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Abstract

Numerically, we have studied different characteristics of turbulent air flow (flow struc-
ture, axial velocity profiles, dimensionless coefficient of skin friction, normalized friction
factor),and heat transfer (local Nusselt number, and average Nusselt number) phenomena
through a rectangular channel having trapezoidal baffles attached on its walls, and along the
centerline of it. The governing equations have been solved using the finite volume method
and to visualize the simulation results, fluent software has been employed. It is shown that
the maximum value of pressure drop occurs on the upstream, and minimum value attains in
the downstream section of the channel. It is ensured that an increase in the Reynolds number
(Re) causes increase in normalize friction factor (F), and average Nusselt number (Nuyy).
The simulation results of this work will help to design and monitor flow phenomena through
many thermal applications.

Keywords Rectangular channel - Turbulent flow - Baffles - Absolute pressure drop

List of Symbols
C Empirical constant, C;, = 0.09, Cie = 1.44, C2c =1.92, 01, = 1.0,0 = 1.3
Cp Average pressure coefficient
C¢(x)  Skin friction coefficient
fo Friction factor of smooth channel [Petukhov[1]] = (0.791nRe — 1.64)~2 for <
Re < 500, 000
F Average friction factor = 28p ‘;’
Lpug
F Normalize friction factor = %

B Sandip Saha
sandip.tfgss @ gmail.com

Department of Mathematics, Madanapalle Institute of Technology and Science, Madanapalle,
Andhra Pradesh 517325, India

Department of Mathematics, National Institute of Technology Silchar, Silchar, Assam 788010,
India

Department of Mathematics, Alipurduar University, Alipurduar, West Bengal 736121, India

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40819-022-01252-1&domain=pdf
http://orcid.org/0000-0002-1207-2525

104 Page2of14 Int. J. Appl. Comput. Math (2022) 8:104

G
h(x)
H
HT
k¢

2=

Nu(x)

Tin

Production rate of kinetic energy due to
Coefficient of heat transfer

Channel width (m)

Heat transfer

Thermal conductivity (Wm~!' K1
Turbulent kinetic energy = %u;u;
Length of channel

Meter

Total number of elements

Pressure

Pressure at inlet

Pressure at outlet

Absolute pressure drop =I(p2-p1)l
Temperature

Wall temperature = 375 K

Fluctuation velocity components in in x; and x; directions
Input velocity [ms~1]

Density (kg m~3)

Dynamic viscosity [Pa.s]

Reynolds number = “(’%H
Nusselt number
Local Nusselt number = h(]f;L

L
Average Nusselt number = % S Nu(x)dx
0

Average Nusselt number of smooth channel [Dittus and Boelter [2]] =
0.023Re’8 Pr%4 for Re > 10, 000

Normalized average Nusselt number

Normalize skin friction coefficient = C¢(x)/fy

Method of finite volume

Prandtl number

Molecular diffusivity

Turbulent thermal diffusivity

Turbulent viscosity = pC, g

Kronecker delta

Normalize distance of the walls

Kinetic energy of turbulence at position P
Distance from position P to the wall
=9.81

=042

Velocity in y direction

Y, Cartesian coordinate

Uj, components of mean velocity [ms~!']in x; and X directions
Inlet temperature = 300 K

@ Springer



Int. J. Appl. Comput. Math (2022) 8:104 Page3of14 104

Introduction

Turbulent flow through a rectangular channel embedded with baffles has wide applications
in many engineering equipment’s like solar, chemical reactors etc. To produce shell and
tube heat exchanger models, baffles play a crucial role. In a rectangular channel embedded
with baffles, Wiemer [3] has investigated the flow turbulence, heat exchange ratios, and
concluded that separation of boundary layer has greatly affected by the presence of baffles.
To reveal the linear relationship between Re and Nu, Gunter et al. [4] have considered the
flow visualization in presence of two staggered baffles. Latter on many authors [5-9] have
extended their investigations considering pressure drop characteristics. Patankar [10] has
studied the hydrothermal phenomena of fluid flow through a rectangular channel with plane
baffles numerically. They revealed that the value of Nuy, increases due to the increase in Re.
With staggered baffles, Bermer et al. [11] have experimentally studied mean velocity and
turbulence distributions. Webb et al. [12, 13], Habib et al. [14, 15], Atabi (a,b) et al. [16,
17], Bazdidiet al. [18], Kelkar et al. [19], Prusty et al. [20], Saha et al. [21],Chhandaet al.
[22], and Barik et al. [23] have numerically solved the problem on different characteristics
of thermo-hydraulic flow phenomena over a rectangular channel with staggered baffles.

