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Abstract 

In the general operation of a solar collector, the concentrating systems require sun tracking to maintain 

sunlight focusing at the collector. In addition, the solar collector cannot work effectively in a cloudy condition as 

the diffused light cannot be concentrated passively. Consequently, it faces a serious problem in utilizing such a 

solar collector to collect solar energy, especially in the rainy season. The goal of this research is to design a new 

solar collector, which does not contain a solar tracking system and has an ability to collect the diffused sunlight. 

Newly developed system consists of three deep parabolic troughs or compound parabolic troughs, with low focus 

points facing the sun at different angles and the elongated cross section tubes at the axis of the trough. The salient 

feature of this design is that the system can collect the sunlight energy at every angle with no moving part, and at 

the same time can receive the diffused light. This collector yields higher temperatures than flat plate solar 

collector, the maximum temperature in evacuated tube is 146 degrees Celsius, and is therefore suitable for 

cooling application. 



4 


n~~m'i1Jl.h:;mfl 

1111t1Vlcitl 

.. . 
111111 1 llmn 


1JVlIvh~'U tl,:j,llUi ~tJ 


o " 'i:; 1.J 11m 'il11fl111JltJU 
, 

q cv ~ r! 
1.J1111 2 m".i tltlf)lIl.Jl.JlI~:;l1Vl ~tll.J ~1J''i''.iflU:; 'Utl,:jIlN,:j ".illl1~ ,:jtlll1~tJ 

, 
11 cv .qr!tUq 

~UllllllIJeN".il.JlI~,:jtlll1~tJ~111 1 


, 
1.1 IV .qt!v..::t 
~Ulll.JllI1fN".i1.J1I~,:jt)111~tJ~111 2 


11 v .qr!cv,q 


m ".il1Vl ~t)11 ~1J".i".iflU:;'U t),:j~Ulll.JllI1N,:j ".illl1 ~,:jt) 111~tJ~ 111 2 


_I ~ 1v 0 <v V 

m".iU'i:;fJf)~m'i '1/ ,:jlU~111".i1.J m".i'tl,:j~1J 

..::t cv 11 v .q r! o cv' 0 a 

111111 3 m 'i 'YI~U 1~Ulll.Jl.JIIN,:j".il.JlI ~,:j t) 111~tJ ~111".ill11U1tJ m".il11fl111JltJU 


, 
'iI v .ett. 'v.ct 

m ".it) t)f)II1111~ Ulll.Jlll1N,:j ".ill 1I~,:j t) 111~tJ~111 3 


m".ilmtJ1JI'ntJl.Jm".il1VlM,:j 

v .. 
Wf)~l".it)Ht),:j 

tJ".i:;~iif)lutJ 

illflNU1f) 

2 


3 


5 


7 


9 


13 


15 


16 


18 


20 


24 


27 


30 


31 


32 


38 


39 


40 


41 


45 




5 


v cO 
l1Ull1 

6 

~ , 1 ~ 
'UlfJ'U 'U'i~UU'IJ'UHlI(lfl 7 

JU~ 3. ~'UllUUllN;l'rUll ff .:JtJlYl~HrllUUH:I'Wln1UCll~ llil'ltJ.:J H'j~uu~~~ llJ~l·:nJlY1V1d' 7 

JU~ 4. llff~.:Jf)1'ji'Ul!ff.:JtJ1YlVld''IJtJ.:JllN.:ji'Ullff .:jtJ1Y1V1d'~tJtJflllUU H(~l{JUtJ) nUUN.:ji'ullff .:Jlluml.:j 

'VI1TI1UCllUUUil1U('lJllUtJ) 8 

JU~ S. 11 ff~.:JIUtJ{I9f'Uvll 'U f)1'j i'UII ff.:j tJlYlVld''IJtJ.:jIlN.:j i'UII ff.:j tJlYlVld'~ tJtJflll UU 11(~1{JlitJ) 
Q.I Q.I 1 iJ ~ 

flUW-l.:j'jUII ff .:jIlUU'VltJllfll''l'tyt1j1 f)1fl'('IJlllJ tJ) 8 

J U~ 6. 11 ff~.:j f)1'j ff~~tJ'U'lJtJ.:ji'.:jffVlfl m ~'VlU1'U Yl fl''Vll.:jY]H'l 'IJtJ.:jIlN.:j i'Ullff .:JtJ1Yl\91d'~·tJtJf)llUU11 ffllJ1'j tl i'ui'.:jff~ 

v11l,JlJl'U'lfl.:J 60 tJ.:jfl'l (~l{JlitJ) nUllN.:ji'ullff.:jllUml.:j'VIl'J'1ImnIlUui11U('IJ11litJ)- 9 

'jU~ 7. IIff~.:jf)1'jlNIIN.:ji'Ullff.:jtJ1YlVld''IJtJ.:j ~.:jU'j~~hlif(u'U) IICl~fll'J'11.:jIlN.:ji'Ullff .:JtJlYlVl{J1 'j h .:j.:jl'U hlvh" ~ 

'" '" ..'VI Cl.:J.:j l'U 11 ff.:j tJl 'Vl VI (J 11 

JU~ 8. IIN'Um'VIllff~.:j'j~ UUv11fl11lJl~'U ~1{J'VI~.:j.:j l'Ullff.:jtJ lYlVl d' 12 

.I d " " 'i'''JU'Vl 9.lIff~.:jf)1'jff~'VltJ'Ullff.:j'IJtJ.:jlff'U Imy = f(t) 14 

JU~ 10. llff~.:jf)1'jff~~tJ'U'lJtJ.:Jlff'U lf1.:j'VIl'J'lluCll~iJ~~ lYlnff~l(~l{JlitJ)IICl~~~ lYlnff\1.:J('IJlllitJ) l.:jflCllJllff~.:j 

Iiill1l1U.:j'IJtJ.:jvitJi'ui'.:jff'IJ'Ul~ 5 "lflJ. ~lNtJ~~V~ lYlnff IS 

'jU~ II. IIff~.:jf)1'jff~~tJ'U'lJtJ.:j'jl.:j'VI1'j1IuCll~ffllJ1'jflfullff.:jl'UI1Clly]1.:J'l 16.. 
, , 

~ 1d 9J tV .::. "ad. 1 '1 11.:::. .c::::t. d' Q.I v
JUl1 12. VI'UlIUUIIN.:j'jUllff.:JtJl'VlVl{J'Vl lJ 'If'j:;UUVI~\911lJ~1.:jtJl'VlVl{Jmmfl'IJ'U1~ 1.4x1AlJ. (9fl{J) IICl~'jN 

'VIl'jlluCllIIUUi11U'IJ'U1~ lAx 1.2 lJ. ('IJ11) 17 

'jU~ 13. IIff~.:JJ11~tJ~~ 100 tJ.:Jfl'119fClICMm,.1'Ut1.:jlnuJljtJ'U tJrullfliJ'IJ().:jJlff.:Jff~~l~l~ 165 tJ.:Jfl'119fm9Wff~ 
'\I q 'U '\I q 

JU~ IS. llff~.:jU'j~ff'Vlllm'VI"U'lfl.:jI1Cll 9.00 'U. O.:j 14.00'U. Iff'Uff~ll1ff~.:jU'j~ff'Vlllfl1'V1'IJtJ.:jIlN.:jfullff.:j!lUUll1li 

Iff'Uffl'Vllllff~.:jU'j~iYYlllfl1'V1'IJtJ.:j'jH'VIl'J'1IUCl111Uui11u 'IJtJ.:jl'U~ 4 6 llCl~ 8 lJmlfllJ 2553 18 

'jU~ 16. llff~.:jU'j::;ffYlllm'VIlU~mf.:j1ly]11Clll~lJl'l'U 9.00 'U. lUtJ.:jI1Clll~'llff'Uff~ll1ff~.:jU'j~ff'Vl1ifl1'V1'IJtJ.:jllN.:jfu
" 

llff.:jllUUll1li IfflJffl'Vllllff~.:jU'j~ffYl1im'VI'IJtJ.:j'j1.:j'VI1'j11uCl111Uuil 11J 'IJ().:Jl'U~ 4 6 IICl~ 8 lJmlfllJ 

2553 19 

o I f Q,I Q,I a 0 Q,I Q.I d 

l.:jfl'(l lJllff~.:jVlll1l1 'U .:j'IJ().:j'Vl tJ'jUHff'IJ'Ul'U 5 9flJ. fflll 'j UHffm ~~lV 20 

'jU~ 18. llfffl.:jf)1'jff~~()lJ'lJtJ.:j'jl.:j'VIn11 mn'IJO.:jI'l'UllUUIIN.:Jfullff.:jtJ1YlVld'il~ 2 21.. . 



6 


" dtilHfl 

"" ..
flrul1fY1ft'm 22 

~t1~ 20. IIM) ·:nlflfuf~n-t1 'j:; flflU~1tJviflYlfl~II~~ mtJ' 'U un ~ J UJ'U t11rl'lJl~fl~~iu ~rl'~·:mulft'~fJlYi116 22 

JtI~ 21. U(1'~~~rl'~~1'UU(1'~fJlYi1161'U~ 29 ~tJ. 53 23 

'jtl~ 22. 1I(1'~~tlrul111iJfI1tJ'uvitlfuf~n-~iJJ1~Utl1rl'lJ 0.5 ~mm'jl1tlfimtJ'uvifll'11flnYl~'W~'U1U~ 29 Viti. 
'U q 'U 'I 'U 

53 1~m1lJl'11f11'jYl~'W~l1m 12.30 u. 23 

~t1~ 23. II (1'~~lIflUml~ 'j:;UU f11'j l'11f111lJ1Hl'IJ tl~llf'H fUll (1' ~fJlYi116 24 

~t1~ 24. 1I(1'~~~rl'~~lUII(1'~fJlYi1161U~ 17 fl~. 54 24 

'jtl~ 25 . 1Ift'~~flrul111iJmtJ'uo~Jl~u~~iJlh~utl1rl'lJl'f~l1lJ~ 14 ftl1j 25
" ." 
~t1~ 26. 1I(1'~~~rul11JiJ~,f1mltl~fuf~n-J~ 9 l1(lfl~ 25 

'jtl~ 27. 1Ift'~~t1'j:;iYYl~11l~Ill~tJ'lJtln~uu 26 
" , 

... I.d "Q.I)I .o::::t. 0­
~ uYl 28. 11ft'~~'\i~lJ ~\lllJ~(l~ ~lUf111m flU 111 flll (1' ~fJlYl\ll tJ 27 

~t1~ 29. II (1'~~ 1'1i~Y)lJ1~tJ1f~lJ ~Y)lJ~ "~~lUf111lJrtl U 11 1fl11 ft' ~tl1Yi\ll6 29 

" ,j1dd. do.CI Q.ld V Q.l"d oev 

ft'lJ m'IJtJ111(1~ml1(1fl~ l1(1'~~'j~ft'(1'~YlflUflHYl 1,211(1:; 3 mlJm~u 31 

'jtl~ 33. flnfulJlJfl11~'lJtl~'j1~1'j1lumIlUUflft'lJ~ln~111m1~nllum 2 'j1~ ~l'11lJlJl.,j'1l11flU 5 fl~fYl 32" . . 
~t1~ 34. 11ft'~~f11'jfUIIft' ~,u'lh~l1m~W'l 'lJfl~'j l~nllum11UU fl(1'lJ~ln~111m1~n1hml 2 'j1~ ~y\'llJlJl.,j'll1l 

flU 5 fl~fY1 33 

'jtl~ 35. f11'jfUlJlJfl11~'lJfl~'jl~n1lum11UUflft'lJ~ln~111ml~1'jl1um 2 'jl~ ~l'11lJlJl.,j'1111flU 10 fl~fYl 34" . . 

