqumsé’miaqrmnﬂﬁ m@ammﬁﬁaugﬂamﬁaﬁ@‘mmm

naanviadiawejw (Flexible duct)
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gﬂﬁ 3.4 TAFIIANTOU (N) ANIAANINTOU () TAAIUAUNNIAAGE WAL (A) AW
ANAIVARINAINIT A

gaawaw liussangs

Eﬂﬁ 35 LLam"q@a%'NaumleWwLLiaﬁuqaﬂs:ﬂauﬁamﬂéaaﬁmﬁ@vl,w“ﬂwu‘iaﬁuqa
(Regulated high voltage DC power supply, Output 0 — 25 kV, 0 — 0.4 mA) LRZTARIND
LANINIA N 4 F952H19TenIITaaInlTzun s 4 T, I@ﬁgﬂﬁ 3.5 (A) LRAIA WAL
AAIUANINBLAN INTAUAZNTIIE

U7 3.5 gasseswnlnihussdugs (n) wesiuifialWiliuseaugs (2) 2aaiadidninie
o Aa g: a &
LaT (A) AURUIRAAIBLANINTA
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3.2 @nenaday

lunIneassnnaiiadevasnszuaas (Bulk mean velocity,U, ) Sf1iszanm 0.35
wasdadwn?l uazdmivlunmnanasiusidulwigigasidndszanm 15 Alahadoaiu
wnaugsgaf ivhlfiieasavaanszualWiln  (Breakdown voltage or ion spark)

a ' A
TNUAZLBLAG G VAIFAIENINARBILEAIIBATTIN 3.1 Uag 3.2

A9 1. FNENARAL

Condition Symbol Value
Initial moisture Xin ~12 - 22 %db
Drying temperature T 50 - 6000
Ambient temperature Tw 25 oC
Mean air velocity U, 0.33 m/s
Applied voltage \Y 0, 10, 15 kV
Drying time t 24 - 48 hr
Glass beads d 0.125, 0.38 mm

A13497 2. AUAANBULVIANNNTW (Porosity) Tuuwea WANUITIRNUAITINAGN

Diameter, d (mm) | Porosity, (I) Permeability, K (m2)

0.125 ~ 0.385 ~841% 10 "7

0.38 ~ 0.371 ~352 %10

3.3 NTUNARDI

Lﬁamaau‘éw%wamammﬂw%LLa:mm@maogﬂLLﬁ”s (Bead) ¢ian13tNELNUIALAS
anufaumsluizawin (Packed bed) Tunwdspitleutsmsnasevaanidly 2 nydinan
Ao
1. *ﬂ@aaui’a@;wguﬁﬁ@hmmwgu@h%ﬁa (Single-layer packed bed) %alﬁgmtﬁfa
PINALFUHIUARENA d = 0.125 Win d = 0.38 WA, yualawmanits (69
LLa@ﬂugﬂﬁ 3.6 )

2. °n@1aau’?aqwguﬁﬁmm’mw;uaaam (Double-layer packed bed) %ﬂ‘ﬁ@mlﬁ’s
PNALFUHUAUENA1 d = 0.125 Uaz d = 0.38 uN. TINAL Iﬂﬁgﬂuﬁ’;u@ia:
muwm:gm'}aLLﬂﬂ%uﬁuLLazﬁﬂaﬁwﬁuwmaa“ﬁzuwhﬁ'u lumﬂﬁgmlﬁ’mmmgﬂ

(Fine bead) maag’uug}ﬂuﬁwm@lmj (Coarse bead) 22138091 F-C case &%
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%

nydiignuirwalnggnisagduugnuidnamalinaziondt C-F case (a9

LLamlugﬂﬁ 3.6 U WAz A) LAZENANANIA Db AU 0, 2, 3 UAT 4 T, an

INHIVAILNALLA
(n) 2 o @ ‘

(1 1 v e

’ 2 Fescolioieiee C
7 Z AL, X

% 1

; 1 Layer XX ;HM A

z ; 3t
7 4 2 C F3
; 4 s *
’ 7 ”

Ellﬁ 3.6 ANHUSVBILNALLAN LT IUN1INARD (n) Single layer, (v) Double layer wuy F-C

(Fine-coarse packed bed) Lag (f) Double layer LUy C-F (Coarse-Fine packed bed)
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UNN 4

wamwmaaauaww%mmﬁ

sLum*ﬁme:ﬁwamﬁmﬂmimaaaqmvx{]ﬁmffL%LL‘WﬂLU@Qnauuaiﬁagluamaz
aw@;amamaﬂﬂ@mﬁﬂﬁ (Thermodynamic equilibrium) ﬁdﬁuqmﬂﬁﬁmadadﬁﬂizﬂau
6199 (Pedudd vaanad uaziw) HALAINU NMIeTIegunlvesaNian o
dunkmainuazneansasnindanasay wuinganyiidenyszanm 60°C uaz 55°C
ANEAL LL&xgﬂi’ﬁdIﬂﬂWﬁ"uaaﬂawuL‘%wa\mu (Velocity profile) th @ULAUININTIAIN
fanasoudansasduuuuwianuedn  (Parabolic shape) lagauisifidaladidanaiy
Uszanme 033 wasdedwdl Gedanfivununudisusdluads (Reynolds number)
WinNU 2,610.58 (Rep = pU,Dy/LL, %9 £ 89 daNInILURTaIaIMd, 1 Aa 1A

whauasane Waz D, Ao Lﬁumug{uﬁﬂmovlama%ﬂmaaqiuaﬁaw)

(%] v
4.1 ansmzaasnszuaananglaania lnia

Lwaaammﬂwmzmimaaumaammﬁmagmulmmw"l.%l%hmimaaau’lfnmﬂuﬂ
284m131FATugL (Incense smoke technique) lapadugunnuses m duribinasan
ANNANIWLAI DI NI ULRLERUIAINA MWD RINAANAFALLIZ AN 4 LUAT
nR09 MLRIRIN (Halogen lamp) Y419 500 TARI1UIN 2 TAYNIN b GUALILaIBNIY
aaﬂLLa:@‘hLmumﬁﬂﬁ@maawadqimﬁam {8991 ANNSIVeIaN (0.33 LNATABIWIN)
ﬁ@hgmLﬁuvlﬂﬁmﬁﬂﬁﬂi'ugﬂdaaaaUaaﬂmﬂqimﬁriauﬁmUmwé'ﬂumzmaommﬂvlﬁﬁu
AavuwaNNTanaNn I TlwATENsAWRA1UTENm 0.1 LNAIERIWIN wananing
Jufinanmsafennvasannalinasddaleuuu@lnaa (SONY DCR-PC108/ PC109E)

A =i £ A = A

JUN 41 usr 42 wsasmwmadsuudasvesnszugenmeadsiianuiiieny
Uszanm 0.1 wasdadnfiuazdussauluihild (v) 10 Alaliad angun 4.1 (n) uae
@)  (waasnmwaudng) e lilawnn Wi ansmensinavesermeduwnuususoy
LLa:mﬂgﬂﬁ 4.1 () uaz (9) wudndwavasawy i ldnszurenmaiianszuaay
wyuIu  (Vortex) TenIBLANINIALAZNING I@sguﬁﬂmwadﬂ’ﬁmqlmmﬁ@lﬂﬁﬁu

fa & A £ A o Y A
AIMGaLANINga LLazmm@maaﬂi:u,aawqmuwmmﬂmumammmaoLtsa@u"lwmum

X ow e - o L
NV ("val,mmmgﬂ) meﬁ]’mgﬂﬁ 4.2 (0) NITLEANARIAINDLENINTadaNNTutuun
AUANTWAVAIFWIY INHIIINAIABLAN INTALARZLEUNINITHINW IUAANIIAIRNNUMT
Twavainszuran
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gﬂ'ﬁ' 4.1 mwn"lﬂ@?ﬁuﬁ’lomaaq@maauLLamé'ﬂHmwaomszﬂi'ugﬂ (M) V =0 kV uaz
@) V = 10 kV

(n)

(1)

gﬂ'ﬁ' 4.2 mwn"]ﬂﬁwuuumaa"g@maauLLmaﬁnHm:maoﬂiszﬂ‘S’ugﬂ (M) V =0 kV uaz
@) V = 10 kV
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v
4.2 NSOLLNALUALUUTIHEAE
4.2.1 5‘n§wa'ﬂaaauwlﬂ‘ﬁwiaqmwgﬁmzﬂmmmum

A o a a o A a £ ) a = Aa
LABRIINADNITNWNRVDIAIVUIDUNLNAVUITNNICLR VLWWWVLWQELHL@%QQ@E]LaﬂIV]‘i@]ﬂﬂJ
Na@iaqm%ﬂﬁmaﬂﬂizuﬁauuﬂz@iaqmwgﬁﬂqﬂlumaﬁLLWﬂLU@ unaﬁlﬂﬁvlﬁﬂﬂﬁaﬂﬂifﬁﬁvlﬁ

DaieSasaneanion uiinmaiadngmn JreInszuaauNdunsduniuaz i wna g
°uaoLLWﬂLume’fﬁwudnqmv\{}ﬁmaammaauﬁauuamﬁaLLW@LU@ﬁ@hlﬂﬁLﬁmﬁumﬂ wan
anﬂﬁqmﬁgﬁﬁm@ﬁLﬁﬂimﬂﬁognmaaaaﬂ@mﬂ’%f'aﬁ@aqmﬁn“mmuﬁumn@ (Infrared
thermo-meter) LLazWU'jﬂqmﬁgﬁﬁaamﬁLﬁﬂIwimﬁ@iﬁlﬂﬁLﬁmﬁ'uqm%gﬁﬂnaammaawmn
mﬂmimaauifwﬁuﬁﬂﬁmuwna*gﬂ"lﬁdﬁw%wamaommi’aumﬂamﬁLﬁﬂ}m@ (Joule
heating) ﬁwaﬁamnﬂ@iamnﬂ?iwuﬂawaaqmﬁgﬁmﬂlmmﬂLmﬂ

gﬂﬁ' 44 uRAIHAMINARaINItiEanSanAssatnadsiuasinualidinanud
Vwaier,int /Vg|a$

) < a a & ' [ { A O
1%"]5’3\‘1 3 TQI&IGLLiﬂqm%Q&Iﬂ’]Ell%LLWﬂL‘]J(ﬂLW&J"I]‘HGF;l’]\‘i‘i’)(ﬂL%’)ﬁ]%ﬂ‘SZﬂdﬂ\‘iﬁﬁﬂizwﬂm 40