In a 3-D rectangular channel, embedded with baffles on its walls, Prithviraj et al. [24] have
applied fully implicit control-based method to simulate the flow, and pressure drop character-
istics. In different locations, they have studied the pressure drop properties. Moreover, they
have revealed that the rate of HT increases significantly due to the presence of baffles. Over
a rectangular channel with solid and perforated baffles, Prashanta et al. [25] have studied the
different HT characteristics and the coefficients of frictional heat loss experimentally. They
have deduced a linear relationship between Re, and pressure drop. Shavian et el. [26] have
considered the problem of turbulent flow and dissipation rate for Re € [1-20, 20-37] through
a square channel with or without baffles. Kang et al. [27] have showed that the presence of
baffles increases the heat transfer rate by 300%. For a wide range of Re, Behera et al. [28]
have studied the thermal enhancement in a three-dimensional rectangular duct. They have
concluded that the value of Nuay, 1p, and P}, increases with the increase of Re. Karwa et al.
[29] have observed that the value of Nu is enhanced by 169% for the presence of fully perfo-
rated baffles/ribs. Bhuiya et al. [30] have deduced that the values of Nu,, and F are enhanced
by 110%-340% and 110%-360%, respectively, due to the presence of the perforated baffles.
For different values of Re, Barik et al. [31] have studied the thermo-hydraulic phenomena
of cross-flow in a 3D small rectangular channel of different protrusion shapes (rectangular,
trapezoidal and triangular). They have revealed that in the case of triangular protrusions, the
rate of heat transfer becomes high as compared to the other protrusion shapes. In presence
of protrusions, Mukherjee et al. [32] have investigated the enhancement of heat transfer and
entropy generation over a rectangular duct numerically. They have concluded that the value of
Nu,y enhances with the increase in Re. Using FVM, Mukherjee et al. [33] have investigated
the different characteristics of thermo-hydraulic phenomena of mean flow through a rectangu-
lar channel with different protrusion surfaces (triangular and trapezoidal). They have studied
the enhancement of heat transfer in both the cases of cross-flow and non-cross-flow. They
have found that the cross-flow effect becomes more pronounced than the case of non-cross
flow. In addition, it has been found that among all the protrusions, triangular protrusion is
much more significant than other considered cases.

The relevant cited articles ensure that most of the studies are based on plane and ribbed
baffles, and no study on the characteristics of hydrothermal turbulent flow phenomena having
trapezoidal baffles attached along the wall and centerline on the channel has been made until
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the date. Therefore, what would be the characteristics of velocity and pressure profiles,
dimensionless coefficient of C¢(X) and Nu,y, are remain as matter of interest. This work is an
extension of the experimental and numerical works of Demartini et al. [34], where they have
considered turbulent airflow phenomena in the presence of plane baffles without considering
the heat transfer phenomena. The current work is confined in finding five characteristics of
flow phenomena such as turbulence of flow, velocity and pressure profiles, coefficient of
normalize C¢(x), F, and to calculate the Nu(x) and Nu,, for a wide range of Re lies between
[1-12, 12-37]. The outcomes of this work will help to design, optimize and monitor flow
phenomena through many thermal applications.

Problem Statement

To model the geometry and for simulation purpose, FLUENT [1-15] software has been
employed. Figure 1 presents the rectangular channel with trapezoidal baffles attached on the
walls and along the centerline of the channel. A constant surface temperature (T, ) has been
assigned at the upper wall, and the lower wall has been kept insulated. The present work
is based on the computational airflow dynamics over a rectangular channel with trapezoidal
baffles. Needless to say that this model has applications in various engineering equipments,
such as solar collectors and in aerospace industry [Habib et al. [14, 15], Atabi (a,b) et al.
[16, 17], Bazdidi et al. [18]]. It is well known that the enhancement of heat transfer can
be achieved by creating longitudinal vortices in the flow generated by the flat detached
and attached baffles. The following assumptions have been made to carry out this work
following the experimental and numerical studies of Demartini et al. [34], numerical works
of Nasiruddin et al. [35], and Saha [37]:

a) The flow is two-dimensional, incompressible, Newtonian, and steady-turbulent.

b) The effects of radiation, viscous dissipation and body force are negligibly small. Here,
viscous dissipation effects are neglected, as turbulence reduces the viscous effects at a
distance from the solid boundary. Secondly, the Reynolds number is too high (that means
inertia force much more significant than viscous force).

