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Abstract: This study investigates the effect on the flow structure in a backward-facing step (BFSF)
due to a cylinder placed downstream of the step. Numerical simulations were carried out using
OpenFOAM with several turbulence models (standard k-¢, RNG k-¢, standard k-w, and SST k-w).
The recirculating flow, the skin friction coefficient (Cy), and the pressure coefficient (Cp) of the bottom
wall were comparatively analysed. The added cylinder modified the structure of flow and increased
the skin friction coefficient (Cy) in the recirculation zone. Additionally, the pressure coefficient of
the bottom wall increased immediately downstream of the cylinder and farther downstream of the
reattachment point remained stable in the flow recovery process.
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1. Introduction

The backward-facing step flow (BFSF) is an important benchmark in fluid mechanics
such as flow over stepped channels and large cavities. Flow structure in the BFSF involves
several different flow regions: initial boundary layer, separated free shear layer, corner
eddy, recirculation zone at the bottom wall, and redeveloping boundary layer (Figure 1).
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Figure 1. Sketch of the turbulent flow field in a classical backward-facing step.

Due to the wide-ranging engineering applications, the study of backward-facing step
flow has been conducted by many researchers. In particular, Armaly et al. [1] investigated
the effect of Reynolds number on flow with separation by measurements of velocity
distributions and the reattachment length over a wide Reynolds number range. According
to Armaly et al. [1], the turbulent regime in the BFSF occurs for step-height Reynolds
number Reh > 4950. Studies have already investigated the classical BFSF in turbulent
flow, using experiments [1-7] as well as numerical studies [8-13] with different Reynolds
numbers and expansion ratios. Those studies demonstrated that the reattachment length is
independent of the step-height Reynolds number and increases with increasing expansion
ratio. In addition, the BFSF with geometric modifications have been studied in recent years,
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such as the wavy bottom design downstream of the step by Uruba et al. [14] and the BFSF
with an inclined step [15-17]. The results showed that the size of the recirculation zone
increases with increasing step angle. When focusing on the skin friction coefficient (Cy), it
was observed that it is strongly dependent on step-height Reynolds number [18]. Another
well-known benchmark in fluids mechanics is the flow past a cylinder, which has been
extensively studied for several decades. A cylinder is an example of a bluff body [19].
The presence of the cylinder downstream of the step changes the flow behavior from its
behaviour in a classical BFSE. Some studies have been conducted to investigate the effect
of a rotating cylinder on the BFSF of laminar flow and heat transfer [20-23]. The results
demonstrated that by adding the rotating cylinder the convective heat transfer would be
enhanced as a result of flow discontinuity.

Several studies have been implemented in relation to this geometry, however, most of
the available literature is concerned with the heat transfer in laminar flow. In contrast, much
less attention has been devoted to the effect of a stationary cylinder on the BFS flow in a
turbulent regime. The present study focused on the two-dimensional numerical simulation
of a turbulent flow in that geometry. The effect of the cylinder on the recirculation zone,
the skin friction coefficient (C¢), and the pressure coefficient (Cp) at the bottom wall was
investigated. Several turbulence models were comparatively applied using the Open-
Source Field Operation and Manipulation (OpenFOAM) software package.

2. Materials and Methods

The turbulent flow was modeled using the Reynolds-Averaged Navier-Stokes (RANS)
equations. Continuity and momentum equations for the two-dimensional flow of an
incompressible fluid are given by:

Continuity equation:

Jau ov
3 T ay = (1)
Momentum equation:
Ju _odu _odu ap o 0 Ju, 9 ou
a—t+u$+vg— g, — §+UV u—l—&(vt&H—@(Ut@) )
ov _ov ov_ op s O ov, d ov
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where u and v = velocity components along the directions x and y; g = acceleration of
gravity; p = pressure; v = kinematic viscosity; and v; = turbulent eddy kinematic viscosity.

The standard k-e¢ is the most widely applied model in turbulence modeling. Its
formulation is presented in Equations (4)—(6).

ok — dk 0 vt dk Ju; ,Ju; aﬁj
aj*‘ujaij = aij[(‘ﬂ' G*k)aij] Utaij(aij E)T(i) € 4
de _de 0 vy, de, & Ou 0u | OU %
§+u]aij (—TX].[(U‘F Gt)aij} = ClE”*aTj(aTj 871) sz 5)
k
Lt = PCp.Z (6)

where u;j = velocity components; p = fluid density; k = turbulent kinetic energy; ¢ =
turbulent kinetic energy dissipation rate, whereas C;, C5, Cy,, 0y, and o, are constants, and
their values are listed in Table 1.
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Table 1. Values of the constants of the standard k-¢ model.

