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Abstract: The aerodynamic performance of tandem airfoils arranged in fore-aft configurations has
become an important subject in low Reynolds number aerodynamics, owing to its relevance for
unmanned aerial vehicles, formation flight, and energy-efficient aircraft. While prior studies have
clarified the influence of spacing and positioning on lift and drag, most have focused on time-
averaged coefficients or steady conditions, leaving the dynamic relationship between vortex
evolution and instantaneous aerodynamic forces insufficiently understood. This study employs
large-scale transient numerical simulations to analyze two-dimensional tandem airfoils, with
visualization supported by FieldView 20 and quantitative analysis performed in Tecplot.
Aerodynamic coefficients, including lift, pressure drag, and viscous drag, were extracted for both
fore and aft airfoils, and systematically correlated with transient vortex structures across
representative time instants. The results demonstrate that the fore airfoil maintains quasi-steady
performance with minimal coefficient fluctuations, serving as a stable aerodynamic baseline. By
contrast, the aft airfoil exhibits strong unsteady oscillations in lift and drag, directly governed by
vortex growth, detachment, and reattachment, as confirmed by surface pressure distributions and
flow field contours. These findings bridge the gap between force production and vortex dynamics
in tandem configurations, advancing theoretical understanding of unsteady aerodynamics and
offering practical insights for UAV formation design and bio-inspired flight strategies.

Keywords: tandem airfoils; lift-drag characteristics; vortex dynamics; unsteady aerodynamics; low
reynolds number

1. Introduction

The aerodynamic performance of airfoils remains a central issue in the design and
operation of modern aircraft. In particular, the flow characteristics of tandem, or fore-aft
arranged, airfoils under low Reynolds number conditions have drawn sustained research
attention due to their relevance for unmanned aerial vehicles, formation flight, and
energy-efficient aircraft configurations [1]. The lift and drag generated by such
configurations are not only critical for stability and maneuverability but also provide a
unique opportunity to study the coupling between aerodynamic forces and vortex
dynamics. Understanding this coupling is of both theoretical and practical importance, as
it may lead to more efficient flight strategies inspired by natural flyers such as birds [2].

Despite significant progress, existing research still presents clear limitations.
Classical aerodynamic theories and experimental studies have laid the foundation for
understanding lift, drag, and the circulation theorem, but most investigations have
focused on single airfoils or simplified steady-state conditions [3]. Early work, such as the
experimental studies by Scharpf and Mueller, as well as numerical simulations by Fanjoy
and Dorney, has revealed important characteristics of tandem airfoil interactions [4].
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Zhang and Yang also conducted experimental investigations under low Reynolds
numbers [5]. However, much of this research emphasized either averaged aerodynamic
coefficients or restricted flight regimes. As a result, the dynamic correlation between
transient vortex evolution and instantaneous aerodynamic forces has not been
comprehensively addressed [6]. This gap limits the ability to fully capture the mechanisms
underlying lift enhancement, drag variation, and their relation to unsteady vortex
structures in tandem configurations.

The objective of this study is therefore to systematically investigate the aerodynamic
characteristics of two-dimensional tandem airfoils, with a focus on the correlation
between lift-drag performance and vortex dynamics. Specifically, the research seeks to
clarify how transient vortex structures influence aerodynamic force production, and how
these effects differ between fore and aft airfoils. By identifying these relationships, the
study aims to provide both a more complete theoretical framework and practical insights
for aerodynamic optimization.

Methodologically, this research employs large-scale aerodynamic simulations to
generate detailed transient flow field data. Visualization is conducted through FieldView
20, while Tecplot is used for flow field and force coefficient analysis. Key aerodynamic
parameters, lift coefficient, pressure drag coefficient, and viscous drag coefficient, are
extracted for both fore and aft airfoils. These data are analyzed in relation to transient
vortex structures and pressure distributions across representative time instants. Through
this systematic approach, the study builds a direct link between unsteady flow
phenomena and aerodynamic force fluctuations.

The academic significance of this work lies in advancing the understanding of
unsteady aerodynamic mechanisms in tandem airfoil configurations. By bridging the gap
between instantaneous vortex evolution and aerodynamic force generation, the study
contributes to the refinement of aerodynamic theory at low Reynolds numbers. The
practical significance extends to the design of aircraft and unmanned aerial vehicle
formations, where optimizing lift and minimizing drag are essential for endurance and
energy efficiency. Furthermore, the findings offer a scientific basis for bio-inspired flight
strategies, echoing the efficiency of natural flyers.

