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ABSTRACT 

 

This manuscript presents a numerical analysis of fluid flow and heat transfer in rectangular cross 

section channels with and without baffles using air as the working fluid at Reynolds numbers 

ranging from 12,000 to 32,000. Four various channel geometries were studied in this analysis. In 

the first case, a smooth channel with no baffle was analyzed. In the second case, a flat rectangular 

baffled channel was investigated, and in the third case, S-shaped baffled channels were examined 

(i.e., S-baffles pointed towards the upstream end: called S-upstream baffles; and S-baffles pointed 

towards the downstream end: called S-downstream baffles). The Commercial CFD software 

FLUENT was employed to simulate the air flow and thermal aspects in the whole domain 

investigated based on finite volume approach. The thermo aerodynamic performance evaluations 

were considered in three parts; thermal transfer, skin friction loss and thermal enhancement factor 

in terms of Nu/Nu0, f/f0, and TEF, respectively. In general, the normalized average Nusselt number 

and normalized friction factor tend to augment with the increase of the Reynolds number for all 

channel situations. Over range studies, the improvements are found to be around 1.939 - 4.582 and 

3.319 - 32.336 times upper than the smooth air channel for Nu and f, respectively. In a comparison 

with the flat rectangular baffle, the Nu/Nu0 and f/f0 values increase in the cases of S-upstream baffle 

by 14.855 % and 26.282 %, respectively at Re = 32,000. However, the Nu/Nu0 and f/f0 values 

decrease by 7.442 % and 41.481 % when the baffle shape is S-downstream at the same Re value, 

respectively. 

 

Keywords: Turbulence; Reynolds number; S-shaped baffles; CFD; Air.  

 

 

INTRODUCTION 

 

The success of the solar energy applications is closely related to the performance of the collectors 

which convert it. For the collectors whose caloporting fluid is water; thermal transfer is made 

suitably because water is a good conductor of heat. However, for solar air collectors, heat transfer is 

low [1]. Numerous techniques to improve thermal transfer in solar air collectors are reported in the 

literature [2-10]. One of these techniques is the insertion of baffles and fins in the air channel duct 

of the collector, which disturb the boundary layer growth and thus improve the thermal transfer. 

Promvonge et al. [11] carried out a numerical investigation of laminar periodic flow and heat 
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transfer in a three-dimensional isothermal-wall square channel fitted with 45° inclined baffles on 

one channel wall. Effects of flow blockage ratios on heat transfer and pressure loss in the square 

channel were examined and also compared with the typical case of the transverse baffle. Liu and 

Wang [12] presented a novel design of the ribbed channel, which is here called semi attached rib-

design. The ribs were perforated at the rib corners to form two rectangular holes, so a portion of the 

fluid can pass through the holes. Five different structures of the rib (width ratios of channel to hole) 

and two positions (transverse rib and 45° angled ribs) were analyzed. Mellal et al. [13] investigated 

a three-dimensional numerical simulation of turbulent fluid flow and heat transfer in the shell side 

of a shell and tube heat exchanger (STHE). Three geometrical configurations with different baffles 

spacing were realized, which were: 106.6, 80, and 64 mm. These values correspond respectively to 

the baffle numbers: 6, 8 and 10 baffles. Effects of the baffle orientation angles (45°, 60°, 90°, 120°, 

150°and 180°) were also studied. Menasria et al. [14] numerically investigated the turbulent flow 

and convective heat transfer of air inside channel of rectangular cross-section, containing 

rectangular baffles with inclined upper part planted on the opposite surface of absorber plate under 

solar air heater boundary conditions. Mokhtari et al. [15] numerically characterized and studied the 

mixed convection of a three-dimensional square duct with various arrangements of fins in both 

laminar and turbulent flow. This study focused on the ability of fin arrangements to enhance a heat 

transfer while flow was incompressible and the fluid was air. Sahel et al. [16] carried out a 

numerical study to investigate the turbulent flows and heat transfer characteristics in a rectangular 

channel fitted with two baffles placed on the upper and lower walls. These baffles were perforated 

by a row of four holes at three different positions. These positions were characterized by a ratio 

called the Pores Axis Ratio (PAR) which was taken equal to 0.190, 0.425 or 0.660. Yongsiri et al. 

