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characteristics of backward-facing step flow in a channel, three dimensional study of
backward-facing step with different baffle’s positions under Laminar forced
convection flow has been numerically investigated. The range of Reynolds number
(from 50 to 400) with water as working fluid have been considered in this study. The
governing equations represented by momentum, continuity, and energy equations
were solved by employing SIMPLE algorithm with Finite Volume Method to link the
velocity and pressure fields. The results revealed that the highest Nusselt number
grows near the wall, then transfers further downstream as the position of the baffle
moves in the direction of the streamwise. The skin friction increases as the distance
between the baffle and the inlet section decreases. Additionally, the maximum
Nusselt number and skin friction assigned at (d=40 mm distance of the baffle)
meanwhile the minimum Nusselt number and skin friction assigned at channel
without baffle. Comparing the results of the cases with or without the installation of
baffle, the maximum augmentation on average Nusselt number is about 213% at
(d=40 mm distance of the baffle).
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1. Introduction

The separation and reattachment considered one of the most effective methods to improve
the thermo-physical phenomena, such as heat transfer using backward-facing step, are employed
commonly in various engineering applications such as electrical machines [1-5]. Therefore, the flow
over backward facing step technique for heat transfer convection considered interest topics in
several investigations. The backward facing step technique is employed widely in much industrial
equipment like engines of gas turbine, aircraft and combustors [6-11]. It is noticeable that the flow
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separation and reattachment can change the structure of the flow and effect on the mechanism of
the heat transfer meanwhile effect on the equipment thermal performance [12-17].

In the past decades, several investigations on internal separation and reattachment flow have
been implemented experimentally and numerically [15, 18-22]. These studies support the benefit of
using backward facing step technique in different directions and covering several boundary
conditions with various baffles, ribs, and grooves [23-32].

The heat transfer by forced convective with constant wall heat flux, over a backward facing step
installation of baffle on the upper wall leads to enhance the heat transfer. Comparing the slotted
and solid baffles showed that solid baffle produces higher pressure drop and decrease in average
Nusselt number as compared to slotted baffle [33] . In 3D numerical investigation, indicated that
highest Nusselt number grows near the side walls [34]. Cheng and Tsay [33] studied numerically the
effect of the inclined baffle by comparing the result with the vertically orientated baffle under
forced convection heat transfer condition. Moreover, Heshmati et al., [35] studied the effect of
inclined baffle under mixed conviction. The results did not show any significant change in flow
structure but the reduction in the recirculation zone size. Meanwhile, state that the highest Nusselt
number assigned to the inclined baffle.

Selimefendigil and Oztop [36] studied the influence of baffle height, and compared the
pulsating flow condition with the steady-state flow condition at constant wall temperature. The
results revealed that with increase in fin height and Reynolds number the Nusselt number
increases, but the addition of a baffle is not beneficial for heat transfer in unsteady flow.

Very less attention is given to the effect of baffle in backward facing step, with different
distance between baffle and backward facing step when bottom wall is maintained at constant heat
flux. Therefore, the primary goal in the current investigation is to study the enhancement of heat
transfer and flow behaviour over backward facing step with installed baffle in the upper wall of the
channel. The objective of present study is to provide the answer to these questions and special
attention is given to control the fluid flow and heat transfer behavior with the help of baffle
location so that it can be used in much more effective ways.

2. Numerical Implementation

Three dimensional simulation of water with laminar flow under forced convection heat transfer
over backward-facing step in a rectangular channel has been investigated for four geometries with
and without a fixed baffle on the channel wall in upper side, and the schematic diagram of the
computational domain is illustrated in Figure 1. In the studied geometrical model, the channel has
upstream height (h= 10 mm), downstream height (H= 20 mm) and the width (W= 80 mm), while,
the backward-facing step height (S=10 mm) with an aspect ratio (AR = W/S = 8) and an expansion
ratio (ER= H/(H - S)= 2). The values of these dimensional parameters have been selected and
motivated based on the fact of the laser-Doppler measurement are obtainable for this model and
can be utilized for the validation of the flow simulation [18]. The technique of flow over backward-
facing step with installed baffle on the channel wall in the upper side with varied distance between
the backward-facing step and the baffle of (d; = 40, d,=70 and d3=100 mm) respectively as shown
in Figure 2. Moreover, the values of (D = d/H) which represent the normalized distance have been
adopted to be 1, 2.5 and 4, respectively, meanwhile the channel without baffle represented by the
normalized distance of (D = oo). The selection of the computational domain length and the
downstream of the sudden expansion as 20 mm and 500 mm respectively have been adopted to
confirm that the sudden expansion at the step in the channel dose not effect on the inlet section
flow, and the flow is fully developed at the outlet section. However, the increase of computational
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domain length was confirmed did not effect on the behavior flow domain in the backward-facing
step region. Furthermore, Table 1 illustrates the characteristic dimensions of the studied geometry
and the boundary conditions.

