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INTRODUCTION

Higher heat transfer rates are targeted in modern indus-
trial applications nowadays. Enhancement of the heat
transfer characteristics of working fluids has become an
important research topic. One of the enhancement methods
is the utilization of nanofluids. Recently increasing inter-
est in nanofluids has led to a significant improvement in
heat transfer performance. Nanofluid is a suspension of
very fine particles with dimensions less than 100 nm mixed
with classical fluid (water, oil and ethylene glycol), which
greatly improves the heat transfer characteristics of the
base fluid [1]. Nanofluids are used in different fields such
as refrigeration industry, nuclear reactors, drug transport
system, automotive applications, fuels, microchips cooling
and geothermal energy [2]. In recent years, experimental
and numerical studies [3]-[4] on nanofluids have been car-
ried out to further improve the heat transfer characteristics.
Dalkilic et al. [5] have reviewed the papers studies in this
field to well understanding of the characteristics of nanoflu-
ids. Due to the fact that a good promising technology of the
nanofluids in thermal engineering applications such kind of
works with different geometries and flow conditions using
nanofluids are increasing day by day. When these studies
are examined, it can be seen that nanoparticle concentra-
tion is one of the most important parameters affecting heat
transfer in such applications. Minea [6] studied the numeri-
cally to investigate the nanoparticle concentration effect on
forced convection heat transfer in a tube. She used the sin-
gle-phase model on the solution of Al O,-water nanofluid
flow for both laminar and turbulent regime. It is concluded
that from the study heat transfer enhancement is increasing
with the nanoparticle volume concentration. This conclu-
sion has also been declared by Ekiciler et al. [7] for the
laminar flow of SiO,-water nanofluid flow in a duct. Ting
et al. [8] investigated the convection heat transfer and flow
characteristics of water-based Al,O, nanofluids with differ-
ent volumetric nanoparticle concentrations (0.1-2.0 vol.%)
under the constant wall temperature boundary condition. In
the laminar range (360<Re<2100) the heat transfer coeffi-
cient of the Al,O,/water nanofluid with 2 vol.% enhanced
by 32% compared to the pure water. Heris et al. [9] stud-
ied AL O,/water nanofluid flow experimentally through a
square cross-sectioned channel under constant heat flux in
laminar flow and observed up to 27.6% enhancement using
2.5 vol.% nanofluid comparing to the base fluid. Heris et al.
[10] numerically analyzed laminar flow and heat transfer
of three different nanofluids (Al,O,/water, CuO/water, and
Cu/water) through a square cross-sectioned channel under
constant heat flux conditions. Obtained enhancements of
Nusselt number for Cu/water, CuO/water, and Al O, /water
nanofluids were 4.0% vol. 77%, 68% and 59% respectively.
Yin et al. [11] studied Cu/water nanofluid flow both experi-
mentally and numerically analyzing pressure drop and heat
transfer in a pipe under laminar flow conditions. The results
showed that the nanofluids below 2.5 vol.% increased heat

