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Abstract

The goal of this work is to examine the influence of entering temperature on the entropy generation characteristics of a
minichannel hairpin heat exchanger with counter-flow configuration. The working fluids are water and hybrid water—
Fe;0,4/carbon nanotubes (CNTs) nano-fluid (NF) that flows through the annulus side and tube side of the heat exchanger,
respectively. It is assumed that the NF is non-Newtonian, and its thermal conductivity and viscosity are temperature
dependent. The impact of volume fraction of Fe;0,4 (¢gp) and CNT nanoadditives (¢cnr) as well as the Reynolds number
of NF (Re,r) on the Bejan number and irreversibilities due to heat transfer and fluid friction are also assessed. It was found
that augmenting the temperature difference between the fluids entering the heat exchanger results in a decrease in the
frictional irreversibility and an increase in the global thermal and total irreversibilities and global Bejan number. Addi-
tionally, the outcomes depicted that the global frictional and total irreversibilities and the global Bejan number intensify by
boosting the Reps and ¢cnr, While the increase of ¢gg first leads to the reduction and then the increase of these parameters.

Keywords Hybrid nano-fluid - Hairpin heat exchanger - Inlet temperature - Irreversibility - Carbon nanotube -
FC304
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Re Reynolds number

Sg . Local frictional entropy generation rate
T (Wm K

S‘;’h Local thermal entropy generation rate
T (WmT KT

Local total entropy generation rate (W m™> K™ ")

Sg‘f Global frictional entropy generation rate
- Wm K™
,  Global thermal entropy generation rate
(Wm 3K
Sg,t Global total entropy generation rate (W m > K~ ")
T Temperature (K)
Inlet velocity (m s™")
Vv Velocity (m sh

Greek symbols

y  Shear rate (s_l)

i Viscosity (kg m~"' s7h)
p Density (kg m™>)

Subscripts
nf Nanofluid
w  Water

Introduction

Today, many scientists and researchers around the world
have become interested in nanotechnology as a field of
science with extensive research domains. Truly, each
branch of this science requires specialized and exclusive
research, studies and experimentation. From the standpoint
of advanced sciences, in industries related to medicine,
energy, textile, vehicle manufacturing and many other
applied science fields, nanotechnology has opened a new
horizon to wonderful scientific innovations and provided
suitable answers to many of human’s scientific pursuits and
enquiries.

One of the branches of nanotechnology relates to the use
of nanoadditives with high thermal conductivity in base
fluids with lower thermal conductivity. The product of this
method is a suspension whose thermal properties is higher
than that of the primary fluid used. This technique seems to
be a suitable way to overcome the low efficiency problem
associated with heat exchangers that use base fluids of low
thermal properties as energy carriers. Choi [1] was the first
researcher who succeeded in preparing these modern fluids,
which he named “nano-fluids”. Afterwards, extensive
research works were conducted by various investigators
throughout the world on the thermo-physical properties
[2-10] and also the performance of these modern fluids in
different equipment [11-19].
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The NFs containing two or three solid nanoparticles are
called hybrid NFs. In last year’s, the hybrid nanofluids
were utilized in different heat transfer applications as heat
pipes, micro-channel, minichannel heat sink, solar systems,
plate heat exchanger, air conditioning system, tubular heat
exchanger, shell and tube heat exchanger, tube in tube heat
exchanger and coiled heat exchanger, helical coil heat
exchanger [20-30].

