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Improving turbulent flow control is crucial for various applications like reducing drag,
enhancing mixing, and managing heat transfer. Feedback control approaches, which sense
the turbulent signal in the flow and modify the actuation depending on the value of the signal,
such as opposition control or a wall-sensing control, have proven to be effective. However, these
approaches use the full, unfiltered signal, which naturally contains multiple frequencies. In
conjunction with a recent interest in passive frequency-tuned surfaces that selectively respond
to a single frequency or a band of frequencies, this paper explores a feedback-control approach
that focuses on specific frequencies. We compare the frequency-tuned approach with the
classical opposition control (that senses flow velocity in some off-wall location) and with our
previously-developed wall-sensing control (that acts upon a wall shear stress), both using
unfiltered temporal signals (across all frequencies). Initial findings show a drag reduction of
21.11% at 𝑅𝑒𝜏 ≈ 180 and 18% at 𝑅𝑒𝜏 ≈ 390 using classical opposition control, and 10.64% at
𝑅𝑒𝜏 ≈ 180 and 7.12% at 𝑅𝑒𝜏 ≈ 390 using wall-sensing control, demonstrating some reduction
in effectiveness for wall-sensing strategy. The frequency-tuned method developed in this study
achieved only modest drag reductions, ranging between 1% and 2% for 𝑅𝑒𝜏 ≈ 180, and even
showed a slight drag increase of 1% to 2% with higher Reynolds numbers (𝑅𝑒𝜏 ≈ 390). This
outcome highlights the limitations of relying on a single-frequency control strategy, which
proves inadequate for managing complex turbulence dynamics that has a broadband spectrum,
especially at higher Reynolds numbers.

I. Nomenclature

𝑅𝑒𝜏 = viscous Reynold’s number
DNS = Direct Numerical Simulation
CFL = Courant–Friedrichs–Lewy
𝑢𝑦 = vertical velocity
𝑢𝑥 = streamline velocity
𝜏 = 𝜈

𝜕𝑢𝑥

𝜕𝑦
= instantaneous shear stress

𝑢′𝑦𝑢
′
𝑦 = Reynold’s velocity stress term in y-direction

𝜈2 𝜕𝑢
′
𝑥

𝜕𝑦

𝜕𝑢
′
𝑥

𝜕𝑦
= averaged wall shear stress fluctuation

𝜔𝑐 = control frequency
DR = drag reduction
K = control gain
A = amplitude referred in wall-sensing control
𝑇+ = time in wall units

II. Introduction

In various engineering domains, such as aerospace, automotive, and marine systems, mitigating skin friction drag is a
critical challenge due to its significant impact on energy consumption and operational efficiency. High drag levels not

only increase fuel usage but also limit the performance capabilities of systems, from aircraft to underwater vessels. For
instance, even small improvements in drag reduction for commercial aircraft can lead to significant fuel savings, lower
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greenhouse gas emissions, and reduced operational costs. Addressing this issue has motivated researchers to explore
various drag reduction strategies, which broadly fall into two categories: active and passive control techniques.

Active control strategies involve directly manipulating the flow dynamics using energy-intensive mechanisms. These
methods include blowing and suction [1–4], synthetic jets [5, 6], and fluidic oscillators [7]. Such approaches enable
precise control over turbulent structures, thereby reducing skin friction drag effectively. For example, synthetic jets
introduce oscillatory flows that disrupt turbulence near walls, reducing energy losses. However, the reliance of these
strategies on external energy input and the complexity of their control systems often limit their large-scale practical
applications, especially in energy-conscious industries.

Conversely, passive control strategies aim to achieve drag reduction without requiring continuous energy input,
offering a more sustainable alternative. Traditional passive methods, such as compliant surfaces and retrofitting [8],
modify flow boundary conditions to influence turbulence behavior. Recent advancements in material science have
introduced the concept of metamaterials, which are architectured surfaces designed to manipulate mechanical wave
behavior, such as inhibiting or amplifying specific frequency components of wall shear stress [9, 10]. Metamaterials can
provide a unique advantage by tailoring surface properties to interact with flow dynamics passively, opening pathways
for innovative, energy-efficient drag reduction techniques.

