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Development of Hot Air Emitted from Photovoltaic Solar to
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Abstract

This research was a development of hot air emitted from back side of solar
photovoltaic module to assisted heat pump. Two Amorphous silicon PV modules were
seried and total capacity was 80 Watt. The glass to glass PV modules were used in this
research with Lotal area of 1.58m?” Back side of PV module was copper tube which used
for heat exchange. Water flow rate was tested at 0.032kg/s. Hot water from hot air emitted
from solar PV were collected in a tank and connected to heat pump system. The electricity
generation efficiency analysis shows that average efficiency was 6.04%. From a lower
temperature of PV modules, the higher of electricity generation efficiency was found at
1.58%. Hot water from hot air emitted from solar PV increased temperature about 5°C. The
highest temperature of water from the system was 30°C and 40°C. The test shows that
different of water temperature affected the EER. At water temperature 40°C, EER was higher
than water temperature at 30°C. Considering the Qcong Of water input to heat pump at 30
C and 40°C, the Qcong Was 1.40 kW and 2.20 kW, respectively.

The mathematical model of hot air emitted from back side of solar PV module to
assisted heat pump were studied and showed that the mathematical model had similarly
result as experiment and heat performance which can be use to comparative practical

usage.
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Faunsmn eainswesenumgiitttoziuegfunnuiivesadlva Bsmnnirvesedlyaiiaunn
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O Y9986 (Newlon’s law of cooling)
q"s = h(Ts — Tn) (16)
W Geonv = AQ's
azla Jeony = NA(Ty — Too) (17)
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Stefan-Boltzmann #e

q = oT# (18)

= = ad da o =t 1 a 1 =
die T, wnuiigamgiinuifmeinginheduraiu (O wae 6 unuriasiives Stefan-
= ] .73 - A i “— 1 1 L > 1es =y ol o
Boltzmann Hewviniu 5.67x10°wW/m? 'K Taefitiuiiailgnisundt mudFadusnmvieagem
X 5 o 4 Ll j’ - = = L] L2 19 = | 7
furdndanudouiUandUaagoanunaniiuineieagilanlesnindind Ssd s usnmanawazayle

q =&0T§ (19)
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q = A =ESG(T.;}_T§uT) (20)
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Huiussenmelaosoulifnanasnsniswandsuninudou snaun1sa 20 a1u3ndnUved
gunsivilan

Qrad = EsOA; (Ts{'} - T;ur) (21)

2] e lo = v a5 o | . = | )
lnpfinauanifvamnisusidanyfoutaefindussiinanusazuiia ssdaunnsnaiu
AUTRAIVDIR NG

o
[ =

2.4 $3wngT94

455W955 Inende (2543). Anwinisidanlduaudeuaiudmiussuundningey
uaoingludandindia ﬁum'swmﬂzﬁmﬂ'}ﬂﬁ]‘%gnﬁﬁmﬁﬂammTﬁﬂ&m%qssumﬁlaﬁnmﬁa
FEEBIBINTAUNUYDITEUY Tnevmsusuildeumnavestiumudou aliamsvhaulutiuaing
$ou wlinvesiafuiviorfing uarsundafvasamdse Jummdoursgminnldiedussuy
raanSeunasefindnsdinisyvessyuuatil uarline WisuifisuiussuunBniniouudaeniing
vily



14

=2 | a 8w Py odn vy 3 a 2 = =
HaN1SAENEINUTY seuundntrfeuasorfindildluesFoudtuasiiseasanaAuyud
H ' A 5w a ) - o I 2 | ot
dunitssuundnihounasendndimluillessvulidasmnudasnisaiiudouninnm 10 Mi/hr #
° oA ar 0 ot [ v
ATTMRLUUABLUBY 12 hr (8190 way 24 hr/day WUTsUUnansIAunanIIAdsey 15
MJ/hr wuusiailas 12 hr (hansie) ssuulgluanssoutung 830 W a13inau R-134a uwaslasn
2 W e« | & e Aeatw o w o
WUSIEDITRSUUULEUTIUNTZINTUALD YUIM 6.6 M2 NIGUNUASEINSIUIUR 200 L 98ty
al o = - o
seuuvinzauign lovesiisvegnaiunu 3.8 U
dumsiauuuuniseliad W/ filsseznainsvinenusiy 3 uag 5 hr/day 53U
nanu1TouuEs Rnda LU asmngand msuntstdamunnninssuuilatuanuiauesu load
Al 1 i 1 Aa w [ v = °
FEEELIANAUYIUIUNIT 5 U 1useuuiilidnsnanudesnsanuseu 25 M/hr iliainisine
534 3 hr (6.00 - 7.00, 19.00 — 21.00 W) uaz 5 hr (16.00 - 18.00, 19.00 — 22.00 u) WUIN1TLE
a 8w a  fd Ao & wa o ¢ ' & o
ssuuRaninsoruasoAngm lURTisL AU @anfinduuuntiusiunszandulfien 9w 6.6 way 8.8
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wasefing wazezoewanuioulviuihludisune 200 805 dussUeLLYRS

Asuaasshdriin1snageussuullaliin1sen19ldn wazdnsensldiadasinisiva

#1949 WU AR IEUTEANE A MG N nivEasnsilasanaailoguug il ludednded 2
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= A o q‘ n.{ -23 v oo ] LX) Q 4 L) -g
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WU wundividendiediidanvangauian As 14.10 m2 (Faiuidainguuuisusey
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Andy Asiniyatined (2542). 1dfeivinisfneanssouzsvessuuvini Foudlddn
o ~ (3] = & o w e oo v o = 4 <1 ]
UuaSunasnukanniing diuisdvimmihnduduldeismesd @13 R-134a Wluasvinau uag
A5 1UUUTIE0IMNIANAAEASNN1 8998 0 TUN T ITEUULNBYN N EAIA9Y Ta9TsuUininSou
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nan1IageunUI dudsedniaussousvasindueglurag 236 - 4.29 UsgAnsam
fsusdeglutng 54.64 - 75.12% uasyinn15UTsufigunaaINN1TNARBINUNAIINNITINABY
donumsalvasszuvlumendssavsnwueainfuied sasnisthemanuieuimyued sna
mMienemamSeuiineulnueed duussaviaussausyesdntiy uasUszaninmnnsvintinfeu
1995200 wudn felndissfu wavidlesiasnisinanuvesssuuinin feuitldnilunsdls
errammﬂmammumtmﬂusvuummsauwamuuaamwmamlﬂ WU Uszansnwdiadused
PaIEDISEUY Lasdnsnstamanuiouiifiuidlndifestu Sasmdsnuanufouaiuves
wuumuﬁauwawmu,aqm‘wmEjm‘lfdasqamw lua'suqquumaaunaumuqﬂnsmmm‘sau
&35 LLamJisﬁm%mWﬂﬁﬁﬂlﬁau"uaq‘ssuuﬁwﬁﬁauﬁiﬁfﬁm%mzqandw

H.D. Fu et al, (2012) sn38uilldvhnsanunssuumBmideudessuvtummudoutasy
wé’amuuaamﬁmé Tneldviamnudausyuisainuausenanaaduaindfidswihuiiiaiion
w3naiseine (Photovoltaic solar-assisted heat pump/heat-pipe, PV- SAHP/HP)IGIEJm‘SFmU’]
e viunanmzaoniy 2 d fie (1) syuunBninfeusinieaden uay (2) syuuRAnThSau
IndumnuEouE At uLA D1 ind miﬁﬂwwzaquuwugm Y3unsedeiing (Solar
Radiation) Wagn1syhauvesssuLinfgn santsdneIwudn (1) ssUU PV-SAHP/HP nsdlssuy
nan¥euvniluarudouasundinunaseiinda Ussdvsninundnuademiafiu 61.1 -
82.1%, Usz'ﬁw%ﬂﬂwwé’amuqaqﬂﬁtﬁmﬁu (Exergy Efficiency) vinfiu 8.3 - 9.1% wazAduUszaNG
ausgaus (COP) flanviniu 4.01 ileviunnddaniindildngs (2) svuu PV-SAHP/HP nsdiszuy
NantYaus nviomuEou UsyAnEn mwdesuniaiiiy 36.5 - 38.4% uazUszAninaw
wé’amuqqqﬂﬁﬁm%yu (Exergy Efficiency) tnnfiu 7.4 = 7.8% Lﬁaﬂ%mm%’aﬁmﬁméﬁmqq Wil
W& ARER LS (Encrey Generation) LLas‘Uisﬁw%mwwé’wuqqqmﬁwﬁmaaﬂm‘uaﬁzuuw“
fgegaatdl 28.9 uaz 536 Auddy

e

Hongbing Chen et al. (2011) Tngvalunisidsugundsnunaseniingluifundsny
T Tneldinalulafisaduaaiingnudt UszavBamuassruuazanatilosnnanmaivuosun
Lmaﬁuaqmﬁmmﬁmqﬁu dmuaisuisdiunfnfenfiuUssaniamuosnagaduaseting
Tnsn1sinerssuuinausauiutuadeuienamih fouldou dwmiuenudseilald R134a
Huansvaulussuuiumnufou msinwidmiads 3 Jeduiidemareaussansnshauges
seuu fle Uhinadedanding, Shensléiriuaiosmuuiy wazgnumginideufigndduldany
ATLATEIR UL

