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Abstract -The higher thermal conductivity of solid
nanoparticles is utilized in enhancing the overall thermal
and hydrodynamic behavior of working fluid for optimum
design of compact heat exchangers. The addition of
nanoparticles in base fluid within a preferred volume
fraction so called nanofluid provides superior thermo-
physical properties compared to that of base fluid which
finally assists in improving the overall heat transfer
characteristics. In the present work, Al,03-water nanofluid
is employed in a rough circular tube subjected to constant
heat flux to investigate the forced convection heat transfer
characteristics and pumping power under turbulent flow
condition. The study is performed for a wide range of
Reynolds number- 10,000 to 30,000 with different volume
fraction of nanoparticles (1% to 5%) and different relative
roughness of pipe wall (0.001, 0.002 and 0.003). SST k-w
turbulence model for single phase analysis is adopted and
finite volume method is employed for solving the transport
equations (mass, momentum and energy) and turbulence
quantities. The heat transfer rate is substantially enhanced
by the implementation of nanofluid in rough tube compared
to that of smooth tube with an increase of Reynolds nhumber
and volume fraction. Finally the optimum volume fraction of
nanoparticles is determined for which nanofluid requires
lower amount of pumping power compared to water. The
reduction of mass flow rate for nanofluid is also calculated
which results better thermal performance.

Key Words:Nanofluid, heat transfer, pumping power,
relative roughness, turbulent

1.INTRODUCTION

This In recent years, in the field of sustainable energy, the
implementation of nanofluid has been exploited
tremendously in heat and mass transfer applications
because of its extreme demand as an effective and suitable
heat transfer fluid to reduce the size and material cost for
designing compact heat exchangers. Nanofluid refers to
the mechanism of stable and uniform suspension of solid
metallic nanoparticles of size less than 100 nm in
conventional base fluid like water, oil or ethylene glycol
etc. The solid nanoparticles have higher thermal
conductivity which potentially influences in enhancing the
overall thermal and hydrodynamic characteristics of the
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working fluid [1-4]. To accomplish equivalent heat
transfer rate, nanoparticles are dispersed in base fluid
with low volume concentration which significantly change
the thermo-physical properties of working fluid and
eventually enhances the heat transfer rate [5, 6].
Numerous researches have been carried out with
nanofluids employed in different geometries to enhance
the heat transfer performance in many aspects of heat and
mass transfer applications.

