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Abstract

Sweeping jet actuators (SJAs) are promising for active flow control in aerospace systems,
but integrating actuator-resolved unsteady CFD into full-configuration simulations is often
impractical due to small geometric scales and O(10%) Hz oscillations that demand fine grids
and small time steps. This work develops a reduced-order modeling (ROM) framework to
generate time-resolved boundary conditions at the actuator exit from SJA flow data. Dy-
namic mode decomposition (DMD) is particularly attractive for this purpose because it pro-
vides a linear, data-driven input-output representation of the actuator effect, even though
it does not explicitly model the underlying nonlinear switching mechanism. We introduce
an eigenvalue-sorted dynamic mode decomposition (ES-DMD) method that performs
stability-aware mode ranking based on the discrete-time DMD eigenvalues, prioritizing
modes with R(A) closest to unity to retain near-neutrally stable oscillatory dynamics, im-
proving robustness relative to conventional amplitude-based selections for high-frequency
oscillatory flows. The method is evaluated across multiple operating conditions, with
detailed analysis performed for the highest mass-flow case (11 = 0.01 Ib/s), representing
the most dynamically demanding condition considered. Across multiple operating con-
ditions, ES-DMD yields consistent reconstructions of the dominant switching dynamics.
For one-dimensional exit-plane profiles, combining ES-DMD with time-delay embed-
ding enables accurate reconstruction and multi-period prediction using only 20 modes
(7.6% of the full system rank). The proposed approach provides a practical pathway to in-
corporate unsteady SJA effects into large-scale aerospace CFD through compact, predictive
boundary-condition models.

Keywords: active flow control; sweeping jet actuator; reduced-order modeling; dynamic
mode decomposition; boundary condition; computational fluid dynamics; eigenvalue
sorting; stability-aware mode selection; time-delay embedding

1. Introduction

Active flow control (AFC) using fluidic actuators has attracted sustained interest
in aerospace applications due to its potential to improve aerodynamic performance, in-
cluding drag reduction, lift enhancement, and separation control [1-3]. Among these
devices, sweeping jet actuators (SJAs) are particularly appealing because they generate
self-sustaining, high-amplitude oscillatory jets without moving parts, offering robustness
and mechanical simplicity [4,5]. These characteristics make SJAs attractive for integration
into wings, control surfaces, and propulsion—airframe interaction concepts [6-8].
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Despite their promise, the widespread use of SJAs in full-scale aerospace simula-
tions remains limited [9,10]. The primary barrier is computational. Internal SJA flows
involve small geometric features and oscillations typically in the O(10?) Hz range, which
require actuator-resolved grids and time steps on the order of 1075-10~* s [11-13]. When
embedded into global aircraft simulations that otherwise employ Reynolds-Averaged
Navier-Stokes (RANS) models with much larger time steps, even a single actuator can
increase computational cost by orders of magnitude [14,15]. Simulating arrays of SJAs, as
required for practical AFC strategies, quickly becomes intractable [16,17].

A practical alternative is to decouple actuator-scale dynamics from the global flow
solution by representing the actuator through a reduced-order model (ROM) [18]. In this
paradigm, high-fidelity simulations or experiments are used once to characterize the
actuator behavior, and the resulting ROM supplies time-resolved boundary conditions
(e.g., velocity or pressure profiles) to the larger-scale simulation [19,20]. The central chal-
lenge is to construct a ROM that is both compact and capable of reproducing the actuator’s
unsteady switching dynamics.

Dynamic Mode Decomposition (DMD) provides a data-driven framework for extract-
ing coherent spatio-temporal structures from time-resolved flow fields [21,22]. Unlike
modal decompositions that focus purely on energetic content, DMD yields a linear dy-
namical system approximation of the observed flow evolution, effectively modeling the
actuator’s input—output effect rather than explicitly resolving the underlying nonlinear
switching mechanism. This linear representation does not imply that the SJA dynamics
are linear; rather, it provides a locally optimal linear approximation of the measured non-
linear evolution over the sampled time window. DMD has been successfully applied to
a wide range of aerodynamic flows, including wakes, cavities, and oscillatory jets [23,24].
Recent studies have applied DMD-type analyses to fluidic and synthetic jet configurations,
demonstrating its suitability for oscillatory jet dynamics; however, its specific application
to sweeping jet actuator boundary-condition modeling and reduced-order propagation re-
mains comparatively limited. For periodic systems such as SJAs, DMD naturally identifies
modes associated with dominant oscillation frequencies [25,26].

Alternative modal approaches such as Proper Orthogonal Decomposition (POD) and
Spectral POD (SPOD) provide energetically optimal and frequency-resolved structures that
are valuable for flow diagnostics [27,28]. However, these approaches do not directly yield
an explicit reduced linear evolution operator for time advancement. In contrast, DMD
produces a finite-dimensional linear propagator that can be evaluated recursively, which is
essential for generating time-resolved boundary conditions within coupled RANS simula-
tions. For ROM deployment rather than modal interpretation, this predictive capability
motivates the use of DMD over purely energy-based decompositions.

However, standard DMD mode selection strategies, which rely on singular value
truncation or amplitude ranking, can be sensitive to noise and may fail to capture switching
dynamics in high-frequency oscillatory flows [29-31].

