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ABSTRACT

The objective of this study was to design and evaluate the performance of the
desiccant bed structure inside the air dehumidification column. Silica gel, a solid
desiccant, is used as a moisture absorber. Air passed through three desiccant bed
structures (type A, B and C) were evaluated for its properties at the constant air flow
rate of 1.2 m*/min. Air dehumidification rate, amount of moisture absorbed, and air
dehumidification efficiency of the bed structures were compared to those of the
control packed bed. The multiplayer bed provided higher air dehumidification rate and
air dehumidification efficiency than the packed bed. These three parameters were the
highest when using the multilayer bed structure of 15 layers with air duct (15A). The
average air dehumidification rate and the average dehumidification efficiency were 5.22
g water/min and 16.99%, respectively. Then, factors affecting the air dehumidification
and silica gel regeneration efficiencies provided by the 15A columns were investigated.
Air humidity ratio and flow rate had effects on the dehumidification efficiency while
air temperature and flow rate had effects on the regeneration efficiency. The cyclic air
dehumidification and desiccant regeneration operation of the multilayer desiccant bed
column was performed. The optimum switching time of the desiccant column from
dehumidification to regeneration processes was 10 minutes. The flow rate and hot air
temperature used in the desiccant regeneration were the main factors affecting the
cyclic efficiency of the multilayer desiccant bed column. An increase in the hot air
temperature resulted in a decrease in the air dehumidification efficiency. This air
dehumidification system can be operated under several conditions provided that the
average cumulative regeneration rate must be at least equal to the average cumulative
dehumidification rate to allow the system to be run continuously. The best cycle
performance and the lowest specific energy consumption of the multilayer desiccant
bed air dehumidifier system were obtained when using the dehumidification airflow
rate of 2.4 m>/min and the regeneration hot air temperature and flow rate of 70°C and

2.4 m*/min, respectively.
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arwiuomaindingUszasdiftenisldusuanimennieluenns mssenuuuiiteldiussuuyuis
pnsdanmutiasuin MnnsUTNeyanuIdinseenuuuaanaT I uo Nl UTEUUY
whuuduhisalagldganmaifumsgaeutiy Seeannanshuisdadasimamsnuesidae
44% (Punlek et al, 2009) FanuaaLduarsgaauduriavoudsidenldlaeialy dsausngadu
Arwiduldinnds 40% vesiminuagsdlifininudsuutasunauliasgeduarududluuda L
Samadony, 2014) Lﬁaqmﬂ%ﬁmLaalaiﬁmmﬂuﬁwﬁqﬁmﬂ%ﬁ’umimmuﬂam%usuaqamiLLazsn”Lé’
Famaataduidoniivnyailunsialdifesnmutiuenidlunssuumananoms

msvusewadunssurunisauenesitldume i famsvhursduaansorilg
wannmaneisnmsuimsvhuistsansoutudnadufitouasldtuedieiily lunssurunsvhuis
pnsfsauputiummdouilliduegifuriinems Ineviludnlaiiu 100°C warldinauuiiol
pnsuisaunssisauiue v sanaseglussduiivasnds msldarusoushasdidmalunistne
AT TWarANANYIzYaseSTin msliarudeutigehliszernaiuiduauddsase
AN NYDINAN TN m5U%’°umm%ué’mﬁms‘ﬁuaqmmﬁiuﬂizmumﬁﬁwLLﬁqQﬂﬁflLsﬁﬁuﬂ%’LﬁaU%’Uqu
ASTUIUNSTUT e W ARaeT0193Ae 9 WU 919 fn hune @amsie 39 euzdewme fenisi



wissanmmdueniAUsuAALTudLInS (Relative humidity, RH) vesemAdeuiingssuuviuia
(Attkan et al,, 2014; Goula & Adamopoulos, 2005; Ju et al., 2018; Nagaya et al., 2006; Ondier et
al, 2010; Osae et al, 2020) ioanAuT ueIMAlLATYUTIdHElT S HTINTYUF AT ULa SN
AN TNTBSHANS S Attkan (2014) 191a3 psanauiunuuisdevsusufussutuwiauuand
gamndeuurisiievihuiein wuindnsaealilidnanuasdinamaimilige

Tunslénugannnufuuuueedinisuiusosdinedu 2 g Weyaniwinualianssoan
aatuldlusziuiidesnis Sudufeshmsilugansgeauiluredinidunsvadudnodinizngg
delvianunsavhaulfenarieilos ufm]wmamulminsqma@mwmummﬂ&[muimqaswuumm
g uiusnastudielildnsmungUsvassnisldn miqummwmsuawummmmwmu
Tumedininssnszuennanstglimsgedumudufiadu (Awad et al, 2008) MsfineINgBIDS
em@mmwmuiusqﬂammwmummaamumwaﬁl‘wms@m%umwmummuLLauﬂisﬁmﬁmwmiwmu
AsUTaU (Cyclic efficiency) Lﬁmqﬁu Lwié’faﬂi’fuaﬂumiﬁuﬂdaws@mﬂmw‘gumu%u (Ramzy et al,,
2013) maAsudnuarnsiugasgannufuanuaussyiuiendunsfsduussgansgamiuiu
annsnteliszernanslugasgnnnuduanadld (Singh & Singh, 1998) mmﬁmvavmqﬁmmﬂ
amaﬂumsmmwmuuavmemmusuuwmmamaiwﬂwia@ﬂamszjuaﬂmmuﬂivawﬁmwmu \ilesan
mIgadunLTuese AR URdasE N IgAR MU UBNA YAAAAINTULUIUAUTTY
mimqmNlmuezjauuaummﬁmﬁwlmmawﬂivmmwlmqwmmmmmyamumimmﬂiuqﬂmﬂu
nszUIuMIWTeInslusERUgramnITITANaLaz TR o nMsAnwIALTUlAsIEIUeq
L‘Ufﬂ‘Uii"\]ﬁ’liﬂ(ﬂm’liﬁﬁu‘wmGlE]‘Ui“ﬂﬁ/lﬁﬂ’]‘v\lmiﬂ(51m’lwﬁ‘lﬂu%mﬂﬂa’]EJIﬂi\‘iﬂﬁNLLﬁ“’IﬂI‘UUﬂﬁ’]iWﬂﬂ’J’]ﬂJ“UU
fivinaiu wmﬂmqamwmusﬁfﬂmsmmmwmmwwumwmwm‘wamewummamasvmmmmﬂn‘u
mimmm’]muaﬂmmimﬂm Fufufiineimsfnwinaseonuuumnana i uemakuuiuUIvaTe
i nunrlassaisespananaT i uLUUUALTI i dureduiidnnsusuudasads
fuvssansgeautunelusasAnudssavsamlunavha Anniadefifnatenshauianme
21M1AdN amwmﬂwaﬁummmﬁ qmqu%ﬂuﬁmi@mmqmu warNsUSTINUTEBEIANEA UNNT

uresreaulusTIasaanuduieth ldiunsinunuiussuuius

1.2 InQUszasAvaINISANEI
1.2.1 Lﬁaﬁmsmam%wamaﬂmaa%qmiqmig]mmms‘??uﬁﬁGiaﬂ%mmmﬁammm%ummﬂ
1.2.2 1ilefne13vsnavean1Le1nANLNaReNTANANNTUDINTA LALBYENAYDISAIINS
l‘viammmauLLauammummmaummamamiV\IuW%amLaaiumammmu
1.2.3 tilefnwUsyansamnsvinauvesredutananuiiuennidwuuanedu

1.3 AUYAFIUYDINTANED
mm’jmagmmm%uLLUUG(?Jumwmaﬁz?mLazL’j”mj'aammﬂﬁﬂmmﬁumﬁiauﬁsfmdma@m
mm??mmuussa;Lﬁmﬁﬁu%mm%amLﬁ]al,vhﬁ’u desmnenmalvariufmiudasturesdaniiaa
LLaz”Lwamumq%u%ﬁmLﬁlaﬁmmd%wmmmimﬁm yhnsvaaoufuenafianesistuiion
AuduiusTesaueIniatuna feanmsaialdlunisssinasseznanadunishaues



N3EUIUNITANAINTUDINALAZNTEUIUNTHUYTANIRE Wasntumsldanuasssuudesanuise
aulaegredariiadlagadun1svnuYoIAoaNTUIIIENTANAINTY 2 Aodul Lianaduunilvi
nhfigeAnuILaLgaudreinsiulasanaudukaadulidneeduiniaimiinaaauiuy
91N1f

1.4 nguuIanuIANAanldlun1side
AMUAILNTALUNITANANTUDINAUDIABAULUAAAINUTUDINATUN USEELIAINI BIZHENY

pIMAduRaRUaNIgeANTUNgnUIIRegnsly tneviluaunsavilaenislddnsinisinasinieiie
sauUsuaIganuuasiligeaduaudulauiniu TunuideldvwiAndinisdiiany

a

D.

ﬁ'sé{’uﬁaszijawmﬁﬁ’uaﬁi@mmm%u%ﬁdaaiﬁamﬂawu%uQWﬂwmié’MWﬂsﬁu lagn1snenerudefuiia
yamslvavesenmdliiadoufiiuasgaauduisiafuuuiagduans Wisuieulassaiady
Usi'«qmi@@mm%mwwimLﬁmﬁu‘lmaa%ﬁqﬁLLU&LTJu%uEJasJ 7 wariivosornafidunilsestudes
fagmnsluiiemenssiudruadulusiiielinislnaoiniadusuudnuen enerinniseenuuuiagyinli

AUENNNTOLUNNTANAINAUDINAVDIABALIUTIIATANANUTUTIA ALY

1.5 YBULUANITIY
& a < aa .
1.5.1 ansgaAnudusiinveswudauudiniag (Commercial grade)
1.5.2 M99AANAULUUABAUTNYENTINTEUDN
153 am‘wmmﬁﬁm%"umimamamm’m%ummmagj‘[,mm 25-35°C La¥dnsI@IUANUTU
91MAlUL 15-20 g/kg dry air

1.6 JUNBUYBINITANE

1.6.1 Anwndnuazn1sinteaduuIsasgaanudundauaunsalunisanaudueInie
GG
Y 9

1.6.2 MA@ uUsEANTAIMNITANAUTULAENI TN TAAANTUVBILATIAT Y UUTIVENT
ARALTUYNIFBNTIANIZBINARNAY

1.6.3 AasznAnuduiusiveldinuesnsinmsananudueNakasensIn1snsiua1sgn
ALTY UAZNAFOUANNTS

1.6.4 AATILMIAAFUNITVINIUYDIABAULAAAINUTUDINA

1.6.5 N UUTEANSAINNNTNNNUYBIABANLAAAINTUDINALUUTUUNY
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2.1 qﬂaﬂmwﬁﬁummﬁ (Dehumidifier)

YAARAILTLDINIA W3e Dehumidifier Snnsldfuotnaunsvanslussuuyuennme
dufuoinsuargpanangsy annsouusldidu 2 Ussinnmdn 4 Ae edosaneuduuuuld
ansvharnu Ssornimaggniadunlifiueesdiduiielimanduivesasduluoinie
ylornmiuuis waziedesanauduiildasgnaudu lnsaspaautuilddneie
vosduararsgaruturinvewnminsuiarssuuiinuantimeiuduandunsd 2.1
dofasanduanudoudlilumsitugansgaanutusinvesudsioddndanuiigainitas
@Jmmm%mﬁmmmmLLazﬁm’mé’umﬂm'ammiwuﬁqaﬂd’] Lwimﬂﬁi’fmi@@mm%uﬁaﬁm
vowdsiulifinisuuleuvesansgaaruiluenmauis EWusuazans, 2559) sruuan
Ao AU T uTdaveudsinulneialull 2 Ussian Ae wuuiunusey
(Bed) wazuuuisdonyu (Wheel) (Misha et al., 2012) Inefidnwazlassadradsuanslugud
2.1 FavisansUszinnidofuardodasunndnstulasuuuisdevauaiusnanaud uld
arauenidesnduasgaarutursurasanaiiolidotuiuiadnuiidoinisga
AN ALAEAUHUEITAAA MY AunuUIUAUTTREBnInanasd LT
unnuazfisruunsiauidudeutesniuuuisdonsu (Abou-Ziyan et al, 2017;
Chang et al,, 2004) WAvsTIAIRRALTUB MelurpdioINIAgNaAingRadinideiin
aulumuenmakayvariuasganuty Weanmemihuarsganuduledilusiniaay
gngaduslenmawisdu Wessuuienlussegniissansnmlunisgrenutuazanas
fm'mﬂmww'??umasluﬂaé’mﬁﬁaﬂé’%’umiﬁuwLﬁa"lﬁmiﬂ@mm%um&mm%uﬁm%’uﬁ
20N¥" mumumimmmwua mEJmwmjumaqa’]immmwmuuamﬂmﬂw 2.2 figm A LlIEJ
anspRATITugAdUATIEUTNE TN mﬂmuiumsmmwmm mewuuavammmwu
[esnnauieureinisgadugnuassoonuiaunsziisiisgaaunafign B 9ntduaisge
mmwmﬂuﬂmEJmﬂwmqmamwdﬁlammmuaaﬂmﬂmimmwmu nsangaungians
APAATIALIINGA C 319 A LiJumia@meulammmaamimm’]mu mﬂwmimm'}mu
mmsmaummmwmuimaﬂmq Faulusy uumﬁmmumawmﬂmwmummﬁ
nIUIUMIRARATIT LAY A ANTuTIASgAR LT UL anA LT e MAT LA AR T
wionfuielinsinuessssuusiulfooes Fafugnaneutuduuuiunuss
fnvsiinedutivionegamiudu 2 vie tnedrmilwihminfianeutuernidluyasisndas
wﬁwzgﬂﬂvuvjaﬁ@@mm%’u Lﬁ'aﬂizﬁm%mwmi@jmmmﬁuammméwiammmzaé’uﬁﬂmq
dielivegaenudufiiiumsiiuyuduldanautiueima susdisriulioniadoulnati
noganNLTuildnudeuntuiionuyasgaautusely



2.2 LquQﬁlsd‘lﬂiLuﬁ%nmaanszuaun']samﬂqqu%ua']n']ﬂ

wnugilelasiuednifuunugifnansemdniusandivesonalasuansanaua
A9 9 ¥890INA AB gzl Lw’fa (Dry-bulb temperature) 9auniNsy Wy zilon
(Wet-bulb temperature) amwﬂw\mﬂa u#2 (Dew-point temperature) AL uduing
(Relative humidity, RH) SnsdunLTy (Humidity ratio) wIomuT ULy (Specific
humidity) USuasanimiguetennia (Specific volume) waztouial (Enthalpy) Aauanslu
sU 2.3

A135197 2.1 msil3euiisuaudfvesssuvanmnudulasldasganuuriavesuds

LAZUDINAT
YAvDITFULANALTY
GRIGIGI maawmm%u mi@@mm%’uﬁuﬁm
YA VDIUVIEN
nalnnsanALy N3ALY N3QATY
AIUAUANATOUYDITEUY g9 i
anufeulunisilugansgaanuiy 6N i
ANUFUTBUVRITEUY Lyifudeu Fudeu
nsfnnTou Lifiansou finnsou
nstudouvesasgaeatuluemauis ey o19azduidlou
¥an1aa A .
. & o asazangdiivunaslsn
FIOENEIANAIUTY latanaansa lrsiaidul
nsleau-lnanea

LARALT LU AL S

Au: ASWUS, 2559

Desiccant whe

Desiccant column

A

gﬂﬁ 2.1 ﬁmaﬂmflmummﬁqummmiﬁ] (Desiccant column) WagkUUN&BILY
(Desiccant wheel)
731 : Taweekun and Akvanich, 2013



Desiccant surface vapor pressure

Desiccant moisture content

5UN 2.2 N52UIUNIRAANTULALANEALTUYDIATOAAILTY
11: Rady, 2009

Moisture content, kg/kgq,

Dry bulb temperature,°C Sos

U 2.3 uugdilalesiunin
7w https://www.cibsejournal.com/cpd/modules/2009-10/



Dessicant Dehumidification
A—> |: B—
= e )
Regeneration air Moisture
. content
kg/kg,,
9a
9y
Y,
{0 9(16
6 g, b
: : 4 \\0’ /:9( "
Dry-bulb temperature °C 6, 0, ¢ 7€

Ui 2.4 unugiilalasiusinueanisananutueiniasiean gty
w7 https://www.cibsejournal.com/cpd/modules/2009-12/

nsanaudueinimil sasgaaud uiinisgaaudulueinialussesnis
mmmmmiummﬂmﬁmu%ammmaammimwmmuaaﬂmﬂmmmmmul,wEﬂw
suwmmsammulmammaLuaamLLamqiugﬂw 23 Tunssuumsanasduenniadisars
parmdudunisdeundurosnsruaunmaiiiuanud uuuuesifisundin (Humidification
adiabatic) fauandlugy 2.4 Falsifinsiasuuvamdanuluseninanszsuiuns gungil
nszzuiaresnAndsunsrUIuMIanALtulignmgiigsniemaduiliosnnlds
m*m%fau‘ﬁ'maaaﬂmmﬂmiammm%ﬂmw’mmzmumi@m%’u %39 Heat of adsorption

2.3 ﬂa%’aﬁﬁwasiamsm%’umm%u (Adsorption)

M38RAIMTLDINA (Dehumidification) Fsansgamuiuviavewdaiunisgs
Fuynanientw (Physical adsorption) Wileansganrudududatuletilueina lethazgnge
Fuitganspaenuturiliennmauiduddussnienssuaunmanisgaeraduidamalidng
Udoy “Aufounein1sgadu (Heat of adsorption)” shlvgumpilutuarsgaeutugsty
wazdidsiognsruaninia Seiligumnivesoinmandsiunsannudufionmnigety
uarfimmduduimsanas (El-Samadony et al, 2013) nsvvrunsiifunssurunisuuy
adiabatic lnsaudeurasnmgaduiivdogesnintuiawiifuaudouudsasnisszime
(Latent heat of evaporation) sufuUSinaeufouresnsiUdsuiUamdauiinaesans
AAALTY (Yeboah & Darkwa, 2016) Hafeiiinasomaanaututuagiuiafodwieluil



2.3.1 %ﬁﬂﬁﬂi@ﬂﬂ?ﬁﬂ%ﬂ

yinvosanspaanuiuiinasoussansnmnisgaanuduruiy wiasying
arwainsolunsgamstuiiannzeinesieiu asgaeutudy q Adeuldiuiluly
U3 Uu laun 9an1134a, Activated Alumina, Natural and Synthetic Zeolite, Lithium
Chtoride Titanium SiLicate ey Synthetic Polymers iﬂﬁ 2.5 LLamm’mmuﬁaTummm
Aud uvesatsgaaud usilanie 9 Fgunnd 25°C dunaldd1dan1aa (S0y)
mmmmaﬂummmmﬂmulmmeumaﬂmmuamwmamm 60% uazgeninaIgn
Arududu UssBvsnimnisgaenutiuresansgaaiursiiavesdduegiuiiuiiindutady
91M1A USNINT189TNT LA AILaEUUIALEUN 1UAUTNA19TDITNTY N1TQAAIILT UYDS
Commercial silica gel uaz Modified silica gel fignusudslsfiuunnsgnguuazvuIndy
HUA LS NAN9TBIFNTUNINNTIUATAITH A AUVTY 1U71 Modified silica gel faa1ay
FrumunsanewnIasng1 Commerdial silica gel (Chang et al., 2004)

2.3.1.1 ¥@anuaa (Silica Gel)

aa 1< & a < =< ada Y o 1

Fanuaaduarsganuyuriavewdelssinnuian douldiuegis
unsuane Fanuaanlilaeialulunisnisin (Commercial silica gel) &I 2 Usstnnifiealdy Ao
Type A Wag Type B @asaiunvuiasngu lag Type A HU1anTU 2-3 nm Type B Haun

, ; Y 9 o } Y 9
snyuilngningedlvuinuseann 7 nm uasliuniiuszana 650 m?/g (Type A) uag 450
m%s (Type B) (Suzuki, 1990) Fdnnaaludigaduriindunseiuaziiauingnyuduiuy
Micro pore &aflainuvsusehazdvuin 3-60 dsansou annsagaduanuulilaluysunam
wnUszann 30% vesumind Fannaavzanunsagaduauiulafianiigumgiung
(25°0) uagilagungiiituduagyinlinuaiuisalunisgaduanas Anaudnaluvesda
nanddelun1anISANENUARY 600-800 m*/g AIUUUILUY (Apparently density)
1100-1300 kg/m® (M. M. Awad et al., 2008; Finocchiaro et al., 2016) uenaNUTENLIA
Faanunsandunildluaile lneniseunieamgigaenanii@@niadlauaudalidnnsou
Tudanuduiy aansadluldiduansgeanuiulundndagidmaneimsuazels daniea
O 4% a aw 4% a a ) ¢ s o
A wuuduildu dduuasla lasuwuvddiduidnisldansinavearinaslsa (CoCl,) Lilogn
ANududazilasuaindundududvuy I8nneadduiinisfin Methyl violet 3013
a = Yy @A A PN = = a A oA

Wasudnndududendedinisgannudududd wazuuvladdaiinmsiudiiiovsven
anugnsneANiy lalemenaunan1snaduauTureIdanaLansdlusun 2.6 310
susandliiuisedugamall 25 - 60°C ANAUNTANIagAdUld o YraunaiAAoudng
IndlAeeiy wazllonuyuduinsaugantaaausagaduauguldiiudy (Rady, 2009)
lngUseinalnedanuguduinsindensleglugig 72-80% fwwandlunsien 2.2 lnggaiou
AuTUdNIvVSIzanawgaluseul WeRansanainanmeinialssindlneddniaadau
a1sgenNNTuRdauauTRmvINzatdmIuNITanANTURINTA
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2
g SILICA GEL
o3
o
~ ©
:E 30
?\ E Ca0
e 5 CLAY
=&
<3
=2 25
5
e MOLECULAR SIEVE
2% 2
S3
Q%
T2 15
5
10 CaS0,

10 20 30 40 50 60 70 80 90 100
PERCENT RELATIVE HUMIDITY

JUN 2.5 AUEN1n0lunTSRAAILTUYRNESANAINNTUY LAY 9
7w https://www.sorbentsystems.com/images/figure2.png

0.6 -
054 | & SG-W25°C (ads)
e SG-W 35°C (ads)
04 - m SG-W 60°C (ads)
C) ®m SG-W 50°C (ads)
3 031 — Fitting curve
> g
0.2 -
0.1 -
0 L T T T 1
0 0.2 04 0.6 0.8 1

RH

JUN 2.6 leleinauaunanisgadunuduveTaniiag
11: Rady, 2009
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A13197 2.2 Anaduanududuimsiade (% ) vesUsumalneglutiangniasiie o
(W.A. 2524-2553)

ANMUTUAUNNS QA (%)

nA » =
QANRUN 030U ANU naoal
wile 73 62 81 74
P IUDDNLAYLLNILD 69 65 80 72
38N 71 69 79 73
Pz IuaNn 71 74 81 76
gileme Suoan 81 77 78 79
TEHamy Tumn 77 76 84 80

un: nsugnteninen, 2561

M13199 2.3 ARdveumaiindevesuseindlnglutieganiasiie 9 (w.a. 2524-2553)

oaumgiiade (°C)

1A

AU gn3ou faru
wille 23.4 28.1 27.3
HLIUDBNLALUNTLD 24.2 28.6 27.6
RAGEN 26.2 29.7 28.2
AEIUDDN 26.7 29.1 28.3
Tgilans Susen 263 28.2 2738
Tgilans Sumn 27.0 28.4 275

un: nsugnteninen, 2561

2.3.2 $as1dauanudulueinia (Humidity ratio)

Usinannuduluennieuansunuiiesnsndiunnuiui s dudndiuvosUSunm
ilusneseUSunaeneis mmmmm%ummﬁé”gstir;hu%gua’ﬁ@mmm%u activated
alumina 7ideulanisyiauieatu Lﬁammv'ﬂLst’hﬁé’mwmumm%ﬂummmasﬁuﬁwdﬁ
mmﬁaafmamwmumwmuiummﬂawuLLavammmwu (Abou-Ziyan et al., 2017)
asmmsmm%mwmmawamwameawumammmwmmwmummmm (OANIA LazANe,
2548 ; Kabeel, 2009 Yang et al,, 2017) mmLmﬂmﬁ“mNﬂmmmmﬂmwma DINFA
sonaviidunntudiofiunnutiuenniadn (Kabeel, 2009)

2.3.3 dnsnsivavasenia
nafiudnsnisinavesnrnmeviliarsganiududganaunaiiausiili
33&15L’Jaﬂumiqﬂ%’umm%uguaa (El-Samadony et al., 2013) §anLaaiidninnisgadu
Arutugstudiofiudammslvaresoinia (efinsd uazanie, 2508; Kabeel, 2009)
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2.3.4 quUNLYRIDNA
mil,ﬂ'uamﬁmﬁsuaqmmmLﬁz’f’]fiauﬁ"]miamﬂmwﬁyuG’ha Activated alumina
aqwa’memmaﬂmammwawuLLamﬂwamwmumﬁmumaammﬂaaﬂumawu (Abou-
Ziyan et al., 2017) miammwmummﬂmwamwauam’]mm@mmsﬁuamaumaqu
N Iv0e01NAYL (BANSA LazANe, 2548; Yang et al., 2017)

235 szRumsruyansganuy
sefumsitunasgansduiinasoUsinumsgaduresasgaA iy (Chang
et al., 2004) mammammﬂuﬂi vt uarsgeaud udwalisaanainisgady
mwmuunmmmu desmnitgumpfigeruiuluasganrudugnivesnldluliun
mnmqqm‘wqmm (El-Samadony et al., 2013) ‘Lumiammwmummﬂmami Activated
alumina wuAudITIMSveseIneanidanauieiiugumgdiiléiiuy (Abou-Ziyan
et al,, 2017)

2.4 {]ﬁa‘ﬁﬁNaﬁianﬁﬁquiﬂﬂﬂfmu%u (Regeneration)

