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carried out based on the continuity, momentum, and energy equations which are
solved by using the finite element method with the help of the COMSOL 5.4 CFD
software. The obtained results were presented by average Nusselt number,
streamlines, isotherms, and various physical parameters which are a volumetric
fraction of nanoparticles (1%< Cv <3%). The obtained results reveal an increase in the
heat transfer with the rise of inlet velocity and volume fraction, where the Nusselt
numbers are augmented by 0.1 %, 3.96 % and 7.62 % for Cv = 1%, 2% and 3%, and the
friction factor are increased by 22.41 %, 24.14 % and 26.72 % for Cv = 1%, 2% and 3%
compared with base fluid respectively. In addition, the presence of baffles inside
tubular heat exchangers can create a better mixture of fluids which is augmenting heat
transfer execution. The choice of these parameters is important to get the maximum
improvement of heat transfer with minimum entropy consumption.
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1. Introduction

The shell-and-tube Heat exchangers (STHEs) are important equipment that are mostly used in
many engineering processes such as electric power generation, air-conditioning, petroleum
refineries, natural gas processing, refrigeration, and nuclear power systems [1-4]. The multi-function
services and application options provided by the STHEs make this device an important element that
plays an essential role in these industrial processes. In this field, the looking for their processes of
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thermo-hydraulics enhancement present an important point and essential factor in all followed
strategies to rationalize and conserve the energy consumption [5,6]. Likewise, the choice of suitable
type of STHEs based on the better construction materials, where the improper selection causes
undesirable operation and equipment failure [7].

Where, the diversity of STHEs types presents more factors to test seriously the material of
construction to avoid any problem [8,9]. In addition, the shape geometry, number, and size of baffles,
the working fluid presents some parameters to design the heat exchanger. These parameters directly
influence the hydro-thermal mechanisms and performances of the STHEs [10-12]. According to the
massive development of thermal systems, conventional fluids like air and water do not become a
suitable solution in the heat transfer field. The main problem in using these fluids is the low
thermophysical properties. Where, the convective heat transfers depending on the thermophysical
properties of fluids such as thermal conductivity, viscosity, density, and heat capacity. Recently,
nanofluids have been given a very good solution to the convective heat transfer field. The nanofluid
is a suspension of nanoparticles in a basic fluid. The addition of metallic nanoparticles to the basic
fluids like water and alcohol considerably develops the convective heat transfer behavior of
nanofluids. Simply, the high thermal conductivity of the nanofluids becomes a promising strategy
which is merits to use in the design of the heat exchangers.

In the time of nanotechnology, researchers have discovered and developed the governing laws
of the thermophysical properties of nanofluids which are explain and understand the fundamental
mechanisms of fluids heat transfer in existing nanofluids [13-16].

Numerous studies on shell-and-tube heat exchangers have been shown high heat transfer
coefficients in using nanofluids. Shahrul et al., [17] analytically studied the thermal performance of a
shell-and-tube heat exchanger by using nanofluids of four different types of nanoparticles: Fe30a,
Zn0, TiOy, CuO, and Al,0s. They reported that the maximum heat transfer coefficient is observed in
the case of Al,0s-water suspension. Unfortunately, and from literature, there is not an exact decision
on the suspension of the most effective nanofluids, where several researchers have reported some
contradiction [18-20].

Farajollahi et al., [21] experimentally studied of two types of nanofluids (Al,03 and TiO3) in a shell-
and-tube heat exchanger under turbulent flow conditions. They described that TiO2 nanofluids have
a better heat transfer rate than that Al,O3 nanofluids. Al Nahian et al., [22] performed an
experimental analysis to study conjugate heat transfer in a microchannel heat exchanger. They used
CuO-water, Al;Os-water, and Al,Os-ethylene glycol. Their results depicted that the basic fluid of
nanofluids causes a significant effect on heat transfer coefficients [23,24].

