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A fluid flow and thermal transfer analysis in the presence of baffles was reported. Two various geometries of baffles,
i.e., flat rectangular and V-upstream, arranged in overlapping in a two-dimensional horizontal channel of rectangular
cross section were simulated in this paper. The governing equations, i.e., continuity, x-momentum, y-momentum,
energy, turbulent energy, and turbulent dissipation rate, were discretized by the finite volume method and the SIMPLE
algorithm was implemented. Effects of the V-shaped baffle angle (θ) were simulated to find the optimum thermal
performance for the Reynolds number from 12,000 to 32,000. Four flow attack values are taken for the θ and which are
45°, 50°, 55°, and 60°, respectively. The impact of the V-baffle geometry on the heat transfer enhancement and fluid
flow characteristics was illustrated and this is comparing the data of this configuration with those of the simple baffle.
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1. INTRODUCTION
Improvement of thermal transfer characteristics especially in shell and tube heat exchangers is succeeded by means of
baffle inserts (Tandiroglu, 2006). As is known, various baffle shapes and different orientations have been the subject
of several investigations (Tandiroglu, 2006).
Berner et al. (1984) conducted an experimental study to investigate the turbulent flow in a duct provided with
several baffle plates using laser Doppler anemometry (LDA) technique. The objective is to determine the number
of baffles necessary for obtaining a periodic boundary condition and the dependence on Reynolds number and the
geometry. Their results showed that for a Reynolds number equal to 5170, four baffles are necessary to obtain the
periodic boundary conditions. A periodic boundary condition is also obtained with three baffles for a higher Reynolds
number of 10,200. Mehryan et al. (2019) addressed the natural convective heat transfer of nanofluids inside a square
enclosure filled by three different layers: solid, porous medium, and free fluid. The behavior of the porous layer
was simulated using a local thermal nonequilibrium model. The Buongiorno model was utilized to evaluate the
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NOMENCLATURE
Cp
C1ε
C2ε
Cµ
Dh
e
f
f0
H
h
hx
k
L
Lin
Lout
Nu
Nux
Nu0
∆P
P
Patm
Pi
Pr
Re
Sφ
T
Tin
Tw
U
Uin

specific heat at constant pressure, J/kg K
constant used in the standard k-ε model
constant used in the standard k-ε model
constant used in the standard k-ε model
hydraulic diameter of rectangular channel, m
baffle thickness, m
friction factor for baffled channel
friction factor for smooth channel
channel height, m
baffle height, m
local convective heat transfer coefficient, W/m2 K
turbulent kinetic energy, m2 /s2
length of rectangular channel in x direction, m
distance upstream of the first baffle, m
distance downstream of the second baffle, m
average Nusselt number for baffled channel
local Nusselt number
average Nusselt number for the smooth channel
pressure drop, Pa
pressure, Pa
atmospheric pressure, Pa
baffle distance or spacing, m
Prandtl number
Reynolds number based on the channel hydraulic
diameter
source term
temperature, K
inlet temperature, K
wall temperature, K
mean velocity in channel, m/s
inlet velocity, m/s

u
v
W
x, y

velocity in the x direction, m/s
velocity in the y direction, m/s
channel width, m
Cartesian coordinates, m

Greek Symbols
φ
stands for the dependent variables
u, v, k, ε, and T
ε
turbulent energy dissipation, m2 /s3
Γφ
turbulent diffusion coefficient
ρ
fluid density, kg/m3
λf
fluid thermal conductivity, W/m K
µ
molecular viscosity, Kg/m s
µe
effective viscosity, Kg/m s
µl
laminar viscosity, Kg/m s
µt
eddy viscosity, Kg/m s
σk
turbulent model constant for k
σε
turbulent model constant for ε
σT
turbulent model constant for T
TEF thermal enhancement factor
Subscripts
atm atmospheric
e
effective
f
fluid
in
inlet
l
laminar
out
outlet
t
turbulent
w
wall
x
local

