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ABSTRACT

Helicopters greatly expand operational capabilities during military missions at the sea. The aircraft carriers are
capable of accommodating fixed-wing and rotary-wing aircraft operations. They not only have one runway for take-
off, but also have different spots for helicopter operations. As they are spread over the deck of the aircraft carrier, the
non-aerodynamic geometries of the take-off ramp and the island can generate complex flows, with high velocity
gradients and turbulence intensities that can make complex the helicopter landing and take-off maneuvers for pilots.
This study analyses the interaction between the aerodynamic patterns generated by the warship and those generated
during the operation of the helicopter. Two wind conditions are simulated: headwind and crosswind. The results are
provided by a Particle Image Velocimetry (PIV) system installed at the wind tunnel test section of a low-speed wind
tunnel. The model of aircraft carrier and helicopter are tested in a reduced scale of 1:100. And the helicopter rotor
rotates at sufficient speed to ensure the similarity of the thrust coefficient with the real case. Finally, during the wind
tunnel tests, using an automatic positioning system, the helicopter is placed in different positions above the aircraft
carrier flight deck in order to obtain PIV images and extract non-dimensional velocity contours with and without the
helicopter effect. The results have shown important effects of the aerodynamics generated by the bow, the hull and

the aircraft carrier island, with velocity differences up to 70 % depending on the landing spot analyzed.

1. Introduction

The main feature of helicopters is the possibility to hover in close proximity to objects and
structures, helping during military operations and rescue missions. Nevertheless, performing
such helicopter operations becomes highly complex for pilots when they have to hover close to
structures like buildings [1], oil rigs [2], military frigates [3], or aircraft carriers [4]. The inherent
challenge arises from the fact that these non-aerodynamic structures induce flow detachments,
high velocity gradients, and turbulence intensities, all of which can directly impact helicopter
stability. Modern military operations often use aircraft carriers to support missions at sea in close

proximity to conflict zones without infrastructure. Then, the use of helicopters in combination
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with aircraft carriers becomes imperative, and demands risky aircraft operations conducted in

immediate proximity to the structures of the warship.
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Figure 1. Ship-generated flow patterns that can affect the helicopter landing spots.

Hovering inside these turbulent flows generated by warships requires precise pilot adjustments
to control the aircraft, consequently elevating the pilot's workload. Research performed by Lee
and Zan [5, 6] has underscored that low-frequency oscillations within the range of 0.2 to 2 Hz are
the major influences on the proper helicopter operation. Consequently, different studies has been
undertaken to describe the airflow around military vessels [7-14]. These investigations include
diverse aspects such as the characterization of the air wake structure [7, 8], both numerical and
experimental simulations evaluating the wake unsteadiness [9-11], velocity data analysis [12, 13],
and turbulent flow measurements within the wake [14]. There are also Computational Fluid
Dynamics (CFD) models that represents the dynamic interference between helicopters and ships
[15] or the behavior of a hovering rotor in close proximity to ship structures [16]. Another way of
exploration involves extracting experimental data from wind tunnel tests, where Particle Image
Velocimetry (PIV) is employed to capture velocity measurements, providing data of the airwake
around the ship and the helicopters rotor downwash flow field [5, 17, 18]. Another alternative for
wind tunnel tests is to use balances to quantify aerodynamic forces and moments [19-23]. For
instance, studies on the interference between a CH-46 tandem helicopter and V-22 tilt-rotors in a
shipboard environment are presented in [19, 20]. Similarly, Wang et al. adopted a comparable

approach to assess the aerodynamic impact of a ship superstructure during helicopter operations
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[21, 22]. Their methodology involved the utilization of AirDyn, a six-component dynamic force
balance mounted on a 1/54th scale helicopter, specifically designed for water tunnel force
measurements.

Assessing the impact of the flow field on pilot workload can be obtained from pilot’s feedback
during training exercises in high-fidelity helicopter flight simulators [24-28, 29, 30]. For instance,
in [24] there is a frequency-domain analysis of stick movements that suggests that the atmospheric
boundary layer affects the controls within the 0.1-2 Hz range. The simulators also reveal how
various factors such as motion cues, airwake conditions, and ship motion states significantly
influence the overall workload of the pilot [25]. Additionally, an investigation into the impact on
pilot workload and handling qualities during shipboard recovery operations is available in [30].
This study utilizes the flight simulator results along with four real experimental tests conducted
under diverse environmental conditions.

