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Abstract

Analysis of the influence of different forms of channel outlet on the heat exchange hydro-thermal
characteristics over a rectangular channel embedded with trapezoidal baffle has been made in this
paper. Four different forms of the outlets, viz., (I) an outlet similar to the inlet (case-A), (11) two
outlets in the upper and lower parts of the exit section (case-B and case-C) and (111) an outlet of
length equal to 45% of the inlet (case-D) have been considered. The impact of the outlets has
been investigated from the numerical standpoint using computational fluid dynamic software
FLUENT, for a two-dimensional model. The results indicate that the thermal exchange rate
substantially increases due to the presence of baffles and depends on the form of the outlet.
Moreover, the present investigation shows that the position of the outlet and the mixing of nano-
particles in the base fluid plays a significant role in the improvement of thermal exchange.
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1. Introduction

Last few decades, there has been a growing interest in studying natural convection as well as
forced convection thermal exchange through a rectangular duct with baffles. Various techniques
have been adopted for the enhancement of thermal convection in thermal exchangers so far, but
the simplest and the most effective way is the introduction of turbulators, popularly named
baffles, to interrupt the flow through the formation of vortices or making of three-dimensional
blending for increasing the heat exchange in thermal exchangers. Recently, some excellent
theoretical, as well as experimental studies, have been done regarding channels embedded with
various shaped baffles such as plane, triangular, trapezoidal, cubic, and circular. Variations in
temperature gradients and cavity configuration play very important roles in various engineering
fields, viz., cross-flow thermal exchangers, design of airfoil cooling, gas turbine, and nuclear
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reactor (Valencina et al. 2002; Dutta et al. 1998 a, 1998 b; Dutta et al. 2005; Ozceyhan et al.
2008; Wang et al. 2012; Saha et al. 2020; Saha et al. 2021 a, 2021 b).

On the other hand, some recent studies (Ozceyhan et al. 2008; Wang et al. 2012; Saha et al.
2021 c, 2021 d) on heat exchange suggest that thermal exchange through a baffled channel can
be improved sufficiently by blending nanoparticles (metal oxides and carbon materials) in fluid
flow. Some earlier studies concluded that nanofluids do not improve thermal characteristics such
as heat conductivity and thermal exchange coefficients (Demartini et al. 2004; Nasiruddin et al.
2007; Nanan et al. 2017). After that, several authors (Nasiruddin et al. 2007; Saha 2021; Izadi et
al. 2018) performed a set of numerical work on thermal exchange coefficient and pressure drop
for distinct forms of the canal.

Tanda (2011) observed the effect of different ratios of pitch and height (i.e., 6.66,10.0,13.33
and 20.0) on heat transfer over a rectangular single baffled and double baffled channel. In the
case of the single baffled channel, he found that the pitch-to-height ratio = 13.33 was significantly
superior, but the case with a value of pitch-to-height ratio lower than 13.33 provided better results
than in the case of the channel with two baffles. Bilen et al. (2009) performed some research on
heat exchange and studied friction properties of turbulent flow in presence of air in a tube with
three distinct corrugations. They reported that the rate of heat exchange increased by 63% for
circular corrugation, 58% in the case of trapezoidal corrugation, and 47% in the case of
rectangular corrugation as compared to the case of the smooth tube. Kamali et al. (2008) made a
machine code to observe the thermal exchange through a square container in presence of circular,
triangular, and trapezoidal baffles with a decrease in heights in the direction of the flow. Their
findings reported that the trapezoidal baffle provided higher thermal enhancement and pressure
drop among all the baffles.

