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Numerical Study of heat transfer enhancement in tube
with turbulators
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Research Title: Numerical Study of heat transfer enhancement in tube with turbulators
Researcher: Withada Jedsadaratanachai and Pongjet Promvonge
Faculty: Engineering Department: Mechanical Engineering

ABSTRACT

A mathematical study has been carried out to examine periodic laminar flow and heat
transfer characteristics in a three-dimensional isothermal wall circular tube with 45° in-line
V-discrete baffles. The computations are based on the Finite Volume Method (FVM) and
thé SIMPLE algorithm has been implemented. The fluid flow and heat transfer
characteristics are presented for Reynolds numbers based on the diameter of the circular
tube ranging from 100 to 1200. To generéte main streamwise vortex flows through the
tested section, V-discrete baffles with an attack angle of 45° are mounted in tandem with
in-line arrangement and pointing downstream (V-Downstream)- inserted in the middle of
the tested tube. Effects of different blockage ratio (b/D, BR) and pitch ratio (P/D, PR) on
heat transfer and pressure drop in the tube are studied. It is apparent that the main vortex
flows can induce- impinging flows on a wall of the interbaffle cavity leading to extreme
increases in heat transfer rate over the circular tube. In addition, the rise in the BR and
reduce of PR results in the increase in the Nusselt number and friction factor values. The
computational results show that the optimum thermal enhancement factor is around 2.5 at
BR = 0.15, PR = 1 and Re = 1200.

Keywords : Periodic flow, Laminar Flow, Heat Transfer, V-Discrete Baffle, V-Downstream, Circular Tube
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waNvednsad I agyevealiuil S, = 0, S, = 0 Uag S, <(3.14 A-A) Aouw

nszvhneglussiuaazfiam G\’JE]EJ'NL‘UUI.L‘NﬂiuVI’]ﬂ’]EﬂNLUENi]’]ﬂLLNIUJJQ’N'{] QNN '114116\114”?)’]

S =0 .8, = 0-Uay S, = -pg

- aunswdssuluszuu 3 8@

aumswamunnm‘lmmnﬂmaw 1 -uaqmaﬂ:ﬂﬂmuna finanlidasnisiudsunyas
'uaawamwmaummm‘lwa Lmnuamwmitwummmuunaumﬂmnnuammmsmmwm
aymMANsve

aammiLwmnmaqwamwaaaummaa‘lwamawmaﬂ?mm hy

DE

Py (3.15)

o . PN
- uingEvlagusIuuNuia
o a A’ - : ] ] o an
E]Gl'i’]ﬂ’]5LﬂﬁN’]'U'U'UW‘UNQ‘UEN.‘UUﬂ’JU‘UENIMﬁ i]:;’LVI’]ﬂUNﬂQﬂJ‘UENLL‘NLEﬂzﬂ’J’]lJL%’J'L‘UVIﬂVI’N-
4 J N * J’ - - - ] L]
VoS dmSuusamuuanaly (3.120 - 3.127). l@WEANSEVIURAIMe X asifinauwiniy

((ECIREARECEY

ox

_(p“ag;")%&) (r,awa( )%&]]5)’52

LTI
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+ [— (ruu -a—(;fl%az) ¥ (ruu + a(T”u)%&Ildxéys

oz

o t‘.’l | v v - - Y 1 o
siudisangiudy sasmaifaeugvsuunuiaivant luies x Ae

- A(ur :

u(-p+7.)] . (7 ) . A(ut,,) 585, (3.167)
Ox Oy 0z ‘

ﬂ'J'Ul]i"ﬂE]UUaﬂ'Ua\llLi\lluaﬂﬂ'mm'lllLﬂUWUN'J'Lu‘VlﬂV\'N y Wav z ﬂ'\’]"‘/l']\ﬂ'UUuaUﬂ'Iﬂﬂﬂﬂﬂ'l'l

LUy 'lunsvmumsﬂmuuwwmuammmsmmwuuaummm‘lmaLuaqmnmswmuimmm
i douls el

_'6(v1x),) L Av(=p+1yy)l N ovry)
| Ox dy oz

]&@& (3.16%)

way

awry) | SWeys) | dw=p+7,)]
Ox oy 0z

o a -‘.’1 I. [ < ! - 5 - .
aamﬂ'15LﬂmﬂumummawmgnJinjmi‘ﬂawaﬂua‘[maLquuuwummmm ABNATINUDY

jldxﬁy& (3.16A)

(3.16 N — 1) WEMIBYTINGS &edysz (Manved p annsagndnsiusauazdeuluguuuuvesianes
v &
LUVt ol

_8(up) (wp) _a(wp)
ox dy oz

= —div(pu)

o 5 [V - 5 ::' 1 v J’ - )
AUSATINISARMIUTINIMIAUNTUA NI B nalag AL AN UNRIAD ey
USuntuvaandanusavizsiiainanuigusuing

a(ufn) + a(llfyx)+ a(ufu) + a(vrxy‘)‘-'- a(v‘!yy)
X oy oz ox By

. a(vr,y)+ a(wr&)+ a(WTyz)+ a(WTzz)}
& ox & %

[~ div(pu)]+

(3.17)

v ¢ d ° ¥
- Nan‘ﬁmam’mmi‘mmqmau
¢« v« v 1 | v ¢ 5 P -
naweindndanuiouseniheiull ¢ Usenauieatrusznaudes 3 e g, g, g, (U
d .
.3.5)
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g g+ 2% L5
dz 2
Ty 27
\.\‘;\~;. : 4._@91 ) ?: A
. 1 @ x 2
————— } N s et
) 1 |
St L - LN
PO S
S g ,
-k,
Z & Sy 5%
Q--ia‘k-%&z
y J » .

31Jﬁ: 3.5 a3AUsenavuBdAnesHandAusau

o ' v AJ: ] o o s ! v -
E]ﬂi'\ﬂ'\iﬂ"\ﬂWlﬂ']'\lﬁ'i)ﬂ?!‘/lﬁﬂ‘dﬂﬁ')u‘uaﬂﬂa WDINUANYYDIAMUTOUNANIN x an

° . ' | v ) o v om v v o v o - v
ﬂ'\“UﬂIﬂﬂNﬁﬂ'\\ﬁﬂ“’]'\\iaﬂsqﬂqqﬂiau‘ﬂL'U'\N'\UN'JV‘U'\ W AURTIANUTIUNDDNNNINUI E

‘ 0y 4 o4y | _0gy o
[(q; 2 2&] ( +224 &xﬂay& 2 sty (3.18n)

-d a o ‘ 1 v @ - A v v -
 Twhusaderdudasnisanawmanuiougvsvadivailasnwindvesauioulufianie
yuas z Ao

5 .
___Zldxgy& and _a_qc&gy& (3.18-A)
dy oz ’

. v ad 2 ¥ e g
dns1mnusougviniivduveseymavadivasoniisinnsaseunquuaulunYaliuE
gnalva i unNaTINYey(3.180 - 3.18R) MIREUTUNT &&é

_%a. %8, 04, __4.q ' (3.19)
o&x & oz

ng'uaq Founer 993N7151AUSDUBS UNEA LU US YIRS INAT I eYS UNATILS U
mawuw (heat flux) mJ m'mumnmqamvmu FOUUILAUE™N

ox oy oz
4 , o & '
Allaninsadisulugupuuesdanmesianall -

q=—=k grad T (3.20)

« vioow a v oo -
TAUNT (3.19) Uay (3.20). &eazlddn dasmsiiuvesniusouiioyninvasivaliiossin
a v ) & - 2
mahaufeuluiuivasdudiuvevasiva
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—-divqg = div(k gradT) (3.21)
- FUNITWAINY )
v v o t ) ° o v v PN
.[Uﬂ'J‘UE)U'Q"mﬂa’nﬂ\iwa\N']Ui}’]LW’W'U?N'UEN‘IMa FAUNUAIY E waaa’m'um‘uaq'lwaqnua'm

.nJ'uwaﬂmaqwamumwmaumU'Luz wiuIaY ;(u +v2 + wh ) wazwaudndliuais lne

sadiRuduadveimsaramd gl wdamumeluorehifinsmmemidnudng
Wl lutlowfle wmumi'ﬁmqﬁ'mé’aﬁww’iwmsﬁLﬂ?{apmuamum']ﬂﬁ'udﬁwadanTﬂwu’lu
duiizunin cudssminiminvesingdadumaunisieduia luauniswdnu Smhadu
wdsusiambtinastenieiam

n1seudndndanuvestudiuretiua ildlaensdmualisnsinisudeundasues
winuvestuditastiva (3.15) TAuiu sasimvesmsiineuguiuuiudiuediua (3.17)
Lazdnsmudeugvtituturesadivaiissnnwdndmudou (321 wazdnsnisiinues
wasmuilaanmentaimsaaniiia Fafuaumndanu fe

a(ufxx)' + a(ur)'x) + a(ufzx) + a(vrl)’)
ox Oy oz ox

+ a(vryy)+ a(VTZY)+ owy;) + a(WTYZ)+ Awry, ):I
oy oz, ox oy oz

+div(k grad T)+ Sg (3.22)

DE
—_— =i u) +
P v(pu) [

Tauns 3.22) 1 E=i+ ;(u2 +vi+ w2)

v o d' v ] o :J LY} .
wiin (3.22) Aeaumawdwuiauysailszneuie 2 dw As wianunelunduiusiv
gum)ivravesiva wasndsnuandmusiuainuisaddva dnasRarsawdanuluusas

1
]

drunenaindu wdseariduiusivanuiveednatuamnsadeuldlagnisulaiguee
aunsluusy nafie vnsgaaunistusudtluiane x feanind o aunstumusiuly

AEne y Meauda v waraunsluudilufian z Aeanuda w assiunaandidaale

[N
- o

! o v v o €a o o fv v ' A’
ABUNINITUITNNG 2 aQUVl’ﬂmﬂﬂ&lﬂ’]7E]L‘liﬂ'l:}ﬂﬁﬂi’uWaNWU’\JﬂUﬂQ‘U’NﬂN%

» Dg(u2 +v2+w? )j ——ugradp+ u(arn N 0Ty + 6ruJ

Dt © Ox oy oz
or; 0 07T )
o 22, T | Ty
-Ox Oy 0z
ot 0ty Ot -
+ L2 AR LN UAT 44 IR )
| W{‘ ox ay o2 ] 11 5 M (3 23)

vinisau (3.23) 910 (3.22) wavilew source term Tulmiidu S, = S;- .S, Jovh il

L g J
AUNTWARIUNN EJ".UC'N‘U
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pi du du du
—=~p di +divik grad T)+tg—+Ty,—+Tp—
th p div u+div(k gr )+ T p ryxay Cre
+7 2v—+r Q+r id
x)’a;x .)')’ay Doz
ow ow
+sz.-ax+fyzg+fzz—a—z—+si (324)

TuprsivanuudaddlWila & 1 = ¢F, @ ¢ AeAtAuiousimzuay div u= 0 Fwiln

Jaeauns (3.29) Wluglvesgamailife

ou

bpr . ou
pc-B‘— =divk grad T)+7, r

—+7

%

ou ov
___+ T —_—

Taz Yoax

+Tyx

ov
+Ty_yg

ov

ow

+ Ty —F Ty ——+T
Doz Fax 7

ow
—+7

3.25
% (3.25)

zz'a;"'si

e d'u &/ Ll o ! L] 4 4 J i
dwiuaumsivandadala (3.22) gndnguiduaunmsdmivaneumaluasiiiosaindiey
maliuwne » wazAnsumalinwzduysal a vaswetivaimunllng

)

