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ABSTRACT The purpose of present investigation is to determine the results of heat transfer and

frictional losses for an inclined sphericahlbroughened solar air heater. Experimentation was

conducted under actual outdoor condition at the test rig designed and fabricated at the terrace

of the Mechanical Engineering Department, NIT Jamshedpur, India. To show the effem of

changingenvirormental variables like solar radiation, wind velocity, ambient temperature, etc,

on the heat transfer results, the readings were noted for every 15 minutes in the experimental

hours 10:00 to 15:00 hours. The present paper deals with the experimental deattks in

the form of rise in Nusselt number (Nu) and friction factor (f) for spherical ball roughened solar

air heater (SAH) over those of smooth ones. Flow and roughness geometrical parameters have

been varied as relative roughness pitch (p/4pB9rdative roughness height (efp0.0240.040,

ball 6s height £)0.52d,i aamedlea o fd Gactotashoekl Rely)n 03 5des no ( Re)
2500:18500. Parametric analysis has also been made and the effects of these parameters on

Nu and f characteristics v@ been shown. This article reveals thretximum augmentation in

O6Nud & 6f 6 f omd&v &e ¥ dlnddps dspecteely,found o belof the order of

2.1 to 3.54 ti mes, 1.87 to 3.21 times and 2.89 to 3.
1.79 times, 1.46 to 1.91 ti mes, 1.67 to 2.34 times &
nonroughened ducfThe optimum roughness parameters found under present investigation is

ple = 15, e/@=0.036, e/d= 1 an d The firdings 6f ¢his research may serve as a

criteria to determine thermal and thermohydraulic performance of such roughened solar air

heaers and to understand the magnitude of useful heat gain choosing such roughness geometry.

RESUMELO&6objet de | a pr®sente enqu°te est de d®terminer
et des pertes par frottement pour un aéotherme solaire abille sghe inclin@. Les essais

ont éémené dans des conditions ext&ieures r&lles sur le banc d'essai cong et fabriquésur

la terrasse du département d'ingénierie m&anique de NIT Jamshedpur, en Inde. Afin de

montrer l'effet de variables environnementales @nstante é&olution, telles que le

rayonnement solaire, la vitesse du vent, la tempéature ambiante, etc., sur les réultats du

transfert de chaleur, les lectures ont éénotés toutes les 15 minutes entre 10h00 et 15h00. Cet

article traite des résultate x p ®r i ment aux r ®di g®s sous |l a forme dbune
de Nusselt (Nu) et du coefficient de frottement (f)
sphéique inclinécee (SAH) par rapport aceux qui sont lisses. Les paraméres gé@mdriques
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dé&oul ement et de rugosit® ont ®t ® modi fi ®s en fonctio
/ ) 918, hauteur de rugositérelative (e / Dh) 0,024040, rapport hauteur / diamére de la

bille (e / db) 0,52 , angl e d'-7a%d aatu eR ¢ y(RPOOIBERE. Un@andlysee )

paramérique a @alement ééralisé& et les effets de ces paraméres sur les caractéistiques

de Nu et f ont éémontré. Cet article ré&vde que I'augmentation maximale de 'Nu' & 'f' pour

une variation de 'p/e','e/ Dh' & 'e bd et 'U' ®tait respectivement de 1|' o
1,87 a3,21 fois et 2,89 a3,27 & 1,74 a3,56 fois pour &Nu»et 0,84 al1,79 fois, 1,46 al,91 fois,

1,67 a2,34 fois & 1,21 a2,67 fois pour &» par rapport aun conduit non rugueux. Les

paraméres de rugositéoptimaux trouvés dans la recherche actuelle sontp /e =15, e / Dh =

0, 036, e / db = 1 et U = 55¢. Les r®sultats de cett
déerminer les performances thermiques et thermohydrauliques de ces aéwtBesolaires

rugueux et pour comprendre I'ampleur du gain de chaleur utile en choisissant une telle

g@mérie de rugosité
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1. Introduction

