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This work numerically analyzes the hydraulic and thermal performance of CuO-water nanofluid
in a circular duct with different baffle angles. In the numerical work, governing equations are
discretized with the finite volume method, and the simulations are solved with SIMPLE algorithm.
The surfaces of the duct containing baffles are kept at 340 K. In the analysis, the effects of different
Reynolds numbers (200 < Re < 1000), nanoparticle volume fractions (1% < ¢ < 3%), and baffle
angles (30° < a < 150°) on the thermal enhancement factor (i) and the friction factor are
investigated. In addition, the flow and temperature contours are presented for different parameters
within the duct. From those contours, it is observed that the baffles cause flow oscillation and
recirculation zones are formed. The numerical results show that baffles and nanofluid flow
contribute significantly to the thermal enhancement. The Nusselt number (Nu) and relative friction
factor (r) increase as the Reynolds number and nanoparticle volume fraction increase. While the
highest thermal enhancement factor and relative friction factor are obtained at « = 90° baffle angle,

the best performance evaluation criterion (PEC) value is found at o = 150° baffle angle.

1. Introduction

Heat transfer improvement is an important research
topic in many engineering fields. Passive methods used to
increase the heat transfer of thermal devices provide
significant advantages and cost savings. These methods
include the applications such as baffles, twisted tapes, wire
coil inserts, swirl generators, and the use of wavy/ribbed
surfaces. Passive methods may have simplicity and require
less or no additional system components, but they increase
pressure drop significantly. These methods are preferred in
various fields such as solar air ducts, heating/cooling
applications, heat exchangers, cooling processing of gas
turbine blade, nuclear reactors, transportation, food and
chemical industry, etc. [1-4]. Flow and heat transfer in
wavy channels have been examinated theoretically and
experimentally by many researchers and it was reported
that the wavy surface geometry has an important potential
on the heat transfer improvement due to both increasing
the surface area and providing fluctuation in flow.
However, it was declared these surfaces rise the pressure
loss compared to straight ducts [5-7]. For this, flat ducts
with relatively less pressure drop are preferred and it is

* Corresponding author. Tel.: +90-376-218-9532; Fax: +90-376-218-9536.

aimed to increase the thermal performance with the baffles
added to the duct surfaces. It was reported that the baffles,
which act similar to turbulators, increase heat transfer by
improving flow mixing [8-15].

Menni et al. [16] numerically examined the flow and
thermal performance of solar air ducts with different
baffles. Menni et al. [17] examined the aerodynamic and
thermal properties of multiple V fins in solar air ducts. In
their work was changed in the fin attack-angle, length, and
separation length, at different the flow rate. They reported
that an optimum thermal enhancement factor was yielded for
a 40° attack angle at Re = 2163. Salhi et al. [18] theoretically
studied the effects of longitudinal baffles on hydraulic and
thermal performance in tubular heat exchangers. In another
study, Salhi et al. [19] analyzed the heat and mass transfer of
partially inclined baffles in different arrangements in a
straight duct for turbulent air flow. The results indicated that
the thermal performance improved by 32.37% for the
triangular baffles, and by 44.37% for the rectangular baffles.
Nedunchezhiyan et al. [20] conducted a theoric work
examining the effects of baffles on flow and heat transfer.
Razavi et al. [21] examined the effects on hydraulic and
thermal improvement of the inclination angle of perforated
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baffles in a rectangular channel under laminar flow
conditions. Al Habet et al. [22] analyzed the thermal and
hydraulic performance of perforated baffles in an inline and
staggered arrangement in a rectangular duct. These studies
indicated that thermal and hydraulic behaviors changed
depending on the flow structure, channel geometry, baffle
shape, baffle arrangement, and baffle angle.