transfer. Purohit et al. [12] investigated laminar flow of var-
ious nanofluids (ALO,/water, ZrO /water, and TiO /water)
in a circular tube. It was observed that 8-30% increment
of heat transfer coefficient for all investigated nanofluids.
Li et al. [13] investigated laminar convective heat transfer
of Cu/water nanofluid having 0.5-2 vol.%. They reported
that the heat transfer coefficient increases up to 60% for
nanofluid with 2.0 vol.%. Wen et al. [14] investigated the
heat transfer of a-Al O, nanofluid flow in a copper tube
under the laminar flow conditions. They reported a 47%
enhancement in local heat transfer coefficient at x/D =
63 and Re=1600 using nanofluid with 1.6 vol.%. Chen et
al. [15] measured the effective thermal conductivity, rhe-
ological behavior and forced convective heat transfer of
the nanofluids containing titanate nanotubes (0.5, 1.0, and
2.5 wt.%). They found that the titanate nanotube nanoflu-
ids with 2.5 wt.% showed a small thermal conductivity
enhancement, i.e. ~3% at 25 °C and ~5% at 40 °C. Anoop
et al. [16] experimentally investigated the convective
heat transfer coefficient of alumina/water nanofluids. The
authors reported that the heat transfer enhancement of the
nanofluid with 4 wt.% containing 45 nm nanoparticles for x/
D=147 at Re=1550 was around 25%, whereas for nanofluid
containing 150 nm nanoparticles it was found to be around
11%. Davarnejad et al. [17] numerically investigated the
heat transfer characteristics of Al,O,/water nanofluid in a
circular tube under constant heat flux and showed that the
convective heat transfer coefficient increases by increasing
velocity and decreasing particle diameter. Abareshi et al.
[18] prepared Fe,O,/water nanofluids. The results showed
that the enhancement of the thermal conductivity increases
11.5% as the volumetric nanoparticle concentrations
increases up to 3% at 40 °C. Turgut et al. [19] were stud-
ied the thermal conductivity of TiO /water with 3 vol.%
at different temperatures (13 °C, 23 °C, 40 °C, and 55 °C).
They found that up to 7.4% enhancement has been reached
using TiO,/water nanofluid with 3 vol.% at 13 °C. Fadhil
et al. [20] used 3 vol.% SiO,/water nanofluid in laminar
flow conditions (100<Re<1000). As a result, they observed
that the cooler base temperature decreased and the Nusselt
number increased with increasing Reynolds number. Kaya
et al. [21], have studied TiO,/water nanofluid with differ-
ent volumetric nanoparticle concentrations (ranging from
1.0 vol.%-4.0 vol.%) in a semi-circular cross-sectioned
microchannel under steady-state laminar flow condition.
As a result, an enhancement in the average Nusselt number
can reach up to 10% along with increasing the volumetric
nanoparticle concentration of TiO /water nanofluid.
Entropy generation due to the fluid friction and heat
transfer is an important parameter to determine the heat
transfer performance on various channels geometries
as studied in this work. Uysal et al. [22] investigated the
convective heat transfer and entropy generation of ZnO/
EG nanofluid (1.0-4.0 vol.%) flow through square micro-
channel. As a result, it was found that when 4.0% ZnO
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nanoparticles were added to pure EG at Re=100, the flow
convective heat transfer coefficient increased from 9718.15
W/m’K to 23010.79 W/m’K. The total entropy produc-
tion of the ZnO/EG nanofluid decreases with the increase
in the volumetric nanoparticle concentration of the ZnO/
EG nanofluid. In addition, that the convective heat trans-
fer and entropy generation of diamond-Fe,O,/water hybrid
nanofluid was numerically investigated by Uysal et al. [23].
In their study apart from the well-known conclusions they
found minimum entropy generation rate for hybrid and
conventional nanofluids. Li et al. [24] numerically inves-
tigated the entropy generation and forced convection
heat transfer of AL,O,/water nanofluid in a heat exchanger
equipped with a spiral band, the effect of height ratio and
Reynolds number on entropy. As a result, they showed that
the thermal entropy generation decreases with the height
ratio and the increase of Re.

Even though investigations about nanofluids are plenty,
and also notwithstanding the existence of literature deal-
ing the convective heat transfer of various nanofluids, to
the best of authors’ knowledge, investigations about Fe O,/
water nanofluid are still limited and there is no comparative
study available literature focusing on the effect of channel
geometries. Motivated by this, the main objective of the
present work is to investigate numerically forced convec-
tion heat transfer characteristics of Fe,O,/water nanofluid
flow in different channel geometries (cylindrical, square,
rectangular, triangular) having the same hydraulic diame-
ters. For this purpose, some pertinent parameters such as
channel geometries, volumetric nanoparticle concentra-
tions effect on the convection heat transfer are examined
under the laminar flow regime. In addition, that, in the
study, the scope of the subject examined was expanded by
considering entropy generation and new Nu number cor-
relations are proposed. This study can provide a guidance
for the usage of nanofluids flow in the engineering appli-
cations having various cross-sectioned channel geometries.

