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16mib~:W~lmi~1tJbYlfldl:W~tJ'W1~bbr1~tlniruLbrtnbtl~tJ'W

fll1:w~tJ'W~'i.l16 Passive [1] ~~Li'J'W16~lvl-r'Ufldl:wiltJ:W

bu'Wmh'l:l.J1n L~'i.l'l'iJln hJ~l bi'J'W~tJ'l'l11'ifj~'l~1'WmtJ'W'iln

b<Vl:w1'1iltJ G'fl:1.J11f:1G'f~1'l~'W1vlb'i.l'l b'1i'Wn1iL~:W~'W~l n11

~\1l~'l1ltlfl1ru?l-rl'lm11 Vlrt~'W9.'Jl'W (Turbulator device),

1. 'UYl'l11
U<J~,j''lJri m 1 ~ n1:tl b'd'lYl \1l'G1'i.l'Ibb~:::n111 bfl11:!'l-1 b'd'I

1'i'1b'G1'1JL~tJ1n'UbYlflb 'Wb'G1~m1L~:wmi~ltJ LYlflll:w-r€l'W mh'l

nll~'1Jll'lb\1ltJij11'lf:1tl1:::G'f'lr1L~1lrt\1ln1iH'ifj~'l'l1'W rt\1l,
'lI'Wl(ilbb~:::\ll'WYl'W'lI1l'l1ltlmrubb~m tl~tJ'Wflll:w-rtJ'lJ VI~'l1 'W, ,

Abstract
This article presents the influence of rectangular-wlnglet tape placed in a uniform heat-fluxed heat

exchanger tube on heat transfer and flow resistance characteristics. In the current experiment, the
rectangular-winglet tape with attack angle of 30° are inserted into the tube with four relative winglet-pitches

(RP=PIO = 0.5, 1.0, 1.5 and 2.0) at a single winglet blockage ratios (BR=bIO = 0.24).Air as the test fluid flows

through the tube for Reynolds number of about 4160-25,400. The experimental results reveal that the

rectangular-winglet tape can considerably enhance the heat transfer rate up to 3.7 times above the smooth

tube whereas the friction factor is up to 21.8 times. The decrease in PR leads to higher heat transfer and

friction loss. The thermal enhancement factor of the rectangular-winglet tape is in the range of 1.25-1.54
whereits maximum regarded as the optimum point is at PR= 1.0.
Keywords: Rectangular-winglet tape, Heat exchanger, Friction loss, Vortex generator, Thermal performance

'U'VJ;~Y€J
dt 0 ~ ~ ':'1. 1 ~.,J .. ".,J ~ ~1 ,,,J • I.,J "1 ..I <I <'UYli'lll:W'W'Wl bG'f'WBBYl1i'ifj~'lJB'l uuu u n~uYlHii'lb VI~ tJ:W~'W~lYl\il\1l\il'l 'WYlmfl1B'lbb~ m ua8'Wflll:1.JiB'W 'WMI11:! rl~ n'1J

fl11:W~B'W'1lB'lvl B fl'l~ b~ B~ n1:tlfl'\J~ m~ru:::'lJB'lmi~l tJbYlflll:W~B'Wbbrt:! i'Ill:W \ll1'WYl1'Wrn 11 VI~ miYl \1lrt B'll'1 1 bil'Wm 1b\1ltJ1~ bb~'W

tJ fl~b VI~tJ:W~'W~11 'WvlBmm b'LI~tJ'Wfl11:W~B'W bb~'WtJnij:w:wtl:!Yl::: 30° ~\1l~1'W1:::tJ:!YlI'l'1l\ill:Wbb 'Wl m11 VI~ vim~'W~l'WI'1'W~mmvlB, .
4 ~1 (PR=PIO = 0.5, 1.0, 1.5 bb~::: 2.0) LL~:::~\1l~1'Wi'Ill:W~'ltJnvim~'W~1'W~'W~nm'lvlB~lL~tJl (BR=bIO = 0.24) Blml'1~fl

'I11:1.J11oiJb'u'W'1lB'l1VI~Yl\1lG'fB'Ub\1ltJbbG'f\1l'l1'W~tl'1JtJ'lb~'1JbitJL 'W~\1l1'W'lh'l 4160 ~'l 25,400 ~~miYl\1l'G1tJ'lLLG'f\1l'l1~b~'Wl1mi1~bb~'WtJn
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'1Jru:::~1'i'1tl1:!ntJ'U b~tJ\1lYll'Wij~lG'f'l~'l 21.8 bvll LL~'WtJfl~ij~\1l~1'W1:::tJ:!Yl\il'1l\ll1:WLL 'W1n111V1~vim~'W~1'W1'1'W~n~1'lvltJ (PR) ~• •
VI~'ilij1::: tJ:::~'W'iJ:::1 ~Al n11~1 tJ bYlfI'Jl:W~'il'Wbbrt:! l'i'ltli::: nB'U L~ tJ\1lYll'WG'f'l G'fm 1 f:1'W:!b'd'lflll:W~€I'W'1JB'ln111~ LL~'WtJn 1 'Wvl'Elv

