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ABSTRACT

This paper describes a study which has been concerned with numeri-
cal predictions of the airwakes resulting from two simplified ship
geometries: the internationally agreed Simple Frigate Shape, SFS1,
and its successor, SFS2. Extensive steady-state simulations have
been carried out for a wide range of wind conditions using Fluent, a
commercially available Computational Fluid Dynamics (CFD) code.
The CFD predictions have been partially validated against wind
tunnel data produced by the National Research Council of Canada
(NRC) and have shown good agreement. The resulting airwake
velocity components have been exported from Fluent, interpolated
onto suitable grids and attached to the FLIGHTLAB flight-simula-
tion environment as look-up tables; piloted flight trials were then
carried out using the Liverpool full-motion simulator. The pilot
workload and helicopter control margins resulting from a range of
wind-over-deck conditions have been used to develop the Ship-
Helicopter Operating Limits (SHOL) for a Lynx-like helicopter and
the SFS2. The workload was compared to the pilot’s experiences on
a similar aircraft and a Type 23 Frigate and the simulated SHOL
compared with SHOLs derived from sea trials. The results are very
encouraging and open up further the long awaited prospect of such
simulations being used in the future to reduce at-sea trials, and to
provide a safe environment for pilot training.

1.0 INTRODUCTION

The turbulent airwake produced by the flow of air over a ship has
been the subject of much research in recent years(-12. A ship’s air-
wake is dependent on many factors including the geometry of the
ship, the strength and direction of the natural wind and free-stream
turbulence, the sea condition and the motion of the ship in the sea-
way. This highly unsteady flowfield is further modified during ship-
borne rotorcraft operations when the downwash from the
helicopter’s main rotor interacts with the airwake during launch and
recovery manoeuvres, resulting in a fully coupled helicopter—ship
dynamic interface. Furthermore, different helicopter and ship combi-
nations will interact in different ways depending on the prevailing
conditions(13-19. When the helicopter is immersed in the ship’s air-
wake, pilot workload is high and helicopter control margins are
much reduced. In some circumstances, under the influence of strong
winds and high levels of turbulence, workload can become unaccept-
ably high and the pilot will be unable to achieve consistently accu-
rate landings, thus compromising flight safety(.10.20-26), This situation
is avoided in fleet service by operating the aircraft and ship within
the boundaries specified by the Ship-Helicopter Operating Limits
(SHOLSs).

SHOLSs define the safe boundaries of operation for a particular
helicopter—ship combination in terms of maximum allowable wind
speed and direction relative to the ship. In the UK, SHOLs are
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derived through a process known as First-of-Class Flight Trials
(FOCFTs) carried out at sea. Typically, 3-5 weeks of sea trials are
required to develop a SHOL for one helicopter/ship
combination?”). For example, the most recent set of FOCFTs to
clear the Apache AH1 Attack helicopter to operate from the deck
of the Royal Navy’s helicopter carrier HMS Ocean, involved
around 600 landings under a variety of different conditions®8).
During FOCFTs test pilots will repeatedly perform launch and
recovery evolutions to the deck of the ship, beginning with rela-
tively benign conditions and gradually progressing to more severe
conditions until a limit is reached where the test pilot considers
that the task would demand undue levels of skill and workload
from an ‘average’ fleet pilot. The process is then repeated at every
available wind condition and sea-state, at several different heli-
copter All-Up Mass (AUM) cases and also for night operations.
This is both costly and time-consuming in terms of ship time and
flying-hours. If suitable conditions are not encountered during the
flight trials, then a limited SHOL envelope will be defined requir-
ing expansion through further trials or read-across from other data
sources, in order to meet operational requirements. Moreover, the
process is risky, since the objective of the trial is to determine the
limits of safe operation, through the identification of conditions at
which maximum pilot workload or degradation in helicopter flying
qualities occurs.

