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ARTICLE INFO ABSTRACT

The thermal coolant proprieties are a potential indicators of heat transfer
Received 25 September 2019 performance, however, the coolant often remains less efficient because of its inability
Received in revised form 18 November 2019 to absorb the excess heat. Thanks to nanotechnology, a new concept has been
Accepted 22 November 2019 introduced to prepare nano-sized particles that can be dispersed in the coolant to form
Available online 28 November 2019 a stable nanofluid with excellent thermal properties. Nevertheless, the addition of the
nanoparticles leads to an increase in viscosity which augments the shear stress
affecting the performance of the cooling system. This study aims to investigate both
the thermal and hydrodynamic behavior of nanofluid flowing in turbulent conditions
through a cylindrical copper pipe while maintaining at constant temperature by using
a single-phase approach. The governing equations are solved by using the shear stress
transport (SST) k- turbulence model along with the finite element method. In this
work, the temperature and velocity distribution of Al,Os-water nanofluid for different
volume fractions are studied. The effects of Reynolds number (Re) and volume fraction
of nanoparticles (¢) on both the Nusselt number and shear stress are also investigated
thoroughly. Moreover, the impact of these types of nanoparticles (Al,03 and Cuo) on
the Nusselt number and pressure drop is examined. The obtained results show how
the concentration of nanoparticles influences the radial distribution of temperature
and velocity by giving the flow a certain homogeneity which enhances heat transfer
but it also affects the hydrodynamic behavior of nanofluid leading to an increase in the
shear stress. Based on these two investigations the nanofluid containing Al O3 particles
is better than that of CuO even though the thermal conductivity of CuO is higher than
that of A|203.
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1. Introduction

It is often necessary to remove the excess heat from equipment as a way to keep it functioning
in good conditions for a long time and prevent any possible damage, and to do that, a heat exchanger
could be used for this purpose. In order to enhance the heat exchanger effectiveness, one of the
techniques suggested to do that is to enlarge the heat exchange surface. However, the
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implementation of such a technique takes up too much room and makes the heat exchanger more
expensive. In most recent years, a new technology has been developed to boost the heat exchange
by adding well-chosen nanoparticles to the coolant (base fluid) which results in forming a colloidal
solution called nanofluid that is characterized by an excellent thermal property. This technique makes
it possible to avoid altering the dimensions of the cooling system. This type of fluid was first
introduced in 1995 by Choi et al., [1].

The thermal performance of nanofluid largely depends on both the nanoparticles transport
properties (type) and volume fraction although this parameter is limited for each nanoparticle for
the stability concern. The analysis of transport properties was investigated by several authors
including. Garg et al., [2] who studied the effect of the volume fraction of the copper oxide (CuO)
nanoparticles in ethylene glycol on the thermal conductivity and viscosity of the nanofluid. The
nanofluid flows into a tube whose wall is kept at constant heat flux. This investigation revealed that
there was a slightly higher increase in the dynamic viscosity of nanofluid than in the thermal
conductivity which results in slowing down the heat transfer. Another experiment was conducted by
Raja and Sharma [3] on the specific heat capacity and viscosity of a nanofluid composed of water
with a low concentration of Al;O3 nanoparticles (47 nm in diameter, the concentration ranged
between 0.01 % and 1 %). The results indicated a non-linear increase in viscosity with nanoparticle
concentration due to the aggregation of particles. On the other hand, a decrease in the specific heat
capacity of the nanofluid with the increase in the volume fraction was recorded.