[17] presented the results of numerical study of turbulent flow and heat transfer in a channel with 

inclined detached-ribs. Ary et al. [18] numerically and experimentally checked out the effect of a 

number of inclined perforated baffles on the flow patterns and heat transfer in the rectangular 

channel with different types of baffles. Dutta and Hossain [19] investigated the local heat transfer 

characteristics and the associated frictional head loss in a rectangular channel with inclined solid 

and perforated baffles. A combination of two baffles of same overall size was used in this 

experiment. The upstream baffle was attached to the top heated surface, while the position, 

orientation, and the shape of the other baffle were varied to identify the optimum configuration for 

enhanced heat transfer. Nuntadusit et al. [20] presented the heat transfer and flow characteristics in 

a channel with different types of transverse perforated ribs. The effects of perforation/hole 

inclination angle and a location of hole on the rib were examined. 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 [21], trapezoidal [22], cascaded [23], helical [24], diamond [25], waisted [26], U-shaped 

[27], double V-shaped [28], L-shaped [29], V-shaped [30], Z-shaped [31]. Different geometry 

parameters and various operating conditions were used in the previous studies. Other similar works 

can be found in the literature, i.e., Tahseen et al. [32], Gilani et al. [33], Al-Kayiem et al. [34], Hing 

et al. [35], and Neel Armstrong et al. [36]. They studied the heat transfer and fluid flows using 

numerical and experimental techniques. 

Thermal transfer improvement in rectangular air channels by inserting baffles is reported in 

this paper. The impact of the channel geometry reconfiguration on the fluid flow and heat transfer 

improvement is investigated in detail through this analysis. Four various channel configurations are 

considered. The analyses are conducted with the Commercial CFD software FLUENT using the 

finite volume method, for Reynolds number varying from 12,000 to 32,000. The numerical results 

are presented in terms of streamlines, velocity-magnitude, x-velocity, y-velocity, dynamic pressure 

coefficient, turbulent kinetic energy, turbulent viscosity, turbulent intensity, temperature field, 

coefficient and factor of normalized skin friction, local and average numbers of normalized Nusselt, 

and thermal performance factor. 
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PHYSICAL MODEL 

 

Problem Statement  

Figure 1 depicts a schematic representation of the physical model. Demartini et al. [21] conducted 

an experimental analysis which served as the basis for the detailed structural parameters used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Channels under investigation: (a) smooth channel with no baffle, (b) flat rectangular 

baffled channel, (c) S-upstream baffled channel, and (d) S-downstream baffled channel. 

 

The computational analysis is performed in a two-dimensional field, which represents 

constant temperature-surfaced rectangular cross section channels of 0.554 m length (L) and 0.146 m 

height (H). Four various channel configurations are considered. In the first case, a smooth channel 

with no baffle is analyzed (see Figure 1a). In the second case, a flat rectangular baffled channel is 

investigated (see Figure 1b), and in the third case, S-shaped baffled channels are examined, i.e., S-

baffles pointed towards the upstream end: called S-upstream baffles (see Figure 1c); and S-baffles 

pointed towards the downstream end: called S-downstream baffled (see Figure 1d). 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 computational analysis of fluid dynamics and turbulent forced-

convection flow in the numerical domain is developed under the following conditions: (i) Steady 

two-dimensional fluid flow and thermal transfer, (ii) constant property incompressible Newtonian 

fluid, (iii) body forces and viscous dissipation are ignored, and (iv) the mode of radiation heat 

transfer is negligible. 

 

Governing Equations  

Based on the above condition, the mathematical model of the turbulent forced-convection airflow is 

governed by the Reynolds averaged Navier-Stokes (RANS) equations with the k-epsilon turbulence 

model [37] and the energy equation. In the Cartesian coordinate these equations can be written in 

the following compact form 
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Where ϕ is a vector composed of the scalars u, v, T, k and ε; u and v stand for the mean velocities 

towards the x and y axis respectively; T is the temperature; k and ε stand for kinetic energy and 

turbulent dissipation rate, respectively; Γϕ and Sϕ represent the turbulent diffusion coefficient and 

(c) 

L = 0.554 m 

Lin = 0.218 m 
Lout = 0.174 m 

H = 0.146 m 
Pi = 0.142 m 

h = 0.0.08 m 

(d) 

(a) (b) 
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the source term associated with the general variable ϕ in this order. The expressions of ϕ, Γϕ and Sϕ 

are presented for:   

Continuity equation 

 
1                                                              (2a) 
0                                                             (2b) 
0S                                                             (2c) 

 

Momentum equation in X-direction 

       
u                                                             (3a) 

      e 
                                                          (3b) 

























































x

v

yx

u

xx

p
S ee 

                                     (3c) 

 

Momentum equation in Y-direction 
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Energy equation  
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k-turbulent kinetic energy equation 
k                                                             (6a) 
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ε-turbulent dissipation rate equation 
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Where C1ε = C3ε = 1.44, C2ε = 1.92, Cµ = 0.09, σk = 1.0, σε = 1.3, and σT = 0.85 are the turbulent 

constants of the model [37].  

