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Abstract
Purpose – A computational ﬂuid dynamics (CFD) analysis has been carried out on the aerodynamic and

thermal behavior of an incompressible Newtonian ﬂuid having a constant property and ﬂowing turbulently
through a two-dimensional horizontal high-performance heat transfer channel with a rectangular cross section.
The top surface of the channel was kept at a constant temperature, while it was made sure to maintain the
adiabatic condition of the bottom surface. 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 surfaces of the channel in a periodically
staggered manner to force vortices to improve the mixing and consequently the heat transfer. The ﬁrst ﬁn-type
obstacle is placed on the heated top channel surface, and the second bafﬂe-type one is placed on the insulated
bottom surface. Five different obstacle situations were considered in this study, which are referred as cases FF
(ﬂat ﬁn and ﬂat bafﬂe), FVD (ﬂat ﬁn and V-downstream bafﬂe), FVU (ﬂat ﬁn and V-upstream bafﬂe), VVD (Vdownstream ﬁn and V-downstream bafﬂe) and VVU (V-Upstream ﬁn and V-upstream bafﬂe).

Design/methodology/approach – The ﬂow model is governed by Reynolds-averaged Navier–Stokes
equations with the k-epsilon turbulence model and the energy equation. These governing equations are
discretized by the ﬁnite volume method, in two dimensions, using the commercial CFD software FLUENT
software with the Semi Implicit Method for Pressure Linked Equations (SIMPLE) algorithm for handling the
pressure-velocity coupling. Air is the test ﬂuid with the ﬂow rate in terms of Reynolds numbers ranging from
12,000 to 32,000.
Findings – Important deformations and large recirculation regions were observed in the ﬂow ﬁeld. 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. The largest value of the axial variations of
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the Nusselt number and skin friction coefﬁcient is found in the region facing the bafﬂe, while the smallest value is
in the region near the ﬁn, for all cases. The thermal enhancement factor (TEF) was also introduced and discussed
to assess the performance of the channel for various obstacle situations. It is found that the TEF values are 1.2731.368, 1.377-1.573, 1.444-1.833, 1.398-1.565 and 1.348-1.592 for FF, FVD, FVU, VVD and VVU respectively,
depending on the Re values. In all cases, the TEF was found to be much larger than unity; its maximum value
was around 1.833 for FVU at the highest Reynolds number. Therefore, the FVU may be considered as the best
geometrical conﬁguration when using the obstacles to improve the heat transfer efﬁciency inside the channel.
Originality/value – This study can be a real application in the ﬁeld of shell-and-tube heat exchangers and
ﬂat plate solar air collectors.

Keywords Aerodynamics, Computational ﬂuid dynamics, Friction loss, Finite volumes,
Thermal enhancement, Numerical simulation, CFD
Paper type Research paper
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Nomenclature
Cf
Dh
f
H
h
hx
k
kf
L
Lin
Lout
Nu
Nux
P
Patm
Pi
Pr
Re
t
T
Tin
Tw
TIin
Uin
U
u
v
x
y

= skin friction coefﬁcient;
= aeraulic diameter of channel (m);
= friction factor;
= channel height (m);
= obstacle height (m);
= local heat transfer coefﬁcient (W/m2 K);
= turbulent kinetic energy (m2/s2);
= ﬂuid thermal conductivity (W/m K);
= channel length (m);
= distance upstream of the ﬁrst obstacle (m);
= distance downstream of the second obstacle (m);
= average Nusselt number;
= local Nusselt number;
= pressure (Pa);
= atmospheric pressure (Pa);
= separation distance between obstacles (m);
= Prandtl number;
= Reynolds number;
= obstacle thickness (m);
= temperature (K);
= inlet temperature (K);
= wall temperature (K);
= inlet turbulence intensity (%);
= inlet velocity (m/s);
= mean air velocity (m/s);
= axial component of velocity (m/s);
= transverse component of velocity (m/s);
= axial coordinate (m); and
= transverse coordinate (m).

Greek symbols
f
e
Cf
Sf

= transported scalar;
= turbulent energy dissipation (m2/s3);
= turbulent diffusion coefﬁcient;
= source term;
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r
DP
tw
a
TEF
m
me
ml
mt
sk
s«
sT
C1«
C2«

= ﬂuid density (kg/m3);
= pressure drop (Pa);
= wall shear stress (Pa);
= ﬂow attack angle of V-bafﬂe (degree);
= thermal enhancement factor;
= molecular viscosity (kg/m s);
= effective viscosity (kg/m s);
= laminar viscosity (kg/m s);
= eddy viscosity (kg/m s);
= turbulent model constant for k;
= turbulent model constant for « ;
= turbulent model constant for T;
= constant used in the standard k-« model; and
= constant used in the standard k-« model.