Fares et al., [25] experimentally exploited the graphene/water nanofluid in order to improve the
performance of a vertical STHE. They reported that the mean thermal efficiency of the heat
exchanger was improved by 13.7% in using graphene/ water nanofluid. Currently, Salem [26]
employed Multi-Walled Carbon Nanotube (MWCNT)/water nanofluid or cold pure water. In his
experiment, he used horizontal shell and semi-circular tubes (SCTs) heat exchanger of a counter-flow
configuration, and MWCNT volume concentration (0 < ¢ <0.5%). They observed that MWCNT volume
fraction of ¢ = 0.5% ensures better thermal performances. In addition, he proposed correlations to
predict the heat transfer coefficient and pressure drop.

The combination between magnetite ferrofluid flow and an external magnetic field can improve
the performance fin-and-tube compact heat exchanger (FTHEs) [27]. Bezaatpour et al., [28] tested
the effets of rotary tubes and mahnetic-included nanofluid on heat transfer behaviors of a FTHE. They
gounded that empoying eatch method separly can rise the peak heat transfer coefficient by further
than 60%. In order to improving the hydrothermal and exergetic performance of heat exchangers,
Bezaatpour and Rostamzadeh [29] numerically conducted a study to analazing hydrothermal and
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entropic carateresitics of Fe3Os/water ferrofluid under the effet the magnetic field. They reported
that the existence of magnetic field, the thermal and exergy efficiences rise up to 90% and 33%
repectively.

Therefore, the majority of researchers have been advised that the classical techniques such as
the insertion of baffles inside STHXs don’t become a better solution to reduce the energy cost [30-
33]. The combination between the baffled channels heat exchangers and nanotechnology can
improve the performance of the thermal systems. For this purpose, the present study is carried out
to study hydro-thermal characteristics of baffled shell-and-tube heat exchanger using nanofluids.
Al;Os/water nanofluid for three different concentration of Al,O3 nanoparticles were used (i.e. C, =
1%, 2% and 3%). The investigations were conducted by using the CFD code COMSOL Multiphysics, v.
5.4. The obtained results show that the combination between the nanofluids at high concentration
and the baffles inserts can considerably improve the performance of STHEs.

2. Details of the Geometrical Model

Figure 1 shows the geometry of the shell-and-tube heat exchanger mode used in this study, the
hot fluid flows in the side of tubes, while the cool fluid flows in the shell side in a counter-current
configuration. The tubes are arranged in a rotating triangular arrangement. More details are listed in
Table 1.

Table 1

Geometric dimensions of shell and tube heat exchanger
Parameter Value

Inner and outer diameter of tubes 15 mm
Inner and outer diameter of shell 100 mm
Shell diameter 200 mm
Number of tubes 37

Number of baffles 4

Shell and tube length 500 mm

Inlet cold fluid

Outlethot flusd

Inlethot fluad

A

Qutletcold fluid

Fig. 1. Configuration of shell-and-tube heat exchanger model study
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3. Governing Equations and Boundary Conditions

The turbulent flow k—e model was used to solve the heat transfer and fluid flows characteristics
of STHEs, the computational fluid is governed by the continuity, momentum, energy equations, as
described below [1,6]
Continuity equation
V.(pu) =0 (1)
Momentum equation
(V.uw)pu = —Vp + V.u(Vu + (Vu)7) (2)
Energy equation

pCpu(VT) = V.(kVT) + Q (3)

The k-g standard model of turbulence that is based on the energy dissipation € (Eq. (4)) and the
turbulent kinetic energy k (Eq. (5)) is used in this study.

2
p(u.V)e =V. [(u + Z—:) Ve] + Ce1£Pk — Coup %,s =eq (4)

T
Pk = V. [(n+5) VT | + P — pe (5)
where the production term is
P = pr[Vu: (Vu + (V)] (6)

The turbulent viscosity is modeled as

K2
pr = pCu— (7)
The empirical constants for the standard k-€ model are assigned the following values

Ce1=1.44, Ce2=1.92, C, = 0.09, 0k=1, 0.=1.3.

The pressure drop in the shell side can be obtained using the following equation [17,18]

AP = f 22 (N, + 1) ;pV? (8)

4 8
De = ——wm— ©)

2

4(5_1’?_71’%)
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D¢
Re, = % (10)

The Nusselt number was obtained for all the studied cases using the Eq. (11)
Nu =— (11)

The convective heat transfer coefficient of the shell and tube heat exchanger is calculated based on
the following correlation

_ Q
AXLMTD

(12)

where, A is total heat transfer area (in m?), Q is heat transfer from hot stream into cold stream (in
W), LMTD is logarithmic mean temperature difference, (in K).