MATERIAL AND METHOD

Theoretical Background

In this study, flow and heat transfer characteristics of
Fe,O,/water nanofluid flow in a channel with a hydraulic
diameter of 16 mm and a length of 1.5 m were investigated
numerically. The average convective heat transfer coeffi-
cient and Nusselt number are fundamental parameters to
find out the thermal performance of the nanofluid that has
been defined by the following equations [25];

"

ho=—391 (1)
! (Tw _Th )avg
T, +T
Tb _ in,nf ; out,nf (2)
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where (T, - Tb)avg is the linear mean temperature dif-
ference of wall and the bulk temperature. The bulk tem-
perature of the nanofluid flow can be determined from the
taking average of the temperatures of the nanofluid at the
inlet and the outlet sections of the channel, h is the average
convective heat transfer, Dh is hydraulic diameter, k is the
thermal conductivity, nf represent the nanofluid, g” is the
heat flux.

Widely used correlations in literature are given below.
Shah-London correlation [26] is expressed in Eq. 4,
Gnielinski [27] correlation for laminar flow in Eq. 5,
Churchill-Ozoe correlation [28] in Eq. 6, and Sieder-Tate
[29] correlation for laminar flow in Eq. 7.
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fis the average Darcy friction factor that is found from
the Darcy-Weisbach equation given below [25]:

[ S— (8)

RIS

Numerical analyses can be made with three different
approaches: i) Single Phase Model, ii) Euler-Euler Approach
and Euler-Lagrange Approach. In this study Single Phase
Model was used. Physical properties of the nanofluids are
calculated from water and nanoparticle characteristics
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at the mean temperature using the following equations
[30-32]:

Py=0=@p,+op, ©)
(pC,),= A =9)(pC), + @(pC)np (10)
ks _ k,, +2k, —2¢(k, —k,) ()
k. k, +2k, +ok, k)
Y7
/unf = - 2.5 (12)
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where bf, np and nf represents the base fluid, nanopar-
ticle and nanofluid respectively whereas p, ¢, Cp and u
denotes density, nanoparticle volume concentration, ther-
mal capacity and dynamic viscosity.

The thermophysical properties of pure water, Fe,O,
and nanofluids are given in Table 1 at the bulk tempera-
ture which were obtained from the study of Dibaei and
Kargarsharifabad [33].

Reynolds and Prandtl numbers are calculated from the
equations below [25]:

VD
ReDzm (13)
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nf

Performance evaluation criteria is the ratio to consider
the effects of heat transfer enhancement and additional
pumping power as a result of using nanofluid instead of
base fluid. Greater the PEC ratio means greater heat trans-
fer performance despite the pressure drop increase. Also,
the PEC ratio describes the efficiency of the nanofluid used
in the system, and it is defined below [32]. Likewise, effi-
ciency increases with increasing both the Reynolds number
and volume concentration.

(Nuenhanced /Nubase)

PEC = 1/3
(fenhunced / fbuse )

(15)

Entropy can be characterized as an extensive prop-
erty that becomes somewhat more meaningful when the
microscopic state of the system and its surroundings is
considered. Although physically defining of entropy con-
cept is difficult, it can be clarified as a measure of molec-
ular disorder, or molecular randomness which means that
the positions of the molecules become less predictable and
the entropy increases in case a system becomes more dis-
ordered. Thus, the entropy change of the system during an
irreversible process is directly associated with increasing
of molecular chaos of a substance or a fluid flow. From a
more fundamental point of view, the second law of ther-
modynamics gives us a clear picture of where entropy is
generated from. Accordingly, the total entropy generation
rate per the length of the channel due to heat transfer (with
finite temperature difference) and flow friction during
through non-circular channel is expressed as follows:
+9

S Qr
Sgen - sgen, heat transfer gen, fluid friction

(16)