Cl C2 CH O O¢
1.44 1.92 1.3 1 1.3

The initial values of turbulent kinetic energy and dissipation rate can be estimated by:

3
k=5 (|| Ti)? 7)

0.75} 1.5
. 0.09 ®)
1
where u,f = inlet flow velocity; 1 = 0.07L (L = characteristic inlet scale (m)); T; = turbulent
intensity (5%). In omega-based models, w is the specific dissipation rate, of which the

initial value can be estimated: 05
k o
© 0.0901 ©

Two geometries, classical backward-facing step (BFSF 1) and backward-facing step
with a cylinder (BFSF 2), were considered. The geometries and computational mesh were
created using the blockMesh utility. The design of the BFSF 1 was based on the experimental
model of Armaly et al. [1]. The expansion ratio (ER = hy /h;) was 2, which was very close to
that of Armaly et al. [1] (ER = 1.94). In the BFSF 2, a cylinder with a diameter D = 4.5 mm
was added at a 4.5 mm distance in the x-direction from the step edge. As shown in Figure 2,
the top half of the cylinder was located above the top surface (mid-plane) of the step. The
BFSF 2 is presented in Figure 2.

Upper wall

T

Inlet hy =10 mm X=4.5mm

]
+ | g . h, =20 mm
* __Cylinder(D=4.5mm) 2 Outlet

h=10mm

+ Lower wall

| 60 mm 500 mm

Figure 2. Sketch of the backward-facing step geometry with a cylinder (BFSF 2).

The standard k-¢, RNG k-¢, standard k-w, and SST k-w turbulence models were
comparatively used. The following boundary and initial conditions were applied.

e Inlet: fixedValue for velocity and turbulence fields (k, ¢, and w), zero gradient for
pressure.

e Outlet: fixedValue for pressure, inletOutlet for velocity, and zero gradient for turbu-
lence fields.

e  Walls (upper and bottom wall, cylinder): zero gradient for pressure, no-slip for velocity,
and near-wall conditions for turbulence fields (i.e., kqRWallFunction, epsilonWall-
Function, and omegaWallFunction).

e  Initial values for pressure (p = 0) and velocity (u = 0.801 m/s) were used. Additionally,
the initial values of turbulence quantities were calculated using Equations (7)—(9):
k = 0.002406 m?/s?, € = 0.0277 m?/s°, w = 124.82 1/s.

e  The Reynolds number based on the step height (h) was Re, = %h =9000.

e  The Reynolds number based on the cylinder diameter (D) was Re. = ? =2015.
Structured meshing is generally more straightforward to implement, faster to execute,

and tends to be more accurate than unstructured ones [24]. In this study, the structured rect-
angular hexahedral mesh was considered. In addition, mesh independence was assessed
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using experimental data [1]. To do so, the BFSF 1 was tested in four meshes with different
cell sizes. It is worth mentioning that the cell size in the vicinity of the wall and cylinder
was fine to have enough resolution. The details of the meshes used in both geometries are
listed in Figure 3.

Num-

Case Number of cells ber of

re | 5 —— points
104,000 210,962

220,000 443,200

Figure 3. Schematic of the mesh used and number of mesh elements.

3. Results and Discussion
3.1. Recirculation Zone and Cylinder Wake

As shown in Figure 4a, in the BFSF 1, the flow separated at the sharp corner of the
step and reattached downstream at the bottom wall. The reattachment length Lry in the
BFSF 1 from several turbulence models was compared with literature experimental data
and numerical results. Table 2 lists the value of the reattachment lengths in the BFSF 1 and
BFSF 2.

Figure 4. Streamlines of the flow at Re. = 2015 (Rey, = 9000), (a) BFSF 1, (b) BFSF 2.

Table 2. Reattachment length in past numerical and experimental works.

Case Rey, ER Lri/h Remarks *
This study—BFSF 1 (standard k-¢) 9000 2 6.75 N, 2D
This study—BFSF 1 (RNG k-¢) 9000 2 7.65 N, 2D
This study—BFSF 1 (standard k-w) 9000 2 8 N, 2D
This study—BFSF 1 (SST k-w) 9000 2 8.8 N, 2D
This study—BFSF 2 (standard k-¢) 9000 2 1.05 N, 2D
Jovic and Driver [2] 8700 1.09 5.35 E, 3D
Spazzini et al. [25] 8300 1.25 5.39 E, 3D
Yao [26] 10,000 2 7 E, 3D
Barri et al. [27] 5600 2 7.1 N, 3D
Kopera et al. [11] 9000 2 8.62 N, 3D
Araujo and Rezende [10] 9000 2 6.34 N, 2D
Wang et al. [7] 9000 2 6.9 E, 3D
Wang et al. [7] 9000 2 6.7 N, 2D

* E: Experimental study; N: Numerical study; 2D: Two-dimensional; 3D: Three-dimensional.