Subscript
atm = atmospheric;
e
= effective;
= ﬂuid;
f
in = inlet;
l
= laminar;
out = outlet;
t
= turbulent;
w = wall; and
x = local.

Abbreviations
CFD
FF
FVD
FVM
FVU
QUICK
RANS
SIMPLE
SOU
TEF
VVD
VVU

= computational ﬂuid dynamics;
= ﬂat ﬁn and ﬂat bafﬂe;
= ﬂat ﬁn and v-downstream bafﬂe;
= ﬁnite volume method;
= ﬂat ﬁn and v-upstream bafﬂe;
= quadratic upstream interpolation for convective kinetics;
= Reynolds-averaged Navier–stokes;
= semi implicit method for pressure linked equations;
= second-order upwind;
= thermal enhancement factor;
= V-downstream ﬁn and V-downstream bafﬂe; and
= V-upstream ﬁn and V-upstream bafﬂe.

1. Introduction
One of the most effective passive techniques for improving the convective heat transfer rate
in smooth air channels, such as “heating, cooling or solar” ducts (Verma and Prasad, 2000;
Aharwal et al., 2008; Mehryan et al., 2018; Tahmasebi et al., 2018; Ghalambaz et al., 2014a,
2014b; Ghalambaz and Noghrehabadi, 2014; Behseresht et al., 2014; Noghrehabadi et al.,
2013) at “low, moderate or high” Reynolds numbers (Hwang and Lin, 1999; Endres and
Möller, 2001; Maurer et al., 2007; Mansour et al., 2016; Ahmed et al., 2013; EL-Kabeir et al.,
2007; Rashad, 2008; Rashad et al., 2011; Shuja et al., 2010), is the use of “attached,
semiattached or detached” (Liou and Wang, 1995; Liu and Wang, 2011; Yongsiri et al., 2014),
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“transverse or longitudinal” (Ben Slama, 2007; Pirouz et al., 2011), “parallel, orthogonal or
inclined” (Demartini et al., 2004; Won et al., 2004; Nasiruddin and Siddiqui, 2007), “solid,
perforated or porous” (Ko and Anand, 2003; Sahel et al., 2016) and “simple, corrugated or
shaped” (Taslim and Li, 1996; Lei et al., 2008; Zhou and Ye, 2012; Jedsadaratanachai and
Boonloi, 2014; Ünalan et al., 2007) type obstacles, known as “vortex generators” (Fiebig et al.,
1991) “elements” (Habib et al., 1988), “turbulators” (Han and Park, 1988), “deﬂectors”
(Demartini et al., 2004), or “disturbance promoters” (Han et al., 1985), such as “ribs” (Karwa,
2003; Nguyen et al., 2017), “ﬁns” (Kelkar and Patankar, 1987; Sheremet and Chinnasamy,
2018; Yang et al., 2012; Kahalerras and Targui, 2008) or “bafﬂes” (Berner et al., 1984; Ho and
Ramaswamy, 1995; Armaghani et al., 2018), placed on or near the insulated and/or heated
channel walls (Dutta and Hossain, 2005; Tanda, 2011) with in-line or staggered manners
(Tamna et al., 2014). This is because the obstacle helps to interrupt the hydrodynamic and
thermal boundary layers and to induce a vortex downstream (Sripattanapipat and
Promvonge, 2009). The vortex creates a rotating motion within the ﬂow stream, which
causes a rapid transfer of ﬂuid parcels to and from the heat transfer surface (Nasiruddin and
Siddiqui, 2007). This method of heat transfer enhancement is commonly used in various
practical engineering and industrial applications such as heat exchangers, solar air
collectors, gas turbine cooling systems, nuclear reactors and electronic packages, so the
literature on this topic is widely apparent (Sripattanapipat and Promvonge, 2009).
The present work focuses on the study of an interesting topic from different points of
view, i.e. theoretical, practical and numerical modeling. This study aims to improve the heat
transfer within thermal devices such as heat exchangers, solar air collectors and other
electronic equipment; these thermal devices play a major role in the industry these days.
This work consists of a computational ﬂuid dynamics (CFD) analysis of a turbulent forcedconvection constant property Newtonian ﬂuid ﬂow in the presence of two differently shaped
solid-type obstacles, i.e. ﬂat rectangular and/or V-shaped, arranged in an overlapping
manner, in a horizontal channel of rectangular section. This channel section, due to of their
speciﬁc geometry, accelerates the turbulence and improves the heat transfer. To perform a
