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H I G H L I G H T S

• The heat sink with nanofluid undergoes the highest friction factor and pumping power compared to that of pure water.

• All the nanofluids used offer a more interesting heat transfer than in the case of the base fluid.

• The Nusselt number for “Cu+H2O” is better than for “Al2O3+H2O” and “TiO2+H2O”.

• The Nusselt number decreases with the increase in the volumetric fraction of nanoparticles.
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A B S T R A C T

This paper presents a numerical study on the mixed convection of nanofluids in heat sinks with perforated
circular fins. Four different types of nanofluids are used as cooling fluids, which are TiO2, Al2O3 and Cu dispersed
in pure water as the base fluid. The selected volumetric concentration of nanofluids was chosen in the range
(2–10)%. The Reynolds number has changed in the range of 100–400 to ensure that flow remains in the laminar
regime and to have the Richardson number 1≤ Ri≤ 22. To study the cooling performance of the heat sink,
three-dimensional steady Navier Stokes and energy equations were discretized by the finite volume method
using the power-law scheme and have been solved iteratively, using the SIMPLE algorithm. The results show that
a significant improvement in heat transfer in the heat sink due to the suspension of nanoparticles in the base
fluid compared to pure water, the improvement in heat transfer is intensified with increased Reynolds number
and decrease in the volume fraction of nanoparticles. We also found that the low values of the average Nusselt
number are obtained for the nanofluid TiO2, the average values for Al2O3 and the highest values for Cu. It is
important to note that a slight increase in friction factor and pumping power has been reported when nanofluid
is used in the system.

1. Introduction

The study of cooling processes is of great interest, especially in the
electronics industry where excessive heat production can cause damage
and loss of equipment or electronics used. Improving convective
transfer in cooling devices is equivalent to increasing heat exchange
between a coolant and a hot surface.

All heat transfer intensification techniques will influence these two
parameters: the convective heat exchange coefficient and the fluid/wall
exchange surface. The addition of the fins acts mainly on the heat ex-
change surface, while the conductivity of the heat transfer fluid acts on
the heat exchange coefficient.

Different techniques have been adopted to increase the efficiency of
a cooling system. The first is that it is widely used to graft solid or

perforated fins of different shapes [1–5] offering greater surface contact
with the environment. The use of large surfaces such as fins is a reliable,
economical and widely used method of heat dissipation.

Cooling large, high-powered systems requires greater heat dissipa-
tion. The second solution for heat removal is to use both the flow
properties of liquids and the high thermal conductivity of solid metals.
The use of nanofluids based on metal particles has a better thermal
conductivity and a better convective heat transfer coefficient than the
base fluid. This technique is certainly the most promising solution in the
field of improving thermal transfer.

The use of ultrafine solid particles for dispersion in a base fluid was
first introduced in 1993 by Masuda et al. [6]. Later, in 1995, Choi [7]
first introduced the term “nanofluid”, which conventionally means a
fluid with a suspension of nanoparticles. Many researchers have stated
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that replacing a coolant with a nanofluid improves the thermal per-
formance of a base fluid [8–15]. Indeed, most solids have a higher
thermal conductivity than the thermal conductivity of the base fluid.
Thus, the addition of nanoparticles to the base fluid has created higher
thermal conductivity values and improved thermal performance com-
pared to the base fluid.

The design of the optimal heat sink configuration combined with a
nanofluid as coolant can be the optimal solution for efficient heat dis-
sipation of the modern electronic system. Several research studies on
heat transfer have been carried out in recent decades to develop new
techniques to improve transfer performance by using metallic additives
to base fluids to increase their thermal conductivity used in cooling
finned heat sinks of different shapes.

Jang and Choi [16] discovered that the use of diamond -water na-
nofluid as a coolant for a micro-channel heat sink improves thermal
performance by about 10% compared to distilled water.