Promvonge et al. (2008) experimentally investigated the heat exchange rate for airflow
through a channel with a triangular, wedge, and rectangular-shaped baffles. Their observation
indicates that the triangular baffle provides the highest thermal enhancement in comparison to
other baffles described in the work. For different values of geometric ratio and height of baffle,
Manca et al. (2011) studied heat exchange properties of fluid flow through a rectangular duct
with triangular, circular, rectangular, and trapezoidal baffles. They found that the Nusselt number
enhances with the increase in baffle height. Peng et al. (2001) studied the thermal-hydraulic
properties in presence of a V-shaped baffle in a channel with the variations in the angle of
inclination with the horizon. They revealed that the highest level of thermal exchange occurs
when the baffle is inclined at an angle of 45°. Chandra et al. (2003) conducted an interesting study
on thermal exchange in a turbulent airflow through a container comprising one or more transverse
baffles. They found that the thermal exchange rate in a container with two baffles, placed in
opposite positions, increases up to 6% of that of one baffle case.

This article expands on the experimental work of Demartini et al. (2004) and the numerical
simulation research of Saha et al. (2020b) and Saha et al. (2020c) (2021). Dermitini et al. (2004)
did not account for any variation in the channel's outlets, nor did they address the hydro-thermal
processes that prompted us to conduct this study. In the current work, the hydrothermal
phenomena over a rectangular channel embedded with two trapezoidal baffles in different
positions with opposite directions are studied, which has not been addressed so far. As a result,
the findings of this study can be highly useful in selecting appropriate baffle layouts for various
engineering groups and sectors involved in hydro-thermal phenomena.
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2. Physical geometry

In this paper, four horizontal baffled rectangular channels with different forms of the outlet are
considered as depicted in Figs. 1a-1d. The upper wall in each of the cases is assumed to be heated
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boundary condition along with what has been assumed in the outlet section and based on the
Reynolds number, inflow velocity (u;,) with T;,, = 293K is prescribed in the inlet section.
FLUENT software was used for simulation purposes. In this paper, the analysis of hydrothermal
phenomena in a rectangular duct with two baffles mounted at each of the walls is performed.

%) Ty 0218m 0326 m b) 0218 m 0326 m
— g

—|| h=0.08m case-A f g > case-B =
u. w Elwo u h=0.08m S

mg———™= Ry = |
T x g2 %= Tinf

in B S outlet
== h=0.08m #m == e 0.0% m

0.370 m 0.370m
c) d)
Ty 0.218m 0.326m 0.218m 0326 m
e L — - - e —

g
= h=0.08m case- C ou:ﬂ; lll:.'> h=0.08 m case- D by
v : n outlet 1 <

- T. R

T, q < = in 9
= z[ = _ s
h=0.08 m = h=0.08 m =z
(=]

0.370 m 25.000 W/m2 0.370 m
T;,, = 300k
i hot wall insulated wall
Fig. 1. Rectangular channels with different forms of outlet, (a) type-A, (b) type-B, (c) type-C,
(d) type-D.

3. Formulation

The governing equations of this problem (Manca et al. 2011; Manca et al. 2012; Peng 2001;
Chandra et al. 2003; Fattah 2012) are as follows:

Equation of continuity:
o + al =0 (1)
ox oy

The momentum of x equation:
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The momentum of y equation:
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Here Re, Nu,,, and F denote the Reynolds number, average Nusselt number and friction
factor, which are calculated along the lower heated wall and given by (Manca et al. 2011, 2012;
Peng 2001; Chandra et al. 2003; Fattah 2012; Gravandyan et al. 2017; Karimipour et al. 2016;
Akbari et al. 2016 a, b, ¢).
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where p, u, h(x), k, poue nf, f v, Pr, T, v,u, v and , p;,, are defined as density (kgm™3), dynamic
viscosity, coefficient of convective heat transfer, thermal conductivity (Wm™'K™), pressure at
outlet, nanofluid, base fluid, thermal diffusivity (m?s™"), Prandtl number, temperature, kinematic
viscosity (m? s '), components of velocity in x, y directions (ms™), pressure at the inlet,
respectively. FVM (Gravandyan et al. 2017; Karimipour et al. 2016; Akbari et al. 2016 a, b, c)
are employed to visualize the simulation results. Using a second-order upwind scheme
(Gravandyan et al. 2017; Karimipour et al. 2016; Akbari et al. 2016 a, b, ¢; Zadkhast et al., 2017),
the hydrothermal characteristics are studied. In this paper, 107 is set as convergence criteria
(Gravandyan et al., 2017; Karimipour et al., 2016; Akbari et al., 2016 a, b, c).

