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Abstract
In the present work, the influence of inclined baffles and an elastic vibrating beam is investigated on the flow pattern 
and heat transfer rate in a rectangular channel. The cylinder with the elastic vibrating beam develops the vibrating flow. 
The computations are based on the finite element method (FEM); Galerkin least-squares scheme and Newton–Raphson 
iterative method are implemented to solve the governing equations. The fluid structure-interaction (FSI) method is used 
to analyze the elastic vibrating beam. The friction factor coefficient and Nusselt number are examined for the inclined 
and conventional baffles. The flow regime is assumed to be laminar for various baffle angles and Reynolds numbers. 
The vibrating beam is connected to the cylinder located in the channel entrance. Optimized cases with the maximum 
heat transfer and minimum friction factor are introduced. The novelty of this study is the simultaneous use of the elastic 
vibrating beam and inclined baffles in a rectangular channel. The results show that mounting an elastic vibrating beam 
on the cylinder leads the heat transfer rate to increase. The channel with an elastic vibrating beam and inclined baffles 
at 135° is the optimized case compared to other cases.
Article Highlights

•	 Take advantage of using an elastic vibrating beam in a 
rectangular channel.

•	 Influences of inclined baffles on thermal performance 
are examined numerically.

•	 The optimum case for the channel with inclined-baffles 
is reported.
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Abbreviations
BR	� The dimensionless ratio of baffle height to a chan-

nel (b/H)
d	� Cylinder diameter (m)
D	� Relative Nusselt number dimensionless ( Nuave

Nu0
)

Dh	� The hydraulic diameter of the rectangular channel 
(= 2H)

E	� Thermal performance dimensionless ( Nuave
Nu0

∕
(

f

f0

)
1

3

f	� Friction factor
H	� Channel height (m)
L	� Channel length (m)
b	� Baffle height (m
Nu	� Nusselt number
p	� Pressure (kPa)
Pr	� Prandtl number
Re	� Reynolds number ( �uDh∕�)
t	� Time (s)
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T	� Temperature (k)
u	� Velocity ( m s−1)

Greek symbols
�	� Prandtl number
�	� Dynamic viscosity
�	� Viscosity ( kg m

−3)

Subscripts
ave	� The average upper and lower walls of the channel
i, j	� The vectors of the reference coordinates axis
o	� The channel without baffle and vibrating beam
w	� Channel wall

1  Introduction

Baffles are mounted in channels to alter the thermo-flow 
pattern. Vortices enhance the convection heat transfer 
by a significant change in streamlines. Many methods 
are used to improve heat transfer in a channel, includ-
ing inclined baffles, porous baffles, and vibrating beam. 
Moreover, adding the baffles in channels causes a pressure 
drop. Optimized cases with maximum heat transfer rate 
and minimum pressure drop have been studied in many 
studies. Finding the optimized case is essential when the 
designer can not change its size and shape [1]. Inclined 
baffles are used in a 2D laser beam cutting machine[2].

Li et al. [3] investigated vibrating fluid flow around a 
smooth plane. They employed the control volume method 
and second-order scheme to solve the governing equa-
tions. Hu and Wang [4] introduced an approximate 
method to calculate the rubber plane’s force. Promvonge 
et  al. [5] investigated the effect of horse-shaped and 
inclined baffles experimentally. Wang et al. [6] investigated 
the effect of a porous baffle both experimentally and 
numerically on increasing heat transfer. The experimental 
results were obtained using the particle image velocime-
try (PIV) method. Their numerical solution was based on a 
finite volume method. Wen et al. [7] investigated the effect 
of ladder-shaped multilayered baffles in heat exchang-
ers both numerically and experimentally. The numerical 
research was based on a control volume solution and SIM-
PLE algorithm. The QUICK design was also employed with 
third-order accuracy for the discretization of the equa-
tions. Stelmach and Musoski [8] utilized PIV to investigate 
the flow inside a tank with four baffles. Promvonge et al. [9] 
investigated the effect of inclined rings on increasing heat 
transfer experimentally. The results indicated that those 
rings in the channel caused enhanced heat transfer and 
pressure drop.

