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CFD simulation of the heat transfer and pressure drop characteristics of different nanofluids in a minichannel flow has been
explained using FLUENT version 6.3.26. Different nanofluids with nanoparticles of Al

2
O
3
, CuO, SiO

2
, and TiO

2
have been used

in the simulation process. A comparison of the experimental and computational results has been made for the heat transfer
and pressure drop characteristics for the case of Al

2
O
3
-water nanofluid for the laminar flow. Also, computations have been

made by considering Brownian motion as well as without considering Brownian motion of the nanoparticles. After verification
of the computational model with the experimental results for Al

2
O
3
-water nanofluid, the simulations were performed for the

same experimental readings for different nanofluids in the laminar flow regime to find out the heat transfer and pressure drop
characteristics.

1. Introduction

Nanofluids are engineered colloids made up of a base fluid
and the nanoparticles. The introduction of nanoparticles
enhances the heat transfer performance of the base fluids
significantly. The base fluids may be water, organic liquids
(e.g., ethylene, tri-ethylene-glycols, refrigerants, etc.), oils and
lubricants, biofluids, polymeric solutions, and other common
liquids. The nanoparticle materials include chemically stable
metals (e.g., gold, copper), metal oxides (e.g., alumina, silica,
zirconia, and titania), oxide ceramics (e.g., Al

2
O
3
, and CuO),

metal carbides (e.g., SiC), metal nitrides (e.g., AIN, SiN),
carbon in various forms (e.g., diamond, graphite, carbon
nanotubes, and fullerene), and functionalized nanoparticles
[1–5].

The benefits of using nanofluids compared to the conven-
tional base fluids are as follows.

(1) The amount of heat transfer increases as a result of
increase in the heat transfer surface area between the
particles and fluids.

(2) The pumping power required for the equivalent heat
transfer is less than that compared to pure liquids.

(3) The properties like thermal conductivity, density, and
so forth may be varied by varying particle concentra-
tions to suit different applications.

The nanofluids have various applications as they provide
an efficient thermal energy transfer due to higher heat
transfer with comparable pumping power required. Some of
these applications are stated as follows.

(1) Heating and cooling of buildings.
(2) Cooling of electronics.
(3) Cooling of welding.
(4) Nuclear systems cooling.
(5) Solar water heating.
(6) Refrigeration (domestic refrigerator, chillers).
(7) Biomedical applications.
(8) Drilling.
(9) Lubrications.
(10) Thermal storage.

The effective physical properties are required to be cal-
culated from the properties of nanoparticles and base fluid.
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Of all the properties, the thermal conductivity is the most
important one regarding many applications. Several models
have been developed for predicting the thermal conductivity
like byMaxwell-Garnett, Hamilton andCrosser, Buongiorno,
Koo and Kleinstreuer, Keblinski et al., Azizian et al., Jang
and Choi, Kumar et al., Patel et al., and several others. The
classical models likeMaxwell-Garnett andHamilton-Crosser
models have failed to predict the significant enhancement
in the thermal conductivity of the nanofluids. This shows
that other mechanisms are also present which increases the
thermal conductivity and in turn enhances the heat transfer
in nanofluids.

Buongiorno [6] proposed a mathematical model by
considering nanoparticle/base fluid slip and he showed that
Brownian motion and thermophoresis are the main mech-
anisms for this slip mechanism. But, Koo and Kleinstreuer
[7] proved that Brownian motion was the more important
phenomena. Also, the thermal conductivity of nanofluids has
strong temperature dependence.

Keblinski et al. [8] proved that the direct influence of
the Brownian motion of the nanoparticles via diffusion is
negligible. Azizian et al. [9] did experimental investigations
that support the indirect influence of the Brownian motion
by intensification ofmicroconvection of fluid around separate
nanoparticles. Jang and Choi [10] proposed amodel based on
Brownian motion induced nanoconvection.

