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Abstract
Purpose – The purpose of this paper is to carry out a numerical study on the dynamic and thermal behavior
of a fluid with a constant property and flowing turbulently through a two-dimensional horizontal rectangular
channel. The upper surface was put in a constant temperature condition, while the lower one was thermally
insulated. Two transverse, solid-type obstacles, having different shapes, i.e. flat rectangular and V-shaped,
were inserted into the channel and fixed to the top and bottomwalls of the channel, in a periodically staggered
manner to force vortices to improve the mixing, and consequently the heat transfer. The flat rectangular
obstacle was put in the first position and was placed on the hot top wall of the channel. However, the second
V-shaped obstacle was placed on the insulated bottom wall, at an attack angle of 45°; its position was varied
to find the optimum configuration for optimal heat transfer.
Design/methodology/approach – The fluid is considered Newtonian, incompressible with constant
properties. The Reynolds averaged Navier–Stokes equations, along with the standard k-epsilon turbulence
model and the energy equation, are used to control the channel flow model. The finite volume method is used
to integrate all the equations in two-dimensions; the commercial CFD software FLUENT along with the
SIMPLE-algorithm is used for pressure-velocity coupling. Various values of the Reynolds number and
obstacle spacing were selected to perform the numerical runs, using air as the working medium.
Findings – The channel containing the flat fin and the 45° V-shaped baffle with a large Reynolds number
gave higher heat transfer and friction loss than the one with a smaller Reynolds number. Also, short
separation distances between obstacles provided higher values of the ratios Nu/Nu0 and f/f0 and a larger
thermal enhancement factor (TEF) than do larger distances.
Originality/value – This is an original work, as it uses a novel method for the improvement of heat
transfer in completely new flow geometry.
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Nomenclature
Cf = skin-friction coefficient;
Dh = aeraulic diameter of channel (m);
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e = obstacle thickness (m);
f = friction factor;
H = channel height (m);
h = obstacle height (m);
hx = local heat transfer coefficient (W/m2 K);
k = turbulent kinetic energy (m2/s2);
kf = fluid thermal conductivity (W/m K);
L = channel length (m);
Lin = distance upstream of the first obstacle (m);
Lout = distance downstream of the second obstacle (m);
Nu = average Nusselt number;
Nux = local Nusselt number;
P = pressure (Pa);
Patm = atmospheric pressure (Pa);
Pr = Prandtl number;
Re = Reynolds number;
S = separation distance between obstacles (m);
T = temperature (K);
Tin = inlet temperature (K);
Tw = wall temperature (K);
TIin = inlet turbulence intensity (%);
Uin = inlet velocity (m/s);
U = mean air velocity (m/s);
u = axial component of velocity (m/s);
v = transverse component of velocity (m/s);
W = channel width (m);
x = axial coordinate (m); and
y = transverse coordinate (m).

Greek symbols
f = transported scalar;
« = turbulent energy dissipation (m2/s3);
Cf = turbulent diffusion coefficient;
Sf = source term;
r = fluid density (kg/m3);
DP = pressure drop (Pa);
tw = wall shear stress (Pa);
a = flow attack angle of V-baffle (degree);
TEF = thermal enhancement factor;
m = molecular viscosity (Kg/m s);
m e = effective viscosity (Kg/m s);
m l = laminar viscosity (Kg/m s);
m t = eddy viscosity (Kg/m s);
s k = turbulent model constant for k;
s« = turbulent model constant for « ;
sT = turbulent model constant for T;
C1« = constant used in the standard k-« model; and
C2« = constant used in the standard k-« model.
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Subscript
atm = atmospheric;
e = effective;
f = fluid;
in = inlet;
l = laminar;
out = outlet;
t = turbulent;
w = wall; and
x = local.

1. Introduction
Obstacles, such as staggered or in-line, transverse or longitudinal baffles or fins, have long
been utilized in several thermal systems like shell-and-tube heat exchangers with segmental
baffles, flat plate solar air collectors and various other industrial applications because of
their high thermal loads and reduced dimensions (Promvonge and Kwankaomeng, 2010).
The channels, through which the cooling or heating fluid is supplied, are generally mounted
with several obstacles to increase the cooling or heating level. This configuration is mostly
used in designing heat exchangers and solar air collectors. Obstacles are principally used to
change the direction of the flow field, to modify the distribution of the local heat transfer
coefficient and also to increase the turbulence levels, thus resulting in larger heat transfer
between the fluid and heated walls.