Maiga et al. [7,8] investigated the forced convection heat
transfer enhancement utilizing y-Al,O3-water and y-Al,0s-
ethylene glycol nanofluids inside a uniformly heated
circular tube under constant heat flux for both laminar and
turbulent flow conditions. Heat transfer coefficients were
augmented by the increase of Reynolds number and
volume fraction. Finally a correlation was provided for
mean Nusselt number in terms of Reynolds number and
Prandtl number. Behzadmehr et al. [9] performed
numerical investigation on turbulent heat transfer in a
circular tube subjected to constant heat flux using Cu-
water nanofluid with 1% volume fraction and multiphase
approach was employed. Improvement of heat transfer
coefficients was shown and results were compared with
single phase. Zeinali et al. [10] experimented to observe
the enhancement of heat transfer rate for laminar flow
using Al,Oz-water nanofluid through a circular pipe for a
wide range of Peclet number 2,000 to 6,000 and volume
fraction of 0.2% to 2.5%. Bianco et al. [11] reported
improvement of Nusselt number of Al,03 -water nanofluid
in a circular tube with an increase of Reynolds number
and volume fraction adopting both single and multiphase
analysis. Laminar flow was considered for a range of
Reynolds number 200 to 1200 and volume fraction 1% to
4%. Izadi et al. [12] studied numerically laminar forced
convection in an annulus using Al;03-water nanofluid to
observe the heat transfer enhancement as well as the
thermal and hydrodynamic behavior of fluid flow. Yurong
et al. [13] worked on the heat transfer intensification of
TiOz-water nanofluid through straight circular tube
adopting both single phase and combined Euler and
Lagrange method for laminar flow condition. Fotukian and
Nasr [14] reported significant improvement of heat
transfer and studied the pressure drop of CuO-water
nanofluid through a circular tube for a range of Reynolds
number of 5,000-33,000. Heat transfer coefficients were
increased by 25% with a penalty of pressure drop 20%
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compared to base fluid water. Syam and Sharma [15]
performed numerical study on convective heat transfer
coefficient and friction factor in a circular tube fitted with
twisted tape inserts with Al,Oz-water nanofluid. Heat
transfer enhancement was shown for a range of Reynolds
number 700 to 2200 and volume concentration up to 0.5%
and a correlation was developed for Nusselt number and
friction factor based on the experimental evaluations.
Nasiri et al. [16] found enhancement of heat transfer with
Al;03 and TiO2 nanoparticles dispersed into water through
an annular duct under constant wall temperature for a
range of Reynolds number 4,000 to 12,000 and volume
fraction 0.1% to 1.5%. Sebastien et al. [17] studied heat
transfer and hydraulic behavior of SiO;-water nanofluid
through a horizontal tube with imposed wall temperature
and maximum 60% improvement of heat transfer
coefficient compared to pure water were shown. Heyhat et
al. [18, 19] conducted experiments to observe the
enhancement of heat transfer and pressure drop of Al;03-
water nanofluid in a circular tube under constant wall
temperature for both laminar and turbulent flow
condition. Javad and Amir [20] analyzed numerically the
thermal performance and pressure drop in a circular tube
under constant heat flux using Al;03 nanoparticles
dispersed in EG/water mixture with different volume
concentrations (1% to 10%) and Reynolds number
ranging from 1,500 to 10,000. Ahmad et al. [21]
experimented with SiO; Al;03;, TiO2 nanoparticles
suspended in de-ionized water to obtain considerable
augmentation of laminar convective heat transfer and
pressure drop through a straight tube under constant heat
flux. Ehsan et al. [22] evaluated the cooling performance of
three different water based nanofluids (Al;03, TiO, and
Ce0z) through a circular tube for laminar forced
convection. Esmaeilzadeh et al. [23] experimented to
investigate the hydrodynamics and laminar heat transfer
characteristics of y-Al,03-water nanofluid through a
horizontal tube under constant heat flux. Average heat
transfer coefficient was increased by 19.1% for 1%
volume concentration and finally a correlation for Nusselt
number based on experimental values was proposed. Adi
T. Utomo et al. [24] studied the effect of water based
alumina, titania and carbon nanotube nanofluids on the
enhancement of laminar convective heat transfer
coefficient in a horizontal pipe with constant heat flux.
Hemmat et al. [25] conducted experiment to evaluate
thermo-physical properties (Thermal conductivity and
viscosity) of MgO-water nanofluid and observed
significant improvement of heat transfer in a circular tube
for turbulent flow condition. A correlation was developed
for the dynamic viscosity based on the experimental
results. Similarly a lot of numerical and experimental
studies were performed employing different geometries
with corrugation applied at the wall boundary as well as
the implementation of nanofluid in order to obtain better
heat transfer performance [26-30]. In our previous work
[31], heat transfer enhancement was shown with

aluminum oxide (Al;03), Copper (Cu) and titanium dioxide
(TiOz) nanoparticles employed in three different
corrugated channels (are sine-shape, V-shape and
rectangular shape). The maximum enhancement of heat
transfer coefficient was 50.15% with Al,O3-water
nanofluid compared to water in sine shaped channel. In
another work of ours [32], heat transfer as well as
pumping power was studied in V-shaped corrugated tube
with Al;03-water nanofluid for a range of Reynolds
number 4,000-20,000 and particle volume fraction 1%-
5%. The requirement for minimum pumping power was
found for 3% volume fraction of nanoparticles which was
40% lower compared to base fluid water.

