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Abstract: The backward-facing step flow (BFSF) is a classical problem in fluid mechanics, hydraulic
engineering, and environmental hydraulics. The nature of this flow, consisting of separation and
reattachment, makes it a problem worthy of investigation. In this study, divided into two parts, the
effect of a cylinder placed downstream of the step on the 2D flow structure was investigated. In Part
1, the classical 2D BFSF was validated by using OpenFOAM. The BFSF characteristics (reattachment,
recirculation zone, velocity profile, skin friction coefficient, and pressure coefficient) were validated
for a step-height Reynolds number in the range from 75 to 9000, covering both laminar and turbulent
flow. The numerical results at different Reynolds numbers of laminar flow and four RANS turbulence
models (standard k-ε, RNG k-ε, standard k-ω, and SST k-ω) were found to be in good agreement with
the literature data. In laminar flow, the average error between the numerical results and experimental
data for velocity profiles and reattachment lengths and the skin friction coefficient were lower than
8.1, 18, and 20%, respectively. In turbulent flow, the standard k-ε was the most accurate model in
predicting pressure coefficients, skin friction coefficient, and reattachment length with an average
error lower than 20.5, 17.5, and 6%, respectively. In Part 2, the effect on the 2D flow structure of a
cylinder placed at different horizontal and vertical locations downstream of the step was investigated.

Keywords: backward-facing step flow (BFSF); computational fluid dynamics; laminar flow;
turbulent flow

1. Introduction

The backward-facing step flow (BFSF) is one of the most important benchmarks
in fluid mechanics. Moreover, due to the wake dynamics of the BFSF, it is considered
to be an optimal separated flow geometry in hydraulic engineering and environmental
hydraulics. Such a flow is characterized by flow separation and reattachment induced by
a sharp expansion of the configuration [1]. It involves the most important features of a
separated flow, such as free shear flow, separation and recirculation zone, reattachment,
and redeveloping boundary layer. Such flow structures are presented in many applications,
such as flow over aircraft and around buildings, flow in a bottom cavity, and stepped open
channel flows. For environmental applications, the presence of the step at the bottom of
rivers or lakes is of interest because of localized recirculation zones and transverse flows
downstream of the step. One of the earliest attempts to study flow over a BFSF was done
experimentally by Abbott and Kline [2]. Their results focused on the velocity profiles and
the effects of different Reynolds numbers on flow properties. In particular, Armaly et al. [3],
experimentally investigated the effect of step-height Reynolds number on flow separation
by measurements of velocity distributions and the reattachment length over a wide range of
Reynolds numbers (70 to 8000); hence, it covered laminar, transition, and turbulent regimes.
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In recent years, there have been many experimental studies carried out, with various BFS
designs. It is widely acknowledged that the backward-facing step flow is controlled by the
Reynolds number based on the step height (h) and the inlet velocity (U), the expansion
ratio (ER) between the height of the outlet and the step of the channel, and the step angle.

It should be noted that the investigation of BFS flow from the laminar region to the
turbulent region is different. The geometric parameters showed different effects on the
flow separation and reattachment process. Many studies were focused on the reattachment
length and the parametric effects on it, such as ER, and Reynolds number effect [4–9].
Flow behavior over BFS geometry for varying expansion ratios was investigated exper-
imentally [6] to understand the flow separation and reattachment. The results showed
that the primary recirculation length increased nonlinearly with an increasing expansion
ratio at a constant Reynolds number. The effect of laminar Reynolds number for varying
expansion ratios to understand the flow separation and reattachment by Biswas et al. [10].
The reattachment length increases with an increase in the expansion ratio and Reynolds
numbers, whereas in turbulent flow such length is independent of the step-height Reynolds
number for low expansion ratios and increases as the expansion ratio increases [6,11–13].
As such, many experimental [3,14–21] studies have been performed in laminar and turbu-
lent regimes. Chen et al. [22] reviewed the recent theoretical, experimental, and numerical
developments about BFSF. In addition to those theoretical challenges with the separation
and reattachment length explained herein, there are also many issues with other features of
the BFS study, such as wall pressure coefficient and skin friction. It is generally reported
that both the pressure coefficient (Cp) and skin friction coefficient (Cf) show a drop near the
step and then gradually increase again in the downward flow. The skin friction coefficient
(Cf) is strongly dependent on the step-height Reynolds number [16].

