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In this study, the experimental results of the convection heat transfer characteristics 

of the rectangular mini-channel heat sinks are presented. Water and nanofluid titanium with 

the concentration of 0.4 % by volume are used as working fluids. The rectangular mini­

channel heat sinks are fabricated from aluminum alloy with the base thickness, fin height, 

channel width and fin thickness of 2.00, 1.00-2.00, 0.80 and 0.40 mm., respectively. The 

experiments are tested under constant heat flux conditions. Experiments were performed 

for various temperatures of working fluid, Reynolds number, and heat flux. Due to the higher 

specific heat, density, thermal conductivity and turbulence intensity, average heat transfer 

rates for nanofluids as working fluid are 50.81 % higher than those for the pure water as 

working fluid. 

Keywords: Heat transfer characteristics / Mini rectangular channel heat sinks / 
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~ 

~1~1J'1il bl?l'flf bb~~f1 ru~ n~ru~n1J'1V1~"lI'fl'l~1J'vl1'l1'Wl'WmnhmVl f1'J1~¥'fl'W b~'flvl1f1'J1~ b-ih 1'"l'flt.!1'l 
q 

i.t I I I 

~ n~'l btl tJ'J nUn1nf1~'fl'W~"lI'fl'l f1'J1~¥'fl'W b~J'1~mJ'U1 b'fl1~~'l'l1'W~11 ojf'flt.!1'li:iUJ'~~Vlfi111~ ~'fl'l'fl1 ~tJ 

f1'J1~rf1'J1~b-ihl'"lVl1'lVl~~~ biJ'W'flt.!1'l~ b~'flU11u~ W-I'W1n J'~U'J 'Wn 1 nhmVlf1'J1~¥'fl'W1~i:iuJ'~~Vlfi111~ 
'" 

~ 'l~ 'W vl11 ~ bfl !?l f1'J1 ~ n 1 'J Vlu11 'W~ PI'J n J'J'~ ~ 1 'W~1'l1 ~ 'W'"l~biJ 'WUJ'~btl"nU ~ 'fl 'J 'l n 1 J''fJ I?l ~ 1 VI n J'J'~ 

~ b~ f1Vl J''flUf1~ bb~ ~'fll?l~ 1V1n J'J'~ f1'fl~~'J bl?l'flf ~'l bU'WJ'1 n~1'W"lI'fl'l f1'J1~ b'"l1-ruVl1'l b'Vl f1 b'W b~~ b~'fln1 J' 
q d.9 ~ 
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1. ~n~l fDlru~ fl'l~ru:::nl~t.ilm'VI fDl'Jla.J~'fl'W bbIN :::nl~b VlIN"lJ'fl'l"lJ'fl'lb VI IN 'Wl b 'Wb 'VI 'VI 1 b Utla.J eJ ~a.J 
q 

" " .. 
tJlb 'Wi i?l~'J'W 0.4 bU'elfb-n'W1?l1i?ltlma.Jll?l~ bbIN :::tJl'lJ1-~'VIfiti?ltl nl ~'V'l1 (PI'Jla.J ~'fl'W"lJ'fl'l (PI1U~:::Ulti (PI'Jl a.J q 

~'fl'WbbUU"ll'fl'l~bVl~tla.Jtl'WeJl"lJ'Wli?lb~n (Rectangular Mini Channel Heat Sinks) 

2. ~ n~l eJ IN"lJ'fl'll"11 'Y'l~ (PloD (PI'Jla.J ~'fl'\..l ~ I?l ~1 n 1 ~b VI IN "lJ'W 1 i?l (PI1u ~:::Ul tI (PI'Jl a.J ~'fl'WbbUU"1l'fl'l 

~ b VI ~tla.J Fj'WeJ 1"lJ'W 1 i?l b ~ n~ ij eJ IN I?l'fl n 1~t.i 1 tI b'VI fDl'J 1 a.J~'fl'W bi?ltl n 1 ~'V'l1"lJ'fl'l (PI1u ~:::Ul tI (PI'J 1 a.J ~'fl'WbbUU"1l'fl'l 

osn'fl'U bosn lPlosn'fl~ Lfl'i~ n'l'a1~tJ 

1. dj 'W n 1:i' ~ n ~1 'VI 1'1 n 1 ~'VI i?l IN'fl'l n 1 ~'V'l1 WJ 1a.J ~'fl'W"lJ 'fl'l (PI1u ~:::U 1 tI (PI 'J 1 a.J ~'fl'WbbU U"ll'fl'l 
, , 

..::::I d -='l 2.1 c:z 
~ bViINtla.J eJ'WeJl"lJ'Wl i?l bIN n 

2. vhn1~M n~l bmtlU b Vltlun1~t.i1t1 b'VI (PI'J1a.J ~'fl'Wbi?ltln1~'V'l1 bi?ltlVl"'l1~ru1 n1~b VlIN"lJ'fl'l"lJ'fl'l 
!I (f" i.o (f" 

b VI IN 'W1 b'Wb 'VI'Vl1 bUtla.J eJ~a.JtJ 1U1-~'VI fib 'Wi i?l~'J'W 0.4 bU'flfb-n'W1?l1i?ltlma.J11?l~ bbIN :::tJ1u1-~'Vlfi i:J1'WfDl1u 
q q 

~:::U1t1 (PI'J1a.J ~'fl'WbbU'lJ"1l'fl'l~ b VI~tla.JFj'W~1"lJ'W1 i?l b~ n"lJ'W1 i?l1?l1'11 ~ij l"11'Y'l ~ (PloD (PI'J1a.J~'fl'W~~1'W(PI1u fDl'l~ 

(Constant heat flux) 
" ... ... 

3. b-n"lJ'fl'lb VfIN'W1 b 'Wb 'VI 'VI 1 bUtla.J eJ~a.JtJ1u1-~'VIfib 'Wi i?l~'J'W 0.4 bU'flfb.n'W1?l1i?ltlma.J11?l~ bbIN:::tJ1 
q 

u1-~'VItdj'W~1~Vll'11'W (Working Fluid) bi?ltlb 1M. VI IN b 'Wbb'W'J'W'fl'W ~'1~1a.J1~tlU~Ul"11'Y'l~fDloD(PI'J1a.J~'fl'W 
q 

bbIN:::~1?l~1n1~bVlINb~ 

tJ 'i~ L tJ en.y v1 fl 'l1Pl1 'l ~ ~ llPl~'lI 

1. b ~ 'fl dj'Wbb 'W'J'Vl1'1b 'W n1 ~~ m~1 bbIN:::~ 1?J..J'W1b 'Wn 1 ~fjr.rtl b~ tI 'J nu n1 ~t.i 1 tI b'VI (PI'J1 a.J ~'fl'Wb 'W 

~U bbUU"lJ'fl'l (PI1U:i':::Ul tI fDl'J1a.J ~'fl'WbbUU"1l'fl'l~ bVl~tla.J Fj'WeJ1"lJ'Wl i?l b~ n 
" 

, , 
..::::I 2.1 l.qd ~2.I Ci 

(PI~U~:::U1t1 (PI'J1a.J:i''fl'WbbUU''ll'fl'l ~ bViINtla.J eJ'WeJ1"lJ'W1 i?l bIN n 

3. b~ojJ'fla.J IN b 'Wn1 ~U~UU~'1U~:::~'VIfiJl1'V'l"lJ'fl'l'flU n n-w~ ~'fl'l n1 ~t.i1m 'VI (PI'J1 a.J ~'fl'W bbIN:::n 1 ~tJ 1 
" q q 
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.... cv d d !II 

n1'a'VI'U'VI'J'Ub'el n~I'iI..:!1'U'J~tI'VI bn tI'J"l.I'el..:! 

i:wmni'ltlb'Vlm'l6.J¥'fl'klbUmmm"llbb~~~LPJ,Jtnb~'flb,xbnI?1U:i'~btl"l!tJ b"J!UlOnnm'1~nmb'fln~'l'1 bb~~ 
I I I 9./ I 

~ Go' .t=I..:::::I 9..1 Go' .t=I 0 ..:::", cv ..:::I 1..::::::1 ~ 0 I 1..d:I ..::::I 

~'lU'J"'ItI'Vl bn tI'J"ll'fl~nU~'lU'VI"'I~'VI'l n'l'1'J"'I tlU ~U'J'l6.J m '1~nM'l bb~~'VI'l n 'l'1'VI 1?1~'fl~'fltl 'l~ I?l'fl b'kl'fl~ 6.J n'l '1 

U'l b'fl'l ,"i~u"l!Ul?1l'h'l1 6.JTvh n'l:i'~nM'l b~'flVl'l.jJ'fl~bb~~U bYvn 

bbU~ bb~~Ubl?l'flf-nu (Peng; & Peterson. 1996) 1~~'ln'l'1~nM'lbl?1t1n'l'1'VII?1~'fl'l~nMbW~n'l'1 
" , , 

1 VI~ bb~~n'lnhtl b'VI A 'J'l6.J¥'flUbbUU~ ~'lU~b~t1'J ~'JtlU'l"ll'fl'ln ~6.J A1ubbUU"J!'fl'l~ b VI~t16.J tlUe4'l"llU'l 1?1 b~ n , 

