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ABSTRACT

The research work presents the study of heat transfer and friction characteristic in a
channel fitted with triangular and rectangular v-ribs on one wall. The experiments are carried-out
by varying airflow rate for Reynolds number ranging from 5,000 to 25,000 in the test section with
a constant surface heat flux on the upper plate. The ribs are placed on the lower surfaces of the
test section. while the triangular wavy ribs with a wavelength of channel height are mounted on
the lower plate only with the angle of attack of 30° pointing downstream. The effects of four rib
pitch to channel height ratios (PR) of 1, 2, 3 and 4; and three rib height to channel height ratios
(e/H) of 0.2, 0.3 and 0.4 on heat transfer in terms of Nusselt number and friction loss in the form
of friction factor are investigated. The experimental result shows that the rectangular v-ribs e/H =
0.4 at PR = 1 provide higher heat transfer and friction factor values than the other ribs. The mean
Nusselt number value of rectangular v-ribs e/H = 0.4 at PR = 1 is found to be about 6.15 times
over the smooth channel while the mean friction factor value is around 67.68 times over the
smooth channel. The mean Nusselt number value of triangular v-ribs ¢/H = 0.4 at PR = 1 is found
to be about 5.13 times over the smooth channel while the mean friction factor value is around
21.89 times over the smooth channel. However, the maximum average thermal performance
enhancement values (1)) are found to be 1.839 times for the triangular v-ribs e/H = 0.4 at PR = 1.
In comparison, the rectangular v-ribs with e/H = 0.4 at PR = 1 yields the highest increase in both
the Nusselt number and the friction factor but the triangular v-ribs e/H = 0.4 at PR = 1 shows

better thermal performance over the others.
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A1TNN 6.1 A Nu, ﬁ']‘}’fi'llﬂ'l31111ﬂ!l'].liﬁ'llliiﬂﬂﬂﬂillﬂ’)!ﬂuﬂ!lﬂqzuﬂﬂwuﬂﬁu'lﬂﬂﬂﬂ"] 114!

_ iy

Nu D

als

Cross Section {Uniform ¢;) (Unilorm 1) fRep,

e 436 360 o4

1.0 361 : 298 57

[
h
« ] 143 373 308 59
h

. 2.0 4,12 KL [l
b

« R 30 429 396 69
h

@ E::] 4.0 3.33 4,44 73
h

irssmsrr | 3.0 6,49 5.60 82
b

= 823 7.54 96

o 5.39 4.86 06

£ 311 249 53

Used with permission teom W. M, Kays und M. E. Crawtord., Convection Heat and Mass Transfer,
2pd ed. McGraw-Hill, New York, 1993,

1 P 'y
6.7 MSIANNTOIANAIINION (Heat Transfer Enhancement)
& 1T a & 1 o = i
m3fiumdulseanimstomanuiou Taenisi lbidamsnyuaudonisaeald
1 ¥ (]

urundvatinaimli 6.6 msaoaunsaiilszneumoniuinafigniaiiuaiuveay 360°

9 3 - A 4 o w A w A o
Wuralianuiwesms nady et inanudadudminindmisvie mismudasims

' 9 9 a o 2
ﬂ’lﬂmﬂ’)'miﬂ‘uL'ﬂuﬂﬁﬁlmﬂﬂﬂ’ﬂuﬂuﬁﬂ (pressure drop) ¥1NVU

Twisted

S

Section A-A
51 6.6 maunsmmaNuiou Tnamsaaurwndoliia

6.8 YazanEmumsiinaussousnMtenaINSou
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o o o 9 ¥ ] T Aa = ' o o W Y Hq ¥
fdsweainauilFlumshveimarveniimisSou (p, imdudidsvesiaannle

Tumstsomarunenins udnyusaneg (2,)



(P0), =(PQ),

[l o]

(72), =(7°),

[rre’), =(rre?),

fia Reg

fr Reg
o ( _fi 1/3
A DB
Re 1

r

Ref’ (fr /fo )1/3

R
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(6.48)

AMINANIIOUEZNMSmMANNSouN T aRmaesiaauh 14 lunsoeeins

"
@ = I Ao A w J

AUNENURT AT oA NONTAT LN TR 1NINU

Nu = f(Re)

Nu

u, ;
pumping power

_ Nu/Nu,

(r/f, )"

(6.49)



VNN 7

N1599NUUVUAZNITATUIN

¢ A = v
7.1 mseenuuuilnsalinsean]asunnusen
S A = o - VI
ginsalinseuandouanudewmiuginsslilfimaiineinialvanuuiuilu
' A a ' 9 YRR Y o 3
molunenaasuiesiomiunsaismanuion ms Inavuuilutidgmimn ldluau
mamugaamnssududaunn uag ldgmwnlfiemumsdudaiuvesernmaignsie

9 [ Aa = =y ~ L 9 d'l a v o a 1 c..J =
e luganaassnuemantiniu msaaasu lagniun ldmemumsdudaiuedianina
szniveImangniadinteluganeaesnueINANAIATU KAz BNz oZIa1 TuMs Ty

9 d'.r:: = ﬂé = =y d‘q 1 Y =y y U n:?
anudouiininiy dmsaansvifinisluneiiunaldoimmiaanuiuiuiy awnse

o 1 = oA ] 9 dy aa o ar P ¥
W llgmsmidszaninmlumsoiemanuieu asiunirdmsumsuanilasuanuiou

%3 Ca < YA o
vaziiuwaliginsaliniasuanulfouanuieouilviiatna
: { { @ 1 A 4
insesnanasuanudouniinsuuazginsoiaee lagnuaadlugdin 7.1 &9
Usznoudioyananesgild@maouiud szozviesenitsiIvusazAtatenielugananns

1 s a o 1 9/ o aa 3 a 9 A a

A 30 Faaues NeNIUTIYANA0DININNBEATAN | AYUIANTIAANTIN 300 TadnT g9
a o =1 = " A A d‘ = dl d’. - 3/
30 Hadmns waziln1Y17 1800 ladiwes Jaslias UM asuIazAs vmuasuHuAgL
d77 Taudiiyy 30 89PN FATIUANUFINTUADANNGIFOIVUIY o/H = 0.2, 0.3, 0.4 uaz

ar 1 a a0 ! = o ) ) 3
AAEIUTZUZNATADANUGIATUPR = 1 2 3 un 4 A3UNAMULINNINDNLTHEN ATUAIN

. 4 o A A A 1 ¥ Y oo w A a T
Wudunilswesmisngueonundeniy lullanudwmvesnihdudanguniy wiuasy
= @ oa ] .:q'. c; - 3) ar o o d‘i
gnaaduAIenieluganaaosgl@vasuiud  Tasndannisniauvesgdnsaiinies

A 9 L | o Y a 1 @ o
nannfaouanuieuazly Blower Wuunassoeinis hildinans navesemeriudsinay
nomudgananes uozyanaaed lunismaasedimualdiionsinis navesormaluain

o 4 & o a 4 4
st Tuade Re = 5,000 — 25,000 F18a51013 InaveseInrazgRAINAURI0D LIS INDS

r 1w oy = d
wagdamonsIns Inavenu lasgaeosia Inaiines



51

Inclined

‘__xg}:‘mometer Electrical heater AC-Power supply Eﬁ

Thermocouple set [ @

Pressure tap | 2 Watt meter
Lﬁli Cold air e ) Hotair
ST s 2 ’T‘ P oo P 0o o B X — J

Orifs e
= i Pressure tap | 7 i Pressure tap
Settling tank : . Test Section ) !

