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Abstract This article presents the influence of perforated delta-wing let tape (POWT)

placed in a uniform heal-fluxed tube on heat transfer and friction loss behaviors. In

the current experiment, the POWT with attack angle (B) of 45° are inserted into the

tube with four different punched hole diameters of winqlet (d = 1 mm. 1.5 mm, 2 mm

and 2.5 mm) at a single relative wing let pitch (P/O=3). The fiuid (air) flow and heat

transfer characteristics are presented for Reynolds numbers (Re) ranging from 4120

to 25.000. The heat transfer and energy loss due to friction for propelling air through

the tube are presented in terms of Nusselt number (Nu) and friction factor (f).

respectively. The experimental result shows that the POWT provides a considerable

increase in Nu and f in comparison with the smooth tube. The highest Nu and f of

70% and 94% is achieved by utilizing the 45° POWT with punched hole diameter (d)

= 1 rnrn. The thermal enhancement factor (TEF) of the POWT is in the range of 1.20-

1.49 where its maximum regarded as the optimum point is at d = 2 mm and Re =
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n1111<i1Ol€I.J~lJ"h ms lciLLc.Jullnw-;u'lll tlL v1lJf11nl'irl1tJ LYlm1lJ1ElmL~~iltJ1:n ElULff[J~

YIluR.Jl1"hrim.JU.JL1tJU m1hl'LLc.JuunW'iU~n'2JU1<i1'iL'il1~Un (d) lyi1nlJ 1 mm llK,11. ,.
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mJ1u'lIl-J 1.20-1.49 LLi:1~llKf11~.J~<il~ d = 2 mm LLo!~Re = 4120v • ,
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lii1u-;:1U bbt1~V dhfl11lJL:hbQ.~tJbbi.1::fI11lJ'VIi'iiill:rl.J'iJt1U"lIEl.:J

eJln1fliil1lJfil.lU
~ • ~.d ~ ~~ QRlJ~l'lfJ11lJlilU1::Vl11-JfI11lJ1u'Uml1ml'l b'iljlJ ( ai,) LL<l::

n11Wlf111l.J1UU( Qeonv )

Qair = Qeonv (2)

.r-JJUfflJU1~ff1'1~n1jWlfllllJ1UULU~tJ(h) 'VIlfilM"n

h = mCp~To - TJ
ACT.-TJ

(1)Re =UDh Iv

2. 1'1f)H~lLa::mjl'll\l,'rn.
~., ' c~.rd .. c .
l<il~lJ1~ff.JfI'lJa.J.Jl1,1,l'iltJUL'I'leJflnl!fl'l'lfj'ilm,lJnljll1 UL1'1fllllJ

.., d q,.... "'" ~ d
,<lU nl1~llJLfftJfl'lllJ~U LL,,::RwnnU::L'll-JfllllJ1UU"IIEl-JLfl1U-J,"
LLilnLU~lJUfIlllJ1eJULllJlJYieJnillJ 1~tJ1i1l1nlflLU U"lI<I-JL'VIOl'Yl'ilRalJ

~.JLLff~-J1UL1'1U<I'lJil-.1L<l'lJLjU11,1,il.lLL"~~1lJ1jllL<jjU1,I,1iu ~l1,1,Jt1'lJil.J

fflJn1.MioJd'

nlnl1lJ L1'1mllJ1fl u~~nil bLr.J1,I,~~otlUfI11lJ1!lULIlJlJll11lJ<ill (1'11

11tJU)6.18 lri,IL,,:lJfiIRlJ11111,l,:l:rl-JfI1,lJ11lULyhrlu 2.24 .1fllJl

ff~i.1V1i.1oJLl<l~1-11V1lJ1oJ.l[13J ~nl!flEi1'1~1-1"'lIfl-Jnl'l~iiI.toJilafl~
~ ~:", ., d d d". drrn lV\i.'I\oI~1,I,r11-.1'llUiillJnJu1'1l-.1RLVIi.'!tJlJ'Yl~m1ii1aff<lJJll1,l,~bfl'1l,J

uan LU~tJUfI11lJ1il1,l,LIlJlJria"II".,1,1,nll1'1 iii11iloJ1'i,nl1~~.toJun~ ~

ffiilff1UfI11lJR~tJn.1eJfIlllJR-JrieJ"lI".,ufill~tJ1 (eIH=OA) lJlJU:'Yl:,. ,
un 3 I'll (0:= 30°. 45°. 60°) ~iiI.t-J-;:1i11.rl'U~1-JriflU'Yl1.Jb'll'lfflU