 

Limit Conditions 

A uniform one-dimensional velocity profile (u = Uin) is introduced at the intake of the channel (x = 

0) while an atmospheric pressure-outlet condition is applied at the exit (x = L) [21]. No-slip and 

impermeability boundary conditions are applied over the solid boundaries [21]. A condition of the 

constant surface temperature of 102°C (Tw = 375 K) was applied on the upper and lower walls of 

the channel [38]. The temperature of air was set equal to 27°C (Tin = 300 K) at the inlet of the 

channel [38]. These boundary conditions are presented as  

At the intake of the computational domain (x = 0) 
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At the channel walls (upper wall: y = H/2; lower wall: y = -H/2) 
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At the fluid/solid interface 
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Where n is the normal coordinate to the wall.  

 

At the exit (x = L) 
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The flow Reynolds number (Re) based on channel aeraulic diameter, 

 

 WHHWDh  2                                                (13a) 

 

is given by  

 

 hDURe                                                    (13b) 
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The skin friction coefficient (Cf) is given by 

 

2
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The friction factor (f) is evaluated from the pressure drop (ΔP) as 
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where U presents the average axial velocity of the section, and τw is the shear stress to the wall. For 

determining the heat transfer rate inside the channel, the heat transfer is measured by the local 

Nusselt number (Nux) which can be written as  
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and the average Nusselt number (Nu) can be obtained by   
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The following expression represents the thermal enhancement factor (TEF) 

 

    31
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The Dittus-Boelter [39] and Petukhov [40] 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:   

 
44.08.0

0 10ReforPrRe023.0 Nu                                     (17a) 

 

The Petukhov correlation has the form:  

  

  632
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CFD TECHNIQUE 

 

Numerical Solution 

Commercial CFD software FLUENT is used to simulate the incompressible steady fluid flow and 

heat transfer in the computational model. The governing flow equations are integrated by the Finite 

Volume Method (FVM), details of which can be found in Patankar [41]. The QUICK numerical 

scheme, developed by Leonard and Mokhtari [42], is employed to discretize the convective terms. 

The SIMPLE discretization algorithm is used for pressure velocity.  
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Figure 2. Structured mesh of the quadrilateral type for the geometric model of the current analysis: 

(a) smooth channel with no baffle, (b) flat baffled channel, (c) S-upstream baffled channel, and    

(d) S-downstream baffled channel. 

 

Numerical Mesh 

A quadrilateral-type structured grid in the two-directions was inserted (see Figure 2). The grid 

independence tests were performed by realizing CFD simulations in the whole domain investigated, 

using different grid systems with the number of mesh nodes ranging from 35 to 145 along the pipe 

depth and 95 to 370 along the length. The grid system with the number of nodes equal to 245 × 95 

(in X and Y directions respectively) performs around 0.330 %, and 0.372 % deviation for the Nu, 

and f, respectively, in compared with the grid of size 370 × 145. Therefore, the grid cell of 245 × 95 

is selected for the rest of our study. The solution was assumed to be converged when the following 

criterion was satisfied as   
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Where * denote the previews iteration value, and δ is a prescribed error. For the present simulation, 

we select δ = 10-9 for ϕ ≡ (u, v, k, ε) and δ = 10-12 for ϕ ≡ (T).  

 

Numerical Validation  

For a rectangular air channel with simple flat rectangular obstacles, the distributions of the axial 

profiles of speed and pressure coefficient along the depth of the channel are followed and shown in 

Figure 3 (a) and (b), respectively.  
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Figure 3. Numerical validation of (a) axial velocity and (b) pressure coefficient for Re = 8.73 × 104. 

 

The numerical results were validated with the numerical and experimental results of Demartini et al. 

[21] for the same structural condition under similar operating parameters. As shown on these plots, 

a good agreement is obtained. 

 

Smooth Channel Verification  

The evolutions of the Nusselt number and friction factor as a function of the Reynolds number are 

also simulated for a smooth air channel and compared with empirical correlation of Dittus-Boelter 

and Petukhov, as shown in Figure 4 (a) and (b), respectively. As can be shown in Figure 4, the 

present smooth channel results agree well with the available correlations with + 3.5% in comparison 

to Dittus-Boelter correlation [39] for the Nu0, and - 1.15% in comparison to Petukhov correlation 

[40] for f0. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Numerical verification of (a) Nusselt number and (b) friction factor for smooth channel 

with no baffle. 

 

 

 

 

(a) (b) 

(a) (b) 
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Figure 5. Streamlines as a function of Re for: (a) smooth channel, (b) flat baffled channel, (c) S-

upstream baffled channel, and (d) S-downstream baffled channel.                        