MIINAUVBILWALLA (Initial saturation, S ) Haurinunite annw

nt =
o \ < a ' & A 4 A & a & '
o BAIINLIANINIL 25 muiuaqmﬂgumﬂuuwmumma:mmumuwmuanmaamo
v { [ q" = IQ 1 O = {
19 wazfinimewly 48 Mlusgunninfivesunaiuadadszunn 55 C uazgmnniin
o o A A o g v &
IZAUGFA (4 su.anHILWALLe) Hddszinm 41°C ANNANIINAADIHLIAI LA
15589910 LT 9TU AUV AINNIINA R AIUS NI RO UTW I BUNALLAGIRAIIIN  tHaauTan
mﬂam”auvlml,ﬁ"ntjl,l,wmm ﬁnmuluLLWﬂLU@%&@@%’Ummi’auﬁﬂﬁqmﬁgﬁmaaﬁﬂﬁm
X, e e e e - ¢ . S
FIIUDIINALT @dﬁ]zmuvl,@’ﬂqm%{]wﬂ’]UI%LLW@]LU@]‘HG 3 mmuaﬁmgwuama
= A v A o i 7Y o ¥ g A a a )
Tasuazdanlndifssny luameninldsuanusan iAgeinsiedawnainaig el
H2TDIULNALLALRLAANNTITZLRE  (Evaporation) VLﬂ;jmﬁau TRNAAIUALTUABIUTUER
ATTUIUMITERE RS ENIN Tr9ue9nmIvin A UAs (Constant rate drying period) tilasinaau
Ingszimoaannnunaiuaazyhldanuienanansaumomldudgnuin - dsuugunnd
L Dol e X z . L e Y.
mﬂuuwmmlmmazmmeLi&lﬁmgwu‘éﬂmaLLazﬁmLL@mmoﬂu wIana1laqn
AAINIAIHIWIL 25 mlue  AabnnIEgmauTawAa LI wLUUNTENANNTaY
(Conduction heat transfer) %l89 LaZIIENTIVDINITZLIBNNTRINTIVBIDATINITANA
(Falling rate period)
gﬂﬁ 4.5 LAz 4.6 LLa@aqm%Qﬁmﬂl%LLWﬂLumﬁaﬁmﬂ"ﬁaumWWWﬁLLidé’%"LWW’]ﬁ
@YNNY 10 waz 15 nlallavienusiau ﬁnngﬂazl,ﬁuvl,éﬁﬂmnﬁmmmmu"[%lﬁﬁﬁﬂﬁ
FAIINIITLADVBINNRI DT IIVBIN I AUAINAIRART  WURNIDTIDAITINTOULRITAN
&
ST
U

gﬂ‘ﬁ 47 URY 4.8 URAIBNTWATAIANNVaIEwN AN NI daamraiNHILaZN

9 U
= 1

ANNAN 4 TU.VBILNALLAANE1AL mﬂgﬂwudﬁw%wamaaaum"lw“?\l"mwammidmm
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ﬂ’)’]&]%/a%ﬁ]’mﬂll‘%’a%VLUEiLLWﬂL‘]J(ﬂ I@UL%W’R“?IQ’JT E]x‘iLL‘WﬂLll(ﬂQm%ﬂﬁﬁﬁ’m@m@h\‘iaﬂﬂ%ﬁ%

"Lﬁ%’@é’dLLa@ﬂugﬂﬁ 47

60

I

°_ 40

2 L

2

x

S 0

g 20

) -

= o
0:||||I|||||||||I|||||||||I|||||||||I|||||||||I|||

0 10 20 30 40

Time [hr]

3UN 4.4 gunplveunaiuafnszauanuand s gl lfgnuiiuwa 0.38 uu. uaz
UIIAWINHAT V = 0 kV

60

T -

~———— o

@)

— 4FF~TTTT

et

g

[

2 |

g 20

5] L

&= -
0:....|....I....|....I....|....I....|....I....|
0 10 20 30 40

Time [hr]

U7 4.5 gAnn AV ILNALLANTZAUANNANGT ﬁrmﬁ’sl,ﬁal"ﬁgml,ﬁwm@ 0.38 . kAT
UIIAWINHA V = 10 kV
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60

o

°~ 40

2

g

c®

I

g 20¢

5} r

= r
0:....|....|....|....I....|....I....|....I....
0 10 20 30 40

Time [hr]
d' a d' a =1 1 a dl' L% 3
U7 4.6 gunglivasunaiuafiszauanudndrs ganAdulalignuiivine 0.38 wa. uaz
LIIAW AR V = 15 kV

60
: 15 kV
- PRI L el sl
%) C /,r_w,':’:" 10k
O._‘ 40:,.\.;.-“-«.-—.’»4*"‘""/
<)
R
2
x
S
2 [
g 20f
5] -
= -
0:||||I|||||||||I|||||||||I|||||||||I|||||||||
0 10 20 30 40

Time [hr]

3UN 4.7 mansuifisugumpinAivesunaiafdussaulniee g lagldgnum

PY1a 0.38 V.

60

SR

°_  40F

o Ch

-

=

<

o

£ 20

) L

&= -
0:....|....I....|....I....|....I....|....I....
0 10 20 30 40

Time [hr]
U7 4.8 mansuiisugunnINTzauaudn 4 o0, vasunaiuafidusaulnieeg

I@Ul‘*ﬁgmﬁwm@ 0.38 Ju.
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¥
4.2.2 anﬁwmlaaamulﬂﬁmamw%umaau,wmfum

Eﬂﬁ 4.9 LEAINILLTHUM LU MIBULRISILaNTanLaE I TRWIN IWHNTIN

(V = 15 kv) 71 S, =1 anjtazdunldimavassuwnlniuanainazvinlignninga
0 = J £ K [ o v ¥ 0 J
mamwmmﬁmgaL:n"uuumwmm’lﬂvxamﬁmii:mumw%uaanmmmmmﬁmgwu

a o L o A & '
anNaY Gﬁoa@li’m’lﬁzmElangwuﬂizmm 1.66 L1

(M) 603 0.125 mm (15 kV)
i 0.38 mm (15 k__\_/)_,\_,_._,-;;x\;'v oure LSO ratenpiys
—_ C ST
Q Coo M\\WM,«,V‘
o 40 e
= ny 0.125 mm (Hot air)
=
5
= [
E 20
= C
0:||||I|||||||||I|||||||||I|||||||||I|||||||||I
0 10 20 30 40
Time [hr]
()
s | et
i: 50 » .t P
g % p g ﬁ/Jr
s A
a +
= ' %/F
= | Ve .
o0 ¥ —F+—0.125 mm (Hot air)
2 A —5— 0.125 mm (15 kV)
i - @ - 0.38mm (15 kV)
cT...|....|....|....|....|.
0 5 10 15 20 25
Time [hr]
3U7 4.9 naSsuifisumienuisdmsauiouuazmisliawulWilimfivmedna g (n)
a dln a 3‘ dl =
qﬂmg NH (V) ﬂiNWm%’]quE}JVLﬁUQWﬂLLWﬂLU@

~ A o ~ a o iy A 'Y
wanIniUn 4.9 Susasnaliouifisudanmaszmsiluunalwaniussagnuia
2] A o \ 2] A v Aa = ) A
a9 Wamveuuiaimldiiinamisunaiuafiuianuiiniawaidnnimie
Aa ! Ao . Aa \ Ada A @ A
wwaAluandanungwINNaziidanmtmusanianniidvinelng wisiagn
¥ \ & { o g & o & [
fonuwgudosnit mikfiasnlusniihmmedinniuenuauloiluizgwinesd
oA X, wA A o A A . A | A 'Y
AnAnInilRanTwavasussauualiland (Capillary pressure, p,) Jnadan1safana?
:/ v { { IQ = QI J L= {
vasiliiaReun lUnRvesTaguinindudiusadlugli 4.10 (Rattanadecho wazAmA

2001) eemwiwniEgnlianunIwinn  aaTihnszrenIadaniminigyiasan
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LNALLAAZUAININ ﬂ’jﬁ'aegﬁﬁmmwguﬁam’h LALANTNATAILTInWLALTaNTazien

& A Y o v
NNUWLA ammawmlma@gwguﬁmuasma

[ X109

10

pe [Pa]

1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
0 0I 02 03 04 05 06 07 08 09 10
Sel]

dl ™ % 6 1 s a n:ll 1 AI > a a :/
31J°n 4.9 ANURNANWBDIERINLTIAULALTANT (P, ) wazANNAIBNAIUIEENDHATEIHN

(Effective water saturation, S,) luuwnaiua (Rattanadecho iazazbe 2001)

4.4 NS YUNYUATBNRII W

gﬂﬁ 4.10 LLa@amSLﬂ%ﬂmﬁﬂuﬂ%mmm{’]ﬁszmmnnuwmmﬁidgnuﬁwma 0.125
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Abstract

This study is to experimentally investigate the heat and mass transfer mechanisms in packed bed which composed of

glass beads, water and air, for convective drying with electrohydrodynamics (EHD).

Influences of a hot air

temperature (~ 60°C) associated with various electric fields (0, 10, and 15 kV) on the temperature of packed bed at the
different depths (0, 2, and 4 cm from the surface of packed bed) are investigated. Glass beads of 0.125 and 0.38 mm in
diameters are used. The results show that with influence of corona wind on flow, drying rate is enhanced considerably.
In addition, increasing the electrohydrodynamics dramatically reduces the moisture content in packed bed. Moreover,
the electric field affects the temperature of packed bed layers nearby the surface. With higher the capillary pressure,
the 0.125 mm glass bead provides moisture evaporation rate larger than the 0.38 mm glass bead.

Keywords: Electrohydrodynamics (EHD), Drying process, Porous media

1. Introduction

The drying process of porous media is a rather
complicated process as coupled heat and mass transport
phenomena are involved simultaneously. Conventional
drying techniques usually use a hot airflow or thermal
radiation from radiant heaters. As only a fraction of the
input energy is absorbed by the material to be dried, these
techniques usually have high energy consumption with a
low efficiency. Particular in the food sector drying
processes consume up to 10% of the total energy.
Therefore, new techniques have to be investigated to
make the drying processes more efficient. One way to
improve the overall drying kinetics is to apply an electric
field.