flU 1 0 fl~fY1 35 

'jtl~ 37. flnfulJlJfl11~'lJfl~'j1~1'jl 1UmI1UUfl(1'lJ~lfi~111flH~n11um 2 'j1~ ~l'11lJlJl.,j'111lflU 15 tl~fYl 36" . . 
JtI~ 38. 11ft'~~flnf11I1ft'~'U'lh~l1m~l~"l 'lJfl~'jl~l'jl 1UmIlUUflft'lJ~ln~111mlm'jl111m 2 'jl~ ~y\'llJlJl.,j'll1l 

flU 15 fl~fYl 37 



7 


, 
'" Uflfl1 

umh 

IIv.1 'I'i'UUff·Hl1l1l'1 rJIIU1J 11-rVnni Ufl111ltHlv.l'l111JUff 'I'lfufl11~'I~l,r'f.;lru 11t;]lJ\y 'I utllJl~lu i 1 'I'I1tl i vJvh 

VH1'l 'I1tl U ff 'Itlll1l'1rJ i fltlf)1'j'j11Jll ff 'I '\ItlU1'1 'Vj 11 1 i U fl1 i U tJnitl rUll ff 'I~ 11'1tlvi tllltl1l'1~tl i vJ tlff 11ft :dh::::uu 
" 

, '" do I j} QQ Q QJ QJ Q 

1'111.1 Vl n fl11 11ft 11.1 '\Iflll1 n fI fI 'I tl 

I. ~tl'ltllrrtJ'j::::UU~flI'111Jfl1'1tl111\91rJ U'Ill:::: ff1l.111(1'j 11Jll ff 'I tlll1l'1 tl1 tl'l;1'1nfl1~1'1'l l~ 

2. hiff 1 l.I1HIruf'I ~m:::: 111t11 ~ 'Vj"'I'I1tl~ i ~fm)1nllfHfullff 'Iflflfl 'ItlV1'1l.11n i tlffm'VjIllJtllf)1f1'~ij
" 

11J"lJ11lJtln 

~.J ~ oQ lIJ .:9 ~, j} A' cj A ~ 0Co j} 

Vl'ltl 11Jtl'Vj 1111ru 1ff il1'Vj IllJtl1 f)1f1''\Itl 'IU 1:::: lVlfl' l Vltl 95'1\91 'Itl til W'\I1'1 1tltl 'l5tl 1J11J"lJ fI111J'l5tll.l1n ll'l m i 11 
" " 

31 % ~'I 58% Irltlfi1tl1ruri1m~tI\9Ifltlfl.J'Itlll::::ijU1l.11rur'l~m::::1l1t1tlV~ 44% [I] ~'I(itl11ritltl'li'1'1ff'l 'Vil1,r
" " 

Qumru111Jllff'l~1'1'l il1ff1l.111(1 Hun itl'l5U'il1nr'l~1.'htlcii~ 

UII ~ Utl v.I~ ~firu "l'lllv.l'l r U II ff 'I tl1111'1 rJ~ i ~'I1tl1 tl 1:::: U U'\I tllfll~ n ff1l.111 (lll,j 'I tltl n i ~11l tl 2 U 1:::: III Vlfl tl 

llv.l'lfUll ff 'III 1111'Vitlllfi'1~llJllJ1f11f1'llfl::::llv.l'l rUIIff 'IllUUll~tl 11Ui'l~ U~ 2. ff11Jnml1 'f.;l ru 11.IJ lJ i ~U 1:::: mru 60-90 

tl'lfl'1195mCiwff f111i~U1:::: itl'l5ul'~tlf11nilJ1qtl tJ'I il1ijv.l~l'1firu"l'l'\ltl'lllv.l'lr1111ff 'Itl111I'1rJ~i,rQru11 t;]lJ\y'I lntl 100 

tl'lfl'1195fl1CiWff rl111rui~'I1Uhn::::uU'\lU1f1I~nl~U iU1::::iuflr111tlU .u1u'Wn rlnrn'llU 11~tl i H'I1tl 

fJ\9Iffl11 f1'j11J '1Y111r1Jl;'1~\9Ifiru "l'l~~tl'lf)11Qru11t;]ini''I1U\y 'Ilntl 100 tl'lfl'1195fll95t1ff i fI tI i ~Yl"'I'I1tlll ff 'Itlll1l'1rJ Jtl 

11'nllltl n11 'WI'lltll 1 ~'I1tl '1Y111 r 11 1::::U 11 '\I tllfl i 11 qj l~tl n11 v.I~ 1'1 i vJ ~ 1~1t1'Vj "'I fI11 1.1 ~ tltlll1 nil ff 'I tllcV11'1 rJ ~'I 



8 


')111J'U~e'l1i'tlH'I i'tJl! ff 'HllVi \91 U'lJ'Ufl'J1lJ II ff'l II tJm l'I'Vnnlml1'11~e\J1'U ff~l'i'e 'Uti ff 'I 'Ue n\J 1n~ IIH'Ii'tJ II ff 'I 

i'l nri1111'n~e'l'VI1'11'U11lJ n1J'j~'IJ'IJ~fl\9l1lJ m'le1Vi\9lul~e1,rff1lJ1Hl 'VI1 'I 1'U '1 fi'mh'l ~th~ i1"YI~ fIl'V'l ff'l i'l ~ f11'j '111 
" 

'j~'IJ'IJ~fl\9l1lJfl1'1mVi\9lulJ 11~ 'U 'j~'IJ'IJ'U'U 1fll~ ne1\Jne1 ,rlflflUqJ'I111 'U 'VI1'1D iN'~ml1tJD 'j~ f11'j 1'If'U 'VI11,r'j~ 'IJ 'IJ ~ 

'j1f11ff'l ~e'llfftJfl1H~ltJ1'Unwu1Hi'mn l~e'l\J1n~~'U ri1'UlfI~e'U '1 'I11~'1e1\J'lf1'jfl '1fi'~ltJ ri'l HCI1,rhifl'lJfl11'U 
~ q q q 

f11'jCl'l'Vj'U'r.h'l1i''IJH'll'U1'U'j~itJfli'11~e'U lIH'l i''IJ Ilff'1~ D'j~~l1i~'U ff11J1'j t1t1nt'U'Ii'e~e [J'Ue'ltlH'I i'tJlI ff'lmVi\9lu 

IItJm1n'n'j11mn'lJ'Ufl~'1I~lJ'1fi' lfltJhi~e'l1 ~'j~'IJ'IJ~fl\9l1lJfl1'1e1Vi\9lui'l~D~ 3. ~fflJ'IJ~1'U f11'ji''lJi''1ffm~\J1tJ 

'1 ~ ~'1l'\1lJ l~fflJ n'IJ'VI n fffll'V'l~ 'U vhm f11i'Y \J 1 n f11'j 'VI flCl e'l 'V'I'IJ 1111H'I i''IJ II ff 'I ff1lJ n t1 'VIle OJ '11 fl iJ ff'l nil 100 e'l i'Y1 
q q <u <u 

I9l'ClI;tJff i'lJ'U~'1~f111lJ'I1C\1n'l1C11tJ1'U f11'j HD'j~ 1[J'lJ''U111I'VitJ'IU~f11'j1~ 'U nn'VI1JTQ'U tJ'Iff1lJnt11~1 'U nw"p 



9 


14'VGJ.'lI ~ ~t!
1.1.1. nJ~HH !'tf'j~UUfl~fIllJ~1'1{) lflfltl 

llVl'l ~Ull L1' '1~tltlf)IlUui'l-ffllJl1m 11111 L1' '1mYlllltJi ~l'J f)'lf1'1n~1~1'l'l1 fI tJ 'hi ij f) U Ifl ~ trw '1 'I1111Vl'l ~UII L1' 'I 

lritllllitJUI'VitJuUVl'l~Ull L1' '1~tltlflllUUU"~UVl'l~UllL1''1;'11'u HJ~ 3 V1Ul1L1'l1J1Hl~UUL1' 'I '1~J~hj~1f)11 76% i'lll~ 
" 

• j/ 

'lf1'1n"11h~lJlru 9.00 'U. ~'1 15 .00 'U. ~'1'111flllli tJUI'VitJU nUllVl'l ~Ull L1' '1UUU;'1l~1J1)~~UllL1'nl1lJlru;'1f)~11 '1~ 

lll'UL1~ llV; tJ'I '1l1~'1fl~ '1i1l11 'I 



10 


I 9O°t12.oo PM) 

\ 105 ' (1 .00 PM) 

1.00 PM 

0 

\ 120 (2.00 PM, 

3.00 PM"" 13S·(3.00 PM) 

~U~ 4. U f1'~'H1l'lfUU f1' 'Hl1Yi~U'IJtJ\I ttH\lfU tIC!·'Hl1Yi~U~tJtJ nuuu 11(~ltJijtJ) rltl UH\lhl Uf1' \I Uum 1\1 

'Vjl'l11ml1lluui11U('lJl1]jtJ) 

http:13S�(3.00
http:9O�t12.oo


11 


VllJ':ilUU'W·j.;d'u U iY·;JUUUvltJUrl'1iYUJUJl flltHld'uu iY 'l i fi''V1 fl'lf1'lnrll Hili flll::iYUJl1.Y£afi mt:U f 'l1.;")1 fl 
• 'II u 

'lftJ'lln:i::"lil'lvl tJu rl'1 i 1.Jlh· ::mt:U 25% 1U'lf1'l1~ tJ'l'l 11:: fll UiY 'l i,j'1~ltJ il1~tylfftJmmt:U f'l ff1 U'lf1'l1.J ':i:: mt:U 

ntJu 9.00 U. Url::11rl''lnrll 15.00 U. 1U'ut:U::~U~'lfUUiY'l~tJtJflUuuii' ('l1'ltJ]jfl) iYllJn(lfuuiY'lifi' 100% 1U'lf1'l 

1~tJ'lUCl::Clflrl'l1fltl!1Cll 15.00 U.U'li'fllJl'Hlfuifi' 76% 'lJtJ'lf'lff~IIlHUUU~'l 

q ~ QJ <V ct \II iI.r::::t
1.1.2. lJfJf.lHnJ1.1~ IlH1Tl'11.1HiJfl'i::1l1tll~~ 

.. 
fll'WtJflUU1.1U~'lfUUiY 'ltllY1l1loilvi'l 1 M'u~'lfuuiY 'lijmllJ iYlml (l 1U flll fu f 'lfffll:: llltJ i fi'~ 1 fltJiYllJ ll(l 

fuf'lff\91 fl m::'VIU~v11lJ lJ i fi'fli'l'l ~ 'l 60 tJ'lft'l 1u 'lJt:U::~11'lVlll111.1 CllUUui1 hlfUlJ lJ fl1l~ ifi'rwtl'l 5 tJ 'lft'l ~'lv1l. . 