Concerning aircraft carriers, the unsteady airflow have been analyzed on a generic geometries of
aircraft carrier [31] or above real design warships [32, 26]. Notably, the aerodynamics above the
flight deck can be significantly influenced by elements such as the ski-jump ramp and the island,
potentially posing risks to take-off operations [33]. This is also shown in the computational and
experimental findings of the HMS Queen Elizabeth aircraft carrier [32]. The same researchers have
also a piloted flight simulation aimed at investigating helicopter recovery operations above the
carrier deck under different wind conditions [26].

The present study focuses on the aircraft carrier illustrated in Figure 1. Its total length is 230 m and
the beam 32 m and has a take-off runway for fixed wing operations and helicopter landing spots
distributed above the deck as marked in yellow in Figures 1 and 2. As the warship incorporates a
ski jump ramp, and the superstructure comprises an island composed with antennas, masts, and
radomes, the aerodynamics above the aircraft carrier deck are susceptible to influences from either
the ski jump ramp under headwind conditions or the superstructure under crosswind conditions
(Figure 1). The intricate and non-stationary flow patterns surrounding the ship present a challenge
that can impact helicopter operations during take-off or landing maneuvers [34-36]. Figure 2
details the exact positions of the helicopter landing spots analyzed in this study. Moreover, the
typical approach of the helicopter to the aircraft carrier involves following a designated landing
path, exemplified by landing spot 6, where the helicopter consistently aligns its front with the bow
of the warship.

The main goal of this paper is to show the aerodynamic interaction between the flow patterns
generated by the aircraft carrier and the helicopter rotor operating above the flight deck. For this
purpose, wind tunnel tests with scaled aircraft carrier and helicopter models are performed and

Particle Image Velocimetry (PIV), to extract flow patterns and velocity data with and without the
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helicopter on the landing spots, simulating headwind and crosswind conditions. This work is part
of an internal project about the interaction between warships and helicopters aerodynamics
developed at the National Institute for Aerospace Technology (INTA) in Spain, with previously
published papers about the aerodynamics around the aircraft carrier [36], aircraft carrier flow

control [33, 37], and helicopter internal force measuring system HELIBAL [38-39].
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Figure 2. Helicopter landing spots on the aircraft carrier flight deck.

The structure of this paper is divided into the following sections. Section 2 describes the
experimental set-up, including the wind tunnel, the Particle Image Velocimetry (PIV) system used
for obtaining the results, the scaled models of aircraft carrier and helicopter used during
experimental tests, and the challenges overcome to carry out the tests. Section 3 presents the results
of the non-dimensional velocity contours obtained thought PIV with and without helicopter

operation. Last section 4 contains the conclusions extracted from the study.

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

The experiments were carried out in a low-speed wind tunnel at INTA, Spain (Figure 2 a). Itis a
closed-circuit type and has an open and elliptical test section of 2 x 3 m? Operating at maximum
power of the engine (420 kW), the airflow velocity during tests can reach up to 60 m/s with
turbulence intensity below 0.5 %. The wind tunnel test section has a platform with a streamlined

leading and trailing edges and that simulates the oceanic boundary layer with a calm sea state.
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The wind tunnel test section is also equipped with a Particle Image Velocimetry system (PIV) [40-
43] for obtaining flow visualization and non-dimensional velocity contours around the models

tested.

For the proper working of the PIV (Figure 2 b), small tracer particles of ~1 pm in diameter are
seeded in the flow using Laskin atomizers, and they are illuminated using two neodymium-doped
yttrium aluminum garnet (Nd:YAG) pulsed lasers with a maximum energy of 190 mJ per pulse.
The laser pulses are synchronized with the capture of image pairs using a digital camera with a
2048 x 2048 pixels Charged Coupled Device (CCD) sensor. As the time between the first and
second image of the pair is known (4t = 25 ps), by means of a cross-correlation process computed
by a Fast Fourier Transform (FFT) algorithm, the particles displacement (AX) and velocity (& (x, t))
can be determined in small interrogation windows of 32 x 32 pixels with a 50% window overlap
following the Nyquist sampling criteria. During the tests, the field of view was 460 mm. All the
velocity contours presented at the end of this study were obtained from a total of 200 averaged

image pairs and plotted in non-dimensional velocity contours using Tecplot360 software.
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Figure 2. a) Wind Tunnel T-1 INTA and b) Particle Image Velocimetry working scheme.
2.2. Aircraft carrier scaled model

Wind tunnel tests usually requires the use of scaled models. Given the dimensions of the wind
tunnel test section, and the real size of the aircraft carriers, the use of 1:100 scaled models for both
helicopters and aircraft carrier was necessary. Despite the reduction in the size, the scaled models
accurately replicate the original geometries, with the models manufactured by 3D printing
technology. Furthermore, the velocity selected during the tests (U, = 8.5 m/s) ensures a Reynolds
number exceeding 10, that is the aerodynamic similarity criteria for bluff bodies.