distribution of nanoparticles inside the enclosure that arose from the thermophoresis and Brownian motion. The results for the streamlines, the temperature patterns, and the concentration of nanoparticles were plotted and discussed.
In addition, the Nusselt numbers for the solid porous matrix, the nanofluid inside the porous layer, and the nanofluid
in the free layer as the important heat transfer properties were also introduced. The impact of the different nondimensional parameters on the heat transfer properties was discussed further. Dogonchi et al. (2019) investigated
the natural convection heat transfer of copper–water nanofluid in a porous gap between a hot internal rectangular
cylinder and cold external circular cylinder under the effect of inclined uniform magnetic field. The domain of interest was a porous sector, where horizontal and vertical adiabatic borders were the external circular cylinder radii.
The governing equations formulated in dimensionless stream function, vorticity, and temperature variables using the
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Brinkman-extended Darcy model for the porous medium, single-phase nanofluid model with Brinkman correlation
for the nanofluid viscosity and Hamilton and Crosser model for the nanofluid thermal conductivity were solved numerically by the control volume finite element method. Effects of the Rayleigh number, Hartmann number, Darcy
number, magnetic field inclination angle, nanoparticles volume fraction, nanoparticles shape factor, nanoparticles
material, nanofluid thermal conductivity and dynamic viscosity models, and nanofluid electrical conductivity correlation on streamlines, isotherms, local and average Nusselt numbers were studied. Agarwal and Bhadauria (2011)
studied linear and the equivalent Lorenz model convection in a horizontal rotating porous medium layer saturated
by a nanofluid, heated from below and cooled from above, using Darcy model, under non-equilibrium conditions.
A three-temperature model was used for the effect of local thermal non-equilibrium among the particle, fluid, and
solid-matrix phases. The linear stability analysis was based on normal mode technique, while for nonlinear analysis
a minimal representation of the truncated Fourier series analysis involving only two terms was used.
Ahmed and Mahdy (2016) investigated the magnetohydrodynamic bioconvection of an incompressible electrically conducting nanofluid near a vertical wavy surface saturated porous medium containing both nanoparticle and
gyrotactic microorganisms. The nanofluid was represented by a model that includes both Brownian motion and thermophoresis effects. A suitable set of non-dimensional variables was used to transform the governing boundary layer
equations into a dimensionless form. The resulting nonlinear system was mapped to the vertical flat plate domain, and
a non-similar solution was used for the obtained equations. The obtained non-similar system was then solved numerically using the fourth-order Runge–Kutta method. The influence of various physical parameters on the local Nusselt
number, the local Sherwood number, the local density number of the motile microorganisms, the dimensionless velocity, the dimensionless temperature, and the rescaled density of motile microorganisms was studied. Founti and
Whitelaw (1981) carried out an experiment using the LDA technique to deduce the velocity fields in an axisymmetric
heat exchanger with baffle plates on the shell side surface. The similar distributions of the mean velocity and flow
turbulent intensity were obtained after two sets of baffles in the duct entrance region. Tsay et al. (2005) numerically
studied the heat transfer enhancement of backward-facing step flow in a channel by using a baffle installed on the
duct wall. The effect of the baffle height, thickness, and the distance between the baffle and the backward-facing step
on the flow structure was studied in detail for a range of Reynolds number varying from 100 to 500. They found that
an introduction of a baffle into the flow could increase the average Nusselt number by 190%. They also observed
that the flow conditions and heat transfer characteristics are strong function of the baffle position. Habib et al. (1994)
reported the characteristics of turbulent flow and heat transfer inside the periodic cell formed between segmented
baffles staggered in a rectangular duct and pointed out that the pressure drop increases with the baffle height. Cheng
and Huang (1991) analyzed the case of asymmetrical baffles and indicated that the friction factor shows a great dependence on baffle location, especially for a large height of baffle. Roetzel and Lee (1994) experimentally examined
turbulent flows throughout shell-and-tube heat exchangers. The authors focused on the impact of the baffles on the
heat transfer, and the geometrical properties of the heat exchanger on the overall thermal efficiency. Li and Kottke
(1998) analyzed heat transfer and pressure drop in simulating models of shell-and-tube heat exchangers. The parameters of the experimental work were the Reynolds number and the distance between the baffles. Demartini et al. (2004)
investigated air flow through a rectangular channel with two plate baffles. A comparative analysis of the velocity profiles and pressure gradients was carried out in this work. While Demartini’s approach used a rectangular channel with
flat rectangular baffles, the question remains whether baffles of various shapes will achieve the same results. Siddiqui
(2007) investigated three different orientations of baffles: in the first case, a vertical baffle; in the second case, an
inclined baffle towards the downstream side; and the third inclined towards the upstream side. An experimental study
was conducted by Molki and Mostoufizadeh (1989) to simulate the heat transfer and pressure drop in a rectangular
duct with repeated-baffle blockages. The baffles are arranged in a staggered fashion with fixed axial spacing. The
transfer coefficients are evaluated in the periodic fully developed and entrance regions of the channel. The pressure
drop and heat transfer data are employed to evaluate the thermal performance of the channel. Mousavi and Hooman
(2006) carried out a numerical study of frictional loss and heat transfer behavior in the entrance region of a channel
with staggered baffles for Reynolds numbers ranging from 50 to 500 and baffle heights between 0 and 0.75, and
reported that the Prandtl number affects the precise location of the periodically fully developed region. Tandiroglu
(2006) experimentally examined the effect of the tube geometry parameters on the transient forced heat convection
for turbulent flow passing through a circular tube with baffles inserts for different pitch and orientation. Other similar

Volume 47, Issue 1, 2020

26

Menni et al.

