HELICOPTER LOADS ON A BUILDING WITH CVG

A adm  35"H CONGRESS OF THE
"’7 INTERNATIONAL COUNCIL OF
THE AERONAUTICAL SCIENCES

I EDEE}/ 13-17 SEPT 2026
SYDNEY | AUSTRALIA = [\ icas2026.com

WIND TUNNEL INVESTIGATION OF HELICOPTER LOADS DURING
URBAN OPERATIONS ON A BUILDING WITH COLUMNAR VORTEX
GENERATORS

J.C. Matias', R. Bardera?, E. Barroso®, & J. Fernandez*

"National Institute for Aerospace Technology, matiasgjc@inta.es
2 National Institute for Aerospace Technology, barderar@inta.es
3 National Institute for Aerospace Technology, barrosobe@inta.es
4 National Institute for Aerospace Technology, jferant@inta.es

Abstract

The recent development of Urban Air Mobility (UAM) has renewed interest in the complex aerodynamic
interactions between aerial vehicles and the urban built environment. One of the most critical challenges is the
flow separation generated by the sharp, non-aerodynamic edges of buildings, which creates highly turbulent
and non-uniform wakes over rooftops, significantly compromising the safety of helicopter take-off and landing
maneuvers. Passive flow control techniques can be employed to mitigate these adverse effects.

Based on previous research conducted by the National Institute for Aerospace Technology (INTA), which
demonstrated that Column Vortex Generators (CVG) are capable of significantly reducing flow separation
generated by the upwind corner, this study evaluates the impact of these devices on a helicopter operating
above the rooftop. Experimental wind tunnel tests were carried out at INTA using 1:70 scaled models of a
cube-shaped building and an instrumented helicopter. Aerodynamic forces and moments were acquired using
a custom six-component internal balance, supplemented by Particle Image Velocimetry (PIV) and smoke
visualizations. The results reveal that the baseline building induces severe load fluctuations, including a sharp
35% increase in the thrust coefficient within the rooftop shear layer. The implementation of CVGs successfully
suppresses the recirculation bubble, smoothing the thrust variation to just 15% and reducing rolling moment
fluctuations by up to 30%. Crucially, at critical near building operations, the CVGs achieve a 45% reduction in
vertical force standard deviation and a 37% to 82% reduction in the multi-component total force deviation.
These quantitative findings demonstrate that CVG significantly alleviate pilot workload and enhance
operational safety margins, providing vital guidelines for future vertiport infrastructure and architectural design.

Keywords: Urban Air Mobility, Helicopter Aerodynamics, Passive Flow Control, Columnar Vortex Generators,
Wind Tunnel Testing

1. Introduction

The ability to hover in close proximity to structures is the most important operational capability
making them essential for a wide range of urban missions. These include emergency medical
services, surveillance, road traffic control, and rapid transport of personnel in congested metropolitan
areas (Figure 1).

In recent years, this operational paradigm has expanded significantly with the develop of Urban Air
Mobility and Unmanned Aerial Vehicles (UAVs). Driven by the need to alleviate ground traffic
congestion, numerous aerospace companies are designing Personal Air Vehicles (PAVs) [1].
However, establishing the necessary infrastructure for the proper operation of these vehicles
presents a complex challenge. Stablish good locations for urban heliports [2] is not an easy task.
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Figure 1 — Examples of helicopters operating above building helipads in cities.