 

 

RESULTS AND DISCUSSION 

 

Stream Functions 

The plots in Figure 5 show the contours of streamlines for different channel models, i.e., smooth 

channel with no baffle (see Figure 5a), channel with upper and lower wall-mounted flat rectangular-

shaped baffles (see Figure 5b), channel with S-upstream shaped baffles (see Figure 5c), and channel 

with S-downstream shaped baffles (see Figure 5d), at various Re values, i.e., Re = 12,000 and Re = 

32,000. In the smooth channel case, the streamlines are uniform along the channel length. In baffled 

channel cases, the plots reveal the existence of three main regions. In the first region, just upstream 

of the baffles, the fluid is accelerated and arrives with an axial speed. At the approach of the baffles, 

the current lines are deflected. In the second region, located between the top of each baffle and the 

walls of the channel, the flow is accelerated due to the effect of cross-sectional reduction. In the 

third region, downstream of the baffles, the current lines are generated by the effect of flow 

expansion, thus leaving the section formed by the baffles and the walls.  

 

 

 

(a) 

(b) 

(c) 

(d) Re = 12,000 Re = 32,000 
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Figure 6. Velocity-magnitude as a function of Re for: (a) smooth channel, (b) flat baffled channel, 

(c) S-upstream baffled channel, and (d) S-downstream baffled channel.                         

 

The most important phenomenon occurring in this zone is the formation of a recirculating flow 

whose extent is proportional to the Reynolds number from 12,000 to 32,000. For both investigated 

Re number cases, the baffle in the S-downstream type gives the lowest stream-function value and 

one in S-upstream type yields slightly better than the rectangular baffle. The S-upstream baffle 

provides higher stream-function value than the S-downstream around 14.720 % for Re = 32,000. 

 

Mean Velocity 

The effect of the channel configuration (i.e., plain channel without baffles, simple baffled channel, 

and channels with S-upstream and/or S-downstream baffles) on the near wall flow structure in terms 

of mean velocity is reported in Figure 6. Both the cases of the Reynolds number (12,000 and 

32,000) are also reported. As shown in the figure and along the smooth channel section, the mean 

velocity profiles are uniform for both the Re number cases used (see Figure 6a). For using the 

obstacles, it can clearly be noticed that the values of the fluid velocity are very low in the vicinity of 

the two baffles, especially in the downstream regions; this is due to the presence of the recirculation 

zones (see Figures 5 and 6 a-c).  

 

 

 

 

(a) 

(b) 

(c) 

(d) Re = 12,000 Re = 32,000 
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Figure 7. Axial velocity as a function of Re for: (a) smooth channel, (b) flat baffled channel, (c) S-

upstream baffled channel, and (d) S-downstream baffled channel.                         

 

Far from these zones, the current lines become parallel, which results in the progressive 

development of the flow. One should also note that the velocity increases in the space between the 

end of each baffle and the wall of the channel. This rise in velocity is generated first by the presence 

of the baffle and then by the presence of a recycling which results in a sudden change in the 

direction of the flow. It is also observed that the highest values of the velocity appear near the top of 

the channel, with an acceleration process that begins just after the second baffle. From the figure, it 

can clearly be seen that the velocity is proportional to the Reynolds number, for all cases 

investigated. In a comparison with the simple baffled channel, the mean velocity augments in the 

case of S-upstream baffles by 8.359 % at Re = 32,000. However, the mean velocity decreases by 

22.258 % when the baffle form is S-downstream at the same upper Reynolds number, Re = 32,000. 

 

X-Velocity  

The contour plots of axial velocity are displayed in Figure 7 (a-d) for different channel models, i.e., 

smooth channel with no obstacle, channel with simple baffles, channel with S-upstream baffles, and 

channel with S-downstream baffles, respectively. In the figure, the axial velocity is related as a 

function of Reynolds number (Re = 12,000 and Re = 32,000). The introduction of the obstacles 

leads to extremely considerable augmentation in the axial velocity in comparison with the smooth 

channel with no obstacles. Note that the presence of the first baffle in the upper half of the channel 

induces a strong decrease in the axial velocity. Negative velocities indicate the presence of a small 

(a) 

(b) 

(c) 

(d) Re = 12,000 Re = 32,000 
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recirculation zone located upstream of this same baffle, paradoxically in the lower half, where the 

flow increases, and particularly in the vicinity of the passage under the baffle. Downstream of this 

same first baffle, two large distinct zones can be quantified, as presented in Figure 7. The first one 

is an area where the fluid particles follow the main flow direction. The recirculation zone is located 

in the second region in the vicinity of the upper right baffle face. The flow is reversed and this 

causes the flow to peel off at the top wall of the channel; the velocity profiles are directed in the 

way opposite to that of the flow. Upstream of the second baffle, note that the flow velocity, when 

approaching the baffle, is reduced in the lower part of the canal, whereas in the upper part the flow 

begins to accelerate towards this breach above the second baffle. This limitation depends 

substantially on the recirculation zones, which are characterized by negative values and are located 

upstream and downstream of the second baffle. Vortices occur in the vicinity of these zones; they 