Fig. 1. Geometry description
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Fig. 2. Schematic diagram of the computational domain

In order to predict the numerical results, a 3D simulation of the flow and heat transfer of water
in coper channel is carried out for the considered cases using ANSYS FLUENT 15 CFD code [37]. The
numerical simulation of the thermal and the flow field has been implemented using finite volume
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method in order to solve the steady laminar three-dimensional Navier—Stokes and continuity
equation as well as the energy equations [34].

Continuity equation
9 9 d
o (pw) +5(PU) +—(pw) =0 (1)

Momentum equation
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Energy equation
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where the pressure is represented by (p), temperature (T), and (u, v, w) are the velocity
components of (x, y, and z) coordinate directions respectively. The thermophysical properties of
water are employed in the simulation and estimated at 27 °C inlet temperatures.

In the numerical results, the average Nusselt number is defined as follow.

Nu =2 (6)

The friction factor for tube with or without twisted tape can be calculated using pressure loss,
Ap, across the test length, L, using the following equations.

1Ap D

f= 3L o7 (7)
Table 1
Characteristic dimensions and boundary condition
Parameters Details Parameters Details
H 20mm d1i 40mm
H 10mm d2 70mm
hy 10mm d3 100mm
Wy, 10mm Reynolds Number 50-400
w 180mm Tin 27°C
L 40mm Constant Heat flux 10,000 w/m2
S 20mm Working fluid Water
Hydraulic diameter 16mm
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In the computational domain, the inlet boundary conditions are assumed with constant
temperature T, and constant flow velocity V;,. Furthermore, the solver with double precision is
adopted for accurate fining during the simulation. Moreover, in order to discretize the pressure
term the standard scheme is used. Meanwhile, to discretize the energy and momentum terms the
second-order upwind scheme is utilized and the SIMPLE algorithm is employed in order to switch
the link between the pressure and velocity field. In addition, some assumptions are considered to
simulate this problem such as; the effect of gravity is negligible, incompressible flow and
Newtonian fluid with constant physical properties.

3. Grid Independence Study

In order to guarantee the most suitable computational mesh grid and evaluate the effect of
using different mesh size on the results a grid independence study is carried out. In this study, four
different computational mesh grids are adopted, which are 50x60x150, 50x50x200, 50x60x200 and
50x60x300 at Re= 200. Furthermore, the results of the local Nusselt number were similar for all grid
densities with maximum deviation of 0.75% as it is clearly shown in Table2 and Figure 3. To obtain
the accurate result with consider the consuming time a domain grid of 50x60x200 was adopted.
Furthermore, the minimum convergence criterion for the velocity and continuity equation is 10®
and for energy equation is 108,

Table 2
Grid independence test results
Nods Average Nusselt Percentage Error (%)
number, Nu
50x60x150 4.59 3.64
50x50x200 4.63 2.16
50x60x200 4.72 0.81
50x60x300 4.03 12.4
20
18 - — (50x60x150)
.......... (50X50X200)
16 —=— Without baffle (50x60x200)
144 e (50x60x300)

10 11 12 13 14 15
X
Fig. 3. Grid independence test
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4. Results and Discussion

It is important to approve the results of the friction factor and Nusselt number for working
fluids with trusted references and experimental results. The validation for the simulation code was
achieved based on geometry and boundary conditions reported by Heshmati et al., [19]. The study
concentrate on numerical determination of mixed convection flow over backward facing step in
channel with rectangular cross section area to study influence of the slotted baffle on heat transfer
and fluid flow. The comparison for the Nusselt number and skin friction demonstrate a good

agreement as shown in Figure 4.

