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Abstract. Flows over a backward-facing step (BFS) make up a branch of fluid mechanics in which many characteristics
of flows are investigated. In this work, a Computational Fluid Dynamics (CFD) analysis of the flow over a BFS with
expansion ratio of 1.94 is presented. The flow equations are the set of incompressible Navier-Stokes equations, whose
pressure is given by the Poisson equation. The numerical solution is obtained by the simplified Runge-Kutta method with
three steps, and the equations are discretized by the centered finite difference scheme. A grid independence analysis is
done for four different grid sizes, and it is observed that the optimal grid condition is for 300x25 points. Numerical
results are given for five Reynolds numbers (50, 100, 200, 500, and 800), which are compared with literature data through
longitudinal velocity profiles in two different sections of the duct. The results of this work showed good agreement with
the literature data.
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1. INTRODUCTION

Flows over a Backward-Facing Step (BFS) have been widely studied recently for their applications in engineering
problems, characterizing a geometric domain similar to that of these problems have (Montazer et al., 2018). Therefore,
despite their simple geometry, flows in BFS serve as prototypes to investigate flow characteristics such as flow stabiliza-
tion, shear layer, recirculation zone, boundary layer separation, and mixing pattern (Liakos and Malamataris, 2015).

For example, literature results have shown that the heat transfer effects are most effective in the recirculation zone
(Chen et al., 2018), so a significant change in this region can alter the effectiveness of this process. Also, in the combustion
process resulting from the injection of nanoparticles into a base fuel, an efficient mixing of the reagents is necessary (Nong
et al., 2020). Thus, the characteristics of the flow mixing pattern are of paramount importance for combustion efficiency.
Furthermore, in the transport of heavy oils through pipelines (Zambrano et al., 2017), a well-developed flow is required
in the shear layer to maintain a good velocity intensity in this region.

For this reason, this work develops a mathematical-computational model to investigate the flow properties in a BFS
whose expansion ratio (ER) is given by ER = 1.94. As the Reynolds number directly influences the disturbances in the
flow, simulations are performed for five values of this number: 50, 100, 200, 500, and 800.

2. MATHEMATICAL MODELING

2.1 Backward-Facing Step Geometry

Figure 1 shows the geometric domain which is subject of study in this work.
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Figure 1. BFS geometry of this work.
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Such geometry is called backward-facing step (BFS), where the parameters shown in the figure, with their proportions,
were taken according to the work of (Silva and Coutinho, 2015).

The key parameter of this geometry is the value L, from which all other dimensions are taken. It represents the length
of the step and the height of the duct. The height of the step is given by H = 0.516 and the distance from the step to
the end of the duct is given by 12L. In the present study, L = 1.0 is established, so the relation ER = L

H , called the
expansion ratio, results in ER = 1.94.

2.2 Flow Equations

The model, dimensionless for incompressible fluids, consists of the Navier-Stokes equations to obtain the numerical
simulation of the flow, which is composed of the continuity and momentum equations:

∇⃗ · u⃗ = 0 , (1)

∂u⃗

∂t
+ u⃗∇⃗u⃗ = −∇⃗p+

1

Re
∇⃗2u⃗ , (2)

where Re is the Reynolds number, a dimensionless number given by Re =
ρV L

µ
.

The pressure equation was obtained according to the work of Beleza (2003), achieving a form of the Poisson equation,
which is given by:
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+ 2
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where D =
∂u

∂x
+

∂v

∂y
.

Finally, the vorticity relation obtained from the model is given according to Pritchard (2011):

ω =
∂v

∂x
− ∂u

∂y
. (4)

2.3 Initial and Boundary Conditions

Constant velocity in the x direction and atmospheric pressure are provided for the initial condition, according to the
work of Silva and Coutinho (2015), that is,

u(t0) = 1.0 m/s ; (5)

v(t0) = 0.0 m/s ; (6)

p(t0) = p0 = 105 Pa . (7)

The boundary conditions are parabolic velocity at the entrance to the duct, according to Silva and Coutinho (2015).
Non-slip conditions were imposed for the walls and Neumann conditions for the exit. For pressure, extrapolations were
prescribed at all boundaries, except for the fluid outlet. Figure 2 summarizes all the boundary conditions of this work.
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Figure 2. Boundary conditions for the BFS flow.
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3. NUMERICAL SOLUTION PROCEDURE

The numerical procedure applied to the problem studied in this article is illustrated by the flowchart shown in Fig. 3.

Figure 3. Flowchart of the numerical procedure of this work.