The first study on the numerical analysis of the features of the flow and forced-
convection heat transfer in a channel was reported by Patankar et al. (1977). The authors
exposed the concepts of periodically fully developed flow and heat transfer. A numerical
investigation was carried out by Kelkar and Patankar (1987) for a constant property fluid
having a laminar flow through a parallel-plate duct with staggered fins. The results
obtained indicated that the flow presented significant deformations and important
recirculation regions. These results also proved that the thermal performance can be
improved as the height of baffles rises and the baffle spacing gets smaller. The fluid flow
and heat transfer characteristics were simulated by Webb and Ramadhyani (1985), inside a
smooth channel with staggered, transverse ribs and a constant heat flux along the two
walls. The calculations were performed in the fully developed regime for different Reynolds
numbers, Prandtl numbers and geometrical arrangements. Lopez et al. (1996) reported the
numerical investigation of the laminar forced-convection heat transfer in a three-
dimensional channel with baffles, using the periodically fully developed flow conditions of
Patankar et al. (1977). The authors pointed out that the three-dimensional effects on the
friction factor of a channel, which has a unity aspect ratio and a blockage ratio equal to 0.5,
increased as the Reynolds number went up. Cheng and Huang (1991) conducted a
computational analysis on the laminar flow forced-convection in parallel-plate channels
supplied with two series of transversal fins. The results they obtained showed that the
position of one fin array with respect to the other is a factor that greatly influences the flow
field, particularly for the cases of high fins. The three-dimensional laminar forced-
convection flow was investigated by Guo and Anand (1997) in a duct having one single
baffle in the intake region. The impact of the Reynolds number, Prandtl number, baffle
height and thermal conductivity ratio were examined. A simulation of the laminar fluid flow
and heat transfer was presented by Bazdidi-Tehrani and Naderi-Abadi (2004) in the
entrance region of a two-dimensional horizontal channel containing in-line baffles. The
impacts of the blockage ratios and Reynolds numbers were analyzed. The obtained
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numerical results indicated that obstacles in the form of baffles are not fully effective for
high values of the blockage ratio. The turbulent flow around a wall-mounted two-
dimensional rib was simulated by Hwang et al. (1999) using a two-equation k-epsilon
turbulence model. The results they obtained indicated that the extension of the recycling
areas, upstream of the rib, does not depend upon its length in the direction of the flow. The
recycling zone was greatly influenced by the length of the rib; this zone gets smaller as the
rib length increases. A numerical investigation was conducted by Yuan and Tao (1998) to
analyze the periodically fully developed flow inside a two-dimensional channel with
streamwise-periodic round disturbances on its two walls. The effects of the disturbance
parameters on heat transfer and friction loss were attentively investigated, for a Reynolds
number within the range from 50 to 700. The results obtained indicated that the Nusselt
number can have a value four times higher than in a smooth-walled channel under the same
considerations but with a much larger drop in pressure. Furthermore, a numerical study was
conducted by Tsay et al. (2005) on the improvement of heat transfer in a backward-facing
step flow channel fitted with a vertical baffle. They analyzed the effects of the geometrical
parameters of the model, as well as the functioning parameters on the structure of flow. The
authors demonstrated that the mean value of the Nusselt number could be increased by 190
per cent by installing a baffle into the field. The numerical results obtained also proved that
the flow considerations and heat transfer characteristics are highly dependent on the
location of the baffle inside the channel. The fluid flow and heat transfer through staggered
wall-mounted two-dimensional obstacles, put on the bottom and top walls of the channel,
were attentively examined by Mohammadi Pirouz et al. (2011), using the lattice Boltzmann
method (LBM). The authors concluded that the LBM is well suited for studying the heat
transfer in conjugate problems. Nasiruddin and Kamran Siddiqui (2007) indicated that the
heat transfer in a heat exchanger tube may be enhanced by placing a baffle inside the tube.
The investigators considered a comparative study between three different baffle
orientations. The first case examined a vertical baffle. The second case investigated a
baffle inclined toward the upstream end, and the third one considered a baffle inclined
toward the downstream end. The results indicated that a considerable heat transfer
improvement in a heat exchanger tube could be achieved by inserting a baffle inclined
toward the downstream part, with the smallest loss of pressure. Habib et al. (1988) and
Mousavi and Hooman (2006) carried out numerical simulations of the fluid flow and heat
transfer in channels containing staggered solid baffles and fins. Various geometrical
parameters of the model and different operating parameters were considered in all these
studies. In their experimental efforts, Berner et al. (1984) used the laser Doppler anemometry
(LDA) technique to get some experimental values of the average velocity and turbulence
distributions in the turbulent regime throughout a duct with many segmented baffle plates.
The authors aimed at determining the number of baffles that are needed to have the periodic
boundary condition and to determine the relationship between the flow rate and geometry.
An experimental study was conducted by Habib et al. (1994) to investigate the
characteristics of the turbulent flow and heat transfer within the periodic cell existing
between the segmental baffles staggered within a rectangular channel. The influence of the
baffle size and Reynolds number on the coefficients of the local heat transfer and global heat
transfer, along with the pressure drop measurements, was described. The characteristics of
forced-convection and flow friction of a transient turbulent flow inside a circular tube with
baffle inserts were investigated by Tandiroglu and Ayhan (2006). An extensive
experimental investigation was performed on nine tubes inserted with baffles within the
Reynolds number interval from 3,000 to 20,000 for the case of a constant heat flux. A
numerical and experimental study was carried out by Demartini et al. (2004) on air flow
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inside a channel with a rectangular cross-section with two baffle plates mounted on the
upper and lower walls. This study included also a comprehensive investigation of the
velocity and pressure profiles. The solution to the problem was found by the hot wire
anemometry technique and the finite volume method using the commercial program Fluent
5.2.

Other similar studies were conducted on heat transfer in turbulent or laminar flows past
wall-mounted obstacles, as reported in the literature (Menni et al., 2018a, 2018b). The
perforated baffle concept was used by Chamkha and Khaled (2000), Chamkha (2001, 2002),
Khalid and Chamkha (2001), Chamkha and Al-Humoud (2007), Mahdy and Chamkha (2010),
Rashad et al. (2011), Chamkha et al. (2011), Chamkha and Rashad (2012), Patil and Chamkha
(2013), Lin (2006), David et al. (2008), Karwa and Maheshwari (2009), Xue et al. (2013), Ary
et al. (2012), Farhad-Ismail et al. (2013), Tahmasebi et al. (2018) and Sheikholeslami et al.
(2016) for internal cooling augmentation. The characteristics of the local heat transfer, as
well as the associated frictional heat loss in rectangular ducts with inclined solid and
perforated baffles, were examined by Dutta and Dutta (1998), Dutta and Hossain (2005) and
Dutta et al. (1998). To determine the best configuration for ameliorated heat transfer, the
calculations were carried out in the fully developed regime for various Reynolds numbers
and geometric arrangements. In the recent past, Sahel et al. (2016) considered the problem of
a steady-state incompressible turbulent forced-convection heat transfer inside a rectangular
channel with constant surface temperature, supplied with two baffle plates perforated at
three different positions. The researchers indicated that the perforated baffles gave the
largest heat transfer ratios, and the simple baffle plates caused the most significant pressure
drop. Moreover, many research works investigated the case of inserting porous-type baffles
within channels. The influence of the channel aspect ratio and that of baffle geometries with
different porosities was explored by Yang and Hwang (2003) and Ko and Anand (2003).
Their computations suggested that the increase or decrease in the thermal transfer rate
depends upon the allotted parameters.