For the purpose of enhancing the efficiency of cooling systems many researchers have carried
out experimental studies to examine the impact of nanofluids on the heat transfer coefficient for
different cooling equipment. Kulkarni et al., [4] suggested the use of aluminum oxide nanofluid as a
coolant in the heat exchanger of diesel electric generator. Their result indicated that the nanofluid
helps to reduce the waste of heat as a result of improving the heat transfer coefficient. Similarly,
Nnanna et al., [5] designed a compact heat exchanger for cooling electronic devices. They showed
how this new cooling system with nanofluid is more efficient than the conventional one because it
saves energy and its weight and size make it more convenient. More recently a very interesting
review was presented by Japar et al., [6] about the use of nanofluid as a coolant in microchannel
heatsink to improve heat transfer performance. The thermal performance of this cooling system
mainly depends on the type and size of nanoparticles as well as the type of the base fluid. They
pointed out that the use of Al,Os nanoparticles in water leads to the highest heat transfer
performance with the lowest pressure drop compared to the other base fluid. In addition, the
thermal conductivity of nanoparticles is claimed to be the potential factor determining the thermal
performance of nanofluids.

Many numerical investigations were carried out to study the thermal performance of nanofluids
flowing in tube under different operating conditions. Moraveji et al., [7] studied numerically the
effect of the volume fraction of Al,O3 dispersed in water on the heat transfer in the developed region
of the tube for different value of Reynods numbers (500<Re<2500). The volume fraction ranged from
1% to 6% and the tube was kept at constant heat flux. Their results revealed that the heat transfer
coefficient is noticeably improved by adding Al,0O3 particles. Demir et al., [8] carried out a 2D
numerical simulation using a CFD program to investigate the heat transfer in a turbulent forced
convection of nanofluid consisting of water TiO> and Al;0O3 in conterflow heat exchanger. They
indicated that the addition of Al,O3 nanoparticles to the base fluid (water) flowing in the inner pipe
of the heat exchanger helps to enhance the heat transfer rate and lowers the pressure drop along
the inner tube. In the same context, Jehad and Hashim [9], and Azwadi and Adamu [10] investigated
numerically the heat transfer of nanofluid flowing through a circular tube while maintaining a
constant heat flux in turbulent conditions. Their results showed that the heat transfer was
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significantly improved by adding nanoparticles to the base fluid, whereas both the friction factor and
the pressure drop increased.

It is worth noting that most numerical studies in the literature about the enhancement of heat
transfer by adding nanoparticles in turbulent flow conditions are confined to investigating the
variations of Nusselt number and pressure drop under the effect of the volume fractions and
Reynolds number without providing any data or information about the temperature and velocity
distribution of nanofluid when adding nanoparticles which are both powerful indicators of the heat
transfer enhancement. Therefore, in this study a 2D CFD investigation of thermal and hydrodynamic
behavior of nanofluid consisting of Al,Os/water flowing through a pipe in turbulent flow conditions
is thoroughly examined using COMSOL Multiphysics Software by adopting k- turbulence model for
the purpose of determining the effect of nanoparticles volume fractions and Reynolds Number not
only on the Nusselt number but also on the temperature and velocity distribution and the shear
stress as well as the friction velocity. In addition, the impact of nanoparticles, Al;03 and CuO, on the
thermal and hydrodynamic behavior is also investigated.

2. Thermophysical Properties of Nanofluid
The addition of the nanoparticles to the base fluid changes its physical properties. Given the
continuous and Newtonian nature of the nanofluid, the following correlations are selectively chosen

and included in this study:
The density p,,rof the nanofluid is expressed as [11-12]:

Pry = (1= @)pps + Qpnyp (1)
The heat capacity of the nanofluid according to Abu-Nadu [13] is expressed as:

(PCP)nf =(1- QO)(,DCP)bf + QD(PCP)np (2)
The thermal expansion coefficient is calculated according to Khanafer et al., [14].