L;Jaﬁma@mwmummmUs“awﬁmwlumiammﬂmuamaamLﬂumaaumimﬂmmi
mmmwmumamm%u (Desorption) flognelusenluiteliannsonduugamud uld
n3zuUIuNTI3andn s ua1snaamdy (Regeneration) ) Tnenasliannudeudl ol
aruduneluasgaeutumeseningenma Uinuenufeuiilitudesgaiismeuass
sgpvanunefiszrinemuiunmelumsganiutusenluauasgaeudundusnianin
wiouldon YatefifnadeusyAnsamnisiugansgaauduueninnuiinuaiuieuas
naud Snansluavesaufeuiildifinauisfudosnnarandufimanutuigniu
ponin NMafiuguupianiounaremnuiiaudwmasenafildiiensitunarsgaanduty
anad

2.4.1 gumgiildlunisituy

Y

gauniifinasg1vuniunanidlunisiurasgaanuiuiliodnsinislinaves

Y
v [

91N ARN TumqﬂaUﬂmﬁaé’mwmﬂﬁamaqmmﬂaaﬁivé’wﬁqammﬁav:ﬁma@ianmmsﬂu
maWqusmmwmuamm (Smgh & Singh, 1998) ﬁ')’]llLLG]ﬂG]’Ni“‘WJ’Nﬂ’J’]iJ“UummﬁL“U’m‘U
mwmmmmmaaﬂmuaaﬂumwmmaqmmmernLLavammmsléi’fLumimamm%u (Kabeel,
2009) amwmamEJmﬁmjuummauwuﬁamqmﬂﬂuqamqmmi%iumaﬂummi@@mwmu
é’mwmimammﬁmﬁmﬁmﬁlaLﬁmammﬁiumaﬁuﬂmsmmmﬁu (Abou-Ziyan et al,
2017; Kabeel, 2009) Uimmmm%uwmﬂﬁuuaaﬂmﬂa'ﬁmmm%mwmumaammummﬁ
muwflmuawu (Ng et al., 2001; aquﬁ wazAuy, 2005) aﬂwmvmsmamm%umawam
198 Type RD, Type 3A uag Type A mammm 40°C - 140°C FroLA3esiiAszsinuTude
auW'lLsm Iﬂmmmmwmmﬂmwaqmmﬂmimmwmumaﬂuam'gvammﬂuumuﬂamma
Luaﬂivmumsmamwmuauam wmmammm 90°C LWmwammumaWqummmﬁmu
14 95% 9998an1aasts 3 Usziam muamluﬁﬂw 2.7 luduwessnsnismenuTuvesda
mLaauuwmmmmamwuﬁﬂumL’JmLLavammuﬂ% (Ng et al., 2001)
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100 A

90

80 A

% of water desorbed

40 5
30 A

20 A

10 T T T T I I I I T 1
40 50 60 70 80 90 100 110 120 130 140
Regeneration Temp (degC)
Uil 2.7 Uimmmim&Jmm%mawamwaLuammiﬁuﬁdﬁq R RRE
11: Ng et al., 2001

2.4.2 95115 MaveIINA
miL‘wmamwmﬂ‘wamaammﬂmimamm%ﬂumiwquimﬂmwmuaﬂm
(Singh & Singh, 1998) Uﬁmmﬂmmummﬂéuuaaﬂmmﬂmmﬂmwmmwmumammamw
nslyaveennA (efned wazay, 2548)

2.4.3 AMUBUTUNNSVDIDINA
nsEiuANNPUFUIMS oA Vg SHUN AN TAAANT udINA U
ANUTUNYNTURDNIINANTANANINTUARAY (DRANIA LazANE, 2548)

2.4.4 T,ﬂsqa%"N%'uUiiamimﬂ'mu%u
ﬂiumumﬁWuWamwmaamw@mm%umﬁmasmwc»ms'ifﬂmmﬂuusmuaﬂ%u
mwﬂwmﬂmmmmimmwmuammammmuumiwu way mmwummmumiammm
mwmumﬂﬁl%nmﬂW'iV\IuWUamaq (Singh & Singh, 1998)

2.5 Hadviifinadonnuduanasenlunaduiussgmannnanutiy

PR UANATeNTUEY TUATNAIVDNUAVTTY TUINDYAIAFITANAIILTY A
nyuTeLUA AmNuniaveasivanareivestasinaiiniuduarsgaaniutu (Kabeel,
2009) 5UTl 2.8 uARIAURUANATOLVDIUAUTIYANTRARNTUT TUINAN AR UGS
uazfimnuiiansie q 91nnsmLansinsfinausvesenmiliedunnaseusien
9iu MaiuruadukiugudnasesasgantudssaliaudunnAToNanas (Ramzy
et al,, 2012) mmd’umﬂﬂi'awuaaﬂaé’mﬁmiﬂmﬁqmmmﬁymﬂuﬂaaﬁ’a'ﬁ'Lﬂufﬁ”;sﬁyi’m
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‘Uizﬁw%mwsuaaﬁqmaﬂmm%jummﬁ msi’@é’mwmﬂwammﬂﬁmuﬂaé’uﬁmiqmi@@
ANLTUlAIATINAEUALN1I0DNTBIDINADLUARIANLFUANATBUTIARTY ANFUAN
ﬂi'am‘ﬁmﬁiqwaiﬁﬁnm?iqmmﬂﬁaﬂ%wé’mmmﬂ%’;u uaﬂmﬂﬁﬁwmﬂuamaamﬂmﬁuﬂiwmsﬂaj
ammuamiﬂamﬂi awﬁmwmimmumaamsmmmﬂdumimmﬂmuLuaqmﬂumim
mwmumﬂmumluimamammﬁ mwuﬁ uazAMy (2559) ﬁﬂmmamaqmsa@mwmu
TuuAUsTINUI LuamemmqwawwamLaammmmumnmamwmmmuamqmﬂ
Ergun equation Tuaunisfi 2.1 feuthanldidieldlunsvhuweaudunnasen (Pesic et
al,, 2014)

—AP U(1 - ¢)? U*(1-¢
_:150u+1_7su (2.1)
H dze3 d,e3
lne
f Particle friction factor U Fluid superficial velocity (m/s)
AP us3uan (Pa) Pr Anunukluvesiva (ke/m?)
H  AuEavestuasnnadudy (m) dp  VUINOUNIA (M)
& AUNTU (porosity) Re  autsdluas é'ﬁuasuiﬁ’u superficial

velocity wasfing luvie, Re = pU/LL

L enuvilavediva (Pa.s)

L ! 1 ! 1 ! 1 ! 1 ! 1 ! i

0,=250°C,L=01m,D,=015m |
1.0x10"

1.0x10°

T rrrrem
L sl

Pressure drop [ Pa ]

1.0x 107

LB LR R |
L sl

1.0x10'

LALL |
sl

1 1 1 1 1 1 1 1 1 1
6 3 10

Particle diamclcrl) | mm |

[
o
[

gll 728 ﬂ’J’]SJW‘LlMﬂﬂi@lﬁ,uL‘U@E‘Zﬁi@]@ﬁ’JWN%ULN@IﬂI@Uﬂ’]@%U’]@@’N 9 (1-10 mm) fisesu
ANULSIANANS 9 (0.1 — 1.0 m/s)
u1: Ramzy et al., 2012
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2.6 YAUsUANT2ZRINA
Lummﬂammﬁuaﬂmmﬁmazummammmué’mﬁwéﬁaamwmummmmuma

y (%
[

sodnsmIgarNTulazaisnIdureIEIgarLTy FaulunimnaesgnaneLty
p1nAna1e $1uideinsgaiiuanuduenimdiunldusvaniizenalildsedy
Anud uduinsuazgnmgilugdidosnaifiemuauanniznisvaass Feyafiuanudy
E]’lﬂ’lﬁlillmiaaﬂLLUUI’J%ﬁ’]ﬂMﬁ’]EJLL‘UU@ﬂLLﬂﬂﬂU'i‘d‘Vl 2.9 1t Chang et al. (2009) Tdyaudia
arudue maiieUsuanmzanmalunsinuinavesiladomsitunenssuiunmsanaiuty
YAUAUTIITANAA LLaJ[fzjsqmqumwmummm‘waﬂiuamaummﬂiumiﬂﬂmwaﬂmu
YBIAUNUILAZVUINBUNIATANUIAABUTLANTAINNTAUMANNTBULALUIAVBUUA
\Aoudanaalagld Ultrasonic vibrator 1sluieslnuua 35 &3 waganuauUiinaiihi
yilsanedy mmﬂaﬂaiﬁsiml,%ﬁﬁaw%’umm%w,t,azmﬂﬁ?ummﬁ%mﬂ%’ummsﬁuﬁﬂﬂg’a
fhemInauiueInianIsuenieuingynanautueinia M. Awad et al. (2008) naaed
suaqmﬂ‘viammﬂm:uLLmﬁﬂmawumimmwmu mmmemwmummﬁimumﬂ‘{'jml,auaﬂ
dduafineuduaimelasnss ssuuinduazesnignindemdanyaifinarudueinia
Jioidaveaunii vuanfueiniafiusuainuduuda Kabeel (2009) I%Q‘UﬂiMW‘U‘UW (Air
washer) dwfuliuanufuoinmadionaaaunisiauganuduLazaIsALT UTE YN
ussganIgaeLTuanetuioUszgndlflunssuiunisaneadu Ramzy et al. (2013) 14
yauiinaudulierniadeuiienismnassanauiudoiuaussa@aniaa lnsuateve
pmAdIgnIIUTud e sEaTsIafiifunsiaiazinussegniely vieenieoanaes
ﬁumwumwmummmﬂmaaamuuuimalmamaﬂumm Voe1N1AeBNABLiUYANARDIAR
mﬂmummmmiﬁ;%mwa Abou-Ziyan et al. (2017) Anw1Usgdniainves Activated
Alumina wuudutnaanedu ldyalianusounasiadsstudaleduiiousuauduuas

9aun) Y08 INIANDUYITUANTANAINTY LaginaugaeIN ANILYALAAUToULaYLUd

Y

¥ U ‘&’ 14 1 9OJ ‘NI ‘3" o a 9°J
esUSuauTumensnuloufianasesiLlaleu

Y/
k| mrc & %
H
Air Filter P

1 Hot Water

Ultrasonic Vibrator !
1 Adsorbent
1 Layers

Air
Pump

Vent

Water Supply

|

GlassWool

(a) Ultrasonic vibrator (Chang et al., 2004)
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I | — 7
L1
6 b — to radial bed 2 6a — to vertical bed
A
* N
>4 L Lo ]

11 — Ambient air inlet
1 - Ambient air from the 5- Water droplets trapping system
2 - Air heater 6-a,b Processed air
3 - Air humidifier with water 7 - Orifice meters

4 - Walter injection pump
(b) YoLiaANIUDINAlAEAST (Awad et al., 2008)

Exit air

Hot wire anemometer

Packed bed
layers

—t+——14-3

——142

(a) (b)
1 Airinlet to the system 8 Position of hygrometer probe
2 Onifice meters with U-tube manometers 9 Packed bed of gravels
3 Air humidifier 10 Air inlet to the humidifier
4 Air heater 11 Air exit from humidifier
5 Air exits (o atain steady state 12 Inlet section air flow strainer
6 3 way valves 13 Glass column containing silica gel Packed bed
7 Test sections of silica gel packed beds 14 Thermocouples

(d) Air humidifier (Ramzy et al., 2013)
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(e) yalinnuTounaziAsaailinlouoUsuAudu (Abou-Ziyan et al., 2017)

JUN 2.9 gauSuannzaniakuuiig 9 fldlunismaasanaiuueInie

2.7 M3EEMNIATUNTZUIUNITYAAINTY

aunsdmsunisaemmalunisgaduvesiunussails (Fixed bed) Idannisauna
waasfigngaduluiua (dL) dauandlugud 2.10 Fadumuduiudsznineududuves
mgnaeduluveslnaduanududuvesdiignaaduuuvends dasnsazanluveivauay
vosudadunasinaszninanslvadiuarnslnasenainduarsgady Tnsiliddsdanis

Wasuuwlaswesruiiay superficial (McCabe et al., 1993)

ac
ot
oc

~ ac ow
1R 80,7—t+(1—£)pp0,7—t——u00,7—L

ow
edL—+ (1 - e)depE =uy—ue(c+dc)

108

E v dnduUsuNmSYDIINIIUA
¢ fin anudnduvesignaaduluvedlua (g/cm?)
W fia anududusiagngaduluveuds (g/e)
Lo AD ANUNUILUUYBITANLIA (¢/cm?)
L Ao szeznneailivaniu (m)
= <
Up AD ANULSIAN (M/s)
t Ao 1387 (s)

1-¢
U €
0 u
—»h —
< c+dc
C
dL

5UN 2.10 aun@inavatuauIIYile

(2.3)

(2.4)
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Awad et al. (2008) nasostuanaT UL lanLLLIATivsEIgAANLTLEENT
128 ﬂdndflﬁuﬁmEJmmaiumifhammﬂmmmlmaiﬂé’agwqumaaaymﬂ%amLaaL‘T;Julﬂmu
ndaTmItieming (rate law) Sadulunuannzaunameslulaniin szyduuszandnig
femEsUinnsdasiiua k go a vomdndos Tas a Ao fufidiemademiisuiuns
%@ﬂ%ﬂUiiﬂ (m%/m®) wae k Ao dulszAndnsdewmana (ke/m? s)) dR Ae Sasn1sgadu
AU (ke/s) ansomldanmsgaduussansnsaemidainnns ka lnoussduidadu

LazAMMEUTINATIALTUYDITUUTIY 270rLdr

dR = ka(w —w*)2nrLdr (2.5)

lng
W @9 mm%ué’ugazﬁmaqmmﬁ (ke water/kg dry air)
W' Ao arwituduysaiveseinidluniizannaiueyniadanuaadifieg (kg water/kg dry air)
2mrlLdr fio uinislvadivad r (m?)
L Ao esunduussy (m)

Kabeel (2009) AnwimIgaduiasnismemiuiuvrenuaussyiilnefiaanaady
aspeautudmiunTUssgndldlunssuiunisanaTiu InMIaNRAINATaUAUTITIY
nIrUILUNIgAduLaENITUIUMIMEATUlF ALY sshTdunNLTulERaunsT 2.6

H= x [piglig%l(zt] (2.6)
1ng

W* A9 é’mwdauﬂ%mmﬁwﬁaaﬂiﬁlu%amLaaﬁaaﬂuamwama (kg water/kg dry silica gel)
W, 7D é’mwdauﬂ%mmfwﬁagﬂu%ﬁmL'eaaSm'fu (kg water/kg dry silica gel)

Ps A9 ANUNUILUUYRITANAE (ke/m°)

P, AiB AurUIKILYBIDINTe (kg/m?)

€ Ao ININEIUYDITVBITANLA
2 < . . <3
Up AB MUY superficial (AULSIANVIBAIINLUA) (M/S)
t Ao a1 (s)
L B ANUVUIYRITUAITAAINTY (M)
Ko 19 A1ASTIYRIaNn13anneedauiugumngivdnluseninenssuiun1snaALTuAtLEnS
Tusns99 2.4
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A13199 2.4 AATIvRsANNNSaRnBY I URMATDINALY

gaungdl (°0) Ki Ko
252 -0.000483 0.0330948
2719 -0.000556 0.0397986
28.8 -0.000582 0.0422896
314 -0.000663 0.0502858

fin: Awad et al, 2008

2.8 Pideiiieadasiunsesnuuugaanautuainia

Singh and Singh (1998) ﬁﬂmiﬁ%\ljuﬂ%ﬁmwah Regenerator LUUTAETY qmmﬁﬁ
Tlunsitug@aniaanglurag 42-72 °C Arundaau 0.175-0.55 m/s Wisuifisunandild
Wyux\j%miwaﬁwdwmimmLLUU%’JuLﬁmmm%amL%ﬁ@j@%’mmwﬁuuﬁ%ﬁmu 3 kg v
nsuvadutu 2-4 4u mﬂmimamaqﬂlﬁdw33aJzL:Jmﬁiﬁé’fﬂymﬁﬁmwamﬂmm%u 42.8%
anwide 15% dmanauileifiuguugiianfeudmiunnssdumiuiauuagdunudy mada
aaauilinaiiug@anuaaanansuiudmiunnsedugang fuagduautu e
finrsansiuunsuisiuusgdansanuimadfisduresduilinamehuisdaniaee
anas uin1sanasvesnahuisiifiianaadioiugamaiuasarunsan

oANad uazAMY (2508) NATDUALTINULTAIYAATIANAIINT ULUUDIAFINSY
nszuumIseuuisdle Idoonuuunaraisgnanaudueniadmivldlunssuauniseu
dle Tanwasfutuussgdanuaaduas 3 kg 1u1n 49.5 x 49.5 x 2.5 cm F1u 10 Fuang
doutulunuifs Tnsdlszogvinaszainadu 2.5 cm dauanslusud 2.11 Wenialuaniy
Forivszrinsumussnudielifidaudunnaseudt wuindlesniinsivaiena
%aqmmﬂtﬂmqﬁu U‘%mmmm%}uﬁ%émLaa@msﬁmzqqsﬁummlﬂﬁw ﬂ‘%mmmm%uﬁgﬂ@m
Fuazsanfisninisivalianavesenamminiu 0.182 ke/s IAngeaniisnsnisivaidena
Y9IDINELINNY 0.931 kg/s e?fqeiamaiﬁémwmi@mmm%wuaami@@mm%uqﬁuLﬁ'@é’mﬂ
ﬂ’]ili/iﬁL‘?Niﬂﬁ@ﬂ‘ﬁu LLaz”LﬁﬁsuuﬂmmaLﬁaﬁﬂmaaﬂnzﬁummmmé’qmﬂmuaﬁ@mmm%u
densanmzanmanidt INduleanisgaauFuiarnnareshunginavesnuiui
gndusenanansganutuiuandluaunisdl 2.13 uag 2.14 suddu

My, aq = 34.41211'130'51427RH1'3343T;1'2989t°'51022 (2.13)
Mw,de =9.9704 X 10—4ma0-2993RH—0.6O9OTa1i.2531t0.4805 (214)

1oy
Mw, ad fle Usnaensiuluansgnautu o LA (ke)
Mw, de flo Visnmmnsduiigniuesnainansgnanudu a naweg (ko)
n, Ao dnsnsivalanaveseinia (ke/s)
RH o arwiuduing (qavedie)
t Ao L3a1 (min)
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¢

———— o

—
'
t

gty

—
——————
| —

01AUTINAT

AAnWTY

FANIAANITY

JUN 2.11 YRE13ARANUTURUUAINEINSUNTEUIUNTO UL e
M1: afined uavmny, 2548

Chang et al. (2005) 198an19adiivuineynasiisiy 3 sz indeuiviouanula
aﬁasﬂusqm@mmm%uimﬁmm%m@imf‘ﬁ’u 3 SR Lﬁaﬁﬂmmammmwwmu,azsummmgmﬂ
AifoUsrans nmmsaeminatazadeudmumsannudulusyuuUSuenid wuin
vaveseymMadanealiinariouTinunmagaduletnogsiidedAqusivuinveseyniai
1‘1/1zﬁummiaammmé]’mmumsmEJmmasuaa%gu%ﬁmLfﬂa Fupdeuiivisfinsaiomeny
faulaAnin3winlraanmaiirdoutuunsmenudulddnidumun vunedanealiifnase
N30NUWVANNT DU mamﬁauﬁaﬂaﬁw%ﬁmwasummimﬂLLavﬁmuwuw‘f’]ﬁﬂﬁﬂizam%ﬂ'nN

an

NIONUNNIAYDITTUUR mimaawueuamLfaamamwmsmammmsaumLLavammwm
mvﬂ,usvmwmw\mi{\\ljmsammwmu

Awad et al. (2008) AnwmaaosiuaneuFuiuulnanuiaiivesagana Ly
wuuuds 1neld88n1an fidukiugudnaraiade 3 mm grlfiduasgaanudulundosan
Aty waussgasgeestunglinisinwdinslnanuuniaivasdunsinssuen an
NAFDUNTINTEUBNNAN 5 A Feilsnsarnudusiiuguinats (D/D) umnssiudsuanslugy
7l 2.12 U%mmsuaﬂ%ﬁmLaaaiu%zumsagﬁﬂ%mmﬁauLﬂ/iwﬁ’u NaU31InNUsEEANSAIMNTYINau
ﬁuaq%gumﬁqwsaﬂﬁwaﬂﬂmﬂﬁéﬁmnmmsa@mm%ugﬂﬁﬁmﬁ 15 Wiidmsudnsdiudy
duAudnas 7.2 ranaridiududeandninisivaveseiniauassasiduduriu
AuinaeeItuUsy Mafusarduduinugudnaadudarudunnadeunelutuuss
LLazLﬁmmimmm:mm@@%’waa%guussqﬁm%’waqmiﬁwmuﬁguﬂ ﬁmﬂiﬁaaﬂuw%uussag
annsaidenauinguizasdvesnszuiuns lunsddeanisanuiunnasouddeaden
Sharduduiugudnaradiasi lumsndusudfesnisananutuenmalildnnuugiili
Tduussasgaauiuiisnduduiuguinansiiings nanssvuesdnmanduniu
guinansenTsgetumLtukarAmLfuRnATonUTL IR uanI oLt Sh A uRY
ﬁuaﬂmq muumwawuﬁuaqamwmmaumuﬁuaﬂa'mam'ﬁaumﬂéwﬁuﬂsqamsfmmm
Anufudmuniaiausgesiandy eglsfnunisdiuvssdniamiianziangas
Suduseadenlismmaduriuguinaswestuussafiangan
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Talr+dr)]
Wir+dr)
Vir+dr)

g‘d‘w 2.12 Suanarudiuuuulvamuuuned

‘17{31’1: Ramzy et al., 2008

Kabeel (2009) ﬁmznmiﬁ’mwuaami@mmwwﬁuuazm&Jmm%wuawmmiﬁ;aﬁm
ﬂmuﬁ??waw%”’w,ﬁaﬂssqﬂm‘iﬁﬁuﬂizmumsammm%u ﬁ"i’mqﬂszaaﬁtﬁaﬁﬂmwaﬂswwaq
mmqqsg’uu'iif\;miammmgf}jwiaUizaw‘ﬁmwmmﬂy’mizmumi@mLLazmamﬂwﬁu [ L
anaaduturing fu $1uau 8 duuarnsdeiulaglifivesiteseninetu LLGiav%guﬁmmm
10 cm aﬂussaﬂmﬂumummmm 100 cm Laumuﬁuaﬂmq 5 cm Funsniiduiaty
mmmmmamwmimm’m%umamLLa ADY 9| amaammﬁuawu MaLfinausauniesn
mﬂwamaqmmmwmmwmimmﬁmu ﬂ')’]llLLG]ﬂG]’NiuViTNEJGﬁ’]ﬂ’]iﬂ@ﬂ’J’liJ“ZJquGUULLiﬂ
ﬂwuammaumuawamuanmmum 90 U1l LLaumﬂuuﬂaumqmw ‘mmwmsaau 9.6
/s mimsmwmuwmw mmumﬂmqamqmimsﬁmmjm“mﬂwumﬂﬂmuamma
fisguilennudiauiudu EJ@’i’m1iﬂ’]‘EJﬂ’J’]iJGquJﬂ’J’IQJmJWUﬁEJEJN&J’]ﬂﬂ‘UEJmMﬂlIEJ’]ﬂ’]ﬂ‘l/ﬂfl]
Tun1sANBAINT U mmLmﬂmNiumwmﬁmummmsumumwmummﬂaaﬂmuaamJ
mﬂmuﬁummmﬁmLLauqmmmﬂﬂumimammw quaﬂmﬂmuuuamﬁmia@mwmu
91 0.23 uaz 0.44 o/min WeenAdniirnudy 12.2 uay 17.5 ¢ water/kg dry air

Taweekun and Akvanich (2013) $hnssiassuas@nuiaduniseenuuuiimunzay
m‘m‘uﬂaauumimmwmﬂuiuw Radient Cooling TAAIAUAUANATOULAEENTINITOA
%Umaqaﬂi@@mﬂmwawumsfﬂmimmmwmumummﬁl‘wammLLu’mmaummu’smum
LLamﬂugﬂw 2.7 maiuussa;suaﬂ'lma 10 kg AaANUTIUTINT 0.045 m® Msiiiad sy
@jusj‘ﬂawﬁumﬂaé’uﬁuwmmﬂlmLLmé?ﬁaiqwaslﬁmmé’ummiaﬂuﬂaé’uﬂamm Ansiiinsad
Lé’umu@uﬂ‘ﬂawuaqmé’mﬁmmﬂlwamuLLm%’ﬁﬁdawaWﬂgqmmﬁumﬂm'ammzé’mswmi@m
AT U T Y aunisannesveIANduTUESENINIRINT UANAT BULAS YUNALEUN Y
@jusj‘ﬂmqmﬂuuazmemamamaé“uﬁmmﬂluammLLm%’ﬂﬁ"L@fgﬂa%fN%u WU LU
@juéﬂmamsfluuazmauaﬂL“f]u{]ﬁsﬁﬁNaaéﬂqaﬁﬁﬂﬁwﬁmﬁisﬁummLﬁ?‘iaﬁu 95%

