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Abstract. Computational examinations of the flow field in an open channel having a single Backward-
-Facing Step (BFS) with a constant water depth of 1.5 m were performed. The effects of the expansion
ratio, and the flow velocity along the reattachment length, were investigated by employing two different
expansion ratios of 1.5 and 2, and eight various flow velocities of 0.5, 1, 2, 3, 4, 5, 7.5 and 10 m/sec in
the Computational Fluid Dynamic (CFD) simulations. Commercially available CFD software, ANSYS
FLUENT, was used for calculations. The simulation outcomes were verified using experimental re-
sults. Moreover, analyses were performed by using two equation turbulence closure models, K-& family
(standard, RNG and realizable), and K-w family (Wilcox’s and SST K-w). The analyses have revealed
that the reattachment length increases with an increase in the expansion ratio, the flow velocity and the
Reynolds number. The results obtained for two expansion rates and eight different flow velocities have
shown insignificant differences between one turbulence closure model and the others. Furthermore, it
was observed that both velocity and expansion ratios have an effect on the reattachment zone size.

Key words: open channel, backward-facing step, reattachment length, expansion ratio, K-& model,
K-w model

1. Introduction

In water management, an open channel is defined as a man-made channel with a free
surface that is constructed on the ground to transfer water from a river, another chan-
nel, a reservoir, or another storage area to a consumption point. In practice, the design
of an ideal open channel lateral cross-section and longitudinal profile that meets all
of the desired objectives is extremely difficult. There are several reasons for this: first,
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there are many interdependent variables involved throughout the process, and second,
there are many constraints that are commonly encountered within the area in question
(Mustafa 2012). One of the main geometrical issues in open channels is the sudden
change in the bed profile of the channel. If the bed of the channel has a downward
step, an isolation and separation zone take place in the water stream, which is char-
acterized by a Backward-Facing Step (BFS). Flow over a downward-stepping creates
a recirculation zone where the fluid separates and forms vortices. Separation is a phe-
nomenon that arises under a variety of flow conditions. Flow separation results from
a strong adverse pressure gradient due to a sudden expansion in the geometry. The
reattachment point is defined as the point where the flow contacts the base of the
channel, while the reattachment length is known as the distance from the step to the
reattachment point. The reattachment length is noted to vary from 5 step-heights to 8
step-heights depending upon the flow conditions (Saad 2011). Interest in the inflow
over backward facing steps and reattachment length was revived in the early 1980s
by employing laminar, turbulent and transitional flow conditions and different expan-
sion ratios (Armaly et al 1983, Barri et al 2010; Benedict, Gould 1998, Durst, Tropea
1981, Eaton, Johnston 1981, Lee, Mateescu 1998, Panjwani et al 2009). Flows in BES
geometry are important due to the fact that flow separation substantially increases the
momentum, heat, and mass transfer downstream of the step (Zajec et al 2021). Further
development and validation of numerical turbulence flow methods are still required,
due to the complexity of turbulence itself.

In an experimental study, Durst and Tropea (1981) explored the effect of the Ex-
pansion Ratio (ER) and Reynolds number for the reattachment length. They discov-
ered that the length of the reattachment increases as the ER and Reynolds number
increase. The experiments were performed with an ER = 20, which was similar to
that of Kim et al (1980), who used an ER = 16.6. Sinha et al (1981) experimentally
analyzed both laminar and turbulent flows over backward-facing steps. The range of
Reynolds numbers used for the experiments varied from 100 to 12500. It was de-
termined that the reattachment length increases linearly in the laminar flow regime
(until Re = 800), then decreases as the Reynolds number increases. The reattach-
ment length reaches a constant value of around six step heights (6h) for Re > 10000.
Armaly et al (1983) explored the effect of Reynolds number on the reattachment
length. A range of Reynolds number values were tested with three different flow
regimes, namely: laminar, transition, and turbulence. The flow over the steps showed
signs of Two-Dimensional (2-D) behavior at very low and very high Reynolds num-
bers (Re < 400 and Re > 6600). While it was mainly Three-Dimensional (3-D) for
Reynolds numbers in between those values. The study led to the conclusions that:
(i) the reattachment length increases with low Reynolds number (Re < 1200); (ii)
for the transitional flow regime; the reattachment length decreases slightly with
(1200 < Re < 6600); and (iii) it reamins mostly the same in fully turbulent flow. This
group of researchers have reached similar conclusions in previous studies (Armaly et
al 1983, Durst, Tropea 1981, Sinha et al 1981). Benedict and Gould (1998) found the
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reattachment length to be 6.38/4 (where £ is height of the step) for a Reynolds number
of Re = 23600, the expansion ratio of the channel was 1.25. Pont-Vilchez et al (2019)
conducted research on the direct numerical simulation of BFS flow at a Reynolds
number of 395 and an expansion ratio of 2. At moderate Reynolds numbers, Tihon et
al (2012) investigated the BFS flow experimentally and numerically. Different chan-
nel expansion ratios (ER = 1.43, 2, 2.5, and 4) and inlet flow conditions (steady and
pulsatile) were used to study the structure and stability of flow behind the step.