20

18
16 -

—s— Without baffle

------ A. Heshmati et al [19]

Skin friction
— - -— —-— -
A OO 00O O N A O @

—s— Without baffle

------ A. Heshmati et al [19]

(b)

Fig. 4. Code validation (a) Nusselt number, (b) Skin friction at

Re=100

Figure 5 clarify the distribution of local Nusselt number along the heated channel wall.
Furthermore, there is an increase of Nusselt number at the baffle position for all the geometries. It
can be observe that the plot trend effected by the baffle position and gets highest Nusselt number
at the location of the baffle due to the initiated secondary flow near the baffle region. After that,
there was a dramatic decline for all cases with baffle, The Nusselt number is then increased
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gradually to reach maximum rate close to the baffle wall. This is due to the presence of the
upturned flow coming from the swirling region and contacted the heated downstream wall which
formulae a swirling flow. It’s observed that the channel without baffle provides the lowest Nusselt
number in comparison with other geometry with baffle.

According to Figure 6 the average Nusslet number increase with increasing Reynolds number,
and the values of Nusslet number effected significantly by the baffle distance, where the highest
Nusselt number assigned to the baffle with (d=40). Moreover, the increase in Reynolds number

lead to increase the flow interruption and expand the fluctuation size and circulation region around

the baffle.
20
18 —=—Without baffle
16 A —=—Baffle at d=40mm
14 - ——Baffle at d=70mm
12 A —a—Baffle at d=100mm
> 10
8 m
6 -
4 -
2 -
0 . T T T

0 2 4 6 8 10 12 14 16 18 20 22 24
X

Fig. 5. Local Nusselt number of the channel with and without
baffle at Re=200
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16

Fig. 6.
baffle

—=—Without baffle

y —=—Baffle at d=40mm

——RBaffle at d=70mm

—a—Baffle at d=100mm

/

0 100 200 300 400 500
Re

Average Nusslet number of the channel with and without

Figure 7 shows the skin friction along the channel. It is clearly observed that, the use of the
baffle caused a significant skin friction around the baffle region. Nevertheless, the channel without
baffle provides a minimum skin friction compared with the geometry with baffle. It can be
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attributed to the effect of the initiated main and secondary flow around the baffle wall. However, it
can be concluded that lowest value is assigned to geometry without baffle meanwhile, the highest
skin friction coefficient is assigned to the baffle with (d=40 mm).

In this investigation four different geometries such as without baffle, with baffle of (d =40, 70
and 100), are numerically examined. The usage of the baffle on the upper wall side produces
secondary flow over the baffle and this lead to enhance the convective heat transfer near the wall.
The influence of the baffle distance from the backward facing step on the stream functions are
obviously illustrated in Figure 8. Moreover, main and secondary flows are accruing in the channel as
a result of baffle effect. Furthermore, It is can be seen that by using baffle with (d=40) provide
much uniform heat transfer compared with other geometries.

The streamlines in the laminar flow regime for different distance at (Re=200) are presented in
Figure 9. However, the size of the swirling region increases with using baffle and the flow at the
step edge separates and a swirling region is detected around the baffle. It is seen from the plots of
the streamline that the swirling region increases with the decrease of the distance (d). which can be
enhance the heat transfer rate because of growth of the recirculation [38].

—=—Without baffle
—=—Baffle at d=40mm
——Baffle at d=70mm
—s—Baffle at d=100mm

SKin friction
O =2 N W H OO O N 0 © O
1 o

0 2 4 6 8 10 12 14 16 18 20 22 24
X

Fig. 7. Local skin friction of the channel with and without

baffle at Re=200
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Fig. 8. Velocity contour for all studied geometry
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Fig. 9. Streamlines contour for all studied geometry
5. Conclusions

The numerical simulation outcome of 3D laminar forced convection flow over backward facing
step in channel has been adopted to study influence of a baffle position n the heat transfer and
fluid flow in this investigation. The range of Reynolds number (from 50 to 400) has been considered
in this study. The reason behind instillation of a baffle onto the upper wall leads to improve heat
transfer and provide high Nusselt number. The results revealed that the maximum Nusselt number
assigned at channel with baffle of (d= 40 mm) followed by (d=100) and (d=70 mm) meanwhile, the
minimum Nusselt number assigned at channel without baffle. The skin friction affected by the
baffle instillation and position, where the highest skin friction value assigned at channel with baffle
of (d= 40 mm) followed by (d=100) and (d=70 mm) meanwhile, the minimum skin friction assigned
at channel without baffle.
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