Ramzy et al. (2013) léﬁnﬂaaqLLavﬁﬂwmqwﬁmaqmmﬂmm%uﬁammﬁuquu:uu
mmawaqﬂivmumiammﬁmﬂmsﬂﬁawmiswamLﬁ]a Uimmeaamwammiﬂww
TEAUANENWINN 9 TnglunusTganaaiiaayn mmm%wmmaqammwmummmmﬂ 74
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mLﬁ]aiuﬁqmﬁaawzgﬂiﬁ’mm%’amﬁa%mm%juaaﬂmﬂ%ﬁml,ﬁ]a \oganaayausnll
aunsngamNtueImAldEndely seuvazadumsivavesenmadieliluunussy@aniaa
yausnldsuarieulasypiiesimihiigaautuveseniaie vAnymavesaaugaun
Fanuaa seunaTlunsivdsuszuuannssuiunsgannatudumeautu gungdiflily
msmglumsnuduseysyavininuesnisananudueinia wuinmannutulueinea
frinugnanmuduswdididanauionugenuadanuaadiiniu lumeanduiugamgd
mmﬁaaﬂﬁﬁwqaﬁuLﬁaLﬁummgqmm%ﬁmLaaLﬁmmﬂé’m’]mi@mmm%uﬁqmdw ALy
arugauadaniaariliseunafintudsisannissvesszuuaunu Ussansamueinis
@Jmmm%uﬁqmmﬁLLﬂdﬂﬁﬁuLﬁaﬂaﬁuqqLum%mwmﬁu nMsuingamgdildlunisane

a

ATAuesdaNsLaariliing Regeneration anas UsANSNIMNSINULUUATUTOUFSER
Flegamafiild Regeneration wisnzas usmnldgamniigeninAiimanzanlsidsuasionis
anmLTue1n Az wiiliUszans amnisvhnuanas sddeiuuzdilinuduivein e
ﬂ'aumumzmumsammmggummﬁgéqsdwLﬁmﬂizﬁw‘émwmiﬁwmLL‘UUﬂi‘UiaU pgalsh
mumiamammummmaqmmmammmmmmama nsangaumgiiennieavilviseu
ALty mmmsmmmaqﬂsvmumsammm%ummmvmumu‘luﬂsmwamwmu
AU IANYEINITUIUNNTANALT UABAI1LE I8 Regeneration firntet ielidnsdau
AuTuveseInIAeaniAA Uig%m‘ﬁmwmiﬁwmqummauqﬁmﬁmﬁummﬁaamaa
9INIALU é’mwﬁaumm%usuaqmmﬂaaﬂﬁéfaamiLﬁué’aﬁmum%mﬁﬁmmmL§aqaqmmaq
DINFILY Uiz?m%ﬂWWﬂ'ﬁﬁNmLLUUﬂiUiaUﬂmL‘U(ﬂLﬁusﬁumﬂ 0.18 1Ju 0.28 Wewwndiny
QﬁLﬁmﬁumﬂ 0.05 m 1w 0.3 m LLazslsé’fqmwﬂuﬁ Regeneration #i 120°C

Abou-Ziyan et al. (2017) mimmmsﬁu Activated alumina mmaﬂu%’jum%miﬂ
LI 3 cm maaiwmamaﬂmmm 0.60 x 0.35 m g4 1.1 m maaﬂ%ﬁwumim
AU 1, 2 wa 3 snuimmwmwmammmmawawamam Snvaznsenemnavety
Activated Alumina vanesu iu‘Vi’JNﬂiuU’Juﬂ’]ﬁﬂﬂﬂ’NﬂﬁUULLauﬂiu‘U’J‘Llﬂ’]i regeneration A
mmmwmaama ﬁﬂmmsﬂ,mLaaulﬁummmuua“%u mmmuuawuumﬂ LLa“mmmau
LAZTUIN m'm%uau‘wmmmmmﬁmaﬂmmumimmmm%uafﬂaamﬂ 28 maa 20% il
qmmmmm@nﬁmwmumﬂ 28 1u 36°C uazALT UGS MAeanLTuaIn 16 1Ty
39% Lﬁaﬁﬂmu%’jumimmmm%uuammmﬂ 3 Sunde 1 %gu ﬁi’wmu%gmm Activated alumina
mmaamwusmﬂmﬂuamﬁmimmwmuua memnutueds Tnododfiuduwsnasmalie
sy 70% LLavLuaLw:uaﬂaamumﬂﬁuummﬂmaLﬂummuamaiwmmmu 144% nels
amwmﬂwammﬂmmmmwumi@mmmwmu'gu 2 Fu fluszansnmnisanauty
91n1A 1.85 kg/h fiannazene 28°C 65%RH uay 4.75 ke/h fianazene 36°C 65%RH
é’mwms@mm'm%um?{aLﬁmﬂﬁzmm 157% Lﬁaqmmﬁmmmﬁuﬁmm 28 181 36°C 891
ﬂ?i@ﬂﬂﬂﬂ%‘l&LﬁMLﬁ@UﬁaﬂL‘Vl"]Lﬁ@ﬂﬂm%’uﬁmﬁméﬂ@ﬂmmﬂL‘ZngﬁLﬁiJ%uﬁﬂﬂ 50 10U 80% &m31
mimm’mm%ul,aﬁ'aquﬁaqmmﬁ Regeneration qaﬁfu Tooanglutieseozusn (Quis 15
wih) Wendsuitsuiunslddanuaadumgaaradunuii Fanuasaunsogaauduld

Ussanas 24% T9gandn Activated alumina luvaig#insvin Regeneration igaungil 45 °C
Activated alumina Jwwldulun1spevaussininganiiag
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Yang et al. (2017) l43anaalunsananutusnmeagmdueiasuas regeneration
Fandsnuuasoring Fanuaasiuiu 3 kg gnussglusuiinedoutusiuiu 3 du wasRadsd
nieig mamwaaﬂimmmwmummﬂLmLLaymmﬂLmaummacﬂumauLsuﬂiumumiam
ATudarindy 7.1 g water/kg dry air U5 aﬁnﬁmiamm']mumﬂWﬁmmumﬂamwmu
vosmaRUS ALt ue A uare N ALiseUTIn I Eue A Sedidiasan
Wity 58.60% Wilenafigamgi 19.2°C uagiinrududusivg 86.1% duszAnsainms
anAuURAEYITY 33.96% 05113 regeneration gegn 153 o/h angldnisussedues
uaefindd1ansil 900 W/m?

A1519% 2.5 AL TNEITBITUNITORNUUUYNAAANIHTIUDINIALUULUAUTIYS

1Ny vindns Tﬂsaa%ﬁa%’swssqmi@ﬂ #An1amsinavag
an AUy 81N A
ALY
Singh & Singh (1997) Fan1Laa Sﬁyumsqlﬁmqﬁ'mﬁ'wﬁ Twaananstuuy
AZUNTINUAN U 2-4
fu

ANIA WavAY (2548)  FANRA  ATWATUTEITRUAUTIUIL  HamIHLUITEUNY
10 H4 Sveeinesywinadu

Awad et al. (2008) Fanwea  esunsagUunsansrUennal  lvasuwwasadl

Chang et al. (2005) Fanea  wpdeufinave Ivanuuuvie

Kabeel (2009) FANUA  NTNITUDNUITYPAL Twaananstuuy

Taweekun and ¥4

Akvanich (2013)

ARIXG G]&Lﬂi\‘lgﬂﬂ/li\‘iﬂi%‘U@ﬂﬂa’N IWaG]WLILL‘Ll'J%IﬁfI

Ramzy et al. (2013) FANUA  NTNITUDNUITYPAL laa1nansTuuy
Abou-Ziyan et al. Activated  AzuATINTIALUBYL luaannansTuuu
(2017) Alumina  foufiu 1-3 9u

2.9 MuATENAnsUsEendldynanauduaInIAfiunszuIuNISWUTFUNAAS A

NNSNWATUAZDINNS

Goula and Adamopoutos (2005) vuradousdomagonisvihutuuuriudes
$afugnanAuiueINIATigUMgR 110 - 140°C Sasnisluaawiildviuia 17.75 -22.75
m¥/h wasfnwuaziUisuilevauifivnsandu esruuusazauaansalunsazans
yessnzLdamai iun st snsviuisuunules wwuidniunisldsauduyaan
AudueINIA MU iU LR T N Rana i uenAdsralinns adeianes
oumAinETY nefilddanuduias Anuvuindusazerwaninsolunsazaeiivgady
feannsafigadldissuuhuiuuuiukesidaudasiiitedninssuuiiy mevhukieinie
AeutuunINIztIEUsUURNIRuNEnSuTde i Ul ssaudRvomandasiandas
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Nagaya et al. (2006) lgnanmnuduuuuisdonyulussuuvhuisensfigamgdis
waznsldansanerutuiiulnedinmsmuaugamgiivazanuien Waamgfiouuisd 49°C
Tngornafiugnanautuingnlviarusouiielildnugumndfifmuadesanosuun
2 kW vinassouuasandigamgfl 49°C anududusing 159% wuiildiaa 14 Fluafielils
WAnANsTsES R TUUNM TIwssuaeninddeioddinane 8 Ju Wlednevidnuasy
voawdnfasidldanmehuisnessuruiemsiioamgfiduagnsldasganiui
PulpednismvaueugiuazanuiiaunuinawnsasnedvesdnlildlndlAsaiudnan
U%mmﬁmﬁu%iuﬁﬂimuﬁﬁwLLﬁw’haizuuﬁaaﬂfiwﬁﬂiwﬁmﬁa 3 i dufumsvhuiaiindy
AnaRInmsiusindy il Luaqmﬂammmmumﬂzuﬂmawuaamm mwamw%muﬂu 5
119 Fasazivh 4 fuuas Buanngumgll 49°C Junseisisgamaiiaavined 60°C druteuly
M59audyY 9 ﬂ’WT‘LmLGU'LJL@EI’JﬂU?ﬁﬂ’]iiJ’]Gli%’]UIUﬂ’]iVHLL‘MQL‘VI@ Winusiadildanseuud
fiaututiannsasnudlfanasndudandousuiiafiihunisvukenaisililaeily

Ondier et al. (2010) auusimidonfoguugiruarauiusi Tgumailuda
26-30°C wpgarmduduimslutng 19-68% vhuisirudonfignifeaduduedols
Aruanawndo 12.5% wamsvaassiandififiuinnisanauduresoiniafildvhuiay
dwaliiusasmeviuisfissdugumaiiiiortu mevhuisiigamgiidiuasaududusing
mlsifinansenusiorUaidudindunserdidefisuiusegsmuny marumingigauay
auniingnineesiognedniviuiiisgumgfiduaganudusidawndeutuiogig
AIUAY

Attkan et al. (2014) Ui“LﬁUUi”aW%ﬂ’]WﬂJ@ﬁ“UUﬁﬂLLﬁGEJ’]M’]iillﬂJﬁU“Uﬂaﬂﬂ’Jm%u
p1MAfiguginn uidedliiedesanaud ueniauuuLUAvY mmﬂmmumiaﬂ
AmudugniarinfuAoseuuianuunindelinndeutunieludua 5 $u inauieude
nmmLLWLLauﬂmmWﬂJNWumﬂwimmLmamLWNqummﬂumﬂsmmaqammuwmm
fufuynanaruiueiniafigungl 45°C Inuansnaaomudaaasasifvhuidlasldy
annuuenadlussuudsmaliduimnadmiuduasualsiiuosdgandt naviussiae
AoseuLuunInTmiugaanatua mMAaansaviuitldlanimslfiaiesouuiuuy
019

Djaeni and Sari (2015) viusisansnegungdsidrseniaiianaudy Tasld
podiusTI s udlolari 3A uandluzudl 2.13 evmaRanedeudaududuing
70-80 % gaumndl 29-33°C larhuasduiussgansgaautuYliUTnmeuduluen e
anaUszanm 80-90% euwaInefigumgdl 70, 60, 50, waz 40°C faBAINLIAN 5
m?/s uay 7 m*/s AInnNIMAaBInUINiigamall 70°C nienindiszeziiainisiusied
ansoseusulduasdadnwamuninvesamield nsiuguugivhusmioanaanuty
oMAdNalVszoznaMTIusanas WeFeuiflsunsvhutsuuilduarlailiornafian
Arwiudedlelavifinuiiau 5 m¥s gumnd 50 way 60°C lugUdl 2.14 uansUSunani
Tuamsefiviuieisenmediiuuazliiuasgaanududlelasinuinislderniadian
AuTuAsHaNIUINF USSR eenvesiiluamI e uifigaungfl 60°C laifiau
wanesegafitdddosnnuiinaiissmesenienuuandestufieadniey
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JUM 2.13 1593958 UUYINUASE MN8N NR19 801N ATIANAILTY
17: Djaeni and Sari, 2015

16
11 o @ T 50C (without zeolite)
-]
o o .
212 BT 60C (without zeolite)
§ o €T 50C (with zeolite)
w10
..g o OT 60C (with zeolite)
% 6
4
;- .
2 a ¢
0 o 5
0 30 60 90 120 150

Time (minute)

JUN 2.14 YSunanhluamseivhuiseaniaiiiuiay liiuasaaanududlelan
#31: Djaeni and Sari, 2015

Hadefidsmadoussavinmnishauresaanmudueiniaaunsaasuléidu 2
drundn dauusnfeanmernmadadutadeiliaunsaniuauld Anuduuasgumgives
pINAdsNaron AN sluNgATUATLT UeIANIRARNTY dauflaesfensooniuy
YAANATITUDINIA SnuairNTORNUULTLUTIIANTgAMNTY Fiaasganutuiidonld
NSMNUASATINITIMAYIBINA qmmﬁﬁiﬂumsﬂyuw”m'saﬂmm??u Y adoiavaneweni
Srudasousyaninisinuresnanauue N Sn138eNkUULUAUTIIANIRRATITY
TuvanranesUuuuBsasuuuiuidoulomevhaudielildsssans nmiidunnsety
TunsdlyranAufuomauuunedutifiunussyasgaauduiiamenannsavilieinie
asernidusi i fusroznauusideddinalunisilugasgeautuu u wavssydundy
wldnailuyiitesniudliennaiinsnudusiildszginaiosasduiu (Ramzy et al,
2013) mﬂmmiaﬁﬂﬁmmﬁﬂmashu%gua']s@ﬂmfw?iyuﬁﬁwzmqmﬂ%W%@Lﬁmmié’uﬁaﬁ’u
fufnasgeeutuastislinuasnsamIaneuduoIniafiugsdu uaznsuauausT
mi@mmm%ulﬂu%ué@ﬂ 9 Gu"sEﬂ,ﬁizsmﬂiﬁwjmiammm%ugum (Singh & Singh, 1998)
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AatunsuTulassaiiauaussaiannsainulasiigdn vaugnseeniuuNIaesina 131Ny
LUy iU sEENEAINNNTYINNUYBIYRANAIUTUDINAKUUABENUATY

=

AU
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uni 3

35N15NNADI

YranANuTueIALUUAadINargnianUFuUslATE L UAUITIaTIgRALTY
Melu IBluausIRANTAN1LIagNUTITUUAREITINAUNS DLUAUTIRAL LUAUTITINLgN
sonuuulifisauduiumnniuuasnszaeddnuealuluduunsiie @ Sniseuauanig
o1mafi livuznaasuisyaUuanmen1Ad szgeliluseninsnismeassfiuiim
Ardugimamuiidinun Tassadaunussgsiua 7 wu Idumsvaaouauannsely

a

msanAutuetna TassaiaunussyfitussansnmgeangnidenitotluldnuuasAne
Hadeiidmaronisannudueinia xaannsAnwgninamannmsnuduiusiievanld
Ussiiunannisadunsinuesnedinjussasgaeudu Tutuseugareyaanniiy
omeuvuRodnigianeluduuaussquuuiuumaetugninnldnussiussuuius

WUUANSDUNBUS WU TE AN AIWA1YIN9U
3.1 NISS8UTANLIA

anANNYUVRITANUIA (Commercial grade) Mmen1seuaNTougumMil 120°C UU
12 93134 (Rady, 2009; Yang et al., 2018) Yaseldulunvuzussyiitaainnowdluly In

ANTUTDITANNAALSTUAUMIBLATOITAANTULUUBUNLIA (MALS; Sartorius, Germany)

%aﬂﬂLf\]ﬁQﬂUiiﬁ!aﬂu%UUiiﬁ;LL‘U‘UG]"N 7 eiSeudisuUssaniamnisananiuiy
pIMFLarAIATIRUANATeY  MIanANLTueNIARasnslituEAnaiiuiiutaine
auan  Aaudanuaadagnuisadutuussludnvasdundiaaniaadoshiufisduior
TunsmndeudufuduusTuuaduiuguinats 20 cm Fedldianiaa 130 ¢ dioliin
Snvurdunimesasgaenutu lunmeassdsiuauduiliussasganiuiu 15 4u 14933
ALRaTeLA 1,950 g @iamimiaﬂwﬁmaé’uﬁ

5U% 3.1 Fanaa
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3.2 yauiudnmenid (Inlet air controller)

ynusuanmormelfifiousvanmomalifiviinuaudunuiifesnisuaraiunse
avaulanIneInaraud19Asi 5zI9A1IMARBS YAUTUAN NBNNA (FUT 3.2)
Usznoudetiuh dufuth Bawesuagviosusumnutuoinia ddivdnmsvinudsd enne
siudmnesifleusugumgineuiandgresusuanutueiniadenelufinisindsiada
avepnfiaifineuiulituenia viesnmadivesyaanaudueiniadetuvieenmasen
199YAUTUANINBINA AaNAABINA (MAGOB; EuroVent Co.,Ltd., Thailand) ¥843nan
ArwuoInImzgae MAlarugaUsUAn eI A andluzUl 3.2 Frinnuduenne
uarguuignindauinaestnmadeudinedutgaaudu vhnsuiugumgiveseinie
wagAn RH ’Lu“lﬁﬂ%mmmm%umuﬁﬁmwdau%‘da'aammﬂL%’ﬁgjﬂaﬁmﬁusiqaﬁ@@
A

Air flow direction @ —

Water flow direction - — 5

: Water spray . : & Desiccant
chamber : : ]

Air suction

Inlet air controller

JUN 3.2 TassasgauiuaninenniAkasian1ansivavedeinie

3.3 N159NUUULUAUSIIITANAA

Taseadauaussadaniaa 3 uwugnesnuuuiiioldanaanutueinia aediniussg
asgaeuduiidurugugnananelu 20 cm wasnilsredutignifudisauautuaudon
TAssafauuy A Wwaussadaninagnuusiugeslnsludfudosusazduiivediennmedluari
YAFURIUAUENAN 2.5 cm wagdndauiulagvaduyesenidliegaunsstuiuluue
avdufisyzsinaseninedy 25 cm wuy B wavssygnuadududesudasduinsdoudud
seozesEwiety 2.5 cm uazuuy C uunussadanaauuuifinddasainsduussa 3
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wuukandluzuil 3.3 Tnednuduiiliveaeuvesunussquuu A uaz B 1 3 sedu Ao 5, 10
uay 15 4 ilasnuiinaunisanamuduoniatueg fuuiifduiassnitasgaaui
ffuermea 3aussgdanuaadieiutnuiiunnlasadiaun nsdluuu A waziuu B 3anuas
wgnnszneluusasdufetinaividusunndu Anvinavedaseiauaussquasdna

o '
(% =

FUUANTNARDNITAAAINUTUDINIA APUADASINITEAAVDIDINIALYT 1.2 m>/min fwUs7

2

=

Anw1 Aip AIAINAUANATOUVBIADRNLUTIIANTAAAIINTY ANUTUFUTINSoINIADRNLAL

a o

gauviionimeen MyuARSNYILaINeLAANNlATIATINUAUTTIUUUATN 9 fail

Y

5A #0 1AT9E3NUAUTIUUY A 107U 5 Hu
10A #0 TaseadauAUsTqUUY A $1uu 10 41
15A F0 Taseadauaussquuy A $1uau 15 4u
56 flo TAT9A31AUATIIUUY B $11n 5 U
108 A TA5ea$19LUAUTIUUY B $1uan 10 Fu
158 o 1AT9E5NUAUTIUUY B $1uau 15 T4

C fio 1A39a5 1L UAUTTUUULAY

U 3.3 lassasraunussy (A) wuuussgiuduuesdiveseinia, (8) wuuussludu uaz (C)

WUUUTILAY

3.3.1 AUAUANATENYDIABENLUTIVEITNAAINTY

podutiusIAIgaetuTineluilAsiaaunUITgaIgRALTILULEg 9 gnia
AR LANATONTENI 1IN A 900nY8I0 AT sasINS e 4 SEdu 1.2, 2.4, 3.6
uay 4.8 m¥/min WiawFeuifisunrudunnasouredlasiaiaunussganIganNTuLLY
§19 9 ¥msnaaes 3 61 Tesesitoyadieisniavieedn
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3.3.2 An¥INAYRIlATIETINUAUTIYNBNITANAINNYUBINTA

a a

1A59aT10UAUTIINT 3 wuuuandlusun 3.3 gniumegeulssdninisan
ALY UINALABINITATUANAN1IERINIANBULTIABFNUUTIFANTAAAINTUAIBYAUTY
4n101NA Feilvunaunsaiiuauaall

1. USumnudueimaililunimaassdasgausvanmeinidlasaiunulierniadid
SasnauauTuemAUsEINa 22 g/kg dry air (Useana 31°C AL LEITNE 77%)

2. \fleanmeormaldaui fivundsussg@aniaatiuna 1950 g aﬂu%}juussﬁgaﬁ
AuTuiiaiuviinsnaeaes Uiusasnisinavesenniadimudiiuun eiRRIVRR
WAy %RH maqmmﬁﬁ'ﬁaﬂ'auLLawé’qmuﬂaé’uﬂmi@mi@mmm%uuazﬁ’uﬁﬂﬁmﬂ 9 30 sec
SEHYRAMARIUUIL 60 min TadAufuAnesoNTeInedITIIANINNATLT UTBILARY
Tssasnaiuaussy WoAuaansveaestsiminganiaadnada vhmsvages 2 61

3. AuudisnsanAutueInIALassEANEamNIanA NI L NMATINANN 5T
3.1 war 3.2 TngU3unanilueiniadildlunismuiruiunainlusunsy KILOG 2015 1a9
A0singungiiuazALTueINIA (KT320; KIMO, France)

Dehumidification rate = rhg(wiq — W 4) (3.1)
Dehumidification efficiency (%) = % x 100 (3.2)
id

Iael Dehumidification rate A9 8M31N158AAINTUBINA (g water/min)

Dehumidification efficiency o Usavianmnisannauiuennie (%)
my Ae onsIN1TluaveseInaln (kg dry air/min)

w; 4 D Snsrarunnuuenah (g water/kg dry air)

W, g A9 Sasrdunnuiuenresn (g water/kg dry air)

4. AUINUTEANSNANITANAIINT UANARIINANNTT 3.3 LAUTIAITIINAINARN
Enthalpy 71 @n11g Adiabatic (higea) AUAT Enthalpy ¥849101A8007 LAN15NA88T (M)

(Jongyingcharoen, 2018; Mandegari & Pahlavanzadeh, 2009)

1'1out_hideal
hijdeal

dehumidification adiabatic effectiveness = 1 — (3.3)

Ing  dehumidification adiabatic effectiveness @® Uizﬁw%mmia@mm%uqmma
h A Enthalpy (kg)/kg dry air)
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5. WATIEviveyameIsn1sneEta
6. 4A8NlATIEATINUAUTTINLANUMLZALLAETIITUIINENTINITANAINYUBINA
warlseansnimnisanAnudueInie Jalassaiiiidendzgnidlummensstusiely

) wakuuguueuanedu (A, B)
WALUUUTTILRN (C) Y

5,10, 15 vu

UFITANUIATIUAUTII 1950 g UTI9TANUIAUTUNU 1950 g
ARANNTUNUTINa U AUTEIN ARANNIUTNUSIN U N AU ST

22 g water/ kg dry air, 31°C 22 g water/ kg dry air, 31°C
0 RH, Temp, Pressure drop 9 RH, Temp, Pressure drop

U nin¥an1aa Umtn@aniiag

4 )

AAILNONTINTANANUIUBINA
UsgANSNINNITaNALTUBINA
UseAnsHan1sanAuT LR

waziienlassaianvgay
- J
JUN 3.4 UHUN1IVAaRLNeANYILATIATIUAUTIENTAAAINTY

3.3.3 N15ATzvdayan1eana

Anszideyanlglusunsy SPSS 1¥n153iAs1eria11uuUsUTIU (ANOVA) kawnIs

v v o W

\W3suiieudads (Duncan’s Multiple Range Test) fissduiiadnday 0.05

3.4 msAnwiadefifinadonisinanuvesynanainuiiuainie
dlollawadstuussgasgaanutuiivnzaund lassaafugniandnydade

fifinasionisvinuresyaanaudueiniea ihdeyad ldunadisaunisanuduiusnis

adiamanfifiolUlfusslonilunsussnanainshauresnediniussansganuty
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LHUNTTNABR4NDNTANYINITINNUYRIYAAAAIINYUBINIALUUTUUNNATU kAR a by
U7 3.5

Y

( THARAAINTUBNIARLILITULNIMANTY ]

& & &
[ NINANIAAAIINTUANA J ‘ NINAABINUNANIAAAINNTU
ANNIANNANAUTUD ANNITANNNANNUTUD
FRNIINNTAAANNTUBINATLNAT FRIINNTNUNTANLAATLIIAN

al

‘ NARLANNTANNANAUTNAS19TUALNTNAFBLNNININNUILLIATLTAL ’

‘ T UATIFINALITLLA LU LA LAN Y ’

5U# 3.5 MineaeaiiensinyInsvinuvesynanA LN ALUUTUU A gty

3.4.1 Uadeiiinasianisanad1u3uaINA (Dehumidification)
1A5af1uAUITTIEsYAANNTUEonINNTIARRITe 3.3 gniind@nwidadend

a

HAFDNITANAINTUDINTA 81NIAYIT LT NAaaun1Tvinuazgnusuan nlng igung il

Usgannd 35°C uarAuT uduEns (%RH) oglutaa 60 - 80% il elildsnsdIuaIuTy
91AALYT 3 S¥AU AB 19, 22 wag 25 g/kg dry air 198ms1n1siva 3 seau 1.2, 2.4 uay 3.6
m>/min i’mqm‘wqﬁLLazmmé??uﬁ’uﬂ’wﬁ‘suaammﬂﬂgqﬁauuawa”qmuﬂaa”mﬁm'ﬁfgmsmm%u
IN1INARBIUIY 60 Min INHUNITNAGBILUU Full factorial Inedisiauusau Aie dnsidu
ArwiuLarnnsinaveserniadi SasuSunmenutueniaeen grun)ilennIAeanuaY
ShsInsanAututeteIna ¥iin1smnaes 2 61 finsannsiisuulaneseiniandsEy
gAY delitumeulunisvaaosisl