The key innovations of this study are reflected in its methodological and analytical
approach. By integrating large-scale transient aerodynamic simulations with systematic
analyses of force-vortex correlations, this research moves beyond the averaged or steady-
state perspectives that dominate earlier studies. It offers a detailed characterization of lift,
pressure drag, and viscous drag across multiple typical time instants, thereby elucidating
the dynamic mechanisms underlying force production in tandem airfoils. More
importantly, it establishes explicit correlations between unsteady vortex structures and
aerodynamic force fluctuations in fore-aft arrangements, providing new insights into the
mechanisms of aerodynamic interaction. These innovations not only extend theoretical
understanding but also provide practical implications for the design and optimization of
energy-efficient flight configurations.

2. Literature Review

Research on the aerodynamic characteristics of airfoils has provided a strong
foundation for aerodynamics, and tandem airfoils in fore-aft configurations have gained
attention for their role in flight efficiency and formation mechanisms. A series of
experimental and numerical studies under low Reynolds numbers have confirmed that
tandem configurations can significantly alter aerodynamic coefficients compared to
isolated single airfoils [7]. These investigations highlight the importance of spacing and
relative positioning, showing that tandem arrangements offer advantages for revealing
complex aerodynamic interactions.

Despite these advances, limitations remain. Much of the existing work has focused
on steady or time-averaged aerodynamic parameters, with limited exploration of
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unsteady behaviors [8]. While valuable averaged data have been reported, the dynamic
coupling between transient vortex evolution and instantaneous aerodynamic forces has
not been comprehensively addressed. Some studies expanded understanding of low
Reynolds number flow, but many relied on simplified assumptions or were constrained
to static regimes [9]. As a result, although the general lift and drag performance of tandem
airfoils is documented, the mechanisms by which vortex structures contribute to force
variation are still insufficiently explained.

Comparisons across available studies further reveal gaps. Experimental
investigations provide reliable results under controlled conditions but often lack the
temporal resolution to capture evolving vortex structures [10]. Numerical simulations
deliver detailed flow field information but are restricted by computational scale and
turbulence modeling assumptions. The divergence between these two approaches
underscores the need for methods that integrate transient flow visualization with precise
aerodynamic force data [11]. Moreover, prior studies often considered fore or aft airfoils
in isolation rather than analyzing their coupled dynamics within a cyclical framework [12].

These shortcomings define a clear research space. The unsteady correlation between
aerodynamic loads, lift, pressure drag, and viscous drag, and evolving vortex structures
in fore-aft tandem configurations remains insufficiently explored [13]. Few works have
systematically mapped aerodynamic coefficients across multiple representative time
instants or established a direct force-vortex relationship applicable to both fore and aft
airfoils. This lack of integration limits the broader applicability of existing findings to
formation flight or energy-efficient aircraft design [14].

The present study responds to these gaps by combining large-scale transient
aerodynamic simulations with advanced visualization and analysis tools such as
FieldView 20 and Tecplot. By characterizing lift, pressure drag, and viscous drag across
representative phases of the flow cycle, it establishes explicit correlations between
unsteady vortex structures and aerodynamic forces [15]. In doing so, it advances beyond
earlier approaches and contributes a more comprehensive theoretical and practical
understanding of tandem airfoil aerodynamics under unsteady conditions.

3. Methodology
3.1. Research Design

This study adopts a computational framework to investigate the aerodynamic
characteristics of two-dimensional tandem airfoils. The design is centered on linking
transient vortex structures with aerodynamic force production. The methodological
framework is divided into three sequential stages:

1) Numerical simulation of fore-aft arranged airfoils under representative flow

conditions.

2)  Extraction and visualization of transient flow field data, enabling observation of

vortex evolution.

3) Correlation analysis between aerodynamic coefficients and vortex dynamics,

with particular attention to the fore and aft airfoils.

This workflow is illustrated in Figure 1 (methodology flowchart), showing the closed
loop of simulation, data extraction, visualization, and correlation analysis.
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Figure 1. Variations of aerodynamic coefficients of the fore airfoil across one cycle.
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3.2. Computational Setup and Tools
3.2.1. Simulation Environment

Large-scale numerical simulations form the basis of this study. Two specialized tools
are integrated:

(1) FieldView 20: visualization of instantaneous flow fields, including vortex
formation, shedding, and interaction.

(2) Tecplot: post-processing, data extraction, and coefficient-based quantitative
analysis.