Sun is the ultimate source of mosttleé sources of energy that as per Umited
Nations Development Programnreits 2000 World EnergyAssessmenfound that
the annualpotential of solar energywas 1,575 49,837 exajoules(EJ) which was
severatimeslargerthanthetotal world energyconsumptionwhich was559.8EJin
2012.With about300 clear and sunnydaysin a year, the calculatedsolar energy
incidenceon India'sland areais about5000trillion KWh peryear.The solarenergy
availablein a single yearexceedshe possibleenergyoutputof all of the fossil fuel
energyreservesin India (Muneeret al., 2005) Frequentrise in energyprices &
demandshave motivated many researcherso searchfor an alternativefor non
renewablesourceof energy.Harnessing u rthéersnalenergyhasbeenan effective
idea to use solar energy to serve various energy requirements.Solar thermal
technologyusesthe solar heatenergyto heatwateror air for applicationssuchas
spaceheating, water heating, and cooling for homesand businessesArtificially
roughene®AH usessolarthermaltechnologywhereheattransferaugmentatiotakes
placeby destroyinglaminar sublayer artificially due to the presenceof roughness
elementon c o | | esurfacerNanserousresearcherdave investigateddifferent
roughnesgeometrywith acommonpurposeo eliminate/reducgheeffectsof laminar
sublayeron heattransfer.By doing so, the heattransferfrom the absorbingnedium
and undersidefluid can be increasedand as a result, the thermal efficiency of
roughenedsolarair heatercanbeincreased.

Hanetal. (1985)investigatedhe effectof rib pitchto heightratio, andrib height
to equivalenthydraulic diameteron friction factor and heattransfercoefficient for
Reynoldsnumberrangeof 7,000to 90,000 relativeroughnesgitchrangeof 10to 40,
andrelative roughnessheightrangeof 0.021to 0.063andfound that the maximum
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valuesof friction factorandthe Stantornumberoccurat a relativeroughnesgitch of
10. Prasadand Saini (1988) developsan empirical correlation for heat transfer
coefficientandfriction factorfor asolarair heateductartificially roughenedy small
diametemwiresof variousrelativeroughnesseightsrangingfrom 0.020to 0.033and
relativeroughnesgpitch varying from 10 to 20 for Reynoldsnumbersrangebetween
5000 to 50,000. The results showedthat the averagefriction factor and Nusselt
numberincreasedwith increasein relative roughnessheight. The averageNusselt
numberof the rougheneduct wasabout2.10, 2.24 and 2.34 timesthanthat of the
smoothductfor relativeroughnesseightof 0.020,0.027and0.033respectivelyThe
averagefriction factor of the roughenedduct wasabout3.08,3.67,and 4.26 times
thanthatof the smoothduct. Theincreasen theaverageNusselnumberandaverage
friction factorfor relativeroughnesgitch of 10,15and20in theroughenedluctwas
about 2.38, 2.14, 2.01 and 4.25, 3.39, 2.93 times than that of the smooth duct
respectively.Lau et al. (1991) continued their comparisonstudieson full and
staggeredliscreteribs arraysandreportecdthatfor aconstanpumpingpower,6 Oagd
4 5 e d i ribsenharicdheribbedwall heattransferby about5 to 19 percentand11
to 32 percentrespectivelycomparedto the correspondindull ribs case.Saini and
Saini(2008)experimentallyinvestigatedhe effectof arcshapedibsoné N& f 6f
rectangulaductsof solarair heatersEnhancememf 6 N& f @asreportedto be of
order 3.6 and 1.75 times respectivelyover smooth. The correlationsfor Nusselt
numberandfriction factor werealsodevelopedLayek et al. (2006) experimentally
investigatedheeffectof transversehamferedib-grooveroughnessnabsorbeplate
of solarair heaterandreportedthatthe roughenedurfaceyieldsabout3.24fold and
3.78fold increasein the & N & f éespectivelyas comparedto that of the smooth
surfaceduct.Ahn (2001)investigatedhe effectsof variousroughnesshapemamely,
squarefriangular,circularand semicircular on friction factorandheattransferin a
rectanguladuct. Theyobservedhattheheattransferof triangularribs wasthehighest
causedyy the mostactiveinteractionbetweerthere-circulatingfluid flow in thetwo
ribs andthefluid flow overtheribs. Karwaetal. (2002)carriedout anexperimental
investigationon the integraltransversechamferedib roughenedabsorbeplate and
found two-fold increasedn the Stantonnumberandthreefold increasen thefriction
factor as compareof that of the smoothduct. Mahmoodet al. (2003) studied4 5
angledrib turbulatorsandfound that the thermalperformancés lower in the ribbed
channethanin channelwith dimplesand/orprotrusionamostlybecausef higherrib
formeddragandfriction factors.Changetal. (2008)investigatedexperimentallythe
effect of V-shapedribs and deepenedscalesand found that the heat transfer
enhancementatios were 9.513.6 and 9-12.3 with forward and backwardflows
respectivelyfor laminarflows and6.8-6.3 and5.7-4.3 for turbulentflows Ridouane
and Campo(2007) investigatedcomputationallythe heattransferand pressuredrop
of laminarair flow in aparalletplatechannelvith transverséemicylindrical cavities
andfoundenhancemerih heattransferby 30 % relativeto smoothductandpressure
lossincrementshy 19 %. Guptaetal. (1997; 1993)nvestigated® Ocentinuousg 0
brokenribs and9 0sawtooth profiled & establishedhatthe meanheattransferfor
squarechannelwith 6 0\&-brokenribs are more eminentthanthatof 9 0 e toathv
profiledrib and9 Ocentinuougibs. Chandraetal. (2003)carriedoutinvestigationof
the heattransferandfriction behaviorof a squareductwith transverseibs roughness

