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increase in the application of nanofluids is due to their numerous attractive properties,
such as the capacity to improve heat transfer and thermal conductivity. Most
contemporary problems of nanofluid heat exchangers, such as determining nanofluid
characteristics and their exploitation in CFD software, have been the subject of recent
scientific papers. This work focuses on clarifying all the steps that must be taken to carry
out any correct study concerning nanofluid heat exchangers. The properties of nanofluids
are calculated using adapted models and formulas. This modeling uses mathematical
expressions permitted to cover a large range of applications. The evolution depends on
the chosen nanofluid, the variation of the temperature and the concentration rate of the
nanofluid. Polynomial interpolations for these properties are obtained and injected into
CFD software (FLUENT code) to carry out simulations using various nanoparticles. This
paper conducts a numerical analysis of a microtubular heat exchanger to investigate its
thermal impact, particularly on the Nusselt number and the coefficient of heat transfer
convection. The application was developed for six different nanoparticles (Al, Al,0s, Cu,
CuO, TiO,, and SiO;) with a concentration of nanofluids ranging from 0.5% to 5%. The
obtained results present the behavior of nanofluids and the heat transfer improvement.
The Nusselt numbers of SiO, and TiO; are greater than the other nanofluids (Al,0s, Al, Cu,
CuO). They can reach up to 64% and 61% for SiO, and TiO; respectively, compared to
water. For a fixed temperature, the effect of the concentration on conductivity, density,
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1. Introduction

Today's technological advances allow more precise temperature control and improve energetic
performance for domestic, commercial, and industrial needs. These advances require the use of a
device capable of extracting heat from the medium to be cooled in order to reject it to an external
medium. This device necessarily obeys the principle of heat transfer [1].

Heat transfer is a field of main importance in the domains of industry and technology. It manifests
in various forms, such as radiation, conduction, and convection [2]. The process of convection is most
targeted in certain very specific areas, such as the cooling of processors and electronic components,
radiators, heat exchangers, etc. The intensity of heat transfer mainly depends on the conductivity
and heat capacity of the applied fluids [3].

So, improving processes and increasing the efficiency of energetic and thermal systems,
especially heat exchangers, constitute a veritable technological challenge. Moreover, multiple
problems can appear in conventional heat exchangers. These problems are due to the increase in the
guantity of metallic material leading to the tubes fouling and the degradation in heat transfer and
pressure performances. For these reasons, it is essential to have new advances and solutions for
these problems. The enhancement of the heat exchanger performance without an increase in its
surface area can be presented as an appropriate and suitable solution. Various approaches based on
the proposal of the introduction of changes to fluid properties have recently been developed (the
introduction of nanoparticles for example). These approaches can be achieved using various models
and correlations that can predict a wide range of experimental and theoretical data. This variety
firstly requires the comprehension of different relative mathematical relations and models, and lastly
the assemblage of these models in a numerical scheme. However, the determination of
characteristics of nanofluid heat exchangers and their exploitation in CFD software have become an
interesting subject of recent research works. Any developed software associated with these
problems must focus on correlations concerning the determination of thermophysical properties as
an important priority and obligation.

In the past few decades, a new type of fluid, known as nanofluid, has emerged. Nanofluid is a
base fluid, such as water, glycol water, and mineral oil, to which metal nanoparticles (Al, Cu, Ag, Au,
etc.) or metallic or non-metallic oxides (SiO2, AlOs, TiO;), and other entities (allotropic forms of
carbon) are added and dispersed [4-7]. The nanoparticles are nanometer-sized substances.

It is approved that nanofluids can increase the heat transfer compared to conventional fluids.
This improvement is realized by changing the thermal conductivity of the base fluid. This advantage
makes nanofluids a promising new technology in the context of heat transfer [6-8].

Sonawane et al., [9], Shahrul et al., [10], and Chandrasekar et al., [11] studied the investigations
on thermophysical properties. They discussed the performance evaluation of nanofluids using
theoretical and experimental methods.

Many studies have shown examples of the wide range of applications of nanofluids in different
disciplines, such as technologies and industries. Nanofluids are usually employed in product quality
enhancement, engine cooling, nuclear systems cooling, thermal energy improvement, and air
conditioning and refrigeration systems. This extension of applications is mainly due to the thermal
potential acquired by the base fluid through the introduction of nanoparticles [9,12-15].