In our previous study, we compared the effectiveness of two active feedback control strategies: a well-established
opposition control methodology and a wall-sensing approach [11]. Opposition control employs vertical velocity
measurements taken at an off-wall location to generate a control input that counteracts near-wall turbulence. This
method demonstrated substantial drag reductions, achieving 21.11% at 𝑅𝑒𝜏 ≈ 180 and 18% at 𝑅𝑒𝜏 ≈ 390. In contrast,
the wall-sensing approach, which relies on wall shear stress measurements to generate control inputs, achieved more
modest reductions of 10.64% and 7.12% at the same Reynolds numbers. A critical limitation of the wall-sensing method
was its susceptibility to instabilities, likely caused by high-frequency components in the fluctuating shear stress signal.

While opposition and wall-sensing control approaches, previously explored via numerical simulations [1, 11], use
the full, unfiltered, instantaneous signal that naturally contains multiple frequencies, in practical applications it may
be difficult to sense or actuate at a large range of frequencies, and a single frequency or a band of frequencies may
often need to be targeted. Examples include a recently proposed concept of metamaterials for flow control, which have
certain frequency bandgaps that define their response characteristics [9, 10]. In view of these practical applications, the
current study implements a frequency-tuned control approach within both opposition-control and wall-sensing control
frameworks. To define a frequency-tuned control signal, we introduce a filtering approach to an instantaneous signal
which extracts a specific frequency content that is used to define the wall actuation velocity.

The methodology is evaluated using Direct Numerical Simulations (DNS) conducted with the high-order Spectral
Element code Nek5000 [12, 13]. The results compare the performance of frequency-tuned and untuned control
strategies, highlighting their relative efficacy. The frequency-tuned method we developed yielded only modest drag
reductions, limited to a range of 1% to 2% across all cases. This result highlights the inherent limitations of employing
a single-frequency control approach. To overcome these limitations, future efforts will target multiple frequencies or a
band of frequencies, aiming to capture a broader range of turbulence dynamics and improve the overall effectiveness of
the control strategy.

III. Methods
The Direct Numerical Simulations of the frequency-tuned and untuned flow control methodologies are conducted

utilizing the Spectral Element code, Nek5000 [14], in its incompressible formulation. Nek5000 is distinguished as a
high-order code employing Lagrange interpolating polynomial basis functions defined on the Gauss-Lobatto points.
This configuration guarantees efficient tensor-product utilization and rapid convergence.

A turbulent channel flow is utilized as a model geometry in this work. The size of the domain is set to 2𝜋ℎ× 2ℎ× 𝜋ℎ,
where ℎ is the channel half-width. Boundary conditions for the channel flow DNS are set as periodic in streamwise and
spanwise directions. The bulk mean velocity,𝑈𝑏𝑢𝑙𝑘 , is kept constant throughout the simulations. The top and bottom
walls are set as no-slip in the uncontrolled case, while the vertical wall transpiration velocity is applied to the bottom
wall in the controlled case. Reynolds numbers of 𝑅𝑒𝜏 ≈ 180 and 𝑅𝑒𝜏 ≈ 390 are investigated. 𝑅𝑒𝜏 is defined based
on the uncontrolled case with the same bulk mean velocity as the controlled case, meaning that the actual 𝑅𝑒𝜏 in the
controlled case will vary based on the drag reduction values. The computational grid for both Reynolds numbers uses
16 × 12 × 8 number of elements, each containing 83 Gauss-Lobatto collocation points, yielding a polynomial order of
approximately 𝑁 = 7 in the simulations. The time-step size is set to Δ 𝑡 = 10−4, while the actual time step may slightly
vary around this number to keep the CFL number constant at CFL = 0.5. To authenticate the uncontrolled base case, we
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draw comparisons with the DNS data from [15] in [11]. This comparison confirmed the adequacy of the grid resolution
for both Reynolds numbers. Further grid refinement studies will be documented in the final paper.

The current study considers two flow control strategies: opposition control [1] and wall-sensing control [11]. The
two methodologies are first presented in their baseline, and then the frequency-tuned formulation for both the opposition
control and the wall-sensing control methods are presented.

A. Opposition control
In the opposition control [1], instantaneous vertical velocity signal is sampled at a designated horizontal plane

located at the distance 𝑑 from the wall, 𝑢𝑦 (𝑥, 𝑦 = 𝑑, 𝑧, 𝑡), and resupplied, with the opposite sign, as a wall transpiration
velocity directly underneath the sample point:

𝑢𝑦 |𝑤𝑎𝑙𝑙 (𝑥, 𝑧, 𝑡) = 𝑢𝑦 (𝑥, 𝑦 = 0, 𝑧, 𝑡) = −𝑢𝑦 (𝑥, 𝑦 = 𝑑, 𝑧, 𝑡). (1)

