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Abstract

This paper presents the results of an experimental investigation of thermal performance
characteristicsin a solar air heater duct with curved-winglet vortex generators(CWs)on the absorber
plate. The aim at usingthe CWsis to create co-rotating vortex flows having a significant influence on
the flow turbulence intensity leadingto higher heat transfer enhancement in the tested duct. Effect of
the ON height is examined to find the optimum thermal performance for the Reynoldsnumber from
5400 to 23,000.The CWsinclined to 45° relative to the main flow direction are characterizedat three
winglet- to channel-height ratios (b/H=BR=0.3, 0.4, 0.5 and 0.6) at a single winglet pitch ratio
(P/~=RP=2).The experimental results show a significanteffect of the presenceof the CWon the heat
transfer rate and friction loss over the flat-plate duct with no·winglet. The 45° CW with larger BR
provides higher heat transfer and friction loss than the one with smaller BR.In comparison, the highest
BR(BR=0.6)of the CWyields the highest increase in both the Nusselt number (Nu) and friction factor
If! while the BR=O.4providesthe best thermal performance.
Keywords: Curved-winglet,Solarair heater, Absorberplate, Thermal performance, Vortex generator.
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Heat transfer and friction in solar air heater duct with curved-winglet roughness
on absorber plate
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d~8 fl1'i&1(i\~" ~u fl'lru6'1~l'l f11'i1Vll,'IVI:y'WA1~'1JU(i\iJn
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6'1:JJ'i'it1'W:;b~'f111).J~8'U~~n11fll'i1.if bb~tI(ilIil<1f9jfll1l.J1'i)'U

" "

~(il~''Ufl'1:wnll,b vh n'U 6 1ViAlfll'iril m'VIA11:W-¥€It1

~'l~(il Pandey et al. [4] i'ln~lb~''VI(i\l,'I8'lfll'ib~:Wfl1'i
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" v
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bbl,'l:;mslVll,'I'UB,iJ n ~ bVI~~l.Jf1l~VI';j~hbf(,~~:wU :t;VI:;

~1'l1 I>Jl1nl'i'VI(ilfl8'l~'U11 Al?1:W'i'i1l'U:t;b:jj'f111:w~m.l
.d Q./ Q del
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~(il~'liJ n?lllJb VI~CJlJb~'eJ6'1~l'lf11'i 1Vll,'IVllj'Wm, ml.Jbb 'Ul

~11 !:-Jl,'If11'l'VI(ill,'leJ'l~'U11nl'i&1(i\~'liJn'U'Ubb~'U~(i\<1f'U

Al1:W~eJ'U1ViAlfll'l~l m VlAl1:W~B'l.Ibbl,'l:;Al1:Wb~~ (i\'VI1'L1

?l'l flll n 1 'i &1(il~~Un'U~ b1 ru ri8 'LIVll'l bo(il~''U'VI (i\1:1€I'U
'u

Skullong et al. [8] i'ln~1V'i~~n'i'i:WA11:W1€1'Ubbl,'l:;fl1'i

til1'W'VI1'Ufll'l1Vll,'Ifl1~1'UvleJ~'Ui)lflll'1V'i~" bb~'l81Vi(i\~11i1~
1.;rbb~'UIil(i\od'UA11:W~eJ'U'1JU(i\~8'l1>J6'1:wiJflV'i'l'Ufll'iVl(i\fleJ'l" ,

'V'Il,'I~11~(ili'll8,lV1l,'1b:a'r11'Wlru(Computational Fluid
Dynamics, CFD)'illfl!:-Jl1fll'ir11'U1rub:a,!illbl,'l'llV'i'U11
A~'U~l.jlJU:;'VI:; 45° 1ViAlfll'ici 1m 'VIA11:W~8'Ubbl,'l:;

6'1:W'i'ifJ'U:;b:jj'flll:W~8'U6'1,6'11i1Kumar and Kim [3] vh
" , v

~ ... Q OJ c::fi "'" IV d

fll 'il bA'il :;Vlb'1J,(illbl,'l'llIN!:-Jl,'Im:; 'VI'U'lI8, fll'i(il(il(i\., fl'i'U