€

€
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onone,two, threeandfour walls of the duct. The flow Reynoldsnumberwasvaried
from 10,000to 80,000, relative roughnesseight (e/D») of 0.0625and the relative
roughnessitch (p/e) of 8. They found that the heattransferis enhancedwith the
increasen numberof ribbedwalls in the channelfrom 2.16for oneribbedwall case
to 2.57for four ribbedwall caseata Reynoldsnumberof 30,000.Momin etal. (2002)
investigatedhe heattransferandfriction characteristic®f ductroughenedwith V-
shapedib roughnesswith relativeroughnes$eightrangeof 0.02to 0.034,angleof
attackrangeof 30°-90° andReynoldsnumberin therangeof 2,500to 18,000 .Relative
roughnesoitch was kept constantas 10. The maximumenhancemenin the heat
transferandfriction factorasa resultof providing artificial roughnessvasobserved
as2.30and2.83timesof that of smoothductfor anangleof attackof 60 Naphon
(2008) investigatedexperimentallyheattransferand friction characteristicof two
oppositecorrugatedplateswith differentcorrugatedilt anglesof2 0 € 0 ¢ & Oaghd
found that due to the breakingand destabilizingin the thermalboundaryzone,the
corrugatedsurfacehas significant effect on the enhancementf heattransferand
pressuredrop. Saini and Saini (1997) used expandedmetal mesh as atrtificial
roughnessat the absorberplate of solar air heater which gave the maximum
enhancemerih Nusselthumberandfriction factorof theorderof 4 and5 respectively,
andthe maximumenhancemerin the thermalefficiency wasfoundin the rangeof
37%to 57%.Varunetal. (2008 experimentallynvestigatecheattransferandfriction
characteristic®f solarair heaterby usinga combinationof inclined andtransverse
ribs on the absorberplate of rectanguladuct. For (p/e) value of 8, the bestthermal
performanceéhasbeenobtained.Correlationsfor Nusselthumberandfriction factor
were also developedWongchareeet al. (2011) investigatedhe effectsof different
shapedribs [rectangular triangular,cylindrical, concaveconcave convexconcave,
long convexshort concaveand long convexshort concave]on heattransferand
frictionfactorandfoundthatthecylindricalribs providedthehighestvalue of therme
hydraulic performanceand minimum enhancemenin Nusseltnumberin caseof
rectangularibs Sethiet al. (2012)experimentallyinvestigatedhee eotar t i yci all
roughnes®n heattransferandfriction characteristicen solarair heaterductwhichis
havingdimpleshapedlementsarrangedn angularfashion(arc) Themaximumvalue
of Nusselnumbethasbeenfoundcorrespondingdo relativeroughnessieightof 0.036,
relativeroughnesgitch of 10 andarcangleof 6 0 $kullongandPromvongg2014)
performedexperimentaktudyon the heattransferandflow friction characteristicin
asolarair heaterchannefitted with deltawinglettype vortexgenerator¢DWs). The
experimentatesultrevealsthatin the first case the 60° DW-E at R,=1 providesthe
highestheattransferandfriction factorwhile the 30° DW-E atR,=1 performsoverall
betterthantheothers.n thesecondcasethe 30° DW-A atb/H=0.5yieldsthe highest
heattransferandfriction factorbutthebestthermalperformances foundatb/H=0.4.
Pandeyet al. (2016) experimentalstudied on heat transferand friction factor in
rectangularchannelwith multiple-arc shapedwith gapsasroughnesslement.The
maximumincrementn Nusselthumber(Nu) andfriction factor (f) was5.85and4.96
timesin comparisorto the smoothduct. The maximumenhancemenfor Nu takes
placeat Reynoldsnumber(Re)=21,000,g/e=1,d/x=0.65,W/w=5, e/Dy= 0.044,p/e
=8 andU/ & 0. Kumar et al. (2017) has usedthree sidesinsteadof one side
roughenedduct & found thataugmentationn Nu & f 6f threesidesover oneside
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roughenedduct was respectivelyto be 21-86 % and 11-41 %. They also reported
augmentationn thermalefficiency of threesidesover thoseof onesideroughened
ductto be44-56 % for varyingp/eand39-51 % for varying e/D.