B. Wall-sensing control
For the wall-sensing control method developed in our previous work [11], the following control relation is

implemented:

𝑢𝑦 |𝑤𝑎𝑙𝑙 (𝑥, 𝑧, 𝑡) = 𝐾 ×
[(
𝜈
𝜕𝑢𝑥

𝜕𝑦

)
𝑤𝑎𝑙𝑙

(𝑥, 𝑧, 𝑡) −
(
𝜈
𝜕𝑢𝑥

𝜕𝑦

)
𝑤𝑎𝑙𝑙

(𝑡)
]
×

√︃〈
𝑢′𝑦𝑢

′
𝑦

〉 𝑛𝑜−𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝑦=𝑑√︂

𝜈2
〈
𝜕𝑢

′
𝑥

𝜕𝑦

𝜕𝑢
′
𝑥

𝜕𝑦

〉 𝑛𝑜−𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑤𝑎𝑙𝑙

(2)

Here, 𝑢𝑦 |𝑤𝑎𝑙𝑙 (𝑥, 𝑧, 𝑡) is the instantaneous vertical velocity at the wall,
(
𝜈
𝜕𝑢𝑥

𝜕𝑦

)
𝑤𝑎𝑙𝑙

(𝑥, 𝑧, 𝑡) is the instantaneous shear

stress at the wall,
(
𝜈
𝜕𝑢𝑥

𝜕𝑦

)
𝑤𝑎𝑙𝑙

(𝑡) is the plane-averaged instantaneous shear stress at the wall,
√︃〈
𝑢′𝑦𝑢

′
𝑦

〉 𝑛𝑜−𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝑦=𝑑

is
the square root of the Reynolds stress term in the y-direction at a specified wall-normal location 𝑦 = 𝑑 taken from

the uncontrolled case with the same Reynolds number,
√︂
𝜈2

〈
𝜕𝑢

′
𝑥

𝜕𝑦

𝜕𝑢
′
𝑥

𝜕𝑦

〉 𝑛𝑜−𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑤𝑎𝑙𝑙

is the averaged wall shear stress

fluctuation taken from the uncontrolled case (angular brackets denote time and horizontal averaging), and 𝐾 is the
control gain. The last term in Eq. (2) is introduced to scale the control input for the transpiration velocity in accordance
with the opposition control law. Even with this scaling, the control gain still needs to be adjusted as will be discussed
later.

C. Frequency-Tuned Opposition Control
To develop the frequency-tuned control approach, we start with the opposition control method. The idea is

to decompose the temporally varying velocity signal 𝑣𝑥𝑑𝑧 (𝑡) = 𝑢𝑦 (𝑥, 𝑦 = 𝑑, 𝑧, 𝑡) into its corresponding frequency
components using a Fourier transform. The Fourier transform of the signal is defined as:

𝑉𝑥𝑑𝑧 (𝜔) = F {𝑣𝑥𝑑𝑧}(𝜔) =
1

2𝜋

∫ ∞

−∞
𝑣𝑥𝑑𝑧 (𝑡)𝑒−𝑖𝜔𝑡 𝑑𝑡, (3)

where 𝜔 is the angular frequency. A specific control frequency 𝜔 = 𝜔𝑐 is selected, and the component of the original
signal corresponding to this frequency is extracted as:

𝑣
𝜔𝑐

𝑥𝑑𝑧
(𝑡) = F −1{𝑉𝑥𝑑𝑧 (𝜔)𝛿(𝜔 − 𝜔𝑐)}(𝑡) = 𝑉𝑥𝑑𝑧 (𝜔𝑐)𝑒𝑖𝜔𝑐𝑡 . (4)

The frequency-adjusted wall velocity for opposition control is then defined as

𝑢𝑦 |wall (𝑥, 𝑧, 𝑡) = −𝐾 ·
(
𝑣
𝜔𝑐

𝑥𝑑𝑧
(𝑡) + 𝑣−𝜔𝑐

𝑥𝑑𝑧
(𝑡) + 𝑣0

𝑥𝑑𝑧 (𝑡)
)
, (5)

where 𝐾 is the amplitude gain. In Eq. (5), we sum the signals with positive and negative frequencies, ±𝜔𝑐, to ensure the
real value of the reconstructed signal, and add a mean component (corresponding to the frequency of zero). This is done
in order to ensure that the signal is centered around a correct nominal value.
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D. Frequency-Tuned Wall-Sensing Control
In the frequency-tuned wall-sensing control, the wall shear stress signal is filtered similarly. The frequency-filtered

wall shear stress is defined as:(
𝜈
𝜕𝑢𝑥

𝜕𝑦

)𝜔𝑐

wall
(𝑥, 𝑧, 𝑡) = F −1

{
F
{ (
𝜈
𝜕𝑢𝑥

𝜕𝑦

)
wall

}
(𝜔𝑐)