In recent years, the use of NFs to improve the efficiency
of heat exchangers has attracted the attention of a group of
researchers. The thermal conductivity of common heat
transfer liquids is low and they can hardly meet the rising
demand for cooling. Also, the conventional methods of
improving the efficiency of heat exchangers, including the
use of blades, turbulators, electric field and magnetic field,
do not help much in this regard. Researches have shown
that NFs can be a solution to this problem. In a numerical
study, Goodarzi et al. [31] assessed the performance of a
HPHE filled with nitrogen-doped graphene NF. It was
found that the application of NF causes a 16.2%
enhancement in the rate of heat transfer. Shahsavar et al.
[32] carried out simulations to analyze the performance
metrics of a HPHE filled with the aqueous CNT/Fe;O,
hybrid NF from both first- and second-law perspectives.
The outcomes revealed that boosting the Re and ¢ causes
an augmentation in the heat transfer. Karimi and Afrand
[33] numerically assessed the influences of aqueous NF
containing both the MgO and CNT nanoadditives on the
performance of a heat exchanger. Both horizontal and
vertical heat exchangers were evaluated in their work.
They found that the horizontal heat exchanger performs
better than the vertical one. Diglio et al. [34] studied the
performance a borehole heat exchanger containing water—
Ag, water—Cu, water—Al, water—Al,O3, water—CuO, water—
Graphite, and water—SiO, NFs. The results showed the
superior performance of the water—-Cu NF as compared
with the other NFs. Using the lattice-Boltzmann method,
Rahimi et al. [35] analyzed the natural convection flow and
heat transfer of water—CuO NF through a hollow heat
exchanger considering nanoadditive shape effect. The
results revealed the superior performance of NF with pla-
telet type nanoadditives.

Literature survey demonstrates that the performance of
NFs in heat exchangers has been studied mostly from the
first-law viewpoint and that few research works have been
carried out on the irreversibility aspects of heat exchangers
filled with NFs. Using CFD simulation, Bahiraei et al. [36]
examined the second-law performance of a counter-flow
HPHE filled with water—CNT/Fe;0, hybrid NF. They
reported that the entropy generation at low and high ¢ is
mainly due to the heat transfer and flow friction, respec-
tively. Guzman et al. [37] used the CFD approach for
assessing the entropy transportation process through a plate
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and tube heat exchanger with elliptical and circular tubes
and reported the better performance of the heat exchanger
equipped with elliptical tubes. Dormohammadi et al. [38]
executed the second-law analysis for flow of water—Cu NF
through a wavy channel. The outcomes depicted that
boosting the ¢ results in an enhancement in the thermal
irreversibility. In addition, they found that the highest total
irreversibility reduces by intensifying the Richardson
number. Ebrahimi-Moghadam and Jabari Moghadam [39]
utilized the irreversibility minimization approach to obtain
optimal design characteristics of a corrugated channel filled
with water—Al203 NF. They reported that the application
of NF with ¢ = 4% causes 5% increase in the total irre-
versibility. Al-Rashed et al. [40] numerically investigated
the impact of nanoadditive shape on the irreversibility
aspect of boehmite alumina NF flow inside a HPHE. The
results indicated that platelet and spherical type nanoad-
ditives respectively represent the maximum and minimum
irreversibilities.

To the best knowledge of the authors, the variation of
irreversibility aspects of a HPHE in terms of entering
temperatures of working fluids has not been assessed so far.
The present numerical work is executed to fill this research
gap. For this purpose, irreversibility characteristics of a
HPHE containing water—-CNT/Fe304 NF are examined
considering various entering temperatures. The influences
of Reyr as well as the @cyt and @gg on the thermal and
fluid friction irreversibilities are also evaluated.

Model configuration
Geometry

Figure 1 depicts the schematic sketch of the studied HPHE.
The length, inner diameter, and outer diameter of the heat
exchanger are respectively 1 m, 1 mm, and 2 mm. The
cold NF and hot water flow flows through the tube side and
annulus side in a counter-flow manner. As shown in Fig. 1,
the problem is modeled two-dimensionally which is
because of the axial symmetry. The governing equations

Fig. 1 Geometry of problem

are derived using the assumption of laminar and steady
flow for incompressible fluids.

Governing equations

In order to perform the simulations, the governing equa-
tions including conservation of mass, momentum and
energy must be solved. These equations for the flow of
water and NF are as follows [32]:

Continuity equation:

V-(pV)=0 (1)
Momentum equation:

V- (pVV) = =Vp+ V.(uVV) (2)
Energy equation:

V. (pVe,T) = V.(kVT) (3)

Boundary conditions

The adiabatic condition is imposed on the outer wall.
Uniform velocity and uniform temperature are assumed at
both tube and annulus inlets. The pressure outlet is selected
for both the outlets. In addition, the no slip condition is
used for the walls.