A detailed examination of the impact of the obstacle geometry reconfiguration has been
conducted by other authors on the fluid flow and heat transfer characteristics in some
particular cases of air flow geometry, for example simple (Demartini et al., 2004; Mokhtari
et al., 2017), triangular and trapezoidal (Guerroudj and Kahalerras, 2010), L-shaped (Menni
et al., 2016), helical (Lei et al., 2008), waisted triangular (Menni et al., 2017), diamond
(Sripattanapipat and Promvonge, 2009), U-shaped (Wansaseub et al., 2017), V-shaped
(Jedsadaratanachai et al., 2015; Menni and Azzi, 2018a; Menni et al., 2018c), double V-shaped
(Jedsadaratanachai and Boonloi, 2014), arc (Menni et al., 2018d), corrugated (Menni et al.,
2018e), cascaded (Zamfirescu and Feidt, 2007; Menni and Azzi, 2017, 2018b, 2018c) and Z-
shaped (Sriromreun et al., 2012; Menni and Azzi, 2018c). Different geometry parameters and
various operating conditions were used in the previous studies. Another method for
enhancing the thermal transfer performances in electronic processes is the introduction of
nanofluids (Noghrehabadi et al., 2012, 2013a, 2013b, 2013c; Chamkha et al., 2017; Ghalambaz
et al., 2017).

In the present study, we concentrated on a subject that is interesting from the theoretical,
practical, as well as numerical modeling points of view. This study proposes to enhance the
heat transfer inside thermal devices like heat exchangers, flat plate solar air collectors and
other electronic equipment. It is worth mentioning that the thermal devices play an
important role in industry nowadays. The present research aims to conduct a numerical
study on a turbulent flow forced-convection in the presence of two obstacles with different
shapes, i.e. flat rectangular and V-shaped, placed in an overlapping manner, inside a
horizontal two-dimensional rectangular channel. This represents a very important issue in
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the area of heat exchangers where the flow must be characterized; there is also a need to
identify the velocity distribution, as well as the existence and the extension of possible re-
circulations. Various values of the Reynolds number and obstacle spacing were used to
perform the numerical runs, as the top channel wall was kept in a constant temperature
condition. This research work applied the finite volume method, using the commercial CFD
software FLUENT. The thermal enhancement factor was introduced and discussed to
assess the performance of the rectangular air channel for various separation distances
between obstacles.

2. Mathematical modeling
2.1 Physical model
This is an original work, as it uses a novel method for the improvement of heat transfer in a
completely new flow geometry. The geometry of segmented obstacles encountered in shell-
and-tube heat exchangers is simplified to get a special geometry of the problem. Figure 1
depicts a schematic representation of the physical model. Demartini et al. (2004) conducted
an experimental analysis which served as the basis for the detailed structural parameters
used.

The present computational fluid dynamic investigation was carried out in a two-
dimensional field, which symbolizes a horizontal duct with a rectangular cross-section
whose dimensions are 0.554 m length (L), 0.146 m height (H) and 0.193 m width (W).The
upper surface was put in a constant temperature condition (@T/@x = 0), as the lower surface
was thermally insulated. Two transverse, solid-type obstacles, having different shapes, i.e.
flat rectangular and V-shaped, were introduced within the channel; they were arranged on
the top and bottom surfaces in a periodically staggered manner to force vortices which have
a substantial influence on the turbulence intensity of the flow, thus causing a larger heat
transfer enhancement in the entire domain under investigation. A channel comprising
obstacles may represent an interesting application to increase the forced-convection heat
transfer. Researchers consider this situation as a significant issue in the field of heat
exchangers, for which the fluid flow characterization, heat transfer and skin-friction loss
distribution, along with the existence and the extension of possible recirculations must be
determined.

The first obstacle to be introduced in the channel is the flat rectangular-shaped obstacle,
which is put on the hot upper wall, at a fixed distance (Lin) of 0.218 m, downstream from the
start of the duct. The second V-shaped obstacle, pointing upstream, is placed on the
insulated lower wall at a distance (Pi) of 0.142 m, downstream from the downstream side of
the first obstacle; it has an angle of attack (a) of 45° relative to the principal direction of the
flow. This distance (Pi), separating the first obstacle from the second one, has been tested in
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the study of Demartini et al. (2004). The present work attempts to investigate and analyze
numerically the influence of the obstacle spacing, S, giving it values within the range from
Pi/2 to 3Pi/2, with an increment of Pi/4. Hence, the first obstacle, which is a flat rectangular
fin, is placed on the hot top wall, while the location of the second obstacle, which is the 45° V-
shaped upstream baffle that is arranged on the insulated lower surface, is carefully varied to
find the best configuration for enhanced heat transfer. The distance (h) between the upper
tip of the obstacle and the wall is maintained constant and equal to 0.08 m, for both
obstacles, i.e. flat rectangular and V-shaped. This situation causes an area reduction of
54.794 per cent at the end of the obstacle. The thickness (e) of each obstacle is maintained
constant and equal to 0.01 m. Air, whose Prandtl number (Pr) is 0.71, is the working fluid
used, and the Reynolds numbers considered range from 12,000 to 32,000.

2.2 Numerical model
The following assumptions were made to develop the numerical model for the fluid flow and
heat transfer in the computational domain under consideration:

� The flow is steady, two-dimensional, turbulent, Newtonian and incompressible; an
incompressible flow has a low Mach number, that is to say lower than 0.3. Indeed,
the Mach number in this study is equal to 0.008, corresponding to the highest
Reynolds number (Re = 32,000).

� The physical properties of the fluid and solid are kept constant.
� The body forces, viscous dissipation and radiation heat transfer are not considered.

2.3 Boundary conditions
The limits of the computational domain are also illustrated in Figure 1. The aerodynamic
boundary conditions are based on the studies of Demartini et al. (2004) and the thermal
boundary conditions are selected according to Nasiruddin and Kamran Siddiqui’ s work
(2007). A uniform one-dimensional velocity profile (Uin) was used as the aeraulic boundary
condition at the intake of the computational domain. The temperature (Tin) of the working
fluid was set equal to 300 K at the inlet of the channel. A turbulence intensity (TIin) equal to 2
per cent was selected for the intake height. The thermal boundary condition consisted of the
constant temperature (Tw) of 375 K which was applied to the upper wall of the computational
domain. The bottom surface of the computational domain was taken as adiabatic. Moreover,
it was decided to impose the no-slip and impermeability boundary conditions at all the solid
walls. Note that the atmospheric pressure (Patm) is prescribed at the channel outlet.

