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e with 0, 5,10, 15,20, 25,30, 35_and-10% substitution-by-weight-and-thereplacement-of-san

Abstract

The purpose of this current study was twofold. First, to include bagasse ash as a
component in lightweight concrete and study the effect on the mechanical and physical
properties, and thermal effectiveness, of the concrete. Subsequently, to study the thermal
effectiveness and insulative properties of applying Phase Change Material (PCM) as a
corttaining in the conical holes on the improved lightweight concrete.

This current investigation is focused on the use of bagasse ash as a cormpenent of

foamning lightweight concrete by the replacement of Portland cement in the concrete mix

in the concrete mix with 0, 5, 10, 15, 20, 25, 30, 35, and 40% substitution by weight to
enhance the density, water absorption and compressive streneth of lishtweight concrete,
The optimum lightweight concrete was further studied and improved the time lag
and decrement factor. Lightweight concrete (LWC) with different conical holes for containing
phase change material (PCM) was designed and prepared. Incorporating the PCM into the
LWC wall with the different conical holes (2, 3 and 4 conical holes was designed to find the
optimum condition for reducing heat transfer from outside wall into inside wall. It was found
that LWC with PCM-contained 4 conical holes was the excellent condition that can reduce

the maximum heat transfer and shows the lowest roorn termperature of around 26.3°C. In

- the case of the real ambient condition for 3 days, LWC wall with PCM-contained. 4 conical

holes showed the lowest room temperature was around 41.3 °C, while the room
temperature of brick wall and commercial 1WC was al about 49.4 °C and 433 °C.
Furthermore, this sample can extend the time lag (145 minutes) and decrease the
decrement factor (0.628) as well,

50, the applied bagasse ash and phase change material with lishtweight concrete is
useful for an improvernent of lightweishl concrete properties and reduce the heat transfer
through the building wall. These compositions can be suitably considered as viable

alternative material in applied concrete and masonry constructions in the future,
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ilenegeuuddnnsgedaidideudulammsa 3

#1919 2.3 é’mi’lﬂTiif]ﬂ%&]ﬂ’l‘ﬂ@ﬁﬂﬂuﬂ%ﬁ]ﬁﬁ@ﬂuﬁaL‘U’l

9RIINegATIN ldunndy
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% (rwdrlaouia)
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nauimsdiomatiudeu (Heat transfer)

NSEMEINATINIBG01ATS [38-39] ﬂ:nu%’auﬁ@g’ﬂ'l8’Lumm§mﬁnnwé&n"'uﬁmmm
fou 2 dw wdng Ae arwdeurinmousn wazmuSeuiiintunisluenaisies (Q) U Lhn
ngunseidiiney wseddliih ayud nevhludmmnnude aufeusaluemseznan
meusnnnuasfiuamudeuildsusvinann e dng (©) lnsnsdeinianudouns
IRINFINAIIRS PR amnﬁﬁdwlmlfz'heiﬁm WWudu aanufeusy aamumama’lumum’tw
Tndeu fwanstunw 1 Senmsauwlsesnidu 3 nsd L AEP R S et L Y- 15y}

1. mmbaydau (Conduction, Q)

T 2] MSIIRNILSeU (Convection, Q)

3. MIuHTIEM0TeU (Radiation, Q.)

U 2.1 mathanudawdrdnetudatinu

fﬂ‘Jﬂ’?‘l&'}mﬂ'ﬁ""ﬂ'l’lﬂJS@H“UENNUQﬂEJ‘LJfﬁW mnmaummamwwamms mm‘numﬂamwa
‘HB\‘]WNS']V]ﬁlil?lﬁ\i?d"ﬁl&l"lﬂ\i’}ﬁﬂ@ﬂﬂ‘SEULLﬁmG]’lﬂﬁ’!\‘i mms..,a'mulmu,ﬂ ATUIATINTON  A1THN
ANUTBU LASASUHSIE

1. msdranusan (Conduction)



mahaisfewfinenuinuisounieiinsndeubmluenauinndt lWguiaiiy
i vieiimsindenlweedianadinit mseremanudouasiatuyniirnms Tamasiinasi
mm%umnw%aﬁamzﬁuaE‘J,'ﬁ'uiﬂiqa%’ﬁwaaimaqaLLasﬂﬁwhqS| oA audfvesian Arriy
upnsnsesgamaiissuiniatan anumnTas wazdhisariiduia Wudy dAdudssavinanh
Arsan (Conductivity, k) Wiy W/m-K w3e Btu/(fth-"F) Asnisanomanyieulaenisi
arwdouraanslunumn d1aen fudl wazAmNILANRUaliviley MdsEAnims

°

shpdeultlumsinfanessuvanmssensieufiisunulunie(Ogg-ammisaruani—
N

QAT N\ OF (2.1)
Ax

W Qupg = Mizmsthessiau (W)

k= ansdiamaseuvssnis (W/m-K)

A = Wi ()

AX = RASRNATUWA (M)

AT = masinstosgnmvniinialutasnauenndy (K) -

Y w . ) 2 < 2 o
ANURIUNTUAILNTOU (Resistance: R, R-value) wing m KW wia (fi-h- F)/Btu fe
drunduainsinanusen Wuadtseldlunisdmusdiouinarssumeluenaise) Rovalue
AUnBueaIa U UGN

R = (2.2

P Iy 2 2
Taei R = ATIUMUMILAINTOY (M -K/W)
~d = AMA s Pe93ag (m)

k = AIMSUIeUSOLIBaRY (W/m-K)

ar o £ ' °r . . 2 o
andszansnannanainisey  (Thermal  transmittance)  wuasdu W/m™ K w3e
2 = 13 @t < = e; 1 ] 2 L) qE' d’i’ :d.
Btu/(ft -h-OF) ADWUBNTINUTHIUAIIN SO U BRI L L UERTT U8 T LA s T
wik Wudnunduvasan R



= (2.3)
Ri+Ry+Ra+. 4R

P o o & ' I 2
laef U = daussansnmsniamanusou (W/m'-K)
o a 2
R = @U@ Rn A usou (m K/wW)

2. mswaraiau (Convection)

MINIANEBU AansenemauseulaemaeieuiveswoslaR s InG 1 Wy 90
hazih L3Jﬂﬁﬁ’]mﬂ‘ﬂ’ﬂ*ﬂ'ﬁ’ﬂui&lLaﬂﬁ‘\luLﬂaﬂul‘ﬁ’.]L‘J'J*U‘uLLﬁuLLﬂﬂﬂ‘i“’%’iHBaﬂlﬂl‘lmﬁWN"] nalilin
mwmamwaaamsuuq Insvasudasiinrs i finSunsturesraiuasuiasinnumuiy
Wasazasfiunissauieulnen e oy (Convection, Q.,,.) @snsaAinnlaan

Quony = hAAT (2.0)

W Q. = ArszmMswaaMLEau (W)

v Lo ol & v ) "
he = A@EudszansninInnuson (W/m k)
& Al 2
A = v (m)

AT = wuadsvosgumiitosinndauivaangiituds (K

3. nsusiSedainuion (Radiation)

mswiSsEruSeuiiunisaiamaudeulasaaunsimdnlvidn Lua'lmanaﬂaaaafmﬂm
maadoulyiue mawawmamm‘lmﬂﬂauummaﬂlﬂﬂw n’niu,mmamm'sauwﬂuﬂﬁLmﬂau
wiwdnlvihaiionds Faes Lﬂaauwmmmﬂmaumﬂﬂawmmaunfn

miLﬂaauwmamsaufuaaimam'wum‘uaaamimﬂa’[wﬂmﬂ?{uuﬁmﬁnlv Hdieannsg
Lﬂaauwmumnme‘lmsam’mummL'i'su,aq miLﬂaaumaa'hu,aﬂaﬂwmamumﬂaauuﬂaﬂﬂLUu
 Sednwdeu nedlernudeundeuiiiiutends e1nia wie ey lﬂﬂunsmmmmuam
anmu atfamsasauanuiauludutgug Lgaum’[ﬂmaﬂamm'imaau"l,mmn*uuwamwﬂu
aqsuu wazAIBAMNTOUBBNUT NTTUHSIFR? lmauﬁ'"mmmmmaammsamﬂaaumﬂumumﬂu

oy

‘vgﬂ‘wﬁnﬂmmau‘lmuﬂuLgsqiummwmiaﬂ
angiiluanaveaiuinFanaunsaliafeudialdiiuiaueniedy (Wave

length) wieAwdnd (Frequency) dluanavasiufusiazaiinasiimsindeylm wisnisduii

uansinaniy wasuradnudounsnnluamuiined naedeulnifindrveyhlifeswiess



pAUN LT Tuanairdeufitiigeviiosouguantsmenduseidug oenun 1y AdusEnne
orfndandundudulsstn 0.44.0 pm wazluanafiiadeuiitne wwmodsdnduendadiany
AUz 8-10 Lm

diandnunisudssdarufounsenuiiuii ﬁuﬁaﬁuwam150@@%’11?13131%’914

(Absorptivity, C1) wazid@pundsanuauioudsyilifiTagguinuazanusoazviouninudan
HunaUlIA (Reflectivity, B)  fr¥aqfiautneauSeusnunsoriululs anudounsnsariiu

5r

—=ransrmissitivity= - Guianeernt- e AT TR AOUAT T O LN TS ey

VIR DU fiinagsenin 0.0-1.0

SR+ T =1 (2.5)
gh o = FnsgaduAuEouTesTan
B = ATMSAOUATNTRUTBI TN
e = AnsnzgEtuvesnTmIaulydan

- asgauisulpenswissdnrueu (Radiation, dug) unmsgemaadeuiiniu
Tunsdindenadusnaisislunsdifiiuagaina souldnn

\ |
S RNSG e T (2.6)
A
eV g = MsEansudsadeuou (W)
ar el lﬂ” d"l 2
q = darmausSEluRuitn (wm?)
h, = @lszaninmsursedanuiou
& e 2
A = WUV (m’)
Ty = gunilves (K)
T = gspdionmawindou (K)
. 2 2 .
he = 8o (Tg + Ty, XT5+ Tg,) (2.7
loedi & = dnrswisidvesing
-8 2 4
6] = 5667 x 10 W/m K

by = duuszdnsnsusiSadaiuiou
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4. AINTEAIMAINIBNTIY (Thermal transfer)

Wuailduansaufousmueidudunnelueints  @ursadiuinldan
AU eI dudssAvdnnatemanudeu Fuiveuaitinstunasuan KBZATATILAN
gamnifisuyssiansuenuazmalueias

Q=UAAT : (2.8)

do Q= smsthemanutousil (W)
U= dulszdvinsasamanuioy (W/m'K)
A= Foihmue AT uLERean (i)
Al= srmuinsgungiifieuninssninnisusniazniglusians (K

MMEAMUEUIBEIAMEIY (Thermal comfort) [40]

AMEATIUAUILTIATIUTOURIN I 2 waqrﬁ‘asja'}ﬁ’ama’[.ua”lﬂWiﬁuLﬂuﬁaiaTunws
BBAUUVATIIDIR136014¢) mlmumsﬁﬂmm?ummamaaaLauamaamnmamaﬂ'ﬁ $ANSA WU
MIYINIRYeI ey anmmaamamaLsawaamﬂfﬁwmmumaﬁ‘suan’lfsvmﬂm’tmanama
Imaﬂwﬂwmamaamisummama (Comfort) oAt laus

n. QEANIDMIA (Air temperature)

9. NISUATSEAISPY (Radiation)

f. ATTudg (Huridity)
nsvarivuwaseina (Ar movement)