Q 1.c:J V c:j I !"l I ., I ~I..,J .d Q V .:tdl c:j

bb~mu~tJ'Wflll:W1tJ'W:Wfl1tJtJ L'W'1l1'l 1.25-1.54 L\1ltJfllG'f'lG'f\1lbb~:!Lu'W'iJ\1lYlbVl:w1:!G'f:WYlG'f\1lG'flV11'UmiYl\1l~tJ'l'WfltJmru PR = 1.0
'U \J 'I , 'I

o '" ':'I.j.,J.." d .I.,J "<I • I;'J 1 ~"
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fl1t141m'W 'I1'WYJ'l1:t, L'1l~~\ilJ ui:!G'f'ifj~'lJ , 'ifj'l1:tb'iJ\ll 'ifjiVl:W'NI'1 , G'f:W'ifj~G'f~~VI~'l * bb~:!~1ilYl'ifjtJ lYltJ utJl'W'WYl
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Enhancement of thermal performance of heat exchanger tube using longitudinal vortex
generators

fll'l,j'l~~lJl'IJlfll'lL!'1~€l~1~'V'Hl~~1'WLL'lA~,j'l:;LVlf'11V1~i'l~~~ 13

31 'YH1~mi'llJ - 2 ilq'WltJ\, 2560 ru h~LL'llJ ~hVlJL'Ym1 L~tJ~1'V1lJ



965ENETT13-MP-83

2. ~f1~~bbi'l~fl1'5f'i1'1.J1ru

f11~Plfl't'flL ~-:l~1'l~€l-:lrilV1-r'U -:ll"t..1%~d~€l L~eJPlfl't'fl

f11~~ 1~b~ i'l11lJ~€l'W LL~~f11~6'f(\1L~~i'I11lJ ~'W1'W~'tJ'tJ€l~vl1"o~ "
'tJ~~fl€l'U b~CJI'l~l"t..1~1lJ~~6'flJ~~fI"t..I=b~~ml:W~€l'W'tJ€l~ Lfl~~H

Lb~f1b 'tJ~ ~"t..ImllJ~€l"t..l 11'1~H€ll f111'1bu'W'tJ€l-:llVI~~Vl?l€l'U
• ..,J"",.:::I 0 del !I vdf

(Working flUid) 'Ii-:llJ~~'t'f!lLL~~f11~i'll"t..11ru~Lfl~1'tJ€l-:lVl-:l"t..l

~Vl~1'Wml:W6'f~tlfl~€li'l11lJ?l~vl€lA1L~~1 (bIDooBRooO.24)
" "

bb~~~Vl'i'l1"t..1~=~=fiVl~Vll:Wbb"t..l1fll~lV1~~€)b~"t..I~1'W

~"t..ItJfl~l':)vl€) (PID) 4 Al ~€l 0.5, 1.0, 1.5 bb'fl= 2.0 b~€l

Plfl't'flfl~5Yl~'tJ€l~f11~~1~ bVli'I11lJ~€l"t..l ~1'tJ'i=fl€l'UL~ tll'l

, """" tJ Q, ~

L'lJ-:li'l11lJ~eJ'Wb'V'JlJ6'f'tJ'W

"iJlf1-:l1'Wl~~~ ~l"t..1lJ1~-:l1"t..ILd'tJ€l-:lf11~VlI'l~€l-:lua ~
f11~lbfl'il~'l-1boa~~1b'fl'lJ~1 ,xL~'Wl1fll~~I'l~-:l VG "iJ~vll1~

'tJ€l-:l1V1~~6'flJ~6'fl"t..1n"t..llvl~fll1f11'i~I'l~-:l TD b~eJ~"iJlmbfl'W

f11~VI~"t..I'tJ€l~VG bb~~bmfll1 ~~,r"t..l~I'l'tJ~:;6'f~fi'tJ€l~l'Wl~CJ

d~€l ~\1lJ"t..Il1l'tJmru VG b~€lH1"t..1Lfl~€l~bb~m'tJ~CJ'Wi'l11:W

~€l'W'lJ'WVlvl€lfl'fllJ 1VlCJHbb~"t..Itlfl~ b'VI~~lJvlllJ:W'tJ~~~ 30°,

~€)"t..I~~fll1 bb~"t..IVi'Ub~€)~"iJl flil A1~1'tJ~ ~n€)'Ub~tll'l~l"t..1 ~ 1

fll1 Skullong et al. [7] vllf11~Plm"lb~WII'l~€)~Lb~~
~ ,,~ OJ d old "1ILml~VlL'lJ-:lVl1L~'tJ'tJ€l-:lLm€l-:lLb~mu~CJ"t..Ii'I11:W~€l'W1'l~f11~

HfLb~"t..ItJfl6'fllJ bVI~~lJi11 ~1'Uvl€l ~~ f11~~I'l~€l-!l ue~~~ f11~

lLi'I~l~'l-1L ~-:Ivll L~'tJilAl1m1 LA~-:1bb~~ilbL"t..I11'Ii':w1'tJ1"t..IViI'1~l-!1