'iU !illi~€lG1m'ifJtI:;b:a, I'Ill:w~m.lfll CJ1tlbfl18,e:)'U81f11l'1" ,
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U'i:;18'ljl..l1l..1!ill'U~1"1 b'1il..lf11'i89jbbVi'l!:-Jl,'I~1\(iI~1'fll'i

bn~(iI'i f1l'iu:W!:-Jl,'Illi d:'Jl..I~'LI611V1-59j~6dih:;9j9j~hJ

od'Uoii€It1uae tilt1~ til u n 1'l!:-J1\(iI~1 8U n 'i ru~ vll, 1 'U, ,
Q.I ~CI...d I <V "'" G'

l,'In~ru:;tlAmA'l8,~tl81flll"1V'i~"bb~,81~(ilCJ (Solar air
heater, SAH)

bA~8"~1..I€llfl1l'1V'i~"bb~,81Vi (il8btltI~u~:w 1m 'LI
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~:JJ'i'it1'W:;lVibbri~Ufl'lrul'1.,n~111(i1CJ Singh et al. [1]
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, v
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1J'il~Utlb~€IbV'i~,~1 omtlfl1'l!:-J~(iI'YHlmtl'llU(il ~1" 1

uulan b"lltl Y'i€l?l'd;;'li b~:W~(il~, b~€I''illnnl'H~:w~tI

'U€I,U 'l:;'lJl n'l fIll:W ~ €I, f11'l'Ym t1I1t1V'i;;\',nt!'il:W~'

All:W~:;(illn~'Ul~'U€I':W~~~ Jn~~~l~l~(iliu;;'l:;
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3.2 fl1'i~Iil~'1eltimrubl'l~el'lei1.Jfl1fl1I"l'W61~bba'lfl1fi{;l~, ,
~ ti n 'i ru 'q (1]VI[i]rI eJ~ bf1~ B ~ ~ 1..1 eJ1 n 11"1'W~ ~

bbO'f~Bli1i\il~bbO'f(1]~\il~"'JU~2 'iJln"'JtiBtlmrutl"'J:::fleJulilltJ, v ,

~\il6i:IJbb'l~~tlB~'(Jtll[i] 2-rl1GllliI.l ~~HbumbVl~~rKtIv

(5)

(4)

(3)

3. ~Ufl'jrubbGl::;1~f1l'l'Vl[i]Glel'l

3.1 ~t1fl'jru6l51'1fml'1-1Gl'l-llj1.J1'l1'1'1JiJ[i]tJf1 1~'1

bbr-i'U€l::;;;'l:Ubi.ltJ!Jt1mhlJ1l <til 'Uf11'lVh~''U'VlIi1B€lU, ,
bl'l~ B~ e) 1.J€l1 n 11"1'W~ ~bb6'l~B1Vi \il ~:iJ~ n uru :::'jUVl'l ~, ,
~bVl~tJlJ~'U,:rlAll:IJtJl')'j'l!J 2000 :lJrlrlb:IJm 6ilu

VlI9IBBUI'Jll (L) 420 :U;;'l~b~IiI'j f111~ (W) 300 :U;;'l~b!J\9I'i

bb;;'l:::6'l~(H) 30 :U6i~b:IJ\9I'i lli1tJn«(1]~,tlA'l!Jf111~~eJ
v

I'Il1:IJB~ (WIH=AR) bvilnu 10 BumruBhlf11"'J1VIrl, ,
"v1:IJtlAW/J{l(1]Unlf1~t1f1~(1]~~ 3 urn u'Lmr-i1.J(1](1]</{ufllllJ, , ,
~8t1 b~eJ B~l~ n1'l 1VI61Vllju 1'I'l' \9Il:l.Jbbtilm::: uan 1'i1na
1(1]tJ:iJ'i:;tJ:::YlIiI~\illl.Jbbtl1f11'i1VI61 Pl=60 :UCl~b:IJIiI'l Vl1eJ

6'leJ~bvil'IJ€l~ 1'I11:IJ~~vi€l (2H) 'j:::tJ:::Yl\il~\ill:IJu 'LIl'[Jl1~

nl"'J1V1Cl Pt=120 :U6i~b!JWj Vl1eJ~bvil'(JeJ~1'I11lJ~~viB

(4H) bbrl:::~lJU::;VI:::a= 45° 1(1]tJ:iJ«1i16i11.J1'I11!J~~Uf1~eJ

I'Il1:IJB~viB (b/H=BR) 4 ~1 AB 0.3, 0.4, 0.5 bb6i:::0.6

\il~bbO'f;~1tI~U~ 1 bb~1.J~I9I<1fUl'Ill!JfeJ1.J~nvh1~feJ'UlilltJ
bb~u~mIilB1hjV11'[JtI1(1] 2000 l\il.l (';16iB~btJ1.J'I1~m'W