Miranda et al. [10] studied the extent of forced con-
vection heat transfer using the finite volume method in 
a two-dimensional channel with 16 baffles. The SIMPLEC 

algorithm was used. They also utilized porous baffles 
to minimize pressure drop in the channel. The effect of 
dimensionless quantities, including Reynolds number, 
Darcy number, heat transfer coefficient, and pressure drop, 
was also investigated. The Reynolds numbers were 100, 
200, 300, and 400. They found that the average Nusselt 
number of baffles with no holes was higher than that of 
the porous baffles. This difference was obtained for the 
Reynolds number 100, while by increasing the Reynolds 
number, the difference also improved. Porous baffles had 
a better thermal performance in comparison with normal 
ones. Mousavi and Hooman [11] studied forced convection 
heat transfer in a channel with baffles. The SIMPLER algo-
rithm was used to link velocity and pressure equations. 
The linkage and discretization of diffusion and convection 
terms were performed by the power-law method. They 
examined the effect of Reynolds number, block ratio, and 
Prandtl number for different fluids in a laminar flow. They 
concluded that fluid with a larger Prandtl number caused 
improvement in Nusselt number value with the minimum 
pressure drop.

Siddiqui [12] experimentally and numerically studied 
the effect of forced convection heat transfer in a pipe with 
a circular section. The fluid velocity values were obtained 
using a digital PIV device. In the practical studies, a laser 
light source and a charge-coupled camera were employed. 
The numerical research was performed using the finite 
volume method and k − ω model. The SIMPLE algorithm 
was used to link the pressure and velocity equations. Dis-
cretization of the momentum equations was performed 
by the second-order upwind plan. The numerical and 
experimental results were compared and validated. They 
studied water fluid flow within the Reynolds range of 
5000 < Re < 20,000 in a tube with a constant temperature 
wall. They concluded that increasing the vertical baffle 
height leads to a significant increase in Nusselt number 
and pressure drop.

On the other hand, the Nusselt number value was 
independent of the baffle angle for inclined baffles. They 
concluded that pressure drop increased with the increas-
ing baffle angle. Overall, an increased Reynolds number 
caused an improvement in the Nusselt number.

Sripattanapipat and Promvonge [13] studied the prop-
erties of heat transfer and pressure drop in a channel with 
diamond-shaped baffles using the finite volume method. 
The SIMPLE algorithm was employed to solve velocity and 
pressure equations. Discretization of the governing equa-
tions was performed by QUICK design. The effect of the 
use of diamond-shaped baffles was examined in a channel 
with insulated walls. Reynolds numbers ranged between 
100 and 600. They concluded that using diamond-shaped 
baffles with an angle of 5° increased the heat transfer coef-
ficient by 6% compared to a flat baffle, whereas pressure 
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drop did not change. The larger angle of diamond-shaped 
baffles decreased the heat transfer coefficient.

Promvonge et al. [14] investigated forced heat trans-
fer in a baffled channel using the finite volume method. 
SIMPLE algorithm, QUICK discretization method, and a 
second-order upwind plan were used to solve the gov-
erning equations. The baffles were placed on the upper 
and lower walls of a channel along the same direction 
and angle. By analyzing the secondary flows, the effect 
of inclined baffles was examined on Nusselt number and 
friction factor. Reynolds numbers ranged between 100 
and 1000. The dimensionless parameter of the channel 
thermal performance ratio (E) was calculated for different 
states. Eventually, it was observed that inclined baffles had 
a better thermal performance compared to non-inclined 
baffles, where the optimal height of the baffle for the best 
thermal performance was 0.2

Pati et al. [15] studied forced convection heat transfer 
inside a wavy channel numerically. The wavelength of 
the walls influenced the dependence of the heat trans-
fer on the geometry. Mehta and Pati [16] examined the 
entropy-generation characteristics and thermo-hydraulic 
performance of a triangular corrugated channel for Reyn-
olds numbers 5–500. DeNayer et  al. [17] investigated 
the classic problem associated with a flow behind a cyl-
inder experimentally. They used an elastic plane behind 
the cylinder. Kalmbach and Breuer [18] investigated the 
developed vortexes experimentally using the FSI method. 
The experimental results were obtained using PIV. Turek 
and Hron [19] presented results associated with the FSI 
method related to incompressible flow around an elastic 
plane numerically. Sahin et al. [20] simulated and opti-
mized the design parameters in a heat sink with trapezoi-
dal baffles. The results showed that the Reynolds number 
was the most influential parameter on the heat transfer 
rate. The angle and the baffle width had a modest effect 
on the Nusselt number.

Mehta and Pati [21] did a numerical study for a wavy 
channel at different Prandtl numbers. Reynolds number, 
Prandtl number, and geometrical configuration of the 
channel strongly influenced the local thermal entropy 
generation distribution. Mehta and Pati [22] studied the 

thermal, hydraulic, and entropy generation characteristics 
of magneto-hydrodynamic pressure-driven flow of Al2O3-
water nanofluid in a wavy channel. They used Galerkin 
finite element method to solve the governing transport 
equations. The temperature and flow fields were inves-
tigated for different Reynolds numbers. Razavi et al. [23] 
studied incompressible laminar flow for a channel with 
and without baffles numerically. Inclined and perforated 
baffles were used in the channel to enhance the heat 
transfer rate.