3.2.2. Data Collection

The following categories of data are systematically collected:

1) Transient flow fields: capturing dynamic vortex evolution across multiple time
instants.

2) Integrated aerodynamic coefficients: lift, pressure drag, and viscous drag,
obtained for both fore and aft airfoils.

3.3. Aerodynamic Force Coefficients

To quantitatively evaluate the aerodynamic performance of tandem airfoils, three
key force coefficients are defined: the lift coefficient, the pressure drag coefficient, and the
viscous drag coefficient. These coefficients are normalized by dynamic pressure and
reference chord length, ensuring dimensionless comparability across different flow
conditions.

3.3.1. Lift Coefficient
The lift coefficient is defined as:
C = 1§ pn, dl 1)

PY T 05pUZc  0.5pU3c

where L,, is the aerodynamic lift force, p is the fluid density, U is the free-
stream velocity, c¢ is the chord length, p is the pressure on the airfoil surface, n, is the
unit normal in the x-direction, and I'" denotes the airfoil surface contour.

3.3.2. Pressure Drag Coefficient
The pressure drag coefficient is expressed as:
D. 1
Cop = —L— = $.pn, dl 2)

0.5pU%c ~ 0.5pUic

where D,,, represents the drag force due to surface pressure, and n, is the unit
normal in the y -direction. This coefficient isolates the contribution of pressure
differentials to overall drag.

3.3.3. Viscous Drag Coefficient

The viscous drag coefficient is written as:
Cox = =2 = —— .7, t, dl 3)

0.5pU%c  0.5pUZc

where D, denotes viscous drag, 7,, is the wall shear stress, and t, is the tangential
vector along the airfoil surface. This coefficient accounts for shear-induced resistance.

3.3.4. Summary of Force Coefficients

Table 1 summarizes the three aerodynamic force coefficients and their physical
interpretations.
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Table 1. Definitions and physical interpretations of aerodynamic force coefficients.

Coefficient Formula (integral form) Physical Meaning
Cpy m jgr pny dl Dimensionless lift coefficient
Cox m jgr pnydl Pressure drag coefficient
Cux m ﬁ T, t dl Viscous drag coefficient

3.4. Transient Flow Field Analysis

The transient flow fields of both fore and aft airfoils were systematically analyzed to
establish direct correlations between aerodynamic forces and vortex structures. For the
fore airfoil, the evolution of the wake was observed to determine its influence on
downstream unsteadiness. For the aft airfoil, aerodynamic coefficients exhibited strong
periodic variations, which were clearly driven by the disturbed inflow generated by the
fore airfoil. To capture representative behaviors, five typical instants (A-E) were selected
for lift coefficient analysis, seven instants (A-G) for pressure drag, and five instants (A-E)
for viscous drag. These instants correspond to critical phases within a flow cycle, such as
vortex growth, shedding, and interaction with the airfoil surface. They were subsequently
employed to connect transient force fluctuations with detailed flow visualization, forming
the foundation for interpreting unsteady aerodynamic mechanisms.

3.5. Visualization and Data Processing

Visualization and data analysis formed an essential component of the methodology.
FieldView 20 was utilized to visualize transient flow fields, allowing the identification of
vortex formation, separation, and interaction with the airfoil surfaces. Tecplot was
employed for quantitative post-processing, extracting aerodynamic coefficients and
generating temporal curves that captured periodic variations of lift, pressure drag, and
viscous drag. Pressure and vorticity contours were constructed to reveal the spatial
development of unsteady structures, while surface pressure distributions at the aft airfoil
were obtained for representative instants (A-E). This dual approach of qualitative
visualization and quantitative analysis ensured that transient aerodynamic behaviors
could be examined from multiple perspectives, providing robust input for subsequent
correlation analysis and for the interpretation presented in the results section.

3.6. Correlation Analysis

The correlation analysis was designed to link unsteady vortex dynamics with
aerodynamic force fluctuations in a systematic manner. Temporally, the variations of lift,
pressure drag, and viscous drag coefficients were compared with the cyclical evolution of
vortex shedding, allowing the identification of key phases within each flow cycle. Peaks
and troughs in coefficient curves were examined against characteristic instants (A-G) to
determine how vortex formation and detachment directly affected aerodynamic
performance. Spatially, pressure and vorticity contours were aligned with instantaneous
surface pressure distributions to reveal causal mechanisms underlying force production.
This dual temporal-spatial approach provided a comprehensive view of how local flow
structures influence global aerodynamic forces. In addition, comparative analysis
between fore and aft airfoils highlighted the role of upstream wake interference,
demonstrating how the fore airfoil modifies downstream flow and amplifies unsteady
effects. Together, these analyses established a clear framework for interpreting the
dynamic coupling between vortex evolution and aerodynamic loading.
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3.7. Technical Route