Electrohydrodynamic (EHD) drying uses a
secondary bulk flow which is known as corona wind or
ionic wind. By applying high voltage to an electrode, ions
are produced by the ionization of gas in a high electric
field. As shown in Fig. 1, these ions migrate to the
electrode plate along electric field lines and collide with
air molecules which then form the secondary bulk flow.
As a result, the momentum transfer of gas is enhanced.

In the last decades, many researches, e.g., [2, 3, 4,
5 6, 7], have been much paid attention on the
enhancement of heat and mass transfer in drying
processes. Lai and Lai [4] examined the influence of
electric field parameters on the drying rate in a packed

bed. A copper wire and a plate were located above and
under the packed bed. It was
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Fig. 1 Mechanism of Corona wind [1].

found that drying rate depended on the strength of the
electric field and the velocity of the cross flow. With
absence of cross-flow, the enhancement in drying rate
increased linearly with the applied voltage. In addition,
the influence of corona wind was suppressed by the
increase of cross-flow velocity.

Alem-Rajabai and Lai [5] experimentally
investigated the drying rate from partially wetted glass
bead by electric field. In their experiments, a wire
electrode and a copper plate were put above and under a
packed bed, respectively. The results showed that EHD
drying was most effective at the surface of the packed
bed. In addition, the rate of increase in the drying



enhancement for positive corona was generally greater
than that of negative corona.

Ratanadecho et al. [6] experimentally and
numerically studied the microwave drying in unsaturated
material with different porosities. This research was
focused on the influence of moisture content on the
mechanisms of vapour diffusion and capillary flow
during microwave drying process in the packed bed. They
found that small bead size led to much higher capillary
forces and provided faster a drying time than a big bead
size.

From above literatures, only the research done by
Ratanadecho et al. [6] have studied the mechanisms of
enhancement of the heat and mass transfer in the packed
bed. However, due to behaviour of microwave heating,
the heat is generated from the inside of packed bed. The
objectives of this study are to investigate the influence of
EHD on heat and mass transfer in a packed bed. In
addition, the temperatures at three different positions
from surface of the packed bed are examined.

2. Experimental setup and procedure

Schematic diagram of experimental setup is shown
in Fig. 2. The rig is an open system. The wind tunnel is
open on one side and hot air is blown into the ambient.
Air is supplied from a blower and temperature of air is
increased by a hot air generator which is connected to the
rig. In order to control the air temperature, thermocouple
sensor (TC) is put in front of the test section, which has
the dimensions of 15x15 cm? The high voltage power
supply is used to induce an electrical field in the test
section. As shown in Fig.2, electrode wires are composed
discharge and ground electrodes. The discharge
electrodes are composed of 4 copper wires suspended
from the top wall and placed in front of packed bed. Size
of copper wires is 0.25 mm in diameter and the distance
between the wires is 26 mm. Ground electrode is also
made of copper wire, but suspended horizontally across
the test section as shown in Fig. 3.

The porous packed bed used in this study is
composed of glass beads, water and air. The container of
glass beads is made from acrylic plate with a thickness of
0.5 mm. In addition, the dimensions are 4 cm wide, 12
cm long and 6 cm high. In order to investigate the heat
transfer from hot air to the packed bed, three fiberoptic
wires (LUXTRON Fluroptic Thermometer, Model 790,
Santa Clara, Canada, accurate to +0.5°C) are placed in
the middle point of the planes of 0, 2, and 4 cm, which
are measured from the surface of the packed bed, as
shown in Fig. 3.

In experiments, the maximum electric voltage is
tested that breakdown voltage does not occur. The
diameters of glass beads are 0.125 and 0.38 mm. The
details of testing conditions and characteristics of water

transport in porous media are shown in Table 1 and 2,

respectively.
HV Power Supply
=

H>)

Strainer

electrode

Air flow 11 c
L

Hot air generator

TC

TG : Thermocouple
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Fig. 2 Schematic diagram of experimental setup.
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Fig. 3 Dimensions of packed bed and positions of
electrode wires.

Condition Symbol Value
Initial moisture Min 22 %db
Drying temperature T 50 - 60 °C
Ambient temperature Twm 25°C
Mean air velocity Uy 0.35 m/s
Applied voltage \Y 0,10, 15 kV
Drying time t ~48 hr
Glass beads d 0.125, 0.38 mm

Table 1. Drying conditions.

Diameter, d Porosity, ¢ Permeability, K
(mm) (m?)
0.125 ~0.385 ~8.41x107%
0.38 ~0.371 ~352x10" 1

Table 2. Characteristics of water transport in porous
media.

3. Results and discussions

In measuring the temperature in the packed bed, it
is assumed that temperature is in state of thermodynamic
equilibrium, thus temperatures of all phases, i.e., solid,
liquid, and gas, are same. The average temperature of hot



air, which is measured behind packed bed, approximately

is 55°C. Reynolds number, (Re = pU,Dy/y, Where p is 60p
density of air, w is viscosity of air, and Dy is hydraulic 0em
diameter) of air flow is 3049. ) T TS o
oIgl 40 : ,,_.;.:.—.—.z-...-._...[l_.cr_n_..

Influence of drying with hot air on temperatures in 3 ]
packed bed s |

When electric current is not applied, drying g 20F
process in the packed beds is controlled by the heat s s
convection from hot air. Figure 4 shows that during first E
two hours, temperatures at all positions rapidly increase | ST T IV IOV IATN TN T
and are not much different. Then they still have same 0 10 20 30 40
temperature until at 25 hr. This is because influences of Time [hr]

capillary pressure on water saturation and heat from hot
air transfer mainly subject to the moisture. Thus during
first two hours, the moisture at the packed bed surface is
evaporated with a constant drying rate. Afterwards, the 60
capillary pressure, which is the function of pressure of :
liquid and pressure of gas in packed bed (i.e., p. = pg — pi
[6]), becomes smaller but with influence of vapor
diffusion, moisture within the packed bed is removed to
the surface.

After 24 hours, temperature at each position
gradually increases and tends to reach a constant
temperature. In addition, the temperature at the surface (z
= 0 cm) is the highest. This is natural because the s
amounts of moisture within packed bed content much 1 AL
decrease and glass beads near surface of packed bed
become fully dry. Therefore, conduction heat transfer Time [hr]
occurs near the surface and most of heat transfer is  Fig. 5 Temperature of packed bed with 0.38-mm bead in
absorbed by glass beads. Moreover, the packed bed various depths when V = 10 kV.
surface reaches thermal equilibrium.

From Fig. 4 — 6, temperature on the surface is not 60
higher than the hot air temperature, which is measured s
behind the packed bed. It may be implied that for our
case, the effect of joule-heating from electrode wire does
not much influence on the temperature within packed bed.

Fig. 4 Temperature of packed bed with 0.38-mm bead in
various depths when V = 0 kV.
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Influence of drying with hot air and EHD on
temperatures in packed bed

Clearly, when electric voltages are applied, as E
shown in Fig. 5 and 6, the constant-rate drying becomes :
much shorter, i.e., higher drying rate. This is because 0 10 20 30 40
influence of corona wind, which is conducted by electric
field, enhances the heat and mass transfer between hot air
and surface on packed bed [7]. Then this causes the
thermal boundary on surface of paced bed to be
instability. Consequently, convective heat transfer
coefficient is enhanced and then the temperature at the
surface with EHD is higher than that of without EHD, as
shown in Figs. 7 and 8.

Temperature [OC]

N
o
T

Time [hr]
Fig. 6 Temperature of packed bed with 0.38-mm bead in
various depths when V = 15 kV.
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Fig. 7 Temperature of packed bed with 0.38-mm bead in
various voltages at z =0 cm.
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Fig. 8 Temperature of packed bed with 0.38-mm bead in
various voltages at z =4 cm.

Influence of bead sizes on temperatures

Figure 9 and 10 show the comparison on
temperature at the surface (z = 0 cm) of packed bed
between glass beads of 0.125 and 0.38 mm in diameter.
When the electric voltage is not applied, smaller bead
reaches a dry bulb temperature faster than bigger one.
This is because influence of capillary pressure in smaller
bead (with higher porosity) is higher than that in bigger
bead (with smaller porosity), as shown in Fig. 10.
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Fig. 9 Comparison on temperature at z = 0 cm between
beads of 0.125 and 0.38 mm when VV =0 kV.
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Fig. 10 Typical relationship between capillary pressures,
p., and effective water saturation, s; [6].

Influence of bead sizes on moisture content

Figure 11 shows the comparison on weight loss of
water in packed bed with different bead sizes when
electric voltage is 15 kV. During first seven hours, the
rates of weight losses of water of two beads seem not
much different. This is because moisture content within
both packed beds is still high. However, due to the
influence of capillary pressure, moisture removed to the
surface of packed bed of 0.125-mm bead is higher than
that of 0.38-mm bead. After a certain time, a large
amount of moisture on the surface of packed bed of 0.125
mm evaporated to hot air. Thus the constant-rate drying
period of smaller bead size is longer than that of bigger
one. In the other words, drying time of smaller beads is
shorter than that of bigger beads.
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Fig. 11 Comparison on weight loss of water in packed
bed between beads of 0.125 and 0.38 mm when V
=15kV.

Moreover, by comparing Fig. 6 and Fig. 11, it is
shown that for the case of beads of 0.38 mm, the
constant-rate drying period is influenced by two
mechanisms, i.e., capillary pressure effect in the first two



hours, and water evaporation during 2 — 18 hours later.
After 18 hours, the influence of capillary pressure much
decreases, and the weight loss of water tends to be
constant. As mentioned before, this falling period is
under the influence of vapor diffusion.

4. Conclusions

Influence of hot air with/without electric field on
the heat and mass transfer in a porous packed bed is
experimentally investigated through measurement of
temperature at three different positions and of weight loss
of water in packed bed. In addition, results of two
different bead sizes (i.e., 0.125 and 0.38 mm in diameter)
are compared.

With influence of corona wind, which is generated
from four electrode needles, the heat transfer coefficient
above packed bed is increased. Thus temperatures in
packed bed are increased. In addition, each temperature
tends to reach a constant value faster than when electric
field is not applied. Moreover, with higher voltage
applied heat from hot air much transfers into packed bed.

By comparing the sizes of glass beads in packed
beads, due to higher capillary pressure, the smaller beads
tend to give a constant weight loss of water faster than
that of bigger beads. In the other word, time drying of
smaller beads is shorter.

