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ABSTRACT: The present study investigated the thermal effects of the use of
nanoparticles in the fuel-oil and water-based fluids, as well as the numerical simulation
of laminar flow of fuel-oil-alumina and the water-alumina nanofluids in a channel. A
second order discretization method was used for solving equations and a SIMPLE
algorithm was applied for pressure-velocity coupling using Fluent. Effect of nanoparticle
volume fraction and particles size in different Reynolds numbers (900<Re<2100) on the
convective heat transfer coefficient was studied. The simulation was conducted for three
different volume fractions and particle sizes in the laminar flow under constant heat flux.
The results showed that adding nanoparticles to the base fluid caused an increase in the
thermal conductivity ratio of the fluid, which was observed to a greater degree in the fuel
oil-alumina nanofluid than in the water-alumina nanofluid. The increase in nanoparticle
volume fraction caused an increase in the convective heat transfer coefficient and the
Nusselt number of the nanofluids. The significant point of this study was that in the same
volume fraction, the effect of adding alumina nanoparticles to the fuel-oil-based fluid
had more effect than adding these particles to water-based fluid, while the effect of
increasing the Reynolds number in the water-alumina nanofluid on convective heat
transfer coefficient was greater than the fuel-oil-alumina. Also, in the same Reynolds
number and volume fraction with increasing size of nanoparticles, the value of the
convective heat transfer coefficient was decreased. The results of this study can be used
in refineries and petrochemical industries where the fuel-oil fluid flows in the channels.

ABSTRAK: Kajian ini adalah bagi mengkaji kesan haba terhadap penggunaan
bahan bakar-minyak dan cecair asas-air dalam nanopartikel, juga menjalankan
simulasi pengiraan aliran laminar bahan bakar-minyak-alumina dan cecair-nano
air-alumina dalam saluran. Kaedah berasingan kelas kedua telah digunakan bagi
menyelesaikan persamaan dan algoritma SIMPLE telah diaplikasikan dalam
gandingan kelajuan-tekanan menggunakan Fluent. Kesan jumlah pecahan
nanopartikel dan pelbagai bilangan saiz zarah dalam bilangan Reynolds
(900<Re<2100) pada pekali pemindahan haba perolakan telah dikaji. Simulasi
telah dijalankan pada tiga pecahan isipadu berlainan dan pada zarah dalam aliran
laminar dengan fluks haba tetap. Hasil kajian menunjukkan bahawa dengan
penambahan nanopartikel dalam cecair-asas menyebabkan peningkatan nisbah
daya pengaliran haba cecair pada cecair-nano bahan bakar-minyak-alumina
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melebihi daripada cecair-nano air-alumina. Penambahan pada pecahan isipadu
nanopartikel ini menyebabkan peningkatan pada nilai pekali pemindahan haba
perolakan dan bilangan Nusselt dalam cecair-nano. Perkara penting dalam kajian
ini adalah pada pecahan isipadu sama, kesan penambahan nanopartikel alumina
kepada cecair berasaskan minyak mempunyai kesan yang lebih besar daripada
penambahan zarah-zarah ini kepada cecair berasaskan air. Pada masa sama, kesan
peningkatan bilangan Reynolds dalam cecair-nano air-alumina pada pekali
pemindahan haba perolakan lebih besar daripada kesan peningkatan bahan bakar-
minyak-alumina. Selain itu, pada bilangan Reynolds yang sama dan dengan
peningkatan saiz nanopartikel pecahan isipadu, nilai pekali pemindahan haba
perolakan turut menurun. Hasil kajian ini boleh digunakan dalam industri
penapisan dan petrokimia di mana bahan bakar cecair minyak mengalir dalam
saluran.