For simplicity, if a small passage of length dx is consid-
ered as the thermodynamic system, the first law of thermo-
dynamics can be written as [34]:

mdh = q'dx (17)
Hence, the correlation above becomes:
o, mds q
S =— 18
o dx T+AT (18)

where T denotes the fluid bulk temperature. For an
incompressible fluid, the Gibbs equation [35] can be given as:

Tds = dh - vdP (19)
where v denotes the specific volume expressed as:
v= 1 (20)
Yo,

If the expressions between Egs. (18) and (20) are com-
bined, the entropy generation rate, S/ is obtained as follows:

. q'AT m ( dP
S en = 2 t—
T2 TAT Tp\ dx

21)

Table 1. Thermophysical properties of water, Fe, O, nanoparticles, Fe,O,/water nanofluids at various volumetric

nanoparticle concentrations [33]

The properties of the working fluid Water Fe,O, 1vol.% Fe,O /water 2vol.% Fe O, /water 5 vol.% Fe O, /water
Density (kg/m?) 998 5180 1041 1083 1209
Thermal conductivity (W/mK) 0.6 80.4 0.6096 0.6186 0.665
Specific Heat (J/kgK) 4182 670 4152 4122 4022
Viscosity (kg/ms) 1.003 - 1.0806 1.16 1.3
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In Eq. (23), the differential form of pressure drop across
the system, P can be derived as given:

x pV?

P(x)= f— 22
(x)=f D, 2 (22)

dp  _pV* _pV?’P
_ar_ = c 23
dx f 2D, f 8A, .

Since the mass flow rate, m is defined as:

m=pVA, (24)

Using this relation, the above equation can be
simplified as:

_dp il fP

dx  8pA’ @)

If AT is left alone on the left hand side in Egs. (2) and
(3), it is determined as:

’ ’ ’ 44" A
AT = q — q — q —= q c2 (26)
h-P. Nu-k P’ Nu-k-P
c 71): Nu-k-—< c
D, 4A
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Finally, a generalized entropy generation rate for a
non-circular cross-sectioned channel is obtained by using
Egs. (21), (25) and (26):

,2
4(q) A,
. Nu-k-P? n(m>-f-P
g = Nwkb  mpm SR g
¢ T? T-49-A, Tp| 8pA
o c
Nu-k-P.
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" = —_—
2 2.77 cm
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o 4(q’)2«AC +f-pV3-P£

en 2 2 (28)
¥ T°Nu-k-P'+4T-q"-A, 8T

NUMERICAL PROCEDURE

Numerical analysis is performed to compare the heat
transfer characteristics of the nanofluid flow in different
cross-sectioned channels having same hydraulic diameter.
Schematic illustration of the channel geometries is given
in Figure 1. The diameter and length of the cylindrical
cross-sectioned channel are 1.6 cm and 1.5 m, respectively.
The edges of the square cross-sectioned channel geometry
are 1.6 cm. Dimensions of the rectangle cross-sectioned
channel geometry are 1.3 cm x 2.1 cm x 1.5 m. The edges of
the triangle cross-sectioned channel geometry are equilat-
eral, and 2.77 cm.

The nanofluid is incompressible, and the flow is
assumed to be steady-state and laminar. The inlet tempera-
ture of the fluid is assumed constant (300 K). The constant
heat flux (6 kW/m?) is applied on the outer walls of the
channel geometries. The velocity inlet, zero pressure outlet
and no-slip wall boundary condition were applied in the
numerical computations. The thermophysical properties
of the nanofluid are constant. The nanofluid is assumed to
be single phase (homogeneous) model. In this model, the
nanofluid is treated as a homogeneous fluid with effec-
tive properties because of nanoparticle addition since
the mixture acts as a single-phase fluid. Apart from this
model, Euler-Euler and Euler-Lagrange approaches are
also employed in some studies for two phase analysis in the
literature. All models have advantages and disadvantages.
However, single phase model comes to the forefront among
these since other models does not provide an insight into
complicated numerical models [36]. In the laminar regime,

q"=6kW /m*

L

Ti=300 K

q"=6kW /m’

(b)

Figure 1. (a) Different cross-sectioned channel geometries with same hydraulic diameters and (b) boundary condition of

the problem for cylindrical channel.
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different Reynolds numbers ranging from 500 to 2000 are
taken into consideration. Besides, the Reynolds number is
determined as functions of average velocity of the nano-
fluid, the hydraulic diameter of the channels and the ther-
mophysical properties of nanofluids.