L~~1n"t..l f11~1<1fLL~"t..Itlfl6'fllJLVI~~lJ1~Al6'f:W~~fI"t..I~L~-:li'lI1lJ

~€l"t..l6'f-!l~-:11.49 hlCJilfh6'f<lfl"hf11~~I'l~<I€l'tJmru6'f~l<1f11~" " ,
lV1~~"t..ItJ1"t..1'lJ'WVl1'UUVlLfl~~1 1~bLVl1"t..1~6'flJ~II'l'tJVlLL~~1'U

iJvWl1 12%, 22% uae 28% VlllJG'11~'UPrasopsuk et

al. [8] Plf1'I"lL~-:I~I'l~€l-:lb~~ln'Uf11~L~:W?l:w'i~fI'W~ b~-:Ii'111lJ

~€l"t..l'tJ€l-:lbi'l~€l-:lue nb'tJ~~"t..Ii'I11:W~eJ"t..ILL'U'Uvl€lfl~lJ I'll ~ f11~

~ I'l~~ Lb~'WtIflYl~'W~il rm'tJ-r'U L'tJ~~'WL~'W~1'W~'WtJfl~l.:J'tJ€l.:J

~b"iJl~ 4 Al (d = 1.0, 1.5, 2.0 Lb~~ 3.0 mm) Yl'Ul1 bb~'W
"q ..:::Jo:;::I V I 0' c::
UflYl~'W~:Wb6'f"t..l~l"t..1I'1'W~flm-:l'tJ€l-:l~b"iJl:;'tJ"t..Ill'lb~fl(d = 1.0, " "
mm) 1,xAlf11~~lm~i'ldllJ~m,JbL~~~1'tJ'i~fl€l'UL~CJl'lm"t..l

~-:Ifll1L~'W~1'W~'WtJfl~WiJ€l'l~b"iJl~'tJ'WlI'l1V1qj (d = 3.0

1 .J I ...,. v ..J tJ I

mm) "t..I'tJru~~i'I16'flJd~fI"t..I~b'lJ~fl11:W~€l"t..l'V'J'U~b6'f"t..lm"t..l

~'WtJfl~l-:1'tJ€l-:l~L"iJl~ 2.0 mm 11'l~ill'hLvlln'U 1.46
5kullong et al. [9] vllf11~L~:W6'f:w'i~f:l'W~1,xbLriLi'I~€l-:l

ua nb'tJ~CJ'Wi'l11lJ~€l'W1Vl~~I'l~-:l bb~'WYl~"t..I~Vltlfl6'fl:W bVI~~:W,
"iJlflfll~~I'l~eJ-:l'V'J'Ul1 f11~~1'l ~~€)'tJmru~~ fl~116'fllJ1~fI

6'f~1-:lf11~1VI~VllJ'Wm-:lVlllJLL 'W1~1~~-:l1'tJvllmCJ ~'W'tJ€l'UL'lJVl,

nl'l1J~:;~~1'(j1nl'lLfI~!l~1VYl.r~n!JbLlA~1J~:;L'V1f11'V1Vfl~~~13

31 Yl'l'l!ii11f1~- 2 il~'I.nv\J 2560 ru h~LL~~ ~LB~LYl~ii'lL:av~h'll.i

Al fll~ ~1~ L~ i'I11:W~€l"t..lLL~~6'flJ'i ~fI"t..I~ L~-:1i'I11:W~€l"t..l6'f-!lfll 1
"

f11~~1'1~~1~bbVl1"t..1~'tJm1m Y1~-:I€l~l~ L~CJ11"t..I'1l1~4-10%
"

bL'fl~4-8% VlllJG'11~'U Promvonge [5] ~1'l'fl€l-:lf11~L~lJ

6'f:w'i~fI'W~L~-:Ii'1dllJ~€l"t..l'tJ€l~Li'I~€l~LL~fl L'tJ~~"t..Ii'ldllJ~€l"t..l~1 ~

f11~~Vl~~'fldI'l'tJVl~1lJn'U1 'Uum ~€l-:l6'f~l~f11~l VI~~UtJl"t..1

"iJlflf11~~I'l'fl€l-:l'V'J'Ul1 f11~H'1l'tJmru~lm~Vll1-:1~II'l'tJ1'l

Lb~~1'UD~~-!I~~ 1~~~~'Uf11~1 VI~~"t..ItJl"t..1L~lJ~-:I~"t..IL~€lLVi~'U

n'U f11~Hl''flII'l'tJI'lVl~€l1 'UU 1'1LY1~-:1€l~1-:1L~ ~1 11'1CJilA 1

6'fm~fI"t..I~b~~i'ldllJ~€)"t..ILvlln'U 1.5

fl~ ill fll ~ ~ I'l ~ -!I€l'tJm ru?l~ 1 ~ fll ~1 'VI~VI:W"t..Ii'Id-!l, ,
5kullong et al. [6] Plm:n6'flJ~~fI"t..I~L~~i'l11lJ~€l"t..l1'Wvl€l

1 1'" ~::'I ~ d JfflmJ I'l ~ 'lJLL~"t..IYl~"t..IVlI'lu fl?l bVI~ CJ:WLL'U'U11-:1L~€l-!lLL~~

b'tJ~CJ'ULVi~'U~~~lvln'Ubb~"t..I'Vi'U ~~ f11~~Vl~€l-:lYl'Ul1 Lb~"t..I

'V'J~"t..I~1'ltlfl~ LVI~CJlJbL'U'U11.:Jb~€l-:l1,xAl6'f:w'i~fI'W~ L~-:Ii'111:W,

~
mill~I'l~~ml'l'lJVl~~~6'f Promvonge and Eiamsa-ard
[4] PIf1'\.,1f11~L~lJ f11~~1 CJL~i'I11:W~€l"t..l1"t..Ivl€lfl~lJ~1 ~f11'i