The reattachment point location varies in the span-wise direction, and it moves
about a mean value of 6 ER. The results of Direct Numerical Simulation (DNS) are
similar to the experimental results. The DNS simulations show a large negative skin
friction in the recirculation region at relatively low Re similar with the experimental
result. Furthermore, the velocity profiles deviate from the log law in the recirculation
zone. This presents that the flow is not fully recovered even at twenty step heights
behind the down-step (Biswas et al 2004, Jovic, Driver 1994, Krishnamoorthy 2007,
Le et al 1997, Neumann, Wengle 2003).

The pressure losses increase with increasing step height and decrease with in-
creasing Reynolds number, except for Re > 200 and large expansion ratios. The 3-D
prediction at three different Reynolds numbers (Re = 397, 648 and 800) were found
to be in excellent agreement with the experimental results of (Armaly et al 1983). The
effect of the side wall is evident for Re > 400, explaining the disagreements observed
between 2-D simulations and the experimental findings in the vertical mid-plane. In
contrast to the remarks of Kaiktsis et al (1991), an oscillatory behavior of the BFS flow
was found beyond Re =~ 1200, which is in concurrence with the measurements of (Ar-
maly et al 1983, Estejab 2011). Qingfu and Zhiping (2012) have investigated flow the
relationship between the reattachment length, step height, flow depth on the step and
the velocity on the step by applying two-phase numerical simulation by combining
Volume-of-Fluid (VOF) method with Renormalizing Group (RNG) K-& turbulence
closure model. Numerical simulation results concluded that the reattachment length
does not change with the flow velocity on the step. A quadratic relationship between
the ratio of reattachment length and the step height was noted (Chanson 2004, Qingfu,
Zhiping 2012).

Turbulence closure models of one equation to higher order ones have been em-
ployed in the calculation of reattachment length and BFSs. Anwar-ul-Haque et al
(2007) had studied turbulence models for flow over BFSs and performed predictions
for reattachment length with different turbulence closure models in 2-D and 3-D. De-
termination of reattachment length of separated shear layers in low Reynolds number
turbulent flow is an important consideration to evaluate the quality of various turbu-
lence models. Choi and Nguyen (2016) investigated the numerical BFS flow over a va-
riety of step angles; the outcomes have been confirmed that the reattachment length
remains almost constant once Re > 15000, even increasing of the step angle larger
than 30 degrees. Araujo and Rezende (2017) presented and analyzed the turbulent
flow in a 2-D channel with a BFS using numerical simulations. When they compared
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to published results for reattachment length, mean velocity profile, and contour, the
SST K-w model produced the best results for reattachment length, mean velocity pro-
file, and contour. When compared to models of two partial differential equations that
employ the Boussinesq hypothesis, the Reynolds Stress Model (RSM) produced the
best results for the turbulence intensity profile (Araujo, Rezende 2017).

The Large-Eddy Simulation (LES), which was initially conceived of by Smagorin-
sky (1963) and Lilly (1966), implicitly calculates the large-scale vortices and explic-
itly parameterizes the small-scale vortices. The LES can detect large scale vortex
motion although with a larger grid-grid cell size, more over LES model tends to over-
estimate the tope wall separation, and the Reynolds stress components for the BFS
flow simulation without a sufficiently fine grid, overall, LES is a potential tool for
simulating separate flow controlled by large scale vortices (Wang et al 2019). The
impact of grid resolution and sub-grid scale modeling on the predictive accuracy of
LES is investigated (Shehadi 2018). Different combinations of streamwise and span-
wise grid resolutions are considered along with different strategies for the cell-size
distribution in the wall-normal direction.

In spite of the numerous numerical studies using turbulence models, there has
been little research in the BFS area with considering different flow velocities and us-
ing different turbulence closure models, K- family (standard, RNG and realizable),
and K-w family (Wilcox’s and SST K-w). Currently, there is still a lack of numerical
data reporting BFS flow behaviour at higher Reynolds numbers, which is necessary
because the effects of low Reynolds numbers are mitigated at these levels. In the cur-
rent research, numerical analyses were performed in order to look at the flow field
over BSFs and the reattachment length for different Reynolds numbers. Two different
expansion ratios of 1.5 and 2, and eight different flow velocities were employed using
computational fluid dynamic (CFD) simulations. This research was conducted with
the goals of determining the predictive ability of the various models for the BFS.