KEYWORDS: blood rheology; blood rheology; non-newtonian fluids; shear-thinning
behavior; thixotropy

1. INTRODUCTION

Heat transfer is a vital process in all industries around the world. Low thermal
conductivity of conventional heat transfer fluids such as water, oil, and ethylene glycol
mixture is a serious limitation in improving the performance and compactness of
engineering equipment [1]. Nowadays, new strategies are used in order to improve the
effective heat transfer behaviors of such fluids. Using particles of nanometer dimensions
in liquids is one of these strategies that led to the production of nanofluids. The term
‘nanofluid’ refers to a two-phase mixture with the continuous phase generally being a
liquid and the dispersed phase constituting ‘nanoparticles’ i.e. extremely fine metallic
particles of size below 100 nm [2]. Numerous studies have revealed the advantages of
nanofluids over base fluids regarding higher thermal conductivity. A theoretical analysis
of nanofluid flow was reported by Prasher et al. [3]. They compared the pressure drop of
base fluids and nanofluids when the heat transfer coefficient for both fluids was equal.
Literature exists [4-10] on single-phase nanofluids forced convection flow in such various
geometries as flat plates, circular tubes, noncircular channels, annuli, and cross flow over
circular tubes. The previous results have underscored the enhancement of heat transfer due
to the presence of nanoparticles in the fluids. Xuan and Li [11] and Xuan and Roetzel [12]
have identified two causes of improved heat transfer by nanofluids: the increased thermal
dispersion due to the chaotic movement of nanoparticles that accelerates energy exchanges
in the fluid and the enhanced thermal conductivity of nanofluids. On the other hand
Kelbinski et al. [13] studied four possible mechanisms that contribute to the increase in
nanofluid heat transfer: Brownian motion of the particles, molecular-level layering of the
liquid/particle interface, heat transport in the nanoparticles, and nanoparticle clustering.
Similarly to Wang et al. [14], they showed that the effects of the interface layering of
liquid molecule and nanoparticle clustering could provide paths for rapid heat transfer. Pak
and Cho [15] investigated the heat transfer performance of Al, Oz-g and TiO:
nanoparticles dispersed in water inside a horizontal tube. They observed that an increase in
Re number and particle concentration leads to an increase in Nu number, but the
convective heat transfer coefficient of nanofluid with 3% volume fraction decreases by
12% compared to the base fluid. Li et al. [16,17] also experimentally studied the
convective heat transfer of CuO/water nanofluid inside a horizontal tube with constant
heat flux in both laminar and turbulent regimes. Their studies showed that the suspended
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nanoparticles enhanced the convectional heat transfer performance of the base fluid.
Sankar et al. [18] simulated the variation of the thermal conductivity in nanofluids using a
molecular dynamics approach. Zhao et al. [19] concluded that the addition of solid
nanoparticles with high thermal conductivity and the phenomenon of micro convection,
caused by a nonuniform shear stress in a nanofluids, are the main factors in the
enhancement of heat transfer coefficients. Khaled and Vafai [20] investigated the effect of
thermal dispersion on heat transfer enhancement of nanofluids. Wen and Ding [21] were
first to develop a theoretical model to predict particle migration in pressure-driven laminar
pipe flows of relatively dilute nanofluids. They showed that shear induced, viscosity
gradient-induced, and concentration gradient-induced particle migration results in the
large radial variation of particle distribution, viscosity, and thermal conductivity. Maiga et
al. [22] numerically studied the hydrodynamic and thermal behavior of turbulent flow in a
tube using the Al,Oz/water nanofluid under the constant heat flux boundary condition. In
their study, a new correlation is proposed to calculate the fully developed heat transfer
coefficient for the nanofluid considered. Rostamani et al. [23] simulated the turbulent flow
of copper oxide (CuO), alumina (Al20s3), and oxide titanium (TiO2) nanofluids with
different volume concentrations of nanoparticles flowing through a two-dimensional duct
under constant heat flux condition. Their results showed that the CuO/water and
TiO2/water nanofluids have the highest and lowest shear stress values, respectively, due to
the higher viscosity of copper oxide (CuO) in comparison to other nanofluids. Moghari et
al. [24] numerically studied the pressure drop and thermal characteristics of Al2Oz-water
nanofluid flow in horizontal annuli under constant heat flux boundary conditions applied
to both inner and outer walls. They analyzed the effects of nanoparticle volume fraction,
heat flux ratio, radius ratio, and Grashof number on heat transfer and showed that Nusselt
number increases with the increase of nanoparticle volume fraction, heat flux, radius
ratios, and Grashof number. Celik et al. [25] investigated laminar mixed convection in a
two dimensional symmetrically and partially heated vertical channel and also noted that
Aluminum oxide/water nanofluid was considered as working fluid. Their results showed
that the use of nanoparticles in fluid increases heat transfer rate in the channels. Also, the
rate of increase depends on both the Reynolds and the Richardson numbers. In this study,
two-dimensional laminar flow of fuel-oil-alumina and water-alumina nanofluids in a
channel was conducted. The main reason for choosing fuel oil-alumina nanofluid was that
nanoparticles are used as additives to engine oils in order to remove more heat from the
high heat flux parts of engines [26, 27]. These additives also have shown anti wear and
anti-friction characteristics due to their spherical shapes [28]. For this purpose the effect of
nanoparticle volume fraction and particles size in different Reynolds numbers
(900<Re<2100) on convective heat transfer coefficient has been studied. The simulation
was conducted for three volume fractions of 1%, 3%, and 6% and particle size of 60 nm,
90 nm, and 150 nm under laminar flow with a constant thermal flux of 8846.4 w/m?. For
validation, the results of this study had compared with the experimental data of Anoop et
al. [29] and numerical results of Moraveji et al. [30].