}
=

̂(
𝜈
𝜕𝑢𝑥

𝜕𝑦

)
wall
𝑒𝑖𝜔𝑐𝑡 . (6)

As with the frequency-tuned opposition control, we sum the extracted signals at 𝜔 = 𝜔𝑐, 𝜔 = −𝜔𝑐 and 𝜔 = 0, to
obtain the filtered signal as:(

𝜈
𝜕𝑢𝑥

𝜕𝑦

)filt

wall
(𝑥, 𝑧, 𝑡) =

(
𝜈
𝜕𝑢𝑥

𝜕𝑦

)𝜔𝑐

wall
(𝑥, 𝑧, 𝑡) +

(
𝜈
𝜕𝑢𝑥

𝜕𝑦

)−𝜔𝑐

wall
(𝑥, 𝑧, 𝑡) +

(
𝜈
𝜕𝑢𝑥

𝜕𝑦

)0

wall
(𝑥, 𝑧, 𝑡) (7)

This frequency-filtered signal is then used in the control law as:

𝑢𝑦 |wall (𝑥, 𝑧, 𝑡) = 𝐾 ·
[ (
𝜈
𝜕𝑢𝑥

𝜕𝑦

)filt

wall
(𝑥, 𝑧, 𝑡) −

(
𝜈
𝜕𝑢𝑥

𝜕𝑦

)
filt
wall (𝑡)

]
·

√︃
⟨𝑢′𝑦𝑢′𝑦⟩no-control

𝑦=𝑑√︃
𝜈2⟨( 𝜕𝑢

′
𝑥

𝜕𝑦
)2⟩no-control

wall

, (8)

where
(
𝜈
𝜕𝑢𝑥

𝜕𝑦

)
filt
wall (𝑡) is the plane-averaged filtered wall shear stress, and 𝐾 is the control gain.

IV. Results

A. Opposition control
The results from the opposition control, showing the evolution of drag over time at the bottom wall for 𝑅𝑒𝜏 ≈ 180

and 𝑅𝑒𝜏 ≈ 390, are presented in Figure (1) and Figure (2), respectively. Drag is defined here as the plane-averaged
value of wall shear stress,

𝜏𝑤 (𝑡) =
(
𝜈
𝜕𝑢𝑥

𝜕𝑦

)
𝑤𝑎𝑙𝑙

(𝑡) (9)

Drag reduction is defined as

𝐷𝑅 =

∫ 𝑇2

𝑇1

(
𝜏𝑛𝑐𝑤 (𝑡) − 𝜏𝑐𝑤

)
𝑑𝑡∫ 𝑇2

𝑇1
𝜏𝑛𝑐𝑤 (𝑡)𝑑𝑡

· 100%, (10)

where, 𝜏𝑛𝑐𝑤 corresponds to the uncontrolled case, 𝜏𝑐𝑤 to the controlled case, and 𝑇1 = 50, 𝑇2 = 400, normalized with
ℎ/𝑈𝑏𝑢𝑙𝑘 , are the start and the end of the period for collecting statistics. The maximum drag reduction achieved is
21.11% for 𝑅𝑒𝜏 ≈ 180 with the velocity sensed at y+ value of 15 across all frequency bands. The drag reduction for y+
values of 20 is 17.94%, for y+=10 it is 16.35%, and for y+=5 it is 7.56%, showing that y+=15 gives an optimum value
of drag reduction, consistent with the previous literature [16–18].
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Fig. 1 Temporal evolution of drag, Re𝜏 ≈ 180 Fig. 2 Temporal evolution of drag, Re𝜏 ≈ 390

Fig. 3 Drag reduction vs y+ values for Re𝜏 ≈ 180 Fig. 4 Drag reduction vs y+ values for Re𝜏 ≈ 390

Similarly, the maximum drag reduction achieved is 18% for 𝑅𝑒𝜏 ≈ 390, with the velocity sensed at y+ value of 15
across all frequency bands. The drag reduction for y+ values of 10 is 16.90%, for y+=20, it is 10.58%, and for y+=5, it
is 7.42%. As with 𝑅𝑒𝜏 ≈ 180, y+=15 corresponds to the optimum wall-sensing location in our simulations. The % DR
with respective sensed y+ location for 𝑅𝑒𝜏 ≈ 180 and 𝑅𝑒𝜏 ≈ 390 are shown in Figure (3) and Figure (4) respectively.