In this study, simultaneous use of an elastic beam and 
inclined baffles are studied, which is the novelty of this 
work. Using a cylinder and elastic vibrating beam in a 
rectangular channel with inclined baffles has been exam-
ined. The FSI method based on the finite element method 
is implemented. The velocity and temperature fields are 
solved by the Galerkin scheme and the Newton–Raph-
son method. The impact of some parameter variations, 
including baffle angle, baffle height, and Reynolds num-
ber on the thermal performance ratio, the friction factor, 
and the flow pattern, is investigated. Given the results of 
this study, the channel with inclined baffles at 135° and an 
elastic vibrating beam is the best case to enhance the heat 
transfer rate in a rectangular channel.

2 � Statement of the problem

Two baffles have been placed in the channel, which has 
been investigated across different sizes and angles. Airflow 
is considered as the working fluid. The baffles have been 
examined in inclined and simple cases. Figure 1 demon-
strates the overall schema of the channel.

Baffles are placed inside the channel. A solid cylinder 
and an elastic vibrating beam enhance the heat transfer 
rate (Fig. 1).

2.1 � The governing equations

The Equations of continuity, momentum, and energy 
obtained for an incompressible fluid as follows:

Fig. 1   Overall schema of the channel with an elastic vibrating beam and inclined baffles



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2021) 3:578 | https://doi.org/10.1007/s42452-021-04568-7

FEM method is utilized to solve the governing Equa-
tions. Galerkin least-squares and Newton–Raphson iterative 
method have also been employed. A convergence analysis 
is also performed to find the minimum grid numbers (Fig. 2). 
Finally, 22,236 s-order elements and unstructured grids have 
been used to grid the model, as shown in Fig. 3.

FSI method calculates quantities at the boundary 
between the fluid and structure in cases where the cylinder 
and vibrating beam are at the inlet of the channel. The Euler-
Lagrangian method is utilized to combine the Equations 
associated with the fluid and structure. The force exerted to 
the middle layer and associated with the structure is calcu-
lated by Eq. 4 as follows:
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where F represents the force exerted to the fluid–structure 
boundary, n denotes the normal vector on the boundary 
outwards, and I  is the unit matrix. In this paper, the FSI 
solution method is used based on the method presented 
by Turek and Hron [19] as well as Razzaq et al. [24].

For the cases where a cylinder and a vibrating beam 
have been used at the channel inlet, the fluid-structure 
interaction solution method is implemented to calculate 
quantities at the boundary between the fluid and struc-
ture. The Euler-Lagrangian method is utilized to combine 
the equations associated with the fluid and structure. The 
force exerted on the middle layer and associated with the 
structure is calculated as follows:

where F represents the force on the fluid-structure bound-
ary, n denotes the normal vector on the boundary out-
wards, and I is the unit matrix.

2.2 � Initial and boundary conditions

•	 The inlet of the channel has the conditions of parabolic 
velocity and constant temperature.

•	 The channel walls and baffles have non-slip and con-
stant temperature conditions.

•	 The condition of the constant pressure of zero is con-
sidered in the outlet of the channel. In the cases where 
the cylinder and vibrating beam are used, the cylinder 
wall has the non-slip and thermal insulator conditions.

•	 The part of the vibrating beam connected to the cylin-
der has a fixed constraint.

•	 The channel’s inlet temperature is 300 K, while the tem-
perature of the channel is 325 K.

•	 The thickness and length of the elastic vibrating beam 
are 0.25 mm and 10 mm, respectively. The diameter of 
the cylinder is 4 mm.

•	 Reynolds number varies between 100 and 600.
•	 The height of the channel (H) is 10 mm, and the baffle 

width is 0.02H.
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Fig. 2   Mesh convergence diagram, Re = 200, S = 0.2, BR = 0.4, θ = 90°

Fig. 3   Computational domain for the channel with a cylinder, an elastic beam, and two baffles (S = 0.2, BR = h/H = 0.4, θ = 90°)
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3 � Results and discussion

Figures 4 and  5 validate the results associated with the 
Nusselt number and friction coefficient. The validation 
result is compared with Bergman and Incropera [25]. 
Accordingly, the results of the solution method have been 
confirmed.

