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Abstract—This work presents the numerical simulation and analysis of the turbulent flow over a two-dimensional channel
with a backward-facing step. The computational simulation performed in this study is based on the Reynolds equations using
a technique denominated Reynolds Average Navier-Stokes (RANS). The main objective of the present work is the comparison
of different models of turbulence applied to the turbulent flow over a backward-facing step. The performance of each RANS
model used will be discussed and compared with the results obtained through a direct numerical simulation present in the
literature. The RANS turbulence models used are k-, k-¢, Shear Stress Transport k- (SST k-w) and the second-order
closure model called Reynolds Stress Model (RSM). The Reynolds number used in all the numerical simulations constructed
in this study is equal to 9000, based on the height of the step h and the inlet velocity Uy. The results are the reattachment
length, the mean velocity profiles and the turbulence intensities profiles. The k- model obtained poor results in most of the
analyzed variables in this study. Among the RANS turbulence models, the SST k-w model presented the best results of
reattachment length, mean velocity profile and contour when compared to results obtained in the literature. The RSM model
found the best results of turbulence intensity profile, when compared to the models of two partial differential equations that
use the Boussines hypothesis.
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l. INTRODUCTION

The flow separation caused by an adverse pressure gradient is a common phenomenon in many practical applications in
engineering. The adverse pressure gradient is the increase of the static pressure in the direction of the flow, significantly
affecting the flow. In several engineering cases, the adverse pressure gradient is caused by a sudden change in geometry,
leading to separation of the flow and subsequent reattachment. Such phenomenon can also be observed in devices such as
electronic cooling equipment, combustion chambers, diffusers and valves. In this context, the backward-facing step is one of
the most studied cases, in order to understand the effects on the flow caused by a sudden change in geometry using a simple
geometry. Therefore, it has been much studied in cases of computational simulation, requiring less computational cost than
other cases and presenting satisfactory results in the study of phenomena caused by the flow separation.

The present work deals with the computational simulation and analysis of the turbulent flow over a channel with a backward-
facing step by means of the construction of a relatively simple geometry with the great advantage of presenting important
characteristics for the scope of the study of turbulent flows with boundary layer separation. The simulated cases in the
present work are based on the study carried out by [1] using the same geometry as this one, with the objective of validating
the obtained results and comparing different turbulence models, analyzing results such as the reattachment length, profiles of
mean velocity, pressure coefficient and Reynolds stress components.

. MATHEMATICAL MODELING

In this work, the Reynolds Averages Navier-Stokes equations method (RANS) is applied to the government equations shown
previously. The method of the average Reynolds equations is based on the decomposition of the velocity instantaneous value
in u; = @ + u;’,, where u; represents the velocity instantaneous value, @; is the mean velocity vector and u;’ represents the
velocity fluctuation vector. Therefore, the equations of conservation of mass and conservation of the amount of linear motion
obtained by applying the RANS methodology are given by
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It is observed the appearance of a new term, u;"u;’, denominated Reynolds tensor. The Reynolds tensor can be modeled by an

analogy with Stokes law, based on the Boussinesq hypothesis, where the turbulent stresses are proportional to the mean flow
velocity gradient, as show in Eq. 2. The constant of proportionality is called turbulent viscosity, v.
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Three turbulence models of two differential equations using the Boussinesq hypothesis approach are used in the present
work: k-g, k-0 e SST k-w.

The standard k-& model [3, 4] is the turbulence model of two partial differential equations most commonly used today. In this

model an equation for turbulent kinetic energy k and one equation for the dissipation of turbulent kinetic energy per unit

mass ¢ are solved. In the standard k-& model developed by [3], the equation for turbulent viscosity is given by Eq. 3.
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The vast use of this model has shown that it has good results for the simulation of simple flow cases, but its most known
deficiency is its imprecision close of adverse pressure gradients [5].