The technical route of this study followed a structured and reproducible sequence to
ensure consistency in both data collection and analysis. The process began with the setup
of tandem airfoil geometry and flow conditions, where parameters such as chord length,
spacing, and inflow velocity were carefully defined. Transient numerical simulations
were then conducted to capture instantaneous flow fields, producing datasets with
sufficient temporal resolution to observe vortex formation and shedding. In the third stage,
Tecplot was used to extract aerodynamic coefficients, including lift, pressure drag, and
viscous drag, while FieldView 20 was applied to visualize flow structures and surface
pressure distributions. Finally, these datasets were integrated in a correlation framework
that compared force fluctuations with vortex evolution at representative instants (A-G).
This sequential approach not only ensured reliability and transparency but also provided
a clear methodological foundation for interpreting unsteady aerodynamic mechanisms in
tandem airfoil configurations.

3.8. Reliability and Validity

Ensuring the reliability and validity of the methodology was an integral part of the
study. Reliability was achieved by conducting repeated simulations under identical flow
conditions and geometric parameters, which confirmed the stability and reproducibility
of the aerodynamic coefficients and flow structures obtained. Cross-validation between
FieldView 20 and Tecplot further enhanced confidence, as visualization and quantitative
analysis yielded consistent trends in vortex evolution and aerodynamic force variation.
Validity was addressed through the careful selection of representative instants (A-G),
which captured the essential unsteady features of the flow cycle, including vortex growth,
shedding, and reattachment. By focusing on both instantaneous and time-averaged
results, the analysis avoided bias toward either steady or transient interpretations.
Together, these measures provided a rigorous methodological foundation, ensuring that
the subsequent results and conclusions were both credible and broadly applicable to
tandem airfoil studies.

3.9. Summary

In summary, the methodology integrates numerical simulation, coefficient analysis,
and flow visualization into a coherent framework. The adoption of representative time
instants ensures that both transient and averaged behaviors are systematically captured.
The combination of FieldView 20 and Tecplot provides robust support for subsequent
analysis, laying the foundation for a comprehensive results section.

4. Results and Analysis
4.1. Fore Airfoil Aerodynamic Characteristics

The aerodynamic performance of the fore airfoil demonstrates a quasi-steady pattern
across the investigated cycle. As shown in Figure 1, the three key aerodynamic coefficients,
lift (Figure 1(a)), pressure drag (Figure 2(b)), and viscous drag (Figure 1(c)), exhibit only
minor oscillations over the five representative instants (A-E). The lift coefficient fluctuates
around an average value close to 0.09, while the amplitudes of pressure drag (=0.015) and
viscous drag (=0.011) remain similarly small. This stability indicates that the aerodynamic
loads on the fore airfoil are weakly influenced by unsteady wake phenomena.

At instant A, the lift coefficient corresponds to a fully attached flow condition, with
balanced circulation and minimal disturbance near the trailing edge. Between instants B
and C, the lift curve shows a slight reduction, associated with the onset of weak
downstream wake development. However, the corresponding drag coefficients remain
nearly unchanged, reflecting that the boundary layer is largely stable. At instant D, small
oscillations appear, but the magnitudes are insufficient to affect the overall aerodynamic
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balance. By instant E, the flow reattaches and the coefficients return close to their mean
values, completing the quasi-periodic cycle.

The combination of low-amplitude oscillations and consistent mean values across all
coefficients demonstrates that the fore airfoil contributes primarily steady lift production
and stable drag characteristics. Unlike the aft airfoil, which is subjected to significant
unsteady disturbances from wake impingement, the fore airfoil operates under
circulation-dominated mechanisms with minimal vortex shedding influence. This finding
highlights the asymmetry of tandem configurations: the fore airfoil provides a predictable
aerodynamic baseline, against which the strongly unsteady aft airfoil dynamics can be
interpreted.