2. GEOMETRY AND BOUNDARY CONDITIONS

Figure 1 shows the geometry of the channel [30]. The input side of the channel was
considered as the inlet velocity boundary condition and the output side was considered as
the outlet pressure boundary condition. A laminar flow regime was considered under
boundary condition of constant temperature at the inlet and constant thermal flux was
considered on the walls of channel. Also, a no-slip boundary condition was considered on
the walls. In this simulation, the flow regime was laminar and the analysis was done for

253



IIUM Engineering Journal, Vol. 19, No. 1, 2018 Fatahian et al.

the Reynolds numbers of 900<Re<2100. The inlet temperature was 300 K and the constant
thermal flux was 8846.4 w/m? on the walls of channel.

0.00475m

Inlet- I = Outlet

1.2m N

Fig. 1: Schematic geometry of channel [30].

3. THE BASIC GOVERNING EQUATION ON NANOFLUID FLOW

Finding the thermophysical properties of nanofluids is one of the most important
issues in simulating the flow and heat transfer of nanofluids. Among these properties, it
can be noted that study results are significantly dependent on the actual values for the
viscosity and thermal conductivity coefficient. The assumption of a single-phase model
was considered and the simulation was carried out for the steady state of fluid flow in this
channel. Also, the conservation equations are shown respectively below including
conservation of mass, conservation of momentum, and conservation of energy.

V. (pnfV) =0 1)

V.(pnfVV) = =VP + V. (tnfVV) (2)

V. (pnfCVT) = V. (ks VT) 3)

4. EQUATIONS OF NANOFLUID PROPERTIES

For solving the conservation equations, determination of the thermophysical
properties of nanofluids such as density, specific thermal coefficient, and thermal
conductivity coefficient is required. In this study, different relations were proposed to
determine these characteristics.

Pry = (1= @)ps + @ps (4)
By = (1= @)(PB)r + 9Bps (5)
(PCo)nr = (1 = @) (pCp)f + (PCy)s (6)
nf = (pI;:§nf (7)

Where ¢ is the volume fraction of particle and the nf, f, and p indices represent the
nanofluid, base fluid, and particle respectively. Pak et al. [31] experimentally showed that
Eqg. (4) is a precise definition of the nanofluid density. For solving the equations, the
nanofluid thermophysical properties were required. Density, volumetric expansion
coefficient, heat capacity, and thermal diffusion coefficient of the nanofluid were
calculated from the following relations [32] with the help of fluid and nanoparticle
properties. For nanofluid viscosity, various relations were presented in the references
where the Brinkman relation [32] is more interesting for researchers than other relations.
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—___Hr
ﬂnf - (1_(p)2.5 (8)

Several formulas were presented for nanofluid thermal conductivity coefficient but
the formula presented by Patel et al. [33] was used here.

kSAS
kfAg

Ag
krAg

In this relation, ks = 36 w/m.K is the thermal conductivity coefficient for alumina and
ki = 0.6 w/m.K is the thermal conductivity coefficient for water. These properties with
other required properties for water and alumina nanoparticles are presented in Table 1. C
is an experimental constant and equals to 36000 which is reported by Santra et al. [34]. In
this relation, the As/As ratio was calculated as follows:

As _dr 0
Ar  ds1-0 (10)

The diameter of the solid nanoparticles was 60 nm, 90 nm, and 150 nm. The
following formula had used to calculate the molecular diameter [27].