AN AN AN s ANSEusTauY (COP) Wity isuSinnisdeniind it Tae
COP flfnagssning 2.9 - 4.6 Lﬁaﬂ%mm%’aﬁmﬁméﬁﬁhagjszwi'm 200 - 800 W/m2 8nsimsild
dhdnueSssruutuiidiaiiviniu 2 L/min LLagqquﬁﬁﬂ§auﬁgnﬁahﬂ%’mu&hum‘%a’amuLm'u
35 oC TydquzesUIuandsrulwihfindsldongaduasening wasuszdninmvasisad
uavoriindiiugatuilousinaiiderfindiitaty Taeussvsamveuaaduasonfindazifingeiu
1.9% dlafsuiunasaduasnfindilifissuussuiemnudoudumdauns
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AvdsvAnSaussnug (COP) anas Wiognmainhfouignisluldmusiueissauwul
oamniiifiugetu Tag COP fldranasann 5.2 asly 3.2 ilegamgithfaudigniidluldaniien
Fiaduann 25 — 45 °C fdinadadoriindiidnseann 600 W/m? uazdnsinisldtisuedes
ArULuTAYAYiAAY 2 L/min TudruuSinamdanulihfindels wasussdniamveiad
wasa1Aneldiinaunin

Pduseavisaussous (COP) anas esnsimsldiinuaiosmunthuiintu Tne cop
fifnanatann 6.7 adll 2.8 wlesasimsltrneissmuniuianduemn 1 - 5 Lmin AvSaina
Sydoindiirszann 600 W/m2 uazagnmaiirdausignidiulourmaiesniumiu 35 °C lu
drulSnamdanuliifrdnld wasdssavdnmussvaduasenfindlaiinaunniin
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g‘dﬁ 11 The schematic diagram of the hybrid PV panel-based heat pump system
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(Photovoltaic/Thermal Solar-Assisted Heat Pump, PV/T-SAHP) TaglaaanuuudiitAuied
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w1 uagndenuanudeuldlunanieiulddeissderfindannsenu waildein
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iy, gangdl, auaiwvadle wagieaall ansdnvinui wadildarntuudiasnis
adlnrnansiialndiisasuaafildainnisnaass ssuvazansondninih wazilusednsainms
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E‘U‘ff’i 12 Schematic diagram of the PV-SAHP experimental setup

Jie Ji et al. (2008) léfnwiszuunaninfoudetaudeuilldiwaduatendindfiszune
anufoumovietnfou Fuimiiialiounississmevesszuuiuainuiou (Photovoltaic
3 Solar Assisted Heat Pump, PV-SAHP) nsanwldinnsinseiaduy sy andaussousves
’ syUUTumuEeu (COP) nansfnwInyin COP wasUszansnmusuaduasenfindunssyuy
PV-SAHP Refirrgendnazuunamirfoudaetiumafounuuialy szuvesilen COP gegawintu
104 uariidiafsegi 5.4 Tnsfldnadsvesssansnmeaduaeniingasiidviiy 13.4% i
SeRnadulszEnianssauressruulng sz ivssuurBa i sisaduaiefing uazssuu
rEnAEauietlurutay (Overall Coefficient of Performance, COPp/t) afiAvinifu 16.1

Ji Jie et al. (2008) I$vinmsdnuiUssAnnnwaduataniing (Photovoltaic) v
aniuilumndon (Heat Pump) Tnanstemiethen (@svimnud) windusiudumds
Peagadnacaning fgivihiailouadewiisuine (Evaporato) vasssuudaaudeu

\ msfnezdunmsaauuiasmisedasandimianeudisuiunaiildannisnase

e @ PP o

0—] PV evaporator ;ﬁ_
=

il

L) L] converier AC220V i
DC 48V refrigerant N EXPENEIoN
£\ valve
e accurmulator
COIpressor
. |_r' D pl' (_F}—l::
} L
. AC220V &
L water condenser —_i?_
£

’ water box
. —
circutating walec

= E‘U‘ﬁ 13 Qutline schematic diagram of the experiment rig.
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W: luba pitch

;.illﬁ 14 Cross-section view of the PV evaporator panel {(part plan)

syuviiuanufeuasuszuuadalidhinwaduasonfind (PV-SAHP) Usenaulufae
aunsaliail (1) PV evaporator lieaduaseriinduuundndeniiiivig 4.59 m2 (2) Yuarwiou
nm 2,12 kw Teenaitbdarnmsneiiaiun 29 §urnau 2006 929081 8.30 - 15.30 4. WU
Jumnutou wé’amulﬂﬁﬁgn’l‘%’ﬁmLaﬁ'awhﬁ’“u 222 kwh laeadudsyAnsaussaus
(COP) 99438UU8Y 52U 3.8 - 8.4 FadlevinnisnFouisuiuszouilumnnsauilduanih ey
Tlunwuin Adassandanssnuznsiafeuvasszuutianuiauesussuundalniide
\wAALADINAY (PV-SAHP) axilAngana
suUNAnlHT e wadLaeiing ansandandsnlniiiiduedosiniu 3.0 kwh @

a | w = & I s a & a ¢
fanunnimasaulwdinszuutuaiiusouldau) neuszansanodgadudsniindasi
ANQBUWINAY 13.7% Failannnigaduasarnnenlananlwiinill

Xingxing Zhane et al. (2012) $1Adsil L8V msanwszuuramiiousiufussuunda
TWAHmuuwaduasoniing (Solar Photovoltaic/loop-heat-pipe heat pump water heating
system, PV/LHP) ‘Lumu%%’a‘lﬁﬂquﬁ’[sﬁ'ﬁam'm%’au%aﬁmﬁ'}ﬁssmamm%’auaaﬂmﬂL*zfaé
wasefind TneviomuSaudinanasvmihilaiioueiswinssmevastuaiudou msdnwlévi
A1sa¥LUUSIaesmaiinamansTauiisuduraildaannisnaass nan1sANYINULN
Useansawilslih, avfou wavdssansnmlassinuaassuy PY/LHP fldanasvaassiial
WU 10%, 40% uay 509 aEdu uenanniinanldanmsAndmudniseuy PV/LHP
szuuiitaefindandnlunadsusundsaumaiiliieavaduateniing wasmsdnuani
Saumesdiviedionding Tnomduussavdaussous (COPPY/T) Tnsrinvesssuuiawiafy 8.7
wasndeenidhiindnldannssuuisaduaeoniindaunsaudseenify 2 dau (1) ndsanlniiad
ssuuld 85% (2) dauilwie 15% vomduimuaiindalfanusmitluidoudug 1
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() Thermocoupie @ Wattmeter @ T 1
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Y N R
oy < 4 i ! .
: 3UN 15 Schematics of a (a) experiment rig of the heat pump assisted PV/LHP

solar water heating system
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L namnfaugeuansauildanteussuiseonvnunagaduaaniindiianumganfuanin
nilemAvesUsyinelng FeidusAseifdunauisflanineraufeuiissungennanldung
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Tfumaduaseniing Lazdildumadandimundeuldfussuuduaraoulddnie Fweaslhan
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waduaseing lnsezfunsinniwantidemutvssunsssing fimm nduasfiuns
suswdeyaliihvdungui def / doide udymludadmnsaiefesihuuiuly
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H29fi 2 : NadBUNTYIL / Wiudoya uagipseinaiintulunisiuiiuvemdde uas
mwmuAlulSulgsszuulvtianmnga :

Basfl 3 : Teszntledefidmanodussnusnisvinnuesszuu Ao Usuiusedeniing,
Smsan1ldiinduiadesnauutiu (Condenser) wazgmumgiirfouiigniisluldmusinuaiaa
ALY Lo A dulsE At e Tnustatssuu e Sau (COPHP) wasUssansarmuad
uaeineg |

Aiei 4 : asUnansivenasdaviiseany

3.2 wisesdiauazaunsalitl¥lueuide

3.2.1 ‘qmmﬁauswumé‘mﬁﬁauﬁaaﬂumm%aum%uwﬁ'amuuam'lﬁméﬂummhjﬁaam"l
o 5 w =
skw THans R-123 Wiuasviraudsgud 16

Ui 16 ganagauszuuteamiuiou

o = - o A e 1 '
3.2.2 Wnawaduadefinduiinerueiila (Amorphous silicon) 8% BSC Ju BSA0 e
aynTU S 2 Wi v dssdn vy sow uraraaLasenduLuy galss to glass fivwng
& A 1 2 - 0‘: ) o L2 = ot o A
HUVUBAUHINIAY 1.58 m” Aafd 0 INGIREWAITUVALNY ARTINEABWSAT AS5UR 17
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i e il
JUR 17 gounagadnaserdindyiinazuadila (Amorphous silicon) fidawdnTom 80 nd

nspenuUUsTUUNAmnSaulnelfanfeuissunssandund s e uatiindiuagld
unaigaduatefinduin Amorphous LU Glass to Glass Inggunsaiiiliuancfeusewinem
Youldunaiad Lasorfindelivionosunarldinduansihouiliiand dounudou Tngl
nsoenuuvazdasliusadsaniusyuinininfunidsione sndlinnuasi liifuiadudaves
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LFovIfng UAIU
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7)
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wraasuaerinduiinozuadia (Amorphous silicon) 8%e BSC 74 BS40

