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ABSTRACT
This study investigates the control of flow separation over

a two-dimensional curved ramp at Reynolds number of Reθ =
5700, based on the momentum thickness of the incoming tur-
bulent boundary layer. The control strategy employs three tan-
gential jets issuing from spanwise slits located at three differ-
ent streamwise positions on the ramp. Both steady and un-
steady blowing are studied, with the objective of minimizing
the recirculation region and reducing power consumption. Ge-
netic algorithm (GA) is used to optimize the jet actuation pa-
rameters of the jets. The results show that a single steady jet
positioned at the time-averaged separation point is more ef-
fective than synchronized multiple steady jets in suppressing
flow separation. However, the GA-optimized steady control
achieves complete elimination of the separation bubble while
reducing the energy consumption by up to 30% relative to the
single-jet case. The GA-optimized unsteady blowing further
reduces the power consumption by 77%. The underlying flow
physics associated with these control strategies are also dis-
cussed.

INTRODUCTION
In transportation vehicles such as aircraft, automobiles,

and high-speed trains, turbulent flow tends to separate from the
surface when subjected to a strong adverse pressure gradient.
Once separation occurs, the resulting recirculation region in-
creases aerodynamic drag and noise, thereby adversely affect-
ing energy consumption, passenger comfort, and operational
safety. To address this issue, various control strategies have
been proposed, including both passive and active techniques.
Passive methods, such as vortex generators, can effectively re-
duce the size of the recirculation region. For example, Shinde
et al. (2016) used vortex generators to control flow separation
over a backward-facing ramp and reduced the recirculation re-
gion by 20%. However, passive techniques lack flexibility and
are therefore less suitable for varying operating conditions.

In contrast, active flow control is more flexible and ad-
justable. For example, Dandois et al. (2007) suppressed tur-
bulent flow separation over a curved ramp using synthetic jets
and achieved a 54% reduction in the separation bubble. He
et al. (2023) found that a single spanwise jet, positioned near
the mean separation location and operated with an appropriate
velocity ratio and blowing angle, could completely suppress
the separation. Other active control methods have also been
applied to turbulent separation control, including spanwise al-
ternating distributed-strip control (Ni et al., 2019), sweeping
jets (Koklu & Owens, 2017), jet vortex generators (Selby et al.,
1992), and plasma actuators (Rizzetta & Visbal, 2010). How-
ever, the associated power consumption can be prohibitively
high, which has limited the widespread industrial application
of these techniques.

Among the available active control approaches, unsteady
blowing has attracted particular attention as a promising
method for efficient separation control. In this strategy, the jets
are operated in a periodic or pulsed manner rather than con-
tinuously. The advantages of unsteady blowing are twofold.
First, time-dependent forcing can exploit the inherent instabil-
ities of the separated shear layer and promote the development
of large-scale coherent vortical structures, thereby enhancing
momentum transfer between the outer high-momentum flow
and the near-wall low-momentum region more effectively than
steady blowing (Cui et al., 2015; Tricouros et al., 2022). Sec-
ond, because the actuation is applied intermittently, the time-
averaged momentum input can be significantly reduced, of-
fering the potential for substantial energy savings (Amitay &
Glezer, 2002). These features make unsteady blowing partic-
ularly attractive for turbulent separation control over curved
ramps.

In the present study, three independent blowing jets are
deployed on the curved ramp. Each jet can be operated in ei-
ther steady or pulsed mode. To determine the globally optimal
control parameters for multiple steady or unsteady jets, genetic
algorithm is employed to optimize the actuation parameters
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with the aim of suppressing flow separation while minimizing
power consumption.

