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Abstract. The Backward-Facing Step flows have been widely studied aiming optimization of flows and, most recently,
control strategies have been applied for it. So, in this work a numerical investigation of the effect of a closed-loop control
for a flow in a backward-facing step, whose expansion ratio is 3.0, is given. The flow equations are the incompressible set
of Navier-Stokes equations, while the control equations are given in the state-space formulation. The flow solution is ob-
tained via Computational Fluid Dynamics using the Runge-Kutta method, where the equations are discretized by centered
finite differences scheme. The analysis is given for four Reynolds numbers (50, 100, 300 and 500) whose recirculation
zone and instabilities increase considerably as Re increases. The results of the flow fields have been validated with data
from the literature, through the length of the recirculation zone and the vorticity fields, obtaining good agreement in the
comparisons. In the investigation of the effect of the control applied on the flow, it was noted the characterization of an
oscillatory profile, obtaining: better and more efficient mixing pattern, anticipation of 12.43% at x-position of the point
of reattachment; 18.9% reduction in the length of the recirculation zone; and 753.23% increase in the flow speed at a
pre-established point.
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1. INTRODUCTION

In the last two decades the fluid dynamics has been widely applied to different science fields. Such studies were
potentialized with the emergence of Computational Fluid Dynamics (CFD) (Ferziger et al., 2002). This made possible a
wider range of simulations, which would previously have a very high cost to be done experimentally.

Such applications include climate predictions (Sigalotti et al., 2014), aerospace industry (Spalart and Venkatakrishnan,
2016), aerodynamic drag force in vehicles and aircrafts (McCallen et al., 2013; Ghoreyshi et al., 2009), transportation of
oils by pipelines in the petrochemical industry (Zambrano et al., 2017; Desamala et al., 2014), hemodynamics analysis in
the carotid artery and cardiovascular medicine (Qian et al., 2007; Morris et al., 2016), and still, the study of the dynamics
of fire and other natural phenomena aiming the reproduction of more realistic visual effects in the cinematographic and
electronics games industries (Nguyen et al., 2003).

The Backward-Facing Step (BFS) flow is a branch of fluid dynamics that has been widely studied recently by its appli-
cations in engineering problems characterizing a similar geometric domain to that these problems have (Montazer et al.,
2018). Therefore, despite its simple geometry, BFS flows serve as prototypes to investigate flow characteristics such as
the flow stabilization, the shear layer, the recirculation zone, the boundary layer separation and the mixing pattern (Liakos
and Malamataris, 2015). For example, the influence of different expansion ratios to various Reynolds numbers over the
recirculation zone length was numerically studied in a BFS flow by Biswas et al. (2004). A numerical investigation was
done by Choi et al. (2016), aiming the detailed analysis of the influence of various angles of inclination of the step over
the location of the reattachment point of the BFS flow. The effect of the Reynolds number variation over the flow field has
been numerically analyzed, where is observed a significant variation in the flow mixing pattern as Re increases (Hossain
et al., 2013; Nowruzi et al., 2018). In addition, the properties of non-Newtonian fluid flows (Ameur and Menni, 2019)
and turbulent flows (Anwar-ul Haque et al., 2007; Wu et al., 2013) have been studied in BFS flows.

Furthermore, different control strategies have been applied to BFS flow with the aim to get an enhancement in the flow
properties. An active control in a BFS is given in Coskun et al. (2016), by the injection of a jet in the duct’s upper wall,
simultaneously to a suction at the lateral wall of the step, obtaining a reduction in the recirculation zone length. In Bolgar
et al. (2016), a passive control is applied to a BFS flow through the variation of step peak size, obtaining a 25% reduction
in the distance from the reattachment point to the step. Plasma actuators have been used to perform an active control of
BFS flows, showing good effectiveness to change the flow properties (D’ Adamo et al., 2014; Wang and Li, 2016).

Most recently, through of heating the step and duct walls, the effects of heat transfer between the walls and the fluid
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in BFS flows have been analyzed (Chen et al., 2018; Hilo et al., 2020a; Li et al., 2019). The effect of nanofluids in BFS
flows also have been studied with the aim of get an enhancement in the heat transfer between the fluid and the wall, where
such effect is potentialized by the properties of nanoparticles present in the base fluid (Salman er al., 2019; Hilo et al.,
2020b). An enhancement of combustion processes has been achieved both, via numerical investigations about the effect
of the dispersion of nanoparticles in base fuels, namely, nanofuels (Nong ef al., 2020; Edam and Al-Dawody, 2019), and
through the study of flows over BFS combustors (Pillai et al., 2020; Huang et al., 2016), simulating the real behavior of
engines, turbines, among others.