&

s o J - IR 1 )
PofpAugnlunimtorzan i bidnanandrnisednas

2 2, prsndfainnuiau
1.30npilanamnid

BH40-307%

5. nnBudanig

4. nbnaduvsnamma

U 2.2 Sadeiugrulunsfsanieliiiranzeuausuiedans (0]
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ﬁaﬁ’aﬁmﬁniﬂuﬂaﬁwé’nﬁa}ﬂ%‘lumiaé"mLz.mmq'lun'riﬂmﬁumm%’auﬁaéawmﬁ
Tngnnmsdnwimsilesfuanuieudidormszfinnsannseuaims 2 dndofu fe udann
uasnifronnns Tnowdlefinsanfefaniiasthuilddunseveransil wulnuauTRTaanands
anuinsdiufunutagdmiundenoasiiife Tagiinsldmsuiusswiheuusaom
Uauazinaas Tasfameuenvesarnisesifiumsiieafumsunddnuvesnnuiounasanuiu
\irganeluenns daumuluveseassiiunsaiaativsnmmnsgamgiitiiveias

LweAdEUNe (Comfort zone)

MImPLEUTY AD NITTedgMAni ALTUEINE warauEten s i
Tinywdinidndedluannsfiinans esanlianniofimuadnmzauauissenuiiu
inavlddedomaduaaiaduisihliniuhausaunsoiienuanevieegluaniisi
aunglugaiisnafuld wignaesnauusndsiulinsiensieinnn Wemnuauisveay
semddeianssadeadaeanmgiionialinnuuandiety AR EUIBTBIRUTiDgluan N
llemamaiubouiinIuandn s

NIAIVANATIEALEU Y TUEIATS

masmuguanzEuslueasiasseudandnuliing dwenauenidusuiviiemes
nseenuuuLiansUssnSanaaild 2 wunvne fe

2.1 LUUTRIGIIUTTA

NEEONIUUIANTIAEAENISHASISHIR Y8Bs N150NLULEIATSAINENEReLE
Uselominnvdsanuansssurinlivasludanlusans Lﬁa’[ﬁmmm’hzjam'mﬁ'mum Tnel
mM3rteiaiuaulszfaulfdudsadiomssuisanuioulueias Mien1sizgeuas
welisslosinnuasssmilutaasiamnseiils vawnun g iU seing

2.7 WUURIIASEINE |

mnemsisenuuuiivatetiode Mvliliaunsoasinsslemivinnsldndsuan
sesumBnbinmludandlddeanzihaneldesiduiumiansn nMsesawuyluenmed
_apadesipsfianaaiesnaladumlumaden wu Wedesuanarlunistasgiomaaiou—
Yfugamgiinelummsiteairanzanuauistunaonuniadontd indedldlifivievassly
foanuuuiiewiiotioUsswiangaay LASUBNINANTDBNLULTIRAZEINSaT BT MEaNE Y
uia Ssdonnsngldouensiinrsiinliqunsoionns wasielesdnnemnuazmnluaims
ae9pneing Usevda wasinnaUszneuiulddndag

mtasnuanadeuldiuiudanainns
3.1 MIUINUAIUS AU
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= e e

‘l«‘ifNﬂ']LﬂU“riu‘VlﬂﬂJ‘iuﬂUlﬂaLﬂﬂdLLU'JU%JH%QQJNE{L%&JUEM’}HJﬂ’]iﬂﬂ‘fﬁ}i\‘laﬂ’}\‘ia’]ﬂﬁﬁﬂd

ﬂ'J'lWUﬁIULLH'J?uH']UﬂQ Ll #997A1S uaﬂmnuwmmmLﬂumuuuamaamm‘smmwmw
‘ﬂ'r]ﬁﬂULLﬁQ@?ﬂﬂEﬂﬁﬂUB?ﬂ'ﬁﬂx‘l‘ﬁﬁ\? ‘V]ﬁ\?ﬂ’lﬁNL‘L]‘Hﬂ'l‘ljﬂé,lﬂ’l’miﬂﬁﬁﬁﬂﬁﬂlﬂ@ﬂﬂﬂi”ﬂa‘ljﬂ\ﬂ‘ihﬂ‘ﬂ’ﬂd
E]'lﬂ’!'i waamﬂmmu Ly ﬁ‘U']Fﬂ']ﬂLLﬂQWi@ﬁUWL\mLﬂﬂﬂﬂﬂﬂamﬁﬂuﬂlﬂqﬂu@ﬂﬁ\iﬂi 60 C Tugaa
“ﬂllLLﬂﬂ"ﬂG‘l (41]

ﬂ’]"?)ﬂENﬂuﬂ’ﬂu39u€l'lﬂﬁa\3ﬂ']’{ﬂL‘lJUi]ﬂ')ﬂi]ﬁluﬂ’l'iﬂ‘EJ\i ﬂUﬂ'JWSJ‘i’e]u‘ﬂﬁ}u§L°|'i'§N’T1.JL‘U’}ﬁ

U
-

S FHEIRAI ’c]x‘}%'—'}ﬂﬁﬂsﬁitl%ﬂﬁE)%;iﬂ’!ﬂﬂE)ﬁ—ﬂ:ﬁ?gﬁéﬁ‘dﬂ%ﬁ%ﬁﬁﬂ%ﬂﬁﬁﬁﬂﬂﬁ%t%ﬁﬁ“ﬁﬁ@ﬁﬁﬂﬁﬂ 1

3.1.1 nissaudiiuitdndnuazdnndlusiamsmenuutuamufou n1siaugs
ﬁuﬁﬁw'ﬁﬂaﬁumﬁwﬁﬁmﬁﬁmﬁu§auqq wazdrungluenansidanisldiansounnstudg
mlﬁﬁaaﬁaﬂ '51L“fluwét’m’l%"ﬁ'ﬁﬂamuﬁﬁmmmmia’[uﬂ'riﬁ’um'm%'au'a&mhﬁw%’uﬂsvmﬂlwa
uavmamm'sLaan‘lfﬂs"wﬁﬂmmwmaanuawam atlsaiunsidueneinadeuludi
Fuldndsandionaiaduihunndluanans puaLav T TanauSaunanuilEwdam s
mflamaiummsuawam mﬂssmmwa‘uqumaaawaawmamﬂawammuﬂiumm 27 °C iyl
uwumﬂuialﬂammn muammmaswuﬁlmﬁqmeumfﬂaﬂﬂﬂiumm 40-45 °C ’lwﬂ:}mumm
sauaa (mamwnulmﬂ'}mﬂumﬂivmmn‘uwaqmﬂiuLn‘nmami L waamnmuaamaq Al
mfaaqmmmmLﬁuwmmwmmaaqiuaaumma L wdenvan videadingd ) ssnudien
mmLmﬂmwxwmqmmummﬁmwa‘f,uwmaammasmqquulmEhmm'nmm']mmnmw-
Yssana 13-18 °C ileshlw3puifisufvauauiiiia Rvalue wandsfuasiinsgrewmandon

mananaluny 2.3

Sherrdmaia dnann

il bl o

sehiar s fnnign ] sie)

7 2.3 ssfivanuduanufivmarasinumusuieu

vinansAnwRerueNuiivssdninmazanatedianniusda R20 1 R28 uay
wivanflasiludwiifivssdviamlunisieaiunnudeulidudfussfunifuauy foky
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nsldaundmiundemmuauyigiuionddlddaumsssuammiueuiuil R20 Touds R28

ﬁw%’umsﬁﬂuﬂ@ﬁuﬁ‘[ﬁ%&é’amaaﬂmn‘ﬁuﬁmﬂummﬁ

3.1.2 msssuiganaseunelindint msszureenaiouiiazanldvdsaiosnly
Husnmudeniiazdrsananuieusenanfiuiilindanld egvlsiiinssnansiteiadn
asujﬁmmmmin‘lumﬁsﬁmﬁﬂ'ﬂu"iauaanmn‘ﬁuﬁﬁaamslwaﬁaummﬂmuﬁiimﬁ Wiswn
FAnuuansesswigamgivfesnslinelusesuasigamgiionndldviaiitianou

= = ¥

geiidheanunatisien-ranadaafivsssuavaaasenaantiass SRR
anmuIndeuluss A misumammﬁsaumamm&mmmlummwa‘lumsﬂaaﬂummsau
RINNFIAN LLavmvﬁmumm‘[‘ﬂau’mmmﬂamum'lmaumnwuﬁ‘lmwaamnmmu

3.2 ntesiuanudsuliiumilsenans

asldmnuidusniuiudiuiiuvesains wummswasnmmammmﬂ'nmaulmm v
Funpundslut o duily mmm'mwﬂwmmuawauwanuwumuiﬂaumsnumqmmmsn
Fuatgneie 'ravwmmaamalua]ummsn’l!uﬂ'sviasuufﬂmivﬂuaamnmmua“mmmmwmmn
audnalsiomisle mmm‘uumuumaamﬂmuLﬂmaﬂmmamsmﬂammmm%ﬂfnmauaq fud
ssfuRIBnInnweauaisishidesdinsuisunaeumgisnoniuunin woneniAudeld
mﬂmﬁumuﬁlwlmuwmmumw'saumn‘saamaa'mmaua FAMRTNASUBNRERA T Ay
dhddemstadniiguigiivndanmiisdouniouen evesildsunseanuuuliiduiudua
ﬁ’uﬁuE’m%’mﬂﬁﬂsam"n‘m'l%'ﬂ'ssiﬂfrju“lumiﬁ%ﬁQﬁuﬁﬁqmwgﬁﬁaﬁ'i’ﬂmaaﬂi'uié'

athalsfinunseenuuuliduiududatuiuenalalmnuivenasuiusnmiin g
a]::L{'lum3Lﬁumaaws‘ﬁm‘%"'mﬂ%'ummﬂﬁawﬁmm'}u%’auaamﬂi’a@Lﬁu%’Tu

NSMUNAILTL (Thermal time lag)

mswu’a&mm%’au u“]mhanmﬁi’aﬂmmmLﬁuﬁ'ﬂﬂ‘%mmmm%'auﬁfhﬂmL{l"lmléﬁ,ﬁu
svawnmwm %uaamaumuaymamm5auaaﬂmmtﬁu m'[,m’mummmsmmsauaqammalu
Ty Laauaaﬂlﬂmﬂmqanmmmmmuasammauaﬂlmvﬂ“nmwua qamwmamnfﬂuumwma
mmsaumﬂﬂmammmauaa L’;awmmsaumumnmumwuanamu‘lu drutladenisanas

fig aﬂﬁaumsaﬂaaﬂaauayﬂagﬁqmwgu 156-571 muu ﬁ]\‘]ﬁﬁiﬂiﬂﬂ']%‘ldﬂﬂ’]i‘ﬁu')dﬂ’J’]&]iﬂHLLﬁS"

Hadunisanas lodaunis (2.9) uag (2.10)
CD = Tqi,max B qu,max (2.9)
Himax — 9imin

5.4 (2.10)
A Qe;max — Qemin

f =
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B9 Vojman Taemax AOVIATIMENGA WS oAl s lunasiuuenagiigwn A uas A, fousy
Udgavasrduruioumululasiuuonuo i Uas G Gimn Oasmaxs Jemin AOHENTAY
Sougsaauazingavaniisinlunazinuuen auddy

=
drslasudanus
asldsuaniug (Phase change material %39 PCM) [58] wapie ansduvisuazansadl

i it flnsaluinislammlavsnm=tasansbug=iviwiigndu=tabsor

wiuasaunnnendluamna iy ildaunsatiestursdeudrgmeluomsiivn
adela [59)
1 AuandRves PCV
pcm Aliluntsaenuuussuvazanaudounsiinumninanianm AeuanUANI99al
uagAnELTRY ATl
1.1. Qmanﬁ’ﬁmdmsmw (Thermophysical properties)
(M gaumgiinsvasuimaniiamumzguiuns e
() mm%'auu,rdﬁﬂa\‘zmm?ﬁiéwmﬂﬂ%u'tmi]'ﬁ']gfa ATl rainsiasiraIReniag
e PBnmsg faduenudesmstunim s iiavasnundarfiaien - - -
() feufeudiuwzgdilirifinannsinfiuamdeuuudia
@ fiimshansieugiluaniusreniatazvoavadangluniafiuiagnildesndnuee
TEUVALENATIITOU
@ ‘Lum*nﬂ?iauamum:fuﬂ%mmﬁmmﬂﬁauuﬂaaﬁas}mﬂuazﬁqmwQﬁmsﬁnmuﬁmwﬁ'ﬂa
tostiganilaym Containment
(%) nvswasuvaIERRNdBsTUTes PCM S msuauqueanisiniuasiivesianlusswinedging
msudsiuasnsvaeua)
1.2, ﬂmamﬁmwaﬁ {Kinetic properties)
(n) 8m35IN13LAA Nucleation g9 TrenindsnEiAn Super cooting Tunsidsuan s