EXPERIMENTAL SETUP
The experiments were performed in a closed-circuit wind

tunnel with a test section of 5.5 m×1.0 m×0.8 m (L×H×W ),
featuring a flow non-uniformity of 0.1% and a longitudinal tur-
bulence intensity of 0.4%. As illustrated in Fig. 1(a), the flow-
separation-control platform, modeled after He et al. (2023),
was mounted horizontally on the tunnel floor. It comprised
a leading edge, tripping devices, an upstream flat plate, a
curved ramp, and a downstream plate. The leading edge was
shaped to prevent separation, while the tripping devices en-
sured that the boundary layer transitioned to turbulence up-
stream of the ramp. The curved ramp (height h = 77.2 mm,
length L = 202 mm) induced flow separation due to an ad-
verse pressure gradient. The experiments were conducted at
Reθ = 5700 with a free-stream velocity of U∞ = 9.0 m/s. The
coordinate system is defined in Fig. 1(b), with x = 0 at the
start of the ramp and y = 0 on the surface of the downstream
plate. The ramp was equipped with three spanwise slits at
x/h = 0.95, 1.50, and 1.95, each consisting of eight cavities
that issued tangential jets. The compressed air was filtered,
regulated, and metered before passing through the solenoid
valves. The solenoid valves were driven by three independent
pulsed signals to generate three pulsed blowing jets, and they
remained open during steady blowing.

The three blowing jets were controlled independently. For
the steady-control case, the genetic algorithm was used to op-
timize the blowing velocity of each jet, Ui (i = 1,2,3). For
unsteady blowing, nine control parameters were considered:
the driving pressure of each jet (Pe1, Pe2, Pe3), the duty cy-
cles (DC1, DC2, DC3), the phase differences between adja-
cent jets (ϕ1, ϕ2), and a common driving frequency fe for
the three jets. To suppress flow separation while minimizing
power consumption, the pressure coefficient at the end of the
curved ramp, Cp,end , was selected, following He et al. (2023),
as an indicator of the separation state. The GA cost function
was defined as

J =
∣∣Cp,end −Cp,re f

∣∣+αE, (1)

where Cp,re f denotes the pressure coefficient at the end of the
ramp when the flow is fully suppressed by a single blowing jet,
E is the actuation power consumption, and α is a weighting
factor that balances pressure recovery against energy expendi-
ture. The energy term E is defined as

E =
1
T

∫ T

0

[
(Vr1)

3 +(Vr2)
3 +(Vr3)

3
]

dt, (2)

where the velocity ratio is given by Vri = Ui/U∞ (i = 1,2,3).
Because the jet-exit velocity is difficult to measure directly
during the experiment, U j was estimated from Pe using a pre-
determined polynomial model relating U j to Pe for the steady-
blowing mode. Since the performance of pulsed jets is mainly
determined by the pressure amplitude (Pe), duty cycle (DC),
and forcing frequency ( fe), a fully connected neural network
with two hidden layers, each containing 40 nodes, was em-
ployed to predict the power consumption E from the these ac-
tuation parameters. Owing to their ability to approximate com-
plex nonlinear relationships, neural networks are well suited

for this task. Within the actuator operating range of Pe = 0–
0.25 MPa, DC = 0.2–0.8, and fe = 20–200 Hz, 700 parameter
combinations were uniformly sampled and used to drive the
jet. The corresponding outlet velocity was measured using a
hot-wire anemometer, and the power consumption was calcu-
lated according to Eq. 2. These 700 data samples were used to
train the neural network.

GA-OPTIMIZED STEADY FORCING
As discussed earlier, the weight α in the cost function,

which balances the two objectives, is crucial for optimiza-
tion. A larger α causes the optimization to prioritize reduc-
ing energy consumption, whereas a smaller α places greater
emphasis on pressure recovery. The optimization was per-
formed for different values of α . The minimum cost Jn

1 in each
generation gradually decreases as the generation number n in-
creases, eventually converging to 0.137, 0.097, and 0.038 for
α = 0.47, 0.28, and 0.09, respectively (Fig.2a). At α = 0.09,
| Cp,end −Cp,re f | and E converge to 0.001 and 0.397, respec-
tively, after 16 generations, indicating successful suppression
of flow separation. This result confirms that α = 0.09 is an
effective choice for suppressing flow separation.

The convergence histories of the control variables Vr1,
Vr2, and Vr3 for α = 0.09 are presented in Fig. 2b, from
which several noteworthy observations can be made. First,
Vr1 converges to zero, indicating that the blowing jet located
at x/h = 0.95 does not contribute positively to flow-separation
suppression. Second, among the three control variables, the
converged value of Vr2 is consistently the largest, following
the general trend

Vr2 >Vr3 >Vr1 = 0.