In the numerical analysis, commercial CFD soft-
ware Ansys Fluent 19.1 was used. This software uses the
finite-volume method to perform the numerical calcula-
tions by solving governing equations (29-31) along with
the boundary conditions. For incompressible, constant
thermophysical properties and negligible dissipation; con-
tinuity, momentum, and energy equations are given below,
respectively [37]:

V-V=0 (29)

DV -
pﬁ=pg—VP+WZV (30)
pCP%=kV2T (31)

The convection terms in continuity, momentum, and
energy were discretized using the second-order upwind
scheme. For the discretization of pressure, the standard
scheme was used and for pressure-velocity coupling, the
SIMPLE algorithm was utilized. The least-square cell-based
method was applied for the discretization of the equations.
For convergence, iterations were continued until the resid-
uals fall below 10¢. As shown in Figure 2, the hexahedral
mesh was used for the cylindrical, square, rectangular, and
triangle cross-sectioned channels, and mesh intensity was
increased near the wall to enhance the accuracy and to sim-
ulate better thermal characteristics in the boundary layer.

The essential factor that affects the accuracy of results
is quality and cell number of mesh. Poor quality mesh or
smaller mesh number causes to decrease the accuracy of
results, while a higher mesh number increases compu-
tational time. Therefore, grid independence test is very
crucial to reach reasonable accuracy of results within rea-
sonable computational time. Grid independence studies
have been performed for all cross-sectioned channels to
obtain this balance. As can be seen in Figure 3 and Table 2

(a) (b)

below, optimum mesh numbers have been determined
for different cross-sectioned channels. It can notice from
Table 2, 140000, 515000, 700000 and 700000 cell number
has been used for cylindrical, square, rectangle, and trian-
gle cross-sectioned channel geometries, respectively.

RESULTS AND DISCUSSION

Results of cylindrical cross-sectioned channels using
distilled water are compatible with the well-known cor-
relations widely used in literature and is shown in Figure 4.
Numerical results are in good agreement with the Sieder-
Tate [29] correlation within +5% error margin, with the
Gnielinski [27] correlation within +7% error margin, while
with the Shah-London [26] correlation within +10% error
margin.

On the other hand, experimental results are limited
in the research area of non-circular cross-sectioned chan-
nels. However, Heris et al. [9] experimentally investigated
nanofluid flow in a square cross-sectioned channel under
laminar flow conditions. Hence, numerical results of this
investigation have been compared with the experimental
data of Heris et al. [9]. Results of the rectangle and square
cross-sectioned channels are in good agreement within
+10% error margin, while numerical results are within
+5% error margin compared to the results of Churchill-
Ozoe [28]. On the other hand, triangle cross-sectioned
channel offers lower heat transfer compared to other
non-circular cross-sectioned channels as can be seen in
Figure 5. Furthermore, the friction factor of the cylindrical
cross-sectioned channel using distilled water is higher than
the non-circular cross-sectioned channels. For further ver-
ification of the mesh, the friction factor of the cylindrical
cross-sectioned channel was compared with the Morrison
model [38] in Figure 6, and it is within 8% error margin.

Laminar flow of Fe O, /water nanofluid flow in different
channel geometries having D, =16 mm was investigated numer-
ically to observe convective heat transfer characteristics and
obtained results depicted graphically for a detailed discussion.
Figure 7 shows the Nu number variations with Re number.

