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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 ¢lass PV modules were used in this
research with total 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 Qcgng 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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nruansURTsEas datudiaissadanenaiadunsemalilin edadldnihnszuanss) A

= W d‘! o A
siansinavenszualvihvunigluiens aegun 6
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iaaudseinslnsniluagliusssulniinuszana 0.5 Than Nannzeastanasliinise

il drurnszudliiirvenvaduatonindesluediuusednsamuay vuinvessad

waeefing (Huiimingia) LLaxe’J’ﬁ”J’uee‘Jjﬁ’uﬁi'mmwii’u%’aﬁl,mmﬁméﬁmﬂﬂswuuuﬁuﬁwmmaé
L@ fing frataidy waduasefindnlssnusinaiiuivinga 160 arsaeieuRians au
anansondalviiiligegauszana 2 i Aannzmmunduteaenfinduszana 1,000 Fosdanse
wng uaslilemnudunaenfindansiacmdouszann 400 Saden1sanns wadlaweindiin

wpaninilaiieaUsyang 0.8 1na [4]

2.2.1 puantfinielwiivesunuvaduseiiing

aaaudAn i veswnasaduaseriindawsasiuralalasldnsinuansamaudd
nszug-wsaiulwimengaduatenfing (V-Curve) dnumizves IV-Curve litnaziliuvaciwad
(cell) Tuga (module) ua st (array) eildnuasiiieniiu figui 7 |
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=
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%_e
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\fm Voe
wradulnin ()
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5UM 7 pruantinszualvihuazuseiuliihveasaduwseiing



- Anseudlniigean () Aernssudliihiigafdaluihgugaveasaduasenfindly
yaszdislpagfuasznslulih

- Aussuliiligsga (V) Aemusssiulnihiigamadliihggavessaduaseniinglu
vouzfistoagiuanszndluin

- fnszudlitdhdniees () Fernssudlnihvsuseduaseindluvasitiansdn 1993

- Ausamulnineende (V) Asauseuliihvesvaduaoniadlurneiliiaisena
vl

- inndslwigegn (P, Aemmdsliihgegaiwaduasenfingsseennluvasiiiinngy
3l

- Anfladulawes (F.F) e Ardnsiduvasidslnihgsaadonaguseninmnssualni
dmeastunssiiliiinstesnsodeuduaunislddolud

P [ xV,

m

F.F= = 9)
Isc X Voc Isc X Voc

¢ o  eda I s ¢ ' = <4 o v o o v i
iwaduase1findhidmstimfadurawmasuinndn 0.7 Yuld ienvelvigavhaudelndifia
Augnmaaliivhgegn

- UsgBninanaadn (77,) e Ardnsrdiudndslnihgegasiendenuilasvveswunaigad

WAIDNNE Tamalaanaunig

P
N = Ll ”(‘; ] X 100% (10)
m4YT

Wie A, A9 Aunsundagaaudioing (m?)
o A9 AAURLSIENeIng (W/m?)

lunsdifisunsasl 1V Curve Bivdeuunulusglu Quadrant fiaeanied (Aussduuay
nszualiliinduav) asmnsanuiifensgydomaslniy Gaanmgeiainainnisiiwaddl
guilgsnn waslndiazidome suiusilefasa Bypass Diode Uifunawadiiiotoatuns
auseduluadounduidwaduasariing lasuninisnaasunuantinidiiiveusad
wasorfingiitefuseanmuninaznseviniideuluaniziFenin Standard Testing Condition (STC)
Fadeuladsndrinmadeuiiiemauantinidliihazdemaaeuniald@ouly vesianudu
Lyfinnsending 1,000 W/m? fidsnasnme 1.5 wavgamaiiwad 25 °C dmiuwaduaaiindud
wfidnuamansihailade nssudlibiindalfesfindusdwainaveiionuduisdang
orfindifindy Fsdananis 1V Curve vaawaduasofindflannzanuduidmeeindad fud
anmzgampiuanifuuansisgy 8 was 9 Adsliihindnldvearaduaeninduilndaneuss
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A -y d%' 1 1 5 lhl g H 1 L2 1
anasiiiegnuigilivadsy drumnszuatuaziivdudntes Tuvasnaussiulurhazanasasig
110 Falaeunimdaliinazanasluyszanat 0.4 — 0.6 %/°C

Module IV-Curve - Varied Temperature
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U7 8 IV Curve nydlidlaAanndiissdnseniindasiuazgumgiliwagiiaiu
11 ; http://sargosis.com/articles/science/how-pv-modules-work/ calculating-the-iv-and-pv-
curves-for-a-solar-module/

Medule IV-Curve - Varied Irradiance

Module Qutput Current (A)
— [ 5] w L w D]

o

0 10 20 30 40 50 60
Module Output Voltage (V)

U 9 1V Curve nsdliflogaumgiiwadasiuazianuduisdnisoindanas
a1 : http://sargosis.com/articles/science/how-pv-modules-work/ calculating-the-iv-and-pv-
curves-for-a-solar-module/

2.2.2 Usannvesiwaauasoniing

iwaduasorindanunsasuunauiagiinwdnaduaseindld 2 Ussim Ao wad
waefindindnandaneu (Silicon) fuladuasenfindfinanainaisussnau Tnoiaduasenfing
finAnandaneu (Silicon) ﬁawaﬁtmdmﬁméﬁmammﬂmmq%ﬁﬂauLLﬂamﬂmﬁ'ﬂwmsmmgUNﬁﬂlﬁ
Ju 3 gUuuu Ae WuURANAET (Single Crystalline) wuundnuaa (Poly-Crystalline) Wagiwuue

deugu (Amorphous) $1U19A19131580T Wgaduateinduwuuilduuna (Thin Film Solar Cell)
s C{
PeguR 10
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(¥)
U7 10 waduaseindvininainddaeu

(NUUURANLAET VUUUNENHEY AUUUBFUFIY)

wadhasefindinanainansuszney e waduaseringfithamiaud 2 viiatulunsde
Hugaduaoniing 19y waduaserfindindninainaisusznovunaldsnsiwlud (GaAs)
wanlesmaiaslsd (CdTe) asviesduidsulaenglud (C15) waduasoindussanilaniveli
Uszdnsamgs witeidsvenvaduinide dsnums vissiavhanasilufiviedwandey
uaziigymizasengnislday

2.3 VIWioUNWaAENS

e

nquioamnamaninltlunisaiemanuioulsenaunie Msi M waznIsusSd
ANTRU Ferwilseasdeadtasialuil

2.3.1 n1siAusau

a =

nshANTaY A MswaeugrenEInuINTeUInilonmglialuduauiuniiigamgl

vy A, N
o %) N et

AN ANULSIEAINITANEN LI NAUADNITEILAZENIINSIARRUT 1AL DU UL U HUTIDY
\udnduiunasnaegaumgiuag Fourier’s law agledn

die (g A wdndmauieu (W/m?)

oT . . .o Y u
oo Ao dndunasingamgiiivizesnimsivavesnuioy
k R ANASNEAN WAL DUYDSEENS

\ogumgiianunsnaiunguuuidauduld asannadeunaniweramgilai
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aT T,— T
\ P (12)
' X L
Tnefivdnduesnnuioude
" L=y
qx= —kT (13)
wazausadnguaunisivallaan
B, Al
A N e W e, 14
[ k 7 k 3 (14)

2s
“ﬂ L7 ol

= [V 4 o v 1l i Y 1w o
Waranganusaulvacuiunvindayindu A Lasnunyingu L daun1su9489310135
\ dssinuanusauansadsulain

" 1 AT
Qeond = 9 x° A:kAT (15)

089 Geong WMUUSINUANLSOUTAlINMsthilmhoduing (W)

2.3.2 MswIA1U3euY
A1sNANTBUMENTlaIInIavitialugBngaviia LTEenTINsTUINNTAIRUALTaY

u %
b7 =

femsw miwesemaninduusiulansfeuinaiasnsinsaelauauieu Weaw
Soulvadonniluduiianmiivesvesvawifuaud imaznanlddunisdsinunnuday
shenisw Jwmasavesgamniiitissiuegiunusivesadlva Siammausaesesdivaiirnn
JufewiliAnnadavesgamgiinndady saiflssanmnwfmafinisalngldngnisibuds
Y99t (Newton’s law of cooling)

q"s = h(T; — Ty) (16)
wag Qeonv = AQ's
Al Qeonv = hA(Tyw — To) (17)

= o k73 M v =1 ] 1] w & o ] 1
W19 Qeony WNUUSHNAMLTBUTILAR AT aTuind Tnefidnsinisdsiualiu
@ w T P | N - @ -
Soudumnuduiussewinaiiuiiia A uavnassvesaamalindiuiaiuvedivaidl h unudulsyans
ATIIALTOU
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2.3.3 NMIUATIEAINTOU

SdmufoufiensUanUdesndsnuvasingidvaulunvosgamgiiludimileg wdanu
yoamsunseafunsdedandeunimanlad Tuanuduadamsdeinndanuionswidlu
qayeyInAvzilusgAnsainuin Iﬂaﬁwﬁnﬁqaq%mmsLui%’qﬁmﬂﬁ'uﬁ’mﬂﬁﬁqaaumwm
Stefan-Boltzmann A8

q =oT¢ (18)

ile T, unungumgiiiuninovesingiimbelueady (K) uag 6 unur1Aives Stefan-

8 1
| ly ala

Boltzmann a1y 5.67x108 W/m? “K* lneniufaiignizends Munisddunnmmiainge
p8NIMILHTIEIUNN L ouazIzld

< = 1 v

ar g o/ l:i 1 - =
GNH‘lJWﬁﬂ‘gﬂ’J']il'li}Elu%ﬂﬁﬂ‘lJﬁ’e)EJE]’e]ﬂll’]’iﬂ ANURNIANISUATU

q =€50T¢ (19)

e &, unuamanURnIsurSEnnuaveing Send1 Anuansalunslandaes
waenu Auandfszfideglugg 0 < & = 1 lnenidhsnsuaniuasunmiousswinsiiuin
yeadngiivussemalpesauiuia ssuanalidiuldluzuuuusemheiiunvesiuiinguuae

q 7 A = ESO_(T:_T;LW) (20)