develop and increase very strongly the resistance to the flow. These disordered but localized 

movements are characterized by negative values, as shown in Figure 7. Downstream and according 

to results in Figure 7, the speed value reaches approximately 13.850 m/s, which is 4.948 times 

greater than the velocity at the inlet for the highest value of the Re number. These values can be 

reached only because of the very high recirculation to the rear of the second obstacle. The increase 

in the Reynolds number leads to an acceleration of the flow and causes a rise in the fluid x-velocity, 

indicating that the length of the vortices is proportional to the augmentation in the Re number, 

which characterizes the flow, as confirmed in Figure 5. It is clear that changing the baffle shape has 

a more reasonable impact on the upper left side of the baffle; this is due to the deviation of the flow 

direction. The S-downstream shaped baffles showed decreases of about 31.708 % in axial velocity 

value relative to that in the simple flat rectangular baffle. However, the value of axial velocity 

augments by 7.714 % when the baffle type is S-upstream shape.  

 

Y-Velocity 

 As for the transverse component of the velocity, it is interesting to note that negative velocity 

gradients are observed at the top of the upper wall-mounted baffle and positive velocity gradients at 

the top of the lower wall-mounted baffle, Figure 8. In the figure, the y-velocity values are also 

related as a function of Reynolds number. It is seen that the y-velocity augments with augmenting 

Reynolds number in all cases and in general, the maximum y-velocity is obtained for the simple 

baffle while the lowest one is for the S-downstream baffle. At the upper value in the Reynolds 

number, the smooth channel seemed to decrease the transverse velocity by about 99.548 % relative 

to the flat rectangular-shaped baffled channel (channel with simple baffles). For the S-shaped 

baffles, the decrease in the y-velocity relative to that for the simple baffle was about 3.856 % for S-

upstream, and 26.878 % for S-downstream. 
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Figure 8. Transverse velocity as a function of Re for: (a) smooth channel, (b) flat baffled channel, 

(c) S-upstream baffled channel, and (d) S-downstream baffled channel.                         

 

Coefficient of Dynamic Pressure  

To follow more precisely the evolution of fluid flow into the airway, we added the contour plots of 

dynamic pressure fields as listed below in Figure 9 (a)-(d). As illustrated in this figure and similar to 

the results in Figure 6 (a)-(d) of the speed fields, the pressure values are very low next to the 

baffles, especially in the back areas, because of the existence of recirculation cells. In areas 

confined between the upper sides of the baffles and the inner walls of the channel, the pressure 

values increase. The coefficients of dynamic pressure are maximal next to the upper surface of the 

airway near the exit, also near the top left side of the lower wall-mounted baffle, due to the high 

speed of air flow in these regions. These same plots also indicate that the dynamic pressure 

coefficients, for all channel models, increase significantly as the number of Reynolds number. The 

pressure values range from 8.436 Pa as the lowest value in the case of the S-downstream baffle, and 

117.508 Pa as the maximum value in the case of a baffle of S-upstream form. Moreover, the 

pressure value in the case of a simple flat rectangular baffle is equal to 100.076 Pa. This value 

varies according to the geometry of the baffle shape so that we record a decrease in the dynamic 

pressure values for the case of S-downstream baffles by 39.561 % at the upper value of Re number, 

while we record an increase in the dynamic coefficient of pressure in the case of S-upstream baffles 

17.418 %, at the same upper Re number.  

 

 

(a) 

(b) 

(c) 

(d) Re = 12,000 Re = 32,000 
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Figure 9. Dynamic pressure as a function of Re for: (a) smooth channel, (b) flat baffled channel, (c) 

S-upstream baffled channel, and (d) S-downstream baffled channel.                         

 

As expected, the S-upstream baffle has the largest value of pressure as compared to other baffles, 

with an increase of 14.834 % and 48.527 % in the cases corresponding to rectangular and S-

downstream baffles, respectively, at the same Reynolds number value, Re = 32,000. The pressure 

for the simple, S-upstream and S-downstream baffle cases is 94.634 Pa, 112.066 Pa, and 55.042 Pa 

higher than the no baffle case (smooth channel with no obstacles), respectively. 

 

Kinetic Energy of Turbulence 

The contour plots of turbulence kinetic energy (TKE) fields are shown in Figure 10 (a)-(d) for 

various channel geometries. In the plots, the TKE values are related as a function of Re number. In 

all baffled channel cases, the baffled channel airflows give upper values of TKE than that for no 

obstacle case due to the creation of high vortices in the baffled channel, leading to higher TKE 

values. The trends of turbulent kinetic energy are similar for all obstacle cases under investigation. 

The plots show the largest value in the region opposite the right baffle and the smallest value in the 

region around the left baffle for both the Re numbers simulated.  
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(b) 
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(d) Re = 12,000 Re = 32,000 
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Figure 10. TKE as a function of Re for: (a) smooth channel, (b) flat baffled channel, (c) S-upstream 

baffled channel, and (d) S-downstream baffled channel.                         

