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A CFD Study of Turbulent Convective Heat
Transfer Enhancement in Circular Pipeflow
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Abstract—Addition of milli or micro sized particles to thest
transfer fluid is one of the many techniques emgtbfor improving
heat transfer rate. Though this looks simple, tmethod has
practical problems such as high pressure lossgiriggand erosion
of the material of construction. These problems loa overcome by
using nanofluids, which is a dispersion of nandasbiparticles in a
base fluid. Nanoparticles increase the thermaluaotivity of the
base fluid manifold which in turn increases thetheansfer rate.
Nanoparticles also increase the viscosity of theefbaid resulting in
higher pressure drop for the nanofluid comparethédase fluid. So
it is imperative that the Reynolds number (Re) dhd volume
fraction have to be optimum for better thermal Iaydic
effectiveness. In this work, the heat transfer asement using
aluminium oxide nanofluid using low and high volunfraction
nanofluids in turbulent pipe flow with constant Welmperature has
been studied by computational fluid dynamic modgliaf the
nanofluid flow adopting the single phase approadanofluid, up till
a volume fraction of 1% is found to be an effectiveat transfer
enhancement technique. The Nusselt number (Nujraxidn factor
predictions for the low volume fractions (i.e. 02620.1 and 0.5%)
agree very well with the experimental values of @&rmand Sharma
(2010). While, predictions for the high volumediian nanofluids
(i.e. 1%, 4% and 6%) are found to have reasonalreeaent with
both experimental and numerical results availahlehie literature.
So the computationally inexpensive single phasercgmh can be
used for heat transfer and pressure drop predicfiorew nanofluids.

Keywords—Heat transfer intensification, nanofluid, CFD, fio)
factor
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ethylene glycol and engine oil. Thermal propertiégthese
fluids determine the thermal efficiency as wellths size of
the equipments. Hence, many different techniquesbaing
employed to improve the thermal properties of thihsiels,
especially the thermal conductivity.
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ANY industrial processes involve heat transfer, which i
accomplished using heat transfer fluids such anvat

Addition of milli or micro sized solid particles @ne of the
very old techniques of heat transfer enhancemiaatustrially,
this technique is not attractive because of theeraiit
problems such as sedimentation, increased presume,
fouling and erosion of the flow channel. Thesebpems can
be overcome with nanofluids, which is a dispersioh
nanosized particles in a base fluid. The nanosjzaticles
increase the thermal conductivity of the base fiwigich in
turn increases the heat transfer rate. This ptppbkas
attracted the attention of researchers in the geside, though
the mechanism is not fully understood yet.

A lot of work has been done recently on the forced
convective heat transfer of nanofluids in pipe flowwen and
Ding [1] studied the convective heat transfer ie #mtrance
region under laminar regime using aluminium oxid@afluid
in a circular tube with constant heat flux. Migoat of
nanoparticles and the subsequent disturbance diaghedary
layer were attributed to the enhancement in heaster rate.
Zeinali Heris et al [2] compared the heat transfénancement
by copper and aluminium oxide nanofluids in lamimipe
flow under constant wall temperature conditions mahd the
aluminium oxide nanofluid better than the copperidex
nanofluid. Hwang et al [3] measured pressure dnogh heat
transfer coefficient in fully developed laminar gifiow using
constant heat flux conditions. Based on the erpantal
results they showed that the experimental fricfemtor was in
good agreement with the theoretical predictionsngisihe
Darcy equation. Whereas, the Shah equation fartheasfer
coefficient prediction under constant heat flux ditions in
the laminar regime was found to be inadequate dmofiuids.
The enhancement in heat transfer coefficient wasmdoto
exceed the enhancement in thermal conductivity dgrge
margin. The flattened velocity profile caused hg particle
migration to the centerline of pipe was proposedéothe
possible mechanism for convective heat transfeamscdment.

