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Abstract

In the present study, laminar and turbulent flow over a backward-facing step (BFSF) where a cylinder was
placed immediately downstream of the step was investigated through numerical simulation using OpenFOAM.
In laminar flow mean errors between numerical and literature experimental data for velocity profiles and
reattachment lengths were lower than 8.1% and 18%, respectively. The cylinder significantly modified the
structure of recirculating flow over the BFSF. In addition, the cylinder increased the skewness of the velocity
profiles, and the location of the maximum velocity shifted towards the upper wall. In turbulent flow, the results
from several RANS models (standard k-, RNG k-¢, standard k-w, SST k-w, and RSM (SSG)) were compared
with literature experimental data. The average error in predicting reattachment length and velocity profiles
ranged from 2.2% to 28.5% and from 7.8% to 14.5%, respectively. The most accurate model in predicting
reattachment length and velocity profiles was the standard k-€ and SST k-w models respectively. The cylinder
modified flow structure and the distribution of turbulent kinetic energy, whose largest value was found
downstream of a cylinder in the separated shear layer.

Keywords: BFSF, cylinder, Numerical simulation, OpenFOAM

1. INTRODUCTION

The backward-facing step flow (BFSF) is a classical benchmark in Fluid Mechanics involving flow
separation, reattachment, and vortex evolution (Chen et al. 2018). Hence, within the last decades, several
experimental (Armaly et al., 1983; Lee and Mateescu, 1998; Bouda et al., 2008; Erturk, 2008; Tihon et al., 2012;
Gautier and Aider, 2014; Chen et al., 2018; Wang et al., 2019; Bhatt et al., 2021), as well as numerical studies
(Biswas et al., 2004; Gualtieri, 2005; Selimefendigil and Oztop., 2013; Jehad et al., 2015; Choi and Nguyen,
2016, and Moosavi et al., 2021), were carried out. Moreover, BFSF with new geometric designs have been
studied in recent years, such as the wavy bottom design downstream of the step by Uruba et al. (2007), BFSF
with cylinder by Kumar and Dhiman. (2012); Selimefendigil and Oztop. (2015); Park and Thornber. (2018), while
some research was carried out on BFSF with an inclined step (Prihoda et al., 2012, Louda et al., 2013, Choi et
al., 2016). These studies demonstrated that the reattachment length increases with increasing step angle,
expansion ratio, and Reynolds number in laminar flow, while in turbulent flow such length is independent of the
Reynolds number and increases with increasing step angle and expansion ratio.

However, few studies have addressed backward-facing step flow with a cylinder placed downstream of the
step. The present study focused on the two-dimensional numerical simulation in both laminar and turbulent flow
of that geometry to identify the effect of the cylinder on the general features of the BFSF, such as reattachment
length, separation zones, and velocity profile. In turbulent flow, several turbulence models (standard k-, RNG
k-g, standard k-w, SST k-w, and RSM (SSG)) were comparatively analyzed. For all the numerical simulations,
both in laminar and turbulent flow, the Open-Source Field Operation and Manipulation (OpenFOAM) software
package was used.

2. MATERIAL AND METHODS
2.1 Computational Domain

Two geometries, BFSF 1 (without cylinder) and BFSF 2 (with cylinder) were created using the blockMesh
dictionary, which creates fully structured hexahedral meshes. The design of the geometries was based on the
experimental model of Armaly et al. (1983) (Figure 1). The expansion ratio (ER=h,/h;) was 2, which was very

close to that of Armaly et al. (1983) (ER=1.94). In Figure 1, h; is the height of the inlet, h, is the height of the
outlet and h is the height of step. In BFSF 2, a cylinder with a diameter (D=4.5 mm) was added at 4.5 mm (x/D
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=1) distance in the x-direction from the step edge. As shown in Figure 1, the top half of the cylinder was located
above the top surface (mid-plane) of the step.
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Figure 1. Sketch of the backward-facing step geometry with a cylinder

According to Armaly et al. (1983) the laminar regime occurs for Reynolds numbers based on the step height
Ren < 900, the transitional regime is in the range 900 < Ren < 4950 and the turbulent regime is Ren > 4950. The
present study was carried out in the Reynolds number range covering laminar and turbulent flows.