B. Wall-sensing control
The results from the wall-sensing flow control, showing the evolution of drag over time for 𝑅𝑒𝜏 ≈ 180 and 𝑅𝑒𝜏 ≈

390, are shown in Figure (5) and Figure (6), respectively. Since the wall shear-stress signal is significantly more
oscillatory than the vertical velocity signal in the opposition control, the control gain 𝐾 in the wall-sensing control
needs to be adjusted as 𝐾 = 𝛼 · 𝐴, where 𝛼 = 10−3 for stability, and 𝐴 ∼ 𝑂 (1) is referred to as the amplitude. With
the amplitude 𝐴 = 1, we achieve a low drag reduction value of only 2.93% at 𝑅𝑒𝜏 ≈ 180 and 1.12% at 𝑅𝑒𝜏 ≈ 390.
Increasing the amplitude results in higher drag reduction values, e.g., 5.38% with 𝐴 = 4 at 𝑅𝑒𝜏 ≈ 180 and 3.48% at
𝑅𝑒𝜏 ≈ 390. Unfortunately, increasing the gain further resulted in an unstable control. To remedy the situation, a “freeze”
strategy was implemented, where the control input was hold fixed for every 3 time steps and varied again at the end
of the 3rd time step, and so on. With this strategy, we were able to increase the amplitude to 𝐴 = 65 and achieve the
drag reduction of 10.64% for 𝑅𝑒𝜏 ≈ 180 and 7.12% for 𝑅𝑒𝜏 ≈ 390. We also remark that negative gains (as expected)
resulted in drag increase in wall-sensing approaches.
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Fig. 5 Temporal evolution of drag, Re𝜏 ≈ 180 Fig. 6 Temporal evolution of drag, Re𝜏 ≈ 390

The evolution of drag over time for the best identified cases from both control strategies (opposition and wall-sensing),
compared to the uncontrolled base case for 𝑅𝑒𝜏 ≈ 180 and 𝑅𝑒𝜏 ≈ 390, is shown in Figure (7) and Figure (8), respectively.
For 𝑅𝑒𝜏 ≈ 180, there is a maximum drag reduction of 21.11% using opposition control and 10.64% using wall-sensing
control. Similarly, for 𝑅𝑒𝜏 ≈ 390, there is a maximum drag reduction of 18% using opposition control and 7.12% using
the wall-sensing control.

A lower effectiveness of the wall-sensing control as opposed to the opposition control was attributed to high-frequency
oscillations in the wall shear-stress signal necessitating using lower gains and thus limiting the achievable drag reduction
values with this approach, see Ref. [11].

Fig. 7 Re𝜏 ≈ 180 Fig. 8 Re𝜏 ≈ 390

Fig. 7 and 8: Comparison between uncontrolled case, and best performing opposition control and wall-sensing
control methods

C. Frequency-tuned opposition control
The results from the frequency-tuned opposition control, showing the evolution of drag over time for 𝑅𝑒𝜏 ≈ 180

and 𝑅𝑒𝜏 ≈ 390 are shown in Figures (9) and (10). The amplitude gain of 𝐾=300 was used for the frequency-tuned
wall-sensing control. We examine six different filtering frequencies defined as:

𝜔+
𝑐 = 2𝜋/𝑇+, (11)
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where 𝑇+ is the period of the signal in wall units. The signal periods that were investigated are categorized into three
groups: short (𝑇+ = 0.2 and 𝑇+ = 0.7), medium (𝑇+ = 10 and 𝑇+ = 25), and long (𝑇+ = 100 and 𝑇+ = 200). This
selection of 𝑇+ values ensures that a broad range of turbulence events is targeted.

Fig. 9 Temporal evolution of drag, Re𝜏 ≈ 180 Fig. 10 Temporal evolution of drag, Re𝜏 ≈ 390

The final drag reduction values for the frequency-tuned opposition control method are presented in Table 1 and
Table 2. At Re𝜏 ≈ 180, the drag reductions are generally minimal, irrespective of the 𝑇+ value of the associated turbulent
events, ranging from 1% to 2%. Conversely, at Re𝜏 ≈ 390, a slight increase in drag is observed, typically between 1%
and 2%. This increase can be attributed to the limitations of the single-frequency approach, which proves insufficient to
effectively mitigate the more chaotic turbulence events characteristic of higher Reynolds numbers.