111'il1iYlml(lfuf'lffm::lllt1ifi' ~'lJu flllr~mhu1Uvlflf1.1f'lff1UUU 1J''l v1l 1M'11'lVllll1uCllijmllJiYllJ1Hl 1U 

flll f1.1 f'l ffm:: llltJ i fi' ;'l!'l1m:: iYlJflU1.11nt:U ~f'l ffm:: llltJ 1 U m mt:U iY 'l 1~tJmVll::fl vl'lB'l iY fllVlfl iJ m fl1ft'~tJu 
'II 'II 

~u'lJtJnh::l'VIft'tlVltJ 

lU~ 6. U iY~'l fll1 iY:: ~fl U 'lJtH f'l fflll fl m:: 'VIU 1U Ylft''V1 1'1 llil'l '1 'IJ tJ'lU~'l f UU iY 'l tJ lYl 1Il0~tJ tJ fI Uuu i i' 

iYlmltlf1.1f'lff~v1llJlJ1U'lf1'l 60 fl'lft'l ('l1'ltJ]jtJ) fluu~'lfuuiY 'lUUlJll'lVlll11UrIluuui1 i U('lJ11]jtJ) 

1.1.3. iJUITltn;lf)ru11.nijiJ,:jflilHn~ftrucrlu~Hj1.1UiJ,:j~iif)tI'lnjll'ilU'J..I
~ 'U 'U 'II Q 

fJt:U11.fJiJflltJ1U11CltJ~Url'1~'l~fl~ 145 fl'lft'11'1frll~tJiY lritJllim'li'lfl1Jci''lJllJU 14 f1\911 Qt:U11.fJiJ~'l~"~ 110 

.c:s.-=:l 9J d 2 
tJ'lft'll'1frll'1ftJiY 'VImllJl'IJlJUiY'liY'liY~'V1 800 W/m

'II • 

1.1.4. '~ii~'J..ItY1'J..1U'I~tJ'J..I'1111'J..I '1::1.11.1 

~flml::fl11CJftJlJ1jl1'lfmJ1n:uu v1l1M'mqflll1~'llUtJl1U1U fi flvfn ::uui l1ijmllJcifu'l1'tJu1fl'l ~'lH 

'llU ifi'~ltJ lW:: ll1~tl'l~lwfmJ1mm.rfl 

http:iYlmltlf1.1f
http:flllr~mhu1Uvlflf1.1f
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1.1.5. lh~'H[J~I~f)YhUfll':i1HIIN.:Jjumy.:J 

1U f)'j ill~ ~tJ lIH.:jf U lIft'.:j,)1U1'UlJ 1 f1 ft'llJ U f:l11.:j IIH.:jfUl1 ft' .:j~~~~ nu1~~Ul~Ln~ f11~ U.:j nm::'H 11'1 lIH.:j 

lrimm UUIVlUU nu ~ l'l'Vn~ 11uCl1~ih::uu91~911lJ~1.:jmVi91V'il::9i'tJ.:j11.:jIlH.:jfuII ft' ni l.:jn'Ul~tJhi1Hln~ f11~ u.:jnu 
." , 

1Il1 ::I'W tJ.:j1l1f1l1H.:j fUll ft'.:ju ft'llJ 1~mi'lm llJ ~tJ 'U l1i'\1'1 f111UH.:j fUll ft'.:jll UuU~'U ~ 1U I~ tJ i M'l1i'fJf.l! 'H fJ ij \1'1 Lvi 1n'U 

UH.:jfu LIft' .:jnll:: i ,*\l'l'U1'UUH.:j,.j'tltJf111 i.:jt!'UlIH.:jfu 1I ft' .:jn~nh:: '11 tJ~l'ct'tJ~1~ 
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1.2 'l:::uufll'l'thfl1uuiiu 

.:) TU 1,)tI~1~!1I'U fl 1'J ~91J'U 1~'UUU1J!fI~ (J.:)tJ 11J (llfl 1f1'Vl c1':)':) 1'UU'ff.:)(J 1Vi ~Vrll'l1 1 U1j'1'U~fl lfj (J rlTUfl ':)1'U 

1~tlm'Ji9Imlr;.!,:)11Ju'ff ':)lfClltl"l Ur;.!.:) !~(Jhrl~'Vlc1':)':)1'U~!'~ tJ':)'Vl(Jrl1lf 1lJ flWVllfl111J!{)'U '\W.:)!'I1 Cl1~i~'Uf)l'J~~ciu 

'Vlc1H1'Um1lJ~(J'U!tJ'UllTI1j(J J1tJ'U 1~tJli~lJll1~(J'U 111J1~(J'U'il1flUr;.!,:)1lJU 'ff.:) 1.,j'11tJ5':)!fI~(J.:) Absorption 

Chiller !~mltJ"':)fI11lJ~(J'U!1I'UfI11lJ!{)'U J11V'U'il1f)1f1~(J.:) Absorption Chiller 'il~\lf),ff ':)~1'U ltJ5':)~~CllJ 1~tJ~lJJ1 
d .d .'1 d 1" ~ ,,~ d

W'U 1'Vl(Jlu1CllJW'U lffllJlf(J':)~':)Ur;.!'Ufl1'Vl'YI 8 

5. lf1~(J.:) Absorption Chiller 

<oJ " d 

6. UlJ1111t1'U 
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i ~, ~ 'jJ I 

1. 'If'YlV Ufl1"1tyty1 fllfYUVtlfl11 

2, HJ1UVtlflll'¥hiMtl':i::a1v~J1 
o Q I I di I 

3. 'Yl1VW 11 i1:IJ LY'I fl11111J1JIlj:-lU ':i 11J 'b''1 LY'Ifl11 
q 'U 'U 'U 

100°C 

4. '\'h~W11 iJiJif1'':i1f11l1fll11l1J1JU~m11J 

l. 

2, 

i ~' ~ ,
'lfllj:-lU LY::::'YHlUlI LY ,U.J1fl fl11 

~1J~'1~m:::: 111t1 lfi"!Vtlfll1111J1J!!~U ':il1J 

V1Yll'ltlU'YlU flU i ~Uj:-l'l ~1J11 LY '1U1J1JlI~U ':i11J11~Vl11J1J'\'lVUn'1 \]'tyty1fl1fY ~'1 i M'QW 11 iJil \]' 'I f)111ll'l::::'I'11f111:IJ~VUI f1' 

':i1~ll1 fll111j:-l'l~1JllLY'1U1J1Jll~U ':i11J i~tl~:IJlw J 1UVtlfl11 ~'1ijfl11lJl11:1Jl:::: LYlJ nm ::::1J1J fll':i'l'11f111lJ1VU 1~tlij 

~f1~'111lJ1tI'\JV 'I '111,11,jm~vLY~1'1 ':i:::: 1J 1J tl ~1JV 1fllfY~ LY1lJ 1':i t:1 'I11lJ 1 i ~'111,1 i f1'11~ 'I 11l'l::::vr'YlJU 1111 1,1 ~Ull1J 1J1fl~V'! '1'11 
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"i jI ",jI 0 ~'.I ~ \lijl , jI.d "" """ \Ii'
llU'lJ':il'l'V'llJ"1 ~U(11(11'UlJ'\HHl1n~H)~ 2 u'l::f11Hf(1n<,) I~!ln 'l::UU9Jtl'l'V'l'l'V'llJ::UU9J~9JllJ~1'ltll'Vl~W !l(1:: IlJ 

LYllJl'lOlUl'l~m::~lUi~ 1~m\l'V'l1::mh'l~'l1'UU'l::l'VlfY~tlciu~ l1WllOUfY'UlJff91'l l'lf'UU'l::l'VlfYi 'VluiiilllJ1W l 'l~
" " .. , ~ ~ 

m::~lu1m::fiu\l 'I ~'l'VhhrfJUmuf'l1lJll LY'l'l$ii~~l'l<') il.iLYllJl'lo111~'l~ri1'UulJl1 ~U'l:: lt1'l$'U1~ 'l1'U11lUU~'l 

a .:::. r! i1 ~ ')'iI
2.1. !lUU 1I1~tl-JflHflWVlflli;Ym'IJtl-Jfl1'li;Y:::f1 tllUnT-JUl,\~1 Ifl-J 

"" jI jI "ijl "i d 8"" ,~ jI
'V'I'ill'J"Wlf11'lLY::mJ'UllLY'l'IJil'llLY'U ~fl'l y = f(x) U'U'l::'U1U xy ~~U'VllJlJ\?Inm::'V11J lJfl11'Vllf11JlJlJLY::'Vlil'U 

~l~Wlwfm~'U lrl'l y = f(e) ~~~ (x,y) 1~<') fl11lJ'If'U'lJtl'l1~mYw.fLY~'\l~ (x,y) 1~'U ml=df(x)ldx, fl11lJ'If'U'lJil'l1~'U 
QJ d ~I QJ 'jJ QJ d ~ ~I 
Hff91nm::'VlUlu'U m2 1l(l::fl11lJ'l$'U'lJil'llLY'UHLYLY::'Vlil'Ulu'U m3 

(XO';:) 

y=f(x) 

'ill nfl11lJ-fflJvi'Uli (eRe Standard Mathematical Table, 25th Ed., eRe Press, Inc., 1978.) [16] 

m] -m2 m3 -mJtan e= = ----"-~ (1) 
1+ m1 1+ m1m2 m3 

(2) 
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(3) 

i.d'QJ iJl rI iJ 
'U'UWI 1.4 lJ. ~.:j 0.4 lJ. I~HJlJ'YImlJll~.:j'U'Ul~!~'Uvn'Ufl'WJfHl1.:j'U'Ul~ 5 'b'lJ. ~ln~lJf11'j 1 2 llC1::; 3 ~llJl'jfl~'jl.:j

~ ~ 

Irlr)'Vi~1'.iu.!1f11'j~::;li'V'Ull~.:j 'UV.:j'jl.:jVl1'.i 11lJC11~iJ~fl1vh)~~.:j VllJ il~llJ1'j flrlJll~.:j~iiVifl'i.:j~ lflt1lJWN. ~ 

rlJll~.:jI'Vi1,J'U lfltJ1,JlJ'Uv.:jr.:jffnJ~tJ'UhJd~tJ.:j 5 V.:jfl'l r.:jffJ.:j'l1lJfln~::;'I1'JflVVfl~lflviVrlJ!I~.:jJ.:j'l1lJfl (~~U~ 10) 

i'U'UW::;~'jl.:jVll'jl1lJC11~ii~fl1vM~~1 ~llJ1'jflrlJr.:jff~1,JlJ~W'1IMlJ1flflil i.:j,J'U'.il.:jVll'jl1lJm~ii~fll~t1~~1 

~.:jiiu'j::;iY'YIifl1Vli'Ufl1'.irlJr.:jffi 'UVifl''YI1.:j~W'1 i~f1il'jl.:jVll'jl1lJC11~ii~fll~t1~tr.:j 

'" l'jlIVllJ'.il.:j 

Vll'jl1lJC11 1lC1::;'Vil1,J lJ i 'UVifl''YI1.:jl'il.:j''l n'Ui.:j~u~ 11 Il~.:j rlJlI~.:jii~lJlJ~i 'U f11'j'j 1lJIl~.:j'. 'UVifl''YI1.:j~l.:j''l n'U IIlYr.:jff 

~::;i~'VillJlJm.:jnlJll'U1I1fl'U'UV.:jIl~.:jrlJll~.:jIC1tJ i'UnC11 12.00 'U. 1l~.:j~::;iU'j1lJn'U~~~ 1~n~i'UlJ1nw~fl~1~fl 
q .. 'I q 

'UV.:j'jl.:jm.:j flm.:j -ff1'U 'jl.:j~l'U 'li'1.:j1l~ .:j~::; i U 'j 1m)1L'U~i'1t!'I11j.:j~~ .:j~'U i.:j,J'UII~.:j~'VillJlJi.:jlllflnlJWNrlJll ~.:j
'II • 

~ • • I ~ 

~llJ1'jflrlJll~.:ji~'tl.:j'l1lJ~ liJvnmIU~tJ'U'U 1 ,hllJ.:j 1,JlJ'UV.:jr.:jff\l::;i~~'j.:jnlJllfl'U'UV.:j'jl.:ji~"l 'jl.:j'tl.:j~llJU.:j 