~ BV

(@) Sasmsifendngs felussuussmevanssaufosnisvemsihanuieundualilg
MNITUUMITALIY
1.3. Aauautinyaadl (Chemical properties)

(n) msm?a'ﬂuiamm%aﬁuLLazmi‘waﬁmmamﬁwﬁuaéwauyﬁﬁ

@) Lifinsdenammwinseureauduasvoanm

() laifiqrifiansen (Corrosiveness) Tudanlassadn

(@) Liduie Livalvl wazliszdn
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2. wdnmsyiauresmsAsuaanuz

wdnnsvheuresansiBsuamue Batusnauannsslunisaaduaiou (Absorb)
'Lumanmwuwuammuaa wazdanidesnnuiou (Release) aaﬂm‘lu‘amumﬂamﬂumu
amgiiines ndniuszaasogadumuioulunsunansiuldanads Tasanudouiigaduas
gritulilugumuiounds (Latent heat) wazlsifinansznusoutalasadneru

o NIl

-’E{i'{‘:};ﬁ'b'b‘g.\'ié,ﬁ':(eefﬁpf‘@SSiVéﬁtf@ﬂ§th}~{0Uj
\enadeufd i uLsidnvesReunIRLIaL 'Lﬁ'L%’lUmuuﬂm%Nﬂ@un%‘m Taeviinag
fiafouiee19un 75 mm x 75 mm x 75 mm mmﬁmaaumanaumaawmumﬁaw7
gugdl 75 +5 "C1iluan 24 h
1. Toveaou
1.1 ;ﬂmm‘%aqmaaummﬁuuieé'ﬂriauﬁ"umsﬂﬁﬁau&fuadwmaauﬂszmm 10
min Wetwsslunsaany
1.2 Wivinsnadeuiegalunuaisanniuiuemussioushatie
13 anduiinditsuussdngeanilofouingiinaion suamdomelaesildly
andumbedu Weldlumsdnnomiuusduedgnann
oz finafauiangne faufetsasianaensuinai i Aaesedonmusewingg
VBNBUAMB WU DING  WsUdsavIusana iz iians s um udensuaneut e
foushegwiiunda Confining stress st 2.4 Tawen Confining stress GaeiiAanndnidudia
gasfioushotaiundsenaiidnin ﬁ‘&ﬁ?umamwmaauﬁwé’qﬁmgﬁmagﬂmﬂﬁ dafifn Confining

stress

UIINANAADL

utiugnanm —-

e A 4
AALBFRIDET

:‘/I\ - : <!:] Confining Stress
S i

r s Remnan

3U 2.4 GnmauzuImUEaNILMneuda (Confining stress)
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NIAMIURANSNARDUAIENNTT 2.11 IHemTuASuLsdnggnuadast1edsuaann

VAFBUATLLINTFIU
Fmax
G = N X E, (2.11)
Tagd
G = AN (MPa)
Frax = ANSULTI0G5G0 (N)
E = dmnsnasipdauseiniomnaden
A - iR adaemeRsut minnareyagay (mm°)

nauMIMAHaULIIRavasInaunsn (Flexural strength) [60]
1. nuiifedesiuniaagou
nsvereuiliTunsngeumd UL aiavetnounis laanaseutuaunounin 7
1RUY-Simple support (Simple beam) Center-point loadine Hava9aMIaWMIUNIULIIARAS
agluguvealugianisuansin (Modulus of rupture) Tnsiludwmihonsadsgean o gafiumnd
Tupmiivnsvadey Genldanauns

fb e TN (2.12)

Tned f, = mdsda (ke/cm’)
M = ilusuddingagaiviign (kgcm)
¢ = wuzmnuwaninidnuilnaiign (cm)
I = Tuuddesvesmtiin (cm’)
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3U 2.5 MIVAEBULTIGN

ALUAIMAITUNTIAA (Modulus of rupture)

3P :
R = ;&; (2.13)

i

Tugdamsunnina (kg/m?)
ﬁl’rﬁﬁﬂ@ﬁ@ﬂ (Maximum Load) (kg)
AHETIRNU (Span Leneth) (m)
~ Aruniiaeidada (m)

= anudnieiresn (m)

I

o o . D
I

nIgANaUNT [60]

v &r
= § e

Wavad@eun1s AN TN BRI MsWINsgRuTenhArenAtadivn
YaIBgURIas M InTaBsigad

g Tundy dgas  nsdundnsnisganauiinewan
AunIsiail

ihwiimhvigenau (g) =  dwirinudusidn 24 7. (g) - WwmtinAsuueii (g)

. o ¥ W - W,
INYASNTPANHUL = — x 100 (2.14)
Wy
lmg? W, = 1mtnnsuLdi (g)

W, = dmtdmbh#ieaniiu (g)
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AVurIMdIngslIung
NYSNAABULTEM AUV UYIBEUIBURIINASEIUNSAREBY feaunis deludl

M
P = - (2.15)
v
Losi P = mmwmuﬂuﬁai Banasluanmyiiis (ke/dm’)

M = 19899 unadsUNSsaU 105 C(kg)
Vo= ﬂimmmawumaau (drm)

AUNFU (Porosity)
ALY Ve anTEuUiesiuutesivmelnnineusnvasiiegdmiu

wWoeidus nad
VV
P [ =\ 100 (2.16)

¥y
oo P = Aenamguos)
= 1 1 3
WA U311m5989719 (M)

=9 @t 1 Q‘; 3

V, = U3UIN VB IDE NN (M)

WamsnsunauiitinsUiuEessuun masduiu (Cose packing) fAAITHGY 27%
(U 2.6 (n) dnudinzneunapidinsuSudosiavaniuy msdusmany (Open packing) i¢1
AU 47% (3U 2.6 (1) mmwammuwaaamwauﬂi Ayl anunguaaissas N3
asansvBILTUTinesnnAuiuIRtLANTR I nmam’lwmmwswamuummnw
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3 2.6 ey () nssnauiianuigu 27 % () wenaudnedivaniinrumgu 67 % (a)
Aavunalifiennamyui (@) ARsunfinamaigs

oW e e 2
F1UIIUNLNE IV g

O. Kaynakli [61] TafudgeussBudnmmearuiouvesdsinainevle demliu
auuAMLIudnedmilt awnsadaanudaainsmslindauasld
F. Kuznik and J. Virgone [62] laanwilasidSsuiisusisanmsiiiasasuanusiiu

dnnsznoufumilenmsilsiiimsdneeundudnassnoy TroensiUdsuanuziidnuiogly
sUssnsUsznaviifiyamaanariianmail 136 °C wariimwdouulawiviu 106 Ve Tasld
vinnsdnun 3 nadl Aetasgaden nanng uasggvuna wudiva 3 nsdlveantaiilansiaey
aousiiuduszneviigumgiinieluiesinindailifians Wisuannfudmysenou uay
lutgamgfionmgegrvasseriiluggiou mlfeameluiigrmapiinneiufs 4.2 °c
Shilei wavamy [63] WAnyvwasiUSsuiiauminionsziamBusunuusssumuazwuuiisl
maAsuanusiudiusznay Tasssedoviifamiadudndutanes 26 Tasbwmiin arsuden
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amueiladuussnn Capric acid (CA) uas Lauwric acid (LA) ?Jamauﬂuaa'luammusaaay
82:18% wuimiiwiasiansiudeuan s dudiszneunziinnuannsalunmsimiuautou
Wgandmdanuusssuminefidnadoussuim 13212 kK shldivesdimisusenaussansadou
anuzannInasmsAuiemduesruutastisUssadanisldnganulihasld

Gracia Wagamy [64] ldvinsAnwnisssdivinins$inuesomsididnnsenen pom
Mes Eco-indicator 99 wuinsld PCM Ussian Salt hydrate fheantansenusunisude
—;—————————&ﬁ%ﬁaﬁﬁ%ﬁ'ﬂﬁﬁéﬂrRGM::%’ﬁ%ﬁ%rParaﬁiﬁ?:ﬁﬁtﬁﬁﬂ%ﬁﬂﬁ%ﬁﬁﬂﬁwaﬁﬂﬁﬂﬁ%ﬂﬁtﬁmﬁ e
drgdamalvinisldas PO 1indsglonigen uavszernaimsfunuues Salt  hydrate was
Paraffins SAviniu 25 uaz 61 U snudasu

~ Tebu Bapa [65) Tsianudnvaslassaiuuavapdiimena (Armdumminsedn e

ATQIRhY, LLasé’mﬁmﬁﬂﬂnﬁuﬁq} gasnpunimnausulotuuuransneuima (AAC-SS) Tng
Tinnagnsuivnanndudnmes WanauunslimmeiiunssuiumsunsgsasBen uay
Anrwidnvislasainmanaveseeunimnanisvlohuurdunznauiaafendes
ﬂawiiﬂﬁﬁitﬁﬂmammuﬁmﬂﬂm wan"ﬁﬁﬂmwudwﬁ{fﬂL%fw?f’aasj"ml,ﬁusuuuuuuiwuwm'ﬁhafuaq
wan Tobermorite FidneuraILILTAng 8 20 9% Lﬂuammuwmmm InsiddanufinumiuLs e
Winnd e uiidanas WAZHIN IFI01103161 55U A 1N 93 UBn.1505-2541
LLauﬁ]ﬂafﬂ‘lé‘dUﬂﬂmT‘:l ¥ w07 Y ) L\ ' R o

193 BATNNS B BYeYT Lazeniy (66] LaviinsAnuitasUiou Rouanssaus iR
Youszwiniuaesidemdilintnouninmaisuleruuunausynemima (AAC-SS)
fusfaneuniauiaiauladwily (Aa0) winsliguvisulagldiusaswuimdnilang 4
i wizsTTu R 27w SrunUSunnsviiy 4.05 m NS AULYINAY
0.075 m anuﬂmmvmﬁuuwﬁaﬂz\imeﬂ,uua:mauaﬂ yhnsveasdasinaisnliusime uas
Tavszamibsiimauu seannismsmuiitndldnds AaC Hgnvipiiamamelutiuganin
Tailfuis AACSS u,a‘"mwﬁummﬂmaluwmmumaav‘lmmﬂmamm’m uavauaulmm
UssavBnmiiluduaussausmsanudou lumsamaruiueimavesets AAC-SS meldanm
MmALuUauduTs wstmAlve
. Fsednd avensiunsuasams [67) Wanummstiidesianalumstanuionssamds
peunsmauLailuautuaufoudmivenis Tnsludmaeunidulditeesinnaie
Wunau, uhdes saniu Yudwudvesauauduseiandl 1, wiretudnsdruseg vhnsdnw
MAIPAYDINDULDIHNALUIFING1TUIN 5.0x5.0x5.0 1wuRLIRT neaaunisuauiuiua
%’au'luuuuﬁmﬁ?ﬂammﬂammmﬁ%mwmaaumsﬂm%':uﬁwaaﬁauﬁaas}ﬂaﬂauﬂ?muﬁaﬂ 210
miﬁnmwummasammnauuasmmamm 818 7 14 U uag 28 T HONSHARBINYIN
maaamuummumuaawaanuﬂsmmﬂumuumﬁh m’LfaUmLuummﬂmﬂ'}aqamwmmaawwu
wndunludae ’Lumuwmﬂ'1*mm:nm'iLﬂuamunumm‘Jauwaaﬂaunsmuaan’[,uuuwm
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VREDULAY maaawUmﬂaunﬁmuaaﬂiumursauSnml,mu,nauummaﬁuamuﬂummsaiﬂ.ﬁmm’u
Aeun3nuieniudmunauveddes e mdunaviinuazBannninies wasn1sine
nﬁ@ﬂ%uﬁwmﬁauﬁ'saéwﬂauﬂ‘émuﬁaﬂ wuhnsumetansunsauienludunauus Ldnay
finsgaduth Jouas 32 %dﬁuwﬂndﬂﬁauﬁaaﬂwﬂaun‘%‘muﬁaﬂluﬁaumamﬁﬂé’aUﬁnﬂi@ﬂ%nﬁﬂ%’ﬂﬂ
Ay 31