The prospect of using modelling and simulation to augment or
even replace traditional at-sea testing is therefore an attractive one.
The benefits of achieving high fidelity simulation of the helicopter-
ship dynamic interface include reduced costs and the availability of
a safe, controllable and repeatable environment, where any wind
condition can be presented to the pilot an unlimited number of
times. A high-fidelity dynamic interface simulation could be used
to improve the design of future helicopters and ships, predict or
expand SHOL envelopes for future and existing assets, and to train
pilots. However, before modelling and simulation can be used with
confidence for this application there are many technical challenges
that must first be overcome. Foremost amongst these challenges is
accurate modelling and real-time simulation of the airwake around
the ship in order to induce representative levels of pilot workload
in the simulator. Whilst a full treatment of the ship’s airwake
would require the unsteady flow around the hangar coupled with
the helicopter rotor downwash to be solved in real time, an initial
model can be developed by spatially mapping the topology of the
air flow around the ship using numerical modelling techniques.

The study reported in this paper has primarily been concerned
with the airwake resulting from two simplified ship geometries
under a full range of wind conditions using CFD simulations. The
ship geometries were defined by The Technical Co-operation
Programme (TTCP)“*7.29 for comparative experimental and CFD
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Figure 1. The SFS1 and SFS2 geometry (extended
and pointed bow) All dimensions in feet.
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studies and are known as the Simple Frigate Shape (SFS1) and its
successor (SFS2), (Fig. 1). TTCP has research partners in the UK,
Canada, Australia and the USA with a common interest in model-
ling and simulation of the helicopter-ship dynamic interface.
Extensive CFD modelling of these simplified geometries has given
some insight into the nature of the airwake encountered by heli-
copters operating from frigates. This CFD data was integrated into
The University of Liverpool’s full-motion flight simulator. Deck
landing trials were then carried out by a former Royal Navy test
pilot flying a Lynx-like helicopter, resulting in the development of
a typical SHOL for the SFS2/helicopter interface.

2.0 AIRWAKE CFD

2.1 CFD details

In this study the commercial code Fluent was used to model the
airwakes produced by the SFS1 and SFS2 for a wide range of rela-
tive wind directions. As the airwake changes considerably with
wind azimuth, it is necessary to model each desired angle sepa-
rately. However, the large Reynolds numbers associated with the
ship size and free-stream wind velocities result in flows that can be
considered to be Reynolds number independentG0). Assuming
Reynolds number and Wind-Over-Deck (WOD) independence(5-9)
all numerical simulations were made for a free-stream inlet condi-
tion of 20ms-! (about 40kt), and the wind strength was varied by
scaling the solution velocity components within the range 10 to
50ms-!. A pressure outlet was defined in the domain and no-slip
conditions applied to all surfaces of the simple frigate shapes,
thereby enabling boundary layer growth. The sea, however, was
modelled as a frictionless surface in order to eliminate ambiguous
sea boundary layer issues. This was also appropriate because the
available experimental data for the SFS1 was obtained from a
model raised from the floor of the wind tunnel, and suction was
used to reduce boundary layer effects for SFS2. All other bound-
aries (the side horizons and sky) were modelled as frictionless.

A number of different mesh topologies were developed, from
hexagonal throughout to tetrahedral throughout, plus hybrid grids.
Due to the complex flows over the ship for all wind directions, the
grid could never be completely aligned with the flow, hence
second order discretization for pressure was used, regardless of
grid structure. The SIMPLEC algorithm was employed for pres-
sure-velocity coupling and the higher order QUICK scheme for
momentum and turbulence. Viscous, turbulent flow was modelled
and the standard k- and realisable k-¢ (two-equation) turbulence
models were used and compared. More rigorous turbulence models
are available, such as the Reynolds Stress (seven-equation) model,
but these are computationally more expensive and the pursuit of
grid-independence by solution-based adaption was given a higher
priority within the constraints of available computing power and
time. The rke model gave slightly improved results in two test
cases but the improvement was not significant. For the SFS1, wind
angles encountered in the forward hemisphere relative to the ship
were considered at 10° intervals, i.e. from —90° to +90°, while for
the SFS2 a full range of wind angles from 0° to 360° were consid-
ered at 15° intervals. Winds from the port side of the ship are
named Red winds, whilst those from the starboard side are named
Green winds, in keeping with maritime terminology. Due to sym-
metry in both the SFS1 and SFS2, it was only necessary to perform
CFD calculations on one side of the ship for each wind angle: the
resulting flowfield was then reflected about the ship centreline.
However, the resulting pairs of airwakes did provide different sce-
narios for piloted flight simulation, since the landing was always
attempted from the port side of the ship, so the encountered air-
wake in each case was not the same.
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Figure 2. Example of pressure taps on the SFS1
Line 1 (ship longitudinal centreline).

