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Krissadang Sookramoon. (2015). Design, construction and performance evaluation of a two-
stage concentration parabolic dish. Doctoral thesis, Ph.D. (MechanicalEngineering).
Bangkok: Graduate School, Srinakharinwirot University. Advisor Committee:

Asst.Prof.Dr.Pracha Bunyawanichakul, Asst.Prof.Bancha Kongtragool.

In the present work, an experimental study of a 2-stage concentration parabolic dish
has been performed towards achieving an efficient design of a parabolic dish solar
concentrator. Two — axis sun tracking system (battery powered) has been mounted to track
2-stage PDC allowing to the direction of the sun for receiving the direct solar radiation.
Water was used as a working fluid. The experimental results shown that the maximum
thermal efficiency was 64.765 %, the optical efficiency was 855 %, and the total
geometrical concentration was 254.918. The performance of a 2-stage concentrator leads to
further improvement of the efficiency, at an average of 42.54 % compared to the 1-stage
parabolic dish concentrator, 17.97 % approximately. It was also found that the receiver can
achieve during operation due to the relatively high water temperature of 101.5 °C. The
prototype is useful for the applications of solar energy. The performance test of a
laboratory-scaled single-acting gamma-configuration Stirling engine, by using a solar
simulator made of twenty-four units of 1500 W tungsten lamp with a 2-stage parabolic dish
concentrator. The experimental results indicated that when the heat input into the
concentrator was 8890.93 W, into the engine of 602.3 W, and the thermal efficiency of
solar-gamma Stirling engine is 6.775 %. The engine produces a maximum torque of 0.0774
N m at 39.85 rpm, and a maximum shaft power of 0.359 W at 55.6 RPM. The generated
power is 0.27 W with the maximum brake thermal efficiency of 0.2503 %. The overall
efficiency of the system is 0.00574 %. The hot-space and cold-space temperature was 655,
and 306 K, respectively. The approximate Beale number was 0.000487. The engine power
analyzed by using the Schmidt analysis is agree with the experimentally investigated, which
is 0.359 W. The relationship of water temperature between flowing calorimeter and spiral
calorimeter showed that water temperature increases with increasing of solar intensity.
When adding spiral coil in the calorimeter, would enhance higher heat transfer efficiency of

calorimeter as shown in the increasing of Nusselt number.

Keywords: 2-stage concentration parabolic dish, Calorimeter, Stirling engine
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Tag1 s me ona s waN N TantawdLnIo s 397.4 Jis ldamngiivasasrinuly
tossauidu 62 °C uazamngiivasmavhanulugdasdmdu 55 °C lapdszanm

UyT1 f9aIZ0a Waz NOBYI9F @nIzyn (Kongtragool B; & Sookramoon K.

Y o

2012). la¥in3981309a0330UL 8 9LAT I UARLADRINTLATBITNR0ITIFRNATIINAL AT
FIFNATLULIUNIT LA T UULASIAINUTO U LA UL AU RN TIOULUDILATAILUA LA DRI
suuuvwnusifildgnguissnuduanlusmeszauiesl jidnslasnasauausinus
di 6 v Ai o e A a €‘§ % o
YILATDIUUAGILLATAITINDITIFANNA T TIRIINNAAAATALAUUUIA 1500 W 5174 24
WRAAIINNUAITINTIFONAA S LUUIIUNIT I Lua T uLradlwauTauNanIInagay
di U d' o - | a 61 [ o o A a 6 1 di 6 a d' %
1aIadudlaslTaIai318093980N A NNUAITINTIRENNA WL IILATAI DA L6 D RINFINI
&, g a o L= & v { a a
mumﬁmmmwammaﬂwquq@"l,@ﬂizmm 0.1855 W 1 78.4 rpm wasddsz@nininainy
Sowwatszunmh 0.0898% 1 78.4 rpm lasliwadinuanusautauidinIasoud 206.5 Jis
ligunndvasansiiulugasiowdu 62 °C uazgunndvesansaulusesdwdu 55
oc Tagilszanm
U7 f9aIznauaz FuNNTn A31lazifias (Kongtragool B; &Sripratueng S. 2012).
Yo aae A o A & a o a o o A wa o
levidTaiTasmanauitaasaudataafonasuasafiadluswarzauiasdfiians las'le
aammuuaza%om?aaUuﬁama§ogﬂu,mJLLﬂﬁJ&hﬁl"ﬁgﬂgUﬁﬂé’aﬁwmﬁwmﬁmﬁﬁmm@agﬂu
% % Aa wa o A (% d' {d‘ % ;3’ di
szaURaslJUAnmsdiwan 1 LaJaduazlanasouanssnoussadiniossuanasdunaidn
mydnuluwdiminasadlasltrasaalaanuwia 1500 W tiluiaSaddnanstsdannadna

A 6 a A o & A Y v % C) A & A
msmaammaawmamaawaﬁwumﬂ@ﬂlmmmmmuﬂﬂammgmsaaslumia 518.28
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W ‘ﬁ‘%aﬁqm%nﬂﬁmiﬁwmluﬁaﬁamﬂu 154 °C WUILATAIEUALATAIRRINNIONAALITITA
gdﬁg@"l,@i”ﬁizmm 0.57 Nm 71 32.2rpm, Nﬁ@ﬁﬂa‘fmwmgaq@"l,ﬁﬂszmm 2.7 W 1 95 rpm, wazdl

Uszdndniwanusawnaitszans 0.52% 7 95 rpm

dl' 6 a > % o A a ]
1.8 LASAIUBAFLADIINUAIINIIRD N AL lwaslszine
uSuau dn9laouaiilua (Breihan, cited by Daniels1964).  leaanuuuaing
LRI UAFLARINAATIRS 15 W laglFanuninluaiamwe 1.8 ey gﬁuéf’mm:amlﬁﬂu
< o = a va A [ A a A &a o
wadanuidfanwatadn waddgwisasnsauazifiowding 10T098uad2U100270N309
nIzuangy 100 . Jepemn 37.5 YN.LALTIRANNAE 75% Qﬂnwmﬁm'gwﬁ"} RN win

o

gnéﬁu%aumaagﬂgumﬁauﬁw mﬂ‘*ﬁ’ﬁamm%”auﬁaiamumm%”auvlﬂs']’am?awmﬁm”aagjnu
WHAZTI88A LM INIEUDDILATIA L6

Waud wazwand (Pons; & Fox. 1976). AN®INIITIUUYAINNTEWIWANTLA
LATAIUATLADRINRINULFIANNAE  UUSINLWIAATSUURZRNANNTAY Wi uwIAaRazd
v A M v A Y ~ | 3 & 4. P’ o
Tadranslsznsud leRuanususeunandaman g luiunrisinaanuasyla

JoaLaua (Holland.1979). %lﬁl,ﬁu’hmsﬁmmmLﬂ%ﬂdw@Tmmﬁumugmﬁmﬁq
lesnuazanaudlalasldnalnfgudon  wunalnfadsende  daminisauszifiawdn
~ o Qs 4 a A a a v :, Q
dywdagvaaniasouasaads  sdndziedavulassaeiminiunuuaiswinlom
LRZNIIRBUDIT RNV IALNAAINUARIALA RAWLTILRIVDID

AlUAT uRzSulon (Leibowitz; & Hanseth 1982).  wuzthanudwlylduas
A 6 a o % o A a A o e o v A o U
Lmaaﬂu@]amammdmmmma‘nqnmz;]ugm"l@ﬂiuﬂ;smimmummﬂﬂiﬂaﬂwnumau
waluwdsznarmasnamwnuing lnannuadadslailadslomianmalulad

UTMY UazAME (Brown; et al. 1983). JNEIIWMINAFOLLATDIHUARIADAIN
FULARDUIALRUINLTALARLAN 550 T1 IWIzEzEUlafNad 18.8 kW WA W nuunIaln
waauaua 103138 UszAnSnmvesszuvegizning 2225 % wls9 W riakazi
Urdninwgundndiiidading lasfivwmelngjuazldiuiunndnsiamlasinaiiaiviniu
A 6 A A Y o o (23 o A a 6 o ~ > A v 1 o [
AT UAFLA D RINTHNAIINNIITINTIRNaSIna T wnawlavasniaslun9i1as 35-100
KW sluﬁ'uﬁmavl,ﬂaﬁﬂs:ﬁw%mwﬁau%dgumﬂuﬂ 1983 113086 eI TEANTAINTIN
\Ju 29 % rauazdndNMIgEsLa: 26 % WAIWNAIMNIFLEILEY EMTLLATBIDUAIUNG
26.5 kW N¥9%30ALU I wWIT Luan

wraAnwazluaeas  (Selcuk; & Bowyer 1985). fuguinaIadouastaaniil

UsANTNIN 32.5% ﬁqmwnﬂﬁmaﬂwaﬁwmﬂizmm 700 °C



19

nssenuuUaIssiauad lndasegsaslinudoauuszanniamendwsas
o @ ad = R Ao o 4 P=1
fayvaanalulais I@ULaLﬁm"L@ﬂﬂH'm’mwqumﬂﬁnusﬁau‘luaﬂmmmmzumi:uuﬁnu
ulianaau 1987 MenuihmMzuwUAMaNazganifivhwed

USHN&LaT (Schlaich Co.Ltd. 1987). lawamauwmwa 17 was laglduruiie

= IJ v 4 a v v : v U &, 4 v

wanfidugdlaslfgygimaiaidufissdon Tull 1987 duuunanusasduldairadwnels
@ A & a A A A &
NULATDIUUGFLADRIVUIA 50 KW NagaUNLiadsensa

andauazAte (Ahmed: et al. 1990). laTMUMTLARATDILUARLADEI 50 kKW
WasnugIananaanTzus InA laglfanunis luanvinanman wazlannslalasawidn
fIvhu Jdgmnuufeauaveniadianuamainfawannnisasnuuunazeinlunis

& A A a A 0 AN

amimmaﬂquﬂu’n Gmm@mnmimaﬂmuﬂs:ﬂaﬂumsmuqu‘nvlummmm

lraduazame (Child; et al. 1990). letanananmMIa1UTeiNInNamuaUe
A lwladn1INA U NAIN LRI I@]zmwmﬂIuIaﬁmmﬂmwé’amuummﬁ@sﬁ;ﬂm
{ o & 4 > Aa o a % o 'V o<
AW WU szUULﬂ%agumuI@ﬂamaan LAZINA LA HNNITNWAINWNALABEIRIUNIING W
?,’ 0/ a 6 e v A d'l 6 a 1 o = a A
TINAIBURIONAET  AITINTIFUULIU-LATIUUARLADAILA AU BN NN T U sz ANT AW
N 22% FIRTUMILAWLATAS 10 T2 a9/ %

padLazAME (Audy; et al. 1999). FNHINUTZUUNAINUNAIANRINULRIDNALN

v

IfinTasuudaimafsdnivanileama  wwuasmwnguiinivislan 4 2w ldgn
e ; o e o q/ e 4 e Qs 23 Q Q Qs
wawdu  wansdmesgnidiouifisuniuisinainvesaIassudniiuioipinausdau

a { [ Qo L U e Qs e Q Q/ a o v &J U
NunAnsInn liaids Suteuvesigansusdan wia JgInmasfvenarhlwisduleyls

mMIauganaswim LA Ndaatingg

1.9 svdsaifganudnafdanadunusastinaanlwaeilseine

awiha fSuazame (Kanpal,T.C. et al. 1980). ¥MMIIFBI30IFNTIONTDINA
uSsFfaduluUFaITHA % lap@ns3Unsslun1smussd nsduundmaiifuuuaes
duwnaw  UsznaudsTewiluaiuas eaAUSIFLLUNIT TUAMLUNEY (Compound
parabolic collector, CPC) ludinnaniigaslasdnuifssussnusvasnnuias

Fnasuut LazlaLdy nasaan (D.Feurmann; & J.M.Gordon 1991). la@¥inny
ST TINTI AR B ula T e e wLE LN T T T A s fa sy
JTUUIWIA 220 kW AT TIRUITZNaU ARz UL I T AL B FuInTzantn Laaunay
duaanfizasiduuny cPc lfnw Tasfidhsuiduriansenszuan mseanuuuiialdlud
sau%’aﬁmgumauﬁaaﬂﬁgﬂﬂiuﬁu 13918840 8ABNRUADITINDINTANNLEBALEIVDIA
Feraud AU 31AT12¥A0 N 0IN AT UVI08NINGITINIF FiANuAaNaLAA DY

Huad 3UN99 ruvdemuananfiaduaznmslinszanunnuldslududzund damusidnds
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nﬂﬁﬁwmnLWsmuaﬁmmVL;iLLWGLﬁsmﬁ'um”a%’u%’aﬁuumwwwsﬂummiaz"l,@i”wé'omuﬁam'jw
WNEd 1/4 i laganuuaneidazinaalas ltaireiawsifuuy CPC ﬁﬁ@mmwga

BuAaTIIR LUBTITYI LazA A (Collares-Pereia M.; et al.1991). vl@TﬁﬂH’]LLNG
WRIITWLFIDMAETNTAITINLRILLUINWITIUALUUTAITINULED 2 69 Ltazﬁymauﬁuﬁ

A 1 s v o v =3 dl v

80-120 a9@n smﬁ]:msJa@migryLﬁm‘mamﬁmauuazmmmmlﬂqmwgwmaﬂmwimmgn
19 500 °C qm%nﬂﬁ@”\md’naquinﬁﬁvlﬂIﬁ'luIiovLWWWvL@T TauuUUNAAITINLES 2 A2zH AN
AATIRIUNNITINLFIL T UF IV ILLLUNG

151050 N WIaLNUULAZATHY (Robert P.Fried 1993). MI28nuULLEILEIVEIAITIY
(% qu/ v Q 1 v & o v
saﬁwwsﬂumuuuaawumaummwwlaﬂsﬁgumﬂm Tagltaruwwiluagesnansarinle
Indidins 90% vasdadinanvgunnamaaslasduwanzyinia(yusuisFuzanm 45 ©) 31n
mnﬂ%'wLﬁm_lﬁ"ué’asw%’oﬁuuumuwﬁﬂumn”um”’nm%'aﬁuuuNam”umauﬁaaaﬁgmf'u%'aﬁ
< 5% °uaaﬁ@ﬁwﬁ'@maqm‘ﬁwaﬂ’mm’@”’;nu%’aﬁm“’umuﬁaaaﬁm:vlﬁ{u SURINVALINNAITIN
o A A a o o i P <& ¥ o oo o
saaﬂgwgmmzummzmuuaﬂmmmmﬂuﬂ’mwLmimoaﬁnﬂq@‘[Wﬂamaomuwwsﬂum
aUUNUBBIAITLTIRA I ) Bidnaeiaudgundl uazaivdarnisftuiisasszninadsused
Wz TINTIAUFNAA drTInTifiTuaauniaasuuy Tailored edge-ray #azainsanudulyle
Tuwn1svinlvdamwianzrasa mwnTuWé'ﬂsﬁgdﬁ%m%ﬂfﬁ'uLmLLaamﬁmﬁLLa:ﬁéaizumm
W lua lwBaniIen

18387 (Ajiya.1995).  1a¥inI981304N1T8 8 NUULLAZETILATLRIONNATLUL Y
Wi luan I@yaammmmm%aﬁwﬁwmﬁ'ﬂmgg% w35y nmsaanuuuldwannisvas ns
FIUUR LLUU&;@I@ Ul“ﬁﬂixﬁ]ﬂmﬁ'@ﬁmﬁﬂ giiafaunanuninluatwaiduiiasiauwuaziszuy
faaNaI M sLULINEasdanNAazIwaan lAAaZIWaN LLNuL’%'ﬂuﬁﬁﬂgm’m"li’ﬁQ@
IWﬂaLwaLﬂumgmuwaamu Gmmﬂjuzﬂi:ﬂaummsa:gmn"hmau Ia ﬂlﬁaa@gﬂﬁwvl,@aﬁﬂ
Tt a9fin IINNIINAFAILNLIT LATLEINATUUUNIIN a1 TUSEANTAIN 30% b
amwmm?amauﬁaavlu@g%

A . R a A '

wilua Ofinouazame (Pablo Benitez; et al.1997). ladanwnuszaniainnshyl
é’&lsi'amaa@ﬁmN%’dﬁuuuaaw”u@aua%m%’w”ag@sﬁ'uwé’dmul,mmia TagyinnsaanuuLeITIN
FIRWUDNTZANLIN 2 m”u@]amm‘ul%sjﬁm%'ué'agﬂﬁuwé'dmmmuﬁa ATINTIANT T 21N
szmwmmma’m‘“umuﬁamLmz@ﬁ(ﬂ@sﬁ'uwa"’ammm:ﬂ'ﬂﬁ%’umsmm%’aﬁﬁlnﬁ%ﬁ‘hﬁ'@ma

&2 a Aa A = o = o & o xy o aX &
panNAM AN ITIa s AnTa WS UWAI NG qmanwm:umi%mmmaauLflwm
LLazﬁﬂﬁmiaaﬂLmuéﬁi’su%’oﬁm“’umauﬁaaaﬁﬁmmi,aﬁagﬁmuaﬂvia Evacuated tube @7
FINTIRRLATUAIWRNT L UNITIINTIR £0.73° Va9 91% pasfadinansgunnaa el
A A = [ @ o o A { A A

Uz ANTAIWANITLALUNRIINY 96.8% WATAITINTIFDINAINIINDaNUUUNUIZRNTAIN 92.5 %

ﬁ’]L%ﬁi’]ﬁgﬂ‘i’] mm’hLﬁu@hﬁgaﬁq@lumﬂfmm AIANTINTIRNNIBINTDITNITZRINIAINA
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TUNRINULRZNTZANLNTWNFAILT Y 6.8 way 10.5 m"r’naa%’ﬂﬁmam”agwﬁ'uwé’wmﬁm%’uﬁa
MNNFudazd Beluniiuyuranvesdiiuiaiiudguniidu 98.8 uaz 104.4° luudaznadl
A 1} o L= Q Qs >
FIUNRWLIFNILLFNITATNNIINATDIAITUTIR

Yo Aa v

1@ 1911903 wazAts (A Timinger; et al. 2000).  le¥in338L389NIAAN
LANZRNTBINITINTIRLUURDITUADW a%m‘?mzum”ﬁuLLumwﬂuﬁﬂma Tagaanuyy
@T’J%”U%’ﬂﬁl,l,uuaaw”mauﬁﬁgﬂiﬂﬂajﬂﬂﬁ LB LNYDATIEIBNNTTINTIRIINNNTHHTIRFA I
FWNLLLLERlaguan (Heliostat) lasudsidusindasdasoslundazain S1%suiailoguan

o< A A A o AA o o o A A & o
Taom Iz lidnan el nus a1 oI Nan T2 8T IRNNIITY I TINTIRUUN R AITIAITIY
FIRLUURIZEINITAN DA TIEIUNIITIN IR VDL U UL UN LML URNNIATUUULAY 1NANT
a 6 ni ni nidni ™ a daid v ni ni = v
AnnzAiimInzaungaLsaInanangavesmnuandmadududfamiouiuduas

{ v %) L 1 QI l&’ { =Y =) =Y v
2anf Aperture (F1IUTIF) A1 CR LANIULTU 2.3 NUszENTAWLEILEI 90% tn3UnTIva4

v A % o v v v Q ﬂq// % Q dd‘d dl
nasanlnalAuInuienan azvinlvdl CR 1 lna 1.3 AIRUAINUNIFNT NI RLY

o Aa A A a
A IR RNTINULNANTMULIS U UL UL

Fads 1o lawwas uaziada 3 dulad (Sidding A.Omer; & David G. Infield. 2000).
1e¥N3981509N1300 NUUULAZILATIZALTIA N TABRIRTUAN T UIINUASNNINAA WA LUL
a3 luBLANA3N laudaINe W n1Te e NLUULAT RN ITOWSLTIAINNTOWYAIAITINTIF 2
AN NRAZFUNUIZUUAINTIWIINUAZNNITHAN WY NtnasluaLaNasn A13IU3IaN
Uznevdistudgugfiduiunssrnlumuszaundonfiduuuy cPC dadanyalniaves
1ulzunil ganasludidnaindadanuudugadunssnuialniavesdrnuiifdiunaond

ﬁviaﬁwmmLﬁuﬁﬂagjéﬁmﬁumaaﬂg@maﬂm5L§ﬂ@1§ﬂLﬁ'aLwnmm%”auﬁaLm:%'ﬂmqmﬁﬁﬁﬁ

6 A'l n' a a s (é’d a a 6 d'l s
mmqﬂmmmawaﬂizawﬁmwmmﬂmwmmuqﬂmmum:uummwmaa'wmmwaa?m:n

punndliiminzaunuramailudidnainuazaadinigyiianasau unuINvaIITINIIF

Tundondfednan1IgyiFuauTauIINUHRATUNE U Han1INaaaIuEad AL AR
NN AN AWMU RN Radlagsa TN unauiiansfie CPC azaafNINA
anuiauanameauaztRnlszEnsnnlesuvesaarussienfiag e

LALOF 130G uazLFua ANNT (K.S. Reddy; & N. Sendhil Kumar 2009). 1avin3sn
L’%"aams;gagLﬁmmw%’aumﬂﬂﬁwmmﬁauuazﬂ'ﬁm%’aﬁmm%auﬁﬁamnmm”mLnjaw'aa
$Up09TUSIFLL LU U TN1559059F 2 Tuaan lasvinsiezigisaiaa
ﬁm%'mnu%'u%'dﬁﬁﬂvﬂLLﬂao*’ﬁaa%'mﬁugﬂm’m CPC uaz wuuniude wuusiaed 3 U@ Qﬂl‘f
dmdudinigyioanaiaunnmamnuazudifianuiousasdiivluyudsiuazgunnd
F9uen 9 sreeusifdasaulsstessuiniunsninisitunises mineanaian
LRZNITUAIIFANUTOWIZAARY 29.23, 19.81, WAz 19.16% ANE1AU AITULUUNITUIUA=l
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@]’Jiu‘ﬂu@l'ﬁaz‘ﬂauuuu‘ﬂiuLl]@r[@ﬂ&lﬂjzﬁ‘ﬂﬁﬂ’]W@ﬂqﬁlLNaL'ﬂﬂUﬂuLL'U‘U@%



22

3A TS uazame (Mark Schmitz A.  etal. 2006). ladszidudananinlunns
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° % Yo o o &V A a a % o o @ (Y
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@ msﬂizqn@ﬂ%’[mgamﬂmmmaﬁmgﬂmﬁmu FetaLFuvaIszuLAasndudasltadIIN
o <& { o A v & lo o A ° ' o o
FIRLUURDITUADW Lﬁé‘li\‘lﬁa’]‘ﬂ@]ETQﬂ‘E’J&JI@]UﬂiZﬁmLLﬂ’JLaﬂ ﬂﬁ@’nuéﬁwzmvlﬂgmiﬁnﬂwu
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NN INNEWNEIRIUNITAANLULAITINTIF 1agANBIANUT LI NLADSLTILTUIARANL
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‘ﬁlmz http://mte.kmutt.ac.th/elearning/Solar%20Energy/HTML/unit_04.htm.
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Performance of Concentrating Collector)
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h, = 4T (2-12)
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v =

LLa:qm%QﬁmadVia%w fa

q

A Tr+AC(h +hw)Ta

T,r-c r,c-a

: Arhrar'C+AC (hr,c—a+hw) (2-1 4)

punnAnaanInlduesdiiuTifiunude g usaslddiane 2 lasaz

NUINAATIFIWANTIINTIA LLa:qmugﬁLLﬂi@wwmmmm‘mﬁlumﬂﬂﬁauﬁmam”ﬁ'u%’qﬁ

a4 2 gunpiifiiananInvi ldvesdaTuTIRuILN g

Motion Collector type Absorber Concentration Temperature
type ratio range (°C)
Stationary Flat plate collector (FPC) Flat 1 30-80
Evacuated tube collector (ETC) Flat 1 50-200
Compound parabolic collector (CPC) | Tubular 1-5 60-240
Single-axis tracking | Compound parabolic collector (CPC) | Tubular 515 60-300
Linear Fresnel reflector (LFR) Tubular 10-40 60-250
Parabolic trough collector (PTC) Tubular 15-45 60-300
Cylindrical trough collector (CTC) Tubular 10-50 60-300
Two-axes tracking Parabolic dish reflector (PDR) Point 100-1000 100-500
Heliostat field colector (HFC) Point 100-1500 150-2000

Nan: NyI@ 13T, (2555).
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Collector Type Concentration Indicative
. Ratio, C1 for Temperature
Name Schematic Diagram [ pirect Insolation | Obtalned T (K)
Non-convecting [ |
Solar Pond '@ g c<1 300 < T < 360
v
> Flat-plate 2
g Absorber ‘é c<1 300 < T < 350
'ﬁ L
v Evacuated [ |
Envelope == c<1 320 < T < 460
Compound 1<C<5 340 < T < 510
Reflector - 5<C<15 340 < T < 560
Parabolic 9
5 , | Reflector Q 2 15<C <40 340 < T < 560
P4 R 3
° 2 2
= 3 | Fresnel - 3
& | Refractor g 10<C<40 340 < T < 540
on
£ Cylindrical
8 Refractor @ 10 < C < 50 340 < T < 540
=
§ Parabolic Dish [
Reflector 100 < C < 1000 340 < T < 1200
w
2 8
% | Spherical Bowi 3
9 |Reflector 2 100<C<300 | 340 <T < 1000
L £
Heliostat : &
Field W 100 < C < 1500 | 400 < T < 3000

a

Nan: 7@ 1TYIa. (2555).
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Qo 1 A = a Qo Qo = a U U @ Qv =
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270 A 1t B unWniaasnssusiRaziiln

_ I 1)dy
2 1(y)dy

(2-16)
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‘ﬁm: http://ec.europa.eu/research/energy/print.cfm?file.
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ANN: http://www.alibaba.com/product-detail/SolarBeam-Concentrator.
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MWUIzNaL 16 waadssuuUNaa WM anasnuuaiafiadsinau las Boeing/SES
FRE NTNNABINRIITUNALN Y LLa:ag%’nﬁwé’amuﬂs:maowé’amu LY

o9l JUANTITNAIRUEIaTINES NMadTAENT uniInnap@aling. (2549).
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AMWUIENaY 17 LRAIATNLATILWAFLAAAI Kockums 4-95
NU: NTUNAUINRIITUNA LN LLa:ag,%'m:Twﬁ'&mumzmwwé’amu LR

#29U HUANTITONRINULRIDNAES MATTIRENT W Ineaudatng. (2549).

lunsdindasnmsgaungiiganinazldnisTiasafinadads (Two-stage concentration) Aduaadlu

ANsznaun 18

solar beam

adjusting
system

2y

MWUTENa 18 1ATAIUUAFLADRINRILFINNALN LTANTTINTIRFDIATI

fin: Rizzo, J.G. (1997).

2.12 sznuammumamﬁm’fuazszuumuqu
izuuammwmamﬁ@ﬁLLa:sxuumuqu (Solar Tracking and Control System)
LT AN T AN URILATAIUUARLAD RINRIINWULRIANNAE TIRANNTENURIAANULTUTIFA T
Pa909NATIANNAIALNIN A% M3 lAuwITlua LaRaunauaidaiadinasaa
o A a (d‘d U =3 dll dld o s A' a a a
Saam‘ﬂmmmmmLmJg}oﬁwLﬂunawummmmyLLa:mmmquﬂimmmwiumwam

% v U té J s )
VLWW"IVL@]M”IWT] 25-45% DIVBDUNUDTINLINLLREANA
U U
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v a a 4 = &a &
Iﬂsaaiwmanmlaos:uummmmomﬂmsl ﬂNWHﬂGQﬂﬂiﬂL“ﬂﬂi:ﬂﬂU“ﬂ%Lﬂ%
331]‘.].]"].!8\‘][,@]%8\‘1 AAANAIDNA ﬁﬂszﬂau"l,ﬂﬁ’a ﬂﬁ?%Lﬂﬁﬂ%ﬁLL%'ﬁ a8 ﬁgmmmm az%&mﬁiw

azlduaaInIwlsznay 19

a

LUIDAAIA

u

LHIDZTUN

q

AMWlIznay 19 anlARauNL®l é’aﬁgmtamm a:s'ﬁam

ﬁ&n: http://archive.azcentral.com/business/articles/20120405bankrupt.

2.12.1 mumﬁauﬁumﬁaﬁg@ ﬂszﬂauvl,ﬂ@ﬁﬂmﬁugﬂﬁuw?ammumguimﬁ

AR NNU A NFIARTUAAAIA LT UL TE LR IIVDIAIDN AT LT UNILTRRLFIDNNAE L TUDLA DS
[ a d' =} = >3 |tdl 6 Aﬂl

iuarruiafdanlasinuiNasonsme IawLmuﬂgmmuwmmawamai WNaAILANUNL

28402739 RINILABI ke 0-180 aden

2122 duiafaufiuwiazdym Usznavldaruarwnidualanznanlanau
gﬂﬁuﬁﬁu-ﬁmwﬁ’auLmumgiu‘l“ﬁuaL@laiﬁuﬁ'ﬁ“ﬁ"uLﬂﬁaulmﬂﬁWuLﬂaaé’mwm’tdﬁunumgu
o s a é
uwazinanzasuaaihnulasidudiaiugy vaiaailasuainainiuguunuvayuazdyng
[ R 3 U 4:3’ s 1
sanInnyuIauaIladldig 360 adan uanaNuwLE ukIrikidudiaiugunsiiu

Twnuuataas

2.13 AIABIVDIN DN AL UBIERILUWINDY
< U £ 6 a 6

™ ﬁ;@l@e]uﬂaml,az w nanlagnans Lam:mﬂ"lﬂmﬂuﬂnmwaamammﬂ
% v g U A u?: A 1 U
AInWUsznay 20 umauﬁmw:sxq"lﬂuuuqmaama‘uﬂaﬂ (6, @) 59 6, = yusEniaEw
d' a 6 @ % oq// 1 % % d' % a
NAWNNATNULFULUIAT  Ua @, = gmzmnﬂﬂswmumaotauﬂmﬂvlﬂmmammsﬂu
TEUNL LI AW ULRBARIN M I TE WU I WA
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Vertical

Homontﬁ'
Plave

Fojechon of lwe Lo 5vn

MWUIENaY 20 LRAIAILRIIVDINIIATNG zﬂm:mmmuau

N0 NOAME LNBI U BYTH UAZATAE (2552).

o . 2] A PR o ¥, o
NNAUNIIVDIA wikvunlanilslunisvasarsenfiagnusnguuiaswiyinli
RINITOFILNANITIATVRIAIaNagsaulanuwszwiuluuurszavle szuufiisunin
Ptolemaic system inueunasuaianfingunazindudasfrmismdnniivadsarsannag
v ¥ =) [ v 6 A LY ) g
vuriasWieunugaInan ol Tz laassa it
2.13.1 wuznivaiaadiulan
;l' d' s o 6 1 a 6 a 1 =
yuwugm‘nLLammwauwuﬁizmwmammmﬂuiaﬂwag 3 4w Ao
L 1ilulduis (Latitude) voadnunibadainaniaol I%Lﬁugmﬁqm (Equator) tTwLEW
w9 nsgnlanmitadaduurn mMegnlanldidnduay aanu -90°<L<90°
S 1ilu Declination angle ajuiuaasd kBN IANNTANINININEIFTLE
(Solar noon) LﬁaLﬁﬂuﬁ'm:mumauﬁugmﬂqm AN -23.45°>0<23.45°
o duyutalas ( Hour angle) AanstafauiiiBiyurainisanfiad ldnsaziuaan
wianvaziuanvedduuwnila-ld (Meridian) Naadanansot thasnnnanyuvaslanly
8031 360° ¢ia 24 T7lad K38 15 ° daT)las Tratdanduay Tretheddnduuan
y% Declination angle I laan
. 248+
5=23.45sin (365x )

(2-26)
e n = Lﬂmumaaﬂ n < 365)

a '

mwauwuﬁimhwu ELEE Rl waad L lwnwilsznay 21

2.13.2 yuI8e (Solar Angles)

>

ag'mia"LﬂﬁLﬂuﬂmwé’ww”uﬁ{i:mw@hmemaamamﬁm u‘uu‘ﬁaaﬂmu;ﬂ”

FINANI TGRS
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0, \duynaaun(Zenith angle) YuTzINITIRaARLNLHUUAUTIL
AUWIRUAY Zenith (d1unisiniladsszuasgdinanisal) argasgaatiu yultdsyuan

n3eny (Incidence angle) UUWANUI

a 6

Y \luyu Azimuth angle  AaguAitnsluuszRIERNBTBITIR AN

A a

A [l L [ (% = oA o 6 v =} v oA
32:%’1‘].17]ﬂgluLL%'ﬁt@l‘UﬂULﬁ%LL%'] Lﬁ%ﬂl@l‘ﬂﬁ;@ﬁ%ﬂ@]ﬂ’]i%ﬂﬂ LRUWLLWILAUD -1@] N’]%“ﬂﬂi@l“{l

[
o

L1239 19 lnsnaazIwaandantdunay 10 N 1Ran Inaaz BanTaduuIn adhs

-180° < Y=< 180°

o o 6 1 a 6 o
Awilsznay 21 mmawwuﬁs:mwmumamwmnﬂan

N30: NOAME LN Db BEYTE UAZADAE (2552).