Rahman, MA. [68] lifnwinistdnnouninudenlas 9 unaunuiniitunaudunsa

'izqnﬂmﬂuaguaanﬁlmumwunLLassuumun“Lm

ysinsuaziife (691 IAnuinuidnyirounionauidinaussloddu wddrmas
Fstneanvosninfnet fodasdudulosiodiudniiy 0300 Tesminuasiiviasuans
UFums wiriu 750 ilanSustagnuiaiuns@els audivisinuanudumunsdnuasinda
fign wasinoumumuesranias sniuiodioufusandasiesodul s isnsmuismenn

252 wasdnil [70] lddnuwinismdnenmvsnionszmumaeiean s uninnseay
Lﬁaﬁﬂmmﬁmﬁui’amﬁaaé‘mma ﬁnmmammmﬂsﬁmnﬁuﬁLLmﬂGmﬁ’usuwiNmﬂ%’ﬁuaﬂ%’qﬁu
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Finidenfeaitsidnimiigluiomans SumasauRINSSULTER ALY ﬂ’]ﬂ’]‘iﬂﬁ%‘ﬁfﬂﬂ’]’ S e
wasAduUseAnin s Sautesiuneday LasthsaTdmimraudaudonfuLuy
NAFBUAY 1DN.57-2530 Argndsainmsuuasu 28 T iwaauinvesiaguiiesiziiuieu
mwmauﬂisammsmamﬂfnmau waAgnILAoueiEs  RansAnwwuiuie
nsEMUIEDT mmmumﬂmﬂmmmumaumamvmnmmmmﬂuamunummsaulﬁiﬂami
HARUABNAULUUTLNR 20x40X7.5 B3, SrednsidIn (SP6) 1:5:0.02:0.3 (muum-mw-mawa
nszaw) 9sldanuwunudud 1264.09 Alansumagnuirniums, mmimﬂwm 19.99% @1
auﬂivawﬁmsmmmmu 0.929 100 / LUASLAAIU LATAINITTULTION 39.66ALanFI/n1919
LHURLURT wgamwmmmmmg'm wan, 58-2530 Ulsnaounimuialifutimiin wuiuen
UssanuanYanlvsiifinnumuuduanasiesaz 22,5 uaiimmsheudoudaciouas 34
andinuazuued 71 lafnvdneadesdiuvswnavlumsedsdginaiur annisfnyr—
aniBsnaqnuEnseliunavunuwssldnnidesas 75 asundadildasiammnudumude
uaaé’ma‘i"qﬂdﬁmmﬁmuﬁiﬁﬁmﬁnamasmﬂﬂiﬁﬂauﬂ%mﬁiiummn%‘qm%ﬁﬂﬂ’lﬁumsn'aa%"mﬁ
LigpsmsnsSuusedngald

fquvia {72] lmﬁﬂmammmﬂwLuumeasmaumwamLmuﬂamta Hfrassan as
NAaaY wm"[muwa:u'w11fuLa'runaumn%mfmumumum‘ia@qﬂumamﬂL?mx‘ﬁu’{mﬂauﬁ
arwiedbraufiisneedunauvanouninasinmudomstwinfuiudenniifuiitiang

m—%mmﬂumwﬂﬁkmga 40— teslufinansninanuuiwsdunasSousinat e —aanasafias—————
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aydn [73] ladnwinisiuduudandiunay wudseiiuazrounindinaunud
PuBsndmoiunauviniuesay 30 7 g 28 u Indidestureunamauudiangdvefouaus
Ussianii Imaﬁ'ﬁﬂé’q%’uui@é’ﬂfﬂ;aqﬂauﬂ‘%‘mmamLfﬁLmau*unﬁmméﬁuwmn’rsé’ﬂgqni'lﬂauﬂ‘%m
AL IUNAUM

ysdng warido [74] Anvireuninnauiidunay Tnsmslddidunauunuiyudiuudly
drunaudmiuniswdeasunin wudinisiisdutesia ez BoavestitunausylElann
mﬁ.&&é}'&&&&mﬂaﬁmﬁaﬁuﬂkﬁiﬂ%ﬁfiﬁﬁ’ﬂ%&iaﬂmsﬂ’h—.xﬂ%twaﬂas&:ﬁraamﬁuﬁﬂwﬁﬁaﬂmﬁ'ﬂumuﬁ

ammaatunse suhildunauiimudnlumsudulsemashumusandviivedisnn




UNA 3

MUY

Tuuniligndmiisnsiad gunsaliniasilo uasiinsmeansiililunisfnunandisudiou

AEUUAN Moy auliidang waraniBidenuiouredganauiiidunaveadwudey

wazasasudoue neilsoasounnel

3.1 Sagfveazarsaiinldlunismasnes
1. Yudunsiuasauaudssinni 1 (naentfun)
2. ey
3. navdun
4. 1h
5. theraalwadmiunaunin (foaming agent)
6. avidaenEn s (PCM)

7. NENARNUTIVIVONY

3.2 gunsadildluniamanas

1.

fatluu

deludndmiumaiuasiny

pavanadnailemndmviumSaudruna
= 173

guilogaazEUagyn

ponaiudmiuiiuydy

annuttuyy

\AIDITIEYSY FUAnan (2 W) Whuiinaue 7 Alansy anuaziden 2 nda

9.

LN A LN

sl minuuuATnea ltem PAG102 U3t OHAUS anunsadadmiinlfunndige
4,100n3y finvwaziBen 0.01 ndu [FasU 3.6)

RN RN

10, WHIALNA WS URSEUGIDE1S U8 7 cm x 7 cm x 7 cm

11. Mazidmsuudsiaogng

12 UNTune
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13, uusannd

14. lylasiiweasuwm 50-75 mm anvavdes 0.01 mm

15, wifinidmuedouiieds wum 7 cm x 20 cm x 60 cm [fitgu 3.7]
16. Yisualuesd 11

17. 3oy

18. Aydumin

19, IASBWRREUMTIULTISN
20. @111

21. Hot plate

22. 150 Data loggér

23. ol (Heatter)

24. @owesludhila

25. lwsuesinas

" 3.3 FRmdeudtodiauasnnsvndeu

wibuipdsmeuninnaLuUTufitdUssneuveadinudes TnevnsAnwints
wuﬁgu%muéﬂa%uauﬁﬁwLﬁ’l‘mué'aa Tudedauionay 0, 5, 10, 15, 20, 25, 30, 35, uaz 40
Toaniwitin LarnswuiinTametanudesludndiuiosay 0, 5, 10, 15, 20, 25, 30, 35, wae
40 Tnghwiin wondegenagouiun 7 cm x 7 an x 7 cm Tngldusifio AegU 3.1 uae
wiouisdsluwsiivy (Haan 24 $alue niunenmataosnanuiius savezldfad i
PN T cm x 7 cm x 7 cm wagdinsinednisai douriananiu migedii ey
Ansiuusede sevhmsAnwaudisne Weseddissosnmd 14, 28, was 60 Su Fefims
onedanaEnRnUINASHuERTMATIN WiD uen. 2601-2556 TasudazAnisnngey (A1nue
§17 ARV LU ﬂﬁﬂﬂ%ﬂ!‘j‘] Larn153uLsssn) Tuurasdndiu vsldpaunsewnalun s1ui 3

~fhage TnatumeuntsAnetuathy 2 Tupen el
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1030735

3U 3.1 walfiss vR 7 cm x 7 cmx 7 cm
& - = cded ) v Y
HBUN 1 Mariounounial MARIUNENTaNG T LS EYINR 7 cm x Toem x T-em

1. wisudedunouninmarn luwaazdadau Tnefinsuuijuduudosuaudied
wwsevludndndesas 0, 5, 10, 15, 20, 25, 30, 35, way 40 Inaiwiin

2. wisweduneunimnainluusasdadiu nesinsumiinmeimeadandosludadau
$ataz 0, 5, 10, 15,20, 25, 30, 35, uaw 40 lopthwin

3. Ussnauwfsiesindoussiifuilivifisonfudet WallasulilFaeuningn
Wi Wasunzeenite yxe ' [/

a. dngiuildudusmilusiasdodn wadududovnamsiidmlaonistiuge

aiu [zl 3.2)

3U 3.2 mwauisgNABURTAINAIN

5. ihdnduAnau A uLd AT luLllUuILIn 7 cm x 7 cm x 7 cm SOMSIORGIt e

ABUNTA WaInnUAIRIMTNFag1lmIuu [ag 3.3]
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1 a £

FU-33-mEnanatiaviaasunse

6. \aediasulia (Uszann 24 §alu) Aoeadiaiiesnainiyfust wazitlunadaus
ASYAE
7. dledhedaiiuviauiissoznan 7 Tu fasilUvedeu avuviuily megadini uagnns

Fuusdn wasvindeuauURfing emegalszazoam 14 S 28 Tu uaz 60 Tu

TuMDUN 2 N1ELASIURIDEIABLNG AUIALUATINE LAY BT ILE DEUUIA 7.5 cm x 20 cm X
60 cm Wat N UneEsUA NSRRI DY

1. Bendaduiidianantumeud 1 ﬁahummﬁgman%mummsgﬂuqmamﬁiﬁu Wi
wen. 2601-2556 Inedadauiithiudn

2. Ussnavwsifsiuazindeuimeiiiufilivhuiisentuiedne etesuliifneuninin
WAL LazinzREndIY

3. wisniedneuniamaiuiludadiuiesas 20 thiagiuiisSonlimudag maduds
vnsratiddasnstiuieadn g 3.2

4. thdedufireuiniusdimaduusiuuunng 7.5cmx20cmx60cm semsiwRiITeae

aAsunsn uimnussimhdedwiiZeu [Hg 3.4]

sU 3.4 msanuasimtineunis
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5. Wadeanasuuine [Usennn 24 $91u9) Amsunzeanainuiduuy udrfels Ussanng 7

as

Fu
6. dleasu 7 Tuudy miluneaauainsviieiudou luomngeuieiouls wastudin

AR

YuRBUN 3 MIBENUUUBRNAMANTUMSINT B TeUTIgEsIaBuENUE
1. @endadwimnzannniuneudl 2 felhunasipuaiBennnnsgrgaamnisu T

Ussgnasmiuaadsuaniue

2. yhmsesnuuudgana dyuandis 20 wufwns 977 60 loudluns v 7.5 wufiues
Azl 3.5

3. 9NLUUVALDSIIALUN UNSINT2Y IuEuANENaIs 7.5 loubilums §n 3.5 lwudiuns
WU 2 gy 3 wau uas 4 vigu Azl 3.6

4. sh@nnawniimsausnsinsevieid s eiiitousssaaSeuanudty
meluvaudasy 3.6 - :

5. Unpunanudeuveiumaasuanusiigy 3.7

73U 3.5 8 gnalnguNSINTIssuaN 2 gl 3 vau ues 4 way
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3 3.6 dganIveuswaTianua U suan Uy

U 3.7 ;uduuinuasidduumsanue
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\fiunan1smaansfianeies Data logger (Hioki [ R8431-20) Ifiptheansvadauu T ias ey
WivusumssavBamsuanuiewredgnaundldsuivasisuanugludeuloseg