Blower

Inverter

|
—t &
I 1]
i 1

3111‘7"1 7.1 yagunsalinseaannlfeunnudeunuuniuueiad Ussneudie Waou,
duneiiaes, soidiiwes, wmelines, duinay, iemadiganaass, gaalugy
anudounsudames, o ludwia, yaiagungll, yadannuduannion uay
gananoagldmaouiiudh

7.2 MIMNUIN
7.2.1 Hinan

a a i o o ) o
mavtunaNany Jaginsanintauisd 1uaaa Re =2000049WAaNsUN1TLYIqR

vnaumsdurhuguinaalansedn (Hydraulic diameter)

44
P

c

Dh=

~ als2x30x107)
-~ [ex3.2x1072 )+ 2x 301072}

=0.0578313m

nnasNgaautideImManguugimaomiiiy 318K 9214 p=1.099712kg/m* uag
4 =191.3992795x1077 N -s/m?

MNTUMSHUAUTS Iand

_ P;Dh
7

wINEunaY v _Reor
Dy,
_20000x191.3992795x1077
1.099712x0.0578313

Re,
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=6.019m/s

NINTAUNIS 0=V4,

=6.019x3.2x30x10™

=0.0577824m> s

=3.467 m* /min
duiulunisnaansliiaauiisnsinis Tnaunnni 3.467 gnunasimasdenni

7.2.2 NoMANEANAADS
dmfumsluammaidms (Re,, <2300) ANU1UVBFNYTHAMUidMTUMS

5087 v1'ldanauns
.t
{f_] N
D
lam

o o a o2 a o a ] A a o o
50 luamnoangd dmsuruanafounlaseansua vinariunsidumesy
¢ a : o dd A A
@UA GUAUIIN Re,;, ~2300 uazms Imadhuunnmesyauinui f Re,, =4000
b 4 o r=\ x:' 1] o I
dlums luanuumesiaun (Re, 2 4000) lutiaymsmiusudmsumszezma

o a @ e 19 A ' " £ @ W o o A o =
dmsumsdsuan !LﬂELWqujhlll!ﬂﬂ?"dENﬂUﬂ'Jla‘mﬁUIuﬁﬂﬁ llagﬂﬂ1ﬂ5$u1ﬂlﬂﬂu

x
10 < {—f‘ﬂ] <60
D turb

o ) 1 A 9 dlt:y a ol o [ A v oW 2 3
ﬁ1ﬁ5u7’11“1“}f1u'ﬂu 171 TUYA X =20.Lyg ﬁ']ﬂﬁUﬂ-l'illﬂﬁwﬂﬁUﬂ?Lﬁl]ﬂuﬁ:}

]

(fully developed flow)
NNAUMS ¥ =200,
=20x0.0578313
=1.15Tm

3/
asinlunisnaassldiemadiganaaesinnue 1.2 was
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Fuaumaneaiinnuniie 300 fadwas famen 800 Tadwas  uasiiszuzving
snhsfuuiaziaameluganaasuiidy 30 Tadwns Fwnlavesgananeszalszney
Tdawauan 2 s auamduusnidunuaulowsifiann o fadwas auuduiiaeuiiy
auuloudmun 50 Tadwns aiazﬁuriui‘iﬁf;'aéﬁunuuazﬁ’t’mdwwmmmam HInwuon
YANADBIGNHNAILRUIY
8.1.2 Supply Air
Blower MODEL TB-150 tifuumdssiwenma @uify Blower uun 12 Tua vuia
1.5 Ala%ed wie 2 HP 1¥nszuelvith 380 V PRESSURE 700 mm.Aq dauanslugud
B2

gﬂﬁ 8.2 Blower

Motor 1udus1dalunsd Blower vu1a 1.5 Aladad ldnszueldid 380 v 50
Hz 2900 rpm 14.8 A flanaiaalugilin 8.3

;ﬂﬁ 8.3 Motor

Inverter TYPE FVR7.5E118-4JE gminnl#lumsmuguanuiiiseuveswomesnld
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91 Blower 1un15A2uAu8A31073 Inaveseniald lamuismuadaanslugli 8.4 Tao
o < LY @
Inverter a1115015 052500 Idgegaminy 2400 pm uazlidanuazidenlunsiliy

anusasovlunannuie 1¥nszualidh 380 v 3 PHASES

erter

31 8.4 Inv

8.1.3 gulnsatindnsims lnaveseime

Orifice meter iiugilnsel lumsiadasins lnavessinie Ta Orifice meter 15113yA3A
Sanmi Inavesomsimad igananosdaaaslugili 8.5 lunisadegilnsal orifice
meter IA@31991WIATIIUVBY JIS (JAPANESE INDUSTRIAL STANDARD) Measurement of
Fluid Flow by Means of Orifice Plates, Nozzles and Venturi Tubes JIS Z 8762

gﬂﬁ 8.5 Orifice meter

Manometer 1%’3}ﬂﬂj1u§1ﬁﬂ@h\im94ﬂ31uﬂ°‘u Lﬁﬂi‘i’f’ﬁ‘lﬁﬂﬁ‘lmiqﬁﬁﬂ!ﬂ\‘lﬂ‘]ﬂ’lﬂ AT
' Y ' ' ' 3
HANANNUYDIANINAY ”]Nf'ninjﬂﬂ_luﬂ11ﬁﬂ’lﬂﬂ?1nuﬂﬂﬂ1@ﬁlﬂﬁi351]”1 Inclined manometer

[-"] L] -7 d'.ﬂ L é o L 1)
Mark 1l Model No.25 l4aanuuanaisvesanuauniianios ez lfaimisas uaives
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a 2 o 4
5391 red gage oil (specific gravity 0.826) lalnnugnAssInIudualuzili 8.6
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n5eenuRuANUSouRUGmAes uuudlad 19a%ine TDGC 2-3 kVA CAPACITY :
ol s Aq o v A 4
3000 VA MAX. 12 Amp Huginseiii lFlumsnivguTadimafldfuududames Tuns

s Ll d’ o o { A
muguidndanuieuvenriudames If ldmunidinuadaasluzili 8.8 Tavinses
auguanuieumusadiuTavime lageganiiu 250 v
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madieiy gamgiiimseena’y uazlfinudeyannuduanaieyszniedrandasuuas