Operating a rotary-wing vehicle surrounded by buildings means that the aircraft is inside a hostile
aerodynamic environment. Unlike streamlined bodies, urban architectural features behave as bluff
bodies with sharp edges. When the atmospheric boundary layer interacts with a building, the
incoming flow undergoes massive flow separation, generating large recirculation regions, high
velocity gradients, and elevated turbulence intensities. Specifically, when the wind interacts with the
upstream facade of a cube-shape building, it creates different flow patterns (Figure 2). A recirculation
bubble appears in the lower part, flow acceleration in the upper part and a stagnation point between
them. A massive flow separation is created over the roof [3], generating unsteady and sudden
changes in air velocity and pressure, and conical vortex [4-6] that degrade the aerodynamic stability
of helicopters and UAVs, severely complicating critical take-off and landing maneuvers.
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Figure 2 — Flow patterns around a cube-shaped building.
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Inside unsteady flows the pilot workload increases substantially, as it requires accurate pilot
corrections for controlling the aircraft. It is demonstrated that low frequency oscillations (0.2 to 2 Hz)
are the ones that most affect the proper helicopter operation and compromise safety [7,8]. The
evaluation of the pilot workload increase can be made through the feedback from real pilots
performing landing maneuvers or using high-fidelity helicopter flight simulators [9-15]. The impact of
these turbulent airwakes on rotorcraft operations has been extensively documented in maritime
environments—such as helicopter-ship dynamic interference on military frigates and aircraft carriers
[16-27]. However, despite its critical importance for future cities, with increased number of air
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operations and aircrafts, there is a notable gap in the literature regarding the precise aerodynamic
loads experienced by a rotatory-wing vehicle operating in the unsteady wake of a building.

CVG - Columnar Vortex Generator
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Figure 3 — CVG geometry and aerodynamic changes expected above the helipad at the building
rooftop using the CVG.

To mitigate the adverse effects of rooftop flow separation, passive flow control system can be used.
For example, a parametric study of different Columnar Vortex Generators (CVGs) was presented
with promising results in [28]. Specifically, the CVG30L demonstrated the best reduction of flow
detachment generated on the roof, and is the one selected for the present study. The geometry of
the CVG is presented in Figure 3 and consist of an arch of Archimedes' spiral and a flat surface at a
30-degree angle to the roof line. The principle of operation of the CVG consist of ingesting tangential
flow and discharging axial flow through the sides of the device [29]. In this way, the airflow near the
upwind corner of the building can better adapt to the sudden change in geometry and remains
attached, thereby preventing or significantly reducing flow separation over the roof where the
helicopter operates (Figure 3).

This paper uses smoke and Particle Image Velocimetry (PIV) visualizations, and forces and
moments measurements to evaluate how CVG can modify the building wake and how it influences
helicopter loads in different heights during landing and take-off maneuvers above the rooftop helipad.
The structure of this paper is divided into the following sections. Section 2 will describe the
experimental set-up, including the wind tunnel and equipment used for obtaining flow visualizations
and helicopter forces determination. Section 3 will present the results of the flow visualizations
around the building and aerodynamic forces comparing the base building case with the case with
CVG installed.
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Figure 4 — CFD results for base and CVG building: velocity and turbulence intensity.

1.1 Numerical approach (CFD)

Before obtaining experimental results from wind tunnel tests, a numerical simulation was carried out
using CFD to compare the effects on the flow caused by positioning the CVG at the corner of the
roof facing the wind. The results of non-dimensional velocity magnitude and turbulence intensity for
the base building and the modified using CVG are displayed in Figure 4. Both the non-dimensional
velocity contours at the bottom of the Figure 4 and the velocity profiles taken at different heights
(dimensionless with respect to the D helicopter rotor) show a significant reduction in the separated
flow and the low-velocity region over the roof when the CVG is added. In the case of the base
building, velocities predicted above the roof are low (< 50% of the free-stream velocity) for lower
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heights 0.8D, and do not reach the free-stream velocity until heights of 1.0D. In the case of CVG,
low velocities are only observed in an area very close to the roof (< 0.2D), with velocities up to 30%
higher than the free stream flow. The observed turbulence levels show a significant reduction in the
areas near the roof when the CVG is added to the building. Thus, the base building exhibits high
turbulence values up to heights of 1.2D. However, adding the CVG results in lower turbulence values
at much lower heights, meaning that turbulence levels are already very low for helicopter positions
above 0.25D. Consequently, the CFD results predict flow velocities much closer to those of free-flow
conditions and significantly lower turbulence values, which could lead to improved helicopter control
and a reduced pilot workload during the critical maneuver of landing or taking off from the roof of a
building.