Variac

input 0-220

ary the temperature of the heater (40, 50 and 60 °C}}
Heater

Thermal Couples

Data logger

{Hioki 8427}

U 3.8 ununmiuangaNTRaBLazgUnsel nsVRERULHER TIIEUANTIMIE
(Time lag) way Uadanisanas (Decrement factor)

| ZO%m - 20cmr l, 20cmr_H

7.%em  Bcm

oy

10cm : 2.5cm
— —’I‘—w
: 20cm

Side view

- 3U3.9 dumiamyingauvgliiavegaurtaundasewIe-(Time lag) — ——— —

wae tagsnisanas (Decrement factor)
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M19149 3.1 shumamsieaaunaiinaluisieaey

dryanual ALY
Tw gamgiisilineueniiilanaiUfeuaniuy
Tw,PCM gauniuilanguen
Tw,25 gouvpiinlanieuenan 25 mm
Tw,50 gmpiinan1ewen 50 mm
THPCM ORI T8 [UTATA S TR AT TS
Tr auuniiminiely
TR guvniinanieluia

& < o = | o . £ o LT as e
YUNUY 5 ﬁ"lwau‘hl“qu'lgﬁuTJaQaﬁu?ﬂLU'?V]U']N'ﬁfﬁﬁ')uﬂ‘uaf}iiﬁﬁﬂuﬂﬂﬂuz

uwamiwﬂaaqmuJ‘ssmLmuﬂﬁzamﬁﬂmmmmu%aaﬁmamﬂuwaulfum@51 LWBU’IE]%
maLm'lumu”lwmﬂammwmaau‘luamwmmmsa Iﬂ&mﬁﬂ'u,aaam’mumﬂmaammmumw
muqmauammummmsﬂu LwamlﬂmmmmLmﬂmqamwnmumwwmmuuuuaumuqmuma

mﬂaumiw 3.3 mau‘ﬂﬂmmmmm ATIVUIATING DY was decrement factor
IR ANG P 5y AN || B o
[ = (3.1)

T.= (3.2)

AT=(T,-T) (3.3)

we T Ao guviindsntiuuy (ewrialion)

T Ao anviladentiiuan (e isadua)

AT Ao uandsegmgll (e waidos)

g g -
Tunauil 6 nasauluanmainanis
L wisdgnannildufvasisuanududodlvivansauiign Sguey wae Sgna

WnBavinaine
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2. mmaa‘uamazn131‘?1'@'1uaﬁq'Luam'Jggﬁmmﬂ%'au%}uﬂaaﬂimwﬂlma Tnuadsvismegey 3
Vel fanunndnetuusznaudag sueg Sgunafandlvd waydguianfilddauiueans
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2. 8417 75 ¢cm

3. g9 90 cm
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2.3 mmmﬂwsnuaumaﬂwmﬂﬂamm

2.4 yhnsmagaunaieulanansfiudaus 6:00 9uie 6:00 veeudaly
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2.6 Wudeyauasiassing

75<m
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Fu: Tes
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i

£9cm

Front view Side view
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dyanwel RIUNUE
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Abstract: This work investigates and improves the thermat dynamics of auteclaved aerated concrete
(AAC) wall containing phase change material (PCM). The PCM is paraffin wax loaded into conical
holes drilled into the AAC. Filled AAC with three different numbers of PCM-filled holes (2, 3, and
4 conical holes, which are designated as AAC-2H, AAC-3H, and AAC-4H, respectively} as well as
the unfilled original AAC were both tested under two different condilons: indoors (with controlled
temperature) and outdoors (with actual weather). For the indoor experiment, a heater was used as a
thermal source and set up to maintain the testing temperature at one of three levels: 40 °C, 50 °C, or
60 °C. The wall temperature was then measured on the surface with each horizontally-positioned
wall as well as four different positions at various depths below the surface of the wall. It was
found that AAC-4H was the optimum condition, which can produce outstandingly a time lag of
approximately 27%, reduce a decrement factor of approximately 31%, and also decrease the room

temperature. :This reached approximately 9% when compared with that.of ordinary AAC at.the - - -

controlled testing temperature of 60 °C. All samples were further tested in actial weather to confirm
the thermal performances of AAC 4H. Thermal effectiveness of AAC-4H was improved by extending
approximately a 14.3% time lag, which reduces approximately a 4.3% decrement factor and achieving
approximately 5% lower room temperature when compared with ordinary AAC.

Keywords: autoclaved aerated conerete; insulation materials; phase change material; conical hole;
cooling load; encrygy saving

1. Introduction

Electricity consumption worldwide in the building sector has grown from 26% in 1980 to 54% in
2010, and is forecasted to be 84% in 2050 [1,2]. The electricity consumption in the building sector is due

mainly to the air conditioning systemn and mechanical ventilation to obtain indoor thermal comfort: Up

to approximately 64% of the electricity consumption in South Asia is due to air conditioning because of
the hot weather in the region all year round [1,2]. Building cooling systems in high solar radiation areas
are high energy consumers. Therefore, research is being done on the building envelope to decrease
thermal accumulation in buildings {3-5].

Currently, concrete is widely used as an important construction material in residential housing,
‘public buildings, offices, and thermal energy storage materials. To reduce the environmental impact,
and improve mechanical and thermal properties during concrete production, G.L. Golewski [7,8] used
fly ash as a component of concrete to decrease fly ash fandfills by 160 million tons. This usage helped
reduce the environmental impact, and improve the mechanical properties of the concrete. Furthermore,
the thermal properties of the concrete were improved, which enables its use as a thermal energy storage
material in solar-thermal power plants [9-11].

Materials 2019, 12, 2176; d0iz10.339(/ma12132170 www.ndpi.comfjournal/materials
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In residential housing, the application of new concrete types in the building envelope, to decrease
heat gain, is key to reducing energy consumption. These new materials are required to improve building
designs to reduce energy consumption. One of the approaches for reducing encrgy consumption in
buildings and improving interior thermal surroundings is the integration of phase change material
(PCM) into a building or building scrvices systemn, which was first applied for thermal storage in
buildings in 1980 [12], to improve the efficiency of thermal storage [13,14]. Experiments that used
PCMs in trombe walls [15,16], wall boards [17,18], shutters or windows [19], ceiling boards [20,21],
and roofs [22-24} have reported reduced energy consumption.

For the efficiency of thermal storage, metal foams were incorporated into PCM to increase the
potential of thermo-mechanical properties for high temperature thermal energy storage [14]. Zhou and
Pang [15] enhanced the thermal behavior of a PCM in Trombe wall systems for passive solar heating by
using longitudinal vortex generators. which can improve the gap air flow rate of around 28.5% and a

heating rate of around 39.4% to the room when compared with the condition without vortex generators.
Li et al. improved the thermal performance of the Trombe wall integrated with double layers of phase
change materials that can enhance indoor thermal comfort and reduce the cooling/heating load over
the whole year [16]. PCM composite board with the incorporation of shape stabilized PCM particles in
a polymer matrix applied to the thermal insulation that showed optimized performances during the
summer, while exhibifing a very poor choice during the winter [17]. Furthermore, the gypsum board
when incorporating 45% by weight of PCM increased heat storage capacity and decreased energy
consumption [18]. Liet al. incorporated paraffin wax with added nanoparticles into double glazed
windows and obtained the condition of nanoparticle concentration of 1% and nanoparticle diameter of
100 nm met minimal energy consumption for all seasons [19]. Yasin ct al. made the chilled PCM ceiling
model by simulating massive thermo-active building elements with PCM, which corresponded to the
real scale building data [20]. Next, PUM was used in buildings with a ceiling fan-assisted ventilation
system to improve indoor thermal comfort and to shift cooling/heating energy demand away from
“ peak hours [21]. Chou el al.-improved the metal-sheet roofing structure by lising PCM, which can
reduce heat transfer through the roof to the indoor space and maintain indoor comfort for longer [22].
Lei etal. investigated passive cooling strategies with a cool colored coating and PCM that increased
the effectiveness throughout the whole year while reducing a cooling energy consumption by 8.5% [23].
Furthermore, Alawadhi et al. revealed that the cement roof with PCM-contained conical geometry is
thermally the most effective reducing heat fhux by approximately 39% [24].

In Thailand, around 28,400,000 m? Autoclaved Aerated Concrete (AAC) was utilized in 2013. Its
popularity was due to its lightweight, highly porous structure, higher thermal resistance, lower thermal
conductivity, and faster building process than traditional concrete [25-29]. Of further importance,
AAC shows an energy consumption saving of approximately 50%. To enhance sufficiently the thermal
efficiency of AAC, the integration of phase change material (PCM) into AAC wall material was
considered to reduce the propagation from the exterior surface to the interior surface. Importantly,
the AAC walls with the PCM-filled conical geometry have previously nol been studied. This work,
therefore, concentrated on testing the further thermal performance of the AAC, by the application of

various PCM-filled conical holes, to meet the best thermal performance.
2. Materials and Methods

2.1. Analysis of Behavior and Application of Phase Change Material

The thermal behavior of the paraffin PCM was examined using a differential scanning calorimeter
(I05C) to investigate the material’s endothermic and exothermic peaks. Conical holes to contain the
PCM were drilled into the upper surface of flat lying squares of AAC (60 cm x 60 cm x 20 cm}, with the
upper surface representing the future building exterior. The AAC used had a dry density of 0.61 gjcm3,
a compressive strength of approximately 5.5 Nfmm?, and water absorption per volume of 0.40 g/em’.
All values are based on Quality Class 4 of the Thai Industrial Standard (1505-1998). AAC samples were
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modified with 2, 3, or 4 PCM-filled conical holes (veferred to as AAC-2H, -3H and -4H, respectively) in
order to test each modification’s thermal performance.

2.2. Testing the Thermal Behawior of the AAC Modifications under Controlled Temperature Versus with
Actual Weather

Figures 1 and 2 show the experimental installation used to test the time lag and decrement
factors of AAC, AAC-2H, AAC-3H, and AAC-4H. Each location of different thickness of original
AAC, AAC-2H, AAC-3H, and AAC-4H was tested at the temperatures of 40 °C, 50 °C, and 60 °C by
controlling a thermal source (heater) fo observe time lag and decrement factors. This temperaturce
range was considered as the wall temperature of most buildings in Thailand, which is in the range of
40 to 60 °C [29].
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Figure 2. Fixed lacations of thermal couples set for testing the time lag and decrement factor of samples.

The following experiment was conducted under natural weather conditions, rather than simulated
conditions. The effectiveness of the AAC was studied using four experimental rooms, as shown in
Figure 3. The four test rooms were built 0.24 m* in volume and the six wall sides {comprised of an area
of 0.38 m?). One side of each testing room was constructed using various wall material types such
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as ordinary AAC, AAC-2H, AAC-3H, and AAC-4H. The other side of each testing room used Poly
Ethylene insulation on the testing room wall. Ambient temperature, room temperature, and exterior
and interior surfaces temperature were measured and recorded at 5-min intervals and continuously
over 24 h. A pyranometer was set in the outdoor area to measure solar radiation intensity. Wind speed
was recorded using a wind anemometer.

Figure 3. View of the testing rooms with different conical holes in real sweather.