Q =V(pCP)nf(Th1 — Tha) (13)

where, V is volumetric flow rate, m3/hr, Thi, Thy are inlet and outlet temperatures of hot stream
(tube side), °C. The LMTD can be calculated as follows [19].

LMTD = (Th1=Tc2)—(Th2—Tc1) (14)

(Th1—Tc2)
(Th2-Tc1)

where, Tci, Tc2 are inlet and outlet temperatures of cold stream (shell side) respectively.
4. Thermo-Physical Properties of Nanofluids
The thermo-physical properties of the nanofluid can be obtained from the following relations.

The density of nanofluid which is assumed to be constant, where the relative viscosity of alumina
nanofluid is expressed as

Enf = 1+ 4.93c, + 222.4¢2 (15)
Ubf

The density is expressed as

Pnf = CwPp + (1 — ) puys (16)
The thermal volume expansion of the nanofluid (onfry) is expressed as

PnfBnr = (1 = ¢,)pprPrr + CuPpPbyp (17)

The ratio of the thermal conductivity of the nanofluid (knf) on the thermal conductivity of the base
fluid (kyf) is defined as below

? =1+ 2944 c, + 19.672 c? (18)
bf
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The specific heat of the nanofluid is estimated as
PrfCPnr = CuppCpp + (1 — ¢,)ppr Copy (19)

where, Cpnf is the specific heat of the nanofluid and Cppr presents the specific heat of the base fluid.
Therefore, for different values of concentration of the Al,Os nanofluid, a summary of the
corresponding thermophysical properties of the nanofluid suspension can be summarized in Table 2
[23]. Also, the thermophysical proprieties of water as a base fluid are given in Table 3.

Table 2

Thermophysical properties of Al,O3 /water for three different concentration of Al,O3
Thermophysical properties C=1% C=2% C=3%
Hni(kg.m.s%) 1.073 x 1073 1.190 x 1073 1.350 x 1073
pnf (kg.m3) 1024.317 1050.334 1076.3510
PnfBnf (Kg.m3.K2) 0.20489 0.2031 0.2013
knt(W.m™.K?) 0.61678 0.6379 0.6614
pnfCpnf (kg.kl.m™.K1.s71) 4157.71 4143.53 4129.36
Table 3

Thermophysical properties of the shell-and-tube heat exchanger side fluids
Thermophysical properties Air C=2%

density 1.269 (kg.m3) 971.8 (kg.m3)

thermal conductivity 0.02401 (W.m™.K?) 0.6562 (W.m™.K?)
specific heat capacity 1006 (J.kgt.KY) 4194 ().kgt.K?)
dynamic viscosity 0.00001754 (Pa.s) 0.0003545 (Pa.s)
Ration of specific heat 1.4 1

4.1 Protocol of Evaluation and Optimization

The evaluation of the Al,O3 nanofluid behaviours based on the comparison with the base fluid
(water). For the heat transfer evaluation, overall convective heat transfer coefficient (h) or Nusselt
number (Nu) are used to estimate heat transfer execution of the STHE. Friction factor (f) is the
parameter used to evaluate the pressure drop. In order to optimize the present system, thermal
effectiveness, thermal efficiency of tube and shell sides are used as optimization parameters.

The thermal efficiency of the hot side 1y is the ratio of the temperature difference of the hot
side to the maximum temperature difference between the hot and cold sides in a perfect heat
exchanger [24].

_ (Tha—Th2)

Mhot = (Th1—Tc1) (20)

Similarly, the thermal efficiency of the cold side 114 is the ratio of the temperature difference of
the cold side to the maximum temperature difference between the hot and cold sides in a perfect
heat exchanger.