2.4 Governing equations
The Reynolds-averaged Navier–Stokes (or RANS equations) equations, with the standard k-
epsilon (k-« ) turbulence model and the energy equation, are the governing equations to be
considered in this study. These governing equations can then be written in the usual form as
(Tandiroglu andAyhan, 2006):

@

@x
rufð Þ þ @

@y
rvfð Þ ¼ @

@x
Cf

@f

@x

� �
þ @

@y
Cf

@f

@y

� �
þ Sf (1)

Here, f represents the dependent variables u, v, k, « and T; u, v are the average velocity
components in the two directions x and y, respectively; k is the turbulent kinetic energy; « is
the turbulent dissipation rate; Cf and Sf are the corresponding turbulent diffusion
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coefficient and source term, respectively, for the general variable f ; and finally, T is the
temperature. Table I displays the corresponding relationship existing between the
parameters and different partial differential equations (Tandiroglu andAyhan, 2006).

The values that are classically recommended are used as the constants for the standard k-«
model in Table I. They are given in Table II, and are detailed in Launder and Spalding (1974).

The experiment of Demartini et al. (2004) was used to determine the Reynolds number
which is based on the aeraulic diameter Dh; it is equal to Re = 8.73 � 104. The Reynolds
number is a dimensionless parameter that is defined as follows:

Re ¼ rUinDh=m (2)

Here, the quantities r , m andUin are the density, dynamic viscosity and inlet velocity of the
fluid, respectively, while Dh, equal to 0.167 m, is the aeraulic diameter of the rectangular
channel. The skin-friction coefficient (Cf) is expressed as:

Cf ¼ tw
1
2 rU

2 (3)

The friction factor (f ) is calculated by considering the pressure drop (DP) across the channel
length (L) as:

f ¼ DP=Lð ÞDh

1
2 rU

2 (4)

Note that tw is the wall shear stress, andU is the mean velocity of the airflow in the channel.

Table I.
Expressions of f ,

Cf and Sf

Equations f Cf Sf

Continuity 1 0 0

x-momentum u m e � @p
@x

þ @

@x
m e

@u
@x

� �� �
þ @

@y
m e

@v
@x

� �� �
y-momentum v m e � @p

@y
þ @

@x
m e

@u
@y

� �� �
þ @

@y
m e

@v
@y

� �� �
Energy T m e

sT

0

Turbulent energy k m l þ
m t

s k

�r :« þ G

Turbulent dissipation « m l þ
m t

s«

«

k
C1«G� C2« r :«ð Þ

Note: G ¼ m t 2
@u
@x

 !2

þ @v
@y

 !2
2
4

3
5þ @u

@y
þ @v
@x

" #28<
:

9=
; and m e ¼ ml þ m t; m t ¼ r :Cm

k2

«

Source: Tandiroglu and Ayhan, 2006

Table II.
k-epsilon (k-« )

turbulence model
constants

Constant C1« C2« Cm s k s«

Value 1.44 1.92 0.09 1.0 1.3

Source: Launder and Spalding, 1974
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The local Nusselt number can be calculated using the expression:

Nux ¼ hxDh

kf
(5)

where hx is the local heat transfer coefficient based on the bulk temperature, and kf is the
thermal conductivity of air. The average Nusselt number (Nu) can be determined using:

Nu ¼ 1
L

ð
Nux@x (6)

The following expression represents the thermal enhancement factor (TEF):

TEF ¼ Nu=Nu0ð Þ= f=f0ð Þ1=3 (7)

The Dittus–Boelter and Petukhov correlations (Incropera and Dewitt, 2006) can be used to
normalize the average Nusselt number and friction factor, respectively. The quantities Nu0
and f0 are the average Nusselt number and the friction factor of the smooth channel,
respectively. The Dittus and Boelter correlation has the form:

Nu0 ¼ 0:023 Re0:8 Pr0:4 for Re � 104 (8)

The Petukhov correlation has the form:

f0 ¼ 0:79 ln Re� 1:64ð Þ�2
for 3� 103#Re# 5� 106 (9)

3. CFD simulation
3.1 Numerical procedure
The fluid flow and temperature fields were simulated using the commercial CFD software
FLUENT. The same package included a preprocessor GAMBIT which was utilized to create
the mesh needed for the solver. A two-dimensional non-uniform grid was used. Figure 2
illustrates the refined mesh at all solid boundaries. This refinement is required if one wants
to resolve the important velocity and temperature gradients in the region under
consideration. The mesh is uniform for the regions that are far away from the walls, as
depicted in Figure 2. The RANS equations, along with the standard k-e turbulence model
(Launder and Spalding, 1974) and the energy equation, are used to control the channel flow
model. All the equations were discretized by the finite volume method (Patankar, 1980) by
means of a two-dimensional formulation, using the SIMPLE pressure–velocity coupling
algorithm. With regard to the flow characteristics, the interpolation QUICK scheme

Figure 2.
An example of a
highly concentrated
mesh with solid
internal walls, near
the obstacles
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(Leonard and Mokhtari, 1990) was applied, and a second-order upwind scheme (Patankar,
1980) was used for the pressure terms. The under-relaxation was changed between the
values 0.3 and 1.0 to control the update of the computed variables at each iteration.
Moreover, various grid systems were tested to analyze the effect of the grid size on the
numerical solution. Then, the solutions are said to be converging when the normalized
residuals are smaller than 10�12 and 10�9 for the energy equation and the other variables,
respectively. The equations were iterated by the solver till it reached the needed residuals or
when it stabilized at a fixed value. The computational domain was validated through three
distinct steps, namely, grid independence, validation with the experimental results and
validation with the smooth rectangular air channel.

