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INTRODUCTION

ABSTRACT

This study investigates the application of a moving surface boundary on a NACA 2412 airfoil
using a belt mechanism with two pulleys to enhance aerodynamic efficiency. By accelerating
the airflow, the moving surface helps delay flow separation, which typically limits aerodynam-
ic performance. Previous computational works simplified the moving surface as a flat panel,
often neglecting the gap between the panel and airfoil, as well as the complexities introduced
by the belt-pulley mechanism. Building on earlier research, this study models a belt mecha-
nism that spans 20% of the airfoil’s chord length, evaluating its acrodynamic impact at differ-
ent chord-wise locations. Numerical analysis was conducted at varying belt speeds and panel
positions. Results showed that placing the panel at 20% and 40% of the chord, as well as near
the leading edge, yielded the best performance, increasing aerodynamic efficiency by 153%,
159%, and 166%, respectively. These enhancements were particularly evident at lower angles
of attack, especially around 4 degrees. The novelty of this work lies in its realistic representa-
tion of the belt mechanism, accounting for gaps and flow disturbances caused by the pulleys.
This approach provides a more accurate simulation of real-world applications, with findings
suggesting that placing the moving surface at 20% chord length offers optimal aerodynamic
gains, offering valuable insights for future flow control applications.

Cite this article as: Bhaskar RK, L. R. GS. Enhancing aerodynamic efficiency with a moving
surface panel on a NACA 2412 airfoil. ] Ther Eng 2025;11(2):422-433.

efficiency. This concept evolved, with researchers like [3]
applying movable surface boundary control to various shapes,

The movable surface boundary control method has been
widely recognized as a promising technique to manage or
delay flow separation, improving aerodynamic efficiency.
Historically, this has been achieved by the utilization of rotat-
ing hollow cylinders. Initial studies by [1] and [2] indicated
that rotating cylinders positioned at the leading edges asso-
ciated with airfoils might significantly improve aerodynamic
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while [4] explored its effectiveness in underwater vehicles.
Computational methods gained traction in the early 2000s,
with studies like [5, 6] simulating improved airfoil perfor-
mance, and [7] focusing on drag reduction in bluff bodies.

In the last few years, advancements in flow control tech-
nologies and computational models have enabled more
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refined applications. [8] explored the Magnus effect, [9]
enhanced the NACA 0012 airfoil’s characteristics of lift
and drag, and [10] investigated rotating elliptic cylinders
to alter flow patterns. More recent efforts, such as those by
[11, 12] focused on optimizing symmetrical airfoils and
managing flow separation with spinning cylinders. [13]
extended this by enhancing lift and drag with innovative
airfoil designs. [14] has explored optimal design in airfoil
with leading edge rotating cylinder. Leading edge rotating
cylinder is also explored in wind turbines shows improved
performance [15]. However, despite these advances, most
studies continue to rely on the use of rotating cylinders,
which, while effective, occupy significant space and may
not be practical for certain real-world applications.

There is a limited exploration of belt mechanisms as a
method for moving surface boundary control. Unlike rotat-
ing cylinders, belt mechanisms offer a larger moving sur-
face area. [16] investigate the effects of using a moving-wall
boundary condition to enhance lift generation on a low
aspect ratio airfoil. The study explores how a moving sur-
face influences flow separation and the overall aerodynamic
performance, demonstrating that a moving wall can signifi-
cantly improve lift characteristics by delaying boundary layer
separation. The results provide insights into potential appli-
cations of this technique in improving the efficiency of air-
foils in various engineering fields. Collectively, Salimipour’s
computational work demonstrates the significant potential of
moving surface techniques in enhancing aerodynamic per-
formance across a variety of applications. His research covers
a broad range of topics, including the optimization of airfoils
[17] and wind turbine blades [18], where moving surfaces
were shown to substantially improve the lift-to-drag ratio
and overall aerodynamic efficiency. Additionally, studies on
elliptic moving belts [19] and circular cylinders [20] reveal
the effectiveness of these surfaces in reducing drag, minimiz-
ing vortex losses, and conserving power. His investigations
into transitional flow regimes [21] provide valuable insights
into control strategies for managing complex flow dynam-
ics, further highlighting the versatility and applicability of
moving surfaces in various engineering fields. Collectively,
these works highlight the versatility and potential of moving
surfaces as a moving panel in optimizing performance across
various applications. However, these studies also used a sim-
plified model without accounting for the detailed dynamics
of a belt system integrated into an airfoil. The moving sur-
faces have largely been represented as simplified flat pan-
els in simulations, omitting the impact of gaps between the
moving panel and the airfoil as well as the flow complexities
introduced by the pulleys. This simplification overlooks key
factors that could influence the overall aerodynamic perfor-
mance and the effectiveness of the moving-wall flow control
method.