4.2. Aft Airfoil Aerodynamic Characteristics

In contrast to the fore airfoil, the aft airfoil exhibits strongly unsteady aerodynamic
behavior, which is directly attributable to the wake interference generated upstream. As
shown in Figure 2, all three aerodynamic coefficients display clear periodic oscillations
within one flow cycle, reflecting the dominant influence of transient vortex interactions.

alrfoll-2
alrfoll-2 alrfoll-2-avg (0.0123)
airfoll-2-avg (0.1063)
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A 8 c o 3

um’» 0008
L 1 L 1 L J 0008, L

X Lrss] |
L L s L y

20 201 202 203 204 205 003 20 201 202 203 204 205 201 202 m§23 204 205

time time

lift coefficient
pressure drag

(a) Lift coefficient (b) Pressure drag coefficient (c) Viscous drag coefficient

Figure 2. Variations of aerodynamic coefficients of the aft airfoil across one cycle.

The lift coefficient (Figure 2(a)) fluctuates significantly around its mean value. At
instant A, the lift begins to rise as a coherent vortex approaches the leading edge,
generating additional suction on the upper surface. By instant B, the coefficient reaches a
local peak, indicating maximum lift enhancement due to strong vortex-induced
circulation. Subsequently, at instant C, the vortex detaches and convects downstream,
producing a sharp decrease in lift. The coefficient partially recovers at instants D and E,
but the oscillatory nature remains evident. This cyclic rise-and-fall behavior contrasts
sharply with the quasi-steady lift of the fore airfoil and confirms that the aft element is
governed by unsteady vortex shedding.

The pressure drag coefficient (Figure 2(b)) demonstrates an even more pronounced
periodicity, captured across seven representative instants (A-G). Local maxima
correspond to phases of intensified adverse pressure gradients induced by vortex
impingement, while minima coincide with periods of flow reattachment and reduced
pressure difference between upper and lower surfaces. The pressure drag curve
underscores the high sensitivity of the aft airfoil to instantaneous wake structures, with
variations substantially larger than those observed for the fore element.

The viscous drag coefficient (Figure 2(c)) shows more moderate but still noticeable
oscillations across the five instants (A-E). Increases in viscous drag correspond to periods
of boundary-layer thickening and localized separation, particularly when vortices interact
with the trailing edge. Conversely, decreases occur during partial reattachment, when
wall shear stress is reduced. Although the amplitude of viscous drag fluctuations is
smaller than that of lift or pressure drag, its cyclical character highlights the role of
boundary-layer dynamics in shaping overall aerodynamic resistance.

Taken together, these results confirm that the aft airfoil operates under strongly
unsteady conditions, in sharp contrast to the quasi-steady performance of the fore airfoil.
The lift, pressure drag, and viscous drag are all modulated by periodic vortex interactions,
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demonstrating that downstream elements in tandem configurations are inherently
governed by transient aerodynamic mechanisms.

4.3. Pressure Distribution and Flow Structures of the Aft Airfoil

To further reveal the mechanisms driving unsteady aerodynamic coefficients, the
instantaneous surface pressure distributions and flow field contours of the aft airfoil were
analyzed at five representative instants (A-E). As shown in Figure 3, the pressure fields
and vortex structures exhibit a strong correlation with the cyclic variations of lift and drag
coefficients described in Section 4.2.

— — —
0.40 0.20 0.00 020 0.40 0.60 025 -0.05 0.15 035 055 0.75 -0.28 -0.08 0.12 032 052 0.72
pressure pressure pressure

——
-0.58 -0.38 -0.18 0.02 0.22 0.42 -0.75 0.55 0.35 -0.15 0.05 0.25
pressure pressure

Figure 3. Surface pressure distributions and flow field contours of the aft airfoil at representative
instants (A-E).

At instant A, the flow over the aft airfoil remains largely attached. The suction peak
is moderate and distributed smoothly along the upper surface, corresponding to the initial
rise of the lift coefficient. By instant B, a coherent vortex begins to form near the trailing
edge, creating localized low-pressure regions on the suction surface. This leads to an
increase in lift and a simultaneous rise in pressure drag.

At instant C, the vortex detaches and convects downstream, breaking the favorable
pressure gradient. This redistribution weakens the suction on the upper surface and
reduces lift, while the trailing-edge separation increases viscous effects. The consequence
is a marked dip in both lift and drag coefficients, consistent with the trends observed in
Figure 2.

At instant D, strong vortex impingement on the suction surface produces
concentrated low-pressure zones and enhanced adverse pressure gradients. This
interaction sharply amplifies the oscillations in aerodynamic forces, resulting in a local
maximum in drag and secondary peaks in lift. Finally, at instant E, the flow shows signs
of reattachment, with the suction distribution partially recovering and the aerodynamic
coefficients returning toward their mean values, completing the unsteady cycle.