It can be seen that from the figure higher volumetric
nanoparticle concentration nanofluid increases the con-
vective heat transfer compared to distilled water. Also,

(c) (d)

Figure 2. Mesh distribution of (a) cylindrical, (b) square, (c) rectangular, and (d) triangle cross-sectioned channels.
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Figure 3. Grid independence test for (a) cylindrical, (b) square, (c) rectangular, and (d) triangle cross-sectioned channel

geometries.

increasing Reynolds number increases the heat trans-
fer performance of the working fluid. As can be seen in
Figure 8, increasing volumetric nanoparticle concentration
does not affect the Nusselt number significantly for the
same Reynolds numbers and cross-section channels. On
the other hand, the cross-sectioned channel type plays an
essential role in heat transfer performance. It is proved to be
cylindrical cross-sectioned channel is the best option, while
the triangle cross-sectioned channel is the worst for heat
transfer applications. Cylindrical cross-sectioned chan-
nel geometry offers up to 77.6% convective heat transfer
enhancement compared to triangle cross-sectioned channel
geometry. Square cross-sectioned channel geometry up to
36.4%, and rectangular cross-sectioned channel geometry
up to 40.1% enhancement compared to triangle cross-sec-
tioned channel geometry for the same hydraulic diameter
and same heat flux. Triangle cross-sectioned channel geom-
etry shows worst heat transfer performance among all.

In cylindrical cross-sectioned channel geometry; 1
vol.% Fe,O, offers 1.59%, 2 vol.% Fe,O, 3.14%, and 5 vol.%
Fe,0, 3.67% increase compared to distilled water. In rect-
angular cross-sectioned channel geometry; 1 vol.% Fe O,

offers 1.59%, 2 vol.% Fe O, 3.11%, and 5 vol.% Fe O, 3.64%
increase compared to distilled water. In square cross-sec-
tioned channel geometry; 1 vol.% Fe O, offers 1.68%, 2 vol.%
Fe,0, 3.33% and 5 vol.% Fe O, increased 3.9% increase
compared to distilled water. In the triangle cross-sectioned
channel geometry; 1 vol.% Fe O, offers 1.78%, 2 vol.% Fe O,
3.52% and 5 vol.% Fe O, 4.12% increase compared to dis-
tilled water. The best increase using nanofluid as working
fluid compared to distilled water is achieved in triangular
geometry. Cylindrical cross-sectioned channel geometry
offers up to 77.6% enhancement, square cross-sectioned
channel geometry up to 36.4%, and rectangular cross-sec-
tioned channel geometry up to 40.1% enhancement com-
pared to triangle cross-sectioned channel geometry for the
same hydraulic diameter and same heat flux.

Nusselt number increase of triangle cross-sectioned
channel compared to friction factor increase is much more
than other cross-sectioned channels, so triangle cross-sec-
tioned channel is more efficient than others. Also, the cylin-
drical cross-sectioned channel is seen to be the least efficient,
while efficiencies of square and rectangle cross-sectioned
channels are on average. 5% Fe,O,/water nanofluid has
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Table 2. Numerical results of grid independence tests for all cross-sectioned channel geometries considered in the
study

Cylindrical Square
Case Mesh No (x1000) Nu Change Case Mesh No (x1000) Nu Change
1 18 9.424 - 1 33 7.930 -
2 27 9.325 -1.05% 2 63 7.468 -5.83%
3 42 9.256 -0.74% 3 210 7.473 0.07%
4 68 9.291 0.38% 4 264 7.519 0.61%
5 98 9.338 0.51% 5 330 7.522 0.05%
6 140 9.360 0.23% 6 402 7.549 0.36%
7 220 9.379 0.21% 7 515 7.554 0.06%
8 1100 9.384 0.05% 8 833 7.582 0.37%
9 1300 7.610 0.37%
Rectangle Triangle
Case Mesh No (x1000) Nu Change Case Mesh No (x1000) Nu % Change
1 55 7.604 - 1 369 5.934 -
2 100 7.603 -0.02% 2 408 5.960 0.44%
3 171 7.643 0.54% 3 588 5.943 -0.29%
4 235 7.701 0.75% 4 700 5.967 0.40%
5 395 7.730 0.38% 5 985 5.977 0.17%
6 700 7.755 0.31% 6 1570 5.979 0.04%
7 1535 7.777 0.29%
12 10
10 A 8
8 7 6
> =}
z =
6 1 : 4 1 i
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higher efficiency than the others. Even though the sharp
edges of non-circular channels cause accumulation of heat
and higher temperatures at these edges, decreases Nusselt
numbers; non-circular cross-sectioned channels have lower
friction factors than cylindrical cross-sectioned channel as
can be seen in Figure 9-10. However, increasing volumetric
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7777777777777 Rectangle
0144 N |- Square
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012 1 \\\ ********* Morrison [37]
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Figure 6. Comparison of friction factors of different
cross-sectioned channels.