2

h=itplp and hy=h+Lld v +w

N - :0 - o o L L L
FAUFADULINUAVUHINUDINENNIUIUNIE E LU08NU ’i}‘d\lﬂ

ho=i+p/f)+-%(u2+v2+w2)=E+p/p (3.26)

unuA (3.26) Wluaunis (3.22) wasdnsouissaunagaviilaauniswdaausiy

i‘;’—"—)— +div(ph,u) =div(k grad T)+ 9611—’

{WaLWML%m)
& Oy 0z

A7y ) + oy Ty} + 8vrs)
ax Oy oz

N a(wr‘xz).+ a(w'tyz) R awr,,
ox oy oz

+
[

(3.27)

s,

' . A v b
Auns €3.24), (3.25) way (3:27) Lildaunismiseyihvwdanuniadudanivg winua
-l - [
\Wudnguwuunilivesaumandanu (3.22)

333 dumsundsi-aland dwiuseslvauvuilndey
. Y IV v o P '
aumsmuaUsznaumgiiliiide anuduidasnanavialusuunudes 7, W

’ .Y v a . - Y} 1 edo ' <t
nsinavedvedivatu Aanuduminannsagnesunelalasdnsmadagusndisumilag 3e
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Sasrmnuaden) tunsiva 3 fidasnsdeguiediiumidag Ussnaufedasnisideguin
Badunazsasudeguiadnines fMemneialasdsnniiauanifiduiuy isotropic Tuvas
flueunarunviafivsznavsisluanavesindived 'lu’{hmuﬁmnwaadwaﬁﬁ’aﬁqé’mmw"
Usewgidaudu anisotropic wisamauivesauidumiianuuivagiufiems fadunavems
Fa3uavaslelnanavestndies vadlvadinaneguonivilennvauivavenmifeduases
mmsﬁnmmahﬂmﬂanqmqmﬂuauju isotropic

Snsnsduguiadadurestudadivall o sedusznoulu 3 14 sy 4 6
aafusznauiidudasluvediuauuy isotropic Fsgnifieulandnydnwal s; TBUUATEEIlu
vesshedgdnual Tiiuesdusznavudiussuuidndussuudidasimudu (glufde
3.2.3) flosiUssnovrasnisideguiadauduiuunaineg 3 i

Sxx =—Z% Syy =% su%w; (3.28n)

flasrUszneumsidesusadadunuuidouns 6 Muresiudinvedivade

Ou  Ov way ou  ow)
Sty =Sy = 25"'&" "sxz“su__ Ez""g

Sy =Sz = (-gz-v— + %] (3.28%)

nadeguinadaiinasgnlviag

M L dive (3.280)

Tureslvauuy newtonian Anufudosnaruniiafudndnlnsasiudnsvesnis
dogusrevsvasiva sungididhgmuminvasinduluiigh 3 Sadwmivvedluaisadlmi
- mslwassfieuviiadenlotedulsiunudmisiines 2 & Ao 1) Adudseandaruniiait
wils (dynamic viscosity), u %'iwst%'an‘lmﬁ'un'mﬁagﬂvﬁaLé'u‘uaa'uaa‘haa uaz 2) Ardulsyans
mumilaiiaes, 2 fesdeulosfunmsidoguiasiuns dufussiiasdussneudesvasmmnuduag
viavam 9 7 Tnel! 6 dluniulsifuurtuvdeidendnilsedudasy (degree of freedom) Wity 6

Ou . o , ow , ou ov
Ty =2pg;fldzvu, Tyy =2,u5+2.dzvu, Ty =2,ua—z+2.dzvu, Ty =Tyx = ;{ay + axj
ou ow
R ek
‘v ow . s
Tyz =‘L’zy = ~a—z-+a-J N ) (329)

. .- ) o 7 Ve v - o a vaay ) v
amrasamiialudrunassiulidaiauin esnnuaveaiulunis judiliundn

v o i al . . P a |
dwmiufie nsUsvnuaiafe 4 = -—%,u (Schlichting (1979)) uasifiasnnauyiitveavaiiu
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wuuisadalille Fevnaumseyindinate div u = 0 ffuaruduniinasdy 2 hesedasinig
deguidadu

unuradudeuthauy (3.29) Wl (3.14n - A) vlildauntsdauFensuds Navier-
Stokes Faduininenenansluamssw? 19 Aladenusd

Du’__@_+i 2 éﬁ].pi ﬂ@.pg
Por = o | e oy | Moy T

+a_z[ _ﬂ(a_fgﬂﬁusm B (3.30n)

+i[ #(Qz +@ﬂ iy (3.300)

Dw & 6[(6u aw)] a[ Bv aw}
p—=——t—| Y —+— ||+ —| g—+—

Dt 0z ox oz ox dy| 0z oy

0 ow

APy .30m
+az|:2,U aZ»]'FSMZ (3 0 )

annsadneanauvarduniielv] mwmqﬁ
[, ou 6 du j
20— |+— —+—
Pl o My )
EIEARIAN @)
=) 5"y 7

IRECHEEEE
a o) M) w o) o
= div(u grad u)+ Sy,

auduniialuliumsfidussdussnaulufian y uay z ansodnlwdludhvasideity

ﬂ“a‘i’\\ialJﬂ’ﬁIlJLlJUﬂiJE]EJ"I\N']U Iﬂ&lﬂ']‘i'UOUWIO!J‘HOQ A3 LﬂU‘MUﬂ'LUW\’EJSJ'UOQﬂ']iLWlJ'UU‘UOQ
TuusY (source term) muumua'mmawummstmu'um‘[uLuumu'lquﬂﬂ

a

Sm =Sy +[SM] | . (3.31)

-« . - n Yo & v ad @ P o o
aumsudai-aland ansagnifsuluguuuuilddmiunmamiaunisuiinasdudas e
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p%‘ti = —-ZE +div(ugradu)+ Sy, (3.32n)
x
p% = —%yg-!- div(u grad v)+ Sy (3.329)
Dt
Ehd (3.320)
p—E——-é;+dvaugradw)+ SMz 328

ElduuUsiane newtonian dmiumauaunialuauniswdsnunialy (3.24) sl

p% =—pdivu+div(k gradT)+® +§; (3.33)
/1 .

nansy wumwmLuaqmnmmmuvmmluanmswamumEJ'luu mmsnquuiﬂutwauﬂaqﬂm'ﬁu
nsaatean (dissipation function) @ mwaqmnmiﬂsusﬂwuaums annsouandld fail

o= (@)Z_@Z(@]Ha_u_gvf
“ANE) ) Tl dy o

2 2
. +[§£+zw_) +(2+@j }+l(divu)2 (3.34)
‘ 07 ox dz Oy

v o 1 P v o o ¢ ] o -
msamemilifiuruinaneiiissnusenaumeamenenmaeeed wasynuiianisnaida
o . & y .Il ] ) L '-; at
gaawdaunslududunamainninesunsavestiudiuvedive Sndevilsfedudaanoy
o d o < v . v <
wdanusadnnnsiadeuiiveseymavedlva uasddeuluidundrmnnglunieanusou tues

- 334 sUuvunjinddmivaunisaruauvaimsiva
- - 4
anmiauin'sma Tuiudl wazwdau lugdiuuveslanefiaun LUuanmil.mu 306N
'uununm'uaa'uaa‘lwa newtonian fioafale Ltamdma

U4 o, div(piz)=0 : (3.9)
e ‘

Tuiudy x % + div(puii) = —%’i +div(u grad u)+ Sy, ' (3.35n)
- x .

Towudny %%”-Ldiv(pva): —%Hﬁv(,u gradv)+ Sy, (3.35%)

Tuwuey z aa;(’twh div(pwii)= -Z—” +div(u grad w)+ Sy, (3.357)
Z

WAN. a—;”i) +div(piii )=~ pdivii+div(k grad T)+ ® + S; ' (3.36)

AUNsANUY p=p(p.T)andi=i(p,T) (3.37)

p=pRTandi=C,T (3.38)

wounmsnaiulavedluniudu S, wasiaidunisaasdn © waaalu (3.31) was (3.34)

o W P ) a a < e v
audau unhaulafihaiguangamanesiilaundind vinildaunisnisiva (PDEs) 5
auns wazaunsivads 2 aunissadu 7 auns eeunldwuafnwewsilva newtonian &4
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sfuwausuniialuenssauLAnARTBIBAsEna RIS WenteA e [ukald
a L4 vV o d' 13 o o J iV # v v v
Wnsalaiden 7 3 mu'nmLmnu'uaqaumsuazmwiusmﬂuaassuuu annsagnuitemile fae
anuhwuauu,a SN (boundary and initial condition)

335 sﬂLm'uLmauw'usua"a'uwnsaﬁ'\muaumsmsmaa'umEJquﬂnﬂ

P 3.1 swwyd flasadeanmatamsifiauediondaiy Frivorsan g
Wuiudsuanquaniflag vesvaslvaud? sUuvvrBsaNnseuindignaietuiufexd
Tassaandefuaunsdreiuduiy sisuiaunsdmiviiina anand wu gamgiiuas

v 2V LY :
AUYUYULDIFAT ﬂﬂuﬂiﬂL%UUIUEULLUUﬂQU

8(g¢ |+ div(pgi )= div(T grad §)+ Sy (3.39)
wieoduele Ao

oM3INIT . r . o . 2 ¥
i g mMsvagvsvesd 7 FRTINITINNTY dns1n1TIRuTY

\RY U8 v y g
y + PANINYUAIUUDY =  VBISLUBIAINNIT + DI LUBIINAIT

| Budiures . e a

Iva WWe fenuiin

lva

aun1s (3.39) gniFunitaunismsiafeuharesnmanti ¢ Fawuiniuannsnadutenis
indouthevenTinameiandfunnsaiuld foeuiikandrsnisasuiauasivanyeanis
wiagaudredevesauns dwienveimsuns (TAs nuwsmauiaw) LAzIVBNYNT
Aamilin agvindleamdiu Tneladoumondlimieusulilumenvasmsreduia Huios

aun1s (3.39) gn'['uL'duqﬂLiumuﬁmswumaumsmmtu'lmﬁ'dimcﬂiaumadmumwum ¢
W 1, », v, w WAL i (W38 T3 h) wazdonArfimnzaudmivduyszavdnisuns I uay
aunsnanLile 1ﬂiﬂuwwmw'ummmw 3.1 Tuanns partial differential equations W 5
U Feusznaussauniseuintina Tumuduuazwdeay Witunsundndedlsumasiuiiles
AomIduinviauns (3.39). willeUTinasauay (CV) 3 fiAgarin el

jﬂ—dv + jdzv(pw)iv Idzv T grad §)dV + js¢dv (3.40)

414

o - L - N al [ . .
nsoutiinimidadunmslumeniassiiudioile Ao meunswy wazlumsnusnniaranile
- ] al T a a ‘a & a - [
Aoenusamsuns gnidsulmiidunisduiinsmideiuimessumsauquinglingu) Gauss’
. o L4 ..A’ t t
divergence dwmiuniames a laq nauiiinaniin

jdiv(a)dv = jn.a dA . (3.41)
s A

AUMINENAdsmansed na o arUsvnaudesraIAAed a lulianwwesnaned

& | d e . S R - - . <’ il -
n FMRANFADWUNIVNTUAIU 44 duUUNTBUNLATNUDY dlvergence VOUINLABT a wmlaUsuns
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| . '3 ] . . - 5 L A’ - 3 -
WY 83dUTENVEREURIAKES 2 (UAFNIMIRINAURUNIAARAYINYBULYATBIUININTTIN
- da o X a & ¢ al ' 1
(integrated) FaRRDaIUIINTBINUANT 4 Yiovaia MTUTTgYNANG Y] Gauss 'divergence (@1A13