The model proposed by Kumar et al. [11] based on Brow-
nian motion overestimated the contribution of Brownian
motion to heat flow. But Patel et al. [12] improved the model
proposed by Kumar et al. by incorporating the effect of
microconvection due to particle movement.

There has beenminiaturization of electronic components
and development of systems microcomponents and devices
for diverse applications like biomedical devices, MEMS, and
so forth. The need for micro- and minichannels arose to
eliminate overheating in the microcomponents, by having
heat transfer as fast as possible in order to ensure increased
reliability and stability.

The purpose of the work done here was to computation-
ally predict the heat transfer and pressure drop characteristics
of (Al

2
O
3
+ H
2
O) nanofluid in a minichannel flow under

constant heat flux. The experiment was done for different
concentrations of the nanofluid—2% and 3% and distilled
water for laminar flow. The minichannel that was used was
of 0.87mm inner diameter, which is the smallest available
diameter for experimentation and closer to electronic cooling
applications. In the computational simulation, the nanofluid
was considered as a homogeneous mixture of the base
fluid and the nanoparticles. The computational simulations
were performed with and without considering the Brownian
motion of the nanoparticles.There is a strong enhancement in
the effective thermal conductivitywhen theBrownianmotion
of nanoparticles is considered.

After the computational results for Al
2
O
3
-water nano-

fluid were compared with the experimental results, the
validity of the computational model used was verified. Then,
computational simulations were performed for the same
experimental readings for different fluids with nanoparticles

of CuO, SiO
2
, and TiO

2
to find out the heat transfer

characteristics.

2. Materials and Methods

2.1. Description of the Experiment. The experimental setup
consisted of minichannel with inner diameter of 0.87mm.
A mercury manometer was used to calculate the pressure
drop across the minichannel. Al

2
O
3
-water nanofluid with

different concentrations of 2% and 3% is passed through the
different minichannels. A container with submersible pump
stores the nanofluid. The pump pushes the nanofluid up to
the collecting tank and variable flow rates can be obtained
by adjusting the height of the tank. For obtaining lesser flow
rates at the same height, a bypass valve is used. Seven equally
spaced thermocouples (K type) have been attached to the
outer surface of the minichannel wall. These thermocouples
are further connected to the temperature indicator. A coiled
wire heater provides constant heat flux to the minichannel,
whose voltage is regulated by a voltage variac. Glass wool
and asbestos are used to insulate the minichannel. Figure 1
shows the schematic diagram of the experimental setup.
Homogeneity of the mixture has been tested by measuring
density of the nanofluid at inlet and outlet of theminichannel
which is within 1% alteration.

2.2. Thermophysical Properties of Nanofluids. The thermo-
physical properties of nanofluids, namely, density, thermal
conductivity, specific heat, and viscosity, have been calculated
by using the formulas as summarized below.

The density of the nanofluids has been calculated by using
the formula given by Buongiorno [6]:

𝜌
𝑛𝑓
= (1 − 𝜑) 𝜌

𝑓
+ 𝜑𝜌
𝑝
. (1)

For higher concentration, density as well asmass flow rate
increases as the average velocity of the flow is determined by
the centroid of the liquid filled overhead tank.

The specific heat of the nanofluid has also been calculated
by using the formula which was used by Buongiorno [6]
after modifying a previous formula. The original correlation
is given as follows:

𝐶
𝑛𝑓
= (1 − 𝜑)𝐶

𝑓
+ 𝜑𝐶
𝑝
. (2)

The correlation by Buongiorno that was used here is as
follows:

𝐶
𝑛𝑓
=
(1 − 𝜑) 𝜌

𝑓
𝐶
𝑓
+ 𝜑𝜌
𝑝
𝐶
𝑝

𝜌
𝑛𝑓

. (3)

The thermal conductivity equation given by Hamilton
and Crosser [13] has been used for calculation purposes
for the case when Brownian motion was not considered.
Although this thermal conductivitymodel was given formix-
tures containing micrometer sized particles, Zhang et al. [14]
have shown that this model predicts the thermal conductivity
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Figure 1: Experimental setup.