_ [6M 41

dr = [p 1 (11)

Where in this relation, M is the molecular mass of the base fluid and N is Avogadro
number which is equal to 6.022 x 102 mol™,

Also in Egn. (9), Pe was calculated as:

Usdsg
Pe = a'_f (12)

In this relation, us is the Brownian motion velocity of the nanoparticles which is
expressed by the following equation:

_ 2kpT
up = 2T 13

Where kp is Boltzmann constant, k, = 1.3807 x 102 J/K. The following equations
were used to calculate the heat transfer coefficient and the Nusselt number.

Ny =122 (14)

_ T
M) = Zoom (15)

Where ¢, D, k, Tw and T¢ are the heat flux, diameter, fluid thermal conductivity, wall
temperature, and film temperature along the wall in an axial position. The physical
properties of alumina, water-based fluid and fuel-oil-based fluids such as density, specific
heat, thermal conductivity coefficient, and viscosity are given in Table 1.
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5. NUMERICAL METHOD

In this study, the second-order upwind method was used because it provides more
accurate results. The coupling between velocity and pressure terms was handled using the
Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm. The
assumption of a single-phase model was considered and simulation was done for the
steady-state flow of fluid in the channel. The general form of conservation equations is
similar to ordinary fluids in the single-phase method but for the density, thermal
conductivity, viscosity and specific heat, the apparent properties of the nanofluid were
used. In this method, the slip between the base fluid and the nanoparticles was ignored and
the effect of the presence of particles on the apparent properties was seen.

Table 1: The physical properties of alumina, fuel-oil-based fluid and water-based fluid

Properties p [Kg/m®] Cp[J/kg. K] K [Wim. K] U [Kg/m.s]
Alumina 3600 765 36
Fuel-oil 960 1880 0.12 0.048
Water 998.2 4182 0.6 0.001003

6. GRID INDEPENDENCE

In the present study, four different grids were generated for the channel in order to
investigate the grid independence and the results for the four grids were compared. The
numbers of nodes were 7590, 10263, 13728, and 25309 respectively, and these were used
to calculate the heat transfer coefficient in terms of the Reynolds number. Then, for
comparing the results with other grids, it was observed that there was little difference
between the finest grid and the grid with 13728 nodes. Therefore, in order to save
calculation time, the grid with 13728 nodes was used to obtain the results. Figure 2 shows
the details of grid independence.
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Fig. 2: Grid independence study.

7. VALIDATION

In general, experimental study of nanofluids is a very extensive research and there are
multiple variables, the most important among them are thermal conductivity and viscosity.
Different researches had reported different values for these variables, as well as their
dependence on each other or on other variables according to different experimental
conditions. Various relations, or mathematical models, were presented in this field that
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indicated the same variety of results in the research. The experimental data of Anoop et al.
[29] and numerical results of Moraveji et al. [30] were considered for validation in the
present study which the changes of convective heat transfer coefficient were investigated
based on the Reynolds number (Fig. 3). The geometry of the study of Moraveji et al. [30]
is the same as the experimental study of Anoop et al. [29]. The results showed that the
present study was in good agreement with the experimental data of Anoop et al. [29] and
numerical results of Moraveji et al. [30].
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L 600 []g__ T ™
2500 F
<40 + === Present study-Pure water
300 | O  Anoop et al. [29]-Pure water
-------------- Moraveji et al. [30]-Pure water
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e

Fig. 3: Comparing the changes of convective heat transfer coefficient based on the
Reynolds number with the experimental data of Anoop et al. [29] and numerical
results of Moraveji et al. [30].