~Vl ~-!lI-:1uVl1"t..1~'tJm1 ~~1lJ n'U1 'UU1'l1"t..I'1l1~f11~1VI~ u'U'U
~'WtJl'W~ilA1L~'tJL ~~1"t..I~ri1"t..I'1l1-:16000 ~-:126,000 "iJlfl

f11'iillmnYl'Ul1 f11~~Vl~-:I1-:1LLVlI"t..1~'tJm1CJ~1:wn'U1'UuI'l1~
"

(Convective heat transfer coefficient)

mill fll ~ ~ I'l ~-:I€l'tJ fl~ ru?l ~1-:1fll ~1 VI~~"t..ItJ1'W,
Eiamsa-ardet al. [2] vhf11~Plm"lL~-:I~Vl~€l~1"t..1vlmfl~€l~

bb~m 'tJ~~"t..Ii'I11lJ~€l"t..l~~-:Ifl~lJ~1~ f11~~I'l~~ 1'UUVlLL'U'UL1'W

~~CJ~ (5 = 1.0, 2.0 bL~~ 3.0) L'tJ~CJ'UbVi~'Un'U1'Uul'l~11 (5
= 0) Viill'htlVl~1~1"t..1f11~UVl 2 Al (y = 6.0 LL~~ 8.0) vm

I I I 2.1 d
f11~~ I'l 'fl €l~Yl'U11 i'll f11sm ~ L~ i'I11 m€l"t..l?l-:l6'f1'1'V'J'U~f11~" ,
~Vl~-:I1'UUVl~11 Promvonge [3] vllf11~b~:WAlf11~~lm~

II Q, 21 ~ Did
mllJ~ €l"t..lLL~~6'fm~fI"t..I~L'tJ~fl11lJ ~€l"t..l'tJ€l-:lLfl1€).:JuanLue~'W

mllJ~€l'W~1~f11~~Vl~~'fldVl'tJI'l6'f€l-:l'tJ'WVl (~11'l'tJl'lfl~:WLL~~

~11'l'tJVl~~-r?l) f11~~Vl~€l-:lYl'Ul1 f11~~Vl~-:I~IVl'tJVl~-:I?l€l-!l

'tJ'W1'l1,xAlf11~~lm ~mllJ~€l"t..lbL~~ ~1'tJ~~fl€l'UL~~I'l~l"t..16'f-!l
"

fll1vl €l~11-:1L~~ 'U 11'1~Al6'flJ~ ~fI"t..I~L~ -:Ii'I11lJ~€l"t..l6'f.:J6'fVl'V'J'U~" ,

fll ~ ~ 1'1~ ~ €) 'tJ fl'HU 6'f~ 1 ~ fll ~h'fl VllJ"t..Ii'I 'H (Vortex, ,
~I "generator, VG) bu"t..lVl'W

fll ~ ~ 1'1~ -:I1l 'tJn~ ru a ~ 1-:1fll ~1 VI 'fl ~"t..I tJ 1 'W

(Turbulator device, TD) b'1l"t..l'fldVl'tJVlhJ'UVl uaerns
~1'l~-:I1l'tJf1'iru6'f~l~fll'~ 1VI'flVl~"t..Ii'lI-:1(Vortex generator,

VG) b'1l"t..ltlfl (Winglet) '1l1~b~lJ'tJ~lfl!lf11~ruf11~'tJ"t..I'i'I-:I

(Transport phenomena) ~1~f11~~\1lJ"t..Ilm~bb6'fVl~"t..Ii'I'N

Vll:Wbb"t..l1unum ~1VI~ ~1lJ~ ~LL'W1'tJ11-:1f11~1VI'fl ~ -:IfJ-:I

6'fllJ1~fI L~m~ ~'Uf11~~6'flJ'tJ€l-:l'tJ€l-:l1VI~€lruVli1ii~N LL~~~11~, ""
bU'W€l~l-:1~'i'I-:I~~1,x LnVlflWUVl'tJ11-:1f11~~ \1lJ"t..Il~"t..I'tJ€l'UL'tJVl

i'I11lJ~€l"t..l (Thermal boundary layer) ~'I111'tJ~f11~
L~lJ~"t..I'tJ8-:1Al~lJ'tJ~~~~Efll~~1~L~i'l11:W~€l'W
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3.2 'lI~'Vl~~eJ.:m~::15fl1~

€I'lJmru'1lI'1'Vl{iJ6'l€l-:!bfl~€I-:!bb6'lnb~tJ'WfI11l..J~€I'Wbb6'l{iJ-:!, ,
1ll\l'i'lJ~ 2 'illm'lJ €I'lJmru'1lVl'VlVl6'l€l\l'lJ'i::;n€l'Uv11tJ~{iJ6'll..J

'U 'V"