works can be found in literature such as Tandiroglu (2007), and Tandiroglu and Ayhan (2006). The baffles geometry
is a necessary parameter for the generation of vortices. For this problem, several works proposed several forms, for
example, flat rectangular (Demartini et al., 2004), triangular (Thianpong et al., 2009), delta (Promvonge et al., 2010),
circular, elliptical, and drop (Wang et al., 2012), cascaded (Zamfirescu and Feidt, 2007), waved (Benzenine et al.,
2013), angled (Kwankaomeng and Promvonge, 2010), continuous or broken (Gupta et al., 2008), helical (Lei et al.,
2008), diamond (Sripattanapipat and Promvonge, 2009), “V” (Tamna et al., 2014; Chamoli, 2015; Jedsadaratanachai
et al., 2015; Boonloi and Jedsadaratanachai, 2016; Kumar et al., 2016), double “V” (Jedsadaratanachai and Boonloi,
2014), and Z-shaped (Sriromreun et al., 2012). All these shapes increase the thermal transfer rate but create catastrophic pressure losses. Numerical forced-convection studies for both solid and porous baffles in a two-dimensional
channel for the turbulent flow (Yang and Hwang, 2003) and for the laminar flow regimes (Santos and De Lemos,
2006) were conducted and similar thermal performance results for both the solid and porous cases were reported.
In those studies, different aspect ratio channels and various porosity baffles were used. In the experimental efforts,
Dutta and Dutta (1998), and Dutta and Hossain (2005) reported the enhancement of heat transfer with inclined solid
and perforated baffles. In those studies, the effects of baffle size, position, and orientation were studied for internal
cooling heat transfer augmentation. Ko and Anand (2003) carried out an experiment for turbulent flow and heat transfer in a uniformly heated rectangular channel with wall-mounted porous baffles and found that the porous baffles
present a flow behavior as good as the one with solid baffles. Later, Karwa and Maheshwari (2009) conducted an
investigation of heat transfer and friction in an asymmetrically heated rectangular duct with half- and fully perforated
baffles at different pitches. The study showed that the half-perforated baffles are thermo-hydraulically better than the
fully perforated baffles at the same pith, and reported that for all studied cases, the half-perforated baffles at a relative
roughness pith of 7.2 give the greatest performance advantage of 51.6–75% over a smooth duct at equal pumping
power. In a recent numerical work, Sahel et al. (2016) presented a new baffle design that consists of a perforated
baffle having a row of four holes placed at three different positions. The obtained results showed that the Pores Axis
Ratio (PAR) of 0.190 is the best design that eliminates significantly the lower heat transfer areas (LHTAs), giving
thus an increase in the heat transfer rate from 2% to 65% compared with the simple baffle.
The present paper is a numerical fluid dynamic simulation of the characteristics of a new combination of baffles
aiming to improve the thermal transfer in a channel of rectangular section. Two different types of wall-mounted
baffles, flat rectangular and V-shaped, arranged overlapping in a horizontal channel are presented in this study. The
flat rectangular baffle is used as a first baffle, and it is attached to the hot top wall of the channel, while the V-shaped
baffle is selected as the second baffle, and it is placed at the insulated lower wall. The half tip attack angle (θ) of the
V-baffle is varied in a range of 45° to 60° in the present computational fluid dynamical (CFD) simulation. The results
of the V-baffle are also compared with those of the simple baffle in the flat form under similar conditions.
2. FLOW DESCRIPTION
2.1 Baffle and Channel Geometry
The flow system of interest, shown in Fig. 1, is a 0.554 m long (L) rectangular cross-section channel, with 0.146 m
height (H), 0.167 m hydraulic diameter (Dh ), and a width (W ) of 0.193 m. Two transverse, solid baffles are arranged
on the opposite channel walls in a periodically staggered manner. The dimensions of the concerned geometry are
based on the experimental study of Demartini et al. (2004). A combination of two different models of baffles, flat
rectangular and V-shaped, is considered in this study. The flat rectangular baffle is used as a first baffle, and it is
attached to the hot top wall at a distance (Lin ) of 0.218 m downstream from the start of the channel. The second baffle
configuration presents a new design that consists of a V-shaped baffle pointing upstream end (called: V-upstream),
having a half-tip angle (θ) at different attack values of airflow, and it is fixed to the insulated bottom wall at a distance
(Lout ) of 0.174 m from the downstream end of the channel. For both flat and V-upstream baffles, the distance (h)
between the upper edge of the baffle and the wall is kept constant at 0.08 m. This corresponds to the area reduction
of 55% at the baffle edge. The thickness (e) of each baffle is set to 0.01 m, and the axial pitch (Pi) or spacing between
both baffles is taken equal to 0.142 m. The V-upstream shape geometry varies from θ = 45° to θ = 60° with an
increment of 5° without changing the geometrical dimensions h and e, but their volume is variable. The influence of
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FIG. 1: Baffled channel geometry with boundary conditions

the V-upstream form on the heat transfer is illustrated and this is comparing the results of this model with those of
the flat rectangular (simple) baffle (second baffle), as presented in more detail in Demartini et al. (2004). Air is the
working medium with the flow rate in terms of Reynolds numbers (Re) ranging from 12,000 to 32,000.
2.2 Mathematical Formulation
The following assumptions are made to simplify the numerical calculations in the whole domain investigated: (1) the
mathematical formulations are written as two-dimensional and under steady-state condition; (2) the flow is turbulent
and incompressible; (3) the thermal-physical properties of fluid such as ρ, µ, cp , λf are constant; (4) body forces,
viscous dissipation, and radiation heat transfer are ignored; (5) an eddy viscosity model is used to account for the
effect of turbulence phenomena.
Based on the above assumptions, the baffled channel flow model is governed by the Reynolds-averaged Navier–
Stokes (RANS) equations with the standard k-ε turbulence model (Launder and Spalding, 1974) and the energy
equation. Then, the governing equations can be written in the common form as




∂φ
∂
∂φ
∂
∂
∂
Γφ
+
Γφ
+ Sφ
(1)
(ρuφ) +
(ρvφ) =
∂x
∂y
∂x
∂x
∂y
∂y
where φ stands for the dependent variables u, v, T , k and ε; u, v are local time-averaged velocity in x and y directions, respectively; Γφ and Sφ are the corresponding turbulent diffusion coefficient and source term, respectively,
for general variable φ. The equations of the flow region are summarized in Table 1. Classically recommended values
were used as the constants for the standard k-ε model in Table 1, which were given in Table 2 (Launder and Spalding,
1974).
2.3 Boundary Conditions
The hydrodynamic boundary conditions are set according to the experimental work of Demartini et al. (2004) while
the thermal boundary conditions are chosen according to the experimental work of Nasiruddin and Kamran Siddiqui
(2007). Detailed boundary conditions are also given in Fig. 1. A uniform one-dimensional velocity profile (Uin )
was applied as the hydraulic boundary condition in the entrance region of the computational domain. A turbulence
intensity of 2% for the inlet height was used. The no-slip and impermeable boundary conditions were applied to
all solid walls. A constant temperature (Tw ) of 375 K was applied on the top wall of the computational domain
as the thermal boundary condition, but the bottom wall was maintained at an adiabatic condition (insulator). The
temperature of air (Tin ) was set equal to 300 K at the inlet of the channel. In the channel exit the atmospheric pressure
(Patm ) is prescribed. The Reynolds number (Re), calculated with the hydraulic diameter of the channel (Dh ) and the
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TABLE 1: Variables, diffusion coefficients, and source terms of each governing equation
Equations
Continuity