8
= = s =

1067 qag WnUdnsINSURSIdmSauvBiuAIveringliniatdning A ununuiia
veafngiimiradunisnaans (m?) was Ty, wnugaugiivesusisnalasseuiivinedunaiu
funussomalagseubilinansdnsinsuanilasuaiuiau 9Naun15A 20 @unsadnguves

auni1smalladu

Qrad = SSO-AS(T; i T;zn') (21)

Imaﬁﬂmauﬁ'ﬁmmnw%%’qﬁmm%’auLLmmﬁméfuaaﬁ’aﬂamwiamﬁm edAuanNa19TUY
ANUTHAYDIAINAS

= o -4

=i ol
2.4 UIYNLNYAVBY

#5575 nende (2543). Anvmsidentdduanuieudiudniussuundninfou
waserindludanindedul aunmsmsadinmanigninandiasimainuresssuutitednuis
svBznmMIAUUBsTELY nevhmsuiudsumnnuesumdou winasioulutiun
Sou silavestafiuisdeniing wazmuadufvazaundany dumudeussgminnldiaduszuy
Wamhfeunaenfindnsdinissvessvuuasd warhined WSsuifleusussuundminseunaseriing
il
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NANIANYINUIN iw‘umamﬁ:ﬁauummﬂméﬁlﬁ%umm%mﬁmﬂﬁﬁxaznmﬁm@uﬁ
Funihszuuramirfeunaeindludessuuiisnsaudesnsauteunnnit 10 Mi/hr 1
nsvhauLuUsewias 12 hr (na1etu) uas 24 hr/day Wussuuiidsnmauieimsanudou 15
MI/hr wuustaiias 12 hr (naneii) szuuldtinemudeusun 830 W ansviau R-134a uasléin
Wudderfinduuumusiunszandudie aum 6.6 m2 filfafvavaundnusuin 200 L sadu
ssuviinzaniign lneesiissosnardunu 3.8 1

drmsvauuniszliaed /e iflssesinainisdinausiy 3 uag 5 hr/day ssuu
nanihfounaenfindluavmunzandmiunsldnumnnissuuiilduausewasy Tned
sgugnatAunuUIUND 5 T dussuuiishsmiasesnImaniou 25 Mi/hr fina1nsviney
594 3 hr (6.00 - 7.00, 19.00 - 21.00 u) &ag 5 hr (16.00 — 18.00, 19.00 — 22.00 w) WUIINTL
syuuRameuldseindialuiitisifusdefinduuuususunsyanduliien vunn 6.6 uay 8.8
m2 fafiudzaundsaueng 600 uaz 1,000 L axliszesinafuyy 6.6 Laz 5.8 year iy

a93d dous’ (2554). Anwaussaurvesssuuduaudouiaiimdsiuiaeniing e

waminfouaamniigs Tnslumsnwlifaulunaegnede ieldvhuisaussousnisianuves
UV sruulsEneudsiafusideiing 10 f dewunuiuy sdnihdewduliludivug 1,500

A e mudaulunsdammmnudeulitutiueudouilldans R-123 mnaawaunia
Tunsisannudeu 5 kw Tasdandaismasvasssuvdunnufeussfundnuanadoudildan
uaseniing Lagaztomarmieuliiuiiludiuunn 200 3as suneuauge

nsnasesldviinsvadevssuuideliifimszansld uaziinrsemslidsnsinisiva
M99 WU ﬁ"lé’m‘ﬁ'}d’auﬂis%w%mwwé’qmmaqﬁaamnscﬁ%ammLﬁaqquﬁﬁﬂuﬁqﬁ/ﬂﬁaﬁ 2
dindiu Ansznasliihafidnsanisiva 0.024 ky/s gumgiinfeuludsasiigamainouthanad
U521 80 °C wazmsymsldihiidasnsluaiviliaampiilufianasasdmaliadngdin
UssAnBammndsnudindu Swaiildannmmadeussgninuifieuiuwuusassiligniauiy
Tngagnu wafildanuuuiassmavhauresszuyssiialadifssiuraiildannnimaans

wuyassn s U sianndvegninlUldlunsuamir feugumg il Fon
Uszanm 80 °C TulssnugaamnIsuauiaian Toeiivsunansldiideulssann 1,035 Liter/Day
wudn fuidufviideriinddfianumanzaniian fe 14.10 m2 (ufusdorfinduuunsiuiov
douu 6 ¢) uazrtndninFeudsil 1 uag 2 duun 800 wag 600 Ans mud iy Feasdl
wampuuvLluNTasUUTTANG 6.48% YasTregaifiuny 7.52 U deifisufunisudnihdouse
apadnlih

& v '
aw = o =

Ande Astiniyatined (2542). ddeilimsdnuaussousvesszuuviniounldan
Juasumdanuuaseniind fafufedvmiiduduatvesnes s R-136a Wuasien was
ahauuhasmeadneaniinsiassdaunisaivesssuuiieviineing vesruuiihiou
fifnfadendindanniznuaghugag 490 - 700 W/m2 anananeglud 1.4 - 3.3 m/s §a31013
Ivavesa15vin91u R-134a 0.003 kg/s Fnsnsiwavenildau 0.02 ke/s naihnisagdey

10.00 ~ 15.00 wu.



\\

15

nan1svnaauUnUIn dulssAniaussauzvnsdntuagludas 2.36 - 4.29 UsgAnsnm
MsuFedegludag 54.64 - 75.12% uagyim U UBUNAIINNTNAGBIAUKAIINNITINERY
aanunsaivesszuvlumenUsyaniaimaesiiiuded snsnstemanudeudidiiuded das
nMsdremanuieuiineunueed fulssaviaussousvesiniy uasuszaniammsiiiou
99953UU WU SlanlndlAueiy waziilesrasanisiauwesssuuiiidenildndunsdid
aﬂﬂsmm'}mammumaUﬂU?U‘ummmuwamuummmawﬂu WU Yszansnnaasused
YABISLUY LazdnsmMsthomanafeuiinusdlndidneiu snsmdsnumudeuEiuves
‘azuumuﬁauwamuLuaqmwmamLﬂms@qmw Tuaauqmmum3@un@um’mqﬂmmmnmau
3u uazUszAnsnmnisvinindouvessruuihfeuitidantuasgent

H.D. Fu et al. (2012) swideiildvinsinunssuurnindeudessuutuanudouady
wisnuuaserind Toeldviemnuioussuisninufoussnnnaduaerindngsimifiaiiou
\n3BavgEme (Photovoltaic solar-assisted heat-purnp/heat-pipe, PV-SAHP/HP) Ingn1s@Ans
I§fuuaanzeeniu 2 du fo (1) ssuurdmitdousinviennudou uas (2) svuunaninfeu
Mntumnudouaiundnuiaseniings amsfnwazeguuitugiu USuniideriing (Solar
Radiation) La$N1TNUTRITULTRTIAR KANSANWINUTY (1) S¥UU PV-SAHP/HP nsissuy
ndntinfounntuanudemaiundnuuaserfing Uszansamndasuiodeniiiu 61.1 -
82.1%, Uszﬁw%mwwa”qawuqqqﬂﬁgﬁm?ﬁu (Exeray Efficiency) iU 8.3 — 9.1% wagAndulszans
aussaug (COP) dAwvinAy 4.01 WeySunassderiindilangs (2) ssuu PV-SAHP/HP nadlssuu
HanisounvioAuSeu UsEansnmnaanuaiewiniu 36,5 - 38.4% wavUszansan
wé’qmuqa@mﬁtﬁm%’u (Exergy Efficiency) infiu 7.4 - 7.8% Lﬁaﬂ‘%mm%'ﬁaﬂﬁméﬁmqa vadl
wisuAnaald (Enerey Generation) LLaxﬂisﬁw%ﬂmwé’amuqqqﬁﬁmﬁmaaﬂmmaﬁxwwﬁ
Adednogi 28.9 uay 5.36 AudIRy

Hongbing Chen et al. (2011) Tngvirlunswasugundanunaafingluiundasu
Iihlnglfimaluladivaduaseniindnwudn Ussdvinmuesszutazanadiiiosangnmaiveauns
[wadnaingiiugetu dmivnddeiidunaaiesfivUssanbamusaunuaduaening
Tnonisthiensyuvanmasramfuiumudouiiondmirfeuldnu dmsvaniduildld R134a
Duansviandussuuduaiudou msanulddilis 3 Jadefidmansaussausnisynuves
s3uv Ao Usinaifedending, Snsamsldiutadesmauuiu uazenmpiheudignidluldam
NIULAS AU

nansAnYIU AN EIYsYAnSaussaus (COP) Windu WeuSunafedeoniingifiuty Ty
COP fifnagszuing 2.9 - 4.6 WauSinaideriindiiragszuing 200 - 800 W/m2 sasimsld
hruedssmuutiuiidnasiivhiu 2 L/min wasgamafith$eufigndsuldmuinuedosaauuiy
35 oC ludruresUSuramdsnuliihindaldonivaduateiing wazuszandnmesugad
meﬁmér?éuqa%mﬁaﬂ‘%u'lm%'aﬁmﬁmsjl,ﬁ'u%"u TmaﬂisﬁﬂﬁmwmmL%aa’ummﬁméamﬁuqﬁu
1.9% dlaifsusuinaeaduasefingilifissuussursanufoudundass



16

FduszAnSaussous (COP) anas diegumginhfoufignidluldukiuaiosmuuiug
auuiiifiugedu Tag COP fidnanasann 5.2 asly 3.2 dlegamgihioudignisluldautien
Wuduaan 25 - 45 °C fvdunasidorfindfaussunn 600 W/m? uazsnsinisldisinuades
aruutuiiamaiuiadu 2 Lmin Tudiudsnamdssuldihfindols wasdszaninmeeagad
wasofindlaifinannnin

Andusavisaussauy (COP) anas dlosnsnsléiwnuaiosmumiudiviu Ine cop
fidhanasan 6.7 asly 2.8 dagnsmsldiriuedasmuwiufiviuen 1 - 5 L/min MZun
Fadtefindiauszuna 600 W/m2 LLasqmmﬁﬁﬁauﬁqnﬁalﬂi%’mwhum‘%mmuLLu'u 35 °C lu
drnvBinamdsnuliih indeld wasusedninmvetgaduaeiiadluifinamnin

Corteoler

. -

K P H;& g

' Compressor "‘@ | Raditit with
@ ’ | eqting fm
..... i
\\. Coaol valve m
o)
A < ),
K B PV peec) 't
! ‘\" "
v; = —_— P |
Pomer testing J
e " _ Flow matsr Pumgp
Cron Expaniko vabe Fikpr  Ressiver