During the last several decades, computer simulations of physical processes have
been used in scientific research and the analysis and design of engineered systems. Sev-
eral computational studies [10,23–35] have been performed to examine the influence of
backward-facing step geometry in laminar and turbulent regimes. Two-equation eddy-
viscosity models appear to be preferred among turbulence models because they incorporate
significantly more turbulence physics and less special empiricism than algebraic models
while avoiding numerical implementation difficulties and excessive computational cost
when compared to other more complex models [36]. For a long time, various RANS tur-
bulence models were used for investigating two-dimensional separating and reattaching
flow [37].

One conventional approach is to solve the Reynolds-averaged Navier–Stokes (RANS)
equations, such as the widely used k-ε model. Some research has been done on different
turbulence models about the reattachment length of backward-facing step flow [29,36,38–40].
Recently, Wang et al. [41] used k-ε and LES models for a backward-facing step at Reynolds
number 9000. The results showed that the LES model could not effectively simulate the
boundary layer near the wall areas without extremely fine mesh, and it tends to overestimate
separation at the top wall. These resulted in static pressure, mean velocity, and turbulent
kinematic energy showing a larger peak value when compared to other methods.

The flow past a cylinder is a classical benchmark in fluid mechanics. In fluid mechanics,
the interactions of step and cylinder are of interest because the flow over a backward-facing
step could be controlled by using additional elements like a cylinder. In environmental
applications, cylindrical obstacles such as large wood may be trapped near the step, altering
the turbulent properties of the flow. In this study, divided into two parts, the effect of a
cylinder placed downstream of the step on the 2D flow structure was investigated. In Part
1, the classical 2D BFSF was validated, and in Part 2, the effect on the 2D flow structure of a
cylinder placed at different horizontal and vertical locations downstream of the step was
studied.

Nowadays, numerical simulation is used to solve problems not only to find a solution
but also to ensure quality. Validation is the assessment of the accuracy and reliability
of a computational simulation by comparison with experimental data [42,43]. In the
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present study, two-dimensional numerical simulations were performed by using the open-
source code Open-Source Field Operation and Manipulation (OpenFOAM). The study is
divided into two parts. Part 1 presents a 2D validation procedure for CFD simulations
of a backward-facing step flow (BFSF). The flow characteristics such as reattachment,
recirculation zone, velocity profile, skin friction coefficient, and pressure coefficient were
validated for a step height-based Reynolds number in the laminar and turbulent flow.
Moreover, four RANS turbulence models, such as standard k-ε, RNG k-ε, standard k-ω,
and SST k-ω were comparatively evaluated. Part 1 is organized as follows: Section 2
reports the numerical methodology including geometry and mesh generation. In addition,
the governing equations, boundary conditions, and numerical schemes are presented for
laminar and turbulent. Section 3 reports comparison results of the present numerical
simulation, such as reattachment length, recirculation zone, velocity profile, skin friction,
and pressure coefficient, with literature experimental data and numerical results. The
results of the validation are summarized in Section 4. Finally, the conclusions are presented
in Section 5.

In Part 2, the two-dimensional classical BFSF geometry was modified by adding a
cylinder placed at different locations downstream of the step. The flow structure in such
modified BFSF was investigated in both laminar and turbulent regimes.

2. Set-Up of the Numerical Simulations

Computational fluid dynamics (CFD) is increasingly used to study a wide variety of
complex environmental fluid mechanics (EFM) processes. However, the accuracy and relia-
bility of CFD modeling and the correct use of CFD results can easily be compromised [44].
Numerical simulations were performed by using the open-source code OpenFOAM v 2112.
The OpenFOAM is a software based on a finite volume approach. In the present study,
several numerical simulations were performed. The overall steps of numerical modeling of
this study are illustrated in Figure 1.
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2.1. Geometry and Simulation Domain

In Part 1, for validation, we consider a two-dimensional, classically backward-facing
step flow, namely BFSF 1. The geometry was considered by following the geometry
experimentally studied by Armaly et al. [3] and Wang et al. [1] with an expansion ratio
(ER = h2/h1 = 2). The computational domain of the present study consists of a total
longitudinal length of 56h (Lu = 6h, Ld = 50h, and Lu and Ld are, respectively, the length
upstream and downstream of the step). Based on Biswas et al. [10], a distance of five times
the channel height upstream of the step (Lu ≥ 5h1, h1 = h) was verified to be sufficient. At
the outlet of the computational domain, the flow was fully developed. The sketch of the
BFSF is presented in Figure 2.
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2.2. Mesh Generation