Manca et al. [23] analyzed the thermal improvement of
Al,Oz—water nanofluid for 20000 < Re < 60000 at particle
volume ratios of 0.00 < ¢ <0.04 in a channel with different
rib heights. They reported that heat transfer improved as
the Re and ¢ increased, and an increment in pressure drop
was also observed. Sriromreun et al. [24] experimentally
and numerically analyzed the effects of Z-type baffle
turbulators on thermal performance in a rectangular duct
and indicated that the presence of Z-baffles has an
important potential on thermal performance when
compared to straight channels. Turgut and Kizilirmak [25]
theoretically studied the thermal and flow properties of
baffles with different angles (30° < o < 150°) in a channel
with a constant heat flux for turbulent flow. They declared
that the maximum thermal improvement was found at a =
150° baffle angle. Promvonge et al. [26] stated in their
experimental studies that Nu increased by about 92-208%
compared to straight channels, and the pressure loss rose
by 1.76-6.37 times in a channel using inclined horseshoe
baffles. Kumar et al. [27] examined the thermal
improvement of multiple V-type baffles in the solar air
duct. Sahel et al. [28] declared in a numerical study that
baffles in a rectangular duct enhanced heat transfer by
65%.

Fluids such as ethylene glycol, propylene glycol, water,
and oil, commonly used in engineering fields, have low
thermal features. To improve the thermophysical
properties of such traditional liquids, nano-sized particles
with high thermal conductivity are added. More than one
method is used together to obtain a higher heat transfer
coefficient. Some works were examined nanofluids with
passive methods [29-32]. Heshmati et al. [33] studied the
thermal performance of Al.Os, CuO, ZnO and SiO;
nanofluids at particle volume ratios of 0.00 < ¢ <0.04, in
the range of 50 < Re < 400 on a backward step with
corrugated baffles in different geometries. As a result, it
was shown that nanofluids with high particle volume
fractions provided high heat transfer rate. They also
reported that the inclined baffles have the highest average
Nusselt number with high pressure drop. Alnak [34]
analyzed the thermal enhancement and friction factor of
rectangular baffles with different angles in corrugated
triangular channels for the k-¢ turbulence model. As a
result of the study, the results showed that for Re = 6000,
the Nusselt number at 90° baffle angle is 52.8% higher
than at 60° baffle angle. Ajeel et al. [35] carried out a
theoric work investiging the hydraulic and thermal

performance of ZnO-water nanofluid in a curved
corrugated duct with L-shaped baffles for turbulent flow
and analyzed the thermohydraulic performance for
different Reynolds numbers, baffle angles, blocking rates,
and nanoparticle volume ratios for constant temperature
conditions. They reported that the baffles caused the
thermal enhancement by increasing the eddy formation in
the flow. Menni et al. [36] examined the effects of different
angles of baffles and nanofluids on hydraulic and thermal
enhancement in a heat exchanger for turbulent flow. They
declared that the maximum thermal enhancement was
found with high Reynolds number and vertical baffles.

In the literature, there are many studies examining
thermal and hydraulic behaviours in ducts with different
baffle configurations. However, due to the many
parameters, new studies continue to find the optimum
parameters. The fact that the investigated parameters such
as channel and baffle shapes, baffle angles, flow and fluid
parameters, nanofluid parameters are quite large,
expanded the research to find the best parameters. The
main purpose in these studies is to achieve the parameters
that ensuring the highest heat transfer with the least
pressure drop. In the literature, no definite parameter has
been reported that provides the highest thermal
enhancement with the lowest friction factor. Therefore,
new studies are needed. To date, the effect of baffles
angles on the flow of CuO-water nanofluid at varying
particle volume ratios in a circular duct has not been
investigated. In present study, the flow and thermal
enhancement of CuO-water nanofluid at different particle
volume fractions (1% < ¢ < 3%) in a circular duct with
different baffle angles (30° < a < 150°) for 200 < Re <1000
are theoretically analyzed.