WU galss to elass 31U 2 e

i T egililovamn 1.5 w. Unsegmesew NLLmLﬁaﬂmﬁ’um'sqfuuLﬁEJm'm%’au

DONTEVINITOUND

mnegfiflonsuin 17 x 17 wun 1.5 sy Unveulngseuunasausseiingiu

nsovegiidemitoruudause

nssupgiiiisumun 2 uy. Yuiarsindie 10 g, Mdundeddvuin
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auulasfumsgaidsanudouaiunun 17 nylagseutisiasdrauay

duanaitadestumsgndsauion

Vonowamun 1 un. swiaidudigudnats 15w, Wuviedndsai Tngl
sezvivuamioviatu 10 au. Ingliethiduagviedoen
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24 of El
70U ANFUV 19

" e i’y
U7l 19 duhundniuauiuaunn 200 Gas

3.2.4 Yuthvwe 0.5 wseh Windwue 220 Tad anusisauasuamas 2,850 5auno
P a0 Y @ Y u v ¢ o a 5w W =
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3.2.5 ALIWIAEUWUU Open Type Compressor fildusimasduiadou fnuim 3 wsah
THusamdauluil 380 Taad nazualvih 8.7 Amp auiSiseunawas 1,420 saunoud 19ens
. R-123 {@uansvianu dmihigauassaatsinaniiiimuduiasgumgiias

& =l 7 - < i
3.2.6 gunsalanwasunwfouluy Plate Heal Exchanger Wugunsaluaniuaeuniny
'} SousswineEnsinAuduressuutuauieuiul dusnlsEweiiazruwnulas

1Y y = v o o o 24
3.2.7 1$1anauseiu (Expansion Valve) invhiiaaussdiuvssasiauulinataule
figoungilen

< v o e W = ar v o ! i
) 3.2.8 Wwisanndauaztuiinteyagomgiuuudnludi 8%e GRAPHTEC fu GL-820 e
Tlumsiiudoyadivivsyuundmirsaudiedunuiounlianfouiiseuiseanannunausad
= al - ) o L7 A
wavariing lneldivesiuduila Type K auna 20 dosdtysynd fagu 21

A lﬂl .0 LI 4 124 = 24 Qi
UM 21 wdewsnianartuiinfeyagauuniinuudnlui

3.2.9 gunsniinAnSsdending (Pyranormeter) S KIPP & ZONEN CM11 {if1 Sensitivity
A 8.62x10°6 V/Wm2 yimihilsausunmannududidoniingseds mbediu w/m? fagua 22
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< S L woa o=
U7 22 gunsalfadr¥deniing (Pyranormeter)

3.2 aaniluauidy
3.2.1 MsvaEoUszUUHAnI e udaanieuiissutseananunavadusaending
Junrsnaaounisuaninfeudldainnisaneuiiszuipesnainiuaieduaaoning
} vnasAnwmsluduyaantsrani fouaynisuan o asaduaiind Tasvhmsinw
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wazguugiihosnnuatsaduaTing tieunnldlunsiien siussansamdanadumny

¥ v = a B oa v o

Sounasneiulnlil Tneiljvuuulaesinsuwesssuusyuurdnilifauseauiouiissu1geenain
L3 = & er = a:{ql; ar 4:

wadlasefindsaguin 23 lnefivunoulumsvaaeanad
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Wisuisufusia 2 szu
Wnsneasuansauzlumsudalitiazaueuvesssuundalifirfgiad
waseniing Tnenasbiiivathuvienasuasiifaisegniunasaduaenfinduasszuy
wdwhnmstufindrananduiedeniing G) guugiuinden (T guupiiuangad
wae g (T, qmwgﬁﬁwﬁ"mm (T ) qmmﬁﬁwaanmmtm (Touw m) UAZENTT
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henfiduiinldntessiitememaihfunavaduaeiinduanld Ussdnsnm
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yosszuurAniouieaniouiiszuieenanunasaduasfing

2 nsvadaUsEUURAminSeudlstiunnutou

mMsnpgeUTTUURAM Fausetuaten endulsene amwnﬁfﬂ%ﬂﬁz
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ﬂaaammmmmammm‘suuuwamuﬁauma‘Uummsauﬁiwamaumvmaaaﬂmn

WEALTARLEYE e Imsnmm'smmmaqﬂﬂimﬁiﬂumimﬁaussUULLazmiaqmﬁmmﬂqu oy
funaulunivsaadadalyil

1)

2)

3)

4)

Lauﬁﬂuﬁuﬁuﬁﬁaummﬁ’aﬁ 1 9ue 600 8R5 Uazdei 2 wunm 200 Bns Imafﬂluﬁq
il 1Tﬂamwumamwnumme‘ummmaqﬂ i3 (wamwmq 30°C uay 40°C) mummw
2 ﬁauunmmmﬂaﬂuﬂfmmaunuﬂaumumawaﬁvw{]umwmau
MINFNAFDUANTIOUE %ﬂﬁiuUUﬂﬂJﬂ’ﬂM‘iﬂULWﬂﬁ@U'IQLﬂEJ’J Tugaaran 10:00 - 13:00 u.
Imaﬂmﬂmmwﬂmaquﬂumw 1157 30°C T,mewnmsuuwnmamwnummmm n 5
wil Usenausae ammuuﬂmgmmm 1 (T, To W@y Ta) amwnummlmmniﬂu
ANSDU (Tg, Ts, T Wag T7) amwnum’[mmﬂwmm 2(Ts, Ts, Tio, Tn Wag Tio)

waztuitngnsnsivavesin (My, M, was ms)
Luaqmuquuﬂumw 2 ATz 70°C vhmsegsuiionsinisldinfeudvhlvssuy

v H
& o i/ =l 8

aeluani1izAsil (Steady State) ez sedeusnsinsliinfeuiisldng
m'ﬂ‘maaau,a.,mm'mmwﬂ'rs’lmmiauwwﬂwsvuuaeﬂuﬁma“mm (Steady State)
Mnsnaasutuiieiude (1) fsde (3) LLmﬂaauamwnumUﬂﬂumw 1w 40 &
gamgiilufedl 2 Afoansdle 70°C
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3.2.3 NM33lATsdaun1sANRNRLS v IR Tl TE BN WA Y (EER)

Iﬂaﬁ’]mﬁLﬂi’usﬁwammqquﬁﬁﬂuﬁaﬁ 1 LLazwamwaqqquﬁﬁwﬁqamﬁa (Tszo— Tsa)
Tngazuansnuduiusvesadndyssandaimundeau (EER) Triaglugureaunisindly
foamddes Faanmnuduiuisening aamgiithieuludedd 1 (Tsy) wazanuunnsitewes
qquﬁﬁﬂﬁaaaqﬁa (T2 — Ts,1)

3.2.4 nMsRaLLULSssAdinmanivasruuduaueuildauioutissursenn
PINUAILTARLEIDNTNY

A9TIuTeIsTUUYSENOUNE Ilounawadiateinduafadaniindazyinnsadn
nssualiinssuansafimbluldnuldtueiosddliivssansing faflounuvaduaoindly
anweaiunauLBEaduasadndazavaua s uvh s ufouldunssaduasaiiing
Tnemmfauilldanlimasaduaseriingazgailuuanidoutuarioulifuilaeiiuve
waumﬁqﬁmﬁ%aajmﬁmm %aﬁ"ﬁauﬁlﬁmazgﬂﬁ'}muamﬂﬁaumm%auﬁ’uﬁ'swﬂaL'sma‘s'
(Evaporator) Tafugauanideusnudouresyaduauiou asviauiisldsummioursien
naneifiule 91nifuazgnaniinneumsases (Compresson) titeringamailuasaudulias
vhaw arwfeuifstuazgndneimesniineuinuiges (Condensor) Fafugauanasunruou
yasgatiuarudou IiuiiBuinuandsumansou wethluldnusiely

Tnedoyailfnnaunismmuduiusvesiandsimag amiade 3.23 Felnaressuundniy
Youdaetuanny Sovildautouitszunsesnanunsgaduaioniing 1wy arueuldunivad
wenefing, Snansmemardouigunsaiuaniasuninuey, Fasnisenemnauieuns
aused aeuauees, Sasdnuseavsnimn wldndenu (ER) uasgrmpiveshisulufafy
asantir¥ou Wudu wuudasamsadinananivasszuulsznoulusneg Luudiasmsndamans
UBLRATaANAsTing nseemandauiias 1 wasd 2 Tneilwazidundsi)

1) nsmaMuduRusvesUseaiaw

AsMedBUsTULTIm S Ul asdeuTissusenInuNLgad At ingti Fesiins
Arreinsnsiine fididyeie waginisulsdmfinesisduauinasgniidentily
minadeu lnanrsmanuduiudifunsihdeyareUseaniammemaiouvasssuuludu
Yesnsudntnfoufiuanasusioautouiissuiseana nud sl iU fns (T-Ta/Gy 1
wionnsvhuaunIEURTINAINATEIUYBY ASHRAE 93-77 [14] Faundudrngldaunisues
UszAvBawaudouvesmsuLd e induuuisiudou dulneandeadil

