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mechanisms. Baffles with different inclination angles, heights and pitches are
considered in this study. Numerical simulations are performed using Ansys fluent
software with verified results compared to those of an experiment in the literature.
The results show that the baffle angle 60° causes the lowest thermohydraulic
performance. Because in the angle range of 30 to 60° the heat transfer is less variable
while the pressure loss increases sharply. At the baffle pitch of 40 mm, there is no
reattachment point at the non-heated surface. At the angle of 90°, three eddies are
formed around a baffle. The slope linear regression analysis yields that baffle height
has the strongest effects on thermohydraulic performance followed by baffle pitch and
baffle angle. Nanofluid pressure loss respectively increases with baffle height and
baffle angle at the rate of 0.463675 and 0.0049607 while absorber plate temperature
respectively decreases with the baffle height and baffle angle at the rate of -0.176746
and -0.001377. Flow patterns and isotherms of all the cases examined are presented
and analyzed in this study.
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1. Introduction

Heat transfer enhancement is a topic of particular interest in the scientific and technical fields.
This is due to the requirements for compact heat exchanger while ensuring heat capacity and the
development of material science [1]. Solutions to improve heat transfer have be considered as
follows. That may be the use of triple-fluid heat exchanger to reduce the heat transfer surface length
[2,3]. Another measure employs a helically coiled tube due to the presence of two eddies in the spiral
flow to increase heat transfer [4]. Recently, nano-fluid has been studied a lot because it has a higher
thermal conductivity than water and the Brownian motion of nanoparticles which augments the heat
transfer [5]. Meibodi et al., [6] have experimentally studied the flat plate collector to heat nanofluid
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SiO;. The research has shown the appropriate flow rate and concentration of the nanofluid for the
highest efficiency. Rashidi et al., [7] studied the nanofluid heater in which the solar absorber plate
has wedge-shaped ribs. Design parameters including Reynolds number, wedge angle, relative
roughness pitch, relative roughness height and nanofluid concentration were investigated in this
study. Hawwash et al., [8] numerically investigated and experimented with nanofluid Al,03-H,0 in
flat plate solar collector. They reported that the flow rate of 5.5 I/min reached maximum efficiency
and pressure loss increased by 28 Pa.

Heat transfer intensification using baffles have been figured out in the air channel studies [9].
Khan et al., [10] experimentally studied the fluid channel with perforated baffles and a roughened
heating surface. The results showed that heat transfer increased by 326% and pressure loss increased
by 250%. Menasria et al., [11] numerically simulated an air collector duct with baffles attached on
the back plate. They found that the Nusselt number increased by 3.72 times and the pressure loss
increased by 14.47 times. Jedsadaratanachai and Boonloi [12] numerically studied the square
channels with C-shaped plates. This pattern was shown the increase in eddy magnitude and
perturbation of the thermal boundary layer leading to increase heat transfer effectiveness. Dutta and
Hossain [13] experimentally studied the baffles sloped in the direction of flow. There were holes with
diameter of 1.07 cm on the baffle. They reported that Nusselt number increased 5 times compared
with smooth duct. Dutta and Dutta [14] tested 8 different types of baffle in a rectangular channel
with single baffle. They recommend that the baffle should be placed in the high heat flux area to
increase heat transfer effectiveness. Ary et al., [15] experimented and simulated to compare 1-plate
and 2-plate channels. The difference is between the plate and the heat exchange surface having a
gap of 0.4 cm to avoid dead eddies. They concluded that the 2-plate type gave better heat transfer
efficiency. Chamoli and Thakur [16] simulated the perforated plates perpendicular to the duct wall.
The results showed that heat transfer increased 3.1 times and pressure loss increased 2.2 times.
Karami et al., [17] used a V-ribbed absorber plate to investigate heat transfer with graphene oxide
nanofluid. They found a 26.7% increase in heat transfer coefficient over the traditional type. A
combination of nanofluid and a roughened heat transfer surface is often used to diminish viscous
sub-layer near the surface. The different roughness shapes in the nano-fluid channel such as
trapezoid, groove, and triangle can be found in open publications [18,19]. Baffled channels with
various configurations and arrangements contributed for heat transfer augmentation such as
perforated baffles, corrugated Baffles, two inclined baffles, corrugated walls [20-24]. Complicated
insertions in microchannel for heat transfer enhancement were figured out in the literature [25,26].

From the above survey it can be seen that the baffled duct of nanofluid-based solar collector
studies is not investigated. Although the baffles were proven to have advantages in air channels
[27,28]. It is the flow acceleration adjacent the absorber surface and the impingement heat transfer.
In this study, different configurations of baffle which mounted opposite to the absorber surface were
investigated to assess variation in heat transfer and pressure loss across the duct.