To more understand the phenomena of drying
process, we will numerically study the relationships
among various parameters in porous packed bed.
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Abstract

The enhancement of mass and heat transfer by electrohydrodynamics
(EHD) has been experimentally evaluated in this study. Influences of
electric fields, which are associated with and without hot gas, on the water
moisture content and temperature in the unsaturated packed bed are
examined. Electric fields are applied in the range of 0 — 15 kV. Glass beads
of 0.125 and 0.38 mm in diameters are employed. The results show that
with influence of corona wind on flow above the packed bed, the drying
rate is enhanced considerably. In addition, increasing EHD dramatically
reduces the moisture content in packed bed. Moreover, the temperature
measured at different levels in the packed bed increases with higher applied
voltage. Comparison on the energy consumption between utilizing hot air
with and without EHD is reported.
Keywords: Electrohydrodynamics (EHD), Drying process, Porous media
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Abstract

The enhancement of mass and heat transfer by
electric fields, so-called electrohydrodynamics (EHD),
has been experimentally evaluated in this study.
Influences of hot-air flow with and without electric fields
on the water moisture content and temperature in the
unsaturated double-layered packed bed are examined.
Velocity of air flow is about 0.33 m/s. Electric fields are
applied in the range of 0 — 15 kV. Glass beads of 0.125
and 0.38 mm in diameters are employed. Enhancement of
heat and mass transfer is revealed through measuring the
temperatures and weight loss of moisture content of the
packed beds. The results show that with influence of
corona wind on flow above the packed bed, the drying
rate is enhanced considerably. Due to the effect of
capillary pressure difference, increase of temperatures in
double-layer packed bed appears unlikely that in single-
layered packed bed. By comparing without electric field
cases, the drying rate of double-layered packed bed cases
are increased by 1.5 — 1.97 times. In addition, the drying
rate of fine-coarse packed-bed cases are 3.13 - 3.67
higher than that of coarse-fine pack-bed cases.

Keywords:
mass transfer.

Electrohydrodynamics, Drying, Heat and

1. Introduction

Drying of porous material is a separation process in
solid-liquid system, and plays an important role for many
research fields, such as chemical, pharmaceuticals,
agriculture. With occurring simultaneously transient
transfer of heat and mass, drying is one of complicated
phenomena, and is not clearly understood.

Due to simple construction, conventional drying
method with hot-air flow is commonly used for removing
the moisture content from agriculture products. By this
method, however, drying period is long, resulting in large
energy consumption.

Basically, the drying rate involves with two
processes [1], i.e., the movement of moisture internally
within the porous material, and the removal of water as
vapor from the material surface. The movement of
moisture in porous material depends on the external

conditions of temperature, air humidity and flow, area of
exposed surface, and pressure. In order to increase
removing the moisture within the material, many
researches [e.g., 2, 3, 4] have paid much attention on
microwave heating in porous materials. Gori et al. [2]
utilized the microwave to remove the moisture content
within porous material. Theoretically, microwave
irradiation penetrates in the bulk of the material, and thus
creates a heat source at certain locations. This causes
moisture inside material to heat, and moves moisture
toward the material surface. In order to enhance the
removal of water from the porous material surface,
Chaktranond et al. [5] applied the electric fields on the
hot-air flow, and investigated the drying rate of a single-
layered porous media. It is found from the experimental
results that the effect of the corona wind conducted by
electric fields in flow can enhance the transfer of heat and
mass on the material surface considerably. This is
because the thickness of boundary layer on the material
surface is accomplished to be thinner. Moreover, due to
effect of capillary pressure, the drying rate of smaller
bead size is higher than that of bigger bead size.

To get more understanding in the mechanisms of
drying in complex geometry of porous material, this
study aims to investigate the transfer of heat and mass
within a double-layered porous packed bed (where a
porosity size layer overlays the other porosity size layer)
subjected to the influence of hot-air flow and electric
fields. Transient temperature in the packed bed is
measured at various locations, and the rate of drying is
revealed through measurement of the gross weight loss of
moisture content.

2. Principle of Electrohydrodynamics
Flow pattemn

Mechanism
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Fig. 1 Mechanism of corona wind [6].
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Theoretically, electrohydrodynamic forces (EHD)
generates the secondary bulk flow, which is known as
corona wind or ionic wind. By applying high voltage to
an electrode, ions are produced by the ionization of gas in
a high electric field. As shown in Fig. 1, these ions
migrate to the electrode plate along electric field lines and
collide with air molecules, which then form the
secondary bulk flow. As a result, the momentum transfer
of gas is enhanced.

Idea of heat-and-mass transfer enhancement with
utilizing EHD is shown in Fig. 2. When hot-air flow
exposed to electric fields, the flow is circulated, and then
this circulating wind will reduces the influence of
boundary layer on the packed-bed surface. This causes
moisture on surface to move much into the air flow, and
heat to transfer much into the packed bed. Consequently,
the rate of moisture removal is enhanced.
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Figure 2. Idea of enhancement of heat and mass transfer
with corona wind [5].

3. Experimental setup and procedure

Schematic diagram of experimental setup is shown
in Fig. 3. The rig is an open system. The wind tunnel is
open on one side and hot air is blown into the ambient.
Air is supplied from a blower and temperature of air is
increased by a hot-air generator, which is connected to
the rig. In order to control the air temperature,
thermocouple sensor (TC) is put in front of the test
section, which has the dimensions of 15x15 c¢m? The
high voltage power supply is used to induce an electrical
field in the test section.

As shown in Fig. 4, electrode wires are composed
discharge and ground electrodes. The discharge
electrodes are composed of 4 copper wires suspended
from the top wall and placed in front of packed bed.
Diameter of each copper electrode is 0.25 mm and the
spacing between each wire is 26 mm. Ground electrode is
also made of copper wire, but suspended horizontally
across the test section. The porous packed bed used in
this study is composed of glass beads, water and air. The
container of glass beads is made of acrylic plate with a
thickness of 0.5 mm. In addition, the dimensions are 3.5
cm wide, 12 cm long and 6 cm high. Moreover, to control
heat transfer from hot air towards only the upper surface
of packed bed, other sides are insulated by rubber sheet.
In order to investigate the heat transfer within the packed

bed, three fiberoptic wires (LUXTRON Fluroptic
Thermometer, Model 790, Santa Clara, Canada, accurate
to +0.5°C) are placed in the middle point of the planes of
0, 2, 3 (interface plane), and 4 cm, which are measured
from the surface of the packed bed.

Figure 5 shows the configuration of the double —
layered packed beds, where fine bead layer overlaid
coarse bead layer is of the F — C case, and the inverse is
of the C — F case. Additionally, both layers have a same
thickness.

In experiments, the maximum electrical voltage is
tested that breakdown voltage does not occur. The
diameters of glass beads are 0.125 mm for fine beads and
0.38 mm for coarse beads. The details of testing
conditions and characteristics of water transport in porous
media are shown in Table 1 and 2, respectively.
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Figure. 3. Schematic diagram of experimental setup.
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Figure 4. Dimensions of packed bed, locations of
electrodes, and positions of temperature measurement.
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Table 1. Testing conditions

Condition Symbol Value
Initial moisture Ydbi 22 %db
Drying temperature T 50 - 60 °C
Ambient temperature T, 25°C
Mean air velocity Up 0.33m/s
Applied voltage \ 0, 10, 15 kV
Drying time t ~24 hr
Glass beads d 0.125, 0.38 mm

Table 2. Characteristics of water transport in porous

media.

Diameter, d Porosity, ¢ Permeability, K
(mm) (m?)
0.125 ~0.385 ~841x107%
0.38 ~0.371 ~352x10"4

4. Results and discussions

In the experiment, it is assumed that the temperature
in the packed bed is in state of thermodynamic
equilibrium, thus temperatures of all phases, i.e., solid,
liquid, and gas, are same. The average temperature of hot
air, which is measured behind packed bed, approximately
is 55°C. Bulk mean velocity of air flow is 0.33 ms,
which is equivalent to Reynolds number of 2,610.58 (Re
= pUyDy/u, where p is density of air, 4 is viscosity of air,
and Dy, is hydraulic diameter).

4.1 Flow visualization

In order to observe the motion of flow subjected to
the electric fields, this study utilizes incense smoke
technique. A spot light of 500 W is placed at the outlet of
channel, and the light direction is opposite on the flow
direction. Due to high speed of flow, the bulk mean
velocity is reduced to 0.1 m/s. In addition, the motion of
flow is continuously captured by a digital video camera
recorder (SONY DCR-PC108/ PC109E).
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Figure 6. Motion of air flow: (a) without electric fields,
and (b) with electric fields at V = 10 kV.

As shown in Fig. 6, under the influence of EHD, air
flow neighboring electrodes is induced by electric fields,
and is circulated around ground electrode. In addition,

strength of vortex is proportional to the magnitude of
electrical voltage applied.

4.2 Fine-coarse case

As shown in Fig. 7, when fine beads overlay coarse
beads, in the early period (~ 1 hr), all temperatures in this
packed bed rise up steadily. Later, they become constant,
and temperature on surface of this packed bed is lowest.
Until a certain time, the temperature on surface rapidly,
and is higher than the other layers. This is because of the
effect of capillary pressure difference. From experimental
results of Chaktranonod et al. [5], small bead packed bed
provides the capillary pressure ( p,) higher than bigger

bead packed bed. In addition, the relationship between
the capillary pressure and the water saturation is defined

by using Leverett functions J(s,)[4, 7],

=p.-p=—2—J(s 1),
P.=P =R = s (s) @
where py and py are pressure of gas and liquid phases,
respectively, S is the effective water saturation
associated with the irreducible water saturation, and o is
surface tension.

From Eq. (1), if (o I(&))ine ~ (0 HS))coarse then
Pe fine > Pecoarse- It Means that in the case of same water
saturation, a smaller particle size corresponds to a higher
capillary pressure.

In the initial period, if both layers have same
amount of saturation, then difference of capillary pressure
will be happened. Therefore, effect of capillary action in
the fine bead layer (upper layer) will induce the moisture
from the coarse bead layer (lower layer) to its layer. This
causes void in the lower layer to fill with more the vapor
phase. Therefore, with a same heat flux, temperature of
lower layer becomes high. As moisture evaporating
process proceeds, temperatures of porous packed are
constant, where heat is used for changing phase. Until a
certain time, the surface becomes dry; heat will mainly
transfer with conduction. Consequently, temperature in
the upper layer rises up again when drying zone starts
happening, and the temperature of surface layer is higher
than the other layers.