Li and Kleinstreuer [17], Seyed et al. [18], Ghazvini and Sho-
kouhmand [19], Selvakumar and Suresh [20] examined the thermal
performance of CuO nanoparticles dispersed in water. The assembly is a
nanofluid used in the cooling of trapezoidal, rectangular and circular
finned heat exchangers. The results indicate that the addition of na-
noparticles to the water leads to an improvement in the thermal per-
formance of the heat sink with a slight increase in pumping power.
They also found that the nanofluid CuO-water has a significant effect on
reducing the temperature of the heat sink base compared to distilled
water.

Mohammed et al. [21], Ho et al. [22], Kalteh et al. [23], HO and
Chen [24], Anbumeenakshi and Thansekhar [25], Sohel et al. [26], Ho
et al. [27], Seyed et al. [28] and Muhammad Saeed and Man-Hoe Kim
[29] conducted numerical and experimental studies on the flow char-
acteristics and heat transfer of the nanofluid Al2O3-water in a micro-
channel thermal heat sink. The results showed a significant increase in
the thermal transfer coefficient, for different increasing values of vo-
lume fractions with a significant reduction in thermal resistance.

Mohammed et al. [30] analyzed the influence of the use of different
types of nanofluids on heat transfer and fluid flow characteristics in a
triangular microchannel heat sink. The nanofluids used are Al2O3, Ag,
CuO, Diamond, SiO2 and TiO2, all with water as the base fluid. They
noted that the nanofluid Diamond-H2O has the lowest temperature and
the highest thermal transfer coefficient. While the Ag-H2O has the
lowest pressure drop and shear stress of the wall. Therefore, Diamond-
H2O and Ag-H2O nanofluids are recommended to improve overall heat
transfer and reduce pressure drop compared to pure water.

Hung et al. [31] studied the improvement of the thermal perfor-
mance of a rectangular microchannel heat sink using different nano-
particles (Al2O3, CuO, TiO2, Cu, Ag and diamond) dispersed in water
and other base fluids (Al2O3 - ethylene glycol (EG) and Al2O3 - motor oil
(EO)). The results showed that the increase in the convective transfer
coefficient is greater for the nanofluids Al2O3-water and diamond-water
than for the other types of nanofluids used. They also noted that the
base fluids with low dynamic viscosity such as water have better
thermal performance than base fluidswith a higher dynamic viscosity
such as engine oil.

Ijam and Saidur [32,33] presented a numerical study of the flow and
heat transfer characteristics of minichannel heat sinks operating with
nanofluids TiO2-water, Al2O3-water and SiC-water at particle volume
fractions of 0.8%, 1.6%, 2.4%, 3.2% and 4.0%. They report that cooling
has been improved by 17.3% and 16.5% using Al2O3 and TiO2 nano-
particles respectively.

Manay et al. [34] and Albdoor [35] have successfully used Al2O3-
water and Cu-water as coolant to improve the thermal performance of a
microchannel heat sink. Their results showed that Cu water has a better
thermal performance than Al2O3 water.

Tokit et al. [36] numerically presented the thermal performance of
an interrupted microchannel heat sink using Al2O3-water, CuO-water
and SiO2-water nanofluids with particle fractions between 1% and 4%.

Hashemi et al. [37] quantified the thermal performance of the na-
nofluid SiO2-watercooled miniature flat plate heat sink with particle
volume fractions of 3.5%, 4.0%, 4.5%, 4.5%, 4.5%, 5% and 5.0% in a
laminar flow regime.

Naphon and Nakharintr [38] studied the thermal transfer char-
acteristics of nanofluids in a mini rectangular heat sink. The nanofluid
used is TiO2 water. They found that the average heat transfer rates for
nanofluids are higher than those for pure water.

Mushtaq Ismael Hasan [39] numerically studied the thermal per-
formance of a heat sink with three fin geometries (square, triangular
and circular) and two types of nanofluids (Diamond-water and Al2O3-
water) used as coolant, in addition to pure water. The volumetric
concentration of the selected nanofluids was chosen from the range
(1–4)%. The results obtained indicate that the use of a nanofluid instead
of pure water as a refrigerant improves thermal performance by in-
creasing the amount of heat dissipated, but also results in an increased
pressure drop for all forms and nanofluids studied.