Bun's orbit

Awisenay 22 ﬁil’]ﬁJ"llE]d?g&l Altitude U@z Azimuth 2890298170

nN: NHANIR LNWIT T EIEJ'D“EI’I LREATE (2552).
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o uyuIzaunugs (Alitude angle) Tse U U ITIFLRIANAATNUATLNAI
v 6 é’l/ s qq:
VDINFINAN IR HUUAUTIY A9% 01+0,= 90°
%] %3 6 1 a 1 A—‘?l’
m’mauwutﬁs:wmguqmzmmmmm"l,ﬂumwﬂs:ﬂa'u 22
< { ') =& ° ° ' P o o

Tauna'ly ﬁsgmﬂmla 9 Uik mm&mnm%mmmemaamammmﬁﬁmuﬂug
é“am@m’ﬁmwlﬁﬁamglmﬁ'maaaag‘u Ao mwuflmg}u Zenith 138 Altitude ﬂ”ﬂgw Azimuth U843
awefiad m yntiluila g

mflué’ww”uﬁszwmguq‘%mﬁnd’nu’ulﬁq Ao WILYN Zenith 0, VBIAIUNINADI
anae

cosBz = sina=cosdcosmcosL+sindsinL. (2-27)

FEmanwANNEIWIUBEII% D (Dutlug) 2z lean

D= (12—5) cos™! (-tandtanL) (2-28)

o ﬁaywaulﬁiaz*’ﬁ'ﬂm w1 lean
® = 15(st-12) (2-29)

L8 st = LIANIAIFIUTDIOH

v o Q; = &/ =)
sansnlgauns lumshwsyatdalusnaeifiadiu (wisnaaifiadan ) o, Aa
\{la, sino= 0, 2:l¢

mg = cos™! (-tanStanL) (2-30)

o fia YUITAUANMNEI ( Altitude angle) TuszuuaisvasiFussafiadiudunibivess]

NN TN BLUAUIL Lasf o+0,= 90° w1 lean
sino, = sinLsind+cosLcosdcosm (2-31)

7 fluyn Azimuth angle AayufithaiuuszniduaIs09TITa AR URIZUL

a v o 9 A vl o o o A @ Y
ﬂa%luLLuﬁiz@UﬂULﬁuLLu’) L%ual@lﬂ?@lﬁﬂ LNONIITUWNULRLLAT L‘WLLQ-I@I ﬂ"IVL@Q"Iﬂ

sin y = Cosdsino (232)

cosa
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2.14 msaammmgﬂmfuqumaaszuuaﬂmumamﬁmﬁtﬂﬁauﬁuuu 2 LNt
aaﬂLLumaas"LsJIﬂmaulmaLaaﬂﬁamuqumiﬁwmmawama%‘hmu 2 @
A v ¥ { v 1 1 >
sﬁa‘lmﬂszuavlwwﬁﬁv[@mﬂLmaoﬁnstﬂuaﬂLf’lummuquIﬂSLLﬂim’mvl,uImmuImaLaa§
fd‘ o dll nia a o v dl
qﬂnsmwiﬁumimuawmsmmmaas:uumaauwmmumommsﬂ@m}m’mu’m
ﬂ‘i:maNmTayaﬁ"l@'fﬁrmqﬂmniw’ﬁumai{mwa”uLLaa LDR (Light Dependent Resistor) L&
Lﬂﬁﬂmﬂuﬁﬁ&uﬁamquaL@aﬂﬁvxagumuwwﬂuﬁﬂlﬁm‘“omﬂr‘fumomﬁ@s]‘w”a’i“uimm]z
o ' ° o A o A = & o A o A
A379IAANNLANANIVAILEI LALAVRINNE1IN WA LFulTas LDR @17 1 uazan 2 aziin
@”’Jé’qmuwamaﬂmmuaz%gﬁ LATRIWLTWLTAS LDR 627 3 WAz 4 tuaigdannalataasin
LLﬂuﬁaag@I@ﬂvluIﬂsﬂauIﬂsaLaa‘§ﬁ1°ﬁLﬂuVLuIﬂsaaqusLaa§Lua§ 16F877A lagldniun C
1umnﬁsluiﬂmmumuqmzuumﬁauﬁaﬂmumamﬁ@ﬁﬂﬂiﬂ@ﬁﬂﬂﬂisﬁﬂi@ﬂﬁﬁLﬂ%ﬂﬁ
AAANANANNATUINAFAUNITAAAUAILAUIVAIAIdaNA T aENIdaL e InaaAI %
uamaiﬂuqﬂmniﬁmﬁuuwé’amuvlwwﬂmﬂuwﬁ'oamﬂahﬂf’ﬁﬂﬁ”ﬂmsmﬁmﬁﬁ
' = ¥ 4 ' & ' A o h a o
LNLARN WA FInLILENyaLaasaantidugaIg A0 LAKAIWANT (azFa7) aziiludrniugu
@‘hmemaomuwwsﬂummmauﬁ'ﬂfﬂamafmzanﬁﬂﬂwnwﬁmm@ 12 VDC aL5?
110 RPM azfanunuiiio lddolWuazsuvininle 0-25 kg-em sruununsesduunudadya
lsuataas 24 VDC 250W LﬂuLLuum@Tﬂﬁuﬁq@Lﬁﬁmmﬂu 20314 1:5 / 600 RPM &
6 (2 1 6 =1
ANNENUANIZNBLADT 7 cm LEWHNgHINATY 10 cm FaLaInaiauwa 9 x 3 cm
mMeduNalaas asildsunty 2 qﬂluu@ia:"g@ﬂ’mquLL@ia:Lmu AU TLANNLS
fy A & a v A o o &
JoUNalnaItIMIalT uazTAIugNNaLABTIAuINYIanaNA FIWLA892993UNA 12-24
voc Iglanunaineiddnnaiia ndnzualiiin 5 — 30 Ampare uazlgldnuuainaiaud
12 — 24 Volt DC. ’meﬁmga
miaammmwua@mumamﬁ@U’Lm@ﬂmmunﬂﬁuammsﬁwmumaaqm"’umﬁau

’i]’]%‘W’]T]IUﬂ’] 2 TUAAWUUY 2 UNWUFAIGINIWLIznay 23
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=N

<

/ Sensor Check /

BV AU

Sensorl Sensor 3

Motor For. Motor Rev.

Motor Stop

l
=i
}

BT SR

Motor Stop

UMDY 1HITNY

4 Q‘ o v
!!a]!ﬁu‘ﬂ%‘n‘lﬂ‘ﬁﬂl
[ ]

mMwisenay 23 LLN%QﬁLLﬁ@Nﬂ’ﬁﬁ’N’]%%Elx‘]“l!@“lﬁJLﬂﬁﬂ%"i]’]%W’]'i’]IUﬂ’] 2 TUAAWULL 2 LN
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SUUAAMNAINASIARAUALLIL 2 Lmuﬂs:nauvl,ﬂ@ﬁﬂqﬂﬂszﬁ@”wiavlﬂﬁ
2.14.1 lulasnaulnsataas

& A o A Aa

qﬂmmﬂlﬁ‘lumsmuqwmsmmmaai:umﬂaauﬂmmuma
a ° o A v AN o & & (4 o .

mvmﬂ@]m:mmmﬂﬂs:maNamagaﬂ"l@mﬂqﬂﬂsml,aﬁménasmnamu,m LDR (Light
Dependent Resistor) uftanmdudasnemvguuaiaailinyuanumnludnliasainiy
aenatnaIn laglulasnanintasasnitidululasnaulnsiaasiuas 16F877A lavld

n1w1 C IuﬂﬁiLﬁﬂuIﬂSLLﬂiMﬂ’JUﬂ‘&Iiz‘]JiJLﬂﬁauﬁa@](ﬂﬁwﬂ’ldaﬁﬁ@lg aanwlsznay 24

W

mwisznau 24 lulasnawlniataas

2142 FULTUIRAaBIDIADT
STUUTUAIWNaLABS a9 wUsznay 25 s 2 Iﬂnmiulmwiazq@
Podudazuny Aamuninliuanuiiseuvanaiiniol uazTaniuguualaesiaunivia
nounas I1AH91997 12-24 VDC 1#ldrunainaiddnnyile Afnseuslaiin 5-30 A 1l

nUNaLAaIAILEA 12-24 VDC Wu,saﬁ@ga

Awilsenay 25 izuumuqumw‘"wama%
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2.14.3 uaiaa3 (Motor)
qﬂﬂmfﬁl,ﬂﬁﬂuwé’dmuvLWWﬂﬁLﬂuwé'omuﬂaIQﬂ‘lfﬁé}“ﬂmsmﬁmﬁﬁ
1 1= “ & ~ (% 6 ' @ o A [
LHLAAN WA BIN1ANINU L DaNULLLLAZLENNOLADTaa NI URDIRIBAILNUAD LNLATLIG
% > =Y o v & v
2210162 Control 84ANUBIFIWNITIUAN waztsitrwaliidwunn X dsltuaiaasnizan

12 VDC @157 110 RPM  (w1atwa 10 mm) azdanwnutda laidnen wazsusiminle
0-25 kg-cm ANBUENBLATUEAIAINIWLT=NaY 26

V8- 1954ANZ

w0 oantl

MWUTznay 26 WaLa as(muqun’mﬂﬁauﬁl,tm ALTYD

q

SInLAUNFS iunnuwimuarduiny Y iusaiaas 24 VDC 250W Lmumm”aﬁuﬁ"q@
tAgsnaniely 863ma 1:5 / 600 RPM Ja210813laN1zdalaas 7 cm Lﬁumuﬂuﬁﬂma 10

cm VWA Gear Box : 9 x 3 cm ANHLUALAILRAIAIANWLISENAY 27

MWsenay 27 daLa 8§ﬂ?ﬂﬂ&lﬂ’]ﬂﬂ§ﬂ%ﬁ%%’l SRRl

U
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o a a G4
2144 MINNIWTRITUUNINAINAINDNGE
1umiaammmwmﬂﬁauﬁaﬂmwmamﬁ@]aT ﬁlzlfL‘f%L‘ﬁﬂ{@]iTﬂﬁﬁJ
W83 LDR lumiﬁ@mmma I@UL‘%%L%Q% LDR 9z@3299UURILAZIUAITILRS NHWIIAT
AN o v 0 ¢ A o a a o A o G
LLENY]VL@IESNL°ll’1VLTJEldﬂ’]ﬂvL&lIﬂiﬂﬂ%IVliaLﬂai G]N"ilzﬂ’]ﬂ’]il,l]iilllLYIEJULLiG@]%V]L“lI’]VLﬂElx‘iﬂ’]ﬂ

¢ A 6§ o o o L Aa A <
vLuTmaauImaLaaiLwaaﬂmmwwm‘[ummgumw"lﬂmmwummmmn‘luﬂﬂuu

mwisznau 28 NMW9aIN Simulator

2145 \Gulwas LDR
Funngagunsaliduirasidudiniduusianfiad (LDR  : Light

Dependent Resistor) la#az@I1270ANNLANANIVBILES lagTyNninfidNInude i Suisas
LDR @271 1 Uaz@af 2 a:duadiasuaoiaas Wnky Uas&InlSuiTas LDR @91 3 uaz 4

UAIRIUNBLADTUNY X AINIWLTzNaL 29

Sensor 1 Sensor 2

Sensor 4

Sensor 3

mwisznau 29 q@L%umas’ LDR
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IWnuaITUSIReNfing arsusIFefiadlsznauday wanatdinasatsdsinannauasiu
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AWIUNWAMNTaBLA8TaULTALANIZATBNTUIIRANAY LAKRAIHL aﬁmuﬁ'\mulﬁﬁmgmu
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6 o o o A Aa o
1. Qﬂﬂim31ﬁiﬂﬂ'n%%\‘l'l%7‘ﬂﬂ

o

L Q =) °9’/ § v l&’
1.1 @]’Ji’)&lidﬁ?aﬁﬂ@liTLLﬁJiJﬁ]’W%W’]T]IUGW 2 TUAOUNBaNUUULAZEIITUAI

6

Mwisznay 31-32 GaasrcuudneinlwininaaaIiiaaslsznaudlanaiuin, qﬂﬂim
muqmm"’uﬁﬂ, FLUUYBUAZIIA, LLazImdai”Nsao%’uqﬂmfﬁ

mMwilsznay 32 :wwinlusn 2 Tuaenilsznaudisawnluamalnguazian



60

Awisenay 33 l,‘.IJ‘.U@I@Wl’]?J@]'NEnﬁ@]ET’IJE’J\‘l@lv'ﬁ’)u%’\‘]aLLUUﬁ]’l%W’]T}IUa’W 2 TUAaUNFINIUH

o a A o v a a € @ v a a €
1.2 gﬂgﬂﬂqqulsmumaﬂsﬂﬁﬂ']ﬂLﬂiaﬂ'ﬂqﬂaﬂiﬂﬁaq‘ﬂ@ﬂLLﬂZ@'}i'}&Jidﬁﬂq“ﬂ@fJ vL(ﬂLL
Aaa 6 -

uaaasdinasuuuiinluaniuaaiiiad (Flowing calorimeter/ Simple calorimeter) @4
Awisenay 34

= e
e

—
=

R

aa 6 :’ I 1 A
Awlsznay 34 LLﬂﬂﬂiNL@laiLLUUu’le‘ﬁa NIUGaLha
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1.3 gadaanuiaundeunidrUszneudis uanaiiinafuuuiunas (Spiral
calorimeter) @aadinasluatidanslu 3 90 uazNfiasuanuiau 3 gaiduszz 0 mm,

23 mm e 43 mm mng@ﬂuﬁﬂmaﬁanﬁwﬂszﬂau 35

Mwisenay 35 uaaasdiaasiuununagwatvulIzan S wlunstnamanusan
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1.4 ANTIDLANNTOANFINILTINIAVBITNA MAakIK (TANITA KD-162 500-1000 g
fanuazidsa £ 0.1 %) dnnes@niuiadSinassin (rwia 200 ml) LazWIRNNTLLIAN

(EXTECH Heat watch HW 30 AnNuazldea £ 5 seconds/day) asmwusenay 36 19
%’15@]5’11]’)&1%&‘1]8011’]

Awilsenay 36 Qﬂﬂiﬂiﬂ’]i‘ﬁﬂ 5@]5’]&]’)&1%&% a4

15 szuulwautandluiasadinasdtsiRannadusznaudravaaaailatan L&
NIFLA (Tungsten halogen lamp) 24#1@ 1500 W 9144 24 naeauazlasiade aeln
LLa:"g@LLamLuﬁﬂmsmﬂas’@”\‘]mwﬂs:ﬂau 37

Awisenay 37 m%aa‘ﬁmaa%’aﬁmﬁmzTﬁwmn%aaﬂaﬂmﬁmvlﬁﬂvoazmm‘hmu 24 %06
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1.6 mi'ﬂqmﬁgﬁmaumaa?ﬁma? Usznauaie K-type thermocouple 3% GK-03
ﬁaaﬂﬁi’@qmﬁgﬁ -50-250 °C ﬁﬁ%%’ﬂ'ﬁ'@qmﬁgﬁmmUluLLa:qmmﬂuﬁﬁmmmoﬁ,’mﬁ-
28NINNUARDIALAET NAITBILARDIALAET UTznauale K-type thermocouple 3% LK-01

1M TN URNE -50-450 °C (dranuazidaa + 0.01 %) asnnwdsznay 38

nWisznay 38 K-type thermocouple

1.7 Data logger ﬁﬁa Graphtec Midi Logger 20 channel wazlUsunIu&NIL Data

logger dmittuiindayarafiiagunnd aeuRiaeiuuuliayadniunaiududin

aU 9
A v A& a

ToyasngganiaIaslialadianniafinainiwiliznay 39

AWUsznay 39 Data logger Graphtec Midi Logger 20 channel uazAaNRAILADS
Tiaya
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1.8 1A3DIIUATLADRIVWIARBIUUANIHNRY 0.35 W ugasainIwsznay 40

nwisznay 40 w3adpuasIAafITWIaRaIUUAN1T 0.35 W

t!ll ~ o a o
Lﬂii)d&li)?ﬂi%d’m‘mﬂ
a A o : ' A Al A -6
1. VLWTMEINL@IEJSEMEI Kipp & Zonnen Eu CM 11 Nﬂqﬂﬂﬂluﬂqiaaﬂl,ﬂﬂu 5.26x10

VI(W/m’) 3291530 0-1400 W/im” anuazidea £ 2% (0.35-1.5 m) aanwiszney
41

A o

mwisznay 41 Twualinasive Kipp & Zonnen

2. 7a3aANuduTIFiadTIu (Global intensity) WazIIANITANY (Diffuse intensity)
Usznaueay Pyranometer §891A389NUILAIULIN (Shading ring) UAZTAIAYY solar

zenith 29UAIBITILN IwTwadiiaes uaz lavidinasasniwidsznay 42
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MWUIZNAY 42 2RI Iwuadieas uaz lavidiaas
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DATA INPUT RESULTS DATA INPUT RESULTS
F. (mm) 94.00 ¢, (rad) 0.5480

D Sub ref (mm) 652.00 ¢, (deg) 31.4003
Dy, main Dish (mm) 1680.00 Fe/Fr = Magnification 2.0145

Fn Focal L Main Dish (mm) 672 Fe equivalent focal length 1494.1817
h Dish Depth (mm) 237.83 Fn/Dm, Main Dish 0.4415

¢, (rad) 1.0305 F/Dm Equivalent Dish 0.8894

¢, (deg) 59.0424 Eccentricity of sub reflector 2.9714
1ftan ¢, 1.6382 Ly (mm) 31.1824

YUADBNITONLULLTNINNNITIATIERINLALL DAV IFURILRINANNIZNUALAITINTIF
afiaduuurastunawlasltranyiuas ATMOS Optical Design and Analysis WNalda313&8L
JUNTITaIRIIN luAUUURaITRaa U Tz o INABNIANNZANIINAUARIVBITURAN
NuaziduavanduaIndusiLaaiaInwdzney 57 lasfsuudgiwindiriniaddydnsd

& Aa Y o AdaA a L] & o v A
suysaluaziifiaziausafndamunind suwaiduriuguinatsvasgaluiaszualding
110 25 Wu. wdiltasnnluanuiduaislisansafizesmumnlumldauysaliuy

v ] 6 @ AR A A VoA v & v %

e FukugRInaraalinadidvwmanlanitfisanuuuliidnies anuiduvas
WRIUNANNIZNULEAIAINIWUIZNOY 57 s:uﬂﬂﬁ'amaa‘szum‘ﬁmw%’a?umuaaw”umuagll'

N3282 7 TN, NN URRIVBINWIDI



"B ATMOS- Optical Design and Analysis Software - [3D-Layout X: 24390 V: 401.902] =[]
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Insolation, Temperature vs Time of day
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Time of day
=0—\Water temp. Inlet It, h W/m2 ==<=Id, h W/m2 =s#=1b, n W/m2 == \Water temp. Outlet

mwilsenay 64 Time variation of Insolation on May 12, 2014
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1400.00 - Q vs Time of day - 70
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mwilsenau 65 Time variation of Energy and efficiency on May 12, 2014
- Insolation, Temperature vs Time of day ~
& 1000 ~ ©
£ A ~Arhrd 130 &
S 800 - o 110 3
5 600 - : <
g \ 0 g
> 400 - 73 3 70 E
2 R A =
= 200 - 'H"—\r‘ 50
O WII T T T T T T T T T :ﬁ ““““““““““““““ fti = 30
Q O NV D N Q O NV 8 NV NV DN Q N N0 Q
AP S 0)"3 % \Q %\%QQ% N ﬁ> Q\";\6 \%% S b’“?\
Time of day
=0—Water temp. Inlet ==It, h W/m2 =>¢=1d, h W/m2 =s¥=1b, n W/m2 —ll=Water temp. Outlet
nwilsznau 66 Time variation of Insolation on May 14, 2014
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nwilsenau 67 Time variation of Energy and efficiency on May 14, 2014
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Insolation(W/m?)

Insolation, Temperature vs Time of day
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mwisznau 68 Time variation of Insolation on May 15, 2014
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mwilsenau 69 Time variation of Energy and efficiency on May 15, 2014
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Ib,n(W/m?)

Solar power in, absorbed (W)
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=¢=|b,n 1-st (W/m"2) == Qinl-st. W === Qabsorbed1-st. W === h,n 2-st. (W/m"2)

Concentrator Efficiency(%)

nwisenay 70 Energy and efficiency comparisons between 1-st on May 12 and 2-st on
May 16, 2014
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o

-100 - Time of day

mwisenay 71 Solar azimuth measurement results of 3 selected days
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NARBILALINUVEITUA 12 WBANANLET 16 WBAAN asugaslunTwlsznoy 18 WU
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NIIRIUITH) mminﬁﬂﬁﬁ’]ﬁmm%auﬁauﬁngdim”uqmvmuﬁlﬂé:" 1015 °C  GILHVZAY
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Ln3asiaassifaniadildlumsise sPeanrsaaanlalauamwia 1500 W $1uin 24naaa
(24X1.5 kKW tungsten halogen lamp Osram Haloline 64740L J R7s) ANANNLTNVBITIT
mﬁ@]ﬁﬁiﬂaaaﬁmﬂm:ﬂumumiﬂumLﬁmTaQaﬁﬁﬂﬁ%yém%’umiﬁﬂmmmé’m’]dmmssm
398 (Concentration ratio) 284@13INTIFONATNIINARELIAINNNTUVEITIRANTIAEI N804

NNAIaIReITIReInENaNNIzNLIUNIT Iua duilunTilladud 22 wasnau 2557
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WEAIAIANTI 5 waznwidsznay 72 lasddnadvvassiFonfindinassiiu 2260.833 Wim

AT 5 ANANNLITNTIRIINLATAITIRDITIRENAY 24 GRS

Position column

row 1 2 3 4 ave.
1670 1856 1874 1599 1749.750
5 2215 2545 2419 2075 2313.500
9 2484 2865 2706 2246 2575.250
13 2422 2819 2536 2405 2545.500
17 2252 2409 2551 2255 2366.750
21 1855 2106 2174 1922 2014.250
ave. 2149.667 | 2433.333 | 2376.667 | 2083.667 | 2260.833
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NMINAFAURIANAN VLT UVBITIRANNAH9180991NLATITIRDITIRONA ﬁmiaqﬂiwﬁa
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. ) o A A 6o A o o A a € )
A1313 6 ﬂqﬂi]’]uw]umaﬂiﬂaﬂ’]ﬂ@ﬂ"ﬂ’]ﬂﬂﬂ’ﬂ’]ﬂLﬂiﬂ\‘ﬁnaﬂ\‘ﬁ\‘]aa’]'ﬂ@]U@]iﬂ'ﬂ@IWﬂa

Day 26 May. 2014 Latitude: VRU Ambient conditions:
Start 11:00 am. 34°C DB 26 °CWB
Stop 16:36 p.m. 33°C DB 24 °CWB
Heat source 24 x 1500 W Halogen lamp Calorimeter mass 0.437 kg Cp 385 J/kg K
Absorber area 0.03142 m’ Water mass 0.5 kg Cp 4186 J/kg K
No. Distance Time, s Water temp., °C ATIAL Qs I Qcal
mm t t, At ix % AT °Cls w Winmé w
1 1200 0 100 100 35.500 | 41.800 | 6.300 0.063 142.458 | 4534.582 | 142.531
2 1100 0 100 100 35.500 | 43.500 | 8.000 0.080 180.900 | 5758.200 | 180.992
3 1000 0 100 100 35.500 | 45.000 | 9.500 0.095 214.818 | 6837.862 | 214.928
4 900 0 100 100 35.500 | 50.500 | 15.000 | 0.150 339.187 [ 10796.624 | 339.360
5 800 0 100 100 35.500 | 55.000 | 19.500 | 0.195 440.943 | 14035.612 | 441.168
6 700 0 100 100 35.500 | 58.000 | 22.500 | 0.225 508.780 [ 16194.936 | 509.040
7 648 0 100 100 35.500 | 59.000 | 23.500 | 0.235 531.393 | 16914.711 | 531.664
8 0 100 100 35.500 | 45.500 | 10.000 | 0.100 226.125 | 7197.750 | 226.240
9 0 100 100 37.600 | 51.100 | 13.500 | 0.135 305.268 | 9716.962 | 305.424
10 0 100 100 36.500 | 60.400 | 23.900 | 0.239 540.438 | 17202.621 | 540.714
11 0 100 100 36.000 | 64.400 | 28.400 0.284 642.194 | 20441.609 | 642.522
12 0 100 100 36.000 | 68.300 | 32.300 | 0.323 730.382 | 23248.731 | 730.755
13 0 100 100 36.000 | 69.500 | 33.500 | 0.335 757.517 | 24112.461 | 757.904
14 0 100 100 36.000 | 70.300 | 34.300 | 0.343 775.607 | 24688.281 | 776.003
15 0 100 100 36.000 | 69.900 | 33.900 | 0.339 766.562 | 24400.371 | 766.954
16 0 100 100 36.000 | 69.800 | 33.800 | 0.338 764.301 | 24328.393 | 764.691
17 0 100 100 36.000 | 68.800 | 32.800 | 0.328 741.688 | 23608.619 | 742.067
18 0 100 100 36.000 | 66.000 | 30.000 | 0.300 678.374 | 21593.249 | 678.720
19 0 100 100 36.000 [ 67.000 | 31.000 [ 0.310 700.986 | 22313.024 | 701.344
20 0 100 100 36.000 | 68.000 | 32.000 | 0.320 723.598 | 23032.799 | 723.968
21 600 0 100 100 36.000 | 70.000 | 34.000 | 0.340 768.823 | 24472.348 | 769.216
22 500 0 100 100 36.000 | 75.000 | 39.000 | 0.390 881.886 | 28071.223 | 882.336
23 400 0 100 100 36.000 | 80.000 | 44.000 | 0.440 994.948 | 31670.098 | 995.456
24 300 0 100 100 36.000 | 82.000 | 46.000 | 0.460 | 1040.173 | 33109.648 | 1040.704
25 200 0 100 100 36.000 | 88.000 | 52.000 | 0.520 | 1175.847 |37428.298 | 1176.448
26 100 0 100 100 36.000 | 91.000 | 55.000 | 0.550 | 1243.685 | 39587.623 | 1244.320
27 90 0 100 100 36.000 | 96.000 | 60.000 | 0.600 | 1356.747 | 43186.497 | 1357.440
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Engine Type Size
Stirling engine configuration Gamma
Power piston: bore x stroke (mm) 12.0x 3.0
Swept volume  (cc) 0.339
Displacer: bore X stroke (mm) 9x6.2
Swept volume  (cc) 0.394
Compression ratio 4.94
Phase angle 90°
Concentrator 2-stage PDC
Dish aperture area(m’) 1.9064
F; F, (mm) 672,632
A main dish (m?) 2.216
A sub dish (m?) 0.3096
CR 254.918
Calorimeter area (m°) 0.01887
Solar Simulator Tungsten lamps 24x1500 W
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BIZ 6119 9N

Distance from lamp to Is (W/m?) Qs(J/s) Qin (I/s) En (%)
absorber, mm

1200 2259.17 4306.88 142.46 3.307
1100 2697.38 5142.29 180.9 3.518
1000 3129.59 5966.25 214.82 3.600

900 3564.80 6795.93 339.19 4.991

800 3800.00 7244.32 440.94 6.087

700 4435.22 8455.30 508.78 6.017

648 4663.52 8890.53 602.3 6.775

600 4870.43 9284.99 768.82 8.280

500 5305.64 10114.67 881.89 8.719

400 5740.85 10944.36 994.95 9.090

300 6176.06 11774.04 1040.20 8.834

200 6611.27 12603.73 1175.8 9.329

100 7046.48 13433.41 1243.7 9.258
90 7094.00 13524.00 1356.7 10.032
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LAIadunAaILRAI AW IZNEY 80 LAz 81 MIAVURVBITNRINBNAVAUN VY AN A
a & v & o, @ & o a & A A & @ A o o
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Ng = P/ 0.000000339T;f (4-10)

A3 9 RNITOULLTIANNTDUDILATEY ﬂ%@TﬁL@lﬂﬁx‘]

DISTANCE | Is Os Om T, Te N Ps E;r | En
MAX
mm W/m? JIs s °C °C rpm W % %
90.00 7094.00 12603.70 1356.74 382.00 33.00 48.20 0.35 0.24 67.14
300.00 6176.06 10944.40 1040.17 325.00 32.00 39.90 0.32 0.23 70.75
648.00 4663.52 8890.53 602.30 314.36 29.28 35.64 0.23 0.23 76.70
900.00 3564.80 6795.93 339.19 200.36 33.00 34.90 0.05 0.07 81.02
1200.00 2259.17 4306.88 142.46 120.10 34.00 33.66 0.05 0.07 86.15

Engine performance curve
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Heater temperature, °C
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NARAINLINALAVTANANTZ1HING  0.0000997- 0.000487 @IA1319 10

A1319 10 FUIIOULLTINNNTOUVBILATBILUGFLABRI: 24 x 1500 W Halogen lamp with 2-stage

PDC

T (°C) Puax (W) N (RPM) F (Hz) BEALE NO.
382 0.35 482 0.803333 0.000487
325 0.32 39.9 0.665 0.000538
314.36 0.23 35.64 0.594 0.000433
200.36 0.05 349 0.581667 0.0000962
120.1 0.05 33.66 0.561 0.0000997
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1,258,143 118018 ANNAKEIFAAE 2,257,652 Lhamauazamwnyiiiads T, (w 457.92 K

ANEIAL MIFUWITLIAY Schmidt analysis WEAIAIANANT

kpsi
Wiehmiar = 1(1-1)p, Vp —i= (4-11)
Y+ /Yz-x2
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1a# Schmidt analysis

Piston positions for a beta engine (top of the piston engine and
bottom of the displacer).
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PV diagramm.
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Power cylinder

Flywheel Displacer cylinder
Hot end rod
A & a o a 6
AWUIENBY 85 LATDIU UG RLADRINRIIIWLRIDINAE]
AN 11 ﬁagaﬁﬂauﬁmmaoLﬂ%wuﬁamaﬁawé’oamummﬁmET
Stirling engine configuration: Size
Gamma
Power piston: bore x stroke (mm) 12.0x3.0
Swept volume (cc) 0.339
Displacer: bore x stroke (mm) 9x6.2
Swept volume (cc) 0.394
Compression ratio 4.94
Phase angle 90°

@133 12 ‘ﬁaﬂﬂﬁ’]ila?;l,ailﬂﬂ’]iﬂ@ﬂLLUU@Ivlilil{dﬁﬂﬂﬁ@ETLLUU’%]’]%W’]S’]IUQ’] 2 TUAb

Symbol Dimension Symbol Dimension
A main dish (m°) | 2.216 Dinain (M) 1.68

A sub dish (m?) 0.309 dyy (mm) 138

Ay (M) 0.014957 F; (mm) 672

Ao gtage (M) 1.9064 F, (mm) 632

Cist 127.459 Qconin average (W) | 1936.07
Cost. 254.918
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Thermocouple Data Acquisitions System )‘(
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Pyranometer V