From the literature review, it may be mentioned that most
of the scientific articles emphasized on the heat transfer
augmentation using nanofluid in different heat transfer
applications but the justification of implementing
nanofluid in terms of increased pumping power due to the
improvement of thermo-physical properties has not been
studied elaborately. Moreover, in most of the geometries,
the wall of the fluid domain was considered as smooth. So,
the scope of our present work is to investigate numerically
the enhancement of turbulent forced convective heat
transfer and reduction of pumping power through a rough
circular tube under constant heat flux. The simulation is
performed for a range of Reynolds number of 10,000 to
30,000 with a range of volume fraction of 1% to 5% and
rough circular tubes with three different values of relative
roughness of 0.001, 0.002 and 0.003. A significant
enhancement of heat transfer properties like convective
heat transfer coefficient and Nusselt number were
observed with an increase of Reynolds number and
volume fraction and the results are compared with smooth
tube. The optimum volume fraction is calculated for which
nanofluid showed better performance in terms of reduced
pumping power and mass flow rate.

2. NOMENCLATURE

Ac Cross-sectional area of circular tube
Aw surface area of circular tube

Cp Specific heat at constant pressure
Dh Hydraulic diameter

dp Particle diameter

f Friction factor

hc Average heat transfer coefficient

k Turbulence kinetic energy
kt Thermal conductivity
M Molecular weight of the base fluid molecule
w Pumping power per unit length
AP Pressure drop

N Avogadro number

Q Heat transfer

T Temperature

TO Reference temperature, 273K
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8] Velocity of flow at inlet
KB Boltzmann'’s constant
Greek symbols

[0) Volume fraction

Tl Dynamic viscosity

v Kinematic viscosity

p Mass density

€ Average height of roughness
w Specific dissipation rate
Subscripts

av Average value

i Value at inlet

0 Value at outlet

nf Nanofluid

bf Basefluid

p Nanoparticle

w Value at wall
Dimensionless parameter

Nu Nusselt number

Re Reynolds number

Pr Prandl number

3. GOVERNING EQUATIONS

The two dimensional transport equations for continuity,
momentum and energy equation for forced convection
under turbulent flow and steady state condition are
expressed as follows [33]

Continuity equation:

0
~—(pu;) =0
7x, (PUi)
Momentum equation:

orin) oy 8 [p(om 20
Xi 6x]

ox; pU;Y; )Energy equation:
2 a ar
ax, (CpuT) = ox; (r+n a5

Here I" is molecular thermal diffusivity and [; is turbulent
thermadiffusivity which can be expressed as:
7

Fz?
2,
t_P_Ttr

The SST k-w model has a similar form to the standard k-w
model. The transport equations for the SST k-w model are
as follows [33]:
The Reynolds number for the flow of nanofluid is
expressed as

e = Pnf Uav Dh

l'lnf
The rate of heat transfer Q. to tube wall is assumed to be
totally dissipated to nanofluid flowing through a circular

tube, raising its temperature from inlet fluid bulk
temperature Ty to exit fluid bulk temperature Tyo. Thus,

Qup = Mnr Cp, . (Tho = Thidns
Where 11, is the mass flow rate of nanofluid, Cpnf is the

specific heat of nanofluid at constant pressure. The
definition of bulk temperature T}, is given by

Jieurdac

fa‘lc ud AC
Ac is cross-sectional area of the circular section. The
average heat transfer coefficient, h. is given by
h. = an

= ————

AW (ATm)
Where Aw is the surface area of circular tube and ATy, the
logarithmic temperature difference between the wall and
the fluid which is calculated as
(Tw =T))—(Tw—=T,)

AT, = — -
M Il (Tw —T)—(Tw —To)]
The average wall temperature Ty is computed by

1 (°
Tw = E_];) Tw,xdx

So the expression of average Nusselt number is defined as
follows
Nu = M

ktnf
The pumping power per unit length in turbulent flow is
given by

Tb=

T o2

Zpy2U,, AP

— 4
W= L
Where AP is differential pressure differerce
2
AP = fLpU,,
2Dy,

4. THERMOPHYSICAL PROPERTIES

The equation of density of nanofluid considering water as
base fluid is given by the following equation taken from
the paper of Pak and Cho [34]

P = PpP + Por (1= @)

Specific heat of nanofluid is calculated using the following
equation [34]