φ
1

Γφ
0

Sφ
0
  
∂
∂u
∂p
+
µe
+
−
∂x ∂x
∂x
 

∂p
∂
∂u
−
+
µe
+
∂y ∂x
∂y

x momentum

u

µe

y momentum

v

µe

Energy

T

µe
σT

Turbulent energy

k

µl +

µt
σk

−ρ.ε + G

Turbulent dissipation

ε

µl +

µt
σε

ε
(C1ε G − C2ε ρ.ε)
k

  
∂
∂v
µe
∂y
∂x
  
∂
∂v
µe
∂y
∂y

0

( " 
 2 # 
2 )
2
∂v
∂v
∂u
∂u
+
+
+
and µe = µℓ + µt ;
G = µt 2
∂x
∂y
∂y
∂x

µt = ρ.Cµ

k2
ε

TABLE 2: The coefficients in k-ε turbulence model (based on the results of Launder and Spalding, 1974)
Constant
Value

C1ε
1.44

C2ε
1.92

Cµ
0.09

σk
1.0

σε
1.3

inlet velocity (U ) is taken according to the experiments of Demartini et al. (2004). It is equal to 8.73 × 104 . This
dimensionless parameter is defined as follows:
ρU Dh
(2)
Re =
µ
The friction factor (f ) is evaluated from the pressure drop (∆P ) across the length of the channel (L) as
f=

(∆P /L) Dh
(1/2)ρU

(3)

2

The heat transfer is measured by local Nusselt number (Nux ) which can be written as
Nux =

hx Dh
λf

(4)

The average Nusselt number (Nu) can be obtained by
Z
1
Nu =
Nux ∂x
L

(5)

where hx is the local convective heat transfer coefficient. The thermal enhancement factor (TEF) is
1/3

TEF = (Nu/Nu0 )/(f /f0 )

(6)

The average Nusselt number and friction factor are normalized by the Dittus-Boelter and Petukhov correlations,
respectively, where Nu0 and f0 are the Nusselt number and the friction factor for turbulent flow in a smooth channel
at the same Reynolds number, respectively:
Nu0 = 0.023Re0.8 Pr0.4
f0 = (0.79 ln Re − 1.64)

−2

for Re ≥ 104

for 3 × 103 ≤ Re ≤ 5 × 106

(7)
(8)
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3. NUMERICAL SOLUTION
The turbulent governing equations were discretized using the finite volume method (FVM), details of which can be
found in Patankar (1980), in two dimensions, employing a CFD technique, with the standard k-ε model of Launder
and Spalding (1974) to describe the turbulence. The method uses staggered grids and Cartesian velocity components,
handles the pressure–velocity coupling with the SIMPLE (Semi-Implicit Method for Pressure-Linked Equation) algorithm, and solves the resulting system of equations iteratively with a tri-diagonal-matrix algorithm (TDMA). Considering the characteristics of the flow, the QUICK (quadratic upstream interpolation for convective kinematics) scheme
was applied to the interpolations, as proposed by Leonard and Mokhtari (1990), in which a second-order upwind
(SOU) scheme was used for the pressure terms.
A non-uniform grid in the two directions was employed with refinements near the solid boundary to capture the
variations in the flow and temperature fields within the hydraulic and thermal boundary layers, as shown in Fig. 2. To
analyze the effect of the grid size on the numerical solution, various grid systems were tested. Default under-relaxation
factors of the solver are employed to control the update of computed variables for each iteration. These factors are
0.3, 1.0, 0.7, and 1.0 for pressure, density, momentum, and energy, respectively. The solutions were converged when
the normalized residual values were less than 10−9 for all variables but less than 10−12 only for the energy equation.
4. RESULTS AND DISCUSSIONS
4.1 Grid Sensitivity Test
The grid independence is investigated by conducting simulations in the computational domain with flat and 45° Vupstream baffles, using different structured quadrilateral grids with the number of nodes ranging from 45 to 145 along
the height and 125 to 365 along the channel length. The mean heat transfer coefficient in terms of non-dimensional
average Nusselt number ratio, Nu/Nu0 , along the hot top channel wall for four different grid densities of 125 × 45
cells, 185 × 70 cells, 245 × 95 cells, and 365 × 145 cells and a Reynolds number of Re = 8.73 × 104 , are presented
in Fig. 3. The computation of the 125 × 45 cells is divergent. The deviation of the Nuav /Nu0 between the simulations
featuring a cell number of 245 × 95 and 365 × 145 cells is within 0.35% but between the 185 × 70 and 245 × 95 cells
is more than 2.5% at the same flow rate. Accordingly, the grid system with 245 × 95 cells is employed to perform the
following calculations, and the present numerical simulations have reasonable accuracy.
4.2 Numerical Validation
The validation and the precision of the model and the computer software in the given computational domain were
conducted by comparing with the previous studies in literature under similar operating conditions. The comparison
was made with the numerical and experimental data reported by Demartini et al. (2004) for the same geometry. In
that study, the turbulent flow of air through a rectangular cross-section channel, where two baffle plates were placed