However, among all possible applications of nanofluids, particular attention is given to the field
of nanofluid application in the technology of heat exchangers. This important attraction allows the
use of nanofluid heat exchangers to become very important. The exploitation of nanofluid heat
exchangers avoids high maintenance costs as well as service loss and ensures that the devices work
at high levels of pressure and temperature.
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Improving the performance of these heat exchangers is therefore a priority that can be achieved
by several methods (namely, passive methods and active methods or others). These methods permit
the improvement of heat transfer processes by increasing the exchange rate. An improvement in
exchange rate can be obtained by increasing the velocity of heat transfer. This method tries to change
the fluid nature by the introduction of nanoparticles [16].

Several papers, both experimentally and theoretically, investigated the evolution of various types
of nanofluid heat transfer exchangers. Pandya et al., [17], and Sarafraz and Hormozi [18] studied the
use of nanoparticles in fluids in plate heat exchangers. They worked on the performance of various
types of metal oxide nanoparticles dispersed in water and other base liquids. However, Shahrul et
al., [19] experimentally studied the heat transfer coefficient of forced convection and the
characteristics of Al;03-gamma nanofluid in a horizontal shell-and-tube heat exchanger. Another
example presented by Wang et al., [20] discussed the heat transfer characteristics of tube banks heat
exchangers and compared them with those of shell-and-tube heat exchangers.

A review of the previous literature and references confirms that the considered nanofluids have
new properties, which are different from those of base fluids. The most significant thermophysical
properties affected by the change in the base fluid nature are thermal conductivity, viscosity, specific
heat, and density.

The variation of novel thermophysical properties of the nanofluids can be determined by
correlations. The correlation of the thermal conductivity using Kim and Chon model was calculated
by Chon et al., [21]. Moreover, the thermal conductivity can be obtained using different correlations
in review papers by several authors [22-26].

Results presented by different authors measured the dynamic viscosity of nanofluids [27-29].
They showed that this property does not depend only on the volumetric concentration of
nanoparticles in the base fluid. They also mentioned that other parameters, such as the shape and
size of the particle, the combinations of the mixture, and the used surfactants, can affect this
property measurement.

However, Shin and Banerjee [30] calculated the specific heat of nanofluids, which is also
considered as an important thermophysical property, and explained its performance evolution.

The research described in this work aims to distinguish and analyze the problem concerning the
analysis of the characteristics of fluid flow and heat transfer. The considered problem is focused on
tube banks heat exchanger. This work will numerically investigate some effects of various nanofluid
properties to improve CFD calculations on heat exchangers. The principal objective is to increase the
capacity of heat transfer and find the best combination of Nanofluids—Concentration. The
mathematical treatment permits the selection and development of polynomial correlations of all
nanofluid characteristics. The polynomial interpolations are obtained and injected into CFD software
(FLUENT) to carry out simulations. They are calculated using adapted models according to the
variation of the temperature and various nanoparticles (Al, Al,03, Cu, CuO, TiO3, and SiO3).

2. Materials and Methods
2.1 Tube Banks Heat Transfer

Actually, many types of heat exchangers can be found, plate, shell-and-tube, tube banks, etc [17-
20]. The tube banks heat exchangers are the most required type for different thermal systems.

As a basic idea, the fluid is perpendicularly flowing to the axis of the cylinder. Uinf and Tint are
respectively the fluid velocity and temperature at infinity upstream. Figure 1 shows that a wake forms
downstream of the flow. This wake leads to an inhomogeneous distribution of the variable coefficient
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on the periphery of the cylinder. It is to be noted that an average convection coefficient for the entire
periphery at temperature Ts must be defined.

TTT———
R ) Y ‘-_.“.______ .
— A
> - ».'v "‘ ;“_'_ .
e - L _———
T,

Fig. 1. Flow around a cylinder

However, many industrial installations consist of rows of parallel tubes immersed in a
perpendicular flow to their axis. The tubes can be aligned or staggered, as shown in Figure 2.

(a) (b)
Fig. 2. Flow around a tube banks: (a) aligned arrangement; (b) staggered
arrangement

In several heat exchanger configurations, the tubes are arranged as a bundle or a bank in an in-
line or staggered manner. In the case of tube banks exchangers, the first fluid flows over the tube
banks while the second fluid with a different temperature passes through the tubes (see Figure 3).

Fig. 3. Tube banks in cross flow [3]
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The heat transfer characteristics of tube banks are governed by several equations and models
with the aim to obtain polynomial correlations. These correlations permit the control of the
characteristic’s behavior of the considered problems.