Theliteraturerevealghatconsiderablemountof experimenta& analyticalwork
has been done to investigatethe effect of turbulencepromoterson 6 N& f 6
characteristicef roughenedlow passagedt is this eleganceof this methodwhich
makesit thermchydraulically superiorto other methodslike useof fins and other
substantiallylarge protrusions Extensiveexperimentationbavebeencarriedout in
part, employingartificial roughneswiz. transverseib, angledrib, inclined rib with
gap,v-shapedib, discreteor brokenv-shapedib, discretev-shapedib with pieces,
w-shapedib, wedgeor chamferedshapedib, dimpledshapedib, rib-groove,Multi
v-shapedrib and z-shapedrib, for heattransferenhancemenin rectangularducts.
Howeverno studyhasbeenreportedon SAH roughenedvith inclined sphericalball
of different heightand diametersoldereduponc o | | efacé.areGngprovement
canbeexpectedn local heattransferby usingsphericaball roughened&AH, assuch
geometrycanincreasahe numberof secondarylow streamdueto variationin angle
of attackandgeometricadimension.The presentesearcthasbeentakenup with an
objectiveto conductexperimentatiomnderactualoutdoorconditionon sphericaball
roughenedAH, to determinghe optimumroughnesparametersjetermineherise
in6 N& f for rougheneduct overthoseof nonroughenediuct The remainderof
this paperis organizedasfollows: Section2 introduceghe detailsof experimentation
andmethodologiesdoptedor acquiringtherequisiteobjectives Section3 describes
theresultsanddiscussionsf presentnvestigatiorandSection4 presentgonclusions.

2. Investigation methodology

Experimentations conductedo obtainthe experimentalvaluesof 6 N & f.6for
the inclined sphericalball roughenedcollectors. The test rig was fabricatedand
calibratedproperly beforetaking datafor roughenecand nonrroughenediucts. The
testrig hadtwo ductscapableof accommodatingoughenedndnonroughenediucts
simultaneouslyThevarioussetsof datarecordedrom thetestrig included:inlet and
outlet air temperaturesplate temperaturespressuredrop acrossthe duct and the
orifice andsolarinsolation.