There is need for a more comprehensive analysis of a
belt mechanism that accurately simulates its real-world
application, including the gaps and pulleys, which could
introduce flow disturbances. This study seeks to identify

the ideal positioning of a movable surface panel ona NACA
2412 airfoil, evaluating its aerodynamic and mechanical
performance at various chord-wise locations and differ-
ent cylinder speed ratios (CSRs) across multiple Angle of
Attack (AOA). By doing so, this work goes beyond previous
efforts by providing a more realistic assessment of how belt
systems influence aerodynamic performance, potentially
leading to more efficient flow control solutions for airfoils.

METHODOLOGY

Geometry

The study uses an asymmetrical NACA 2412 airfoil
model as its foundation. The model includes a Moving
Panel (MP) that has a fixed length equal to 20% of the airfoil
chord . Additionally, the MP model incorporates a belt sys-
tem consisting of two rollers with a diameter of 0.025C. The
MP is positioned at three distinct locations along the chord
by aligning the LE of the MP with the airfoil’s LE, 20% of the
chord length (0.2C), and 40% of the chord length (0.4C), as
shown in Figure 1.

This is done so that when the AOA is high, the flow sepa-
ration can be delayed. The flow analysis will be conducted at
a Reynolds number (Re) of 2.2 x10° at various places, using
varying CSR of 0, 1, 2, and 3. This work has utilized the real
belt mechanism to understand the consequences resulting
from the distance between stators and moving bodies.

Numerical Formulation

The study is conducted on objects in motion, allowing for
precise predictions using the 2D Unsteady Reynolds Average
Navier Stoke>s equation model. The equations include
continuity, momentum, and energy. Moreover, Transition
SST(Shear Stress Transport) turbulence model is used to
improve the accuracy of predicting the flow near the wall.

Continuity equation:

=0 1
ox dy (1)
X-momentum equation:
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Figure 1. NACA2412 with different positions of moving surface panel (MP), a) MP at LE, b) MP at 0.2C, ¢) MP at 0.4C.

In transition SST, where the K-w-SST equation, along
with the intermittency equation and transition onset crite-
rion equation, are merged. In ANSYS, the turbulence model
of Transition SST can be used to make predictions about
transitions. It combines the SST turbulence model with real-
world correlations. This model is commonly known as the
SST y- Rebt transition model. It is designed to handle the
transition from laminar to turbulent flow, which is crucial
for accurately predicting flow characteristics in various appli-
cations, including aerodynamic surfaces and turbine blades.

Several research papers discuss and validate the
Transition SST turbulence model. For instance, [22] on a
transition model based on correlation utilizing local vari-
ables provides foundational information on the develop-
ment of this model. Another [23] discusses prediction of
boundary-layer transition via a simple correlation-based
model. The study [24] on the comparison and validation
turbulence models for forecasting the wakes of vertically
oriented wind turbines also shows that the Transition SST
turbulence model is more accurate than the others. [25]

also used the same turbulence model in ANSYS Fluent to
look at the aerodynamic properties of a NACA 0018 airfoil
in a different study. They showed how useful it is in lower
Reynolds number. The authors of [26] improved the SST-
Re0t transition model to get a better idea of how boundary
layer flow changes along curved hydrofoils. They did this
by changing the Reynolds number based transition onset
based on large eddy simulations (LES) and curvature ratios.
The improved model shows superior performance and
accuracy in various test cases, making it a valuable tool.

These equations are based on the notion of momentum
thickness and Reynolds number (Re). In the turbulence
model equation with the symbol v, is a transport equation
used in the laminar area for the intermittency:

a(py)
=2L 4+ V.(pyv) = G — paty? (5)
G is the intermittency production due to mean velocity
gradients, af is a damping function, and v is the fluid veloc-
ity. The model simulates the turbulence in the turbulent
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zone using a hybrid k-w turbulence model. The transport
equations for the particular dissipation rate (w) and turbu-
lent kinetic energy (k) are as follows:

29 4+ V(pwv) = Pw — B w? + V.(uVw)  (7)

Where Pk and Pw are the turbulent production terms, &
is the turbulent dissipation rate, p, is the turbulent viscos-
ity, and P is a constant. Using a blending function based on
intermittency, the transition SST model mixes the laminar
and turbulent equations to calculate the relative contribu-
tions of each area.