8. RESULTS AND DISCUSSION

8.1 The changes in the thermal conductivity ratio based on the percentages of the
volume fraction of nanoparticles

Figure 4 shows the increase in thermal conductivity rate based on the volume fraction
percentages of nanoparticles for water-alumina and fuel-oil-alumina nanofluids as
calculated from the formula provided by Patel et al. [33]. As can be seen, the thermal
conductivity rate is greater than 1 for all nanofluids and it increases by increasing the
volume fraction of nanoparticles [35]. The highest rate of increase is for the fuel-oil-
alumina nanofluid with a volume fraction of 6% and a particle size of 60 nm. It should be
noted that the effective thermal conductivity of nanofluids depends on the thermal
conductivity of solid particles and the base fluid, the volume fraction of the particle,
particle shape, thickness, and thermal conductivity of the nano layer [36]. Also, thermal
conductivity depends on the particle size, nanoparticle density, and the combination of
characteristics of the base fluid and the nanoparticles [37, 38].
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Fig. 4: The changes of thermal conductivity rate based on the percentages
of the volume fraction of nanoparticles.
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8.2 The Changes in the Nusselt Number Based on the Percentages of the Volume
Fraction of Nanoparticles

Figures 5, 6 and 7 show the changes in the Nusselt number based on the Reynolds
number for the nanofluid with particles of 60 nm, 90 nm, and 150 nm in volume fractions
of 1%, 3%, 6%, and base fluid (pure water). As can be seen, the Nusselt number increases
with the increasing Reynolds number and increasing volume fraction of nanoparticles so
that this increase is more remarkable at high Reynolds numbers. This increase is very low
for a volume fraction of 1% but a significant increase can be observed by increasing the
nanoparticle density to 6%. The Nusselt number increases about 16% in a volume fraction
of 6% and at Reynolds number of 2100 for nanofluid with particles of 60 nm compared to
base fluid, for a nanofluid with particles of 90 nm, about 12% compared to base fluid and
for nanofluid with particles of 150 nm, about 9% compared to base fluid.
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Fig. 5: The changes in the Nusselt number of water-based nanofluid
with particles of 60 nm based on the Reynolds number.
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Fig. 6: The changes in the Nusselt number of water-based nanofluid
with particles of 90 nm based on the Reynolds number.

Figures 8, 9 and 10 show the changes in the Nusselt number based on the Reynolds
number for a nanofluid with particles of 60 nm, 90 nm, and 150 nm in volume fractions of
1%, 3%, 6%, and base fluid (fuel-oil). In these figures, the Nusselt number increases
significantly with increasing volume fraction of nanoparticles but it increases with a slight
slope with increase in the Reynolds number. This increase is very low for all particles, but
a significant increase can be observed by increasing the nanoparticles density to 6%. In
this way, the Nusselt number increases about 56% in a volume fraction of 6% and at a
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Fig. 7: The changes in the Nusselt number of water-based nanofluid with particles of
150 nm based on the Reynolds number.
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Fig. 8: The changes in the Nusselt number of fuel-oil-based nanofluid
with particles of 60 nm based on the Reynolds number.
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Fig. 9: The changes in the Nusselt number of fuel-oil-based nanofluid
with particles of 90 nm based on the Reynolds number.

Reynolds number of 2100 for a nanofluid with particles of 60 nm compared to the base
fluid, for a nanofluid with 90 nm particles, about 44% compared to base fluid, and for a
nanofluid with particles of 150 nm about 33% compared to base fluid.
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Fig. 10: The changes in the Nusselt number of fuel-oil-based nanofluid
with particles of 150 nm based on the Reynolds number.