nanoparticle concentration does not change the friction
factor slightly even though the viscosity increase. On the
contrary, even though triangle cross-sectioned channel is
the worst for heat transfer rate among others, performance
evaluation criteria (PEC) of triangle cross-sectioned chan-
nel is the best according to Figure 11.

As can be seen in Figure 12, water has the highest
entropy generation rate because it has lower heat transfer
performance than the nanofluids. According to the results,
5 vol.% nanofluid has the lowest entropy generation rate.
In Figure 13, triangle cross-sectioned channel geometry
has the highest entropy generation rate, because heat accu-
mulates in the edges and this increases entropy of the sys-
tem, hence decreases the efficiency. Whereas cylindrical
cross-sectioned channel has the lowest entropy generation
rate, because heat spreads evenly on the wall cross-section.
Square and rectangular cross-sectioned channel geometries
have similar performances. Yet, square cross-sectioned
channel geometry is better than rectangular one.

Lower Reynolds numbers has higher entropy genera-
tion rate than higher Reynolds numbers. This is related with
the wall temperature. 5 vol.% nanofluid offers 12.1% lower
entropy generation rate, while 2 vol.% offers 5.5% lower, 1
vol.% offers 2.9% lower entropy generation compared to
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Figure 7. Nu number variations of Fe,O,/water nanofluid flow in (a) cylindrical, (b) square, (c) rectangular, and (d) trian-

gle cross-sectioned channel geometries.
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water. Triangle cross-sectioned channel geometry has up
to 63.7% entropy generation, rectangular cross-sectioned
channel geometry has up to 40.6%, square cross-sectioned
channel geometry has up to 38.2% more entropy genera-
tion rate than cylindrical cross-sectioned channel geome-
try. Also, higher entropy generation occurs from the heat
transfer process, because fluid friction is so low due to
laminar flow conditions. Consequently, even though PEC
of triangle cross-sectioned channel geometry is the highest,

this does not mean that its efficiency is highest. PEC shows
that using nanofluid on triangle cross-sectioned channel
geometry further increases Nusselt number, compared to
the other channel geometries. However, it has the highest
entropy generation rate, so lowest efficiency.

Pressure, velocity and temperature contours of cylindri-
cal, square, rectangular, and triangle cross-sectioned chan-
nels at x=0m, x=0.5m, x=1.0m, and x=1.5m from the inlet
are given in Figure 14. Thermally developing flow can be
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Figure 14. Contours graph of pressure, velocity and temperature distributions for different channel geometries at (a)

x=0m, (b) x=0.5m, (c) x=1.0m, (d) x=1.5m.

seen in temperature contours, whereas hydrodynamically
developing flow can be seen in velocity contours as con-
tours proceed from inlet to outlet sections. It is clear that
the flow near edges slow down as a result of no-slip condi-
tion, and higher temperature gradient develops near edges.
This phenomenon causes Nusselt number to decrease.
For the same flow conditions, the highest temperature
is reached with triangle cross-sectioned channel geome-
try, and the lowest one is with cylindrical cross-sectioned
channel geometry. As can be seen from Figure 14, it is clear

that cylindrical channel geometry has minimum entropy
generation, whereas non-circular channel geometries have
maximum entropy generation in triangular geometry due
to higher wall temperatures at their edges.