The numerical simulation of free convection, forced convection, and mixed convection of the
nanofluid is controlled by the continuity, momentum, and energy equations [3,4,31]. These
equations, known as the Navier-Stokes equations, are complex and need to be simplified using
assumptions and specific conditions. The computational fluid is Newtonian, incompressible, and
steady state. The thermophysical properties of the fluid are constant and its inlet velocity is uniform.

In this study, the Reynolds Average Navier-Stokes model in its dimensionless form is chosen to
solve the heat transfer and fluid characteristics [3,4,31].

Once the governing equations are numerically solved using FLUENT code, the analysis of the
thermal and fluid dynamic must be provided.

The heat transfer rate by diffusion based on Fourier’s law can take various forms. The differential
form of the conduction, in the case of one-dimensional flux, is given by

= dT -~
Q=-KSs—1i (1)

where K is the constant coefficient of thermal conductivity, S is the total surface area, and dT/dx is
the temperature gradient.
The heat transfer rate for thermal convection is given by

Q =hSAT (2)

where h and AT are the overall heat transfer coefficient and the mean temperature difference
between the tube wall and the bulk of the fluid, respectively.

Eqg. (1) and Eq. (2) present the basis of design calculations for all types of heat exchangers.

Several empirical correlations for approximating convective heat transfer coefficients were
developed and investigated, experimentally and theoretically. Dimensionless numbers such as
Nusselt number, Reynolds number, and Prandtl number are employed to express them.

The Nusselt number is defined as the dimensionless relation among conductive heat transfer and
convective heat transfer of the studied fluid. It is described by substituting the heat transfer
coefficient (h) and thermal conductivity coefficient (K) from Eq. (1) and Eq. (2), as follows

Nu=— (3)

where D is a characteristic length.

The case of forced convection is encountered very often in practice in heat exchangers of all kinds.
The Reynolds number is the essential parameter that characterizes the flow regime. This number can
be written as

R, =22 (4)

where V is the velocity in the cross section, D is the characteristic diameter of the tube, and p and u
are the fluid density and viscosity respectively.
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Figure 1 above shows that the heat transfer flow around cylinders is characterized by boundary
layer development and separation. The flow is strongly influenced by the nature of these
characteristics at the surface.

However, many correlations that include those of the tube banks heat exchanger are available in
previous studies [21-27]. These correlations can be applied to clarify the enhancement of thermal
characteristics for all similar configurations. All presented correlations take the Nusselt number as a
central parameter in their heat transfer analysis. For liquids, the correlation concerning the Nusselt
number is treated as a function of Re and frequently correlated according to the Hilpert correlation.
This correlation can be generalized to also apply to cross flow around other noncircular shapes
[3,25,27,31]. The empirical correlation due to Hilpert is given as

Nup = C Rel} pr033 (5)

where Pr is the Prandtl number, and C and m are given by the experimental data according to Re
number values. These experimental data can be found in previous works and references [3,31].

This correlation is very useful for a number greater than 10 rows of tubes in a staggered
arrangement, Pr>= 0.7 and 2000<Re<40000.

The staggered arrangement leads to stronger turbulence and therefore a higher exchange
coefficient than for an aligned tube. The correlation in Eq. (5) can extend to all fluids through the
insertion of factor 1.13 and becomes as follows [3,31]

Nup = =2 = 1.13 C; Refl Pro3 (6)

For fewer rows, tubes number <10, a correction factor (Cz) may be applied such that [3,31]

Nup = =2 = 1.13 C; C; Rel} Pro33 (7)

The values of the constants in our study are: C1=0.452, C,=0.97, N=7 and m=0.568 for the
staggered configuration.

The Reynolds number is designed in these configurations by the maximum flow velocity. This
maximum flow velocity is observed for the planes designated by Amax for both cases (Amax is the
smallest cross-sectional flow area between tubes in the bank). It is calculated using the spacing
between the tubes (ST), the fluid arrival velocity (V) and the diameter of the tubes (D). It is given by
Vmax=(V.ST)/(ST-D) for an aligned arrangement, and Vmax=(V.ST)/2(ST-D) for a staggered
arrangement. The tube bank characteristics for this study are presented as follows: ST=0.04, SL=0.03,
Sd = \/(ST/2)% + SL?, and D=0.02 m.