., db"iJ" II ~bb'i\j{iJ'W~'U'W1{iJ 2.0 kW 'lJ\I '1lb 'Wbb'Vf6'l\l'illtJ'U€I\lbVl6'l'VlVl6'l€l'U

(€I1fl11'l) ~l'Wbb~'W€I€I~YJG'1 (Orifice plate) ~ilVl111~bU'W1'i'1

1V1ElIil'i1fl1'i 1Vl6'l'U€I-:!€I1ml'ln€l'Wb.v1~1'W'Vl{iJG'!€I'U L{iJtJill..J1

'W€I:Wblil€l{'1lilVlbVtJ-:! (Inclined manometer) bU'Wv111{iJrh

1'J6'l~WtJ€I-:!fll1~1ll'W LVItJfl1'Se:l1'W ~1'il1 n fI11~ bblilnI'l1-:!'Um

'S::Ill'UJl 'illmr'W€l1m~(In~\lb 'lJ~\lci'\I~{iJ'i::b utJ'Um<J 1Vl6'lv

'U€I-:!'U€I-:!lVl6'l (Settling tank) bb~rJb.vl~'1i€l\l'\.J~'U6'lm'Vim'i

bVl6'l (Calm section) ~\lbU'W1'i'1'lJ~'UG'!m'Vim<J1Vl6'l'U€I-:!

€I1 fl1I'lL ~il~n~ru::;~\i)J'W1€1~1-:!b~l..J~ (Fully developed
flow) n€l'Wb.v1~'1l{iJ'Vl{iJG'!€I'U(Test section) 'U{iJGllV1~l'Ibl'l€l{" ,
bvJvh (Electrical wire) 'lJ'W1V1 2000 W (InoJ1l..J1~'W'S€I'U

"
'V1€I'VlV16'1€1'Ub~ €Ib.v bU'Wbb'Vf~-:!r11 bil V1f111l..J~€I'Wbb6'l::il fl1'S~l..J,
Q'W1'W€I~1-:! ~ b~€I'\'j€l\ln'W rn 'i~ ~ b~ tJfI11l..J~€I'W~'U'S'S tJ1fl11'l

msunn nTi1I'1€1ruVlJl:iJ~1'V1€1bb6'lm '\.J~tJ'WfI11l..J~€I'W'il:: b.v, "
b'Vl€ll1l..J1'l'lJb1J6'l'1lill'1 T (T-type thermocouple) ..ij1'Wl'W

v .:1 .:::.. 11 .:::..
24 I'll 'Uru:!'Vl€lruVlJll..J'Vll-:!b 'U1bb~::;€IruVlJl~'Vl1-:!€I€1n'1ll'1

,,'U ,,'V ,

'VlV1G'!€I'U'il::;Hb~'Wb'lJ€I{'1lil{iJ RTD (Resistance

Temperature Detector) bU'W1'i'11V1~1 L{iJtJ~ruV!.f,]:iJ

~\lVll..JI'1'il1m'Vl€ll1l..Jf\''\.Jb1Jmb~::b~'Wb'lJ€I{'il::;~-:!~~~lrub'lJ~\I

'S::'U'U~V1bn'U.v€ll;J6'l (Data acquisition system) i'W

FLUKE 26S0A bb6'l::;'\.J<J::;l..J1~~6'll..J1cJ\lbfl~€I\1f1€1l..J~lbl'l€l{

b~€I'W1'lJ~H1 'Wm<J'VlV1G'!€I'Ubb6'l::;YJ1'n:iJ blil€l{~1\j1 bb6'l{iJ\jL'W

I'Il'i1\1~ 1

..I d IQ, ~ ,q,q
3. eJun~ru nl~Iil~Iil.:l bb~::16fl1~'VI~~eJ.:I•
3.1 bb~'IJtJn'VI~~eJ\J

'llVi 'Vl1'16'1€I'Ubfl ~€I-:!bb~ n b'lJ~ tJ'WfI11l..J~€I'Wil~n~ru::; bU'W,
'V1€1n6'll..J'Vl<J-:!n'i::'U€lnilfl11l..JtJ11'il~ 3000 mm ~1'W

'VlVl6'l€l'UtJ11 (L) 1000 mm LV1tJilb~'W~1'W~'W~nm'V1€1 (0)

50 mm bb~'WtJn~b-ut'Wfl1<J'VlVl6'l€l'Uilfll1l..Jnl1\1 (\IV) 50

mm ilfl11l..JtJ11 b'V11n'UfI11l..J tJl1~1'W'VlVl6'l€l'U (=L= 1000
mm) bb6'l::Vl'Wl (t) O.S mm bb~'WtJn(lnG'1~1-:!~'W'illmb~'W