Trandensuaasluzii 8.10

daiq Yo an =) o - | o
Thermocouple 1ugilnsainl§iagungiiiniu guugiiniudniu wozguugiin

a

a o P £
maeenaTudaansluzUi 8.11 Fuilu Thermocouple type K ttaz 19 Thermocouple lun1s

v
NANDININUA 12 A7

d 1
8.1.7 gilnsaliannusuann iy
A o [ v - delg Yo o
INSDIAANUAUANATBY Dwyer (Range 0 ~ 10 in water) Lﬂuqﬂﬂsmﬂmmmmu
anaseunioluganageusenhedumisiiinisdanivusnfniugaie luvaziiihing

nanvIReaIluzIi 8.12

317 8.12 InSpe3ARTINAUANAS 01 Dwyer 475 Mark 111 Digital Manometer
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8.1.8 guUnsaliananusivesema

A ar =1 P o o Ao 1
RIDIIANIULIIVIBINIA TESTO 445 l‘i‘]uQﬂﬂim“i%’]ﬂﬂ?’]n&i')ﬂNWW"ILLH"LN

o g

nevonNgANAnSY Iuvaznihmsnaaessnanluzli 8.13

el BT AN
7111 8.13 1n503 TN 2w PIOIMA TESTO 445

d
8.2 gUnsainianaaey
g & ~ C ot 4
w35 euaniasunnuieuniiaiy uazglnsainieg lagnuanlugln s.14 &
Usznovdleyananssgl@maouiui szezviessniAulaziIaImeluganaans
IR 30 Hadns nemadiganaaesiininezasan lavuianiiiianiie 300 adwnas g
30 adwas uaziinnues 1800 dadwas Taslinsuamaouniniuazdimasuiuiglaa
t 4
FTaevingw 30 osmTadiamams naveseina Sdadiuniugens UAeAUGIToVUIY
LY | a  da o
e/H=0.2, 0.3, 0.4 1O AATIUIZISNATAOAINGIATU PR=1,2,3 uaz 4 ASUNALUDIIIN
oA Aa a a a ' = o 4 A 1 A
sgiiifiouiinnunu 0.30 dadwas aFvere dudunilsveanishtueeninieiniy
s A‘lv = Y 14 g/ Y v w ~ = ] = ar
sazmiailuiiomoadueg lifianudwumuvesndhdudanguniy uduasugaianalu

o ' ' a4 oA
dnuaza1eq moluvenanesgidmdouiud



60

Inclined _
:W{r}anometetz_ﬂ Cledtiienl hegtar AC-Power supply Ea -
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| Pressure tap | E Watt meter
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Inflow

Insulation

= Inflow

1 ‘ ool - SRS

e o i
EER A S e

JUN 815 uaasgananeInsuUINANFamm BNy 30 De

8.2.2 A3uLad g maeiuh
Wumsesnuupuazinmanuugnissanems uiihnsuuedHglaumaouiin
YU 30 aamFmuditnians Inavesvealna Tumsnaasainiss s douddadan
SuzRATABANNYITOIINT PR=1, PR=2, PR=3, PR=4 liasmdnd uamaenI uaon
FIFOIVUIY e/H=0.2, /H=0.3, e/H=0.4 MUAIAY dhofnuImsiuinvesmmstmany
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n:i o = o A = ~ a - g v S
13190 8-1 uﬁmﬁﬂym:ﬂi‘umqgﬂmagﬂmnmaUmm:ﬁmaﬂuwummaumﬂ:nsmﬁnm

A3t O (degree) e (mm) e/H P (mm) PR
1 30 6 0.2 30 1
2 30 6 0.2 60 2
3 30 6 0.2 90 3
4 30 6 0.2 120 4
5 30 9 0.3 30 1
6 30 9 0.3 60 2
7 30 9 0.3 90 3
8 30 9 0.3 120 4
9 30 12 0.4 30 1
10 30 12 0.4 60 2
11 30 i 0.4 90 3
12 30 12 0.4 120 4

8.3 AITMINaaag
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9. Mimsdmszvuazilszuanadeyavesmimstomanuioulaouaas1ilugl
@ a
YDIUAVUAYAN (Nusselt Number, Nu)
" a P 9 1 o o & 1 o
10. Mimsamsizruazlssuianadeyavesiinmsgadennuaudogluglvosda
lsenoudsanIu (Friction Factor, 1)
o = a1 ' ' o
11. hdeyasinmsmsziaimsaremanudounazanisgadoniuauly

U A r.g 4 { o Ag
1J53mammmﬁmwu‘umﬁmsﬂu:m'amamﬂmu%’auﬁmmuiummﬂam
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a e f-'l’ a ¥ v 4 @ 9
audteiienusauonmsinsied 10ihi 2 dau Fwaaslumenvesduls 1554 fe
a d 1 @ oa
M3AnsIziravesnsaomanuiouTaouanaslumenvesauimFan (Nusselt number) 1o
4 a o o
MR Iziravesmsgadennuau lasuanaslumenvesdilszneudoaniu (Friction

¥
Factor) dama 11l

1T wr =
9.1 HaNIINAADINDUHNUINTHD
9.1.1 ﬂ'umlﬂmc‘ﬁaﬁ (Nusselt number)
\ v o o " s = & A0 oA w
Tuzalit 9.1 namsnnudiussen haaviadaniunusd Tuadd nstivelimisG oy
' 3 v ' 1 " o P 5 o 9 v ar a d
nmsnaasdnuN lusems lvavvuiluhuavavis o luassmuay s lianaviadgan
A -g ' as 4 v o a ' [ w -
Moty WenSoumiousuauiaEannn1snaaostazA v aTaNNHAvea
" v y U ' o o .
(Dittus-Boelter correlation) w31 luaans Iwanvuiluihuanaviiadanvinwave (Dittus-
F=o ] R a = 1 a - o
Boelter correlation) uﬂnnﬂﬂ'nmmfuumcﬁaﬁmﬂmmﬂam TasAaraviayanannisnaaod
= 4 - [ 4 Y 1 o =Y o
HA1PaIRIAABUIRMANNINY 5.76 % LiaMeui Dittus-Boelter correlation lagftaviiaidan
A o ¥ J ar = d o Y] Y U =
INHAYBY  (Dittus-Boelter correlation) 1avianaviimgandivsums vanvuiuilun

o w d A 1 o ey ] o
YSududunudrlunenanrasoy IusraansdTuasa, Re,, > 10000

140
L @ Experiment
120 - O Dittus-Boelter correlation
100 -
80 |-
E L
60 |- 2888
g 88
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T Jo, C»r 1x10 v kK x10° | ax10° Pr
® | Kgm’) | iKgK) | (Ns/m®) | m’B) | (wimk) | m”/9)
21Mmea