1. Ufumnuduerniaiildlunmsmaassfisgauivanmernelasaugalieinimdai
USunmenutunadifvun

2. feanmarnialdnud fvueaisussg@sneausun 1,950 ¢ adluduansuse

AMUTUINDISUYINNITYININSNAEDY USUDRIINTSINaTD991NIFLAIUTNRT AU
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3. Ufumnutuemedildlunismaassfyauvanimenalasaiunslornimdad
Uhinmarudumuiiivun

4. Sngamgiuageutuduivsvosoinietsnounasvdsnunediniussgansnnaudy
wazuiindnn 9 30 sec YIAFOUARATIAITLINALIY 60 min

5. MuuSRsIMIanmINTuINMALALUSEAVEANMTaNANLTUDINIANELNIST 3.1
LAy 3.2 fisgaEiIaang o Yeen1sneaes enszegnaimsvhnuivenzaslunssuiunis
AnPINTUDINA

6. AnwinavesdnsdnanuduoInmaduardnsinisivasinimdnfidnaneusuim
ALTLDINIFBENLAYSNTINITANANTUEINA

3.4.2 ﬂaﬁ'aﬁﬁwaﬁamsﬁuﬂums@ﬂﬂqqu%u (Regeneration)
wReuEAN AL iovaIMsHuasgaauy Tnudeslfgaautuiigumgiites
YU 12 %ImLLé’ﬁmLﬁuiunﬂﬂjuzusiagﬁ?lmﬁﬁwLLazi’mmmmsﬁu Farvinganiea 2,250 g
diglinnasunsrurumsiluyansganiuiu Taudoufigumgfivnstu 3 sedu Ae 70, 80
uay 90°C ismsnslvasinaiu 3 sedu fe 2.4, 3.6 wag 4.8 m*/min o1 AlnasiuyAUTy
anmwonmeLitelilensduAuTuYsTINa 20 g/ke dry air (Uszanas 30°C mnududuing
74%) rneulvarnudnnes 2 iewiugamgianieusauanslugui 3.7 MUAUNTVIAABILUY
Full factorial fauds Ao sumndiaufeunardnsmslvaauiou fnAuiumaudueinie
ponuazgaumgdl Yin1mmaaes 2 %1
1. Viugampfanfeunarsnsnislvalilsnuiiiivue
2. wisndamHunsgamutusdussglunedind Seresilinndliornedluaniiu
AORINIUTTYANIRARTIAY
3. mududiimsuazgangivesermaduazeniaeengnduiinnn 4 30 sec 1o

Y Y
14 '

Huy@dnnaauiw 60 min Fadmtngdntaadionsiugdugs Auiadnsnsiunaisen

Y
a

& - A X F o ~
AUTULASUTZANTNINNITNUNAITAAAINTUINAUNITN 3.4 ey 3.5 ANYINATDIANAL

U

auseulardnsINsivaauTouninasen Tuy ALY

Regeneration rate = (w, — W) (3.4)

Wor—Wijr

Regeneration efficiency (%) = %X 100 (3.5)

Lr

lpg  Regeneration rate fi® 805INSAUIAIIANANTY (g water/min)
Regeneration efficiency fia Us¥ansna nnisiuiansanauiiu (%)
m, Ae 8nTInsivavesenanldNulasannuTy (ke dry air/s)
& [y 1 & v .
Wi AD DATIAIUAINTUDINTALYN (g water/kg dry air)

W, AD §RT1EIUANTUBINIABEN (g water/kg dry air)
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FANNIAUI FANNIAUI
Falmtn 1950 g ARANYULIY 12 Falans
Usqldlun Fauniin 2250 g

ANANNYUDINATIAN NG |
L. 5 Us53ldLun
3 56U dnsMsivaeinia 3 seeu

h ( X oan N Y
v o Wuyganaamsansou
YUynA RH, Temp 98301N1ADDNLAE §
Y Y o oan (70, 80, 90°C) 7 3 S¥LAUBMIINNT A
FIUNUNYANLIA .
J s
YuinA1 RH, Temp U8991n1@089N
FIUNNRUNTANIA
g
(A) (B)

5UN 3.6 unun1sneasdiion1sAinudadefiinasianszulunsanauueINIe (A)

warn1siulanInanLay (B)
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Heater 2

Air flow direction —»
Water flow direction ----»

<

Desiccant
column

Air humidifier
chamber

iz | | ! h

Heater 1 Pump  Water tank Blower

JUN 3.7 unudaszuun1slvaeIn1AveInISNAAaUNSEUIUNSNUYEN TAAALTY

o a i e 1 ‘&I
3.4.3 NAINLUUTIRRWNNANIAAAASYRINSIABULUAERTIHIUANTY
v & & oa &
amAfuna lurizanANNTUINALATNUYEANLIa YR VIaRAANNAY

AU AERMARSTaIUSINAUAUTLINFDEN (o) WavALadoazay
1898M51N138AANLTUDINA (Dehumidification cumulative average, DCA) fusasinisiva
Q) wazan (1) LLaxa%Nme‘haaamaﬂﬂmmam‘f%aqmLa?{aazamaqé’mflmiﬁuw‘dmi@m
ATy (Regeneration cumulative average, RCA) AugnsInsiua (Q) waghian (t) Az
Uoyauuu Multiple regression analysis wagldismsidenfuUsiinaun1suuy Stepwise wae
foyarhanannmeasdlusinde 3.4.1 uas 3.4.2 fudu RMSE vesaumsiilsiileussidiu
AU IVOIEAUNTT

3.5 N1TNAABINITNINULUUATUTBY (Cyclic operation)
msmaaqﬁﬁi’mqﬂizmmﬁ'amszmnmaé’uﬂﬁvi’wmusuamaé’uﬁimqmi@ﬂ
AT LﬂaqﬁnﬂMﬂ’liV‘fNWﬁﬁﬂaé’uﬁ@mmm%uéfaqﬁﬂmmﬂu@jLLazaﬁumiﬁNmLﬁﬂﬁ
svuvanmuduemavhuldegerelies annnanisnaassneuntmuIngasInisan
amutuemadiagsaalufusnvesnssuiumsnniusazanasegsdmaulurig 10 Wi
waziSumsil Lﬁa?’mmmnmmiaé’umw‘hmuﬁmmzaﬂumﬂi’muﬂaé’mﬁuiiﬁ;mm%?u

wuug U7 3.8 uansszuvauwiaLuUaNSouiniunsanautueInia lunsnaaessiline
ANNTUFLINS LAz TveteINAieanNARUlieIraaulFiey (Column A)
TUABUNITNAFBULTUIINNITANAVINYUDINIANIENITUANEGT 1 Wag 6 Wialieinie

Inar1uAdUluTIEIIANAINTY DINANAALIITBIBUAIY Blower 1 #H191NYIINUATY
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pmna1 17 1 wag 6 axgniaiieliloinialuaiiinedu wazands 2 audaiioliay
Soulnaiirgaeduiiiieviinisiundanias aufeuildiiuyanmarsgaeuduazgnudes
9on7iNNd7 5 Lﬁaﬁuvj%mLaamunmﬁﬁmu@ 1é1 2 uaz 5 gnda Wasuidunszuiuns
anrudueIMABnafseniseeaturewAn annutureseniamndouiisius a
fapnuTuresenAuisiisums b LLazi'mmm%usuaqmmﬁﬁshu?uxluw“amwmi@m'nm%u
fiumia ¢

3.5.1 szagaaduNsTineuvaneduiuTIaIgARILTY

msanndue maansariuldegeeidende fiusinamsldaudusanain
a13gAnIIEL (RCA) ddiduvdennnituiinuauduiigngaduly (DCA) fuuaiian
dlanaaouatadun1siaussninmsanauduomauar s iulaIsganETud 5
wag 10 min qm‘mgﬁamyauﬁﬁﬁuwjmimmmﬁu 90°C TunsnaassiiUszanauinim
At uenaildlunsiuaulsi 19 g/ke dry air FuMIA1 DCA waz RCA 9n@uA1s

ANMUduRuUsAas v ulumde 3.4.3 weaneasuanuldlavesaunisiasaty 9835019

1%
v A

RN

1. ﬁﬁ%amwa‘ﬁm'mmiammﬁu%uLLﬁaniqaaiuﬂaﬁmﬂ

2. ATAUAAINISAFUNNSY N UNTEUIUNTANAINTY AIUILANRAAYALYBISATING
anALTLeINIA (DCA) LLawhLa?i&Jazamaﬂé’mﬂmiﬁuvjmi@mmm%u (RCA) #a150u1ANT
mwuldiloUsedfiuiissuvanunsavhaulense bl

3. NAABUNNSYNULUUATUIBUVDITEUUARAINLTUDIMARBLdas Wutian 1 Falus (1
saumﬁﬁwmwmaﬁqmaammm%”ummﬂu,amﬁﬁuwjaﬁ@ﬂmm%yu) W oRN®INIS
Lﬂ?{auLLﬂawmmm%ummmwdwﬂ’]iv‘f'mut,l,wmmzwmawmammm%umﬂmﬁmi
Tufinnaadudaing LATRUMNUBIDINIANABALIANNNTNARBINA 9 30 sec

4. 91501115008 suLUasau s R U8 901n1/0eNTINTEUIUAAAINNE UBINFLAL
ﬂizmumiﬁuﬁmi@mmm%u AuUsEaNS AmNNSanALdueInTA UssAnsainnns
ﬁuwjaﬁ@lmmmsﬁyu LazUsEANSAINN159IUDITE VU ML (Total Coefficient of
Performance) 4 a1 usns1d7U 09N 151UA BuLUAIALOUTATI8INTEUIUNITANAINTL
mmﬂﬁ’uwé’amumiﬂuﬂizmumiﬁluw”amwm'i@ﬂmm%yu feaunsit 3.6 (Ramzy et al,
2013)

_ fLH X md (Wi,d_Wo,d) dt
fcaxmr(Tai,r_Tamb)dt

x 100 (3.6)

o M fio UsgAvBnmnsvhauvesszu Ui
LH  fe AnuSouudsvasnaeaidule (ki/kg)
Ca AD AIAUTDUTUNIZVDIINA (k)/kg °C)
T., Ao qmugﬁmaqmmﬁ%faumﬁuﬂizmuﬂfls?\luuwvm'i@mmm%u (°C)
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Tawb P9 9EUMQNVEIRINA (°C)
5. Benszernanadunsiinulaefinnsananusyninmmehauresssuuian

3.5.2 navasdammisivaauiounazgumginisluyaniwansgananutuse
UszAnBnmnvin Ui anunvasEuL

Tassafsduussgansgamnuduiidengminnusseluneduins 2 aedutvessyuy
anAutuiiuaneglugui 3.8 - 3.11 Aaduatesiioagamgiiuazarudiy (KT320; KIMO,
France) 71 99 b Wazqn ¢ iileAnnumslUdsunUamesanineInandannEuynanmL Ty
.30 NaNvUIn 1 HP (MAOB; EuroVent Co. Ltd., Thailand) AR <7l #uvis Blower 2
diegeenmieliinugelitranuiounun 3.74 kW (Heater 2) uarlnaiirgnaduiussqansen
At uiteldlunszurumsiiugansgeaiiudy veeniavuin 110 dadwnssordaiy
poduiUTTIAsgamLtulneindrmuauiianisnsivaduiu 8 f Feaiutedidnunsy
Juviensanszueniauiuiudiuuen Jvuaduriugudnarnigluies 20 cm Aued 30
cm Blower 1 tueioatnausuin 1 HP findaegieuresiuiuiogaeinimdinedun]
UTTEIRARNTLArdse AL g Tasauwa yaliieuTeu (Heater 1) vwthilidiy
pamnfianfounaudosiuis meluvesiuisiinzunsadmivinsiiegiidesnisey
uazssagiuiniosdaiunih

Snvugnisvhauvesredutiaeshoidionading A vwihilanaruiiuenmeanda 1
war 6 Walelionalvasumgaanutulunedud @ 2 uag 5 awgniln lu
vusfenfurodind B gnilulansgranutunds 3 wey 8 Waiielviausoulvaruansge
ardulureding dauanda 4 uag 7 axgnda ideasuimuaanisadunsinnudmni
wusullumanduiudiowdsufimnamsivazesoinia silsiaedu A l6sunsiluaisgn
AruuLazeodinl B YeuanmNTuena enefteenaineshukeaninsathluldeu
mmﬂﬁiﬁéﬂuﬂszmuﬂ’ﬁﬁuWaﬁmﬂ’mw‘?}Juﬁ Alr preheater

ﬂaauumiamiﬂmmm%umﬂmmi%ammwmummﬂmamwms"lmammmm 1.2
uag 2.4 m*/min mﬂuumﬁmmmwmummwanu"lfumimmummu flguvniiaudou 70
wag 90°C wavo mwmilua 2.4 Uag 3.6 m’/min 3N9UNUNITNARDILUY Full factorial
AMuAIAIAFUNNSYL 10 W17 MAADUNITIIIULUUATUTEU FURDUNITNAGDUYN
duidisatutuiate 3.5.1 farsanaUssAnsamnisanaudueinie Uizﬁw%mwmiﬁuwu
mi@fﬂmms‘guuazﬂizaw%ﬂﬂwmiﬁwmsumszwwxwm

fausinaumslilaindeldnugmananutuemasuuduuaduszesing 60 min
lneflgungiionAsendnani1snaasseyluyie 32 - 33°C AwluAINsidnasnudmne
(Specific energy consumption, SEC) ANANNTST 3.12

P
SEC = — (3.12)
w

g P Ag waanuliild (kwh)
W A Usunuanuduvesenaiigngadulagasnannudy lagA1uinanpasig
99UsNIAMNTURINATUBINAREN (kg)



Valve 1 Valve 2 Valve 3 Valve 4
@ —»
Dehumidification ¢
Ay &
— DMIANABINTITANAINTU
Column| Column| 4, Z
A 8 —  21NANEUNNIAUY AN N
&
¢ T ¢ ANTAAAIINTU

Drying
chamber

Regeneration -~ Heater 23 — Heater 1

=] YT
Air ¢ S

Blower 2 preheater
Valve 5 Valve 6 Valve 7 Valve 8

3UN 3.8 syuvauuiluUaNsausINAUNTANANTURINA

5UN 3.9 AeduluTIENsTaAAINNTU
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Ufi 3.11 teeviuis (Drying chamber)
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unii 4
NaN1SNAaDY

nIrUILNTIIAAeUABRTUITIANTRAR T UTIMIATUANAN 11z N AR YAU FUAN 1
omafieliemeusiaznimaaesiiadmsduamndunuiitmun delduuneduviusegans
@mﬂawu%uﬁmmzaﬁwﬁ’wLﬁuﬂwwmauﬁ’uamwmmmm 9 Wiefnwavestladefidnasienis
yauresnanueIna Tudanimmeaeuldnusiuiussuueuuisauoui aldviuis
91113

4.1 A199ALUULUAUSTIITANLAA
4.1.1 AnuuanAsauvatAadIianAfLtY
immmﬁumﬂm'amamaé’mﬁmiﬁ;miammm%uﬁﬁimm%’wLU@ﬂWEJMLL@ﬂGiNﬁ’ﬂ@&J
nsinnseusgninsduinazduienedinidadunadiuazniseonveseinia aodutian

ANNTULUUMAIETY (A Uaz B) dANUAUANASDUANNINABEULLUULUAUSIYAN (C) 0813l

ey (p < 0.05) Wednsnsinainnnit 1.2 m¥min AusuRNALYeIRDEIaRALTY
LUU A, B uay C idnsin1sva 1.2 uay 2.4 m%min darAeutndlndides uiilesnsnnisiva
o1eLfiandy 3.6 uay 4.8 m¥min Asduvuuy B fuwdlduiiAimnuduanaseuganituuy A
uay C 1éntion MaulsduusTaIgaaTturesAeduiuuy A way B wuinisiudiuaudulsl
fnasomnuiunnAsaNeENtnLaY

4.1.2 mswdsundasmasiwmindanwandsiunszurunsananuduennia

LWUAUTRTAN AR 3 WUy Ap LUALTIRAITgAALT ULUUAETuTiTTese A (A)
LUAUTIANIAAAMNT LLUUTAIT Y (B) wazluausTadAnaauvuLdie (O gavaasumn
UsyAvEnimnsaneudueinia Tnensussadaniaauiuin 1950 ¢ adlulun 9ntuunazgn
inluldlumedutivssyansganudu emafigungitesgnuuanmgliiisnsdaunnudu 22
g/kg dry air fougnaaingaedutiuTsyasgaeutu emelvakiutudaniaafioanniudy
Bunamu 60 min §2e8ns1n3va 1.2 m¥/min diniinvesdanuaandaainldauiiimin
Fiuduaie 229.64 + 1078 ¢ fauanslumsnedl 4.2 msfhintinuesdaniealuynadaunien
TndiAsadosnnnisldnananeuduer mafiusunssisdanuaatugaduanuduuion
aunatuaniazenaild wavssquuuiinidintndaniaandsitun szuaunisanauiy
pImAtiesigauarianianuALTTRUUANTuRE1eTiTudry wauTTgLUL 15A Tuhwiing
Anuaandwriunssuiunsanasiuenagian adsulasiaiauaussyduduuiedoudy

daralriuidulaiueINATTY JsdemalnensnnsanaINTuRATy
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IAsEsUn AUAUANATEN (MMH,0)

1.2 m*/min 2.4 m>/min 3.6 m>/min 4.8 m>/min
5A 2.45 + 0.71° 5.05 + 0.07% 9.95 + 0.07° 16.55 + 0.07°
10A 2.50° 5.05 + 0.07" 10.00° 16.65 + 0.07™
15A 2.50° 5.00° 10.05 + 0.07°  16.45 + 0.07°
5B 2.50° 5.10° 10.05 + 0.07°  16.95 + 0.07°
10B 2.50° 5.20° 10.30° 17.05 + 0.07°
158 2.50° 5.00° 10.05 £ 0.07°  16.75 + 0.07°

C 2.45 + 0.71° 4.80d 9.25 + 0.07° 15.25 + 0.07°

Y

[

Wawsimilaunulureduiderdununedsliinnulansteiueenaiided

o

A157197 4.2 dndn@aneanainisidanaanuduenIAuIL 60 min

'
a

AgyN3zAU 0.05

AT . p 4
3] S Z o & DFINNTINAGUAITNYU
TUA my’;u Iﬂiﬂﬂi’]\‘i PRAINTIUNTZUIUNITANAIMUYUDINF Y )
LA Fu LUR ( (g/min)
g)
5 5A 222.00 + 8.45° 3.70
A 10 10A 227.50 + 10.61° 3.79
15 15A 243.00 + 9.90° 4.05
5 5B 23250 + 4.95° 3.86
B 10 10B 224.00 + 14.14° 3.73
15 15B 239.50 + 3.54° 3.99
C 1 C 219.00 + 2.83° 3.65

Y

28

[

4.1.3 n151laguUaIvaedn1IzaINIAaDn

a v

P o U ¢ a Y} = | ' Y] 1 °o o A
ﬂUTV]LWN@UﬂuSLu@I@aNUWIﬂ?ﬂuclﬁlnﬂﬂﬂ‘lllllﬁﬁ)"lllLLG\ﬂmqflﬂu@ﬂ’NﬂJu&Jﬁ"l UNITAUY 0.05

annraneaasiueedudanmuunaeluiiuaussaviacieiu uansislunini 4.1

wag 4.2 1A59aSUALUY A Uag B danalie1nafii 1 utua snaanuguiauuanm199nLun
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wuu C a8199mALau LLG]Iﬂ’liLﬁmﬁ’lu’m%UUiiﬁ]qﬂ’li@Jﬂﬂ?ﬂﬂ%ﬂiﬂﬂiﬂﬂ%’mLUG]LL“U‘U A uag B nau
dwalaidmauinniin onmdidgumaivszana 31 °C luthwusniladunssuiunisanauiu
91N7F 8NN HYDIBINARENABY Lﬁuqqsﬁmﬁmmﬂ%ﬁﬂma@m%’umm%umﬂmmﬂﬁﬂﬁﬁm
AuFeuLiesannIgadunie Heat of adsorption gaumgiaviiAigeanyssana 41.8 - 43.3°C
finaUszana 15 min mﬂﬁ?uqquﬁ%aqmmﬂaaﬂ%@iaa 7 anad (Awad et al., 2008; Yeboah
& Darkwa, 2021) ATMLANAYBIgVATianIAdLareInmeenilrgsgaeguszana 10 °C
mnUaeslinsrurunisananudueinasududaluninnit 60 min aunsesisdanaall
annspeduautuld sumgliomasentsdialndiAssiugnmndonnadi

2 B~ B
o N A
1 1 1

(SN
(@)
1

0.8 °  15A o C
&30 - -~~~ Inlet temp

W

B
1
=

unnilonnreen (°C)
(SN
oo
1

(6N
(@]

O 5 10 15 20 25 30 35 40 45 50 55 60
1381 (min)

UM 4.1 gaumgie1n1AeenvednedutiuIsIaNInnANNTLLUUAETUTIYate1NA

a4 -
& 42 A
& 40 A
@
& 38 -
=
@ 36 -
GR;’ o0
& 24 {5 ° 15B o C
a
@ 32 Inlet temp
30 1 1 1 1 1 1 1 1 1 1 1 1

O 5 10 15 20 25 30 35 40 45 50 55 60
1381 (min)

UM 4.2 9 iie1n1AeenTaenedutuIIIANTOAAINTURIUTAETY
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Usinuanutuveseinafiiiunsanarstundniesniaeonuanduui 4.3 uas 4.4
p1nmeaniisnaduanudusinfianlurasun Wesnmagaduaruduresenielunaduil
sevinan1sfind sssuukardanuaatanududuiey 1 1 min Sagaduaruduldun
(Balthazar, Ismail, khai, et al,, 2020) §asdauarududinguogerndalutausnia 15 min
n¥nduazAee 1 uTuuisamadmaruiureseniaeendiasnitonadi WUAUTIUUY
15A anansaanaudueInAldagaUszana 449% lutaausn uazderiuly 15 min awnsnan
AruduonAldUszina 15% Wonaniuluanuannsolumgadueuiuresdanaans
a@aﬁqﬁﬂﬁé’mwﬁaumm%maqmmﬁaaﬂLﬁ'uqﬁu wazdanunisiasuutasludnuaziuy
Lﬁmﬁ’uiummmm%ummﬁLLUUSU 9| (Abou-Ziyan et al., 2017; Balthazar, Ismail, Nasir, et
al,, 2020; Zallama et al., 2020) ‘U%SJ’]M?N’J’W&J%N@WﬂWﬂ@@ﬂSU@QL‘UWLL‘U‘U C ﬁﬂ'wqmimw A llay
B fafuiunuuuusspiuiinnuansalunsanmisduornialdiosninuauuuduu denan
slumnuansnsalumsnadunutiuresdinianasaos 1 anas uenantmniinisangungd
wardnsrduauturesenasenduiunuigamgienniaeendes q iingatulurisam 1-
15 min wsn wieufudnandruainuiueinireandiaes o Lﬁuqaﬁﬁulﬂfuﬁ’u Tumanguiiile
pamgivesansganud uiugeluardwmaliauamisalunisgeduainud uana s vaed
nszvIumIanautuemasiiuldagiienufeurasnisgeduinty Sedsnalviguugianely

) @ % a o § vo ) & =
LU@QQSUU"\NQWQLﬂu@ﬂﬁqLV@!‘WUQVIW']IV@miqﬁﬁu@'ﬁqmsﬁua’]ﬂ’]ﬁa@ﬂiﬁﬁmu

N
N
1

(g /kg)

N
N
1

D2 00, S
NOpE°0 6..80002000500%00° 00000050600
o 6736006009°%709000000% %o °
9%
Lo

N
o
1

18 7
°
0°
oo
14 _n° 5A 10A
12 4° ° 15A o C

FM1dIUANUTUDINADDN
—
(@)
L

—
o

0 5 10 15 20 25 30 35 40 45 50 55 60

1387 (min)

(%
Y

JUN 4.3 AUTUBINIARONYBIABALNUTIIATANANLTULUUNAIETUTIL B8N A
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24 -
e B

/kg)

(s

18
16 1o
14 - 5B 10B

SRT1EIUANUTURINABBN

o

].O 1 1 1 1 1 1 1 1 1 1 1 1
0O 5 10 15 20 25 30 35 40 45 50 55 60
1387 (min)

UM 4.4 AmnuPueINIABaNYeIABRNTUTIIETANAINUTULUUNAIETY

4.1.4 FUSIOUYNNTANAINNTUBINA

ammuzmmmmm%yummﬁﬁuaqLU@Uiiﬁ;mi@mmm%uﬁmmwmé’mwmsam
AMATUDIN ALY USEAVIENTNANTANANINTY é’mwmsammm%ummmmLumqﬂquﬁmqaqm
Frauiiusn Intushsnsanmutuaranaunafifisty esndaneaiinuiuazay
ﬁ@@%ﬁﬁﬂﬁmmia@m%’umm%luﬁ]Wﬂmmﬁlé’ﬁaaaa NaFNwBIRTINTTanANT LD N elY
WsnAUWTT 30 fANUsTINas 10 ¢/min ¥&391n 30 Min §AT1NNTANANTUEINAADY 9
amaaashwiaLﬁaqﬁmamﬂuguﬁ 4.5 uay 4.6 LUﬂusmms@mmm%mwwmEJSE'?u (A, B) §8m51