3. Results

3.1. Phase Change Malerial Behavior

The endothermic and exothermic peaks of phase change material as paraffin are shown in Figure .
Temperature range from 0 °C to 90 °C was considered to investigate the melting and solidification
point of paraffin. There are two endothermic peaks distinctively appeared in the tlemperature range
of 0°C to 90 °C. The first small endothermic peak was presented at approximately 41.5 °C with an

- .invelved enthalpy of 22.13-J/g, which is related to the starting state of paraffin melting.. Next, there.
was an increase in temperature to 90 °C, a second broadening endothermic peak with an enthalpy of
137.67 )/g around 59 °C that was related to the process of the molten paraffin and continued from the

first endothermic peak. Morcover, the two exothermic peaks were observed at approximately 58.5 °C

and 40 °C when the temperature dropped from 90 °C to 0 °C. The first exothermic peak showed the

enthalpy of 131.35 J/g because of the solidification process of some contents of paraffin. The enthalpy

of 11.25 }/g was observed in the second small exothermic peak, which was related to the solidification

due to heat discharge. This indicated that the condition of temperature range for the melting point,
solidification point, and thermal storage capacity of paraffin PCM was suitable for the PCM integration

investigation into autoclaved aerated concrete.
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Figure 4. B5C plots showing the melting point of PCM.
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3:2.-Time-Eag-nnd-Decrement Factor Measuremeni

The wall temperature (T,), the time lag (), decrement factor {f}, and the room temperature (Tg) of
AAC with different PCM-filled conical holes in each temperature condition are shown in Tables 1 and 2.
When controlling the temperature of 40 °C, the temperature in each position fluctuated, as shown in
Figure 5. The exterior wall surface temperature (Fw,0). wall temperature at the thickness of 25 mm
(Ty.25), wall temperature at the thickness of 50 mm (Ty50), interior wall surface temperature (Tw5),
and room temperature (Tg) was observed as the temperature revolution for 360 min in each condition.
When the testing time was more than 180 min, the trend of wall temperature in each location was
steady. The temperature value was longer than 180 min, which will be calculated to receive the average
temperature in each AAC position. For the sample condition of AAC-2H, the avera ge temperatures of
Tiwn, Tw2s, Taeso and T 5 were around 43.3, 39.2, 35.0, and 31.7 °C, respectively (as shown in Figure 5

and—'I‘able;’L):lllis;illustr-ated:that:the;greater_-{hicknessrof:A'-A@:led:to-iower—temperﬂmrEr—i-heﬂ\*erage'~"~—"—"—"""'”'““"="

temperatures of other AAC samples at different locations were similar to that of the AAC-21, as listed
in Table 1.
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Figure 5. Temperature evolution of AAC wall with the two PCM-filled conical holes at 40 °C.

Table 1. Average wall temperature of AAC.

Average Wall Temperature ("C)
Temperature {("C) x (mim) AAC AAC-2H AAC-3H AACHBE

0 43.1 43.3 42.6 42.4

40 25 388 39.2 386 38.2

50 339 35.0 346 341

75 309 31.7 36.9 30.8

Y 488 489 48.1 47.2

50 25 43.3 431 44.3 435
50 36.9 370 391 372

75 327 32.6 337 32.6

0 50.5 56.7 525 49.2

60 25 45.5 48.6 46.7 46.2

50 38.7 40.8 4410 38.2

75 33.8 34.8 33.5 31.2
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‘lable 2. Average decrement factor of AAC.

Decrement Factor

Temperature °C)  x(mm)  AAC  AAC-2H AAG3H AACAH

0 0 0 a 0
4(} 25 0.328 (1443 0.383 0.356
50 0.133 (0L.378 0.1¢02 0.178
75 0.129 .195 0.054 0.089
0 0 0 0 )
50 25 1.329 0.293 3.236 0.302
50 .230 0.133 (.088 0.147
75 0.176 090 0.042 0.009
0 0 0 i\ 0
6i) 25 0302 (0.326 0.418 £}.254
5t 0.181 0.114 0.208 0.127
75 1.085 0.060 0.097 0.059

Thé timé lag (¢) and the decrement factor (f} [30,31) are determined by the following equations
{Equations (1) and (2)).
D= Tai,max — Tqe,max (1)

f= KA"i = Jimex — Gipiin 2
= Jeanax — Gemin

where Tgi max is the times al the maximum interior wall surface heat flux and Tge,max 15 the times at the
maximum exlerior wall surface heat flux. A; is the wwave amplitudes in the inner wall surface and A, is
the amplitudes of the wave in the outer wall surfaces. 4 oy, Fimins Femar, aNG o min are the maximum
and the minimum heat flix of the interior and exterior wall surface, respectively.

When the heat source was fixed al the temperature of 60 °C, the time lag of AAC increased from
34 to 90 min with an increase of AAC thickness from 0 to 75 mim, as shown in Table 3. For the case of
AAC-2H, AAC-3H, and AAC-4H, the time lag also increased with the growth in wall thickness from 0
to 75 mm, as given in Table 3. With the thickness of 75 numn, the time lag of AAC withthe 2,3, and 4
PCM-filled conical holes is at around 90, 58, 52, and 114 min, respectively. This shows that the time lag
of AAC-4H increased to around 26.7%, 96.5%, and 119.2% when compared with that of AAC, AAC-2H,
and AAC-3H.

Table 3. Time lag (@) of AAC wall with different PCM conical holes.

Type of AAC
0mm 75 mm 50 mm 75 mm
AAC 0 34 78 90
AAC2H 0 14 52 58
AAC-JH 0 16 44 52
TTTUAACHHTT QT g T A 114

For the decrement factor of ordinary AAC at the controlled temperature of 40 °C, the value
reduced from 0.328 to 0.129 with an increase of AAC wall thickness from 0 to 75 min. In the case
of controlling the temperatures of 50 °C and 60 °C, the trend of the decrement factor at the testing
termperature of 50 °C and 60 °C was similar to that of the testing temperature of 40 °C when the AAC
wall thickness increased from 0 to 75 mm, as illustrated in Table 2. For considering, the decrement
factor of AAC-2H, AAC-3H, and AAC-4H, its value decreased with higher wall thickness from 0 to 75
mm, as exhibited in Table 2. This demonstrated that an increase of AAC wall thickness is related to a
reduction of the decrement factor.
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The time lag, of AAC-4H was the jongest and the decrement factor of AAC-4H was the lowest
when compared with the ordinary AAC, AAC-2H, AAC-3H, and AAC-4H in each condition. This is
indicated with the AAC-4H, which can insignificantly expand the time for the heat transfer from the
exterior wall surface to the interior wall surface and distinetly reduces the heat wave amplitudes. This
leads to a lower room temperature for AAC-4H at approximately 1 to 3 °C when compared with that
of the ordinary AAC and AAC-2H and AAC-3H, which expresses the consequence of the expanded
time lag, as given in Table 4.

Table 4. Average room temperature of the AAC wall with different PCM conical holes.

Average Room Temperature (°C)

TC) Ordinary AAC AAC-2H AAC-3H AAC-4H
A1} 285 285 29.1 287
50 293 29.4 30.0 27.2
60 29.4 30.0 30.1 26,7

To investigate the thermal behaviors of the ordinary AAC, AAC-2H, AAC-3H, and AAC-4H
in real weather, the four testing rooms with different conical AAC types was concurrently tested
from the midnight of the day to the midnight of the following day, which gives a 24-h test cycle
(October 6, October 9, Cctober 13, and October 17-18, 2018).  The evolution in solar radiation,
surrounding temperature, interior wall surface temperature, exterior wall surface temperature, and
room temperature evolution of the four trialing rooms were examined and compared, as illustrated in
Figures 6—14.

Solar radiation (W/m?)
R
e
W/aNS——=="

<

L At et |

1 v

SEREZEEE23EEESRESEERSR

FEHEESEAXSSAEEETAES A
Time {hrs)

Figure 6. The fluctuation of solar radiation.

To investigate the thermal behaviors of the ordinary AAC, AAC-2H, AAC-3H, and AAC-4H in
real weather, the four testing rooms with different conical AAC types was concurrently tested from

-midnight-of one-day-to-midnight of -the following -day, giving-a-24-h-test cyele (October- 6, October - -

9, October 13, and October 1718, 2018). The evolution in solar radiation, surrounding temperature,
interior wall surface temperature, exterior wall surface temperature, and room temperature evolution
of the four trialing rooms were examined and compared, as illustrated in Figures 6-14.

The periodical cloud leads to the swinging nature of solar radiation in the tropic that is regular
between sunrise {6.00 a.m.} and sunset (6.00 p.m.} with the maximum solar radiation intensity value
of about 0.948 kW/m? at around midday, as shown in Figure 6. Wind speed in testing the surrounding
area is between .15 and 3.70 m/s. The surrounding temperature is affected from the weather conditions.
The surrounding temperature fluctuated between 27 °C in the morning between 5-6 a.m. and rose
the maximum value by approximately 43 °C at around 3 p.m.

The temperature evolution of the ordinary AAC testing room wall is shown in Figure 7. The
average maximum exterior wall surface temperature, average maximum interior wall temperature,
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3:00 p.m., respectively, and then decreased in value over time passed after each of those times. The

average exterior surface temperature, average interior wall temperature, average room temperature,
and average ambient temperature for 5 days were approximately 35.5 °C, 34.0 °C, 33.5 °C, and 32.0 °C,

as observed from midnight of one day to midnight of the following day, giving observations for 24 hin
each day.

60 -
-Tow —Tiw  —Teem - Tam
55
50 4 ; )
b 4 4t L
& 3] | |
R I Y l[“i ,i S ; ,
{ 5.7 -Tf Y

Temperature (°C)

hrs)

Time

—

Figure 9. Temperature fluctuation of the AAC-3H testing room wall.

The temperature fluctuations of the AAC-4H festing room wall is displayed in Figure 10. The
average maximuim exterior wall temperature, average maximum interior wall temperature, average
maximum room temperature, and average maximum ambient temperature throughout 5 days reached
as high as approximately 53.1 °C, 43.4 °C, 42.0 °C, and 43.3 °C at around 12:00 p.m._, 2:35 pm, 315 p.m,,

. and 3:00 p.m., respectively, and then decreased in value over {ime passed after each of those times. The
average eXterior -surface temperamre average interior wall temperature AVETagZe room temperamre
and average ambient temperature for 5 days were at approximately 36.8 °C, 34.4 °C, 32.5 °C, and 32.0
°C were observed throughout a day from midnight of one day to midnight the following day, giving
24-h observations in each day.

60

o Fow  —Tiw  —Troom - - Tam

Temperature (°C)

Time (hrs)
Figure 10, Temperature fluctvation of the AAC-4H testing room wall.

Figure 11 exhibits the evolution of the exterior and interior wall surface temperature of the
ordinary AAC, AAC-2H, AAC-3H, and AAC-4H in real weather. It is noted that the exterior surface
temperatures of all testing rooms drastically increase from 6:00 a.m. onwards to 11:40 a.m., as presented
in Figure 11a. The average maximum exterior wall temperature of the ordinary AAC, AAC-2H,
AAC-3H, and AAC-4H in each day was at approximately 50.9 °C, 51.6°C, 48.2°C, and 53.1°C during
the time of 12:10 to 12:30 p.m., respectively. The average maximum interior wall surface temperature
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of the ordinary AAC, AAC-2H, AAC-3H, and AAC-1H was at approximately 43.0 °C, 44.3 °C 42,5 °C,
and 43.4 °C at around 3 p.m. (as shown in Figure 11b), respectively.

T A e A w b AT ARCIE ARG AACGH |

Tempearure (*C)

Temperature (*C)

Fime {hrs)

{a) ‘ (b)
Figure11. (a} exterior and {b) inierior walt surface temperature of the 4 testing rooms in real weather.

Gradient of temperature on both the inner and outer wall surfaces of the four testing rooms was
studied over 5 days, as illustrated in Figure 12. The temperature gradient on the wall surface is positive
when temperature at the outer wall surface is higher than that of the interior surface, while the gradient
of the temperature on the wall surface is negative when the temperature at the outer surface position is
less than that of the interior surface location.