2.1.Testrig

Theexperimentaketup hasbeendesignedandfabricatedasperthe Hale (1986)
Fig. 1 & 2 respectivelyshowsthe schematicand actualphotographof experimental
setup.A 5 HP Centrifugalblowerwith a 3.5kW Electricmotorhasbeenprovidedin
thesetup to suckair from atmospheréhroughthetestsectionsTherectanguladuct
is havingdimensionsof 2150mm x 330 mm x 30 mm in which the length of test
sectionis 1200mm andlengthsof entry andexit sectionsare 650 mm and 300 mm
respectively.The aspectratio (W/H) of the ductis 11. The entry sectionis madea
bell-mouthedshapeat the inlet side to avoid losesat the entry. Eachtest section
containsaglasscoverof 4 mmthicknessatthetop anda backplateof 3 mmthick G.I
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sheein thebottom.A Controlvalvewasprovidedto controltheflow in boththeducts.
Calibratedorifice meterwas installedto measurethe flow rate of air throughthe
roughenedducts. A copperconstantarthermocouplehasbeenprovidedat various
locationsto measurehe platetemperaturesA digital pyranometesystemwasused
to measuresolarradiation,wind velocity, ambienttemperatures.

Fig. 3 & 4 showsthe actualandschematidiagramof the inclined sphericalball
roughenedplate usedunder presentstudy. Fig. 5 showsthe schematicdiagramof
roughenedaindnonrougheneducts.Fig. 6 showsthe positioningof thermocouples
ontheabsorbeplates.

2.2.Roughnesgarametergange

X Test Section (Roughened
66
Air —* —J—H'_%
|om+_ |’+;_.{3m+-zoo-ﬂ J_._[/ [S\\ /}
) | 5=
b =
/

«— .\'\—Tesl Section (Smooth)

Figure 1. Schematicef testrig

Figure 2. Photographof testrig

SAH roughenegassagéasanL = 1200mm, H = 30 mm andW = 300mm,the
hydraulicdiameter Dy = 54.54mm. The sphericaball roughnesgeometryhasbeen
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provided under various sets of dimensionlesgparametersunder varying relative
roughnespitch (p/e) 9-18, relativeroughnesseight(e/Dn) 0.0240.040,ball height
to diameterratio (e/d) 0.5-2 andrelative angleof attack( U/ 3% @5 §he flow
Reynoldsnumberhasbeenvariedfrom 2500 18500to generatehebestresultin terms

of 6 N& f dablel showstherangeof experimentaketup andoperatingroughness
parameters.

Figure 4. Photographof sphericalball roughenedabsorber

Glass Cover Glass Cover
l Roughened absotber plate / Y Smooth absarber plate
wogsewasensdasiadus 3 y l aspeescsss . y

A L B I A 4

30 Air Duct 120 30 Air Duct 120
Glass Wool Glass Wool
69 o ' &
- SO

19 || 330 J |10

| |< 4l |‘_ 19 330 | | 3 19

Figure 5. Schematicef roughenedand nonroughenediucts

The values/rangef geometricalparameterof solar air heaterduct, roughness
parameterandexperimentatonditionse.g.massflow rate,wind velocity, insolation
etc usedduringexperimentatiomavebeengivenin Tablel.
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Figure 6. Positioningof thermocouplesn absorber

Figure 8. Photographof digital pyranometesystem
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Tablel. Details of experimentasetup and operatingconditions

S.No. Parameter

Entrylength,650mm

Testsectionlength(L), 1200mm

Exit length,300mm

Width (W), 330mm

Duct Height(H), 30 mm

1 parameter Ductaspectatio (W/H), 11

Hydraulicdiameter(Dn), 54.54mm

Glasscoverthicknesgtg), 4 mm

Distancebetweertop glasscover
andabsorbeplate(L1), 30 mm

Relativeroughnesgitch (p/e),9-18

) Roughness Relativeroughnesseight(e/Dn), 0.0240.040

parameters Ball heightto diameterratio (e/d), 0.5-2
Angleof attack( U3 5%&5 e

3 Flow Massflow rate(4), 0.01040.05126kg/s

parameters Reynoldsnumber(Re), 250018500
AmbienttemperaturgTa), 21-41,e C
Experimental .
4 Solarradiation,674-986, W/m?