 

The turbulent kinetic energy augments with the augmentation of the Reynolds number (Re) 

and consequently, the Re = 32,000 provides maximum turbulent kinetic energy in all cases studied. 

The use of S-upstream baffle shows better turbulent kinetic energy distribution values over the S-

downstream baffle at almost stations. In a comparison with the flat rectangular baffle case, the TKE 

value decreases in the case of S-downstream baffle by 38.618 % at Re = 32,000. However, the TKE 

value increases by 47.275 % when the baffle geometry is S-upstream at the same upper Reynolds 

number. 

 

Viscosity-Turbulent  

The impact of the baffles on the turbulent viscosity across the tested ducts is shown in Figure 11 (a) 

to (d). Similarly, to the results in Figure 10 (a) to (d), the largest variations in the turbulent viscosity 

are found in the regions opposite the lower wall-attached baffle, due to the high velocities in those 

regions. In addition, it is interesting to note that the value of the turbulent viscosity tends to 

augments with the rise of Reynolds number values for the three simple, S-upstream and S-

downstream models of the baffle. However, it is worth noting that for all Reynolds numbers 

employed the model of S-upstream provides the highest turbulent viscosity value.  

 

 

 

(a) 

(b) 

(c) 

(d) Re = 12,000 Re = 32,000 
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Figure 11. Turbulent viscosity as a function of Re for: (a) smooth channel, (b) flat baffled channel, 

(c) S-upstream baffled channel, and (d) S-downstream baffled channel.                         

 

In addition, the use of S-upstream model baffle results in higher turbulent viscosity than the use of 

simple, and S-downstream baffles up to 1.928 %, and 51.733 %, respectively. The data analysis also 

shows that the maximum turbulent viscosity for the obstacle form of simple, S-upstream, and S-

downstream is approximately 28.537, 29.098, and 14.044 times upper than that for the no baffle 

case. 

 

Intensity of Turbulence 

Figure 12 shows the plots of the turbulent intensity fields. The airflow was simulated for the 

Reynolds number of 12,000 and 32,000. In Figure 12, the turbulent intensity tends to augmentation 

with the increase of the Reynolds number for the all cases simulated.  
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Figure 12. Turbulent intensity as a function of Re for: (a) smooth channel, (b) flat baffled channel, 

(c) S-upstream baffled channel, and (d) S-downstream baffled channel. Turbulent intensity values in 

% (× 100).                         

 

The upper turbulent intensity values near the tip of the second baffle are due to the high velocities in 

that region. However, it is worth noting that for both Re values investigated the S-upstream 

configuration provides the highest turbulent intensity value. In the case of a simple baffle, the 

maximum value of the turbulent intensity is 249.763 %. This value can be decreased or increased. 

This is related to the geometry of the investigated baffle. This value decreases to 195.692 % in case 

of S-downstream baffles. This diminution represents 21.648 %. While there is an increase in 

turbulent intensity values up to 302.952 % in the case of S-upstream baffles. Or, 21.295 % larger 

than in the case of a simple flat rectangular baffle. Moreover, by comparing the different baffles, the 

S-upstream baffle gives the highest value in the turbulent intensity by about 17.556 %, and 35.404 

% compared to the simple flat rectangular, and S-downstream baffles, at the same upper value of 

Reynolds number, Re = 32,000. For comparison, the turbulent intensity at this same upper Re 

number for the case with no baffle is 52.019 %. 

 

Isotherms 

The temperature contours are plotted in Figure 13 (a)-(d) for smooth, flat, S-upstream, and S-

downstream baffled channel cases, respectively. One can easily notice, on the figure, that the 

temperature changes significantly over the hot walls of the channel for all baffled channel cases 

investigated.  

(a) 

(b) 

(c) 

(d) Re = 12,000 Re = 32,000 
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Figure 13. Isotherms as a function of Re for: (a) smooth channel, (b) flat baffled channel, (c) S-

upstream baffled channel, and (d) S-downstream baffled channel.  

 

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 the core flow regions; 

this should result in a high temperature gradient over the hot surfaces. In addition, the thermal field 

is also affected by the Reynolds number. It can be noted from this figure that for large Re values, 

temperatures rise importantly. Hence, one can assert that the Re value increase is inversely 

proportional to the temperature of the fluid in each cross-sectional part of the channel. 

 

Thermal Heat 

The local Nusselt number (Nux) for Simple [8], S-upstream, and S-downstream cases normalized by 

the Nusselt number (Nu0) of no baffle case is shown in Figure 14 as a function of the hot upper 

channel wall length at different Reynolds numbers of 12,000, 17,000, 22,000, 27,000 and 32,000. 