In all applications of BFS cited previously, the results depend directly of the flow properties that occurs in this geom-
etry. For example, the literature results showed that the effects of heat transfer are most effective in the region behind the
step, namely the recirculation zone; therefore, a significantly alteration in this region can change the effectiveness of this
process. Also, to occur an effective combustion process of nanofuels or in combustors, is necessary an efficient mixing
of the reagents. Therefore, the characteristics of mixing pattern of the flow have paramount importance to an efficient
combustion. In addition, in the pipeline transport and in the carotid artery flux, it is necessary a flow well developed, with
a good flux in the shear layer to maintain good intensity of the speed in this region.

For this reason, in this paper a control strategy to improve these properties of BFS flow was developed. How can be
seen in the literature, only one of these flow properties was analyzed in each work: recirculation zone length, flow velocity
and mixing pattern. Therefore, the main objective of this work is to develop an effective mathematical-computational
model for active control in a BFS flow, through a simultaneous action of injection/suction, with the purpose to improve
at same time the flow properties cited previously. The validation of the mathematical model of this work will be by the
comparison of the flow fields and of the recirculation zone length with results of the literature (Nowruzi et al., 2018;
Biswas et al., 2004). At last, the effect of the control over the BFS flow is investigated.

2. MATHEMATICAL MODELING
2.1 Backward-Facing Step Geometry

Figure 1 shows the geometric domain which is subject of study in this work. Such geometry is called backward-facing
step (BFS), where the parameters showed in the figure, with its proportions, were taken according to the work of Nowruzi
et al. (2018). The key parameter of this geometry is the length value h;, of which all other dimensions are taken, which
represents the height of the inflow of the channel. The step height is given by h, = 2h;, the step width is L; = 5h;, the
distance from the step to the end of the duct, is given by Ly = 30h;, and the height of the duct is given by H = hs + h;.
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Figure 1: Backward-Facing Step Geometry.

In this work, we establish i; = 1.0, therefore, in Fig. 1 the geometry will assume the following values: h; = 2.0;
Ly =5.0; Ly = 30.0 and H = 3.0. In BFS models, there is the relation £ e called expansion ratio. In this work H = 3.0.

Still in Fig. 1, we highlight the curved trace behind the step, which represents the recirculation zone, which i 1s formed
because of the separation of the flow in the edge of the step. After detaching in the edge of the step, the fluid descends,
until touching the base, whose point X is called reattachment point, which characterizes the recirculation zone length.

2.2 Flow Equations

The equations of the flow are given by the set of the dimensionless incompressible Navier-Stokes equations, that are
the continuity and momentum equations:

—
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where  is the vector of velocity of the flow, p is the pressure and Re is the Reynolds number, the dimensionless number

VL
relating inertial forces and viscous forces of the flow, which is given by Re = P '~ Here p, V, L and p are, respectively,
I
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the specific mass of the fluid, the average velocity of the inlet flow, the diameter of the inlet and the dynamic viscosity of
the fluid.

The pressure equation was derived obtaining a Poisson equation model, according to Beleza (2003), that is given,
making D = u, + v, as the continuity equation, by:

. 1

Lastly, the relation for vorticity w will be applied according to the model given by Hughes and Brighton (1967):

1 /0v Ou
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2.3 State-Space Formulation

The control strategy applied in the flow is given by a system of ordinary differential equations; this system is called
state-space formulation. The model used in this work is given according to Schmid (2009):

() = AZ(t) + Biu(t) , (%)

y(t) = Cz(t) (6)

where the Eq. 5 describes the full state of the flow with the control action, while the Eq. 6 gives the measure of the
observer in this flow.

The Z(t) vector is the state vector of the flow, namely, is the vector formed by the state variables of the problem. The
matrix A denotes the states matrix, which can be approximated by the Jacobian matrix of the linearized Navier-Stokes
equations. The matrix B denotes the positions of the actuators, and #(t) is the action of control. The measure of the flow
is denoted for ¢(t), where the matrix C' determines the observer position.

=
|
Iy
N

w
D
=

1

ctuators !

1

1

1

| | 7! ha.z,Lt T

A Lo 7 9l !
1 (Z2-219) 1
\ 1

\ '

rver '

Figure 2: Positions of the actuators and observer in the BFS flow.