3.1 � Inclined baffles

Figures 6 and  7 demonstrate the effect of the dimension-
less ratio of baffle height (BR = h/H) on friction coefficient 
and Nusselt number. Based on these two figures, it is clear 
that with the increased BR, friction coefficient and relative 
Nussselt number increase. f0 is the friction coefficient of a 
baffle-free channel, D represents the relative Nusselt num-
ber ( D =

Nuave

Nu0
 ), Nuave shows the average Nusselt number 

of the upper and lower walls, and Nu0 denotes the Nusselt 
number associated with the baffle-free channel.

The 45° and 135° baffles increased the area between 
the fluid and the wall compared to a 90° baffle; therefore, 

45° and 135° baffles improve the heat transfer. At BR = 0.2, 
increasing baffle angle has a slight effect on the Nusselt 
number. Due to the low height of the baffle, the vortexes 
that develop behind them are small, and a small area of 
the wall will be close to the vortex. Therefore, the tempera-
ture gradient increases in a smaller zone, and the Nusselt 
number will have less dependency on a low-height baf-
fle. By increasing the low-height baffle angle, the size of 
vortexes undergoes a slight change, and thus the value of 
the relative Nusselt number changes very slightly. When 
the height ratio is BR = 0.4 and 0.6, increasing baffle angle 
causes a significant change in vortex power; thereby, it 
changes the local Nusselt number on the walls. Further, 
with increasing vortexes, the friction coefficient also 
changes.

The rotational flows behind the baffles grow by increas-
ing Reynolds number. As a result, pressure drop and heat 
transfer increase; this is based on some definite reasons, 
and the most important of which is that the higher the 
velocity gradients, the more easily convection heat trans-
fer occurs. Increasing the Reynolds number leads to more 

Fig. 4   Validation of the results associated with Nusselt number 
obtained for present work with that Bergman and Incropera [25]

Fig. 5   Validation of the results related to friction coefficient 
obtained for present work with that Bergman and Incropera [25]

Fig. 6   The relative friction coefficient versus Reynolds number in 
the channel with simple baffle and different BRs (BR = 0.2, 0.4, and 
0.6, θ = 90°)

Fig. 7   Comparison of relative Nusselt number versus Reyn-
olds number in the channel with simple baffle and different BRs 
(BR = h/H = 0.2, 0.4, and 0.6, θ = 90°)



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2021) 3:578 | https://doi.org/10.1007/s42452-021-04568-7

velocity gradient improvement along the channel. At 
BR = 0.6 and Reynolds number 600, a leap occurs in fric-
tion coefficient and Nusselt number due to the beginning 
of the transition from laminar flow to turbulent flow. As the 
fluid velocity begins to fluctuate, momentum exchanges, 
and the heat transfer grows. When the dimensionless ratio 
of baffle height to a channel height (BR = h/H) is maximum 
(BR = 0.6), the turbulence flow occurs more rapidly than 
baffles with a lower BR (BR = 0.2, 0.4).

3.2 � Investigation of the thermal performance ratio

The thermal performance ratio is defined to investi-
gate the changes in Nusselt number and friction factor 
simultanously[6]:

Figures 8 and  9 reveal the thermal performance ratio 
for inclined baffles at different angles. The channel with 
an inclined baffle of 135° and BR = 0.6 has the best thermal 
performance than other baffles. The best thermal perfor-
mance happens when the Nusselt number is maximum 
while the pressure drop is minimum. As Figs. 8 and  9, it is 
observed that inclined baffles have better performance in 
high Reynolds numbers.

Figure 8 presents that increasing Reynolds number 
leads to a significant change in thermal performance. At 
baffle angle 135°, a slight increase appears in Rey = 200, 
continues with a sharp rise at Rey = 300, reaching E = 1.14. 
The thermal performance improves at Re = 500, and it 
experiences a dramatic jump at Rey = 600, peaking at 
E = 1.47. Turning to the detail of.

(6)E =

Nuave

Nu0

(

f

f0

)
1

3

θ = 90°, thermal efficiency improves from Rey = 100 to 
Rey = 400. It remains unchanged at E = 1.10. The thermal 
efficiency of cases with θ = 45° increases in all Reynolds 
numbers, and it exceeds the cases of 90°.

It is clear from Fig. 8 that the case with a baffle angle of 
135° has the best performance among other cases.

Figure 9 has the same trend as Fig. 8. Although Fig. 9 
has a smaller height than Fig. 8, the best case is the same 
as in Fig. 8, at 135°.