2. Material and Methods
2.1. Computational Domain Geometry

The view of the BFS flow domain analyzed in this research is shown in Figure 1. The
expansion ratios are ER = Hd / (Hd —h) = 2 and 1.5, with aspect ratios equal to A, =
W/h =6 and 4 (h = 0.5 and 0.75 m), where Hd is water depth in downstream of the
step, W is the width of the channel, and # is the height of step. The computational
domain has a total length 15 m. The height of step 4 is equal to 0.5 m and 0.75 m,
length of upstream LU is 5 m and downstream length LD is 10 m).

For an ER of 1.5 m, the mesh that was constructed for the investigation of the
flow field over the BFS in this study has 480 000 elements and 508 191 nodes. On
the other hand, the mesh that was created for an expansion ratio of 2 contains a total
of 450 000 elements and 477 691 nodes. In the meshing, 7 face zones and 1 cell
zone were determined in order to resolve the boundary layer. Maximum face size of
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bed of chanel — e

Fig. 1. Model layout

the mesh was assumed to be 0.0025 m?. The orthogonal quality ranges from 0 to 1,
where values close to 0 correspond to low quality. The minimum orthogonal quality
of the present mesh is equal to 1 and maximum aspect ratio is 1.73.

Numerical analyses were performed to investigate the flow field over backward-
-facing steps and reattachment length for different Reynolds numbers. The range of
Reynolds number used for this investigation varied for ER = 1.5 from 332 to 6646.72,
and for ER = 2 it varied from 498.5 to 9970.08. The effects of the flow velocity along
the reattachment length were investigated by employing eight different flow velocities
of 0.5, 1,2,3,4,5,7.5 and 10 m/sec in the CFD simulations. Simulations were per-
formed by using five different turbulence closure models, namely, standard K-, RNG
K-¢, realizable K-&, Wilcox’s K-w and SST K-w (Launder and Spalding 1972, Menter
1994, Shih et al 1995, Wilcox 1998, Yakhot, Orszag 1986). The analyses were con-
ducted by employing commercially available CFD software, ANSYS FLUENT. The
reattachment length is found to vary from 5 step-heights to 8 step-heights, depending
on the flow conditions (Yiice 2005).

2.2. Turbulence Models

In a physical domain, the Navier-Stokes equations mathematically depict the balance
of momentum and conservation of mass for Newtonian fluids. These equations may be
accompanied by an equation of state that establishes the relationship between pres-
sure, temperature, and density of the fluid. They are derived from the application
of Isaac Newton’s second law to fluid motion, assuming that the stress within the
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fluid consists of two components: a diffusing viscous term, which is proportional to
the velocity gradient, and a pressure term. This description enables the characteriza-
tion of viscous flow in fluids. When attempting to obtain accurate results by the use
of the Reynolds averaging, application of turbulence models is absolutely necessary
(Yakhot, Orszag 1986).

The Standard k-& (SKE) model is the most commonly used of the two-equation
turbulent models. The model solves two further differential equations for kinetic en-
ergy, k and dissipation € (Launder, Spalding 1972). The standard k-w (SKO) model
is a two-equation linear eddy viscosity turbulence model which was developed by
Wilcox (1998) and it is known by that name. Wilcox has referred to specific dissi-
pation rate, w, as the ratio of £ to k. In another word, it is a rate of dissipation per
unit kinetic energy. The SKO model can be applied to both walls bounded flows and
shear flows. The model also incorporates specific changes that include low Reynolds
number effects. The shear stress transport (SST) k-w model was developed by Menter
(1994). In this study, the SKO model is applied in the near wall regions whereas the
SKE model is incorporated in the free-stream region of the flow. This is done by con-
verting the SKE model to a SKO model in the near wall region. A blending function is
multiplied to both the models which are then added together. The function has a value
of ‘1’ near the wall, thereby activating SKO model, and a value of ‘0’ far away from
the wall, which triggers the SKE model. These attributes make the SST model more
accurate and reliable than the SKO model (Gerasimov 2006, Sobieski 2013).

2.3. Boundary Conditions

The inclusion of boundary conditions has the potential to have a significant impact,
both on the precision and the convergence of the solution. During the problem setup
phase, after selecting and defining the boundary condition, particle flow properties
will need to be specified. In this work a total of six boundary conditions is considered,
of which the three are the most significant ones. The boundary conditions that were
applied to the current geometry are listed in Table 1.