Figure 3 displays two photographs captured during wind tunnel tests, simulating headwind and
crosswind conditions with respect to the aircraft carrier and helicopter operation. As displayed,

the helicopter is always oriented to the bow of the aircraft carrier.
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Figure 3. 1:100 scaled aircraft carrier and helicopter under headwind and crosswind conditions

during wind tunnel tests.

2.3. Helicopter scaled model

The 1:100 scaled helicopter model is based on a Sikorsky SH-3 Sea King. As displayed in the
scheme of Figure 4, the helicopter scaled model is equipped with a 160 mm diameter 3D printed
helicopter rotor, an Axi 2204/54 brushless engine with adjustable power to regulate the
revolutions of the rotor, an internal balance for six-component force measurements (HELIBAL),
“Z" shaped brackets for the engine, a frame to fix all components, two half 3D printed helicopter

fuselage, and a sting bar that holds the full assembly.
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Figure 4. Scheme of the scaled helicopter model full-assembly.
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The internal balance is used in these tests to monitor the thrust force generated by the model,
ensuring the flow similarity between the real helicopter and the scaled model during wind tunnel
tests. Ensure the rotor flow similarity means making equal the values of thrust coefficient (C;) and
advance ratio (J) of the real and scaled helicopter model. The full-scale helicopter has a thrust

coefficient during hovering flight of,

Cr

— io

p(QR)2S
where M = 7130 kg, T;, =W = (M x g) N, p = 1.225kg/m3, Q = 250 rpm, R=8m, S = 201 m?,
and g = 9.81 m/s?.

Using the 1:100 scaled model, the same value of thrust coefficient was obtained operating at 25 W

=6.47 x 1073 (1)

(10 V and 2.5 A), resulting in a scaled rotor speed of Q5 = 8,500 rpm and a similar thrust coefficient
of the model of C; = 6.47 X 1073 measured with the internal balance HELIBAL.

The similarity of the advance ratio is also achieved. The wind condition represented during the
tests is a relative wind of U, = 25 m/s, that corresponds to the navigation speed of the aircraft
carrier (20 knots ~ 10 m/s) and a wind velocity of 15 m/s. As the angular velocities of the real and
scaled helicopter are known Q = 250 rpm, Q; = 8,500 rpm, and the rotor radius for the real and
scaled helicopter are R = 8 m, and Ry = 0.08 m, the advance ratio similarity is also achieved when
Viunner = 8.50 m/s,

== @
It is important to mention that during tests, the full assembly is attached to an automatic
positioning system, to place the helicopter automatically above the landing spots of the aircraft
carrier. Regardless the wind condition simulated, the helicopter always maintains a parallel
orientation to the ship, aligning the pilot's view with the bow of the vessel, as presented in

Figure 5.
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2.4. Challenges encountered

The experimental setup performed was not free of challenges to obtain good quality images with
the PIV system. The surfaces of the aircraft carrier are close to the laser light plane of the PIV and
have caused undesired reflections. For example, both the flight deck and the carrier island
generated problems during PIV testing introducing light scattering on the Camera Field of view
during PIV experiments (Figure 6 a). This results into original captured images with high

saturation levels, making impossible to correlate the position of the seeded particles (Figure 6 b.1).
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Figure 6. a) Aircraft carrier, PIV laser plane, camera field of view, and light scattering during
tests. b) Differences during PIV capturing when the model is painted in black b.1 and b.2, and

the resultant velocity contours b.3 and b.4.

To avoid such reflections and to be able to correctly capture the positions of the tracer particles in
the images, all surfaces of the model were painted black. This way, the laser reflections and high
saturation areas were minimized, obtaining better images (Figure 6 b.2) and cross-correlation
results for obtaining velocity contours. Additionally, a post-processing analysis was performed by
detection of vector holes caused by spurious vectors and filling them by a local mean filter of size
3 x 3. Then, following this procedure, the final velocity contours extracted from PIV were
improved from the first trials (Figure 6 b.3) to the final results (Figure 6 b.4).