PB)ng = (1= @) (B rp + 9(PB)np (3)
In regard to the viscosity the following correlation [15] is used

ns = upr(533.99% + 39.11¢p + 1) (4)
The effective thermal conductivity is determined by using the Maxwell-Garnetts model [16-17]:

knpt+2kpr—2¢(kpr—k
knp+2kpp+@(kpf—knp)

The thermal diffusivity of the nanofluid is as follows:

_ _knr
(a)nf ~ (pcp)nf (6)
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The different thermophysical properties of the nanoparticles and the base fluid are summarized

in the following Table 1:

Table 1
Thermophysical properties [12, 18]

Parameters Values Description

pr 997.1 kg/m?3 Water density

U 880.637x10° Pa.s Dynamic viscosity of water

Cpy 4178 J/kg.k Specific heat capacity of water

Ky 0.606 W/kg.K Thermal conductivity of water

as 0.146x10° m?.s Thermal diffusivity of water

Pp 3970 kg/m3 Al, 03 nanoparticle density
6510 kg/m?3 CuO nanoparticles density

K, 42.34 W/m.K Thermal conductivity of Al,O;nanoparticle
180 W/m.K Thermal conductivity of CuO nanoparticle

Cpy 750 J/kg.K Specific heat capacity of Al,0; nanoparticle
540 J/kg.K Specific heat of capacity CuO nanoparticle

d,, 2x103 m Thickness of the pipe wall

K, 45 W/m.K Thermal conductivity of the pipe

T, 60° C Temperature of the pipe wall

l 1.2m Tube length

D 4x102 m Tube diameter

T 30°C Nanofluid temperature at the inlet to the pipe

3. The Governing Equations

In order to solve the equations governing the flow of the nanofluid in the pipe as shown in Figure

1, thus the following assumptions are adopted:

i. The fluid phase and the nanoparticles are in thermal equilibrium and no relative

movement occurs between them.

ii.  The flow is assumed to be two-dimensional stationary and in turbulent regime.

iii.  The nanofluid is considered to be Newtonian and incompressible.

iv.  The effective thermophysical properties are assumed to be constant without depending
on temperature except for the density which varies according to the Boussinesq

approximation [19-20]:

p=po(1—B(T—Tp))

(7)

v. Pressure dissipation is not taken into account. The cylindrical configuration is

axisymmetric.

Given to the aforementioned assumptions the governing equations are as follows [21]:

Continuity equation:

V(pnsU) =0

(8)
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Momentum equation:
V(pnsUU) = —VP + V(z + 1%) (9)

Energy equation:

V(pnfCpnsTU) = V(kne(VT)) — UT (10)

Where U, 2 7, T, T, U and Uare respectively the velocity vector, the pressure, the temperature,
fluctuating part of temperature, mean temperature, fluctuating part of velocity and Mean velocity.

In the present study, the shear stress transport (SST) k- turbulence model is used for the
purpose to resolve the flow all the way near the wall. The main feature of the SST model is its ability
to take into account the viscous sublayer by applying the k-@ model near the wall and to use the
standard k- model in the turbulent core [22].

The SST model includes two transport equations:

Turbulence kinetic energy:

a(k) _
t axi -

" d ok
P, — [ wk + P [(v + oy Vvp) P (11)

Specific dissipation rate :

d 9 9
ul.a—:i = aSz —'B(,()2 + a—xl[(V + O'wvt)a_:)i] + 2(1 - F1)0'w2

10k 00
w 0x; 0x;

(12)

Where F; is the Blending Function (F; = 1 inside the boundary layer and 0 in the free stream)
defined as follows:

F, = tanh {{min [max ( ﬁﬁy,iZT)/) , C‘;Uk‘f;]f} (13)
CDyy = max (2p0, i;’—fg—:’ 10710) (14)

Vv, is the Kinematic eddy viscosity determined as follows:

v = _ ak (15)

" max (a1 w,SF,)

F> is second Blending Function determined as follows:

_ 2k 500v\]
F, = tanh [[max (B*wy' yzw)] ] (16)
Py is the production limiter defined by:
. 6ui *
P, = min (rij — 108 kw) (17)
]
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(p = Fl(pl + (1 - Fl)(pz (18)

In those equations, S is an invariant scale of the strain rate. The constants of the model have the
following values [22]: $:=0.075, [3,=0.0828, 3'=0.09, 0x:=0.85, ok2=1, 0w1=0.5, 0x»=0.856, ¢#=5/9,
$»=0.44.