3.2 Grid independence
It was decided to choose the structured quadrilateral mesh for the computational domain
used here. The grid independence test was performed by comparing seven sets of the grid
cells (120 � 45, 145 � 55, 170 � 65, 195 � 75, 220 � 85, 245 � 95 and 370 � 145) on the
optimal axial velocity (Umax) at the channel outlet, with the Nusselt number (Nu) and friction
factor (f) for S = Pi with a = 45° and Re = 8.73 � 104. The grid cell, with 245 � 95 nodes
along the X and Y directions respectively, showed about 0.150, 0.350 and 0.392 per cent
deviation from the values Umax, Nu and f, respectively, as compared to those of the grid cell
370� 145. Therefore, the grid with 245� 95 nodes is chosen for all cases.

3.3 Numerical validation
Figure 3 compares the numerical and experimental data of Demartini et al. (2004) with those
of the present CFD simulation on the pressure coefficient and the axial velocity. The
pressure coefficient and axial velocity numerical and experimental profiles were calculated
along the height of the channel at positions x = 0.223 m and x = 0.525 m, respectively, as
shown in Figures 3(a) and (b), for the value Re = 8.73 � 104. This comparison indicates that
the two results, related to the pressure coefficient and axial velocity, show qualitative
agreement and are in very good concordance.

3.4 Verification of smooth rectangular air channel
The numerical results obtained here on the characteristics of the heat transfer and friction
loss within a smooth rectangular air duct were confirmed with regard to the Nusselt number
(Nu) and friction factor (f ). The values of Nu and f, found from the smooth rectangular air
channel used here, were compared with those obtained from the Dittus–Boelter (equation (8))
and Petukhov (equation (9)) correlations, under identical functioning considerations, as
shown in Figures 4(a) and (b), respectively. The working fluid used here is air; the flow rate
is given in terms of Reynolds numbers, ranging from 12,000 to 32,000.

It can clearly be seen from the figures that the results obtained from this smooth
rectangular channel agree pretty well within the ranges 63.5 and 61.15 per cent, for the
Nusselt number from the Dittus–Boelter correlation and for the friction factor from the
Petukhov correlation, respectively.

To conclude, it can be said that the numerical scheme developed here is quite reliable and
may be used to predict the turbulent flow forced-convection inside the entire domain under
investigation.
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4. Results and discussion
4.1 Fluid flow
Figure 5 shows the impact of the obstacle spacing on the flow structure near the wall. The
plots in that figure present the streamlines for various spacings between obstacles (S = Pi/2,
3Pi/4, Pi, 5Pi/4 and 3Pi/2), at Re = 12,000. The speed is uniform, at the entrance of the
channel, just upstream of the first obstacle. Hence, the fluid forms a dead volume, i.e. the
flow stagnates there. The sharp edge, found upstream, presents a point of detachment.
Nevertheless, the flow detaches from the obstacle wall, and this leads to a depression
downstream of this same obstacle. This is well supported by the presence of a very active
vortex core center. The first obstacle directs the flow toward the insulated bottom wall,

Figure 3.
Validation plots of (a)
pressure coefficient
and (b) axial velocity
with reported
numerical and
experimental results
(Demartini et al.,
2004) forRe=
8.73� 104
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while the second obstacle orients it in the direction of the hot upper wall; this enables the
fluid to pick up all the thermal energy. Moreover, the V-shaped second obstacle makes the
flow of air easier along the main flow direction, which allows to decrease the transverse
component of the speed and to significantly reduce the reattachment length. Another
recirculation dead zone is found downstream of this same obstacle. As a conclusion, one
may say that these obstacles give longer flow path and high vortex strength because of the
changing orientation of the flow. The flow model that uses various distances between
obstacles looks the same except for the flow regions around the corners of the obstacles.

Figure 6 presents the contour plots of the axial velocity field, for various longitudinal
spacings (S) between obstacles, at Re = 12,000. It is clearly noted that the fluid velocity
values are almost negligible near the two obstacles, particularly in the downstream areas;
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this is caused by the presence of the recirculation zones. Far from these regions, the current
lines become parallel, which leads to the progressive development of the flow. It is also
worth noticing that the axial velocity increases in the region extending from the end of each
obstacle to the wall of the channel. This rise in velocity is caused by the presence of the
obstacles and also by the presence of recycling; hence, an abrupt change in the direction of
the flow comes out. One can also notice that the largest velocity values are found near the
top of the channel. The flow starts accelerating just after the second obstacle, to finally reach
values of the order of 425 per cent of the intake velocity. The form of the flow is also
influenced by the distance between obstacles. If the horizontal distance (S) is diminished,
then the flow deviates and accelerates in the vicinity of the obstacle faces, and this causes
the convective heat transfer rate to rise. On the other hand, this distance reduction is limited
because the pressure drop may increase. It is clear that changing the distance between
obstacles has a more reasonable impact on the upper side of the first obstacle and on the
upper-left side of the second one; this is due to the deviation of the flow direction.

As for the transverse component of the velocity, it is interesting to note that, for all the
cases studied, negative velocity gradients are observed at the top of the rectangular fin and
positive velocity gradients at the top of the V-baffle (Figure 7).