Kim et al [4] conducted experiments with aluminiaxide
and amorphous carbonic nanofluids in the laminad an
turbulent regimes and concluded that the mechafosrneat
transfer enhancement was different for the twomegi The
delaying and disturbance of the thermal boundaygrlavas
attributed to the heat transfer enhancement in l&nginar
regime. Whereas, in the turbulent regime, incréagbermal
conductivity was responsible for heat transfer enbkanent.
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Rea et al [5] investigated the laminar convectiveath
transfer and pressure loss for alumina — waterzamdnia —
water nanofluids in a uniformly heated vertical éub Heat
transfer enhancement was observed to be higherhén
entrance region than in the fully developed regioffhe
agreement between the experimental and predictesseitu
numbers was found to be good. This prompted thiecasitto
conclude that nanofluids behave like homogeneouduneis
and the enhancement in heat transfer was only duthda
improved mixture properties with respect to thatvafer. Ben
Mansour et al [6] experimentally investigated thermally
developing laminar mixed convection flow of watedaAl,Oz
mixture inside an inclined tube with a uniform wha#at flux.
They observed that a higher particle volume come&oh
clearly induces a decrease of the Nusselt numberthe
horizontal inclination. On the other hand, for thertical one,
the Nusselt number remains nearly constant witinenease of
particle volume concentration from 0 to 4%. Theaent
contradictory behavior observed between experinhestdta
and analytical/numerical results regarding the heamsfer
enhancement of nanofluids prompted them to raisouse
concerns regarding the applicability of using thregle phase
and homogeneous fluid model for nanofluids undetunaa
convection effect. Nassan et al [7] comparedoérgormance

conditions. Recently, Sonawane et al [13] obsegautl heat
transfer enhancement with aviation turbine fuellsménium

oxide nanofluid even at low concentrations.

t Earlier numerical investigations on forced conwextheat
transfer considered nanofluids as a homogeneoiud #od

adopted a single phase approach to predict heasféra
enhancement [14, 15]. More recently, the two plegg@oach
has been used by some researchers, but the opindut these
two approaches is varied. Bianco et al [16] ob=eéronly a
maximum of 11% difference between single and twasgh
results for the laminar regime. So they opined thiagle

phase approach is good enough to test new nanefasgdit
requires information about the particle and theelfagd with

no reference to the mixture. Other researchersJ&} found

the mixture model to be working better than theylgirphase
model in the turbulent regime. Akbari et al [19} the first

time compared three different two phase modelstaadingle
phase model in the laminar regime. Single and plase
models were found to be predicting identical hygrainic

fields but very different thermal ones.

A closer look at all the experimental and numeriwalks
reveals that most of the forced convective heaistea studies
in pipe flow have been done with constant wall fhoundary
condition. So in this work, a systematic compuotaai fluid
dynamic investigation with constant wall temperatur

of Al,O; — water and CuO — water nanofluids in a squaré. du®oundary condition has been carried out adoptirgstihgle

They also suggested further theoretical and expetah
investigations to understand the heat transferaderistics of
nanofluids in noncircular ducts like triangular ¢yc
rectangular ducts with different aspect ratios amither
possible noncircular ducts with different nanofkuid

Sundar and Sharma [8] conducted forced convectesd h

transfer experiments in the turbulent regime witlpep
employing twisted tape inserts with and without@J — water
nanofluid. The increase in pressure drop for Hards was
found to be negligible, whereas considerable irsgea heat
transfer coefficient was observed both with anchauit pipe

phase approach in the turbulent regime and theltseate
compared with the experimental and numerical result

available in the literature

Il. CFD MODELLING

A.Geometry Creation and Grid Independence Study

A circular pipe of diameter 0.017 m diameter arehth 10
m was used as the geometry. Grid independence stad
carried out to find out the optimum grid size wittho
compromising the accuracy of results. Differentsmeizes

inserts They also developed generalized correlations fer thwere tested in order to examine the effect of nundjecell

estimation of Nusselt number and friction factar fiipes with
and without inserts. Farajollahi et al [9] comhitbe heat
transfer enhancement of &; — water and Ti@ water
nanofluids in a shell and tube heat exchanger.y Dhserved
different optimum volume concentration for both
nanofluids in which the heat transfer charactessshowed

maximum enhancement. The nanoparticle with lessnme:
diameter (TiQ nanoparticle) had a lower optimum volume

concentration. Comparison of the experimental datia that
predicted by Xuan and Li [10] correlation was fouedhave
good agreement. Vajjha et al [11] used a mixtdretlylene
glycol and water as base fluids to compare the traasfer
enhancement by aluminium oxide, copper oxide atidogi
dioxide nanoparticles and developed generalizedelzions
for the prediction of Nusselt humber and fricticactor for
turbulent pipe flow under constant heat flux coiodis.