Time-delay embedding has been shown to improve DMD prediction by enriching tem-
poral information, particularly for low-dimensional or sparsely sampled data [32,33]. While
effective, time-delay embedding increases the effective state dimension and can become
expensive when applied directly to high-resolution two- or three-dimensional datasets. For
aerospace applications, where the quantity of interest is often a one-dimensional exit-plane
profile rather than the full internal flow, an efficient combination of mode selection and
temporal embedding is required.

To address these challenges, this work proposes an Eigenvalue-Sorted Dynamic Mode
Decomposition (ES-DMD) framework tailored for high-frequency sweeping jet actuators.
The finalized sorting criterion ranks modes using the real part of the discrete-time DMD
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eigenvalues, I = R(A), thereby prioritizing modes clustered near the unit circle and
close to A & 1, which correspond to near-neutrally stable oscillatory dynamics governing
sustained jet switching. This stability-aware eigenvalue-based sorting improves robustness
over conventional amplitude-based selections by systematically suppressing decaying
transient modes rapidly. The approach is first validated using two-dimensional unsteady
CFD data across multiple operating conditions. Its primary aerospace application is then
demonstrated by combining ES-DMD with time-delay embedding to construct a compact,
predictive ROM for one-dimensional exit-plane profiles. The resulting model provides
accurate, time-resolved boundary conditions using a small number of modes, enabling
efficient multiscale simulations of SJA-integrated aerospace configurations.

The remainder of the paper is organized as follows. Section 2 describes the numerical
model and its validation. Section 3 presents the DMD formulation, the proposed ES-DMD
method, and the incorporation of time-delay embedding. Section 4 evaluates the method’s
performance across operating conditions and demonstrates its use for boundary-condition
generation. Section 5 summarizes the findings and discusses implications for aerospace
active flow control simulations.

2. Numerical Model and Validation

The flow data used for reduced-order modeling were obtained from a two-dimensional
unsteady Reynolds-Averaged Navier-Stokes (URANS) simulation of a canonical SJA. The
objective of the computational model is not to resolve all three-dimensional turbulent features
of the actuator, but to provide a reliable, time-resolved dataset that captures the dominant
oscillatory dynamics required to develop and evaluate the proposed reduced-order model-
ing framework. The primary goal of the present study is boundary-condition generation
rather than turbulence-resolving flow physics; therefore, accurately reproducing switching
frequency, jet deflection, and exit-plane velocity dynamics is prioritized over resolving fine-
scale turbulence structures. This modeling philosophy is consistent with prior SJA studies
that employ two-dimensional URANS to analyze oscillation frequency, jet switching behavior,
and exit-plane dynamics relevant to boundary-condition modeling [34-36].

Higher-fidelity approaches such as LES, DES, or DDES can capture additional three-
dimensional turbulence features; however, their computational cost increases substantially,
particularly when resolving actuator internal geometry and high-frequency oscillations.
Since the present reduced-order modeling framework relies primarily on coherent switch-
ing dynamics and exit-plane signals, two-dimensional URANS provides a computationally
efficient and sufficiently accurate dataset for ROM development while maintaining consis-
tency with the intended RANS-based aerospace integration environment.

2.1. Geometry, Mesh, and Solver Configuration

The SJA geometry follows a well-established configuration with a nozzle throat
height of & = 6.35 mm, consistent with previous numerical and experimental investiga-
tions [13,34]. The computational domain extends sufficiently downstream of the actua-
tor exit to capture the oscillating jet in a quiescent environment, as illustrated in Figure 1.
A structured—unstructured hybrid mesh is employed, with local refinement in the throat and
exit regions to resolve shear layers and switching dynamics.

The mesh corresponds to the validated N-60 configuration reported by Alam et al. [36],
consisting of approximately 4 x 10° cells. Ten inflation layers are applied along solid
walls, ensuring near-wall resolution of y* < 1. A mesh independence study conducted
in the reference work demonstrated less than 5.5% variation in mean flow quantities and
negligible differences in oscillation frequency compared to a finer N-80 mesh, confirming
grid convergence for the quantities of interest. The selected 4 x 10°-cell mesh therefore
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represents a balance between computational efficiency and adequate resolution of shear-
layer gradients and switching dynamics, which are critical for accurate modal extraction.

All simulations were performed using ANSYS Fluent 2021.R2 [37]. The compressible
flow was solved using the pressure-based coupled algorithm with second-order spatial
discretization for all flow variables. Temporal integration employed a bounded second-
order implicit scheme. Turbulence closure was provided by the Shear Stress Transport
(SST) k—w model [38]. Convergence was monitored by requiring that the residuals for all
governing equations fall below 10~ at each time step.

Outlet

Figure 1. (Left) Computational domain of the SJA showing the inlet, outlet, and the extended region
for capturing the oscillating jet in a quiescent environment. (Right) Close-up view of the mesh in the
nozzle exit region.

2.2. Boundary Conditions and Operating Cases

A mass-flow inlet boundary condition was prescribed at the actuator supply, while
the external domain boundaries were treated as pressure outlets at standard atmospheric
conditions (101,325 Pa, 300 K). The working fluid was air, modeled as an ideal gas, with
molecular viscosity computed using Sutherland’s law. Three inlet mass flow rates were
considered to span a representative range of oscillation frequencies as listed in Table 1. The
highest mass-flow case (Case 3) is later selected as the primary baseline for detailed modal
analysis, as it represents the most dynamically demanding operating condition considered.