T henmecogple: P-Peessare tnismdocer: W Povee neier

gﬂﬁ 11 The schematic diagram of the hybrid PV panel-based heat pump system

£74 7
a e =)

Jie Ji et al. (2009) snBseiiliiausnanisdnussuundnindoudisssuuiluniny
Souildigaduasnnfindinansiovrfeudinfudiniafiduinioariissineg
(Photovoltaic/Thermal Solar-Assisted Heat Pump, PV/T-SAHP) la s ldeoniuu ffuyed
prfindfinndaraduaserfinglifuuuvosonaniuaufou idssruuazanunsondali
wdsulii wasndsnuanudeuldlunanivatuliilefissdodindannseny naiildan
msanwldannsaiauuusiasmsadiadanfilssuifisuiuradldannismaass Tnefuls
ﬁﬂﬁmﬁ‘LﬁﬁﬂwﬂLLamaﬁaﬁ USinmsedenting, aamafinanden, annizn1sviianivesansviimnuy,
ANy, gunadl, Auameesle uazieaval nan1sAnwInuIn nafli9rnuuusianania
adinAnanitinlndlAsaiunaildainnismaaes ssuvasansandsliih uasilussansninmia
m'm%'aufgaLﬁatﬁavﬁ'U'ssUULLUUﬁl'a‘lﬂ TagUszansnnvesvaguaioing wazUssdnsnnids

AfouTDIsTULTLE NN IAaRLiiAYTU 12% wag 50% mudndu
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g‘dﬁ 12 Schematic diagram of the PV-SAHP experimental setup

Jie Ji et al. (2008) Iidnwiszuunamideusaeduaufouilfwaduasenfindiiszu
amafousievietirfou fuimihiaiiouiaievisymevessyuutuaaiuien (Photovoltaic
Solar Assisted Heat Pump, PV-SAHP) n1sanualdvianisiiasedaidulssandaussausves
syuutluainudeu (COP) nansAnunudn COP wayUssavisnmuswasdiaioniindvasssuy
PV-SAHP ﬂs‘ﬁmqqﬂdﬁizuumﬁmﬁfﬁauﬁaa%umm%’auuuuﬂ"ﬂﬂ syuvLdiAn COP gagavinfiu
10.4 LLasﬁﬁWLaﬁaasgﬁ 5.4 TnoiirRasvelsvanBaivaduasenfindaviidwiafu 13.4% il
Slefnardulssansaussauzvasssuulnesuseessuunan ldhdnewaduaonding wazsvuu
ranSaud i uieu (Overall Coefficient of Performance, COPp/t) 2udinwinfy 16.1

Ji Jie et al. (2008) lavins@nuuszansnngaduasonfing (Photovoltaic) fivineu
fauffuduemdou (Heat Pump) Tnamsiemiothen @simnudu) indnsusinnmunds
veugagLae1iag Neeimindtaiiownisiissme (Evaporator) vasszuutuainudeu
msnwandunisadrauudasmeadinsansiilatnuisudiouiunadliannsmaass

PVevaporator . f 4

convala [~ AC 220V
- refrigarant
? accumulator
]— i :(\ compressor

B
[
F) =]
water condenser | i E

-~
. water box 1
I 78
circulaling waler|

5 4
Y expansion
2 valve

AC 220V

gﬂﬁ 13 Qutline schematic diagram of the experiment rig.
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adiabatic material evaporator pipe ~ PVbaseplete glued aluminum plate  solar cells

\P' k..l

g‘lh?i 14 Cross-section view of the PV evaporator panel (part plan)

suutltarufeutasusyuunanluiidissaduasariing (PV-SAHP) Usznauludae
gUnsaidell (1) PV evaporator Wiwaduasenfinduuundniieniiiioun 4.59 m2 (2) tuarwiou
gun 2.2 kw Tngraitldannisnuadiotudl 29 §uanan 2006 Y2998 8.30 — 15.30 1. Wu9
uarudou ndanululihiignldiidnaiewiiu 2.22 kwh Tnordudssandaussouy
(COP) mas38UvBYTEWIN 3.8 — 8.4 FadlavihnsSsudieususzuutiunnufeuildndminfou
Thlunudn dnduuseavsanssausnsranuseutesssuutiuandouadusyuundn iidg
\gaduanTing (PV-SAHP) 2gilAganad
sruundnlniidewaduasendind annsondandsnuliihidedswiniu 3.0 kWh (§

fArurnnTandsnulnirfszsuutyanufeuldau) eedszansnnvessaaudsaindazd
ANRALWINNY 13.7% Failpunnniwadiasaringnlandaliimaly

Xingxing Zhang et al. (2012) 1Adoiildinsanuissuunanideusniussuunan
I wuvigaduassafing (Solar Photovoltaic/loop-heat-pipe heat pump water heating
system, PV/LHP) luanvddelsiuszyndliviemnufeudvimihiissursanuioussnatnivad
Laseniing Tnevienaaufeudenanegyhmihaiiowndewissmevestuniudon msanuild
A13ad1esuLsIasmaginansilssuiiisufunadildannnisnaass nan1s@nwinuda
Uszansawlai, musou wasUseansnmlaesaivasszuu PVW/LHP fildainnisnaassilad
Winfu 10%, 40% way 50% naiddiu uenanimafilaanmsAnudmudninssuu PV/LHP Hu
ssuuﬁﬁ'aaLﬁ'mé’miwa*"miumsm%auwwé’mmmqé’m‘l,wﬁwamaéuaamﬁmé WALV NAIUANY
Youvasiifiusedonding lnemduusvaniaussaus (COPPV/T) Tnesauassszuuildvindu 8.7
wasndulnihiindnldnssuuwaduaseindaunsautssendu 2 da (1) ndauliiag
svuuld 85% (2) dnidinde 15% vemdnuiauniidaldansatluldnudue 16
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(a) (r Heat exchanger
/,/,—-‘ Vapour line iif
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5 il ,‘_J Liquid line @smma o o
Invertor
Controll
@ — @ 2 0 Electiie
(M —— loads
- g
PVILHP collector 2 33
ol R vl
Hotwaterolet . [ — § |
Ay — — X |
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(1) Thermocouple (W) Wanmeter : T l‘
Water tank ™M)
%1 Water valves L!t_l) Mass flow meter =y T ‘
5 R b
Cold water inler

N f
! ‘gil‘ﬁ 15 Schematics of a (a) experiment rig of the heat pump assisted PV/LHP

solar water heating system
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phimavesUszelne daulusmafeifdunmnufaiiasieeuioudiseuseonanldung
waduasonduduuvamdanudeulifussuuiuanniou fidsesfunisifindseansam
Ifuwaduasoind wazdilfumamdmandeulifussuudunuteuldsndae Swsieliia
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A5aiiunisive

3.1 35n15aiiunisive

Tassmsiveilfunsfaunssuundmirdeudetuaudeuildaudouiissurseanan
wawaduaseniing Tasnsiiiuausesnifiu 4 9ae fswaziBeslunmsdniulasansdil

Fa9fl 1 : Anvuazadrszuunanirdeudeduaniufouilldaufeuilssuresnanuag
waduasoniing Tneaslunsfinunfmanudsesuissanssuang fean anduesduns
susmdeyaliheediungug def / T swdadgmludaimnssuiienezinnyfuug
sguur Ulelddeyarmag udfezdiiunseenuuy wavad sz unanSouse tunSeuild
audeuilssungeendinunagaaudIindfanansely

#2971 2 : naguRIIe / iudeya uagdinssinaiiintulumsdniunise was
muamailaliudsessuulilinnumangay

d9f 3 : Anseitedefidenaneanssauznsvinuresszuy Ae Ysuusdeniing,
Sasrnsldirdnuaiesnauuiu (Condensen) uazgamninifoudigndcluldnurinia
AU tiey Al syandaussausvesssuutuainudeu (COPHP) wasUszdnsnmigad
uage7ing

928t 4 : aguiamFITeuazdarinsa

3.2 \nsastlauazgunsainldlusuivy

321 ﬁmmmaauszuuwﬁmﬁﬁauﬁaaﬂum'1u%’amﬁ‘%uwé’muuaamﬁmEimmﬂ"tajﬁaaﬂ'iw
skw T9ans R-123 Wuansvhaudagui 16

U 16 yanadeuszuvluAMLTEY

= = - = ] 1
3.2.2 ungaduasarinduilaazuasila (Amorphous silicon) 8%e BSC 31 BSA0 ¢
ayns 11U 2 UHd e dmdnlnilisin oW unawaduaseindilunuy galss to glass Huun
é‘l 4 1 ot = 5 E=3 . o) = L2 Qs A
Hunvasusawiiu 1.58 m? fnfs (4 INeRENAINUNALNY IMTINENABILTAS AagUn 17
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2

ﬁ; FIRNE THR )| e --°

Ul 17 gaunaigaduasarindvilnasiasita (Amorphous silicon) Andas@nsay 80 Fne

msoenuuUsTUURamnSeulagldansoutissunsendmmdaukeead idsenfindiuosld
unaLgadiase1finduiin Amorphous LUU Glass to Glass Insgunsaifilfuaniuasusewinany
Youldunawasuaseniindayldvensanaasliiduasiandlduandounuieu Tnoly
nseenuuLasdasliusadoamusenininifundaienssunstiinnuasinliifuiinduiaves
vionewawnduiay T,magﬂu,uuu,a::ahuﬂssﬂa'umaﬁzuumﬁmﬁ’l’éau‘[mal‘&'au%’auﬁizmaaaﬂ
é’mwé’qu,mLéaaa’uﬁamﬁméuamﬁqgﬂﬁ 18 \

=3 o 5 a 5 w o [ o o v
JUM 18 Unuunazdnsyneuvesssuurdmhieulngldaufeuiissuneseninmes
wnaduasening
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drudsznauvasssuu
¥ a b v o ) o v s
svasdendIulsynauvassruunaning aulaeldansaunss U180 oNAUNAILHILTAR

waofing daedl
1)

2)
3)
4)
5)
6)

7)

wnaLwaduaserinduiinazuedila (Amorphous silicon) e BSC {u BS40
LU galss to glass 91U 2 Uk