During the preprocessing phase of the CFD modeling, the geometry and domain for
the mesh were created. In OpenFOAM, geometries for internal flows are typically created
by using a meshing tool known as blockMesh, which creates fully structured hexahedral
meshes. In this study, the structured rectangular hexahedral mesh was considered. Struc-
tured meshing is generally more straightforward to implement, faster to execute, and tends
to be more accurate than unstructured ones [45]. Moreover, structured meshes require
more regular memory access; consequently, the latency during simulations is lower [46]. To
ensure the validity and accuracy of the solution scheme, several grid sizes were examined.
Mesh independence was assessed and validated by using experimental data. Meshes of
different sizes were applied, and the reattachment lengths were compared to the corre-
sponding experimental data [1]. The sensitivity of the model to certain parameters was
extensively discussed. The test of the grid independence was performed by computing the
dimensionless reattachment length Lr/h, in a Reh = 544 for five different grids (see Table 1).
It was found that the computed results were independent of the number of grid points
and the relative error between the third and the fourth grid was very small and could be
neglected to decrease effort and computational time. Given the accuracy and duration of
the computation, a total number of 129200 cells were selected.

Table 1. Grid independence test results.

Grid No. Number of Cells Lr/h Differences with
Experimental Data

Mesh 1 86,000 10.77 22.95%

Mesh 2 95,200 11.2 19.9%

Mesh 3 104,000 11.5 17.76%

Mesh 4 129,200 11.81 15.56%

Mesh 5 132,000 11.82 15.49%

The cell size near the walls and step was fine to have enough resolution. The mesh
was gradually refined toward the bottom and step, as shown in Figure 3, to enhance the
accuracy near the bottom wall to ensure that the dimensionless distance (y+) remained
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within the viscous sublayer. In addition, the mesh was refined near the cylinder to properly
resolve the separation of boundary layers.
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2.3. Model Parameterization

For the simulation, water with density ρ = 997 Kg/m3 and dynamic viscosity (µ)
8.905 × 10−4 N·s/m2 was selected as fluid. The Reynolds number based on the step height
(h) was defined as Reh=

Uh
υ . According to Armaly et al. [3], in the BFSF, the laminar regime

occurs for step-height Reynolds numbers Reh < 900, the transitional regime is in the range
900 < Reh < 4950 and the turbulent regime is Reh > 4950. The present study was carried
out in the Reynolds number range covering laminar and turbulent flows. Table 2 lists the
values of Reynolds numbers that were tested in this study.

Table 2. Range of Reynolds numbers based on step height (Reh) for the classical backward-facing
step flow with an expansion ratio (ER = h2/h1 = 2) in laminar flow.

Reh
(Step Height) 75 158 336 420 544 672 755

Run BFSF 1–L1 BFSF 1–L2 BFSF 1–L3 BFSF 1–L4 BFSF 1–L5 BFSF 1–L6 BFSF 1–L7

2.4. Laminar Flow
2.4.1. Governing Equations

Continuity and momentum equations for two-dimensional (2D) flow in the laminar
regime for an incompressible isothermal fluid (with constant density) can be written as:

Mass equation ∂u
∂x + ∂v

∂y = 0 (1)

Momentum
equation

(
∂u
∂t + u ∂u

∂x + v ∂u
∂y

)
= gx −

1
ρ

∂p
∂x + υ

(
∂2u
∂x2 + ∂2u

∂y2

)
(

∂v
∂t + u ∂v

∂x + v ∂v
∂y

)
= gy −

1
ρ

∂p
∂y + υ

(
∂2v
∂x2 + ∂2v

∂y2

)
,

(2)

where υ is kinematic viscosity, p is the pressure, u and v are velocity components in
the x and y directions, and g is the acceleration of gravity.

2.4.2. Initial and Boundary Conditions

Boundary conditions were assigned at the inlet, the outlet, and the walls. A parabolic
velocity profile was assigned to the inlet. A summary of these boundary conditions which
were used for the laminar regime is given in Table 3.

Table 3. Boundary conditions of the backward-facing step in the laminar regime.