Table 1. SJA Operating Conditions for ROM Development.

Case Mass Flow Rate Frequency Strouhal Number Exit Mach
1 0.00251b/s (1.13x 103 kg/s) 65.9 Hz 0.040 0.09
2 0.0051b/s (2.27x1073 kg /s) 131.8 Hz 0.018 0.17
3 (Baseline)  0.011b/s (4.54x103kg/s)  263.5Hz 0.014 0.34

The Strouhal number is defined as St = fh/ uj, where Uj is the mean velocity at the nozzle throat.

Time steps in the range 2 x 107°~1 x 10~* s were used to resolve the actuator oscilla-
tions while maintaining numerical stability. Based on the mean throat velocity and throat
height i = 6.35 mm, the corresponding Reynolds numbers range approximately from
Rey, ~ 2 x 10* (Case 1) to Re;, =~ 1 x 10° (Case 3), placing the internal jet flow within the
transitional to turbulent regime typical of practical SJAs.
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2.3. Model Validation and Applicability

The credibility of the reduced-order modeling results depends on the fidelity of the
underlying CFD data. The numerical setup adopted here has been validated in prior work
against experimental measurements. Specifically, Alam et al. [36] reported that a two-
dimensional URANS simulation using the same geometry, mesh strategy, and solver con-
figuration predicted an oscillation frequency of 350.04 Hz at a mass flow rate of 0.0151b/s,
within 3.64% of the experimentally measured value of 337.70 Hz reported by Slupski
et al. [13]. This prediction is also consistent with three-dimensional URANS results, which
exhibited a 1.21% deviation [39].

Although three-dimensional effects are present in practical sweeping jet actua-
tors, prior studies have shown that two-dimensional URANS captures the dominant
bistable oscillation mechanism and frequency scaling with sufficient accuracy for reduced-
order modeling and boundary-condition development [34,35]. In the present work, the
two-dimensional model is employed as a computationally efficient, validated data source to
develop the ES-DMD framework. The emphasis is on reproducing temporal switching be-
havior and exit-plane dynamics rather than detailed three-dimensional turbulence statistics.
The maximum exit Mach number considered in this study is 0.34. While higher-Mach-
number SJAs (e.g., M ~ 0.6 or near-sonic conditions) may introduce stronger compress-
ibility effects and sharper gradients, the present framework is data-driven and therefore
extensible to higher Mach numbers provided that appropriate training data are available.
As shown later in Section 4, the increase in modal content at higher frequencies indicates
that additional retained modes would be required to maintain comparable reconstruction
accuracy in more aggressive operating regimes.

This modeling choice aligns with the intended aerospace application of the proposed
ROM: supplying time-resolved actuator boundary conditions to large-scale RANS sim-
ulations, where resolving full actuator geometry and internal turbulence would be pro-
hibitively expensive. Extensions to three-dimensional simulations and higher-fidelity
datasets are discussed as part of future work.

3. Methodology

This section presents the reduced-order modeling framework used in this study.
First, the standard DMD formulation is briefly reviewed to establish notation. The pro-
posed Eigenvalue-Sorted DMD (ES-DMD) method is then introduced, emphasizing its
stability-aware mode selection strategy for high-frequency oscillatory systems. Finally, the
integration of time-delay embedding for predicting one-dimensional exit-plane profiles
is described.

3.1. Standard Dynamic Mode Decomposition

DMD is a data-driven technique that approximates the Koopman operator to extract
coherent spatio-temporal structures from time-resolved data [21,22]. Consider a sequence
of flow snapshots

xxeR", k=1,2,...,m,

sampled at uniform time intervals At. These snapshots are arranged into two data matrices:
X=[x5,x%.. X", X =3x8, X
DMD assumes the existence of a linear operator A such that

X' ~ AX.
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Since A is generally high-dimensional, a low-rank approximation is obtained via
Singular Value Decomposition (SVD) of X:

X ~ UL, V?,

where 7 is the truncated rank based on singular value decay. The reduced-order operator
is then
A=uXxv,z .

An eigendecomposition of A yields eigenvalues Aj and eigenvectors w;:

The corresponding DMD modes are
To interpret the dynamics in continuous time, the discrete-time eigenvalues are
mapped as
o = 11’1(/\])
oA

where R («;) represents the exponential growth or decay rate, and 3(«;) represents the
oscillation frequency of the mode.
The flow field at time ¢ is reconstructed as

xpmp (t) = ) bjgpe™, 1)
=1

where the modal amplitudes b are obtained via least-squares projection of the initial condition:
b= ®'x!,

with ® = [¢,,..., ¢,] and T denoting the Moore—Penrose pseudoinverse.

Standard Dynamic Mode Decomposition commonly relies on truncation based on
singular values or on ranking modes by their initial amplitudes |b;|. While effective for
many flows, amplitude-based selection can be unreliable for high-frequency oscillatory
systems such as sweeping jet actuators, where dynamically important switching behavior
may not correspond to the largest initial modal amplitudes [40-42].