7 3.41) sevlannsadeuls gty
gg(j,pwv}qn.(pw)m: jn(r grad §)dA + IS¢dV (3.42)
cv A A cv

anuturaInNITauiiinTLaY ﬂ'ﬁ'ﬂUWUﬁ Iﬂﬂﬂt'ﬂaEIULL'LIHQ'L‘UWI'r]MLLiﬂ'UENV]'Nﬁ']EJlJE)'UEN
ﬂllﬂ'li (3. 42) I.‘NE]I.I.'dﬂﬁ'lVllWUﬂ'ﬂlJ'MllWFJ'VINﬂiUﬂﬂWﬁGli Lﬂﬂﬂﬁﬂu&ﬂdﬂﬂﬁﬂﬂﬁikﬂﬂEJULLUﬂ\WN“IJﬂ

YDIAUANUR ¢ ludFinasamuAu waga n (pgu) Mmam.wanwuaaaaﬂ'dssnau'uaaqmauum é
Hosmnnisivaveresinalufivieresnnmedimn n feiResenmnfuivesiudiuvediva
wufu wmenTiaesudheilovasaunts (3.42) Wiameunsw Wudnsnsanasgnivesnuau®
vaslna ¢ vasdudureslvaidassinnsw
wangmsunsduanlufimmesimsiasuwlamemhsaenvssnuanifivesiva ¢
Tiflnau Wy paeauuIRiAMN —grad 4 dwmudoeei mmdeugmimIsunsivluiianisyes
nswAsuuUaswesguuaisemheminenmiaiunit inside) fiduay Fafunagues n(-
I gradg) ﬁaméﬂsznawmﬂﬁﬂémsLst'LuﬁmwwuaanﬂL'mas’msamnﬁﬁmimaﬂ"lﬂmnﬁuﬁwm
Fudruvedlva luueafeafuiunagu n(T gradg) FaviAu 0T eradg) Bafifie Wandnis
 Awsfisieuan ffmastuutunameimanisilulufududoutuies nasusnnenile
U9 (3:42) ABLMBNNITUWS fruazaanndastundndilvadrivlufudiunasinudnsinisiia
a*nﬁ'umﬂmauum é 'um'uuafmmm"lviaLuaqmnmsuwsmauammamqmmamaqanmsﬁ‘lﬁlwaam

mil.wu'umﬂmauum ¢ Mivtuilesnuavansnaruia melududnilva
Tuviusadelfiu Amuduiusd (3 42) 'uaq'uaq"lwa'[uﬂ%mmﬂ'mﬂummmaﬁma‘lﬂmu

o aﬂsﬁaﬂaquﬁ'uaw Smin1siRudy o v -

BNTTNS 4 4 o 2RINTATNGNT

K + 1U99910N1THIN = VEISLUBNAINATT  + :

WU C . N4
ATOHNIUYBULYA Uns

mIssueisuduldiinisduiinsnuesannis partial differential SaasanIwaanng
aydndURInamiAndvawedlua fuukhlussduuhinaseunuifitunadin (macroscopic)

Tulgmianeasii (steady state) Sasmeuneuiinsiasuntases (3.42) wiriugud
5q5ﬁﬂ1ﬂdguu.'uuﬁuﬁmswuaqa:umsmsmé‘auﬁ'uunamwmc?h

[ n.(ogu)ia = [n(T grad gdA+ [$,dv (3.43)
A A cv

o v [ o_ & v - o al ] v
Tutlgyifeadesiunat Suludeduiitnsniisunar ¢« ludnnaniosn ar 0 ¢
o o v a a ) - i
UATIVIATR £+ Ar VilATULUUBUTINIVIIlUBBaINIATSIARRUN AB
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I ; J‘(pc;i')dV}dt + ”n(pyfu)dA d

j j (T grad ¢)dAdz + j J’s¢dv dt (3.44)

Atcv

3.3.6 N5 lnavavaslva

- daamensiva
fnsannislvawvusuideu luvenauniised 7, g 3.6

Inviscld flow region
ulr, x)

Boundary layer region

< | ¢ - I3 - \
E‘LI'V] 3.6 ﬂ'ﬁﬂﬂﬂ')'ﬂiNU']')Uﬂqalilﬂﬂiﬂaﬂﬂqi‘lwaLLUU??UL’SHUIUV!BﬂaN

dwiumslvameluviodu desdmilafansvenemusstasuinamiadn (entry region) 81
a-"uuaanmwmﬂuauuujuamﬂi LLUUi’\ULSEJUMiE)’UUU’Ju waasluasdmiunisivanielune
nautwvuadiy

D
Rep = Pm (3.45)
# 4

-t [ 3 | \
B u, Wumiudwmdunaluvie
D Laumuﬂuunmq (diameter) v8avi®
Lamszﬁuama'znqm dmiudrmsidsuwdasanisiva nsussududutiusudy

9N ,
ReD_C =~ 2300

. S oyt o
wasmsivadunuutiuduidui 7 Rep 2 4000-
dwiunsivauuusiuideu Re Rep <2300)  AMETBITUTRAMIATIdmMiUATS
Yudmlaanauns

[.’%’_"J ~0.05Re (3.46)
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- el (mean velocity)

daunnderasmsinanmeluaznisivanmeueniae llamnsaldanusveanseuadase
u, 89Yadlnald iHatnanandimgluviesrulsasummauinindarawie sajueld
MiNRd u, (mean velocity) unu laeflerwdnaruiiiadeide mwm%aﬁtﬂaqm'\'w
Hufintdnvemianazmumuiiurasasdlaudesiniusasnsivavewna Falgr

m=puy,A. (3.457)
v & d do o v v | dad A v oo - . |
fdumslwaanmzam noadlilaudy meluviendikuimidenn A » Way u, g

4 < 3
fAATinannAINEIVID : _
dwiuvienau (4, = 2D?/4) mweaauistivasanaadu

4 . '
Rep = —— 348
ep = D (3.48)

1 i - - a .'J Q‘S A’ A v o
WS A1 i 9IMLAINNTBUTNINTBINENtIIa (u) MavaRuAmiee
m= -[Ac pu(r, x)dA, (3.49)
[} 5 [} 1 al o W v v v
faudmsuvienau nsdivadlnadamlule udqazla

 pu(r,x) "2 s
Up = -[AC A, = 27p u(r,x)rdr =—2—Iu(r,x)rdr (3.50)

. 2
Mc P, Iy o

%\wumm Upy 1gviuy Luas'sﬂi'mwaqmmﬁ’: (velocity profile), u(r) wml.muauu ’

' s d v v & o v
- JUTvramsvetvadivanuTudANudS
2 g * A Loy A L
s Ensamla dwmdunislvawvusiuSeuresrsdlvainuanifng a
slile Tuthaftususdniiudrvsaviena @miututu mu'lmmmaqaﬁﬁawamnmsmammu
wdn) lnehluasfuileidusasiad
. < 1 3 v o - o
Aedddmiudouluiduife merudluinimiiasmswdsuuasesrauany
waknuynquvisiiddueud
v=0 Uag (a"]_o
ox
iy anadamsaunuazdantvediu r i [u(z,r) = u(n)
. v 1 4 J &
mdwLnLUmlE nnnsufaunisivensanyesannisTumuir auun x vie
prmlasfnaugavesnseyindluaudfldinugud 3.7
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a < Y - PN ]
gﬂﬁ 3.7 anqauswuﬁamum dx ﬁ'msums‘lv‘aLLUUi']ULsﬂuwnamﬁuv'ﬂ?uwana:g

v e - -l ‘ . ] | -4 A‘
dwuddunimiaisudvagUninmuregui 3.7 awnsadeuaunageusalaiol
r,(2awdx) - {r, (2mrdx) + -;i— [1, (27rdx) ] ar }
r

+ p(2zrdr) - { pQRardr) + 5; [pardr) Jix } =0

T
deaasuiiy  -Lor) = 2 (3.51)
o dr dx
NN mnLnYItciu MU 7, = p‘;—"
r
fodu 5Dy £ 4 (A2 Y2 (3.52)
r dr dr dx

IWs1Ean % vubituiu r daiy ansadufiingy (3.52) 19

2

1, dp.r
\av ury=—( — ) —+ Cynr+C
(r) #( , ) ) 1 2

andoulefiveuldin uiry) =0 uay ouldn,o =0 azle
ury =Py 1-(2y? | ‘ (3.53)
4u ox o

YRR ) o [y Pl d v v & o v o N
fatu JUnssvasri I miUnsvaluusuSsunsusineiudesiduninluauay
. s n‘ o v v cd \ .l’ v J
Azdalnensidasuuuasanuiu ( % ) foaduaviave nadwsnnanunioldmaus iy

19 (u,) Tosunuaunis (3.53) Tu (3.50) udwinsduiiingmazla

2 .
__n"dp ‘ ‘
= . (3.54)

wnuanms (4.54) T (3.53) geldsusrasanusuiy

v
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MO _of - Ly? ] (3.55)

m rO

W 4, @I BRINNISESnTIMsivareuna Anluauns (3.54) d@nnsem

aNMutuvanNiule ( % )

d o v v o & o v

- navasuwarnusunazaausenaudeamulumsivawuuuudadunugn

- b ] v M A o L2 1] )

Fmansdrulngianuavlanerduaruduanasanlunisinaveseadlnanisluve
o o - e o v o o w o o o
Wawndmsiiwesdngrtesiunismauaiidsnurssdunieinaulaenss lunsmanuau
anasou Y Musenewduamuves Moody (38 Darcy) Faliuwisilinesling Insdewdn

jatdplal (3.56)
pup 12

o

- P a o & | g -
AIANUdNUTEEANSAIAEANIU Cf ‘UQ.U'NF\TQL%UI‘]’J’] G\?UixﬂﬂULﬁUﬂmuLV\lum

Fadlenun

T
Cp=—oF (3.57)
d ,au,,,2 12

wszTauwsadauvuiivesaelnayu@anansatudan)  wseuufitvesweddna aety
aandudouvuiiadmundu 7, = -udu/dr),., 3NaIMT (3.53) 14

c; £ ) (3.58)

WuANNS (3.45) uae (3.54) aslu (3.56) dmdumsivawuusudsuivsumduiuda o

64
f= oo (3.59)

J’ v o [} U =
uenanil §31 enuduanATeN (Ap) TEWINIEEY x 89 x, W
P 2% 2
pu pu
Ap=-—[dp = FLm [ gy = £ P%m (4 — 3.60
p=-[dp fop V=S (mx) (3.60)

Il X

dwmiumsivanuusudeudean fmldaingun 3.8 wienaums (3.59)
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Kataitva xeug&m&!sg

Fitetion tactar, ;;r_-g%e
P .