Boundary Type
Description Inlet Outlet Wall

(Upper Wall, Bottom Wall)

Pressure (p) zeroGradient fixedValue zeroGradient

Velocity (u) fixedValue zeroGradient noSlip
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2.5. Turbulent Flow
2.5.1. Governing Equations and Turbulence Modeling

The most widely applied approach to simulate a turbulent flow is based on the time
averaging, herein Reynolds-averaging, of the Navier–Stokes equations, leading to the
Reynolds-averaged N-S (RANS) equations. OpenFOAM offers a large range of methods
and models to simulate the turbulence, including the RANS. RANS mass and momentum
conservation laws for two-dimensional flow for an incompressible isothermal fluid (with
constant density) can be written as

Mass equation ∂u
∂x + ∂r

∂y = 0 (3)

Momentum
equation

∂u
∂t + u ∂u

∂x + v ∂u
∂y = gx −

1
ρ

∂p
∂x + υ∇2u + ∂

∂x

(
υt

∂u
∂x

)
+ ∂

∂y

(
υt

∂u
∂y

)
∂u
∂t + u ∂u

∂x + v ∂u
∂y = gx −

1
ρ

∂p
∂x + υ∇2u + ∂

∂x

(
υt

∂u
∂x

)
+ ∂

∂y

(
υt

∂u
∂y

)
,

(4)

where p is the mean fluid pressure, u and v are the mean velocity components, and υt is
the turbulent eddy kinematic viscosity.

The simplest RANS models are based on the concept of the eddy viscosity (υt) intro-
duced by Boussinesq in 1887 [47], giving a relation between the Reynolds stress tensor and
the average velocity gradient tensor [48]. Different turbulence models estimate υt based on
different turbulent variables. In this study, four RANS turbulence models, such as standard
k-ε, RNG k-ε, standard k-ω, and SST k-ωwere comparatively applied.

The standard k-ε model is the most widely applied turbulence model. It is a two-
equation model that includes two extra transport equations to represent the turbulent
properties of the flow: the turbulent kinetic energy (k) and the turbulent energy dissipation
(ε), together with a specification for the eddy viscosity (υt). Its formulation is presented as

∂k
∂t

+ uj
∂k
∂xj

=
∂

∂xj

[(
υ+

υt

σk

)
∂k
∂xj

]
− υt

∂ui

∂xj

(
∂ui

∂xj
+

∂uj

∂xi

)
− ε (5)

∂ε

∂t
+ uj

∂ε

∂xj
− ∂

∂xj

[(
υ+

υt

σε

)
∂ε

∂xj

]
= C1

ε

k
υt

∂ui

∂xj

(
∂ui

∂xj
+

∂uj

∂xi

)
−C2

ε2

k
(6)

υt = ρCµ
k
ε

, (7)

where k is turbulent kinetic energy, and ε is the turbulent kinetic energy dissipation rate,
whereas C1, C2, Cµ, σk, and σε are constants, and their values are listed in Table 4 [49].

Table 4. Values of the constants of the standard k-εmodel.

C1 C2 Cµ σk σε

1.44 1.92 1.3 1 1.3

The RNG k-εmodel was developed by using renormalization group (RNG) methods
by Yakhot et al. [50] to renormalize the Navier–Stokes equations. The RNG version adds a
term for the ε equation, which is known to be responsible for differences in its performance.
It is a two-equation transport model for k and ε. The RNG k-εmodel formulation differs
from that of the standard k-ε in the values of the parameters. The standard k-ωmodel is a
two-equation model developed by Wilcox [51] with an approach similar to the k-εmodel.
It applies the same expression for the turbulent kinetic energy k but it considers the rate
of dissipation of energy per unit volume and time, called the specific dissipation rate ω,
instead of the turbulent energy dissipation (ε). In the k-ωmodel, the turbulent viscosity is
computed by

υt =
k
ω

. (8)
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The shear stress transport (SST) k-ωmodel is a two-equation eddy-viscosity model.
It is similar to the standard k-ω although the former includes several improvements and
other constant variables. It is a hybrid model combining the k-ω and the k-ε models. This
method effectively blends the accurate formulation of the k-ωmodel in the near-wall region
with the free-stream independence of the k-εmodel in the far-field region, away from the
wall. The SST formulation switches to a k-ε behavior in the freestream and thereby avoids
the common k-ω problem that the model is too sensitive to the inlet free-stream turbulence
properties.

2.5.2. Initial and Boundary Conditions

In turbulent flow, the standard k-ε, RNG k-ε, standard k-ω, and SST k-ω turbulence
models were employed. The Reynolds number based on the step height (h) was Reh = 9000.
Table 5 lists all runs in turbulent flow over backward-facing step flow.

Table 5. Runs of turbulent flow over the classical backward-facing step at different turbulence models.

