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A CFD Study of Turbulent Convective Heat
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Abstract—Addition of milli or micro sized particles to thesét
transfer fluid is one of the many techniques emgtbfor improving
heat transfer rate. Though this looks simple, tmsthod has
practical problems such as high pressure lossgiiggand erosion
of the material of construction. These problems loa overcome by
using nanofluids, which is a dispersion of nanasiparticles in a
base fluid. Nanoparticles increase the thermaluotivity of the
base fluid manifold which in turn increases thethtansfer rate.
Nanoparticles also increase the viscosity of theefhaid resulting in
higher pressure drop for the nanofluid comparetthédoase fluid. So
it is imperative that the Reynolds number (Re) dhd volume
fraction have to be optimum for better thermal laydic
effectiveness. In this work, the heat transferagwement using
aluminium oxide nanofluid using low and high volunfraction
nanofluids in turbulent pipe flow with constant Wemperature has
been studied by computational fluid dynamic modgliof 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 (Nujrantion factor
predictions for the low volume fractions (i.e. 0920.1 and 0.5%)
agree very well with the experimental values of &amand Sharma
(2010). While, predictions for the high volumedtian nanofluids
(i.e. 1%, 4% and 6%) are found to have reasonaipeeaent with
both experimental and numerical results availablghie literature.
So the computationally inexpensive single phasercgmh can be
used for heat transfer and pressure drop predicfioew nanofluids.

Keywords—Heat transfer intensification, nanofluid, CFD, fion
factor

|. INTRODUCTION

Addition of milli or micro sized solid particles @ne of the
very old techniques of heat transfer enhancemi@atistrially,
this technique is not attractive because of theenaht
problems such as sedimentation, increased presume,
fouling and erosion of the flow channel. Thesebbems can
be overcome with nanofluids, which is a dispersioh
nanosized particles in a base fluid. The nanoszatdicles
increase the thermal conductivity of the base fiwitich in
turn increases the heat transfer rate. This ptppbkas
attracted the attention of researchers in the gestde, 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 floWven and
Ding [1] studied the convective heat transfer ie #ntrance
region under laminar regime using aluminium oxidaafluid
in a circular tube with constant heat flux. Migoat of
nanoparticles and the subsequent disturbance didhedary
layer were attributed to the enhancement in heaster rate.
Zeinali Heris et al [2] compared the heat transf@nancement
by copper and aluminium oxide nanofluids in lamimépe
flow under constant wall temperature conditions fnohd the
aluminium oxide nanofluid better than the copperidex
nanofluid. Hwang et al [3] measured pressure dnop heat
transfer coefficient in fully developed laminar gifiow using
constant heat flux conditions. Based on the erpanial
results they showed that the experimental fricfamtor was in
good agreement with the theoretical predictionsngisihe

M ANY industrial processes involve heat transfer, which iDarcy equation. Whereas, the Shah equation far theasfer

accomplished using heat transfer fluids such agnva

ethylene glycol and engine oil. Thermal propertiéghese
fluids determine the thermal efficiency as wellths size of
the equipments. Hence, many different techniquesbaing
employed to improve the thermal properties of thiigigls,
especially the thermal conductivity.
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tcoefficient prediction under constant heat flux ditions in

the laminar regime was found to be inadequate &mofiuids.
The enhancement in heat transfer coefficient wasdoto
exceed the enhancement in thermal conductivity dgrge
margin. The flattened velocity profile caused hg particle
migration to the centerline of pipe was proposediéothe
possible mechanism for convective heat transfeaecdment.
Kim et al [4] conducted experiments with aluminiaxide
and amorphous carbonic nanofluids in the laminad an
turbulent regimes and concluded that the mechafaésrheat
transfer enhancement was different for the twomegi The
delaying and disturbance of the thermal boundaygrlavas
attributed to the heat transfer enhancement in lamginar
regime. Whereas, in the turbulent regime, incréagbermal
conductivity was responsible for heat transfer eckanent.
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Rea et al [5] investigated the laminar convectiveath
transfer and pressure loss for alumina — water zadnia —
water nanofluids in a uniformly heated vertical éub Heat

conditions. Recently, Sonawane et al [13] obsegaut heat
transfer enhancement with aviation turbine fuellsmgnium
oxide nanofluid even at low concentrations.

transfer enhancement was observed to be higherhén t Earlier numerical investigations on forced conweaxtheat

entrance region than in the fully developed regioihe
agreement between the experimental and predictesbditu
numbers was found to be good. This prompted thiecasitto
conclude that nanofluids behave like homogeneougduneis
and the enhancement in heat transfer was only duthda
improved mixture properties with respect to thawvafer. Ben
Mansour et al [6] experimentally investigated thermally
developing laminar mixed convection flow of wateidaAl,O3
mixture inside an inclined tube with a uniform wha#at flux.
They observed that a higher particle volume comeéon
clearly induces a decrease of the Nusselt numbertie
horizontal inclination. On the other hand, for thextical one,
the Nusselt number remains nearly constant witinenease of
particle volume concentration from 0 to 4%. Theaent
contradictory behavior observed between experinhestedsa
and analytical/numerical results regarding the heansfer
enhancement of nanofluids prompted them to raiseuse
concerns regarding the applicability of using thegle phase
and homogeneous fluid model for nanofluids undewnai
convection effect. Nassan et al [7] comparedoérdormance

transfer considered nanofluids as a homogeneois &od

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

phase approach is good enough to test new nanefasdit
requires information about the particle and theslfasd with

no reference to the mixture. Other researchers &} found

the mixture model to be working better than theglsirphase
model in the turbulent regime. Akbari et al [18} 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 hygramic

fields but very different thermal ones.