2.2 Laminar Flow

2.2.1 Numerical Method and Governing Equations

The laminar flow was solved using icoFoam a transient solver of OpenFOAM. Continuity and momentum
equations for two-dimensional flow in the laminar regime for an incompressible fluid can be written as:

- . ou 0dv
Continuity equation P oy =0 [1]
du du  Ou ap 2u  9%u
Momentum p(a+u&+va_y>= _&+pg’(+u<ﬁ+ﬁ>
equation ov v Ov ap 0%v  0%v [l
p(a+u&+va—y) = — 6_y+ pgy + “(WJFW)

Where p = fluid density; 4 = dynamic viscosity; p = pressure; u and v = velocity components in the x and y
directions; and g = acceleration of gravity.

2.2.2 Boundary and Initial Conditions

The following boundary conditions were applied: A parabolic velocity profile was assigned to the inlet, zero
gradient was assigned to the outlet, and fixedValue boundary was considered for cylinder, upper and lower
walls. At the front and back, empty boundary condition was applied. Also, the initial values were defined for the
problem. The tolerance of iterations was set to 1x10e-6. For the simulation, water with density p=997 Kg/m3
and dynamic viscosity (u) 8.905x10e-4 N.s/m? was selected as fluid. The Reynolds number based on the step

height (h) was defined as Re,= % and the Reynolds number based on cylinder diameter (D) was calculated as
Re.= U—f. Table 1 lists the values of Reynolds numbers in laminar flow.

Table 1. The range of Reynolds numbers based on the step height and cylinder diameter
Ren (Based on step height) 75 112 158 219 336 420 544 672 755
Rec (Based on cylinder diameter) 34 50 71 99 151 189 245 302 340

2.3 Turbulent Flow

2.3.1 Numerical Method and Governing Equations

A transient solver, pisoFoam was used for the turbulent flow. Thus, for the two-dimensional steady flow of
an incompressible fluid, Reynolds averaged Navier-Stokes equations for continuity and momentum are given

by:
ou oV

Continuity equation =Ty (3]

©2022 IAHR. Used with permission / ISSN-L 2521-7119



Proceedings of the 39th JAHR World Congress
19-24 June 2022, Granada, Spain

u ou on_ 9 o, 9 90 0 0u
gt T UGk TVay T BT TV U G (g g ()
Momentum [4]
equation ov ov _ov_ o o, O 0OV 9 0V
ot T T Vay T & Ty POV x0Ty gy

Where v = kinematic viscosity; and vt = turbulent eddy kinematic viscosity. Several turbulence models, such
as standard k-g€, RNG k-¢, standard k-w, SST k-w, and RSM (SSG) turbulence models, were comparatively
used. The standard k-¢ is the most widely applied model in turbulence modeling. Its formulation is presented in
equations 5 - 7:

ok ok _ 0 o v ok ou, 0t 0%y .

at T Yax o, [0+ axj] Yoy ax T ax? T [5]

6£+_ d¢ G] +Ut d¢ _ ¢ e 0y aﬁi+6ﬁ]— c g2 5

at ui aX] aX] [(U 05) aX]] - 1 kUt aX] (aX] aXi) 2 k [ ]
k

Uy = pcpg [7]

Where ui = velocity component; k = turbulent kinetic energy; ¢ = turbulent kinetic energy dissipation rate.
The rest of terms (C4, Cp, C,, 0Ok, 0¢) are model parameters that, in the standard k- model, are 1.44, 1.92, 1.3,
1, and 1.3, respectively. At the inlet, the turbulent kinetic energy and dissipation rate can be estimated by:

3
k = 5 (lurege T;)? (8]

0.090.75](1.5
S [9]

€

Where uwett = inlet flow velocity (m/s); | = 0.07L (L = characteristic inlet scale (m)); Ti =turbulent intensity
(5%). In omega-based models, w is the specific dissipation rate, which is estimated as:

kO.S

- 10
0.099-25] [10]

w

2.3.2 Boundary and Initial Conditions

Boundary conditions and initial values are listed in Table 2. The Reynolds number based on the step height
was Reyn=9000, which was equal to Re.=4050 based on cylinder diameter.

Table 2. Boundary conditions and the input value of backward-facing step in turbulent flow
Wall

Boundary type description inlet outlet (upper wall, lower wall, Input
: values
cylinder)

Pressure p (kg /s.m2) zeroGradient fixedValue zeroGradient 0
Velocity u (m/s) fixedValue inletOutlet noSlip 0.801
Turbulence k (m?/s?) fixedValue zeroGradient kgRWallFunction 0.002406
fields € (m?/s83) fixedValue zeroGradient epsilonWallFunction 0.0277

w (1/s) fixedValue zeroGradient omegaWallFunction 124.82

3. RESULTS AND DISCUSSION
3.1 Laminar Flow

2.3.3 Reattachment Length

The most important characteristics in BFSF are flow separation and reattachment. The adverse pressure
gradient due to the sudden expansion at the edge of the step induced this separated flow. A sketch of flow over
the backward-facing step with and without cylinder is shown in Figure 2.
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Figure 2. Sketch of the flow a) BFSF 1 b) BFSF 2 (modified from Erturk, 2008)