'YliilffeJlJnll'Yliili.1a-J'I'llJil TIl.~~.t~unlifilnllrhtH'YlmllJfflU

LLil:fI11uL~tJiiI'YllULvilJa.J<lln:iluL~fll U1tJUlVi tJlJnuri ilI'-JU~11tJu
v

l<iltlunlJlJ 30° 1~.-ilfflJnllU:I;']fIlllJ1Bt-lR-Jffiil ffni.1V1i.1~Lli.'!:
q ~... 'I

flru::: [14J 1'ilnl11'1iili.'lU']lYlmvilJfilnljtiltJl'Ylfl,)llJ1aulur-ifl

uanLU~tJUfl'lllJ fa ULIlJlJ'll1l.J"lIU1UY1~n"j~iiI.t-Ju n11lJrl lJfl1U

jUY11~~L'VI~!JlJ~UNlnll'Yliil"fl-J~lJ"h nl'l~iiI.t-JtJnillJnlJfl11Jh\,
filni1rhtJL1'1fl11lJ1eJUlli.1~a<lJ'Hlu~l:rloJm1lJfflU~.Jnl1nl'l~iiI.t.J

fl1lJVl11lUmVl tJ~Uth-JL~tJl
,nnTlll~nl!flY1r.J1UlJl1 U1l~iiILV:Ul.riiilL,u 'hnl' H~umm

ff11']TIl lL VI<ltrUl,l,U1V1lJUlU1V1lJUfIl,] ffl<J1,ll"lh u IvilJfilnld. ,
rhtJI'Ylr111lJ11lULlil~alJ11111,l,~1Vi'lbribfl~U-JllilnIU~tJUfI11lJ1e)u1<;)

ItJum.h~~l~tJl\)'~I~nl'l~~.toJ1Jn (Winglet) 1l1tJlwYi1lllOlm~tJ1,I,
~ ~ 1:::", d. 1~~ ~fl11lJ1€JU n11ii1~<iloJlJm)~LVl1,I,tll1,1,lVllniilnl1 b'VIOl'VI~1,I,<lloJ

(Vortex flow) ~.JlJl~.llJnl11Vl OlY1bb'lJ-.1ll'l-Jnilnll1VlilluG1nj,frn:

~U RoJr-lill ~ RllJl'lll il~Vl11l'1'h111tJ.ff1,l,"lI1llJl"ll~r111lJ1a1,l,1<;)LU1.1

eJEhoJ~LL.1flUmn!'llUiild'lJnU!JlJ~~.t.JlJu-$ui11'lJaoJriilLLe.!U'lJU1\-1,
LLOl:riariUfllnll'l~ G1.JLLR.JmYl <ilrJ<1l-JJ U1'iiltlU1:ffoJI'1'lJUoJ.J1U111tJU, ,
~a -u lU n lJl uj:tJn iil1'1l1Uri UIfI~a.Jusn lu~ tJ1,I,r111lJ1a1.l"lJU<ilYieJ,
nil<l l<iltlffa~lriumum.JffllJL'VI~tJlJY1iJlJlJu:'Yl::un (450) lLil~, ,
ftiilfflU1::tl~~\iI'51Jn'illlJLLU1m1h\1 (PID=3) fI"Y11.ItJ1'iln11

UflJ\U~tJU"lIUI<il"ll1l-.1'L,,::Un4 I'll (d = 1 mm, 1.5 mm, 2 mm•
LL<l::2.5 mm) lwJi'l.Jfi1Lil"lJL,'jtJ'11,1,fl~ff4120 noJ25,000 IYlmvilJ

Rm'llU:::L;.Jrl11lJfElul~LLriLfI~1l-JLL<lnLU~U1,I,~11lJfeJu

(Nusselt number) .r1Uj::mJlJL~tJiil1'11U(friction factor) LLil::

RlJil11U:L:rl,]fI11lJ1eJU(thermal performance factor) ~.,m':hri1l

LU~1340%, 360% LL<l~59% iilllJfil.llJ Bhuiya et al. [6J1'ilT1lj

'Yliill'lil~1<iltJ~eJiillffllJiJiiI~1l1 tJluri il Lfl41l~lLiln LU~tJUfll1lJ1aU

1-1lJil filnl.til tJL1'1fl11lJ1ilUlLil~.l1U1~n1l1JL~tJ~'Yl1ULvilJ.:Du60-

240% LL,,:91-286% L~mYitJlJrllJrimt1~llu'lJrn::~fflJijllU~L:rl~

fI11~1m-l~-J~<illJfilLYhrllJ 1.34 Promvonge [7J 'f'hTll'L~lJ

fflJ1.nU::L:rl~fI11lJfau.rl tJn1'ffEl~ lcillJiJ~r-Jffl.JrllJ<l1~'lJiil1l1tJ1U

ri 1llLI1nLlJ~lJUfl11lJ1il U ,nnr-JilTllj1'1 <il<lil~WlJ"h nlj 1'1l1lJUiiI

11<lrllJ<llii1"l1ii1'i'i~r-J<llii'll n1.tiltJL 'Ylfl'll <l1flu\Lil~RlJnnU~L;~

fI11lJ1ElULvilJR~.:Dun-hnTl"1ion iiI'lJiilVl1il'llJU~LVltJ~mh-JL~tJl.
mruri ElLr14El~LLilnLU~tJUfl11lJ11lU~LVI~tllJVl1il L~4El~flU,

