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Abstract:Theheattransferandpressurelosscharacteristicsonasquarechannelwithtwooppositesurfacesrough-
enedbyhighblockageratioribsaremeasuredbysystematicexperiments.Reynoldsnumbersstudiedinthechannel
rangefrom1400to8000.Theratiosofribheighttohydraulicdiameter(e/D)are0.2and0.33,respectively.
Theratioofribspacingtoheight(P/e)rangesfrom5to15.Theriborientationsintheoppositesurfacesaresym-
metricalandstaggeredarrangements.Theresultsshowthattheheattransfercoefficientsareincreasedwiththein-
creaseofribheightandReynoldsnumber,thoughatthecostofhigherpressurelosses.Whentheribspacingto
heightratiois10,itkeepsthehighestheattransfercoefficientinthreekindsofribspacingtoheightratios5,10
and15.Theheattransfercoefficientofsymmetricalarrangementribsishigherthanthatofthestaggeredarrange-
mentribs,butthepressurelossofthesymmetricalarrangementribsislargerthanthatofthestaggeredarrange-
mentribs.
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Nomenclature

A [m2] Heatareaofstainlessfoil
D [m] Hydraulicdiameter

h [W/m2·K] Heattransfercoefficient
L [m] Length

p [Pa] Pressure
Q [W] Heatflowofstainlessfoil
T [K] Temperature
u [m/s] Flowvelocity

Specialcharacters

ε [-] Surfaceemissivity
σ [m] Stefan-boltzmannconstant

ρ [kg/m3] Density
λ [W/mK] Thermalconductivity
υ [m2/s] Kinematicviscosity

Subscripts

a    Air
amb Ambient
c Convection

in    Inlet
out Outlet
ow Outsidewall
rad Radiation
w Wall

0 Introduction

Advancedgasturbineenginesoperateathigh
temperaturetoimprovethermalefficiencyand
poweroutput.Astheturbineinlettemperature
increases,theheattransferredtotheturbine
bladesalsoincreases.Thelevelandvariationin
thetemperaturewithinthebladematerialmustbe
limitedtoachievereasonabledurabilitygoals.Be-
causetheoperatingtemperatureofmoderngas
turbinesisfarabovethepermissiblemetaltem-
perature,thereisaneedtocoolthebladeforsafe
operation.Therearetwomethodsusedfortur-
binebladestoprotectthebladematerialfromex-



ceedingthemaximumallowabletemperature,one
isexternalcooling,suchasfilmcooling,andthe
otherisinternalcooling,suchasimpingement
cooling,ribturbulatedcooling,andpin-fincool-
ing.Theinternalcoolingisachievedbypassing
thecoolantthroughseveralenhancedserpentine
passageinsidethebladeandextractingtheheat
fromtheoutsideoftheblades.Acommonmeth-
odofincreasingthecoolingcapacityoftheinter-
nalcoolingcircuitistheadditionofribturbula-
torstotheinternalcoolantchannelwalls.The
additionoftheribturbulatorsincreasestheover-
allinternalconvectiveheattransfercoefficient,

causingacorrespondingdropinthecomponent
metaltemperature.

Overthelastfewdecades,therehavebeen
manystudiesonconfigurationparameters,such
asribshape,aspectratio,pitchratio,blockage
ratioe/Dh,ribangleofattack,andsoon[1-6].
Refs.[7-11]studiedtheeffectofReynoldsnum-
beronthecenterlineheattransfercoefficientofa
squarechannel(W/H=1)andtworectangular
channels(W/H=2,4)fortworibspacing(P/e=
10,20).Theheattransferdistributionwaspres-
entedbya Nusseltnumberratio withseveral
Reynolds numbers,and they showed similar
trendsexceptthattheNusseltnumberratiosde-
creasedslightlywithincreasingReynoldsnum-
bers.Refs.[12,13]figuredoutthatthebestrib
pitchtoheightratioisbetween7and15.Ref.
[14]experimentallystudiedtheheattransfer
characteristicsfor90°ribturbulator.Theyfound
thattheinternalribturbulatorcanincreasetheo-
veralleffectivenessonthevaneexternalsurface
byupto50%relativetothenon-ribbedmodel.
Ref.[15]experimentallyinvestigatedtheconju-
gateheattransferinarib-roughenedtrailingedge
channelwithcrossingjets.Thecoolingschemeis
characterizedbyatrapezoidalcross-section,one
rib-roughenedwall,andslotsalongtwoopposite
walls.TheReynoldsnumberissetat67500for
alltheexperiments.Themeasurementsareper-
formedusingthreedifferentribbedwalls,with
thermalconductivitiesrangingfrom1W/(m·K)