~llJ1'jflrlJll~.:j i~ lfltJll~.:j\l::; i U'j1lJ1'11 i 'UlJ1nw 'UV.:j'l1C1V~~ 2 i.:j,J'U flC1 ifl i'Uf11'j'j1lJll~.:j~.:jlilfl~lnf11'j 

IU~tJ'U\9hllmi.:j'Uv.:jrllll~.:j\l1f1\9l111'11U.:j'UV.:j~~ l~n~ iUU.:j\9l11l'l1U.:j~tr.:j~'Ui.u'.'Unm~w'1 IrlVrllll~.:jlfl~V'U~ 
~.:j~'U 'jl.:j~mj~~n'U~::;i~lJhlll'YI'U lfltJrllll~.:j\l::;i~lJ~~~1 ~n~af1flf.:j rl'f1'l-Jw::;d~.:j i~,)ll1J'UI9i'V.:j '.'tln:lJlJ~fl~llJ'II... 
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m 'Hl lY1 ~U 'j~1J1J~~ i~~ ~uff1Ulf)~~U i 111 U~~'1~lf)~~U i 111;]m11U 1:1' '1~lf)~~ U~ ~U ~'1f11lJUU 1vltl ~1J~'1~nU 

I1m~lll~fJuill 

90°(12.00 PM) 

105°(1.00 PM) 

0 

120 (2.00 PM) 

http:105�(1.00
http:90�(12.00
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l~t)'vhmru lflfHJilTV'I'l.JfJ-:j lIi'UllU1Jllr-l-:j:IU 111:1' -:j IIUU '1 '1111 rf1J 1UV'I nl1mn IIUmf11,J 1~tlf1n'Vhf111'V1~HlfJ-:j 

1mtI1JI~tlm.h~ iY'VIn ilTV'I'l.JfJ-:jllr-l-:j :IUIl1:1' -:j llr-l-:j:IU 111:1' nt'-:j 2 lIuu'Vh~1t111~'U fJ (llJl'UtIlJ vlfJ:IU:I-:j ~hll'U'l'lfJIl n1 
'U 

1:1'UJUJlf11fl' ~fJI.,j'11 ~tI\911-:j rf1J(i-:jlnuJl~fJ'U Jl ~mllJ ~ 1 'I1(l11t1UllUU1i 1nJ'lfl~ llr-l-:j :IUIl1:1' -:j 1 l-:j \911 lJ II 1.1 1Y1fl'l'I1U fJ M 
'U u u 

'VI~(lfJ-:juu~l~~h'l.JfJ-:j1:1'm11'ul,rtll'Hi-:j-:jl'U ~Wl"1 n(ll~y\'lf1n'VI~(lfJ-:j ~fJ 9.00 U . (i-:j 14.00 u. iU1U~ 4 6 ll(l~ 8 

lJf11lfllJ 2553l'i'fJ-:jYJllJllJc.lJ1J1f1 

Q (t)= mCdT. (4) 
S dt 

t=O 

~I "" '" '" 0 ~I "" '" .,; '" ~I ' ,1~tI Tsn IlJUfJru'l1.fJlJ'Vln(ll't1~mtl T5 IlJUfJru'l1.fJlJ'VlnmnlJI'1Ull(l~ I'1t IlJU'lf1-:j'l.JfJ-:jn(lllJlf1f111'V1~(lfJ-:j 'V'IU1l 

u1~iY'Vln Ill'V'l'l.JfJ-:jlliullUUllr-l-:j :IUll1:1' -:jfJ1Yl \91 tJ~n(ll i ~"l \T -:j f11l11r-l-:j :IUll1:1'-:jlluuvf11 ufifJu.,j' l-:jlJl f1 lJfil1:1'Jll1JlJfJ 
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f1~l(Jflm ~UU~"\9l1lJ"1'JtllYi~6 1'U'\Jru~~w'l'JfUUff 'JU UUi1 i lhJj'~ff'Vl~ il1'V'1iJ~fl1:jru~f1~l(Jm 1~ Gaussian 

1"(JiJll'j'~ff'Vl~il1'V'1ff'Jff,,1'Ul1rlllh~lJ1ru 11.30 'U. ~'J'j1l~ 15 
'U • 'U 

800 

600 

, j , 1 I ! 

10:00 11:00 12:00 13:00 14:00 

Time 

I ' , , 

0.3 ! 

i';' 
I 

.~ 0.2 

~ 

10:00 11:00 12:00 13:00 14:00 

Time 
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.r 0.15 
IE 
u:i 

E 0.10 	 . 

1;l, j~ 0.05 ~ ~------------_
.. __ 

O.OO~--~' j L -'---'­

10:00 11:00 12:00 13:00 14:00 

Time 

Jll~ 16. llffl1.:Jll'i~iY'VI1ifl1'V'jm~tli.:JIl~I';Hl1i~mi''U 9.00 'U. 111v.:Jl1m1wl 1~'Uff~l11ffl1.:Jll'i~iY'VI1ifl1'V'j'\Jtl.:JIl~.:Ji'U 
llff.:JllUuhnJ 1~'Uffl'Vl111ff~.:Jll'i~iY'VI1ifl1'V'j'\Jtl.:J'i1.:J'V'j1'i11umllUmh111 '\Jtl.:J1'U~ 4 6 ll(l~ 8 lJm1f1lJ 2553 

I V Q.I.<:::::t. ~Q.J.c::i 
'ill f1 f11'i 'VI11(l tl.:J 'V'j U11~ 'Ull U U 1l~.:J 'i U tl1'V1 ~ tI~1 'VI 

m~'il1t111i' ~.:J1Yi lJl~ffmhl1i'mJ f1ff fl1'V'j~'Ul~htl1f11fY .,j'tl 11i'I1D tlU '\Jtl.:Jll~.:J i'Ullff .:J11titl 111iJ~'U-ff1'Ulflgtl'U1 1111 'U 

'i~UU 'I'll1l1''i~uu 111lJm1lJiu~tl'U lJ'i1f11\} f1 ff1lJl'itlvlTfJru11.IJlJ ~ .:Jln'U 100 tl.:JfY11'b'(lI;tlff fJru 11 .lJlJ~vl1 1~ 

iI QJ ~ r!rv~ 
2.3. ~'UllUUllN.;j'iUllff·HnYl~tJmYl 2 

1. 	 Jll'i1.:J'\Jtl.:J'i1.:J'V'j1'i11um l'i''Ulluui1~11~.:JiJ'i1.:J~iJm1lJ~ .:Jvl11111m .:Jffr1.:J'\Jtl.:Jll~.:Ji'ull ff.:J 11111~.:Jm.:J 

Inl1f11'i llf11.:Jl1m(l ll'I4"11 vl11l1''i1.:Jlfftl'ill'VI 'i.:J 11i'~ 1t1 ~.:JvI1f11'i II i'u1l1'm1lJff.:J'\Jtl.:J'i l.:Jl~tI(l.:J
~ 	 ~ 

2. 	 'lfU ~'\Jtl.:J 1 (l11~ff~'I'i'tl'Ull ff.:J l'i''UllUml1~11~ .:Jvl1'il1f1tl ~ ~lJ IUtllJ~.:J lJ f11'iff~'I'i'tl'Ull ff.:J 111~l'l'h~m'i ll(l~ 

In~ffUlJ ~.:Jvl11l1'1l~.:J11lJtl.:J (l.:J 11m1tlll'U1'U'l l'i''Ullum11111l1~.:Jlll~tI'U1 (l11~ff~'I'i'tl'Ull ff .:Jlll'U ffl~'UWff 

~.:J f11 'i ff~'I'i'tl'Ull ff.:J~.:J f111 II(l ~ 'VI'U 'VI1'U ~tlff fl1'V'j ~'U141tl1 f11fY 

3. 	 l~tl.:J'il1f111~.:Ji'Ull ff .:Jff1lJUtlvl1tlru11 fllJff.:J f111 100 tl.:JfY11'b'(lI;tlff ~.:Jln~m1lJi'Ufl1t11 'U'l'ltlllfi'1 iJ ~(lvl1. ~ 	 ~ 

YifY'VI1.:J~1.:J'l i.:JII~I~l ().:J lfi'U 1~tl01ltl11i't'Ufi1'\JtliY'VI1i'l1'~'i11'11~1 Irltl1'U~ 91i'U11f1lJ 2552 1(l'\J~fi1'\Jtl f11'i11.:J 

vi tl i'U i'.:Jff"ilf1lJru~ 11ff1lJ U m 1lJ i'.:J ff1 'U YifY'VI1.:J ~1.:J'l 11i''V'j r tllJ n'U 111 tlff1lJl'i tl 'i 1lJ i'.:J ffm ~ 'ill tI~ vi llJ lJ f111~ 111 'U 

lJlJ 60 tl.:JfY1 1 'U'\Jru~~'i 1.:J'V'j1'i11 U(ll11 UU~111vl nff~.:J111ff1lJl'i tli'u i'.:Jffm~'il1t1 11i'~ in!'U f11'i l~ml'1'U1'Uvitl i'u 
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\ 120 
o 
(2.00 PM) 

135 
o 

(3.00 PM) 
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,/
/" 

nl~ 19. 
'" 

lh)~n'UmllJi'Uff·:Ullt1h.J'I1tltJ~1ln'1 f11'i'V1~rltJ~l'Ul'U~ 29 vw. 53 ~~ltl'Ul'U~~llJ"lJlJ1f1 
" 

12.30 'U. il1t11'UvitJ'V1tJ~1l~~ihl1lT'Ulhc1lJtJcitl'i~lJ1W 0.5 i1~'i l~tI~~rlf11'i'V1~rltJ~i~~tJ itl~ 
" 
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0 
12:57:36 13:12:00 13:26:24 13:40:48 13:55: 12 14:09: 36 14:24:00 14:38:24 14:52:48 15:07:12 15:21:36 

l1i1, 

llv-l'lfUllff'1t1lYlI91thh· ~fHlU ~1(Jllv-l'l fUll ff '1t1lYll91tJllumwviTnlmnlluu, 1111~ il1~tl 'I'~':i~UU~~1911lJ 

~1'1t1lYl I91tJ ~'1 ff1lJ1':i (J'vl1mu 11 .fllJff 'I fl 11 v-lil I91nw "l'lllv-l'l f Ullff'I tIlYlI91 tJ~lJtl cil~lJ 1~(J'~J111'uth~lJI~u 'Utl 'I Il1 (;11
q 'U q,J q,J 

~~9fU'Vi"1l'l '11Uf111lJ ~tl U .fl1(J'U 'Vi tlwi'1 muUJ 1 fllfi1l ~ lJ 'Vi tl 'VI tl 'Ill ~'1 ~ lJ J 111'U U':i ':i 11 tl ci 111 fl fl1':i 'VI ~(;1 tl 'I 'Vi U 1 111v-l'l f U 
'U 'U U U q 'U 

llff'ltllYll91tJff1lJ1Hlvl1'M'J111'u 0.5 ill91':i tlWl1.fllJff'l~'1 140 eJ'If1'll'li(;1I9f(Jffil1(J'U 1 i11m 
• 'U 'U 
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Hot Oil Tank 

Thermocouple 
------- .-.- ~ 

::::::rT~'r~ : 
: . :. , ., 
Data Logger 

1000,---~------~----.-----~----~----~----~ 

800 
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~ 

~ 600 
'-" .... 
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~ 
0 

(:l.., 400.... 
'IS 

(3 
C/) 