(Micro channel) "ll'kl'll?1b~ue,hu~u~n~'l~"ll'fl~1V1~~bnl?1"'1'lnn'l:i'1V1~~'lU 0.133 ~~~b6.JI?l:i'?i'l 0.367 
" , 

~~~ b6.J 1?l'1 ~nM'lVl'linMbW~n'l'11 VI~ bbUU'1'lU ~t1U bb~~n'l:i'1 VI~ bbUUUUU'J'kl bUn'l'1'VI 1?1~'fl~1~iJn'l'1 

bU~tlUbbU~~~ l?1'i:bU:i'ui'l~"ll'fl~ A1u "'I'l n n'l:i''1'Ju'1'J 6.J e.J~ n'l'1'Vl 1?1~'fl~~U~'l A bW~ nMbW~n 'l '1~ 'l tI b'VI A'J'l6.J 
qJ , 

" ' 
¥'fl'klbbUU:i''lU b1t1U~'kl'flt.l nu~ 1?1~'Ju'1ui'l~ bb~~b~U~'lU~U~ n~'l~"ll'fl~1 VI~Vl bn 1?1"'1'l n n'l '11 VI~ ~'lU"ll'fl~ 

qJ qJ qJ 

A1u'1::;U'lti A'J 'l6.J¥'fl'kl"'l'l n"'l 1?1 ~u~?i'l"'l 1?1 ~U~ n ~'l~ A bW~nMbW~n 'l '1~ 'l tI b 'VI A'J'l6.J¥'flUbbUU~UU'JU~ 
q cu q qJ q 

bVl6.J'l~~6.J~~ 1?1~~ I?ln~'J'kl~ 1?1~'JU'1Ui'l'lU'1~6.J'lbW 0.5 ~'lVlfuu"'I4'tI A'J'l6.J~ l?1~iJ ,"h~ b Vl6.J'l~~6.J~~ 1?1 
,qJ , 

~U~~I?l'1'l~'JU~ 1?1~'J'kl'1Ui'l'ltJ'1~6.J'lbW 0.5 b"J!unu 
qJ 

, " 
bbUUU'klU'J'klbb~ ~n'l :i'~'ltl b'VI A'J'l6.J¥'flUbbUU~ ~ 'lU~ b~tI 'J ~'J tlU'l"ll'fl'l n ~6.J A 1u bbuU'vl'fln ~6.J"llU 'l 1?1 b~ n , 

"ll'fl~ I"1'l b'1t11'kl~ c;l'l16.J bU'flf I"1TW~ b"1l~~'l16.J bU'flf "ll'fl~n'l:i'1 VI~ bbUU~UU'JU"ll'fl'ln'l'1~'lm~ A'J'l6.J¥'fl'klbbUU 

U~ ~U~ ~'l'kl~b~tI'J e.J ~"'I'l n n'l '1'VI 1?1 ~'fl~~ I"1'l"llU'l 1?1 b~U~'lU~u~n ~'l~'V1'fl n~ 6.J 0.102-1 .09 ~~ ~ b6.J I?l '1 
qJ 

I"1'lb'1t11'kl~c;l'l16.JbU'flf 2.6 x 10
3 

-2.3 X 10
4 bb~~I"1'l~'Jb~'1Ibb~'1'klb~~ 1.53-6.43 1?l'l6.J~'l~U bUUI"1'l~iJ 

A'J 'l6.J b~ 'fl ?i'fl1~tJ '1~6.J 'l bW 95 bU'fl fb ~ UIPl bl?1t1 iJ I"l'l bbl?l n 1?1'l'l '1~VI~'l~ I"1'l~1~"'1 'l n n 'l:i''VI 1?1~'fl~ bb~ ~"'I 'l n n 'l '1 

~'l'kl'JbW"ll'fl~ I"1'li!~ b"1l~~'l16.J bU'flfu'fltln~'l 18.6 bU'flfb~UIPl 

n~~~'fl1?1 bb~~AbW::; (Gillot; et al. 2000) 1~~'lm'1~nM'lbl?1t1n'l:i''VII?1~'fl'lbmtlUbVltlU'1~VI~'l~ 
, 

I 9J .e:::S. cv I 2,1 ..c:::::I 

n 'l:i'~ 'l tI b6.J A'J 'l6.J '1'fl'klbbU UVI'kl~ ~ ~ 'l u~n U n 'l '1~ 'l tI b'VI A'J 'l6.J :i''flUbbUU ~ 'fl~ ~ ~ 'lU~"ll 'fl'l A '1U'1~U'l tI A'J'l6.J 

¥'fl'kl"ll 'kl'l 1?1 b~ n b ~'fl :i'~U'l tI A'J 'l6.J ¥'flU'fl'fl n"'l 'l n'flU n '1bWb vHh bl?1 tlb o]f A1u~ 'l"'l 'l n 'V1'fl'VI'fl'l bbl?1~ e.J ~ n 'l:i' , 

" , 
A'J'l6.J~ 'l6.J'l:i'~ b 'kln'l :i''1~U'l tI A'J'l6.J¥'flU~~Vl~ n'l'1~'ltl b6.J A'J'l6.J ¥'flUbbUUVlU'I ~ ~ 'lU~bb~ ~n'l '1~ 'lUb 'VI A'J'l6.J 

qJ 

" 
A bb~~6.JI?1'l'J'lf (Qu; & Mudawar. 2002) 1~~'l~nM'lVl~';jfin'l'1'VII?1~'fl~ bb~~~nM'ln'l'17jbA'1'l~~ 
qJ qJ 

, , 
.:::::::t.cv cv I 9..1 cv I .<:::::I • .c::::I.c::::I ~9..I 

b"l!~ 1?l'J b~"ll"ll'fl~ A bW~ nMbW~n'l:i'mti b'VI A'J'l6.J '1'flUbb~ ~A'J 'l6.J I?1UI?l n A '1'fl6.J"ll'fl'l A'1U bbUU"l!'fl~~ b VI~t16.J e.JUe.J 'l , 
" 

"ll'kl'l 1?1 b~ n"llU 'l 1?1 A'J'l6.J ntJ 'l'l 0 .231 ~ ~ ~ b6.J 1?l'1 bb~ ~A'J 'l6.J ~~ O. 731 ~ ~ ~ b6.J 1?l'1 bl?1t1b o]fu 'l bUU~'l '1~ 'l'l 'lU 
qJ 
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" 
IWl ~1..:J b"1l'W~ b~ ~~ b~tlVllnl~~ n~lnlnb'Y'lim~rQnn"lJ'el..:J ,""r,l1a..!~'el'WVI..:J 1 'W,",,1'lJ bb~:::1 'W"lJ'el..:Jl VI~ '"" bW~ n~bW~ 

q 

nlnhtl b 'Vl ,",,'dIa..!~'el'Wb'U~ tI bb~:::W;l1 a..! ~'W1?l n ,""i'ela..! bn'elih r:J~~1 bmtl'lJ b Vl tI'lJ r1'Wbb~'d'Y'l'lJ~1 !"i1~Hl'"ll n 

nl~'Vl ~~'el..:J bb~:::nl~~ b,",,~I:::'lfb~..:J ~'d b~"lJ'eltn 'WbnbW"'Vl~tI'el~f'lJHl 
'IJ 

~~"1lhw bb~:::,""bW::: (Hetsroni; et al. 2002) l~ViI~n~I~..:J~~nl~'Vl~~'el..:Jnl~~lm'Vl,",,'dIa..!~'el'W 
'el'el n '"l1 n'elU n nw~ b~ ,",,'Vl ~'elil,"" m~ tl1-if ,",,1'lJ~:::'lJ 1 tI '"" 'd 1 a..! ~'el'W bb 'lJ'lJ"ll'el'l ~ 1 a..! b VI~ tI a..!"lJ'W 1 ~ b~ n b~ tl1-if 

q 

~bWVlJJij re)~~ln1~1V1~ bb~:::,""'dIa..!~'W1'W~~'lJ'lJ~'dm,",,i'el..:J Infrared Radiometry and High Speed 
, , 

.c:9.c:S cv .c:9 a '1 ~ I Qaj 

Digital Video Imaging b'Y'l'el~n~l~n~bW~f11n~'el~ ,",,'dIa..!b~'d"lJ'el..:J"lJ'el'l bVl~ '"JbW111'Y'l b'el ~~VI'dI'l'Vla..!nl~ 
I I I i.I 

~1t1 b'Vl ,",,'dIa..! ~'el'Wbb~:::'Il1 r:J ~Vll~~1 bmtl'lJ b Vltl'lJ r1'lJnl~~1 tI b 'Vl ,",,'dIa..!~'el'Wbb'lJ'lJVln'l ~ b11'W:::Vl1-ifu 1 dJ'W~ 1 ~ 
o 

'Vl1'l1'W 

, , " 
nl ~~ 1 tI b'Vl ,",,'d 1 ~ ~'fl'Wbb~ :::11'"l~ tI ,",,'d 1 ~ t:l ~"lJ'fl'l '"" 1'lJ~:::'lJ1 tI ,",,'d 1 a..! ~'fl'Wbb'lJ'lJ"ll 'fl'l ~ b VI ~ tI a..! eJ'W~ 11 'Wbb 'W'J ~'l 

~1'W'J'W 11 "ll'fl'l "lJ'W1 C?l"ll'fl..:Jij ,",,'d 1 a..! n~I'l 1.47 mha..! ~~ ,",,'JIa..!~..:J 3.28 ij~~ ba..! ~~ bb~~"lJ'W1 ~ b~'WeJl'W"lJ'fl'l 
'IJ 

lV1~~bn~'"llnf11~lV1~eJl'W 2.01 ij~~ba..!l?l~ b~tlVilnl~'Vl~~'fl..:J~~~ns],",,'dIa..!~'fl'W"ll'd'l 0.84 - 22 nb~tJ~~ 

!?l'el~I~I'lba..!~~ yJ~nsKa..!'J~ 28 - 800 fib~nfa..!!?l'el~I~I'lba..!I?l~!?l'fl~'WIVl ,",,'dIa..!~'W 2,000 fib~'Y'l1 ,""'J'lJ,",,a..! 
q 

.." '" 
,",,'JI~~'el'Wbb'lJ'lJ'Vl'el n~ ~"lJ'W1 ~ b~ n 

b'flrfb~tI'lJ bb~~UI;~ (Owhaib; & Palm. 2004) 1~Vi1f11~~nmb~tlf11~'Vl~~'fl'l"lJ'fl'l,""bW~m~bW~ 
q 

, 
i-' I a 2,.1 I tr .<:::::t. .<:::::t. 0 ..::::I 

~~'lJIt1,",,'JIa..!~'el'Wbb'lJ'lJ'Vl'fln~a..!"lJ'WI~b~n"lJ'WI~b~'Wr:J1'W~'Wtln~I'l 1.7, 1.2 bb~~ 0.8 ~~~ba..!~~ 'W1r:J~'Vl 

1~'"l1 n f11 ~'Vl ~ ~'el..:Ja..!1 ~~I'l cPI'J l~i a..!~ 'Wfi bmtl'lJ bVl tI'lJ r1 'lJ cPl1'lJ~:::'lJIt1 cPI'JIa..!~'fl'W~ ij"lJ'W1 ~ b~'WeJ 1'W~ 'WtJ n~I'l 
'IJ 

b~n~1 r:J~ ~'Y'lfi~1~'"l1 n nl ~Vl ~ ~'fl..:J'fltJ1 'W!"iI~~tI'fl~f'lJl~"ll'J..:J cPI'Jla..!ia..!~'Wfi'lJ1b 'J bWnl~l VI~ bb'lJ'lJ~'WU'd'W 
'IJ 

'fl:::bns]Vlv, bb~:::cPlbW::: (Agostini; et al. 2004) 1~Vi1f11~~n~lb~tlnl~'Vl~~'fl..:J"lJ'fl'lia..!'l.h~~'Vlt 

nl ~~1 tI b Vl cPI'Jl ~ ~'fl'Wbb~ :::l1'"l~tI cPI'Jl a..! t:l ~"lJ'fl'l cPl1'lJ~:::'lJ1 tI cPI'J 1a..!~'fl'Wbb'lJ'lJ"ll'fl'l ~ b VI~ tI a..! eJ'W~ 1 '"" 1'lJ'~11'"l1 n 

!?l'fl~ln'lb~~~ ~~ns]a..!'J~ 65 - 2900 fib~nfa..!!?l'fl~I~I'lb~~~!?l'fl~'WIVl ulr:J~~l~'"llnnl~Vl~~'fl'llu 

bmtl'lJ b Vltl'lJr1'lJ cPl1'lJ ~:::'lJ1 tI cPI'Jl a..! ~'fl'W~ij"lJ'W1 ~ b~n~1 r:J~~1~'fltJ1 'W"ll'J'l~tI'fla..! f'lJl~ 
'IJ 
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~ bbfl~~rw~ (Yue; et al. 2004) brJi'vhn'l~~m~nt~tln'l~Vl~fl'fl'l"ll'fl'l~'J'l:WC91'WL9ln~i'fl:W"ll'fl'l 

n'l~b Vlfl mJUVI~'1 ~ b1'l'W~ bbfl~n'l ~1 Vlfl bbUU~'fl'l~ b1'l'W~~'l'W~1u bbUU"ll'fl'l~ bVl~t.J:wt1'Wlh"ll'W'l ~ b~ n 

"lI'W'l~b~'WeJ'l'W"lI'fl'lbVlfl~bn~"'l'lnm~1V1fl~,h'W 0.333 ~fl~b:WL9l~ bb~~ 528 ~fl~b:WL9l~ t~tl1-ifn'l"]1'WtL9ln"'l'W 
" bbfl~.w'l dJ'W~'l~vl'l'l'l'Wbbfl ~~n'jj'rw~n'l~b VlflJl'ltl1 'WbbUU~'lU b1t1U ~'lVlfun'l ~~n'jj''l ~'J'l:W C91'WL9ln ~i'fl:W 

" , 
"lI'fl'l n 'l~ b Vlfl bbUU~'fl'l ~ b1'l'W~1-ifn'l,,]b 'W tL9ln"'l'W bbfl~.w'l dJ'W~'l~vl'l'l'l'W .w'l e.Jfl~'V'lfiVlbrJi''''l'l n m~Vl ~fl'fl'l 

bmtlUbVltlUnUe.Jfl~'V'lfi~"'l'lnbrJi''''l'ln~ii"ll'fl'lfl~~enf~-:W'lf~'Wb'Wfl~ (Lockhart-Martinelli Method) 

.w'l:W1vl'l'W'lti ~'J'l:W C91'WL9ln ~i'fl:W t~tlvl'ln'lndll"ll (ph ~'1~1 'W~:W n'l~"lI'fl'l~"]te:r~:w (Chisholm's equation) 

" dJ'W~:W n'lnbUU b~'WL9l ~'1 e.J fl"ll'fl'l ~'J'l:W C91'WL9ln ~i'fl:W"ll'fl'ln'l~1 Vlfl bbUU~'fl'l~ b1'l'W~~'W'fltJ nu~ n'jj'rw~n'l~ 
" 

" 
1V1fl ~'J'l:WVlU~ e.Jfl~'V'lfiwn:wC91'WL9lMli'fl:W'fl~1'W"ll'J'Ir1'lu'Jn flU 20 bU'flfb-n'WI?l"ll'fl'l~n'jj'rw~n'l~1V1flVl'l 

~'fl'lbbUU 

t:w1u (Morini. 2004) brJi'vl'ln'l~~n'jj''l t~tI~iin'l~Vl ~fl'fl'l n'lnhmVl ~'J'l:W¥'fl'Wt~tln'l~'V'l'l"ll'fl'l 

~1u~~u'ltl ~'J'l:W ¥'fl'W"lI'W'l ~ b~ n t~tlvl'l n'l ~~ n'jj''lu'''lr.r tI ~'J'l:W tI ~ L9lfl'fl ~"ll'J'I n 'l ~b Vlfl bbuunu b1t1U ~'1 

n'l~bVlflbbuu,1'Wtl'J'W "lI'W'l~b~'W~'l'W"lI'fl'l1V1fl~bn~"'l'lnn'l~1V1fl~'l'WU'fltln~'l 1.0 ~fl~b:WL9l~ bb~'J.w'le.Jfl 

n'l~'Vl ~ fl'fl'l Vlfl'ltl1 r1'l:W'l bmtlU b Vltlunu r1'lVl'l'l'Vl 'l'jj'D bb~ ~iJ (ph bbL9l n !?l'l'l n'W t~tliJ~Vlfi'V'l fl"'l'l n ~'J'l:W 

"" "" "" VI'W~ bbfl~~'J'l:WVltl'lU"lI'fl'l e.J'J"lI'fl'l ~~u 

~Ub~flfl'l~ bbfl~~rw~ (Abdelall; et al. 2005) vhn'l~~n'jj''lt~tI~iin'l~'Vl~fl'fl'l"ll'fl'l~'J'l:WC91'W 
" 

L9ln ~i'fl:W"ll'fl'lvl'fl"lltl'lti ufl~vl'flfl ~"lI'fl'lvl'flnfl:W"ll'W'l ~ b~ n t~tlH.w'l bb~~'fl'l n'l fPl dJ'W~'l~vl'l'l'l'Wvl'lm~Vl ~~'fl'l 

~'flrwVlJl~~'fl'lbbfl~~'J'l:WC91'WU~~tI'lmfPl vl'fl"ll'W'l~b~'WeJ'l'WfPl'WtJnfl'l'l 0.84 ~fl~b:WL9l~ bbfl~ 1.6 ~fl~b:WL9l~ 
q " " 

n'l~1 Vlfl bbUU~b1'l'W~b~tI'JVl ~fl'fl'l~"ll'J'I r1'l b~tl1'Wfl t?i"'!!:w bU'flf 870-12,960 bbfl~n'l~1 Vlfl bbUU~'fl'l~ b1'l'W~ 

'Vl~fl'fl'l~"ll'J'Ir1'lb~tlb'Wflt?i"'!!:WbU'flf 1.9 x 10
3 

-1.6 x 1 0
2 "'l'lne.Jfln'l~Vl~fl'fl'l'V'lU~'ln'l~bVlflbbUUVI~'1 

, " , 
~ b1'l'W~Vl1-if.w'l dj'W~'l ~vl'l'l'l'Wr1'l ~'J'l:W C91'WL9l n ~ i'fl :W'fltJ1 'W"ll'J'IVl tI'fl:W fUbrJi' ~'l Vlfu n'l ~ 1 Vlfl bbUU ~'fl'l 

" 

1 'W"ll'J'I r1'l~tI'fl:wfubrJi' 

~ bbfl~~rw~ (Lee; et al. 2005) vl'ln'l~~n'jj''lt~tI~iim~Vl~fl'fl'l"ll'fl'l~rw~:wU~Vl'l'l~'J'l:W¥'fl'W 
q 

"lI'fl'l b Vlfl bbUU~ b1'l'W~b~tI'J"lI'fl'l ~1u~~u'ltl ~'J'l:W ¥'fl'WbbUU"l1'fl'l ~ b VI~ tI:w tl'W~ 'l"ll'W'l ~ b~ n"ll'W'l ~ ~'J'l:W n~ 'l'l 
" "" 

0.194 ~fl~b:WL9l~ bbfl~~'J'l:W~'1 0.534 ~fl~b:WL9l~ vl'l"'l'ln.r~~Vl'fl'lbb~'1 1 0 "ll'fl'lbb'W'J"lI'W'l'W1-ifU'lu1~Vlfi 
" q q 
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~b~n'Vl~'elUn~bC?!tJ'vhn1~'Vlc?!~'el'l~ 2 "lJ'W1C?!~'el"lJ'W1C?!~'J1~Jntj'1'1 12 il~~b~[?]~ ~'J1~tJ1'J 12 il~~b~[?]~ 

bb~~"lJ'W1C?!~'Jl~ntj'1'1 1 0 il~~b~[?]~ ~'J1~tJ1'J 1 0 il~~b~[?]~ bC?!tJ11X~'J1~~'el'WfiU"llc?!~~u1tJ~'J1~~'el'W • 

i,.I Q.<o' ~ oI!=:t. Q .c::J oI!=:t...:::d Q .c::::.. .c::::.. 9..1 

~'J1~~'el'W~1tJ'I~~U'el~~ b'WtJ~ ~~U'el~~ b'WtJ~~"lJ'W1C?!~'J1~tJ1'J 15 ~~~ b~ [?]~ bb~~"lJ'W1 C?! ~'J1~n'J1'1 

.c::::.. .<::t. I 9.1 I 9..1 I 9..1 Q..' cv 2.1 

12 ~~~b~[?]~ n1~bl1m'Vl~'J1~~'el'W"'l~mtJ"'l1n".llc?!~~U1tJ~'J1~~'el'W1:J1'WVI'W1~~I:J~bb~'J~1~~U1tJ~'J1~ 

~'el'W~ ~1U'el~il biltJ~ ~1U'el~il biltJ~'J1'111Xvl1'1fl'Wb~'el btj'wn'el'l~1'111X~1 ~vl1'11'Wl VI~ eJ1'W bC?!tJ 1"11 ~'J1~ 
'" '" 

rXl'W'Vl1 'W~'Jl~ ~'el'W"ll 'el'l ~1 ~vll'11'W~'Vl1'1 b .n1"lJ'el'l"ll c?!~~U1tJ ~'J1~~'el'W"lJ'W1 C?! 12 il ~ ~ b~ [?]~ 'eltJ1 wn'J'I . '" 

0.32 ~'I 0.44 rr[?]~I?\'el[?]1~1'1b"]j'W~h~[?]~ ~1V1fU"llc?!~~U1tJ~'J1~~'el'W"ll'W1c?! 1 0 il~~b~[?]~ 'eltJ1'W"ll'J'I . '" 

flU ~1U'el~il biltJ~bC?!tJ n~~"'l1tJ f?i'J'eltJ1'1~~1 b~~'el~'JVlih~~ er~ l:J~n1~'Vl C?!~'el'l'\"lU~11"11"ll'el'l bb~'I ~'W[?] n 
'" ., , 

~1'el~iJ ~'J1~1n ~ b~tJ'I fl'W"ll'el'l"ll C?!~~U1tJ ~'J1~~'el'WVl'l~'el'l bbUU bbl?\VJ bb[?]n 1?\1'1fl'W~'el1"11 ~'J1~ rX1'W'Vl1'W • 

"lJ'el'l ~1~vl1'11'Wb'Vh fl'W 

~ bb~~b~tJ'W~'Vln'el'elf (Koo; & Kleinstreuer. 2005) ~m~nm1~rX'el'lm~1'Wmn~~tl~~~'VlfiJl1'\"1 
'" '" 

1 'Wn 1 ~~~U1 tJ ~'J1~ ~'el'W"lJ'el'l'eltln~nrb~i'el'l~'el~iJ ~ [?]~1 n1~1 VI~ bbUU~1U IStJU bb~~~'1~ ~'I 1-if b 'Vl ~U~m ~ • ., 
~ b~~1~-JbbUU~1~'el'ln1~1 VI~"ll'el'l"lJ'el'll VI~'W1 b 'W1 'W"ll'el'l~~U1tJ ~'J1~~'el'W"lJ'W1 C?! b~ n'l1'W~r.rtJil1-if"lJ'el'l1 VI~ 

'W1 b'W 2 "llUC?! ~'el'el'WJl1 ~'W1 b 'W'Vl'el'l bbC?!'I1C?!'el'eln 1"ll r?1 ~'In1V1'WC?!11X~[?]~1 m ~1 VI~ hi ~'I~1m!n"lJ'el'l1 VI~~1-if . '" ., ., 
I:J~~ flU'el'4Jl1 ~'W1 t 'W~'el-W1 bb~ ~b'elfi~ bb'el~ n'el e:I'el'6f "'l1 m!'Wvl1n1 ~~ b~~1~-J 1"11 n1~-W1 ~'J1~~'el'Wbb~~1"1 

1 ~'J1~Vltlc?!"'l~'W1C?!tJ1-if ~~b1jtJu~fi b~'I b~"lJ I:J ~n1 ~~r.rtJ"'l~bb~ C?!'I~'I 1"11 n1m ~~"'l1tJ f?i'J"lJ'el'l'elbl .. \ViJlil -r'W . '" , 
cv I Q.<o' irQ..' tr cv Q:I .c::::.. 

"ll'el'l ~'J1~ C?!'Wbb~~1"l1'W~ b"]j~'Vl 'W~ bU'el~ n1 m~~"'l1tJ [?]'J"ll'el'l ~'J1~VI'WC?! bb~~I:J~ n~~'VlU"lJ'el'l n1~b'\"l~ 

'el bl .. \Vi Jl il . '" 

b~tJ'W bb~~b~'I (Chein; & Huang. 2005) ~m~nm~~b~~1~-Jtl~~~'VlfiJl1'\"1n1~~~U1tJl"l'J1~ 
., 

~'el'WbC?!tJ1-if "ll'el'l1 VI~'W1 b 'W1 'W"ll 'el'l~~U1tJ ~'J1~~'el'W"ll'W1 C?! b~ n bC?!tJ1-if'el'WJl1 1"l'W1 b 'W'Vl'el'l bbC?!'I I:J ~~il1 bb~ ~ • 

tlfum~1 bl..!"ll 'el'l'el'4fl1 ~'W1 b'W b ~'elVl1 ~'J1~ b VI~1~~~1 'Wn1 n11 tJ b 'Vl ~'J1 ~ ~'el'W"ll'W1 C?!"ll'el'l"ll 'el'l ~~U1tJ 

~'J1~~'el'W"ll'W1C?!b~niJ 2 "ll'W1C?!~'el"ll'W1C?!~'J1~ntj'l'1 100 l~b~n~[?]~ ~'J1~tJ1'J 300 l~b~~b~[?]nb~~ 

"ll'W1C?!~'J1~ntj'l'1 57 l~b~n~[?]~ m1~tJ1'J 365 l~b~n~[?]~ bd'el1-if"ll'el'l1V1~'W1b'W1'Wn1~"ll'JtJ~~U1tJ 

~'J1~~'el'W'\"IU~1~1~1~bl b~~tl~~~'VlfiJl1'\"11 'Wnl~ti1tJ b'Vl ~'J1~~'el'Wbb~~"ll'el'l1 VI~'W1 b'Whivl111X ~'J1~ ~'W 
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, ~ 

'C-l r?l'C-l'l b~:i'1~"lJ'W1 r?lYl b~ m,,J1 n"lJ'fl'l'fl'W.1l1 rl'W1 b 'Wbb'C-l~m~1n.m1n~~'fl'W.1l1 rl'W1 b 'W'C-l'lhj'l1'WiJm~1 ru1~ 
q q 

,~ , 
b~m"1! r?l (Murshed. 2005) "lJ'fl'l1 ~'C-l'W1 b'WYl1-DL 'W'I1'W~~u-W~'fl1 VlVl1 b-wu~'fl'fln1"ll~YliJ:i'1jVl:i''1 

'IJ 

2 bbUU~'fl:i'UVlNn1'W"lJ'W1r?lb~'Weh'Wj3j'WUn'C-l1'1 10 'W1b'Wb~r?l:i'U1'd 40 'W1b'Wb~l?l:i' bb'C-l~bbUUVlNn'C-l~ 
'IJ 'IJ 

~ " 
"lJ'W1 r?l b~'WeJ 1 'Wj3j 'WtJ n 'C-l1'1 15 'W1 b'Wb~ l?l:i'br?lU'fl'W.1l1 rl'W1 b'W~'1~'fl'l bbUU"'l~eJ~~ nU'W1 bU'W~1:i'~1'11'W 

'IJ q 

, ~ 

bb'C-l~-W"'l1:i'ru1 ~1 rl'd1~ b1J'Wn:i'r?l €?l1'1 bb'C-l~~1 m1~~nr?l"lJ'fl'l"lJ'fl'l1 ~'C-l'W1 b 'W~'dU brl1'fl'l~'flVl r?l~'flU-W"'l~bb~ r?l'l ~ 
I I it I 

1n1:i'ibrl'd1~~'fl'WYlb-W~~'Wbr?lUn1:i'ufubU~U'Wm~1ru"lJ'fl'l'fl'W.1l1rl'W1b'W1?l1~m~11?l:i' "'l1nn1:i'Vlr?l~'flU 
q 

'fl'W.1l1 rl'W1 b 'W"lJ'fl'l1 VlVl1 b-WU~'fl'fln 1"llC?1:i'UVl:i"ln1'Wbb'C-l~Vl:i''1n'C-l~~m~1rum:i'eJ~~'fl'W.1l1rl'W1 b 'W 5 bU'flfb-n'W1?l 
q 'IJ q 

, " 
br?lUm~11?l:i'U:i'~~Vlfi.1lT\'\n-W~~'WU:i'~~1ru 30 bU'flfb-n'W1?l bb'C-l~~U~1U:i'~~Vlfi.1l1~1'Wm:i'bhmVlrl'd1~~'fl'W 

"lJ'fl'l'fl'W.1l 1 rl'W 1 b'W"lJ'fl'l1 VlVl1 b -WU ~'fl'fln 1"ll t?l :i'UVl N ~1'W~'1 n'd' 1 n1 :i'~1 'W'd rubr?lU1i bbUU91 'C-l'fl'l"lJ 'fl'l 
q 'IJ '" 

~1 rl'd1~~ r?l~'C-l1 C'I"lJ'fl .. :m1:i'Vl r?l'C-l'fl'l'fl~~ 2 bU'flfb-n'W1?l 

b"1!'W bb'C-l~rlru~ (Shen; et al. 2006) ~1n1:i'~m~nbr?lU~fin1:i'Vlr?l'C-l'fl'l"lJ'fl'ln1:i'ti1mVlrl'd1~~'fl'W 

"lJ'fl'ln1:i'1 ~'C-l bbUU~~'1~f:11'W~"lJ'fl'l rl1U:i'~U1U rl'd1~~'fl'WbbUU"ll'fl'l~ b~~ U~~'W~1"lJ'W1r?l b~ n91'W'd'W 26 "ll'fl'l 

"lJ'W1r?lrl'd1~n~1'1 300 1~brl:i'b~I?l:i' rl'd1~U1'd 800 1~brl:i'b~I?l:i' "lJ'W1r?lrl'd1~~U1U"lJ'fl'l~'db'U~U 4 ~'1 

6 bU'flfb-n'W1?l1.jf,11U1~VlidJ'W~1:i'~1'11'W ~1 n1:i'Vl r?l'C-l'fl'l~"ll'd'l rl1 b:i'Ub'W'C-l ~'11~ bU'flf 162 ~'1 1,257 
q 

rl'dUrl~'flruVl.1l~~1'W"lJ1b·ihH~ 30
D

e, 50
D

e bb'C-l~ 70
D

e bb'C-l~~~'1'11'Wrl'd1~~'fl'W~i:J'fl'W'fltJ1'W"ll'd'l 140 
q q ~ ~ 

~ , 
~'1 450 t)1?l1?l "lJ'W1r?l~'WYlfurl'd1~~'fl'W 7.65 1?l1:i'1'1b"ll'W~h~l?l:i' eJ'C-ln1:i'Vlr?l'C-l'fl'l~U~1~1i1"'l~Url'd1~!Ir?l 

~1'11~ b"ll'C-lvl'l1~ bU'flfb'U~U'fl~1 'W"ll'd'l~U'fl~fu1~r?lU b~U'I bu'W1u"'l1n ~1Vl1'1Vl 'lM~ b~nil'flu ~'d'WVl1'1Vl1'1 

"'.lru~~U~Vl1'1 rl'd1~~'fl'W'fl~1 'W"ll'd'l"lJ'flU b "lJ I?lVl 1'1 Vl 'lM~ 

"llb~u'Wn bb'C-l~n1'Wr?l~mf (Steinke; & Kandlikar. 2006) ~1n1:i'~nM1br?lU~fin1:i'~brl:i'1~~ 

b~'1~'db'C-l"lJ"lJ'fl'li1"'l~Url'd1~!Ir?l"lJ'fl'l"ll'fl'l"lJ'W1r?lb~n"lJ'fl'lm:i'1~'C-lbbUu~m'W~b~U'db~'flU1eJ'C-l~1~~1bmUUbYlUU 

nUeJ'C-ln1:i'Vlr?l'C-l'fl'ltr?ltJ1ojfVl'l'M~~bl?lnsf bb'C-l~ ~'flU~U'C-l~ (Stokes and Poiseuille) eJ'C-l~~vl~1~"'l1nn1:i' 
Vl r?l'C-l'fl'l~U~1 rl'd1~ ~'W1?l n rli'fl~'fl~1 'W"ll'd'l~U'fl~ fu1~ bb'C-l~ bU'W 1u 1?l1~Vl 'lM~ 

bb"'l'l bb'C-l!;"l!'flU (Jang; & ehoi. 2006) 1~~nM1br?lur.Jfin1:i'~brl:i'1~ib~'1~'db'C-l"lJ"lJ'fl'ln1:i'U1 

rl'd1~ ~'fl'W"lJ'fl'l"lJ'fl'l1 VI'C-l'W1 b 'Wb~'fl~1 n1:i'~n'M1 n1:i'bb~in:r~r.i1U'flru~.1l~ bb'C-l ~rl'd1~ ~1'WVl1'Wrl'd1~~'fl'W 
q 'IJ 

" ~ 
"lJ'fl'l rl1U:i'~U1tJ rl'd1~~'fl'W"lJ'W1 r?l b~n bb'C-l~~nM1 bmuu b YlUU:i'~~~1'1 ~1 :i'~1'11'W1~bbri U1 U1 eJ~~ 

~ 

Vl'fl'lbbr?l'l'fl'fln1"ll~"lJ'W1r?l 2 'W1b'Wb~l?l:i' bb'C-l~U1eJ~~eJ'Ib~"1!:i'''lJ'W1r?l 6 'W1b'Wb~l?l:i' 1'Wir?l~'d'W 1-2 bU'flfb-n'W~ 
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I 2.1 I iJ 

Ll?ltltfh.Jl~J' 'V'lU~l~~J'J'b1'W:; fllJ'cllm'VlcPl'Jll.J¥'fl'Wb~l.J~'W 10 biJ'flfbsD'W!?l b~'flbVltlUnuill b'V'lJ'l:;"lI'fl..:! 

1 VI~'Wl L 'W~ I?l cPl'Jll.J ~l'W'Vll'WJ':;VI~l..:! r;JU..:!"lI'fl..:! cPl1-UJ':;Ulti cPl'Jll.J¥'fl'Wnu~lJ'vll..:!l'W 

~":!bb~:;m1J:; (Kang; et al. 2006) 1~\\~'W'fl..:!1'W~~m~t1'JnumJ''VlI?l~'fluiJJ':;~'VlfiJll'V'l'Vll..:! 

cPl'Jll.J¥'fl'W"lI'fl..:!'fl'WJll cPl'Wl L'Wb~'W (silver) Ll?ltlb-ifvl'fl cPl'Jll.J¥'fl'W fllJ''VlI?l~'flU ~..:!fl ~1'J b -ifvl'fl cPl'Jll.J¥'fl'WbbUU 
q 

~ , 
ii~ flfl'1-ifill b1J'W~lJ'j;j'J fl~l..:! Ll?ltlr;J~l.J'fl~JllcPl'Wl L'Wb~'W (silver) ~..:!1iJVl'fi' ~J'1~'J'W 1 iJ~~ fl¥l.J!?l'fl~ ~J'~'Wn..:! 

~ 

1 00 iJ~~ fl¥l.J !?l'fl~ ~J'Ll?ltlvl'flcPl'Jll.J~'fl'Wcllm'VlcPl'Jll.Jffi'Wb~bbfiill~'Wii'flruVlJl iJJ':;VI~l..:! 40-45 'fl..:! ~l b"11~ bGJItl~ 
q .. 

iJ¥U~lcPl'Jll.J~'fl'Wb'WJll'W¥UcPl'Jll.J~'fl'WJ':;VI~l..:! 30 - 60 1'~(P] iJJ':;~'VlfiJll'V'l"lJ'fl":!J':;UU~..:!~I?l~'fi'~J'1 
.. q 

"'" 44.6 'fl..:!~lb"11~b"11t1~ 

bGJItl'W bb~:;b~":! (Chein; & Chuang. 2006) ~fl'l1l"ll'fl":!J':;Ult1cPl'Jll.J¥'fl'W"lJ'Wll?lb~flLl?ltlb-if"ll'fl..:! 

1 VI~ 'Wl L 'Wb 'WfllJ'J':;Ulti cPl'Jll.J ¥'fl'W Ll?ltl~"ll'fl":!J':;Ulti cPl'Jll.J¥'fl'W"lI'Wll?l b~ flvll~lfl~~fl'fl'Wbb~:;b -if'fl'WJll cPl 
q 

~ , , 
'Wl L'W'Vl'fl..:! bbl?l..:!'fl'fl fl1"11 ~ r;J~l.JillVl'fi' ~J'l~ 'J'W 0.2 - 0.4 biJ'flfb"11'W~1I?ltlml.Jl ~J'~l fl fllJ'~fl'l1l'V'lU~lVl 

'fi' ~J'1 fll J'1 VI~"lJ'fl":!"lJ'fl..:!1 VI~'Wl L 'W~1"lJ'fl..:!1 VI~'Wl L 'W~1l.J1J'b11?l1?l~l.J cPl'Jll.J¥'fl'W1Jl dJ'W'fl~.h..:! ~ bb!?l bd'flii'fi' ~J'1 .. 
~ , 

fll J' 1 VI~ ~..:!~'W'fi' ~J'lb 'Wfll J'1?l1?l~l.J mll.J¥'fl'W~:;r?ll~..:! .. .. 
VI'Jl..:! bb~:;cPlru:; (Hwang; et al. 2006) ~fl'l1l'fl~JllcPl'W1L'WVI~1t11 "llill?l b"ll'W 'fl~JllcPlvl'fl'Wl 

L 'WcPllfu'fl'W 'fl'WJll cPl'Vl'fl..:! bbl?l..:!'fl'flfl1"11 ~ ~~fl'fl'W11?l'fl'fl fl1"11 r;f bb~:;'fl'WJll cPl'Wl L 'Wb~'W ill l.J lb-if1 'Wfl 1 J'r;J ~l.J 
q q 

2/ g,., I i;' II I I 

Ll?ltlilll.Jlr;J~l.Jnuill b'flfimb'fl~fl'fle:l'fl~ ill~'WbcPl1'fl..:! ill~'W~~fl'fl'W bb~:;ill~'WL'V'l~L'flb~Yl'W ~":!b'W 

fll J'~ fl'l1l'Vll..:! cPl'J 1l.J ~'fl'W~ :;vll fll J'~fl'l1lb 'W~ 'J'W"lJ'fl..:! ~ 1 fll J'ill cPl'J 1l.J ¥'fl'W ~ 'J'W b 'Wfll J'VI~ 'fl~'W~:; ~ fl'l1l 

d'fl":!cPl'Jll.JVI.wI?l~mr r;J~~1Jl~'fl~1l.J1J'm~l.J~l.JJ'J'b1'W:;b'WmJ'illcPl'Jll.J¥'fl'W1Jl 0.4 W/m K bb~:;b'WfllJ' 
'" I I 9/ 

r;J~l.J~":!b 'Will ~'WVI~'fl ~'WVilb ,xiJJ':;~'VlfiJll'V'l b ~l.J~'W bb~:;~ fl'l1l fll J' b -if'fl 'WJl 1 cPl'Wl L 'Wb 'Wfll J'ill cPl'Jll.J~'fl'W 
q 

~ ~ 

Ll?ltlfllnmtlU bVltlUJ':;wh..:! fllJ'b-ifulnU'fl'WJll cPl'Wl L'W 4 "llill?l ~'fl 'fl'WJll cPlvl'fl'Wl L'WcPllfU'fl'Wr;J~l.JUl 
q q 

~ ~ 

'fl'WJll cPl'Wl L'W'Vl'fl..:! bbl?l..:!'fl'fl fl1"11 ~ r;J~l.JUl 'fl'WJll cPl~~ fl'fl'W11?l1"ll ~ r;J~l.Jill bb~ :;'fl'WJll cPl'Wl L 'W'Vl'fl..:! bbl?l..:!'fl'flfl 
q q q 

, ~ 

1"11 ~ r;J~l.J b'flfi~ bb'fl~fl'fl e:I'fl~ r;J ~Vl1Jl~'fl'fl'WJll cPlvl'fl'Wl L 'WcPllfU'fl'Wr;J~l.JUl 0.01 biJ'flfbsD'W!?l Ll?ltlml.Jl ~J' 
q 

, ~ 

vllb~J':;UuiJiJJ':;~'VlfiJll'V'lb~l.J~'W 1.3 biJ'flfbsD'W!?l 

~ bb~:;l.Jl?ll'Jlf (Lee; & Mudawar. 2007) Pifl'l11Ll?ltl~fifllJ''VlI?l~'fl'':!"lJ'fl..:!il.JiJJ':;~'VltfllJ' .. 
cllt1 b'Vl cPl'Jll.J ¥'fl'WbbUIJ~ b1l'W:; b~t1'J"lI'fl..:! fllJ'1 VI~ bbUUJ'lU b1-t1 ULI?l tJb-if"ll 'fl..:! 1 VI~'W 1 L 'WbU'W~l J'vll..:!l'Wb 'W 

cPl1-UJ':;UltJcPl'Jll.J~'fl'WbbUU"ll'fl":!"lJ'Wll?lb~fl "lJ'Wll?lcPl'Jll.JflrJ1..:! 1 0 iJ~~bl.J~J' cPl'Jll.JtJl'J 44.8 iJ~~bl.J~J' 

bb~:;cPl'Jll.J~":!"lJ'fl":!cPl1-'iJ 0.821 iJ~~bl.J~J' "lJ'Wll?lcPl'Jll.JVI'W1bb~d'fl":!"lJ'fl":!cPl1-u 0.215 iJ~~bl.J~J' ~'J'Wr;J~l.J .. 
~ 

"lI'fl":!r;J..:!'Wl L 'W'fl~iJ bUtll.J'fl'flfl1"11 ~ nuillb 'Wi I?l~ 'J'WcPl'Jll.J b-nl.J-n'W 1 biJ'flfbsD'W!?l bb~:; 2 biJ'flfbsDW;lLl?ltJ:-B'l.Jl ~J' 
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~ I ~ I ~ 

eJ~ n '1 ~'Vl ~~'e)~'V'l1J~'1 i:wtJ~~~'Vlfin'1~~'1tJ b'Vl ~(n:W¥'e)iJ1~ b~:W~iJb;J'e) bmtJ1J b VitJ1Jnuw'1 ~'JiJ~'J'1:W ~iJ 
I 2J I I 9.1 

(?l n ~i'e):W b ~:W~iJ(?l'1:wi ~~'JiJ~'J'1:W b-n:w-niJ"lI'e)~ eJ~iJ'1 b iJ'e)~ij butJ:W'e)'e)fl1"1! ~Vi b~:W~iJ 
'" 

f]fiJ"'l'1~ bb~~Xl (Hrnjak; & Tu. 2007) Vi'1n'1~Mmj"'1~'J'1:W~iJ(?ln~i'e):W"ll'tl~fl'1~l'V1~bb1JU 
i.I I I I 

~ miJ~b~tJ'JVl~"lI'e)~fh"11 bb~ ~"lI'e)~ b'VI~'J 1 iJ"ll'tl~ ~ b 'VI ~tJ:w tJiJeJ '1"l1iJ '1 ~ b~ n"lliJ'1 ~ b~iJeJ'1iJ"lI'tl~ 1 'VI~Vi bTl ~"'l '1 n 

fl'1~1'V1~eJ'1iJ'e)tJ1iJ"ll'J-:J 69.5 ~~ 304.71:wb~n:W(?l~ b~tJ1-if~'1~Vi'1~'J'1:Wb~iJ 134a bUiJ~'1~Vi'1~'1iJtJf1J 
'" 

i ~~'JiJ1'e)n1J"lI'tl~ b'VI~'J'tltJ1 iJ"ll'J~ 0.09 ~~ 0.24 bb~~Vi'1fl'1~'Vl ~~'tl~1 iJ"ll'J~ ~'1 b~tJ1iJ~ ~'lJ:w bU'tlf 112 ~~ 
'" ~ ~ 

9, 180 eJ~n'1~'Vl~~'tl~'V'l1J~'1 ~'J'1:W ~iJ(?ln~i'tl:W~iJ'tltJnUU"'l~tJ ~'J'1:w~ ~Vl~1J1-b'J rufl'1~l 'VI~ bbUUn1J b1tJU 
'" 

fl'1~l 'VI~ bb1J1J'Vl~'1iJ~iiJ bb~~fl'1~ 1 'VI~ bb1J1J,1iJtl'JiJ 

~btJiJ bb~~~ru~ (Nguyen; et al. 2007) Vi'1fl'1~Mm~nb~tJ~~n'1~'Vl~~'tl~b~'tl'VI'1'"Jru~:wmi 
" I!I I 

bb~ ~i:wtl ~~~ 'Vlfi fl '1 ~~ '1 tJ b 'Vl ~'J '1:w ¥'tliJ"lI'tl~ ~ '1 ~Vi '1 ~ '1 iJ"lI 'tl~ 1 'VI ~iJ '1 b iJ Vi iJ ~ 'J iJeJ ~:w ~~'VI~ '1-:1 V, '1 n ~ iJ eJ ~:w 

'tliJfl'1~'e)~ijbutJ:w'tl'tln1"11~1iJi~~~biJ~'J'1:Wb-n:w-niJ 1.0 btJ'tlfb~iJ~ 3.1 btJ'tlfb~iJ~ bb~~ 6.8 btJ'tlfb~iJ~ 
q '" 

t~tJm:W'1(?l~ ~"lIiJ'1~'e)iJfl'1~'tl~ijbutJ:w'tl'tln1"1!~ 36 iJ'1biJb:W(?l~ bb~~ 47 iJ'1biJb:W(?l~ ~n'lj"ru~fl'1~l'V1~ 
q '" , ~ 

bbUUUiJ th iJ 1 'VI ~ eJ'1 iJ~11J ~~1J'1 tJ ~'J '1:W ¥'tliJbbU1J bb vl~ n ~:w b~ tJ ~ ~ ~~ 'Vl ~~'tl~ 1 iJ"ll ~tJ~~:w 'J ~ eJ ~"lI'tl~ 
q 

~'tl:w~ 'J b(?l'e) f bb~ ~~ 'JiJtJ~~fl'e)U~ b~ ~'Vl ~'tltl~~ eJ ~ n'1~'Vl ~~'tl~'V'lU~'1 ~'1~Vi'1~'1iJ"lI'tl-:l1 'VI~ iJ'1 biJ~ eJ~:W 

'tliJfl'1 ~'tl~ij bUtJ:w'tl'tl fl1"1! ~1 iJi ~~'JiJ~'J'1:W b-n:w-niJ 6.8 btJ'tlfb~iJ(;]1~tJm:w'1 (?l~~'1:W'1~t;l b~:wi:wtJ~~~'Vlt 
q '" 

I i.I I !.I I 

fl'1~~'1m'Vl ~'J'1:W¥'tliJ1~b~:W~iJ 40 btJ'tlfb~iJ~ b;J'tl bmtJ1JbVitJ1Jn1Jv''1n~iJ 

b"lliJ (Chen; 2007) Vi'1fl'l~Pim~n b~tJ~~n'1~~ b~~'1~tfb~~ ~'J b~"lI"lI'tl-:lfl'1~~'1m'Vl ~'J'1:w¥'tliJbb1J1J 

U-:I cPlu1 iJ~11J~~1J'1tJ ~'J '1:W ¥'tliJbbU1J"ll'tl~"lIiJ'1 ~ b~ n"ll'tl~ ~~UU'VI~'tl b~iJ"lI'tl-:l'tltJ mM b~ ~'Vl ~'tlUfl ~ b~tJ 1-if 
q 

1"11 bb~~b~tJiJ (Tsai; & Chein. 2007) Vi'1n'1~Pifl'lj"'1b~tJ~~n'1~~b~~'1~<Jb~~~'Jb~"lI"lI'tl-:ln'1~ 

~'1tJ b 'Vl ~'J'1:W ¥'tliJbb1J1JU-:I cPl1J b~tJfl'l~'V'l'1 ~'J'1:W¥'tliJ1 iJ~11J~~U'1tJ ~'J'1:W ¥'tliJbbuu"ll'tl~"lIiJ'1 ~ b~ n b~tJ1 -if ~ '1 ~ 
~ ~ 

Vi'1~'1iJv''1eJ~:WiJ'1biJ'Vl'tl~bb~~'tl'tln1"1!(?) (Cu-H20) bb~~ Carbon Nanotube eJ~:wnuv''1 (CNT-H20) 

b~tJ Pi fl'lj"'1 n '1 m ~~"'l '1 tJ ~'J"lI'tl-:l fl ~~bb~ ~'J'1:W b~'J n'1~n ~~"'l'1tJ"lI'tl~'tl ru'VIflij ~'J '1:W ~iJ(?l n ~i'tl:w bb~ ~ ~'J '1:W 
q '" 

b~tJiJ bb~~b~~ (Chein; & Chuang. 2007) Vi'1n'1~Pin'lj"'1b~tJ~~n'1~'Vl~~'tl~"lI'tl~fl'1~~~U'1tJ 

~'J '1:W ¥'tliJ "lI'tl~ ~ 1u ~~U'1 tJ ~'J '1:W ¥'tliJ b~ tJ 1 -if"ll'tl~ 1 'VI ~iJ '1 b iJ ~1u~~1J '1tJ ~'J '1:W ¥'tliJ Vi '1 :W'1"'l '1 fl~~ n'tliJ"lI'tl~ 
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., 
bVl~'kl1b'Wl-if'Vl'fl~bb~~'fl'fln1"11~fl'lJ\I1I:J~UJfl'Wl'Wi~~'J'W 0.2 bU'fl:h:.n'W1?l Ci~ 0.4 bU'flfb:.n'Wl?ll~tJm6J')(?lJ' 

I:J ~ nlJ''Vl ~~'fl~'V'l'lJ~ 1"lJ'fl~ 1 VI~ 'W 1 b 'W~l6Jl J'tl ~'lJ'V'l ~~~ l'WfI'Jl6J ¥'fl'WlDll n fI ~'lJ J'~'lJl tJ WJ 16J ¥'fl'W Hl6Jl n n ~ 1 
j.J I I I 9.1 

tJ1YlfJ l?lJ'lnlJ'b VI~"lJ'fl~~lJ'vll~l'W~l n~l d~'flfJ l?lJ'lnlJ'b VI~~~~'WnlJ'tlltJ b'Vl fI'Jl6J~'fl'WIDl~tl nu~ ~'lJ ~'JtJ 
'IJ 'IJ 

m6J 11?lJ'"lJ'fl~"lJ'fl~b VI~ bb~ ~'fl'Wfll fI"lJ'fl~"lJ'fl~b VI~'Wl b 'WhJ ~16J1J'tl ~ ~i'lJ fI'Jl6J ¥'fl'W~~"lJ'Wl ~ 1 VI ill n~ lb~ 
q 'IJ ~ 

iI I I I I I 

'U~,r'WnlJ'VllI"11~ruVlJJiJYl tJ n ~'fl~ 1?l16J'Vl ~MD ~'fl~ l-iffJ 1?lJ'1 nl J'b VI~Yl ~1 YlfJ 1?lJ'1 nl J'b VI~Vl~~hJ ~ 16J J'tl 

l' ~~ruVlJJiJb~~ 'W'Vll~'Vl ~MlJ b ti'fl~1Dl1 n"lJ'fl~b VI~'W1 b 'W~n1J'~'lJ!Pl'J bij'Wn~6J n'fl'Wbb~~bu'Wl?l~n'fl'W n1 J' 
, ., 

l-if"lJ'fl~b VI~'Wl b 'W ir~'V'l'lJ~l~nln-W6J~'W"lJ'fl~ bbJ'~ ~'Wl?lnfli'fl6J 

b~ bb~~b~tJ'W~'Vln'fl'flf (Li; & Kleinstreuer. 2008) vllnlJ'~nMlb~tJ~fin1J'~bflJ'1~'lfb~~ 
'IJ 

I I j.J 9.1 

nl J'bfl ~'fl'WYl dJ'Wbb'lJ'lJ Brownian ~ 1 J'vl1~ 1'WbmtJ'lJ b VltJ'lJJ'~VI~1~tJ1 tJ 11:J ~6J'Vl'fl~ bb~~'fl'fl n 1"11 ~1 'W 

i~~'J'W 1 bU'flfb:.n'W1?l bb~~ 4 bU'flfb:.n'Wl?lb~tJm6J11?lJ' "lJ'Wl~b~'WeJl'W~'W~n~l~"lJ'fl~'fl'Wfllfi 28.6 'Wlb'Wb6Jl?lJ' 
'IJ q 

, ., 
l:J~nl J''Vl ~~'fl~'V'l'lJ~11h~~'Vl~fll'V'l'Vll~ fI'J16J¥'fl'Wb-W6J~'W1?l16Ji ~~'J'WI:J~6J"lJ'fl~'fl'Wfl1 fI vll'W'fl~ b~tJ'J n'W 

q ,.. ., 
fI'Jl6J ~'W1?l n fli'fl6J bb~~rh~~Yll -if-n'lJU6J~ 1"11 ~~~'Wl?ll6Ji ~~'J'WI:J~6J"lJ'fl~'fl'Wfl1 fI 

'IJ q 

, ., , 
'flU nnUbb~n bU~tJ'WfI'J16J¥'fl'Wbb'lJ'lJvl'fl~'fl~i'WbVl'flVl11"11i6JuJ'~~'Vljfn1 J'tl 1tJ b 'Vl fI'J16J¥'fl'W"lJ'fl~"lJ'fl~1 VI~ 

q 

'Wl b 'Wb 'Vl'Vl1 bUtJ6J 

VltJl~ bb~~bbU~ (Yang; & Pengo 2008) vl1nlJ'~nM1b~tJ~finlJ'~bflJ'1~tfb~~!Pl'Jb~"lJ"lJ'fl~fI~'lJ 

J'~'lJltJ fI'Jl6J¥'fl'Wbb'lJ'lJ fI'Jl6J~~hJ ~~1 b~6J'fl b~tJ~fi~~J'~'lJltJ fI'Jl6J ¥'fl'Wvl1 n1J'~ bflJ'l ~Vll~tJbunbn J'6J 
'IJ 

SIMPLEC ~~fll'J~nlJ'bVl~bb'lJ'lJ~'Wlh'W 1"11bJ'tJl'W~~,r~b'lJ'flf 15,000 bb~~ 25,000 b~'flvl1n1J'~m~n 

I:J ~ n J'~'Vl'lJlDll n tU il~"lJ 'fl~ fI~'lJJ'~'lJ 1 tJ fI'J16J ¥'fl'W ~ ~ I:J ~ ~'flU J'~~'Vl ~ fll'V'l'Vl1~ fI 'J16J ¥'fl'W lOll n I:J ~ n 1 J' 
I I I 9.1 

'Vl ~ ~'fl~'V'l'lJ~1 'fl ruVifliJYl 'a$l'WfI~'lJ ~ ~~~ b~'fl fI'J16J ~~"lJ'fl~ fI~'lJ b-W 6J~'Wln ~ bAtJ~ fl'lJ ~'W~ n ~1~"lJ'fl~ fI~'lJ 
q qJ dS qJ cu 

'W11:J~ bb~~flru~ (Naphan; et al. 2008) vl1n1J'~nM1uJ'~~'Vl~fll'V'l"lJ'fl~vl'fl¥'fl'W (Heat Pipe) 

b~tJl -if~1 J'vll~1'W".lJ'fl~~ 1'lJ1~'Vl t I:J ~ 6J bb 'fl~ n'fl ~'fl ~ bb~ ~~1'lJ 1-~'Vlt I:J ~ 6J J'~VI~ 1~'fl'Wfll flb'Vl 'Vll b UtJ 6J"lJ'W1 ~ 
q q q 
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C?l'd'lVl'f)'l~"lI bb~~~ru~ (Duangthongsuk; et al. 2009) ~'In'lJ'~m~nn'lJ'~'ImVl~'d'UJ~'fl'W 
q 

... 
bC?ltl n'l J''Vn ~'d'l ~ ~'fl't.lbb'IJ'lJiJ'l ~'IJ bb~ ~ '".l ru~ n'jj'ru~n 'I J'1",~ bC?ltlb-n"ll'fl'l1 'VI~'W 'I b'W1 'VlVl'l b ilm.J n'IJih b 'W 

~ C?l~'d'W 0.2 bU'flfbS]'Wl9lbC?ltlm~'Il9lJ'b~'f)~n'jj''I~~uJ'~~'VlimJ'~'ImVl ~'d'l~~'fl'W bb~~i1fill~tI ~'d'l~1J C?l bC?ltl 
, ... 

~'I n'lJ''Vl C?l~'f)'lb 'W'flU nJ'nrbb~ n bU~tI'W~'d'l~~'fl'Wbb'IJ'lJv1'fl~'fl'l-n'Wbb 'W'd'W'fl'Wbb'IJ'lJ1 'VI~~'d'W'Vl'l'l rl'W Jl'l tlb~ 
q 

... 
1'Vl'Vl'lbiltl~~'Inn~'I"Ll'l 6 ~'l 11 bU'flfbs]'Wt;] bb~~~'d'l~~'Wl9ln~:f'f)~iJ~'I~'ln~'In'l~'I'W'drub~nU'fltl 

'lJ 

'I1~'IJJ' bb~~~ru~ (Numburu; et al. 2009) ~'In'lJ'filn'jj''IbC?ltl~fin'lJ'~b~J''I~,rb~'l~'db~''lI''lI'fl'l 
'lJ'lJ 

!V I I i.I 

eJ~~rl'IJb'fl~~'W1n~~'fl~ bb~~"Ll'l1"'~Jl'ltlb'Wv1'fln~~b,x~~nof ~'d'l~~'f)'W~'lVl ~'d'l~'VI-WC?lb~~;J'W 10 bU'flfbs]'Wt;] 

bC?ltlm~'Il9lJ' ~'I n'l J'~ b~J''I~,r ~ru~~~Vl'l'l'fl ru'VIJlij'V'l~ PI 'I ~l9lf"ll'fl'l"ll'fl'l1 'VI~'W'I b 'W bC?ltl n'lJ'u¥'IJ bU~tI'W 
q q 'lJ 

I !V I !V 

b'IJ'flfb~~;J'W 35 bU'flfbs]'Wt;] bb~~ 6 bU'flfbs]'Wt;] ~'I'VI¥'IJ CuO b!J'f)bVltl'IJrl'lJ'W'I 

'W'IeJ~ bb~~~ru~ (Naphon; et al. 2009) ~'ImJ'~nmuJ'~~VlfiJl'l'V'l"ll'fl'lv1'fl~'fl'W (Heat Pipe) 

bC?ltlb-n ~'IJ'~'I'l'l'W"lI'fl'l1",~'W'I b 'W~'d'WeJ~~J'~'VI~'I'l'fl'WJl'l ~ 1'VlVl'l biltl~"lI'W'I C?l 21 'W'I b'W~l9lJ'rl'IJ~'IJ'~ 'Im'l~bU'W 
q 

, , 
n'IJ~'IJ'vh~'d'l~bU'W R11 vh",~'I~~~Vl~C?l~'fl 0.1 bU'flfbS]'Wl9lbC?ltlm~'Il9lJ' b,xuJ'~~'VlfiJl'l'V'l~'ln~'I~'IJ'~'I 

q 'lJ 

fill'lnn'lJ'~ n'jj''I b'f)n~'IJ'bb~~'l'l'W~~tI~ b~ tI'dO]'f)'l ~'Ib ,xVlJ''I'IJ~'l eJ~mJ'~ b~J''I~,r bb~~n'lJ'Vl C?l~'fl'l 

"lI'f)'l ~1-'IJ"1lUC?l !?I 'I'l 1 ~'I"'¥'IJ~tl n J'nr~ b~ ~Vl J''f)U~'if ~unJ'nr~'f)~~'d bl9l'flf~'l ~'d'Wb 'VIrYfill ~bU'W~1-'IJ bb'IJ'IJ 
I I I I 

I <=i ~ G l..:::i.t::l tr <=i I e:::l e:::l ..:::S 2.J c:a 

"1l'fl'l ~ b 'VI~tI~ fill ~ b 'VI'W'd 'I~ n'l J''d b~J''I ~'VI bb~~n 'I J'Vl C?l~'fl'l"ll'fl'l ~ J''IJ bb'IJ'IJ"1l'fl'l ~ b 'VI~ tI ~ eJ 'W eJ 'I"lI 'W'I C?l b~ n 1 
... ... ... 

U'fltl ~ 'I n ~'l'l1'W~~ 'I n'lJ'~~tI ~¥'lil~'fl'l b~'WUJ'~ btl "1l 'W1 'Wmm'lJ'Vl C?l~'fl'l "lI'fl'lmJ'~ 'Itl b'Vl ~'d'l~~'fl'W bC?ltl mJ' 
'lJ 

... 
'V'l'l"ll'fl'l ~1-'IJ bC?ltln'l~~n'jj''I~ nMru~~'d'l~~'l"ll'fl'l"ll'fl'l ~1-'IJ bb~~~'IJ'~'I'l'l'WbC?ltlb-n"Ll'l "lI'fl'l1 "'~'W'I b 'W1 'VlVl'l 

'lJ . 

... , 
b iltl~b-n~'d'WeJ~~"Ll'l rl'IJ eJ'l'fl~Jl'l ~ 1 VlVl'l biltl~ 0.4 bU'f)fbs]'WI?TIC?ltlm~'Il9lJ' bb~ ~~'I ~'d bbU J'!?I 'I 'I 1 VliJ eJ ~ 

!?I'fln'lJ'~'Iti bVl ~'d'l~ ~'fl'WbC?ltl n'lJ''V'l'l''ll'fl'l ~1-'IJ-rl'fl'l~ b"'~tI~~'W~'I"lI'W'I C?l b~ n 



.0:::.1 
'UVIVI 2 

Vl~nn'l'i~'l!lb'VIfl,;)'la-J';'fl'IJ (Principle of heat transfer) 

Wl J'~mj-1 C~''el~ n 1Hi 1tJ b 'Vl (OJ'J1~ ~'el'W L!?ltJ~ 'J hJ~nhb'lJ'lJ n 1nl 1 tJ b 'Vl (OJ'J1~ ~'el'W'elti rJl 'JtJ n'W 3 
'IJ 'IJ 

" , , 
bb'lJ'lJ~'el n1J'oW1(OJ'J1~~'el'W n1J''V'l1(OJ'J1~~'el'W bb~:::n1J'bbi:Jf~~ n1nhm'Vl(OJ'J1~~'el'W~~ 3 bb'lJ'lJ bU'W~~Vl 

I i.I I iI I I 

~1 ~ ru~~~ TVlf'lJ~1'W'Vl'l~ rJl1'Wn1nhm 'Vl (OJ'J1~ ~'el'W ~~Vl bn !?l~'W1 'W1'~!?lVl dj'W"lI'el~ bb~~ bb~:::"lI'el~1 'VI~ :jj~ w q 

" " "'l:::1~mh'Jt\~'VI~n1 'Wn1J'r;i1m'Vlm1~~'el'W~~ 3 bb'lJ'lJ~~i1 

1. n1'i'l.hFl'J1:I-Jf'£l'l..! (Heat conduction) 
, " o 9.J.dj «=10..:::::1 I cv 2.1 ~ 9/ .dJ.c=:I ~ 

n 1J''W1 (OJ'J1~J''el'W rl'el 'J fin 1 J'tl 1 tJ b 'Vl'V'l ~~~ 1'W(OJ'J1 ~ J''el'W'Vl rl'J 1 ~ J''el'W b(OJ~'el'W'Vl"'l 1 n'lJn'J bW 

~iJ'elbW'VI.nij~~hJtJ~'lJ~b'JbW~iJ'el bW'VI.nij ~1.n1tJ1 'W~'Jn ~1~ b~tJ'J n'W 'VI1'el dj'Wn1nrl~'el'W~ i:J1'WL~ b~ n ~ 
q qJ qJ q qJ q 

I I I 2.1 I 

"lI'el~~1J' L!?ltJVlL~ b~n~ hJ brl~'el'WVl (Steady state) n1J'U1 rl'J1~~'el'W"'l:::bn !?l~'W1rJl~~1 n 1 'W~'Jn~1~Vl 
q 

I I iI iI I I I 

dj'W"lI'el~ bb~~ n 1n(OJ~'el'WVl"ll'el~ rl'J1~ ~'el'Wbb'lJ'lJihn !?l~'W1rJl~~1n 1 'W~'J n~1~Vl bU'W"lI'el~ bb ~~ n1 n(OJ~'el'WVl 
iI iI I I 

"lI'el~ rl'J1 ~ ~'el'Wbb'lJ'lJtlbn !?l~'Wu 1~1 'W"lI'el~ b 'VI~'J bb~:::n 1"] bbf?i~ n"'l:::bbtJ n hJ'el'eln"'l1 n n'W n1nrl~'el'WVl"ll'el~ 

(OJ'J1~ ~'el'Wbb'lJ'lJ n 1 J'oW 1 rl 'J 1 ~ ~'el'Wbrl ~'el'W~L!?ltJ n 1 J'U 11rJlL!?l tJ n1 n(OJ~'el'W~"lI 'el~~ b~ rl ~ J''el'W'''l1 n"'l!?l~ ~ 
q 

I iI I I I 

'el bW'VI.nij ~'1 hl~ 'el bW'VI.nij ~1 'W'el n"'l 1 nil(OJ 'J 1 ~ ~'el'WtJ~ brl~'el'WVihJ1rJlL!?ltJ n1 J'i'W~:::b Vl'el'W"lI'el~ L~ b~ n ~ 
q cu ClJ iii q ClJ q 

.n1tJ1'W"lI'el~bb~~ 1'W~n'jj'bW:::"lI'el~'V'l~~~1'W"1J'el~(OJ'J1~j'W~:::bVl'el'W (Vibration Energy) ~nrJl'JtJ 
, " " 

'VIi n n 1 J'rl1 'W'J bWbfl tJ'J n'lJn 1 J'oW 1 (OJ'J 1 ~~'el'W\] n ~~ ~'W L!?l tJL"'l b"] 'V'J L mb'el'el f (Joseph 
I I I iI 

F ou rier) 1rJl b~'W'el ~~ n1 J'Vl1 oif~ 1 'VI f'lJ rl1'W'J bW'fl ~J'1 n1nrl~'el'WVi"1J'el~ rl'J1~~'el'W L!?ltJ n1 J'oW11 ~ ~~il 

(2.1 ) 
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2. n'1'i~1F1,;)13Jf'fl'U (Heat Convection) 

n 1 J"}'ll11"1'J 1 ~ ~ 'fl'WbU 'Wn ~:::u'J'Wn 1 ~ri 1 tJ b 'Vl~ ~-:J-:J 1'W1"1'J 1 ~ ~'fl'W~ b~ tJ 'J..n 'fl-:J nu n1 ~ 
I I I !V 

bl"1~'flUVl"lJ'fl-:J~'J~"lJ'fl-:J"lJ'fl-:Jl 'VI~ l!?ltJ b'U~1:::'flt.h-:JU-:Jn 1nl1tJ b 'Vl1"1'J1~~'fl'W~:::'VI~1-:J.w'W~'J"lJ'fl-:J bb ~'l nU"lJ'fl-:J 
I !V iI iI I 9.1 I 

1'V1~Vl~l?leJ1'WltJu'W~'J"lJ'fl-:Jbb~-:J't!'Wb-n'W 'fl1n1P1 tJ1'V11'fll'fltJ1 biJ'flil"lJ'fl'll'V1~ (Fluid) ~~eT~nu.w'WVl~'J 
I I!V I 

"lJ'fl'lrJ (;lQ bl?ll Vlil~nJ'VI.fJiJ bb(;l n ~1-:Jn'W iOl:::bn !?In1nb~ mtJ~tJ'WI"1'J1~~'fl'W~'W b 'W~111~fi~~~"ll1 ~ biJ'fl"lJ'fl-:J 

1 'VI~ t:l nv'h b ~~'fl'WiOl :::~1Wl~t:l bl"1~'fl'W~iOl1 n~'VIn-:JltJtJ-:J~ n~'VIn-:Jl~v'h b ~ bn !?In1~1 'VI~ b~tJ'W~11"1'J1~~'fl'W 
'" 

I '" 

~1 b~~1:::l~ b~n~Vl b~Ubb~:::'VI't!n n~1iOl:::(;l n~-:J-if1-:J~1-:J ~'J'Wl~ b~n~Vl ~'fl'Wbb~:::bu1n~1iOl:::~'fltJ ~'J~'W'VI1'fl 
q q 

'fl1iOl n ~ 1'J~mrtJ'VIn-:J(:h n1~~11"1'J1~~'fl'WbU'W~ n~nJ:::n1nhtJ b'VlI"1'J1~~'fl'W l!?ltJil'fl1n1 PI btl'W~'fln~1-:J 

b 'Wn1~~11"1'J1~~'fl'WiOl1nrJ (;It:l 'VIn-:JltJtJ-:J~nrJ (;It:l'VIn-:J b-n'W ~ I?l~~ bth ~~ iOl:::bi ~~ bth cJ 1'WbI"11'fl'lv'h 
q q 

, " 
1"1'J1~~'fl'W (Heater) b~~~~11"1'J1~~'fl'WltJb~\~'W~:hJ dj'W~'W ~n~nJ:::"lJ'fl-:Jn1~~11"1'J1:hJ~'fl'WVlbn!?l~'W 

!V I I I 

'fl1iOl~'WbbU-:J 'fl'flnl~ (;l1:hJ bbNVlv'h b ~bn !?In1nl"1~'fl'WVl"lJ'fl-:J1"1'J1~~'fl'Wb 'Wl:hJ b~ n~"1J'fl-:J"lJ'fl-:Jl 'VI~ 1~ bU'W 2 
q 

tJ~:::bl1'Vl ~'fl 

1. n1~~11"1'J1~~'fl'WbbUU~~~::: 'VI1'flll?ltJfi~~:hJ"ll1~ (Free or Natural Convection) bu'Wn1~ 

f:i 1 tJ b 'Vl1"1'J 1:hJ ~'fl'W ll?ltJ 'fl1 ~tJl"1'J 1:hJ bb(;l n l?i1'l "lJ'fl-:J 1"1 'J1~'VI'W1 bb t.l 'W"lJ'fl-:J"lJ'fl-:J 1 'VI~ b ti'fl'liOl1 n "lJ'fl-:J 1 'VI~ b~'fll~~u 
" " 

1"1'J1:hJ ~'fl'W ('fl t:l .. !'VIl1iJ ~-:J~'W) "'l:::ill"1'J1:hJ'VI'W1 bbt.l'W~ !?I~-:J n~1'fl1 n1 Pll!?ltJ~'flU v'h b ~\n I?ln1 ~~'fltJ ~'J~'l~'W 
q ClJ qJ ClJ 

, " 
b-n'W I"1rJ'WVl~'fltJi'WiOl1ntJ~'fl-:Jl~ 

2. n1~~11"1'J1~ ~'fl'WbbUU'U'l ~U bu'Wm ~f:i 1 tJ b V11"1'J1:hJ~'fl'W l!?ltJbi bb~-:J111 tJ'W'fl n:hJ 1~1b ~"lJ'fl-:J 
I I iI I I Cl'lI 

1 'VI~ bl"1~'fl'WVl eJ1'W.w'W~'J"lJ'fl'l bb ~'lVlil'fl nJ'VIl1iJ l?i1-:J rl'WltJb 'WVi PI'Vl 1'1 Vl n1'V1'W1?l H b"ll'W bb~'l"'l1 nU~'VI1'fl~ !?I~:hJ 
q '" 

(2.2) 

2 

h ~'fl ~~tJ~:::~'Vltn1~~11"1'J1:hJ~'fl'W, W/m.K 
" , , 

Q ~'fl ~(;l~1n1~f:i1m'VlI"1'J1:hJ~'fl'Wl?i'fl'VIt.l'JtJ.w'WVl"lJ'fl'l"lJ'fl-:J bb~'lVl~:hJ eT~ rlU"lJ'fl-:Jl 'VI~ (W) 

, " 
Tc ~'fl ~bW'VI.fJiJVl b~'Wn~1"lJ'fl-:J"lJ'fl-:Jl 'VI~'VI1'fl.w'W~'J"lJ'fl-:J"lJ'fl'l bb~-:J, (OC) 

" , 
A ~'fl .w'\.JVl~~ eT~~:::'VI~1'l ~'t!-:Jvl'flnum~l VI~"lJ'fl'l"lJ'fl-:Jl VI~, (m

2
) 

,"h~:hJtJ~:::~'Vltn1~~11"1'J1:hJ~'fl'W h bbtJ~eT'Wl~n~1-:J:hJ1n f11~tl'flbU'WbbUU'flti1'l"lJ'fl'l h t:ln 
'" 
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Mode 

....... 
n1 "i..,1 Fl'J13-J "i'fl 'l..I 'fI~ "i~ 

n1"1! 

... ...... tV 

n1"i..,1 Fl'J13-J"i'fl'l..lU.:I FlU 

n1"1! 

"lJ'fl'l bVl~'J 

n1"i..,1 Fl'J13-Jf'fl'l..l bbU'U b t.l~ !I'l..1'l4 "TIJ~ 

3. n1"ibb~~.:I~Fl'J13-Jf'fl'l..l (Heat Radiation) 

h 
2 

W/m ·K 

5-20 

50-1,000 

25-250 

100-20,000 

25,000-100,000 

n 1:i' bb eJ' f'l ~ Fl 'J 13-J f'fl 'IJ b U 'IJ n 1:i' d 1 tI b Vl 'V'l ~..:J '11 'IJ Fl 'J 13-J f'fl 'IJ Vl ~ ~ eJ' 1 'IJ 6Ji 'fl'l 'J' 1 '1b (?) 1 
, ., , 

(Through Space) 1. 'lJpJ"lJ'fl'l Fl~'Wbb~ bVl~ n hH'h (Electromagnetic Waves) IOn nVJ'IJ~'J"lJ'fl..:JtJ I?1qVliJ 
., , , 

'flruVl.n~ ~'1nrJ 11u~'lVJ'IJ~'J"lJ'fl'ltJl?1f:lVliJ'flruVl.n~ ~1 nrJ1b 'lJVl nVl ~Vl nVl1'1b 'lJFl'J13-J bU'lJIOl1'..:J bb~'Jn1 :i'bn (?) 
q qJqJ q q qJ qq. 

I ~ I ~ I ~ 

Vl Fl'J 13-J f'fl'IJ 'i!'lJe-i1 'lJdri 3-J ~'1~'IJ bij'fl f'l ~ i11u 1?1 n n :i':;VlUtJ 1?1 q b(?)1 U1'1 ~ 'J 'IJ'fl11Ol ~:;Vf 'fl'IJ U 1..:J ~ 'J'IJ'fl11Ol1Ol:; 
, 

~..:J eJ1'IJVl~~ lu U1'1 ~ 'J'IJ'fl11Ol f:l n (?) (?) n ~'lJH bb~ ~lh f'l ~ 1?1 n n ~~VlU ~'flf'l ~ Fl'J13-J f'fl'IJf'l ~Vl f:l n (?) (?) n ~'lJH IDl ~ 
q qJ C1J cu qJ ., 

un niJ bU'IJ Fl'J13-J f'fl'IJ.n 1 tlb 'lJtJ 1?1 q'i!Wftb tI Fl'J13-J b~'J bb~'1 m nbeJf..:J ~ Fl'J 13-Jf'fl 'IJ~13-J 1 ~f:l eJ 1'IJ~ ry ry 1 n 1 ~ 

lcJl~'1 t?l1'11Ol1 nn1~il1 Fl'J13-Jf'fl'IJ bb~~n1~'V'l1 Fl'J13-Jf'fl'IJ~..:JIOl~!1i''fl'l'fl1 ~tI ~'1 n~1'1b 'lJn1nl1t1 bVl Fl'J13-Jf'fl'IJ 

'V'l~'1'11'IJn1 nbeJf'l~~u~ (?)U~'fltlIDl1 ntJ 1?1f:l~13-J1~f:l ~1'IJ'J rulcJlIDl1n~3-J n1~ 
q 

(2.3) 

~'fl ~'JFl'l~~bl?1'Vh'IJ-tu~l?1sfdY'IJ'I1 (Stefan-Boltzmann Constant) b'Vl1riU 5.7X10 
-8 

2 4 

(m -k ) 
., , 

A ~'fl VJ'W~'JVl bU~'1'V'l~'1'11'IJf'l~, ( m 2 ) 

T ~'fl 'flruVl.n~"lJ'fl'ltJl?1f:l, (OC) 
q ~ q 
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n1'ar;i1t1 b'VI Fl'J13Jf'el'Ubl?ltln1'a'V'n bb'U'U,J,:J ~'U~1'V1~'U n1'a't 'VI~[ntl"l. 'U'Vi'el (Forced Convection for 

Flow Inside Ducts) 
cv ..... 

'VI~ n n1'a bb~~bb 'U'J Fl'J13J Fll?l 

n1~-W"'l1~bl,l1tl'l~fin1~~1'W'JbWVl1 fhn1nhtJ b'Vl f1'J1~~'fl'Wbb~ :;f1'J1~ ~'W~ i?l1 'Wn1~~1 f1'J1~~'fl'W 

bbuuiJ'I ~u1 ,x"ll'fl'l1 VI~ 1 VI~ hn 'Wvl'fl~'I'fl1"'l dj'Wn1~1 VI~ bbUU~1U b1tJUVl1'fl1 VI~ bbUU,J'Wth'W1~ n1~1 VI~ 
i.I I iI' I I I 

fl1tJ1 'Wvl'fl-D'W"ll'flU b"ll[PI"ll'fl'l"ll'fl'l1 VI~"'l:;hJ~1~1 nl b-W~ f1'J1~VI'W1~'Wb1'fltJ 1 b~ ~1:;i1; i?l~1 rl i?lVl~:;tJ:;VlU'l 
" " 
-D'W"ll'flU b"ll [PI"ll'fl'l"ll'fl'l1 VI~"'l :;~1U~~"'lUrl'WVl"'l i?l Pl'W~ n~1'1"ll'fl'lvl'fl~'I"'l :;bb[PIn !Pi1'1"'l1 n m ~1 VI~fl1tJ'W'fl nvl'fl q ., 

9.1 I iI I 

-D'W"ll'flU b"ll [PI"ll'fl'l"ll'fl'l1 VI~"'l:;~ 1~ 1~r;l b -w ~ f1'J1~VI'W1~'W1~bi?ltJhJi1; i?l~1rl i?l [PInU1i?lVliJ'IhJ bn i?l n 1 ~ 

bbtJ n !?l'J"ll'fl'l"ll'fl'l1 VI~ 

n 1~-W"'l1~bW1tl'ln~ 1n'Vl1'1mtJfl1~ bi?ltJ ~~-W"'l1~bW1e.J~"ll'fl'l f1'J1~ b~'J~vl11,x bn i?lm~1V1~fl1tJ1 'Wvl'fl 

" " " 
n1 ~~ [?J..J'W1-D'W"ll'flU b "ll [PI f1'J1~ b~'J "'l1 mr'W"'l :;-W"'l1~bW1 e.J~"ll'fl'l n1~bn i?l-D'W"ll'elU b "ll [PI f1'J1 ~ ~'fl'Wbb~'J1-if nD n 1 ~ 

'fl'Wfn';~~'I'I1'W1 'Wn1~Vl1n1nU~tJ'WbbU~'I"ll'fl'l'flbWVlfliJ"ll'fl'l"ll'fl'l1 VI~ 1 'WVl Pl'Vl1'1n1~1 VI~ 1 'W[PI'fl'W~ i?lV11tJ 
q q qJ q 

"'l:;1-if ~VI'iK ~~'WfibbUU !Pi 1'1 1 ~1V1fu f11 i?l f1:;b 'Wn 1 ~1 VI~"ll'fl'l f1'J1 ~ ~'fl'Wbb~:; f1'J1 ~ ~'W~ i?l n1 ~1 VI~ bbUU 

,J'Wth'Wfl1tJ1 'Wvl'fl bU'WU b1!Vl1~~u1 'W'I1'W'fJ [PI~1V1n ~~~ !Pi1'1 1 'Cl'J'Wn 1~1 VI~ bbuunu IStJu1 'Wvl'fl~ n~u 
1 'W'flU n~rubb~n bU~tJ'Wf1'J1~~'el'Wbb~:;~:;uu1 ,xf1'J1~~'fl'WVl1'fl1 ,xf1'J1~ bU'Wbbri"ll'fl'l1 VI~ ~Vli~~'Wfi~1-ifVl1 

q 

f11 i~u~:;~'Vljfn1ni1tJ b 'Vl f1'J1~~'fl'Wbb~ :;!?l'Ju~:;n'flU f1'J1~ b~tJ i?l'Vl1'W'Cl'J'W~1 n bU'Wf1'J1~ 'iK~~'WfibbUU 
, ~ " 

b'fl~m~~Vl1'el n'l b'fl~m~~ 1 'Wn1~ 1-if f1'J1~'iK~~'Wfi b VI '(;'h lJ'"l :;~'fl'l b 0]11"'l tl'l0]'fl~1 rl i?l ri'fl'Wu11u1-if'l1'W 

..... ~ cv 
n1'a~~1'aW1'V11,:J 1?l1'U'el'VIn ~~'J I?l (Hydrodynamic Consideration) 

q 

~'I~1 ~b1!~~'fl'lU1~1-W"'l1~bW1~1V1fum~1 VI~fl1tJ1 'Wvl'fl~'fl b~'fl'W1"ll"ll'fl'ln1~1 VI~ b"ll'W 1 VI~ bbUU 

,J'Wth'WVl1'fl~1U b1tJU 1 VI~ 1 'Wu1-b'J bW'Vl1'1 b0]1V11'fl1 VI~ 1 'WU1-b'J bW~~ [?J..J'W1 b~~~U bb~'J n 1~1 VI~ bbUU ., 

I I iI I 9.1 

Uo Vl'Vl1'1 b0]1vl'fl bij'fl"ll'fl'l1 VI~ 1 VI~ b0]1vl'fl -D'W"ll'flU b"ll [PI f1'J1~b~'J"'l:;iS~~ [?J..J'W11u [PI1~~'W~'J"ll'fl'l mr'l (Wall 
19.1 I I 

Surface) f1'J1~ b~'J"ll'fl'l'fl'Wfl1 f1"ll'fl'l"ll'fl'l1 VI~Vl~'WVl~'J"ll'fl'l e.JU'l"'l:;bU'WPl'W~ f1'J1~ b~'J"ll'fl'l'fl'Wfl1 f1Vl'fltJ 
q qJ q qJ 

I I 2.1 I iJ' 
I o;'.c::I I ..:::f..::S I 0;' c:; ~ ..::S 

VI 1'1 "'l 1 n e.J'W'I"'l:;~ f11 ~'I ~ i?l'Vl'1 i?l n'l n ~1'1"ll'fl'l'Vl'fl f1'J1~VI'W 1"ll'fl'l"ll'W"ll'flU b"ll [PI f1'J1~ b~'J 8(x) "'l:;b ~ ~"ll'W 
I iI iI Iii 

'fltJ1'1!Pi'fl b U'fl'l1u [PI 1 ~~'W~'Jvl'fl"'l'Wn~:;V1'1 b~~v1'fl ~:;tJ :;'Vl1'1"'l1 n'Vl1'1 b0]1"ll'fl'l v1'fl"'l'W~'I"'l i?lVl-D'W"ll'flU b "ll [PI 
q 

i/ I!V I 

Length) x iil,II 1 'WU1-b'JbWlJlubbUU"ll'fl'l f1'J1~ b~'J"'l:;bU~tJ'WbbU~'IV1'1'Vl1'1 bb 'W'J bbn'Wbb~:;bb'W'JfPli1 u1-b'JbWVl 

'fl~'lA1'1"'l1n Xiii,,. b1tJn~1u1-b'JbW~~[?J..J'W1'Vl1'1'fJ'Vln'V'l~1'[PIb~~lU (Hydrodynamically Fully 
" , , 

Developed Region) U1-b'JbW\hUbbUU"ll'fl'lf1'J1~ b~'J"'l:;hlbu~tJ'WbbU~'I[PI1~~:;tJ:;'Vl1'1 X n1~1V1~Vl ., 

~:;tJ:; X> xiil ,II IStJn~1n1~1V1~bbUU~[?J..J'W1b~~lUbb~'JlUbbUU"ll'fl'lf1'J1~b~'J"'l:;i1~mj'bW:;bU'W~1~1bU~1 

'Cl'J'Wn1 ~1 VI~ bbUU,J'WiJ'J'W~U bbUU"ll'fl'l f1'J1~ b~'J"'l:;i1~n'1j'bW:;bbu'Wn~1 b ~ ~1 :;bn i?l"'l1 n n1 ~e.J ~ ~ rl'W"ll'fl'l"ll'fl'l ., 

1 VI~ 1 'Wbb'W'JfPli1 
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---..' .......... ---
..... -._--- ~u(r) 

----T---
---..r 

Uo 0--------­
-l----"=-=C::W 

~ 

""'1 .. 1----lJ~L'H141'11"L"ll1a.l1nV>lfrl{i1 ---.... *1401f--- :U1L11l4~~U1Vll~al1nV>la-rq)L~1I'itl . " 

Re = umD = umDp ( 2.4) 
v Jl 

bd'fl U m ~'fl~l'"n~b~,)b'U~tJ"lJ'fl"l"lJ'fl"lI,VI~~VlU1r;l~Vlii"l 1 D ~'flb~ue.hu~u~n~1"l1l1tJh.\"lJ'fl"lvl'fli"l1 
r;l'J b~"lJ b:j'tJ1 U~ Wl n'l ~ bllur;l'J b~"lJ~1J'fln~1 n1 ~I, VI~ btl~ tJUbbtl~"l"'l1n I, VI~ ~11J C~'tJ1J bllun1 ~I, VI~ bb1J1J 

,1UthUbd'flh n1~1V1~bb1J1J,1utI'JU"'l:;bn~~ubd'flr;l'Jb~"lJb~tJ1u~ffin'l~i'.Ji"l1~1nn~1 2300 

uD 
Re,c = _m_ > 2300 

v 

(Xjd,h)Lam = O.OSReD 

0l'J1~b~'db'U~tJ"lJ'fl"l"lJ'fl"l1V1~~VlU1r;l~Vlii"ll Vl1Hl"'l1n~~n1~ 

(2.5) 

(2.6) 

(2.7) 



Re= 4m 
7rDJl 

:n = fpu(r,x)dA 
A 

fpu(r,x)dA 
U _..:..:.A ___ _ 

111-

pA 
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(2.9) 

(2.10) 

(2.11 ) 

1"i1(Dl'J1~b~'Jb'U~tI um ~1~1~bl<\.n1~"'l1n~~m~ (2.11) tl1Vl~1U~~m~(Dl'J1~b~'J u(r,x) ~VliJ1~(?) 
." " 

n1~Vl11"i1 u(r, x) bowu1b'JruVi-n'W".lI'flUb".ll(;lU ~'fl 

(1) (Dl'J1~b~'J1'W~f'3\Vl1~1?l1~bbn'Wff'3\iJ r ~'fl v = 0 

1 .<=1 .Id • I "" • "'I au 
(2) ~~n1nu~tI'Wbbu~~(Dl'J1~b~'J1?l1~bbn'W x ".lI'fl~Vl'fl(Dl'fl - = 0 ax 

i-' I 9/ g., 

r$i'~,r'W(Dl'J1~ b~'J1?l1~ bbn'W x "'l~btl~tI'Wbbtl~~ 1?l1~ff'3\iJ r b'Vh,r'W~'fl u(r, x) = u(r) (Dl'J1~ b~'JU 

Vl11~"'l1n~~..m1~ x- b~b~'W~~ 

(2.12) 

d dP l' d d "" "" ::, dI 1 ~ b'W'fl~"'l1n - ~btl~tI'Wbbtl~~1?l1~ r b~'fl'fl'W'VlbfWI?l~~n1~ (2.12) ~'fl~(DlN'W"'l~ (?) 
dx 

1 (dP) r2 u(r)=- - -+C]inr+c2 
Jl dx 4 
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, 0-

91fl b~'f)'w1 "lJ~'l~'fl'l9::;1~ f)'J1~ b~'J 

[ ( J
2] r02 r dP 

u(r)=-- 1- - -
4,u ro dx 

(2.13) 

" , 
~~ fll J' (2.13) bb~ ~'l1 ~\ih .. d1J'U bbUU"lJ'fl'l f)'J1~ b~'J b 'Wfl1J'1 'VI~ b 'W-n'W"lJ'flU b "lJ ~Vl-W 1?J.J'W1 b~~J'U 

~ ~ 

bb~'JSj~m~ru::;dj'W'VnJ'1bU~h bb~::; dP 9::;Sj,"hdJ'W~Ub~~'fl ~'l~'Wf)'J1~~'W9::;Sj,"h~~~'l~1~~Pl 
dx 

I I iI I 

f)'J1~b~'J"lJ'fl'lfl1J'1'V1~b'il.~tJ u
l1l 

VlYl'WVl'Vl'W1r;l~"lJ'fl'l'V1'fl'VI191n~~fl1J' (2.11) 

1 I'd 2dP 
u = - J2nru(r)dr = -~-

111 2 8 d 
nroo ,u x 

(2.14) 

lPi''JtJ'j~n'f)'U F'I'J,3J b~!IIP1'V1"W bb~~ F'I'J,3J 1Pi''IJ~ IPI 

fl1J''VI1f)'J1~ ~'W~ ~ b 'Wfl 1 J'1 'VI~Jl1tJb 'W'V1'flbU'W~'l~1 bU'Wb 'V'lJ'1::;Ufl ~flM19 ::;~'fl'lU1~1 ~1'W'J ru'VI1 

rh~'l"lJ'fl'l,j~'VI1'fl bU~ b'J'flf (Blower) ~H1 'Wfl1 J'iUb ~"lJ'fl'l1 'VI~ 1 'VI~ hJ~1~'V1'flb ~1~ ~1~J'::;tJ::;Vl1'l~ 
" ~'fl'lfl1J' fl1J''VI1f)'J1~~'W~~b~~91J'ru1 Moody Friction Factor, f ~'ln 

dP _ fPUI~' --- --
dx 2D 

(2.15) 

" .. 
r;l'J1.l:i'::;n'flU f)'J1~ b~tJ ~Vl1'W f nbb~fl ~1'l91fli~uJ'::;~Vlfif)'Jl~ b~tJ ~Vl1'W C f (Friction 

, " 
Coefficient'VI1'fl Fanning Friction Factor) sn'lutJ~H~'1n 

(2.16) 

, " 
~~ c;,j~ bbJ''lu'Wm~11?1J'f)'JU '".l~ b~fliVlSj f)'J1~tJ1'J dx ~'ln 
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(PA)x-~ .. (PA)X+dX 

.. 

(PA)x -(PA)X+dx = Sdx'w 

dP S JrD 4 
dx = - A 'w = (1Zl)2 /4 )'w = - D 'w (2.17) 

, "', 
bij'fl A ~'flYi'WViVli.h(;]C?l"1l'fl-:Jv1'fl S ~'flb~'W~'flU~tlbb~~ D ~'flb~'Wl:h'W~'WtTm:n-:J"1I'fl-:Jv1'fl !Pl'J1:Wb~'W 

~ ~ 

" '" ~ ..c::I CV' I .c:::I i.I' Q..o" ..c:::I tr c:o Q,.oO'..c:I 

b'U'fl'W'Vle.J'W-:J'Vl'fl 'w bntl'J"1I'fl-:Jnun1~bnnC?ltl'W~!Pl'J1:W b~'JC?l-:J'W 

(2.18) 

bbN b~'fl'W~"1I'fl-:Jl VI~n~~.yh!?l'fl ~'JiJ"1I'W1 C?l bv11nu bbN b~'fl'W~~'Jn~dh !?I'fl"1l'fl-:Jl VI~ bb!?liJVi ~ 
'Vl1-:J~N-ih:wn'W ~-:Jt!'W'"l1n (2.17) bb~~ (2.18) '"l~1~ 

dP _ 4,u aul ----
dx D ar w 

f = -8 f-L2 aul 
PUm ar w 

(2.19) 

(2.20) 

(2.21) 



f= 64 
Re 

(2.20) 
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(2.22) 

rl1tJb 'WvI'fl bb~~9'l mUJ fl'lJ' (2.22) b~'flfl'lJ'1 Vl~ bU'Wbb1JUJ''lU b1-tJUb 'WU1-b':l ru~"lI'fl-.:l1 Vl~iJ fl'lJ''W' WJ'W'l bl~hJ 

lUbb~':l ll'l'VlJ''lUrfI':lUJ'~fl'flUcPl':l'l~b~tJl?l'Vl'l'W f bb~':ln~'l~'lJ'blVl'lcPl':l'l~~'W~1?l ~ - ~ = M ~'lVlfU 

J'~tJ~'Vl'l-.:l x2 - XI = L "lI'fl-.:lvl'l1~l?ltJfl'lJ'~'W~bnJ'I?1~~n'lJ' (2.15) 

(2.23) 

ll'l Q ~'fl~ 1?1J''lfl'1 J'1 'VI~ b~-.:Im~'lI?1J' (m 
3 
Is) fl'ltJb 'WvI'fl rh~-.:I-.:I'l'W~b.jjl 'Wn'lJ'iu,j~ b ~'flb ~"lI'fl-.:l1 Vl~ 1 Vl~ 

1ul?1'l~vI'fl1~1?1'l~J'~tJ~'Vl'l-.:l~n'lVl'WI?l~'fl 

P=QM "" N-m/s VlJ''fl W (2.24) 

~ ~ 

'W'fln9'lfl9~~'W'fltJ flU rl'l rfI':l b~"lI b:i'tJ1 'W~ C?lbb~':ltJ-.:I~'W'fltJflU m'l~"lIJ'''lIJ'~''lI'fl-.:l ~'l!-.:IvI'fl ~':ltJ ~'l!-.:IvI'fl~tJU9~iJ 
'OJ 'OJ' 

, , IV 

rl'l f ~'ln~'lvl'flVliJeJ'l!-.:I"lI~"lIJ'~ ~'lVlfuvI'fl~'l!-.:I~tJU'fl'l9UJ'~~'lrurl'l f 1~9'ln~~n'lJ'~-.:Ii?l'fl1un 

f = 0.316 Re-1/4 

f = 0.184 Re-1/5 

Re ~ 2x104 

Re ~ 2x104 

(2.25) 

(2.26) 



\j\ 

W 

fir 

V'" 

~ 
~ 
<:1'1' 

~ 

4t.;,: 

.~ 
G: 
;:, 
re 
;:; ... 
£ 
~ 
II) 
c: 
(.; 

? 
~~ 

{M16 

1).05 

0.04 

0.03, 

O.iH 

0.009 

v "'. A ~lId 
j't"'H\~I~fJ 11I1!~n, Reo '" --y-" 

a.os 
O.()4 

0,03 

0.02 

G.IHS 

0.01 
(I.1)OS 

(1.1)06 

0.004 

O.G!};;! 

0.001 
0.0008 
O .. ()O'O6 

0.0(1)4 

0.0002 

Q.(lotH 

O.OOOOS 

0.00001 

'-. ~ '" 0.GtHJO06 
D 

JlI~l.J~:;n'fl'IJ 3 bb[:.J'WJl~h.J ~~IV1f'lJ'I~1 j;]'JlJ~:;n'fl'IJ f01'Jl~ b~~ (?1VlI'W~IV1f'IJ n1~1 VI'tH~~vl'fln~~ 
'" '" 

.. /'0 

"'" li 
I:; .1 

¥> 

~ 
;0 
;;i 
r ,.... 
¢ 

t\.) 
-" 
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.... IV IV 

n'l'3'W~'l'3N'l'VI'l\l ~n U FI "J'l3J '3'tlU 

n1 nh tl L'VI '"' 'J 13..1 ~'fl'\'.lLd'fliJ"lJ'fl-:J'l VI~ 'l VI~ L -ih hJh.!'vl'fl ~3J3J ~~1"lJ'fl-:J'l VI~ iJ'flruVill ~ ~J 1 L~ 3J'fl 
q q ~ 

, " , 
I;n 'lVl~ L-n1 'ltl1'Wvl'flViiJ'fJruVl1J~ LL~n ~1-:Jn'W 'fl~1l1 ,","lJ'fl-:J"lJ'fl-:J 'l VI~ 1 'W-D'WVl ~3J er ~ nu ~'JvI'fl"'l ~~ 3J~ ~1 ~iJ 

, "" 
'flruVlll~ Lvl1nu ~'Jvl'flsn-:J"'l ~vh 1 ~ Ln ~n1nh tl L 'VI ,",'J13J~'fl'W t~tl n1 J'~1~'W 1 'WvI'fl LL~~n1J'~ ~'W1-D'W"lJ'fl-:J 

q ~ 

" , " 
L"lJ ~ ,",'J 13..1 ~'fl'W 'ltl ~ 13JvI'fl ,",'J 13JVI'W1"lJ'fl-:J-D'W"lJ 'flU L"lJ ~ ,",'J13J ~'fl'W "'l ~ L v:l3J~'W 1 'WYi ~'VI1-:J n 1 J' 'l VI~"lJ 'fl-:J "lJ'fl-:J 'l VI~ 

!11 '" I I I I 

"'l'WnJ'~Vf-:J-D'W"lJ'fl-:J L"lJ ~3J1~un'WVi"'l ~n-:Jn~1-:JvI'fl LL~'J"'l ~Ln ~U~L 'Jru"lJ'fl-:J'lVl~Vl L1tln~ 1U~L'JruVl~ ~'W1'V11-:J q 

,",'J13J~'fl'WL~3JJ'tl (ThemallyFullyDevelopedRegion)~-:J1l1~tlJ.~n.flU4U~L.Jru"lJ.fl-:J.lVl~~N~d3J 
~ 

t.I I'" I I 
IV IIV 2.I..::9:..c::..-.::i IV 9.1' 1IV.c::I..cS 1.c::I I 

~ ~'W1"ll'W"lJ'fl-:J L"lJ ~,",'J13J J''fl'W'''l'Wbl-:JUJ'L'J ru'Vl"ll'W"lJ'flU L "lJ ~ ,",'J13JJ''fl'W3J1~un'W'Vl'''l ~ n-:J n~1-:J'Vl'fl LJ'tln'J1 
q 

OOU~L'Jru'Vl1-:JL"ih,",ruVlIl1~ (Thermal Entry Region)" LL~~,",'J13Jtl1'J"lJ'fl-:JU~L'Jru~L1tln~1 OO,",'J13Jtl1'J 
q 

'Vl1-:JLoif1'flb1iVlIl1~ (Thermal Entry Length) X/d,t" ltlLLUU"lJ'fl-:J'fJruVl1J~ (Temperature Profile) 1'W 

U~L'Jru~~ ~'W1'Vl-:J,",'J13J~'fl'W'fl1"'l LLtlJ'~13JJ':;tl~'Vl1-:J x 1'WYi ~'Vl1-:Jn1J''lVl~~-:J'''l~hJ LVI~'fl'WnUJ'tl LLUU 
~ 

"lJ'fl'l,",'J13JL~'J ltluUU"lJ'fl'l'fJruVl1J~'fl1"'lLL~n~1'1n'W~VI'i,h~~(;]1-:J 1 "lJ'fl-:JvI'fl1'Wu~L'Jru~~~'W1 'flth-:JlJ'fi 

"'" • I ""''I • 111"'''''''''''' (T - T ) .,., dl1' _ Id _ I '1 "'" 
~13Jn1J''Wtl13JJ'uLLUU''lJ'fl'l'flruVlIl3J b'WJ'lJ bJ'3J~ L"ll'W ( s) "'l~3J,",1,",-:J'Vl b3JLu~tl'WLLu~'1 b'WUJ'L'Jru 

~ q ~ ~ T -T 
m S 