2. Experimental set-up
2.1 Wind Tunnel and Particle Image Velocimetry (PI1V)

The experimental campaign was carried out in the low-speed wind tunnel facility at the National
Institute for Aerospace Technology (INTA) in Spain (Figure 5 a). This facility is a closed-circuit wind
tunnel featuring an open, elliptical test section with a cross-section of 2 x 3 m?. Driven by a 420 kW
motor operating at maximum power, the tunnel can reach velocities up to 60 m/s, while maintaining a
freestream turbulence intensity below 0.5 %. To simulate the ground boundary condition in the vicinity
of the building model, an elevated ground-plane platform was installed within the test section. The
wind tunnel is fully equipped with aerodynamic force measurement systems and a Particle Image
Velocimetry (PIV) system [30-33] to acquire flow visualizations and velocity fields around the models.
For the PIV setup (Figure 5 b), the flow was seeded with olive oil tracer particles ~ 1 um in diameter
and illuminated using a dual-cavity, neodymium-doped yttrium aluminum garnet (Nd:YAG) pulsed
laser system, capable of delivering a maximum energy output of 190 mJ per pulse. By synchronizing
the laser pulses with the acquisition of frame pairs, particle displacements were recorded using a
high-resolution digital camera equipped with a 2048 x 2048 pixels Charge-Coupled Device (CCD)
sensor. Given the precisely controlled time delay (At = 25 us) between successive frames, a cross-
correlation algorithm based on a two-dimensional Fast Fourier Transform (FFT) was utilized to
compute the velocity vectors. The processing was performed using interrogation windows of 32 x 32
pixels with a 50 % spatial overlap, in strict compliance with the Nyquist sampling criterion. Throughout
the experiments, the camera configuration yielded a field of view of 540 mm. The ensemble-averaged
velocity fields presented in this study were derived from 200 instantaneous images and processed
into non-dimensional velocity contours using Tecplot 360 software.
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Figure 5 —a) Wind Tunnel T-1 INTA b) Particle Image Velocimetry (PIV) system.

2.2 Building and helicopter scaled models

The building is cube-shaped building model with dimensions of 60 x 60 x 60 cm3, that corresponds

to a 1:70 scaled version of a real building of 42 m in height with sharp edges. It serves as a

representative structure for a rooftop helipad. During the experimental campaign, the model was

centered within the wind tunnel test section and resulted in a maximum frontal blockage area of the

model of 0.36 m?, accounting for less than 10% of the wind tunnel cross-sectional area, thereby
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mitigating aerodynamic blockage effects. The corresponding Reynolds number based on the building
dimmensions was Re = 2 x 10, which safely exceeds the critical threshold for sharp-edged bluff
bodies (Re.,; > 10°), ensuring Reynolds-number-independent flow separation [43]. A photograph
of the experimental setup, displaying the scaled building model positioned on the platform, is
provided in Figure 6. The building model has been tested using the base geometry and by installing
the 3D printed model of the CVG (Columnar Vortex Generator) passive flow controller in the
windward corner.

Helicopter scaled model is also presented in Figure 6. The external fuselage geometry of the NH
Industries NH-90 helicopter was precisely replicated using high-resolution 3D printing manufacturing
techniques. As can be seen in Figure 7, the model houses an internal strain-gauge balance
(HELIBAL) to register aerodynamic loads. HELIBAL is a custom six-component internal balance
designed and developed at INTA. This instrument measures three orthogonal aerodynamic forces
(F, - thrust, F, — side force, and F, — drag) and three aerodynamic moments (M, - roll, M,, - pitch, and
M, - yaw). The load cell structure is machined from high-strength aluminum and instrumented with
strain gauges configured into seven Wheatstone bridges. The mechanical deformations are
subsequently converted into aerodynamic forces and moments via a calibrated interaction matrix. A
brushless Axi 2204/54 motor drives the five-bladed helicopter main rotor, which features a diameter
of D = 230 mm. The entire scaled rotorcraft assembly is rigidly supported in the wind tunnel by a
high-stiffness steel sting bar. This bar is attached to an automated multi-axis positioning system, to
place the model in different heights with respect to the building roof during testing.
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Figure 6 — Building, helicopter and CVG scaled models in wind tunnel test section.