Table 1. Model boundary conditions

Zone Type
Inlet Pressure inlet (barometric, elevation of water surface = 1.5 m)
Outlet Pressure outlet (barometric)
Surface Wall-free slip with air
Side wall Wall-no slip
Bottom Wall-no slip

The pressure inlet and pressure outlet boundary condition specify the inlet ve-
locity in m/sec and the outlet velocity. The outlet velocity requires the specification
of a length scale such as the hydraulic diameter of the inlet channel and the turbu-
lent intensity. FLUENT provides a default value of 10% turbulent intensity; however,
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the turbulence intensity and length scale can be specified by the user. A turbulence
intensity of 1% or less is generally used for flows with low Reynolds numbers and
turbulence intensities greater than 10% are used for high Reynolds number flows.
The intensity can be determined by using:

I =0.16(R,)""8. (D

The turbulence length scale is a physical quantity related to the size which can be
defined by:

¢=0.07L. 2)

In non-circular cross-sectional open channel flows, L is based on the hydraulic
diameter of the channel. Velocity in this work was selected by choosing multiphase
option in pressure inlet and filling the field for velocity magnitude and the bottom of
the bed with surface water in open channel. The same choice is used to implement
turbulence intensity and length scale ratio, and to select the bottom of the bed with
surface water multiphase. For both side-walls and the bottom boundary the no slip
condition was defined. The surface boundary condition was chosen to be the wall in
type with a free-slip shear condition.

Pressure-velocity coupling method and spatial discretization ought to be de-
fined in the solution stage, which is necessary for obtaining accurate results. The
pressure-velocity coupling method consists of SIMPLE, SIMPLEC and PISO algo-
rithms. Applying the pressure-based segregated algorithm indicates that the pressure-
-based coupled solver is used. Corrected velocity and pressure fields represent a high
approximated relationship in Pressure Implicit with Splitting Operators (PISO) algo-
rithm, especially applicable to transient problems, which can improve the convergence
in highly distorted cells. The first order segregated upwind solver is stable but dissipa-
tive, depending on the direction of flow. On the other hand, the second order upwind
scheme does not depend on the flow direction; it is symmetric and not dissipative,
but dispersive. The third order quadratic upwind interpolation for convection kinet-
ics (QUICK) is used only for hexagonal and quadrate pressure interpolation scheme
(pressure at the cell-faces). QUICK depends on the flow direction.

The numerical solution of the flow field was performed by choosing standard ini-
tialization method. All values under the initial values heading are automatically com-
puted and updated based on the conditions defined at the selected boundary zone. One
or more of the default values can be changed or new values could be input, usually in
the fields next to the current variables. The last step in the solution stage is to estimate
the current data by running the calculation task. The details of the calculation run
depend on the steady-state analyzing and performing time-dependent computation
according to the requirements. For example, if the eddy simulation is being analyzed
the transit time must be enabled in general setup task. The present study did not need
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transit time, since it works with k- and k-w turbulence closure models and steady flow
condition. The number of iteration and time step can be defined prior to execution.

3. Results and Discussion

The results obtained in this research for the reattachment length were compared with
experimental and numerical analyses available in the literature. The flow behind the
BFSs produces recirculation zones, where the fluid separates and forms vortices. The
analyses have revealed that the reattachment length increases with an increase in the
ER, the flow velocity and, thus, the Reynolds number. Table 2 presents the naming
order of simulated scenarios.

Table 2. The naming of simulated scenarios in this study

Turbulence closure models Velocity (m/sec) Expansion ratio
Standard K-&
K-¢ RNGK-¢ 1.5

Realizable K-¢
Standard K-w
K- 5,1,2,3,4,5,75,1
w SST Kt 05,1,2,3,4,5,7.5,10
Standard K-
K-¢ RNGK-¢ 2
Realizable K-&
Standard K-w
K-
@ SST K-w

3.1. Flow over a Backward-facing Step with the Expansion Ratio of 1.5

The 2-D plots of velocity vector field and streamlines with contour for the ER = 1.5
are presented in Figures 2 and 3. The results of the study for the same expansion
ratio are summarized in Table 3. The standard K-g, renormalized group (RNG) K-g,
realizable K-&, Wilcox k-w, and shear stress transport (SST) K-w turbulence closure
models with Reynolds numbers ranging from 332 to 6646.72 were simulated. One of
the important characteristics of the flow over BFSs is the recirculation region formed
behind the step. The shear layer separates from the top of the step and reattaches to
the bed of the expanded channel after the step at the reattachment point. In a numer-
ical investigation conducted by Qingfu and Zhiping (2012), with an expansion ratio
of 1.5, the reattachment length was measured to be varying between 5.1/ and 4.9h.
The reattachment length was observed to be fluctuating between 4.4h to 5.3% in an
experimental study performed by Yiice (2005).