It is evident in Fig. 8 that when electrical voltage
supplied more increases, corona wind more influences on
the boundary layer on the upper layer surface, and this
causes heat and mass transfer between layers to be
increased, resulting in higher temperature in each layer.

4.3 Coarse-fine case

Figure 9 shows temperatures results when coarse
beads overlay fine beads. Unlike F-C case, without
electric fields applied, the temperature on the surface
layer is highest. While with electric fields applied,
temperature on the surface becomes lowest in during
early period. In addition, temperature is higher when
electrical voltage higher increases. Even though when
electrical voltages are applied, the C-F results exhibit
likely F-C cases, temperatures in C-F cases still are low.
This is because moisture in the coarse layer (upper layer)
slowly transfers to the surface, and this effect retards the



moisture transfer from the lower layer to the upper. Moisture in the fine layer (lower layer) congregates on
the interface layer. Therefore, temperatures in both layers
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4.4 Comparisons between F-C and C-F cases

Figure 11 shows the comparison on temperatures
between F-C and C-F cases at different elevations, i.e., at
the surface (z = 0 cm), and at the interface layer (z = 3
cm), when electrical voltage of V = 15 kV is applied. In
the early period, heat transfers from hot air into both
cases and increases their temperatures. Afterwards, heat
is used for moisture evaporating process with constant
temperature, i.e., latent heat. After the drying period, heat
rises up temperatures of packed bed again, and this heat is
a sensible heat form. Until thermal equilibrium, the
temperature becomes constant again.

Due to effect of capillary pressure difference in F-C
cases, moisture from the lower layer transfers to the
upper layer faster. This causes, in the drying period, the
temperatures on both elevations of F-C cases to be lower
than that of C-F cases. After occurrence of drying on the
surface, heat from hot-air flow is transferred to the
structure of porous material. Therefore, temperature in F-
C cases rapidly increases. In C-F cases, due to effect of
low capillary pressure in the upper layer and high
capillary pressure in lower layer, moisture transfer from
the lower layers is retarded, resulting in low temperature.

It is clearly seen in Fig. 12 that the moisture
removal in C-F case is much lower than that in F-C case.
With influence of EHD, the drying rate can be increased.
By comparing the rate of drying, F-C packed bed has
3.13 — 3.67 times higher than C-F packed bed. In
addition, with electrical voltage applied, the drying rate is
improved about 1.5 — 1.97 times.
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Figure 11. Comparison on temperature between F-C and
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bed between F- C and C — F cases when VV =0 and 10 kV.

5. Conclusion

Influence of hot air with/without electric field on the
heat and mass transfer in the double-layered porous
packed beds is experimentally investigated through
measurement of temperature at three different positions
and of weight loss of water in packed bed. In addition,
experimental results of fine beads overlay coarse beads
(F-C cases) and of coarse beads overlay fine beads (C-F
cases) are compared.

With influence of corona wind, which is generated
from four electrode needles, the boundary layer on
packed bed surface is reduced. Thus temperatures and
drying rate of the packed beds are enhanced, and their
increases depend on the magnitude of electrical voltage
supplied.

Due to effect of capillary pressure difference, the
lower layers of both cases have low temperature in the
drying period with constant temperature. In addition, with
retarding of moisture motions in the upper layer of C-F
cases, moisture in the lower layer do not much move
towards the upper layers, resulting in low temperature.
While effects of capillary pressure difference in F-C
cases conduct moisture in the lower layers towards the
upper layers better.

With electrical voltage applied, the drying rate is
improved about 1.5 — 1.97 times. In addition, the drying
rate of Fine-Coarse packed-bed case is 3.13 — 3.67 higher
than that of Coarse-Fine pack-bed case.
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ABSTRACT

Enhancement of heat and mass transfer in a
convective drying of single- and double-layer porous
packed bed subjected to electric fields is experimentally
investigated and analyzed in this paper. In addition, effect
of electrical voltage, porosity, and layer structure on
drying behaviors in the packed beds composed of glass
beads, water and air are examined. Glass beads of 0.125
and 0.38 mm in diameters are employed in the packed
beds. Velocity of hot air is about 0.33 m/s and temperature
is controlled at 60°C. Electric fields are applied in the
range of 0 - 15 kV. Enhancement of heat and mass transfer
is revealed through measuring the temperature and weight
loss of moisture content of the packed beds. The results
show that with influence of Corona wind on flow above
the packed beds, the convective heat transfer coefficient
and drying rate are enhanced considerably. In addition,
arrangement of the glass-bead-layered structure much
influence on the temperature distribution and rate of
moisture content in packed bed. Due to the effect of
capillary pressure difference, increase of temperatures in
double-layered packed bed appears unlikely that in the
single layer. Moreover, in the double-layered cases, the
drying rate of fine-coarse packed bed is much higher than
that of coarse-fine packed bed.

INTRODUCTION

The application of drying techniques for many
processes, such as chemical, pharmaceuticals, and
agriculture, have been considered from many years. Due
to the simultaneous heat and mass transfer taking place
during the process, drying is one of most complicated
phenomena. In addition, it is not clearly understood.

A conventional drying method with hot-air flow is
widely used in agricultural industries for removing the
moisture content from products. However, its drying
period is long, resulting in large energy consumption. In
order to improve drying rate, many researchers have paid
much attention in development of hot-air drying
cooperating with the other methods, e.g., microwave [1-3],
infrared [4, 5], and electric fields [6]. In order to increase
removing the moisture within material, microwave
irradiation penetrates in the bulk of the material, and
creates a heat source at a certain location. To heat the
surface region, infrared radiation is transmitted through
water at a short wavelength, while long wavelength, it is
absorbed on the surface [7]. This drying is suitable to dry
thin layers of material with large surface exposed to
radiation. In order to enhance the removal of water from
the porous material surface, Chaktranond et al. [6] applied
the electric fields on the hot-air flow. They report that the

effect of the corona wind conducted by electric fields
enhances the temperature and drying rate of porous packed
bed considerably.

To get more understanding in the mechanisms of
drying in porous materials, this study aim to
experimentally investigate and analyze the transfer of heat
and mass within single- and double layer porous packed
bed subjects to the influence of hot-air flow and electric
fields. In addition, effects of porosity and layer structure
are reported.

CONCEPT AND EQUATIONS
Corona wind

Idea of heat-and-mass transfer enhancement with
utilizing electrohydrodynamics (EHD) is shown in Fig. 1.
When hot-air flow exposed to electric fields, it gives rise
to an electrically induced secondary flow, so-called
Corona wind. With EHD, flow above packed bed is
circulated and is mingled together. This reduces the
influence of boundary layer on the packed-bed surface. In
addition, it causes moisture on surface to much remove
into the air flow, and heat to much transfer into the packed
bed. Consequently, the rate of moisture removal is
enhanced.
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Fig. 1 Idea of enhancement of heat and mass transfer with
corona wind [6].

Drying equations

Water saturation of a porous medium with respect to
a particular fluid is defined as

_ Volumeof flud Ve
Total volumeof voids Vg

Q).



Moisture content in porous material is the ratio of
total mass of water to total mass of dry solid, i.e.

X = 7'\“//"“9' ).
solid

Eqg. (2) can be written in term of water saturation ( S), and
itis

_ ¢Pwater S 3
(1-¢) Psia ®.

where ¢ is porosity and p is density.
From Fourier’s law, heat flux through porous
material is computed by

Q=g VT (4),

where A is the effective thermal conductivity, and
VT is temperature gradient in packed bed. In addition, it is
assumed to be a function of water saturation. It is defined
as [3]
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Exchange of energy at surface of packed bed exposed
to air flow can be calculated by

et (T Tar ) Ml ()

where h, is convective heat transfer coefficient, Myt IS
volumetric evaporation rate, h, is latent heat of
vaporization, Tgand T, are temperature at surface and
of air, respectively.

The relationship between the capillary pressure and
the water saturation is defines by using Leverett functions

J(S)[2.3],

(o2

Pc = Pgas ~ Pliquid = W‘] (Se) ),

where pgasanq Pliquig are pressure of gas and qugid
phases, respectively, S,is the effective water saturation
associated with the irreducible water saturation, and o is
surface tension.

EXPERIMENTAL SETUP

Figure 2 shows the schematic diagram of
experimental setup. The tested rig is an open system. The
wind tunnel opens on one side and hot air is blown into the
ambient. Air is supplied from a blower and temperature of
air is increased by a hot-air generator, which is connected
to the rig. In order to control temperature of hot air, a
thermocouple sensor (TC) is placed in front of the test
section, which has the dimensions of 15x15 cm? The high
voltage power supply (LEYBOLD 521721) is used to
generate an electrical field in the test section.

Positions of electrodes are shown in Fig. 3. Electrode
wires comprise of four positive discharge and one ground
electrodes. The discharge electrodes made of copper wires
are suspended from the top wall and placed in the front of
packed bed. Diameter of each copper electrode is 0.025
mm and the spacing between each wire is 26 mm. Ground

electrode is also made of copper wire, but suspended
horizontally across the test section. The porous packed bed
used in this study is composed of glass beads, water and
air. The container of glass beads is made of acrylic plate
with a thickness of 0.5 mm. In addition, the dimensions
are 3.5 cm wide, 12 cm long and 6 cm high. Moreover, to
control heat transfer from hot air towards only the upper
surface of packed bed, other sides are insulated by rubber
sheet. In order to investigate the heat transfer within the
packed bed, three fiber optic wires (LUXTRON Fluroptic
Thermometer, Model 790, Santa Clara, Canada, accurate
to £0.5°C) are placed in the middle point of the planes of z
=0, 2, and 4 cm, which are measured from the surface of
the packed bed.

Figure 4 shows the configuration of the double-layer
packed beds. For the single layer, packed bed is filled with
a size of glass bead. While in the double layer, packed bed
is filled with two different sizes of glass bead. To define
the double-layer cases, fine bead layer overlaid coarse
bead layer is of the F-C case, and the inverse is of the C-F
case. Additionally, both layers have a same thickness.

In experiments, the maximum electrical voltage is
tested that breakdown voltage will not occur. The
diameters of glass beads are 0.125 mm for fine beads and
0.38 mm for coarse beads. The details of testing conditions
and characteristics of water transport in porous media are
shown in Table 1 and 2, respectively.
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Fig. 2 Schematic diagram of experimental setup.
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case, and (b) C — F case.