200 

o ~----~----~----~------~----~----~----~~ 
10:00 12:00 14:00 16:00 

Time 

'jU~ 24. l!"H1':)'Vft1'':)':)1\'Hlff 'Hl111'fHrll-!~ 17 f)'Vi. 54 
" 
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 -1jN"''ljj,f1ITulull~ (0C) 
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0 0 
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r--"'" ~ 

/

I 

I 

I 

I 


0 0 0 0 0 N 0 0 0 0 0 0 
0 0 0 0 0 0C> C> ~ C> C> C> C> 

a 0 
to N '" M "<T en '"en 0 '" <:'J '" "<T '" Cri Cri Cri Cri Cri (J) Cri m (J) Cri Cri (J) b '" 

1Ilnf)1'i'VI~~tI'IYlUlllll'UllUUIlH'IfUIl 'ff 'Ii1Vi'fftl'l9f'lihJ'Ul" 0.98 ~lHIlJ~'i 'ffllJl'i tlVll '1H'tll11'U 1 'Uf:l'llJ 

tlW'I1.fliJ'ff 'I 11 0 tI'Ifl'll'1i~I~tJ'ff tlW 'I1.fliJ.flltJ '1'U'Vitl'VItl'lll"'Itld~ 145 tI'Ifl'll'1i~I~tJ'ff 1"~Ylrl''I'I1'U1l'ff'ItIlVi~v'ff 'I'ff~ 
q <u <u q <u <u <u "II 

0.35 

iiJ 0.3 
"1~ 

c;.t 0.25 
oJ> 

::: 
r 0.2 
c::; 

qr&:l 0.15 
~ 
~ 
~~ 0.1 
II" 

-;l 0.05 

0 

_I .! 1" 0 v " 2.3.2 fl1'lU'l::qf)\l1f)n 'jf-:JllHfll1'lUfl1'll1-:J\l1lJ 

'li~'I1 'I IIIlJYlrl''I'Il'Ull 'ff 'ItllVi ~VU'i~ ntlU 1 1l1i'1tJ llH'I'ff~ 'l'i'tI'Ull 'ff 'IllUml'lYll'illU~ l'ffllJ'i 1'I'VlllJ lJ '1 'U Vi fl''VI1'l 
q q q 

flJll 'ff 'ItllVi ~V1l~ 'i1lJll 'ff '11 'I1'ln "t11 llJ l'li'lJ ~ '11 'U1J1l1W ~l'l'l 'UtI'I viti f U f 'I ~ 1~ tJ 1t'l1 rl'fl f)1'i 'i 1lJ II 'ff 'I 'liU " '1 '1111 ~ tJ'I 

111 l'fltllJ ~~'U '1111 'ff'UtllJl ntI 'U ~nll1 'I1'UH'I f U U 'ff 'I til Vi ~ vrl'111 Illtl 'I~'IYll 'i ~ UU~" ~ llJ" 1 'I el1Vi~V t11llJrtI'U 1) In 

ll'ff 'ItllVi~V1l~riltJl'VI1'11'flUJlll'U~'li lri mIl ll'U 11i'fuYlrl''I'I1'Ufl11lJrtl'UIlft'1n1)~~tltJi1~ 'I~'U i lltJ'I O'lt1l11'U 0'1 

Jlll'U'Vllm!l~flft'ltJ'l flU bot plate ~'I1itllrlJ'I1UtlllllJJlm~'Um 'ff mllJrtl'U1Ilflt1l11'U1)~\lnriltJl'VI '1'11'u n'11 Uti t1l 

1Ilmj'Ut1l11'Ulu'Ui1~'In1l~ 111~nrl'u~'I-ffllH'IfUll'ff 'Icl'UltJ'U f)1'i 111mltJ'UllUlJ1i'i 'ilJ'lil~~ 'I i11 ~lltJ'Ullltl'l '1 tJlJ 11 lfl 
" 

d 
'VI 28 
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o .:::. I.:::. w d' 11' .:::..", , !)J 

2. ffllJT.i tll'11fJUl 'H ~lJ lIlf1 f111~(lIOlIlUl C}'IU~'1J1JUff '1tll'YllOl t1U1J1JU~'U111JU1:'l::U1J'IJ'Yl tlU fl1 ~f.1!f.1!1 fllfY 

3. f.!Ul'H~iJIl1t1''U'YI1:'ltl~Hn'1145 tl'lfYl!91m9smYIl1t11'Unm 1 i11lJ'I 
'!101 • • • 
~ I j.I QI Q.I 0 QJ -=:. Clo d do d!)J d 2 

4. !lJtllOltl!'\Jlf1'IJO'I'UllJ'U 14 (l1Ol1 tlUl'YIfllJff'lff~'Yl 110 tl'lfYl!911:'l!91t1ff YlmllJt'\JlJHff'lff'lff~'Yl 800 W /m 
q 'U 'U 'I 'U q 

'" 1 liJ' • .1 liJ.1 ~ .1 '" 9 ~.I "'9 ~ ",4 0 cl .10

t9l1:'lt9ltlff ~t1flll'Ull'\J 4 l1tl'lllJlOllJlJl::lIlUl 15-20 'Ul'Ylll1:'l:: l'IH1mlJl::lJ1Ul 3 'U1Y1I'UfllllOllJ'IJ::'YIlJfl'Iffltl1l1lJ 
" 
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II H,ri''IJIIff~mYi~tlll'IJmuvnn1'lJmffllJl'l flU 'l~qf1~li1U f11'l'l1~~lJ '1~ 1~HJf11'l II" f1IU~tJUfl11lJ~flU 

'l ~,\"!')l~J1,rU~flu~}jflun1 fllJff ~ff'fllJlf1 f111 1 00 fl~fYll9ml~tJff n'IJmj'flJl~flUffl~Ul"ff~ii'Lh'\1'i''lJm~lJ
q 'U q q q 

1m.llQ 'Vn~ ~~ffllJl'l fI H~~Jl~flU~ff~fll'flll"~ffllJl'l fI'IJ~ 1Ml'1~ 'fItJ}j'Qru'l1 jJlJ U' ~ "1'f11U 'I1,j'flJl~flUfl ~'l~'I111~ 
oJd " '1 ''1 1" .1 d" d... .11 " 90-100 fl~fYll9ml9Wff 'illf1f11'l'Vl'fl"fl~ffllJl'lfl~lJ 'IJ l'fItJ 'lH1"lu'l~lJli.ll 15-20 Ul'Vl 1I"~~lJ'IJ~'I1lJmffll'l'il'lu 'If 

" "" .
l1"lU'l~lJlru 3 mVi Uflf1'illf1UUH~fuuff ~'lfU'flU5~ffllJn i.lU'l ~qf1IP1'ii'~lU '1 ~'11" lf1'11"ltJ I'Ufl~'illf1ffllJ l'li.lvll 

'Qru'l1iJlJ'1~U'~ f111UH~ f'IJUff ~mYi~tlU'IJ'lJU~U 'l 1'IJ'I1~ flU'IJ'lJviflUfi'1"1tyty1 fllfY l'lfU 1~~lJJl~lJ1u~u~Ml~ '1 f1"~ 
hHh.u'l '1,jo~ !'lfumlJ tJfl'fl!'lJl 'I1~lf11~~W'1 'I1~fl~llJ'lfU'IJ'Vl 1i1u'Q~ff1'\1m'llJflf11~flU~~fl~f1nJll~fl'fl~ 

1"· " ,,1:1 i ""1':"1· d?I"ff~fll'f1 'If'Vl1fl11mflU'lJfl~'I1lJf)m U IH~lU'Q~ffl'l1m'llJ 'I1'lfl 'If lUf11'l'Vllfl11lJWU luUIfIU 

http:lH1"lu'l~lJli.ll
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'"UYIYI 3 

v iJ Q.J ~ do QJ' 0 a 
fll·rVi~'\.I1Vl'\.lIlUUIlt:-h1'lUllff'H)lYlVltlffm'lUll'\.11t1fll'lYllfl1nJltl'\.l 

iJ did Q ~1 '" '" d '1 ~ ~ d '1 ~ l.cid 3.1 QJ .d .dQJ

'1 fllll'Utltll'lfl llJ;l:::lJfflJUI'l 'Ufl1HUHffm:::1l1t1 fIfI 9i~1l:::I11'U fI'lffll1l'U1'U'1nnllJllJ~lJln lI'UllUUI'lTYI 2 1l:::lJ 

lh':::1:Y'I'Ilifll'Viff~nll'Jl~'Vil'J11umIlUU~lhlo~ 4 I'Vh llJ;l:::ff1lJl'H),l'hmUll.f1ii'1,)'ff~ni1 100 tl~fI'119iJ;l1Cb-tJff ~~ff~ 
<u 	 q 'U 'U 'U 

nl1~~lIflruct1~iitlUl~lJ 1'li'U ll~~ i'Ullff~llUUll~'U11U l1~tlllUU'l'itlllnlffru f.lJlfl1f1' tl U1~h n1l1lJ 'il1nfl1nl1i,)o
'U 	 q u u 

'1'1'1 hr'l'l11u.,rm;lJ;l~1l::: 1'111'U nwwVll'U 111~~fullff~1 M'ii,j 1:::1:Y'I'In fll'Vi\T~a~~'U f1i11~lJ i fltI fl11,jfu,j 1~llf-l~i'Ull ff~ 
" ~~~tl'1,ji1 

I. 	 f1l'J,ji'ul,j~ W\Jtl~1 H'Vi111i UJ;ll '1 ,jl~'U 11~'Vil'J11umllUU~fflJ(Compound Parabolic Trough)[10-15] 

dd I.Q. I 01'l/Q gJ.d ~ j1r 'JJ 

'1'1 Wf1 J;l ~ f1111fllJ ff ~ ~J;l '1'\1 11lf1 flfI11lJ':i tl'U '1'1 \T ~ 'U'U1W:::1 'If'l'ltlll f11'U 

'JJ 
tl tlJ;l ~ 


2, 	 11~'Vi 111i UJ;ll11UU ~fflJ ff1lJl1 t1 i'Ull ff~1'UYiff'l'\1~~ f111~ f1i1 llJ;ldui'~ffm:::1l1t1'1~ n 11~'Ulluu ll~~i'U 

"":'lo 	 <I Q,1 .d 

llff~tll'1'1l'ltlm'l'l 2 

3, 	 H'vitlllUU heat pipe ~ii,j1:::1:Y'I'I~fll'Vi\T~ ~M'tl SUNDA 'U'U1~111tli lf1t1iil1:¥'U~l'Ui!!'Uvnl'J 10 9ilJ , till 

216 9ilJ, ff1lJ11t1'YiTqrulliJii\T~~~li 190 tl~fI'119imCb-tlff llJ;l::: 247 tl~ff119iJ;lICb-tlff 1'U (non-operating 

mode) 1'Umru~u~ '1liii fl1HllJl1ff ~~~1,j~ 31 
'U 

.)J. 	 . . 
\Jlnf111,ji'u,jHllJ;l:::'viVll'U111~~fUllff~tl1Yi\9lV~'UllUU~lli 3 i1 Wl,)tlMu'Ufh'UtlfU1:Y'I'I~U\9l1Hmrlciitl1'Uli 21 

• 	 'U 

mn{)lf1lJ 2554 m'Uliri1'UtlI101001216 



31 


, QJ QJ..c:t 

3.1 fll"i11 ..l'f1B"iU"i'lil' 

l~tJ 'HJlntffnjru::'\JtJ~vitJf'J f '1ff~MtJ SUNDA ihhuJJ 'j':: ntJu'\JtJ~ u~'U~iuf~ff~Il'l~mJ~1Vftl'j'
'" 

Aluminum Nitride ;~I~tJlJ91~nuvitJ heat pipe ~iJ'\JtJ~I'I1Cl1UnllmJ.tl1v'1'U f)l'j'11~U~'U~iuf~ff ~~iJr-lCl~tJ nu. '" '" 
fuf~ff i~J'U~~~tJ~¥hu~[i~~lU'l1U~ UCl ::YifYYl1~'\JtJ~U~'U~iuf~ffi~'j'JJ~ 32. 