Twater in
Calorimeter
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Parabolic Dish

Twater out
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(in = Mw Cp (Tw, out=Tw, in) (4-11)

FNITUNINARIULATDIIUAN ITUEIaNNAHTI WaduuaIafiaganunITluan
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wnTassudnniiunzlasldnadindu uaziiniminlnaaauaiasoudnga anussay
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VoYa Graphtec Midi logger (LUU GL820)

ARV UV ITIFU BN UITEWIUATIAIWI DA LA NRNATT
lpn = (It,h — |d,h)/COSGZ (4-12)
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da = lon An (4-13)



108

[

v Gi v 3 v v a o s v aaAa 6
ﬂ’J’]EJiQ%‘Y]I‘UlJitIU“UH‘IJ']LTWLﬂ%NRTJ K] Qx‘]ﬂ’.]’]lliﬂ%‘ﬂ%’?@]@‘ﬁﬂvhﬂ’] Ui%LLﬂﬂaiﬂJL@l 83

U

= o
FIW LANRNNT

AT
Qin = Mw Cp = (4-14)

il my, Aowaavasin (15 k) Co ﬁammqm’]ﬁauﬁ‘i’]wa:maoﬁﬂ (4168 J/kg K) AT Aanny
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MU uauTTOus 89S a9 8Ue
FUITOULTDILATDILUAIINMINARDIUFAIAIANTIS 12 Arussiiavasadasoudiuiolaan
{UNNT
M;=(S-G) r (4-15)

Wa S dussneuwlaanesiadie (N) uas G favinnnnn9 (N), uaz r Aesaduadisas
WwIa
ARINANIDIIAIWI DR LAN
Pg =21 Mn (4-16)
A A = A &
1a N ABAINNLIITALVDILATILUG (rps)
Egt AaaUszANTANEIANNTOUILITA AUtk laNnaNmI
Est = Ps/Qs (4-17)
A A o = o A &
e gs AadanusannunastiandantniaIo s uwe
wﬁ'amumm%“am’;uﬁLﬁTflgj@T’;sw%'oﬁﬁm’Jmvléfmﬂ
Qcon = Rmesxlb,nxAZ—stage (4-18)
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Econ = Qin /Qcon
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Econ = Qin /Rmesxlb,nxAZ-Stage (4-19)

masiilnuaalanazilssansnn
MadlnnNuae lalasldiasasanaauiaIasninia w1 n1szuaasasniiia lWwn

1% load bank 1andteas uaz wandiaasiduiaIaddadn Mad nINNEe ladwIoslaann

Pe=IE (4-20)

a (A) uaz E (V) fadiswldandines

UszAnSmwaadiaIasniiia uid1wiaslaann

U3z ANTNINAITLURINARINWINUEIDNA S L TUNR I INWIRI DT A I T b NENMS

4-17,4-19,4-21

Ngross = EBT EconMgen (4-22)
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No. Time Water temp. 0z le.n lg,h Ip,n Qin Qabsorbed Econ
Inlet Outlet deg. W/m2 W/m2 W/m2 W W %
1.00 7:30 -68.76 253.59 44.00 578.54 838.23
2.00 7:45 -69.20 253.59 84.00 477.58 691.95
3.00 8:00 -70.79 338.12 83.00 775.38 1123.42
4.00 8:15 -71.06 380.39 83.00 916.23 1327.50
5.00 8:30 -71.33 422.65 83.00 1061.03 1537.29
6.00 8:45 -71.60 507.19 83.00 1343.85 1947.06
7.00 9:00 -72.58 549.45 83.00 1558.09 2257.46
8.00 9:15 -72.66 591.72 83.00 1706.86 2473.01
9.00 9:30 -72.73 676.25 83.00 1998.31 2895.27
10.00 9:45 -72.81 718.51 83.00 2150.33 3115.54
11.00 10:00 -73.09 760.78 83.00 2330.18 3376.11
12.00 10:15 34.00 37.00 -72.84 803.04 83.00 2440.48 3535.93 16.71 0.47
13.00 10:30 34.00 43.00 -72.60 803.04 83.00 2407.84 3488.64 50.12 1.44
14.00 10:45 34.00 51.00 -72.35 845.31 125.00 2375.68 3442.03 94.66 2.75
15.00 11:00 34.00 53.00 -71.44 887.57 86.00 2518.32 3648.70 105.80 2.90
16.00 11:15 34.00 57.30 -70.29 870.00 126.00 2206.02 3196.22 129.75 4.06
17.00 11:30 34.00 85.60 -69.15 966.00 126.00 2360.06 3419.41 287.33 8.40
18.00 11:45 34.00 81.20 -68.00 975.00 126.00 2266.38 3283.67 262.83 8.00
19.00 12:00 34.00 95.60 -63.80 974.00 158.00 1848.22 2677.82 343.02 12.81
20.00 12:15 34.00 93.00 -57.89 969.00 161.00 1520.09 2202.41 328.54 14.92
21.00 12:30 34.00 91.00 -51.98 946.00 123.00 1336.18 1935.94 317.40 16.40
22.00 12:45 34.00 87.00 -46.07 952.00 167.00 1131.48 1639.37 295.13 18.00
23.00 13:00 35.00 93.50 -24.40 945.00 165.00 856.50 1240.95 325.76 26.25
24.00 13:15 35.00 95.30 -30.31 961.00 200.00 881.49 1277.16 335.78 26.29
25.00 13:30 36.00 87.00 -36.22 972.10 167.00 997.96 1445.90 283.99 19.64
26.00 13:45 35.00 87.00 -42.13 972.10 200.00 1041.10 1508.41 289.56 19.20
27.00 14:00 35.00 88.00 63.80 929.84 230.00 1585.12 2296.62 295.13 12.85
28.00 14:15 35.00 81.00 64.95 820.00 240.00 1369.83 1984.70 256.15 12.91
29.00 14:30 34.00 77.00 66.09 700.00 242.00 1130.02 1637.25 239.45 14.62
30.00 14:45 33.00 63.00 67.24 718.51 243.00 1229.12 1780.83 167.05 9.38
31.00 15:00 33.00 55.00 7144 464.92 159.00 961.11 1392.52 122.51 8.80
32.00 15:15 33.00 51.00 71.69 422.65 121.00 960.20 1391.20 100.23 7.20
33.00 15:30 33.00 48.00 71.94 380.39 121.00 836.70 1212.27 83.53 6.89
34.00 15:45 33.00 47.00 72.18 338.12 121.00 709.49 1027.95 77.96 7.58
35.00 16:00 33.00 43.00 73.09 253.59 121.00 455.85 660.46 55.68 8.43
36.00 16:15 33.00 44.00 73.01 295.86 121.00 598.41 867.01 61.25 7.06
37.00 16:30 33.00 43.00 72.94 253.59 121.00 451.96 654.83 55.68 8.50
38.00 16:45 33.00 39.00 72.86 211.33 78.00 452.40 655.47 33.41 5.10
39.00 17:00 33.00 39.00 72.58 126.80 40.00 289.93 420.06 3341 7.95
average 33.89 66.27 646.39 126.38 1336.27 1936.07 180.28 9.31
4000 - Q vs Time of day T 30
n
3500 m— QabsurbedW 25
3000 - <
= Econ % 20
< 2500 - =
~ %)
o 2000 - '\ 15 S
1500 - \,J “\-\ 10
=
1000 - \"\- i
500 - o - ~ 5
0 T T T T T T T T T T I'—#—T-VI T T T T T T T T T T T T T 0
7:30 8:30 9:30 10:30  11:30  12:30 13:30 14:30 15:30 16:30
Time of day
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Ec=35.462-1.33x107T,,, (4-23)
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N (pm) S(kg) W(kg TN.m) PW) V A Po(W) Est(%) Eo(%) mnen(%) Econ(%) naos(%)
55.600 0.007 0.074 0.062 0359 1180 0230 0.271 0250 0.006 75.531 14910 2.819
43150 0.009 0.084 0.069 0348 1120 0230 0.258 0.243 0.001 73.929 16.390 2.941
39.850 0.010 0.094 0.077 0323 1110 0230 0.255 0225 0.001 79.021 18.000 3.201
39.200 0.010 0.094 0.077 0317 0980 0230 0.225 0324 0.000 71.093 26.250 6.040
31500 0.001 0.034 0.030 0101 0870 0.103 0.090 0.128 0.000 89.492 26.290 3.023
Ave. 0.220 0234 0.002 77.813 20.368 3.710

0.35 - ) o ) - 0.007

033 - Dish-Stirling engine performance

' - 0.006
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~.0.29 - - 0.005 3;
=2 o
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€023 == - 0.003 i
2 - =T pg(W) =
g 0.21 - G - 0.002 5
o 0.19 - - &  Egr(%) T

Eo(% -
0.17 - o(%) 0.001
0.15 T T T T T T T T O
40 42 44 46 48 50 52 54 56
Engine speed, rpm
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& aa & A o o . ) Y aa &
ﬂ%ﬂﬂﬂ’]ﬁ‘ﬂa\‘]LLﬂﬂaiNL@]aiLWﬂlﬁ@ﬁ\‘]ﬂU@I’]LLﬁuﬂﬁJaﬁLﬂaﬂNﬂﬂLﬂﬂ@7u1% 2. LARDIULADILLY

YANUROLFITIUULLALINBALLAREINLG aimuﬁﬂmmu@iaLﬁamﬂﬂs:msﬁuuﬁi LNUDAN
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FLFIANUTBRIINMINTTTNTIAUAZNTURNTIFANTDU (NBIUAINAIAUFNLR P = 8978
kg/m’, C, = 381 J/kg.K, k = 387.6 W/m.K)
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2.1.1 s2uuRIMIWIALS-gland
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suMILEIaYINEgIg
PG (AT =
~+V.(pV) =0 (5.1)
aun'm%aag%'ﬂﬂmuuﬁw
opu) = — Op , Doy | Otyx
: 2y, S FRWE
Wnw X; radd L1 7)) e 5 Pl (5.2)
apv) | S ) _ Op  Ooy Oty
: . =B v Ty
Wnw Y; —+V.(pvV) T el (5.3)
AU TORINHTINGINY
o vi\] - V3 . d(up) o(vp) &y OT\ &/ OT
Clolet=)+F.[p[er— V| = po- ORI, C k—)+—<k—>+
6tp<e 2)] [p<e z) ] P55y 8x< ox) oy \" oy
o(uoy) . a(vcy) N 8(V1:Xy) N a(uryx) +p? N
0x Oy 0x Oy y
(5.4)
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wasuMIBeyInEluuuauua: sunIauInHBwasn ldnsaiaunadie g wud
anugienanad innanuiulaluaugndes adelsfanuaunifinanasiudivanis
anugnniduasnifenazuiaismIiianeilasitnsadiamansialnasasafaNamKa
1 . P2 =t ' A (Y .
LaABLAIKAT (Exact solution) TinnuenvasaununafadluzuuulaiiBadu (Nonlinear
. A A \ = v, A "
equations) FILNNEANALRR DL UATID LTI Tou lvva e (Boundary conditions) L8z
anuuzIUing (Geometry) vasdymiiuazdioiioslifiany aungaindiiias ilwnns

undymwamaasuad lwalbadiwin (CFD) "l@TLi’lmﬁmmwasmmn’l,uﬂﬁ]ﬁ;ﬁu

2.1.2 m3lnauuututu

RUNIININIIU k—E ﬁgaﬁmmﬂaumi RANS LazA1aINuLLULdNaa619 N3

ANtk Reynolds stress lagloanuaunusues Boussinesq

A ou; 0Uy\ 2 2
Tj= -pu; Uj = 1, a_)(j+a_)(i 3 PO = 21 Eij-3 pkd;

Turbulent viscosity R11130ATW7 wleann

k2
hCu—  C0.09

o(pk)

EﬂLLUUﬁ&lﬂﬁﬁﬁ’m%’U K; B

+div(pkU) = div [:—; grad k] +2uE;; E;j-pe (5.5)

o(pe)

31 LUURNATRINRTU € -

2
+div(peU) = div |2 grad e| +C; F2UE By-Cosp (5.6)
Tagfi ox=1.00; 6, = 1.30 ; Cip = 1.44 ; Cs, = 1.92

2.1.3 Janlwvauiaa (Boundary conditions) fwsulymnvinsanunlunizuinns
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2.2 ﬂ’lid’lﬂlt‘ﬂﬂ')’l&l%ﬂ%

2.2.1 MIUHIIFANNITEY (Radiation)
LA o L. \ 'Y Aa a !
MIWHTIRANNTE (Radiation) iunmstramanusananifamnnlas g
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Q.= ecAT? (5.7)

= é’mwmmﬁ%’a?(mm%”auaaﬂmm”@q
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R
A ﬁ'uﬁmmaai’@q

—

= anndsNUIoineag
9 a4 uU 9
G = ﬂ"lméﬁauﬂ‘V\l’l%-Illa@ifﬁ'nu”uﬁ(Stefan-Boltzman constant)

= 5.6699x10W/m2.K*

1 [ |
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2.2.2 mytgmauTawnialuiasasiiaas
ANNTAIUNENBLNINNTIRDNG ﬁ;jﬁﬂgﬂmuquﬁa BN INNNITNLINANTOU

wae3L) LUUAIFNANT
Qr=h/A(T\-T)) (5.8)
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2.2.3 MINIANTOU
ANTENELNAINTaUlasnN1IWA (Convection) tun1sansnAINNTanINN
a dld a 1 dl = a ; a v A s dl U £ ™
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Jconv = hn(Ty-Ty) (5.9)
1ila T,, = ARNAVDIN?
q U
T, = gmnnilaasfeuIanay
] [ a a% o v A [ % o ¢
h,, = esudszantmsianTau S leanaNuFNNLS
hyDe Uy, De (1
Nu,, = = o(=2=%) (5.10)
k v
dl QI =1 =
B u,.= 805890 MA e dETE

2.2.4 MIANNIaN
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M31ANTa% (Conduction) ABNIFIHIUANNTBRIMNIANTgunnAgann

bl aU UG
v 1
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%

39U (Thermal Conductivity) wialfdranmsdadn k dnihodu wmK Fudugmautianig

=)

MENNUBIAINANNTANUTAUARDUNEY DAIINITENLINANUTaUITA T 1

dT

dx

Qeond— (5.11)

sunIn (5.10) fangmuhanuiausasWiios (Fouriers law of conduction)
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3. YHABWNIIAL LI
3.1 ANHUHSVDIUARDINLADS

Physical Model

o a aa € ¥ o a aa 6 o va
NINILVL LU ULLARDINLADILIINTWRUALUT lumtwnaumaa‘sm@aim:m%mlm 221,521

nodes WAy 784,869 elements AINATWL3znay 97-99
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3.2 Llﬂﬂﬁiﬁaﬂdﬂﬁﬂﬂfﬁﬁﬂ’lﬂﬁ{

sl,u,ehmlaamiﬁwmm"l,ﬂ“l"ﬁl,mmhaaqmdmﬁ@mamﬂ@Usl,"ﬁaumsa%%‘ﬂﬁma FUNITWN
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How YA IR ULLLINADIN IS AMAAIAAS

TusrnvasuasasiiaasuuuiinlvadatitaslazuaaasiiaasiuUAaNwRa
- NN ANNETIVBITNFNNFNDNIABIGANIITN 71 v = 0.33 m/s 0.66 m/s Waz 1.32 m/s

MRUAANUNANIINARD

qm%gﬁﬁﬁmalﬂw (Ti) = qm%gﬁmsmmﬂﬁmaaa (Toms = 34 °C)
- NN9BEN ANMUARIBIANMATINIGEEN (Pou) = AMUABLIIENNEA (Pamp)

- Nﬁfaﬁmﬁ"aumaaLmaa%ﬁmai{ﬂ% 2 LUy ﬁﬂmm”aul,i'lﬁmmn@”ﬁau%’aﬁuuuamfu@au T
=199.6 °C

- fae;ﬁﬁnmaa%ﬁma{ﬁmumﬂu NG

YHADHNITANWBID
1. Mrnaian raue wazansuaulsnisdwimlasldianviinunmnaaas
2. funuwatdanlalunisdiuio Lﬂuqnmn“ﬁLLazmmﬁmwﬁwaaﬁﬁ 3 @1Aa 0.33 m/s 0.66

A v v ' A

m/s Uaz 1.32 m/s guniInHIduTausauareIna TN 2 LLqu@UIﬁﬁqm%QﬁLﬂwnuﬂ

199.6 °C

3. EWIENMI TG RLA BTN IR

4. ENUITAEN M INE I WA R IWS TN UTINE N

5. S aNaUIR eI IrauuUNUEBUE Wi ULAR0sTaa LN InarudaL e
(Simple calorimeter)

6. FImANAIIHaaTIaIN1ILULIN LLazé'mﬁmigfyLﬁﬂwé'dmmaﬁmaamiﬂaﬂm
laglduuudiaad k —& model SwsLuARSHIRTULLATUREY (Spiral calorimeter)

7. lunsdldhanugneasvasdaaulaigidn (Reverse) Tnauluvinanuduaeui 3-5
slmiwamsﬁwmmﬁgnﬁmﬁmaum:ﬁa@hﬁ"ﬁmnmiﬁ’]mmg]ﬂ@”ad aL1n (Convergence)

mmhﬁﬁmmﬁaﬁwmwq@ﬂﬁsﬁﬂuamLLazLLa@awa

. . 4 1 A o ' =
NIAINALRRLVBIFNNIIAILAN (Governing equation) smaQ‘Lugﬂmaaaumnmagwuﬁ‘ﬂamm
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% < o q o a o A \ a a o
WIBNNI amlmg‘lugﬂmaaaumiﬁmm@ YNMIdzaInaun1InILaL maglugﬂauwma WAy
sdaulosanuaunuiuaslsinasang Iuﬂ%m@smuqmﬂawﬁa 9 nuUsunmae g lu
Usnasauqudasthadosldaglugduassunandaidu aniu Sasvinsudaunis iNewxa
' = a ad o ] a | ad o a A A ..
wande ldiszidouitasnansondnitnsdiwimuuulsainas®uihes  (Finite  volume

method) LIun13UszyNANTELIUMIRIWIUNIGUNAAEATIEI MR (Computational fluid
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. o gj aa 6 v a 6 di
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ParunasfionTin3lne 0.0665 kg/s

'
ada

- mwLLammsmzmuqmﬁgmmmaumaa%ﬁmaimuﬁﬂmdmﬁaaLLa:Lmaa’%ﬁmaimu
YARURBENEAIINT A 0.133 kgls
- mwLLammiﬂszﬁnqu‘ﬁgﬁﬁﬁwaaLmaa%ﬁmai"lmuﬁw"l,m@ial,ﬁa@LLaszaa%ﬁLmimu
YARURBENEATINT AR 0.266 kgls

:/ 6 = dl 1 ana 6 :/ ] dl
- LLﬁﬂGEULLUUﬂ’]iVL‘MMJGGWI neasanus) Nlnacusaaasiwasiuuinlnadaiitasuas
WARESULABTHULVATURBETIBATINT MAR 0.0665 kg/s

¥ & = P , aa & 4 oA
- LLamgﬂLmumﬂmmmm (neasanus) N inacuuaassiinasuuuiilvadailosuay
LARESULABSLULVANURBENEAIINT AR 0.133 kg/s

:/ 6 & dl 1 ana 6 :/ ] dl
- LLﬁﬂGEULLUUﬂ’]iVL‘MMJGGWI neasanus) N lnacusaaasiwasiuuinlnadaiitasuas
LARESULABISLULVANURBENEAIINT AR 0.266 kgls

Q Lrd 6 1 1 6 Qs 6 1 L L a 6

- LEAIANNFNNUTIZRINIA T I UAAUNLLDS (Reynolds number, Re) Lazf1@LanaLTania
was (Nusselt number, Nu) Tasuaaa3fiinasuuuiinlnadaiitosuasuaaasiiaasiuuvanis

“ad
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nan13IaaInellsunIANAAIEAsTINTINA
INNNinaeInTatenanusanal8lUTUATUNAANFATUBINT IRATN 8@I1NT AR
0.0665 kg/s unyalnltinassiinasuuuinlnadailasuazuaaasiinasuuuiunes

1.43e+02 1.81e+02
1.77e+02

-
1.37e+02 1 Toerts
1.32e+02 167e+02
| | 1.6Ze+02

1.27e+02
I 1.57e+02
1.21e+02 1.52a+032

1.486+02
1.16e+02 a0
1.11e+02 1.28a+032
1.336+02
RoeH02 1 286+02
9.998+01 1 230+02
. 1196402
9.4506+01 s
8.920+01 1.086+02
1 04e+02
5.380+01 L
7.85e+01 9 44e+01
8 96e+01

" s
| | gaTer0l
6.780+01 | 7 99e+01
7.51e+01
6.250+01 / zolend]
5.71e+01 6.54e+01
6.066+01
5.180+01 et
4.846+01 5 09e+01
4616+01
4.11e+01 ol
3578401 3.64¢+01

—r
p S

: -

mwisznay 100 MINTENLIHWR)A 7180513 WA 0.0665 kg/s Mwdauaaasdiaas

LL‘]J'iJﬁ'WVL%EWiEILﬁﬂGﬂ']WT')WLLUU“U@]ﬁ%%QEl

NANLTznay 100 msmzmﬂqmﬂgﬁmaaLmaa‘%ﬁma§w”aaamuuﬁ%’umm%”aumﬂ
FRNNATNTINTIR QLA TN TIRUUUIUNIT I UAIREITWADY  ANNTIUINNG A1V

LAREIALADSLULTANUABENIZNLLANNBANINAIN
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6.30e-01

6.27e-01 6.09¢-01
5.96-01 5.886-01
5.67e-01

S5 5.46e-01

5.336-01 5.25¢-01
5.04e-01
5.02e-01 1.836-01
4.70e-01 4.62e-01
4.416-01
4.390-01 ek
4.08e-01 3.99e-01
3.78e-01
3.76e-01 i
3.450-01 3.36e-01
3.15¢-01

3.14-01
i 2.946-01
2.82e-01 2.73e-01
2.51e-01 2.52e-01
2.31e-01
2.20e-01 3 106-01
1.88e-01 1.89e-01
157601 1cge !
1.25e-01 1.26e-01
1.05e-01
9410-02 840002
6. 27e-02 6.30e-02
4.20e-02
3 140-02 oot
0.00e+00 0.00e+00

AMwysznay 101 MINTTALANNST NBAIIMT WA 0.0665 kg/s MwTsuAaaSdlaasLUL
i lnadaliiasnwanuuusanunas

8aINT %A 0.0665 kg/s NMINTTNLAMULSIVILARESALAaINIFaILUL laiuanedns

AWUINHNLEBIIINTAMNSV BN A167 TaaanuiSiuassin mariniasasiiaasuuy
v = 0 =3 v =3 g’ 1 a é 1 v

wnwam:ﬁmwmgqmnLanuaﬂ @muLiwaamﬁ]:ﬁmgaq@mnmmﬂmwamamu

AONNIFAINTH
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nmsinaasmssnamanusaudislusunsunamansuains manaasnsina 0.133 kg/s

lunydinltuasasdiaasiuuiin lvadaiiasuazuaaasiiaasuuunwiay

1.42e+02 1.81e+02
1.37e+02 1.76e+02
1.71e+02
131402 1 B6e+02
1.26e+02 1.62e+02
1.57e+02
121602 1526402
1.16e+02 1.47e+02
1.42e+02
110e+02 1286402
1.05e+02 1.33e+02
1.28e+02
2:2ter 0l 1.230+02
9.46e+01 1.18e+02
1.13e+02
E:
Sioet] 1.096+02
§.40e+01 1.04e+02
st 5 9.90e+01
9.42e+01
7.35e+01 8.94e+01
6 896+01 8.46e+01
7.97e+01
6.30e+01 7.48e+01
5 77e+01 T7.01e+01
6.53e+01
5.24e+01 £.05e+01
4.72e+01 5.57e+01
5.08e+01
4.19e+01 4.60e+01
3.66e+01 4 12e+01
3 Ble+

—

mMwilsznay 102 MInszanggund NBATINNT AR 0.133 kg/s MWEsuAaa3IdiaaTuuuii

TnadatitasnInINLULIARWRa L

NNAWLIznay 102 ﬂ’]iﬂit‘ﬂ’]ﬂqm‘lﬁgﬁ‘ﬂﬁ]d LARBIALABTUULTAN WAD El’i]:ﬁ’ﬂ@iﬁﬂ’h

wUUYN Madatitaale BAzRNTIA N WA T aaﬁwmaan"lﬁqaﬂ'j’]
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1.26e+00

1.26e+00 i S5eith
1.19e+00 1.17e+00
1.13e+00

1.13e+00 o
1.07e+00 1.05e+00
1.01e+00

1.01e+00 Tl
9.42e-01 9.23e-01
8.80e-01 8.81e-01
8.39¢-01

8.17e-01 7.97e-01
7.54e-01 7.55¢-01
7.13e-01

6:818:01 6 71001
6.28e-01 6.29e-01
5.87e-01

5.656-01 5.456-01
| 503601 ~ 5.03-01
4.61e-01

4.40e-01 oo
3.77e-01 3.77e-01
3.36e-01

3.14e-01 5 846-01
2.51e-01 2.52¢-01

2.10e-01
1.68e-01
1.26e-01
8.39e-02
4.19e-02
0.00e+00

1.88e-01
1.26e-01
6.28e-02
0.00e+00

AMwysznay 103 MINTEALANNST NBATINT AR 0.133 kg/s MWTBUARBSHIAaSIUL

i lvadaltasnwannuusannas

04

ai =3 aa 6 Oq: ana 6

180317 AR 0.133 kg/s MINITILANNLIIVBILARDIALADININBILLY LARDIALADS
¥ ' 4 a v & { & aa o

LUUTN e s LIS U LEUTUANNLSINALLAIANINTY LARDTHLAATLULTAN WADHTAITN

o a & Aa 9 o ' I ¥ ' a £ ' [

U1 AaUUUSII WA N WA D LA IUEN mmn’maamfuzﬁmgaq@mnmmnmwawa@nu

aan
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M siaasmMsinemnanusawaialUsunTUNAmIASU8INNT IaNaaIINT AR 0.266 kgls

lunydinltuaaasdinasiuuiin lvadaibasiazunaasiiaasuuuniunas

1.41e+02 1.81e+02
1.76e+02

1.368e+02
or 171402
1.31e+02 1.67e+02
1 25a+072 1.62e+02
1.57e+02
1.20e+02 1.52e+02
. 1.47e+02
b 1.426+02
1.10e+02 1.38e+02
1 0de+02 1.33e+02
1.28e+02
9.82e+01 1.23e+02
g 3206+01 1.18e+02
| 1.14e+02
8.87e+01 1.09e+02
3 3de+01 1.04e+02
° 9.91e+01
7.82e+01 9.43e+01
7 29e+01 8.94e+01
8.46e+01
8.77e+01 7.98e+01
6 24e+01 7.50e+01
7.02e+01
5.72e+01 6.53e+01
5 19e+01 6.05e+01
5.57e+01
4. 66e+01 5.09e+01
4. 14e+07 4 60e+01
4.12e+01
3.61e+01 3 64e+01

4

_———

mMwilsznay 104 MInsznggund NBATINNT AR 0.266 kg/s MWTBuAaaIALAaTuULI

TnadatitasnInINLULIAR WAL

INNNYsznay 104 ﬂ'ﬁm:ﬁrmqmﬂgﬁmaaLLﬂaa’%ﬁma‘iLuuwﬁwam:ﬁn"lﬁﬁﬂ'jm,l,uuﬁ'l

Tnadatitasla mzmmmLﬁuqmmﬂﬁmaoﬁw']aanvlﬁqaﬂfh
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2.51e+00

2.51e+00 2 428400
2.38e+00 2.34e+00

3 3Be+00 T 2 268e+00
jiml] © B 217et00
| 2.13e+00 2.09e+00
2.01e+00

2.00e+00 1 92e+00
1.88e+00 1.84e+00
1.78e+00

1.75e+00 1 &7e+00
1.63e+00 1.59e+00
150e+00 1.516+00
1.42e+00

1.28e+00 1.3de+00
1.25e+00 1.25e+00
1.17e+00

H 1.13e+00 1.09e+00
. 1.00e+00 1.00e+00
9.20e-01

8.77e-01 3 35601
7.52e-01 7.5%e-01
6.60e-01

| 6.26s-01 5 35001
| 5.01e-01 5 02e-01
4.18e-01

3.76s-01 3 o0
2.51e-01 2 516-01
1.25¢-01 1.67e-01

3 36e-02

0.00e+00 0 00e+00

MWUsENa 105 MINTZANLANNSINOATINT AR 0.266 kg/s NMWTHLARESTLABTLULIN
TnadalitaInIwWINLLLIAR WAL

dl [ =3 aa 6 Oq; aa 6

N8aNT AR 0.266 kg/s NMINTZANLAMNULSIVBILARDIALADINIFBILUL LARDIALABTLLY

g’ 1 A nl a o H g/ Aj aa 6 U a

W lnadatiassudarnudutulunsluasasinundu wasasdiaasuuusanwiasiaiia

o a & A o o ' &

ﬂuﬂaumaamﬂvxam@mummum@numﬂmua’mgwu

iagmﬂ%'ﬂuLﬁuuwamiwmamazwamiﬁ‘haawﬁuIﬂiLLnim‘hmmwamam{maams

4 g { aa 2 U

Tnatianunuadunaasiiaasidn 0.01496 m™ LI lAAIAITS 16
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A3 16 LUIBUINYUHNANIINARDILAZHNANIITNNBIA LN IR THIN ﬂﬂ’]ﬁ@ﬁ{‘ﬂ aami"l,vsa

gnz | wradriniier NINARDI 1391889028 CFD | ANNARALARE®
3 AT annnd °c annnd °c % Error
q a 9 u
nageay IR
1.PDC | aadaiasl Tin, | Tout, | Twall, | Tin, | Tout, | Twall, | Tin, | Tout, | Twall,
2+Simple | 339 ave |ave | hot ave | ave hot ave | ave | hot
cal
14/05/57 849.43
2
W/m
*10.35 - [ o _
V=033 m/s | 3573 | 98.27 | 181.48 | 35.73 | 102.69 | 18148 [0 | 4.30 |0
13420 1\ 066 m/s | 36.63 | 7554 | 183.48 | 36.63 | 8315 | 18348 |0 | 9.15 |0
V=132 mis | 36.14 | 67.42 | 182.48 | 36.14 | 68.30 | 18248 [0 | 129 |0
15/05/57 791.01
2
W/m
V,=0.33 m/s | 3541 | 125.5 | 201.03 | 35.41 | 138.34 | 201.03 |0 | 9.28 |0
*14.01 .-
V,=0.66 m/s | 37.59 | 102.8 | 200.03 | 37.59 | 108.44 | 20003 [0 | 520 |0
15.11 .
V,=1.32 m/s | 36.03 | 80.04 | 200.04 | 36.03 | 85.45 | 20004 [0 |633 |0
17/05/57 | 525.21
2
W/m
V=033 m/s | 34.42 | 99.54 | 141.27 | 34.42 | 100.83 | 14127 [0 | 128 |0
*11.00 %.-
V,=0.66 m/s | 35.56 | 80.45 | 140.28 | 3556 | 8159 | 14028 [0 | 1.40 |0
13.00 .
V=132 mis | 36.63 | 65.54 | 142.26 | 36.63 | 67.99 | 14226 |0 | 360 |0
2. PDC | aaafiag
2+Spiral | 939
cal 586.69
2
W/m
14/05/57 | V,=0.33 m/s | 35.35 | 110.4 | 137.53 | 35.35 | 112.04 | 13753 [0 | 1.46 |0
413 % |y =066 m/s | 39.86 | 108.3 | 167.86 | 39.86 | 110.29 | 167.86 [0 | 1.80 |0
19510 |y 132 mis | 37.37 | 8864 | 17048 | 37.37 | 92.34 | 17048 |0 | 401 |0
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@139 16 (68) WIHUHUNANNIINARAILAZNANITINRAIAI I A TAIUINRFRATVAINT AR