Table 1 Testing conditions

Condition Symbol Value
Initial moisture Xab,i 22 - 38% db
Drying temperature T 50 — 60°C
Ambient temperature Ta 25°C
Mean air velocity Up 0.33m/s
Applied voltage \% 0, 10, 15 kV
Drying time t 24 - 48 hr
Glass bead d 0.125, 0.38 mm

Table 2 Characteristics of water transport in porous media.

Diameter, d Porosity, ¢ Permeability, K (m?)
(mm)
0.125 ~0.385 ~8.41x 10 %
0.38 ~0.371 ~352x107%

RESULTS AND DISCUSSIONS
Flow visualization

In order to observe the motion of flow subjected to
the electric fields, this study utilizes incense smoke
technique. A spot light of 500 W is placed at the outlet of
channel, and the light direction is opposite on the flow
direction. Due to high speed of flow, the bulk mean
velocity is reduced to 0.1 m/s. In addition, the motion of
flow is continuously captured by a digital video camera
recorder (SONY DCR-PC108/ PC109E).
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Fig. 5 Motion of air flow at 0.1 m/s: (a) without electric
fields, and (b) with electric fields at V = 10 kV.

As shown in Fig. 5, under the influence of EHD, air
flow neighboring electrodes is induced by electric fields,
and is circulated around ground electrode. In addition,
strength of vortex varies with the magnitude of electrical
voltage applied.

In measuring the temperature in the packed bed, it is
assumed that temperature is in state of thermodynamic
equilibrium, thus temperatures of all phases, i.e. solid,
liquid, and gas, are same. The average temperature of hot
air, which is measured behind packed bed, approximately
is 60°C. Reynolds number, (Re = pU,Dy/x, where p is
density of air, x is viscosity of air, and Dy, is hydraulic
diameter) of air flow is 3049.

Single-layer packed bed

Figure 6 and 7 show the influence of EHD on
temperature in packed bed with 0.125-mm bead at z = 0
and 4 cm, respectively. Clearly, when electric fields are
applied, the temperature in packed bed increases, In
addition, higher voltage applied conducts higher
temperature. Moreover, EHD influences on the surface
temperature more than the inside. This is because EHD
induces secondary flow, so-called Corona wind. The effect
of this Corona wind circulating above packed bed
enhances the mass transfer, and destabilizes the boundary
layer on the surface. Consequently, convective heat
transfer coefficient is enhanced, and then heat from hot-air
flow can much transfers into packed bed. Therefore, the
temperature of the cases with EHD is higher than that of
without EHD.

In this study, the augmentation of convective heat
transfer due to EHD is defined as the ratio convective heat
transfer coefficient with EHD to convective heat transfer
coefficient with free air, i.e. h,gyp /g, free, and the results
are shown in Fig. 8. In warm-up period, this ratio increases
rapidly. In addition, in constant rate of drying period
(constant surface temperature), the ratios are about 2 and 3
for cases with VV = 10 and 15 kV, respectively.

As shown in Fig. 9, with voltage applied, water
saturation in packed bed is much more reduced, resulting
in enhancement of mass transfer. In constant rate of drying
period, the drying rate with EHD is approximately 2 times
higher than that with hot-air flow only, as shown in Fig.
10.

Heat transfer behavior in packed bed with big bead
(0.38 mm) is shown in Fig. 11. Without EHD, temperature
difference between at surface and inside is not much
different. While with voltage apply, temperature
difference is clearly observed. In addition, they are higher
than without voltage applied.
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Fig. 6 Surface temperature (z = 0 cm) of packed bed with
0.125-mm bead in various voltages.
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Fig. 9 Comparison on water saturation of packed bed with
0.125-mm bead in various voltages.
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Fig. 10 Enhancement of rate of mass transfer in case of
packed bed with 0.125-mm bead.
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Fig. 11 Temperature of packed bead with 0.38-mm bead in
various voltages at z= 0 and 4 cm.
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Fig. 12 Comparison on surface temperature (z = 0 cm) of
packed bead with 0.38-mm and 0.125-mm beads.
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Fig. 13 Comparison on saturation in packed bead with
different glass bead sizes.
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Fig. 14 Comparison on drying rate in packed bead with
different glass bead sizes.



Influence of porosity or glass bead size on heat and
mass transfer are shown in Fig. 12 - 14. After a constant
rate of drying period, surface temperature in packed bed
with small bead (0.125 mm) rapidly increases, while the
case in packed bed with big bead (0.38 mm) gradually
increases. It is shown in Fig. 13 that high rate of drying in
case with small bead remains longer than that in case with
big bead. This is because effect of capillary pressure in
packed bed with small bead is higher than that with big
bead. From Eq. (7), if (o (&))fine ~ (0 IH(S))coarse then
Pe.fine > Pecoarse- 1t Means that in the case of same saturation,
a smaller particle size corresponds to a higher capillary
pressure. Therefore, moisture is more transferred from
inside packed bed to the surface.

Double-layer packed bead

In case of double-layer packed, in order to investigate
the temperature on the interface layer, one more fiber optic
wire is placed at z=3 cm.

Figure 15 and 16 show temperature in packed bed of
F-C case. It is observed that in the warm-up period, all
temperatures in this packed bed rise up steadily. Later,
they remain constant, and surface temperature of packed
bed is lowest. Until a certain time, the temperature on
surface rapidly, and is higher than the other layers. This is
because of the effect of capillary pressure difference. As
above addressed, packed bed with small bead provides the
capillary pressure ( p,) higher than that with big bead. In
the initial period, if both layers have same amount of
saturation, then difference of capillary pressure will be
happened. Therefore, effect of capillary action in the fine
bead layer (upper layer) will induce the moisture from the
coarse bead layer (lower layer) to its layer. This causes
void in the lower layer to be filled with more the vapor
phase. Therefore, with a same heat flux, temperature in
lower layer becomes higher. As moisture evaporating
process proceeds, temperatures of porous packed are
constant, where heat is used for changing phase. Until a
certain time, the surface becomes dry; heat will mainly
transfer with conduction. Consequently, temperature in the
upper layer rises up again when drying zone starts
happening, and the temperature of surface layer is higher
than the other layers.

Figure 17 and 18 show temperatures results when
coarse beads overlay fine beads. Unlike F-C case,
without electric fields applied, the temperature on the
surface layer is highest. While with electric fields applied,
temperature on the surface becomes lowest in during early
period. In addition, temperature is higher when electrical
voltage higher increases. Even though when electrical
voltages are applied, the C-F results exhibit likely F-C
cases, temperatures in C-F cases still are low. This is
because moisture in the coarse layer (upper layer) slowly
transfers to the surface, and this effect retards the moisture
transfer from the lower layer to the upper.

It is evidenced in Fig. 19 that the moisture removal
in C-F cases are much lower than that in F-C cases. With
influence of EHD, the drying rate can be increased. In
addition, rate of drying of F-C cases is about 3.13 — 3.67
times higher than that of C-F case. Moreover, with voltage
applied, the drying rate is improved about 1.5 — 1.97
times.
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Fig. 15 Temperature in F-C packed bed when V = 15 kV.
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Fig. 16 Temperature at z = 0 cm in F-C packed bed in
various voltages.
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Fig. 17 Temperature in C-F packed bed when V = 15 kV.
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Fig. 19 Comparison on weight loss of water from packed
bed in various cases.

CONCLUSIONS

Effect of electrical voltage, porosity, and porous
structure on heat and mass transfer in the porous packed
beds subjected to hot-air flow and electric field are
analyzed through experimental results.

Corona wind circulating above packed bed augments
the convective heat transfer coefficient and evaporation
rate on the packed bed surface exposed to hot-air flow,
resulting enhancement of in heat and mass transfer in
packed bed. In addition, the augmentation depends on the
magnitude of voltage applied, and porosity of packed bed.
Larger porosity provides higher the capillary pressure.

Due to effect of capillary pressure difference, heat
and mass transfer in double-layer packed bed exhibit
unlike that in single one. With retarding of moisture
motions in the upper layer of C-F cases, moisture in the
lower layer do not much move towards the upper layers,
resulting in low temperature. While F-C cases conduct
moisture in the lower layers towards the upper layers
better. With voltage applied, the drying rate is improved
about 1.5 — 1.97 times. In addition, the drying rate of F-C
cases is about 3.13 — 3.67 times higher than that of C-F
cases.
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There has been continuous in an effort from many research fields, such as
chemical, pharmaceuticals, and agriculture, to achieve better technological
performance in drying processes, which can provide a high quality in products and
minimizes the energy cost. Conventional drying technique with hot-air flow
commonly used for removing the moisture content from agriculture products;
however, drying period is long, resulting in a large amount of energy consumption.

This research aims to experimentally investigate and analyze the enhancement
of heat and mass transfer in porous media with combining hot-air flow and electric
fields. The effects of electrical voltage, porosity, and porous structure on the heat and
mass transfer in a convective drying of single- and double-layer packed beds
composed of glass beads, water and air, are examined. Glass beads of 0.125 and 0.38
mm in diameters are employed in the packed beds. Electric fields are applied in the
range of 0-15 kV. Velocity of airflow is about 0.33 m/s and temperature of air is

controlled at 60°C.
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Abstract
This research aims to experimentally investigate the effects of electrical voltage, porosity, and
porous structure on the heat and mass transfer in a convective drying of single- and double-
layer packed beds composed of glass beads, water and air. The effects of drying time, electric
field, particles size and the layered structure are examined. Glass beads of 0.125 and 0.38 mm
in diameters are employed in the packed beds. Electric fields are applied in the range of 0-15
kV. Velocity of airflow is about 0.33 m/s and temperature of air is controlled at 60°C. The
results show that with influence of Corona wind, the convective heat transfer and drying rate
are enhanced considerably. Due to effects of porosity, the small bead size leads to much
higher capillary pressure, resulting in a faster drying time. In addition, arrangement of the
glass-bead-layered structure much influences on the temperature distribution and rate of
moisture content in packed bed. Due to the effect of capillary pressure difference, increase of

temperatures in double-layered packed bed appears unlikely that in the single layer. Moreover,
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in the double-layer cases, the fine-coarse packed bed gives drying rate higher than the coarse-
fine packed bed.

Keywords: Electrohydrodynamics, Drying process, Heat and mass transfer.