to18W/(m·K).Theyfoundthatthelevelsof

theNusseltnumberobtainedinthepurelycon-
vectiveregime(uniformheatfluxatthewall-fluid
interface)areoffbyupto30%locallyand25%
globallywithrespecttotheconjugateresults.
Ref.[16]studiedtheflowandheattransferchar-
acteristicsinrectangularrib-roughenedpassages.
Theyfoundthattheside-wallheattransfercoeffi-
cientsofthepassagewithribsonoppositewalls
areabout20%—43% higherthanthatofa
smoothpassage,andthelengthoftheribsaffects
theheattransferandfrictioncharacteristics.The
levelofaugmentationofheattransferbecomes
higherastheReynoldsnumberincreases.Ref.
[17]investigatedtheeffectsofP-typeandV-type
ribarrangementsontheflowpatternandheat
transferinaninternallyribbedheatexchanger
tube.TheresultsrevealedthattheaverageNus-
seltnumberandfrictionfactorintheV-typerib-
bedtubeswereabout57%—76%and86%—94%
higherthanthoseintheP-typeribbedtube,re-
spectively.Theperformanceevaluationcriterion
(PEC)basedonthesamepumpingpowerinthe
V-typeribbedtubevariedfrom1.32to1.74,

whichwasabout27%—41%higherthanthatin
theP-typeribbedtube.Ref.[18]investigatedthe
turbulentflowandheattransferbehaviourinthe
rectangularchannelwithinclinedbrokenribsfor
threekindsofribarrays.Theyclaimedthatthe
heattransferoftheinclinedbrokenribbedchan-
nelwasimprovedabout160%—230%compared
withsmoothductbecauseofthegenerationofco-
rotatinglongitudinalvortices.Ref.[19]evaluated
theheattransferperformanceinarectangular
channelofsixteentypesofribshapes,andthey
foundthatboot-shapedribdesignshowedthebest
heattransferperformancewithapressuredrop
similartothatofthesquarerib.Ref.[24]studied
theflowandheattransfercharacteristicsinatwo-
pass90°ribbedparallelogramchannelwithinfra-
redthermographyandparticleimagevelocimetry.
Itisfoundthattheflowdynamicmechanismsre-
sponsiblefortheribtopandmid-ribheattransfer
enhancementaredifferentfortheinletandoutlet
passes.ThepresencesofahighNu0streakbe-
tweenthelastinlet-legribandthebendaswellas
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twohighNu0zonesinsidethebendarethenew
foundfeatureslackinginthecorrespondingtwo-
pass90°ribbedsquarechannel.Inaddition,sim-
plecorrelationsofNu0andf0 withReareac-
quired.Thermalperformancefactorsareabout
66%and28%higherthanthepreviousreported
smooth-walledcounterpartatRe=5000and
20000,respectively.Ref.[25]studiedtheeffects
ofinletvelocityprofileonflowandheattransfer
intheentranceregionofaribbedchannel.They
foundthatintheentranceregion,thelocation
andshapeofthereattachmentandtherecircula-
tionregionwerealteredbythelocalvelocitydis-
tributioncausedbythedifferentinletvelocity
profiles.Therefore,the distribution and the
strengthofthevorticityinthechannelwere
changed,andthelocalheattransfercoefficient
andpressuredropinthechannelwereaffectedby
theinletvelocityprofile.