RN LREINLUe/ nINa|aay N3I31889978 CFD m’ummmﬂﬁau
3 AMNLTY goanadl °C goanadl °C % Error
nagay R
2. PDC | aafiag Tin, | Tout, | Twall, | Tin, | Tout, | Twall, | Tin, | Tout, | Twall,
2+Spiral | 339 ave |ave | hot ave | Ave hot ave | ave | hot
cal
15/05/57 | 949.61 W/m’
*11.14 %.-
13.16 . V,=0.33 m/s 34.46 | 129.4 | 188.61 | 35.96 | 139.07 | 188.61 | O 6.95 0
V,=0.66 m/s 35.96 | 110.7 | 189.36 | 35.96 | 120.36 | 189.36 | O 8.03 0
V;=1.32 m/s 35.06 | 91.28 | 188.32 | 35.96 | 92.34 | 188.32 | 0 1.15 0
17/05/57 | 851.4 Wim’
*14.01 W.-
1511 w. V,=0.33 m/s 35.30 | 144.3 | 184.28 | 36.4 146.79 | 184.28 | O 1.70 0
V,=0.66 m/s 36.40 | 1155 | 183.48 | 36.4 117.32 | 183.48 | O 1.55 0
V;=1.32 m/s 35.81 | 8454 | 182.18 | 36.4 90.46 | 182.18 | 0 6.54 0
3. PDC LA30991804
2+Simple Fafefiad
cal
26/05/57
1624.82 V,=0.33 m/s 2947 | 79.7 112.59 | 29.47 | 81.83 11259 | 0 2.60 0
Wim?®
1637.8 V,=0.66 m/s 30.13 | 78.37 | 146.83 | 30.13 | 80.88 146.83 | 0 3.10 0
1602.7 V;=1.32 m/s 32.76 | 64.84 | 145.66 | 32.76 | 66.59 145.66 | O 2.63 0
4. PDC LA30991804
2+Spiral S3Fefag
cal
26/05/57
1642.54 V,=0.33 m/s 33.03 | 105.3 | 131.41 | 33.03 | 106.87 | 13141 | O 1.47 0
W/m2
1671.92 V,=0.66 m/s 32.16 | 94.37 | 146.69 | 32.16 | 95.18 | 146.69 | 0 0.85 0
1615.04 V,=1.32m/s | 32.05 | 7555 | 152.68 | 32.05 | 76.39 | 152.68 | 0 110 |0

1NA13719 16 LTINS VNI UNANIINARBILAZHANIIINNE I UIU?LLﬂS&Iﬁ’W%’Jm

WRANFATVDINTIT IRA LALULLIFN1IENINa&aULT® 4 RA1NAUNIaLA 1. @23INTIRLUL
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sastunounuuaaasdinesuuuinlnadatitas 1darsanfiadasaduunsslinnutan 2. &2
INSALUUFasIRAawTULAReS TR suL LVt uras TFarsanfiadessduunaslianutan
3. TN SsALUUaswaautULAaesTinafuuLtn nadaites 1Hia3asdnasssfonfiadidu
unasliaaudonnas 4. sanuSIFLUUResI wAauTULAsaS Tl SuuLVaTURoy THin3aq
FasssFefiadidunnaslianuson I@ULL@ia:ama:ﬁﬁmsLﬂ%ﬂuLﬁwwa"uaaqmﬂgﬁﬁfm
1o laun qmmnﬂﬁﬁnﬁw (Tinave) qm%gﬁﬁwaaﬂ (Toutave) qm%gﬁﬁwﬁfaﬁm%@umaumaa’%
1997 (Twanave) PoIUAReSHlAe I ILLL LﬁaLﬁu5@31mﬂmmaaﬁﬁqaﬁuqmﬁgﬁﬁmaaﬂ
PoIUARD3TLABSNINDILDLIZAAR Lmaa’%ﬁmaﬁmw@ﬁumymmmL‘ﬁ'uqm%gﬁmadﬁw
@i”maaﬂvl,@i”gof*fumﬂﬂ’j'm,ﬂaa%ﬁmaﬁmuﬁﬂm@imﬁaa
mnﬂ%'smLﬁsummmmmmﬁiaumaaqnmn“ﬁa’mmimaaaLLazmﬂmiﬁm’ngU'jwami
fwmsaanassnuiufsaldanmmassslasdanuaaawnaswliiin 10 %
HahraanmInaaasuazmisw e slisunsuwamaasnslnandaianudy
Sifoiadlnmdnsnnde 850 Wim® @ wsuuaaesitaafuuuinlnadetitos (Simple
calorimeter) nasasluiui 14/05/57 AuuasasHinosuuuvatuney (Spiral  calorimeter)

NaaadlwIni 17/05/57 ¥iNn13e1w sz ANSAINaILARaSTLAaTLRAI LAAIANTIS 17

AT 17 MIAWIUIZENTNINUDILARDINLG aﬁwuﬁﬂ%a@imﬁaaLLa:me@ﬁum ]

1. PDC 2+Simple cal] v (m/s) m(kg/s)] Tin [Toutexp.| Toutnumerical [ ATexp. | ATnumerical | nexp.(%)| nnumerical(%)
m: °C °C °C °C °©
14/05/57
V1=0.33 m/s | 0.0665 | 35.73 | 98.27 102.69 62.54 66.96 10.753 11.513
*10.35-13.42 V2=0.66 m/s | 0.133 | 36.63 | 75.54 83.15 38.91 46.52 13.380 15.997
849.43W/m*2 | V3=132m/s | 0.266 | 36.14 | 67.42 68.3 31.28 32.16 21.513 22.118
2. PDC 2+Spiral cal
17/05/57 V1=0.33m/s | 0.0665 | 36.4 144.3 146.79 107.9 110.39 18.509 18.936
*14.01-15.11 V2=0.66 m/s | 0.133 364 115.5 117.32 79.1 80.92 27.138 27.762
851.4 W/m2 V3=1.32m/s | 0.266 364 84.54 90.46 48.14 54.06 33.032 37.094

INAIINN 17 wud%maa%ﬁmm{wgﬂaaqLmuﬁﬂs:ﬁwﬁmwgoifumumnﬁué’mwms"lmamaa
ﬁ']ﬁl,%;juﬂaa%ﬁma{ Lmaa%ﬁmaimuﬁw%a@iaLﬁaaﬁﬂszﬁwﬁmwmnmimaaogaq@
21513 % wazannsswImaaslUsunsunamaasuesnyivneg 22.118 % naasnslng
0.266 kg/s Lmaa%ﬁmaﬁwumﬁumﬂﬁﬂi:ﬁwfmwmﬂmimaaagaqm 33.032 % LazaN
AMIAWIUMI 8 LUTUNTUNRMEATVBINTT A 37.094 %  uARaIHl@asuuLLanurasdl
ﬂs:ﬁwﬁmwgaﬂ’jmuuﬁ'}"lmeimﬁaa Asarmslna 0.266 kgs Lﬁaomﬂﬁwqmmgﬁﬁmaaﬂ
VL@Tgaﬂdﬁé'uLﬂuwamﬂmﬂdm@ﬁu'ﬂay‘ﬁi}:mﬂLﬁummﬂuuﬂaumaaﬁﬂﬁ"lmmhuu%nmm@ﬁu

o 1 ¥ o Y Aa s v aa v J
el m‘svlvmLLuuﬂumuﬁml%m@m‘mszmymmaamwmaumy‘lmmaasm@aﬂ@mnmu
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a Qs o v { s g 1 v
LWiﬁtLﬂ@ﬂ’]T‘ﬁ%ﬂuTQGINLE‘]QQ"HQ\‘]T aovlmmslmﬁﬂ’mmmﬂﬁww aw’lumﬂmuaawalﬁ

a a 1 v aAa &J
ﬂitﬁ‘ﬂﬁ.ﬂ’]Wluﬂ’]iﬂ’WULY]ﬂ’N&IiEIW’I] 2ILARDIALADTRITL

U

Nﬂ?.ladﬂ'liﬁﬂ‘]ﬂ"m’]iti’lﬂlLﬂﬂ')’l&d%ﬂ%
o a 6 aa 6 2’ ] 1 A
NINFILATIENAT Nusselt number °naomﬂmlmmaa:mLmaiLmum"meumaLum
(simple calorimeter) LRTLARDSALABILULYAR U DS (spiral calorimeter) Afwinlaausa

M3 AR WaLlaT Reynolds number MiUasuulasuaasluaisen 18

@719 18 UFAIA1  Nusselt number 289 uaaasdiaasuuuiinlnaciudaiiias  (Simple
calorimeter) Waz wARSALABSUULYANWREE (Spiral calorimeter) NBATIANT MAAVBIIN

HuLARe3ALmasidn 0.0665 kg/s (AINLTI 0.33 m/s)

Reynolds number Nu simple cal Nu spiral cal % asuinduzas Nu
5000 45.14 46.10 2.07
10000 61.18 62.50 2.12
15000 73.08 74.77 2.27
20000 82.90 86.43 4.08
25000 91.42 96.70 5.46

Simple calorimeter
100 - Nu @ v=0.33 m/s
5 80 - Nu = 1.0789Rg04384
Q
£ 60 - W/’
=z
£ 40 - ¢ Nu@v=0.33m/s
(2]
3 20 -
0 T T T T T T T 1
5000 7000 9000 11000 13000 15000 17000 19000 21000
Reynolds number

AMWUITNaY 106 NWLFAIANNFNN KTV IA1 Nusselt number MU Reynolds number U89

2/ al 1 aa 6 g/ ] & A =
%WV]VL%GNW%LLQRQ‘S&JL@]BiLLU‘LI%’]VLV\E‘I@laL%aGVlﬂ’J"INLTJ 0.33 m/s

IINA1IN 18 LLﬁ@Gﬂ"I‘Sﬁ’]%’Jm@‘h@T’JLaT Nusselt number maamﬂmimmaa’%ﬁmas‘vﬂaaa
ISTHN] ﬁmmﬁa 0.33 m/s lAWUIN@2La2 Nusselt number Lﬁlwﬁumu Reynolds number LLag
Nusselt number °uaamsvlmalw,maa%ﬁma‘imuwﬁummﬁquﬂiumuﬁﬂm@imﬁaa LIRS
% ﬂ’]iLﬁ&J%Wllﬂ\‘] Nusselt number °11aamivl,%almmaa%ﬁmas{wzoaaumu ALau Nusselt

o X
number ILLWNVBANY Reynolds number
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Spiral calorimeter
Nu @V=0.33 m/s
120 -
Nu = 0.5903Re0-5035
5 100 -
Qo
g 80 -
>
E 60 -
g - Nu @V=0.33 m/
S & Nu =0.33 m/s
Z 20 @
0 T T T T 1
5000 10000 15000 20000 25000 30000
Reynolds number

AMWUIznay 107 AWLEAIANNFNN KR IAT Nusselt number MU Reynolds number U89

g’ A 1 aa 6 v A [~
m"nvlmammmaaswmanmumﬂumwmmws 0.33 m/s

] aa 6 g/ ' ' A .
@319 19 UFAIA1 Nusselt number 283 uaaasdinasuuuihlnaciiudaiitas  (Simple
calorimeter) WAz WARBIALABSULLANWAEE (Spiral calorimeter) NBATINNT MAAVBIIN

HuLanasdiaasidun 0.133 kg/s (ANNL52 0.66 mis)

Reynolds number Nu simple cal Nu spiral cal % aswinduzas Nu
10000 92.56 92.88 0.35
20000 112.72 113.45 0.65
30000 126.49 129.52 2.34
40000 137.27 143.48 4.33
50000 146.26 155.34 5.85

Simple calorimeter
Nu @v = 0.66 m/s
150 NU = 6.7484Re02843
o
€ W
S 100 -
4
E
; 50 1 ®Nu @v = 0.66 m/s
0 T T T 1
10000 15000 20000 25000 30000
Reynolds number

AnLsznay 108 nWLEAIANNFNN KT8 IA1 Nusselt number NU Reynolds number U89

?,’ P 1 aa 6 gj ] & A <
%’W]vl,‘ﬂaN']%LL@]E‘]Q‘ENLW@?LLUU%’]VL'V\M?I@L%@x‘i'ﬂﬂ'ﬂ&llﬁ? 0.66 m/s
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Spiral calorimeter
Nu @v=0.66 m/s

150 Nu = 3.3031Re0-3559

g

€ 100 -

>

zZ

2 50 -

> @ Nu @v=0.66 m/s
0 T T T 1
5000 15000 25000 35000 45000

Reynolds number

AMNYIznay 109 NIWLEAIANNFUNUTUBIAT Nusselt number AU Reynolds number 284

PN AaNIBLARET LA LULTAN WAALNAINLSY 0.66 m/s

@1719 20 URAIA1 Nusselt number 289 wAadSAaasuuudinlnariudaiias  (Simple
calorimeter) Waz WARIALABSLLULYARUREE (Spiral calorimeter) NBATINNT MAAVBIIN

HuLARe3ALaasidn 0.266 kg/s (ANNL52 1.32 mis)

Reynolds number Nu simple cal Nu spiral cal % nisuinduzas Nu
30000 183.18 183.43 0.14
40000 197.84 198.12 0.14
50000 210.01 211.61 0.76
60000 220.51 225.09 2.03
70000 229.80 237.15 3.10

Simple calorimeter
250 Nu @v=1.32 m/s

200 W
150
100

50

0 T T T T 1
25000 30000 35000 40000 45000 50000
Reynolds number

& Nu @v=1.32 m/s

Nusselt Number

Awdsznay 110 nWLEAIANNFNN KT8 IA1 Nusselt number NU Reynolds number U89

:‘ A 1 aa 6 :’ ] & P =
%WV]VL'V\QN']%LLﬂﬂaillL(ﬂaiLLﬁJU%’]VL%a@]E]L%ENV]ﬂ'l']lllﬁ') 1.32 m/s



136

Spiral calorimeter

Nu @ v=1.32 m/s
250 1 Nu = 5.5843Re0-3%L

200
150
100

(4]
o
1

Nusselt Number

oNu @ v=1.32m/s

O T T T 1
20000 30000 40000 50000 60000

Reynolds number

awdsznay 111 AWLEAIANNFNN KT8 IA1 Nusselt number NU Reynolds number U89

PN AaNIBLARET LA LULTAN WAALN ALY 1.32 m/s

¢
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AI &/ Q Q aa
LNNTUANNGILAY Reynolds number LLRZ@ILAY Nusselt number 24n7 naluuaaasiaes
Y ' ' 4 ' 4 a & o
LL‘l.l‘]J‘ll@]ﬂ%ﬁE]Uﬁ]:ﬁﬂ’lg\‘iﬂ?’nwﬂu’]v[%a@lE]L‘fla’e]\‘i LA % NMIILNNVUUDINIALRY Nusselt number
aa {094/ [ a' J [
PaINIT AR BLARDSALAAINIFAILUL @182 Nusselt number AL NNUUATNAILAY Reynolds

number LazANLSA NS ING
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a 6 [ o ) =2
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moly 1HaTasdnandsifanfiad NI AT HLUUF 109N A HaAIFATNLANGIIN 2
LUURIRIULARDSTLaaINIRaIThe uazldsstdauitwaaiaasvodlnatBadinn m
(Computational fluid dynamics) mfﬁma\‘lwqﬁﬂiiwmimzmﬂﬁwaaﬂmu%umadﬁﬁﬂwlu
LARDIALADT LA IWIUUTEANT AWV ILARDSTLADINIRDITRALUS UL N UTERININANIT
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2
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Abstract

In the present work, an experimental study of a 2-stage concentration parabolic
dish has been performed towards achicving an efficient design of a parabolic
dish solar concentrator. Based on the ASHRAE standard, an experiment was
conducted under Thailand climatic conditions. The armangement consists of the
primary stage, which was lined with aluminum foil for the primary stage
paraboloidal reflector in a size of 1.68 m aperture diameter; the second stage
was constructed of multi — picce of the light reflector to form the paraboloidal
shape reflector in a size of 0.652 mx0. 606 m diameter. The receiver, in other
word the water calorimeter was painted black and made of 1 mm thick copper
sheet in the inside diameters of 138 mm, shielded with rubber insulation. Two
— axis sun tracking system (battery powered) has been mounted to track 2-
stage PDC allowing 1o the direction of the sun for receiving the direct solar
radiation. Water was used as a working fluid; the water loading reservoir is
made-up with stainless steel in 2 meter height for controlling the steady flow
condition.The cxperimental resulkts shown that the maximum thermal
efficiency was 64.77 %, the optical efficiency was 85.5%, and the total
geometrical concentration was 254.918 X. The performance of a 2-stage
concentrator leads to further improvement of the cfficicncy, atan average
of 42.54 % compured to the 1-stage pambolic dish concentrator, 17.97
% approximately. It was also found that the receiver can achicve during
operation due to the relatively high water temperature of 101.5 °C. The
prediciable useful applications of th{¥ vesearch were solar heater, solar
food dryer and dish-Stirling for solar power generation.
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Keywords: Solar Energy, 2-stage concentration parabolic dish, Concentrator
efficiency

Introduction

Solar energy is the remewable energy derived from incoming solar radiation,
unpolluted, and therefore is used as one of the most favorable alternative energy
resource decisions. In the ncar future, the large-scale introduction of solar
energy systems, straight converting solar radiation into heat, can be looked
forward.Solar radiation s transformed into thermal energy in the focus of
solar thermal concentrating systems. These systems are characterized by their focus
gcometry as point-focus  concentrators (parsbolic dishes and central receiver
systems) and line-focus concentrators (parabolic-trough system) and lincar Fresnel
system). Parabolic dishes concentrate incoming solar radiation to a focal point. At
this point the light is concentrated so make the hot area, which placed a receiver
around this, A heat ransfer fluid flows inside a receiver with then absorbs
concentruted solar energy from the receiver partitions and raises its energy. This solar
collector is provided with two-axis solar tracking to ensure that the solar beam
falls parallc] to its aperture arca. Parabolic dishes can only use direct solar radiation,
the slice of solar radiation, which is not defeated by clouds or dust in the air and
that reaches the Earth’s surface as a parallel beam. The applications of parabolic
dishes with two-axis tracking are electricity gencration system, photo voltaic, heating,
and refrigeration system. Thailand is Jocated in the sultry area and, therefore,
contains plentiful solar power source of solar heat gain. Solar & one of
uncontaminated natural emergy sources that can be transformed into heat,
machine-driven energy, and electrical energy. Thailand has numerous areas with
excessive solar power potential in the Dominant Region. The combine solar
potential arca interpretations for around 14.3% of the country’s whale

area, achievement average daily solar revelation in the range of 19 - 20
MJ/im*~day. [1}Central region of Thailand, where this rescarch was lead has
sufficient of solar encrgy t0 be used as an unconventional energy(8]. Several
designs of a 2-stage parabolic dish concentrator have been studied over the years.
The design of a suitable parabolic dish concentratoe is one of the most important
factors comtrolling the economics and the performance of a solar concentrator.
The concept of a 2-stage parsbolic dish concentrator was introduced by many
researchers. Chen et al. [2] studied the design of a solar concentrator combining
paraboloidal and hyperbolic mirrors  using the ray tracing technique, The ray
tracing technique was uysed to calculate and find out higher concentration ratio and
the trecing error was investigated as well. They decided that the concentration ratios
were around 2027 or 1220 with tracing errars of 0.5 or 1 , and 5447 or 4701 with
the detector in the radial-direction. They suggested many curves of mirror with
focl number of 0.22 for the primary mirror and a numerical aperture of 0.61 for
the secondary mirror. Whang ct al. [3] presented the innovative design of the
Casscgrain solar concentrator system for indoor illuminstion utilizing chromatic
aberration to filter out ultraviolet and infrared in sunlight for illumination
purposes, A Cassegrain solar concentrator system based on the theory of chromatic
aberration equipped with sun tracking system was used to
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Increage the efficiency. The result showed that the system can filter out UV totally
and decrease IR partially. Soe et al. [4) carried out a performance analysis and
design conmsideration of Casscgrain for Satellite Communication. Cassegrain and
Gregorian type reflector are used to increase the performance of an antenna, They
also studied the cffects of losses in the system and plotted the parametric curves,
which shown losses as a gathering of the Cassegrain design constraims, Colozza et al.
[5) designed a Cassegrain Solar Concentrator System for ISRU Material Processing.
The Cassegrain concentrator in the size of 0.5 m diameter has a concentration
ratio of about three thousand. The 2 axis optical system was placed after the main
concentrator, which caused the focal polnt size smaller and achieved more
concentration ratio of about six thousand. Groulx and Sponagle [6] studied the
ray-tracing analysis of a two-stage solar concentrator. They concluded that focal
length, the distance between the secondary mirvor and the goal, and the
misalignment with the sun was affected to its efficiency. The optimal focal length
was 157.97, and a maximum was 1.26%104 MW/m’.Hamdani et al[7] enhanced 2
and 3 dimensional of Fresncl lenses and VCassegrain dish for photovoltaic uses.
Ray tracing technique was used to achicve the output, productivity of the silicon
cell. Sookramoon K., [8] presented the design, conmstruct and performance
evalustion of a 2-stage parabolic through solar concentrator in PathumThani,
Thailand. The first siage was made of polished stainless steel (SUS 400) in size
of 1489 m =1489 m, the second stage was created in hyperbolic profile
reflector made from multi — picce migror in a size of 0.13 m*1.489 m. A copper pipe
in diameters of 27.2 mm protected with glass tube was used as a receiver. One -
axis Sun tracking scheme was instailed to track the 2-stage  PTC. The
performance of a 2-stage PTC was evaluated using open-air expecrimental
measurements, incloding the useful hest achicvement, the thermal instantaneous
efficiency and the encegy gaincd by the water. The results shown the maximum
thermal efficiency of 23.43%, the optical efficiency of 76%, and the total geometrical
concentration was 27.08 X, respectively.

The aim of this research was to design and assct the energy with its performance
gained from a 2-stage parabolic dish solar concentrtor, which can rise the
temperature of water and enhance more thermal efficiency than using only a single
stage PDC. The attained data from this research is anticipated to be used in the design
and development of PDCS technology in Thailand in the clase future.

Nomenclature
a partial of the transverse axis L, distarce from main dish
focal point to sub dish, m

b partial of the conjugate axis i mass flow rate of water, kg 5™

Aw sperture area of main dish Quueses absorbed thermal encrgy, W
concentrator, m’

A, aperture area of sub  dish QO incoming solar emergy to
concentrator, m* PDC, W

A aperture area of the receiver, m®  » radial coordinate of themain

. dish, m
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A aperiure arca of a 2-stage Tar ambient (air) temperature, °C

Sepe  CODCENtrator, m’ (Ag-Al) .

Cp  heat water at constant Tinkr waler  fempersture

sty i inside the receiver, «C

Ci.  main dishconceniration ratio Towtee  Outlet  water lemperalure

ge inside the receiver, «C

Cs.  sub dishconcentration ratio X I sun solar intensity, 1000

s wim’®

D diameter of a main dish, m Xo coatour of main dish

D, diameter of a sub dish, m X, contour of sub dish

e the eccentricity Y y coordinate of main dish

Ecn  concentrator efficiency, % Greek symbols

Fa  focal length of the main dish, m 8, main dish rim angle, deg.

Fe equivalent focal length, m &, sub dish rim angle, deg.

N focal distance of the sub dish, m &7 azimuth angle of the sum,
deg.

h depth of the parabolic solar n, the collector optical

concentrator, m efficiency, %

Im  direct solar radiation, W/m® Porasy  Primary dish reflectivity

lag  diffuse solar radiation, WAn® ey  Sccondary dish reflectivity

It total solar radiation, Wi’

A 2-Stage Concentration Parabolic Dish Design

The pecliminary design for the concentrator consisted of a 1.68m diameter main dish
(arca of 2.216 m") and 0.652%0.606 m dismeter sub dish parabolic reflector (area of
0.3096 m’) retaining at main dish's focus. Solar radiation falling on the main dish
concentrator is revealed up and focused onto the sub reflector. The secondary
concentratoe redirects it back through the opening at the base if the primary, to the
focus of the arrangement, which is overdue the primary, as illustrated in Fig. 1. The
perception design is as follows: A 2-stagg parabolic dish focuses the direct solar
radiation onte a focal poim of the system. The half rim angle of this first
concentrating stage is chosen to be equal to the sun's maximum declination of 23.5
degrees, The second stage consists of pieces of light reflector paraboloidal shape

concentrator,
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which couple the concentrated light directly into a copper receiver covered with an
insulator, This suggested design increases cancentration ratio of the system by
usingthe second stage concentrator by a factoe of 2.0 relative to the conservative

design.

Figure 1: The Casscgrain gecometryarrangement.

Geometry
The Casscgrain geometry[9], shown in Fig. 1, illustrate a parabolic form for the main
dish and a hyperbolic curve for the sub dish. Either the first oc the second foci of the
hyperbola is the real focal point of the system, and is located at the center of the
concentrator; the other is a recelver location which is the real focal point of
the scheme, and is placed at the midpoint of the receiver; the additional is a practical
focal point which is set at the focus of the paraboloidal. As significance, all parts
reflected from two surfaces, movable identical spaces to a planc forward-facing
of the concentrator.

Rescarchers have performed analytical studies of the main dish of Cassegrain
antenna[9], the affiliation is as follows;

105 O &5 ) = 2322 M

The positive symbolput on to Cassegrain systems and the negative sign in the
Gregorian forms. .

For the sub dish, the associations are expressedas follow [9);

fon 8, Fe

[ ) i
I-ﬁ -2k - 6]

‘The curve of the main dish is calculated by the equation[9)
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¥, 2
Xm= 4)

The curvature of the sub dish is derived by the cquation [9];

X, ~a ’m’] -1 (5)

Where the eccentric is[9];

! B+ )
= . 6
= ©
a=§ ()]
bwafet=1 (8

The magnitudes e,2, and b are the parameters of the hyperbola, ¢ is the eccentricity,
a is half the transverse axis, and b is half the conjugate axis.

Design Parameter

Ta design 2-stage parabolic dish Gregorian Casscgrain concentrator  shape,
Casscgrain Antcnna calculation program was used to calculate the coordinates (x.y)
of parabola in peimary stage and hyperbola in second stage as shown in Table 1.

Table 1: Design parameter and results obtained from the Cassegrain Antenna

calculation program

[ Data Input Results | Data Input Results

Fe (mm) 200 |8, (nd) 0.55

| Ds Sub ref (mm) 65200 | @, (deg) 31.40
Dmmain Dish(mm) 1680,00 | Fe/Fm = Magnification 2.02
Fm Focal . Maln Dish (mm) [672 | Fe oquivalent focal length | 1494.18
h Dish Depth(mm) 23783 | Fe/Dm Maln Dish 0.4
6, (rud) 1.03 Fe/Dm Equivalent Dish__ | 0.89

| G(deg) 59.04 Eccentricity of sub reflectoe |2.97
1/an 6, 1.64 Lv (mm) 31.18

In the design process, a detailed analysis using ATMOS ray tracing software was
performed on the concentrator to determine the paraboloidal outline needed to locus
the focus a sufficient distance behind the primary dish. A ray-trace of the primary and
sccondary dish is shown in Fig. 2a. Assuming perfectly shaped concentrator and high
specular reflective surfaces the spot size at the first focus was estimated to be 25 mm
in diameter as shown by Fig. 2b. Since perfect surfaces are never achieved the actual
spot size achicved was expected to be slightly larger. The energy density within the
spot is given by Fig. 2b. The concentrator was designed so that the focus was located
7 con behind the secondary concentrator.
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Figure 2: ATMOS Ray-Trace with Focus Spot.

[n Fig.3 two series are shown in which the curvature of the sub dish is modified
from the classical convex shape 10 a concave shape. As this is done, the dismeter of
the sub dish increases. This type of Cassegrain is called os classical Gregorian. Under
these conditions, the Gregorian [9] form requires shorter focal length for the main
dish as shown in Fig.3.
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—
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T e o I ) N ETr S o [ #.7.6. ceovw 1700 eaRT

Figure 3: A Gregorian form 2-stage PDC CAD design.

Experimental Setup and Procedure

The experimental setup used for testing a 2-stage PDC & shown in as a schematic
diagrum and photograph in Figs. 4 and 5. The processes set forward in the ASHRAE
standard [10] were followed 10 achieve a steady state condition of the concentrator.
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Solar Intensity stageconcentrator
(Wim?)

Primary sage

F'Wlﬂg / conentngar
Calorimeter
%5)' é 2 Axis Tracking

Systems

Figure 4: A schematic diagram of 2-stage PDC.

Os4oh1;ad 2-stage concentration
:nk parabolic dish

Tracking
system

Outflow hot
water tank

' Figure §: A photograph of the experimental sctup.
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Figure 6: Aphotograph of calorimeter and thermocouples,

The erected 2-stage PDC consists of a 40 liter storage tank with the mass flow
rate of 0.133 kg/Sec. Water flow by gravity through a water pipe. In the
experiment, the water circuit is an opened one. The overhead tank was filled up from
the main water supply. At the edge of the absorbing receiver, flexible tubes with
insulation were used for conveyance of the heat transfer fluid, Water from the
tank passed through the receiver tube of the solar collector. The water temperatures
at the inlet and outlet of the calorimeter were measured and recoeded by using
K-type thermocouple as shown in Fig6 and solar radiation intensity were
continuously measured (every onc minute) and retained in data acquisition &
computer throughout the 3 selected day of the month May 2014 experiment.

Data Acquisition

Data obtained from the experiment were measured and collected by using k-type
thermocouple (0-1000°C  (0.01°C  Accuracy) inserted in the insulated copper
calorimeter and Graphtec Midi logger(GL820 madel) to measure and record data for
calculating the absorbed solar energy as shown in Fig.7.
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Data logger
GL820

- I

Calonmeter

Figure 7: Photograph of calorimeter and data acquisition.

B - = » L gt

14134°N. 100611 E
Expenmental sstup location

Figure 8: The experimental setup location and a schematic disgram of
instrumentation with data acqulskiqn system,

Tracking and Control System

A 2-stage PDC with automatic two axes sun tracking system was used to track the
sun.The system consists of electro optic part represent as photo seasars by using four
LDR placing in the four comers of the main dish, two 12VDC motors and electronic
control bax as shown in Fig. 9 and 10. ’
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Figure 10: Electronic circuit for 2-stage parabolic dish tracking system,
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Figure 11: A24VDC 250 W motor with gear ratio 1:5 at 600 RPM for elevation
movement and a 12 VDC wiper motor 110 RPM for azimuth movement.

Performance Evaluation of a 2-stage PDC:
The performance of the 2-stage PDC is determined by obtaining values of
instantaneous thermal efficiency and the system efficiency for different combinations
of incident radiation, ambient temperature and outlet water temperature.

The concentration Ratio is calculatedas follows:

The concentration ratio is the ratio of the arcaof the entry aperture of the exit
aperture. For the primary stage of theconcentrator, the concentration ratio can be
calculated by Eq.9.