o ~

cnnlI'lWG1~LL~-JfllYiiilrJUtJlJL'llld()~[8] ~iiI<1l~r11lJ[9] LLr.JUrlU[10J

LL\1:::un[11] Skullong et al. [12] ~nl!flL:rl~'Yliil<lU~LYlmvilJ

ffl.Jj1nU~1iLLri Lr14il~riU1J1T1lI'lWG1~LLff"]EllYliilcl1~tJ'IiLLr.JU~~otllJ, ,
fll1lJ1ElULLlJlJhllJ (LLr.JuUnw;uillJrllJifl~VI rTn) 'J1nnl'1'1<ililil~

~lJil nl11 iLLr.JUiiliilotllJfI11lJ1ElULLlJlJUnw.uillJrllJifl~\oI ti'n'Iii'll, ,

1. lJ'I'll-bl

11" U1,I,TIlI~@1,I,l<lUnlmll\1nl U~!J1,I,~11<11<l1,l,lJ<11<lr.11~. .
.1~I~ ~-JIyj <J 1illl ~ lh~ 11.1 "lJU~.o~~11,1,.011,1,.1,1,1,1.11nn<l11 <I'I'l".J

nl~~~fflV1ml<1bW~TIllln],l~1 1'll1,l,TIl11~mhTll1bhtH'I'lflll<1

1~1,I,nl'j'yh~lllJl~1,I, nll'\h~11<11eJ1,I,nG1lJlJlli1'\ui l~tJ

nl~lJl1,l,nl"l"l VI~, d'ff1lJlln'll11J I vi lJ(j'lJ'l1n 1,I,~1illri ~u mn!

uan bU~tJ1,I,fllllJ1eJ1,I,'l.1dhEl th-nrm ff1m1n ~~I'll H'ii1 ul1,1,bb~

"lIu.J.rWYmTll1r-l~~~mt.JrT.J<1~"lI1,I,l~"lIu.ouumrul.r~n.r'w TIl1. .
byjlJfil rrnrh tJl 'I'lfll1lJ1il1,l,LU1,I,1iJ~1.r1lJfIlllJUlJ<Iat11.oLLVdVl<111J

l1,1,VI~t!n%tJ~-JfhulV1"qi'~b'Yl~U~b'lJlJpassive [1Jn~11~eJTIl1

1i~G1.J-Jl1,l,~ ff11-J'iJ1,I,bS-J1~tJLl,j.rs-Jl-ll~ G1-J-J11,I,nluuan L'l1',lJ,'lll u

l1,1,nllm~.r1,l,L'll1,l,TIllbyjlJ-$1,I,i11TIlI~iiI.t.ouUmn!R11-JTIlI'IVl<l. .
bLlJu~1,I,lh1,l,/'VI<lm1,l,/VI<l1,I,fIl-JL'll1,l,lfillJUiiI lri<1')iiI"lIiiIlm1smllJ. .
L'llI:1U-J ~~.t-J~1U LL<1~Un1uris~LV\~tJ<JLUu.ru L'YlflUfibblJlJd'

ffl1111nff11']TIlIL VI<1LLlJlJtruihu/Vi lJUlUiVI <l1,I,fll,](LL~,)LL.1'llUiiI, ,
"lI!l.J~umn!) LYlillU'lJiiI"lIll..Jn11W@Ul.ffU"lIillJL"lIiilfl'lI<11fl1,l,

(Thermal boundary layer) lJ1Llrur-Jt!-Jriil"llil-Jbfl4Cl-JbL<1mt1~tJU

fIll<11em ri-Jr-l<1li"llfl-J \1VI<1~ruVllJll~-JlJ11')rur-JU-JriatiltJ Lrun r-lfflJ

rlU ~ruVlIJiJ"lI!l-J11'1<1~L~unll ill tJLuri [ll.rL U1,I,ilth-J~ rillVi'

"lJl.b~fi'Yl~TIlj'vnfllllJf[lUL vi<IR-J.:D1,I,,
mru ri illfl4eJ-J11i.1nLt1~tJUfIlllJ1eJUIIlJlJY11-Jni.1lJlJnutJlJffEliil

lrillJuiiI [2J i.11iiI"lIiii [3J L·lhlt11uriilLli.1nLt1~tJUfI11lJ1ElU1ii1tl

Eiarnsa-ard et al. [4J1'ilnTj'YliiltHJ,]l<iltJff1liillrillJuiilLllJlJllU1~tl~

(regularly spaced twisted "tape elements) nltJlurimfl48-J

LLI1mt1~tJ1,I,fIlllJ11lULLi.1:LU11Ju LY\ uu rllJllJiJ~ L~uLLlJlJUn~ (full­

length typical twisted tape) L'iileJVll.hTllltiltJl1'1fllllJ1!lUILI1:

fIlllJL~tJiiI'YllU Bhuiya et al. [5J~nl!flL:n']1'1iil\11l']LYlflLyjlJ

fflJnll1,l,~Lfl4ehlLLilmu~tJUfIlllJ1flU'lliiiilri ensu tiil tJn1'iffEliillrillJ

iJiil1-1;unltll1,1,rimll'lmt1~tl1,l,fIlllJfElU 'innTll11'1<il<lu-J~lJ"hmr

ffuiillrillJuiil1-1j1,l,1ii'll nljti 1tl L1'1fl11lJ1,ml1,1,LYIeJlJ'lJEhlL<l'lJUffL'llilrl,