In the present research, it was found that the reattachment length varies from 4.44
to 5.984 for all K-& nd K-w turbulence models. The results of the analyses show that
the reattachment length fluctuates from 4.684 to 5.88h, 4.4h to 5.89h, 4.54h to 5.8h,
4.5hto 5.8h, 4.7h to 5.984 for the standard K-&, the RNG K-g, Realizable K-&, Wilcox
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Fig. 2. Velocity vector with vortices for different values of Reynolds number
for RNG K-¢ model

k-w, SST K-w turbulence closure models, respectively. In comparison to the other
models, the SST predicts the longest reattachment length when the velocity is set to 10
m/sec and Re = 6646.72. Standard and RNG K-¢& almost have the same reattachment
length, which equals 5.88 m. Finally, the minimum reattachment length was obtained
by using Realizable K-¢ as well as Standard K-w. When the velocity is increased from
0.5 to 1 m/sec, and subsequently to 2, 3, 4, and 5 m/sec, then there is a correlation in
the amount of increase in reattachment length; however, when the velocity is increased
to 7.5 m/sec, the amount of increase in reattachment length is not the same as it was
previously. When comparing to the experimental results obtained by (Yiice 2005)
RNG, Realizable K-g, Standard K-w, and SST, the reattachment length is found to
be in the range of the experimental study when the velocities are 0.5, 1, 2, 3 and 4
m/sec; thereafter, the reattachment length was greater than in the range. However,
according to the S K-¢ equation, the length will begin to be greater than the range of
the experimental study after exceeding the velocity of 2 m/sec.
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Fig. 3. Velocity contour for different values of velocity for SST K-w model

The vortices in the shear layer of flows with a high Reynolds number were noted
to shed more rapidly than those of low Reynolds numbers while approaching to the
reattachment point. The re-circulation region was clearly distinguished and noticed to
cover almost all of the downward area, with its center point slightly shifted towards
the downstream for some models (Figures 2 and 3 and Table 3).

3.2. Flow over a Backward-facing Step with the Expansion Ratio of 2

The 2-D plots of velocity vector field and streamlines with contour for the expansion
ratio of 2 are presented in Figures 4 and 5. The results of the study for the expansion
ratio of 2 are summarized in Table 4. Analyses were performed by the standard K-¢,
renormalize group (RNG) K-¢, realizable K-g, Wilcox K-w and shear stress transport
(SST) K-w turbulence closure models, with the Reynolds numbers ranging from 498.5
to 9970. One of the significant features of the flows over BFSs is the recirculation area
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Table 3. Reattachment lengths for ER of 1.5 with 0.5 m step for k-& and k-w
turbulence models

Re \" Model
(m/sec) | SK-¢ | RNG | RK-¢ | SK-w | SST | Experimental
332.00 0.5 4.68 4.40 4.54 450 | 4.70 (4.4-5.3)
664.00 1 4.72 4.80 4.84 456 | 4.74 (4.4-5.3)
1329.01 2 5.22 4.96 4.92 482 | 476 (4.4-5.3)
1994.017 3 5.34 5.14 5.08 5.04 | 498 (4.4-5.3)
2685.025 4 5.50 5.26 5.30 5.16 | 5.24 (4.4-5.3)
3323.03 5 5.52 5.60 5.60 5.39 | 5.40 (4.4-5.3)
4985.04 7.5 5.60 5.62 5.62 540 | 5.56 (4.4-5.3)
6646.72 10 5.88 5.89 5.80 5.80 | 5.98 (4.4-5.3)
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Fig. 4. Velocity vector with vortices for different values of Reynolds number
for Wilcox K-£ model

developing just after the step. The shear layer separates from the top of the step and
reattaches to the bed of the expanded channel after the step.

Qingfu and Zhiping (2012) stated that the reattachment length for the expansion
ratio of 2 varies between 5.9h and 6.3A. In the experimental study conducted by Ar-
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Fig. 5. Velocity contour for different values of velocity for standard K-¢
model

maly et al (1983), for an expansion ratio of 2, with Reynolds number ranging from
7000 to 11400, it was found that the reattachment length ranges from 5.64 to 7.01k.
The average reattachment length was noted by a number of researchers to be chang-
ing between 7.21h to 8h for the flow with an expansion ratio of 2. Sinha et al (1981)
investigated the reattachment length for a turbulent flow over a BFS for different step
angles. The reattachment length was observed to be around 6/ for a 90° step with an
expansion ratio of 2. In this study, it was found that the reattachment length ranges
from 5.6Ah to 84 (Table 4).

