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Abstract
In this research, a numerical macroscopic approach has been employed to analyze nanofluid entropy generation and
turbulent flow through a circular heat exchanger with an innovative swirl flow device. A homogenous model was con-
sidered for nanofluid. Minimizing entropy generation can be considered as a very important goal for designing a heat
exchanger, so we focus on this factor in the present attempt. Simulations were presented to show the influences of the
geometric parameter (revolution angle) and inlet velocity on hydrothermal and second-law treatment. Related correlations
for thermal and frictional entropy parameters as well as Bejan number have been presented. Outputs reveal that augmenting
revolution angle increases the frictional entropy generation. Increasing secondary flows leads to a reduction in thermal
entropy generation due to a decrement in thermal boundary layer thickness. By improving convective flow, Bejan number
reduces.
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List of symbols
Seens  Viscous entropy generation

Nu Nusselt number
T Fluid temperature
Re Reynolds number
P Pressure
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- Passive technique - Heat exchanger - Entropy generation

L Length of pipe

f Darcy friction factor

Pr Prandtl number

Seen,tn  Thermal entropy generation
D Pipe diameter

Greek symbols

Thermal diffusivity
Concentration of nanofluid
Dynamic viscosity of nanofluid
Density

Revolution angle

=T = © R

Subscripts

s  Particles

nf Working fluid
f  Fluid

Introduction

To reach the best design of a heat exchanger, both
hydrothermal and second-law behaviors need to be consid-
ered. To enhance its efficiency, nanofluid can be considered as
a working fluid in a heat exchanger. Nanofluids have many
applications, such as in solar energy [1], solidification/melting
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enhancement [2, 3], condensation process [4]. Jafaryar et al.
[5] suggested the innovative twisted tape with an alternate axis
to generate secondary flows in a heat exchanger. They utilized
nanofluid as an effective fluid. Jafaryar et al. [6] displayed
turbulent migration of nanofluid through a pipe. They used
two combined passive techniques to reach the best design.
Hagq et al. [7] depicted the MHD mixed convection over a
sheet. Qi et al. [8] reported experimental results for nanofluid
heat transfer augmentation in a heat exchanger. They analyzed
the stability of working fluid. Sheikholeslami et al. [9]
demonstrated exergy loss of nanofluid in a pipe with a swirling
device. They presented correlations for destroyed exergy.
Zheng et al. [10] demonstrated sensitivity analysis for a flat
heat exchanger to find the impact of active parameters on the
thermal behavior. Sajjadi and Kefayati [11] studied the tur-
bulent-free convection in an enclosure. They used a meso-
scopic approach in their attempt. Zheng et al. [12] utilized
vortex rods for augmentation of efficiency of the heat
exchanger. They simulated the current problem for laminar
region. Astanina et al. [13] demonstrated the second- and first-
law approach for ferrofluid natural convection within a cavity.
They simulated the nanofluid behavior under the role of
Lorentz forces. Choosing a good working fluid is the hot
subject in recent decades [14—43].

Although the hydrothermal behavior of nanofluid lami-
nar flow within a heat exchanger has been reported by
previous researchers, there are few papers in which
researchers focus on entropy generation of nanofluid. Also,
in the current paper, we present an innovative type of
turbulator to enhance the efficiency. For better estimation
of the behavior of working fluid, previous experimental
models have been utilized. Impact of inlet velocity and
revolution angle on nanofluid flow, frictional and thermal
entropy generations is shown as contours.

Physical model

Two passive techniques have been employed in the current
study. Using nanofluid and a turbulator can improve the
heat transfer. Properties of H,O and CuO nanoparticles
were depicted in Tables 1 and 2. Single phase was utilized
for working fluid by employing experimental correlations.
A new shape of the turbulator has been selected (see
Fig. 1). Revolution angle was considered as a geometric
variable. Length of the pipe is 900 mm, and the test section
is central 300 mm. The reason for selecting such test sec-
tion is because of the fact that test section should not
appear any back flow. The inlet boundary was considered
as velocity inlet and the outlet one was pressure outlet. The
heat exchanger is heated by a constant heat flux.
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Table 1 Coefficients of CuO-water