€I:!6'l:iJ biitJl..J LVItJ fl1'i b'ill:! 'i bU'W'i'lJ'Vl'i-:!~ b~~ tJl..Jbb~l~'W~'Wv1\1
" " "

bb6'lVl\lb'W'i~ 1 ~-:!iJl..Jl..J'lJ::'Vl:: 30° ~VI~1'Wfll1l..J6'I\ltJn~€1", v

fI11~6'I\I'V1€1 (biD) b'V11n'U 0.24 bb6'l:!~VI~1'W'i:!tJ:!~liliIil1l..J
"

bb'Wlfl1'ibVl6'l~m~'W~1'W1'l'W~nm-:!'V1€1 (PIo) 4 ~1 A€I 0.5," .
1.0, 1.5 uae 2.0

rn A€I ElIil'S1fl1'S1Vlm'li-:!~16'l'U€I-:!€I1ml'l

v A€I fI11~Vl{jVl b'li-:!'il6'ltJ'U€I-:!'U€I-:!1 Vl6'l'Vl1'16'1€1'\,J

P fi€l ~1f111l..JVl'W1 u'I1'W'U €I-:!'U€I\I1Vl6'l'Vl1'16'1€1'\,J

m'i'Lh:::~~1'(jlm'ibl'l~il'!h~'I'l\lm'Ubb1A~\J'i:::b'VIPl1'V1~I'l~~~13

31 'I'l~'l'}fl1I'l~- 2 ~~'Ul~'U2560 ru h~bb'i~ ~hii~b'l'l'i6'!b~~~h'll.j

A€I fll1l..J1ll'Wlilnfl~€Il..J'qVl'VlI'1G'1€1'U
~ c:i.J
fI€I fI11l..Jb'ilbQ6'ltJ

fi€l €lruVlJl:iJbQ~tJ, "
'" ...fI€I €lruVlJl~'Vll-:!€I€1n, "
'" ..."fI€I €lruVlJl~'Vl1-:!b'U1, v

L

M
V

~J'.d I 2.1'1 I
fI€I 'Vi'W'Vlfl1<JtI1cH 'Vlfl11m€l'W bVltJfl1'S'Vi1'U€I-:!'Vl€l

'VlVl6'l€l'U

6'll..J<J<J(I'W::;b'li-:!fll1l..J~€I'W (Thermal enhancement

factor, TEF) A€I ElIil<J1~1'W'U€I-:!~l..J'lJ<J::;~'VltnwVnfl11l..J
11 d Did !J'.cJq Cl::i I ~I
<J€I'W'U€I-:!bm€l-:!bb6'lm u6'ltJ'Wfll1l..J<J€I'W'Vl~fl1<JIilI'1Iil-:! bbl'J'Wun (
h) n'U~l..J'lJ<J::;~'Vltfl1<J'Vi1f111l..J~€I'W'U€I-:!bfl~€I-:!bb6'lm'lJ~tJ'W

fll1l..J~€I'W~lb~tJ'U (ho) ~.:Ii'iI'1~r11Gi'\j-tr'Ub~tJln'W vm

b€ln6'l1<Je)1-:!B-:! [1-9] Ll'1tJbb6'l1'1-:!1v11ll-:!.Q

h I Nu I (NU )(1 )-1/3
TEF= ho pp = Nuo pp = Nuo 10 (S)

b6'l'U,r6'lb~6'l'l'1bQ~tJ (Nu ) Vl11v11'i'-:!6'll..Jfl1<J~€IhJ.Q

Nu=hDlk (7)

(5).d
bl..J€I t; =(7;, +TY2

(3)g_jr = Oconv

(2)

1'i'1'_h:m€l'Ub~tJl'1'VlTW (I) Vl1rh1v1'il1n

2 M
1= (LI D) pV2

(1)Re= VDlv

m<Jibm1"'bb6'l:!r1Tl,nru ms 1 Vl6'l'U€I-:!'U€I-:!1 Vl6'l'VWI6'I€I'U

bbMI-:!b 'Wb'Vl€l~'U€I-:!b6'l'Ub<Jm 'W6'lIii'~-:!bU'WI'i";Ibb'_h1 ~:iJ~ lll-:!bbMI-:!

L'W6'll..JnTi~ (1)
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(10)

(9)Nu =0.023 Reo 8Pr04
G'f:IJfl1'S'1l€l'l Petukhov
f = 0.316Re-025

nntX€l~'V €l~'1lVl'VlVlG'f€l'U IL6'l~ ~6'l m 'S'VlVl6'l€l~ LVltJ ~1 rn 'S~ 1 tJ L'Vl" ,
fl11:IJ~€l'U 1 'U~U'V€l~1'11 LLU'S1 ~ii~IIG'fVl~ 1 'UL'Vl€l:IJ'1l€l~L6'l'1l,rG'fL68m1

(
d I ~ I I

Nusselt number, Nu) '1lru~'Vlfl1fl11:IJVl'Ul'lflm€l:IJG'f1'U

'VlVlG'f€l'UIIG'fVl'l1'UI'Vl'El:IJ'1I€l~1'11U'S~ fl €l'Ufl11:IJ I~ tJ 1Yl'Vl1'U(friction
factor, j) ~1 Nu ~1~>J1flfl1'S'VlIYlG'f€l'UV]€l~11~tJ'U>J~'I11:1J1

bU~tJ'UbYitJ'Un'UG'f:IJfl1'S'1l€l'l Dittus-Boelter (G'f:IJfl1'S~ 9)
.J lOa I""" ""lI CV

'Vru~'Vlfl1 f ~~'U1:1J1L u'StJ'U L'VltJ'UfI'U G'f:IJfl1'S'1I€l~ Petukhov
.J "'" .!~I' 1(G'f:IJfl1'S'Vl 10) ~1m€lflG'f1'S€l1~€l~ [10] '1l'lLu'U'1l1~fl1'S Vir!