8.3 Effect of Volume Fraction of Nanoparticles on Convective Heat Transfer
Coefficient

Figures 11, 12 and 13 show the changes in the convective heat transfer coefficient
based on the Reynolds number for nanofluids with particles of 60 nm, 90 nm, and 150 nm
of alumina with volume fractions of 1%, 3%, 6%, and base fluid (pure water). By
increasing the nanoparticle density with particles of 60 nm, 90 nm, and 150 nm from 1%
to 6% at the Reynolds number of 2100, the convective heat transfer coefficient has its
highest rate of increase. By comparing the figures, it can be found that convective heat
transfer coefficient increases with the reduction of particle size. Experiments showed that
convective heat transfer coefficient increased by adding nanoparticles to the base fluid.
The reasons for this increase are related to the increase in the turbulence of the vortices,
the reduction of the boundary layer thickness, the inverse dispersion of suspended
nanoparticles, the significant increase in the thermal conductivity and the thermal capacity
of the fluid. [39]. As can be seen, the convective heat transfer coefficient increases
significantly by increasing the Reynolds number. Regardless of the significant increase in
convective heat transfer coefficient of a nanofluid with increasing Reynolds number, it is
observed that this coefficient increases simultaneously with a decrease in particle size for a
constant Reynolds number. The distance between the curves in Fig. 13 is greater than Fig.
11 and Fig. 12. In the other words, the effect of particle size on the convective heat
transfer coefficient of a nanofluid is greater at higher Reynolds numbers in the present
study. Therefore, reducing particle size has a better effect on increasing the convective
heat transfer coefficient of nanofluids at higher Reynolds numbers. Another point that can
be derived from the figures is that by increasing the Reynolds number and for constant
sizes of nanoparticles, higher nanoparticle density is needed to achieve higher heat transfer
coefficients but at lower Reynolds numbers, the use of lower nanoparticle density also has
a good effect on increasing heat transfer coefficient.
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Fig. 11: The effect of particle volume fraction and Reynolds number on
convective heat transfer coefficient for particles of 60 nm.
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Fig. 12: The effect of particle volume fraction and Reynolds number on
convective heat transfer coefficient for particles of 90 nm.
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Fig. 13: The effect of particle volume fraction and Reynolds number on
convective heat transfer coefficient for particles of 150 nm.

Figure 14, 15 and 16 show the changes of convective heat transfer coefficient based
on Reynolds number for nanofluid with particles of 60 nm, 90 nm and 150 nm of alumina
with volume fractions of 1%, 3%, 6%, and base fluid (fuel-oil). It can be seen that with the
increase in the Reynolds number, the convective heat transfer coefficient is increased with
a slight slope. For example, the convective heat transfer coefficient is 723.23 at ¢ = 6%
and Re=900 and it is 762.78 at ¢ = 6%, and Re=2100 for nanoparticles of 60 nm, which is
increased by about 5%. The convective heat transfer coefficient increases with the increase
of volume fraction of nanoparticles [34]. Therefore, the increase in the convective heat
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transfer coefficient is observed to be about 55% at ¢ = 6% and Re=2100. The remarkable
point is that at the same Reynolds number and volume fraction, the amount of convective
transfer heat transfer coefficient is decreased with the increase of the size of the
nanoparticles.
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Fig. 14: The effect of particle volume fraction and Reynolds number on
convective heat transfer coefficient for particles of 60 nm.
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Fig. 15: The effect of particle volume fraction and Reynolds number on
convective heat transfer coefficient for particles of 90 nm.
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Fig. 16: The effect of particle volume fraction and Reynolds number on
convective heat transfer coefficient for particles of 150 nm.
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8.4 Effect of Nanoparticle Size on Nusselt Number

Figure 17 shows the changes in the Nusselt number for a nanofluid with particles of
60 nm, 90 nm, and 150 nm with volume fraction of 1% and water-based fluid at Reynolds
numbers from 900 to 2100. It is concluded from the figures that smaller nanoparticles have
a larger Nusselt number than larger nanoparticles. So that it is increased about 20% at ¢ =
1% and Re=2100 for nanoparticles of 60 nm but it is increased about 15% for
nanoparticles of 90 nm at ¢ = 1% and Re=2100 and for nanoparticles of 150 nm at ¢ = 1%
and Re=2100, it is increased about 10% higher than the base fluid. Also, the increase of
Reynolds number causes an increase in the Nusselt number and the maximum amount of
increase in the Nusselt number is for nanoparticles of 60 nm is about 29%.
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Fig. 17: Comparing the changes in the Nusselt number for a water-based nanofluid
with particles of 60 nm, 90 nm, and 150 nm with a volume fraction of 1%
and water-based fluid.