V "'" t( .cI V 1 .c:I d
I'll l:1J'ieJU'il1f1bbO'f~81 VIiii tJ) bb;;'l::::Unl'll1:IJu1.Jl'WBtJl'1(1]b'l1eJ

uB~fI'Wfll'j6'lrub~(jAll:ufeltlelelfl6i1J';j"'JtJlf11I"!mtJ1.JBf1, ~ -u

(2)

(6)

enhancement factor, TEF) fi€l erm1~ltl'lleJ~

«!Ju'j:::i1V1Bf11'j'W11'111:IJfeJ'U'lJeJ~~tl1:J1Vl[il6'l€lU(h) flu

«!Ju'j:::i1V1Bf11'j'l111'111!JfeJ'U'[J€l'l~'U1:Jlb~tJU (ho) ~'1AIi1

~nl~~iub~tJln'U 'iJlmBf1Bl'leh:J8~ [l-8l1[i]tJB1:lJl'j[)

"v111rK~~B:lJf11'j~81u-d'

TEF - '!_I - ~I - (~J([__J-1J3
ho pp Nu, pp Nu, /0

6'1 !J 'j 'j [) 'U ::: b :u ~ I'll 1 :IJ f eJ 1..1 (Thermal

Ci .,..;;.d
U l'IeJ 1'I11:IJb'jlburltJ'(JeJ~mf111"!

v AeJ I'Ill!J"v111[i]b:U~'il6iU'(J'iJ'IB1f1l1'1

.. .e, vT. l'IeJ ~ru"v1.lJ:lJVll~b'lJl

T AEl Elru"v1Jl:lJ1:Jlbu~tJ'[JEl'lbbr-i'U[il[i]<1fUl'Ill:IJfEltiw , 'U 'U

l[iltJ~

A ~eJ ~1.J~f11'jtilmVll'lll:IJf€l'Ulli1tJf11'j'Wl'[J€l~bb~1.J~1i1

oifUl'Ill:IJfeJtI

Cp AeJ ~11'1l1:IJ~1'I11:IJf€l'U';lb'W1:::'[J€l~B1f111"!