Run Reh
(Step Height)

Turbulence
Model

BFSF 1–T1 9000 Standard k-ε

BFSF 1–T2 9000 RNG k-ε

BFSF 1–T3 9000 Standard k-ω

BFSF 1–T4 9000 SST k-ω

The initial values of turbulent kinetic energy (k) and dissipation rate (ε) can be esti-
mated by [49]

k =
3
2
(|ureff|Ti)

2 (9)

ε =
0.090.75k1.5

l
, (10)

where ureff is the inlet flow velocity, l = 0.07L (L is the characteristic inlet scale (m)), and
Ti is the turbulent intensity (5%). In omega-based models, the initial value of the specific
dissipation rateω can be estimated by

ω =
k0.5

0.090.25l
. (11)

Initial values for pressure (p = 0) and velocity (U = 0.801 m/s) were used. In addition,
the initial values of turbulence quantities were calculated by using Equations (9)–(11),
where k = 0.002406 m2/s2, ε = 0.0277 m2/s3, andω = 124.82 l/s.

Boundary conditions were assigned at the inlet, the outlet, and the walls. In the turbu-
lent regime, several boundary conditions were required. A summary of these boundary
conditions, which were used for the turbulent regime, is given in Table 6.

Table 6. Boundary conditions of the backward-facing step in the turbulent regime.

Boundary Type Description Inlet Outlet Upper Wall/Bottom
Wall

Pressure P (kg/s·m2) zeroGradient fixedValue zeroGradient

Velocity u (m/s) fixedValue inletOutlet noSlip

Turbulence
qantities

k (m2/s2) fixedValue zeroGradient kqRWallFunction

ε (m2/s3) fixedValue zeroGradient epsilonWallFunction

ω (1/s) fixedValue zeroGradient omegaWallFunction
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2.5.3. Numerical Methods and Numerical Schemes

The governing equations were discretized based on the finite-volume method (FVM).
The numerical integration was conducted by using the pressure-implicit with splitting
of operators (PISO) algorithm. PISO is a pressure-velocity calculation procedure for the
Navier–Stokes equations. The time term was discretized by using second-order backward
and Euler schemes. In the laminar regime, the terms of the equations are discretized by
using a Gaussian linear scheme in all cases. However, the discretization schemes for the
turbulence kinetic energy (k), turbulent kinetic energy dissipation rate (ε), and specific
dissipation rate (ω) were implemented by using a Gaussian upwind scheme. The transient
solvers icoFoam and pisoFoam were used for the laminar and turbulent flow, respectively.
To ensure convergence to the numerical solutions, all residuals were required to be dropped
below a value of 10−6. Moreover, to ensure the stability of simulations, time steps were
automatically modified, so that maximum Courant numbers always remained below 0.8.

3. Results
3.1. Laminar Flow
3.1.1. Recirculation Zone and Reattachment Length

The most important characteristics of the backward-facing step flow are flow separa-
tion and reattachment. The adverse pressure gradient due to the sudden expansion at the
edge of the step, induced flow separation. A sketch of the 2D backward-facing step flow is
shown in Figure 4.
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In the classical BFSF, the flow pattern involves several different flow regions: initial
boundary layer, separated free shear layer, corner eddy, primary recirculation zone on
the bottom wall, second recirculation zone on the upper wall, redeveloping boundary
layer, and third recirculation zone on the bottom wall, as shown in Figure 4. The physics
of separation regions could be described as follows: flow separated at the step (X0) and
reattached to the bottom wall (X1). This is the primary recirculation zone having a length
of Lr1, which increased as Reh increased. In addition to the primary recirculation zone
(Lr1), a second recirculation zone (Lr2) near the upper wall for Reh > 300 was reported in
previous studies [3]. Point X2 shows the starting location of the second recirculation zone
and point X3 is its corresponding end on the upper wall. Erturk [25] found that with an
expansion ratio of 2 for Reh > 1275, a third recirculating zone (Lr3) was observed between
points X4 and X5 with length Lr3. Its length Lr3 increased as Reh increased. However,
Armaly et al. [3] found that the third recirculation region (Lr3) was in the early part of
the transitional flow, and it was not observed for Reh > 1725. Cherdron et al. [52] and
Sparrow and Kaljes [53] suggested that the third recirculation zone was caused by vortex
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shedding from the edge of the step. These vortices were thought to approach the wall, and
the third recirculation zone might be due to the sharp change of flow direction that eddies
experience [3]. Table 7 lists the value of the normalized location of starting and ending
recirculation zones in the BFSF.

Table 7. The reattachment and separation points of the recirculation zones vs. Reh in laminar flow.