Notation
C = coarse bead
d = diameter of particle [mm]
D, = hydraulic diameter [m]
F = fine bead
h. = convective heat transfer coefficient [W/m? K]
h, = latent heat of vaporization [J/kg]
K = permeability [m’]
M = mass [kg]
@ = volumetric evaporation rate [kg/m’.s]
p = pressure [Pa]
R. = Reynolds number
S = saturation
S, = the effective water saturation associated with the irreducible water saturation
T = temperature [OC]
VI = temperature gradient in packed bed [°C]
V = volume [m’]
X = moisture content
z = distance from surface of packed bed
Greek letters
0 = depth of packed bed [mm]

2
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¢ = porosity [m’/ m’]
p = density [kg/ m’]
Ag = the effective thermal conductivity [W/m.K]
o = surface tension [Pa.m]
u = viscosity [Pa.s]
Subscripts
a = air
EHD = air with electric fields
free = free air
/ = liquid water
¢ = capillary
eff = effective
w = water
S = solid
sur = surface
g = gas
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Introduction

There has been continuous in an effort from many research fields, such as chemical,
pharmaceuticals, and agriculture, to achieve better technological performance in drying
processes, which provides a high quality in products and minimizes the energy cost.
Conventional drying technique with hot-air flow commonly used for removing the moisture
content from agriculture products; however, drying period is long, resulting in a large amount
of energy consumption. In order to enhance drying rate, combining hot-air flow with other
energy sources, such as microwave [1-6], infrared [7-10], and electric fields
(Electrohydrodynamics, EHD) [11-13], is an attractive method. Unlike the conventional
drying, microwave irradiation penetrates and heats the bulk of the material. This leads heat to
be created from the inside, and substantially removes the moisture content in porous materials
towards the surface. However, microwave drying is known to result in poor quality produce if
not properly applied [2,3]. In infrared drying, heat radiation is transmitted through water at a
short wavelength, while long wavelength, it is absorbed on the surface [8]. Usually, infrared
radiation is suitable to dry thin layers of material with large surface exposed to radiation.
Moreover, its penetrating power is limited [10]. In both techniques, an external energy
penetrates and produces heating inside the material being dried. Instead of adding an external
energy, electrohydrodynamics manipulates flow above porous material in order to enhance
rate of water removal from material surface. With introducing high voltage electric field into
air flow, ionized air induces neutral air, and this conducts to the occurrence of circulating
wind, so-called Corona wind [14]. With effects of Corona wind, the effect of boundary layer
on material surface is depressed, resulting in enhancement of heat and mass transfer.

Due to simultaneous heat and mass transfer taking place during process, mechanisms of
drying in porous materials is complicated, and still have been investigated by many

researchers. Schroder et al. [15] measured heat transfer between particles and nitrogen gas
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flow in packed bed. They reported that increasing gas flow leaded to larger values of the heat
transport coefficient. Alem-Rajabai and Lai [11] experimentally investigated the drying rate
from partially wetted glass bead by electric field. In their experiments, a wire electrode and a
copper plate were located above and under a packed bed, respectively. The results showed
that EHD drying was most effective at the surface of the packed bed. In addition, the rate of
increase in the drying enhancement for positive corona was generally greater than that of
negative corona. As same as experimental setup by Alem-Rajabai and Lai [11], Lai and Lai
[12] examined the influence of electric field parameters on the drying rate in a packed bed.
They reported that drying rate depended on the strength of the electric field and the velocity
of the cross flow. With absence of cross-flow, the enhancement in drying rate increased
linearly with the applied voltage. In addition, the influence of corona wind was suppressed by
the increase of cross-flow velocity.

To explain drying mechanisms, Ratanadecho et al. [2,3] experimentally and numerically
studied the microwave drying in unsaturated material with different porosities. They found
that small bead size led to much higher capillary forces and provided faster a drying time than
a big bead size. From above literatures, only the researches by Ratanadecho et al. [2,3] had
studied the mechanisms of heat and mass transfer within the packed bed. Nevertheless,
behaviour of heating porous materials with the microwave heating is different from that with
the hot-air drying. To get more understanding in the mechanisms of drying in porous media,
where heat externally transfers to the material surface, and augment drying rate, this study
aims to experimentally investigate and analyze the transfer of heat and mass within single-
and double-layer porous packed bed subjects to the influence of hot-air flow and electric

fields, including effects of porosity and layer structure.

2. Theory
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2.1 Drying enhancement with Corona wind

For drying with hot-air flow, the idea of heat-and-mass transfer enhancement with
utilizing EHD is shown in Fig. 1. When hot-air flow exposed to high voltage electric fields,
the flow is circulated. Then this secondary flow enhances the convective heat transfer and
leads to depress the influence of boundary layer on the packed-bed surface. This causes
moisture on surface to much vaporize into the air flow and heat to much transfer into the

packed bed. Consequently, the rate of moisture removal is enhanced.

2.2 Related equations
Water saturation (S) of a porous medium with respect to a particular fluid is defined as

_ Volumeof fluid V. (0
Total volume of voids V. '

void

Moisture content (X ) in porous material is the ratio of total mass of water (M) to total

mass of dry solid (M), i.e.

X= Q).

s

Eq. (2) can be written in term of water saturation, and it is

_ 9p,
X ——(1_ ). S (3),

where ¢ is porosity of material [m*/ m’], p,, and p_are density of water and solid [kg/ m’],
respectively.
From Fourier’s law, heat flux through porous material is computed by
q=-A,VT 4),
where 4, is effective thermal conductivity [W/m.K], and VT is temperature gradient in

packed bed [°C].
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Based on the experimental results of Aoki et al. [16] using a glass bead unsaturated with
water, the effective thermal conductivity is further assumed to be a function of water
saturation and defined by

0.8

i — 5).
eff 14377395 ( )
Exchange of energy at surface of packed bed exposed to air flow can be calculated by
oT .

where /_is convective heat transfer coefficient [W/m”XK], m, s volumetric evaporation rate
[kg/m>.s] or rate of weight loss of water from porous media, h, is latent heat of vaporization
[J/kg], T, is temperature on material surface [°C], and T, is air-flow temperature [°C].

The relationship between the capillary pressure ( p, ) and the water saturation is defines by
using Leverett functions J(S,)[2,3], i.e.

O

pP=p,—p=T——=J(S ),
g P m (S.)
where S, is effective water saturation associated with the irreducible water saturation, K is

permeability [m”], and o is surface tension [Pa.m]. Subscripts of g and / are denoted as gas

and liquid phases, respectively.

3. Experimental setup and apparatus
Schematic diagram of experimental setup is shown in Fig. 2. The rig is an open system.
Air is supplied from a blower and temperature of air is increased by an electric heater. In
order to control temperature of hot air, a thermocouple sensor (TC) is put in the front of test

2

section, where the cross-sectional area is 15x15 cm”. The high voltage power supply

(LEYBOLD 521721) is used to create electrical fields in the test section.
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As shown in Fig. 3, electrode wires are comprised of four copper positive discharge
electrodes and a copper ground electrode. The discharge electrode wires are suspended from
the top wall and placed in the front of packed bed. Diameter of each discharge electrode is
0.025 mm and the spacing between each wire is 26 mm. Ground electrode is suspended
horizontally across the test section, and its diameter is 0.25 mm.

Figure 4 shows the configuration of the packed beds, which compose of glass bead, water
and air. The samples are prepared in the two configurations: a single-layer packed bed
(uniform packed bed) with bed depth 6 = 60 mm (d = 0.125 mm for fine bed and d = 0.38 for
coarse bed), as shown in Fig. 4 (a) and (b), and a double-layer packed bed, respectively. The
double-layer packed bed are arranged in different configurations in the F-C bed where fine
particles (d = 0.125 mm, 6 = 30 mm) overlay the coarse particles (d = 0.385 mm, 6 = 30 mm),
and C-F bed where coarse particles (d = 0.38 mm, & = 30 mm) overlay the fine particles (d =
0.125, & = 30 mm), respectively. The width and total length of all samples used in the
experiments are 35 mm and 120 mm, respectively. The container of glass beads is made of
acrylic plate with a thickness of 0.5 mm. Moreover, to control heat transfer from hot air
towards only the upper surface of packed bed, other sides are insulated by rubber sheet.

Temperature distribution within the sample are measured using fiber optic sensors
(LUXTRON Fluroptic Thermometer, Model 790, Santa Clara, Canada, accurate to iO.SOC),
which are placed in the center of the sample at depth z = 0, 2, and 4 cm, which are measured
from the surface of the packed bed. In each test run, the weight loss of the sample is measured
using a load cell.

In experiments, the maximum electrical voltage is tested so that breakdown voltage will
not occur. The details of testing conditions and characteristics of water transport in porous

media are shown in Table 1 and 2, respectively.
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4. Results and discussions
In measuring the temperature in the packed bed, it is assumed that temperature is in state
of thermodynamic equilibrium, thus temperatures of all phases, i.e. solid, liquid, and gas, are
same. The average temperature of hot air, which is measured behind packed bed,

approximately is 60°C. Reynolds number, (R, = pUy,Dy/11,) of air flow is 3049.

4.1 Effects of EHD on air flow

In order to observe the motion of air flow subjected to the electric fields, this study
utilizes the incense smoke technique. A spot light of 500 W is placed at the outlet of channel,
and the light direction is opposite on the flow direction. Due to high speed of flow, the bulk
mean velocity is reduced to 0.1 m/s. In addition, the motion of flow is continuously captured
by a digital video camera recorder (SONY DCR-PC108/ PC109E). As shown in Fig. 5, under
the influence of EHD, air flow neighboring electrodes is induced by electric fields, and is
circulated near ground electrode. Moreover, it is observed that strength of vortex is

proportional to the magnitude of electrical voltage applied.

4.2 Effects of heat and mass transfer on packed bed

Figure 6 and 7 shows influence of EHD on temperature in packed bed with 0.125-mm
bead at z = 0 and 4 cm, respectively. Clearly, when electric fields are applied, the
temperature in packed bed increases. In addition, higher voltage applied gives rise to higher
temperature. Moreover, EHD influences on the surface temperature more than the inside. This
is because EHD induces secondary flow, so-called Corona wind. The effect of this Corona

wind circulating above packed bed enhances the mass transfer, and destabilizes the boundary
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layer on the surface. Consequently, convective heat transfer coefficient is enhanced, and then
heat from hot-air flow can much transfers into packed bed. Therefore, the temperature of the
cases with EHD is higher than that of without EHD.