The results of the numerical simulations demonstrate that the reattachment length
varies from 5.67h to 8k, 5.73h to 7.87h, 5.72h to 7.8h, 5.65h to 7.6h, 5.6h to 7.87h
for the standard K-g, the RNG K-g, Realizable K-g, Wilcox k-w, SST K-w turbulence
closure models, respectively. In comparison to the other models, the S K-& and R
K-& predicts the longest reattachment length when the velocity is set to 10 m/sec and
Re =9970.08. SST and RNG K-¢& have the same reattachment length, which equals
7.87 m. Finally, the minimum reattachment length was computed by using S K-w.


http://mostwiedzy.pl

A\ MOST

Numerical Analysis of Turbulent Flow over a Backward-facing Step in an Open Channel 61

Table 4. Reattachment lengths for ER = 2 with 0.75 m step for k-& and k-w
turbulence models

Re \" Model
(m/sec) | SK-¢ | RNG | RK-¢ | SK-w | SST | Experimental
498.50 0.5 5.67 5.73 5.72 5.65 5.60 ~7.21
996.01 1 5.84 5.79 5.87 5.87 5.92 ~7.21
1993.50 2 5.87 6.04 6.07 6.16 6.21 ~7.21
2991.02 3 5.89 6.33 6.36 6.37 6.35 ~7.21
3988.04 4 6.13 6.40 6.53 6.45 6.48 ~7.21
4984.50 5 6.80 6.67 6.80 6.53 6.65 ~7.21
7477.50 7.5 7.01 7.33 7.20 7.20 | 7.20 ~7.21
9970.08 10 8.00 7.87 7.80 7.60 | 7.87 ~7.21

When the velocity is increased from 0.5 to 1 m/sec, and subsequently to 2, 3, 4, and
5 m/sec, then there is a correlation in the number of increases in reattachment length;
however, when the velocity is increased further to 7.5 m/sec, the amount of increase
in reattachment length is not the same as it was in former cases. When comparing
to the experimental results obtained by (Yiice 2005), for all equations, the calculated
reattachment length is found to be smaller than that measured in the experimental
study when the velocity is smaller than 10 m/sec; thereafter, the reattachment length
was greater than that in the former range.

The vortices in the shear layer of flows with high Reynolds number were observed
to shed more swiftly than those at low Reynolds number when approaching the reat-
tachment point. The re-circulation area was evidently different and perceived to cover
almost the entire downward zone, with its center point slightly shifted in the down-
stream direction, for all five models (Figures 4 and 5 and Table 4). The free surface
effect has a more significant impact on the flow quantities in the vicinity of the step
when compared to the BFS in a closed channel. The free surface effects upon the
flow become less significant as streamwise distance increases, and profiles begin to
resemble one another (Ampadu-Mintah and Tachie 2012).

3.3. Velocity with Reattachment Length

The velocity of flow has significant effects on the reattachment length (Hossain et
al 2013). As the inlet velocity increases, the reattachment length was observed to
increase within a certain range. Linear trend lines were fitted to the graphs acquired
from the correlation between the reattachment lengths and the average velocities of the
flow for all turbulence closure models studied here. The coeflicients of these straight
lines confirm the dependence of the reattachment length on the flow velocity (Figures
6 and 7). The lines are defined in terms of two coefficients a and b by equation (3).
The values of the coefficients in the equation (3), calculated for all turbulence models
examined here, are presented in the Table 5. The coeflicients a, expressing the slopes
of the fitting lines, are all positive. This shows an increase in the reattachment length
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with the average velocity of flow. The corresponding correlation coeflicients of trend
lines are presented in Table 6.
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Fig. 6. Reattachment lengths for ER = 1.5 of K-¢ and K-w model
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Fig. 7. Reattachment lengths for ER = 2 of K-& and K-w model

3.4. Expansion Ratio with Reattachment Length

The expansion ratio has a greater impact on reattachment and separation point than the
velocity, as is shown in Figure 8. The constant b which denotes the starting point of the
linear trend line fitted to the curves showing the relationship between the reattachment
length and flow velocity, is equal to around 4.6 for the expansion ratio of 1.5, while it
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Table 5. Coeflicients and constants of the fitted trend linear lines

ER=1.5 ER=152

a b a b
STD K-¢ 0.116 | 4.827 | 0.238 | 5418
RNG K-¢ 0.139 | 4.632 | 0.227 | 5.580

Realizable K-¢ | 0.126 | 4.691 | 0.214 | 5.659
STD K-w 0.131 | 4.542 | 0.196 | 5.671
SST K-w 0.138 | 4.601 | 0.217 | 5.638
Average 0.130 | 4.659 | 0.218 | 5.594