~~~'W1'Vl1'1,",'J13J~'fl'W Ld'fl'flruVlll~Vl1m'J~n"1f,",'J13J~'fl'W~~'JvI'fliJiPl1,",'1~ 
q ~ 

I I I ~ I IL...-tl----+i .. ~ I I I~ 

T(r,O) TsX/d\ T(r,O) Ts T(r,O) 

" I 

-1J7~'H\4'Y11'H'lJ1~m~I1WI~ 1J7L1m~Qfll.1L~'-l:tl ------..... 
I 

t.I I i,.t '" 

~ 3..1 ~'Vl1f"lJ 'fl'l-n'W"lJ 'fl U L"lJ ~ ,",'J 13..1 L~'J LL~ ~ ,",'J 13..1 ~'fl'W L-n'W"lJ'fl'l 'l VI ~Vl iJ-n'W"lJ'flU L "lJ ~Vf'l ~ 'fl'l "'l ~Vfu n'W tl1 

'" i.o 9..1 '" i.I 

Pr» 1 L-n'W ih~'W -n'W"lJ'flUL"lJ~,",'J13JL~'J"'l~L"'l~ryL~ut~~'WL~'Jn~1-n'W"lJ'flUL"lJ~,",'J13J~'fl'W ~-:J'!!'W 
" " 

X/d,,, < X/d,t tl1 Pr« 1 L-n'Wt~VI~LVI~'J -n'W"lJ'flUL"lJ~,",'J13J~'fl'W"'l~L"'l~ryL~ut~L~'Jn~1-n'W"lJ'flUL"lJ~ 
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0-

fl1:i'l 'VI~ bb'lJ'lJ:i''l'1J ~tJ'lJ ~'J1~tJ1'J'Vl1..:! b -if1'fl n.\'VI[lTwiJ rl1ih~~1 bW~":!U 
q 

(2.27) 

, 0-

fl 1:i' 1 'VI ~ bb'lJ'lJ bb'lJ'lJih.l th'l.l ~'J 1 ~tJ1 'J'Vl 1..:! b -if 1'fl'Vl fl'V'l ~.r I?l bb~ ~ ~'J 1 ~ tJ1 'J'fl bW 'VIfl1 'V'l "'l ~hJ~'l.l'fl tJ 
q q ~ 

0-

n'lJ Re 'VI1'fl Pr ~..:!1.jf~~fl1:i' (2.28) iJrl1ih~~1bW~":!U 

[Xfd •h ] ~ [ X fd .t ] ~ lOD (2.28) 

..... .d 
n1'a'VI1'f1W'VI1l3.J b'UiI!I . .. 

, " 
b!l'fl"lJ'fl..:!l 'VI~ 1 'VI~ [:J 1'l.lvl'fl n~ ~ "lJ'fl..:!1 'VI~'fl1"'l ~ nvl11 'tX~'fl'l.l~'l.l'VI1'fl btj'l.l~..:! nUl 'fl bW'VIfl~"lJ'fl..:!"lJ'fl..:! 