The dimensionless axial velocity profiles (U/Uin) right after the first and second obstacles, at
the two points x= 0.255 m and x= 0.525 m from the entrance, are compared in Figures 8 and 9,
respectively. The figures suggest that a relationship exists between the (U/Uin) profiles; it is a
function of the Reynolds number (Re = 12,000, 22,000 and 32,000) for five different separation
distances (S = Pi/2, 3Pi/4, Pi, 5Pi/4 and 3Pi/2) between the two obstacles. The previous figures
indicate that the change in the longitudinal space (S) separating the flat rectangular fin fixed at
the hot top surface of the channel and V-baffle mounted on the insulated surface has a strong
effect on the form of the axial velocity and on the recirculation length produced in the
downstream region of the first obstacle (at x = 0.255 m in Figure 8) and the second obstacle (at
x = 0.525 m in Figure 9). Recirculation cells, with very low velocities, are observed at the two
positions. These cells are due to the flow separation. The velocity profiles are oriented in the
direction opposite to the flow. The flat rectangular fin has a velocity profile (at x = 0.255 m, in
Figure 8); its dimensions are considerably larger than those of the V-baffle (at x = 0. 525 m in
Figure 9). This has an impact on the reattachment lengths, as well as on the dimensions of the
recirculation zones of the two obstacle models to be studied. The vortices are situated by the
right sides of the obstacles and their heights are nearly equal to the magnitude of the flow
blockage by the obstacle; it is equal to 0.08m for the configuration under study. This represents
an area reduction of 54.794 per cent at the edge of the obstacle. Moreover, the results obtained
show that the flat rectangular fin has the longest recirculation lengths as compared to those of
the V-baffle, regardless of the Reynolds number and longitudinal pitch of the obstacle.
Furthermore, for these two obstacle models, the recirculation lengths decrease considerably as
the separation distance (S) increases. The flat rectangular fin creates a sudden change in the
velocity downstream of this same fin, whereas the V-baffle creates a progressive variation
downstream of this obstacle model; this makes it possible to considerably reduce the
reattachment and recirculation lengths. In addition, the graphs indicate that the flow rate
impacts significantly the recirculationmagnitude behind the obstacles. As expected, the graphs
also show that the recirculation length augments with the Reynolds number. The authors
Nasiruddin and Kamran Siddiqui (2007) reported and confirmed that a vortex causes a rotary
motion inside the flow field, which enhances the mixing by bringing the packets of fluid from
the near-wall region of the channel to the bulk, and the other way around. Consequently, the
vortices with longer streamwise extent and higher vorticity have higher contribution to the
mixing, and hence to the heat transfer (Nasiruddin and Kamran Siddiqui, 2007).
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4.2 Heat transfer
Figures 10 (a)-(e) depicts the contour plots of temperature in the entire region under study,
for the cases where S = Pi/2, 3Pi/4, Pi, 5Pi/4 and 3Pi/2, respectively. One can easily notice, in
the figures, that the temperature changes significantly over the hot upper wall of the channel
for all cases investigated. This suggests that the temperature field is considerably
influenced by the recirculation flows as it can cause better mixing of the fluid in the area
between the hot surfaces and core flow regions; this should result in a high temperature
gradient over the hot surface. In addition, the thermal field is also affected by the obstacle
spacing (S). It can be noted, from the above figure, that, at the Reynolds number Re = 12,000
and for large S values, temperatures rise importantly. Hence, one can assert that the
horizontal distance increase between obstacles is directly proportional to the temperature of
the fluid in each cross-sectional part of the channel.

The local heat transfer coefficient calculations are carried out over the hot upper wall of the
channel, while the bottom surface is kept at ambient temperature. The results of the local heat
transfer are all expressed in terms of the non-dimensional Nusselt number ratio (Nux/Nu0)
along the length of the channel. The quantity Nu0 is the Nusselt number for the turbulent
forced-convection flow in a smooth rectangular air channel, for the same Reynolds number; it is

Figure 8.
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given by equation (8). Nu0 is used as a reference quantity to minimize the impact of the
Reynolds number in the reported results. The normalized local Nusselt number (Nux/Nu0) is
the parametric quantity used to determine the areas with the lowest heat transfer within the
channel. Setting obstacles inside the channels is generally meant to improve the heat transfer
rate as compared to the channels without baffles and fins. If the abovementioned number is
smaller than 1, the heat transfer is poor. However, the heat transfer performance is good when
that number is larger than 1. Simulation of the flow was carried out for the Reynolds number
equal to 12,000, 22,000 and 32,000. The normalized local Nusselt number is plotted as a function
of the channel length, for different values of S and Re, in Figure 11. The first obstacle, of
rectangular shape, sends the flow toward the bottom wall, but the second one (V-shaped)
guides it in the direction of the upper wall, and this allows the fluid to pick up the entire thermal
energy from the hot wall. The smallest local Nusselt number is found around the first obstacle;
the largest one is encountered in the region facing the second obstacle, which represents the
situation of the configuration under study. The graph shows that the local Nusselt number is
higher in the region downstream of the first obstacle. This improvement is because of the
excessive vortex mixing. The results obtained are found to be consistent with those reported by
several authors who confirm that some recirculation zones appear locally; this corresponds to a
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Figure 10.
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more significant heat transfer (Nasiruddin and Kamran Siddiqui, 2007). Note that low values
are encountered upstream of the first obstacle, certainly because of the change in the direction
of flow, which is induced by that fin, in the direction of the bottom region of the channel and
with higher velocities. Furthermore, the distance between obstacles affects also the local
Nusselt number. An inverse relationship is noted between the local Nusselt number and
separation distance between obstacles. The highest Nusselt number (Nux) was found at S = Pi/
2, for all Re values. This number decreases as the S value goes up. This could probably result
from the fact that a decrease in the longitudinal spacing (S) between obstacles induces an
increase in the length of the recirculation zones (see Figures 8 and 9); this certainly improves the
mixing and mixing length. Considering the range under study, it is found that the maximum
ratio (Nux/Nu0) is around 56.154-182.491. Also, Figure 11 displays the impact of the rate of flow
on the axial evolution of the local Nusselt number, in terms of Reynolds numbers. This same
figure shows that the heat transfer rate increases as the Reynolds number goes up; this results
from the increase in the inertia forces, and also to the increase in the rate of flow. For the same
obstacle spacing, one can see that the value Re = 32,000 provides the largest value of the local
Nusselt number, while for Re = 22,000, we obtain a higher local Nusselt number ratio than for
Re= 12,000. Note that, for the configuration under study, where S is equal to Pi/2, 3Pi/4, Pi, 5Pi/
4 and 3Pi/2, the highest Nusselt number (Nux), for Re = 12,000, 22,000 and 32,000, is,
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respectively, about 90.308, 87.675, 76.831, 72.268 and 56.154; 144.041, 137.709, 122.873, 116.485
and 76.011 and 182.491, 175.508, 158.660, 151.377 and 88.450 times higher than in the case of
the smooth rectangular air channel with no obstacle. These results suggest that, for the
situation with a spacing S= Pi/2, there is a higher local heat transfer than for S= 3Pi/4, Pi, 5Pi/
4 and 3Pi/2; they are higher by about 2.915-3.826, 13.058-14.923, 17.049-19.976 and 37.819-
51.531 per cent, respectively.