FIG. 2: Mesh of the studied channel model with refinements near the all solid boundaries to capture the physics of the problem
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FIG. 3: Test of the grid independence on the heated top channel wall for Re = 8.73 × 104

in opposite walls, was numerically and experimentally studied. The geometry of the problem is a simplification of the
geometry of baffle plates found in shell-and-tube heat exchangers. Hot wire anemometry and the FVM, by means of
Commercial CFD Fluent 5.2 were applied in their analysis. The experiment was conducted at the Reynolds number
of 8.73 × 104 . Figure 4(a) shows the comparison of the present numerical solution in the pressure coefficient under
the first baffle with numerical and experimental data of Demartini et al. (2004) at the transverse station x = 0.223 m,
while Fig. 4(b) shows the quantitative comparison between both numerical and experimental axial velocity profiles
after the second baffle, near the channel outlet at x = 0.525 m. As observed in these figures, the comparison shows a
good agreement.
The validation of the Nusselt number and friction factor of the smooth rectangular channel is performed by
comparing with the values from Dittus-Boelter and Petukhov correlations under a similar operating condition as
shown in Figs. 5(a) and 5(b), respectively. As shown in Fig. 5, the present CFD simulation agrees well with the
available correlations with ± 6.5% and ± 1.15% in comparison with empirical correlations of Dittus-Boelter and
Petukhov, respectively.
To examine a combination effect of the interaction between both flat rectangular and V-upstream baffles, the
V-baffle half-tip angle, θ is varied in a range of 45° to 60° in the present CFD simulation. Streamlines, axial velocity

(a)

(b)

FIG. 4: Validation plots of (a) axial velocity and (b) pressure coefficient with reported data for Re = 8.73 × 104
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(b)

FIG. 5: Verification of (a) Nusselt number and (b) friction factor of smooth channel

and temperature fields, dimensionless axial velocity profiles, normalized average Nusselt number, friction factor, and
thermal enhancement factor are obtained for all the considered geometry and for various selected sections, namely,
upstream, downstream, and between both flat and V-shaped baffles. For the presentation of the figures, Re = 12,000
is chosen as the base case.
4.3 Axial Velocity Distribution
The impact of the shape geometry of the second baffle on the structure of the near wall flow is presented in Fig. 6.
The plots in Figs. 6(a)–6(e) show the contours of streamlines and axial velocity fields for simple, 45°, 50°, 55°, and
60° V-shaped baffles at h = 0.08 m, e = 0.01 m, Pi = 0.142 m, and Re = 12,000, respectively. In the figures,
it is visible that the air flow is disturbed by the presence of these baffles. As expected, the largest variations in the
velocity fields occur in the regions near the baffles. The comparison of streamlines at different flow attack angles of
the second baffle shows that as the air flow is redirected near the baffles, a very small recirculation zone is observed
in the vicinity of the upper-left face. In the intermediate zone, a strong recirculation zone is generated on the back
side of the first baffle, which was induced due to the flow separation. The size of this recirculation is found to be
larger than the one at the left corner and its height was approximately equal to the extent of the flow blockage by
the baffle, which is equal to 0.08 m for the case investigated. A similar behavior is observed near the second baffle
mounted on the insulated bottom wall with recirculation cells at the front of the considered baffle and back areas. It is
concluded that the dynamic behavior of air flow is affected by the presence of these baffles, resulting in the formation
of recirculation cells upstream and downstream from each baffle. The most intense is that forming behind the second
baffle, responsible for the high velocities observed at the outlet of the channel, creating a negative velocity profile
which introduces mass inside the channel through the exit. The flow structure of using different configurations of
the second baffles looks similar except for flow areas around the baffle corners. These observations are confirmed
by the research works of Demartini et al. (2004), Nasiruddin and Kamran Siddiqui (2007), and Sripattanapipat and
Promvonge (2009).
The variation of air velocity in the cases of various V-baffle angles appears clearly on the contour plots and their
scales which present positive and negative values. For studying this dependence well, we plotted the axial velocity
profile distribution in different regions of the whole domain examined for the following axial stations: x = 0.159,
0.189, 0.255, 0.285, 0.315, 0.345, and 0.525 m, measured downstream of the entrance, as shown in Figs. 7–10. The
velocity values are scaled to the inlet velocity. In the figures, the dimensionless axial velocity profiles (U/Uin ) are
related as a function of V-baffle attack angle (θ = 45°, 50°, 55°, and 60°) at low Reynolds number (Re = 12,000).
The result obtained from simple baffle (second baffle) is also plotted for comparison.
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FIG. 6: Contours plots of streamlines and axial velocity fields for various second baffle cases: (a) simple, (b) 45°, (c) 50°, (d) 55°,
and (e) 60° V-shaped baffles at Re = 12,000