2. Material and Method
2.1 Schematic of the Numerical Model

Figure 1 indicates the schematic of the numerical model
used in this study. The diameter of the circular duct (D) is 19
mm. At the duct entrance and exit, there is an unheated
straight part Ly = 0.4 m (= 21 D). The length of the channel
consisting of baffles is L, = 0.635 m (= 33 D). The distance
between the two baffles is considered as S = 2D. The length
of the baffles (H) is 0.5D and the thickness of the baffles (t)
is 0.5 mm. The baffles are placed on the walls of the duct
with three different angles (a: 30°, 90° and 150°). The
working fluid is the CuO-water nanofluid. Three different
particle volume fractions are considered (¢: 1%, 2% and 3%).
The diameters of the nanoparticles used in the study are
considered d = 20-50 nm. The solutions are performed for
200 < Re < 1000 under laminar flow conditions.
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Figure 1. Geometry of the numerical model, a-3d solid model, b-
2d scheme

2.2 Numerical Study

In the channel, the nanofluid flows in two-dimensional,
laminar and steady conditions. The fluid is Newtonian
type, single-phase and incompressible. Body forces and
heat transfer by radiation are ignored. According to these
assumptions, the governing equations are given by
Equantions (1) - (3) [37].

V(pu) =0 @
——Jp— PR Vz .
ox; ox; + Re ' "
or 1 3)
JR— 2
U dx; RePr T

The parameters used in the study were determined as
Reynolds number (Re), Nusselt number (Nu), thermal
enhancement factor (i), friction coefficient (f), and
performance evaluation criterion (PEC). The equations for
the relevant parameters are presented below.

The Reynolds number (Re) is calculated by Equation (4).

Re = _puD “)
u

The local Nusselt number (Nuy) (Eq. 5) and the average
Nusselt number (Nu) (Eq. 6) are described as follows [14]:

"D
Nux = _(]7_ (5)
kf (Tw,x - Tb,x)
L (6)
Nu = I f Nu,dx

0

Here, g" is the heat flux, ks is the thermal conductivity of the
fluid, D is the duct diameter, L is the duct length. Ty, is the
wall temperature of the duct and Ty is the film temperature of
the fluid.

The film temperature of the fluid, Ty is computed by
Equation (7).

_ (Tin + Tout) (7)
b 2
The thermal enhancement factor () calculated depending
on the Nusselt number is defined by Equation (8) [14].

Nub (8)

Nug

Here, Nup is Nu for the nanofluid in the channel with baffles,

and Nus is the Nu for the base fluid in the channel with baffles.
The friction factor (f) is found by Equation (9) [14].

n:

__APD ©)
f= 0.5pu?L
Here, AP denotes the pressure difference between the inlet
and outlet of the duct.
The relative friction factor (r) calculated depending on the
friction factor is obtained by Equation (10) [14]:

b (10)
fs

Here, f, is friction factor calculated for the nanofluid in the
channel with baffles, and f; is the friction factor for the basic
fluid in the channel with baffles.

The ratio of thermal enhancement to the relative friction
factor is defined as the performance evaluation criterion
(PEC) and is represented by Equation (11) [4, 14].

(Nuy /Nuy) (1
o/ fIM?

The numerical model and mesh structure were created by
the Gambit software and the element structure of the
numerical model with different baffle angles is presented in
Figure 2.

Numerical solutions were performed with FLUENT 15.0
[38] solver and iterations were solved with SIMPLE (Semi-
Implicit Method for Pressure-Linked Equations) algorithm.
A second-order upwind scheme was used to discretize the
convection and diffusion terms. The convergence criterion
was set as 107 for all equations. No problem was observed
during the calculations for the accepted convergence
criterion.

To determine that the solutions are not affected by the
number of elements, grid independence testing was applied
and Nusselt numbers were calculated for different element
numbers. The element numbers 104298, 162864, 198974,
235724, and 284168 were applied to the numerical model at
Re=600 and Re=1000 for o = 150° and base fluid. As a result
of the grid independence testing, 198974 element numbers
were adapted to the numerical model. The variation of the
Nusselt numbers with the element numbers is shown in
Figure 3 at different Reynolds number (Re=600 and
Re=1000).