In annular duct flow, Nasiri et al [12] observedttithe heat
transfer performance of aluminium oxide and titamioxide
nanofluids to be similar when the concentration wame in
the turbulent regime under constant wall
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It can be observed that the Nusselt number for watmentioned that the particle size of the,@J nanoparticles

decreases gradually and becomes constant beyomudtanc
number of cell volumes. Beyond this, any furtherease in
the number of cell volumes only increases the cdatymnal

time, without any significant improvement in the ddelt

number. Similar trend was also observed with t#eofluids.

So this “optimum” mesh size was selected for furtbidy

with both water and the nanofluids.

B.Governing Equations

Steady state simulations were carried out by sglaiass,
momentum and energy conservation equations, wheh a
expressed as:

a_’o U) =
= O(ea)=0 @)
a(a’f) +0.(pun) = pg - 0P +0(7) @)
o(eE) +0fa(ee+P))=0f Kk OT @3)
ot eff

wherep is the densityy is the velocityp is the pressure, is
the viscous stress tensd, is the energy ande is the
effective thermal conductivity. The standarck- turbulence
model was used to model turbulence. The k amdjuations
are as follows:

d d d ) ok
- +— u)=—— +— |—|+G, —pe (4)
S+ )= | (s e 26 L
9 0e)+ 0 (pen)= 2| [ e )98 e 6 —c L
o o) o (oeu) x Hwaj axj}Cuka CocP
(5)

considered in this study is 47 nm.

Hni= Hw (1 + 39.17p + 533.9%) 7
Kot = Ky (1+ 7.47p) (8)
Pot = @Pp + (1 -9) pu ©)

Cor =G+ (1-9) Gy (10)

whereg@ is particle volume fraction and the subscriptsnd af
refer to water and the nanofluid respectively. thme
calculations, the density of alumina and water waken as
3970 kg/m and 1000 kg/th and that of specific heat of
alumina and water as 880 J/kg K and 4178 J/kg Keesvely.

D.Boundary conditions

Low (0.02%, 0.15 and 0.5%) and high volume fraction
nanofluids (1%, 4% and 6%) at 315 K were usedhas
working fluids. For comparison purposes, water \&so
employed as working fluid. The numerical studiesrav
carried out with uniform velocity profile at thelén of the
horizontal pipeline. The direction of the flow wdefined
normal to the boundary. Turbulent intensity,and the
hydraulic diameterD;, were specified for an initial guess of
turbulent quantities k{ and ¢). The turbulent intensity was
estimated for each case based on the formald.16Re™®
and was set at 5% from calculations. Outflow bamd
condition was used at the outlet boundary. Thd wfathe
pipe was assumed to be perfectly smooth with zeughness
height. A constant wall temperature of 289 K wasdiat the
wall boundary.

E.Numerical Solution Strategy

The commercial CFD solver FLUENT 6.3.26 was empibye
to solve the governing equations with a segregstdeer. The
second-order upwind scheme was used for discrietizatf
convection, energy, turbulent kinetic energy andouient
kinetic energy dissipation rate terms. The SIMRilgorithm
was used to resolve the coupling between velocitg a
pressure fields. The convergence criterion is dase the

where G, represents the generation of turbulence kineti@Sidual value of calculated variables such as mascity

energy due to the mean velocity gradients @pdC,,, o and
o, are the standark-c model constants.
viscosity, | is computed as follow:

k2

,Ut = [ﬁ,u ? (6)

The turbulent€nergy dissipation rates)( and energy.

components, turbulent kinetic energk),(turbulent kinetic

In the present
calculations, the initial residual values were tsel.0* for all
variables, except energy for which @@ used. The under-
relaxation factors used for the stability of thenwerged
solutions are set at their default values. The migale
simulation was decided as converged when the sum of

Where k & and C, are turbulent kinetic energy, turbulentpgrmalized residuals for each conservation equationl

kinetic energy dissipation rate and turbulent vistyoconstant,
respectively.

