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Abstract
In this paper, incompressible thermo-flow is simulated for a channel and with and without baffles. A baffle is connected 
to the channel from different angles. The effect of perforated inclined baffles on the flow pattern and heat transfer in a 
channel investigated. The computations are based on the finite element method, Galerkin scheme, and Newton–Raph-
son iterative method have been implemented. The flow regime was assumed to be laminar. Results show that the use of 
perforated baffles leads to an increase in the Nusselt number and minimized friction factor in comparison to the plain 
ones. The numerical results are compared with the available solutions in the literature. The defined efficiency of the 
baffle is obtained for various baffle types, baffle’s angle, Reynolds number, and baffle’s ratios. The optimum angle of the 
baffle inclinations was obtained. It was found that perforated baffles demonstrate show superior performance when 
compared with plain counterparts. Also, there is local heat transfer enhancement at the downstream of the stepped 
baffle caused by the impinging effect of flow, which is even more significant when baffle height becomes higher or the 
Reynolds number elevates. Obtained results show that a 135° perforated baffle is a better choice as it enhances the heat 
transfer with a minimal friction factor.
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List of symbols
BR  Blockage ratio (b/H = 0.6)
b  Baffle height (m)
bt  Hole height (= 0.05H)
Dh  The hydraulic diameter of channel (= 2H)
f  Friction factor
H  Channel height (m)
h  Convective heat transfer coefficient (W m−2 K−1)
k  Thermal conductivity (W m−1 K−1)
L  Baffle length (m)
Nu  Nusselt number
p  Pressure (Pa)
Pr  Prandtl number
q  Heat flux (W m−2)
Re  Reynolds number 

(

𝜌ŪDh

𝜇

)

s  Baffle distance or spacing (m)

S  Spacing ratio (s/H)
T  Temperature (K)
ui  Velocity in xi-direction (m s−1)
ū  Mean velocity of the channel (m s−1)
w  Baffle width (= 0.02H)

Greek symbols
μ  Dynamic viscosity (kg s−1 m−1)
Γ  Thermal diffusivity
Φ  Baffle inclination angle (°)
ρ  Density (kg m−3)

Subscripts
i, j  Refers coordinate direction vectors in the inlet
0  Smooth channel
pe  Perforated baffle
pl  Plain baffle
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ra  Ratio
w  Wall

1 Introduction

Baffles are used for heat transfer enhancement in the chan-
nels. Mounting of baffles in the channels alters the thermo-
flow behavior by inducing vortices. These vortices rise the 
heat transfer caused by a sudden change in geometry. Up 
to now, many heat transfer augmentation techniques have 
been utilized, such as perforated, inclined, and porous baf-
fles, where most of them are based on the baffle configu-
ration. However, mounting the baffles in channels leads 
to pressure drop. Achieving the minimized pressure drop 
along with elevated heat transfer has been the purpose 
of many kinds of research. Baffle spacing, angle of attack, 
and height have been found to be effective parameters to 
achieve high performance in thermal systems.

Armaly et  al. [1] conducted experiments using LDV 
(Laser Doppler Velocimetry). They also included numeri-
cal predictions of backward-facing step flow by hybrid 
central-upwind-differencing embodied in TEACH code. 
The velocity distribution and reattachment length were 
obtained. Cheng and Huang [2] studied the effect of baf-
fles in laminar forced convection in a horizontal channel 
by finite difference method and SIMPLE algorithm. They 
used the power-law scheme for the treatment of convec-
tion terms. Experimental investigation of Prashanta and 
Sandip [3] on size, perforation, and orientation of baffles 
was checked out to increase the heat transfer. They cal-
culated friction factor and Nusselt number by using ther-
mocouples and pressure taps. Lopez et al. [4] investigated 
laminar forced heat transfer in a three-dimensional chan-
nel with baffles at laminar flow with the SIMPLER algo-
rithm and the power-law scheme. Miranda and Anand [5] 
studied the effect of solid and porous baffles by the con-
trol volume method and SIMPLEC algorithm. They linked 
convection and diffusion terms by the power-law scheme. 
It was found that the porous baffles have a better heat 
transfer rate at larger baffle spacing. Mousavi and Hooman 
[6] studied the heat transfer in the entrance region with 
large baffles in the laminar regime by the SIMPLER algo-
rithm. The convection and diffusion terms have been 
linked by the power-law method. They reported that the 
Prandtl number affects the precise location of the periodi-
cally fully developed region. Nasiruddin and Siddiqui [7] 
studied heat transfer enhancement in a heat exchanger 
tube by installing a baffle. The effect of baffle size and ori-
entation on the heat transfer was studied in detail by the 
SIMPLE algorithm. The second-order upwind scheme was 
used to calculate the derivatives of the flow variables. The 
governing equations were solved by an implicit iterative 