GAp(Ta)'n = [Tﬁ,Cp (Tour — Tin)] + [UwAp (Tp - Ta)] (22)

1
=f

P & o a o < uar o
FINUIWULTUNTUIY TEENTAMVDITEUY IﬂEJL‘lJaEl‘L!‘ﬂ’mﬂ"l‘ﬂ‘d'e]i‘li’]ﬂ']‘il‘lﬁﬁﬁi%.l'lﬁ‘llﬂ\‘]

Y o g

i1 m Wuinareain M unukazswdguainnsldgamgiiafounidmas T, uagiioanainuea
Tou Wugamgiadsvsaniusuduluduiuirfou T; uasigavelufiuiuinfou Tr unudadeug
\uaunsluailassil
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Gedp(ta), = [MCy(Tr — Ti)] + [UeAp(Ty — To)] (23)
AMIVINERUALSaUTReTEUU PV/T 9 naunisinaduazle
Q= G A (Ta)y = [UpAp(Ty — Ta)] (24)

Fat WamUszaninwanuiautesseul PV/Taglaaunsaedl

(Tp — Ty)
Mo = (2@ — Uy == (25)

FaMIIM 551UV ASHRAF 93-77 wupil#daguuuvosnisnagaufiuideriing
LLUULLw'uL'%UU%QLLamaammusmamm%’au’lugﬂaunmé’uma lngldruramainmsgaainuiou
YRILHISULEID197E (Heat Removal Factor, Fg) LﬁﬂlﬁmmiﬂlﬁqquﬁmmﬁﬁL‘%‘uﬁumnﬁ’qLﬁ"u
h¥oudussumugamgivesusiugaduaudoull

(TE - Ta)
Nen = Fr(ta), — FrU; G (26)
t
) 2) NMIMIS I suaudeuazauludinZoutsi 1

gaugiveniludnifoudsn 1 aunsamldanaumsaunandsnunmnuiounds uas
winlihwsion1sfinnsan Awuelidaivazaniiguugiaiiaveuasliiinisiendugampiineni
(Non - Stratified Tank) datiugnmgiiinludian 1 dwaedsan

dasmdsnunnuiauasauluds = Svmdnuanuiowildnguasaluanitouan
FBUNNILEAALEINTING — AnIIHANIUANSIUNI e B UBNUBEImES — RTINANY
anufeuiigeidsanndeayay

- dT . . .
Win (Mcp)s ('d_) = (Qp_t” - QEvap - QLOSS) (27
£
1089 Qevep annalaanaums (3)
Qloss fieiiuaudlunsailifnanuSeugudends

] { s o B ow o Al B T = oo
9naLmsi 27 mawasuuwUasgamaiiludainfoudi 1 nsdinldfnauougyends
annsadnsunuulndlagIBnadaiiay (Numerical Techniques) Tutisnatines eanansa
Feulsidail
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=5 A .
wio  Tert = Té + ———[Ac[Fr(t@)elr = FaUu(Ts1 = Tam)] — Qroap]  (28)
(MCp)s

3) mamsaswdsauanufouszanludaifoudsil 2

qmﬂ“ﬁ‘uaqﬁ’ﬂuﬁqﬁ;ﬁauﬁqﬁ 2 amamidnaumaunandanun L ouiiss uay
delihesansiinsan smuslidafuazaniianmgiathiousuas bifimsusndugumgiivenin
(Non - Stratified Tank) ﬁaﬁuqquﬁﬁw’luﬁaﬁ 2 annalaan

Smymdanunnudeuazadtuds - Sarmdnueuouilianaeunuees - §as1
w o ¢ s o v oo - ar
wianuaufeufignieenluldusslowd - sammdsnunnuiouiiguidsanieesed

- dT . )
LD (Mcp)s (_) = (QCond QLoad - QLoss) (29)
t
o9 Qcond dnnadlaannaunis (6)
Quoss fienwihduaudlunsdlifinnnudeugaidends

= Y = o B v o = Ay 1a 2 o de
naumsn 3.4 mswdsuiUasgamaiilugaiioudm 2 nimﬁ‘tmmmnmauamawm
amsodaguuuulvllagisnisilieingy (Numerical Techniques) Tutisansingg 3 Faaungn
L‘uau”lmmu

Tt+At — Tt

R 52 + 7= [(EER X Pge) — 1y, p(TLO TL,l)] 7 (30)

t
(MCyp)s

3.2.5 msmaaaanwm'ﬁﬂ'\mu’Lun'ﬁmswammiauiﬂahiﬁuﬂ';'msaw"lﬁamauﬁ
STUBOBNINUHITATILATIAE
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aampfiveniludanirded 1 wasdedl 2 deasilinmugamgdveniludeivasuuadivm
nan (T wag THY) Tnsgumgidhdsil 2 asgnasieaey (1) Teamainudeans (T
wioll lunsdifigamaided 2 Wildnuidesnsdfaufiesqruiingamaiifsssuundeny

U U
]

arudouasu (unsdiifiaisgnisliin) (2) Tgamgiigedgumaimilissuutuanuioudans

#1971 (Tset) vidaly 9nuszuvazdaunaulumuaiing t=t+At
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(Fui 20 Suran 2557)

' Gt Tam Flow_Rate Tin " Tout.
Date Time 5 . : . .

(W/m’) (cH (kg/s) (o (‘C)

20-12-57 10:00 758.0 219 | 0039 229 24.4

20-12-57 1005 584.5 22.0 0.038 238 25.5

20-12-57 10:10 500.3 217 0.040 253 283

20-12-57 10:15 509.6 215 0.038 261 | 295

20-12-57 10:20 876.7 21.7 0.039 26.8 317

20-12-57 1025 570.2 223 0.039 273 33.8

20-12-57 10:30 1012.6 225 0.038 2738 34.8

20-12:57 | 1035 880.5 228 0039 | 284 34.9

\ 20-12-57 10:40 843.6 232 0,038 289 346
20-12-57 | 1045 708.2 23.0 0.029 293 355

20-12-57 1050 | 8478 22.8 0039 | 207 | 366

A 20-12:57 1055 | 8616 23.1 0.040 30.1 371
' 20-12-57 11:00 869.6 231 0.038 305 315
20-12-57 11:05 882.7 23.6 0.039 309 | 319

201257 | 11:20 893.7 24.0 0.039 313 183

20-12-57 1145 903.1 237 0.039 317 18,7

201257 | 1120 908.5 24.0 0039 | 321 38.9

20-12-57 1125 918.6 26.0 0038 324 39.5

20-12-57 11:30 o217 | 240 00% | 327 | 399

20-12-57 1135 | 9231 207 | 0039 331 40.2

N 20-12-57 11:40 9117 24.9 0039 | 334 40.4
) 20-12-57 11:45 934.0 25.2 0.038 33.8 406
20-12-57 11:50 934.1 251 0.038 34.1 41.0

20-12-57 11:55 927.1 25.1 0.038 343 1.4

20-12-57 12:00 930.2 25.1 0.039 34.6 416

20-12-57 12:05 9416 253 0.039 349 | 419

201257 12:10 936.6 25.7 0.039 352 | 424

) 20-12-57 12:15 9296 | 259 0.039 354 427
| 20-12:57 12:20 9429 | 260 0.040 35.8 42.9

20-12-57 12:25 915.9 262 0.039 36.1 43.2

20-12-57 12:30 915.1 26.7 0.037 363 43.4

_‘ 201257 | 1235 9113 26.6 0.038 36.5 43.6
R 20-12-57 12:40 932.2 26.8 0.038 368 43.8




- a Yow 2 2 = - P
13199 1 %’agamswmaanmuwammiaumaamaumamaaanmnumwaauaamwma
L7 A L7 1]
(3% 20 SUNAL 2557) (MD)

Gt Tam Flow_Rate Tin Tout .
Date Time 2 . . .

(W/m’) (C) {ke/s) () ()
20-12-57 12:45 927.4 26.6 0.039 37.0 44.1
20-12-57 12:50 938.6 27.0 0.038 312 443
20-12-57 12:55 961.2 26.9 0.038 375 44.5
20-12-57 13:00 980.3 26.7 0.038 37T 44.8
20-12-57 13:05 572.0 215 0.038 38.0 45.1
20-12-57 13:10 5720 268 0.038 38.2 45.2
20-12-57 13:15 617.9 26.4 0.038 38.4 45.4
20-12-57 13:20 g 26.6 0.038 38.6 45.6
20-12-57 1325 464.6 26.5 0.038 38.8 46.0
20-12-57 | 13:30 7218 26.4 0.037 38.0 45.8
20-12-57 1335 2598 26.3 0.038 36.4 4d.7
20-12-57 13:40 333.7 26.1 0.038 34.3 43.0
20-12-57 13:45 333.7 261 0.038 32.2 41.2
20-12-57 13:50 819.0 26.2 0.038 30.7 39.3
20-12-57 13:55 762.6 26.8 0.038 299 38.2
20-12-57 14:00 831.3 27.0 0.039 29.7 378
20-12-57 14:05 296.4 275 0.038 298 37.6
20-12-57 14:10 296.4 26.8 0.038 30.1 37.8
20-12—57 14:15 71727.0 - 261 0.039 31.3 38.2
20-12-57 | 14:20 163.6 25.8 0.039 325 40.8
20-12-57 14:25 Vi 25.7 0.038 339 41.0
20-12-57 14:30 718.3 258 0.038 34.7 41.4
20-12-57 1435 734.4 26.6 0.037 35.1 42.0
20-12-57 14:40 7195 27.2 0.038 355 42.4
20-12-57 14:45 702.4 279 0.038 358 42.7
20-12-57 14:50 7114 28.2 0.038 _ 36.2 42.9
20-12-57 14:55 684.4 28.2 0.037 36.5 43.1




i o a b v w = o 8
A9 2 may’amﬁmaausswmamm%’aumaamaumxmaaanmnL.meaéuaamwma
L :J nt
(AN 21 guAL 2557)

Gt Tam Flow_Rate Tin Tout
-Date Time 5 . . .