& ! <@ (% &
N138AAINTUDINIAGININUALUUUITAN (O) Uszuiu 3 ¢/kg 90TIN1TAAAINTUDINIAUDY

Wwa 15A uaz 158 dAnuuansinganniua C egniitdvdinny (p < 0.05) SasnanauTueInA
Ladsrosiun 15A Sengeandadiainiy 5.22 + 2.18 ¢/min dmsuiun 158 Aifiduutuussg
miaﬂmmsﬁu 15 fuudlsdfidosoniaiisnsnannnuiuennidade 4.89 + 2.04 o/min waziun
C LL‘UU‘Uiif\;Lﬁuﬁé’ﬁmammm%ummﬁLaﬁsﬁﬁﬁqm 4.29 + 0.66 ¢/min
Uizﬁm%mwmﬁammmsﬁummﬂeuaaLwiazimaa%’mmwﬁqLLamiugﬂﬁ 4.7 hay 4.8
Uszﬁm%mwmiaﬂmmsﬁummﬂsuamﬂimﬂa%ﬁqmﬂmsagﬁﬂ'waﬂaaasm%’mamiuszm 5 min Wwn
ndnTuUsEANEAMATan AT WD N AR ABt 9 anasegesanos Fanansnaassiinui
donndesiunslddanieaiiioanninuiuenniaves Yang et al. (2017) lunsnaaesiilaseadng
WUAUTIY 15A ﬁﬂ'mszﬁmﬁmwmiammméﬁu@ﬂqm 81 11813 LR UVBINTEUIUNNTANAIINTY
oAU 51.59 % lassadiaun 15A fu C dnnuuans1weslszsdns amnisanmnudy
INAgeaRinty 7.44 % widlenszuaunisanaududuiiuluaunsu 60 min AdsEAvEam

N138AANNTURINIATBINLULLATE 1 UATiA IndlAssiudsaenAdosiunsiUfsuwUasan e
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yos0InmeendsAeutdlndifsatuidernatdwly 60 min UssAndamnisannrmdueinia
lAsvaslassairaun 15A IAgendn 158 Uszana 1% lnelassaiiaiun 15A Saszdnsam
ammm%maﬁaqqq@whﬁu 16.99% Fananslup1s1eil 4.3 LauTsganUY C Auszdnninem
flan UszAnsnmnisanarmdueinimadsvedlassadiauauuunatsty (A wae B) fnw
uANEN9INLUALSIYLAY (O) agiitfddy naiiusiuiuduuaussdsmanodasinisan
AT UINAT INaTiEeAREeTUNITAABITET Abou-Ziyan et al. (2017) @414 thin-multilayer
activated alumina Tunisananuduennie

—
oo
J

——15A 10A 5A —=—C

(¢/ min)
S~ B oo
1 1

(%
=

2RI1A1IAAAINUTUDINA

SO N B~ O 00

[y

0O 5 10 15 20 25 30 35 40 45 50 55 60
1381 (min)

JUN 4.5 §n3IM3anANUTURINTIADBNYBIARENTIUTTIANTANANTNLUUVA 8 TulYete1NA

N
(@)

——15B 10B —+—5B —=—C

(¢/ min)
N T B Y
O N B~ OV O

(%
=

R IINITANAITUYUDINA

SO N A~ OO

LY

O 5 10 15 20 25 30 35 40 45 50 55 60
1381 (min)

UM 4.6 9n51N13AAANUTUDINIABENYBIABENTIUTITANTAAAUYULUUNAIEYY



1%
A

ANBVANNAIANAINUYU

SUN
Y

o
=

ANBVANMNNIANAINUTU

(@)
(@]

(%)

a

a
v
by

Usg

(@)
(@]

(%)

a

a
v
v

Us

\ ——15A 10A 5A —&—C

0 5 10 15 20 25 30 35 40 45 50 55 60

Time (min)

4.7 Us£dnSA1mN15anALTUe INIAeanveIAediuTIaNIganIuTy
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M13199 4.3 SnT1anANNTUINIAREILarUSEANTAIMNISARANNTLIRAEYeIRERLAN
ANuTueIMANlAssEILUausTINIelumeiy

Iﬂix‘iﬁ%’]ﬂL‘UﬂUiiﬂq é’mwmiammm%ummﬁ Uisﬁw%mwmsammm%u
a139ARNYY (g/min) 211l (%)

5A 4.66 + 1.87° 15.51 + 6.05°
10A 5.07 + 2.07° 16.78 + 6.73°
15A 5.13 + 1.96% 16.99 + 6.11%°

5B 4.95 + 1.88%° 16.60 + 6.10™°
10B 4.70 + 1.92° 15.57 + 6.22°
158 4.79 + 1.69%° 15.88 + 5.28%

C 4.24 + 1.86° 14.01 + 6.05°

o o A

o o A A 1Y) o ¢ 1Y) = ' ! Y] K )
Gnaﬂwﬁ/lLV@J@UﬂUIUV’]E]aNUL@EI'JﬂUVﬂﬂﬁlﬂﬂlﬂJNﬂ'ﬂmLLG‘Iﬂ@]’]ﬂﬂuaﬁnﬂﬂiu&]ﬁ']ﬂiyﬂ/ﬁgﬂU 0.05

4.1.5 Uizﬁw%mmiammm%uqﬂma

A1 Enthalpy Y9IDINANSINITANAINLTY (enthalpyou) gnunanAIUIUMIUTEENS NG
nsanAudugauaf Namquinisanaaud uerniadisaisganuduidunsruiuns
Adiabatic \fiosanliifinsdsriunnudeudmiossnainssuurilian enthalpy vese1net
AT (enthalpyigea) TuN13MAGENUITIUTUITNTBINTLVILNTANA LT UOINIFAILUANANS
29971 enthalpyou: U enthalpyigeal ﬁ’/uﬁmﬁausﬁwuﬂﬂé’mamiugﬂﬁ 4.9 ovauly 10
min TunnlAsaas19uniiAT enthalpyey AAlNALABAUAT enthalpyieal Mﬂﬁﬁué’mam‘lugﬂﬁ
4.10 iofiasansiuiudnvmznaudsuamesenmandinisanauduiilduandusud 4.1
uay 4.2 guvinfonimoonlugausniidsgn ndsnumnudouldgapdeluluisnaivssinm
33 kJ/kg dry air Viliian enthalpy fas mm%fauﬁqaglﬁalﬂﬁlﬁmmﬂm'ﬁdwmmm%’auswdw
aﬁ@@mms??uﬁaaﬁ’mamazmidwmmm%fauiwdwm3@@mm%uﬁumﬁ’m@5mﬂ (Long &
Guan, 2012) uananiissiinisdewmeudouiAnaneiniafumisreduidadunaaina
uansinssErinagamgiifsianannlugiausn (Laguerre et al, 2006) Wonszuaumssiiuly 10
min gamgiiveseinmasanidgatuiiiesainanuieuresnsgaduiiinnasganuduuas
amoulaldgnitomluga uitnoduduinmdsulunoui udunszuiunis Tureien
enthalpy,: 3dA1lndLAsatuAmamgud 91nn1smaasanuimnlassaiteduussgaisgn
AL udlan enthalpy TnatAgsiual enthalpyigeat fnaUszanas 10 min sauanslumsnsd
4.4
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M19199 4.4 UsgdnSHanIsanAuTLgANARYRIlATIA I UAUTIIUUUANY

, JGESGERNETY
1381 (min)
15A 15B 10A 10B B5A 5B C
1 0.68 0.73 0.71 0.70 0.72 0.71 0.75
5 0.91 0.92 0.90 0.93 0.94 0.92 0.95
10 0.97 0.98 0.97 0.99 1.00 0.98 0.98
15 0.99 0.98 0.98 0.97 0.98 0.98 0.97
20 0.99 0.98 0.99 0.98 0.98 0.97 0.97
25 0.97 0.98 0.99 0.98 0.97 0.98 0.97
30 0.99 0.98 0.98 0.98 0.98 0.98 0.96
35 0.99 0.98 0.98 0.98 0.98 0.98 0.97
40 0.99 0.98 0.99 0.99 0.98 0.98 0.98
45 1.00 0.99 0.99 0.98 0.98 0.99 0.97
50 0.99 0.98 0.99 0.98 0.99 0.99 0.98
55 1.00 0.99 0.99 0.99 0.99 0.99 0.98
60 1.00 0.99 0.99 0.98 0.99 0.99 0.98

miLU?{sJuLLUaaImqa%”mLummiqmi@mmﬁﬁumﬂLamﬁlﬂmwwﬁmﬁm (@) Juns
mzmami@mmm%ﬂummﬁﬁ%ﬂawma%uﬁﬂﬁé’mwmia@1mm%mmmmsﬂ%ﬁm%mw
N5aRANLT LN ATUATY IINNINAADITNAUNUINATIAFINUAUTIUY 15A Hdns1n1san
mmsfw,a?{aLLamJ'utzﬁ‘m%mwmﬁammm%umﬁaﬁmqaqﬂ mmsaaﬂmm%ummﬂaalé’qaqﬂ
Usvanal 50% a4 a1BuEuTeINsEUILNNg UssansninnnsananutuetnAedsees 15A a9
A1 C Usvana 3% Sadenlaseadne 15A Wuduuuupeduianmudueniaiieynismageu
ﬂa%’aﬁﬁma@iamsammm%ummﬂu,azmﬁyu‘vjamwawammm%ﬂu%umwial‘d

4.2 NIEUIUNTITANAINTLNNA

AORULIUTIIAIgAAITULUUT UL Iwedy 15A gnidentinanaaudiuenniafiaings
aupuiladedifnadonisanornia Idin Usinuaudureseinia 3 sedu Ao 19, 22 wag 25
g/kg dry air WagdnsN1sivavese niald 1.2, 2.4 uag 3.6 m’/min 5¥WINN1INARUNINT
ﬁuﬁn@hqmmﬁLLazmm%ué’mﬁwésuaammﬂmaamzamm 60 min YaUNALHYDIBINIANRIDN
siiunsaneatuiigungiigitu msdudasnisinaveseniadssalvigumgdennimoaniien
aalu(Kabeel, 2009) Faituldogsdmaulugag 5 - 10 min fuanduzud 4.1

ﬁmsmflmsmﬁ'sJuu,anaqU%‘mmmmﬁﬁyummﬂaaﬂiu'gﬂﬁ 4.12 ¥3945NUD

ﬂizmmWiammm%u’mmﬁmﬂﬁi’fé’mﬂmﬂwa'mmﬁqqﬁﬂﬁmmﬂaaﬂﬁmm%uqqﬂdﬂé’mwmi
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Tnaonasegsdaey nsiindasinislunasiniavesennadvilieoinielissesandudaiu
ms@mmm%uﬁaamsam%’umm%uaaﬂmﬂmmmﬁaamaq

Samnisananutueiniadiigegaluraausnveinszuaunts dnsanasegretaauly
sdaaLLiﬂé’aLLaQQIugUﬁ 4.13 vié’qmﬂﬂgué’m']maammm%ummmﬁaa6] AnAIANLANTLANTY
mafiudasnsinaenimddsmalisnmnisananuiueiniaiidngety nadiennadag
USinannudusmmsifiusnsinisiwaenetiudmasiosnsinisanenudulilinndnidledioutiu
oA fiiviiumnTuge Aadsarantesdnsinisanarudueimeaiicngadlelfsrezioan
Tunisanmuduluradug duandunsied 4.5

A5190 4.5 ALRAYATENVBIINITINITANAINUTUBINA

AT PMIINTT LA ARApEzELYEITRTINNTANANLTLDIN A
(g/kg) 9INATOU DCA (g/min)
(m*/min) 0-5 min 0-10 min 0-15 min
19 1.2 10.89 + 0.06 9.28 + 0.24 8.55 +0.41
2.4 14.81 + 0.25 1297 £ 0.43 12.00 = 0.40
3.6 18.46 + 2.53 1591 = 1.51 14.67 = 1.10
22 1.2 10.62 + 0.01 887 +0.11 7.99 +0.12
2.4 18.56 + 0.05 16.16 + 0.45 14.56 + 0.08
3.6 20.10 = 1.68 18.66 = 2.73 17.67 = 3.08
25 1.2 16.72 + 2.49 14.50 = 1.92 13.29 + 1.58
2.4 31.78 = 3.87 27.50 = 3.55 25.42 + 291
3.6 42.87 + 2.55 41.01 = 1.62 39.82 +1.72




25

Y

aunnd (°C)

@

1.2 m*/min

50

2.4 m’’min @ 3.6 m>/min

50

a5

25

10

15 20 25 30 35 40 45 50 55 60

1381 (min)
(A)

3 3 3
1.2 m /min 24m/min B 3.6 m/min

10

15 20 25 30 35 40 45 50 55 60
1381 (min)
(B)

3 3 3
1.2 m /min 24 m/min o 3.6 m/min

10

15 20 25 30 35 40 45 50 55 60

1381 (min)
(C)

Ul 4.11 mawAsuulasgunnivesenAseniunszuiunsanANaiueINATS AT
ANTUDINTE A: 19 g/kg dry air, B: 22 g/kg dry air wag C: 25 g/kg dry air
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glh'?i 4.12 MmaAsuuasUSinuemuturesenimeenlunsruIusanALTusINA
RI1EIUAINTUDING A: 19 g/kg dry air, B: 22 g/kg dry air wag C: 25 g/kg dry air

(g/kg)

(g/kg)

(g/kg)

25

10

10

25

20

15

10

1.2 m*/min 24 m/min ©83.6 m/min

0 5 10 15 20 25 30 35 40 45 50 55 60
1381 (min)

i 1.2 m3/min 2.4 m3/min P36 ma/min
1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60
L1381 (min)
(B)
I Win 25_

] 1.2 ma/min 2.4 ma/min P36 m3/min
1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60
1381 (min)
(C)
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(g/min)

¥
N

2RIINIIANAIUIYUBDINA

o

(g/min)

¥
=

2AININIIAAAIUYUDINA

1Y

(g/min)

¥
P

DAIINITAAAIUYUBINA

o

s
o

35
30
25
20
15
10

40
35
30
25
20
15
10

3 3
24m/min @36 m/min

3
1.2 m /min

5 10 15 20 25 30 35 40 45 50 55 60

381 (min)
(A)

3 3
24 m/min @ 3.6 m/min

3
1.2 m /min

5 10 15 20 25 30 35 40 45 50 55 60

381 (min)

(B)

3 3
24 m/min 8 3.6 m/min

3
1.2 m /min

5 10 15 20 25 30 3 40 45 50 55 60

381 (min)
(@)

3UN 4.13 gn51MsananudueInanseAusnsINsivaeinadsiungnsdm

mm%ummwi A: 19 g/kg dry air, B: 22 g/kg dry air wag C: 25 g¢/kg dry air
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UsvAnBnmnisaneutuenmaliingeasluthaiudureinssuiumauientusa
nsanAuTueInIa lutisusnUszaniamnisananuduinsanasednetaaundsanniuen
UsyAvEninazAes anawnunaiifisdufuandy  3U7 4.14 fssduuiinanraiiueinie
1 19 g/kg dry air Waifiudnsnslneomadidssaliszaninmmsananutueimeanas
aonadosiunanaiUdsuudasUiinauenuiueniaeendsisanandefinisiiusninisia
p1nel ileuSinarutuenmadgetudu 25 g/kg dry air Snsnslvaemaiidutudssasio
UsyAvEnmmsanautuenmassiusenty esnluriaiudunnuturesdaniaadini
farwanunsalunisgaduanutiugs mslisanmsineoniadhdidviligaduautulfunnis
fusgansnngsludiausn LﬁaﬂismumiﬁﬂLﬁwialﬂmmmmsﬂumsam%’umm%wuaq%ﬁm‘1'7i

dnsnsasmeadisianasnnnidasinisinaeiniedings Wunalinislddnsinisivaeinia

¥
a a IS

W1 1.2 m>/min $USEANSAINNITARAINUTUIINIALIENIITNTINS IARDINIAI 3.6 m>/min
$A9910 5 mMinkksn



(%)

ANTAINNNTANAINUTU

a

a
v
v

Us

(%)

ANSNIMNTANANUTU

a

a
v
v

Usg

(%)

ANTNINNNTANAINNTY

a

a
v
v

Us

60
50
40
30
20
10

60
50
40
30
20
10

60
50
40
30
20
10

3
1.2 m /min

3 3
24m/min @ 3.6 m/min

5 10

15 20 25 30 35 40 45 50 55 60

1381 (min)
(A)
3 3 3
1.2 m /min 24 m/min @ 3.6 m/min

5 10

15 20 25 30 35 40 45 50 55 60

1@ (min)
(B)

3 3
24 m/min @ 3.6 m/min

3
1.2 m /min

5 10

1 1 1 1 1 1 1 1 1 1
15 20 25 30 35 40 45 50 55 60
1381 (min)
(C)

sU# 4.14 Us2ANSAINN1TANANNTUDINANTEAUTNTING MAaDINIARIINUN DR IEIY

mm%ummﬂ A: 19 g/kg dry air, B: 22 g/kg dry air wag C: 25 g/kg dry air
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¥ b4
= =~
4.3 NTLUIUMINUNENINAIIANAIUYY
= aa [ & < = & 1

WsENAFNWauNIYAtUAIITUIININMATUIEAT 12 h FellAnudueg sy
10.8 -13.1 %db gainanlaanudueendigauseutiialiaruisandvingaanuiuladnas
NsEUIUNSHUIEaNINgNVAaeUNgnIsINTiva 3 Sedu Ae 2.4, 3.6 Wag 4.8 m*/min kazgumngl
ausou 70, 80 uag 90°C lugrausnanudundaniaageaduligndueenuiiveiniafieanain
AOENTIUTIIANIAAANTY Wana i uluUTinanuiuludanwaanmasihiusiuausy

a P & P =
91N1FRENANAY Wazgan)ilonnAganilAgunuIaiiiudugwuanslugui 4.15 uag 4.16
nsiNdnsINIsiaINIALazNsiigauniauTeudmalidnsins Hulanmeansgaa Ll
Aasunsandlugun 4.17 lunsdiflddnsinisivaausouiias (4.8 m>min) Zdns1n1silugy
anmansnaauFulAgndgnsinisivaauseuiidinitegredaian Aulunsiugnsinisiva
auseuansaldiudnsnisiuyannlaalunsainiivedninlun1suugamgiiauiou Wansan
UszAnSamnisiunaninasganuduluun 4.18 Ussaniamiageulugisusnaunseviad
ANE9anIINUUITANa WatiudnsTnaausoudwmalviriusednsaimnisiuganinaisgn
g a2 X 0 9 Ay £ Ado Y 3 . v
AUYUNNVUFAFIGANILTTUELIRNAUTY ndnsmsivaauiou 2.4 m*/min Tdhaiussanm
10 -15 min A1UsEdnSamiasdengean d@msudnsinisivaausou 4.8 m*min @1
Usgdvsnnuaenszuiumsiulanmansgaauduiiiaanidianamiuluussann 5 -10 min
. o o & 4 .

M13°99 4.6 uansARfgarauYednIINIsHuNanInasnAAINYUNTEEELIAIAI 9
gns M siutanmansgeauduRislidindulienaiuty lnglugiwsndanimadeslasu
AnusauliguiismeaunsensssulonsluddniaginiteniawindendnsaenuTuign
FUld nelumeduiussgansganutudaniaaiieg TuvulasuanuseunaulzAIgAINY
sonunoulunusnadutuinundililasuanuseuasdindidaeninuiiusenu Weoliawiuy
Lugdnaanmualasunnuseudsdmaliinsmemnuiuivdudmalidgnsnis nulaninans

ARAUYUTIAL NG
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A1519% 4.6 ANRAYATALYDIENTINTNUNAN N TANAIUTY

gamgll  Sheinslaenmafeu  Aadvavauvesdhinsiuran AN IAMLTY

(°0) (m>/min) RCA (g/min)
0-5 min 0-10 min 0-15 min

70 24 11.97 + 4.00 15.73 + 4.11 17.45 + 4.01

3.6 13.94 + 4.99 19.24 + 6.18 21.04 + 6.66

4.8 27.24 + 5.45 3498 + 6.72 37.20 + 7.15

80 24 1293 £+ 2.52 18.08 + 3.69 20.68 + 3.78

3.6 2455 + 1.34 30.45 + 2.47 3231 + 3.62

4.8 3298 + 3.61 42.69 + 2.72 46.96 + 1.80

90 2.4 18.54 + 4.48 23.82 + 5.59 26.18 + 6.07

3.6 2491 + 6.82 32.89 + 5.57 38.14 + 2.96

4.8 40.94 + 0.18 48.55 + 1.60 48.86 + 2.50




(g/ke)

[
=1

R INFIUAINUTUY

[y

(g/ke)

¥
=

DR INFIUAIUYU

[y

Sns1dunLT (g/ke)

[y
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15

3 3 3
2.4 m /min 36m/min o 4.8 m/min

5 10

15 20 25 30 35 40 45 50 55 60
1381 (min)
(A)

3 3 3
2.4 m /min 3.6m/min g 4.8 m/min

5 10

1 1 1 1 1 1 1 1 1 1
15 20 25 30 35 40 45 50 55 60
1381 (min)
(B)

3 3
3.6m/min g 4.8 m/min

3
2.4 m /min

5 10

1 1 1 1 1 1 1 1 1 1
15 20 25 30 35 40 45 50 55 60
1381 (min)
(@)

JUM 4.15 MsUagulUasUSinauANLTue0INIAeaNUeIN SHUIAN WA SAAAIUT
A: 70°C, B: 80°C oz C: 90°C
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3 3
36m/min g 4.8 m/min

3
2.4 m /min

0 5 10 15 20 25 30 35 40 45 50 55 60
1381 (min)
- (A)
3 3 3
- 2.4 m /min 3.6m/min g 4.8 m/min
1 1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60

1381 (min)
(B)

3 3
3.6m/min g 4.8 m/min

3
2.4 m /min

0

1 1 1 1 1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45 50 55 60
1387 (min)
(@)

5UT 4.16 nsiAguulateumgiienn1AeenIEninnsEuIUNSHUYan Wa1saALYY
A: 70°C, B: 80°C wag C: 90°C
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RINNT

ﬁuvj (g/min)

N W
oS O

D%IINT

—
o O

W (g/min)
Y (S} o
(@) (@) (@)

N W
o O

DMIINS

—
o O

&
1:? 'pdanb 5 d'dm
a mw"
° %PWMM
3 3 3
2.4 m /min 3.6m/min g 48 m/min

15 20 25 30 35 40 45 50 55 60
1381 (min)
(A)

g ..
nﬁb - -
o o
o %b
. %ﬁm
[=]
(=] 3 3 3
2.4 m /min 3.6m/min g 48 m/min
I I I I I I I I I I I 1
5 10 15 20 25 30 35 40 45 50 55 60

1381 (min)
(B)

3 3 3
2.4 m /min 3.6m/min g 48 m/min

5 10

15 20 25 30 35 40 45 50 55 60
1381 (min)
(@

JUN 4.17 dnsnsituilaninansgaanuiuigumgiauseu A: 70°C, B: 80°C uag C: 90°C
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™ it s 0

3 3 3
2.4 m /min 3.6m/min g 48 m/min

1 1 1 1 1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45 50 55 60
1331 (min)
(A)

3 3
3.6m/min g 48 m/min

3
2.4 m /min

5 10 15 20 25 30 35 40 45 50 55 60
1387 (min)

(B)

3 3 3
2.4 m /min 3.6m/min g 4.8 m/min

5 10 15 20 25 30 35 40 45 50 55 60
1381 (min)

©

5UN 4.18 Usgdniamnisiluganimeansganinuiuiigamaiiauieu A: 70°C, B: 80°C

ey C: 90°C
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4.4 FUN15ANNFNRUT Tz UaTeNAnafaN15ANANNTUBINIALAZAITH LY

ﬁﬂ’]Wﬁ’ﬁﬂﬂﬂ'ﬂﬂJ%ﬂ
aumimaaagﬂﬁwmﬁl‘ffmaumimmé’mﬁuﬁlﬁavT']maﬂ'%mmmm%usuaqmmmﬁmu
nsana1ud udeAduiussgasganud uuut uuraatety Teeldsvuuvaunis
y=C+x;+x, +x3+x5+x,%, mﬂﬂﬁw{]’mwmiﬁuvjamwmsammmﬁuﬁqLﬂmléﬁwLﬁa
wansuluUszana 10 min é’m’]ﬂwﬁﬁyuwuaﬂ’rwmi@mmm%juﬁmgjqqmmﬁwmzLémamaa way
dofasandminisaneutuenadunaldindnmnmanauiuoniadidianamiunaii
Fiutuuazidudidndes q anastaudinaitszan 10 min fudaihdeyalurag 10 min wsnan
TieredifiomannisanuduiusvhuneyTinunnudueiniaesnvdainsugaana LTy
(Wout) LLazﬂ"lLa?i'EJazamm5@5?ﬂ’1‘56@mm%ummﬁ (Dehumidification cumulative average,
DCA (g/min)) TR ANUEITUSHIM19197 4.7 MIUSEUTEUAT Wy Wag DCA fildainniseiuia
fuAnanAsnAasanUIElAT RMSE aglutiag 0.37 - 2.06 fuandluguil 4.19 - 4.24

A15199 4.7 FUNTYNUILANLRAYATANYDIDATINITANAIILYUBINA

AUNTVIUNY r*  RMSE

19 g¢/kg dry air
Wout = 5.402+1.1311t+3.952Q-0.05148t%-0.4500Q%-0.0891tQ 095 037 (4.1)
DCA = 12.601-1.379t+3.037Q+0.0682t* 091 110 (4.2)
22 g/kg dry air
Wour = 12.362+1.396t-0.636Q-0.06838t*+0.4601Q*-0.1413tQ 086 050  (4.3)

DCA = 3.221-1.557t+13.425Q+0.0837t°-1.989Q" 096 0.86
25 g/kg dry air
Wout = 8.040+1.798t+0.859Q-0.0739t°+0.010Q%-0.1720tQ 0.84 0.73 (4.5

DCA=6.05-2.002t+16.55Q+0.1013t*1.163Q” 096 2.06
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UM 4.19 1WSULTIgUINT1AdIUANTUYDIDINABBNIINNITNAGDY (Weyp) WAZAINUEY (Wes)

fianmzenniedn 19 o/ke dry air 108 A: 1.2 m¥/min, B: 2.4 m¥/min wag

C: 3.6 m>/min



Sas1arunILy (g/kg dry

[y

Sasraumuiy (g/kg dry

[y

Snsrarunuiy (g/kg dry

[

N
(€]

N
(@)

=ain G

(6]

o

N
(@]

N
(@)

Sain G

w

(@]

N
(€]

N
(@)

=ain G

(6]

(@)

W o W
exp est
8888809.60000099
09.
o
1 2 3 4 5 8 9 10
1381 (min)
(A)
w 0 w
exp est
g.
1 2 3 q 5 8 9 10
1381 (min)
(B)
W w
exp est
..g.gge...eaeeeo...
1 2 3 q 5 8 9 10
3@ (min)
(@)