scheme. They reported that a significant heat transfer 
enhancement in a heat exchanger tube could be achieved 
by introducing an inclined baffle into the flow. Sripat-
tanapipat and Promvonge [8] studied a two-dimensional 
channel with a staggered diamond-shaped baffle by the 
QUICK scheme and SIMPLE algorithm. Promvonge et al. 
[9] numerically studied the effect of the 45-angled baffle 
to examine laminar flow and heat transfer characteristics 
in a square channel. The governing equations were dis-
cretized by the second-order upwind differencing scheme 
and coupling with the SIMPLE algorithm. Gajusingh et al. 
[10] investigated the impact of a rectangular baffle inside 
a square channel using particle image velocimetry. Huang 
et al. [11] conducted an experimental investigation on the 
effects of the perforated baffle on heat transfer character-
istics. They measured the variations of heat transfer coef-
ficient at various Reynolds numbers by the transient liquid 
crystal method. Chompookham et al. [12] experimentally 
studied the effect of combined wedge ribs and winglet 
type vortex generators on heat transfer and friction factor 
behavior for turbulent airflow through a rectangular chan-
nel. They calculated friction factor and Nusselt number by 
using twelve thermocouples and two static pressure taps.

Benzenine et  al. [13] simulated three-dimensional 
laminar convection in a rectangular channel with baf-
fle attached to its lower wall numerically. The SIMPLE 
scheme is used in a finite volume method. Adibi et al. [14, 
15] worked on mixed convection on the closed domain. 
A characteristic-based scheme was used for numerical 
simulations. Nusselt number was obtained in different 
conditions.

In this paper, a finite element model is used for incom-
pressible laminar flows past two perforated inclined baf-
fles. The velocity and temperature fields are solved by 
the Galerkin scheme and the Newton–Raphson method. 
Results showed that the solid baffle improves heat transfer 
and the use of a perforated baffle attached to the same 
position enhances heat transfer more.

• Meni et al. [16] simulated airflow in a channel with and 
without baffles numerically. FLUENT software was used 
for numerical simulation. Flat and s-shape baffles were 
considered in this work. Sahin et al. [17] Simulated flow 
in a heat sink with hollow trapezoidal baffles. Results 
showed that the most effective parameter on heat 
transfer is Reynolds number and baffle width and corner 
angle insignificant effect on Nusselt number. Foukrach 
and Ameur [18] studied the impact of the shape of the 
baffle on the flow characteristics numerically. The incom-
pressible turbulent flow was simulated, and the optimum 
baffles were obtained. Shiriny et al. [19] studied incom-
pressible nano-fluid flow numerically. Baffles were used 
in the channel to enhance the heat transfer rate.
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The present work aims to investigate and analyze the 
impact of several parameters variations (such as baffle 
tilt angle, perforation) on the Nusselt number, the fric-
tion factor, and the flow pattern. The computations have 
been run by Galerkin finite element method along with 
the Newton–Raphson iterative approach.