3.1. Properties of nanofluid

For computing the nanofluid density (py) and specific nanofluid heat capacity (pC, )y, we used
(Gravandyan et al. 2017; Karimipour et al. 2016; Akbari et al. 2016 a, b, c; Yari et al. 2015)

Pt = (1_ D)pf + Dpnp (10)
(pcp)nf :(1_ D)(pCp)f +D(pcp)np (11)

Where py, pnr, (PCp) (pCp)np and D denote base fluid and solid nanoparticles mass densities

and base fluid, solid nanoparticles heat capacities and volume fraction of nanoparticles. The
following means that empirical correlation (Vajjha et al. 2009; Yari et al. 2015) is accomplished
to calculate the effective thermal conductivity (k) and effective viscosity (u.f) in the baffle-
corrugation channel.
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The value of k is taken as per Vajjha et al. (2010). The value of o of Al,O3 is given in Table 1.
Table 2 presents thermophysical properties of various base fluids and nanofluid nanoparticles
(Lienhard et al. 2006; Corcoine et al. 2009).

material a D% T(K)
Al,O3 8.44 x (100w)~ 17 | [1-10] [298-363]

Table 1. a of various materials (Vajjha et al. 2009; Yari et al. 2015).

Properties | Water Al,O3
Co 4182 765
p 998.2 3970
k 0.6 40
M 0.001 —

Table 2. Material characteristics at T;;, = 300K (Alipour et al. 2016; Zadkhast et al. 2017).

3.2 Numerical procedures

The numerical simulations in this paper are performed by solving the equations [1-4] with the use
of boundary conditions. A first-order central difference is used to simulate the diffusion term in
momentum and energy equations, which yields a stable solution, and a second-order upwind
differencing technique is used for the convective term. To solve the flow field, an iterative
approach, namely, SIMPLE algorithm (Gravandyan et al. 2017; Karimipour et al. 2016) is
utilized, where the computation is initialized by specifying the pressure field and the velocity
components are taken into account to solve the equation of momentum. Due to the absence of
pressure term in the equation of continuity, it can easily be transformed into an equation of
pressure correction (Gravandyan et al. 2017; Karimipour et al. 2016), and 107 is set as
convergence criteria.
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3.3 Grid test and code validation

Grid test (Fig. 2) is done at Re = 87,300 in the presence of two trapezoidal baffles to evaluate the
impact of grid sizes on the simulated findings, similar to Demartini et al. (2004) and Saha et al.
(2020b). According to Figure 2, 20,000 elements are sufficient to perform the current work
(Demartini et al. 2004; Saha et al. 2020b). The code is validated using the same geometrical
configuration and boundary circumstances, as Demartini et al. (2004), in which two plane baffles
are alternately installed on the channel walls. Figures 3(a-d) show a strong agreement between
Demartini et al. (2004) and the current investigation at various locations and at Re = 87300.
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Fig. 2. Average pressure coefficients vs. the total number of elements.

&
o
=
bt
Ral
=N

0.1 ) 0.1

o
=}
&

o

5

0.05

o

% present results

height (m)
=
height{m) o

height (m)
o

height (m)
=Y

¥ present results
° | -8~ Demartini et al. (2004)

~&- Demartini et al. (2004) # present results

-0.05 |~& Demartini et al. (2004)

+# present results

-0.05 -0.05 | <6~ Demartini et al. (2004)

=
T

05 0 05 115 g5 o o5 1 , 01 01

. . . . 05 0 05 1 2 2 10 2 3
normalized veloci normalized velocity ; . .
t 1 normalized velocity normalized velocity

Fig. 3. Profile of normalized velocity at different positions viz., at (a) x = 0.159 m, (b) x =
0.189m, (c) x = 0.289 m and (d) x = 0.535m.