Re=UDh Iv

~l1.h:::f1eJUb~tJ[ilVll'W (/) "v11~11rK'illn
2 />Jl

I=(L/DJpu2

f11'l1"v1;;'l'(JB~Bl n 1 I"!ua 191~1ur VI'iJ!J'(J€l~bn'[Jb'jtJ'1tin ~

~~~UeJ~nUb61U~lU~tI~f1;;'ll~l®'Ii1'jeJ~1'I (Dh) 6'l1:IJ1'j[)

b~tJ'Wl!ii\u'U

2. Vlq~~~1mtlfll'lfll'l..!1ru

fll'jfllt11ru"v11fi1f11'l~1 m Vl1'I11!Jf8t1 fll'l,HIJ b~tJ, ~
1'I11!J ~tI uae 6'l:lJ'j'j[) tI::: b:S~1'I11:IJ18 u [11tJ1tI bl'l~B~ ~tI

B lf11I"!'W~~ bb6'l~B1 iii \91 ~~:iJBl flll"!b utI'[JB~l "v1r1V11916'l'iJU

BllJ1'jmb6'l1i1~lrK~'l'd

B:IJ~rll'Ill!J1eJtI'j~"v111~1'I11:IJfeJtI~eJlflll"!lrK~u

( Qa',) bbrl::;f11'l'WlI'111:IJ1eJU(Qcoov) 6'l1:1Jl'jmb6'l[il~lrK~~-d'

Qai' =Q,on, (1)

~~.rtl«:lJ1<h::;~VlBfrl'j'W1All:IJ~€ltlbQ~tJ (h) "v11~11rK

'illf1

h = mCp~To- Ttl
A(Tw - Tb)

b~eJ Tb=(~+T,)/2 uae f,=:L/wIl2
bn'[JU6'lb'1Jm'lbQ~tJ(Nu) VI11rK'illf1

Nu = »c; I k

, .
5400 ~~ 23,000 bV1eJi'lfl~18V1B'WrI'[Jm«li1~l'UI'l11:IJ~~

tJn~eJAll!J~~vieJ (b/H=BR) Vi:iJ~eJ~16'l!J'j'j[)tI:::b~~

1'I11:IJfB tI'[JB~bI'l1B~~tI eJ1 flll"!'W~~ bb6'l~B1iii \91 ~

l[il tJ'VI1nl)~ Iil~~1'Jfllf1~u'W1:Jlfmj"v11mb~'W~[ilsb'tJl'Ill:IJ

fEl'W (Absorber plate) ~:iJbb~'W~\9Ib\9lEl1';1r1El<:nU'W

'W~~ ~1Ubb6'l~EllVi\il ~ bbrl::;~1 tJI'Il1:IJfEl U1Viuri ueiu ~ [iloifu

All:IJ fEl ul'W 6'1 ill 1 ::;~ ~ n 'I11'111:IJfEl'WI'I~~ (Constant

heat flux) f1l'lVl[ilrlEl~1offeJlflll'1bUU'[JeJ~1"v1r1V1Ii16'lElU

1'W'Ih~fll'll "v1r1u uu~uth'W~:iJ ~1 brl'[Jb'w'1'Wrlli1~'j::;"v111~

nl'l,\Jj~"I!!J'hllnl'jlfl~eJ·(hu'lmnTli..nfl~8"mmvi'I\Jj~lV1P11Ywflf"~ 31
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•Data luggerLaptop

All dlmeusions in nun

BR
PR
Winslet thickness

Air
5400 to 23,000

45°

0.3, 0.4, 0.5, 0.6

2

0.5 mm

Workinsfluid
Reynoldsnumber
a

'lltJ6l:;b5tJIi11\Jbtln6'l1J~1~~~ B,ru JltJ61:;L5tJli1'Utl~

b~e]'ul '11mm\JfI1JVlIi16'1tlUbL6'lIi1~1'l.\1i11n:1~ 1

1l1lJ11oS1 u nW11il A 11'111:IJ 19l't.l1i1fll'I~eJlJl'ITUVlli16'1eJU I'll

I'll 1:IJ bb:W\JtIl 'II eJ~ bl'l~ tl~:il tl uae ~tJ n'lru fll 'lllil bb6'l1i1~

.Jl'U1\J 2 .r,1oS1wn'lllileJruVl.fl:DVll~boVlbb61:;V11~eJeJfI
. . "

l'Il\J Vllil6'leJU llil tJ~ ruVl!J:D ~~VllJ Iil'il:; l'i~~l1J ~1 ru1tl t1~
Data Losser i\J FLUKE2680A bw:;tJ'l:;m61B-J61lJ1t1~
d <=>. e' d"",,,,," ... e'

bl'l'l eJ~ 1'1eJlJV11 bli1eJ'l 'U ru:; VlIil 'il1i1eJ61lJl\J eJlJ bli1eJsn fI
v

v 0 'U dQ.J ",,0:::.' Q.J V v
IWd VllVl\J1V11Iil~ruVliJlJ B-J1 bbB-J\J~lil'IJUl'Ill JjJeJ\J Iil~bb6'l1il~

1\J'ltJ~ 3 b~\Jb'IJeJHlileJruVlil~'lJUIi1 RTD (PTlOO)v • ~

tank VilVl,jl~:ijIil'l:;biJmJn1'lh!jG11'11bbnel1n1f! '1leNtJ~U

?LfllVHll'llV1G1 (Calm section) VilV1,jl~tJ1U6'lJl1V1~m

lV161'UeJH)lfllf!1'11i1~fI'1~ru:;.r\ilJ\Jlb~:IJ~ (Fully