Crosvmpe POC = Acsiw disid Arecsever =127.459 9)

Forthe secondary stage of the concentrator, the concentration ratio is calculated in
the sume manner, providing a concentration ratio

Cusoreary = 2X. Concentration ratios for two stage reflectorsystems are the product
of the two component concentration ratios, therefore:

Cirange rc = 254.918X (10)
The direct solar intensity on the normal plane can be calculated from:
Ipo= {0, —Igplcos 0, (n

Where It,h = total intensity on a horizontal planc, W/m2 Id,h = Diffusc intensity
on a horizontal plane, W/m® 8z = Solar azimuth angle, degree

The incoming energy, Qunis cakulated from the measurement of the direct solar
radiation, Jpe, the area of 2-stage PDC, reflectivity of main dish and sub dish as
follows:

O™ Pesin Pralin Atagn : (12)

The absorbed energy, Quseed, is calculated from the measurement of the inlet and
outlet water temperatures and the water mass flow rate, mit as follows:

Q it ™ MoonesCp(TourTind (13)

Whre Mms is mass flow rate of waieefrom the storage tank (kg), ke Is beam
radiation (W/m?), A, is a concentrator aperture area (m?), Cp is the specific heat of
water (4187 Jkg.K), Ti.is the inlet water temperature (°C) and T is the outiet
water
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temperature (°C) in and out of the calorimeter, Based on the ASHRAE
standard[10], the concentrator efficiency (Ec) is calculated as follows:

E g 2ot e T (14)
In a 2-two stage PDC, the optical cfficiency is the product of the reflectivity of
each of the reflective surfaces. The reflectivity of the aluminum foil surface of the

main dish(pewin) is 0.80, and the reflectivity of the light reflector (puty is 0.95,
The collector optical efficiency is:

"o' p-m»p-b
= 0.90%0.95= 0.855 (15)

Results and Discussion

A period of three sunny days (12, 14 and 15 May 2014) has been selected for
measuring all necessary data to analyze the performance of the 2-stage PDC. The
direct, diffuse and tota] incoming solar radiation arc shown in Fig.12. It can be
scen that the absorbed heat increases gradually with the increasing of the

temperature difference, between 92.5 and 97°C. The working fluid passes through
calorimeter in the flow rate of 0,133 kgfs.

Insolation, Temperature vs Time of day
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Figure 12: Time variation of Insolation on M..ly 12, 2014,
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Figure 13: Time variation of Energy and efficiency on May 12, 2014,
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Insolation, Temperature vs Time of day
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Figure 16: Time variation of Insolation on May 15, 2014,
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Figure 17: Time variation of Energy and efficiency on May 15, 2014,
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Figure 19: Solar azimuth measurement results of 3 sclkected days.

As shown in Fig 13, 15 and 17 the relationship between the absorbed heat,
Quturrsed, 20 the direct incoming solar radiation, I, from morning 10 afterncon. The
cxperiment was carried out from 7:30 AM. to 5.00 P.M., it was found that Quuceted in
the afternoon was higher than in the morning and at noon.This is due to the fact
that the heat gain is powerfully influenced by the absorbed heat to water in the
calorimeter and therefore follows its variation. Fig. 13,15 and 17 shows clearly
that Queeartes increases with reducing heat loss from convection and radiation by
using absorber (calorimeter) covered with a thick rubber insulation, which
primarily enhances heat transfer from the absorber wall 10 the water flowing inside it
due to decline heat loss. In compaerisons between the 2-stage and 1-stage
concentrator cfficiency at the same time of day on May 12 and May 16 as shown in
Fig.18, it can be scen that a 2-stage PDC  produced more  efficiently (42.54 %
average) than a 1-stage PDC (17.97 % average). The numerical azimuth angles are
determined by experimentation, illustrate by the solar tracking system performance as
shown in Fig.19.

Conclusion

A 2-stage Parabolic Dish Concentrator (2-stage PDC) equipped with twe axis sun
tracking system have been designed, built and assessed. The performance of a 2-stage
PDC was experimentally examined with water as the heat transfer fluid, The thermal
efficiency of the 2-stage PDC can be obtained at maximum of 64,765% and in the
average of 42.54 %.The optical efficiency was 85.5% and the total geometrical
concentration was 254.918 X, derived from the calculation. It was also originate
that the receiver (calorimeter) can easily attain during operation with relatively high
water temperature levels approaching 101.5 °C, which is suitable for other solar
energy application.

172



173

Performance Assessment of a Constructed Double Reflection Parabolic Dish 10031

Acknowledgements

The authors would like to express thanks Srinakarinwirot University collcagues for
the useful guidance and appreciatively thank the Department of Energy Policy and
Planning Organization Thailand for providing financial support for this research
work.

References

[1]  http://Weben.dede go. thiwebmax/content/areas-solar-power-potential.

[2] CheFeng Chen, Chih-Hso Lin, Huang-Tzung Jan, Yun-Ling
Yang 2009“Design of a solar concentrator combining paraboloidal and
hyperbolic mirrors using the ray tracing method,"Optics Cormmunications;
282: 360.

[3] Allen Jong-Woei Whang, Yi-Yung Chen, Bo-Yi Wy, 2009, “Innovative
design of cassegrain solar comcentrator system for indoor illumination
utilizing chromatic aberration to filter out ultraviolet amd infrared in
sunlight,” Solar Encrgy:83:1115.

[4] Myint Myint Soe, Zaw Min Aung, Zaw Min Naing, Khaing Theingi Oo,
2009, “Performance Analysis and Design Consideration of Cassegrain for
Satellite Communication,”Proc of the International Multi Conference of
Engineers and Computer Scientists; |

[S] Anthoay 1. Colozza, Robert Macosko, Charles Castle, 2010,“Cassegrain
Solar Concentrator System for ISRU Material Processing,” American
[nstitute of Aeronautics and Astronautics; 1.

[6]) Dominic Groulx, Benjamin Sponagle, 2010,"Ray-Tracing analysis of a
two-stage solar concentrator,"Transactions of the Canadian Society for
Mechanical Enginesring; 34 (2): 263,

(7]  Ali. H. AL-Hamdani, Batool, D. Blawa, S. K. AL-Ani, 2011,"Parabola
dish and Cassegrain concentrators to improve solar cell Conversion
Efficiency,” Baghdad Science Journal ; 8 (2): 571.

[8] Krissadang Sookramoon, 2014, “Design, constructand performance
evaluztion of a 2-stage parabolic through solar concentrator in
PathumThani,” Advanced Materials Research; 931-932 :1291-97.

(9]  hatpafwww.gmrt.ncra.tifr.res.in‘gmrt_hpage/sub_systemn/Corr/IMH/Docu
ments/Report/ CASSEGRAIN.pdf _

(10) Methods of testing to determine the thermal performance of solar
colleciors, 1977, “ASHRAE STANDARD 93-77." ASHRAE, 345 East
4Tth street, New York 10017.



174
2. MIRNTIMUIT1G Applied Mechanics and Materials.

Unluvasunainu

[ Ao o PR
n =
sScientific. Net ® Y 4 -

W By Trans Tech Publications Ltd

Subscriptions For Editors Distributors Downloads My Cart

AUTHOR HOME PAPERS TTP 50% DISCOUNT TITLES

Paper Title Page

Actions
Offprint Download Open Access

aluation of a Ce 6
st 46 & B » ‘

WANZINAZIUL SIR HA1AzUUYU SIR (SCOPUS) 0.15

SClimago EST MODUS IN REBUS
SJ Journal & Country Horatic (Satire 1,1,106)
Rank
Home Journal Search
Journal Rankings Search query
[ | in [Journal Title v || Search |
Country Rankings U exact phrase
Country Search Applied Mechanics and Materials

Compare
Country: Germany

Map Generator Subject Area: Engineering

Help Subject Category:

Ahoutlks Quartile (Q1 means highest values and Q4 lowest values)

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Show this information in Engineering
your own website (miscellaneous) E m E E m m E

Publisher: Trans Tech Publications. Publication type: Book Series. ISSN: 16627482, 16609336

Category

Coverage: 2005-2015

H Index: 15

Indicator  2007-2014 Walue

SR ./‘\.‘_._.4‘. 0.15 Charts | Data
Cites A**m .08

er doc . - -
i SJR indicator vs. Cites per Doc (2y)
Total +¥ 012
cites
. 0,40 035
W . scimagojr .com
¥ Display journal title n “] a4 [



175

AUUNNIENT
e e
Applied Mechanics and
Materials
FI? TRANS TECH PURLICATIONS
NUTaNBIUIIUITANT

= Applied Mechanics and Materials: Editorial Board
AMM Editors

Professor Xu, X. P. Send email
Huagiao University, Ministry of Education Engineering Research Center for Brittle Materials Machining
Alamen, China, 361021

AMM Editorial Board

Professor Cadoni, E. Send email

University of Applied Sciences of Southern Switzerland, Dynamat Laboratory
Wia Trevano P.o. Box 12, Canobbio, 6952, Switzerland

Professor Cheng, Y. S. Send email

Harbin Institute of Technology, School of Materials Science and Technalogy
P.0. Box 435, Harbin, China, 150001

Professor Chinakhov, D.A. Send email

Yurga Institute of Technology of National Research Tomsk Polytechnic University
Leningradskaya Street, 26, Yurga, Russian Federation, 652055

Professor Delgado Sobrino, D. R. Send email

Slovak University of Technology in Bratislava, Faculty of Materials Science and Technology in Trnava
Bottova 25, Trnava, 917 24, Slovakia

Professor Dodun, O. Send email

Gheorghe Asachi Technical University of lasi, Department of Machine Manufacturing Technology
D. Mangeron Blvd, 39A, lasi, 700050, Romania

Professor Gogu, G. Send email

Clermont Universite, Pascal Institute
UMR 6602 CNRS/UBP/IFIMA, BP10448, Clermont-Ferrand, F-63000, France

Professor Hajduk, M. Send email

Technical University of Kosice, Department of Production Systems and Robotics, Faculty of Mechanical Engineering
Letna 9, Kosice, 042 00, Slavakia

view all editors... v



176

Aa o
UNAINUNULRVAUWN

6“‘ ied AMechawics and Moserials Vols 799800 (2015) pp 463-467 Submirted 2015-06-22
UH) Tmul Teck Publications, Switrerfand Accepted: 20150706
EAriw. sclentiflc. mevAMIA. 799800 463

Performance Evaluation of a Paraboloidal Concentrator

Krissadang Sookramoon'"* Pracha Bunyawanichakul'®
Bancha Kongtrakool**

'Department of Mechanical Engineering Faculty of Engineering Srinakarinwirot University Rangsit-
Nakhornnayok Rd. Klong 16, Ongkharak, Nakhomnayok 26120, Thailand

ent of Energy Technology, Faculty of Engineering Northern-Chiengmai University 169
Moo 3 Tambol Nongkaew Amphoe Hang Dong Chiengmai 50230, Thaland

** krigsadangse@gmail.com, *prachabuflg.swu.ac.th, “bancha@northom,ac.th
Keywords: Solar energy, Reflection, Parabokoidal concentrator, Simple calorimeter

Abstract. This rescarch aims are to design, build and analyze the performance of concentrated solar
encrgy onto a simple calorimeter, made of copper and stainless steel. A scrapped yard antenna dish
with a diameter of 1.68 meters was lined with aluminum foil reflector sheet, The average dish
aperture area of 2.21 m’, the system uses water as a heat transfer fluid distributed from overhead
tank. Absorbed encrgy was investigated at a water flow rate of 0.5 L/min were performed in the
experiment and the maximum uscful energy was determined. Parebolic dish concentrator
displacement angle was adjusted in cvery 15 degrees per hour, with the used of electric controlled
sun tracking system. The experimental tests carried out in Faculty of Industrial Technology, Vallaya
Alongkom Rajabhat University Pathum Thani, under Thailand climatic conditions (14.134°N,
100.611°E) during 2 sclccted days of the months April 2013, The performance of a paraboloidal
concentrator was assessed using open-air experimental measurements including the incoming heat,
the energy absorbed by the water, and the concentrator efficiency. The experimental results shown
the maximum thermal efficiency was 89.73%. It was also found that copper calorimeter can simply
atain during operation relatively high water temperature levels oncoming 97 °C. The concentrated
aolar flux at the focal point was 442.073.11W/m’ for stainless steel calorimeter and 619,448.66
W/m? for copper calorimeter, respectively.

Introduction

Thailand, which is located in the tropics near the equator, received high level of solar intensity to be
used as 8 solar heating. The solar radiation amount per unit urn: on a unil surface outside the carth’s
atmosphere is known as solar constant. This value is 1353 Wim®. The solar radiation as received on
the carth's surface is compased of the following: beam radiation (Ib), diffuse radiation (Id), and
global radiation (Ig). The applications of solar energy are solar electricity and solar heating systems.
Cancentrating solar radiation by using concentrator have been developed, the applications are hot
water and hot air producing, It has been researched continuously. The solar thermal combinations
are developed in different countries. The past can be classified into the following three categories,
parsbolic trough system, which works by using the reflcction from a curved surface is parabolic
trough a long pipe. Solar power tower system, a system that uses high technology system as it
operates at very high temperatures. Most such is the nature of the research and demonstration.
Parabolic dish systems with Stirling engine (parabolic dish/stirling engine system) power system is
used to convert energy from the sun's radiation~to be heat, then converts thermal energy into
mechanical encrgy and finally to clectricity. Some investigational studies have been carried out 10
investigate the performance of a parabolic dish solar concentrator. Singh et al. [1] examined the
performance of a concentrator nssisted still and a flat-plate collector assisted still. They summarized
that the efficiency of the system using the concentrator was upper than the collector assisted system,
Zulgurnan [2], have inspected the performance of a parabolic concentrator attached with solar stil.
The parabolic concentrator was coupled with still in such a way that the solar mdiations were made
10 focus at the base of the tray of the still. The supreme amount of distillate was 2.2]. Ahmad et al.
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[3], have done an experiment on a parabolic solar reflector along with a suitable heat-mechanism
for desalination of saline groundwater. To enhance the output of the system, two flat coliectors were
put in scrics. The developed cvaporating system was capable of producing 12-15 liter/day of
patable water. FK Forson, MAA Nazha, H. Rajakaruna [4] studicd and evaluated the performance
of the solar heat dryer. Solar radiation is focused to 57%203 ¢m, aluminum coil pipe in the size of
2.54 cm was uscd as a receiver. gray painted to absorb heat from the sun for drying. Insulated
cabinets in the size of 51%105%129 cm. Thermal performence were 30% -80%. Ibrahim Laden
Mohammed [5] conducted the design and development of a parabolic dish solar water heater for
domestic hot water application (higher than 100°C) is designated, The heater provided 40 litres of
hot water per day for a family of four, The thermal efficiencies of 52% - 56% were obtained. M.
Mohamed, et al, [6] carried out design and fabrication of solar dish concentration with diameters
(1.6) meters (or water heating application and solar steam was achieved. The dish equipped with
tracking system and measurement of the temperature and solar power. Water temperature increased
up to 80 °C, and the system efficiency increased by 30% at mid noon time. There is no research
work in absorbed heat measurement from different material. This research focuses on investigating
the absorbed heat from copper and stainless steel calorimeter.

Parabolic dish design
A simple equation of parabolic equation is used for calculating the paraboloidal size in x and y
direction.

Parabolic equation is as follow:

X = dfy U]
To measure the amount of absorbed heat can be calculated from the equation below

Q = m.CAT
@)
Q is the amount of heat that rises the temperature of calorimeter and contained water vary with the
change of time, so the amount of heat can be calculated from the following equation.

0= ] b ®

Concentrated solar intensity can be calculated from:
1=3 @

Research Equipment s

A 1.68 m diameter parabolic dish solar concentrator was performance investigation in this research.
It consists of three main parts: (1) solar parabolic reflector (2) the solar receiver (calorimeter). (3)
Tracking systcm to maintain the collector perpendicular to the sun. The measuring equipment are;
K-type thermocouple and sutomatic temperature recorder. The amount of solar radiation measured
by a pyranometer. Data collections were kept in evéry | minute. Local material has been selected to
construct a parabolic dish solar concentrator. With stand and rotated by sun tracking system,
parabolic dish is made of steel with a diameter of 1.68 meters, 0.238 m depth, which is the moderate
size for ense of use and 'mobility as shown in Fig 1. To rotate the dish chain equipped with motor is
used. A light sensor sends a signal to the control the collector movement, as shown in Fig. 1.
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Fig. 1 A constructed parabolic dish collector with the electronic controlled sun tracking system.

Measure the heat absorbed by using the 2 differcat calorimeters. The instrument used to
measure the amount of absorbed heat, called calorimeter designed and built using copper because
copper has the ability to receive and transfer heat better and cheaper than stainless stecl, a material
higher thermal conductivity, The conductivity of copper is 390.6 kJ/kg.K compared with stainless
steel, which has the higher thermal conductivity, at 414 kl/kg.K. Calorimeter used in this study is
placed at the focal point of the paraboloidal concentrator for applying the measurement of heat from
solar radiation at the focus of a parabolic selar receiver. Calorimeter in the size of diameter of 140
mm and a height of 36 mm and a weight of 0.44 kg as shown in Fig. 2.

Fig. 2 Calorimeter made of copper and stainless steel (both areas 0.0154 m*)

Calorimeter made from copper and stainless steel was forming in a cylinder shape as shown in Fig.
3, rubber is used as insulation outside. One side is painted matt black. And the other side of the
room thermometer plugged into the data Jogger for reading the temperature of the water rises. This
can be used to measure the intensity of soler radistion as shown in Fig.3.

Insulator 3 mm thickness
Thermacouple

Data logger chord

Fig. 3 Calorimeter and thermocouple.

The experiment was canducted based on the measurement of the heat from the water temperature
rise within the specified period. Read the initial temperature and the final temperature of the water
at the time of recording the temperature of the water changes. To calculate the amount of heat per
unit of time measurement equation and calculate the intensity of solar radiation formulas for the
intensity of radiation at the time of the trial in the graph to view the radiation intensity at each time
step.
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Results

The results showed that the paraboloidal concentratar performed highest efficiency in the period of
time 11:30 1o 13:00, and then the solar radiation is reduced gradually. This is based on the amount
of solar radiation falling on the carth. The properties of the material used as the absorber plate. And
materials used reflect solar radiation however; when the amount of sky with clouds blocking the sun
reduces solar radiation causes the temperature measurement increases or decreases, The effects of
several reasons like the wind on the day of the experiment, the winds speed were 3 m/s so the
temperature has dropped. Parabolic dish experiments with solar radiation by using stainless steel
calorimeter for | hr and 1 min intervals is recorded in data logger and plot as shown in figure 4,

Stainless steel calorimeter
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Fig. 4 A plot of the experimental results using parsbolic dish and a stainless steel Calorimeter.
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Fig. S A plot of the experimental results using parabolic dish and a copper type calorimeter,

Figure 4 and 5 shows the water temperature change with time. The rate of water flow 0.5 L/ min the
heat exchange efficiency is increased from 10:13 to 11:10 hes. The thermal efficiency increases
while solar mdiation is increased and decreasss as the solar radiation decreases with time and the
sun path changed.

The concentrator efficiency (M) is calculated as follows:

n‘“ s i Cp !varig (5)

A, s

The results showed the difference between the temperature of the flowing copper and stainless
calorimeter, which piay a role as a heat exchanger. The temperature of water flowing out of the
calorimeter is in the average of 82.15 °C, and 67.93 °C for copper and stainless steel, respectively.
In comparison besween these two calorimeter, copper calorimeter show a better performance in
water temperature and solor flux intensity at the focal point of the system.
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Summary

The simple paraboloidal concentrator was built and performance tested. The experimental results
shown the maximum thermal efficiency was 89.73% while using copper calorimeter. It was initiate
that copper calorimeter can simply attain during operation relatively high water lempenlure levels
oncoming 97 °C. The concentrated solu flux at the focal point was 442,073.11W/m? for stainless
steel calorimeter and 619,448.66 W/m? for copper calorimeter, respectively.
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Abstract

This paper conducted 2n experimental study of a laboralory-scaled 2-stage parsbolic dish-Stirling
engine. Experimencal investigation of the syssem was perfanned, using un actual sun mnd a 2-stage parabolic
dish concemiraior as 3 heat source. Results from the performance testing by using a geaerainr with a solar
radistion snd 3 double reflection parabolic dish solar concemtrator an May 2014 indicoted that the maxisvem
concentrator efficiesey is 26291 %, the engine produced the maximum power of 0.359 W = 55.6 rpm,
clecwrical power of 0,27 W, the gencrator clliciency gl the maximum of 79.021 %, and the maximun overall
brake thermal efficiency of 0.25033 %, spproximaicly. The average heat inpul %o comcentrator is 193607 W
and to the engine In 2n average of 180.28 W, respectivedy. The gross solar-to-electric conversion efliciency is
3%

Keywords: 2-stage parwbolic dish, solar concentrator, solsr-powered Stirling engine

The Sun a5 an irradiance of about 63 MW/in®. On the Earth's surlice, solar energy Mlow decreases
down to approximese | kW/m’. At the present time, solar energy 5 an eye-catching enesgy source, which can
be usod as a heat sousce for beat engimes. The Stirling engine Is & hot alr engine, which works on a
tempersture differential, any heat source cam be used % power the engine such as solar énergy. In 1987, &
solar powered Stirling engine was palented by Roelf ). Meger [1] as shown in Figure |. His innovation, 2
Stirlieg eycle engine, with a solar dish collector produces mechanical energy.2] The output work of the
Stirfing cycle is then used 10 drive a generator and produce slecwric power. This apparatus reflects the sun rsys
into the focal point at e center of the paraboloidal dish. Solar energy s collected In the form of heat o
power a Stirliag cycle engine which operates hy permitting heat flow frum a hot socree to o cold side In order
o do work as shown in Figure 1. The dimensicas of the Stirling engine can also be adjusted to advance the
eoergy durived frum the heat source. A Stirling engime uses the heased fluid to move plstoas and create
mechanical power. The mechanical work, in the form of the motation of the engine's crankshafi, » Stirllng
eagine requines an electric generator 1o transform ils mechanical production into electricity.

Walsilak ) So & Tech 201%; 13609 sonx-100c
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In solar Dish-Stirkeg units, the solar energy is converted to clecirical energy in theee pheses. In the first
phase, radistGon is conversed 10 heat by concentmting the solor radlation amo o light absorbing heat pipe by
means of 2 pambolic reflector. In the second phase, the heat is wransformed into mechanical power by a
Stirling engine, In the Ginal phase, & gememior comvests the mechenical power 10 eloctricity. Gemralors
fuctuating from low 10 high voltage outpins, alteraating or direct current is available. Generaters conven
mechanical eaergy Into elecwrical energy by using 2 center rotor $al is bounded by staor megness, whick
create a magnetic field. These rotors interrelite with oifber an clectremagect Or & permanest magact ©
geacnste electric current, Tiwe current thal is formed csm develop in elther direct current or aliemnate current.

Figure 1 A solar powesed Stirfing engine by Roelf ). Meijer.[1]

A ratiomal amount of research work Ras beea dene to quankify and predict the performance of Stirling Engines
and Concentrating Collestor, Tn 1976, Poas and Fox [3] reported the use of heat pipe sysiems to run soler-
powered Sticling engines and recommended some concepls of system thermal storage. Even though this idea
has profits, the increased complication may fimil uses im tochnically untrained areas. In 1979, Holkand [4]
poimed out that the proper bakancing of ginghe eylinder Stirling engines was difficult, and may be solved by
using the relatively complex mechanisms, such as the Phdlips thombic drive. Vibration is an impostan
problem with sols-powered Stirling engines since they are gonerally mounied on light sructres abave
pargbolic dish collecsors, snd vibeation of the dish would result in optical imprecision, In 1982, Leibowitz and
Hansesh |S] presented the possibilities of Stirling engines working with kigh-temperature gas. However, with
most improvements resulting from the wse of scphisticased technology, rurl arcas of developing couniries
soem to not gain much from them. In 1983, EMiciency is potentially high and in 1983, Marriott (6] swggested
an overall efficiency of 29% before parssitic [0sses, and 26% ofter deduction of all expected Josss, for 4 26.5
kW engine operated with a parabolic &ish. In 1988, Selouk and Bowyer [7] claimod approximasely 32.5%
engine efficiency, with working fluid tempemtures sround 700°C. Economic reflector design, 1o withsiand the
wind and weather, is impostant foe this techaology and conlinues 10 consume swch effort. Lajet caried out 2
recest study, iwolving sophisticated wind-tunnal testing of lomds on pambolic dish collectees. McGlaun [B]
reported i 1987, that wind lcoding was much higher than predicicd, and collector design changes are
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meoessaey. In 1987, Schhich [9] developad & 17 m diameter dish, by using 3 sheet steed membranw frmed
im0 the reflecting surface shape by 3 partial vacuum. [a 1987, two wmits of this Jesign equipped with 50 kW
Sticling engines were sested in Riyadh [10) In 1990, Ahmed et & [11] used a single mesbeue dish collecsor
mnd hydroges as an operational gns in  the process of 2 SO kKW solar-powered Stirlisg engine eloctriciky
production. They described the problems of tacking systess, due to erroes In design sad problesss in

durleg winter se2son, due to improper control part selection. In 1991, Kleih J. {12) proposed a Dish-Stirling
test facllity. The effects of te Stiding eagine performummce were collector geometry, insolation, and the
engine configuraticn. Its perfurmance from the test was in e range of 5-25 kKWe. In 1999, Childs et al. [L3]
presented the innovative concept 1o deserming e cost-effictivesess of new methodologies 10 solar powered
desalting sechnology. Combined new solse conversion tochnology with Insely advanced, hydraulic pump and
emergy regsiming technology for solar desaling. A Solar dish concentrmior-Stirling eagine, electric module
with an oversll efficiency of 22% for 10 Wday aversge production, was reperied. [n 1999, Audy ot al. [14)
informed & Siirling egine for space stasion spplications by using a solar dynamic power system. Theoeetical
models foe dissimilar four repecsentative orbik shapes were developed. The simulation coasoquences were
camgared 10 those of o soler dynamic power modele, using @ Braytwa gas turbime. In 2007, Snidvomgs S. [15]
conducied & small solar dish Stlrling engine 500 W Stand Alone System with @ medium imsolation in
Thailand. The 4-piston, double acting Gamma type solar Sirling engine was construcicd and operated & 650
°C coupkd with & 2.5 m Jiameser dish solar collector, The demal efficiency was 60% with a 31 %
mechanical efficleacy. In 2010, Wua et al. [16) proposed the thermal-electric conversion performance of
parabolic SishAMTEC solar thermal power system with the overall comversion efficiency of 20.6 % with the
output power of |8.56 kW. In 2012, Ricardo {1 7] imvestigsted o mathematical moded foe the stody and design
of a solsr dish colleciar with cavity recsiver for its application In Stirling engime. This work suggested a
mathematical model for the design of parubolic dish enllector, with cavity recelver sech as Stirling engine,
and analyziag the influsnce of geometric, operative und climatic variables on the efficiency and thermal
capaciy of the sysem. In 2013, Reddy e al. [18) studied the exergetic analysis and performance evalustion
of parabolic dish Stirling engine solar power plant. A 50 MWe design capecity parabolic dish Stirling engine,
soler power plomt (PDSSPP) has been modeloed for analysis, wiwere 2000 enits of parsbolle dish Stirling engine
ecach having o capacity of 25 kWe were considered 1o pet desired capacity. An atiempt has been made %o camy
out the emergetic and exergetic anwlysis of the differem components of a solar power plant system using
parsbolic dish collecionreceiver and Stirling eagine. The developed model is examined at location Jodhpur
(26.29°N, 73.03"E) in Indi. It |5 found tha year-sousd energetic efficiency varies from 15.57% 10 27.09%,
and exergetic efficiency varies from 16.83% to 29.18%. In 2014, Ahmad ¢t al, [19] investigated on finke
time thermodynamic (FTT) ovaluation of a solar-dish Stirlieg hest engine, FT T35 hes been applied to decide
the output power and the consistent thermal efficicacy, exerpetic efficiency, and the rese of entropy generation
of a solar Stirling system with » finite este of hemt transfer, regencrotive heat loss, condoctive fhermal
conmecting loss, and finite regescration geocess tme. The results imply thot the optimized ahsorber
wmperaure is somewhere between 850 K and 1000 K. = 2004 Li, ¥ et al. [20] condacied an adisbatic model
of the Stirling engine developed Re @e siudy of a grid-connzcted dish-Stirling solar-thermal power plani. The
mode] relates the average values of the engime stane varinbles and also tokes into description the engine [osses.
As the englne is shown to exhibit non-minimum phass behmvice, an improved empersture control scheme for
the engine hem ahsorber |s developed. Conteining the parameters such as engine speed, pressare, and solor
insolation Nmits into the analysis, a steady-state feasible cperming sysiem of @e solar-thermal power plant ks
obesined. The techniques of analysis for Stirling engincs can be categoeized with Manial's [21] classification
as follows: 1. Zero the Ordir Anslysis: 35 Beale formula 2. First Order Azalysis: (Schmidt analysis) was
&me in 1871 by Gusiav Schmidt in which he obtained closed-form sohutions for the special case of siewsoidsl
volume vardations and Isothermal hot and cold spaces. There are many wips (o investigane the JishvStirling
performance and behavior, such as photometric, amlytical and numerical. As the rationale mentioned above,
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there is no published paper on & 2-stage dish Strling engine experimental study, Thes, i s Interesting 0
further study the 2-stage dish Stirling in details,

This work deals with # calorimetric methed 10 sessure the heat gained from solor radietion, which
concenirsed by 8 2-sisge parsbolic dish coacentrator focuses 10 hot end rod oo the Stirling engine, then the
engine produces meshanical encrgy and tunsformed Into electricity. A two axis sun tracking sysiem wis wied
% maintain the dish parpendicalar 1o the sun. The performance of a 2-stage peesbolic dish solar coscentratoe
and Sirling engine are investigated as well. The lsboratory scaled Stirling engine is kinematic; single acting
cme power pision, gamma configeration, using & now-pressurized air as o heat ransfer fhadd. The heat source
wsed Is & 2.stage panabolic dish solar concentrator made of the snellite dish lined with aluminem foil reflecior
in stage cae and & mini sutellite dish lised with a Eght reflector sheet in stage two, reflect the sunray in two
times % maximize the Usermal energy & the focal polnt of the system.

Nomemclature
An Arm-uof.c main dish coscentratce, £ Stirfing engine power, W
m
A, Aeummol’hwbdiﬁcm. Pa The generator power owipul, W
m
Asnnge  Apirire ares of 2-stage parbolic dish [ Totsl thermsd engtgy come %0 a
comceniratoe, concereraiar, W
Ax Absorber arca, m° ds The coacentrated beat on the
abeorber plate, W
Cp Specific heat of walsr s consiust peessure, G The mmount of heat absarbed by the
W'kt water, W
Ciae  Main dish coscentration ratio @ Hunlm:&amhenmﬁr
Crwwe  Sub dishcoacentration ratio Ry Main dish reflectivity , 0.8
o, Diameser of n main dish, m Ry Sub dish reflectivity, 0.95
D, Diameter of 1 sub dish, m T Eagine cooler wall temperature, K
dy Alworber digmeler , m
E Vaoluge reading from the meter, V Ty Engize hemer wall temperature, K
[ . Concentrator efficiency, % Ta The overage Wemperature ln the
regencralor, K
Ear Brake themal efMicieacy, % Tew Inlet water sempersure inside the
recelver, K
£o Toe overall efficiency, % ) (- Qutlet water lemperalure inside the
receiver, K
Fi Focal leagth of the main dish, m [ Initial, final time OF water
tempermure *C
F Fcaal length of the sub dish, m W Weight of mass, kg
& Degth of the parabalic solar concumtrator, m  Greed sywbols
k Solar elevation angle, degroe
i Dlirect solar rdiation, Wim'* - The generuior efMickency, %
| dgs Difuse solar radistion, W/ w’ Mgy The pross solar-to-ehectric
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comwraon ellicency, %

L Towl solar radiation Wim® [ solar azimnch angle, degres
m, Water mass flow rate, kp's ] Dexlinstion angle, radlan
N Engim speed, rpm @ Hour angle, radion
Pe The actudl shaft power, W » Altinde angle, radian
Materials and methods

Experimental Apparatus

Solar-Powernd Engine

The solar-powered Stellng engline ks a single power piston, single scting configention. The Displacer
is made from an aluminum pipe. The purpose of this engine i 45 & Bbaratory- scale peototype eagine for
verificasion of actual solar-powered opermtions. This engine is experimented with pctual solar energy, by
using a 2-stage parsholic dish concentrator, The solar-powered Stirbng engine was expenimented as follows:
The experiments with an actusl sun consist of heat inpet experiment and the engine performsanc: experiment,
The main engew Jesigs paramesers are lsted In Table 1. [t s designed a8 & single-acting, gamma-
configurstion with a power piston. The power cylinders are direcily connested 1o the cooler plate, 10 minimize

e cold spoce and transder port dead volume. A photograph of this exgloe is shown In Figwre 2.