4. Geometric Configuration and Boundary Conditions
In this simulation, a horizontally circular tube with 4x102 m in diameter and 1.2 m in length is

kept at constant temperature, and the nanofluid, which flows through it, is considered to be a
monophasic system consisting of water and Al,Os particles as illustrated in Figure 1.

T (B)
PR A N N O A N
W E)
Axis of symmetru Computational domain

(©)

Fig. 1. Diagram of calculation domain and boundary conditions

The velocity and temperature of nanofluid at the inlet are uniform and the flow is fully developed
in the computational domain. The boundary conditions used in the simulation are shown in Table 2.

Table 2
The Boundary Conditions
U 4 T
Entry (A) Uy 0 Te
wall (B) 0 0 T
Symmetry (C) 0U 0 oT
dar ar
Exit (E) ouv_, vV_, aT _
dx dax dx

5. Heat Transfer and Hydrodynamic Parameters
The heat transfer coefficient of the nanofluid is expressed as follows:

gD (19)

Where D and Ky represent the tube diameter as well as the effective thermal conductivity
nanofluid. hnsis the convective heat transfer coefficient given by the following expression:

hoy = f, R(x)dx (20)

h(x) is the local heat transfer coefficient calculated using following expression:
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oT
“Knroxlwau (21)
Tw_Tb

h(x) =
T,, et Ty, are respectively the wall temperature and the average temperature of nanofluid.

The friction factor is expressed as follows:

0.316

fnf = Re(025) (22)
Re = 222 (23)
Unyr

The pressure drop is expressed as follows:

2

6. Numerical Method and Validation

As it has been mentioned previously, a monophasic approach is adopted in this study to simulate
numerically the convective heat transfer of nanofluid flowing through a tube using a COMSOL
software. In this simulation, the temperature of nanofluid at the inlet T,, is constant and its axial
velocity Uy is uniform. A 2D axisymmetric option is chosen and the constant temperature T,, as a
boundary condition is applied to the wall. The set of coupled nonlinear differential equations is solved
with (SST) k- turbulence model using the finite element method. The second-order upwind scheme
is used for the discretization of convective and diffusive terms. The SIMPLE algorithm is used for the
coupling of velocity and pressure fields together. The convergence criterion is based on the residual
value of the calculated variables such as mass, velocity components, turbulent kinetic energy (k), and
dissipation energy rate (). Furthermore, a non-uniform structured mesh is used to solve the
computational domain, and it is refined near the wall where the temperature and velocity gradients
are significant.

To ensure that the results are independent from the number of mesh elements, grid independent
test was carried out. Several numbers of elements were used to compute the average Nusselt
number for pure water as shown in Figure 2. The mesh employed in this simulation consists of 367624
elements which is the best in terms of saving time and accuracy.

The results obtained from the simulation seem to be almost consistent (more than 98.5 %) with
both the correlation of Nusselt number proposed by Dittus and Boelter [23] and the data of the
pressure drop measured experimentally by Osman et al., [24] for Al,Os-water nanofluid under similar
conditions, as shown in Figure 3 and Figure 4 respectively. This comparison validates our numerical
model.
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Fig. 2. Gird independence test based on the average Nusselt number
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Fig. 3. Average Nusselt number compared to Dittus and Boelter correlation for pure
water and Al,Oz-water nanofluid [23]
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Fig. 4. Pressure drop compared to experimental study of Osman et al., [24] for pure
water and Al,Osz-water nanofluid
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Figure 5 illustrates the nanofluid velocity field (dispersed with 2% Al,03 nanoparticles) flowing
through the pipe. This figure delineates the velocity field of nanofluid inside the tube. It can be
noticed the appearance of the boundary layer that manifests itself along the pipe's wall.

