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Abstract-- In this research, novel model-free method based on
machine learning for closed-loop control of flow separation
behind a step is introduced. The primary goal of this study is
to reduce the recirculation zone behind the step at a Reynolds
number of 1350, which is achieved by a jet slot. In this study,
the flow was simulated as unsteady and two-dimensional
based on finite volume discretization. Feedback control rules
have been optimized based on a cost function that includes
the area of the recirculation flow and the costs associated with
the injection. This optimization process was carried out using
genetic programming algorithms. A tree-based genetic
programming was used to construct various injection model
functions and create a closed-loop control system. After
evolving through 8 generations with 500 samples in each
generation, the algorithm arrives at a feedback rule capable
of reducing the recirculation flow area by up to 60%. This
machine learning-based control system was compared with
the best open-loop jet based on Kelvin-Helmholtz frequency
pulsation.

Key Words. Flow control, Genetic programming, Numerical
simulation, Machine learning, Computational fluid
mechanics.

1- Introduction

Closed-loop control has received increasing attention in
research due to its high potential to increase robustness and
efficiency [1]. Due to the nonlinear nature of fluid
phenomena, timely control is very challenging. The
challenges of model-based control design have led us to
search for model-free control rules using machine learning
methods such as evolutionary algorithms or artificial
neural networks [2]. Genetic programming is used to find
a control law that optimizes a cost function. Like the
genetic algorithm, the search space exploration is
performed along with the cost function minimization [3].
The main difference and advantage over the genetic
algorithm is that genetic programming optimizes arbitrary
functions, which allows it to be used model-free and,
therefore, explores a larger search space. Compared to the
neural network, its advantage is producing the output and

providing the optimal function form. This function allows
us to study the control law and gain knowledge of flow
physics. These algorithms are commonly used in many
logistic and pattern recognition tasks. However, genetic
programming-based control laws are rare in numerical
simulations of closed-loop flow control. One of the
obstacles to applying this type of algorithm in the
numerical simulation of flow control is that many
simulations are required to satisfy the convergence
criterion. According to the studies done in the control field
based on genetic programming, no research has dealt with
the separation of step flow in numerical simulation.
Therefore, in this study, the optimal closed-loop control of
step flow separation using genetic programming has been
discussed numerically for the first time.

2- Modeling and Validation

A. Problem-solving method and boundary conditions

This study simulates the flow behind a step in two
dimensions based on the finite volume method. A
pressure-based solver is used. The semi-implicit SIMPLE
numerical algorithm method has been used for pressure-
related equations for pressure-velocity coupling. In this
study, the turbulence model used was k- SST. For the
input, the input velocity condition was selected. The
intensity of incoming turbulence is 10%, according to
similar experimental and numerical studies. The condition
of the output pressure equal to the free flow pressure was
considered for the flow output. For step and other walls,
no-slip and adiabatic wall conditions were considered.
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Fig. 1. The effect of grid size on step friction coefficient
in terms of dimensionless distance.

B. Verification and validation

A study of independence from the grid was carried out to
check the adequacy of the final grid and the lack of
dependence of the aerodynamic coefficients on the grid.
Fig. 1 presents the effect of the number of grid cells on the
friction coefficient of the wall after the step. The final
mesh has a total number of 50,000 cells.

In order to validate, we compared our numerical results
with the experimental data of Driver and Seegmiller [4]
and the numerical data of Chettri [5]. The comparison
between the simulated and experimental results for the
skin friction coefficient at the bottom wall after the step
can be seen in Fig. 2. As can be seen, the present
simulation results are in good agreement with the
experimental results. They are even more consistent with
the experimental results than the numerical work of Chettri
[5]. Therefore, the present simulation correctly predicts the
flow behavior and is accurate.
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Fig. 2. Comparing the coefficient of friction behind the
step with other research.

C. The location of the injector and the step investigated
in the present study

A step is considered a benchmark geometry for the study
of separated flows. The separation is caused by a sharp
edge that creates a strong shear layer prone to Kelvin-
Helmholtz instability. Due to the presence of the injector
system for control and the speed limitations of the control
jet, in the present study, we considered the characteristics
of the injection and step system to investigate the idea of
closed-loop control, as shown in Fig. 3. Reynolds was also
considered in 1350.
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Fig. 3. Schematic of step geometry, position of slotted jet
and definition of main parameters.

3-Control of Genetic Programming

Recirculation plays a significant role in the flow behind
the step and is mainly used for flow evaluation as well as
a target for flow separation control. The overall process of
the flow closed-loop control algorithm is summarized in
Fig. 4. Genetic programming is used when the problem
naturally has a tree structure. Since our goal in this
research is to produce a mathematical function for the jet
operator and the construction of mathematical functions
can also be expressed as a tree, genetic programming was
used.

4- Results and Discussion

After eight generations and about 4000 simulations, the
algorithm converged. The optimal control law has a
complex mathematical expression:

b 1)
= sin((cos(0/65725))
— (tanh(tanh(tanh(sin(sin(s)))))))

However, the best control law diagram for the final
generation has a simple structure shown in Figure 5 for
0<s<1. The region of controlled normal rotation is positive
by definition. The rotation region with the best control law
is always smaller than the average uncontrolled region.
Note that the control law leads to its blowing as a function
of s. The order of the operator b has a non-linear and
monotonic dependence on s, which shows that it cannot be
achieved through a linear process. By examining the jet
velocity injection in the simulation, it was found that the
injection occurs at b =~ 0.4 most of the time. At first, the
injection rate is high, but this rate decreases after 3 to 4
seconds.




Fig. 5. Diagram of the best control law obtained from
genetic programming.

5- Conclusion

This study uses machine learning control to develop an
efficient control law that aims to minimize recirculation in
a simulated back-step flow. Genetic programming was
used as a closed-loop controller in this study. Active flow
control based on jet injection was used to control the
separated flow by spending energy. Therefore, the
evaluation function was considered a function of the
circulation area, and energy consumption was required to
create this injection. In this algorithm, over -eight
generations, the population evolves towards more optimal
solutions that reduce the cost function. It has a lower
concentration and a better evaluation function than pulse
injection.
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