~'UtJl'Ull'U'U~\llJ'U11~:IJ~ (Fully developed turbulent
flow)

G'f:IJfl1'S'V€J'I Dittus-Boelter
4. t:-Jflm'S'VlVlflil.:l

4.1 m'S'Vl~~il'Uvi'¬ ll~1b~V'U

n€J'Uvl1f11'S ~Vl~~'ElUmru VG 1 'U'SU II 'U'U IL~'UtJ fl, "
~ bVI~ tJ:lJfI1 tJ1 'UV]eJLL6'lru U~ tJ 'Ufm:IJ~'El'U 1il1ItJ'U tX'El~'VlVlG'f€J'UV]€l

~1 L~ tJ'U LV1 tJ'\J n'UG'f:IJ fl1'S~lj:IJ11 'U€l~~ n€l'UL ~ €l8'lJCJ'Ufll1:IJ

.J ... ~"d l .....!fI1)l1'S1WI 1 'S1tJ6'l~I€ltJVl'1l€l~'\AI1'S1:WI~€l'S116'l~1~€l'U '1l'Vl l'lJb'UflTi

'VlVlG'f€l'U

Thermocouple S"'1:

Airflow

m'l'\J'l~'ll~1'lJln1''ibfl~€l~lfJVI",~~1'\Jbb'\A~'\J'l~bV1\'11V1fJfI.r~~ 13
31 Vlq'l!lmfl~ - 2lJ~'\JlfJ'\J 2560 ru h~bb1~ ~bB~bVl1?1b~fJ~h1lJ
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'lr:l Q.I Q.I f' I Q.I~ 'Vl4 fI11:IJG'!lJ'V'ltJ'O'j~'VI11'1h f1'U Re

bG'l'1JoWG'Ib'8mJim ru ~ 1'1~'l bb~1.1U n ~€Jbl1"VoWG'Ib'8m'l"V€J'lvl€J~1 b~1.J'U
" 1lt1acfl d(Nu/Nuo) f1'U Re e.JG'lf11'j'VlI'lI1€J'lbbG'lI'l'l'V'Ib'V'ltJrI'IfI1Nu/Nu, Vl

i1bbtJllUlJG'lI'lG'l'lb~'1l~l Re b.;;jlJ~tJ f11'j~I'I~'1Unfl1tJ1tJvl'1l

ua n b'tJ~1.J1.1fI11lJ ~'1ltJG'lllJ1'j rI~1 tJb.;;jlJ~ 1f11'j cil1.Jb'VlfI11lJ ~€I1.1

1'":"1 '''' 1 ~:;, :'1 .,JI'IbutJ€JtJl'1l'1 I'ItJf11'j\?lI'lIJl'lbbe.JtJuf1VlPR=0.5, 1.0, 1.5 uae
~ I ""J I V

2.0 lJfI1 Nu/Nuo bQG'ltJbVl1f1'U3.6, 3.47, 3.27 bbl1~ 3.06

IJlllJG11~'U f11'j~I'I~'1bb~tJun~ PR=0.51,x~1 Nu/Nuo bQ~tJ
v ,

G'I'If111f11'j~I'Ivi''IUf1V1 PR= 1.0, 1.5 bbl1~2.0 bvl1fl'U 3.5%,
"
9% bbl1~ 15% \?IllJG11~'U

4' I V Q.J Q Id d
rn1lJG'llJ'V'ltJ'O'j~'V'I11'1 Nu f1'U Re bbG'l~~'l~u'Vl 5 blJ'1l

~~1'jru1~lfmci1tJbVlm1lJ ~'1ltJ1tJ~'tJ'1J€J'I~lbb'tJ'j1~:W~ (Nu)

'V'l1..J11f11'j~~~\lbb~tJun1,xfh Nu ~\lnl1vl€J~lb~1.J'U(1'1

72.97%, 72.1%, 70.45% bbl1~ 68.55% ~l'V'1~\Jmru PR=

0.5, 1.0, 1.5 bbG'l~2.0 \?I1lJG11~'U

4.2 f11':i~lm'Vlfl11:U~vtJ

f111lJ~lJ'WtJij'j~'V'I11'1 ~ l~lJ'tJ'i~ ?lYlEf11'jci1tJ bVlfl11lJ

~€JtJ (Heat transfer coefficient, h) fl'Ub~'1Jb'j1.J1tJ~11i'