detailed study of the aerodynamic and heat transfer characteristics within this type of
channel, the ﬁnite volume approach for a steady-state, incompressible and two-dimensional
ﬂow is used. The effects of obstacle geometries and orientations, as well as ﬂow rates, are
analyzed. A detailed description of turbulent heat transfer and ﬂow behaviors around the
obstacles was presented. In particular, contour plots of velocity and pressure ﬁelds, axial
velocity proﬁles, local and average heat transfer coefﬁcients, skin friction loss evaluations
and thermal enhancement factors were obtained at constant wall temperature condition
along the heated top channel walls for various Reynolds number values of 12,000-32,000.
2. Physical model and mathematical modeling
The CFD simulations were conducted in a two-dimensional horizontal domain, which
represents a rectangular cross section channel of 0.554 m length, 0.146 m height and 0.167 m
aeraulic diameter. A constant surface temperature is applied from the upper wall, but the
surface lower is maintained at an adiabatic condition. Two obstacles, with different shapes,
i.e. ﬂat rectangular and/or 45° 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 develop
vortices to improve the mixing and thus the heat transfer. The ﬁrst ﬁn-type obstacle is
placed on the heated top surface at a distance of Lin = 0.218 m from the upstream end of the
channel, and the second bafﬂe-type one is placed on the insulated bottom surface at a
distance of Lout = 0.174 m from the downstream end of this same channel. The obstacle
spacing and thickness are ﬁxed at t = 0.01 m and Pi = 0.142 m, respectively. For both the ﬁn
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and the bafﬂe, the transverse distance between the upper edge of the obstacle and the wall
was kept constant at 0.08 m. This corresponds to the area reduction of 54.79 per cent at the
obstacle edge. These dimensions were based on the experimental study of Demartini et al.
(2004). The effects obstacle shape and disposition on the heat transfer improvement are
investigated in detail. Five different obstacle situations are proposed, i.e. ﬂat ﬁn and ﬂat
bafﬂe [FF case, see Figure 1(a)], ﬂat ﬁn and V-downstream bafﬂe [FVD case, Figure 1(b)],
ﬂat ﬁn and V-upstream bafﬂe [FVU, see Figure 1(c)], V-downstream ﬁn and V-downstream
bafﬂe [VVD case, see Figure 1(d)], and V-upstream ﬁn and V-upstream bafﬂe [VVU case, see
Figure 1(e)]. 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.
The following assumptions were made to develop the numerical model for the ﬂuid ﬂow
and heat transfer in the computational domain under the following conditions:
 Steady state, two-dimensional, turbulent, incompressible Newtonian ﬂuid ﬂow is
considered.
 The physical properties of the ﬂuid and solid are kept constant.
 Body forces, viscous dissipation and radiation heat transfer are not considered.
Based on the above assumptions, the channel ﬂow model is governed by the Reynoldsaveraged Navier–Stokes (RANS) equations with the standard k-« turbulence model,
developed by Launder and Spalding (1974), and the energy equation. These governing
equations can then be written in the conservative form as:




@
@
@
@f
@
@f
þ Sf
Cf
Cf
(1)
þ
ðr uf Þ þ ðr vf Þ ¼
@x
@y
@x
@y
@x
@y
in which f is a variable used to represent quantities such as velocity components u, v,
turbulent kinetic energy k, or turbulent energy dissipation rate « and temperature T, while
the diffusion coefﬁcient C f and the source term Sf have speciﬁc values for the different
conservation equations using the standard k-« turbulence model as:
Continuity equation:

f ¼1

(2)

Cf ¼ 0

(3)

Sf ¼ 0

(4)

f ¼u

(5)

Cf ¼ m e

(6)

  
  
@P
@
@u
@
@v
Sf ¼
þ
me
me
þ
@x @x
@x
@y
@x

(7)

Momentum equation in x-direction:
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Pi

