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This study numerically investigated the thermal-hydraulic performances of
a single-phase SiO2-water nanofluid in forced convective turbulent flow in
a pipe. The nanoparticle volume concentrations varied from 0-4% by
weight. At different Res, bulk temperatures, and particle sizes, simulations
were run. The obtained results showed that, in comparison to other input
parameters, nanoparticle concentration and inlet velocity considerably
affect the heat transfer coefficient (h) and pressure drop (Ap). The analysis
of thermal and flow performance discovered that increasing the
nanoparticle concentration and inflow velocity significantly improves the
(Ap and h.
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Introduction

A nanofluid can be defined as a combination of solid nanoparticles and a liquid base-fluid with
at least one of the principal dimensions of the nanoparticles being less than 100 nanometers.
They are prepared by the distribution of nanoparticles in a base-fluid. When the nanoparticle
is combined with the base-fluid, the thermal conductivity (k) of the fluid is enhanced and
improves its capability of energy exchange.

Nanofluids are known for their enhanced thermal properties and can primarily be used as
industrial coolants. They can also be used as smart fluids (in the area of cell phones and
laptops), and as combustion heat enhancers in diesel engines [1-5]. In the application of such
fluids in energy systems, the top priority investigations being done are in the areas of heat
exchangers, heat pumps, energy conversion and storage devices [6-7]. For instance, a car
cooling system applies the concept of heat transfer; if the heat is not released to the surrounding,
the car will overheat and it will damage the car engine and its accessories such as gaskets,
sealing of the oil gallery, and water jacket. Hence, a thorough understanding of the
enhancement of heat transfer rate using nanofluids is important to ensure that the heat can be
released quickly and efficiently. The nanoparticles that are commonly used for nanofluid
preparation include Silicon dioxide (Si0.), Titanium dioxide (TiO2), Copper (II) oxide (CuO),
Zinc oxide (ZnO), and Aluminium oxide (Al>O3), while the base-fluid can be water, ethylene
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glycol, and a mixture of the two base-fluids. Due to their enhanced thermal-hydraulic
properties, the base-fluids: ethylene glycol, water, and oil are significantly dominant in the
preparation of nanofluids over the other base-fluids [8-11].

The primary determinants of heat transfer efficiency are the thermal and physical
characteristics of nanofluids, including their viscosity, density, specific heat capacity, and
thermal conductivity. The thermal performances and fluid dynamics of nanofluids are highly
dependent on their thermophysical properties while the thermophysical properties are
dependent on volumetric concentration, temperature, and the dispersed nanoparticles. Various
research works have been conducted on the investigation of the thermal and physical properties
of various nanofluids under different working conditions. For instance, Tadepalli et al. [12]
characterized the thermal and physical properties of various nanoparticles at cryogenic
temperatures. They found that, at 3% particle concentration, the effective density increases as
the temperature increases for all nanoparticles. They observed a similar pattern for other
volume concentrations as well. Additionally, it was shown that viscosity for all nanoparticles
decreased with temperature rise whereas it increased with volume fraction at a certain
temperature. It is also found that for SiO2 nanofluid, the specific heat of the nanofluid increased
with the decrease in the nanoparticle volume concentration, [12]. In addition, the viscosity and
thermal conductivity of nanofluids increased with increasing the concentration of nanoparticles
as reported by Logesh et al. [13] for the case of silicon oxide (SiO2) suspended in water with
different volume fractions.