Figure 18 shows the changes of Nusselt number for a nanofluid with particles of 60
nm, 90 nm, and 150 nm with volume fraction of 1% and fuel-oil-based fluid at Reynolds
numbers from 900 to 2100. As the Reynolds number increases, the Nusselt number
increases with a slight slope. It is concluded from the figures that smaller nanoparticles
have a larger Nusselt numbers than larger nanoparticles. It is increased about 16% at ¢ =
1% and Re=2100 for nanoparticles of 60 nm but it is increased about 13% for
nanoparticles of 90 nm at ¢ = 1% and Re=2100 and for nanoparticles of 150 nm at ¢ = 1%
and Re=2100, it is increased about 7% higher than the base fluid.
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Fig. 18: Comparing the changes of Nusselt number for fuel-oil-based nanofluid
with particles of 60 nm, 90 nm, and 150 nm with a volume fraction of 1%
and fuel-oil based fluid.
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8.5 Effect of Nanoparticle Size on Convective Heat Transfer Coefficient

Figure 19 shows the changes of convective heat transfer coefficient for nanofluids
with particles of 60 nm, 90 nm, and 150 nm with a volume fraction of 1% and water base
fluid at Reynolds numbers from 900 to 2100. It is quite obvious that nanofluids have
higher convective heat transfer coefficient than the base fluid [29]. By increasing the
Reynolds number, the convective heat transfer coefficient increases with a large slope.
Also, smaller nanoparticles have larger Nusselt numbers than larger nanoparticles. For
example, it increases about 4% at ¢ = 1% and Re=2100 for nanoparticles of 60 nm, for
nanoparticles of 90 nm at ¢ = 1% and Re=2100 it increases about 3% and for
nanoparticles of 150 nm at ¢ = 1% and Re=2100 it increases about 2% than base fluid.
The effect of the Reynolds number on increasing the convective heat transfer coefficient is
greater than the effect of nanoparticle size, so that the maximum amount of increase in
convective heat transfer coefficient for nanoparticles of 60 nm and at a Reynolds number
of 2100 is about 28%.
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Fig. 19: Comparing the changes of convective heat transfer coefficient for water-based
nanofluid with particles of 60 nm, 90 nm, and 150 nm with a volume fraction of 1%
and water-based fluid.
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Fig. 20: Comparing the changes of convective heat transfer coefficient for fuel-oil base
nanofluid with particles of 60 nm, 90 nm, and 150 nm with a volume fraction of 1%
and fuel-oil based fluid.

Figure 20 shows the changes of convective heat transfer coefficient for nanofluids
with particles of 60 nm, 90 nm and 150 nm with volume fractions of 1% and fuel-oil based
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fluids at Reynolds numbers from 900 to 2100. By increasing the Reynolds number, the
convective heat transfer coefficient is increased and the slope of the increase in
nanoparticles with smaller size is greater than in other cases. For example, it increases
about 15% at ¢ = 1% and Re=2100 for nanoparticles of 60 nm but for nanoparticles of 90
nm at ¢ = 1% and Re=2100 it increases about 12% and for nanoparticles of 150 nm at ¢ =
1% and Re=2100 it increases about 7% compared to base fluid.

8.6 Changes in the Convective Heat Transfer Coefficient Based on Axial Position

Figure 21 shows the changes of Nusselt number for a nanofluid with particles of 60
nm, 90 nm, and 150 nm with volume fraction of 1% and water base fluid based on the
axial position. It is concluded from the figures that by increasing the axial position,
convective heat transfer coefficient decreases so that the value of this coefficient in the
inlet is more than the other parts [40], which is similar to the results of Wen and Ding [21]
who studied nanofluid heat transfer in micro channels. This coefficient decreases
significantly at the inlet of the channel and it decreases with a very small slope after 50%
of the length of the channel. It is also observed that the nanofluid with smaller particles
has a higher convective heat transfer coefficient than larger particles at the same axial
position for a constant volume fraction. For example, convective heat transfer coefficient
has decreased about 76% from the inlet to the outlet of the channel for particles of 60 nm.
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Fig. 21: Comparing the changes of convective heat transfer coefficient for
water-based nanofluid with particles of 60 nm, 90 nm, and 150 nm
with a volume fraction of 1% and water based fluid based on axial position.
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Fig. 22: Comparing the changes of convective heat transfer coefficient for
fuel-oil-based nanofluid with particles of 60 nm, 90 nm, and 150 nm
with a volume fraction of 1% and fuel-oil based fluid based on axial position.
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Figure 22 shows the changes of Nusselt number for a nanofluid with particles of 60
nm, 90 nm, and 150 nm with volume fraction of 1% and fuel-oil base fluid based on the
axial position. Similar to water-based fluid, the value of the convective heat transfer
coefficient in the inlet is more than the other parts [31]. Also, this coefficient decreases by
increasing the length of the channel but its reduction is not similar to the water-based fluid
and it decreases with almost the same slope along the length of the channel. As it is clear,
the amount of convective heat transfer is greater in nanoparticles with smaller sizes.