Working. fluid Air

Reynolds number 4120 to 25,000

o 45°

0 50 mm

PIO 3

d 1,1.5,2 and 2.5 mm

Tape thickness (I) 0.5 mm

Tape length (L) 1200 mm

Wing thickness (=t) 0.5 mm

;;nj,;1~1l~m"i<JnTHhlYlmllJ1flU 1'l11lJllj-!.JVlmuLL,,:iiflJ"i"itm:
d.,'" ., g « , .I1,;J'JID'Lmfl'LlftnLufttJUf111).1111Um~111l.1LVlfl"j'<l1~~ Yl "JJmn11

Yl'ilR1llJ~.l~ml1'f1UVlHlum11~.yj1

,:u:Vl m!'<ll).1LLU1m: bLiifn11'lVI~n ril LUUiif1<JlYil'J1!l.JLti'Ut.i1U

lJuUn~l.JYiEl (P!D=PR=3) mWI~ft<llJ'l.l";lm"ltlflJLu~tJU'JIU101

'JIfl.Jmn: (d) 4 ril~l1 1 mm, 1.5 mm, 2 mm LL~~2.5 mm L~flv

3.3 ii''1MTI~,'(lmH)U

LlNulln.yjl 'lfLUU.1,"'11,m"j1 'fI,,'fI~um <JLLU1Ell1111u1UYiD
LL<1mtl~tJumllJ1flmLiifWl.J.1.J1tl.yj2 LLNuiln.yjHR1'f111JiifllVll~h.

, 0 , ... "" dod d
'Y1fl'Y1~RfllJmjJlmLf.lUfl::~mUEJ<JYl<Jml<J'fIUl(t) 0.5 mm lJ'lIU1Vi

mllJnll"YilrllJlffUN1UlJuUn<11.JYil1 (0) 50 mm Ell1 (L) 1200
:: ~ • ~ J' ,",..~, '" ~

mm 'llnUU~nVlVl'lJ1llJLW1.JVI'JIm~ElL'lI'Ylluniifl).1lVI"tJlJVI.JLLR'<l~

lmtl.yj 2 i1nn,Um.Jftl<JLVI~mJ <JlJU::Yl: (8) 45° iVlftl'U.. .

(6)

'JIfl,m1lVlrilmllJ.1UVlmli1llJ digital manometer (Dwyer 475

mark III) ~nUllJ1H1um1l~ril

(5)

+-,
\

3.21Bn11YlVl"f).J

vr~<1lJbL1.J.lU~.JLUULLmi.Jr'hLUVlnT'll'fI,,'JIfl.J1l1ml'1~.J1idJU

'JIfl.J"V\~'YIVlfffllJl'<ltJn inverter llluilmlJ~<Jmll.JL:;l"jl1lJ'llmfu

111ml'1hl1t.huLl~Uorifice meter .yjHffl'f111J1V15mlm"j1n~'lJD.J

'J1ml'1.yjYl1~L'll'l'VI'Y1~iifDlJlWltJninclined manometer GiVli~HL~ll

~lurilmllJLLVlmh~"lI1l.JmllJ.1" settling tank 1'11Wt.ll.yjU1lJ

ffllTVml"j1Vlf1'J1D.J111mfll1Knml<JLiifntJ1rim.Il'll'l'~YlVliif1llJ calm

section 'l:1'ilV...tl~tl1lJR1l1~mi'l'fl<1'J111'111mI'11V;n~mHu::ml

'lv.mllJ1Jvr\ilJmL~).I~(fully developed flow) ril1Ul,ylfttilU'Y1~iifDlJ
v

v1ElYlVliifDlJ'lJU1V1l~Uthu.I'f'Uun<11.J1l1tJlu50 mm V.Ul 3 mm nn. .
1'il11K1ElU.l'lU'JI01<llW1fl11lJ1DU(electrical wire) lLlJlJvl5n.nmllJ

1fl'Uf1'~ LL<1:1'11m,1KlJQU1Uflth.JiJVI;VlL~mJEl.JrlUmi",ruLff!J• , v

fl11iJ111Udata acquisition iu Fluke 2680A dhl1UmrnlnlJril
q •

1lmv.llij~L~EllJwiElrllJL'YIflf[lJflUlTI<1'l1'U'<lT 0'.J'fI<JVI16 .11 ~~lVl. .
ril!lruVlllij.yj141 16 ."ilLlV.U~'JIru:~LYlElf[lJfluLiJ<1'jji1.VIRTD Lin, ~ ~
1.IllJl1il~fllVirilDru'fllliJm.:lL'll'llL,,~m.JflElnft1UYlVlffl11J luchu. .