Fromtheabovewecanknowthattheflow
andheattransfercharacteristicsofrib-roughened
channelshavebeendeeplystudiedbyalotofre-
searchersinthelastfew decades.Almostall
studiesinopenliteraturesfocusonhigherReyn-
oldsnumber(8000atleast)andalowerblock-
ageratio(5%—10%).However,forthesmaller
gasturbine,theturbinebladeshavehigherblock-
ageribsandlowercoolantReynoldsnumberat
closerspacingofturbineblade.Theobjectiveof
thisstudyistomeasureheattransfercoefficient
andfrictionfactorfora90°parallelrib-roughened
highblockage(0.2<e/D<0.33)squarechannel
withpacing (P/e)rangingfrom5to15.The
testedReynoldsnumbersarebetween1400and
8000.Thestudyresultsarethebenefitsupple-
mentfortheinternalcoolingdesignofturbine
blades.

1 ExperimentalSetup

Fig.1showsthecomprehensiveschemeof
experimentalsetup.Itconsistsofcompressor,

buffertank,massflowcontrollerandtestsec-
tion.Theairfromcompressorwithenvironment
temperatureisductedintothetestsection.Aball

valveisprovidedupstreamofthetestsectionto
protectandcontroltheflowrate.Theflowis
measuredusingamassflowcontroller.Thetem-
peratureoftheairflowingintothetestsectionis
monitoredbyaT-typethermocouple.Thespent
airfromthetestsectionisdirectlyexhaustedinto
theatmosphere.Theaccuracyofthemassflow
controllerandtheT-typethermocoupleis1.0%
and±0.1℃,respectively.Thetemperatureof
thetestwall(heatingfoil)ismeasuredbyanin-
fraredthermographysystem TVS-2000MK with
accuracyof±0.4℃ andmeasuredtemperature
rangeof-40—2000 ℃.Allthemeasurement
dataoftemperatureareconnectedwitha8-chan-
nelHP34970Adatacollectionsystem.

Fig.1 Experimentalsetup

Fig.2istheschematicofthetestsection.
Therearetwokindsoftestsectionsinthisexper-
iment.Boththetestsectionsarerectangular
channels.Thegeometricaldimensionsofthetest
sectionsare180mm(length)×60mm(width)×
15mm(height)and180mm(length)×60mm
(width)×9mm(height),respectively.Atthe
entranceofthetestsection,thereareaT-type
thermocoupleandastaticpressureprobetomeas-
urethetemperatureandthestaticpressureof
stream.Theheatingfoilwithuniformheatflow
providedbydirectcurrentheatingis madeof
stainlesssteelfoilwiththicknessof0.02mmand
sizeof180mm(length)×60mm(width),which
isgluedontheinsulateplateofthetestsection.
Thesurfaceofheatingfoilispaintedwithblack
painttoassureauniformemissivityof0.96.The
channelsareroughenedwithsquarecrosssection
ribsmadeofstainlesssteel.Thewidth,height
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andlengthare3,3and60mm,respectively.All
theribsaregluedontheheatingfoilandthein-
fraredgrassinaccordancewiththetestrequire-
ments.Theribsontheoppositewallarelaidpar-
alleltoeachotherandplacedwithagivenspatial
periodicity.Thetemperatureoftheheatingfoilis
measuredbyinfraredcamera.Inordertomeasure
thecompletetemperaturefieldoftheribrough-
enedheatingfoil,itneedstomeasurethetemper-
aturefieldfromthreeangleswiththeinfrared
camera.ThreeT-typethermocouplesarefixedon
thebackofstainlesssteelfoilwith502glueasthe
referencefortheinfraredthermographsystem.

Fig.2 Schematicoftestsection

Therelationshipbetweencorrectedinfrared
temperatureandthermocoupledateis

T=-13.6+1.46T0-0.00528T2
0 (1)

whereT0istheinfraredthermographtempera-
ture,andTisthecorrectedinfraredtemperature.

Theinsulatedplatetominimizeambientheat
transferlossismadeofa20mmthickBakelite
slab,whichhasaverylowthermalconductivity
of0.06 W/(m·℃).ThreeT-typethermocou-
plesaregluedontheoutsideoftheinsulated
plate.

Therearetwokindsofribarrangementsfor
theribroughenedchannel,oneissymmetricalar-
rangement,andtheotherisstaggeredarrange-
ment.Thegeometrydimensionsofribroughened
channelsareshowninFig.3andTable1.