~ q ~ 

I I I I'" I I 

1 'VI~Vl'VIU1 ~ !?l1!?l1 "'l~ btl~tJ'l.l"'l1 n 1', Vl~'J"lJ'fl..:! f!,JU..:!Vl'VIU1 ~!?lU'l.l"'l'l.liJ rl1~..:!~!?l ('VI1'fl ~1~!?l1 'l.lfl n1JVl1 'tX 

cP1'J1~~'fl'l.l) ~"'l!?l ~'l.ltJ n~1..:!"lJ'fl..:!vl'fl b ~'fl cP1'J1~ ~~!?l'J n 1 'l.ln1:i'~ m~1 b~tJ'Jn'lJn1:i'1 'VI~"lJ'fl":!"lJ'fl..:!1 'VI~ ~'J:i'1.jf 
q ~ 

1Pl1 b'U~tJ"lJ'fl..:!'fJbW'VIJJ~ T,11 ~iJ rl1 ~..:!~~wl~.h ~ !?l'VIrt..:!'fJbW'VIJJ~ b'U~tJ T,11 "'l~btl~tJ'l.lbbtl~..:!1 'l.l~ ~'Vl1..:! fl1:i' 

1 'VI~ rl1"lJ'fl..:!'fJ bW'VIJJ~ b'U~ tJ T,11 ~'VIU1 ~ !?l'VIrt..:!'fl1"'lUtJ1~ 1 'l.lb 'Vl'fl~"lJ'fl..:!'V'l~..:!..:!1'l.l~'J1 ~~'fl'l.l~ tl1tJ'Vl'fl!?l b!?ltJ 
I I 9.1 I '1 Ql '1.c::::J 2,.1 cv .c=::I.c:::!I ~ ..::9 

"lJ'fl..:! b'VI~b~'fl"lJ'fl..:! b'VI~'Vl'VI'l.l11?l!?l~'V'l'l.l'Vl A cP1'fl E
t 
'VI1"'l1n~~n1:i' (2.29) 

(2.29) 

(2.30) 

fpucvTdA 
T _...:..:.A ___ _ 

111- (2.31) 



'0 

pCv fUTdnr2 

T,1l = 0 2 
pnrO U I1lCV 

'0 

2 fuTrdr 
o 

2 
rO U I1l 

cv , !V 
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(2.32) 

n T'i'VI'l 'flIP) 'a '1 n'l 'a" '1 tI b'VI A 'J '1 :I-J 'a'fl 'l.I 

~ f?l1'1 n"l nhm 'Vl1"l'd1~ ~'el'W~-n1~"lJ'el\l1 VI~vi!-'el'el'elfl'"l1 fl"lJ'el\l1 VI~ Vl1'"l1 fl ~~ fl11' (2.33) 

Q = m c p (T,Il,Olll - T,1l,ill) (2.33) 

I I I 9.1 I 

(1) 'f.JruVlJ.;!~"lJ'el\l ~'dvl'elI"l\lVl (T, = ~1I"l\lVl) ~ori'WiJfl11'~tl~m~tl~\I~t;l1'W::~n (?l~'WVl~'d ~h'W 
'W'elfl"lJ'el\lvl'el 1~~~ri fl1n~'el(?l Vl1'elm1'I"l'd'IJ~~tl'W 

(2) ~~flsf 1"l'd1~~'el'W~~'dvl'eliJ ~1I"l\l~ ~'V'ln::vl'el1~f'IJf\l~ 1"l'd1~~'el'WVl1'elfl11'1 ~1"l'd1~~'el'W~'d~ 

~'d (?l~1'l.1'Vl1'Wl ~.yh'elth\l~~1 ~~~'el ~~flsf 1"l'd1~~'el'Wb(?l~fl11''V'l1~ I?! 1 ~~Vltl\ll(?l 1 Jl1~1 'W 

o "" 'Vl'ell"l'el 

q"= h(T, - T,1l) (2.34) 

~~'el h ~'eli~tl1'::~'Vlffl1nhm'VlI"l'd1~~'el'Wb(?l~fl11''V'l1~~(?l1(?l1 T, ~~~:: 1'", ~u'W'f.JruVlJ.;!il"lJ'el\l~'d~~~:: 
o '" 0 

'f.JruJ.;!il"lJ'el\l"lJ'el\l1 VI~ ~~~VlI?!1 ~~Vltl\l,r'W ~1 T,1l '"l::~tl~~'W~~tl~\lltlf?l1~Vi ~'Vl1\1fl11'1 VI~ 

~ 11 'el \I 'OJ 1 fl iJ fl11' 'V'l11"l 'd 1 ~ ~ 'el 'W 1':: VI ~ 1 \I ~ 'd vl 'el ~~ ~ ::"lJ 'el \11 VI ~ 'el ru VI Jlil "lJ 'el \I "lJ 'el \11 VI ~ '"l :: ~ 'el \I 
, 'IJ 

o 0 '" 

~tl~~'W~~tl~\lltlf?l1~1'::~::'Vn\l x d1'", / dx ~~~:: aT / ax Vlf~iJl(?l 1 '"l::hJbvl1n'IJ~'WtJ ~\I,r'Wltl~~'IJ'IJ 

"lJ'el\l'f.JruVlJ.;!il T(r) '"l ::~tl~~'W~~tl~\l1tl f?l1~1'::~::'Vl1\1 x 'elth\ll?l'el ~11'el\lvh 1 ~c:l ~Vlt]'el'W~1~Jl1'V'l fl11' 

'" '" 0 

~ W-J'W1 ~~~1'tlhJ~1~11't;l ~n (?l~'Wl~ 1 'Wfl11'~ ~1"l1'1::,rtfruVl1ih~'ell ~~1~~\I ~'el\ll·htl ~~'IJ'lJUil~"lJ'el\l 
'IJ ., 'IJ 

'" '" 
'f.JruVlJ.;!il ~u'W (T, - T) /(T, - 1'",) ~ f?l1'1 ~'d'W1h::hl~'Wn'IJ x fl11'1 VI~~\liJfl11'~ W-J'W1'Vl1\11"l'd1~~'el'W 

~~~1'tl~~~:: 
'IJ 

~[T,(X)-T(r,X)] =0 
ax T,(x)-T,Il(x) 

Id,1 

(2.35) 
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bd'fl I:(x) ~'fl~ru~.1Jij~eJtr'lvl'fl T(r,x) ~'fl~ru~.1Jij"ll'fl'l"ll'fl'l1~1:'I~~1bbWW'l (r,x) bbl:'l~ Tm(x) 

~'fl~ru~.1Jij b'U~tJ"1I'fl'l"1l'fl'l1 ~I:'I (?]1:'I'flf?l~ir1~ f?l"ll'fl'lvl'fl bti'fl'l"'l1 n'fY(?]:i'1~'J'W~ru~.1Jijl'W~~n1:i' (2.35) hi 
9/ 9.1 i..I 9.1 I 

~wl1J,"h x ~'1tr'W'fl'W~'Wfi"1l'fl'l'fY(?]:i'1~'J'WihVltJ1Jn1J r ~'fl'lhi;J'W'fltJn1J,"h x ~'JtJ tr'W~'fl . ~ 

~[I:(X) - T(r,X)] = 
8r I: (x) - Tm(x) _ 

r-ro 

"_ k 8T _k
8T

I q -- -
s 8y y=o 8r r=ro 

h -"* f(x) 
k 

h 

8T(r,x)1 
8r _ 

____ r---..;ro"- "* f(x) 
I:(x)-T",(x) 

h~ fd ":-;-----

Xfd,t 
x 

(2.36) 
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~'1~'W 1 'Wn1 ~b i!i'tl~ ~n1 ~-W (ij,J'W1Vl1'101'J1:W ~'t)'WL~:W nl ~:Wlh~~Vltn 1 n~ 101'J1 ~'t)'WIOl~~ ,",101'1~ 
'" 

~'t)b3JLL·U~1?l1:W,",1 x ~'J'WU~L'JruVl1'1L-ihv1't),",1 h IOl~LLU~1?l1:W,",1 x ~'11l1~U~~n't)u 5 L~'t) x = 0 

~3Jrn~'Vn.:l"'~.:I.:I'l1..l (Energy Balance) • 
L~'t)"lJ't).:I"lJ't)'1b i!i'tlb i!i~1l1t1 1, 'Wv1't) un ~mj'101'1't)t11nVl~1urj1't)rui!i1li1"lJ't)'1~'1b i!i'tlIOl~ LU~ t1'WLLU'tl'l 

q '" 

1.U't) th 'I b un ~mj'1~1:W1~(1 1,-n~:w !?l'tlVl1'1~~'1'11'Wnum:W11?l~01'JU '1:W L~ n11l1t11,'Wv1't) L~'t)i!i1~rui!i1J i1 

L'U~t1 Tm(x) ~'11l1~U~~n't)u 6 ~:w~~1,~"lJ't)'1bi!i~bVl'tl~'JtI'flI?l~1n1~1.i!i'tl01'1~ :n LL~~n1~ri1mVl 
'" , , 

01'J1:W ~'t)'W b~t1n1 ~~ 1 Lfi ~~'WV1~'J ~1'W 1, 'W"lJ't)'1v1't) ~:w:w ~rj1n1nU~t1'WLLU'tl'l~~'1'11'WIOl 'tlU ~~'1'11'W~n U 
q 

LL'tl~n1~ri1mVl~~'1'11'W t~t1n1~ih 1,'WV; I"IVl1'11?l1:W LLn'W x ~ ,",1iJ't)t1:W1n~'1IOl~b3Ju1:W1 ~~ hl~'11'W 
1l1t1'W't)n:W1n~~.yh!?l't)"lJ't)'11. i!i'tl 1, 'W"lJru~~"lJ't)'11. VI'tl 1. i!i'tl cJ1'Wv1't) ~'J'W'I1'W1. i!i'tl~1,-il"l'Wn1n01~'t)'W"lJ't)'1 1. VI'tl 1, ~ 

1.i!i~ cJ1'W~'J 01'Ju'1:wn~'t)eJ'tl '!lru"lJ't)'101'J1:W~'W"lJ't)'1"lJ't)'11. i!i'tl p LL'tl~m:W11?l~91 L~~1~"lJ't)'1"lJ't)'1b i!i'tl v 

'" ~'1u'W1Ol1nn!ln1~'t)'4fmf~~'1'11'W~1V1fum:W11?l~01'JU'1:WL~n11,'W1l1~U~~n't)u 6 1Ol~1.~ 

. 
8Qconv = md (cvTm + pv) 

80 = q"P dx 
cony 

r 
Tm I 

• I m------+------., 

f-------. 
x=O ... 
'YI1~ l "ll1,in 

pv I 
L 

I 
/ .. ////////.//. "/ /.'//. 

-f ~ Tm + dTm 
r-+------------ --. 
I pv + d(pv) 

..J 
'//. 

x=L 
'YI1~€lEln,out 

(2.37) 
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Vl1'1sjf1tJ!i'f1"l1'El'l~:Wfl'U (2.37) ~'f1 'fY l?lJ'1 fl1J'tl1mVl (Pl'J1:w¥m.l bC?ltJfl1J"l"n hJ~"lI'f1'11 VI~ Vl1'1"l1'J1!i'f1"l1'f1'1 
" I I !I I t 

~:w fl1J'(Pl ~'f1~ ~'1-!l1'W(Pl'J1 :W¥'f1'W"lI'f1'1"l1'f1-!ll VI~Vl b~:W~'WU'J flflU'fY l?lJ'1 ~'Vl fi"ll'f1-!l-!l1 'Wl VI~VlH1 'Wfl1 J'b(Pl ~'f1'W 
q 

"lI'f1-!l1V1~eJ1'Wm:W1l?l:f(Pl'JU'"J:W tl1"l1'f1-!l1V1~bu'Wbbri~~:W\!J'rubb~~ Cp iJ~1(Pl-!l~ ~:Wfl1J' (2.37) '"l~~C?llU 

bU'W 

. 
Qconv = m C p (T,n.01l1 - T,1l.il1) 

tl1n1V1'WC?I'Y'l~fl-n(Pl'J1:W¥'f1'W1~~!:-Jir'lvl'f1bU'W q~ bb~~ P 

Perimeter) '"l~Hl'fY l?l:f1fl1J'tl1tJ b'Vl(Pl'J1:W¥'f1'WbC?ltJfl1J'~1 bU'W 

(2.38) 

(2.39) 

(2.40) 

I I I i;'!.1 !I 

tl1'Y'l~fl-n(Pl'J1:W¥'f1'WVl~hiJ~1(Pl-!lVl (q~ = ~1(Pl-!lVl) 'Y'l~fls](Pl'J1:W¥'f1'Wih~hi~'WflUfh x ~'1ir'W 

'fY l?ln fl1nhtJ b'Vl (Pl'J1 :W¥'f1'W bC?ltJ fl1J'~1l?l~'f1 C?lvl'f1 ~'f1 

" 

1'",,0111 - T,l1,il1 = ~ PL 
mcp 

d1'", - q~P f() -----=F- x 
dx· • 

mcp 

(2.42) 

(2.43) 

(2.44) 
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T,,,(X)-T,,,,i" = :.~p x (2,45) 

mcp 

111'Y'l'ih~fl'fl'IJ 7 a '"l ~bb~ ~-:J fll J'bU~tJ<11lbbU~-:J'fl bWVllliJ b'u.~tJ 1?l1~ I"h x I?lI ~ fl'Jl~tJl'J"lI'fl-:Jvi'fl 
q '" 

I I g,., iI I I iI 

'flbWVlll iJ b'U~ tJ"lJ'fl~"lJ'fl-:J 1 VI~ '"l ~ b .w~~'Wb~-:J b~'W1 'WVl PI'Vll-:J fll J'1 VI~ b'Y'l J'1 ~~'WVle:h b .w~~'Wb~-:J b~'W1 'WVl PI 
q '" 

~. < 

'Vll-:JfllJ'lV1~ 'fJbWVlJJiJ"lI'fl-:J~'Jvl'fl1'WflnuuVll1~'"lln~l?lJ' Q = hA(T, - T,,,) tll h ilrllfl-:JVl 1', - T,,, 
I IV I !.I I I 

'"l~il rll fl-:JVl ~'JtJ ~-:JU'W'fl bWVllliJ"lI'fl-:J ~'J'"l~il rll b.w~~'Wb~-:J b~'W1 'WVlPl'Vll-:JfllJ'l VI~ ~'JtJ b~'fl c il rll fl-:JVl 
q '" p 

< , 

, tll'fJbWVI.1JiJ"lI'fl-:J ~'Jvi'flil rll fl-:JVl (1', = rll fl-:JVl) 

'"l1 n fl!) fllJ'b~'W~'J"lI'fl~il'J ~'W t51?lJ'1 m niltJ b 'Vl fl'Jl~ ~'fl'Wb -ih~Vl1'fl'fl'fl n'"ll n"ll'fl-:J 1 VI~~ fh~-:J 1 VI ~ 

11ltJ1'Wvi'fl~'fl 

Q = hAI!:.T;,ve = hA(1', - T",)ave (2,46) 

(A = nDL ~1V1f'lJvi'fln~~~ilfl'Jl~tJl'J L ) bb~~ l!:.T;,ve btl'Wrllfl'Jl~bbl?lnf?lI-:J"lI'fl-:J'fJbWVI.lJ~h'U~tJ~ 
bVl~I~~~J'~VI~I~"lJ'fl~l VI~ bb~~~'Jil'flu ~'JtJfi'W 2 bb'lJ'lJ 

'lJ 

, , 
Q I.c:::::.. .<d.c:t..CIt, tr. • 

bb'lJ'lJ'Vl 1 fl'Jl~bbl?lfll?ll-:J'fJbWVI.lJ~b'U~m"]j-:JflbWI?lPll~l?lJ' (Arithmetic Mean Temperature 
~ ..... ..,. 

Difference) I!:.Tal1l ~-:J'W 

(T +T ) =T- maul =T-T. 
s 2 s b 

(2.47) 

b~'fl T.b = T,n + T;,1I1 =Bulk Mean Fluid Temperature ~-:Jbtl'Wrllb'U~m~-:JflruI?lPll~l?lf"ll'fl-:J'flbWVllliJ 2 q 'lJ 

, ,~ 

"lI'fl-:J"lI'fl-:Jl VI~ b'U~tJl?lJ'~'Vll-:J b-ifl bb~~'Vll-:J'fl'fln'"ll nvi'fl fl'Jl~ bbl?lfl f?l1-:J'flbWVllliJ b'U~tJ b~-:J flrul?l Pll~ I?lfu 'lJl-:J 
q 'lJ 

I iI iI I iI 

Vln1 ,xC,J~VltJ'fl~f'lJl~ bbf?l'lJl-:J flf-:JnH16Jl~ ~-:Jir'W~-:J ~'fl-:JVll rll I!:.Tave Vl~n~lu 



'-----'-----........, ... x 

(a) 

I I 

'-------........, ... x 
o L 

I .J 
If Ts= mfl~'Y1 

------ j-... Tout 

(b) 
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.c::::I I ~..C:::I c; •. . 

bbUU'VI 2 '""':J'l:I-Jbb~n~1'1'flru'VI1JdJb'U~mbUU~/f:m (Logarithmic Mean Temperature Difference) 

bd'fl'flru'VIlli1~ t:.JU'IvI'fliJ fl1 ,",,'1~ 'fl ~n n 1 nhu b 'VI ,",,':J1dJ¥'fl'L . .!bb~~n1 nu~m"!bbU~N'flru'VIlli:j b'U~U 
q 'U q qJ 

I I I 

~1dJ~~tJ~'VI1'1hmn'\...! x "'l~bb~n~1'1r.nnmruViyJ~ns1f,",,':J1dJ¥'fl'WVit:.JU'IiJfl1,",,'1Vi ~dJ:I-J~1lX !:iT = I: - Tm 

bb~~"'l1n~dJn1~ (2.48) bb~~n!)n1~bu'WI?i'':J"lI'fl'lunl?i''W'''l~1~ 

(2.48) 

r?1'1~'W n1~b ~ dJl"l ~'1'11'W,",,':J 1dJ¥'fl'W 1lX bbfl"ll'fl'l1 'VI~IDl~iJ fl1 bvl1tlUn1 nl 1U b 'VI ,",,':J1dJ~'fl'W"'l1n elTV1'fl 

1U~"lI'fl'l1'V1~t~un1~l"l1 bd'fl dA = Pdx bb~~ P ~'flb~'W~'flUlU"ll'fl'l'Vh I: ~'fl'flru'VI1Ji:j"ll'fl'lel':JvI'fl~'1iJ 
fl1,",,'1~ bd'fl9~lU~dJn1~ (2.48) 1'V1aJ"'l~1~ 

(2.49) 
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6Tou, d(~T) L P 
f =-f-hdx /).T • 

67j" x=o m e
p 

In~T:1It =-~Jhdx=-~Lh 
~T;/1 l~e 0 ~e 

p p 

(2.50) 

~T:llt = ~ __ T,/1,01l1 = exp [- !,L hJ 
~T;11 ~ T,/1,i11 me 

p 

(2.51 ) 

~ -T,/1,X [PX h- J ---'-=exp ---
~ -T,n.il1 ~c x 

p 

(2.52) 

, 
~'f1ri1b'il~UC5jJ'El~ h 

.." "'! 

'"l'lfl'Vl'l'lb"ll'l'Vl'el'"l'Wtl'l x 
., ., 

fl'l~U~~fl'el'IJ 7b fl'l~VI'l~~fl'l~~'I'\''1~'IJ~~~'lfl'lnhm'Vl ~';l'l~~'el'WVl'lVl~ (?l QCOI1V r?1'1U 

QCOI1V = ~ e p [( ~ - T,,,,;11 ) - (~ - T,,,,01l1 ) ] = ~ e p (~T;11 - ~ T:1l1 ) 

(2.53) 
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(2.54) 

Tm,out 

~:hIn1~ (2.53) 

b VI:W 1 ~~:W!?l ~ 'fl ~ WJ 1:h1 U1'J "11 'fl'l vi 'fl '11 il"1l 'fl'l1 VI~~ il~ n-lVliJ ~ Too 1"1'1 ~1 VI~ [:.h 'Wll 1U'W'fl nvi 'fl r?l'l 

ll1~th~n'fllJ ll1~lh~n'fllJ 8 1.jf~:wn1~1'WttJbblJlJbmU'JnlJ~:wn1~ (2.53) t~mbVl'W T: ~'Ju Too bb~~ 
... 

- 9..1 - Q.;".<::::iI 

bbVl'W h ~'JU U ~'1'W 

(2.55) 

(2.56) 

,... .r 

1 'WVlU"'l ~n ~ 1'J ii'l 'flTIn1 ~Vl1 ri 1 ~:hItJ~~~Vl fin 1 ~~ 1 1"1'J1:W ¥'fl'W1?l1:WVl bJ 'I!I'!) ~1V1flJ n1~ 1 VI~ bblJ lJ 

nu b~uul 'Wvi'fl n m·,J bb~ ~~"'l1~n-l1~VI~ :W~'W€bblJlJ b'fl:wm~~~l.jf nlJn1~1 VI~ bblJlJil'Wu'J'Wll1ul 'Wvi'fl 
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.... d' .... 

n1~'lLfI~1:::'VI'VI1\1'V1qti!J 

n1 ~Vl1 1"11 ~l.JtI~:;~'Vl 'in 1 ~'Vn rl'J1l.J~'fl'Wb 'Wvi'fl~iJvJ~ ni rl'J1l.J ~'fl'W~eh rl\l~ ~'"l1 ~ru 1ml.J11?l~ 

W.ltJ'1l.J b~nl C?1-:J.n1'V'ltl~:;n'fltJ 9 rl'J1l.J~'fl'LJ~lm'Vl L(MJn1~U1 b-ll1 bbrl:;U1'fl'fln'"l1nml.J11?l~rl'JtJ'1l.J b~nl 
'" 

bUYi ~'Vl1-:J1?l1l.J bb'W'J f~iJ bbrl :;iJn1~~-:J~1t1 rl'J1l.J~'fl'W L(1ltln1~'V'llb'WYi ~'Vl1-:J 1?l1l.J bb'W'J bbn'W"ll'fl-:Jvi'fl C?1-:Ju 

~1?l~ln1~U1rl'J1l.J~'flUb-ll1~ml.J11?l~rl'JtJrll.J~'fl '" . 

Q = k21lYdx aT 
r ar 

aQ aT a ( aT) Qr+dr = Qr + __ r dr = -k21lYdx- + - - k21lYdx- dr 
Br ar ar ar 
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E = 0 bb~~ E = 0 g sl 

" ~ .. :I'W'W ~(;lJ'1fl1J''l11'V~~'1'11'Wb-if1 = ~(;lJ'1fl1J''l11~~'1'11'W'fl'flfl 

oQ 0 
Qr + mCpT = Qr + orr dr + mCpT + ox (mcpT)dx 

~(-k2TCrdx OT)dr+~(p2TCrdrU(r)CpT)dX = 0 
or or or 

o ( OT) oT 2TCrk - r - dxdr = p2TCrdruc p - dx 
or or ox 

_1 ~(r aT) = pCp aT =~ aT 
ur or ar k ax a ax 

(2.57) 

I i;' I I 

'elb\JVlJl~"lI'fl'l"ll'el'l1V1~"'l~b~~~'Wb~'1b~'W(;l1~J'~t.J~'Vl1'1 x bU'el'l"'l1fl~~naf~';l1~¥'el'WVl~';lvl'eliJ~1 
q '" , ., 

~ih b~~'el ~'1-w'W 

aT , .,J - = ~1~'1'Vl 
ox 

bb~~~~fl1J' (2.57) 
., 

"lI'el'lJ b"ll (;l~1V1~'lJfl1m J'~"'l1t1'elb\JVlJl~1'WVi Pl'Vl1'1 r ~'1tl 
q '" 

.,J 
'Vl r=O 

OTI ",.,J k- = qs = ~1~'1'Vl 
or r=rs 

(2.58) 
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, , ., 
A1 (Pl'lVlhhtl~tJ'Wbbtl~'l11l1~'el ru~Jl~ ~'l'l1'W 

q 'IJ 

(2.59) 

., 
~'WVibnJ'11l(Plf'lbbJ'mVltJ1Jfiu r 1Ol~1~ 

r dT = ~ aT U max (1 -~J + c1 
dr a ax 2 2r} 

(2.60) 

., , 

~'WVibnJ'l1l(Plf'lVl 2 1Ol~1~ 

1 aT U r2 ( r2 J T(r x) = - max 1 - - + c In r + c , a 4 4 21 2 a x rs 
(2.61) 

(2.62) 

'eJru~.1J~J''J~b'U~tJ (Average Bulk Temperature) T,,, ~1-ifl'Wn1J'iltJ1~~~t1J'~~'Vlin1J' 
., 

ti1m'Vl(Pl'J1~~'el'W~11~1Ol1n~~n1J' (2.63) ~'lU 
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':,. 

f( puc pT) ( 2:rrdr ) 
r 

f( puc pT) 2:rrdr 
T = ~o ______ _ 

m r 

f(pucp )(2:rrdr) 

= ~o _____ _ 
(2.63) 

o 

~ ~ ~ 2.1 I cv ~ aT .<:::I I d cv.c::S 0 I 1 ' 
b'VUJ"1I'Wb"ll-j b~'W1?l14-J ~1 x C'i-j'W'W -'-" '"l~~ ~1 ~-j'Vl 'Wn ~mj'1~14-J1)'tl ~1'W'J'W'VI1 ~1 T ~C'imb'Vl'W~1 

fu m 

~4-Jn1), (2.62) bb~~~4-Jn1), U = [1- (r / rs Y ~max ~1'V1~U T bb~~ U 1'W~~m)' (2.63) '"l~1~ 

(2.64) 

T _ T = 3 umaJ} aT 
a C 16 a ax (2.65) 

"'i 1'" '"l1n~~n1), (2.64) tl-j (2.65) '"l~ C'i 

T _ T = _ 11 umaxr} aT 
111 s 96 a ax (2.66) 

h = QCOIIV 

A(T. - T,11) 

k( aT / ar )r=r _ s 

T. - T", 
(2.67) 

dTI _ ~ aT Umaxrs 

dr r=r, a Tx 4 
(2.68) 



hD -
-=436=NuD 

k 

~ ru VI Jl ij ~'J ~ b'U~ tJ T '"l ~ bb 11 ~b 11~ tJ'l..lhJ 1?l1 ~ 01 'J 1 ~ tJ 1 'J"1I~,n1 ~ ~'lJl1 ~ 11 ~~fl ~ 'lJ 7b 
q qJ m 

o~ 9.-- = f(x) ~'l~1~mbfl~~fl1~ (2.59) ox 
• ~ ~ I 
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(2.69) 

T(x, rs) = 1"1101'lVi fl1Hbn~~'lJ'lJ~~ fl1~"1I~'li1 'lJVl1n~~'l1-ir3fi.yh.n1~'l~'ltJ1 fl fl~11 'l..lfl ~ru,"1I~'l'\t'J~ flsf 

0l'J1~~~'l..lrl'l~ bb!?l~h NUD ~Vl1~'l1~'"l~iJI"11rl'l~ 

- hD 
NUD =-=3,66 

k 
(2.70) 

'"Jru~~U~!?l1'l 1 b-rl'l..l~h~Jl1~il101'J1~~~'l..l k ~Hf1'l..lfl1~Vl1~h h rl'J~Vl1~h~ 1'", 
0l'J1~~~~'l..lfi~'J1111 ~1V1f'lJ1"11 ~'J b~"1I'I!~ bsD~'Vl1 'l..l'lJ1b'J t:U'Vl1'l b-n1 (Entry Region) ~1V1f'lJfl1~1 VI~ bb'lJ'lJ 

" ~1'lJ~tJ'lJ1'l..lvl~fl~~\]fln1V1'l..l!?1b!?1tJ Sieder and Tate ~'ln 

(2.71 ) 

, 
I ~ ~oIC:io I 

Vl1 rl1'Vl~ruVlJl~ eJ'J'Vl ~ 
q 'IJ 
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~'VI-K 3-J~'U fi~'l'VIi"'U n'l'ivn ~'J'l 3-J;'fl'U"l 'Uvi'fl 1aJn~ 3-J 

'11'WVl1'1 ~1'W~ ~'J n~n..Ju1'1'f)~.h'l'f)11O;j b~tJ'J-if 'f)'1ri um ~'V'l1 m1~ ~'f)'Wb 'Wvl'f) ldJ m~ ~ J?l'J b~"1.I'l1~ b ~ m'1 

bb~~i.h~n'f)UI"1'J1~ b~tJ !?1Vl1'W~1~fun1~1 ~~ bbUU~1U b1tJUb 'Wvl'f)~iJWW1 J?l!?1 ~1'1 11~ 1iJ n ~'J ~l~b 'W 
, ~ 

1?l1~1'1 1 ~1~fuu1b'JruVl~'l.JbbUU"1.I'f)'11"1'J1~ b~'Jbb~~~'l.JbbUU"1.I'f)'1'f)ruVilliJbln~ 1?J..J'W1~'W~1 b~~~'I.J 1"1'J1~tJ1'J 
ClJ ClJ q ClJ ClJ ClJ 

~ 

~m~ru~b'U'V'l1~ (Characteristic Length) bojfbbVl'Wl~~'Jm~'WeJ1'W~'WtJn~1'11f]!?1~'f)~n~'1t1 

D = 4Ac 
" P 

(2.72) 

d 2.1 I I 2.1 

b~'f) A ~'f)~'WVl~U1J?l!?1"1.1'f)'1n1~1V1~bb~~ P ~'f)b~'W~'e)U~'l.JVlbUtJn ~'1'l1'WJ?l'Jb~"1.I'l1~b']~vlbb~~J?l'Jb~"1.I c ~ 

b~tJ1 'W~ C?f~1V1fuvl'e) ldJ fl~~ ~'f) 

Nu = hD" (2.73) 
k 

Re = umD" (2.74) 
v 

, 
bb~~b~'W~'e)Ul'I.J~'f) p = trD D" ~1V1fubbeJ'W~1UVl'J1'1"1.1'W1'Wri'WlO;j~iJI"11bvl1ri'IJ~'e)'1bvl1"1.1'e)'1~~tJ~Vl1'1 

~ 

~~~~ 1'1 bbeJ'W~1 'IJVI'I ~'f)'1 

1"11 Nu,. bb~~ Nu H d~]'WJ?l'J b~"1.I'l1~ b']~vl~1V1f'IJnnn~'fJruVllJiJ"1.I'e)'1 ~'l1'1vl'e)iJ 1"111"1'1~ bb~~~~ nsf 

1"1'J1~~'e)'W~ ~'l1'1vl'e)iJ fi11"1'1~1?l1~~1~U J?l'J'I.J~~n'f)'IJ1"1'J1~ b~tJ!?1Vl1'W f lO;j~n1V1'W!?1bU'W~~~ru"1.l'e)'1 f 

bb~~ Re 1"11 J?l'J b~"1.I1!~ b']~vlbb~~J?l'J b~"1.I b~tJ1 'W~ C?f1Pl 1 'W'J ru~11O;j1 n n1~b ojf b~'WeJ1'Wp\'WtJn~1'11f] !?1~'e)~ n~ 
~ 

UtJ1~b!?1tJ~~n1 ~ (2. 72) b~'e)'Vl n'IJ 1"11 J?l'J b~"1.I'l1~ b']~vlbb~'J n~1~1Hm1 1"11~~'I.J~~~Vlffn1~~1tJ b VlI"1'J1~ 

~'e)'Wb!?1tJn1~'V'l11O;j1n h = kNu / D" 
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L9l1~1-:j 2 f?i'':l b~"1J'l!~ b"ll~vl~l'VI¥lJnl~l ~~ bblJlJ~llJ C~tJlJ1 't.l'vl'emih f?i' (?)lU f?l1-:j 11 'WlJ1-b':lru~ OO-J'W1 b(~h,J'vl'fl 

b~-:j~'Vl'Vln'V'l~1'L9l bb~~b~-:jI"l':ll4J~'fl'W 11ltJ1~'\"J~nsDl"l':l14J~'fl'W~C:hvl'flI"l-:j~ (H) bb~~~ru~.1Jij~~':lvl'fl 

I"l-:j~ (T), (Nu = hD" I k,D" = 4AI p) 

., .... 

~'W1L9l(?) NU(H) NU(T) fffie 

4.36 3.66 64 

3.11 2.49 53.3 

a 1 6.49 5.60 82.3 -==-
b 8 
a 1 5.33 4.44 72.9 -=-
b 4 
a 1 4.12 3.39 62.2 -=-
b 2 

~=1 
3.61 2.98 56.9 

b 

-.-- ~=O 8.24 7.54 96.0 
b 

~=O 5.39 4.86 96.0 
b 

~ ~ 

1"l':l14J~14Jl~b11 'Wnl ~~ ltJ b'VlI"l':ll4J ~'fl'W"1J'fl-:j~~lJlJ b(?)tJ cPl1i4JU ~~~'Vl fin 1 ~~ ltJ b 'Vl1"l':l14J ~'fl'W~'W'fltJ 
'" , ~ 

nlJcPhf?i'':lbbU~Vl~l~b1J f?l1-:j1 ~-:jf?l'fllui1 

1. ~b11'W~"1J'fl-:j"1J'fl-:jl~~ b-D'W "1J'fl-:jm~':l ~1'flfh"ll 
,~ , 

2. ~m~ru~nl~l ~~Vl bn (?)~'W"1Jru~Vl~lt1b'VlI"l':ll4J~'fl'W b-D'W nl~l ~~ bblJlJ~llJ ~tJlJ ~1'flnl~ 

1 ~~ bblJlJ,1'W'lh'W 

3. n~~lJ':l'Wnl~~lt1b'VlI"l':ll4J~'fl'W b-D'W nl~'V'llcP1':ll4J~'fl'WbblJlJD~~4J"lll~ nl~'V'lll"l':ll4J~'fl'W 

bblJlJU-:j ~lJ ~1'flnl~'V'l11"l':l14J ~'fl'WbblJlJ bU~tJ'W~b11'W~ 

4. 1"l':l14Jb~':l"1J'fl-:jn~~bb~m~1~~~~~~ 

5. ~m~ru~~uil-:j bb~~cP1':ll4J~tJllJ"1J'fl-:j~':l 
'" 

,~ 

7. mW~llijVl~'W'fltJnlJcP1ru~4JlJ"i"1J'fl-:j"1J'fl-:jl ~~ 
q qJ qJ q 
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n1~b ~a.J flI'J1a.J~1a.J1~t;l"l 'l..ln1~thtl b 'VI flI'J1a.Jf'el'l..!"lI'el.:J~~'IJ'U ~'JtI"lI'el.:J 1 'VI~'I..!1 b'l..! ( Nanoflu ids) 

Wl ~b ~dJ !Ol'd1~~1dJ1 H11 'Wn1 nhtJ b'Vl !Ol'd1dJ ~'fl'W"lI'fl,,~~uut~tJ n 1 ~u~U'lh'l fl ru~ dJ1J~"lJ'fl'l~1 ~ • • ", , 
Vl1'l1'WIOl1n"ll'El'l1 Vl~Vl'W~1'Wb~dJVl1.jf'El~ bU'W"lI'El'l1 Vl~'Wl t 'W n1~Vl ~1 ~Vl1'l1'W1 'W~~uuiJ fPl1 n1~'tJ 1 fl'd1dJ~'fl'W 

d.9 'IJ 

~ ~11Ol~1ui ~"lI'dl'ln~ 1n n1nb~n bU~tJ'W!Ol'd1dJ~'fl'W bbar ~ 'llOl~iJ n1~U~UU~'l b'Vl !Olti!OldJ1 ndJ1tJ b~'El b~dJ • 

bU'W'Vl1'l b~'El nVl~'l"lJ'El'l~fin1n ~dJ fPl1 n1 ~'tJ1 fl'd1dJ ~'El'W"lI'El""lJ'El'l1 Vl~ ~'Eln1~e.J~dJ'fl'WJl1 !Ol"ll'El'l bb ~'l b -ir 1 flU • 
"lI'El'l1Vl~e.J'l'El'WJl1!Ol~VI~1tJ"1lti~ b"lf'W e.J'l'fl'WJl1!Olt~VI~ e.J'l'El'WJl1!Ol'Elt~VI~ bb~~e.J'l'fl'WJl1!Ol~1~t'V'l~bdJ'Elf ~ 

q q q q 

~1 dJ1 ~~ e.J ~ dJ flU "lI 'fl'l1 VI~ b ~'ElVi11 ~"lJ'El'l1 Vl~ b ~dJ.jJ'W~'W1~ ~1 n1 ~'tJ1 !Ol'd1dJ~'El'W"lI'fl'l"ll'fl'l1 VI~~iJ'El'WJl1!Ol • 
~ , ~ 

bVl'6'i1Ubb"ll'd'W~'fltJ eJ~~'El~ ~ n!Ol1 ~~ 110l ~iJ !Ol'd1dJ ~1dJ1m 1 'Wnl~t;l1tJ b'Vl !Ol'd1dJ~'El'Wb ~dJ ~'l;'Wn~1"l1'El'l1 VI~ 
'IJ 'IJ 'IJ 

~ ~ , 
~'W~1'Wfi~~dJ ~1 n1 ~'Vl ~~'flu~fin 1~u~~tJn I?lb-D1 'W'flI?l~'lVln~~dJu1~ ~ n'tJ11u1-n~'l eJ~"lI'El'lmdJ1 ru 

d.9 q q qJ 

I I 9,1 I 

b'Vl !Ol'd1dJ~'El'W1~~ n ~ m~11~ ~'JtJ~'ln1~tJ11u1.jfVl1~ n~1'd Hu'W 'El'WJl1 flVl bb"lJ'd'W~'EltJ'fl~IOl~iJ"lI'W1 ~'El~1 'W 
qJ q qJ qJ 

I I I 2.1 

Vlt.i'dtJ~~~u1dJt!Ol~bdJ [;W (J11n) 'W1 t 'WbdJ I?l~ (nm ) ~'l'fl'4Jl'l flVliJ"lI'W1 ~ 1 VlrY n~ 1"l1'W1 ~Vl n'6'i1'ddJ1U'W'fl11Ol 
" , 

bfi~tlruVl1~1tJbbJ''l!?l'ElJ'~uu b"lf'W m~~nni'El'W bb~~m~'fl~~'W ~'lU'W "lJ'El'l1V1~VleJ~dJ~'dtJ'El'WJl1!Ol"ll'W1~1mu 
GI q q cv 

I I I i;' 

flru~dJmVl [;]1'llOl'l n 1?l'El'WVl'Elti1 'W~ ~ 1'W~"lI'fl'l bb~'lfi~~dJ ~'l bij'fl bmtJu b VltJU fl'W'fl'WJl1 !Ol"lJ'W1 ~'W 1 t 'WuiJ 
• 'IJ • 

~ , ~ 

~'WVlrJ'd idJ~'Vlfi ~~ n ~ 1 bb~ ~iJUJ'~~'VlfiJl1'V'l n1 ni 1tJ b 'Vl fl'd1dJ~'El'W~'l;'W 1~iJun~r.rtJ~ 1 'W'd'WdJ 1 ndJ1tJ 
'IJ 'IJ 

iI I I I II I 

'Vl ~~'El'l bij'El'l ~'W~,)'WVln'l bb~ ~'l1 ~ b ~'WfPl1 n1J'tJ1 !Ol'd1dJ ~'fl'WVl ~1dJ1 ~~ b~ dJ~'WU~~dJ1 ru 60% ~'l1~IOl1 n 
, ~ 

"lI'El'l1 Vl~'W1 t'WVlu~~n'ElU ~ 'dtJtJ1 bb~ ~'fl'4Jl1 !Ol'W1 t'W 5 btl'flfb']'W1?l1~tJilldJ11?l~"lJ'El'l Cu02 bb~ ~ 
t> I i.I I I it 

idJu~~~'VlfimJ't;l1m'Vl!Ol'J1dJ~'El'Wb~dJ~'W 6 ~'l 1 0 bU'flfb']'W!?lon'l1~IOl1n"ll'El'l1V1~'W1t'WVlU~~n'ElU~'dtJtJ1 

bb~~'El'4Jl1 !Ol'W1 t'W 0.2 btl'flfb']'W1?l1~tJllidJ11?l~"lJ'El'l Ti02 Jl1'V'ltl~~n'ElU 1 0 bb~ ~'l e.J'l'El'4Jl1 !Ol'W1 t 'W"lI'El'l 
~ , 

Ti02 rl'El'W'tJ11tl eJ~~ flU'tJ1 b ~'flVll bU'W"lI'El'l1 VI~'W1 t 'W1 'Vl'Vl1 b UtJdJ bb~ ~Jl1'V'lU~~n'ElU 11 Jl1'V'l t;l1tJ"lJtJ1tJ 

"lI'El'l'El'WJl1!Ol Nanoparticles "lI'W1~ 200 'W1t'WbdJl?l~ • 

n1~eJ~dJ'fl'WJl1 !Ol'W1 t 'W1'W~1~Vl1'l1'W1 'W~~U'lJVl1 fl'd1dJ~'El'W Vl1'El~~UUVl1 !Ol'd1dJ b~'W fl ru~dJm • • , ~ 

n1nhm'Vl!Ol,)1dJ¥'fl'W~1dJ1~~VllOl~~1?hJ'W1 u~U~,,1~'fl~1'ldJ1ndJ1tJ bVll?leJ~~1 firu ~"U . . ~ 
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I ., I 

1. n"1~eJ~~'el'W.n1 ,",'\.,\1 b 'W "'l:::di~~~'WVl~'d bblN::;,",'d1~"'l ,",'d1~r'el'W"lJ'el~"lJ'el~1 VI IN 
q q 

2. fl1~eJ~~'el'W.n1 ,",'W1 b 'W"'l:::b~~tl~:::~'Vlfi.nl'VHl1~-W1 ,",'d1~r'el'Wl ,xnu"lJ'el~l VI IN 
q ., 

3. tlJJmtl1fl1~"1l'Wn'W'Vh~flIN1~'el~.n1 ,","lJ'el~1 VI IN bblN::;fl1~1 VI IN eJ1'W~'dVl'W1"'l::;bfi C?l~'W~'Wbb~~ bblN::: 
., 

I Q! 