Reynoids nuimter, Re,,— "*ﬂ =

JUN 3.8 G'hUiznaULﬁummuﬁmsumﬂwawﬂsuﬁaLﬁuﬁLLf'h'luvianau

" 3.3.7 nmsaemanuiou

Surface.conditiorr
T, > T{r0) 9

-Tin)

i
T,

¥

Xia, v

U7 3.9 msfasunauminTialse manwioulurienay

i sandvipavesanieuthdimednadinlulues i 3.9 fouvniainaue
T(r,0) iaﬁﬁ'\umndwmnqmmﬁﬁmu.f'i": mMenaLfourziintulaziiandialesueeniy
fouszurafatu egnlsinaugrannsitvenisnsilasoralugumaiiratiasund (7, =
Al ) viendndmufoudinaduasn ( g= at)  anmefiuiudmafiudivesninuiou
(thermally fully developed condition ) RoviAntu 'lumamﬂﬂwmammuwﬂmmLmnmm’m"
uansnafumudonle ‘Lm'munsmammummwsav\lanﬁmmsaumw

amwmﬂwawv'i'\ULsa'us.,azmmmwaqm{mﬁwwﬂmm auihy
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fdt

(<fy  ~ 0.05 RepPr (3.61)

) lam

TaensiSeuiisuuinamiada (entrance  region) waegamaiianudunis (3.61) Au
! |l‘ v oo Y (=3 vt v v
AUNTYBININED (3.46) ArwuTeiune Pr iy Saeagdlddh 61 Pr > 1 uda lelaslown

fautindiaes senedandt uvndanTiawefuetemiewnnn (xy > xy ) azasnduiud pr
< 1 dwTuen Pr gequtu dniiu (Pr > 100k, astfoendt x, inninsuasersanyilaiigunsives
d v o d v a ! a v v v . da s 3
amudviumdniudfinaentisuinamativesninuiou lunnndutuveduanier pren
|A ] : a v v d vy < ]
unnquiu Tavswas (Pr < 0.05) sUsnaampiionaduwuudadiduiuildiiwnlurusiglis
4 o ! S Vv I w ' 1 VI < v - & a i
rosnuistaglutaeidenadieg dnllumsiwanvutiduleulavisaeaisvaniudassll
: L z ' LAl
uiy Pr uaglagnisussnnanianaulidT x gy, /D=10

ol
- atuvmumaﬂ
'l.ul.'saqa:uwgﬁ 1l~flumaq'l-uaquﬁmaa T,) 'luanwtummuaunu u, 08N
ANUVHNE -
puc,TdA
TM=L£_.V—C (3.62)
mc, '

Y du uw My v
dwiuvienay uasiunsivaidadiila agladn

~

JuTrdr (3.63)

Tm

Ul

' o vV o [ v - & P
ANYede T, ELUAHUMUUUT x ﬂ'\iJﬂ’J'\lli@Ul.‘U']ﬂ'iﬂﬂﬂﬂﬁ]'\ﬂ‘Ua\ﬂ'ﬂa AR NN uw, NU

1 & o t d'dx o v oo ol

mpshidmiuviendinuimidanm
L3 y U o o 1 d g - e
Windanudou (g sewinwedlyaduiivienigalaq mildanngidudavesiindu

gs =T = T) , (3.64)

F n Lﬂu?‘(uu's-'ﬁwﬁm'swﬂmmsauwmuvmq'[m‘] aglsAnauiianuuanmAefusEnIN
T, uay T, eewin 7, asilufirniavenisiva g T GIENLUaEJULLUaWI'mWﬂVI’NUUﬂE]
dT,, /dx aﬂuLﬂuquamnmsmammm‘saummu Awed T, Wumsszes x d1nnTanemaan
fouduluamninguedlva (7, >7,,) uay T, wwanasiusses x 61 T, < T,

v v o v
- danmEsmsuiusaniud (fully developed conditions)
P P v o 4 - S - . - v o
Wasaniinswmiuisuiinfusiiseniniuaseadlnafogunnivetivasadang
& . | v . a ) -
WasuwUasmusiey x Aieenifsiinn1ay thermal fully developed w3ads antumsaliiay
' - pRpes 1 a v v g a YY)
wansrsluannsdinisivarasvaalnands (@Gu/axy =0 Tudnuinudiudmimunags lunnndudy
vV a v v ' o oo ' & \
dilnawimnuiaunds (4T, /dx) wiudeniu (o7 /ax) n3all r laqazliluaud nanieasnglin
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o ) - 1 ] P o ) ol ] i ) v v & )
vavumgll T() wdvuulasetmailiadiu x FaUssuaiioun anenMIuTuMIeunuLa?
[ H - -‘1" r-'f + o + vaa - nl' val
vesgampiliiiesiiniutas UsngnisaliasdesdalwilfeglugUliifvequmaiiitelilateuly
ﬁ * » ’
Pndwunsiwuuvsudsuitesannseyindndsnu ldruuanssgamg il iat
$ P da | a & o ) P-g - Y} < ot w4 o
U (T, -DT, -T,) %’w’fluwau‘lwnaqaimamswawuauﬂuaawnn x WUABTNWIINT(r) E9AS
d ) 1 J o ) -t o o f dv 1 AJ . 1’ :
Wasusgmaiiiany xumsﬂiwauwm'um profile  flazliiasundasay wagnsivawuuil
Fun “mﬂnaﬂwmmuﬂLLa'Jmaﬂ'nnsau” (thermally fully developed) uazay vlen

i[Z_U_T(__)] . (3.65)
&x| To(x) =T (®) |4y,

< < aa ] <) a o o '
Tae?l 7, Wugamaiiiovie T dugamgiivedvadsdiumislas
a « o 4 d v oo 1
T, \Wugumaliadeveswarivavnuimidinvevie

doulafitmuslidmivainng (3.65) Faesietuluieenandunsd o7 asiivie 7, A
88 Jouleifuuviintusnlunadmnssy Wy nlweddaldiuammdeunnluimie i
mevenitlésunmswiiedogahiauesnunsdluss ¢ Al daunsdl 7, Al quiPatudndl
mMawAsuanne (esmnmsidasvensmuuiu) Batuiitaneuen

Funofuldlildieniadeuleiaetadnindontu (Aansdl T,uaz 4 Asfindauriu)
&1 ¢ il T, Fesuuswdsuiusies

1Ju'uuwmﬂmmmumn'uaqmi'lwawﬂsumLtmmammmu (thermally developed
flow) singafiaaunas (3.65) stwn’lam’muamwnuumuaaiun'u x mauwus'uaqamﬂmuu

euiy rdedhifuiu x msmmaqwuauwmwa (Funan T,uae T, A axld

5 -T =0T /0r|p=,

o (———i:-)l _W = f(x)

Wiy o7 /ar 1NNGuaNiies 3 1ngy 4.3 aglugy

oF
ds =_k3y"ly=o =k A

A | r=r,
or

wardmiv g nngmsidudavesdiac avld

%; £(x) » (3.66)

w Y v v o v - o 1 .
Ffunsinauuuliudusiiiudvagungiiveadive nefiauanifsegad M s 7
fumislaqavasilifuiusses x )

Yo 1 v . o]t N
auns. (3.66) Wlildnugeszaymaidh (entrance region) A8 & uusann x mufiudasly

<
lJ‘/l 3.10 L‘N?']u')'\ 5;=0 ﬂVI’NL‘U'l‘UEN‘VI’fJﬂQUUh‘t]“llﬂ"l?Niﬂﬂ'W x =0 pgalsfAnuAr & vanas
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¥ v

' d d a ¢ o ¢ act o v 1t adad da V1w v odod
aUq\lﬁ?ﬂlﬁqLualﬂﬂUWQUﬂqilaLUQ?%GQQNWQN‘UU 'Q]UﬂizwqL‘U'\q“\'\ﬂﬂ-ﬂ'ﬂﬂﬂﬂaL'U"lq‘U'N'lJiU(‘nLﬂllﬂ
WAL

3,‘151,1

’ -‘ A a o 1
gﬂw 3.10 Mswasunlad » auiuiuny dmiunisivansluvie

- o YK 4 v - ] = ' YY)

nsdrmAs dmiundndanudou (¢7) AW INTIEIIAn Alag g An Tugaeuiui
J v > .,Ill
Wunuwd 31naums (3.64) 1

a1 —iii’—"-l s g" = constant (3.67)

dx 1134

Sanseans (3.65) waswidinaudmiy oT/ax asld

ory _dl,| _(T,-T)dF, (T, -T)dT,,

‘é;‘fd,t == Ifd,z @.~Tdx lf ,, +———(Ts Ty 1 (3.68)
uwuAInaums (3.67) 18

oF dr, .

al Py =_me-] Y g% = constant (3.69)

[ 4 o - ) - v oo 3 o o
Fafunsiasuwagamgiauuuunuazdudassiudunialuuun ed

] o -l J v
dwiunsdives 7, A0 (dT,/dx=0) 3nauns (3.68) 1411

oT|  _(T,~T)dF,

p I = T T ydx s T, = constant - ' (3.70)

lnefan oT /ax astusgivuuiadl

- ' - - v - al [ LY o Y (Y3 '
nninanunaideislihguvgiindudududmddguindmivnsinanieluvie
4 o a Y ° P v oo -4 : ol
Wenezeduremsinatug Sudusesimsudsivasuresiuiua x Fansudsvdsunidlagns
Yszgnanisaumandanuviaaiunsiva '
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3.3.8 MTENAATAIWANU (energy balance)

Wmsmmﬂwa‘luviamugﬂﬁ 4.6 voalvalnamedasmanid » waslimswimuiou
Waduifaniely Tnvalunasiudsuuamdsmnaiiasndanudndvesadinasuiinanh
audeulufignuununuslithinds saudliilnumaidenssilagvedlvasarinaiuve
w7 sefifeadvidwatifsatos Aunisdsundamdnuandou uasﬁ'umuvmmshaMmf’u

rveansivaduanuiildiadeuredvarinuuinasauau Aadenmiieinatediva uavaz
aglusUvesannuanufy puasinasduwg v @iv=1/p)

Tmamsﬂszqnﬁn’ﬁaq%’nﬁwﬁmuoiaﬂ?u'\mmuqumugﬂﬁ' 3.11 waznileruves T, @

dq.ony + rh(ch;,, + pv)—{;h(chm + PV)+ md(i%"_xﬂﬂdx} =0

'd‘ko;w =P di

Inlet; i Outlet, o

Ui 3.11 Winesmugudmivnsinanigluvie
ED dqony = 1d(c, T} + PV) (3.71)

dweslvauuiaauysel (py=RT,, watc, =c, +R) 9ldl
dqcony = mdc me (3.72)

- aumstilefdmiuresmanisasalaildivuiy Tunsdid ¢, =¢, WaTNTIEI1 v Yoy
W d(pv) Tnuvlvasdesni d(c,T,,) ANNUFATTLE
JURLAYYRIENNTT (3.64) entestudeuludmiuvierionn Tngsnsduinmannmadh
fanwoenvevie azla

dqcony = rhcp (Tm,a + Tm‘,i) (373)

Tedt 4, [Hushnmssemanudeuveniewaun

auns (3.72) onwAsullegluguiiazmnidlagldaumsdnsniimaudousotiinas
AAUANAD dgym, = g4Pdx 31 P Wuduseugy (=) dmiurienay TaunisunuA1ninaunis
(3.64) I

dT, P
m_ 47 P pr,-1,) (3.70)
dx me, mc,
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- o ¢

Y o o 1 1 1o A Y ada a4 < -
ANNDUYD (374) AMIUAN Tm(x) 'U'UE]E]ﬂUNE]u‘l'Uﬂ')qNSE]UWN'J ﬂam'\]'ﬂ:ﬂUUﬂiﬂJ Wang

ATl

v aa od @ ada ol v v
ANUIBUNNIAIMN maqquuwmmwﬁ‘lm

v da o .
- nstinandauiauniamn (constance surface heat flux)
ASEITLWUIMNETSMAT g, VIVUA N1 ) LAUAY x AT

49cony = q.;(PL) (375)

a

aunsionarléfuanns (3.73) ewnsideuulaswesgumgil (T, +Tn)

uv

o o o
dmu ¢" A 9naNns (3.74) aela

dTn _ 4P , 7
- mpq&f(x) (3.76)

dufiinsnann x=0 fax lagls

T (X) =T + ‘,I‘P x gs =Constant : (3.77)

me

v r P a v w '
N (3.77) o T, wswasutaduiuseey x auvie
-t ﬂJ- d,
- NTUYUUNYUNA TN (constant surface temperature)
HAGNSAMTUAT g, RAENSNTZAIBURN T, Winanfulaeduidainnsdneu
dwdunsdlilaefionn Tao a7 du 7, -7, dums (3.74) Fevlwidy

dT, __d(aT)_ P , o
dx dx e,

wenswlsuasduiinsnanmadhianesnvewiala

| fd_@_zlifm
AT AT mep

! L
il PL(1E,
AT, mcp LO

nnfieuwee & el

In=—2=~""hy (T, =constant) (3.78n)