In order to validate the experimental results obtained with the scaled rotorcraft assembly,
aerodynamic flow similarity of the main rotor must be established. This similarity is achieved by
matching the thrust coefficient (C;) and the advance ratio (u) to the full-scale helicopter. The thrust
coefficient for the full-scale helicopter under hovering conditions is defined as:

Tio

Cr = =5.70 x 1073 (1)

2 PA(QR)?

where T;, is the thrust during hovering (equal to helicopter weight, W = 7 900 kg), p = 1.225 kg/m3
is the air density, A = 208.7 m? is the rotor disk area, & = 270 rpm is the rotor angular velocity, and
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R = 8.15 m is the blade radius.

An equivalent thrust coefficient was matched for the scale model by operating the electric motor at
25W (10 V and 2.5 A), yielding a scaled rotor speed of 0, = 4 350 rpm rpm and a measured model
thrust coefficient of C; = 5.70 x 10~3 via the HELIBAL balance.

Furthermore, kinematic similarity was maintained by matching the advance ratio (1). The simulated
operational wind speed condition corresponds to U,, = 20 m/s. Given that the angular velocities of
the full-scale and scaled helicopters are known (Q = 300 rpm, Qg = 4,350 rpm) along with their
respective rotor radius (R = 8.15m, and R; = 0.11 m), the advance ratio (u) similarity condition is
governed by:

_ U_Oo _ Vtunel (2)
T OR QR

U

Consequently, this similarity criteria yields a target wind tunnel freestream velocity of Viynner =
4.50 m/s to achieve full kinematic similitude during the tests.

HELIBAL

Figure 7 — Full assembly of the helicopter model.

3. Results

This section will show the flow visualisations and the average aerodynamic forces and moments of
the helicopter in various positions above the building helipad on the roof. The helicopter will always
be positioned at the centre of the roof, at various heights above the platform, as shown in Figure 8.
The heights will always be non-dimensional, relative to the diameter of the helicopter’'s main rotor
(D = 230 mm).

3.1 Flow visualization: smoke and Particle Image Velocimetry (PIV) tests

The smoke visualisation tests are shown in Figure 9. During the rooftop landing manoeuvre, when
the helicopter is still at a height greater than one diameter (1.0D), it is still operating in an area outside
the region of separated flow and low velocities generated by the base building. As it descends, when
the helicopter is at a height of 0.6 diameters, the helicopter is already completely immersed in the
bubble zone generated by the roof. In the case with the CVG, the smoke clearly shows that the flow
does not generate such a large separation at the upwind corner and the helicopter is still hovering in
a clean-flow zone. Finally, before contact (height 0.4D), the smoke shows that the helicopter is in the
lower part of the flow recirculation zone and, with the CVG installed, the flow follows the actuator
and moves parallel to the roof, striking the fuselage and rotor directly, with no low-speed zones
presence.
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Figure 8 — Helicopter positions above the roof with height in rotor diameters (D).

The same effect observed in the smoke can be seen in the dimensionless velocity contours obtained
using PIV, shown in Figure 10. These figures show the flow over the roof and near the upwind corner,
with and without CVG installed (Base). In the first cases without a helicopter (Base and CVG), a
significant difference can be seen between the flow patterns generated by the wind detachment on
the windward corner. The base case reveals that the flow detaches and go upwards generating a
big recirculation area above the roof.