2  Mathematical foundation and boundary 
conditions

For incompressible steady flow, the governing equa-
tions can be written as:

The local Nusselt number and friction factor are cal-
culated as:

The governing equations are solved by Finite element 
method. This method is the most generally used scheme 
for solving problems of engineering and mathematical 
models. Typical problem areas of interest include the 
traditional fields of structural analysis, heat transfer, 
fluid flow. The finite element method formulation lastly 
gets to a system of algebraic equations. By employing 
the Galerkin weighted residual approach, Eq. (1) take 
the form of non-linear assembled integral matrix equa-
tions. There is a standard procedure in evaluating the 
above integrations, which is mentioned by Taylor and 
Hughes. The resultant non-linear matrix equations 
are solved by a Newton–Raphson iterative process. At 
first, the velocity and pressure domains were obtained 
numerically. Since the solution of the energy equation 
depends on the velocity field, after getting this field, the 
energy equation was solved. The finite element pair for 
velocity and pressure LBB checked, and it was stable. 
Since our problem is convection dominated, the applied 
scheme (upwind-based) was stable. For achieving grid 
independence, the numerical tests have been carried 
out for different grids, as shown in Fig. 1.

(1)

�

�xi

(

�ui
)

= 0

�

�xj

(

�uiuj
)

= −
�p

�xi
+

�

�xj

[

μ

(

�ui

�xj
+

�uj

�xi

)]

�

�xj

(

�uiT
)

=
�

�xj

(

μ

Pr

�T

�xj

)

(2)Nu =
hxDh

k
, hx =

qw

Tw − Tm
, Tm =

∫ H
0
uTdy

∫ H
0
udy

; f =
Δp

(

Dh

)

0.5L𝜌
(

Ū
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3  Numerical results and discussion

The variation of Nusselt number is shown in Fig. 2 for 
different grids. The difference in the Nusselt number and 
friction factor between the grid with 20,236 and 28,577 
elements is negligible, hence the grid with 20,236 ele-
ments was adopted. The computational domain and 
boundaries are shown in Fig. 3. Air passing two-dimen-
sional channel with a height of 20 cm and a length of 
1 cm. At the inlet, a parabolic velocity profile was speci-
fied; while a uniform temperature Tin = 300 was assumed. 
The constant temperature of the bottom and upper 
wall is Tw = 375. At the walls, the no-slip condition was 

applied. The computational domain was chosen large 
enough to eliminate end effects. The  bt is the hole height 
(shown in Fig. 3), and its value is 0.05H.

The Nusselt numbers and friction factor are validated 
using the results of shah [20] for a rectangular-channel 
without baffle. The results are found to be in a good 
agreement for the plained channel with that of Shah 
[20], as shown in Figs. 4 and 5.

Figure 6 shows streamlines for the channel with two 
plain or perforated baffles vertically mounted on the 
channel wall with BR = 0.6 and Re = 100. Streamlines for 
the channel with two plain baffles are shown in Fig. 6a, 
b indicates the effect of the baffle orientation on the 
streamlines. The streamlines of Fig. 6b shows how the 
perforated baffle can change the recirculation zone in 
comparison with plain ones. In all cases, strong vortices 
are observed between two baffles and downstream of 
the second baffle. The height of the vortex between two 
baffles was nearly equal to the first baffle height. This 
recirculation zone is compressed by the upper baffle 
when the baffle rotated 45° towards the channel inlet, 
the reattachment point downstream of the top baffle 
moves upstream. In Fig. 6c the hole in the baffle leads 

Fig. 1  A part of the computational domain with unstructured grids 
for baffles and channel S = 0.2, BR = 0.6, ɸ = 45°
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to a reduction in the deflection of streamlines. In Fig. 6a, 
b, the second vortices appear. The inclined baffles cause 
second vortices downstream of the baffles. The circu-
lation created by second vortices increases the friction 
factor and heat transfer rate.

The ratios of mean friction factor for the channel with-
out baffle and with baffle 

(

f

f0

)

 at different Reynolds num-

bers and baffle angles are shown in Fig. 7. The increment 
of f

f0
 leads to Reynolds number rise. The f

f0
 for plain baffle 

is more than perforated baffle at different baffle angles.
The ratios of mean friction factor for the channel with-

out baffle and with baffle ( f
f0

 ) at different Reynolds num-

bers and BRs are shown in Figs. 7 and 8. The f
f0

 for plain 

Fig. 2  Variation of Nusselt 
number for different grid sizes 
at Re = 100

Fig. 3  Configuration of perforated inclined baffles and channel geometry
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baffle is more than perforated baffle at different Reynolds 
numbers. The f

f0
 increases when BR increases.