2.2 CFD Validation

Validation of the CFD results was against experimental data provided
by the National Research Council of Canada (NRC) for SFS1 and
SFS2(272931), For the SFS1, experiments were conducted on a 1/60th
scale model in a 2m X 3m low-speed wind tunnel. A raised turntable
provided different yaw angles in a uniform free-stream velocity where
flow visualisation and surface pressure coefficients were obtained. For
the SFS2, a 1/100th scale model was used together with a turntable
incorporating suction for boundary layer reduction. Hot wire anemom-
etry was used to obtain u,v and u,w velocity components at points in
the flow close to the ship, particularly over the flight deck.

The study was initially concerned with the airwakes resulting
from different WOD conditions for the SFS1. For steady flow, wind

SFS1 Centreline Pressure Taps
0 deg (head wind)
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Figure 3. SFS1 Cp (CFD and exp)
Head Wind (0°), line 1 (ship longitudinal centreline).
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Figure 4. SFS1 Cp (CFD and exp)
Red 30, line 1 (ship longitudinal centreline).
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angles were simulated for 1-5° inclusive, and for 10-90° in steps of
10°. The detailed flowfields for the SFS1 will not be given here
since the more realistic SFS2 geometry has superseded SFS1.

Validation for the SFS1 was achieved by comparing pressure
coefficients (Cp) measured at surface pressure taps on the frigate
surface® with the equivalent Cp values calculated using CFD. For
example, one set of pressure taps was aligned with the longitudinal
centreline of the SFS1 as shown in Fig. 2, and Figs 3 and 4 show
how the experimental and CFD centreline values compare for two
different wind angles — ahead wind 0° (Fig. 3) and Red 30° (Fig. 4).

At 0 deg, the agreement is reasonably good, although it is poorest
in areas of separation and reattachment around the 'bow' and the
funnel. A more rigorous turbulence model may be justified in these
regions. Good general agreement was also obtained for Red 30°,
with the largest deviations again found in regions where separation
and re-attachment occurred. The solutions were checked for grid-
independence, and it is likely that further improvement would need
to be from the choice of turbulence model.

The second phase of this investigation moved forwards with the
introduction of a more realistic frigate geometry, the SFS2 (Fig. 1).
A comprehensive steady-state CFD investigation was carried out for
a range of wind directions with the aim of creating a database of
SFES2 airwakes for implementation in the simulator.

Each initial solution was progressively adapted using velocity gra-
dients as a parameter, followed by grid quality checks such as adja-
cent cell volume changes. Adaptions were carried out after each
converged solution until grid independence was achieved or
approached. Experimental data from NRC was available for the
SFS2 with 0° head wind and with Green 45° wind, in the form of
normalised velocity components along specified maps of in-line

Data Lines 1 to 4
50%, 75%, 100% and 125%
hangar height

Map D (75% deck length)
Map C (50% deck length)

\Mop B (25% deck length)
Mop A ( 0% deck length)

Figure 5. SFS2 experimental and CFD
data point maps for 45° validation.
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Figure 6. SFS2 Green 45° wind: map A, line 3
CFD and experimental u, v, w velocity components and resultant velocity.
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points. For example, referring to Figure 5, for 45°, Maps A to D rep-
resent sections at 0%, 25%, 50% and 75% deck length, with lines
increasing in height from the deck.

All available experimental data was compared to the CFD solu-
tions; one example, which was typical of the agreement found, is
shown in Figure 6. This compares the three computed velocity com-
ponents and resultant velocity with the corresponding measured
values along Map A, Line 3 for a Green 45° wind. This line is at the
back of the flight deck and level with the top of the hangar. The
overall agreement between the CFD and the NRC data for both SFS1
and SFS2 was considered to be reasonably good and gave confi-
dence that the computed flowfield for the steady airwake was suit-
able for use in the flight simulator.

Having produced satisfactory CFD solutions, each airwake was
visualised using velocity and pressure contour plots and velocity
vector plots. Figure 7 is a plan view over the landing region towards
the ship stern. This is just one illustration which shows the velocity
field at mid-hangar height around the flight deck with the wind
coming from 45° to starboard. The complex flowfield and steep
velocity gradients are clearly seen and it is these features that con-
tribute to the pilot workload as the helicopter rotor translates through
this airflow.