Cnf =(1- q))CW + q)Cp

The dynamic viscosity of nanofluid is given by the
following empirical correlation derived by Corcione [35]

with 1.84% of standard deviation.
Hnf 1

—0.3
d
Hbf 1—34.87(#) $103

Where dyr is the equivalent diameter of the base fluid
particle, and is given by
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6M 1/3
dbf =

anfo

Where M is the molecular weight of the base fluid, N is the
Avogadro number, and py, is the mass density of the base
fluid calculated at temperature To,= 293 K. An arbitrary
size of nanoparticle of 50 nm is considered for the
synthesis of the Al,03-water nanofluid.

Thermal conductivity of the nanofluid is obtained using

the correlation proposed by Ko and Kleinstreuer [36]

which is given in equation 14 to consider the effect of

temperature of the nanofluid and the Brownian motion of

the solid particles.

Thermal conductivity,

k __ kep+2kepp +2(kep —kepp )@
f T ke 2k —Cerp —kepp )

P thf p —tbf

5 KT
10°B¢p,C, /ppr (T, $)Where,
6.04¢p+0.4705)T+(1722.3¢-134.63)

ktbf +5x

ATP)=(-

5. NUMERICAL MODEL AND BOUNDARY
CONDITION

| 300 =

T *K.___ PPTTTITTTT Centertine

Fig-1: Physical model of the solution domain with a
snapshot of the mesh

The solution domain of the present numerical study is a
simple pipe which is shown in figure 1. The commercial
CFD package- ANSYS Fluent 12.0 has been employed to
solve the governing equations and a 2D simulation with
axisymmetric model has been carried out which simplifies
the computational process. The diameter of the pipe is
taken as 3 mm. A constant heat flux of 5000 W/m2 is
applied on the wall of the pipe. A turbulent flow, with a
uniform velocity and a temperature of 300 K at the inlet,
assuming no slip condition at the wall, is considered
through both smooth and rough pipe for the numerical
simulation. The wall temperature and the bulk
temperature are measured at a distance of 275 mm from
the inlet which ensures the readings at a fully developed
flow. The pressure drop is measured in the region of 275
mm to 290 mm from the inlet of the pipe. SST k-w
turbulent model has been selected considering roughness
at the wall boundary of the tube for more accurate
formulation at the boundary layer. Turbulent intensity is

taken as 5% at the inlet and pressure outlet is considered.
The SIMPLE algorithm and second order upwind
discretization for pressure, momentum, turbulent kinetic
energy, specific dissipation rate, and energy are used to set
the solution criteria.

6. GRID INDEPENDENCE AND CODE VALIDATION
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Fig-2:Effect of different grid size on the Nusselt number
for relative roughness of 0.003 with water flowing through
the tube
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Fig-3: Validation of Nusselt number obtained with Prandtl
correlation [39]
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Fig-4: Comparison of friction factor from numerical study
with Moody chart.

IS0 9001:2008 Certified Journal | Page1712



’,/ International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395 -0056

JET Volume: 03 Issue: 06 | June-2016

www.irjet.net

p-ISSN: 2395-0072

Grid independence study is carried out in order to find the
optimum grid size without compromising the accuracy of
the results. Nusselt number has been calculated for
different grid sizes with water flowing through a tube of
relative wall surface roughness of 0.003. It may be noted
that the Nusselt number for water increases with the
increase in the grid size of the solution domain and
becomes constant beyond the grid size of 950*65.
However with the change in the value of €/D, the optimum
grid size also changes. For a tube with smooth wall, the
grid size beyond which there is no change in the value of
Nusselt number is 700*40. This value is 800*50 for
€/D=0.001 and 900*60 for £/D=0.002.

The Nusselt number and the friction factor have been
calculated to validate the numerically found data with the
well-established correlations. For smooth tube, the
calculated Nusselt number is compared with the
correlation developed by Notter and Sleicher [37] and the
friction factor is validated with that obtained from Moody
chart [38] which is used for validating friction factor for
rough tube as well. However the Nusselt number obtained
for the tube with wall surface roughness is validated with
the correlation developed by Prandtl which is shown in
figure 3 [39].