Power cylinder
Displacer cylinder
Hot end rod
Figure 2 The solae-powered ag:e '
Table | Solar-powered engine main design paramesers
[ Stirling engine configuraticn: l Size
Gammuy
Ponwer plston: bore x siroke (mes) 12030
Swep! valune (o) 0.359
r: bore x stroke (mam) %62
Swept valusse (cc) 0.394
Compeession ratio 4.94
Phase angle (Tl
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A 2.stage concestration parabolic dish
The apparatus consists of paraboloidal dishes made of differast type of materials and reflectors. The
main dish fabricated using |.68 m dismeser satcllitc dish with & 0.741 m focal length, The sub dish was 0.625
L m diameter mini saiellite dish with 0,632 m focal lengih of the secondary stage. The reflecting surfice is
covered with sluminum shest lining and ligheing reflecor for the maln dish and sub dish, respectively. The
design porameters aee showa (n table 2 and the configuration is shown in Figure 3 below, Two Sishes are
swpported by a highestrength frame oquipped with 2-axis sun trocking system, The ains of a 2-xage
concesarution parabolic dish are %o boost the concentration ratio, which increases the heat flux of solar
radiaticn.

Table 2 A 2-stape comceniration panbolic dish main design paramesers

_8% Dimension Symbel Dimension
A maln dish 2216 Dy (m) 163
A sub dish (s 0309 mm) 138

m 0.014957 E‘,_‘EY (37}

(m) 19064 F; (mm) =
IAT.L 127.459 Qs aVErage (W) | 193607
[Ca 256918

The experimental set up

The experimenal setup consisss of the calorimeer, the engine coupled 10 & penermtar, soler mdistion
eeasuing equipment, thermocouple, data acquisition sysiem and a double reflection parsholic dish
concemrator as shown in Figure 34

Data Acquisitions System

Water
Tank

T water in

2-stage
Parabolic Dish

T water out

Figure 3 Schematic disgram of heat knput experiment.
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Figure 4 The simple calorbmeter with a 2-stage concentration parabolic dish experimental setep.

The cooling air is supplicd by sir passes cheugh the flns. The cooler temperaturs, Tc and the heater
temperatare, Ty, 2re messured by infrared thermocouples. The semperature idicaors see showa In Figure S.

Figure 5 A simple calorimeter for engine heat input experiment and data Jogger.

For engise experiment with actwal solar eacrgy, the experimental facilitios are &8 follows:

The Displacer cylindur is used as & flowing calorimeter ns shown in Figere 5. The consmant water fow is
mvidedhy&eommhdof&emrwuﬂ.ﬂnmﬂunmioumdhyu’nabut«mdc
stopatch, The war inkt sd cutlel tempernture are measured by the K-type thermocouples and recorded in the
dmlouw.Thedimnlmwulyunhum-lpl-!(k.).hmmedvyugapmnnr(m 11 Kipp &
Zoanen, 5.67 uV/WJim®) and a shading ring The solar zenith engle is meesured as well. The apparates setup for the
engino-generstar ompit experimsent & shown in Figure 6-8. The solar total intensities in the horzontal plane (1, )
2ro measured by 8 pyranometer and recceded In Oraphtes data logger model GL820 as shown in Figure S The
penermior i driven by 4n engine via 2 rubber belt, as shown in Figere 7. The small DC lamps wro used a9 & load for
the generator, s shown (n Figure 9-10.

Walalak ) Sci B Tech 2095, 13(ex): xxanee. ?
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Figure 7 The coscentrator experiment arrangement.

Figeare 8 The shading ring and equipment for slar 2enith asgle measurement.

8 Walsiak ) Sci & Tech 201S; 13(xn): xox-mar,
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Figure 10 The measuring insirument for enging -generator owipet experimeat.

Experimental procedure

The perfoemance stady of o lsborstory-scaled single-acting gammi-configuration Stirling enging
equippe! with a 2-stage pernbolic dish solr concentrator to concenirate solar radintion to its focal poini u3 &
hem souece.
The details of te experimental wark coasist of the following seps:

Experiment 1, A 2-Stape parsholic dish solar concentrator with & sszple calorimeter

The concemtrior experiment Is dome; the objoctive of the concentrator experiment if %0 desermine the
pctund heat input imo e engine. The solar concentrator reflects solar radintion fwice for Increasing the
concentration ratio Lo e caleimeter, which is placed w s focal point and repeesenied o the engine
Displacer, The flowing wiser with 2 mass flow mie of 1.33 g's from the waer storige wank flows through the
calarimeter {im a slze of 138 men Fameter copper made) to absoch this hes

Walolak ) Sd & Tech 2015; 1300 o 9
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The heat input into & simple ealorimeter can Be detemmined froes:
O =0 & (To urTe ()
Expertment 2, The engine experiment with 2 2-stage parsbolic dish solar concemraior
For an engine experiment with a sun, the comcentrated heat Dux wis placed undemeath the Displacer
heed The Displacer head was heated up by the concentrmted heut flux until & reached the operating
temperature. The engine i thea stsrted and run, until steady state conditions wese reached. The eagine was
loaded by adding o weight 10 % rope brake dysamometer. Then, the speed reading, speing balamce reading
wd ¥ emperatures from thermocouples were recorded. Anather vary loading weight was added 1o the
dymamometer antil the eagine siopped.
The direcs solar Insensity on the nonmal plaae com be cakuloted fom:
fan = (Tp— lagens8, )

For en absorher having am area A, with the inlensity of & solar radfiatica of 1,,,, the concemnnied heat ca
the ahsarber plate may be calculated from:

G = lw Ay 3)
Where Is |5 the concentrned intensity on an absorber plate snd is equal 30 the average insensity experimented,
and Ay, is the absorber area. The shsorber diameter is 138 mm,

The useful heat input is the amount of heat absorbed by the water (naide the calorimeter, sd cm be
determined from:

q.-mt,% (%)

Where m. is water mass (1.5 kg, €, is o specific heat ot constant inlet waser temperature, (4168 Mg K) [22)
AT s the woter tomperature rise, AL is the time taken dering the water semperature rise.

Experiment 3. Engine Performancs Experiment
The engine performance, experimental results ks shown in Tables 3, in thes: tables, the engine tonque &5
calculated from:
M, = 3G)r (&)

Where $ [s the speing balance reading (N), and G is the loading weight (N), and r is the brake drum radis

The actusl shafl power cas be calculmted from:
Py=20 M g {8
Where n is the eogine speed (rps),

0 Walaikak | Scif & Tech 2015, 13(xx): xax-mcx.
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Egris the bruke thermal efficiency, calculued from:
Ear = P'ay N
Whare gy is the heat input from the heat scurce to the engine.
The total saler energy comes to concontrmor may be caleulmed from the equation, as follows:
Qs = R By " Ariege 3
This applies when Rm is the reflectivity of the main dish reflector surface aad Rs is the reflectivity of the sub
o‘f‘ﬂ:mm JB,» is the direct solar lecensity an the normal plane and 43 .0 it e l0ta] dpertare arce

The concentrator efficiency can be calculated from the wsefil Reat inget %0 the calorimeter and the sotal
cnergy come 80 Se concenrator, as follows:

Eun™ Qe
PR, I T Y S 9
The gemerator power output and efficiency

The engine-gentrator power ompat cxpermen i carried o o determine the power oulpul Fom The
w'wmzuhhdonhmumwuh;aIoubcds.wlunurwunm.

The generatoe power output is calculaied from:
Fg=IE (10

Where / (A) and £ (V) is reading from she meter.
The penermar efficlency can be calcaliled from:

e = Per'Py {n
The gross solar-to-cleceric canversion efficicncy @ the product of equations 7, 9, and 11:

Tigrenr ™ Evr B lpen (1}

Solar tracking system

Aanhollndhh-s&ningmgimﬁmmmmmammummmuedh
1rack the sun. The system comsises of elociro-optic part represent as photo seasces by using fosr LDR plazing
In the four corners of the main dish, 1wo 12V DC motors and electronic control box, The two lmportant solar
angles are as follows:

Solar azimath angle
Foe 0 fixed point on the corth 's surfoce (for 2 specific loagitude and altitwde) S sun begins o move
from east 10 west. This is the angle between the line that points o the sum and south, The angie is negative to
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the ¢ast and positive w0 the wes, This angle is 0"t nooa. It is probably close to 50" at suseis sed 50" a1
nmsc], depeading on the season, The azlmes angle ks calculated according to the following equation

o cord
o = 2

(3

Solor elevation angle
The solor elevation anghe is the angle betwesn the line thet polats 5 the sun and the horizontal. 1t is the
complement of the 2enith angle, This angle is 0* s sunrise and sunset. The elevation ongle is calcalsied as
follows:

¥imli= cor g comi cou g+ ainp sind {14)

Results and discussion

A 1-stage parnbolic dish selar comcentrator with a simple calorimseter

The oetusl heas Inpit to the engime g, from ®e soler refation deat flux, was experimentally
desermvimed, by wsing fowing calorimeter to measury the shearbed heut, The actual hem input to the engine
oed the hest source cfficiency, the variations in heat sowrce efficiency with m merage inlemsily on the
comcenirator, [s shown in Table 3 and Fig 11. [t can be seen that the concentrator efficiency increascs as the
average latensity Increases.
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Tubde 3 A 2-stage parabolic dish solar concentralor experiment
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Figure 11 Results from the heat souree experiment, using a simple calorimeter.
Engine Experiment with a 2-Stage Parabalic Dish solur Solar Concentrator
I —— - v
100 4 Dish-Stirling Solar Energy Test
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Figure 12 Resulis of the solar tost; gamma-type Dish-Stirling engine.
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From the experiment results, the engine started op af the initial temperature of 250°C and came 10
stcady simie running between 250-260 "C, which could flad the maximum power of the engime,

Eagine Performance Experiment

The engine perfonmances, o mverage, solar intersiiles of $70.961 Wim’, as shown in Figure 13,
the varistions in the engine tongue, shafl powes, and brake thermal efficiency. at the variation of solar
intersity with engine speed. As expocted, the mors imgroved engine perfoemance results from the higher
heat Input. An increase in the engine torque, shaft power and brake thermal efficlency, is shown 10 also
depend on the hearer wemperature. The wvalues for maximum torque, shaft power and brake thermal
efficency it summanizsd ia Table 4. The maximum shafl power and hester wemperature, ot various heat
inputs, the shaft power and heater temperature increases as a function of the average Intensity, Therefore,
greater maximum shaft power will be obtained froen the higher average inieasity.

Figure 13 shows the varistions in brake thermal efficiency, heat source efficiency wnd overall
efficiency with the avorage intensity. 11 ¢an be seen that brake thermal and overall ¢fficiency Incremse, as
the average intensity rises while the heat sowrce efficlency.

Table 4 Performasce of the dish-Stirling engine

N s AWy | v A | Paw) [ Beri% mmmlmr_
55000 | Q097 ™M Qﬂ_ 0350 | 1190 | nzm | o3 | 62%0 | e0%e | TS | 14s10) 2419
€150 ] 9089 | 0084 | 040 1120 | 0230 | 025 | 0343 | 0081 | 73909 | 16390 | 2841
39450 | 9010 | a0 | aom | 0323 | 1410 | 023 | 0285 0225 ._.Ql ™M | 12000 | 3201

2010 | 903 | 007 | 0317 | 0980 | 0230 | 0225 | 0324 | 0460 | 71090 | 26258 | 60w
31300 | 0e0l | #034 | 003 | (LI0F | 04 | ©8) | 0090 | 128 | 0eoo | s [ 26299 | 3o

Ave, 0234 | oom | 77813 | sk | 370
0.35 1 - 0.007 I
Dish-Stirling eagine performance |
o] - 0.006
= 0.31 1 '/‘ ;
0.29 1 o L 0,008 =
02T e iemimimem = AT L 0004
ﬁm-' ez -._"‘:,_.- - ;
0.23 4 ——— - ',-' 0.00
— —— - - G
g 021 - L —raw o8
0.19 I g - &= EBTN) g
0.7 1-..--------------"" ——a-eror) |[ 9991
0.5 - T v . T - ' 0
a0 a2 44 46 43 50 52 4 “
Engine speed, rpm

Figure 13 Resulis of the dish-Stirding power generation.

The relstion betwoen the torque and speed ane shown in Table 4 and the generzior pawer omput
versus speed shows the maximum power of 0.27 W at 55.6 rpan.
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Conclusions

[n this study, a lsbormory-scaled parabolic dish-Stirfing engine, with i two axis sun tracking
system has been experimentally imwvestigsed, using am actual sun and & 2-siege parabolic dish
concentrator as o hoat sowrce. The actwal hest input to the dish-Stirlisg engine was messered the
temperature differem of water and assessed by the calorimetric method. The themsal efficiency of
concentrmor depends an the absorbed hemt capability of the receiver, solar intensity and totsl aperters
aeca of e dish, From the experiment, the maxissum concentrator efficiency was found near 1 pm around
26.29% because of imcoming solar radlation on that day gave more direct solar rdintion, which suit 10 the
point focus concentrator like parsbolic dish, Although the performance of the systom is not so high, this
study would promote concentrating solir power technology. This information can be wsed for
consideration in the large scale construction of solar dish power generation development in remote areas
in the near futere. To increase the efficiency of the system could be recommended:

o  Experimental test of 2-stige parstolic dish comcescrator reflector in order to wse the performed
shuminum 01l in main dish and light reflector sheet in the sub dish with higher reflectivity,
advanced thermal efficieacy can be resched,

Enlarge the main dish and sub dish 10 increase the aperture area could add more heat inpul.
Enhaacing the brake power of Stirling eagise by scale up the size of the engine. Increase the hot
end of e engine and add more fla of the heat sink for increase the cooling

®  The shading of the sub dish blocked solar diation cawo a main dish reduces total aperture area.
Redeslgn the sub dish in any other form such as, hyperbolic shage.

e Toscale up the system could be done after the study in the details of heat loss from the recerver
of the Stirling engine such #s convection aad radiation loss. To minimize heat loss would gais
mare useful heat, which transfer 1o the engine.
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Abstract

This paper peeserns the perfurmance of a2 labormecy-scalked singlv-scting
gamma-configuration Stirfing cngine, by usisg & solar smsloier mode of
twenty-four wnits of 1300 W teapsten lamp with 3 2-sge parsbolie dsh

maxinum af power of 2,339 W at 55,6 RPM, The genersied power of 0.77
W with $¢ maxisues brake thermal efficlency of 02503 % The ovenll
efficiency of the syswem & 0.00574 % The hot-space and cold-spacs
femperatere wa 655, and 306 K, respectively. The approxinaie Beale number
was 0.000487

Keywords: Solar-powered Stirfng engine, Solar siswilator, 2-stage pansbolio dish,
Soler concentrator.

1. Introduction

Solar energy |5 & common renewable caergy source, which are used @3 an encrgy
sourcs for heat engines, Solar rediation has been ackmowledped as the biggest
renewable resource on earth. The solar-collector comcomtrates the solar radistion
onto the displacer hot-end of the Stleling engine dish-shaped

and focus the solar radistion onio & recelver. David et al [1] have been canducted
the projects of Caupling sun concentrasor and a Stirling engine. The systems wsed

high quality of maserials, with the preciseness for parts manufacsared, Some

authors carried out low cost experimental stedy. [2.3).

1 - -
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The recelver &5 pat of a power conversion unit that comprises an
engine'pencmator. The reflecied energy from the solar comcentrator transmit %o the
resciver and increases o working fluid temperature, such as air, which push the
pémon sed rocate the fywheel that can sore mechanical power. A generator is
equipped with Stirling engine W generate edectricity has loss from the friction im a

Nomenclatures

Aperoare srea of the maln dish concentrator, m’
Aperture wrea of the sub dish concentrator, m’
Absorbor area , =

Specific heat of water a1 comstant pressure, k) kg™’ X
Main dish concentration ratio

Sub dish coacentration ratio
Diameter of a main dish, m
Dismcier of u sub dish, m

Concentrsior efficlency, %

Beske thermal cfficiency, %

Heat source efficiency, %

Overall brake thermal efficiency, %

Total efficiency, %

Focal leagth of the main dish, m

Engine froquency Hz

Depth of the parabolic solar concentrator, m
Elecaric Current, ampere

Solar shewalator ineensity, Wim'

Engine torque, N.n

Mass of water 10 sbscebed heat, kg

Eagime speed, rpm

Beale number, Wibar ¢s He

The actual shaft power, W

Engine mean pressure, bar

Py The genecator power output

Py Beale  Stirling engine performance cakculation using Beale mumber
Absorbed thermal energy, W

d The amount of heat absarbed by the water

@ Heat Input from heat source 1o engine

Te Engine cooler wall temperature, K

T Engine hewter wall teperature, K

T The average temperature in the regenerntar, K

b P Inlet water temperature indide the receiver, K

Noar Qutlet water tompernture inside the recsiver, K

d; Initial, final tisw of water semperature *C

Ve The maxmwrum Volums, &

v Flectricity voltage, Volt

Ve Power swept volume, cc

Vie The swept volume of the engiee, oc

transmission systom.
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Pevformance of & faborséory-scaled Stiding engine powared by 8 2Mp‘mﬂ;

Many researchers Bave been investigaed the solar-powered Stirling
engines. Pons and Fox [4] studied the use of hest pipe systemss for running solsr-
powered Stiding engines. They sugpested the iden of complicated in thermal
storage dor Stirling cagine, but it i not sulted for rural area, Holland [3] showed
thit while solar-powered Stirling engines are operwied, vibewtion may <ause the
inmcvracy problem in am optical. The single cylinder Strling engime balancing
was & problem, and may be resohed by using the Phikips rhombic drive,
complicated machinery. Leibowitz and Hansesh [6] proposed a high temperature
gas used as a working fuid for Stirling engines, and require the development of
higher-tesnperatare receivers, improved engines, and concomtrators with high-
quality surfaces. Mamice (7] suggested that & 26.5 kW dish Steling engine with
am ovenall efficiency of 29% befoee parasitic losses, and 26% after deduction of
all expected losscs. Schowk and Bowyer [8) proposed working fleid temperatures
arcund 700°C, that made the engine efficiency came 10 32.5 %. In the design of
the reflecsar, the strength of mmerial 10 withstand the climate cendition, and the
economy s the most lmportant tochniges that could be wsed. Lajet conducted a
parabolic dish concenirator kxad test In & wind wnnel, McGlaea |9)] mformed thas
wind loadisg affecsed the collecior, which should be concerned, Schiakeh [10)
studied a big dish in the size of 17 m diameter, two umits of a big dish coupled
with $0 kW Stirling engines under Riyadh climatic condition wers wsted. Dishes
were constructed of steel membrane sheet by a partial vacuum for remson of
reducing the cost of parabolic dishes [11]. Ahmed et 2l [12) summarized the
operation of a %0 kW solarpowered hydrogen Stiding engine for producing
electricity, They described the problems of emcking system, errces in design, and
sroubles in the engine sart up Swough winter season, Cdlds et al, [13) studied the
inmovative concepl o determing the cost-cfTectivencss of new approaches 1o solar
powered desalting technology with methods in modem solar conversion
technology and hydrewlic-drivea pump. Tiey reporwed a solar dish -Sirling
engine, electric module, having 10 hidey normasl prodeciion an overall efMiciency
of 22%. Audy et al. [14] described a solar dynamic power system using a Stirling
engine for space swution applications. They established theorstical models for
different four demaonstrative ccbit arrangements. Reddy ot al. [15] presented the
excrgetic onalysis ead perfoemance evaluntion of perabolic dish Stirling engine
solor power plant. A parabolic dish Stirling engine, solar power plant of 50 MW
design capacity has been smalyzed. They caried ot the enerpetic and exergetic
analysis of different apparwruses of a solar power plant system wsing parabolic
dish collecsan'receiver and Stirling engine. The model is studied in India, Jodhpur
(26.29"N, 7T303°E). They comeluded tha the year-round ceergetic efficiency is
15.57% - 27.09%, and exergetic efficiency of 16.53% - 29.18%. Abmadi et al.
[16] investigated on Bnite time thermodynsenic evalustion of a solar-dish Stirling
heat engine. Results mdicate thet the optimized absorber temperuiure i around
830 K and 1000 K. This techmique consisted of: the production power, the
compatible thermal and exergetic efficiency, and the amount of entropy
mdumnnerudlwml:mnwihnﬁuinmofhmﬁr such as,
regenerutive heat Joss, conductive thermal loas, end finite process
time was spplicd %o determine the mention parameiess above. L4, Y. et al. [17)
conducstd an adiabatic model of the Stirling englne develoged for the study of a
prid-conmected dish-Stirling solar-hermal power plant. They developed'the model
for sccounting the engine losses. The temperature comtrol scheme for the bes

Joumal of Enginsering Science and Technology 2000 200, Vi, X{[Y)
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rachiaticm limits into the investigation, & seady-stae achisvable working system of
the solarthermal power plant is cbesined. They proposed that the solar Dish-

heat & converted to mechanical power the rocation of the engine, and fimally the
generaor produced elecaricity. Martinl's [1£] summarized the Stirling engime
analysis techmicues, which can be charncterized In 2 liems: Beale equation and
Schmidt analysis, which provide results of sinusoidsl volume deviatioas and
iscthermal thermodynamic process. Kongtragool [19] suggested a low-priced
solar concentrator such 2s mxicom or comical reflector could simgly yield a

power culput of Sticking engine [20], most of the researchers have aot considernd
the Stirling engine powered by & 2-stage parabolic dish solar concentrator wsing
simulesed soler power. A.R. El Ouederni [21] carried out the experimental study
of a 22 m parabolic dish concentrator, The result showed that the temperature ot
e focal point is about 400 °C,

The cbjective of this paper ks to investigme the performamce of o
labormary-scaled single-acting grenma-configerntion Stirling engine, by using a
soler simulstor and & 2-ssage parsbolic dish comcentrator as a heat source. The
engine performance is investigmed by the reswlts of the experiment and the power
is also mmalyzed by wsing the Schmidth analysis made by Jeampieme Vam
Damae], The resules are compared to experimental &a1a,

2. Experimental Procedure

The solar-powered Stirling enging is @ single power pision, single acting
armngement. The displecer is sccomplished from an expanded aluminum sheet.
The purpase of this engine is i a laboratory- scalle madel cagine for verification
of achal solar-powered operations. This engine is 1esked with solar shavelaor and
a 2-tape parabolic dish concentrator. Tho Stirling engine wae designed 10
imvestigate:

1. Actual heat impet ima the cagine, the system experiment with a solar

simulator.

2. Performance of the eagime.

1.1, Experimental Apparatus
2.1.1. Solar-Powered Engine

The schemakic of the solar-powered engine is shown in Fig. 1, The main
engine desipn paeameters are Msied in Tablo 1. A smgh-scting, gamma-
configuration with & 2-stage poanabalic dish concestrator. The power cyfinders are
directly connected o the cooler plate, to decrease the cold-space dead volume,
Tie schematic diagrams of the experimental apparatus are shown in Figs.). Sines
the cagine speed is low, & rope-brake dynamometer cam be used to measure the
engine tomqua. A flywheel, 60 mm in dameter, is wsed as a brake drem. The

Jowrngl of Enginsaring Science and Technology XOOOL 200K, Vol X[Y)
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beuking load is measured by the losding weight and the spring balance reading. A
photo tachometer with 40. | rpm acowacy is wsed to measvee the engine speed,

Fig. I. Schematic diagram of the solar-powered engine.

Table 1. Sokir-Powvrwd Engine Parameters with 2 2.stage PDC Specification.

__Engime Type Size
Stirfing engine Gamma
configaration
Power pisten: boee x stroke (mm) 120x 3.0
Swept volume  (¢cc) 0339

bore X stroke (mm) 9%62

Swept volume  (ec) 0.394
Cempression ratio 4.94
Phase angle 9’
Concentrator 2+stage PDC
Dish aperture ares(m’) 1.9064
F, F; (mm) 672,632
A main dish (m*) 2216
A sub dish (m*) 0.30%
CR 254918
Calorimeter srea (m") 001887
Solar Simulntor Tungsten lamps 24x1500 W*

Journal of Enginaering Science and Technology
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The expurimental set sp consisis of water calorimeser, Stirling engine coupled
to the generator, solar simvalator measuring ecuipments, and & 2-stage paradolic
dish concentemor as shown in Fig.2 and 3, A solar sinwslator consiszing of 24x 1
KW tungsten halogen kamp (Osrarm Haloline 647401 J R75) & used w0 power the
engine. The intensity om the absorber plate or displacer cylinder head s measured
by a pyranometer. A data logger (GRAPHTEC midi logger GL-320 model) and a
persomal compater are used to oollect data from the thermocowples and
PYrRSOMCTES.

Solar simulmor I
Simulsted solar
modiati
Calorimeter/
Stirling
=gt

—J

Fig, 2. A schematic disgram of the solar simulator.

Data Acquisition with the temperature
indicators

Fig. 3. A calorimeter experiment with solar skmulatoer.
The cooliing air is supplied by air passes teough the firs, The cooler temperature,
7o Is measured by Tetype thermocouples. K-lype thermocoupies are used to

Journal of Engineering Science and Technology XXXX 200K, Vol. X(Y)
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Performancs of & abarafory-scalsd Siving engine powered by a 2.siage pavabolc
7

measury the heater temporature of the engine, Ty, The 1emperature indicatons are
shomm in Pig. 3. For engine experiment with simulsted solar energy, the
experimental facilities are as follows: Fig. 4 shows the mpparalus for &
concentrasor experiment, to determine tho actual heat input mto the engine

Fig. 4. The measuring instruments wsed in the experiment.

The spparates consists of a 2-stage PDC, for prievary stage 1.68 m in dameter
and 0.672 m in focal length and the secondary stage 0.65 m in dsameter and 0.632
m in focal length. The reflecting swrfice is placed with aluminum sheet lming and
lighting reflector for the main dith asd sub dials, respectively. The displacer
cylmder Is wsed as o flowing calorimeter (solar heat absorbed measuring
instrument) The comstant water flow is peovided by the constamt head of the
waler stormge ek, The waler flow mie is measured by using a beaker and &
stopwatch. The water imlet and Qutlet semperaturs are measured by the T-Gype
thermocouples. For the cagme performance test, the gencrator is driven by an
engine via a boh, as shown in Fig, 4. The small DC lamps are used 2s a load for
the penerator. The solar total intensity on the horletal plane (/, ) is measured
by & pyranometer{CM11 Kipp & Zonnen) as shown In Fig$ and recorded in
GRAPHTEC midi logger GL-820 model as shown in Fig. 6.

Fig. § Solar total intensity om the Fig. 6 GRAPHTEC midi logger.
horzoetal plane measured by a
pyranometer.

Joumal of Engineering Sclance and Technology JOOCK 20XX, Viol, X{Y)
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2.2, Experimental sctup

The 1ests were performed @1 the Mechanical Technology workshop, Vallaya
Alongkorm Rajubhat University, Pabem Thani, Thailand facllity. The main
objective of this rescarch paper is %o study the performance of a laboratory-scaled
single-acting gamma-configuration Stirfing engine using 3 2-siage parabalic dish
solar concentrator end a solar simulator, 24=1500 W Balogen lamp a8 a heat
sowrce, The engine performances were investigated and compared between the
experimen results and the analytical method using the Schmidth analysis,

2.2.1. Determine the actual heat input into the engine.

The cancentrator experiment ks carried out to determine the actual heat inpul into
the engizs, The solar concentrator reflects salar radiation twice for mcreasing the
coecentration ratio (C; =2C,) % e engine displacer head, which is placed ot its
focal poimt. The circulating water, frons the water stoeage tank, flows @rough the
calosimeter 40 absorb the heat collected from the solar collector. The woter mass
flow mate |s measured, The inlet and outlet tempersture is measured by K-type
ermocoUples, (Gegre ™ Cage 5 Auwgins rmsivsr)

2.2.2. The system cxperiment with a solar simulator.

For an engine experimcnt with 2 solar simulator, the solar simulator was placed
wpper a 2-stage parabolic dish sclar concentranor, the lights were focused to the
Displacer head, or absocber plate, The clecarical supply switch was thes turned
om. The displacer head wes heated up until it reached the operating temperature.
The engine is formerly ram, to reach steady state conditicns. The engine was
loaded by totaling 2 mass 1o the dynamometer. Then, the engine speed, sprizg
balance, and all temperntures from @wrmosouples were recorded in Graphtec
Midi logger (GLE20 model). Ancther loadimg weight wis added w the
dynamomcicr until the eagine stopped.

The best input into the displacer cyfinder of the engine is expressed as [22),

Gon ™ M, p (Ty - Tard (0

where  m, = Water mass fow rate, kg's
g, = Winer specific heat & constant pressure, 4.186 kVkg K
The ow = Wanker outhet temperuture, K
Tuw™  Walsr inket temperature, K

Foe an absorber area Ay, with the intensity from & solar simulmor of Iz, the
concertraled heat an the absorber plate may be desermined fhom [22]):

qQu = Is Ay (2)

Where /s is the concentrated intensity on an absorber plate and is egual
10 the average intersity experimented, and Ay & the ahsorber area. The shsocher
diuneier s 138 mm.
The wseful heat input is the amount of hest absorbed by the water inside the
displacer, and can be calculated from [22):

Qu = M, &TIR (3)
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Where m,, is water mass (0.5 kg, ¢, is 2 specific heat at constan! waler pressure,
(4168 1&g K) [22], AT is the water semperature rise, Af is the i tsken dering
the wmer temperature rise.

2.2.3. Engine Performance Experiment

The performance of the engine experimental results are shown in Tables 2 and 3,
in these tables, the engine 1orque is caleulated from (20):

M~3G)r )
Where S is the spring balance reading (N), and G 15 the looding weight

(N}, and 7 is the beake drum radius (0.147 m). The actual shaft power can be
cakeulated from [20)

Pg=~2eMn &)
Where m is the engine speed (rps). Eur is the brake thermal efficiency is

[211,

Ewr = Polys (6}

Where g; is the heat input from the hest sowrce to the engine.
Englne smaximum performances wore summasized in Table 4, These tables also
show the Beale sumber, gained from this engine at difforemt beat inputs, The
Beale sumber is [22),

N = Polloa Ve f) M

Where p,, is the engine mesn pressure (bar), Vy is the power-pistom
swept volume (oc) and f is the enging frequescy (Hz). For mom-pressurized
cagimes, e ™ | bar is used in cakulations.

The hewt source efficiency may be calculsted from Eurapean Standaed (23], as
follows:

L El(f x -T, l]
Fo= fedy (2 -0) (s)

This applies whes ¢, is the Initial time at a water temperature of 7,, (s) and 1, &s
the final timw a1 & wiser tempersaure of T, (s).

The caginc-generaior power outpus cxperimest & carried oul afler the
coaceserator experiment. The objective of this experiment is %o determing the
power outpit from the enginc-generasar set. The load on the gencrwtor &
measured by wsing 2 Joad bank, voltmeser and ammeter.

The gencrator power outpes is calculated from;
p'-[r » (9)
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Where P, is the generator power outputl (W) obtained from the geserator,
{ i current (Ampre), and ¥ is electricity potential (Voitage) from the voltmeser,
The total efficiency is [22),

&~ Pdq. (10$)

Where g, Is the heat input into the concentrator. The heat input into the
comcessmtor is calculased from (22):

o= Iz, (1)

W\eudoisﬂumrm.u-’
Beale number equation which includes a term for mean ¢aging pressure (Uriell
and Berchowitz, 1984) was used to calculate the performance of Stirling engine as
foliow [22):

Pnin=Ne P arn Voo S (12)

Where Nj is the Beale number, mesm is the mean engine pressure, ¥, is
the eagine swept volume, and f is the engine operating frequency. Two plots aed
evrve fits are required when using the Beale number Stirfing engine companent.
The calculstion of the Beale number as a function of input power o the Stirting
engine is shown in Figwee 12, These recoeds used in Equation (12) 10 forecsst
what the output power 1 the Stirling engine when the recciver model predicts the
imput power to the engine during differeat ambient conditicns.