Jury 2006

3.0 DEVELOPING THE SIMULATION

3.1 Experimental facilities

The main research and simulation tool used by the Flight Science
and Technology Research Group at the University of Liverpool is
HELIFLIGHT, a PC-based high-fidelity re-configurable flight simu-
lator (Fig. 8). The main features of the simulator include a six degree
of freedom motion platform, four-axis programmable control load-
ers, and a three-channel collimated visual display for forward view,
plus two chin windows. For this series of trials a basic frigate model
was introduced to the visual scene with flight deck and hangar
dimensions scaled to match the geometry of the SFS2. The position
of the frigate model remained fixed during the trials and all tests
were performed in simulated daylight conditions over the open
ocean. The simulator cockpit is equipped with three conventional
pilot inceptors: cyclic, collective and rudder pedals. Overall trans-
port delays between pilot inceptor inputs and motion base/visual
system response are estimated to be less than 50ms. A full descrip-
tion of the University of Liverpool simulator can be found in the lit-
erature32.33),

3.2 Helicopter flight dynamics model

The helicopter model used for the simulation trials was con-
structed in FLIGHTLAB, an advanced multi-body dynamics mod-
elling and simulation environment which allows complete
rotorcraft simulations to be constructed from a set of modular
components. For the present study, a single main rotor generic
helicopter model was constructed, representative of a Lynx-type
helicopter. A blade element representation of the main rotor was
used, including dynamic inflow to model the delay in the reaction
of the air mass in the vicinity of the main rotor to changes in rotor
forces and moments. The tail rotor was modelled using a Bailey
disc model and aerodynamic models of the fuselage and empen-
nage were also included. A basic Stability and Control
Augmentation System (SCAS) was modelled and engaged
throughout the trials. An undercarriage model was included to
provide deck reaction cues on touchdown. The airwake velocities
were applied to the helicopter model at five points along each of
the main rotor blades, at the main and tail rotor hubs and at the
aerodynamic centres of the fuselage and empennage (Fig. 9).

Figure 8. The Liverpool full-motion flight simulator (HELIFLIGHT).
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Figure 9. Helicopter and airwake model integration

The generic Lynx FLIGHTLAB model can currently be described
as a medium fidelity model. Handling qualities parameters are rea-
sonably well predicted by this standard of modelling®4. However,
the aerodynamic interactions between the main-rotor wake and tail
rotor, which often causes a loss of tail rotor effectiveness in star-
board quartering winds (Green 60°) due to the main rotor wake
becoming entrained in the tail rotor, is not completely captured by
medium fidelity models(4-3¢). This is not unusual for real-time simu-
lation, since faithful reproduction of this effect requires a full imple-
mentation of an aeroelastic blade-element main rotor and vortex
wake model integrated with a blade element tail rotor model. Further
investigation into the use of off-line data, from non-realtime main
rotor—tail rotor interaction models, to enhance the fidelity of real-
time ship-helicopter simulations is required for more accurate pre-
diction of pedal control margins during the deck landing task(6).

3.3 Ship airwake model

The ship airwake model was used to model the effects of the three-
dimensional velocity flowfield around the ship on the helicopter
flight dynamics and flying qualities. In order to simplify the situa-
tion it was assumed that the presence of the helicopter and its rotor
downwash does not modify the flowfield encountered by the rotor.
Therefore, the airwake model can be derived from the results of
steady-state CFD simulations of the SFS2 geometry described in
the previous section. These three-dimensional steady-state CFD
simulations resulted in large quantities of data, including the longi-
tudinal, lateral and vertical velocity components of the flowfield
around the SFS2, sampled at each point or node, on an unstruc-
tured grid. In this irregular grid format the data is unsuitable for
direct implementation into look-up table format for real-time simu-
lation. Therefore, the velocity components of the flowfield (u, v
and w) and the spatial distribution of the nodes (X, Y and Z) were
imported into MATLAB for further processing. This processing
involved reducing the size of the solution domain to cover only the
area that the helicopter will operate in, then re-interpolating the
remaining data onto a structured grid. The resulting domain cov-
ered an area extending approximately 190m (625ft) aft of the SFS2
hangar face, 45m (150ft) in height and 60m (200ft) either side of
the ship centreline. The resolution of the grid spacing in the struc-
tured grid became coarser as distance from the SFS2 increased, but
was set to 1m in the vicinity of the hangar face and flight deck. The
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Figure 10. Calculating the local airwake components.