Smb s exp —%EJ (T, =constant) (3.78%)
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fBuitnnanmadntesiuvde x 1o azla

.T__._wxp[_fz_,,] (5.79)

TS_Tm,i mcp

Taefien & luaunsiidiudadsves x anmadhrenief x aunsismiuaauanswes
sl (7, -T,,) anasduiendlmuudsaiussesmmuuuiinuyavie

NITMIAUNITEMIY g 0 ﬁ'mumﬁ"uejamnmﬂ fussugfvadandlwiuuiiva 1agle
auns (3.73) R o

dconv = ’hcp[(Ts —Tm,i)"' (I:s' _Tm,o)] =mcp(Ti +To)

s

WATWNUAT 7, INANMST (3.780) 9l
Geomy = hAAT (T, =constant) (3.80)

$ J.’ ala ] :’/. I~ ' ] - a
Farn A, (Tuiuifaviovienun (4, = PL) Uaz ATy, Wurmanuuanavesguugilinde
wuvasn13sy (LTDM)

AT, - AT;

A’ [ L — . 1
Tom In(AT, /AT}) (3.81)

aun1s (3.80) LﬂugﬂwﬁwbangmiLéuﬁwaqﬁw‘fuﬁmi'uviavfmmuas AT} Huaade
YaIANLANAgUMYTTEaNeAIIvie sTTNTRasn 3EuTaIAILANgANgS
wdsiidesnssnrivemnisanasuuiendimunidsa [uandnainaiiansiadsavade
(arithmetic mean temperature*difference, AMTD) %ﬂﬁgﬂ AT, = (AT; +AT,)/2]

3.3.9 awwusmswiauioudmivvianay

dmsunmsivauuusuiseu avrﬁuéw'-"l'ﬁ‘luvianauLﬁaﬂ']m'l'z'!'nizﬁﬁ'aw'lﬁmmuu'uehﬁ'aa
Tnglanizedndetuiuiimidadiyuauvansyy dwiunsdidubu fr N, aonndestudouls
USuiiduiiudamldanaisiei 3.2 :
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1 9 L -l J . & L J v 1 J -Il L) ' [
ﬂ"l‘i"l\iﬁl 3.2A1 NupUay f ﬁ"M?Uﬂ'ﬁ‘lMaLLUU‘i"IULiﬂUV]UiUW}LaJJVILLa'ﬂUWE]WUW“U"Iﬂﬂﬂ"N 1 nU
Incropera et al. (1996)

_ Dy
Nup = %
. ’ :
Ctoss Section. = (Uniform ¢;) (Uniform T) FRap,
— 436 3.66 &4
10 3.61 2,98 57
143 7 " 3.08 59
20 412" ‘ 339 w2
3.0 479 396 6
40 533 444 v
8.0 6:49 560. ‘a2
@ 823 7.54 96
& 5.3 4.86- 96

— 311 2.49 -53

Used with permission from W. M. Kays ond M, B: Caawford, Convecrion Heat and Mass Trapsfer,
“Frtbd. McGraw-Hill, Néw York, 1993.

33,10 gsussousidennyseu (thermal performance) .
Stipattanapipat and Promvonge (2009) 1ia@uaaussnusMSiNN1IaeImANNTauG
Aunlaain

n - (i N ) (3.82)

(1)
da e aussouzmafiunisdemeniuiou
Nu o aniaiaveavionsansruaniinausuiy
Nu, o lavladavawiensinssueniauiey
f fe Fszneudssmurasensinseuaniidausuiy
£, fe dszneudsaviureviensenssuaniaiay

3.3.11 suATATUANLATANNAFIY
nswaLuuasudeitardmiunisivavesveddvauaznisansimainniouluve
vsnsvuen Tneflmundguddalud '

- Mmylvarasvasivawasmsaamarnudawdunuuasa 3 07

- msaduwuusuSsunazdadaluls

- pruATRvaadinandd

- Widfhuseinquasmsgyaaisidaninmnmile

- Lifansur$edannudou



40

PinauNfigiudnu dwitunisinaluvansanszusnannisaivaudszneulussaunts
anudaites aunsundied-alan uasaunswdsnu awnsodeuluguinugesluszuuiiinadi

\Bousai
T aumsauredies:

2 (u)=0 . (3.83)
ox; .

AUNTS LULUAN:
0 .0
Aous)__op, 0| fou 04 650

ox; ox;  Ox; ox; Oox

AUNTHAN:
2 ,.T)=i roT (3.85)
ox; Ox;\ Ox

o - ' v °
o I Aantsuwsuneaiiusou dvualag

r=££ ; (3.86)

aumsmuQuﬁwumsgﬂaamm‘lwﬂmsJLLUULLNu’J%'Nashaﬂmm'\ﬁﬂ(ouadratic
upstream interpolation for convective kinetics differencing scheme, QUICK) waviinag
[3 a & J ) v a .« P
AMuumnamasaiseilouiuinasdudes 91 TasunudyiSuuy SIMPLE (Semi-implicit
. . ' ° T a ‘el ' '
method for pressure-linked equations) 'lumsqLﬂ'f’lmmmamzwa'ﬁmm'nmmnmwuaamms
-l v ' -5 o
wdsiddsuvosnin 10 vamnaulls |
- e :du > v ] [ - U ¢ o ¢ 1w -t
'lummaaunmuﬂsﬁ'lummau'haq 4 fuds Ae AnsEluaniliued AdUsznauldus
wu AnfaldadiuiussuavanssousnnsaieaNs auaNTau Fansdluaniiuestonulae

. Re=puD,/u (3.87)

fvssnouidenaviy, £ Amuanldlnaudusnasel, Ap nasndatniiue
periodic Yasiensanseyen, L

Ap/L)D .
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(1/2) pi
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1
Nu= Zjzvu,aA , (3.90)
auTIOULANTENEWNAIUSBY thermal enhancement factor, (TEF)

TEF i

hy

Nu

Uy

=(N“/N“o)/(f/fo)l/3 (3.91)
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pp
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Amlbmﬁuimdyhast::nmrﬂe&ommémfmp:ﬁcdn laminar flpw end hept tradsfer
cheracterisacs in 8 fbree-dimengions] fpodicrmal watlt ciriler wmbe with 45° in-line, ¥-diserets beffics, The
cumpumﬁummhmdmdm FmeumMuhndmmmétSlmem
ihlpfmnn;d,mﬂddﬂnwmdm:kmfwcmmdcsammmmdfarw&nwbmhwdm
the dizmetes of the clrculartnbe ranging from D0 to }200. To- gencrate mein stpesovwise worex Sotwg
duwﬁ)fhcmﬁmm V-discrets haffies with sn attack angleof 457 are muym\ad in antom With inding
arrangemont dnd pointing downstream (V-Downgeam) inserted. in-the middie of the tosted tubs, Effcts of
ifferent Blotkage Ratid (b/D, BR) and Pitch Ratia (P/D, PR]mhulm:famdp:mm&npinﬁcmhc'
mwdlcd.muppamﬂdmtmumumﬁommmdmo fmpinging flows on a wallf the inecrbefile
cxmyiuﬁngbadnmemusumhmzra:mfcrm‘:ov:rmcmlanuhelnnddiuun,&ammd\cﬂn
mdmdmnp!mcuﬂbmmnmaintmm:nmhamﬁﬂmwfamrmw.mmmpmmaﬂ
sewnlty show that the optimam thormel cnbancement factor i around 2.5 at BR =0.15, PR="1 and Re = 1200.

Keywords: Periodic Fibw, Laminar Flow, Heat Trenster, VDiscrcte Be.i!!c_ V-Downstream, Cifvubsr Tube
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catden . in:!w w&gfwrwmmwdwiudrww':‘m

Sev. et qxchzngcmmwﬂ:ly:sem wansfer A b abso - fmorease ‘inprssors -loss,
cengmy  indstial ;ﬁzldl ‘such- #5- chempics! - jndustics,  depended on variows W‘me

Rcrospace’ mdgazg{a, mﬁigufmon ‘spplications. "-and
“ekegurpides Cooling, urder cfhcntexch:{:w
" perfbrmsnce wre in {0 save eneygy and cogt of thy
“wyeT: Thomxf:u&mmdvmﬁmmmtvmm
ued © igcresss best gansfor e and | thormel
ptdbmtm;n in the beat txchehgery. Theoefore, - the
-mwwof{&ceﬁcmmhommbuMuMVG
‘hava beennteresied: The terfulgtors and VG are stadipd
it Yores of Yicat transfior- bolwvior, flow  strischure ‘ed

pazamesers,
’I'brm-?ﬂgwommdindd mntmmtﬁodx,
expmmm' ral snd nompeityl, (This subjest I8 e
mumerical 'method to saudy’ beaf tansfir sod flow
Wmuﬂscsﬁ&nmwmmmm&

wbchamwimk are mm;ﬁxmmpmm
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“example, V-bafflc. and- mkncd—bgﬂic were studicd- by
:(Pmmmnmﬂa{ 20123, Z010aY. Tho'4S® V-bafflo and

30° inclined-baffle: wero placed” dr botti tho . upper. and
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lauwwalhafthetqmdxmmthin-hm arrapgement,
The- * npumbers - in from 100 .40 2000,
Biockago Ratio (W/H, BR) sbout 0,18:0.30 end Fiich
Rstio (P/H, PR} of 1.00-2.00 wcru:pomi They found
o the N-baffle gind: inclined-baffic provide, highics fieat
‘tranglr ‘rute; progsure ioss and thoroal enhancemcnt
facror than’ fhe smonth squags; duct for afl- cages.
Addwnuliy.thr.wmm ‘thermal mlnmmmm fictos
ofV-baillo and. inclined-baffly wirs found o be amuril
400 on wdrcam ‘Promyonge et al. (20122) also
ﬂnd‘icd 45° Zshaped biffls in tie chaget. dn Loth
entslty and mumericelly to ‘turbeledt’ region,
Re = “m-zﬂ,lﬂu.mympwwdthatﬁmnmmt
tunhtmfnmdmgoudngmzummm experimentat
gata. They: also showed that: the maximxm thermal
tnbaéeiest factor.sbout 2.2 st the lowest Re for BE
=01 andPR=1L%,
The Theat tramfer characwerisics in oa  thred
dimensional lsotiermal wall fluxcd wquwre duct filed

-Siagonally With 30° gogle fiined tapes o 30° inclined-
baffle were pmey(Snmmmma d.,:ﬁl!).‘fhey
Medthednﬁ:rwtpodnon to'{nstall of weherlators; i

30" nctined-baific, in (Prismvongs e af., 2010s; 20195)
,qunbolhthcwperlndlmmﬂl while: the 30"
Jmﬂnnd%ug? ﬁ:n (Snmmmm“er al, 2012) fied
diggonally- *quars duct; They dlso explaingd that
!hnlqutr.duaﬁnné dagomaily: with, 30° apgle finned
tapes givi the. makimum. thcmmlazhmemcm fictak
‘ehowt }.95 at the lowest fe. ‘
Thummofpﬁoduﬂyﬁlydw;lqwd Qow 'was
introduced by, (Promvongo ef ol anh)minvuﬁg:ee
et
Y.
-conditian’ has bcm ‘widély used g - susdy therial
chmcmism in: taffled: channcls with
* ' Sripattanagipat and ml'rmnse( 009) Il
2 summm
studied the laminar -periodic flow and' therms) bebavioes y
»iuamﬁmﬁNWIﬁmwxﬂ:mw
mmmmwmmm
~mwfapmaaghnf5-ld*wﬁ;rmﬁgadybwmm
the flae tafflc. Prowivonge #r of. (20106) slso cxamined
‘numerically the umiher feat trangdar ina square channcl
mthds &mmmgmacmmmw
’ Masngiammsevamﬂwommd
indm m:pnmmt jets: an the wall oﬂhu ‘jaterbafite

uyg;nd}!nm

wumerical rescirch’ o wbudint perindic; flow
mnd fest wanafer chamcteristies ‘in o three dimensional
m—dmmmmw-v od digorete: thin riby

was g0 presonted

<340

“expecmd: th. generate longitudinal”

by (Prodfivonge e -of, 2011). They cleim thar the

:'mmﬁwmmhmdmumd deta were found @ sgres

well. The mumecrical results weporied Bar the fillly
developed pexiodic. flpw and hest . transfer profiles
found atx/D = 7-11 and thermal pedfomance  is
amund 1.8 for the rili with BR = 0.0715 Mm&u
transfer rato is about 4.0 4imes ehove the smonth duct at
lower Reyriolds number,