2. Model Description

Figure 1 shows a nanofluid-based solar collector duct with a baffled bottom plate. In this study,
the length of collector duct is 500 mm, height H = 20 mm, width W = 300 mm. Upstream and
downstream of the test section are attached ducts with length of 250 mm and 150 mm, respectively.
The entrance duct allows the fully developed flow prior to heat exchange surface. Whereas, the exit
duct is to eliminate the strong swirl behind the baffle and mix the streams. Key geometry parameters
include baffle angle a, baffle height e, and baffle pitch P. In this study, each key is performed in 3
levels as follows: a = 30, 60, 90°, e = 10, 12.5, 15 mm, P = 40, 80, 120 mm. The boundary conditions
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included the nanofluid velocity and temperature at the inlet: V = 4.2 mm/s and Tinet = 300 K, the
uniform heat flux of 1000 W/m? at the absorber plate and the atmospheric pressure at the outlet.
Eg. (1)-(4) present the calculated thermophysical parameters for Cu-water nanofluid [29]. The
nanofluid concentration of ¢ = 1% has been fixed. The thermophysical properties of Cu and water
used to estimate properties of Cu-water nanofluid are presented in Table 1.

Absorber plate

Cu-water
/ / /( )
# d Efﬂes
250 500 mm 150
Entrance Test section Exit
Fig. 1. Physical domain
Pnf = (1= @)pw + Pps (1)
Ppscp, +(1_¢)pcp,w
Conf = > pur (2)
_ ks+2ky+2¢(ks—ky)
g = o s 3)
_ Hw
Hnfp = (1-¢)25 (4)

where p, ¢p, k, 11, ¢ are respectively density, specific heat, thermal conductivity, dynamic viscosity,
volume fraction of nanoparticles. Subscripts nf, w and s denote nanofluid, base fluid (water) and solid
particles.

Table 1

Thermophysical properties of water and Cu particle
Properties Water Cu particle
Density (kg m3) 996.5 8300
Specific heat (J kg K?) 4183 420
Thermal conductivity (W m*K?)  0.5981 401
Viscosity (kg m™ts?) 0.0008514

Fig. 2. Meshing with refinement at walls in test section
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Figure 2 shows the meshing of the computational domain in this study. The walls in the test
section are refined to increase accuracy for near wall treatment. In addition, further refinement by
adapting the y* (nondimensional wall distance) value is lower than unity for the enhanced wall
treatment [30,31]. Table 2 shows the mesh quality criteria implemented for a typical case. It can be
seen that all criteria are satisfactory. 2D numerical simulation using the standard k-¢ turbulence
model was performed in Ansys fluent 16 software [32]. Residuals of 1le-6 is set for all governing
equations. Ansys-based calculations were conducted on a computer equipped with Intel Core i7
Processor, 2.60 GHz of clock speed and 8.0 GB of RAM. The convergence was reached after about
4500 iterations and maximum computational time of three hours. Grid independent testing was
carried out with the number of elements between 70000 and 180000. Figure 3 shows that the
numerical output does not change significantly with the number of elements from 120000. Hence
these settings are applicable to all cases studied. Convection heat transfer coefficient (h) in Figure 3
is deduced from the simulation results including outlet nanofluid temperature Toutiet, absorber plate
temperature Tap:

ey nr(T —Tintet)
h — p.nf outle_t inlet (5)
Aap (Tap Tf)

where m, Aap, Tr are respectively nanofluid mass flow rate, absorber plate area, mean nanofluid
temperature. Ts= 0.5(Tinlet+ Toutlet). -

Table 2
Mesh quality
Criterion Present simulation Desirable
Aspect ratio Max. 2.9839 Maximum < 35:1 [32]
Skewness Max. 0.80465 Maximum < 0.95
Average 0.090393 Average < 0.33 [32]
Orthogonal quality Average 0.9829 Range from 0 to 1, values close to 0

correspond to low quality [32]
Dimensionless wall distance (y*) Average 0.1632322 <1 [33-35]
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Fig. 3. Grid independence test

Figure 4 shows the comparison of current simulation results with experimental data [36]. In the
experimental study, an inclined baffle is placed opposite the heating plate in order to examine the
heat and air fluid flow. The experimental channel dimensions (millimeters) can be seen in Figure 4(a)
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with a channel width of 140 mm. There is a good match between results obtained from the numerical
methodology above and the experimental results. These numerical settings are therefore used to
investigate the effect of the geometrical parameters of the inclined baffle on the thermohydraulic
behavior. In Figure 4(b), AP is the differential pressure across the test section. Nusselt number and
Reynolds number are defined as Eq. (6) and Eq. (7):

Re =—— (7)

4WH

where Dn is hydraulic diameter, Dy, = 2.
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Fig. 4. Validation of the present study (curves) with experimental
results (symbols); (a) Nusselt number as a function of Reynolds
number, (b) Pressure loss as a function of Reynolds number [36]
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3. Results and Discussion
3.1 Effects of Baffle Pitch