In this study, the augmentation of heat transfer due to EHD is defined as the ratio
convective heat transfer coefficient with EHD to convective heat transfer coefficient with free

air, 1.e. (h.gyp /b

e e )- AS shown in Fig. 8, in warm-up period, this ratio increases rapidly. In
addition, in constant drying period (constant surface temperature), the augmentations are
about 2 and 3 for cases with V =10 and 15 kV, respectively.

As shown in Fig. 9, with voltage applied, water saturation in packed bed is much more
reduced, resulting in enhancement of mass transfer. In constant rate of drying period, the
drying rate with EHD is approximately 2 — 2.5 higher than that with hot-air flow only, as
shown in Fig. 10.

Heat transfer in packed bed with big bead (0.38 mm) is shown in Fig. 11. Without EHD,
difference of temperature between surface and inside is very small. Due influence of EHD,

temperature difference is clearly observed. In addition, increase of their temperatures is much

higher than the case without voltage applied.

4.3 Effects of glass bead size and porosity

In the case of a single-layer packed bed, the moisture content continuously decreased
towards the surface. The decrease in surface saturation, this sets up a saturation gradient,
which draws liquid water towards the surface through capillary action while water vapor
moves towards the surface due to a gradient in the vapor partial pressure.

The following results are concerned with the effect of particle size on moisture migration
mechanism and heat transfer under the same conditions for the single-layer packed bed. As

shown in Fig. 12, after a constant rate of drying period, surface temperature in packed bed

10



O©CoO~NOOOITA~AWNPE

with small bead (0.125 mm) rapidly increases, while the case in packed bed with big bead
(0.38 mm) gradually increases. Clearly seen in Fig. 13, saturation in small bead case
decreases faster than that in big bead case. In addition, high rate of drying in small bead case
is longer than that in big bead case, as shown in Fig 14. This is because effect of capillary
pressure in small bead case is higher than that big bead case. As shown in Table 2, porosity of
packed bed with small bead is larger than that of packed bed with big bead. In addition, from
Eq. (7), if (0 J(Se))fine ~ (0 J(Se))coarse then pe fine > Peccoarse- It means that in the case of same
saturation, a smaller particle size corresponds to a higher capillary pressure. With higher
capillary pressure, it can cause moisture to reach the surface at a higher rate. Therefore,
moisture is more transferred from inside packed bed towards the surface.

In fact, in drying period, heat flux from hot-air flow transfers to water in packed bed for
evaporation. If packed bed contains a high saturation level, then increase of its temperature

will be slow. This causes temperature in big bead case to be lower than that in small bead case.

4.4 Effects of layer arrangement

In case of double-layer packed bed, in order to measure the temperature on the interface
layer, one more fiber optic wire is placed at z= 3 cm.

In the case of double-layer packed bed (F-C bed and C-F bed), their temperature
distributions is quite different from the results in single-layer cases. Figure 15 and 16 show
temperature in packed bead of F-C case. As shown in Fig. 15, in the warm-up period, all
temperatures in this packed bed rise up steadily. Later, they remain constant, and surface
temperature of packed bed is lowest. Until a certain time, the temperature on surface rapidly,
and is higher than the other layers. This is because of the effect of capillary pressure
difference. From the above discussion, capillary pressure in small bead case is higher than

that in big bead case. In the initial period, if both layers have same amount of saturation, then

11
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difference of capillary pressure will be happened. Therefore, effect of capillary action in the
fine bead layer (upper layer) will induce the moisture from the coarse bead layer (lower layer)
to its layer. This causes void in the lower layer to be filled with more the vapor phase.
Therefore, with a same heat flux, temperature in lower layer becomes higher. As moisture
evaporating process proceeds, temperatures of porous packed are constant, where heat is used
for changing phase. Until a certain time, the surface becomes dry; heat will mainly transfer
with conduction. Consequently, temperature in the upper layer rises up again when drying
zone starts happening, and the temperature of surface layer is higher than the other layers.
Effect of voltage applied on heat transfer in F-C packed bed is shown in Fig. 16. With higher
voltage, surface temperature of packed bed reaches a certain temperature faster.

Figure 17 and 18 show the results when coarse beads overlay fine beads. Unlike F-C case,
without and with electric fields applied, the temperature in each depth is not much different.
In addition, the surface temperature is highest. This is because moisture in the coarse layer
(upper layer) slowly transfers to the surface, and this effect retards the moisture transfer from
the lower layer to the upper.

It is evidenced in Fig. 19 that when the drying process reaches a certain time, moisture
content in F-C packed bed is in low level, while that in C-F packed bed is still high. In other
words, the moisture removal from C-F cases is much lower than that from F-C cases. As
above-mentioned, effect of capillary pressure difference causes moisture in C-F cases not to
much transfer toward the surface. With influence of EHD, the drying rate can be increased. In
addition, rate of drying of F-C cases is about 3.13 — 3.67 times higher than that of C-F case.

Moreover, with voltage applied, the drying rate is improved about 1.5 — 1.97 times.

12
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5. Conclusions

Effect of electrical voltage, porosity, and porous structure on heat and mass transfer in the

porous packed beds are experimentally investigated and analyzed in this paper. The following

paragraph summarizes the conclusions of this study:

1.

Effects of Corona wind circulating above packed bed augments the convective heat
transfer coefficient and evaporation rate on the packed bed surface exposed to hot-air
flow, resulting enhancement of in heat and mass transfer in packed bed. In addition,
enhancement of heat and mass transfer varies on the magnitude of voltage applied.
The effects of particle size and porosity are clarified. The drying rate in the small bead
case is higher than that in the big bead case. This is because the higher capillary
pressure for the packed bed with small bead: moisture in packed bed can much remove
towards the material surface.

The effects of layered arrangement in packed beds conduct to the capillary pressure
difference. This causes heat and mass transfer in double-layer cases to exhibit unlike
that in the single-layer cases. With retarding of moisture motion in the upper layer of
C-F cases, moisture in the lower layer does not much move towards the upper layers,
resulting in low temperature. While in F-C cases, effect of capillary pressure
difference enhances moisture in the lower layers to moves towards the upper layers
better. With voltage applied, the drying rate is improved about 1.5 — 1.97 times. In

addition, the drying rate of F-C cases is about 3.13 — 3.67 higher than that of C-F cases.
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Caption figures
. 1 Idea of enhancement of heat and mass transfer with corona wind.

2 Schematic diagram of experimental setup.

3 Dimensions of packed bed and locations of electrodes.

4 Configuration of packed bed: (a) and (b) Single layer, (¢) F-C layer, and
(d) C-F layer.

5 Motion of air flow: (a) without electric fields, and (b) with electric fieldsat V= 10

6 Surface temperature (z = 0 cm) of packed bed with 0.125-mm bead in various
voltages.

. 7 Temperature of packed bed with 0.125-mm bead at z =4 cm.

8 Enhancement of heat transfer coefficient in case of packed bed with 0.125-mm

bead.

9 Comparison on water saturation of packed bed with 0.125-mm bead in various
voltages.
10 Enhancement of rate of mass transfer in case of packed bed with 0.125-mm

bead.

. 11 Temperature of packed bead with 0.38-mm bead in various voltages at z= 0 and

4 cm.

Fig

. 12 Comparison on surface temperature (z = 0 cm) of packed bead with 0.38-mm and

0.125-mm beads.

Fig

Fig
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Fig

. 13 Comparison on saturation in packed bead with different glass bead sizes.

. 14 Comparison on drying rate in packed bead with different glass bead sizes.

. 15 Temperature in F-C packed bed when V = 15 kV.

. 16 Temperature at z= 0 cm in F-C packed bed in various voltages.
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Fig. 17 Temperature in C-F packed bed when V = 15 kV.
Fig. 18 Temperature at z = 0 cm in C-F packed bed in various voltages.

Fig. 19 Comparison on moisture content in double-layer packed bed in various cases.

Table

Table 1 Testing conditions

Table 2 Characteristics of water transport in porous media.
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Fig. 1 Idea of enhancement of heat and mass transfer with corona wind.
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Fig. 2 Schematic diagram of experimental setup.
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Fig. 3 Dimensions of packed bed and locations of electrodes.
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Fig. 4 Configuration of packed bed: (a) and (b) Single layer, (c) F-C layer, and (d) C-F layer.
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Fig. 5 Motion of air flow: (a) without electric fields, and (b) with electric fields at V =10 kV.
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Table 1 Testing conditions

Condition Symbol Value
Initial moisture Xdb.i 22 — 38 %db
Drying temperature T 50— 60 °C
Ambient temperature T, 25°C
Mean air velocity Uy 0.33 m/s
Applied voltage A% 0,10, 15 kV
Drying time t 24 - 48 hr
Glass beads d 0.125, 0.38 mm

Table 2 Characteristics of water transport in porous media.

Diameter,d  Porosity, ¢  Permeability, K

(mm) (m’)

0.125 ~0.385 ~841x10 "2

0.38 ~0.371 ~352x10 "
21
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Fig. 6 Surface temperature (z = 0 cm) of packed bed with 0.125-mm bead in various voltages.
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Fig. 7 Temperature of packed bed with 0.125-mm bead at z=4 cm.
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Fig. 8 Enhancement of heat transfer coefficient in case of packed bed with 0.125-mm bead.
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Fig. 10 Enhancement of rate of mass transfer in case of packed bed with 0.125-mm bead.
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Fig. 11 Temperature of packed bead with 0.38-mm bead in various voltages at z= 0 and 4 cm.
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Fig. 12 Comparison on surface temperature (z = 0 cm) of packed bead with 0.38-mm and

Saturation

1.0

0.8

0.6

0.4

0.2

0.125-mm beads.

\ . --- 0.125mm, 0 kV
. — -0.125mm, 15kV
- N\ s — 0.38mm, 15kV
\ N
N
! L —- - -q---
0 5 10 15 20 25
Time [hr]

Fig. 13 Comparison on saturation in packed bead with different glass bead sizes.
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Fig. 14 Comparison on drying rate in packed bead with different glass bead sizes.
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Fig. 15 Temperature in F-C packed bed when V = 15 kV.
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Fig.
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16 Temperature at z =0 cm in F-C packed bed in various voltages.
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Fig. 17 Temperature in C-F packed bed when V = 15 kV.
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Fig.

Fig. 19 Comparison on moisture content in double-layer packed bed in various cases.
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