Abudakar and Sidi [40,41] used Fe2O4- water as a coolant in a
numerical study of heat transfer and laminar flow in a microchannel
heat sink. A significant improvement in heat transfer was observed with

Nomenclature

A surface area for heat transfer
cp specific heat at constant pressure
d pin fin diameter
Dh hydraulic diameter
dt pin fin perforation diameter
eb thickness of the base
es thickness of electronic silicon component
f friction factor
g acceleration due to gravity
h heat transfer coefficient
Ha height of pin fin
Ht height of the perforation of the pin fin
kf thermal conductivity of the fluid
knf thermal conductivity of the nanofluid
kS heat sink thermal conductivity
ṁ mass flow rate
Nu Nusselt number based on Dh (=h.Dh/Kf)
PP pumping power

Q heat generated by the electronics component
qc the heat convective flux
qṡ heat generated per unit volume
Re Reynolds number
Ri Richardson number
Tm the bulk mean temperature
To inlet fluid temperature
Tout outlet fluid temperature
TW wall temperature of the heat sink
u, v, w velocity components
u0 inlet fluid velocity
x, y, z Cartesian coordinates

Greek symbols

β thermal expansion coefficient
ρ the fluid density
µ dynamic viscosity
φ volumetric concentration
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the increase in the volume fraction of nanoparticles
Zhang et al. [42] and Arshad and Ali [43] conducted an experi-

mental study to investigate the effect of nanofluids on the thermal and
hydraulic performance of a mini-channel heat sink. They showed that
the use of the nanofluid TiO2-H2O increased the heat transfer coeffi-
cient and pressure drop.

Many of the literature researches have been conducted to study heat
transfer and flow characteristics in full pine fin heat sink with different
nanofluids, and the little research that has studied the cooling of per-
forated fins and the improvement made by increasing the heat ex-
change surface by adding perforations to the fins.

Therefore, the objective of this paper is to study numerically mixed
convection heat transfer in a new design of circular perforated finned
heat sink using different nanoparticles of TiO2, Al2O3 and Cu dispersed
in the water base fluid under laminar flow. In addition, the CFD model
is simulated by a finite volume method and using FLUENT software to
solve the governing equations. The Reynolds number is between 100
and 400, the Richardson number is 1≤ Ri≤ 22 and the volume frac-
tion of the nanofluid is 2 to 10%. The strategy adopted follows the
earlier works Salhi et al. [44], Bakhti and Si-Ameur [5] of the authors of
this article. The objective of this work is to study the improvement of
heat transfer convection in terms of Nusselt number by proposing this
new fin design and using nanofluids as a coolant.

2. Mathematical modeling

2.1. Geometrical configuration

The geometry of the problem studied is shown schematically in
Fig. 1, it is an aluminium heat sink with 17 perforated cylindrical
perforated fins of diameter d= 1 cm and height Ha= 5 cm. The fins are
fixed in staggered arrangement to a parallelepipedic base measuring
8 cm×6 cm and having a thickness eb= 1 cm. The bottom of the heat
sink is mounted on a silicon electronic component with a thickness of
es= 0.5 cm and a thermal conductivity of 130W/m K, it generates a
quantity of heat Q=300W. The heat is mainly evacuated by conduc-
tion through the solid and then dissipated by convection of the cooling
fluid in the 10× 46×7.5 cm3 parallelepipedic channel where the
whole unit (heat sink+ electronic component) is mounted.

2.2. Governing equations

The heat of the heat sink is transferred from its walls to flowing
fluid. To simplify the analysis, the following assumptions have been
made:

• The heat transfer and fluid flow in the heat sink are three-

dimensional flows and in steady-state;

• Fluid flow is incompressible, single-phase and laminar;

• Negligible heat transfer by radiation.