Subscale resolving techniques near the wall shear flow
for better flow prediction, Stress Blended Eddy Simulation
(SBES) is used with the Transition SST model in the simu-
lation model. [27] introduces the SBES model, highlighting
its improved shielding properties, rapid RANS-LES tran-
sition, and applicability in wall boundary layer flows. The
SBES modebs versatility and modularity make it highly
attractive for industrial CFD, allowing the unification of
many RANS and LES. The model has been successfully
applied in ANSYS-Fluent and ANSYS-CFX for various val-
idation cases and complex industrial flows.

Performance formulation

Performance parameters to be calculated for comparison
are Lift to Drag Ratio (L/D)(Aerodynamic Performance)
The following are the usual formulas used for calculating
the aerodynamic performances,

15C

Fi
C=—1r _
L 2 pAresV? (8)
Fq
C,=——94
d i.p.Aref.Vz (9)
=&
L/D= y (10)

Additionally, in this scenario, power consumption for
rotating mechanisms has to be considered and included to
measure the mechanical effectiveness, n. This procedure was
used in [17]. Equations 11, 12, and 13 calculate the coefficient

of power consumption, C

vow using Coefficient of friction Cy

with the shear force Fy,; on moving surface and CSR, U—C

[oe]
Co = Lrevt
eyl 1
f.ey pAres U (11)
FreylUc Freyl Uc Uc
Cpow=1L25 5= Cr oy %= Cr o1 CSR
POW L hrepUS LparepUB U TV U T (12)

Cy

- (Cd+cpaw) (13)

Simulation Setup

The viscous fluid flow is assumed for incompressible (M
=0.099) and turbulent (Re = 2.2x10°) flow. The domain has
been modeled with a standard C section at the front and rect-
angular at the back, with a size of 15C from the model under
analysis in all directions. Flow conditions are maintained at
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Figure 2. Domain setup and boundary conditions.
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Table 1. Grid independence study

S.No. at Airfoil’s LE MP at 0.2C MP at 0.4C
No. of Cl Cd L/D  No. of Cl Cd L/D  No. of Cl Cd L/D
Elements Elements Elements
(in millions) (in millions) (in millions)
0.13 1.16 0.0573 20.27 0.11 1.71 0.0275 62.27 0.12 1.62 0.0265 61.29
0.26 1.70 0.0258 65.82 0.23 1.67 0.0278 60.08 0.25 1.63 0.0286 57.19
0.53 1.69 0.0256 66.02 0.46 1.67 0.0277 60.22 0.48 1.64 0.0285 57.69

sea level where the free stream temperature is room tempera-
ture (T = 300K), the air density at the given temperature is
p = 1.177 kg/m?, and the viscosity is t = 1.846x10° kg/m.s
correspondingly. The energy equation is used to get accurate
solutions as the flow is accelerated. Figure 2 describes the
domain and boundary conditions for NACA 2412 with MP’s
LE at 0.2C, which is similar to the other models.

Grid Generation and Grid Independence
A structured grid for the modified airfoil with MP at 0.2C
can be seen in Figure 3. It is developed using the blocking

Figure 3. Grid layout.

method, and we were able to make a refined mesh where the
grid cell size of y+ stays below 1 near the wall surface and stays
relatively coarse in the free stream region. The grid indepen-
dence has been conducted for each model as listed in Table 1.

Validation

The benchmark study has been conducted with Base
NACA 2412 Airfoil, similar to the condition performed
experimentally [28]. The study has been performed at
Re=2.2x10° and aerodynamic performances and flow sep-
arations were compared as shown in Figure 4.
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Figure 4. Flow setup validation.

The prediction is accurate up to the flow separation’s
stall angle, which is less than 1%. The predictions of stall
and coefficients of lift and drag are in acceptance range
compared with experimental reference.

RESULTS AND DISCUSSION

Simulations were conducted for the NACA2412 airfoil
with the MP>s LE positioned at three different locations:
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Figure 5. Generation of lift.

MP at 0.2C
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at the airfoibs LE, 0.2C (20% chord length), and 0.4C
(40% chord length) as shown in Figure 5. Each simulation
included either a 0.025 CD cylinder or a roller with two
numbers. The cylinder or roller had a CSR value of 0, 1, 2,
or 3. In each simulation, the airfoil was studied at various
AOA until the post-stall angle was detected. After obtain-
ing grid independence, the coefficient of lift, aerodynamic
performance (L/D), and mechanical effectiveness (n) were
compared and studied for each CSR and AOA.
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Figure 6. Streamline plot of NACA 2412 with MP at LE at 12.4°.