Most of the existing research studies for the application of nanofluids in heat transfer are by
using the experimental method [14-18]. However, an experimental investigation is expensive
and time-consuming. Moreover, in almost all applications, it is difficult to visualize the flow
and thermal phenomena inside the domain where the nanofluids flow [19]. For this, a numerical
simulation is an ideal tool. Many researchers have examined the thermal-hydraulic
performance of various nanofluids using either in-house code or commercial software. Li et al.
[20] studied the thermal-hydraulic behavior of Cu-water nanofluid flow in a trapezoidal
microchannel by using ANSYS CFX-10 software. They found that, with only a slight increase
in pressure drop, the Cu-water nanofluids considerably improved the thermal performance of
the microchannel mixture flow, which in turn increased the pumping power. Particularly, the
volume fraction boosts thermal performance. In another study, Bianco et al. [21] numerically
studied the hydrodynamic and thermal behaviors of Al,O3-water nanofluids in a circular tube
with a constant heat flux at the wall surface. Fluent was used as the computational fluid
dynamic software to solve the governing and other related equations. According to the
numerical findings, the nanoparticle contributed to the improvement of heat transfer compared
to the base-fluid. In both single-phase and two-phase models, the maximum average 4
difference between them was 11%.

The effectiveness of a counter-flow rectangular microchannel heat exchanger (MCHE) using
water-based CuO, Ag, Si02, TiO2, and A1203 nanofluids for high volume concentrations (2%-—
10%) was examined in numerical analysis by Mohammad et al. [22]. The three-dimensional
steady and laminar flow in the aluminum MCHE was simulated using the finite volume
approach. Their findings demonstrated that the addition of nanoparticles raised the bulk
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temperature of the cold fluids, which improved heat transmission. The SiO2-water nanofluid
exhibited the maximum /4, pressure drop, shear stress, and pumping power, whereas the Ag-
water nanofluid had the highest total bulk temperature. Through the use of CFD modeling of a
horizontal circular tube, Moghadassi et al. [23] recently examined the impact of nanofluids on
laminar forced convective heat transport. With a mean particle size of 15 nm and a volume
concentration of 0.1%, water-based A1203 and A1203-Cu hybrid nanofluids were employed.
Additionally, models with one and two phases were taken into consideration. The outcomes
showed that the friction factor and Ap increased with the inclusion of nanoparticles.
Additionally, a modest amount of Cu nanoparticles added to the base-fluids increased heat
transmission by around 5% and the two-phase technique is more accurate than the single-phase
model.

To the authors' best knowledge there are few numerical studies of the thermal-hydraulic
performance of SiO2-water nanofluids. Even these studies are either for laminar flow or very
high particle concentrations. Moreover, there is no study conducted to predict the optimum
combinations of geometrical parameters (such as the diameter of the tube and size of the
particles) and process parameters (such as the inlet velocity, flow rate, inlet temperature, heat
flux, and nanoparticle concentration) for maximum heat transfer with a minimal Ap penalty.

The lack of numerical studies involving a turbulent flow of SiO;-water nanofluids at low
volume concentration inspired the current investigation. The fluid flow fields, thermal, and
performance characteristics of a forced convection flow of SiOz-water nanofluid at various
geometrical and process parameters are investigated using a numerical simulation approach.
The results are discussed in the form of the pressure drop, temperature profile, pumping power
h, of the circular tube.

Thermal and Physical Properties

The thermophysical properties of the SiO;-water nanofluids at various concentrations were
obtained by using mathematical equations and from previous experimental data done by one
of the authors of this paper. The specific heat capacity and density of the nanofluids obtained
from Eqns (1) and (2) respectively.

Pnf = ¢pp + (1 —P)py (1)

c. - d(pc)y, + (1 — P)(p0),,
" ¢pp + (1 - ¢)pw (2)

where ¢ is the volume fraction of the nanoparticle, p is the density, C is the specific heat
capacity, and the subscripts nf, p, and w represent the nanofluid, nanoparticle, and water
respectively.
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The viscosity and thermal conductivity of the SiO2-nanofluids at each particle concentration
were determined using the mathematical relations developed by Sharma et al. [24] which are

valid for particle concentration ¢ <4%; nanofluid temperature T,; <70 °C and particle diameter

dp <170mm.