VI'W1 bb'W'W~1fl"lJ'W 
I I ., 

4. fl1ntl~t1'WbbtllN~ fl1 ~eJ~~ n'W bblN:::,",'d1~i1'Wi~h'W"lJ'el~"lJ'el~ 1 VlIN"'l ::;~'Wbb~~~1 fl~'W 
q 

.n1~tl~:::fl'elU 11 .n1~t:i1t1"lJtl1t1"lJ'el~'el'W.n1,", Nanoparticles "lJ'W1C?l 200 'W1b'Wb~~~ 
q 



41 

!pm.l~dJ~'Vl1'1 fl1t1J11~ bb'6'l~V11'1 rl'd1dJ~'f)'W~'f)'1~'f)'11 VI'6'l'k11 b'W b"J!'W rl'd1dJVI'W1 bbU'W rl'd1dJVlUr?l 
q 

" rl'd1dJ~'f)'W~1 b~1~ bb'6'l~n1:i'ih rl'd1dJ~'f)'W~'f)'1"1J'f)'11 VI'6'l'W1 b 'W~1dJ1:i'Cl !P11'W'd ruVl11c$l~1n~dJn1:i'1?l1'11 ~'1n 
, 

Fl'J' :I-J'VI'W' bb'W 'W 

rl'd1dJVI'W1bbu'W~'f)'1~'f)'11 VI'6'l'W1 b 'W~1dJ1:i'Cl !P11'W'd rul~~1n~dJn1:i'~'f)'1 r?l'd'lVl'f)'1~~ bb'6'l~rlru~ 
" .,.. -=< 

(2009) r?l'l'W 

br?ltl~ PI!f 0l'f) rl'd1dJVI'W1 bbU'W~'f)'1~'f)'11 VI'6'l'W1 b 'W, kg/m 
3 

P p ~'f) rl'd1~VI'W1 bbU'W"1J'f)'1'f)~J11 rl'W1 b'W, kg/m 
3 

" .c::::!I I 0 3 
Pw rl'f) rl'd1dJVI'W1bb'W'W~'f)'1'W1, kg/m 

¢ 0l'f) i r?l~'d'W b~t1mdJ1 ~:i'~'f)'1'f)~J11rl'W1 b 'W 

• ~ 0 .d IV.d 

Fl' Fl'J':I-J"i'fl'W~' b 'Vn::'V1 Fl'J':I-J ~'W Fl.:l'VI 

q 

(2.75) 

rl'd1dJVI'W1bbU'W~'f)'1~'f)'11 VI'6'l'W1 b 'W~1dJ1:i'Cl !P11'W'drulc$l~1n~dJm:i'~'f)'1 r?l'd'lVl'f)'1~~ bb'6'l~rlru~ (2009) 
q 

c = A.c + (1 - A.)c 
Pnf Of' Pp Of' p", 

(2.76) 

" c
pw 

0l'f) rl'd1dJ~'f)'W~1b~1~~'f)'l':;'1, J/kg °c 

¢ 0l'f) i~~'d'Wbr?ltlmdJ11?l:i'~'f)'l'f)~J11rl'W1b'W 

!Pl1rl'd1dJVlUr?lidJ'lJ:i'ru r?l'd'lVl'f)'1~~ bb'6'l~rlru~ (2009) bb'W~':;'11.mojf~dJn1:i'~'f)'l ~'Wb~~t1f'W 
~ q 

~1V1r'lJ~'f)'11 VI '6'l'W1 b'W~iJi ~~'d'W'f)'WJ11 rl'W1 b'Whlbn'W 5 bU'f)fb']'W~1:r?lmEdJ1~:i' !Pl1~1c$l~ ~iJ rl'd1dJ 
q 
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Jin! = (1 + 2.5tjJ)Ji", (2.77) 

b~~~ I'll! ~'f) ~'lrl'd'UJVltl~~d-J\lJ'ru"lJ'f)'l"lJ'f)'l1 VI~'t.n b 'W. kg/m.s 
0-

.::::g I ..:::!tI Q;' rr 0 

/-lw rl'f) l"i'lrl'd'ld-JVI'W~~d-J\lJ'ru"lJ'f)'l"lJ'f)'l'W'l. kg/m.s 

¢ ~'f) ~~~b'Wb~tJmd-JI?lJ'"lJ'f)'l'f)11Jl'lrl'W'lb'W 

, 0 lI/ 

~nn1'ii'U1fl'J1a.J'ii'flU 

~'ln'lJ'Ulrl~ld-J~'f)'W~d-Jn'lJ'~U~d-Jl~'f)~'l'ln~'l'l"lJ~'l'l~'lVlfun'lJ'~'l'W~'WVI'l~'l~'ln'lJ'U'lrl~'ld-J 
~'f)'W"lJ'f)'l1 VI~ 1:J~d-J J':::VI~'l'l'f)'W[l'l rl"lJ'f)'l bb~'lnU"lJ'f)'l bVl~~ ~~'l'Vl'f)'l~"lJ bb~:::rlru::: (2009) bb 'W::: U'l 1 m ~ 

q q 

b~~~ k'!f ~'f) ~'lnlJ'U'lrl~'ld-J~'f)'W"lJ'f)'l"lJ'f)'l1V1~'W'lb'W. W/m °c 

kp ~'f) ~'lnlJ'Ulrl~'ld-J~'f)'W"lJ'f)'l"lJ'f)'l'f)11Jl'lrl'W'lb'W. W/m °c 

kw ~'f) ~'lnlJ'U'lrlr;)ld-J~'f)'W"lJ'f)'l~'l. W/m °c 

¢ ~'f) ~ ~'6'h'Wb~~md-J'lI?lJ'"lJ'f)'l'f)11Jl'lrl'W'l b 'W 

0-

,g 1?lJ''l nlJ'nltJ b'Vl I"ir;) 'l d-J~'f)'W"lJ'f)'l"lJ'f)'l1 VI~'W'l b 'Wi] ~3Jn'l J'r11 'ld-J~d-J~'Wjf~'li1 

Q,!f = O.006271x4,168.82x3.97 

Q,!f = 102.21 W 

m'if ~'f),g 1?lJ''ln'lJ'1 VI~ b~'ld-Jr;)~"lJ'f)'l"lJ'f)'l1 VI~'W'l b 'W. kg/s 

c p'Y ~'f) ~'l rlr;)'ld-J~'f)'W~'l b~'l:::"lJ'f)'l"lJ'f)'l1 VI~'W'l b 'W. J/kg K 

T;n,n! ~'f) 'f,J ruVl.1J~"lJ'l b-n'l"1I'f)'l"lJ'f)'l1 VI~'W'l b'W. ° C 

Tolli,'!f ~'f) 'f,JruVl.1J~"lJ'l'f)'f)n"lJ'f)'l"lJ'f)'l1V1~'W'lb'W. °c 

(2.78) 

(2.79) 
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cv • g.I d 
'fIIWi1 n 1 'Hl1 tI b'VI Fl ';) 1:IJ 'a'fl 'LI b 'il ~ tI 

~ 1?l:i'1 n 1 :i'~1 tJ ~ 'Vl rl 'J1 ~ ~'el'W~'U~tJ ~U'Wn1:i'~91:i'bW1iJ 1 ~'el1~ 1?l:i'1 rl'J1 ~ ~'el'W~1 ,xnu~ 1?l:i'1 rl'J1~ 
" '" 

~'el'W~1~fu~1~'U~tJn'Wbf?1tJil~~n1:i'~~il 

Q = Qele + Q'!f 

ave 2 (2.80) 

bf?1tJ~ Qave ~'fl 'f11?l:i'1n1:i'~1m'Vlrl'J1~~'el'W~'U~tJ'511'el~"1J'fl~1V1~'l.l1b'W, W 

Q ~'fl 'f11?l:i'1rl'J1~~'fl'lJ~iJ'el'W1,x~~~'lJn1~Uf?1rl'J1~~'el'W, w ele 

Q'!f ~'fl 'f11?l:i'1rl'J1~~'fl'lJ~"1J'el~"1J'el~1V1~'W1b'W1~fu, W 

, '" 
~1~ ~tJ:i'~~Vlfin1 :i'~1 tJ ~ 'Vl rl'J1 ~~'el'lJ~'U~ tJ"1J'el~"1J'el~ 1 VI~'W1 b 'lJ~91 :i'bW191 n ~~ n1 :i'V1'lJ ~1'W bf?1tJ il 

h- = qave 

nf T T 
S - o1lt.n/ 

,., ,., 
Fl,;)1:IJ Ul1'L1'V11'L1'V11{1 Fl,;)1:IJ'a'fl'U (Thermal Resistance) 

, 

d.9 

(2.81) 

rl'J1~ ~1'lJ'Vl1'W'Vl1~ rl'J1~~'el'W"1J'el~:i'~UU ~n f?1m:i'~tJ~ tJ'lJ~~U~~ I?l~'el f?1:i'~tJ ~'Vl1~ m:i' 1 VI~ ~~~~I?l~'el f?1 ~ 'J ~1 

n1:i'~91 :i'n.n rl'J1~ ~1'W'Vl1'W'Vl1~ rl'J1~~'el'lJ"1J'el~:i'~UU9 ~~~u~ n1:i'~91 :i'bW1 ~U'lJ~'J'lJ1 ~"ll'lJ rl'J1~ ~1'W'Vl1~ 

m1~~'fl'\.Ul1tJ1 'Wvl'el rl'J1~ ~1'W'Vl1'W'Vl1~ rl'J1~~'el'lJ"1J'el~ rl1'IJ ~~~~rl'J1~ ~1'W'Vl1'lJ'Vl1~ rl'J1~~'el'lJ1l1tJ'W'flnvl 'el 

, '" 
~ij'fl ~'el1 rl'J 1~ ~1'lJ'Vl1'W~~VI~ f?1~1 :i''J~ n'lJ~1tJ n~1 rl'J1~ ~1'lJ'Vl1'lJrl'J 1 ~ ~'el'lJ:i''J ~ Rtll ~~~ ~r.r f?1'el~1 'lJtU 

~~n1:i'rl'J1~~~~'lJfil~~~e 

(2.82) 
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A ~r.\ AOIlI -~11 m2 
m ,-,'" , 

In(Ao1l1 / A il1 ) 

hill ~'fl fPi'li:J.JUJ'::;~'Vl~f1'lJ'r;i'UJb'Vlfl'J'l:J.J~'fl'Wll'ltJh.lvl'fl, W/(m
2 

DC) 

h ~'fl fhi:J.JuJ'::;~'Vl~f1'lJ'r;i'lm'Vlfl'J'l:J.J~'fl'Wll'ltJ'W'flf1vl'fl, W/(m2 
DC) 

alii 



Heat 

d 
'U'VI'VI 3 

1'Wn1'.i'Vl~~'fl_:J9::;1-1f1! ~ri~'lJ bb'lJ'lJ"ll'fl_:J~ bVI~tI~~'W~1"lJ'W1~H~n (Rectangular Mini Channel 

o .c::::I .:::!I ..:::to .c:::::.. .c:::::.. ...::::. 

Sink) 91'W'J'W 3 "ll~ (9l1~1"I'J1~~_:J"lJ'fl_:J1"I'.i''lJ1"I'fl "lJ'W1C;)1"I'J13J~_:J 1.00 3J~~b~{9l'.i' 1.50 3J~~b3J{9l'.i' ... .. 
bb~::; 2.00 ij~~b~{9l'.i' t~tI"lJ'W1C;)1"I'J1~'VI'W1~1'W1"I1'lJ 2.00 ii~~b3J{9l'.i' "lJ'W1~1"I'J1~n11_:J"lJ'fl_:J"ll'fl_:J1'V1~ os 

" 
0.80 ij~~b3J{9l'.i' bb~::;1"I'J1~'VI'W11"11'lJ 0040 ij~~b~{9l'.i' bvl1n'W'I-1_:J 3 "llc;) 'J1_:J'fl£l1'W"llC;)VlC;)~'fl_:J{9l13Jbb'W'J'W'fl'W . ... 
, " , 

eD_:J1-1fU1 bb~::;"lJ'fl_:J1'V1~'W1t'Wdj'W~1'.i'Vi1_:J1'W (Working Fluid) tC;)tI~13J1'.i'rltJ~'lJbtJ~tI'W~{9l'.i'1n1'.i'1'V1~"lJ'fl_:J 
" , 

~1'.i'Vi1_:J1'W1'W"ll~VlC;)~'fl_:J!?l_:Jbbt?l16, 18,20,22,24, 26 bb~::; 28 ~{9l'.i't?l'fli'Jt~_:J (LPH) n1'.i'1"I'J'lJI"I3J'fl{9l'.i'1 • • 

ELECTRIC 
HEATER 

DIFFERENTIAL PRESSURE TRANSDUCER 

r----------------------------------~ 

r------------ _______ !~~~S2~~~ _______ ~ 
i MlNI CtfANNEl i 
I HEAT SINK TEST I 
I MODULE THERMOCOUPLE 4 : 
I r--- ------------------------~ I ~~~$~G 

i i MODULE 

~---~ I~ t~ 
________ : __ J L __ _______________ Il!EB~~~!:.S~ __ ..r==, ! 

: I ! 
~_________ ____________ __~E~~~~~~ _____ ~ i 

I 
I 
I 
I 

COOLING TANK WIGHT SCAlE i 
I 
I 
I 
I 
I 

t::::~---' 
DATA ACOUlSmON SYSTEM 

" 91nJl1~tJ'.i'::;n'fl'lJ 12 tJ'.i'::;n'fl'lJ~'Jtl1! c;)Vl C;)~'fl_:J bb~::;'r,jtJn'.i'but?l1_:J1 ~_:Jt?l'fl1tJt1 
, , " 

1. "ll~Vl~~'fl'lJ (Mini Channel Heat Sink Test Module) Vi1'V1U1Yhu'WVl~C;)!?l_:J"llC;)VlC;)~'fl'lJ • • 
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@ @ @ @ @ 

@ @ @ @ @ 

COVER 

1--rT-~_~_~_~_~_~_~_~_~_~~~~~~~~~~~~~~~~_=:_~_~_=.~_~_~_~_=.=_~ .. =ril~~--GASK~ 
BASE 

Tb,oul I L Tb•1n 
L-ElECTRIC HEATER LGASKET 

MINI REGTANGULAR CHANNEL 
HEAT SINK 

, , , 
2.1 l..::::j.o=:::i..o::!l 2.1 a . -=10 

:i':;U'ltl~'l'l~:i''fl'WbbUU''ll'fl'l-;;qb'VI~'H.J~I:J'WI:J'l"ll'W'l~b~n (Rectangular Mini Channel Heat Sink) 'Vl'Vl'ln'l:i' 

, , , 
..o::!I '1 .. l.dl i.r.q '" 1..:::1.0:::1..:9 2.1 G 

b'V'l'fl ~u~'1 ~'l'l~:i''fl'W9'ln~:i'U:i':;U'lti ~'l'l~:i''fl'WbbUU''ll'fl'l-;;q b'VI~tI~ l:J'WI:J'l"ll'W'l ~ b~n (Rectangular Mini 

Channel Heat Sink) bb~:;:i':;U'lti ~'l'l~~'fl'W'fl'fln"'l'ln-;;q'l:i'vh'l'l'W~htl:i':;uU'vh ~'l'l~ bU'W 

4 .. "ll ~ b~i'fl'l~'W-;;q :;bVi'fl'W (Ultrasonic Vibrator) Vi'l'Vl'L.h~~'Wt1'1 bnU"lI'fl'l b'VI~'l b~'fli1'fl'lri'W 
q 

n'l:i'(p]n (p]:;n'fl'W"lI'fl'l"ll'fl'lL 'VI~'W'l b 'W 
, 

5. 1 ~'VI~'fl bU'W (Cooling System) Vi'l'VIu'lVl~'1 ~'l'l~~'fl'W'fl'fln"'l'l n -;;q'l :i'Vi'l'l'l'W~htl:i':;uuVi'l 

6. 
, , 

.c::I 2..t l.q -=I .c:!I 2.1 G' 

1~~:i'U:i':;U'ltl~'l'l~:i''fl'WbbUU''ll'fl'l-;;q b'VI~tI~I:J'WI:J'l"ll'W'l~b~n (Rectangular Mini Channel 

, '" '" 
7. bb'VI~'1r.l'ltlhJVh (Power supply) Vi'l'VIU'lVlr.l'ltlLvJ1'lXriu1'lXriuil'Vlb(P]'flf ~m(p]'flfi1~ih 

, 
o "' ... 

:i':;UU'Vl'l~'l'l~btl'W b~:i''fl'l Ultrasonic Vibrator 

8. b~i'fl'l;j'flt)~bbN~'WLvJvh (Volt Meter) Vi'l'VIU'l~t)~bb:i''1~'WLvJYh~r.l'ltl1'lXriuil'Vlb(P]'flf 



47 

o 0" 
9. b,;;i~'fl'l-n'lih'VI'Wfl (Wight Scale) 1.jj~1'V1fU[9l'J'lr) (?)~[9l:rl fll:r1 'VI~ b~'l4J'J~"lJ'fl'l~l:rVll'lTW 

1 ~il 1"11 bvll n'W[9l~'fl (?)fl1:r'Vl (?)~'fl'l 

1 o. b(Pl1'fl'l;J'flr)(?)(Pl'J14J~'W[9lfl(Pli'fl4J (Difference Pressure) 
o 

11. b(Pl1'fl'l;J'flr)(?)'flbl..l'VI.nii (Thermocouple) 
• OJ 

12. "]j(?)btiU-if'fl4J~ (Data logger) 
• OJ 
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~----

I
i 'f~~ .... 
! . 

I 
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!Pl'd1~~'el'W (Heat flux) 'fl [;lJ'1 n1J'1 'VI~"lI'el'l~1J'Vi1'11'W bb~:::"1!Vltj' Vl'elru'VIJl~ !Pl'd1~~'el'WbU'WJ':::UU~~ [;l'el~ 
q q 'lJ 

bVlLJUJ'J'fOl i'd~l.rt 'W~ ~'el~ b 'Vl~ ~'d'W'VI~'el btj'WVi 1'V1il1~ fn~'el ruVlJl~"lI'el'l~1J'Vi1'11'W1 m~ [;l1~ rl1~ ~'el'ln1 J' 
q qJ q qJ 
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~U1~~~~ ~U1~~1U~~~ ... 
IV IV 

n'J1.:1-!I1'J-'a.:l n'J1.:1-!I1'J-'\IIU1 ... 
... IV ... 

~'i~ ~'J13J'i'flU ~'J13J'i'flU 

( mm. ) ( mm. ) ( -au ) ( m2
) ( m2

) 

0.4-1.8-1.0 60-110-2 2,500 0.0066 0.0158 

0.4 - 1.8 -1.5 60 -110 -2 2,500 0.0066 0.0213 

0.4 - 1.8 -2.0 60 -110 -2 2,500 0.0066 0.0268 

± 0.03 
, 

"ll(?)b,"i~'fl~i'j'fl~(?)fl'.l1~¥'fl'W ("llU(?) T), "ll(?)bb~(?)~C-J'C-l 0.1 % 
q q ± 0.10 

, ~ ~ 

n1:i'bn1J.jf'fl~ 'C-l'"l1 n n1~Vl (?)'C-l'fl~ b ~'flil11tY.i bfl~1::;,rC-J'C-liiih ~'IJ-n'Wl?l'fl'W~~11 
'" 

~ , 0 

4. bU (?)"ll (?)vl1 fl'.l1~ bij'W'i:(?)~tJf1J 1Pl~'flruVl[lnHVl 20 C 
q q '" 

G'lI 2.1 II I 

5. bu(?)i1~il1bb~::;tJf'lJ'eil?l~1n1~1V1~"lJ'fl~il1HVl16 LPH 

6. bU(?)bfli'fl~bn'IJ.jf'fl~~ 
'" 

I I I 0 

7. bi'j'fl'flruVl[ln"lJ'fl~~1~vh~1'Wfl~VlVl 20 C bb~'.l 9~bU(?)"ll(?)fl'.l'IJfl~fh~~1vHh"lJ'fl~"lJ(?)~'.l(?) 
q qJ q q 

, 
fl'.l1~¥'fl'W (Electric Heater) Vl81.20 ~l?lr;l 

8. b~'flm1'V~'flruVl[ln"lJ'fl~~1~vl1~1'WVl1~b.jf1 Vl1~'fl'fln 'flruVl[ln~1'Wfl11JVl1~b.jf1 Vl1~'fl'fln 
q qJ q q.J d.9 

bb~::;'fl ru"'Ifln"lJ'fl~ ~~VI~'fl bij'Wbb~ (?)~ 1"11 fl~~ 9~ ~1~1~b1 bn'IJ.jf'fl~'C-l1tJ ~1'W'.l ruVl1i.h::;~Vlfi[l1'V'l1~ 
q '" '" 
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" , , 
10. Uf1J'5(;lJ''ln'"1J'1V1~"lI'fl~'I1'lHVl18, 20, 22, 24, 26 bl~::: 28 ~(;lJ'~'fl-n'Jb~~ (;l'l~~'l~U 

11. bU~m,lfl'l~~lvJvh"ll'fl~"lIC?l~'J~Hol'J'l~¥'fl'WbU'W 87.00 bb~::: 93.00 tJ(;li?l (;l'l~~'l~U 

12. ~'l bil'Wfl'lJ'(;l'l~-if'fl 1-11 bb~ bU~tJ'W~'lJ'vh~'l'Wbu'W"lI'fl~lV1~'W'l b'W1VlVl'l b11tJ~l'Wi C?l~'J'W 
" , 

0.4 bU'flfbo]'W(;l'1C?lmfl-~'l(;lJ'nu'I1'l bb~:::bU~tJ'Wrh~~1r+yh"lJ'fl~"lIC?l~ C?lfl'J'l~¥'fl'WbU'W 97.65,1 04.00 bb~::: 
cvtr Ocv 

110.55 'J(;l(;l 1?l'l~~'l~U 

13. ~'lbil'WrnJ'VlC?l~'fl~~'Wl~I"1'lflJ'U(?l'l~I?l'lJ''l~rnJ'VlC?l~'fl~~~(?l'lJ''l~ 5 (?l'lJ''l~ 6 bb~::: (?l'lJ''l~ 7 

, " 
bU'fl~~'ln"1! C?l fl1uVl ~~'fl~ bU'WbbUU~~~'l (;lJ' (Symmetry) ~~~'l~'fY'W ~~vh n'lJ'Vl C?l~'fl~ bb~::: 

q 

n'lJ'tJC?l~bWVllJa.J"lI'fl~j'l'Wfl1ubbU~'fl'flmU'W 2 ~C?l ~'fl U1-b'JbWj'l'W"lJ'fl~fl1U~'l'WVl'l~b-if'l (T".il1) U1b'JbWj'l'W 

"lI'fl~ fl1u ~'l'WVl'l~'fl'fln (T",01l1 ) b~'flVl'lI"1'l b'U~tJ bl~:::u'WVin ~~ l'WlU bbUU"lJ'fl~ (?l'lJ''l~ 
l'W~'J'W~bWVllJa.J"lI'fl~~'lJ'vl'l~'l'WbbU~n'lJ'rjC?lbu'W 2 ~C?l ~'fl~'l'WVl'l~b-if'l (Tj ,i11) bb~:::~'l'WVl'l~'fl'fln 

(Tj",01l1 ) (?l'l~~'l~U ~ bWVllJa.J"lI'fl~~'lJ'vl'l~'l'W (1;) ~'lVifurnJ'u~u~rnJ'~~ci'ltJfl'J'l~¥'fl'Wfl'JU'".l~~bWVllJa.J 

HUJ':::~'lbW 20°C, 22°C bb~::: 24°C bb~::: ~bWVllJa.J'IX'fl~fl'JU'".l~ (T,.) HUJ':::~'lbW 25 °c bU'W~bWVllJa.J 

~~:::C?l'Jn 1 'Wn '1 J'Vl C?l~'fl~ 

~';) bb,j~m"1fi. 'L.I n'l~bn'lJ,j'el3J~ .... 

~C?l~'JbbUJ'~~:::vhn'lJ'Pin~'l~~tJ'fl'flmu'W 2 n~~ ~'fl 
q 

- l"1'l'v~~ flsn fl'J'l~¥'fl'W (Heat flux) ~1'IXnufl1u 

- ,g(;lJ''ln'lJ'lV1~"lI'fl~~'lJ'vl'l~'l'W (Flow rate) ~eJ'l'Wfl1u . 



"" '" 'atu'VIl13J'VI1.:! b"ll1 
• OJ 

20.00 

22.00 

24.00 

"" 'a tu 'VIl1 3J • OJ 

'" 'VI1.:! b"ll1 

°c 

20.00 

22.00 

bb'el::: 

24.00 

.., 

.., '" 'a 1?l~1f'1'l13J~'a'U 

viiJ'a'U 

(W) 

81.20 

87.00 

93.00 

'" ..,j 

'a l?l~f'I'l13J~'a'U'VI 

iJ'a'U 

(W) 

110.55 

117.30 

bb'el ::: 

126.00 

(LPH) 

16.00 

18.00 

20.00 

22.00 

24.00 

26.00 

28.00 

~1?l~1n1~b'VI~ 
... . 

"lI'a.:!'U1 

(LPH) 

16.00 

18.00 

20.00 

22.00 

24.00 

26.00 

28.00 

.., 

.., '" 
'a 1?l~1 f'I'l13J~'a'U 

viiJ'a'U 

(W) 

97.65 

104.00 

110.55 

'" ..,j 

'a 1?l~1 f'I'l13.J~'a'U'VI 

iJ'a'U 

(W) 

146.30 

152.10 

bb'el::: 

160.00 

~1?l~1n1~b'Vl'~ 

"lI'a.:!"lI'a.:!b 'VI~'U1 b 'U 

(LPH) 

16.00 

18.00 

20.00 

22.00 

24.00 

26.00 

28.00 

~1?l~1n1~b'VI~ 

"lI 'a.:! "lI 'a.:! b 'VI~'U1 b 'U 

(LPH) 

16.00 

18.00 

20.00 

22.00 

24.00 

26.00 

28.00 

52 
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... <V 
.., ...a i' (;1'i1n1'i'l 'VI 'a 

<V .., ...a i' (;1 'i1n1 'i'l 'VI 'a 'eHU'VIJUJ 'el ~'i1 fl11 :J.J'i'el'U'Vl 'el (;1'i1 f'l11 :J.J'i'el'U'Vl 
• '" .., 

U'el'U 
.. 

U'el'U "l.I'el~"l.I'el~'l 'VI'a'U1 b 'U 
0 

'Vl1~b"l.l1 "l.I'el~'U1 

°c (W) (LPH) (W) (LPH) 

16.00 16.00 

18.00 18.00 
20.00 138.75 209.50 

20.00 20.00 
22.00 144.40 218.50 

22.00 22.00 
bb~~ bb~~ bb~::: 

24.00 24.00 
24.00 152.10 227.95 

26.00 26.00 

28.00 28.00 

F1t1A';myt1A~.yt'J'1.tJ".lI'fI~'fI'6'Ii'hiltl:I-J~~:I-J AA7022 (General Characteristics of Aluminum Alloy . '" 
AA7022) 

AA 7022 dj'W b~VI~eJ~d..!"lI'fl'l'fl:::~ ih U tld..!~ 3.j i·m:::~ bbd..! nu b~ tid..! bb~~'Vl'fl'l bb~'1 bU'W'6'i 'J'WI:.J~d..!~ '1 ~ ill 
~ ~ 

b~tll~ &.h'Wn :f:::u'J'Wn '1 aid..! bb ~'1'fltJ'l'l~d..!un1.I'~'13.j fl'J'ld..! bb ~'1 bbN~'1 bb~~hJ~'l bU'W~'fl'lVi'l n :f:::u'J'Wn'l :f'flU 
~ ~ 

, ~ 

"1i U'Vl '1'1 fl'J'ld..!~'fl'W~'W~ n L91'fl 11l Vi 'lb1Xlh~VltJ ~~'W'Vl'Wb 'Wn'l:feJ~ I?lbbdJ~ d..!~ 'W'flnronnutJ'Ib-if b'J~'lb 'Wn'l:feJ~ I?l 
q q 

~ ~ 

fl'J 'ld..!lJ:i':::rul?l bb~ ~ri :f'ltl ~::: b ~tI ~~'1V11'fl3.j nH'l'l-nusif'fl'W -K'Ib 'WbbdJ~d..!~btl'l bb~ ~~~~ ~ '1 ~ ~ n :f'J d..!-K'I Vi '1 
~ ~ 

f1t1A';myt1A~b~'L.I (Significant Characteristics) 

• ri,"hn'l:fiJ'lfl'J'ld..!~'fl'W~'1n~'lbVl~n~'JhJ 4 bvh 
~ 

~ 
.::::I 0 Q,.' I c:z 

• d..!'W'lVl'WnbU'l n'J'l bVl~ nd..!'l n 

• ~ 'ld..!'l:ft1 n ~'11~ bblhnJ1~~ 'ltlbb~ ::::f'J ~ b~'J 
~ 



n'l'abi-3TIJ (Applications) 
!I/ 

• 1:J~l?lbb~.yh.Jvr~'cr,~~nVl~~1'Wbth bb'tl::;~1'W:U~~'tl1~~n 

• 1:J~1?l~'WbbUU"lJ'f.l~bb~~:l.Jvr:u~ 'VI1'f.lbth~'tl1~~n 

!I/ , 

• t~::;~Um~~'W~1'W"lJ'f.l~brl1'f.l~~n~ 
!I/ , , 

• Vl1'f.liJn~M'W~'J'Wbrl1'f.l~~nm'tlVl~'f.l~m~rl'J1:I.Jbb~~bb~~~~ 
q ~ 

!I/ 

• bb~'W~'f.l~'ch~"lJ'f.l~~1'W~bbl?l:I.Jtl~ bb'tl::; tool bed !?l1~ 1 

1?l1~1~ 8 rlrw~:l.Ju"iVl1~~~n~ (Physical Properties) 
q 

rl'J1:I.J'VI'W1bbtJ'W I Density (g/cm
3

) 

n1~iJ1rl'J1:I.J~'f.l'W ~ 20°-100°C Thermal Conductivity (W/m.K) 

i:l.JiJ~::;~Vltn1~"lJtJ1t1 !?l'JVl1~ rl'J1:l.J~'f.l'W~::;'VI~1~ 20°-100°C I Coefficient of 

thermal expansion between 20°-100°C (Ilm/m.K ) 

cPhn1~iJ11'VHh ~ 20°C Electrical conductivity (m/Q.mm2) 

b:l.J~~~"lJ'f.l~n1~tl~'VI~'W ~ 20°C Modulus of elasticity (103 N/mm2) 

54 

2.80 

480-635 

120-140 

23.6 

17-21 

72 

960 



....a 
tJ'VI'VI 4 

~ ~ ~ 

lWnlJ'~m~1';)r.rtJ~~'1U1-if~1J'~1'1l'W 2 "]jUC?1 ~'fl oWl bb~::; "lJ'fl'l1'V1~'Wlb'W1VlVllbum.J bC?1tJ1-if 
~ 

'fl'WJll ~"lJ'fl'l1 VlVll bUtJ~ e.J~:l.Jfl'1JoWl 0.4 bU'flfbS]'W!?I1C?1tJm:hJl!?1J' nlJ'Vl C?1~'fl'll~iJ nl J'~ ~1'1 ~1'1J bb'1J'1J"ll'fl'l 
q 

bb~';loWl-irmqj~~1~~1~1'W';lbW'VI1~';lbblh~~'fl'lmJ'1?11'1 1 e.J~~l~tOjlnVl C?1~'fl'ltOj::;tJnu'WVi n1 'Wlu bb'1J'1J"lJ'fl'l 

!?II J'l 'I bb~::;oWl e.J~:hJl bb~ C?1'11 'W~ n'lj'bW::;"lJ 'fl'l n J'l ~ bb~ C?1'1 nl J'bmtJ'1J bill tJ '1J "lJ'fl'l!9l';l bbUJ'l?1l'11 ~'1 e.J~~1rJ1 
~ 

tOjlnnlJ'VlC?1~'fl'l~1:hJ1J'mb~C?1'1'fl~1'WlU~';lbbUJ'l?1l'11 ~'1U 

- nn~bb~C?1'1~';ll:hJi:hJvr'WfiJ'::;'VI~l'1rllbJ'b'W~C?fir:hJb'1J'flf (Reynolds number, Re) bb~::; 

rll'fl bW'VIJlnVll'1'fl'fln b'U~tJ"lJ'fl'l"lJ'fl'll 'VI~ 
q '" 

, ~ ~ 

f:lltJ b Vl ~';l1:hJ J''fl'W''lJ'fl'l ~J''1J 

- nJ'l~bb~C?1'1~';ll:hJi:hJvr'WfiJ'::;'VI~l'1rllbJ'b'W~C?fir:hJb'lJ'flf (Reynolds number, Re) bb~::; 

rll~';ll:hJ~l'WVll'WnlnhmVl~';ll~~'fl'W (Thermal resistance heat transfer, R,,,) 

- nJ'lvJbb~C?1'1~';ll~i:hJvr'WfiJ'::;'VI~l'1rllbJ'b'W~C?fir:hJb'1J'flf (Reynolds number, Re) bb~::; 

rll~';lb~"lJir~b~~~ir~b'1J'flf (Nusselt number, Nu) 

- nJ'lvJbb~C?1'1~';ll:hJi:hJvr'WfiJ'::;'Vdl'1rllbJ'b'W~C?fir~b'lJ'flf (Reynolds number, Re) bb~::; 

rll~';l1~~'W!?In~1'fl~ (Pressure Drop, b.p) 



E 
I!! 
::I 
't;j .. 
GI c. 
E .s -.!!! 
'S 
0 
GI 
til 
l! 
~ 
< 

28 

27 

26 a 

~ V • a 
25 • ... a 

• 
~ 

• 
24 

a 
~ 

• 

Channel High 1.0 mm. 
Water, Tin = 20°C 

• q'n = 12.30 INV/m2 

~ q'n = 13.181NV/m2 

a q'n = 14.09lNV/m2 

a a 
~ ... 
• • 

~+-------~------~------~------~----~ 
100 120 140 160 180 200 

Reynolds number 

" , 

56 

l11'rn.h~n'fl'U 21 n :i''1vJ ~ ') '12.1 l2J~'lJfi"1l'fl~'fl ru ~11 il 'Vl'1~ 'fl'fl n "1I'fl~ 'Il'WYl~ tJ n'U f'i '1 b:i' "L 'IJ~ ~'I!2J b 'U'fl f 
q .. 