The log-mean temperature difference is the appropriate form of AT to be used for this correlation
analysis [3,31]. It is given as

_ Ty=Te _ ATe—AT;
ATymtp = y (Tw_Te) =1 (ATe) (8)
n Tw-Tj n AT;

After determining AT.mmp, the heat transfer rate per unit length of the tubes can be calculated
using the subsequent formula

Q = h SNyAT M (9)
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where Nt is the total number of tubes.

The pressure drop AP is an important measure related to the determination of tube banks
performances. This drop is the irreversible pressure loss between the entrance and the exit of the
tube bank. This measure can be obtained using Eq. (10)

2
AP = fXN & (10)

where (p V?/2) is the dynamic pressure. The friction factor f and the correction factor X are computed
in parallel forms [3,27,31].

A power directly related to the pressure drop is necessary to ensure the fluid displacement
through a tube bank. It may be expressed as

Wpump = V AP = AP (11)

2.2 Thermophysical Characteristics of Nanofluids

The thermophysical characteristics of nanofluids are indispensable to consider for optimizing
their heat transfer performance. These properties are, respectively, the density, specific heat,
thermal expansion, dynamic viscosity, and thermal conductivity. The addition of nanoparticles
profoundly modifies these properties. Many parameters characterizing these nanoparticles (nature
and size of the nanoparticles, volume fraction, conductivity of the base fluid, conductivity of the
nanoparticles, temperature of the medium, etc.) can be evaluated. These parameters can
considerably affect the thermophysical characteristics of the nanofluid obtained.

The effective thermophysical properties of the nanofluid will be approximated by different
relationships drawn from the literature or those established in this work.

Using classical formulas derived for two-phase mixing, the nanofluid density can be calculated
through various steps. The nanofluid density is given as a function of particle volume concentration
and individual properties [31,32]

mg+mg meps+mgPs

Pof = 5 v T T v, (12)

A specific model can be used to determine the specific heat of a nanofluid. It is presented as
(Cp)nf = (1 - (P)(Cp)f + (p(cp)n (13)

The density can be computed from the model of Xuan and Roetzel [25], and Bianco et al., [32]. It
is given as

(pCp) .= (1 = @)(pCp), + @(pCp)_ (14)

Maxwell's model and its derivatives are probably the most widely used in previous studies
[33,34]. This basic model assumes that the fluid contains many spherical particles of the same
diameter and disperses in a weak concert.

Maxwell's formula is given by
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Knf — Ks(1-2B1)+2K¢+2¢[Ks(1-B1)—Ksl (15)
Ke  Ks(1-2B1)+2Ke+@[Ks(1-B1)—K¢]

To calculate the value of the volume expansion coefficient (B) for nanofluids, many authors have
followed the approach used in the first works that treated nanofluids. By analogy with the considered
relationship, the following expression is deduced by Jehad and Hashim [35]

B=(1—-@)(Br+ @Bs) (16)

The dynamic viscosity can be calculated from the viscosity of the base fluid and the volume
fraction of the nanofluid. For what follows, two models will be quoted for the calculation of the
apparent viscosities. Brinkman developed Einstein's formula to cover a wide range of volume
concentrations [35]

W
Hnf = m (27)

Although it is a technique still under development, the simulation of large turbulent structures is
currently a practical tool for the engineer. It enables the simulation of configurations that are
extremely similar to those found in the industrial sector. In this section, a numerical simulation will
be performed for an aluminum structure with various nanofluids, including: copper, copper oxide,
aluminum, aluminum oxide, and others.

The rheological behavior of nanofluids can be found through experimental studies in previous
works and references. It allows us to highlight the effect of temperature and concentration on the
progress of the characteristics of nanofluids. In this part, a complete study will be carried out on
various nanofluids to examine the effect of concentration and temperature on their rheological
behavior.

Figure 4 to Figure 9 represent the evolution of the characteristics of the chosen nanofluids
according to the temperature and the concentration O©.
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of temperature for Al at different concentrations temperature for Al,Os at different concentrations
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Fig. 8. Evolution of the volume expansion
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at different concentrations

T T T T
270 280 290 300 310 320 330 340 350 360 370
Temperature k

Fig. 7. Evolution of the Prandtl number as a
function of temperature for CuO at different
concentrations
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Fig. 9. Evolution of the specific heat as a function
of temperature for Cu at different concentrations

The influence of the concentration ® and the temperature variation is shown in the previous
figures.