H

H

Heated upper wall
h/2
α

t

H

Atmospheric pressure

Flat fin
h

Uin

Atmospheric pressure

Lout

Atmospheric pressure

Lin

h
Insulated bottom wall

V-downstream baffle

L

(b)
Lin

Lout
Flat fin
h

Uin

Pi

Heated upper wall

h/2
α
t

h
Insulated bottom wall

V-upstream baffle
L

(c)
Lin

Lout
Pi

Uin

h

α

Heated upper wall
h/2
α

V-downstream fin

Figure 1.
The two-dimensional
physical model that
represents a
rectangular channel
for various obstacle
situations

V-downstream baffle

h
Insulated bottom wall

L

(d)
Notes: (a) Case FF with flat fin and flat baffle; (b) case FVD with flat fin and 45°
V-downstream baffle; (c) case FVU with flat fin and 45° V-upstream baffle; (d) case
VVD with 45° V-downstream fin and 45° V-downstream baffle; (e) case VVU with 45°
V-upstream fin and 45° V-upstream baffle
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Momentum equation in y-direction:

Sf ¼

f ¼v

(8)

Cf ¼ m e

(9)

  
  
@P
@
@u
@
@v
þ
þ
me
me
@y @x
@y
@y
@y

(10)

Energy equation:
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f ¼T
Cf ¼

(11)

me
sT

(12)

Sf ¼ 0

(13)

f ¼k

(14)

k-turbulent kinetic energy equation:

Cf ¼ m l þ

mt
sk

(15)

S f ¼  r « þ Gk

(16)

f ¼«

(17)

« -turbulent dissipation rate equation:

Cf ¼ m l þ
Sf ¼

mt
s«

«
ðC1« Gk  C2« r « Þ
k

(18)

(19)

where:

m eff ¼ m l þ m t

(20)

and Gk is the production rate of the kinetic energy due to the energy transfer from the mean
ﬂow to turbulence given by:
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(21)

where Cm , C1« , C2« , s k, s « and s T are the turbulence model constants. Their standard
values, which are used in the present work, are described in Launder and Spalding (1974).
The limits of the computational domain are also illustrated in Figure 1.
A uniform one-dimensional velocity proﬁle (Uin)was used as the aeraulic boundary
condition at the intake of the computational domain (Demartini et al., 2004; Nasiruddin and
Siddiqui, 2007). The temperature (Tin) of the working ﬂuid was set equal to 300 K at the inlet of
the channel (Nasiruddin and Siddiqui, 2007). A turbulence intensity (TIin) equal to 2 per cent
was selected for the intake height (Demartini et al., 2004). The thermal boundary condition
consisted of the constant temperature (Tw) of 375 K (Nasiruddin and Siddiqui, 2007), 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 (Demartini et al., 2004). Note that
the atmospheric pressure (Patm) is prescribed at the channel outlet (Demartini et al., 2004).
The Reynolds number is a dimensionless parameter that is deﬁned as follows (Demartini
et al., 2004):
Re ¼ r Uin Dh = m

(22)

Here, the quantities r , m and Uin are the density, dynamic viscosity and inlet velocity of the ﬂuid,
respectively, while Dh, equal to 0.167 m, is the hydraulic diameter of the rectangular channel.
The skin friction coefﬁcient (Cf) is expressed as (Sripattanapipat and Promvonge, 2009):
Cf ¼

tw
1
2

rU

2

(23)

The friction factor (f) is calculated by considering the pressure drop (DP) across the channel
length (L) as (Sripattanapipat and Promvonge, 2009):
f ¼

ðDP=LÞDh
1
2

rU

2

(24)

Note that t w is the wall shear stress, and U is the mean velocity of the airﬂow in the channel.
The local Nusselt number can be calculated using the expression (Sahel et al., 2016):
Nux ¼

hx D h
kf

(25)

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 (Sahel et al., 2016):
ð
1
Nu ¼
Nux @x
(26)
L
The following expression represents the thermal enhancement factor (TEF) (Sahel et al., 2016):

TEF ¼ ð Nu=Nu0 Þ=ð f =f0 Þ1=3

(27)
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The Dittus–Boelter and Petukhov correlations 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 (Dittus and Boelter, 1930):
Nu0 ¼ 0:023Re0:8 Pr0:4

for

Re  104

(28)

The Petukhov correlation has the form (Petukhov, 1970):
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f0 ¼ ð0:79lnRe  1:64Þ

2

for

3  103 # Re # 5  106

(29)