% _ (1 _ 1(:%0)11.3 (1 + %)—0.038 (1 +

%)—0.061 (3)
3)
% — 0.8938 (1 _ %)1.37 (1 + M)0.2777 (1 + &)—0.0336 (@)—0.01737

(4) (4)

Where u is the viscosity, & is the thermal conductivity, and « is the thermal diffusivity.

All the aforementioned thermal and physical properties were combined in the current study to
investigate the thermal-hydraulic performance of SiO;-water nanofluids at various particle
concentrations are summarized in Table 1 for the case where the inlet temperature is 30 °C and
the nanoparticles diameter is 22 nm. The viscosity effect on the pumping power and heat
transfer is more profound compared to other thermophysical properties [25, 26]. All the
thermophysical properties show changes with concentration.

Table 1. Thermal and physical properties of the nanofluids at an inlet temperature of 30 °C.

Heat Thermal

Volume Density, capacity, conductivity  Viscosity,
Conc., (%) (kzg/m3) (J/'ke.K) (Wikes.K) (Pa.s)

0 9957 417840 06154 0.000798
0.005 1001.82 414036 0.627413 0.000827
0.01 1007.94 4102.78 0.631694 0.000874
0.015 1014.07 4065.65 0.635982 0.000925
0.02 1020.19 4028.97 0.640278 0.000977
0.025 1026.31 399273 0.644582 0.001033
0.03 103243 395692 0.648893 0.001091
0.035 1038.55 392153 0.6532112 0.001153
0.04 1044 67 3886.55 0.65754 0.001217
0.045 1050.79 385198 0661874 0.001285
0.05 105692 3817 82 0.666217 0.001356

Experimental Data for Model Validation

The experimental measurements of the Ap and % for the numerical model validations were done
by one of the authors of this paper. Figure 1 depicts the experimental setup. The test section is
a 1.5-long circular copper pipe with Do, = 0.019 m and D;, = 0.016 m respectively. It was
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enclosed with heating coils. In addition to the test section, other connecting pipes with variable
diameters were used to connect the test section with other components such as the tank, chiller,
pump and flow meter. The overall length of the piping system was approximately 4 m. The
length of the tube leading to the test section inlet is kept at an appropriate length to so that the
fluid enters the pipe in a turbulent state. The nanofluids were collected in a 30-liter tank and
forced to circulate in the system using a 0.5 HP pump.

1500-Watt rating nichrome heaters were used as a heating source by wrapping them around the
pipe's outer surfaces. To eliminate the heat-loss, the pipe was insulated with ceramic fiber.
Multiple K-type thermocouples were attached (as shown in Fig. 1) to collect temperature data.
The nanofluid was pre-heated with a constant input of 600 Watt while the nanofluid leaving
the test section was further cooled down up to 30 °C using a chiller for all cases. The Ap was
measured using a pressure transducer. The steady-state nature of the experiment was
determined by recording the temperatures (both the surface and bulk temperatures using a data
logger every 5 seconds. Flow rate, temperatures, and power input to the heater were recorded
under steady-state conditions. The experiments were carried out with SiO; nanoparticle
concentrations between 0% and 4% at different flow rate values.
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Fig. 1: schematic diagram of the expertimental setup

Mathematical Modeling
Computational domain and governing equations

The axial velocity and temperature of the nanofluid are both uniform when it enters the tube.
Since the circular tube cross-section is symmetrical, only one-quarter of the circle is used in
the computation with the use of symmetry boundary conditions. The test section with the
boundary names used in the numerical simulation is shown in Fig. 2.
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Pipe wall

Symmetry Surfaces

Fig. 2: The computational domain used in the present analysis

According to the experimental findings of Pak and Cho [27], it is presumable that the Si02
nanoparticles in the water are easily fluidized, and as a result, the SiO2-water nanofluid
behaves like a single-phase fluid. Furthermore, because nanoparticles are substantially smaller
than microparticles in size and therefore have a reduced relative velocity, it is assumed that the
base-fluid and the nanoparticles are thermally in an equilibrium condition with zero relative
velocity. The effective thermal and physical qualities depend on temperature and particle
concentration, as shown in Eqns. (3) and (4). Ansys Fluent software is used to solve the flow
and energy governing equations, as well as the turbulent transport equations, based on these
assumptions. The continuity, momentum, and energy governing equations are:

axi (5)