(4)

~'U'Y1~RlllJ 7. Digital manometer Hl~rilmllJ.lU~nI'l1'J).I

"j::.",..h.JliilLL'fIU.JYl1.JL'll'lll"::Yll.J1ll1n'1ll1.:l~lUYl~iifl1lJ8. Data

acquisition system (FLUKE 2680A) LllU.ll~lUrilDruV.llij141LL":::
• • v

~m'fliJiJm.JL'lll-DDmflUYl~iif1llJ 9. I'lfllJ~lL~ilf";l'f1Ul.yj

tli::lJ1<1~mL,,::Jrui1nril~ru'fl1JiJ 10. AC power supply dJu

LL'fI~.J~1tJml ).I11lU1V;rllJ"j::lJlJlf1~1l.Jusn lU~tJU!'Il1).I111U

3. ~tln"imLL":::lBn1"lYl~"f)~

3.1 ?1~YlVl"f)~

1lUmrn"JJ~Yl'<l~1l.JLI'l~1l.JLWnLtl~tJUI'I11JJfil"LLiif~.J.1.J1tl.yj1. . .
101tJUftlluh:nmJ'ih.J ~ .1.JU1. High-pressure blower 'VI1m·~''<lf1JJ

LL1.JolUiif.JHLUULlV\li.J~ltJ1l1mY'l~.JLllu'JIil.:lh~YlO1ffillJ2. Inverter.
LlluollmlJ~lJmllJL1111llJ'JI1hloA'~"lJLl"l.J.lU~.J3. Orifice plate H

ffl'f11lJl~5'<l11nTjhl'l'JItJ.Jillml'f 4. Inclined manometer Hl~

rilmlJJ.1UmllJ.1'U.ll~n.h.J 5. Settling tank VhV.Ul.yj,r'<l1:::LUtJlJ

n11\'fIf1'J11l.:l1l1ml'f6. Test section 'fI11lftl'U.Yl'<liiftJlJ1uti1wUnn11

lV;fmJJf1lULLriv11l~ltJ'JI'<l,n~ml).111l'U.Ll":::iifD~1~€U.J1UYl~1.'mlJ

l'<lmdL mrfI).I.i'tlLlIl'I"JJi:i.~T Iil'U.1'U.16 .11 Lln~~i.J.yj141.rlU•
Uiln'll il,1Yifl'Y1~iiffllJL~fll~fl ruwn iJ141 '1Iru:::.yjL.jjUl'jjflfl~flruV.lliJ

, '\J , '\I

"JJi:i.~RTD IilU1U 2 .11Hfflwj."lJl~flru'flllijm.JL·1T1LL1'I:::m.J'lfln. .

TEF =(~J(~)-'/3

Nuo 10

mlJJ.1U01nfdillJ'~Yl~RillJ L ~il !'I11JJ!Jl1v1DYl~RDlJuse p

;i\1lmlJJ'fIU1LlU'U.'JI1l~'JI1l~'lVl"

n111h~Lij'U.~ntJll1~'JI1l.JLI'l~fl.JLl~mLu~!J'U.mllJf,mLLLwl.Jlu

L'Y1DlJ'JI1l.JRlJJ"lLl'U.:L:n.J1'l11lJ1flU(Thermal enhancement factor,

TEF) 'llm1lnRli51.J~.J [5-14)1'<l!JffllJl"lnLLiif'<l.JM.1.JU

L"'lJ,zffl.nll-nI'l\~!J(Nu ) 'VIl'l.r.1.Jd
Nu = hDI k
.1l1b~nDma!J01Yl1"s F ) Vll.h'l.l'lln
. 2 M
j = (UD) prj'

T .;j QA.J. I ...... .....

s I'lD~m'fliJm.J1L'l\"!J'JIil.JLL~"~~'jjlJ!'I11lJ'j"1l"

m ;i\!) 5~"jlm1'l'VI"L;~lJ1""lH).Jillmfl

1m.
Cp ;i\Drilfl11<J~fr".n<JfilW;hl'vn:'JIil.J1l1n11'1

To ;i\il ~m'fliJiJ'Yl1.JEJEJn
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(7)