for nanofluids accurately. In the following equation, 𝑛 is the
shape factor and is equal to 3 for spherical nanoparticles:

𝑘
𝑛𝑓

𝑘
𝑓

=
𝑘
𝑝
+ (𝑛 − 1) 𝑘

𝑓
− (𝑛 − 1) 𝜑 (𝑘

𝑓
− 𝑘
𝑝
)

𝑘
𝑝
+ (𝑛 − 1) 𝑘

𝑓
+ 𝜑 (𝑘

𝑓
− 𝑘
𝑝
)
. (4)

For the case when Brownian motion was considered,
the thermal conductivity relation developed by Koo and
Kleinstreuer [7] was used:

𝑘
𝑛𝑓
= 𝑘
𝑓
+ 3𝜑

𝑘
𝑝
− 𝑘
𝑓

2𝑘
𝑓
+ 𝑘
𝑝
− 𝜑 (𝑘

𝑝
− 𝑘
𝑓
)
𝑘
𝑓
+ 5 × 10

4
𝛽𝜌
𝑓
𝐶
𝑓
𝜑

×√
𝑘
𝑏
𝑇

2𝜌
𝑝
𝑟
𝑝

[(−134.63 + 1722.3𝜑)+(0.4705−6.04𝜑) 𝑇] .

(5)

The parameter 𝛽 is related to the nanoparticle Brownian
motion and was determined empirically as

𝛽 = 0.0137(100 𝜑)
−0.8229

, for 𝜑 < 0.01,

𝛽 = 0.0011(100 𝜑)
−0.7272

, for 𝜑 > 0.01.
(6)

The viscosity of the nanofluid was calculated by using
the Batchelor correlation [15] as very dilute suspensions were
used in this work:

𝜇
𝑛𝑓
= (1 + 2.5𝜑 + 6.2𝜑

2
) 𝜇
𝑓
. (7)

This equation applies to suspensions of low particle
concentrations, where particle-particle interactions are neg-
ligible.

Thermophysical properties of the nanofluids have been
taken as temperature dependent for numerical simulation.

Tables 1, 2, 3, and 4 present the thermophysical properties of
different nanofluids at a particular temperature 298K only to
show a relative comparison between different nanofluids.

2.3. Boundary Conditions and Numerical Schemes for CFD
Simulation. FLUENT 6.3.26 is used for solver execution and
postprocessing of the CFD simulation. Actually in CFD
the control volume is divided into number of nodes (cell).
Usually the accuracy of the simulation result increases with
the increase in number of nodes and becomes constant
at a particular value. The CFD simulations were done for
2000 cells (20 ∗ 100). The grid considered here was half
cross section of a pipe. The four boundaries considered
are VELOCITY INLET, WALL, PRESSURE OUTLET, and
AXIS OF SYMMETRY. The nanofluid was considered as a
homogeneousmixture in the simulation.Theflow regime that
was considered for analysis was laminar. The schemes that
have been used in analysis are SIMPLE for pressure-velocity
coupling, PRESTO for pressure, and second-order upwind for
momentum and energy.

3. Results and Discussions

3.1. Results for Al
2
O
3
-Water Nanofluid for Laminar Flow

Region. The experiment was carried out for a minichannel
flow of Al

2
O
3
-water nanofluid in the laminar flow region.

Observations were made for different volume concentrations
of nanofluid—2% and 3%—and distilled water for 0.87mm
diameter minichannel. The experimental results were then
compared with the results obtained by simulations carried on
FLUENT 6.3.26. The wall boundary condition considered in
these cases was of constant heat flux. Two cases were consid-
ered in the computational analysis—one without considering
the Brownian motion and the other one by considering the
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Table 1: Thermophysical properties of Al2O3 nanofluids of different concentrations.