(6)

o(w,T)  k 08T a(ﬁ)
ox;  pC,dxZ  0x;
(7

Whereu, p,and T , respectively, are the time-averaged velocity, pressure, and temperature, while

the subscripts i and j represent coordinate axes. The terms u'andT are the velocity and

temperature fluctuations, respectively, while uuandu T being turbulent shear stress and

turbulent heat flux. In this study, the well-known k —& turbulent model is used.
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Boundary conditions and numerical procedure

The flow and energy governing equations together with the turbulent equations outlined from
Egs. (5) to (9) are non-linear partial differential and coupled equations. Before the equations
are solved using a numerical method, the equations need to be discretized to a system of linear
algebraic equations and solved using the iteration procedure. For this, the equations are
subjected to certain boundary conditions. Due to the symmetry nature of the tube, only one-
quarter of the tube was modelled. Table 2 provides the boundary conditions employed in the
current simulation..

Table 2. The boundary condition of the simulation model

At the tube inlet — Uniform axial velocity V. in, and temperature T o have been

) specified.
section

— Ti=05m/is-2m's, Tin=303 K

— Outflow boundarv condition has been impl emented for the outlet
At the outlet section. This boundary condition implies zero normal gradients for
section all flow variables except pressure.

— Gauge pressure, P =0 Pa

— Baclkflow temperature = 300 K

—  On the upper wall of the tube, the no-slip boundary condition was
At the top wall imposed The wall is subjected to a uniform heat flux which is
sitilar to the heat flux used in the experiment.

— Constant Heat flux, g= 7937 73 W m?
— On the sidewalls of the modelled domain, the svmmetrv boundary
At the svmmetry ’ ’ -

condition was applied. In the present analvsis, the near -wall
surfaces

treatm ent was based on enhanced wall functions

Ansys Fluent 17.2 was employed to solve the fluid flow and heat transfer problems. The
governing equations are discretized by ANSYS Fluent using the finite volume method, which
results in a set of linear algebraic equations. The convection and diffusion terms were
discretized using the 2™ order upwind approach. The SIMPLE technique was employed to
solve the coupled pressure and velocity equations [25].

Mesh-independency test

To make sure that the generated results are not varying with different grid sizes, a mesh
independence test was performed. In this research, three-dimensional and unstructured (non-
uniform) grids are generated with various grid sizes. Moreover, to consider the effect of the
tube walls on the flow and heat transfer, the grids near the tube surfaces were made finer
compared to the girds at the centre of the tube. A total of six different mesh sizes namely:
20000, 50000, 70000, 90000, 110000, and 130000 were used for the mesh independence test.

Fig.3 shows the variation of / against different element sizes for different concentrations of
nanoparticles when the Re is 13000. The 4 slightly increases from element size 20000 to 70000
at all concentrations, as shown in the figure. Though there are changes in heat transfer values,
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the maximum percentage change between different element sizes is only 4.59 %. Hence, it can
be concluded from the results that any mesh size can be employed for the heat transfer analysis.

Similarly, as depicted in Fig.4, the Ap variation against different grid sizes for different
nanoparticle concentrations when the Re is 4000. Unlike the heat transfer results, the Ap results
show a slight increment of Ap from 20000 to 130000 at all concentrations. However, the
increment is so small that the maximum percentage of increment is 3.45 %. Thus, any mesh
size can be selected to analyze the pressure drop. Therefore, in this research, the 20000-element
size was selected for the analysis.
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Fig. 3: Results of Ap vs element size at various concentrations.
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Fig. 4: Results of /4 vs element size at different concentrations.
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Results and Discussions
Validation