100 3.25562 1.032 71.1 2.0 9.34 2.54 0.786
150 2.3364 1.012 103.4 4426 13.8 5.84 0.758
200 1.7458 1.007 132.5 7.59 18.1 10.3 0.737
250 1.3947 1.006 159.6 11.44 223 22.5 0.707
300 1.1614 1.007 184.6 15.89 26.3 22.5 0.707
350 0.990 1.009 208.2 20.92 30.0 299 0.700
400 0.8711 1.014 230.1 26.41 33.8 38.3 0.690
450 0.7740 1.021 250.7 32.39 37.3 47.2 0.686
500 0.6964 1.030 270.1 38.79 40.7 56.7 0.684
550 0.6329 1.040 288.4 45.57 43.9 66.7 0.683
600 0.5804 1.051 305.8 52.69 46.9 76.9 0.685
650 0.5356 1.063 322.5 60.21 4977 87.3 0.690
700 0.4975 1.075 338.8 68.10 52.4 98.0 0.695
750 0.4643 1.087 354.6 76.37 54.9 109 0.702
800 0.4354 1.099 369.8 84.93 57.3 120 0.709
850 0.4097 1.110 384.3 93.80 59.6 131 0.716
900 0.3868 1.1k 398.1 102.9 62.6 143 0.720
950 0.3666 1.131 411.3 rige 64.3 155 0.723
1000 0.3482 1.141 424.4 121.9 67.7 168 0.726
1100 0.3166 1.159 449.0 141.8 T1.5 195 0.728
1200 0.2902 1.175 473.0 162.9 76.3 224 0.728
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Abstract

This paper presents an experimental study on the performance enhancement of heat transfer in a
rectangular channel heat exchanger with periodic vertical V-ribs between two horizontal heating surfaces.
The ribs placed in vertical V- pattern on both sides of strips are tested for the case of V-rib pointing
downstream. The channel has an aspect ratio (width-to-height, W/H) of 10; the relative roughness height
(e/H) of 0.1, 0.2, 0.3; the pitch-to- channel height ratio (p/H or PR) of 3; the attack angle of 45° relative to
the flow direction. The experiments have been done by varying air flow velocity in the test section in order
to adjust Reynolds number values. The upper plate of the channel is uniformly heated as a constant heat
flux condition while the whole test sections are covered with thermal insulations. The V-ribs made of
rectangular aluminum sheet were attached transversely to the strips which are inserted vertically along
the test channel. Area-averaged data of Nusselt number and friction factor were calculated in order to
compare overall performance of the tested ribbed surfaces and to evaluate the degree of heat transfer
enhancement and friction factor induced by ribs with respect to the smooth channel.

Keywords: Periodic rib; Rectangular channel; Heat transfer; Vertical V-ribs;

1. Introduction

Many techniques have been used to
enhance heat transfer rate in gas turbine engine
passages used for internal cooling of turbine
blades. These techniques include rib turbulators,
fins, jet impingement cooling, dimpled surfaces,
surface roughness, and other lypes of turbulence
promoters. All of these techniques are expected

to help increase the secondary flows and the

turbulence level. The objective of using these
devices is to significantly enhance turbulent
transport and convective heat transfer coefficients
with minimal increase in pressure losses. Globally
averaged heat transfer coefficient data is needed,
along with pressure drop data, to determine the
best designs for these tasks.

Studies on uniformly heated tubes and/or

channels with rib-roughened walls; continuous,



regularly spaced, transverse ribs have been the
most common ribbed geometry for years. The
effects of the most important parameters (rib
height e, rib pitch P, channel aspect ratio AR,
hydraulic diameter D,, Reynolds number Re) on
heat transfer and pressure drop have been
investigated in detail. These studies show that the
heat transfer coefficient (as well as the pressure
drop) attains a maximum value for P/e = 6-15 (in
turn depending on e/ D, and Re) and increases
with e/ D, (in the explored range from 0.004 to
0.0063). The existence of and optimum value of
Ple is due to the fact that, at small P/e, the flow
which separates after each rib does not reattach
close to the next rib, while for large Ple the
reattachment point is reached and a boundary
layer begins to grow before the succeeding rib is
encountered, reducing both the average shear
stress and heat transfer,

Several investigations have been carried
out to study the effect of pertinent parameters of
turbulators on heat transfer and friction factor for
roughened surface. Han et al. [1] studied
experimentally the heat transfer in a square
channel with ribs on two walls for nine different
rib configurations. Average heat transfer and
friction factor were reported for P/e = 10 and e/H
= 0.0625. They reported that the angled ribs and
V' ribs yield higher heat transfer enhancement
than the continuous ribs. The heat transfer
augmentations and the friction factor were highest
for the 60° orientation amongst the angled ribs.
Han et al. [2] also investigated the influence of
the surface heat flux ratio on the heat transfer in
a square ribbed channel with e/H=0.063 and
P/e=10, by heating either only one of the ribbed
walls or both of them, or all four channel walls.

They reported that the former two conditions
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resulted in an increase in the heat transfer with
respect to the latter one and the average Nusselt
number tends to decrease for increasing
Reynolds numbers and the thermal boundary
condition becomes less relevant at higher
Reynolds number. Wright et al. [3] investigated
the heat transfer distributions and frictional losses
in rotating ribbed channels with an aspect ratio of
4:1. Angled, discrete angled, V-shaped, and
discrete V-shaped ribs were investigated, as well
as the newly proposed W-shaped and discrete W-
shaped ribs. In all cases, the ribs were placed on
both the leading and trailing surfaces of the
channel, and they were oriented 45 deg to the
mainstream flow. The rib height-to-hydraulic
diameter ratio e/H was 0.078, and the rib pitch-to-
height ratio P/fe was 10. The channel orientation
with respect to the direction of rotation was 135
deg. The range of flow parameters included
Reynolds number (Re=10,000-40,000). |t was
determined that the W-shaped and discrete W-
shaped ribs had the superior heat ftransfer
performance in both non-rotating and rotating
channels. The angled rib configuration resulted in
the worst performance of the six configurations of
the present study.

For a system with only one roughened
wall and three smooth walls, several
investigations [4-8] have been carried out on rib
roughened absorber plates of solar air heaters.
Correlations for heat transfer coefficient and
friction factor have been developed for such a
system. However, the increase in heat transfer is
accompanied by an increase in the resistance of
fluid flow. An extensive literature review over

hundred references on various rib turbulators was

reported by Varun et al. [9]



Thus, the main aim of this work is to
extend the experimental data available on V-
ribbed strips of various blockage ratio (e/H=0.1,
0.2 and 0.3) with a pitch ratio of (PR=3) and an
attack angle of 45" are inserted in between the
upper and lower plates. These results provide
insight into improved designs of internal passages
for heat exchanger, are presented in turbulent
channel flows in a range of Reynolds number
from 6000-10,000.