¢) The physical characteristics of air has been taken into account following the experimental
and numerical works of Demartini et al. [34], and the numerical work of Nasiruddin et al.

[35].
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Fig. 1 Rectangular channel embedded with detached and attached trapezoidal baffles
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Governing Equations

Following the experimental and numerical work of Demartini et al. [34] and the numerical
work of Nasiruddin et al. [35], the present work studies the different characteristics of tur-
bulent air flow and heat transfer phenomena which are governed by the continuity (Eq. 1),
momentum (Eq. 2), and energy (Eq. 3) equations given below:

The continuity equation

a(p.uj)
— " = ()
Xj
The momentum equation
8(u,~) ap d du; 2
. - 4 - Z 08k 2
pUj o3, ox; + o, (M+Mz) ox, "t ox; 3P0 2
The energy equation
oT ad n oT
(5o 8)3]
0x; ox; | \Pr  Pr;/ox;
As per the studies of Demartini et al. [34], the expressions of Y* and U™ are:
1/4,1/2
C/ 'k
yr=oe e @
%
In(EY™
Ut = 7( ) S

r

in addition, the values of Y* and U* are taken as 35 and 13.90 respectively.

Standard k-c Model

To study the flow behaviour and heat transfer characteristics, standard k- € model [Lauder
et al. [36]] has been used, which consists of two equations, as below:
Turbulent kinetic energy k:

ok _ 9 PR L P )
Uj— = — — | — — pe
P fax,- ox; H o ) 0x; k—p

Dissipation rate e:

e 2 T BN ) e 6 — e @
Tox; — ox; oc ) ox; TR Tk

Boundary Conditions
The hydrodynamic boundary conditions have been specified following the experimental

works of Demartini et al. [34], and the thermal boundary conditions have been chosen from
the work of Nasiruddin et al. [35] as.
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e Inlet boundary condition: At x = 0, u = ug, v = 0, k;, = 0.005u3, €;, = 0.005k?, T =
T;» =300 K.
e Outlet boundary condition: At x = L, the pressure boundary conditions require static gauge
pressure, and in this case pressure at the outlet has been taken with zero gauge pressure
fu=0).
e Wall boundary conditions: # = 0,v = 0,k = 0, ¢ = 0. At the upper wall Ty, = 375 K,
while the lower wall was thermally insulated.

Grid Test, Code Validation and Numerical Procedure

To reduce the computational cost and to identify the optimal grid, grid test has been done.
The discretization of steady governing equations and turbulent model, study has been carried
out in the fluid and solid regions by FVM. The diffusion term is approximated by a first-
order central difference formula in momentum and energy equations that provides a stable
solution, and the second-order upwind separation scheme has been used for convective terms.
In order to solve the flow field, the SIMPLE algorithm [31-35] has been employed, which
is an iterative method. The calculation is initialized by defining the pressure field and, the
velocity components have been implemented to solve the momentum equation. From the
Fig. 2a, it is clearly seen that after 20, 000 N, the trend of C, becomes linear and constant,
which indicates that 20,000 N, (Demartini et al. [34] and Saha [37]) are sufficient to carry out
the future analysis. Model validation has been done on the same geometrical configuration
and boundary conditions as set in the experimental work of Demartini et al. [34], where they
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Fig. 2 Plots of a Cp vs. Ne and the variations of u/ug at b x = 0.159 m, ¢ x = 0.189 m and d Nup, for different
Re
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have mounted two plane baffles alternately on the lower and upper walls of the channel.
At different locations, and Re = 87,300, Fig. 2b—c, present a strong agreement between
the result of Demartini et al. [34], and this work. Figure 2d presents the plots of Nuy, for
different values of Re. The Fig. 2b—d show that the results of this work are too closed to those
of Demartini et al. [34] and Saha [37], which provides enough confidence to continue the
present study.

Results and Discussion

In this section, different characteristics of flow phenomena and transfer of heat have been
presented in the form of graphs.