¢ T egilifouamin 15 1. Unseesesewitusaiietestumsgaydennuiou
2ONTHNINSTOUND

mnegiifisuvuin 1”7 x 17 v 1.5 uy. Unveulneseuunagduaseiingiu
nsousgiileuiomudaiss

nspuegiliiounun 2 1 wunauning 10 . Aidundedmdsumie
1.27 x1.30 u.

auudlasfunsgadsaudoumaunn 1 aglasseuvisdiadiauas
shuahatetesiumsgydonuiou

vievasuasmun 1 1y, uadusigudnans 15w, Huedndeni Tnold
seogvisvasiovieiu 10 gu. Inglviiedudhuasviaheen

wiulffdavun 10 ua. UnAUnAIAS

v £ b w P ¥ a ° v o & 8w = Y o
3.2.3 fafuhfeufivuianmg 200 dns iwihiiuihieusnmgiasdildentuai

Jou fsgun 19

JUM 19 dsdwmdnyuawiuuin 200 s

3.2.4 Y 05 wsah Mlwhaus 220 Thad aAnusisevveduawmas 2,850 seuse
o o S ar B 3 < P s =
il vihwmthiidainndafuihfeudreunueesiendniriou dgui 20
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3.2.5 ABUNIELYBUUU Open Type Compressor filduatiasdutaaay foun 3 usadh
Tdusanaaulvii 380 Taad aszualvdh 8.7 Amp annusiseunsines 1,420 seusneunit 1da1s
R-123 Wuasvhaiu hmhiigauasdaansdnansbiiinnudunasgaumaliae

3.2.6 gunsaluaniUdaumuieuiuy Plate Heat Exchanger \ugunssiuani@suaiy
faussrinansyina i uresszuLlLANTauuln MudnUoiswmesiasnounues

3.2.7 113780U390U (Expansion Valve) fivtihaaussiuvasarsinanuduliinanaiiule

MR

d‘l L2 U = i = g e A b 1 '4
3.2.8 \nswnsviauasiuiintoyaguugiuuudalulif 8We GRAPHTEC Ju GL-820 Lite
TdlunsiiudeyadmivszuundniiSeusetuniussunldausounissuiseanainunssad
waseniing laeltinesluduila Type K vun 20 vasdtysyias fagui 21

= d o LA S = o Ly
5UT 21 wnsemsainuastuiinteyagnmaiiuuudnlulii

3.2.9 gunsalinAn¥sdeniing (Pyranormeter) Bvo KIPP & ZONEN CM11 fifn Sensitivity
8.62x10° V/Wm? viwihitiaSunasmnudiusedenfind$sdsan miredu w/m? fguil 22
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‘gU n 22 aﬂﬂ‘a‘mmmiqamma (Pyranormeter)
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3.2 ABANUUIUINY

3.2.1 msvadeusTuunam Joudaeasfeuiistungssnnuneivaduaeiing

Hunsneaeunsudninfeuiildainnisaufouiissuisesnanunasdnasening
ynsEneisludIuueIn SN SeuLazn1sHaR T s sunaLad LA TRg Imaﬁwm‘sﬁﬂm
AU 3699 L‘ﬁu AAIdNSYdenTing gun)iuinaey aaumaiunugaduaseing ammumm
LLauamiﬁﬂMU’]aaﬂﬂ’lﬂLLNQLFdaﬁLLﬂﬂE)'W]G]EJ mamm’[%‘hm'mLﬂmmﬂsuawﬁmwmmamumm
sauuavmm’mlwﬂﬂ ImaugﬂuuulmauL.msmaafiz‘uuiuwmamm‘saumaamaumuuwaaanmn
LLmL%aﬁmeﬁmﬂﬁagUﬁ 23 Tneiidunoulunisnnasidil

DATA LOGGER

@ EXPANSION VALVE
<]

EVAPORATOR
CONDENSOR

@@ @ Gb

COMPRESSOR
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1199193

vhmsnudnualumandnliihveusagaduasoiing Tnsvhnsfadsszuunan
Iyfldeunavaduaseriindidnfussuundninfeueaudounuassaduasoniing
Wisuifsuiuszuukdnliihdsuraeaduaseniing Tnsusaiwaduaseniingia 2 4
lunsgaduatafindviinaguaiila (Amorphous silicon) faaynsy $1u 2 UK
vnafdednliihsa sow Tnsindaliiulumedinlifiuandes 16° Sansvaaoae
Wimnsedn a anuduiderinduazgamaiinadeuierfuiteliassiuay
Wisuiisuiusis 2 szuu
in1snagevanssauslunisadaliiinazauiouvesssuundaliirmeigad
wasorfing Tnsnastiblnaruvevasuneifafegudunasaduaeingyosssuu
waavinsUuiinA1Au N3 @eing (G) aamniuandes (Toy) guvailukwad
A998 (Tom) qmmqﬁﬁwﬁmm (T qmﬁgﬁﬁ'ﬂaaﬂmmm& (Tout m) WALDAT
mslwavasi (i )
thamduinlsninneidomaiddliihiusaduasonfingndnld Uszavsnm
vasumITAdLAIeing gampiithfisruvannsovild Ussavsamlumaviaudou
gpasruunanthouduaufeuiissuipeeninnuangaduaseiing

3.2.2 NSNAEBUsTUUNANUNTausleduA1uS o
Wunsnadeuszuurdmirfoumeduainusou Wenidauuseneg wu gamalivrfey,

4
o

gaumigiiarsinay, snsmstvaveniivyuisulussuukasidalwihaly eviunldlunis
WUV a8IN19ANAF1@NSTRITEUUNERUN Soumedumusauildausaunsyuigaanain

=y o = 5 C!' ] s G:J 1
wnatgaduaseving lnavihnsiinssaunsaiildlunisnaaeussuuiagininm 9 inianeieg lag
figuneulunisnaaeaissialyil

1)

2)

3)

a)

Lﬁuﬁﬂuﬁuﬁuﬂw%’au‘umé’aﬁ 1 9119 600 805 Wagdan 2 Yuin 200 dn5 Imaﬁwlu{f\a
7l 1 nerhungamgividnanumiudeans (igamgi 30°C wag 40°0) mummw
2 sefimsuaniUisuauieuiuneuinuse fuossruutinmifou )
yhmvRgeuaussausBsTruU M Souievat 1 Tuthana 10:00 - 13:00 .
Tnemurugamniivesiiluded 1 139 30°C Tngvihmstuinmaumgiingasineg v 5
W Usznausaeg ammnﬁﬂﬂu*’;’qﬁﬂiﬁa 1 (Ty, Tz Uag Ts) aamigilienluindnsdy
Audou (Ta, Ts, Te uas T7) gungiitlutgdnsuaada 2 (Ts, To, Tro T wa Ti2)
waztufindnsinisivavesi (hy, m uay ms)
lagamgihlunsdl 2 frssana 70°C Yimsmageuitdnsmsldidouiiinlissuy
s 5 o s £ 7S IO’ A s
agfluannizasia (Steady State) IntuagrinmaasudnsinisidihTeuniidns
mslwagauaginindnsinisldirdeuiilissuuegluaniieawii (Steady State)
° C o v = v oA a o & 1 =
yinnsnassaduiginuda (1) fade (3) uwiludeugamglinuauludsi 1 10u 40 &
a5 o d o v < °
gaminiivludian 2 Adasnishe 70°C
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3.2.3 MFIATITEIN1IANFIRUS Y sAdn s duUsEANS A WA (EER)

Tngvmsiinsesinavesgamoitluded 1 uasnarsvesgamgitsisaesds (Ts, - Ts)
Tngazuansmuduiusvesrdnsamlssaniannasan (EER) Ivieglugduesaunisiwily
loamdsdns danansmnuduiussendng qmmﬁfﬁauluﬁ’aﬁ 1 (Tsy) UAZAIUUANGANVE
qmwgﬁﬁﬂﬁaaaaﬁq (Tsz— Ts,)

) ° a < = o :lelu v o

3.2.4 ANSWAIUILUUIIABINANNATIENTvRITEUUUNAMuSaun [FausSaunssuteasn
INBHILYAALEIING

A19119UYTEUUUTEN UMY LHouNNeaaLAIEIAgSUATTIBa1ndaLYiNNITHAR

t a4 o a o o - 24 | = A I3 a Mo
nszudlfnszuansaneur lulgulmuaiosldlwihuszinvengg alleunagaduasaniindle
gnuAALTUNaINULEIEadLdR I IngagazaumnNSa U IRaausaulaLr A Lae g
Tagamnuaunldonlaunsgaduaseingovgat uanasuivanuiouliduinlagsiuvie
NOILMITIRAReBgnd NS FetFeuildurssgnihuinanlaguanuieuiviinveisines
(Evaporator) #aidugananiudeunnufouresyatuamiuiau arshendislaiuanusousiien
nangidule 9 nduazgngaitinenivsases (Compressor) iatfiugnmniuasanuiulvais
vy AnfauntinTuargninemesniinaulaulges (Condensor) %mf]u*qmuamﬂﬁaum*m%’au
& [y va 5 & o P [y A o v R

waegntuausen tuiduninuanilasumiusey wWwieluldausiely

lnedoyaiilannaumsanuduiiudvawinudssingg aniile 3.2.3 Fdinadesyuundnit
Ffaumedumnufounldaudauiszuiveannuaagasundsa1ning iy anusaulduaaan
wasefing, dnsmsaramaiuieuniaunsaluanilisuninuseu, §nT1N15E18INANNTBUNDN
Uai51003 Aoulaueed, shsrdrulszansnmnislindsau (EER) waranmgiivenhfeuludaiy
agauinsou Wuiy wuudiassmadinaansvasszuulsznauliiig Luudnasamsanindans
YDIUENITRALAIDINING NISONUWAINSBUNNY 1 nazts 2 lneilseazldunnadl

1) nswiAMuduRus v sUsaS AN
nsnadeuszuuluafeuiildauiounissungaenanurigaduantinduu foaewins
o a o ° 1 a o o o
A amwsfinesfidfyaeg waziiniswsawsdwesndndunmuinsgiunidenldly
minagdau lngnsmanudiiusidunnideyavesdszdninmmitanuieuvessvuuludu
a 3w P <l Y Y ] [y Yo 1w
e sHantnFaunanuasumM oA N ouNTEUIB NI INRALMSTANUAIILUT (T T.)/G: N
wasnnsiduaunisidunsininunnsgIuues ASHRAE 93-77 [14] FeUnfudrazldaunisved
Us2An3NIMATINSBLUBIMISULAOTINELUUURWEEY FellTsasiBennail