Case 𝑇+ Drag Reduction (%)
1 0.2 0.98%
2 0.7 2.07%
3 10 1.59%
4 25 1.59%
5 100 1.95%
6 200 1.46%

Table 1 Cases with corresponding 𝑇+ values and
% drag reduction for Re𝜏 ≈ 180

Case 𝑇+ Drag Reduction (%)
1 0.2 -1.73%
2 0.7 -0.95%
3 10 -1.42%
4 25 -0.32%
5 100 -0.47%
6 200 -0.79%

Table 2 Cases with corresponding 𝑇+ values and
% drag reduction for Re𝜏 ≈ 390

D. Frequency-tuned wall-sensing control
Similar to the opposition control method, the results from the wall-sensing method, showing the evolution of drag

over time for 𝑅𝑒𝜏 ≈ 180 and 𝑅𝑒𝜏 ≈ 390, are shown in Figures (11) and (12). Using the same normalization 𝐾 = 𝛼 · 𝐴,
𝛼 = 10−3, as in the untuned wall-sensing control, allowed us to execute the filtered-frequency control with 𝐴 = 1000
(for all cases), resulting in the net control gain 𝐾 = 1. We analyze the frequencies corresponding to six 𝑇+ values for
both Reynolds number regimes, the same as in Section IV.C, as presented in Table 3 and Table 4. This selection of 𝑇+

values ensures that a broad range of turbulence events is considered, as done for the opposition control.
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Fig. 11 Temporal evolution of drag, Re𝜏 ≈ 180 Fig. 12 Temporal evolution of drag, Re𝜏 ≈ 390

The final drag reduction values for the frequency-tuned wall-sensing method are presented in Table 3 and Table 4.
At Re𝜏 ≈ 180, for all 𝑇+ values and their associated turbulent events, the drag reductions remain minimal, similar to
those observed with the frequency-tuned opposition control method, ranging from 1% to 2%. Conversely, at Re𝜏 ≈ 390,
the results indicate a drag increase of 1% to 2%, consistent with what we observed in the frequency-tuned opposition
control method.

Case 𝑇+ Drag Reduction (%)
1 0.2 2.31%
2 0.7 1.83%
3 10 0.73%
4 25 0.85%
5 100 0.73%
6 200 0.85%

Table 3 Cases with corresponding 𝑇+ values and
% drag reduction for Re𝜏 ≈ 180

Case 𝑇+ Drag Reduction (%)
1 0.2 -1.10%
2 0.7 -1.42%
3 10 -2.35%
4 25 -1.89%
5 100 -1.73%
6 200 -1.89%

Table 4 Cases with corresponding 𝑇+ values and
% drag reduction for Re𝜏 ≈ 390

These results from both the frequency-tuned methods show that the use of a single extracted frequency results
is inefficient and results in low drag reductions and for higher turbulence, even drag increment. Hence, we need a
banded-frequency approach, where, instead of a single frequency, a band of allowable frequencies will be chosen. This
can be implemented either by introducing a band-pass filter function into the inverse Fourier transform in Eq. (4) instead
of a delta-function, or by convolving the temporal signal with a corresponding band-pass filter in the time domain.

V. Conclusion
This study investigated a frequency-tuned approach to wall transpiration control to improve the stability and efficacy

of turbulent flow management. By selectively targeting specific frequency bands in the wall shear stress signal, the
method sought to overcome limitations of existing strategies, particularly the instability caused by high-frequency
components in wall-sensing techniques.

A comparative evaluation revealed distinct trade-offs between control strategies. Classical opposition control
achieved substantial drag reductions of 21.11% and 18% at Re𝜏 ≈ 180 and Re𝜏 ≈ 390, respectively, by leveraging
the entire velocity fluctuation spectrum. In contrast, the untuned wall-sensing method achieved smaller reductions of
10.64% and 7.12% but required stabilization measures like freezing the control input. The frequency-tuned approach,
however, delivered minimal drag reductions of 1% to 2% and, at Re𝜏 ≈ 390, even caused a drag increase of 1% to
2%, underscoring the inadequacy of single-frequency control for handling the increased turbulence at higher Reynolds
numbers.

These findings emphasize the need for further development of frequency-tuned methods. Future efforts will focus on
creating banded-frequency approaches that target a broader range of turbulence dynamics, potentially using band-pass
filters or convolution-based time-domain techniques. Such advancements are expected to enhance the stability and
performance of both wall-sensing and opposition frequency-tuned control methods.
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