C.Nanofluids thermophysical properties

Thermo physical properties of the @ nanofluid such as
viscosity (1), thermal conductivity (K), densityp] and
specific heat (C) were estimated using the follgnémpirical
correlations developed by Pak and Cho [20]. Itusthdoe
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variables was less than the set residual valueseker, when
the residual for the continuity equation reachecdhiaimum
plateau before the value of 4@the mass balance is monitored
on the flux report and was used as a secondargdtati of
convergence when the net imbalance is less tharofltfe
inlet flux through the domain boundary.
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F.Validation of Numerical Results

low and high volume fractions respectively.

observed

It che

amount of

Numerical results were made credible by compariregmt
with data from correlations available in the litera. Nusselt
number for the base fluid (water) in the turbulesgime was
compared with that of Gnielinski [21] correlatiofid. 2).
Similarly, Blasius correlation [22] was used foicfion factor
comparison in the turbulent regime (Fig. 3). TRpezimental
results of Sundar and Sharma [8] was also used
comparison. It can be seen from Fig. 2 that NicaeNu are
in very good agreement with the correlation valuésiction
factor comparison is in the acceptable limit, tHoutpt as
good as the Nu comparison.
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Fig. 2 Comparison of Nusselt number of water witlieBnski
correlation and the experimental values of SunddrZharma [8]
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Fig. 3 Comparison of friction factor of water witBlasius
correlation and the experimental values of SunddrZharma [8]

Ill. RESULTSAND DISCUSSION

The effect of nanofluid volume fraction on heatnster
enhancement is shown in Fig.4 (a, b) and Fig. B)dor the
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that presence of even a small
nanoparticles (0.02%) in a base fluid increases Nhsselt
number by about 0.5%. As the volume fraction iases,
Nusselt number increases by 1% and 6% for the dilker
cases (Fig 4b). This increase in heat transferisaattributed
to the increase in the thermal conductivity of Hese fluid.
fbpe increase in Nusselt number becomes more aatedtas
the Reynolds number increases and this
significant as the pressure drop does not incraasgteeply as
the Nusselt number [8]. This observation suggeststhe use
of low volume fraction nanofluids is a very effegimethod of
heat transfer enhancement.
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Fig. 4 Effect of volume fraction of AD; nanofluid on (a) average
Nusselt number (b) Nusselt number ratio for lowuwoé fraction
nanofluid (Ny is the Nusselt number for the base fluid)

is consldere
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Fig. 5 Effect of volume fraction of AD; nanofluid on (a) average
Nusselt number (b) Nusselt number ratio for highurre fraction
nanofluid

At higher volume fractions, increase in Nusselt hemis
10%, 40% and 60% for the three volume fractionisilid But
increase in pressure drop becomes significant ands i
important to find the optimum volume fraction folah
application. According to Bianco et al [18], thallvshear
stress, which is an indicator of pressure drop tfe 1%
nanofluid is only about 10% more than the baselfluihereas
for the 4% and 6% nanofluids the increase is aB60®&6 and
300% respectively. So it is evident that nanoBude useful
only up till a volume fraction of 1%. It should leted here
that the above mentioned authors considered 38 amticles
in their study and used the correlation of MaigaleftL4] for
the estimation of viscosity.
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Fig. 6 Comparison of average Nusselt number withetations
available in the literature for (g)= 0% (b)@= 0.02% (cyp= 0.1%
(d) 9= 0.5%

Fig.6 (a, b, ¢, d) and Fig.7 (a, b, c) show the parson of
Nusselt number from the present study with theaslf other
researchers. It can be easily observed that tiggesphase
model predictions agree very well with the experitaé
values of Sundar and Sharma [8] for the three velnaction
considered in this study. The comparison is gogeheat the
volume fraction of 1% (Fig. 7a), which is outsidbet
experimental range of the above authors. ButHer4% and
6% nanofluids the experimental correlation valuesfaund to
be bigger than the numerical values of the presiewty. This
trend suggests that the experimental correlatioval&l only
for volume fractions less than 1%. Interestinghg values of
the present work particularly for the 1% and 4%eagwithin
10-20% of other researchers results. This diffeén results
is considered acceptable as reported by Buongif#8pand
can be attributed to the difference in correlatiased for the
estimation of the thermophysical properties ofriaaofluids.
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model predictions, Maiga et al [14], Pak and Ch@] @1d Sundar
and Sharma [8] for (&) = 1% (b)e= 4% (c)p= 6%
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Fig. 8 Effect of volume fraction of AD; nanofluid on pressure drop
ratio (a)@=0.02%, 0.1% and 0.5% (lp)= 1%, 4% and 6% (bf refers
to the base fluid)