developed flow) nmlL'ih~l'Il\JVlIil6'leJU bVleJ~

l:IJAtJbtJ6l'~'W1il T (Hype thermocouple) 'ill\Jl\J 12

m'jU'j~'Il)jl'lilnmfl1<J~1~'i1'11m'jlJbfl~1Hn~bbvi~u'j~bVll'1hwfI~~~ 31
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(8)

4.2 f)1'an'i:::"illEJ~ruVl{)ihJ1.Jbb~'U~{;)oi('U1'I11~~€J'lJ
d .::."'" I QJ

~tJ'VI 5 bbG1(>]~f111m::;'illtJ~ruVl.fJ:wmbL~'U~(>]'1i'lJ

fm~{eJU (Tw) ~G1(>]~11.J,:::tJ:::n11~(>]~~b'VIeJfLlJfltJbD;;,

~eJI'111~G1~vieJ (x/H) Al~Wl ~ Re=12019 'illnf.JG'ln11

'VI(i1;;'eJ~~~ll AleJruVl.flDiJliJ u 1.JlhJ~b~~~1.J \OIl~'l::: tJ:::. ~,
x/H bb;;,:::~(>];;,~b~nUDCJ'vh:::tJ::: x/H", 11 bb;;'~ 12

b~ 8~'illn f.J~ n1:::'VI'lJ~ eJ~ nl'l bb~ ~~~ uasu 11 tJl nil"!
::; c:::l d c:::l I COl"'" ~

rnauan f111~1'I~~t1n'VI BR=O.6 W"l1~ruVl.fJ~~l~I~1'I
d V I V

b'UeJ~'illnG11~1'l~,::;'lJltJA11~'l8'U~lnU~1.J~(>]'1i'lJAll~

{D1.Jt~ij~nllf111~(>]~~tJn~Al BR ~1.J1

(7)

.d Q.I QJ ({, f ~ R .. ,
~tJVl 4 ~11~?f~~1.JD1~Vll1~ Nu bL~::: nu e mru'VIeJ

~-iL1tJ'lJ

Ro

'"

20

Cl

o

7"''',Q o ~,_;) . r.··········.····,,·'''·
-Q-Q.O~Q~·J:>_i...£)

"

,
ro

UJ

~ 0"6

Fl~I·!,I~ICduel

Blnsius COfL'dmi'LII
o Flur-plntcduct

HC) -t)i~lIus-IlL'l\)llcrC(lrrcl.:llj()1)

0.02

so

9rJ ~-----------:---- (1(\11

1tJ~ 4 bb?f~~nl~btJ~(J'lJbVi(J'lJAI Nu bb~:::f
l:::ill~ f.J~;;'n11'VI (i1~ 8~ n'lJ?fVlG1lJ~'U5'il1 n?f~ n11~ (7)

bb;;'::: (8) \OIl~l'\'IIK'lJ 'illnf.J;;'n1'l'VI(>];;'8~b~mtJ~tJ'lJbVi(J'U
. d

n1J?fVlR~~'U5 ~'Ul1 Al Nu iJfI11~1'1~I(>]bl'1~eJULiJ;;,tJ
.d d. J.d I IV

bvi1n'lJ 6% ~ru:::'VI f~1'111'111~1'1~1(>]bl'1~81.JbiJ~m'VIln'lJ

7%

Nu = 0.023 Reo8 Pr04

?f~RlJ~'LJ5~€J~ Blasius

f = 0.316Re-025

d ~ ~
L~€J~11~~n~D~~D~~~'VI~~D~U~~~D~~nl~

'VI~~€J~ n1~~n'ilG1D'UviD~l L~tJ'U~~iJI'111~?hfl[jJD ~1~

~~ IK~J'LJri eJ'LJ~~ ~~DtJ nf?ffl~ rmh'l~VI~'U~l~'U1.JLL~1.J, ,
(>](>]~'U~11~{D1.J~~~D~vhnl~\OI~1'il?fD'lJLL~1.J(>](>]~'lJ1'111~~ ,
feJ1.J~lL~tJ'lJri€J'U b(>]I:JHi'?fVlG1~~1.J5~D~ Dittus-Boelter

LL~~ Blasius 'illnL8nG11~81~8~ [9J1-Un11(>]11'il?feJ'\J~~

'lJD~ filn 1 ~cil tJ L'VIm IlJf 8'LJLL~~~11~L~ tJ(>]'VI11.J~~LLG1(>]~

l'Ub'VI8:W~8~b~~11?1b'8m1 (Nusselt number, Nu) bb~~ill

tJ'l~nmJ~1IlJb~(J(>]'VI1U (friction factor, jJ b(>]tJ

G1V1G1~~'LJ5i1~n~11bbi:l~HiI~i:I~n1'l~ (7) bb~::: (8)

\OIl~l'\'li11J

?fVlR~~1.J5~eJ~ Dittus-Boelter

4. j;.J6'tn1"i'Vl~6't€J~

4.1 n1"i'Vl~6i€J'Uvi€JiJ'Jb~I:J'U

t i 1~I-l---1'---t-T~--+-+--"""''''f)'''_-()T'
. Iii I

,,~ .. - ...~- ....•. " .. -~ -~ ..... ,..

I 15 i 35 I 35 I JS 35 35 "I 35 _I 35 35" 35 I .15 35 20

All dimensions lnmm

Top view

nl'jtJ'j~~lJ'hJln1'j~FI~s~18'imm'jmfl~'Hnm~vi1\.h~~VlI'11vwFlf1~31
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