‘ (W/m") (C) (kg/s) (C) (C)
21-12-57 10:00 699.3 228 0.040 29.9 380
21;12-57 _ 10:05 712.2 22.6 0.037 3086 38.6
21-12-57 10:10 120.5 22.7 0.037 30.8 39.6
21-12-57 10:15 732.8 23.2 0.037 30.5 40.1
21-12-57 10:20 7437 230 0.038 30.2 _ 36.6
21-12-57 10:25 165.0 231 0.037 30.2 352
21-12-57 7 10:30 778.6_ 232 0.037 30.2 _ 36.2
21-12-57 10:35 783.1 _ 238 0.038 30.3 36.6
21—12—57 10:40 7954 236 _ 0.037 30.5 36.6
21-12-57 1045 797.8 239 - 0.037 30.8 37.3
21—12—57 10:50 7 802.7 242 0.038 31.2' 384
21-12-57 10:55 826.9 24.8 0.037 31.5 36.8
21-12-57 11:00 8212 | 248 0.038 31.9 36.3
21-12-57 11:05 834.6 24.6 0.038 322 3653
21-12-57 11:10 8424 24.6 0.038 324 36.4

| 21-12-57 11:15 848.3 24.6 0.037 32.5 36.4
21-12-57 i1:2C 852.3 _ 24.6 0.038 32.7 36_.9_
_21—12_—57 _ 11:25 866.4 251 07038 32_.8 37.0
21-12-57 11:30 888.3 255 0.038 329 37.0
21-12—_57 11:35 7 895.7 | 258 0.038 331 376
21-12-57 11:40 885.3 258 0.038 333 37.2
21-12-57 11:45 886.9 254 0.038 33.4 39.3
21-12-57 11:50 | 8874 25.8 0.038 336 38.8
21-12-57 11:55- 922.1 2556 0.039 338 38.9
21-12-57 12:00 903.0 25.7 0.038 34.0 39.0
21-12-57 12:05 8998 | 263 0.039 34.2 39.4
21-12-57 12:10 910.2 26.1 0.037 34.4 39.3
21-12-57 12:15 916.9 26.0 0.037 34.6 39.2
21-12-57 12:20 9114 an _26.1 ()_.037 347 3__8.8
21-12-57 12:25 918.6 26.1 0.038 34.9 39.0
21-12-57 12:30 93718 | 261 0.038 - 349 39.6
21-12-57 12:35 909.3 26.1 0.037 - 350 40.0
21-12-57 12:_40 971.9 259 0.038 35.2 38.9
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390 2 Feyamsnadeuszuundnmifouiianiauiistuweonannunieaduateiing
(Tuf 21 Sumen 2557) (9o)

Gt Tam Flow_Rate Tin Tout
Date Time 5 . . .
(W/m’) (C) (kg/s) (c) (c)
21-12-57 12:45 311.2 25.7 0.038 35.3 392
21-12-57 12:50 484.0 253 0.038 353 39.5
21-12-57 | 1255 901.8 25.1 0.038 35.4 39.5
21-12-57 13:00 883.0 257 0.038 35.5 38.9
21-12-57 13:05 895.7 26.4 0.039 356 38.4
21-12-57 1310 828.5 26.2 0.037 35.6 - 383
21-12-57 1315 | 9105 25.9, 0.037 35.5 39.3
21-12-57 13:20 484.8 25.4 0.037 355 395
21-12-57 13:25 853.6 25.6 0.037 355 39.3
21-12-57 | 1330 8756 26.2 0.038 35.6 39.0
21-12-57 | 1335 873.7 26.1 0.037 35.6 38.7
21-12-57 | 1340 870.3 264 0.037 35.7 38.0
21-12-57 13:45 857.5 26.2 0.038 35.6 317
21-12-57 1350 780.7 263 0.038 35.5 319
21-12-57 13:55 571.9 26.2 - 0.038 354 37.5
21-12-57 14:00 768.9 26.1 - 0.037 353 374
21-12-57 14:05 5958 2538 0.038 352 - 383
21-12-57 14:10 769.4 26.1 0.038 3500 393
21-12-57 14:15 | 3392 26.6 0.038 35.1 40.0
21-12-57 _ 14:20 118.1 26.3 0.037_ 351 421
21-12-57 14:25 3155 264 0.038 35.2 41.7
- 21-12-57 14:30 710.3 26.1 0.038 35.4 440
21-12-57 14:35 620.2 26.1 0.037 35.6 - 443
211257 | 1440 639.8 26.1 0.038 36.0 42.1
21-12-57 14:45 1650.6 26.5 0.038 363 39.7
21-12-57 14:50 626.5 26.9 0.038 364 39.9
21-12-57 14:55 608.6 271 0.038 36.4 42.5
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(JUN 22 SUNAU 2557)

Gt Tam | Flow_Rate| Tin Tout
Date Time ) . . .

: (W/m") () (kg/s) (CH (C)
22:12-57 10:00 684.7 209 0.037 317 36.3
22-12-57 10:05 699.1 215 0.037 319 36.2
22-12-57 10:10 711.8 214 | 0036 32.1 35.7
22-12-57 10:15 722.7 218 0.036 322 35.4
22-12-57 1020 | 7444 224 0.039 323 35.3
22-12-57 10:25 755.0 221 0.038 32.4 354
22-12-51 10:30 768.5 223 0.038 325 35.7
22-12-57 10:35 774.5 22.6 0.039 326 357
22-12-57 10:40 785.9 227 0.039 326 356
221257 | 1045 792.6 22.6 0.037 32.7 35.6
221257 | 10:50 810.8 228 0.037 328 35.7
22-12-57 1055 | 8179 2238 0.037 3238 35.9
22-12-57 1100 | 8275 227 | 0037 329 | 357
22-12-57 11:05 840.0 23.2 0.037 329 | 361
22-12-57 11:10 843.1 237 0.038 33.0 36.9
22-12-57 11:15 851.9 240 0039 | 331 37.0
22-12-57 11:20 848.2 23.6 0.038 332 37.1
221257 | 1125 857.5 238 0.037 333 382
221267 | 1130 860.9 238 | 0037 334 40.2
221257 | 1135 863.3 241 | 0037 33.6 38.7
2212:57 | 1140 | 8603 239 0.038 33.9 38.7
22-12-57 11:45 8637 | 237 0.038 36,1 38.5
2212:57 1150 | 8816 236 0039 | 343 39.2
22-12.57 1155 | 8768 239 0.037 34.4 392
22-12-57 12:00 859.3 24.1 0.037 35 | 390
22-12-57 12:05 860.5 240 | 0037 37 | doa
221257 | 1210 875.4 24.3 0.038 34.8 42.6
2212-57 12:15 870.4 205 | 0039 35.1 40.1
221257 | 1220 879.6 24,7 0.039 372 411
2212-57 1225 878.6 24,9 0.039 35.0 42.6
22-12-57 12:30 875.0 24.7 0.040 33.7 40.6
22-12-57 12:35 872.2 24.8 0.037 332 38.8
22-12-57 12:40 869.1 24.9 0.036 329 37.7
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o o4 e lo’ 55 = 2 P - <y lo’ a al 1 a
f1T NN 4 mauuam'imﬁamxuumamm'saumnﬂum*mseut.uamusﬂuqmw:uu'ﬂ,um'w 1v30C

Gt | T, Ts1
Date TIME . Tevapin | Tevapout | Tcondin | Tcondout Ts,2
(w/m) | (O Tsi,1 | Ts1,2