3.2. Eigenvalue-Sorted Dynamic Mode Decomposition (ES-DMD)

To improve robustness, we introduce an Eigenvalue-Sorted Dynamic Mode Decompo-
sition (ES-DMD) approach that prioritizes modes based on the properties of their discrete-
time eigenvalues. Rather than ranking modes using modal amplitude or continuous-time
decay rates, the finalized sorting criterion is defined directly in discrete time as

I = R(A), ()

where A; are the discrete-time DMD eigenvalues.

Modes are sorted in descending order of [;, thereby prioritizing eigenvalues whose
real parts are closest to unity. For oscillatory actuator flows, eigenvalues associated with
sustained switching dynamics lie near the unit circle, and their real parts approach one. This
criterion therefore emphasizes near-neutrally stable oscillatory modes while systematically
deprioritizing rapidly decaying transient components.
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In practice, ES-DMD ranking is applied after SVD truncation to rank 7, so the low-rank
projection already suppresses spurious low-energy modes.

This discrete-time stability-aware sorting emphasizes persistent oscillatory content
without explicitly imposing amplitude weighting or frequency filtering. As a result, ES-
DMD preferentially retains modes governing sustained jet switching while avoiding tran-
sient modes that decay quickly or introduce reconstruction artifacts.

After sorting, the top k < r modes are retained for reconstruction and prediction. The
resulting ES-DMD approximation of the flow field follows the same reconstruction form as
Equation (1), but using the eigenvalue-sorted ordering of modes:

k
.t
xgs-DMpD () = ) bES]‘(pESje‘XES’ - ()
=

This procedure is summarized in Algorithm 1.

Algorithm 1 Eigenvalue-Sorted Dynamic Mode Decomposition (ES-DMD)

1: Input: Snapshot matrices X, X/, truncation rank r, retained modes k < r, time step At
2: Output: Selected DMD modes ®s, eigenvalues Aps, modal amplitudes bgg
3: Perform Singular Value Decomposition:

X~ ULV,
4: Compute reduced-order operator:
A=UuXxv,z!

5. Compute eigendecomposition:

AW = WA
6: Compute DMD modes:
®=UW
7. Compute modal amplitudes:
b = &'x!

8: Define sorting index using discrete-time eigenvalues:

9: Sort indices in descending order of ;
10: Retain top k modes to form ®pg and bgs

It is emphasized that the continuous-time mapping «; is used solely for reconstruction
and interpretation of growth rates and frequencies, while mode selection is performed
entirely in discrete time.

3.3. Time-Delay Embedding for Exit-Plane Profile Prediction

For aerospace applications, the primary quantity of interest is often the time-varying
velocity or pressure profile at the actuator exit, rather than the full internal flow field. These
profiles are typically one-dimensional and contain limited spatial information, which can
reduce the robustness of standard DMD predictions.

In the present context, reconstruction refers to reproducing the data used to build the
reduced-order model within the training window, whereas prediction refers to advancing
the model state beyond the final snapshot of the training dataset.
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To enrich the temporal dynamics, time-delay embedding is employed for one-
dimensional profile data. Given a sequence of snapshots {x!,...,x"}, a Hankel matrix [43]
with I delays is constructed as

A2 . el

2 X3 ... ymelt2
H=|

Xl xl+1 . XM

Each column of H represents a temporally augmented state vector containing / con-
secutive samples of the exit-plane signal. This embedding increases the effective state
dimension while preserving the linear DMD framework, enabling the model to approxi-
mate higher-order temporal correlations associated with nonlinear jet switching.

The DMD formulation is then applied to the delayed data matrices H! and H?, replac-
ing X and X'.

Time-delay embedding increases the effective state dimension and exposes higher-
order temporal correlations, often yielding a more accurate linear approximation of the
underlying nonlinear dynamics [44,45]. Although the actuator switching mechanism
is inherently nonlinear, the augmented linear model constructed through delay embed-
ding captures its dominant periodic structure over multiple cycles, which is sufficient for
boundary-condition generation in coupled simulations.

When combined with ES-DMD, this approach enables stable multi-period prediction
of exit-plane profiles using a small number of retained modes. This efficiency is partic-
ularly important for multiscale aerospace simulations, where the reduced-order model
is evaluated repeatedly at each global RANS time step to supply time-resolved actuator
boundary conditions.

4. Results

The performance of the proposed ES-DMD framework is evaluated using the sampling
strategy illustrated in Figure 2. The analysis proceeds in four stages. First, ES-DMD is
compared with commonly used DMD mode-selection criteria for high-frequency SJA
flows. Second, the method’s sensitivity to temporal discretization is assessed. Third, the
robustness of ES-DMD across a range of operating frequencies is demonstrated. Finally,
the primary aerospace application of the method, the generation of compact, predictive
boundary conditions from one-dimensional exit-plane profiles, is presented.

4.1. Comparison of DMD Mode Selection Criteria

The selection of dynamically relevant modes is a critical step in reduced-order model-
ing of oscillatory flows [46]. In high-frequency SJA systems, amplitude-based truncation
can under-represent switching behavior when the corresponding dynamics are not associ-
ated with the largest initial modal amplitudes. To quantify the impact of different selection
strategies, four mode-ranking criteria are compared using the high-mass-flow operating
condition (ri1 = 0.011b/s, f = 263.5 Hz, exit Mach 0.34), which serves as the baseline case
for the following full-field comparisons.