Figure 12 illustrates the evolution of the average (Nu/Nu0) ratio as a function of the
Reynolds number (12,000-32,000) at five different spacing values (S= Pi/2, 3Pi/4, Pi, 5Pi/4 and
3Pi/2). Basically, the Nusselt number ratio (Nu/Nu0) expresses the amount of heat transfer
improvement because of the flow disturbance over the smooth rectangular air channel. The
graph shows that the amount of heat transfer is directly proportional to the Reynolds
number; the heat transfer rate decreases as the longitudinal spacing (S) between obstacles
goes up. In all instances, the flows inside the baffled channel gives more significant Nusselt
number values than in a smooth rectangular air channel (Nu/Nu0> 1) because high
recirculation cells and a thin boundary layer are induced within the baffled channel, which
results in higher temperature gradients. The maximum value of the ratio Nu/Nu0is found for
S = Pi/2, while the lowest value corresponds to S = 3Pi/2. This means that the recirculation
flow created by the obstacles, with greater spacing values (S), is not sufficiently strong to
provide a considerable mixing or turbulence intensity of the flow between the hot surface of
the channel and the core; this case should be kept off. Considering our study range, from Re=
12,000 to Re= 32,000, one can say that the average Nusselt number (Nu) gains for the spacing
values S = Pi/2, 3Pi/4, Pi, 5Pi/4 and 3Pi/2 are within the intervals 285-625, 262-582, 235-529,
222-498 and 202-392 per cent, respectively, along the smooth rectangular air channel. In
addition, using obstacles with S = Pi/2 leads to a larger heat transfer rate (Nu/Nu0) than that
obtained with S = 3Pi/4, Pi, 5Pi/4 and 3Pi/2. It is higher by about 6.969, 15.470, 20.278 and
37.255 per cent, respectively, at the highest Reynolds number (Re= 12,000).

4.3 Friction loss
By and large, the increase in heat transfer is not enhanced by the rise of the coefficient of
skin friction, as this would lead to a larger pressure decline. Equation (3) may be used to
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determine the distribution of the skin-friction coefficient. Figure 13 depicts the axial
evolution of the skin-friction coefficient (Cf), on the hot top wall of the channel, for various
Reynolds number values (Re = 10,000, 22,000 and 32,000), for five different positions of the
insulated lower wall-mounted V-baffles, i.e. S = Pi/2, 3Pi/4, Pi, 5Pi/4 and 3Pi/2, where the
value of the angle of attack is a = 45°. This same figure shows that the increase in
the coefficients of skin friction is more significant than the one of the coefficients of heat
transfer generated by the temperature field. This may suggest that the velocity and
turbulence fields grow faster than the isotherms. All the fin–baffle spacing values give the
same trends of the skin-friction coefficient (Cf). The lowest value of the skin-friction
coefficient is found on the side upstream of the flat rectangular fin, but the highest value is
encountered on the side in front of the V-shaped baffle, for all the instances under
consideration. Note that, at the starting out of the test section, the coefficient of skin friction
decreases significantly because of the rectangular-shaped fin that is placed in the top part of
the channel. In this case, air has the possibility to flow in the direction of the bottom surface,
and as a result, the contact between air and the hot top wall of the channel is negligible.
Nevertheless, the skin-friction coefficients are larger again at the positions corresponding to
the flow recirculation areas, as displayed in the figure. The obstacles placed on the top and
bottom walls cause the flow direction to change, and consequently, the largest values of the
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skin-friction coefficient come out in the recirculation region after the V-baffle. It is worth
mentioning that an acceleration process begins right after the first and second obstacles.
The latter values go down progressively in the portion downstream of the recirculation zone,
behind the V-baffle when S # 5Pi/2, where the effect of the mixing in the vortex is
decreasing. However, in the case of greater obstacle separations (S = 3Pi/2), the coefficients
of skin friction continue to be constant until the outlet, because the fluid and the heat
exchange surface of the channel remain in continuous contact. The skin-friction coefficient
Cfshows two minimum values which are produced by the deformation of the flow of air
through both obstacles. The first one corresponds to the flow going around the flat
rectangular fin, and the second to the one at the connection point, upstream of the V-baffle. It
is clearly observed that the skin-friction coefficient, when air circulates within the channel
enclosing the obstacles, is larger with shorter spacing lengths than with longer spacing
ones. The above coefficient rises when the longitudinal distance (S) between obstacles
decreases, and therefore, the spacing value S = Pi/2 gives the maximum skin-friction
coefficient. Consequently, obstacle spacing is one of the most important parameters that
should be accounted for while designing shell-and-tube heat exchangers, as well as flat plate
solar air collectors. The heat transfer rate is higher for closer spacings, but this
configuration results in a bad flow distribution and a more significant pressure decline.
Moreover, when the obstacle spacing increases, a lower friction loss is obtained; it provides
more longitudinal flow, resulting in a poorer heat transfer. The Reynolds number also
affects the skin-friction coefficient. It is admitted that, in all cases, when the Reynolds
number increases, the skin-friction loss becomesmore important.

The evolution of the friction factor ratio (f/f0) versus different values of the Reynolds
number (Re), for various separation distances (S) between the flat fin and V-shaped baffle, is
shown in Figure 14. In the present situation, f0 is the friction factor in a smooth rectangular
air channel, with the same Reynolds number; it can be presented as shown in equation (9).
From this figure, it is clearly seen that the friction factor rises when the longitudinal space
(S) between the flat rectangular fin and V-baffle decreases, independently from the values of
the Reynolds number. This is due to the fact that a small separation distance between
obstacles prevents the development of the boundary layer of the fluid flow and augments
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the flow turbulence intensity. For Reynolds numbers within the interval from 12,000 to
32,000, and for the spacings S = Pi/2, 3Pi/4, Pi, 5Pi/4 and 3Pi/2, the friction factor increases
by about 7.039-32.624, 5.730-28.705, 4.421-24.787, 3.770-21.194 and 2.901-12.897 times,
respectively, over the smooth rectangular air channel, in the absence of fins and baffles. The
friction factor turns out to be more significant, in all cases, when the longitudinal spacing is
S = Pi/2; it is lower for a larger spacing (S = 3Pi/2). In particular, the channel enclosing
obstacles, with S = Pi/2, presents more friction loss than the one where S = 3Pi/4, Pi, 5Pi/4
and 3Pi/2; this loss is higher by about 12.011-18.595, 24.111-37.275, 35.034-46.440 and 58.777-
60.465 per cent, respectively, depending on the values of Re.