• The thermophysical properties of nanofluids are constant, with the
exception of the variation in density of buoyancy forces which is
determined by the Boussinesq approximation.

• Nanoparticles are assumed to be uniform in shape and size, sphe-
rical and in a state of thermal equilibrium with the base fluid.

• Viscous dissipation is negligible.

Based on these assumptions, 3D steady governing equations of mass,
momentum and energy conservation for fluid and the solid region in the
heat sink can be written as:

• Continuity equation:
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• y-Momentum equation:
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• z-Momentum equation:
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• Energy equation
– Fluid Side

⎡
⎣⎢

∂
∂

+ ∂
∂

+ ∂
∂

⎤
⎦⎥

= ∂
∂

⎡
⎣

∂
∂

⎤
⎦

+ ∂
∂

⎡
⎣⎢

∂
∂

⎤
⎦⎥

+ ∂
∂

⎡
⎣

∂
∂

⎤
⎦

ρ C u T
x

v T
y

w T
z x

k T
x y

k T
y z

k T
zo p f f f

(5)

u=v=w=0 0

Q=400W 

Fig. 1. Designed geometry and dimensions of pin-fin heat sink.

F.Z. Bakhti and M. Si-Ameur Applied Thermal Engineering 159 (2019) 113819

3



– Solid Side

⎜ ⎟
⎛
⎝

∂
∂

+ ∂
∂

+ ∂
∂

⎞
⎠

+ =k T
x

T
y

T
z

q ̇ 0S
2

2

2

2

2

2 S
(6)

where kf and kS are the heat sink thermal conductivity, respectively, of
the fluid and the solid, qṠ is the heat generated per unit volume;

2.3. Boundary conditions

The boundary conditions used to complete the model are:

• At the channel inlet: Inlet flow condition (velocity-inlet)

= = = = =u w 0, v u , T T 293.16 K0 o

The velocity inlet is obtained from theReynolds number.

=u
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h (7)

where Dh is hydraulic diameter.

• At the channel outlet: Outlet condition (pressure outlet)
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• The no-slip adiabatic boundary conditions are applied at all walls of
the channel
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• The heat flux between the interface of the fluid and the solid walls is
coupled. Hence, the continuity between the interface of the solid
and the fluid is given as:
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nS

wall
f

wall (10)

• A heat source q ṡ is generated inside of the electronic component.

= = = × × =q̇ Q
V

, Q 300W, V 8 cm 6 cm 0.5 cm 24 cms
3

2.4. Thermophysical properties of nanofluids

In this article, if a nanofluid is used as a coolant, the thermophysical
properties in the governing equations are replaced by those of nano-
fluid. Three types of nanofluids were examined mathematically: TiO2,
Al2O3, Cu Nanoparticles dispersed in water. The thermophysical prop-
erties of the water and nanoparticles used in the calculations are given
in Table 1.

The nanoparticles with 2%, 4%, 6%, 6%, 8% and 10% of the volume
fraction were used for the thermophysical properties of the nanofluids,
which were used in this calculation. The density, viscosity, specific heat
and thermal conductivity of nanofluid were determined using the fol-
lowing equations: (11) to (15):

• Density:

= − +ρ (1 φ)ρ φρnf np f (11)

where ρnf, ρnp, and ρf are densities of the nanofluid, nanoparticle, an-
dbase fluid, respectively.

• Specific heat:

= − +(ρc ) (1 φ)(ρc ) φ(ρc )p nf p f p np (12)

where cp is the specific heat, φ is the particle volume fraction, and

subscript nf, np and f are nanofluid, nanoparticles and base fluid, re-
spectively.