12/24/2014 | 9:.00 | 426.83 | 1899 | 3226 30.95 33.04 34.54 31.99 | 32.46 | 33.66
12/24/2014 | 9:05 | 406.83 | 19.01 | 31.50 30.05 34.14 35.64 31.96 | 32.66 | 34.15
12/24/2014 | 9:10 | 522,98 | 19.17 | 31.07 30.00 35.10 36.50 32.07 | 31.64 | 35.98
12/24/2014 | 9:15 | 425.87 | 1945 | 31.55 30.31 36.90 38.10 31.59 | 31.28 | 36.52
12/24/2014 9:20 64288 | 1980 | 31.52 30.05 36.96 38.26 3079 | 3153 | 37.13
12/24/2014 | 9:25 .414.95 2026 | 31.03 31.04 38.32 39.12 3161 3168 | 3892
12/24/2014 5:30 | 391.12 | 20.20 | 31.05 3047 3936 40.16 3092 | 3192 | 39.82
12/24/2014 | 935 | 385.60 | 20.17 | 30.58 30.64 40.25 41.257 31.0Q 31.83 | 40.74
12/24/2014 | 9:40 | 475.28 | 20.33 31.14 30.57 . 4161 . 142.41 31.05 3098 | 4148
_12/24./201.4 9:45 878.50 | 20.71 30.80 29.52 7 41.73 42.03 31.11 30.86 42.59
12/24/2014 | 9:50 | 557.34 | 21.10 | 30.74 29.09 43.01 44.31 30.37 3_1.48 43.49
12/24/2014 9:55 524.01_ 21.55 30.85 29.83 44.03. 45.33“ 30.52 | 31.64 | 44.37
12/24/2014 10:00 | 75799 | 21.89 | 30.90 29.63 44.85 46.00 _30‘.97 31.80 | 45.2%
12/24/2014 | 10:05 584.47 2202 | 3085 29.94 4552 46.52 73(_).87 31.6_)0 46.14
12/24/2014 10:10 | 500.29 | 21.70 30.23 30.32 4596 46.76 3052 | 31.23 | 46.12
12/24/2014 | 10:15 | 509.60 | 21.53 | 30.62 2987 47.14 47.94 30.21 | 31.30 | 47.22
12/24/2014 | 16:20 | 876.74 ' 21.66 30._26 29.66 47.97 4917 30.61 3_1.41 47.67
12/26/2014 1 10:25 | 570.20 | 22.28 | 30.76 30.03 48.69 , 49.69 31.23 | 31.33 | 48.87
12/24/2014 | 10:30 1,012.60. 2251 | 30.26 30.96 QB.62. 49.42 31.20 | 32.19 | 49.43
12/24/2014 | 10:35 | 880.51 | 2284 | 30.93 30.24 4997 50.67 31.04 | 31.76 | 50.27
12/24/2014_-_ 10:40 843.62 2317 | 30.34 30,19 50.43 51.63 30.83 | 31.54 | 50.97
12/24/2014 10:45 | 708.20 | 23.04 | 31.12 30.13 51.46 5236 . 3112 | 32.23 | 51.66
12/24/2014 10:50 847.76 | 2282 | 3091 30.45 51.62 52.02 31.48 | 32.25 | 51.95
12/24/2014 | 10:55 | 861.61 | 23.08 | 31.05 29.50 51.84 5294 ) 31.54 | 3155 | 53.16
12/24/2014 | 11:00 | 869.63 | 23.15 30..46. 25.84 5287 5377 35163 | 3162 | 53.68
12/24/2014 11:05_ 88266 | 2358 | 3147 30.89 53.28 5398 31.50 | 32.16 | 54.74
12/24/2014 | 11:10 | 893.71 23.96 30.52 30.39 54.83 55.93 31.66 | 31.65 | 54.47
12./24/2014 11:15 | 903.14 | 23.73 | 31.18 30.22 54.32 55.22 3169 | 31.66 | 55.76
12/24/2014 | 11:20 | 908.46 | 24.01 | 31.14 30..36 55.19 55.84 31.31 31.47 5584
12/24/2014 | 11:25 | 918.64 | 2399 | 30.92 30.89 56.08 56.48 31.56 32.22 | 56.66
12/24/2014 11:30 921.72 | 24.00 30.91 30.11 56.38 5_7.58 3152 31.33 56.92
12/24/2014d 11:35 92310 | 24.73 | 3085 29.90 56.66 57.16 31.51 | 32.20 | 57.73
12/24/2014 | 11:40 9_11.66 2494 | 3069 30.56 57.25 5775 31.32 | 3147 | 57.81
12/24/201_4. 11:45 934.04. 2519 | 3031 29.73 58.36 59.56 30,93 | 31.99 | 58.92
12/24/2014 | 11:50 | 934.15 | 25,10 | 30.84 29.93 59.14 59.64 31.37 | 32.30 | 59.10
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| Gt | Tum Ts 1 :
Date TIME ’ Tevapjon | Tevapout | Teondin | Tcondout 7 Ts2
w/my| @ Tsl1,t | Ts1,2
12/26/2014 | 9:00 | 504.13 | 2045 | 41.07 36.38 4284 a4.74 41.09 4i.85 42.99
.12./26/.2014 9:05 | 525.87 | 20.01 40.45 39.65 44.02 45.82 4151 | 41.03 | 44.51
12/26/2014 | 910 | 543.07 | 20.16 | 40.32 39.41 46.32 18.22 41.26 | 41.10 46.18
12/26/2014 | 915 | 556.25 | 20.64 Q0.0Z 3891 4783 49.43 41.09 | 41.22 | 48.38
12/26/2014 | 920 | 577.99 | 20.81 | 40.19 39.67 49.36 51.16 40.83 41.38 49.44
12/26/2014 | 925 | 59497 | 21.37 | 41.02 39.56 50.96 52.56 41.17 | 41.36 | 50.86
12/26/2014 | %30 | 61334 | 21.95 | 40.73 39.55 51.85 53.45 q1.67 4167 | 52.85
12/26/2014 | %35 | 621,88 | 21.97 | 41.21 397 52.90 54.50 41.37 4203 | 53.60
12/26/2014 | 940 | 63527 | 2204 | 4146 40.23 50.24 55.84 4116 | 4198 | 54.92
1_.2/26/201’-1 .45 | 646.65 2218 41.29 39.66 55.47 57.07 40.19 _ 40.73 | 56.05
12/26/2014 79250 667.80 | 22.44 | 40.99 39.62 : 56.78 58.38 _40.72 41.18 | 56.62
12/26/2014 | 9:55 | 686.27 | 22.61 | 39.66 39.25 K7.95 59.45 40.69 4121} 58.49
12/26/2014 | 16:00 | 699.27 . 22.84 40.13 38.57 58.75 " 60.35 4030 | 40.50 | 59.98
12/26/2014 10:05 712.24 | 22.62 | 40.17 38.91 5934 60.84 . 4043 | 4045 | 61.12
12/26/2014 | 10:10 | 72054 | 22.74 | 40.49 39.12 60.61 61.81 _40.90 41.29 | 61.10
12/26/2014 | 10:15 | 732.76 | 23.21 | 40.42 39.85 61.42 62.52 | 40.72 | 4087 | 62.37
12/26/2014 | 10:20 | 743.66 23.0_0 40.17 40.06 6291 63.71 41.36 | 4182 | 63.26
12/26/2014 | 10:25 | 765.02 | 23.06 | 41.18 39.74 63.82 65.12 41.71 | 41.69 | 63.96
12/26/2014 | 10:30 | 778.60 | 23.23 | 40.37 39.73 64.58 66.08 41.27. 4208 | 64.80
12/26/2014 | 10:35 | ¥83.10 | 23.77 | 40.83 3991 65.41 66.61 41.57 | 41.15 | 66.32
12/26/2014 | 10:40 | 795.36 , 2363 | 40.44 40.52 66.37 , 67.07 740.457 4083 , 66.81
12/26/2014 | 10:45 | 79785 | 2390 | 4013 40.22 66.79 68.29 40.82 | 40.97 | 67.04
12/26/2014 10:50 802.70 | 2423 | 40.60 39.23 67.82 69.12 40.74 41.10 | 68.68
12/26/2014 | 10:55 | 82693 | 2476 | 40.41 40.07 68.96 70.06 40.93 7 40.62 | 69.12
12/26/2014 | 11:00 | 827.16 | 24.79 | 40.40 3947 69.14 70.04 40.12 | 40.62 | 69.48
12/26/2014 11:05 | 834.63 24.59 40.41 39.35 70.71 71.91 _ 40.60 40.50 70.8.5
12/26/2014 | 11:10 | 84237 | 2456 | 41.39 40.66 71.20 71.80 41.48 | 4239 | 71.92
12/26/2014 | 11:15 | 848.35 | 2464 | 4141 40.91 72.36 73.60 4111 [ 4199 | 72.71
12/26/2014 11:20 852.30 2456 | 4143 40.89 1255 13.25 41.13 | 41.61 | 73.25
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12/26/2014 | 11:30 | 888.31 | 25.45 | 41.44 41.17 74.16 16.56 41.02 | 4193 | 73.85
12/26/2014 1_1:35 895.747 2580 [ 41.90 40.81 73.40 74.10 _41.24 4260 | 73.40
12/26/2014 _11:40 88530 | 25.82 | d41.75 40.54 72.35 73.85 41.81_ 41.85 | 72.67
12/26/2014 711:45 88691 | 25.40 | 40.56 40.62 71.95 7275 41.00 41.83. 72.08
12/26/2014 | 11:50 | 887,39 | 2576 | 40.62 40.1 71.75 7295 4092 | 4101 | 71.68
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12/2_6/2014 12:00 | 902,95 | 25.68 | 41.06 40.84 69.93 71.13 418314191 | 70.81
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12/26/2014 12:10_ 910.23 | 26.08 | 42.23 40.53 70.22 ‘ 71.42 41.25 | 4241 69784
12/26/2014 | 12:15 | 916.87 | 2598 | 41.00 41.14 69.15 69.45 4140 | 4167 | 69.25
12/26/2014 | 12:20 | 911.41 | 26.06 | 40.95 39.93 68.53 69.83 41.20 | 41.86 | 6%.21
12/26/2014 12:25 | 918.58 26_.11 n1.47 40.37 68.45 _ 68._85 4121 { 4200 | 68.49
12/26/2014 | 12:30 | 937.77 | 26.14 | 4134 40.07 68.09 69.39 40.87 | 41.94 | 68.09
12/26/2014 12:35 909.27 | 26.09 40.85 40.00 - 67.93 68.73 4055 | 4181 | 68.41
12/26/2014 _12:407 971.89 , 25.86 40.'_13 39.72 67.1% 68.79_ 41.10 | 40.87 | 67.82
12/26/2014 1_2:45 31116 | 25.73 | 40.22 7 35.89 66_.52 67.22 4047 | 41.27 | 68.03
12/26/2014 | 12:50 | 484.03 | 25.27 | 41.05 36.60 66.80 68.00 4077 7 40.86 | 67.04
12/26/2014 12:55 901.84 25.06 40.21 39.72 66.48 67.18 _40:75 _ 11.66 | 67.39
12/26/2014 | 13:00 | 882.97 25.72 41.05 40.18 65_.81 67.51 41.03 112.1'_( 66.47
12/26/2014 | 13:05 895.7_4 2639 | 4095 40.74 65.89 66.69 40.99 | 41.36 | 66.83
12/26/2014 | 13:10 | 828.50 | 26.22 | 4091 40.56 6598 676.78 _40._81 12.25 | 66.31
12/26[2014 13:15 | 910.48 | 2591 40.52 38.86 : 65.17 65.97 41.00 | 41.02 | 66.43
12/26/2014 | 13:20 | 484.78 _25.44 40.68 38.92 65.72 67.42 _ 40.38_ 4145 | 65.56
12/26/2014 | 13:25 | 853.60 | 25.61 | 40.74 40.15 65.82 66.62 4033 | 4161 | 66.22
12/2_6/2014 13:30 | 875.59 | 26.20 £}0.20 39.01 65.27 66.67 40.62 41‘.29 66.18
12/26/2014 13;35 873.71 | 26.06 7 40.45 40.1¢ 65.04 66.24 40.54 | 41.99 | 65.66
12/26/201’-_1 13:40 | 870.34 | 26.35 | 40.67 39.33 6_5.06 65.96 40.82 | 4097 1 65.46
12/26/2014 | 12:45 | 857.49 | 2623 | 41.19 40.53 65.07 66.17 41.19 | 42,16 | 65.38
12/26/2014 | 13.50 | 78067 | 2632 | 40.84 41.24 64.97 65.57 41.21 | 41.70 | 65.35
12/26/2014 | 13:55 5?1.90 2621 | 4076 40.44 64.55 _65.95 _ 40.90 41780 65.16
12/26/2014 1_4:00 768.91 | 26.05 | 40.95 40.72 64.02 65.62 4147 | 4244 | 65.36
12/26/2014 | 14:05 | 595.81 25.83 41.05 41.00 64.60 65.00 41.04 4225 | 64.79
12/26/2014 | 14:10 | 769.41 | 26.11 | 41.12 40.67 64.35 65.20 _ 40.81 42.17 64.71
12/26/201_4 14:15 | 339.15 | 26.64 | 40.91 39.81 64.61 65.91 41.63 | 41.36 | 64.95
12/26/2014 | 14:20 | 718.14 2_6.35 40.01 40.47 64.12 60.42 40.81 | 41.78 | 64.80
_ 12/26/2014 14:25 1 315.51 | 26.44 | 40.37 39.77 63.98 65.38 40,48 | 41.83 | 64.37
1_2/26/2014 _14:30 710,33 | 26.12 | 40.92 _40.47 64.26 65.26 41.64 | 42.29 | 64.29
12/26/2014 | 14:35 | 620.21 | 26.09 | 41.19 39.24 64.01 65.31 40.90 | 41.89 | 64.34
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Abstract