These observations confirm that the aft airfoil's aerodynamic behavior is governed
not by steady circulation, but by successive phases of vortex growth, detachment, and
reattachment. The pressure contour evolution directly explains the cyclic oscillations in
lift and drag coefficients, highlighting that unsteady vortex dynamics are the dominant
mechanism shaping aerodynamic performance in tandem configurations.
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Visualization results showing the evolution of surface pressure and iso-contour fields,
illustrating the direct correlation between vortex dynamics and fluctuations in
aerodynamic force coefficients.

4.4. Mechanisms of Lift and Drag

The comparison between fore and aft airfoils highlights the asymmetric mechanisms
of force generation in tandem configurations, reflecting the dual contributions of quasi-
steady upstream circulation and unsteady downstream vortex interactions.

For the fore airfoil, lift is generated primarily by steady circulation around the chord,
while drag is dominated by viscous shear along the surface. As shown in Figure 1, the
small amplitude of oscillations in lift, pressure drag, and viscous drag coefficients
confirms that the fore element operates under near-steady conditions. Vortex shedding in
its wake has limited feedback on its own surface loading, resulting in predictable and
stable aerodynamic forces.

For the aft airfoil, however, unsteady mechanisms dominate. The coefficient curves
in Figure 2 reveal that lift enhancement occurs when vortices impinge on the suction
surface, intensifying low-pressure regions and strengthening circulation. Conversely, lift
reduction coincides with vortex detachment and downstream convection. Pressure drag
exhibits strong oscillations in response to alternating high- and low-pressure regions
generated by successive vortex interactions, while viscous drag fluctuates with boundary-
layer separation and reattachment, as confirmed by the pressure contour visualizations in
Figure 3. These transient processes act in phase with vortex dynamics, directly driving the
cyclical variations observed in the aerodynamic coefficients.

This asymmetry demonstrates that tandem configurations inherently combine quasi-
steady upstream performance with strongly unsteady downstream dynamics. The fore
airfoil provides a stable reference load, while the aft airfoil captures the full influence of
vortex growth, detachment, and reattachment. Together, these findings emphasize the
critical role of vortex-force coupling in tandem systems, explaining both the aerodynamic
benefits and the challenges of unsteady load management in multi-element configurations.

5. Discussion and Conclusion

The results of this study reveal a clear asymmetry in aerodynamic mechanisms
between the fore and aft airfoils in tandem configurations. The fore airfoil exhibits quasi-
steady behavior, with lift and drag primarily governed by circulation and viscous shear,
and only minor oscillations observed. In contrast, the aft airfoil shows pronounced
unsteady fluctuations in all aerodynamic coefficients, directly linked to vortex evolution,
detachment, and reattachment. This pattern demonstrates that wake interference
transforms the aft airfoil into a vortex-dominated system, where transient structures,
rather than steady circulation, govern force production. Such findings underscore the
essential role of vortex-force coupling in multi-element aerodynamics.

When compared with prior literature, these results align with earlier observations
that tandem arrangements amplify unsteady aerodynamic effects. However, unlike
studies that emphasized averaged aerodynamic coefficients, the present work establishes
a direct correlation between instantaneous vortex evolution and coefficient fluctuations.
In doing so, it provides a more complete explanation of the mechanisms underlying lift
enhancement and drag variability. This work therefore extends the insights of Scharpf and
Mueller, who highlighted low-Reynolds-number effects, by demonstrating how temporal
resolution of vortex dynamics is critical for accurate characterization of tandem airfoil
performance.

Despite these contributions, certain limitations must be acknowledged. The
simulations were restricted to two-dimensional configurations, which inevitably neglect
spanwise effects and three-dimensional instabilities that may arise in realistic flows.
Additionally, the selected Reynolds number and geometric spacing parameters, though
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representative, limit the generalizability of the results across broader aerodynamic
conditions. The reliance on numerical simulations, even with validation through
established software tools, also introduces uncertainties tied to turbulence modeling and
grid resolution.

Future research should therefore expand toward three-dimensional tandem
configurations, incorporating a wider range of Reynolds numbers and spacing ratios to
assess robustness under more practical flight regimes. Moreover, coupling high-fidelity
simulations with experimental flow visualization would further validate the vortex-force
correlations observed here. Beyond academic insights, these findings offer practical
implications for formation flight, UAV swarm design, and bio-inspired configurations,
where understanding and managing unsteady aerodynamic interactions are essential for
achieving efficiency and stability.
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