PEC =
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Table 1. Thermo-physical properties of CuO nanoparticle and water
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Figure 2. Mesh structures of the numerical model
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Figure 3. Variation of Nusselt numbers with element numbers for
base fluid at Re=600 and Re=1000 (a=150°)

2.3 Thermophysical Properties of Nanofluid

It is assumed that the nanoparticles are homogeneously
dispersed in the base fluid. From the thermophysical
properties of CuO-water nanofluid, the density was
calculated by Equation (12) and the specific heat by Equation
(13) [39], the thermal conductivity was calculated by
Equation (14) and the viscosity by Equation (15) [40]. The
basic fluid is water. Thermo-physical properties of CuO
nanoparticle and H,O are showed in Table 1 [6]. The
thermophysical properties were considered constant.

Density | Specific Thermal Viscosity
[kg/m3] | heat [J/kgK] | conductivity | [kg/ms]
[W/mK]
H20 | 998 4182 0.613 0.001003
CuO | 6500 533 17.65 -
2.4 Boundary Conditions

The inlet temperature of the nanofluid to the channel is Tin
= 293K. The “velocity inlet” and “outflow” boundary
conditions are used at the entrance and exit of the duct,
respectively. The walls of the duct containing the baffles are
protected at T,,= 340K. The adiabatic and non-slip boundary
conditions are applied for the baffles. The non-slip and
adiabatic boundary conditions are defined for the straight
sections at the inlet of the duct and the walls of duct
consisting baffles.

3. Result and Discussion

The numerical results of the present study were compared
to the results of the experimental work realized by Meyer and
Abolarin [41]. For this purpose, the heat transfer coefficient,
h (W/m2K) were calculated along x/D distances in a straight
duct with circular cross section of D = 19 mm diameter for
Re = 1331 and q" = 2kW constant heat flux. The results of
both studies were given in Figure 4.

In this section, the friction factor and heat transfer of CuO-
water nanofluid at different particle volume fractions in a
circular cross-section duct in which baffles are placed at
different angles are investigated for the range of 200 < Re <
1000. To determine the impacts of these parameters on
friction factor and thermal performance, the velocity
strucrutes, vorticity magnitudes and temperature contours in
the duct were obtained.

Figure 5 presents the velocity structures (a), temperature
fields (b), and vorticity contours (c) obtained for different Re
at a=30° baffle angle and a constant particle volume fraction
(¢ =0.03).

1000

base fluid
straight duct

Prg = (1 — @)pps + PPy (12)
(A= 0)pprChs + PppeCpe (13)
Cnf -
pnf
- [kpt + 2kpy — 2¢(kpy — kpt)] (14)
nf T e+ 2k k. —k
[kpe + 2kps + @ (kpy — kye)]

Heat transfer coefficient (W/m?2K)

500 F

o

Meyer and Abolarin [41]

present study

40

80 120

160
x/D
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240

280

Figure 4. Validity of the numerical solutions (for base fluid)
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Figure 5. The velocity fields (a), the temperature contours (b), the vorticity magnitudes (c) with different Re at ¢ = 0.03, o = 30°

The velocity fields (Figure 5a) indicate that an oscillation has
occurred in the flow due to baffles within the channel. It is
seen that the main stream flows as a whole at low Reynolds
number, and the seperations happen in the flow with the
increment in Re. It is indicated that the flow loops occur
between each baffle. Increasing the channel inlet velocity
causes the flow loops formed in the channel and these
structures improve the flow mixing (Figure 5c). Periodic

repetition of this situation after each baffle ensures constant
contact of the cold fluid layer in the center of the duct with
the warmer fluid layer near the duct walls. Thus, the
temperature of the channel surfaces that is in more contact
with the cold fluid decreases. With increasing Reynolds
numbers, the temperature of the channel surfaces decreased
considerably and the heat transfer improved (Figure 5b).
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Figure 6. The velocity structures (a), the temperature contours (b), the vorticity fields (c) with different Re at ¢ = 0.03 and & = 90°
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Figure 7. The velocity structures (a), the temperature fields (b), the vorticity contours (c) with different Re at ¢ = 0.03, & = 150°