Coefficient values CuO-water
al —26.5933108
a2 —0.403818333
a3 —33.3516805
a4 —1.915825591
a5 6.421858E — 02
a6 48.40336955
a7 —9.787756683
a8 190.245610009
a9 10.9285386565
alo —0.72009983664
Table 2 Properties of base fluid and nanoparticles

phkgm™  Clikgk™ KWmk™'  wPas
Pure water ~ 997.1 4179 0.613 0.0010003
CuO 6500 540 18 -

Fig. 1 Present heat exchanger
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Problem formulation :L';nf [Pric] Kisownian + (1 — )23 (11)
f
A heat exchanger with a turbulator is simulated in the
current attempt. Turbulent nanofluid flow is considered.
Governing partial equations for such flow are: @ — 143 P(kk — 1)
() k¢ —p(kk — 1) + (2+kk)
=0 (1)
0x;
. +5 % 10*prcpr (¢dwﬂ
0 (puptit) 6p+ 0 <<©ui+6uj>'u ) Ppp
~ \PnfUilly) = — ST 2 A, T A nf
0xj ! agi 0x; _@xj 0x; g’(d),dp, T) (aan( ) +a; + a5Ln( )2
+6—xj <_pnf”§ui,> (2) +asLn(dy)Ln(¢) + asLn($))Ln(T)
0 d or + (ar0Ln(dy)*+as + asLn(9)
6(PnfTui)_@((rt+F)@>7 I'o= (u/Pry), 3)
T = (e Pro) : tarLn(dy) + asln(dy) Ln(@)),

= (/"nf/ rﬂf)’ kk = kp/kt
and y, are:

— Oou; O 2 2 0 . ..
—puplill; = (GZJ + az: > M3 Puckdyj — T a—ztéij (4)  z=0 and z = L have the following conditions:

1, vi=0, w=cte, u;=0, I—016(Re)Tl T, = cte
pe =K Copus (5) (13)
Due to strong swirling flow, we selected k — & model and ~ Ou _ Ov 0T _ Qw _ 0 (14)

checked the limitation of this model. A homogenous model
is employed for estimating nanofluid properties:

) ok 0
Hog T He/ Ok k = Puté = 2 \UiKPpt ),

(Gt /o0 o) +6 o ko)

g . (6)
Ou

G pnfaiJ M

0 £ &2
a_xi(uipnfg) = Echle Pt 7 Coe

SEwE o

C,.=0.0845, Cy=1.68, Pr =0.5,
g.=1.3

Ci. =142,
gx = 1,

(3)

ANSYS Fluent has been used for simulation. Pressure-
based solver has also been used. We simulate a steady-state
form. SIMPLE algorithm was selected for coupling of
pressure and velocity. Upwind method was employed for
discretization.

Pnf> (pcp)mca Hnp and kng ity are [44]:
Pnf = pf(l - (15) + p (9)
(pCp) = —(¢ = 1)(pCp) +(0Cp)

% 0z 0z oz
In the current work, the definitions of Nu and f are:
hDy,

Nu = (15)
knf
Ap
f=mz (16)
2 Dy
Soen,th and Seen ¢ were calculated as:
ko | (OT\? (OT\?> [T\’
S, == |l= =] +| = 17
genth =2 |\ 3z dy ) |’ (17)

Table 3 Example of mesh Number of nodes Nu

independency for

p=90° Re = 20000 320,782 253.8415
371,067 258.7461
405,753 260.0394
464,125 260.5273

Table 4 Ranges of Y for outer B v

wall at Re = 20,000
0° 4.5433044
45° 47648616
90° 4.79353
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Fig. 2 Verification of our approach for h(x) [45]

Sgen,f

Sgen,th

Fig. 3 Frictional and thermal entropy generation contours at f§ = 0°,

@ Springer

@+a_u2+2 %2+a_wz+@2
U ox Oy Ox 0z Oy

Sgen,f:? 2 )
(2, 0N (o o
0z Oy 0z Ox

(18)

Each numerical simulation should have outputs without
dependence on mesh. For the current attempt, grid inde-
pendency analysis has been checked, and we presented an
example in Table 3. Also, to satisfy the condition of the
chosen turbulent model, Y* should be lower than 5. We
checked this fact, which is presented in Table 4. For ver-
ification of the current code, a comparison with a previous
article is depicted in Fig. 2 [45]. This figure proves great
accuracy of the current code for nanofluid turbulent flow.