(Reynolds number, Re) bbG'l~'I~'I~'tJ~ 4 ~lf1f11'jYl~I1€J'I

'V'l'Ul1~1 h bYllJ~tJ\?I1lJf11'ib.;;jlJ~tJ'1J€J'I~1 Re 11'11.Jf11'i~1'I~'I
, :'1 001 d .. "d", ~ <d ~ " Iunuuf1~'tJYI'j'l6'lb'V'll1tJlJt:-JtJe.J1Y1lJ'i~1.J~'V'l\?l'lJrI(PR=0.5) b'VIfil h

tI 0 Q.I '1 d I

~'l~1'I1Jl1:IJm1.JPR=1.0, 1.5 bbl1~2.0 1Jl1lJl11l'1'UbtJ'1Jru~YI'Vl'1l

~lb~tJ'Ui1~l h ~1G'1~b~tl'l~lf1bb~tJUf1~ih~tJ~~\?I'l1~~~~'1e.J~,
1,xbfll'l f11'i1 'V'I11'V'1~tJfI1'1\?11lJbbtJl1.J11 (longitudinal vortex

generator) ~~tJbbl1~~ltJ 1tJf1Wrrl'l'1J11'1f11'j'W~tJ1~tJ'1J€J'Ub'1J\?I

fI11lJ~€JW111.J1tJvl€Jbfl~€J'IbbG'lnb'tJ~ tJtJfI11lJ~€JtJ uae bflVlms
e.JG'llJ'j~'V'I11\1'1J€J\l1'V'I~~ru'V'l3J:W~lbbG'l~'1J€J'I1'V'I11~ ru'V'l3J:W~'l1ti1bUtJ

'1l~1'l~'

OQ.)' I""",q ql =I
(;l1:IJ~1~'U t:m f11'jYl~ ~ tl '1Y1tle.J1 b'j tJ'U:IJI'll f111:IJ1'1111 ~ bfl~ su
bQ~1.J5.2% ~l'V'1~'Umru Nu uae 6.6% ~l'V'1~'Umru f ~'1,rtJ

G'!l:1J1'ina 'i'tJ1v111f11'i tl€Jnu'U'U'lJ~YlI'I ~ €I'I bbl1~e.J~ f11'j'Vl1'I~ €I'I i1, ,
f111:IJrlf1v1€J'lbblltJcj1~'IG'l1lJ1'jrl~1 biJtJf1W~'1I'1G'1€J'U€J'tJmruVG~ ,
~€J1'tJ1v'1

aid V CIJ rf I I
~u'Vl 3 bbG'!~\lrn1lJG'!lJ'V'ltJ'O'j~'V'I11\1f11Nu bbl1~f~lf1

e.J11f11'jYl~l1tl'lb'tJ~tJ'UbVltJ'Ufl'UG'!:lJf11'j~ (9) bbl1~ (10)

~'tJ~ 3 fI11lJ~lJ'WtJij'j~"rhl Nu bbl1~f fl'U Re mruvltl~1

b~tJ'U
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4.4 fI:!J'S':itl'U~b~.:jf'l1'l3J~il'U

b~€JU';i~ bii'WG'!m';in'U~'V"¬ ll'lbl"l~"¬ ll'lbb~flbu~v'Wm'l:W~tJ'W

mru~~~'1bb~'WtJfl ~'lG'!~';i';in'W~b~'11"111:W~"¬ ll'U(TEF) lv1nfl
"

nlV!'W ~~'W~~iliJc.J'l:Wi1i''1 ua ~'1b 'W61:Wf1'l';i~ (8) 1"I1'l:W~:J..I"v1'W5

'i~V!11~ TEF fl'U Re bbG'!~'1i1i''1';iU~ 10 'iJlflf11';i'VI~Gl€J~'V'ltJ11~

';iU~ 9 bb?l~'1ml:w~:w"v1'W5';i~V!11'1e)\1l';il~1'U1'l1
"

U';i~fl"¬ lltJb~V~'VI1'Wmru~~~~Ufllll€Ji1i'lU';i~m)tJb~V~'VI1'W'VfN
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15000 20000 25000 30000

Re

~U~ 9 ml:w~:w~'W5';i~V!11'1f!fofltJ Re

10000 15000 20000 25000 300005000
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4.3 f'I11a.J1ii'U~nf'l~mJbbli1~f'l11a.Jbiitl~'VI1'U

f1dl:W~:W~'W1h~'I,'!'h~rl1rr"J1:wi1i''U\1lfll''l~m..l (Pressure
, .... w 01..1drop, i1P) ?ll'U'Vl~?l€JtJfltJ Re bb?l~·m~~u'Vl 7 'iJlflf11';i

'VI~~ €J~'V'l'U';h bn€J rl1f11';il v!~'V€J~?lI';iYh~I'Ub 'U';iu'V €J~ Re

byj:W~'W~~l'J~b,xrl1 i1P byj:W~'W\1l1:J..11~Vf11';i~~~~:b~'WtJfl~il

';i~v~Vi\1l'l1~ (PR=0.5) _'iJ~1usumurrrsl v!~'V€J'I'V€J'Il V!~'vilb,x
q Q.I ..~ .. II I.... I ~I d.::.l Q, ~.
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~u'VI 8 bbG'!~~ml:WG'!:W'V'l'Wt5';i~V!ll~ f nu Re 'iJlfl~u

b'l:i'Wll'i'-U~b'iJ'Wl1f11';i~~~'1tJflmvb'WY1€Jbl'1~€J'Ibb~flbu~v'Wl'1nu

~€J'W~'1l'J~'vilb ,x~1 f byj:J..I~'1~'Wbri!)bV1VtJfltJbl'1~€J'Ibb~m U~V'W

ml:J..1~!)'Wbb 'UtJY1€J~h b~V'U~'1?l¬ JJ~I"IGi'€J'IfltJ~1 Nu l~Vfll';i
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