Run BFSF 1–L1 BFSF 1–L2 BFSF 1–L3 BFSF 1–L4 BFSF 1–L5 BFSF 1–L6 BFSF 1–L7

X1/h 2.88 5.25 9.15 10.4 11.5 12.5 13.37

X2/h - - 7.8 8.65 8.9 10.2 10.62

X3/h - - 10.65 14.15 18.6 21.5 23.1

Figure 5 compares the primary recirculation zone (Lr1) with experimental data of
Armaly et al. [3], Lee and Mateescu [14], and Tihon et al. [19], as well as numerical studies
of Gualtieri [23] and Erturk [25].
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Figure 5. Dimensionless primary reattachment length Lr1/h vs. Reh in laminar flow (Exp, experi-
mental study; Num, numerical study; 2D, two-dimensional; 3D, three-dimensional; ER, expansion
ratio) [3,14,19,23,25].

The present two-dimensional computational results diverge from the reported three-
dimensional experimental data and tend to underestimate the increase of the primary
reattachment length with increasing Reh. Gualtieri [23] reported that for Reh > 300, the onset
of three-dimensional flow produces a disagreement between physical and computational
results. Table 8 shows the average errors in predicting reattachment length in comparison
with literature data. The average error between the present numerical results and literature
numerical and experimental data was lower than 18% and 5%, respectively.

Table 8. Average errors (%) between numerical results of the reattachment lengths with literature
data.

References Armaly et al.
[3]

Lee and
Mateescu [14]

Tihon et al.
[19]

Gualtieri
[23] Erturk [25]

Average
error <18% <13% <13% <5% <3%
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3.1.2. Vertical profiles of the streamwise velocity

The dimensionless u-velocity distributions (u/Umax, where Umax is the maximum
inlet velocity) profiles at different Reynolds numbers were compared quantitatively with
available literature data. As examples, two vertical velocity profiles at Reh = 75 and 672 are
presented in Figures 6 and 7.
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Figure 6. Dimensionless u-velocity profiles (u/Umax) at Reh = 75. (a) x/h = 4.8, (b) x/h = 12.04,
(c) x/h = 30.31 [3].

The locations were chosen at different locations, including recirculation zones at the
upper and bottom walls. The u-velocity profiles showed that the flow separated at the
step, resulting in recirculation regions downstream of the step, and then redeveloped into a
fully developed parabolic velocity profile in the larger channel. This coincides with data
reported in the literature [3]. The u-velocity distributions were compared quantitatively
at different locations of the domain downstream of the step with the experimental data of
Armaly et al. [3] and the numerical results of Gualtieri [23]. The results were consistent
with the literature data and the average error between numerical and literature data for
ranges of Reynolds numbers were lower than 8.1%.

3.1.3. Skin Friction Distribution

The boundary layer is associated with important characteristics such as the skin
friction coefficient. The skin friction coefficient, Cf, is a dimensionless quantity derived
from the averaged wall shear stress (τw) as

Cf =
2τw

ρu2 . (12)

The distribution of the skin friction coefficient (Cf) at the bottom wall was calculated.
The minimum peak of the skin friction coefficient (Cf, min) compared with the experimental
data and numerical results of Tihon et al. [19] in Figure 8. For comparison, in Figure 8, the
Reynolds numbers were modified by the Reynolds number of Tihon et al. [19].
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Figure 7. Dimensionless u-velocity profiles (u/Umax) at Reh = 672. (a) x/h = 5, (b) x/h = 7.5, (c) x/h
= 12, (d) x/h = 15, (e) x/h = 22.5, (f) x/h = 30 [23].
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Figure 8. Dimensionless Cf, min vs. Reh in laminar flow [19].

The minimum peak of the skin friction coefficient (Cf, min) was observed inside the
primary recirculation zone. The average error between the numerical results of this study
and the literature experimental and numerical results [19] was lower than 20% and 8.5%,
respectively.
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3.2. Turbulent Flow
3.2.1. Recirculation Zone and Reattachment Length

As in laminar flow, the flow separated at the sharp corner of the step and reattached
downstream at the bottom wall. The reattachment lengths of the 2D BFSF in four turbulence
models (standard k-ε, RNG k-ε, standard k-ω, and SST k-ω,) were compared with literature
experimental data [1,3,54–56] and numerical results [1,30,57–64]. The data were plotted in
Figure 9 as the normalized reattachment length by the step height against the Reynolds
number (Reh).
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Figure 9. Dimensionless primary reattachment length (Lr1/h) vs. Reh in turbulent flow [1,3,30,54–64].