conditions

Wind velocity (Wy), 0.7-3.1,m/s

2.3.Datareduction

The meantemperaturesTpm & Tm are simply the arithmeticmeanof the noted
valuesof temperaturest differentlocationsin betweenthe inlet & exit of the test
section.Thus:

6 €

2 )
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2.3.1.Massflow rate measurement

Usingthe pressuralropmeasuremerdcrosshe orifice, theflow rateof air under
roughenedglateis calculatedas:

0.5
o e2rbp, @
m= Cd % gl- b4 B

®3)

2.3.2.Friction factor

Theé fvdueis calculatedusingpressuralrop ¥} , acrosgestsectionlength,L
of 1200mm andthe massflow rate,& as

_(2p), D,
2
2rLyv, @)
where,Dy: hydraulicdiameterfor theductandis evaluateds:
_ 4wH
e
2W+ H
[2w + H)] )
and,vq is the flow velocity of air flowing insidetheroughenediuct.
2.3.3.Reynoldsumber
Thed R & éalculatedusing:
Re= s b,
u (6)
2.3.4.Heattransfercoefficient
Usefulheatgainof air is givenby:
=mC -
The heattransfercoefficientfor the heatedestsectionhasbeencalculatedrom:
= —Qu
T -T
A\u( pm fm) (8)

where,A;, is the heattransferarea,assumedorrespondingnesideroughenedlate
area.
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2.3.5.Nusselinumber
The heattransfercoefficientis usedto determinghe 6 N ardlis determinedhs:

= ﬂ
K ©)

Nu

where,6 k thermalconductivityof the air

2.4.Validation of experimentaldata

Alongsideroughenediucts,datawere alsorecordedfor nonroughenediuct for
validating the experimental setup. The data of 6 Nu& f6 obtained from
experimentatiomavebeencomparedvith thoseof dataobtainedrom thecorrelation
of 6 Nsu& f6 as per Dittus-Boelter equationand mo d i Blasius equation

respectively.
Nus for nontroughenedurfaceasper Dittus-Boelterequationis givenby:

— .8 4
Nu, =0.023Ré&° Pt (10)

fs for nonroughenedurfaceaspermo d i Blasidsequationis givenby:

— =0.25
f_=0.085Ré 1)

Thedatafor 6 N; & f00f nonroughenedluctssoobtainedirom experimentation
and the correlationssuggestedabove comparedwell with a mean deviation in
experimentak estimatedraluesof 6 N & fs6as3.5%for 6 N & N 4 fordd% .

Fig. 9 (a&b) indicategshecomparisorof experimentalaluesd Ns& fsdwith 6 N
& Osdobtainedirom the correlationsabove.

2.5.Uncertainty analysis

Table2. Uncertaintiesn measuremerdf variousparameters

S.No. Nameof parameter Uncertaintyrange(%)
1. Areaof absorbeplate(Ap) 0.07
2. Crosssectionakreaof air flow duct(A) 0.16
3. Areaof orifice meter(Ao) 0.21
4. Hydraulicdiameter 0.23
5. Density 0.106
6. Massflow rate 0.84
7. Velocity of air throughtestsection 0.86
8. ReynoldsNumber(Re) 0.9
9. Heattransferco-efficient 3.724
10. Nusseltnumber(Nu) 4.167
11. Friction factor (f) 4.389
12. Usefulheatgain 3.14
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Based on the method of Kline and Mcclintock (1953) of the uncertainties
associatedvith various parametersthe uncertaintieshave beendiscussedand the
elaboratedorm is givenin AppendixA. Uncertaintiesvaluesof variousparameters
aregivenin Table2.