GAy(ta)y = [MCy(Touy — Tin)] + [UwAp(Ty — Ta)] (22)

1
= =

ﬂit)r.' s e 4:5 4 o =
Feudvetidunisuiuseans nnuadsyuu eeasuannnisasnsIns luaLdenanes

T

g i 2 P ) H
i1 m unarenih M unuuazasuannsldgaumgiiadedndiuns T, uasiieonamnuue
Tou ugumgiindsvenhduduludafuindou T washgavheludaufuidou Tr unuiadeug

o,

Wuaunsivailasai
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G Ap(ta), = [MC,(T; = T;)] + [UA,(T, — T,)] (23)
ATWINAITUANTOUTDITZUY PV/T 9 naun1stnaduazle

Qn = GtAp(Ta)n = [UtAp (Tp - Ta)] (24)

o

fatiy WiemUszansninaudauresszuu PV/Taglaauniseall

(Tp = Ta)

G, (25)

Nen = (Ta)‘n ldy

Fau1ATFINTRY ASHRAE 93-77 wuzihlvidnguuuuvesmsnaasudiuisdeniing
wuuHUSBUT ansaussauzmemudeuluganmsidunse Tngldeuamesmsganiudou
YOIUHITULAWAAE (Heat Removal Factor, Fg) tielianunsaldanmgfivenindufuanduiu
1?1%’61&%’1LLmLmuQmmﬁ%aLtﬂu@ﬂ%’umm%’auﬁ&ﬁ

(Ti - Ta)

G, (26)

Nen = Fr(ta), — FRU;

2) Mmdnsmasnuanufouazanlufirfoudsd 1

gaunfvenhlufuihieudsd 1 aunsomlfanaunsaunandenuniadoudiss uas
ielvihesenisiiansan dwuslidafvarauionmgiainaueuasbifimsusnduguvgiivesi
(Non - Stratified Tank) daugamafivludsdt 1 Awaniléen

ansmanmaINTauazanluis = dasmasnuanuseuilaeingunsalianiaouniny
SOUINURGTAAREIDNTANT = DNTINANIUAIUSDUNO BNV UDISINDS - BRI INEU
AMUTaUNgEIEsINGaZAY

} TN, ,
WD (Mcp)s (’d_) . (Q¥ = QEvap = Q15s:) (27)
t
1087 Qeuap muulangunis (3)
Quoss fiainfugudlunsdilifnanuieugydeie

Mnaun1sN 27 madsuudasamgilluiaihioudsi 1 nsdiilifnanusouandends
ansadaguuuulnadlagBnsi8eiaay (Numerical Techniques) Tugianatsineg &eaunse
Weulagail
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Tt-]-[\t —_ Tt

w39 s1 Tt [Ac[Fr (Ta)el'l' — FpU, (Ts 1 Tam)] QEvap] (28)

At
MC)s

3) MsmsnTmasauaufevavanludnifouded 2

amnmaam’lummsaumw 2 a'mm'wW”menaumsamawaNmmqmwmauﬁﬁ’a uay
ma‘lmwamamswmsm mwum‘lwmmuavauuammmamLauaLLav"tuunmt,an‘ﬁuammmmm
(Non - Stratified Tank) futiugaumgihludsil 2 frneildon

S masumsauazanluy = oRTINANILANS AU LI INABLLAULTES — BRI
wdsnupuFeuignivesnluliusslovd - dnsmdsnuenuTeungeideandzay

4 dTs . :
L&D (MC )s (d—) - (QCond QrLoaa — Qross) (29)
t
1989 Qcond Auadleainaunas (6)
Qross fidwituaudlunsallifinanuieugedends

NnEuMsA 3.4 msiasuulasgamgiiludahioudsit 2 nsdivilifnaniougydenas
ansodnguuuulmilnedBnsideadinas (Numerical Techniques) Tugasansiieg Svannse
\Beulanail

vde LA 15,9 [(EER X Pgjoce) = 1ity, Cp(T0 — Tp,n)] (30)

(MCy)s

3.2.5 nssraesanmnisineulunisnsuaninfeulaeldtuanufouiiidansoui
52UNLRBNANUANYAALLEIDAE

MINTIIBUANNGARBIVBIUUUTIRDN ﬁ]vmmﬁmiauma‘uwanﬁmmaaumwamimam
4NN mimmuﬂuaﬁvwmaulmmenu IﬂEJawaawsmﬂamwﬂumsau’lumuﬁaum 1 (Tsy) fadt 2
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am%nﬁ‘uaaﬁ"/ﬂuﬁ’aﬁﬁﬁ 1 wavdadi 2 %3@%vﬁﬂ’lﬁmwamwnﬁ%oﬁﬂuﬁ’qﬁlma"aum;ﬂaalﬂmwu
181 (THAF way THHAE) Iﬂﬂamwnummw 2 9ggnasivdeu (1) dgaumiin1uiednis (Ted
wioli ’Lumzﬁﬁqmmﬁ i 2 ‘Lulmmuwmaamsmsaun%gmﬁuqmmﬁé’aaswuwﬁ’wu

u

v o g v 3 P a = ad o9 w = Iy )
AANUIDULETU auﬂ‘imﬂuﬂﬁxmﬂ‘ﬁu’l) (2) NQN%QQJQQN’qquu‘ﬂﬂﬂwssuvﬂuﬂ’ﬂu‘iaumﬂmi

o 1 o }% L7 o £J
197U (Tset) 3ol ndussuuazdoundulumunniiiign t=t+At
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guUhoanuuUiiUsZAvE Amwag NSRS UAINABINTS
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3197 1 Teyan1smedeuszuundniifouisaufeuiissusennannuagaduaseniing
(Tuf 20 Sunau 2557)

Gt Tam Flow_Rate Tin Tout
Date Time 5 £ . i
(W/m”) ) (kg/s) (4G (c)
20-12-57 10:00 758.0 219 0.039 229 244
20-12-57 10:05 584.5 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 26.1 295
20-12-57 10:20 876.7 21.7 0.039 26.8 31.7
20-12-57 10:25 570.2 22.3 0.039 21 33.8
20-12-57 10:30 1012.6 i 0.038 278 34.8
20-12-57 10:35 880.5 22.8 0.039 284 349
20-12-57 10:40 843.6 25.2 0.038 28.9 346
20-12-57 10:45 708.2 23.0 0.039 293 305
20-12-57 10:50 847.8 22.8 0.039 29.7 36.6
20-12-57 10:55 861.6 284 0.040 30.1 .1
20-12-57 11:00 869.6 23.1 0.038 30.5 3h3
20-12-57 11:05 882.7 23.6 0.039 30.9 371.9
20-12-57 11:10 893.7 24.0 0.039 313 38.3
20-12-57 11:15 903.1 it 0.039 2 o 38.7
20-12-57 11:20 908.5 240 0.039 321 38.9
201 2%67. 11:25 918.6 24.0 0.038 324 59.5
20-12-57 1%:30 G024 24.0 0.039 32.7 399
20-12-57 11:35 9235, 24.7 0.039 5351 40.2
20-12-57 11:40 911.7 249 0.039 33.4 40.4
20-12-57 11:45 934.0 25.2 0.038 338 40.6
20-12-57 11:50 934.1 251 0.038 34.1 41.0
20-12-57 11:55 927.1 A5 0.038 34.3 414
20-12-57 12:00 930.2 25.1 0.039 34.6 41.6
20-12-57 12:05 941.6 253 0.039 34.9 41.9
20-12-57 12:10 936.6 25.7 0.039 35.2 42.4
20-12-57 1245 929.6 25.9 0.039 35.4 42,7
20-12-57 12:20 942.9 26.0 0.040 358 429
20-12-57 12:25 915.9 26.2 0.039 36.1 43.2
20-12-57 12:30 915.1 26.7 0.037 36.3 434
20-12-57 12:35 9113 26.6 0.038 36.5 43.6
20-12-57 12:40 932.2 26.8 0.038 36.8 438




3N 1 Feyantsnadeuszuundniifeudeanfouiissutgeaninnuuuieanuaie1ing
L2 ‘J or 1
(Fu# 20 SunAu 2557) (A9)

Gt Tam Flow_Rate Tin Tout
Date Time s ¢ ° 3

(W/m’) (c) (ke/s) (c) ()

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 37.2 443
20-12-57 12:55 961.2 26.9 0.038 37.5 44.5
20-12-57 13:00 980.3 26.7 0.038 37.7 a4a.8
20-12-57 13:05 572.0 245 0.038 38.0 45.1
20-12-57 13:10 572.0 26.8 0.038 382 45.2
20-12-57 1315 617.9 26.4 0.038 38.4 454
20-12-57 13:20 779.7 26.6 0.038 38.6 45.6
20-12-57 13:25 464.6 26.5 0.038 38.8 46.0
20-12-57 13:30 727.8 26.4 0.037 38.0 45.8
20-12-57 1535 259.8 26.3 0.038 36.4 447
20-12-57 13:40 333.7 26.1 0.038 343 43.0
20-12-57 13:45 358, 26.1 0.038 322 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 29.9 38.2
20-12-57 14:00 831.3 27.0 0.039 29.7 378
20-12-57 14:05 296.4 215 0.038 29.8 37.6
20-12-57 14:10 296.4 26.8 0.038 30.1 37.8
20-12-57 14:15 172.0 26.1 0.039 316 38.2
20-12-57 14:20 163.6 258 0.039 325 40.8
20-12-57 14:25 192.1 250 0.038 339 41.0
20-12-57 14:30 718.3 25.8 0.038 34.7 414
20-12-57 14:35 734.4 26.6 0.037 B Ol 42.0
20-12-57 14:40 719.5 .. 0.038 35.5 424
20-12-57 14:45 702.4 279 0.038 35.8 42.7
20-12-57 14:50 711.4 28.2 0.038 36.2 42.9
20-12-57 14:55 684.4 28.2 0.037 36.5 43.1




o v o P I a ¢
NITNN 2 ‘uagamimaauwwwamuﬁauc%‘haam%’aumsnwaaanmmmmaaLmewma
ot 44 a
(YU 21 5uAL 2557)

Gt Tam Flow_Rate Tin Tout
Date Time > - S :

(W/m") (c) (ke/s) (c) (c)