This low-speed area is very different from the flow outside the building's area of influence and may
interfere with the proper operation of aircrafts on the rooftop helipad. This entire region of detached
flow is corrected by adding the CVG device. In this case, the airflow accelerates and, with almost no
separation, continues parallel to the roof surface. So the helicopter can experience airflow that is
much more similar to the external airflow, without encountering high gradients in the incident velocity
during take-off or landing. To get a better idea of how the aerodynamics of the helicopter interfere in
both situations, PIV velocity contours were obtained with the helicopter operating at different heights,
from 0.4 to 1.2 diameters. Only two representative cases are shown to illustrate how the flow
changes when the effect of the main rotor blades is introduced into the aerodynamic problem: 0.4D
and 0.8D.

In the first case, when the helicopter is flying at low altitude (0.4D), the base case shows that the
rotor operates in the aforementioned low-speed region, accelerating the velocities of the recirculation
bubble generated by the wake separation at the upwind corner. The effect of operating the helicopter
alongside the CVG at low altitude is shown in the velocity contour next to it (CVG + H0.4D). It is clear
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that although a small region of separation and recirculation appears, this affects the fuselage, but
the rotor is in a flow zone with velocities similar to those in free flow (1.0 and up to 1.2 in
dimensionless terms).

The final case shown corresponds to the helicopter at a height of 0.8 diameters. In the base case,
the helicopter continues to interact with the flow detached by the corner of the building, causing its
rotor to operate in a shear zone, which separates the low- and high-speed flows away from the
building. This can subject the helicopter to significant vibrations, which are difficult for the pilot to
control in a situation that is critical, given the proximity of the building. In the case of the CVG, with
the helicopter at the same height, the velocity contour shows that the rotor is not affected by the flow
patterns generated by the building; consequently, vibrations and undesirable phenomena could be
reduced, as the helicopter is operating in a flow that is virtually unaffected by the building’s presence.

=0

Base + H 0.4D [ Sl I| cvG+H04D

Figure 9 — Smoke visualization above the rooftop for base and CVG with helicopter.
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3.2 Mean aerodynamic forces and moments

Following the visualisation tests, the helicopter’'s aerodynamic forces and moments were recorded
at different heights above the center of the rooftop helipad platform. Specifically, the helicopter was
simulated in a hovering flight and always facing to the upcoming wind direction at 20 different heights
ranging from 0.4D to 2.2D to obtain the results shown in Figure 11. Vertical axis displays the
helicopter height in rotor diameters (z/D), and horizontal axis shows forces and moments presented
in non-dimensional terms as,

R i S =M 3
Cri 1pA(QR)? Chi 1pAQR)ZR (3)

where i = x,y,z corresponds to the different components measured, p is the air density, Q is the
angular speed, R is the main helicopter rotor radius and S is the rotor surface.

The first two graphs in Figure 11 display the thrust (Cr,) and longitudinal (Cr,) force coefficients for
the base and CVG case. Lateral force coefficient (Cr,) is not displayed since the helicopter is on the
center and lateral forces are null. The longitudinal force coefficient undergoes minor changes along
the helicopter’s flight path over the roof at different heights. It should be noted, however, that in the
base case, the low speeds of the recirculation bubble result in negative values below 1.5D. Above
that height, the values are practically zero. When we add the CVG to the building, the values remain
small, but they are always positive due to the elimination of flow recirculation and the effect of
headwind on the helicopter. The thrust coefficient (Cr,) does vary significantly. Specifically, in the
base model, the coefficient increases sharply by up to 35% between low heights (0.5D) and heights
where it is affected by the shear layer of the flow detachment (0.8D—-1.4D). This increase in the drag
coefficient can cause vibrations and sudden changes in flight conditions that compromise maneuver
stability.