Fig.3 Schematicofribarrangements

Table1 Geometrydimensionsofribroughenedchannel

Ribarrangement e H P P/e e/D

Symmetrical
arrangement

3 15

3 9

15 5
30 10
45 15
15 5
30 10
45 15

0.2

0.33

Staggered
arrangement

3 15

3 9

15 5
30 10
45 15
15 5
30 10
45 15

0.2

0.33

2 DataReduction

TheReynoldsnumberiscomputedusing

Re=uD
ν

(2)

whereuistheinletvelocityofthetestsection,

whichiscomputedfromthemassflowratecalcu-
latedfromthemassflowcontroller.Distheinlet
hydraulicdiameterofthetestsection,andνisthe
kinematicviscosity.

Theheattransfercoefficienthisestimatedas

h= Q-Qloss
A(Tw-Ta)

(3)

whereQ=UIistheheatflowofstainlessfoil
whenthefoilisbeingheatedbypassingDCpower
whichhastheaccuracyof±0.1Vand±0.1A
forvoltageUandelectriccurrentI,respectively.
Aistheheatareaofstainlessfoil.Asthedesired
voltageVandcurrentIpassingthroughthetest
plate,theheatfluxQalongthesurfaceofstain-
lessfoilcanbecalculated.Twisthewalltempera-
tureofstainlessfoilheatedbypassingDCpower.
Taistheairtemperatureattheinletsectionofthe
testsectionwhichcanbemeasuredbytheT-type
thermocouple.Qloss=Qcon+Qradistheheatloss
fromtheoutersurfaceoftheinsultedplatetoam-
bient,whichincludesnaturalconvectionheatloss
QconandradiationheatlossQrad.Thenaturalcon-
vectionheatlossQconiscalculatedby

Qcon=Ahnat(Tow-Tamb) (4)

whereTowistheoutersurfacetemperatureofthe
insulatedplate,Tambistheambienttemperature,
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andhnatisthenaturalconvectionheattransferco-
efficientwhichcanbeobtainedinRef.[26].

Nunat=0.59( )GrPr 0.25 (5)

whereGrandPraretheGrashofnumberand
Prandtlnumber,respectively.

TheradiationheatlossQradiscalculatedby
Qloss=σεA(T4

w-T4
amb) (6)

whereσ=5.67×10-8 W/(m2K4)istheStefan-
Boltzmannconstant,andεow=0.6istheouter
surfaceemissivityoftheinsulatedplate.

Thetemperaturedistributiononthesurface
ofstainlessfoil(heatedorunheated)isrecorded
byaninfraredthermographysystemoperatingin
themiddleIRband(8—14μm)oftheinfrared
spectrum.Thetemperaturecalculationmethodof
thetemperaturemapobtainedfromtheinfrared
thermographysystemwasdescribedinRef.[27].
Inalloftheexperiments,theoutersurfacetem-
peratureoftheinsulatedplateisbetween25.5℃
and25℃ whileambienttemperatureisapproxi-
mately24 ℃.Thedifferencebetweenambient
temperatureandoutersurfacetemperatureofthe
insulatedplateislessthan1.5℃.So,thenatu-
ralconvectionheatlossisabout0.1W,theradia-
tionheatlossisabout0.145 W,andthetotal
heatlossQlossisabout0.245W whichisfarless
thantheheatflowQ .Thus,itisreasonableto
ignoretheheatlossfromtheoutersurfaceofthe
insulatedplate.

TheaverageNusseltnumberisdefinedas

Nu=hDλ
(7)

whereλisthethermalconductivityoftheair.
Thefrictionfactorisdefinedas

f=2D
ρu2

pin-pout
ΔL

(8)

wherepinandpoutarethepressuresoftheinlet
andoutletsectionsofthetestsection.Theaver-
ageinletvelocityuiscalculatedusingthechannel
massflowrateandΔListhelengthofribbedseg-
mentofthetestsection.

ThesmoothchannelcorrelationsofDittus-
BoelterandMoodyareutilizedfornormalizingthe
ribbedchanneldata.TheclassicalDittus-Boelter
correlationis

Nu0=0.023Re0.8f Pr0.4f (9)

  AccordingtoRef.[28],experimentaluncer-
taintiesinaverageNusseltnumber,frictionfactor
measurementwereestimatedtobeabout±9.5%
and±6.3% ,respectively.Theindividualuncer-
taintyinairstreamtemperatureTawas±0.4℃
andheatingfoiltemperatureTwwas±0.1℃.