4. Analysis of Results

4.1 Velocity magnitude and Dynamic pressure

Figure 4(a-d) represents the profiles of the magnitude of velocity for the different forms of outlets
and the profiles of dynamic pressure for various flow fields are described in Figure 4(e-f). Four
distinct models with different forms of the outlet are considered as follows:

o the first one is taken as the total flow area between the walls of the rectangular duct (Fig.
4a),

e the second outlet is attached to the upper hot wall of the canal only (Fig. 4b),

o the third outlet is attached to the lower insulated wall of the canal only (Fig. 4c),
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e The last one is placed at the middle of the right wall occupying approximately 45% of
it (Fig. 4d).

The entire investigation is done for a particular value of the Re. In case (a), the velocity
enhances at the top of the first baffle but decreases just after the first baffle due to the decrease in
pressure there. Pressure rises in the regions surrounding each baffle as the fluid flow is bifurcated
in two streams. Reverse recycling cells are also observed. It is concluded that the flow velocity
rises significantly at the top edge of the second baffle. It is to be noted that the pressure rises
highly in the region close to the upper wall of the channel after crossing the second baffle. The
increase in pressure due to the decrease in flow area is caused by the presence of an obstacle. It
is observed that pressure rises to 19.7% in the second form of the outlet and decreases by
24%,20.8,% and 18.7% in the first, third and fourth form of the outlets respectively in
comparison to the smooth channel.
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Fig. 4. Profile of (a-d) velocity magnitude and (e-h) dynamic pressure.

4.2 Streamlines

Figure 5 presents the current lines flowing through all the channels considered here. The fluid
flow in the canal is disturbed initially by the first baffle fixed on the upper wall. A small recycling
zone is found in front of the first baffle and a comparatively larger one is observed at the back
side of the first baffle as pressure drops suddenly in that zone. However, the major part of the
flow moves towards the top of the second baffle. Finally, the largest part of the fluid exits through
the outlet, and a recycling cell is again formed behind the second baffle due to the drop in pressure
there caused by that baffle. In the cases of type-A and type-C channels, the fluid exits through
the region attached at the upper wall of the channel while the main stream moves towards the
middle of the channel in the cases of type-B and type-D channels. At the location x = 0.410 m,
flow velocity attains its maximum value which is 4.48,5.16,4.57,4.59 times of the input
reference velocity for type-A, type-B, type-C, and type-D channels, respectively.
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Fig. 5. Streamlines for various formations of an outlet.

4.3 Axial velocity and tangential velocity

Figure 6 (a-d) presents the contours of the axial velocity for various forms of the baffled channel.
It is observed that the fluid flows with lower speed after the baffles in all the cases; even negative
velocity of the fluid flow appears for which recycling cells formed behind each of the baffles. It
is noted that the speed of the fluid flow enhances suddenly in the lower surface of the channel
after the first baffle. The main stream is then directed towards the zone located between the upper
surface and the top of the second baffle where the axial velocity significantly rises and the flow
moves towards the hot upper wall of the channel. In the case of the type-B channel, the maximum
axial velocity value reaches up to 0.577 m/s, which decreases by 5%, 3% and 3.3% in cases of
type-A, type-D, and type-C channels respectively.
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Fig. 6. Profile of (a-d) axial velocity and (e-h) tangential velocity.

The profiles of the transverse velocity are depicted in Fig.6 (e-h), where the fluid velocity
substantially decreases in the upper wall of the channel, especially in cases of type-A and type-C
channels. The velocity decreases at the tip of the first baffle. It is found that fluid velocity
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significantly rises at top of the left side of the second baffle. However, in the cases of type-B and
type-D channels, the velocity of the flow is found higher than in the other cases of the outlet. It
is observed that the type-B channel has the maximum axial velocity value 0.514 m/s, which also
decreases by 15%, 8% and 7.3% in the case of type-A, type-D, and type-C channels respectively.