In the classical BFSF (BFSF 1), flow pattern involves several different flow regions: initial boundary layer,
separated free shear layer, corner eddy, primary recirculation zone on the lower wall (Lr1), second recirculation
zone on upper wall (Lr2), redeveloping boundary layer, and third recirculation zone on the lower wall (Lrs), as
shown in Figure 2-a. The physics of separation regions could be described as follows: flow separated at the
step (Xo) and reattached to the lower wall (X1) which is called primary recirculation zone having a length Lr;
which increased as Rey. In addition to the primary recirculation zone (Lr1), a second recirculation zone (Lr2) near
the upper wall for Ren > 300 was reported in previous studies. Point X, shows the starting location of the
recirculation zone and point Xz is the corresponding end of this region on the upper wall. According to Erturk
(2008), with an expansion ratio of 2 for Rep > 1275, a third recirculating zone was observed between points Xa
and Xs with length Lrs. Its length Lrs increased as Ren increased. However, Armaly et al. (1983) found that the
third recirculation region (Lrs) was in the early part of the transitional flow, and it was not observed for Re >
1725. Cherdron et al. (1978) and Sparrow and Kaljes (1977) suggested that the third recirculation zone was
caused by vortex 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 (Armaly
et al. 1983).

In the BFSF with a cylinder (BFSF 2), the flow separated at the step, but the dividing streamline was
deviated by the cylinder to the lower wall and the reattachment point X1 was found to be upstream than for BFSF
1. In addition, the second recirculation zone on the upper wall was missing, while the third recirculation zone
was observed even at 75 <Rep < 755, and it was placed upstream than in the BFSF 1. For BFSF 2, Lr; and Lrs
increased as Rey increased. Figure 3 compares the normalized location of Xs point between BFSF 2 of the
present study and the numerical results of Erturk (2008) for a classical BFSF.
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Figure 3. Dimensionless reattachment point of third recirculation region (Xs/h) vs. Ren

Table 3 lists the value of normalized location of starting and ending recirculation zones in BFSF 1 and
BFSF 2. In BFSF 2, while X4 was unchanged Xs as the Xs/h increased as Ren, increased.

Table 3. The reattachment and separation points of the recirculation zones vs. Renin laminar flow

X1/h Xolh Xalh Xalh Xs/h

Ren BFSF1 BFSF2 | BFSF1 BFSF2 | BFSF1 BFSF2 | BFSF1 BFSF2 | BFSF1 BFSF2
75 2.88 - - - - - - - - -
158 5.25 0.45 - - - - - 4.4 - 5.26
336 9.15 0.7 7.8 - 10.65 - - 2.3 - 12.15
420 10.4 0.8 8.65 - 14.15 - - 2.25 - 15.1
544 11.5 0.85 8.9 - 18.6 - - 2.1 - 19.5
672 12.65 0.9 10.2 - 21.5 - - 2.1 - 23.65
755 13.37 0.9 10.62 - 23.1 - - 2.05 - 26.3
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Figure 4 compares the primary recirculation zone (Lr1) with experimental data of Armaly et al. (1983); Lee
and Mateescu. (1998) and Tihon et al. (2010) as well as numerical studies of Gualtieri (2005) and Erturk (2008).
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Figure 4. Dimensionless primary reattachment length Lri/h vs. Rey, in laminar flow

The mean error between the present numerical results and literature numerical and experimental data was
lower than 18% and 5 % respectively. The cylinder pushed the primary recirculation region upstream to the
corner of the step and, hence, at each Rey, Lr1 was generally lower than that of BFSF 1.