3. Numerical modeling and validation
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 for all cases investigated. 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. 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. These equations were discretized by the ﬁnite volume method (FVM) (Patankar,
1980), by means of a two-dimensional formulation, using the SIMPLE-pressure-velocity
coupling algorithm (Patankar, 1980). With regard to the ﬂow characteristics, the
interpolation QUICK-scheme (Leonard and Mokhtari, 1990) was applied, and a second-order
upwind scheme (Patankar, 1980) was used for the pressure terms. Moreover, various grid

Figure 2.
Mesh resolution with
reﬁnements near the
solid boundary for
various obstacle
situations
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Figure 3.
Validation plots of (a)
pressure coefﬁcient
proﬁles at x = 0.223 m
and (b) axial velocity
proﬁles at x = 0.525
m, with reported data
(Demartini et al.,
2004) for Re =
8.73  104

systems were tested to analyze the effect of the grid size on the numerical solution, and a
mesh system of 245  95 cells was chosen in x and y directions, respectively.
Then, the results obtained from our CFD analysis using the FLUENT are validated
through comparison with the numerical and experimental results reported by Demartini
et al. (2004), which are available in the literature. For this reason, the same conditions are
kept. Figure 3(a) and (b) gives the validation plots of the pressure coefﬁcient (Cp) and the
axial velocity (u) for Re = 8.73  104, respectively. Both the numerical and experimental
proﬁles of Cp and u are measured along the channel height at locations x = 0.223 and
x = 0.525 m from entrance, respectively. As observed in these ﬁgures, the comparison shows

Turbulent heat
transfer
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that there is a qualitative agreement and a very good concordance between the different
results.
The current CFD analysis results on heat and friction loss are also validated by
comparing the predicted Nusselt number (Nu0) and friction factor (f0) with the results
obtained from the well-known steady-state ﬂow correlations of Dittus and Boelter (1930) and
Petukhov (1970), respectively, for the turbulent forced-convection smooth channel ﬂow. The
Nu0 and f0 obtained from the present smooth channel and the correlations of equations (28)
and (29) at Reynolds numbers from 1.2  104 to 3.2  104 are plotted in Figure 4(a) and (b),
respectively. As it can be shown in Figure 4, the present smooth channel results agree well

Figure 4.
Veriﬁcation of (a)
Nusselt number and
(b) friction factor of
smooth channel

HFF

with the available correlations with 63.5 per cent in comparison with Dittus–Boelter
correlation for the Nu0 and 61.15 per cent in comparison with Petukhov correlation for f0.
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4. Results and discussion
4.1 Flow structure and temperature ﬁeld
The effect of obstacle shape and orientation parameters on the ﬁeld of the near surface
airﬂow is shown in Figure 5(a)-(e). The contour plots as described in this ﬁgure present the
stream function for different treated cases (FF, FVD, FVU, VVD and VVU) 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; this is caused by the presence of the recirculation

Figure 5.
Stream function
contours in kg/s for
(a) FF-, (b) FVD-, (c)
FVU-, (d) VVD- and
(e) VVU-type
obstacles at Re =
12,000

Turbulent heat
transfer
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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 hot top wall of the channel. The ﬂow starts accelerating just after the second
obstacle to ﬁnally reach values of the order of 437.167, 456.626, 331.750, 455.796 and 323.214
per cent of the intake velocity, for using FF, FVD, FVU, VVD and VVU obstacles,
respectively, as shown Figure 6(a)-(e).

Figure 6.
Axial velocity
contours in m/s for (a)
FF-, (b) FVD-, (c)
FVU-, (d) VVD- and
(e) VVU-type
obstacles at Re =
12,000
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Figure 7.
Transverse velocity
contours in m/s for (a)
FF-, (b) FVD-, (c)
FVU-, (d) VVD- and
(e) VVU-type
obstacles at Re =
12,000

As for the transverse component of the velocity, it is interesting to note that for all the cases
studied (FF, FVD, FVU, VVD, and VVU), negative velocity gradients are observed at the top
of the hot upper channel wall-mounted left obstacle and positive velocity gradients at the top
of the insulated lower wall-ﬁxed right obstacle [Figure 7(a)-(e)].
The presence of the ﬂat and/or V-shaped obstacles inﬂuences not only the velocity ﬁeld
but also the dynamic pressure distribution in the whole domain examined (Figure 8). Low
and high pressure regions are associated to recirculation regions. The most intense is that
occurring downstream of the right obstacle, near the heated upper wall of the channel,
responsible for the high ﬂow velocities observed at the exit, creating a negative velocity
proﬁle which introduces mass inside the channel through the outlet. The lower dynamic
pressure values in the vicinity of each obstacle are due to the low velocities in that region, as
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Figure 8.
Dynamic pressure
contours in Pa for (a)
FF-, (b) FVD-, (c)
FVU-, (d) VVD- and
(e) VVU-type
obstacles at Re =
12,000