3 ResultsandAnalysis

Intheexperiment,itisverydifficulttopre-
ciselycontroltheflow.Thus,theReynoldsnum-
berofdifferentexperimentalsectionscannotkeep
thesame.

Fig.4showstheeffectofribspacingonNus-
seltnumberforstaggeredandsymmetricalrib
channels.Itcanbeseenthattheribpitch-to-
heightratiohasalargeeffectontheheattransfer
coefficientofribroughenedchannel.Whetherthe
ribsaresymmetricalorstaggered,theribheight
ratioequalto10correspondstothemaximum
heattransfercoefficient.Clearly,forsymmetrical
ribbedchannelandstaggeredribbedchannel,the
heattransfercoefficientcorresponding to rib
heightratioequalto15isthesmallest.Theheat
transfercoefficientofrib pitch-to-heightratio
equalto5isbetweenS/e=10and15.Thisindi-
catesthat,fortheribbedchannelswithlarger
blockageratio(0.33,0.2),theinfluenceofrib
spacingonheattransfercoefficientdoesnotin-
crease monotonously withtheincreaseofrib
spacing,butthereexistsanoptimalribpitchto
heightratio.Theoptimumpitchtoheightratioin
theexperimentis10.Thisconclusionisthesame
asthatinRefs.[12,13].Atthesametime,ital-
socanbeseenclearlythattheheattransfercoeffi-
cientlinearlyincreaseswiththeincreaseofReyn-
oldsnumber.Ingeneral,themainreasonsforthe
enhancementofconvectiveheattransferintherib
roughenedchannelaretheflowseparationvorti-
cesbehindtheribandthereattachmentoftherib
wall(Fig.5).However,astheincreaseoftherib
pitch,theeffectsofseparationvortexandreat-
tachmentontheconvectiveheattransferarewea-
kerandweaker,buttheeffectofflowingovera
flatregionafterthereattachmentregiononcon-
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Fig.4 Effectofribpitch-to-heightratioP/eonNu

Fig.5 EffectofribarrangementonNu

vectiveheattransferisincreasedgradually.When
ribspacingislargeenough(S/e=15),thecon-
vectiveheattransferofflowoverflatisthemain
reasoninfluencingontheconvectiveheattransfer
intheribbedchannel,resultinginalowerconvec-

tiveheattransfercoefficient.Ontheotherhand,

theflowreattachmenttotheribwallwillbegrad-
uallyweakenedasthedecreaseofribpitch.When
theribpitchissmallenough(S/e=5),thephe-
nomenaofflowreattachmentwillbedisappeared,

whichalsoresultsinalowerheattransfercoeffi-
cientintheribroughenedchannel.Thus,only
whentheribspacingisappropriate(S/e=10)in
ribbedchannel,bothoftheflowseparationvor-
texandreattachmenttoribwallcanplaymain
rolesontheconvectiveheattransfer,leadingto
anoptimalconvectiveheatintheribroughened
channel.

Fig.5showstheeffectofribarrangementon
theheattransfercoefficientfortheblockagerati-
ose/H=0.33and0.2whenP/e=10.Theplot-
tedresultsshowthatribarrangementhasalarger
effectontheheattransfercoefficientofrib-rough-
enedchannel.Ingeneral,theaverageNusselt
numberofsymmetricalribsishigherthanthatof
staggeredribs.However,thedifferenceofNus-
seultnumberbetweensymmetricalribsandstag-
geredribsisdifferentfordifferentblockageratios
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e/H.Itisincreasedwiththeincreasingofblock-
ageratioe/H.ThedifferenceofNusseultnumber
fore/H=0.33islargerthanthatfore/H=0.2.