Figures 7(a) and 7(b) shows the U/Uin profiles at positions given by x = 0.159 m and x = 0.189 m, 0.059 m,
and 0.029 m before the first baffle. The trends of U/Uin are similar for all θ values. In these sections, the comparison
of U/Uin profiles shows that as the flow approaches the first baffle, its velocity is decreased in the upper part of the
channel, while in the lower part is increased. Negative values observed in the U/Uin profiles from station x = 0.189
m indicate the presence of a small recirculation at the upper-half part in front of the first baffle, and in both locations,
the velocity is nearly independent of the shape geometry of the second baffle.
Downstream, at transverse stations x = 0.255 m and x = 0.285 m from entrance, respectively, 0.027 and 0.057 m
after the first baffle, as a result of sudden expansion in the upper part of the channel, the airflow separates, a larger
recirculation zone with very low velocities is formed in the back side of the first baffle close to the heated wall, and
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(b)

FIG. 7: Dimensionless axial velocity profiles upstream of the first baffle at locations (a) x = 0.159 m, and (b) x = 0.189 m, for
Re = 12,000

(a)

(b)

FIG. 8: Dimensionless axial velocity profiles between the first and the second baffles at locations (a) x = 0.255 m, and (b) x =
0.285 m, for Re = 12,000

flow reattachment is then established, as shown in Figs. 8(a) and 8(b), respectively. This phenomenon is illustrated
by the negative U/Uin values in this area. The plots also show that the geometric form of the second baffle has a
significant impact on the recirculation size downstream of the first baffle. This recirculation increases in size and
occupies more and more the space behind the first baffle while going from the V-shape to the flat rectangular shape.
This behavior is due to the increase in the angle of attack of flow of the second baffle, which results in an increase of
the resistance to the flow and more disturbed streamlines. In the lower part of the channel, the fluid is characterized by
very high velocity due to the change in the flow direction produced by the first baffle. Using the V-baffles, the increase
in the angle value gives rise to the increase of the velocity of flow. Taking for example Fig. 8(b), which presents the
distribution of the U/Uin profiles along the height of the channel at station in x = 0.285 m, of which the maximum
value in the case of the simple baffle (second obstacle) is equal to 2.744 whereas in the case of the V-baffle with the
range studied for θ = 45°, 50°, 55°, and 60° we find, respectively, maximum values of U/Uin equal to 2.567, 2.611,
2.647, and 2.677 differently, say reductions of 6.45%, 4.846%, 3.535%, and 2.441% compared to the simple baffle.
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(a)

(b)

FIG. 9: Dimensionless axial velocity profiles upstream of the second baffle at locations (a) x = 0.315 m, and (b) x = 0.345 m,
for Re = 12,000

FIG. 10: Dimensionless axial velocity profiles after the second baffle, near the channel outlet at x = 0.525 m for Re = 12,000