Most- of previous investigations of fow have
cansidered the beat transfiir chasagieridics for various
baffle “hoight and’ spacing., ratios, for-porons, solid
trangverse. or! nclined baffies and. V—éucx'ae rib

- squarc-duct only. lmvestigators r@umd that the use of
purhalstors and ¥G lead i the higher ‘not only hest

trapsfer rate but slao incredde in-large pressure doss.
Thugfoxz.ﬂnswdynnV-dzwm&amw(wﬁum
thickness) in-a civculer rube with the swin. sim ©
roduco the peessire fosg of the' test igction Bey rarcly
teen rcpmc&»l‘n!hupmmwﬂ,:ﬁznmcriul
fer theoe, dimensional (pminse’ periodio
tubp flows overa 45° V—dﬁmbaﬁkwwdﬁxm
sridde of the tube is condupted: fuclﬁmh tho
flow structare and thermal performence inyrovemant,
The use. ﬁﬁc?&mb@cﬂw&dm&mﬂyh
vortex fows ‘over
the; tube- 0 betxe mixing. of Aaid flows dmong the

“core. and the wsll mg:mtw!ﬁn;maﬁzmm

trapsfor rate in ﬁm tube,
i.i Flow Mﬁpﬂan
1.l.t Baffle thry thd &mmmm

The pystem of interest is & clroplsr tibo with a45° Vs
disercte beflle, pair ingerted in'the middle of the tsted
b i tandge. for. {n-tipe ‘rtangruicnt: and- poinging
downstrzam (V-Downstresm) 28 showni in Tig, 1. The
flow under consideration mcxpcﬁedbmmcpmodlc
fow- condifion in which the velocity ficld:repeats. ityelf
from ‘ane cell to snother. Thconnaq!ﬁfamélcaﬁy
mymwﬁewwummwmm
degcribed in Promvonge ef @, {2012a) The sif cnters the
Aybe st an'inlet tenpesatine, T, a2d fows bver 545" in-

“lins V-discreis bafflc pair where bisthe. bafﬂelnigm.o

nmaosmu&:mbcdmmhfbhmn
the blackage ratio, BR. The axial: Lor distance
between the baffie cell is st to L= I in which UD is
dcﬁnuduﬂwpméuplmg:ﬁio PR'= Vel 15 To
dAnvestigaie-an.cffvot of the interaction among baffles, the
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0.05-0.20 far ¢ = 45 i the prescne investigation..
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g 1. {a} Tube geomatry and compuiational donssin of periodic flow and (b) datails of V-discremon a plats

. “Periodic boundarics sre used for the inict-snd-outlet
.of the flow domaln. The constant mass flow tata of sir
“with 300 K-{Pr = 0.7) & assumed in (e flow ditection
- rather tant Sonstant proseurs drapdmm]:mndn Row
¢onditions. The nﬂc&gadumpnﬁm for thavq!omﬁm
ghwmmﬂ thﬁh*pwdwam&v;

",
‘cmdlﬂomhmhaw imptcmedowrm-mhc wall aa
well a5 the baffie. The constart temperature of the tibe
.wall j5-miintained & 310 K witile the biffic: piste, I
ssytumed ‘ot adiahistic wyll conditiom.

1. MATERIALS AND METHODS
mmﬂwmnm!mddﬁrﬂmdﬂaym h:at

lowing assopmpeictas:
Emdyﬁuwmmmimﬂtmmdhmm&r

P —

341

s The flow iz laminsr and incompresaible

+  Constant fuid peopeatics ’

'».  Body forces mnd viscous dissipation & igmrcd
»  Negligiblo radiation hest transfer.

Bused on. the above -pssumptions, the tube.-flow i
mﬂxdbymmmity mNmsmknngammt
and eguation, I the Carfesian fensor system
ﬁxsccqntmm can hewritten &s fodlows.-

Céntinusity Equation (2);”

2}

H

J=0 {n
Momentum Equaticn (2):
223

ngEqunﬁnn(})
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Bp oy @ P pdT .

T Y o] T | X

E) az,i ax,] &

wherg, T is. the ‘thermat diffusivity and is givon: by

“Equation (43
'8

Poidd

150

Amnﬁmmﬂnmtgycqum&smaibyxhc
K" gchems,. tic "goveming eqoations  wem
digerotized: by the . second .peﬂcr ppwind ' gchomo,

r, 1980]. Tbuglunim
'wmmmdmdhbemvumdw&pthemmﬂm
réisiduat vahues wore foss than 50> for oft varishies bui
'lqnmld‘mlyfarﬁsm‘;ywum

mmiﬂsoflnmmllnmc work.am
t:w Rzynold; ‘mumher (Re), fiction factor {f), Nuygght
Number (Nuj and Theimal Enfmpeement Factor {TEF).
This Reypokls aumber. ia defincd a4 Eqlation {5

Re=paDp @)

Th‘ﬁ:amnﬁmt, Elx cumputcd By | pmm dmp,
Ap across the dength of - the pmod{c
Eguation (§)7 -
rutteftD

tl'

. o)
‘mahm tansfer 45 meatured By focal Nussell
nmhuwhichmhuwrmuﬂqqﬁm(f)f:
No, =22 o
'!hcnvmpﬂnuﬂ! number can be obained by
Na=L 4 @
Thc’ﬂzmmi Eﬂunc:m;m Factor. {'HEF) is. &ﬁwd
ns “the -ratia of the best transfer cient of .an
: um@wﬁm.htu ‘gt of 2 smooth sm'ﬁlm:,hn,mt
- an equal pumping pwbr sad given by Equation O):

m-‘%[;.-."ﬁf‘Lﬂtwmrm‘

Priwansiain

)

and sobved uging

wiiere, Nug end fy stand for Nosseli numbes snd #ietiod
&cmtfofﬁzsmmma,rmmuw!y

Mcmmxmal domain ix resolved ‘by regular
Cartesian clements: Far this'tube Row, However, regular
grid was appficd lhmngbnul: the | demalnc A grid
independence. pricedure was: implementsd by using the
Richspdson exmspoletion : sechnique over grids. with
‘dﬂﬁrwtumﬂ:unafwﬂtmuchwmﬁsbcauffow
geids; 53,200, }22,000; 130,400 and 321,000 cells; sré
uwdmdmsmnlmm Yor nsmgﬂz(;'nd Convrgence
Index (GCI).(Roache, 1998), The variagos i Nu and £
v:imsfnttho#S'hhmVWbdﬂu&!Bn=0.lS
sad- Re = 300 is mmozmmmgmc
number of ccits from 188,400 to 321,000, tum there is
00, spch advantige in. incréasing the muimbet ‘of cells
bcyundthh\ra!m Cauadcnn;boﬁmmntumeuﬂ
safifon préciston, the grid sysient of 130400 colls was
adopted for the curmont computstiona modek,

3. RESULTS AND DISCUSSION

3.1 Validation of Sieoth Clreslar Tube

Vﬂ&xﬁi&muofﬂ:ehm!msfcrmd&mdmﬁnmoﬁhn
sooth - cissular- tube - without . affls i, perﬁ:tmc& by

:compmsuuw&h the previous yalyes. tnder . §imilar
uperxtmgmndmannxhawninﬂg.znridb

: y. The current tamerical gtooath:tube wwnlt
kﬂummbcinmmwmmm
sfution valoes oltained from: the open litersmre
(Incropera efal., maﬂ}fnfbmhthaNunchamﬁcrmd
the, fiiction factor, fose $hen £0.28% devietion. Tho
exact solutions of the Nussel nimber snd the: friction

-ﬁm:fu!amr&wsm:m&m:wabwmm

wall arusfol!qutzncmpumeml. 2006)
Equation (107and 13%

W =3.66 aaq
fo=4fRe an

32 ﬁnu"fapalngy‘

32

The flow structare i the tabe with V-discrets baffles
lmmndtnthcmdd!aufﬁwmnlaruhcmﬁe
displayed by considerfiig thie sreapuline jlots ax depictad
in ¥ig, 3-6. Hero'the siwamiing mtbt:mvalme
with temperatyee contopr and streasaling of impinging jet
uvmmszmﬁwdwv-dmm:tehﬁlamodﬂum
progeited et Re = 600 and BR = (.15

JMSE
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o

iz 1. Streamiions in trnéversa plaves whid tamgerativa contour T {8) PR = 1 i (5) PR« 1.5 of V-Giscrens batflat 5t Re =600
and AR w Q1S :

%M 34 Jass
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Fiesy v weoomd nowy at exch ondile e {a)ome sone-and.(b) twozones S Vadiscrsts

- Wi, & Steeambines of impicging et betwein
s & e G0, RS 015 o PR

B, 5, Sursivalines oF SmplgleJot Betwison upeioam ped- dowmstroamm enidule'Gor (3) 008 Zome and (8) 1w ot ftie V-diecrven
Taftley of o= 600, BR w018 gnd PR =Y :

Fig & mmfarwgm o bodh firgt md}acn;dgmmhmm-mdnis for V.discrate buffies at Itg = 600, BR = 0,19
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ﬁgmiaandbsbow sespeitively, the strgamlineg
I transyerss | planes ot difforent docations with
.Wmmmnwdhmv-ﬁmwﬁc
pmmmgdumfcaﬂdv-&owmm)fanR=l
md 1.5, 1t is vigihle. In Fig: 3a. that there sre-:fbor
longumdm&vamﬂmmmembe.s:mmrm
"cnmmtmgvmsgpwmﬂmumwmdtby
{ower. parts v io, tafils symmelry as depicted in pisca
Al to-AS. Thiks vortex flow iy similar for-die PR
‘= 1§ case, pisnc Bl 10 BS In Fig. 3b.but differeat fo
helical pitch range: ‘A closer examination exposcs: that
: the Vi-downstrezny produces twe: couatczvortex flowa
"baving nmmmgdmuunrq: to the inscricd platcs,
“ealled “continog-flow-ay™. TH nce-of the:vortex
mﬂhwmwm&zhﬁcml
becsuss of highly: transporting the fhiid from the central
cor to the near-wall mgimes.