In Fig. 2, the positions of the actuators and observer are shown. The observer, in the position M, computes the
measure in the flow and sends the information to the actuators, in the positions A; and A,, that update their values and
perform a simultaneous action of injection/suction in the same direction, depending on the value of the measure sent by
the observer.

This process is called closed-loop control, where both injection and suction of the actuators are performed in the wall-
normal direction. Such action has achieved more efficacy in flow control than actions in wall-tangential directions (Yim
etal.,2019).

2.4 Initial and Boundary Conditions

The initial conditions were taken in such a way that the pressure is given by the atmospheric pressure and the velocity
of the flow is taken as a regime hydrodynamically fully developed. This behavior is given by a parabolic profile at
z-direction in the time ¢ = t(, according at Besanjideh et al. (2016):

u(to) = 6y(1 —y); @)

v(to) =0 ; (®)
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p(to) = po = 10° . 9)

The boundary conditions are taken for duct and step walls being considered adiabatic and impermeable. Hence, for
velocities, at the top and bottom walls, no-slip conditions are imposed, at the inlet parabolic condition and at the output
extrapolation is imposed. For pressure, at the inlet its initial value is fixed and extrapolation is taken for all other walls. In
the step, no-slip for velocities and extrapolation for pressure are imposed. Figure 3 shows these boundary conditions in
the BFS.
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Figure 3: Boundary conditions for the backward-facing step flow.

3. NUMERICAL SOLUTION PROCEDURES
3.1 Computational Mesh

Figure 4 shows a representation of the computational mesh applied in the numerical simulation of this work. It is
giving by a structured grid containing 350 x 30 points, that is 10,500 cells in total.

Figure 4: Computational mesh - 350 x 30 points.

The refinement is given in the edge of the step at the x-direction and in the middle of the duct at the y-direction. This
is done because the shear layer formed between the recirculation zone and the upstream is the region of most interest in
this work.

3.2 Finite Difference Scheme

The equations of the problem were discretized by the finite difference method, that applies Taylor series approxima-
tions for the equations system, according to Ferziger et al. (2002). It is used a centered finite difference scheme for the
first and second order partial derivatives. For example, the partial derivative in x for an arbitrary variable f is:

<8f> _ Jervikn = facrikn O(Az?)
ox (irjoket) 2Ax
2 o Y o
ﬂ _ f(z+1,].,k,t) f(z,g,k,t) + f(’b*l,‘],k,t) + O(sz) ’
0x? (irjoket) Az?

where Ax represents the step in z and O(Ax?) is the truncation error.
3.3 Runge-Kutta Method

The numerical method used to obtain the solution of the equations system was the simplified Runge-Kutta method.
This method is characterized by the small number of operations required. The use of this scheme is chosen because
it requires less computational memory and its coefficients can be selected in order to obtain solutions of high temporal
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precision (De Bortoli, 2000). For the system % = R, this scheme is given by:

=0) _ Tn)
gk = Wijks
= (r) =(0) r—1) .
Wi, = W, - O‘rmﬁfya‘,k) ;
Dntl)  _ T3)
Wiie = Wijes

where At is the step of time used in the numerical simulation, I?/ represents the states of the system and ﬁ represents the
residue.

The parameter » = 1,2, 3 is the stages number of the method and the coefficients ., namely Runge-Kutta’s coeffi-
cients, are given by a; = 1/2, ap = 1/2 and a3 = 1 for second order time accuracy. More than two stages are employed
for the purpose of extending the stability region.

4. RESULTS AND DISCUSSION

For the presentation of the results, firstly the validation was done, by mean of the comparison with data from the
literature (Nowruzi et al., 2018; Biswas et al., 2004), through the length of the recirculation zone obtained for four
different values of the Reynolds number (50, 100, 300 and 500). Next, the vorticity fields for the same values of the
Reynolds number were compared with the results of Nowruzi et al. (2018).

Finally, the characteristics of the flow field before and after the control will be discussed and compared. In other
words, a reference Reynolds number (Re = 500) will be fixed, and then, the altered characteristics in the flow field
will be synthesized. Such characteristics are the mixing pattern, the speed in the shear layer and the location of the
reattachment point.

4.1 Validation of the Methodology

The Reynolds number (Re) is of paramount importance in obtaining the results, because by relating the inertial forces
to the viscous forces, its increase generates disturbances, or instabilities, along the flow. As a dimensionless number, it
can be changed independently of the units of measurement used and of the dimensions of the geometry. Therefore, for
the same established parameters, one can analyze the change of flow properties only by means of the variation of the
Reynolds number within a predetermined range.