The augmentation of the temperature has an important effect on all parameters. The density,
dynamic viscosity, Prandtl number and specific heat decrease with the temperature increasing.
Contrarily, the conductivity and volume expansion increase with the temperature increasing. Table 1
gives some numerical values of various characteristics obtained for the concentration @ range [0.5%-
5%] and a fixed temperature of 293 K.
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Table 1
Evolution of characteristics of various nanofluids according to the concentration @ for T=293 K
Characteristics Nanofluid Base concentration ® %

fluid 0,5 1 1,5 2 2,5 3 3,5 4 4,5 5
Conductivity AL 0,6 0,606 0,614 0,625 0,632 0641 0,651 0,663 0,675 0,683 0,69
(W m1K1)
Density Al,O3 1000 1012 1025 1040 1055 1070 1085 1100 1115 1125 1143
(Kg m=3)
Dynamic viscosity  TiO; 100 101 103 104 105 106 107 108 110 111 112
10 3(Kg m1s71)
Prandtl number Cuo 7 6,9 6,7 6,65 6,6 6,5 6,3 6,1 59 5,7 55
Specific heat Cu 4200 4040 3865 3740 3600 3480 3350 3255 3150 3060 2970
(J kg K1)
Volume Sio, 2 1,998 1,997 1,995 1,994 1,992 1,99 1,988 1,987 1,983 1,98
expansion
10 (K1)

The effect of concentration on conductivity, density, and dynamic viscosity is proportional
according to a fixed temperature. The Prandtl number, specific heat, and volume expansion decrease
with an increase in concentration.

The present results demonstrate better adequacy compared with those issued in previous works
[1,6,36-38]. This similar evolution of the behavior of all tested nanofluids verifies the validity and
accuracy of the applied model.

The interpolation expressions of the coefficients attached to the nanofluid parameters are
determined numerically with high accuracy. The results of the interpolation are calculated for each
temperature-concentration combination. The polynomial interpolations found for each nanofluid
parameter are presented as follows

K(T)=Ag+A, x T+A, x T? (18)
W(T)=B,+B, x T+B, x T>+B; x T* + B, x T* (19)
P(T)=Cy+Cy x T+C, x T2 +Cy x T3+ Cy x T*+ Co x T+ Cg x T° (20)
Cp(T)=Dy+D; x T+D, x T2+D, x T3+D, x T*+Dg x T>+Dg x T° (21)
Pr(T)=Ey+E; x T+E, x T2 +E5 x T3 +E, x T4 +E5 x TP +E4 x T° (22)
B(T)=Fy+F x T+F, x T+, x T3+ F, x T*+F, x T® (23)

2.3 Application on Tube Bank

The two-dimensional computational geometry is initially created with a width of 180mm and a
height of 40mm. The diameter of each tube is 20 mm. The configuration consists of an array of
circular tubes placed in a staggered arrangement. The array consists of 7 rows of tubes while the
upper and lower tubes are used to generate the effect of the preceding tube over the next.

Other details of the studied configuration are indicated in Figure 10.
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Fig. 10. Control volume of the study

The applied mass flow rate at the inlet boundary ranges from 0.01 kg/s to 3 Kg/s. The temperature
of the tube wall is 363 K, and the temperature of the carrier fluid (H20) is 293 K.

All properties of nanofluids are introduced to the computational model through polynomial
interpolations, as described in section 2.2. A hybrid mesh consisting of 90000 cells was created with
to obtain more accurate results, especially near to the tube where a structured mesh was used to
capture the boundary layer. Further details regarding the boundary conditions can be found in Figure
11.

Inlet ( Mass flow inlet ) Outlet ( Pressure outlet )

Fig. 11. Final mesh with defined boundary conditions
3. Results and Comments

Using a numerical approach that evolves presenting the means by which the governing equations
of flow can be solved. The Ansys-Fluent software presents the problem description for the simulation
in this step, essentially outlining the method it suggests for resolving the issues. The GAMBIT software
is responsible for the conception of geometry, mesh generation, and inclusion of boundary
conditions.

A visual criterion was employed to ensure that the computations would converge. It is based on
the observation of the residual curves of the equation-derived conservation (these curves are given
by FLUENT). Based on the history of iterations, it can be seen that the solution has converged when
the residuals are low (less than 10E-3 in order). At this stage, the curves become stable, and the
results are independent of the mesh.