For all cases, the local Nusselt number is minimal in the region around the first obstacle; it is 

maximal in the region opposite to the second obstacle, which is the case of the configuration under 

study. In the intermediate zone, significant values are found, due to the recirculation of the fluid, 

downstream of the first obstacle. Upstream of the first obstacle, low values are found; this is due to 

the change in the direction of flow, caused by this same obstacle, towards the lower part of the 

channel, with high velocities. The local Nusselt number is also affected by the Reynolds number. A 

linear increment exists between the local Nusselt number and the Reynolds number for all baffle 

case treated. The local thermal transfer rates obtained from the simple baffle, S-shaped baffle 

(a) 

(b) 

(c) 

(d) Re = 12,000 Re = 32,000 
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pointing upstream, and S-shaped baffle pointing downstream are around 91.244, 112.862, and 

85.960 times over the smooth rectangular air channel with no baffle, respectively. As expected, the 

Nux/Nu0 ratio obtained from the S-upstream baffle is substantially higher than that from the S-

downstream one for all Reynolds number used. The maximum local Nusselt number for the 

obstacle with S-upstream form is found to be higher by about 19.154 % and 23.836 % over the 

rectangular channels with flat rectangular [8] and S-downstream baffles, respectively. 
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Figure 14. Variation of normalized local Nusselt number along the upper channel wall for different 

baffle types and Reynolds numbers. 

 

Figure 15 shows the variations of the normalized average Nusselt number (Nu/Nu0) with the flow 

rate in terms of the Re number at different baffled channel cases. In the figure, the Nu/Nu0 rate 

tends to augment with the augmentation of the Re value from 12,000 to 32,000 for all baffle 

models. The baffle in S-upstream case provides upper Nu/Nu0 ratio than the one in S-downstream 

case around 25.011 %, and 19.414 % for Re = 12,000, and 32,000, respectively. In both S-baffle 

cases, the baffled duct airflows give upper Nu values than that for smooth rectangular duct air flow 

due to the induction of high re-circulation in the baffled duct, leading to upper gradients of 

temperature. In the range under study, normalized average Nusselt number is found around 1.939-

4.582, depending on S-baffle orientations and Reynolds number. The value of Nu is around 2.586, 

and 4.582 times upper than the smooth rectangular duct in the absence of baffles and fins for Re = 

12,000, and 32,000, respectively, for case of S-upstream, while around 1.939, and 3.692 times for 

case of S-downstream. In a comparison with the flat rectangular baffle (simple obstacle) [8], the 

Nu/Nu0 value increases in the baffle case of S-upstream model by 14.854 % at Re = 32,000. 

However, the Nu/Nu0 value decreases by 7.444 % when the baffle model is S-downstream, at the 

same upper value of Reynolds number. 
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Figure 15. Variation of normalized mean Nusselt number with Reynolds number for different baffle 

models. 

 

Frictions  

Figure 16 depicts the skin friction coefficient, Cf along the upper channel wall for different 

Reynolds number values in the cases of different baffles, i.e., simple [8], S-upstream and S-

downstream. The smallest skin friction coefficient is found around the first baffle; the largest one is 

encountered in the region facing the second baffle, which represents the situation of the 

configuration under study. Note that at the starting out of the test section, the coefficient of skin 

friction decreases significantly because of the first baffle that is placed in the top part of the 

channel. In this case, the air has the possibility to flow in the direction of the bottom surface and as 

a result the contact between air and the upper 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 baffles placed on the top and bottom walls cause the flow 

direction to change, and consequently the largest values of the skin friction coefficient come out in 

the recirculation region after the second baffle. It is worth mentioning that an acceleration process 

begins right after the first and the second baffles. The introduction of S-baffle pointing upstream 

provides a maximum skin friction coefficient while the S-baffle pointing downstream gives a 

minimum for almost axial positions. The skin friction coefficient for the S-upstream baffle is found 

to be higher by about 23.376 % over the flat rectangular baffled channel [8] at the upper Re number 

while by about 59.844 % above the S-downstream baffle at the same upper value of Re number as 

can be seen in Figure 16. Also, it is interesting to show that the skin coefficient of normalized 

friction tends to augments with the augmentations of Re values for all treated channel cases. The 

augmentation in skin friction coefficient of employing the S-upstream/downstream baffles and the 

simple one is in a range of 485.521 to 1209.115 times over the smooth rectangular channel. 
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Figure 16. Variation of normalized skin friction coefficient along the upper channel wall for 

different baffle geometries and Reynolds numbers. 

 

Figure 17 shows the variations of the normalized friction factor (f/f0) with the Reynolds number at 

various baffle models. In general, the f/f0 value augments with augmenting the Reynolds number. 