• The Hamilton and Crosser model [45] is used to calculate the
thermal conductivity (k) of nanofluids which are expressed as fol-
lows:
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• The Brinkman relation [46] is used to calculate effective dynamic
viscosity (μ):

=
−

μ
μ

(1 φ)nf
f

2.5 (14)

• The coefficient of thermal expansion of the nanofluid βnf can be
determined by the equation:

= − +β (1 φ)β φβnf f np (15)

2.5. Numerical procedures

The geometry is created and meshed using the commercial software
GAMBIT. The mesh file is exported to CFD software package, FLUENT
6.3.26, which employs a finite volume method for solves the integral
equations for mass, momentum and fluid conservation and the solid
phase energy equations. The detail of this method is explained by
Patankar [47]. The 3D doubleprecision pressure based solver is selected
with a standard SIMPLEalgorithm as its pressure–velocity coupling
method. A body force weighted scheme is used for the pressure equa-
tion while apower law scheme is used to discretise thecombined con-
vection and diffusion terms in the momentum andenergy equations.
This is an iterative solution procedure initiated by pressure prediction
fluid field. The continuity equation is efficient to be used to calculate
the pressure drop. The solution is considered sufficiently convergent
when the normalized residual value of 10−3 for momentum and mass
and 10−6 for energy equations.

2.6. Grid independence test

Different non-uniform mesh sizes are taken into account in this
study, in order to examine the independence of the mesh size and to
ensure the accuracy and reliability of the numerical solution before
performing the calculations, triangularand hexagonal cells were used to
mesh the geometry, as shown in Fig. 2. The grid independence was
verified for pure water using different mesh sizes, as shown in Fig. 3, all
of which were tightened near the walls to capture the effects of the
boundary layer in these regions.

The average Nusselt number was determined for all mesh faces at
Reynolds number Re=400.

From Fig. 3, we see that the difference between the average Nusselt
values for the last three mesh sizes is slightly different, the average
Nusselt number becomes insensitive to the number of nodes in the
1.96254× 106 grid. Therefore, we have chosen 1.96254× 106 nodes
for all our calculations, in order to obtain qualitative results with a
minimum of computation time.

Table 1
Thermophysical properties of nanoparticles and water.

Properties Water TiO2 Al2O3 Cu

Ρ (kg/m3) 998.2 4250 3970 8933
Cp (J/kg k) 4179 686.2 765 385
β (K−1) 21× 10−5 0.9× 10−5 0.85× 10−5 1.67× 10−5

k (W/m k) 0.61 8.9538 40 400
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2.7. Data analysis

Major results such as total heat transfer rate, average outlet tem-
perature, average bulk temperature, pressure drop and mass flow rate
were obtained from the FLUENT outlet results. The Nusselt number,
friction factor and pumping power of the pin fins array were calculated
using the thermal transfer relationships.

The total heat removed by the flowing fluid inside the channelcan
be calculated as;

= −Q ṁ·c ·(T T )p out 0

where ṁ is the mass flow rate, cpis the specific heat, T0 and Toutarethe
inlet and outlet flowing fluid temperatures.

The average heat transfer coefficient is used to investigate theheat
transfer. It is defined by,

=
−

h Q
A. (T Tw m)

– Twwall mean temperature
– Tm bulk mean temperature

The Nusselt number gives the ratio of actual heat transferred of the
pin-fins array by themoving fluid to the equivalent heat transfer that
would occur by conduction. The Nusseltnumber was defined as:

=Nu h·D
k

h

nf

In order to estimate the improvement of the heat transfer in nano-
fluids compared to the pure fluid, we define percentageenhancement of
the Nusselt number of nanofluidas follows:

= − ×Enhancement Nu% Nu Nu
Nu

100nf f

nf

The pressure drag coefficient is calculated as follows:

=f
Δp

0.5. ρ. u
· D

L0
2

h

(16)

where Δp is the pressure drop across the heat sink

= −Δp p pinlet out

The Pumping power (PP) is calculated as follows:

Fig. 2. Configuration Mesh.
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Fig. 3. Variation of the number of Nusselt as a function of the number of mesh nodes for Re=400.
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=PP P VΔ · ̇

V ̇ the volume flow rate

3. Results and discussion

3.1. Temperature field and flow characteristics in heat sink

Fig. 4 illustrates the temperature distribution through a temperature

contour in the pin fin heat sink for the three types of naofluids studied
and for the Reynolds number Re=400 and the volumetric fraction
φ=10%. It can be seen that the average temperatures of the solid pin
fins are high and that their internal temperature is not uniform. It
should also be noted that the maximum temperature is recorded at the
base of the fins and decreases from the base to the ends as the fin takes
heat from the heated base plate which has in turn been heated by the
heat produced by the electronic component.