Solar collector is an important component of solar hot water system. The purpose of this research is design, fabricate and test
thermal efficiency of the heat pipe evacuated tube with compound parabolic concentrating (CPC) solar collector. The advantage
of this system is it produces hot water over a period of time without adjusting the direction of the CPC to track the sun. The
thermal performance of solar collector is critically impertant for the end users in order to ensure the efficiency of the system. The
testing of CPC according to (S0 9806 - | found that the thermal efficiency was equal to 78%. The heat loss coefficient of the
solar collector a, and a, are equal (o 3.55 and 0,06 W/m?-°C respectively. The mathematical model was developed to determine
the energy production base on solar radiation and ambient temperatore data of Phitsanulok province. It was found that the
monthly average energy of the CPC produced throughout the year is equal to 286,16 k'Wh or equal o 3,433.87 kWh/year.
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1. Introduction

The commonly used of solar energy technologics in the conversion of solar energy to thermal energy is solar
collector. There are two types of solar collectors: (1) Flat plate solar collector, this type of collector has thermal
efficiency of about 50 - 60% which appropriate for the moderate temperature (40 - 60 °C} applications. (2) Heat
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pipe evacuated tube solar collector, this type of collector can produce higher water temperature than flat plate solar
collector (>80 °C). The idea of this research is improving the thermal performance of heat pipe evacuated tube solar
collector by integrated with compound parabolic concentrators (CPC). The advantage of this system is it produces
hot water over a period of time without adjusting the direction of the CPC to track the sun. Wisut Chamsa-ard et
al.[2] studied the effect of a compound parabolic concentrator (CPC) on thermal performance of an evacuated tube
solar collector. The CPC was designed with acceptance half - angle (8.) 11.5°. The experiment was conducted with 3
different evacuated tube solar hot water systems. (a) Evacuated tube solar hot water systems with 7.76 cm.-height of
CPC (b) Evacuated tube solar hot water systems with 4.25 cm.-height of CPC and (c) Evacuated tube solar hot water
systems without CPC. The results showed that evacuated tube solar hot water systems with 7.76 cm.-height of CPC
has the highest energy production (1,830 kI) which rise up water temperature from 30 °C to 51.9 °C. Theeradet
Cheewananthachai et al.[3] studied the distillation of ethanol using the compound parabolic concentrator with an
area 2.1 m® (2 sets). The stainless steel parabolic curves reflect light to a 0.03 m-diameter receiver pipe. The
experiment was set up by connect solar collectors in series connection. It was found that the outlet temperature of
ethanol from the solar collector is up to 80 °C.

As the literature research above, it can be seen that compound parabolic concentrators can integrate with solar
collector to improve thermal performance of the system. Therefore, the concept of this research is integrating the
compound parabolic concentrators with heat pipe evacuated tube solar collector that available in the market and
testing the thermal performance of the heat pipe evacuated tube with compound parabolic concentrating solar
collector. The results from this research can be applied in various applications as appropriate.

Nomenclature

Ae Aperture Area, (m?)

BC Parabolic Arcs {m)

CR Concentration Ratio

Cp Specific Heat (kl/kg-K)

d Pipe Diameter (m)

It Solar Radiation (W/m”)

m Water Flow Rate (kg/s)

Qu Energy Used (W)

r Pipe Radius (i) up
FpU, Heat Loss Coefficient (W/m”*-K)

B¢ Acceptance half Angle

Fr(zt), Solar Collector Absorber Coefficient
T Water Temperature Input,”C

T, Water Temperature Cutput,’C

2. Theoretical Approach
2.1. Compound Parabolic Concentrator (CPC)

Compound parabolic concentrator (CPC) is a radiation concentrator of the fixed concentrator having moderate
temperature (100 - 300 °C), with a solar radiation reflector intensifying more up to about 2 - 10 times without Sun
tracker. The compound parabolic concentrator is a surface area reflecting solar radiation over a tracking
concentrator. It can allow the model surface reflecting solar radiation. Therefore, it is not carefully required for
shaping much as a solar tracking. Fig. 1. and 2. show the evacuated tube solar collector with a compound parabolic
concentrator (CPC) and solar hot water system with heat pipe evacuated tube solar collector with a compound
parabolic concentrator (CPC).
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Fig.1. Evacuated tube solar collector
with compound parabolic concentrators (CFC)

Storage Taok Hot \yater
{Ilal Waier) |
< Cold Waler

Waler Supply @7 \I—/

Fig. 2. Heat pipe evacuated tube solar hot water system
with compound parabolic concentrators (CPC)

Heat pipe evacuated tube with compound parabolic concentrating solar hot water system consists of a heat pipe
evacuated tube solar collector, compound parabolic concentrator (CPC) and storage tank. The system is heated by
solar radiation incident on the solar collector and transferred heat to the water. The water temperature is risen before
being drawn to use.