A change in the local Nusselt number will alter the tem-
perature field. Figure 9 presents the variations of the local 
Nusselt number at the bottom wall for some inclination 
of plain baffles (BR = 0.6, S = 2). This figure shows that the 
downstream vortices make a significant effect on the local 
Nusselt number because they mix the fluid between the 
wall and the middle region. Between the channel inlet and 
the first baffle, the local Nusselt number decreases with 
low slop, when it reaches the vicinity of the first baffle. 
Figure 9 shows that the peak values of the Nusselt number 
in varying inclination angles located nearly at the same 
place because the vortices occur there. This figure shows 
that the existence of a vortex could enhance the Nusselt 
number. Variation of Nusselt number for the down wall at 

Fig. 6  Effects of baffle inclination (with or without hole) on the 
streamlines at Re = 100, S = 2, BR = 0.6 a plain baffle, b 135° baffle 
orientation, c 135° perforated baffle

Fig. 7  f
f0

 for plain and perfo-
rated baffles at different baffles 
angles and BR = 0.4

Fig. 8  f
f0

 for plain and perfo-
rated baffles at different BRs 
and ɸ = 45
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perforated baffles is shown in Fig. 10. This curve has differ-
ent extremums. In other words, the change of the Nusselt 
number in this situation is complicated. Various param-
eters such as baffles location, affect the Nusselt number.

Comparison of mean Nusselt number ( Nu ) for perfo-
rated and plain baffles are shown in Figs. 11 and 12. The 
Nu increases when Reynolds number rises.

The Nu and f̄  are considered essential factors in chan-
nels; therefore, the efficiency of baffles is defined to be 
� =

Nu∕Nu�

(f∕f �)
�∕�

 which resembles a kind of Reynolds analogy.

The efficiency is calculated for different baffles, baf-
fle angle, Reynolds number, and BRs. The estimated 
efficiency is shown in Fig. 13. When efficiency is lower 
than 1, using the baffle is not appropriate. As observed 
in Fig. 13, the efficiency takes more than one in most 

cases. The efficiency elevates when Reynolds number 
increases. As a result, using baffles at high Reynolds 
numbers looks more economical. The efficiency of per-
forated baffles is more than that of plain baffles in most 
cases. The maximum efficiency happens for ɸ = 135°.

According to the obtained results, the below correla-
tion is proposed to calculate the efficiency in different 
conditions. The efficiency is the function of the Reynolds 
number and the baffle angle.

Two validations are done for the pure channel in 
this paper. For more certainty, our results for the chan-
nel with a baffle are compared with that of Cheng and 
Huang [2] in Fig. 14.

(3)
�pl = 0.0005Re + 0.001� + 0.8

�pe = 0.0008Re + 0.001� + 0.8

Fig. 9  Distributions of local 
Nusselt numbers for plain baf-
fles at different baffle angles, 
BR = 0.6, and Re = 100

Fig. 10  Distributions of local 
Nusselt numbers for perfo-
rated baffles at different baffle 
angles, BR = 0.6, and Re = 100



Vol.:(0123456789)

SN Applied Sciences (2020) 2:284 | https://doi.org/10.1007/s42452-020-2078-8 Research Article

4  Concluding remarks

In this paper, two-dimensional incompressible flow 
between bare channel and channels with plain and per-
forated baffles are simulated numerically. Baffles were 
used with different angles. Simulation has been done 
for various Reynolds numbers. For all the cases consid-
ered here, the Nusselt number for the 135° perforated 

baffles were found to be higher than those for other baf-
fle angles. The primary vortices created by the baffles 
induce impingement flows on the sidewall and wall in 
the baffle cavity leading to an increase in heat transfer. 
There is local heat transfer enhancement at the down-
stream of the stepped baffle caused by the impinging 
effect of flow, which is even more significant when 
baffle height becomes higher or the Reynolds number 

Fig. 11  Comparison of mean 
Nusselt number at the down 
wall for perforated and plain 
baffles

Fig. 12  Comparison of mean 
Nusselt number at up wall for 
perforated and plain baffles
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elevates. The results also suggest that a 135° perforated 
baffle is a better choice as it enhances the heat transfer 
with a minimal friction factor. The efficiency grows when 
the Reynolds number goes up.
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