1l1'Lli1tllJLYitlmh Nu LL,,:; f LLa~~G].:nli~3(n) LL,,:: ('lJ)
v

o ~ .,.1 ,.J~ ~ " ~mlJi'll~lJ JUYI 3(n) LL,,~~m Nu 1'1~.r;l1nnTIYl~i'lil.JmtllJnlJ
~ ~ " , .. , ~ .I .,

a'VI"lJ~u,ll'lJ[).JGnielinski ~lJlllJmml3Jr-l~~i.11<;]LQ'HJ6% LLi.1::Ju

~ 3('lJ) LL,,~..]m'Lli1tllJLYitllJ1::'VI11.Jfhf ~M'il1n1l1'Y1<;]l1il~nlJ

"'V\fflJ-wu,f'lJil~Petukhov ~1J11fh f ~1.r'iJln'l'l~l1il..]nfillJ1lln11 f

~M'l1n,,'V\i:w-w'Uf 1.ltJnfilfll13Ji.1~~i.11~LQ~tl 8% ~~l11lJTm

1'1mJ'Uii.:JmlmilL~iltiil'lJil.Jr-l"m1Y1~"il..]1.rLU'Uil~1.:J~Nu - (f 18)(Re-lOOO)Pr
- 1+12.7(f/8)"(Pr2IJ-1)

(8)f ==(O.79lnRe-I.64 t'
4. !:Hlm'l"YlOlIHh'l

4.1 m·:i'V1m'lmnl.mJohr-lu~L7!.JlJ

LVlilml1Hlll.ril~LL('I~LLI.i'Uihr-l('l1l11Y1~('Iil~1l11rhmYlm11J71J'Uv

LL('I~mllJL*[J~~n'U~LL,,~~hLYI[):W'JIil~L"'JIi1aL:frm1'(Nu) LL('I:;G]l

UJ~ll[)lJL*tl~m'U (f) mm'Yimufilr-lil~b1tl1J1.rnmhlJ1LU1tllJLYi!JlJ•
nlJ"I'iR:W~'U1n'Uil~~[15] 1~tlr-l('l'JI[)~Nu 'l1n1l11Y1~('I1J~1.r'('hmJ

LU1tllJLYitllJnlJ,,'V\i:w~'Ui'JI[)~Gnielinski 'JIm~~r-l('l'JI'hlf Mt'hm.

LU1tllJLYitJlJnlJ"'V\R:w~'Uf'JI[)~ Petukhov

,,'V\ftlJ~WIT'JIil~Gnielinski

/'
I'D,VT

Airflow

~>
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h<l~Llil~ 11.,~nl1mrn-mn::'lJm~ ~1),') ii, i:-J<l1Y1ffl)Jl,rl ,,<11';'11,.
'lIEllJL'lJ~mllJfElul<ildJuEltJl'~LLI1::Lii<l1nTji:-JfflJi:-JftlUn\.l,"j::'V\11~'lJEl~
1 'V\111<ila ~1~"'~ L11 ('lJ8~1 'V\"Elm'V\lliJ~11J111mn"1~'Yi Ellll.'l::'lJEl~1'V\l.'I, .
8m'V\lliJff~lJ7I1mih'YiEl) 1~tJ PDWT ~n'lJm<l1""'l: d = 1 mm n
~ 'lJ 'l..I 'l..I

l'il Nu mnnl1 d = 1.5 mm, 2 mm 1111:2.5 mm m.Jl'h.llJ El~l~h
fimlJlrlEl1'hm"mtJlJlt\tJlJillJLLr.lutJnll'UlJIi"lJ<I1l~l~l<il~nTj
l"ill::J (Typical delta-winglet tape, TDWT) 'V'l'Ul1 TDWT ill'il Nu

1'il~m~~nl1 PDWT Lyhn'U 7% LLI1::",nl1ri'1ll.hilNU~11tJU 73%~ ~
Jll~ 6 LI"<I1~mllJfflJ~Ulh~V111~51i1"jlfflULi.'l'lJUftl;mlmru

ff€l~liillr.lul'ln'V'l;-\.I,1iiEllI1'lJuffL<rrml'lJEl,ri €Iul011i:-JU~11tJlJ (Nu/Nuo)

nlJ Re 'illnmdY1<11"€I~'V'llJl1IrlEll'h Re l~lJ~U!i~N"h\,.h Nu/Nuo n
lLU11UlJl1<11I1~L~mX€ltJl<11tJn1,,,El<l11RPDWT ihil Nu/Nuo IU~tJ
LvhillJ 3.34,3.23, 3.12 use 2.96 ~lVI";-'Ud = 1 mm, 1.5 mm, 2

mm It,,: 2.5 mm <311lJlh.J'U L~'J'nlm"Ltl1tJ'ULt\tJlJil'Umru TDWT

~'Ul1 TDWT n.il Nu/Nuo ,,·:milmru PDWT 'YIn'lJm~"jL'l~ 1<11tJ~
" '", ,.d d ,m\J'..m11IU"tJn~ 1.1 rm

4.2 nl'Hi1m'YlA113J;-eJ"

m,rh!JI"YlmllJre:m'lJEl~lfl~CJ~Lll'!nltl~!JUmllJfCJl,~nm'ffEl~
l!illr-lUtJn'Vdul~Elfffl~m,~'V\"'V\lJum~11KIUiEllmf1ll1!Jlu'YiEl, ,
"Yl~ffEllJLLff~~.1"tJ~ 4, 5 1111::6 ~llJ\'h.1lJv