Flow Characteristics

Streamlines have been shown in Fig. 3a—d, where the first and fourth baffles are detached
from the walls and another two baffles are alternately placed on walls. It is observed that
the vortices length is influenced by the inter-baffle distance and streamlines are affected
by the presence of the first centralized baffle, for which the fluid flow is bifurcated. The
two sharp edges are found to form at the upstream; represent the points at which the flow
streamlines split, and the cells of recirculation are formed in the upper and lower regions
behind the baffle. These rings are formed due to the reduction in the pressure there. Near
the first attached baffle, the flow streamlines are synchronized with the reverse fields, where
low-intensity recycling areas are formed near the left side of the upper edge of the baffle,
while strong recycling cells are formed behind the same baffle. Near the second attached
baffle, the flow fields encounter the insulated wall. Consequently, pressure decreases in the
base of the baffle due to the formation of a small recirculation zone. In addition, it has been
observed that the pressure becomes stronger at the top of the second attached baffle and the
flow velocity becomes maximum near the upper portion of the second centralized baffle.
Two vortices are formed in the flow field, one is found at the upper right of the second
centralized baffle and another one is created near the base of the baffle. From Fig. 3a—d, it
is observed that the flow recirculation region becomes more intense with the increase in Re.
In the entrance of the channel, pressure reaches its maximum value at the upper and lower
edges of the first centralized baffle due to the reduction of flow area, as shown in Fig. 4a—d.
Although pressure decreases after the second attached baffle as well as before and after the
second detached baffle, it is observed that stream goes downwards due to the collision with
the first attached baffle and flow continues to move sharply at the lower part of it. The flow
velocity is decreased behind the first detached baffle as well as at the downstream of the
second baffle. The velocity of the flow at the top of the second centralized baffle attains its
maximum due to the presence of the third baffle, and then decreases because of low pressure
at the downstream of the last two baffles.

Profile of Velocity

At different locations, velocity profiles have been shown in Fig. Sa—c. The analysis of velocity
profile reveals existence of four flow zones. The first zone is located at the upstream of the
first detached baffle, where the flow reaches with constant velocity and the second zone is
located in the region between first detached baffle and first attach baffle, while the third and
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Fig. 5 Variations of velocity plot at a—c different locations, variation of d u (m/s) for various Re

fourth zones are formed after the first attached baffle and before the second centralized baffle
respectively. Due to the presence of baffles a vortex is formed, which affects not only the flow
fields but also the size of the primary vortex, and the resistance in the flow offered by the baffle
causes the formation of weak zones. It is observed from the Fig. 5a, as the flow approaches
to the first baffle the flow streams are deflected, which causes the decrease in axial velocity.
It is also found that due to significant reduction inflow area and high-pressure, maximum
velocity attained at the lower and upper portion of the first centralized baffle. Figure 5b shows
the variation in the axial velocity at two locations after the first centralized baffle. Because
of the reduction inflow area, pressure increases near the first attached baffle. At x =0.218 m,
x = 0.370 m and at Re = 12,000, flow velocity becomes approximately 2.25 times and 2.75
times of inlet velocity respectively as shown in Fig. 5a and 5b. Moreover, the profiles of axial
velocity have been shown at x = 0.270 m, 0.330 m and 0.370 m, which are located between
first attached and second attached baffles (Fig. 5c). Figure 5d shows the variations of axial
velocity at x = 0.164 m for various Re € [1-12, 12-37]. Furthermore, it is also found that at
x = 0.164 axial velocity becomes 1.7 times and 11.22 times of inlet velocity at Re = 12,000,
48,000 respectively. Therefore, it is clear that axial velocity becomes more pronounced with
the increase in Re.

Thermal Behaviour

Detail analysis of heat transfer characteristics, such as NC¢(x), F, Nu(x) and Nu,, have been
discussed in the following subsections.
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Fig. 6 Plots of a NC¢(x) at different locations, b F for various Re

Distribution of C¢(x)