Fig. 4. Contours of temperature in the channel and in the solid heat sink for φ=10%, Re=400.
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This figure shows that the use of nanofluid as a coolant instead of
pure water improves the heat transfer process by reducing the tem-
perature of the pin fins, the Cu-water nanofluid gives the low wall
temperature and therefore a high heat transfer rate compared to TiO2-
water and Al2O3-water nanofluid, on the other hand, pure water gives a
higher pin temperature and therefore a lower heat transfer.

Also we can see that fins plays an important role in increasing heat
transfer by increasing the heat transfer surface and creating the mixture
in flow

Fig. 5 shows the contours and velocity vectors as well as the path-
lines of the nanofluid Cu+water in the plane x= 0.03m for a Rey-
nolds number Re=400 and for a different volumetric fraction. The

graph clearly shows that the dynamic fields undergo a uniform velocity
profile at the input of the heat sink. The direction of the velocity vector
changes as the nanofluid particles approach the fin body and move
above it. After passing through the body at a short distance, the velocity
vectors return to their original direction, showing that the flow is la-
minar. We can also see that the velocity profile around the fins has the
same tendency for different fractions. The flow velocity within the
perforation and in the fin space reaches maximum values due to the
reduction of the perforation section and fin space, the acceleration of
the hot nanofluid promotes thermal transfer by convection. It is clearly
observable that the flow velocity decreases as the volume fractions
increase, which justifies the decrease in heat exchange with the increase

= 10% 

= 6% 

= 2% 

Fig. 5. Contours of velocity and pathlines of nanofluid (water+Cu) in plan z=0.03m, Re=400.
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Fig. 6. Variation of the mean Nusselt number and its enhancement according to Reynolds number andvolumetric concentration.
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of φ.
This figure also shows the flow pathlines for the different volumetric

fractions. For all values of φ, the flow is known as crawling. Viscosity
forces being dominant, the fluid remains attached to the fins without
any separation. The flow is symmetrical for each fin column with re-
spect to its central axis and also between the upstream and downstream
of the fin.

3.2. Variation of the Nusselt number

Fig. 6 shows the variation in the average of Nusselt number and its
percentage enhancement as a function of the Reynolds number for the
three suspensions considered (TiO2, Al2O3 and Cu). The results are
presented for nanoparticle volume fractions of 2%, 4%, 6%, 8%, 10%.
We can note that the Nusselt number and therefore the heat transfer
increases with the increase in the Reynolds number.

Table 1 shows that TiO2 has the lowest thermal conductivity value
compared to other nanoparticles, therefore, it has the lowest values of
the Nusselt number. Cu and Al2O3, on the other hand, have the highest
values. In addition, the Nusselt number for Al2O3 is lower than that of
Cu. The heat transfer rate is maximum for copper (Cu) compared to
Al2O3 and TiO2. This result is due to the thermophysical properties of
copper. Copper nanoparticles allow for better heat exchange. This ex-
change is favorated by a higher conductivity to evacuate heat, a lower
thermal capacity to reduce storage and a higher density to promote
convection (Archimedes' force).

This figure also shows that all the nanofluids used offer a more in-
teresting heat transfer than in the case of the base fluid. This implies
that whatever the type of nanofluid used as a heat transfer fluid, it
contributes to improving heat transfer.

We observe that the Nusselt number enhancement increases with
the Reynolds number and decreases with the volume concentration of
nanofluid. The enhancement in the Nusselt number for the nanofluid
Cu+water is higher than for Al2O3+water and TiO2+water records
the lowest values.