Pressure drop ratio for the low and high volumetfoms
are shown in Fig. 8 (a, b). It is evident that gnessure drop
increases dramatically as the volume fraction iases,
particularly above 1%. This can be attributedhe increase
in the viscosity of nanofluid with increase in th®lume
fraction of the nanoparticles. Moreover, it can dizserved
from the results of Maiga et al [14], Lee et al][24d Sundar
and Sharma [8] that viscosity of the nanofluid @ases with
increasing particle size of the nanoparticles dt vieven for a
volume fraction of 1%, viscosity of nanofluid made47 nm
particles is about 33% more than the viscosity afafluid
prepared from 35 nm particles. This differencesito about
130% and 180% for the 4% and 6% nanofluids, respeyt
This explains the exponential increase in the jpiresdrop for
4% and 6% nanofluids.

The friction factor values for both the low and igolume
fraction nanofluids are reported in Fig. 9 (a, bt. can be
observed that the numerical friction factor valaes within 10
— 15% of the experimental values of Sundar andrSa§8].
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Fig. 9 Comparison of friction factor values witletBxperimental
correlation values of Sundar and Sharma [8] forga) 0.02%, 0.1%
and 0.5% (byp= 1%, 4% and 6%

In contrast to the Nusselt number, friction factalues are
better predicted by the experimental correlation tloése
authors. This is due to the fact that the frictfactor is only
dependent on Reynolds number. So the experimental
correlation will be able to predict friction factaven for
higher volume fraction nanofluids with reasonabtewmacy.
Moreover, single phase models are found to be gliadi
similar hydrodynamic fields as the multiphase medeBut,
convective heat transfer coefficient is better pedl by the
multiphase models both in the laminar and turbutegimes
[16, 17, 18, and 19]. According to Bianco et ab][heat
transfer prediction by the computationally inexpeassingle
phase model is acceptable, especially for testirgyv n
nanofluids as it requires only data of the partided the base
fluid. Moreover, it is highly likely that the acacy of the
single phase model prediction could be improvedubing
temperature dependent properties of the nanofluid.

IV. CONCLUSIONS

Heat transfer enhancement in turbulent pipe flowAbyD;
nanofluid has been investigated numerically usimg single
phase approach for constant wall temperature boynda
condition for the first time. Both the experimdnialues and
the numerical predictions show that heat transfiéiaacement
increases as the volume fraction of the nanopesticicreases.
But the rate of enhancement remains constant witeasing
Reynolds number. Pressure drop increases drathatioa
volume fraction bigger than 1%. So for better thelr
hydraulic effectiveness, it is important to operaée an
optimum volume fraction. The single phase modedjcts
convective heat transfer coefficient with reasoeadtcuracy
and considered good enough to test new nanoflsdi B
computationally inexpensive compared to the multgeh
approach.



(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

(19]

(20]