For the enhancement of heat exchange, the presence of baffles is important. Generally, the
friction coefficient leads to the increase in pressure drop. Along the hot wall, Fig. 6a shows
the variations in NC¢(x) for various Re. It is observed that friction values are almost constant
during the flow of the fluid through the horizontal axis and found to be increased gradually
as the flow approaches towards the upper portion of the first centralized baffle. Moreover,
due to the presence of a recirculation zone, the NC(x) values become higher after the first
detached baffle that makes the flow towards the hot wall, and causes increase in the values of
NCi(x). Due to presence of first attached baffle, the value of NC¢(x) gradually decreases, and
the flow moves towards downward. It is found that NC¢(X) increases after the first attached
baffle due to the formation of weak zones. It has been observed that the values of NC¢(x)
decreases rapidly due to the formation of large vortices near the tip of the baffies. It is also
observed that the value of NC¢(x) increases at the locations corresponding to the recirculation
zone. It is also observed that the values of NCg(x) increases very significantly at the upper
portion of the second attached baffle, as a result, flow velocity attains its maximum, and the
same decreases sharply after the last baffle due to the reduction in contact area between the
flow and the hot wall surface. In addition, highest NC¢(x) values are observed at the tip of
the baffle, i.e., at an area of highest turbulent intensity. Moreover, it is investigated that due
to the presence of four baffles, four peaks are observed. From the Fig. 6a, it has been found
that the highest NCy¢(x) value attains after the approximate axial location 0.32 m, as it lies
between the second attached baffle and third attached baffle. From the streamline figures, we
see that after crossing the second attached baffle, fluid flows smoothly towards the third baffle.
However, the third baffle does not allow the fluid to flow smoothly. It strikes the tip of the
baffle, andthe values of NCy(x) increases. Again, we see that the value of NC¢(x) decreases,
as after crossing the third baffle the flow strikes the upper wall before moving towards the
fourth baffle. With the increase value of Re, it has been found that the value of F increases
due to the increase in pressure drop.

Distribution of Nusselt Number

Figure 7a presents the distribution of Nusselt number along the hot wall for different values
of Re. In the downstream section, due to formation of vortices there exists a big jump in the
values of Nu(x). It is found that the increase in Re causes increase in the values of Nuyy, and the
Nu(x) distribution becomes more pronounced with the increase in Re as shown in Fig. 7a. Itis

@ Springer



104 Page120of 14 Int. J. Appl. Comput. Math (2022) 8:104

Q 800 T T T r T p 1o
700 | - = Re=12000 *
coo | ——Re=24000 i

Re=36000 .

_ soolk Re= 48000 .

\></ _‘lv:

7. 400 | Z 80
300 - .

50

0 0.1 02 03 0.4 0.5 0.6 10000 20000 30000 40000 50000
x(m) Re

Fig. 7 Plots of a Nu(x) versus x (m), b Nuay for various Re

also studied that the heat transfer rate is increased near hot wall, and the first attached baffle.
Thermal gradient increases near the first attached baffle, which causes significant increase
in the values of heat exchange and energy. After the first attached baffle, heat transfer rate
is increased due to increase in the recirculation length, which causes the thermal exchange.
However, the heat exchange rate decreases as the fluid flow towards the second attached baffle.
With the increase in the value of Re, thermal gradient increases, this causes the recirculation
length to become more intense. In the Fig. 7b, it has been demonstrated that the values of Nu,y
increases with the increase in Re. It is observed that the value of Nu(x) goes on increasing
and attains its maximum at the baffle tip, and the heat transfer rate attains its maximum at the
base of the baffles. The results show that the value of Re and turbulence rise as long as the
flow velocity or acceleration increases, as a result heat dissipation increases. The temperature
of the flow rises in the inter-baffle region, which means that the presence of baffles causes
dissipation of heat from the walls of the channel, which enhances the HT.

Conclusions

Baffles are used in shell and tube of heat exchanger models and in various engineering
applications, where the characteristics of thermal behavior and flow phenomena are needed
to be identified. The concluding remarks on this work are as follows:

e Itis noted that the flow recirculation region becomes more intense with an increase in Re.
It has been investigated that friction value increase after the first attached baffle due to the
formation of weak zones and the values of friction factor increases as Re increases.

e Atx =0.218 m, 0.370 m and at Re = 12,000, flow velocity reaches approximately 2.25
times and 2.75 times of inflow velocity respectively. Furthermore, it is also investigated
that at x = 0.164 m, axial velocity reaches 1.7 times of inflow velocity for Re = 12,000,
while it becomes 11.22 times of inflow velocity for Re = 48,000. Therefore, it is clear that
axial velocity becomes more pronounced with the increase in Re.

e Itis revealed that the increase in the values of Re causes the increase of average Nusselt
number. The present simulation results will help to design, and monitor flows of many
thermal applications.
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