Likewise, the helicopter and its rotor had to be made of black PLA (Polylactic Acid) to avoid laser
reflections. However, as the laser plane is shuttered from the upper part of the wind tunnel test
section, the fuselage and the rotor produces shadows under them. Additionally, the problem of
capturing images with PIV around the helicopter is even more challenging since there is a
propeller rotating at high speed. This generates shadows and reflections, as displayed in Figure 7
a. As an example, Figure 7 b shows a velocity contour from a single frame and without post-
processing, showing wrong data under the rotor and the helicopter fuselage. Figure 7 c shows the
resultant velocity contour obtained from the 200 averaged image pairs captured during tests and

corrected by post-processing software.
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Figure 7. a) Problems with the scaled helicopter during PIV acquisition. b) Resultant velocity

contour of a pair of images. c) Resultant velocity contour of 200 averaged frames.

Figure 8 explains how the shadows under the helicopter rotor can be solved. Since the rotor is in
motion at a speed of 8,500 rpm, corresponding to 141.6 Hz, and the maximum capture frequency
of the PIV system used is 1 Hz, it occurs that during the acquisition of 200 pairs of images the light
passes through the rotor in a changing way, illuminating areas under the rotor alternately. Figure
8 a shows how the position of the rotor changes between two frames of the PIV capturing process.
As an example, Figure 8 b.1 and b.2 shows the first image of the pair 31 and 32 of 200 pairs,
captured with 1 second of delay. Figure 8 c.1 presents the corresponding velocity contour
processed from the image pair 31. The red arrow indicates an area where information is lost under
the rotor. However, image pair 32 (Figure 8 b.2) does not have these shadow. Using the 200 image
pairs captured, and making the average velocity contour from them, the resultant averaged and

corrected velocity contour is displayed at Figure 8 c.2.
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Figure 8. a) Positions of the rotor with respect to the PIV laser plane in different frames. b)
Captured PIV images in frames 31 and 32 c) Comparison of velocity contours of 1 frame and 200

averaged frames and corrected.

3. Results

3.1.Headwind condition

Figures 9 and 10 show the non-dimensional velocity contours for the headwind cases without the
helicopter (1 to 6) and with the helicopter operation (1H to 6H). They represent by colors the
velocity magnitude from PIV, divided by the wind tunnel velocity during the tests (V/U,,), and
with the streamlines overlapped. The contours are ordered from spot 1, which is closest to the
bow, to spot 6, which corresponds to the landing spot closest to the stern of the aircraft carrier.
The origin of coordinates (x = 0 mm, z = 0 mm), is placed in each map at the helicopter landing
spot analyzed in each case.

In Figure 9, spot 1 shows a flow over the deck disturbed in modulus and direction by the ski-jump
ramp at the bow. At spot 2, there is a more uniform flow and velocities over the deck more similar
to the free flow. Spot 3, however, shows some curvature of the lines and velocity changes caused
by the aircraft carrier island, and also by some artifacts in the image caused by the closeness of the

surfaces of the model to the laser.
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Figure 9. PIV non-dimensional velocity contours of positions 1, 2, and 3 (headwind condition).

When the operation of the helicopter is added to the problem, case 1H is clearly the most affected
by the aerodynamics of the ship's bow. The incident velocities to the helicopter fuselage are lower
than in the other cases. In addition, a shear layer (in yellow) also directly affects the rotor height
during operation. In the 2H and 3H positions, the flow patterns with helicopter are very similar,
but the incident velocities are higher at the front of the rotor than in the 1H case (due to the lower
bow effect).

Figure 10 shows velocity contours without helicopter in which the flow over the deck in cases 4
and 5 is similar to that described in spot 3. Spot 6, is far from the bow and the presence of the
island, and has a very uniform flow with velocities similar to the undisturbed free stream. When
the helicopter is added, the effect of the ship's aerodynamics is reduced as the helicopter is placed
in spots closer to the stern. Thus, the flow is more disturbed ahead of the helicopter in 4H, than in
5H or 6H, a case in which the helicopter is flying over the deck with no disturbances upstream.
In view of the results shown, headwind operation of the helicopter appears most favorable at spots
2H and 6H, which have lower disturbances generated by the bow or the island, and followed by
spots 3H, 4H.
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Figure 10. PIV non-dimensional velocity contours of positions 4, 5, and 6 (headwind condition).