resulting data was written in the FLIGHTLAB TAB-file format
and loaded directly into the FLIGHTLAB helicopter model at run-
time. Figure 10 shows a plan view of the structured grid for a head-
on wind with the helicopter model in place. During each real-time
simulation run the spatial location of the helicopter’s main and tail
rotor hubs and fuselage, empennage and rotor blade element aero-
dynamic centres are computed relative to the ship. The resulting
offsets (X, Y and Z) are then used to extract the local u, v and w
velocity components of the airwake at each point using a three-
dimensional interpolation scheme.

In order to develop a SHOL for the SFS2 and candidate rotorcraft,
it was necessary to develop several airwake look-up tables for each
possible wind direction around the ship in 15 degree steps. The
topology of the flow changes considerably when the direction of the
wind is changed, so there is no alternative other than to perform a
new CFD simulation for each wind direction of interest. Fortunately,
since the SFS2 is exactly symmetrical the airwake flowfields from
the Red side of the SHOL plane can be reflected and used for the
Green side of the SHOL (e.g. Red 30° flowfield can also be used for
Green 30°); this of course is not true of most real-life ships where,
for example, placement of weapons and other deck equipment can
make the vessel non-symmetric. Note that it does not follow that the
pilot will experience identical effects using the ‘reflected’ airwakes.
In the simulation trials the pilot was instructed to always approach
from the port side of the ship.

The effect of the airwake is to increase pilot workload. This is
illustrated in Fig. 11, which compares lateral cyclic control activity
in a 40 knot head wind, with and without the airwake being present.
Movements of all the controls, in all wind conditions were recorded
during the flight tests.

4.0 TRIALS CONDUCT

4.1 Deck landing mission task elements

A Mission Task Element (MTE) is an element of a mission that can
be treated as a handling qualities task. A mission can be constructed
from a contiguous sequence of MTEs, each with distinct start and
end conditions and defined goals in terms of flight and mission
performance.
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Figure 11. Pilot lateral cyclic activity with and without 0° airwake.

The mission of interest in this work is the recovery of a maritime
helicopter to the deck of a single-spot frigate. There are numerous
ways to accomplish this depending on the environmental conditions
encountered but, as noted earlier, we have confined our interest to
the standard UK Royal Navy practice for a port side forward facing
recovery. Following this technique the aircraft is flown along a 3°
descent and brought to a stabilised hover on the port side of the ship.
The pilot then manoeuvres sideways over the deck to a hover posi-
tion above the landing spot and performs a vertical landing®.
Previous studies(7.37) have identified the sidestep/landing phase as
being the most demanding in terms of pilot workload, so the simu-
lated mission was reduced to just two MTEs; sidestep and vertical
landing. However, the sidestep task was found to be unrepresenta-
tively difficult in the simulator, due to the restricted Field of View
(FoV), particularly in the horizontal where the FoV is 135°. It was
therefore necessary to relax the requirements of the sidestep MTE in
order to allow an oblique translation, which afforded the pilot an
improved view of the flight deck. This oblique translation is shown
in Fig. 12; the slightly irregular nature of the line of flight is because
this is an actual path flown by the test pilot in the simulator under
the influence of an airwake.

Desired and adequate performance criteria are normally defined
for each MTE. In this case however the pilot was instructed to fly

Figure 12. The simulated oblique translation/vertical landing.
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the manoeuvres at levels of precision and aggression employed in
typical service operations. The intention being that the results of this
trial should inform the definition of suitable performance criteria for
future trials. The only performance constraint placed on the pilot was
to touchdown within the 3-5m (11-5ft) radius circle painted on the
flight deck of the frigate visual model at an appropriate descent rate.

Variations in relative wind speed were achieved by scaling the air-
wake velocity components by an appropriate factor. The CFD simu-
lations were originally carried out using a free-stream wind velocity
of approximately 40kt. Therefore, the scaling factor required to give
a relative wind speed of 30kt was 0-75, 50kt was 1-25 and so on.
Variations in the relative wind direction were achieved by loading a
different airwake data file.