6. RESULTS AND DISCUSSION
6.1 Effect of roughness on heat transfer

Wall surface roughness contributes to the enhancement of
the heat transfer by affecting the near wall flow behavior.
In this numerical study, the heat transfer rate increases
with the increase in the wall surface roughness. From Fig.
5, it is observed that relative roughness in the range of
0.001 to 0.003 results in 11.5% to 32.35% enhancement of
heat transfer rate at a Reynolds number of 25000
compared to smooth tube. The extent to which this
improvement takes place is greater in case of a higher
Reynolds number. Similar trends have been observed for
nanofluids of all volume fractions.

60000 -
Water RO
50000 - xom
= '.- 4
& £40000 - o
2=
E EGOOOO . —o— Smooth tube
£ 20000 - - @ = ¢/D=0.001
= _
oo &/D=0.002
<++3¢ ¢/D=0.003
0 - ' ' '
0 10009ynA899%impe0000 40000

Fig-5: Comparison of heat transfer coefficient with
Reynolds number for different rough surfaces.

6.2 Effect of roughness on pumping power

Surface roughness changes the near wall turbulence
behavior which increases the coefficient of heat transfer.
However this improvement in the heat transfer rate is
obtained at the cost of pumping power. Fig. 6 shows the
graph of pumping power per unit length of the tube vs.
Reynolds number for different values of relative
roughness of the wall surface. An increase in the relative
roughness of the wall results higher pumping power
requirement.
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-3¢+ £/D=0.003
0 10000 20000 30000 40000
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Fig-6: Pumping power requirement vs. Reynolds number
for different surface roughness

6.3Effect of nanofluid on heat transfer
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Fig-7: Coefficient of heat transfer with Reynolds number
flowing through a tube of relative roughness of 0.001.

Using nanofluid instead of water enhances the heat
transfer rate due to the change in thermophysical
properties of the working fluid. This enhancement is
shown in fig. 7.At a Reynolds number of 25000, the value
of heat transfer coefficient improves by 12.03% to 39.08%
for Al-203-water nanofluid of volume fractions ranging
from 1% to 5% compared to that of water.
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6.4 Effect of nanofluid on pumping power

Addition of nanoparticles in the base fluid water increases
the viscosity which results in the pressure drop in the test
section. The increased pressure drop corresponds to the
increased pumping power requirement for the flow per
unit length. These results are shown in figure 8. Higher
Reynolds number contributes to the pumping power
requirement remarkably for water as well as for all
volume fractions of nanofluid. The increase in the volume
fraction of nanoparticles in the base fluid increases the
pumping power. At a Reynolds number of 25000, the
pumping power increases by 17.4% to 203% for the
nanofluid of volume fractions ranging from 1% to 5%
compared to that of water.
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45 | —e—water 8/D—0.001:Q
S 40 {-m- AI203-1%
2 =3 12 & - AIR03-2% S F
— \30 T O‘ :
22 c |- X— A203-3% R
o S e e
Qs J . - . A
= gzo —X ARO3-A% . /)\K{//.
5215 e AROB5% 0,077
€ 10 -
o 5
0 .
0 1000 49999, 11pe30000 40000

Fig-8: Pumping power requirement vs. Reynolds number
for different working fluids

6.5 Optimum volume fraction of nanofluid in
terms of pumping power

Both nanofluids and roughness at the wall boundary
increases the heat transfer rate, but at the cost of the
pumping power required for the fluid flow. However, this
penalty in the pumping power may be justified if it results
in a much higher value of heat transfer coefficient. Figure 9
shows the pumping power requirement in the range of
heat transfer coefficient of 30000 W/m2K to 40000
W/m2K. The improvement of pumping power is achieved
up to 3% volume fraction of the nanofluid for heat transfer
coefficient ranging from 30000 W/m2K to 40000 W/m2 K.
The minimum pumping power requirement for the flow is
obtained for the nanofluid of volume fraction of 2%. Al,O3-
water nanofluid of 5% volume fraction always requires
more pumping power than water for any value of heat
transfer coefficient. The nanofluid of volume fraction of
4% needs slightly less pumping power than water at
higher heat transfer coefficient. For smooth and rough
tube of all three values of relative roughness, the minimum
pumping power corresponding occurs at 2% volume
fraction of nanofluid.
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& S : ,.':,”
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g- - /_./;:
E .-;’a‘”