Fluid Density
(kg/m3)

Specific heat
(J/kg⋅K)

Thermal conductivity
(W/m⋅K)

Viscosity
(Pa⋅s)

Water 997.13 4179 0.605 0.00089
𝛾 Al2O3 3970 765 40 —

Fluid Density
(kg/m3)

Specific heat
(J/kg⋅K)

Thermal conductivity
(W/m⋅K) Viscosity

(Pa⋅s)Without Brownian
motion

With Brownian
motion

Water + 2% 𝛾-Al2O3 1056.6 3922 0.6404 0.6944 0.00093
Water + 3% 𝛾-Al2O3 1086.3 3805 0.6585 0.7072 0.00096

Table 2: Thermophysical properties of SiO2 nanofluids of different concentrations.

Fluid Density
(kg/m3)

Specific heat
(J/kg⋅K)

Thermal conductivity
(W/m⋅K)

Viscosity
(Pa⋅s)

Water 997.13 4179 0.605 0.00089
SiO2 2200 773 1.38 —

Fluid Density
(kg/m3)

Specific heat
(J/kg⋅K)

Thermal conductivity
(W/m⋅K) Viscosity

(Pa⋅s)Without Brownian
motion

With Brownian
motion

Water + 2% SiO2 1021.2 4032.2 0.616 0.6886 0.00093
Water + 3% SiO2 1033.2 3961.5 0.621 0.6866 0.00096

Table 3: Thermophysical properties of TiO2 nanofluids of different concentrations.

Fluid Density
(kg/m3)

Specific heat
(J/kg⋅K)

Thermal conductivity
(W/m⋅K)

Viscosity
(Pa⋅s)

Water 997.13 4179 0.605 0.00089
TiO2 4156 692 8.4 —

Fluid Density
(kg/m3)

Specific heat
(J/kg⋅K)

Thermal conductivity
(W/m⋅K) Viscosity

(Pa⋅s)Without Brownian
motion

With Brownian
motion

Water + 2% TiO2 1060.3 3909.4 0.635 0.6878 0.00093
Water + 3% TiO2 1091.9 3786.3 0.65 0.698 0.00096

Table 4: Thermophysical properties of CuO nanofluids of different concentrations.

Fluid Density
(kg/m3)

Specific heat
(J/kg⋅K)

Thermal conductivity
(W/m⋅K)

Viscosity
(Pa⋅s)

Water 997.13 4179 0.605 0.00089
CuO 6500 551 32.9 —

Fluid Density
(kg/m3)

Specific heat
(J/kg⋅K)

Thermal conductivity
(W/m⋅K) Viscosity

(Pa⋅s)Without Brownian
motion

With Brownian
motion

Water + 2% CuO 1107.2 3753 0.64 0.682 0.00093
Water + 3% CuO 1162.2 3570.3 0.658 0.696 0.00096
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Figure 2: Nusselt number versus Reynolds number for 0.87mm ID-
tube and water.
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Figure 3: Nusselt number versus Reynolds number for 0.87mm ID-
tube and 2% Al

2
O
3
-water nanofluid.

Brownian motion. The range of Reynolds number considered
for analysis was 700–1200.

The graphs for Nusselt number versus Re and friction
factor versus Re for different volume concentrations of
nanoparticles for 0.87mm minichannel diameter are given
below.

Figures 2, 3, and 4 show that the Nusselt number
decreaseswith increase inReynolds number as is the case the-
oretically. From the values of Nusselt number from graphs for
different volume concentration of nanoparticles, it is evident
that the value of friction factor is the highest for 3% volume
concentration of nanoparticles and goes on decreasing as we
decrease the volume concentration of nanoparticles.
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Figure 4: Nusselt number versus Reynolds number for 0.87mm ID-
tube and 3% Al

2
O
3
-water nanofluid.
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Figure 5: Friction factor versus Reynolds number for 0.87mm ID-
tube and water.