Before a detailed analysis of the Ap and heat transfer characteristics of SiO2-water nanofluids
in circular tubes, the developed numerical model should be checked for accuracy. For this, the
heat transfers and Ap results found using the current approach are compared with experimental
data obtained from literature and with standard empirical equations. The validation of the heat
transfer performance found from the current numerical investigation is compared with the data
done by the third author of this paper (Azim et al. [28]) for the same flow and geometric
parameters. Fig.5 shows the variation of 4 against Re at various concentrations. The
concentration of nanofluids that are selected for the validation are 0.0% (pure water), 0.5%,
1.0% and 3.0%. As can be seen from Fig.5, the curves demonstrate an increasing trend of 4
with the increment of Re for all concentrations. The maximum deviation between the numerical
and experimental results for 0.0%, 0.5%, 1.0% and 3.0% are 4.39%, 7.40%, 3.47% and 13.36%,
respectively. The results show that the average deviation between the simulation and
experimental results is below 8%. Generally, the simulation findings match up well with the
experimental data as stated in several published papers where the tolerance of the average
deviation of about 8% is acceptable [29-30]. Hence, the developed model may be used to
forecast the heat transfer performance of nanofluids in horizontal tubes.

Besides, the heat transfer results from the current model for pure water are compared with
standard empirical equations, namely Dittus and Boelter and Gnielinski. Fig.6 depicts a
comparison of the Nu with the Re between the results obtained from the current simulation and
the standard empirical formulae. The figure reveals that the Nusselt number from the simulation
results, experimental data and standard empirical equation rise with the increment of the Re.
The variation predicted by simulation is close to the result calculated by Dittus and Boelter
equation, which means the simulation result is well agreed with the Dittus Boelter equation.
However, the Gnielinski equation shows over-prediction of the Nu compared to the simulation
and Dittus equation at a high Re.
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Fig. 5: Results of 4 at various Re values.
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Fig. 6: Comparison of simulated results with experimental data and standard empirical
results.

Similarly, the simulation results obtained from the current simulation model for flow
performance are validated using the same experimental data by the third author (Azim et al.
[28]). Fig.7 illustrates the variation of Ap at different concentrations of nanofluids with the Re
at various nanofluids concentrations. The observation from the curves shows an upward trend
of Ap when the Re is increasing for all concentrations. The average deviation of the numerical
results compared to experimental data for 0.0%, 0.5%, 1.0% and 3.0% concentration of
nanofluids are 10.9%, 5.7%, 11.4%, and 6.6%, respectively. It clearly depicts that the numerical
findings from the current investigation are in good agreement with the experimental data since
the range of deviation for most of the predicted results is within 10% of the experimental data
39), The slightly higher deviations that occurred in the current analysis might be due to the value
of the outlet pressure are not provided in the experimental research paper, hence the value of
outlet pressure was assumed as the atmospheric pressure throughout the present research.

Furthermore, the friction factor of pure water analyzed from the current simulation is compared
with the result calculated from two standard empirical equations which are Petukhov (fr) and
Blasius (fp) equations. The results are presented in Fig.8. Referring to the figure, all curves
display a downward trend with the increase of the Re. At a low Re, the simulation has over-
predicted the friction factor compared to both standard empirical equations, however, the
results are closer to the empirical results when it approaches a high Re. Hence, it can be
concluded that the friction factor predicted from the simulation is acceptable since the average
deviation is less than 13%. A similar deviation value has been reported as an acceptable value
by the work of Xu et al 3.
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Fig. 8: Comparison of Simulated friction factor with experimental data and standard
empirical result.