Sgen,f

Sgen,th

Re = 5000
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Results and discussion

Entropy generation of turbulent nanofluid flow within a
duct with innovative swirling inserts was investigated in
the current article. A homogenous model was considered.

Velocity

]
Velocity Magnitude (m/s): 0.1 0.2 0.3 0.4 0.50.6 0.708 0.9 1 1.1

Fig. 4 Frictional, thermal entropy generation and velocity contours at
p=0° Re=20000

Entropy F
aa

806,
8129
7481

Sgen,th

Fig. 5 Frictional and thermal entropy generation contours at f§ = 45°,

We selected two parameters as variables (inlet velocity and
revolution angle). Finding the best performance in view of
thermal and second-law behaviors was our main purpose.

Impacts of inlet velocity and f§ on velocity contours,
thermal and viscous entropy generation contours are
depicted in Figs. 3-8. As inlet velocity enhances, pressure
drop and temperature gradient increase. As inlet velocity
increases, a reduction in the thermal boundary layer
thickness can be observed, and it makes convective flow
stronger. Pressure loss enhances due to a more swirling
flow.

Secondary flow increases with augment of f3, and in turn
convective flow increases. Stronger turbulent intensity
occurs for higher values of . So, greater revolution angle
makes to reach better nanofluid fluid mixing. The impact of
f is more significant at lower inlet velocity because of
thicker boundary layer in low Reynolds number. Also,

Entropy F
143198
158

Sgen,f

Sgen,th

Re = 5000
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Velocity

Velocity Magnitude (m/s): 01 02 03 04 05 06 07 08 09 1 1.1

Fig. 6 Frictional, thermal entropy generation, and velocity contours

at f =45°, Re = 20000

disruption of thermal boundary is more pronounced in
lower Re. AP augments with an increase in f§ because of
intensification in secondary flow.

Viscous entropy generation augments with augment of
AP. So, Sgen s intensifies with augment of inlet velocity and

Entropy F
1040

sgen,f

Sgen,th

Fig. 7 Frictional and thermal entropy generation contours at f§ = 90°,
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Velocity

: 0.10.20.304 0506070809 1

Fig. 8 Frictional, thermal entropy generation and velocity contours at
f=90°, Re= 20000

revolution angle. Thermal entropy generate act against
pressure 10ss. Sgenn intensifies with a reduction in p and
Re. The following formulas are derived for Seeqm, Be and

Sgen,f:

Ents F
ntropy

e

Sgen,th

GG 7 S a2 B9 % T
0,72, 200 %0 0 %, 0 % %, 0 5,5
W % % R e B R e B R B e B By

Entropy H

Re = 5000
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Sgen,f

0.00 22.50 45.00 67.50 90.00

Sgen,th

0.00 22.50 45.00 67.50 90.00

0.00 22.50 45.00 67.50 90.00

B

Fig. 9 Effects of Re and f on Sgen f; Sgen,m, Be

Sgenih = 22.26 — 0.738 — 21.62Re* + 0.64f Re* + 0.57

(19)
Be = 0.63 — 0.012f8 — 0.35Re* — 0.0128 Re* + 0.0128>

(20)
Sgens = 1.4+ 0.0498 + 1.16Re* + 0.039fRe* — 0.048 8>

(21)

In the above equations, Re* = 0.001Re and mean square
error is 0.98. Figure 9 demonstrates the impacts of  and
Re on entropy parameters. Secondary vortexes become
stronger with an increase in both parameters. Therefore,
Seen,m iS an augmenting function of Re and f. Roles of
significant parameters on Sgenr are different from Sgen .
S0, Sgen,m reduces with augment of Re and f. Because of
higher values of Sgenm in comparison with Sy ¢, it can be
concluded that Be detracts with an increase in Re and f.

Conclusions

In the current article, we simulate nanofluid entropy gen-
eration and heat transfer to find the best design for the
current heat exchanger. In industries, designers want to
reach the highest heat transfer rate and the lowest entropy
generation. So, we attempted to show not only the
hydrothermal behavior but also frictional and thermal
entropy generations. We demonstrated the contours for
various cases and extracted new correlations for goal fac-
tors. To estimate characteristics of nanofluid, previous
experimental formulas have been employed. Results
demonstrated that Bejan number reduces with intensifica-
tion of inlet velocity and revolution angle. Thermal entropy
generation reduces with an increase in both variable
factors.
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