In the turbulent flow over the backward-facing step, the reattachment length is in-
dependent of the step-height Reynolds number- and is mostly between 5 and 8 times the
step height. This is consistent with the present study. The present numerical results were
compared with experimental data and numerical results [1] at Reh = 9000 and ER = 2.
Table 9 lists the value of the reattachment lengths in the BFSF.

Table 9. Reattachment length in past numerical and experimental works.

Case Reh ER Lr1/h Remarks *

This study (BFSF 1–T1) 9000 2 6.75 Num, 2D
This study (BFSF 1–T2) 9000 2 7.65 Num, 2D
This study (BFSF 1–T2) 9000 2 8 Num, 2D
This study (BFSF 1–T2) 9000 2 8.8 Num, 2D

Kopera et al. [30] 9000 2 8.62 Num, 3D
Araujo and Rezende [29] 9000 2 6.34 Num, 2D

Wang et al. [1] 9000 2 6.9 Exp, 3D
Wang et al. [1] 9000 2 6.7 Num, 2D

* Exp, experimental study; Num, numerical study; 2D, two-dimensional; 3D, three-dimensional.

The most accurate model in predicting Lr1 was the standard k-ε, followed by RNG
k-ε, standard k-ω, and SST k-ω. The average error between the standard k-εmodel with
the experimental and two-dimensional numerical results [1] was lower than 3% and 6%,
respectively.
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3.2.2. Vertical Profiles of the Streamwise Velocity

The distribution of the u-velocity of the 2D BFSF in different turbulence models was
compared with previous studies [1,30] at different locations (Figure 10).
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Figure 10. Dimensionless u-velocity (u/Umax) vertical profiles at (a) x/Lr1 = 0.06, (b) x/Lr1 = 0.46,
(c) x/Lr1 = 0.93, [1,30].

The first location (x/Lr1 = 0.06) velocity was found near the step, consistent with the
PIV data by Wang et al. [1]. The negative velocity in location x/Lr1 = 0.46, represented the
presence of inverse flow in the primary recirculation zone. In x/Lr1 = 0.93, the standard
k-ω, SST k-ω, and RNG k-ε models presented negative velocity because their Lr1 was
the largest among all models. The average error of velocity profiles between the present
numerical results and literature experimental data [1] is shown in Table 10.

Table 10. Average errors (%) between numerical results of the velocity profiles with experimental
data [1].

Turbulence
Models Standard k-ε RNG k-ε Standard k-ω SST k-ω

Average error <9.88% <10.05% <9.31% <8.8%
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The average error between the present two-dimensional numerical results and litera-
ture experimental data [1] was from 8.8% to 10.05%. The most accurate model in predicting
velocity profiles was the SST k-ω, followed by the standard k-ω, standard k-ε, and RNG k-ε.
The SST k-ωmodel was already recommended for cases with adverse pressure gradient
and flow separation because it combines the advantages of the standard k-ω and standard
k-εmodels [29].

3.2.3. Skin Friction Distribution

The distribution of skin friction coefficient (Cf) at the bottom wall for different turbu-
lence models were compared with literature data [8,15,30,65] in Figure 11.
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Figure 11. Longitudinal distribution of Cf at the bottom wall downstream of the step [15,30,65].

The results were compared with the available numerical result [30] at Reh = 9000
and ER = 2. The distribution of skin friction in the standard k-ε and RNG k-ε turbulence
models was consistent with that of the literature experimental data [15,65] and numerical
results [30]. The average error was lower than 17.5%. The most accurate model in predicting
skin friction coefficient was the standard k-ε, followed by RNG k-ε, standard k-ω, and SST
k-ω. The standard k-ω, and SST k-ω were not good enough to capture the skin friction
coefficient near the bottom wall.

As laminar flow, the Cf decreased and reached the minimum peak in the recirculation
zone and gradually recovers to positive values after the reattachment point. A minimum
peak of the skin friction coefficient was observed within the recirculating region. Tihon
et al. [16] found that the minimum peak of skin friction inside of the recirculation zone was
Reynolds number-dependent as

Cf,min= −0.38 Reh
−0.57. (13)

The minimum peak of skin friction Cf, min obtained from the standard k-εmodel was
compared with the experimental data [15,16] and numerical results [26,37] (Figure 12). The
present numerical results fit well with equation 13 and the literature data.
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3.2.4. Static Pressure Coefficient

One of the most important characteristics of the bottom wall is the pressure coefficient.
The wall static pressure coefficient is defined as

Cp =
P− P0

0.5ρu2 , (14)

where P is the wall static pressure in any location and P0 is the reference wall static pressure
measured at x = −4h, y = 1.5h (h is step height) upstream of the step as suggested by
Kopera et al. [30].