Effect of concentration of nanoparticle

Fig. 9 shows the influence of SiO2 nanoparticle volume concentration on the /4 at a fixed inlet
temperature of 303 K, nanoparticle size of 22 nm, and heat flux of 7957.75 W/m2. As shown
in the figure, curves of 0.0%, 0.5%, 1%, 2%, 3%, and 4% nanoparticle volume concentrations
present a significant increment of 4 with an increase in Re. For all concentrations, the average
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h increment from Re=5000 to Re=25000 is approximately 270%. This is due to the fact that
fluid flowing with a high Re is constantly moving at a high speed, which causes a decrease in
the thermal resistance across the boundary layer from the fluid to the heated surface.This is
because fluid flowing with a high Re is always moving at high velocity, which causes a decrease
in thermal resistance across the boundary layer from the fluid to the heated surface. As a result,
the amount of heat that is carried away by the fluid is increased [32]. Moreover, as expected,
the As increase with the concentration of the nanoparticle. Considering the base-fluid (0%
concentration) as a reference, the 4 enhancement by 4% volume concentration at Re of 5000 is
around 21.8% while at Re of 25000, the increment of h is about 22.6%. This indicates that a
higher volume concentration of nanofluids has improved the heat transfer performance. More
nanoparticles are involved in the transportation of heat when a higher volume concentration is
used hence the total surface area of nanoparticles is also higher thereby the performance of heat
transfer is increased [33]. This is strong evidence to prove that the performance of nanofluids
in heat transfer applications is more efficient than conventional fluids. High enhancement in
heat transfer performance is achieved even at relatively low volume concentration.

8000

7000

0 v T v
5000 10000 15000 20000 25000

Heat Transfer Coeff., 7 (W/(m*K))

Reynolds Number, Re

Fig. 9: Results of /& vs Re at different concentration

Similarly, shown in Fig.10 is a variation of Ap with Re at various SiO2 nanoparticle
concentrations with a fixed inlet temperature of 303 K, heat flux of 7957.75 W/m2 and
nanoparticle size of 22 nm. The figure shows that, at all Res, the Ap increases with increasing
particle concentration. At nanoparticle concentration of 4.0%, the increment of Ap is the most
significant compared to other concentrations. A similar experimental outcome was presented
by Sharma et al. for Al,O3 nanoparticles **). Moreover, it can be observed that the increment of
Ap from 0% to 1% concentration is small however when the concentration is more than 1%,
the Ap increases remarkably. For example, at Re 25000, the increment of Ap from 0% to 1%
concentration is 0.65 kPa while from 3% to 4%, the increment is 1.25 kPa. This is due to the
reason that the viscosity of nanofluids increases with increasing nanoparticle concentration
which intensifies the viscous sub-layer and enhances the pressure drop. However, the influence
on the sub-layer at low nanoparticles concentration is small as well as the Ap [35].
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Fig. 10: Results of 4p and Re at different nanoparticle concentrations
Effect of inlet temperature

The variation of 4 with Re at various inlet temperatures at 3% SiO2 nanoparticle concentration,
heat flux of 7957.75 W/m2 and nanoparticle diameter of 22 nm are displayed in Fig.11. The
inlet temperatures tested in this analysis are 283 K, 293 K, 303 K, 313 K, 323 K, and 333 K.
the hs of the nanofluid for all inlet temperatures show upward trends as the flow velocity
increases. For instance, the increment of 4 from the Re of 5000 to 25000 at 283 K inlet
temperatures is 270%. Besides, the numerical results also reveal that the / increases with the
inlet temperature at one particular Re. For example, at 333 K and Re of 5000, the highest value
of s is found to be 1871.4 W/ m*K (6.5%) while at Re= 25000 the # is 6937.12 W/ m2K
(6.34%). This is because the temperature has temperature significant influent on the viscosity
and thermal conductivity of the nanofluid. The viscosity of the nanofluids normally decreases
with increasing of nanofluids temperature and this is similar to the trend reported by
Duangthongsuk and Wongwises [36]. From the mathematical correlation presented in equation
(3), the viscosity of nanofluids is directly proportional to the nanofluid temperature.
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Fig. 11: Variation of 4 and Re at different inlet temperatures
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Shown in Table 3 is the distribution of Apat various inlet temperatures at
3% of nanoparticles concentration, 7597.75 W/m2 of heat flux and 22.0 nm of the nanoparticle
size. As expected, the Ap of the nanofluids at a certain inlet temperature increases exponentially
as the Re increases. The average increment is around 3.05 kPa from Re of 5000 to 25000. The
table also revealed that, at one specific Re, the Ap of the nanofluids decreases with the rising
of inlet temperature. The average decrement of the Ap for every 10 Kelvin rises in temperature
is 1% at all the Res. As stated earlier, the temperature rise reduces the viscosity of the nanofluid
due to the reduction of the binding energy of the nanoparticles and it impacts the Ap directly.
Since the pumping power that is used to break the bonding between nanoparticles is decreased,
therefore the Ap along the tube is also decreased.