2. Experimental setup

A schematic diagram of the experimental
apparatus is presented in Fig. 1 while the details
of 45  vertical V-ribbed strip inserts in the
rectangular channel used in the heat transfer
experiments are depicted in Fig. 2. In Fig. 1, a
circular pipe was used for connecting from a high-
pressure blower to the test section, which an
orifice flow meter was mounted in this pipeline
while a rectangular duct including a calm section
and a test section was employed following the
circular pipe. In test section, the rectangular duct
configuration was characterized by the channel
height, H is 30 mm and the V-ribbed strip had a
transverse pitch value equal to three times of
channel height (pitch ratio, PR=3) and the attack
angle of 45  for the V-rib. The overall length of
the channel was 2900 mm of the test section with
the channel width, W, of 300 mm. The vertical V-
rib strips were inserted in between the aluminum
plate channels of 300 mm (W) by 600 mm (L).
The rib dimensions are 3, 6 and @ mm high (e)
and 0.3 mm thick (t).

The AC power supply was the source of
power for the plate-type heater, used for heating
the upper-plate of the test section only to

maintain uniform surface heat flux. A conducting
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compound was applied to the heater and the
principal upper wall in order to reduce contact
resistance. Special wood bars, which have a
much lower thermal conductivity than the metallic
wall, were placed on the inlet and exit ends of the
upper and lower walls to serve as a thermal
barrier at the inlet and exit of the test section.

Air as the tested fluid in both the heat
transfer and pressure drop experiments, was
directed into the systems by a 1.45 kW high-
pressure blower. The operating speed of the
blower was varied by using an inverter to provide
desired air flow rates. The flow rate of air in the
systems was measured by an orifice plate pre-
calibrated by using hot wire and vane-type
anemometers (Testo 445). The pressure across
the orifice was measured using inclined
manometer. In order to measure temperature
distributions on the principal upper wall, twelve
thermocouples were fitted to the wall. The
thermocouples were installed in holes drilled from
the rear face and centered of the walls with the
respective junctions positioned within 2 mm of the
inside wall and axial separation was 40 mm apart.
To measure the inlet bulk temperature, two
thermocouples were positioned upstream of duct
inlet. All thermocouples were K type, 1.5 mm
diameter wire. The thermocouple voltage outputs
were fed into a data acquisition system (Fluke
2650B) and then recorded via a personal
computer.

Two static pressure taps were located at
the top of the principal channel wall to measure
axial pressure drops across the test section, used
to evaluate average friction factor. These were
located at the centre line of the channel. One of
these taps is 50 mm upstream of the test channel

and the other is 50 mm downstream. The
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pressure drop was measured by a digital parameters were +5% for Reynolds number, 8%
differential pressure and a data logger (Testo for Nusselt number and *10% for friction. The
1445-Testo 350XL) connected to the 2 mm uncertainty in the axial velocity measurement was
diameter taps and recorded via a personal estimated to be less than 7%, and pressure has
computer. a corresponding estimated uncertainty of 5%,

To quantify the uncertainties of whereas the uncertainty in temperature
measurements the reduced data obtained measurement at the channel wall was about
experimentally were determined. The uncertainty 10.5%.

in the data calculation was based on Ref. [10].

The maximum uncertainties of non-dimensional

Inclined :
_manometer Electrical haater AC-Power supply ﬁ ~ Suction reducer
| oo ‘. \  Thermocoupleset [
Pressure tap! ~>—0 S Watt meter
ﬁ_ !‘|()Ldi| T 5 i Cold air
- -, ﬂﬂ ol < 7 - A - - < ||% -
| i i =i BN ]
I Oriice presswetap /| [I] TestSection | \Pressuretap
i\ ¢
..f,,! @) U Pressure transducer
v

L H Inverter :
i Rty Personal computer
) !_J ! Data Acquisition

Fig. 1 Schematic diagram of experimental apparatus

NG RS 4
N

Fig. 2 Veertical V-ribbed Strip arrangements

3. Data reduction The average heat transfer coefficients are

The goal of this experiment is to evaluated from the measured temperatures and

investigate the Nusselt number in vertical v-ribbed heat inputs. With heat added uniformly to fluid

channels. The independent parameters were (Q,,) and the temperature difference of wall and

Reynolds number and rib height. The Reynolds fluid (T, T,), average heat transfer coefficient

number based on the channel hydraulic diameter will be evaluated from the experimental data via
is given by the following equations:

Re=UD, /v (1) Quir = Qoy =mC,([,-T)=VI (2



= — oo (3)
AT -1)

in which,

T,=(T,+T)/2 )
and

I,=3T./10 (5)

The term A is the convective heat transfer area of
the heated upper channel wall whereas 7. is the
average surface temperature obtained from local
surface temperatures along the axial length of the

heated channel. Then, average Nusselt number is

written as:
hD
Nu=—2= (6)
k
The friction factor is evaluated by:
2 AP

@Bt 7

where AP is a pressure drop across the test
section and U is mean air velocity of the channel.
All of thermo-physical properties of the air are
determined at the overall bulk air temperature
from Eq. (4)
For a constant pumping power,

(var), = (7ar) ®)
and the

relationship between friction and

Reynolds number can be expressed as:

(rre’) = (rRe’)

Re, =Re(f/£,)" (9)
The thermal enhancement factor, 7, defined as
the ratio of heat transfer coefficient, h of an
augmented surface to that of a smooth surface,

h,, at a constant pumping power:
-3
N
e Nug \ fo

4, Results and discussion

.
Nu,

pp

4.1 Verification of smooth channel
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The present experimental results on heat
transfer and friction characteristics in a smooth
wall channel are first validated in terms of Nusselt
number and friction factor. The Nusselt number
and friction factor obtained from the present
smooth channel are, respectively, compared with
the correlations of Dittus-Boelter and Blasius
found in the open literature [11] for turbulent flow
in ducts.

Correlation of Dittus-Boelter,

Nu=0.023Re"® Pr® for heating. (11)
Correlation of Blasius,

£=0316Re™™* for 3000 < Re <20,000 (12)

4.2 Effect of geometry

The present experimental results on heat
and flow friction characteristics in a uniform heat
fluxed channel with vertical v-ribbed strip inserted
in between the channel walls are presented in the
form of Nusselt number and friction factor. The
Nusselt numbers obtained under turbulent flow
conditions for all case are presented in Fig. 4. In
the figure, the vertical v-ribbed strip turbulators
yield considerable heat transfer enhancements
with a similar trend in comparison with the
smooth channel and the Nusselt number
increases with the rise of Reynolds number. This
is because the rib turbulators interrupt the
development of the boundary layer of the fluid
flow and increase the turbulence degree of flow.
It is worth nothing that the vertical v-rib ribbed
strip with e/H=0.2 provides the highest value of
Nusselt number while one with e/H = 0.3 is found
to perform better than that with e/H = 0.1. This
caused by e/H=0.2 interrupting the flow and
diverting its direction thus promoting high levels

of mixing over others.
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Fig. 4 Variation of Nusselt number with Reynolds

number for wavy ribs.
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Fig. 5 Variation of friction factor with Reynolds

number for various rib heights.