_ (Tc2—Tc1)

nCOld - (Thl_Tcl) (21)

The mean thermal efficiency, Nyean-
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_ NhottNcold
T’mean - 2 (22)

5. Procedure of Meshes Sensibility Test and Solver Settings

The shell-and-tube heat exchanger geometry studied was shaped by using the CFD code COMSOL
Multiphysics, version 5.4. Since, it is well suited to construct complex-shaped geometries, the
tetrahedral elements that operate under the free tetrahedral elements have been used to mesh the
computational domain, and this algorithm provides an unstructured mesh with variable element size,
which allows us to make a denser mesh around the tubes and baffles (Figure 2). A series of generated
meshes was realized on our numerical domain: 910879, 1.297.723, 1.454.659, 1.733.365 and
2.000.114 elements. Starting of the case of 1.454.659 elements, we observed that deviation of the
Nusselt number results do not less than 1 %. Therefore, the mesh size of 1.454.659 elements was
chosen for the following investigations.
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Fig. 2. Tetrahedral Mesh generated on the numerical domain of the shell-and-
tube heat exchanger

COMSOL Multiphysics 5.4 which is based on the finite element method, is the computer code
used to analyse the fluid flow and heat transfer phenomena for the present study. Segregated solvers
are used to solving the governing equations. The Generalized Minimal Residual (GMRES) iterative
method solver is used to calculate the parameters with estimated factor error and tolerance of 20
and 0.001, respectively. The geometric Multi-grid solver is used with PARDISO (Parallel Sparse Direct
Linear Solver) as a pre-conditioner. The numerical simulations were realized on a PC-i7 with a CPU
frequency of 3.7 Go and a RAM of 64 Go. A typical model of running time for calculation of one case
is about seventeen hours.

6. Results and Discussions
6.1 Validation of Numerical Model

In order to check the reliability of the present numerical model, a validation of results is realized
is this work as shown in Figure 3. Figure shows a comparison of the present results of pressure drop
in STHE and which are reported in Ref [7] for the same conditions. Compared with the experimental
and numerical results founded by Ref [7], our results showed maximum deviation of 9% and 6%,
respectively. So, a very satisfactory agreement was found from this comparison.

48



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 80, Issue 2 (2021) 42-55

700

—HE—Exp.[7]

600
. —%—Num .[7]
i —®— Present work .
=500 |-
@
<
7%}
< 400 |-
o
o
Q 300
bt
=
@ 200
g /
a /

100

ot
-
.‘-
®T 1 1 1 1 1

0
0,000 0,005 0,010 0,015 0,020 0,025 0,030 0,035
Mass Flow in Shell (Kg/s)

Fig. 3. Validation of results
6.2 Heat Transfer

The variation of the average Nusselt number (Nu) according to all range of inlet velocity (U) values
is exposed in Figure 4 for the different concentrations (Cy) of the Al,O3 nanoparticles (Cv = 1%, 2%,
and 3%). The figure depicts and increase in Nusselt number (Nu) as inlet velocity (u) rises for all
concentrations values (C,). Also, this figure shows an important difference between Nusselt numbers
of the base fluid (water) and the concentrations values (Cy) of the nanofluid, especially for 2% and
3%.

160
150
S
8
€ 140 -
>
z
=
(5]
8130 —— Aly03, C,=3%
z —0— Al,03, C,=2%
—A— Al,04, C,=1%
120 b 2%3 v
—F— Water
110 1 1 1 1 1 1
0 1 2 3 4 5 6 7
U (m/s)

Fig. 4. Variation of the average Nusselt number
(Nu) vs. Inlet velocity (U)

Base fluid (water in the present study) always has the lowest heat transfer coefficients, due to
the feeble thermo-physic proprieties (thermal conductivity, specific heat, and density). Thus, the
addition of the nanoparticles on the base fluid clearly changes and improves the thermal execution
of the nanofluids thermo-physic proprieties [34,35]. From the figure, Nusselt number increases
versus inlet velocity rise. Also, Nusselt number is augmented according to of the increase of the
fraction of the volume of the nanoparticles (Cy) in the water (base fluid). These performances
enhancement due to the augmentation of the inertial shears near the walls, and the improvement of
the thermal conductivity of the nanofluid which are improving the convective heat transfer rates. At
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the highest velocity value (U=6.2m/s), Nusselt numbers are augmented by 0.1 %, 3.96 % and 7.62 %
for Cy = 1%, 2% and 3%, compared with base fluid respectively. This is qualified to the meaningfully
better thermal properties of Al,03 nanofluid with 3% of concentration (Cv) which are: higher density,
thermal conductivity, and specific heat capacity. In the thermal phenomenon, it exist a fundamental
link between fluid flows and heat transfer. In addition to the nanoparticles effects, the effect of the
baffles is also taking an important side in the STHE design. As illustrates in Figure 5, the zigzag and
the change of directions of the fluid due to the presence of baffles helps to stop the apparitions of
the boundary layers which are causes an augmentation of the velocity fluctuations and turbulence
intensity and as a consequence are enhance the thermal performance of STHEs [36-38].