21-12-57 10:00 699.3 22.8 0.040 299 38.0
21-12-57 10:05 7122 22.6 0.037 30.6 38.6
21-12-57 10:10 720.5 22,7 0.037 30.8 39.6
21-12-57 10:15 732.8 ra pris 0.037 305 40.1
21-12-57 10:20 743.7 23.0 0.038 30.2 36.6
21-12-57 10:25 765.0 231 0.037 30.2 35:2
21-12-57 10:30 778.6 ey s 0.037 30.2 36.2
21-12-57 10:35 783.1 23.8 0.038 30.3 36.6
21-12-57 10:40 7954 23.6 0.037 30.5 36.6
21-12-57 10:45 797.8 23.9 0.037 30.8 373
215 250 10:50 802.7 242 0.038 31.2 38.4
21-12-57 10:55 826.9 24.8 0.037 315 36.8
21-12-57 11:00 827.2 24.8 0.038 31.9 36.3
21-12-57 11:05 834.6 24.6 0.038 322 36.3
21-12-57 11:10 8424 24.6 0.038 324 36.4
21-12-57 1i:18 848.3 24.6 0.037 82.5 36.4
A 1290 11:20 852.3 24.6 0.038 B2 1, 36.9
WA, 1 1475 866.4 25.1 0.038 328 37.0
21-12-57 11:30 888.3 255 0.038 329 37.0
21-12-57 il iF ok 895.7 258 0.038 33.1 37.6
21-12-57 11:40 885.3 258 0.038 333 37.2
21-12-57 11:45 886.9 254 0.038 334 39.3
21-12-57 11:50 887.4 258 0.038 33.6 38.8
21-12-57 11:58 9221 256 0.039 33.8 38.9
21-12-5¢ 12:00 903.0 25:0 0.038 34.0 39.0
21-12-57 12:05 899.8 26.3 0.039 34.2 394
21-12-57 12:10 910.2 26.1 0.037 344 393
21-12-57 12:15 916.9 26.0 0.037 34.6 39.2
21-12-57 12:20 9114 26.1 0.037 34.7 38.8
21-12-57 12:75 918.6 26.1 0.038 34.9 39.0
21-12-57 12:30 937.8 26.1 0.038 34.9 39.6
21-12-57 12:35 909.3 26.1 0.037 35.0 40.0
21-12-57 12:40 971.9 25.9 0.038 35.2 38.9




< v a % w v o -
st 2 Feyanisnadauszuundmirfouheauseuisruigesnanuralsaduaeing
o A o 1
(Yuh 21 SunAw 2557) (A9)

Gt Tam Flow_Rate Tin Tout
Date Time o 1 . 5

(W/m’) (((€)] (kg/s) (C) (c)

21-12-57 12:45 3112 25.7 0.038 353 39.2
21-12-57 12:50 484.0 253 0.038 355 39.5
21-12-57 12:55 901.8 25.1 0.038 35.4 39.5
21-12-57 13:00 883.0 25.7 0.038 255 38.9
21-12-57 13:05 895.7 26.4 0.039 35.6 38.4
21-12-57 13:10 828.5 26,2 0.037 356 38.3
21-12-57 13:15 910.5 259 0.037 29D 39.3
21-12-57 13:20 484.8 254 0.037 355 39.5
21-12-57 135:25 853.6 25.6 0.037 355 39.3
21-12-57 13:30 875.6 26.2 0.038 35.6 39.0
21-12-57 13:55 873.7 26.1 0.037 35.6 38.7
21-12-57 13:40 870.3 26.4 0.037 5T 38.0
21-12-57 13:45 857.5 26.2 0.038 35.6 3
21-12°5% 13:50 780.7 26.3 0.038 355 ]
21-12-57 13:55 571.9 26.2 0.038 354 SilH
21-12-57 14:00 768.9 26.1 0.037 5.3 374
21-12-57 14:05 595.8 258 0.038 557 38.3
21-12-57 14:10 769.4 26.1 0.038 3501 493
21251 14:15 339.2 26.6 0.038 354 40.0
21-12-57 14:20 718.1 26.3 0.037 55%, | 421
21-12-57 14:25 3155 26.4 0.038 3512 41.7
21-12-57 14:30 710.3 26.1 0.038 35.4 44.0
21-12-57 14:35 620.2 26.1 0.037 35.6 44.3
21-12-57 14:40 639.8 26.1 0.038 36.0 421
21-12-5¢ 14:45 650.6 26.5 0.038 36.3 39.7
21-12-57 14:50 626.5 26.9 0.038 36.4 39.9
21-12-57 14:55 608.6 271 0.038 36.4 42.5




= v o ¥ v o =
m5197 3 deyanisvnaeuszuundmiisousianieuiissueeonnuEIsaduasefind
e A o
(WU 22 5uNAY 2557)

Gt Tam Flow_Rate Tin Tout
Date Time 5 [ 2 3

(W/m") (c) (kg/s) (c) ()

22-12-57 10:00 684.7 20.9 0.037 317 36.3
22-12-57 10:05 699.1 21.5 0.037 319 36.2
22-12-57 10:10 711.8 214 0.036 321 35.7
22-12-57 10:15 1224 218 0.036 322 35.4
22-12-57 10:20 744.4 22.4 0.039 32.3 35.3
22-12-57 10:25 755.0 221 0.038 324 35.4
22-12-57 10:30 768.5 202+ 0.038 325 35.7
22-12-57 1035 7r74.5 22.6 0.039 326 5.7
22-12-57 10:40 7859 227 0.039 32.6 35.6
22-12-57 10:45 792.6 22,6 0.037 5. 7 35.6
22-12-57 10:50 810.8 228 0.037 32.8 85.1
22-12-57 10:55 817.9 228 0.037 32.8 35.9
22-12-57 11:00 827.5 28T 0.037 329 35%
22-12-57 11:05 840.0 232 0.037 32.9 36.1
22-12-57 11:10 843.1 257F 0.038 33.0 36.9
22-12-57 1145 851.9 24.0 0.039 387 37.0
22-12-57 11:20 848.2 23.6 0.038 332 3y .1
22-12-51 1%25 857.5 238 0.037 335 38.2
22-12-57 11:30 860.9 23.8 0.037 334 40.2
224257 85 863.3 241 0.037 33.6 38.7
22-12-57 1140 860.3 2% 0.038 339 38.7
22-12-57 11:45 863.7 237 0.038 34.1 38.5
22-12-57 11:50 881.6 236 0.039 34.3 39.2
22-12-57 11:59 876.8 23.9 0.037 34.4 29.2
22-12-57 12:00 3593 24.1 0.037 34.5 39.0
22-12-57 12:05 860.5 24.0 0.037 347 40.1
22-12-57 12:10 875.4 24.3 0.038 348 42.6
22-12-57 12:15 870.4 24.5 0.039 35.1 40.1
22-12-57 12:20 879.6 24.7 0.039 37.2 41.1
22-12-57 12:25 878.6 24.9 0.039 35.0 a2.6
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 33.2 38.8
22-12-57 12:40 869.1 24.9 0.036 329 317




o w a b ow o w o -
m3nd 3 feyansnaaeussuunanifoudanieunssuigeananusaauaseing
L2 é L2 1
(AN 22 SUNAN 2557) (ma)

Gt Tam Flow_Rate Tin Tout
Date Time 5 A % ;
(W/m") (c) (kg/s) (((6)) (C)
22-12-57 12:45 871.9 25.6 0.036 32.8 38.1
22-12-57 12:50 872.0 259 0.036 328 38.9
22-12-57 1255 861.1 57 0.036 329 37.6
22-12-57 13:00 869.7 258 0.036 33.1 37.6
22-12-57 13:05 858.6 26.3 0.036 33.2 37.9
22-12-57 13:10 832.0 26.2 0.036 334 38.4
22-12-57 1348 844.4 263 0.036 335 38.6
22-12-57 1420 825.4 26.2 0.036 331 39.7
22-12-57 13:25 830.5 250 0.036 339 40.1
22-12-57 13:30 809.6 254 0.036 34.2 39.1
22-12-57 13:35 811.3 258 0.036 34.4 39.2
22-1 25 13:40 813.0 25.9 0.036 34.6 39.4
22-12-57 1345 788.9 258 0.036 34.7 38.4
22—_12—57 13:50 796.8 26.0 0.036 34.8 38.0
22-12-57 13:55 788.7 26.0 0.036 349 37.8
22-12-57 14:00 764.1 255 0.036 349 37.8
22-12-57 14:05 760.9 254 0.036 349 38.5
22-12-51( 14:10 759.3 255 0.036 349 38.9
22-12-51 14:15 746.4 26.0 0.036 34.9 38.7
22-12-57 14:20 732.6 26.1 0.036 350 395
22-12-57 14:25 124.4 258 0.036 351 40.7
22-12-57 14:30 724.4 26,1 0.036 352 40.0
22-12-57 14:35 724.4 259 0.036 353 38.6
22-12-57 14:40 677.6 26.2 0.036 354 393
22-12-57 14:45 655.3 259 0.036 354 393
22-12-57 14:50 655.3 26.0 0.036 355 38.6
22-12-57 14:55 618.6 25.8 0.036 355 38.3







= v a 3w & 3 e a ¥ @ =l = o
ANINN 4 bva;gaﬂWwﬂaausx‘uuwammSaumﬂﬂuﬂ'ﬂmaumamulﬁuqﬂm:: fiinlugden 1 91 30°C

Gt s Ts,1
Date TIME : Tevapin | Tevapout | Tcondin | Teondout Ts,2
w/m?) | © Ts1,1 | Ts1,2