Once the helicopter exceeds a height of 1.5D, neither the ground effect nor the flow separation zone
affects it, so the drag coefficient returns to uniform values of around Cr, = 1 x 1072 This sudden
increase in thrust is corrected by the CVG device. Between 0.4D and 2.0D, variations in thrust occur,
but these are much smoother and more uniform than in the base case. Specifically, maximum
variations of 15% can be observed between 0.4D and 1.0D.

The graphs in the middle of Figure 11 show the values of pitch (Cy, ) and rolling (Cy,) coefficients.
The rolling moment for the base building case shows significant fluctuation at low heights (between
0.4D and 1.4D), peaking at 0.9D, representing a maximum difference in the coefficient of up to 1.0E-
04. The same coefficient measured with the CVG installed in the building reveals a reduction in
variations of up to 30% with respect to the base case, presenting much more uniform values and
eliminating the peak at low heights. Greater differences can be observed for the pitch coefficient,
where the base case shows a sharp variation in the coefficient of 3.3E-04 between low heights (0.5D)
and high heights (>1.5D). Once again, the CVG corrects this trend, with Cy, values showing an
increase of 1.1E-04 between 0.4D and 1.5D and a further progressive increase of up to 1.5E-04
between 1.5D and 2.2D. In this way, adding the CVG reduces total fluctuations by up to 20%, and
the changes occur much more gradually and safely for helicopter operation.

Finally, the two graphs at the bottom of Figure 11 show the standard deviation of the force
coefficients recorded during the 30-second acquisition period at each point for the three axes
(STD Cy, Cry, Cz). Although fluctuations in lateral (aFy) and longitudinal (o5,) forces do not differ
significantly between the base case and the CVG, the thrust force (o5,) shows significant changes,
especially at low altitudes, which is where adding CVG has the greatest effect. At these low heights
relative to the building roof (< 1.0D), the deviations in the vertical force are up to 3.5E-04 for the base
case and only 1.9E-04 for the case with CVG, representing a 45% reduction. These fluctuations can
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be directly linked to the pilot’'s workload during take-off or landing maneuvers over the building;
therefore, halving their value could significantly reduce workload and enhance operational safety.

2.5

2.0

L5

1.0

0.5

0.0

Base

-0 Cpy

= = CFZ

0.5E-02

Height (z/D)

-5.0E-03 0.0E+00 5.0E-03 1.0E-02 1.5E-02 2.0E-02

25

2.0

L5

1.0

0.5

0.0

+3.3E-04

B

mlé

Base

Height (D)

- Oy,

—h— CMy

-1.0E-04 0.0E+00 1.0E-04 2.0E-04 3.0E-04 4.0E-04

25

20

L5

1.0

0.5

0.0

CVG

o Cpy

e CFZ

Height (D)

-5.0E-03 0.0E+00 5.0E-03 1.0E-02 1.5E-02 2.0E-02

25

2.0

L5

1.0

0.5

0.0

0.7H-

1.5E-04

CVG
& Cpy

= Cyyy

-1.0E-04 0.0E+00 1.0E-04 2.0E-04 3.0E-04 4.0E-04

25 25
Base CVG
2.0 = STDj, 2.0 = STDw.
1.5 s STDFy g 1.5 - STDF}F
= STDg, N & STD,
1.0 % 10
s
0.5 o 05
2.7E-04 :
O O . 3.5E-04 O O 1.9E-04
0.0E+00 2.0E-04 4.0E-04 6.0E-04 0.0E+00 2.0E-04 4.0E-04 6.0E-04
D CFx
4 Height
(H =z/D)

Figure 11 — Mean forces and moments of the helicopter hovering with and without CVG.