28 
Channel High 1.0 mm. 
Nanofluid, T .. = 20°C 

U 27 't- • q'n = 14.80 INV/m
2 

I!! ... qln = 15.76 INV/m2 
::I 

f a a qln = 16.751NV/m2 

8- 26 a 
E ... a a GI • • - ~ 11 
'S 25 • a • a 0 
GI f ... a 
til 
l! • .. 
~ 24 
< 

23 
100 120 140 160 180 200 

Reynolds number 

, 
... ,.. 0 "'.,1 "" <T" ,.. 2 

~ru~.lJ2J'Vl'1~b"1l'1 20 C bb~~'Vll"l~n8jjrol,)'12J:i''fl'IJ 14.08, 15. 76 bb~~ 16.75 kW/m 



57 

38 
Channel High 1.5 mm. 

36 
Water, q'n= 17.n kW/m2 

0- • T .. =20"C ca-
2! 34 

~ T .. =22°C 
::J T.,=24°C ! 1:1 

QI 
Q. 32 
E 1:1 
.! 1:1 1:1 - 1:1 1:1 .9! 30 1:1 - 1:1 ::J ~ 
0 ~ 

~ QI ~ 
at 28 • ~ <II • .. 
~ • • <t 26 • • • • • 

24 
80 100 120 140 160 

Reynolds number 

!PI1'lJbb'lJ'lJ-rl'fl-:l~b'VI~t1~tl~1~u1~b~n~U1~!PI'l1~~-:I!PI1'lJ 1.5 ij~~h~(;J~yj~!PIi!PI'l1~~'flU 17.77 kW/m2 
, 

4 ~ iI" 0 
bb~~VI~nJVI.fJ~Vl1-:1b"1l1 20, 22 bb~~ 24 C 

38 
Channel High 1.5 mm. 

36 
Nanofluid, q'n = 23.05 kW/m2 

0-ca- • T,,=20oC 
2! 34 ~ T .. =22°C ::J 
1; 1:1 T .. =24°C .. 
QI 1:1 
Q. 32 a 1:1 E 
.! 

a a - ~ 
1:1 1:1 .9! 30 - • ~ ::J ~ 

0 • ~ 
QI • • at 28 • • ~ 

f! 
QI • • • > 
<t 26 

24 
80 100 120 140 160 

Reynolds number 

111'WtJ:i'~n'fl'lJ 24 n:i'T." !PI'l1 tlltl~Ufi~'fl-:l'elnJ'VIllijVl1-:1'el'eln~'fl-:l~'el-:l1 'VI~U1 bUb'U~t1ri'lJ 1"l1b:i'bU~c;f'l!tl . .. 
fS" c:I I ~ .J .diI 9/ 4: cI c.. ~ .d .... I Q.I ..!f 

b'lJ'fl:i'~'el--1!P1:i''lJ bb'lJ'lJ"ll'el-:lt'H 'VI~tJtle.JUfWl~U1 ~ b~n"1lU'l ~ !PI'l1tl ~-:I!PI:i''lJ 1. 5 tl~ ~ btl (;J:i' VI 11 ~!PI"1I !PI'l'l~ 

i;' 2.d ~!lI a 
:i''elU 23.05 kW/m bb~~VI'elnJVllltlVl1-:1b~1 20, 22 bb~~ 24 C . .. 
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Water, To. = 22°C 
34 • Channel High 1.0 mm . 

0- ... Channel High 1.5 mm . 
~ a Channel High 2.0 mm. 
l!! 
:::I 32 
'tV ... a a 8- a E a 
J!! 30 a 

i 
a a ... 

:::I 
0 ... 
CD 28 

... 
Cl ... 
l! ... ... 
~ • ... 
« • • • 26 • • • 

60 80 100 120 140 160 180 200 

Reynolds number 

, , 
-=I '''=1-=1 dji-''' ... 

~ ~'U bb'U 'U "1l 'tl..:! %'i b 'VI ~ t1:J.J tI 'U, [:oJ '1"1J 'U, 11?l b ~ n"1J 'U, '11?l ~ 'J '1:J.J ~ -3 ~ ~'lJ 

~ru'VI.fJii'VI1-3b;)1 22°C 

34 
Nanofluid, Tin = 22 °c 

0-
• Channel High 1.0 mm. 
... Channel High 1.5 mm. 

~ a Channel High 2.0 mm. 
l!! 

32 
a 

:::I 

! a a 
8- a a 
E a 
GI 30 a - ... 
ti ... 
:;::; ... ... :::I 
0 ... 
GI 

... 
Cl 28 ... 
l! • • ~ • • « • • 

26 • 

60 80 100 120 140 160 180 200 

Reynolds Number 

, , , 
c:I I c:I.c:I ~g" CI ..::::I oC:Ir,<Cl .cI 

"1J'eH~~'Ubb'U'U"1l'tl":!~b'VI~t1:J.JtI'U,tI'1"1J'U,1I?lb~n"1J'U,11?l~'J'1:J.J~-3~~'U 1.0, 1.5 bb~::; 2.0 :J.J~~b:J.Jj;]~'V1 

'tlru'VIJlii'VI1..:!b;)'1 22°C 
q 'IJ 
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" , 

gL~Y1.llm fiY1.' LIA.IA.' Y1.! LY1.~k1.' t'@,It.~ ~" LY1. Il.IiIA. m.lign., @,tt, Y1.lt.t'~ ~k1.' t'@'Il.t'@,lt.Ii~fM U@'@'t'LlA.ttltk1.rn@ ~ P' k lot :: f=r ;;.1-F",tr k F" ~ 
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, , 
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.t":""F" k '" ,..!.". of":""F"" ... 

Y1.~t'~~k1.tt'@,Ifgt'@,lt.fi~~1U@,@,t'LIA.t:ltk1.ru@L!JIl.M.t'@,~~IA,gLU~t:JULb 80 Pc ~~'1 GG 'OC L~'t'LIA.t:ltk1.rn@~ 
" , , 

IT> 

g~tt1 ~~ t: S· ~ Il.~~t' ~ttLt.~~LY1.IfgU ~1~LY1.IfgL~Y1.~ttli ~k1. 1 ~t'@,!forr.mm~~t'@,Ifg.§@'ll.1tt,tLJ'~Y1.1g1L~rr.~1i ~~ml LY1. 
. , , 

IT> b 

~k1.tt'@'Il.~~1' 1i~~1L!1-t'@,lt.U@'@'t'LIA.t:11k1.ru@,t'@,IfgJY1.~ttjttLt.~~LgU PC t'~ 8c Il.BU~grr.M.Ll1 
. " 
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li@,ttU~'L!1-L!JUt'~t!l'Clin 1LIA.IA. tY1.1 LY1.~k1. t ,. 
t'@,lfgt'@,lfgli ~~, U@'@'t'LIA.t'@'lt.t:ltk1.ru@L!Jrr.M. tt fin' LIA.IA. tY1.1 LY1.~k1. t t'@,Ifg~ t~~~'1 L!b~1.~Y1.Lt'L!tog L~ t'L!Jk1.~g 

I t 1'1' 

1l.1i~ 1 1l.1i~1 @'!;!1~~11 ttL~t'~~ ~~k1. t t'BIfgt'@,IfgIi~'tMU@,@,t'LIA.t:ltk1.m@~k1. tt'@,lt.t'BIfg~k1. VLULg~~tt~ 19LU 
,. , 

(b (b b n, 
Ii~' Y1.@,g ttLt.~ 1A.1fi L~gLU Lg ~ @'ttM. 1@'tt1~11 ttL~Y1.lt.t'~~k1.' t'@,lt.t'@,IfgIi~'@,1UBBt'LIA.t'Blt.t'Blt.ttl1k1.ruBnlt.t'~ 

.!. " , '" :"" !P' of" II F" ... of" 

Y1.@,~ttLt.~jsU~~@,t!1L!Jrr.M.t'@'~~lA.gLU~t:JULb L.t'L~ Y1.@'~ttLt.~jeU~~~~~11 80 Dc LJt>1t'LIA.t:ltk1.rn@~ , ,. 

g~tt1~~t: o· ~ rr.~~t'~ttLt.~~LY1.lfgu~'~LnIfgL~Y1.~ttfi~k1.1~t'@,!forr.mm~~t'BIt..§Bml'C,tLJ'~Y1.1g1L~rr.~Ii~'@,1Y1.1LY1. . , , 

~k1.tt'@,It.~~11 1i~'@,1L!bt'@'lt.U@,@,t'LIA.t:ltk1.ru@t'@,IfgJY1.~ttjttLt.~~LgU CC ~~11 ~c rr.@,U~grr.M.Ll1 , ,. 

IT> b 

Y1.~tt ~' ~.§@'1l.1tt,tLJ'~Y1.1 g1L ~ttL~Y1.M~ jot'L [l@,t'~~~tttt 1 t.Y1.'1 t!t' ~~k1. t t'@,Ifgt'Blt.U@,@,t'LIA.t: l1k1.m @,n~t' ~ ~k1. t 

IT> 

t'BIfgt'@,Ifg~k1.' gLU U~ @,ttL~Y1.lt.tt M. 1Y1.@,gttLt.~1A. 'fiL~LUt'@,lt.Y1.lt.ttM. 19LULg~ @, nlt.t'~~k1.' t'@'Il.t'@'It.~k1.' gLU@,tt1 'k ,., ~;o 1'5 I ,f' ~ ,., ~ 'k k F' 
IT> b IT> 

Y1.~1'C ~ m@'~ttLt.~IA.1fiL!lgLULg~ ~L!JULbt'B? 1pt'-r t'~~ ~ttttl t.Y1. 11 t!~k1. tt'Blt.t'BIfgU@'@'t'LIA.t:l1k1.ru Bn~t'~ 

.§@,mtt,tL ... ~~Y1.!g1L~@,t!1L!JIl.M.~UUULb t'%~ 8 ~~LUULbli~'@,1L~~1. ~b ~ ~1'Ck1.t',k1o~~U@,@,t'LIA.~~k1.tt'BIt.t'@,1t. 
I '5 I '" 

t:ltk1.m @Ii ~1 g~LttWIi~~Y1.~1.§@,rr.1 p·o L!1-tt~t:J ttfin 1LIA.IA. tY1.1 LY1.~k1. tt'@,lt.Il.~L!bt'L!Jk1.~gY1.Lt'L!togL~ 
" ~ 

rr.lilA.mlign.1~~11 L.t'L~Y1.@,gttLt.~~~~U.1A. g~tt1~~tt o·c ~~11 S· ~ '0· ~ Il.g~t'BIfgt'~ttLe..~~LY1.lt.1A.8 Pc ~~11 F=" t=I -I 1"5 ~,., I
WU 

p -.::::.. "=" f=' I=" 0 , , 

cc 'Oc Lit. 1 t'LlA.tt ltk1.ru@1A. U ~1~LnIfgLt:JY1.t:Jttfi~k1. 1~t'@,!forr.mmg~t'@,Ifgt'@,~~IA,gLUULb~' IA.g@,mttY1.~~nlg1 1"5 "=' r=" ~ ~ Ii=" ~ F'" P' 1"5 k~..p 1'0 ..P 

L~ rr.~1i~~1 ~k1. tt'@,lt.t'@,IfgU@,@,t'LIA.t!ltk1.m@rr.Ii~ mli~1gLUt'~ ~11 9c t'1i! ~c rr.@,U~g rr.M.Ll1 

6S 



~.-------------------------------------~ 

a a a 

~ ~ ~ 

• • • 

a 

~ 

• 

a 

• 

Channel High 2.0 mm. 
Water, Tin = 24 "C 

• q" = 21.02 kW/m2 

~ q" = 21.88 kW/m2 

a q" = 23.05 kW/m2 

a a 

~ ~ 

• • 

~+-----r----''----.----~-----.----'---~ 

70 80 90 100 110 120 130 140 

Reynolds number 

I I '" 

60 

,j'fl-:l~ b 'VIfltJ~tlUej1"11'IJ1(;l b~ n"l1'IJ1 (;l ~'J1"H.~-:I ~11J 2.0 ij~ ~b'-J (;l~ '111 b1l'IJ~1~.y]1-:11 'IJ Vl'Pl N'VIfI ij 
'iI .. 'iI . 

~ 0 -=lft.1 cv.,.. ~ 2 
Vl1-:1b"ll1 24 C bbfl~Vl,"~nen~'J1'-J~'fl'IJ 21.02, 21.88 bb~~ 23.05 kW/m 

~.---------------------------------------. 

a 
: a 

I • 

Channel High 2.0 mm. 
Nanofluid, Tin = 24 ·C 

• qln = 31.70 kW/m2 

~ q" = 33.11 kW/m2 

a q" = 34.51 kW/m2 

9 a 
~ 

a 
~ • • • 

35~-r----<r----'-----.-----r----'----~~ 

80 90 100 110 120 130 140 

Reynolds number 

f11'vfl.h~n'fl1J 28 n~1-n~'J1'-J~'-J~'lJfi"1l'fl-:lF11'flN'VIflmh~1t1b~~t1ritlF11b~1'IJ~r;lU'-Jb1J'flf "lI'fl-:l~11Jbbtl1J 
• 'iI 

,j'fl-:l~ b 'VI~ tJ '-J tl'IJej1"l1'IJ1 (;lb~ n"ll'IJ1 (;l ~'J1'-J~-:I ~1t1 2.0 ij ~ ~ b'-J (;l ~ "lI'fl-:lL 'VI ~ 'IJ 11 'lJb 11 'IJ~ 1 ~.y]1-:11 'IJ ~ 
'iI 

<Q i,.I 0 .d 00' (I'" j,.f 2 
~N'VIJJ'-JVl1-:1b"ll1 24 C bb~~Vl-n~n"l1~'J1'-J~'fl'IJ 31.70, 33.11 LL~~ 34.51 kW/m 



~~------------------------------------~ 

" a 

• • 

D 

" 
• 

" 
a D 

" 
• • 

" 

Channel High 2.0 mm. 
Water, q .. = 21.88 WI/m2 

• T,,=20°C 

" T,,=22°C 
D T,,= 24°C 

D D a 

" " 
• • 

~L-------~---------r--------~--------~ 
80 100 

Reynolds number 

120 

, , ... 

140 

61 

"1l'fl-:j~LVI~tJtJ~'lJej1~'lJ1f?lL~n~'lJ1f?l~'J1t1~-:j~11J 2.0 ii~~LtI(;I:i' U1LlI'IJ~1:i"Vi1-:j1'IJ 'fln.lVlflii'Vl1-:jL-n1 
.. q .. 

, 
o clft.1 ov.,.... 2 

20, 22 LL~~ 24 C LL~~'Vl'fl~~~~'J1t1:i''fl'IJ 21.88 kW/m 

oo~------------------------------------~ 

e 55 

! 
:::J 

i! 50 
8-
E 
S 45 
8 
~ 
:::J 
III 40 
GI 
Cl 
I! 
~ 35 

D D 

." . " 
a . " . " a 

Channel High 2.0 mm. 
Nanofluid, q'n = 23.05 kW/m2 

• T .. =20oC 

" T,,=22°C 
D T,,=24°C 

a D D 

."."." 

30L---~----------~---------r--------~~ 

80 100 120 140 

Reynoulds number 

fl1'Vil.l:i'~n'fl1J 30 n~1yJfOl'J1tJltl...r'IJfi~'fl-:jfOi'l'flNVlfliieJ'J,"i;1JL'Yl~tJn1JfOi1L:i' L'IJ~~,rtl L1J'fl f ~'fl-:j ~11J LL1J1J 
q .. 

"1l'fl-:j~ b VI~ tJ tI~ 'lJej1'l1'IJ'l f?lb~ n~'IJ'l f?lfOl'J1t1~-:j~11J 2.0 ii ~ ~ btl (;I:i' 'lI'fl~ 1. VI~'IJ'l L 'lJLlI'IJ~'l:i'oVi'l~'l'IJ .. 
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111'VnJ:i'~n'f)lJ 27 t;;-:I 30 ~~~!?l~n"I:i'bmtJ'IJ ~ VitJ'IJ rl1~ ru.'VI.fJii~'J,"i1'IJ ~'tl~mr'IJ rl1~:i' b1J~ ~U~ 
~'IJ'f)f"1l'f)~~1'IJ~'IJ'IJ"1i'f)-1~~ 'VI~tJ~ tl1J~1"111J1 !?l~~n ~vJl ~i~'J1~~'f)1JlPl1-1"l ~'f)ru.'VIl1ii'Vl1-1 ~.;r1 20, 22 ~b~:; 

q OJ 

, ~ 

24 °c Vi"1l1J1!?l~/Yl~~-1'JJ'f)-1~1lJ 2.0 ii~~~~t;l:i' ~~~~~mtJ'IJ~VitJ'IJ~1:i'~1~11J:i'~Wh~u"lfr'IJ"1I'f)-1L'VI~1J1 bU 
OJ 

~ , 
L 'Vl'Vl1~iltJ~ 1:-J~~U1 0.4 ~'l.J'f)f~~1Jrm!?ltJm~1t;l:i' b!?ltJ~ru.'VI.fJii'JJ'f)-1~1U~1'1J'r!?lVi~'J'VIU1l~ er ~ :i':;W;i'1\1 iI'Vl 

i.I I I '" 

~t;l'f)fn'IJ~1U~1'IJ~"lnn1:i''Vl!?l~'f)-1O)!?l~~'VI~!?l 2 1!?l1<ifrl1L'tl~tJ 2 1!?l ~~~rl1~'tl~tJ~1nn1:i'O)!?l 3 ~f-1~~t\''J 
I I ..., I '" 

U1 ~1 ~11J'JU'VI1 rl1~ 1 nn:i'1 vJ 'Y'I 'IJtJ 1~!l 'f) rI 1 vJ l n i ~ 'J1 ~ ~'f)1J~ rl ~;j Url1 ~ ru.'VIlJ ii~ 'J ~ 1'IJ ~'tl ~ tJ ~\I~1Jt;l1 ~ 

~~'f) b ~ ~ rl1'f)ru.'VI11 ii'Vl1-1 ~ .;r1~-1~Url1'f)ru.'VI.nii~'J ~ 1'IJ ~'tl~m!l-1~Ut;l1 ~ ~ "1i1JnU ~~~:;b~'f) rl1~:i' b U~ ~U~ ~ 'IJ'f) f 
q cu 'U q v~ cu 

~ ~.Q.cI.J q i.I t ~ (;6 .d I 00' • t,f ~ ~ 
~-1'JJU'f)ru.'VIl1 ~ I:-J'J ~:i'lJ b'U~ tJ ~ ~L 1J,) b U~~!?l ~\I'Vl-1Un b 1J'f)-1~1n'J1'f) t;l:f1n1:i'tl1tJb 'Vl~'J1~:i''f)U~ 'Y'I ~"111J 

OJ q OJ 

, ., 
111'Y'1'l.h~n'f)lJ 27 ~~~~ 28 n:i'1vJ~'J1~l~~Ufi"1l'f)-1~ru.'VI.fJii~')~1'IJ~'tl~tJ U1 ~~~~"1I'f)-1L'VI~U1 

b1JbtlU~1:i'Vi1-11U~'tl~tJn'IJrl1~:i'b1J~~U~~'IJ'f)f'JJ'f)\I~1'IJ~~'IJ'IJ"1i'f)-1~~'VI~tJ~tlu~1'JJU1!?l~~n"1lU1!?l~'J1~~-1 

~1'IJ 2.0 ii~~~~t;l:i' ~'f)ru.'VIl1ii'Vl1-1~;r1 22 °c ~~~~~vJlni~'J12.J~'f)1Jrl1lPl1\1"l ~1nl:-J~n1:i''Vl!?l~'f)-1'rl'IJtJ1 
q OJ 

.d .., ~ ".J' ...... Q .d.J' c!I, ~.., ~":.J' 
~~'f)vJ~n"D~'J1~:i''f)1J~-:I'JJU'f)ru.'VI11~1:-J'J~:i''IJ~'tl~tJ~-1''11Ut;l1 ~ b~~~~~'f) ~1~:i' b U~ !?lU~ ~'IJ'f):i'~ 'rl ~"1I1J~1n n1:i' 

"iI q 'U qJ 

~ ~~~ t;l:i'1n1:i'L 'VI~'f)N'VIl1ij~') ~1'IJ~'tl~tJi:J~~ U') bU2.J~!?l~-1t;l1 ~ b~~:;b~'f) ~llitJ'IJ b VitJ'IJ:i':;'VItJ1-1,l1 ~~~~'JJ'f)-1 
q OJ 

., , .., 
~-1d1tJ~'Vl~,)1~~'f)1J'f)'f)n~1n~11JL~~1nn~1~\lVirl1vJlni~'J1~~'f)U~1nn~1U1 

, ~ 

l1T.,'l.J:i'~n'f)lJ 29 ~~~:; 30 n:i'1'Y'l~,)1~l~~Ufi"1l'f)\I~ru.'VI.fJij~'J~1'IJ~'U~tJ U1 ~b~:;"1I'f)\lL 'VI~ 

1J1 b U~tl1J~1 :i'Vi1-111Jb'U~tJ n'IJ rl1~:i' b U~ ~,r~ ~'IJ'f)f"1l'f)\I~ 1'IJ ~~'IJ'IJ"1i'f)-1 ~ ~ 'VI~ tJ ~ tl U~1'JJU 1!?l ~~ n "1I1J1!?l ~'J12.J 

~-1~1'IJ 2.0 ij~~h~t;l:i' ~~ru.'VI.fJii'Vl1\1~;r1 20, 22 ~~~~ 24 °c ~~~:;~vJlni~'J1~~'f)1Jrl1lPl1-1"l l:-J~n1:i' 
'Vl!?l~'f)\I~1nn:i'1vJ~:;'Y'IlJ~1'f)N'VIl1ii~'J~1'IJ~-1~Ut;l1~'f)ru.'VIl1n'Vl1\1~;r1'f)th~i!?l~~1J ~b~:;~~'f)rl1~:i'bU~~ 

q til III q 'II 
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~.---------------------------------------. 
Water, Tin = 22 "C _ Channel High 1.0 mm. 

CJ Channel High 1.5 mm. 
250 CJ Channel High 2.0 mm. 

[ .. 
200 .e 

1/1 c 
I'll .. .... .... 150 I'll 
GI 

J:. 
GI 
m 

100 I! 
~ 

<t 
50 

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 

Mass flow rate (g/s) 

1 1 " 

"1J'eN,"'i~tJbbtJtJ"1i'fl":)~b'VI~tJ3J~'lJeJ1"1J'lJ1~H~n"1J'lJ1f?1lPl'J13J~~1Pl1tJ 1.0, 1.5 bb~~ 2.0 ii~~b3JJ;]~ U1biJ'IJ 
'lJ 

~~--------------------------------------, 
Nanofluid, Tin = 22 DC _ Channel High 1.0 mm. 

CJ Channel High 1.5 mm. 
250 CJ Channel High 2.0 mm. 

~ 
.! 200 
1/1 
C 

I! .. .. 150 I'll 
GI 
J:. 
GI 
m 

100 I'll .. 
GI 
> 
<t 

50 

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 

Mass flow rate (g/s) 

1 1 
q • .:;Iq dllb' c:r c:I ~~ 

"1J'fl~IPl~tJbbtJtJ"1I'el":)~b'VI~tJ3Je.J'lJe.J1"1J'lJ1f?1b~n"1J'lJ1f?1lPl'J13J~~IPl~'l.J 1.0, 1.5 bb~~ 2.0 3J~~b3JJ;]~ "1J'fl~ 
'lJ 

1 'VI~'lJ1 L'lJbiJ'IJ~1~Vi1":)1'IJ~ 'flru'VIllii'V11~b;r1 22°C 
• 'lJ 



300 

T'n = 20 °c _ Water, Channel High 1.0 mm. 
t=j Water, Channel High 1.5 mm. 
.::::::::I Water, Channel High 2.0 mm. 
c::::J Nanofluid, Channel High 1.0 mm . 
.::::::::I Nanofluid, Channel High 1.5 mm. 
c::::I Nanoftuid, Channel High 2.0 mm. 

4.5 5.0 5.5 6.0 6.5 7.0 

Mass flow rate (g/s) 

64 

7.5 8.0 

q I ~ .::J .c:!I ~"' .c:;I oQ oQ :;-

'iI'fl..:!~1'lJLL'lJ'lJ"ll'el":!~b'\!I~tJ2-Je.J'lJe.J1'i1't.nf?lL~n'il'\.c!.1f?l~'J1~~..:!f'l1'lJ 1 ,0, 1.5 LL~::; 2.0 ~~m~1PI1 'lJ1LL~::; 
'II 

'iI'fl":!b'lll~'lJ1 L'lJLi]'IJ~11~1..:!1'IJ ~~t"U'III.1Jii'VI1..:!L-if1 20°C 

IlTvnh::;n'el'lJ 31 tI..:! 33 LL~'Mn11Lllitl'lJL~t1'lJ~1PI11n1nhtl~'J12-J~'fl'IJL'fl~tJti'lJPi1~1PI11n11 

b'lll~L~":!2-J'J~'iI'fl..:!f'l1'lJLL'lJ'lJ"1i'fl..:!~L'III~t12-JtJ'IJ~1"l1'IJ1f?lL~n'il'IJ1f?lf'l'J1~~..:!~1'lJ 1.0, 1.5 LL~::; 2.0 ii~~L2-J1PI1 
~. ~ 

il1LL~::;'iI'fl..:! 1 'III~'lJ1 buLij'IJ~11~1..:!1'IJ ~~t"U'III.1Jii'VI1..:! L -if1 22 DC LL~ ::;Lmtl'lJL ;It1'lJ~11~1..:!1'IJ1::;wJ1..:!il1 
~ . 

n'lJ'iI'fl..:! 1 'III~'lJ1 LUb 'VIVl1L i1tJ2-Je.J~2-Jil1 0.4 Ltl'flfb~'lJ1PI1f?ltllli2-J11P11 Lf?ltlI"i1~1~r.l1n11~1'IJ'Jt"U LL~ ::;n11t3'f?l 

Lf?ltJ1.jfPi1L'fl~t1"'l1nn11t3'f?l 3 f'lf..:! "'l1nn11.~~'lJ~1L~'el~1PI~1n'l1b'lll~~":!~'IJ~1PI1'lnn11r;htlb'VIf'l'J1~~'fl'IJ 

c!~ I cv ICV 

L ~ 2-J'iI'IJ'fltl1..:!"ll f?l L"'l'IJL CSjj'IJn'IJ 

1l1~tl1::;n'el'lJ 33 n11~ ~'J12-J ~2-J~'lJfi~::;'III~1..:!~ 1PI11 n11c11t1 ~'J12-J~'el'IJL'U~tJ n'lJ 1"i1~ 1PI11 n'l1 

'1.Q .c::I 1.d.J dig" CI .oe:I oQ,.c:::. 

b'lll~LCSjj":!2-J'J~'iI'el..:jf'l1'lJLL'lJ'lJ"ll'fl..:!~L'III~t1~e.J'lJe.J1"l1'IJ1f?lL~n'il'IJ'lf?l~'J12-J~..:!~1'lJ 1.0, 1.5 LL~::; 2.0 ~~~L~1PI1 
~ . . 
il'lLL~::;'iI'fl":!b'lll~'IJ'l LuLij'IJ~11~1..:!1'IJ ~~t"U'III.1Jii'VI1..:jL-if1 20 DC "'l'ln e.J~n11'V1f?l~'fl":!~'lJrJ1 Lij'fl~1PI11n11 
'1 c! ~ 41 .t Q.of I i.I ~ i.I ~i.I c!.!' I "'1i.1 
b 'III~ LVi ~'iI'IJ "lIU1 f?l ~'J12-J ~..:j'il'fl..:! ~ 1'lJ ~..:!'iI'IJ 'fl1Pl11 n'l1t11t1b 'VI ~'J 1 ~1'fl'IJ2-J LL 'IJ'J b'IJ2-J L ~ ~"lI'IJ'fl t11..:! L'III'IJ bf?l 

.0 .0 

{f?l L"'l'IJ LL~::;Lrl'flLllitJ'lJL ;It1'lJ1::;'IIIrJ1..:j~11~1..:!1'IJ~'lJ~'l'il'el":!b 'III~'lJ1 b'IJiltl1::;~'VIfiIl1Vi 1 'lJn11c11t1b 'VI ~'J1 ~ 
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. ~ . ~ 

fl1f1'J1~j;'I11J'VI11Jn1~"1!JL'VIfI'J1~~'il1J (Thermal resistance heat transfer, ~h) 

.18 

~ Channel High 1.5 mm. 
<.> Water, Tin = 22 °c 
~ .16 ... 

• qln = 16.75 fN'J/m2 
oS! 
til 

? q" = 17.n fN'J/m2 c as .14 a q .. = 19.09 fN'J/m2 ... -1; 
GI 

.&: • • - .12 ? • • 0 .p a 11 ~ • B a 1. ? • C a a as - .10 til 
'iii 
2! 
C; 

.08 E ... 
GI 

.&: 
t-

.06 
80 100 120 140 160 

Reynolds number 

, , .., 
,r~ L'IJ'tlf"ll'tl-:J,"·i~'lJbI.'IJ'IJ"li'tl-:J~ L 'VI~t1~tjUeJ1"11U1I?1L~n"llU1I?1rl'J1~~-:J,"i~'IJ 1.5 ii~~L~In:i' ,j,1LtlU~1:i' 

, , 
o ... .... ~ 0 ..... 1'" ~ 2 

'VI'N1U 'VI~r;u'VI.1J~'VI1-:JL"1I1 22 C LL~~'VI""~n6jjrl'J1~:i''tlU 16.75, 17.77, Lb~~ 19.09 kW/m 

.10 

~ 
<.> 
~ .09 .. 
oS! 
II) 
c as .08 .. -'t;j 
QI 

.&: 

'0 .07 

8 

\ • 
a ? 

a 
c as 
1;; . 06 
.~ 

a; 
.OS E .. 

QI 
.&: 
t-

.04 
80 100 

• • • ~ 0 
11 

120 

Reynolds number 

Channel High 1.5 mm. 
Nanofluid, Tin = 22°C 

• qln = 22.17 fN'J/m2 

? qln = 23.05 fN'J/m2 

a q;n = 24.24 fN'J/m' 

• • 
~ 

'CI 

140 160 

llTV'ru :i'~n'tl'IJ 35 n :i'1~ rl'J1 ~~~oWufi"ll'tl-:J ~1 rl'J1~ tlhUVJ1Un1:i'thtl L'VI rl'J1 ~ ~'tlU"1I'tl-:J rl1'IJ n'IJ ~1 L:i' L U~ ~ 

,r~L'IJ'tlf"1l'tl-:Jrl1'IJLLtJ'IJ"li'tl-:J~ b'VI~t1~tlUeJ1"11U1{?1L~n"1lU1{?1rl'J1~~-:Jrl1'IJ 1.5 ii~~ b~ln:i' "1I'tl-:J1'V1~U1 LU 
'II , , 

.?I 0 ... ... ~ 0 ..... 1.... ~ 2 
L1JU~1:i"V11-:J1U 'VI~r;u'VI.1J~'VI1-:JL"1I1 22 C bL~~'VI""~mjrl'J1~:i''tlU 22.17, 23.05, LL~~ 24.24 kW/m 
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.14 

~ Channel High 1.5 mm. 
(J Nanofluid, q'n = 23.05 kWfm2 
'L. .12 ... 

TIn =20"C .e • 
II) 

Tin =22 °c c • I!! .10 a TIn=24°C -'Iii • CP • .s::. • '0 . 08 • • CP • • u • c • 
~ a a • • .06 a • • '0 a a • !!:! a a 
iii .04 E ... 
CP 

oS:. .... 
. 02 

80 100 120 140 160 

Reynolds number 

.n1~tJJ'~n'el'lJ 36 nJ'1vJ fiI'J1'-J l'-J~'tJfi"1J'el.:j ~1 fiI'J1'-J ~ 'l'tJ'VI'l'tJn'lJ'tl'ltJ L 'VI fiI'J'l'-J~'el'tJ"1J'el.:j fil1'lJ n'lJ ~'l LJ' L 'tJ~ ~ 

,r'-JL'lJ'elf"1J'el.:jfil1'lJLL'lJ'lJ,j'el.:j~L 'VI~m-Jtj'tJ~'l"1J'tJ'l ~ L~n"1J'tJ1 ~fiI'J'l'-J~.:j fil1'lJ 1.5 ii~ ~ L~ 1PlJ' "1J'el.:j 1 'VI~'tJ'l . . 
<;" ~ 0 .c:t AI i.I 0 ~ ft.1 Go' cr i.I 2 
b'tJLu'tJ~1J''VI'l.:j'l'tJ'VIf,lW'l!l.1J~'VI'l.:jL"1J'l 20, 22 LL~:;: 24 C Lb~~'VIn~fiI8jjfil'J'l~J''el'tJ 23.05 kW/m 

.4 

~ Nanofluid, T .. = 20 °C • Channel High 1.0 mm. 
(J • Channel High 1.5 mm . 
'L. a Channel High 2.0 mm. .. .e .3 II) 
c ca .. -'Iii 
CP 

oS:. - .2 0 
CP • U • c • J!I • • • • III 
'0 
!!:! .1 

iii • • • E • • • • .. a a a a a a a 
CP 

oS:. .... 
0.0 

60 80 100 120 140 160 180 200 

Reynolds number 

cv ... ..,. • .d..J ~~.. ..,. ....... 
'tJ~L'lJ'elJ'"1J'el.:jfilJ''lJLL'lJ'lJ~'el.:j~L'VI~tJ~eJ'tJeJ'l"1J'tJ'l~L~n"1J'tJ'l~fiI'J1~~.:jfilJ''lJ 1.0, 1.5, LL~:;: 2.0 '-J~~L~IPlJ' 

"1J'el.:jl'1!1~'tJ'l1'tJLil'tJ~1J'Vi'l.:j'l'tJ ~'elW'VI.nii'VI'l\lb;h 20 °c . .. 
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.30 

~ Tin = 20 °c • Water, Channel High 1.0 mm . 
(,) ~ Water, Channel High 1.5 mm. 
~ .25 a Water, Channel High 2.0 mm. .. ~ Nanofluid, Channel High 1.0 mm. J! 
III ~ Nanofluid, Channel High 1.5 mm. 
c • Nanofluid, Channel High 2.0 mm. ('II .. .20 -'Iii 
II) ~ .I: ~ 
'0 . 15 • • ~ ~ C;) C) 
II) • u c 

~ ('II ~ ~ 14 .10 ~ " ~ " "0 a a .. .,.. a~a ~ I!! ~ ~ ~ 

Cii .05 E 
l1li l1li l1li l1li • • 0 .. 

II) 
.I: 
I-

0.00 
60 80 100 120 140 160 180 200 

Reynolds number 

0' fI".CII t ~ .J ~ 2.1 Q' .c::::I ~ c. 
UaJb'lJ'fl~'n'fl-:!rl~1Jbb'lJ'lJ"jj'fl-:!~b'l!l~tlaJe.JUe.J1'nU1(;lL~n'nU1(;lrl'J1aJ~-:!rl~'lJ 1.0, 1.5, bb~~ 2.0 aJ~~baJ[;1~ 
~ , 
in bb~~'n'fl-:!L'I!IflU1bULiju~1~Vi1.:J1U iii'flfJ .• mllnVl1.:Jb;]1 20°C 

• 'II 

, , 
.q Go' t ~,(f"Q/ cr .c::::I I ~ .::::I ~ 21" .c::::I 

rl~'lJn'lJrl1 b~ bU~ (;lUtJb'lJ'fl~'n'fl-:!rl~'lJbb'lJ'lJ"1!'fl.:J~L 'I!I~tlaJe.JUe.J1'nU1(;lL~n'nU1 (;l rl'J1 aJ~.:J rl ~'lJ 1.0, 1.5, bb~~ 

2.0 n~~baJ(;l~ ,l1 bL~~'n'fl.:JLVI~U1bUdju~1~Vi1.:J1U ~'fln.mllnVl1-:!Lcif1 20, 22, bL~~ 24 °c bb~~ 
• 'II 

~ ~ 

Lmtl'lJL iiitl'lJ~1~cVi1-:!1u~~Vlrj1.:JU1ri'lJ'n'fl.:JL VI~U1 bUL VlVI1b iltlaJe.J~aJv.1 0.4 Ltl'flfb';U[;11(;ltJm:IJ1[;1~ b(;ltJ 

I '" I '" 

'flnJVllln'n'fl.:J'n'fl-:!LVlfliiiVl1.:J'fl'fln1'(;lr.nnn1~VI(;l~'fl.:J..r.:J'I!IaJ(;l 2 "'l(;l1..n~1b'il~tJ"'l1nn1rl(;l 3 rlf.:J "'l1nn~1rJ 
q 'II • 

, ~ 

~'lJrj'l bij'fl ~1 b ~ b U~ c;l U:IJ b'lJ'flf~.:J~U~1 rl 'J1:IJ rM1U Vl1Un'l ~~ 1 tJ b VI rl'J1 aJ~'flU~'fl.:J rl1'lJ i'l bb U'J b UaJ ~ (;l~.:J 
'II 

~ ~= cJ I Go' 1 2.1 ~ X d c:! q 2.1 I 

VI~un b U'fl-:!"'l'ln'J'l'fl (;l~n'l~Cl'lm Vlrl'J'laJ~'flUb ~ :IJ'nU b:IJ'fl b ~ aJ rl'J'l :IJ~~'n'fl.:J rl~'lJ~~'lJ'ltJ rl'J'l aJ~'flUrl1 rl'J1:IJ 

1l1~tl~~n'fl'lJ 33 LL~~ 34 n~'lrJrl'J'laJi:IJ"'ufi'n'fl~~'lrl'J1aJ~'lUVI'lUn1~~1mVlrl'J1aJ~'flU~'fl.:J 

rl1'lJri'lJ~1b~ bUfl~UtJb'lJ'flf4Jl'fl.:Jrl1'lJbb'lJ'lJ"ll'fl.:J~b 'I!I~tJ:IJ~U~1'nU'l(;lb~n'nU'l(;l rl'J1:IJ~.:J rl1'lJ 1.5 n~~ baJ [;1~ 
~ . . 

U1 Lb~~~'fl~L'I!I~U'lbUdju~'l~Vi'l.:J'lU iii'flnJ'I!IllnVl'l.:JLcif1 22 °c bb~~iiirJ~nefrl'J'laJ~'flUI?l'l.:J1 "'l'lne.J~ 
q 'II 

~ 

u1bui'lrl'J'l:IJVI'lUVI'lUrl'J1aJ~'flUU'fltJnrj1u1 
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, , '" 
fli1b1 'i:u~~,raJ b'U'elf"1l'fH ,"i1'Ubb'U'U,j'el-:l~ b 'VI~hJaJtlU~1"11U1~ b~n"1lU1~ flI'J1aJ~-:I ,"i1'U 1.5 ij~~ baJJ;J1 'Il1 .. , , 

11 'i'.?I 0 ... .... 9/ 0'" •• 1 IV 0" 9/ 
bb~~"1I'el-:l b'VI~U1 bUb1JU~1:i'Vl1-:11U VI~nJ'VI.1JaJVl1-:1b"1l1 20, 22 bb~~ 24 C bb~~Vlrt~nenfll'J1aJ:i''el'IJ 23.05 

kW/m 2 
t:.J ~ n1:i'VI ~~'el-:l1Oj1 nn 11 ~1Oj~'W'U ~1 fli1 flI'J 1aJ~1'IJ'VI1UflI 'J1 aJ ~'eluiJ fli1 ~-:I ~ ~~'el nJ 'VI 11 ij 'VI 1-:1 b;]1 

qJ q If t!U 

~ .cU c:.x ..:ilo g., I g" g" aI i.I' 

J;J1 ~ ~ bb~~baJ'el b'W aJ"1I'IJ"1I'el-:l'el nJ'VI11 aJVI 1-:1 b "111 flI1 flI'J1aJ J;J1'IJ'VI1'IJflI'J1 aJ1'elUaJ bb 'IJ'J 'i: 'lJaJ ~ ~~-:I . . .. 