Generation of Lift

The models have been simulated for various AOAs from
0° until the post-stall angle was reached for each CSR and
plotted along with NACA 2412 - Base in Figure 6. The
MP configurations at 0.2C and 0.4C demonstrate a more
stable, consistent, and linear improvement in lift across all
CSRs. Regarding stall angle, the MP at 0.2C achieves the
highest stall angle of 18.4°, with a maximum lift coeffi-
cient (Cl, max) of 1.85 at CSR 3. Other CSRs for this con-
figuration achieve a stall angle of 16.4°. In the post-stall
regime, it exhibits a smoother decline in lift compared to
the sharper drop-offs seen in other configurations. The MP

MP at LE
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at LE shows significant variation in stall angles between
CSRs, with a maximum CI of 1.86 at a stall angle of 16.4°
at CSR 3. Meanwhile, the MP at 0.4C maintains a consis-
tent stall angle of 16.4° across all CSRs. Overall, the MP at
0.2C demonstrates the best lift characteristics among the
three configurations, offering both high lift and a smoother
decline in performance after stalling.

Aerodynamic Efficiency (L/D Ratio)

The L/D ratio is crucial for aerodynamic performance,
encompassing both lift and drag components. In Figure
7, three graphs (a, b, and c) illustrate the L/D ratio for the
NACA 2412 airfoil with the MP at the airfoil’s LE, 0.2C, and

MP at 0.4c
180 —4— NACA 2412 - Base
—X==CSR 0
160 —¥=—C5R 1
=[J=C5R 2
140 —A—CSR3

Lift To Drag Ratio

15 20 20

5 10 15
Angle Of Attack (Degree)

Figure 7. Comparison of aerodynamic performance (lift to drag ratio).



J Ther Eng, Vol. 11, No. 2, pp. 422-433, March, 2025

429

Base

= MP's LE at airfoil' s LE

———MP's LE at 0.2C

= MP's LE at 0.4C

Cp
N

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
%x/C

Figure 8. Coefficient of pressure distribution comparison
for 4.4° at CSR 3.
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0.4C, respectively, across a range of AOAs and CSRs. At 0°,
the MP at 0.2C outperforms the other configurations, while
the MP at the airfoil’s LE exhibits the lowest performance,
and the MP at 0.4C shows intermediate results. Around 4°,
all three MP locations achieve maximum aerodynamic effi-
ciency for their respective CSRs, with the MP at 0.4C exhib-
iting the highest efficiency at CSR 3.

Figure 8 indicates that all MP models have a superior
Cp distribution compared to the baseline. The farther the
MP is positioned from the LE (0.2C and 0.4C), the less
severe the pressure spikes, suggesting more controlled flow
behavior. [17] provides a simplified flat moving surface rep-
resentation that may account for the absence of these spikes
in Cp distribution due to omitting the belt system. Notably,
the MP at 0.4C demonstrates better Cp distribution with
minimal loss compared to other configurations.

MP at LE

R -

MP at 0.2C

-

MP at 0.4C

Figure 9. Comparison of velocity contour of NACA2412 at 16.4° for CSR 1 and 3.
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Beyond 4.4°, the MP at the airfoil’s LE shows improved
aerodynamic efficiency at CSRs 2 and 3. After reaching
peak efficiency, the rate of improvement slows as the CSR
increases and the MP moves farther from the LE. Figure

9 reveals that flow separation decreases with higher CSRs,
regardless of the MP’s location. When positioned far-
ther from the LE, the MP performs better at lower AOAs,
achieving optimal aerodynamic performance. Conversely,
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Figure 10. Comparison of mechanical effectiveness.
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Figure 11. Streamlined plots at 16.4°.
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at higher AOAs, the MP performs best when positioned
closer to the LE.

Mechanical Effectiveness

Mechanical effectiveness (n) is measured as an addi-
tional parameter to account for the power consumption
of the MP, included as the wall shear drag component in
the L/D ratio. This formulation, outlined in equations
(11), (12), and (13), helps determine the overall effective-
ness of the mechanism and the CSR configuration. Higher
mechanical effectiveness indicates lower power consump-
tion, resulting in more lift and less drag.