found and conﬁrmed experimentally by Demartini et al. (2004). Similar to the results in
Figure 6, in the FVU and VVU conﬁgurations, it is clear that the value of dynamic pressure
has the lowest values by comparing with other cases.
Figure 9(a)-(e) depicts the contour plots of temperature in the entire region under study,
for the cases FF, FVD, FVU, VVD and VVU, respectively. One can easily notice, on the
ﬁgure, that the temperature changes signiﬁcantly over the hot upper wall of the channel for
all cases investigated.
Figure 10(a) and (b) shows the distribution of dimensionless axial velocity proﬁles in the
sections starting from the tip of the obstacles to the opposite walls. Velocity measurements
were performed for various obstacle conﬁgurations at Re = 12,000. Figure 10(a) shows
computational results under the left obstacle at x = 0.223 m, while Figure 10(b) shows the
results above the right obstacle at x = 0.375 m. In both stations, the airﬂow is accelerated due
to the effect of cross-sectional reduction. The values of velocities for all the studied cases are
higher than velocity inlet. In the case of simple obstacles (FF), the axial velocity is found to
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Figure 9.
Temperature
contours in m/s for (a)
FF-, (b) FVD-, (c)
FVU-, (d) VVD- and
(e) VVU-type
obstacles at Re =
12,000

be highest by about 303.730 per cent compared to the inlet velocity [Figure 10(b)]. This value
decreases in the VVU case by 3.097 per cent at x = 0.375 m. However, the axial velocity
increases by 1.273, 7.816 and 9.709 per cent when the channel is equipped with FVU, FVD
and VVD type obstacles, respectively, at the same station, and thus, the case of VVD type
obstacles provides maximum axial velocity.
The dimensionless axial velocity proﬁles right after the ﬁrst and second obstacles, at
the two stations x = 0.315 m and x = 0.525 m from the entrance, are compared in
Figure 11(a) and (b), respectively. The previous ﬁgures indicate that the change in the
obstacle shape and disposition 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 = 0.315 m in Figure 11(a)] and the second obstacle [at x = 0.525 m in Figure 11(b)].
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Figure 10.
Dimensionless axial
velocity proﬁles

Recirculation cells, with very low velocities, are observed at the two positions. These
cells are due to the ﬂow separation. The ﬂow is reversed and this causes its detachment
near the two walls of the channel. The velocity proﬁles are oriented in the direction
opposite to the ﬂow. The hot ﬁn ﬁxed at the top surface of the channel has a velocity
proﬁle [at x = 0.315 m, in Figure 11(a)]; its dimensions are considerably larger than
those of the bafﬂe mounted on the insolated surface [at x = 0. 525 m in Figure 11(b)].
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Figure 11.
Effect of obstacle
geometry and
disposition on the
recirculation length
behind (a) the ﬁn at
x = 0.315 m and (b)
the bafﬂe at x = 0.525
m for Re = 12,000

This has an impact on the reattachment lengths and on the dimensions of the
recirculation zones of the ﬁve cases to be studied. For example, Figure 11(a) shows the
effect of the ﬁn reconﬁguration and orientation on the counter rotating ﬂow pattern
behind the left obstacle, of which the maximum absolute value of axial velocity in the
case of the simple bafﬂes (or ﬂat ﬁn and ﬂat bafﬂe [FF]) is equal to 1.360 m/s, whereas in
the cases of the FVD-, FVU-, VVD- and VVU-type obstacles, we ﬁnd, respectively,
maximum absolute values of axial velocity equal to 1.330 m/s, 1.239 m/s, 0.987 m/s, and
1.031 m/s differently say reductions of 2.205 per cent, 8.897 per cent, 27.426 per cent,
and 24.191 per cent compared to the FF obstacles. The comparison of the recirculation
length for various obstacles, in Figure 11(b), shows that the VVD-type obstacle case
generates the longest vortex. At this station x = 0.525 m, the absolute value of the axial
velocity for this VVD case reaches 0.716 m/s. This value decreases when the channel is
ﬁtted with obstacles in the FF, FVD, FVU and VVU models by 13.407, 2.374, 40.363 and
45.670 per cent, respectively.
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4.2 Heat transfer and skin friction loss
Figure 12(a) and (b) shows, respectively, the variations in the normalized local (Nux/Nu0) and
average (Nu/Nu0) Nusselt numbers, for different obstacle cases treated. Nu0 is the Nusselt
number for turbulent ﬂow in a smooth channel at the same Reynolds number and is given
by equation (28). The trends of (Nux/Nu0) are similar for all obstacle forms and dispositions
under study. 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
more signiﬁcant heat transfer (Nasiruddin and Siddiqui, 2007). The maximum Nux/Nu0 is
obtained for case of VVD-type obstacles, while the lowest one is for case of VVU-type
obstacles. In addition, the increases in local Nusselt number values for using FF, FVD, FVU,
VVD and VVU model obstacles, respectively, are about 61.797, 74.514, 76.831, 78.639 and
55.611 times over the smooth rectangular channel, as shown in Figure 12(a). In Figure 12(b),
the average Nusselt number ratio tends to increase with the rise of Reynolds number from