The simulator trials were conducted in the same style as an at-sea
first-of-class flight trial, starting initially with a very benign test
point and gradually working up to more difficult conditions in a pro-
gressive manner. After each landing the test team would analyse the
data and pilot comments from that run and make a collective deci-
sion to either progress to the next wind speed condition for that wind
direction or establish a boundary of the SHOL envelope. If it was
considered that a limit had been reached then the airwake data file
for the next wind direction would be loaded and testing would begin
again from a low relative wind speed in the same manner.

4.2 Data collection

The test pilot was asked to subjectively rate his workload using the
10-point Bedford workload ratings scale(3®) shown in Fig. 13, which
is based on the established Cooper-Harper handling qualities rating
system39). Two ratings were provided: one for the oblique transla-
tion and one for the vertical landing. In the Bedford workload rating
system a rating of 1 is assigned to tasks that present the least diffi-
culty. More difficult tasks, that diminish the pilot’s spare capacity to
perform additional tasks, are awarded increasingly higher ratings. A
single workload rating was also given for the complete mission
using the Deck Interface Pilot Effort Scale (DIPES). The DIPES
scale (Fig. 14) is also used during at-sea testing. We consider the
Bedford and DIPES scales to be less well known than the Cooper-
Harper and have therefore included them in this paper for complete-
ness. Wind conditions that attain a rating of 3 or less on the DIPES
scale are considered acceptable and within the envelope of the
SHOL. DIPES ratings of 4 or 5 are considered unacceptable and are
outside the boundaries on the SHOL diagram. As well as giving
detailed comments the pilot also provided one or more suffixes to
the DIPES rating to describe the cause of the increased workload
during each task. The pilot who performed the simulation trials was
a highly experienced former Royal Navy test pilot who has been
involved in numerous FOCFTs, but when giving a rating he was
asked to consider the capabilities of an ‘average’ fleet pilot, this is
entirely consistent with the approach taken during FOCFTs. A video
recording of the centre channel of the simulator outside world and an
audio log of the pilot’s commentary were taken during the trials.
Various aircraft parameters including pilot control inceptor activity,
flight path, aircraft attitude, and engine and rotor parameters were
also captured to enable detailed post-trial analysis.

4.3 Results

Figure 15 shows the pilot workload ratings for the oblique transla-
tion and vertical landing MTEs. It is clear from this figure that
pilot workload varies considerably with changes in relative wind
speed and direction. Areas of particularly high pilot workload are
experienced in the Green 30 to Green 60 region with wind
strengths of 30 knots or more and for airwakes with strong aft or
tail wind components. The increased activity in Green 30° to 60°
was due to a combination of increased collective activity to control
height over the deck, increased pedal activity to control yaw, and
increased difficulty in lateral positioning. For the aft or tail winds
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Figure 13. The Bedford workload ratings scale.

most of the workload was associated with yaw control and the air-
craft attitude. These high pilot workload ratings suggest a possible
need for limits in these areas, to protect the pilot from exposure to
high levels of workload during deck landings. Not all the airwake
models could be tested due to operational constraints in the simula-
tion laboratory so effort was concentrated on the fore and aft
winds; trials with side winds were curtailed so there is little data in
this region on which to base the SHOL.

Although subjective pilot workload ratings are an important
parameter in defining the SHOL limits, other factors such as the
ability of the pilot to perform the recovery consistently in a safe
and accurate manner without exceeding aircraft control margins are
also important. After subsequent post-trials analysis of the data and
pilot commentary it became very clear that the pilot was taking all
of these aspects into consideration and this is reflected in the
DIPES ratings that were awarded at each wind condition.