12/24/2014 | 9:00 | 426.83 | 18.99 | 32.26 30.95 33.04 34.54 31.99 | 3246 | 33.66
12/24/2014 | 9:05 | 406.83 | 19.01 | 31.50 30.09 34.14 35.64 31.96 | 32.66 | 34.15
12/24/2014 | 9:10 | 52298 | 19.17 | 31.07 30.00 35.10 36.50 32.07 | 31.64 | 35.98
12/24/2014 | 9:15 | 42587 | 19.45 | 31.55 30.31 36.90 38.10 31.59 | 31.28 | 36.52
12/24/2014 | 9:20 | 642.88 | 19.80 | 31.52 30.05 36.96 38.26 30.79 | 31.53 | 37.13
12/24/2014 | 9:25 | 41495 | 20.26 | 31.03 31.04 38.32 39.12 31.61 | 31.68 | 38.92
12/24/2014 | 9:30 | 391.12 | 20.20 | 31.05 30.47 39.36 40.16 30.92 | 31.92 | 39.82
12/24/2014 | 9:35 | 385.60 | 20.17 | 30.58 30.64 40.25 41.25 31.00 | 31.83 | 40.74
12/24/2014 | 9:40 | 475.28 | 20.33 | 31.14 30.57 41.61 42.41 31.05 | 3098 | 41.48
12/24/2014 | 9:45 | 878.50 | 20.71 | 30.80 29.52 41.73 42.03 31.11 | 30.86 | 42.59
12/24/2014 | 9:50 | 557.34 | 21.10 | 30.74 29.09 4301 44.31 30.37 | 31.48 | 43.49
12/24/2014 | 9:55 | 524,01 | 21.55 | 30.85 29.83 44.03 45.33 3052 | 31.64 | 44.37
12/24/2014 | 10:.00 | 757.99 | 21.89 | 30.90 29.63 4485 46.00 30.97.1,31.80 | 45.29
12/24/2014 | 10:05 | 584.47 | 2202 | 30.85 29.94 4552 46.52 30.87 | 31.60 | 46.14
12/24/2014 | 10:10 | 500.29 | 21.70 | 30.23 30.32 4596 46.76 30.52 | 31.23 | 46.12
12/24/2014 | 10:15 | 509.60 | 21.53 | 30.62 29.87 ar.14 47.94 30.21 | 31.30 | 47.22
12/24/2014 | 10:20 | 876.74 | 21.66 | 30.26 29.66 a7.97 49.17 30.61 | 31.41 | 47.67
12/24/2014 | 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 48.62 49.42 31.20 | 32.19 | 49.43
12/24/2014 | 10:35 | 880.51 | 22.84 | 30.93 30.24 49.97 50.67 31.04 | 31.76 | 50.27
12/24/2014 | 10:40 | 843.62 | 23.17 | 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 52.36 31.12 | 3223 | 51.66
12/24/2014 | 10:50 | 847.76 | 22.82 | 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 52.94 31.54 | 31.55 | 53.16
12/24/2014 | 11:00 | 869.63 | 23.15 | 30.46 29.84 52.87 53.71 31.63 | 31.62 | 53.68
12/24/2014 | 11:05 | 882.66 | 23.58 | 31.47 30.89 53.28 53.98 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 5522 31.69 | 31.66 | 55.76
12/24/2014 | 1120 | 908.46 | 24.01 | 31.14 30.36 55.19 55.84 31.31 [ 3147 | 55.84
12/24/2014 | 11:25 | 918.64 | 23.99 | 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 57.58 31.52 | 31.33 | 56.92
12/24/2014 | 11:35 | 923.10 | 24.73 | 30.85 29.90 56.66 57.16 31.51 [ 32.20 | 57.73
12/24/2014 | 11:40 | 911.66 | 24.94 | 30.69 30.56 57.25 57.75 3132 | 3147 | 57.81
12/24/2014 | 11:45 | 934.04 | 25.19 | 30.31 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




M5199 4 ToyanivagausyuuRamN TounluanuiauiionIuaNgumn

Tudsit 1 7 30°C (o)

v

A3t
Y

Gt T Ts,1
Date TIME : Teaanint |5 Tevapoued| (Peondme | Ml sandatt Ts,2
w/m)| © Ts1,1 | Ts1,2

12/26/2014 | 11:55 | 927.10 | 25.10 | 31.17 30.48 59.57 59.97 | 31.55 | 31.41 | 60.32
12/24/2014 | 12:00 | 930.19 | 25.15 | 30.95 29.93 59.98 61.08 | 30.61 | 32.10 | 60.80
12/24/2014 | 12:05 | 941.55 | 2534 | 30.67 30.57 59.88 60.58 | 31.49 | 31.89 | 60.93
12/24/2014 | 12:10 | 936.57 | 25.68 | 31.37 31.15 62.18 62.88 | 31.88 | 32.14 | 59.56
12/24/2014 | 12:15 | 929.61 | 2592 | 30.92 30.59 62.06 63.16 | 31.01 | 31.34 | 59.15
12/24/2014 | 12:20 | 942.89 | 26.01 | 30.82 30.57 61.32 6212 | 31.75|31.21 | 58.64
12/24/2014 | 12:25 | 91595 { 26.19 | 31.29 30.71 61.00 61.60 | 31.16 [ 31.58 | 58.28
12/26/2014 | 12:30 | 915.11 | 26.68 | 30.81 30.50 61.46 62.06 | 31.20 | 31.58 | 58.89
12/24/2014 | 1235 | 911.32 | 26.60 | 30.71 30.10 60.83 61.73 | 3084 | 31.87 | 58.60
12/24/2014 | 12:40 | 932.24 | 26.84 | 30.42 30.75 60.59 61.29 | 31.24 | 30.76 | 58.29
12/24/2014 | 12:45 | 927.37 | 26.56 | 30.96 30.46 60.61 60.91 | 31.14 | 30.96 | 58.18
12/24/2014 | 12:50 | 938.64 | 26.99 | 30.19 29.93 60.20 61.20 | 30.88 | 30.93 | 57.91
12/24/2014 | 12:55 | 961.16 | 26,87 | 29.71 29.27 60.06 61.06 | 30.81 | 30.57 | 57.51
12/24/2014 | 13:00 | 980.34 | 26.68 | 30.17 30.10 60.35 60.75 | 30.29 | 30.80 | 57.51
12/24/2014 | 13:05 | 571.98 | 27.45 | 29.59 28.57 60.22 61.42 | 30.61 | 30.37 | 57.47
12/24/2014 | 13:10 | 571.98 | 26.84 | 29.61 29.90 60.46 61.36 | 29.96 | 30.74 | 57.65
12/24/2014 | 13:15 | 617.95 | 26.41 | 29.50 29.73 60.07 60.67 | 30.25 | 30.90 | 57.52
12/24/2014. | 13:20 | 779.75 | 26.63 | 29.72 29.58 60.00 60.10 | 29.82 | 30.88 | 57.04
12/24/2014 | 13:25 | 464.62 | 26.48 | 29.66 29.34 60.01 61.01 | 30.72 | 30.76 | 58.01




- = ,6’ 24 & 124 o = lc’ o o a o
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Gt ke Ts,1
Date TIME Tevapin | Tevapout | Tcondin | Tcondout Ts,2
w/m) | © Ts1,1 | Ts1,2

12/26/2014 | 9:00 | 504.13 | 2045 | a1.07 | 39038 | 4284 | 4474 | 4109|4185 | 4299
12/26/2014 | 9:.05 | 525.87 | 2001 | 4045 | 39.65 | 4402 | 4582 | 4151 |41.03 | 4451
12/26/2014 | 9:10 | 543.07 | 2016 | 4032 | 39.41 | 4632 | 4822 |41.26|41.10|46.18
12/26/2014 | 915 | 55625 | 2064 | 4002 | 3891 | 4783 | 4943 |41.09 4122 a838
12/26/2014 | 9:20 | 577.99 | 2081 | 40.19 | 39.67 | 4936 | 5116 |4083 |41.38|49.44
12/26/2014 | 9:25 | 59497 | 2137 | 41.02 | 3956 | 5096 | 5256 | 4117|4136 5086
12/26/2014 | 930 | 61334 | 21.95 | 4073 | 3955 | 5185 | 5345 | 4167 | 4167|5285
12/26/2014 | 9:35 | 621.88 | 2197 | 4121 | 3971 | 5290 | 5450 |[41.37 | 4203 |53.60
12/26/2014 | 9140 | 63527 | 2204 | 4146 | 4023 | 5424 | 5584 |41.16|41.98 |54.92
12/26/2014 | 9:45 | 646.65 | 22.18 | 4129 | 39.66 | 5547 | 5707 | 4019 | 4073 | 56.05
12/26/2014 | 950 | 667.80 | 22.44 | 4099 | 3962 | 5678 | 5838 | 4072|4118 |56.62
12/26/2014 | 9:55 | 686.27 | 22.61 | 39.66 | 39.25 | 5795 | 59.45 |4069 |41.21 | 58.49
12/26/2014 | 10:00 | 699.27 | 2284 | 40.13 | 3857 | 5875 | 6035 |40.30 | 4050 | 59.98
12/26/2014 | 10:05 | 712.24 | 2262 | 40.17 | 3891 | 5934 | 6084 |4043 | 4045 |61.12
12/26/2014 | 10:10 | 720.56 | 22.74 | d0.49 | 39.12 | 6061 61.81 | 4090 | 41.29 | 61.10
12/26/2014 | 10:15 | 732.76 | 23.21 | 4042 | 3985 | 6142 | 6252 | 4072|4087 |62.37
12/26/2014 | 10:20 | 743.66 | 23.00 | 40.17 | 40.06 | 6291 63.71 | 4136 | 41.82 | 63.26
12/26/2014 | 10:25 | 765.02 | 23.06 | 41.18 | 3974 | 6382 | 6512 |41.71 | 4169 | 63.96
12/26/2016 | 10:30 | 778.60 | 23.23 | 4037 | 3973 | 6458 | 6608 |a1.27 | 42,08 | 64.80
12/26/2014 | 10:35 | 783.10 | 23.77 | 4083 | 3991 | 6541 66.61 | 8157|4115 | 6632
12/26/2014 | 10:40 | 795.36 | 2363 | 4044 | 4052 | 6637 | 67.07 | 4045 | 4083 | 66.81
12/26/2014 [ 10:45 | 797.85 | 2390 | 40.13 | 4022 | 6679 | 6829 | 4082|4097 | 67.08
12/26/2014 | 10:50 | 802.70 | 24.23 | 4060 | 3923 | 6782 | 6912 |4074 |41.10 | 68.68
12/26/2014 | 10:55 | 826.93 | 2476 | 4041 | 4007 | 6896 | 7006 |4093 | 4062 |69.12
12/26/2014 | 11:00 | 827.16 | 24.79 | 4040 | 3947 | 6914 | 7004 |4012 | 4062 | 69.48
12/26/2014 | 11:05 | 834.63 | 24.59 | 64041 | 3935 | 7071 7191 | 40.60 | 40.50 | 70.85
12/26/2014 | 11:10 | 842.37 | 2456 | 4139 | 4066 | 7120 | 7180 | 4148|4239 |71.92
12/26/2014 | 11:15 | 848.35 | 2464 | 4141 | 4091 | 7230 | 7360 |41.11|4199 | 7271
12/26/2016 | 11:20 | 852.30 | 24.56 | 41.43 | 40.89 | 7255 | 7325 | 4113|4161 |73.25
12/26/2014 | 11:25 | 866.40 | 2506 | 4193 | 4046 | 7298 | 7428 |a117|4191|73.53
12/26/2014 | 11:30 | 88831 | 2545 | 4144 | 4117 | 7416 | 7456 | 4102|4193 | 7385
12/26/2014 | 11:35 | 895.74 | 2580 | 4190 | 4081 | 7340 | 7410 |41.24 | 4260 | 73.40
12/26/2014 | 11:60 | 885.30 | 2582 | 4175 | 4054 | 7235 | 7385 | 4181|4185 | 7267
12/26/2014 | 11:45 | 886.91 | 2540 | 4056 | 4062 | 7195 | 7275 |41.00|4183 | 7208
12/26/2014 | 11:50 | 88739 | 2576 | 4062 | 4001 | 7175 | 7295 | 4092|4101 |71.68
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Gt T Ts,1 .
Date TIME 5 Tevapin | Tevapout | Teondin | Tcondout Ts,2
w/m)| © Tsi,1 | Ts1,2