Figure 5 and Figure 6 show the change in temperature and streamlines of nanofluid with different
baffle pitches at the baffle height and baffle angle of 12.5 mm and 60°, respectively. It can be seen in
Figure 5 that the absorber surface temperature and the nanofluid temperature difference in the duct
increase with the baffle pitch. In other words when increasing the baffle pitch, the heat transfer
efficiency decreases. This is because when the baffle pitch is small, the nanofluids approach the
absorber surface at high velocity, intensifying heat transfer. This can be seen clearly through the
streamlines in Figure 6. At P = 40 mm, only presence of the vortex in the region between the two
successive baffles which increases heat transfer but also obviously redoubles the pressure loss
penalty [37]. When increasing the baffle pitch to P = 80 mm, reattachment point and laminar sub-
layer appear on the non-heated surface. As the pitch increases, the length of the layer becomes
longer. From the velocity profile it can be seen that the region just downstream of the baffle has the
intensified heat transfer due to the double effect of the high velocity and impingement on the
absorber surface. These phenomena augment heat transfer to the nanofluid flow in the channel that
has baffles mounted opposite the heat exchange surface. Adopting the slope linear regression
through numeric data deduced from the simulation as seen in Figure 7, it is worth remarking that
pressure loss (AP) decreases with increase in baffle pitch at the rate of -0.0117303 while absorber
plate temperature (Tap) increases with the pitch at the rate of 0.00787513 [34]. It should be noted
that increase in absorber plate temperature with the pitch implies a reduced heat transfer
mechanism.

Temperature [C] AN%ch%

R EER
00 e 9 %o s e 2, % 0y

Fig. 5. Isotherms with baffle pitches at fixed values of e = 12.5 mm and a = 60°
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Fig. 6. Streamlines with baffle pitches at fixed values of e = 12.5 mm and a = 60°
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Fig. 7. Slope linear regression of thermohydraulic parameters with the baffle pitch

3.2 Effects of Baffle Height

Temperature contour and streamlines varied with baffle height can be seen in Figure 8 and Figure
9 with baffle pitch of 80 mm and angle baffle of 60°. It is clearly seen that when the baffle height
increases, the absorber plate temperature decreases. In addition, at a large baffle pitch, the nanofluid
temperature rises more rapidly along the length of the solar collector duct. The nanofluid in the
middle of the 4t and 5% baffles reached a temperature of about 27.5°C at e = 15 mm. But for the
same position, the nanofluid at the case e = 10 mm is still close to the inlet temperature, i.e., 27°C.
As the baffle height increases, the fluid is accelerated and a secondary vortex is markedly formed at
the maximum baffle height as shown in Figure 9. These features develop both heat transfer and
pressure loss with increasing of baffle height. Figure 10 demonstrates that pressure loss rises sharply
with baffle height at the rate of 0.463675 and absorber plate temperature diminishes with the height
at the rate of -0.176746.

Temperature R16.0

mE = .

R X X
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Fig. 8. Isotherms with baffle heights at fixed values of P = 80 mm and a = 60°
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Fig. 10. Slope linear regression of thermohydraulic parameters with the baffle height

3.3 Effects of Baffle Angle

The variation of the temperature and the flow pattern with the baffle angle is shown in Figure 11
and Figure 12. It can be seen in Figure 11 that the inclination angle has little effect on the nanofluid
temperature variation. A better temperature rise with an increase in the baffle angle can be
observed. The third vortex forms markedly in the case of the baffle perpendicular to the flow (a =
90°) as shown in Figure 12. The third vortex, together with the primary and secondary eddies,
enhances the nanofluid disturbance in the duct resulting in enhancement in both heat transfer rate
and pressure loss penalty. In addition, the vertical velocity component increases the heat transfer
due to impingement effect. Figure 13 reveals that pressure loss rises slightly with baffle angle at the
rate of 0.00496068 and absorber plate temperature decreases negligibly with the angle at the rate
of -0.00137667.
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Fig. 13. Slope linear regression of thermohydraulic parameters with the baffle angle
4. Conclusions

The thermohydraulic characteristics of Cu-water nanofluid in solar collector are presented in this
study. The nanofluid flow rate and concentration were fixed to study the effects of geometry
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parameters of the baffle that were mounted opposite the absorber plate. This configuration
accelerates the flow and forms impingement flow at the plate resulting in enhanced heat transfer.
2D numerical simulations were performed in the study with experimental confirmation. Some
conclusions are drawn from this study:

At the baffle pitch of 40 mm, reattachment point does not form on back plate of the collector.
The baffle height has a strong influence on the heat transfer and flow characteristics in the
channel. When the height reaches 15 mm, the secondary vortex forms strongly.

When the baffle angle is at 90°, a third vortex formed at the upstream of the baffle and
impingement heat transfer is the strongest.
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