The friction loss of S-downstream baffle is lower than that of S-upstream baffles, which indicates 

that the S-downstream is more advantageous than the other. At Reynolds numbers of 12,000, 

17,000, 22,000, 27,000 and 32,000, the S-downstream baffles seemed to decrease the f/f0 ratio by 

about, respectively, 56.443 %, 55.700 %, 54.972 %, 54.289 %, and 53.660 % relative to the S-

upstream baffles. The augmentation in the friction factor (f) for the S-baffles with both orientations 

is much higher than that for the smooth rectangular air channel. The f/f0 values for both the S 

pointing downstream and the simple [8] baffle are around 53.660 % and 20.812 % lower than that 

for the S pointing upstream. The f/f0 value is around 6.103 - 25.606, 7.621 - 32.336 and 3.319 - 

14.984 times above the smooth rectangular channel for the S-upstream, S-downstream, and simple 

baffles, respectively. 

 

Thermal Enhancement Factor 

Figure 18 shows the evolution of the thermal enhancement factor (TEF), calculated by Equation 

(16), as a function of Reynolds number (Re = 12,000, 17,000, 22,000, 27,000, and 32,000) with a 

constant section of the channel for the lower surface of the hot upper wall of the channel. 
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Figure 17. Variation of normalized friction factor with Reynolds number for different baffle 

configurations. 

 

Two ꞌSꞌ-shaped baffles, having different orientations, i.e. ꞌSꞌ-upstream and ꞌSꞌ-downstream, were 

inserted into the channel and fixed to the top and bottom walls of the channel, in a periodically 

staggered manner to develop vortices to improve the mixing and consequently the heat transfer. 

Also, a typical flat rectangular obstacle [8] is introduced for comparison. 
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Figure 18. Thermal enhancement factor for various baffles. 

 

As expected, the thermal enhancement factor increases with the increase in the Reynolds number in 

both studied cases (S-upstream and S-downstream). The TEF values range from 1.326 in the case of 

S-upstream baffle for the lowest value of the Reynolds number (12,000), to 1.513 in the case of S-

downstream for the maximum value of the Reynolds number (32,000). It is observed that the TEFs 

for the S-downstream baffle generally are found to be above unity and to be much higher than those 

for employing the S-upstream baffle at similar flow conditions. This indicates that the use of the S-

downstream baffle leads to the advantage over that of the S-upstream ones. In addition, the TEF 
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values of the channel equipped with the S-upstream, and S-downstream baffles are higher those that 

of the plain channel with a simple baffle [8] up to 6.651 % and 10.605 %, at the highest value of 

Reynolds number, respectively.  

 

 

CONCLUSIONS 

 

Numerical analyses have been carried out to examine turbulent airflow and heat transfer 

characteristics in rectangular cross section channels fitted with various models of S-shaped baffles, 

i.e., S-baffles pointed towards the upstream end: called S-upstream baffles; and S-baffles pointed 

towards the downstream end: called S-downstream baffles, for the turbulent regime, Reynolds 

number of 12,000 to 32,000. Typical flat rectangular obstacles are inserted for comparison. The 

most important conclusions that can be drawn from this study are: 

The present numerical results in terms of axial velocity and dynamic pressure profiles were 

compared with the experimental ones found in the literature. This comparison indicates 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 range + 

3.5 % in comparison to Dittus-Boelter correlation for the Nu0, and - 1.15% in comparison to 

Petukhov correlation for f0. 

Important deformations and large recirculation regions were observed in the flow field. Typically, 

the intensity of the vortices depends heavily on the functioning parameters of the S-model under 

consideration. It is widely admitted that their lengths are directly proportional to the Reynolds 

number. 

The present flow structure has significant influences on the temperature field distributions in the 

entire domain under investigation. The hottest regions are generally located in the neighborhood of 

the heated top surface and the tips of the S-baffle. 

The largest value of the axial variations of the Nusselt number and skin friction coefficient is found 

in the region facing the second S-baffle, while the smallest value is in the region near the first S-

baffle. 

The channel containing the S-obstacles with a large Reynolds number gave higher heat transfer, 

friction loss, and thermal enhancement factor than the one with a smaller Reynolds number. 

For using the S-baffles, it is observed that the TEFs for the S-downstream baffle generally are found 

to be above unity and to be much higher than those for employing the S-upstream baffle at similar 

flow conditions.  

The TEF values of the channel equipped with the S-upstream, and S-downstream baffles are higher 

those that of the plain channel with a simple baffle [8] up to 6.651 % and 10.605 %, at the highest 

value of Reynolds number, respectively. This indicates that the use of the S-downstream baffle 

leads to the advantage over that of the S-upstream ones. 

This simulation can be applied in improving the thermal efficiency of heat exchangers as well as 

solar air baffled channel collectors and electronic packages.  
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