3. Results and Discussion

3.1. Experiment with a Solar Simulator: Intensity Experiment

The purpose of this experiment is to find out the actual inteasity on the absorber
plwte in different distances for engine performance calculstion. The test at various
distances from baloges lamp to sbsarber for determingtion of the acewal intensity
on the engine sbsorber has been carried out. The variations in wverage Intensity on
an absorber plme, 81 varying distances, ase shown in Fig. 7. From this figuee,
can bo observed thit the average intensity decreases when the distance from the
lamp to the absorber incresses,

Heat souree : 2421500 W Halogen lamp
8000

i‘ml M
;4000
g.émoo [ Avernge intensity, Wim2 |

«<

v

- 0.00 $00.00 100000
Distance from lsmp 10 sbeceber, mm »

Fig. 7. Results from intensity experiment, usiag  simple calorimeter.
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3.2. Experiment with a Selar Simulator: Heat Source Experiment
mmuminmq&qhhmumﬂmlmm

from the heat of the solar simulatar, and the vanations = heat sowrce cfficiency
with an sverage istensity of the absorber plaie is shown in Fig 8. It can be seen
that the et source efliciency decresses s the avernge Intenslty increases.

400000 - Heat Sourcs: 24x1500 W Halogen lamp

’_1 - 100

) L 90

1200000 -
10000.00 - LM e
8000.00 ::; <

3 %0000 | 50
400000 - ==Qu{lis) L 30 =

==Qin{N5) L 20

200000 e EH(%) L 10

0

200000 3000.00 400000 S000.00 6000.00 7000.00

Average Intemsity, W/m2
Fig. 5. Resubts from the heat source experiment.

3.3 Experiment with 2 Solar Simulator: Performance Experiment
mmummmmwmmamsmm
4663.52, 3564 .80 amd 2259,17 Wim* shawn in Table 4 and Figs. 9. Figs. 10 show
the deviations in the forqus, beske thermal cfficiency and, shaft power, sl variows
sciunl heat inputs with engine spead. A3 expected, the more improved engine
perforsance results from the higher heat ingut. An increase in the engine torque,
shaft power and brake thermal efficiency, also depend on the heater temperature,
The maximum sha® power and heater temperabwre, 9 Various hest inputs, the
average intensity & shows in Table 4. The shaft power and hester tempermture
increase as 3 function of the average intensity. Therefore, greatcr maviowm shaft
power will be cbtsined from higher avernge intensity.

Table 4 shows the variations in brake thermal efficiency, hest source
efficiency with the average imensity. The brake power is measared by adding
weight %0 the eogine gradually. It can be seen that brake thermal snd overal]
efficiency increase, as the average intensity rises while the heat source efficiency
diminishes as the average intensity incresses,

The maximum shaft power, af the sverage imeensity of 3663.52 Wim', is
plowed agninst the engime speed, as shown in Fig. 9 and 10. In these figures, the
shaft power increases as a function of the hester temperature. Therefore, greater
maximum shaft power will be cbained from & higher hester teaperature. Beale
number, for cstimating the power omput of this tested Stirling engine is modeling
as follow: )
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Ng = P/ 0.0000003397 (13)

Table 4. Thermal Performance of The Dish-Stirling Engine.

(T o % '-[' ?c N Py E'r Ew
e
ma Wi 1a lis °C ‘C rpm v o% %
90.00 ™0 126007 13567 3320 330 482 03 02 671
0 0 4 0 [ ¢ H 4 4
300.00 61760 108444 10401 3250 320 s 03 02 N7
6 0 7 0 e o * 3 5
64800 46635 8R0S3 60230 3143 292 356 02 02 TuI
2 . 6 13 4 3 3 0
$00.00 35648 679593 33919 03 130 MY 00 0 %o
0 , 6 0 0 5 T ' 1
120000 22591 43648 14246 1) MO 336 00 00 861
7 0 0 6 s 7 ]
Engine performance cerve
04 1 [ 0.35
R3S 4 0.3
03 4 - 02s
3 25 1 L 02 &
02 - Py P (W) g
18 - s Tergee T (Nt} b
5 0.1 1 g LiMictercy EBT (%) - Q.1
ey M L 008
0 v - v < o
pli] 40 60 20 100 10
Engine Speed, pm

Fig. 9. Hent-up amd start-up curves at an average intensity of 4663.52 Wim’,
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Heat source :24x1500 W Halegen lamp

035 9 Dish-Stirling engine performance test with generator [ 007 2
- 0.006 >
2 0,30 - /
! /o | 0005
2025 - . 0,004 -E
B 0.003
020 1
c i
—rar) 0.002
0.15 4 =
s 104 %) + 0.00] g
0,10 +— o v J 0
37 42 47 52 §7
Eagize speed , rpm

Fig 11, Engine performance curves at an avernge intemsity of 4663.52 Wim,

Beale number, a parameier that charncterizes the Stirfing engine performasce.
From this experiment NB varies from 9.97 E-<05 %0 0.000487 as shown in tabkc §
below,

Journal of Engineering Sciencs and Technology KXXX 2000¢, Vol. X(Y)
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‘Table S, Thermal Performamce of Model-test Eagine: 24 x 1500 W Halogen

Lamp with 2-stage PDC,

In(70) Paax (W) N (rpe) £ (Ha) Beake No
mn . 035 482 (0803333 0.000487
325 032 Wy 0665 .. 0000333
31436 023 3564 0594 0.0041]
200.36 008 39 0581667  S.62E-05
1201 005 33.66 0.561 9.97.05

The Schmidth analysis for determiming the mdicated work per cycle of a Stidling
has been done by wsing worksheet made by Jean-pierre Van Dormael [15] as
shown in Fig.12, From the cakeulations indicate that the volume w:an
piston engine i 0.339 ew’. The maximum volume Vo is 0.839 om’, hot
temperatvee Ty is 382 *C, the calculased power is 0.35 W, the average pressure is
1,258,143 pascal, maximwers peessure is 2,257,652 pascal, and the sverage
temperatare (n the regencrator 7, is 457.92 K, respectively. The Schmidi foemula
for desermining the indicased cyclic work of the gamma-configuration Stirling
engine:

rnn.:ou(:-:)p_v.,fj?; (14)

T results from the experiment showed that when hester temperane (s 382 °C,
the engine maximum power ks 035 W m 482 pn which equivalest %o the
calculation resulls from the Schewidth analysis.

Fig.12, Schmidth analysks of the Stirlimg cycle wsing worksheet, made by
Jean-pierre Van Dormael [24)
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Farformancs of @ lbovaltory-scaiad Siring engvie powwered by @ 2-slage pavabakc
15

Fig.13. PV dingram calculation wsing worksheet made by Jean-peerre Van
Dormned |24).

By having instantansows pressure and volume & |5 possible to calulate the output
encrgy or work done by the engiee, I msantancows measured prossure amd
volume during & cyche be improved on & XY coordaate, where X is the volume of
the engime and Y is the pressure, the result will be an wsequal polygca (Fig. 13)
which te arca is the output energy of cycle of Stirling engine. Power can be
abteined by mutiplying energy of 2 cycle by the frequenzy of ingine, at the end
dividimg it by input heateng power provides the efficiency of the engine

4. Conclusions

In this work, the perforsance of a labaratory-scaled smgh-acling gremma-
configwntion Stirking engine, by using a solar smulator made of twenty-four
units of 1500 W tungsten lamp with a 2-stage parsbolic dish concentrator is
pcesented. The experimental results show that the engine performance rises while
accumulative simmalated solar mensity, The torque, shaft power, brake thermal
efficiency, speed, and heater femperature also increase with increasing smulmed
imemgity, The mramum engine sorgoe, shaf power, and brake thernal efficiency
rise with the risimg the hearer temperature. The Reale number of this engine
increases with increasing healer jemperature. At the focal poimt simulated solar
intermity of $890.53 W/m®, when the heat input ineo the engine was 6023 Us, and
the heat source efficiency of 6 775 %. The engine created @ maximum forque of
0.0774 N m m 39.85 RPM, a maximeen shaft power of 0.359 W ot 55.6 rpmy, a
genenatoe power of 027 W and the maximum beake thermal efficiency ot 0.2503
1, approximaesly. The ovennll efficiency of the system is 0.00574 %, The hot-
spwet temperature s 655 K, the cold.space tempecature is 306 K, andd the Beale
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number of 0.000487. The analytical method using the Schmidth analysis in the
calculation of the engine powes, showing a good agreement with the results
obtained from the experiment which wis 0,35 W, The eagine power compared 10
experimental measurements gives good resulls and pemmits to study the detalled
engine parameter design. The engine performance cam be cohanced by geneeating
moee heat sowce efficiency and the precision of the engine parts production. [f'a
better heat transfer fluid, e.g. Rydrogen or belium is wsed, the engine perfomsance
could be additional kmproved.

Acknewledgensents

The authars would like to acknowledge Srinakarinwirot University colleagues foe
the useful advices and gratefially thank the Department of Energy Policy and
Planning Ovganization Thailand for providing finencial support for this research
work.

Refervnces

1. Palavras, 1,; and Bakes, G.C. (2006). Development of a Low-Cost Dish Solwr
Concentrator and iis Application in Zeolite Desarption. Remewable Energy,
15(31), 2422 - 2431,

2. Kalogirou, S.; Eleflheriou, P.; Lioyd, 5.; sad Ward, J. (1994). Low Cost High
Accuracy Parskolic Troughs Construction and Ewvaluation. Renewable
Energy, N°1-4(5), 384 - 386,

3. Alarado, D.; Birade, M.; and Carraze ¢t M. Duboscq, B, (2003). Couplage
d'wn Cancentrateur Solaire et d"w Moteur Stirling.

4, Poes, RL.; md Fox, R (1976). A solarStirling totsl cnerpy
Skaring the Swm, Solar Technology in (he Sevemties Conf, Winnipeg, 77-91

§, Holland, MB, (1979). The Stirling engine- power plant of the future?
Chorsered Mechanical Engineer. 60-63,

6. Leibowinz, 1. and Hamseth, E. (1982). Solar thermal technology cutlook the
$0's. Mechanical Engimearing, 104, 30-35,

7. Marriost, A.T. (1983). Solar clectric power from parabolic dishes, Proc. Solar
World Cong., Perth, 1438- 1441,

8. Sckuk, MK, and Bowyer, ] M. (1985). Dish Stirling module performance
analysis as evaluated from tests of various TBC concentrmar / USAB engine
configuraticns as the parsbolio dish test site. Exi Abst fwwrsod ‘85,
Mantreal, 313,

9  McOlsun, M.A. (1987), The Lefet energy lomge scale innovalive eolar
comcentrator study of wind losding effects. 4bs, /S EX Solar World Cong,

2, 18, 15.

10. Schinich, J. {1987) Solar power plasts with 2 membrane concave mirror-50
kW. Abs., 1.5 ES Solor World Cong, Hamburg, 2, 18, 16.

11. Al-Rebaion, A.; and Hamsen, J. {1937), 50 kW Solar Concemtrators With
Stirling Generatocs- Results of the First Six Moums of Operation in Saudi
Arabla, Abs. LIS ES Solar World Cong.. Haasvberg, 2, 13, 15,

Journal of Engincaring Sclence and Technology 000X 200X, Vol. X{Y)

218



Performance of a iabaratory-scaled Stviing engine powared by 8 2mm¢%

12. Abmed, A., Al-Agami, M. and; Al-Gami, M. (1990). Solar Powered Stirling

3.
14

15,

16.

17,

13
19.

21,

22.

i~

Engine with a Single Membesee Dish Concestrator. Procesdings of the I
World Renewable smergy Comgress, Energy and The Enviromment, Reading,
UK., 2,1202-1207,

Childs, W.D.,, Dsbiri, A.E, Al-Hinw, HA. and; Abdullah, HA. (1999).
VARI-RO solar-powsred desalling sechmology. Densfination, 125, 155-166.
Audy, Ch, Fischer, M. aed, Messerschmid, E.W. (1999). Nonsteady
behavior of solar dymamic power systems with Stirling <ycle for space
stuticns. Aeraspace Science and Technology, 1, 49-58.

V. Siva Reddy, S, C, Kaushikl and; 8. K. Tyagi. (2012). Exergesic analyss
and parformance cvabugtion of parabolic dish Seirding engine solar pawer
plant. DOI: 10.]002/%er 2926

Mohammad H. Ahmadi, Hoseya Ssyysadi and; Hadl Hosseinandeh (2014),
Optimization of Output Power and Thermal Efficiency of Solar-Dish Stirling
Engine Using Finite Time Thermodyneeni Analysis, International Journal
of Enargy Rescarch, 11(37), 1287-1301.

i Y. :Chal, $.5. ; and Yang, C. (2014). Dish-Stirling Solar Power Plants:
Modeling, Analysis, asd Control of Receiver Temperature. Sustaimahle
Eneryy, IEEE Tromactions, 2(5), 398 - 407.

R.W. Dyson, S.D. Wilson and; C.T. Ray. (2004). Review of Computatiosal
Stirlimg Analysis Methods, NASA/TM—2004-213300, AJAA-2004-55K2.
Kosgtmpool, B and Wongwises S, (2007), Performance of a twin power
piston low tempersture differential Suirling cogime powered by a solar
simulator. Solar Energy, 8, 834855,

. Kongtmgool, B and Wongwises, S (2007). A review of 0lar powered

Stirling engines and low temperatare differential Stirling engincs. Remewuble
amd Sustainable Energy Reviews, 7, 131-54,

Ouedernd, AR, El;; Ben Salah, M_; Askri, F.; Ben Nasrallah, M.; and Aloul,
F. (2005). Experanentnl stady of o parsbolic solar cancanirator. Revas des
Emergive Ramonvelables, N* 3(12), 395 - 204,

Kongirageol, B, (2007). A Performance Evalsation of a Solar-Powered Low
Yemperature Differentiai Stiriimg Enging. PhD, Thesis. King Mongkwt's
University of Technology Thanburi, Thailand,

. Ewropean Standard (1979). Domestic cooking oppliances burning pos, EN 30

Edhion 2, January.

. Jean-plerre Vom Dommpel. (2014) Resrieved Octobur 20, 2014, from

g www molcarstirling. com/pdficalonl_uk .xls.

Journal of Engineering Science and Technology XOUXX 20XX, Viel. X{Y)

219



NMARWIN 2

DASIWANT



A2—stage =

a
b
Cp

C1-stage =

CZ-stage

A anEaL

PWNTAITUTIFVDINURAN

A
dl 1 Qo o A

UNDDITUNRUDIUIB
=)

umaaﬁagwﬁu?ﬂﬁ

Re =De =Dhe =Dy

NUNTDITUIIRY awawﬁga%’u{qﬁ

12 ]

NUNTDITUTIRVAIVDIAITINIIR 2 AUaa%

AMNYIVDILNBAAN
AMNYNIVDIUNHIDY
A1ANUIANNTARIUNILY 24%in
ATFEIUNITTINIIFVDIIUAGN
2ATFIBNIITINTIFVDIIUTO
LU UARENANIVDINIUAAN
LU UINANITBIIUTEY
iU UgUINAIITIQATUTIR
Ausaaaowlnmi
UszANTANVBIANTINTIR

U3z RN TIAINUITOWLLIN
U ENTNINYBILREIAINIDW
UseaNININTIN

UIeRNTANLTIANNTOULLITNIIY

ﬂ’NSJEJ'nIWﬁ‘aizﬁ’jﬂd’i]’lu%ﬁ‘ﬂ BRZITUID

PRtV LT

ANNE I ARUBINURAAN
franuiivasasasune
AN NN RUBINUTBI
PGHALRCRR LRl E]
ANMNANVBIUNITI LA

nyzua v
AANNTNTIRATIVBIAIIAANE

.

AANUTUTIRNIZNBVRIANTIAL

ANANNLTUTIRTINVBINITINE

221

HZ

Wim’
W/m2
W/m2



o N
3 1
w)
o
Il 1

Pg 3

Psk Beale™

Qabsorbed=

Qeon =
Qi =
Qa 3
Qin 5

Vmax =

ansdanual ()

222

AANNTNTIRE RS R D W/m’
W590AUDILATILUG N.m
uaamaaﬁwﬁgm%’um’m%u kg
saruialnavasin kg/s
ANNLSITOLVDILAT DI UG rpm
aaada Wi/bar ccHz
AAILNAIDSIVDILAT DI UG w
FITINTIFLULWANITI LA -
IR U LU A 09w D% -
ANNAWARITILATDILUE bar
fasnusseanvasaiassfiolnvi W
AU BILATILUA NENwImIINaatla w
AINRIUAIINTDUAATL w
mwé’amumwm”auw%m@ﬁnﬁgj@ﬁiw%’aﬁ w
ﬁﬁwﬁi‘muumaﬂﬁ@fjﬁil,iﬁ;jﬁ'anu%hﬁ w
AANIBUIINMN IV TIIUUUNL AT W
@hmm%“aumﬂmiﬁau%’aﬁﬁﬁwgﬂsﬁb w
franufoutangiasassudnurdeiifiannutas W
ANNNIREY OUVDIRILUINTURAN 0.9
ANNIRZY O UVDIRILUITUTE 0.95
T2z IARVDIIUAAN m
anguDIaINA °C
gunnd I UT 9039 K
qm%nﬂﬁﬁﬁmmfmaamém UG K
qm%gﬁﬁwﬁw”agwﬁ'u%’aﬁ K
g iloanagaTUIIA K
nmﬁuﬁumaaqmwnﬂﬁﬁw sec
Laawéuq@maaqmﬂgﬁﬁﬁ sec
ﬂ%mmgaqwmm?awuﬁ cc



2"
-}
2
P

< <
2 ©

X X X =

"

ADNWININ
dv
Or
0z
MNgen
Mgross
MNo

Pprimary

Psecondary—

)

(V)

ansdanual ()

U501ATNIAUDILAT DI UG
U501ATNINAUDILAT DI UG
iwinaastoua
AANNENTIRENAS 1 919

%

NNAUUITURARIN

s

ANNAUWITUIDY

10y UBITURAAN

=)

WNA Yy UUITWID

qwﬁ'mawaamwﬁﬂ
quﬁmawaammaa

ANz TYTURIANN Al
UIzRNIAMINVDILARIAINNITOW
UIeNTNINVDILREININITOW
U NTNINVDILNEININIDW
AR D UITIRVDINUAAN
ANNIRZYIaUIIFVBINUTDI
TIGHEN AL PN giE]
qw%’ﬁimmaomomﬁmﬁ

H@Jﬂ’ﬂllq&“llﬂd@’mﬂ’]ﬁ@]g

223

cC
cC
N

1000 W/m’
mm
mm
mm

mm

%
%
%
0.8
0.95
rad
rad

rad



ANANWIN A

AU NITANWID



225

MDY NITANWITE

1. N392NUUUAITINTIRUUVIMNITUATDITNAB 2-Stage Concentrator
Calculation

1.1 WRINWATUNIT LAY 2 a0

WAIINUNTNIRNA Qin ENXNTOAMITHLANATIAANTIFATI lon NWNVBINUWITI LA

& ' o A o 9 o & { A & {
ROITVUABDW LLﬂzﬂ’m’]‘iﬁz‘ﬂQ‘WIJQGN'J'JE‘T@!ﬁlﬁﬁﬂﬂﬂ%‘ﬂﬁiﬂ%‘ﬂ%@@%ﬁ%%ﬂLLRZT%@]@%ﬁﬁQG
Qin: pmain psub Ib’nAZ-stage

Qin= Prnain P ™o * (s> )
Q. =0.80x0.95%1000%(2.215-0.3096) m?
Q. =1,448.104 W
1.2 @ﬁ”]mmm@iwuﬁmaumaomu%é’nLm:é'@mmummm’ﬂWﬁ'a@'aLéTumugluﬂ“ﬂma

f 1

B z 4tan(¢rim/2)

f=0741m,d=168mfld=04415m ¢ =60°

1.2 ANIFANNANNIENULBITWILEIN TN m"léfﬁnﬂ

lo,n = (lth — lgn)/cos 6,

d'l ] o A gl/ v A l 2 ] o A Ajl' [ a 1
Wa gy = ANETINUBARIZaUIRIsId® WIMm® Iy n = A1T9RNIZN0UUNKIZaAL Jnihe
Lﬂu W/m2 92 = ﬂ"wguax%&gﬁmadmdmﬁ@ﬂu%mUadm
AN 12/05/2557

1981 13.30 . 0, =17 ° lyn= 972 W/m? lgp = 169 W/m?
Ib,n = (972 -169)/cos 17 ° = 839.74 W/m?

v

magamam"’anu%’aﬁuuu 2 Auaan INalTlsznaun1sdwImh

Fq 672 mm
F2 632 mm
dabs 138 mm
Acbs 0.014957 m?
Cp 4186 J/kgK

Dmain 168 m
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Amaindish 2.216 m2
Aqub dish 0.3096 m’
Az-stage 1.9064 m2
Cist. 127.459
Cost. 254.918

1.3 ﬁwwé’amuﬁgw%’u Qabsorbed a'm'ﬁmﬁ'm';m"l,ﬁmﬂmsf@Na@mmaaqmﬂgﬁmaam
MdNLazaaNNNLARDIALABT @hqumwﬁauf{mwwwaaﬁn (4186 J/kg.K) uazaainuia
A8 Myater AIFUNNT

Qabsorbed = 1'hwatercp (Tout'Tin)

fuﬁl 12/05/2557 1181 13.30 .

Qabsorbed: 0.00133x41 86(89'36)

Qabsorbed: 29513 W

1.4 UszRnSnMnue4a179059801a8 (Econ) 10 laNNENANT
E — I'hwaterCP (Tout 'Tin)
con IbAa

e A, faWuNvadtessuTifuasnwniluad (m?)
AUN 12/05/2557 1181 13.30 .

295. 18

Bt =460
con~839.74x1.906 T

YTz ANTNINTAINITINTIREINITORIWI D kAN A1AuTawlTU 32 Lamiini awan

LARAINLG aﬁimzwé’ammauﬁ'wmﬁﬁwg&é’amu%’oﬁmﬁaums

Econ = (in /Qcon

Uin /Rmesxlb,nxAZ—stage

15 UseAnSaniEsussra9swnan luaLuUsassuno uitan o aldannua
Qmmaammiazﬁau%ﬁmaoﬁaazﬁau%’dﬁmaau@iazfmau Geen1yaeransIFUaIuHnk
agﬁl,ﬁzmwgm? (Pmain) AN 0.8 wazaMIFzausIFVaUAla INaLTaUUES (psup) HeN
0.95 AIRNNNT
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No = PmainxPsub

=0.90x0.95=0.855

1.6 AW HAIDATIRIWANTIINTIRLTILTVNA A LA NUNTITURVD I UG a NNV

L% %

@T’nguwaoa'ma]:"l,@i”é'mwahumi'nw%’aﬁmaamuwww‘[uaw"’mauﬁ 1 uasguns

Cl—stage pDC = Amain dish/Areciever = 2.215/ 0.014957

Cl-stage PDC :?-48-0%1 . 5 .

C1-stage pDC WUORANNUNVDITUADUN 2

C]_.stage PDC = Amain dish/Areciever = 1.9064/ 0.014957 = 127.458

o [ L% o Enq// ai 1 (> 1 e A o ad
ﬁ’]ﬁi‘u@ni']NiﬁﬁgﬂﬂiﬁwqiqiﬂﬂE]El@]‘l]%@]E]u‘ﬂﬁﬁ]ﬂﬂ'la@]i’]ﬁ')%ﬂ’\i?]Nﬁx‘]ﬁﬂ’]%'ﬁmvl@ﬁ,@EJ'Jﬁ
= o, @ ! = A o ! o A

LAEINUAIIATEINNIITINIIFTANTU Coecondary = 2X  1ABNAAIHIUNITINTIFVAITZLIL

Q 1 = Qq// { & Qq// H o U
LRI ATIFIBNNTTINTIRVDITUA WA I LAY WA D BNRDIRINITDA W I Db LA 14

Costage oc = 254.918X

i |

Y P A€o T aa ¢ & 1A
2. ANNIIUN \Taa']ﬂﬁﬂa']aadiﬂllﬂuﬂaas&lLmasu‘ﬂ‘ﬂ%']lﬁamaL%a\j

v

' v ¢ A 1 Aa & & o P i A o o o
%Zﬂ’]ULV]SL“T]U%']V]VL“@N']%LL@Qai@JL@]asﬂd“N@ﬂqqﬂJsau(uﬁujULﬂu J/s) ‘V]u']@(ﬂeﬁﬂvl:ﬂ@"ﬂz

u

FUWIIALANFNNT

qabs: mWCp,W(TW,Out_Tw,in)

e m, Aaaanslraaasinf ivariuiaas3iiaes (kgis) c,, Aad1aNTaUTLNITTB I

(4187 Jikg K) Ty Aagmnniivasinasaafidngunnaiiinat (°C) uazTy, o A0 Ny iivas

q

¥ a aa 4 ' Y o A A € a ' 2
mmdﬁ;@maaﬂﬁ]’ml,maa‘im@la‘i (°C) AUV NVRIIIRDINALINAD (N%%?ULﬁ% W/m') a2

FUWIALANFNNT

I= qabs
Aabs

. 295.13
Aabs
Aups = 0.014957 m?
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295.13

-7 2
I 0.014957 19,731.9 W/m

W8 Ags ANUNTUTIRVRILAREINIAEST (M) | Aadanul el (Iniioidu Wim?) az

FaNTaMWIT AN IwIn mV 81w ldann Pyranometer e

1000(mV)

27.66uV/(%)

\ilo 27.66 nV/(W/m?) fasnasilunssauifisuves Pyranometer

a { 6
3. m‘sﬂszmuam‘mmmmm%mslwn
3.1 Nﬂﬂ’]iﬁﬁ%’)m%ﬁﬁ&liiﬂuz“ﬂadLﬂ%ﬂdﬂ%ﬁ'ﬂ’]ﬂﬂ"ﬁ'ﬂ@aﬂd @iﬁLLiGﬁ@“ﬂﬂdLﬂ%adﬂu@Tﬁ’]uﬁm

e nauniy
Mt = (S'G) r

M =(0.0738-0.07) x 9.81x0.923  =0.0344 N.m

Wi S ANKIINENWIAINNANTIRUSI (N) has G ABTNRUNNEII (N) kaz r AaTalvadl98LuTa

%

ARINANASIAIWI TR LARNN
Pe=2n Min

A A = A &
W N ABAINNLIITOVVBILAIBILUG (IpS)
A = A &
NAINLINITOULAIDILWA 55.6 rpm

Pg =27 x0.06171x55.6 = 0.35932 W

3.2 @1 ANTAWLTIANNTIWLLIN EpT 1WA LANFNNNT

Egr = Pe/0s

\a Us Aofanusananurastifieftowaadasoud
Egr = 0.35932 /qs = 0.35932 /1.435

EBT =0.2503 %
3.3 Yz ANTAINUBILATAIUUARLADA

Nstirting0-4 <1' (%))
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B 305.15\\ _n1 4o
Msiicting 0+ (1_ (655.15)) =21.4%
Usz@nTnnvadiaIasuuaaiaafiay Bancha Kongtragool

_ T (05
Nstiting=10P-K10p(T;*-9.2845x10°T, ) |- K, ap(T,.T,) <1- (?C) )
T
3.4 HRINNINHEA ezl sz AN
faslnnfindaladlasldinsasoudauinsasiniialuwy aszesiadasindialuwn

14 load bank 1navidiaas uaz waudieasiduiaiadiiada fad WINuaa ladwIalaain

A = i A 3 a 6
WD 1 (A) Uaz E (V) fadnanwlaaniinas

finnusisaniadeseng 55.6 rpm
Pc=0.230 x1.180 = 0.271' W

UszAnTnwvadasadinia widwiaslaann

A = A &
NAMULIITDULATDILUG 55.6 rpm
MNgen = Pc/Ps

Ngen = 0.271/0.359= 0.75531 = 75.531 %

Uz AN TN aINAII I NLRIDNNA T LT UNRIIU INAIRINI TN Db b N FNNTT

MNgross = = Econﬂgen

finnusisaniasesuud 55.6 rpm
Ngross = 0.250x 14.910 x75.531 = 2.819 %

4. MIgadaANTOR

1. MINIANNIDN
Qconv = thArX(Tr'Ta)
NIHANEIU Viwing < 10 m/s, h = 4 W/m?K
Qconv = 4XArX(Tr'Ta) .
msgtyLﬁﬂmwm%“am'mmsmmm%“aumaam%awuﬁmmﬁa
Qoony = 4x(11x0.02x0.1)+7/4x(0.02)?x(200-34) = 0.21488 W



230

magiisaNuianannMIRIANuiaussaaaitinasuT s uIuanuTaun iy

WU
Qconv = 4x0.014957 x(200-34) = 9.93 W

2. MILHTIRANNTAU
_ 414
Qrad = SGAr(Tr -Ta )

migryLﬁﬂm’lu%”auﬁnﬂmsl,l,sﬁaﬁm’ma?aumaam’%iawu@?amaﬁo
Qrad = 1x5.667x10°® x(x0.02x0.1)+1t/4x(0.02)*x(200%-34%) = 0.597 W

magiRsANuTanIInMILKIIENTanvasnareIlnaTuTMidwIANTaun L ld

WAL
Qrad = 0.87x5.667x10 x0.014957 x(200%-34%) =1.18 W

3. MIFAYLROIANNTBRIIN Qosstota

MIgALAIANATEUTINILATDIIUATLADAS
Qioss total Stirling engine — 0.21488 W+0.597 W = 0.8118 W . b
Aauflu = 0.8118 W/1448.104 W = 0.056 % wa4enanuiauidngauninua

mIgiRoaNuTauTInzaareilnaiuTmduiuanuTaun il lduaniu
Qioss total calorimeter = 9.93 W+1.18 W =11.11 W v
Aol = 0.8118 W/1448.104 W = 0.767 % vasenanuiauidngauninua

4. anufounlguszlomilauasaumlus 2 TuaeunuieIeIuudaaass
Q,=Q —Q,,~ 1.448.104 —0.8118 = 144729 W

5. anuteuiildusslomilevasaunimlue 2 Tunaunuuaaasiiaes
Q=Q — Q= 1448.104 — 1111 = 143699 W

5. NIAWIMAIAA 13 Wib1ba 1 (Experimental Uncertainty)
Ec = f(Iby),  Ec=35.462-1.33x1071,,,

fi o1, =100 W/m?

GEC =

OE , 2

= 133107 unudh op = iJ((-1.33x10'2)x100) = £1.33
b,n

aannarau ldusuananminasaaiafmwimrdseaniawsasnumiluauuy 2
& { v o 2
TUABUNANUTUTIR 850 Wim™ fia E,=35.462-1.33x10 2(850 W/m?) = 24.157+ 1.33 %
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The data to be included are red on a green background (column "values to be seized, lines 7 to 19). The other data are calculated.

The useful results appear lines 30 to 35

The data to seize are expressed as usual (cc, degrees Celsius, kg / cm 2). The calculations are done in International System (meter,

newton, joule, watt, second,

pascal).