Arrow Surface: Velocity field Surface: Velocity magnitude (m/s) o
0 14 N T T T T T T T T | T T ]
012 B
ok | 0.38
0.08 b 0.36
il ’ 0.34
0.04 - — —
0+ — — 0.3
-0.02 |- B
0.28
-0.04 g
-0.06 |- a 0.26
-0.08 - by 0.24
-0.1F -
0.22
012 B
1 1 1 1 1 1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Fig. 5. Velocity field of nanofluid within the pipe
7. Results and Interpretations

The effect of Reynolds number (2500-4000) and volume fraction (0-6 %) of the nanoparticles on
the thermal and hydrodynamic parameters are both examined in this study.

7.1 Velocity Field

Figure 6 shows the velocity contours at the outlet when Re = 4000 in different volume fractions.
It is worth noting that in the center, the velocity contours decrease when the volume fractions
increase. Furthermore, there is an increase in the velocity gradient near the wall and consequently
an improvement in the hydrodynamic boundary layer thickness is obtained. The presence of
nanoparticles results in a certain homogeneity due to the molecular diffusion which serves to
enhance heat transfer throughout the radial direction.

4: Re=4000, f=0 Surface: Velocity magnitude (m/s) ) 8: Re=4000, f=0.02 Surface: Velocity magnitude (m/s) o
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04 0.4
0.35 0.35

0.3 03
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0.2 0.2
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0.05 0.05

£ £ 0

X X
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Fig. 6. Radial velocity distribution of nanofluid for different values of (¢), Re = 4000
7.2 Temperature Field

With regard to the temperature field, the effect of nanoparticles volume fraction modifies
significantly the thermal behavior of nanofluid as shown in Figure 7. Indeed, the thermal conductivity
of particles contributes to a quicker absorption of thermal energy which enhance the wall-fluid heat
exchange resulting in the increase of the nanofluid temperature in the central regions of the tube
leading to the uniformity of temperature in the radial direction. Furthermore, the Brownian motion
ameliorates the heat transfer through the heat diffusion that is associated with nanoparticles.

Re= 4000, f= 0; Surface: Temperature (K) Contour: Temperature (K)
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w
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Fig. 7. Temperature contburs for different values of @, Re = 4000
7.3 Thermal Behavior of Nanofluid

The obtained results from the simulation show a remarkable increase in the thermal conductivity
of nanofluid K as a result of adding nanoparticles (Figure 8). Several mechanisms bring about this
augmentation, such as the intermolecular and intramolecular (fluid-wall) interactions and the
Brownian motion of nanoparticles, which give rise to an increase in the heat transfer through
convection and conduction. The obtained results are in good agreement with literatures [25-28].

Figures 9 (a) and 9 (b) illustrate how an increase in the volume fraction of nanoparticles and
Reynolds number can lead to an augmentation in the average Nusselt number. Indeed, the random
motion of the nanoparticles (Brownian motion) enhances the convective heat exchange. In addition,
the turbulent flow provides the nanoparticles with a good molecular diffusion which improves the
thermal exchange nanoparticles-fluid and nanoparticles-walls which both contribute to the
enhancement of the overall heat transfer rate. For instance: at Re = 4000, a 48.68 % increase in the
number of Nusselt is reached when the volume fraction is 6 %.
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(b) Re for different values of (¢ )
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7.4 Hydrodynamic Behavior of the Nanofluid

The dynamic viscosity of nanofluid shows a significant increase in comparison with the base fluid
as shown in Figure 10, because the interactions between the nanoparticles result in augmenting the
viscous friction forces. For example, a 1% of nanoparticles leads to a 50% augmentation in the

dynamic viscosity.

dynamic viscosity ratio (1)

3.5

2.5

0.01 0.02 0.03 0.04 0.05 0.06
Nanoparticles volume fraction (1)