Thermophysical properties of NF

In this research, the evaluated NF is a water based NF con-
taining hybrid Fe;0,/CNT nanoadditives. For in detail dis-
cussion of the synthesis process of the NF, please consult
with Shahsavar et al. [21-23]. In brief, the NF is synthesized
by sonicating the sufficient volume of aqueous Fe;O, and
CNT NFs for 5 min. The size analysis revealed that the
average diameter of the prepared hybrid nanoparticles is
59.3 nm. The ¢ and @yt of the examined NFs along with
their specific heat and density are reported in Table 1.

The results of rheological test revealed that the water—
CNT/Fe;04 NF present non-Newtonian pseudoplastic
behavior such that the viscosity drops sharply with the

> Insulation

Tout : water
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Table 1 Characteristics of the

studied nano-fluid samples [14] Sample name Fe;04/vol% CNT/vol% Parlkg m ™3 Coni/l kg K
0.1%FF 0.1 0 1000.953 4160.557
0.5%FF 0.5 0 1016.765 4094.560
0.9%FF 0.9 0 1032.577 4028.563
0.9FF% + 0.45%CNT 0.9 0.45 1037.541 3997.691
0.9%FF + 0.9%CNT 0.9 0.9 1042.504 3967.114
0.9%FF + 1.35%CNT 0. 1.35 1047.468 3936.826

increasing shear rate. In addition, it was found that the
viscosity reduces by boosting the temperature and inten-
sifies by enhancing the @gr and ¢cnr. Moreover, experi-
mental findings show that the thermal conductivity of the
considered NF boosts with intensifying the temperature,
@pr and @cnt. After performing the required tests, and
using the artificial neural network, a relationship was
established to forecast the thermal conductivity and vis-
cosity versus temperature, @gz and @cnt, and shear rate
(only for viscosity) [41]. Figure 2 shows that the developed
models can predict the thermal conductivity and the
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Fig. 2 Comparison of outcomes by experiments and developed
models for a thermal conductivity, b viscosity [41]
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viscosity with high precision. It should be noted that the
obtained models are valid within the temperature range of
25-55 °C, Fe30,4 concentration range of 0-0.9%, CNT
concentration range of 0-1.35%, and shear rate range of
1-100 s7".

The Reynolds number of NF (Re,¢) and water (Rey,) can
be computed through the following formulas:

_ pnfuin,nfdin
Unf
_ pwuin,w(doul — d; )
Hy

Reys

(4)

Rey, (5)

where ui, o is the entering velocity of NF and u;, \ is the
entering velocity of water.

Irreversibility analysis

The irreversibility in the flow field has two main sources
including the heat transfer and flow friction. The local

frictional (S;/ f) and thermal (.S"/g”,h) irreversibility as well as
the total irreversibility (Sg,t) are calculated through the
following formulas [42]:

2 2 2
st &) ()] (5% o

o ke | (OT\? [OT\?
SHORG 7
Sgt = Sg,f + Sg.h (8)

The global irreversibilities are computed from the inte-
gration of the local irreversibilities over the whole domain
as follows [42]:

Sur = / §!dV, Sen = / $!dV, Sy, = / Seav(9)

The Bejan number is defined to determine the contri-
bution of each factor in irreversibility generation. It indi-
cates the ratio of thermal irreversibility to the total
irreversibility as below [17]:

Sgh

Be = =

St (10)
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Numerical method and validation

The control volume technique is employed to solve the gov-
erning Egs. (1)-(3). The coupling between pressure and
velocity is modeled by SIMPLE method. Second order upwind
scheme is applied for discretizing the convective and diffusive
terms in the governing equations. As convergence criteria,
10~ is chosen for all dependent parameter. A structured rect-
angular mesh is utilized to discretize the computational domain
in this study. A grid refinement is used close to the walls to
capture the high temperature and velocity variations. The grid
independence examination was carried out by comparing the
pressure loss and heat transfer rate of hybrid NF containing
Fe;0, and CNT nanoadditives with volume concentration of
0.9% and 1.35%, respectively, at Reys = 2000, Re, = 1000,
Tinne = 298K and T, , = 308 K for different grid sizes. It is
observed in Table 2 that the grid system of 1000 x 45 x 45 (in
x, y direction of tube side and y direction of annulus side,
respectively) is chosen as the most appropriate grid.