3.3 � Elastic vibrating beam

Using an elastic vibrating beam behind a cylinder causes 
the development of unsteady flow. This unsteady flow 
behind the cylinder causes vibrating motion of the vibrat-
ing elastic beam attached to the cylinder, which in turn 
causes further fluctuation of flow downstream of the chan-
nel [26]. The vibration of the flow and using inclined baf-
fles affect vortexes behind the baffles. Figure 10 shows the 
velocity field and streamlines downstream of the channel 
for five different time steps. Using the vibrating beam in 
this study increases the average heat transfer rate on the 
channel wall.

Figure 11 presents the effect of different baffle angles 
on streamlines in a channel at Re = 600 and BR = 0.6, in 
which two baffles are mounted vertically on the wall. Fig-
ure 11a shows the streamlines for θ = 135°, and Figs. 11b 
and 11c show the streamlines for the angle of 45° and 90°, 
respectively. Given the results of Figs. 8 and  9, the case 
with θ = 135° is the best case. The area between the flow 
and the wall in case θ = 135° is the largest compared to 
θ = 45°, 90°. It has the best heat transfer rate because the 
vortex located near the top baffle with θ = 135° is smaller 
than other cases. Shown in Fig. 12 is the comparison of 
cases with and without an elastic vibrating beam.

Fig. 8   Comparison of the thermal performance ratio versus Reyn-
olds number in the channel with baffles and different BRs (BR = 0.6, 
θ = 45°, 90°, and 135°)

Fig. 9   Comparison of the thermal performance ratio versus Reyn-
olds number in the channel with vibrating elastic beam and 
inclined baffles (BR = h/H = 0.4, θ = 45°, 90°, and 135°)
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Figure 12 shows the results of the channel with 135° 
inclined baffles, a cylinder, and a vibrating beam. Using 
the vibrating beam causes instability in the flow; thus, the 
results have been reported as a mean value within a flow 
fluctuation period.

Based on Fig. 11, it is observed that the vibrating beam 
increases the heat transfer rate on the channel walls and 
also improves the average Nusselt number. Figure  13 
shows the displacement of the tip of the elastic beam.

As shown in Fig. 13, the y-displacement of the tip of 
the elastic beam varies between 2 mm and −2 mm, while 

the maximum is 2 mm. Shown in Fig. 14 is the comparison 
between the model of the present work and the work of 
Razavi et al. [23]. It can be seen that the channel with a 
vibrating beam and baffles at θ = 90° performs better in 
terms of the thermal performance ratio than the model 

Fig. 10   Velocity field (m/s) and streamlines downstream of the 
channel for five different time steps for the best case

Fig. 11   Influence of inclination of baffles on the streamlines in 
three angles at BR = 0.6, Re = 600 (Fig. 11a: θ = 135°, Fig. 11b:θ = 45°, 
Fig. 11c = 90°)

Fig. 12   Comparison of relative Nusselt number versus Reynolds 
number for the channel with and without elastic vibrating beam 
(BR = 0.6, θ = 135°)

Fig. 13   Tip displacement of the elastic beam in the x and y direc-
tions

Fig. 14   Comparison of the thermal performance ratio between the 
present work and [23] (BR = h/H = 0.4, θ = 90°)
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without a vibrating beam. Results from Fig. 14 indicate 
that using a vibrating beam can enhance the thermal effi-
ciency of the channel for Reynolds numbers between 100 
and 600.

4 � Conclusion

In this study, simultaneous use of an elastic vibrating beam 
and two inclined baffles are investigated numerically. 
Two-dimensional incompressible laminar flow in different 
angles, Reynolds numbers, and baffle heights is studied. 
An elastic vibrating beam causes primary vortices and 
increases the heat transfer rate. The thermal performance 
experiences a sharp rise when the height or the Reynolds 
number improves.

Using inclined baffles instead of conventional baffles 
causes better thermal performance only at BR = 0.6. In 
some cases, inclined baffles decrease the thermal perfor-
mance. Therefore The application of baffles in channels 
will have some limitations. The channel with inclined baf-
fles at 135° is the best case in which an elastic vibrating 
beam and a cylinder are at the inlet. At E > 1, the thermal 
performance improves in comparison with the baffle-free 
channel. If E < 1, then using inclined baffles decreases the 
thermal performance. The relative Nusselt number has a 
direct relationship with the Reynolds number in all cases, 
which has an elastic vibrating beam.

Using a vibrating beam to enhance the heat transfer 
rate of a channel has limitations based on the location of 
the vibrating beam. The suitable location for the vibrat-
ing beam is near the inlet of the channel in which there 
are not any baffles. In future works, It is recommended to 
investigate the effect of using a vibrating beam for higher 
Reynolds numbers than 600.
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