The effect of using the rib turbulators on the
isothermal pressure drop across the tested
channel is presented in Fig. 5. The variation of
the pressure drop is shown in terms of friction
factor with Reynolds number. In the figure, it is
apparent that the use of the ribbed strip leads to
a substantial increase in friction factor over the
smooth channel. This can be attributed to flow
blockage, higher surface area and the act caused
by the reverse flow. As expected, the friction
factor of the ribbed strip with e/H=0.3 is
substantially higher than that of those with
e/H=0.2 and 0.1. For the v-ribbed strips, the
increase in friction factor is in range 2.5-15 times

over the smooth channel with no ribbed strip. The
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losses mainly come from the dissipation of the
dynamical pressure of the air due to high viscous
losses near the wall, higher friction of increasing
surface area and the blockage ratios because of
the presence of the ribbed strip.

4.3 Thermal performance

The Nusselt number ratio, Nu/Nuy,
defined as a ratio of augmented Nusselt number
to Nusselt number of smooth channel plotted
against the Reynolds number value is displayed
in Fig. 6. In the figure, the Nusselt number ratio
tends to be nearly uniform with the rise of
Reynolds number. The mean Nusselt number
values are found to be about 1.96, 2.13 and 1.69
times over the smooth channel for using the
vertical v-ribbed strips with e/H = 0.3, 0.2 and
0.1, respectively.

The variation of isothermal friction factor
ratio value with Reynolds number for v-ribbed
strips is also depicted in Fig. 7. In the figure, the
friction factor ratio is found to increase slightly
with the rise of Reynolds number and with the
increase in blockage ratios. The mean friction
factor values are around 13.31, 7.72 and 3.92
times of the smooth channel for using the v-ribbe
strips with e/H = 0.3, 0.2 and 0.1, respectively.
This indicates that the use of low blockage ratio
can help to reduce the pressure loss
considerably.

Fig. 8 shows the variation of the thermal
enhancement factor (n) with Reynolds number
for all rib turbulators. For all, the data obtained by
measured Nusselt number and friction factor
values are compared at similar pumping power.
The enhancement factor tends to decrease with
the rise of Reynolds numbers for all turbulators. It

is seen that the blockage ratio of 0.2 shows the

highest value of the mean thermal enhancement



factor. The mean thermal enhancement factor
values are around 0.84, 1.10 and 1.09 times for
using the v-ribbed strips with e/H = 0.3, 0.2 and
0.1, respectively. The thermal enhancement

factor increases with reduction of blockage ratios.

4

& Vertical Veribbed, eH =30%,PR=3
©  Verfical V-ribbed, eH =20%,PR=3
B Vertical Veribbed |, e/H = 10%, PR =3
3 + Smooth channel
3 23230
o -]
Z 2 03.,:,“°u°to
3 B B Tre¥ae
80 BOogap e P ae
14
0 T T T T T
5000 6000 7000 8000 9000 10000 11000
Re

Fig. 6 Variation of Nusselt number ratio, Nu/Nu,

with Reynolds number.
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5. CONCLUSIONS

An experimental study has been carried
out to investigate airflow friction and heat transfer
characteristics in a high aspect ratio channel
inserted with vertical v-ribbed strips for the
turbulent flow regime, Re = 5000-10,000. The use
of the v-ribbed strip with e/H = 0.2 provides the
highest heat transfer augmentations, Nu/Nuy,=
2.13 and also causes a high pressure drop, f/fy =
7.72, depending on Reynolds number. Nusselt
number augmentation tends to increase with the
rise of Reynolds number and blockage ratio

values.
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Abstract

This research presents a study of heat transfer
enhancement in a rectangular channel heat exchanger
fitted with wavy baffles. The channel has a
rectangular cross-section with uniform wall heat flux
conditions. The experiments are carried out by
varying airflow rate for Reynolds number ranging
from 5000 to 20,000. The wavy baffles with a
transverse pitch value equal to three time of channel
height and with the attack angle of 30° are mounted
on the upper plate only. The effects of five baffle
height to channel height ratios (e/H) of 0.05, 0.10,
0.15, 020 and 0.25 on heat transfer in terms of
Nusselt number and friction loss in the form of
friction factor are experimentally investigated. The
experimental result shows that the wavy baffles with
the e/H = 0.25 provides higher heat transfer and
friction factor values than other wavy baffles. The
mean Nusselt number values are found to be about
4.98, 4.36, 4.04, 3.21 and 2.49 times over the smooth
channel while the mean friction factor values are
around 20.07, 12.65, 9.01, 4.08 and 2.08 times for
using the wavy baffles with ¢/H = 0.25, 0.20, 0.15,
0.10 and 0.05, respectively.

Keywords: Rectangular channel, wavy baffle,
Nusselt number, Friction factor, turbulator

1. Introduction

Heat transfer coefficient in a duct flow can be
increased by roughening the wall of the duct. Over
the past decades, several engineering techniques have
been devised for enhancing the rate of convective heat
transfer from the wall surface. The uses of turbulators
such as rib, fin, groove and baftle are often employed
in order to increase the convective heat transfer rate
leading to the compact heat exchanger and increasing
the efficiency. Periodic flow interruption generated by
baffle and rib arrays mounted on the walls is an
extensively used means for augmentation of heat
transfer in many practical applications such as heat
exchangers, electronic cooling devises, cooling panels
of a scram jet inlet, and turbine blade cooling
passages These baffles also called turbulators,
increase the level of heat transfer coefficients and
restart the boundary layer after flow reattachment
between baffles. The use of baffles increase not only

the heat transfer rate both for the increased turbulence
degree and for the effects caused by reattachment but
also substantial the pressure loss. Geometric
parameters of baffle in the channel have pronounced
effects on both local and overall heat transfer
coefficients, In particular, the angled baffles, the
baffle cross section, channel aspect ratio (AR),
blockage ratio (e/H), baffle pitch ratio (PR), and
baffle shape are all parameters that influence both the
convective heat transfer coefficient and the overall
thermal performance. Some of these effects have been
studied by different investigators.

Several investigations have been carried out to
study the effect of these parameters of turbulators on
heat transfer and friction factor for roughened surface.
Han et al. [1] studied experimentally the heat transfer
in a square channel with ribs on two walls for nine
different rib configurations. Average heat transfer and
friction factor were reported for P/e = 10 and e/H =
0.0625. They reported that the angled ribs and “V’
ribs yield higher heat transfer enhancement than the
continuous ribs. The heat transfer augmentations and
the friction factor were highest for the 60° orientation
amongst the angled ribs. Han et al. [2] also
investigated the influence of the surface heat flux
ratio on the heat transfer in a square ribbed channel
with e/H=0.0625 and P/e=10, by heating either only
one of the ribbed walls or both of them, or all four
channel walls. They reported that the former two
conditions resulted in an increase in the heat transfer
with respect to the latter one and the average Nusselt
number tends to decrease for increasing Reynolds
numbers and the thermal boundary condition becomes
less relevant at higher Reynolds number. Taslim et al.
[3] conducted measurements of the heat transfer in a
straight square channel with three e/H ratios
(e/H=0.083, 0.125 and 0.167) and a fixed P/e = 10
using a liquid crystal technique. Various staggered rib
configurations were studied, especially for the angle
of 45°. Experimental data showed a significant
increase in average Nusselt number for the increase of
the e/H ratio. Chandra et al. [4] carried out
measurements on heat transfer and pressure loss in a
square channel with continuous ribs on four walls.
Ribs were placed superimposed on walls at the rib
height ratio /D = 0.0625; and the rib pitch ratio,
P/e=8. They reported that the heat transfer
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augmentation found to increase with the rise in the
number of ribbed walls was decreased with increasing
Reynolds number while the friction factor
augmentation  increased  with  both  cases.
Sripattanapipat and Promvonge [5] conducted a
numerical study of laminar periodic flow and thermal
behaviors in a two dimensional channel fitted with
staggered diamond-shaped baffles and reported that
the diamond baffle with half apex angle of 5-10°
provided slightly better thermal performance than the
flat baffle. However, the increase in heat transfer is
accompanied by an increase in the resistance of fluid
flow. An extensive literature review over hundred
references on various rib turbulators was reported by
Varun et al. [6]