200

= —AAC - AACH CAACIH AACHH

Gradient of temperature (¢Cim)

—
h
=

190

50
i
it
S0 Time (brs)

Figure 12. Evolution of gradient of temperature of the 4 testing rooms,

With the temperature gradient of the ordinary AAC, AAC-2H, AAC-3H, and AAC-4H testing

room-walls, a-positive-temperature gradient-throughout-the 5-days was first increased-and reached-its

highest average value of around 156 °Cfm, 137 *C/m, 110 °C/m, and 169 °C/m around midday and
then dropped in value as time passed. The maximum negative value of the ordinary AAC, AAC-2H,
AAC-3H, and AAC-4H{ wall was observed at abhout 25.2 *Cfm, 32.0 °C/m, 17.7 °C/m, and 18.7 °C/m at
around 6:00 p.m. This shows that the maximum positive gradient temperature of the AAC-4H wall
was higher than that of an ordinary AAC, AAC-2H, and AAC-3H testing room wall, which is at around
13 °Cim, 32 *C/m, and 59 °C/m, respectively. The maximum positive temperature gradient of AAC-4H
increased to around 8%, 23%, and 54% when compared with that of the ordinary AAC, AAC-2H, and
AAC-3H, as shown in Figure 13. This demonstrates that the 4 PCM-filled conical holes can clearly
increase the temperature difference between the exterior and interior wall surface, and between the
exterior surface and room temperature, which is related to a reduction of the heat flow through the
exterior wall surface to the interior wall surface. This indicates the greater insulative efficiency of AAC
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with the optimum PCM-contained conical hole, and implies the achievement of energy consumption
saving from cooling loads in buildings. This is clearly a significant result.

Figure b4 presents the evolution of room temperature with different AAC wall patterns. The four
testing rooms were observed between midnight of one day to midnight the following day. The swing
nature of solar radiation, smrounding temperature, and exterior and interior surface temperature
evolution affected room temperature, which varied over the day. This was seen in the room temperature
of the four testing rooms, which were approximately equal between the times of 6:00 a.m. and 11:30 a.m.
After that time, different peak temperatures were reached in each testing room at different times. After
11:40 a.m, the temperature readings diverged. The room temperature of AAC, AAC-2H, AAC-3H,
and AAC-H walls rose more rapidly, and achieved the highest peak value of around 43.0 °C, 43.5 °C,
42.6 °C, and 42.0 °C, at about 3:15 p.m. It was observed that the AAC-4H testing room temperature is
lower than that of the AAC, AAC-2H, and AAC-3H at around 1.0 °C, 1.5 °C, and 0.6 °C, respectively.

Moresver, The average room temperaiure throughout the 5 days of the ordinary AAC, AAC-2H,
AAC-3H, and AAC-4H testing room wall is at approximately 34.2 °C, 33.8 °C, 33.5 °C, and 32.5 °C,
respectively. This indicates that the use of AAC with 4 PCM-contained conical holes is the optimum
condition that can significantly reduce the daily room lemperature fluctuation gap. The daily room
temperature swing was reduced from 156 °C, 15.0 °C, and 14.8 °C in the AAC room, the AAC-2H
room, and the AAC-3H room to only 13.5 °C in the AAC 4H, which results from sufficient thermal
absorption of the AAC-4H. This is close to the exterior surface wall. This demonstrates a decrease of
heat propagation from the exterior surface to the interior surface as well as into the interior area of the

testing room.

&9

T

Types of AAC

Figure 13. Comparison of gradient temperature of the 4 testing rooms.
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Figure 14. Room temperature of the 4 testing rooms in real weather.
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The heat flux time lag and decrement factor of the real weather conditions are determined by
Equations (1) and (2). The average time lag of the original AAC, AAC-2H, AAC-3H, and AAC-4H
for 5 days is at approximately 161 min, 147 min, 154 min, and 184 min and the average decrement
factor of the AAC, AAC2H, AAC-3H, and AAC-4H for 5 days is at around 1.625, 0.666, 0,731, and
0.598, respectively. This demonstrates that the samples of AAC-4H can increase the ime of the transfer
of the heat wave and distinctly reduces its amplitude ratio of the heal wave during this process.
Considering the heat flux time lag and decrement factor compartson of AAC, AAC-2H, and AAC-3H,
the 14.3%, 25.2%, and 19.5% heat flux time lag of AAC-4H was extended while the 4.3%, 10.2%, and
18.2% decrement factor of AAC-4H was reduced, respectively. This affects the room temperature of
AAC-4H, which was approximately 1.7 °C, 1.3 °C, and 1 °C lower than that of the AAC, AAC-2H, and
AAC-3H, which indicates the influence from an extension of the time lag, as demonstrated in Table 5.
This clearly indicates that the optimum conical holes of AAC demonsirate better insulating properties

which leads to a decay of heat transmission loads. This lower room temperature and lower daily room
temperature fluctuation of AAC-4H leads to obtaining energy savings in buildings and a significant
decline of the yearly peak cooling requirement.

Table 5. Time lag and decrement factor of the 4 testing rooms.

Material Types Time Lag (Hj.ill) ke Dccrem.ent Factor )
I1st © 2nd  3rd  4th  5th  Avg. 1st 2nd  3rd 4th 5th Avg,
AAC 156 140 174 166 170 16t 0679 0600 0605 0.617 0622 0625
AAC-ZH 150 110 165 160 148 147 0688 0.665 0660 0.661 0653  0.666
AAC-311 160 144 170 150 160 154 0736 0.757 0714 0.726 0722 0.731

AAC-H 1700 160 220 190 180 184 0625 0594 0604 0595 0571 0598

4. Conclusions

The thermal properties of autoctaved acrated concrete were also improved by the incorporation
of phase change material. AAC with the phase change material filled four conical holes, which was the
optimal condition. This can produce a time delay in the heat transfer of approximately 27%, reduce
the decrement factor of around 31%, and also decreases the room temperature to around 9% when
compared with conventional AAC at the controlled temperature of 60 °C. In the real weather, the
AAC4H showed thermal effectiveness by extending the time lag of approximately 14.3%, which
reduces the decrement factor by approximately 4.3% and achieves approximately 5% lower room
temperature when there is a comparison with the ordinary AAC. The time lag cxtension, decrement
factor reduction, and lower room temperature resulted in the reduction of the conling load of the testing
room and more savings of electricity. This demonstrates an improvement of insulating properties
corresponding to a reduction of heat wave propagation and an accomplishment of the lower room
temperature, which leads to energy conservation in buildings.
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hood to praduce electricity. All experiments were performed using a split-typed air

conditioner within a 3.0 m X 3.0 m X 2.6 m room. The air conditioner was set to 25 °C

in the cool mode with the fan speed set to level 5. The results showed that the average

air ventilation speed of the condensing unit, the end of rectangle-shaped hood and the

end of circle-shaped hood is at approximately 7.6, 12.4 and 12.5 m/s, respectively. The

TmeTe - . electrical generator operated just outside of the normal condensing unit, the end of

rectangle-shaped hood and the end of circte-shaped hood had a voltage of 7.9, 15.6
and 16.1 V, and daily average electricity of 491.8, 1951.9 and 2071.6 W-hr was
produced, respectively. To investigate the COP and EER, 4 cases were used: the normal
condensing unit, installation of the electrical generator, installation of rectangle-
shaped hood and the electrical generator, and instailation of circle-shaped hood and
the electrical generator. Coefficient of performance in each case was 4.1, 4.1, 4.1 and
4.1, and the energy efficiency ratio of the 4 cases was 14.0, 14.0, 14.0 and 14.0
BTU/W-hr, respectively. The installation of the rectangle-shaped and circle-shaped
hoods can inerease the potential of the electrical energy production with no impact on
the efficiency of the air conditioner,
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1. introduction

In recent decades, the demand for energy has increased due to extreme population growth and
industrialization [1-3]. Among various forms of energy, electrical energy is the most popular energy
and widely used as a basic necessity for life [4-6]. Historically, electricity was produced from the
conversion process of fossil fuels such as coal, petroleum and natural gas [7-9]. This process causes
the emissions of carbon dioxide, a greenhouse gas that contributes to global warming [10-14]. For
these reasons, renewable energy sources are being investigated to move towards a sustainable
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energy system such as hydroelectric power, solar energy, geothermal energy and wind energy [15-
17].

In tropical areas, the weather is hot all year round with a high level of solar radiation and limited
cloud cover [18,19]. These conditions caused a significant accumulation of heat and moisture in
buildings [20-24]. Ventilating fans and air conditioners are used to cool the air in buildings. Presently,
the use of air conditioners in modern society has become the norm for most buildings [25,26]. As the
air conditioner works, the motor with a fixed propeller on the compressor rotates to ventilate the
higher temperature of the coils [27]. From the literature reviews, the exhausted air from the
compressor fan cannot sufficiently induce the rotation of blades that was installed by the generator
[28,29]. Furthermore, the investigation of electricity generation from the exhausted wind of the
condensing unit on the energy efficiency ratio has rarely been studied in the previous works. To
increase the exhaust wind levels from the compressor and the potential of electricity generation,

~—rectanglesshapedand circular-shaped hoods were installed ST the condensing unit T6 connect to the

fan of electrical generator. Importantly, the effects of hood and generator installation on efficiency
of air conditioner were also investigated and compared.

2. Experimental Theory

The theory of this study is divided into 2 parts, the performance of the air conditioner, and the
ventilation hood.

2.1 Perfonﬁance of Air Conditioner

The performance of an air conditioner is calculated from the cooling capacity {Q) which is the
capability measurement of-a cooling system for removing heat. It depends on the enthalpy of the
supplied and returned air from the fan coil unit by Eq. (1).

Q= 3.968V" (h -h)/4.187v (1)

Where Qis the cooling capacity (BTU/hr). b, is the enthalpy of the return air and h, is the enthalpy

of the supply air from the fan coil unit {id/kg), Vis the volume of air flow through the fan coit unit
{m3/hr), and v is the specific volume of humid air (m3/kg).

Performance of the air conditioning unit is measured by the coefficient of performance or COP.
It is the ratio of the desired output over the required input of the system which is a ratio of the heat
that is removed from the cooled space over the input work or consumed electrical energy, by the
following Eq. (2).

COP=Q/3.413xP, (2)

Energy Efficiency Ratio ( £ER ) is the ratio of output cooling energy (Q ; BTU/hr) to input electrical
energy as the following £q. (3} {£,; W), EER units are therefore BTU/Wshr.

EER=Q/P, (3)
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2.2 Ventilation Hood Theory

In particular fluid dynamics, the volumetric flow rate (aiso known as volume flow rate, rate of
fluid flow or volume velocity) is the volume of fluid which passes per unit of time. The volume flow
rate calculation is shown in Eq. (4).

vair =Unoog * Ahood (4)

whereV, is the flowing volume through the hood {m?/s). Upnoeq 15 the flow velocity through the hood

air

(m/s), and A, is the cross-sectional area of the hood (m?2).

3.1 The Operation of the Condensing Unit

An_experimental setup was done to investigate the potential of electricity generation from
mechanical energy of a condensing unit of air conditioner. The split-typed Mitsubishi air conditioner
model GLO9VF size 9,212 BTU was considered to operate within a 3.0 m x 3.0 m X 2.6 m room
dimension. The working temperature of the air conditioner was set to 25 °C in the cool mode and the
fan speed set to fevel 5. In this study, the working period of the fan motor in condensing unit was
studied. This process was tested throughout the day to measure the number and average time of
mator rotation every hour in each day.

3.2 The Potentiol of Electricity Generation from Exhausted Ventilation of the Air Condensing Unit

The investigation of the potential for electricity generation from the condensing unit of an air
conditioner is divided into 3 parts: i) the potential of electricity generation from the air ventilation of
a normal condensing unit, i} the potential of electricity generation from the air ventilation of the
condensing unit with a rectangle-shaped hood and iii) the potential of electricity generation from the
air ventilation of the condensing unit with a circle-shaped hood. In all cases, electricity was produced
from a 24 V 300 W DC generator.