UM 4.20 WS ULTgUUSINUANMUTUVRIBINIADBNAINNITNARDY (Wexp) WALAITUIY (West)

flanmzenniedn 22 o/ke dry air Iag A : 1.2 m¥min, B : 2.4 m*/min

wag C: 3.6 m>/min
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© exp est
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e — 800
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1381 (min)
(A)
o 25 7
_6 .Wexpowest
o 20 A
oh °
C ° 88800860
= 15 09090390
® = 98
P (o]
— © e
¢ 10 7
=
c
€ 5 4
s
S
O T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10
1387 (min)
B
55 - ®)
_8 .Wexpowtst
20
oh
e 4 @388 eee
g m
< 10 A
=
c
€ 5
s
o
0 T T T T T T T T T ]
0 1 2 3 4 5 6 7 8 9 10
1381 (min)
@

3UM 4.21 1USguLfiguUSINUANITUYRIINIABBNAINNITNARDY (Wexp) WATAITUIY (West)
NanmzonAan 25 g/kg dry air 1ag A : 1.2 m*/min, B : 2.4 m*>/min

wag C: 3.6 m>/min
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20 7 ® DCAexp © DCAest
40 -~
c
£ 30 T
>
§20- o
(S )
10 - 0000000000000
O T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10
1381 (min)
50 - (A)
® DCAexp © DCAest
40
=
£ 30 T
>
<204 8
U 0 0
10
0 T T T T T T T T T ]
0 1 2 3 4 5 6 7 8 9 10
1381 (min)
50 - (B)
® DCAexp © DCAest
40 -
c
e 30 T
>
<204 88839
N 988999900099999
10
O T T T T T T T T T 1
0 1 2 3 q 5 6 7 8 9 10
1387 (min)
(@

gﬂﬁ 4.22 DCA 9NN15NA889 (DCAwp) 1azA1IUNEY (DCA) fianmzornmamdn 19 g/kg dry air
Tag A: 1.2 m*>min, B : 2.4 m*/min wag C : 3.6 m*/min
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20 7 ® DCAexp O DCAest

30

DCA (g/min)

10 - ."“0000000000

1381 (min)

50 - (A)
® DCAexp © DCAest

30 A

204 %90

DCA (g¢/min)

1381 (min)

(B)
® DCAexp © DCAest

40

20 1 00999900099999999

DCA (g/min)
e
)

glh?i 4.23 DCA 31NN15919889 (DCAeyp) kaEAYIUE (DCA) fianmzernimdn 22 o/ke dry air
18 A: 1.2 m*/min, B : 2.4 m*/min wag C : 3.6 m*>/min
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50 -
40 -
=
§30—
< 20 - 29
)
2 ©22890000000000
10
® DCAexp © DCAest
O T T T T T T T T T 1
0 1 2 3 q 5 6 7 8 9 10
1381 (min)
50 - (A)
40
— ° e
£ ggggg
£ 30 - 829000000000
§ oooo.......
< 20
)
107 ® DCAexp © DCAest
0 T T T T T T T T T ]
0 1 2 3 q 5 6 7 8 9 10
13@1 (min)
(B)
50 A e..
Qgee
w0 - 8888888888868
<
530‘
A
< 20 -
la)
10
® DCAexp © DCAest
0 T T T T T T T T T ]
0 1 2 3 4 5 6 7 8 9 10
L3831 (min)
(@)

gih'?i 4.24 DCA 31NN15919889 (DCAep) kaEAYIUE (DCA) fianmzernimdn 25 o/ke dry air
18 A: 1.2 m*/min, B : 2.4 m*/min wag C : 3.6 m*>/min
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g ilen1AsauLadnIINTYaYesINANIHARoN1T NUNANINEIAAAIINTUBEN

9 Y
v aa 1

Fouduanduzuil 4.17 aunsauduitusvosdadeiinasonisiiunanmarsgaauduiy
fohLaﬁaazamaqé’mwmsﬁyuwjamwmsmmm‘%u (Regeneration cumulative average, RCA) ‘1'71|
an2o1MAd 20 ¢ /ke dry air wanslua1sedl 4.7 Wisuwlsuan RCA 21nnsAwaniuaId
Isnnsmnasafauanslugud 4.25 - 4.27 wuindldn RMSE agluas 2.36 - 3.58

M15197 4.8 aUNTYIUNYARRYATALYBIBRIINTNUNANTNENTAAAINUTY

G EE r  RMSE
gaungil 70°C
RCA = 34.98+2.507t-23.80Q-0.2546t°+3.624Q*+0.670tQ 0.86 3.58 (4.7)
gaunnil 80°C
RCA=-21.57+3.795t+8.63Q-0.3987t*-0.836Q+0.9199tQ 0.96 236 (4.8)

gaungil 90°C

RCA=16.49+4.947t-14.56Q-0.4288t*+2.670Q%+0.712tQ 092 357 (4.9)
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50 A
® RCAexp © RCAest
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> [ ] oo
< 20 0300
4 8 ©
10 og
°
0 T T T T T T T T T ]
0 1 2 q 5 6 7 8 9 10
1381 (min)
(Q)

a

3UM 4.25 RCA 21nn151aa84 (exp) WagA1viung (est) Wenulannasgaanuyuigungil
70°C Tag A : 2.4 m*/min, B : 3.6 m*/min uag C : 4.8 m*/min
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RCA (g/min)
= N (ON) 2 U
(@) (@) (@) (@) (@)

(@)

RCA (g/min)
= N W 2 U
(@) (@) (@) (@) (@)

(@)

35U 4.26 RCA 91nM15nAaas (exp) WagAvug (est) WeaunanmensaaANuTuigumail

® RCAexp © RCAest
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9999222980
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° o
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° o
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8
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T T T T T T T T T 1
1 2 3 q 5 6 7 8 9 10
1381 (min)

©

a

Y

80°C Iy A : 2.4 m*/min, B : 3.6 m*>/min wag C : 4.8 m>/min
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1381 (min)
(C)

SUTl 4.27 RCA 91nM3viaaes (exp) wazAviniune (est) lailunaninansgarnuduiigumgdl
90°C 1ng A : 2.4 m*/min, B : 3.6 m*/min uag C : 4.8 m*/min

a

Y
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4.5 ﬂ'ﬁﬁﬂs‘ﬂ‘uLL‘U‘UﬂﬁUiE]U‘UEJ\i‘lgﬂaﬂﬂ’J’m%u@ﬂﬂ’lﬁ
4.5.1 szazaaadunsieuYaInadIiuTIaISRARLAY
nn1svaaesieuntiniunimadeunisiaiuresnedutiusnaIsgna LT ung 19
soidlasrasnsruIunIanANi uoIN AV onsEUIUNTUY AN AN TgARLT U REseE1le

[y

agravdavingu TunisldanuasenisananuduainieddudasincusdawalilnsRsnosinodul
<@

=

ptatfos 2 peduiliiieliaduiurhiu sariinedininilshdanmutuornmesnaedininiad
%gﬂﬁuﬁamwmiammm%u Fofufomsunafimngaslunisadunszuiun 1sanaudy
pImeLariluanmansgaaudy lunsvnaeuildredutivssgansganiudu 1 aodul uae
FunmpruldsunlaiiAnadsazauensnsanauty (DCA) uayANaALazauveIsRs
miﬁyuz\jamw (RCA) Blovhmsananuiuenmaiiiusunannuty 19 g/kg dry air MEERIING
lnaenie 1.2 m*/min fiyngamgdl wasiiunanimaisgaeutudiesnsinsivaaniou 2.4
m*/min fauanduzui 4.28

fin DCA firnasasegetmaulugag 5 minusn ndsniuazdos 9 anasegenaLio A
RCA floe 9 aun1aIan wazen RCA L?Mﬁ@hgm:h DCA #1381 5 min ANlnAyazanveddng
nstluglaninansgeruiuiiinugaganededanuasdningluredudldsuamiuioustis
Wimeuazinsmemudusenin ndndudanieaneautuesnuned ooy
USinastamaailosnniiunsdndildneauiueeniunounds Tunsditldsasnsivaay Soui
snsvili RCA Sdngegnagldinaruuiu egrdlsimulunsinusiewosneduianauiy
omadanasldlfgaduanutuliedrafuimioudanuaaililunsmnasunis uranimans
annutu fafulunmsinussedesuiusammsluasimauazgumginisiltugannlien RCA
fAviniuniegendt DCA Lﬁ@lﬁﬂ%ﬂ?ﬂdﬂﬂw‘ﬁuﬁgﬂ@ﬁﬁuLL@%E_]ﬂGﬁJUEJEJﬂ"\]’]ﬂ%amL%ﬁﬁ’mﬁugﬁu
ANANITNAADIITITD 4.2 é’mmﬁaﬂmméjummﬂﬁmqqqmﬁlumL,Liﬂéuaaﬂﬁxmummaz
anasegwaiies sunsziaaiiuly 10 min SasnisanautuiSuesiideuiuSsimung

aduni15vinauAluiAY 10 min
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30 A

Zau (g/min)

15 7

ALRAYE
—
(@)
|

AA X DCA19L 0O RCAT70L RCA80L A RCA90L
0 T T T T T !
0 5 10 15 20 25 30

1381 (min)

JU 4.28 ALafuavaLnIITeIMTANANLTU (DCA) uagA Rt eazaNesdnsINTHUYEN M
(RCA)

aun13viune DCA uag RCA Aildluiite 4.4 gnadaduiieyssunaniaitunisiauves
YAANANTUBINA NadauauldlavasauNIImENITanANTURINIAME 8RN InaaInIe
o 5, . B & & F y
#1 2.4 m*/min NTEUIUNITANAIILTUDINALALHUNANINAITANAINYY ANUALIRIATUNTS
197U 5 min tazUsuunnudueina e lglun1sauiuvingu 19 g/kg dry air ldansau

gaungil 90°C Lﬁ@ﬁuﬂﬁﬂ’mﬁ’]i@@ﬂ’mm Fu Womuindivaunsi 4.2 way 4.9 1¢ DCA way
RCA Wi 13.39 uag 19.48 o/min wlormuniaiadunisyiney 10 min A1uan DCA way RCA
1§WinAU 6.49 way 20.60 ¢/min Audsy luvaienedeuysunanudueinasinInandilely
A3AILA (15 — 16 /kg dry air) A1 DCA uaz RCA fildainnisvaasdldeuasavesatadunis
97U 5 min WU 4.82 wag 5.55 WialUdsunatadunisviaudu 10 min fawatu 4.60
e 10.13 M5@09M159naBIA1 RCA damailAgaandn DCA sxUUTwhaulsededeliios A1 DCA
ﬁuaqmimamﬁﬁhﬁ’wﬂd'}ﬂ"}ﬁflmuLﬁaqmﬂsﬁﬁmL%"Léf%’m’;m%’auiuszwmﬂizmumsﬁuwu
anyilruasalunnsanALTLeINARIAY 991991NNNTNAABUNSEUILUNSARAINNTY
1nAlARITe 4.2 ﬁ%émL%aﬁulﬂé’%’umwm%auﬁau@m%umm?gjju A1 RCA 83ansvnaesdinne
N11A1INNITATUIULYUAU Lﬁaqmﬂ%ﬁmLﬁ]afuiﬁlé’am%’ummsﬁumﬂmmﬁLﬁuﬁmﬁauﬁﬂu
nISNAaRIRIUD 4.3
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m'il:d?{auLLanaﬂU%mam’;'m%ummﬂwé’qmumammm%ummmwu%’}ummma
Fuuanslunnd 4.29 uay 4.30 nuintaessyezaasansanaNEueIndly nsan
AN UINEYA 1-2 min usnazddlylanunsaanauiuennieldviuil iesanganeaiiniig
%’auazamWﬂﬂizmumiﬁluvjamw vilsezaniissuvanunsaanaud uenatuduainia
sveznanaduNnuisvue WefinnsandssavisnimnnsananudiuennAnuitanadunis
¥191ufl 10 min fAAY 11.18 FeiUszAniamgenitnatadunivineu 5 min fiden
Usgdndnin 7.25 z‘fm%’uﬂizmumsﬁuvﬁlamwa'ﬁ@mmm%uwudﬂiwzL’;maé’umiﬁfmu 5
wag 10 min ﬁﬂiz?ﬁm%mwmﬁﬂymﬂammﬁw 15.61 udy 25.66 MUAINU NMIAIUUALIAFIUNNT

° PN . & A Wya 1 = v a a &
NNIUN 10 min ﬂqﬂqiﬂwuw‘jaﬂqwaqiﬂﬂﬂjqﬂsﬁuvl,ﬂ5’]ﬂ'J']T'Naﬂﬂslaiﬁﬂigaﬂﬁﬂq‘Wﬂqsa@ﬂﬂqﬂsﬁu

91NAHlAEIAEY

25 T 1 1 1 1 1 1 1 1 1 1 1 1
T T S T T S S S S T
’_E):n 20 | : 1 : 1 : 1 : 1 : 1 : 1
E” Iﬁ ° |' 5 :..‘ :. :. " i’i e |‘ I.
; 1 1 1 1@ 1 1 1 1 1 1 1
RIS NSRS . . T I
C I T T R T
=107 00
e 1 1 1 1 1 1 1 1 1 1 1 1
i~ T T S T A T T
a(% 5 7 | | | | | | | | | | | |
1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1 1 1 1
0 l l ! l ! l ! l ! l ! l
0 10 20 30 40 50 60

1381 (min)

JUN 4.29 US1NuANNTUY899INIADR NI UYAAAANNTUAIAEEUNTINIU 5 min

8n31n15LMae1n1A 2.4 m*/min gaungi 90°C
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(g/keg)

1%
A

DAIFIUAITUYU
—
(@)
1

15 A

LY

0 10 20 30 40 50 60

1387 (min)

5UT 4.30 USHNauANTUYe99 1N M0 NYAIH UYAAAAINAUNLIAETUNISINIU 10 min

8n31n15vaeINa 2.4 m*/min gaungil 90°C

nagouanALuaIMAdsnsliangamgiianeunde 70°C lunssuaunisiluyanin
a3gamuTuldsnsInTiva 2.4 m¥%min aradunsie 10 min nmseuadiel DCA
WU 6.49 wag RCA Wiy 13.46 BedfsasiiAngandndr DCA 91nmsduInAIAInszuUaasn
yauldiideulunisiend wen1smeaswandduzuil 4.31 Fsyaanaudusiniavinauld
aufiszidiuly 91nnsveassléel DCA winfu 4.92 uas RCA winfu 5.84 anunsaanuIunm
amTuoniaaslaUszana 1.78 o/ke dry air %aﬁﬁﬂiﬂﬁtﬁmﬁ’uﬂﬂiﬁuwuaﬂwwaﬁ@mmm%uﬁ
90°C TanUsinanuTuemeldlszana 1.71 o/ke dry air Inefianzemead vasnadeud]
AUsEINa 15 g/kg dry air gnlsfimunisligamgliansougdumsiiuyanmansgaeuiu
ﬁﬂmaiﬁﬁmwmﬁy\luvjamwﬁmwm (Bashapour et al., 2015) Ssdwnafsaszuulnesanlunsdi
Umannadulueiniafinsulsusa UssAvsnmnisananutuenmedeldgumndlunis
Wuuz\ljamwaﬁmmm%uﬁ 70°C wag 90°C fAvi1iv 11.44 uay 11.18 ﬁﬂszﬁm%mwmﬁu\luw”
AnMaNsAARINT L 14.16 uag 25.66 mudy YszAnsainnisanauduoinialiifany

o w 1

uwansaiuegaidudfAey wivssansn mn1sinauvessEuuiavae (1) wuitnmisiuyaninans

& A a (o) a1 | v o G a (o) a1 ! v
AAANTUTgUAT 70°C dan 1 wirdu 10.94 Faidargandnfigaumgil 90°C dA1 N Wiy
6.67 satiunshanunReuludetuudiileinisnsiiugamgiauseuntdlunsituyaninans
ARANNYUAINEIAUTEANS AN T UTRsTUUNINATAaY Wandnslandanuie
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nshiauieuivomanldlunsiunaning1snanuruiInTy N1sdengun NIz audL
el s ENSNINNITVINUNITEUUATY

. .
4

(g/kg)
S
5

[
=

DA IFIUAINUYU
—
(@)
1

[y

e

(@)
—_
(@)
N
o
W
(@)
N
(@)
(©a]
(@)
N
(@)

1387 (min)

SUT 4.31 USHNAutUuYe9e 1Mo NI uYnanAN s uyan na1sganuzume

aufoundnsinislva 2.4 m*/min aaumnil 70 wag 90°C

4.5.2 waﬂlaeé'm'lms‘lwammmLazqquﬁmsﬁyuwjamwmsqﬂmwsﬁyuda
UsE AN AN UMY BI5EUY

TuNTEUILNTARAINLT UEINANSIMUAS RIS Inaveso N Ainas o USunan15an
AMATUEINA daumzmuﬂwsﬁuw”ﬁﬂwwaﬁ@@ﬂmm%umuﬁué’mwmﬂwaLLazqmmﬁam%auﬁ

r;mm'amﬂa'mm%uaam’mmi@mmm%u FID1AINANBUTLANS NINNTYNIULUUATUT DU

(M) lwiefidmaaaun1sureIgnanmNTueINIANENT NS InaaINALaz iUy
AN NENTANAINTUNTEAUUANASY

Uszaninmmsananuzueinia (O eff) lunnReulunisvinulunsed 4.9 daeeiu
Ldwnidn nmsimuegnsnsivasinievenssuIuNMsanAuTukazn sy UILNSHUYaNWaNS

& A 3 . a Y o &1 a a & | o
AAANYUN 2.4 m*/min gumngiiauseu 70°C dAMUTEANEAINNNTANANUTUDINIAGIFALYINAY
14.15 MSHUTNTINISG bAADINTAY I UNTZUIUNITAAAINUT UDINIALALN T NISANNUAAINS
o d‘ 1 1 > U dl a o % 1 1 dl % QI 2
a9 ldeneiu wudnfgamall 70°C (19 WU N15nAaed 1 AU 5) MIANBATINTG
Iaeniadndmaliuszdnsnimnisananudueiniegeuantiey 910 12.59 1y 14.51 i

gaungil 90°C danalidtaauiln (Fegre Wy nsvaaesil 3 fiu 7) lelddnsinisivasiniadn
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lisinsfuuazdnnislvaaneuliisnetu (hegra wu msveaesil 2 fu 4) azifiuinmsidia
gaumgfimsiuganmasgamutudmaliussdnsnmnsanautueniransias
ﬁmimmizﬁw%mwmsﬁwjamwmmmmm%u (R eff) lum3199 4.9 A8ms1nslna
DINIAYOINTFUIUNTTANATINT UAZNTLUIUNMSHUN AN MEIARA LT LAY 2.4 m¥/min
gauniausau 90°C ﬁﬁﬁﬂizawgﬂw\lmiﬁuwﬂﬂﬂWWﬁWﬁ@J@ﬂ’JWN%ﬂJQ&E‘;}@LVi’]ﬁU 12.48 \ilol48n 9
nslvaaufeunazgumgiauioufsafuuifudnsinisinasinimdlunszuiuanaiuiy
9IN7#l (A28 LU N1nAaesit 4 AU 8) dewaliuszAvsninmsiuyaniwansgan el
qﬂsﬁu Lﬁaqmﬂﬁﬂ'%mmﬁﬂﬁgﬂamsii’uiu%%mLa]aLﬁmﬁuﬁaﬁwiﬁﬂ%ummm%uﬁga%’uaammma“5
nadiUFinunniunulude madudninsineauiousargumgiauoulunssuaunisiluy
anamaliUsAvEnmnsHuNgetu N maaesannsnasUlddinissnsnisinasnad

Y] Y a Y = v a a & & A X
aﬁﬁqﬂqﬁiﬁﬁamiau LLagﬁgmwQMaNi@UNNfﬂflﬁﬂig?W]ﬁﬂ']Wﬂqiwu‘l{‘\ljﬂﬂ']Wﬁ’]i@@ﬂ?qllsﬁ‘ULWlleﬂu

UszAnsnmmsvhauianunvesszuy (1) Wudasduszwinaneuialildifionsan
ANuTueINIAfuAINg U ldlunszuIniulan maisganudy 8nsInsinasiniAves
NILUIUNITAAAIUTULALNTEUIUNTHUNANNAIIAAANUTUN 2.4 m*/min gaungilauou

70°C (Msveaeei 5) de N geaawiiu 15.91 Tunsalnldeulunisiluyanimansaaainuiuy

IS [ ' Y é’ g ' 1 d' (% 1 Y1 ISP
willoufiuwslsnsn1slvae At igedu (fegraduy nsmaaesn 1 fu 5) dwalvidl 1 da
a9 lunsaindnsnisinaeimadnfiaviniusasoamglauiounldiunaninaisganinuy
Wiy (fegraduy Meaesi 1 fu 2) msiiiudasnisivaauiounldlunszuiunisiuyanin

a1sganutudwalid N devanas lunsaldnsnisluasiniadwvindukazdnsinisivaay

Youwinfu (Moehavu mvmeaesd 1 fu 3) msifiugumgiiaudoudsnalst 1) fldanas awnsa
asuldhmafiudanmslrawargamgivesaudouililunssuiunmsituganinansgaainuiu
danaliussAnBnmmavinnuiomeesruUanas

9157971 4.10 uansUTnumsldlnivesgnanauduemautuuadiorhaudu
sgppa 60 min Jadendniviliuimumslilihiiugdufesninisinaveseniaiiiuty
wargangiiauiouiigaty Weduuamslinduusumeg (SEQ vesnisanauiduoinia i
§nsn1slnaoiniaid 2.4 m¥/min waznisuganinansgaenuduiisnsinislva 2.4 m*/min
gumgilaudou 70°C ff SEC shilga e 2.33 kWh/kg
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A1519% 4.9 UsAnSAInn157nauYenanAITue N ALY UKUUATUTOU

n15an P AT
13 ALy A QRORGIETY et Reft M
nAaes  9nsINTia dnsINTia Qauugdl
i DINALLN ausou (°C) (g/kg dry ain) (%) %) (%)
(m>/min) (m>/min)
1 1.2 24 70 18.43 + 0.27 1259 306 7.03
2 12 36 70 1830 £ 0.25 1382 337  5.07
3 12 2.4 90 19.06 £ 0.21 1236 351  6.80
il 12 3.6 90 19.73+0.16 1228 774 505
5 24 24 70 1859 + 0.43  14.15 343 1591
6 24 3.6 70 18.00 £ 0.32 14.07 585 10.17
7 24 2.4 90 19.64 + 0.16 1226 12.48 14.41
8 24 3.6 90 19.61 £ 0.19 1193 1187 9.74

M19197 4.10 YSunaumsldnasnulnihvesgnanainudueiniailoynnuwuuasuseu 60 min

s ﬂ:lagu miﬂyuﬂdamw Ujf::;;?;j mslglai - SEC
aaes  BnsINsiva §nnsiva aumadl
7 21NALL (m>/min) (°C) (g/kg dry air) kWh kWh/kg
(m>?/min)
1 1.2 2.4 70 236 +0.77 0.95 4.93
2 1.2 3.6 70 255+ 0.54 1.60 7.69
3 19 2.4 90 2.29 + 0.82 1.45 7.76
i 19 3.6 90 2.45 + 0.92 2.20 10.99
5 24 2.4 70 2.65 + 0.60 1.00 2.33
6 24 36 70 2.54 + 0.51 1.60 3.88
7 24 2.4 90 2.41 + 0.95 1.45 3.72
8 24 3.6 90 2.38 + 0.88 2.40 6.22
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soidlesnaonszeina 60 min uaranaTudueINIAAdlY 14.25% Snndrumutiuenimanas
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JUN 4.32 N151AuLUaIvaIANNTLYRIRINARDNTNEINUYAGARINNTUTISNTINS eI

W 2.4 m*/min wagiuglanmansgannudungnsinisivaauiou 2.4 m*/min 70°C
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SnsduANTy (g/kg)
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1381 (min)

JUM 4.33 M151UR8ULUAURIANINTUYBIRINABIN AN UYNAAAINTUNENTIN1TIYaaINA

W 2.4 m>/min kasiunanInasanANuTuUnensINIsiaansou 2.4 m>/min 90°C
Y Y
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undi 5
A3UNANI5ILUATUBLEUBLUE

5.1 a@3Unan1sidy
nszurunIsanAEduaInag e UszgndldunisutssUemns daelian
svozatlunaiuiuszdianansofnmamnimvesemsile yranautueiniauuy
poduiusIgasgaaud uildlaevaluilassadisuuuiuaussqifia (Packed bed) 13
Ufudsulassaiauatudssasonnuansalunmsanauiu lunmiadediduaneeniuy
Tnssaiauaussy lasiuaussagnudstuussyeandutuden o Weliasganududeh
fudutuune fdnwaesnetu 2 wuu Ao Fuvuvuidedlornialuaniou (A) warlidves
91nel (B) warfinsdniFesdousudaesiuruduiivietu fo 5,10 wag 15 u neaeuan
AudueImafioAnyinaresdnsnisivaoinmad i fderudunnaden Anwinaves
Tnssadraiuniifidednandiuanudueinidesn sasnisanauiiu uazdszAndnimnisan
Ay WoSsuifleuiuunussiiunuinfisnsnmsivasniasanuduanaseusedy
walsdifanuuandraty widafindannsinaaiudunnasouiuauuunaisdudaigend
LUUUAUTIR lAuTTRRUUTasduidiaiusuudulilddsadonudunnaseudaiay
nsutsduuadutudesnareduilisnsinisananudueiniauazUszAnsamnisan
AruoINAlAgINIUUUAUTIRY sunuTsquuiuusiiivesennaluadiudeu
fusuau 15 4 (158) THshsnsanauueIMAgganiiy 5.13 ¢/min uagUszandam
nsanALtu 16.99% Jeldynanaruiuorniauuunanstulaslassadianieluredud i
waunvuduueiivediernialuaniudeutusiuau 15 $u wazdnuitadeiifinarenis
vammmmammm%ummﬁ yn1sanauduenIATian1ze1N ARty 3 SeiU uay
Snrmislvaniniadn 3 sedu Wefnwdnuvagmaudsunames Samdumuiueinie
0N guMnfionIAeen SATINMIaRATMTUEINIA UsEAnBamnIsanAuTueINIA Lagw
aunsaudiiusseninannrenmasaednsnisiraeimadhfushnmsanauiuiaie
GERGHY ﬁm%’umvmumiﬁumﬂ1wa’15mfﬂmW@J%uwmaauﬁé’mwmummsﬁummmsi’h 20
g/kg dry air Sasansluaaudou 3 sefu leAnudnwarnsiUasuulaives Sasidau

a

mwmummman ammmmmmaﬂ amwmiv\lquimmwmu UigammwmiWqui
@mmqmu LLazmammimmamwuﬁigmNamﬁmﬂwaLLauqmmmm%’aumamwmwluwu
maammm%umé"aazau Tuﬁﬂguqﬂﬁwaﬁwmswmaumﬁlau"lfumﬁﬁwmuﬁmmzauﬁwmsm
izazmmaé’uﬂwiv‘mmmaqﬂﬁzmumiammmﬁummﬂLLazﬁuvjamwmi@jmmm%u

miwmaamgma@mm%ummﬂwama%uﬁU%mmmm%vummmazé’mwmﬂm
Aneiy LﬁaﬁﬂmﬂﬁaﬁﬁmaGiamsﬁ'muéuammammm%ummﬁs?fqaqﬂmalé’ﬁaﬁ