'" '" 

'j'JJ~ 32. Uft~~l'i'lII'11U~UCl:: YifYYl1~'\JtJ~U~'U~~iuf~ff'1 'U YifYYl1~~l~'1 n'U 1~'Ufflh~'Uuft~~f~ fffl nm::'V1U 1~'Uff 
'" '" 

>' • 
9Jdd d 4!1 Qld'JJ QI.c::S 00.1 

ftlJ m'\JV1UCl::ftI'l1CltJ~ Uft~~nftft::'V1tJ'Ul'ln'V1 1,2 UCl:: 3 ~llJCl1~U 
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~ lm,J~ 32 vnrh f11:i 11 'I Ilf,it..lflfl'lfU r'l ff1 UUU 1lHIU ~~lnflf11:iffUHffmRlJ1U! r 'I ffU'tH.lf)11f11:i11'1Il~U
'U 'U 'U u 

f1~'lfU r'l ff1U IIU11ii tI'I u,,~1UllU1i'l II" ~Ylu11t:i'lU~U~~ 'lfU r'l ffiJ:i,J ~ 1'11~U lfl i'f)'1 'H lJ ltiU1 f1 'il ~ ffllJ l:i () rU r'l ff 
'"'"'II 

" • »J 

1 MiYi ff~ ll~I'U'f)'1mf1V'l 111iJ f-l~\9IflU!~Yi'Vl1ll~U ~~'lfur'I ff1 mif1EJU! ~Ul:i 1~'111'1'Yi 'f)1lr1'1'li'Il~U~~'lfU r'l ff1 UUU1 
• 'II 'II 

, 
11'1U'f)U~'f)'1Il\l1"~:il'1 

V QJ C\. tIQJ c:I 

3.2 fll';iMflIl1J1JmHl1J1Jllf-l'l';i1JIHY'lt'J1'f1~t.J~1'f1 3 

Umltl~iJ f-l"~'f),J:i~ ~'Vl~ fll'Vi'U f11:i rUr'Iff'uYi fl''Vll'1~'H''l f1'H mtl 

. ." '" dd:i~tI~1,hn~'H11nl'1'Vi1:il1umi'l 2 I~UI'i'U f11:i'f)'f)f111Um~'Vl1f1u,JrUrlWhl,J:i~W'l 1'Vi 'f) 'H 1:il'1 'VllJ 

,J:i~~'Vl ~ fll'Viff '1~ ff~'" . 
3.2.1 fll';iujm;llJ'lJt'J'l';iNYn';ill1Jllll,JnntllA 5 t'J'lftl 

ff~1'111UU~1"'f)'1f11:iff~.J'f)U'\J'f)nl'1'Vil:il1um 2 :il'1Yi'Vl1lJlJ1.,j'1'Hlf1U 5 'f)'1fl'li'l~,J~ 33 'ViU11:il'1~ 
ffllJl:i()rUlJlJf111~I~UlJlJ 40 'f)'1fl'1 
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12.00 am 

1.00 pm 

2.00 pm 

3.00 pm 

~1.J~ 34. ucr~~fI1:d''lJlIcr~'lJ'lh~IT'l1l'il~'1 ~e~Jll'll'n l'IJ(llU'IJ'J~crlJ~ln~'iJlfl'HVllJllml1 2 Jl~ ~v11l:l]jI.,j'TI11 

nlJ 5 tJ.:ji'l'l 
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~ 

1l1mtJ 33 Ull:::: 34 VllJ'll'J'l'lU'ffllJTHn 1lJl1'ff'I i fi'~'1 4 .5 I'Vh'ffllJ1'J'(l'V\'1lH'lnflfl11lJ~tJ'U'ff 'I ll~ ll::::n"j'tJl~t1
" " 

t)tJfl1'J'fUlJlJf111flll::::i~I'Wtl'l 40 tJ'Ii'tl ~'IU'tJtlfl11J1'l~'UllUmh~ 2 llll::::VlU111'U'lh'll1ll1 14.00 'U . 'J'l'll~lJll::::fu 
"I"" """ ""_I .... ~9"ll'ff'l IfllWtlll'l ll'l~tJ'ItJtJflllUU 1'YI'J'l'llJlJ'J'::::'ff'Vlli.f11Vl'ff'l'U'U 

'U 

3.2.2 f)l"itJ¥m:/l!'U().,'j"n3Vtl"nlUtlll'l/'mnl! 10 ().,'j"l 

'ff~l'lllUU')llltJ'Ifl1J'ff::::vrtJ'U'UtJ'I'J'l'1VlTn "lUll 1 2 'J'l'1~'Vi'llJlJl,rl'H1n'U 10 tJ'Ii'tli'l 1 tJ~ 35 Vl1J1111'l~. " 
~ ~I

'ffllJlJmUlJlJfl11fllu'UlJlJ 65 tJ'Ii'tl. . 
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12.00 am 

1.00 pm 

2.00 pm 

3.00 pm 



36 

~ , 
lJlfl',nJ 35 IW~ 36l'llrll'n~ih.YllJl':im1lJU'1Y,:jif1'(i,:j 3 l'¥ilUCltJfl':llUUUViU"'1 HCl~'1YllJlHIi'UlJlJfl11f1lJ~.. , 

i~ 65 Cl,:jfl'l ;,:jlJlflfl'll':il,:j..r'Uuuui1~ 2 1~Cl1HU1h,:jUr-l,:jfUH'1Y,:jlH/ihh~*Vl~fl1l'l'1Y,:j~'U ~,:j'¥i'lfl1':ilH'JlJlJ',r 
,J 

, ..' 
lJlfl'll'U 

3.2.5 fll'J1FJ'u~lJ'IItI~'Jl~l'l1'nlu"'11;;Wnfll! 15 tI~Hl 

'1Y~l,:jUUU\llClCl,:jfl1':i'1Y~~Cl'U'IIClnl,:jl'l1':illUCll 2 ':il,:j~'¥i'll;jlJl'\h"!lf)'U 15 Cl,:jfl'li,:jjU~ 37 l'lU11':iWn 

'1YllJ1':itli'UlJlJfl11f1111'UlJlJ 80 U,:jfl'l, , 
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12.00 am 

1.00 pm 

2.00 pm 

3.00 pm 
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~ . 
'iJ1m"tJ 37 111:'1:;; 38 'VilJ'il'n~ih:1'1]Jl'Hl'.i1]Jll{l''l 3.2 I'vi1nf11'.i11J]J]Jm1~'iJ:;;Ll~l'~U'l{l''l[)'l 80 eJ'lfl'l ~'l{l'llJl'.ii:111J

" ." 

3.3 f11'HmU'Ulfiu'U f11':lmHH1-'] 

J. I ~ a. 0 C'!. d' c:!l Q V I j) 

1'Vi eJ'Vl ~{l'eJ'Ufl11lJ U 11'lfeJt:1 eJ'\J eJ'l U'U 'U 'iJ 11:'1 eJ'l 'Vl1'lfltu \91 fl'l{1'\91 '.i 'iJ'l 'Vl1 f11'.i 'Vl~ 1:'1 eJ 'l f11'.i {I':;; 'Vl eJU'\JeJ'lll~U{I':;; 'Vl eJ U 

1I{I''l n1J 1f1lJ i l'l 'iJ1f1f11'.i'Vl~1:'1t)'l'Vi'U1111 'U1J1l11:'1 eJ'l'Vl1'lmU \91fl'l{1'\91fnfl11lJ{I'eJ~f1crt)'l n1Jf11'.i'Vl~M'lfieJu .,j'1'l~ 

. ~ 

1. uYifl'l'l1'lYii'lil1f1n1Jll~'l 11Jll{I' 'l 
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. 

"*U'YIl1t4 

n~l1fiUf111lJ i.'f1lJl'l fll 'U nl'l f'U f.:J ffl 'U'lf1.:Jl1mlli 1.:1''1 ~.:Jf) f{1Un'UlIVl.:Jf'UU i.'f .:JUl'n~HrU 'U'U 'l 1.:Jl'41'l 11 'Um~ih::'U'U 

~~wl1lJm.:JmYi\91v hw'ulJ~'U ri1'Ulf1~U'U "'nl~"1 hn::'U'U lm::lJi.'flJ'U7Ilu m'lf'Uf.:Jfffl'j~lI1U'~~~j ~.:JH:] 
i.'f1lJl'lflf'Uui.'f.:J~lJ1JlJf)11~ '~nl\:J~.:J 80 U.:Jff1 ~.:J,j.:J'UUn~.:Jm1lJi.'f1lJUfl hlnl'lf'Uf.:Jffm::~lU'~l~'Umi1.:J~ ~.:J 

ll1lJl~ i.'flJn'U'Yl ni.'fil1l'4~'U Vhmnlff \llnnl'l'Yl~fl U.:] l'4'U11Vl'Ull 'U'UuVl.:Jf'UU i.'f .:JmYi\91VU 'U'U l11u i.'f1lJl'l fll'11Uru 11 nil , , " 

'~CJ.:Jn11 100 U.:Jffll9ffllCtlUi.'f ~ru 11 t;JilCJ .:Jq\91~l1 flu~f'Uf.:Jff ) 45 U.:Jffll9ffHCtlUi.'f U,,::;~ru 11 t;JilCJ.:Jq\911Ut1.:JJllJU 110 

o eo.dl d ~ I jJ I 0 'jI 

i.'f1lJl'lfl'Yll~rul1iJlJU'.:Jq\91fl.:J 200 U.:Jff1I9ffll9fUi.'f (lUU.:J~lf1'YlUUf)1 SUNDA 1U Seido 1 i.'f1lJUfl'Yllf111lJ'lU'U 

i.'f .:Ji.'f\91~ 190 U.:Jffll9ffllCtlUi.'f lciuv.:J 'U'~nlJU i.'f.:J) ~.:JJu~':]ln~f111lJl1mnl1mU1unuHlh:: 1U'l5U~lnIlVl.:J:i'U" . 
Ui.'f.:JmYiflVrlUU~l.:JCJ.:J l'lfU 1'*1'Um~'U1'UflUvi1f111lJ~el'U'lJU.:J11 llelJ11'U ~\91i.'f111 m'llJ'ii1.:J"1 11~ ell ~rlll1f'U11lj 1tJ 

o cl ~I " 
fll'l'Yllf111lJW'U lu'UfI'U 
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Abstract 

In the general operation of a solar collector. the concentrating systems require sun tracking to maintain sunlight focUSing at the 
collector. In addition, the solar collector cannot work effectively in diffused light conditions, therefore output from the system drops 
drastically in a cloudy condition as the diffused light cannot be concentrated passively. Consequently, it faces a serious problem in 
utilizing such a solar collector to collect solar energy, especially in the rainy season. The goal of this research is to design a new 
solar collector, which does not contain a solar tracking system and has an ability to collect the diffused sunlight. NeWly developed 
system consists of three deep parabolic troughs, with low focus points facing the sun at different angles and the elongated cross 
section tubes at the axis of the trough. The salient feature of this design Is that the system can collec t the sunlight energy at every 
angle without any moving parts, and at the same time can receive the diffused light. This collector yields higher temperatures than 
flat plate solar collector, the maximum temperature inside the evacuated tube is 146 degrees Celsius, and is therefore suitable for 
heating, drying or cooling application . 