Figure 12, Figure 13 and Figure 14 represent examples of the static pressure, temperature, and
the velocity contours in the bundle of the exchanger for various nanofluids at different
concentrations @.
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Figure 12 shows that the contours vary as the concentration increases from 0.01 up to 5 %. Figure
12 also illustrates that the pressure at the entrance of a bundle of tubes for the nanofluids is higher
than the outlet pressure. This variation explains the pressure drop at the outlet of the bundle.

In the pressure contour, a negative tendency behind the tube indicates that flow separation
happens largely at the tube's uppermost point. A wake is formed behind the tube from that point
forward. The high pressure at the tube's frontal section suggests a stagnation condition. It can be
clearly seen in the figure that there is an early flow separation at a 45° longitudinal configuration.
The heat transfer near the tube's surface region is greater than in other regions. This progression is
logical because the surface of the tube is at a higher temperature due to the hot fluid moving inside
the tube bank.

Fig. 12. Pressure contour in the bundles of the exchanger for CuO at
®= 4% and m=0.5kg/s

The contours of the static temperature in the bundle of the exchanger are depicted in Figure 13.
It can be shown that there is a transfer of heat through the tubes, especially on the walls of the tubes.
So, there is a strong relationship between the temperature and the mass flow rate, which is reflected
in the heat transfer rate. Also, the type of nanofluid used has severe effects on convection heat
transfer.
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Fig. 13. Temperature contour in the bundles of the exchanger for SiO;
at ®=1% and m=0.05kg/s

Figure 14 depicts the contours of the velocity in the tube bank when the concentration has been
changed from 0.01 to 5%. Cross flow over tubes produces intricate flow patterns. A boundary layer
is generated when the fluid approaches the tube and surrounds it. This boundary layer encircles the
tube. In the mid-plane, the fluid particles will collide with the tube at the stagnation point. At this
point, the fluid particles bring the fluid to a complete stop and boost the pressure. While the fluid
velocity increases, the pressure drops in the flow direction. At lower velocities, the carrier fluid
entirely encircles the tube and follows the cylinder's form. Therefore, Figure 14 shows that the
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velocity has maximum values in the flow path where there is no contact with the bench tubes. These
values decrease more in the flow path that directly collides with the tubes. The velocity values
decrease in this zone with an increase in pressure. The figure also shows the minimum velocity at the
stopping point and at the point where there is direct contact between the tubes and the flow. It
finally illustrates the basic values of velocity after the cylinders.
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Fig. 14. Velocity contour in the bundles of the exchanger for Al at
®=1% and m=1.0 kg/s
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For higher velocities, the carrier fluid attaches the cylinder on the frontal side. It is too quick to
stay connected to the surface as it approaches the cylinder's top. The separating point is known as
the point where the boundary layer disconnects from the surface, leaving behind a wake. The wake
region's flow is distinguished by random vortex generation and pressures substantially lower than
the stagnation point pressure.

Figure 15 and Figure 16 represent the exit temperature and the maximum velocity according to
the mass flow rate. These figures indicate that the increase in mass flow rate influences the maximum
velocity and the exit temperature T,. The exit temperature of Cu and CuO is found higher than that
of other nanofluids. However, the obtained results are very satisfactory, the exit temperature can
reach 358K and 326K for Al and Cu respectively at m=0.05 kg/s (the exit temperature T of pure water
equals 319K in this case). On the other hand, the process of cooling, where the temperature can be
lowered to 338K, is better with Al. From these results, it was observed that the best nanofluid-
concentration combination is given by CuO at ®=3%.

On the other hand, the maximum velocity improves linearly with the mass flow rate. It can reach
0.0882 m/s and 0.0818 m/s for SiO, and Al,O3 at a mass flow rate of 3Kg/s and ®=5%. These values
correspond to Reynolds number equal to 1746 and 1758, respectively. The Reynolds number affects
the velocity of the liquid heating which is better at slow velocities.