8.7 Comparison of the Changes of Temperature at the End of the Channel

Figures 23 and 24 show the changes in temperature at the end of the channel for
water-alumina and fuel oil-alumina nanofluids at Reynolds numbers of 900 and 2100 for a
volume fraction of 6% and nanoparticles of 60 nm. Nanofluids have heated through the
channel wall, and their temperature is increased along the length of channel [30] so that a
higher temperature is observed near the channel wall as compared to the other parts of the
channel. Little changes are observed at Reynolds numbers of 900 and 2100 for fuel oil-
alumina nanofluid. Also, the maximum temperature of nanofluid at a Reynolds number of
900 is higher than at a Reynolds number of 2100, because the convective heat transfer
coefficient at higher Reynolds numbers is higher than at low Reynolds numbers [30].
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Fig. 23: The changes of temperature at the end of the channel for
water-alumina nanofluid (60 nm-6%).
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Fig. 24: The changes of temperature at the end of the channel for
fuel oil-alumina (60 nm-6%).
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9. CONCLUSION

In this study, convective heat transfer of fuel oil-alumina and water-alumina

nanofluids flow in a channel in a laminar flow was conducted using Fluent. The effects of
nanoparticle volume fraction, nanoparticle size, axial position and the Reynolds number
on the convective heat transfer coefficient and the Nusselt number were studied. The
simulation was conducted for three volume fractions of 1%, 3% and 6% and particle sizes
of 60 nm, 90 nm, and 150 nm in laminar flow with a constant thermal flux of 8846.4 w /
m? where the following results were obtained from this study:

Increasing of the nanoparticle volume fraction causes an increase in the convective
heat transfer coefficient and the Nusselt number of the nanofluid.

The Reynolds number has a significant effect on convective heat transfer
coefficient of water-alumina nanofluid and increase of the Reynolds number
increases this coefficient. By increasing the Reynolds number, convective heat
transfer coefficient of fuel oil-alumina nanofluid slightly increases.

By increasing the axial position, the amount of convective heat transfer coefficient
in both nanofluids decreases. It is also observed that in a constant volume fraction,
a nanofluid with smaller particles has a higher convective heat transfer coefficient
than larger particles in the same axial position.

According to the axial position, the amount of convective heat transfer coefficient
at the inlet of the channel is more than in the other parts of the channel for water-
alumina nanofluid and by increasing the axial position, this coefficient decreases
with a large slope. The axial position of this coefficient is reduced with a large
slope which the convective heat transfer coefficient decreases with almost the same
slope along the channel for the fuel oil-alumina nanofluid.

The rate of thermal conductivity for all nanofluids is greater than 1 and this amount
increases by increasing the volume fraction of nanoparticles so that the highest
increase rate is for a fuel oil-alumina nanofluid in a volume fraction of 6% and a
particle size of 60 nm.

The effect of the Reynolds number on increasing the convective heat transfer
coefficient for water-alumina nanofluid is more than the effect of nanoparticle size
so that in a volume fraction of 1%, the highest increase rate for convective heat
transfer coefficient is about 28% for nanoparticles of 60 nm and at a Reynolds
number of 2100. But for fuel oil-alumina nanofluid, the effect of increasing of the
size of nanoparticles is greater than the effect of the increase in the Reynolds
number.

The results of this study can be used in refineries and petrochemical industries where the
fuel-oil fluid flows in channels.
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