And the helicopter landing spot with the greatest interference between the aerodynamics of the
helicopter and the aircraft carrier is 1H. Among all of them, differences in incident velocity to the

helicopter of up to 70 % (from 0.7 to 0.2 in non-dimensional value) can be found.

3.2. Crosswind condition

Figures 11 and 12 show the non-dimensional velocity contours for the crosswind cases. The spots
are again ordered from the bow to the stern of the flight deck, and the origin of coordinates (y =
0 mm and z = 0 mm) is placed at each landing spot. Cases without helicopter are shown in

contours 2 to 6, and cases with helicopter operation from 2H to 6H.
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Figure 11. PIV non-dimensional velocity contours of positions 1, and 2 (crosswind condition).

Specifically, Figure 11 shows spots 2 and 3 which are located near the bow. Spot 2 shows a base
flow affected by the presence of the ship's hull, which generates a zone of low velocities above the
deck in which the helicopter fuselage is immersed when it is positioned over the landing spot (2H).
The situation is aggravated in position 3. Here, the presence of the island generates a highly
detached flow with a large zone of low velocities and a recirculation bubble in which the helicopter
is completely immersed when it is placed at position 3H. In addition, spot 3 is located right next
to the navigation bridge tower, which is the highest structure of the island. All this means that at
this spot, rotor flow ingestion occurs at much lower speeds (- 65%) compared to the spot 2H or
with the previous headwind cases seen above, and can affect helicopter stability and operation.

Figure 12 shows landing spots 4, 5, with similar flow patterns to those seen in spot 3, where the
flow detachment caused by the island continues to dominate the aerodynamics. However, the
height of the low velocity zone is now lower, caused by the lower height of the island next to those
spots. When the helicopter is introduced at these positions (4H and 5H), low ingestion velocities
are also observed, but higher than at spot 3H. Finally, at spot 6, the detachment is produced again
by the incidence of the wind on the hull of the ship, and the detachment zone begins in a lower
height. However, the helicopter is still completely immersed in the low speed zone (6H), which

can make the operation slightly complex also at this spot.
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Figure 12. PIV non-dimensional velocity contours of positions 3, 4, and 5 (crosswind condition).

In this way, crosswind cases could be ordered by highest to lowest interference between helicopter
and aircraft carrier flows as follows. Spot 3H presents the largest flow detachment caused by the
presence of the navigation bridge, followed by the positions behind the island 4H and 5H. Finally,
outside the island it has been still observed a detachment at the stern (6H) and the lowest intensity
detachment near the bow (2H).

4. Conclusions

In this paper, laser anemometry by PIV in wind tunnel has been used to analyze experimentally
the aerodynamic interaction between an aircraft carrier and a helicopter operation. The
experimental set-up has been described, including the scaled models and the aerodynamic
similarity requirement to guarantee the validity of the tests. The results have shown non-
dimensional velocity contours obtained with PIV for headwind and crosswind cases of the aircraft
carrier, at different landing spots above the flight-deck. The results have allowed to describe and

understand better the complex aerodynamic flow that appears close to the helicopter operating
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spots over the aircraft carrier and the interaction that occurs when a full helicopter is operating
over the carrier.

As asummary of the results described for both wind conditions (headwind and crosswind), Figure
13 shows a diagram with the spots analyzed, indicating by a simple color code the aerodynamic
interference found between the helicopter and the aircraft carrier. Red points indicate the highest
interference, orange points for medium interference and green points for the lowest interference
found. Interferences have been measured through velocities around the helicopter, where there
are variations of up to 70 % between the different cases tested. As expected, under headwind cases
the largest interaction effects were founded at the spots near the ski-jump ramp at the bow (1) and
near the island (3 and 4). In the crosswind cases, the largest effects were founded at the spots
behind the island (3, 4 and 5), as a big flow detachment makes the helicopter to be immersed in a

detached and turbulent area.
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Figure 13. Interferences between helicopter and aircraft carrier aerodynamics founded.

Although the results shown help to better understand the helicopter-over-carrier coupling
problem, future tests will be needed including force measurements and relating them to the
possible pilot workload at each spot, in order to establish recommendations and operational limits

to this kind of helicopter operations.
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