After a detailed discussion of the results, as can be seen
in Equation 32, a new Nu correlation equation based on
the Re number, the volumetric nanoparticle concentration
and some constants has been proposed. It has also been
developed for cylindrical, square, rectangle, and triangle
cross-sectioned channel geometries and constants are given
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Table 3. Constants of channel geometries for the
correlation

Channels / Constants a b c

Cylindrical 0.873747 0.312881 4.98564
Square 0.539653 0.347802 4.23371
Rectangular 0.556318 0.347361 4.36119
Triangle 0.282754 0.40213 3.55865

in Table 3. The correlations are within +1.85% error margin
with the numerical results. The correlations are valid for
500<Re<2000 and 0<®<0.05 vol.% Fe,O,/water nanofluid.

Nu=a-Re’+c- ¢ (32)

CONCLUSION

In this study, flow and heat transfer characteristics of
water and Fe,O,/water nanofluid flowing through channels
of variable cross-section with the same hydraulic diam-
eters were numerically investigated. Based on the data
obtained from the study, the following conclusions have
been reached.

« Nanoparticle dispersion into the base fluid enhances
the heat transfer rate; on the other hand, it does not
affect the friction factor drastically.

o Cylindrical cross-sectioned channel geometry offers
best heat transfer performance with up to 77.6%
convective heat transfer enhancement compared to
triangle cross-sectioned channel geometry. Square
cross-sectioned channel geometry up to 36.4%, and
rectangular cross-sectioned channel geometry up to
40.1% enhancement compared to triangle cross-sec-
tioned channel geometry for the same hydraulic
diameter and same heat flux. Triangle cross-sectioned
channel geometry shows worst heat transfer perfor-
mance among all.

o Up to 3.67% convective heat transfer enhancement
is achieved in cylindrical cross-sectioned channel
geometry using nanofluid as working fluid com-
pared to the distilled water. Square and rectangular
cross-sectioned channel geometries offer up to 3.9%
enhancement; whereas the triangle cross-sectioned
channel geometry offers up to 4.12% enhancement
using nanofluid as working fluid compared to the dis-
tilled water. The best convective heat transfer incre-
ment using nanofluid compared to distilled water is
achieved in triangular geometry.

o Triangle cross-sectioned channel geometry has the
highest PEC number, while the cylindrical has the
lowest. This doesn’t mean that its efficiency is high-
est. PEC shows that using nanofluid on triangle

cross-sectioned channel geometry further increases
Nusselt number, compared to the other channel
geometries.

o Cylindrical cross-sectioned channel geometry is best
at entropy generation, triangle cross-sectioned chan-
nel geometry is the worst among all. It is the result
of heat accumulation at the edges of non-circular
cross-sectioned channel geometries and higher wall
temperatures are reached here.

o Lower Reynolds numbers has higher entropy gen-
eration rate than higher Reynolds numbers. This is
related with the wall temperature.

o Higher volumetric nanoparticle concentration of
nanofluids have lower entropy generation rate then
lower volumetric nanoparticle concentration of
nanofluids and base fluids.5 vol.% nanofluid offers
12.1% lower entropy generation rate, while 2 vol.%
offers 5.5% lower, 1 vol.% offers 2.9% lower entropy
generation compared to water.
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NOMENCLATURE

A Surface area of the cross-section duct (m?)

Cp Specific heat (k] kg' K*)

D, Hydraulic diameter (m)

h Average convective heat transfer coefficient (W
m?2K")

k Thermal conductivity (W m™* K)

L Channel length (m)

Nu Nusselt number

Pr Prandtl number

q" Heat flux (W m?)

Re Reynolds number

T, Bulk temperature (K)

T, Wall temperature (K)

Vv Average fluid velocity (m s™)

x Axial length (m)

Greek symbols

u Viscosity (Pa s)

7 Volumetric nanoparticle concentration (%)

P Density (kg m~)

Subscripts

n, Nanofluid

b Base fluid

f
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