, , 
Q Q.oI' t 'l' IS"'O' tr..c.l ,.-=J _ .dI g" c: c::I 

flI:i''Un'UflI1 b:i' b'IJ~~UaJb'U'el:i'''1I'el-:lfll:i''Ubb'U'U''1l'el-:l~ b 'VI~tJaJt:.JUt:.J1"11'IJ1~b~n"1l'IJ1 ~flI'J1aJ~-:I flI:i''U 1.0, 1 .5, bb~~ 
'" , 

2.0 il~~baJJ;J1 in bb~~"1I'el-:ll 'VI~'lJ1 'i:'lJbtJ'IJ~1:i'Vi'N1'IJ Vi~nJ'VI.1Jij'VI1-:1b;]1 20, 22 bb~~ 24 °c t:.J~n1:i' 
" 9J 2.I.od 9J Q,I' '1 d.c:::.t 

VI ~~'el-:l1Oj1 n n :i'1~1Oj ~'W'U'J1 flI1 flI'J1aJ J;J1U'VI1'IJflI'J1aJ :i''el'IJaJ bb 'IJ'J 'i: UaJ~ ~~-:I J;J 1 aJ'el J;J:i'1 n 1:i' b 'VI ~ 'VI b'W aJ "11 'lJbb~ ~ 

iJ fli1 bn1~n ~ aJ nUbtJ'IJ~'J'IJ t 'VIqJ 
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n1'iLlli!l'l.JLVi!l'l.JeJ~~1nn1'i'VI(;l~/eNI~'\IIrj1.:1fi1L'it'L.I~~ir3JL'l.J'el~ (Reynolds number, Re) LL~~ 

fi1~'JL~"lIir~Lea~~iraJL'l.J'el~ (Nusselt number, Nu) 

1.0 

Channel High 1.0 mm. 

.9 
Nanofluid, Tin = 24 ·C 

• qln = 14.80 INVlm2 .. 
.8 ~ qln = 15.76 INVlm2 

E .8 a q;n = 16.75 INVlm2 
:::I a c 
::t: a a 
CII a ~ ~ ~ 
fI) 

.7 a fI) a a ~ 
:::I ~ • c ~ • • • 
CII ~ • til • f .6 
~ • « 

.5 

.4 
120 140 160 180 200 220 

Reynolts number 

.n1'Vitl1~n'fl1J 39 n11~ 1Pl'J1l.1ll.l~'I.lfi'il'fl~~1r;i'Jb~'ilU~b~~ ;Ul.I L1J'flfn1J ~1 L1L'I.l~ (;)UtJ L1J'flf'il'fl~ 1Pl11J 

bb1J1J"1i'fl~~b'VI~t.ll.Itl'l.l~1'i1'1.l1~L~n'il'l.l1~1Pl'J1tJ~~1Pl11J 1.0 il~~Ll.Ir;)1 'iI'fl~1'V1~'I.l1 L'I.ldj'l.l~11Vi1~1'1.l 
OJ , , 

col ... !V 0 "".,1 .... !V 2 
'V1'flru'VI.nl.l'V11~b'il1 24 C Lb~~'V11',~n8jjIPl'J1l.11'fl'l.l 14.80, 15. 76, LL~~ 16.75 kW/m 

q OJ 



2.5 

2.0 ... 
11 
E 
::II 
c 1.5 
~ 
CD 
1/1 
1/1 
::II 
C 
CD 1.0 
W ... 
GI 

~ 
1:1 

.5 

0.0 
60 

T .. = 20·C • Water. Channel High 1.0 mm . 
• Water. Channel High 1.5 mm. 
1:1 Water. Channel High 2.0 Mm. 
~ Nanofluid. Channel High 1.0 mm . 
... Nanonuid. Channel High 1.5 mm. 
• Nanonuid. Channel High 2.0 mm. 

• G • • • 
• • 

... ... ... ... ... ... ... 
1:1 1:1 1:1 a 1:1 1:1 • • • • • • • 

~ ~ e .:> 0 0 .:> 

80 100 120 140 160 180 

Reynolds number 

70 

200 

c:I ,~..J..::92.1 cr .aI QoQ ~ 
~:i''lJbb'lJ'lJ''1l'fl~~b'VI~tJtlr:JUIW1''lJU1C9lb~n''lJU1C9l~'J1t1\1~~:i''lJ 1.0, 1.5, bb~~ 2.0 tI~m3J~:i' U1 bb~~ 

"lJ'fl~b'VI~U1 budju~1:i'Vi1~1U ~'flru'VIllil'Vl1~b;)1 20°C 
• OJ 

, , " 
,r3Jb'lJ'flf"lJ'fl~bb'lJ'lJ"1i'fl~~b'VI~tJtltJU~1"lJU1C9lb~n"lJU1C9l1Pl'J1t1~~1Pl1'lJ 1 .0, 1.5, bb~~ 2.0 il~~b3J~:i'U1 bb~~ 

"lJ'fl~b'VI~U1budju~1:i'.yj1~1U ~'flru'VIllil'Vl1~b;)1 20, 22 bb~~ 24 °c bb~~~V'I~nilPl'l13J1'flUr;j1~"1 bb~~ 
• OJ 

" " 
bmtJ'lJ b VltJ'lJ~1:i'Vi1~1U:i'~'VItj1~U1n'lJ"lJ'fl~ b 'VI~U1 bUb 'Vl'Vl1b iltJtlt.l~tlU1 0.4 btJ'flfb';umC9ltJmtl1~:i' bC9l tJ . ," 
~1 (;j''J b~"lJ,r~ b~~~,rtl b'lJ'flfdju,"hVlb~"1 n n1 :i'~1'U'JU"1 n n :i'1V'1 ~ 'lJtj1 bij 'fl ~ 1 b:i' b U~ t?1 'l!3J b 'lJ'fl f~~~u~ 1 

OJ 

(;j''J b~"lJ,r~ b;J ~ ~,r3J bU'fl fihb U'J b U3J\1~~U~13J'fl ~:i'1n1:i' b 'VI~ bb~~~1t1"lJU1 C9l1Pl'l1t1\1~"lJ'fl~ 1Pl1'lJ~ b ~ tI~U 

111 .... tJ~n'fl'lJ 39 n:i'1V'1IPl'J1t1ltl~Ufi"lJ'fl~~1[;j'Jb~"lJ'I!~b;J~i,rtlb'lJ'flfb'fl~tJn'lJ~1b:i'bU~t?1'1!tlb'lJ'flf 
"lJ'fl~ 1Pl1'lJ bb'lJ'lJ"1i'fl~~ b 'VI~tJ tltlU~1"lJU1 C9l b~ n"lJU1 C9l1Pl'J1t1\1.:j 1Pl1'lJ 1.0 il~~ b3J ~ :i'''lJ'fl.:jb 'VI~'l.n b UdjU~1:i' 
Vi1~1U ~'flru'VIllil'Vl1~b;)1 24 °c bb~~~V'I~neflPl'J13J1'flUI?i1~"1 "1nt.l~n1:i''VlC9l~'fl~~'lJtj1b~'flV'l~nef 

• OJ 

9J .x I cv Go' ~ trcv ".-.::tII I ~ .t cd cv '1.r::::.J' I cv cv.-".. 
1Pl'J1t1:i''flU\1~''lJU~1 ~'lb~"lJU~b6jj~~Utlb'lJ'fl:i'tlIPl1b ~tI"lJUbb~~b3J'fl'fl~:i'1n1:i' b 'VI~b .... 3J"lJUIPl1 ~'J b~"lJU~ b6jj~ ~ 

'" ........ ,\,.,.,.: ~ 
Uti b'lJ'fl:i'tIbbU'l bU3Jb .... tI"lJU~1t1 

111 .... tJ~n'flU 40 n:i'1V'1IPl'l13J~tI~Ufi"lJ'fl~~1r;l'Jb~"lJ'I!~b~~i,rtlb'lJ'flfb'fl~tJn'lJ~1b:i'bU~t?1,r3Jb'lJ'flf 
"lJ'fl~~1'lJbb'lJ'lJ"1i'fl-1~b'VI~tJtltjU~1"lJU1C9lb~mJU1C9l1Pl'l13J\1-11Pl1'lJ 1.0, 1.5 bb~~ 2.0 il~~btl~:i'''lJ'fl-1b'VI~ 
U1 b UbijU~1:i'Vi1-11U ~'flru'VIll il'Vl1~ b;)1 22°C "1n t.l~n1:i''Vl C9l~'fl~""'lJtJ1~1 (;j''Jb~''lJ'I!~ ben~ i,r3J b'lJ'flfil 

• OJ 

~1b~tI~U~1t1"lJU1C9l~'J1t1~-1"lJ'fl-11Pl1'lJ~b~tI~Ubb~~b~'fl'fl~:i'1n1:i'b'VI~b~tI~U~1r;l'Jb~"lJ,r~b;J~i'l!tlb'lJ'flf 
OJ 
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, , '" 
IV IT.:::i • .c::I4::II4dlg" g" .cz:I .Q,.Q, 0 

UtJb'l.J'f)~"lI'f)-:I~1'l.Jbb'l.JtJ"1I'f)-:I~b~~t1tJt.JUt.J1"l1U1r?lb~n"llU1(;}~'l1tJ~-:I~1'l.J 1.0, 1.5, bb~~ 2.0 tJ~mtJ~1 U1 

bb~~"lI'f)-:l1~~U1LULilU~1~Vi1-:11U ~'f)n.\~l1iJ'Vl1-:1L;h 20 °c t.J~n11'Vl(;}~'f)-:I"'l1nn11yJ"'l~'W'l.JfOh~'lL~"lI 
• OJ 

CV Gr. ercv .,.~.J g" t: ~ ..!¥I 0 -=I I c! ~ Go' '1.d c! .d' 
U~ Len~~UtJb'l.J'f)~'Vl-:lVl1."1IU1 Lb~~"lI'f)-:I b~~'\..n L'I..ILlJU~1~'Vl1-:11UtJ ~1b 'VnJ"lIU~1tJ'f)~11n1~ b~~VlL 'WtJ"lI'I..I 

n1~Lm!J'l.JL.yj!J'l.HJ~r.nnn1~'VII?l~'el~'i:::"'~1~A1L~tt.l~~iJ3-H'l.J'el~ (Reynolds number, Re) LL~~ 

A1~'J13J~t.lj;lnfl~'elJJ (Pressure Drop, tyJ) 

6 
Channel High 1.0 mm. 
Water, T'n = 20 "C 

ai 5 • q .. = 12.30 WVlm2 

0.. ., q .. = 13.18 WVlm2 

~ 
Q. a q .. = 14.09 WVlm2 

a 
~ a 

"C 4 • 
! a 

., 
:::s f1 
I/) a " I/) 

! 3 a ., 
Q. a • 
GI .. C) a , 
1! 
GI • > 2 ct 

100 120 140 160 180 200 

Reynolds number 

I I v.,.... I 

Lb'l.J'l.J"li'f)-:I~b~~tJ3-ItlU~1"l1'1..11(;}L~n"ll'l..l1r?l~'l13-1~-:I~1'l.J 1.0 iJ~~b3-l~1 'Il1LtlU~11Vi1-:11U VlT,Jn.\~1JiJ 
, 

~ ° .... ft.I.....,. ~ 2 
'Vl1-:1L"lI1 20 C bL~~Vll1~nen~'l13-11'fl'l..l 12.30, 13.18 Lb~~ 14.09 kW/m 
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2.4 Channel High 1.0 mm. 
Nanofluid, Tin = 20 ·C 

ti" 2.2 • q", = 14.80 WV/m2 

Q. • q", = 15.76 WV/m2 
~ 
Q. 2.0 a q .. = 16.75 WV/m2 a e a 

"C • ! a 
:;, 1.8 • • 
II) a 
II) • • ! a • Q. 1.6 • CD a • Cl • ~ • !!! 1.4 • 
~ • « 

1.2 

1.0 
100 120 140 160 180 200 

Reynolds number 

111'W'l.h~n'fl1J 43 n :i'1~ ~ 'J1 ~l ~'ti'IJfi"lJ'fl-!l ~1 WJ1~ ~'lJL91 n ~ i'fl ~ b'U~tJ n 1J ~ 1 b:i' b 'lJfl ~'I!~ b1J'fl f"lJ'fl-!l ~ 11J 

bb1J1J'~'fl-:l~b 'VI~tJ~tl'IJ~1"lJ'lJ1~b~n"lJ'lJ1~ ~'J1~~-!I~11J 1.0 ~fl~b~ L91:i' "lJ'fl-!l1 'VIfl'IJ1 b 'lJbij'IJ~ 1 ~'Vi1-:11'IJ 
, , 

.01 ... i-' 0 .01&.1 '" ~ i-' 2 
'VI'flW'VI11~'VI1-!1b"lJ1 20 C bbfl~'VIl'1fln8jj~'J1~~'fl'IJ 14.80, 15. 76 bbfl~ 16.75 kW/m 

q OJ 

.70 

Channel High 2.0 mm. 
Water, q'n = 21.88 kW/m2 

ti" . 65 • T'n =20·C 
Q. 

T'n = 22·C ~ • • a 
Q. a T'n = 24·C • e 

"C .60 • • a 
! 
:;, • • D 
II) 
II) • a ! • 
Q. .55 
CD • • a 
Cl 

'" • ... a .. 
~ 

.50 •• a « 

.45 
60 70 80 90 100 110 120 130 140 

Reynolds number 

I I "', 

bb1J1J"ll'fl-!l~b 'VI~tJ~tl'IJ~1"lJ'lJ1~b~n"lJ'lJ1 ~~'J1~~-!I~11J 2.0 ~fl~ b~L91:i' 'Il1bij'IJ~1 ~'Vi1-!11'IJ Vi'flW'VIl1ii 
OJ q OJ 

, 
i-' 0 .01&.1'" ~,.. 2 

'VI1-:1b"lJ1 20, 22 bbfl~ 24 C bbfl~'VIl'1fl~8jj~'J1~:i''fl'IJ 21.88 kW/m 
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.4 
Channel High 2.0 mm. 
Nanofluid. qin = 23.05 kW/m' 

iii • Tin = 20 "C 
a. 

'" T ln =22·C 
~ .3 
a. a Tin = 24·C • ... a e 

"0 • '" a 
e • ... a 
::I • I/) '" a 
I/) 

e .2 
a. . ... a 
CII 
CI 
I! .'" a 

~ .... a ct 
.1 

80 100 120 140 

Reynolds number 

111'rlt1:r~n'el'IJ 45 n :nW~'J1 '-J~'-J·t~\Ur"1l'el\l,"h~'J1 '-J ~Ul9l n ~ i'el '-J L'U~ wi'IJ 1Pi1 L:r L U~ c;f'll''-J L 'IJ 'el f"1l 'el\l ~ 1'IJ 

LL'IJ'IJ"1l'el\l~L '\.ll~tI'-J&jU~1"11U1(?l L~mJU1(?l~'J1~~\I~1'IJ 2.0 ij~~L~ 19l:r "1I'el\lL '\.ll~U1 L UdjU~1:r'lii1\11U . , 
... .... ~ 0 ..... 1'" tr ~ 2 
'VI't,lru'\.llIJ~'VI1\1b"1l1 20, 22 bb~~ 24 C LL~~VlY'f~~6jj~'J1~:r'elU 23.05 kW/m 

2.5 

Nanofluid. Tin = 24 ·C • Channel High 1.0 mm. 
... Channel High 1.5 mm. 

iii 2.0 
a Channel High 2.0 mm. 

a. 
~ 
a. • • e 1.5 • • "0 • • e • ::I 
I/) 
I/) 

e 1.0 a. 
CII 
CI 
C'G .. 
~ .5 
ct 

a'" a'" ... ... 
a "'£1 1!i ~ 

0.0 
a 

60 80 100 120 140 160 180 200 220 

Reynolds number 



6 

Ci" 
5 

c.. 
:!!.. 
Q. 4 
2 
~ 

~ 
::I 3 C/) 
C/) 

~ 
Q. 

GI 2 g> ... 
GI 

~ 1 

0 

60 

Tin = 20 ·C • Water, Channel High 1.0 mm. 
... Water, Channel High 1.5 mm. 
a Water, Channel High 2.0 mm. 

a a 

• 
a 

~ Nanoftuid, Channel High 1.0 mm. 
.. Nanofluid, Channel High 1.5 mm. 
• Nanoftuid, Channel High 2.0 mm. 

• 
• • • 
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,"i~U~:;Ulti ~'dl6J¥'fl'W"lI'Wl !?l~'d16J~'l ,"i~'u 1.00 i1~~h6J lY1~ 1 iJl b1J"H~·11.yh.J1U ~filf111:IJ 

fau (Heating Power) 81.20, 87.00 bb~::: 93.00 l<il~ 1i"lJa.Jlv\~Ulll'l'Yllbii.r.J:lJf111:IJb-ii:IJ-nU 0.4 

buafb.nU<ill<ilr.JU1:IJ1<il1~~:lJnuJlb1Ju~11'1'h.J1U~filf111:IJfau (Heating Power) , 97.65, 104.00 

.... '" bb~::: 110.551<il<il 

~~U~:;Ulti ~'dl6J¥'fl'W"lI'Wl!?l ~'d16J~'l ~~U 1.50 i1~~ b6J lY1~ 1 iJlb1JU~11'1'l1.J1U~filf111:IJ 
" 

fau (Heating Power) 110.55, 117.30 bb~::: 126.00 l<il~1i"lJa.Jl~'1~U1L'Yl'Yllbii.r.J:lJf111:1Jb-ii:IJ-n'\.\, 0.4 

buafb.n'\.\,<ill<ilr.JU1:IJ1<il1~~:lJnuJlb1Ju~11'1'l1.J1U~filf111:IJfa'\.\, (Heating Power) 146.30, 152.10 

.... '" bb~::: 160.00 l<il<il 

~~U~:;Ulti ~'dl6J¥'fl'W"lI'Wl!?l ~'d16J~'l ~~U 2.00 i1~~ b6JlY1~ 1 iJl b1JU~11'1'l1.J1U~filf111:IJ 
" 

fa'\.\, (Heating Power) 138.75, 144.40 bb~::: 152.10 l<il~1i"lJa.JL'VI~U1L'Yl'Yllbii.r.J:lJf111:IJb-ii:IJ-n'\.\, 0.4 

buafb.n'\.\,<ill<ilr.JU1:IJ1<il1~~:lJnuJlb1Ju~11'1'l1.J1U~filf111:IJfa'\.\, (Heating Power) 209.50, 218.50 
!I/ 

bb~::: 227.95 l<il~ ~'llY11n'lU'W~ne.J~nl~'Vl!?l~'fl'l~'l11l'fl1Uil 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 21.31 21.26 21.24 21.05 21.05 20.98 20.96 

Tout °c 25.19 24.98 24.76 24.27 24.07 23.83 23.76 

Tb. in °c 32.09 31.99 31.97 31.63 31.51 31.34 31.42 

T b, out °c 38.81 38.67 38.56 38.15 37.85 37.71 37.74 

°c 20.04 20.04 20.04 20.00 20.03 20.02 20.01 

/).p kPa 1.80 2.00 2.20 2.58 2.84 3.08 3.26 
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, , , 
I .c::::I ~.<:::li .c::::::::. i.I ..:=I 0 

~~'El~b'Yl~~"lI'El\l~~iJ'Vl Q = 87.00 W bb~::;'flruVlll~'Vl'Nb"ll1~'JiJ~~'Vl 20 C In q qJ q 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 21.31 21.35 21.37 21.16 21.22 21.14 21.04 

Tout °c 25.42 25.28 25.03 24.57 24.44 24.20 24.07 

°c 32.39 32.37 32.45 32.05 32.00 31.90 31.83 

Tb. out °c 38.32 38.80 38.70 38.08 37.97 37.84 37.73 

Ttank °c 20.01 20.01 20.02 19.98 20.01 20.01 20.04 

I1p kPa 1.90 2.06 2.14 2.70 2.76 3.08 3.20 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 21.39 21.26 21.22 21.14 21.12 21.04 21.15 

Tout °c 25.88 25.39 25.19 24.94 24.66 24.43 24.43 

°c 33.48 33.30 33.21 33.05 33.06 32.96 32.95 

Tb. out °c 40.53 40.05 40.00 39.78 39.52 39.34 39.21 

°c 20.01 20.01 20.05 19.98 20.02 20.01 20.04 

I1p kPa 2.14 2.62 2.76 2.94 3.40 3.68 3.76 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 23.22 23.09 23.15 23.10 23.09 23.03 22.98 

Tout °c 27.01 26.78 26.64 26.38 26.06 25.92 25.72 

Tb,ln °c 33.37 33.33 33.25 33.14 33.04 32.96 32.91 

Tb. out °c 39.50 39.25 39.24 38.93 38.80 38.60 38.49 

°c 22.01 22.01 22.01 22.02 22.03 22.03 22.01 

I1p kPa 2.22 2.48 2.70 2.94 3.36 3.60 4.02 
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Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 23.19 23.11 23.15 23.04 23.00 22.99 22.96 

Tout °c 27.34 27.00 26.94 26.49 26.37 26.08 25.99 

°c 34.21 34.09 34.05 33.85 33.82 33.73 33.52 

Tb,out °c 40.21 39.90 39.86 39.55 39.44 39.27 39.08 

T1ank °c 22.03 22.00 22.04 22.01 22.01 22.02 22.02 

/1p kPa 2.28 2.60 2.68 3.14 3.30 3.66 3.86 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 23.34 23.15 23.19 23.18 23.01 22.97 23.03 

Tout °c 27.70 27.19 27.14 26.86 26.50 26.26 26.18 

lb, in °c 35.23 35.10 35.07 34.90 34.68 34.60 34.56 

lb. out °c 41.84 41.57 41.54 41.25 40.87 40.67 40.60 

°c 22.00 22.01 22.02 22.04 21.98 22.00 22.01 

/1p kPa 2.54 2.98 3.10 3.34 3.76 4.18 4.34 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 25.09 25.04 25.04 24.99 24.97 24.91 24.96 

°c 28.83 28.66 28.34 28.18 27.89 27.70 27.65 

Tb. in °c 35.78 35.68 35.59 35.39 35.15 35.03 35.00 

lb. out °c 42.21 42.08 41.81 41.63 41.44 41.21 41.17 

°c 24.03 24.00 24.03 24.01 24.00 24.00 24.00 

/1p kPa 2.72 2.90 3.34 3.44 3.78 4.20 4.24 
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Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 25.09 25.11 25.08 25.03 25.02 24.99 25.09 

Tout °c 29.15 28.80 28.69 28.40 28.30 28.06 28.07 

°c 36.22 36.04 35.88 35.82 35.76 35.66 35.74 

T b. out °c 42.79 42.26 42.09 41.85 41.75 41.55 41.62 

Ttank °c 24.03 24.03 24.04 24.06 24.02 24.01 24.05 

I1p kPa 2.50 2.86 2.88 3.43 3.44 3.84 4.04 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 25.20 25.06 25.08 25.11 25.05 25.01 24.99 

°c 29.53 29.11 29.01 28.66 28.55 28.26 28.27 

Tb• ,n °c 37.12 37.02 37.10 36.98 36.88 36.78 36.76 

lb, out °c 43.92 43.77 43.80 43.58 43.44 43.25 43.21 

Ttank °c 24.07 24.01 24.04 24.04 23.99 24.03 24.03 

I1p kPa 2.72 3.11 3.34 3.84 3.90 4.40 4.40 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 21.02 21.19 20.95 21.03 20.89 20.80 20.88 

Tout °c 25.53 25.56 24.92 25.01 24.63 24.33 24.19 

°c 39.19 39.24 38.16 37.98 37.79 37.75 37.22 

lb. out °c 38.58 38.59 37.56 37.70 37.44 37.31 36.93 

°c 20.01 20.05 20.02 20.02 20.01 20.00 20.04 

I1p kPa 1.32 1.42 1.46 1.50 1.54 1.66 1.68 
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[Wl:i'1~ 19 bb~(?l~'flruVlJl~"lI'fl~"lI'fl~1V1~'t.nb'W1vl'vl1bum.j~u1b'Jru'Vl1~b-n1 bb~~'Vl1~'fl'flm'U~tJ 'flruVlJl~~1'W(Pl1U 
q qJ q q.J d.9 

b'U~tJ bb~~(Pl'J1~C?1'Wl?lfl(Pli'fl~b'U~tJ"lI'fl~(Pl1U~ QWl = 104.00 W 'fJruVl1J~'Vl1~ b-n1 (Pl'JU '"J~~ 20 DC 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

~. '" 
'tlru'VI1Jj.J'W1V11~ b'1l1 20.98 21.08 21.07 20.88 20.70 20.79 20.74 

Tout 25.77 25.57 25.38 25.03 24.55 24.54 24.27 
__ """ 11 

'1lru'VInj.J~') ~1'Wf1l'UVl1~ b'1l1 , . .., 40.34 40.25 39.93 39.83 39.38 39.33 39.43 

~- ..., 
'1lru'VInj.J~,)~lW'1l'UVl1~'1l'1ln , . .., T b, out 39.37 39.19 38.82 38.63 38.08 37.99 38.10 

Ttank 20.05 20.03 20.08 20.00 19.99 20.03 20.02 

/:-.p kPa 1.46 1.54 1.57 1.64 1.78 1.80 1.90 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

21.02 21.02 21.07 21.10 20.88 20.85 20.84 

Tout 26.13 25.88 25.63 25.63 25.07 24.86 24.65 

Tb. ,n 42.70 43.14 43.15 42.70 42.16 42.16 42.19 

T b, out 40.65 40.78 40.46 40.30 39.57 39.24 39.32 

Ttank 20.04 20.04 20.04 20.06 20.03 20.03 20.03 

/:-.p kPa 1.46 1.54 1.64 1.74 1.84 1.93 2.00 

'VIl-bti 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

22.96 22.96 22.94 23.01 22.93 22.96 22.87 

Tout 27.52 27.39 26.96 26.90 26.63 26.51 26.24 
_..... .-=I 9..-

'1lru'VInj.J~,)~lW1l'UVl1~ b".lll , . .., Tb. in 42.71 42.53 42.43 42.41 42.41 42.72 42.39 

~- ... 
'1lru'VInl-J~,)~lW'1l'UVl1~'1l'1ln . . .., Tb. out 40.00 39.58 39.45 39.23 39.07 39.19 38.65 

Ttank 22.02 22.03 22.03 22.05 22.04 22.07 22.07 

/:-.p kPa 1.32 1.42 1.46 1.50 1.54 1.66 1.68 
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Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 23.04 23.13 23.07 22.97 22.98 22.93 22.83 

Tout °c 27.86 27.67 27.27 27.07 26.85 26.67 26.36 

Tb. in °c 45.19 45.41 45.13 44.88 44.71 44.45 44.06 

T b, out °c 42.10 42.31 42.00 41.60 41.33 40.78 39.85 

Ttank °c 22.05 22.05 22.06 22.07 22.02 22.03 22.04 

kPa 1.46 1.54 1.57 1.64 1.78 1.80 1.90 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 23.06 23.08 23.08 23.05 22.88 22.76 22.75 

Tout °c 28.22 27.81 27.50 27.41 26.88 26.67 26.55 

Tb. in °c 46.10 45.91 45.81 45.30 45.45 45.48 46.18 

T b, out °c 43.99 43.86 43.49 43.37 42.68 42.45 42.38 

T1ank °c 22.03 22.04 22.04 22.06 22.03 22.01 22.03 

/1p kPa 1.46 1.54 1.64 1.74 1.84 1.93 2.00 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 25.30 25.29 25.32 25.19 25.19 25.06 24.90 

Tout °c 29.80 29.63 29.21 28.99 28.83 28.55 28.21 

Tb. in °c 42.91 41.73 41.19 40.64 41.48 41.52 41.21 

T b. out °c 42.08 41.92 41.62 41.21 40.92 40.90 40.48 

°c 24.01 24.03 24.03 24.00 24.06 23.98 24.01 

/1p kPa 1.32 1.42 1.46 1.50 1.54 1.66 1.68 
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Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

25.16 25.20 25.36 25.13 25.32 25.07 25.13 

Tout 29.96 29.64 29.48 29.24 29.24 28.74 28.65 

Tb. m 42.02 41.26 41.10 41.18 41.01 40.83 41.19 

Tb . out 41.61 41.63 41.58 41.45 41.47 40.99 40.91 

Ttank 24.02 24.04 22.73 24.04 24.03 24.02 23.70 

/1p kPa 1.46 1.54 1.57 1.64 1.78 1.80 1.90 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

25.36 25.46 25.43 25.25 25.26 25.00 25.04 

30.46 30.18 29.85 29.43 29.35 28.84 28.78 

Tb,in °c 42.54 42.66 42.50 42.01 41.97 41.56 41.37 

Tb, out 41.53 41.38 41.34 41.11 40.95 40.66 40.34 

Ttank 
24.03 24.05 24.05 24.06 24.05 24.02 24.05 

/1p kPa 1.46 1.54 1.64 1.74 1.84 1.93 2.00 
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Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

DC 21.83 21.61 21.59 21.57 21.50 21.47 21.43 

Tout 
DC 26.91 26.37 26.10 25.85 25.64 25.55 25.32 

Tb, in °c 36.25 35.93 35.63 35.09 35.09 34.99 35.55 

T b, out °c 36.06 35.70 35.25 35.00 34.55 34.40 34.31 

Ttank °c 20.03 20.03 20.04 20.00 20.03 20.04 20.02 

/.).p kPa 0.22 0.24 0.26 0.28 0.30 0.32 0.34 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 21.48 21.81 21.58 21.56 21.52 21.49 21.50 

TOUI °c 26.90 26.78 26.31 26.15 25.75 25.61 25.49 

Tb. In °c 36.45 36.40 36.33 36.43 36.17 36.17 36.53 

Tb. OUI °c 36.23 35.99 35.75 35.79 35.56 35.24 35.33 

°c 20.04 20.01 20.02 20.02 20.04 20.02 19.99 

/.).p kPa 0.22 0.24 0.26 0.28 0.30 0.32 0.34 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 22.19 22.17 22.08 21.99 21.79 21.65 21.69 

Tout °c 28.04 27.71 27.15 26.75 26.33 26.07 26.02 

"""'_ """ i.I 
'tlru"!l1m.j&.J,)~1UrlnJV11-ll'1l1 , ~ ... Tb • in °c 40.77 40.83 40.27 40.46 40.03 40.14 40.36 

~= ... 
'tlruWl~&.J,)~1Url1UV11-l'tl'tln , ~ ... T b, out °c 36.41 36.50 35.87 35.60 35.48 35.97 36.11 

°c 20.04 20.01 20.02 20.01 20.01 20.01 20.02 

/.).p kPa 0.22 0.24 0.26 0.28 0.30 0.32 0.34 
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Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 24.02 23.84 23.65 23.60 23.53 23.51 23.44 

Tout 29.18 28.54 28.20 27.92 27.52 27.47 27.27 

Tb • in °c 40.84 40.48 40.11 39.97 40.19 40.29 39.98 

lb. Qut °c 39.18 38.70 38.33 37.84 37.80 38.02 37.62 

°c 22.02 22.02 22.01 22.00 22.03 22.02 22.04 

kPa 0.21 0.22 0.24 0.28 0.30 0.34 0.54 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 23.97 23.79 23.71 23.66 23.62 23.58 23.49 

Tout °c 29.38 28.91 28.66 28.36 28.08 27.74 27.45 

Tb, in °c 40.96 41.28 41.11 40.95 40.73 40.51 40.63 

Tb• OUI °c 38.51 39.31 39.01 38.81 38.58 38.47 38.45 

Ttank °c 22.03 22.00 21.99 22.03 22.04 22.05 22.03 

/).p kPa 0.20 0.22 0.23 0.26 0.28 0.30 0.31 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 24.06 23.92 23.95 23.79 23.79 23.68 23.67 

Tout °c 29.90 29.28 29.00 28.67 28.34 28.01 27.78 

Tb, in °c 42.30 41.94 42.01 41.86 41.41 41.31 41.34 

T b, out °c 39.92 39.47 39.32 38.56 38.71 38.50 38.15 

°c 22.01 22.04 22.04 22.03 22.03 22.03 22.02 

/).p kPa 0.20 0.22 0.24 0.26 0.29 0.33 0.34 
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Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

25.80 25.52 25.69 25.48 25.68 25.65 25.36 

Tout 30.89 30.47 30.39 29.77 29.83 29.60 29.06 

lb. in 42.67 42.26 42.12 41.79 41.83 42.29 41.91 

lb, out 37.99 37.72 37.28 37.01 36.94 36.72 36.94 

Ttank 24.00 24.03 24.03 24.04 24.04 24.02 24.03 

!1p kPa 0.20 0.22 0.23 0.26 0.28 0.30 0.31 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

26.00 25.80 25.82 25.61 25.76 25.49 25.63 

Tout °c 31.51 30.90 30.85 30.38 30.28 29.71 29.59 

43.24 43.22 42.67 42.51 42.11 41.88 41.80 

Tb, out 40.20 39.54 39.67 39.55 39.44 39.18 39.09 

Ttank 24.00 24.02 24.03 24.01 24.03 24.05 24.01 

!1p kPa 0.20 0.22 0.23 0.26 0.28 0.30 0.31 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

T-,n 25.85 25.83 25.83 25.64 25.64 25.67 25.51 

Tout 31.71 31.42 31.10 30.67 30.32 30.13 29.65 

Tb. in 43.61 43.22 43.42 43.39 43.59 43.84 44.00 

T b, out 41.38 41.07 41.39 40.84 40.77 40.93 40.80 

Ttank 
24.04 24.07 24.02 24.01 24.04 24.03 24.05 

!1p kPa 0.20 0.21 0.22 0.24 0.26 0.30 0.31 
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1?11r1-:1 36 bb~(?)-:I'el ruVlllil"1l'el-:l"1l'fN1V1~'t.n t'Wl'Vl'Vl1 bt1tJ:IJ~'lJ1b'Jru'Vl1-:1b-ih bb~:;'Vl1-:1'el'elmu~tJ 'el ruVlllil ~1'Wfl1-'lJ 
q qJ q qJ dS 

I I I I 
.<C:iI Q/ I ~ ..:::I cI '-=::"!!.I ~ 0 

b'U~tJ bb~:;fl'J1:IJ(?)'Wl?lnfl:i''el:IJb'U~tJ"1I'el.:Jfl:i''lJ'Vl Qin = 146.30 W bb~:;'e,}ruVlJJ:IJ'Vl1-:1 b"1l1 fl'J'lJ f.):IJ'Vl 20 C 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

21.79 21.59 21.56 21.60 21.52 21.39 21.31 

28.53 27.90 27.50 27.30 27.12 26.74 26.33 

Tb.,n 33.75 33.25 32.81 32.69 32.58 32.32 32.00 

Tb. out 40.89 40.15 39.41 39.10 38.96 38.59 38.12 

20.03 20.05 20.05 20.04 20.06 20.05 20.01 

/1p kPa 0.22 0.24 0.26 0.28 0.30 0.32 0.34 

I I I I 
.c::I cv I -=I ..:::1..:::1 oCl 2.t ..:::I 0 

b'U~tJ bb~:;fl'J1:IJ(?)'Wl?lnfl:i''el:IJb'U~tJ"1I'el-:lfl:i''lJ'Vl O,n = 152.10 W bb~:;'el ruVlll:IJ'Vl1-:1 b"1l1 fl'J'lJ fl:IJ'Vl 20 C 
q 'lJ q 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

21.91 21.86 21.82 21.81 21.66 21.57 21.57 

28.92 28.45 28.14 27.81 27.21 26.98 26.89 

34.97 34.62 34.39 34.08 33.54 33.37 33.30 

Tb, out 42.66 42.08 41.69 41.21 40.37 40.09 39.99 

20.03 20.06 20.04 20.04 20.02 20.03 20.05 

/1p kPa 0.16 0.18 0.20 0.22 0.24 0.26 0.28 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 22.03 21.97 21.92 21.78 21.68 21.67 21.60 

°c 29.39 28.85 28~31 28.08 27.58 27.35 27.05 

°c 35.61 35.18 34.67 34.43 34.05 33.88 33.57 

Tb,QUI °c 43.63 42.89 42.06 41.72 41.04 40.62 40.13 

Ttank °c 20.00 20.04 20.05 20.04 20.03 20.02 20.07 

/1p kPa 0.16 0.18 0.20 0.22 0.24 0.26 0.28 
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fmJ"l..:J 39 bb~I?1..:J'elruVlJl iJ"lJ'el..:J"lJ'el..:JtVl~'j,.,n b'Wt'Vl'Vl1 blltJdJ~'lJ1b'Jru'Vl1..:Jb-n1 bb~:::'Vl1..:J'el'elm'U~tJ 'el ruVlJliJ ~1'W~1'lJ 
q qJ q cu os 

I I I I 
..:;::f CV I ..:::I .r:::i Q <C:!io!V.c:::::I 0 

b'U~tJ bb~:::~'J1dJl?1'Wl?ln~~'eldJb'U~tJ"lJ'el..:J~~'lJ'Vl O;n = 146.30 W bb~:::f.JruVlJJdJ'Vl1..:J b"lJ11"1'J'lJ '".)dJ'Vl 22 C 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 
_ 0 ... 