Thus, the main aim of this work is to extend the
experimental data available on various blockage ratio
(e/H=0.05, 0.10, 0.15, 0.20 and 0.25) with similar
pitch ratio of (PR=3) and with the attack angle of 30°,
placed on upper plate only are presented in turbulent
channel flows in a range of Reynolds number from
5000-20,000

2. Experimental Setup

A schematic diagram of the experimental
apparatus is presented in Fig. 1 while the details 30°
wavy baffle arrays on the rectangular channel used in
the heat transfer experiments are depicted in Fig. 2. In
Fig. 1, a circular pipe was used for connecting a high-
pressure blower to a settling tank, which an orifice
flow meter was mounted in this pipeline while a
rectangular channel including a calm section and a
test section was employed following the seitling tank.
The rectangular channel configuration  was
characterized by the channel height, H is 30 mm and
transverse pitch values equal to three times of channel
height (pitch ratio, PR=3 ) and with the attack angle
of 30°. The overall length of the channel was 2000
mm. with the channel width, W, of 300 mm. Each of
the channel walls was fabricated from 6 mm thick
aluminum plate, 300 mm wide and 400 mm long (L).
The wavy baffle dimensions were 1.5, 3, 4.5, 6 and
7.5 mm. high (e) and 0.3 mm thick (2).

The AC power supply was used as the source of
power for the plate-type heater, used for heating the
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upper side plate of the test section in order to maintain
a uniform surface heat flux.

Air as the tested fluid in both the heat transfer
and pressure drop experiments, was directed into the
systems by a 1.45 kW high-pressure blower. The
operating speed of the blower was varied by using an
inverter to provide desired air flow rates. The flow
rate of air in the system was measured by an orifice
plate pre-calibrated by using hot wire and vane-type
anemometers (Testo 445). The pressure across the
orifice was measured using inclined manometer. In
order to measure temperature distributions on the
principal upper plate, twelve thermocouples were
fitted to the wall. The thermocouples were installed in
holes drilled from the rear face and centered of the
walls with the respective junctions positioned within 2
mm. of the inside wall and axial separation was 60
mm apart. To measure the inlet bulk temperature, two
thermocouples were positioned upstream of channel .
All thermocouples were K type, 1.5 mm diameter
wire. The thermocouple voltage outputs were fed into
a data acquisition system (Fluke 2650A) and then
recorded via a personal computer.

Two static pressure taps were located at the top
of the principal duct to measure axial pressure drops
across the test section, used to evaluate average
friction factor. These were located at the centre line of
the channel. One of these taps is 120 mm downstream
from the leading edge of the channel and the other is
50 mm upstream from the trailing edge. The pressure
drop was measured by a digital differential pressure
and a data Jogger (Testo 1445-Testo 350XL)
connected to the 2 mm diameter taps and recorded via
a personal computer.

To quantify the uncertainty of measurements the
reduced data obtained experimentally were
determined. The uncertainty in the data calculation
was based on Ref. [7]. The maximum uncertainty of
non-dimensional parameters were +5% for Reynolds
number, +8% for Nusselt number and +10% for
friction. The uncertainty in the axial velocity
measurement was estimated to be less than +£7%, and
pressure has a corresponding estimated uncertainty of
+5%, whereas the uncertainty in temperature
measurement at the channel wall was about +0.5%.
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Electrical heater

Thermocouple set

I ]

Thermocoupple

Pressure Thermocoupple
tapping probe
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'17‘;
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e e
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Figure 1. Schematic diagram of experimental apparatus
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Fig. 2 Test section with wavy rib arrangements

3. Data Reduction

The goal of this experiment is to investigate the
Nusselt number in rectangular channels. The
independent parameters were Reynolds number and
baffle types. The Reynolds number based on the
channel hydraulic diameter is given by

Re=UD, /v )]

The average heat transfer coefficients are evaluated
from the measured temperatures and heat inputs. With
heat added uniformly to fluid (Q,,) and the
temperature  difference between wall and fluid
(Tw—T,), average heat transfer coefficient will be
evaluated from the experimental data via the following
equations:

Qair = Qconv = mcp(n _I;'): Vi (2)
0,
k; NCDHV 3
Af-1,)" X
in which,
T,=(T,+T)/2 )
and
T.=%T11/10 ©)

Where the term 4 is the convective heat transfer area
of the heated upper channel wall whereas T, is the
average surface temperature obtained from local
surface temperatures along the axial length of the

heated channel. Then, average Nusselt number is
written as:

Nu= -{3?'3- (6)
The friction factor is evaluated by:
2 AP
fer———r @
(7 Dh) pU’

The thermal enhancement factor, 7, defined as the
ratio of the, # of an augmented surface to that of a
smooth surface, Ay, at a constant pumping power:

Nu

a

Nu,

[N Jm S
- Nuy \ fo
4. Results and Discussion
4.1 Verification of smooth channel

The present experimental results on heat transfer
and friction characteristics in a smooth wall channel
are first validated in terms of Nusselt number and
friction factor. The Nusselt number and friction factor
obtained from the present smooth channel are,
respectively, compared with the correlations of Dittus-

Boelter and Blasius found in the open literature [8] for
turbulent flow in ducts.

e

Correlation of Dittus - Boelter,
Nu=0.023Re**Pr*  for heating. 9)
Correlation of Blasius,

f=0316Re™ " for 3000< Re<20,000 (10)
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Figure 3. Verification of (a) Nusselt number and (b)
friction factor for smooth channel

Figure 3. shows a comparison of Nusselt number
and friction factor obtained from the experiments with
those from correlations of Egs. (9) and (10),
respectively. In the figure, the results agree very well
within +3% for both friction factor and Nusselt
number correlations.