Fig.6showstheeffectofribblockageratio
onheattransfercoefficientwhenS/e=10.Itcan
beseenthatthereisalargeeffectfortheblockage
ratioontheheattransfercoefficient.Ingeneral,

alargerblockageratiointheribbedchannelcor-
respondstoahigherheattransfercoefficient.So,

theheattransfercoefficientofblockageratio
e/H=0.33ishigherthanthatofblockageratio
e/H=0.2.However,becauseofthedifferenceof
ribarrangements,thedifferenceofheattransfer
coefficientbetweenthetwoblockageratiosisalso
different.Clearly,thedifferenceofheattransfer
coefficientforthesymmetricalribarrangementis
higherthanthatforthestaggeredribarrange-
ment.Thereasontoexplainthiskindofphenom-
enaisthatwhethersymmetricalribchannelor
staggeredribchannel,theflowdisturbanceinthe
ribchannelwithe/H=0.33issignificantlyhigher
thanthatintheribchannelwithe/H =0.2,

whichresultsinalargerheattransfercoefficient
fortheribchannelwithe/H=0.3.

Fig.6 Effectofblockageratioonheattransfercoefficient

Fig.7showsthecomparisonofheattransfer
coefficientbetweenone-sideribchannelandtwo-
sideribchannel.Clearly,theheattransfercoeffi-
cientoftwo-sideribchannelisdistincthigher
thanthatofone-sideribchannel.Thedifference
isincreasedwithincreasingflowReynoldsnum-
ber,whichisfromthesmallestvalue10atthe
Re=3000uptothelargestvalue60attheRe=
9000.Thereasonforthisphenomenaisthat
bothoftheflowseparationvortexesandreattach-
menttotheheatwallintheone-sideribchannel
aredistinctweakerthanthatintwo-sideribchan-
nel,thusthedisturbanceintheone-sideribchan-
nelisfarlessthanthatinthetwo-sideribchan-
nel,whichresultsinaweakerturbulentmixing

Fig.7 Comparisonofheattransfercoefficientbetween

one-sideandtwo-sideribchannelswithstag-

geredarrangement
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inone-sideribchannelthanthatintwo-siderib
channel.So,theheattransfercoefficientoftwo-
sideribbedchannelisdistinctlargerthanthatof
one-sideribbedchannel.

Fig.8showstheaverageNusseltnumberra-
tioNu/Nu0foralldifferentribbedchannelsasa
functionoftheReynoldsnumber.Nu0isthe
Nussultnumberofsmoothchannel.Ingeneral,

whenthefluidflowsthroughsmoothtube,if
Re<2300,itisalaminarflow;ifRe>2300,it
isaturbulentflow.Thus,whenRe<2300,Nu0
forfullydevelopedlaminarflowinductis6.1[29].
WhenRe>2300,Nu0 can beobtained by
Eq.(9).So,theaverageNusseltnumberratio
curvesaredividedintotworegions,oneisalami-
narregion,theotherisaturbulentregion.Itcan
beobservedthatthereexistsalargedifferencefor
theheattransferenhancementinthetworegions.
Inthelaminarregion,theheattransferenhance-
mentrapidlyincreaseswiththeincreasingReyn-
oldsnumber.Forthesymmetricalribchannel,as
theincreaseoftheReynoldsnumbersfrom1000,

1400,and1300to2250,2300and2000,the
heat transfer enhancements are about 6—

10times,7—9timesand5.5—7timesforthe
ribbedchannelwithS/e=10,15,and5,respec-
tively,comparedwiththesmoothduct.Forthe
staggeredribroughenedchannel,astheincrease
oftheReynoldsnumbersfrom1500,1000,and
1700to2100,1500and2200,theheattransfer
enhancementsareabout5.8—7.2times,4.2—

5.4timesand4.8—5.5timesfortheribbedchannel
withS/e=10,15,and5,respectively.Howev-
er,theincreaseoftheheattransferenhancements
withtheincreasingReynoldsnumberfrom3000
to6000intheturbulentregionisfarlessthan
thatinthelaminarregion.Thelargestheattrans-
ferenhancementsareabout6.5—7.5timesand
4.5—5timesforsymmetricalandstaggeredrib
channelswithS/e=10,respectively.Especially
forribbedchannelwithS/e=15,thereisalmost
nochangefortheheattransferenhancementwith
theincreaseofReynoldsnumber.Thisindicates

thattheheattransferenhancementeffectiveness
ofribbedchannelinthelaminarflowstateisfar
higherthanthatintheturbulentstate.