International Journal of Civil and Environmental Engineering 6 2012

REFERENCES

D.Wen, Y.Ding, Experimental investigationtdnconvective heat
transfer of nanofluids at the entrance region unideninar flow
conditions, International Journal of Heat and Masansfer 47 (2004)
5181- 5188.
S.Zeinali Heris, S.G.Etemad, M.Nasr Esfahanyxpd&timental
investigation of oxide nanofluids laminar flow e@ttive heat
transfer, International Communications in Heat d &ass Transfer 33
(2006) 529-535.
K.S.Hwang, S.K.Jang, S.U.S.Chio, Flow and cative heat transfer
characteristics of water-based Al203 nanofluidsfully developed
laminar flow regime, International Journal of Haatl Mass Transfer,
52 (2009) 193-199.
D.Kim, Y.Kwon, Y.Cho, C.Li, S.Cheong, Y.Hwang,Lee, D.Hong, and
S.Moon, Convective heat transfer characteristiceamofluids under
laminar and turbulent flow  conditions, Current Aipd Physics, 9
(2009) 119-123.
U.Rea, T.McKrell, L.W.Hu, J.Buongiorno, Laminaonvective heat
transfer and viscous pressure loss of alumina—veatérzirconia—water
nanofluids, International Journal of Heat and Masmsfer, 52 (2009)
2042-2048.
R.Ben Mansour, N.Galanis, C.T.Nguyen, Experitaéstudy of mixed
convection with water Al203 nanofluid in inclinedbe with uniform
wall heat flux, International Journal of Thermalie®es, 50 (2011)
403-410.
T.H.Nassan, S.Zeinali Heris, S.H.Noie, A compan of experimental
heat transfer characteristics for Al203/water anfD@vater nanofluids
in square cross-section duct, International Compatitns in Heat and
Mass Transfer, 37 (2010) 924 — 928.
L.S. Sundar and K.V.Sharma, Turbulent heatdfanand friction factor
of Al;O3 Nanofluid in circular tube with twisted tape intser
International Journal of Heat and Mass Transfer @&®10) 1409 -
1416.
B.Farajollahi, S.Gh.Etemad, M.Hojjat, Heat tséer of nanofluids in a
shell and tube heat exchanger, International dwhHeat and Mass
Transfer, 53 (2010) 12 — 17.
Y.Xuan, Q.Li, Investigation on convective hetrtansfer and flow
features of nanofluids, Journal of Heat Transi&6 (2003) 151-155.
R.S.Vajjha, D.K.Das, D.P.Kulkarni, Developmenft new correlations
for convective heat transfer and friction factortimbulent regime for
nanofluids, International Journal of Heat and Masmsfer, 53 (2010)
4607 — 4618.
M.Nasiri, S.Gh.Etemad, R.Bagheri, Experimenta¢at transfer of
nanofluid through an annular duct, Internationaln@munications in
Heat and Mass Transfer, 38 (2011) 958-963.
S.Sonawane, K.Patankar, A.Fogla, B.PuranikBHandarkar, S.Sunil
Kumar, An experimental investigation of thermo-picgl properties
and heat transfer performance of AI203-Aviation bioe Fuel
nanofluids, Applied Thermal Engineering, 31 (2028%1 — 2849.
S.E.B.Maiga, S.J.Palm, C.T.Nguyen, G.Roy, Ne@is, Heat transfer
enhancement by using nanofluids in forced convactifiows,
International Journal of Heat and Fluid flow, 20@8) 530 — 546.
M.Akbari, A.Behzadmehr, F.Shahraki, Fully depmed mixed
convection in horizontal and inclined tubes with ifarm heat flux
using nanofluid, International Journal of Heat aRdid flow, 29
(2008) 545 — 556.
V. Bianco, F. Chiacchio, O. Manca, S. Nardidymerical investigation
of nanofluids forced convection in circular tubespplied Thermal
Engineering, 29 (2009) 3632 — 3642.
R. Lotfi, Y. Saboohi, A.M. Rashidi, Numerical studyf forced
convective heat transfer of Nanofluids: Comparisoh different
approachednternational Communications in Heat and Mass Teans
37 (2010) 74 - 78.
V. Bianco, O. Manca, S. Nardini, Numerical inveatign on
nanofluids turbulent convection heat transferdesa circular tube,
International Journal of Thermal Sciences, 50 (2(B41-349.
M. Akbari, N. Galanis, A. Behzadmehr, Compamianalysis of single
and two-phase models for CFD studies of nanoflugthtransfer,
International Journal of Thermal Sciences, 50 (2QBU3 — 1354.
B.C. Pak, Y.-I. Cho, Hydrodynamic and heansf@r study of dispersed
fluids with submicron metallic oxide particles, Expnental Heat
Transfer, 11 (1998) 151-155.

392

[21] V. Gnielinski, New equations for heat and masssfer in turbulent

pipe and channel flow, International Chemical Eegiing, 16 (1976)
359-368.

[22] F.M. White, Viscous Fluid Flow, McGraw HilNew York, 1991.
[23] J. Buongiorno, Convective transport in naniofy Journal of Heat

Transfer, 128 (2006) 240-250.

[24] J.-H. Lee, K.S. Hwang, S.P. Jang, B.H. Leld, Kim, S.U.S. Choi, C.J.

Choi, Effective viscosity and thermal conductivitieof aqueous
nanofluids containing low volume concentrations d@&l203
nanoparticles, International Journal of Heat andsddransfer, 51
(2008) 2651-2656.