The static pressure increased starting from the corner of the bottom wall. The distri-
bution of pressure farther downstream of the step remained relatively stable in the flow
recovery process. According to Kim et al. [39], to normalize the variations due to the
different expansion ratios of BFSF, the normalized pressure coefficient (C*p) was defined as

C∗p =
Cp−Cp, min

Cp, Bc−Cp, min
, (15)

where Cp, min is the minimum pressure coefficient and Cp, BC = 2
ER (1−

1
ER ) is the Borda–

Carnot pressure coefficient [39]. The normalized pressure coefficients (C*p) against the
location scaled with the reattachment position, were compared in Figure 13.

The C*p values computed by the different turbulence models at the bottom wall agreed
with literature experimental data [39,66,67] and numerical results [30]. A sharp increase of
pressure was observed in the reattachment zone (from x = 3h to x = 7h), consistent with the
literature results [30,39,66,67]. The distribution of pressure farther downstream remained
relatively stable in the flow recovery process. The most accurate model in predicting
normalized pressure coefficients was the standard k-ε followed by standard k-ω, RNG k-ε,
and SST k-ωwith an average error lower than 20.5%.
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4. Discussion

Flow over a backward-facing step could be found in many engineering applications in
which there is a recirculation zone or sudden change in pressure. In Part 1 of this two-part
paper, laminar and turbulent backward-facing step flow (BFSF) were studied. To validate
the results herein, several study cases were conducted, and the numerical results were
compared with literature numerical and experimental data. The following conclusions can
be drawn.

• Laminar backward-facing step flow was investigated for a wide range of Reynolds
numbers 75 ≤ Reh ≤ 755 and the simulated reattachment lengths, velocity profiles,
and skin frictions were compared with the available literature data. The average error
between the present numerical results and literature numerical and experimental
data for reattachment lengths and velocity profiles was lower than 8.1% and 18%,
respectively. In addition, the average error in predicting the skin friction coefficient
was lower than 20%.

• In turbulent flow, the simulated reattachment lengths, velocity profiles, skin friction
coefficients, and pressure coefficient from several RANS models, standard k-ε, RNG
k-ε, standard k-ω, SST k-ω, were compared with the available literature data. The
most accurate model for predicting reattachment lengths, skin friction coefficient, and
pressure coefficients was the standard k-εmodel with an average error lower than 6,
17.5, and 20.5%, respectively.

5. Conclusions

In the present study, two geometries were comparatively considered, namely the
classical BFSF (BFSF 1) and a BFSF with a cylinder placed downstream of the step (BFSF 2),
in both laminar and turbulent flow to investigate how the cylinder modifies the classical
two-dimensional BFSF structure by using the open-source code OpenFOAM. In Part 1,
the results of the numerical study were validated by available literature data. First, the
numerical results in laminar flow were found to be in good agreement with the literature
experimental and numerical results. Secondly, the RANS model can predict the mean 2D
flow structures of BFSF well. In turbulent flow, four turbulence models (standard k-ε, RNG
k-ε, standard k-ω, and SST k-ω) were comparatively applied. Considering the accuracy
and the calculation time of the models, only the standard k-εmodel was used for the study
of the effect of a cylinder placed downstream of the step. In Part 2, the effect on the 2D flow
structure of a cylinder placed at different horizontal and vertical locations downstream of
the step was investigated for both laminar and turbulent flow.
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Nomenclature

Cf skin friction coefficient
Cf, min minimum peak of the skin friction coefficient
Cp pressure coefficient
Cp, min minimum pressure coefficient
Cp, BC Borda-Carnot pressure coefficient
D diameter of cylinder (m)
ER expansion ratio of the channel
h height of the step (m)
h1 height of the inlet (m)
h2 height of the outlet (m)
k turbulent kinetic energy (m2/s2)
l turbulent length scale (m)
Lr reattachment length (m)
P static pressure (kg/s·m2)
P0 reference static pressure (kg/s·m2)
Rec cylinder diameter Reynolds number
Reh step-height Reynolds number
u,v velocity components in x and y direction (m/s)
Umax maximum velocity (m/s)
x longitudinal coordinate (m)
y normal coordinate (m)
µ dynamic viscosity of the fluid (kg/m.s)
υ kinematic viscosity of the fluid (m2/s)
ρ fluid density (kg/m2)
τw wall shear stress (kg/m·s2)
ε Turbulent dissipation (m2/s3)
ω Specific dissipation rate (1/s)
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