All comparisons use identical parameters: truncation rank » = 150 (approximately
50% of the full system rank), time step At = 5 x 107> s, and 800 snapshots spanning
multiple oscillation periods. This relatively large retained rank is intentionally chosen to
isolate the effect of the sorting criteria rather than to rely on aggressive truncation.
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Velocity profile
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Velocity Magnitude
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237.30
210.93
18456
158.20
131.83 ﬁ _____
105.46 '

79.10
5273

26.37
0.00

[ms]

Time-based snapshots

Figure 2. Schematic of the sweeping jet actuator geometry and data sampling strategy.
Two-dimensional surface data within the sampling window are used for full-field DMD analy-
sis. One-dimensional line sampling data at the exit interface (dashed white line) are used to generate
boundary conditions. The center point (0,0) is selected for pointwise temporal analysis of velocity
and pressure.

Four reconstruction strategies are considered and compared:

Criterion S1: Amplitude-based sorting

I; = |bj] 4)

Using modes approximately 60% of the cumulative weight function (discussed later in
Figure 3), amplitude-based sorting captures the mean jet structure. Still, it underestimates
peak velocities in the shear layers. The resulting absolute error remains noticeable in the
shear-layer and switching region, indicating reduced fidelity in capturing extrema that are
central to SJA dynamics at higher frequency.

Criterion S2: Amplitude weighted by growth/decay

Il' = |bl| (e_‘T" + E(Ti) (5)

where 0; = R(«;). Although this criterion incorporates stability information, it produces
spatial overshoots and localized unphysical fluctuations. For the present baseline case,
these artifacts appear as patchy regions and amplified errors in the near-exit and shear-layer
zones, consistent with sensitivity to transient contributions that do not persist over multiple
oscillation cycles.

Criterion S3: Amplitude integrated over time

el —1
I = |ps| ———
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This criterion emphasizes long-time contributions while suppressing oscillatory switching
components. It is important to clarify that Criterion S3 does not necessarily yield unstable
or poor reconstructions. Because it weights modes by their time-integrated contributions,
S3 often produces relatively smooth spatial fields. However, in the present high-frequency
baseline case, this smoothing effect is accompanied by a reduction in the sharpness of the
switching-driven gradients near the nozzle exit. While the overall jet structure remains
coherent, peak amplitudes and rapid deflection dynamics are comparatively damped.
For boundary-condition generation, where accurate representation of extrema and phase-
sensitive oscillatory behavior is critical, emphasizing long-time integrated magnitude alone
is insufficient.

Criterion S4: Proposed ES-DMD (stability-aware sorting)

ES-DMD ranks modes using the stability-aware index defined in Section 3
(Equation (2)), applied after SVD truncation to rank r. The sorting index is defined directly
in discrete time as

where A; are the discrete-time DMD eigenvalues. This criterion prioritizes modes whose
eigenvalues have real parts closest to unity, typically clustered near the unit circle in the
complex plane. Such eigenvalues correspond to near-neutrally stable oscillatory dynamics
that persist over multiple switching cycles. By emphasizing sustained components rather
than transient or rapidly decaying modes, ES-DMD better captures the SJA’s dominant
switching behavior. The low-rank SVD projection further suppresses low-energy numerical
modes before eigenvalue-based sorting is applied.
A cumulative weight function « is used to characterize the retained modal content:

n oyl
ﬁi:\/M/ K:W/ (7)

where b; denotes the DMD modal amplitudes. Figure 3 compares the cumulative modal
weight x for the four mode-ranking strategies. For a fixed truncation r = 150, the retained
cumulative weight differs across criteria: S1 retains the largest «, followed by S2, S3, and S4.
It indicates that amplitude-based sorting (S1) accumulates energetic contributions more
rapidly, while eigenvalue-based sorting (S4) distributes modal weight more evenly across
the spectrum.

RIC / cumulative weight k for all criteria (with k=150 marked)
1.0 ;

—— S1 (k=0.633)

S2 (k=0.571)
—— S3 (k=0.538)
—— 5S4 (k=0.526)

0.0 1

0 100 200 300 400 500 600 700 800
mode index

Figure 3. Cumulative modal weight « (RIC) as a function of sorted mode index for the four selection

criteria (51-54) for the baseline case (17 = 0.01 1b/s). The vertical dotted line marks » = 150. The

colored circles indicate the value of x at r = 150 for each criterion. Horizontal dashed lines indicate
representative thresholds (50%, 70%, and 90%).
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Importantly, a higher cumulative weight does not necessarily imply improved re-
construction of switching dynamics. While S1 reaches larger x values at r = 150, later
comparisons in Figure 4 show that ES-DMD (54), despite slightly lower cumulative weight
at the same truncation, yields a more physically consistent reconstruction of the high-
frequency switching structures. This distinction highlights that energy-based accumu-
lation alone is insufficient for capturing dynamically persistent oscillatory behavior in
high-frequency SJAs.