Figures 5, 6, and 7 show that the friction factor decreases
with increase in Reynolds number as is the case theoretically.
From the values of friction factor from graphs for different
volume concentration of nanoparticles, it is evident that
the value of friction factor is the highest for 3% volume
concentration of nanoparticles and goes on decreasing as
we decrease the volume concentration of nanoparticles.
The agreement in experimental and computational results
of Nusselt number and friction factor also validates the
computational analysis.

3.2. Results for SiO
2
-Water Nanofluid, TiO

2
-Water Nanofluid,

and CuO-Water Nanofluid for Laminar Flow Region. After
the prediction of the experimental results for the Al

2
O
3
-

water nanofluid, computational analysis was done for the
SiO
2
-water nanofluid, TiO

2
-water nanofluid, and CuO-water
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Figure 6: Friction factor versus Reynolds number for 0.87mm ID-
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Figure 7: Friction factor versus Reynolds number for 0.87mm ID-
tube and 3% Al
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-water nanofluid.

nanofluid to predict the heat transfer characteristics. The
wall boundary condition considered in these cases was of
constant heat flux. The heat flux values were obtained from
the experimental results for Al

2
O
3
-water nanofluid.

Figure 8 shows that the computational results for Nu for
SiO
2
are lower than that of TiO

2
, which in turn is lower than

Nu results of CuO for 2% volume concentration. The reason
for this is that the thermal conductivity increases in the order
from CuO, TiO

2
to SiO

2
for 2% volume concentration.

Figure 9 shows that the computational results for Nu for
SiO
2
are higher than that of CuO, which in turn is higher than

Nu results of TiO
2
for 3% volume concentration. The reason

for this is that the thermal conductivity decreases in the order
from TiO

2
, CuO to SiO

2
for 3% volume concentration.

4. Conclusions

Minichannel flow of nanofluids has been predicted consid-
ering nanofluid as a single phase homogeneous mixture. The
homogeneous mixture model for the nanofluid holds good
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Figure 8: Nusselt number versus Reynolds number for 0.87mm ID-
tube and 2% nanofluid.
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Figure 9: Nusselt number versus Reynolds number for 0.87mm ID-
tube and 3% nanofluid.

to predict the average Nusselt number and friction factor in
case of laminar flow.Hence, the present computationalmodel
can be a good alternative approach to predict heat transfer
and pressure drop characteristics of minichannel flow using
nanofluids. Also, the error in prediction of Nusselt number
is less if we consider Brownian motion in our computational
model, which is within 4%. The increase in Nusselt number
for 2% volume concentration of nanoparticles is nearly 15%
for Al

2
O
3
, 5% for SiO

2
, 5.5% for TiO

2
, and 6.5% for CuO.The

increase in Nusselt number for 3% volume concentration of
nanoparticles is nearly 23% for Al

2
O
3
, 16% for SiO

2
, 14% for

TiO
2
, and 14.5% for CuO.

It has been observed that nanofluids can be used in many
applications due to the enhancement in heat transfer. By
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using nanofluids, the heat exchanging devices especially in
electronic cooling applications may be made more energy
efficient and compact. Although the exact mechanism of
heat transfer by nanofluids is still unclear and there are
challenges like nanofluids stability and production cost, it has
a promising future in industry applications.

Nomenclature

𝜌
𝑛𝑓
: Density of the nanofluid
𝜑: Volume concentration of nanoparticles in nanofluid
𝜌
𝑓
: Density of the base fluid
𝜌
𝑝
: Density of the nanoparticles
𝐶
𝑛𝑓
: Specific heat of the nanofluid
𝐶
𝑓
: Specific heat of the base fluid
𝑘
𝑛𝑓
: Thermal conductivity of the nanofluid
𝑘
𝑓
: Thermal conductivity of the base fluid
𝑛: Shape factor of the nanoparticles
𝜇
𝑛𝑓
: Viscosity of the nanofluid
𝜇
𝑓
: Viscosity of the base fluid

Nu: Nusselt number
Re: Reynolds number.
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