1. Maufinsnsnsinavesomaddawalinas1swesmnuduonieduas ALy
mmﬁaaﬂamaqLm'aiqwasl,ﬁé’mﬂmiammm%ummﬂqﬂﬁﬁu

2. USinauanuduenniamduazsnsinisinasiniadndeaalisnsinisananu iy

S X 4 ) & a & .o
DINTFALNNUYU mLaaaazamaqamwmiammmummﬂmmqwuﬂssmm 5-25¢/min o
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mm%?ummm%’wLﬁ'uqﬁuiuﬁw 19 25 g/ke dry air KAZARE ATAUVDITHIINITAN
mm%ummﬁﬁmqﬁuﬂizmm 6 — 27 g/kg dry air Wlednsnsinaenmaduiintulugag
1.2 - 3.6 m*/min

3. A1 enthalpy ysmsanAITuenAaziAlngLReen enthalpy U99N35¥UIUNT
adiabatic WienawWuluuszana 10 wd

4. muﬁuamwnﬁLLavé’mwms"Lwaa:u%faueiamaiﬁﬂsv%w%mwma%ﬂmwmmm%u

WU ALndvay amaaaGmﬂ’]iﬁ/\luv\lmmmmwmummawuﬂivmm 6 - 14 g/mm LE.JE]L‘WJJ

a

urnianseuluaig 70 - 90°C way mmaaa awuaqaGmﬂﬂiWuWaﬂimmﬂ’mmuumawu

Y

g
8

Uszuna 15 - 26 ¢/min Lmaamwmﬂwaamaumqwﬂumﬂ 2.4 - 4.8 m*>/min

5. m3Lﬁué’miﬂiwaau%’audqmaiﬁmﬂivamﬁmwﬂ’lsﬁ‘/’"\lquamwaﬁmmmsﬁyuﬁﬂ"}
qﬁu fisnsnsivaaudou 2.4 m*/min WHa1uszana 10 -15 min Wednsinislneaudeu
gy 4.8 m*/min 14a1Uszana 5 -10 min

6. AUNSYUIEARAAYALYDISATINITANANTUENA (DCA) LazAaAsazEY
ﬂ@dﬁ@i’]ﬂ’]iﬁuﬂﬁ’]i@@ﬂﬁ’]ﬂ%’u (RCA) A1 r* agfuszanay 0.84 - 0.96

7. aUnsYuNARAAYaLYRISRTINITANANT UEINTA (DCA) LazAlaAsaza
%ﬂé’mﬁﬂﬁﬁumﬁmwmwﬁu (RCA) @11150 M3LATIZAIAINTEAUNNSYINTUUDIADA LY
memlmmﬂaumimmammaqmﬂmimmimmﬂmimmaaq

ﬂaauuammmummmwwuwaﬂmaaummmwmﬂ%mmiq 2INAY
Uimmm’lmﬂumq 15 - 16 g/kg dry air ﬂaamumaamaa‘umsmmumqﬂi UIUNIIAN
ﬂ’J’]mju@’]ﬂ’lﬁLLﬁ”WUWﬁﬂ’]Wﬁ’]i@@ﬂ?’liﬂm mﬂmimaaummmaiﬂl@mu

1. ﬂﬁmmuuwmmawamﬂaﬂmmsuummﬁ ﬂismumﬁammmmummmzL'%'aJ
wasna WUy 1-2 wdl L‘l‘jmﬁ]’mqmmﬁmm%ﬁmLﬁ]aE"J’ﬂmqwﬁwwmhumzmumiﬂyuv\lv

2. é’m’]mia@mm%ummma?{sazau (DCA) LLazﬁmwﬂﬁ?u\luvjaﬁ@mmm%uLQ?EJ
gzay (RCA) aunsaldiduafiansanlunisiruanaigauseunisyinauvesraduy lngan
vadnsethaesdesiiAvingy wiarn RCA fosnnndt DCA Swilisyuuanunsaeuuuy
asusouldegaiio

3. Us¥ANSnnnsanANt ueInAAanas Lﬁal,ﬁuqmmﬁmiﬁuvjamwmﬁ@m
Ay TneanasUszanm 0.2 — 2%

4. mmﬁmé’mi’m’lﬂmam%’audqmaiﬁﬂizaw%mwmﬁ‘?’\/luv\\]amwaﬁ@]mmm%mﬁm
asdudniion

5. ﬂmﬁuqmwgﬁamﬁ”audawaiﬁﬂszﬁw%mwmﬁyuvq\ljamwmiammm%uLﬂ'mqaﬁu
nsifiugamgiiaufouain 70°C 1y 90°C Adasnsinaenadiuazsnsinisivasuiou
2.4 m*/min v‘iﬂﬁﬂizam%ﬂWWmaﬁluvjﬁmwms@mmm%mﬁwﬁuqqqmﬁq 9%

6. UszanSnmnisiauvessyuuiioua () firnanauiloldsnsnnslnaauiouss
Ardasmsinaenimdn (e1mefigesnsaneuidy) @1 gsgainiu 1591 ielddnm
mslaemiedinazdnsinsivaanioud 2.4 m*/min gumnliausou 70°C
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7. maksrnsvhamesnssuunsHuganmansgaanududutiadendniidmane
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YNITULUUATUTOUVRITEUY

8. Usunmunsldlaiiudisast wiefins mudannisivauas gunnfanseudlily
nszmuﬂ13?’§Iuwlamwaﬁ@mmm%u

9. MIAIMLAAINTSYINLLUTATUTOUTEIARR I ANA LT LB NI ALUUVIE TU
annsovhaulsvanefoulunisien madendeulumsvihnuiivnzaudesionsanain
i3 UsgAnSnmnisanenady Uizﬁm%maﬁuﬂumi@mmmsﬁu Usgdndnmmsviauuuy

ASUTOU hazUSuNun1stgluiin

5.2 daldusuue

nmsdunmranIsnaans Telausuusivarienalfifuuumdunsifesely

1. mavasosildansgaeududuianiaa 1950 ¢ fafinnuaunsalunisanauiy
o1naasldUsTIn 2.5 g/kg dry air MnifinUTuuasgamutuardssalinisanasves
AudueIAfingsty egrdlsinudesinnsanisanudunnaseniionai Uasuuaiuay
szppnalunsadunshaussrieeduiussgansgaestuiaosiiasdanUdeutasly

2. aunsavunasnnafeuduiilifuFomdnu Wy arudouisoinnssuiuiui
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ardufiansosiuyliigamadsastaslianmslindsruluinlFduiu
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Experimental investigation of air characteristics during
dehumidification in the multilayer desiccant bed column system

Prueksa Sawardsuk', Jiraporn Sripinyowanich Jongyingcharoen® and Ekkapong Cheevitsopon'”
'Department of Food Engineering, Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang, Bangkok, Thailand

*Department of Agricultural Engineering, Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang, Bangkok,
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Abstract. The gold of this research is to investigate air characteristics during dehumidification process using
the multilayer desiccant bed. Silica gel packing in the multilayer column was used as a desiccant material.
Airflow direction in the column was designed in a zigzag path passing each desiccant layer. The changes in
temperature and relative humidity of exit air were recorded after dehumidification at different airflow rates
of 18, 36, and 72 m*/h. In the desiccant regeneration process, moisture in silica gel was removed by 85°C of
hot air at varied airflow rates. The characteristics of exit air after regeneration were also monitored. The result
revealed that air humidity ratio was significantly decreased using multilayer desiccant bed column. The
highest rates of air dehumidification and desiccant regeneration were observed in the first 5 min operation.
The highest air dehumidification rate was 12.82 g/min at the airflow rate of 72 m%h and the highest
regeneration rate of desiccant was 6.70 g/min at the airflow rate of 72 m*h. In addition, the dual column of
multilayer desiccant bed can be successtully applied to cyclic operation of dehumidification and regeneration
when the cycle time were 5 min and airflow rate 36 and 72 m/h.

1 Introduction

The desiccant dehumidification of air is widely used in
industrials and air conditioning. Either solid or liquid
desiccant can be used. However, solid desiccant in forms
of packed bed or rotary bed is preferable because of easy
handling [1]. The packed bed system has less mechanical
problems because its design is not complicate and higher
amount of humidity is reduced as compared to the rotary
bed system [2,3]. The commonly used solid desiccant is
silica gel as it has high moisture adsorption capacity and
great pore surface area to trap the water vapor. Adsorption
and desorption of the packed bed of silica gel have been
reported in several studies. Chang et al. [3] investigated
the effect of regeneration conditions on the
dehumidification process of modified silica gel and
commercial silica gel packed bed. The adsorption of the
silica gel was increased as the degree of regencration
increased. Awad et al. [4] fabricated a radial flow
dehumidifier using silica gel as a desiccant. Hollow
cylindrical bed patterns were designed and test at different
diameter ratios. Low bed diameter ratio was
appropriate for minimum pressure drop. On the other
hand, higher bed diameter ratio caused greater air
humidity drop. Dehumidifiers were applied in drying due
to many benefits such as reducing drying time and
retaining product qualities [5,6].

To date, limited reports are available in the literature
on the performance of desiccant bed column. Therefore,

: Corresponding author: ekkapong.ch@kmitl.ac.th

the objective of this study was to design the zigzag airflow
direction in desiccant bed column, and study the humidity
ratio and temperature characteristics of the exit air after
dehumidification and regeneration of the air in the
multilayer desiccant bed column system. The system was
composed of two columns performing the switch task of
dehumidification and regeneration, i.e. cyclic operation.
The cyclic operation of the system was also carried out at
different air flow rates to determine the system
performance.

2 Experiment study

2.1 Experimental setup

A schematic diagram of the multilayer desiccant bed
column system is illustrated in Fig. 1. The system
consisted of a dual column; column A and column B. Each
column was 20 c¢m inner diameter and 100 cm height.
Fifteen layers with sieve containers were inside the
column. Each layer contained 150 g of silica gel. The
sieve container had an air duct with a diameter of 2.54 cm
to allow the air to pass through. The air duct was changed
from lefi side of one layer to right side of the next layer in
order that a zigzag pathway of the air was generated.
Outside of the column was covered by rock wool
insulation.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Atribution
License 4.0 (http:/fcreativecommons.org/licenses/by/4.0/).
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Fig. 1. A schematic diagram of the multilayer desiccant bed column system.

Dehumidification and regeneration operations of the
system are shown in Fig. 1 as well. Column A and B were
operated  alternately between the process of
dehumidification of air and regeneration of desiccant.
Using column A for dehumidification, valves 3 and 7
were opened while valves 1 and 5 were closed. Ambient
air was passed through valve 3, column A, and valve 7
respectively by blower 1. Dehumidified air was obtained
prior to heating by heater 1 and supplying to a drying
chamber. Simultaneously, the desiccant in column B was
regenerated. Valves 2 and 6 were opened and valves 4 and
8 were closed. Ambient air was passed through blower 2,
preheated by an air preheater, heated to the desirable
temperature by heater 2, and used for desiccant
regeneration in column B.

2.2 Instrumentation and experimental procedure

2.2.1 Dehumidification and regeneration process

To prepare fresh silica gel for the dehumidification
process, commercial grade silica gel was dried in hot air
oven at 90°C for 6 h and allowed to cool in a closed
chamber. Saturated silica gel was required for the
desiccant regeneration experiment. Silica gel was allowed
to adsorb moisture in air at room temperature for 8 h until
its maximum adsorption was reached.

The experiment on air dehumidification and
desiccant regeneration were conducted individually. Air
flow rates were set at 18, 36 and 72 m’h for both
experiments. For the regeneration process, air temperature
was 85°C. Temperature and relative humidity of ambient
and exit air were recorded every 30 s for the whole period
of 30 min by temperature hygrometer with the response
time of 25 s (KT320, Kimo, France) at point I and II as
show in Fig. 1. The dehumidification rate and
regeneration rate were calculated by equation (1) and (2),
respectively.

o

Dehumidification rate = mg X (Wi q — Woq) (1)

Regeneration rate = m, X Wy, —w;,) (2)

Where m is mass flow rate of air (kg dry air/min), w; and
Wwo were humidity ratio of inlet air and exit air (g water/kg
dry air), respectively. The subscript letters of d and r are
dehumidification and regeneration process, respectively.
Furthermore, specific dehumidification rate and
specific regeneration rate were calculated and expressed
as dehumidification rate per kilograms of silica gel and
regeneration rate per kilograms of silica gel, respectively.

2.2.2 Cyclic operation process

To determine performance of the multilayer desiccant bed
column system, cyclic operation was performed when
alternating the air dehumidification and desiccant
regeneration between columns A and B. Airflow rates
varied at 18, 36 and 72 m¥h for both processes. The
regeneration air temperature was 85°C. One cyclic
operation included 5 min dehumidification and 5 min
regeneration. If column A was used for the
dehumidification process, column B was simultancously
used for the regeneration process. The temperature and
relative humidity of the exit air from both processes were
recorded at the specified interval for 30 min.

3 Results and discussion

3.1 Dehumidification process: Effect of air flow
rate on characteristics of the dehumidified air

Humidity ratio is defined as the proportion of the mass of
water vapour to the mass of dry air. It is determined using
a psychrometric chart given the data of dry bulb
temperature and relative humidity of air. Fig. 2 presents
the changes in humidity ratio and temperature of exit air
(Point 1) after the dehumidification process at the varied
airflow rates 18, 36 and 72 m*h for 30 min. It can be seen
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that humidity ratio of the exit air sharply decreased at the
initial period of dehumidification when compared to
humidity ratio of the inlet air (12.09-13.94 g water/g dry
air). Thereafter humidity ratio of the exit air increased
with increasing time. This was because of lower
adsorption capacity of silica gel with longer process time.
Similar trend have been observed in a thin multilayer of
activated alumina and packed bed of silica gel [7,8,9]. At
first 5 min of the process, the highest dehumidification
rates were 2.93, 652 and 12.82 g water/min
(corresponding to the specific dehumidification rates of
1.30, 2.90 and 5.70 g water/(min-kg silica gel)) at the
airflow rates of 18, 36 and 72 m¥h, respectively.
Regarding to temperature of the exit air, temperature
slightly increased with increasing time because heat was
released from the desiceant (heat of adsorption). It could
be observed that in long term adsorption, humidity ratio
and temperature of the exit air were the same as those of
the inlet air. Fig. 3 shows a psychrometric process of air
dehumidification at the represent airflow rate of 72 m*/h.
Humidity ratios of the inlet air reduced by about 64%,
50% and 29% when the process times were 1, 5 and 30
min, respectively. It is interesting that psychrometric path
of the dehumidification process at 30 min conformed to
the adiabatic path.

=

SRES

Air humidity ratio
(g water/kg dry air)
Air temperature (°C)

[=J T - -

Time (min)

-=--Temp 18 m*h == Temp 36 m*h ==+ Temp 72 m’/h

O Humidity 18 m*/h A Humidity 36 m¥%h o Humidity 72 m*/h
Fig. 2. Humidity ratio and temperature of exit air after the
dehumidification process at various airflow rates.

3.2 Regeneration process: Effect of airflow rate
on characteristics of the exit air

Saturated silica gel was regenerated using the air
temperature of 85°C at the airflow rates 18-72 m’/h. The
changes in humidity ratio and temperature of the exit air
after the regeneration process (Point IT) for 30 min are
illustrated in Fig. 4. Humidity ratio of the exit air
increased continuously with increasing time. It indicated
that moisture in the silica gel was evaporated by the
regeneration process. Moreover, the change in humidity
ratio of the exit air was dependent on the airflow rate.
Humidity ratio of the exit air gradually increased with
time at low airflow rate. And the exit air humidity ratio
sharply increased with time at high airflow rate.
Therefore, the highest regeneration rate was 6.70 g
water/min (corresponding to the specific
dehumidification rates of 2.98 g water/(min-kg silica gel))

SBERURREY

Humidity ratio (g water/kg dry air)

Connwamaou®o

Dry bulb temperature (°C)
Fig. 3. Psychrometric paths of the dehumidification process with
the airflow rate of 72 m¥h at various time.
Fig. 4. Humidity ratio and temperature of exit air after the
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regeneration process at various air flow rates.

at the first 5 min when the airflow rate was 72 m*/h. As
can be seen in Fig. 4. temperature of the exit air increased
with time. Abou-Ziyan et al. [7] also reported increasing
temperature of the exit air for long process period until the
temperature was equal to the inlet air temperature.

3.3 Cyclic operation of the system

Behaviors of air during the cyclic operation between the
dehumidification and regeneration process at the airflow
rate 18, 36 and 72 m*h are shown in Fig. 5, 6 and 7,
respectively. Different characteristics of dehumidification
process were found at airflow rate of 18 m’/h. Humidity
ratio of the dehumidification process increased in every
cycle. It indicated that moisture was accumulated in the
silica gel after the regeneration process. The lowest flow
rate of hot air for the regeneration process cannot be
applied in this system. For the cyclic operation at the
airflow rate of 36 and 72 m*/h, the humidity ratio of the
exit air decreased during dehumidification and increased
during regeneration. Similar characteristics were
presented in previous research on cyclic operation [8,10].
At the airflow rate of 72 m*/h, humidity ratio of the exit
air was the lowest during dehumidification and the highest
during regeneration. It should be concluded that the
regeneration airflow rate was an important control
parameter for a successful cyclic operation. In addition,
performance of the cyclic operation was dependent on the
cycle duration and air temperature used in the
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regeneration process [7]. When the airflow rate was 72
m'/h, the multilayer desiccant bed column system could
reduce air humidity ratio from the ambient condition
(approximately 17 g water/kg dry air) to about 15 g
water/kg dry air, yielding 12% reduction, Therefore, the
results indicated that the dual column of the multilayer
desiccant bed system could be successfully applied to
provide continuous supplied air with low humidity ratio
for various industrial processes such as drying.
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Fig, 5. Humidity ratio and temperature of the exit air during the
cyclic operation at 18 m¥/h.
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4 Conclusion

Air dehumidification and desiccant regeneration of the
multilayer desiccant bed column system were studied by
observing humidity ratio and temperature of the exit air.
Cyclic  operation between dehumidification  and
regeneration was run to test ability of the system. From
the study, the following observations can be drawn.

1. The highest dehumidification rate was observed
at the beginning of the dehumidification process, and then
the dehumidification rate decreased due to lower
adsorption capacity of desiccant.

2. The regeneration rate significantly increased with
the airflow rate of hot air.

3. The cyclic operation at the airflow rates of 36 and
72 m¥h presented continuous ability to conduct the
dehumidification and regeneration process in the
multilayer desiccant bed column system. Humidity ratio
of the exit air reduced by about 12% (compared to
humidity ratio of the inlet air) when the airflow rate was
72 m/h.
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Abstract. The main objective was to evaluate cyclic efficiency of a
multilayer desiccant bed column. The experimental setup consisted of an air
humidifier unit, a heating unit for regeneration, and the desiccant bed
column with 15 layers. An airflow rate of 2.4 m*/min with the humidity ratio
of 20 g water/kg dry air was used in this study. The results showed that the
highest dehumidification rate of 21 g water/min was found at the beginning
of the dehumidification process. During the regeneration process, the highest
regeneration rate was 39 g water/min when regenerating the desiccant at a
temperature of 90°C. For cyclic operation process, the cyclic efficiencies
were 11% and 7% at the regeneration temperatures of 70°C and 90°C,
respectively. The cyclic efficiency was dependent on the regeneration
temperature.

1 Introduction

Methods to dehumidify air are mainly into 2 ways: the moisture are condensed on the surface
of cooling coil which is the refrigeration method, and the moisture are absorbed by desiccant
material which is sorption method. Dehumidification using desiccant materials is widely used
in industrial process. Dehumidifier in the form of desiccant beds is used in many applications,
such as chemical materials separation, and food industries [1]. In the past few years, a number
of dehumidifier applications with food and agriculture products have been conducted such as
drying of fenugreek green, spray drying of tomato pulp [2, 3, 4]. Silica gel, activated alumina,
zeolites, and molecular sieve are the most common solid desiccant [5]. Many investigators
have studied in air characteristics during adsorption and desorption process of dehumidifiers.
Adsorption capacity depend on the temperature and time of regeneration. An increase in
adsorption capacity is found with increase in regeneration temperature and/or regeneration
time [6, 7]. Desorption rate increases with increase in inlet air temperature [8]. Air
dehumidifier using desiccant bed cannot run without regenerating process of desiccant
material. Dehumidification (adsorption) and regeneration (desorption) is required in order to
make the process work continuously. From the study reveal, the cyclic operation of

Corresponding author: ekkapong.ch@kmitl.ac.th
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dehumidifier studies have little work. Ramzy et al. [9] studied parameters that affect the
cyclic operation of radial flow desiccant bed dehumidifier. It found that humidity of
dehumidified air decrease with increase in regeneration temperature. Adsorption time
increase as the regeneration temperature increase. Reducing inlet air temperature result in the
ability of the bed to adsorb from air increase. Two packed beds of silica gel were utilized to
dehumidify air and investigate on the cyclic operation [5]. The mathematical model has been
validated using the experimental data. The maximum cycle efficiency was found at
regeneration temperature 90-95°C when bed length were between 50 to 300 mm. Increasing
temperature of regeneration air exceeds the optimum value does not result in the better
dehumidification rate and the cycle efficiency decreases. Banghapour et al. [6] studied the
performance of a desiccant dehumidification column under cyclic operating conditions. Cold
air and hot air were used for adsorption and regeneration. The water uptake of the desiccant
column was calculated. Increasing cycle time leads to increase water uptake. The system
works better and greater adsorption when increasing regeneration temperature. The
effectiveness of the desiccant column was improved by increasing the hot air velocity. Rogala
et al. [10] studied adsorption and desorption characteristics of the fluidised desiccant cooler.
They reported that the switching time between adsorption and desorption had a greater impact
on the water uptake of bed. The optimum switching time was 350 s If using switching time
lower than optimum value, the hot air for desorption was not properly utilized. If switching
time higher than optimum value, it did not significantly improve the desorption but the
adsorption was improved. In this work, the cycle time of multilayer desiccant bed column
was estimated by the experimental data from single blow of dehumidification and
regeneration. Average water removal (dehumidification) rate and regeneration rate were
parameters that used in the cycle time selection. The cyclic operation was tested and monitor
air humidity ratio of outlet air.

Valve 1 Valve 2

Air flow direction —»
Water flow direction -

Heater 2
for regeneration

Desiccant
column

Air humidifier

Heater 1 Pump  Water tank Blower

Fig. 1. A schematic diagram of the multilayer desiccant bed column test unit.

2 Experimental setup

Figure 1 shows the system of the multilayer desiccant bed column test unit. The test unit was
composed of a desiccant column and an air humidifier unit. The inner diameter of the
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desiccant column was 20 cm and 15 layers of desiccant bed containers were stacked inside.
At the bottom of the container was a sieve. An air duct with a diameter of 2.54 c¢m to allow
the air to pass through and between the layers of desiccant container was set at one side of
its. The duct in the container was placed alternately on the left and switch to the right side of
the succeeding desiccant bed layers. Hence the air flow direction in the desiccant column was
a zigzag flow pattern. Humidifier unit was used to adjusted humidity of ambient air by
spraying water. Dehumidification test were done by the ambient air pass through the air
humidifier unit to adjust humidity ratio before the air was flown in to the desiccant column.
Regeneration processes were done by the ambient air pass through the air humidifier unit to
adjust humidity and heated to the desired temperature before the air flow in to the desiccant
column.

3 Analysis of cyclic efficiency

Commercial silica gel size 2-4 mm. were used in this experiment (Power dry, Thailand).
Silica gel was dried at 120°C for 12 hours [11] and kept in a close chamber until use. The
moisture content of the silica gel was determined with an infrared moisture analyser (MA45
Sartorius, Germany). Silica gel was packed in the desiccant column at 1950 g, Silica gel was
portioned out equally to each layer in the column. Dehumidification process, inlet air with
humidity ratio 20 g water/kg dry air was dehumidified at an air flow rate of 2.4 m*/min.
Regeneration process, silica gel with moisture content about 15% db were regenerated by hot
air at an air flow rate of 2.4 m*/min. Temperature of hot air was 70°C and 90°C. The hot air
stream temperature was maintained at the desired temperature before starting the experiment.
The relative humidity and temperature of the inlet and outlet air were monitored throughout
the experiment with a temperature hygrometer (KT320 KIMO, France).

Dehumidification rate and regeneration rate were the factor to decide the time of cyclic
operation. Cyclic operation on a single multilayer desiccant bed column was tested by
switching between dehumidification and regeneration with helping of valve 1 and 2. Ambient
air was used to test the cyclic process at an air flow rate 2.4 m*min. An amount of adsorbed
water and desorbed water were calculated to determine the cyclic operation time.