.,tI~ 4 ILff~~mllJftlJ~1),lh::wjl~ftlJtI,::ft"Ylim"ril!Jl"YlmllJv

fm. (h) nlJLI1'lJL1tJ1UI1.i'(Re) i:-J,ml,"Yl~I1El~~lJl1 m,lRILr-Iuiln
~.,U (Perforated delta-winglet tape, PDWT) ll1!Jlu'Yimfl~El~,
Ill1nltJ~!JumlMilU'rl1m~lJ.h~lJ1h::ft"Ylim"hm"YlmllJf,ml.r
dJmlth~~ 1~tJfhftlJtI·d'~"YlimjfhtJl"YlmllJfil\.l,nLLU11 UlJI ~lJ:ffu
enurrrn ~lJ:ff1),'lJEl~l'ilLI1'lJL,tJ'1U<l.i'

.,tI~ 5 ILff~~mllJftlJ~\.I,i,,::wl1~film,ril!Jb"YlmllJfElulu•
L"YlEllJ'lJEl~L<l'lJ.r"L:U,nl(Nu) ~~dJ\.I,.11ILtI,Hmi nlJ Re ,nnnTl
Y1<11"El~~lJl1nTlffEl<l1hi PDWT l1Kl'il Nu ff~nil'YimtJ~1j:.J.r~11UlJ.
El~1i1.'Ji1~66-70% 1<11!Jb'il~1::il~1~ri~IL~utJn~~'lJU1<11"11J1: 1 mm• •
IrtlmnnffllJl'rll'V\ti!J1'ill11Klii<l1m'~'V\"'V\!!Um~lll1::n'::.1lJm1

('lJ)

1tJ~ 3 mllJ~lJ'W\li1~'V\ ..h~ (n) Nu LLI1~('lJ) f nlJ Re mtihimtlril•

Re
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1tJUbb<i', ~~'ii1dJu.rEl~ullilm,rhtJb'YI1'l11lJf1lUbb"::fI11lJLff!JOlYl1U

lJluJ~b~Ul~fJ1iRlJm,~ (6) bW~'il~bbff~~1uVi'l,y€J~4.4 ~<JltJ

btJ1tJUbYltJU11UTOWT '\'lUll TDWT ~~l i'l.P ~~nil PDWT 'Yln

'lI1.l1mb'iI1:,
1tJ~ 8 bW"~mllJilJ";-"£"i:'VI"h~ f nu Re 'illmtJLLff~~lv1b~", ,

"hmlfftJ~lft POWT m[J1uvimL<lmu~[JUmllJ1El"ff~'H,1v1~1 f

bYllJff~:D"UI~lJ1rn 9-20 Lyil LjjmYl!JU11uYimu~lrJiI~L~!JU bw~m1,
fttJ~lft TOWT n~l f ff~nilmlfftJ~lff PDWT bQ~tJtJti~ 40%, ,
biitJ~ 'ill n Ln~m,ii 0l'll11~m, 1}1,,'lI1l~ff11t11~1UlJlnnll

,U~ 9 LLff"~mllJilJ,,;-,.£,:;wh~ fifo 11U Re 'illnm,1'I~<lfl~,
'I'1U1l fifo iJLbUl1i1lJbyjlJ:D1.lmlJmdLvilJ:Du'lI1l~~1 Re m,ff1l~ 1ft

.J " , _ ..
PDWT \1 d = 1 mm lJm fifo ~~~~ ~llJ~ltJ d = 1.5 mm, 2 mm

Lbel:2.5 mm ~llJ~l.lU 1~!J~1 fifo m~fJ~~lLYilnu 17.42, 15.35,
• • ~ .J13.42 use 11.58 ffl}1,U POWT 1'1 d = 1 mm, 1.5 mm, 2 mm LL<l~

2.5 mm ~llJ~l;U 'lIrn:~m,m)~lff TOWT ~1i1 fifo LQ~mYil11u

24.18 ~~blJ1.l~Ulffuhl1m'ff1l~lff TOWT LblT'il~lv1lilm'ti1tJb1'l

mll.rj€JUff~n1l POWT n~llJ LL<ii~~~mlJlJl~1l~lilmllJbft!J~'I1l""
v

ff~nl1b "JiU11U ;~,f1.lb~ 1lU,:;Lij1.l"'lJ"nU~"JJ€J~bl'l~1l~uaru tJ~ !J1.lfl11lJ,

4.3 1'l,1~~%(i)mdf)!Jlb":::I'l,laJb~tJ(i)'I11'1<

nTHHUb*tJ"I'/~~~1Ubiifl~ illn rm rJ<ln.l U"JJfl~1'VI01e·hU Yiflbl'l4fl~,.
ll"mtJ~tJumllJftJu~nmd"tJ0l1ff POWT bb"Ol~lubY1tJlJ'lItJ~mllJ