Re

Table 6. Coeflicients and constants of the fitted trend linear lines

ER=1.5 ER=1.52

Re R” | R | R | R
STD K-¢ 0.821 | 0.906 | 0.939 | 0.969
RNG K-¢ 0.879 | 0.937 | 0.995 | 0.997
Realizable K-¢ | 0.883 | 0.939 | 0.995 | 0.997
STD k-w 0.928 | 0.963 | 0.981 | 0.991
SST k-w 0.972 | 0.986 | 0.983 | 0.991
Average 0.897 | 0.946 | 0.979 | 0.980

is about 5.6 for the expansion ratio of 2. This shows an increase in the reattachment
length with the increase in the expansion ratio.
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Fig. 8. Different types of K-& and K-w models, with 0.5 and 0.75 m step
heights
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3.5. Velocity Percentage

The values of the percentage of the average re-circulation velocity for the expan-
sion ratio equal to 1.5 were noticed to be between 19.6 and 38.6% of the ambient
stream velocity (immediate speed of water particle after the step), while the maximum
re-circulation velocity was between 37 and 68.5% of the ambient velocity. The values
of the percentage of the average re-circulation velocity for the expansion ratio equal to
2 were noticed to be between 20 and 37.5% of the ambient stream velocity, while the
maximum re-circulation velocity was between 47.8 and 89% of the ambient velocity.
Similar results have been obtained in (Yiice 2005). The velocity of water in the gyre
is largest near the downstream of the step and decreases along the flow direction.

The formulation of the velocity percentage is given by equations (4) and (5). The
coeflicients of the equations for velocity percentage in all turbulence models employed
here are presented in Tables 7, 8, 9 and 10. V| expresses the stream flow velocity, V,
is the average recirculation velocity, V,, is the maximum recirculation velocity, Vp, is
the percentage of the average recirculation velocity, and Vp,, is the percentage of the
maximum recirculation velocity.

Va
Ve, = — % 100, 4
P “4)
Vin
Ve = — % 100. 5
=y 5

Table 7. Average re-circulation velocities and their percentage for ER of 1.5

ER 1.5
Vi Standard K-¢ RNG Realizable Standard k-w SST
(m/sec) Vi (m/sec) Vpa (070) Vi Vpa Vi Vpa Vi Vpa Va Vpa

0.5 0.16 32.8 0.12 | 23.50 | 0.13 | 26.00 | 0.12 | 24.40 | 0.20 | 30.40
1 0.28 27.8 0.25 | 2540 | 0.33 | 33.20 | 0.37 | 36.60 | 0.30 | 30.40
2 0.53 26.40 0.63 | 31.30 | 0.74 | 37.20 | 0.53 | 26.46 | 0.60 | 28.80
3 0.70 23.30 0.79 | 26.40 | 1.05 | 35.12 | 0.71 | 23.73 | 0.60 | 21.35
4 1.29 32.20 1.30 | 32.40 | 1.54 | 38.60 | 1.02 | 2547 | 1.20 | 30.45
5 1.90 37.90 1.59 | 31.80 | 1.50 | 30.00 | 1.22 | 24.32 | 1.80 | 36.08

7.5 2.39 31.90 2.30 | 30.70 | 2.16 | 28.85 | 2.20 | 29.33 | 2.20 | 28.91
10 3.48 34.80 1.96 | 19.60 | 3.60 | 36.02 | 3.12 | 31.20 | 2.70 | 27.40

The formulation of the linear trend lines which were fitted to the graphs obtained
by the correlation between the reattachment lengths and the average velocities of the
flow is in the form of Eq. (6) and (7). The coeflicients of these trend lines describe the
dependence of the reattachment length on the flow velocity. The average value of the
coeflicient of x which expresses the slope of the fitting line is positive. This shows an
increase in the reattachment length with the average velocity of the flow. Equation (6)
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Table 8. Maximum re-circulation velocities and their percentage for ER of

1.5
ER 1.5
Vi Standard K-& RNG Realizable | Standard k-w SST
(m/ SCC) Vm VPm (070) Vm VPm Vm VPm Vm VPm Vm VPm
0.5 0.31 62 0.29 58 0.27 54 | 0.22 44 0.33 66
1 0.59 59 0.58 58 0.68 68 0.67 67 0.68 68
2 0.95 47.5 1.2 60 1.37 | 68.5 1.1 553 | 1.11 | 555
3 1.2 40 2.05 | 683 | 203 | 679 | 13 433 | 1.26 | 42
4 2.67 66.7 2.6 65 2.66 | 66.5 | 24 60 2.2 55
5 3.36 67.2 2.8 56 2.890 | 57.8 | 2.7 54 33 66
7.5 4.1 54.6 3.8 | 50.7 | 45 60 4.1 54.6 | 4.17 | 55.6
10 6.13 61.3 3.7 37 6.5 65 7.2 72 6.78 | 67.8