3.2.1 The potential of electricity generation from an air ventiiation of the normal condensing unit.

Figure 1 shows the experimental setup to measure the wind speed, voltage (V) and current (1)
values. The output power (P) and electricity work (W) are as follows in Eq. (5) and Eq. {6), respectively.

fFhe condensing unit, =~ Flectricity
; generator

(el

Fig. 1. The electricity generation of the normal condensing unit
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Electrical power (W) =IxV {5)
Electrical work (Wehr) =IxVx T {6)

3.2.2 The potential of electricity generation from air ventilation of the condensing unit with the hood

In this experiment, the rectangle-shaped hood (as shown in Figure 2) and the circle-shaped hood
(as shown in Figure 3) were set up to increase the wind speed by the following Eq. {4). One side of
the hood was connected to the air ventilation fan of the condensing unit and another side of the
hood was designed with the half cross-sectional area as illustrated in Figure 2 and 3.

~the tondensing :

e Electricity

unit

zenerator

Banssver

; ﬁVohmetermfwf:f

o “The rectangle-
imi i shaped hood.

........................................

Fig. 2. Electricity generation of the condensing unit with the rectangle-shaped hood

The condensing unit

ifiectriciiy
generataf

":’”Vohnieternwm' T

haped hood. |

Fig. 3. Electricity generation of the condensing unit with the circle-shaped hood

The voltage (V) and current {/) produced by the electrical generator were measured. And the
power (P) and electricity work (W) were calculated by foitowing Eq. {5) and Eq. {6).

3.3 Performance of the Air Conditioner by the Operation of the Fan Coil Unit

K-type thermocouples with an accuracy of +0.5 °C were employed to measure the ambient and

room temperatures throughout the duration of the experiments. All data were recorded at 10 min
intervals using a data logger. Data was recorded continuously throughout the duration of
experiments in real ambient conditions. Humidity data recorders were also set both inside and
outside the rooms to measure the humidity, as shown in Figure 4.
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Fig. 4. The positions of temperature and humidity measurements

4. Results and Discussion

The study is divided into 3 parts including of the operation of the normal condensing unit, the
electricity generation from the condensing unit and the performance of the air conditioner.

4.1 The Operation of the Normal Condensing Unit.

The time period, counts and average time of the rotation of the motor in a condensing unit of air
conditioner was observed every hour from midnight of day to midnight of the following day,.giving a -
24 h test cycle. The rotation of the motor in a condensing unit of air conditioner was approximately
6 times per hour throughout three days. For the three days tested, the average rotation time of the

motor was from 174 s t0 299 5, and the total time of work was 30,961 s/day or 8.60 hours per day as
shown in Figure 5.

3000 |
22500 4
[ =
¢ 2000
51500 -
1000 +
o
= 500
0
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8:00 PM

12:00 AM
5:00 AM

12:00 PM
6:00 PM

12:00 AM £
6:00 AM %

12:00 PM
5:00 PM

12:00 AM S22

Time periods (hours}

Fig. 5. The working period of the motor
rotation in a condensing unit

4.2 The Electricity Generation from the Condensing Unit of Air Conditioner

Figure 6-8 show the potential of electricity generation of the normal condensing unit, that of a
condensing unit with a rectangle-shaped and that of a circle-shaped hood. The average exhaust air
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speed in the case of the normal condensing unit, the condensing unit with the rectangle-shaped
hood, and the condensing unit with the circular-shaped hood was 7.6 m/s 12.4 m/s and 12.5 m/s,
respectively.
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Fig. 6. Electricity production values in the case of a
normal condensing unit

This demonstrated that a hood installed on the condensing unit can increase the exhausted air
speed from the condensing unit. When the electrical energy generator was instalied, the average
voltage produced of the normal condensing unit, condensing unit with a rectangle-shaped hood and
condensing unit with a circular-shaped hood was 7.9V, 15.6 V and 16.1 V, respectively. The daily
average electricat production values of the normal condensing unit, condensing unit with a rectangle-

..shaped hood and a condensing unit with a circutar-shaped hood were 491.8 W-hr, 1951.9 W-hr and
2071.6 W-hr, as shown in Figure 6-8, respectively. This indicated that the installation of a hood can
improve the electricity production.
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Fig. 7. Electricity production values of the
condensing unit with a rectangle-shaped hood
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4.3 The Coefficient of Performance of the Air Conditioner

The performance of the air conditioner based on the Coefficient of Performance (COP) and the
Energy Efficiency Ratio (EER), which are calculated from the cooling capacity (Q) and the actual
electrical power consumption {P).

4.3.1 Temperatures and relative humidity in case of the normal condensing unit

Temperature and relative humidity in case of the normal condensing unit are displayed in Figure
9. For 3 days, the ambient temperature (T.») varies between 31.0 °C and 40.0 °C while, the relative
bhumidity. (RHam) of the surroundings varies between 57.6 % and 96.9 %. This is inversely related to
the ambient temperature. The relative humidity (RHsup}' of the supply air from the fan coil air unit
varies between 88.3 % and 98.9 % and the temperature (T,) swing of the supply air from the fan
coil air unitis between 10.2 “Cand 22.4 °C. The stable room temperature was controlled by the air
conditioner. The average room temperature {Ti) was approximately 25 °C and the relative humidity
(RHin) varied between 39.4 % and 91.1 %. At the same time, the average temperature {Tre) of the
return air to fan coil air unit was approximately 25 °C and the relative humidity (RHre) varied between
36.6 % and 83.8 %.
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Fig. 9. Temperature and relative humidity in case of the normal
condensing unit
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Next, the cooling capacity {Q), that is the measurement of a cooling system's ability to
remove heat, was studied [30]}. The temperature and relative humidity of the supply air from the fan
coil unit and the return air to the fan coil unit were used to calculate the cooling capacity. The
fluctuation of the cooling capacity is between 5490.3 BTU/hr and 23062.7 BTU/hr, the range of
maximum values occurs in the afternoon of each day. The average cooling capacity for 3 days was
approximately 14989.7 BTU/ hr. For actual AC electrical power consumption (Pe), the turn is similar
to the cooling capacity. The fluctuation of P. varies between 1021.0 W and 1110.8 W. The average Pe
for 3 days was 1067.7 W, as illustrated in Figure 10.
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Fig. 10. The cooling capacity (Q} and AC power consumption (P) in
case of the norimal condensing unit

4.3.2 The temperature and relative humidity in cose of the condensing unit and the generator

The average ambient temperature (T} varies between 26.3 °C and 33.4 °C throughout 3 days.
The relative humidity (RH.q) of the environment varies between 43.4 % and 97.3 %. This correlation
is inverse with the ambient temperature. The relative humidity (RHsup) of supply air from fan coil air
unit varies between 87.1 % and 97.8 % and the temperature (Ta,) swing of supply air from fan coil
air unit is between 10.1 °C and 21.5 °C. The average room temperature (Tin) was fixed at
approximately 25 °C. The refative humidity (RHi,) within the testing room varies between 38.5 % and
95.2 %. At the same time, the average temperature (Te) of the return air to fan coil air unit is
approximately 24 °C and the relative humidity (RH..) of the return air to fan coil air unit varies
between 37.6 % and 87.4 %, as illustrated in Figure 11.

The fluctuation of the cooling capacity {Q) varies between 53780.7 BTU/hr and 22895.8 BTU/hr,

the range of maximum values occurs in the afternoon of each day. The average cooling capacity for

3 days was approximately 15132.4 BTU/ hr. For the actual AC electrical power consumption (Pe), the
fluctuation varies between 1008.5 and 1123.6 W. The average P. for 3 days was approximately 1059.3
W. that is corresponded to the cooling capacity, as shown in Figure 12.
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Fig. 12. The cooling capacity (() and AC power consumption
(P} in the case of the condensing unit with a circular-shaped
hood

4.3.3 The temperature and relative humidity in case of the condensing unit with a circular-shaped
hood

The ambient temperature (Tam } for 3 days varies between 26.4 °C and 33.3 °C while the relative
humidity (RHam) in the ambient space varies between 56.4 % and 96.2 %, This relative humidity (RHam)
is inverse with the ambient temperature. The relative humidity (RHsyp) of the supply air from fan coit
air unit, varies between 88.3 % and 98.9 % and the temperature {Tqp) swing is between 10.4 °C and

-22:4-°C:-The -average room-temperature-(Tis) is-controlied-at-approximately 24-°C-and-the relative

humidity (RHin) in the room varies between 38.6 % and 84.2 %. At the same time, the average
temperature (Tre) of the return air to fan coil air unit was approximately 24 °C and the relative
humidity (RHce) varies between 39.0 % and 92.3 %, as illustrated in Figure 13.

In this case, the fluctuation of the cooling capacity (Q) is between 6387.9 BTU/hr and 23589.9
BTU/hr, the range of maximum values occurs in the afternoon of each day. The average cooling
capacity for 3 days was approximately 15211.8 BTU/hr. For the actual AC electrical power
consumption {Pe), the curve is similar to the cooling capacity. The fluctuation varies between 1009.9
W and 1112.2 W. The average P for 3 days was approximately 1112.5 W, as shown in Figure 14.
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4.3.4 The temperature and relative humidity of the condensing unit with circle-shaped hood

The ambient temperature (Tom ) for 3 days varied between 25.1 °C and 33.0 °C while the relative
humidity (RHam) in the surrounding varied between 56.8 % and 97.1 %. The relative humidity is

~inverse with-the ambient temperature. The relative humidity {RHp) of the supply-air-from-the fan——

coil air unit varies between 90.1 % and 98.0 % and the temperature {Tsup) swing is between 10.3 °C
and 22.9 °C. The average room temperature {Tin} was approximately 24 °C, the relative humidity (RHin)
varies between 38.5 % and 91.1 %. At the same time, the average temperature (Tr.) of the return air
to fan coil air unit was at approximately 24 °C and the relative humidity (RH,e) varies between 36.6 %
and 84.2 %, as shown in Figure 15.
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Fig. 15. The temperature and relative humidity in the case of the condensing
unit with a circular-shaped hood

In this case, the fluctuation of the cooling capacity (Q} is between 5139.3 BTU/hr and 21698.3
BTU/hr, the range of maximum values occurs in the afternoon of each day. The average cooling
capacity for 3 days was approximately 14998.2 BTU/hr. For the actual AC electrical power
consumption (Pe), the curve is similar the cooling capacity. The fluctuation varies between 1016.2 W
to 1245.5 W. The average P. for 3 days was approximately 1100.8 W, as shown in Figure 16.
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Fig. 16. The cooling capacity {Q) and AC power consumption {P} in
the case of the condensing unit with the installation of circle-
shaped hood

4.3.5 The performance of the air conditioner

From the previous data, the average values of the Coefficient of Performance (COP} in the case
of the normal condensing unit {case 1), that of installing only an electrical generator (case 2), that of
installing a rectangle-shaped hood and an electrical generator (case 3}, and that of installing a
circular-shaped hood and a generator (case 4) are approximately 4.1, 4.1, 4.1 and 4.1 and the average
Energy Efficiency Ratio {EER) of all cases was around 14.0 BTU/W-hr. This demonstrated that the
condensing unit that was operated with the rectangle-shaped/circle-shaped hood and generator for
electricity production has no effect on the coefficient of performance of the air conditioner, as
displayed in Figure 17.
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5. Conclusions

The installation of an air hood, to funnel exhaust air, and a generator for electrical generation on
a condensing unithas no impact on the coefficient of performance of the air conditioner. The addition
of a rectangle-shaped or a circular-shaped hood on a condensing unit can increase the exhausted air
speed. The average air speed values of the air ventilation at the end of the normal condensing unit,
rectangle-shaped and circular-shaped hood was approximately 7.6 m/s, 12.4 m/s and 12.5 m/s,
respectively. Higher average electricity production was produced from the installation of the
rectangle-shaped and circular-shaped hoods at the exhausted air position of condensing unit. The
coefficient of performance of the air conditioner in all conditions was approximately 4.1. Therefore,
the use of the air ventilation of air conditioning condensing units for generating electricity is an
alternative way to produce renewable energy to produce electricity for low power electronic
equipment.
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