Figure 6 shows the velocity structures (a), temperature fields
(b), and vorticity contours (c) obtained for different Re at ¢
=0.03 and o = 90° baffle angle. It is observed that the flow
and temperature structures are quite different according to
0=30° baffle angle. The flow structure maintains its integrity
in all studied Re. Due to the vertical baffles, the main flow
contacts the walls of the duct (Figure 6a). Large recirculation
zones are formed between each vertical baffle (Figure 6c).
With these cycles, the fluid layer close to the hot channel
surfaces is transported to the channel center. Thus, the cold
fluid layer replacing the hot fluid layer causes the channel
surfaces to cool. The heat transfer rate will increase due to
increasing inertia forces and mass flow rate with increasing
channel velocity. It is observed that the temperature gradient
on the channel surfaces decreases significantly with
increasing Re (Figure 6b).

Figure 7 shows the velocity contours (a), temperature
fields (b), and vorticity magnitudes (c) obtained for different
Re at ¢ = 0.03 and a = 150° baffle angle. It is seen that the
integrity of the main flow structure is not disturbed in all
studied Re. The main flow flows as a whole and shows that
there are no breaks in the stream. The flow oscillations
increase with increasing Re (Figure 7a). It is observed that
the flow loops formed longitudinally in the flow direction
at low Re, grow transversely between both baffles at high
Re and become concentrated all over the channel (Figure
7c). The deterioration of the velocity and thermal
boundary layers formed on the channel surfaces due to the
baffles diminish the thermal resistance and thus heat
transfer is improved. As with other baffle angles,

increasing Re at a = 150° baffle angle increases the heat
transfer by decreasing the surface temperature (Figure 7b).

Figure 8 shows the variation of thermal enhancement
factor, 7 (a), relative friction factor, r (b), and performance
evaluation criterion (PEC) (c) with Re at different particle
volume fractions for a = 150° baffle angle. Thermal

20+966'9

enhancement factor increases with increasing the ¢ and Re.

It was observed that thermal enhancement factor increased
faster in the range of 200 < Re < 800 for all tested ¢, and
increased more slowly after Re > 800. Because the Nus
value also increases at high Re (Re > 800). The highest
thermal enhancement factor for o = 150° baffle angle was
obtained to be about 1.16 at Re = 1000 and ¢ = 0.03. At
Re=1000, the thermal enhancemet factors for ¢ =0.02 and
¢ =0.01, were found to be approximately 1.11 and 1.08
respectively (Figure 8a). The relative friction factor
increases with increasing ¢ and Re. Pressure loss increases
due to the fact that the viscosity of the nanofluid is higher
than the base fluid. Moreover, the baffles added to the duct
surfaces restrict the flow area. This case increases friction
loss. The highest relative friction factor for a = 150° baffle
angle was obtained as 1.28 at Re = 1000 and ¢ = 0.03. At
o= 150° and Re = 1000, the relative friction factor for ¢ =
0.02 and ¢ = 0.01, were found to be about 1.22 and 1.17,
respectively (Figure 8b). The PEC increases with
increasing Re and ¢. A slight peak occurred at Re = 800
for all particle volume fraction. Because after Re = 800,
the thermal enhancement factor increases more slowly and
the friction factor increases more.
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Figure 8. Thermal enhancement factor (a), relative friction factor
(b), and PEC (c) with Re and different particle volume fractions at
0=150°

The highest PEC for o = 150° baffle angle was found to be
1.07 at Re =800 and ¢ = 0.03. At a = 150° and Re = 1000,
the PEC for ¢ = 0.02 and ¢ = 0.01, were acquired to be
about 1.04 and 1.00, respectively (Figure 8c). Due to the
nanosized particles added to the basic fluid and the baffles
added to the channel surface, significant improvement in
heat transfer is achieved, but an acceptable increase in
surface friction is also observed.

Figure 9 shows the variation of thermal enhancement
factor (a), relative friction factor (b), and PEC (c) with
Reynolds numbers at different baffle angles for ¢ = 0.03.
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Figure 9. Thermal enhancement factor (a), relative friction factor
(b), and PEC (c) with Re and different baffle angles at ¢=0.03.