For both simple and V-shaped baffle models treated and according to Figs. 9(a) and 9(b), the dimensionless
axial velocity profiles (U/Uin ) at distances equal to 0.055 m and 0.025 m before the second baffle, corresponding to
positions x = 0.315 m and x = 0.345 m, the plots show that for the flow while approaching the second baffle, its
velocity is reduced in the lower part of the channel, while in the upper part is increased, conversely with the preceding
case. The negative U/Uin values observed in the vicinity of the insulated bottom channel wall from both locations
represent the reserve flow due to the recirculation in the lower half of the left face of the second baffle, while in the
upper-channel part the flow starts to accelerate toward the free segment above the second baffle. These observations
are valid for all cases investigated. In these two sections, the plots show that the U/Uin distribution is strongly
dependent on the geometry of the second baffle. Modifying the shape or the attack angle of the second baffle does
affect quantitatively the flow pattern. The comparison of the U/Uin value for both insulated lower channel wall baffle
configurations (simple and V-shaped) shows that the simple baffle provides the lowest velocity value. For V-baffle
case, the maximum U/Uin value was found at θ = 45°, which decreased with an increase in θ. At a Reynolds number
equal to 12,000, the value of the axial velocity for using the 45°, 50°, 55°, and 60° V-shaped baffles reaches 2.813
m/s, 2.614 m/s, 2.414 m/s, and 2.238 m/s; 2.68, 2.49, 2.3, and 2.132 times higher than the entrance velocity (Uin ),
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respectively. In a comparison with the simple baffle at the same Reynolds number (Re = 12,000), the velocity value
increases in the cases of θ = 45°, 50°, 55°, and 60° by 67.941%, 56.059%, 44.119%, and 33.611%, respectively. This
can be explained in the case of the V-baffle as follows: the V-shape is pointed towards the upstream end; therefore, it
causes less distortion of the flow and facilitates the fluid along the mainstream, which considerably increases the axial
component U of the velocity, especially at lower values of θ, whereas, there is an opposite effect for the downstream
region (see Fig. 10).
A presentation of U/Uin profiles after the second baffle, near the exit of the channel is given in Fig. 10 at
the station x = 0.525 m, i.e., to 29 mm before the outlet. Strong variation in the velocity is characterized by the
negative and positive values. In the figure, the highest velocity values are found near the heated top channel wall,
due to the very strong flow recirculation in the downstream region of the second baffle, which leads air from channel
outside. The results also show that the V-baffle angle has a strong effect on the axial velocity distribution and on
the recirculation size generated in the back side of the second baffle. It is observed that the velocity value rises with
a rise in angle of attack of flow and attains a superior value corresponding to angle of attack value of 60° in the
range of θ examined. The increase in the velocity for θ = 45°, 50°, 55°, and 60°, respectively, is about 334.521%,
350.442%, 366.752%, and 382.422% higher than the inlet velocity (Uin ) at Re = 12,000. However, the variation in
the axial velocity value for different angles of attack is within 5%. The use of a lower wall-mounted V-baffle leads to
a decrease in the axial velocity for all cases, compared with a simple baffle. The V-baffle with angle of attack value of
60° decreases the axial velocity by 1.16 times than the simple baffle. In addition, the percentage in the axial velocity
is also decreased by 24.646%, 21.06%, and 17.385% in the case of θ equal to 45°, 50°, and 55° at the same Reynolds
number, respectively. What was also noticed, if the flat rectangular baffle (second baffle) creates a sudden change in
the axial velocity downstream of this simple obstacle model, the V-baffle pointing upstream end creates a progressive
variation on the back side of this obstacle model, which considerably reduces the dimensions of recirculation lengths.
The plots shown in Figs. 6–10 present the impact of the second baffle geometry on the axial velocity distribution
for a Reynolds number of 12,000. However, it is also important to examine the effect of the Reynolds number variation
on this parameter. To perform this analysis, we have selected two transverse stations in the whole domain investigated,
i.e., x = 0.285 m and x = 0.525 m, and two values of Reynolds number were considered: Re = 12,000 and Re =
32,000. The dimensionless axial velocity profiles (U/Uin ) are shown plotted in Fig. 11 versus the V-baffle attack angle
for two different Reynolds numbers. Obviously, it can be observed that the values of axial velocity become higher
with increasing values in flow Re number for all θ cases. It is observed that the airflow is accelerating in its main
direction from left- towards right-hand side (positive sense) by increasing the recirculation zones (negative sense);
hence, the length of these cells of recycling is proportional to the increase in the flow Re number. The comparison
of recirculation lengths [see Fig. 12(a) and 12(b)] for different V-baffle angles shows that the case of angle of attack
value of 60° generates the biggest vortex, which decreased with a decrease in θ value. The results also show that
the lower wall-mounted V-baffle has the smallest recirculation lengths by comparing with those of the simple baffle
(second baffle) whatever the θ value, and that these recirculation lengths for both second baffle models (simple and
V-shaped) increase considerably as the Re value becomes large.
4.4 Heat Transfer
The contour plots of temperature field are presented at Re = 12,000 in Figs. 13(a)–13(e) for the cases of simple,
45°, 50°, 55°, and 60° V-shaped baffles, respectively. The plots show very high temperature values adjacent to the
heated upper wall-mounted baffle. In the region downstream of the heated baffle, recirculation cells with very high
temperature values are observed. In the regions between the upper edge of the baffles and the channel walls, the
temperature is decreased due to the high velocities in those regions. Due to the changes in the flow direction produced
by the presence of the singularity of baffles, the highest temperature values appear on the first baffle area where the
corner recirculation zone occurs, especially the area behind the baffle with an acceleration process that starts just after
the first and the second baffles.
The heat transfer coefficient calculations are done on the heated top channel wall, while the bottom wall surface
is unheated. All heat transfer results are presented in terms of a non-dimensional Nusselt number ratio (Nu/Nu0 )
along the channel length. Nu0 is the Nusselt number for turbulent flow in a smooth channel at the same Re number,
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(a)

(b)

FIG. 11: Variation of dimensionless axial velocity profiles with Reynolds number for various second baffle cases at locations (a)
x = 0.285 m, (b) and x = 0.525 m

(a)

(b)

FIG. 12: Effect of flow attack angle on the size of vortex at (a) x = 0.285 m, and (b) x = 0.525 m, for various values of Reynolds
number

and is given by Eq. (7). Figure 14 presents the variation of the average Nu/Nu0 ratio with Re number for the cases
of simple, 45°, 50°, 55°, and 60° V-shaped baffles at e = 0.01 m, h = 0.08 m, and Pi = 0.142 m. Also show in
the figure, the V-baffles yield considerable heat transfer enhancements with a similar trend in comparison with the
simple baffle and the Nu/Nu0 value increases with the rise of Re number for all insulated lower wall-mounted baffle
cases used. The Nu/Nu0 value in the case of larger angle is found to be higher than that with smaller angle. The
Nu/Nu0 value increases with the increase in the V-baffle angle and thus, the angle of attack of 60° provides maximum
Nu/Nu0 . This could be due to the reason that an increase in the attack value of the V-angle causes an increase in the
length and strength of cells of recycling, which enhances mixing and mixing length. Smaller V-baffle angle causes
the reduction of the flow distortion and provides more longitudinal flow leading to the decrease of heat transfer. In
the range studied, the V-baffle performs greater heat transfer rate than the simple baffle for all Re value investigated.
The V-baffle with an angle of attack (θ) value of 45°, 50°, 55°, and 60° increases the heat transfer rate by 2–32.613%,
2.602–33.088%, 3.655–34.105%, and 5.085–35.534% than the simple baffle, respectively. Furthermore, the use of the
V-baffle with the angle of attack (θ) value of 60° at the highest Reynolds number (Re = 32,000) gives higher Nu/Nu0
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FIG. 13: Temperature contours for various second baffle cases: (a) simple, (b) 45°, (c) 50°, (d) 55°, and (e) 60° V-shaped baffles
at Re =12,000

ratio than that with θ = 45°, 50°, and 55° around 2.154%, 1.804%, and 1.054%, respectively. The maximum Nusselt
number is around 5.29, 5.309, 5.349, and 5.406 times higher than the smooth channel for the cases of 45°, 50°, 55°,
and 60° V-baffles, respectively, while around 3.989 times for the simple baffle. This indicates a merit of employing
the V-baffle over the smooth channel for enhanced heat transfer.
4.5 Friction Loss
Figure 15 illustrates the variation in the normalized friction factor (f /f0 ) versus the Reynolds number for various
V-baffle angles. From this plot, we note that the f /f0 ratio tends to augment with the rise of Reynolds number for all

Volume 47, Issue 1, 2020

38

Menni et al.