In the standard k- model an equation for the turbulent kinetic energy k and an equation for the specific rate of dissipation of
the turbulent kinetic energy o are solved. Its rate is determined by the rate of energy transfer over the spectrum of lengths, so
o is defined by the large scales of motion and is closely related to the mean flow properties [6].

The most commonly used k- model is called the standard k-« model, where the turbulent viscosity is given by Eq. 4.
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The standard k- model shows good performance for free shear flows and flow on flat plates with boundary layer, as well as
for more complex flows with adverse pressure gradients and separate flows. The main negative point of this model is that it
presents a strong dependence of the boundary condition on the free current for o [7, 8].
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The SST k- model (Shear-Stress Transport k-m) [9] is widely used in cases with high adverse pressure gradients and
boundary layer separation, by means of a combination of k-¢ and K- turbulence models. The SST k- model is the robust
and precise combination of the k- model in the region near the walls with the independence of the free current of the k-¢
model outside the boundary layer. For this, the k-& model is written in terms of the specific dissipation rate, ®. Then, the
standard k-o model and the modified k-¢ model are multiplied by a mixing function and summed [2]. The mixing function
F1 is defined as a unite value (considering the standard k- model) in the inner region of the turbulent boundary layer and is
zero (considering the standard k- model) at the outer edge of the layer, given by
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In this model the turbulent viscosity is formulated through Eg. 6.
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The turbulent kinetic energy k and the specific dissipation rate ® of this model can be obtained by the solution of its
conservation equations, where the closing set ¢ for the SST k- are calculated by the use of a mixing function between the
constants ¢1 , of the standard k-o model and ¢2 of the model k-¢, making ¢ = F;¢p; + (1 — F1)d,.

The models discussed above are RANS models based on the Boussinesq Hypothesis. These models present a good solution
to the problem of turbulence closure, but they present some faults, generally related to the limitations imposed by the concept
of turbulent viscosity. The RSM model (Reynolds Stress Model) is an alternative to the models shown, based on the
determination of direct equations for Reynolds transport. The RSM model is usually referred to as the direct closure model
or the second order model. The transport equations for the Reynolds stress can be determined by the Navier-Stokes equations
and are given by the Eq. 7.
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The left side of Eq. 7 concerns the convective transport of the Reynolds tensor over the average flow. The first term on the
right side is called diffusive transport term, the term P;is the term of stress production, ®;; is the pressure term and the term

g; refers to the dissipation rate of the Reynolds tensor caused by the viscosity.
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. METHODOLOGY

All cases constructed in the present work have the same geometry, with an expansion ratio Er = 2. The expansion ratio refers
to the relation between the height of the outlet channel (L,) and the height of the step (h), given by Eg = L,/(L, —h). The
inlet channel has a width of 4h and height equal to h and the outlet channel has width 29h and height 2h. In the simulations
performed in the current study, the value of h used is 1 m. Fig. 1 shows the constructed geometry.
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FIGURE 1. GEOMETRY BUILT.

The Reynolds number is defined by the step height, the kinematic viscosity of the fluid and the mean inlet velocity, given
byRe = U,h/v. The Reynolds number used in the cases constructed in the current work is Re = 9000. The mean inlet
velocity set is equal to 1 m/s. The top and bottom wall regions present wall boundary conditions with the non-slip condition
on the wall. The outlet region has a gauge pressure equal to zero. The mesh constructed and used in all simulated cases has
155000 elements and 156751 nodes. The region near the step received a treatment of most refined mesh, being the region of
greater interest of the study realized.

The numerical method called Finite Volume Method [10] was used to discretize the equations of government. The
interpolation scheme chosen for the simulations was QUICK [11] and the SIMPLE scheme [12] was used in the velocity-
pressure coupling. The Multigrid technique [13] was chosen to solve the system of linear equations. The problem was
considered converged when all residues were less than 10°. ANSYS FLUENT® software was used for geometry construction,
mesh construction, support for numerical methods and government equations, and post-processing of built cases.