The dashed straight line represents the base fluid flow in the
duct with baffles at the same geometry and is taken as a
reference. Thermal enhancement increases with increasing
Re. The highest thermal enhancement factor occurs at a=90°
baffle angle, followed by a=150° and a=30° baffle angles.
The highest thermal enhancement was found to be 1.21 at
Re=1000 and ¢ = 0.03 for a =90°. At Re = 1000, the thermal
enhancement for o = 30° and a = 150° were found to be about
1.16 and 1.12, respectively (Figure 9a). The relative friction
factor increases with increasing Re. It is seen that the lowest
friction factor is obtained at « = 150° baffle angle, followed
by a = 30° and « = 90° baffle angles. Relative friction factor
increases dramatically with increasing Re at o = 90° baffle
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angle compared to other angles. This is because vertical
baffles highly restrict the flow area. The highest relative
friction factor was found to be 2.29 at Re = 1000 and ¢ =
0.03 for a = 90°. At ¢ = 0.03 and Re = 1000, the relative
friction factor for a = 30° and a = 150° were obtained to be
about 1.41 and 1.27, respectively (Figure 9b). The PEC
variation differs in all three baffle angles for ¢ = 0.03. The
PEC values were obtained close to the reference value in all
studied Re at a = 30° baffle angle. At a=150° baffle angle,
the PEC increases with increasing Re. The reason for this is
that the relative friction factor increases less at o = 150°
baffle angle than at other angles. At « = 90° baffle angle, the
PEC values decrease dramatically with increasing Re. The
reason for this is that the relative friction factor increases
more than the thermal enhancement at the o = 90° baffle
angle. The best PEC was acquired to be about 1.08 at Re =
1000 and ¢ = 0.03 for o = 150° (Figure 9c).

This study summarizes that due to nanoparticles added to
the base fluid and baffles added to the duct surface,
significant improvement in heat transfer is achieved, but an
acceptable increase in friction factor is observed.

4. Conclusions

In present study, the flow and thermal improvement of
CuO-water nanofluid were numerically investigated for
different particle volume fractions in a circular duct in which
baffles were placed at different angles. The effects of baffle
angles, particle volume fractions and Re on friction factor
and thermal enhancement factor were examined. The
velocity structures, vorticity contours and temperature fields
were obtained for different parameters in the duct. In
numerical simulations, it has been observed that the flow
structure and temperature contours were significantly
affected by the baffle angles and Re. It was determined that
nanoparticle volume fractions and baffle angles have a
significant potantial in heat transfer improvement according
to laminar flow regime. The findings indicated that the
thermal enhancement factor increased considerably with a
slight friction factor with increasing Re and ¢. It was
determined that the baffle angles have different effects in
terms of friction factor and heat transfer. The highest thermal
enhancement factor and relative friction factor were
obtained at « = 90° baffle angle. The best performance
evaluation criteria value was acquired at o = 150°. This study
shows that baffles inserted into duct have an important
potential to improve heat transfer under nanofluid flow if an
appropriate baffle angle is used.
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Nomenclature

C : Specific heat [J/kgK]
D : Duct diameter [m]
H : Baffle length [m]

k : Thermal conduction [W/mK]
Ly : Unheated channel length [m]
L, : Baffled channel length [m]

Nu : Nusselt number [Nu=hL/k]

P - Pressure [Pa]

Pr : Prandt]l number [Pr=pCp/k]

r : Relative friction factor [r=fy/fs)]
Re : Reynolds humber [Re=uD/v]

S : Distance between baffles [m]

t : Thickness of the baffles [m]

Tin - Inlet temperature of fluid [K]
Tout : Outlet temperature of fluid [K]
Tw : Surface temperature of the duct [K]
u, v : Velocity components [m/s]

n : Thermal enhancement factor [n=Nup/Nus]
u : Dynamic viscosity [Pas]

p : Fluid density [kg/m?]

v : Kinematic viscosity [m?/s]

) : Nanoparticle volume fraction [%]

b : nanofluid flow in the duct with baffles

bf : base fluid

nf : nanofluid

pt : particle

S : base fluid flow in the duct with baffles
w s wall
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