2.3.4 Velocity Profiles

The distribution of the u-velocity in BFSF 1 and BFSF 2 at Re,=336 is shown in Figure 5. The cylinder
partly deviated the flow to the lower wall.
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Figure 5. Distribution of u-velocity at Re,=336 a) BFSF 1 b) BFSF 2

The u-velocity profiles of BFSF 1 and BFSF 2 at Re. =34 and 302 are shown in Figures 6 and 7, The
velocity profiles were consistent with the experimental data of Armaly et al. (1983) and numerical results of
Gualtieri (2005). The mean error between numerical and literature data was lower than 8.1%.
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Figure 6. Dimensionless u-velocity profiles (u/Umax) at Rec=34 a) x/h=4.8 b) x/h=12.04
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Figure 7. Dimensionless u-velocity profiles (u/Umax) at Rec=302 a) x/h=7.5 b) x/h=15 c) x/h=30

In BFSF 2, with the incident flow toward the cylinder, the regular patterns of the vortex were shed rear of
the cylinder. The maximum velocity values in BFSF 2 were a bit higher than in BFSF 1 and the location of the
maximum velocities shifted towards the upper wall. But, more importantly, the cylinder increased the skewness
of the velocity profiles. The skewness of velocity profiles were calculated for both BFSF 1 and BFSF 2 in the
following locations: x/h = 0.25 where the primary recirculation occurred and the velocity distribution was high;
x/h = 4.5, x/h = 9 where was downstream of the cylinder and at x/h = 28 the flow developed and reached the
outlet of the geometry. In BFSF 2, the percentage of increasing skewness were 155, 190, 107 and 20 % at x/h
=0.25, x/h =4.5, x/h =9 and x/h = 28 respectively. The results indicated that the skewness of the velocity profile
near the cylinder was larger than in other locations.

3.2 Turbulent Flow

3.2.1 Reattachment Length

The reattachment length in BFSF 1 and BFSF 2 from standard k-¢, RNG k-¢, standard k-w, SST k-w, and
RSM (SSG) was compared with literature experimental data and numerical results. The data were plotted in
Figure 8 as the normalized reattachment length by the step height against Reynolds number Re.
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Figure 8. Dimensionless primary reattachment length (Lr1/h) vs. Rey, in turbulent flow
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Most of the reattachment lengths of classical BFSF reported in the literature were between 5 and 8 times
the step height. The present numerical results were compared with the PIV data of Wang et al. (2019) and the
DNS results of Kopera et al. (2017). The mean error between the present numerical results and experimental
data (PIV) of Wang et al. (2019) and the DNS results of Kopera et al. (2017) ranged from 2.2% to 27.5% and
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2.3% to 28.5%, respectively. If compared with PIV measurements, the most accurate model in predicting
reattachment length was the standard k-¢, followed by RNG k-g, RSM (SSG), 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
BFSF 2. Table 4 lists the value of normalized location of reattachment lengths (Xi/h, Xa/h, and Xs/h) in BFSF 1
and BFSF 2.

Table 4. Dimensionless reattachment points of primary and third reattachment length in turbulent flow

Case Method Xu/h Xa/h Xs/h
standard k-¢ 6.75 - -
RNG k-¢ 7.65 - _
BFSF 1 standard k-w 8 - -
SST k-w 8.8 - _
RSM (SSG) 6.15 - -

BFSF 2 standard k-¢ 1.05 6.51 7.2

As in laminar flow, the cylinder decreased Lri. In BFSF 2, a small third recirculation region (Lrs) was
observed far away from the primary recirculation zone on the lower wall. As previously pointed out, Armaly et
al. (1983) reported third recirculation zone was not found in their study for Ren > 1725. However, in the present
study for BFSF 2, the third recirculation zone was observed even for Ren =9000. It is noted that the size of the
third recirculation zone (Lrs) was smaller than that of the primary recirculation zone (Lry).

3.2.2 Velocity Profiles

As shown in Figure 9, the u-velocity profiles in BFSF 1 were compared with the results of Wang et al.
(2019) and Kopera et al. (2017) in x/Lr1 = 0.06, x/Lr1 = 0.46, and x/Lr1 = 0.93. Also, the velocity profiles of BFSF
2 were added to these plots. Note that in BFSF 2, the locations were scaled using Lr; from the standard k-
model in BFSF 1, rather than that in BFSF 2.
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Figure 9. Dimensionless u-velocity profiles of BFSF 1 and BFSF 2 a) x/Lr1=0.06 b) x/Lr1=0.46 c) x/Lr1=0.93