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

of AlL,O; — water and CuO — water nanofluids in a square. du®oundary condition has been carried out adoptirgsihgle

They also suggested further theoretical and exmstiah

investigations to understand the heat transferaeristics of compared with the experimental and numerical result

nanofluids in noncircular ducts like triangular thc
rectangular ducts with different aspect ratios aoither
possible noncircular ducts with different nanofkuid

Sundar and Sharma [8] conducted forced convectast h

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

phase approach in the turbulent regime and theltseate

available in the literature

Il. CFD MODELLING

A.Geometry Creation and Grid Independence Study

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

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

estimation of Nusselt number and friction factar figpes with
and without inserts. Farajollahi et al [9] compmhtbe heat
transfer enhancement of & — water and Ti@ water
nanofluids in a shell and tube heat exchanger.y Dhserved
different optimum volume concentration for
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 et that
predicted by Xuan and Li [10] correlation was foudhave
good agreement. Vajjha et al [11] used a mixtdretioylene
glycol and water as base fluids to compare the traasfer
enhancement by aluminium oxide, copper oxide alidogi
dioxide nanoparticles and developed generalizedelziions
for the prediction of Nusselt number and fricticactor for
turbulent pipe flow under constant heat flux coiodis.

In annular duct flow, Nasiri et al [12] observeaitithe heat
transfer performance of aluminium oxide and titamioxide
nanofluids to be similar when the concentration wasie in
the turbulent regime under constant wall

both the <

volumes on the Nusselt number (Fig.1).
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It can be observed that the Nusselt number for wateentioned that the particle size of the,@J nanoparticles

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

time, without any significant improvement in the ddelt

number. Similar trend was also observed with teofiuids.

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 sglwiass,
momentum and energy conservation equations, wheh a
expressed as:

a_p )=
o Oeu) =0 (1)
a(g‘tﬁ) +0.(pud) = pg - 0P +0(7) @)
o(E) +0(a(ge+P)) =0l k OT| @
ot eff

wherep is the densityu is the velocityp is the pressure, is
the viscous stress tensdg, is the energy andy is the
effective thermal conductivity. The standardk- turbulence
model was used to model turbulence. The k amtdjuations
are as follows:

d d d 4 ) ok
(k) —(oku )= —| | u+ 22 | = |+G, —ps 4
2 2 )= | [wr | 2 L

9 9 =0\ e th |02 £6 - of
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considered in this study is 47 nm.

Mo = P (1 + 39.11p + 533.99°) )

Knf = Ky (1+ 7.47) (8)
Prt =@ + (1 -0) pw 9
Cii=¢C,+ (1 -9) G, (10)

whereg is particle volume fraction and the subscriptsnd af
refer to water and the nanofluid respectively. time
calculations, the density of alumina and water wefen as
3970 kg/ni and 1000 kg/th and that of specific heat of
alumina and water as 880 J/kg K and 4178 J/kg Keetsvely.

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 \edso
employed as working fluid. The numerical studiesrav
carried out with uniform velocity profile at thelét of the
horizontal pipeline. The direction of the flow wdefined
normal to the boundary. Turbulent intensity,and the
hydraulic diameterDy, were specified for an initial guess of
turbulent quantities k{ and ¢). The turbulent intensity was
estimated for each case based on the forhelzd.16Re™®
and was set at 5% from calculations. Outflow baumd
condition was used at the outlet boundary. Thd wfthe
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 segregstéeer. The
second-order upwind scheme was used for discretizatf
convection, energy, turbulent kinetic energy andbulent
kinetic energy dissipation rate terms. The SIMRIlgorithm
was used to resolve the coupling between velocitgd a
pressure fields. The convergence criterion is dbase the

where Gy represents the generation of turbulence kineti€Sidual value of calculated variables such as maslscity

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

k2
H, =pC, s (6)

The turbulent€nergy dissipation rateg)( and energy.

components, turbulent kinetic energl), (turbulent kinetic
In the present
calculations, the initial residual values were teet0* for all
variables, except energy for which @ used. The under-
relaxation factors used for the stability of thenweerged
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, turbulentnormalized residuals for each conservation equatma

kinetic energy dissipation rate and turbulent véstyoconstant,
respectively.