12/26/2014 | 11:55 | 922.05 | 25.56 | 41.80 41.22 70.98 71.28 | 4202|4234 | 71.07
12/26/2014 | 12:00 | 902.95 | 25.68 | 41.06 40.84 69.93 7113 | 41.83 | 41.91 | 70.81
12/26/2014 | 12:05 | 899.75 | 26.32 | 41.42 41.47 70.12 70.52 | 41.61 | 41.56 | 70.84
12/26/2014 | 12:10 | 910.23 | 26.08 | 42.23 40.53 70.22 71.42 | 41.25 | 4241 | 69.84
12/26/2014 | 12:15 | 916.87 | 25.98 | 41.00 a1.14 69.15 69.45 | 41.40 | 41.67 | 69.25
12/26/2014 | 12:20 [ 911.41 | 26.06 | 40.95 39.93 6853 69.83 | 41.20 | 41.86 | 69.21
12/26/2014 | 12:25 | 918.58 | 26.11 | 41.47 40.37 68.45 68.85 | 41.21 | 42,00 | 68.49
12/26/2014 | 12:30 | 937.77 | 26.14 | 4134 40.07 68.09 69.39 | 4087 | 41.94 | 68.09
12/26/2014 | 12:35 | 909.27 | 26.09 | 40.85 40.00 67.93 68.73 | 4055 | 41.81 | 68.41
12/26/2014 | 12:40 | 971.89 | 2586 | 40.43 39.72 67.19 68.79 | 41.10 | 40.87 | 67.82
12/26/2014 | 12:45 | 311.16 | 25.73 | 40.22 39.89 66.52 67.22 | 4047 | 41.27 | 68.03
12/26/2014 | 12:50 | 484.03 | 25.27 | 41.05 39.60 66.80 68.00 | 40.77 | 40.86 | 67.04
12/26/2014. | 12:55 | 901.84 | 2506 | 40.21 39.72 66.48 67.18 | 40.75 | 41.66 | 67.39
12/26/2014 | 13:00 | 882.97 | 25.72 | 41.05 40.18 65.81 67.51 | 41.03 | 42.17 | 66.47
12/26/2014 | 13:05 | 895.74 | 26.39 | 40.95 40.74 65.89 66.69 | 40.99 | 41.36 | 66.83
12/26/2014 | 13:10 | 82850 | 26.22 | 40.91 40.56 65.98 66.78 | 40.81 | 42.25 | 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 | 2544 | 40.68 38.92 65.72 67.42 | 40.38 | 41.45 | 65.56
12/26/2014 | 13:25 | 853.60 | 25.61 | 40.74 40.15 65.82 66.62 | 40.33 | 41.61 | 66.22
12/26/2014 | 13:30 | 875.59 | 26.20 | 40.20 39.01 65.27 66.67 | 40.62 | 41.29 | 66.18
12/26/2014 | 13:35 | 873.71 | 26.06 | 40.45 40.10 65.04 66.24 | 40.54 | 41.99 | 65.66
12/26/2014 | 13:40 | 870.34 | 26,35 | 40.67 39.33 65.06 65.96 | 40.82 | 40.97 | 65.46
12/26/2014 | 13:45 | 857.49 | 2623 | 41.19 40.53 65.07 66.17 | 41.19 | 42.16 | 65.38
12/26/2014 | 13:50 | 780.67 | 26.32 | 40.84 41.24 64.97 65.57 | 41.21 | 41.70 | 65.35
12/26/2014 | 13:55 | 571.90 | 26.21 | 40.76 40.44 64.55 65.95 | 40.90 | 41.80 | 65.16
12/26/2014 | 14:00 | 768.91 | 26.05 | 40.95 40.72 64.02 65.62 | 41.47 | 42.44 | 6536
12/26/2014 | 14:05 | 595.81 | 25.83 | 41.05 41.00 64.60 65.00 | 41.04 | 42.25 | 64.79
12/26/20164 | 14:10 | 769.41 | 26.11 | 41.12 40.67 64.35 65.20 | 40.81 | 62.17 | 64.71
12/26/2014 | 14:15 | 339.15 | 26.64 | 40.91 39.81 64.61 65.91 | 41.63 | 41.36 | 64.45
12/26/2014 | 14:20 | 718.14 | 2635 | 40.01 40.47 64.12 64.42 | 40.81 | 41.78 | 64.80
12/26/2014 | 14:25 | 315.51 | 26.44 | 40.37 39.77 63.98 65.38 | 4048 | 41.83 | 64.37
12/26/2014 | 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 eritically important for the end users in order to ensure the efficiency of the system. The
testing of CPC according to ISO 9806 - 1 found that the thermal efficiency was equal to 78%. The heat loss coeflicient 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 kWh/year.

© 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of COE of Sustainalble Energy System, Rajamangala University of Technology Thanyaburi (RMUTT)
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1. Introduction

The commonly used of solar energy technologies 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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Fig.1. Evacuated tube solar collector
with compound parabolic concentrators (CPC)

Storage Tank Hot Water
(ol Waler) |
¢ Cold Water

._.-/
Water Supplp;@

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
CRy_piamention = m (1)
The relationship of the total height of the CPC (I1), focal length (f), aceeptance half - angle (0.), circumference

of the absorber (a) and tubular tube can be expressed as. [4]

Total height (H):
= a (1 + 1 2 1 ) 5
" 2\2  msinb,  sinf tand, @

Focal length (f) :

(€)

=lR
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Equation of parabolic arcs (BC) :

pe=p(3) B<6+s (4a)

(D)[(8+6.+5) — cosg = 0] oc+g<p sag—ac (4b)

BC =
1+ sin(f—6.)

3. Data Analysis

In theory, the solar collector testing can be carried out in several ways, which measure the critical parameters
and variable parameters required 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.

Q.= AcFR[S =W (T T,)] (3)

Therefore, the instantaneous thermal efficiency can be obtained from

Qu FRUL(Ti . Ta)
s B —_— — \6
Ni .G} FR(T“)e k. (6)

FRU(T;—T,)
= Fr(ta)e == —— ™
me(To -y T[)

N o B, 28 8
i 4G, (8)

If Fp and U, has slightly been changed during the Fg(ta), and FgU,, is a parameter used to describe how the
collector works. Fg(ta), is indicator of absorbed energy and FpU, is a term referring to the energy loss. If Uy, Fp
(Ty—Ta

Gt
—FRU, for Uy, a function of temperature and wind speed and decreasing when the number of covers increasing, Fp
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.

and (ra), are constant, a graph of Fp(ra), with ) is linear y intercept at Fg(ta), and has a slope equal to

M

(T,- TGy

Fig. 3. The relationship between »; with (T;-T,)/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.

n= @y - Ty - G- Ge - T ©)
t;+t

£, = (t; - 0) (10)
L— L

gy = o b e 2 ()

4. Methodology

The heat pipe evacuated tube with compound parabolic concentrating solar collector is tested by ISO standard
9806 — 1 to determine the collector performance. The results of the fest are used to determine the energy production
(Qcons 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 collector

e Type . Heat pipe evacuated tube with compound parabolic concentrating
e Size

Overall width f 1.80 m.

Overall length 1.45 m.

Thickness : 0.08 m.

Aperture area . : 2.6l m?
o Evacuated tube - Outer diameter 47 mm.

Inner diameter 37 mm.
o  Acceptance half angle, 8, [2] ] 11.5¢
o  Angle at central pipe () [2] : 120°
e High (H)[2] ; 7.76 cm. [2] Fig. 4.
470 W
7.76

0.86 J

Fig. 4. Cross section of a heat pipe evacuated tube solar collector
with compound parabolic eoncentrator

| I
14.71

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 ISO 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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Input water 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 cach month of Phitsanulok, Thailand. [5]

Solar radiation Ait temperation

Month (KWh/m?/day) ¢C)
Jan 4.95 25.2
Feb 5.66 28.3
Mar 6.04 30.3
Apr 6.3 30.1
May 5.67 28.8
Jun 5.05 27.2
Jul 4.87 26.8
Aug 4.66 26.4
Sep 4,71 26.1
Oct 4,63 24.7
Nov 4,74 232

Dec 4.81 227

243
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Fig. 7. Solar radiation (Watt/m?) [5]

START

INPUT: A, Fr(ta), FrUy, Tamp » iy, At, Mg

)

/ t=0: Assume: T /

e e G o P i—t+Al

\ 4
Ocos = 4c [FR (Ta)p I = FU, (T;,I y ):l

, Q{ olt

TSC+At

N

At :
.............. T'st+At:TSC + (‘E) (Qcall)

END
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 coelficient 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 collector
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 387015
May 302.60
Jun 260.78
Jul 261.31
Aug 248.68
Sep 240.67
Oct 24587
Nov 265.29
Dec 294.38
AVG. 286.16
4000
3500
SDO,DT e
= 2500
g
3 2000
s 1500
1000

500

00

I R Mar Am My Ja Jud Ay Sp Ot Nov D AVG

Meath

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 Concentrating Solar
Collector by ISO 9806 - 1was 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 kWh/year.
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