FIG. 14: Variation of normalized average Nusselt number with Reynolds number for various configurations of the second baffle

FIG. 15: Variation of normalized friction factor with Reynolds number for various configurations of the second baffle

V-baffle angle cases. The main increase in the friction loss of using the V-baffle with the θ range studied is in a range
of 4.421 to 30.263 times over the smooth channel with no baffle. As expected, the obtained f /f0 using the V-baffle
with larger angle is substantially higher than that with smaller angle. This can be attributed to the fact that increasing
the attack angle of the V-upstream baffle can induce a larger recirculation downstream of this baffle model leading to
higher vortex strength and turbulence intensity of the flow enhancing the friction loss. The highest friction factor ratio
value for all V-baffles used is detected at θ = 60°, while the θ = 45° performs the lowest values. Importantly, the
f /f0 value for the V-baffle at θ = 60° is found to be around 18.095%, 12.894%, and 6.658% higher than that of the
one at θ = 45°, 50°, and 55°, respectively, at the highest Reynolds number. However, the presence of a V-upstream
baffle leads to a considerable decrease in the friction loss for all cases, compared with a simple baffle at the lowest
Reynolds number. The 45°, 50°, 55°, and 60° V-baffles show decreases of about 27.558%, 22.716%, 16.891%, and
10.554%, respectively, in friction loss relative to that in the simple baffle. In addition, the f /f0 value is decreased by
3.2% in the case of angle of attack value of 45° at the highest Reynolds number. However, the friction loss increases
by 2.948%, 10.318%, and 18.187% when the attack angle of flow is equal to 50°, 55°, and 60° at the same Reynolds
number, respectively. This means that the use of lower flow attack angle (45° in the present investigation) helps to
reduce the friction loss of the system.
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4.6 Performance Evaluation
Figure 16 presents the variation plot of the thermal enhancement factor (TEF) with different attack angles (θ) of the
insulated lower wall-mounted V-upstream baffle and various Re values. This dimensionless parameter is calculated
from its definition as given in Eq. (6). If this factor is less than 1, the heat transfer performance is bad. On the contrary,
if it is greater than 1, the heat transfer performance is better. In the figure, the TEF tends to increase with the rise of
Re number for all V-baffles applied but with the decrease in the angle of attack (θ). The least and maximum values
of TEF have been obtained corresponding to angle of attack values of 60° and 45°, respectively. The highest TEF
values for the examined V-baffles are about, respectively, 1.833, 1.803, 1.776, and 1.754 for θ = 45°, 50°, 55°, and
60°, at the highest Re number. Consequently, the TEFs of the V-baffle are seen to be above the unity for all θ cases
and vary between 1.754 and 1.833, depending on the θ and Re values, indicating higher thermal performance over
the smooth channel with no baffle. Also, a great enhancement of the TEF is obtained with the V-baffle compared to
the simple baffle. The 45°, 50°, 55°, and 60° V-baffles show increases of about 34.044%, 31.817%, 29.828%, and
28.262%, respectively, in TEF relative to that in the simple baffle at the highest Re number, with an average value of
30.987%.
Therefore, the insulated lower wall-mounted V-shaped baffle pointing upstream end with angle of attack of 45°
may be selected as the best geometrical configuration to enhance efficiently the TEF inside the channel.
5. CONCLUSION
A detailed computational fluid dynamical (CFD) study has been carried out to simulate the steady-state incompressible turbulent flow and forced-convection heat transfer characteristics of air through a two-dimensional horizontal
rectangular cross-section channel. Two different shapes of wall-mounted solid-type baffles (flat rectangular and V-tip
pointing upstream end) were introduced into the field. The first baffle (flat rectangular) is attached to the hot top
channel wall and the second one (V-upstream) is placed on the insulated bottom wall.
The current originality lies in the geometric shape of the second baffle inside the channel. This study presents
a new lower wall-mounted baffle configuration that consists of a V-upstream baffle having a half-tip angle (θ) at
different attack values of flow. Our purpose is to explore the effect of this shape on the heat transfer phenomenon inside
a rectangular channel. The influence of the V-baffle shape on the heat transfer enhancement and flow characteristics
is illustrated and compares the results of this model with those of the simple baffle. The impact of angle of attack of
flow of the V-baffle (θ) was studied by varying θ from 45° to 60° with an increment of 5°. The Reynolds number was
varied from 12,000 to 32,000. The following conclusions are drawn.

FIG. 16: Thermal enhancement factor for various configurations of the second baffle
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The comparison of lengths of these cells of recycling for different V-baffle angles shows that the case of angle of
attack value of 60° generates the biggest vortex, which decreased with a decrease in θ value.
The results show that the V-baffle has the smallest recirculation lengths by comparing with those of the simple
baffle whatever the θ value, and that these lengths of recycling for both models of the second baffle (simple or
V-shaped), increase considerably as the Re value becomes large.
At the optimum condition of the smallest attack angle (θ = 45°) and the highest Reynolds number (Re = 32,000),
the V-baffle offered the highest thermal enhancement factor (TEF) of 1.833.
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