© 2011 Published by Elsevier Ltd. 

Keywords: Solar Energy, Parabolic Trough, Non-Tracking Solar Collector 

1. Introduction 

A parabolic trough is a type of solar thermal energy collector which is generally used in solar power plants where 
solar heat is used to generate electricity by heating water to produce steam which drives a turbine connected to an 
electrical generator. The solar collector is constructed as a long parabolic trough with a tube running its length at the 
focal point. Sunlight is reflected by the trough and concentrated on the tube filled with synthetic oil, which heats to 
300 - 400 degrees Celsius [1 -5J . The trough is usually aligned on a north-south axis, and rotated to track the sun 
as it moves across the sky each day. Therefore it seems unavoidable that there needs to be a tracking system that 
follows the position of the sun. The disadvantage of the parabolic trough solar collector is that concentrating systems 
require sun tracking to maintain sunlight focus at the collector. The tracking system increases the cost, complexity 
and the maintenance cost due to the moving parts. Another problem is an inability to provide power in diffused light 
conditions, which is due to the fact that the power output from concentrating systems drops in cloudy conditions. As 
Thailand has a tropical rainforest climate, which causes the ratio of diffused solar radiation to global solar radiation to 
be rather high (in the range of 31 % to 58%), one faces a serious problem in utilizing such a solar collector to collect 
solar energy, especially in the rainy season. The goal of this research is to design a new solar collector, which does not 
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y = j(X) 

mr (X,y) 

Figure 1. The reflection or a light ray by a curve y = f(x) . () is represented an angle of incidence and an angle of reflection. mJ. m2 and m3 are 
slope of ~ (~ngent line. ~n incident r~y ~nd a reflected r~y respectively. 

contain a solar lracking system and has an ability to collect diffused sunlight[6-13I . There are three salient features 
of the design of this solar collector. The first one is that its shape of a parabola is deep with low focus point. The 
second feature is that the tube of an elongated-shape cross section or several evacuated tubes are located at the axis 
of the parabolic trough, and the last one is that the solar collector consists of three deep parabolic lroughs facing the 
sun at different angles. It is this last feature that enables this solar collector to receive the sunlight at every angle. 
The advantage of this design is that there are no moving parts in the system, which leads to reductions in the cost 
of the system and the cost of maintenance. The system is not complicated and easy to use. This collector yields 
high temperatures of more than 100 degrees Celsius. Therefore this collector has a possibility for high temperature 
application such as heating, cooking, drying or cooling application. 

2. The Model 

Let the shape of a parabolic trough be described by the curve y = f(x) on the xy plane. The law of reflection 
states that the angle of incidence eis equal to the angle of reflection relative to the tangent of the curve y = f (x) at any 
point (x, V). The slope of this tangent line at point (x, y) is denote by m2 = df(x)/dx, the slope of the incident ray 
by m2 and the slope of the reflected ray by m3 as shown in Fig 1. From trigonomelry [13), the relationship between 
the angle B between two lines and their relative slopes m t, m2 and m3 is given as 

tane = mt - m2 (1)
1 +mtm2 

which yields 
nt2 - mt (2 + mt m 2) (2)

m3 = 
mi - 2mlm2 - 1 

For the incident rays of 90 degrees, Eq.(2) is taken the limit for m2 ---> 00. Therefore the slope of the reflected rays 
can be written as 

mi -1
m3 = --. (3) 

. 2ml 

The model has been applied to compare two different parabolic troughs: a low focus point parabolic trough of width 
0.3 m and height 0.2 m, and a high focus pOint parabolic trough of width 1.4 m and height 0.4 m. An evacuated tube 
of diameter 0.05 m is placed at the focus point. Using Eq. 1, 2, and 3, the reflection of light rays by the parabolic 
trough for direct rays is obtained as shown in Fig. 2. The parabolic trough with low focus point is more efficient for 
collecting direct rays in any direction . For the incident angle of 85 degrees, the low focus point parabolic trough can 
collect all reflected rays, while the high focus point parabolic trough cannot. In order to increase the ability to collect 
direct rays at various angles and the ability to collect diffused light, three low focus point parabolic troughs with two 
evacuated tubes extending the receiver area in the focal zone have been developed as shown in Fig. 3. 
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85° 

Figure 2. The reflection of light rays by parabolic trough with low focus point (left) and high focus poim (right) at incident angles of 85 degrees 
and 75 degrees. respectively. Blue rays represent incident rays and orange rays represent reflected rays . The circle in each trough is the posilion of 
the evacuated tube located at the focus poinl. 

90°(12.00 PM) 

t05°(1.00 PM) 

0 

120 (2.00 PM) 

Figure 3. The reflection of three-parabolic-trough solar collector with two evacuated tuues along the axis of the parabolic trough in various angles. 
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Figure 4. The lefl-halld side is the first prototype of three-parabolic-trough solar collector with two evacuated tubes per trough. and the right-hand 
s ide is a conve ntional solar collector. 

3. The Experiment 

The solar collector in Fig. 3 has been invented consisting of three deep parabolic troughs made of aluminum 
sheets. oriented at different angles. The solar collector has an overall width of 1.4 m and a length of 1.4 m, and the 
evacuated tubes are placed along its axis . These evacuated tubes are connected to a water tank to store the energy. For 
comparison, a conventional solar collector of an overall width 1.4 m and length 1.2 m with one evacuated tube located 
at the focus point as shown in Fig. 4. The collectors are fixed on Earth and aligned along the north-south direction. 
The experiment was performed in Bangkok, Thailand. The data were taken during the period of 9.00 a.m. to 2.00 
p.m. on the 4th . 6th and 8th of January 2010. The sky was not very clear which lead the solar power fluctuation in 
any time as show in Fig. S. 

When the evacuated tubes absorb the sunlight from parabolic troughs , the heat from the tubes are transferred to 
water, hotter water moves upwards in a storage tank and it is simultaneously replaced by cooler water from the storage 
tank. The temperature in the storage tank has been measured. Therefore the energy from the collector is accumulated 
in the storage tank. The energy in the storage tank in any time can be calculated by [141 

(4) 

where t represents time, m and C are respectively the mass and the specific heat of the water, and T. is the temperature 
in the tank. The efficiency of the system in any time is 

7](t) = Q.• (t) , (S)
Q;,,(t) 

where Q;Il (t) is the solar power. The average efficiency of the system over a period of time can be written as [141 

mC(T;' - T~) 
(6)T7au == n I 

L Q;nb.t 
(=0 

where r:: is the temperature at the final time, T~ is the temperature at the initial time, and b.t is the differential 
period of time. From the experiment, The result shows that the efficiency of the new-design solar collector at any 
time is fairly constant, while the efficiency of the conventional solar collector at any time distributes like a Gaussian 
CUlVe having its maximum at around 11 .30 a.m. as shown in Fig. 6., which imply that for cloudy condition, the low 
focus point parabolic trough is more efficient than a conventional parabolic trough. The effidency of a conventional 
parabolic trough with Solar tracking system can be assumed to have the maximum efficiency at any time. The average 
efficiency of the new-design solar collector is found to be much higher than that of the conventional solar collector, 
see Fig. 7. 
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Figure 5. The average solar power plotted against time In the period of 9.00 a.m. 10 2.00 p.m.on the 4th . 6th and 8th of January 2010 in Bangkok. 

0.3 

10:00 11:00 12:00 13:00 14:00 

Time 

Figure 6. The e(ficlency plotted against lime from 9.00 a.m. to 2.00 p.m on Ihe 4th . 6th and 8th of January 2010 which Is calculated by Eq5 The 
black line represenls Ihe e(ficiency of Ihe new-design solar collector. and the gray line represents thai of the convenlional solar collector. 
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Figure 7. The average e(ficiency plolted against lime from 9.00 a.m. to 2.00 p.m. on the 4th. 6th and 8th of January 2010 which ts calculated by 
Eq.6. The black line represents the average e(ficlency of the new-design solar collector. and the gray line represents that of the conventional solar 
collector. 
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.' 

Figure 8. The refleclion of light rays by the lower focus parabolic trough with 3 tubes which is a pa rt of the new design of solar collec tor compared 
with the high focus point parabolic trough which has high focus point wilh I tube at various ang les o f the inc ident rays. 

4. The Second Prototype Solar Collector 

In order to increase lhe efficiency of the solar collector further. the solar collector has been developed by using 
the stainless sheets which have higher reflectivity and durability. adjusting the shape of parabolic troughs to have a 
lower focus point. decreasing the height of parabolic troughs in order to avoid the vibration of the edges of parabolic 
troughs from the strong wind which strengthen the solar collector, and designing the solar collector to have an ability 
to collect the diffused light. The low focus point parabolic trough with 3 tubes has an ability to collect diffused rays 
in the period of 60 degrees. while a high focus pOint parabolic trough can collect diffused rays in the period of 10 
degrees as show in Fig 8. Therefore. this design is more efficient for collecting diffused rays than a conventional 
parabolic trough. In order to collect the sunlight all day, we add more parabolic troughs . facing the sun at diffe rent 
angles as shown in Fig. 9 The solar collector shows that it has an ability to receive the sunlight at various time. For 
12.00 a.m .. the solar collector can collect all reflected rays. the reflected rays in the middle trough are concentrated 
at the focus point at the lowest tube and for both side of the middle trough, the reflected rays are concentrated on the 
higher tubes. When the time changes. the reflected rays move up and down between the lowest tube and the highest 
tube. For this principle, this collector is similar to a parabolic trough with a solar tracking system. However there are 
some ray losses when the time changes especially after 4.00 p.m. which could be ignored because of very low solar 
power. 

From the 1st prototype, the collector yields more than 100 degrees Celsius which lead high pressure in the system. 
For this reason , we use a palm oil as a working fluid . The evacuated tubes are connected to an oil tank as shown in 
Fig 11 . The volume of oil in the system is 14 liters . The data was taken during the period of 9.00 a.m. to 2.00 p.m. on 
9th December 2011. The diagram of the system is shown in Fig.ll. The solar power had been measured and recorded 
as shown in Fig. 12 . The result temperature is shown in Fig. 13. 

The three-parabolic-trough solar collector yields higher temperature than flat plate or evacuated tube solar collec­
tor, the maximum temperature in the tank is 111 degrees Cels ius, the maximum temperature in evacuated tube is 146 
degrees Celsius. The efficiency of the second prototype solar collector is 29.2%. Due to the industrial heat application. 
the temperature is quite higher than the temperature from this system. Some reasons are the Carnot cycle efficiency 
and some are the heating process requirement. The authors will further design and install in the next experiment for 
the longer three-parabolic-trough solar collector and connected with this new-design solar collectors array to increase 
the maximum temperature up to 300 degrees Celsius. 
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\ 1O'l"(11lOPM) 

\ 120-(2.00 PM) 

Figure 9. The reflection of light rays by a three-parabolic-trough soiar collector at various angies. Blue rays represent incident rays and orange rays 
represent reflected rays. The circles represent the positions of the evacuated tulles . 

Figure 10. The second prototype of parabolic trough solar collector with no need of solar tracking system which has an overall width of 0.7 m and 
a length of 1.4 m. 
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Figure 11 . Diagram of test arrangement. 
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Figure 12. The solar power ploued against lime in Ihe period of9.00 a.m. to 4.00 p.m.on the 17th February 2011 in Bangkok. 
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Figure 13. The black line represents the temperature of an 011 tank. and the gray line represents that of the ambientlemperature. 