V. RESULTS AND DISCUSSION

The reattachment length (Xg) refers to the position where, after separation and recirculation of the flow, the reattachment
happens. It is an important quantity being analyzed in the flow on a backward-facing step.Tab. 1 presents the values of
reattachment length obtained in each of the cases analyzed.

TABLE 1
REATTACHMENT LENGTHS.

DNS [1] 8.62
k-0 9.83
k-¢ 6.34

SST k-0 8.50

RSM 5.86

When analyzing the Tab. 1, it is noted that the k- model overestimates the value of the reattachment length and the k-¢
model has a significantly short reattachment length when compared to the result found in the DNS case. The SST k- model,
as discussed above, is a RANS turbulence model recommended for cases with adverse pressure gradient and flow separation,
addressing the advantages of k-o and k-¢ models. This model presents a better treatment in the regions close to the wall than
the other RANS models treated in this case, thus, it was expected that this model would obtain the best result of reattachment
length. The RSM model is the model that presents the lowest value of reattachment length. In spite of being a second-order
closure model and solving the government equations directly, this model does not present a good treatment for the regions
near the wall, which justifies the poor result for the value of reattachment length, measured in wall of the channel.
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The velocity profiles were analyzed in four different flow positions, obtained in the simulations with the RANS models and
compared with the results obtained by [1]. Fig. 2 presents the velocity profiles in the following positions: x/h = 0.5, x/h = 4,
x/h =8 and x/h = 20.
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FIGURE 2. VELOCITY PROFILES AT FOUR POSITIONS.
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The first position is located just after the step and it can be seen that the fully developed flow extends freely in all cases
shown in Fig. 2. In x/h = 4, where the recirculation occurs, it is noted that there are negative values of velocity in the region
near the bottom wall in all cases simulated in this work, as well as in the result found for the DNS case. The negative velocity
values are due to the flow separation and represent the presence of inverse flow in the recirculation zone. In this position it
can be observed that the velocity values near the bottom wall found with the RSM model are higher than the values obtained
by the other models analyzed. Consequently, the presence of reverse flow is lower in this position for the case simulated with
the RSM maodel. This result is explained by the fact that the reattachment length of the RSM model is considerably smaller
than the reattachment length of the others turbulence models analyzed, so in the position x/h = 4 the reattachment is closer in
the RSM model case. When comparing the velocity profile of k-¢ model with the profiles found by k-®, SST k- and DNS
models, it is also possible to observe that the velocity values of this model are larger than the others since the reattachment
occurs before in the k-¢ model. In the position x/h = 8, it is observed that the model k- is the only one that presents negative
values of velocity. The presence of the inverse flow in this position was already expected for this model, since the
reattachment length of the k-@ model is the largest among the analyzed models, with a value equal to x/h = 9.83, while in the
other models, has already occurred or is about to happen. It is also noted that the models RSM and k-¢ present the highest
velocity values in the region near the bottom wall, a result justified by the fact that in both models the reattachment has
already happened, while it is close to occurring in the SST k-w and DNS models. In x/h = 20 it can be observed that,
although not fully developed, the flow tends to equilibrium and the velocity profiles of all models behave in a similar way.

Are analyzed the velocity profiles u* as a function of y*. The term u” is the velocity u normalized by the friction velocity, ut.
The friction velocity is obtained as a function of the wall shear stress, 1y, and the specific mass of the fluid. These terms and
the term y+ are given below.

oML = Y = v
ut=rny —Vy,ur—\/? ®)

For all positions that the u+ profiles were obtained numerically the theoretical curve of the wall law for the laminar boundary
layer and the logarithmic region was also constructed in order to compare the results found by each turbulence model with
the expected results by theory. The curve for the region of the laminar boundary layer is created according to the relation
ut = y*, while the logarithmic region profile, called log, is constructed by means of u™ = 2,5Iny* + 5. Fig. 3 show the
velocity profiles u” obtained by the numerical simulations performed with different turbulence models at four different flow
positions: x/h = 14, x h = 18, x/h = 26 and x/h = 28.
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FIGURE 3. VELOCITY PROFILE U" AT DIFFERENT POSITIONS.