~l....~mdfJlJ (Pressure drop, i'l.P) .lltJ,~ntJ1JbfftJOlY11U (f) bb"~

El~ ,1 ril U.ll ihen 1)UbfftJ~Y11UmrnlHl ~1.imJuu n"l'/1....tii1)<illihen 1)U

mllJbfftJOlY1lU'lliHYimtJ~lmt1b1tJU (fifo) OlllJ~l<i1U

JtJ~ 7 bb"~~mllJilJ1o,ruITd~wj1~ i'l.P nu Re 'innf.J01m,

\1~"tJ~'I'1U"hbdfll;h Re LYllJ:DUriW01lvirh i'l.P LYllJ:D1.lm'ff1)~l.i

PDWT ~ d = 1 mm ~~ll'l~llJ<ilU~nm'illJviil'YI~(1)Uim1'ilmrn d
v

= 1.5 mm, 2 mm bb,,~ 2.5 mm ~lmh~u bii1l~,nnm'R1l~lffbbtJu
", .J" a ".,r .J , ", .J" 1 ..JlJn\1lJ'lI"l~JL';)l~b"n 'l 'il:lJ"I'/U\1lJlnmllJn\1lJ'lIU1"JL'ill~ V\tjJ'll~

ft~rJl11vitJlmfl~l }1l1lJ1tJ~ydl n~~"JJ'U,l~'b'ill~L~n~1~.lUm"il 'VI",
}1lJ1.lm~~Ll-i1~bb·"n-hmrntJn~~'lI'U,1~"ib'ill~1'V1nJ fl!.h~hn~llJb~eJ, . .
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2. nl'lff80l1ci POWT ~¥ilf\lllJbff[JOlmuiI<l[Jn1lm1ft1JVl1ci

TOWT Yln'llUl>l1L"iJl::: Lct<l1llnnTiL'iJl::ilJ1L1m1JnffllJ11bl"li':1tJ1n,. .
'lItJ~1V\,,'iil~luh,,1<;)ft::>I"ln~U 10ltlmm POWT ffllJl1tli.1lilmllJ

lfftJOlmui.1~l<1lii~28-52% LrimYltJUnlJ TOWT

3. m 'lU'l:: liJUftlJ1'lblU:::'JJ1J;]Lfl~D;]LL"nLU~[JUfl1l lJ1tJ1,111,1,11
'lI1J~TEF ;11-1,V:U11POWT lnfil TEF \j'~~1il1VltJ~¥ilbYilnlJ 1 ;6,
1,47, 1,49 \bel:: 1,48 fflV11lJ POWT ~ d = 1 mm, 1.5 mm, 2 mm

use 2.5 mm >lllJ<il.1lJ fil TEF ff.Jff>lWlJ1umruffEl>l1ciPOWT ~ d. ,
d, d , l' '"= 2 mm LW::lJf\1Vi).i1[J~;]nl1m1ft80l ft TOWT bl;] 2.6%

4. m"ili!\iln H POWT Y1LY1lJ1::fflJLLU.JmmlUU2 mru ~El mrn

~ (1) v\ln<lltJ-Jm1filfl1"irhtJLYlmllJ11J'U'\1~f\TlL~'JnH TOWT

Lct8~~lnmrui;]n~111n,h Nu ~;]n11YimLi.1m1l~tJumllJ1tJUbLlJlJ

1l"i1lJ>Il (conventional) ii~ 73% mru~ (2) v\lmltJ~m"i1ulL~

fflJ"i1nU::'lI8;]Lfl~1l.JLLi1mU~[JumllJ1El'Ufll"ib~ilnH POWT ~ d =
2 mm L\(!l;]"iJlnmrn<ll;]n~1111Kfil TEF ff;]ffOlv ,

f\lllJ1<JU\j'~n11Yimu~1c.JiI~L1tJlJii~ 73% Ll,,:::~~n-h POWT LU~tl

7%

5. ff1U I!Hln11'Yl1il<liN

m1~nl:l:;n .:rr~'Y11il1.'lEl~Lyj 1)LvllJfilfl1"ibil [JL'Ylfl11lJ1,m11,1Yi8Lfl~<l~
Lb01nLU~tJUfllllJ1<l U\ill u<Illfff1.J m11 v\01V\lJUfl1~ LLlJlJLLc;iu1Jnw1u, ,
~ntJlm.,LlJu'lIEl.Jhi11'lIilft8'lJ1Wlh-J Re = 4120-25,000 ftllJ11tl

ff1UM~~ii

1. nl1ft<l>llri PDWT ftllJTlWli1[J1ifiln11tllm1'lfl1llJ1em

bvllJft~~U"iJlnYi8Llhl1~iI~L7!'JlJii~ 70%, 69%, 68% ILi1:::66.2%
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