In order to confirm the validation of the results, the data
presented in this contribution is compared with the data
provided in the experimental work of Duangthongsuk and
Wongwises [43] for flow of water-TiO, NF in a HPHE.
The outcomes are reported in Table 3 and it can be seen
that there is an excellent match between the two results.

Results and discussion

In this numerical investigation, the influences of entering
temperatures of working fluids on the irreversibility met-
rics of a HPHE containing water—CNT/Fe304 NF are
examined. The numerical simulations are carried out at Qg

Table 2 Findings of grid independent test

Mesh oW Error/% Ap/KPa Error/%
800 x 35 x 35 38.123 173.391

900 x 35 x 35 42.289 10.93 184.333 6.31
1000 x 40 x 40 44951 6.29 192.444 4.40
1000 x 45 x 45 46.728 3.95 196.37 2.04
1200 x 50 x 50 47.377 1.39 199.345 1.51

Table 3 Comparison between results obtained from present study and
experimental results [43]

Re Nu [43] Nu (present) Error/%
8900 90.38 85.82 5.05
10,450 98.44 98.90 0.47
11,820 105.82 106.50 0.64
13,200 114.56 114.66 0.09
14,500 120.60 123.51 241

of 0 to 0.9%, @cnyt of 0-1.35%, Renr of 500-2000, NF
entering temperature of 298 K, water entering temperature
of 308-338 K, and Rey, = 1000.
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Fig. 3 Temperature profile at cross section a x = 0.1m, b x = 0.5m
and ¢ x=09m at various entering water temperatures for
Qe = 0.9%, @enr = 1.35% and Reyr = 2000
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Figure 3 gives the temperature profile of NF versus

entering water temperature along the cross sections
x=0.1, 0.3 and 0.9 m. For all the considered cross

@ Springer
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Fig. 5 Velocity profile at cross section a x = 0.1m, b x = 0.5m and ¢
x=0.9m at various entering water temperatures for @ = 0.9%,
@cnt = 1.35% and Reye = 2000

sections, NF temperature is found to intensify by aug-
menting the entering water temperature. The near wall
regions experience higher temperature intensification
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compared to the central region. In addition, Fig. 3 depicts
that boosting the entering water temperature causes an
intensification in the amount of NF temperature rise. This

can be attributed to the higher augmentation of thermal
conductivity in these NFs. At a constant ¢, the thermal
conductivity coefficient of the NF only depends on its
temperature and, as a result, both the thermal conductivity
and temperature of NF have the same trend.
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Fig. 6 Variation of frictional irreversibility at cross section a
x=0.Im, b x=0.5m and ¢ x=0.9m at various entering water
temperatures for gz = 0.9%, @cnr = 1.35% and Reye = 2000
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Figure 4 gives the NF viscosity in terms of entering
water temperature along the cross sections x = 0.1, 0.5 and
0.9 m. For all the examined cross sections, NF viscosity
declines with boosting the entering water temperature. This
is because of the intensification of NF temperature. Fur-
thermore, the central region of tube experiences higher
viscosity compared to the near wall region that is because
of the higher velocity gradient in vicinity of the wall.

Figure 5 gives the NF velocity at cross sections x = 0.1,
0.5 and 0.9 m versus entering water temperature. Boosting
the entering temperature of water causes a decline in the
velocity of NF near the tube center, while the opposite is
true about the NF velocity in the vicinity of wall, which is
because the reduction of viscosity near the wall.