Figure 12 shows the result of combining the deviations of the measured forces in the three
components into a single one, using the following expression,
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[ Jchuot + Ciyo, + Chuot |
% STD = %X 100
’ \ CZ, + CE, +C, / (4)

In this way, this value is computed for each dimensionless altitude (between 0.4D and 2.3D) and for
the base case and the case with the CVG installed in the building. The results show, in general, a
significant reduction in force deviations. With the exception of heights of 0.9D, 1.3D, and 2.0D, the
remaining cases show significantly lower deviations for the CVG case. Particularly important are the
cases at low altitude above the building (< 0.9D), where the reduction in deviations as a percentage
ranges from 37% to 82% for the CVG case. These are precisely the most critical points of the
operation given the helicopter’s proximity to the building.
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Figure 12 — Standard deviation of forces measured at different helicopter heights for base and CVG.

4. Conclusions

This paper presented a comprehensive wind tunnel investigation evaluating the aerodynamic
interference and load variations experienced by a scaled helicopter model during urban operations
atop a cube-shaped building, contrasting a baseline architectural configuration against one equipped
with Columnar Vortex Generators (CVGs) as a passive flow control system. The integration of
qualitative smoke visualizations, quantitative Particle Image Velocimetry (PIV), and six-component
internal balance measurements of the helicopter confirmed the aerodynamic wake mitigation above
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the roof, the stabilization of aerodynamic coefficients and the reduction in pilot workload and
operational safety of the helicopter.

Smoke visualizations and PIV velocity fields confirmed that the baseline building induces massive
flow separation at the sharp windward roof corner, creating a severe low-velocity recirculation bubble
that encapsulates the helipad zone up to a height of 1.5D. The implementation of CVG effectively
corrects this detached flow region by accelerating the incoming airflow and forcing it to remain parallel
to the rooftop surface. Consequently, the rotorcraft encounters a significantly more uniform and clean
velocity field, suppressing severe velocity gradients during the critical landing and take-off phases.
From the point of view of rotor-wake interaction, at low operational altitudes 0.4D, the baseline rotor
interacts directly with the highly unsteady separation bubble, accelerating the low-speed recirculation
structures. Conversely, with the CVGs installed, the main rotor operates in a flow zone with
freestream-like non-dimensional velocities (1.0 to 1.2). At intermediate heights (0.8D), the baseline
rotor is subjected to a severe shear layer separating low and high-speed flow regions, which can
produce adverse structural vibrations for the helicopter. The CVGs entirely eliminate this interaction,
ensuring the rotor remains virtually unaffected by the building's aerodynamic wake.

Force and moment measurements revealed that the baseline configuration induces abrupt
aerodynamic load variations along the helicopter's descent path. Most notably, the baseline thrust
coefficient (Cr,) exhibits a sharp increase of up to 35% between 0.5D and 1.4D due to shear layer
interaction, threatening flight stability. The CVGs successfully smooth this trend, bounding the
maximum thrust variation to just 15% across the entire operational procedure (0.4D to 2.0D).
Furthermore, the installation of CVG reduces total fluctuations in the rolling moment by up to 30% at
low altitudes and dampens pitch coefficient (Cy,,) fluctuations by 20%, ensuring a more gradual and
predictable control response for the aircraft.

The unsteady fluctuations of the aerodynamic loads, quantified via standard deviations during the
acquisition period, serve as a direct indicator of pilot workload. While longitudinal and lateral force
fluctuations remained comparable, the thrust force standard deviation (oz,) within the critical near-
roof region (< 1.0D) was reduced by 45%. Ultimately, the combined multi-component force deviation
metric (% STD) displayed that under low operational altitudes (< 0.9D), where the proximity to the
structure maximizes risk, the installation of CVG achieves a remarkable 37% to 82% reduction in total
force deviations.

In summary, the experimental evidence demonstrates that Columnar Vortex Generators constitute a
highly effective, passive aerodynamic device for urban infrastructure. By significantly mitigating the
structural airwake, smoothing mean aerodynamic loads, and drastically reducing unsteadiness at low
altitudes. CVG could substantially alleviate pilot workload and enhance the safety margins for
helicopter and future Urban Air Mobility (UAM) operations in dense metropolitan environments.
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