6.3 Pressure Drop

From Figure 5, the zigzag and the change in the directions of the fluid through the tubes and
baffles not only augment the heat transfer rates but are also generating pressure drop penalty.
Where, as any thermal system, the augmentation of heat transfer coefficients generally associates
pressure drop penalty. Figure 6 presents the variation of the friction factor versus inlet velocity values
for different values of Al,0snanoparticles concentration of (Cy = 1%, 2% and 3%). Firstly, the friction
factor is decreased according to the rises in the inlet velocity due to the inertial shears augmentation
near the walls which are reduce the effects of the hydrodynamic and thermal boundary layers. In
addition, the presence of solid nanoparticles in the base fluid (water) is also helping to augment the
pressure drop due to the increases in the viscosity of the nanofluid. From the same figure, and at the
highest velocity value (U=6.2m/s), friction factor is increased by 22.41 %, 24.14 % and 26.72 % for C,
= 1%, 2% and 3% linked with the base fluid respectively.

6.4 Thermal Efficiency Evaluation and Optimization

This section presents an important part of the present study where thermal efficiency (n) is the
parameter which used to select a better thermal system. Figure 7(a) presents the variation of the
thermal effectiveness of the nanofluid side of the shell (ncoig) according to the speed at the entry of
the nanofluid for various concentrations of Al,03 nanofluid.

As speed increases, the effectiveness also increases. Al,03 nanofluid with a higher concentration
of Al,O3 has a coefficient more raised of thermal transfer who leads to an increase in the difference
of the temperature between the inlet and outlet of the nanofluid on the shell-side. From Figure 7(b),
for the hot side where the water flows inside the tube, the thermal efficiency (nnhot) decreases
according to the rises of the inlet speed of the hot fluid. Figure 7(c) shows the variation of the mean
thermal efficiency (Nmean) versus the inlet velocity (U). (nmean) increases according to the rises in the
inlet velocity (U) and reach its greater value for the highest value of the Al,O3 nanofluid concentration
(Cv = 1%). For the highest inlet speed value (U=6.2m/s) the mean thermal efficiency (Nmean) is
improved by 2%, 4%, and 6% C, = 1%, 2%, and 3% compared with the base fluid respectively.
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Fig. 5. Illustration of hydrodynamic and thermal aspects, (a)
streamline velocity(m/s) and (b) streamline temperature (K)
distributions, for C, = 3%, U=6.2m/s
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Fig. 7. Variation of the thermal performance factor (n) vs. Inlet velocity (U) for (a) hot side, (b) cold side
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7. Conclusions

In this work, a numerical study was carried out to evaluate the characteristics of the fluids flows
and heat transfer in STHEs. The effect of the combination between the baffles inserts and the Al;03
nanofluid in STHEs was analysed. The hydro-thermal characteristics of baffled shell-and-tube heat
exchanger using Al,Os/water nanofluid for three different concentrations of Al,Osnanoparticles were
used (l.e. Cv = 1%, 2%, and 3%) are also studied by using CFD COMSOL 5.4. Compared with base fluid,
the numerical results show the important role of nanofluids in the STHEs performance. Where, the
heat transfer coefficients are augmented by 0.1 %, 3.96 % and 7.62 % for Cv = 1%, 2% and 3%,
respectively.

Also, the results show that the combination between nanofluids and baffling techniquein STHEs
can become a promising strategy to enhance the heat transfer rates and reduce energy consumption.
Where, for the highest inlet speed value (U=6.2m/s), the mean thermal efficiency (Nmean) is improved
by 6% for Cy = 3% compared with the base fluid.
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