The effects of entering water temperature rise on fric-
tional irreversibility at cross sections x = 0.1, 0.5 and
0.9 m are illustrated in Fig. 6. The pattern of variations of
frictional irreversibility is the same for all the considered
cross sections, so that:
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e By intensifying the entering water temperature within
the range of 308-318 K, the frictional irreversibility is
decreased.

e By raising the entering water temperature within the
range of 318-328 K, the frictional irreversibility is
decreased except in the near-wall regions.

e By intensifying the entering water temperature within
the range of 328-338 K, the frictional irreversibility is
increased except in the near-wall regions.

According to Eq. (6), the frictional irreversibility is a
function of NF viscosity, temperature and velocity gradi-
ent. As it was mentioned above, a rise in the temperature of
entering water causes an intensification in the NF temper-
ature and a decline in the NF viscosity and thus the
reduction of frictional irreversibility. The reduction of NF
viscosity near the tube wall leads to the intensification of
NF velocity in this region and, ultimately, the decline of
NF velocity near the tube center (due to the law of
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Fig. 8 Global frictional irreversibility versus nanoadditive volume fraction at various entering water temperatures for a Reyr = 500 and
Qe = 0.9%, (b) Reyr = 2000 and ¢pp = 0.9%, (c) Renr = 500 and ¢yt = 1.35% and (d) Reyr = 2000 and ¢eny = 1.35%
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conservation of mass). This results in the increase of
velocity gradient and, thus, the increase of frictional irre-
versibility in the vicinity of wall. Therefore, the observed
in the frictional irreversibility with the rise of entering
water temperature can be attributed to the interactions
between the effects of viscosity reduction, NF temperature
rise and the increase of velocity gradient.

Figure 7 displays the thermal irreversibility at cross
sections x = 0.1, 0.5 and 0.9 m in terms of entering water
temperature. It is observed that the thermal irreversibility
of NF intensifies with augmenting the entering water
temperature; which is something undesirable. According to
Eq. (7), the thermal irreversibility is a function of NF’s
thermal conductivity, average temperature and temperature
gradient. The temperature and the thermal conductivity of
NF go up with the rise of entering water temperature,
thereby reducing and increasing the thermal irreversibility,
respectively. Also, the increase in the thermal conductivity
coefficient of NF near the tube wall results in the reduction
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of temperature gradient and thus the reduction of thermal
irreversibility. Therefore, Fig. 7 reveals that the effect of
the increase of thermal conductivity coefficient overcomes
the effects of temperature rise and temperature gradient
reduction, and that the thermal irreversibility intensifies
with augmenting the entering water temperature. Figure 7
also shows that by moving from the tube center toward the
wall, the thermal irreversibility increases at first, reaches a
maximum value and then starts to decrease. The tempera-
ture and the thermal conductivity coefficient of NF are
greater near the tube wall than near the tube center; this
causes the reduction and the increase of thermal irre-
versibility near the tube wall, respectively. The temperature
gradient and thus the thermal irreversibility of NF are also
greater near the tube wall than near the tube center.
Therefore, in view of Fig. 7, it can be concluded that by
moving from the tube center toward the tube wall, first, the
effects of the increase of thermal conductivity coefficient

and temperature gradient outweighs the effect of
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Fig. 9 Global thermal irreversibility versus nanoadditive volume fraction at various entering water temperatures for a Re,s = 500 and
Qe = 0.9%, b Reyr = 2000 and ¢pp = 0.9%, ¢ Reyr = 500 and @eyny = 1.35% and d Reyr = 2000 and ¢y = 1.35%
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temperature rise, and the irreversibility increases; however,
the opposite occurs near the tube wall.