4.4 Performance evaluation
Figure 15 is plotted using the TEF given in equation (7). Different configurations simulated
in this investigation are assessed and compared. It is worth noting that the TEF goes up as
the Reynolds number rises and the obstacle spacing decreases. The optimum TEF is found
to be around 1.981, 1.922, 1.833, 1.821 and 1.688, respectively, for S = Pi/2, 3Pi/4, Pi, 5Pi/4
and 3Pi/2, at the maximum Reynolds number (Re = 32,000). Accordingly, the enhancement
factors, of the channel with flat fins and V-baffles, turn out to be above the unity for all
spacings; they are between 1.425 and 1.981, and depend on the magnitudes of S and Re,
suggesting better thermal performance as compared to the smooth channel. Moreover, the
values of the TEF for S = Pi and 5Pi/4 turn out to be nearly the same. The highest TEF is
found with S = Pi/2 while the lowest is for S = 3Pi/2. In particular, the obstacles with S = Pi/
2 and for Re = 12,000-32,000 give a higher TEF than with S = 3Pi/4, Pi, 5Pi/4 and 3Pi/2, by
about 1.449-2.957, 3.670-7.449, 4.442-8.083 and 5-14.773 per cent, respectively. Therefore, the
spacing S = Pi/2, at the highest Reynolds number (Re = 32,000), may be considered as the
best operating regime when using the obstacles to improve the thermal transfer efficiency
inside the channel.

5. Conclusion
A numerical study has been carried out on the dynamic and thermal behavior of a fluid
having a constant property and flowing turbulently through a two-dimensional horizontal
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channel with a rectangular cross-section. The upper wall of the channel was kept at a
constant temperature, while it was made sure to maintain the adiabatic condition of the
lower surface of the channel. Two obstacles, with different shapes, i.e. flat rectangular and
V-shaped, were inserted into the channel; they were fixed to the top and bottom walls of the
channel, in a periodically staggered manner to force vortices to improve the mixing, and
consequently the heat transfer. The flat rectangular obstacle was put in the first position
and was placed on the hot top wall of the channel. However, the second insulated V-shaped
obstacle was placed on the bottom wall, at an angle of 45°; its position was varied to find the
optimum configuration for optimal heat transfer. The channel flow model was controlled by
the RANS equations besides the k-epsilon (k-« ) turbulence model and the energy equation.
The finite volume method was used to integrate all the equations in two dimensions; the
commercial CFD software FLUENT along with the SIMPLE algorithm was used for
pressure–velocity coupling. The parameters investigated were the obstacles’ separation
distance and Reynolds range (12,000-32,000). The height h and thickness e of both the flat
rectangular and V-shaped obstacles were fixed at h = 0.08 m and e = 0.01 m, respectively.
Moreover, five different separation distances between obstacles were selected (S = Pi/2,
3Pi/4, Pi, 5Pi/4 and 3Pi/2), using air as the working medium. It was decided to give the heat
transfer and friction results in non-dimensional ratios to minimize the Reynolds number
dependency. The most important conclusions that can be drawn from this study are as
follows:

� The grid system consisting of a number of nodes equal to 245 � 95 (along the X
and Y directions, respectively) showed about 60.150, 60.350 and 60.392 per cent
deviation for the Umax, Nu and f, respectively, as compared to the grid with the
size 370 � 145. For this reason, the grid with 245 � 95 nodes was selected for all
cases.

� The two numerical results, i.e. velocity and pressure profiles, were compared
with the experimental ones found in the literature. This comparison indicated
that a qualitative agreement and a very good concordance exist between the two
results.

� The results obtained in the present smooth rectangular channel agree pretty well
within the ranges 63.5 and 61.15 per cent for both the Nusselt number Dittus–
Boelter correlation and Petukhov friction factor correlation, respectively.

� Important deformations and large recirculation regions were observed in the flow
field. Typically, the intensity of the vortices depends heavily on the geometrical
parameters and functioning parameters of the model under consideration. It was
widely admitted that their lengths are directly proportional to the Reynolds number,
but they decrease as the separation distance (S) between obstacles increases.

� The present flow structure has significant influences on the temperature field
distributions in the entire domain under investigation. The hottest regions were
generally located in the neighborhood of the hot top surface and tips of the flat
rectangular fin.

� The largest value of the axial variations of the Nusselt number and skin-friction
coefficient was found in the region facing the V-baffle, while the smallest value was
in the region near the flat rectangular fin, for all cases.

� The order of heat transfer enhancement went from 2.025 to 6.258, over the
investigated range; this order depends on the values of the separation distance (S)
and Re. Nevertheless, it was found that the augmentation in the heat transfer was
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related to significant pressure loss; it ranged from 2.901 to 32.624 times above the
values obtained with the smooth rectangular air channel.

� The channel containing the flat fin and 45° V-shaped baffle with a large Reynolds
number gave higher heat transfer and friction loss than the one with a smaller
Reynolds number. Also, short separation distances between obstacles provide
higher values of the ratios Nu/Nu0 and f/f0, and a larger TEF than do larger
distances. In all situations, the TEF was found to be much larger than unity; its
maximum value was around 1,981 for S = Pi/2 and Re = 32,000.

� Small separation distances S and high Re values lead to the best functioning regime
in a channel containing obstacles. Therefore, the distance S = Pi/2 at Re = 32,000
may be considered as the best separation length between the flat fin and 45°
V-shaped baffle for efficient heat transfer inside the channel.

� The present research ended up at interesting results which constitute a valuable
contribution to the improvement of the knowledge basis of professional work through
research related to turbulent flow forced-convection within channels supplied with
obstacles, and especially inside heat exchangers and solar flat plate collectors.
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