The concentration ratio (CR) depending on the medium between the reflector area and acceptance half - angle
can be expressed as:

n

(1)

CRy—piamention = ———
Diamention smﬂc

The relationship of the total height of the CPC (H), focal length (£), acceptance half - angle (8;), circumference
of the absorber (a) and tubular tube can be expressed as. [4]

Total height (H}):
o = a (1 N 1 + 1 ) 5
T 2\2  msing,  sinf tand, @

Focal length (f) :
f=- )
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Equation of parabolic ares (BC) :

d T
BC=‘8(E) p<O+3 (4a)
BC:(%)[(5”0““%)““5(3‘90)] b +o<B<3=—8, (4b)
1+sin(f—8,) 2 2

3. Data Analysis

In theory, the solar collector testing can be carried out in several ways, which measure the critical parameters
and variable parameters requited by the selected test standard. Beside these parameters, there are some other
components to be considered together such as the thickness of the absorber, a number and type of covers and the
size of the rear-side and back-side insulator of the solar collector, When FR is a factor of absorbing heat used, the
energy that can be utilized is.

Qu = ACFR[S - UL(TL' 3 Ta)] (5)

Therefore, the instantaneous thermal efficiency can be obtained from

_ Q0 FaUy(T; — Tp)
=g g = Falrade - ©
: FrU (T; — Tg)

ne = Fa(ra), =~ — @

T

mcp(Ta . Tl)
= WO fhe b 8
i A,G; (®)

If Fp and U, has slightly been changed during the Fp(ta), and FrUy is a parameter used to describe how the
. collector works. Fg{ta), is indicator of absorbed energy and FrU; is 2 term referring to the energy loss. If U, F
and (7a), are constant, a graph of Fr(ra), with (T";:“) is linear y intercept at Fr(7e), and has a slope equal to
~FRU, for U, a function of temperature and wind speed and decreasing when the number of covers increasing, Fy
slightly depends on temperature. In addition, there is a change of the ratio of direct radiation, diffuse radiation and
reflected radiation from the ground. Information of the distributed temperature, wind speed, and angle of incidence
changed. Although it is quite difficult, the prediction of the long-term performance can be determined from the
intercept and slope. )

S i 7

Fa(TC),

g (T,- TG,

Fig. 3. The relationship between iy with (T;-T. Y Gr
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In case, the thermal performance of an evacuated tube solar collector is required. Its instantaneous thermal
performance can be found from the equation.

1= 1o- a1'7?1'a2 ')Gt'T‘r;‘Lz 9
L+t
Nt (10)
£, — L
T = (mG a) (1)
r

4. Methodology

The heat pipe ¢vacuated tube with compound parabolic concentrating solar collector is tested by ISO standard
9806 — 1 to determine the collector performance. The results of the test are used to determine the energy production
(Q.on, Watt) of the CPC. The mathematical model was developed to determine the energy production base on solar
radiation and ambient temperature data of Phitsanulok province. Specification of solar collector and testing methods
can be shown as follows.

4.1. Specification of solar collecior

s  Type : Heat pipe evacuated tube with compound parabolic concentrating
+ Size

Overall width 1.80 m.

Overall length 1.45 m.

Thickness : 0.08 m.

Aperture area ! 2.61 m?
o Evacuated tube : Outer diameter 47 mm.

Inner diameter 37 mm.

s  Acceptance half angle, 8, [2] : 11.5¢
» Angle at central pipe (F) 2] i 120-
e High(H)|[2] . 7.76 cm. [2] Fig. 4.

4.70
7.76

0.86

I I
14.71

Fig. 4. Cross section of a heal pipe cvacuated tube solar collector
with compound parabolic concentrator

4.2, Solar collector testing method

Solar collector testing at School of Renewable Energy Technology (SERT), Naresuan University is the outdoor
testing facility (Fig. 5. and 6.) to determine the thermal performance of the solar collector. In case of the collector is
evacuated tube, the testing standard procedure by 1SO 9806 - 1 are used to determine the collector performance
which has required conditions as follow:

(1) The flow rate of the fluid is constantly equal to 0.02 kg/s per one square meter of solar collector area. (For
this test, the flow rate is 0.05 kg/s)

241
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(2) The total solar radiation is not less than 800 W/m?,

(3) Ambient temperature does not exceed 30.0 °C. (For this test, the ambient air temperature is between 28.0 -
32.0°C)

(4) Water temperature at the inlet is higher than the ambient air temperature. (For this test, the water
temperature is between 30.0 - 50.0 °C)

Solar collector is cleaned before each test. Then start recording the ambient temperature (T,), Input water
temperature (T;), Output temperature (T;), Solar radiation (G;) and water flow rate (). All data were collected
between 10.00 am - 2.00 pm. This is a shot term testing to evaluate the thermal efficiency of the solar collector.

C: Solar Collector, C.V.. Cheek Valve, E; Flow Transducer, F.T.: Water Filter, Gt: Solar radiation on collector plane, HV: Hand Valve,
L.S.: Level switch control, M: AC motor drive pump, P: Water pump, Pi; Pressure transducer inlet, Po: Pressure transducer outlef, T:
Temperature heating control, Ta; Ambient temperature, Ti: Inlet temperature, To: Outlet temperature, W: Wind speed

Fig. 5. Diagram of solar colleclor test system
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Input waler Output water

Solar collector

Ambient temperature
sensor

Fig. 6. The solar collector test system

The mathematical model was developed to determine the energy production base on solar radiation and ambient
temperature data of Phitsanulok province (Table 1. and Fig. 7.)

Table 1. Average solar radiation and ambient temperature in each monih of Phitsanulok, Thailand. [5]

Solar radiation Ait temperation

Mouth (KWhim/day) )
Jan 495 25.2
Feb 5.66 28.3
Mar 6.04 303
Apr 6.3 30.1
May 5.67 28.8
Jun 5.05 ‘ 272
Jul 4.87 26.8
Aug 4,66 264
Sep 471 26.1
Oct 4.63 247
Nov 474 232

Dec 4.81 227
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Fig. 7. Solar radiation (Watt/m?) [5]

INPUT: AC,FR(TQ),FRUL, Tamb ,me,At, Ms

/ t=0: Assume: T¢ /

v

; ............................. [ 2 ! = r+At
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Fig. 8. Calculation Flow Chart

5. Result and Discussion

The result of thermal performance testing of heat pipe evacuated tube with compound parabolic concentrating
solar collector according to ISO standard 9806 - 1 is shown in Fig. 9. The thermal efficiency, heat loss coefficient a,
and heat loss coefficient a, of the CPC are equal to 78%, 3.55 and 0.0600 W/m™°C respectively.

The result from mathematical modelling to determine the energy production by using solar radiation and
ambient temperature of Phitsanulok, Thailand is shown in Table 2. and Fig. 10. The result was found that the
monthly average energy that produced by the CPC is equal to 286.16 kWh or equal to 3,433.87 kWh/year. The
month which has the highest energy production is March (354.80 kWh) and the lowest is on September (240.67
kWh).
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Fig. 9. Thermal performance of heat pipe evacuated tube solar callector

with compound parabolic concentrator (CPC)

Table 2. The annual energy production of Phitsanulok, Thailand,

Qcoll

Month (KWh)

Jan 308.25

Feb 313.44

Mar 354.80

Apr 337.79

May 302.60

Jun 260.78

Jul 201.31

Aug 248.68

Sep 240.67

Oct 24587

Nov 265.29

Dec 29438

AVG. 286.16
400.0
1500
3000
= 2500

£

é, 1000
1500
1000
500
0.0

Fig. 10. The annual energy production of Phitsanulok, Thailand.
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6. Conclusion

Thermal Performance Testing of Heat Pipe Evacuated Tube with Compound Parabolic Concenirating Solar
Collector by ISO 9806 - Iwas found that the thermal efficiency was equal to 78%. The heat loss coefficient of the
solar collector a; and a, are equal to 3.55 and 0.06 W/m>-"C respectively. The mathematical model was developed to
determine the energy production base on solar radiation and ambient temperature data of Phitsanulok province. It
was found that the monthly average energy of the CPC produced throughout the year is equal to 286.16 kWh or
equal to 3,433.87 kWhyear.

7. Acknowledgements

The authors grateful to School of Renewable Energy Technology (SERT), Naresuan University for supporting
of experimental equipments and instruments.

8. References

[1] Department of Alternative Energy Development and Efficiency, Ministry of Energy. Guidelines for the use of solar thermal energy systems in
the industry; 2009. ’

[2] Wisut Chamsa-ard, Serawit Sonsarce, Sukruedee Sukchai, Paitoon Laodee. Effect of compound parabolic solar concentrator on thermal
performance of evacuated tube. Proceeding of the 1st Phayao Research Conference; 2012, p. 592 599

[3] Theeradet Cheewanaathachai, Samlee Lailuk. Ethanal distillation by compound parabolic concentrator (CPC). The 20th Conference of the
Mechanical Engineering Network of Thailand; 2006.

[4] Orrawan Rewthong. Photovoltaic and sofar thermal hybrid system using compound parabolic concenlrator, A thesis in Master of Science,
Facully of School of Energy and Materials, King Mongkut's University of Technology Thonburi.

[5) NASA Surface meteorology and Energy - Choices.