3. Heat transfer and friction characteristics

Under presentexperimentaktudies,effectsof sphericalball roughneselement
parameterssuchas 6 p / Geedd B epd & 6 Udh 6 N@& 6.6 has beenstudied
exhaustivelyandpresente@srisein 6 Na& 6.6with massflow rateof air (Reynolds
number).To seethe effects of theseroughnesgparametersp Na& 6.dis plotted
againstheseparameterat someselectedsaluesof Reynoldsnumber.

60+ [ Nu(Dittus Boeter eqn: Nug=0.023Re” pr"%)

- Nu (Present experimental results)

4000 6000 8000 10000 12000 14000 16000 18000

Re
(a) Nus
T T T T
0.012 4 Il f (Present experimental results)
0.011 [ 1 (Blasius equation: f,=0.085Re”*)

2000 4000 6000 8000 10000R12000 14000 16000 18000
e

(b) fs

Figure 9. Comparisorb/w experimentahnd calculatedvaluesof 6 N & & ffobone
sideconcaveadimpleroughenedSAH
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3.1 Heattransfer andfriction factor results

Fig. 10 showsthe variation of 6 Ndas a function of 6 p /&e66R dob fixed
6eBO. 0&8&Bd& 6 U6 =TFoSigualize the effectsof 6 p /oe & N the
Nusseltsnumbervalueshavebeenplottedagainstrespectivevaluesof 6 p /atesdne
selectedReynoldsnumberasdepictedin Fig. 11. The maximumé& minimum value
for 6 Ndiis obtainedat 6 p /ofeld & 9 respectivelyfor the entire valuesof 6 Re 6
investigatedLikewise, Fig. 12 showsthe variationof 6 Naasafunctionof 6 e H&
6 Rorixed6 p / e 6 epdl @816 U 6 =To sgalizetheeffectsof 6 e odDO Nau,
the Nusseltsnumbervalueshavebeenplotted againstrespectivevaluesof 6 e fodd
someselectedReynoldsnumberasdepictedin Fig. 13. The maximum& minimum
valuefor 6 Ndis obtainedat6 e #6dD0.036& 0.024respectivelyfor theentirevalues
of 6 R en@estigated.Fig 14 showsthevariationof 6 N@asafunctionof 6 e,6&160 R e
forfixed6 e 6 B 0 . OPB/66& U &=T Gspalizetheeffectsof 6 exdodd Nau,
the Nusseltsnumbervalueshave beenplotted againstrespectivevaluesof 6 epd adl
someselectedReynoldsnumberasdepictedin Fig. 15. The maximumé& minimum
valuefor 6 Ndis obtainedat6 epdofil & 2 respectivelyfor theentirevaluesof 6 R e
investigatedLikewise,Fig. 16 showsthevariationof 6 Naasafunctionof6 (&% R e
forfixed6 p/ e 6 eyl 88 6 e B 0 . T Sidualizethe effectsof 6 (bd 6 Ndu ,
theNusseltsiumbervalueshavebeenplottedagainstrespectivevaluesof 6 thtsome
selectedReynoldsnumberasdepictedin Fig. 16. The maximumé& minimum value
for 6 Ndiis obtainedat 6 Uob5 5& 3 5respectivelyfor the entire valuesof 6 R e 6
investigatedlt wasfoundthatthe maximumaugmentatiorn é N dobvarying6é p/ e 6 ,
6 e B8O epbpaddd) dvasrespectivelyfoundto beof the orderof 2.1to 3.54times,
1.87to0 3.21times,2.89t0 3.27& 1.74t0 3.56timeswith comparedo nonroughened
duct.

o

o O

Fig. 18 showsvariationof 6 .6asafunctionof6 p & & ® oixedo e 6B 0. 03 6,
0 epd d& 6 U 6 =To Gispalizethe effectsof 6 p /oredd the friction factorvalues
havebeenplottedagainstrespectiveraluesof 6 p AteotneselectedReynoldshumber
asdepictedin Fig. 19.