4.4 Turbulence kinetic energy (TKE) and turbulent intensity (TE)

The kinetic energy is generally found to be very low after the baffle in each of the cases. Fig. 7
(a-d) shows the variations in kinetic energy for various formations of the outlet. The highest value
of kinetic energy is attained at the top of the baffle. As compared to the type-B channel, energy
drops up to 57%,55%, and 59% in the cases of type-A, type-C, and type-D channels
respectively. The profiles of turbulence intensity for different baffle arrangements in a rectangular
channel are depicted in Fig. 7 (e-h). The baffles interrupt the flow and turbulence intensity rises
suddenly at the time of contact with the baffle attached to the upper wall. It is interesting to watch
how intensity remarkably augments (except in the case of the type-B channel) in the domain
adjacent to the top of the second baffle and the upper surface of the channel. In the cases of type-
A, type-B, type-C, and type-D channels, turbulence intensities become approximately
13.6%, 20.8%, 13.8%, and 13.7% respectively, as shown in Fig. 9 in comparison to the smooth
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Fig. 7. Profile of (a-d) TKE and (e-h) TE.

o

4.5 Skin factor, friction coefficient and Nusselt number

Figure 8(a) presents the profiles of Nux with the variation in axial positions of different outlet
formations. Variations of Cr along the hot walls in distinct models are depicted in Fig. 8 (b). The
friction coefficient suddenly drops to almost zero when the flow crosses the baffle. Again, the
values of Cs increases partially in recycling zones. After that, it gradually rises in the region next
to the second baffle until it attains its highest value there. The rise of skin factors arises due to the
deviation of the fluid flow. The friction value finally reduces near the outlet of the channel
because of the direct field collision with the hot surface. It is revealed that, for all the cases, the
Nusselt number is reduced after the baffle because of the gradual decrease in the contact region
of the base fluid with the hot wall of the duct. Again, after the baffle, the value of the Nusselt
number rises suddenly due to the rapid increase in the flow in that area. The enhancement in the
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heat gradient helps to moderate heat exchange. The thermal exchange rate also enhances in the
regions having recycling cells. The heat exchange is improved substantially in the last three cases
in comparison to the first case indicating that the thermal exchange rate depends on the position
and size of the outlet of the canal. Maximum thermal exchange is found to occur when the outlet
is in the center of the canal.
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Fig. 8. Variations of (a) Nuy, (b) Ct, (c) F and (d) Nuayg.

Figure 8(c) describes the variation of the average Nusselt number (Nuayg) against the Re for
all the channels. It is clear that Nuayg increases with the increase of Re. The enhancement in Re
due to the rise in flow velocity causes disturbance in the flow and also causes the formation of
recycling cells in different sections of the channels. In the case of the type-B channel, we can see
from Fig. 8(a) that the maximum augmentation in thermal exchange occurs. Figures 8(a) and 8(d)
indicate that a quantitative development in the thermal exchange rate arises in all the cases of the
baffled channels in comparison to the smooth channel.

5. Conclusions

In this paper, a systematic numerical calculation has been done to study the hydro-thermal
phenomena of turbulent fluid flow through a horizontal canal. The lower surface of the canal is
kept as insulated whereas the upper surface is kept under constant temperature. In this
observation, two baffles are introduced in opposite directions, one is attached at the upper hot
wall and another is placed on the lower adiabatic wall. The baffles create turbulence and recycling
zones, which enhance heat exchange. Apart from this, the position of the outlet area has a
significant effect on heat exchange. The impact of the introduction of baffle and nano-particles
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has been investigated from a numerical standpoint using FLUENT software. The consequence
and effectiveness of the baffles are ensured from the simulations described in this work. We have
concluded that the shape and position of the outlet in a channel play a significant role in modifying
the thermal exchange rate in the system.
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