Reconstruction accuracy is quantified using the normalized absolute error

CFD;  DMD,
max(CFD) max(DMD) |’

abs(E;) = 8

Reconstruction at t-index=120, k=150 (rows: criteria, cols: CFD/DMD/Error)

0.02
0.01

> 0.00

CF|

] D
s1 E ﬂ :

' 0.01

X

0.01

0.00

0.027

DMD

*
>

0.027

0.01
0.00

Abs error

abs err

0000000000

CO00OKRRHRHE
ONPROOON_I®

-0.01 -0.01 -0.01
~0:02757%0 0.02 -0.02- -0.02- 0.02
X
0027 0.02 0.027 135
0.01 0.01 0.01 1.20
= 0.90 &
> 0.00 0.00 % 0.00 0.75 &
0608
-0.01 -0.01 -0.01 .43
0.0 0.0 0.0 8'3(5)
—0-0275%0 0.01 0.02 -0.02 -0.02 0.02"
X
0.02

0.01
> 0.00
-0.01

—0.02-

0.01 0 5 0.01 X 0 5 0.01
X X X

Figure 4. Effect of different DMD mode selection criteria on instantaneous velocity-field recon-
struction for the baseline case (11 = 0.01 Ib/s, f = 263.5 Hz, r = 150) at t-index = 120. Columns
show the reference CFD field, DMD reconstructions, and absolute error. Rows correspond to the
four criteria: amplitude-based sorting (S1), amplitude weighted by growth/decay (S2), amplitude
integrated over time (S3), and ES-DMD eigenvalue-based sorting (S4). The variable u* denotes the
normalized velocity.

As shown in Figure 4, ES-DMD (54) yields smooth, physically consistent reconstruc-
tions across the domain, accurately capturing both jet deflection and shear-layer intensity.

Figure 5 highlights the distinction of ES-DMD (S4). While amplitude-based criteria
distribute selected modes broadly across the eigenspectrum, ES-DMD (54) concentrates on
eigenvalues near the unit circle, which correspond to persistent oscillatory behavior. This
eigenspectrum bias is particularly beneficial for the higher-frequency baseline case, where
preserving sustained oscillatory content is essential to reconstruct the rapid switching
dynamics without introducing transient drift.

The dominant ES-DMD (54) modes and their time dynamics shown in Figures 6 and 7,
respectively, further confirm the physical relevance of the extracted structures. The leading
mode captures the mean jet profile, while higher-order modes correspond to coherent
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oscillatory components responsible for jet sweeping. The imaginary parts of the associated
eigenvalues encode oscillation frequencies, while the real parts represent growth or decay
rates. Near-zero real parts, therefore, indicate sustained dynamics.

Discrete eigen spectrum (A) for k=150

S1 S2 S3 S4
1 RN 1 RN 1 T 1 T
= = = =
E O E O E O E O
—1 \\en_gvo -1 \\23_4»‘0 -1 AN -7 -1 N Pl
-1 0 1 -1 0 1 -1 0 1 -1 0 1
Re(A) Re(A) Re(A) Re(A)

Figure 5. DMD eigenvalue distributions for the four mode selection criteria using » = 150 retained
modes for the baseline case (rir = 0.01 1b/s). Blue dashed circle indicates the unit circle (J]A| = 1), and
the red markers denote the computed DMD eigenvalues. ES-DMD (54) preferentially selects modes
clustered near the unit circle (|]A| = 1), corresponding to near-neutrally stable dynamics that persist

over repeated switching cycles.

Mode shapes (real part), k=150 (rows: modes 1-4, cols: criteria)
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Figure 6. First four DMD mode shapes (real part) for each criterion (rows: modes 14, columns:
51-54) for the baseline case with r = 150. The leading mode represents the mean-like structure, while

higher-order modes encode oscillatory switching features.

4.2. Sensitivity to Time Step Selection

The sensitivity of ES-DMD to temporal resolution is evaluated using three time steps:
At; =2x107%s, Aty =5x107% s, and Atz = 1 x 10~* s. For the baseline frequency
(f = 263.5 Hz), these correspond to approximately 190, 76, and 38 samples per oscillation
period, respectively.

As shown in Figure 8, ES-DMD (54) accurately reconstructs the oscillatory signal
during the training window and maintains stable short-term prediction for a fraction of the
subsequent period across all time steps. This prediction horizon is sufficient for boundary-
condition applications in coupled simulations, where the ROM is evaluated repeatedly
over short macro-time steps.
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Mode dynamics (real part), normalized, k=150 (rows: modes 1-4, cols: criteria)
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Figure 7. Normalized time dynamics (real part) of the first four retained modes for each criterion
(rows: modes 1-4, columns: S1-54) for the baseline case with r = 150. ES-DMD (S4) retains temporally
persistent oscillatory dynamics associated with switching.

Center-point u”™ for k=150 (green: reconstruction/training, white: prediction)
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Figure 8. Normalized streamwise velocity u* at the center point for different time steps with r = 150
(rows: criteria, columns: At). Green shading indicates reconstruction (training window), while
the white region denotes prediction. ES-DMD (S4) maintains stable reconstruction and short-term
prediction across temporal resolutions.

Figure 9 quantifies global reconstruction accuracy using

1

RMSE = ,| & (Ycrp,j — Yomp,j)* )

™=z

j=1
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During the reconstruction window, ES-DMD (54) maintains consistently low RMSE relative
to the alternative criteria. Across all time steps, prediction errors increase beyond the
training window, but ES-DMD (54) exhibits controlled growth and avoids the elevated
error levels observed for criteria that over-weight transient or non-persistent contributions.

Errors over time (RMSE) for all criteria (each panel: one At)

At=2x1075s At=5x1075s At=1x10"%s
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Figure 9. Errors over time (RMSE) for all four criteria at each time step (each panel: one At). Green
shading indicates reconstruction (training window), while the white region denotes prediction.