4.2 Effect of geometry

The experimental results on heat transfer and
friction characteristics in a uniform heat flux channel
with wavy baffles, placed on upper plate only are
presented in the form of Nusselt number and friction
factor. The Nusselt numbers obtained under turbulent
flow conditions for all case are presented in Figure 4.
In the figure, the wavy baffle turbulators gives
considerable heat transfer enhancements with a similar
trend in comparison with the smooth channel and the
Nusselt number increases with the increasing of
Reynolds number. This is because the wavy baffle
turbulators interrupt the development of the boundary
layer thickness of the flnid flow and increase the
turbulence degree of flow. It is worth nothing that the
heat transfer coefficient for 30° attack angle with pitch
ratio of 3 (PR=3) and wavy baffle height to channel
height ratios (e/H) of 0.25 provides the highest value
of Nusselt number while the e/H = 0.2 is found to
perform better than 0.15, 0.10, and 0.05. This caused
by e/H = 0.25 interrupting the flow and diverting its
direction thus promoting high levels of mixing over
others. A close examination reveals that the wavy
baffle height to channel height ratios of 0.5 produces
the highest heat transfer coefficient than other wavy
baffles.

The effect of using the wavy baffle turbulators on
the isothermal pressure drop across the tested channel
is presented in Figure 5. The variation of the pressure
drop is shown in terms of friction factor with Reynolds
number. In the figure, it is apparent that the use of
wavy baffle turbulators leads to a substantial increase
in friction factor over the smooth channel. This can be
attributed to flow blockage, higher surface area and
the act caused by the reverse flow. As expected, the
friction factor of wavy baffle to channel height ratios

(e/H) of 0.25 is considerably higher than those of 0.20,
0.15, 0.10 and 0.05. For the wavy baffle of e/H = 0.25,
the increase in friction factor is in the range of 170-
230% over the e/H = 0.20, 0.15, 0.10 and 0.05. The
losses mainly come from the dissipation of the
dynamical pressure of the air due to high viscous
losses near the wall, to higher friction of increasing
surface area and the blockage ratios because of the
presence of the wavy baffles.
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Figure 4. Variation of Nusselt number with Reynolds

number for various baffle heights.
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Figure 5. Variation of friction factor with Reynolds

number for various baffle heights.

4.3 Effect of arrangement

The Nusselt number ratio, Nu,/Nu,, defined as a
ratio of augmented Nusselt number to Nusselt number
of smooth channel plotted against the Reynolds
number value is displayed in Figure 6. In the figure,
the Nusselt number ratio tends to be nearly uniform
with the rise of Reynolds number from 5000 to 20,000
for all cases of e/H of 0.25, 0.20, 0.15, 0.10 and 0.05.
The mean Nusselt number ratio values are found to be
about 4.98, 4.36, 4.04, 3.12 and 2.49 times over the
smooth channel for using the 30° wavy baffles with
e/H=0.25, 0.20, 0.15 0.10 and 0.05, respectively.

The variation of isothermal friction factor ratio
value with Reynolds number for five heights of wavy
baffle case is also depicted in Figure 7. In the figure,
the friction factor value is found to be increased with
increasing the Reynolds number and the blockage
ratio. The mean friction factor values are around
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20.07, 12.65, 9.00, 4.08 and 2.08 fold for using the
inclined baffles with e/H = 0.25, 0.20, 0.15, 0.10 and
0.05, respectively. This result indicates that the use of
low blockage ratio can help to reduce the pressure loss
considerably.
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Figure 6. Variation of Nusselt number ratio, Nu,/Nu,
with Reynolds number.
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Figure 7. Variation of friction factor ratio, f,/fy with

Reynolds number.

Figure 8. shows the variation of the thermal
enhancement factor (1)) with Reynolds number for all

cases. For all, the data obtained by Nusselt number
and friction factor values are compared at similar
pumping power. The enhancement factor tends to
decrease with the rise of Reynolds number values for
all. It is seen that the blockage ratio of 0.1 shows the
highest value of mean the thermal enhancement factor.
The mean thermal enhancement factor values are
around 1.83, 1.87, 1.94, 2.01 and 1.95 times for using
the inclined baffles with e/H = 0.25, 0.20, 0.15, 0.10
and 0.05, respectively. The results are for Reynolds
number of 5000-20,000 for the inclined baffle 30°, the
maximum thermal enhancement factor is found at e/H
= (.10. This can be attributed to considerably lower
friction loss.
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Figure 8. Variation of thermal enhancement factor
with Reynolds number.

5. Conclusions

Experimental study has been carried out to
investigate airflow  friction and heat transfer
characteristics in a high aspect ratio channel (AR=10)
fitted with different blockage ratio turbulators for the
turbulent regime, Reynolds number of 5000-20,000.
The use of the wavy baffles with e/H = 0.25 causes a
very high pressure drop increase and also provides
considerable heat transfer augmentations, Nu/Nuy =
4.98. Nusselt number augmentation tends to increase
with the rise of Reynolds number. In comparison, the
use of baffle leads to the higher heat transfer rate but
the ¢H = 0.10 provides the higher thermal
enhancement factor due to lower friction loss.

References

Journal

[1] Han J.C., Zhang Y.M., Lee C.P., Augmented heat
transfer in square channels with parallel, crossed
and V-shaped angled ribs, ASME, Journal of Heat
Transfer 113 ,1991: 590-596.

[2] Han J.C., Zhang Y.M., Lee C.P., Influence of
surface  heat flux ratio on heat transfer
augmentation in square channels with parallel,
crossed, and V-shaped angled ribs, ASME, Journal
of Turbomachinery 114 (1992) 872-880.

[3] M.E. Taslim, T. Li, D.M. Kercher, Experimental
heat transfer and friction in channels roughened
with angled, V-shaped, and discrete ribs on two
opposite walls, ASME, Journal of Turbomachinery
118 (1996) 20-28.

[4] P.R. Chandra, C.R. Alexander, J.C. Han, Heat
transfer and friction behaviour in rectangular
channels with varying number of ribbed walls,
International Journal of Heat and Mass Transfer 46
(2003) 481-495.

[51S. Sripattanapipat, P. Promvonge, Numerical
analysis of laminar heat transfer in a channel with
diamond-shaped baffles, Int. Commun. Heat Mass
Transfer, 36 (1) (2009):32-38.

[6] Varun, R.P. Saini, S.K. Singal, A review on
roughness geometry used in solar air heaters, Solar
Energy 81 (2007): 1340-1350.



C. khanoknaiyakarn et al. / TISD2010, Thailand, 4-6 March 2010 127

Book

[7] ANSIVASME, Measurement uncertainty, PTC 19,
1-1985. Part 1, 1986.

[8] F. Incropera, P.D. Dewitt, Introduction to heat
transfer, 3rd edition, John Wiley & Sons Inc;
1996.



128
wa YA
sz Ingiey

wisdans numions nalleSuil 21 woumaw 2504 duSemsinuliaanad
HaNgAIIMINTTUManTiuAA Mirnssunieena augdrnssumans unInedo
maTuladwszeeundisuys luilmsfnu 2526 uazddnuae luszaulSggnIn ndangas
Sranssumansumadia a3 mniesna augdmnssumans aniumalulad

3 9 or =
wszvemAduhanmIsmanseis luilmsdnw 2548

128