By analyzing the u” velocity profiles found, it can be observed that insofar as the flow occurs the results obtained by the
turbulence models discussed in the present work become closer to the results obtained by means of the theoretical curves of
the law of the wall. In addition, further downstream the velocity profile tends to the fully developed velocity profile, which is
not fully achieved even at long distances for the case of the descending rung. It should be noted that all the RANS turbulence
models used had u® velocity curves with behaviors very similar to the curves obtained by direct numerical simulation, with
the exception of the k-¢ model. The results found by the k-¢ model diverge significantly from the results obtained by other
turbulence models analyzed and by the theoretical curves of the wall law in the turbulent region. This result corroborates the
fact that the turbulence model of two differences equations k-¢ does not present good performance in cases with adverse
pressure gradient and flow separation, especially in those regions near the wall are regions of great interest.

Fig. 4 presents the profiles of vVu'u’/Uy, obtained in the simulations carried out in the present work, compared with the results
found by [1].
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FIGURE 4. Vu'u’/U,, PROFILES AT FOUR POSITIONS.

In the turbulent intensity profile of the first position, x/h = 0.5, the presence of a sharp peak at the height of the step, y/h =1,
is observed in all models analyzed. This location refers to the region of mix layer. The vu'u’/Uy profile obtained by means of
the k-g& model presents peaks in the region below the step not predicted in the result obtained in the DNS model and not seen
in the other RANS models. All models predict a peak near the top wall, according to the profile obtained by [1]. In the
recirculation region, at x / h = 4, the k-, k- and SST k-® models still show sharp peaks in the region near the step height,
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whereas the RSM and DNS models show peaks in y/h = 1.5. As in the first position, the presence of peaks located in the top
wall is observed in all models. The k-& model again presents peaks in the regions near the bottom wall that are not predicted
by any of the other models discussed in the present work. This fact is justified by the deficit of performance of this model in
regions near the wall. At x/h = 8, the region close to the reattachment in most of the analyzed models, the peaks located near
the top wall are regenerated in all the profiles found and peaks close to the bottom wall appear in all models of turbulence
analyzed, except for the model RSM. These peaks located near the bottom wall are caused by the reattachment of the flow
and cannot be seen in the RSM model because the reclosing in this model already happened in x/h = 5.86. As the flow
occurs, the peaks are softened, as the flow tends to equilibrate. In the last location, at x/h = 20, we note the presence of peaks

close to the bottom and top wall in all models and the behavior of the second-order quantity vu'u’/U,occurs more uniform.

In all positions analyzed, it was possible to observe that the behavior of the vu'u’/U,, profiles obtained by the RSM model
shows greater agreement with the results found by [1] through direct numerical simulation.

V. CONCLUSION

The present work carried out computational simulations of the turbulent flow over a channel with the presence of a
backward-facing step with different models of turbulence that approach the methodology of Reynolds averaged equations
(RANS). The model SST k-w obtained a result for the reattachment length equal to Xg = 8.50 and it was the model RANS
that found the result closest to the value obtained by [1] through the direct numerical simulation, with reattachment length of
Xgr = 8.62. The second-order RSM closure model presented the lowest value of reattachment length (Xr = 5.86) and results
different from that found by DNS in velocity profiles, especially in the near regions to the wall at the positions closest to the
region of the collection, x/h = 4 and x/h = 8. The model k-¢ obtained a value of reattachment length significantly low equal to
6.34, fact already expected since this model does not perform well in cases with pressure gradient and boundary layer
separation. The RSM model obtained the best results related to the second order quantity discussed in the present study, a
conclusion made when observing its profiles. This result was already expected, since it is a second-order closure model that
calculates this quantity directly, unlike the other RANS models used, which use the Boussinesq Hypothesis and the turbulent
viscosity modeling to calculate the quantities associated with the components of the Reynolds tensor. The k-g¢ model
presented remarkably weak results for the analyzed second order quantity.
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