It can be noted that when the nanofluid moves rapidly in the bundle, the improvement of the
heat exchange quality between the tubes and the fluid is good. The flow will be more turbulent in
this situation. A difference of 13% in results was found compared with pure water.
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Figure 17 and Figure 18 represent the variation of the Nusselt number and the heat transfer
coefficient, respectively, with the mass flow rate for some nanofluids. The Nusselt numbers of SiO;
and TiO; are greater than those of the other nanofluids (Al;Os3, Al, Cu, CuO). They can reach up to 64%
and 61% for SiO, and TiO,, respectively, compared to water. On the other hand, the heat transfer
coefficient is not always directly proportional to the Nusselt number. This happens when the thermal
conductivity influences the heat transfer coefficient and the Nusselt number. A difference of 8 % in
results was found compared with pure water for the Nusselt number.
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Figure 19 illustrates the effect of the mass flow rate on the heat rate for some nanofluids. This
effect on both flow and heat transmission is significant. The heat rate is directly proportional to the
convection heat coefficient h. The nanoparticles (Al>Os, TiO2 and SiO;) have the highest values, such
as 62382 W, 61367 W and 60119 W, respectively. The concentration of nanoparticles considerably
affects the increasing of the thermal conductivity. The best results are obtained using 3kg/s mass
flow, yielding a Nusselt number of 64.
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One of the primary concerns in heat exchanger design is the estimation of pressure drop. Figure
20 shows the evolution of the pressure drop with the increase of the mass flow rate. The pressure
drop is a representation of energy loss and is the most typical disadvantage of the staggered tube
bank configuration. If the pressure drop in tube banks increases, the friction factor increases. This is
lowering the total thermal performance of the system and increasing the pumping power.
Consequently, this result influences the initial and operating costs of heat exchangers. The
enhancement of the pressure drop is expected because of the turbulence in a flow field. As illustrated
in Figure 20 and Figure 21, this could be owing to the smaller size of the wake generation in the case
of tubes. The SiO; nanofluid has the greatest value and can reach up to 2514Pa, which requires 4.1
Joule of power to recover this pressure drop. The lower value computed is 1909 Pa for Cu, which
needs 7.12 Joule compared to SiO,.
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Fig. 20. Pressure drop as a function of mass flow Fig. 21. Pump power as a function of mass flow
rate rate

The results reveal that the enhancement of thermophysical properties of (SiO2, Al2O3, TiOy) is
greater than that of metal nanoparticles (Al, Cu). Similar observations have been reported in previous
studies. This similarity finding is for the enhancement of Nusselt number, pump power, pressure drop
and heat transfer coefficient for (SiO», Al,Os, TiO3) [36-38].
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4. Conclusion

This work presents and investigates numerically the flow and heat transfer in a heat exchanger
bundle. It is based on the exploitation of some common and available nanoparticles at different
concentrations in water as the base fluid.

In conclusion, various points are opted, and results indicate that the conductivity of fluid can be
improved by adding a nanoparticle. The addition of nanoparticles improves heat transfer. The choice
of the nanoparticle plays a significant role in the enhancement of the heat transfer process and fluid
flow characteristics.

The conducted simulations show that the heat flux and pressure drop increase with an increasing
number of rows of tubes. However, the heat transfer ferocity becomes almost stable when the
number of rows is more than five.

It was established that an enhancement in the concentration of nanoparticles negatively affects
the velocity of the liquid. The nanofluid CuO/H,0 yields the best results in terms of velocity,
temperature, Nusselt number, h and Q, especially at ®=3%.

The pressure drop for CuO will be less valuable in comparison with other nanoparticles. The
particle diameter of CuO is 23.6 nm and 38.5 nm for Al,Os. The diameter of the particle also affects
the roughness and fouling of the carrier fluid. This influence negatively affects the heat exchanger
performance with time, especially, on the outer surfaces of tubes.

The addition of nanoparticles augments the thermal conductivity of the base fluid. This allows
the obtained nanofluid to absorb and dissipate heat more effectively. This can lead to better
performance and potentially smaller heat exchanger sizes, which is advantageous in various
industrial applications. However, it is necessary to consider the cost as well as the stability of
nanofluids for useful implementation. It is also appropriate to prefer a geometry that provides a good
thermal exchange and a minimum pressure drop for an adequate design.

The Nusselt numbers of SiO; and TiO; are greater than those of other nanofluids (Al,Os3, Al, Cu,
CuO). They can reach up to 64% and 61% for SiO, and TiO,, respectively, compared to water. For a
fixed temperature, the effect of the concentration on the conductivity, density, and dynamic
viscosity, is proportional for all considered nanofluids. On the other hand, the Prandtl number,
specific heat, and volume expansion decrease with an increase in concentration. The improvement
in the exit temperature at m=0.05kg/s can reach up to 12.2% and 2.1% for Al and Cu, respectively,
compared to water.
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