Table 9. Average re-circulation velocities and their percentage for ER of 2

ER 1.5
Vv, Standard K-¢ RNG Realizable Standard k-w SST
(m/sec) | Vi (m/sec) | Vp, (%) | Va Vpa Va Vpa Va Vpa V4 Vpa

0.5 0.17 33.50 0.15 | 30.60 | 0.16 | 31.40 | 0.15 | 304 | 0.12 | 23.4
1 0.37 36.90 0.32 | 3240 | 0.32 | 31.90 | 0.23 | 23.1 | 0.21 | 214
2 0.73 36.70 0.63 | 31.40 | 0.60 | 30.00 | 047 | 23.6 04 | 19.8
3 0.77 25.80 1.03 | 342 | 0.88 | 29.40 | 1.07 | 35.7 | 0.92 | 30.7
4 1.17 29.30 1.31 | 32.8 | 1.04 | 26.00 | 0.85 | 214 0.8 20
5 1.45 28.90 1.47 | 29.3 1.21 | 2430 | 1.74 | 34.7 | 1.87 | 37.5

7.5 2.58 34.4 247 | 329 | 247 | 3290 | 22 294 | 229 | 30.5
10 3.19 31.90 3.08 | 30.7 | 2.19 | 21.90 | 3.61 | 36.1 | 3.61 | 36.1

Table 10. Maximum re-circulation velocities and their percentage for ER

of 2
ER 1.5
Vi Standard K-¢ RNG Realizable Standard k-w SST
(m/sec) Vm VPm (070) Vm VPm Vm VPm Vm VPm Vm VPm
0.5 0.32 64 0.31 62 0.36 | 73.20 | 0.34 | 68.00 | 0.26 | 52.00
1 0.68 68 0.78 78 0.75 | 75.00 | 0.58 | 58.00 | 0.50 | 50.00
2 1.43 71.5 1.5 75 1.4 | 70.00 | 1.01 | 50.50 | 1.08 | 54.00
3 2 66.6 2.4 80 242 | 80.70 | 2.5 | 83.30 | 2.24 | 74.70
4 2.68 67 299 | 747 | 2.5 62.50 | 2.00 | 50.00 | 1.96 | 49.00
5 3.61 72.2 339 | 67.8 | 293 | 58.60 | 3.70 | 74.00 | 3.96 | 79.20
7.5 6.18 82.4 55 | 733 | 6.05 | 80.70 | 5.21 | 69.40 | 5.11 | 68.10
10 6.4 64 7.2 72 4,78 | 48.00 | 890 | 89.00 | 7.20 | 72.00

is the approximation for the expansion ratio of 1.5, when the expansion ratio of 2 is
represented by Eq. (7).

y = 0.130x + 4.658,

y = 0.218x + 5.593.

(6)
(7
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If in equation (6), which is for ER = 1.5, the velocity value is included instead of
x, then the reattachment point is obtained instead of being far from the step. And if in
equation (7), which is for ER = 2, the velocity value is included instead of x, then the
reattachment point is obtained instead of being far from the step.

4. Conclusions

Numerical simulations were performed for the flow field in an open channel having
a single backward facing step with a constant water depth of 1.5 m. The effects of
the expansion ratio and the flow velocity over the reattachment length are studied by
adopting two different expansion ratios of 1.5 and 2, and eight different flow velocities
of 0.5, 1,2,3,4,5,7.5 and 10 m/sec. Analyses were performed by using five turbu-
lence closure models, namely, the standard K-, RNG K-¢, Realizable K-&, Wilcox’s
K-w and SST k-w. The commercial CFD software, ANSYS FLUENT, was employed
for all the simulations. The results obtained from the simulations have revealed that
the reattachment length increases with an increase in the expansion ratio, the flow
velocity, and hence the Reynolds number. The results achieved for both expansion
rates and eight different flow velocities have shown insignificant differences between
one turbulence closure model and the others. Reynolds number ranged from 332 to
6646.72 for the expansion ratio of 1.5, while the range of Reynolds number was from
498.5 to 9970 for the expansion ratio of 2. The complexity of the backward-facing
flow structure is increased when the expansion ratio is increased. It was noted that
the reattachment length varies from 4.44 to 5.98h for the expansion ratio of 1.5, and
it varies between 5.9h and 6.3h for the expansion ratio of 2. The recirculation zone
expands as the velocity of the flow increases, but the amount of expansion is propor-
tional to the velocity increase. After examining and comparing all of the turbulence
closure models, we found that the Realizable K- model yields the results that are more
effective and accurate than those given by the other models. The findings from this
research can serve as a reference for engineering applications of numerical models
that have limited computation capacity.
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