The: plots- &x -streamiines of ‘impinging jet on, the
plm:ﬁmtlmhlhd V. digcroe batfie between first and
‘second Toy st each moduie for ons zone snd two
Tongs sre shown iy Fij. 'da and b, mrpccdvclyThc
streamline betweca two modules (joint.of the module)
is dteplayed, respectively, in Fig..Sa aad b-for one
z0ug aod two zoges.: Figure 6 shows the-impinging
" zones oo both. cacl’ tindule end amoag two modules;
1n. the figures, it is. found: that the streamtine of
vlnpmgjng jet oceur periadicalty for all platied zoncs.
The helical vortex Sowmoves. glong the baffle cavity
ta the’ V-tlplaﬂrul!supmmmngc ci thewstl After
impingement, the jot splits. ‘over the ‘wall and

recombines into 't belical stresms =t the peatby,

baffie end to-creaty-vortex flows agein. Tho hetical
pnch’(mgth ofﬂacmamrnm:x flow {5 sboot 3D
“before i and becomes shorter (about it}
*piter lmpinml. This ipgans-that the helical worex
-ﬂwpwﬂ:mchﬂbmndnru from. V-tip to the

other BLE sidy before: impingement. This behavior:is |

_idcnuca.t on ‘both tha upper and: lower parts-so- two
yortiées. viith nonsoniform belicat ;imh i
fwmedﬂwusbmnrbam&mbe

3.3. Heat Tiansfer Chatacteristics

Figare 3u atd b 4is0. prescot the cantour plot of
tomperatre ficld in tansverse planes for PR 1 and 1.5,
.respectivby, of V-discreie. baffics st R = 600 and BR =
045, "Thi: figyres show that thers is 2 major cliange inthp
temperairs: ficld throughont the. clrculer. twhe. Thia
indicaed et the varex indoces impingement’ flow
munﬂgniﬁmhﬁmmmmmgcwﬁeu.
. .

348

berause it.cen induce bester- fiold mixing bhefween. the
:wallzndﬂmwr:ﬂowu;mmdfmgb;hgh

‘emperature gradiem’ Guer e’ hesting oibe wall: The
Aigher tomperaturs’ gradions van be' cbscrved whetn the

flow impingeg, the tibe wall. :m:lmpinmr@mﬂws
‘that fow temy rocewrs. . However, - the
temperature fiekls for-efl mmmwmbcmmhr
and almest distributed uniformily ih e eotice flow
‘tndicating excellont mixing of the ﬂuiﬁﬂw.

Locsi Nu, contours af the circufér tebe wall with
thy V-discrete ‘bafiles at Re = GDOII.‘-‘.! BR = (.15, arc
Pms:xm:dm Eig.?tmdbfur?ﬁv P and 1.5
rmspectively.. in these figurns, it appesTs: that the
higher N, values over tig. wall arc geen tnie llrga
arcs, cx:cpt for a smafl region oo ¢he wall where

“sttiched o the ylm of ths bafflg, ms:allud. The peaks

are observed in the lmpaugcmarmou the wall of
tha jgterbaffle cavitics . This indicates & merit of
employing: the V-disgrote batfic’ over the smmwoth
circulse tubi for enhancing heaf trangfee,

The vartaticn of the sverage. “NufNu, watio with
Rcymidauumbcfﬂlmnmffacuﬂhmm is
depicted i Fig. 8. It 15 worth noting that the. NNy
value tends 1o increase with the dae nf‘&cymidh pumbcy
for gil cascs. The higher BR valte yesults in the increase
in the Nu/Nug-value. The. PR = ¥ pmﬂ:chlshmhcar
transfer rate- than PR = 1.5 Jfor ell BRs:.Tius, the
gemeration of ‘ore flows, fromy uslag the Vadisgrete
hatfles as well a5 the rofa of beter fiyid mixing and the
{mgiingemerit 4 the main resson-for the augmentation in
heat transfier off the tested tubg. The tse of tha Vadiscrese
tuffls with the BRmﬂmmymﬂied;m{dxbca:
umfcrmtuofnbou: 1,4-8.17 timcs higher. than the
smaonth circular tube-with 1o baifle.

34, Prossure Loss

Figure 9 pocsents. the: varistion bf the sormulized
ﬁ-n:uun factorratio, ﬂf.wnhllcypnid&nmﬁarwkmfur
“vagiogs: BRs and PR, of V-discrite baffle, I thyr figore,
kuaummmuﬂam&mmmunwfﬂuhcmd
Re and BR valugs. and with. decrease PRt for afl taffles:
muscafmev-dim:gbaﬁa Teads ¥ & gonsiditably
incpease fn fricdon. factor. hmmpuinmwllbﬂse pizia
mm::::me.mamwiummmm
ﬁcmmum&ﬁwﬂmmmﬁﬁmfu
bath the . V-discrete beffies wre Sound fo be about 2.5-36
uniesmﬁ:csmmﬂ!wdummgmfhemt,!’km
Rcymidsuuuﬁuvalm

nasy
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4

Fig, 7. Nu, Contibirs for () PR | M@}?R* LS of Y-discrete hasfios st Rew 600 nad BR = 0,18

’
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. mala
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Nuipiu,

Tip. 8. Virktion ¢fNe/Nby whth Reynoids raivbiér iby sasious

hmuﬂmlndm
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Fig9. Vaslacion of 5%, with Reynelds-sumber for baffles 2
warims BR{sind PRs
35, Pexformanes Evileation.
Figure 310 chliibiis ibe vadatioh of Thehal
Enbancoment Fackr (FEF) for air- Aowing. in. th Basflied

tabe: a:the figars, the erkascemont fadorof bod the V-
wmmnmmwmmm

N -
. PReg m=15
LEL g gRe020” - GR-QH-
b - BRe0AS, <R URwHSS.
2P e TR0 W BREMIE
. — BREPAS ~ B ERwR0S
Lo "_7 ' AF VDo
at
E ant
14+
16 ¢
14t
12
Gk |
¥ . . R : N .
200 w0 4000 WO LoD 1300
Re
Fig. 18, Camgarison of thenmal enhuncemant ficsor at variors
BRs dnd PRa

All cisos. of ¥be Vediscrele baffles . provide: the highest
eatncerrenr factor athe highest Re, Re = 1200; The TEF
vﬂmsufhnmﬂ:ev-dmhﬂimnmwb:m
paity for o3l BRs, Pmuﬂmbdumlﬂnzzi!j
d:pmdmgou(thR.PRazdR:valu:s.TMnmm
TEF i3 found o beincases BR <O IS st PR = L,

4. CONCLUSION

-chatacteristics_ it a. cironfer tube: fithed with 45 V-

discrete  baffic ‘clements in  tendem, In-fing
mmgmmmmihcmﬂhﬂbmhvﬁﬁwﬁ

-nurmarically, The vortx flows crégied: by using tha

457 V-discrote baffies holp o indiice Impingrment
ﬁows on the wall in the insorbatfie; savity iudmg to
extremp increascs in beat transfer in the circular kb,

The arder uf augnwnmnm is°1.4-8.| fime nmﬂsa

vsmnoth tubs; for ustog the Vdsmm hﬂlﬂ wnh BR

= 0.05-020 and PR = 1-15. The posaure {oss is

rangingfront 2.5-t0 36 ﬁmahomuwm&mm
’Ihunua.l cnhnwuatﬁmms fm’bﬂ&ﬂm V-igcrem
mmximum TE‘.F is ﬁlund S(BRS G,ISGnd PRi= 1. The
PRslgivconhnﬁxhwmfamhmd‘ﬁmuog

‘higher than.PR = 1.5 for sH HR and Re values -

37
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The, fovestigation of the anbulent fow ragime wd
hest ‘transfer, enfunconient “far dndine 45° V-discrets
;bdﬂqraadlwla!ubduprumdmtﬁmumm
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Abstract

‘A aumerical invastigation has been carred: out fo exemine. laminar Row and. heat transier characteristics in a

three-dimensional isothermal: wall duct with ac® end-timmed rectangutar winglet. The-computations are:based
ori.the finite volume method, and the SIMPLE aigorithm has been implemented. The fluld fiow and heat transfer
characteristics-are: presented for Reynalds numbers based on the hydraulic diameter of the'duct renging from
100 to 2000. To generate vortex flows through the square duct, winglel with an attack angle-of 30° are mounted in
the squars duct.‘Effacts of different flow blockage areas with single piich length ratios on heat transfer and friction
loss are investigated. it fs- apparent fiat the main vortex flows created by the 30° end-tdmméd rectangular winglet
exist and help-to'induce impinging flows on the wall of the wingiet é‘zlvity leading g drastic.Increase. In heat
transfer rate over the'diict. In addition, the dse-in the winglet height results in the increase In th fricticn factor
values. The computational resutts: reveal that.the maximum: thermal enhancement factors for the end-timmed

" With ‘BR=0.10is found to be:about 4.10 at Re=2000.

Keywords : Periodic flow, Square duct, laminar flow, Heat transfer, Rectanpular winglel.

*Cétrespanding- suthor: Tel.t +58:2329-8350; fax: +68-2329-8352

‘Emai adoress:wihadkmitlac.th

- 9
g



T wo

1. introduction

The application of ribs/batfesiwinglets mounted
in the-cocting/eating ducts or heat exchanger tubes
4s one of the-commonly used pessive heat transier
enhancement techniqua in single-phase intemal flows
sifice pariodically positionied ribs in the-ducts interrupt

“hydrodynamic and thermal boundary tayers, apart from

inducing récirculation flow. Downstreem of each b /

bafﬂe the flow ssparates, mc!rpyl@es;-and'bnplnges;

on the Yuctwall end these effects are the vitil reasons
for heat transter enhancementin such ducts. The use-
of ribs/baffles/winglats [1-3] ncreases not only the heat
transler rate-but giso substantial the pressure loss. Jt
Is, thus, dificult fo reliza.the advantage of tib/ baflls
errengements.aridtha slaggered rithatfie-with s pitch

spacingdl 't time the diict height Is aften recommended”

in.most of preyious watk,

Tha first work on the numerical investigation of
flow.and heat transfer characteristios in a duct with the,
concept of periadically fully developed flow was
‘conducted by- Patankar ét a/. [4] .snd. since then,
pefiodic duct flows for laminar and tutbulent regimes
have been applied extansively. Bemer et al. [5]
suggested thata laminar behaviorfor a channel with
transverse'baffles mounted on two Gpposite wals is
found at & Reynolds number. below 800 and for such
conditions tha flow is free of vortex Shedding. Lopez
et &l. [6] camied outa numerical investigation on lamimar
forced canvection ina three-gimensionat-channe! with
‘baffles for periodically filly developed flow and with a
yniform heat fiux: in the top and- bottom walls.
fromvonge gt &: [7] studied numerically the laminar
hest transfer ~enrhaﬁcem‘e'nt ih @ square channal with
45°inclined batfls on one wall and a3 single baffie pitch.
They found that 2 single streamwisé vorlex flow is
created by the-baffle throughout the channel and a
~ortaxflow exists and helps to.inducs impingement jets
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on tha.upper, lower and bafile trafling end (BTE) side’
walls, Tha appesrance of vortex-induced impingement.
(V1) flows leaded to the maximum thermal enhancemsnt
factor of abouti2.2 at BR=0.4 and Re=1200, Promvenge’
et al, [8] also invastigated numerically the laminer flow
structure and thermal behaviors.in a square- c‘hannej
ith 45° intine, baffies on' two opposite ‘walls, Two
streamwise counter-rotating vortex flows were created
glong the channel and W jets appeared-on-the uppar,
jower and baffie feading end (BLE) sids Walls. Tha
maximum therrhal enhancement factors of about 2.6 at
‘BR=0.2, PR=1 and Re=1000 were reperted,
respectively. A nmerical investigation.of Murata and’
Mochizyki {8]) on heat transfer chatactaﬂsﬂcs inaribbed,
.square-duct with @/D=0.1, Pfe=10 and 60" crientation
using.a farge agdy simulation. providat! that the flow-
‘reattachment at. the-midpoint: between ribs caused a
‘significant increase inithe local heaf transfar.

Most of the investigations, ‘citéd ‘abova, havé
considered the heat transfer characteristics for
transverse ribs/baffes placed repeatedly in squara/
rectangular‘channels only, The:'appiication of end-
trimmed rectangulat winglet attachéd in square duct
walls.has rarely been reported. In thg presant work,
the numarical compitations for Hifee dimiensional

laminar periocic square figws/over the 30° end-trimmed

rectangilat winglét mounted -periodically of the duct.