4.3. Performance Across Operating Frequencies

The robustness of ES-DMD (54) across operating conditions is assessed for three mass
flow rates corresponding to oscillation frequencies of 65.9 Hz, 131.8 Hz, and 263.5 Hz.

As shown in Figure 10, ES-DMD (S4) maintains accurate reconstruction and sta-
ble short-term prediction across the frequency range. To achieve approximately 90%
reconstruction accuracy, the required fraction of retained modes increases with frequency:
13% at 65.9 Hz, 38% at 131.8 Hz, and 55% at 263.5 Hz (baseline). This trend reflects increas-
ing dynamical complexity at higher switching rates, introducing sharper transitions and
richer temporal content that require additional modes of representation.

" At=2x10"°s At=5x10"s At=1x10"%s
3 1 1 N p
0 1 A \
S %3 (M) A |
o / Vv |/ 0 Y 04\
Il .
0
E 0 2 4 0 2 4 0 2 4
t” t” t”
o 1 T 17 B 1
S Ny \
hé < 1 " X
> NS | \ \ /\f
o | W e
0 N4’

,g 0 0

0 2 4 0 2 4 0 2 4

Figure 10. Center-point normalized velocity u#* showing ES-DMD (S4) reconstruction and prediction
at lower mass flow rates. The green region indicates reconstruction, and the white region indicates
prediction. The cases shown correspond to #z = 0.0025 Ib/s (f = 65.9 Hz) and 7z = 0.005 1b/s
(f =131.8 Hz).

Notably, the baseline case at riz = 0.01 Ib/s corresponds to an exit Mach number of 0.34.
The successful reconstruction under these conditions indicates that ES-DMD (54) remains
stable and effective in moderately compressible regimes, where switching dynamics are
faster, and gradients are stronger.

4.4. Boundary Condition Generation from One-Dimensional Profiles

The primary aerospace objective of the proposed framework is to generate compact,
predictive boundary conditions. ES-DMD (54) is applied to one-dimensional exit-plane
profiles and combined with time-delay embedding using [ = 400 delays.
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Figure 11 shows that with only 20 modes (7.6% of the full system rank), the prediction
quality depends strongly on the mode-ranking strategy: ES-DMD (S4) better preserves
the oscillatory structure and phase compared to criteria that emphasize transient or non-
persistent contributions. Increasing the number of modes improves performance across
criteria, with ES-DMD maintaining the most consistent behavior during both reconstruction
and prediction.

Center-point u* forr = 20 and r = 50 (green = reconstruction)

Figure 11. Center-point u* prediction for reduced ranks r = 20 and r = 50 (rows: r, columns:
criteria). Green shading indicates reconstruction (training window). The plots show the sensitivity of
prediction quality to retained rank for each sorting criterion.

Figure 12 demonstrates that ES-DMD (S4) combined with time-delay embedding
enables accurate multi-period prediction of both velocity and pressure using a minimal
number of modes. The model reproduces the dominant oscillation peaks and phase during
reconstruction and maintains stable oscillatory behavior into the prediction window, sup-
porting its intended use as a time-resolved boundary-condition generator. Compared to the
150 modes required for comparable two-dimensional field reconstruction, this represents a
substantial reduction in model complexity.

1.0 1.00
0.98
& 0.96

0.94

Figure 12. Simultaneous prediction of normalized velocity and pressure signals at the center point
using ES-DMD (54) with time-delay embedding. The green region indicates reconstruction, and the
white region indicates prediction.

The enhanced performance arises from the complementary roles of time-delay em-
bedding, which enriches temporal dynamics for low-dimensional boundary signals, and
ES-DMD, which focuses the augmented state space on physically meaningful, sustained
oscillatory modes. This synergy yields a compact and robust boundary-condition model
suitable for integration into large-scale aerospace CFD simulations.
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4.5. Discussion and Practical Implications

The results demonstrate that ES-DMD mitigates several persistent challenges in
reduced-order modeling of high-frequency sweeping jet actuators. Conventional amplitude-
based mode selection can under-represent dynamically important switching behavior when
those dynamics are not associated with the largest initial modal amplitudes. ES-DMD
addresses this by ranking modes using discrete-time eigenvalue information, favoring
eigenvalues with larger real parts clustered near the unit circle (R(A) ~ 1), which corre-
spond to near-neutrally stable dynamics that persist across multiple oscillation cycles and
therefore better represent sustained switching behavior.

A key practical outcome is robustness across both temporal discretization and oper-
ating conditions. ES-DMD maintains consistent reconstruction accuracy over the tested
time steps (Figures 8 and 9), and preserves stable reconstruction and short-term prediction
across the full frequency range (Figure 10). The observed increase in required mode count
with frequency (13% at 65.9 Hz to 55% at 263.5 Hz for ~90% reconstruction accuracy)
provides direct guidance for ROM dimensioning: higher-frequency operation introduces
sharper transitions and richer temporal content, requiring more modes to represent the
dynamics at comparable fidelity. Notably, the baseline case at 263.5 Hz corresponds to
an exit Mach number of 0.34, indicating that the method remains stable and effective in
moderately compressible regimes with stronger gradients and faster switching.