The first location (x/Lr1 = 0.06) was placed just downstream of the step and it can be seen that the fully
developed flow extended in all turbulence models. In x/Lr1 = 0.46, where the primary recirculation occurred in
BFSF 1, negative velocity was found near the lower wall, consistently with the DNS results by Kopera et al.
(2017) and PIV data by Wang et al. ( 2019). In BFSF 1, the negative velocity in location x/Lr; = 0.46, represented
the presence of inverse flow in the primary recirculation zone. The velocity near the lower wall for the RSM
(SSG) model was smaller than the values obtained by the other models. However, in BFSF 2, positive velocity
was found because this location (x/Lr1 = 0.46) was placed between two recirculation zones (Lry and Lrs). In x/Lr;
= 0.93, the standard k-w, SST k-w, and RNG k-¢ models presented negative velocity because their Lr; was the
largest among all models. The RSM (SSG) and standard k- models presented the highest velocity in the region
near the lower wall. Far away from the cylinder (x/Lr, = 0.93) flow in both BFSF 1 and BFSF 2 had similar
behavior in terms of separation and velocity profiles. As in laminar flow, in BFSF 2, the location of the maximum
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velocity shifted towards the upper wall. As shown in Table 5, the average error between the present numerical
results and literature experimental data was from 8.8 % to 12.3% and from 7.8 % to 14.5% if compared with the
DNS results. The most accurate model in predicting velocity profiles was the SST k-w, followed by the standard
k-w, RNG k-¢, the standard k-€ and RSM (SSG). The SST k-w model was already recommended for cases with
adverse pressure gradient and flow separation because it addresses the advantages of standard k-w and
standard k-&¢ models (Araujo and Rezende, 2017).

Table 5. The mean error (%) between numerical results with literature experimental and numerical results
Turbulence models
standard k-~ RNG k-¢  standard k-w  SSTk-w RSM (SSG)
PIV data by Wang et al. (2019) 10.13 10.05 9.31 8.83 12.28
DNS results by Kopera et al. (2017) 10.6 10.56 8.43 7.82 14.43

3.2.3 Turbulent kinetic energy (TKE)

Figure 10 shows the distribution of turbulent kinetic energy of BFSF 1 and BFSF 2 for different turbulence
models.
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Figure 10. The distribution of turbulent kinetic energy a) BFSF 1 - Standard k-€ b) BFSF 1 - RNG k-¢ ¢) BFSF
1 - Standard k-w d) BFSF 1 - SST k-w €) BFSF 1 - RSM (SSG) f) BFSF 2 - Standard k-¢

The distribution pattern was quite similar for all models. However, the cylinder changed the distribution of
turbulent kinetic energy. In the BFSF 1, the TKE decreased monotonically starting from the step edge in the x-
direction. Figure 11 shows vertical profiles of the turbulent kinetic energy normalized by maximum velocity value
in x/h=0.02, x/h=0.05, and x/h=0.1.
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Figure 11. Dimensionless turbulence kinetic energy of BFSF 1 and BFSF 2 a) x/h=0.02 b) x/h=0.05 c)
x/h=0.1
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The maximum turbulent kinetic energy was below the mid-plane of step in regions of high shear flow. In
BFSF 1, a sharp value of TKE ranged from 0.45 < x/Lr; <1.45. This result demonstrated that the peak value of
TKE was approximately around the recirculation region and all turbulence models had similar amplitudes.
However, in BFSF 2, the sharp value of TKE ranged from 1.9 < x/Lr: < 6.9. The TKE value increased immediately
downstream of the cylinder.

4. 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 edge (BFSF 2), in both laminar and turbulent flow to
identify how the cylinder affects flow structure. First, the numerical results for BFSF 1 were found to be in good
agreement with the literature experimental and numerical results. The following conclusions can be
summarized:

e In BFSF 1, three recirculation zone were observed: primary recirculation zone on the lower wall in laminar
and turbulent regime; second recirculation zone at the upper wall for Ren>300; and third recirculation zone
on the lower wall in the early part of the transitional regime. In both laminar and turbulent flow, the cylinder
pushed the primary recirculation region upstream to the corner of the step and its length decreased, while
the second recirculation zone near the upper wall was missing in laminar flow. In BFSF 2 the third
recirculation zone was observed even for laminar and turbulent flow and its location was placed upstream
than in BFSF 1.

e The cylinder increased the skewness of the velocity profiles, and the location of the maximum velocity shifted
towards the upper wall in the laminar and turbulent flow.

¢ Inthe BFSF 1, the standard k-¢ model predicted the reattachment length better than the turbulence models
which were used in this study. The RNG k-¢, standard k-w, and SST k-w models tended to overestimate the
recirculation length and RSM (SSG) had a significantly short reattachment length as compared with literature
PIV data. However, SST k-w was the most accurate model in predicting velocity profiles.

¢ Inthe BFSF 1, the maximum turbulent kinetic energy was located downstream of the step, below the mid-
plane of the step. However, in BFSF 2, the cylinder increased the turbulent kinetic energy and the location
of the maximum TKE shifted towards the centerline of the channel.
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