In the BFSF 1, the reattachment length is mostly between 5 and 8 times the step height
which was in agreement with the present study. If compared with experimental data [7]
and numerical results at Rey, = 9000 and ER =2 [7,10], the most accurate model in predicting
Lr; was the standard k-¢. The average error between this study and experimental [7] and
two-dimensional numerical results [7,10] was lower than 3% and 6%, respectively.
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In the BESF 2, the flow separated at the step and reattached to the bottom wall. A
second recirculation zone (Lry) was observed far away from the primary recirculation zone
at the bottom wall. Armaly et al. [1] reported that a second recirculation zone was not
found in their study for Rey, > 1725. However, in this study, the cylinder modified the
flow over the backward-facing step and a second recirculation zone was observed even
for Rey, = 9000. The size of the Lr, was smaller than that of the Lr;. Figure 4 shows flow
patterns of the BFSF 1 and BFSF 2 in the turbulent flow.

The structure of the flow past a cylinder in a rectangular channel depends on the
Reynolds number. For the range of Reynolds number 1000 < Re. < 2 x 10, the flow behind
a cylinder develops and the boundary layers separate from the front stagnation point.
There is a fully developed turbulent wake downstream of the cylinder [28,29]. In this study,
when a cylinder was placed downstream of the step (BFSF 2) at Re. = 2015, the step affected
the near wakes of the cylinder by changing the dynamics of the vortex generation, and two
vortices formed behind the cylinder in different sizes. However, in this range of Reynolds
number in flow past a cylinder, the vortex shedding process becomes fully turbulent in
the wake, and vortex street forms. As shown in Figure 4b, two recirculation bubbles were
observed downstream of the cylinder, with the size of the lower wake recirculation bubble
being larger than that of the upper one.

3.2. Skin Friction Distributions

The skin friction coefficient, Cy, is a dimensionless quantity derived from the wall

shear stress (Ty) as:
2Ty

Cr=2% (10)
pu

The distribution of skin friction coefficient (Cs) at the bottom wall was calculated.
As shown in Figure 5, the skin friction coefficient of the BFSF 1 and BFSF 2 for different
turbulence models were compared with literature results. Note that in the BFSF 2, the
locations were scaled using Lry from the standard k-¢ model in the BFSF 1, rather than that
in the BFSF 2. In Figure 5, the dotted line shows the position of the cylinder center.

000,000 OO0 OgyP O O
00000000 NGRS 2O s

=
A
A Adams and Johnston, 1988 (Reh=30000, ER=1.25, Exp)
X  Jovic and Driver 1995 (Reh=8700, ER=1.09, Exp)
O Spazzini et al. 2001 (Reh=8300, ER=1.25, Exp)
O Kopera et al. 2017 (Reh=9000, ER=2, DNS)
This study —BFSF 1 (Standard k-¢)
This study —BFSF 1 (RNG k-¢)
This study —BFSF 1 (Standard k-w)
This study —BFSF 1 (SST k-w)
—— This study —BFSF 2 (Standard k-¢)

0 0.5 1 x/Lr; 1.5 2 25 3

Figure 5. The longitudinal distribution of C; at the bottom wall downstream of the step.

In the BFSF 1, the C¢ decreased and reached the minimum peaks in the recirculation
zone and gradually recovered to positive values after the reattachment point. The constant
value skin friction coefficient downstream showed fully developed channel flow. Table 3
lists the values of the minimum peaks of Cg, and its location in the BFSF 1 and BFSF 2.
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Table 3. Skin friction coefficient and its position in past numerical and experimental works.
Case Reh ER 'Cf,min x 103 X(Cf,min)/Lrl
This study—BFSF 1 (standard k-¢) 9000 2 248 0.56
This study—BFSF 1 (RNG k-¢) 9000 2 2.3 0.57
This study—BFSF 1 (standard k-w) 9000 2 1.44 0.63
This study—BFSF 1 (SST k-w) 9000 2 1.59 0.45
This study—BFSF 2 (standard k-¢) 9000 2 4.12 0.1
Adams and Johnston [30] 30,000 1.25 0.885 0.63
Jovic and Driver [2] 8700 1.09 0.2 0.63
Spazzini et al. [25] 8300 1.25 1.87 0.6
Kopera et al. [11] 9000 2 2.9 0.62

In the BFSF 1, the distribution of skin friction in the standard k-¢ and RNG k-¢
turbulence models showed almost the same distributions of skin friction as the literature
experimental data [2,25] and numerical results [11]. The results were compared with the
available numerical results [11] at Rey, = 9000 and ER = 2. The average error was lower
than 17.5% for the BFSF 1. The most accurate model in predicting skin friction coefficient
was the standard k-¢, followed by RNG k-¢, standard k-w, and SST k-w. Considering the
accuracy and the calculation time of the models, only the standard k-¢ model was used for
the BFSF 2.