«wall with in-ine arrangemerit' and pojnting upstream
ame conductad with the main-aim befng‘ﬁ.rekamirie the:
changes In‘the flow.structure, heat tmnsfar behavigrs:
and reduce pressure loss, Tha application of the 30°
end-rimmed rectangulat winglet placed perfodically on
ftie:wall of the testad duct i§ expected 18 Geherats &
longttudinal vortex flow through the duct to betier mixing
af fiows Batween the core and the wall résuling in higher
heat transfer rate in the duct A
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.2. Mathematica} modeling

The numerical modgt for. fluid flow and heat
Aransfer in the Gircutar. tube was deyeloped under the
following assumptions: steady thres-dimensional,
laminar ang periodic incompressible fluid flow and
Ignoring body forcss, viscous dissipation andradistion

heat iransfer. Based onthe'assumptions, the fube flow-

{s.govemed by: the'continulty, the Navier-Stakes
equations and‘the energy equation, In the Cartesfan
'tens.cr‘systamf\'ae squatiohs can bewritten as foflows:
Cantinulty equation:

;ai—’tpn;r-o @)
Momentum equation:”

Youw) %, 0 [,,(zu_i"_ﬂ

&, &y & \ay o
Enargy equatiop:
ouT) 2 [.8F
T'a:(r'a? @
] N &
where [ s the thesmal diffustvity and'is given by
ay .

Apart from the anergy equatibn discrafized by

‘the QUICK schems, the goveming equstions were:

discretized by the power law differencing scheme,
decoupiing withthe SIMPLE aigorithmend soved using

a finite, volumé "approach [10). Tha-solutions wére,

considered to be-canverged when the normafiZed

residuatvaluss were less than 1% for sl variables bt

‘less tfian 10 onty for the ‘energy equation.

Four parametars.of interestinthe presentwork.-

ara the Reynoids ndnberiﬂ'a). friction factor [f), Nussett
number (Nu) and henmal entancemant facter (TEFY.
The Reynoids number is defihed.as

Re= 20Dy ®)
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Tha friction' factor, £.i3 -compuked by'pressore
diop, Ap.across the length of the periogic tube, L 8s

. (Ap/L)D ,
s P &

The heat fransfer is measurad By local Nusseit aumber

which can be wrilten as
' D
Nu, = %— {n

The everage;Nusselt number can ba ‘pbtalned'by

1 A
Nus= ZI Nu,Gd @

The thermat anharicement factor {TEF) {5 defined as:

Ahe ratio of the heat transtér cosfficient of an eugmentsd

surface, i'to that of a.smooth surfacd, h N at an equél’
pumping.paweq:and‘g'tven by

=NL:J =(NulM) IR @)

TEF =2
by .

pp -
where Nu, and; Stand for Nusseit numBat and friction.
factor for the smooth lube, respectively.

3. Flow configuration

3.1 Wingist geomeirs-and arrangement:

‘Tha system:of intsrest Is a sqbare duct with the
30°.end-rimmed rectanguiat winglet- placed: on the
square duct wall in tariderh with in-line arrangement
and pointing upstream as shownvin-figure 1. The flow
under consideration. is expectat! td _attaiﬁ .a:periodic.
flow condition. in; which the vplécity i‘lqld repeats’ fisaif
from one celi’to another. Tha concept.of percdically
tully developed fiow and its soh.mon procedure-has.
been described.in ret. [4]. Tha:alr enters-the square
duct at an inlst temperature, T, and flows over the 30°
eng-iimmed rectangulat winglet where bis tha winglet
height, O setto 1,05 m,.ly.the ‘square-duct diameter
ang b/H s Known as the blockage ratio, BR. Tha axal
pitch; L is a gistance between thertib callset o L = 20

n which U/D-is defined as*the pitch ratio, PR =.2.0.-
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To Inidsfigate an éffect of the interaction betweeft
winglet; the winglet biockage ratio, BR-s varied in a
range.of BR=0.10~0.20 for &= 30“and P= 60°inthe
current investigation i

e
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Upow Wingiel

Figure 1 Duct géométry and camputational domsin of periodic flow.

3,2 Boundary cenditions.

Periodic: bolndaries are Used for the Inlet and
cutlet of the fiow domain. Constant mass flow rate of alr
with 300'K (P=0.707) is:assumad dug to perdodic flow
éonditions. Thephysicat propedies of the air have been
assumed o remain constantet mear butk temperature.
impermeabie boundary and ho-slip wall canditions
have beerrimplemented over the tube walls as well a3

the winglet,-The ¢onstant lemperature. of the square.

dict walls fs aintained BT310 K whils fhewinglet plats
is assumed. at ediabatic wall condltions.

3.3 Grd system

The gomiputational domain Is resctved by regular

Caresian elements and four grids of 20,600, 42,500,
83,500, and 164,200 cells are used to investigate the
grid Independence solution. in tha test, the Variatian In

Nu and T glues foe the 30 end-trimmad rectangulat:

winglet at BR=0.15.and Re=800 is niarginal (<0.3%)
when Incressing -the number of cefis from:83,500 10
184,200, hence the. grid system of ‘83,500 cells was
adopted for the.current computation.

48
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.Figure 2 Verification of (a} Nusselt numbar and {b)
- friction factor for smooth - square duct:
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3i4 Verificatlon of siiooth squareduct

Verification ofthe heattransfer and rictionfactor
of the smooth square duct without winglstis performed
‘by-compering with the-previous valugs under a simitar
gperating condition as shown in figure. 2a and b,
respect:!vely. The present numerical smooth square
duct result is'found:to be in excellent agréement with
exac! solution values obtalned from the open literature
[11] for both the Nuszelt number and the-friction factor,
less than 10.5.% deviation. The exac! solutions [t 1) of
‘the Nusselt.number end the friction facter for laminar
flows over square duct with constant wall temperature
are Nig = 2,98 and f, ='S7/Re, respectively. Thersfors,

‘these exact solutions are used to normalize the

numsrical results.of tha Nusseft number and the friction
“factor values]

4, Results and discussion

4.1 Flow structure

The-flow and vorigx ‘Structure I a squars duct

with:20° end-trimmed rectengulat winglet on the square.
“ductwall can be displayed by consideringthe streamiine

and contour. plots as depicted in fﬁgures 35.
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Figure 3 show.the strgamlinas In-'transvarsé
pianes, at Rg=800 for the winglst-with BR=0.15, By

considering one module gtarting from the. WIE to the
next WTE with pitch Iengtﬁ of 2L, thece is @ main vortex.

flaw through the square duct. For the caseof 8R=0.15,

Re=800 and PR=2 In figure 3,a canter of the main vortex.

flow {or'an "eye™ of vortex.core) at the winglet traiing
end (W7Ej location plane. plang A1, Is seen in the region
of the downstream winglet cavity ‘near the upstream
winglet trailing edge. When moving to the quarter
module location (L/4), plans AZ, a.nsw vortex core
center is created in the upstreamrwinglet tip apart from
the ons, as menticned in the plenes-Alwhich its size is
gracdually reduced and vanished. Al the half mcdule
location {L/2), plane A3, the vortex cdrecenter appears
on the duct sidewall. At the third quarter module location
(3L/4) as-seen in plane A4, a hew small vortex cofe
center is generated below the existing ona. Then, both

appesr and the vortex flow repeats itself as-itreaches
the wingiet leading.-end (WLE)of the nextmodula.{see-

plang AS). This vortex flow pattern is similar to the all

cases

“Figure 3 Streamiines In transverse: planes for BR=0.15 at Re=800.
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Figurs5 Nis, Contouirs for' BR=0.15 and Re=800, a)
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‘4.2 Fgat transfel: 8ng friction: lpgs

Figuré 4 .displays the contopr plots. of
temperature field in-transverse. planes &t Re=80d for
the winglet'with' BR=0.15, The figuré shows thét there g
s & mslor change'In the tempetature fleld throughout
Iha squans duct. The higher temperatiire gfadient can
‘be.cbserved where the-flow impinges l6e duct walls
while the-{ower.tne s seen in tha region where the o e e e o T
‘tamperature s somewhat high indicating thst fow e
temperature gradient-occurs. )

Flgure 6 (a) NNy, and’(b)'ﬂl;vetsus Reynolds number
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Figure 7 Thefmal enhancement factor at various winglat

BRs.

Figurs 5 exhibits Incal Nucantours of the square
duclwall for tte winglet at Re=800, 8R=0.15. itis visiple
inthe ﬁqum that & larger.area of high'Nu values can be-
observed at the upper and fower walls of the moduls.

The variation of the sverage NuwNu, ratio with
Res for the wingtet with various 8Rs and compare with
the winglet with no end-tdmmed o regular winglet'is
presentad In figure €a. In the.figurd, It is visible that the
Nu/Bu, value tends o ingreasewith the:se of Refor 2
cases. The winglet'with BR=0.15 provides the highest

"NegNu,_ value o both eng-trimmed and regular winglet.

The.méximum N&Nu_ Velues fs fouad to be ebout 8.70
and 8.50-for BR=0.15 in-case of end-timmed winglet.
and regular wirjq_let.‘ respective}y. A closer éxamihation
reveals hat the usa pf the énc-rimmer winglat with SR
ranges ‘studiat Yields average haat transfer rate. of
about100»—870 times -over ﬁm square digt with no

‘end-trimmed winglet, depending.on tha BR values.

Figurd 60 displays the variation 'of the friction
factor ratio,.f, "with-Ra “for varlous 8Rvalues and
cormiparg with regular wiaglat. in the figore, it s noted

‘thatths 71, tends to incresse with the rise of Re and BR’

values. The winglet wifh 8R=0.20 gives the highes! 77f,
valte an both end4riinmed-and regular winglet. The

'f;icﬂqd factor foe mé ‘md,—ﬁmmed'ﬂng!eg gnd regular:
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wingletsppears to be about 1,00:20.00 and 1.00-23.00
times above that.for the smoopth square duct,
respectively.. Thus ths flow blockage'due to ths.
presence’of the winglets is-a vital factor to ceuse a high
pressur drop in the square duct, the-end:trimmed
winglet help to. decrease.pressurs loss.in comparison
with the regular winglet.

-5. Conclusigns
Numericai computations of laminarparodic fiow

and heat transfer characteristics in @ square duct fitted”

with 30 end-trimmad rectangufsr winglet in tandem on
the square duct wall with Indine arrangement and

pointing ugstresm are performed. The main vortéx fisw

created by the wingfet exists and helps t induce
impingement fiows over the square- duct wall leading:
to drastic increase In heat transfér: in- the square duct.
The order of heat transfer enhancement is atout
1.00-8.70 times for using:the end-trimmed rectangular
wingletwith 8R=0.10-0.20 at PR=2.0, The pressige loss:
is.in a range of 1 to 20 times abova the smooth duct.
Thermal. enhiancement factor for the end-.trimmed
fectanguiar wingletis higher than utity:and its maximum
valueis about 410 8t BR=0.10 and PR=2.00, indicating
higher perfarmance. over the smooth diict
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7.. Nomenclature

channel wall area, m’

blockage ratio; (B/H).

winglet feading edge

wingiet tralfing edge

wingtet helght, m

duct hydraufic diametsr, (=2HWAH+)
frictionfactor

duct height, m

heat Wansfer coefficient, W.m™* K*
thermal conductivity, W K
eyclic length of one modide, i
Nusgelt rumber, hDVk

Prandtl number

pitch or spacing ratie, /A
Reynolds number, 94 oit
tempeérature, K

velocity i directién, m 5™

mean Velccity in chennel, ms"
duct width (M), m
Greek lgtier
i dynatvic viscosity, kg. s'm
r thesmal diffugivity
a orifice engle of attack, degree.
T themaf enhancement.factor”
p density, kg m?
Subscript
0 smoath duct
w wall .
1] puinping power
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