Figure 10 illustrates this comparison for CSR 1, 2, and 3
across all three MP configurations. Overall, CSR 1 demon-
strates high mechanical effectiveness from 0° to 4.4° across
all configurations. CSR 2 is more effective in the mid-range
(8.4° to 16.4°) for the MP at the LE and at 0.2C. However,
for the MP at 0.4C, CSR 1 remains the most effective com-
pared to CSR 2 and 3. These findings align with those
reported by [17]. At lower AOA, mechanical efficiency is
higher at lower CSRs. As the AOA increases, higher CSRs
contribute to better mechanical efficiency. Furthermore, as
the MP is positioned farther from the LE, the effectiveness
of each CSR decreases more gradually.

Delay of Flow Separations at Stall Angles

In the NACA 2412 base configuration, the stall angle
reached 14.4°. In contrast, all three modified configurations
achieved a highest stall angle of approximately 16° and
beyond it. Figure 11 compares the flow patterns at 16.4° for
all models across different CSRs. For the MP at the LE, CSR
0 and 1 exhibited early stalls at 8.4° and 12.4°, respectively.
In CSR 0, the separation bubble at the MP may destabilize
the flow and induce more drag. In CSR 1, flow separation is
characterized by a large recirculation zone and the forma-
tion of a vortex behind the airfoil.

As the CSR increases to 2 and 3, the stall angle extends
to 16.4°, indicating delayed flow separation and minimized
recirculation. For the MP at 0.2C, the stall angle remains
at 16.4° across all CSRs. Recirculation is substantial at CSR
0, but flow separation is suppressed and delayed as the
CSR increases from 0 to 3. A similar performance trend is
observed in the MP at 0.4C.

CONCLUSION

The analysis reveals that positioning the moving panel
at 20% of the chord length delivers the best overall perfor-
mance in terms of lift generation, aerodynamic efficiency,
and mechanical effectiveness. This configuration produces
higher lift, with a stall angle of 18.4° at a cylinder speed ratio
of 3, compared to a 16.4° stall in other setups. Although the
highest aerodynamic efficiency (lift-to-drag ratio of 168) is
achieved with the panel positioned at 40% of the chord, the
panel at 20% delivers superior performance at higher angles
of attack, achieving a lift-to-drag ratio of 160.

For mechanical efficiency, the cylinder speed ratio of 1
is optimal at low attack angles (0° to 4°), while a ratio of 2
performs best at mid-range angles (8° to 16°). As the angle
of attack increases beyond 4.4°, the mechanical efficiency
of all cylinder speed ratios decreases, though this effect sta-
bilizes when the moving panel is placed farther from the
leading edge. The 20% chord position shows improved per-
formance at higher speed ratios, though it does not consis-
tently outperform other configurations at lower ratios.

This study demonstrates that integrating a moving
panel at 20% of the chord, combined with appropriate cyl-
inder speed ratios, provides significant improvements in
aerodynamic performance. This approach offers valuable
insights for optimizing lift and efficiency in applications
such as aircraft wings, wind turbine blades, and automo-
tive aerodynamic surfaces. Due to its adaptability across
different attack angles and speed ratios, this method holds
great potential for enhancing stability and performance in
high-performance vehicles and control surfaces.

Future Scope

The findings offer valuable insights into the behavior
of belt-type moving surface mechanisms along the chord-
wise direction. Future research could extend this analysis to
the spanwise direction using a 3D model, enabling a more
comprehensive performance evaluation. Additionally,
experimental studies could be conducted to validate the
numerical results and uncover further insights.

NOMENCLATURE

AOA Angle of Attack

C Chord

CSR Cylinder Speed Ratio

MP Moving Panel

M Mach number

Re Reynold’s number

SST Shear Stress Transport

LE Leading Edge

k Kinetic Energy of turbulence (J/kg)
w Specific Dissipation rate of turbulence (m*/s’)
U, Free Stream Velocity (m/s)

Uc Cylinder Tangential Velocity (m/s)
G Coefficient of Lift (-)

Cq Coefficient of Drag (-)

Re Reynolds number (-)

u Velocity in x- direction (m/s)

v Velocity in y- direction (m/s)

t time (s)

i Dynamic Viscosity (kg/ (m.s))

Su, Svand S Source Terms

p Density of air (kg/m?)

Cp Specific heat at constant pressure (J/ (kg. K)
T Temperature (K)

ky Thermal conductivity (W/ (m?.K))
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turbulent production terms;

turbulent dissipation rate(m?/s)
turbulent viscosity

constant; and

Skin friction coefficient

Cylinder Speed Ratio

coefficient of power consumption
Coefficient of friction on moving surface
Shear force on moving surface
Mechanical Effectiveness

P(D
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