Themaximumé& minimumvaluefor 6 dis obtainedatd p bf® & 18respectively
for theentirevaluesof 6 R endestigatedLikewise,Fig. 20 showsthevariationof 6,6
asafunctionof 6 e 086 R @iifixed 6 p / e 6 epll @86 U 6 =T Gispalizethe
effectsof 6 e 6dd 6,0 thefriction factorvalueshavebeenplottedagainstespective
valuesof 6 e 0 & some selectedReynoldsnumberas depictedin Fig. 21. The
maximum & minimum value for 6 Nduis obtainedat 6 e &f 0.040 & 0.024
respectivelyfor the entirevaluesof 6 R eestigated.Fig 22 showsthe variation of
6/asa functionof 6 exd& 6 R dodfixed b e B0 . OB/6e& 6 DA =05 e .
visualize the effectsof 6 epd ah 6.6 the friction factor valueshave beenplotted
againstrespectivevaluesof 6 epdatisomeselectedReynoldsnumberasdepictedin
Fig. 23. The maximum & minimum value for 6.6 is obtainedat 6 exdad 1 & 2
respectivelyfor the entire valuesof 6 R éndestigatedLikewise, Fig. 24 showsthe
variationof 6,6asafunctionof 6 (& R tordixed6é p/ e 6 el @86 e®B 0. 036 .
To visualizethe effectsof 6 Uod 6,8 the friction factor valueshave beenplotted
againstespectivevaluesof 6 thtsomeselectedReynoldsnumberasdepictedn Fig.
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25. The maximum & minimum value for 6 Ndiis obtainedat 6 Udd 5 5& 3 5 e
respectivelyfor theentirevaluesof 6 R mestigatedlt wasfoundthatthemaximum
augmentationn 6,dfor varying6 p /6ee@d®depdaddd) dvasrespectivelyfoundto
be of theorderof 0.84to0 1.79times,1.46t0 1.91times,1.67to 2.34times& 1.21to
2.67timescomparedo nonrroughenediuct.
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Figure 10. Variationin 6 N with6 R e d@liffecent6 p /& éodfixedé e®0 B0 . 03 6,
Oend d86UB=55¢
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Figure 11. Variation of Nusselhumbemwith 6 p foediferentvaluesof Reynolds
Numberandfor fixedo e B0 . D GBI S6 UG =55 ¢



An inclined spherical ball roughened solar air heat&l
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Figure 12.Variationin 6 N with 6 R e dliffecent

f 6 epDforfixedo p/ ed =12,
Oed d@86 UG =55¢
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Figure 13. Variation of Nusselhumbewith 6 e 16for differentvaluesof Reynolds
Numberandfor fixedo p/ e 6 b 2386 U6 =55 ¢
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Figure 14. Variationin 6 N with 6 R e dliffecenté eyd&dfor fixedo p/ e 6 =12,
6efdBO0.8&G3LO =55 ¢
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Figure 15. Variation of Nusseltnumberwith 6 evdfat differentvaluesof Reynolds
Numberandfor fixed6 p / e 6 2 HM,036&6 U6 =55 ¢



450

An inclined spherical ball roughened solar air heat@3
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Figure 17. Variation of Nusselnumbemwith 6 Ud differentvaluesof Reynolds
Numberandfor fixed6 p / e 6 © HM,036& 6 exd d 1
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Figure 18.Variationin 6,6with 6 R e @iffecentd p /& éodfixedo e B O . 03 6,
6ewd d@6 U6 =55c¢
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Figure 19. Variation of friction factorwith 6 p foedferentvaluesof Reynolds
Numberandfor fixed6 e 6 B0 . ®SHJA 6 UO =55 ¢



An inclined spherical ball roughened solar air heat@5

Figure 20. Variationin 6 fwith6 R e @liffecent6 e o&for fixedo p/ e 6 =1 2,
0ed d@6UOG=55¢

Figure 21. Variation of friction factorwith 6 e /6for differentvaluesof Reynolds
Numberandfor fixedo p/ e 6 eh 886 U6 =55 ¢