The SHOL in Fig. 16 has been derived by drawing an envelope
encompassing all of the acceptable DIPES ratings, but excludes
any unacceptable ratings. The shaded regions represent areas
where the SHOL envelope could possibly be expanded had a wider
range of wind conditions been investigated. The dotted line is an
estimate of the SHOL limits in the side wind region, based on the
maximum side wind component investigated during typical
FOCFTs®0). For relative winds between Red 15° and Green 15° no
handling limits were identified up to 50kt, which was the maxi-
mum tested as this was considered to be a reasonable WOD limit
for operational service.
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A comparison of Figs 15 and 16 reveals areas of agreement
where the SHOL is dictated entirely by pilot workload considera-
tions. The cause of high pilot workload and DIPES ratings could
often be attributed to increased workload in one of the four pilot
control channels: lateral cyclic, longitudinal (fore/aft) cyclic, col-
lective or rudder pedals, or a combination of control channels.
Figure 17 shows the power spectral density of the pilot’s control
inputs for just the lateral cyclic axis for a Green 60° wind with rel-
ative wind speeds of 30kt (DIPES2), 40kt (DIPES3) and 50kt
(DIPES4). These power spectra show the amount of control
‘energy’ applied by the pilot over the typical range of closed-loop
control frequencies. The peaks in the lateral cyclic control power
spectra in Fig. 17 can be directly attributed, through pilot com-
ments and recorded data, to increased workload caused by diffi-
culty in lateral positioning accuracy when attempting to perform a
vertical landing, and roll attitude transients experienced when
crossing the port edge of the deck during the translation manoeu-
vre. Both of these effects are due to the introduction of the air-
wake. In other areas where limits exist in regions of low pilot
workload, the limits are caused by other factors such as helicopter
control margin limits on the Red side of the SHOL, and excessive
nose-up hover attitude requirements in the aft portion of the SHOL.

The outcome of this study and the response of the test pilot were
very encouraging, particularly given the simplicity of the ship
geometry, the steady airwake and the lack of ship motion. The test
pilot confirmed that the translation and landing manoeuvres carried
out in the simulation environment were generally realistic, but
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noticeably lacked the unsteady buffeting experienced during at-sea
trials. It is anticipated that inclusion of the unsteady airwakes
would capture this experience and would also reduce the SHOL
envelope from this initial prediction for the SFS2. Similarly, the
inclusion of the interaction of the rotor downwash with the struc-
ture of the ship, and including a moving ship may also reduce the
envelope towards a more realistic SHOL. However, in the cur-
rently predicted SHOL, the general trends were clearly identified
and were as expected when compared to known SHOL envelopes.
The methodology having now been established will form the foun-
dation for further research in this area.

5.0 CONCLUSIONS AND FURTHER WORK

CFD calculations for the airwakes produced by the simplified
frigate shapes, SFS1 and SFS2, have been carried out and com-
pared to wind tunnel data giving satisfactory to good agreement.
The agreement was dependent upon a good quality adapted grid.
Extensive steady-state calculations have produced a database of
airwakes for a range of relative wind directions.

The steady-state airwake database for the SFS2 has been suc-
cessfully implemented in the flight simulation environment, driven
by FLIGHTLAB software. Piloted trials over a range of wind
directions and speeds have been carried out with a Lynx-like
generic helicopter model, and evaluated using pilot workload and
control limit ratings, together with data acquisition and analysis.
Using the ratings given by the test pilot, a steady-state SHOL was
plotted for the SFS2/generic helicopter combination. The lack of
unsteadiness in the airwake data, together with the simplified ship

geometry on a stationary sea, resulted in lower workloads than nor-
mally experienced, but trends due to wind strength and direction
were correctly predicted. Helicopter control limits were also well
represented.

The HELIFIGHT lateral FoV is £67-5°; this caused difficulties
during the lateral sidestep tasks. In a typical maritime rotorcraft the
pilot would have the benefit of side windows. Although the FoV is
currently a physical limitation of the simulator, it is recognised that
future work will need to address this in order to allow a more rep-
resentative deck landing task to be performed.

Continuing work will next implement a test-case unsteady SFS2
airwake into the flight simulator to compare the pilot workload
with the corresponding steady results. The outcome of the test case
will indicate whether extensive (and expensive) unsteady simula-
tions are justified. At present, the authors and the test pilot believe
that unsteadiness is likely to result in more realistic simulations
that present the pilot with time-dependent disturbance-rejection
tasks, making it more difficult to maintain station close to the ship.
The inclusion of the helicopter downwash in a range of spatial
locations, together with more realistic frigate geometries and ship
motion, are other areas where the CFD database can be expanded
for future SHOL trials in the simulation environment.
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