Fig. 10. Dynamic viscosity ratio versus (¢ )

The rheological behavior of nanofluid is totally modified by adding nanoparticles. The shear stress
depends largely on the volume fraction of the nanoparticles and Reynolds number. The shear stress
level goes up when there is an increase in the volume fraction (Figure 11 (a)). Whereas, it goes down
when there is an increase in the Reynolds number (Figure 11 (b)). Indeed, the addition of
nanoparticles contributes to an increase in the viscosity of nanofluid which has an effect on the shear
stress. However, the increase in the Reynolds number could result in making the particles move more
freely leading to a reduction in any friction between them.
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Fig. 11. Shear stress versus (a) ¢ for different values of Re (b) Re for different values of ¢

To study the influence of geometry on the dispersion and molecular diffusion of nanoparticles
during the flow, Figure 12 represents the friction velocity based on the pipe geometry
(length/diameter ratio, z/D) for different volume fractions of nanoparticles. The results show that
when the ratio z/D is over 20, the friction velocity becomes constant reaching a low-value regardless
of the volume fractions value. For this geometrical condition the hydrodynamic effect of adding
nanoparticles may not represent a great impact while the thermal behavior of nanofluid is
dominantly significant.
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Fig. 12. Friction velocity versus z/D for different values of ¢

In order to understand better the impact of the type of nanoparticles on the thermal efficiency
and the hydrodynamic behaviour of nanofluids a comparative study is conducted when using another
nanoparticle known for its high thermal conductivity, which is CuO, instead of using Al,O3 particles
under similar conditions. From thermal perspective there is a slight improvement of heat transfer
when CuO particles is dispersed in the base fluid, as shown in Figures 13 (a) and (b), despite that the
thermal conductivity of CuO is higher than the Al>Os. For instance, when the volume fraction is 6 %
and Re = 4000 the Nusselt number is increased by 2.12 % with CuO instead of using Al,Os3 (Figure 13
(b). It is worth noting that at low volume fraction the effect of the type of nanoparticles on the heat
transfer is negligible.
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Fig. 13. Variation of the average Nusselt number of Al,Os/water and CuO/water nanofluids
versus: (a) Re, (b) @

However, the impact of the type of nanoparticles on the pressure drop is significant as illustrated
in Figures 14 (a) and (b). The difference between CuO and Al.Os on the pressure drop is noticeable
even at low volume fraction and became important as the volume fraction increases.

For example, when CuO particles is dispersed in water under Re = 4000 the pressure drops
increase by 2.94 % with volume fraction of 1% whereas it is about 15.39 % with volume fraction of
6% compared when using Al,03 dispersed in water under similar conditions. The obtained results are
in good agreement with [29-30].
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8. Conclusions

In this work, a complete study of thermal and hydrodynamic behavior of nanofluid consisting of
Al>O3 and water flowing through a circular pipe while maintaining constant temperature in turbulent
flow regime is investigated numerically with a CFD program by adopting the (SST) k-@ model. The
results show how the temperature and velocity distribution of nanofluid are affected by adding
nanoparticles resulting in an increase in the heat transfer due to the intermolecular and
intramolecular interactions. The obtained results show that the heat transfer coefficient rate
represented by the Nusselt number increases when both the volume fraction of nanoparticles and
Reynolds number go up. However, the nanoparticle could trigger a substantial friction due to an
increase in viscosity leading to increases the pressure drop. The outcome of this investigation shows
clearly that the impact of the type of nanoparticles on the thermal side is not important when using
CuO or Al,O3 dispersed in water but the pressure drop is more effected when using CuO compared
to Al;Os under similar conditions. Thus, after a careful investigation it is preferable to use Al,Os-water
nanofluid instead of CuO-water nanofluid for the purpose of enhancing the rate of heat transfer and
the drop of pressure when using Al,Os-water nanofluid can easily be solved in a technical way by
installing a suitable pump system.
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