For example, the heat transfer enhancementvalues for φ=2% and
100≤ Re≤ 400 are 12.36% to 26.44% for the nanofluid TiO2+water,
14.22% to 29.38% for the nanofluid Al2O3+water and 16.48% to
34.32% for the nanofluid Cu+water.

Fig. 7. Variation of the mean Nusselt number according to volumetric con-
centration, Re=400.

Fig. 8. Variation of the friction factor according to Reynolds number andvolumetric concentration.
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The variation in the average number of Nusselt as a function of the
volumetric fraction of the nanoparticles used (Cu, Al2O3 and TiO2) is
shown in Fig. 7. Results are obtained for a Reynolds number Re=400,
it should be noted that heat transfer decreases with increasing volu-
metric fraction and thermal conductivity of nanoparticles.

Contrary to what many authors have obtained, we have shown in
this work that in our configuration, heat transfer is higher in nanofluids
with a low volumetric fraction. The Nusselt number of nanofluids de-
creases with the increase in the volumetric fraction of nanoparticles.

It is true that the addition of nanoparticles of TiO2, Al2O3 and Cu in
pure water increases its thermal conductivity and thus improves the
conduction heat transfer in nanofluids compared to the conduction heat
transfer in the base fluid.

But on the other hand, we have found that the suspension of na-
noparticles in pure water with a high volume fraction causes an in-
crease in dynamic viscosity with a decrease in the thermal capacity of
nanofluids, which leads to a decrease in flow velocity and thermal
convective transfer.

3.3. The friction factor

Fig. 8 shows the variant of the friction factor in relation to the
Reynolds number for various volume fractions of nanofluid in the heat
sink. As shown in this figure, the friction factor of nanofluid decreases
with the increase in Re, which is similar to that of pure water, and the
increase in the friction factor with the addition of nanoparticles is due
to an increase in pressure drop.

The friction factor for pure water and TiO2+water nanofluid is
almost the same. The nanofluid Al2O3 seems to give a slight increase in
the friction factor and Cu+water gives a maximum value.

3.4. The pumping power

In addition, Fig. 9 also shows the variation in pumping power as a
function of the Reynolds number of pure water and nanofluids for
different concentrations. It can be seen that as the Reynolds number
increases, a higher pumping power is required for different coolants.
This figure also shows that pumping power increases with the increase
in Reynolds number for different coolants. This is due to the fact that as
the inlet velocity increases, the pressure drop is increased, so more
power is required for pumping. In addition, it is obvious that the heat
sink with nanofluid has the highest pumping power compared to pure
water. With regard to the effect of nanoparticle concentration, it can be
seen that the addition of nanoparticles increases pumping power.

4. Conclusion

The mixed convective heat transfer on nanofluids in a three-di-
mensional heatsink with perforated circular fins is numerically studied
using the finite volume method. TiO2, Al2O3 and Cu are used as na-
noparticles. The selected volumetric concentration of nanofluids was
chosen in the range (2–10)%. The Reynolds number has changed be-
tween 100 and 400. The effects of the volume fraction and Reynolds
number are carefully studied on the thermal and hydraulic behaviour of
nanofluids. The results show that with the increase in the volume
fraction, the Nusselt number and its overall enhancement decrease.

In addition, with the increase in the Reynolds number, the Nusselt
number and overall heat transfer increase. It has been found that TiO2

has the lowest value of the Nusselt number. Cu and Al2O3, have the
highest values. In addition, the Nusselt number for Al2O3 is lower than
that of Cu. The thermal transfer rate is maximum for copper (Cu)
compared to Al2O3 and TiO2. Finally, we noted that the friction factor

Fig. 9. Variation of the pumping power according to Reynolds number andvolumetric concentration.
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and pumping power of nanofluids increase with the increase in
Reynolds number, which is similar to that of pure water, and they in-
crease with the addition of nanoparticles. It can be seen that the ad-
dition of nanoparticles increases pumping power.
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