Figure 8 shows the global frictional irreversibility versus
entering water temperature in terms of @pg, @cnt and Repys.
According to the results, the frictional irreversibility of NF
diminishes with intensifying entering water temperature. For
instance, at @pr = 0.9% and @cnt = 1.35%, by intensifying
the entering water temperature within the range of 308-
338 K, the global frictional irreversibility at Re,s = 500 and
Reys = 2000 are reduced by 24.83% and 11.29%, respec-
tively. The results also show that the increase of Re,s and
@cnr leads to the increase of global frictional irreversibility;
while the increase of ¢y first leads to the reduction and then
the increase of global frictional irreversibility. Therefore,
from the standpoint of irreversibility generation caused by
friction, the best NF performance, at all the considered Reyy,
belongs to the pure water—Fe;O4 NF with ¢z = 0.1%.

Figure 9 displays the global thermal irreversibility versus
entering water temperature in terms of @gg, @cny and Reps.
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Obviously, the global thermal irreversibility increases with the
intensification of entering water temperature. For instance, at
@pp = 0.9% and @cnr = 1.35%, by augmenting the entering
water temperature within the range of 308-338 K, the global
thermal irreversibility at Rey = 500 and Rens = 2000 are
increased by 1309.03% and 1370.5%, respectively. Moreover,
the increase of Re,r leads to the increase of thermal irre-
versibility; while the increase of ¢gp and @y first leads to the
reduction and then the increase of global thermal irreversibility.

Figure 10 shows the global total irreversibility versus
entering water temperature in terms of @pp, @cnt and Reys.
It is observed that the global total irreversibility increases
with the rise of entering water temperature. Figure 10 also
shows that the global total irreversibility increases with the
increase of Renr and @cnr; While the increase of ¢pp from
zero to 0.1% causes a decline and the further increase of
@pr leads to the increase of global total irreversibility.
According to Fig. 10, the hybrid NF only has a desirable
second law performance in the examined heat exchanger at
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Fig. 10 Global total irreversibility versus nanoadditive volume fraction at various entering water temperatures for a Re,s = 500 and @gp = 0.9%,
b Reyr = 2000 and @z = 0.9%, ¢ Reye = 500 and @enr = 1.35% and d Reyr = 2000 and @enr = 1.35%
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Fig. 11 Global Bejan number versus nanoadditive volume fraction at various entering water temperatures for a Re,s = 500 and @pz = 0.9%, b
Renr = 2000 and @pp = 0.9%, ¢ Renr = 500 and ooy = 1.35% and d Renr = 2000 and ¢eny = 1.35%

@re = 0.1% and @cyr = 0%; and the lower the Rey, the
better the performance of hybrid NF.

Finally, Fig. 11 shows the impacts of entering water
temperature on the Bejan number in terms of @gg, @cnT
and Re,s. The Bejan number of NF intensifies by aug-
menting the entering water temperature; which means the
greater share of heat transfer in the irreversibility genera-
tion, in comparison with flow friction. The results also
reveal that the increase of Rens, @cny and @pp (except
0.1%) leads to the increase in the share of frictional irre-
versibility and, thus, the reduction of Bejan number.

Conclusions

This numerical study is devoted to examine the impact of
entering fluids temperature on the irreversibility charac-
teristics of a minichannel HPHE. To this end, a counter-

flow HPHE was considered in which a cold water—CNT/
Fe;04 hybrid NF flows in the tube side and hot water is
pumped into the annulus. The entering NF temperature was
considered as constant, and the entering water temperature
was varied. The impacts of Rens, ¢ and @yt On the
obtained results were also assessed. By augmenting the
entering water temperature, the temperature, thermal con-
ductivity and local thermal irreversibility of NF increase,
the NF viscosity reduces, and the NF velocity first
increases and then reduces. In addition, it was found the
boosting the entering water temperature causes an increase
in the global thermal irreversibility, global total irre-
versibility and global Bejan number, while the frictional
irreversibility reduces by intensifying the entering water
temperature. Moreover, the findings revealed that the
augmentation of Reys and @yt causes an increase in the
global frictional and total irreversibilities and global Bejan
number; while the augmentation of @gp first leads to the

@ Springer
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reduction and then the increase of these parameters. Fur-
thermore, it was reported that augmentation of Reys results
in an increase in the thermal irreversibility; while boosting
the @pr and @cnr first leads to the reduction and then the
increase of global thermal irreversibility.
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