This result suggests that the blowing jet at x/h= 1.50, which is
positioned slightly upstream of the mean separation location,
plays the dominant role in suppressing flow separation. This
observation is in good agreement with our previous conven-
tional control results, which showed that tangential blowing
applied slightly upstream of the separation point is more ef-
fective than blowing at other locations. A similar conclusion
was also reported by He et al. (2023).

Figure 3 compares the control efficiency of single-jet and
GA-optimized multiple steady blowing based on the energy
consumption ratio (E/Ere f ) and the pressure recovery ratio
(Cp,end/Cp,re f ). The steady single-jet blowing located at the
mean separation point, operated at U2 = 0.82U∞, was chosen
as a benchmark due to its proven effectiveness among steady
single-jet configurations. The results demonstrate a trade-off
between energy consumption and pressure recovery achievable
through GA optimization. For instance, at α = 0.09, the GA-
optimized control attains the same pressure recovery as the
reference case while consuming 30% less energy, effectively
eliminating the recirculation region. At α = 0.28, it achieves
86% of the reference pressure recovery with a 54% reduction
in energy input. This trend remains consistent even with slight
variations in the reference case.

GA-OPTIMIZED UNSTEADY FORCING
In the unsteady-control mode, GA was used to optimize

the nine control parameters. For α=0.25, the Jn
1 , Jp and E

eventually converged to 0.032, 0 and 0.0046, respectively. Fig-
ure 4 shows the learning curves of the best control parameters
in each generation. It is noteworthy that the optimized driving
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Figure 1. Experimental setup and actuation system. (a) Experimental model of the upstream and downstream flat plates and the
curved ramp; (b) design of the actuation system on the ramp.
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Figure 2. Learning curves of (a) cost function J and (b) con-
trol parameters Vr1, Vr2 and Vr3 at α = 0.09.

pressure Pe2, corresponding to the jet located at x/h = 1.50,
is higher than both Pe1 and Pe3 (see Fig.4a). This result in-
dicates that jet 2 plays the most important role in separation
control, which is consistent with the trend observed in the
steady blowing case. In addition, the optimized duty cycles
(DC) of all three jets converge to a narrow range of 0.20–0.24
(see Fig.4b), while the forcing frequency fe approaches ap-
proximately 106 Hz (see Fig.4d). It should be emphasized
that DC = 0.20 represents the lower bound of the prescribed
search range. Under the optimized condition of DC = 0.20 and
fe = 106 Hz, the corresponding pulse width is 1.89 ms, which
is already close to the hardware limit of 1.2 ms. Any further
reduction in pulse width may induce a choked-flow effect and
is therefore not practically feasible.

The control efficiency of a single steady jet and GA-
optimized unsteady jet is compared in Fig. 3 using E/Ere f and
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Figure 3. The pressure recovery rate and the correspond-
ing power consumption rate under different control configura-
tions: the optimal steady blowing using one jet (Benchmark),
GA-optimized steady blowing (SB-GA) and unsteady blowing
(UB-GA) under different α .

Cp,end/Cp,re f . The results demonstrate that the GA-optimized
unsteady blowing achieves significantly higher energy sav-
ings than the benchmark case. At α = 0.25, it attains nearly
the same pressure recovery as the benchmark case with only
23.1% of the energy consumption—a 76.9% reduction—while
completely suppressing the recirculation region. At α = 0.30,
it maintains 85.8% of the pressure recovery with just 17.5% of
the reference energy. As α increases, the optimization priori-
tizes lower energy input, which consequently leads to dimin-
ished pressure recovery. Furthermore, the GA-optimized un-
steady control is more efficient than the GA-optimized steady
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Figure 4. Learning curves of (a) Pe, (b) DC, (c) ϕ and (d) fe for GA control at α = 0.25.

control, showing greater potential for industrial applications.