The computational mesh was of the structured type, containing 300 × 25 points, that is 7,500 nodes in total, as can
be seen in Fig. 4. Refinement in the y-direction is given near the bottom of the domain. This is done because this is the
region of greatest interest since the recirculation zone is located there.

Figure 4. Computational mesh - 300× 25 points.

The first and second order partial derivatives for the spatial variable were discretized by the centered Finite Difference
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Method (Ferziger et al., 2002). For example, for the partial derivatives in x, of an arbitrary variable f , we have:(
∂f

∂x

)(n)

i,j,k

=
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(n)
i+1,j,k − f

(n)
i−1,j,k

2∆x
+O(∆x2) , (8)
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(n)
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∆x2
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where ∆x, ∆t and O(∆x2) represents, respectively, the spatial increment in x, the time step and the truncation error.
The numerical method used to obtain the solution of the system of equations was the Simplified Runge-Kutta Method

(De Bortoli et al., 2015). For a system ∂W⃗
∂t = R⃗, this scheme is given by:
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where ∆t is the time step used in the numerical simulation,
−→
W represents the states of the system, and

−→
R represents the

residue. The parameter r is the stage in the method, that are 3, and the coefficients αr, called Runge-Kutta coefficients,
are given by α1 = 0.5, α2 = 0.5, and α3 = 1. More than two steps are used to extend the stability region.

The states in time step n are stored in Runge-Kutta stage 0, according to Equation 10. The 3 stages are executed in
Equation 11. Finally, the states in Runge-Kutta stage 3 are stored in time step n+ 1.

4. RESULTS AND DISCUSSION

4.1 Grid Independence Study

Mesh refinement analysis based on longitudinal velocity was performed on two sections of the domain to investigate
whether the numerical results are grid-independent. This analysis is presented in Fig. 5 and Fig. 6, for four grid sizes for
Re = 100, where sections 1 and 2 are located at positions x = 1.5 and x = 2.0, respectively.

----- 200 x 15

----- 250 x 20

       300 x 25

----- 350 x 30

Figure 5. Mesh analysis in section 1 .

According to Fig. 5 and Fig. 6, the mesh with 300x25 points was selected due to the small variation of the results with
a finer mesh.



19th Brazilian Congress of Thermal Sciences and Engineering
November 6th–10th, 2022, Bento Gonçalves - RS - Brazil

----- 200 x 15
----- 250 x 20

300 x 25
----- 350 x 30

Figure 6. Grid analysis at the section 2.

4.2 Numerical Results

The results of the numerical simulation of this work are presented in Fig. 7, where the flow fields were taken to five
different Reynolds numbers (50, 100, 200, 500, and 800).

Figure 7. Flow fields for different Reynolds numbers.

Note that the increase in the Reynolds number generates disturbances in the flow. This fact happens because this
dimensionless number relates the inertial to the viscous forces, directly influencing the contact of the fluid with the walls.
Consequently, this increase in disturbances, causes the length of the recirculation zone to also increase, as can be seen in
Fig. 7.

Therefore, next to the step, where is the recirculation zone, the velocity profiles were taken to compare the results of
this work with the numerical data of Silva and Coutinho (2015). These profiles were calculated for Re = 100 because for
values above 400 the influence of 3D geometry start to play a significant role. In Fig. 8, a comparison of the profiles is
presented at position x = 1.5, obtaining good agreement with the literature data.
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Figure 8. Comparison of velocity profiles with literature data for Re = 100 at position x = 1.5.

Figure 9 shows the comparison of velocity profiles at position x = 2.0. Although there are scattered values in some
positions, generally good agreement was obtained.

 

Figure 9. Comparison of velocity profiles with literature data for Re = 100 at position x = 2.0

5. CONCLUSIONS

The computational model developed in this work was validated by comparing the results with data from the literature
and the mesh independence study, showing good agreement of the numerical simulation for flows over BFS.

There was good agreement between the results of this work and those of the literature, whose simulations were shown
for five values of the Reynolds number: 50, 100, 200, 500, and 800. The comparison of the results was given for the
velocity profiles at Re = 100. Such shows that the numerical model implemented in this work is compatible with those
in the literature. The results lead to a good validation of the mathematical-computational model applied in this work.

Despite their simple geometry, backward-facing step flows serve as prototypes for flow optimization problems such as
boundary layer separation, flow instabilities, and sudden expansions. As a future perspective, the procedure developed in
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this work can be applied in the optimization, for example, of the mixture of combustion processes in combustors, of the
transport speed in ducts, of the effects of lift and drag forces, of heat transfer in refrigeration and heat exchangers.
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