Table 3. Apat different inlet temperatures and Re

Pressure Drop, AP (Pa)

Re
Tin=283 Tin=293 Tin=303 Tin=313 Tin=323 Tin=2333
5000 271.8 269.3 267.19 265.3 263.5 261.9
10000 806.5 799.3 792.90 787.2 782.0 777.3

15000 1516.8 1503.2 1491.2 1480.5 1470.7 1461.8
20000 2355.4 2334.3 2315.7 2299.1 2283.9 2270.0
25000 3388.0 3357.8 3331.0 3307.0 3285.2 3265.2

Effect of Nanoparticles Size

Table 4 displays the influence of SiO2 nanoparticle sizes on the / for the case where the particle
concentration and heat flux are fixed at 3% and 7597.75 W/m2, respectively. For all inlet flow
velocity, the nanofluids with the lowest nanoparticle size (10 nm) have the highest 4 and it
decreases with an increase of nanoparticle size for the same Re. As an example, the increase in
the £ 1s about 1.02 times with 10 nm Si02 nanoparticles diameter over the 100 nm diameter at
all Res. The heat transfer decrement with an increase in nanoparticle size is because the
viscosity values of the 10 nm SiO2 nanofluid are higher and decrease with an increase in
nanoparticle size. The higher the viscosity, the higher the Prandtl number for the same
concentration of SiO2 nanofluids. A high Prandtl number is responsible for the higher 4. A
similar enhancement in /4 with lower particle size was observed in the works of Anoop et al.
and Mirmasoumi et al. *37). with the smaller size of the nanoparticle, the viscosity of SiO2
nanofluids in the current analysis is improved which is the same as the behaviour presented by
Jia-Fei et al. 3®. Due to the presence of a higher total surface area in smaller nanoparticles, the
occurrence of interface resistance with the fluid layer is increased, therefore viscosity is
increased 3. At fixed Res, Re= 5000 and Re=25000 for instance, the 4 is decreased
approximately by 1.92% and 1.94%, respectively, when the particle size changes from 10 nm
to 100 nm.
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Table 4. h at different nanoparticle diameters and Re

Nanoparticle Re=35000

Fe=10000 Re=13000 Re=20000 Re=235000

diameter, nm

Heat Transfer Coefficient, h (W /(m“K))

10 18134
20 1808.7
30 18042
40 1800.0
50 1796.0
75 1786.7
100 17785

33339 45018 56252
33251 44899 56103
33168 44787 5596.3
3309.0 4468.1 55831
3301.5 44580 535705
32844 44348 55415
3269.1 44141 35156

6733.6
67158
6699.1
66832
6668.1
6633.5
66025

2326-9865

The variation of Ap with Re for several nanoparticles size at 3% nanoparticle concentration,
303 K inlet temperature, and 7957.75 W/m2 heat flux are presented in Fig.12. The Ap increases

exponentially with Re at constant nanoparticle size. The average increment of Ap from Re of
5000 to 25000 for all the nanoparticles size is approximately 3.0 kPa which is 4.83%.
Furthermore, it is observed that the Ap slightly increases with decreasing nanoparticle diameter

at constant Re and significant growth of Ap occurs at high Re. When the nanoparticle size
increases, the overall surface tension on the surface of the SiO> nanoparticles is decreased due
to the reduction of total surface area and the force of moving fluids that need to overcome the
friction is reduced as well, therefore, the Ap along the tube is diminished. Sharma et al. [24]
have found a similar behaviour for the variation of Ap and nanoparticle size.
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Fig. 12: Results of Ap and Re different nanoparticle diameter
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Effect of Heat Flux