4.1.1 Recirculation Zone Length

The flow fields resulting of the numerical solution obtained in this work are shown in Fig. 5.

Figure 5: Flow fields for different values of Reynolds number. (a) Re = 50, (b) Re = 100, (¢) Re = 300 and (d)
Re = 500.

Figure 5 shows that both flow instability and recirculation zone length increases as Re increases. For Re = 50 and
Re = 100 the flow remains reasonably stable. For Re = 300 instabilities along the flow are observed, which increase for
Re = 500; consequently, the recirculation zone length increases considerably.

The values obtained in this work for the recirculation zone length are compared in table 1 with results obtained in the
literature (Nowruzi et al., 2018; Biswas et al., 2004), for the expansion ratio hﬂ =3.0.
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Table 1: Results for recirculation zone length.

Reynolds Number (Re)
Results 50 | 100 | 300 | 500
This Work 5.595 | 6.775 8.405 9.645

Biswas et al. (2004) | 3.766 | 6.277 | 10.744 -
Nowruzi et al. (2018) | 3.865 | 6.365 | 9.685 | 10.810

As can be noted in the table 1, the results obtained in this work are in reasonable agreement with the results of the
literature. Both results reaffirm the fact that the recirculation zone length increases as Re increases, such as could be seen
in Fig. 5.

4.1.2 Vorticity Fields

The direct contact of the fluid with the walls and step promotes viscous tensions and generate instabilities in the flow
through the formation of vortices. Hence, the distribution of vortices is characterized as one of the determining factors for
the flow field, whose description of the vortices structure along the flow is given by the vorticity field.

Therefore, the vorticity field was the object of comparison of the results of this work with the results of Nowruzi et al.
(2018), obtaining the validation of the mathematical-computational model developed in this work. These comparisons are
shown in Fig. 6, where the results were obtained for Re = 50, 100, 300 and 500 .

This Work Nowruzi et al. (2018)

= 3 125727 0830463 00547089 597262

(®)

-103327 0792519 0207751 597027

-8090 -0470050 00156833 300319

-T3768 .1.14785 028917 09719 728135

Figure 6: Comparison of the results for the vorticity field w. (a) Re = 50, (b) Re = 100, (c) Re = 300 e (d) Re = 500.

Note that, in the results shown in Fig. 6, immediately after the detachment of the flow on the edge of the step,
there is the formation of the shear layer, located between the upstream and the recirculation zone, which extends to the
reattachment point. Also, it is identified that the increase of the Reynolds number directly implies the increase of the
length of the shear layer, and thus the length of the recirculation zone. Such effects indicate a reasonable similarity
between both results.

It is observed, both in the results of this work and in the results of Nowruzi et al. (2018), that in the positions relative
to the critical points of maximum and minimum oscillation in the flow field, the maximum and minimum magnitudes
of the vorticity occur, respectively. This is due to the sudden change of the direction of the flow in these points. The
identification of such points in the same locations in both vorticity fields corroborates the agreement between the results.
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4.2 Results of the Control

Based on the good performance of the mathematical-computational model, obtained through the comparisons of the
results of this work with the results of the literature, this section will develop the analysis of effects of the control strategy
of this work over the flow. For this purpose, the value of Re = 500 is fixed as Reynolds of reference, because is in this
value that can be observed greater oscillation in the flow field and greater velocity in the shear layer (as it can be observed
in Fig. 5). In addiction, the majority of physical applications are given for higher values of Re.

4.2.1 Mixing Pattern of the Flow

In the investigation of the flow field before and after the control actuation, through Fig. 7, it is noticed the characteri-
zation of a more oscillatory flow due to the control insertion, whose disturbances introduced in the inputs/outputs generate
new vortices in the flow.

- w IS . @ ~ L o

Figure 7: Results of the flow field for Re = 500. (a) Without control action and (b) With control action.

Is noticed a decrease in the shear layer length and, hence, the anticipation of the flow development, causing oscillations
in upstream locations and, in addition, the emergence of new oscillations in the flow field. This occurrence, of a more
oscillatory field, is triggered by the generation of new regions with vortices, because it is in these regions that the changes
in the flow direction occur, as can be observed in Fig. 8.

Figure 8: Results of the vorticity field for Re = 500. (a) Without control action and (b) With control action.