As previously pointed out, two recirculation zones (Lr; and Lr,) were observed in
the BFSF 2. The negative peak of the skin friction coefficient (C¢ min) occurred due to the
recirculating flow where the velocity distribution changed. In the BFSF 2, two peaks of
C¢ min were observed. In the BESF 2, the value of (C¢, ,in)1 increased while its position was
found to be upstream compared to the BFSF 1. The second negative peak (C¢ min)2 was
observed far away from the primary one at the bottom wall and its value was smaller than
that of the primary (C¢ pin)1-

3.3. 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:
P—-P
Cp = g
0.5pu

(11)

where P is the wall static pressure in any location and Py 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. [11]. The distribution of pressure in the standard k-¢ for the BFSF 1 and BFSF 2
is shown in Figure 6.

(b)

Figure 6. Distribution of pressure in the standard k-¢ model, (a) BFSF 1, (b) BFSF 2.

In the BFSF 1, the static pressure increased starting from the corner of the bottom
wall. In the BFSF 2, a sharp increase in pressure occurred in front of the cylinder, however,
the pressure behind the cylinder decreased. According to Kim et al. [31], to normalize
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the variations due to the different expansion ratios of the BFSF, the normalized pressure
coefficient (C*,) was defined as:

Cp - Cp,min

C*p = (12)

Cp,Bc - Cp,min

where Cp min is the minimum pressure coefficient and Cp pc = % (1- ﬁ) is the Borda—
Carnot pressure coefficient [31]. The normalized pressure coefficients (C*,) against the
location scaled with the reattachment position are compared in Figure 7.

1

o O
KK HIKXK X X
0.8 o9 >K§§>§>XX§<<> S X 3 BXX o
@) 0
|
0.6
o Kim et al. 1980 (Exp)
¢ 04 Westphal et al. 1984 (Exp)
Driver and Seegmiller, 1985 (Exp)
02 Kopera et al. 2017 (Num)
This study — BFSF 1 (Standard k-¢)
This study — BFSF 1 (RNG k-¢)
0 This study — BFSF 1 (Standard k-w)
This study — BFSF 1 (SST k-w)
02 ——— This study — BFSF 2 (Standard k-¢)

-1 -0.5 0 0.5 1 15 2 2.5 3
(x-Lr;)/Lr;

Figure 7. The longitudinal distribution of pressure coefficient of bottom wall downstream of the step.

In the BFSF 1, a sharp increase in pressure occurred in the reattachment zone (from
x =3 h to x = 7 h), consistent with the literature results [11,31-33]. The distribution of
pressure farther downstream remained relatively stable in the flow recovery process. The
Cp values computed by the different turbulence models at the bottom wall ranged from
—0.143 to 0.35 and their distribution agreed with literature experimental data [31-33] and
numerical results [11]. In the BFSF 2, the minimum and maximum values of the pressure
coefficients were lower than those in the BFSF 1. The C,, values ranged from —0.39 to 0.115
on the bottom wall in the BFSF 2. The cylinder affected the distribution of pressure along
the bottom wall. In the BFSF 2, the variation of the pressure downstream of the cylinder at
the bottom wall could have two causes: the streamline curvature and the high turbulence
intensity. The average value of C, downstream of the reattachment point was smaller than
that in the BFSF 2 if compared to the BFSF 1.

4. Conclusions

In the present study, turbulent flow over the classical BFSF (BFSF 1) and BFSF with a
cylinder placed downstream of the step (BFSF 2) was investigated.

In the BFSEF 2, the cylinder pushed the primary recirculation region upstream to the
corner of the step and its length was shorter than for the BFSF 1. In the BFSF 2, the second
recirculation zone was observed far away from the primary recirculation zone on the
bottom wall and its length was shorter than that of the primary recirculation zone. The
step modified the structure of the flow past of the cylinder, leading to an asymmetric wake
distribution. Two vortices formed behind the cylinder in different sizes and their location
was shifted towards the bottom wall.

In the BFSF 1, a negative value of skin friction coefficient (Cg pin) at the bottom occurred
due to the recirculating flow. However, in the BFSF 2, two peaks of negative (C¢ pin)1 and
(Ct, min)2 Were observed due to the two recirculation zones. The value of primary (Cf, min)1
was higher than that in the BFSF 1. In the BFSF 1, the pressure coefficient at the bottom
wall peaked around the reattachment point and farther downstream remained relatively
stable in the flow recovery. In the BFSF 2, the pressure coefficient at the bottom wall
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increased immediately downstream of the cylinder. In the BFSF 2, the average value of C,,
downstream of the reattachment point was smaller than that in the BFSF 1.
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