The difference of outlet humidity ratio between dehumidification and regeneration Aw
was calculated, as in Equation (1).

Aw =w, —w; (1)

Dehumidification rate and regeneration rate were determined as the product of the mass
flow rate and humidity ratio difference between the inlet and outlet air of the multilayer
desiccant bed column, as in Equation (2) and (3) [12].

Dehumidificaion rate = () (Wi g — Woq) (2)

Regeneration rate = (1) (wo’, — WI-},.) 3)

Where, m is the mass flow rate of air (kg dry air/min); w; is the humidity ratio of inlet
air and w, is the humidity of the outlet air (g water/kg dry air); subscript d is the

dehumidification; and subscript r is the regeneration.
The cyclic efficiency is defined as follows [5],

_JLH x g (wiq — woq)dt

= x 100
J‘ Cq X mr(Tai.r - Tumb)dt

7

Where, LH is latent heat of the vapor; ¢, is specific heat of air; Ty; . is temperature of
regenerating air and Ty, is temperature of ambient air.
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4 Results and discussion

4.1 Dehumidification process

The inlet air at ambient condition was passed the humidifier unit to adjust air temperatures
of 30-32°C and relative humidity of 67-73%. After humidifying, the humidity ratio of air was
controlled to be approximately 20 + 0.36 g water/ kg dry air before a study of
dehumidification and regeneration process in the multilayer desiccant bed column.

Humidity ratio changes of outlet air during dehumidification process are presented in
Figure 2. It can be seen that the humidity ratio of outlet air sharply decreased at the beginning
of dehumidification period. Then, it significantly increased within the 30 min of process, and
slowly converges to a humidity ratio of inlet air after prolonged dehumidification. The rapid
absorption of desiccant at an initial period was because vapor pressure on the desiccant
surface is less than the vapor pressure of experimental air. [13] The vapor pressure difference
between desiccant surface and air steadily reduced with time. The maximum
dehumidification rate was found to be 21.06 g water/min during the first period and decreased
continually with time as shown in Figure 3. It indicated that changes in the dehumidification
rate exhibited two distinct periods, namely, significant decreasing, and slight decreasing
period.

4.2 Regeneration process

The humidified air was heated to 70, and 90°C by a heater 2 to regenerate the moist desiccant
in the multilayer desiccant bed column. Figure 2 shows the changes in humidity ratio of outlet
air during generation process. The humidity ratio of outlet air dramatically increased until
reaching the highest value because of increasing temperature in desiccant. And then, the
humidity ratio decreased gently in later stages because the moisture content in desiccant
decreases. Figure 3 illustrates the changes in regeneration rate undergoing different
regeneration temperatures. It was found that regeneration behaviour exhibited two distinct
periods, namely, increasing rate, and decreasing rate period. The highest regeneration rates
were 27.24 and 39.17 g water/min for the regeneration temperatures of 70, and 90°C,

respectively.
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Fig. 2. Humidity ratio of outlet air during dehumidification (Deh) and regeneration rate at 70°C
(Reg70) and 90°C (Reg90).
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Fig. 3. The dehumidification rate (Deh) and regeneration rate at 70°C (Reg70) and 90°C (Reg90).

4.3 Cyclic efficiency

Cyclic operation of the multilayer desiccant bed column is the continuous dehumidification
and regeneration cycles of silica gel. Thus, the cyclic time consists of one cycle of the
dehumidification time and regeneration time. The regeneration time for a complete cycle is
the time required to remove an amount of absorbed water in desiccant during the
dehumidification process. In this study, the regeneration time for a complete cycle was
considered to be 10 min and the cyclic time was 20 min.

An inlet air humidity of about 15 — 16 g water/kg dry air was feed into the multilayer
desiccant bed column. The cycle started with dehumidification mode for 10 min with
subsequent 10 min for regeneration, so one cycle takes 20 min. The cyclic processes were
run continuously for 60 min. Changes in outlet air humidity ratio during the cyclic operation
undergoing different regeneration temperatures were shown in Figure 5 and Figure 6. It was
observed that the humidity ratios of outlet air during dehumidification process were not
significantly different when desiccant was regenerated at the air temperatures of 70°C and
90°C. However, trends of outlet air humidity ratio during the regeneration process increased
with an increase in regeneration temperature.

For the second and the third cycles, the dehumidification process began after starting the
cycles for a moment. Humidity ratio dropped instantly at the first minute of the cycle because
the direction of air inlet valves were changed. Similar characteristics were also observed in
packed bed and radial flow bed [5,9]. Moisture ratio of ambient air was reduced by about 2.5
¢ water/kg dry air which was lower than the previous dehumidification test because air inlet
humidity ratio observed in the cyclic operation was lower. Both regeneration temperatures
can regenerate silica gel and make the system work continuously.

For the efficiency analysis during the cyclic operation, the regeneration process using hot
air at 70°C and 90°C had the efficiency values of 11% and 7%, respectively. Regeneration
rate at 90°C was higher than that at 70°C while the cyclic efficiency of the former was lower.
More energy was required to raise higher regeneration temperature while the outlet air
humidity ratios of both temperatures were nearly equal. This result agreed with Ramzy et al.
[5], efficiency of the dehumidification systems reached the maximum value at the optimum
regeneration temperature. If regenerating air temperature was higher than the optimum value,
it did not increase the dehumidification rate and caused lower cyclic operation efficiency.



100

E3S Web of Conferences 187, 04018 (2020) https://doi.org/10.1051/e3sconf/202018704018
TSAE 2020

(3%
58]
)

lw]
[«
=
=
(s
(i)
lw]
(4]
=
-
[y}
(i

Deh Reg

— =
w O

—_—
=

Humidity ratio
(g water/kg dry air)

—
[
1

[e] Qutlet air O let alir
40 50 60

=

.30
Time (min)
Fig. 5. Variation of humidity ratio of cyclic operations with regeneration temperature of 70°C
(Deh: Dehumidification, Reg: Regeneration).

Humidity ratio
(g water/kg dry air)

0 10 20 .30 40 50 60
Time (min)
Fig. 6. Variation of humidity ratio of cyclic operations with regeneration temperature of 90°C
(Deh: Dehumidification, Reg: Regeneration).

5 Conclusions

Changes in humidity ratio of outlet air during the dehumidification and regeneration process

were studied. When the multilayer desiccant bed column was operated in a cyclic process of

alternate dehumidification and regeneration, the cyclic efficiency was analyzed. The
following conclusion can be summarized:

1. The maximum dehumidification rate was 21.06 g water/min at the beginning of
dehumidification process. Dehumidification rate decreased with time.

2. During the regeneration process, the maximum regeneration rates were 27.24 g
water/min at the regeneration temperature of 70°C and 39.17 g water/min at the
regeneration temperature of 90°C.

3. In the cyclic operation, the highest cyclic efficiency was obtained at the regeneration
temperature of 70°C. It indicated that the regeneration temperature had an effect on the
cyclic efficiency.

This research project was supported by the National Research Council of Thailand, fiscal year of 2016.
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Effect of different desiccant bed designs in a desiccant column on

dehumidification performance
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Abstract: The main objective of this study was to develop a desiccant column with enhanced air dehumidification. Multilayer
desiccant beds with and without air ducts were designed in the column. The desiccant material was silica gel. Air dehumidification
characteristics and psychrometric properties of air of various desiccant bed designs were investigated. Dehumidification rate,
percentage adsorbed water, desiccant column effectiveness of each design were evaluated at an air flow rate of 1.2 m* min!, where
the control was a single layer packed bed design. Both kinds of multilayer bed designs (with and without air ducts) exhibited a
significantly better dehumidification rate, percentage adsorbed water, and desiccant column effectiveness than the control. The
experimental dehumidification psychrometric process was consistent with the theoretical adiabatic dehumidification process. The
percentage dehumidification rate as time passed for every multilayer bed design was better than that of the control. The 15-layer bed
design with air ducts exhibited the highest values of about 15.73 g water min™' dehumidification rate, 51.59% dehumidification

efficiency, and 0.998 desiccant column effectiveness. This design shows good dehumidification performance and can be simply

applied to many processes requiring air dehumidification.

Keywords: air dehumidifier, desiccant column, multilayer desiccant bed, silica gel
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1 Introduction

The general dehumidifier designs that have been long
used in industrial and residential applications are desiccant
column and desiccant wheel (Chang et al.,, 2004; Rady,

2009). Column design provides a greater dehumidification
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capacity than wheel design (Zouaoui et al., 2016a; Abou-
Ziyan et al., 2017). It has been applied to several processes
requiring dehumidified air such as food drying (Attkan et
al., 2014; Jedlinska et al., 2019; Rashidi et al., 2021; and
Shewale et al., 2021), fuel combustion (Kucuk et al., 2003),
air conditioning (Yang et al., 2017), corrosion prevention
in electronics industry, seed storage and pharmaceutical
cleanrooms ete. (Munters Corporation, 2019). In selecting
a proper desiccant, adsorbent-adsorbate pairs are
considered. Silica gel and zeolite pairs have been long
used as desiccant material in industrial and residential

applications because of their good water adsorption
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capacity. When the desiccant absorbs moisture for a period
of time, its adsorption ability is reduced, and regeneration
is needed to remove the absorbed moisture. Silica gel
needs a lower regeneration temperature than zeolite does.
Silica gel regeneration temperature is less than 100°C
(Chang et al., 2005; Ramzy et al., 2010). Many researchers
have developed different designs of desiccant bed to
mainly improve its dehumidifier efficiency as well as to
improve some of its characteristics such as high adsorption
capacity, low pressure drop and shorter regeneration time.

The design of desiccant bed to reduce air humidity
found in previous studies take many forms such as packed
bed (Ramzy et al., 2011), hollow bed (Awad et al., 2008;
Balthazar et al., 2019), multilayer bed (Abou-Ziyan et al.,
2017) and multi-stage packed bed (Yang et al., 2017,
2018), etc. Desiccant-coated bed has been used to reduce
air humidity in air conditioning systems (Chang et al.,
2005; Shamim et al., 2018) By the hollow bed model, it
was found that increasing the ratio of outer and inner
diameters increased the dehumidification capacity (Awad
et al, 2008). Reducing the bed thickness causes the
pressure drop to be lower (Awad et al., 2008; Abou-Ziyan
et al., 2017; Shamim et al., 2018) and has a positive effect
on heat exchange during the regeneration process as well.
Reduced bed thickness also reduces regeneration time
(Chang et al., 2005). Additionally, Yang et al. (2018),
Yeboah and Darkwa (2021) added a cooling unit to reduce
the temperature of the desiccant bed from heat of
adsorption during the adsorption process, which led to an
increase in the adsorption rate of the desiccant. However,
in the study of dehumidifier efficiency, the condition of the
inlet air should be kept constant throughout the
experimental process (Chang et al., 2005; Awad et al.,
2008; Kabeel, 2009; Abou-Ziyan et al., 2017; and Yang et
al., 2017).

Factors of inlet air that affect the performance of
dehumidifier are the amount of water in the air,
temperature, and velocity. The amount of water or the
temperature of the inlet air increase result in reduced

dehumidification capacity (Abou-Ziyan et al., 2017). As

the inlet air velocity increases, the desiccant exposure time
is less, and the dehumidification capacity is also reduced
(Zouaoui et al., 2016b). These literatures were utilized for
the design of dehumidifier in this research to increase the
efficiency of air dehumidification.

However, a design with multilayers of solid desiccant
and air ducts in the desiccant container has never been
developed before. The objectives of this study were to
develop and evaluate such designs. A design of multilayers
of desiccant with no air duct and a packed bed design were
compared to the developed design. Several properties of
the outlet air of each design were monitored and

determined.
2 Materials and methods

2.1 Experiment setup

Figure 1(a) shows the experimental set-up of the
desiceant column test unit. The unit consists of two main
components: the inlet air controller and the desiccant
column. The inlet air controller is composed of a heater
and a water spray chamber. It was used to control the
properties of the inlet air prior to its flowing into the
desiccant bed (Kabeel, 2009; Ramzy et al., 2013; Abou-
Ziyan et al., 2017). For the desiccant column, it can be
changed in any designs. In this study, the designs of the
desiccant bed are shown in Figure 1(b). The diameter of
every desiccant bed was 20 cm, with a sieve at the bottom
of the container. The container of a desiccant bed was of 2
types: with air duct (A) and without air duct (B). The bed
container with an air duct had a duct with a diameter of
2.54 cm to allow air to pass through and between the
layers of desiccant bed. The ducts in the A container were
on alternating left and right sides of the succeeding
desiccant bed layers. Hence the air flow direction in the A
container was a zigzag flow pattern. The multilayer
desiccant bed column either had 5, 10 or 15 layers. Thus,
silica gel was packed in the desiccant column in 6 different
treatments including 5 layers with air duct (5A); 10 layers
with air duct (10A); 15 layers with air duct (15A); 5 layers
without air duct (5B); 10 layers without air duct (10B); and
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15 layers without air duct (15B). Packed bed (C) was used
as the control column. Commercial silica gel (2-4 mm
diameter, Power dry, Thailand) was used as a desiccant.
Prior to use, silica gel was dried at 120°C for 12 hours
(Rady, 2009; Yang et al., 2018) and kept in a close
chamber until use. The moisture content of the silica gel
was determined with an infrared moisture analyser (MA45;
Sartorius, Germany). All bed designs were filled with the
same total quantity of silica gel at 1950 g. Silica gel was
portioned out equally to each layer in a multilayer bed.
2.2 Experimental process

All desiccant bed designs dehumidified the inlet air
under the same conditions. The humidity ratio of ambient
air was adjusted to 22 g water kg™! dry air by the inlet air
controller. The temperature of the inlet air was controlled
by a heater to be about 31°C. The inlet air was sucked into
the desiccant column by a blower at an air flow rate of 1.2
m* min!. The air mass flow rate was calculated from the
average air velocity in the inlet air duct (V) using Equation
I (Abou-Ziyan et al., 2017).

= pAV ()]

where 11 is the mass flow rate of air (kg dry air min"),

p is the air density (kg dry air m), A is the cross-sectional
area of the inlet air duct (m?), and V is the air velocity (m
min™).

Air flow direction ~ —p

Vol. 24, No. 1 209

The relative humidity and temperature of the inlet and
outlet air were monitored throughout the experiment with a
temperature hygrometer (KT320; KIMO, France). The air
dehumidification process or the desiccant adsorption
process was totally run for 60 min. The experiments were
conducted in Pathum Thani province, Thailand (latitude
14.0895252, longitude 100.5919529) from February to
April 2019.

2.3 Evaluation of dehumidification performance

Dehumidification performance of the desiccant column
was defined in terms of the rate and efficiency of air
dehumidification. Dehumidification rate and

dehumidification efficiency were calculated wusing

Equations 2 and 3, respectively (Abou-Ziyan et al., 2017;
Yang et al., 2017).

Dehumidification rate (g watermin=*) = (w; —

Wo)

(2)

Dehumidification ef ficiency (%) = % % 100

3)

where 171 is the mass flow rate of air (kg dry air min"),

and w; and w, are the humidity ratio of inlet air and outlet

air (g water kg™! dry air).

Water flow direction - - 5

‘Water spray
chamber

Heater

i Pump Water tank

Desiccant
column

—

Air suction

1
-

Inlet air controller
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(a) The desiccant column test unit

A

(&

(b) The different desiccant bed designs of this study: multilayer bed with air duct (A); multilayer bed without air duct (B); and packed bed (C)

Figure 1 Schematic diagram of the desiccant column test unit

2.4 Analysis of psychrometric dehumidification process
and effectiveness of the desiccant column

Dehumidification of air is an adiabatic process that is
no change in heat content of air. However, deviation in the
enthalpy could be observed. As described by Mandegari
and Pahlavanzadeh (2009), this enthalpy deviation can be
caused by isosteric heat, heat accumulation in a desiccant
material and bed, and heat transfer from the regeneration
process. In this way, the psychrometric process of air
during the dchumidification was calculated. The
effectiveness of the desiccant column was analyzed with
respect to the enthalpy deviation from the adiabatic
condition as in Equation 4 (Mandegari and Pahlavanzadeh,
2009; Suvanvisan et al., 2018). If the desiccant column
was adiabatically operated, the effectiveness value would
reach to 1.

i ; p——
Desiccant column ef fectiveness =1 — |—""’: idzal
ideal

(C]

where hoy is the enthalpy of outlet air (kJ kg™ dry air),
and higeal is the enthalpy of the adiabatic condition (kJ kg™
dry air).
2.5 Statistical data analysis

The experiments were conducted in two replicates. The
data were statistically analyzed by one-way analysis of
variance (ANOVA) and Duncan’s multiple range test at a

significance level of 0.05.

3 Results and discussion

3.1 Dehumidified air characteristics

The incoming air prior pass through the desiccant
column was adjusted to humidity ratio at 22 g water kg™
dry air by air humidifier chamber. Figure 2 shows the
variations in humidity ratio as time passed. At the
beginning of the dehumidification process, the humidity
ratio of the outlet air was the lowest because water vapor
got adsorbed in the desiccant bed column during the
system setup and the moisture content of the silica gel was
at the lowest (Balthazar et al., 2019). The humidity ratio of
the outlet air clearly and rapidly increased for the first 15
min. After that, the increase was gradual, but the humidity
ratio of the outlet air was still lower than that of the inlet
air as shown in Figure 2(a) and 2(b). Multilayer bed 15A
was able to reduce the humidity ratio of inlet air by about
44% in the first minute and 15% in 30 min. Silica gel had a
low moisture content at the beginning of the process and
was able to adsorb a lot of moisture from the air. As time
passed, its adsorption ability decreased and the humidity
ratio of the exit air increased. The increasing humidity
ratio of exit air with time follows the same trend as those
observed in a packed bed, a thin-multilayer activated
alumina bed, or a multilayer desiccant bed (Abou-Ziyan et
al., 2017; Sawardsuk et al., 2018; Balthazar et al., 2020;
Zallama et al., 2020).
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Figure 2 Humidity ratio of outlet air versus dehumidification time of the desiccant column with different bed designs

Shown in Figure 3(a) and 3(b), the temperature
difference between the inlet and outlet air at the start of the
dehumidification process was small, then the outlet air
temperature rose with time and reached the highest value
at about 15 min after the start and then declined with time.
The variation of the outlet air temperature followed the
same trend as those observed in a packed bed or a radial
flow bed (Awad et al., 2008; Ramzy et al., 2013; Zallama
et al., 2020). The outlet air temperature during the first 15
the

dehumidification period. This was due to a higher amount

min was higher than those of the rest of
of water vapor getting adsorbed in the initial period, which
generated more heat of adsorption (Awad et al., 2008;
Yeboah and Darkwa, 2021). This result agrees well with
the low relative humidity of the exit air in the first 15 min.
The maximum temperature difference between the outlet
and inlet air was about 10°C.
3.2 Dehumidification rate

For every design of multilayer desiccant bed column,
the dehumidification rate was the highest in the first
minute, then it gradually decreased and plateaued out, as
shown in Figure 4. The initial decreasing dehumidification
rate with time was due to the increased moisture
accumulation in silica gel (Zouaoui et al., 2016b). The
difference in the dehumidification rates between that in the
first minute and that at 30 min was about 10 g water min™'.
After 30 min, the dehumidification rate of every bed type

stayed nearly constant. In Figure 4, it can be observed that

the dehumidification rates of all multilayer bed columns
were higher than that of the packed bed, at about 3 g water
min”'. The dechumidification rates of multilayer bed 15A
and 15B were significantly higher than that of packed bed
as shown in Figure 4(c) (p < 0.05). By the way, multilayer
bed 15A gave the highest average dehumidification rate
(Average dehumidification rate 15A 5.22 + 2.18 g water
min!, 15B 4.89 + 2.04 g water min™'). In dehumidification
process by a desiccant column, the desiccant must be
regenerated after it is used for a while. For S5-min
dehumidification, the dehumidification rate of 15 layers
columns was higher than that of a column with a fewer
number of layers. Increasing the number of bed layers
tended to increase the dehumidification rate. These results
were like that of a thin-multilayer activated alumina bed
type (Abou-Ziyan et al., 2017).

10 15 20 25 30 35 40 45 50 55 6
Time (min)

0 5

(a) Multilayer bed with air duct
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Figure 3 Temperature of outlet air versus dehumidification time of the desiccant column with different bed designs

The multilayer bed type exhibited a lower value of the dehumidification rate reduction than the packed bed type did. It

can be observed that, in the first 30 min, the dehumidification rate reduction differed clearly between the multilayer bed and

packed bed types. At 60 min, the dehumidification rate reduction values of all type A beds were nearly the same. The
number of layers had a slight influence on the dehumidification rate reduction. A low dehumidification rate reduction value
resulted in a longer dehumidification process.

18
16
14
12
10

8

(=T S I S

Dehumidification rate (g min")

, 18
~ E 16
P o158 410B 05B aC E 1q ¢15A 8410A 05A BC
) z 12
=10
=1
8 2 8 g
-3
Baag £ O 88 8
3 °
Beeggsg 3 S8egangyg
ER
53
R A = B B e e o e e S S e
0 5 101520 25 30 35 40 45 50 55 6 0 5 10 15 20 25 30 35 40 45 50 55 60
Time (min) Time (min)
(a) Multilayer bed with air duct (b) Multilayer bed without air duct
18
16
g
3’14 oI5A ©15B OC
312
210
384 s
E’ 6 . E 8 A
5 4 88808a0¢
g 2
20— ——

0 5 10 15 20 25 30 35 40 45 50 55 60
Time (min)

(c) 15 layers bed designs compare with control bed

Figure 4 Dehumidification rates of the desiccant column with different bed designs
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3.3 Dehumidification efficiency

The amount of adsorbed water vapor was calculated
from the difference between the humidity ratios of inlet and
outlet air. Such percentage amount was defined as
dehumidification efficiency. Figure 5 shows the effect of
desiccant bed design on dehumidification efficiency for a
period of 60 min. The dehumidification efficiency of every
bed design followed the same trend. The dehumidification
efficiency decreased with time during the first 30 min.
After 30 min, the dehumidification efficiency remained

almost constant. This result agrees with a finding from a

dehumidify air. In this study, multilayer bed 15A exhibited
the highest dehumidification efficiency of 51.59% at the
beginning of the dehumidification process. In addition, the
average dehumidification efficiency was about 17%. The
dehumidification efficiencies of all multilayer bed designs
were higher than that of the packed bed design. The highest
difference in dehumidification efficiency between bed 15A
and bed C was 7.44%. At 60 min, the dehumidification
rates for all bed types were nearly the same. The multilayer
desiccant bed type 15A with air duct achieved a higher

average efficiency than type 15B without air duct.

study by Yang et al. (2017) that used silica gel to

60 60 1
- -
% 508 o 15A Al0A o5A aC % 50 E ©15B A10B o5B aocC
] o E
g a0 £ 40
:A :A—\
2230 2 30 1
Evzo gg LEvzo Ba
= Baa, 5 7] S8ea
E 10 S8agang E 104 Beoaggag
= =
[73 [+
& 9+ e I+
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
Time (min) Time (min)

(a) Multilayer bed with air duct (b) Multilayer bed without air duct

Figure 5 Dehumidification efficiency of the desiccant column with different bed designs

3.4 Psychrometric dehumidification process and desiccant column effectiveness

Psychrometric dehumidification processes of the desiccant column with multilayer bed 15A at the dehumidification time
of 1 min and 10 min are shown as representatives in Figure 6. The other bed designs exhibited the same trend of the
dehumidification process on psychrometric chart. At the first minute of dehumidification, large variation was observed
between the experimental and adiabatic process lines. As shown in the dehumidified air characteristics, the humidity ratio
and temperature of the outlet air were both the lowest at the beginning. Heat of air was lost at this time with about 33 kJ kg™!
dry air reduction of enthalpy value. This could be the result of conduction heat transfer occurring between the desiccants
themselves and between the desiccants and the walls of the column beds (Long and Guan, 2012) as the desiccants and the
column was at ambient temperature during the first period of the process. Additionally, convective heat transfer between the
desiccant column and process air considerably occurs during this period because of high temperature gradient (Laguerre et
al., 2006). In contrast, after a 10-min operation, the outlet air was approximately at the highest temperature (see Figure 3)
presenting that the heat of adsorption, which was generated by the desiccants, was not much transferred to the test unit.
During this period, the experimental and adiabatic process lines were almost aligned.

Based on the variation of the experimental dehumidification process and the theoretical adiabatic dehumidification

process, the desiccant column effectiveness was calculated for each desiccant bed design (Figure 7). The effectiveness values
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were the lowest at the first minute and then raised to almost 1 and kept constant at the highest effectiveness for the rest of the
process. The desiccant column effectiveness observed in this study was

consistent with the desiccant effectiveness of desiccant wheel reported by Mandegari and Pahlavanzadeh (2009) and
Suvanvisan et al. (2018).
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Figure 7 Desiccant column effectiveness of the desiccant column with different bed designs

4 Conclusions

Various multilayer desiccant bed designs were

cvaluated. The dechumidified air reached the lowest
humidity in the first minute; the outlet humidity ratio then
increased slightly with time. The temperature difference
between the inlet and outlet air could be as high as 10°C, a
distinct benefit that reduces energy expenditure in drying
food. The results show that different designs exerted
different  effects on  dehumidification rate and
dehumidification efficiency. A 15-layer desiccant column
in a container with air duct design exhibited the highest
average dehumidification rate, dehumidification efficiency,
and desiccant column effectiveness of 15.73 g water min™,
51.59%, and  0.998,

dehumidification period was 30-min long. Multilayer bed

respectively.  The  main
designs provided better results than the packed bed design.
The dehumidification efficiency of the multilayer bed
design was 7.44% higher than that of the packed bed design.
Increasing the number of bed layers tended to increase
dehumidification rate and dehumidification efficiency in a
multilayer bed design. The experimental dehumidification
process was aligned well adiabatic dehumidification
process. The 15-layer desiccant bed with air duct design
than  other terms of

was better bed designs in

dehumidification rate and efficiency.
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