Fig.8 AverageNusseltnumberratioNu/Nu0 asa

functionofReynoldsnumber(H/W=0.15)

Inordertoanalyzetheheattransferenhance-
mentfortheribbedchannel,theNussultnumber

ofsmoothchannelNu0 mustbeobtainedbyan
additionalexperimentinthispaper.Fig.9shows
theexperimentalresultsandempiricalrelationfor
therectangular smooth channel of 180 mm
(length)×60mm (width)×15mm (height)

whentheReynoldsnumberisincreasingfrom950

to8100.TheempiricalrelationisNu0=3.12+
0.003Re.Atthesametime,thecomparisonbe-
tweenthepresentexperimentandtheclassical
Dittus-BoeltercorrelationisalsogiveninFig.10.
AswecanseefromFig.10thatthedifferencebe-
tweenthepresentexperimentalresultandthe
Dirttus-Boeltercorrelationresultisverysmall,

whichprovesthereliabilityoftheexperimental
system.
  Sincetheheattransferenhancementinribbed
channelistypicallyaccompaniedbyanincreasein
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Fig.9 FrictionfactorversusReynoldsnumber

Fig.10 Heattransfercoefficientofsmoothchannel

pressuredrop,acomprehensiveanalysisofper-
formancemustincludetheeffectofribsonchan-
nelpressuredrop.Fanningfrictionfactorofthe
ribbedchannelscanbecalculatedaccordingto
Eq.(8).Fig.9showstheexperimentalresultsof
thefrictionfactorfindifferentribbedchannels.
Thefrictionfactor,deducedfromtheexperimen-
taldata,isdepictedasafunctionofRe.Itcanbe
discoveredthatthefrictionfactorisdecreased

graduallywiththeincreaseofReynoldsnumber.
Whethersymmetricalribchannelorstaggeredrib
channel,theribbedchannelofS/e=10corre-
spondstothelargestfrictionfactor,andthe
smallestfictionfactorexistswhenS/e=15.At
thesametime,itcanbeseenclearlythatthefric-

tionfactorofthesymmetricalribchannelislarger
thanthatofstaggeredribchannelunderthesame
S/e.Thee/Halsohasalargereffectonthefric-
tionfactorunderthesameribarrangement.The
fictionfactorofe/H=0.3ishigherthanthatof
e/H=0.2underthesameS/e.Forexample,for
thesymmetricalribchannel,whenS/e=10,the
largestandthesmallestfictionfactorsoftherib
channelofe/H=0.33are7.7and6.5,respec-
tively,however,thelargestandthesmallestfic-
tionfactorsoftheribchannelofe/H =0.2are
3.25and2.8,respectively.Fromaboveweknow
thattheoptimumheattransfercoefficientcorre-
spondstothelargestfrictionfactor,andthemin-
imumheattransfercoefficientcorrespondstothe
smallestfrictionfactor.

4 Conclusions

Heattransfercharacteristicsand pressure
dropinrectangularribroughenedchannelshave
beenexperimentallyinvestigatedbymeansofin-
fraredthermography.Basedontheresults,the
followingconclusionsareobtained:

(1)Theribpitchtoheighthasalargeeffect
ontheheattransferoftheribbedchannel.The
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effectofribpitchtoheightratioonheattransfer
coefficientisnotinamonotonyincreasingtrend.
Theoptimumpitchtoheightratiointheexperi-
mentis10.

(2)Theribarrangementhasalargereffect
ontheheattransfercoefficientofrib-roughened
channel.Ingeneral,theaverageNusseltnumber
ofsymmetricalribsishigherthanthatofstag-
geredribs.

(3)Alargerblockageratiointherib-rough-
enedchannelcorrespondstoalargerheattransfer
coefficient.Theheattransfercoefficientofblock-
ageratioe/H=0.33islargerthanthatofblock-
ageratioe/H=0.2.Theheattransfercoefficient
oftwo-sideribchannelislargerthanthatofone-
sideribchannel.

(4)Theheattransferenhancementeffective-
nessofribbedchannelinthelaminarflowstateis
muchhigherthanthatintheturbulentstate.The
optimumheattransfercoefficientcorrespondsto
themaximumfrictionfactor,andtheminimum
heattransfercoefficientcorrespondstothesmal-
lestfrictionfactor.
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