3 Fe T T T T 1

30000 32000 34000 36000 38000 40000

Heat transfer coefficient (W/m2K)

Fig-9: Variation of pumping power and corresponding
heat transfer coefficient in the range of h=30000 W/m2 K
to 40000 W/m2K for a relative roughness of 0.001.

Fig. 10 illustrates the variation of requirement of pumping
power per unit length with the change in heat transfer
coefficient for different roughness of the wall surface. With
the increase in the wall surface roughness, the pumping
power reduces considering a constant value of heat
transfer coefficient.

35 1 ALO.: 3%
= 30 - X
‘é; =o— Smooth tube Xz
S 251 -oe- ¢D=0.001 i
S 20 - £/D=0.002 P
5~ <ee3-+ ¢/D=0.003 ! AX
8 815 | e/D=U. .
53
2 <10 -
o
g 5 -
3z | A
Qg- 0 T T T 1
0 20000 . 40000 80000

Heat transfer coefficient

00
m2K)
Fig-10: Pumping power vs. heat transfer coefficient for
different roughness at wall boundary

6.6 Power advantage at optimum volume fraction

From Fig. 11, it is obvious that heat transfer coefficient
increases when rough surface is used instead of smooth
wall and nanofluid ($p=2%) is used instead of base fluid
water. For extreme two cases, e.g. water flowing through
smooth tube and nanofluid flowing through rough tube, an
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augmentation 33% in heat transfer coefficient is observed
a Reynolds number of 20000.

70000 -
—&— Water & smooth tube

60000  ----m--- Al203 2% & smooth

tube
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o o o
1

20000 -

Heat transfer coefficient (W/m?2 K)

10000 -

0 T T T 1
0 10000 20000 30000 40000

Reynolds number

Fig-11: Comparison of heat transfer coefficient at different
Reynolds number for four different working conditions.

Figure 12 shows the increase in pumping power
requirement when nanofluid or roughness at the wall is
used. The pumping power increases by 42% for “nanofluid
and rough tube” condition compared to “water and
smooth tube condition”.

25 -~
—— Water & smooth tube
20 4 ccoEee Al203 2% & smooth -
tube 3
Al203 2% &

roughness=0.001
— %= - Water & roughness =

(8]
1

Pumping power per unit length
(W/m)

0.001
0 -
5 .
0 T T T 1
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Reynolds number

Fig-12: Comparison of pumping power requirement with
Reynolds number for four working conditions.

CONCLUSION

The thermophysical properties are improved by using
nanofluid which results in the enhancement of heat
transfer coefficient compared to that of water. As the
volume fraction of the nanofluid increases, this

enhancement in the convective heat transfer coefficient
also increases. The roughness at the wall surface of the
tube also enhances the convective heat transfer rate. As
the value of relative roughness increases, this heat
transfer coefficient becomes higher.

Requirement of pumping power per unit length for the
flow of the working substance through the tube is
increased by both using nanofluid and roughness at the
wall. The pumping power shows an increasing trend for
the increase in the volume fraction as well as the relative
roughness. At 2% volume fraction of nanofluid, the
pumping power requirement per unit length is the lowest
when a constant value of convective heat transfer
coefficient is considered. Pumping power requirement is
also reduced for a constant value of heat transfer
coefficient when roughness is used at the wall surface.
However in this case with the increase in the value of
relative roughness, pumping power reduction rate shows
an increasing trend. A combined case of using nanofluid
and wall surface roughness yields in a better enhancement
of heat transfer rate and further reduction of mass flow
rate in terms of lower requirement of pumping power per
unit length compared to the case when nanofluid or
roughness is used individually.
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