8 



9 I Solar Energy 00 (2011) 1-9 

5. Conclusions 

The new-design solar collector with three parabolic troughs and three evacuated tubes per each trough has an 
ability to collect the sunlight in various angles with no moving parts in the system. It can also receive the diffused 
light. and this made it more suitable for using in all kinds of climate . The advantage of this design is that there are 
no moving parts in the system. which results in the reductions in the cost of the system. lhe cost of maintenance 
and complexity. This collector yields higher temperature than flat plate or evacuated tube solar collector at the same 
installation area. It is. therefore. suitable for heating water. drying. cooling or electricity generating in large scale of 
this new-design solar collector array. 
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Abstract 

In the general operation of a solar collector, the concentrating systems require sun tracking to 
maintain sunlight focusing at the collector. In addition, the solar collector cannot work 
effectively in diffused light conditions, therefore output from the system drops drastically in a 
cloudy condition as the diffused light cannot be concentrated passively. Consequently, it faces 
a serious problem in utilizing such a solar collector to collect solar energy, especially in the 
rainy season. The goal of this research is to design a new solar collector, which does not 
contain a solar tracking system and has an ability to collect the diffused sunlight. Newly 
developed system consists of three deep parabolic troughs, with low focus points facing the sun 
at different angles and the elongated cross section tubes at the axis of the trough. The salient 
feature of this design is that the system can collect the sunlight energy at every angle with no 
moving part, and at the same time can receive the diffused light. This collector yields higher 
temperatures than flat plate solar collector, the maximum temperature in evacuated tube is 146 
degrees Celsius, and is therefore suitable for heating, drying or cooling application. 

Keywords 
Solar Energy, Parabolic Trough, Non-Tracking Solar Collector 

Introduction 
A parabolic trough is a type of solar thermal energy collector which is generally used in solar 
power plants where solar heat is used to generate electricity by heating water to produce steam 
which drives a turbine connected to an electrical generator. The solar collector is constructed 
as a long parabolic trough with a tube running its length at the focal point. Sunlight is reflected 
by the trough and concentrated on the tube filled with synthetic oil, which heats to 300-400 
degrees Celsius [1-3]. The trough is usually aligned on a north-south axis, and rotated to track 
the sun as it moves across the sky each day. Therefore it seems unavoidable that there needs to 
be a tracking system that follows the position of the sun. The disadvantage of the parabolic 
trough solar collector is that concentrating systems require sun tracking to maintain sunlight 
focus at the collector. The tracking system increases the cost, complexity and the maintenance 
cost due to the moving parts. Another problem is an inability to provide power in diffused light 
conditions, which is due to the fact that the power output from concentrating systems drops in 
cloudy conditions. As Thailand has a tropical rainforest climate, which causes the ratio of 
diffused solar radiation to global solar radiation to be rather high (in the range of 31 % to 58%), 
one faces a serious problem in utilizing such a solar collector to collect solar energy, especially 
in the rainy season. 
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The goal of this research is to design a new solar collector, which does not contain a solar 
tracking system and has an ability to collect diffused sunlight. There are three salient features 
of the design of this solar collector. The first one is that its shape of a parabola is deep with low 
foclls point. The second feature is that the tube of an elongated-shape cross section or several 
evacuated tubes are located at the axis of the parabolic trough, and the last one is that the solar 
collector consists of three deep parabolic troughs facing the sun at different angles . It is this last 
feature that enables this solar collector to receive the sunlight at every angle with no moving 
parts. The advantage of this design is that there are no moving parts in the system, which leads 
to reductions in the cost of the system and the cost of maintenance . The system is not 
complicated and easy to use. This collector yields high temperatures of more than 100° Celsius 
(depending on the area of the collector) . 

The Model 
Let the shape of a parabolic trough be described by the curve y = f(x) on the x-y plane. The law 
of reflection states that the angle of incidence e is equal to the angle of reflection relative to the 
tangent of the curve y = j(x) at any point (x,y) . The slope of this tangent line at point (x,y) is 
denote by mJ=dj(x)/dx, the slope of the incident ray by m2 and the slope of the reflected ray by 

m3· 

y=f(x) 

Figure I. The reflection of a light ray by a curve y =f(x). e is represented an angle of incidence 
and an angle of reflection. mJ, m2 and m3 are slope of a tangent line, an incident ray and a 
reflected ray respectively. 

From trigonometry [5], the relationship between the angle e between two lines and their 
relative slopes mJ , m2 and m3 is given as 

which yields 

(I) 


(2) 
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The model has been applied to compare two different parabolic troughs: a low focus point 
parabolic trough of width 0.3 m and height 0.2 m, and a high focus point parabolic trough of 
width 1.4 m and height 0.4 m. An evacuated tube of diameter 0.05 m is placed at the focus 
point. The optimization of parabolic trough solar collectors was theoretically studied by S. Rabl 
et al. [4J. Using Eq. (I) and (2), the reflection of light rays by the parabolic trough for direct 
rays is obtained as shown in Fig. 2. 

Figure 2. The reflection of light rays by parabolic trough with low focus point (left) and high 
focus point (right) at incident angles of 85 degrees and 75 degrees, respectively. The circle in 
each trough is the position of the evacuated tube located at the focus point. 

In Fig. 2, the parabolic trough with low focus point is more efficient for collecting direct rays in 
any direction. For the incident angle of 85 degrees, the low focus point parabolic trough can 
collect all reflected rays, while the high focus point parabolic trough cannot. In order to 
increase the ability to collect direct rays at various angles and the ability to collect diffused 
light, three low focus point parabolic troughs with two evacuated tubes extending the receiver 
area in the focal zone have been developed as shown in Fig. 3. 

Figure 3. The reflection of three-parabolic-trough solar collector with two evacuated tubes 
along the axis of the parabolic trough. 

The Experiment 
The solar collector in Fig. 3 has been invented consisting of three deep parabolic troughs made 
of aluminum sheets, oriented at different angles. The solar collector has an overall width of 1.4 
m and a length of 1.4 m, and the evacuated tubes are placed along its axis. These evacuated 
tubes are connected to a water tank to store the energy. For comparison, a conventional solar 
collector of an overall width 1.4 m and length 1.2 m with one evacuated tube located at the 
focus point as shown in Fig. 4. The collectors are fixed on Earth and aligned along the north­
south direction. The experiment was performed in Bangkok, Thailand. The data was taken 
during the period of 9.00 a.m. to 2.00 p.m. on the 4th, 6th and 8th of January 2010. The sky 
was not very clear which lead the solar power is not smooth in any time as show in Fig. 5. 
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Figure 5. The average solar power plotted against time in the period of 9.00 a.m. to 2.00 p.m.on 
the 4th, 6th and 8th of January 20 lOin Bangkok. 
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Figure 6. The efficiency plotted against time from 9.00 a.m. to 2.00 p.m on the 4th, 6th and 8th 
of January 20 I 0 which is calculated by Eq.4 . The black line represents the efficiency of the 
new-design solar collector, and the gray line represents that of the conventional solar collector. 
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Figure 7. The average efficiency plotted against time from 9.00 a.m. to 2.00 p.m. on the 4th, 
6th and 8th of January 20 I 0 which is calculated by Eq.S. The black line represents the average 
efficiency of the new-design solar collector, and the gray line represents that of the 
conventional solar collector. 
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6thFrom the experiment, the solar power on the 4th
, and 8th of January 20 lOin Bangkok had 

been collected and its average is shown in Fig. 5. The result shows that the efficiency of the 
new-design solar collector at any time is fairly constant, which is similar to the parabolic 
trough with solar tracking system, while the efficiency of the conventional solar collector at 
any time distributes like a Gaussian curve having its maximum at around 11.30 p.m. as shown 
in Fig. 6. The average efficiency of the new-design solar collector is found to be much higher 
than that of the conventional solar collector, see Fig. 7. 

The Second Prototype Solar Collector 

In order to increase the efficiency of the solar collector futher, the solar collector has been 
developed by using the stainless sheets which have higher reflectivity and durability, adjusting 
the shape of parabolic troughs to have a lower focus point, decreasing the height of parabolic 
troughs in order to avoid the vibration of the edges of parabol ic troughs from the strong wind 
which strengthen the solar collector, and designing the solar collector to have an ability to 
collect the diffused light as show in Fig 10. 

Figure 8. The reflection of light rays by the lower focus parabolic trough with 3 tubes which is 
a part of the new design of solar collector compared with the high focus point parabol ic trough 
which has high focus point with I tube at various angles of the incident rays. 
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The low focus parabolic trough with 3 tubes has an ability to collect diffused rays in the period 
of 60 degrees. Therefore, this design is more efficient for collecting di ffused rays than the 
parabolic troughs with high focus point. In order to collect the sunlight all day, we add more 
parabolic troughs, facing the sun at different angles as shown in Fig. 9 

I 9(J°(12.00AMJ 

\ 105·(1.00 PM) 

\ 

\. 120·(2.00 PM) 

"', 13S°(3,OOPM) 

Figure 9. The reflection of light rays by a three-parabolic-trough solar collector at various 
angles. Blue rays represent incident rays and orange rays represent reflected rays. The circles 
represent the positions of the evacuated tubes. 

In Fig. 9, the solar collector shows that it has an ability to receive the sunlight at various time. 
For 12.00 a.m., the solar collector can collect all reflected rays, the reflected rays in the middle 
trough are concentrated at the focus point at the lowest tube and for both side of the middle 
trough, the reflected rays are concentrated on the higher tubes. When the time changes, the 
reflected rays move up and down between the lowest tube and the highest tube. For this 
principle, this collector is similar to a parabolic trough with a solar tracking system. However 
there are some ray losses when the time changes especially after 4.00 p.m. which could be 
ignored because of very low solar power. 

From the 1st prototype, the collector yields more than 100 degrees Celsius which lead high 
pressure in the system. For this reason, we use a palm oil as a working fluid. The evacuated 
tubes are connected to an oil tank as shown in Fig 10. The data was taken during the period of 
9.00 a.m. to 2.00 p.m. on 9th December 2011. The solar power had been measured and recorded 
as shown in Fig. 11. The result temperature is shown in Fig. 12. 

http:105�(1.00
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Figure 10. The second prototype of parabolic trough solar collector with no need of solar 
tracking system which has an overall width of 0.7 m and a length of 1.4 m. 
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Figure It. The solar power plotted against time in the period of9.00 a.m. to 2.00 p.m.on the 9th 

December 2011 in Bangkok. 
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Figure 12. The black line represents the temperature of an oil tank, and the gray line represents 
that of the ambient temperature. 
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The three-parabolic-trough solar collector yields higher temperature than flat plate or evacuated 
tube solar collector, the maximum temperature in the tank is III DC, the maximum temperature 
in evacuated tube is 146 degrees Celsius. The efficiency of the second prototype solar collector 
is 29.2% which is higher than the first prototype solar collector. However there are a lot of heat 
losses due to the strong wind, relative humidity of the surrounding air and inefficient insulator 
which should be taken into account in the efficiency comparison. 

Conclusions 

The new-design solar collector with three parabolic troughs and three evacuated tubes per each 
trough has an ability to collect the sunlight in various angles in the period of6 hours of the day 
with no moving parts in the system. It can also receive the diffused light, and this made it more 
suitable for using in all kinds of climate. The advantage of this design is that there are no 
moving parts in the system, which results in the reductions in the cost of the system, the cost of 
maintenance and complexity. This collector yields higher temperature than flat plate or 
evacuated tube solar collector at the same installation area. It is, therefore, suitable for heating 
water, drying, cooling or electricity generating in large scale of this new-design solar collectors 
array. 
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