As a consequence of these new regions with vortices, a region with initially only one large vortex becomes two or
more regions with smaller vortices, which give to mass particles greater movement due to their more rapid rotations,
which benefits the mixture of fluid particles. The achievement of higher velocity in the vortices can be observed in the
increase of the range in the magnitudes bar of Fig. 8, which varied from -10 to 9 before and passed to the range from -11
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to 12 after the control action. Therefore, better and more efficient mixing pattern is obtained by means of control strategy.
4.2.2 Velocity in the Shear Layer

In Fig. 9 is shown the velocity field « of the flow for Re = 500, before and after the control action. A cut-off is given
near the point = 15 in the shear layer, where the measurement of the velocity u of the flow is taken. This point is given
by M = (15.2,1.7). As shown in Fig. 9 (a), the velocity obtained in the point M is @ = 0.622.
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Figure 9: Results of the velocity field for Re = 500, near the point M = (15.2,1.7). (a) Without control action and (b)
With control action.

Figure 9 (b) shows the changes in the flow by means of the control, which caused an increase of the velocity in the
point M. This new velocity is denoted by ., and its value was %, = 5.291 .

Therefore, by mean of the application of the control in the flow, it was reached an increase of about 753% in flow
velocity at the desired point M.

To reach this value at the point M, the continuous performance of the control was intense enough to change the flow
field, obtaining a diminishing of the shear layer, displacing backwards the vortices that were after it. The control modified
the recirculation zone, shortening it.

Obtaining higher mixing pattern in the flow field is a direct consequence of the changes done by the control to increase
the velocity in the point M. It was seen that such best mixing pattern triggers a greater number of regions with vortices,
which are accelerated by mean of increase of the velocity, obtained by the control actuation. In this way, fluid particles
are mixed with higher speed and more efficiency.

4.2.3 Reattachment Point

In Fig. 10 is shown the velocity field « of the flow for Re = 500, but this time in the vicinity of the reattachment
point, before and after the control action. In this case, the exact location of the reattachment point is observed, instead of
the recirculation zone length. The location of this point in the BFS flow is given by the length of the recirculation zone
added to the width of the step.

Figure 10: Velocity field for Re = 500, near the reattachment point. (a) Without control action and (b) With control
action.

Fig. 10 (a) shows the position of the reattachment point in the flow field for Re = 500 without control action, that is
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given by, X; = 14.645 .

In the previous results, it was found that the control action generated anticipation in the development of flow oscil-
lations, with the objective of increasing the flow velocity in the point M. Such anticipation decreased the length of the
shear layer. As a consequence, the recirculation zone and the reattachment point were reduced in z. Figure 10 (b) shows
the location of the reattachment point after the control action, where such point is denoted by X and its location is given
by, X, =12.825.

Therefore, through the application of the mathematical-computational model of this work for the control of the flow
over a BFS, it was possible to anticipate in 12.43% the position in x of the reattachment point. Equivalently, we obtained
areduction of 18.9% of the length of the recirculation zone, which characterizes a reasonable reduction, according to the
results of Bolgar ef al. (2016), that obtained a reduction of 25% of the recirculation zone by means of a passive control.

5. CONCLUSION

The coupling of the equations that composed the mathematical-computational model of this work proved to be in good
compatibility for obtaining control of the BFS flow. It was obtained good agreement of the results of this work with those
from the literature, by the comparison of the recirculation zone length and for the vorticity fields, where the analysis was
given for four values of the Reynolds number: 50, 100, 300, and 500. Such results culminated in good validation of the
mathematical-computational model applied in this work.

For the synthesis of the results after the performance of the control, was taken Re = 500 as Reynolds of reference. A
12.43% anticipation in the position in x of the reattachment point of the flow was obtained. Equivalently, it was obtained
a reduction of 18.9% of the recirculation zone length located behind the step, which characterizes a reasonable reduction,
according to the results of the literature.

Finally, the good effectiveness of the control actuation caused the increase of the velocity near the point M where the
measure was made in the flow. Thus, an increase of approximately 753% in the flow velocity in the desired point M by
means of the control strategy employed in this work was obtained.

Despite of its simple geometry, Backward-Facing Step Flows serve as prototype for problems of optimization of flow
properties such as boundary-layer separation, flow instabilities, sudden expansion, among others. Because of this, this
work developed a numerical solution that can be applied in the optimization, for example, of the mixing of combustion
processes in combustors, of the velocity in pipelines transport, of the effect of the lift and drag forces, of the heat transfer
effect on coolings and heat exchangers, of heat transfer in nanofluids and of combustion process in nanofuels.
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