Figure 12.
Dimensionless
proﬁles of normalized
(a) local and (b)
average Nusselt
numbers for various
cases treated
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Figure 13.
Dimensionless
proﬁles of normalized
(a) local and (b)
average skin friction
coefﬁcients for
various cases treated

12,000 to 32,000 for all deﬂectors. Over range studies, the Nu values for FF-, FVD-, FVU-,
VVD- and VVU-type obstacles are in the range of 231.360-398.936, 270.983-509.684, 235.987529.044, 272.991-500.133 and 209.585-413.557 per cent above the smooth air channel with no
obstacle, respectively. This indicates that the FVU gives higher heat transfer than the FF,
FVD, VVD and VVU with values of 24.593, 3.659, 5.464 and 21.829 per cent, respectively, at
the highest value of Reynolds number (Re = 32,000).
Figure 13(a) shows the numerical results of normalized local skin friction coefﬁcient
distributions (Cf/f0) for conﬁgurations FF, FVD, FVU, VVD and VVU. Here, f0 is the friction
factor in a smooth air channel for the turbulent ﬂow at the same Reynolds number, and it
can be presented as shown, above, in equation (29). The lowest Cf value is found on the side
upstream of the left obstacle, but the highest value is encountered on the side in front of the
right obstacle, for all the instances under consideration. The use of VVD-obstacles provides
a maximum Cf value, while the VVU obstacle gives a minimum for almost locations. For the
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VVU case, the V-upstream obstacle is pointed toward the upstream side; therefore, it causes
less distortion of the ﬂow, especially at lower Re and u values (Re = 12,000, and u = 45°),
whereas for VVD case, the V-downstream obstacle is toward the downstream side, which
causes signiﬁcantly large ﬂow distortion, where the effect of pressure loss is very
signiﬁcant. For the lowest value of Re number, the increases in Cf/f0 for the FF, FVD, FVU,
VVD and VVU obstacles are, respectively, about 231.744, 301.083, 147.949, 309.729 and
122.665 times above the smooth rectangular air channel with no ﬁn and bafﬂe. This
suggests that the use of the VVU obstacles can help to reduce the friction loss considerably.
Importantly, the channel with VVU obstacles at Re = 12,000 shows lower skin friction loss
than the one with FF, FVD, FVU and VVD obstacles around 88.924, 145.451, 20.612 and
152.499 per cent, respectively.
The variation of normalized friction factor (f/f0) is also presented in Figure 13 [see
Figure 13(b)] which shows that the (f/f0) increases with the rise of Reynolds number. The f
values in the air channel with FF, FVD, FVU, VVD and VVU obstacles are, respectively,
6.103-25.606, 7.772-35.227, 4.421-24.787, 7.598-33.788 and 3.807-18.043 times higher than
those in the smooth air channel with no obstacle. As the ﬁgure, the FVD or VVD cases
perform greater friction factor than the FVU or VVU cases. The reason of this may be that
the V-downstream can produce stronger impinging ﬂow than the V-upstream. In a
comparison with the simple obstacles (FF case), the f value increases in the cases of FVD and
VVD by 37.573 and 31.952 per cent, respectively, at the highest value of Reynolds number (Re
= 32,000). However, the f value decreases by 3.199 and 29.535 per cent when the obstacle
models are FVU and VVU, respectively, at the same Reynolds number, which indicates that
the FVU- and VVU-type obstacle cases are more advantageous than the others.
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4.3 Performance evaluation
Figure 14 shows the variations of TEF as a function of the Reynolds number at various
investigated cases. In the ﬁgure, the TEF value tends to increase with augmenting the Re
number. The channel containing the ﬂat ﬁn and the 45° FVU provides the highest TEF
value, while that with FF yields the lowest one. It is found that the TEF values are 1.2731.368, 1.377-1.573, 1.444-1.833, 1.398-1.565 and 1.348-1.592 for FF, FVD, FVU, VVD and
VVU, respectively, depending on the Re values. In all situations, the TEF was found to be