FLOW FIELD ANALYSIS
Figure 5 shows the time-averaged streamlines and con-

tours of U/U∞ under different control configurations. Figure
5(a) presents the baseline uncontrolled case, where flow sep-
aration occurs downstream of x/h ≈ 1.5, forming a large re-
circulation bubble that does not reattach until x/h ≈ 3.8. This
separation is completely suppressed in the reference case (Fig.
5b) via steady single-jet blowing at x/h = 1.50. The flow field
of the GA-optimized steady forcing at α = 0.09 (Fig. 5c) is al-
most identical to that of the reference case. This observation,
which agrees well with the pressure measurements in Fig. 3,
indicates that the flow separation is fully suppressed. The flow
field for the GA-optimized unsteady forcing at α = 0.25 (Fig.
5d) exhibits minimal flow separation, with the flow remain-
ing attached downstream despite some residual disturbances.
The comparable pressure recovery to the reference case and
GA-optimized steady blowing at α = 0.09 (Fig. 3) confirms
a similar control effectiveness. In contrast, for α = 0.30 (not
shown), a discernible recirculation region persists, indicating
reduced control effectiveness. This is consistent with the op-
timization objective at a higher α value, which prioritizes en-
ergy saving over pressure recovery, leading to lower actuation
energy and consequently weaker flow control. Overall, the
GA-optimized strategy effectively suppresses flow separation
under all the tested conditions.

Because the GA-optimized unsteady control exhibits
higher control efficiency than the steady control, a key ques-
tion is why the optimal actuation occurs at fe = 106 Hz with
a phase difference of about 0.1T , and what physical mecha-
nism governs this result. Figure 6 shows the phase-averaged
streamlines and Q-criterion contours for α = 0.25 at differ-
ent actuation phases. Owing to the interaction between the
pulsed jet and the main flow, a spanwise vortex is generated
at the leading edge of each jet pulse, marked by the red dots
in Fig. 6. Within one actuation cycle, the vortex generated by
slit S1 convects downstream and reaches the location of slit S2,
where it merges with the vortex produced by the subsequent

pulse from S2. Therefore, the apparent phase lead of 0.1T is
physically equivalent to a lead of 1.1T across successive cy-
cles. At fe = 106 Hz, corresponding to a period of 9.5 ms, this
timing allows the vortex generated by S1 to arrive at S2 in syn-
chrony with the next pulse from S2, thereby promoting vortex
merging and enhancing control effectiveness. This also sug-
gests that the optimal frequency and phase difference depend
on the spacing between the two slits.

CONCLUSION
Conclusion

In this study, three independently controlled blowing jets
were arranged on a curved ramp to suppress turbulent flow
separation. A genetic-algorithm-based optimization was per-
formed for both steady and unsteady blowing cases, with the
dual objective of minimizing the recirculation region and re-
ducing control power consumption. The main conclusions are
summarized as follows.

1. GA-optimized steady blowing can effectively suppress
the separated flow while reducing energy consumption.
The optimal steady control completely removes the recir-
culation region, achieving a control effect comparable to
that of the optimal single-jet steady blowing, but with a
30% reduction in energy consumption. For both steady
and unsteady blowing, the jet located near the mean sep-
aration point is the most effective. In the steady case,
the control effectiveness decreases rapidly when the jet
is moved upstream. The energy saving of the optimal
steady control is mainly achieved by reducing the max-
imum blowing intensity near the separation point and in-
troducing an additional low-speed jet downstream, which
helps accelerate the local near-wall flow and suppress the
residual separation more efficiently.

2. GA-optimized unsteady blowing is significantly more ef-
ficient than the optimized steady blowing. It can almost
completely eliminate the recirculation region while re-
quiring only 23.1% of the energy consumption of the op-
timal single steady blowing case. The superior perfor-
mance of the unsteady strategy is attributed to spatiotem-
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Figure 5. Time-averaged streamlines and contours of U/U∞ under different control modes (a) without control; (b) single steady jet at
Vr = 0.82; GA-optimized blowing at (c) α = 0.25 and (d) α = 0.30.

Figure 6. Phase-averaged streamlines superimposed on phase-averaged contours of the Q-criterion for α = 0.25 at different phases:
0.2T , 0.4T , 0.6T , 0.8T and T . The yellow dots denote the slit positions. T = 1/ fe

porally coordinated actuation among the jets. The pulsed
blowing generates two favorable effects: a Coandǎ effect
immediately downstream of the jet exit and spanwise vor-
tices developing near the ramp surface. The former in-
duces a low-pressure region near the wall and promotes
strong downwash motion, whereas the latter enhances

momentum transport within the boundary layer. In partic-
ular, the actuation of Jet 1 strengthens the effect of Jet 2,
leading to a stronger Coandǎ effect and more pronounced
spanwise vortices. The combined action of these mech-
anisms is responsible for the highly efficient suppression
of flow separation.
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