C.Nanofluids thermophysical properties

Thermo physical properties of the,8% nanofluid such as
viscosity (1), thermal conductivity (K), densitypf and
specific heat (C) were estimated using the follgxémpirical
correlations developed by Pak and Cho [20]. ltusthdoe

variables was less than the set residual valueseler, when
the residual for the continuity equation reachechiaimum
plateau before the value of 4@he mass balance is monitored
on the flux report and was used as a secondargatuati of
convergence when the net imbalance is less tharoflte
inlet flux through the domain boundary.
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F.Validation of Numerical Results

Numerical results were made credible by comparimgmt observed that presence of even a small amount of

low and high volume fractions respectively.

It che

with data from correlations available in the litere. Nusselt Nanoparticles (0.02%) in a base fluid increases Nbeselt

number for the base fluid (water) in the turbulegime was Number by about 0.5%. As the volume fraction iness,
Nusselt number increases by 1% and 6% for the diker

cases (Fig 4b). This increase in heat transferisaattributed
to the increase in the thermal conductivity of tase fluid.

results of Sundar and Sharma [8] was also used féhe increase in Nusselt number becomes more a@tedtas

compared with that of Gnielinski [21] correlatiofrid. 2).
Similarly, Blasius correlation [22] was used foicfion factor
comparison in the turbulent regime (Fig. 3). Thpezimental

comparison. It can be seen from Fig. 2 that NicaeNu are
in very good agreement with the correlation valu€siction
factor comparison is in the acceptable limit, tHouwpt as
good as the Nu comparison.
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Fig. 2 Comparison of Nusselt number of water withieBnski
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 Sunddr@harma [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

the Reynolds number increases and this is consldere
significant as the pressure drop does not incraasteeply as

the Nusselt number [8]. This observation suggiststhe use
of low volume fraction nanofluids is a very effestimethod 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 lowuaé fraction

nanofluid (N

is the Nusselt number for the base fluid)
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At higher volume fractions, increase in Nusselt bemis 180 i
10%, 40% and 60% for the three volume fractionistid But ha &
increase in pressure drop becomes significant ands i A
important to find the optimum volume fraction foaah &
application. According to Bianco et al [18], thellvshear 140 1 8
stress, which is an indicator of pressure drop tfe 1% Nu 8
nanofluid is only about 10% more than the baselfluihereas &
for the 4% and 6% nanofluids the increase is aB60&6 and 100 4
300% respectively. So it is evident that nanoiuide useful : OPresent Study
only up till a volume fraction of 1%. It should Ibeted here ]
that the above mentioned authors considered 38 amicles 60 ‘ ' ‘
in their study and used the correlation of Maigaleft14] for 10000 15000 20000 25000 30000
the estimation of viscosity. Re

6 (c)
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researchers. It can be easily observed that tigdesphase N:n O ﬁ n o
model predictions agree very well with the experitaé 150 - u a o
values of Sundar and Sharma [8] for the three veltnaction i 2 a
considered in this study. The comparison is gogeheat the 100 g e
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experimental range of the above authors. ButHer4% and 50 - APak & Cho
6% nanofluids the experimental correlation valuesfaund to m Maiga ot al
be bigger than the numerical values of the prestmly. This 0 ‘ . .
trend suggests that the experimental correlatiovals only 10000 15000 20000 25000 30000
for volume fractions less than 1%. Interestinghge values of Re
the present work particularly for the 1% and 4%eagwithin
10-20% of other researchers results. This diffszan results 7 (c)

is considered acceptable as reported by Buongif#8pand
can be attributed to the difference in correlatioesed for the
estimation of the thermophysical properties ofrihaofluids.
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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% (Ip= 1%, 4% and 6% (bf refers
to the base fluid)

Pressure drop ratio for the low and high volumeticas
are shown in Fig. 8 (a, b). It is evident that pinessure drop
increases dramatically as the volume fraction iases,
particularly above 1%. This can be attributedhe increase
in the viscosity of nanofluid with increase in thelume
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 eases with
increasing particle size of the nanoparticles dt vieven for a
volume fraction of 1%, viscosity of nanofluid madg47 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, reapyt
This explains the exponential increase in the jpiresdrop for
4% and 6% nanofluids.

The friction factor values for both the low and lnigplume
fraction nanofluids are reported in Fig. 9 (a, bx. can be
observed that the numerical friction factor valaes within 10
— 15% of the experimental values of Sundar andrBa48].
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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% (bjp= 1%, 4% and 6%

In contrast to the Nusselt number, friction factalues are
better predicted by the experimental correlation tioése
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 reasonabteuaacy.
Moreover, single phase models are found to be gtiadi
similar hydrodynamic fields as the multiphase medeBut,
convective heat transfer coefficient is better poed 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 parided 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 baynda
condition for the first time. Both the experimdnialues and
the numerical predictions show that heat transfillaacement
increases as the volume fraction of the nanopasticicreases.
But the rate of enhancement remains constant witeasing
Reynolds number. Pressure drop increases drathatioa
volume fraction bigger than 1%. So for better hair
hydraulic effectiveness, it is important to operae an
optimum volume fraction. The single phase modedjcts
convective heat transfer coefficient with reasoeadtcuracy
and considered good enough to test new nanoflsdi &
computationally inexpensive compared to the mu#tigh
approach.
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