The last process parameter considered in the analysis is the effect of variable heat flux on heat
transfer and pressure drop. Table 5 presents the / distribution with different heat fluxes and the
Re. As can be seen from the table, the /4 increases with the increase of the Re at constant heat
flux. The average increment of /# from the Re of 5000 to 25000 at all heat flux is 273%.
However, the /4 increment with increasing heat flux is insignificant. For instance, at the constant
Re, when the heat flux increased from 6631.46 W/m2 to 132629.12 W/m2, the 4 increments is
only 0.03% and 0.01%, respectively. A similar observation of minimal heat transfer
enhancement with heat flux was obtained in the study by Trisaksri and Wongwises [40]. Since
the increment of 4 is insignificant with heat flux, therefore this variable can be considered
constant when analyzing the heat transfer performance of SiO; nanofluids.

Table 5. H at different heat flux and Re

Heat Flux, Heat Transfer Coefficient. h (W/m“K)

(W/m?) Re=3000 Re=10000 Re=15000 Re=20000 Re=23000
6631.5 17693 32693 44147 3511.67 6601.6
79578 17693 32693 44147 5511.69 6601.6
921840 17693 32693 44147 3511.70 6601.6
265258 17694 32693 44149 551188 6601.8
330517 17696 32702 44153 551216 6602.0
795775 1769.6 32703 44154 551223 6602.0
106103.3 1769.7 32706 44157 55124 6602.1
132629.1 1769.9 32711 4416.0 55127 66023

The influence of heat flux on the Ap of nanofluids along the tube length at various Res is shown
in Table 6. Generally, the Ap increases when the Re increases at constant heat flux. The
increment of Ap from Re of 5000 to 25000 for all the heat flux is approximately 2960 kPa.
Besides, as the heat flux from the heating coil increases with the condition of a constant Re,
the Ap slightly increases. However, the overall increment of pressure drops is not more than
0.1%. Therefore, the effect of heat flux is negligible when analyzing the Apin the current
simulation.

Table 6. Apat different heat flux and Re

Heat Flux Pressure Drop, AP (Pa)

(W/m?) Fe = 3000 Re=10000 Re=15000 Re=20000 Re=23000
6631.5 2573 7656 14431 22378 321794
79578 2573 7656 14431 22379 321799
9284.0 2573 765.6 14431 22379 3218.03
265258 2573 7658 14435 22384 321856
33051.7 2573 766.1 14440 22391 321936
795775 2573 766.2 14442 22392 3219.57
106103.3 2573 766.4 14448 22397 3220.14
132629.1 2573 766.7 14451 22404 322090
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Conclusion

Forced convective heat transfer and flow performance of SiO> nanofluids in turbulent flow
along a circular tube is numerically studied. The analysis of the thermal-hydraulic performance
found that the # and Apare enhanced remarkably when the nanoparticle concentration is
increased. The increment in the 4 at low Re and high-volume concentration is around 21.8%
while at high Re, the increment of the /4 is about 22.6% which means the higher volume
concentration of nanofluids has improved the heat transfer performance. At Re 25000, the
increment of Ap from 0% to 1% concentration is only 0.65 kPa while from 3% to 4%, the
increment is 1.25 kPa. Besides, there are some non-significant effects of input parameters on
heat transfer performance and pressure drop. For instance, the effect of nanoparticle size is
relatively small on the /# while the effect of inlet temperature on Ap is also insignificant.
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