Initial data

PARAMETERS VALUES tobe seized : | Usual UNITS COMMENTS TRANSPOSED
S.1.UNITS
VALUES
Initial data
Engine type=? 1 (0=alpha, 1=béta or gamma)
Cylinder capacity Vm= ? 0.339]cm3 (volume swept by the piston engine) 0.000000339|m3
(wlume swept by the displacer or the second piston of an-alpha
Displacement volume Vd= ?| 0.394|cm3 engine) 0.000000394|m3
Cold dead wlume Vdeadcold = ? 0|cm3 This volume contains the cooler. 0|m3
Thi ins the h .
Hot dead wlume Vdeadhot= ?| 0fcm3 I$ volufre contains the eater. Q|m3
Vcom common is the volume swept by the two pistons in
Common volume ﬁg?:sb\);ct:?ﬂi,vg 0.394|cm3 the case of a beta engine, in deduction from the cold 0.000000394|m3
B ’ dead volume.
Regenerator volume Vr= 0.5[cm3 0.0000005|m3
Hot temperature Th= 382|°C 655(K
Cold température Tc= 32|°c 305|K
. giffé fth That is the difference in the average temperature of the regenerator
Temperalure' |'er’ence et ? 12]°C compared to the theoretical average temperature between the outward 12|K
[cocneraieugdiiy and return of the gas
Phase angle difference for the A "
displacer psi= el fegies 1.570796327|radian
Internal pressure before running Po= 4 .99 |kglcm2 This is the filling:pressure:before running: 489421.4781 |pascal
Rotation speed= 100 [rpm 1.666666667|r/sec (Hz)
Calculation:
PARAMETERS CALCULATED Usual units COMMENTS CALCULATED. Sk units
VALUES VALUES
Volume maximum Vmax= 0.839|cm3 0.000000839|m3
(initial conditions during filling at room temperature:
Po*Vmax/To= 0.001401449 T0=20°C=293K)
=Th+Tc/2
Arithmetic average= 480|K
Average temperature in the =Th-Tc/Log Néperien Th/Tc
regenerator Tm= 457.92|K
Vr/Tm= 1.09189E-09 =Th+Tc/2
Alpha engine
Calculated power: 0.35 |watt 0.00[cv If square cylinder (bore=stroke).
Average pressure: 1,258,143 |pascal 12.83|kg/cm? Diam. Pist. Engine.= 0.76 cm 0.0076 m
Max pressure: 2,257,652 pascal 23.01 kg/cmz Area of piston= 0.45 cm? 4,5E-05|m2
Min pressure: 705,762 pascal 7.19 kg/cm2 Diam. Pist. displacer.= 0.79 cm 0.0079 m
Area= 0.50 cm? 5E-05 m?
Piston positions forabetaengine (top of the piston engine and PV diagramm.
bottom of the displacer).
25.00
0.8
0.7
\ / Y 20.00
N JARVAY
0.5 ~
. 15.00
.\ [/ N ;
= N [ / A <
0.3 £
=) \ \ / / @ 000
k=) 3
0.2 n
s N\ / :
01 o
\ 5.00
0 ARUARLELY AL L R
b o o QO 9 0o © © 9 9 ¢
o1 (%) \8\ > L & 43 K O ® &
: 0.00
S D DD P E RS> DD LR S G D P D
0.2 N R P ELETLNANNNNNET TR P

Angle of rotation in degrees.

Q7 o

Volume in cm?




AT ILRAINANIIANUITUA P-V diagram maam%wu@i‘amaﬁa

P for P for V for
graph. graph. graph. Position |Position
from O to from 180 Piston
180 to 360 V (m3)]| V (cm?3) dVv P*dV]| T en K|engine Displacer
19.13 19.13[ 0.0000005 0.5 o o 670| 0.75574| 0.316561857
20.68 17.67| 5.0064E-07 0.50 6.45E-10| 0.0012594 725 0.7543] 0.278285335
21.41 16.92| 5.0258E-07 0.50 1.93E-09 0.003984 753 0.75| 0.240300119
22.03 16.15| 5.0578E-07 0.51 3.2E-09| 0.0068187 780| 0.74286| 0.202895302
22.52 15.40( 5.1022E-07 0.51| 4.447E-09| 0.0097166 804| 0.73295| 0.166355556
22.85 14.67| 5.1588E-07 0.52| 5.659E-09| 0.0125945 825| 0.72033| 0.130958971
23.01 13.96( 5.2271E-07 0.52| 6.828E-09| 0.0153617 842| 0.70511| 0.096974935
22.99 13.29| 5.3065E-07 0.53| 7.945E-09| 0.0179277 854 0.6874| 0.064662089
22.78 12.66| 5.3966E-07 0.54| 9.002E-09| 0.0202103 861| 0.66733] 0.034266352
22.41 12.08| 5.4965E-07 0.55 9.99E-09 0.022143 862| 0.64506| 0.006019054
21.88 11.53| 5.6055E-07 0.56 1.09E-08| 0.0236806 858| 0.62076]| -0.019864826
21.22 11.02| 5.7228E-07 0.57| 1.173E-08 0.024801 850 0.5946/| -0.043188295
20.47 10.56| 5.8475E-07 0.58| 1.247E-08| 0.0255052 838 0.5668| -0.063773848
19.65 10.13| 5.9787E-07 0.60| 1.312E-08| 0.0258136 822| 0.53756]| -0.081464818
18.79 9.74| 6.1153E-07 0.61| 1.366E-08| 0.0257611 804| 0.50711| -0.096126563
17.92 9.39| 6.2563E-07 0.63 1.41E-08 0.025392 785| 0.47567]| -0.107647501
17.04 9.07] 6.4007E-07 0.64| 1.444E-08| 0.0247549 764| 0.44348| -0.115939949
16.19 8.78| 6.5473E-07 0.65| 1.466E-08| 0.0238986 742 0.4108| -0.120940798
15.37 8.52| 6.695E-07 0.67| 1.477E-08| 0.0228693 720| 0.37787] -0.122611987
14.59 8.29| 6.8427E-07 0.68| 1.477E-08| 0.0217087 699| 0.34493] -0.120940798
13.85 8.08| 6.9893E-07 0.70| 1.466E-08 0.020453 678| 0.31225| -0.115939949
13.17 7.90| 7.1337E-07 0.71]| 1.444E-08| 0.0191327 657| 0.28007| -0.107647501
12.53 7.74| 7.2747E-07 0.73 1.41E-08 0.017773 638| 0.24863]| -0.096126563
11.94 7.60| 7.4113E-07 0.74| 1.366E-08| 0.0163942 619| 0.21817] -0.081464818
11.40 7.48| 7.5425E-07 0.75| 1.312E-08 0.015012 602| 0.18893| -0.063773848
10.90 7.39| 7.6672E-07 0.77]| 1.247E-08| 0.0136388 585| 0.16113]| -0.043188295
10.45 7.31| 7.7845E-07 0.78| 1.173E-08| 0.0122836 569| 0.13498]| -0.019864826
10.04 7.26| 7.8935E-07 0.79 1.09E-08| 0.0109532 555 0.11067] 0.006019054
9.66 7.22| 7.9934E-07 0.80 9.99E-09| 0.0096522 541 0.0884| 0.034266352
9.33 7.20| 8.0835E-07 0.81| 9.002E-09 0.008384 528| 0.06834| 0.064662089
9.02 7.19| 8.1629E-07 0.82]| 7.945E-09| 0.0071505 516| 0.05062| 0.096974935
8.75 7.21| 8.2312E-07 0.82]| 6.828E-09| 0.0059527 504 0.0354| 0.130958971
8.51 7.24| 8.2878E-07 0.83| 5.659E-09 0.004791 494| 0.02279| 0.166355556
8.30 7.30| 8.3322E-07 0.83| 4.447E-09| 0.0036653 484| 0.01288| 0.202895302
8.11 7.37]| 8.3642E-07 0.84 3.2E-09| 0.0025751 475] 0.00574| 0.240300119
7.94 7.46| 8.3836E-07 0.84 1.93E-09| 0.0015197 466| 0.00144| 0.278285335
7.81 7.81 8.39E-07 0.84 6.45E-10| 0.0004983 458 0| 0.316561857
8.3836E-07 0.84| -6.45E-10{ -0.0004829 438| 0.00144 0.35483838
8.3642E-07 0.84| -1.93E-09]| -0.0014035 431]| 0.00574| 0.392823595
8.3322E-07 0.83 -3.2E-09]| -0.0023019 426| 0.01288| 0.430228412
8.2878E-07 0.83]| -4.45E-09| -0.0031712 420| 0.02279| 0.466768158
8.2312E-07 0.82] -5.66E-09| -0.0040118 415 0.0354| 0.502164744
8.1629E-07 0.82| -6.83E-09| -0.0048241 411| 0.05062| 0.536148779
8.0835E-07 0.81| -7.95E-09| -0.0056082 407| 0.06834| 0.568461626
7.9934E-07 0.80 -9E-09| -0.0063642 404 0.0884| 0.598857363
7.8935E-07 0.79] -9.99E-09| -0.0070918 401]| 0.11067 0.62710466
7.7845E-07 0.78| -1.09E-08| -0.0077907 398| 0.13498 0.65298854
7.6672E-07 0.77| -1.17E-08 -0.00846 397| 0.16113| 0.676312009
7.5425E-07 0.75| -1.25E-08| -0.0090987 395| 0.18893| 0.696897563
7.4113E-07 0.74| -1.31E-08]| -0.0097053 394| 0.21817] 0.714588532
7.2747E-07 0.73]| -1.37E-08| -0.0102782 394| 0.24863| 0.729250278
7.1337E-07 0.71]| -1.41E-08| -0.0108149 394| 0.28007| 0.740771215
6.9893E-07 0.70| -1.44E-08| -0.0113126 395| 0.31225| 0.749063664
6.8427E-07 0.68| -1.47E-08| -0.0117679 397| 0.34493| 0.754064512
6.695E-07 0.67| -1.48E-08| -0.0121767 399| 0.37787| 0.755735701
6.5473E-07 0.65| -1.48E-08| -0.0125342 402 0.4108| 0.754064512
6.4007E-07 0.64| -1.47E-08] -0.0128344 406| 0.44348| 0.749063664
6.2563E-07 0.63| -1.44E-08]| -0.0130708 411| 0.47567| 0.740771215
6.1153E-07 0.61| -1.41E-08| -0.0132355 417| 0.50711| 0.729250278
5.9787E-07 0.60| -1.37E-08| -0.0133196 424 0.53756| 0.714588532
5.8475E-07 0.58| -1.31E-08| -0.0133126 432 0.5668| 0.696897563
5.7228E-07 0.57| -1.25E-08| -0.0132032 442 0.5946| 0.676312009
5.6055E-07 0.56| -1.17E-08| -0.0129782 452| 0.62076 0.65298854
5.4965E-07 0.55| -1.09E-08| -0.0126234 465| 0.64506 0.62710466
5.3966E-07 0.54| -9.99E-09| -0.0121234 478| 0.66733| 0.598857363
5.3065E-07 0.53 -9E-09| -0.0114618 494 0.6874| 0.568461626
5.2271E-07 0.52| -7.95E-09| -0.010622 511| 0.70511| 0.536148779
5.1588E-07 0.52| -6.83E-09 -0.009588 530| 0.72033] 0.502164744
5.1022E-07 0.51| -5.66E-09| -0.008345 550| 0.73295| 0.466768158
5.0578E-07 0.51| -4.45E-09| -0.0068817 572| 0.74286| 0.430228412
5.0258E-07 0.50 -3.2E-09| -0.0051914 595 0.75]| 0.392823595
5.0064E-07 0.50| -1.93E-09| -0.0032746 619 0.7543 0.35483838
0.0000005 0.50| -6.45E-10{ -0.0011644 670| 0.75574| 0.316561857
Vmax= 8.39E-07 0.2116014|joule / tour

0.352669

watt
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ANTHN 1 HANTNARBUAITINTIRANASULY 2 TuaaunbuaasIiinasiuutiilnadaiiias

Suftusin 15/05/2557

L3817 14.01-15.11 Vuind = 0.8 m/s
r Ty Tz Ts | Ts Ts Tz Ts Ty Tho
wIN

°C °C °C Wim °C °C °C °C °C °C

0 75.7 98.4 55.1 870 143.5 149.7 163.2 36.3 42.4 54.5
1 83 49.8 60.5 876 148.3 152.2 162 35.7 43.1 56.8
2 88.8 42.3 68.3 876 163.5 177.5 181.7 35.7 43.7 57.1
3 92.2 58.5 72.5 874 162.6 181.4 191.6 36.3 44 .2 58.5
4 94.3 41.8 76.6 862 167.3 188.1 198.2 36.5 44 .3 59.4
5 95.1 115 78.6 856 169.7 190.8 195.9 36.2 44.5 58.6
6 94 113.3 77 855 166.1 184.8 185.6 36.2 443 58
7 92.4 111.3 75.7 862 165.6 179.7 182.5 36.5 444 58.7
8 75.8 97.3 48.2 858 121.1 123.8 129.4 36.5 43.7 56.7
9 55.3 73.4 13.9 850 115.7 111.2 113.8 36 42.6 54.3
10 73.8 87.7 41.5 856 176.3 163.2 143.2 35.9 43.2 48.1
11 84.9 99.2 57.8 856 187.3 165.2 155.6 35.9 43.8 49.2
12 92 103.5 56.3 852 197.6 163.2 146.7 35.9 44 58.2
13 94.9 109 64.8 818 2315 179.1 148.4 36.3 43.4 60.9
14 75.7 98.4 55.1 870 143.5 149.7 163.2 36.3 42.4 54.5

1474



ANTHN 1 HANINATDLAITINTIRANASUUY 2 TUaaunLuAaaIIaasLuLi nadaiitad(da)

T, T, T, | Ty Te T, Te To Tho
w °C °C °C Wim? °C 76 °C °C °C °C
15 95.9 109.9 67.6 835 235.9 190 153.8 36.4 432 58.8
16 98.3 112.7 72.5 846 236.3 196.1 159.9 36.1 43.1 57.9
17 98.7 112.7 72.1 850 2355 | 2022 162.3 36.2 43.2 58.1
18 69.5 99.5 63.7 854 2346 | 2043 | 1645 36.5 37.7 29.8
19 62.6 91 60.8 718 2289 | 2039 | 167.6 36.5 37.1 30.1
20 60.8 90.9 60.8 717 2294 | 2036 | 166.4 36.5 37.1 31.8
21 61 92 63 728 231.1 2026 | 169.4 36.4 37.2 31.8
22 53.5 88 61.3 755 231.4 1933 | 168.6 36.5 36.7 32,5
23 74.3 97.3 65.2 768 234.7 1905 | 168.7 36.5 39.4 40.3
24 92.1 110.3 75.9 787 243 1 195.9 | 1749 36.8 413 54
25 102.1 117.8 88.2 795 2473 | 2253 202 36.9 433 61.3
26 111.1 1267 | 101.1 795 250.7 | 232.2 216 36.9 44.3 66.9
27 117 132 110.4 795 2559 | 2398 | 228.1 37 455 68.8
28 1199 | 1347 | 1146 793 2515 | 2377 | 229.9 37.2 46.2 70.7
29 1216 | 136.6 117 804 2498 | 2394 | 2348 36.9 46.7 70.8
30 121.6 137 118.2 811 2447 | 2388 | 2343 37 46.9 70.6
31 1224 | 1385 121 811 2447 | 2422 | 2383 37 471 71.3
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ANTHN 1 HANINATDLAITINTIRANASUUY 2 TUaaunLuAaaIIaasLuLi nadaiitad(da)

T, T, T, | Ty Te T, Te To Tho
w °C °C °C Wim? °C 76 °C °C °C °C
32 1217 | 1369 | 116.9 813 2406 | 2315 | 227.9 36.7 46.8 70.1
33 1202 | 1354 | 1147 814 238.1 2316 | 227.2 36.7 46.6 68.2
34 118.1 133.1 111.6 817 2389 | 230.1 2237 36.9 46.4 65.3
35 1173 | 1329 | 112.3 813 239.4 | 2342 | 2234 36.9 46.3 65.2
36 1157 | 1323 | 1113 814 2332 | 2338 | 216.9 37.1 46.2 64.6
37 114 131 109.5 811 2292 | 2362 | 217.7 37.2 46.1 64.2
38 113.1 1307 | 109.3 814 221.7 | 2354 45.7 37.1 46.3 65.1
39 1107 | 1292 | 106.1 815 2408 | 22738 407 37.4 46.2 64.9
40 113 131.1 104.1 820 262.1 233.1 405 37.4 46.1 67.7
41 1127 | 1311 103.2 818 261.1 232.5 40.4 37.3 45.9 68.7
42 1126 | 130.8 | 103.4 811 259.8 232 40.4 37.1 458 68.8
43 1124 | 130.8 104 806 260.5 | 236.3 40.4 36.8 457 68.2
44 1127 | 1318 | 107.1 797 2586 | 239.7 40.4 36.9 458 67.8
45 1136 | 132.8 | 109.2 783 259.4 243 40.4 36.9 46.2 67.7
46 113.1 1324 | 109.2 782 255.8 238 40.5 37.1 46.3 68.2
47 1129 | 132.1 109.1 761 2554 | 239.8 40.4 37.5 46.4 69
48 1133 | 1325 | 109.6 773 2517 | 2386 40.3 37.2 46.4 68
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ANTHN 1 HANITNATBUAITINTIRANASULY 2 Tnaaunbuaaasiiaasiuutinnadaiiias (da)

T, T, T, | Ty Te T, Te To Tho

w °C °C °C Wim? °C 76 °C °C °C °C
49 1126 | 1316 | 107.6 775 242.9 232 40.3 36.7 46.5 67.6
50 112 1312 | 105.8 772 2439 | 237.2 40.6 36.8 46.6 67.5
51 1124 | 1326 | 108.9 775 2439 | 2404 40.8 37.3 47 67.3
52 1117 | 1333 | 109.7 767 237 230 40.9 38.7 47 68.7
53 111 134.1 109.8 762 2324 | 2267 | 2265 39.8 46.8 68.9
54 109.2 | 1327 | 106.8 766 232 215.1 225.5 40.2 46.6 66.9
55 106.3 | 1309 | 102.9 767 223.8 198.3 | 219.9 40.2 46.4 67
56 106.1 1319 | 106.7 760 2317 | 2154 | 2245 40.4 46.5 65.5
57 1047 | 1319 | 106.7 757 2296 | 2127 | 2187 40.6 46.5 65.8
58 103.7 131 105.1 751 2248 | 2145 | 2159 406 46.4 65.6
59 1026 | 130.6 | 104.1 743 220.3 226 212.3 40.4 46.5 64.3
60 1007 | 1297 | 1017 741 217.1 220.1 214.8 40.2 46.5 63.8
61 100 1295 | 102.3 739 231.7 | 212.1 212 40.4 46.8 62.3
62 103.6 133 104 739 256 2457 212 40 471 66.3
63 104 1329 | 102.5 735 2528 | 2375 | 210.1 39.7 471 68.7
64 103.6 | 1327 | 102.9 728 2532 | 2576 | 2145 39.8 46.8 68.7
65 105 1334 | 105.1 723 252.1 2464 | 216.4 39.8 46.9 69.8
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ANTHN 1 HANITNATBUAITINTIRANASULY 2 Tnaaunbuaaasiiaasiuutinnadaiiias (da)

T, T, T, | Ty Te T, Te To Tho
w °C °C °C Wim? °C 76 °C °C °C °C
66 107.3 135 106.3 724 2478 | 2477 | 2214 39.8 47.4 72.1
67 108.7 | 1385 | 109.2 713 2455 | 2662 | 2217 39.4 48.1 75.8
68 103.1 139.2 | 108.5 704 2347 | 21638 215 39.6 49.1 83.3
69 95.2 1384 | 107.1 695 2312 | 2106 | 2196 39.8 49.6 85
70 94.2 1379 | 106.5 689 230.7 | 2037 | 2219 39.8 50.5 85.5
71 91.3 1369 | 104.5 692 227.6 189.9 | 2158 39.7 51.1 84.4
Auady | 100432 | 118.928 | 92472 | 791.014 | 226.065 | 213.294 | 163.737 | 37.593 45111 | 62.775
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ANTNN 2 NANINAFBLAITINTIFONALULY 2 VhaaunULAREIIIAaSLULIANUHaY

Sufudin 15/05/2557

L3817 11.14-13.16 Vwind =1.2m/s

o T T Ts | Ts Te Ty Tg Ty Tio

wIN
°C °C °C W/m °C G °C °C °C °C
0 48.7 43.7 46.4 870 183.6 35 107.3 33.2 40.4 53.6
1 53.1 47.9 50.3 973 175.2 35.1 101.6 33.4 411 57.3
2 54.7 52.6 54.1 960 188.2 35.3 111.5 33.6 42.7 61.7
3 58.5 56.9 57.7 957 175.4 35.4 111.1 33.9 42.9 66.7
4 62.3 61.6 61.8 958 177.5 354 114.3 33.9 44.8 69.8
5 67.1 64.6 63.7 940 171.6 35.4 112.4 33.8 434 72.7
6 69 66.4 65.7 940 175.7 35.6 112.4 33.9 442 74.9
7 69.5 69.7 68.6 945 187.1 35.7 a1 51 33.9 44 .4 76.9
8 72.4 70.6 69.2 948 179.4 35.9 114.4 34.1 43.9 78.3
9 73.8 72 70.5 939 169.4 35.9 110.8 344 44 .4 80.9
10 72.6 741 73.4 952 169.6 36 113.5 34.5 445 81.8
11 75.7 73.8 71.9 955 166 36.2 115 344 43.2 82.6
12 75.9 74.4 72.4 956 160.1 36.2 114.6 34.5 43.9 83
13 48.7 43.7 46.4 870 183.6 35 107.3 33.2 40.4 53.6
14 76.5 74.7 72.7 950 145.6 36.2 111.1 34.7 43.8 83.9
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TN 2 NAMTNAFOLAITINTIRANALTULL 2 TUAaUNLLARDIULADSULLIARUARBEY (da)

T, T, T, | Ty Te T, Te To Tho
w °C °C °C Wim? °C 76 °C °C °C °C
15 76.4 74.8 72.7 962 143 36.2 112.4 34.6 43.8 83.6
16 75.2 76.4 76.4 955 209.5 36.4 121.6 34.5 472 83.5
17 76.1 76.8 75.9 966 190.2 36.5 132.5 34.8 44.8 85.6
18 78.3 78 76.4 963 180.4 36.5 133.3 34.9 45 88.6
19 78.8 79.7 79 959 184.4 36.5 134 34.8 44.9 90
20 80.6 80.9 80.1 971 191 36.7 133.6 34.8 453 90.9
21 81.3 82 80 965 181 36.8 132.8 34.9 44.9 92.9
22 82.3 83.6 82.5 963 185.5 36.8 133.6 35.1 455 93.2
23 83.2 87.3 89.7 966 207 37 128.3 35.4 471 94
24 84.9 85.8 84.7 939 172.2 37 115.1 35.8 45.9 94.8
25 79.8 90.6 90.7 968 110.7 37.1 98.9 35.5 44.8 87.7
26 72.2 84.1 84.2 962 745 37.1 84.7 35.3 41.9 77.5
27 66 67.8 69.1 972 126.6 37.2 97 35.5 40.6 73.2
28 63.7 66.8 68.7 972 159.5 37.3 115.6 35.6 415 76.6
29 67.6 67.4 66.3 960 166.3 37.3 114.9 35.8 41.8 80.3
30 67.5 68.1 65.9 964 177.2 37.3 125.5 35.8 425 76.9
31 71.3 71.4 69.5 970 182.8 37.3 133 35.6 474 78.9
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TN 2 NAMTNAFOLAITINTIRAAALTULL 2 TUABUNLLARDIILADSULLUANURBEY (da)

T, T, T, | Ty Te T, Te To Tho
w °C °C °C Wim? °C 76 °C °C °C °C
32 73.7 76.9 78.3 975 185.2 37.4 137.7 35.5 53.5 81.2
33 79.5 82.7 84.6 970 172.6 37.5 136.8 35.9 61.1 85
34 85.7 88.5 89 974 173.5 37.6 139.8 35.9 58.6 88.1
35 88.8 91.8 92.8 978 177.8 37.7 142.8 36 53.6 92.4
36 94 96.2 96.4 977 177.7 37.7 142.1 36 60.9 97.8
37 97.8 100.6 99.1 971 185.4 37.7 143 36 70.3 96.3
38 98.8 99.2 97.7 975 197.9 37.7 138.8 36 56.9 98.6
39 93.6 94 94.5 974 194.2 37.8 136.1 36 48.6 98
40 92.8 92.3 91.2 977 205.1 37.7 122.7 36 455 94.4
41 88.4 89.3 87.3 973 163.7 8T 120.7 35.9 44.9 89.5
42 86.1 85.7 84.2 976 179.5 37.8 127 35.9 44.6 91.7
43 86.3 85.5 84 979 167.9 37.8 128.5 36 458 93.3
44 87.8 87.2 86.4 982 155.3 37.8 129.6 36.1 49.6 94.7
45 92.5 90.8 93.2 974 187.8 37.8 140 35.9 52.8 96
46 88.4 89.5 92.1 974 188.8 37.8 144.3 35.9 46.8 97.2
47 83.2 85 87.7 974 190.1 37.8 144.5 35.7 452 95.6
48 82.2 83.3 86 973 183.2 37.7 139.7 35.8 44.3 95
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TN 2 NANTNAFELAITINTIRANATULL 2 TUAaUNLLARDIUADSUULIAR WD (da)

T, T, T, | Ty Te T, Te To Tho

w °C °C °C Wim? °C 76 °C °C °C °C
49 81.7 83.2 87.3 963 181.7 37.7 138.5 35.9 44.4 96.2
50 85 83.9 89.8 966 178.5 37.7 134.4 36 438 93.1
51 84.7 86.1 86.2 967 176.7 37.8 129.8 36 44.9 89.3
52 87.9 88.7 89.5 971 186 37.8 141.8 35.9 51.3 92.8
53 91.5 92 95 958 181.4 37.8 142.3 35.9 53.2 96
54 91.8 93.1 95.6 950 189.6 37.9 142.3 36 50.8 97.8
55 93.3 94.3 96.1 945 188.8 38 140.6 36 50.6 99.1
56 94.6 95.5 97 946 192.6 38 140.9 36.1 56.2 100.6
57 94.5 97 98.7 955 200.6 37.8 136.2 36.1 52 99.7
58 91.8 93.6 98.3 963 194.7 37.8 136.7 36 46.8 98.9
59 87 88.1 92.6 956 190.3 37.8 133.9 36 44.7 96.4
60 85.6 86.6 88.6 966 186.6 37.7 127.6 35.9 437 95.1
61 85.1 87.5 91.2 969 185.9 37.7 127.6 35.9 43.4 93.7
62 85.9 88.2 89.8 969 185.9 37.7 122.3 35.6 43.4 93
63 87 90.6 94.1 966 193.9 37.7 127.6 35.5 46.6 90.3
64 89.9 91.8 98.3 966 196.7 37.8 136.9 35.6 49.1 97.8
65 91.1 93.3 99.4 969 190.3 37.8 139.9 35.7 49.5 97.6
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TN 2 NANITNAFOLAITINTIRANALTULL 2 TUAUNLLARDIUABTULLIAR WD (da)

T, T, T, | Ty Te T, Te To Tho
w °C °C °C Wim? °C 76 °C °C °C °C
66 93.3 95.1 100 957 186.3 38 139.2 35.8 54.1 98.1
67 95.2 96.8 100.1 960 182.4 38 139.8 36 62.1 98.7
68 96.6 98.1 100.1 969 180.9 38.2 141.5 36.4 69.1 99.5
69 97.2 99.2 99.6 968 187.5 38.3 129.6 36.5 67.6 98.1
70 96.1 98.7 99.2 956 176.8 38.5 127.8 37 56.9 100.1
71 92.1 96.1 99.1 961 181.7 38.5 129.5 36.7 49.1 100.6
72 88.3 93.8 99.1 962 184.2 38.5 131.2 36.5 46.1 100
73 85.5 91.9 99 956 188.4 38.5 132.8 36.5 45 98.7
74 83.8 90.3 98.8 959 187.1 38.6 134.2 36.7 44.1 96.7
75 81.8 88 98.3 961 185.4 38.6 133.8 36.6 43.4 97.4
76 79.8 85.7 97 960 182.7 38.7 132.5 37.1 42.9 97
77 76.8 82.4 94.1 962 190.7 38.8 135.1 36.8 42,6 91
78 74.1 79.7 90.3 963 189.1 38.9 132.8 36.8 42,5 88
79 71.8 77.2 88 951 183.7 39 130.8 37 42.3 85.8
80 70.6 75.8 85.3 957 172.5 39.1 125 37.2 418 83.7
81 69.1 74 83.5 967 171.2 39.1 123.5 37.5 415 82.1
82 67.8 72.6 81.8 959 164.4 39.1 117.9 37.7 412 81.4
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TN 2 NANITNAFOLAITINTIRANALTULL 2 TUAUNLLARDIUABTULLIAR WD (da)

T, T, T, | Ty Te T, Te To Tho

w °C °C °C Wim? °C C °C °C °C °C
83 68.6 715 73 960 159.9 39.1 115.5 37.4 41.1 76.3
84 67.4 71.5 76.5 956 151.8 39.1 110.1 37.5 413 73.6
85 65.7 74.7 77.3 960 85 39.1 81.8 37 40.6 73.4
86 58.6 67 68.1 952 64.1 39.1 69.2 36.3 39.4 67.5
87 58.5 61 66.9 951 166.6 39.1 104.9 36 39.3 55.1
88 58.1 66.5 77.8 953 244.7 39.3 153.5 36.3 415 63.5
89 60.5 73.4 86.4 952 245.7 39.3 165.9 36.4 42,6 67.4
90 64.3 78.6 91 949 240.9 39.4 168.1 36.4 43.8 70.6
91 68.6 83.1 95.2 949 238 39.5 168.1 36.8 44.2 72.2
92 67.4 87.2 96.6 952 241.5 39.1 171.1 36.6 44.9 75
93 65.7 90.3 96.9 961 242.9 39.1 173.4 36.4 45.1 77.6
94 58.6 93 96.8 958 250.6 39.3 173 36.7 45.1 80.6
95 58.5 95.6 97 959 251.3 39.3 173.5 36.8 44.9 82.6
96 58.1 96.7 96.9 959 263 39.4 172.8 36.7 44.8 83.8
97 60.5 98.1 96.7 815 262.7 39.5 172.2 36.7 44.6 86.2
98 64.3 776.5 97 643 264.7 39.1 172.7 36.7 44.3 87.9
99 68.6 100.3 98.6 963 268 39.1 173.9 36.6 44.3 90.1
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TN 2 NANITNAFOLAITINTIRANALTULL 2 TUAUNLLARDIUABTULLIAR WD (da)

T, T, T, | Ty Te T, Te To Tho
w °C °C °C Wim? °C C °C °C °C °C

101 86.3 99 101.3 966 256.2 231 172.4 36.6 43.9 89.2
102 84.7 97.5 103 960 241.8 231 170.7 36.3 44 87.4
103 84 99.5 101.6 954 279 231 167 36.3 45.1 92.1
104 82.9 99.2 102 951 281 233 168.8 36.5 455 93.2
105 83.2 99.5 102.4 957 281.5 236.3 172.5 36.3 46.3 94

106 83.8 99.5 102.6 955 271.4 230.9 172.9 35.9 46.8 94.5
107 84.7 99.9 103 945 271.7 238.2 176.2 35.8 47.7 93.5
108 89 1004 | 102.5 937 282.4 232.7 171.4 35.8 487 93.9
109 89.5 99.2 101.2 938 283.5 232.9 171.8 35.9 49.7 94.2
110 86.7 99.4 101.5 939 276.7 230.8 171.9 36.4 48.2 93.6
111 84.7 99.2 102.1 937 270.8 234.5 173 36.7 47.8 93.1
112 84.3 99.5 102.3 936 266.5 236.5 176.4 37 47.8 91.7
113 83.7 99.5 102.9 937 253.6 233 178 37 47.4 92.3
114 83.9 99.9 103.8 938 249.4 232.2 180.6 37.2 47.4 93

115 83.8 100.3 | 104.3 945 252.1 230.5 182.1 36.9 475 93

116 83.7 1004 | 104.5 946 248.5 206 183.7 36.8 47.4 92.7
117 83.8 100.7 | 104.9 950 249.8 226.8 185.5 37.1 47.4 93.6
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TN 2 NANITNAFOLAITINTIRANALTULL 2 TUAUNLLARDIUABTULLIAR WD (da)

T, T, T, | Ty Te T, Te To Tho
w °C °C °C Wim? °C C °C °C °C °C
118 84 101 105.2 949 249.3 223.8 186.7 37.1 47.1 94
119 84 1013 | 105.3 940 253.1 229.2 189.4 36.9 47.8 94.1
120 84.2 1013 | 105.7 939 2447 225.1 186.1 37.2 48 95
121 84.3 101 105 945 271.8 242.9 176.5 36.7 48.6 95.2
122 83.9 1009 | 1053 961 269.3 244 177.9 36.7 48.5 95.3
123 83 97.3 107 765 171.4 160.7 132.2 37.2 46.3 90.5

fuady | 84613 | 99.800 | 103.452 | 949.610 | 199.408 | 229.000 | 139.662 | 35.957 46774 | 87.765
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