The prediction horizon depends strongly on whether the ROM is built from full-field
snapshots or from one-dimensional exit profiles with time-delay embedding. For the
two-dimensional field reconstructions, predictions beyond the training interval remain
limited (approximately a fraction of a period in Figure 8), consistent with the limitations of
linear DMD models for representing nonlinear dynamics with exponential evolution. In
contrast, when ES-DMD is applied to one-dimensional exit-plane profiles using Hankel
time-delay embedding, the ROM achieves stable multi-period predictions for both velocity
and pressure with only 20 modes (Figure 12). It indicates that temporal embedding
substantially improves predictability for the low-dimensional boundary-condition signals,
which are the primary quantities of interest for coupled aerospace simulations.

From an aerospace integration perspective, the most significant implication is the
demonstrated feasibility of replacing actuator-resolved unsteady CFD with a compact
boundary-condition ROM. The ability to reproduce exit dynamics using a 1D profile
model with only 20 modes (7.6% of the full system rank) supports a multiscale simulation
workflow in which actuator unsteadiness is represented efficiently. At the same time, the
global configuration is solved using RANS. This approach avoids the prohibitive cost
of resolving actuator-scale geometry and time steps on full-configuration grids, while
retaining the unsteady switching signatures needed for meaningful assessment of active
flow control.

Finally, the successful application at the highest tested operating condition,
f = 263.5 Hz (St = 0.014, exit Mach 0.34), demonstrates that the framework remains
effective at frequencies beyond many commonly reported SJA ROM demonstrations. Cou-
pled with the demonstrated mode efficiency for boundary-condition generation, these
results position ES-DMD as a practical reduced-order modeling tool for embedding the
effects of sweeping jet actuators into full-scale aerodynamic simulations.

5. Conclusions

This study developed and validated an Eigenvalue-Sorted Dynamic Mode Decom-
position (ES-DMD) framework tailored for reduced-order modeling of high-frequency
sweeping jet actuators (SJAs) in aerospace active flow control applications. The primary
contributions and findings are summarized as follows:
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1.  Stability-aware mode selection: ES-DMD introduces a stability-based sorting strategy
that ranks modes using discrete-time DMD eigenvalues, prioritizing eigenvalues
with larger real parts clustered near the unit circle (J(A) ~ 1), which correspond to
near-neutrally stable oscillatory dynamics, rather than large initial amplitudes. This
approach more reliably captures the sustained switching behavior of high-frequency
SJAs compared to conventional amplitude-based criteria.

2. Robust performance across operating conditions: The proposed method demonstrates
consistent reconstruction accuracy across a broad range of operating frequencies
(65.9-263.5 Hz) and temporal resolutions (2 x 10721 x 107* s). As oscillation fre-
quency increases, a larger fraction of modes is required to represent the enhanced
dynamical complexity (55% at 263.5 Hz versus 13% at 65.9 Hz). Yet, ES-DMD remains
stable and accurate throughout the tested range. Notably, the highest-frequency case
(263.5 Hz) corresponds to an exit Mach number of 0.34, indicating that the framework
remains effective in moderately compressible regimes with stronger gradients and
faster switching.

3.  Efficient boundary-condition modeling: When combined with time-delay embed-
ding, ES-DMD enables accurate reconstruction and multi-period prediction of one-
dimensional exit-plane velocity and pressure profiles using only 20 modes (7.6% of the
full system rank). This compact representation is sufficient to generate time-resolved
boundary conditions suitable for coupled aerodynamic simulations.

4. Improved accuracy over established criteria: Direct comparison with three commonly
used DMD mode selection strategies shows that ES-DMD consistently yields lower
reconstruction errors and smoother, more physically interpretable flow fields for
oscillatory SJA dynamics. The stability-aware sorting avoids the localized artifacts
observed in amplitude-weighted and time-integrated criteria for this dataset.

From an aerospace modeling perspective, the principal implication of this work is the
ability to integrate high-frequency SJA effects into large-scale aerodynamic simulations
without resolving actuator-scale geometry or time steps. By replacing actuator-resolved
unsteady CFD with a compact, physics-informed reduced-order boundary condition, ES-
DMD enables efficient multiscale simulation workflows compatible with RANS-based
full-configuration analyses.

Future work will extend the framework to three-dimensional actuator configurations,
investigate nonlinear extensions via operator inference or hybrid data-driven models, and
validate the proposed boundary-condition strategy in coupled actuator-airfoil simulations.
The ES-DMD framework thus provides a practical, data-driven pathway to integrate the
dynamic effects of fluidic actuators into the computational design and analysis cycles of
next-generation AFC-equipped aerospace vehicles.
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Abbreviations

The following abbreviations are used in this manuscript:

Symbol Description

AFC Active Flow Control

CFD Computational Fluid Dynamics

DES Detached Eddy Simulation

DMD Dynamic Mode Decomposition

ES-DMD  Eigenvalue-Sorted Dynamic Mode Decomposition
LES Large Eddy Simulation

ROM Reduced-Order Model

RANS Reynolds-Averaged Navier-Stokes

RMSE Root Mean Square Error

SJA Sweeping Jet Actuator

SVD Singular Value Decomposition

URANS  Unsteady Reynolds-Averaged Navier-Stokes

Cyu Momentum Coefficient
f Frequency (Hz)
1it Mass flow rate
Re Reynolds number
St Strouhal number
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