Figure 14.
Thermal
enhancement factor
for various obstacles
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much larger than unity; its maximum value was around 1.833 for FVU and Re = 32,000.
This value of TEF is decreased by 25.397, 14.210, 14.651 and 13.193 per cent in the case of
FF-, FVD-, VVD- and VVU-type obstacles at the same Re number, respectively. Therefore,
the FVU may be considered as the best geometrical conﬁguration when using the obstacles
to augment the heat transfer in the channel.
5. Conclusion
CFD analysis for turbulent ﬂow, forced-convection and thermal enhancement efﬁciency in a
high-performance rectangular cross section channel with hot top and insulated bottom wallmounted staggered solid-type obstacles were performed using the commercial CFD software
FLUENT software. 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 to have a
substantial inﬂuence on the turbulence intensity of the ﬂow, thus causing a larger heat
transfer enhancement in the entire domain under investigation. Air is the test ﬂuid with the
ﬂow rate in terms of Reynolds numbers ranging from 12,000 to 32,000. The governing ﬂow
equations (i.e. continuity, momentum and energy equations) used to simulate the
incompressible steady airﬂow and convective heat transfer in the given computational
domain were discretized using the FVM. The most important conclusions that can be drawn
from this study are as follows:
 Important deformations and large recirculation regions were observed in the ﬂow
ﬁeld.
 The hot ﬁn ﬁxed at the top surface of the channel has a velocity proﬁle; its
dimensions are considerably larger than those of the bafﬂe mounted on the
insolated surface. This has an impact on the reattachment lengths and on the
dimensions of the recirculation zones of the ﬁve cases to be studied. The recycling
cells 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 0.08 m for
the conﬁguration under study.
 The higher temperature gradient can be observed in the top ﬂow region where the
air impinges the hot upper channel wall, while the lower one can be found in the
area opposite the ﬁn tip or at the bottom ﬂow regime, in all cases examined.
 The largest value of the axial variations of the Nusselt number and skin friction
coefﬁcient is found in the region facing the bafﬂe, while the smallest value is in the
region near the ﬁn, for all cases.
 Over range studies, the average Nusselt number values for FF-, FVD-, FVU-, VVDand VVU-type obstacles are in the range of 231.360-398.936, 270.983-509.684,
235.987-529.044, 272.991-500.133 and 209.585-413.557 per cent above the smooth air
channel with no obstacle, respectively.
 Result analysis indicates that the FVU-type obstacles gives higher heat transfer
than the FF-, FVD-, VVD- and VVU-type obstacles with values of 24.593 per cent,
3.659, 5.464 and 21.829 per cent, respectively, at the highest value of Reynolds
number.
 The friction factor values in the air channel with FF-, FVD- FVU-, VVD- and VVUtype obstacles are, respectively, 6.103-25.606, 7.772-35.227, 4.421-24.787, 7.59833.788 and 3.807-18.043 times higher than those in the smooth air channel with no
obstacle, depending on the Re values.
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In a comparison with the simple obstacles (FF type-obstacle case), the friction factor
value increases in the cases of FVD and VVD by 37.573 and 31.952 per cent,
respectively, at the highest value of Reynolds number. However, the friction factor
value decreases by 3.199 and 29.535 per cent when the obstacle models are FVU and
VVU, respectively, at the same Reynolds number, which indicates that the FVUand VVU-type obstacle cases are more advantageous than the others.
The channel containing the ﬂat ﬁn and the 45° FVU provides the highest TEF
value, while that with FF yields the lowest one. In all situations, the TEF was found
to be much larger than unity; its maximum value was around 1.833 for FVU and
Re = 32,000. Therefore, the FVU may be considered as the best geometrical
conﬁguration when using the obstacles to enhance the heat transfer inside the
channel.
Future work will involve more complex geometries and using nanoﬂuids to assess
the optimum conditions for heat transfer enhancements.
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