1lrul-l1J~U1'Vl1-JL'lI1 23.09 23.36 23.15 23.19 23.23 23.05 23.06 

°c 29.88 29.63 28.95 28.91 28.68 28.37 28.09 

Tb. in 

Cc 34.30 34.35 33.67 33.66 33.61 33.11 33.05 

Tb,OUI 

Cc 39.93 39.87 38.80 38.75 38.71 37.91 37.72 

T1ank 

Cc 

/1p kPa 0.24 0.26 0.28 0.32 0.34 0.36 0.38 

1?l1~1..:J 40 bb~I?1..:J'el ruVlJliJ"lJ'el..:J"lJ'el..:JtVl~'W1 b'Wt'Vl'Vl1blltJdJ~'lJ1b'Jru'Vl1..:Jb-n1 bb~:::'Vl1..:J'el'elm'U~tJ 'el ruVlJliJ~1'W~1'lJ 
q cu q CU d.9 

b'U~tJ bb~:::I"I'J1dJ~'Wl?lnl"li'eldJb'U~tJ"lJ'el..:JI"I1'lJ~ Qin = 152.10 W bb~:::f.JruVlJJiJ'Vl1..:J b-n1 I"I'J'lJ '".)dJ~ 22°C 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 23.19 23.0923.1023.17 23.0423.0022.93 

Tout °c 30.29 29.90 29.75 29.37 28.85 28.54 28.18 

Tb, in °c 34.79 34.43 34.15 33.87 33.49 33.23 32.83 

Tb . out 

Cc 40.48 39.92 39.44 38.91 38.31 37.78 37.15 

Ttank 

Cc 22.04 22.04 22.04 22.08 22.01 22.06 22.03 

/1p kPa 0.24 0.26 0.28 0.30 0.32 0.34 0.36 

1?l1J"l..:J 41 bb~I?1..:J'elruVlJliJ"lJ'el..:J"lJ'el..:JtVl~'W1 b'Wt'Vl'Vl1blltJdJ~'lJ1b'Jru'Vl1..:Jb-n1 bb~:::'Vl1..:J'el'elm'U~tJ 'elruVlJliJ ~1'WI"I1U 
q cu q CU dB 

I I I I 
.r:::i 0.-' I ..::I ..c::I.c:I .c:::.!V.c:I 0 

b'U~tJ bb~:::I"I'J1dJl?1'Wl?lnl"l~'eldJb'U~tJ"lJ'el..:JI"I~U'Vl O;n = 160.00 W bb~:::f.JruVlJJdJ'Vl1..:J b"lJ1 I"I'JU '".)dJ'Vl 22 C 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

Cc 23.40 23.44 23.50 23.26 23.28 23.15 23.20 

Tout 
Cc 30.79 30.29 30.01 29.26 29.15 28.74 28.57 

°c 35.25 34.84 34.62 34.17 34.00 33.58 33.46 

Tb, Qut °c 40.86 40.25 39.72 38.87 38.53 38.11 37.84 

Cc 22.06 22.02 22.04 22.02 22.04 22.01 22.05 

/1p kPa 0.24 0.26 0.28 0.30 0.32 0.34 0.36 
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Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

25.33 25.18 25.19 25.23 25.20 25.02 25.10 

Tout 32.11 31.49 31.37 31.14 30.79 30.42 30.17 

Tb. in 35.62 35.19 35.15 34.99 34.71 34.29 34.19 

T b, out 40.38 39.75 39.73 39.41 38.92 38.34 38.07 

Ttank 

/).p kPa 0.24 0.26 0.28 0.32 0.34 0.36 0.38 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

25.37 25.43 25.38 25.27 25.21 24.92 24.95 

Tout 32.48 32.03 31.83 31.45 31.18 30.48 30.24 

Tb, in 36.25 35.96 35.85 35.51 35.22 34.54 34.36 

Tb,QU\ 41.05 40.46 40.31 39.74 39.36 38.47 38.17 

24.02 24.04 24.07 24.04 24.01 24.05 24.03 

/).p kPa 0.24 0.26 0.28 0.30 0.32 0.34 0.36 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

25.42 25.45 25.42 25.23 25.34 25.34 25.16 

Tout 32.89 32.55 32.27 31.78 31.48 31.08 30.56 
__ Q '11" 

~ rul-lIl j.J ~') ~1'W1'1 rlJVl1'1 L'1J1 , ~ .. Tb. '" 
36.98 36.74 36.54 35.73 35.57 35.32 35.00 

T b. out 41.81 41.52 40.82 39.84 39.44 39.01 38.68 

Ttank 
24.04 24.06 24.01 24.02 24.04 24.07 24.01 

/).p kPa 0.24 0.26 0.28 0.30 0.32 0.34 0.36 
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Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

20.84 20.86 20.88 20.83 20.91 20.81 20.78 

TOUI 27.30 27.01 26.77 26.53 26.35 25.90 25.69 

Tb.;n 36.73 36.57 36.37 36.47 37.02 36.16 36.42 

T b, out 35.09 35.12 34.97 34.85 35.39 34.85 34.56 

Ttank 20.04 20.01 20.03 20.04 20.04 20.01 20.04 

!:J.p kPa 0.44 0.46 0.48 0.50 0.52 0.54 0.56 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

21.03 20.87 20.86 20.97 20.84 20.88 20.81 

Tout 27.79 27.39 27.12 26.81 26.35 26.15 25.85 

38.64 38.70 38.09 38.37 37.31 37.14 37.42 

T b. out 37.20 36.85 36.71 36.43 36.33 36.15 35.30 

Ttank 20.03 20.03 20.04 20.03 20.01 20.01 20.03 

!:J.p kPa 0.50 0.52 0.54 0.56 0.58 0.60 0.62 

i.I I I I 

[91111'147 bb~(?l~'elruVlllijcW1i1liJrb'JruVl1'lb;r1 bb~~V11'l'fl'f)nb'U~tJ 'flruVfflij'ifJ11JFlriJb'il~tJ bb~~cPl'J1lJ~tJ[9ln 
q qJ q qJ 0.9 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

20.95 20.93 20.88 20.93 20.83 20.95 20.95 

Tout 27.97 27.75 27.21 27.15 26.73 26.62 26.31 

Tb, in 43.81 43.78 43.47 43.36 43.08 42.88 43.11 

lb. out 37.93 37.84 37.34 37.17 36.89 36.70 37.75 

20.04 20.02 20.05 20.01 20.02 20.02 20.02 

!:J.p kPa 0.54 0.56 0.58 0.60 0.62 0.64 0.66 
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Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

Tin °c 22.76 22.83 22.78 22.75 22.70 22.74 22.69 

°c 29.14 28.75 28.43 28.19 27.93 27.62 27.45 

Tb, in °c 42.05 42.87 42.80 43.42 43.60 43.36 43.13 

T b, out °c 34.47 34.39 34.26 34.51 34.30 33.88 33.86 

Ttank °c 21.89 22.06 22.02 22.03 22.02 22.03 22.00 

/1p kPa 0.44 0.46 0.48 0.50 0.52 0.54 0.56 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 22.93 22.84 22.83 22.86 22.83 22.76 22.76 

TOUI °c 29.75 29.42 28.92 28.61 28.35 28.04 27.83 

T b. in °c 45.59 45.17 44.46 44.14 44.01 43.89 43.51 

Tb. out °c 37.73 37.06 36.70 36.53 36.38 36.29 36.39 

Ttank °c 22.05 22.02 22.04 22.05 22.05 22.03 21.99 

/1p kPa 0.50 0.52 0.54 0.56 0.58 0.60 0.63 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

Tin °c 22.82 22.85 22.83 22.77 22.80 22.74 22.72 

Tout °c 29.85 29.62 29.18 28.72 28.55 28.31 28.05 

Tb. in °c 46.07 45.48 44.97 45.12 45.35 45.33 45.11 

Tb, out °c 39.94 39.75 40.08 39.68 39.33 39.13 38.90 

°c 22.00 22.01 22.04 22.01 22.03 22.03 22.04 

/1p kPa 0.54 0.56 0.58 0.60 0.62 0.64 0.66 
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Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

24.71 24.72 24.69 24.67 24.69 24.61 24.65 

TOUI 31.20 31.10 30.68 30.40 30.06 29.74 29.53 

Tb. on 42.91 42.82 43.16 43.35 43.22 43.54 43.53 

T b, out 36.67 36.62 36.25 36.08 35.58 35.61 35.41 

Ttank 24.04 24.01 24.02 24.00 24.04 24.01 24.05 

/).p kPa 0.44 0.46 0.48 0.50 0.52 0.54 0.56 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

~. " 'il ruVllJ ~'.nvnmJ1 24.72 24.75 24.67 24.67 24.70 24.69 24.64 

Tout 31.48 30.86 30.52 30.19 30.23 29.91 29.72 

Tb. in 45.94 45.74 45.42 44.74 45.83 45.78 45.82 

lb, out 38.44 37.99 37.96 37.75 38.30 38.15 37.83 

Ttank 24.01 24.04 24.01 24.03 24.00 24.04 24.02 

/).p kPa 0.50 0.52 0.54 0.56 0.58 0.60 0.63 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

24.78 24.79 24.72 24.74 24.73 24.67 24.73 

31.91 31.35 30.95 30.62 30.44 30.20 30.04 

Tb• in 48.62 49.40 49.39 49.23 49.07 48.83 48.84 

Tb. out 41.45 42.0941.8741.47 41.2641.0240.92 

Ttank 24.04 24.02 24.04 24.00 23.99 24.00 24.03 

/).p kPa 0.54 0.56 0.58 0.60 0.62 0.64 0.66 
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IW1J"N 54 bb~(?l\l'f)rwVlfl5j"1l'f)\l"1l'f)\llV1~'l.nt'W1vl'vl1butJ~~'IJ·h'JnJVl'l\lb-n'l bb~~Vl'l\l'f)'f)m'U~tJ 'f)n,lVIfl5j~'l'W,",1'IJ 
q qJ q qJ d.9 

I I I I 
.c::I Q..' I .<:::I .c:I.:::I ~ i.J .c:I 0 

b'U~tJ bb~~,",'J'l~(?l'Wf?ln,",J''f)~b'U~tJ''1I'f)\l,",J''IJVl O;n = 209.50 W bb~~'r;jrwVl.1J~Vl'l\lb"1l'l,",'J'lJI"J~Vl 20 C 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 21.07 20.89 20.77 20.75 20.83 20.71 20.57 

Tout °c 31.27 30.43 29.64 29.42 29.00 28.37 27.92 

Tb. In °c 35.58 35.10 34.77 34.70 34.91 34.46 34.03 

Tb. out °c 40.55 40.99 39.28 39.11 39.30 37.64 38.11 

Ttank °c 20.03 20.05 20.02 20.03 20.08 20.04 20.03 

/)"p kPa 0.08 0.16 0.18 0.22 0.24 0.26 0.28 

f?l'lJ''l\l 55 bb~ (?l\l'f) rwVlfl5j "1I'f)\l"1l'f)\l 1 VI~'W'l b 'W 1 VlVl'l bUtJ~~ 'IJ1b 'JnJVl'l\l b-n'l bb~~Vl'l\l'f)'f)m 'U~ tJ 'f) rwVlJl5j ~'l'W,",1'IJ 
q cu q qJ d.9 

I I I I 
..::::I Q/ I .c:I .c:I.:::I ~ i.I .:::I 0 

b'U~tJ bb~~,",'J'l~(?l'Wf?ln,",J''f)~b'U~tJ''1I'f)\l,",J''IJVl Q,n = 218.50 W bb~~'f)rwVlJl~Vl'l\l b"1l'l ,",'J'IJ ,",~Vl 20 C 
q '" q 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c 21.04 21.04 20.96 20.90 21.05 20.56 20.89 

Tout °c 32.09 31.23 30.41 29.74 29.51 28.75 28.56 

Tb. in °c 37.55 37.25 36.93 36.70 36.63 36.09 36.34 

Tb, out °c 42.93 42.60 41.57 41.00 40.65 40.28 40.02 

T
1ank °c 20.03 20.05 20.04 20.00 20.05 20.04 20.05 

kPa 0.12 0.16 0.18 0.22 0.24 0.26 0.28 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

°c _ 0 " 

'QruW:;pJU1'Vl1.:Jl'll1 20.93 20.89 20.78 20.79 20.94 20.87 20.88 

Tout °c 31.72 31.12 30.22 29.96 29.43 29.02 28.78 

Tb. in °c 36.91 36.69 36.29 36.27 36.17 35.98 35.99 

T b, out °c 43.55 42.42 41.72 41.81 41.39 41.29 40.71 

°c 20.05 20.07 20.01 20.02 20.03 20.02 20.03 

kPa 0.12 0.16 0.18 0.22 0.24 0.26 0.28 
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Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

22.62 22.64 22.69 22.57 22.66 22.60 22.71 

Tout 32.26 31.66 31.60 30.92 30.87 30.44 30.07 

Tb. in °c 36.99 36.85 36.94 36.84 36.86 36.70 36.61 

Tb. out 42.58 42.23 42.10 41.66 41.60 41.67 40.75 

°c 22.05 22.03 22.03 22.03 22.06 22.08 22.05 

t:.p kPa 0.08 0.16 0.18 0.22 0.24 0.26 0.28 

1?l1~1-:1 58 bb~(?I-:I'fHUVlllil"1l'fl.,:j"1l'fl-:l1V1'Cl'I,nt'W1vl'vl1bi1tJ~~u<h'Jru'Vl1.,:jb-ih bb'Cl::;'Vl1.,:j'fl'flm'U~tJ 'flruVillil~1'W~i~u 
q qJ q qJ d.9 

I I I I 
Q cv I .c::::I .c::::I.c::::I ..::::. 2.1 .c::::I 0 

b'U'CltJ bb'Cl::;rl'J1~(?I'Wl?lflrl~'fl~b'U'CltJ"1I'fl.,:jrl~U'Vl O;n = 218.50 W bb'Cl::;1,JruVl1J~'Vl1-:1 b"1l1 rl'JU f.)~'Vl 22 C 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

22.71 22.87 22.80 22.93 22.62 22.63 22.51 

Tout 32.82 32.32 31.65 31.38 30.73 30.38 29.90 

lb, in 37.37 37.38 36.98 36.97 36.60 36.51 36.32 

T b, out 42.84 43.06 42.11 41.84 41.34 41.02 40.89 

Ttank 22.02 22.03 22.05 22.04 22.03 22.05 22.01 

t:.p kPa 0.12 0.16 0.18 0.22 0.24 0.26 0.28 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

22.68 22.71 22.81 22.64 22.76 22.88 22.71 

Tout 33.32 32.66 32.32 31.46 31.52 31.28 30.68 

lb. in 39.07 38.85 38.81 38.37 37.77 37.79 37.51 

lb. out 44.20 43.34 43.06 42.40 43.22 43.09 42.20 

Ttank 22.05 22.00 22.07 22.01 22.03 22.05 22.02 

t:.p kPa 0.12 0.16 0.18 0.22 0.24 0.26 0.28 
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I I I I 
-=I CV I .t=:I .d.Q ~ i.I c::I 0 

~'U~t1 ~~~~!Pl'J1~C?i'\.J(?]fl!Pl:r'f)~~'U~t1"1J'f),:j!PlJ"IJ'Vl Q'ln = 209.50 W ~~~~'f)ruVlJl~'Vl1,:j~"1J1!Pl'JU!Pl~'Vl 24 C 
q '" q 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

24.62 24.67 24.64 24.54 24.60 24.50 24.58 

Tout 34.26 34.01 33.31 32.56 32.48 31.98 31.85 

Tb,m 39.41 39.41 39.11 38.77 38.66 38.62 38.47 

Tb,out 44.45 44.46 43.92 43.44 42.67 42.51 42.04 

24.03 24.07 24.04 24.04 24.00 24.04 24.02 

/)"p kPa 0.08 0.16 0.18 0.22 0.24 0.26 0.28 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

24.66 24.81 24.66 24.77 24.78 24.76 24.78 

34.74 34.55 33.72 33.57 33.10 32.88 32.50 

Tb. in 39.81 39.87 39.53 39.66 39.44 39.40 39.17 

T b, out 45.62 45.27 44.68 44.66 44.09 43.80 43.31 

Ttank 24.08 24.04 24.03 24.05 24.04 24.04 24.05 

/)"p kPa 0.12 0.16 0.18 0.22 0.24 0.26 0.28 

Q LPH 16.00 18.00 20.00 22.00 24.00 26.00 28.00 

24.80 24.74 24.66 24.74 24.67 24.65 24.59 

Tout 35.33 34.51 33.88 33.50 33.09 32.78 32.36 

Tb, in 40.72 40.37 40.08 39.96 39.91 39.71 39.51 

T b, out 46.47 45.82 45.39 44.69 44.46 44.92 44.55 

24.04 24.02 24.03 24.00 24.06 24.06 24.05 

/)"p kPa 0.12 0.16 0.18 0.22 0.24' 0.26 0.28 
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I I I iI 

b!hl'vi1 n1J''Vl ~~'fl~ bb~~bnUojJ'fldqJ~vhn~'JojJ'fl'HiumJ'~1'W(HU~1 tS~U~mJbb~'J i'W!?l'fl1u ~'fln1J' 
I I 9..1 iI 

~1'W'J ruVI1 ~'J bbU J'Vl ~'fl~ n1 J' t~~1.jfojJ'fldqJ~Vl1~'"l1 n n1J''Vl ~~'fl~'"l1~ t~~ili'W[?]'fl'W!?l1~1 ~~ !?l'fl1un 
~ I I 2.1 

!V diI 2.1 iI ..:::112.,1 cA~ ~ 0 o:=l Q;' ~ 
"lI'fl~~bU'fl~[?]'Wbb~~"lI'fl~~'Vl ~r.nnn1J''Vl~~'fl~'Vl b"ll b'WmJ'1"11'W'Jru~~~'W 

~ ~ 

.o:::::f 9..1 2.1 ..<:::It. ,Q 

- "lI'W1~"lI'fl~"ll~I"1J'UJ'~'lJ1~1"1'J1~J''fl'W 1"1'J1~n'J1~ 60.0 ~~~b~[?]J' 1"1'J1~~1'J 110.0 
q 

ij~~b~[?]J' 1.5 ij~~b~[?]J' bb~~ 2.0 ij~~b~[?]J' 

- "lI'W1~"lI'fl~1"11UJ'~U1~1"1'J1~~'fl'W 1"1'J1~nrJ1~"lI'fl~-n'fl~1V1~ 0.8 ij~~b~[?]J' 1"1'J1~nrJ1~ 

- ~,g[?]J'1n1J'1V1~ 22.00 ~[?]J'!?l'fli'Jt~~ 

- ~1~~~ojJ'fl~~n1J'~1'W'Jru'"l1n[?]1J'1~bb~~~t:J~mJ'~1'W'Jru1'W[l11"1t:J'W'Jn n [?]1J'1~ 18 
~ 

" , 
I .o:::::f ~ .c=I .:::I ~cv.c=l a .c=I 

1"1J''fl~b'U~~''lI'fl~I"1J'UbbUUbJ'mbbm'Vl O;n = 97.65 W bb~~~ruVl.fJ~1:l~I"1'JU'"J~'Vl 20.00 C "lI'W1~1"1'J1~~~I"1J'U 

1.0 ij~~b~[?]J' 

diameter) 

D _ 4 x Cross sectional area for liquid flow = 4ab x N (1 ) 
" - Wetted perimeter 2( a + b) C 

= 4x 0.0008xO.001 x 49 
2(0.0008 + 0.001) 

Dh = 0.000889 m 

D ~'fl Hydraulic diameter, m 
" 



T = (~lll +7;,,) 
ave 2 

21.03+25.01 
=-----

2 

~ve =23.02 0 C 

- T.,. +T., T. = (/t,1Il /1,01l1) 

hi 2 

37.98 + 37.70 
=-----

2 

TIll =37.84 0 C 

, 
2.3 'fm . .lVlJlij"lJ'fl'leJ':l~1'W,"1~Ub'u~1:J 

q OJ d.9 

- - q L 
Tb = Thl-(-X-) 

kAI 

= 37.84 _ (14, 759.45 X 0.002) 
165.00 

1;, =37.66 0 C 

- - - q.L I: = 1;, = TIll - (-"-) 

kAI 

= 37.84 _ (14, 759.45 X 0.002) 
165.00 

I: =37.66 DC 
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(2) 

(3) 

(4) 

(5) 



P'!{ = ¢pp + (1- ¢)Pw 

P'!{ = 0.004 x 4170.00 + (1- 0.004) + 997.54 

PIl{ = 1,009.74 kg/m 
3 

t~tJ~ P'!{ ~'fl cPl'l'l:WVl'W'l bbtJ'W"1I 'fl'l "1I'fl'l1 VI~'W'l t 'W, 1 ,009.74 kg/m 
3 

.:!I , 'i' 3 
P p cPl'fl cPl'l'l:WVl'W'l bb'W'W"1I'fl'l'fl~Jl'lcPl'W'l b'W, 4,170.00 kg/m 

~ I!' 3 
Pw f1a f111:IJ'V\'J,I,lbbU'J,I,tla~'U1, 997.54 kg/m 

¢ ~'fl 1K~~'l'Wt~tJm:WI?l~"1I'fl'l'fl~Jl'lcPl'W'lt'W 0.004 

... 
(2009) ~~ii, 

c = "'c + (1 - '" )c Pnf '{J P P If' Pw 

c p = 0.004 x 709.93 + (1- 0.004) x 4,182.2 
nf 

c = 4,168.82 J/kg °c 
Pnf 

Cp ~a f111:IJ1awijlb'Vn:::tla~a'UJllf1'U11'U, 709.93 J/kg °c 
p q 

c
Pp 

=0.9821xTCC)+681.29 J/kg °c 

cpw ~a f111:IJ1awijlb'Vn:::tla~Jl, 4182.2 J/kg °c 

¢ ~a i~~1'UhHJm:IJ~1"tla~a'UJllf1'U11 'U 0.004 
q 
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(6) 

(7) 
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f11fr:n :JJV\,t'i,<n i:JJU'Hll' ~':l-:JVl'fl-:J~"1I bb~::~bW:: (2009) bm:::'l-b 1 Vl1 i~:JJn11"lJ eh'l a'U.b~&i rrf'U. 
'U q 

~1V1rU"lJ Eh'lL VI ~'U.11 'U.'Yi iji<n ~1'U.eJ'U.1l1~'U.11 'U. L3J L11'U. 5 bUeJfb~'U.<n1<n £JU1:JJ1<n1 fi1~L~"il:::ij~11:JJ 
q 

J.1nf = (1+2.5¢)J.1" 

J.1nf = (1 + (2.5 x 0.004)) x 0.0093173 

J.1nf = 0.0009407 

1<n £J~ J-l'!f ~f) fi1~11:JJVlU<ni:JJ\!'Hll'"lJ eJ.,'J"lJeJ.,'JLVI~'U.11 'U., 0.0009407 kg/m.s 
at I ,:9 a." 6' ~ 

/I ~eJ ~1~11:JJVI'U.<n~:JJUdrn"lJeJ.,'J"lJeJ.,'J'U.1, 0.00093173 kg/m.s rw 'U 

¢ ~eJ i<n~1'U.1<n£Jm:JJ<n1"lJeJ.,'JeJ't1l1~'U.11 'U. 0.004 

(8) 

f11n1d~1~11:JJfeJ'U.~:JJn1d~U£J:JJ1ieJci1.,'Jnl1.,'J"lJl1.,'J~1V1run1d~1'U.l'U.Vl1fi1f11n11U1 

~11:JJff)'U."lJ f).,'JL VI~ ~~:JJ1:::Vll1.,'J eJ'U.1l1~"lJ eJ.,'JU;J.,'JrlU"lJ eJ.,'J b 'VI ~1 C?l':l-:JVl'fl-:J~"1I bb~::~bW:: (2009) 
q q 

bm:::~11V11i~:JJn1di.,'Jd 

k =[kp +2k".-2¢(kl1 -kp)] 
nf kl1 

kp + 2kw + ¢(kw - kp) 
(9) 

k = [0.60867286 + (2 x 0.60378) - (2 x 0.004)(0.60378 - 0.60867286)] 0.60378 
nf 0.60867286 + (2 x 0.60378) + 0.004(0.60378 - 0.60867286) 

knf = 0.6037988 W/m °c 

1<n£J~ k'!f ~eJ f11n1d~1~11:JJfeJ'U."lJeJ.,'J"lJeJ.,'JL'VI~'U.11'U., 0.6037988 W/m °c 

kp ~eJ fi1n1dU1~11:JJfeJ'U."lJf).,'J"lJeJ.,'JeJ't1l1~'U.11'U., 0.60867286 W/m °c 

kp = 0.5582 X TO.0276 W/m °c 

kw ~eJ f11n11~1~11:JJf€J'U."lJeJ.,'JJ1, 0.60378 W/m °c 

¢ ~€J i~~1'U.1<n£Jm:JJ~1"lJeJ.,'JeJ'U.1l1~'U.11'U. 0.004 
q 



Re= pU",D" 
f.1 

_ 1009.74x 0.1559x 0.000889 

0.0009407 

Re = 148.75 

Re ~Elfl1b1mu,~<?l,;r:m'lJerf (Reynolds Number) 

u'" ~ Elflll3J b11"1.l El-J"1.IEl-Jl VI~U,l t u" m/s 
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(10) 

U =R (11) 
m Ac 

Q 

p 

As 

_ 0.0000061 

0.0000392 

= 0.1559 m/s 

d I ~ 3 
fI El f1113JVI U,1 bb U, u,"1.I El-J mn1 f'I"1.I1 b"1.l1, kg/m 

~ElvrwY1V1,;r1i~"1.I El~-rlEl-Jl VI~113J, m 
2 

~Elvru,~ri1m 'Ylflll3J1ElU,t~ ml3J, m 
2 

~ Elvru, ~ ~1~;)1U, ~ i3J ~ ~n'lJ"1.IEl-Jl VI ~, m ... 
d~,::L::).~ d 2 
fI ElY-IU mn'Yl-JVl3J~"1.I El-Jfl1'lJ, m 

(12) 



Ap =(WxL)-(wxtxNt) 

AI = «2w) + (2t)) x H x Nt 

H 

w 

t 

W 

L 

"" '" ~f)~11~~>'I"l.Ifh'l~dU, m 

"" '" '" ~f)~11~nl1>'1"l.1f)>'I~dU, m 

"" '" '" ~f)~11~nl1>'1"l.1f)>'I~~~dU, m 
q 

"" '" ~f)~11~~11"l.1f)>'I~~~dU, m 
q 

"" 0 '" ~mn'Ul'U~dU 

Ap = (0.06 x 0.11) - (0.0018 x 0.0004x 2500) = 0.0048m2 

AI = «2xO.0018)+(2xO.0004))xO.001x2500 = 0.011m2 

As = 0.0048 + 0.011 = 0.0158m2 

Ac =0.0008xO.001x49 
2 

Ac = 0.0000392 m 

Ac ~f)vr'U~VlUli~dl~"l.If)>'I"lif)>'IlVl~, m2 

W ~f)~11~n-rl>'1"l.1f)>'I"lif)>'IlVl~, m 

"" '" H ~f)~11~~>'I"l.If)>'I~dU, m 
'II 

Nc ~f)~l'Ul'U"l.If)>'I"lif)>'IlVl~ 

110 

(13) 

(14) 

(15) 



Q!f" = 0.006271 x 4,168.82 x (25.01- 21.03) 

Qif" == 102.21 W 

Q ~a ~l?lnm~f;hm'Vl,",'d'uJ~'el'W"ll'el'l"1J'el'ltVl~t.l1t'W, W '!f" 

m'!f" ~a 5<ildln1';jlv\i;H~-1:JJ1G=1"lJa-1"lJa-1l'VIt~'j,t,11'U" kg Is 

Cp,y ~a ~1f111:JJ1aW~lb'Y'l1:;"lJa-1"lJf)-1l'ViG=l'U,11'U" J/kg K 

1;"4 ~a ~ru'Vi1J~"lJlb,rl"lJa-1"lJf)-1l'Vi~'U,11 'U" °c 
~lIt4 ~a ~ru'Vi1J~"lJlaf)n"lJf)-1"lJa-1l'ViG=lu.11'U" °c 

Q 
= Qelec + Q'if 

con\! 2 

= 

97.65 + 102.21 

2 

= 99.93 W 

99.93 

0.0158xI4.55 

= 434.68 W/m
2 

DC 

111 

(16) 

(17) 

(18) 

h ~a~:JJ1.h:;~'Ylt"lJa-1nldrilm 'Ylfl11:JJ1aWlJa-1f11UburitJ, W/m 
2 

DC 

As ~a~'U,~th1'U,nldrilm'Ylfl11:JJ1a'U" m
2 

t-..T. ~afl11:JJ bb<iln~h-1f)ru'Vill ~ bUri tJ"lJ a-1 ~1f11UbbG=l:;"lJ a-1l 'Vi~ 1 'U, dU~ an 
/m q 'II 'II 

(LMTD), DC 



Nu = hD" 
k 

-

= 434.68 x 0.000889 
0.6037988 

Nu = 0.640 

~ I Q...I 6"a.,.. 6" 

Nu flafilUtW'lHH1U:lJbUad (Nusselt number) 

D" ~a Hydraulic diameter, m 

k ~afhnldli.lf111:1J"fau"lIa.:J"lIa.:JL'VI~, W/m.oC 

o g.., I g,., 

10. nT':iA1,"'Jm'VI1A'J1aJGl1"'Y11"nT'Hl1ut'Y1A'naJ'Hl" (Thermal Resistance) 

R =_1_ 
til hxA 

s 

= ___ 1 __ _ 

434.68xO.0158 

° ~" = 0.146 C IW 

1) ~afll1:IJ~lU'Y11Unldrhm'Y1f111:IJ1aU, °c IW 
"t" 

h ~ai:lJ1.h::~'Y11f"lla.:Jn1drhm'Y1f111:IJ1aU, W/m
2 

DC 

As ~a~u~~11unldri1m'Y1f111:IJ1aU, m
2 
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(19) 

(20) 





A = 

= 
= 
= 

= 

c" = 

D = 

= 

E = 

f = 
g = 

h = 

h = 

k = 
L = 

= 

= 

= 

m = 
Nu = 

= 

p = 

p = 

Pr = 

Q = 

" , 
.... "" 2 
'V'l'WVl, m. 
" , .t::9 oC:iI 2,1 CV' 2 
'V'l'WVlVi'W'Wl~, m. 
" , .:::9..::::1~ 2 

'V'l'WVleJ'J, m. 

i~i.l:i':;~Vli~'J1~b~tJ~Vl1'W 

, , 
2.1" 0 .0=:1 ... ~ Qj 

~'J1~:i''fl'W'"l1 b'V'l1:;Vlu:i'~1 [?]:i'~'lVl, J/kg. K 

b~'W~1p\'W~n'tl1'l, m. 
'" 

b~'W~1p\'W~n'tl1'l"1J'fl'l1el~:i''fl~~, m. 
'" 

'V'li'l'l1'W~ntJ1vJvh, V 

i~i.l:i':;~Vlt"1J'fl'l~'J1~~tJ~Vl1'W 

~'J1~ bi'l~'Wbti'fl'l'"l1mbNm'l ~~"1J'fl'l b'tln, m/s2 
'" 

i~i.l:i':;~Vlt"1J'fl'lmnhmVl~'J1~~'fl'Wb~tJn1:i''V'l1, W/m2 DC 

i~i.l:i':;~Vlt"1J'fl'l m :i'r;11 tJ bVl ~'J1~ ~'fl'W b~tJ n1 :i''V'l1 b 'U~tJ, 

W/m
2D

C 

o " ~111'V'l'W1~'J1~:i''fl'W, W/m.K 

rl1 '".l ruin'l!l"ru:;~'J1~tJ1'J (Characteristic length) 

"" ~'J1~tJ1'J~:i'U, m.m. 

~'J1~tJ1'J &j'Jl'n'W~1u ~1'W~"1J'fl'l1Vi'tl hJ1 Vi'tl ~1'W, m. m. 
d.9 , 

-=> "",,"" ~ ~, 
~'J1~tJ1'JeJ'Jj1'W~:i'U~1'WVl"1J'fl'l bVi'tl bVi'tleJ1'W, m.m. 

rer [?]:i'1n1:i'1 Vi'tl"1J'fl'l~'J'tl"1J'fl'l"1J'fl'l1 Vi'tl, kg/s 

rl1'W~b"1i'tl'l-1,r~bU'flf (Nusselt number) 

" o "" ... 
'"l1'W'J'W~:i'UVl'lVi~ ~ 

b~'W:i''flUli.l, m 

rl1~'J1~~'W, kPa 

r7l'Jb'tl"1Jbb'V'l:i''Wb~'tl (Prandtl number) 
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q" = 

q = 

R = 

= 

= 

Re = 
T = 
v = 
. 
v = 
w = 
x, = 

= 

v = 
= 

p = 
= 
= 
= 

00 = 

f3 = 
a = 

= 

~~nsfi"l'Jl~~'el'W, W/m2 

~[9l~ln'"l~r;ilm'Vli"l'Jl~~'el'Wi?l'elVl'\.btJm~,J1[9l~, W/m3 

'" '" ° i"l'Jl~ [9l'l'W'Vll'Wi"l'J'l~~'el'W, C/W 

~'l b~tJ1'W~ ~i!~ b'lJ'elf (Rayno Ids number) 

'eln.lVlJlil, °c 
q '" 

m~'l[9lmlnb~mU~tJ'Wi"l'Jl~~'el'W, m.m. 3 

m~1[9l~~[9l~'lnl:i'1V1~"lI'el-':]"lI'el-.:]1V1~, m.m. 3/s 

'" i"l'J'l~n'Jl-':], m.m. 

~~tJ~'IA'l-':]"1J'el-':]i"l1'lJ~"1J'el-.:]1 VI~ 1 VI~e.h'W, m. m. 

i"l'Jl~tJ 'l'J'Vl'l-':]'el'Vlml'l~r) [9l, m 
q 

, .... ~ 

i"l'Jl~b~'Jb~'Jb'il~tJ, m/s 

, 3 
i"l'Jl~VI'Wlbb'W'W, kg/m 

, " cv ~ ~ ..t::S 

nlm~~'"lltJ"lI'el-.:]~~-':]-.:]l'W'Vlbn~"1J'W 

~'lnlntl~tJ'WbbU~-':] 

tl:i'~~'Vl~JlTV'l 

[?]'J bbtl~nl:i'1 VI~"lI'el-':]"1J'el-.:]1 VI~ 

lK~tl~~~'Vltnl~"lItJltJ~'J 

'" "" 2 i"l'Jl~bi"l'WbbNb'il'el'W (Shear stress) N/m 
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aev = 
b = 

cond = 
conv = 

elec = 

f 

fd 

in 

In 

nf 

out 

p 

= 

= 

= 
= 
= 

= 

= 

= 
tank = 

w = 

w = 

, 
, "" 

1"l1b'U'iMJ 

b~vh 

h.l~'J'WEJ'J"lJ'fl~ l"l1-u 

b1'fl'Wb "lJ~1?J..J'W1 b~~J'tJ 
'" .., 

'Vl1~b"lJ1 
, 

, "" 
1"l1b'U'CltJ 

'Vl1~'fl'fln 

1 'W~'J'WU1b'Jt:W~1'WI"l1-U, 'fl'W.n11"l"lJ'fl~tJ ~bl 
0.9 q q 

1"11 t(?)tJJ''J~ 
.... , "" 
bl~VI'Cl'fl btJ'W 

~ 
'W1 
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, 
"" "" ~tl1'W'Vl bn I?l 

~tl1'W~'EltJtf"'llOnr'W 
'" q 

'V'l,I"l,2523 

'V'l,I"l,2526 

'V'l,I"l,2529 

'V'l,I"l,2531 

'V'l,I"l, 2537 

'V'l,I"l,2546 

'V'l,I"l,2547 

'V'l,I"l,2549 

'V'l,I"l,2552 

28 n'WtJ1tJ'W 2509 

'El,l'V'l~U'l "'l,I"l1~~bm~ 

47/1 VI:J.J 7 I?l, U1'l1t:J 'El, bi1'El'l'U~b~'lb'Vl~1 "'l, 'U~b~'lb'Vl~1 24000 
'" 

~~ I?ln1~bbe-J'Wn 1?l~'J"'l~'El'jJ rl'J1~U~'ElI?l.ntJ n ~~u'J'Wn 1 ~e-J ~ I?l 

Ul~'Vl UI?l'Vl, brlilrl'El~ ~1nl?l (~Vl1"]j'W) 

U~~tl~~m~n 

"'l1n bN~tJ'W"]j~"]j'WU1,AV~~U'l 
q 

d1'ntJ~ ~m~n 1?l'El'W~'W 

"'l1n bN~tJ'W1'V'l~u'l~'Vlmrl~ 
'" U~~n1 I"ltlmr 1?l~~"]j1~'V'l-n'W~'W (~1"ll1~"]j1-rl1'ltJ'W~) 

'" 
U~~n1 I"ltlmrl?l~~"]j1~'V'l-n'W~'l (~1"ll1~"]j1-rl1'l b'Vl rlUrltJ1'WtJ'W~) 

'" 

'Ell?l~~m~n ~I"l'Jm~~I"l1~I?l~urusVil?l ~I"l'Jn~~~brli'El'ln~) 
q 

"'l1n ~Vl1~'VltJ1~tJ I"l1'Wrll'W'Vl~~b~00-J U~~b'Vl I"l1 'VltJ 

U~~n1 I"ltltJU j;]~~ fii\'Jn~~~il'El'ln'W,grl ~.ntJ 

"'l1n~Vl1~'VltJ1~mnMj;]~I"l1~l?lf U~~b'Vlfii\l'VltJ 

~ I"l'Jn~~~ I"l1~ 1?l~~Vl1'urusVi I?l ~ I"l'Jn~~~ brli'El'ln~) 

"'l1 n ~Vl1~VltJ1 ~ tJ I"l1'Wrll'WVl ~~b~OO-J 
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